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Modeling and control of tire pressure for
suspension system of Electric vehicle

Rached BEN MEHREZ", Abdelkader ABBASSI *, Nada OUASLI *and Lilia EL AMRAOUI*
134 Research Laboratory on Smart Electricity & ICT, National Engineering School of Carthage, , Tunisia
2Institute of Applied Sciences and Technology of Kasserine (ISSATKas), PO Box 471, 1200 Kasserine, Tunisia,
rached.benmehrez@gmail.com, abd_abbassi@yahoo.com, nada.ouasli.esti@gmail.com, lilia.elamraoui@gmail.com

Abstract—This research paper focuses on the issue of detecting tire pressure in a vehicle using an indirect method,
without the need for pressure sensors. The proposed method aims to determine a decrease in pressure by jointly
estimating three parameters: the effective radius of two wheels and the front axle rolling resistance force. To achieve
this, an observer based on high-order sliding mode theory is developped, which takes into account the angular velocity
values of each wheel and the applied torque. This observer demonstrates robustness against uncertainties and
disturbances, ensuring convergence in a finite time. Simulation results are provided to illustrate the effectiveness of this
approach.

Keywords— Modeling, Effective radius of wheels, Global rolling resistance, High order sliding mode observer, Tire
pressure.

I. INTRODUCTION

Ensuring adequate tire pressure in vehicles is crucial for passenger safety as it affects directional stability,
manoeuvrability, and comfort. Insufficient tire pressure is known to result in increased fuel consumption [1][13].

However, the use of tire pressure sensors located in the tire valves presents drawbacks such as potential
failures, the requirement for specialized tires, and additional costs that car manufacturers aim to avoid. Therefore,
there is a genuine interest in eliminating these sensors and finding alternative indirect solutions for tire deflation
detection [2].

The objective of this paper is to propose online estimation methods for determining the rolling resistance force
and effective radius of the wheels. This assessment of variables, along with the application conditions, represents a
novel approach. The estimation results could be utilized by a tire pressure monitoring system (TPMS) [3].

To achieve this, the paper considers the longitudinal and rotational dynamics model of two wheels. A variable
structure observer, based on high-order sliding mode theory [4], is designed for the online estimation of the tire
radius and rolling resistance force. The input signals for this observer are the angular velocity of each wheel in the
train and the applied torque [5]. These signals are available through the controller area networks (CANS).

The observer demonstrates robustness against uncertainties and disturbances, ensuring convergence in finite
time. Furthermore, it can be applied to a wide range of observable systems [6][7].

The structure of the paper is as follows: Section Il introduces the wheel model, providing the main equations for
the longitudinal and rotational dynamics of the two tires. Section Il elaborates on the design strategies for the
observer in the case of overseeing the wheels on the front axle. Additionally, Section IV presents simulation results
to illustrate the practicality of the proposed method. Finally, Section V concludes the paper and provides insights
into future work.

Il. MODEL OF STATEMENT PROBLEM

The main objective of the presented work is to develop a strategy for estimating the effective radius of two wheels
and the rolling resistance force of the vehicle's front axle. This estimation is achieved by using only the vehicle
speed, angular velocity of each wheel, and the torque applied to the wheels. The strategy requires the following:

Copyright © 2023
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= Anadapted model that accounts for the dynamics of the two wheels.

= Asolution for assessing the unmeasured variables,
Considering that the evolution of these variables cannot be known beforehand. Therefore, a robust estimation
solution must be designed, taking into account the unknown effective radius of the two wheels and the rolling
resistance force. By applying the second Newton's law to the forces acting on the two wheels of the front axle, their
rotational and longitudinal dynamics can be expressed by:

JQ =Ti—Ri Fa —-Ct (D)
I Q=T =R Fx _Cf Qr (2)
Ml/ZVx = I:xr + FxI - Fd1/2 - Frg 3)

The subscripts "I" and "r" indicate the front left and right wheels, respectively. The symbol "o" represents the
angular velocity of the left wheel, while "®" represents the angular velocity of the right wheel. The symbols "R1"
and "Rr" represent the effective radius of the left and right wheels, respectively. The vehicle's linear velocity is
denoted by "v." The viscous friction coefficient of the wheel is represented by "y."

Furthermore, "JI" and "Jr" are the respective inertias of the left and right wheels, and "m™ is half of the vehicle's
mass. Additionally, "TI" and "Tr" denote the torques applied to the left and right wheels, respectively.

The primary forces acting on the two wheels of the front axle are as follows: the traction forces "FI" and "Fr,"
the aerodynamic drag forces "DI" and "Dr," and the overall rolling resistance forces "Rrl" and "Rrr."

1. Tractive forces

The tractive forces are generated by the interaction between the tires and the road surface in response to the
applied torque on the wheels. These forces are determined by the friction coefficient and the slip ratio. The slip
ratio, as defined in reference [8], represents the relative difference between the actual wheel speed and the ideal

wheel speed:
{ —R.Q. )
A o= — Vx ke AN Vx +1
i RQ RO “4)
wherei € {l,r}.

The friction coefficient is typically determined using semi-empirical formulas. A commonly accepted
approximation, as mentioned in reference [9], exp/tesses the friction coefficient as a function of the slip ratio:

p)=20 AA )

i ol 5 2%42 | Q)
Lo i)

wherely is the optimal slip ratio, leading to the maximum friction value po = p (Xo) .
The tractive forces [8] are then given by :

Wl ©
Fxi =2pe \( Q'VRT) M2
7\.02 +| 1—= |
L QR
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2. Aerodynamic force
The force mentioned is directly proportional to the square of the vehicle's velocity, as indicated in reference [10].

1
F (v)="(pA C v? (7)
w2 x5 dU2 42 x

with p the air density, Aqi2the frontal area of the half-vehicle and Ca1/2 the drag coefficient.

3. Global Rolling resistance force

There exists a linear relationship between the global rolling resistance force and the vehicle's speed, as expressed
by the equation:

Frg (Vx) =Fn (Vx) +Frr (Vx) =2M129Crvx (8)

with C. the rolling resistance coefficient. This hypothesis can be made for heavy vehicles and is valid on light
vehicles only for low speeds [10].

In the case of light vehicles with higher speeds, another equation must be considered:

Fo)=2M glf +324f 36v /1000° 1 (9)

g x 12 LO s X

The rolling resistance coefficient is mainly determined by several factors, including tire inflation pressure,
temperature, velocity, and road surface type. These variables collectively impact the magnitude of resistance
encountered by the tires as the vehicle travels on the road.

I11. NON LINEAR OBSERVER SYNTHESIS FOR PRESSURE DETECTION

The main objective of this task is to monitor the tire pressures of the two wheels located in the front axle of the
vehicle. To achieve this, the methodology presented in references [3] and [4] needs to be extended to design an
observer that can estimate the radius of the front axle wheels and the global rolling resistance force of the entire
axle.

This proposed observer takes into account the coupling between the two wheels, resulting in a more precise
estimation of the wheels' radius . By analyzing the increase in rolling resistance caused by a decrease in tire
pressure, accurately estimating the radius of each wheel becomes crucial for detecting and locating any pressure
drop.

This estimation plays a significant role in determining whether there is a decrease in tire pressure and identifying its
location within the front axle.

A. Observation model

The observer is designed based on a model that incorporates equations (1), (2), and (3) describing the rotational
dynamics of the two wheels in the front axle. The effective radius of the wheels, the rolling resistance force of the
front axle, and the variable are initially unknown and can potentially change as a result of pressure loss in both
wheels [6]. The goal of the observer is to estimate these unknown parameters and track their changes over time,
taking into account the dynamics of the system. By continuously updating the estimates, the observer can provide
valuable information about the state of the wheels and the front axle, particularly in relation to tire pressure.

Copyright © 2023
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The following equations are therefore used

Ri=ni(®), Re =nr (1), Frg =15 (9 (10)
withm; (t) ,nr (t) andne (t) unknown and bounded. The torques applied to each wheel are, respectively, denoted as T
andT.

By denoting y= [y1Y2ys] "= [ QW] T, X = [Xa XoXsXa X5 Xe] T = [Q Qrvx FrgRIR] Tand u = [usuz] "= [T, T] " the
control input, the dynamic behavior of the whole axle is given by

x = f (X)+y(y,u)+Af (11)
where
] 21 x F () |
| 3. 5 Xl |
v F (x) |
_T 6 xr '
f0=l 1 F wiF ©0-F ®©-x) (@12

xl Xr d1/2 4 |
M2 ’

0
° \
i ° ]

C C
X()/,U)r fX"'lU —fX"'lU 0000|—|T
-7 7T
L | r r J

Af =Lro 00n® n® N (tﬂj

| r F

Two assumptions are considered [4], [6]:

Assumption 1: The uncertainty term Af does not change the observability of (11). The nonlinear system (11)
without any uncertainty (Af =0).

x = f()+x(y.u) (13)

Else, the term y( y, u) only depends on well-known (measured) variable: as shown in [11], [12] this term is not
required for the observer design and can be removed thanks to an input-output injection function y(y,u). The term
—(y,u) will be re-injected in the observer.

Assumption 2: The input—output injection function —y( y,u) does not change the observability feature. It yields that
the system (13) is transformed into

% = (x) (14)

Copyright © 2023
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B. Observability analysis
The function y (x) is defined by

) . 1
My. ]l - 1xF () |
| | I ||
_lva |- 1 X 1
ve-[3E|- L \ (15)
y3 '
Iy | X |
L E 0FF 0-F 00-x)
xl Xr d1/2 4
_MJJZ

The measured variables are the wheels” velocities and the vehicle’s longitudinal speed y =[x x 3] . If the
determinant of the Jacobian of the function y (x) is in all cases different from O on the operating trajectories, this
implies that the transformationy is invertible and the system (14) is locally observable [3].

TABLE I:

WHEELS AND VEHICULE MODEL PARAMETERS FOR THE AXLE MODEL
symbol Parameter Value Unit
Left wheel’s inertia Ji 16 Kg.m?
Right wheel’s inertia Jr 16 Kg.m?
Nominal radius Roi 0.32 m
Half-vehicle mass M | 880 Kg
Frontal area Asio 0.65 m?2
Air density p 1.205 Kg/m?
Gravitational constant g 9.807 m/s?
Viscous friction coefficient C 0 Kg.m?/s
Drag coefficient Car 0.25 -
Suspension damping Ce 7722 Kgls
Suspension stiffness Ksi 19960 | Kgs?
Peak friction 10 0.9 -
Optimal slip o 0.25 -

Copyright © 2023
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C. Observer design
The application of the inverse input—output injection transformation y ( y, u) allows us to get an observer for
system (13)
-1

oy T
R= f()?,y)+x(y,x)+\6X_J| k(y,%) (16)

The function k(y,x") has to be designed such that the state vector x* of the previous system is reaching the vicinity
of state vector of system (11) in finite time in spite of the uncertain dynamics Af of R;,Rrand Frg.

A solution for k(y, x) [3], [4] is suggested in order to obtain an accurate and robust estimation of x ; it is based on
high order sliding mode differentiation. Then, the observer (16) for the system (11) has a correction term defined

by :

[aLizy X Zsign(y -x') |

Y1—| 11 11 1 1
v asLssign (1) |

k(y.X) = |Y3 _ |83Lz”z|y X ] *sign (y z-XA2)|| (17)

asLasign (ys) \

| 1/2 ~ 12 A
| [ laL [ya-xe| sign(yz-x)

%l | aLsign(y )

L 6 3 5 ]

The parameters used for the axle model are summarized in Table | [3]. The observer coefficients are defined as
must be fixed as proposed in [3].

Il.  SIMULATION AND RESULTS

In this section, we present the results of our solution validation under ideal conditions, where no noise is present. We
employed the Matlab/Simulink® software as the tool for constructing the half-vehicle. The torques applied to the
two wheels and their angular velocities were obtained from a prototype vehicle, specifically the Renault sedan
Laguna II, which was generously provided by Renault [6],[14].

To explore different values for the effective radii and rolling resistance force of the entire axle, we considered two
inflation pressure levels. The first pressure value, P1, was set at 2.3 bar, which corresponds to the nominal pressure.
For the left front wheel, we used a pressure of 1.9 bar, denoted as P2, while maintaining the right front wheel at its
nominal pressure of 2.3 bar. The observer state variables were initialized with the following values.

[¢, ] [15/031
I | |15/031
15
=l 1= (18)
g | | 148 |
Ig |
R 0.305 \
R 0.305 [}

=

Copyright © 2023
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The gains values of observer areL;=6,L, =5 andLs; =4 where as the initial conditions of the complete
model are such that

[QJ [15/0.3]
12 15703
V{| | 715 |
x(O)JIdC|:|| 0 (19)
e ]

Controller design: In order to be as near as possible to real situation, it has been assumed that the effective radii and
their dynamics are well-known. A control ensures movement of the vehicle at a slow speed variable in time
according to a desired speed v [4].

vt =V (14§, sin (wt)) (20)
with :

v,? : Profile to be followed by the speed,

vd =40km/h,
6,=0.01,
o =0.314rad/s.

Variable pressure

v

Constant parameters Analytical relations
J,Rl R, iFrg
T' > R|, Rrr Frg
@) Controller T Simulation model > er
) I

> _
- » R

P
Observer | >
L Frg

>

Fig. 1. Schematic diagram for the simulation of the system and the observer effective radusi and the global rolling resistance of front axle of vehicle.

Consider the controller output
z=RiQi-v',() (21)

The relative degree of z equals 1, which gives :

Copyright © 2023
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R.
z= '"(T-RF -CQ)+RQ —*
i f i i

iR‘
=-—(RF +C Q)+RQ ' + R+ (22)
Ji i x f i i X Ji i
a(xt) B (xt)
=-kz
wherei € {I,r}.
There fore the torque applied to each wheels can be written
T =L a (n)-kRQ ~v* ()] (23)
1 Bi 1 1 1 X
withk ) 0which is set empirically tok =1in this test.
0.314 I
Pl = 2.3 bar
0.312 Pl=19bar [
0.31
E 0.308
g \
2 0.306 N
a>: %
3 0.304
2
Ll
0.302
0.3
0.298
0 10 20 30 40 50 60 70
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Fig. 3. Estimated right wheel effective radius for two different tire pressures (2.3 and 1.9 bar).
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1000 T
Pl= 2.3 bar
Pl = 1.9 bar

800
600 /
400

2001 -]

Global rolling resistance force (N)

-200¢ i i
0 10 20 30 40 50 60 70
Time (s)

Fig. 4. Estimated global rolling resistance force of the axle for two different tire pressures (2.3 and 1.9 bar).

0.314 ‘
Pl = 2.3 bar
0.312 Pl = 1.9 bar

0.31

0.308

0.306

0.304

Effective radius (m)

0.302

0.3

0.298

0 10 20 30 40 50 60 70
Time (s)

Fig. 2. Estimated left wheel radius for two different tire pressures (2.3 and 1.9 bar).

A simulated scenario involved a 20% decrease in pneumatic pressure from its nominal value of 2.5 bar between
specific time intervals t; =30s and t, =40s . At the initial time, there was an assumed error of 5 mm between the

actual and estimated radii, as well as an error of 1.6 rad/s between the actual and estimated angular velocities for
each wheel. Additionally, the two wheels on the front axle of the vehicle had different profiles.

Figures 2, 3, and 4 depict the estimation of the left wheel radius, the right wheel radius, and the global rolling
resistance force of the front axle, respectively. It can be observed that when the pressure decreases in the left front
wheel's tire, the observer provides a lower value for the wheel radius and a significantly higher value for the global
rolling resistance force on the front axle.

The estimated radius of the right front wheel remains constant. The increase in the global rolling resistance force
indicates a pressure drop, but it does not alone identify which tire experiences the pressure decrease. The radius of

Copyright © 2023
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both wheels are directly related to their respective pressures. These graphical representations enable us to deduce
that the pressure drop originates from the left wheel.

IVV. CONCLUSION

This paper focuses on estimating the effective radius and global rolling resistance force of the vehicle's front axle.
To address the uncertainty surrounding these parameters, a high-order sliding mode observer is employed,
leveraging its robustness and accuracy. The use of this observer is motivated by the lack of prior knowledge
regarding the evolution of the effective radius and rolling resistance force. The obtained results demonstrate a
satisfactory estimation of the effective radii and rolling resistance force for the vehicle's front axle. This suggests
that the sliding mode observer effectively captures the desired non-measurable quantities, providing accurate
estimations. The observer's robustness allows it to handle uncertainties and disturbances, while its precision ensures
reliable estimations even under challenging conditions. Overall, the application of the sliding mode observer proves
to be a viable approach for estimating the essential parameters related to the front axle of the vehicle.

Additionally, extending the study to include the observation model and an observer for the characteristics of all
four wheels simultaneously presents an intriguing opportunity. This would involve developing a model of the
complete vehicle and incorporating it into the observation framework.
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Abstract— In this paper, tow dimensional unsteady laminar convective heat transfer from three isothermal cylinders of
tandem arrangements with variable boundary condition in semi confined media is numerically investigated. The
numerical simulations are carried out by solving continuity, momentum and energy equations using a finite volume
method-based commercial solver ANSYS-FLUENT. The present study was conducted using a Prandtl number of 0.7
for air as working fluid, with Reynolds number equal to 100, spacing ratio varying from 2 to 5, and at fixed value of
blockage ration p=0.25. The characteristics of the flow such as the totals drag and lift coefficients on these
dimensionless parameters has been discussed in detail. The isotherms and vorticity were generated to explain the flow
and heat transport visualization. The local and average Nusselt numbers for first, second and third cylinder are also
computed. It is found that the force coefficients, the wake structure behind the cylinders and the Nusselt number
depend strongly on the value of the spacing ratio. Finally in some cases the behavior of the second cylinder does not
follow the overall trend of variations.

Keywords— Forced convection, numerical simulation, circular cylinders in tandem arrangement, vortex shedding
patterns, Drag and lift coefficients, Nusselt number.

I. INTRODUCTION

Fluid flow and heat transfer around cylinders has various applications in engineering systems, such as heat
exchangers, gas turbine cooling, electronic cooling, and other thermal applications. Flow dynamics and formation
of vortices between two tandem bluff obstacles (circular cylinders, square cylinders, trapezoidal cylinders.....) in
unconfined and confined domain are very complex, for these reasons, the fluid flow and heat transfer around tow
cylinders in tandem arrangements has received a surge attention in the literature (Igarashi [1-2] and Zdravkovich
[3] ) and the focus of the most investigation is in vortex formation, vibration, forced and heat transfer. A number of
studies have been published on this topic. A comprehensive review is presented by Sumner [4] for understanding
the effect of placing tow circular cylinders on the flow field structure, aerodynamics loads, vortices and other
parameters, the flow around two identical cylinders in a stable cross flow can be divide into (a) extended-body
regime; (b) reattachment regime; (c) coshedding regime. Jiang et al. [5] performed numerical simulation of flow
past two tandem cylinders of different diameters and assessed the effects of channel walls on the flow field for
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blockage ration ranging fromm & . They showed that the channel width has an important effect on the critical
spacing where the flow changes from single body mode to co-shedding mode. Sohanker and Etminan [6] presented
numerical results of flow characteristics and heat transfer on two equal square cylinders arranged in series at low
Reynolds numbes ( — 200 ). Lin et al [7] carried out numerical investigation of flow past two tandem
cylinders that are free to move in the transverse direction in a plane channel with a blockage ration of 15% and
singled out that the channel walls play an important role in the computed hydrodynamic forces. In another works,
the same authors [8] presented numerical results of the unsteady laminar flow and heat transfer from square
cylinders in a channel. The results showed that the cylinder Nusselt and Strouhal numbers decrease as the wall is
approached. Rosales [9] performed a numerical study of fluid flow and heat transfer over tow squere cylinders with
different sizes and arrangements in a channel forke = 500 . Considering channel walls and the upstream cylinder
as insulators and the downstream cylinder as a hot obstacle, their results show that the drag coefficient and the
Nusselt number decrease when the in-line or offset tandem pair of cylinders is positioned coser to a channel wall.
Unsteady laminar convective heat transfer from two isothermal cylinders in tandem arrangement was studied
numerically by mahir and Altac [10]. It was shown from the numerical results that the average Nusselt number of
the upstream cylinder approached to heat of a single isothermal cylinder for L/D = 4 and the average Nusselt
number of the downstream cylinder was aboutggos of the upstream cylinder. Ding et al. [11] presented numerical
results for flow field around two circular cylinders arranged in side-by-side and tandem configuration (L/D = 2.5
ands.9 using the mesh-free least square based finite difference method. The flow simulation were carried out for
Re = 100 andzgbhe flow separation and flow state of the trapezoidal cylinder under low Reynolds number
(Re = 1 — 150) was analyzed by Dhiman and Hasan [12]. The numerical study of Cung and Kang [13] showed
that the Strouhal number of the trapezoidal cylinder depends on the Reynolds number and height ratio, wich is thz
ratio of height of the rear face to that of the front face (d/D). The flow without heat transfer behavior past a single
cylinder as well as tandem square and circular cylinders in vicinity of a wall with low Reynolds number (Be = 100
and 200 ) was studied numerically by Harichandan and Roy [14]. Their analysis focused on the boundary layer
growth and the location of the cylinders parameters. Their results are presented for different parameters to visualize
vorticities and streamlines. Similarly, the wall effects on flow structure over two tandem cylinders is studied by
Jiang and Lin[15] with low Reynolds number (Fe = 20 — 120). Ajay Raj Dwivedi et al [16] presented numerical
results for the fluid flow and mixed convective (thermal cross-buoyancy) heat transfer of incompressible fluid
across identical cylinders organized in a confined tandem configuration. For different gap ration
(5/D =125,3,354,5 and5.5 ) with varying Richardson number (Ri = 0,0.5, &nd ) at Reynolds numibeg .
Prandtl number Pr = 0.7 and wall confinement 5 = 25%. It was found that the fluctuations in lift signal shift from
zero average value at Ri = 0 towards the nonzero negative average value for the tandem cylinders at Ri = 0. The
local Nusselt number shows the shift in the front stagnation point on both cylinders with increasing thermal cross-
buoyancy. The drag coefficient and Nusselt number of the downstream cylinder are always less than the upstream
cylinder, but the percentage increment in the physical parameters of the downstream cylinder after critical spacing
is much more the its upstream counterpart. A numerical methods was used by Arif Mentese et al [17] to study the
effect of distance between cylinders on flow characteristics for tandem and side-by-side two circular cylinders. It
was shown from the numerical results that the flow is almost steady with any vortex in the gap when cylinders are
in tandem and the gap between them is low. In contrast, the interactions are strong in case of side-by-side
arrangement at the lowest gap ratio. When the gap ratio increase, the flow is affected that results in change on the
global parameters. Wei Zhang [18] investigated numerically of flow across two tandem cylinders with rounded
corners in a channel at Re = 100. The cylinder geometry varies from square to circular by rouding all corners, and
the partially rounded cylinders were considered. The effects of gap ratio (GR) characterizing the separting distance
of two cylinders and the radius (R) was analyzed at dimensionless parameters (R* =0 —0.5)and GR =1— 8.
They showed that the cylinder geometry determines the unsteadiness of the near-wake after the downstream
cylinder, the flow is always unsteady for square-like cylinders where the corner radius is small, while the flow can
be stabilized by the circular-like cylinders with larger corner radius that the flow fluctuation is greatly weakened or
even fully suppressed at smallGR=
After above investigation, it is clear that there is no reported work on the effect of three tandem cylinders
on fluid flow and heat transfer in a confined domain with inlet parabolic velocity, the aim of the present study is to
add to our scholarship on the relationship of dynamics fields (Cy, Cp) and thermal fields (Nusselt number) with gap
ratio and Reynolds number of the forced convection over three tandem cylinders in confined domain with variable
boundary condition. A series of computational is conducted for three tandem cylinders with Reynolds number
varying from 100to 200and gap ratio varying from 2to 10 with inlet parabolic velocity profile, analyzed and
studied in detail through the flow structures and thermal fields in this configuration.
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Il. PROBLEM DESCRIPTION

Briefly the description of the problem is shown in Figure 1. Three identical heated circular cylinders of
equal diameter D arranged in tandem whose surfaces are fixed temperature T, and placed in confined duct, with
exposed to a fully developed velocity profile with average velocity .., and T... Tow adiabatic horizontal walls of
finite length are placed at a distance of H/2 on either side of the center of the cylinders. The outlet of the duct is
specified with Neumann condition.  The gap ratio ¢ was defined as & = 5/D, whege represents the spacing
between centre to centre of the cylinders, Gwas selected as 2 to 10. The flow was described in a Cartesian
coordinated system (x and). The upstream and downstream distances of computational domain are gives
respectively by the values I, = 10D and L; = 48D. The blockage ratio of the computational domain is given as:
f=D/H=025. It is also considered that the flow unsteady laminar regime with constant thermo-physical
proprieties.

‘. ...................................................... }
2 N
— No slip condition .
— b D D Hi
—_— - |
—> “«— — 2.

) ¥

Donstream cylinder

Upstream cylinder

Midstream cylinder N
Nosslip condition

—> — S_~_—Xu >
Fig.1 Computational domain and three cylinders configuration.

I11. GOVERNING EQUATIONS AND BOUNDARY CONDITIONS

The governing equations, for unsteady incompressible viscous flow with constant thermophysical
properties in two-dimensional Cartesian coordinate are expressed as follows:
For continuity
% + % — ﬂ
dx dy
For the momentum

B, B, du, 1dp 8tu, 0%u,
U, —S =ty ——
gt | F gy o dy pax ATE ay?
du, du,, du,, 1 d%u, 8%u,
—}+ux—}+u}.—}=——@+ O e
dat dx v pay dx = dy=

Ffor the energy

ar aT aT 8T a°T

E+ HIE+H}.a—y = ﬂ(axz + a}sﬂ)
Where u,, and u, are the dimensionless velocity components alongx — and ¥ —directions of a Cartesian
coordinate system, respectively, p is the dimensionless pressure, v is the kinematic viscosity, p is the density, T is
the temperature of the fluid, and «is the thermal diffusivity defined as ./ pc where isithe thermal conductivity and
is the specific heat of the fluid.

The computational domain and the configuration of the circulars cylinders are illustrated in Fig.1. The boundary
conditions for the inlet, outlet, walls and surface of cylinders can be written as:
For the inlet: A fully developed 2 — D parabolic velocity profile

u, = 1.5uﬂ,,.g(1 - (1 _%))

Where0 =y =H/D,u,, =0T =T,
fuy 0T _
ay Ei_ fx
T
For the Bottomand top: - = 0,u,=u,=0

By
For the outlet: — =
dx
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For thecylinders walls: u, =u, =0,T =T,
Were u,,,,, T, are the average velocity and stream temperature respectively and T,,, is the cylinder wall temperature.
One of the key parameters in the present study is the Reynolds number, Eq. 9.

_ Puﬂvgﬂ

g

K
This numerical study reveals the influence of Reynolds number and the space between the cylinders on lift
coefficient (Eq.10), drag coefficient (Eq.11), and Nusselt number (Eq.12) since these coefficients deliver important
information about flow characteristic and heat transfer by forced convection.
Overall mean drag and mean lift coefficient was mathematically defined as:

o
Cp=r—
77 tpugygp
Fy
Co=1—
Epuévgﬂ

Where, Fp and F;, are the force components in the longitudinal and transverse directions respectively.
In the present study, the local Nusselt number is defined based on the cylinder diameter D as the length

scale:
aT
_kﬂ_ =hﬂ(Tw_T:c}i Nuﬂzw
1l k
Where, hg is the local surface heat transfer coefficient, and = is the direction perpendicular to the cylinder wall.
The average Nusselt number at the cylinder wall is calculated by integrated of the local Nusselt number over the
cylinder surface.
- 1 EZEZ‘T

Nugdf

Ny, — —
Y 2mle=g

IV. NUMERICAL METHODS AND SIMULATION CONDITIONS

In this study, the governing flow and energy equations with its boundary conditions have been solved
numerically by the finite volume method using the ANSYS Fluent, the ANSYS work-bench was used to generate
structured quadrilateral cells of uniform and no-uniform grid spacing as shown in Fig.1.

The tow-dimensional, unsteady, laminar, segregated solver was used to solve the equations of the incompressible
flow on the collocated grid a arrangement. A Semi-Implicit Method for Pressure Linked Equation algorithm
(SIMPLE) is used for the velocity-pressure coupling. QUICK (Quadratic Upstream Interpolation for Convective
Kinematics) scheme was used to discretize the convective terms in the momentum and energy equations. The
second order implicit time-integration scheme was used to solve the evolved transit condition with dimensionless
time step At of0.01, which was fixed after a time-dependent study indicates that any decrease in the time step size
has negligible effect on the values of the global flow and heat transfer characteristics. The software Fluent uses the
Gauss-Seidel point by point iterative method in combination with the algebraic multi-grid method to solve the
system of algebraic equations. The inlet velocity input (Eqg. 6) is specified by exploiting the by user-defined
function (UDF) accessiblein ANSYS Fluent.

In the current computations, we divided the domain into structured mesh with fin clustering distributions in the
vicinity of the cylinders surface, top and bottom walls to control the sharp velocity, temperature and pressure
gradients near the surfaces of the cylinders and walls and of course these deviations it should not be excessively
computationally intensive. Therefore, a grid independency test has been performed using the gap ratio GR=4 and
10 for R_e=100 and three quadrilateral grid which are differentiated by the number of points on the surface of
cylinders (N_i), the value of (/D) near the surface of the cylinders. we was found that the N_i=200 and (/D=0.005)
is sufficient to conduct the following numerical simulations with conditions used in this work.

In unsteady flow numerical simulations results also depend on the time interval. In this study, three different
dimensionless time intervals: At=0.1, 0.01 and 0.005 is used to determine an optimum value which resulted in less
computational time, yet sufficiently accurate solutions. Finally a dimensionless time step size of 0.01 which was
adapted in this study.
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i

Fig.2 Magnified view of a grid structure around the three tandem cylinders ((TF. = 4)

V. RESULTS AND DISCUSSION

This section starts with presentation and discussion of the validation study, before systematize the results
obtained by this numerical simulation in the form of streamline, vorticity and isotherm contours along with drag
coefficient, lift coefficient and Nusselt number (local and surface average).

A. Validation study

A validation is performed before solving the present problem to demonstrate and confirm the precision of the
results reported in this study. For this purpose figure 2 and Table 1 compares the numerical results of Ajay Raj
Dwivedi and Amit Kumar Dhiman [16] to our numerical results for for two identical circular cylinders in the case
of parabolic inlet velocity at gap ration GR=4 for Re=100 and Pr=0.7, the comparison of the results through the
values of mean drag and lift coefficients and average Nusselt numbers for both upstream and downstream cylinders.
Figure 2 and Table 1 shows excellent agreement between the findings, confirming the veracity of our numerical
results.

Upstream Cylinder Downstream Cylinder
(@) Ri=0 (b) Ri=0

e SD=2.5
sD=3

1 1 1 1 1 1 1 1 1 1
150 160 170 180 190 200 150 160 170 180 190 200

t t
Ajay Raj Dwivedi and Amit Kumar Dhiman [16]
Upstream cylinder Downstream cylinder
GR=4 GR=4
4 4
3 3
2 2
= s INANANNNANNNNANANN 8 o
A VAVAVAVAVAVAVAVAVAYAVAVAVA s
3 :
-4 -4

150 160 170 180 150 200 150 160 170 180 190 200

Present study
Fig.3 Comparison between the present and literature values of the time histories of lift coefficients and for a two tandem confined cylinders at He = 100,
GR=4 and Fr =10.7,
Table 1 Comparison between the present and literature values of the mean drag coefficients and average Nusselt number for a two tandem confined cylinders

atRe = 100, GR=4 and Pr = 0.7.

References Present study Ajay Raj Dwivedi and Amit Kumar Dhiman [16]
Cn1 2.9684 722,97
Cna 2.4832 R42.49
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Ny 6.368 638

Nus 5.260 75,53

B. Streamlines, vorticity and isotherms contours

Streamline and vorticity contours it is one of the keys to understanding the flow regimes, this flow regimes it is
divided into three regimes depending on the gap ratio &: (a) the extended-body regime (& = 1.2 —1.8) in this
range the free shear layers separated from the upstream cylinder overshot the downstream cylinder. (b)
reattachment regime, (1.2 — 1.8 < ¢ < 3.4 — 3.8) in this range the shear layers reattached on the downstream
cylinder, and (c) the co-shedding regime (& = 4 ) and the shear layers rolled up alternately, forming a vortex street
in the gap between, as well as behind, the cylinders, like’s reported by Zdravkovich (1977).

Figure 4, figure 5 and figure 6 show streamlines, vorticity and isotherms in the computational domain
respectively, both figures reveal that the gap ratio between cylinders has significant great impact of the mechanism
of flow and thermal patterns evolution around tandem circular cylinders. The dependence of instantaneous
streamlines near the cylinders for different spacing ratios at Re=100 obtained at dimensionless time t*=225 are
shown in Figure.4. It can be assessed that the flow behaves as steady for GR<4 and the flow filed obtained is
symmetric about the mid-plane with formation of twin vortices are observed. For GR=3 the flow remains steady,
whereas the centers of symmetric recirculation zones in gap region move toward inside slightly due to the
increasing driven effect from the free stream flow. With increasing the gap ratio (GR>4) The shear layer from the
front cylinder reattaches on the rear cylinder at some point. After impinging on the rear cylinder, this shear layer is
divided into two parts and transported away and detaches from the lower and upper part of the rear cylinder. The
detached layer once again impinged on the lower part of the rear cylinder. The flow patterns in the gap and around
the cylinders strongly depend on the cylinder spacing and this is confirmed by figure 5.

GR =2
I — e —
—CRO TaEs—

GR =3

Fig.4 Streamlines around three cylinders in tandem arrangement for different spacing ratios at &e = 100 witht™ = 225,

The instantaneous vorticity contours around three tandem cylinders are shown in Figure.5, these contours
are plotted for different spacing ratios at Re=100 and at dimensionless time t*=225. As can be seen in this figure,
the vorticity contours become more complex with increasing the spacing. The wake structure behind the cylinders
strongly depends on the spacing ratio. There is no vortex shedding from the cylinders at GR=2 and GR=3. It is
observed that for GR=, the generated vortices are more obvious. For small gap ratio (Gr<4) the flow is steady and
shear layers detached from the first and second cylinder do not form vortex shedding upstream of the second and
third cylinders respectively. Vortices are formed in between the cylinders and behind the third cylinder and the
formation of vortex shedding for both cylinders occurs only after GR=4. We can observed that the flow remains
steady until GR <4, butat GR = 4 the flow becomes unsteady and at this gap ratio the fluid separates from the first,
second and third cylinder and it is seen that in this instability, a couple of eddies is developed, and is shed
alternately in the downstream direction with two row vortex street. These results mean that at high gap ratios (G > 4)
the shear layer from the first cylinder top surface reattaches on the surface of the second cylinder and is divided
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into two parts as well the shear layer from the second cylinder top surface reattaches on the surface of the third
cylinder and is divided into two parts , where one will be moving through the gap between the cylinders and the
other over the third cylinder. Overall, the flow is characterized by the formation of the Ka'rtman vortex street
behind the third cylinder.

Fig.5 Vorticiy around three cylinders in tandem arrangement for different spacing ratios at He = 100 andt™ = 225,

Figure 5 shows the temperature contours gap ratio. The vorticity transport characteristics are indicative of
the thermal transport. Accordingly, it is seen from figure 5 that the characteristic feature of the isotherms
are similar to the vorticities evolving. Most of the isotherms are clustered around both the cylinder
surfaces resulting in maximum heat transfer on the front stagnation point for first, second and for third
cylinder maximum heat transfer location are at two points where thermal and hydrodynamic boundary
layer thickness becomes thin for GR=2, 3 and for GR>3 (after reattachment), maximum heat transfer
(cluster of isotherms) for first cylinder also shifts to its front stagnation point. There is a uniform
temperature field between the cylinders for lower gap spacing. However, when the spacing increases, an
unsteady temperature pattern is observed between the cylinders.
GR =2
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B. Variation of lift and drag coefficients with gap ratio

Figure 7 and 8 shows results for time histories of the lift and Drag coefficient of three circular cylinders in the
range of GR= 2 to 5 at Re =100 respectively. The amplitudes of time histories of CL and CD at GR=2 are quite
small because the vortex street behind the cylinders is not formed as seen in figure 5.

The CL and CD amplitudes of the first cylinder is small relative to that of the second and third cylinder. No
vortices are shed from the first and second cylinder, and the CL fluctuation of the first and second cylinder is
induced by the movement of the first and second cylinder shear layers. The CL fluctuation of the second and third
cylinder is caused by the alternate reattachment of the first cylinder shear layers, as well as by the vortex shedding
from the first and second cylinder.
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—cyll ——cyl2 cyls 0,08
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Fig.7 Time histories of lift for first, second and third cylinders at different gap ratios.

However, in the range of GR>3, it is observed that fluid forces of the third cylinder which is located in the wake of
the first and second cylinder are very much larger than those of the windward cylinder because the vortex shedding
behind two cylinders has a strong influence on the amplitudes of CD and CL. It is possible to clearly catch the
phenomena that the flow patterns behind the windward cylinder and the fluid forces of three circular cylinders
change suddenly at the spacing ratio of approximately GR=4 which is well known as the critical spacing ratio.

GR=2 GR=3
—oll —oyi2 e —olt —oi2 e
3 3
25 25
H 2
8 15 8 15
1 1
05 05
0 0
200 205 210 215 220 225 200 205 210 215 220 225
t* t*
GR=5
GR=4 -0yl ——o0f2 O3
—ol1 —cyi2 E s
s \AAAAAANAAAARNARD
§s 35 | | \ A IWINININ AN INL
. / FVIVER IY IR TR 1)
3 AAN WAL WAY AT S AT WANA ARANAYANANANARANAYA!
2 EXINS X VAVAY f : ‘ LERN . #'8 . PP .8E.PE.S e S
0 L YIVAYLVAYAVAYIViyiviyiviy
15 2s ! J J |
1
0.5 5 i L VIS " L " N
2 2
200 20s 210 215 220 225 200 205 210 215 220 225
t* e

Fig.8 Time histories of Drag force acting on the cylinders for different gap ratios at Re=100.
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C. Local Nusselt number variations

The local Nusselt number on the first, second and third cylinder surface is plotted as a function of
circumferential direction & for different gap ratios are shown in Figure.5. It can be deduced from this figure that the
local Nusselt number is greatest at the front portions of the cylinders. Since heat transfer rate is closely related to
flow structure, the minima of the local heat transfer rates appear in the front and back stagnation points of the
second and third cylinder where the velocity magnitudes are relatively small for Gr=2 and 3. The local Nusselt
number distribution of the second and third cylinder resembles to that of first cylinder typified for Gr=4 and 5. The
maximum heat transfer from first cylinder occurring at 6=45 and 360 of the cylinder wall for all values of gap
ratios. The maximum heat transfer from second and third cylinder exhibits itself with a double hump occurring at
£=115 and 240 of the cylinder wall at GR=2 and 3 where the thermal and hydrodynamic boundary layers become
the thinnest.
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Fig 10. The local Nusselt number distribution on the first, second and third cylinder at Re = 100 and t* = 225.

D. Average Nusselt numbers

Figure 11 shows the variation of the mean Nusselt number of the three whole cylinders with the spacing
ratio at Re=100. It can be deduced from this figure that the level of Nusselt number for first cylinder is higher than
the corresponding value for the second and third cylinder. The heat transfer from the second and third cylinder
increases with increase in the gap ratio for 2 to 3 and it decreases for GR=4. It can also be pointed out that the
mean Nusselt number for the third cylinder is always less than its second counterpart for Gr<4. In general, the
global transport of heat quantities have larger values for the fiest cylinder compared to the second and third
cylinder, and at lower cylinder spacing the difference is more; however, at larger spacing this discrepancy is
substantially reduced.

—Cyll ——Cyl2 cyl3

6 |7

MNu
Wk

GR

Fig.11 Mean Nusselt number of the first, second and third cylinder for different gap ratio.

V1. CONCLUSIONS

A two-dimensional numerical study is reported addressing the laminar flow and heat transfer around three
circulars cylinders in tandem arrangements with variable boundary condition in semi confined media. Three
identical heated circular cylinders of equal diameter D' arranged in tandem whose surfaces are fixed temperature T,,,
and placed in confined duct, with exposed to a fully developed velocity profile with average velocity ., and T,
at Reynolds number equal to 100. Tow adiabatic horizontal walls of finite length are placed at a distance of H/2 on

either side of the center of the cylinders. The outlet of the duct is specified with Neumann condition. The gap ratio
R was selected as 2 to 5. One of the objectives is to understand the critical gap ratio at which the unsteady flow

and thermal fields are transformed into a steady pattern. The results of simulation show that beyond the critical gap
ratio (GRcr) there is a stabilization in the flow and thermal fields. The main findings are summarized below:
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The gap between cylinders has crucial impact on flow patterns, when cylinders are very close to each other, the
flow regime is steady in gap area and no vortex shedding occurs. After the critical gap (GR=4), a vortex shedding
forms in the gap while double row vortex streets are observed behind the third cylinder as the gap increases.

The vorticity and isotherms were obtained to understand and interpret the flow and heat transport. For GR=4,
the vortices and isotherms are in unsteady behaviour irrespective of the gap spacing.

It is observed that fluid forces of the third cylinder which is located in the wake of the second cylinder are very
much larger than those of the first cylinder.

The local Nusselt number is greatest at the front portions of the cylinders. The heat transfer from the second
and third cylinder increases GR=ahd it decreases for GR =4. The heat transfer rate from the second and third
cylinder is about 80% and 90% of that of the first cylinder respectively.
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Abstract— It is possible to assess air quality using measuring apparatus, but physical collectors remain
expensive equipment. Lichens were recognised as potential indicators of air pollution as early as the 1860s in
Great Britain and the rest of Europe, so they were used for qualitative or quantitative assessment of the air
quality of a given area. Hence, qualitative methods (the method of Van Haluwyn and Lerond (1986) [1], the
illustrated scale of Dalby (1981)[2] and the scale adapted by Tiévant (2001)[3]) and a quantitative method
(atmospheric purity index) of Leblanc and De Sloover (1970)[4] were used for the estimation of the air quality
of the Annaba region, which allowed us to classify the stations studied according to the evaluation of the SO2
rate (ug/m®). From the most polluted stations (such as the city centre) to the least polluted stations (the
reference station, the Edough mountain or Edough Peninsula). This montain abounds in fruticose species
(Ramalina sp.) and foliose species, particularly those that are toxiphobic such as Lobaria pulmonaria. It is
possible to monitor the evolution of the air quality of a region by following the evolution of its lichenic flora.

Keywords— Lichens, qualitative methods, quantitative method, pollution, assessment, Annaba.

I. INTRODUCTION

Lichens are made up of fungi and algae living in true symbiosis: one cannot live without the other
[3]. This lichenic symbiosis is a permanent and harmonious association from the structural point of
view, balanced and beneficial from the nutritional point of view for both partners: algae and fungi [5].
Because sulphur dioxide (SO2) pollution is the easiest to detect and study, it is considered the main
"tracer" of atmospheric and urban pollution [6]. Reference [7] lists certain characteristics of lichens
that have led authors ([8] or [9]) to recognise lichens as good bioindicators of air quality, such as their
particular sensitivity to certain pollutants or an easily observable way of reacting, etc. Thus, lichens
make it possible to establish an extensive and inexpensive observation network in both space and time
[7]. It is in this context that we proposed to use lichen species as biological indicators of air pollution
in the Annaba region. To do so, we have different qualitative and quantitative methods.

Il. THESTUDY AREA

The city of Annaba is located in the east of Algeria, between latitudes 36°30"' North and 37°30'
North, and longitudes 07°20"' East and 08°40' East, with 12 communes with a total area of 1,411.98
km?. It is delimited by the Mediterranean Sea to the North, the wilaya of Skikda to the West, Guelma
to the south and EI-Tarf to the east [10]. It is the industrial capital of eastern Algeria and has long been
subjected to various types of pollutants that spare neither humans nor animals, let alone plants ([11],
[12], [13], [14]).

Five stations were the subject of our study in the Annaba region (Fig. 1):
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Station 1: Fertial (Algerian Fertiliser Company), which is located in the immediate vicinity of the
Fertial Annaba complex (road of the salt flats W56). This phosphate and nitrogen fertiliser complex is
the main source of fluorinated atmospheric emissions (latitude: 36.866058° longitude: 7.767669°)

Station 2: Boukhadra, EL-Bouni, which is located at the entrance of the city Boukhadra, EL-Bouni,
and is exposed to the north-east wind coming from Fertial (latitude: 36.871220°, longitude: 7.74801°)

Station 3: (city centre)

Sub-station 1: The Edough Square (north) in the centre of Annaba (latitude:
36.909359°, longitude: 7.756934°),
Sub-station 2: The Christian Cemetery (latitude: 36.970322° longitude: 7.756702°)

Station 4: Bouhdid Cemetery (latitude : 36.88934°, longitude : 7.712582°)

Station 5: Cork oak forests (northern slopes) of the Edough mountain (latitude: 36.551164°,
7.41555468°).

1. MATERIAL AND METHODS

Sampling was carried out on 6 trees, diversifying the tree species according to the trees available in
the selected stations), in order to optimise the representativeness of lichen diversity [15]. The survey is
carried out on the four sides of each tree using an observation grid consisting of five 10x10 cm meshes
superimposed vertically. The grid is placed at least 1m high to avoid any disturbance of the ground
(Fig. 2). To determine the frequency of each lichen species, their possible presence in the different
grid cells of the observation grid is noted, i.e. a frequency ranging from 0 (species absent) to 5 (species
present in all grid cells).

These frequencies are indicated for each side of the tree on a field sheet, which also mentions the
geographical coordinates of the phorophytes

The Air quality of the Annaba region was assessed using qualitative and quantitative methods by
means of lichen flora.

In the field, lichens are collected by hand or with the help of a knife to gently remove a piece of
bark that supports the thallus (Van Haluwyn et al, 2013). The collected lichens will be individually
wrapped in absorbent paper and placed in small plastic boxes on which we note the date, station, as
well as phorophyte (Tiévant, 2001; Van Haluwyn et al., 2013; Asta et al., 2016).

The identification of lichens is carried out in the field and continued in the laboratory using a
binocular magnifying glass and the usual thallin reactions.

The following references (guidebooks and websites) were used for the identification of lichens:

Guide des Lichens de France, Lichens des arbres [16], Guide des Lichens, 350 espéces de lichens
d’Europe [3], Images of British Lichens [17], and specialised websites ([18], [19]).

The lichens identified follow the nomenclature of reference [20].

Qualitative methods:

The scale for estimating air quality in northern France according to the Method of Van Haluwyn et
Lerond (1986) [1]

The Illustrated Scale of Dalby (1981) [2]

The scale adapted by Tiévant (2001) [3]

Quantitative methods:

The method of I.A.P. (Index of Atmospheric Purity) of Leblanc et De Sloover (1970) [4].

The method for calculating Lichenic Diversity per Station (LDS). It is a quantitative method that
consists of calculating the lichen diversity in each station (DLS) and to do this it is first necessary to
calculate the lichen diversity in each tree (DLA). To carry out these calculations, it is first necessary to
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identify each species present in the grid and then count the number of cells in which the lichen species
is present. A frequency score ranging from 0 to 5 is then obtained [21].
Lichen diversity per tree:

LDT = SFnorth + SFeast + SFsouth + SFwest where SF: sum of frequencies
Lichenic diversity per station:

LDS = (DLA1 + DLA2 + DLA3 + DLA4 + DLA5 + DLAG) / 6
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Fig. 1 Study stations in the region of Annaba
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IV.RESULTS AND DISCUSSION

The results relating to the lichenic flora of the stations studied in the Annaba region are expressed
according to the physiognomy (type of thallus: foliose, crustose.. etc (Fig. 3)) and according to the
systematic classification (orders, families and genera (Fig. 4)).

The first station is poor in lichens. We note the presence of the green alga Pleurococcus viridis and
Nostoc ssp., the absence of fruticulous lichens and the codominance of the crustose lichen Lecanora
conizaeoides and the foliose lichen, Xanthoria parientina, a nitrophilic lichen (roadside as is the case
of station 1). These two lichenic species still belong to two different orders and families (Tab. 1).

TABLE 1
THE LICHENIC FLORA OF STATION 1
Type of

n°® | Name of species Order Family thallus Substratum

Cupressus
1| Xanthoria parietina (L.) Th. Fr. Teloschistales Teloschistaceae Foliose sempervirens

Lecanora conizaeoides Nyl. ex Cupressus
2| Cromb. Lecanorales Lecanoraceae Crustose sempervirens

Unlike green plants, lichens have no cuticle and therefore no stomata and therefore no means of
regulating their exchanges with the atmosphere. Thus, in the event of atmospheric pollution, however
slight, they absorb the pollutants, which may even cause them to disappear. This is why lichens can be
used as bio-indicators of air quality [24].

In the second station, a low number of lichens (4 species) and the dominance of the foliaceous
thallus type was observed: Xanthoria parientina, Physconia grisea, Physcia adscendes being all
nitrophilic lichens, quite toxic-tolerant (very common in urban areas as the case of station 2). On the
other hand, the fourth species Parmeliopsis ambigua, which is a nitrophobic lichen, was only
encountered once (a single specimen on an olive tree very far from the roadside). The lichens recorded
in station 2 (Boukhadra) are grouped into 2 orders only: Teloschistales (75%) and Lecanorales (25%),
and two families: Teloschistaceae and Parmeliaceae (Tab. 2).

TABLE 2
THE LICHENIC FLORA OF STATION 2
Type of
n°® | Name of species Order Family thallus Substratum

Physcia adscendens (Fr.) H.
1| Olivier Caliciales Physciaceae Foliose Olea europea
2| Xanthoria parietina (L.) Th. Fr. | Teloschistales Teloschistaceae Foliose Olea europea
3| Physconia grisea (Lam.) Poelt | Caliciales Physciaceae Foliose Olea europea

Parmeliopsis ambigua (Wulf.)
4| Nyl Lecanorales Parmeliaceae Foliose Olea europea

The Station 3 is split into two sub-stations (1 and 2) located side by side: Christian Cemetery and
Edough Square (North). In this station, foliose lichens dominate (74%) followed by crustose lichens
(21%) and finally leprose lichens (5%). The 12 species recorded in this station are quite diverse,
divided into four orders: Teloschistales, Lecanorales, Candelariales and Peltigerales; and six families:
Teloschistaceae, Physciaceae, Lecanoraceae, Candelariaceae, Cladoniaceae and Collemataceae.
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Fig. 3 Physiognomic spectra by thallus type of stations (stationl, station 2, station 3, station 4)

TABLE 3

THE LICHENIC FLORA OF STATION 3 (SUB-STATIONS 1 AND 2)

Station 1

Composite

Station 4

Type of Sub-
n° | Name of species Order Family thallus Substratum station
Candelariella reflexa
1 | (Nyl.) Lettau Candelariales | Candelariaceae | Crustose Cercis siliquastrum | 2
Cladonia chlorophaea Cupressus
(Flérke ex Sommerf.) sempervirens and 1 and
2 | Spreng. Lecanorales | Cladoniaceae | Composite | Cercis siliquastrum | 2
Collema nigrescens
3 | (Huds.) DC Peltigerales | Collemataceae | Foliose Cercis siliquastrum | 2
Lecanora
argentata (Ach.)
4 | Malm. Lecanorales | Lecanoraceae | Crustose Cercis siliquastrum | 2
Copyright © 2023
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Lecanora
5 | chlarotera Nyl. Lecanorales | Lecanoraceae | Crustose Cercis siliquastrum | 2
Lecanora
conizaeoides Nyl. ex
6 | Cromb. Lecanorales | Lecanoraceae | Crustose Cercis siliquastrum | 2
Leprariaincana (L.)
7 | Ach Lecanorales | Lecanoraceae | Crustose Cercis siliquastrum | 2
Physcia adscendens
8 | (Fr.) H. Olivier Teloschistales | Physciaceae Foliose Cercis siliquastrum | 2
Cercis siliquastrum
Physcia biziana (A. and Cercis 1and
9 | Massal.) Zahlbr. Teloschistales | Physciaceae Foliose siliquastrum 2
Cupressus
Physconia sempervirens and 1and
10 | grisea (Lam.) Poelt Teloschistales | Physciaceae Foliose Cercis siliquastrum | 2
Scytinium
lichenoides (L.)
Otélora, P. M. Jarg. et Cupressus
11 | Wedin. Peltigerales Collemataceae | Foliose sempervirens 1
Xanthoria parietina
12 | (L.) Th. Fr. Teloschistales | Teloschistaceae | Foliose Cercis siliquastrum | 2

In general, the types of thallus represented in the station number 4 are given by the following
values: foliose thallus 47%, crustose thallus 29%, composite and leprose thallus each giving a value of

12%.
TABLE 4
THE LICHENIC FLORA OF STATION 4
Type of
n° Name of species Order Family thallus Substratum
Amandina punctata (Ach.) Fraxinus
1 Frydayet L. Arcadia Caliciales Caliciaceae Crustose excelsior
Fraxinus
2 Candelariella reflexa (Nyl.) Lettau Candelariales Candelariaceae Crustose excelsior
Collema furfuraceum (Arnold) Fraxinus
3 Du Rietz Peltigerales Collemataceae Foliose excelsior
Fraxinus
4 Collema subflaccidum Degel. Peltigerales Collemataceae Foliose excelsior
Fraxinus
5 Collema subnigrescens Degel. f. Peltigerales Collemataceae Foliose excelsior
Fraxinus
6 Collema nigrescens (Huds.) DC Peltigerales Collemataceae Foliose excelsior
Fraxinus
7 Hypogymnia physodes (L.) Nyl. Lecanorales Parmeliaceae Foliose excelsior
Fraxinus
8 Physcia adscendens (Fr.) H. Olivier Teloschistales Physciaceae Foliose excelsior
Fraxinus
9 Physcia biziana (A. Massal.) Zahlbr. Teloschistales Physciaceae Foliose excelsior
Fraxinus
10 | Physcia leptalea (Ach.) DC. Caliciales Physciaceae Foliose excelsior
Fraxinus
11 | Physciastellaris (L.) Nyl. Caliciales Physciaceae Foliose excelsior
Fraxinus
12 | Physconia grisea (Lam.) Poelt Caliciales Physciaceae Foliose excelsior
Fraxinus
13 | Physconiadistorta (With.) Laundon Caliciales Physciaceae Foliose excelsior
Fraxinus
14 | Physconia venusta (Ach.) Poelt Caliciales Physciaceae Foliose excelsior
Fraxinus
15 | Lecanorachlarotera Nyl. Lecanorales Lecanoraceae Crustose excelsior
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Fraxinus

16 | Leprariaincana(L.) Ach Lecanorales Lecanoraceae Crustose excelsior
Fraxinus

17 | Lecanoraconizaeoides Nyl. ex Cromb. Lecanorales Lecanoraceae Crustose excelsior
Scytinium lichenoides (L.) Otalora, P. M. Fraxinus

18 | Jarg. et Wedin. Peltigerales Collemataceae Foliose excelsior
Fraxinus

19 | Xanthoria parietina (L.) Th. Fr. Teloschistales Teloschistaceae Foliose excelsior

Regarding the last station (station 5), the corticolous populations of lichens of the foliose thallus
type (Flavoparmelia caperata, Parmotrema perlatum, Parmelia borreri), and especially fruticulose
ones (the abondant Ramalina farinacea or Ramalina fastigiata, Evernia prunastri, and Teloschistes
Chrisophtalmus), seem to be the best indicators of good air quality in this station. We note the
presence of Usnea ceratina, which seems to grow well on Erica arborea (better than on Quercus
suber on which it was also found), since a few pendulous specimens of about ten centimetres long
were found. For the crustose thallus we find mainly: Lepra amara, Pertusaria pertusa and also
Diploicia canescens, Gyalolechia flavorubescens, in addition to the abundance of Lecanora
chlarotera, Bacidia rubella is present on almost the entire surface of the bark of trees.

The lichenic specimens found in the Edough station are grouped into six orders: Teloschistales,
Lecanorales, Peltigerales, Verrucariales, Pertusariales, Ortospales, comprising twelve families:
Physciaceae, Lecanoraceae, Ramalinaceae, Collemataceae, Cladoniaceae, Teloschistaceae,
Parmeliaceae, Lobariaceae, Verrucariaceae, Pertusariaceae, Pannariaceae, Phlyctidaceae and 26
genera.

TABLES5
THE LICHENIC FLORA OF STATION 5. (*) AND WRITING IN BOLD ARE A NEW RECORDS (UNDER PRESS) FOR THE STUDY AREA (EDOUGH
PENINSULA)
n° Name of species Order Family Type of thallus | Substratum
1 | *Amandina punctata Hoffm. Caliciales Caliciaceae Crustose Quercus suber
Anaptychia cilliaris (L.) Korb. ex A.
2 Massal. Caliciales Physciaceae Fruticulose Quercus suber
3 Bacidia rubella (Hoffm.) A. Massal | | ecanorales Ramalinaceae Crustose Quercus suber
*Blastenia ferruginea (Huds.) A.
4 Massal. Teloschistales Teloschistaceae Crustose Quercus suber
*Collema furfuraceum (Arnold) Du
5 Rietz Peltigerales Collemataceae Foliose Quercus suber
6 | Collema nigrescens (Huds.) DC Peltigerales Collemataceae Foliose Quercus suber
*Cladonia chlorophaea (Florke ex
7 Sommerf.) Spreng Lecanorales Cladoniaceae Composite Quercus suber
8 Evernia prunastri (L.) Ach Lecanorales Parmeliaceae Fruticulose Quercus suber
9 Flavoparmelia caperata (L.) Hale Lecanorales Parmeliaceae Foliose Quercus suber
*Fuscopannaria leucosticta (Tuck. ex
10 | E. Michener) P.M. Jarg Peltigerales Pannariacea Foliose Quercus suber
*Gyalolechia flavorubescens (Huds.)
11 Sachting, Frodén & Arup Teloschistales Teloschistaceae Crustose Quercus suber
12 | *Lecanorachlarotera Nyl Lecanorales Lecanoraceae Crustose Quercus suber
*Lecidella elaecochroma (Ach.) M.
13 Choisy Lecanorales Lecanoraceae Crustose Quercus suber
14 | *Lepraalbescens (Huds.) Hafellner | pertysariales Pertusariaceae Crustose Quercus suber
15 | Lepraamara (Ach.) Hafellner Pertusariales Pertusariaceae Crustose Quercus suber
16 | Lobariaamplissima (Scop.) Forssell. | peltigerales Lobariaceae Foliose Quercus suber
17 | Lobariapulmonaria (L.) Hoffm. Peltigerales Lobariaceae Foliose Quercus suber
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18 | Nephroma laevigatum (Ach.) Ach. Peltigerales Peltigeraceae Foliose Quercus suber
*Normandina pulchella (Borrer.)

19 | Nyl Verrucariales Verrucariaceae Squamulose Quercus suber
*QOchrolechia androgyna (Hoffm.)

20 | Arnold Pertusariales Ochrolechiaceae Crustose Quercus suber

21 | Parmeliasulcata Taylor Lecanorales Parmeliaceae Foliose Quercus suber

22 | Parmelina pastillifera (Harm.) Hale | | ecanorales Parmeliaceae Foliose Quercus suber
*Parmotrema perlatum (Huds.) M.

23 Choisy Lecanorales Parmeliaceae Foliose Quercus suber
Parmotrema reticulatum (Taylor) M.

24 | Choisy Lecanorales Parmeliaceae Foliose Quercus suber

25 | *Pectenia plumbea (Lightf.) Peltigerales Pannariacea Foliose Quercus suber

26 | *Pertusaria coccodes (Ach.) Nyl Pertusariales Pertusariaceae Crustose Quercus suber

27 | Pertusaria pertusa (Weigel) Tuck. Pertusariales Pertusariaceae Crustose Quercus suber
Phaeophyscia orbicularis (Neck.)

28 | Moberg Caliciales Physciaceae Foliose Quercus suber
Physcia aipolia (Ehrh. ex Humb.)

29 | Furnr. Caliciales Physciaceae Foliose Quercus suber

30 | Physcialeptalea (Ach.) DC. Caliciales Physciaceae Foliose Quercus suber

31 | Physconiadistorta (With.) Laundon | caliciales Physciaceae Foliose Quercus suber
Physconia perisidiosa (Erichsen)

32 Moberg Caliciales Physciaceae Foliose Quercus suber

33 | Physconiavenusta (Ach.) Poelt. Caliciales Physciaceae Foliose Quercus suber
Pleurostitca acetabulum (Neck.) Elix

34 | & Lumbsch Lecanorales Parmeliaceae Foliose Quercus suber

35 | Punctelia subrudecta (Nyl.) Krog Lecanorales Parmeliaceae Foliose Quercus suber

36 | Ramalinacanariens J. Steiner Lecanorales Ramalinaceae Fruticulose Quercus suber

37 | Ramalinafarinacea (L.) Ach Lecanorales Ramalinaceae Fruticulose Quercus suber

38 | Ramalinafastigiata (Pers.) Ach Lecanorales Ramalinaceae Fruticulose Quercus suber

39 | *Ramalinafraxinea (L.) Ach. Lecanorales Ramalinaceae Fruticulose Quercus suber

40 | *Ramalina pollinaria (Westr.) Ach. | [ ecanorales Ramalinaceae Fruticulose Quercus suber

41 | *Scytiniumlichenoides (L.) Otalora | peltigerales Collemataceae Foliose Quercus suber
*Teloschistes chrysophthalmos (L.)

42 | Th.Fr Teloschistales Teloschistaceae Fruticulose Quercus suber

43 | *Usnea ceratina Ach. Lecanorales Parmeliaceae Fruticulose Quercus suber

44 | Xanthoria parietina (L.) Th.Fr. Teloschistales Teloschistaceae Foliose Quercus suber
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Fig. 4 Systematic spectra of the five surveyed stations

Air quality assessment using qualitative and quantitative methods
< Qualitative methods
e The scale for estimating air quality in northern France according to the Method of Van
Haluwyn et Lerond (1986)[1]

SOy is considered the main "tracer” of industrial and urban air pollution. Therefore, SO, pollution is
the easiest to track and study.

The air quality assessment of our study area (station 1: Fertial (Algerian Fertiliser Company),
station 2: Boukhadra (a municipality next to Fertial); station 3: Christian Cemetery (City centre of
Annaba)and Square de I'Edough Nord (In front of the Christian Cemetery), station 4: Bouhdid
Cemetery (at the foothills of the Edough mountain), station 5: which is the reference station, Edough
Montain or Edough Peninsula) according to the method of Van Halwyun and Lerond [1] is given in
Table 6. A variation in air quality was observed between the five stations studied:

Station 1 (Fertial) was considered to be a very heavily polluted station, which places it in class "B".

The 2nd station (Boukhadra) has been classified in zone "E" because its air pollution is estimated to
be medium.

Station 3, subdivided into two juxtaposed substations (Christian Cemetery, Square de I'Edough
"North™), is estimated as a station with moderately low pollution, placing it between two classes "E-
F". The same observation was made for the Bouhdid station (station 4) even though the number of
lichens recorded in the latter is higher (19 taxa) than that of station 3.

The reference station (Edough Peninsula) has low to very low pollution; placing this station
between classes F and G.

TABLE 6

ESTIMATION OF THE AIR QUALITY OF THE STATIONS ACCORDING TO THE METHOD OF VAN HALUWYN AND LEROND [1]

Class 50, Pollution Station Lichen species present according to the air quality assessment scale of Van

Haluwyn and Lerond [1]

B Very heavy pollution 1 Pleurococccus virdis ; Leanora conzaeiodes; Xanthoria parietina
E Moderate pollution 2 Physcia adscendens; Xanthoria parietina
Moderately low Physcon!a grisea, Lepran_a incana _ _ _
E-F pollution 3 Physconia grisea, Lepraria incana, Xanthoria parietina, Lecanora conizaeoides,
Physcia adscendens
E-F hAlEE e by (@ 4 Physcia adscendens; Xanthoria parietina; Physconia grisea; Lepraria incana

pollution
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Low to very low Anaptychia cilliaris, Parmotrema perlatum; Ramalina farinacea, Ramalina

=6 pollution 5 fraxinea, Physcia aipolia, Flavoparmelia caperata, Ramalina fastigiata

e Dalby's Illustrated Scale [2]
The results of the estimation of air quality in our five study stations, according to the scale of Dalby
[2]are recorded in Table 7.

According to the lichen species identified in station 1 (Fertial), the rate of atmospheric pollution is
estimated between 150 and 70 pg/m?® of SO..

In the station 2 (Boukhadra), the rate of atmospheric pollution is estimated between 70 and 60
pg/m? de SO,.

According to the resenced lichen specimens in the station 3, the rate of atmospheric pollution varied
between 50 and 150 pg/m® de SO,

In the fourth station (Bouhdid), the SO; level is estimated at more than 50 pg/m?.

Thanks to the presence of lichen species sensitive to pollution according to the air quality estimation
scale of Van haluwyn and Lerond (1986), such as: Usnea ssp., Lobaria ssp. or Pectenia plumbea
(previously known as), the estimated SO, level at reference station 5 (Edough Penninsula) is [30-35]

to 5 pg/m?.
TABLE 7
ESTIMATION OF STATION AIR QUALITY ACCORDING TO THE ILLUSTRATED SCALE OF DALBY [2]
SO, pg/m? Station Lichen species present according to Dalby's Air Quality Assessment Scale [2]
150-70 1 Pleurococccus virdis ; Leanora conzaeiodes; Xanthoria parietina
70-60 2 Physcia adscendens; Xanthoria parietina, Parmeliopsis ambigua,
Physconia grisea, Physcia biziana
150- >50 8
Physconia grisea, Xanthoria parietina, Lecanora chlarotera; Physcia adscendes
>50 4 Xanthoria parietina, Lecanora chlarotera; Physcia adscendes, Leprariaincana
5 Parmotrema perlatum, Lobaria pulmonaria, Ramalina fraxinea, Ramalina
35-30t05 calicaris,Ramalina fastigiata ,Physcia aipolia, Degelia plumbea

e The scale adapted by Tiévant (2001) [3]

According to the air quality assessment scale adapted by Tiévant [3], which classifies areas (ranging
from 1 to 10) according to the estimated SO- level based on the presence of specific lichen species, we
estimate the air quality of our 5 study stations as follows (Table 8):

v’ The 1% station (Fertial) corresponds to the 4th zone of the adapted Tiévant scale [3] with an
estimated SO, value of about 70 pg/m®.

v' Depending on the lichen species growing in station 2 (Boukhadra), the SO- level is
estimated to be between 50 pg/m® and 60 pg/m®, which corresponds to zones 5 and 6
respectively, of the adapted scale of Tiévant [3]. The same estimate is noted for station 4
(Bouhdid Cemetery).

v/ Concerning station 3 (Christian Cemetery and Square de I'Edough Nord) and according to
the lichenic species recorded, it corresponds to zone 4 with an estimate of SO, of
approximately 70pg/m?®,

v' The reference station 5 (Edough Peninsula) is classified in the 9" zone (on a scale of 10
zones) with a SO, value of about 30pug/m? according to the lichen species recorded.
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TABLE 8

THE SCALE ADAPTED BY TIEVANT (2001) [3]

Lichen species present according to the scale adopted for estimating air quality

zone SOz ug/m* | station by Tiévant [3]
4 |70 approximately 1 Pleurococccus virdis ; Leanora conzaeiodes; Xanthoria parietina
5and 6 (50-60) , Physcia adscendens; Xanthoria parietina, Parmeliopsis ambigua, Physconia grisea
70 approximately Physconia grisea, Physcia biziana, Lepraria incana
4 3

Lepraria incana, Xanthoria parietina, Lecanora chlarotera; Physcia adscendes

5and 6 (50-60) 4 Xanthoria parietina, Lepraria incana,Lecanora chlarotera,
Physconia grisea,Physcia adscendens

Pertusaria albescens, Lobaria pulmonaria, Ramalina fraxinea,
9 |30 approximately 5 Ramalina calicaris,Ramalina fastigiata, Physcia aipolia, Anaptychia
ciliaris; Physcia leptalea

In general, the comparison of the three qualitative methods (Van Haluwyn and Lerond's method [1],
Dalby's illustrated scale [2] and Tiévant's adapted method [3]) shows that:

> Station 1 (Fertial): is classified as a very heavily polluted area up to a SO, value of 150ug/m?®.

> Station 2 (Boukhadra): is considered as a medium pollution zone around SO, of 60ug/m®.

> Station 3 (Christian Cemetery and Square de I'Edough Nord) as well as station 4 (Bouhdid
Cemetery): is considered as a "medium" low pollution area around an SO value of 70-
50ug/m®.

> Station 5 (Edough Park): this station is classified as a low to very low pollution zone with the

presence of Anaptychia cilliaris, Permotrema perlatum, Physcia aipolia, Ramalina fraxinae,
Lobaria pulmonaria, Ramalina calicaris, which according to Dalby's scale [2] grows in zones
below 5ug/m? as well as the presence of Usnea ceratina and Pectenia plumbea, which testify

to the good air quality of the Edough mountain.

< Quantitative methods
In order to estimate the air quality in the studied stations, two quantitative methods were used: the
first one is based on the calculation of the index of atmospheric purity (1.A.P.) of each station which
aims to evaluate the air quality according to a scale, the second method consists in calculating the
index of Lichenic Diversity per Station (LDS).
¢ The method of LLA.P. (index of atmospheric purity) of Leblanc et De Sloover [4]
The results of the atmospheric purity index (A.P.1.) obtained respectively for each station and which
are recorded in table 9 (Tab. 9), show in a global way, the air quality of each of them (Fig. 5).

According to the scale established by reference [25] or [26], it appears that :

» Station 1 (Fertial) and station 2 (Boukhadra) have a low I.A.P. which translates into a very
high atmospheric pollution (7.4 and 8.6 between [0-15]), hence a limited presence of the
number of lichen species.

»> On the other hand, station 3 (sub-station 1: Square de I'Edough Nord, sub-station 2:
Christian Cemetery) is subject to a moderately polluted atmosphere due to their moderately
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high I.LA.P. values (27.7 and 34.7, i.e. an average of : 31.2, thus an |.A.P. between [30-45]
classifying this station in a mediumair pollution area (Tab.20).

» As for station 4, its [.A.P. value is quite high at 85.9 (> 60 according to the scale) which
shows that the pollution is very low translating the good air quality of this station.

» Similarly for station 5 (Edough National Park) whose I.A.P. is > 100, which translates into
an important number of lichenic specimens compared to the other stations studied but also
by the presence of lichens typically indicative of good air quality.

I.LA.P B station 1
200 - 200 m station 2
150 .

100 859 station 3

500 -- 7’4 8,6 31,2 ] .
station 4

Q& A — |

) &) . .

* & & ™ Stations W station 5
& > O o o
& 3 S &
3 P

Fig. 5 Results of the air quality assessment using the quantitative method (Index of Air Purity I.A.P.)

TABLE 9

SCALE OF CORRESPONDENCE BETWEEN THE |.A.P. AND AIR POLLUTION

Atmospheric I.LA.P. (Index of the air purity) Station
pollution
0-15 S1and S2
30-45 S3
>60 S3 and S4

¢ The method for calculating lichen diversity per station (LDS)

The indices of lichenic diversity per station, are recorded in the figure 6 and compared between
them. Although the number of species seems to differ from one station to another, the index of
lichenic diversity of certain stations (S1: Fertial, S2: Boukhadra) is identical, but remains much lower
than that of the reference station, in this case the Edough station (S5): more than 13 times lower. This
leads us to say that the stations of Fertial and Boukhadra (S1 and S2) are the most polluted and the
poorest in terms of lichen diversity, followed by station S3 and S4 which are respectively 6 and 3
times less diverse in lichens than station 5 (Edough).
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Fig. 6 Results of the air quality assessment using the quantitative method The index of Lichenic Diversity per Station (LDS)

As reported by the reference [27], the better the air quality of the environment, the more species will
be able to thrive and the higher the lichenic diversity per station; and conversely, the more limiting the
environmental conditions, the fewer species will be able to survive and the lower the lichenic
diversity.

V. CONCLUSION

It appears from the use of lichens as an indicator of abiotic stress, in this case air pollution, in the
stations studied (stationl Fertial; station2 Boukhadra, station3 Edough North Square and Christian
Cemetery, station4 Bouhdid Cemetery and station5 Edough Peninsula):

Significant reduction in the number of species in station 1 (Fertial) which is considered to be
poIIut3ed (source of fluorinated and plumbed air pollution) and where the SO level is estimated at 150
po/me.

Stations 2 and 3 are intermediate (average pollution) between stations 1 and 4, as they are more
exposed to north-east winds, especially as station 3 is only separated from Fertial (Algerian Fertiliser
Company) by the Mediterranean Sea

The Bouhdid cemetery station is considered to be a moderately polluted place located between the
reference station (Edough) and the most polluted station, namely station 1 (Fertial)

The abundance of fruticulous and foliaceous lichens in station 5 (Edough) gives an idea about the
good air quality of the station and especially the presence of some specimens:

Usnea ceratina, Teloschistes chrysophtalmus, Lobaria pulmonaria Pectenia plumbea (a new
species in the study area) and Fuscopannania leucosticta (a species rediscovered in Algeria), which
are particularly sensitive to pollution.
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Abstract— The study considers the laminar steady axisymmetric flow of an incompressible Carreau fluid in a circular
pipe, maintained at a constant and uniform wall temperature. The dimensionless governing equations, i.e. continuity,
momentum and energy equations, are discretized using the Finite Volume Method and resolved by means of a
homemade computer code. The study focuses on the effect, on heat transfer, of both viscous dissipation and
temperature-dependency of the fluid’s viscosity. The results show that neglecting viscous dissipation for both isoviscous
and thermodependent fluid leads to underestimate heat transfer.

Keywords— Carreau fluid, thermodependent viscosity, viscous dissipation, finite volume method, circular pipe.

I. INTRODUCTION

Some fluids such as polymers are well described by the rheological model of Carreau-Yasuda. Thus, many
studies have been undertaken considering the flow of this non Newtonian fluid within various geometries.

Khellaf and Lauriat [1] studied the forced, mixed and natural convection of a Carreau fluid within a short
annulus with a heated and rotating inner cylinder and a cooled and fixed outer cylinder. Their results show that the
shear thinning effect decreases the friction factor at the rotating cylinder and increases the heat transfer through the
annular.

Abbasi et al. [2] undertook a numerical study on the effect of applied magnetic field on the peristaltic transport
of a Carreau-Yasuda fluid in a curved duct. They found that the fluid velocity is not symmetric about the centreline
for small values of curvature parameter and that the increase of the Hall parameter value balances the magnetic
effect of applied magnetic field.

Rousset et al. [3] analyzed the temporal stability of a Carreau fluid flow along a tilted plate plane. They
highlighted the effect of shear-thinning fluid’s properties on the definition of the stability kind. They found also
that the critical Reynolds number for this fluid is smaller than the one corresponding to Newtonian fluids.

Lounis et al. [4] studied numerically, the thermosolutal convection of a Carreau-Yasuda fluid within an inclined
square cavity by considering Soret and Dufour effects. The active walls are subject to constant and uniform
concentrations and temperatures whereas the other walls are impermeable and adiabatic. The results show that the
increase of the time constant parameter as well as the decrease of the ratio of infinite-to zero-shear-rate viscosities
enhance thermal and mass exchange for various values of the flow index. In addition, the rise of the orientation
angel from 0° to 90° increases heat and mass transfer rates.

Bilal et al. [5] analyzed the magnetic dipole and heat transmission through ternary hybrid Al,O3/SiOx/TiO,-
Carreau-Yasuda nanofluid flow across a vertical stretching sheet. The heat transfer and velocity were analysed by
considering the effect of heat source/sink and Darcy Forchhemier. Among the results, they found that the increase
of the flow index increases the skin friction and the Nusselt number. Also, the rising effect of Darcy Forchheimer’s
term and porosity constant decreases the velocity outlines and finally, the ternary hybrid nanofluid have a greater
tendency to increase the energy transmission across a vertical plate in comparison to the base fluid.

It can be seen that there is few studies regarding the Carreau-Yasuda or Carreau fluid flow within a pipe and
moreover, by considering the effect of viscous dissipation. For this purpose, the present numerical study deals with
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the analysis of thermal exchange through the flow of a temperature-dependent Carreau fluid within a pipe, by
considering viscous dissipation.

Il. MATHEMATICAL FORMULATION AND NUMERICAL MODELLING

Let’s consider the laminar steady axisymmetric flow of an incompressible Carreau fluid in a pipe of a circular
cross section. The pipe is of length L and radius r and is maintained at a constant and uniform wall temperature
Tw. The fluid is assumed to be of constant physical and rheological properties except for the apparent viscosity
which is considered thermodependent. Viscous dissipation will be considered, by taking both cases of wall heating
and wall cooling.

A. Mathematical Formulation

The dimensionless governing equations, i.e. continuity, momentum and energy equations are, respectively, given
in cylindrical coordinates by:
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The apparent viscosity of Carreau fluid is given, in its dimensionless form by the following law, proposed by
Bird at al. [6]:

= (1+We Y)2—| (6)
app "_ ’ i U

Where We represents the Weissenberg number and n is the flow index.

To complete the system of governing equations, we consider as steady boundary conditions, a uniform axial

velocity and temperature at the inlet (U = 6 = 1, V =0), no-slip conditions are applied at the wall along the pipe
where a %lprr%\yvallaéempgrature is assumed (U V = 0 = 0) and finally, at the symmetry plan (6 = 0), we
consider:

|K8X oX oX U
B. Numerical Modelling and validation of the computer code

The governing equations with the corresponding boundary conditions are solved numerically using the finite
volume method proposed by Patankar [7]. Thus, these differential equations are transformed in algebraic equations
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which are solved by means of the line by line method.
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The grid adopted in the present study is non-uniform and consists, after studying the sensitivity of the results to
the mesh, of 250 nodes in the X direction and 50 nodes in the R direction. The convergence criterion, which is
based on the residual, is set to 107 for both velocity components and temperature and to 107 for pressure.

Since there is few works regarding the Carreau fluid’s flow within a pipe, to validate our computer code, we
considered the limit case of a Newtonian fluid (n = 1). Thus, our results, concerning the axial evolution of the
Nusselt number, were compared to those of Min et al. [8]. The comparison, illustrated in Fig. 1, shows a good
agreement between both results since the relative gap does not exceed 1.8%.

20

Present study

’a Min et al. [8]

16 -
14 -

< 12-

Nu

0.1 1 10
X

Fig. 1 Axial evolution of the local Nusselt number. Re =50, Pr=1, n=1.

I11. RESULTS AND DISCUSSION

The present study focuses on the analysis of the effect of neglecting viscous dissipation when the Carreau fluid is
considered isoviscous and thermodependent.

Viscous dissipation is an energy source, represented by the Brinkman number (Br). Taking this function into
account in the energy equation, leads to significant modifications on heat transfer behaviour, especially for viscous
Newtonian and non Newtonian fluids.

A. Case of a Isoviscous Fluid

Fig. 2 represents the effect of the Brinkman number on the axial evolution of the Nusselt number, by considering
both cases of wall heating (Br < 0) and wall cooling (Br > 0).

The figure shows a pronounced decrease of the Nusselt number from the inlet until reaching an asymptotic value
which corresponds to the fully developed flow. For both heating and cooling, this value is single and is equal to
11.07, which is greater than the one obtained when viscous dissipation is neglected (Br = 0), i.e. 3.79.

Heat transfer is improved by the increase of the Brinkman number. Thus, neglecting viscous dissipation leads to
undervalue heat transfer about 192% comparing to the case where viscous dissipation is neglected.

Note that in the case of wall heating (Br < 0), the curves present a discontinuity, with the existence of negative
values of the Nusselt number due to the change in heat direction.
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Fig. 2 Axial evolution of the local Nusselt number for various values of the Brinkman number. Re = 40, Pr = 10, n = 0.7, We = 20.

B. Case of a Thermodependent Fluid

The curves of Fig. 3 which represent the axial evolution of the Nusselt number when the fluid’s apparent
viscosity is thermodependent, show a decrease of the Nusselt number to reach different asymptotic values
according to heating (Br < 0 ; a* > 0) or cooling (Br > 0 ; a* < Q) cases. Indeed, contrary to the case of a constant
viscosity, an asymptotic value of the Nusselt number is obtained for each value of the Brinkman number as the

fluid is temperature-dependent.

It is interesting to note also that in the developing region, the increase of the Brinkman number enhances heat
transfer in the cooling case and worsens it in the heating case. However, in the fully developed region, heat transfer
is improved when the Brinkman number decreases in absolute value, for both heating and cooling cases.

80 -
60 .\
404\

20

7 isoviscous
Br=0

Br=+10
Br=+7

——Br=+5

a*=-0.4

Br =0 isoviscous
Br=-5

Br=-7

Br=-10

a* =+0.4

0.1

100 1000

Fig. 3 Axial evolution of a temperature-dependent Carreau-Yasuda fluid’s Nusselt number via the Brinkman number. n = 0.7, Re = 40, Pr = 10, We = 20.
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IV.CONCLUSIONS

A numerical study based on the finite volume method was undertaken for a steady laminar forced convection
flow of a Carreau fluid within a circular pipe maintained at a uniform wall temperature.

The study focused on the effect of viscous dissipation on heat transfer rate in the pipe, by considering an
isoviscous fluid and a thermodependent one. The results show that heat transfer is strongly affected by viscous
dissipation for both cases.

Thus, it is not rigorous to neglect viscous dissipation in calculation especially, when dealing with viscous fluids
such as those obeying the rheological model of Carreau.
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NOMENCLATURE
Brinkman number, =n Vz/k(T -T ) Greek symbols:
specific heat at constant pressure, J. kg™ K2 p  densityof the fluid, kg.m*
pipe diameter, m o Y shearrate, s
fI_U|d thermal conductivity, W.m=.K ”Y* dimensionless shear rate, —yD /\/
pipe length, m 0
flow index n  effective viscosity, Pa.s"
Nusselt number, _ 1 00 Napp dimensionless effective viscosity, =n Ko
0, 0R | zoos No  Viscosity at zero shear, Pa.s
Prandtl number, =mn, C, Vo/ A therelaxation time, s
dimensionless pressure, = sz 0 dimensionless temperature, = (T - Tw) / (To - Tw)
/ Om dimensionless mean temperature, = (Tm-Tw)/(To-Tw)

radial coordinate, m
dimensionless radial coordinate, = r/D

Re Reynolds number, =pV, D Jo

T

temperature, K

Tm dimensional bulk temperature, K

To

inlet and reference temperature, K

Twwall temperature, K

U
\%

Vy x-component velocity, m.s*

dimensionless x-component velocity, = V,V,
dimensionless r-component velocity, = V,/ Vo

V: r-component velocity, m.s*

Vo inlet velocity, m.s?

We Weissenberg number, =1 D V,

X axial coordinate, m /

X dimensionless axial coordinate, =x D

/
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Abstract:

The present paper concerns a new mathematical approach to analyse the influence of the effective
parameters on the performance of direct evaporation from a porous layer. The ambient air flows
over a porous material, fed with water. The evaporation of an amount of water into the air reduces
its temperature and, at the same time, raises the air’s humidity. A mathematical model that accounts
for simultaneous heat and mass transfer characteristics in the ambient air and water flow in
corporating non-Darcian model in the porous region within vertical parallel walls is presented. The
solution of the mathematical model is based on the finite volume method and the velocity-pressure
coupling is treated with the SIMPLE algorithm. The results showed that the porous evaporative
cooler could meet the cooling requirements in arid climates. An average drop of 15 °C of air
temperature below the ambient temperature can be reached at the considered conditions. Therefore,
the ambient air is satisfactorily cooled. Furthermore, the better cooling performance can be achieved
for a high porosity with a thick porous medium and lower air velocity at the entrance.

Key words: evaporative cooling, non-Darcian Model, porous ceramic, vertical walls, mixed

convection.
Nomenclature Qs sensible heat flux density (W.m?)
A area, m? Q total heat flux density (W.m)
C inertia parameter. Re Reynolds number
Cp specific heat of the fluid at constant T temperature, (K)
pressure, (J.kg 1.K™) Uo gas inlet velocity, (m.™)
d porous layer thickness, (m) Vx longitudinal velocity, (m_.ls‘l)
Dy hydraulic diameter, (m) Vy transverse velocity, (m.s™)
D mass diffusivity, (m?.s2) w mass vapour fraction,
g gravitational acceleration, (m.s?) X longitudinal coordinate, (m)
H channel width, (m) y transverse coordinate, (m)
hig latent heat of vaporization, (J.kg™)
K permeability of the porous layer, (m?) Greek symbol_s_ . 4
k thermal conductivity, (W.m™.K%) B coefficient of thermal expansion, (K™)
L channel length, (m). p density, (kg.m™) _
mc liquid mass flow rate, (kg.m™.s™) ¢ relative humidity of the air-vapour
m’;  evaporative mass flux, (kg.m?.s™?) mixture.
Mr  evaporation rate of mixture € porosity
P pressure, (Pa) u dynamic viscosity, (kg.m™.s™).
Q latent heat flux density (W.m?) & cooling efficiency.

Copyright © 2023
ISSN: 1737-933442 41


mailto:sellami_karima@yahoo.fr

Conférence Internationale sur les Sciences Appliquées et I'Innovation (CISAI-2023)
Proceedings of Engineering & Technology-PET-Vol 77

m mixture
Indices and exponents out  channel outlet
0 inlet S solid
a air v vapour
e effective w wall
I interface
L liquid

Introduction :

- The Double-diffusive convection in porous media are attracting increasing interest for several
decades, where the fluid flow is induced by the simultaneous presence of heat and mass transfer. A
considerable amount of research has been reported on double-diffusive convection since of its many
engineering and technology applications. To enhance the heat and mass transfer, researchers have
developed a diversity of effective strengthening heat transfer technologies, such as changing the
surface structure using the corrugated wall to increase the heat exchange surface; introducing
nanoparticle to change fluid characteristics; and so on. Porous media, as an efficient tool, is also
used commonly to enhance heat transfer in many engineering applications because of its high
thermal conductivity.

Wan et al. (2018) developed a new method to determine the heat and mass transfer coefficients in
the counter-flow dew point evaporative cooler under diverse climatic. The authors investigated the
effects of the various conditions on the heat and mass transfer coefficients, including climatic,
operating and geometric conditions. Their results showed the capability of the dew point evaporative
cooler to achieve higher cooling effectiveness. In addition, the new method provide the accurate
data to realize optimum design of the dew point evaporative cooler.

Recently, Sohani et al. (2018) presented a comparative analysis of various kinds of heat and mass
exchangers to determine the best design of dew point evaporative coolers at diverse climatic
conditions. It was found that the counter regenerative configuration was the ideal choice in very hot
and dryareas, while in other investigated climates; the cross configuration was the better alternative.

Dai and Sumathy (2002) investigated a cross-flow direct evaporative cooler with wet honeycomb
paper as the packing material. The system was expected to act as both humidifier and evaporative
cooler that can create a comfortable indoor environment in arid regions. They presented a
mathematical model, which was validated experimentally for theoretical prediction of the system
performance. Later, a simplified mathematical model was developed by Fouda and Melikyan (2011)
to describe the heat and mass transfer between air and water in a direct evaporative cooler. The
relationship between the cooling efficiency and its influence factors for the direct evaporative cooler
with porous, durable honeycomb papers as a pad material was considered. The effectiveness of
evaporative cooling has been proved in different climatic situations, not only in hot and dry regions
where it was initially applied (Dabaieh et al., 2015; Kharrufa and Adil, 2012) but also in hot and
humid regions (Zhang et al., 2015, 2016).

In addition, several passive evaporative cooling systems such as intermittent evaporative roof
cooling (Alturki and Zaki, 1991; Wang et al., 2008) and two-stage indirect/direct evaporative
cooling (Al-Juwayhel et al., 2004; Jain, 2007) have been investigated in order to enhance the cooling
effect in an evaporative cooling system and to reduce the dissipated energy caused by the inherent
heat and mass transfer resistance need to be achieved in all these systems. Therefore, some physical
guantities are necessary to be defined to estimate the cooling ability of the evaporative system and
to measure the endothermic ability dissipation during the process. Very recently, Zhang et al. (2017)
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presented a novel approach for modelling and analysing the influence of evaporation on roof thermal
performance. A multivariate nonlinear model was developed for the prediction of the evaporation
rate from a poroustile. Their study focused on a numerical method rather than heat and mass transfer
model itself, and a complete discussion about mathematical models was avoided.

A theoretical analysis to free evaporating cooling in unsaturated porous packed bed in houses or
buildings was presented by Liu et al. (1995). The simultaneous heat and mass transfer in the porous
media unsaturated with liquid was numerically simulated. He et al. (2009, 2010) constructed a
passive evaporative cooling wall out of moist void bricks, and Chen et al. (2015) for a pipe-shaped
porous ceramics that were capable to absorb water and allowed wind penetration, which
consequently reduced their surface temperature via water evaporation. Other authors used ceramic
as porous materials. Indeed, Riffat and Zhu (2004) combined porous ceramic and heat pipe into an
indirect evaporative cooler. Ibrahim et al. (2003) have built several prototypes of wet porous ceramic
materials for building cooling. Achievement of this indirect evaporative cooling has been affected
by passing air through a wet porous medium plate.

The main objective of this work is to investigate the heat and mass transfer during the evaporation
of liquid film by mixed convection of humid air in a vertical channel with porous wet wall. The
liquid and air streams are modeled as two coupled laminar boundary layers incorporating non-
Darcian models of the inertia and boundary effects. The governing equations and the associated
boundary conditions are discretized by means of the finite volume method implemented on a
staggered mesh and the velocity pressure coupling is processed by the SIMPLE algorithm.

Problem Formulation.

Our model consists of a vertical channel formed by two plates of length L = 3 m, spaced by a
distance H = 0.04 m (Fig. 1). The internal left wall is assumed adiabatic and covered with a porous
material of thickness d, permeability K, and porosity €. The plate is wetted by a falling water film
with an inlet temperature To;Land inlet mass flow rate mo;L, used as a porous evaporative plate. The
second plate is adiabatic and dry. A laminar ambient air flows along the channel with a uniform

velocity Uo, temperature To, and relative humidity ¢o.
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T
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I
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Figure 1: Schematization of the physical problem and boundary conditions
- Basic equations for the liquid film

Copyright © 2023
ISSN: 1737-933444 43



Conférence Internationale sur les Sciences Appliquées et I'Innovation (CISAI-2023)
Proceedings of Engineering & Technology-PET-Vol 77

o V) pC 2 (1)
0__pLg+8y| ] ByJ_KVX \/7Vx
o or
(vaXc T)= |k _W (2

- Basic equations for gas flow
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Boundary conditions and used expressions

The boundary conditions associated with this problem, are given as follow:

At the inlet: x=0

For the liquid  O<y <d: T=ToL ML= Mo,L (8)

For the gas d< y <H: vX,m = UO,m Vy,m =0 T= TOVm (I) = (I)Oym (9)

At the walls:

y=0: Vi =0 al o (10)
Y |,-0

y = H: nym :Vy,m =( a -0, oW -0 (11)
ay y=H ay y=H

At the outlet: x=L and d<y<H

NV _dVy _aT W g (12)

OX OX OX OX
At the interface: y=d

The solution from the liquid side and gas side satisfies the following interfacial matching conditions:

— Continuities of velocity and temperature
Vx,l = V)(,I,m = Vx,l L TI :Tl,m :TI,L (13)
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— Continuity of shear stress

v=luov, 1 =luov'l (14)
L &) [
— The transverse velocity component of the air-vapour mixture at the interface is calculated
by :
___Dm oW (15)
¢ 1-Wi oy |
Résultats :

This study investigates the characteristics of heat and mass transfer process between two vertical
parallel walls with a wetted porous wall used as an evaporative cooler, with particular emphasis on
studying the factors affecting the thermal and mass performances. Evaporative cooling is a heat and
mass transfer process that uses water evaporation for air-cooling, in which a large amount of heat is
transferred from air to water, involving consequently, a decrease of ambient air temperature and a
rises of its relative humidity.

18 T T T T T T T
—D—To=40°C;¢ =60%;e~0.3 _"_T0=35°C; (1)0:&50%;8:0.3
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Figure 2 : Variation of the temperature drop as a function of the inlet airflow for various
considered parameters

Figure 2 shows the variation of the temperature deference between the inlet and the outlet of the
channel, as a function of the airflow at the inlet, and this, for different values of the temperature and
humidity of the air at the entrance as well as the thickness of the porous layer.

This figure shows that the increase of the inlet air mass flow induces the decrease of the temperature
deference. Indeed, at high airflow at the entrance, the required contact time between the air and the
surface decreases. As a result, the gas temperature on the channel axis decreases due to evaporation.
The most intense decrease is observed for low values of the airflow at the entrance. Indeed, for a
flow of air mGO < 70 kg.m-1.h-1, the difference in temperature decreases slightly. It is also noted
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that for fixed moisture and porosity, the air-cooling is improved for high values of inlet air
temperature and porosity. Regarding the effect of air humidity at the inlet, we note that its increase
deteriorates the performance of cooling, since a small differences in temperature are noted.

The effect of the inlet air parameters as well as the characteristics of the porous layer on the
evolution of the difference of the relative humidity of the ambient air between the inlet and the outlet
of the evaporative cooler are represented in Figures 5 and 6.

The figures show that the difference in the humidity of the air decreases as a function of the air flow
at the inlet. This decrease is more important as the air flow at the entrance is large. It should be
noted in Figure 5 that the effect of the parameters considered, namely: temperature and porosity, is
small on the relative humidity however, the relative humidity of the air is more important.
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Figure 3 : Variation of the air relative humidity drop as a function of the airflow.

Conclusion:

- This paper presents a two dimensional numerical study to describe heat and mass transfer during
the evaporative cooling process from porous media. This article has reported the investigation of
the effect of the imposed inlet air mass flow, porous layer thickness and porosity on the evaporative
cooling performance.

The results show a drop in the temperature of air proportional to the sensible heat and an increase
in humidity proportional to the latent heat drop. The lower ambient relative humidity causes a high
evaporation rate in the porous evaporative cooling plate. Moreover, the increase in the thickness of
the porous layer causes the increase of the temperature difference between the porous media and the
ambient air.
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Abstract

This work presents an experimental research of the influence of the three important parameters
(frequency, amplitude, abrasive size) on surface roughness during tribofinishing treatment.

The process of tribofinishing is investigated as a means to reach a state of quality for the surface
treated, this work consists in treatment on cylindrical samples of AA 2017 aluminium alloys in order to improve
the surface state, using Box-Behnken design which is a power full tool for experimental design is used to
optimize the process parameters. Box-Behnken design method as well as analysis of variance (ANOVA) is used
to analyze the influence of parameters of treatment on surface roughness Ra.

The optimum process parameters for minimum surface roughness in tribofinishig process have been
obtained and validated with the experiments and found highly satisfactory results.

Keywords: Box—Behnken design, tribofinishing, roughness, frequency, amplitude, abrasive size

1. Introduction

The tribofinishing process is a mechanical-chemical process which aims to remove
small particles of metal and its oxides by micro blows that the surface receives, which
generates plastic deformation while causing surface hardening.

This method was inspired by nature where the constant flow of water transforms rough
stones into perfectly polished pebbles.

Tribofinishing is a process to improve the surface state of mechanical parts that
includes: elimination of rough edges, burrs, also to round off angles, to polish, with a
technology that uses unguided cutting tools (abrasive particles)[1, 2]

The ability of mechanical parts to insure a particular function depends on some parameters,
such as microstructure, superficial geometrical and mechanical characteristics
[3, 4].

To obtain such a surface state, many methods such grinding, superfinishing, lapping,
etc... are used [5, 6].

Some of these processes are relatively expensive and cannot be adapted perfectly to
complex geometries of the specimen used. Tribofinishing is a suitable process used to
improve complex geometries characteristics. It acts by removing small metal particles and
oxides from the treated surface [7, 8, 9].

Achievement of surface quality is obtained by continuous friction between the work
pieces and the particles (generally porcelain balls) acting as abrasives [10].
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This study focuses on the application of tribofinishing treatment (porcelain balls) on
aluminium alloy (AICu4MgSi) AA 2017, and parameters optimization of treatment regime.

The process parameters that were taken into consideration are: frequency, amplitude
and abrasive size, using Box-Behnken design.

In 1960, Box and Behnken proposed designs that allow us to directly implement
seconddegreemodels. All the factors have three levels: -1, 0, and 1.

These designs are easy to carry out and have the property of sequentiality.

The Box-Behnken design for three factors is constructed on a cube.

The experimental points are placed not at the corners of the cube, but in the middle of
the edges. This arrangement means that all experimental points are placed equidistant from
the center of the study domain. Center points are added to the study domain [11,12].

The Box-Behnken design for three factors is shown in Figure 1. The cube has 12
edges. Traditionally, three experimental points are placed at the center of the study. Box-
Behnken designs for three factors therefore have 12 +3 = 15 trials [13, 14].

We have developed an empirical mathematical model to illustrate the relationship
between these three parameters and the response roughness “Ra”.
In this study, the design and analysis have been carried using Design-Expert version 10.

12
g O
+ O 8
T o’
- 1 . O (D 4
s © } 13,14,and 15 O 2
Lf .
8 ; 10O %
4.,' ........................... /'
l O g 7 Factor 3
O o

— <4——— Factor2 —» +

Figure 1 Illustration of the Box-Behnken design for three factors. There are twelve experimental points at the
center of each edge, and three points at the center of the cube.

2. Surface roughness measurement

Surface roughness is one of the important parameters toassess the product
quality or surface quality. This factor has asignificant effect on functionality as well as
esthetic aspects ofthe product.

The most commonly used parameter to quantifythe surface roughness is
arithmetic mean surface roughnessvalue (Ra). Rais the arithmetic average of the
absolute valuesof the roughness profile ordinates or the integral of the absolute value
of the roughness profile height over the evaluationlength. Mathematically this can be
described by the following relation [8].

Ra=" "|z(x)|dx (1)
Zfo
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3. Experimental setup

The experimental tests were carried out on AA 2017 using a brand type (VBI 4
x 10)linear vibrator (Figure 2). The total duration of tribofinishing treatment is 240
minutes, with a variation of parameters (frequency, Amplitude, Abrasive size).

The work pieces are put into the working chamber of the vibrator which is
filled with porcelain balls and chemical additives. The vibrator receives a low
frequency vibration and can move freely in the space three directions.

The working chamber is ring shape with a flat bottom which ensures a perfect
immersion of the parts in the abrasive charges.

The treated parts are usually removed manually.

Machine Features

e Working chamber capacity: 10 dm®
Number of working chamber: 4
Engine power (KW) 1
Dimensions (mm) 1300 X 952 X 1370
Type pumplTA-22
Power (KW)0.12
Flow rate (I/min) 22
Particle nature: Porcelain balls
Net weight of particles: 5 kg.
Chemical Additive: Lauryl Ether Sulfate
(C12H2504S) in one liter of water.
e Treatment time: 60min.

Figure 2 Schematic of the experimental linear vibrator.
1- Foundation
2- Intermediate shaft
3- System belt transmission
4- Maine shaft
5-  Electric motor
6- Lubricating system
7- Elastic sleeve
8- Unbalance
9- Working chamber
10- Ferry reservoir.

Process parameters and experimental design
The summary of the parameters used for this study are in the table 1.
Table 1 Process parameters and their levels

Parameters Variation Levels

Low (-1) Medium (0) High (+1)
Frequency (Hz) 15 33 50
Amplitude (mm) 1.5 3 5
Abrasive size (mm) 6 8 10

This study evokes a Box-Behnken design which requires 3-levels of each factor coded as -1, 0
and 1.
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In order to observe parameter effects on surface state, testing scheme are shown in figure 3.

constant parameters

input parametres & @ g

Frequency =
Piece / Abrasive
Amplitude "o System ::::- Y: roughness Ra
Abrasive size =

QOuiput Parameter

Figure 3Testing scheme
Experimentations
The design matrix, including the recorded experimental values for the roughness, is presented
in table 2.

Table 2 Design matrix with their experimental values of roughness (Ra)
Test Number  Independent Variables Response

Frequency (Hz) Amplitude (mm) Abrasive size (mm)

Roughness
Ra (um)
1 15 15 8 1.610
2 50 1.5 8 1.488
3 15 5 8 1.600
4 50 5 8 1.358
5 15 3 6 1.592
6 15 3 10 1.606
7 50 3 6 1.412
8 50 3 10 1.454
9 33 1.5 6 1.570
10 33 5 6 1.516
11 33 1.5 10 1.582
12 33 5 10 1.538
13 33 3 8 1.556
14 33 3 8 1.556
15 33 3 8 1.556

The dimensions and the roughness measured samples are presented in figure 4.

L=20mm

Zh-mm

=

Figure 4 Roughness measured samples.
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Chemical composition of the work piece was 86.15% Al and 5.51% Cu, as confirmed by
SEM image (shown in figure 5).

cledaxi2\genesis'genmaps.spe 09-Jul-2015 1£36:49
depot LSecs: 77
3.9 Al
7.1 o
5.4
KCnt
3.6
1.8

(] i oar MI:‘ Cu

Cr e
o
00 — T T T T T T T T
2,00 400 6.00 .00 1000 12,00 1400 1600 18.00 20.00 22,00

Figure 5 SEM image

4. Results and discussion
The general equation for the proposed second order regression model to predict the
response Y can be written as:

Y =a¢+ aixi + axxz: + asxs + aizxi1x2 + a13x1xs + azsx2x3 + a11x? + az2x?+assx? + e (2)
1 2 3

Where:
Y: Response
a: Coefficient
X: variable
e: Prediction error.

To formulate the effect of selected process parameters on surface roughness, the modeller
software was given inputs of measured responses (Ra values) for all experimental runs.
The surface roughness was modelled in terms of frequency, amplitude and abrasive size as
follows:

e Final Equation in Terms of Coded Factors:

Ra =+1.56—-0.088 x4 —0.030 * B +0.010 *C — 0.030 * AB + 9.500E — 003 * AC + 2.500E
— 003 * BC—0.038 x A2 — 4.500E — 003 * B2 + 0.000 * C2 3)
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Statistical results

Using analysis of variance (ANOVA), the effects of frequency, amplitude, abrasive size and
their second order interactions on surface roughness were calculated. (See table 3)

Table 3Analysis of variance (ANOVA) for Response Surface Quadratic model

Source DF SS MS F P
Model 9 0.080 8.91E-003 208.86 <0.0001 significant
A Frequency 1 0.062 0.062 1458.63 <0.0001
B Amplitude 1 7.080E-003 7.080E-003 165.76 <0.0001
C Abrasive size 1 8.000E-004 8.000E-004 18.73 0.0034
AB 1 3.600E-003 3.600E-003 84.28 <0.0001
AC 1 3.610E-004 3.610E-004 8 .45 0.0228
BC 1 2.500E-005 2.500E-005 0.59 0.4693
A2 1 5.921E-00 5.921E-003 138.62 <0.0001

B21 8.526E-005 8.526E-0052.00 0.2006

c? 1 0.000 0.000 0.000 1.0000Residual 7

2.990E-004 4.271E-005

Lack of Fit 3 2.990E-004 9.967E-005

Pure Error 4 0.000 0.000

Cor Total 16 0.081

R-Squared 0.9963, The "Pred R-Squared"” of 0.9406 is in reasonable agreement with the "Adj
R-Squared™ of 0.9915; i.e. the difference is less than 0.2.

Values of "Prob> F" less than 0.0500 indicate model terms are significant.

In this case A, B, C, AB, AC, A"2 are significant model terms.

Graphical results
Figure 6 show the perturbation plot of surface roughness. This perturbation plot compares the

effect of every factor at a particular point in the design space (Design Expert, 10)
The roughness decreases when increasing the frequency and amplitude and the abrasive size

decreases.
Perturbation
1.7—
1.8 a
B C
C
= B
= 15|
i
1.4
1.2+
T T T T T
-1.000 -0.500 0.000 0.500 1.000
Deviation from Reference Point (Coded Units)
Figure 6 Perturbation plot for surface roughness.
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Response Surface Plot

In order to gain a better understanding of the interactioneffects of variables on surface
roughness, three-dimensional (3D)plots for the measured responses were formed based on
themodel equation (4). Also the relationship between thevariables and responses can be
further understood by theseplots. Since model has three variables, one variable is held
constant at medium level; therefore, a total of 6 responsesurface plots were produced for
responses.

The relationship between variables and their influence onthe response, the surface
roughness, is shown in Figure 7which showsthe influence of frequency and amplitude onthe
surface roughness.

It indicates that surface roughnessdecreases.

In others words, Figures 7, 8 and 9indicate that frequency, amplitude, and abrasive
size have considerable influence on the surface roughness.

Ra (pm)

B: Amplitude {mm}

A: frequency (Hz)

A Frequency (Hz)

Figure 7Response surface plots showing effect oftwo variables (frequency, amplitude) on surface roughness
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Figure 8Response surface plots showing effect of two A Frequency (HZ)

variables (frequency, abrasive size) on surface roughness

Ra (um)

C: Abrasive size (mm)

X
1 ° C: abrasive size {mm)
b B Amplitude {mm)

Figure 9Response surface plots showing effect of two variables (amplitude, abrasive size) on surface roughness

Figure 9a and figure 9b shows a comparison between predicted and actual values of
the response and confirms that the results obtained are in a good agreement with the predicted
values.

Additionally, the developed response surface model for Ra has been checked by using
residual analysis.

The residual plots for Ra are shown in Figures. 10a-10b. In normal probability plot,
the data are spread approximately in a straight line, which show a good correlation between
experimental and predicted values for the response (Figure 10a).

Figure 10D is the plot of the residuals calculated against the order of experimentation.
It is asserted that a tendency to have runs of positive and negative residuals indicate the
existence of correlation. From the above analysis of residual plots for Ra, the model does not
reveal inadequacy.
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Predicted vs. Actual

Predicted
1

Externally Studentized Residuals

Residuals vs. Run

]

BT

Run Number

Figure 10 Relation between experimental and predicted values (a), Residual analysis (b)

Hardened layer

Figure 11 illustrates the hardened layer that appears on the SEM image, in light
graycolor in the order of 100 microns with an X350 magnification, observed by a scanning

electron microscope (SEM) JEOL JSM-type 6360

Conclusions

Figure 11 Hardened layer

In this study, optimization of parameters (frequency, amplitude, abrasive size)during

tribofinishing process has been carried out.
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The surface roughness response Ra has been modeled and analyzed through response
surface methodology (RSM).
A Box-Behnken design was used to carry out the experimental study.

Analysis of variance (ANOVA) was used to analyze the effect of the parameters on
the response.

In summary, the following conclusions can be drawn:

1. The frequency is found to be the most importantparameter effecting Ra, followed by
amplitudewhile abrasive size has the least effect.

2. The predicted value of Ra matches the experimentalvalues reasonably well, with
high value of coefficientof determination (R2 = 0.9963) for Ra.

3. The variation in percentage error for Ra is between 1 t05%, which shows that the
model developed for Ra isaccurate, and can be used for predicting the surfaceroughness.
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Abstract

Municipal solid waste (MSW) collection plays a crucial role in achieving sustainability goals
within municipalities.Systems for collecting waste that are efficient are crucial for protecting
the environment, encouraging resource conservation, and enhancing public health.In this
paper, we study the efficiency of 23 municipalities in Sfax City, Tunisia in order to evaluate
their performance and identify the sources of inefficiencies. The Data Envelopment Analysis

(DEA) method has been chosen to address our objective.

Keywords: Municipal Solid Waste Collection, Sustainability, Data Envelopment Analysis.

1 Introduction

Municipal Solid Waste Management, including Municipal Solid Waste Collection, has been
garnering growing attention from scholars, economists, technical staff, and other stakeholders
[15].Proper disposal of MSW is vital to safeguard environmental quality, human health, and
natural resources. By adopting sustainable waste management strategies, communities can
address the economic, environmental, and social impacts of waste while working towards
achieving long-term sustainability goals [9].This study primarily aims to pinpoint best
practices for MSW collection and establish performance targets by identifying areas of
excessive resource consumption and areas that require improvement. To accomplish these

objectives, DEA will be utilized as a suitable method.

The remainder of this paper is structured as follows:Section 2 is dedicated to the literature

review, while Section 3 elaborates on the DEA methodology. In Section 4, the case study is
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presented, and Section 5 focuses on the discussion of the results. Lastly, the conclusion is
presented.

2 Literature review

The DEA methodology has been widely employed in numerous studies to address MSW-
related issues. Among these studies, some notable examples includeSanchez (2006) [13]
whoconducted an analysis of the waste collection schemes in 34 municipalities in Spain. For
this study, he considered the total staff as an input and two outputs, namely tonnage collected
and collection points.In 2011, De Jaeger et al. [6] examined the state of Municipal Solid
Waste Management (MSWM) in 299 municipalities in Belgium. The inputs selected for the
study were costs, and the five outputs analyzed were residual waste, packaging waste, paper
and cardboard waste, glass, and other separately collected waste.The following year, Rogger
and De Jaeger [11] implemented the shared input DEA approach in 293 municipalities of
Belgium. For this analysis, waste costs were chosen as the input, and six outputs were
considered: residual waste, other municipal waste, packaging waste, other EPR-waste, green
waste, and bulky waste.In his study encompassing 103 municipalities in Italy, Lo Storto [8]
utilized annual expenditures as inputs, while urban infrastructure development, urban
ecosystem quality, nursery schools, municipality area extension, and resident population were
considered as outputs.Struk et al. [16] employed a one-stage DEA approach to assess the
efficiency of 400 municipalities in Czech Republic. For this evaluation, expenditures were
taken as the input indicator, while population, number of dwellings, and serviced area served
as the output indicators.In 2017, Sarra et al. [14] conducted an analysis of 289 municipalities
in Italy, focusing on waste-related factors. For their study, they chose waste costs as the input,
and two outputs were considered, one being desirable and the other undesirable.Yang et al.
[17] utilized a three-stage DEA methodology to evaluate 34 cities in China. The selected
inputs for the analysis were the number of Vehicles and Equipment Designated for Municipal
Environmental Sanitation and Fixed Assets Investment in the Public Facilities of Municipal
Environmental Sanitation. The output indicators considered were the Quantity of MSW

Collected and Transported and the MSW Harmless Treatment Rate.

3 Data Envelopment Analysis method

An effective method utilized to assess the performance of Sfax's municipalities is DEA. It is

proposed by Charnes et al. [5] in 1978. Employing a non-parametric approach, DEA
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evaluates the efficiency and productivity of entities known as decision-making units (DMUS)
[10].DEA finds application in a wide array of settings, encompassing financial institutions,
hospitals, the US Air Force, airports, schools, rates departments, and courts, among others
[1].The relative efficiency of homogenous decision-making units (DMUSs) is evaluated using
DEA. In this context, inputs are the resources that a DMU uses, and outputs are the products
the DMU produces or measures in terms of performance [2]. The efficiency score when
dealing with multiple inputs and outputs is determined by calculating the weighted sum of
outputs divided by the weighted sum of inputs [4]. DEA employs two fundamental models,
resulting in the identification of two distinct efficiency frontiers. The first one is known as the
Charnes, Cooper, and Rhodes (CCR) model [5] and the second model is referred to Banker,
Charnes, and Cooper (BCC) model under both Constant Returns to Scale (CRS) assumption
and Variable Returns to Scale (VRS) assumption, respectively[3]. Model orientation can be
whether input or output orientation. The selection depends on whether the goal is to minimize
inputs or maximize outputs.DEA's strength lies in its ability to handle multiple inputs and
outputs when evaluating the relative efficiencies of a group of homogeneous DMUs [12].

4 Case study

The DEA method is applied to assess the efficiency of MSW management in Sfax City.Sfax,
situated in the Republic of Tunisia in North Africa, is the second-largest city in the country.
Notably, it faces environmental challenges due to pollution levels. In 2019, the population of
Sfax was approximately 1,007,592 inhabitants, leading to the production of 233,982 tons of
municipal solid waste during that year, which is equivalent to 0.1795 kg per person per day.

Sfax City is composed of a total of 23 municipalities presented in Figurel.
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Figurel: Sfax Municipalities
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Our objective is to assess the performance of Sfax municipalities, examine their efficiencies,
and pinpoint the origins of inefficiencies in both inputs and outputs for each municipality. By
identifying benchmark members of the efficient set, we can conduct a comprehensive
evaluation and discern the specific sources of inefficiency in the process. So, the most
appropriate tool to deal with our objective is DEA. First, inputs and outputs must be
determined. The first input selected is the number of working hours in order to enhance work-
life balance and prioritize employee well-being. By carefully selecting and managing this
aspect, we aim to create an environment that fosters a harmonious integration of work and
personal life, leading to increased job satisfaction and overall contentment among
employees.As part of our strategy to achieve economic sustainability and cost reduction, the
second input chosen pertains to the quantity of fuel. By optimizing fuel consumption, we aim
to minimize expenses and improve the overall financial efficiency of the operations, ensuring
a sustainable and economically viable approach. The output selected was the quantity of
waste collected. By effectively managing waste disposal, we aim to curb pollution and
mitigate the impact on the environment. This environmentally responsible approach aligns
with our commitment to fostering a greener and cleaner future for our municipalities. This
metric is widely employed as the primary means of assessing the effectiveness of waste-
collecting operations [7]. Next, the model as well as the orientation must be fixed. We have
opted for a Variable Returns to Scale (VRS) model with an input orientation since we have to

minimize inputs for a fixed quantity of output.

5 Results and interpretations

As previously stated, a Variable Returns to Scale (VRS) model with an input orientation is
chosen for the analysis.The efficiency of all municipalities is evaluated using the DEA
method, utilizing the DEAP Software as the primary tool for conducting the analysis.The
software gives efficiency details for each municipality, empowering local governments to
make data-driven decisions and optimize resource allocation for better service delivery and

citizen satisfaction.

The first example of a benchmark unit is shown in Figure 2. This benchmark unit serves as a

valuable foundation for assessing and improving the overall efficiency of similar entities.
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Results for firm: 2
Technical efficiency
Scale efficiency

PROJECTION SUMMARY:

1.688
1.888 (crs)

variable original radial slack projected

value mowvement movement value
output 1 4481 .7880 8.068 8.808 4481.7608
input 1 52638.000 8.0o00 8.8000 52638.000
input 2 5354.868 6.p68 B.608 5354. 6688

LISTING OF PEERS:
peer  lambda weight
2 1.000

Figure2: Municipality 2 Efficiency Results

Figure 2 shows that municipality 2 isa benchmark; ithas a technical efficiency and a scale
efficiency of 100%.The remarkable feat of achieving 100% in both these aspects makes it a

shining example for other municipalities to aspire to.

A second result example is presented in Figure 3.

Results for firm: 4
Technical efficiency = 1.008@
Scale efficiency = 8.551 (irs)

PROJECTION SUMMARY :

variable original radial slack projected

value movement movement value

output 1 1229.808 0.008 0.008 1229.8600
input 1 9905. 008 0.008 8.000 9905.0080
input 2 4563 . 0680 0.008 0.008 4563.0600
LISTING OF PEERS:

peer lambda weight

4 1.000

Figure3: Municipality 4 Efficiency Results

Municipality 4 currently exhibits a technical efficiency of 100%, indicating optimal
performance and effective resource management and operational practices. However, there is
room for improvement by adjusting its size, which has the potential to lead to significant input
savings. If properly optimized, it could potentially reduce inputs by 44.9% (100% - 55.1%),

further enhancing its overall efficiency.

A third example concerning municipality 5 is presented in Figure 4.
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Results for firm: 5
Technical efficiency = ©8.571
Scale efficiency = 8.363 (irs)

PROJECTION SUMMARY:

variable original radial slack projected

value movement movement value

output 1 878.860 0.000 581.140 1466 . 606
input 1 15848.800 -6792.000 0.000 90856. 0808
input 2 21900. 000 -9385.714 -6126.286 6388.000
LISTING OF PEERS:

peer  lambda weight

7 1.060

Figure4: Municipality 5 Efficiency Results

According to Figure 3, municipality 5 demonstrates a technical efficiency of 0.571 and a scale
efficiency of 0.363. This indicates that it has the potential to save 42.9% (100% - 57.1%) of
inputs through management improvements and 63.7% (100% - 36.3%)by minimizing its size.
To enhance its efficiency, municipality 5 can seek guidance from municipality 7, which
serves as a benchmark for comparison. The reduced input quantities required by municipality
5, in contrast to the original values, are presented in the last column.As an example, the initial
value of "inputl” was 15,848, and for "input2,” it was 21,900. However, after projecting, the
values for "inputl™ and "input2" became 9,056 and 6,388, respectively.

6 Conclusion:

This study aimed to assess the efficiency of MSW collection in all 23 municipalities of Sfax
City using the DEA method. The analysis enabled the identification of efficiency and
inefficiency sources, offering valuable managerial insights. For inefficient municipalities,
peers were identified, and revised input quantities were determined. As a part of future work,
we plan to extend this evaluation to assess the efficiency of municipalities in other cities

across Tunisia.

References:

[1] N. K Avkiran. “Productivity analysis in the service sector with data envelopment
analysis”. In: Available at SSRN 2627576 (2006).

[2] H. Bal, H H. Orkcii, and S. Celebioglu. “Improving the discrimination power and weights
dispersion in the data envelopment analysis”. In: Computers & operations research 37.1
(2010), pp. 99-107.

[3] Banker, R. D., Charnes, A., and Cooper, W. W. “Some models for estimating technical
and scale inefficiencies in data envelopment analysis”. Management science30 (1984), 1078—
1092.

Copyright © 2023
ISSN: 1737-933463 63



Conférence Internationale sur les Sciences Appliquées et I'Innovation (CISAI-2023)
Proceedings of Engineering & Technology-PET-Vol 77

[4] D. S. Chang et al. “A novel approach for evaluating the risk of health care failure modes”.
In: Journal of medical systems 36 (2012), pp. 3967—3974.

[5] Charnes, A., Cooper, W. W., and Rhodes, E. Measuring the efficiency of decision-making
units. European journal of operational research 2 (1978), 429-444.

[6] S. De Jaeger et al. “Wasteful waste-reducing policies? The impact of waste reduction

policy instruments on collection and processing costs of municipal solid waste”. In: Waste
Management 31.7 (2011), pp. 1429-1440.

[7] Garc'ia-Sanchez, 1. M. “The performance of spanish solid waste collection”. Waste
Management & Research 26 (2008), 327-336.

[8] C. Lo Storto. “Evaluating technical efficiency of Italian major municipalities: a Data
Envelopment Analysis model”. In: Procedia-Social and Behavioral Sciences 81 (2013), pp.
346-350.

[9] Menikpura, S. N. M., et al. “Evaluation of the effect of recycling on sustainability of
municipal solid waste management in Thailand”. Waste and Biomass Valorization 4 (2013):
237-257.

[10] H. Najadat, Q. Althebyan, and Y. Al-Omary. “Higher Education Units Assessment Based
on Data Envelopment Analysis and Clustering Techniques”. In: 2019 International Arab
Conference on Information Technology (ACIT). IEEE. 2019, pp. 171-17.

[11] . Rogge and S. De Jaeger. “Evaluating the efficiency of municipalities in collecting and
processing municipal solid waste: A shared input DEA-model”. In: Waste management 32.10
(2012), pp. 1968-1978.

[12] P. Rouse. “Data envelopment analysis in the public sector”. In: Socio-economic planning
sciences 48 (2014), 2e3.

[13] IM G. Sanchez. “Efficiency of solid waste collection in Spain”. In: WIT Transactions on
Ecology and the Environment 92 (2006).

[14] A. Sarra, M. Mazzocchitti, and A. Rapposelli. “Evaluating joint environmental and cost
performance in municipal waste management systems through data envelopment analysis:
Scale effects and policy implications”. In: Ecological Indicators 73 (2017), pp. 756-771.

[15] P. Simdes, P. Carvalho, and R. C. Marques. “Performance assessment of refuse
collection services using robust efficiency measures”. In: Resources, Conservation and
Recycling 67 (2012), pp. 56-66.

[16] M. Struk et al. “The application of two-stage data envelopment analysis on municipal
solid waste management in the Czech Republic”. 2016.
[17] Q. Yang et al. “Evaluating the efficiency of municipal solid waste management in

China”. In: International journal of environmental research and public health 15.11 (2018),
p. 2448.

Copyright © 2023
ISSN: 1737-933464 64



Conférence Internationale sur les Sciences Appliquées et I'lnnovation (CISAI-2023)
Proceedings of Engineering & Technology-PET-Vol 77

Effect of Surfactants on double diffusive natural
convection of CNT water-based micropolar
nanofluids

Awatef Abidi**, | NessrinManaa®, Patrice Estelléd, Mohammed NaceurBorjini®

2 Physics Department, College of Sciences Abha, King Khalid University, Saudi Arabia.
b Research Laboratory of Metrology and Energy Systems, National Engineering School, Energy Engineering
Department, Monastir University , Monastir City, Tunisia.
9Higher school of Scienecs and Technology of Hammam Sousse, Sousse University, Tunisia.
dUniv Rennes, LGCGM, F-35000, Rennes, France.
Emaill : abidiawatef@yahoo.fr

Email 2 : manaa nessrin@outlook.com
Email3 : patrice.estelle@univ-rennesl.fr
Email 4 : borjinimn@yahoo.com

Abstract :The present study deals withthe influence of surfactants which are one of the most important
factors affecting the process of energy transport during the preparation ofnanofluids. In fact, these additives
modify the transport properties of nanofluids such as viscosity and thermal conductivity. This highlights the
modeling and study of the impact of surfactant on heat and mass transfer rates in a cubic cavity containing a
micropolar nanofluid. The objective of this work is therefore to perform an analysis of the three-dimensional
natural convection with double diffusion in the multi-walled CNT/water micropolar nanofluid stabilized with
two types of surfactants “lignin” and “sodium polycarboxylate”. We have discussed the effects of surfactants
used to stabilize the micropolar nanofluid, the microrotation parameter, the nanoparticle volume fraction, the
buoyancy ratio, and the Rayleigh number on heat and mass transfer rates and flow behavior.

. INTRODUCTION

Utilizing nanofluid is one of the new methods for conservation energy during natural convection. These
fluids are manufactured by the dispersion of nanoparticles in conventional heat transfer fluids.It exists
many types of nanoparticles used in nanofluids that differ in nature, such as metallic (Al, Cu, Ag...), oxide
(Al0s, TiOz, CuO...) and carbon-based materials.

Putra et al. [1] investigated experimentally the natural convection of nanofluid in a horizontal cylinder
filled with two types of nanoparticles CuO and Al,Os. They obtained a decrease in heat transfer rate with
the enhancement in nanoparticles’ concentrations. Khanafer et al. [2] carried out a numerical investigation
on natural convection with Cu nanofluid and noticed heat transfer increase with an increase in
nanoparticles’ volume fraction. Enhancement in heat transfer was shown to be more efficient with
nanofluid than with pure fluid. Abu Nada et al. [3] carried out numerical investigations considering
different nanofluids based on Al-Os, TiO,, Cu and Ag, in horizontal annuli. They reported the dependence
of heat transfer performance following the type of nanofluid used.

Among all nanoparticles available for producing nanofluids, carbon nanotubes (CNT) are more
recommending than other traditional nanoparticles because of their relatively low density and very
high thermal conductivity.Wen and Ding [4] studied the effective thermal conductivity of aqueous
suspensions of MWCNTSs.They used the sodium polycarboxylate as surfactant to stabilize the nanofluids.
They obtained an enhancement of thermal conductivity when the nanoparticles volume
concentrationincreases, and the dependence was nonlinear even at very low concentrations. They founded
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that an enhancement in temperature increases the effective thermal conductivity of nanofluid. A study of
the effect of lignin as surfactant on viscosity and thermal conductivity of CNT/water-based nanofluids was
investigated by Estellé et al. [5]. They compared the effect of lignin on the viscosity and thermal
conductivity of CNT/water nanofluid with the effect of sodium polycarboxylate. They noticed that the
thermal conductivity of nanofluid increase with the nanoparticles volume concentration. Estellé et al. [6]
investigated theoreticallythe natural convection in a square cavity partially heated filled with CNT water-
based nanofluids. They analyzed the effect of the average temperature and the nanoparticles volume
fraction, driving temperature between hot and cold walls and role of surfactant. They founded that the
Nusselt number of nanofluids is decreased with the increase of the volume fraction of nanofluid, which is
related to non-Newtonian behavior of nanofluids.

The theory of Enrigen [7] can be used to elucidate fluid particles’ micro-motions which cannot be
explained by the classical models. In fact, physically, fluid particles may expand, contract, rotate about
their own axis or may even change their shape due to the shear stress applied on them. So, the micropolar
fluid theory can be valuable to explore fluid behavior of polymer fluids, solidification of liquid crystals,
cooling of a metallic plate in a bath, exotic lubricants, colloidal systems, and biological fluids, for which
the theory of Navier—Stokes is inadequate to describe the impacts of the microstructures on fluid motion.

The rotating micro-constituents ‘effects in nanofluids should be judiciously exploited to understand the
behavior of fluid flow effectively. Abidi et al. [8] carried out the 3D numerical simulation of both heat and
mass transfer rates and fluid flow in a cubic cavity filled with an Al.Os/water micropolar fluid. The
simulations are conducted under a uniform magnetic field. The results reveal that heat and mass transfer
rates and three-dimensional characters of the flow are weaker when the micropolar nanofluid model was
used compared to the pure nanofluid model. Manaa et al. [9] investigated the thermo-solutal natural
convection of a micropolar nanofluid filled 3D enclosure with different types of nanoparticles (Al,Os, TiO,,
Cu and Ag) considering the effect of relevant parameters on heat and mass transfer characteristics. They
obtained that both heat and mass transfer rates and the three-dimensional character of the flow for the
micropolar nanofluid model are smaller compared with that of a pure nanofluid model. Their results show
that the rates of heat and mass transfer decrease with an enhancement in micropolar parameter as well as
nanoparticlesvolume fractions. The main aim of thisworkis to perform a computation analysis on the three-
dimensional double-diffusive natural convection in multi-walled CNT/water micropolar nanofluid
stabilized with two types of surfactants lignin and sodium polycarboxylate. In this work, experimental
thermophysical properties determined in previous works were used. The effect of the type of used
surfactant to stabilize the micropolar nanofluid, micropolar parameter, nanoparticles’ volume fraction,
buoyancy ratio, and the Rayleigh number on heat and mass transfer rates and flow behavior are
meticulously elucidated.

1. MATHEMATICAL MODELING

Ty Cy
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Fig.1 (a) Schematic of the considered problem, (b) Mesh surfaces

A simple schematic view of the thermo-solutal natural convection problem under study is described
inFig. 1. The cube is filled with multi-walled CNT water-based micropolar nanofluid stabilized with two
types of surfactants lignin and sodium polycarboxylate respectively. The two vertical walls parallel to the
plane (y-z) are subject to constant temperatures (Tw>Tc) and constant concentrations (Cu>Cy). The other
walls are supposed to be impermeable and adiabatic. The dynamic and thermal slips between nanoparticles
and the base fluid are negligible. During the process of the natural convection, all the properties of the base
fluid and nanoparticles are unchangeable except the density in the buoyancy term in momentum equation,
its variations being modeled using Boussinesq approximation. The effects of Soret and Dufour are assumed
to be negligible.

The vorticity—vector potential formulation is used in the present study to eliminate the pressure term
and makes easier the numerical treatment. The vorticity and vector potential are respectively defined by the

following two relations: # = U x and & = Ux I,
The system of governing equationsof the phenomenonis:

Rp=—b (7)
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The local Nusselt and Sherwood numbers on the isothermal walls are defined by:
knf a_T; kyr OT
Nu = ——rrfrs = kpox Lo (12)
f L xF=0,1
D’ ac
Sh=_—_o0x =
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The average Nusselt and Sherwoood numbers, on the isothermal walls of the enclosure are defined
as follows:

N
Nu = | [ Nudyoz (14)
00
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_ 1
00
For each time step, the following convergence criterionissatisfied:
max [YPn — Y+l
+ max|Tn — T+1| + max|Cr — Cr+1] < 10-5 (16)

n
a3  max|yn]

M. RESULTS AND DISCUSSION:

For comparison purpose with nanofluids, water which is the base fluid of nanofluids was takenas a
reference. The thermo-physical properties of water used for the simulations are reported in [1].
In this study, it is considered carbon nanotubes with density of 1800 kg m™ and purity of 90% and 9.2 nm
and 1.5 pm in average diameter and length, respectively, dispersed in a mixture of water and surfactant. To
improve the dispersion and stability of multi-walled CNT within water and to reduce clogging and the
sedimentation with time, it was used two types of surfactants lignin and sodium polycarboxylate. The
preparation of nanofluid was reported in [5, 6, 11]. The volume fraction of carbon nanotubes under
consideration ranges from 0.0055 to 0.557%. Density, thermal conductivity, viscosity at 20°C were
experimentally determined in [5, 6, 11] from well-designed procedures while heat capacity was
theoretically determined neglecting heat capacity of surfactants. All these results are shown in Fig. 2and
used in the present numerical simulations.
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Fig. 2Thermophysical properties of CNT nanofluids at 20°C with two types of surfactants: (a) thermal
conductivity, (b) density, (c) dynamic viscosity and (d) heat capacity

Figure 3shows the variations of maximum transverse velocity with the nanoparticle’s volume fraction
for micropolar/non-micropolar nanofluid stabilized with Lignin (N2) and sodium polycarboxylate (N3).
Thus, the effects of nanoparticles’ volume fraction on the three-dimensional flow are explored. This figure
shows, irrespective of the model used,that the maximum transverse velocity is improved by increasing ¢ to
the critical value then the velocity tends to decrease. Also, it is clearly noted that N2 have higher transverse
velocity compared to N3. For example, for ¢=0.0055% it exists a 27.63 % difference between the two
cases. In addition, it isinteresting to note that the non-micropolar nanofluid (K=0) has the highest
maximum transverse velocity compared to the micropolar nanofluids (K+£0) for all the considered values of
nanoparticles volume fraction.

8.5 6.0
I N2 —&— non-micropolar nanofiuid (K=0) N3 —=&— non-micropolar nanofiuid (K=0)

8o —&— micropolar nanofluid (K=1) o5 —A— micropolar nanofiuid (K=1)

50

=]
40 r‘*”_‘—\\
35
35 1 1 1 1 1 30 1 1 1 1 1
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.000 0.001 0.002 0.003 0.004 0.005 0.006
0 °

Fig. 3: Variation of maximum of transversal velocity Usmaxaccording to the nanoparticles volume fraction
for N2 and N3 micropolar/non-micropolar nanofluid for Ra=10°and N=-0.2.

Figure 4 shows the variations of average Nusselt number and Sherwood number Bwith
nanoparticles’ volume fraction for micropolar/non-micropolar nanofluid stabilized with Lignin (N2) and
sodium polycarboxylate (N3). Irrespective to the considered type of nanofluids, Nand Bare lower when
the micropolar nanofluid model is under consideration, and are increased when the non-micropolar fluid
model is under consideration irrespective of the values of nanoparticles volume fraction. It is noticed that
for the two types of surfactants used, the average Nusselt and Sherwood numbers increase in the area where
the value of the volume fraction of nanoparticles is less than its critical value. This is because the thermal
performance of water solution is improved by the addition of nanoparticles. Afterwards, the heat and mass
transfer rates decrease in the area where the value of the nanoparticles volume fraction is greater than its
critical value due to the predominant influence of viscosity over thermal properties. It can be seen also from
Fig.3, for the case where the surfactant lignin is used, the average Nusselt and Sherwood numbers are
greater than in the case of the surfactant sodium polycarboxylate is employed.
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Fig. 4: Variation of Nand Shon the hot wallwithnanoparticles volume fraction for both micropolar and
non-micropolar N2/N3 nanofluid models for Ra=10°and N=-0.2.

IV. CONCLUSION:

It is observed that the heat and mass transfer rates are lower for a micropolar nanofluid model when
compared to the pure nanofluid model. In fact, the enhancement of micropolar parameter results a decrease
of average Nusselt and Sherwood numbers. The use of lignin as a surfactant ameliorates heat and mass
transfer rate and nanofluid flow better than the use of sodium polycarboxylate as a surfactant. The
nanoparticles volume fraction can be used as a control element for heat rate and fluid flow. Thus, for a
nanoparticles volume concentration less than the critical value, the flow intensity is ameliorated and is
deteriorated when it exceeds this value.
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Abstract

Hydrodynamic and behavior of laminar confined axisymmetric flows driven by the rotating top
disk in cylindrical cavity have been studied numerically. The vertical cavity, is filled with two
superposed immiscible incompressible fluids. The top more viscous liquid drives the lower
heavier fluid via the interface shear. The study, identified and highlighted a flow topology of types
of axisymmetric recirculation regions; depending upon the effects of the disk rotation rate. This
work confirms partly previous experimental observations and provides additional quantitative
findings; particularly in the vicinity of the interface. The findings are in good accord with the
experiments and show that vortex size increases with increasing rotation rate. The basic flow is
made up of two clockwise circulation cells, separated by a thin layer of anticlockwise circulation
(TCL). The gap thickness of TCL decreases with increasing rotation rate however, the interface
high increases as rotation rate increases

Introduction:

The vortex breakdown phenomenon may be observed in several industrial applications involving
rotating fluid flows (bioreactors, hydro-cyclones, chemical reactors etc ) as well as in the natural
environment (atmospheric vortices, hurricanes, tornadoes etc ). The physical mechanisms of this
structure are still not fully highlighted; which motivated numerous attempts to develop strategies
to control the conditions of its onset and development [1], [2], [3]. Unlike the case of a single fluid
configuration, relatively few studies were devoted to the conditions of occurrence and
development of the vortex breakdown within two a layer of two immiscible rotating fluids [4], [5].
In this context, the present work explores numerically means of controlling the vortex pattern
which develops in a vertical cylinder under differential rotation of its boundaries.

Physical problem:

A schematic description of confined axisymmetric flow considered in the present work is reported
in Fig. 1. The physical problem consists of a cylindrical cavity filled with “glycerin-water
mixture”of density pg = 1208 kg/m3 and kinematic viscosityuy, = 42.82 X 10-®m2/s till hy.
The sunflower oil is of densityp, = 920 kg/m3and viscosity u, = 54.86 X 10-m2/s The
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surface tension at theinterface is 6 = 0.0315 N/m [5].The radius of the cylindrical cavity is 0.045m
while the height is 0.1125m.The aspect ratio of the cylinder is fixed at Ah=H/R=2.5.

>
Az
A
: h,
Sunflower oil v
glycerin :
hg
- R

Fig. 1Schematic of the model flows under consideration

The flow is driven by the top part with constant angular velocity Q. Thenon-dimensional numbers
which govern the problem is Reynolds number Re = QR?/v,Here, subscripts “0” and “g” denote

oil and glycerin respectively.

Results:

The induced flow topology is mainly presented in terms of streamlines and circulation zones for
Reynolds number Re = 900 (Fig.2 (a)). In order to confirm the numerical method, our results were
partly validated by comparing the mean axial velocity distribution against experimental

measurement (Fig.2 (b)).
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Fig. 2(a) schematic of selected vortex and associated thin circulation layer characteristics, (b)
comparison of the mean axial velocity with experiments (black and withe circles), (c)
dependence of interface height and gap width on the rotation rate

The top more viscous liquid drives the lower heavier fluid viathe interface shear.The basic flow is
made up of two clockwise circulationcells, separated by a thin layer of anticlockwise circulation
(TCL) and Vortex Breakdown Bubble (VBB) occurs in the oil flow, as Re increases.

The vortex types and characteristics, are identified and analyzed. The gap thickness of
TCLdecreases with increasing rotation rate however, the interface high increases as rotation rate
increases (Fig.2 (b)).

The effect of Reynolds number on VVB size is also well illustrated in Fig.3which is in good
accord of experimental finding of [5]
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Fig. 3 Dependence of VBB size on Reynolds number

Conclusion:

The swirling axisymmetric laminar flow of two fluids has been numerically investigated.the TCL
has been detectedby numerical simulations, because it has not been experimentally observed.This
work compliments and confirm previous prediction of{5].

The study of vortex flows characteristics is relevant for both industrial and natural applications, in
particular, this type of flow can provide efficient mixing in aerial vortex bioreactors for tissue
growth in chemical applications.
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Abstract:

Using signal processing techniques for fault diagnosis of rotating machines become increasingly
important. Advanced digital technology started to accelerate the theoretical signal processing
techniques over academia. Despite this interest, no one to the best of our knowledge studied so
deeply the possibility of making all of these innovations feasible on real or not. The aim of our
work is the theory understanding and verification of basic signal processing techniques for
practical problems such as bearings faults with the help of MATLAB. FFT, EMD, and HT are
done in order to extract features from signals for fault detection and identification with the help of
MATLAB code. These tests reveal that strong evidence of FFT is found on filtering signals based
on the frequency information. EMD also reflected as a self-adaptive and an automatic filter.
Finally, Hilbert transform extract time-frequency domain features fromthe IMFs.

Keywords— signal processing, bearing diagnosis, fast fourier transform, empirical mode
decomposition, Hilbert transform

Introduction:

In recent years, signal processing has many applications in the field of machine condition
monitoring and diagnosis of typical rotating machine. Being one of the most fragile elements of
rotating machinery, rolling bearings are a must-have.

In the literature, there are a surprising number of examples showing the application of signal
processing for bearing fault detection. In particular, combining decomposition-based methods with
traditional or artificial intelligence-based methods. Singh et al. have been proved that by adding
white noise to EMD, the mode mixing problem can be removed and got a signal with effectively
reduced noise [1]. Sher et al. conducted a satisfying hybrid signal processing approach for fault
diagnosis of bearing using discrete wavelet transform (DWT), empirical mode decomposition
(EMD), and One-way ANOVA and Kruskal Wallis in MATLAB for feature extraction and
selection. DWT s used to split the raw vibration signal into certain frequency sub-bands, and
EMD is used to decompose the selected frequency band into a number of intrinsic mode functions
(IMFs) and a residue. Finally compared to SVM and ANN. The results were quite satisfying [2].
Another research that proved an effective approach for bearing monitoring, based on (EMD) and
the Hilbert transform (HT). The proposed approach using EMD to extract the temporal
components of oscillating vibration signals called intrinsic mode functions (IMFs). Combined
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with the HT, the EMD allows an estimate of the instantaneous frequency of each IMF. The Hilbert
marginal spectrum density is then extracted as a health indicator in order to detect and diagnose
the degradation of bearings. This approach was validated on two test benches with variable speeds
and loads [3]. Weng et al. have been combining time-varying filtered empirical modal
decomposition and the singular value decomposition (TVF-EMD-SVD) with deep belief neural
network show that the fault identification of rolling bearing reaches more than 95 % [4]. C. Zhou
et al. have been proposed a parameter-adaptive time-varying filtering empirical mode
decomposition (TVF-EMD) feature extraction method based on the improved grasshopper
optimization algorithm (IGOA), In order to separate the sub-signals and extract the feature
frequency in the signal accurately. At last, the result was Compared with ensemble empirical
mode decomposition (EEMD), variational mode decomposition (VMD), TVF-EMD-GOA have
been achieved high performance [5]. Faysal et al. have been applied empirical mode
decomposition (EMD) to the raw vibration signal. Intrinsic mode function (IMF) containing the
characteristics of vibration data was analysed to obtain 90 statistical features. principal
components analysis (PCA) and binary particle swarm optimiser (BPSO) were applied
individually for feature reduction. The reduced feature subsets were 12 and 35 for PCA and
BPSO, respectively. -NN was applied to the entire feature set and individually on the selected
feature subset of PCA and BPSO. The reduced feature subset with PCA performed the finest in all
the measurements taken [6].

After reviewing the literature, it can be concluded that there is always some error associated with
the results when working with a single domain analysis. So, in this work, a hybrid of Empirical
Mode Decomposition (EMD), Hilbert Transform (HT) and condition indicators (kurtosis, mean...)
are used to collect and analyze features imbedded in the data provided by the case Western
Reserve University Bearing Data Center Website (CWRU).

Signal processing techniques using MATLAB:
Methods and Results:

Signal processing techniques are widely used to improve the effectiveness of fault detection and
identification approaches. Signal processing techniques extract the hidden properties of the signal
using various analyses, such as time-domain analysis, frequency-domain analysis, and time—
frequency analysis.[7, p. 5]

I. Dataacquisition:
The case Western Reserve University Bearing Data Center Website:

https://engineering.case.edu/bearingdatacenter

Il. Feature extraction:

v Time-domain:
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a. Kurtosis:

Figure 1. representes signal processing in the time domain, no useful information about the state
of the bearing.In order to quantify the infromation contained in the signal. The use of certain
statistical indicator (RMS, mean, variance, kurtosis,...etc) could provide a precise information
about the state.As mentioned in [3]. For bearing that operates in normal state, the value of kurtosis
is close to 3 and increases dramatically as soon as pulses occur due to defect.

6.58 Time sampling of the signal for 0 HP,1796 RPM

Acceleration(inches/s?)

@]
(@]
4] o
] E—

L L L L
o 50 100 150 200 250 300 350 400 450 500
Time(s)

Figurel. Time sampling of healthy rolling bearing for 0O HP, 1796 RPM

By using MATLAB we get the following results:

a) The Kurtosis value for healthy state (OHP, 1796 RPM) is: 2.7642

b) The Kurtosis value for abnormal state ( inner race, fault depth 0.007, OHP, 1796 RPM) is:
6.0272

¢) The Kurtosis value for abnormal state ( inner race, fault depth 0.021, OHP, 1796 RPM) is:
4.1681

The result indicates the existance of fault by using the statistical quantity kurtosis.
b. Other condition indicators:

The following statistical indicators (min, max, mean, median, peak to peak, RMS) obtained by
Signal Analyzer application on MATLAB, provide a precise information about the state. The
value increases dramatically for each indicator due to the existence of defect.

Name Ling ROL-Min  (ROI-Max ~ Min-Value MinTime [Max-Value Max-Tme (Mean — Median  PeaktoP.. RMS

X7 [E. - 0 J0307)-L0Gede-01  20904) 302501 49041) 1253002 1.2507e-00 5.976%-0L| 7.37bde-2
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Name

Line

ROI-Nin ~ ROI- Max

Min «Value | Min - Time

Max-Value Max-Time (Mean |Median  PeaktoP..

X3 OE.

__I

433

3.0076e400 14789

300500400 147848 1.1167e-02| 9.3677e-03| 6.1026e+00

Frequency-domain: Fast Fourier Transform:

Table 1. Defect frequencies: (multiple of running speed in Hz). [8]

Inner Ring Outer Ring Cage Train Rolling Element
5.4152 3.5848 0.39828 47135
For: OHP (1796 RPM) — =%=29.93 Hz
Fr
BPFI=5.4152*F,= 5.4152%29.93~ 162.0769 Hz.
2BPF1=324.15 Hz.
3BPFI1=486.23 Hz.
= Maglnitude' respc?nse i i .
0 I X 0.161943 ]
. ‘ 1 Y 49.0201 Lﬁj |
aa |—| S Ea——e kl 1, ]
55 - X 0.3231 x 0.485828
&5 Y 24.15] v 23.3031
= 20 | erq || [ 5
10
O -
-10 - 1
<20 . . ! . L L L
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Figure2. Frequency sampling of healthy rolling bearing for 0 HP, 1796 RPM.
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Figure3. Frequency sampling of faulty inner race for 0.007 in depth, 0 HP, 1796 RPM.
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Figure 4. Frequency sampling of faulty inner race for 0.021 in depth, 0 HP, 1796 RPM.

We can notice from figures (figure 2-4), that the acceleration exceeded at the fault frequency
characteristic for bearing with 0.021 in depth more than the bearing with 0.007. So, the existence
of the fault effects the magnitude at the peak of inner fault frequency and its harmonics, 2BPFI,
3BPFI, ...etc. In addition, there was no visible periodicity between the acceleration peaks giving
an indication of its fault frequency. Which implies further analysis.

v Emperical Mode Decomposition for feature extraction:

As we mentioned before, our approach was based on filtering the vibration signals around the
characteristic frequencies. Knowing that the signal of the bearing contains sinusoidal waves with
different amplitude and frequency values. For such nonstationary signals, EMD approach is used
by dividing the signal into intrinsic mode functions (IMF), that helps in finding crucial machine
failure data for processing purposes. Sifting is the process of breaking down a signal into an IMF
function. According to frequency, the EMD approach ranks the IMF from highest to lowest.

In order to determine the intrinsic mode functions (IMFs), we performed an empirical mode
decomposition to the healthy and defective bearing signals using MATLAB. The table generated
in the command window indicates the number of sifting iterations, the relative tolerance, and the
sift stop criterion for each generated IMF.
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Command Window

>> EMDMACHINELEARNING

Current IMF | #Sift Iter | Relative Tol | Stop Criterion Hit
1 | 2 | 0.025071 | SiftMaxRelativeTolerance
2 | 2 | 0.11424 | SiftMaxRelativeTolerance
3 | 2 | 0.075746 | SiftMaxRelativeTolerance
4 | 2 | 0.033861 | SiftMaxRelativeTolerance
5 | 2 | 0.019684 | SiftMaxRelativeTolerance
[ | 2 | 0.0291 | SiftMaxRelativeTolerance
7 | 2 | 0.030%46 | SiftMaxRelativeTolerance
g | 2 | 0.07239 | SiftMaxRelativeTolerance
9 | 2 | 0.1047 | SiftMaxRelativeTolerance
10 | 2 | 0.03731¢9 | SiftMaxRelativeTolerance

Decomposition stopped because maximum number of intrinsic mode functions was extracted.

fx >>

Table 2. The number of sift iterations, the relative tolerance, and the sift stop criterion for each
generated IMF for the healthy bearing (OHP,1796 RPM).

Command Window

>> EMDMACHINELEAERNING

Current IMF | #Sift Iter | Relative Tol | Stop Criterion Hit
1 | 1 | 0.056914 | SiftMaxRelativeTolerance
2 | 2 | 0.081968 | SiftMaxRelativeTolerance
3 | 1 | 0.14509 | SiftMaxRelativeTolerance
4 | 2 | 0.028836 | SiftMaxRelativeTolerance
5 | 2 | 0.08935 | SiftMaxRelativeTolerance
& | 2 | 0.033731 | SiftMaxRelativeTolerance
7 | 2 | 0.0114 | SiftMaxRelativeTolerance
8 | 2 | 0.19623 | SiftMaxRelativeTolerance
9 | 2 | 0.032256 | SiftMaxRelativeTolerance
10 | 2 | 0.01413¢ | SiftMaxRelativeTolerance
Decomposition stopped because maximum number of intrinsic mode functions was extracted.
Jx >

Table 3. The number of sift iterations, the relative tolerance, and the sift stop criterion for each
generated IMF of inner race faulty bearing with 0.021 in depth (OHP,17976 RPM).

Empirical Mode Decomposition
Showing 3 out of 10 IMFs
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Figure 5. EMD of the healthy bearing OHP, 1796RPM.

Copyright © 2023
ISSN: 1737-933480 80



Conférence Internationale sur les Sciences Appliquées et I'lnnovation (CISAI-2023)
Proceedings of Engineering & Technology-PET-Vol 77

As the figure indicates, the visualization of the IMFs of the healthy or for the defective bearing.
The first empirical mode reveals the high-frequency impacts. This high-frequency mode increases
in energy as the inner race fault progresses. The third mode shows the resonance in the vibration
signal. The residue generated has not been used for further analysis due to the fact that it does not
contain any rich information for a fault diagnosis. The resultant IMFs contain meaningful data,
and it can be used for a variety of purposes.

Empirical Mode Decomposition
Showing 3 out of 10 IMFs

Signal

—
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IMF 1

=~ NON NON

IMF 2
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o
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o
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o
T

Residual

x<10°

Figure 6. EMD of faulty inner race for 0.021in depth, OHP, 1796RPM.

According to previous studies, EMD has a sudden change by a huge noise in the time-scaled
decomposed signal called mixing mode. So, each IMF has a large number of frequency

components (figure 5, figure 6).

To eliminate these phenomena, we perform Hilbert spectrum that could help for reaching the
ultimate goal of data analysis for extracting the true signals.

v Time-frequency domain: Hilbert Huang Transform

To create the Hilbert spectrum plot, we need the intrinsic mode functions (IMFs) of the signal
obtained by the empirical decomposition method of the previous analysis.

Copyright © 2023
ISSN: 1737-933481 81



Conférence Internationale sur les Sciences Appliquées et I'lnnovation (CISAI-2023)
Proceedings of Engineering & Technology-PET-Vol 77

<102 Hilbert Spectrum

Frequency (Hz)

o 1 2 3 <1 5
Time (s)

Figure 7. Hilbert spectrum of the healthy bearing (OHP, 1796RPM).
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Figure 8. Hilbert spectrum of the inner race bearing fault (OHP, 1796RPM).

In Figure. 8, The frequency versus time plot is a sparse plot with a vertical color bar representing
the instantaneous energy at each point in the IMF. The plot represents the instantaneous frequency
spectrum of each component decomposed from the original mixed signal.

The Hilbert spectrum of IMFs 1, 3 (figure 7, figure 8) allow us to identify the frequency
corresponding to the inner race fault. However, IMFs 2, 4,5,6,7,8,9,10 do not show significant
anomalies (the amplitude of the defect is embedded in the noise).

The HT of the IMF 3, indicates high peaks around a harmonic of the frequency characteristic of
inner race bearing fault. With an increase of the energy, which confirm that the signal is contain

inner race bearing fault. We can conclude that, EMD and HT allows detecting and quantifying the
fault for a given speed and load.
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Conclusion:

Our research underlined the effectiveness of signal processing methods implemented in MATLAB
for understanding real-time machine status. We start by extracting time-domain features from
machine data using kurtosis. Then, extracting frequency-domain features using FFT, since the
filter is designed based on the frequency information. EMD reflected as a self-adaptive and an
automatic filter, by decomposing the signals into IMFs. These IMFs were classified locally from
the highest frequencies to the lowest frequencies. Finally, extracting time-frequency domain
features from the IMFs using Hilbert transform. The findings of this study indicate how powerful
is signal processing-based techniques on detecting, locating, and quantifying the severity of
degradation for a given speed and load. Our work clearly has some limitations related to the
elimination of background noise that affects the quality of diagnosis. Like The need to choose the
appropriate IMF, which will be used for further incorporation with other methods for extraction
purposes or classification purposes using Artificial Intelligence. Time-frequency domains methods
generally suffer from a need for strong expertise both for their application and for their
interpretation. Despite this we believe our work could be a starting point for beginners on this
field. We are currently in the process of investigating on how we implement more indicators in a
machine learning for an automatic analysis.
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Abstract— In this article, a comparison is made in the first place between the stability of the methods of calculating the
power flow in terms of accuracy as well as the calculation time to show the characteristics of convergence or divergence
of the three numerical methods most used in scientific research; therefore, they can be used in the case of the
unavailability or temporary interruption of power measuring devices in some substations. Second, the analysis of the
complexity of the execution time makes it possible to determine and compare the efficiency of algorithms to solve the
same problem, as well as to study the impact of electric load modeling on power flow calculation algorithms, i.e., the
evaluated power calculation methods such as the direct approach (DA), the front-back method (BFS), and the Newton-
Raphson method (NR). Suitable methods are evaluated on a test and real IEEE HTA distribution network of 33, 69, and
155 buses. Satisfactory results are obtained by comparing the degree of uncertainty of the methods, the calculation time,
and the number of iterations performed in the calculated power flow with other advantages.

Keywords— Power flow analysis; Newton Raphson; Backward/Forward Sweep, Approach direct, Execution time

I. INTRODUCTION

The importance of power flow in the analysis and operation of the electrical system lies in its ability to determine
steady-state voltage profiles and to provide information on the general operation of the system [1], [2]. It helps to
assess the suitability of the nominal characteristics of the equipment, determine possible violations of voltage and
current, and optimize the operation of the power system [3], [4]. In addition, the analysis of the power flow is
considered fundamental data for the protective elements of the electrical system. It allows the coordination and proper
functioning of relays and protective devices to ensure the safety and reliability of the electrical network. As a result,
it ensures the safe and efficient operation of radial distribution systems and keeps them in good working order.

This type of analysis confronts the determination of the characteristics and performance of each method, which
are evaluated on three radial distribution networks of different sizes, allowing weak areas for improvement to be
identified. The analysis of power flow in RDN is based on solving a set of nonlinear algebraic equations with
numerical methods such as the direct approach (DA)[5], Newton-Raphson (NR), and backward forward sweep (BFS)
[6], [7]. Power flow equations are directly solved using matrix manipulation in DA, while an iterative technique
based on power mismatches is employed by the NR method [8]-[10]. Power flow equations are solved iteratively
from the load end to the source end in the BFS. The results of this analysis can be used to optimize the grid and
manage distribution, including reconfiguration, fault detection, distributed generation placement (DG) and placement
of flexible AC transmission Systems (FACTS) [11], [12]. The study of energy flow data has multiple objectives, such
as optimizing energy production, identifying technical problems in electrical systems, planning preventive
maintenance, monitoring the quality of the electrical wave, reducing costs associated with energy production and
transmission, and improving the safety and reliability of electricity distribution. In addition, network design is a
sizable combinatorial optimization problem with a difficult-to-find optimal solution [13], [14]. This makes
computational time, rapid convergence of these methods, and load modeling important in load flow analysis, as they
affect the accuracy, efficiency, and reliability of results [15], [16]. Despite extensive research on computation
optimization, convergence analysis, and load modeling for power flow methods, there are still gaps that need attention.
Further exploration is needed to develop advanced parallel processing techniques and machine learning to improve
power flow calculations in large-scale systems [5], [17].
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Studying convergence challenges in complex scenarios, such as renewable energy integration and voltage stability
issues, is essential to ensuring accurate load flow solutions. Improving the accuracy of load modeling by taking
dynamic and stochastic load behaviors into account and integrating uncertainty analysis to manage prediction errors
and measurement uncertainties will further improve the reliability and accuracy of power calculation results.

. METHODOLOGY

Power flow analysis is typically performed in an experimental configuration involving a simulated radial network,
such as IEEE systems or the real 155-bus Bejaia radial network. In this configuration, the mathematical expression
of the power flow problem can be formulated as a system of nonlinear equations that model the relationships between
voltages, currents, and active and reactive powers in an electrical system [18]. The amplitude of the voltages at the
buses of the network and the currents in the branches are generally the variables to be determined.

The equations describing the system can be derived from Kirchhoff's equations for loads and power equilibria, as
well as Ohm's and Faraday's laws governing the relations between currents and voltages. Solving the problem can be
done using the power flow methods listed in Section I. The convergence is measured by monitoring certain criteria,
such as the maximum mismatch of tension between successive iterations for a tolerance defined at one Pico, which
are considered estimation performance measures of these methods. In addition, the number of iterations required and
the execution time, the accuracy of the power flow analysis is evaluated by comparing the calculated maximum error
values of voltage amplitudes, phase shifts. Performance measures, such as mean square error (RMS) and maximum
deviation from predicted values, are used to quantify the accuracy of these algorithms.

A range of charge modeling approaches are examined in this work by integrating mathematical models that
represent the distinct characteristics and behaviors of different types of electric charges. In order to evaluate the
influence of these load modeling techniques on the analysis and optimization of power systems, load models are
integrated with load flow analysis algorithms to assess the impact on the functionality and stability of these algorithms.

A. Selected Methods

In this section, we describe the methods that will be used as references in our study: These methods of calculating
power flow were chosen for their reliability and accuracy, as well as for their relevance and importance in the field
of electrical engineering and for their ability to achieve computational objectives.

1. Direct approach

The power flow calculation method called the direct approach is used to solve PF equations directly to determine
voltages and currents. The solution is achieved through an iterative approach, using input data such as active and
reactive power consumption at each network node and line data.

Si The expression for the complex load at the node level is provided:

Si = Pi +jQi (1)
At iteration k of the solution, the corresponding equivalent current injection is calculated.

Ik = )I$ + 1% = +5i_ (2)
i i i Vik
The bus voltage V and the equivalent current injection I of the bus at iteration k are represented, where the real and
imaginary parts of the current injection equivalent to the k-th iteration are indicated as I" and I', respectively.

The relationship between the branch current and the nodal currents of the bus is expressed by the following equation.

[B] = [BIBC][I] (3)

The variable vectors [B], [I] and matrix variables [BIBC] are concerned, where represents the branch current,
represents the bus current, and refers to a matrix known as the branch current node injection matrix defined in [17].
The constant matrix is an upper triangular matrix composed of only 0 and +1 values. It applies to different power
system analysis techniques, including load rate analysis, failure analysis, and stability analysis. This technique is
used to examine the performance of power systems under various operating conditions.
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2. Backward/Forward Sweep

The Backward/Forward Sweep (BFS) method is an iterative method that involves performing a backward
swipe and a forward swipe through the power grid. It is an iterative approach that can solve equations at
different nodes in the network. The principle of this method is during the backward scanning, the knot
currents are calculated using the voltages of the nodes and the injected apparent power using the equations
2 and 3.

The first step in initialization is to select one of the nodes as the voltage reference node. Then, the system
voltage of each node is initialized to 1 pu. The tolerance value for the voltage loop is set at 1072,

The calculation is performed using the backward/forward scan method. During the backward phase, the
node currents are determined from the nodes furthest from the reference node using the Kirchhoff current
equations for each node. These node currents are then summed to determine the branch currents associated
with each row in the system. During the forward phase, the knot voltages are determined from the reference
node using the Kirchhoff voltage equations for each node. These knot voltages are used to determine the
voltages at the ends of the branches.

n
S*=V*)™* Yulk, (4)
i i
k%&
where * denotes the complex conjugate.

3. Newton-Raphson Methods

The Newton-Raphson (NR) method is a commonly used method for calculating power flow. The objective of this
method is to iteratively solve nonlinear equations in order to determine the voltages at each node of the network.
Active and reactive power equations for each branch of the network are used, as are input data such as loads,
generators, and line configuration. The NR method relies on deriving equations to find a solution that gradually
approaches reality with each iteration, until a convergent solution is reached. Details of the NR method are provided
in references [7], [19].

The formulation of the power flow problem by the Newton-Raphson method makes it possible to use the
expressions of active and reactive power in the following ways:

Si=Pi+ jQi = Vizn Y+ V1V~ (5)
" ik k
n
Si=5  (ViViYu) 2(6i — 8k — Oix) (6)
kT
n
P; = ViViYir cos B + 5k.((Vi ViYik) cos(8i — 6k — Oix) (7)
k*i
n
Qi = ViViYik cos 6ii + 5k-((Vi VicYir) sin(6i — 6k — Oix) (8)

k*i

In each iteration, a Jacobian matrix is constructed and then solved. This matrix equation offers a linearized
correlation between alterations in voltage angle (8) and voltage magnitude (V), represented as follows:

W2Pe -y 0

AQ AlV|

©)

Elements of the Jacobian matrix are the partial derivatives which are given as:
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Fap opP ]
a5 avil

] = la_Q a0 } (10)
a5 alvi

The system of equations is solved to determine the next iteration of the voltage amplitude and angles, as shown in
the following equations:

800 =509 4 As® (11)

IV k- Off = IV AN + ANV GO (12)

1 1 1

The calculations are repeated as many times as necessary until the specified tolerance is reached.
Where; AP and AQ are the difference between the planned and calculated values. k and (k+1) indicate the previous

and next iterations, respectively. o )
8k-0O and A8® are the calculated angle and the variation of the calculated angle, respectively;

1 1
IV ¢e- Olland IV (Ol are the voltage magnitude at iteration k at node i.

1 1

The total real and reactive power losses for each method are calculated as follows:

(, " PI+ QI3
i i
total loss = ? |Vi|3 Ri
(13)
nh PI3 + QI3
. i i
IQtotallOSS = L:_') |Vi|3 X

R; and X; are the resistance and reactance of the line i-th.

B. Modeling the voltage dependency of system loads

Load modeling describes how electrical power is used by consumers in an electrical system. This anticipates the
demand for electrical energy through an analysis as a function of weather conditions and consumption habits at
different times of the day or year, which is important for producers and suppliers of electrical energy to plan and size
their production and distribution capacity.

The dependence on load constraints is modeled by a mathematical function for more accurate analysis and planning
and to see its influence on power flow calculation algorithms. These loads are modeled using the variable load model,
where the power absorbed by the load varies according to the amplitude of the voltage [20], [21]. A composite model
of loads is considered.

The modeling of voltage-dependent loads Pl,; and Ql,; is adapted from [10]. The active and reactive power loads
of node 'i' are given as follows:

Pl; = Pr% [as + alVi + asVs3 ]

w 5 (14)

Qli= Qni[ bs + b(Vi + b3V i]

Where P, and Q. are the nominal active and reactive loads, respectively. The other load coefficients (as, a¢, as)
and (bs, b, bz) must satisfy the following equations:

as +ac+az =1

b5+b(+b3 =1 (15)

Exponential load modeling is essential to understanding the behavior of electrical systems. It refers to a load profile
that shows rapid growth or decrease in energy consumption over time. The modeling equations for exponential load
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use parameters k1 and k2, which determine the magnitude of the change in energy consumption relative to a reference
voltage Vierusing “(16)”. Typical values of k1 range from 0.6 to 1.8, while values of k2 range from 1.6 to 6. These
models help simulate and analyze the effects of exponential charging on electrical systems [20], [22].

( vV, Kk
{ Pli=Pa\, \
Vo (16)

! Ql'i - Qni \VreQ\

The heating and charging systems of electric vehicles (EVs) often have exponential electrical load profiles due to
the nature of their active energy requirements. In this case, we will review the minimum k1 and the maximum k2.

I1l. RIGOROUS VALIDATION OF POWER FLOW ANALYSIS

The proposed methods were validated by a series of rigorous simulations and comparisons. These attempts were
aimed at evaluating the performance, accuracy, and reliability of algorithms in various scenarios. The validation
process involved the use of reference datasets and numerical simulation studies performed on the MATLAB_R2023a
software version using a 3.3 GHz Intel Core i7 processor with 16 GB of RAM. And these three systems, namely
IEEE 33-bus, 69-bus, and 155-bus of the Bejaia region, as shown in the appendix, are considered cases of small and
medium-scale networks. Each of these systems is used as a relatively small- and medium-scale network case for the
purposes of this comparative study. The effectiveness of each proposed method is verified using the complete data
from these systems, which start from a specific initial point of 1 pu.

To ensure consistency, fairness, and that all methods are implemented and executed under similar conditions in
this comparison. The size and nature of the radial network, as well as the hardware and software used, have been
selected to provide a fair basis for evaluating the performance of these methods.

A. Statistical analysis of results

By comparing these proposed methods based on iterative processes on several critical factors in order to eliminate
bias and provide a fair comparison, a consistent set of input data, system parameters, and computing resources is
used for all three methods. This comparison provided valuable information on the efficiency of the calculation. The
evaluation of the execution time of these algorithms is performed using tools provided by MATLAB, such as tic toc
and timeit, both of which are used as parameters to assess the calculation time of these algorithms. MAE (Average
Absolute Error) is employed by the first function, and RMSE (Root Mean Square Error) is employed by the second
function, respectively.

A D method NR method BSF method
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Fig. 1 Comparison of the performance in terms of the number of iterations of load flow methods

Copyright © 2023
ISSN: 1737-89 89



Conférence Internationale sur les Sciences Appliquées et I'lnnovation (CISAI-2023)
Proceedings of Engineering & Technology-PET-Vol 77

A D method NR method BSF method

17
15

[72]
c
i)
= 12 12 12 12
© 11
(6]
=
E_) 8 8
E 7 7 ]
e
>
Pz
Cl cz CP EX

69-Bus Radial Distribution

Fig. 2 Comparison of the performance in terms of the number of iterations of load flow methods
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Fig. 3 Comparison of the performance in terms of the number of iterations of load flow methods

Figures 1, 2, and 3 illustrate the comparison of the number of iterations of the different methods of calculating the
power flow. The direct approach (DA) and the BFS (Backward/Forward Sweep) method differ in their stability in
terms of number of iterations, regardless of network size and load types. On the other hand, the Newton-Raphson
(NR) method shows a significant variation in the number of iterations according to the types of loads. This suggests
that the NR method may be more sensitive to variations in electrical loads and require more frequent iteration
adjustments to achieve convergence.
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Fig. 4 Maximum error between two successive iterations
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Figures 4, 5, and 6 show the stability of the maximum error between two successive iterations for each method.
These figures show the results for the three radial networks, as a function of load type. We see a similar pattern across
all figures. The DA and BFS approaches continue to show maximum error stability between successive iterations,
regardless of network size or load type. These methods maintain weak and almost stable errors, demonstrating their

Maximum error
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Fig. 5 Maximum error between two successive iterations
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Fig. 6 Maximum error between two successive iterations

ability to converge effectively in radial networks.

The figures 7, 8, and 9 highlights the differences in run time between the three approaches for the different radial
network systems and the four load modeling scenarios. The DA and BFS approaches show quasi-stable run times,
while the NR approach shows increased run time with larger networks and different load modeling. These findings
allow us to assess the computer efficiency of each approach and suggest that the DA and BFS approaches are the

most appropriate for the radial network, regardless of the type of load selected.
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B. Comparative analysis

This section presents the results of our analysis on the computational efficiency, execution time taken by each
algorithm, number of iterations, power losses, convergence characteristics, and performance of these power flow
calculation methods, which sheds light on their ability to analyze and know the state of the power system.

Throughout the validation process, extensive analyses were conducted to ensure that the proposed methods met
the required criteria. Statistical analyses, error assessments, and sensitivity studies were conducted to thoroughly
assess the efficiency of these methods. The results provide valuable information on the strengths and limitations of
each method, helping to select the most appropriate load flow method for specific applications. The test results
demonstrate the flexibility and accuracy of the proposed algorithms for the intended applications.

Overall, the validation process provided comprehensive evidence of the ability of the proposed methods to provide
reliable and accurate results in the analysis of power systems. It demonstrated their strengths, highlighted their
limitations, and identified areas for improvement. The results of the validation provided coherence in the practical
implementation of these methods and supported their integration into power system analysis and operational
workflows.

C. Discussion

Based on the analysis performed, significant differences were observed in the results of the comparative tests,
including run time, number of iterations, and total power losses. The behavior of these algorithms and their iterative
approach to the solution have been observed; in this instance, the reference relates to the voltage rather than the power
because using the Newton-Raphson method caused the algorithm to become unstable and diverge. These differences
are crucial for ensuring the protection of the power system and effective long-range planning, where accuracy holds
importance.
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IV. CONCLUSIONS

In conclusion, these methods demonstrated their ability to maintain consistently low and stable errors, showcasing
reliable and robust convergence across various radial network sizes. However, further analysis is recommended to
ascertain the simulation's reliability and validate the baseline assumptions.

Furthermore, the algorithms' behavior, especially their iterative approach to the solution, was closely monitored
during the study. Notably, using the Newton-Raphson method with power as the reference parameter led to instability
and divergence.

Additionally, it is crucial to consider the influence of Electronic Control Unit (ECU) technology and the relative
robustness of the algorithms in the analysis. These factors can significantly impact the execution time and the
concordance required to achieve convergence and find solutions to the systems under study. Careful consideration
of these aspects can enhance the accuracy and efficiency of power flow calculations in practical applications.
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