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11.1  INTRODUCTION

Turbulent flow in pipes has been a famous benchmark case for testing and evaluating theories and
turbulence models during the past century. Turbulence is among the most complicated issues in
fluid dynamics. During the previous few decades, researchers in mechanics and engineering have
shown great interest in Newtonian fluids of turbulent flow in axial pipes.

This flow is significant in the industrial domains. It involves several technical applications,
including heat exchange, flow in nuclear reactors, and turbomachinery.

As part of their research, mechanics and engineering are interested in turbulent flows of non-
Newtonian fluids. Various engineering and industrial applications often use this field. There are
several applications where non-Newtonian fluids are used, including drilling hydraulics, wastewater
transportation, slurries, pastes, suspensions of solids in liquids, emulsions, mineral oil processing,
arterial blood flow, and other applications involving relatively high heat transfer rates. Fluids may
also show Newtonian and non-Newtonian behavior, depending on their shear rate and their charac-
teristic relationship to Newtonian behavior.

In these engineering applications, the turbulent flow of non-Newtonian fluids in a straight pipe is
of great practical interest, where numerous studies have been performed in the last decades to better
understand the behavior of this kind of fluids. A review of the literature suggests that the hydro-
dynamic field of fully evolved turbulent Non-Newtonian fluid flow has attracted a lot of interest in
recent decades, either experimentally [1-5] or numerically by [6—17].

Abdi et al. [18] conducted LES with an extended Smagorinsky model to simulate fully developed
turbulent forced convection of thermally impartial pseudoplastic fluids with a flow behavior index of
0.75 through an axially heated rotating pipe. With a rotation rate ranging from 0 to 3, the simulation
Re and Pr numbers of the working 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 due to a drop in apparent fluid viscosity in the pipe’s core region,
which causes a centrifugal force that causes the mean axial velocity profile to increase noticeably.

Convective heat transfer flows are often encountered in mechanical and chemical engineering
fields, such as fluid machinery, mixing and chemical reaction enhancement in the combustion cham-
ber, etc. Recently, several studies have been carried out on the heat transfer process of nanofluids
in magnetohydrodynamic (MHD) presence. Many researchers have conducted extensive research
among them to gain a deeper understanding of this phenomenon [19-24].

This literature review demonstrates that previous research has primarily concentrated on the
hydrodynamic field, although the interest in forced convection heat transfer in the engineering noted
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earlier currently lacks more details on such an issue. The overall aims of the present investiga-
tion are to explore the flow behavior index influence of the power-law fluid on the main thermal
turbulent statistics, especially at the wall vicinity, to describe the thermal turbulence features, in
addition to shedding further light on the transfer mechanism of the turbulent energy of this kind of
fluids. To this end, a fully formed turbulent forced convection of thermally independent power-law
fluids through a uniform heated pipe has been numerically investigated using LES with a standard
dynamic model. The flow behavior index was chosen to be 0.75 (pseudoplastic), 1 (Newtonian),
and 1.2 (dilatant) at simulation Re and Pr numbers equal to Re, = 4,000 and Pr, = 1, respectively,
where the computations are based on a finite difference scheme, second-order accurate in space and
in time, and has a numerical resolution of 65° gridpoints in r, §, and z directions and with domain
length of 20R. Organizing the present chapter is as follows: governing equations and numerical
procedure are presented in Section 2. The effects of flow behavior index on the main thermal tur-
bulent statistics are presented in Section 3. This research concludes with a summary and conclusion
in Section 4.

11.2 GOVERNING EQUATIONS AND NUMERICAL PROCEDURE

11.2.1  GOVERNING EQUATIONS

A numerical analysis is presented in the present study using the LES approach with a fully devel-
oped turbulent forced convection of pseudoplastic (n = 0.75), Newtonian (n = [), and dilatant
(n = 1.2) fluids through a uniform heated pipe (Figure 11.1), at Re, equal to Re, = 4,000 and Pr equal
Pr,=1.

According to this definition, the dimensionless temperature is:

®:(<Tw (z)>—T(9,r,z,t))/T,ef 11.1

Where T, is the wall temperature and < > is the average in time and periodic directions.
Based on the filtered equations, we can write them as follows:
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FIGURE 11.1 Physical configuration of the problem.
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T, Re,, and Pr, denote the reference temperature, simulation Reynolds number, and simulation
Prandtl number, respectively, and are defined by: T,,,= q,/pU.,C,, Re, = pU,*"R"/K, and Pr, = u/p
aUq™"R™, respectively.

11.2.2 NUMERICAL PROCEDURE

Staggered meshes with a computational length of 20R were used to discretize the governing equa-
tions. In order to compute the numerical integration, a finite difference method with second-order
spatial and temporal accuracy was employed. A fractional-step approach is used for the time prog-
ress. Convective and diffusive terms were evaluated using third-order Runge—Kutta explicit schemes
and Crank—Nicolson implicit schemes, respectively. A finite difference laboratory code was used to
implement the aforementioned mathematical model. It is in agreement with the available literature
data that 65° grid points provided a reliable forecast of turbulence statics in axial, radial, and cir-
cumferential directions; however, they also provided an excellent compromise between the required
CPU time and accuracy.

For the axial and circumferential directions, periodic boundary conditions are applied, while
no-slip boundary conditions are usually employed for the pipe wall. An axial and circumferential
uniform grid was used; otherwise, non-uniform meshes were specified in the radial direction.

11.3 RESULTS AND DISCUSSION

The findings of fully developed turbulent forced convection of thermally independent Ostwald—de
Waele fluids inside a uniformly heated axially stationary pipe are analyzed and discussed in this
section. The flow behavior index was chosen to be 0.75, 1, and 1.2 at simulation Reynolds and
Prandtl numbers equal to Re, = 4,000 and Pr, = 1, respectively. This is to demonstrate the flow
behavior index’s impact on the main thermal turbulence statistics.

For validation purposes, the current LES predictions were compared relatively favorably with the
available results of the literature: direct numerical simulation results obtained of a Newtonian fluid
(n = 1) at Re = 5,500 reported by Redjem et al. [25]. Figure 11.2 reasonably compares the present
Newtonian radial heat flux profile with Redjem et al. [25]. As seen in Figure 11.2, the present profile
is in excellent agreement with the DNS data of Redjem et al. [25] throughout the pipe radius, when
there are no discernible variations in the radial coordinate.

11.3.1 Root MEAN SQUARE OF TEMPERATURE FLUCTUATIONS

The effects of the flow behavior index on the temperature turbulence intensities of the pseudoplastic,
Newtonian, and dilatant fluids are discussed in the present section. Figure 11.3 shows the root mean
square (RMS) of the temperature fluctuations distributions of pseudoplastic (n = 0.75), Newtonian
(n = I), and dilatant (n = 1.2) fluids against the distance from Y* at Re, = 4,000 and Pr, = 1.

As illustrated in Figure 11.3, temperature turbulence intensities profiles are almost completely
independent of the flow behavior index near the pipe wall, where these profiles are consistent with
each other in the viscous sublayer (0 < Y* < 5). The RMS profiles deviate from each other with
the wall distance from the wall towards the core region, where the flow behavior index influence
becomes significant further away from the wall. As shown in Figure 11.3, there were no appre-
ciable differences between the RMS of the pseudoplastic and Newtonian fluids along the radial
coordinate. In contrast, the RMS of the dilatant fluid lies down the pseudoplastic and Newtonian
fluids along the pipe radius, where this deviation is more pronounced in the buffer (5 < ¥* < 30)
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FIGURE 11.3 Temperature fluctuation RMS.
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and logarithmic (30 < Y* < 200) regions. The improved flow behavior index (n) results in a notice-
able attenuation in the temperature turbulence intensities of the Ostwald—de Waele fluids along the
radial coordinate.

11.3.2 THEe TurBULENT HEAT FLUX OF TEMPERATURE FLUCTUATIONS

The next paragraphs address the effect of the flow behavior index on the turbulent heat flux of tem-
perature changes in power-law fluids, where the radial and axial heat flux profiles of the pseudoplas-
tic, Newtonian, and dilatant fluids are presented respectively in Figure 11.4 and Figure 11.5. Figure
11.4 and Figure 11.5 illustrate the axial and radial heat flux profiles distributions of shear-thinning
(n=0.75), Newtonian (n = 1), and shear-thickening (n = 1.2) fluids against the distance from the wall
in wall units ¥* at Re, = 4,000 and Pr, = 1.

As what appear in Figure 11.4 and Figure 11.5, the flow behavior index has little effect on the
heat flux profiles near the wall, and the axial and radial heat flux profiles are nearly identical along
the viscous sublayer, where these profiles are consistent totally with each other in the vicinity of the
pipe wall. Interestingly, the axial and radial heat flux of the shear-thinning and Newtonian fluids are
almost identical along the pipe radius, while the axial and radial heat flux of the shear-thickening
fluids lie further bottom of the Newtonian fluid; this trend is more noticeable in the buffer region. It
can be argued that the axial and radial heat flux along the pipe radius is significantly reduced due to
the elevated flow behavior index.

85 D ] i T
| © n=075
- & n=1 <§§>O
1 v n=12 ]

FIGURE 11.4 Heat flux axially turbulent.
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FIGURE 11.5 Radial turbulent heat flux.

11.3.3 HIGHER-ORDER STATISTICS

The flow behavior index and its effect on the higher-order statistics of the temperature fluctuation
of the pseudoplastic, in the following paragraph, Newtonian and dilatant, fluids are analyzed and
discussed. Figure 11.6 and Figure 11.7 show the skewness and flatness profiles of the temperature
fluctuation of pseudoplastic (n = 0.75), Newtonian (n = I), and shear-thickening (n = [.2) fluids
against the distance from Y* at Re, = 4,000 and Pr, = 1.

The skewness of the temperature fluctuations is essential in the vicinity of the wall compared
to that in the core region; its trend decreases rapidly near the wall towards the core region with
the distance from the wall, which tends to be 0 (Gaussian value) for the flow index. The flatness
of the temperature fluctuations has the same trend as the skewness one; the flatness profile drops
to 4 (Gaussian value) for all flow behavior indices, as shown in Figure 11.7. It can be said that
the skewness and flatness of temperature fluctuations are almost independent of flow behavior
index.

11.4 CONCLUSIONS

In the present research, the large-eddy simulation (LES) approach with a standard dynamic model
is numerically investigated to develop turbulent forced convection of thermally independent power-
law fluids through a uniform heated pipe. The flow behavior index was chosen to be 0.75 (pseudo-
plastic), 1 (Newtonian), and 1.2 (dilatant) at simulation Reynolds equal to R,, = 4,000 and Prandtl
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FIGURE 11.7 Flatness of temperature fluctuations.
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numbers equal to P,, = 1, where the computations are based on a finite difference scheme, second-
order accurate in space and in time, and have a numerical resolution of 65 gridpoints in r, 6, and z
directions, with computational domain length of 20R.

The current study aimed to investigate the flow behavior index influence of the power-law fluid
on the main thermal turbulent statistics to describe the thermal turbulence features of this kind of
fluid. The predicted turbulent statistics agreed well with DNS data results.

The major conclusions of this research are summarized thusly:

The increased flow behavior index produces a noticeable attenuation in the power-law flu-
ids’ temperature turbulence intensities along the radial coordinate.

Interestingly, the axial and radial heat flux of the shear-thinning and Newtonian fluids are
almost identical along the pipe radius, while the shear-thickening fluids axial and radial
heat fluxes are located deeper bottom of the Newtonian fluids; this pattern is more evident
in the buffer zone. It can be argued that the axial and radial heat flux along the pipe radius
is significantly reduced due to the elevated flow behavior index.

Temperature fluctuations depend almost completely on flow behavior along the radial
coordinate.

Future studies will address the following subject matter:

A fully developed turbulent flow of another non-Newtonian fluid, such as Bingham—
Herschel-Bulkley and Casson fluids in pipes using LES

The turbulent flow of Ostwald—de Waele fluid employing the direct numerical simulation
(DNS)

Nomenclature
n power-law index
Re; simulation Reynolds number
Pr; simulation Prandtl number
n apparent viscosity
p  density
Y*  distance from the wall in wall units
U* mean axial velocity in wall units
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