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Abstract

It is known that examining turbulence effects on medical
devices has an important effect in design and optimization
of blood-contacting devices. CFD has been commonly used
on prosthetic heart valves, stents, and Ventricular Assist
Devices (VADSs) in both the design process and also on
hemodynamics of the flow characteristics. In this study,
flows in the FDA nozzle were modeled to examine
Reynolds stresses in the whole domain. The flow behavior
was determined by applying the Reynolds-Averaged
Navier-Stokes model of turbulence (k-o SST) to simulate
five distinctive experimental cases in the nozzle taken from
the literature. The Reynolds stress frequencies are
determined for the five different experimental conditions.
Results showed that the highest velocity case
(corresponding throat Reynolds number of 6500) has much
higher Reynolds stresses with a high number of
frequencies. However, the lowest velocity case has very
small Reynolds numbers in a very high frequency. When
different parts of the nozzle were examined, the Reynolds
stress values showed more fluctuations for the higher
velocities and more regular profiles for the lower velocity
cases.

Keywords: Computational fluid dynamics, Hemolysis,
Artificial organs, Ventricular assist devices, Turbulence,
Reynolds stresses

1 Introduction

Artificial hearts and Ventricular Assist Devices (VADs)
have been widely used with the improvement of technology
and increased life expectancy [1]. However, the procedure of
advancement and analysis in design of such devices is both
costly and time-consuming. Therefore, numerical tools such
as Computational Fluid Dynamics (CFD) have been
commonly used to develop, analyze and optimize VADs [2-
9], stents [10-12], and prosthetic heart valves [13-16]. CFD
effectively enhances the evolution process of these devices
and supplies specific information on physical quantities that
are difficult to measure experimentally.

Moreover, CFD can not only serve in the design process
of medical devices but also can examine the alterations in the
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Tibbi  cihazlar  iizerindeki  tiirbiilans  etkilerinin
incelenmesinin, kanla temas eden cihazlarin tasariminda ve
optimizasyonunda &nemli bir etkiye sahip oldugu
bilinmektedir. Hesaplamali Akiskanlar Mekanigi (HAD),
protez kalp kapakgiklari, stentler ve Ventrikiiler Destek
Cihazlar1 (VAD) tizerinde hem tasarim siirecinde hem de
akis karakteristiklerinin hemodinamigi iizerinde yaygin
olarak kullanilmaktadir. Bu ¢alismada, The U.S. Food and
Administration (FDA) nozulundaki akislar modellenerek
tim etki alanindaki Reynolds gerilmeleri incelenmistir.
Akis davranisi, literatiirden alinan noziildeki bes farkli
deneysel vakayr simiile etmek i¢in Reynolds Ortalamali
Navier-Stokes tiirblilans modeli (k- SST) uygulanarak
belirlenmistir. Bes farkli deneysel durum i¢in Reynolds
gerilme frekanslart belirlenmistir. Sonuglar, en yiiksek hiz
durumunun (6500, bogaz Reynolds sayisina karsilik gelir)
yiiksek frekans sayist ile ¢ok daha yiiksek Reynols
gerilmelerine sahip oldugunu gostermistir. Bununla
birlikte, en diigiik hiz durumu ¢ok yiiksek frekanslarda ¢cok
kiiciik Reynolds sayilarima sahiptir. Nozulun farkh
kisimlar1 incelendiginde, Reynolds gerilme degerleri
yiiksek hizlar icin daha fazla dalgalanma gosterirken, diistik
hiz durumlar1 i¢in daha diizenli profiller gostermektedir.

Anahtar kelimeler: Hesaplamali akigkanlar dinamigi,
Hemoliz, Yapay organlar, Yardimc: destek cihazlari,
Turbulans, Reynolds gerilmeleri

hemodynamic environment such as the alteration of blood
flow dynamics and/or the fluid forces exerted on the device.
It is significant that CFD precisely resolves the flow
characteristics in medical devices by predicting both mean
quantities and instantaneous quantities such as turbulence,
which is an important consideration for examining
cardiovascular flows [17-19], predicting hemolysis and
thrombosis [20-25].

The U.S. Food and Drug Administration (FDA)
developed a benchmark nozzle model that consists of a
conical shape at one end of the throat and a sudden expansion
at the other end to validate innovative biomedical CFD
methodologies. For that purpose, this nozzle was developed
to have flow behaviors that could closely mirror those in
medical devices such as flow expansion and contraction,
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local high shear stresses, and flow recirculation. This device
is especially impressive and challenging from a numerical
perspective because it has been designed in a way that all
flow types of laminar, transitional, and turbulent flows,
which is very common in medical devices, [26-28], are
covered.

Reynolds stress estimation in CFD is important for
accurately predicting flow behavior, particularly in complex
geometries like the FDA Nozzle. The Reynolds stress means
turbulent fluctuations in the flow field and is critical for
capturing the effects of turbulence on the flow. Different
studies have highlighted the significance of Reynolds stress
calculations in CFD simulations of the FDA Nozzle.
Manchester et al. [29] used large-eddy simulations (LES) in
the FDA nozzle and calculated the Reynolds (Re) stresses
only for the transitional flow condition (Re=2000). They
found good agreement between the experimental data and
their results in the jet breakdown regions. However, they
observed up to 4% to 20% difference near the jet core. Taylor
et al. [24], used two flow conditions to create laser Doppler
velocimetry (LDV) data. They compared axial velocities and
viscous stresses to experimental data. The results showed
that near the wall in the nozzle throat and in the jet, velocity
gradients were high. Dresar et al. [30], modeled the flow
condition of Re=6500 by using the Hybrid RANS-LES
model. The results showed that the model did not produce
enough unsteadiness.

Reynolds stress calculation in CFD simulations of the
FDA Nozzle is crucial for accurately predicting flow
behavior, especially in turbulent flows. Studies have shown
that neglecting Reynolds stresses or relying solely on certain
turbulence models can lead to inaccuracies in predicting flow
parameters and their effects on biological processes like
hemolysis. Therefore, incorporating Reynolds stress
calculations in CFD models is essential for improving the
accuracy of simulations in complex geometries like the FDA
Nozzle.

In this work, a detailed examination of Reynolds stresses
applying CFD for the FDA nozzle at five different flow
conditions has been carried out. A detailed examination of
the model was performed. Background info is discussed in
Part 1 and the model details operated for the current
examination and also for the computational approach are
shown in Part 2. In Part 3, the findings of this work. It is
observed that for different parts of the nozzle, the
distribution of Reynolds stresses was changing at different
flow conditions.

2 Material and method

2.1  Nozzle geometry

The FDA nozzle geometry is shown in Figure la. The
design of the nozzle was done to have transitional and
turbulent flows, faster and slower blood flows by the
progressive and rapid differences in the geometry, which is
similar to flow behaviors of medical devices [31], [32].

(@)

(b)
Figure 1. (a) Schematic of FDA nozzle model, flow
direction is from left to right; (b) x-position of cross-
sectional cuts in the nozzle.

The details of the dimensions were taken from the
original experimental data of Stewart et al. [32]. The nozzle
geometry contains a straight tube with a diameter (D) of 12
mm, a conical part that decreases the tube diameter to 4 mm
when it comes to the throat part then a small straightforward
throat part with a length of 40 mm, after that the geometry
ends with a rapid escalation with the tube diameter of 12 mm.
The inlet and the outlet tube lengths were not specified in the
experimental data; they were left for the modeler to decide.
The lengths were taken to be 100 times D to be certain about
neglecting the entrance effects. The cross-sectional cuts, as
shown in Figure 1b, were created in the whole domain for
post-processing the results. The flow was simulated using
blood with a density of 1040 kg/m® and a viscosity of
0.00421 Pa.s.

2.2 Computational grid

The nozzle was meshed using Ansys Fluent 18.2 and its
subprogram ICEM CFD (Ansys, Pittsburgh, PA, USA).
After a three-dimensional model of the complete domain
with the gradual and sudden changes was remodeled, the full
geometry was meshed with hexahedral elements.
Furthermore, o-grid meshes were used around the inlet and
outlet regions to increase the grid characteristics. Subsequent
to the grid application to the nozzle, the model was imported
into Fluent to run the program and to solve the
incompressible  Navier-Stokes  equations. A grid-
independent analysis was performed by refining the mesh in
high-velocity regions. The mesh independence analysis
results for mean velocity magnitude are illustrated in Figure
2 for the 0.008 m cross-sectional cut. The coarse mesh
includes 1854057 cells and 1900860 nodes while the finest
mesh has 2592837 cells and 2807657 nodes.
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Figure 2. Grid independence analysis for the nozzle for the
throat Reynolds number of 500 experiment using the k-o
SST model.

Figure 2 shows that velocity data did not depend on the
grid size. The latest grid applied for the FDA nozzle includes
2592837 cells and 2807657 nodes.

2.3 Flow simulation

Modeling the nozzle equipment geometry and solving the
governing equations in the whole flow are performed by
using the finite volume-based Fluent simulator. The
computation procedure started with the lowest velocity (0.05
m/s) which gives the minimum throat Reynolds number
applied in the experiments, and after that continuously
incrementing the flow velocity up to the stated experimental
throat Reynolds number value [32]. The flow modeling was
achieved with velocities growing from 0.05 m/s to 0.6 m/s
(gives the throat Reynolds numbers of 500 to 6500). The
turbulence k-o SST model was used for the entire nozzle
simulations.

The flow rates were named as V1, V2, V3, V4, and Vs. The
throat Reynolds numbers, flow rate, and average inlet
velocity values are presented in Table 1.

Tablo 1. Simulation conditions for the FDA nozzle

Experimental Thorat Re Flow Rate Average Inlet
Conditions Number (m®/s) Velocity (m/s)
Vi 500 5.22*10°® 0.05
V, 2000 2.08*10° 0.18
Vs 3500 3.65*10° 0.32
V. 5000 5.21*10° 0.46
Vs 6500 6.77*10° 0.60

The specified boundary conditions in Fluent for the
nozzle were given as velocity inlet at the domain inlet and
the no-slip boundary condition on the walls. Fluid flow is
assumed to be incompressible and steady. Moreover, a
second-order accurate SIMPLE (Semi-implicit Method for
Pressure Linked Equation) algorithm is utilized for the
pressure-velocity coupling and the second-order upwind

scheme is used to discretize the pressure and momentum
equations.

3 Results and discussion

3.1 Reynolds stress frequencies in the nozzle

Simulations were completed for the nozzle experiments
as illustrated in Table 1. For the lowest throat Reynolds
number 500, the Reynolds stresses were determined in the
whole domain. After that, the histograms were produced as
illustrated in Figure 3.

Reynolds Stress Frequency for
1800 the Throat Reynolds Number of 500
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Figure 3. Frequency of Reynolds stresses in the nozzle for
the case of the throat Reynolds number of 500.

Figure 3 shows that when the Reynolds stress values are
examined in the whole device, the values are mostly near
zero. They are changing from 0.001 to 4.756. Moreover,
much of the frequency is observed around smaller values or
Reynolds numbers. The next flow condition analysed is the
condition where the throat Reynolds number is 2000 as can
be seen in Figure 4.

Reynolds Stress Frequency for
1400 the Throat Reynolds Number of 2000
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Figure 4. Frequency of Reynolds stresses in the nozzle for
the case of the throat Reynolds number of 2000.

Figure 4 illustrates that the Reynolds stress values are
still lower values but when compared to 500 cases, the
Reynolds stress values are increased. The values are
changing from 0.001 to 19.458. Moreover, as shown in the
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frequency, they are shifted toward higher values. The
experimental condition for the flow condition of throat
Reynolds number 3500 is also analyzed and shown in Figure
5.
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the Throat Reynolds Number of 3500
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Figure 5. Frequency of Reynolds stresses in the nozzle for
the case of the throat Reynolds number of 3500.

Figure 5 shows that the Reynolds stress values are getting
higher values when compared to the cases of the throat
Reynolds numbers of 500 and 2000 cases. The Reynolds
stress values increased up to 34394 Pa. The last experimental
condition where the throat Reynolds number is 6500 is also
examined as shown in Figure 6.
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Figure 6. Frequency of Reynolds stresses in the nozzle for
the case of the throat Reynolds number of 6500.

As shown in Figure 6, the highest velocity condition
which corresponds to the throat Reynolds number of 6500,
has the highest Reynolds stress values as expected. The max
Reynolds stress value goes to 149857 Pa.

3.2 Reynolds stress values from wall to wall in the nozzle

In addition to the Reynolds stress frequencies, the
Reynolds stress values are also determined in the FDA
nozzle for different parts. To get a more detailed analysis, the
FDA nozzle was divided into 4 different parts as shown in
Figure 7.

Part 1 Part 2 I Part 3 Part 4

Figure 7. Different parts of the FDA nozzle are used for
Reynolds stress values from wall to wall.

For different parts of the nozzle, the Reynolds stress
values from wall to wall are examined and shown in Figure
8 and Figure 9,
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Figure 8. Reynolds stress values for part 1 and part 2 of the
FDA nozzle used for Reynolds stress values from wall to
wall. The top image is for part 1 and the below one is for part
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Figure 9. Reynolds stress values for part 3 and part 4 of the
FDA nozzle used for Reynolds stress values from wall to
wall. The top image is for part 3 and the below one is for part
4.
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When the Reynolds stress values are compared for all
different parts of the nozzle; Reynolds stresses are mostly
constant and then show a sharp decrease around the center of
the nozzle for part 1 and part 2. Reynolds stress values show
more fluctuations near the center for parts 3 and part 4.

4 Conclusions

CFD is a powerful tool for designing medical devices and
also examining flow characteristics such as turbulence on
them. It has been known that turbulence has an important
effect on the flow behavior of blood-contacting medical
devices. Therefore, examining the Reynolds stresses in the
FDA nozzle has an essential role clinically since the nozzle
has very similar flow behaviors to medical devices. In this
work, Reynolds stress calculations were performed in detail
which shows the Reynolds stress frequencies in the FDA
nozzle. It has been seen that the highest velocity case
(corresponds to throat Reynolds number of 6500) has much
higher Reynolds stresses with a high number of frequencies.
However, the lowest velocity case has very small Reynolds
numbers in very high frequencies. When different parts of
the nozzle were examined, the Reynolds stress values
showed more fluctuations for the higher velocities and more
regular profiles for the lower velocity cases.
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