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Abstract

The disposal of fly ash from thermal power plants is becoming a serious concern for environmental
engineers. This article attempts to study the influence of particle size of the fly ash on the various
properties of high concentrated slurry (50 - 70 % by weight) flow through a horizontal pipe with the help
of a commercial CFD code ANSYS FLUENT. Modified Herschel-Bulkley model and SST k-
turbulence model is used for computational analysis, and the computational outcomes are validated with
the available literature. In the present study, the fly ash samples were procured from different coal-based
thermal power plants. Various properties: physical and rheological are obtained experimentally. The
specific gravity of particles and the static settling concentration (SSC) of the slurry increases with the
decrease in the particle size. The rheological properties increase as the concentration increases, and the
slurry behaves like a non-Newtonian fluid at a high concentration. In addition, the particle size and
concentration intensively impact on the skin friction coefficient and velocity distribution. However, no
significant impact on the velocity profile at 70 % concentration (by weight).

Keywords: Yield stress, Bingham viscosity, Particle size, Rheological modeling, SST k- turbulence
model, High concentration fly ash slurry flow

Nomenclature

Cw  concentration (by weight)
pipe diameter

mean skin friction coefficient
consistency index

roughness height

pipe length

power law index

static pressure

Resc  critical Bingham Reynolds humber
\Y average flow velocity

Ma  apparent viscosity

Mo  Yield viscosity

Mg Bingham viscosity

pm  density of slurry
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stress tensor
yield stress
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Introduction

When it comes to the operation of thermal power plants, one of the most ecologically sensitive
problems is coal ash management. For a nation like India, the ash percentage of local coal is relatively
high, and as a result, an enormous amount of fly ash is produced in all thermal power plants [1]. There
has been a significant growth in the effective consumption of fly ash for numerous purposes during the
last couple of years. Therefore, major part of the fly ash is transported and stored through the energy
efficient and environment friendly method. A pipeline transportation method for long distances is
extensively used to transport solid materials: fly ash, coal, etc., in the form of slurry. In order to reduce
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the consumption of energy and water in thermal power plant, it is wise to transport the slurry at a higher
concentration [2]. The various types of slurry transportation systems can be classified based on their solid
concentration (by weight), i.e., (Cw <20 %) low concentration, (Cw = 30 - 40 %) medium concentration,
and (Cw > 50 %) high concentration [3]. Chandel et al. [4]; Verma et al. [5,6]; Rawat et al. [7]; Singh et
al. [8] conducted the experiment to evaluate the rheological properties of the fly ash slurry at high
concentration with the help of a rheometer. They observed that the fly ash slurry acts as a non-Newtonian
fluid at high concentrations and the rheological properties of the fly ash are affected by various factors
such as the size of the solid particle, solid concentration, etc. Malin [9] developed the 2 turbulence models
for Bingham plastic fluid flow in circular tubes. Bartosik [10] investigated the effect of the Herschel-
Bulkley rheological model on the numerical prediction of turbulent flow of fine dispersive slurry.
Furthermore, Bartosik [11] conducted the computational analysis for fine particle slurries at 0 to 45 %
concentration (by volume). Haldenwang et al. [12] have investigated the Bingham plastic fluids flow in
pipelines using both experimental as well as computational methods. Ling et al. [13] provided the
numerical investigation of the slurry flow (double-species) in a horizontal pipe at various solid
concentrations (by volume) range of 7.4 to 13.3 %. Ekambara et al. [14] used the kinetic theory of
granular flows to predict the behavior of solid-liquid (slurry) in a horizontal pipeline using ANSYS-CFX.
Further, an Eulerian approach for the modeling of multiphase flow and the RNG k- ¢ turbulent model
used to analyze the slurry (coal-water) flow in a horizontal pipe is employed by Chen et al. [15]. Lin and
Ebadian [16] studied flow properties distribution of the slurry flow at low concentration with the help of
an Algebraic Slip Mixture in CFD in a horizontal pipe. Kaushal et al. [17] used the Mixture and the
Eulerian multiphase models to find the pressure drop and velocity distribution in a pipe at different
concentrations (up to 50 % by weight). CFD analysis of the slurry (mixture of water - sand) flow in a
horizontal pipe at an overall volumetric concentration range of 15 - 45 % was performed by Gopaliya and
Kaushal [18]. They analyzed the impact of particle size (sand) on various flow properties of the slurry
flow using an Eulerian model and RNG k-g turbulence model. Rawat et al. [19] determined the head loss
of the flow (laminar and turbulent) of coal ash slurry in a horizontal pipe at a high concentration.
Singh et al. [20] studied the flow properties of the slurry flow in a pipe through the CFD code FLUENT.
Euler-Lagrange multiphase model and SST k-o turbulence model were utilized to evaluate the flow
properties. Singh et al. [21] studied the effect of the particle size and concentration (10 and 40 % by
volume) of the slurry (sand - water) on the pressure drop in a horizontal pipe. Kumar et al. [22]
computationally analyzed the velocity and concentration profiles of the fly ash slurry at low concentration
in pipe with the help of Eulerian 2-phase model. During the slurry flow, various flow properties are
influenced by slurry flow velocity [23]. Literature study shows that the most of the studies done on the
modelling of the slurry flows are mainly focused on the low slurry concentration and Eulerian multiphase
model, whereas the literature on the rheological modelling of the slurry flow at high concentration in
horizontal pipe is scarce.

In the present investigation, the influence of particle size of the fly ash on the various properties is
observed with the help of a commercial CFD code ANSYS FLUENT. The modified Herschel-Bulkley
model and the SST k- turbulence model are used for computational analysis to evaluate flow properties.
Initially, all the properties of the fly ash and slurry have been obtained experimentally. Further, CFD
methodology is used to analyze the influence of different particle sizes and concentrations on the mean
skin friction coefficient and visualize the velocity distribution for the laminar as well as the turbulent flow
of slurry in a horizontal pipe at a higher concentration (Cw > 50 %).

Procurement of the fly ash and instrumentations

In the present investigation, fly ash is used as the solid particles in the slurry. The fly ash samples
were procured from three different coal-based Indian thermal power plants, as given in Table 1. Thermal
power plants produce different fly ash in term of particle size distribution (PSD). Hence, the PSD of the
samples is found to differentiate the fly ash samples. The physical as well as rheological properties of the
slurry are used in the CFD modeling to evaluate the flow properties of the slurry in the horizontal pipe.
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Table 1 Detail of the fly ash samples.

Fly ash samples Name of thermal power plant
Sample-1 (S-1) National Thermal Power Corporation Unchahar, Uttar Pradesh, India
e Prayagraj Power Generation Company Limited (Bara Thermal Power Plant)
Sample-2 (S-2) Prayagraj, Uttar Pradesh, India
Sample-3 (S-3) Suratgarh Super Thermal Power Plant, Ganganagar, Rajasthan, India

Therefore, initially all the properties of the slurry have been obtained through the experiments. Each
experiment has been repeated four times in order to obtain average values of these properties with the
consideration of various sources of errors. Various instruments were used in this investigation and
Table 2 shows the accuracy of the instruments. The accuracy of the weight measurement is £ 0.00001
gm.

Table 2 Accuracy of the instruments.

Instruments Accuracy
pH meter +£0.01

Rheometer +0.0001
Graduated cylinder +0.1

PSD of the fly ash samples has been determined by utilizing the sieve and hydrometer analyses. The
sieve analysis is used for coarse particles (> 75 pum), whereas for the fine particles (< 75 pum), the
hydrometer analysis has been performed. A set of standard sieves (size, 300 - 75 um) in the order of
descending sizes was mounted on a mechanical shaker to sieve the samples. The weight of the retained
sample on each sieve is measured, and a standard method is used to calculate the retained percentage on
each sieve. After the sieve analysis, the hydrometer analysis is utilized to determine the PSD of the fly
ash sample (< 75 pum) collected in the pan. After PSD, the specific gravity of solid particles is another
significant property, and it is widely used for designing slurry transportation pipelines. In the present
work, the specific gravity of the solid particles (fly ash) was evaluated by Pyknometer. The pH values for
different fly ash slurries were prepared from different fly ash samples with different concentrations (50 -
70 % by weight) by using a pH meter (made by: Eutech Instruments Pte Ltd. Singapore). The pH values
have been calculated after calibrating the meter with distilled water having a pH of 7.0. SSC is a
parameter of great importance in order to determine the maximum solid concentration that can be allowed
(with £ 5 % variation) to flow with the slurry in order to avoid chocking in the transportation lines. The
SSC is the concentration of solids in the settled slurry, which depends on the specific gravity, shape and
size of the particles of fly ash and the properties of the carrier fluid, like density and viscosity. In this
investigation, the SSC was obtained through the gravitational settling phenomenon in a measuring
cylindrical jar by taking a 30 % wt. concentration of the fly ash. The measurements have been taken by
allowing the slurry to settle in the jar till a constant level of settled particles is achieved.

In estimating the energy needed to transport solid particles through pipelines, slurry viscosity is a
significant parameter. The rheological properties of the slurry are determined at a higher concentration
range (50 - 70 % by weight). The Rheogoniometer (Rheolab QC) from Anton Paar is used for rheological
studies in a temperature-regulated workspace. In the current work, the PSD is evaluated by dwm, and the
values of 7, and g obtained from the experiment for the various dwm are utilized as input parameters for

the computational analysis.

Mathematical modelling

Governing equations and turbulence modeling

The governing equations representing the problem physics are solved during the CFD analyses and
are given in Egs. (1) - (4). Eq. (1) represents the continuity equation.
V.(pu)=0 @

The expression for momentum conservation is given in Eq. (2).
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V.(puu) =—Vp+ v.(i) (2
Eq. (3) shows the expression of i for laminar flow of a Bingham fluid.
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A comparative study of different turbulent models has been carried out in order to obtain a best
suited model for the problem. The Egs. (5) - (15) of the Shear Stress Transport model (SST k-w) are
imitated from Dewan [24].
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where, the turbulent viscosity is given by Eq. (7).
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Egs. (8) - (11) represent the different relations and model constant.
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Constant terms in the SST k-0 model are generated by combining the k-¢ and k-» models constant,
such as a constant ( ¢ ) may be acquired by the following relationship:
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The detail and specification of various term of this model are found in Dewan [24]; Fluent [25];
Menter [26].

Geometry and grid generation

The computational domain has been modeled by using 2 dimensions: L =7 m and D = 50 mm.
Based on the works by Brown and Heywood [27]; Wasp et al. [28], the computational domain entry
length, x/D > 50, is used to obtain the fully developed turbulent flow. ANSYS ICEM CFD software is
used to generate the grid of the computational flow domain. The computation domain was discretized
using a multi-block unstructured, non-uniform grid system with hexahedral elements, as illustrated in
Figure 1, and fine grids are required along the wall for effective assessment.

Figure 1 Computational flow domain.

Table 3 Grid independency test.

Number of element  Pressure drop (mWc/100 m) % variation

9,295 64.1125

18,590 63.9462 0.26
37,100 63.7025 0.38
56,880 62.8361 1.36
84,800 62.7975 0.061
149,320 62.7951 0.00328

A grid independence test (GIT) is conducted by varying the number of elements from 9,000 to
150,000 in order to determine the optimum grid size as shown in Table 3. The GIT shows that the
pressure gradient values do not change significantly beyond 84,800 elements in the fully developed
region. Hence, the grid size of 84,800 elements was selected for further investigations.

Boundary control and solution control

There are 3 boundary conditions applied to the computational flow domain: Inlet, outlet and wall. A
uniform velocity and outflow are provided at the pipe's inlet and outlet, respectively, as the boundary
conditions. A no-slip boundary condition with a wall roughness constant of 0.5 is applied to the pipe wall.
The first-order upwind scheme is used to discretize the governing equations as it leads to better stability,
accuracy and convergence than other schemes. For coupling the pressure-velocity equations, a SIMPLE
algorithm is used. To prevent solution divergence, the under-relaxation method has been adopted for all
the dependent variables. 107® is taken as convergence criteria for solution parameters (velocity
components, turbulent kinetic energy and specific dissipation rate).

Rheological modeling

Many studies on the rheology of the fly ash (Elliot [29]; Wilson [30]) suggest that the slurry flowing
through the pipes behaves like a homogeneous suspension at higher concentrations. Bunn et al. [31]
observed that the fly ash slurries are similar to non-Newtonian behavior at higher concentrations.
Following changes to the Herschel-Bulkley model, the Herschel-Bulkley model is rendered comparable to
the Bingham plastic model in the ANSYS FLUENT software. The equation of the Bingham plastic fluids
can be given as;
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T=T,t iy (16)

The equation of Herschel-Bulkley model in ANSYS FLUENT is given by

e=ty7 =1, + K= ()] (7)
7

()

The Herschel-Bulkley model behaves like a Bingham plastic model if n = 1, K = &, and (zo/u0) — 0.
Gertzos et al. [32] analyzed that the above-mentioned conditions could be achieved at a higher value of
uo. In the present study, po is assigned as 10 for the numerical analysis. There are 2 non-dimensional
numbers, such as the Hedstrom number ( H,) and the Bingham Reynolds number (R, ) are utilized in the

present work. Egs. (18) - (19) represent the H, and R, numbers, respectively. In the present analysis, the
different values of H,and R, are determined by changing the magnitudes of Toand z; .

2

H, = 2 feln (18)
Hp

R, =222 (29)
Hp

Validation of the CFD results

The computational methodology is validated with the experimentally obtained results given by
Chandel et al. [4]. When comparing the computational outcomes with the experimental results, the
pipeline roughness in each test loop has to be determined first in order to compare the findings. Chandel
et al. [4] have compiled a large amount of information on the pressure drop associated with the water
flow and calculated the roughness of the pipe loop (k¢/D). It was revealed that the pipe utilized by
Chandel et al. [4] had a kJ/D of 1074 Therefore, the same has been taken for further computational
analysis. Hanks [33] proposed a condition to evaluate whether a slurry flow is laminar or turbulent.
According to the condition, the flow is considered laminar for R <R.. and turbulent otherwise. Eq. (9)

represents the critical Bingham Reynolds number (R,.). As per the condition, for the data given by

Chandel et al. [4] at 60 % concentration (by weight), the flow is found turbulent at all the used velocities.
Therefore, fly ash slurry is assumed to be a single homogeneous phase for the current numerical
simulations at high concentrations.

4
Regc = al 1_ﬂ+x_c
8X, 3 3 (20)

h % M 2
where, (1_)((:)4 1680 (21)
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Figure 2 Validation of the computational models with the experimental data.

Figure 2 represents the validation of the computational models with the experimental data [4]. At
60 % wt. concentration, the pressure drop/100 m length of a pipe is calculated along the fully developed
region at different velocities of slurry flow.

Error analysis

The maximum percentage error for Standard k-g, Realizable k-¢ and RNG k-g are show as 133.98,
129.01 and 96.57 %, respectively. However, the maximum percentage error for SST k-w and Standard k-
o turbulence models is 6.13 and 14.35 %, respectively. Standard method is used to calculate the % error
between computational results and experimental results. It is seen that the computational results yielded
by applying the SST k- model resembled the experimental results to the closest. Therefore, the SST k-®
model is employed for further analysis. In addition, the assumption that the high concentration slurry is
similar to a single homogenous phase fluid is also evidently verified from the validation. Hence, the same
can be used for further analysis confidently.

Results and discussion

Evaluation of the properties of the fly ash slurry

Properties of the fly ash samples have been evaluated based on the methods discussed in previous
section. Table 4 represents the PSD of all 3 samples through the experimental methods. It is observed that
the top particle size of the samples S-1 and S-2 is 300 um, and 54.95 and 60.5 % of the particles are found
to be finer than 75 pum for the samples S-1 and S-2, respectively. Whereas for the sample S-3, 212 um is
the size of particles at the top, and 70.25 % of particles are found at a size of less than 75 pm. After the
analyses, the weighted mean diameters (dwm) of the particles have been calculated as given in Table 5.
The specific gravity (obtained by an experimental evaluation) of all the fly ash samples is presented in
Table 5.

Table 4 PSD of the fly ash samples.

Size (micron) 300 250 212 150 106 75 36 1658 11.25 4.64
S-1 99.35 97.75 9565 86.25 69.75 5495 2975 75 55 274
Size (micron) 300 250 212 150 106 75 36 1409 953 6.63
S-2 999 98.75 97.25 885 7475 605 3125 915 746 45
Size (micron) 300 250 212 150 106 75 36 2276 1356 7.79
S-3 100 100 99.75 9275 835 70.25 3812 1825 6.25 4.25

The measured specific gravity values range between 2.062 to 2.475 for each power plant fly ash
sample; the highest value is found for the sample S-3 (with the least weighted mean diameter of 50.8 um).
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Table 6 shows the determined pH values for all 3 fly ash samples. The range of the pH values is found to
be 7.01 - 7.03, which is indicative of all the samples being non-reactive. In addition, it is further observed
that the pH values do not significantly vary with the concentration.

Table 5 Specific gravity and weighted mean diameter of the fly ash samples.

Fly ash samples S-1 S-2 S-3
Specific gravity 2.062 2.114 2.475
Weight mean diameter (dwm) in micron 68.07 60.68 50.8

Table 6 pH value of the different slurry samples.

Fly ash samples S-1 S-2 S-3
At Cy =50 % 7.01 7.01 7.02
At Cy =60 % 7.02 7.01 7.02
AtCyw=70% 7.02 7.02 7.03

The values of SSC for the different samples (S-1, S-2 and S-3) are obtained as 65.5, 66.67 and 68.75
% (by weight), respectively. Figure 3 represents the variation of the SSC with respect to time. It is seen
that the settling rate of the sample S-3 is the lowest because it has the largest number of finer particles (<
75 um).

80

-»
»
»
-
[ 13

8-1
A e 52
S-3

»

Setiling Concentration (% by weight)
&
1
>

T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000
Time (minuic)

Figure 3 Variation of SSC of the slurry samples.

It is found in previous studies that the slurry is similar to non-Newtonian fluid at a concentration
(Cw) of 40 % and above (Verkerk [34]; Sive and Lazarus [35]; Biswas et al. [36]). Table 7 represents the
rheological results of the slurry samples, and the slurry samples represent the Bingham Plastic fluid from
various types of non-Newtonian fluid. It is observed that the rheological properties increase with the
increase in concentration and the slurry samples represent the Bingham plastic behavior of the non-
Newtonian fluid. The PSD of the fly ash particles and the concentration (by weight) have a significant
effect on the z, and g values [6].
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Table 7 Rheological properties of the different slurry samples at 28 °C temperature.

CM{ Yield stress Slurry viscosity Water viscosity Remark
(by weight) (Pa) (z,) (Pas) (us) (Pas)
S-1
50 % 1.8092 0.017 0.891 Non-Newtonian
60 % 4.523 0.0426 0.891 Non-Newtonian
70 % 8.0798 0.3161 0.891 Non-Newtonian
S-2
50 % 1.0269 0.0244 0.891 Non-Newtonian
60 % 3.4229 0.0747 0.891 Non-Newtonian
70 % 12.865 0.5136 0.891 Non-Newtonian
S-3
50 % 1.1219 0.044 0.891 Non-Newtonian
60 % 3.7395 0.1466 0.891 Non-Newtonian
70 % 33.875 0.6764 0.891 Non-Newtonian

Effect of particle size and concentration on the skin friction coefficient

The skin friction coefficient in the slurry flow through a horizontal pipe at a high concentration (50 -
- 70 % by weight) and different velocities (1 - 3 m/s) has been calculated. By applying the Hanks [33]
condition, it is found that at Cw = 50 %, the flow is laminar at 1 m/s only for the samples S-1 and S-3, and
the flow is found to be turbulent for all the samples at velocities greater than 1 m/s. At Cy, = 60 %, the
flow of sample S-1 is found to be laminar up to 1.5 m/s velocities and turbulent beyond 1.5 m/s, whereas
for sample S-2, the flow is laminar for the velocity range of 1-2 m/s and turbulent beyond 2 m/s.

Similarly, for sample S-3, the flow is laminar at all velocities. At Cw = 70 %, the flow is found to be
laminar at all velocities for all the samples. Figure 4 represents the variation of the mean skin friction
coefficient (f) of the slurry samples at different concentrations. It is observed that the f decreases with the
increase in velocity at a given concentration for both the flows: Laminar as well as turbulent. It is also
observed that the f increases with the concentration at a given velocity. Figure 5 represents the influence
of the particle size on the f at different concentrations. At 50 % wt. concentration, the value of fat 1 m/s is
less as compared to 1.5 m/s velocity in samples S-1 and S-3 due to the flow changing from laminar to
turbulent, but in S-2, there is turbulent flow at all velocities, hence f is decreasing with the increase in
velocity.
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Figure 4 Variation of mean skin friction coefficient of the slurry samples at different concentrations, (a)
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Figure 5 Influence of particle size on the mean skin friction coefficient of the slurry samples at different
concentrations (a) Cw = 50 %, (b) Cw =60 %, (c) Cw = 70 %.



Trends Sci. 2023; 20(2): 6431 11 0f 14

Similarly, this happened in samples S-1 and S-2 at 2 m/s velocity. At 70% concentration, it is
clearly observed that the f is decreasing with the increase in velocity in all samples at every velocity. It is
also seen that the S-3 has more f as compared to the other samples at all concentrations. Hence,
subsequently it can be concluded that the f is intensively dependent on the fly ash particle size in the flow
of slurry.

Effect of particle size and concentration on the velocity distribution
Various parameters: viscosity, size and shape of the fly ash particles as well as velocity and concentration
of the slurry, etc., impact the velocity distribution (profile) of the flow of slurry in the pipe. Figures 6 - 8

represents the influence of particle size on the velocity distribution of the slurry at different
concentrations.
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Figure 6 Influence of particle sizes on the velocity distributions of the slurry samples at Cw = 50 %,
@ V=1m/s, (b) V=3m/s.
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Figure 7 Influence of particle sizes on the velocity distributions of the slurry samples at Cw = 60 %,
@ V=1m/s, (b) V=3m/s.
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Figure 8 Influence of particle sizes on the velocity distributions of the slurry samples at Cw = 70 %,
@V=1m/s, (b)V=3m/s.

For 50 % concentration, Samples S-1 and S-3 represent the velocity profile of laminar flow, and
samples 2 shows the velocity profile of turbulent flow at 1 m/s velocity while at 3 m/s velocities, all the
velocity profiles for turbulent flow in all samples. At 60 % concentration, all samples show the velocity
profile for laminar flow at 1m/s velocity and at 3 m/s, the samples S-1 and S-2 represent turbulent flow,
whereas S-3 shows the laminar flow. Similarly, at 70 % concentration, all samples represent the velocity
profile for laminar flow at given velocities (1 and 3 m/s). The trend of the velocity profiles is followed by
the velocity profile for Bingham plastic fluid in the horizontal pipe suggested by Govier and Aziz [37].
The flow of slurry behaves like a homogenous at a high concentration of solid, and this is the reason for
the symmetry of the velocity profile. Figures 6 - 7 show that the velocity profile is compressing towards
the origin as the particle size is increased in different fly ash samples for the same concentration and flow
velocity. The particle sizes and concentration do not show a significant effect on the velocity profile at a
very high concentration (70 % by weight) as shown in Figure 8. Still, the impact on the friction factor is
found to be significant.

Conclusions

The following inferences can be concluded from the present study: Fly ash slurry samples from
different thermal power plants represent the variation in the PSD and SSC. The samples also show the
variation in specific gravity and size of the solid particles of the fly ash. There is no significant impact of
particle size and concentration on the pH value of the slurry samples. The magnitude of z,and z;,

increases with the increase in concentration and is more pronounced at very high concentration (70 % by
weight). At a high concentration (Cw > 40 % by weight), the behavior of slurry samples like a non-
Newtonian fluid has been confirmed, and the assumption that the high Cy fly ash slurry is similar to a
single homogenous phase fluid is also evidently verified. In the turbulent flow, the SST k-o turbulence
model was found most to be the most appropriate when compared to the other turbulence models. At a
given concentration, f decreases as velocity increases. Sample S-3 of the lowest particle size has more
mean skin friction coefficient as compared to the other samples at all concentrations. At high
concentration, the slurry behaves like a homogenous mixture due to which the velocity profile is
symmetrical. The velocity profile is compressing towards the origin as the particle size is increased in
different fly ash samples for a concentration and flow velocity. The particle sizes and concentration do
not show a significant effect on the velocity profile at very high concentration (70 % by weight), but the
effect on friction factor is significant.
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