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The opportunity to assess haemolysis in a designed artificial heart seems to be one of the most 

important stages in construction. We propose a new method for assessing haemolysis level in a 

rotary blood pump. This method is based on CFD calculations using large eddy simulations (LES). 

This paper presents an approach to haemolysis estimation and shows examples of numerical 

simulation. Our method does not determine the value of haemolysis but allows for comparison of 

haemolysis levels between different artificial heart constructions. 
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1. INTRODUCTION 

Over the decades pulsatile pumps have been used to assist a diseased heart. Their pulsatile operation 

resembles the work of the natural heart. The most popular pulsatile pump in the world has been a 

membrane pump with pneumatic drive, which was used for the first time in 1982 by Jarvik (Leprince et 

al., 2003). In clinical practice, it has been used to this day. 

Currently, one can note a growing interest in centrifugal pumps. Such pumps provide a continuous flow 

of blood. It is noted that the pulsating flow, despite its physiological nature, is not so important when 

using artificial ventricles (Garatti et al., 2008; Saito and Nishinaka, 2005). The advantage of centrifugal 

pumps is their small size, which in the future may lead to their total implantation. Another advantage of 

these pumps is the lack of the diaphragm and valves, failure of which may lead to a sudden death of the 

patient. 

There are two main types of rotary pumps: axial and centrifugal. In the first type of pumps, blood flows 

along the axis of the pump. An impeller rotating around the axis of the pump causes the flow. In the 

second type, i.e. centrifugal pumps, the impeller blades move blood, and thus the blood ejection is 

caused by the centrifugal force. The efficiency of rotary pumps depends on the rotor speed, which for 

this type of pumps, is several thousand revolutions per minute. 

There are many aspects that must be considered while designing an artificial heart. The constructor 

should have in mind problems such as reliability, material haemocompatibility, chamber’s size, heat 

exchange and many others. But one of the most important issues is whether the artificial heart will not 

damage blood cells. It is known that in rotary blood pumps high mechanical stress may occur inside the 

chamber. 
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In the artificial heart ventricle a centrifugal pump with the rotating impeller creates areas of high values 

of hydrodynamic stress. This physical stress may affect blood cells and can result in blood cell 

deformation and damage. The literature presents many hypotheses of the destruction of Red Blood 

Cells (erythrocytes) in the blood flow. The literature also gives different, often very divergent, values of 

stress that cause cell damage. 

A Red Blood Cell (erythrocyte) is a specific cell. It does not contain a cell nucleus. Its task is to transfer 

oxygen between the alveoli and all the cells of the body. Gas transport is possible thanks to the protein 

haemoglobin which is dissolved in the cytoplasm of red blood. The destruction or leakage of the 

erythrocyte membrane causes the release of haemoglobin into the circulating blood plasma. High 

concentrations of free haemoglobin and in particular of its degradation products, such as bilirubin, are 

strong poisons for the body. Therefore, there is a need to prevent the destruction of red blood cells, i.e. 

haemolysis during the application of artificial organs and in particular of blood pumps. 

Inside a centrifugal pump, one can expect mostly physical stresses affecting the red blood cells. These 

stresses are caused by hemodynamic effects, such as the collision of cells with the impeller blades or 

with the pump housing. Such stresses can also be a result of a mutual cell collision or because of cell - 

flow interactions (Pohorecki et al., 2001). 

As a result of this stress, the cells may be destroyed. Threshold values for such a stress that erythrocytes 

can resist, are not clearly defined. The literature gives a number of figures for these stresses - from 102 

to up to 104 Pa. These values were determined using different measurement methods. In addition, the 

exposure of erythrocytes to these stresses was different when assessed by different methods (Leverett et 

al., 1972; Rooney, 1970; Szwast et al., 2012; Williams et al., 1970). 

It is also important that there is a large variation in the erythrocyte stamina depending on the donor 

(Nevaril et al., 1968), which means that all considerations carried out on responses of biological 

material refer only to the average values of the selected property. 

Many scientific publications describe blood damage as a consequence of physical stress over years, i.e. 

(Bludszuweit, 1995; Gregoriades et al., 2000; Jones, 1995; Leverett et al., 1972; Nevaril et al., 1968; 

Pohorecki et al., 2001; Sutera and Mehrjardi, 1975). In these papers, one can find considerations that 

are not directly related to the artificial heart. 

However, one can find papers in the literature concerning haemolysis inside the artificial heart. Song et 

al. (2003) assessed haemolysis by tracking a set of particles and their stress history. They used 

Computational Fluid Dynamics (CFD) for this purpose. Also Arvand et al. (2001) and Apel at al. 

(2001) have used CFD for haemolysis in their evaluation of artificial hearts. 

Computational Fluid Dynamics (CFD) is a method used in medical device technology in particular 

when modelling the operation of artificial hearts (Bluestein, 2017). Pulsatile blood pumps have been 

modelled by e.g., Kim et al. (1992) and Okamoto et al. (2003). Nonpulsatile rotary blood pumps have 

been modelled by e.g. Medvitz et al. (2011), Mitamura et al. (2011) and Wang et al. (2008). CFD 

calculations refer to blood velocity distribution, mechanical stress distribution in different sites inside 

the artificial heart and heat exchange with external environment. The aforementioned papers of  

Arvand et al. (2001) and Song et al. (2003) also concern haemolysis assessment inside the artificial 

heart. However, their approach differs from the approach presented in this paper. 

2. NEW METHOD FOR HAEMOLYSIS ASSESSMENT 

Inside a rotary blood pump one can expect that the stress that acts on erythrocytes is induced in several 

ways. Such stress occurs as a result of collisions between erythrocytes and impeller blades and between 

two erythrocytes, and as well as an effect of cell-flow interactions (Pohorecki et al., 2001). 
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The best way to evaluate haemolysis could be a direct calculation of hydrodynamic stresses inside the 

artificial heart (Apel et al., 2001; Bluestein and Mockros, 1969; Gregoriades et al., 2000). This is 

impossible by exclusively using CFD. But it is possible by an indirect approach because a relationship 

between energy dissipation (𝜀) and hydrodynamic stresses exist. Bluestein and Mockros (1969) showed 

that there is a linear relationship in a log-log plot between haemolysis and energy dissipation rate. One 

can deduce it by analyzing the equations (1) and (2), which concern viscous and inertial subrange of 

turbulent spectrum, respectively (Bałdyga and Bourne, 1995): 

 𝜏 = 𝜌 ∙ √𝜀 ∙ 𝜈   for   𝑑 < 𝜆𝑘 (1) 

 𝑝 = 𝐶 ∙ 𝜌 ∙ (𝜀 ∙ 𝑑)
2

3    for   𝑑 > 𝜆𝑘 (2) 

where 

 𝜆𝑘 =
𝜈0.75

𝜀0.25 (3) 

Having in mind relations given by Eqs. (1) - (3), our method of haemolysis assessment is reduced to 

calculations of energy dissipation which occurs in the artificial heart. 

To obtain energy dissipation values, the Large Eddy Simulations (LES) method has been used. 

Tavoularis et al. (2003) and Yoganathan et al. (2005) recognized LES as a very promising tool in 

modeling phenomena inside the artificial heart. 

3. LARGE EDDY SIMULATIONS (LES) 

A new promising approach to solve equations related to turbulent flow is known as “Large Eddy 

Simulations techniques (LES)”. In LES, a set of equations is derived from the Navier - Stokes 

equations by performing a spatial averaging. It is different when compared to time averaging in RANS 

(Reynolds-averaged Navier-Stokes equations) technique. The averaged equations contain stress terms 

that must be evaluated through modeling to achieve closure. The equations solved in LES are 

developed by “filtering” Navier - Stokes equations. This process removes small spatial scales. The 

resulting equations describe the evolution of large eddies and contain the subgrid-scale stress tensor 

that represents the effects of the unresolved small scales. Leonard (1974) proposed to decompose, flow 

variables into large (filtered, resolved) and sub-grid (residual) scales, as follows: 

 𝑣𝑖 = 𝑣�̅� + 𝑣𝑖
` (4) 

The filtered variable is defined in the general case by the convolution integral: 

 𝑣�̅�(𝑥1, 𝑥2, 𝑥3) = ∭[∏ 𝐺j(𝑥j, 𝑥j
`)3

j=1 ]𝑣i(𝑥1
` , 𝑥2

` , 𝑥3
` ) 𝑑𝑥1

` 𝑑𝑥2
` 𝑑𝑥3

`  (5) 

over the entire flow domain, where 𝑥𝑖 and 𝑥𝑖
` are position vectors and G is the general filter function. 

The function G is normalized by requiring that: 

 ∭[∏ 𝐺j(𝑥j, 𝑥j
`)3

j=1 ] 𝑑𝑥1
` 𝑑𝑥2

` 𝑑𝑥3
` = 1 (6) 

Several filter functions G, have already been examined (Aldama, 1990), but the volume-averaged 

“box” filter is most frequently used with finite-difference and finite-volume methods. The box filter 

function is given by: 

 𝐺𝑗(𝑥𝑗 − 𝑥𝑗
`) = {

1

Δ𝑗
|𝑥𝑗 − 𝑥𝑗

`| ≤
∆𝑗

2

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (7) 

using this filtering function we obtain 
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 𝑣�̅�(𝐱, 𝑡) =
1

∆3 ∫ ∫ ∫ 𝑣(𝑥1 − 𝑥1
` , 𝑥2 − 𝑥2

` , 𝑥3 − 𝑥3
` )

𝑥3+
1

2
∆𝑥3

𝑥3−
1

2
∆𝑥3

𝑥2+
1

2
∆𝑥2

𝑥2−
1

2
∆𝑥2

𝑥1+
1

2
∆𝑥1

𝑥1−
1

2
∆𝑥1

𝑑𝑥1
` 𝑑𝑥2

` 𝑑𝑥3
`  (8) 

where 

 ∆= √∆1∆2∆3
3

 (9) 

and ∆1, ∆2, ∆3 are increments in x1, x2, x3, respectively. Filtering the Navier – Stokes and the continuity 

equation gives: 

 
𝜕𝑣𝑗̅̅ ̅

𝜕𝑥𝑗
= 0 (10) 

 
𝜕𝑣�̅�

𝜕𝑡
+

𝜕𝑣𝑖𝑣𝑗̅̅ ̅̅ ̅̅

𝜕𝑥𝑗
= −

𝜕�̅�

𝜕𝑥𝑖
+

𝜇

𝜌

𝜕2𝑣�̅�

𝜕𝑥𝑘
2  (11) 

The system cannot be solved for both 𝑣�̅� and 𝑣𝑖𝑣𝑗̅̅ ̅̅ ̅, so that the convective flux should be represented by 

decomposed variables, as follows: 

 𝑣𝑖𝑣𝑗̅̅ ̅̅ ̅ = 𝑣�̅�𝑣�̅� + 𝜏𝑖𝑗 (12) 

Introducing Eq. (12) into (11), the following equation can be obtained: 

 
𝜕𝑣�̅�

𝜕𝑡
+

𝜕𝑣�̅�𝑣𝑗̅̅ ̅

𝜕𝑥𝑗
= −

𝜕�̅�

𝜕𝑥𝑖
+

𝜇

𝜌

𝜕2𝑣�̅�

𝜕𝑥𝑘
2 −

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
 (13) 

where 𝜏𝑖𝑗 is the sub-grid–scale (SGS) stress tensor: 

 𝜏𝑖𝑗 = (𝑣�̅�𝑣�̅�
̅̅ ̅̅ ̅ − 𝑣�̅�𝑣�̅�) + (𝑣𝑖

`𝑣�̅�
̅̅ ̅̅ ̅ + 𝑣�̅�𝑣𝑗

`̅̅ ̅̅ ̅) + (𝑣𝑖
`𝑣𝑗

`̅̅ ̅̅ ̅) (14) 

The first term in parentheses on the right-hand side of the Eq. (14) is known as “Leonard stress”, the 

second term as “cross-term stress”, and the third term as “Reynolds stress”. Note, that if time averaging 

has been employed instead of filtering, the first two terms would be zero leaving only the Reynolds 

stress. To get the solution of Eq. (13), the effect of the sub-grid-scale (SGS) stresses must be modeled. 

The earliest and simplest model was proposed by Smagorinski (1963). It takes the form of mixing-

length or gradient diffusion model with the length proportional to the filter width. Thus, the SGS stress 

tensor is represented by: 

 𝜏𝑖𝑗 = 2𝜇𝑇𝑆𝑖𝑗 (15) 

where Sij is the rate of strain tensor and 

 𝜇𝑇 = 𝜌(𝐶𝑠∆)2√2𝑆𝑖𝑗𝑆𝑖𝑗 (16) 

where Cs is a well-known Smagorinsky constant which has to be prescribed as a fixed value in the 

entire integration domain with value from 0.1 to 0.24, or can be determined as a function of time and 

space by a dynamic procedure originally proposed by Germano et al. (1991) and later improved by 

several authors, e.g. by Lilly (1992). For models with a constant value of Cs, Van Driest – type 

exponential damping function results in a form such as (Moin and Kim, 1982): 

 𝑙 = Cs∆√[1 − 𝑒
(

−𝑦+

𝐴+ )
3

] (17) 

It is required in order to take into account the reduction of the sub-grid length l near solid walls.  

y+ from Eq. (17) is defined by 

  y+ =
𝑦𝜌

𝜇
√

𝜏𝑠

𝜌
 (18) 
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With A+ = 25. Recently, in many published investigations, the fixed parameter version of the 

Smagorinsky model has been applied. A theoretical value for the Cs = 0.165 can be derived for 

homogeneous isotropic flows (Lilly, 1967). For practically anisotropic shear flows, smaller values of Cs  

were found to be more appropriate. The well-established standard constant Cs = 0.1 is implemented in 

standard version of the LES model into CFD package FLUENT. The solution of the filtered  

Navier – Stokes equations gives the time-dependent solution for the resolved variables. In applications 

that operate nominally at a steady state, we are usually interested in the time–mean motion of flow in a 

steady sense. The time averaging of filtered equations is needed to obtain the time-averaged values of 

the variables. 

In the literature, there is no paper where LES is used for haemolysis assessment in the artificial heart. 

However, this method has already been used for modeling of non-Newtonian blood flows through 

blood vessels (Molla and Paul, 2009). 

5. RESULTS AND DISCUSSION 

Using FLUENT package 6.13 and LES method, computational results for different centrifugal pump 

impeller geometries have been obtained. In view of Eqs. (1) and (2), we have focused on the analysis of 

energy dissipation inside the modeled artificial heart. On the basis of computational results, we 

concluded that haemolysis will be greater where areas of higher values of energy dissipation are 

noticed or where the average value of energy dissipation inside the artificial heart is higher than that of 

other geometries. In calculation, blood rheological properties have been approximated by Newtonian 

fluid with a density of 1 g/cm3 and a viscosity of 3.26 mPas. 

Figures 1–3 present computational results of energy dissipation obtained for 3 different impeller 

geometries and for 2 different rotation speeds. 

We have analysed an impeller with curved blades (Fig.1) and impellers with curved channels (Fig. 2 

and Fig. 3). A common analysis of the results obtained for all impellers allows one to note the 

following observations. The average value of energy dissipation in the artificial heart for all impeller 

geometries is always less for the lower rotation speed. This statement is rather obvious. 

For the impeller with curved blades (Fig.1), the highest values of energy dissipation are observed at the 

end of blades. Thus, according to the authors’ proposed method, haemolysis will take place in 

particular in these areas. To reduce destruction of blood elements, the geometry at the end of the blades 

should be optimised and corrected. 

For impellers with curved channels, the highest values of energy dissipation are noted inside the 

channels and around the periphery of the impeller, in particular at the blood outflow from the channels. 

This is obviously related to the high speed of blood flowing through a narrow channel. To reduce the 

destruction of blood elements, the geometry of the end of the channels should be corrected. 

From comparing the results shown in Fig. 2 and Fig.3, it can be concluded that the average value of 

energy dissipation in the pumps with such impellers is lower for the impeller whose channels are bent 

in the opposite direction to the rotation of the impeller (Fig. 3). It is clearly seen when comparing Fig. 

2b and Fig.3b. The difference in the values of energy dissipation is 10 times. 

The exemplary calculation results, which are given in this paper, indicate that the lowest haemolysis 

should be expected for the impeller with curved channels that are bent in the opposite direction to the 

rotation of the impeller. The results of these calculations confirm the results of the experimental studies 

of one of the authors conducted on prototype pumps using human blood (Szwast, 2009). 
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a)   b)  

Fig. 1. Energy dissipation [m2/s3] in artificial heart, geometry 1: a) 1000 rpm, b) 3000 rpm.  

Open impeller with left-curved blades 

a)   b)  

Fig. 2. Energy dissipation [m2/s3] in artificial heart, geometry 2: a) 1000 rpm, b) 3000 rpm.  

Closed impeller with left-curved channels 

a)    b)   

Fig. 3. Energy dissipation [m2/s3] in artificial heart, geometry 3: a) 1000 rpm, b) 3000 rpm.  

Closed impeller with right-curved channels 
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5. CONCLUSIONS 

This paper presents a new method for assessing blood cell haemolysis based on stress analysis that has 

been caused by the impeller of a centrifugal pump in an artificial heart. CFD modeling using the LES 

model allows one to obtain reliable results of the value of energy dissipation inside the artificial heart. 

These results may be directly associated with the destruction of blood elements inside the pump. The 

haemolysis assessment tool proposed in this paper can be used for optimisation of new geometries of 

impellers for pumps, which will be used as heart assist devices. 

SYMBOLS 

A+ damping constant 

C constant 

CS Smagorinski constant 

d particle diameter, m 

Gj box filter function 

p stress in inertial subrange, Pa 

�̅� filtered value of pressure , Pa 

Sij strain tensor 

vi
’ sub-grid scale velocity, m/s 

�̅�𝑗 jth component of velocity, m/s 

�̅�𝑙  filtered value of velocity, m/s 

xj position vector 

xj
’ position vector 

y+ dimensionless parameter defined by Eq. (18) 

Δ increment in space, m 

Δj increment in xj, m 

𝜀 turbulent energy dissipation rate per mass unit, m2·s-3 

𝜆𝑘 Kolmogorov scale, m 

μ dynamic viscosity, Pa·s 

μT turbulent viscosity, Pa·s 

𝜈 kinematic viscosity, m2·s-1 

𝜌 density, kg·m-3 

𝜏 stress in viscous subrange, Pa 

𝜏𝑖𝑗 viscous stress tensor 

𝜏𝑆 viscous stress on wall 
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