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Abstract: Modern technologies and methods such as 
computer simulation, so-called in silico methods, foster the 
development of medical devices. For accelerating the uptake 
of computer simulations and to increase credibility and 
reliability the U.S. Food and Drug Administration organized 
an inter-laboratory round robin study of a generic nozzle 
geometry. In preparation of own bench testing experiment 
using Particle Image Velocimetry, a custom made silicone 
nozzle was manufactured. By using in silico computational 
fluid dynamics method the influence of in vitro 
imperfections, such as inflow variations and geometrical 
deviations, on the flow field were evaluated. Based on 
literature the throat Reynolds number was varied Rethroat = 
500 ± 50. It could be shown that the flow field errors resulted 
from variations of inlet conditions can be largely eliminated 
by normalizing if the Reynolds number is known. 
Furthermore, a symmetric imperfection of the silicone model 
within manufacturing tolerance does not affect the flow as 
much as an asymmetric failure such as an unintended 
curvature of the nozzle. In brief, we can conclude that 

geometrical imperfection of the reference experiment should 
be considered accordingly to in silico modelling. The 
question arises, if an asymmetric benchmark for biofluid 
analysis needs to be established. An eccentric nozzle 
benchmark could be a suitable case and will be further 
investigated. 
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1 Introduction 

Although the age-standardized overall premature mortality 
rate for the four major non-communicable diseases 
(cardiovascular diseases, cancer, diabetes mellitus and 
chronic respiratory diseases) is continuously decreasing, 
cardiovascular diseases still have the highest mortality rate in 
the World Health Organization-European Region [1]. 

Modern technologies and approaches such as computer 
simulation, so-called in silico methods, foster the 
development of medical devices [2]. For accelerating the 
uptake of computer simulations for developing and testing 
medicines and medical devices international frameworks and 
programs have been established. The U.S. Food and Drug 
Administration (FDA) organized an inter-laboratory round 
robin study to increase credibility and reliability of a 
particular in silico method – computational fluid dynamics 
(CFD) simulations. They provide a database for validation, 
which is based on experimental (by means of particle image 
velocimetry, PIV) as well as numerical simulation (CFD). 
Data is available on https://fdacfd.nci.nih.gov/. 

The FDA nozzle, which consists of a conical diffusor 
and a sudden expansion, is one of the published benchmark 
cases [3-5]. Even before FDA introduced the nozzle 
benchmark preliminary studies analyzed similar geometries, 
representing a stenosed vessel [6,7]. Various in vitro and in 
silico studies used the FDA nozzle benchmark for further 
investigations and for validation [8-10]. Mostly, numerical 
studies used CFD results, which were calculated from ideal 
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nozzle geometry and fully developed inlet flow conditions, 
for comparison with experimental measurements. Bergersen 
et al. stated that from a physical point of view, it is difficult 
to completely exclude imperfections in in vitro experiments 
[11]. 

For analysing the impact of imperfections, Hariharan et 
al. described a positive control PIV experiment, in which 
different aspects of the derived standard protocol were 
violated simultaneously (e.g. inlet flow conditions and PIV 
parameters) [3]. The used nozzle models were fabricated 
from cast acrylic using a CNC milling machine and were 
extensively post-treated to ensure high optical quality and 
geometrically accuracy [3]. Besides the use of acrylic models 
PIV community often use silicone models in combination 
with test fluids, which matches the refractive index [12]. 

In preparation for PIV measurements using a custom-
made silicone nozzle we performed a sensitivity analysis of 
geometrical imperfections of the nozzle geometry (conical 
nozzle throat and curvature) by means of CFD. The 
backward and forward flow was calculated for three different 
inlet velocities. The aim of this study was the identification 
of sensitive parameters in order to concentrate on future 
nozzle manufacturing by using 3D printing technology and 
silicone casting. 

2 Materials and methods 

2.1 Nozzle model 

The nozzle geometry used (Figure 1) refers to previously 
published work [3-5]. The unsteady generalized Navier-
Stokes equations were solved by using a finite volume CFD 
package OpenFOAM® (OpenCFD Ltd., ESI Group, 
Bracknell, UK) assuming laminar flow due to our own 
preliminary studies. 

Figure 1: Schematic illustration of the nozzle geometry. 

A block-structured mesh in an O-grid configuration was used 
for discretization. Mesh independency was achieved by 
comparing the numerical flow results (U, p) of two CFD 
studies at different mesh resolutions (coarsest mesh 470,000 
cells; fine mesh: ~4 million cells) and was considered 
adequate with discrepancy in both U and p < 1% [13]. 
Furthermore, comprehensive round robin studies were 
performed with the co-workers at the Department of 
Mechanical Engineering (The University of Melbourne) and 

IIB to ensure inter-observer agreement on the calculated flow 
results. The imperfection study was conducted by IIB. In 
preparation of PIV measurements a nozzle model made of 
silicone (Sylgard 170 Silicone Elastomer, Dow Corning, 
Midland, MI, USA) was manufactured and measured by 
using the measuring machine QVI® SprintMVP™ 200 (OGP 
Messtechnik GmbH, Germany). A slightly conical shape of 
the nozzle throat and a bend of 0.1° could be detected 
(indicated by annotations in red), which lead to the nozzle 
geometry used, see Figure 1. Furthermore, shrinkage of 
approx. 0.5% was measured. 

2.2 Initial and boundary condition 

Based on the reduced orifice area due to shrinkage and on the 
error analysis published by Hariharan et al. an inlet velocity 
variation of 10% was used, leading to throat Reynolds 
numbers Rethroat = 500 ± 50 (see formula 1) [3]. 

   (1) 

Here U is the average throat velocity, Dthroat is the throat 

diameter and ν is the kinematic viscosity of the fluid. The 
fluid was assumed to be Newtonian, with a fluid density and 
dynamic viscosity of 1,056 kg/m3 and 0.0035 N s/m2, 
respectively. No-slip conditions were defined on the walls. 
Zero-gradient and 0 Pa were specified as pressure condition 
on the inlet and outlet, respectively. 

3 Results and discussion 

3.1 Round robin study 

Reliability and credibility of the used CFD method was 
formerly proved by comprehensive round robin studies of 
both steady and pulsatile flow at Rethroat = 500. Figure 2 
demonstrates the excellent agreement of the shear rate 
distribution between both teams at the University of 
Melbourne and IIB. 

 
Figure 2: Numerically calculated shear rate obtained by IIB e.V. 
and The University of Melbourne downstream of the coronary 
nozzle model (at x = 2mm) under steady flow conditions Rethroat = 
500. 
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3.2 Variation of inlet condition 

The velocity and shear rate distribution within the nozzle 
throat (x = -2 mm) and upstream of the sudden expansion 
(x = 15 mm) for Rethroat = 500 ± 50 (forward flow) is depicted 
in Figure 3. Additionally, the velocity is normalized by the 
mean inflow velocity (0.184 m/s ± 10%). Based on the 
normalized velocity distribution the normalized shear rate 
was calculated. 

 
Figure 3: Numerically calculated velocity and shear rate 
distribution (x = -2 mm and 15 mm) for Rethroat = 500 ± 50 (forward 
flow) of the ideal nozzle geometry. 

The normalized velocity distribution for x = 15 mm (x = 
5Dinlet) matches very well with published data (compare 
Hariharan et al. at x = 5Dinlet) [3]. 

By normalizing the velocity field the error derived from 
variations of inlet conditions can be largely eliminated if the 
Reynolds number is known. For example, at x = 15 mm the 
highest differences in axial (dimensional) velocity and shear 
rate are ~13% and up to ~15%, respectively, when comparing 
with the mean Rethroat at 500. However, the differences in the 
normalized velocity and shear rate are <3% and <5%, 
respectively. Same results could be obtained for backward 
flow. In addition to velocity and shear rate, FDA also 
mandates compulsory measurements of the viscosity of test 
fluid, accurate temperature control and average flow rate for 

further validation using FDA´s published data. Geometrical 
imperfections such as alterations of the cross-sectional area 
due to shrinkage have an impact on the Reynolds number and 
therefore should be reported as well. Nevertheless, the varied 
inlet condition is only marginally different by ~10% and 
hence flow is neither turbulent nor transitional for the 
Reynolds number considered. 

3.3 Geometrical imperfections 

The shear rate as well as normalized shear rate distribution 
for Re = 450, 500 and 550 (forward flow) at x = 15 mm 
calculated for both deformed nozzle geometries are depicted 
in Figure 4. Additionally, the values for the ideal nozzle 
geometry is plotted as reference for Rethroat = 500. 

conical deformation

curved nozzle deformation

 
Figure 4: Numerically calculated shear rate distribution (x = 15 
mm) for Rethroat = 500 ± 50 (forward flow) of the imperfect nozzle 
geometry. 

The conical throat leads to slightly increase in centerline 
velocity (approx. 2.5% at x = 15 mm and Rethroat = 500) 
compared to the ideal geometry, resulting in higher shear rate 
magnitudes (shear rate maximum: 3,690 s-1 vs. 3,570 s-1). 
However, the conical shape does not affect the flow situation 
due to inflow variations in an over-proportional manner. 

On the other hand, the curved nozzle leads to a highly 
asymmetrical velocity and shear rate distribution. The 
maximum shear rate differs ~12% comparing to the ideal 
nozzle (3,990 s-1 vs. 3,570 s-1). In other words, a minor 
asymmetric imperfection could lead to a major altered flow 
field. 

4 Conclusion 

In preparation for PIV measurements using a silicon nozzle 
model numerical simulations were performed in order to 
study the effect of inflow variations and geometrical 
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imperfection on the flow field. Based on the obtained results 
it is suggested that normalized and not absolute fluid 
dynamic values were used for validation. Therefore, it is 
mandatory that the correct Reynolds number is known by 
measuring the flow rate, the viscosity of the fluid and the 
exact geometry. 

The numerical modeling of in vitro-imperfections has 
further advantages. Several studies showed significant 
discrepancies in the flow situation by comparing numerical 
and experimental results for axisymmetric geometries at 
moderate Reynolds numbers. These discrepancies were 
manifested in errors regarding flow break down and 
reattachment due to transition from laminar to turbulent flow. 
Numerical simulations of symmetric geometries and fully 
developed flow condition tend to underestimate the turbulent 
situation, which can be found in experimental flow and is 
caused by in vitro-imperfections. A good overview of this 
topic can be found in Pedrón, 2016 [14].  

Therefore, Verghase et al. studied stenosis model with a 
geometric perturbation in the form of an eccentricity at the 
stenosis throat. This case not only models the vessel in more 
physiological way but also showed higher accuracy in 
comparing in silico and in vitro data [6,7]. Bergersen et al. 
summarized that one way to numerically mimic experimental 
noise is to perturb the numerical simulation with a finite level 
of noise or imperfection in order to transit the otherwise 
stable flow simulation (due to geometry symmetry) to 
turbulence [11]. 

The question arises, if an asymmetric benchmark for 
biofluid analysis needs to be established. The level of 
asymmetry should be chosen to effect the flow situation more 
than unintended imperfections. An eccentric stenosis 
benchmark could be a suitable case [6,7,15,16] and will be 
further investigated. 
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