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Abstract: A computational fluid dynamics simulation is done for comparative study
from the pumping effect on the four surfaces of the stirred tank. The flow field
generated by one-stage and bi-stage six-bladed Rushton turbine in the unbaffled square
tank was studied. The Reynolds-averaged Navier-Stokes equation with steady-state
multi-reference frame approach (MRF) is used to simulate hydrodynamic flow in the
tank. The turbulent viscosity, the turbulent kinetic energy and mean velocity
distributions obtained in vertical and horizontal plans are analyzed and discussed. We
can deduce that the additional Rushton turbine in the upper part of the square tank
improves the quality of the mixture.

Keywords: Square tank, CFD, single-stage turbine, bi-stage turbines, agitation.

1. Introduction

Mechanical agitation is a process used for mixing miscible fluids, which has
a wide field of application, like in the preparations of industrial, chemical, and
pharmaceutical products; the stirring techniques are parameters to be taken into
account during the implementation of these mixtures.

Many researchers have focused on the design of agitated tanks and impeller
geometry. Pericleous and Patel [1] modeled radial impeller with one or more
stages, on the basis of the relative velocity of the fluid and the drag coefficients
taken from the literature. Taca and Paunescu [2] studied the influence of the
shape of the reservoir on the evolution of the power number, for a closed
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spherical vessel equipped with a Rushton turbine, while the fluid contained
solid particles in suspension. Guillard and Tragardh (2003) designed and tested
a new model for estimating mixing times in aerated three-reactor stirring tanks,
equipped with two, three and four impellers. The results showed that the
developed analogy model is independent of the scale, the geometry of the tank,
the number of impellers used, the distance between the impellers and the degree
of homogeneity considered. Murthy and Joshi [4] tested multiple impeller
designs namely disc turbine, a variety of pitched blades varying in blade angle
and hydrofoil impeller. Woziwodzki et al. [5] studied the mixing efficiency of
shear-thinning fluids using carboxy methyl cellulose sodium salt (Na-CMC)
aqueous solutions of varying mass concentrations and three types of impellers
(Rushton turbine (RT), six-flat-blade turbine (FBT), six-pitched-down-blade
turbine (PBT)) which were mounted on a common shaft in combinations of
three, four, and five impellers. Vakili et al. [6] studied the effect of different
geometric parameters in stirred vessels equipped with two blades impeller
(FBT2). They employed steady-state approach MRF and standard k-¢
turbulence model in their parametric study. Ammar et al. [7] compared the
effect of the tank design on the hydrodynamic structure generated with a pitched
blade turbine by realizing three types of configurations: a flat-bottomed
cylindrical vessel, a dished bottomed cylindrical vessel, and a spherical vessel
using a CFD code. A comparative study conducted by Jie et al. [8] on the design
of tanks, flat bottom, and dished bottom equipped with a Rushton turbine on the
distribution of velocity in a transitional and turbulent flow. They found that the
shapes of the bottom tank have a significant effect on flow patterns as well as
on the velocity profiles below the impeller. In recent years, solid particles and
mass transfer characteristics on power consumption using multi-impeller in gas-
liquid stirred tank reactors have been extensively studied by Zhang et al. [9].
Gong et al. [10] studied the effect of different geometric parameters in stirred
vessels with a flat square base equipped with four blades impeller on the
concentration of the particles in a solid-liquid system. A comparative study
conducted by Weipeng et al. [11] between liquid-level height and particle
distribution in unbaffled square stirred-tank reactors was done. They concluded
that the height-to-width ratio of the tank might affect the distribution of
suspended particles in the flocculating system. Another interesting investigation
was performed by Weipeng et al. [11], [12] on the mobile type effect of
agitation and its position in a baffled stirred-tank reactor. The used geometry is
a square flat bottom tank equipped with four baffles placed at 90° with a
distance ratio between the impeller and the bottom which varies between C=
0.20H (30 mm), 0.27H (40 mm), 0.33H (50 mm), and 0.40H (60 mm). They
confirmed that the tank with a spherical shape provides uniform flow in the
whole vessel volume. The experimental study performed by Deyin et al. [13] in
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a flat bottomed transparent cylindrical plexiglass tank equipped with four
pitched-blade impellers was performed to evaluate the influence of the impeller
speed, impeller type, and impeller spacing on the solid-liquid mixing process.
The experimental study performed by Fabiana et al. [14] in a baffled square
tank reactor equipped with four pitched blade turbines was performed to
evaluate the influence of the impeller clearance. From these anterior studies, it
is clear that the design investigation of the external shape for the stirred tank is
very useful.

The present work aims to determine the influence of the external design of
the tank on the hydrodynamic structure of the flow. Moreover, we are interested
in adding the second impeller with radial pumping direction on the four vertical
walls of square vessels equipped with six flat blade Rushton turbines (RT6).

2. Stirred Tank Configuration

The design and dimensions of the stirred tanks with Rushton impellers of
standard geometry used in this work are represented in Fig. 1. The square tanks
were filled with water up to a height of H = T; diameter and the height H are
equal to 0.5 m. The first configuration was equipped with a six-bladed Rushton
turbine with a diameter d equal to T/3. The offset of the impeller from the vessel
bottom C was equal to T/3. In the second configuration, the spacing between the
turbines RT6 is defined by h; = h, = T/3.
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a.) One-stage turbine b.) Bi-stage turbine

Figure 1: Mixing vessel dimensions: a. Single-stage turbine. b. Bi-stage turbine
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3. Numerical Procedure

In the turbulent regime and for an incompressible fluid, the momentum
equations were solved by using the finite volume method. A pre-processor was
used to discretize the 3D flow domain with a tetrahedral mesh shown in Fig. 2.
The computational domain is reduced to 180°, with three blades and half of the
shaft from the tank with one stage impeller. Periodic conditions are imposed on
all properties ensuring the continuity of the computational grid in the angular
direction (8 = 90° and 4 = -90°).

a.) Single-stage turbine b.) Bi-stage turbine
Figure 2: Tetrahedral mesh generation

The computational domain was divided into two blocks, the internal one
containing the impellers and the external one containing the vessel walls for
each case. The boundary conditions are introduced in the CFD code, using the
multiple referential approaches (MRF). In this approach, the interface between
the two regions is treated by the method called the frozen rotor. In this
approach, the flow fields are connected at the interior surfaces (interface)
separating the two domains by the method called the frozen rotor.

4. Mathematical Formulation

Governing Equations

The flow in a stirred vessel can be solved by the Navier-Stokes equations.
The equations are written in their averaged form RANS (Reynolds Averaged
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Navier Stokes) used in the case of a turbulent flow, due to the time of the
turbulence scales.
The continuity equation is written as follows:

%0+V(pﬁ)20 @)

p is the density, t is the time and u is the velocity vector.
The momentum equation is written as follows:

aat(p-U)+V(p-U-U)=—Vp+VT+|f )
7 IS the shear stress given by:
T=—D-5+/J-(VU+(VU)T) 3)
For each species, the form equation can be written as follows:

op-C

+V(p-u-c)=v(D-vC—p-rw)+R 4)

where c is the species concentration, D is the laminar diffusion coefficient and R
represents the terms due to reactions.

For the turbulent Modeling, we have used the standard k-¢ model based on
the following two equations:

op-k - H

L 4V(p-0-k)=V|| u+- |- Vk |=P=p-

P (p-0-k) H'LHcr'kj ] p-é ()
op-¢ _ I £ &
—+V(p-U-¢)=V —|'Veg|=C,-—P-C,-—
ot #V(p0-e) KH—FU-EJ g} 'k 2k ©

These equations represent the conservation of the turbulent kinetic energy k
and the dissipation rate of the turbulent kinetic energy € respectively. In the
above equations, the quantity P is the production of Kkinetic energy, which is
calculated from:

P =ty V-V +(va)'| "
The effective viscosity is defined as follows:

/ueff =H + /ut (8)
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Ut is the turbulent viscosity, it is defined as follows:

k2
th=C,-p-— )
&

Equations (5) and (6) are based on exact equations and reveal required
constants to model the turbulence. The "standard" constant values are:
C,=009, C =144 C,=19 o0,=10, 0,=13 (10)

5. Numerical Results

5.1 Comparison with Experimental Results

Fig. 3 illustrates the predicted axial profile of the dimensionless radial
velocity component with a Rushton turbine. With the exactly same geometrical
conditions, we predicted the variation of the axial velocity along the stirred
vessel. The comparison between our results and those given experimentally by
Montante et al. [15] shows good agreement.

1.0 T T T
—<— EXxp.
0.8 —&— Nu. (present work) b
0.6 1 i
L SR =R =iy
&

N 0.4 1 i
0.2 i
0.0 = T T T T

-0.2 0.0 0.2 0.4 0.6 0.8

Figure 3: Axial profiles of the dimensionless radial velocity, N=240 rpm
5.2 Results and Discussion

5.2.1 Turbulent Viscosity

The horizontal presentation planes of turbulent viscosity distribution is
illustrated in Fig. 4 for both geometries at the central part of the vessel with
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z/H = 0.5. In one stage system, the large zone of turbulent viscosity is extended
throughout the volume of the tank (Fig. 4a). But in the second configuration,
the maximum values of the turbulent viscosity are located at the shaft of the
agitator (Fig. 4b). At the proximity of the four sidewalls of the square tanks, the
turbulent viscosity drops rapidly. However, the stirring effect is still much more
intense in the plane above the turbine in the first configuration (Fig. 4a). The
turbulent viscosity is maximum in the vessel equipped with a bi-stage turbine
with a 7.06 Pa-s value (Fig. 4b).
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a.) Single-stage turbine b.) Bi-stage turbine

Figure 4: Turbulent viscosity contours in the r- 9 plane

The turbulent viscosity generated for both cases is presented in Fig. 5.
From these results, it is found that the position of the maximum values of
turbulent viscosity is obtained at the tank with bi-stage impellers. Within
one impeller system, the distribution of the turbulent viscosity is
developed in the interior and superior part of the tank (Fig. 4a). Another
remark for the second configuration (Fig. 5b), is that the turbulent
viscosity is concentrated in space between two turbines caused a number
of stages. According to these results, it is noted that the maximum value
of the turbulent viscosity is obtained within two impeller stages is
6.73 Pa:s.
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[Pas]

a.) Single-stage turbine b.) Bi-stage turbine

Figure 5: Turbulent viscosity contours in the r-z plane
5.2.2 Mean Velocity Distribution

5.2.2.1 Single Stage and Bi-stage Turbine in Vertical Plane

The mean velocity field produced by the Rushton turbine from the two
configurations in the vertical plane is shown in Fig. 7. Globally, in the domain
swept by the turbine blades, the velocity remains elevated enough. Within two
impeller systems, the distribution of the mean velocity is developed throughout
the volume of the square tank (Fig. 6b). Contrary to the tank with one-stage, in
the upper part of the square vessel the mean velocity is very low (Fig. 6a). In
the bi-stage vessel, the mean velocity obtained had an optimal value of 6.59
m/s. In a square tank, the use of the bi-Rushton turbines is more advantageous
and increases the mean velocity.
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Figure 6: Mean velocity contours in the r-z plane

5.2.3 Radial Profiles

Three different axial positions were chosen for velocity and turbulent kinetic
energy dimensionless for the two configurations at an angular position equal to
6 = 0° following: from the half-width of the blade (r = 0.07 m), at the blade tip
(r =0.085 m) and just near the leading edge of the turbine blade (r = 0.1 m).

5.2.3.1 Turbulent Kinetic Energy

The profiles plotted in Fig. 7 give the distribution of dimensionless turbulent
kinetic energy for two cases at different axial positions, and are presented along
the vessel radius. According to these results, it is noted that the maximum value
of the kinetic energy is obtained within the bi-stage system. We can see that the
region of the maximum values (k*> 0.075) is located in the wake which
develops at the mid-width of the blade (r = 0.07 m). Another point, which can
be underlined, is that the increase in the number of Rushton turbines in a square
tank yields higher radial pumping speed. For a location just near the region
swept by the blade corresponding to (r = 0.1 m), the turbulent kinetic energy is
dominated by maximum values in the first configuration. Outside of this area at
(r=0.07 mand r = 0.085 m), the low values of the turbulent kinetic energy are
present (Fig. 7a). Thus, to ensure agitation in the whole square vessel volume, it
is necessary to add a second turbine.
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Figure 7: Radial profiles of the turbulent kinetic energy for different blade positions
(r=0.07 m, 0.085m, 0.1 m)

5.2.3.2 Tangential Velocity

The dimensionless tangential velocity is plotted in Fig. 8 for the two cases
studied with different axial positions, represented along the vessel radius. For
the first case where just one impeller is used located at the height z/H = 0.33 of
the vessel, the tangential circulation can’t reach the free surface. At mid-width
blade (r=0.07 m) the optimum velocity obtained for a bi-stage tank is
W/Vyp = £0.45. For any case studied, the minus sign of velocity indicates the
existence of a recirculation flow. The low values of dimensionless tangential
velocity are obtained at (r = 0.1 m) in the area swept by one impeller (Fig. 8a).
In Fig. 8b, we remark that the chaotic regions produced between impellers are
intensified for the second case, giving better performance. If another impeller is
added at the upper part of the square vessel, that can ensure mixing at this
space.
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Figure 8: Radial profiles of the tangential velocity for different positions of the blade
(r=0.07 m, 0.085m, 0.1 m)

6. Conclusion

The aim of the investigation in this work was to determine the effect of
adding the second Ruston turbine with radial pumping direction on the four
vertical walls of the square vessel. From the presented results the following
conclusions can be deduced:

Within one stage Rushton turbine, the shape of the wake of turbulent
viscosity is more extended in the upper part of the square tank. Contrary to the
square tank with bi-stage Rushton turbines, the turbulent viscosity is
concentrated in the space between two impellers. For the two planes just below
and above the Rushton turbine, a large zone of maximum velocity is extended to
the solid walls in a square tank equipped with a single impeller. As can be
deduced, for a bi-stage system the typical double loop flow circulation of
tangential velocity is apparent throughout the volume of the square tank. This
dynamic phenomenon is absent in the square stirred vessel with a single
Rushton turbine. The increased number of impellers RT6 in a square tank plays
an important role by improving the operating conditions of stirring and mixing.
We can conclude that, the use of the bi-Rushton turbine at axial position
z/H = 0.66 in the square tank is more advantageous than one stage turbine and
increases the performance of agitation operation.
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Abstract: Nanofluids contain nanometer-sized particles in suspension to enhance
heat transfer by increasing the thermal conductivity. This paper provides an overview of
particle size and volume fraction of nanofluids, and their roles in enhancing the heat
transfer. Often, the transfer of heat is enhanced by dispersed particles with small
diameter and high concentration despite some debate about the governing effects. The
design of elliptical cross-section and zigzag tube also sheds insight into augmenting
heat transfer for future research directions and applications.

Keywords: Elliptical cross-section, heat transfer coefficient, nanofluid,
nanoparticle, zigzag tube.

1. Introduction

Heat is essentially migrated by temperature gradient, from hot to cold region.
This principle has been applied in various chemical and industrial processes to
exchange heat between two working fluids [1]. Heat transfer enhancement can
be categorized as passive and active techniques. Active techniques depend on
external source of power to induce the heat transfer process, whereas passive
techniques rely on equipment design. Both techniques are aimed to reduce
energy requirement to yield more efficient heat transfer process [2].

Water, gasoline, and ethylene glycol are some of the commonly used
working fluids in heat exchangers, but their thermal conductivities are low.
Consequently, the heat transfer is inefficient. To overcome this drawback,
suspended nano-sized particles can be introduced in the base fluids to improve
the thermal conductivity [3]. A suspension of CuO in ethylene glycol elevates

13
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the thermal conductivity by 20% [4]. Similarly, the conductivity is intensified
when CuO nanoparticles are dispersed in water [5]. Recently, the addition of
Zr0,, TiOy, and Al,Os nanomaterials as compared to plain water gives rise to
the outlet temperature of cold nanofluids by 7.7%, 11.3% and 17.4%,
respectively due to the elevation of heat capacities [6]. Zinc oxide, silicon oxide,
and other metal oxides are promising sources of nanoparticles to form nanofluids
with varying results to improve the heat transfer in heat exchangers [7].

The fluid flow is generally categorized as laminar and turbulent. The flow
regime is important in the design and operation of any fluid system. Several
studies used the flow regimes to improve the heat transfer of nanofluids [8], [9].
A significant heat transfer performance at laminar regime is demonstrated by
Al;O3 nanofluid in a copper tube [10]. Conversely, Kumar [11] reported the
improvement of heat transfer by Al,Os nanofluid at low volume fraction under
turbulent flow inside a pipe of constant wall temperature. In a related work,
Danook et al. [12] evaluated the heat transfer of nanofluid at Reynolds number
between 1x10* and 1x10°, as a specific transition from laminar to turbulent flow
regime.

The volume fraction of particles (volumetric concentration) can also affect
the thermal conductivity of a nanofluid. The manipulation of volumetric
concentration is imperative to bring a positive response towards heat transfer
performance at constant temperature for a fixed diameter of nanoparticles [13].
Fule et al. [14] used a 0.1 vol.% of CuO that brings a better heat transfer
coefficient by 37.3% as compared to the base fluid, whereas the magnitude is
even higher by 77.7% at 0.5 vol.%. The increase of flow rate of CuO nanofluid
exhibits a significant increase in heat transfer coefficient, suggesting that the
amount of CuO in the base fluid enhances the heat transfer coefficient. The
influencing factors of particle diameter and volume fraction in heat transfer are
noticeable. For instance, the decrease of particle size and the increase of volume
fraction improve the heat transfer coefficient of the Al.O; nanofluid in a helical
coil at constant temperature [15].

The design of heat exchanger is generally composed of smooth circular tube.
The thermal and hydrodynamic properties in circular tube have been
investigated for many years, owing to its significance and relevance in industrial
processes, in spite of low efficiency [16]. The poor heat exchanger efficiency
can be partly resolved through design by means of internal fins [17], external
fins [18], corrugated tube [19], square pipe [20] and hexagonal duct [21].
Theoretical studies about the elliptical ducts showed that flattening the duct by
maintaining the constant cross-sectional area increases considerably the heat
transfer coefficient [22], [23].

The old design of heat exchanger is normally confined to straight tube
configuration. Now, it begins to evolve, aimed at improving the heat transfer
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coefficient. Parlak [24] studied heat transfer coefficient of water in three types
of microchannels, i.e., straight, wavy, and zigzag, for which Ansys calculations
have been used to optimize the geometry. The zigzag tube is the optimum
geometry with high heat transfer coefficient compared to straight channel.
Recently, Kishan et al. [2] also reported an improvement in heat transfer by
zigzag tube, outweighs that of straight tube and U-shaped tube.

2. Nanofluid

A nanofluid is a mixture of nanoparticles (metal oxides) and base fluid (e.g.,
water and ethylene glycol). Often, the nanofluid is more viscous than base fluid.
Nonetheless, the pumping power needs for the viscous fluid are compensated by
the increase of thermal conductivity and heat transfer coefficient [25-27].
Generally, metal oxides increase the intensity of the heat transfer in nanofluids
[28]. The thermal transfer of aluminum oxide nanofluids increases by 20% to
41% depending on base fluids [29]. Copper oxide, zinc oxide, silicon oxide and
titanium oxide are examples of metal oxides that demonstrate similar influence
on the thermal conductivity. For any volume fractions, zinc/water nanofluid
displays an improved heat transfer compared to the base fluid. As compared to
the base fluid, a 46% increase of heat transfer was recorded [30]. Similarly, a
small fraction of SiO»/water nanofluid elevates the heat transfer coefficient by
50% [31]. Table 1 summarizes the heat transfer improvement using zinc oxide
and silicone oxide nanofluids.

Table 1: Heat transfer improvement using zinc oxide and silicone oxide nanofluids

Nanofluid Finding Reference
Al,Os/water, Al;0; performs better than ZnO as Rasheed et al. [32]
ZnO/water nanofluid for heat transfer.

ZnO@TiO,/water

ZnO/water

TiO.@ZnO/water

Maximum improvement at 0.1 wt.%
concentration, 47% higher than water
alone. ZnO and TiO; mixture elevates the
overall heat transfer coefficient.

The heat transfer coefficient is higher at
0.44 vol.%.

Heat transfer rate increases at 2.0 vol.%
of TiO, and 1.5 vol.% of TiO.@ZnO
hybrid.

Ahmed et al. [33]

Safir et al. [34]

Lahari et al. [35]

Al,Os/water, Higher overall heat transfer coefficient by  Shahrul et al. [36]
SiOy/water, Zn0O > Al,0O3> SiO,.

ZnO/water

ZnO/water Heat transfer is enhanced by 46% Alietal. [37]

compared to water alone at 0.2 vol.%.
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Nanofluid Finding Reference
Al,Os/water, SiOz/water exhibits only a slight increase  Noorbakhsh et al.
CuO/water, of thermal performance by 2.5% at 4 [38]
SiOy/water vol.% compared to water.
SiOy/water Low concentration of SiO; increases the Hussein et al. [31]
heat transfer rate by 50% compared to
water.
TiOy/water, SiO; nanofluid increases the heat transfer Hussein et al. [31]
SiO, /water rate by 18% compared to water.
Cu0, Al,03, SiO; Small particle diameter increases the Namburu etal. [39]
in water and viscosity. Nusselt number increased by
ethylene glycol 35% for 6 vol.% CuO.

2.1 Particle Size of the Nanofluid

The size of nanoparticles can affect the thermal conductivity and viscosity of
the nanofluid. There is a long debate about the relationship between
nanoparticle size and viscosity. For instance, Namburu et al. [39] reported that
nanoparticles with small diameter render high viscosity of nanofluid and high
Nusselt number, and the heat transfer coefficients of Al,Oz and SiO, are better
than that of CuO. Rudyak et al. [40] used Brookfield viscometer to quantify the
effect of particle diameter (10 to 150 nm) in SiOz/water, Al.Os/water, and
TiOz/water nanofluids at fixed volume fraction of 2%. It was found that the
viscosity decreases with increasing particle diameter. Also, Nguyen et al. [41]
showed that the viscosity of some nanofluids remain unchanged for
concentrations less than 4 vol.%. However, as the volume concentration exceeds
this limit, the particle size seems to have considerable effect on fluid viscosity.
On the contrary, Lu and Fan [42] reported an increase in viscosity of the
aluminum oxide/ethylene glycol nanofluid as the particle size decreases.
Similarly, copper oxide, aluminum oxide and silicon oxide show the same
pattern of increasing viscosity for smaller particle size in water as base fluid [43].

The particle diameter plays a considerable role in improving the conductivity
of the nanofluid. Eastman et al. [44] showed that the thermal conductivity is
more responsive to the particle size than to the volume fraction. Chon et al. [45]
reported a decreasing trend of conductivity of Al,Os/water nanofluid with
increasing particle diameter from 11 to 150 nm. This is due to Brownian motion
that has a great influence on heat transfer; the smaller the particle, the faster the
Brownian movement, thus the higher the conductivity that is responsible for the
increase in heat transfer. Karthikeyan et al. [46] recognized the increase of
thermal conductivity of copper oxide at 1 vol.% due to its smaller particle size
of 8 nm. On the other hand, Beck et al. [47] showed the opposite perspective,
whereby the conductivity decreases with decreasing particle size of less than 50
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nm due to the increase in dispersion of smaller particle phonon (photon
scattering at the solid-liquid interface). The thermal conductivity of aluminum
oxide nanofluid was measured for different particle diameters of 8 to 282 nm
using hot wire technique. The thermal conductivities of nanofluids made up of
SiOJ/water, Al,Os/water, and TiOz/water for particle size ranging from 10 to
150 nm reveal that as the size increased, the thermal conductivity also increased
[40].

2.2 Volume Concentration of the Nanofluid

Volume concentration of the metal oxide in nanofluid can also affect the
thermal conductivity and viscosity. Usually, the higher the volume
concentration, the greater the conductivity. The conductivity of
nanodiamond/water was studied as a function of concentration by KD2-Pro
equipment using transient line heat source method [48]. The thermal
conductivity increased nonlinearly as the concentration increased from 0.8 to
3%. Similarly, Sundar et al. [49] reported the same pattern of increasing thermal
conductivity with concentration of FesOa/water nanofluid that is ranging from
0.2 to 2%. As the concentration of metal oxide increases, the Brownian motion
of the nanoparticles induces micro convection surrounding the liquid molecules,
so elevating the conductivity. The thermal conductivities of Al,O3;, CuO and
TiO, nanofluids also improved as the volume fraction increased because of
particle collision and Brownian motion [50], [51].

There is also a direct correlation between concentration and viscosity,
whereby the higher the concentration of nanoparticles, the higher the viscosity.
The increase in concentration of Al,Os/water and CuO/water nanofluids results
in the increase of viscosity. For example, at particle diameter of 47 nm, the
viscosity of Al,Os; nanofluid surges from 1.12 to 1.6 cP, and 3 to 5.2 cP at
volume fractions of 1 to 4%, and 9 to 12%, respectively [41].

3. Elliptical Cross-Section Tube Heat Exchanger

The use of elliptical tubes has been an excellent approach to improve the
hydraulic and thermal performance of the heat exchanger. Alias et al. [52]
studied the thermal performance of Al.Os/water and ZnO/water nanofluids in a
helical microtube coil with circular, oval, and elliptical tube cross-sections,
wherein Al,O3 exhibits a better heat transfer than ZnO by circular cross-section.
In a related work, the heat transfer was numerically explored for SiO, and ZnO
nanofluids in elliptical cross-section of helical copper tube as shown in Fig. 1.
For turbulent flow of Reynolds number 4x10° to 2x10% the Nusselt number
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rises as the volume fraction increases. At pitch diameter of 18 mm, ZnO at
volume fraction of 2% exhibits a higher heat transfer coefficient.
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Figure 1: Helical tube (a) with elliptical cross-section (b) [52]

Ahmadi et al. [53] numerically evaluated the heat transfer for CuO at volume
fractions of 1 to 4% in circular pipe fitted with elliptical-cut and square-cut
twisted tapes, in which the elliptical-cut with 4 vol.% CuO depicts an increase
in thermal performance by 21% compared to the water alone, and 26%
compared to square-cut with the same fraction of nanofluid. Qi et al. [54]
studied the effect of TiOx/water in elliptical tubes with a built-in turbulator that
shows a 33.8% improvement in heat transfer using 0.5 wt.% nanofluid. An
increase of 44.3% in heat transfer rate was recorded using 0.2 vol.% of
Al,Oz/water in elliptical cross-section tube [55]. Likewise, Al,Os/methanol
nanofluid demonstrates a substantial increase of 50 to 70% in the overall heat
transfer coefficient via numerical simulation of laminar flow in an elliptical duct
[56]. Another form of the tube design is elliptical tube inside a circular tube.
The elliptical annulus tube may improve the friction factor and heat
transmission by 6 and 19%, respectively when compared to circular annulus
[12], [57]. The Nusselt number and friction factor often increased with
decreasing particle diameter but increased with volume concentration. Table 2
summarizes the findings of elliptical cross-section tube heat exchangers.
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Table 2: Elliptical cross-section tube heat exchangers

Cross-section Finding Reference

Helical microtube coil Al,Os is better than ZnO. Best Rasheed et al. [32]
(circle, oval, elliptical) performance at volume
concentration of 2%.

Copper elliptical tube, ZnO at 2 vol.% endows a high Alias et al. [52]
helical micro pipe Nusselt number at pitch diameter of

18 mm.
Circular pipe fitted with A 6.6% improvement compared to Ahmadi et al. [53]
elliptical-cut twisted square-cut twisted tape.
tape
Elliptical tubes with a Thermal performance increased by Qi et al. [54]
built-in turbulator 33.8% compared to water.
Elliptical-shaped cross-  Heat transfer rate increased by Chaurasia et al. [55]
section 44.3% compared to water.
Elliptical duct Heat transfer coefficient improved Ragueb et al. [56]

by 25%. Overall heat transfer
coefficient increased by 50 to 70%.

Elliptical tube inside a Elliptical tube enhances the heat Danook et al. [12]
circular tube transfer and friction factor by 19%

and 6% compared to circular tube.
Elliptical tube The elliptical tube enhances the heat  Hussein et al. [57]

transfer and friction factor by 9%
and 6% compared to a circular tube.

4. Zigzag Tube Design of the Heat Exchanger

Zigzag tube design of the heat exchanger, as illustrated in Fig. 2 has become
a subject of considerable interest in improving the heat transfer efficiency.
Zheng et al. [58] reported an increase in heat transfer using zigzag channel with
square cross-section. The zigzag geometry renders chaotic advection that brings
about an increase in heat transfer rate with increasing Reynolds number [59].
The use of the zigzag channel is not limited only to normal-sized tubes. Ma et
al. [60] studied the heat transfer using zigzag microchannel. It successfully
reduces the growth of surface temperature and flow resistance along the
direction of flow. Parlak et al. [24] numerically assessed straight, wavy, and
zigzag microchannels (Fig. 3), wherein the Nusselt number of the wavy
microchannel is 10% higher than that of the zigzag microchannel, and 40%
higher than that of the straight one. Similarly, Shi et al. [61] reported an
increase in the heat transfer coefficient using a square cross-section of a 2 mm
wide zigzag millimetric channel with 90° bends, with a curvature radius of 1.5
mm as opposed to a straight channel. The zigzag channel model can decrease
the temperature gradient on the surface of the pipe for a better heat transfer
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compared to a straight channel [62]. In addition, finned zigzag tube
demonstrates an increase of thermal performance by 59% in laminar flow
regime compared to a finned straight tube [63]. Also, Nuntadusit et al. [64]
showed the optimum performance of rectangular zigzag-cut baffle against the
rectangular cross-section with no cut and triangle zigzag-cut baffles at Reynolds
number of 2x10% The upstream and downstream sides of the baffle promote the
efficient transfer of heat because of flow acceleration and low friction factor.
Fig. 4 illustrates the geometry of baffles.

Figure 2: Schematic representation of zigzag unit with semi-circular cross-section; the
dashed line represents the axial path of the passage [59]

Model 1 *b
?
L
Model 2 e T
- b

Model 3 N N

Figure 3: Straight (model 1), wavy (model 2) and zigzag (model 3) microchannels [24]
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Figure 4: Geometry of baffles [64]

The use of nanofluids in zigzag channel has been reported in literature.
Toghraie et al. [65] reported the heat transfer of CuO/water nanofluid in
sinusoidal and zigzag-shaped microchannels, in which the Nusselt number
increased by decreasing the microchannel wavelengths. Ajeel et al. [66],
numerically investigated the effect of ZnO, Al.Os, CuO, and SiO; nanofluids on
the heat transfer in trapezoidal-corrugated and zigzag channels. At Reynolds
number of 1x10* to 3x10% the trapezoidal-corrugated channel exhibits a
significant positive impact on the thermal performance and SiO,/water shows a
greater improvement in heat transfer. Table 3 summarizes the potential of
zigzag tube design of heat exchangers.

Table 3: Zigzag tube design of heat exchangers

Reference

Pipe design

Finding

Zigzag channel with
square cross-section
Zigzag channel with
semi-circular cross-
section

Finned zigzag tube

Periodic zigzag
channel with semi-
circular cross-section
Zigzag microchannel

Heat transfer increases with Reynolds
number, 50 < Re < 400.

Chaotic flow advection at Re > 200 for
zigzag unit geometrical parameters of
Re/d =0.51, L/d = 1.75 and h = 45 mm.
Heat transfer rate increases with
increasing Reynolds number.

Heat transfer increased by 59%
compared to finned straight tube.
Significant increase in heat transfer
with increasing Reynolds number in
transient regime.

Zigzag channel (a = 0.04 and ¢ = 0.1)
prevents the rise of heat surface

Zheng et al. [58]

Zheng et al. [59]

Karmo et al. [63]

Zheng et al. [67]

Ma et al. [60]
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Pipe design

Finding

Reference

Zigzag-cut baffle,
rectangular cross-
section with no cut,
rectangular zigzag-cut
baffle, and triangle
zigzag-cut baffle
Zigzag channel

Sinusoidal
microchannel, zigzag
microchannel

Straight, wavy, and

zigzag microchannels

Trapezoidal, zigzag

Zigzag millimetric
channel with square
cross-section

temperature along the flow direction
and reduces the flow resistance
compared to rectangle channel.

The baffle with rectangular zigzag-cut
gives the best thermal performance due
to heat transfer augmentation in the
upstream and downstream sides of the
baffle.

The zigzag channel reduces maximum
surface temperature, surface
temperature difference and temperature
uniformity index by 5%, 23% and 8%,
respectively compared to straight
channel.

Zigzag is better than sinusoidal. Nusselt
number increased with increasing
volume fraction of CuO and decreasing
microchannel wavelengths.

Wavy geometry exhibits greater
Nusselt number; 10% higher than
zigzag, and 40% higher than straight
channel.

The symmetry of trapezoidal-
corrugated channel has a great effect on
heat transfer compared to zigzag and
straight channels.
SiOy/water is
nanofluids.

The ratio of Nusselt number in zigzag
channel to that in straight channel is
always higher, increases up to 6.4 with
Reynolds number.

better than other

Nuntadusit et al.
[64]

Afshari et al.
[62]

Toghraie et al.
[65]

Parlak [24]

Ajeel et al. [66]

Shi et al. [61]

5. Conclusion

This paper presents an overview of heat transfer improvement by nanofluids
and zigzag tube design. The addition of nanoparticles to the basic fluids
improves the heat transfer due to increase in thermal conductivity. Generally,
the heat transfer can be elevated via smaller particle size and higher volumetric
concentration of the nanofluid. The elliptical cross-section often exhibits a
better heat transfer compared to the circular cross-section. Also, the zigzag tube
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design of heat exchangers leads to a better heat transfer compared to the straight

tube.
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Abstract: Inconel738 is a nickel-based super alloy widely used in manufacturing
gas turbines, particularly in the manufacture of blades that are in direct contact with hot
gases during their operation. As a result, these blades are subjected to high
temperatures, significant static and dynamic stresses, erosion and/or hot corrosion
which can be very severe. The use of coatings is one of the most effective strategies to
protect materials against corrosion and increase the wear resistance of materials. In this
study, B-Ni-Al coatings were sprayed onto an Inconel738 substrate using a wire flame
spraying process and characterization of coating has been made.

Keywords: Nickel-based super alloy, wire flame spraying, XRD diffraction,
microhardness, microstructure.

1. Introduction

Gas turbines are complex machines in which mechanical and thermal effects
strongly interfere, at high stress levels for long operating times. To tackle this
problem, specific materials of high technological degree have been developed,
capable of satisfying these extreme loading conditions, among them nickel
super alloys.

Nickel super alloys have good mechanical resistance at high temperatures.
The latest developments in these materials seem to indicate that the exceptional
level of performance they achieve will no longer be significantly improved with
new compositions.
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The only limited gains that can be achieved are through the deposition of
coatings. Among these, we identify thermal spraying which allows the
formation of protective coatings against wear, temperature, corrosion, etc. [1-8].

Thermal spraying is a method of surface treatment by coating combining
various techniques, namely oxyacetylene flame spraying [9-13], high-velocity
spraying (HVOF) [14-20], electric arc spraying [21-23], atmospheric plasma
spraying [24-28] and the cold spray process [29]. The different thermal spraying
processes are defined mainly by the energy source used (combustion, electric
discharge). The process is conditioned by thermal and/or kinetic transfers
between the sprayed material and the enthalpic source used. The kinetic energy
is communicated to the particle by the speed and viscosity of the projecting gas
mixture. The coating construction results from the stacking of the particles on
the substrate. The balance between the kinetic and thermal energy of the
particles is therefore paramount to the quality of the coating. The coating is
mainly characterized by the adhesion to the substrate, the porosity levels, and
the oxide content. In general, the higher the particle velocity, the better the
adhesion and the lower the oxide content of the coating [30].

In recent years, a lot of development and research work has been done in the
field of thermal spray coating applied on nickel super alloys to improve the
surface properties.

According to Sushila Rani et al. [31], a gas turbine blade failure occurs due
to the combined effect of surface degradation caused by overheating, oxidation,
hot corrosion, and degradation of the highly oxidized coating. M. F. O.
Schiefler Filhon et al. [32] studied the influence of spraying parameters. The
variation of spray parameters had a great influence on the quality of X46Cr13
stainless steel coatings. This fact could be demonstrated by the large variation
obtained in terms of microstructural characteristics, mechanical properties, and
corrosion performance. Xueyuan Gong et al. [33] studied the microstructure
evolution of a NiAl coating and its underlying single crystal super alloy
substrate by EB-PVD. The deposited NiAl coating displayed a columnar
microstructure with a preferred orientation (110). Kirkendall voids were formed
in the NiAl coating, indicating the different diffusion coefficients of the
elements in the coating and the substrate. Equiaxed B-NiAl grains were
developed in the inter-diffusion region after diffusion annealing at 1100 ° C for
10 h, which showed different orientations of crystalline grains in the coating
and substrate.

M. Kopec et al. [34] concluded that the aluminized layer can significantly
improve the creep performance of nickel super alloy. It has been shown that the
application of such a layer can effectively protect the raw material from
processes such as oxidation, hot corrosion, or wear, and thus prolong its service
life. TF An [35] focused on the effect of alumina formation and transformation
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on the oxidation behavior of a nickel-based super alloy with an aluminide
diffusion coating. This coating improved the oxidation resistance. The oxidation
kinetic curve of the nickel-based super alloy at 1000°C was slightly higher than
that at 1050°C within the first 100 hours. This abnormal phenomenon is
attributed to the high amount of W and Mo (about 12%). The growth stress was
characterized by the formation of convoluted scales.

The B-NiAl coatings have been widely used as metal protector coatings to
protect the underlying super alloy from high-temperature oxidation. D.B.
Miracle [36] presented a critical review of the physical and mechanical
properties of NiAl.

2. Materials and Experimental Procedures

2.1. Materials Used

The substrate used in our study is the nickel-based super alloy / Inconel 738
which is used for the manufacture of the moving blade of a gas turbine, where
the detection of the chemical composition of Inconel 738 has been made by
using a portable analysis device Thermo scientific NitonXL 3t. The chemical
composition is shown in Table 1.

Table 1: Chemical composition of Inconel738(%weight)

Se Mo Nb Zr W Cu Ni Co Fe
'”?gge' 0.012 | 1.670 | 0.786 | 0.017 | 2.419 | 1.017 | 59.688 | 8.396 | 0.357

Mn Cr V Ti Al C B Ta
'”?gge' 0.078 | 16.023 | 0.043 | 3269 | 34 | 010 | 0001 | 1.75

The Ni-Al wire, whose chemical composition is shown in Table 2, has been
sprayed onto an Inconel 738 substrate using a wire flame spraying technique.

Table 2: Chemical composition of Ni-Al wire (% weight)

Al Si Fe Ni Cu Zr
98,034 0,641 0,727 0,351 0.215 0,032
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Prior to the coating process, the substrate surface has been sandblasted with
grains of sand type NK F080. The purpose of this step is to remove oxides from
the surface and create a roughness profile for a good adhesion of coating.

2.2. Processes and Coating Conditions

Ni-Al layers of 3 mm thickness have been deposited on Inconel 738substrate
using thermal spraying technique with Metco gun (Fig. 1). Oxyacetylene flame
was used in the case of wire flame spraying because of the high temperatures
offered by the combustion of these gases. The flame could be easily adjusted to
become an oxidizing, neutral or reducing flame. A neutral flame was obtained
by adjusting the acetylene flow rate. The coatings have been carried out at the
Industrial Equipment Maintenance Company M’sila (MEI), Algeria.

Figure 1: Operating diagram of a wire flame gun

The projection parameters are summarized in Table 3.

Table 3: Coating deposition parameters

Projection parameters

Acetylene pressure 7 kPa
Oxygen pressure 14.7 kPa
Alir pressure 33.6 kPa
Acetylene flow rate 39 L/min
Oxygen flow rate 44 L/min
Air flow rate 52 L/min
Wire diameter 3.2mm
Spraying distance 100-200 mm
Particle velocity 150 m/s
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2.3. Characterization Methods

The coated samples have been cut to a size of 15x10x2 mm?3 using a wire
cutter, mounted in a cold epoxy resin, polished with abrasive papers (roughness
from 200 to 5000), followed by a very fine finish polishing with an Al,Os
alumina powder having a grain size of 0.3um, suspended in water on a silk
cloth. Finally, the coated samples were cleaned in distilled water and dried in
hot air.

Several tests were carried out in collaboration with industrial Algerian
companies namely X-Ray diffraction analysis, micro hardness, and microscopic
examination for the characterization of the coating.

X-ray diffraction patterns have been recorded using a PANALYTIC X'PERT
PRO diffractometer equipped with a Ni filter and a copper anticathode using Ka
radiation of wavelength A = 1.5406 A. The working conditions are: U = 30 kV
and I = 25 mA, the sweep angle 26 = 10 — 80° with a speed equal to 0.05 °/s.
The samples have dimensions (10x10x2 mm?3).

Identification of the phases present in the compound has been done using
micro informatics with the help of X'Pert High Score plus software (JCPDS
files).

The Vickers micro-hardness measurement was performed on polished cross-
sections of coatings using a Tukon Microhardness 2500 Wilson Hardness under
a load of 25 g during 10 seconds. The measurement points in each zone of the
section are spaced at about 0.5 mm.

The deposited coating microstructures of the cross-sections of the samples
after etching in Nital 3% have been observed using optical microscopy
reflection OLYMPUS BH?2 in order to investigate the morphology of splatters,
porosity and micro cracks [37].

3. Results and discussion

3.1. XRD Diffraction

Fig. 2 shows the X ray diffraction spectrum obtained for the (Ni-Al) coatings,
performed by wire flame spraying process on an Inconel 738 substrate.
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Figure 2: X ray diffraction spectra of the (Ni-Al) coating, performed by wire flame
spraying process on Inconel 738 substrate
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The X-ray diffraction diffractograms show the main peaks characteristic of
the super alloy such as the y matrix (JCPDS n°96-901-3033) and the v’
precipitate phase (NisAl) (JCPDS n°0021-0008). The formation of the Yy’
precipitate phase is ensured by the reaction of the Nickel atoms with the
Aluminum atoms of deposits. The very strong coherence between y/y' confers a
very high hot mechanical strength of nickel-based super alloys. In addition,
peaks of iron carbide (FesC,) of monoclinic crystalline structure with crystalline
parameter equal to 11.5620 A (JCPDS N° 01-089-2544) are observed. The
formation of this carbide is ensured by the reaction of the iron atoms with the
carbon atoms. The carbide is responsible to increase coating hardness and wear
resistance.

3.2. Microhardness

Fig. 3 shows the micro hardness distribution in a cross-section of the coating
obtained by flame spraying of Ni-Al wire on Inconel 738 substrate. The curve
shows clearly that the coating is harder than the substrate. The nickel-aluminum
alloy coating has a small variation in micro hardness from the first measuring
point to the fifth point. The maximum is equal to 488HV at the 4" measurement
point and the minimum is equal to307HV at the first measurement point. Micro
hardness is very dependent on the nature and the distribution of the phases in
the coatings-substrate. The hardness of the substrate is almost stable along the
investigated area.
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Figure 3: (a) Distribution of the Vickers micro hardness values, measured in the cross-
section of the coatings / substrate domain and (b) histogram representation
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3.3. Coating Microstructure

The microstructure of thermally sprayed coatings, which results from the
solidification and sintering of the particles, often contains pores, oxides and
cracks.

Fig. 4 shows the cross-section view of the coating wire flame spraying (Ni-
Al) on substrate Inconel 738, which contains several dispersed phases: the
major phase y matrix, the y' precipitate phase (NizAl) deformed from different
directions with remarkable intensities and a small amount of carbides.

The presence of certain types of pores has been observed. The low particle
velocity of the thermal spraying flame process has the effect that the certain
particles are not well dispersed during the impact on the substrate. Therefore,
this phenomenon favors the presence of pores in the coating. However, no crack
has been revealed. The profile interface appears to adhere to the substrate.

Figure 4: Optical imaging of the samples investigated by using a metallographic
microscope: the selected pictures indicate the cross-section images taken from a limited
area of the transition domain between Inconel super alloy substrate and the Ni-Al
coating / substrate

4. Conclusion

Nickel-based alloys hardened by precipitation of the phase (y') used in the
blades of gas turbines are very complex materials. Exposed to high temperatures
during service, their high temperature strength and endurance are unmatched by
any class of alloy.



36 N. Menasri, S. Zergane, N. Aimeur, and A. Saci

Improving the performance of gas turbines is an important issue, which
requires identifying and understanding the deterioration mechanisms that take
place during their use. In the hottest parts of gas turbines (i.e. combustion
chamber), the materials used are subjected to high thermal and mechanical
stresses. This is particularly the case of turbine blades. The temperatures of use
are indeed, of the order of 800 °C. These stresses induce different types of
degradation. The most frequently encountered by turbine blades are erosion,
creep, fatigue, corrosion and oxidation.

In order to improve the high temperature durability of the turbine blades,
coatings are made by thermal spraying with flame - wire (Ni-Al), deposited
with the thermal spraying systems Metco.

From the characterizations by optical microscopy, micro-hardness
measurements and the X-ray analysis, the following main results have been
obtained:

e The presence of several distinct phases, which gives a heterogeneous

structure. The phases revealed have compound, and elemental types.
We can observe the presence of NizAl (y'), carbides, and the Nickel (y)
matrix.

e The adhesion of the flame wire coating is less acceptable, with the
existence of pores.

e The micro hardness of the wire flame coating is higher than that of the
substrate. This can be explained by the formation of the hardening
phase of NisAl with a significant increase of micro-hardness.

e We can confirm that wire flame spraying remains an effective solution
in ordinary industrial applications where there is no high precision
requirement to extend the life of the equipment without increasing the
cost of the latter.
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Abstract: Since about two decades, cellular phones coupled to internet and
wireless communications are offering many possibilities that can be exploited by
classical telerobotics to free human operators from many constraints providing mobility
and ubiquitous applications.

This paper presents the design and implementation of an experimental telerobotics
system where the human operator supervises and controls remote robots by means of
cell phones. To achieve this application, we used Java software namely J2ME platform
which is dedicated for programming cell phones and J2SE platform for programming
PCs. The adopted software technology of connection between the human operator and
the remote robots uses the socket technique with client-server model. The cell phone
held by the operator acts as a Client while a PC, situated at the remote robot site, acts as
a Server. This application corresponds to Midlet-to-Servlet in Java terminology. Basic
simulations and preliminary experiments have been successfully carried out with a three
Degrees-of-Freedom (D.O.F) serial robot. These telerobotics systems based on cell
phones are effectively offering interesting means to opening new perspectives for
mobile and ubiquitous applications.

Keywords: Telerobotics, human-robot interaction, cell phone control, wireless
control, remote control, client-server architecture.

1. Introduction

Since about three decades, the evolution of modern technology is offering
more and more capabilities to enable mobile interaction and control of remote
systems in an easy way anywhere at any time [1-4]. Initially, remote robot
control took form during the Second World War by controlling the first robot
manipulators dedicated to manipulate radioactive materials in nuclear plants and
to achieve repetitive industrial tasks. During this period, the feedback
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information used to monitor and supervise the task was the direct vision of
human operators situated near the operational site. Later on, remote robot
control or telerobotics became possible at relatively longer distances with
dedicated and specialized wired or wireless connections based on radio waves.
For supervising and controlling tasks at long distances, the vision feedback is
assured by means of cameras situated at the remote robot site. Soon, this field of
telerobotics became very important and involved various kind of robots: arm
manipulators, wheeled robots [5], parallel robots [6], etc. It covered also a large
number of applications including exploration in hazardous and/or inhabited
areas like space, undersea, nuclear plants. However, since the 90's, the
availability of multimedia techniques has enriched the development of operator
interfaces which represent the core of telerobotics systems. Interaction, control
and supervision of telerobotics systems became therefore easier [7-10]. More
recently, the involvement of Artificial Intelligence into telerobotics brought
unexpected and unprecedented capabilities which are reflected by the addition
of more autonomy and flexibility to the telerobotics systems. Consequently,
more and new applications have been carried out such as telemedicine, tele-
surgery, micro-robotics, social robotics, cooperative robotics, etc. Many
complex missions involving various robots of different forms and sizes are
actually envisioned [11]. In fact, the standard basic architecture of telerobotics
systems is usually constituted of three main parts. The first part is a local site
where the human operator is situated and from where usually he/she interacts
and supervises the remote robot. The second part is the remote site where the
robot is situated in its workspace. The third part is an operator interface which
permits communication between the operator on the one hand, and the remote
robot and its environment on the other hand. An operator interface is generally
constituted of screens projecting the scene of the robot evolving in its
workspace and many tools that enable the operator to interact and supervise the
task achievement and the robot state. Classically, the local site is fixed and the
remote robot can be mobile or spatially fixed according to the robot type under
consideration. However, with the recent development of modern wireless
communication networks involving Internet; cell phones as handheld devices
are becoming to some extent capable of replacing PCs. This capability, if
exploited in telerobotics, can give rise to applications implying free
displacements of the operator. This is particularly required for human explorers,
soldiers, and many others. Indeed, cell phones enable unimaginable means for
remote control which can be characterized by the ease of use anywhere and at
any time. If the human operators are mobile and the remote robot systems are
also mobile; therefore, ubiquitous applications can be designed.

In this context, some studies and applications have been performed covering
a large spectrum of domains: education, academic [3] surveillance [12, 13],
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spying [14], control of mobile robots [4], [15], industrial robots [16], military
operations [17], supervision of unmanned vehicles [18], exploratory missions in
space and hazardous environments, etc. [4].

In this paper, we intend to present the design and implementation of an
experimental telerobotics system in which the human operator can control and
supervise remote robots by means of cell phones of the third generation and
beyond, using wireless networks.

2. Description of the Telerobotics System Based on Cell Phones
A. Hardware Architecture Design

The hardware architecture of our telerobotics system resembles to classical
ones except that the operator can be mobile according to his/her needs. A
schematic illustration of the system organization is presented in Fig. 1. It is
composed of three main parts. The first part concerns the local site where stands
the human operator, who can supervise and control by means of the cell phone
the remote robot as well as the webcam (on the right side of Fig.1). The second
one is constituted by the remote worksite (on the right side). It contains a
homemade 3 D.O.F robot manipulator of RRR type that holds a gripper on its
end-effector. In addition, this site contains a homemade pan-tilt unit that serves
to orient a webcam used for selecting views on the robot workspace.

< Internet>

IMobiIe Operator Site | Remote Robot Site

Figure 1: Hardware architecture with operator using cell phone

The third part concerns the communication and control system which enables
information exchange and interactions between the human operator and the
remote robot and site. The required functions of our system are hosted on the
cell phone through a Graphical User Interface (GUI). The GUI permits
management of information exchange and visualization of the remote site on the
cell phone. It provides functions via panels for remotely controlling the robot
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manipulator for performing tasks as well as the pan tilt unit for selecting
suitable views by the webcam.

The vision feedback to supervise the remote task is assured by video streams
sent by the camera and displayed on the screen of the cell phone. Moreover, a
virtual robot replicating the wireframe structure of the real robot has been also
designed and implemented for simulation purposes based on the cell phone
emulator.

B. Software Architecture Design

Our application has been designed for modern cell phones of the third
generation and beyond using wireless networks such as WWAN (Wireless Wide
Area Network) and thus can take advantage of the access to Internet and
multimedia systems. In our telerobotics system, the mobile terminals are
connected to the wireless network. Therefore, it was necessary to use specific
software for developing mobile phone applications. Consequently, we have
used the basic J2ME platform which is a specific platform dedicated to mobile
phone applications [19-21].

Applications concerning virtual as well as real robots have been designed by
means of this platform. The communication between the mobile phone and the
PC at the remote robot site exploits the socket technology according to the well-
known Client-Server model. The Client represents the operator's cell phone
while the Server is represented by a PC related to the remote site. The dialogue
between the Client and the Server is done by exchanging messages. As we have
used Java software platforms to implement all our applications; so, we have
implemented a MIDIet class for the Client side and the Servlet class for the
Server side [22]. A MIDlet is an application that uses the mobile information
device profile (MIDP) from the Java Platform Micro Edition (Java ME)
environment. Since Java has become one of the most widely used mobile
platform, the MIDlet has become the most ubiquitous application of mobile
ones. On the other hand, a Servlet is a class that is used to extend the
capabilities of servers that host applications accessible by means of a request-
response programming model. This Java platform offers also a cell phone
emulator on PCs. This is an important facility that enables programming and
testing applications designed for cell phones on the PCs.

The GUI has been designed to enable interaction and information exchange
between the human operator and the remote site. Technically, the GUI provides
the operator with a menu on the cell phone from which he/she can select
functions to be performed. It is constituted of some forms that integrate buttons,
labels, zones to input data, zones to receive messages, etc. For instance, a
specific panel is designed to control the orientation of the webcam by pen clicks
or finger touches or by predefined programs. An area is devoted to visualize the
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video sent by the webcam from the remote site. This enables to supervise the
accomplishment of the remote task. Another panel can be used for controlling
the robot movement of the serial robot from one configuration to the next. From
this panel, the operator can also launch preprogrammed simple pick-and-place
tasks.

3. Functional Organization of the Telerobotics System

In this section, we briefly present the functional organization of our
telerobotics system. All communications and interaction between these two
sites are managed through the structure of client-server model (MIDlet-to-
Servlet). Expressed in hardware terms, it means that all communications are
performed between the cell phone and the PC. The process of communication
between the Midlet and the Servlet works as follows (Fig. 2). When the
operator needs to interact with the remote site, he/she activates by a pen or a
finger touch a button of an appropriate panel on the cell phone; then the Midlet
invokes the Servlet. If the Server confirms by a message that it is Idle, then the
operator can send the data with the service request.

For security and efficiency purposes, a procedure for error detection by
simulation has been implemented [23]. This procedure necessitates a task
simulation on the virtual robot before enabling real execution with the remote
real robot for avoiding possible errors, non-realizable and singular
configurations that can occur with some provided data. In fact, for telerobotics
systems using networks such as Internet, the virtual robot is not only
implemented on the cell phone at the operator site but also on the PC of the
remote site. The simulation on the remote site is optionally available because it
can be essentially needed in order to test and estimate the communication
quality and possible issues such as micro-interruptions, delays and their random
variability that can affect the network under consideration.

In practice, the operator, from the client side, formulates a request to
transfer the robot from a current position to another one by sending the
appropriate coordinates (X, y, z). The robot movement is simulated first with the
virtual robot implemented on the client side. If this simulation fails, then an
error is reported to the operator who has to cope with this situation for instance
by modifying the data. In case of a successful accomplishment, the data is
transmitted for simulation to the server side in order to test and estimate the
influence of the network. If the simulation is performed successfully, then the
execution of the task with real robot can be performed. During the real
execution, a video stream is sent from the server to the client enabling the
operator to supervise and control the task execution. After the effective
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accomplishment of the task, the server has to notify the end of the task to the

client.

¥

"
Enter Data (X, Y)
y

¥

Simulation of the
virtual robot

Yes
Midlet invokes
servlet to send Data
@7

Reception of Data

X Y)

Simulation on
the remote site

Task execution
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Reception of the : ®<
message Ok U

Figure 2: Functional organization scheme of the Midlet-to-Servlet communication

4. Some Simulations and Experiments

Many simulations have been performed by the virtual robot in order to test
some elementary commands such as move left, move right, move up, etc. The
same commands have been performed with the real robot. Some simple pick-
and-place tasks have been also carried out by our virtual and real robots. On the
other hand, different actions concerning the pan-tilt unit for orienting the
camera have been also performed. Fig. 3 shows images representing the
elements that have served to perform our experiments. We can recognize from
the left side to the right side: a panel showing the virtual robot used for
simulation on the cell phone screen at the operator’s site (Fig. 3a); the robot in
the remote environment (Fig. 3b); and the pan-tilt unit holding the webcam at

the remote site (Fig. 3c).
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D -

a.) Virtual robot b.) Serial robot c.) PTU
Figure 3: Some elements used in the experiments

Some tasks have been simulated on the virtual robot of the operator's cell
phone. Other simulations have also been performed on the PC at the remote site
enabling to test the quality of the communications such as the instability caused
by time delays, possible micro interruption on the network and any other issues.
Experiments with the real robot have been carried out only at relatively short
distances in our laboratory (a few meters). The effect of the very short delays
which is about milliseconds has no significant influence on the robot control
compared to its effect experienced with our classical telerobotics system at
distances of about 600 km. The delay is sensed particularly with manual control
by joysticks or continuous finger touch on sliders of the GUI, especially if
actions are complex and performed in a fast way with respect to relatively long
delays.

Moreover, our experiments have tested commands generated by pen clicks
and by impulse contact by finger touches on the cell phone screen. Since these
types of commands correspond to preprogrammed short movements of the
remote robot; so, they were not sensitive to delays. It reveals as in other works
that interactive discrete commands enable to avoid instability and difficulty of
control compared to manual control where the operator is engaged continuously
to direct the remote task.

5. Conclusions and Future Work

The goal of this study was the testing of some command modes for
telerobotics systems based on cell phones for providing free mobility to human
operators. The adopted communication technique used the client-server model.
In this model, on the one side, the operator's cell phone acts as a client while, on
the other side, the PC at the remote robot site acts as a server. The technology
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adopted used Java platforms J2ME and J2SE corresponding to a Midlet-Servlet
communication technigue. This technology proves to be very easy to implement
and very flexible to adapt to such telerobotics systems. The basic simulations
and experiments carried out with our telerobotics system based on cell phone
are offering new capabilities and opportunities for ubiquitous telerobotics
applications.

As future works, there are some command modes that deserve to be tested
on our telerobotics system based on cell phones. These command modes have
been previously designed, implemented and successfully tested on different
robots developed in our laboratory and described in the papers [24], [25]. These
concerned command modes are namely interactive programming based on the
graphical-user-interfaces, voice-based, pointing-on-image-based, and gesture-
based [25].

Moreover, the cell-phone-based architecture can also be adapted and
extended to many other robotic structures such as mobile robots, parallel robots,
cable-based robots, etc.
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Abstract: The paper presents a strategy of energy loss minimization within a hybrid
energy storage system of an electrical vehicle, composed by a battery and a
supercapacitor. The optimization of the power sharing between these energy storage
devices is performed for the New European Driving Cycle, using the Particle Swarm
Optimization algorithm. The minimum energy storage required to pass through the
driving cycle is taken into account as a time-variable constraint during the optimization.
The dimension of the search space increases with the dimension of the optimization
vector, which has to be kept low in order to keep the complexity of the problem
manageable. It is shown, that the subdivision, and piecewise optimization of the driving
cycle improves the result by means of relaxation of the constraint represented by
minimum level of the required energy storage.

Keywords: Particle swarm optimization, hybrid energy storage system, electric
vehicle, constrained optimization, New European Driving Cycle.

1. Introduction

In order to take advantage of the high energy storage capability of the batteries
and high power capability of the supercapacitors, in electric vehicles these energy
storage devices are combined into Hybrid Energy Storage Systems (HESS) [4]
[71, [14]. An energy management algorithm has to be implemented to determine
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the optimal power sharing between the battery and the supercapacitor in order to
minimize the energy losses and to extend the battery life cycle [9], [12], [13].

Due to the complexity of the optimization problem, the stochastic Particle
Swarm Optimization (PSO) method is a good candidate for solving this task.
There is a vast literature on PSO applying different methods for handling the
constraints [2], [3], [5], [6], [10], [11].

In [16], [17] we introduced a constrained particle swarm optimization (PSO)
algorithm [15], [18], [19] to minimize the energy losses of a HESS from an
electric vehicle, for a simple driving cycle. In this paper an extension of the PSO
is presented for the standard New European Driving Cycle (NEDC) [20].

2. The Optimization Problem

The model considered for the simulation and optimization of the electrical
energy management is shown in Fig. 1. The hybrid energy storage system
consists of a battery, a supercapacitor and the bidirectional power electronic
converters connecting them to the same DC busbar, and providing the possibility
of power sharing between the storage devices. Energy exchange between the
battery and the supercapacitor has not been considered in this study.

The instantaneous electrical power requirement is derived from the
instantaneous acceleration and speed along the driving cycle, the vehicle
parameters, and the electrical efficiency of the HESS. In this study, the converter
and electric drive losses have been omitted in order to emphasize the effect of the
losses in the storage devices.

In the model, the battery voltage ug 47 is constant, while the internal resistance
rgar depends on its state of charge SOC [1], [8], [11]. The internal resistance g
of the supercapacitor is constant, while its voltage ug. varies with its state of
energy SOE. The HESS parameters are shown in Table 1.

The vehicle model parameters used for simulation, specified in Table 2,
correspond to a Tesla Model 3. However, the electrical energy storage devices
and their initial charge have been chosen to limit the vehicle range close to the
driving cycle length. Thus, the capacity of the battery is 120% of the energy
needed to pass through the NEDC driving cycle, and its initial SOC is 83.3%.
The energy storage capacity of the supercapacitor is 20% of that of the battery,
and it’s initial SOE is 50%.
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Figure 1: The block diagram of the model considered for the optimal control of the

hybrid energy storage system [16].

Table 1: The parameters of the HESS, used for simulation.

Capacity Qun 1.31 kWh
No load voltage Upar 800 V
Initial state of charge SOCipnit 83.3%
Battery Internal resistance at
SOC=100% Tgar|soc=100% 600 mQ
Internal resistance at
SOC=50% Tgar|soc=50% 1,05 mQ
Capacity Csc 295F
Supercapacitor Initial voltage Usc init 566 V
Internal resistance Tsc 100 mQ
Table 2: The parameters of the vehicle, used for simulation.
Mass of the vehicle m 1611 kg
. . k
Air density Pair 1.202 Z&
m3
Aerodynamic drag coefficient C,y 0.3
Maximum cross-section area Aypenicie 2.22 m?
Rolling resistance coefficient foenicte 0.011

The optimization problem being studied is the optimal power sharing between
the energy storage devices for minimum power losses in the HESS over a
partition of the driving cycle. In the following, either a single partition (the entire
driving cycle) or multiple partitions are being used, with subdivision of each
partition into two segments. The optimization vector in each partition is formed
by the power shares of the supercapacitor in the two subintervals, defined by (1),
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extended with the length of the first subinterval normalized to the length of the
partition [16].

_ Psc_req(t)
X(t) - pel,req(t). (1)

Thus, the optimization task is to find is to find the extended optimization vector

x;n = [x1'x2'T]m = arg n}in(Wloss)'xl,Z € [0'1]:77 € [0’1] (2)

In this way the dimension of the solution space is only 3, and the complexity
of the problem is moderate [16].

In the following, this approach is applied to the whole driving cycle (“global
optimization’) and subsequently to each partition of the driving cycle (“piecewise
optimization™) to improve the result of the global optimization.

3. Global Optimization

The stochastic Particle Swarm Optimization (PSO) method is applied for the
energy loss minimization in order to handle the problem complexity arising from
the nonlinearity of the electric vehicle model including the HESS, the length of
the driving cycle, and the multitude of local minima of the cost function Wioss.

The minimum energy storage required to pass through the driving cycle is
taken into account as a time-variable constraint during the optimization.

Fig. 2 shows the vehicle velocity and acceleration along the New European
Driving Cycle (NEDC). Based on the vehicle model, and on the estimated worst-
case minimum of the hybrid energy storage system efficiency, the required
mechanical and electrical power is calculated. The energy storage needed to pass
through the driving cycle is derived as well. Further on, this storage requirement
is reduced due to the optimization results, allowing for the relaxation of the
minimum stored energy constraint.
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Figure 2: The NEDC velocity and acceleration (top); the power and electrical energy
requirement along the driving cycle (bottom).

The flowchart of the global optimization algorithm is shown in Fig. 3. The
energy storage is initialized according to the initial estimation of the electrical
efficiency over the whole driving cycle. The particle swarm optimization is
performed over the entire driving cycle using the optimization variable [x,, x,, 7]
as shown in Fig. 4. Thus, the entire NEDC is subdivided into two time-intervals
with constant power sharing ratio. Both the power sharing ratios and the time
instant of the subdivision are elements of the optimization variable. The
corresponding particle swarm optimization (PSO) algorithm is described in detail
in [16]. The number of individuals in the swarm is 25, and a number of 8
constraints are applied during the optimization, including the minimum required
energy storage, as a time function. The result of the optimization cycle is a better
electrical efficiency, than initially assumed, thus the constraint regarding the
required energy storage can be modified, extending the available search space,
and thus improving the result of the next optimization cycle. A few such
optimization cycles are performed until the efficiency increment using this
method becomes negligible.
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Calculation of the required mechanical power along the driving
cycle

L]

Calculation of the mechanical energy required to pass through
the driving cycle
Wm_req = f(V, El)

¥
Initialization of the estimated electrical efficiency
N = Winit
¥
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electrical efficiency

Calculation of the estimated electrical energy storage required to
pass-through the driving eycle

wem (t) = fmfmeﬁ _reqr T])

[]

Initialization of the hybrid energy storage system
(SOC’ SOE)init = f{“'ve_req_imt)

]

Particle swarm optimization over the entire driving cycle

x:;zh: = (xr T)mira = argnlin(wlo:s)
x,T

[]

Calculation of the estimated electrical energy loss

Wuss _min = f( x ;mn)

¥
Recalculation of the estimated electrical efficiency
n= fmrios:_mm)
]

Recalculation of the estimated electrical storage requirement
along the driving cycle

We req (t) = f(n)

¥

Recalculation of the search space boundaries
(“'\ﬁ:»at + Wsc)]im = We_req (t)

L]

Partitioning of the driving cycle and piecewise optimization PSO

Figure 3: Flowchart of the global efficiency optimization algorithm.
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Fig. 5 explains the evolution with the number of successive iterations of the
required energy storage versus time, while Fig. 6 illustrates the evolution of the
estimated efficiency with the number of optimization cycles.

Further reduction of the HESS losses can be obtained by piecewise
optimization over the partition of the driving cycle, as explained in the next
section.

- Acceleration along the NEDC
. T T T T

0 200 400 600 800 1000 1200 1400
ts]

Global optimization result
I I
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| | |
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800 1000 120d 1400

Ty = 1220s
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Ts]

T, = 646,65 Ty = 573,4s

Figure 4: The NEDC acceleration profile (top), and the interpretation of the global
optimization vector (bottom): x;, = (x1,X5, T) = (0.524,0.115,0.533).
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Figure 5: Variation of the energy storage requirement along the driving cycle with the
number of iterations of the global efficiency optimization algorithm.
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Figure 6: Variation of the global efficiency of the HESS vs. the number of global
optimization iterations.
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4. Piecewise Optimization

The dimension of the search space increases with the dimension of the
optimization vector, which has to be kept low in order to keep the complexity of
the problem manageable. It is shown, that the subdivision, and piecewise
optimization of the driving cycle improves the result by means of relaxation of
the constraint represented by the minimum level of the required energy storage.

The partitioning of the driving cycle can be made in multiple ways, and the
advantages of each still have to be analyzed. During this study it has been
observed that a partitioning at positive zero-crossing instants of the acceleration
curve yields better results, than other trials (ex. at negative zero-crossings of the
acceleration, at positive or negative zero-crossings of the required instantaneous
power, or equidistant partitioning), consequently this is the approach used for the
piecewise optimization, as shown in Fig. 7.

Each route section resulting from the partition is subdivided into two time-
intervals, and the PSO algorithm is applied using the optimization vector formed
by the power sharing ratios and the relative position of the subdivision. In the

k-th partition, the optimization vector is x = (x1x, X2k, Tx.), Where 7, = 7 Ti"T :
1k 2k
as shown in Fig. 7.

A
a(t)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

_____________________________________________

I Y
x(t)

————————————————————————————————————————————————————————————————————————————————

X21 ! X14

0 tl té t‘3 th = TDC t
g g e g ?
Tll TZl TlZ TZZ T13 T23 14 T24

Figure 7: llustration of the driving cycle partitioning and the optimization vector
components along different route sections.
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The flowchart

of the piecewise optimization algorithm is shown in Fig. 8.

The energy saving AW, obtained along the k-th route section is subtracted from
the required energy storage in the (k + 1)-th route section, thereby extending the
available search space. This principle is illustrated in Fig. 9, where W, (t) is the
energy consumption estimated using the efficiency obtained by global
optimization, while W, (t) is the energy consumption obtained by piecewise
optimization, updating the energy storage requirement after each route section.

Partitioning of the driving cycle into route sections

!

Initialization of the electrical storage requirement, using the efficiency n estimated
for the entire driving cycle

We_stara,ge _req (t) = f(”)

)

Initialization of the energy saving compared to the estimation based on i
AW, =0

esg

[

Estimation of the electrical energy consumption during the actual route section,
based on the estimated efficiency of the driving cycle

AW(__.k = We(tk) - We(tk—L) = f('D

I

Re-estimation of the electrical energy storage requirement, taking into account the
energy saving obtained in the previous route section

We_storage _req (t) = We_stora,ge req (t) - ‘Awes;; 1

!

Recalculation of the search space boundaries

(wbat (t) + Wsc (t))h'm = e_storage req (t)

!

Particle swarm optimization over the actual route section

x;mm = (xk- Tk)min = ar@nin(“!{uss 'te(tk —1r tk))
Xp Ty

i

Until the end of

Calculation of the electrical energy consuption along the actual route section

AWE, = WE () — Wi (te—y) = £ )

min

'

the driving
cycle

Calculation of the energy saving due to the optimization performed for the actual
route section

AW, = We () — We (tiemg) =)

Figure 8: Flowchart of the piecewise optimization algorithm, which extends the search

space of each route section due to the “energy saving” from the previous section.
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Figure 9: Time diagram for the illustration of the piecewise optimization algorithm.
The continuous line represents the effective energy consumption, while the dashed
lines represent energy consumptions assuming no piecewise optimization in the
final sections of the route.

Fig. 10 illustrates the evolution of the piecewise optimization vector components
along the driving cycle, while Fig.11 shows the energy saving in each route
section.
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Figure 10: The NEDC acceleration profile (top), and the components of the piecewise
optimization vector (bottom).
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Figure 11: The NEDC acceleration profile (top) and the “electrical energy saving”
along each route section (bottom).

The evolution of the battery state of charge (SOC) and of the supercapacitor state
of energy (SOE) along the driving cycle is presented in Fig. 12 for both the global
and the piecewise optimization cases.
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Figure 12: Variation along the driving cycle of the battery state of charge (SOC) and
supercapacitor state of energy (SOE) in the global optimization (top) and piecewise
optimization (bottom) cases.

Fig. 13 provides a proof of the improvement brought by the application of the

piecewise optimization on top of the global optimization result.
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Figure 13: The accumulated electrical energy losses in the HESS along the driving
cycle, in the global and piecewise optimization cases.
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5. Conclusions

In the paper it has been shown that the energy loss minimization of a hybrid
energy storage system over a standard driving cycle of an electric vehicle can be
successful applying a low-dimensional optimization vector. The optimization has
been performed in two steps: an iterative global optimization and a piecewise
optimization of the partitioned route. In both cases the result of the stochastic
search is improved step-by-step due to the knowledge gain about the energy
requirement in previous optimization steps. Thus, a feed-back about the entire
route yields the relaxation of the constraints and allows for better search results.

The detailed analysis of the driving cycle partitioning strategy remains a
subject for future work.
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