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ABSTRACT

The current inquiry analysed the turbulent flow pattern of power-law fluids to shed light on
the critical turbulence characteristics of non-Newtonian fluids. The flow behaviour index of the
power-law fluid in the current investigation was set at 0.75, 0.8, 1, 1.2, 1.4, and 1.6 at a simula-
tion’s Reynolds number of 12,000. This investigation was focused on large eddy simulation of
turbulent pipe flow of pseudoplastic and dilatant fluids passing through an axially stationary pipe.
The results point to a significant increase in the generation of axial turbulence and a noticeable
decrease in the transfer of tangential and radial turbulence intensities from the axial intensities
with a drop in the flow behaviour index. A substantial reduction of the turbulent kinetic energy
and the Reynolds shear stress of velocity variations in the radial direction was another effect of the

lower flow behaviour index.
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1. Introduction

Many fluids with potential for industrial applications
exhibit non-Newtonian fluid behaviours, including poly-
mer, petroleum, plastics, cement, food products, paper, and
paint. Fully developed turbulent flow through a smooth
pipe is a canonical problem in fluid mechanics and is sig-
nificant in engineering. According to a literature review,
several studies have been done on the turbulent flow of
non-Newtonian fluid in recent years, including theoretical
and experimental work [1-6] and numerical work [7-16].

Rudman et al. [10] applied direct numerical simula-
tion (DNS) to simulate a fully developed turbulent flow
of shear-thinning at various generalised Reynolds num-
bers for distinct flow behaviour indices (0.5, 0.69 and 0.75).

* Corresponding author.

DNS research was conducted by Gavrilov and Rudyak [14]
at two generalised Reynolds values, 10,000 and 20,000,
throughout a 0.4-1 power-law index range. Gavrilov and
Rudyak [13] presented distributions of Reynolds stress ten-
sor components, averaged viscosity, viscosity fluctuations,
and measures of turbulent anisotropy with an emphasis
on turbulent mean variables. By providing the distribu-
tions of the turbulent stress tensor components, the shear
stress and turbulent kinetic energy balances, Gavrilov and
Rudyak [14] published the same findings 1 y later with a
focus on the energy balance and the shear stresses.

More recently, Abdi et al. [17] have conducted a fully
developed turbulent forced convection of thermally inde-
pendent pseudoplastic fluid with a flow behaviour index of
0.75 through an axially heated rotating pipe, by means of
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large eddy simulation (LES) with an extended Smagorinsky
model. With a rotation rate ranging from 0 to 3, where the
simulation Reynolds and Prandtl numbers of the work-
ing fluid were assumed to be 4,000 and 1, respectively.
It is observed that as the pipe wall rotates, it is seen that
the temperature along its radius noticeably decreases as the
rotation rate increases. This is because the apparent fluid
viscosity in the pipe’s core region decreases, which causes a
centrifugal force that causes the mean axial velocity profile
to noticeably increase.

The present paper aimed to examine the effect of the
power-law fluid’s flow behaviour index (1) on turbulence
statistics and instantaneous turbulence structure. Toward
this end, a large eddy simulation (LES) with a standard
dynamic model was devoted to a fully developed turbu-
lent flow of shear-thinning (n < 1) and shear-thickening
(n > 1) fluids across an isothermal stationary pipe. This
study was performed at a simulation’s Reynolds number of
12,000, and the flow behaviour indexes were chosen to be
0.75,0.8,1,1.2, 1.4 and 1.6.

2. Governing equations and numerical procedure
2.1. Governing equations

The study dealt numerically with a fully developed tur-
bulent flow of power-law fluids in a pipe at different flow
behaviour indexes (0.75 < n < 1.6) at a simulation Reynolds
number of 12,000, using the LES approach with a stan-
dard dynamic model with computational domain length
of 20R (Fig. 1). The filtered equations were expressed as
follows [Egs. (1) and (2)]:
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2.2. Numerical procedure

The mathematical model was implemented in a finite
difference laboratory code. The governing equations were
discretised on a staggered mesh in cylindrical coordinates
with a computational length in the axial direction 20R.
The numerical integration was performed using a finite
difference scheme, second-order accurate in space and
time. The time advancement employed a fractional-step
method. A third-order Runge—Kutta explicit scheme and a
Crank-Nicholson implicit scheme were used to evaluate the

Fig. 1. Computational domain.

convective and diffusive terms, respectively. In the non-New-
tonian Smagorinsky model, the subgrid stress tensor T, is
linked to the strain rate tensor by T, =-2v,5,.

3. Results and discussion

The goal was to reveal the influence of the flow behaviour
index of the pseudoplastic (shear-thinning) and dilatant
(shear-thickening) fluids on the turbulent flow statistics
and instantaneous turbulence structure along the radial
direction, especially in the vicinity of the wall. Fig. 3 com-
pares the turbulence intensities of the Newtonian fluid with
that of Redjem-Saad et al. [18] at the Reynolds number of
5,500; the results present the root mean square (RMS) dis-
tribution of the axial, radial and tangential velocity fluctu-
ations of the Newtonian fluid (n = 1). As shown in Fig. 3,
the RMS of the axial components were in excellent agree-
ment along the pipe radius with that of the literature; the
tangential and radial components were also in accord with
the results of Redjem-Saad et al. [18]. There was little dis-
crepancy due to the difference in the Reynolds number
value and the numerical solution procedure.

3.1. Root mean squares of velocity fluctuations

The root mean square (RMS) distribution of the axial,
tangential and radial velocity fluctuations of the pseudo-
plastic and dilatant fluids along the pipe radius (R) are pre-
sented in Figs. 3-5, respectively. These profiles were scaled
by the friction velocity vs. the distance from the wall in
wall units Y*. The flow behaviour indexes were set at 0.75,
0.8 (shear-thinning), 1.2, 1.4, 1.6 (shear-thickening) and 1
(Newtonian) at a simulation Reynolds number of 12,000.

Based on the DNS data of Redjem et al. [18], the
accuracy and reliability of the predictions and numer-
ical method have been confirmed decisively. As shown
in Fig. 2, the current RMS is in excellent agreement with
the results of Redjem et al. [18], where no significant dif-
ferences were found between them. As shown in Fig. 3,
the power-law and Newtonian fluids exhibited a similar
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Fig. 2. Validation.
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trend along the pipe radius, where there was a clear trend
of increase in these profiles over the radial direction. The
RMS of the axial components was almost identical for all
fluid behaviour indices in the vicinity of the wall up to
approximately (Y* = 10), where it could be said that the
RMS of the axial component was almost independent of
the flow behaviour index in this region. These profiles
began to deviate from each other further away from the
wall towards the core region; this deviation became more
distinct with distance from the wall (Y*), especially in the
logarithmic region (30 < Y* < 200). As seen in Fig. 3, the
RMS of the axial component enhanced or increased grad-
ually away from the wall with the wall distance up to
approximately (Y* = 10) because of axial fluctuation gen-
eration in the near-wall region, as pointed out by Gavrilov
and Rudyak [13]. At a large wall distance, the axial profiles
began to drop rapidly to lower values in the core region for
all fluid behaviour indices; this meant that the axial fluctu-
ations vanished gradually in this flow region.

It was evident that the decreased flow behaviour index
resulted in a pronounced enhancement in the RMS of
the axial velocity fluctuations beyond the buffer region
(5 £ Y* £30). Moreover, this reduction in the flow index led
also to a shift in the peak location slightly away from the wall
toward the core region. The axial velocity fluctuations were
generated in the wall’s vicinity and transported from the
near-wall region toward the core region, as pointed out by
previous researchers [13]. It can be said that with a decreas-
ing flow behaviour index, the generation of the axial veloc-
ity fluctuations enhanced considerably, where this decrease
in the flow index also led to ameliorating or improving the
transport of the axial velocity fluctuations from the wall
vicinity towards the core region.

As shown in Fig. 4, the same trend of RMS of tangen-
tial fluctuations was observed along the pipe radius for all
flow behaviour indices; the tangential fluctuations were
almost negligible in the near-wall region, where this was
ascribed to the molecular shear stress being the dominant
force compared to the turbulent one in this region. These
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Fig. 3. RMS of axial component.

profiles began to increase gradually and deviated from each
other away from the near-wall region with distance from
the wall (Y*). They dropped rapidly and fell to lower val-
ues beyond approximately (Y* = 30) for all flow behaviour
indices. As seen in Fig. 4, the RMS of tangential fluctuations
of the dilatant fluids lay above the pseudoplastic along the
pipe radius, as the flow behaviour index was decreased as
the RMS of tangential fluctuations was attenuated or dimin-
ished along the pipe radius. The peak locations were shifted
towards the core region. It was evident that the decreased
flow index induced a noticeable reduction in the transfer
of the tangential fluctuations from the axial ones, conse-
quently in the tangential fluctuations. This decreased flow
behaviour index also ameliorated the transport of the tan-
gential fluctuations from the wall vicinity towards the core
region. It was worth noting that these predicted results
were in line with those of Gavrilov and Rudyak [13].
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Fig. 5. RMS of the radial component.
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As seen in Fig. 5, the RMS of radial fluctuations was
identical for all flow behaviour indices and equal to zero
in the viscous sublayer (5 < Y* < 30) up to approximately
(Y* = 3). Beyond Y* = 3, these profiles exhibited a signifi-
cant enhancement further away from the wall towards the
core region. Beyond (Y* = 50), these profiles fell off rap-
idly to lower values after reaching their maximum values.
It should be noted that with a reducing flow behaviour
index (n), the radial fluctuations reduced significantly along
the pipe radius, and the predicted peak locations shifted
away towards the core region, as Gavrilov and Rudyak
[13]. It can be said that the decreasing flow behaviour
index yielded an attenuation in the radial fluctuation,
which meant reducing the fluctuations transfer from the
axial to the radial one and ameliorating the transport of
the radial fluctuations from the near-wall towards the core
region.

3.2. Turbulent kinetic energy

The turbulent kinetic energy of the pseudoplastic and
dilatant fluids along the pipe radius (R) vs. the distance
from the wall in wall units Y* are depicted in Fig. 6, at a
flow behaviour index of (0.75 < n < 1.6) and at a simulation
Reynolds number of 12,000. Overall, the kinetic energy of
turbulent fluctuations exhibited almost the same trend as the
axial turbulence intensities, which were almost independent
of the flow behaviour index and equal to zero in the near-
wall region: molecular shear stress was the dominant force
in this region. It was important to note that the observed
increased and decreased turbulent kinetic energy with the
wall distance were related to the enhancement and reduc-
tion, respectively, of the axial turbulence intensities over the
pipe radius, the increased turbulent kinetic energy beyond
the buffer region was raised because the generation of the
axial turbulence intensities and transfer of these fluctuations
to the tangential and radial ones, as pointed out by other
studies [13]. It was worth noting that the turbulent kinetic
energy attenuated pronouncedly over the radial direction
with a decreasing flow behaviour index.
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Fig. 6. Turbulent kinetic energy.

3.3. Turbulent Reynolds shear stress

The turbulent Reynolds shear stress of the axial
and radial velocity fluctuations of the shear-thinning,
shear-thickening and Newtonian fluids were also assessed.
In the viscous sublayer, the Reynolds shear stress pro-
files were identical and equal to zero. This was due to
the absence of velocity fluctuations near the wall region.
Out of the viscous sublayer, the Reynolds stress profiles
deviated from each other and increased sharply to reach
their peak value in the buffer region. This enhancement
was related to the generation of the axial fluctuations fur-
ther away from the wall (Fig. 3). Moreover, these profiles
fell off rapidly to a zero value in the core region. This was
attributed to a vanishing of the axial and radial velocity
fluctuation in this region (Figs. 3 and 4). It was worth not-
ing that when the flow behaviour index decreased, the
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Fig. 8. Skewness of axial fluctuations.
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Fig. 9. Flatness of axial fluctuations.

Reynolds shear stress of the axial, radial velocity fluctua-
tions reduced considerably along the pipe radius (Fig. 7).

3.4. Higher-order statistics

Figs. 8 and 9 display respectively the skewness and flat-
ness of the axial velocity fluctuations distribution against
the distance from the wall in wall units Y* at Re, = 12,000
for 0.4 < n < 1.6. The skewness and flatness were almost
identical for all flow behaviour indices along the pipe
radius. These profiles exhibited a rapid drop in the vicin-
ity of the wall. The skewness tended to the Gaussian value
(S(U’)) = 0), while the flatness also tended to the Gaussian
value (F(U’) = 3) for all flow behaviour indices. It can
be said here that the skewness and flatness of the pseu-
doplastic and dilatant fluids were almost independent
of the flow behaviour index along the pipe radius.

4. Conclusions

Using a large eddy simulation (LES) and a universal
dynamic model, a fully developed turbulent flow of pseu-
doplastic and dilatant fluids through an isothermal station-
ary pipe was examined numerically. This investigation was
conducted using a simulation with a Reynolds number of
12,000 and a flow behaviour index of 0.75 < n < 1.6. The
results indicated that the flow behaviour index dropped,
which caused an increase in the generation of axial turbu-
lence and a noticeable decrease in the transfer of tangential
and radial turbulence intensities from the axial intensi-
ties. Additionally, this drop in the flow behaviour index
improved the conveyance of the axial, radial and tangen-
tial turbulence intensities from the wall proximity to the
core region. The turbulent kinetic energy and Reynolds
shear stress of velocity variations decreased significantly
in the radial direction with a decreasing flow behaviour
index. On the other hand, the pseudoplastic and dilatant
fluids” skewness and flatness seem nearly independent of
the flow behaviour index.
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Symbols

u, — Average velocity, m's™

u. —  Friction velocity U_= (t_/p)"? m's™

U, — Centreline axial velocity for analytical fully
developed laminar profile U, = (3n + 1)U,/
(n+1), m-s™

R — DPipe radius, m

n — Flow index

K — Consistency index, Pa-s"

Y — Wall distance Y*=pU Y/n

—  Friction factor f=2t_/(pU,?)

Re, — Reynolds number of the simulations
Re =pUZ"R"/K

Greek symbols

¥ — Shearrate y=/S,S,

1 — apparent viscosity n=Kj""

p — Density

T, —  Subgrid stress tensor T, =-2v,S,
Kl Y Y

Subscripts

z,1,0 — Axial, radial, tangential velocity

C — Centreline

L — Laminar

s — Simulation

w — Wall

Superscripts

()
Oy

— Statistically averaged
— Normalised by U_
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