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Abstract. This paper presents a methodology for analyzing risk hemolysis regions detection in ventricular assist devices. 

It is based on detecting flow regions with high stresses values. The flow stresses are calculated using the numerical results 

obtained with computational fluid dynamics techniques. In order to consider the flow turbulence four two-equation 

models are used. The obtained results are useful, and show the potential of the developed procedure.  
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1. INTRODUCTION  

 

Several advances in biomedical engineering have reached significant improvements in Ventricular Assist Devices 

(VAD) project development. Supporting this development, Computational Fluid Dynamics (CFD) has been applied to 

reach detailed analyses based on simulated scenarios.  

In the present work, risk hemolysis regions detection is purposed based on critical stress calculated by CFD in a VAD. 

The critical stress determination is based on literature and the formulation for stress approximation in the CFD simulations 

is presented. The blood flow is also analyzed with two different turbulence models.  

 

2. NUMERICAL METHODOLOGY 

 

In this section is described the numerical methodology followed. For more detailed information, it is encouraged to 

read Lopes Jr (2016) and Lopes Jr. et al. (2016a,b). 

 

2.1. Geometry and Mesh 

 

The geometry (Fig. 1) studied in this work is based on Bock et al. (2011). In their work, a VAD is purposed in 

experimental tests. Here the geometry is used for simulating the scenarios purposed in section 2.2.  

 

 
Figure 1: geometry studied, based on Bock et al. (2011) and detailed on Lopes Jr. (2016). 

 

The mesh, representing the fluid domain discretized, is on Fig. 2. It contains two different regions: inertial and non-

inertial domains, because the multiple reference frame methodology was applied. In the inertial domain, it was applied 

around 220 elements/mm³, while in the non-inertial (around the rotor), there are 330 elements/mm³. 
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Figure 2: mesh details from an orthogonal view from rotor axe, from Lopes Jr. (2016) 

 

 

2.2. General Fluid Flow Modelling and Scenarios Applied 

 

The fluid flow was simulated using Navier-Stokes equations for Newtonian fluids. The stresses inside the blood pump 

are high, so the blood here was treated as Newtonian (MERRIL, 1969). The boundary layer thickness is supposed to be 

thin enough to ignore their effects on the mean flow, dominated by turbulence and advective influence. 

Turbulence was considered. Reynolds-Avarage Navier-Stokes (RANS) two-equation models were applied. According 

to literature (FRAZER et al., 2012; SONG et al., 2010, for example), two models applications are studied here: standard 

𝜅 − 𝜀, RNG 𝜅 − 𝜀, standard 𝜅 − 𝜔, and SST 𝜅 − 𝜔. 

In order to solve the problem, the coupled pressure-velocity relation was solved by SIMPLEC method, using second 

order up-wind schemes. Multiple reference frames were applied, so steady-state was considered. Implicit steady-state 

method was applied for better convergence as well. 

Loop test scenario was applied as condition. For the VAD presented, it represents 2000 rpm rotor speed and 95,51 

mmHg pressure increase. 

 

2.3. Stress Estimation 

 

For stress calculation inside the flow region, it was considered the stress tensor for turbulent flows. Equation (1) is 

presented for this purpose: 

 

𝝉𝑗𝑖 = (𝜇 + 𝜇𝑡) (
𝜕𝑉𝑖

𝜕𝑥𝑗

+
𝜕𝑉𝑗

𝜕𝑥𝑖

) −
2

3
𝜌𝑘𝛿𝑖𝑗 (1) 

 

Thus: 

 

𝝉𝑗𝑖 = 2(𝜇 + 𝜇𝑡)𝑆𝑖𝑗 −
2

3
𝜌𝑘𝛿𝑖𝑗 (2) 

 

The magnitude of the tensor can be expressed as: 

 

‖𝝉‖ = √𝝉: 𝝉 = √𝝉𝑗𝑖𝝉𝑗𝑖 (3) 

 

By the relation stress-strain: 
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𝝉𝑗𝑖𝝉𝑗𝑖 = (2(𝜇 + 𝜇𝑡)𝑆𝑥𝑥 −
2

3
𝜌𝑘)

2

+ (2(𝜇 + 𝜇𝑡)𝑆𝑥𝑦)
2
+ (2(𝜇 + 𝜇𝑡)𝑆𝑥𝑧)

2 + (2(𝜇 + 𝜇𝑡)𝑆𝑦𝑦 −
2

3
𝜌𝑘)

2

+ (2(𝜇 + 𝜇𝑡)𝑆𝑦𝑥)
2
+ (2(𝜇 + 𝜇𝑡)𝑆𝑦𝑧)

2
+ (2(𝜇 + 𝜇𝑡)𝑆𝑧𝑧 −

2

3
𝜌𝑘)

2

+ (2(𝜇 + 𝜇𝑡)𝑆𝑧𝑦)
2

+ (2(𝜇 + 𝜇𝑡)𝑆𝑧𝑥)
2 

(4) 

 

 

Applying some algebra, it is possible to develop Eq. (4) to Eq. (8): 

 

𝝉𝑗𝑖𝝉𝑗𝑖 = (2(𝜇 + 𝜇𝑡)𝑆𝑥𝑥 −
2

3
𝜌𝑘)

2

+ (2(𝜇 + 𝜇𝑡)𝑆𝑥𝑦)
2
+ (2(𝜇 + 𝜇𝑡)𝑆𝑥𝑧)

2 + (2(𝜇 + 𝜇𝑡)𝑆𝑦𝑦 −
2

3
𝜌𝑘)

2

+ (2(𝜇 + 𝜇𝑡)𝑆𝑦𝑥)
2
+ (2(𝜇 + 𝜇𝑡)𝑆𝑦𝑧)

2
+ (2(𝜇 + 𝜇𝑡)𝑆𝑧𝑧 −

2

3
𝜌𝑘)

2

+ (2(𝜇 + 𝜇𝑡)𝑆𝑧𝑦)
2

+ (2(𝜇 + 𝜇𝑡)𝑆𝑧𝑥)
2 

(5) 

 

⇒ 𝝉𝑗𝑖𝝉𝑗𝑖 = (2(𝜇 + 𝜇𝑡)𝑆𝑥𝑥 −
2

3
𝜌𝑘)

2

+ (2(𝜇 + 𝜇𝑡)𝑆𝑦𝑦 −
2

3
𝜌𝑘)

2

+ (2(𝜇 + 𝜇𝑡)𝑆𝑧𝑧 −
2

3
𝜌𝑘)

2

+ 4(𝜇 + 𝜇𝑡)
2 [(𝑆𝑥𝑧)

2 + (𝑆𝑧𝑦)
2
+ (𝑆𝑧𝑥)

2 + (𝑆𝑦𝑥)
2
+ (𝑆𝑦𝑧)

2
+ (𝑆𝑥𝑦)

2
] 

(6) 

 

⇒ 𝝉𝑗𝑖𝝉𝑗𝑖 = (
2

3
𝜌𝑘)

2

−
4

3
(𝜇 + 𝜇𝑡)𝑆𝑥𝑥𝜌𝑘 + (

2

3
𝜌𝑘)

2

−
4

3
(𝜇 + 𝜇𝑡)𝑆𝑦𝑦𝜌𝑘 + (

2

3
𝜌𝑘)

2

−
4

3
(𝜇 + 𝜇𝑡)𝑆𝑧𝑧𝜌𝑘

+ 4(𝜇 + 𝜇𝑡)
2 [(𝑆𝑥𝑥)

2 + (𝑆𝑦𝑦)
2
+ (𝑆𝑧𝑧)

2 + (𝑆𝑥𝑧)
2 + (𝑆𝑧𝑦)

2
+ (𝑆𝑧𝑥)

2 + (𝑆𝑦𝑥)
2
+ (𝑆𝑦𝑧)

2

+ (𝑆𝑥𝑦)
2
] 

(7) 

 

⇒ 𝝉𝑗𝑖𝝉𝑗𝑖 = 3(
2

3
𝜌𝑘)

2

−
4

3
(𝜇 + 𝜇𝑡)𝜌𝑘(𝑆𝑥𝑥 + 𝑆𝑦𝑦 + 𝑆𝑧𝑧)

+ 4(𝜇 + 𝜇𝑡)
2 [(𝑆𝑥𝑥)

2 + (𝑆𝑦𝑦)
2
+ (𝑆𝑧𝑧)

2 + (𝑆𝑥𝑧)
2 + (𝑆𝑧𝑦)

2
+ (𝑆𝑧𝑥)

2 + (𝑆𝑦𝑥)
2
+ (𝑆𝑦𝑧)

2

+ (𝑆𝑥𝑦)
2
] 

(8) 

 

For an incompressible fluid: 𝑆𝑥𝑥 + 𝑆𝑦𝑦 + 𝑆𝑧𝑧 = ∇. 𝑉⃗⃗ = 0; thus: 

 

⇒ 𝝉𝑗𝑖𝝉𝑗𝑖 = 3(
2

3
𝜌𝑘)

2

+ 4(𝜇 + 𝜇𝑡)
2 [(𝑆𝑥𝑥)

2 + (𝑆𝑦𝑦)
2
+ (𝑆𝑧𝑧)

2 + (𝑆𝑥𝑧)
2 + (𝑆𝑧𝑦)

2
+ (𝑆𝑧𝑥)

2 + (𝑆𝑦𝑥)
2
+ (𝑆𝑦𝑧)

2

+ (𝑆𝑥𝑦)
2
] 

(9) 

 

The last term is the quadratic of strain magnitude tensor, so: 

 

⇒ 𝝉𝑗𝑖𝝉𝑗𝑖 = 3(
2

3
𝜌𝑘)

2

+ 4(𝜇 + 𝜇𝑡)
2𝑆2 

 

(10) 

 

‖𝝉‖ = √𝝉𝑗𝑖𝝉𝑗𝑖 = √3(
2

3
𝜌𝑘)

2

+ 4(𝜇 + 𝜇𝑡)
2𝑆2 

 

(11) 

 

If 𝑆 ≫ 𝜅 or 𝜅 ≫ 𝑆, both terms are similar to each other, so it could be resumed to Eq. 12, while kinetic turbulent 

energy and high strain rates are not coincident at the same cell, considering the effect on mean velocity and oscillatory 

velocity partially independent.  

 

‖𝝉‖ ≈
2

3
𝜌𝑘√3 + 2(𝜇 + 𝜇𝑡)𝑆 (12) 
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If both might be considered, an error term might be considered or estimated by the order of error ∝

√
4

3
√3𝜌𝑘(𝜇 + 𝜇𝑡)𝑆 .  

The stress magnitude was compared to literature limits for hemolysis. So stresses above 450 Pa were considered 

critical.  

 

3. RESULTS, DISCUSSIONS AND CONTRIBUTION 

 

General results are presented in Fig. 3. 

 

 
Figure 3: Hemolytic critical regions for each model tested 

 

For each model, different regions are presented. Some similarities, although, are observed in the exit from the rotor to 

the outlet region. In 𝜅 − 𝜀 based models for turbulence, the stresses in mean flow reach the critical stress in more sparced 

regions, while in 𝜅 − 𝜔 based models, they are concentrated in the high recirculation and turbulent expected regions, after 

the blades, for example. In the common region, at the rotor outlet, this behavior is due to the rapid loss of acceleration 

that increases the strain rates.  

The results for critical stress regions are coherent to the physical problem and indicate improvement-need regions for 

the prototype. For both turbulence model simulations, estimating of these stresses could be possible and the results are 

similar, besides their differences in solving the closure problem.  

 

4. CONCLUSIONS 

 

The employed methodology for critical regions detection is useful and could found regions for improvement in VAD 

design. The differences from each turbulence model are sensitive and related to the critical stress specified.  

A conclusive stress level is not definitive. Besides, any stress limit could be applied to this methodology. The stress 

estimation here presented is also relevant, but reliability analyses were not completely applied.  

The 𝜅 − 𝜔 based models are more representative for the problem here purposed, when analyzed the physical 

expectation for the critical regions related to turbulence. But RNG 𝜅 − 𝜀 is also representative with high stress magnitude 

values.  

Turbulence stress measurement is a difficult task, even in numerical approaches. The presented equation for stress 

estimation can reduce uncertain and time simulation, since it allows RANS models to be applied.  

The error magnitude in applying this equation might be investigated. On the other hand, when estimating stress 

magnitude in RANS model simulations, important turbulent effects on the stress are neglected. Equation 12 might reduce 

these simplifications. 
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Direct Numerical Simulations (DNS) are always encouraged. But complex events like the presented here are not 

possible yet, what reinforce the need of reach approximated models to improve the analyses and their accurate.   
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