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Abstract: Cardiovascular diseases are the leading cause of death globally and there is an unmet need
for effective, safer blood-contacting devices, including valves, stents and artificial hearts. In these,
recirculation regions promote thrombosis, triggering mechanical failure, neurological dysfunction
and infarctions. Transitional flow over a backward facing step is an idealised model of these flow
conditions; the aim was to understand the impact of non-Newtonian blood rheology on modelling
this flow. Flow simulations of shear-thinning and Newtonian fluids were compared for Reynolds
numbers (Re) covering the comprehensive range of laminar, transitional and turbulent flow for the
first time. Both unsteady Reynolds Averaged Navier–Stokes (k− ω SST) and Smagorinsky Large
Eddy Simulations (LES) were assessed; only LES correctly predicted trends in the recirculation zone
length for all Re. Turbulent-transition was assessed by several criteria, revealing a complex picture.
Instantaneous turbulent parameters, such as velocity, indicated delayed transition: Re = 1600 versus
Re = 2000, for Newtonian and shear-thinning transitions, respectively. Conversely, when using a Re
defined on spatially averaged viscosity, the shear-thinning model transitioned below the Newtonian.
However, recirculation zone length, a mean flow parameter, did not indicate any difference in the
transitional Re between the two. This work shows a shear-thinning rheology can explain the delayed
transition for whole blood seen in published experimental data, but this delay is not the full story.
The results show that, to accurately model transitional blood flow, and so enable the design of
advanced cardiovascular devices, it is essential to incorporate the shear-thinning rheology, and to
explicitly model the turbulent eddies.

Keywords: blood; rheology; transition; Newtonian; shear-thinning; non-Newtonian; Large Eddy
Simulation (LES); Unsteady Reynolds Average Navier-Stokes (URANS)

1. Introduction

While blood flow in the healthy cardiovascular system is predominantly laminar, insight into
the transition from laminar to turbulent blood flow is vital for understanding the development of
cardiovascular diseases and for the design of blood-contacting devices (for example: ventricular assist
devices, mechanical heart valves and stents). Occluded vessels, such as those seen in arterial stenoses,
can trigger laminar-turbulent transition, leading to the development of recirculating flow regions.
Furthermore, viscous shearing due to fluid dynamic stresses along the endothelial monolayer of
blood vessels can cause alterations to the function and shape of the cells [1]. This has been closely
linked to the promotion and further development of atherosclerosis through mechanotransduction [2].
These stenotic regions can facilitate the aggregation of platelets and create recirculation zones,
providing an optimal environment for coagulation [3]. Turbulent blood flow can also occur in healthy
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patients with no pathological diseases [4,5]. 4D MRI flow data indicated an increase in turbulent
kinetic energy (TKE) of 73% in the aorta of older patients compared to younger patients which was
determined to be related to area dilation of the aorta due to vascular ageing. For cardiovascular devices,
turbulent flows can lead to damage of blood components in the form of mechanical haemolysis and
thrombus formation [6]. In mechanical haemolysis, the rupturing of red blood cells (RBCs) due to fluid
stresses and artificial surfaces can cause anaemia and kidney failure [7].

To understand how to minimise the effects of blood damage, it is essential to consider blood
at a fundamental level. The contribution of RBCs and proteins affects the rheology, with blood
exhibiting shear-thinning properties [8]. These properties develop due to unique characteristics that
RBCs possess, i.e., deformability and their interaction with proteins. At low shear rates (γ̇ < 100 s−1),
plasma proteins such as fibrinogen and globulins cause RBCs to aggregate and form into stacks
known as rouleaux [9]. When the shear rate is increased (γ̇ > 100 s−1), these aggregates break
down in a reversible process, where the RBCs elongate in the direction of flow due to deformability,
and the viscosity becomes constant with shear rate i.e., Newtonian. In addition to the shear-thinning
properties, there have been numerous discussions on other rheological properties that whole blood
possesses—viscoelasticity, yield stress, and thixotropy [10–13]. The importance of these rheological
properties in disease development and design of cardiovascular devices remains an active area
of research.

Investigations into the critical Reynolds number (Recr) of whole blood have been performed
by several authors [14,15]. More recently, it has been shown that in the laminar-turbulent transition
regime there are differences in the critical Reynolds number between Newtonian blood analogues
(water-glycerine) and whole blood [16]. Biswas et al. [16] found that, in a straight pipe, whole blood
transitioned at Recr = 2806, whereas the Newtonian analog had Recr = 2316, when using the TKE as a
method for determination of Recr. Numerical investigations include three-dimensional direct numerical
simulation (DNS) using the spectral element method of a stenosis, where three-dimensional instabilities
and transition in both steady and pulsatile flow were explored [17]. Newtonian blood demonstrated
a transition occurring around a Recr = 722, with relaminarization being evident downstream of the
constriction. DNS was also performed using the finite element method to explore the differences
in transition to turbulence between Newtonian and shear-thinning blood (Modified-Cross model)
rheologies through a stenosis [18]. Shear thinning blood showed a delay in transition with a Recr = 760,
compared to a Newtonian Recr = 700. However, the definition of viscosity had a strong influence on the
determination of Recr, with a spatially and temporally averaged viscosity reducing the shear-thinning
model to Recr = 710, leaving no significant difference in Recr.

Shear-thinning fluids have been shown to demonstrate a delay in transition to turbulence [19–21].
A yield stress fluid (0.2% Carbopol solution) and a shear-thinning fluid (Carboxymethyl Cellulose)
demonstrated differences in transition, assessed using laser Doppler velocimetry (LDV) [22]. A delay
was measured through detection of centreline velocity, friction factor and velocity fluctuation analysis
when compared to a Newtonian fluid (Glucose syrup). In particular, the yield stress fluid exhibited
transition in two stages, firstly from the laminar velocity profile, and then through the existence
of turbulent spots. It has been indicated that, when evaluating transition of non-Newtonian fluids,
the root mean square (RMS) of velocity fluctuations, u′, provides a better indication of the onset of
transition in shear-thinning fluids compared to traditional friction factor vs. Re plots for pipe flows [23].
Through DNS, it has been observed that power law fluids also demonstrate intermittency in transition
to turbulence through the existence of turbulent puffs and slugs.

A backward facing step creates a flow separation similar to that of a stenosis, with both having
rapid expansions resulting in shear layer separation. Additionally, due to the simple geometry, there
are many applications, gas turbine combustors [24], flow around buildings [25], and biomechanical
applications [26–28]. Initial experimental investigations into backward step flows of air were conducted
by Armaly et al. [29] using LDV. Due to the geometry, a separation of the shear layer occurs followed
by the development of flow recirculation due to an adverse pressure gradient. As Reynolds numbers
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are increased, reattachment and detachment points develop on both upper and lower walls of the
geometry, with the primary recirculation zone located behind the step, the length of this zone changing
with flow regime. It was observed that transitional flow begins at Re = 1200, where the primary
recirculation length reaches a peak value, with fully turbulent flow developing at Re = 6600.

Further investigations of transitional flow in the backward facing step have been conducted both
experimentally and numerically [30,31], summarised in Table 1. The development of instabilities and
three-dimensionality at the step has also been explored by means of DNS using the spectral element
method [32]. Downstream of the step, wave like structures resembling Tollmein–Schlichting waves
(wave formations which exist in bounded shear flows) were observed, which was shown to cause
excitations of the primary separation zone. Le et al. [33] found that, for Re = 5100, the reattachment
length oscillates around a mean value (6.28 × step height), with the TKE in the recirculation region
similar to that in the turbulent mixing layer [33]. Many of the numerical studies conducted on
the backward facing step geometry have been two-dimensional problems, which has restricted the
exploration of turbulent phenomena.

The flow separation which the backward facing step flow exhibits is similar to that which exists
in common cardiovascular devices such as mechanical heart valves (MHVs) and which can have a
large impact on the vascular endothelium due to shear stresses [34]. A numerical study on the impact
of non-Newtonian blood rheology on endothelial cell responsiveness was conducted by Choi and
Barakat [28]. Simulations of both steady and pulsatile flow 50 < Re < 400 showed differences in
recirculation zone length, between the two rheologies, with a shorter primary recirculation zone in
the shear-thinning blood rheology. A sinusoidal velocity profile at the inlet provided pulsatile flow
conditions causing break-up of the recirculation zones in both models, with multiple vortices forming
in the Newtonian blood model, compared to the shear-thinning.

Table 1. Backward facing step flow and reverse flow regions have been explored both experimentally
and numerically by a number of authors. The majority of works reported below were a variation on
Armaly et al. [29], with the flow regime, rheological properties and expansion ratio (ER) being altered.
The following notation is used; L—Laminar, TR—Transitional, T—Turbulent, ReD—Reynolds number
based on inlet height, Reδ—Reynolds number based on boundary layer thickness, Reh— Reynolds
number based on step height.

Author (Year) Numerical/
Experimental

Flow
Regime

Reynolds
Number

Definition
Rheology ER

Armaly et al. (1983) Experimental & Numerical L-TR-T ReD Newtonian 1.942

Driver and Seegmiller (1985) [35] Experimental & Numerical T Reδ Newtonian 1.125

Le, Moin and Kim (1997) [33] Numerical T Reh Newtonian 1.2

Gijsen, Vosse and Janssen (1998) [27] Experimental & Numerical L Reh
Newtonian and
Shear thinning 2

Poole and Escudier (2003) [36] Experimental T Reh Thixotropic/Shear thinning 1.43

Poole and Escudier (2003) [37] Experimental T Reh Viscoelastic/Shear thinning 1.43

Choi and Barakat (2005) [28] Numerical L ReD
Newtonian and
Shear thinning 1.942

Barri et al. (2009) [38] Numerical T Reh Newtonian 2

Schaefer, Breuer and Durst (2009) [30] Numerical TR ReD Newtonian 1.942

Kopera et al. (2014) [39] Numerical T Reh Newtonian 2

Current Work Numerical L-TR-T ReD
Newtonian and
Shear thinning 1.942

The behaviour of blood in the laminar-turbulent transition is not well understood. Neglecting the
influence of RBCs and assuming blood to be a Newtonian fluid may cause incorrect predictions of
transition. This prediction is vital for the design of safer cardiovascular devices where it is crucial to
minimise blood damage. The aim of this present study was to explore the effect of blood rheology
on the transition to turbulence of single phase blood. Computational fluid dynamics (CFD) using
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OpenFOAM v5 [40] was used to simulate the flow of both Newtonian blood and shear-thinning
blood over a backward facing step for a range of Reynolds numbers to determine the extent to which
Recr for transition differs between the two rheologies. Initial simulations used Unsteady Reynolds
Averaged Navier–Stokes (URANS), but these could not predict the recirculation zone lengths with
sufficient accuracy. Large Eddy Simulation (LES) was then used and transition assessed from several
turbulence characteristics. This study is the first to simulate backward facing step flow using LES
over the whole range of Re from laminar to fully turbulent flow, and hence is the first to investigate
the effect of shear-thinning rheology on transition to turbulence in this geometry. These are the most
comprehensive simulations of transitional flow in a backward facing step geometry to date.

2. Methods

2.1. Governing Equations

The governing Navier–Stokes equations, Equations (1) and (2), were solved using OpenFOAM
v5 [40]. For an incompressible, Newtonian fluid, u is the velocity vector, p is the pressure, and ν is the
kinematic viscosity. Numerical simulations were performed by solving both URANS using Menter’s
k−ω SST turbulence model to obtain the mean flow and LES using the Smagorinsky subgrid scale
(SGS) to model the small scale motions:

∇ · u = 0 (1)

∂u
∂t

+∇ · (uu)−∇ · (ν∇u) = −∇p (2)

2.1.1. Menter’s k−ω SST Model

A variation on the standard k− ω model, Menter’s SST k− ω model is a two equation model,
more suited to adverse pressure gradients [41]. This hybrid model uses a k− ω model in the near
wall region, while in the fully turbulent region switches to a standard k− ε model. The first transport
equation, Equation (3), corresponds to the TKE k and the second, Equation (4), being the transport
of specific rate of dissipation ω. In the following equations, Pk is the production term for k, νt is the
turbulent kinematic viscosity and Sij is the mean strain rate of the flow and S =

√
2SijSij. F1 and F2 are

blending functions and used for a smooth transition between the two models. The following model
closure constants are used σk = 1, σω = 2, σω,2 = 1.17, γ = 0.44, β∗ = 0.09:

∂k
∂t

+∇ · (ku) = ∇ · [(ν + νtσk)∇k] + Pk − β∗kω (3)

∂ω

∂t
+∇ · (ωu) = ∇ · [(ν + νtσω)∇ω] +

γ

νt
− β∗ω2 + 2(1− F1)

σω,2

ω

∂k
∂xk

∂ω

∂xk
(4)

Pk = min(Sij, 10β∗kω) (5)

νt =
α1k

max(α1ω, SF2)
(6)

2.1.2. Smagorinsky SGS Model

Using LES, the large scale motions containing the most energy are resolved by the mesh, while the
SGS motions are modelled. This is achieved by using a low pass filter, applied to the velocity field in
the form of Equation (7), to remove the small scales:

ũ =
∫ ∞

−∞
G(x, x′)u(x′)dx′ (7)
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For finite volume methods, the filter function, G(x, x′) is typically a box or top hat filter function.
The filtered Navier–Stokes equations are then solved by modelling the SGS tensor, for the following
simulations the Smagorinsky SGS model is implemented. The turbulent viscosity νSGS is computed
by Equation (8), where CS is the Smagorinsky coefficient (0.17), ∆ is the filter cut-off width (cube root
volume) and Sij is the filtered strain rate tensor Equation (9).

νSGS = (CS∆)2
√

2SijSij (8)

Sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(9)

2.2. Computational Domain

A 3D backward facing step was modelled similar to that of Armaly et al. [29]; this is shown in
Figure 1. As highlighted by [30], the spanwise dimension B has a large influence on the development
of the recirculation zones in 3D flow. B was determined in accordance with the DNS simulations of
Le et al. [33]. The computational domain has the following parameters: an inlet height of h = 5.2 mm,
step height of S = 4.89 mm, this corresponds to an expansion ratio (ER) ER = 1.98 and a spanwise
depth B = 18 mm. The upstream and downstream and streamwise lengths are given in terms of inlet
height h in Figure 1.

Figure 1. The backward facing step geometry studied here, with an expansion ratio of 1.98.

2.3. Mesh Generation and Sensitivity Study

The domain was discretized using the blockMesh utility, a multiblocks method using hexahedral
cells. Local mesh refinement was implemented by altering the cell expansion ratios used along
the upper and lower walls. A grid resolution study was performed on four different mesh
densities—coarse, medium, fine and very fine. Table 2 shows the number of cells in streamwise
(x), wall-normal (y) and spanwise (z) directions and the mesh grading in terms of dimensionless wall
distance x+, y+ and z+. The primary recirculation zone length was computed for a specified Reynolds
number Re = 5000. This was then compared to experimental data of Armaly et al. [29], in addition to
DNS data of Le et al. [33] (for Re = 5100, ER = 1.2).

Table 2. A mesh independence study was performed on four mesh densities; coarse, medium, fine,
and very fine mesh. The corresponding no. of cells and dimensionless wall units x+, y+z+ for each
mesh are shown.

Mesh No. of Cells x+ y+ z+

1 Coarse 1.6× 105 5.71 0.931 7.58
2 Medium 1.24× 106 3.28 0.464 4.19
3 Fine 3.75× 106 2.86 0.313 2.91
4 Very Fine 6.58× 106 2.30 0.270 2.21

2.4. Boundary Conditions

The inflow boundary condition has a strong influence on the flow dynamics downstream of
the step [30]. Experimental data indicate that the velocity profile upstream of the step is parabolic;
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however, it was shown that the Reynolds number upstream was within the transitional flow regime,
concluding that the parabolic profile is not strictly valid. Schafer et al. performed simulations
comparing the recirculation zones formed with different inflow conditions (parabolic vs. block profile)
and studied the mesh independence. A turbulent block profile provided recirculation zones lengths in
better agreement with the experimental data of Armaly et al. [29]. Under this assumption, a recycling
method was implemented for the inlet velocity boundary condition. A mapped boundary condition
was used whereby instantaneous computed fields of a plane downstream were mapped to the inlet,
creating an infinitely long inlet section that allowed both the correct turbulent mean velocity profile
and the correct turbulent velocity fluctuation to develop naturally. A Neumann boundary condition
was applied to the outlet, and no slip boundaries for the upper and lower walls, with periodic flow
conditions applied in the spanwise direction. The k− ω SST requires initialisation of both k and ω

across the domain which was achieved using Equations (10) and (11) [40]. U is the inlet reference
velocity and I is a prescribed turbulence intensity based upon experimental data [35]. Similarly the
turbulent specific rate of dissipation ω can be estimated using Equation (11), with the Cµ = 0.09 and L
being a reference length scale:

k =
3
2
(UI)2 (10)

ω =
k0.5

CµL
(11)

2.5. Rheological Models

Several viscosity models have been used to replicate the shear-thinning behaviour of blood.
Amongst the most popular are the Power law, Carreau, Carreau–Yasuda, Powell–Eyring and Cross
models [42]. In this study, we have chosen the Carreau model is used, following Choi and Barakat [28],
with the same curve fitting parameters as Cho and Kensey [43]. The Carreau model follows
Equation (12), with infinite shear rate viscosity µ∞ = 3.5 mPa.s, zero shear rate viscosity µ0 = 0.25 Pa.s,
time constant λ = 25 s, and power law index n = 0.25:

µ = µ∞ + (µ0 − µ∞)[1 + (λγ̇)2]
(n−1)

2 (12)

Re =
ρ(2h)U

µ∞
(13)

It was assumed that the Newtonian model has a constant viscosity across shear rate, represented by
the infinite shear viscosity µ∞. The dynamic viscosity for whole blood [8], the Carreau model (a data
fit of whole blood data from [8] used by [28]), and Newtonian blood data, are plotted as a function
of shear rate in Figure 2. Flow was simulated for the range 50 < Re < 7000 to cover the laminar,
transitional and turbulent flow regimes. The Reynolds number is based upon Equation (13), with the
infinite high shear rate viscosity being used, and assuming the density of blood is ρ = 1060 kg m−3.
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Figure 2. The Carreau model (red line) Eq.12 was used to replicate the behaviour of whole blood from
Chien et al. [8] (black crosses). It was assumed that the Newtonian model had a constant viscosity
equivalent to the infinite shear viscosity µ∞ (red dashed line).
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Figure 3. Flow through a backward facing step creates a number of flow attachment and detachment
points downstream. The primary recirculation zone is located in front of the step with a length x1.
Two other recirculation bubbles also form on the lower wall (x3 − x2) and along the upper wall (x5 −
x4). The dotted grey line corresponds to the centreline where virtual data probes were placed for
monitoring velocity through time. The cross indicates the position at which instantaneous velocity
signals were sampled through time (discussed in Section 3.5).

Figure 2. The Carreau model (red line) Equation (12) was used to replicate the behaviour of whole
blood from Chien et al. [8] (black crosses). It was assumed that the Newtonian model had a constant
viscosity equivalent to the infinite shear viscosity µ∞ (red dashed line).

2.6. Solution of Equations

Gaussian integration discretization schemes were chosen based on the convective (second
order accurate, unbounded), diffusive (second order accurate, unbounded), pressure (second order,
unbounded) and temporal (second order, implicit) terms in the governing equations. The PISO
algorithm was used for pressure–velocity coupling. A timestep of 1× 10−5 s was used.

2.7. Parallel Processing

Simulations were carried out using HPC services Balena at University of Bath [44] (2.6 GHz, 8 cores
Intel Xeon E5-2650v2 series processors, and UK National Tier-2 Cirrus [45] (2.1 GHz, 18-core Intel Xeon
E5-2695 series processors). The computational domain was decomposed using the decomposePar utility
with the simple method (geometric decomposition by x, y, z coordinates) being used. Parallelisation
of the simulations was implemented using openMPI. Benchmarking was conducted, and it was found
that 32 cores was the optimal core quantity for Balena, while 36 cores was suitable for Cirrus for the
mesh densities used.

2.8. Analysis of Recirculating Flow Regions

The flow through a backward facing step generates several flow attachment and detachment
points downstream. Figure 3 shows these point locations as determined by Armaly et al. [29].
An important feature of the developing recirculation zones are the changes with the spanwise
direction (B). The flow fields of all simulations are both time-averaged and spatially averaged in the
spanwise direction to obtain positions of detachment and reattachment. These points were measured
by two different methods (also used by Le et al. [33]). Firstly, by observing the change in direction
of skin friction coefficient (C f ) distribution across the respected walls in the streamwise direction.
Secondly, by finding the position where the mean flow velocity component, Ux, close to the wall,
was equal to zero. For this work, we only examined the behaviour of the primary recirculation zone
(x1), as the focus was on the transition to laminar-turbulent flow behaviour between the two rheologies.
Statistical averaging of all simulations was performed using 2500 timepoints covering approximately
50 h/Ub, which is 5 eddy turnovers. The eddy turnover time was found by integrating streamlines of
the mean velocity field of the primary recirculation zone x1.
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Figure 3. Flow through a backward facing step creates a number of flow attachment and detachment
points downstream. The primary recirculation zone is located in front of the step with a length x1.
Two other recirculation bubbles also form on the lower wall (x3− x2) and along the upper wall (x5− x4).
The dotted grey line corresponds to the centreline where virtual data probes were placed for monitoring
velocity through time. The cross indicates the position at which instantaneous velocity signals were
sampled through time (discussed in Section 3.5).

3. Results

3.1. Mesh Independence Study

The results obtained from the four meshes (Table 2) are plotted in Figure 4. The primary
recirculation zone normalised by the step height (x1/S) was computed and used to compare the
resolution of the meshes for both the k−ω SST model and the Smagorinsky SGS model. The mesh
study was performed with a Reynolds number of 5000, which is still within the transitional regime.
The results show that the finest grid was sufficient to simulate the flow for both turbulence models
there were no significant changes in x1/S. Comparing the primary recirculation zone lengths obtained
with the fine and very fine mesh shows that the results are mesh independent within 1.32% and
0.47% with the k−ω SST model and the Smagorinsky SGS model respectively. The Smagorinsky SGS
recirculation zone length is 19.1% longer than that by Armaly et al. [29].
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model.230

Figure 4. A mesh resolution study was performed on the four meshes outlined in Table 2. The primary
recirculation zone normalised by the step height, S, (x1/S) was used to compare the different
mesh densities.

3.2. Validation Study

3.2.1. Validation of Recirculation Zone Length for Newtonian Blood Rheology

A comparison of x1/S between k − ω SST, Smagorinsky and the experimental data of
Armaly et al. [29] is made in Figure 5 for all Re values. Our results show that the Smagorinsky
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model can predict x1/S with high accuracy up to a Reynolds number of a 400. Once Re = 800 is
reached, a divergence in the increase of x1/S as compared with experiment is visible. 2D DNS
simulations [29] also demonstrate this behaviour, but with much larger divergence. The k− ω SST
model has shown that x1/S is difficult to predict across all flow regimes. The model fails to predict
the onset of transition with high inaccuracies at Re = 1200–4000. However, once the late transitional
flow regime begins Re > 4000, the k−ω SST model is able to predict x1/S with similar accuracy to the
Smagorinsky model.Version April 9, 2020 submitted to Fluids 9 of 28
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Figure 5. Time-averaged and spatially averaged primary recirculation x1 normalised by step height S
of Newtonian blood rheology is plotted as a function of Reynolds number. Experimental data (black
line) and 2D DNS calculation from Armaly et al. [29] are also shown.
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Figure 6. Time-averaged velocity magnitude contours for the k−ω SST model (left) and Smagorinsky
(right) for Re = 1200, Re = 3000 and Re = 7000.
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To validate the impact of shear-thinning blood rheology, x1/S was computed for Newtonian232

and shear-thinning rheologies for 50 < Re < 400 and compared to published values in Figure233

7. The shear-thinning blood rheology exhibits a shorter recirculation zone length compared to the234

Newtonian rheology. This behaviour is consistent throughout the laminar flow regime, it is found235

that the difference at Re = 400 is 22%, which is identical to the value found by Choi and Barakat [28].236

3.3. Impact of Newtonian vs shear-thinning blood rheology on recirculation zone length for all Re237

Figure 8 shows the comparison of both Newtonian and shear-thinning blood rheology and the238

impact on the recirculation zone length. At low Re there is a significant difference in x1/S at Re =239

800. As Re is increased further, differences between the two rheologies continue up to Re = 4000.240

Beyond this, both rheologies produce very similar lengths (a difference of 2.32%). The peak for both241

Figure 5. Time-averaged and spatially averaged primary recirculation x1 normalised by step height S
of Newtonian blood rheology is plotted as a function of Reynolds number. Experimental data (black
line) and 2D DNS calculation from Armaly et al. [29] are also shown.

Figure 6 shows the difference in the time average velocity magnitude between the k−ω SST and
Smagorinsky models for Re = 1200, 3000 and 7000. The first difference which can be observed is at
Re = 1200, where there is a large underprediction of x1/S using the k− ω SST model compared to
the Smagorinsky SGS model. In addition, a recirculating flow region is seen on the upper wall in the
Smagorinsky SGS model, also observed by Armaly et al. [29], but not when using the k−ω SST model.

(a) (b)

Figure 6. Time-averaged velocity magnitude contours for the k−ω SST model (a) and Smagorinsky
(b) for Re = 1200, Re = 3000 and Re = 7000.
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3.2.2. Validation of Recirculation Zone Length for Shear-Thinning Rheology

To validate the impact of shear-thinning blood rheology, x1/S was computed for Newtonian
and shear-thinning rheologies for 50 < Re < 400 and compared to published values in Figure 7.
The shear-thinning blood rheology exhibits a shorter recirculation zone length compared to the
Newtonian rheology. This behaviour is consistent throughout the laminar flow regime; it is found that
the difference at Re = 400 is 22%, which is identical to the value found by Choi and Barakat [28].Version April 9, 2020 submitted to Fluids 10 of 28
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Figure 7. Time and spatially averaged primary recirculation x1 normalised by step height S for
Newtonian (blue line) and shear-thinning (red line) blood rheology plotted as a function of Reynolds
number. Numerical data from Choi and Barakat [28] (Newtonian - solid green line and shear-thinning
- dashed green line).

blood rheologies appears to occur at Re = 1200, which Armaly et al. [29] hypothesised is the start of242

the transitional flow regime. Since the Smagorinsky SGS model provides a better comparison with243

experimental data across all flow regimes, the results in subsequent sections will be obtained using244

only the LES solver.245
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Figure 8. Time-averaged and spatially averaged primary recirculation x1 normalised by step height S
for Newtonian and shear-thinning blood rheology for both k− ω SST and Smagorinsky is plotted as
a function of Reynolds number. Experimental data (black line) from Armaly et al. [29] is also shown.

Figure 7. Time and spatially averaged primary recirculation x1 normalised by step height S
for Newtonian (blue line) and shear-thinning (red line) blood rheology plotted as a function of
Reynolds number. Numerical data from Choi and Barakat [28] (Newtonian—solid green line and
shear-thinning—dashed green line).

3.3. Impact of Newtonian vs. Shear-Thinning Blood Rheology on Recirculation Zone Length for All Re

Figure 8 shows the comparison of both Newtonian and shear-thinning blood rheology and
the impact on the recirculation zone length. At low Re, there is a significant difference in x1/S at
Re = 800. As Re is increased further, differences between the two rheologies continue up to Re = 4000.
Beyond this, both rheologies produce very similar lengths (a difference of 2.32%). The peak for both
blood rheologies appears to occur at Re = 1200, which Armaly et al. [29] hypothesised is the start of
the transitional flow regime. Since the Smagorinsky SGS model provides a better comparison with
experimental data across all flow regimes, the results in subsequent sections will be obtained using
only the LES solver.
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Figure 8. Time-averaged and spatially averaged primary recirculation x1 normalised by step height S
for Newtonian and shear-thinning blood rheology for both k−ω SST and Smagorinsky is plotted as a
function of Reynolds number. Experimental data (black line) from Armaly et al. [29] are also shown.

3.4. Velocity and Vorticity Flow Fields

Velocity and vorticity fields of the two blood rheologies are compared in Figures 9 and 10,
respectively. No exact qualitative differences can be seen from the vorticity contour plots in terms of
the vortical structures forming between the two rheologies, but other observations can be made. As Re
is increased, the complex behaviour of the shear layer separation is present and vortex shedding over
the step is clear. These small shear layer vortices become larger through possible merging and begin to
concentrate within the same region 4 ≤ x/S ≤ 10, particularly noticeable from Re = 4000 to Re = 7000.
These vortices, larger in scale, then begin to break up downstream and dissipate through the domain,
where lower regions of vorticity are visible. The recirculating flow regions from Re = 2000 then begins
to decrease in length as Re is increased to fully turbulent flow, as shown previously in Figure 8.

(a) (b)

Figure 9. Instantaneous velocity magnitude contours for Newtonian blood rheology (a) and
shear-thinning blood rheology (b).
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(a) (b)

Figure 10. Instantaneous vorticity magnitude contours for Newtonian blood rheology (a) and
shear-thinning blood rheology (b).

3.5. Temporal Flow Analysis

The laminar-turbulent transition for both rheology models was assessed by studying the
fluctuations of instantaneous velocity u through time as Re was increased. Virtual data probes were
placed in the domain downstream of the step through the centre of the channel (indicated in Figure 3)
and the velocity components were recorded through time. To obtain the velocity fluctuations u′, a time
average of the instantaneous velocity field u was obtained. The time averaged velocity field u was
then subtracted from the instantaneous velocity field in order to obtain the fluctuating component.
The total TKE, k, was calculated using Equation (15), with the turbulence intensity I computed as the
TKE normalised by the bulk inlet velocity Ub, Equation (16):

u′ = u− u (14)

k =
1
2
(u′2 + v′2 + w′2) (15)

I =

√
2
3 k

Ub
(16)

Figure 11 shows the instantaneous velocity magnitude taken at x/S = 6.13, y/S = 0.1,
z/S = 0 (indicated with a cross on Figure 3) for both Newtonian and shear-thinning blood rheology.
As expected, for low Re (1000 and 1200), the velocity traces show that no dominant fluctuations exist
for the flows. At Re = 1400, the Newtonian model begins to show small perturbations—these are not
evident in the shear-thinning model. The shear-thinning model does not begin to show any fluctuations
until Re = 2000. This behaviour shows a possible delay of ∆Re = 400 in the shear-thinning model.
The fluctuations become more intense when Re = 3000, where, in the Newtonian model, it can be
seen that the fluctuations are intermittent through time. As Re is increased to 4000, both models show
very similar fluctuations indicating that both rheologies have reached the transitional flow regime,
with 7000 indicating fully turbulent velocity signals.
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Figure 11. Monitoring of velocity magnitude through time of Newtonian blood (a) and shear-thinning
blood (b) at point x/S = 6.13, y/S = 0 and z/S = 0.

3.5.1. Turbulence Intensity

Contour plots of the turbulence intensity are presented in Figure 12 for each Reynolds number and
both rheologies. The largest differences in turbulence intensity between the two rheologies occurred
at Re = 1400 and Re = 1600. At these two Reynolds numbers, there were scattered regions of high
turbulence intensity between 5 ≤ x/S ≤ 13, which indicates transitional flow behaviour. As the
Reynolds number is increased, two main regions of turbulence intensity are evident, the largest region
occurs downstream of the primary recirculation zone. This region of high turbulence intensity begins
to increase in streamwise length with increasing Re. The second region of interest is along the upper
wall, where at Re = 2000 in the Newtonian model we see the high turbulence intensity ranging from
6 ≤ x/S ≤ 13. This region begins to reduce in size as Re is increased; for both rheologies, this
upper wall turbulence intensity reduces, and the region occurs between 7 ≤ x/S ≤ 10 at Re = 7000,
suggesting fully turbulent flow. These plots shows that there are large variations in spatial distribution
of the turbulent kinetic energy with each Reynolds number and between the two rheologies.
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(a) (b)

Figure 12. Turbulence intensity contour plots of each Reynolds number for Newtonian (a) and
shear-thinning (b) blood rheology.

The turbulence intensity from the velocity fluctuations was computed at varying Reynolds
numbers to determine Recr. The turbulence intensity was measured at 50 positions located 10 mm
distance apart between x/S = 0 and x/S = 102, along the centreline. The mean and maximum value
of the turbulence intensity were calculated for each Re. In Figure 13, the turbulence intensity from
0 ≤ x/S ≤ 15 is plotted as a function of Re for both rheologies. The results show that a peak in mean
turbulence intensity along the centreline occurs at Re = 1600 for both rheology models. Peak turbulence
intensities show obvious differences between the two rheologies. The Newtonian rheology shows a
sharp increase from low turbulence intensity at Re = 1600, whilst the the shear-thinning blood rheology
shows a gradual increase. In addition, 90% of the peak turbulence intensity (19.8%) for the Newtonian
rheology was reached at Re = 1600, while the shear-thinning rheology reached this value at Re = 3000.
In general, the plots for mean turbulence intensity for both Newtonian and shear-thinning are similar.
The turbulence intensity for shear-thinning is lower throughout the transitional region suggesting the
non-Newtonian properties damp out some turbulence. The clear right shift for the shear-thinning plot
in the region with the steepest gradient suggests a delay in Recr.
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Figure 13. Turbulence intensity measured along the centreline of the domain between 0 ≤ x/S ≤ 15
. Newtonian and shear-thinning blood rheologies are shown for comparison. Mean (solid line) and
peak (dashed line) for each Reynolds number are plotted.

Figure 13. Turbulence intensity measured along the centreline of the domain between 0 ≤ x/S ≤ 15 .
Newtonian and shear-thinning blood rheologies are shown for comparison. Mean (solid line) and peak
(dashed line) for each Reynolds number are plotted.

3.5.2. Turbulent Kinetic Energy Frequency Spectra

Figure 14 shows the mean TKE spectra as function of frequency for both rheology models and
all Reynolds numbers. The mean TKE was calculated by averaging the TKE from probe positions
0 ≤ x/S ≤ 15. The TKE represented here is the sum of grid scales taken from the Reynolds stress
tensor and SGS taken from the velocity fluctuations, ktot = kGS + kSGS. At low frequencies the TKE is
low for both rheologies at Re = 1000 and Re = 1200. In the Newtonian model, a change in energy is
observed as the frequency increases, fluctuations in energy are clear for Re = 1400 and Re = 1600, from
200 ≤ f ≤ 5000 Hz. These fluctuations are contained within a smaller bandwidth for the shear-thinning
model. At Re = 2000, a visible shift of the gradient indicates an increase in turbulent kinetic energy as
the Reynolds number increases for both rheologies. It can also be observed, the Newtonian rheology
for each Re has higher TKE compared to the shear-thinning rheology.

The impact on the RBCs of the energy contained within the eddies was investigated by looking at
specific timescales. Due to their unique shape and properties, RBCs are able to deform and regain their
original configuration. The time it takes for an RBC to regain its original biconcave shape is known as
the relaxation time (τ), which is approximately 100 ms [46]. Examining the frequencies corresponding
to the relaxation time (approximately 10–30 Hz), we can observe the change in energy as we increase
the Reynolds number. In Figure 15, a general trend of lower energy is observed in the shear-thinning
rheology compared to the Newtonian, with the biggest difference at Re = 1000. A sharp increase is
visible in both rheologies up to Re = 1600 possibly indicating the start of transitional flow. Beyond
Re = 4000, the energy levels are very similar between both rheologies, with higher Re indicating the
start of turbulent flow. Given this increase in energy, the results suggest that there is enough energy to
cause deformation to RBCs at low Re, however in the shear-thinning rheology RBC aggregation and
deformation dynamics may suppress this behaviour to an extent. The trends here are similar to that
found when analysing turbulence intensity.
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Figure 14. Mean TKE spectra for each Reynolds number. Newtonian blood rheology (a) and
shear-thinning blood rheology (b).
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Figure 15. Mean TKE between 10–30 Hz plotted against Reynolds number for Newtonian and
shear-thinning rheology.

3.6. Impact of Shear-Thinning Blood Rheology

Figure 16 shows the instantaneous viscosity contours for Re = 1000–7000 for the shear-thinning
model of blood. From Re = 1000 and Re = 1200, it is evident that low shear rate regions are located in
the primary recirculating zone, in the middle of the jet, and the secondary recirculation zone. Break-up
of low shear rate regions is evident at Re = 1400, which has visibly increased by Re = 1600. As Re is
increased, it can be seen that the high viscosity regions are still located downstream of the step region,
with the area of these regions reducing as Re increases. Large areas of the infinite shear rate viscosity
are present from Re = 3000 to Re = 7000.
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Figure 16. Instantaneous dynamic viscosity contour plots for shear-thinning blood rheology for
Re = 1000–7000.

3.7. Effect of Shear-Thinning Viscosity on Reynolds Number

Judging by the results of the temporal velocity analysis, Recr for the Newtonian model appears to
occur at Re = 1600 compared to the shear-thinning model, where the Recr is approximately at Re = 2000.
The Reynolds number defined for the simulations was based on an assumption of constant dynamic
viscosity (3.5 mPas). However, due to the nonlinearity of the viscosity, the standard formulation of
Reynolds number cannot be strictly applied. To see the effects of the shear-thinning viscosity on
Reynolds number and its determination of Recr, a spatial average of the dynamic viscosity similar to
Khan et al. [18]. The spatial average of the entire streamwise length of the domain was included and
averaged in the spanwise direction.

Figure 17 shows the dynamic viscosity plotted against Reynolds number. The black line shows the
change in dynamic viscosity for each Reynolds number when using the infinite high shear rate viscosity
(the standard Reynolds number definition). The red line shows the dynamic viscosity behaviour using
a spatially averaged viscosity within the calculation of the Reynolds number (modified Reynolds
number). Using a spatially averaged value of viscosity for the Carreau model, the Reynolds number is
effectively reduced at low shear rates. For example, at a dynamic viscosity of 0.0042 Pa.s, the standard
Reynolds number is 2000; however, the modified Reynolds number (Remod) is only 1641.
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4. Discussion

In this study, the impact of shear-thinning blood rheology on the laminar-turbulent transition
over a backward facing step has been explored. There are few studies that have investigated the effect
of blood rheology on recirculating flow regions [27,28] in a backward facing step geometry, and these
have not considered the transitional flow regime. Appreciation of the transitional flow regime and
the impact of non-Newtonian blood rheology is particularly important when numerical modelling
is required to investigate complex cardiovascular devices and areas of vascular disease. It is also
becoming necessary to evaluate the fluid dynamic stresses applied to the blood components for the
quantification of blood damage with certain devices.

4.1. Recirculation Zone Development

The formation of recirculating and stagnant flow regions in VADs, MHVs and cardiovascular
bifurcations are significant as these areas promote thrombosis. From a mechanical design perspective,
this can lead to a decrease in functionality and possible malfunction; for example, centrifugal VADs
such as the Heartmate II have been shown to be susceptible to thrombus formation causing the impeller
to no longer function properly [47,48]. Again, the thrombus can cause problems for the cardiovascular
system with clot transport causing occlusions and increasing the risk of myocardial infarctions and
strokes. The backward facing step is an ideal geometry to explore the fundamentals of flow stagnation
and recirculation.

The laminar regime was characterised by a linear increase in x1/S up to Re = 400 with very good
agreement with existing literature [29]. At low Re (0–400), the shear-thinning rheology exhibited shorter
recirculation zone lengths compared to Newtonian rheology and both were in excellent agreement
with published data [28]. In studies of steady stenotic flow, this was also the case as Neofytou and
Drikakis [49] showed that Newtonian blood rheology exhibited larger recirculation zone compared to
three other blood rheologies (Casson, Power law and Quemada). Beyond this Re, gradual deviation
from the linearity can be seen, as higher Reynolds numbers (3000–7000) are reached the x1/S is steadily
constant through the turbulent flow regime. At Re = 3000, both rheologies showed similar lengths in
x1/S through to the turbulent flow regime.

Comparing the two turbulence modelling methods implemented (URANS and LES) here,
the Smagorinsky SGS model managed to detect transition from the peak of x1/S as hypothesised
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by Armaly et al. [29], whereas the k − ω SST failed to predict the length x1/S by a factor of
4 compared to the Smagorinsky SGS model. Using the Smagorsinky SGS model, the variation in
recirculation zone length in the transitional flow regime qualitatively matched the experimental
variation, but quantiatively was less accurate than in either the laminar or fully turbulent regions.
Underprediction of both temporal and spatial transition has been the main disadvantage of the
Smagorinsky SGS model. This has been discussed by Pal et al. [50] where they note that at laminar
flow regions there is damping of flow instabilities, which results in a delay in transition to turbulence.

Differences in transition have been analysed with several turbulence models including URANS
(k − ω, RNG k − ε, realizable k − ε and k − ω SST) and LES (WALE) for poststenotic flow regions
by Varghese, Frankel and Fischer [51]. They found that the k− ω SST model at low Reynolds flow
performed poorly compared to DNS but similar to k− ε. Tan et al. [52] found that large variations
in vorticity magnitudes existed between DNS, RANS hybrid k − ε/k − ω model, and various LES
Smagorinsky models. Different Smagorinsky simulations were performed whereby the Smagorinsky
constant Cs was changed, with the variation of the coefficient having the largest impact on the
breakdown of the jet and separation of the shear layer. This may mean that changing the value of
Cs used in these simulations could provide a more realistic prediction of the reattachment point,
comparable to experimental and DNS data. A more suitable solution would be to optimise the
Smagorinsky constant specifically for the BFS flow, the effects of numerical dissipation would then
be minimised, improving the calculation of the recirculation zone lengths. Moreover, a dynamic SGS
model such as the Germano dynamic model could be used to further refine the accuracy of this model.
In addition, the Smagorinsky coefficient could be locally adjusted to the flow conditions. For example,
Premnath et al. [53] found that a dynamic procedure implemented within the Lattice Boltzmann
method produced excellent agreement between both DNS and experimental data for recirculation
zone lengths.

4.2. Evaluation of Laminar-Turbulent Transition

Difficulties arise when trying to compare rheologies in the transitional flow regime.
The phenomena of transition to turbulence is complex, and is not instantaneous at high Re.
As Armaly et al. [29] found from experimental observations, the transitional flow regime began
with a peak in x1/S. As in Armaly et al. [29], a peak reattachment length was found at Re = 1200 for the
Newtonian model, but not of the same magnitude. A possible explanation could be underestimation
of turbulence intensity at the inlet due to the mapped flow boundary condition. At the start of the
transitional flow regime, a decrease in x1/S after Re = 1200 was found, very similar to that found by
Armaly et al. [29]. However, Armaly et al. [29] found fluctuations in x1/S up to Re = 6600. Our results
showed that, beyond Re = 4000, x1/S was relatively steady through to the fully turbulent flow regime,
Re = 7000. This poses the question as to whether it is possible to use a mean flow parameter such as
the recirculation zone length as sole indication of the laminar-turbulent transition.

Turbulent statistics of temporal and spatial changes in the flow were not performed by
Armaly et al. [29], therefore identifying Re = 1200 as the start of transition may be debatable. For our
simulations, transitional flow was analysed by (1) monitoring velocity fluctuations through time
(2) measurement of the turbulence intensity (3) determination of the energy scales within the flow
(4) qualitative assessment of the velocity and vorticity field. Figure 11 demonstrates the velocity
through time at x/S = 6.13, y/S = 0 and z/S = 0 for both the Newtonian and shear-thinning rheologies.
These traces through time show no dominant fluctuations at low Reynolds numbers Re = 1000 and
Re = 1200 for both rheologies; however, by Re = 1400 and Re = 1600, the Newtonian model exhibits
small perturbations, which are not evident in the shear-thinning model. The shear-thinning model
begins to show fluctuations at Re = 2000, similar to that at Re = 1600. Once Re = 3000, both models
can be viewed as having similar trace "intensities" with the largest perturbations existing at Re =
6000 and Re = 7000, indicating fully turbulent flow. From these observations, for the Newtonian
model Recr = 1600, while, for the shear-thinning model, Recr = 2000, indicating a delay of 400.
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Determination of Recr by Biswas et al. [16] was defined by three main features: velocity signals through
time, profile shape index and turbulent kinetic energy. From these, they found that Recr was delayed by
approximately 20%; compared to our results, we see that from Figure 11 that Recr in the shear-thinning
model is delayed by Re = 400 (from Re = 1600 to Re = 2000) giving a delay of 28%.

As indicated by Peixinho et al. [22], the RMS of velocity fluctuations is a more sensitive method
for detecting transition. Figure 13 used the RMS of the velocity fluctuations to compute the turbulent
intensity along the centreline of the domain as a way of comparing the two blood rheologies.
Mean turbulence intensity shows very similar behaviour between the two rheologies, with the
Recr = 1600, with identical trends from low to high turbulence intensity. Using the peak values
of turbulence intensity as an indication for transition, the Newtonian model is observed to transition
at Re = 1600, while for the shear-thinning model an increase from low turbulence intensity occurs at
Re = 3000. Beyond this Reynolds number, the turbulence intensity is relatively constant. Using LES, it
is possible to obtain qualitative data on turbulence intensity and its spatial distribution through the
domain in Figure 12. The shear-thinning rheology shows smaller areas of high turbulence intensity
than that of the Newtonian rheology, particularly at Re = 1400 and Re = 1600 i.e., where Recr should
occur. Similar regions and magnitudes of high turbulence intensity are present in between Re = 3000
and Re = 4000, indicating that Recr has been reached. As the Reynolds number is increased from
Re = 3000 up to Re = 7000, the greatest turbulence intensity is between 5 ≤ x/S ≤ 10. These contours
show that measurement of turbulence intensity in different regions of the domain may indicate a
different trend in the turbulence intensity as seen in Figure 13.

The TKE spectra provides useful information about the turbulent structures which are present in
the flow as we move into the turbulent flow regime. An average of the TKE spectra from 0 ≤ x/S ≤ 15
of the instantaneous velocity traces found through the centreline of the domain is given in Figure 14a,b
for Newtonian and shear-thinning rheologies, respectively. The most noticeable differences between
the two rheologies are the steeper gradients occurring in the Newtonian results at lower Re compared
to the shear-thinning rheology. This could suggest shear-thinning properties damping out the turbulent
fluctuations resulting in lower turbulent kinetic energy but higher dissipation. Rahgozar and Rival [54]
observed this experimentally, finding that a xanthan gum blood analog resulted in higher TKE
dissipation compared to Newtonian blood analog, with suggestions that larger eddies have a shorter
lifetime, hence smaller length scales. This poses the question as to whether the viscoelasticity of RBCs
is the more dominant role in observations of delay in Recr for whole blood experiments. Simulations
were run up to Re = 7000, however criteria for assessing whether this is fully turbulent were not
performed. There are some indications of the inertial subrange corresponding to Kolmogorov theory,
but higher Re simulations need to be performed to confirm this.

An estimation of how the eddies within the flow relate to the relaxation time of RBCs is given
in Figure 15. An abrupt increase in TKE from 10 ≤ f ≤ 30 Hz is visible for both rheologies between
Re = 1000 and Re = 1600, with the main difference in the amount of energy at Re = 1000 and Re =
1200. As the Reynolds number is increased to 4000, steady increases in behaviour were observed with
identical TKE values for both rheologies. A critical Reynolds number cannot be fully determined by
this criteria, however, these results allow us to explore the rheological impact that turbulent kinetic
energy could have on RBCs with increasing Re. The results show that there is sufficient TKE from
at the lowest Re to deform RBCs. There is a consistent trend of lower TKE in the shear-thinning
rheology compared to the Newtonian. The results suggest that using a Newtonian rheology could
possibly underpredict the effects of TKE on RBCs in particular at low Re. This could result in different
predictions of blood trauma for medical devices. For understanding the potential TKE effects on RBCs
specifically for haemolysis, the total energy spectrum should be considered, but first, high quality
computations are needed.

When comparing the instantaneous velocity and vorticity fields in Figures 9 and 10, we observe
some distinct features which are analogous to the flow fields present in stenoses at transitional and
high Re flows. Coherent vortical structures which develop through increasing Re become evident at
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Re = 3000, with separation of the shear layer and extension of vortex shedding through the domain.
No exact qualitative differences between the Newtonian and shear-thinning rheologies can be made
from the velocity and vorticty flow fields, for determination of Recr, but it can be appreciated that the
flow field varies spatially considerably making determination of Recr difficult.

4.3. Definition of Reynolds Number on Shear-Thinning Rheology

Instantaneous dynamic viscosity plots in Figure 16 show the spatial distribution of viscosity
within the domain. The primary recirculating flow region has low shear and the dynamic viscosity
is the highest as indicated by Figure 8 below = 1000. The shear-thinning model exhibits shorter
recirculation zone length compared to the Newtonian model. As the Reynolds number increases, we
see a decrease in the dynamic viscosity in this flow region; however, small regions of high dynamic
viscosity are still evident in the turbulent Reynolds number Re = 6000 and Re = 7000.

As discussed by Khan et al. [18], the definition of a Reynolds number is ultimately dependent
on the characterisation of viscosity. They suggested five viscosity measures which the Reynolds
number could be based upon: volume average, mean centreline, mean wall, zero-shear and infinite
shear viscosity [18]. For our simulations, the infinite shear viscosity µ∞ was used as the constant
viscosity for our Newtonian blood model, a value of 3.5 mPa.s. To explore the effects of viscosity
definition, the spanwise spatially averaged dynamic viscosity was determined for each Reynolds
number. Using this new definition of viscosity for each Reynolds number, the viscosity vs. Reynolds
number is plotted in Figure 17. These results show that using a spatially averaged viscosity reduces
the Reynolds number, which in turn would change the critical Reynolds number Recr.

By using Remod, the analysis of Recr which used the recirculation zone length, turbulence intensity
and turbulent kinetic energy changes. For each of these parameters, using Remod suggests transition to
turbulence occurs at a lower Re with the shear-thinning rheology as compared with the Newtonian:
with recirculation zone length (Figure 18) 857 versus 1200; with mean turbulence intensity (Figure 19)
1250 versus 1600; and with mean turbulent kinetic energy (Figure 20) 1048 versus 1400. This analysis
shows that Remod cannot predict differences in Recr, for this non-Newtonian flow over a BFS, found
using the different methods.
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Figure 18. x1/S of Newtonian and shear-thinning blood rheology plotted against modified Reynolds
number Remod.

0 1000 2000 3000 4000 5000 6000 7000
0

5

10

15

20

25

30

Remod

I(
%

)

Newtonian (Mean)
Non-Newtonian (Mean)
Newtonian (Peak)
Non-Newtonian (Peak)

Figure 19. Turbulence intensity of Newtonian and shear-thinning blood rheology plotted against
modified Reynolds number Remod.
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Figure 19. Turbulence intensity of Newtonian and shear-thinning blood rheology plotted against
modified Reynolds number Remod.
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Figure 20. Mean energy frequency of Newtonian and shear-thinning blood rheology plotted against
modified Reynolds number Remod.

Figure 19. Turbulence intensity of Newtonian and shear-thinning blood rheology plotted against
modified Reynolds number Remod.
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Figure 20. Mean energy frequency of Newtonian and shear-thinning blood rheology plotted against
modified Reynolds number Remod.

4.4. Limitations and Future Perspectives

The use of high fidelity computational methods often poses limitations due to the time and
resources required. Reynolds numbers were investigated over a wide range from the low Reynolds
number limit to fully turbulent flow. However, exploring the onset of transition in our case requires
small increments of Re to accurately predict Recr. For URANS, this may be easier as the computational
resources are less demanding compared to that of LES, but, as the results show, they fail to predict any
transitional flow behaviour. LES calculations in smaller increments from Re = 1000–2500 may provide
more valuable information for characterising laminar-turbulent transition between the two rheology
models. As mentioned previously, subgrid scale models vary when predicting transition to turbulence
(location and Reynolds number), we have just restricted ourselves to the most common subgrid scale
model—the Smagorinsky model. A dynamic Smagorinsky model may have been more suitable for the
work due to the importance of transitional flow dynamics. Sayadi and Moin [55] noted that, for flow
over a flat plate, the natural transition occurs better with this model as disturbances in the flow are
allowed to grow naturally. This is because the turbulent viscosity is not introduced immediately and
does not provide artificial transition.
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Only one of the many rheological models to describe blood has been studied here. The influence
of other rheology models and its relation to laminar-turbulent transition has not been investigated,
but may provide a wider scatter of results on the determination of Recr. Incorporation of yield stress
and thixotropic behaviour of blood within the rheology model should provide a more realistic effect of
RBCs behaviour especially at transitional Re. Viscoelasticity of RBCs have been proposed as having a
damping effect [56] and again, in terms of the energy, the transfer is passed down through RBCs and
dissipated through mechanical stresses. Numerically to verify these ideas, blood would need to be
considered at the microscale, which becomes computationally expensive. The implementation of the
rheology models used existing experimental rheological data on whole blood. Curve fitting of the
common shear-thinning rheology models; Cross, Bird, Carreau and Yasuda relies on determination
of parameters. Gallagher et al. [57] found that the most common shear-thinning rheology models for
blood had wide spectrum of uncertainty when fitting parameters to experimental data and an existing
problem of parameter identifiability. This can ultimately affect the flow profiles, particularly important
in complex flow fields such as those experienced in VADs and stenotic flows.

Assuming no pulsatility exists in the flow is a limitation that could be explored further. Choi and
Barakat [28] found that the periodic changes in inlet conditions had a large effect on the formation
of recirculation zones between the two rheologies at low Re. However, the pulsatile effect has not
been explored at transitional Re and may play a significant role in speculations of delays in transition
to turbulence. This will become particularly important when we consider the flows in which these
behaviours are observed i.e., mechanical circulatory support devices, stents and stenosed vessels.
Unquestionably, one of the main limitations of this study is the simplification of blood simulated as a
single phase fluid. The computational resources required to solve a high fidelity, dense suspension of
RBCs in transitional and turbulent flow regimes would be extremely high.

5. Conclusions

The continued innovation of blood contacting medical devices is reliant on accurate numerical
modelling of blood flow. Since these devices, which include valves, stents and artificial hearts,
operate in the transitional regime, understanding how the rheological properties of blood impact on
transitional flow is vital.

This paper presents the most comprehensive numerical study to-date of laminar-turbulent
transition over a backward facing step for Newtonian fluids, and is the first such study for shear
thinning rheology. Three-dimensional flow was simulated for 50 ≤ Re ≤ 7000 with two turbulence
modelling methods: URANS using the k−ω SST model, and LES using the Smagorinsky SGS model.
Use of a mapped boundary condition created an infinitely long inlet allowing both the mean velocity
profile, and correct turbulent velocity fluctuations, to develop naturally.

Only LES could predict the correct trends in the recirculation zone length across all Re. Compared
to existing experimental data on variation in the recirculation zone length with Re [29], the Newtonian
fluid had the correct critical Re (Recr = 1200). The recirculation zone lengths differed with x1/S in
laminar flow being 22% shorter in the shear-thinning model, compared to the Newtonian model, which
matched existing experimental data [28].

Comparison of the laminar-turbulent transition for shear-thinning and Newtonian rheologies
revealed a complex picture. Several methods were used to analyse transition and those that used
instantaneous velocities found a delay in the transition with the shear-thinning fluid compared to the
Newtonian fluid. Determination of Recr by examining the velocity signals through time showed that
Recr for the Newtonian model was 1600, while Recr for the shear-thinning model was 2000. This delay
is of the same magnitude as that found in published experimental data [16]. More details on the
transitions were found by examining the turbulence intensities: the Newtonian rheology had higher
turbulence intensities at lower Reynolds numbers as compared with the non-Newtonian rheology.

In contrast, when analysing the instantaneous velocities, the mean flow revealed no such delay;
according to the variation in recirculation zone lengths with Re both the Newtonian and shear-thinning
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fluids transitioned at the same Recr (Re = 1200). Use of a modified Reynolds number, based on the
spatially averaged viscosity across the whole flow domain, could explain some, but not all, of the
differences in transition between Newtonian and shear-thinning rheologies.

In summary, the increased viscosity at low shear rates in the shear-thinning fluid damps out
turbulent fluctuations and so delays transition to turbulence assessed from velocity fluctuations.
This explains the delay observed in published experimental studies. However, this delay is not
the complete picture: the characteristics of the mean flow field are not altered enough to delay the
transition according to changes in the primary recirculation zone length. To fully capture transitional
blood flow, it is essential to explicitly model both the shear-thinning rheology and the turbulent eddies.
Doing so will enable accurate models of the flow through blood contacting cardiovascular devices;
these models are essential for improving the design of devices.
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Abbreviations

The following abbreviations are used in this manuscript:

LES Large Eddy Simulation
URANS Unsteady Reynolds averaged Navier Stokes
DNS Direct numerical simulation
SGS Subgrid scale
GS Grid scale
TKE Turbulent kinetic energy
MHV Mechanical heart valve
VAD Ventricular assist device
CFD Computational fluid dynamics
BFS Backward facing step
RMS Root mean square
TI Turbulence intensity
RBC Red blood cell
Re Reynolds number
Recr Critical Reynolds number
Remod Modified Reynolds number
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