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ABSTRACT
Rapid development in micro-scale systems and devices for drug
delivery and biotechnical analysis has been scurrying. Microtube or
microchannel roughness is another challenging factor in microfab-
rication technology. Moreover, the irregular roughness occurs due
to the multiple depositions of cholesterol and other substances in
the endothelium of the arterial wall. To investigate those issues, the
effect of the irregular roughness of the wall on the anisotropy of
the turbulent blood flow through an atherosclerotic artery has been
analyzed. The flow through a stenosed microtube has been numeri-
cally simulated to understand the blood flow phenomenon through
arterial stenosis and different turbulent states. The Reynolds stress
components are estimated and plotted an invariant map and Eigen
map to examine the turbulent states. The comparison results have
been studied to show the nature of turbulent flow in low Reynolds
numbers due to irregular roughness. The turbulent kinetic energy
and turbulent viscous dissipation rate are also examined. Due to
wall shear stress, the flow deserves the turbulence flow characteristic
downstream of the abnormally narrowed regions of the microtube.
The nature of the wall shear rate and the high viscosity of blood
impact the disturbance in the flow velocity in microtubes.
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1. Introduction

The study of thermal and flow characteristic phenomenon in microchannels and micro-
tubes is presently making for a significant role in microfluidic devices known as MEMS
(Micro-Electro-Mechanical-Systems) which leads manufacturing micro-reactors, micro-
scaled cooling devices, or small liquid atomizers. Many microfluidic MEMS devices, which
are used as microscale analysis systems for gas, chromatographs, blood, and DNA ana-
lyzers, are having a low Reynolds number flow feature. But some microdevices are used
in engineering applications such as microscale heat exchangers for heat sinking applica-
tions and microelectronic cooling which has higher Reynolds number flow characteristics
[1]. These microfluidic devices have a larger surface area than volume, so more heat fluxes
or large catalytic surfaces for reactions are taking place. The unsteadiness and turbulence
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2 M. REZA ET AL.

flow characteristics are also desirable in most of these micro-devices applications but it is
not a common phenomenon to obtain this turbulence characteristic on a microscale. It is a
challenging task to design the propermicrofluidic device based on the existing knowledge
of technology gained for micro-scale thermal and transport phenomenon characteristic
of fluid flow. So, micro-scale hydrodynamics play an important role to understand the
laminar-turbulence transition [2–7].

The wall roughness is also responsible for delaying (or enhancing) laminar-turbulent
transition. On the other hand, the appropriate wall corrugation can cause flow instabil-
ity in a microchannel at a low critical Reynolds number and it can turn into a turbulent
flow [8]. Living animals and plants use microchannels to transport fluids and molecules for
different functions over a long distance. For instance, the human body consists of differ-
ent types of vessels for fluid transport, e.g. the vascular system, with larger arteries, veins,
and smaller capillaries, and the lymphatic system, with a less well-defined liquid drainage
system. Recently, with the advancement of high technology, microfluidic instruments,
and high-tech microscopy mimic a natural biological system with more and more preci-
sion. The realistic models of the microfluidic device may help to understand the complex
cardiovascular function, diseases, and treatment.

Arterial diseases are leading to serious health functional abnormalities in the blood
vessels, cardiovascular systems, peripheral vascular system, heart valves, coronary artery,
carotid artery, and renal artery, etc. [9]. These stenotic lesions in arteries disordered the
human body functions and caused various diseases such as cholesterol, atherosclerosis,
deposition of lipoprotein, heart attacks, strokes, etc. Arterial diseases are vascular diseases
that affect the arteries in the human body, in which inside the artery narrows due to
the build-up of plaque, and the blood supply is very much disturbed, which can lead to
rupture, and the formation of blood clots (thrombus). For the treatment of this type of func-
tional abnormalities in the human body, researchers are very much interested to know the
flow transport characteristics through the stenosed arteries and lymphatic system [10–13].
Hence, several investigators focused their attention to link these atherosclerotic lesions of
human circulation in the study of biofluid dynamics. Several researchers have investigated
the blood flow through the arterial segment with plaque theoretically and numerically
[14–17]. Fung [18] investigated the blood flow through the capillary bed and offered a cal-
culation for the pressure drop in the capillary. He discussed the deformation of the flexible
red blood cells, their motion in the capillary blood vessels, the pressure drop due to the red
cell-blood vessel interaction, and the flow of plasma ‘bolus’ between neighboring red cells.
To control the extracellular fluid volume and combat infection, Margaris and Black [19] car-
ried out a review report on themodel for the lymphatic systemand analyzed the challenges
and opportunities for treating lymphatic diseases in contrast to the cardiovascular system.
Roman et al. [20] modeled the peristaltic transport in the glymphatic system by using the
first-principles approach to investigate how the cerebrospinal fluid (CSF) enters the brain
through a permeable layer of glial cells. They have employed the lubrication theory to
deal with the flow in the thin annular gap of the perivascular space between an imper-
meable artery and the brain tissue. A computational model for orchestrating lymphatic
metastasis has been studied by Ceelen et al. [21] to treat the regular and cancer-associated
lymphatic system. Haggerty and Nirmalan [22] examined the capillary and lymphatic sys-
tem flow dynamics to understand healthy blood circulation. They reviewed some of these
emerging concepts and proposed alternative ideas to understand some frequent clinical
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WAVES IN RANDOM AND COMPLEX MEDIA 3

conditions and their treatment. In this literature, they assumed that the artery is circularly
cylindrical and discussed the blood flow as a Newtonian fluid flow and a non-Newtonian
fluid flow. Generally, blood is a bio-fluid in the human body in which the red blood cells
(RBCs), white blood cells (WBCs), and platelets are suspended in blood plasma. In the
large arteries (diameter greater than 1mm) blood is treated as a homogeneous Newto-
nian fluid [23]. However, due to the low shear rate, it can behave like a non-Newtonian
fluid. When the shear rate is very low for the small arteries (diameter less than 1mm), it
is remarked that in those cases the blood flow model is described as a Non-Newtonian
model. But in the diseased condition blood exhibits non-Newtonian fluid properties.
Chakraborty andMandal [24] discussed amathematicalmodel for blood flow throughover-
lappingarterial stenosis byusing anappropriate finite difference technique. In thepresence
of overlapping stenosis in the artery, blood flow characteristics are discussed by Riahi
et al. [25].

The transition of laminar to the turbulence of non-Newtonian fluid is among the most
investigated topics in fluid mechanics. Non-Newtonian fluid flow transition in the pipe
is very sensitive to the inlet conditions for pharmaceutical applications or in geoscience,
where the soil and water quality are studied to transform a mixture of compounds into a
final product. For very large Reynolds numbers, the Newtonian fluid patches of turbulent
flow appear abruptly, as reported in the detailed study of Wygnanski and Champagne [26].
Draad et al. [27] considered the Newtonian flow of water and computed the critical distur-
bance velocity to observe the disturbance phenomena of the flow transition. Furthermore,
they carried out the stability measurement of a non-Newtonian dilute polymer solution
and remarked that the flow changes from laminar to turbulent at the critical disturbance
velocity; subsequently, at larger disturbance velocity makes, the flow is turbulent. Roman
et al. [28] investigated apipe’s transition to turbulence of a non-Newtonianpower-law fluid.
They demonstrated the stabilization of the system by changing the power-law index for
shear thinning and shear thickening fluid. To explore the stability of the flow in concentric
and eccentric annuli, Erge et al. [29] studied the laminar to turbulent transition of a non-
Newtonian fluidbyusing theoretical andexperimental approaches tounderstand theonset
of transitional flow behavior. They observed that the transition from laminar to turbulent
significantly depends on the diameter ratio, eccentricity, and fluid properties, especially the
shear-thinning ability of a fluid.

The heat and mass transfer characteristics of the non-Newtonian blood flow through a
tapered overlapping stenosed artery were evaluated by Zanan et al. [30]. Majee and Shit
[31] numerically studied the MHD flow and thermo-fluidic behavior of blood through arte-
rial stenosis by using the implicit finite difference method. Liu and Tang [32] investigated
the blood flowby coronary serial stenosis under the influence of distal stenosis numerically.
They illustrated the significant impact of distal stenosis on coronary hemodynamics. By
using themicro-PIVmethod, Hong et al. [33] studied the pulsatile flow of a non-Newtonian
fluid through a polydimethylsiloxane microchannel with stenosis. They analyzed the flow
velocity profile and the wall shear stress depending on the phase states with high viscosity
of the fluid. The numerical simulation of blood flow with pulsatile flow conditions around
a stenosed microchannel was investigated by Ha et al. [34]. They examined the wall shear
stress and the flow characteristics with the Reynolds number by using the CFX. A numer-
ical solution of the impact of the multiple stenoses on the blood flow and mass transfer
through an elastic tubewas carried out by Alsemiry et al. [35]. Foong et al. [36] formulated a

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



4 M. REZA ET AL.

numerical simulation of the different behaviors of blood flow inside the artery under a con-
stant wall heat flux on the boundary wall of the artery. They were stimulated by the Sisko
model by using the finite volumemethod. Bit et al. [37] investigated the three-dimensional
numerical simulationof thehemodynamics of the stenosed artery by considering the realis-
tic outlet boundary conditions. They emphasized that the flow dynamic structure is greatly
influenced by the outlets Left Subclavian artery and the Left CommonCarotid Artery within
the aortic arch.

Researchers are very much interested in turbulent flow modeling in microchannels.
Several theoretical and experimental studies have been reported in [38–40]. Li et al. [41]
examined the large-scale structures of turbulent flow through amicrochannel bymicro-PIV
experiment. The impact of the roughness of the surface on the flow through the rectangular
microchannelwas investigated byNatrajan andChristensen [42].Wang et al. [30] examined
the turbulence inmicrofluidics at lowReynolds numbers. Theyprovided anew technique to
control the fluid flow and transport phenomenon in a lab-on-chip device. A numerical sim-
ulation of the heat transfer and turbulent flow of nanofluid was carried out by Akbari et al.
[43]. Theyhave takenwater nanofluid copper oxide as aworking fluid througha rectangular
microchannelwith a semi-attached rib and the rangeof theReynoldsnumber is from10,000
to –60,000. The influenceof T-semi attached rib on turbulent flowandheat transfer through
a trapezoidal-shaped three-dimensional microchannel was examined by Alipour et al. [44].
They studied the different volume fraction effects of water-silver nanofluid. Rezaei et al.
[45] investigated the thermal transport phenomenon and pressure drop of turbulent flow
through a triangular-shaped microchannel with semi-attached ribs. They also compared
the flow transport characteristics with different Reynolds numbers and different lengths
of ribs.

The anisotropic turbulent model can be better to investigate the thermo-fluidic trans-
port characteristics of turbulent flows. The advantages of anisotropic turbulent models are
highlighted rapidly and there are many modifications to the methods that are available in
[46,47]. Many researchers have also simulated the anisotropic turbulent flow through the
channels [48–52] and validated their results with experimental data.

Motivated by the above-mentioned studies, we are very much interested to observe
the flow transportation through a microchannel with the anisotropic turbulent model.
In the present study, the main purpose is to observe the turbulent flow characteristics
in an atherosclerotic artery. To execute this flow phenomenon, a numerical simulation
is performed in ANSYS software. The main objective of this study is to investigate the
effect of the anisotropy property of the turbulent flow of blood through an atheroscle-
rotic artery (an illustrative example of a physiological condition is shown in Figure 1). The
Reynolds stress components are calculated from the numerical simulation. The turbulent
kinetic energy and turbulent viscous dissipation rate are furthermore examined in this
observation.

2. Mathematical model

2.1. Problem statement

Let us consider a three-dimensional, multiple-stenosed, circular microchannel in which a
steady, incompressible, hydrodynamically fully developed, and turbulent flow is assumed.
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Figure 1. An example of the atherosclerotic artery in the human body.

Figure 2. Physical Sketch of the model of the stenosed microtube.

We consider a stenosed microtube with a hydraulic diameter of 600 μm and a length
of 5mm. The flow transport characteristics and the heat transfer properties have been
analyzed under a constant wall roughness effect and a constant wall heat flux on the
boundary of the microtube. We assume that the tube is with constant wall roughness
(10 μm) and a constant wall heat flux of 20,000w/m2 at the boundary. In this examina-
tion, blood is taken as a working fluid and the geometrical representation is shown in
Figure 2. The pressure gradient is the only driving force for flowing of blood through the
microtube.

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com
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2.2. Governing equations and solutionmethodology

The governing equations of the averaged transport for the unsteady, three-dimensional
turbulent flows are as follows:

∂ρ

∂t
+ ∂

∂xi
(ρūi) = 0, (1)

∂(ρūi)

∂t
+ ∂

∂xi
(ρuiuj) = − ∂p

∂xi
+ ∂

∂xi

[
μ

(
∂ui
∂xj

+ ∂uj
∂xi

− 2
3
δij
∂ui
∂xj

)]
+ ∂

∂Xj
(−ρu′

iu′
j), (2)

∂(ρh)

∂t
+ ∂

∂xi
(ρuih) = ∂

∂xj

(
μ

Pr

∂h

∂xj
− ρCpu′

jT

)
, (3)

where xi and xj represent the coordinate directions,μ is the dynamic viscosity, ui is the time-
averaged velocity component, p represents the pressure in themicrotube, u′

iu′
j represents

the components of the Reynolds stress tensor, h represents the specific enthalpy, Pr is the
Prandtl number, and u′

jT is the turbulent heat flux.

2.3. Anisotropic turbulencemodel

Based on the eddy-viscosity model, the Reynolds stress tensor can be found by using the
Boussinesq approximation, Reynolds stress tensor can be written as follows:

− ρu′
iu′

j = μt

(
∂ui
∂xj

+ ∂uj
∂xi

)
− 2

3
ρkδij, (4)

whereμt is the turbulent-viscosity coefficient which is a scaler as per the assumption of the
eddy-viscosity model, k represents the turbulence kinetic energy, and δij is the Kronecker
delta. The turbulent heat flux is expressed as follows:

u′
jT = μt

Prt

∂T

∂x
. (5)

Thewell-knownproperty of Reynolds stresses (u′
iu′

j) tells about the non-negative property
of Eigenvalues of its matrix i.e. a positive semi-definite (non-negative definite) matrix. The
distribution of Reynolds stresses (u′

iu′
j) is given by

⎡
⎣ u′

1u′
1 u′

1u′
2 u′

1u′
3

u′
1u′

2 u′
2u′

2 u′
2u′

3

u′
1u′

3 u′
2u′

3 u′
3u′

3

⎤
⎦ .

To study the anisotropy of turbulence, the Reynolds stress tensor can be decomposed into
two parts:

u′
iu′

j = 2kbij + 2
3
kδij. (6)

The first part of the right-hand side represents the deviatory part of the Reynolds stress
which is an anisotropic tensor and the second part of the right- side is the Reynolds stress
tensor.
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The Anisotropy tensor (bij) of the Reynolds stress can be obtained from the following
expression given by Lumley and Newman [53]:

bij = u′
iu′

j − (2/3)kδij
2k

, (7)

where k = u′
iu′

i/2 and δij are the Kronecker Delta. The Anisotropy tensor bij is also symmet-
ric as the Reynold stress tensor is symmetric and bij has zero traces as bii = 0. Since Reynold
stress tensoru′

iu′
j is a positive semi-definitematrix, usingEquation (7) the following relation

corresponds to the anisotropy tensor bij:

bll = u′
lu′

l

2k
− 1

3
, l = [1, 2, 3]. (8)

If u′
lu′

l = 0, or u′
lu′

l = 2k, the diagonal component bll of anisotropy tensor gives the
minimum value or maximal, respectively. Then the off-diagonal components blm of the
anisotropy tensor are written as follows:

blm = u′
lu′

m

2k
, l �= m, l,m = [1, 2, 3]. (9)

The off-diagonal components blm of the anisotropy tensor take their minimal andmaximal
u′

lu′
m = −k and u′

lu′
m = k, respectively. So the range of the anisotropy tension can be

written as follows:

− 1
3

≤ bll ≤ 2
3
,−1

2
≤ blm ≤ 1

2
, l �= m l,m = {1, 2, 3}. (10)

The characteristic equation of Anisotropy tensor bij can be written in the following form:

bikbklblj − Ibikbkj − II
bij
2

− III
δij

3
= 0. (11)

The roots of the polynomial represent the principal components and are obtained as
follows:

I = bii, II = bijbji, III = bijbimbjm.. (12)

The second-order anisotropy tensor bij can be decomposed into Eigenvalues and Eigen-
vectors. So based on eigenvalue decomposition, there exists a diagonal matrix b∗

ij and an
invertible matrix Pij whose columns are eigenvectors, as we can write.

b∗
ij = PilblnPjn. (13)

The first two Eigenvalues of the anisotropy tensors are written as

A = max
l

bll|_pcs, B = max
l �=m

bmm|_pcs, l,m = {1, 2, 3}. (14)

Since the trace of the anisotropy, the tensor is zero so the smallest Eigenvalue of the
anisotropy tensor is written as

− A − B = min
n

bnn|pcs. (15)
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We can obtain the inequality for Eigenvalues as follows

A ≥ B ≥ −A − B. (16)

Introducing the non-increasing order from the b∗
ij matrix and considering the reordered

matrix as b̂ij one can obtain the following matrix as an anisotropy tensor in the following
canonical form:

b̂ij =
⎡
⎣ A 0 0

0 B 0
0 0 −A − B

⎤
⎦ . (17)

Limited ranges for the diagonal values of the canonical form of anisotropy tensor b̂ij:

A ≥ −1
3
, B ≥ −1

3
, A ≤ −1

3
− B. (18)

The state of turbulence characteristics for the flow of the problem can be classified by see-
ing the nature of the number of non-zero eigenvalues of Reynolds stress second-order
matrices as follows:

• One-component limiting state of turbulence (one eigenvalue is non-zero)
• Two-component limiting state of turbulence (two eigenvalues are non-zero)
• Three-component limiting state of turbulence (three eigenvalues are non-zero).

On the other hand, the classification of the flow is found by looking at the properties of the
multiple eigenvalues which indicate the following states of turbulence:

• Isotropic limiting state of turbulence (three eigenvalues are equal)
• Axisymmetric limiting state of turbulence (two eigenvalues are equal)
• Anisotropic limiting state of turbulence (all eigenvalues are different).

2.4. Grid independence and boundary conditions

Meshing is defined as the process of dividing the whole component into several elements
so that whenever a fluctuation occurs inside a body it will transport homogenously to each
element. The mesh size is taken small enough to converge iterated solutions. The inflation
is taken to analyze critically the boundary layers for better accuracy. For grid indepen-
dence, different grids are tested for better results and to obtain a suitable choice of element
sizes. As depicted in Figure 3(a), it can be easily observed that when the augmentation
of grid number is more than 150,000, the Nusselt number is independent of the number
of grids. Therefore, this grid is used in this numerical simulation. In the stated grid num-
ber, the element size is 6× 10−5 m and for critical analysis near the boundary wall, smooth
transition-type inflation is taken by considering the transition ratio 0.272.

The flow of blood with constant density ρ = 1060 kg/m3 and viscosity μ = 0.00278 kg/
m.s was investigated inside the stenosed microtube by using the numerical simulation at
37°C. To perform the numerical simulation the velocity inlet and the pressure outlet bound-
ary conditions are used, as well as the no-slip principle has been adopted. The wall of the
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WAVES IN RANDOM AND COMPLEX MEDIA 9

Figure 3. (a) Grid independency. (b): Gridding of the stenosed microtube. (c): Variation of ψ with II for
Re = 515 and Re = 572.

tube is under the constant heat flux boundary condition and the flow is simulated with a
Reynolds number nearly 500.

2.5. Numerical simulation procedure

The simulation for the turbulent flow of blood through the stenosed microtube has been
done numerically by using the SIMPLE algorithm, which is a prediction and improvement
method. The second-order discretizing method with finite volume technique is applied to
the governing equations. A no-slip boundary condition is applied to the microtube wall.
The convergence criterion (error tolerance) for solutions of the governing equations was
10−5. The simulation is done for Reynolds numbers 572 and 515, respectively. Velocity inlet
and pressure outlet are taken with the turbulent intensities 7.24% and 7.33% for Re = 572
and Re = 515 by considering the bulk Reynolds numbers, respectively.

3. Results and discussions

To study the anisotropy turbulence characteristic, the anisotropy invariants introduced by
Lumley and Newman [53] are used to analyze and quantify the Reynolds stress anisotropy
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10 M. REZA ET AL.

in the present context. Two-dimensional invariant spaces (III, II), so-called anisotropy invari-
ant maps, are highly nonlinear norm spaces. Here, the second and third principal invariant
components II, III were defined as II = bijbji and III = bijbinbjn . In this paper, based on
Equation (12), the eigenvalue invariant space (B, A), called the anisotropy invariant Eigen
map is used to examine the anisotropy turbulence characteristic states. This Eigen map is
linear which gives a better measurement of anisotropy turbulence characteristic states.

Using the simulation results for the turbulent flow through the stenosedmicrotube, the
values of A and B have been calculated. This (B, A) value corresponding to this problem
has been plotted in the anisotropy eigenvalue map. So the type of turbulence state that
occurred in the micro-channel has been examined in a better way. Furthermore, the clas-
sification of the flow is obtained by characterizing the eigenvalues of the second-order
turbulence property matrix.

In the human body, the speed of blood is roughly 3− 5m/s [54,55]. In this problem,
the simulation is done by fixing the Reynolds number Re = 572 and Re = 515. Then the
distributions of Reynolds stress (uiuj) for Re = 572 and Re = 515 are given by

⎡
⎣0.608398 0.000507 0.000322
0.000507 0.290893 −0.000285
0.000322 −0.000285 0.292777

⎤
⎦ and

⎡
⎣ 0.026299 −0.000021 0.000197

−0.000021 0.013579 −0.000030
0.000197 −0.000030 0.013566

⎤
⎦ .

All the values above are the volume average of the Reynolds stress and the kinetic energies
(k) are given by 0.596034 and 0.026722m2/s2, respectively.

Finally, one can easily calculate the anisotropic tensor by using Equation (4) and the
canonical form of the anisotropic tensors is as follows:

⎡
⎣ 0.1770 0 0

0 −0.0893 0
0 0 −0.0877

⎤
⎦ and

⎡
⎣ 0.1588 0 0

0 −0.0788 0
0 0 −0.0800

⎤
⎦ .

Therefore, the eigenvalues are 0.1770,−0.0893,−0.0877 forRe = 572 and0.1588,−0.0788,
−0.08 for Re = 515. Since all the Eigenvalues are non-zero and different for both cases.
Therefore, from the property of turbulence, it can be easily remarked that for both cases
the flow is anisotropic with three components limiting the state of turbulence.

The anisotropicmagnitude function can be expressed to follow a linear relationship [56]

J(A, B) = 1 − 3(A + B), (19)

where A and B are calculated from Equation (12).
Since the volume average value of B is negative and the third principal invariant com-

ponent is positive for Re = 515 and Re = 572. Then the estimation of the anisotropic
magnitude function is J = 0.76 and J = 0.7369 for Re = 515 and Re = 572, respectively.
Estimation of these values of anisotropymagnitude function J(A, B) for both cases supports
the agreement of the previous literature [57].
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We developed the linear interpolation scheme by using the weighting interpolation
function W , which can be written as [56]

W =
√
1 + C2L − 1

CL
, CL =

√
5πνε

2
√
2Cεk

, Cε ≈ 0.192. (20)

To obtain the insight analytical structure of the interpolating scheme for the anisotropy
of the turbulence, one may analyze the behaviour of the parameter ψ . Furthermore, we
obtain a workable approximation of ψ with the help of the weighting function W , which
yields [56]

ψ = 5−3/2 ReW + 2(1 − W). (21)

To determine ψ for anisotropic turbulence, we have computed the interpolating function,
which determines the results for turbulence subjected to axisymmetric strain. The values
of ψ have been computed from Equation (21) and displayed in Figure 3(c). The results
agree with the previous literature’s results [56]. These data are somewhat scattered owing
to numerical difficulties in estimating the derivative of the dissipation rate, which is neces-
sary for the determination ofψ from the numerical database. Figure 3(c) indicates thatψ is
continuously increasing with increasing anisotropy.

To investigate and analyze the characteristic of turbulence properties from Reynolds
Stress components, the anisotropy tensor components are plotted for Reynolds number
Re = 515 and Re = 572, respectively. Figures 4(a) and 5(a) show the characteristics of prin-
cipal components b11, b22, b33, and Figures 4(b) and 5(b) display off-diagonal b12, b13, b23
components with respect to the different values of y+ for the Reynolds number Re = 515
and Re = 572, respectively. The anisotropy principal components are associated with tur-
bulence kinetic energy (k). It is observed from the analysis that near the wall the anisotropy
component is more randomwhen the Reynolds number is increased but far from the wall,
the components fluctuating are the same in both cases Re = 515 and Re = 572.

The first and second eigenvalues of the anisotropy tensor defined by Equation (14)
and also the second and third principal components of the characteristic equation of that
same anisotropy tensor defined in Equation (12) have been computed for Reynolds num-
ber Re = 515 and Re = 572, respectively. To classify the turbulence property, the different
turbulence states are represented by our analysis. Figure 6(b) shows that the states of tur-
bulence are isotropic. But due to the roughness of the wall, its nature will not be isotropic.
However, Figure 6(a) shows that when Re = 515, near the wall its nature is not isotropic,
rather it shows an axisymmetric expansion limit and far from the rough wall its nature is
a plane-state limit and axisymmetric contraction limit. At Re = 572, Figure 7(b) shows the
isotropic nature but Figure 7(a) shows that near the wall it is an axisymmetric expansion
limit. And a little bit far, it is a plane-strain limit. These results are physically consistent as
due to the roughness of the wall, it will not be isotropic in nature. Since invariant space (III,
II) has a highly nonlinearmetric space, it is difficult to say nature from thismap (Figures 6(b)
and 7(b)). But the eigenvalue map is having a linear metric, which represents the correct
turbulence states as physically consistent.

The detailed analysis is performed by using the average turbulent model. Figure 8(a,b)
illustrate the velocity contour in a cross-sectional plane of the stenosed microtube. The
maximum velocity increases for the large Reynolds number. It can be observed from both
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Figure 4. (a)–(b). Components of anisotropy tensor bij for Reynolds number Re = 515.
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Figure 5. (a)–(b). Components of anisotropy tensor bij for Reynolds number Re = 572.
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Figure 6. (a) Anisotropy Eigen map for the Reynolds stress tensor, (b) Anisotropy invariant map for the
Reynolds stress tensor for Re = 515.

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



WAVES IN RANDOM AND COMPLEX MEDIA 15

Figure 7. (a) Anisotropy Eigen map for the Reynolds stress tensor, (b) Anisotropy invariant map for the
Reynolds stress tensor for Re = 572.
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Figure 8. (a) Velocity contour for Re = 572. (b) Velocity contour for Re = 515.

cases that the flow is accelerated passing through the multiple stenosed microtubes. The
flow is deaccelerated in the downstream regions of stenosis. In both cases, recirculation
regions are clearly shown in the middle layers after passing the stenosis apexes. The flow
velocity increases in the abnormally narrowed regions of the microchannel. After passing
the stenosis region, the recirculation regions downstream flow led to a relatively slower
than the centerline velocity.

Figure 9(a,b) show the velocity streamlines for Reynolds numbers 572 and 515, respec-
tively. The vortices are formed in the regionbetween the stenoses of themicrotubenear the
boundary. The vortices become larger due to the increment of the velocity. More vortices
are formed for large Reynolds numbers. It also realized from the figures that their chaos is
very less on the fluid particles in the middle layers of the flow. This recirculation scenario
inside the stenosed region is almost similar to the shear-driven cavity flow [58–60]. This
shear-driven flow inside the stenosed microtube consists of large recirculations within the
tube’s stenosis. The enhancing nature of the wall shear rate and the high viscosity of blood
generate thedisturbance in the flowvelocity in themultiple stenosedmicrotubes. The recir-
culationpatterns in the stenosed regionare similar to the cavity flowproblems. Still, velocity
fluctuationsoccur between the stenosedareasdue to thehighviscosity of blood. Therefore,
theblood flowbecomes turbulent and creates vortices in thedownstream regionsbetween
the stenoses of themicrotube. As we increase the Reynolds number, themixing layer is fed
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Figure 9. (a) Streamline contour for Re = 572. (b) Streamline contour for Re = 515.

by the shear stress, and the vortices become larger over the stenosis, which agrees with
the results of Bengana et al. [59]. The shear stress causes the fluid particle motion, and
it is disturbed by the irregularity of the surface of the microtube. Approximately circular
streamlines are generated, which are closer to the shear-stress surface, which agrees with
the shear-driven cavity flow problem. This feature is similar to Romano and Kuhlmann’s
work [58] and the qualitative results reported on the shear-driven cavity flow problem. But
the streamlines are disturbed in the downstream regions of the microtube, and the flow
deserves the turbulence flow characteristics.

Wall shear stress can be obtained by enhancing the wall shear rate and high viscos-
ity of blood. Due to flow acceleration, the wall shear strain rate is observed around the
stenoses. The flow becomes turbulent and creates vorticity in the downstream regions of
the stenoses of the microtube. Due to wall shear stress the flow deserves the turbulence
flowcharacteristic downstreamof theabnormally narrowed regionsof themicrotube.How-
ever, the recirculation regions are reduced because of the flow deceleration. Due to the
colliding of the flow with the stenosed regions, the flow is twisted. These twisting cases
make the flow turbulent and the mixing of the fluid increased near the boundary walls.
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Figure 10. Velocity magnitude for (a) Re = 515 and (b) Re = 572.

It is interesting to examine the fluctuation of velocity magnitude concerning position
for different values of y+ for different Reynolds numbers Re = 515 and Re = 572. It also is
seen from Figure 10 that the velocity is more fluctuated near the boundary. The velocity is
increased at the inlet portion. After a certain increment, the fluctuation begins due to the
narrowness of themicrotube and the flow becomes turbulent in the stenosis regions of the
microtube.
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Figure 11. Turbulent kinetic energy (k) for positions (a) Re = 515 and (b) Re = 572.

Figures 11 and 12 display the nature of the turbulent kinetic energy (k) concerning the
position and also concerning y+ for different Reynolds numbers Re = 515 and Re = 572,
respectively. It is noted that turbulent kinetic energy fluctuation is increasing concerning
the position. Its value is more at the higher Reynolds number. Due to the roughness of the
wall, the turbulent kinetic is more fluctuating near the wall and its randomness is found
more in the case Re = 572. Turbulent kinetic energy increases nearer to the boundary line
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Figure 12. Turbulent kinetic energy for y+ (a) Re = 515 (b) Re = 572.

of the microtube. At the inlet portion, there are no more fluctuations, but after that, it fluc-
tuates and the fluctuations of the turbulent kinetic energy are nearer to the boundary line
of the microtube. It is also seen that it rapidly fluctuated between the stenosed regions.
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Figure 13. (a)–(b). Turbulence dissipation concerning position for different values of y+.

Figure 13(a,b) depict the turbulence dissipation rate(ε) with respect to position for differ-
ent values of y+ for Re = 515 and Re = 572. It is a fact that in a very low Reynolds number
Re = 515, the fluctuation of the dissipation rate is very small and it does not grow more.
But at Re = 572, the dissipation rate is large and is growing also far from the rough surface.

Figure 14 displays the comparison analysis of Nu/Nu0 for different Reynolds numbers
Re = 515 andRe = 572. It is observed that theheat transfer rate ismore for higher Reynolds
near the roughwall. But far from thewall, it is almost the same. The roughness of the surface
impacts the different nature of heat transfer for different Reynolds numbers.
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Figure 14. Variation of the Nusselt number concerning y.

4. Conclusion

Anisotropyof turbulence characteristics of the flow in an atherosclerotic artery hasbeen the
main concern in this investigation. This flowphenomenon canmodel as flow in amicrotube
with irregular roughness of the wall due to a stenosed microtube. The different state of
turbulent property has been examined and analyzed. The following important results have
been obtained.

• The turbulence state won’t be isotropic in nature because of the roughness of the
microtube wall in the presence of stenosis. It is fascinating to compare the outcomes
when utilising an eigenvalue map and an invariants map to gauge the degree of tur-
bulence anisotropy. Despite the invariant map’s highly non-linear space, eigenvalue
maps produce accurate results because turbulence is not isotropic by nature accord-
ing to turbulencephysics. ForRe = 515, it is noted that the axiswill exhibit turbulence
characteristics close to the wall.

• Both cases show that the flow is increased as it passes through the numerous
stenosedmicrotubes. In thedownstreamareas of the stenosis, the flow is decelerated.
After reaching the stenosis apexes in both situations, recirculation areas are evidently
visible in themiddle layers. In the abnormally narrower areas of themicrochannel, the
flow velocity rises. The recirculation zones downstream of the stenosis region caused
the flow to move significantly more slowly than the centerline velocity.

• The microtube’s stenoses, which are located close to the boundary, are where the
vortices are created. The increase in velocity causes the vortices to grow larger. For
high Reynolds numbers, more vortices arise. It is observed from the figures that the
middle layers of the flow’s fluid particles are subject to relatively little disorder.
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• By increasing the high viscosity of blood and wall shear rate, wall shear stress can be
produced. The wall shear strain rate is seen around the stenoses as a result of flow
acceleration. In the downstream areas of the microtube between the stenoses, the
flow becomes turbulent and produces vorticity. The downstream areas of the micro-
tube between the abnormally narrowed regions exhibit turbulent flow characteristics
as a result of wall shear stress.

• The streamlines are approximately circular in the stenosed region of the microtube
and these are very closer to the shear-stress surface which is agreed with the shear-
driven cavity flow problem. But the streamlines are disturbed in the downstream
regions of the microtube where the flow velocity is fluctuated due to the wall shear
stress and high viscosity of blood.

• The fluctuation of the turbulence dissipation rate (ε) is more at Re = 572 than at
Re = 515. Near the inlet, the dissipation rate is less but themiddle of the tube is grow-
ing rapidly. At Re = 572, the dissipation rate is large at far from the rough surface
also.

• The heat transfer rate is more at Re = 572 than Re = 515 near the wall but far from
the wall, it does not affect by increasing the Reynolds number.
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