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1. Introduction 

Computational fluid dynamics (CFD) does not yet 

enjoy complete confidence in the field of medical devices 

development. For this reason, the United States Food and 

Drug Administration (FDA) has initiated a program to ad-

dress this issue and to help the development of the applied 

CFD technology in the evaluation of medical devices [1]. A 

simple nozzle with a throat and sudden expansion has been 

introduced (Fig. 1) as a benchmark. It is a generalized rep-

resentation of the flow through various devices in medicine. 

Multiple research groups have conducted experiments with 

transparent fluid analogous to blood material properties and 

a refractive index to match surrounding acrylic housing [1-

3]. Using such an approach, the particle image velociometry 

(PIV) investigation became viable, and the velocity fields 

on the cross planes of the device could be examined. Such 

experimental data can be used for validation of turbulence 

models in the development of different devices and applica-

tions in medicine [4, 5]. Obtaining accurate turbulence flow 

solutions still presents a great challenge in CFD. The most 

accurate and  most expensive in terms of computer resources 

and time is the Direct Numerical Simulation (DNS), which 

is too prohibitive for industrial flows with a moderate to 

very complex wall-bounded geometries and high Reynolds 

numbers (Re) flows. A Large Eddy Simulation (LES) model 

that filters some of the smallest eddies and resolves large 

ones has already been published for the nozzle benchmark 

[6]. The latter investigation showed excellent agreement 

with experimental data. Additionally, different research 

groups reported that various Reynolds-averaged Navier-

Stokes (RANS) turbulence models showed larger discrep-

ancies towards the experiments [7, 8]. Since the LES 

method has high requirements regarding the mesh topology 

and number of finite volume (FV) cells, which significantly 

lengthen the necessary time to get a solution, there are more 

economical approaches. Hybrid RANS-LES turbulence 

models are one such alternative [8]. They combine the best 

of both worlds with the use of special blending functions 

that switch between LES and RANS depending on when the 

mesh topology complies with the restrictions for a specific 

turbulence model. For instance, if the mesh is sufficiently 

refined, the flow can be resolved in LES mode, otherwise it 

uses one of the standard RANS models (k-ε, k-ω, Shear 

Stress Transport, etc.) in the regions where the flow is sta-

tistically modeled. In this study several turbulence models 

are examined: a Detached Eddy Simulation (DES) [9-11] 

and its successor a Stress Blended Eddy Simulation (SBES) 

[12], both using high resolution (HR) and blended central 

difference (BCD) advection schemes. In addition, a Scale 

Adaptive Simulation (SAS) [13, 14], an advanced RANS 

model case, is computed for a comparison. All investigated 

hybrid models use a standard Shear Stress Transport (SST-

kω) model [15], when in RANS mode. A commercial FV-

based solver ANSYS CFX (Ansys Inc., Canonsburg, PA, 

USA) code was used to conduct a series of simulations with 

a Reynolds number of Re=6500 (at throat diameter), which 

represents a fully turbulent flow.  
 

 
 

Fig. 1 A geometric representation of the numerical domain 

of FDA nozzle benchmark 

 

2. Materials and methods 

 

2.1. 3D model and mesh preparation 

The 3D geometry consists of a tube with a throat 

and sudden expansion along the z-axis (Fig. 1). The numer-

ical domain is built entirely of hexahedron elements using 

Ansys ICEM-CFD software (Ansys Inc., Canonsburg, PA, 

USA). The O-grid method is used to form layered structured 

elements in the near wall region with a first element height 

of ~0.007 mm. The layered element thickness in near-wall 

regions grows away from the walls with the expansion fac-

tor of 1.2 (Fig. 2). In our structured grid, high regularity of 

elements is met. The lowest Jacobian parameter for the hex-

ahedron element regularity is 0.8 in the finest, and 0.5 in 

coarsest mesh, respectively. 

2.2. Physical properties and computation settings 

The fluid material setup in this device simulates 

blood with Newtonian fluid properties. The computations 

were conducted using an isothermal and incompressible 
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fluid setup with 1 bar of reference pressure. A dynamic vis-

cosity was set to 3.5 mPa∙s, and a density of 1056 kg/m3 was 

prescribed. On average, an advanced turbulence computa-

tion (DES, SAS, and SBES) has run ~3 days on a cluster of 

20 computer nodes containing 24 Intel Xeon E5-2680 

2.5 GHz processors with 256 GB DDR4 RAM. The SST-kω 

computation took ~1.5 days using the same computer re-

sources. A non-dimensional wall distance, y+ of less than 1 

was achieved in all cases. The time step (TS) for the transi-

ent simulations was set to 4∙10-5s for a total case running 

time of 1 s. The basis for the chosen TS lies in its relation-

ship to Courant–Friedrichs–Lewy (CFL) condition. Conse-

quently a root mean square (RMS) CFL number was kept 

below 1 and with it a sufficient level of the numerical con-

vergence was obtained. For a time discretization, a second-

order backward Euler scheme was set for all computational 

cases. 
 

 
 

Fig. 2 All-structured hexahedron mesh representation of a 

numerical nozzle model 

2.3. Boundary and initial conditions 

For the initial conditions, a steady state SST-kω so-

lution was used. At the nozzle binding walls, a no-slip wall 

boundary condition (BC) was applied. For the inlet condi-

tion a 1/7th power law velocity profile was assumed [16]. It 

is an approximation for turbulent velocity profile, expressed 

as: 
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where: r is the variable radius in the direction outward from 

the centerline of the nozzle, Rmax is the maximal radius of 

the pipe, and Vmax is the velocity at the centerline of the noz-

zle, located at the inlet. Average velocity (Vave) was com-

puted from the Reynolds number Re = 6500 at the throat 

cross-section (Fig. 1). The relationship between average and 

maximum velocities is calculated as:  
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At the outlet surface BC, a relative pressure of 0 Pa 

was defined. 

3. The governing equations 

A fundamental challenge of CFD is finding a solu-

tion of discrete Navier-Stokes equations. As previously 

mentioned, our investigation covers two different hybrid 

turbulence models concepts. The first two models (delayed-

DES and SBES) are based on the DES approach and the sec-

ond is a SAS method. All use the SST-kω formulation for 

RANS modeling. SST-kω is the two-equation eddy-viscos-

ity RANS model introduced by Menter [15]. It is a combi-

nation of the k-ω and k-ε models [17]. In the fluid domain, 

better performance of the k-ω model is closer to the wall 

since it has a good near wall modelling properties. k-ε per-

forms better in free-stream regions of the flow. SST 

switches between the two models with the use of special 

blending functions (F1 and F2). A more profound definition 

and background can be found in the literature [15]. 

3.1. A short definition of SAS-SST (2007) 

The SAS-SST model [12-14] consists of k and ω 

equations (derived from SST model) with an extra QSAS term 

(Eq. (5)). It is an advanced unsteady-RANS model that is 

capable of exhibiting LES-like behavior. The transport 

equation for turbulence kinetic energy k, is given by: 
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(3)

 

 

where: xj are coordinates (j = 1, 2, 3), U̅j are averaged veloc-

ity components, ρ is fluid density, k is turbulent kinetic en-

ergy, Pk is the turbulence kinetic energy production term, μ 

is the dynamic viscosity of the fluid, μt is the turbulent dy-

namic viscosity, and ω is the specific dissipation rate. The 

transport equation for ω is denoted: 
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The SAS-SST special term is given as:
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where: 
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and 
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LvK is the von Karman length scale, L is length 

scale of modeled turbulence, and S is a scalar invariant of 

the strain rate tensor. The SAS-SST turbulence model con-

stants are: κ, C, Cμ, β, ζ2, σk, σω2, and σΦ [12]. The k and ω 

equations (eq. 3 and 4) in this formulation are actually mod-

ified SST model equations. The QSAS term increases its value 

if enough unsteadiness in the flow is present, which results 

in decreased turbulent viscosity. In this way, it can produce 

LES-like solutions in unstable flow regions. At the same 

time, it uses RANS modeling capabilities where the flow is 

stable. 

 

3.2. DES-SST turbulence formulation 

The DES model is a hybrid RANS-LES model [9- 

11] that uses special blending functions to switch from 

RANS to the LES model in regions where the turbulent 

length scale Lt from RANS model is larger than local mesh 

spacing Δmax = max (Δx, Δy, Δz). The model used in our sim-

ulation is a version combined with the SST model and intro-

duced by Strelets [18]. The length scale Lt used in the com-

putation of the dissipation rate ε in the k-equation is replaced 

by Δmax. A dissipation rate term from the SST equation with 

DES modification is defined as *

DES
k F   , where: 
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Lt is the turbulent length scale, β* is coefficient, ω 

is specific dissipation rate, and CDES is a model constant. 

Subsequently, the modified k-equation can be written as: 
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A modified blending function fp for a delayed-DES 

(DDES) formulation is enabled in our computation and is 

defined by: 
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where: Cd1 and Cd2 are model constants. The parameter rd is 

defined as: 
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where: κ is the von Karman constant, dw is wall distance, ν 

is a molecular viscosity, νt is RANS viscosity, S and Ω are 

the magnitude of the strain rate and the magnitude of the 

vorticity, respectively. 

3.3. SBES-SST turbulence formulation 

The Stress-Blended Eddy Simulation (SBES) su-

perseded both the delayed-DES (DDES) and shielded-DES 

(SDES) formulations [12]. In the SBES-SST model, a mod-

ified mesh spacing from SDES is used and is given by: 
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where: Vcell is the volume of the cell. Additionally, the model 

coefficient is changed to CDES = 0.4. A shielding function of 

a SDES model, fs achieves a blending on the stress level be-

tween RANS and LES formulations in the SBES model, as 

shown in an equation: 
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The function fs. offers an asymptotic shielding un-

der sufficient mesh refinement, and it has not yet been pub-

lished. It is proprietary to Ansys Inc. The SBES turbulence 

model is in essence not an entirely new formulation, but ra-

ther a new way of blending between LES and RANS meth-

ods. 

4. Results 

4.1. Grid independence test (GIT) 

A study of grid sensitivity was performed with six 

different meshes, and a time and area averaged pressure pa-

rameter was calculated on a cross plane at location z = 0.12 

m. These results are presented in Fig. 3. The mesh with ~6.5 

million elements was used for all subsequent computations 

(Table 1) since the investigated parameter achieved an as-

ymptotic value at this mesh density.  
 

Table 1 

A number of mesh cells (NH) with computed averaged pressure results (pavg) 

 Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5 Mesh 6 

NH [-]  501,566 1,509,113 3,078,950 4,524,282 6,542,944 7,526,172 

pavg [mmHg] -4.096 -0.949 0.111 0.248 0.253 0.247 
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Fig. 3 A grid independence test performed on six meshes 

4.2. Instantaneous velocity and flow structures representa-

tion 

A velocity plot on a 2D longitudinal mid-plane 

(Fig. 4) shows instantaneous velocity magnitude contours 

on the left side (Fig. 4, a), and Q-criterion plots of the same 

results on the right side (Fig. 4, b). Q-criterion is a tool for 

3D flow structures visualization, and is defined as a second 

invariant of the velocity gradient tensor [19]. A represented 

iso-surfaces of a Q-criterion surround locations where rota-

tion dominates over the strain rate if the condition Q > 0 is 

met. Q-criterion defined by: 

 0 5

1
0 5

2

ij ij ij ij

j ji i

ij ij

j i j i

Q . S S ,

U UU U
. , S .

x x x x

 



 

     
      

         

 (15) 

In this way a monitoring of scale resolved flow 

structures can be observed. Fig. 5 shows representation of 

flow on a longitudinal mid plane in the parameter of the 

eddy viscosity ratio. It is defined as a ratio between turbulent 

viscosity and molecular viscosity. It represents the amount 

of statistically generated viscosity, which is another indica-

tor of scale-resolving capabilities. 

 

                                                        a                                                                                             b 

Fig. 4 Instantaneous velocity (a) and Q-criterion plots for analysed turbulence models (b)

4.3. Validation of numerical simulations 

Our computational methods are validated by al-

ready published experimental data available online [20]. 

The data consist of results obtained from four independent 

laboratories. The profiles are located at locations on the z-

axis: 0 m, 0.008 m, 0.032 m, and 0.06 m (Fig. 6). Velocity 

magnitude is time averaged. Velocity profiles at z = 0 m are 

located directly at sudden expansion and are coinciding with 

the coordinate system origin. 

5. Discussion 

A single solution case of the SAS-SST model can be pointed 

out (Fig. 4), which exhibits only a RANS-mode solution. 

SAS failed to produce any resolved features in the flow for 

the reason that local flow instabilities through the nozzle 

were too weak for the SAS model to trigger scale resolving 

(SR) capabilities, and it remained in the RANS mode. In this 

aspect, SAS is less suitable for this application than DES-

based models. Both RANS solutions SAS and SST models 
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exhibited ten times larger magnitude of turbulent viscosity 

ratio in the flow than the rest of the SR models (Fig. 5), 

which is another indicator that the simulation runs in RANS 

mode. A Q-criterion plot, as expected, exhibited undevel-

oped flow structures with the SST and SAS-SST models 

(Fig. 4, b). Conversely, both DES-based models showed re-

solved coherent flow structures (Fig. 4, b). Enabling the 

BCD advection scheme also showed an improvement in so-

lution over the HR scheme. A HR scheme achieved RMS 

residual of the main computed equation below 1 x 10-5 in all 

cases, whereas the BCD scheme had a momentum equation 

RMS residual about an order of magnitude higher. The fin-

est vorticity structures can be observed using the DES-based 

methods combined with BCD scheme (Fig. 4, b). Axial ve-

locity plots (Fig. 6) show that all models have similar and 

slightly under-predicted velocity profiles (Fig. 6, a) in com-

parison to the experimental results. Fig. 6, b shows a back-

flow close to the walls with the SST and SAS models, and 

slight under-prediction of the bulk flow close to a centreline, 

for all models. The velocity profiles tend to differ among 

themselves on locations shown on Fig. 6, c and 6, d. In these  

two cross-sections, turbulence models with HR schemes 

tend to over-predict velocity profile. The SBES-BCD model 

provides the best agreement with the experiment at location 

z = 0.032 m. The Delayed-DES model tends to have reat-

tachment issues with both advection schemes (Fig. 6, d). At 

location z = 0.06 m the best results are shown by SST, SAS 

(in RANS mode), and SBES-BCD. On Fig. 7, an axial ve-

locity in the throat region is slightly under-predicted, while 

after sudden expansion, all turbulence model curves tend to 

show diversity. The closest results compared to experi-

mental data are SBES (BCD) and models running com-

pletely in RANS mode. 

 

Fig. 5 Eddy viscosity ratio for all investigated turbulence model case 
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Fig. 6 Axial velocity profiles at four different locations on z-axis compared to the experimental data. Axial time-averaged 

velocity profiles are located at z = 0 m (a), z = 0.008 m (b), z = 0.032 m (c) and z = 0.06 m (d) 
 

 

Fig. 7 A validation of axial velocity magnitude solution on the centreline, on a chosen interval
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6. Conclusions 

This study fills the gap between strictly RANS and 

LES simulations. The use of LES models is still expensive 

in terms of computer resources and time in engineering ap-

plications. Therefore, LES-RANS hybrids are becoming 

more viable in complex wall-bounded flows at medium or 

high turbulent Re numbers.  

This investigation compared three formulations of 

RANS-LES hybrid turbulence models combined with two 

different advection schemes settings and validated them 

with already published experimental results. The results 

showed that this type of flow did not produce enough un-

steadiness in the flow for the SAS-SST model to be trig-

gered in SR mode. In general, the positive side of SAS 

model is that it is not affected by the grid refinement near 

the boundary layer and therefore a grid-induced separation 

of the flow does not pose an issue. In DES-based models 

that issue is present. So, a lot of effort was put into a devel-

opment of blending functions that would shield a premature 

flow separation. Tackling this issue has continued since the 

early stages of DES model development. After all, the main 

goal of scale resolving or LES-RANS hybrid model is to 

model a boundary layer turbulence in RANS mode, and the 

mixing layer in the resolved mode. SBES-SST, with BCD 

mode enabled, achieves that best among the studied models, 

and is the closest in capabilities to LES model for a much 

lower cost. 
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P. Drešar, J. Duhovnik 

A HYBRID RANS-LES COMPUTATIONAL FLUID 

DYNAMICS SIMULATION OF AN FDA MEDICAL 

DEVICE BENCHMARK  

S u m m a r y 

Computational fluid dynamics (CFD) is a valuable 

tool that complements experimental data in the 

developmentof medical devices. The reliability of CFD still 

presents an issue and for that reason, no standardized 

approaches are currently available. The United States Food 

and Drug Administration (FDA) has initiated the 

development of a program for CFD validation, and has 

presented an idealized nozzle benchmark model. In this 

study, a nozzle flow with sudden expansion has been 

simulated using advanced RANS-LES turbulence models. 

Such models partially resolve the flow and are cheaper in 

computer resources and time in comparison to the Large 

Eddy Simulation (LES). Furthermore, they are more 

accurate than standard Reynolds-averaged Navier-Stokes 

(RANS) models. A collection of hybrid turbulence models 

has been investigated: Detached Eddy Simulation (DES), 

Stress Blended Eddy Simulation (SBES), and Scale 

Adaptive Simulation (SAS), and compared to a standard 

RANS Shear Stress Transport (SST) model. Subsequently, 

all models were validated by experimental results already 

published by different research groups. Particle Image 

Velociometry (PIV) experiments were performed by inter-

laboratory study, and the results are available online for 

numerical validation. The flow conditions in this study are 

only restricted to a turbulence flow at a Reynolds number of 

Re = 6500. Complementing the turbulence models 

investigation, two advection schemes were tested: high 

resolution (HR) and bounded central difference scheme 

(BCD). Among all advanced models the SBES model with 

BCD scheme has the best agreement with the experimental 

values. 

Keywords: computational fluid dynamcis, turbulence, 

medical device benchmark, velocity fields. 
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