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This paper will validate two basic concepts of numerical models for prediction of
pressure change along the transport pipeline in the case of long distance and
high capacity lignite ash pneumatic conveying. Application of various friction
factor correlations and variation of given parameter, led to the total of fourteen
different numerical models and program codes in FORTRAN. The input data for
numerical models are based on comprehensive experimental research of high ca-
pacity and long distance Kolubara lignite fly ash pneumatic conveying system
within 620 MWe thermal power plant unit under operating conditions. Numerical
simulation results are validated against experimental data and subjected to sta-
tistical analysis methods. The functional dependence obtained by the least
squares method was evaluated using mean squared deviation and correlation ra-
tio. The predicted pressure changes show the best agreement, with the measured
decrease of pressure amplitudes along the transport pipelines, for the model
based on the momentum balance of air-ash mixture flow and friction factor cor-
relation given by Dogin and Lebedev for the parameter A = 1.4-10°%. This model
achieved the best correlation ratio of 93.99% for Pipeline 1 and 91.33% for
Pipeline 2, as well as the best mean squared deviation of 9.58% for Pipeline 1
and 13.66% for Pipeline 2. Also, the fanning friction factor values are fully con-
sistent with previously examined cases available in the literature. Numerical sim-
ulation model can be used for prediction of the ash pneumatic conveying capacity
and pressure drop for the specified transport pipeline.

Key words: lignite fly ash, pneumatic conveying, pressure drop, friction factor,
numerical modeling

Introduction

Coal-fired power plants currently fuel 38.4% [1] of global electricity. Thermal pow-
er plants in Serbia dominantly burn lignite from the Kolubara basin [2]. The most abundant
byproduct of pulverized coal combustion in thermal power plants is fly ash [3]. The amount
of ash that should be transported from the thermal power plant to the silo is increased when
burning lower quality lignite [4, 5]. Pneumatic conveying systems are imposed as the best so-
lution for fast conveyance of large fly ash quantities over long distances. Although seemingly
simple in concept, the design of these systems is ambiguous. Creating optimal operating con-
ditions is a serious issue [6], and difficulties in daily operation are a regular occurrence [4].
Frequent delays in the ash transport may lead to the shutdown of the thermal power plant [4,
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5, 7, 8]. Proper operation of pneumatic conveying system depends entirely on the characteris-
tics of material, even on the single batch of the same material [9]. Unambiguity of fine and
coarse ash long distance pneumatic transport systems design is described in [10], and halved
material flow with increase in distance from 100 to 200 m, in [11]. Expanding pipes diameters
with distance increase to slow down the particles and air velocity, maintain a constant Froude
number [6], minimize erosion, particle degradation, pressure loss, and energy consumption
[11] is the only approach to provide the possibility of optimizing pneumatic transport to
lengths 3-4 km [12]. High capacity and long distance pneumatic conveying systems, resistant
to all challenges in the transport of specific materials such as fly ash with uneven composi-
tion, have not yet been developed [7]. Disregarding specific material properties will likely
lead to a multiple operational difficulties [6], nevertheless, detailed data on material character-
istics is not sufficient to assess the minimum transport speeds, pressure drops, etc., especially
in the case of pneumatic transport over long distances and for large diameter pipelines. All re-
guirements should be determined using pilot plants [13] or numerical models. Predominantly,
models for pneumatic transport calculation are based on numerical simulations or pilot plants
tests, while the phenomena in pneumatic transport are very diverse and complex. A review of
existing models and correlations showed difficulties for their application, due to insufficiently
defined conditions, constraints, or complex parameters that are not easy or are impossible to
determine. There have been numerous attempts to model the pneumatic transport of fly ash
and to develop a unique coefficient of friction for this type of two-phase flow. However, no
fly ash is the same. It is common occurrence of fly ash with significant differences within the
same plant, and the smallest variations in physico-chemical composition can alter their flow
behaviors, thus further complicate the modeling process [6]. The general conclusion is that
characteristics of the material that needs to be pneumatically transported must be known and
well understood in order to avoid numerous problems in the operation of these systems [6],
and that in 30 to 40 years we will be able to make a more serious step towards solving the
problem of pneumatic transport [14].

Pipeline pressure drop in pneumatic conveying

One of the basic parameters for defining pneumatic conveying is pressure drop along
the pipeline. A commonly used method for determining the pressure drop is by using friction
factor correlations in modified Darcy-Weisbach equation. A large number of correlations, for
calculation of the pressure drop in the two-phase mixture is developed [15-33], and most of
them according to the two basic statistical models [34]. Twelve most commonly used correla-
tions [15, 17, 18, 25, 26, 28-34] are evaluated against 1450 experimental data by fourteen dif-
ferent authors [34]. These correlations are described along with the corresponding parameters
in [35, 36], and predominantly given in dimensionless form to correspond Darcy's expression
for pressure drop. A large number of correlations is not easy to apply due to the difficult appli-
cation to existing data, and correlations proposed in [20, 21, 23, 24] are omitted from the anal-
ysis [34]. The results of the research [34] showed that the expression given in [19] best corre-
lates the examined data. Satisfactory results are obtained by correlations from [17, 29] for the
calculation of the pressure drop, the correlation [15] fails, and the correlation [26] is not appli-
cable for diameters less than 50 mm. The correlation from [25] consistently gives higher re-
sults, although it adequately correlates the data for coal dust for A = 2:107% [35, 37], and shows
good agreement with the correlation given in [38]. The correlation presented in [24] is ana-
lyzed and successfully applied for the calculation of dense pneumatic transport of powdered
coal and fly ash in horizontal and vertical pipelines [39]. Several other correlations for the fric-



Karli¢i¢, N. V., et al.: Validation of Numerical Models for Prediction of Pressure Drop in ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 1A, pp. 33-45 35

tion factor from [40-45] are reviewed in [46]. Correlation between modified friction factor and
modified Reynolds number is given [40]. Dependence of experimental and calculated Fanning
friction factor values on the pipe wall for the flow of mixture of air and coal dust particles,
from Reynolds number is given in [35]. The empirical method, reminiscent of the method in
[18], for determination of friction factor as a function of Froude number, the ratio of solid and
air mass flow, mean particle diameter and pipe diameter, with the corresponding empirical co-
efficients is given in [41]. One of the most common models for the calculation of pressure drop
due to solid phase flow is given [45], where the value of the friction factor for solid phase must
be calculated according to the expressions presented in [46-49]. Based on review of study from
[40], the same author proposed an expression for the calculation of the pressure drop in hori-
zontal pneumatic transport systems developed using Blasius friction factor for gas flow. Most
of the correlations analyzed in [50] are created by modifying the correlations considered in
[34], and a large number of complex parameters led to the same general conclusion, that they
are difficult to apply. The computational approach to pneumatic conveying provided constant
progress in this field, but the basic physical parameters of the process must be better under-
stood in order for this progress to make sense [6]. Two models are used to calculate the pres-
sure drop for five different materials and for five pipeline configurations [50]. One model is
used for straight horizontal and vertical sections, and the other for elbows, valves and other
pipeline sections. The mixture of solid and gas phase is considered to be a mixture with pre-
cisely defined characteristics, and the pressure drop of the mixture was calculated using the
modified Darcy-Weishach equation. After dimensional analysis a model for the transition to a
real plant with an error of +15% was formed. A 1-D model for stationary flow conditions and
spherical particles, disregarding interactions between particles and the assuming solid phase
motion in the form of discrete particles, is used in [51] for numerical simulations of vertical
pneumatic gas-solid phase transport. This model has a conservative approach to variables for
the gas phase, while the fourth-order Runge-Kutta method is used to solve the solid phase. The
results obtained by the calculation were compared with the available experimental data and the
results of the Euler-Lagrange calculation method, and showed good accuracy in vertical
transport. Two models, one based on the momentum balance of the air-ash mixture flow and
the friction factor correlation of Dogin and Lebedev [25] and second by Muschelknautz and
Krambrock [24], were applied in [4] for prediction of pressure change along the pipeline,
where the calculated pressure drop using correlation of Dogin and Lebedev [25] showed good
agreement with the measured decrease of pressure amplitudes along the transport pipelines.
Models with relatively good results, within +30%, can lead to serious operational problems,
such as inadequate capacity and pipelines congestion as confirmed with fly ash samples in
[13]. The lack of existing correlations is found to be based on low values of air density, model
limitations such as defining the particle size with one value, what is not feasible for fly ash,
and that the most of models correspond to purely dilute or purely dense phase transport.

Numerical models and experimental data

Two models for prediction of pressure change along the transport pipeline in the
case of long distance and high-capacity Kolubara lignite ash pneumatic conveying are ad-
dressed. Different correlations and parameter variations applied in two numerical models give
the total of fourteen different numerical simulations that are conducted. The input data for
numerical models are obtained from comprehensive experimental research on 120 t/h Koluba-
ra lignite fly ash pneumatic conveying system in 620 MWe thermal power plant unit, under
operating conditions [4, 7]. The method for the numerical models validation was to find out
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how well addressed models predicted the pressure drop on approximately 600 m fly-ash
pneumatic conveying through 4-stepped-diameter telescopic pipeline from considered thermal
power plant to the silo, fig. 1, analyzed in papers [4, 7]. The results obtained using the model
and the results of experimental measurements are subjected to statistical analysis methods,
and the functional dependences obtained by the least squares method were evaluated by corre-
lation ratio and mean squared deviation.
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Figure 1. Lignite ash transport pipeline at the thermal power plant

Model based on the momentum balance of air-ash
mixture flow and friction factor correlations by
Dogin and Lebedev [25] Michaelidis [19], and Shimizu [28]

As presented in [7] the first model is based on the momentum balance of the air-ash
mixture flow and various friction factor correlations given by different authors, Dogin and
Lebedev [25], Michaelidis [19], and Shimizu [28]. The calculation methodology for this mod-
el is adopted from [35] and applied in [4, 7], where pressure change, dp, at distance, dx, along
the pipe of diameter, D, and with the elevation change, dH, is calculated as a sum of frictional
pressure drop, solids-gas mixture acceleration pressure drop, and hydrostatic pressure drop:

u2
dp =1, 228 % 4(p,0%) ~ prgaH @

Pressure drop due to solids-gas mixture acceleration is negligible in pneumatic con-
veying [52], therefore it is not considered. The Fanning friction coefficient for the air-ash
mixture flow is denoted with fy, and is calculated using correlations given by various authors,
ug —is the air velocity, pm is the mixture density, the air density is calculated from the perfect
gas equation of state pg = p/(RqT), Ry — the air gas constant, T — the air temperature (which is
the same as the mixture temperature. It is determined for the pipeline inlet and the isothermal
flow along the transport pipeline is assumed), and g — the gravity acceleration [4]. Compressi-
ble flow equations are not solved by this model, yet model considers the impact of pressure
change on density.

The first friction factor correlation is given by Dogin and Lebedev [25]:

4.0t o
fo = fg + A[—pj Re® Fro°—2m’ )
D Py

As presented in [25, 35], coefficient A takes values from 1.0-10°6 to 2-10°6 with an
increment of 1-107, which leads to the total of 11 correlations, i.e., 11 different models for
numerical simulations.
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Two more numerical simulation models are determined by Fanning friction factor
correlations for the air-ash mixture flow by Michaelidis [19] and Shimizu [28], egs. (3) and
(4), respectively [7]:

*

m
fr = fy +0.076 —— 3)
moe JFr
fn = fy (1+0.379m") 4)

The friction factor in the rough pipe for the gas phase is calculated as given in [53]:

1.11
L =—1.8log @+(—K j ©)
N Re \3.7D
The air temperature matches the mixture temperature and it is determined for the
pipeline inlet and the isothermal flow along the transport pipeline is assumed [4, 7]. The den-

sity of the air-ash mixture is determined on the basis of their densities and volume fractions in
the two-phase mixture. The ratio of the mass flow of ash and air is defined:

N

(1_ap)pgug

After defining the models, based on the basic physical laws that apply in the process

of pneumatic transport of fly ash, described by systems of equations, a program codes in
FORTRAN according to algorithm shown in [4, 7] is developed. Numerical integration sub-
routine, based on Runge-Kutta 4™ order method with adaptive step size, is used to solve dif-
ferential equation of pressure change, for a given initial pressure and each of the sections of
the telescopic pipeline. The pressure drops at the sections of where pipeline diameter changes

are neglected, given their small value in relation to the pressure drop due to friction along the
straight sections of the pipeline [6].

(6)

Model based on the Muschelknauz and Krambrock [24]

The second model is developed by Mus-
chelknautz and Krambrock [24]. This model is
applicable to flow in cases when the transported
material fills the pipeline, as shown in fig. 2,
and it is based on the calculation of the friction
of the plug of solid particles on the pipe wall.

D
The pressure drop on the section of ””r _—
length, L, is determined according to: t
Prq . P2
ym*gLu _
Pu _ exp| ——2 | [ms] (7) " Figure 2. Pneumatic conveying system where
Pr2 Rg gUp the pipeline is filled with material [4, 7, 39]

As well as with the first model, the program code for numerical simulation is devel-
oped in FORTRAN, according to the algorithm presented [39], which is also described and
applied in [4, 7].
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Experimental data

As presented in [4, 7], there are two parallel, 4-stepped-diameter, telescopic pneu-
matic transport pipelines with the same dimensions, with the overall length of 565 m from the
blow tanks to the silo. The experimental research included measurements of pressure change
along the transport pipeline, analysis of operational parameters at the plant, as well as analysis
of coal and ash samples. During measurements, the electric power at the generator varied in
the range 606.4-622.6 MW, the lignite consumption was 756-786 t/h, while proximate analy-
sis of Kolubara lignite coal samples showed the lower heating value 7343-7689 kJ/kg, mois-
ture content 50.3-50.4%, and the mass fraction of ash 13.4-15%. Air-flow was 5500 m%h (at
pressure of 1.103 bar and temperature 273.15 K). The physical density of the ash was in range
1800-2400 kg/m?, the value of ash loose-poured bulk density 600 kg/md, and the mean ash
particle diameter 115-141 um. The detailed results of pressure measurement in the pneumatic
ash transport are given in [4, 7], and the absolute error did not exceed +2 kPa. The mean value
of inlet air pressure in the initial cross-section for Pipeline 1 was 303 kPa, and it was equal to
the mean value of the measured pressure amplitudes at the first active measuring location, and
300 kPa for the pipeline number 2. The maximum values of standard deviation were 28 kPa
for Pipeline 1 and 34 kPa for Pipeline 2, determined by stochastic character non-stationary ash
transport. Based on operational conditions and lignite characteristics during the performed
measurements, the actual mass-flow of ash per pipeline was 77 t/h, [4, 7].

Results and discussions

The numerical simulations of pressure changes along pneumatic transport pipelines
are performed using numerical simulations models and programe code developed in
FORTRAN, for the assumed quasi steady-state transport conditions. The experimental data
used to obtain results is as follows. The air mass-flow rate of 5500 Nm?/h, the ash mass-flow
rate 77 t/h, thus the ratio of ash and air mass-flow rates was 11.63. The inlet air pressure for
Pipeline 1 was 303 kPa, and 300 kPa for Pipeline 2, while the air-ash mixture temperature
was 373.15 K. The results are obtained with the mean ash particle diameter of 0.128 um and
physical density of ash 2100 kg/m2. The pressure drops at the sections of where pipeline di-
ameter changes and local pressure losses are neglected given their small value in relation to
the pressure drop due to friction along the straight sections of the pipeline [6]. The results of
the pressure drop calculation for Pipelines 1 and 2, for each of the models, i.e. their compara-
tive presentation against the experimental data are given in graphically, figs. 3 and 4. The
mean squared deviation and correlation ratio of each model against the experimental values
for the considered pipelines are given in tabs. 1 and 2, respectively.

The diagrams in figs. 3 and 4 clearly indicate the best agreement of the numerical
simulations results against the experimental data for the model where the Dogin and Lebedev
[25] correlation was applied, for the value of the coefficient A = 1.4-10-6. According to statis-
tical analysis, this numerical model achieved the best mean squared deviation of 9.58% for
Pipeline 1 and 13.66% for Pipeline 2, as well as the best correlation ratio of 93.99% Pipeline
1 and 91.33% for Pipeline 2. The model based on the correlation [25] gives quite satisfactory
agreement against the experimental data for the values of the coefficient A of 1.3-10¢ and
1.5-10°%. The correlation by Muschelknautz and Krambrock [24] gives a slightly larger pres-
sure drop, compared to the correlation [25] for A = 1.4-10% and is in agreement with the men-
tioned correlation for A = 1.6-10°6. The predicted pressure, using the model based on the cor-
relation [25] for the values of the parameter A in range (1.6-2.0)-10-¢ and the correlation of
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Pipeline 1 for Kolubara fly ash
pneumatic conveying [7]
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calculated pressure changes along the transport
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conveying [7]

Table 1. Mean squared deviation and correlation ratio for the Pipeline 1 [7]

Mean squared deviation [%]

Correlation ratio [%]

1 Dogin and Lebedev [25] (A= 1.0-1075) 23.47 70.09
2 Dogin and Lebedev [25] (A=1.1-1075) 19.46 79.72
3 Dogin and Lebedev [25] (A=1.2:1075) 15.43 86.85
4 Dogin and Lebedev [25] (A= 1.3-107) 11.82 91.58
5 Dogin and Lebedev [25] (A= 1.4-1075) 9.58 93.99
6 Dogin and Lebedev [25] (A=1.5-10) 10.99 93.18
7 Dogin and Lebedev [25] (A= 1.6:107) 18.16 84.73
8 Dogin and Lebedev [25] (A= 1.7-1075) 22.84 75.65
9 Dogin and Lebedev [25] (A= 1.8:107) 29.00 57.26
10 Dogin and Lebedev [25] (A=1.9-10) 37.02 -

11 Dogin and Lebedev [25] (A =2.0-107) 44.77 -

12 Muschelknautz and Krambrock [24] 18.06 84.79
13 Michaelides [19] 47.99 -

14 Shimizu [28] 53.28 -
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Table 2. Mean squared deviation and correlation ratio for the Pipeline 2 [7]

Mean squared deviation [%] | Correlation ratio [%]

1 Dogin and Lebedev [25] (A =1-10°) 28.40 68.14
2 Dogin and Lebedev [25] (A =1.1-1075) 24.20 77.39
3 Dogin and Lebedev [25] (A =1.2-1075) 20.14 84.08
4 Dogin and Lebedev [25] (A =1.3-1075) 16.27 88.88
5 Dogin and Lebedev [25] (A =1.4-10) 13.66 91.33
6 Dogin and Lebedev [25] (A =1.5-10) 13.81 90.98
7 Dogin and Lebedev [25] (A =1.6:1075) 20.12 83.82
8 Dogin and Lebedev [25] (A =1.7-1075) 24.70 75.54
9 Dogin and Lebedev [25] (A =1.8:10) 28.38 66.11
10 Dogin and Lebedev [25] (A =1.9-1075) 36.74 32.12
11 Dogin and Lebedev [25] (A =2.0-1075) 47.19 -

12 Muschelknautz and Krambrock [24] 21.56 94.99
13 Michaelides [19] 54.26 -

14 Shimizu [28] 59.80 -

Muschelknautz and Krambrock [24] (lines 7-12 in diagrams), reaches atmospheric pressure at
distances significantly shorter than the total length of the pipeline, thus have not been further
considered. The predicted values of pressure change along the pipeline obtained using a mod-
el based on correlation [25], for the values of parameter A less than 1.3-10°° and greater than
1.6-10°, significantly underestimate the experimental, although a good correlation for coal
dust is confirmed in [37] for value of parameter A = 2.0-106. Models based on correlations by
Michaelidis [19] and Shimizu [28] significantly underestimate experimental values. The mean
squared deviations are 47.99% (Pipeline 1) and 54.26% (Pipeline 2) for correlation by Mich-
aelidis [19], that is 53.28% (Pipeline 1) and 59.80 % (Pipeline 2) for the correlation by Shimi-
zu [28]. This is most likely lack of friction factor correlation, due to not taking into account
pipe diameter, mean particle diameter, gas and solid phase densities, as well as Reynolds
number, but are primarily based on solid and gas phase flow ratio m”.

Data for friction factor fn vs. Reynolds number, obtained by authors in [22, 26, 27]
are graphically presented in a form of a diagram in [35]. The diagram from [35] is used to
graphically present the fanning friction factor values, that are calculated using validated mod-
el based on the correlation [25] for A = 1.4-10°. The obtained results are plotted against val-
ues of other authors in fig. 5, and are fully consistent with previously examined cases availa-
ble in the literature.
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As stated in [35], the values of the friction coefficient according to [37] are signifi-
cantly higher than those according to [26] due to the non-stationary transport regime, what
corresponds to numerically obtained values in experimentally considered case.
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Figure 5. Dependence of experimental and calculated values of the
fanning friction factor on the pipe wall for case of flow of mixture

of air and coal dust particles, from Reynolds number, with numerical
simulation results [7, 35]

Given that the phenomena in pneumatic transport are very diverse and complex to be
expressed by a single correlation, their application is still in the field of industrial design in
order to ensure sufficiently smooth operation. Attempts to generalize and simplify empirical
experiences have not yet been successful. However, the applied numerical simulation model
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based on correlation of Dogin and Lebedev [25], for the value of parameter A = 1.4-10°,
gives satisfactory results and can be used for prediction of the fly ash pneumatic conveying
capacity and pressure drop for the specified transport pipeline.

Conclusion

Two basic concepts of numerical models to predict pressure drop in high capacity
and long distance lignite fly ash pneumatic conveying are addressed. Application of various
friction factor correlations and variation of given parameter, led to the total of fourteen differ-
ent numerical models and program codes in FORTRAN. The input data for numerical models
are based on comprehensive experimental research of high capacity and long distance Kolu-
bara lignite fly ash pneumatic conveying system within 620 MWe thermal power plant unit,
under operating conditions. The results obtained using the numerical simulations are validated
against experimental data, and are subjected to statistical analysis methods. The functional
dependence obtained by the least squares method was evaluated using mean squared deviation
and correlation ratio. The predicted pressure changes show the best agreement, with the
measured decrease of pressure amplitudes along the transport pipelines, for the model based
on the momentum balance of air-ash mixture flow and friction factor correlation given by
Dogin and Lebedev [25] for the parameter A = 1.4-10°6. This model achieved the best correla-
tion ratio of 93.99% for Pipeline 1 and 91.33% for Pipeline 2, as well as the best mean
squared deviation of 9.58% for Pipeline 1 and 13.66% for Pipeline 2. Also, the fanning fric-
tion factor values are fully consistent with previously examined cases available in the litera-
ture. Therefore, this numerical simulation model can be used for prediction of conveying ca-
pacity and pressure drop of the specified transport pipeline. The general conclusion is that the
characteristics of the material that needs to be transported pneumatically must be known and
well understood in order to avoid numerous problems in the operation of these systems, and it
is predicted that in the next few decades we will be able to make a more serious step towards
solving the problem of pneumatic transport of materials like fly ash.
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Nomenclature
D - pipe of diameter, [m] per —inlet air pressure, [Pa]
dH - elevation change, [m] pg2 — outlet air pressure, [Pa]
dp — mean particle diameter, [m] Re — Reynolds number (=pgugD/Hyg), [-]
dp - pressure change along the pipe, [Pa] Ry — air gas constant, [Jkg K]
dx — distance of pipe where pressure change is Ty —air temperature, [K]
calculated, [m] Ug — gas velocity, [ms]
fy  — friction factor for solid phase, [-] Up — particle velocity, [ms]

fm  — friction factor of the mixture of gas

and solid, [] Greek symbols

Fr — Froude number (=ugg 2D2), [-] Mg — dynamic viscosity of the air, [Pa-s]

g - gravitational acceleration, [ms 2] ap — ash volume fraction in the mixture with air
K  —equivalent sand roughness, [m] [= Y (L+pprir2pg H], [-]

m" - ratio of mass-flow of ash and air y  — material coefficient

[=apppup(L — op) *pgug], [-] (=0,.6 according to [39]), [-]
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pg  —air density (= pRgTy), [kgm=2] Subscripts
pm  — mixture density (= agpg+appp), [kgm=] .
— mixture density (- agpy g —air (ga)
P particle density, [kgm~3] M — mixture
p —particle
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