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Refrigerant R1234YF as an R134a Alternative
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Abstract — This study conducts an experimental investigation to determine the condensation heat
transfer characteristics of hvdrofiuoroolefin R1234yf and R134a on horizontal smooth and finned
tubes. The experiments are conducted at a saturation temperature of 39°C with variable water
cooling temperatures and velocities. Additionally, the effecis of different fin geometries are
investigated. The predicted condensation heat transfer coefficients on the smooth tube are lower
than the experimental coefficients by 2.8—14.2% for R134a and 13.8—20.7% forR1234yf. The
experimental results demonstrate that the heat flux increases with a decrease in the fin height or
an increase in the fin pitch and thickness. Additionally, the heat flux increases as the water
velocity increases or the water inlet temperature decreases. The results also show that the tube
with the largest fin pitch, largest fin thickness, and smallest fin height provides the highest
condensation heat flux. The condensation heat transfer coefficients of R1234yf are slightly higher
than those of R134a for all of the experiments. Thus, this studv concludes that R1234yf is a
potentially environmentally-friendly alternative to Rl34a for condensation heat transfer
applications. Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved.
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Horizomtal Finned Tubes

Nomenclature

Greek letters

4 Surface area m? A Difference -
C Specific heat at a constant pressure kJ/(kg K) I3 Dynamic viscosity kg/(m s)
d Diameter m P Density kg/m?
g Gravitational acceleration m/s? Subscripts
h Heat transfer coefficient W/(m’K) b Fin base
hig Heat of evaporation kl/kg f Fin
H Fin height mm 1 Inside
HTC  Heat Transfer Coefficient W/(m’K) 1 Liquid
k Thermal conductivity W/(mK) o Outside
L Effective tube length m s Surface
LMTD  Logarithmic Mean Temperature K sat Saturation

Difference t Total
1 Mass flow rate ke/s uf Un-finned
p Pressure kPa w Water
q Heat flux W/m? wi Water at the inlet
0 Rate of heat transfer \\ 4 wo Water at the outlet
r Pipe radius mm
S Fin pitch mm .
¢ Fin thickness mm I. Introduction
r Temperature °C Industrial refrigeration and HVAC systems have
U Overall heat transfer coefficient ~ W/(m’K) recently gained attention of researchers and continue to
v Velocity m/s be a topic of interest in the research community. Central
Dimensionless air-conditioning systems and indoor air quality are
HTER  Heat Transfer Enhancement Ratio essential issues in modern society, especially when
N Number of fins compared to the vast amounts of air pollution produced
Nu Nusselt number in the 19% century. In refrigeration systems, heat
Pr Prandtl number exchangers are a main component, and thus, the
Re Reynolds number improvement of the heat exchanger is necessary to
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enhance the performance of the component and the
overall system. To attain increased performance, accurate
data of the condensation heat transfer characteristics are
essential for designing the condensers for refrigeration
systems [1]. Several previous works have studied the
condensation heat transfer characteristics of various
refrigerants. Seara et al. [2] conducted experimental and
theoretical studies to investigate the condensation
characteristics of an ammonia—water mixture on a
horizontal smooth tube. The theoretical results showed
that the mass transfer of the ammonia vapor phase had a
pronounced effect on the heat and mass transfer
coefficients, thus, impacting the overall condensation
heat transfer coefficients (HTCs).

Jung et al. [3] quantified the condensation HTCs for
various flammable refrigerants on a smooth tube with an
outside diameter of 19 mm at a condensation temperature
of 39°C. The results for the flammable refrigerants did
not indicate any unusual behaviors. The authors reported
increased HTCs for R32 and dimethyl ether of
approximately28-44% when compared to R22owing to
their favorable thermophysical properties; propylene and
butane indicated similar HTCs to those of R22. However,
propane and iso-butane presented lower HTCs than those
ofR22 by 9%. Generally, fins are implemented outside of
the condenser tubes to improve the rate of heat transfer.

Kumar et al. [4] experimentally investigated the HTC
during the condensation of steam over a smooth tube.

The authors reported data for two types of
configurations: spine integral-fin tubes and -circular
integral-fin tubes. The spine integral-fin tubes and
circular integral-fin tubes enhanced the condensation
HTCs by factors of 3.2 and 2.5, respectively.

Additionally, Kumar et al. [5] predicted the
condensation HTCs of water and R134a on single
horizontal fin tubes at different operating parameters.
Further research was conducted by Kumar et al. [6] to
experimentally investigate the effects on the R134a
condensation HTCs generated by different fin
configurations and different types of horizontal circular
integral-fin tubes. The results revealed that the integral-
fin tube with a fin height of 0.45mm provided the
greatest HTC improvement when compared to the HTCs
obtained from the Nusselt model for a smooth tube.
Briggs and Rose [7] modeled the condensation heat
transfer on horizontal integral fin tubes to predict the
optimum fin thickness, height, and spacing. The study
indicated that the best fin thickness is dependent upon the
fluid and fin material. Recently, Reif et al. [8] studied the
condensation HTCs of pure components (non-refrigerant
materials) on horizontal low-finned tubes. The authors
found that the outer condepsation HTCs of the low-
finned tubes were 3-8 times higher than that of a smooth
tube. They attributed the improvement of the HTCs to
two factors: (1) the increased surface area of the finned
tubes compared to the smooth tubes and (2) the drainage
of the condensate on the low-finned tubes due to a
surface tension induced pressure gradient. In addition,
they developed a theoretical model to calculate the outer
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condensation HTCs using dimensionless numbers for the
non-refrigerant components. Further research was
conducted pertaining to the condensation on horizontal
low-finned tubes to gain additional understanding. Kang
et al. [9] investigated an experimental comrelation for
falling film condensation with an uncertainty of +5%
during the condensation of R134a on low-finned and
Turbo-C tubes. The heat transfer of the Turbo-C tubes
demonstrated an HTC increase of 3—4 times that of the
theoretical Nusselt number correlation; moreover, this
increase was more effective in the high-wall subcooling
temperature region.

Buechner et al. [10] studied the condensation of two
binary mixtures, n-pentane/iso-octane and
1sopropanol/water, with free convection on a horizontal
tube. The authors developed a model and verified their
findings through comparisons with a common model
found in literature and their own experimental results;
deviations of less than +20% were found from these
comparisons. The condensation HTCs over tube bundles
have also been experimentally reported. Karlsson and
Vamling [11] conducted detailed calculations pertaining
to the condensation of a binary zeotropic mixture over a
tube bank. The authors studied the combined effects of
the mass transfer resistances in the liquid and vapor
phases. They found that the heat fluxes reduced by 20%
and 50% due to a decrease in the vapor phase resistance
and an increase in the vapor velocity, respectively. These
effects were attributed to the mass transfer resistance of
the heavy volatile component and a temperature
reduction of the phase interface. Similarly, Honda et al.
[12]-{14] studied the effects generated by different tube
geometries on the condensation HTCs in a tube bundle.

This study found that the R123 mixture has
significantly lower HTC compared to that of the R134a
mixture for all of the tube geometries. These studies
concluded that the difference was pronounced for lower
temperatures and lower mass velocities. The authors
attributed these behaviors to the diffusive transport
resistance closest to the gas-liquid interface in the vapor
film. The refrigerants mentioned in the previous
discussion have some undesirable characteristics, one of
which is the greenhouse effect. These adverse effects
have been addressed through the use of altemative
refrigerants in conventional vapor-compression systems.

Brown et al. [15] investigated the thermal properties,
heat transfer performance, and pressure drop
performance of hydrofluoroolefins (HFOs), which have
been used in chemistry applications. HFOs are much like
traditional hydrofluorocarbons (HFCs), as they are
composed of hydrogen, fluorine, and carbon. R1234yf
has recently become the refrigerant of choice for car
manufacturers, as nearly fifty vehicle models have
adopted this new refrigerant [16]. Moreover, HFOs are
found in a pumber of applications. HFO-1234yf
(R1234yf) has been chosen to replace R134a in
refrigeration and heat pump technology. HFO-1234ze(E)
and HFO-1233zd(E) are used in chillers {17}, and HFO-
1336mzz has been suggested for use in high-temperature
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heat pump applications [18]. Unlike R134a, R1234yf has
desirable environmental traits owing to its reduced
impact on global warming. This is a common feature of
other HFOs, a number of which have been integrated into
technology over the past 100 years. The global warming
contribution of HFQs is not greater than that of CO,,
mainly due to the short lifetime of HFOs, which ranges
within a few weeks. The condensation HTCs and
pressure drop of RI1234yf were explored within a
minichannel [19]. The study proved that both R134a and
R1234yf have comparable HTCs by condensation for
lower quantities of vapor and single phase liquid as well.
Park et al. [20] investigated the condensation HTCs of
HFC134a andR1234yf on three tube’s configurations.
Those were: plain, low-finned, and Turbo-C tubes.
They concluded similar condensation HTCs for both
R1234yf and R134a for all experiments. Recently, same
authors developed the performances of R1234yf,
R1234ze, and R134a in an aluminum multi-minichannel
heat sink [21]. The above review reveals that there is a
shortage of information pertaining to the condensation
heat transfer of R1234yf on the outside of a tube.
Therefore, the current work focuses on the following
three objectives: (1) quantifying the condensation HTC
of R1234yf on horizontal smooth and finned tubes over a
wide range of operating parameters, (2) investigating the
effects of the coolant temperature, velocity, and tube
geometry (fin thickness, pitch, and height) on the
condensation heat transfer characteristics of R1234yf,
and (3) comparing the condensation heat transfer
characteristics of R1234yf and R134a. To achieve these
objectives, an experimental test facility was constructed,
and the required measuring devices were installed. The
experiments were conducted using two refrigerants,
R1234yf and R134a, at a saturation temperature of 39°C
with variable water cooling temperatures and velocities.

II. Experimental Facility and
Data Reduction

I 1. Experimental Facility

An experimental test facility that was constructed to
evaluate the condensation heat transfer characteristics on
horizontal smooth and finned tubes is presented in Fig. 1.

However, a photo of this fest rig is provided in Fig. 2
[22]. The test rig consists of two main paths (the
refrigerant and cooling water paths) and the measuring
devices. The refrigerant path consists of a stainless steel
boiler and a test section, which represents the water-
cooled condenser. The boiler is equipped with three
1.6kW electric heaters that are controlled using three
2 .0kVA variable voltage devices. For the purposes of
charging and evacuation, two valves are constructed on
the boiler, represented by V, and V, in Fig. 1. In order to
prevent back flow. a non-return valve (V) is installed on
the refrigerant liquid tube. Two temperature-wells are
inserted inside the boiler to measure the vapor and liquid
temperatures. The test section includes a shell-and-tube
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heat exchanger, which represents the condenser, as
shown in Fig. 3. The cooling water flows through two
similar tubes, whereas, the refrigerant flows through the
shell, forming a counter flow.
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Fig. 3. Detailed of the test rig

The inner tubes are smooth or finned and are made of
copper with an 1l-mm inner diameter and 268-mm
effective length. The specifications are depicted in Fig. 3
and are tabulated in Table I. The outer tube (shell) is
made from brass with the same length. The vapor and
liquid lines of the refrigerant, which connect the
condenser and boiler, are made of copper with an inner
diameter of 9.7 mm. A pressure measuring device is
connected to the condenser at a mid-length position in
order to obtain the condenser pressure.
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TABLEI

CONFIGURATIONS OF SMOOTH AND FINNED TUBES UNDER

INVESTIGATION (L=268mm AND d;=11mm FOR ALL CASES
Tube ID Shape S (mm)H (mm) t(mm) AJAgme dy (mm)
Tube A Triangle 1.0 0.5 0.0 1.37 15.5
Tube B Trapezoidal 1.5 0.5 0.5 1.25 15.5
TubeC Trapezoidal 2.0 0.5 1.0 1.19 15.5
Tube D Trapezoidal 2.0 0.75 0.5 1.26 15.0
Tube E Triangle 2.0 1.0 0.0 1.33 14.5

Smoog tube - - - - 1.00 165

For safety purposes, a relief valve and pressure-stat
monitor are installed in the test section. If the test section
pressure exceeds the design limit, the relief valve opens
to release the pressure, and simultaneously, the electric
heaters automatically shut off. The boiler, test section,
and piping are thermally insulated. The coolant path,
which is shown on the left side of Fig. 1, is used to
provide cooling water to the test section at different
conditions, which, in turn, cools the refrigerant until it
reaches the point of condensation. The cooling water
path consists of a water tank with a capacity of 250 L and
a circulating water pump.

The cooling water flow rate is regulated by two
control valves, represented by V5 and Vg in Fig. 1, on the
main water line and by-pass line, respectively. The water
tank is equipped with a cooling coil of 3.0 kW cooling
capacity for the refrigeration unit and two electric heaters
with a capacity of 4.0 k€W in order to precisely control
the cooling water temperature.

The refrigerant path, including the test section, boiler,
and associated piping, is insulated with asbestos;
however, the coolant path, including all of the associated
piping and the water tank, is insulated by glass wool. The
locations of the measuring devices for all of the
investigated parameters, including the temperature,
pressure, and flow rate, are displayed in Fig. 1. Type-K
thermocouples are calibrated and used to measure the
inlet and exit temperatures of the test section for the
refrigerant and cooling water. Additionally, the inner and
outer surface insulation temperatures are measured to
compute the heat loss. The accuracy of the temperature
measuring devices is within +0.1°C. Pressure transducers
are calibrated and mounted on the boiler and condenser
to measure the vapor pressures. The accuracy of the
pressure transducers is within +0.01 bar. The mass flow
rate of the cooling water is collected using a digital
balance during a defined period. A 16-bit data acquisition
system is used to gather the data from the thermocouples
and pressure transducers that are mounted on the
experimental test rig.

The refrigerant path and the associated accessories are
tested for leakage, evacuated for 24 h, and charged with
refrigerant. Additionally, a pre-determined quantity of
refrigerant is charged into the boiler. The saturation
temperature and pressure for the refrigerant are measured
and recorded. However, to verify the accuracy of the
measuring devices, the measured temperature is
compared to the temperature of the corresponding
measured pressure to ensure that non-condensable gasses
are not present in the refrigerant path.
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The experiments are carried out for both refrigerants
(R1234yf and R134a) over a wide range of operating
conditions, as presented in Table II. In order to conduct
the experiments, the cooling water is tuned to a pre-
defined condition, while the water flow and boiler
electric heater are adjusted to a definite saturation
pressure and temperature.

The data for the temperatures, pressures, and flow
rates are collected when the test rig reaches a steady-state
operating condition. Additionally, the effects of
superheating and subcooling are neglected.

TABLE II
EXPERIMENTAL TEST CONDITIONS
Parameters Values
Refrigerant type R134a and R1234YF
Coolant inlet temperature (°C) 15-30
Cooling water velocity (m/s) 0.5.0.8.and 1.1
Tube geometry Table I and Figi

II.2.  Data Reduction

The rate of heat transfer at the waterside (Qy) of the
test section can be obtained from Eq. (1):

0, =m,C, (Tw _Tm) 8)]

The mean heat flux (¢) can be determined from Eq.
):

9=0,/4, @
where, 4, is calculated using Eq. (3):
4 =NA;+4, 3)
The overall HTC can be evaluated from Eq. (4):
U =0,/(4, LMID) @)

where the logarithmic mean temperature difference
(LMTD) can be determined from Eq. (5), considering the
refrigerant saturation temperature and the inlet and exit
temperatures of the cooling water:

LMTD = Tt —Tw) — Toar — L)
In[(To —Tp) (T — T}

)

Using thermal resistance principles [22], Eq. (6) can
be considered:

11 +h(r"/r‘)+ 1
AU Ak 27kl Ah,

©)

The wall conduction resistance determined by Eq. (6)
is less than 2% of the outside convection resistance in the
overall HTC equation. However, the condensation HTC
on a finned tube (h,) can be obtained from Eq. (7):

International Raview of Mechanical Engineering, Vol. 12, N. 10



T. A. Ibrahim, M. A. M. Hassan

-1
hﬁ[ 1_4 _A,m(r,,/r,.)] @
U 4 27kl

The temperature of the outside surface of test section
tube (T}) can be calculated using Eq. (8):

T, =T,; +[0.50, In(r, / ;) / 2mkL} ®)

where, the inner surface temperature of the test section
tube (T;) is determined using Eq. (9):

= (TM+I;V0)+ Qw

T..
= 2 Iy 4

©)

The convection HTC of the inside tube (/#;) can be
determined using Eq. (10):

h; =Nuk,, /d; (10)

where Nu is the Nusselt number, which can be obtained
using the Dittus and Boelter equation [23], shown in Eq.

(11):
Nu = 0.023Re®8 pr4 an

It should be noted that the thermophysical properties
are obtained at the average cooling water temperature
through the test section. The Moffat technique [24] for
evaluating the uncertainty of the reported data is
considered herein. The uncertainties of the experimental
parameters, including the mass flow rate of the cooling
water, heat load, overall HTC, and condensation HTC,
are found to be 1.5%, 3.2%, 4.8%, and 8.5%,
respectively.

III. Results and Discussion

The R134a experimental data are gathered and
compared with the data found in the literature, assuming
the same operating conditions achieved after the test rig
reaches steady-state operation. Experiments are
conducted to evaluate the condensation heat transfer
characteristics forR1234yf and R134a,considering the
following operating conditions:

e Saturation temperature of 39°C
e Six copper tubes (one smooth tube and five finned
tubes)

Water inlet temperatures ranging from 15°C to 30°C

Water velocities of 0.5 m/s, 0.8 m/s, and 1.1m/s

IIL.1.  Results for the Smooth Tube

In order to validate the experimental results, the
condensation HTCs for R134a and R1234yf obtained for
the smooth tube are compared with those predicted using
Nusselt's equation, which is shown in Eq. (12)[22], [23].

Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved
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This comparison is shown in Fig. 4, which reveals that
the predicted condensation HTCs are lower than the
experimental condensation HTCs by approximately
13.8-20.7% for R1234yfand 2.8-14.2% forR134a at the
saturation vapor temperature of 39°C. This is in
agreement with the previous work conducted by Jung et
al. [25], which determined that Nusselt’s equation
yielded a 12% deviation for the smooth tube data when
R123 and R1234yf were used as alternative refrigerants
for R11 and R134a, respectively. Additionally, Nguyen
and Orozco [26] noted that, by applying Nusselt’s
equation to the condensation of R152a, the data were

found to be accurate within 15%:
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Fig. 4. Comparison of the experimental and predicted condensation
HTCs using Nusselt's equation on a smooth tube

The deviation between the experimental and predicted
data may be attributed to the assumption used in deriving
Nusselt’s equation (Eq. (12)) that the condensate film is
laminar. In reality, the condensate film is wavy even for
small Reynolds number values, which generates
convection currents and consequently, reduces the film
thickness. Considering this, the comparison proves that
the cument experimental data for the smooth tube are
essentially accurate, and the test rig is capable of
producing reliable data.

Il1.2.  Effects of Water Velocity

Fig. 5 represents the effects on the R1234yf generated
by different water velocities on the smooth tube, which
demonstrates that the heat flux increases with increasing
water velocity. An increase in the water velocity, in turn,
increases the Reynolds number, and consequently, the
convective heat transfer increases, leading to an

International Review of Mechanical Engineering, Vol. 12, N. 10
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increased heat flux. The average condensation heat flux
increases by approximately 23.6% when the water
velocity increases from 0.5 m/s to 1.1m/s over the
applied range of inlet water temperatures. The increase in
condensation heat flux as the water velocity changes
from 0.5 m/s to 0.8 m/s is greater than the increase in
condensation heat flux for the water velocity increase
from 0.8 m/s to 1.1 m/s. In addition, as the water inlet
temperature increases, the velocity has a reduced effect
on the heat flux.

S0

R1234y1
Rl Smooth tube
ki ® \V,=05mh
o O Vy=08ms
‘ A Vi=llws
s -
=%
E -
Z 30
=
= .
é 28 —
Z

0 -

10 -

L | - —

10 1% 0 h i3 10 2%
{nlet water temperature (°C)

Fig. 5. Heat flux versus inlet water temperature
for different water velocities

II1.3. Effects of Water Inlet Temperature

The effects of various water inlet temperatures on the
heat transfer characteristics of R1234yfare investigated
by considering the heat flux variations produced by the
smooth tubes and finned tubes, while the water inlet
temperature varies from 15°C to 30°C and the saturation
temperature remains constant at 39°C. The results for the
smooth tube are shown in Fig. 5, and the results for the
finned tubes are shown in Figs. 6 and 7. Fig. 5 presents
the results of the various inlet water temperatures for the
smooth tubes; at a water velocity of 0.8m/s, heat fluxes
of 30.1 kW/m® and 18.5kW/m” are obtained at water
temperatures of 15°C and 30°C, respectively. Thus, the
average heat flux decreases by 38.5% when the water
inlet temperature increases from 15°C to 30°C. At a
constant water velocity, a lower water inlet temperature
leads to a larger water temperature difference due to a
thicker condensation film, and thus, a higher heat flux
can be obtained. In general, reducing the inlet
temperature of the cooling water and increasing the water
velocity augments the condenser heat exchange.

Therefore, the water inlet temperature is a factor in
evaluating the heat flux working range. This effect is
consistent with the results from previous research
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conducted by Cheng and Wang [27]. Secondly, the
effects of the inlet water temperatures for the finned
tubes can be assessed by determining the heat flux
variations with different inlet water temperatures for
various fin pitches, thicknesses, and heights, as shown in
Figs. 6 and 7.

The figures show the results for a constant water
velocity of 0.8m/s. For all of the cases, the heat flux
decreases when the water inlet temperature increases.

IIl4. Effects of Fin Geometry

Five finned tubes are used to explore the effects
produced by various fin geometries on the condensation
heat transfer characteristics of R1234yf over finned
tubes. Three tubes have a constant fin height (H) of
0.5mm with three fin pitches (S) of 1.0 mm, 1.5 mm, and
2.0 mm and comresponding fin thicknesses (t) of 0.0 mm,
0.5 mm, and 1.0mm for Tubes A, B, and C, respectively.
The other three finned tubes have a fixed fin pitch of 2.0
mm with three fin heights of 0.5 mm, 0.75 mm, and
1.0mm and corresponding fin thicknesses of 1.0 mm, 0.5
mm, and 0.0mm for Tubes C, D, and E, respectively. The
parameters of the tested tubes are provided in Table I and
are illustrated in Fig. 3. The effects of different fin
geometries are investigated with respect to the
condensation heat flux and the condensation HTC. Figs.
6 and 7 present the variations of the condensation heat
flux with respect to the inlet water temperature for
various fin geometries. As shown in Fig. 6, the heat flux
increases as the fin pitch and thickness increase. This
increase may be attributed to an increase in the
turbulence level. The average heat flux of R1234yf over
the considered range of water temperatures at a water
velocity of 0.8 m/s increases by approximately 44%when
the fin pitch increases from 1 mm to 2mm and the fin
thickness increases from 0.0 mm to 1.0mm. This increase
is due to the combined effects caused by the fin pitch and
fin thickness. Fig. 7 indicates that the heat flux increases
as the fin height decreases and the fin thickness
increases. For the condensation of R1234yf, the increase
in the average heat fluxes are approximately 2.5% when
the fin height is reduced from 1.0 mm to 0.75 mm (the
fin thickness increases from 0.0 to 0.5mm) and
approximately 45% when the fin height is reduced from
0.75 mm to 0.5mm (the fin thickness increases from 0.5
mm to 1.0mm). This indicates the significance of the
combined effects on the condensation characteristics of
R1234yf produced by the fin height and thickness. This
trend is coincident with that reported by Kumar et al. [4]-
[5]. Figs. 8 illustrate the condensation HTCs of R1234yf
for the finned and smooth tubes as a function of the
saturation temperature difference (I,—7;) over the full
range of water velocities and water inlet temperatures.

Figs. 8 show that the condensation HTC decreases as
the saturation temperature difference increases. This
trend can be explained by the increase in condensate film
thickness generated by an increase in the saturation
temperature difference. Thereby, the condensation
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thermal resistance increases, causing the condensation
HTCs to decrease. Moreover, the condensation HICs of
R1234yfover the finned tubes are more sensitive to the
saturation temperature difference than the condensation
HTCs of R1234yf over the smooth tube. This is indicated
by steeper lines lope for the finned tubes cases compared
to the smooth tube case.
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V.=08mh
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w
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Fig. 6. Heat flux versus inlet water temperature for various fin pitches
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Fig. 7. Heat flux versus inlet water temperature for various fin heights

For a constant fin height, the condensation HTC
increases as the fin pitch and thickness increase, as
shown in Fig. 8(a). This may be explained by the
considerable reduction of the thermal resistance caused
by the diffusion vapor film. For R1234yf, the average
heat transfer enhancement ratios (HTERs) of Tube A,
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Tube B, and Tube C are 1.57,
respectively.

Thus, the HTERs of Tube C are higher than those of
Tube A and Tube B, indicating that Tube C provides the
best performance. This is due to its large fin pitch and
thickness, which make the condensate escape mechanism
easter. It should be noted that the total area of Tube C is
smaller than that of the other two tubes.

Moreover, the difference between the HTCs of Tube
A and Tube B is approximately the same as the
difference in HTCs between Tube B and Tube C, which
demonstrates a linear relationship between the
condensation HTCs and the fin pitch, as shown in Fig.
8(a).
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Furthermore, the enhancement of the finned tubes is
measured by the HTERs, which are defined by the
average HTCs of the finned tubes divided by the average
HTCs of the smooth tube under the same operating
conditions.

The combined effect produced by the fin height and
thickness on the condensation HTCs can be predicted by
comparing the condensation HTCs for the smooth tube,
TubeC, TubeD, and TubeE, as illustrated in Fig. 8(b).

As shown in Fig. 8(b), while the fin pitch is
maintained as constant for a given saturation temperature
difference, the R1234yf condensation HTCs increase as
the fin thickness increases and the fin height decreases.

As shown in Fig. 8(b), the R1234yf HTERs for Tube
C, Tube D, and Tube E are 2.17, 2.04, and 1.78,
respectively. The HTERs of TubeC are larger than those
of Tube D and Tube E.

This confinms that the best performance is achieved by
Tube C due to the easy condensate escape mechanism
caused by the increase in the fin thickness and reduction
of the fin height. Furthermore, it is worth nothing that the
total area of Tube C is smaller than that of Tube D and
Tube E.

Additionally, the increase in the condensation HTCs
as the fin thickness increases from 0.0 mm to 0.5 mm and
the fin height decreases from 1.0 mm (TubeE) to 0.75mm
(Tube D) is approximately twice the increase in the
condensation HTCs that occur when the fin thickness
increases from 0.5 mm to 1.0 mm and the fin height
reduces from 0.75 mm to 0.50mm. This provides a non-
linear relationship between the condensation HTCs and
the fin height, as shown in Fig. (8B).

Figs. 6, 7, 8(a), and 8(b) show that Tube C (with a fin
thickness of 1.0mm, fin pitch of 2.0 mm, and fin height
of 0.5mm) achieves the highest condensation heat flux
and condensation HTC. On the other hand, Tube A (with
a fin thickness of 0.0 mm, fin pitch of 1.0 mm, and fin
height of 0.5 mm) attains the lowest heat flux and
condensation HTCover the considered finned tubes.

Thus, the effects generated by the fin thickness or fin
pitch are more significant than the effects generated by
the fin height.

In conclusion, a tube with a larger fin thickness, larger
fin pitch, and smaller fin height achieves the highest heat
flux and condensation HTC.

IIL5. Comparison Between R1234yfand R134a

A comparison between the condensation HTCs for
R1234yf and R134a over the horizontal smooth tube and
finned tubes was carried out at a saturation temperature
of 39°C with various water velocities and inlet water
temperatures.

Figs. 9 display the comparison between the
condensation HTCs for R134a and R1234yf with respect
to different tube geometries. As shown in Figs. 9, for all
of the tested tubes, the condensation HTCs of both
R1234yf and R134a decrease as the saturation
temperature differences increase.

Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved

814

8000 -

g€ & &

§

condensation beat transfer coefficient (W/m?K)

§

§

§

condensation heat transfer coefficient (W/m’K)

g

g

!

§

g

coadensation heat transfor coefficient (W/m2K)

lé

:

g

~

%

2

@ Tube A

A TubeB  Toa=39°C

R1234yf
Ri3da

P

R T “t l \J M o M T
3 6 8 1o 12 1
saturation temperatare difference (°C)

@
A Tohe ©
@ TubeD Iq= 399
RI234y1
~ = = = Ri3Ma

®- ':3' = -p
R L T R
l & s 10 2 1t
saturation temperatare difference (°C)
A TubeE .
©® Smoothube Tsat=39°C
R1234yf
m~ = = =  Rl3a
g A A A

[ o [

' 6 3 19 o 1 16 18
saturation temperature difference (°C)
(©)

Figs. 9. Comparison between R1234yf and R1

International Review of Mechanical Engineering, Vol. 12, N. 10



T. A. Ibrahim, M. A. M. Hassan

Over the range of operating conditions, the average
R1234yf condensation HTCs over Tube A, Tube B, Tube
C, Tube D, Tube E, and the smooth tube are slightly
greater than those of the R134a by approximately 1.6%,
1.1%, 3.1%, 3.4%, 1.1%, and 0.9%, respectively, as
shown in Figs. 9(a), 9(b), and 9(c).

Thus, Tube C and Tube D yield the highest increase
(approximately 3%) for the R1234yf condensation HTCs
when compared to those of R134a. Moreover, Tube A
and Tube E provide higher R1234yf condensation HTCs
when compared to those of R134a by approximately
1.4%.

The smooth tube offers only a 0.9% increase in the
R1234yf condensation HTCs when compared to those of
R134a. The preceding comparison reveals that R1234yf
offers slightly higher condensation heat transfer
characteristics than R134a and thus, might be an
environmentally-friendly solution that can be used as an
alternative to R134a for condensation heat transfer
applications.

Thus, the finned tubes should be redesigned to
consider the heat transfer characteristics of R1234yf for
its performance enhancement in practical applications.

IV. Conclusion

In this study, the condensation HTCs for the
environmentally friendly refrigerant, R1234yf, which is a
possible alternative to R134a, are investigated on
borizontal smooth and finned tubes. The effects on the
R1234yf and R134a condensation HTCs are studied at a
saturated vapor temperature of 39°C for different fin
geometries, including the fin pitch (1.0 mm, 1.5 mm, and
2.0 mm), fin thickness (0.0 mm, 0.5 mm, and 1.0 mm),
and fin height (0.5 mm, 0.75 mm, and 1.0 mm).

Additionally, the effects on the R1234yf and R134a
condensation HTCs are studied according to various
water velocities (0.5 m/s, 0.8 m/s, and 1.1 m/s) and inlet
water temperatures (ranging from 15°C to 30°C). Based
on the reported results, the R1234yf condensation HTCs
are slightly higher than those of R134a, and thus, it can
be stated that R1234yf is a potential substitute for R134a.
The following conclusions are drawn:

The average predicted condensation HTCs of R134a
and R1234yf on the smooth tube, using the Nusselt
equation, are lower than the obtained experimental
values by approximately 85% and 17.25%,
respectively, at similar conditions.

The average condensation heat flux of R1234yfon the
smooth tube increases by approximately 23.6% when
the water velocity increases from 0.5 m/s to 1.1m/s
over the investigated range of inlet water
temperatures.

The average heat flux of R1234yf over the applied
range of water temperatures at a water velocity of 0.8
m/s increases by approximately 44% as the fin pitch
increases from 1.0 mm to 2.0 mm and the fin
thickness increases from 0.0 mm to 1.0mm.

The tube with the largest fin thickness, largest fin
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pitch, and smallest fin height enhances the heat flux
and condensation HTC.

The tube with a fin thickness of 1.0mm, fin height of
0.5mm, and fin pitch of 2.0mm produces average
condensation HTCs that are more than twice
(2.17)those of the smooth tube and are higher than the
other tested finned tubes.

The R1234yfcondensation HTCs are slightly higher
than thoseofR134a by approximately 0.9% for the
smooth tube and by approximately 3.4% for the best
finned-tube configuration.

Due to the importance of using the Hydrofluoroolefin
refrigerant (R1234yf) as an alternative refrigerant, the
authors suggested to conduct experimental runs with
different aspect ratios to further quantify the effect of
aspect ratios for condensation. These runs should be done
with visualization tests and use these results with the
existing study to create a flow patterns map. The
importance of the flow pattern maps and the results of
the additional tests can be used to develop more reliable
correlations for condensation HTCs.
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Abstract — Periodic models are ofien used for the homogenization of fiber-reinforced materials.
The periodic distribution of the inclusions is a simplifving assumption that fails to give a realistic
representation of the actual materials which demonstrate a random arrangement of fibers. The
present study is a comparison between the periodic model and the random one. An intermediate
configuration was introduced in which a periodic hexagonal cell of varving size is embedded
inside a microstructure of a random distribution of fibers. The results of the homogenization
showed similarities between the macroscopic behavior of the random model and the intermediate
models. It also highlighted the discrepancies between the effective thermal conductivities of the
periodic model and the random one. Furthermore, the analysis of the thermal field maps of the
three types of configurations helped determine the reason behind the difference in the macroscopic
response of the random model and the periodic one based on their local behavior. Lastly, it was
concluded that the periodic model should solely be used to determine the macroscopic behavior of
the fiber-reinforced composites, only if no significant precision is required. Copyright © 2018
Praise Worthy Prize S.r.l. - All rights reserved.
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Nomenclature

Thermal contrast

Macroscopic gradient of temperature
Relative to inclusions

Relative to the matrix

Heat flux

Surface

Temperature function

Periodic temperature fluctuation
Spatial position

Thermal conductivity

Gradient

Spatial average

Vector
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1. Introduction

Inclusions add strength to a material and generally
upgrade its performance to meet the user’s needs and
requirements on different levels. And while they add
complexity to the composite’s mechanical, thermal and
overall behavior, they also add complexity to the study of
its behavior and the estimation of its properties. Fibers
are no exception [1]-[28]. The advantages of using this
type of inclusions are numerous [1] but the modeling of
fiber reinforced composites remains a complex task, [2]-
[4], [27][28] and entails a highly time consuming process
of homogenization of the macroscopic properties.
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For simplicity, composite materials, including the
fiber-reinforced ones, have been studied by performing
the homogenization on periodic models [5]. This method
has long been used to predict the effective properties of
fiber reinforced composites [6]-[8]. It consists in
reducing the Representative Volume Element (RVE) to
an elementary square or hexagonal cell surrounding a
single inclusion.

And while it gives satisfying results, the spatial
distribution and the boundary conditions remain an issue
as they are not representative of the real microstructures,
which display a random distribution of inclusions and
different boundary conditions. Therefore, a random
arrangement was opted for in some studies, [9] and [10],
and a comparison of both models was carried out in
others [11]-[13]. In this study, numerical homogenization
operations were performed on a fiber reinforced
composite with longitudinally distributed fibers. The
random and the hexagonal periodic methods were both
used. A third approach was also utilized. The latter is a
take on the embedded cell approach, [14]-[16], which
allows a more realistic representation of the boundary
conditions. This method calls for the use of an
intermediate model constructed with an embedded cell
and an outer region constifuted of randomly arranged
fibers. The embedded cell consists of a varying number
of inclusions arranged periodically in a hexagonal pattern
at the centre of the microstructure. The reason why the
embedded region is hexagonal is to allow the comparison
between the local behaviours of the random and the

https://doi.org/10.15866/ireme.v12i10.13711
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hexagonal periodic scheme. In fact, by changing the size
of the embedded cell and therefore changing the number
of inclusions it holds, it either results in a completely
random microstructure, one inclusion in the inner region,
or falls into the periodic scheme, an infinite number of
periodically — arranged  inclusions. The  present
investigation compares the thermal behaviors of the
random model and the periodic one by using three
different configurations of the embedded cell model and
analyzing the local response in each and every generated
microstructure. It is complimentary to a similar study
[13], which focused on the elastic behavior of the same
fiber reinforced composite. Section II describes the
different configurations, and the methods used to
generate them, in addition to the overall properties of the
composite. Section III presents the analysis of the mesh
density and introduces the constitutive laws and the
boundary conditions used to perform the numerical
homogenization. Section IV discusses the results of the
homogenization on a macroscopic level and in terms of
local behavior. It also highlights and analyzes the
differences and similarities between the different models.

II. Microstructures and Materials

II.1.  Generation of Microstructures

In total, six microstructures were generated. They
represent the three different types on which a
comparative study will be performed.

Type 1: the random configuration, which will be
labelled random. Type 2: the intermediate configurations,
otherwise the embedded cell configurations. This
category combines four different microstructures named
H7, H19, H37 and H61. Type 3: the periodic
configuration. Types 1 and 2 both consist of a surface of
a square section throughout which 200 fibers were
arranged in parallel. In all of these configurations, a test
fiber, circled in red in Figs. 1, is placed at the center of
the cross-section. Except for the random configuration,
this fiber is then surrounded by a series of hexagonal
outlines holding a specific number of fibers periodically
distributed around the test inclusion. As shown in Figs. 1,
the hexagonal regions, or embedded cells, in H7, HI19,
H37 and HG1 respectively contain 7, 19, 37 and 61 fibers
including the central one. These regions modelled while
maintaining the same surface fraction as the remainder of
the microstructure. The rest of the 200 fibers are
randomly distributed in the surface. As for the random
configuration, 199 inclusions are randomly placed
around the test fiber. Type 3 is the RVE to an infinite
periodic fiber reinforced material. It is a unit—cell
configuration consisting of a single fiber centered in a
surface of a hexagonal section.

II.2.  Material Properfies

The six different configurations are all intended to
represent the same material; a two-phase thermal hinear

Capyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved
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composite with unidirectional fibers. The surface fraction
and thermal properties remain the same for the random,
the periodic and the intermediate configurations. While
the volume fraction is set at p=50%=0,5 for the entire
study, the thermal properties, 4; for the fibers and 2,, for
the matrix, are assorted to have three different contrasts,
c;= A /2, =10, 50 and 100 for an inclusion’s thermal
conductivity of respectively A= 10W/km, 50 and 100.
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Figs. 1. The 4 different intermediate configurations
(a) H7. (b) H19. (c) H37 and (c) H61

IIl. Numerical Homogenization

II1.1.  Mesh Density

For the periodic model, and as shown in Fig. 2(a), a
mesh adapted to the shape of the microstructure is used.
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®)

Figs. 2. Meshing of the (a) periodic model and (b) the random model

For the random distribution, a multiphase element
technique is used, see Fig. 2(b). This technique was
developed in [17] and extensively used in [12], [13] and
[18]-[26], for the homogenization of virtual and real
microstructures.  Using the multi-phase  element
technique, an image of the microstructure is overlaid
with a regular square grid, and each integration point is
attributed its corresponding phase property depending on
the color of the voxel undemeath it. To ensure the
accuracy of the results, a mesh density analysis was
conducted on the multiphase element mesh to determine
from which mesh density the simulation results start
falling into a coherent range, regardless of the employed
mesh. Several homogenization operations were carried
out on the same microstructure for different mesh
densities. Fig. 3 gives the variation of the macroscopic
thermal conductivity according to the number of finite
elements constituting the mesh. It is noticed that, from
4%10* elements onward, the homogenization results start
becoming more consistent, showing a precision of less
than 2%. For optimal results, a mesh of 2.5x10° finite
elements was chosen. It allows a precision of less than
1,2%.
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Fig. 3. Variation of the macroscopic thermal conductivity
according to the number of mesh elements
III.2. Constitutive Laws and Boundary Conditions

The thermal behavior is described by Fourier’s law
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where the heat flux vector q is a function of the thermal

conductivity A and the temperature gradient VT as shown
in (1):

q=-AT 1)
The numerical homogenization is carried out using
two types of boundary conditions; PBC and UGT. UGT
stands for Uniform Gradient of Temperature, where a
temperature gradient is applied to the boundary of the
surface, as expressed bellow:
T=6G-x Vxeds 2)
G 1s a constant vector independent from the position x
and:

1
G =n) =5 vras ®

(VT) is the spatial average of the temperature gradient.
The macroscopic thermal flux @ is defined as the

spatial average of the microscopic fluxes g along the

surface as:

1

2= =75 ads @
For the PBC, or the Periodic Boundary Conditions, a
periodic temperature 7" is applied to the nods of the edges
dS, which can be expressed as:
T=G-x+t Vx€aoas (%)
t is the periodic fluctuation. The thermal conductivity is
computed in both cases, PBC and UGT, given a

macroscopic temperature gradient G=(1 1).

The homogenized thermal conductivity A° is therefore
defined as:

1
2 = > trace(g)) ©

IV. Results and Discussions

IV.1. Global Behavior

First, the homogenized thermal conductivity1® was
calculated for the random configuration using both PBC
and UGT, for 10 different contrasts ¢; ranging from 10 to
100.

Although the PBC computations converge faster, it is
important to use the UGT as well, considering the fact
that the convergence of the results of both boundary
conditions means that the chosen RVE is indeed
representative of the microstructure. Fig. 4 shows an
analogy between the results obtained with both boundary
conditions.
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Fig. 4. The evolution of the macroscopic thermal
conductivity according to contrasts

The insignificant discrepancy between the PBC and
the UGT results confirms our choice of the RVE. Thus,
the apparent thermal conductivity A” and the effective
one A° converge. It is then possible to admit that the
results of the following calculations correspond to the
effective thermal conductivity A°. Secondly, the
homogenization was performed on the remaining
configurations for three different contrasts ¢;=10, 50 and
100. From this point on, only the results corresponding to
the PBC will be taken into account, since both boundary
conditions give approximately the same results. Table I
compares the results obtained via the periodic scheme to
those calculated using the analytical bounds of Hashin
and Shtrikman.

TABLE1I
THE EFFECTIVE THERMAL CONDUCTIVITIES 7.5 [W K m™] OF THE
PERIODIC CONFIGURATIONS COMPARED TO
THE HASHIN-SHTRIKMAN BOUNDS

Contrast ¢ HS- Periodic HS+

10 2,38 2,39 4,19

50 2,85 2,85 17.55

100 2,92 2.93 34,22
Table 1II gathers the homogenized thermal
conductivities A° of the random, periodic and

intermediate configurations.

TABLE I
THE EFFECTIVE THERMAL CONDUCTIVITIES 2% [W K™ m™] OF THE
DIFFERENT CONFIGURATIONS FOR DIFFERENT CONTRASTS

Contrast ¢, Random H7 Hi9 H37 H61 Periodic
10 2,54 255 256 254 2,56 2.39
50 3.23 3,28 329 323 327 2,85
100 3;37 343 345 338 341 2.93

Table III and Table IV present the deviations between
the intermediate configurations H7, H19, H37 and .H6_1
and respectively the random and the periodic
configurations. They also present the deviatign between
the periodic model and the random one. While the data
indicates a slender difference between the results of the
random configuration and the results of the intermediate
ones, the deviation ranging from 0,09% to as little as
2,29%. it also reveals that the thermal conductivities
relative to the random and intermediate conﬁguraﬁcn-]s
are significantly higher compared to those c.)bserv_ed‘ in
the periodic scheme. At its highest point, this deviation
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reaches 17,81%. It is noticed that, the higher the contrast,
the higher the discrepancies between the results of the
different types of microstructures.

TABLE III
DEVIATION [%] OF THE EFFECTIVE THERMAL CONDUCTIVITIES OF THE
DIFFERENT CONFIGURATION RELATIVE TO THE RANDOM MODEL

Contrast c, H7 H19 H37 H61 Periodic
10 0.4 0.88 0.17 0.65 —6,10
50 1,51 1.93 0,09 1,12 -11.68
100 1.89 2,29 0.3 1.29 -13.17
TABLE IV

DEVIATION [%6] OF THE EFFECTIVE THERMAL CONDUCTIVITIES OF THE
DIFFERENT CONFIGURATION RELATIVE TO THE PERIODIC MODEL

Contrast c; H7 HI19 H37 H61 Random
10 6.92 7.43 6.31 7.18 6.49
50 1494 1541 1333 14.5 13,23
100 17,35 17.81 15,52 16.65 15.17

The periodic model provides reliable estimates that
fall within the Hashin-Shtrikinan bounds. However, even
at the lowest contrast, these estimates deviate from those
of the random one. Consequently, it does not depict the
macroscopic behavior of the random scheme accurately.

On the other hand, the intermediate configurations
give results close to those of the random one,
consistently for all different contrasts. This similarity in
the macroscopic behavior will be further explored and
exploited in the next section.

V.2

In this Section, the comparison between the different
arrangeinents is limited to the vicinity of the test fibers. It
helps to emphasize the similarities and differences, in
terms of local behavior, between the 3 configurations
subjected to this study. The following analysis was
conducted using the results from the homogenization
process carried out for all studied contrasts. However,
due to the similarities in the patterns of distribution of the
local fields, only the results corresponding to a contrast
of 10 will be discussed. The centre of the microstructure
was chosen to be the location of the test fiber considering
it is the furthest point from the boundaries of the
microstructure. Fig. 5 and Fig. 6 display the local thermal
field maps of the random, the periodic and the
intermediate configurations.

Local Behavior

Fig. 5. Thermal field maps of the random and
the periodic configurations
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Fig. 6. Thermal field maps of the intermediate configurations

The images are centered on the test fibers surrounded
with black bands. The thermal conductivity, in and
around the central inclusion, reaches a maximum of 3.5
W K! m? for the random configuration, while it only
reaches a maximum of 2,86 W K™ m™ for the H19. H37,
H61 and the hexagonal configurations. A different
pattern is observed in the case of H7. For the latter, the
local behavior in the test fiber is the same as the one in
the remaining intermediate configurations and the
periodic one, but the behavior in the surrounding
hexagonal ring is similar to that of the random scheme.

Upon closer examination of the random configuration,
see Fig. 7, there seems to be a concentration of high
tension zones with a large occurrence of the maximal
value of the thermal conductivity.

Fiber chains

P 0B ORI DS 127 RSV LS 220 1SS 26 LIR &S

Fig. 7. Thermal field map of the random configuration

These are due to the irregular distribution of
inclusions which resulfs in the appearance of fiber chains
or close fibers. In the intermediate scheme, the local
behavior, in and around the test fiber, starts showing
similarities to the periodic configuration with the
placement of only one hexagonal outline. The periodic
distribution of the inclusions widens and norr_nalizes !he
fiber spacing, thus making it less likely for high tension
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zones to appear. Therefore, the more expanded the
embedded hexagonal cell, the fewer the chances of
occurrence of high property values between the fibers,
which results in a lower macroscopic thermal
conductivity. This explains the discrepancies between the
thermal conductivity of the random configuration and the
periodic one.

V.

The comparison between the thermal behaviours of
three different models of the same composite was
performed. A numerical homogenization was carried out
on a random, a periodic and four intermediate
configurations, H7, H19, H37 and H61, of a fiber
reinforced composite, and the results were analyzed from
a macroscopic perspective and in terms of local behavior.

According to this study, the difference in the
macroscopic thermal conductivity between the periodic
configuration and the random one is around -6% for a
contrast of 10 and reaches -13% for a contrast ofc;=102,

This indicates that the hexagonal periodic model
should only be used if a high precision in the results of
homogenization for thermal properties is not required.
Moreover, the intermediate configurations seem to give a
more precise representation of the effective properties,
with a maximum deviation of 2% from the random
model. The H7, H19, H37 and H61 configurations are an
intermediate form of distribution of fibers. This hybrid
configuration makes it possible to compare the local
behavior of the periodic and random models, and detect
the source of the observed discrepancies in the effective
thermal properties. On closer inspection, the local
behavior in the intermediate configurations presents
similarities with the random model and the periodic one.

In fact, the thermal conductivity in and around the test
fibers, for the embedded cell configurations, fall into the
same range as the periodic scheme, and the more
expanded the periodic cell is, the more the local behavior
in the outer region deviates from the local behavior
observed in the random model. Consequently, while the
periodic distribution facilitates the execution of the
numerical homogenization, the exact same feature makes
it impossible to give a highly precise representation of
the effective thermal properties or to accurately portray
the local behavior of the real microstructure.

Conclusion
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Parametric Optimization of Improved Cassava Attrition
Peeling Machine Using RSM Based Desirability Function

John C. Edeh, Bethrand N. Nwankwojike, Fidelis I. Abam

Abstract — The performance of a Cassava Attrition peeling Machine was quantified and
optimized using response surface methodology with mass, M. moisture content, MC geometric
mean diameter, Dy, peel thickness, Py, of cassava tubers; number of peeling balls, n, and peeling
drum speed, N, as factors investigated while flesh loss, peeling efficiency and throughput
constitute the response variables. The experimental plan used was based on standard central
composite RSM design, with a half factorial portion in which all combination of factors were at
two levels. The results of the performance analyses revealed that the machine operates optimally
with a throughput of 180.71kg/h, efficiency of 88.7% and 5.4% flesh loss at the determined
optimal speed of the peeling drum (Ng), moisture content of the cassava(MC), mass of loaded
cassava (M_), number of peeling balls (ny), average geometric mean diameter of the cassava
tubers (Dg) and the mean peel thickness of the cassava (Py) of 45rpm, 85% 82kg, 134, 48mm and
4.13nun respectively. These results improved the machine by over 60% of its throughput and
17.64% efficiency at the optimal settings of the operational parameters. The results further
showed that the main effects of all the factors provided significant influence on the responses with
the exception of geometric mean diameter on efficiency (hence elimination of preoperational
treatment) while the factor interactions provided secondary influence. Confirmatory test of the
developed RSM models revealed over 95% prediction accuracy. Copyright © 2018 Praise Worthy

Prize S.r.l. - All rights reserved.

Keywords: Atirition Peeling, Cassava Tuber, Peeling Efficiency, Response Surface Model,

Throughput
Nomenclature Mpe W:light t?f pe;ellin (kg) collected through the peel
outlet of machine

RSM  Response Surface Methodology My Weight of peel removed by hand after machine
CAPM  Cassava Attrition Peeling Machine peeling (kg)
Py, Peel thicl'mess of ﬂ}e cassava, mm ! Time taken in second
D, Geometric mean diameter (GMD), mm P Power consumed by the electric motor in kW
MC Moisture content of the cassava (¢), % ¢ Sphericity
My Number of peeling balls DAH Day After Harvest
F, Average cassava tuber flesh loss, % T Temperature, K
7, Peeling efficiency (PE), %3 h Humidity
SE Specific energy consumption, ki/kg "e Number of centre points
M, Mass of the peeled cassava k Number of factors in the design
i Theoretical mass of peel, g q Number of fractions
my, Actual mass of peel, g
M, Mass of the loaded cassava, kg .
n Peeling drum speed (coded factor) L Introduction
: 2 xz;z‘z;‘ec:::;wigt(f:m:idfiiﬁ;) Post-harvest processing of cassava such as harvesting,
; 3 Number of peeling balls (coded factor) fresh tuber storage, and mechanized processing of
-x4 Average geometric mean diameter (coded cassava especially peeling has been established as a

5 factor)g & bottle reck in cassava production. While other cassava

. processing operations have been commercially
t . . . .

Al ll\)/fae'lotrhldcize;ir(:;’dti?)gc(ﬁ)g d/Proximal end) mechanized successfully, peeling which entails removal
a m n: i of the cortex and the outer periderm layer adhering to it
b Infermediate diameter (middle), mm basically for produf:t quality and reduction of cyanide
c Minor diameter (tail/distal end), mm content is yet to aftain that height.
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Consequently, this poses global challenge to the
cassava processing sector [1]. Many innovative research
works on mechanizing the peeling process were unable to
exhaustively address the problem of dimensional
disparities among cassava varieties which limits efficient
mechanical peeling process. The existing technologies
for cassava peeling can broadly be categorized as Knife
edge and abrasive (attrition) cassava peeling systems.
While mechanized knife peeling involves the use of
single/multiple sharp edge peeling tool (knife) to remove
cassava peels, abrasive (attrition) peeling exploits
frictional characteristics of the rubbing surfaces to cause
wear on the softer material (cassava) thereby removing
the peels.

Use of abrasive drum in achieving peeling dominated
most research efforts towards development of suitable
peeler [2)-[8]. Articulation of good design of attrition
peeler possesses high advantage of preoperational
activity elimination and drastic reduction in tuber flesh
loss. [9] carried out an analysis of mechanical cassava
peeling using single belt systems. He also reviewed the
possibilities of using an abrasive belt in cassava peeling
and went further to work on achieving a constant depth
of peel in the mechanical peeling of cassava in 1976 and
in 1979 developed a cassava peeling machine using
expanded metal lined drum and nibbling balls freely
mixed with cassava to achieved peeling. This was
updated to be Projects Development Agency (PRODA)
model of the cassava peeling machine. [10] designed a
machine that employed two parallel inclined cylinders,
rotating at different speeds in the same sense, on which
the cassava tubers travelled downwards under the pull of
gravity. One cylinder was very rough for rotating the
cassava while the other was less rough for rasping it. A
free-hanging pressure device weighted each tuber onto
the cylinder as it travelled down the incline. In both
works there was no mention of the species of cassava
used or the engineering properties that formed the basis
of the design.

The problem associated with peeling in addition to
morphological disparities arises from the differences in
the properties of the cassava peel, which varies in
thickness, texture, and strength of adhesion to the root
flesh. Thus, cassava peeling machine development
requires good background knowledge of some
engineering properties of cassava tubers to improve on
the capacities and efficiencies so as to eliminate pre-
operational treatments of trimming, sorting and grading
which characterises the existing peelers. Indeed the
development of a technically and economically
acceptable cassava peeling machine as a challenge
prompted designed modification and development of a
cassava attrition peeling machine which is an improved
model of the existing PRODA machine. Comparative
assessment after the modification of an existing cassava
attrition peeler by introduction of egg shaped peeling
balls, breaker baffles and inner drum surface perforations
showed increased peeling efficiency, reduction in flesh
loss, processing time and cost.
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However, the performance testing indicated that some
crop and operational parameters such as peel thickness,
moisture content, geometric mean diameter, mass of
cassava and machine speed affects the performance
parameters identified as peeling efficiency, flesh loss,
throughput capacity and specific energy consumption of
the Cassava attrition peeling machine significantly. In
spite of the attempts made in development of modified
peeling technology, it is still desired that the machine
operates with maximum efficiency and throughput at
minimal flesh loss and specific enmergy consumption
obtainable hence the need to pay much attention to
optimal settings of these operational parameters for
optimized responses.

Response surface methodology was therefore
investigated to be suitable for an empirical optimization
problem of this nature where varying input combinations
relates to multiple desired levels of product
characteristics. In addition, the technique involves special
experimental designs/optimization tactic with small
number of experimental runs to save time and cost [11],
{12]. This Response surface methodology as a collection
of mathematical and statistical techniques useful for the
modelling and analysis of problems has the objective of
optimizing the response of interest influenced by several
variables [13]. Its application involves design of
experiment (approximate choice of response surface
design), fitting of models, selection and validation, and
optimization. [14], [15] and [16] maintained that
prediction equations and optimal operational parameter
settings determined from response surface technique are
always or nearly close to the optimal operating condition
of the real system. [12] further revealed that practical
interpretation of optimization results determined using
RSM are not usually affected by small discrepancies due
to inability of experimenter to determine the exact factor
level.

There are remarkable instances of outstanding
contribution of RSM. With the application of RSM, [17]
were able to quantify and optimize the effect of feed rate,
cutting speed cutting edge angle on the surface roughness
and tangential force when turning AISI 1045 steel at
97.2% prediction while [18] had earlier developed a
response surface model that functionally relates
sensitivity of an airplane wing crack detector to number
of turns, winding distance and wire gauge as well as
determining the settings of the variables that maximizes
the sensitivity from the model at above 95% prediction.
Also in NIST Physics Laboratory RSM was used to
determine the best setting of seven factors that
maximizes somolumiscent light intensity [11] and 98%
success was achieved with RSM in optimization of
mechanical clothing tactile comfort [19]. Furthermore,
and recently [12] quantified and optimized using
response surface analysis three performance/response
variables (efficiency, throughput and specific energy of
consumption) of a palm nut-pulp separating machine at
optimal settings of four factors (driving power, cake
breaker speed, auger speed and helix angle) within 95%
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Consequently, this poses global challenge to the
cassava processing sector [1]. Many innovative research
works on mechanizing the peeling process were unable to
exhaustively address the problem of dimensional
disparities among cassava varieties which limits efficient
mechanical peeling process. The existing technologies
for cassava peeling can broadly be categorized as Knife
edge and abrasive (attrition) cassava peeling systems.
While mechanized knife peeling involves the use of
single/multiple sharp edge peeling tool (knife) to remove
cassava peels, abrasive (attrition) peeling exploits
frictional characteristics of the rubbing surfaces to cause
wear on the softer material (cassava) thereby removing
the peels.

Use of abrasive drum in achieving peeling dominated
most research efforts towards development of suitable
peeler [2]-[8]. Articulation of good design of attrition
peeler possesses high advantage of preoperational
activity elimination and drastic reduction in tuber flesh
loss. [9] carried out an analysis of mechanical cassava
peeling using single belt systems. He also reviewed the
possibilities of using an abrasive belt in cassava peeling
and went further to work on achieving a constant depth
of peel in the mechanical peeling of cassava in 1976 and
in 1979 developed a cassava peeling machine using
expanded metal lined drum and nibbling balls freely
mixed with cassava to achieved peeling. This was
updated to be Projects Development Agency (PRODA)
model of the cassava peeling machine. [10] designed a
machine that employed two parallel inclined cylinders,
rotating at different speeds in the same sense, on which
the cassava tubers travelled downwards under the pull of
gravity. One cylinder was very rough for rotating the
cassava while the other was less rough for rasping it. A
free-hanging pressure device weighted each tuber onto
the cylinder as it travelled down the incline. In both
works there was no mention of the species of cassava
used or the engineering properties that formed the basis
of the design.

The problem associated with peeling in addition to
morphological disparities arises from the differences in
the properties of the cassava peel, which varies in
thickness, texture, and strength of adhesion to the root
flesh. Thus, cassava peeling machine development
requires good background knowledge of some
engineering properties of cassava tubers to improve on
the capacities and efficiencies so as to eliminate pre-
operational treatments of trinuming, sorting and grading
which characterises the existing peelers. Indeed the
development of a technically and economically
acceptable cassava peeling machine as a challenge
prompted designed modification and development of a
cassava attrition peeling machine which is an improved
model of the existing PRODA machine. Comparative
assessment after the modification of an existing cassava
attrition peeler by introduction of egg shaped peeling
balls, breaker baffles and inner drum surface perforations
showed increased peeling efficiency, reduction in flesh
loss, processing time and cost.

Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved
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However, the performance testing indicated that some
crop and operational parameters such as peel thickness,
moisture content, geometric mean diameter, mass of
cassava and machine speed affects the performance
parameters identified as peeling efficiency, flesh loss,
throughput capacity and specific energy consumption of
the Cassava attrition peeling machine significantly. In
spite of the attempts made in development of modified
peeling technology, it is still desired that the machine
operates with maximum efficiency and throughput at
minimal flesh loss and specific energy consumption
obtainable hence the need to pay much attention to
optimal settings of these operational parameters for
optimized responses.

Response surface methodology was therefore
investigated to be suitable for an empirical optimization
problem of this nature where varying input combinations
relates to multiple desired levels of product
characteristics. In addition, the technique involves special
experimental designs/optimization tactic with small
number of experimental runs to save time and cost [11],
[12]. This Response surface methodology as a collection
of mathematical and statistical techniques useful for the
modelling and analysis of problems has the objective of
optimizing the response of interest influenced by several
variables [13]. Its application involves design of
experiment (approximate choice of respomse surface
design), fitting of models, selection and validation, and
optimization. [14], [15] and [16] maintained that
prediction equations and optimal operational parameter
settings determined from response surface technique are
always or nearly close to the optimal operating condition
of the real system. [12] further revealed that practical
interpretation of optimization results determined using
RSM are not usually affected by small discrepancies due
to inability of experimenter to determine the exact factor
level.

There are remarkable instances of outstanding
contribution of RSM. With the application of RSM, [17]
were able to quantify and optimize the effect of feed rate,
cutting speed cutting edge angle on the surface roughness
and tangential force when turning AISI 1045 steel at
97.2% prediction while [18] had earlier developed a
response surface model that functionally relates
sensitivity of an airplane wing crack detector to number
of tums, winding distance and wire gauge as well as
determining the settings of the variables that maximizes
the sensitivity from the model at above 95% prediction.
Also in NIST Physics Laboratory RSM was used to
determine the best setting of seven factors that
maximizes somolumiscent light intensity [11] and 98%
success was achieved with RSM in optimization of
mechanical clothing tactile comfort [19]. Furthermore,
and recently [12] quantified and optimized using
response surface analysis three performance/response
variables (efficiency, throughput and specific energy of
consumption) of a palm nut-pulp separating machine at
optimal settings of four factors (driving power, cake
breaker speed, auger speed and helix angle) within 95%
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prediction interval. Thus, this study exploits the
outstanding advantages of response surface modelling
and optimization for determination of optimal operational
parameter of a modified cassava attrition peeling
machine.

II. Materials and Methods

The cassava attrition peeling machine shown in Figs. 1
comprises the peeling unit, discharging unit, water
sprinkler mechanism, prime mover (electric motor) and
peeling balls. The peeling drum chamber consist mainly
of a rolled perforated aluminum plate formed into a
cylindrical drum and centrally mounted through a mild
steel shaft on two bearing supports. Three angular
aluminum bars are welded to the inner surface of the
drum. The bars are equidistantly spaced acting as breaker
baffles to check centrifugal effect thereby extending
sticking speed (limiting speed). The perforations (16mm
hole) were made at regular interval such that its
embossments enhance the frictional characteristics of the
mmer drum surface.

The peeling drum together with the egg shaped
peeling balls provides the requisite surface characteristics
and frictional properties for attrition. The drum is
partially immersed in water bath/trough. A discharge
plug on the trough is situated beneath the peeling drum to
evacuate the peel flake and waste water.

Cassava tubers are manually introduced into the
peeling drum with peeling balls through the door slit
provided when the drun is stationary prior to peeling.

The peeling drum is operated at speeds less than the
sticking speed of 49rpm which is achieved by coupling a
variable speed reducer (variac) to the electric motor
through belt and pulley mechanism. In each batch
operation, cassava of known mass and biomaterial
properties are loaded into the peeling drum and the
combined rotary action of the cassava on the peeling
drum when the machine is actuated causes peeling due to
attrition. Introduction of egg shaped peeling balls ensures
that every section of the loaded cassava is peeled during
the mechanical agitation irrespective of its geometry.

Peeling efficiency, flesh loss, throughput. and specific
energy consumption are the performance parameters of
the modified cassava aftrition peeling machine studied.

Where flesh loss is the amount of starchy flesh
removed alongside the peels during peeling: peeling
efficiency is the ratio of the total mass of peel by the
machine to mass of manual peel while its throughput is
the total mass of cassava peeled and discharged l?y the
machine per unit time. Specific energy consumption qf
the machine is quantity of energy it used to peel a umit
mass of cassava fed into it. The crop and operational
parameters of the machine whose seffing affgct the
response parameters (performance parameters)_mclude
mass of loaded cassava (M), average geometric mean
diameter of the cassava tubers (D,), moisture content of
the cassava (MC), the mean peel thickness of the cassava
(P,), number of peeling balls (n,;) and speed of the

Copyright © 2018 Praise Worthy Prize S.r.1. - All rights reserved

peeling drum (N,).
Their design values were 80kg. 48mm. 70%Wb,
3.5mm, 105 and 40 rpm, respectively.

@

Figs. 1. (a) Modified CAPM (b) Peeling Balls, (c) Isometric View of
Modified CAPM (d) Exploded view: 1. Structural Frame. 2. Peeling
drum. 3. Discharge pipe. 4. Shaft, 5. Bearing. 6. Water bath(trough), 7.
Covering hood, 8. Electric motor. 9. pulley. 10. Motor shaft. 11.
Loading cover. 12. Hinges. 13. Bolt, 14. Discharge slit

11 Experimental Design/Procedure

The relationship between the performance parameters
(responses) of a cassava attrition peeling machine and its

International Review of Mechanical Engineering, Vol. 12, N. 10
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operational parameters (factors) and determination of the
optimal settings of the parameters was investigated using
response surface analysis. This involved the design and
development of the response surface experiment, model
fitting, selection and optimization of the best response
surface functions for the responses. The choice of the
type of experimental design was based on the aim of the
study, number of available variables, availability of
resources, sources of data collection, time and cost
implication. The response variables investigated were the
flesh loss (F)), peeling efficiency (np), throughput
capacity (TP) and specific energy consumption (SE). The
speed of the peeling drum (), moisture content of the
cassava (MC), mass of loaded cassava (Af,), number of
peeling balls (11), geometric mean diameter (D) and peel
thickness (Ps) coded as X, Xz X3, X4,Xs and X
respectively, constitute the factors. Where moisture
content is dependent on variety [20], period of harvest
and day after harvest (DAH) [1] and it is determined by
Equation (1) developed from [21], [22] and [23]:

9, =e [ —0.014e] +0.014e5 (1)

where ¢, and ¢; are the moisture content and initial
moisture content of cassava after harvest, given by [24]
as:
W,- W, 100
= e 2
¢{ Ww 1 ( )

W.=weight of wet sample (g); W,=weight of dried
sample (g):

x = 0.026 — 0.0045h + 0.01215T €)]
y = 0.013362 + 0.194h~0.00017h? + 0.009468T (4)

T and 5 are air temperature and relative humidity:

A = 727.44h + 599.9h% + 475.64h° (&)

B = —0.0143 — 0.0771h + 0.132h% — 0.157h° 6)
- 0.0731h*

c = (T + 81.64) ™

Geometric mean diameter (GMD), D, is a_dimensional
property that takes care of the variation in the tuber
thickness along the full length. It has also been
investigated by Nwachukwu et al. (2015) to be a
characteristic property of cassava tuber variety. Mean
value of GMD accounts for the morphological disparities
in cassava tuber during evaluation. For the unpeeled
tubers is calculated using the formula below as seen from
[2s}: .
GMD =D, =(axbxc)’s ®)

where GMD is the Geometric mean diameter (m), a
(head) is the major diameter (mm), b (middle) is the
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intermediate diameter (mm), ¢ (tail) is the minor
diameter(mm). In this investigation, MINITAB (version
17) software has been used at first to generate and
randomize a thirty four (34) runs with all combination of
the six factors at two coded levels (+1 and -1) half
factorial design layout (2¥%) in which “+1”and “-1”
indicate the high and low level of the factors respectively
with “0” as the midpoint of the factors. The search for
models that will describe the responses adequately
started with fitting of linear function because of the
desire to quantify the parameters with simplest possible
functions.

However, the main effects plots, model adequacy
measures and residual diagnostic plots displayed by the
software along with the fitted linear models were used to
evaluate the functions but did not approximate the true
responses adequately hence a second order model was
sought for. Here the initial two level half-fractional
factorial designs were augmented by the addition of more
centre points and axial points totalling fifty four (54)
experimental runs with an axial point value of (+2.366)
which allowed analysis of curvature and second order
interactions of the initial two level designs. The second
order response surface design table for the modified
Cassava Attrition Peeling Machine for the study is given
in Table I. The limits of the operational factors (Table IT)
been investigated were determined from experimental
tests of factor variations with performance parameters.
The actual high and low levels for each factor was
selected based on non-variation of the responses or
indicated asymptote behavior of the responses before or
after some combination of the variables. In each of the
tests for the determination of the actual levels for any of
the factors, the other five factors were kept constatnt at
their design values. Flesh loss, peeling efficiency,
throughput and specific energy consumption of the
machine were evaluated at each combination of the
variables by feeding a known mass of cassava tubers into
the machine for peeling. After each operation, the peeling
time involved was taken using stop watch and the peeled
cassava weighed using electronic digital balance.
Equations (9)-(12) were used to compute the four
performance parameters from experimental results of
their variations and plotted as shown in Figs. 2-7:

=M~ (mcp + ’npt) ©)
_ Mp, x 100 10
To = My + M. 1 (10)
M,
TP = — (1)
t
SE = Pt

where m,, is the mass of the peeled cassava; m, is the
theoretical mass of peel; M, is the mass of the loaded
cassava; 7 is Time taken in second and P is Power
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consumed by the electric motor in kW. Thereafter, fhe
natural values of these responses were determined using
the general transformation equation (13) as equations
(14)-(19). Each equation relates the coded and actual
values of the factors. Here x is the independent variable
in natural units; X; is the coded variable while Xpax and
Xmn are the maximum and minimum values of the
independent variables respectively:

x (B i)

X = (13)
x - x in
(Bmax 5 Zmin)
Ng—30 14
X, = 10 14
MC —725 (15)
=725
_ M-50 (16)
AT
_ ny,— 70 (17)
X+ =730
_ D, — 49 (18)
¥ =719
_ Pen —3.25 (19)
X6 =7 1.25
w— o = F| (%
250 4 F1 (%)
3200“ T e e L = = e TP/
‘51150 i veaevues SE (kIfKB)
& 100 -
50 A P e
0 N L L
0 10 20 30 40 50
Drum Speed, Nd (RPM)
Fig. 2. Variation of speed of the drum against the Responses
C N F"%)
2001 e e T e PE (%)
150 - o = = TP (ka/h)
% gowoe90O SE (kJ/kS)
& 100 A
[*]
o
50 -
0 A e e ;:'T"‘:“‘;'T""—‘

40 so 6o 70 80 90 100
Molisture content, @ (%)

. nses
Fig. 3. Variation of Moisture Content against the Respo!

; . ights reserved
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Fig. 4. Variation of Mass of cassava tubers (M) against the Responses
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Fig. 5. Variation of Number of peeling balls (n,) against the Responses
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International Review of Mechanical Engineering, Vol. 12, N. 10

Rl A e Rt Eaamnast Pt g e e



J. C. Edeh, B. N. Nwankwojike, F. I. Abam

TABLEI
RSM DESIGN TABLE FOR THE MODIFIED
CAPM STUDY

Experimental runs coded values of factors

StdOrderRunOrder x; X2 X3 X4 Xs Xs
16 1 1 1 -1 1 i -1
19 2 0 0 0 0 0 Y
18 3 0 0 0 0 0 0
1 4 -1 -1 -1 -1 -1 -1
13 5 -1 -1 1 1 1 -1
5 6 -1 -1 1 1 -1 -1
4 7 1 T N
9 8 4 - 1 -1 1 g
8 9 1 1 1 1 -1 -1
14 10 T B 1 1 !
11 11 -1 1 1 -1 1 1
7 12 -1 1 1 1 -1 1
17 13 0 ) 0 0 o 0
12 14 1 1 1 -1 1 -1
15 15 -1 1 -1 1 1 1
10 16 1 -1 1 -1 1 1
2 17 1 -1 -1 -1 -1 1
3 18 -1 1 -1 -1 -1 !
6 19 1 -1 1 1 -1 !
20 20 0 0 0 0 0 0
49 21 0 0 0 0 -2.366 0
53 22 0 0 0 o 0 0
41 23 2366 O 0 0 0 0
45 25 0 o -2366 O 0 g
42 2 . 0 0 0 o
52 2: 2 ?’66 0 0 0 0 2.366
48 28 0 0 0o 2366 O 0
43 29 0 -2366 O 0 0 0
51 30 0 0 0 0 0 -2.366
44 31 0 2366 0 g g g
46 3 0 0 2.366
50 3§ 0 0 0 0 2.366 0
54 34 0 0 o 0 o 9
37 35 0 0 o 0 0 °
30 36 1 -1 -1 -1 1 -1
26 37 A T
28 38 1 1 -1 1 1 :
21 39 -1 -1 1 - '
31 40 -1 1 -1 -1 1 -1
25 4 -1 -1 -1 1 1 :
40 42 0 0 0 0 0 0
38 43 0 0 0 0 0 ¢
35 44 -1 1 1 1 ! A
33 45 a0 -l 1 ! : o
39 46 0 0 0 0 o 1
36 47 1 1 1 ! y -1
27 P T
22 49 R L
34 50 1 A ! ! l 1
24 51 1 1 1 1 A 1
32 52 1 1 -1 -1 '
29 53 S T . l, -1

—~23 54 -1 1 1 1

es used for the statistlgal
clude regression
of varnance
Ist residual

The mode} adequacy measur C
Verification of the fitted functions 1€
analysis of model coefficients, analysis ¢
(ANOVA) [28][29] and lack-of-fit tests whi

lagnostic plots contains nOrmMA
residualg, histogram  of residuals, dot plots of the

. iduals
tesiduals versus observation order and that of rest
versus fitted response.
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The coefficient of determination, R*> and adjusted
coefficient of determination, adj-R? of the response
models were determined to know how properly the
models fitted the measured data.

TABLETI
LIMITS OF THE CASSAVA ATTRITION PEELING
MACHINE OPERATIONAL PARAMETERS

"SIN_ Factor Description Factor symbol Factor Valae
Coded Actual High (+1)Low (-1)
1 Speed of Drum (rpm) X) Na 20 40
Cassava moisture
2 content (%wb) X2 MC 60 85
3  Mass of Cassava (kg) p.¢] M. 35 65
Number of peeling
4 balls X4 Ly 50 100
Geometric mean
diameter (mm) X d 30 68
6 Peel thickness (mm) Xs Py 20 45

The values of R? lie between the zero and one (i.e. 0%
< R< 100%) and the more the value of R? approaches
one (1), the better the estimated model fits the data.

Residual is the difference between the respective
observed responses and their model predicted values.

If a model is adequate, the points on the normal
probability plots of the residuals should form a straight
line.

Small departure from the line in the normal
probability plot is common, but a clearly “S” shaped
curve indicates bimodal distribution of the residuals.

Breaks near the middle of this graph are also
indications of abnormalities in the residual distribution.

The plots of the residuals versus run order and that of
residuals versus fitted response should exhibit scatter
feature without any obvious pattern (i.e. structureless)
while histogram of the residuals is expected to portray
dumb-bell shape.

The significance of each model term was analyzed
using the t -statistics. If [Tlcy > Tpqp, then the
corresponding factor or term is said to be statistically
significant and T¢,p is obtained using statistical table.

The analysis of variance was employed in testing the
adequacy of the fitted models to be true approximations
of the measured data.

If the calculated value of F-statistic (F,) for each of
the fitted models exceed the tabulated value of F-statistic
(Frab) i€ Feat > Fup and P —val < a, the fitted models
are said to be adequate approximation of the data for the
performance parameters of the CAPM, however if
reverse of the above statement is the case; Feqy < Fpyp
and P —val > a, then the models are inadequate to fit
the data.

The models lack of fit test was also conducted to
check the goodness of fit of the predicted models for the
measured data. If the calculated value of F—
statistic (F.auor) for each of the fitted models exceed
the tabulated value of F — statistic (Feapror) ie
Feouor > Frabior and P — val < a. the fitted models
are said to exhibit insignificant lack of fit for the fitted
data of the performance parameters of the cassava
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attrition peeling machine, however if reverse of the
above statement is the case; Feauor < Frabior 20d
P—val> q, then the models are said to exhibit
significant lack of fit.

The residual analysis of the models was conducted
graphically and statistical significance of each model
term was tested at 95% significance level. Insignificant
terms were eliminated from the models using stepwise
model building approach.

The confirmation trials were conducted using the same
Procedure as in the determination of the factor levels.

The flesh loss, peeling efficiency, throughput and
specific energy consumption of the machine Wwere
Predicted based on various factor combinations of
confirmation experimental plan using point prediction
capability of MINTAB. When the models have been
fully validated, optimal settings of all responses and

ctors were determined.

Optimization using the contour and surface plots We‘;
Used to estimate the optimal relationship between each o
the responses and any combination of the factors. o
. Only statistically significant terms obtained using ;
Wteraction plots were considered and the topography o
€ach response surface plot indicates the effect each factor
Pair has on the response with other factors kept constant.

A multiple response optimization model };{SS
formulateq using Desirability function approach. ;
¢oded solution (optimum coded factor Jevels) obtaine
Were then compared with the ones obtained Eﬁph‘_cau);
before the actual optimal settings of the °Pemt.l°D:d
Parameters of the machine were derived and establish

Using the transformations.

III. Result and Discussion

1 runs on the

The result of the experimenta given i

*Xperimental plan for factor combination 18

Table 17,

The second order model for predicting ﬂ'esh loss (:zzi
Peeling efficiency (7,). throughput capacity (TP)alues
Specific energy consux’hption (SE) with the -actual v e
f the modified cassava attrition Peehng ’.m::l by
Sponses in their original/atural units are &

®Quations (20)-(23):

— 0.4549MC + 0.5389M,
4+ 0.0175D,

_ 0.003851Ns” ,
+0.002229MC* — 0.003170Mz¢
—0.000959n,> + 0.000522D,
+0.1777Pa> — 0.001067NaMc

+ 0.001079NyDy
— 0.01850NyPen
+ 0.002188MCnyp
— 0.000832MC Dy
— 0.001024McDyg
- 0.02697MCPM
+ 0.00794n,Pen —

Fi =500+ 0.1781N,

—0.0280n,
+ 1.485P,

(20)

0.012080g Pth

) d
Copyys , ) his reservé
Pyright © 2018 Praise Worthy Prize s.r.il. - All g
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n, = 47.28 — 0.4546N, + 0.0650MC + 0.0097M,
+ 0.1463n,, — 0.0370D,
+ 0.543P;;, + 0.001292N ;2
+ 0.001278MC?
+ 0.002108NMC
+0.001793MC D,
— 0.01405MP;,,
—0.000593n,D,
+ 0.01303n, P,
— 0.001714D,P,y,

@n

TP = 222.07 — 1.803N, — 0.307MC + 0.6104M,
— 0.1745n, — 0.2071D,
— 6.241P,y, + 0.00353N,,2
+0.002542MC? + 0.000605D,%
+ 0.3114P,;% + 0.00840N,MC
+ 0.001809N,D,
—0.003867MC M,
+ 0.003640MCn,,
—0.001105MCD,
~ 0.001294M:D,
+ 0.03067M_P,,
+0.04632D,P,,

(22)

SE = 105.87 — 0.0805N,; — 0.4816MC
— 0.1842M, — 0.2030n,
—0.0958D, — 6.288P,,

+ 0.001340N,42 + 0.003458MC?
+ 0.001608M_% + 0.001293n,,2
+0.003229D,2 + 0.8032P,,*
—0.00528MCn,

—0.001050MC D,

— 0.000592M:D,

+ 0.00466n, P,y

(23)

The adequacy of the models to fit the measured
operational parameter was shown by the residual plots
(Figs. 12-15) and coefficient of _determmatmn (Table IV).

Test of significance of individual terms in the models
carried out showed 95% significance level with the value
of Teqp Obtained using statistical tables as 2.052.
Individual terms in the model statistically i_nsigniﬁcant to
the responses as P —val > 0.05 were eliminated from
the model given rise to the model equation 20- 23.

Evaluation of the coefficient of determination and
error standard deviation of these second order models
(Table IV) indicates that the second orgi'er models fit the
data since the values of ‘R%, .‘adj-.R and‘S’ met the
conditions in each model as evident in table 4 and hence
it was deduced that the interaction and square terms
improved the adequacy of the models. Survey of main
effects plot, Figs. 8-11 show that all factors had either
positive or negative effect on the response variables (as
indicated by the angle it makes with the horizontal)
except for geometric mean diameter and peel thickness

on peeling efficiency.
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01 ‘N ‘2T 104 ‘SurizourSus [pUDYIIP JO MBINDY [DUONDUIBIUT
9'86 ST66 WPL6E0 @I/P) 45
LO'66 ¥5°66 LLSEO'E (y/8x) dL
£1°66 LS'66 9168L50 (%)%
$£'S6 L6 £8EL6V0 @) 4

(pe)bs-a by S 59500059y

STHEGOW ¥ZAWO QNOOIS FHL Y0 NOLLVIAZd
QYVANVLS ¥OUIH NV NOLLVNIWWELIJ 4O SINTIOIHI0D
AlTTIIVL

(arex30)sTy 31 JO SMeN [3qquImp pue j0d pasa)eds
Jo uianed Jjugop ouw ‘samd Ajijiqeqoid [ewarou jo dul
WyBrens o} udie symod ‘[emoe sojemmrxordde pajorpaid
3dws) sasuodsal surgoww Y} Joj S} pood I8 SHONOUNY

0€8

< ocoa stgBa IV - 145 7 AyL10M 9S104d 8107 & WS1iddo,,
W (s

sjgorpul G1-C1 'S81d UF UMOYS siopd fenprsa;
gﬁgsi?)/g&uixglsoo jopowa 34} jo sjod Y] ‘ssaumays
paonpas pue sJonIno SN[ GHM BIEP °m g Kllgoynsg;u,s o)
ajenbape a8 sfopot 19pI0 puodas Y} 30UY -adeys f18q
qunp paxmbar 30 soard weI30IsI 2 PUE 3N Jqdiens
g w (¥ 0} pud} Aypqeqoid [eUIIOT ay 3o sjoid oy pug
slaéom ag) jo Koenbape 3W paaoidur SWId} I9PIO puodas
ay sauo BuusIXd 1240 uBisop S} JO SITRIUEADE Iofern
o jo uo st gorgm wonerado ?}ug[aad 0} toud siaquy
gagsso jo Supess pue BuBIos SunwuwLy Jo jusuyesy
jenrm ou guunnbas sousy S9ZIS JAqM) UO juspuadap
jOil' §1 Kouardg)e gurjead 18 St woyeoridun oy

1- vs €
79 ST $99 SI'L 1- I- I- ! I- I- €S 67
6119  se8l s £8'9 1 i I- I I zs z€
1's9 s€Ll 9 897 1 1 1 - ! 1 1s ¥T
ST'09 981 €9 sS'Y 1 i 1- i ! i 0 1£3
$'s9 L $'6S $9°€ 1- 1 1 I - 1 o
1679 81 L'ES s’ 1- I- I- 1 - - ot @
$'09 §70T 8'sL LTS I- 1- 1 I- ! 1 i L
19 061 soL ss'v 1 1 1 1 ! 0 ob o
6s s81 £1'S9 69 0 0 0 0 0 - v ot
¥9 007 9 $'9 1 1 1 1 1 I. b &
£9 9'€0z oL 96’ - 1 i ! : I £ o
$65  TLSI 59 ws 0 0 0 0 0 0 g 5
65 5981 59 L ) 0 0 0 0 o W pd
509 L81 69 L 1 - i I r r ob *
LO°L9 061 oL SL't I- 1 i- I- 1 - . 1€
09 00z 8s 96 1 I- I 1 L - ¢ 1z
6¥'65 z81 SEL L 1 1- 1 I ! ! 8¢ 8t
€9 oLl $'19 17 I- 1- 1 I I- I Le 9z
69 $o1 S'bS s€'€ I 1 1 I I ! o€ ot
81°6S 981 9 9 0 0 0 0 0 0 13 LE
6$ L6'V8I 59 Ls ° 0 0 o 0 0 e vs
i S'P8I 59 sy 0 996'T 0 0 0 0 £€ 0§
6s L°661 98'€9 oYy 0 0 0 99€°T 0 0 143 op
09 seel oLLL 67’8 0 0 0 0 99£°T 0 1¢ 144
89 681 S'H9 3 99€°Z- 0 o ] o 0 0¢ I$
9 6L1 LS 8 0 0 0 0 99¢°Z- 0 62 £
23 §'761 9'€L 1€ 0 0 99€°Z 0 0 0 8¢ 8
V9 881 9 sot 99€'C 0 0 0 0 0 Lz 43
S¥'6§ $'Lot $'09 8€'1 0 0 0 0 0 99¢€'T 9T (4
£9 €Ll 9 1SP1°0 0 0 0 09¢°Z- 0 0 sT 134
59 081 ss $T 0 0 99€°Z- 0 0 0 ve Ly
09 $807  LiOL L9 0 0 0 0 0 99€°T- £2 L4
$'8¢ $'981 9 Ls 0 0 0 0 0 0 A4 €S
09 061 199 o1 0 99¢'Z- 0 0 0 0 1z (1%
65 581 78'€9 59 0 0 0 0 0 o 0t 0z
09 S'6LL (4 99 1 1- 1 1 1- 1 61 9
19 S161 789 L 1 1- 1- 1- 1 I- 8t £
L0'T9 £91 S'vs 189 1 - - I- 1- 1 L1 [4
vL'so TLLl 68°0S 6'€ 1 1 1- 1 1- 1 9t o1
8'€9 6's61 s'9L LO'L 1 1 1 I- 1 1- st s1
§'59 8'Z81 59 sT'E 1- 1 1- 1 1 1 vt 4
6$ L81 o §9 0 0 0 0 o 0 €l Ll
'8¢ 017 9L 601 1 1- i 1 1 - u L
£9 $°007 9'09 St 1 1 1- 1 1 I- 4 34
9's9 891 179 [3:X3 1 1 I I- 1- I ot vi
6 $61 S'IL L09 1- i- I 1 1 1 6 g
L'L9 Sv61 $'8§ 80 I- 1 I- 1 1- 1- 8 6
€9 o8t €9 sL1 I- 1 I- 1- 1 1 L v
s'19 $0z 99 6€°L 1- - 1 1 I- - 9 S
WL sosl 99 s'€ - I 1 I- - I- s €1
¥9 061 L'6S oT's 1- I- 1- I- I- I- v 1
s8¢ $b8RI $b9 Ls 0 0 0 0 0 0 € 81
6s $'981 $'v9 S61°'9 0 0 0 0 0 0 z 61
T's9 $ 181 8'1L 6LT I- 1 i I- 1 1 1 91
ES daL K5 d ssojgssg X X - S 3 K3 X Tpiouny  19pi0pIS
SISTOdsIY 510J05] JO SIN[EA PIPOd SUL [BluImpIady)

ANIHOVIN THL 30 TAAOW YEAYO ANOD3S ¥0d TIEVL ST
maIgvl

uoqy I "o ‘ayHomyuvmN ‘N °g YopI D T




J C. Edel, B. N. Nwankwojike, F. I. Abam

These therefore, can be used for optimization of the
machine with the predicted values having a percentage
error of plus and minus five percent (£5%). The contour
and response surface plots shown in Figs. 16-22 are use:d
o explore and optimize the potential relationship
between the two factor pair on the response.
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The contour plots represented with contour lines
provides a two dimensional view of the surface where the
points that have the same response are connected to
produce contour lines of constant responses. The
predictors are plotted in the x- axis and y- axis while the
response variable is represented in the z- axis.
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Contour plots are useful for establishing t'h:;;s}:x\?ll:isle
values and operating conditions that ar® desir s
the surface plots provides a more vivid Cm[llcelc)iesirable
Tesponse surface than the contour plots: The ¢ gani®
fesponse is obtained at the factor pait values (;-'i . 16
Where the value of flesh loss i minimal. Frqmin %m-d 4
and 17 at factor pair of x5 and :\'5,1‘6-_;‘ 135 tl%erefore
stationary ridge response pattern is evl ebte;ined e
desirable response of minimal flesh loss 15 (.) ontent ()
center point values of the cassava molsml‘l? c piee s
md geometric mean diameter(¥s) and “ZI s
Values of geometric mean diameter gt f!())i the various
(¥6) respectively. Response surface plots

plot
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(kg) against X;.X5: X1-Xs; X3.X43 X3. X3

pair of predictor variables and the peeling efficiency are
shown in Figs. 18 and 19. The desirable response is the
factor pair which maximises the value of peeling
efficiency.

A stationary response surface ridge pattern depicted
with the desirable respomse to maximise efficiency
occurred at maximum values of peeling drum speed and
cassava moisture content (r;Y;); maximum value of
cassava moisture content and minimum value of
geometric mean diameter (x,.X5); maximum value of
number of peeling balls and minimum value of geometric
mean diameter (xs.Xs); maximum values of number of
peeling balls and mean peel thickness (x4,vg).
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Fig. 22. Response surface plot of SE (k//kg) against Xz.Xs; Xz.X5: X3.X5: X4, X

position of [7] that
ent but inversely
Jots of predictor

Tl.lis result is consistent with the
efficiency increases with moisture cont
with peel thickness. Response surface p
factor pairs and throughput capacity are shown in Figs.
i and 21. The desirable response is the factor pair which
Maximizes throughput capacity obtained at the following

factor pairs: maximum speed of drum and cassava

moisture content (xy,x,); maximum values of cassava
(x3,X3); maximui

Moisture content and mass of cassava

values of cassava moisture content and number of
Peeling balls (x,,v4); maximum value of mass of cassava
and minimum value of geometric mean diameter (x3,¥35);
maximum value of mass of cassava and peel thickness
("Mﬁ) and minimum values of geomettic mean diameter
and peel thickness (vs.xs). The response surface plots
exhibited significant simple maximum response surface
Patterns and the desirable response 18 the factor pair
which reduces specific energy consumpfion of t!le
cassava attrition machine. Inspection of the plots depict
that the values for the various factor pairs: cassavd
Moisture content versus number of peeling balls (xaa):
Cassava moisture content Versus geometric  mean
diameter (x,,xs); mass of cassava Versus geometric mean
diameter (x;.y;); number of peeling balls versus P el
thickness (xy,v5) are within the center points for lz_umllﬂal
Specific energy consumption. Optimjzation using th_e
Tesponse surface contour and surface plots is
technically unreliable when there ar¢ more than one

Copvright © 2018 Praise Worthy Prize sl -All rights reserved
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response and multiple predictors [27]. Thus it can lead to
multiplicity of optimal settings established for one
response. Inspection of the contour and surface graphs
revealed that for a particular response, some factor pairs
are in the maximum region while others indicate
minimum optimal region. The indeterminate tendency of
this approach gave rise to the need for more suitable
optimization approach - Desirability Function Approach
which can define the optimal settings of the operationai
parameters for all the responses. Desirability function
approach eliminates the rigors associated with most other
optimization techniques. It is a multi -response multi -
factor optimization technique which operates on the
principle established by Derringer Harrington. It
optimizes a set of responses and defines the best factor
settings for a solution of a multivariate objective
function. The overall objective is to minimize flesh loss
and specific energy consumption and maximize peelin,;g
efficiency while setting a target for the throughput
capacity. The response optimizer capability of MINITAB
17 was employed for this purpose and the optimization
plot is given in Fig. 23. The value of individual
desirability and the composite desirability respectively
approximate to 1 which signifies that the optimization
result is highly desirable. The desirability plot in Fig. 23
above can be visualized and the values of the opthimual
settings graphically presented. Therefore, it is seen that
the cassava attrition peeling machine performed

Infernational Review of Mechanical Engineering, Vol. 12, N. 10
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optimally at the factor settings of 1.5, 1.0, 2.1, 1.4, -0.023
and 0.7 for peeling drum speed, cassava moisture
content, mass of loaded cassava, number of peeling balls,
average geometric mean diameter and peel thickness
respectively. In natural units the Cassava attrition peeling
machine performed optimally at a peeling drum speed of
45rpm, cassava moisture content of 85°Wb, mass of
loaded cassava of 81.5kg, 110 peeling balls; geometric
mean diameter of 48.56mm and peel thickness of
4.13mm. The optimal response is obtained as 58.4kJ/!cg,
180kg/h, 5.49% and 88.7% for the modified machine
specific energy consumption, throughput capacity tuber
flesh loss and peeling efficiency respectively.

H o
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Fig. 23. Optimization plot of the CAPM performance parameters

IV. Conclusion

A modified cassava attrition peeling machine was
evaluated and optimized using response surface aqal'ysu;
for efficient peeling with high throughput but at minima

flesh loss and specific energy consumption. Factors

i i tric mean
investigated were moisture content, M. geome
o mass of loaded cassava,

diameter, D, peel thickness, P .
Peeling dnnil speed, N; and number of peeling balls ',t,ib’
while efficiency, throughput, flesh loss and specific

i iables.
energy consumption constituted the response vari les.
Experi ed that the developed mode
rbenthe. porformne er of the machine

described the performance paramet

adequately at 913;% prediction interval. T!le resultg tl:ilso
confirmed that the machine performs opumallyh“il ‘:)I;'
efficiency of 88.7%, throughput of 180kg/Le ﬂeik]?ks . at
5.49% and specific energy consumption of 58. &

an optimal peeling drum speed, cassava moistt;;e cox;;elxll;,
mass of loaded cassava, number of peeling )
thickness of 45rmpm,

geometric mean diameter and peel 1
85%Wb, 81.5kg, 110, 48mm and 48.56mm rgsgecnv:lg
in accordance with models analysis (Pfed“’thtfnnmin
Optimization). ANOVA also revealed that the main
effects of all the factors influence the four ftl::csr -’
variables significantly with the quadratlcd € . and
factor interactions established for model adequacy

desirability.
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Aerodynamics Analisys of the Wingtip Fence Effect on UAV Wing

Setyo Hariyadi S. P.*2, Sutardi’, Wawan Aries Widodo?, Muhammad Anis Mustaghfirin®

Abstract — Winglets have an important effect in the use of aircraft and of unmanned aerial

vehicle (UAV).

The expected effect in winglet usage is the increase of the lift

coefficient and the

decrease of the drag coefficient. These aspects play a very important role in determining

aerodynamic performance.
effective winglet designs to

Many researches have been done in order fo determine the most
further explore the effects on aircraft and unmanned aerial vehicle

(UAV). Based on that fact, in this study the use of winglet on UAV is discussed. This research has

been conducted using a sin
usedis 10 m /s (Re=2.3 *x 1
and 19°. Model speciniens are
study are wingtip fences with fo

wlation software with turbulent model k-o SST. The freestream velocity
0°) with an angle of attack (@) = 0°, 2, £, 6°, &, 10°,17°, 15°, 16°, 17
airfoils Eppler 562 with and without winglet. Winglet used in this
rward and rearward configuration. From the research, it has been

found that the addition of winglet can mininiize vorticity magnitude behind the wing especially

Jforward wingtip fence.
and rearward wingtip fence alt
attack. In addition, the forward
the rearward one. Copyright © 20

Keywords: Airfoi

Forward wingtip fence results in a smaller vorticity area than plain wing
hough the vorticities increase with the increase of the angles of
wingtip fence can prevent the Jormation of tip vortex better than
18 Praise Worthy Prize S.r.L - All rights reserved.

1, Winglet, Wingtip Fence, Eppler 562, Lift Coefficient, Drag Coefficient

Nomenclature
a Angle of attack
c Chordline
y Wall normal coordinate
v"  Normalized y by inner variables, y* =yl /v
C Drag total coefficient, include drag pressure dan
57
G0 Linoeeosat
C,  Skin friction coefficient, Gy = 27w/ (P(Uo)z)
u Mean velocity in the streamwise direction
U, Friction velocity Uy = (tw/P)*®
VL Free stream velocity
~u'y’ Turbulent Reynolds Stress
K Turbulent kinetic energy
F;  Blending function

s Modulus of the mean rate-of-strain tensor
The blending function for the turbulent eddy

viscosity in the SST model
o Specific dissipation rate

| Introduction

There are several things that allow to minimize drag
and to increase the lift on the use of aucra;’( alﬁ
unmanned aerial vehicle (UAV), including a 0o wﬁ g
design, wingtip devices / winglet, boundary fayer suction
it e anfage in terms of reducing the

Winglets have an adv

i that
oc tip and they can reduce the area
ot ettomive. besatls he movement of the flow

is not effective because of t

i - i reserved
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from the lower to the upper side of the wing. This is the
concern of many researchers to continuously explore so
as to provide space for research on the application of
winglet that can produce significant drag reduction.

Kontogianis, et al. [1] have studied the optimization of
UAV aerodynamic design on the wing; horizontal
stabilizer, vertical stabilizer and aileron are name of the
part aircraft or unmanned aerial vehicle. Wing airfoil use
Eppler 420 with Re = 1.3x10° - 2.4x10’. Plain wing with
wingtip fence has resulted in a better performance than
plain wing with blended winglet, hoerner, and elliptical
winglet. The effect is clearly presented and it provides a
comparison of the flow field of the baseline and the final
wingtip region. It is obvious that the wingtip vortex
strength is greatly reduced by the use of the specially
designed winglet. Design modifications result has
improved the performance of 7.7%. Gavrilovic, et al. [2]
have compared the effects of using various types of
winglets, namely blended winglet, wingtip fence, maxi
winglet and spiroid winglet on NACA 64412 airfoil
wing. With an increase in lift, the increase in wingtip
vortices strength will increase as well as induced drag on
the plane. Using winglet vortices intensity and induced
drag can be reduced. This performance is very important
when landing and taking off because it reduces ranway
distance as needed. With this winglet the speed of
climbing will also increase.

Hariyadi. et al [3] have performed a simulation using
the airfoil type NACA 43018 by adding a winglet in the
form of forward wingtip fence and rearward wingtip
fence. In the study it has been found that the addition of a

hitps://doi.org/10.15866/ireme.v12i10.15517
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;Vlngolet has been able to increase C;/Cp value up to
2.9% for _forwa:d wingtip fence type at a=2°.
Kontogianis et al [4] have performed a nuinerical
study on the airfoil E420 ATLAS IV UAV wing with Re
=10"- ?"105. The consideration of selecting an Eppler
in type airfoil is that it has a low Re airfoil, and high Lift
chafa.cterisﬁc- In this study it has been found that the
addition of a winglet can reduce drag coefficient by 2.8%
;‘2‘3 1t can increase C;/Cp by 80% at low attack angle and
E % in operational region. Hariyadi, et al. [5] have used
Ppler 562 wing airfoil in order to compare rearward
;)Vmgu p fence with cant angle 90° and 75°. Lift produced
w)" the wing with the wingtip fence is better than the plain
Wing starting af an o=8°. Lift to drag ratio of rearward
anlggnp with 90° has better performance than plain wing
rearward wingtip fence with cant angle 75°
v;:'{e}'er, rearward wingtip fence with 75° has a smaller
wi icity magnitude area than plain wing and rearward
¢ gtip fence cant angle 90°. Hariyadi, et al- [6] have
ompared the plain wing Eppler 562 with the forward
Wingtip fence cant angle 90° and 75°. Forward wingtip
ece with cant angle 90° provides better aerodynaimic
Performance than forward wingtip fence cant angle 75
:Edoplain wing. The better performance starts from the
“;6 - The vorticity magnitude produced by forward
fomgtlp fence with cant angle 90° is also bc‘etter.than the
is I:‘E'lard wingtip fence cant angle 75 and plain wing. This
oth, aracterized by a narrower vorticity mggmtﬂde than
: ers. Goleik, et al. [7] have combined several
s::ameters on the UAV wing, including cant angle,
eep angle, taper ratio, toe angle and twist angle.
Cant angle has a significant effect on lift coefficient,
egg coefficient and lift force, while taper ratio has a b}S
aereﬂ on lift to drag ratio. The obtained improvement in
Win0d)’llami<: performance has reached 8'.32% from plamn
othg - The use of winglets reduces vorticity m}ign}tude ;m
56 the yz and xy axes. In this research, an airfoil Eppler
has been used with an endwall attached to the wal;
Ie a wingtip fence added at tip with forward an
frward variation. Numerical simulations have 'be&fn
fen to study details on how big the influence of wingtip
ce addition is to reduce induced drag with various

0gles of attack.

II. Methodology

II1. Mathematical Model
-Stokes

(RANS)

The g .
e Reynolds-averaged ~Navier _
isq ation [30]-{31] for a steady state incompressible flow
8lven by:
7-a=0 M
i -7
eq W{th the turbulent Reynolds Stress term, —U Y. the
Uatiop becomes:
—, 2
V'W=-v(£)+vv2+V-(-u’u') @
p
¢/ .
ght © 20, 8 Praise Worthy Prize ST}~ All rights raserved
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Menter, et al [8] have defined Shear- Stress Transport
(SST) x—o model, where « is the turbulent kinetic energy
and v, is the turbulence viscosity. The turbulent Reynolds

stress is modeled as:
T — 57 —\T 2
—u'uw’ = v, (Vi + V%) —§K6 A3)

Therefore the turbulent kinetic energy k and the
specific dissipation rate @ of the SST model are given:

K _do _ 2 /] K
Y i [(" + oicve) ax¢] ©)
1 0K dw
1-— fnidhihuhad
+( F)2aq w 9x; 8x;

The last term on the right side of equation (5) is
kpown as cross diffusion term [9]. Menter [10] has
demonstrated that introducing cross diffusion term in the
® equation, the free stream dependency of the x—» model
is reduced. The blending function F; is defined as:

vk _500v) _4pa,k]

4 -— :
arg; = min [max (ﬂ' oy’ 7?0 ) CDewy?) @

where v is the distance to the nearest surface:

2 1 9K dw 10710
€Dy = MaX{ 2P9d w dx; dx;’ (®)

is the positive portion of the cross diffusion

CDyo on of th
term. The turbulent eddy viscosity is formulated as
follows:

ok

Ve = max(a,w; SF) )

S= ZSUEU (10)

where S is the modulus of the mean rate-of-strain tensor
S . . o
S‘j - .2- an axi

F, = tanh(arg?) an

lending function for the turbulent eddy
SST model:
vk 5000
(12)

arg? = max (2;—,-&’—};.3,—2;

F, is the b
viscosity in the

mrgrnationai Raview ofMechanical Engineering, Vol. 12, N. 10
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In the SST model the production of turbulence kinetic
energy is limited in order to prevent the build-up of
turbulence in stagnation regions defined as:

Pe = (5% 10" Kw) (13)
Assuming that ¢ represents the set of closure

constants for the SST model and ¢, and ¢, represent the
constants from the standard k- and ke models

respectively [8]:
¢=F¢ + (01— Fy)¢; (19
The constants ¢ are calculated using a blend between

the constants ¢ (x—) and ¢z (k~€)-
The constants applied in the ¢ (k—) are equal to:

B = 0.075, " = 0.09,0K = 05,00 = 0.5,
od = 0.856,a = 5/9

(15)

The constants applied in the ¢> (standard k—€) are
equal to:

B =0,0828, p* = 0.09,0K = 1,00 = 0.856,0d 15
= 0.856,a = 0.44

Computational I Tuid Dynamics

This research has been conducted using numerical
simulation of Ansys 17 with turbulent model k- SST.

The k-0 SST model which is developed by Menter
[11] is a turbulent model that combines k-® standard,
which is stable and accurate to be used in the area near
the wall and k-¢ model which has the advantage to be

used in free stream. Turbulent model &-© SST for 3D
RANS equations with transient time dependent has z;}]slo
been used by Sunil [12], Rostane [13] and Saad [14]. 'xﬁ
used freestream velocity is 10 nV/s (Re= 2‘;3 o 1052 ‘Y:S"
angles of attack (@)=0°, 2°. 4° 6% 8" 10°,12° 157, 10>
7 eud 134 : ithout
Model specimens are airfoil E562 with and witho

wi S . d is wingtip fence
inglet (plain wing). Winglet to be "5.5 design. Reynolds

with additi ; rearwar i
dition of forward and free stream velocity

number flow is based on chord and . i
with chor igs. 1 depict the dimension
chord length of 20 cm. Fig nulation domai and

.2

of the model and Fig. 2 shows 2 sit
- i i i he

e boundary conditions used in the sunulat:pu. T11
mted on the t1p of the

W?Ilglef modeling dimensions mot
Wing are shown in Fig. 3 [15]-

In the numerical simulation, €0
boundary fypes for specimens are €
Making geometry, the next step
Process and fo determine the
Meshing process is done o1l plain
and the meshing shapes are shown
I@iefil:wu' that around the winf[-eas
wrfac:fi 1:; used.l WheEs sed. T ction of

riangular elements are us

metry, meshing ﬂfld
onstructed. After

o the meshing

ig to d
is .

boundary {YP®
wing, The geomety
in Fig. 5 In Flgs_ 4 1t
a quad!‘lélff{ml
 fom the wilg
this

) cohts resen‘é’ﬂ'
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element considers the rate of convergence (or even lack
of convergence), the solution accuracy and the CPU time
required.
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Figs. 4. Geometry and meshing: (a) Side View (b) Section View

This model uses air as a working fluid witﬁn (p) =
1.17 kg/m?, viscosity () = 1.86 x 107° Ns/m®.

The type and properties of the material are used
according to the conditions of the environment, 1.e. ?lt
30°C and 1 atm pressure. The intensity of n.xrbulence n
this numerical modeling is set to 0.8% at the inlet and the
length scale at the inlet side is 0.024 m. The L_'-cu SST
turbulence model is used in this study. The so!utmn uses
second order for pressure, turbulent kinetic energy,
Momentum, and turbulent dissi})atiou rate. The
Convergence criterion is set at 107, and the transient

mode is used for solver.

J | Ul = 25 In(UfylvH-S.-ﬁl

a® '7\
A o
| a 0" 4'/\"
=3 2 -~
_———__'d
F) ,_2—'/
'y
A s

inner layer i

P e o

Ul

In Uey/v

__,,/f "
Vitcow sublaver| KA |
=5 yr=60

Fig. 5. Subdivisions of near-wall region[21]

173 Grid Independe"fe m;a‘_v-i‘Cak‘rlfatlon .
Simulation study requires the accuracy O_f d;::ta 3‘3{;1::2
Preprocessing and post processing. A grid incepe e
18 needed in order to determine the level and t_he structure
of the best and the most efficient 8{5‘1 in order to
approximate actual modeling results. Grid Independence

Copyright © 2018 Praise Worthy Prize s.r.l. - All rights reserved

is a method to determine that the results are not
influenced by the number of grids. It should be
understood that the use of the number of elements in
numerical modeling affects very significantly the results.

The optimum number of grids results in good
accuracy with the minimum number of elements as
possible. In addition, most of the optimal grid size result
if the difference Cp between two candidate grid size is
approximatelly 2% [16]. In this grid independence test,
the division of the number of meshing into 6 types, then
from this type of meshing the smallest value of each
meshing will be searched by comparing the Numeric Cp
graph. The Cp value of the independent grid is shown in
Table I. Table I shows the meshing variation of the grid
independence of the 3-dimensional test model on the
Reynolds number of 2.34 x 10",

TABLE1
GRID INDEPENDENCE ANALYSIS OF 3 DIMENSIONAL
MODEL PLAIN WING E362
. Cells Inflation + Skewness
Meshing Type Number sk Cp ¥y fouraas
Meshing A 367075 40 086 2.1 0.346
Meshing B 469620 40 088 14 0.347
Meshing C 569233 40 090 0.8 0.343
Meshing D 685063 40 092 21 0.334
Meshing E 768003 40 090 038 0.351
Meshing F 875962 40 091 14 0.348

In order to obtain more accurate results in the near
wall region, it is essential to calculate 3 for each
meshing. The v* calculation is based on the calculation of
flat plate boundary layer theory [17]. In addition to the
calculation of v, inflation layer is required for the area
around the wall using the quadrilateral meshing type so
that the information around the wall is more accurate. In
order to calculate the number of minimum nodes, the
farther area from the wall will use the type of
tetrahedrons meshing. Near-wall regions have larger
gradients in the solution variables, and momentum and
the other scalar transports occur most actively [18]: from
Fig. 5 it can be observed that the viscosity-affected
region (inner layer) is made up of three zones, namely:

- Viscous sublayer (v'<5)
. Buffer layer or blending region (5<y"<30)
- Fully turbulent or log-law region (v'<30 to 60)

The wall v* is a non-dimensional distance similar to
local Reynolds number, often used in numerical method
to describe quality of mesh for a particular flow. Values
of y* close to the lower bound (v*"=30) are most hoped for
wall functions whereas _v+:1 are most hoped for near-
wall modeling [19]. In this study, in order to obtain the
best result ¥* is less than 1 as done in Kontogiannis
research [4]. From four grid types as shown in Table I, it
can be concluded that the grid type (meshing type) C is
the best choice in this simulation since the obtained value
of y* is minimum. Table I also shows the result of
simulation study of Eppler 562 to obtain Cp. Based on
Table I, it can be seen that the meshing C is the option
number of grid size. Besides Cp and v, it is necessary to
see the effect of different mesh on the coefficient of

International Review of Mechanical Engineering, Vol. 12, N. 10
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friction [11]. Fig. 7 shows that each mesh gives a
different influence on the coefficient of friction.

In Fig. 6, it looks Mesh A with the smallest number of
nodes giving the friction coefficient with the most
difference value compared to the other mesh. At Ansys,
mesh quality with high skewnmess values are not
recommended. Generally, it is tried to keep the maximum
skewness of mesh volume <0.95 [20].

From Table I, it can be seen that the mesh quality of
the model is acceptable.

os14
MeshB = .. BeshC

— —teshF

ame—Mesh A
ese—=MeshD = ==Meshil

00 01 02 (X 04 afc 05 (13 L¥] 08 [} 10

Fig. 6. Mesh effect on wall friction coefficient

In order to ensure that the iteration results get the
desired convergence, the mesh used is compared to the
C; and Cpy results with the Turanoguz [22] research at
freestream velocity 45 m/s. The comparison results
appear in Fig. 7 and Fig. 8.

f Vo
—— bt A O PPN R N DI TL AR P

Fig. 7. Comparison of Cpr research with Turanoguz [22] research at
freestream velocity 45 m/s (Re=2,358 x 106)

—.— .t ke

Fig. 8. Comparison of Cr, research with Turanoguz [22] research at
freestream velocity 45 m/s (Re = 2,358 x 10
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II. Results and Discussions

L1, Vorticity Magnitude

The visualization of the vorticity magnitude contour
on the yz plane (Figs. 9) shows the distribution of
vorticites around the wing. The vorticity field
comparison between the results in plain wing, plain wing
with forward wingtip fence and plain wing with rearward
wingtip fence shows that there is a significant difference
in vorticity magnitude distribution. The vortex area width
and vorticity magnitude size are major indications of a
fluid leap from the lower surface to the upper surface of
the wing. Figs. 9 show the comparation of vorticity
magnitude area of plain wing, forward wingtip fence cant
angle 90°, and rearward wingtip fence cant angle 90°
taken at 1C distance behind trailing edge (x=2C) and at
the angles of attack a=0 °, a=12°, a=17°, and a=19°. At
a=0°, the effect of the winglet is less visible, so the
phenomenon of vortex tip is mot so formed and the
results of the visualization cannot be so distinguishable.
In a=12°, a=17°, and ¢=19°, the phenomenon of the tip
vortices is more visible, so the difference in tip vortex
formation on airfoil without winglet and airfoil with
winglet fence can be distinguished. At a=0° to a=12°,
plain wing produces a larger vortex tip compared to
airfoil with wingtip fence. Plain wing has higher vorticity
intensity than the other ones. This higher intensity can be
seen through the magnitude of the contours formed on
the plain wing in the tip section. At the tip of the wing,
the maximum vorticity value that occurs is between 10s
1.30s. Maximum vorticity in the tip on the wing with
forward wingtip fence cant angle 90°, and rearward
wingtip fence cant angle 90° has value 10s™-30s™ but has
a smaller area and most have vortices (0-10)s™. This
shows that at ¢=0° to a=12° the use of forward and
rearward wingtip fence cant angle 90° can reduce the
effect of tip vortex that interferes with fluid flow. At
a=17° in Fig. 9(g), wing Eppler 562 with forward
wingtip fence cant angle 90° has vorticity of tip vortex
smaller than wing Eppler 562 without winglet.

It can be seen that wing Eppler 562 with forward
wingtip fence cant angle 90° at a=17° has vorticities with
magnitudes up to 10 s, while wing Eppler 562 without
winglet produces higher vorticity magnitude at the wing
tip area about (10-30)s™. Plain wing produces a wider
vorticity area than wing with wingtip fence. It can be
seen that the wake in wing with rearward wingtip fence is
larger when compared with the wake in airfoil without
winglet. This is due to the leakage of flow at the corner
leading edge in the front of the rearward wingtip fence.

At a=19° in Fig. 9(h), wing with forward wingtip
fence has a smaller vorticity magnitude of tip vortex than
vorticity magnitude wing without winglet. It can be seen
that wing Eppler 562 with forward wingtip fence cant
angle 90° at angle ¢=19° has dominant contour with
value around (0-10)s?, while wing Eppler 562 without
winglet has a higher vorticity of about (10-30) s™. Plain
wing has a wider range than wing with wingtip fence.

International Review of Mechanical Engineering, Vol. 12, N. 10
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Figs. 9. Vorticity Magnitude (s"") on the yz plane (2) P],
Wingtip Fence a=0° (f) Forward Wingtip Fence 0=12
Fence 0=0" (j) Rearward

For wing with rearward wingtip fence, it can be seen
that wake large enmough when compared with wing
without winglet. This is due to the leakage of flow at the
leading edge right at the front of the rearward wingtip
fence. In addition, this indicates that the higher the angle
of attack is, the larger tip vortex will be formed. Ij‘rom the
above analysis, it can be seen that vorticity magnitude for

wing without winglet is concentrated at one location; on

the contrary, vorticity magnitude for the wing with

forward wingtip fence and rearward wingtip fence
vorticities are splitted into two regions. .
The use of forward wingtip fence 15 more effective
than the rearward one because the coverage of .large
magnitude of vorticity area is smaller. Rea_rward wingtip
fence is effective up to o=1 2° if the magnitude coverage

area of vorticity in tip vortex is considered. In Figs. 10,

the comparison of vorticity magnitude on the Xy axis 1s

shown,

Vorticity magnitude development HEFeH
increase of the angle of attack. This is mdmatec_iiob_y :!t::!
increase in vorticity magnitude at a=12° and 0=17° in th
plain wing, forward wingfip fence and rearward winghp
fence.

ment increases with the
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() Forward Wingtip Fence a=1 7° () Forward Wingtip Fence a=19° (i) Rearward Wingtip

Wingtip Fence a=12° (k) Rearward Wingtip Fence
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in Wing a=12° (¢) Plain Wing a=17° (d) Plain Wing a=19° (¢) Forward
a=17° (1) Rearward Wingtip Fence a=19°

Plain wing produces the greatest vorticity magnitude
compared to the forward wingtip fence and rearward
wingtip fence. With the use of the wingtip fence it is
shown that the strength of the vorticity magnitude
decreases faster than the plain wing.

II1.2. Velocity Pathline Structure

Fig. 11(a) is a visualization of a velocity pathline on
an airfoil with ¢=17° and ¢=19°, for plain airfoil. The
visualization of the pathline shows that the flow on the
midspan is distributed evenly across the span and tends
to follow the contour of the body up to its trailing edge.

The pathline at the wingtip shows the fluid leaps from
the lower surface to the upper surface and then combines
with the flow from the leading edge. The combination of
the two streams causes a rotating motion from the
leading to the trailing edge. As the angle of attack
increases, the width of the rotating motion is wider as
shown in Fig. 11(b). The rotating motion has downward
velocity component or to the wing section which is often
referred to as downwash velocity.

International Review of Mechanical Engineering, Vol. 12, N. 10
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Figs. 10. Vorticity Magnitude (s) on the xy plane. (a) Plain Wing a=12° (b)) F
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Plain Wing ¢=17° (¢) Forward Wingtip Fence a=1 7° (f) Rearward Wingtip Fence a=17°

Fig. 11(c) shows the wing with the addition of forward
wingtip fence at a=17°. At the midspan, fluid flow
follows the surface of the wing body.

For wing with forward wingtip fence, the airflow leaps
from the lower surface can be avoided so the flow at the
wingtip is not disturbed and it can follqw the 'wing
surface up to the trailing edge. Behind the midspan, it can
be seen the initial formation of trailing edge vortices
indicated by the pathline deflection to the spanwise

direction. ®k
As the angle of attack increases to a=19° (Fig. 11(d)),
follow the surface of

the fluid flow in the midspan can surfe
the wing. Likewise, the fluid flow near the wingtip can
follow the wing surface because there is no au'ﬂc?w from
the lower surface to upper surface. The formation of a
hind the midspan of the wing has a

trailing vortex bel : _ j
significant effect to the airflow at the midspan (Fig.

11(d))

Fig. 11(e) shows the wing with rearward wingtip fence
at a=17°. It shows that the airflow leap from the lower

Copyright © 2018 Praise Worthy Prize S.r1. - All rights reserved
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surface affects the airflow in the mid span. With the
increasing angle of attack to a=19° (Fig. 11(f)), the fluid
flow in the mid span has been affected by the leakage
from lower surface to the upper surface passing through
the front of the wingtip more significantly. This irregular
flow pattern meets the trailing edge vortices behind the
mid span.

H1.3. Turbulence Intensity

In Fig. 12(a), the turbulence intensity of the plain wing
at a=16° is shown. On the wingtip area, hight turbulence
intensity widens, due to the leakage of the fluid flow at
the leading edge of the wingtip and slightly shifting
towards the trailing edge. At the midspan area,
turbulence intensity increases on leading edge while on
the trailing edge, high turbulence intensity area
decreases.

In Fig. 12(b), the turbulence intensity of wing with
forward wingtip fence at =16 is shown.

Infernational Review of Mechanical Engineering, Vol. 12, N. 10
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Figs. 12. Turbule

a decrease in turbulence

intensity compared to plain wing. This shows ﬁ'la:]rftl'u;:
flow leakage from the lower surface 'to the upper fs :I .
on the wingtip can be properly retained by thf: or‘Fme
wingtip fence. This is marked by the namowing @
high turbulence intensity area. . ' .
glllll Fig. 12(c), the turbulence ijitepsu){l of w%uw&ﬂ;
rearward wingtip fence at 0=16° is s own.di]l e
wingtip, the area with high turbulence is expanding,

to the leakage of fluid flow at the leading quefcoz:; (:g
N intensity at winglp
the wingtip. Low turbulence flow jump tends fo the

1o longer seen because the fluid

At the wingtip, there is
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a=17° (b) Plain Wing 0=19° (¢) Forward Wingtip Fence a=17° (d) Forward Wingtip Fence a=19°
Wingtip Fence ¢=17° (f) Rearward Wingtip Fence a=19°

z

turb-intensity

nt Intensity Contour (LE = Leading Edge. TE = Trailing Edge) (a) Plain Wing a=16°
(b) Forward Wingtip Fence a=16° (¢) Rearward Wingtip Fence a=16"

rearward wingtip fence area.

IV. Conclusion

Vorticity magnitude increases with the increase of the
angles of attack. With the addition of a winglet, the
vorticity magnitude of the plain wing can be distributed
into smaller size and reduced intensity. This is due to the
function of the winglet to prevent the fluid jump from the
lower surface to the upper surface. With the increasing
angle of attack to & = 19°, the vorticity magnitude area

International Review of Mechanical Engineering, Vol. 12, N. 10
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behind the plain wing with rearward wingtip fence has
increased rapidly and wider than plain wing. This
phenomenon can be explained by looking at the
streamline of the corner leading edge. The fluid flow in
the midspan has the effect of the leakage from lower
surface to the upper surface passing through the leading
edge of the wingtip becomes more apparent. Wing with
forward wingtip fence results in a much narrower size
vorticity magnitude than plain wing and rearward
wingtip fence. Forward wingtip fence succeeds in
reducing “jump” of the fluid flow from the lower surface
to the upper surface although the vorticity magnitude
area increases as the angle of attack increases. This study
uses the minimum speed used in UAV. In future studies
it would be better to use the maximum speed on UAV.

The type of meshing used can be compared using
structural meshing (quadriateral mesh) which covers the
entire model. However, it will increase the elements
used. The use of turbulence models can also be compared
with the other turbulence models, for example k-
Standard, k-e RNG or k-¢ Realizable.
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Self-Consistent Approach in Elasto-Viscoplasticity
of Heterogeneous Materials

E. Boulhafa, R. Kouddane, H. Ouadfel

Abstract — The objective of this work is to describe the Elasto-viscoplastic behavior of
heterogeneous polycrystalline materials by a simple and operational self-consistent approach.
This approach is based on the solution of the viscoelastic inclusion problem that has been

confirmed by Hashin’s results. In this paper, the

case of polycristal, whose behavior contains,

locally, a nonlinear viscous part, is studied. The linearization of this behavior is done through
tangent tensor. As an initial step, the 1-site solution is studied. In order to study an isotropy
induced by some topological effects, an extension to the N-site solution is performed. Finally,
some results of the model are presented. In order to test the capability of the present model to
reproduce certain phenomena observed experimentally, cyclic loadings results are also presented.
Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved.
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Nomenclature

Constraint deviating tensor
Macroscopic constraint deviating tensor

Macroscopic Constraint rate deviating tensor

Constraint rate deviating tensor of grain g

' Tensor homogeneous to Constraint deviating
tensor
Tensor homogeneous to Constraint rate
deviating tensor
' Strain rate tensor
‘ Macroscopic strain rate tensor
Interaction tensor
Tangent Modulus tensor
4 Tensor related to tensor of elastic constants
Hardening matrix
Tensor of elastic constants
Error related to strain rate
Shear modulus
Coefficient of viscosity
Slip system
Nommal to the slip plane

Slip direction on the slip system
Resolved cission
3 Reference constraint

Plastic slip rate

Reference sliding velocity
! Coefficient of sensitivity to the velocity
Macroscopic equivalent constraint

Volumic fraction
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1. Introduction

The role of the different scales in the mechanics of
materials is now well established. At the material level,
the characteristic scale of interest is the ome of
microstructural  heterogeneities and defects. The
mechanics and physics of these multiphasic
microstructures is generally considered the main
mechanism describing the behavior of the material
response. The understanding of the behavior, evolutions
and the mechanical response at the microstructural scale
is therefore critical. It is now well understood that even
very small scales and thin interfaces can influence a
macroscopic  behavior. Multi-scale methods have
emerged to link small and large scales in solid
mechanics. Nonlinear homogenization of heterogeneous
materials has been one of the first multi-scale
approaches, but it has quickly proved to be insufficient to
address more complex microstructures, non-linear
behaviors, and to describe local phenomena in
microstructures. In order to achieve these goals, multi-
scale numerical methods have been developed in recent
decades. The first work in homogenization goes back to
the work of Voigt [1], followed by the models of Sachs
[2], Reuss and Taylor [3]. Although the Voigt and Reuss
bounds have been developed for composites, the Sachs
and Taylor models have been proposed for polycrystals.

The growing interest in composites during the 20th
century has motivated important developments in
homogenization. The most notable contribution has been
the one of Eshelby [4], whose attention has been focused
on the elastic solution for ellipsoidal inclusion.

This theme, later called micromechanics, has been
formally established by Hill [S5]. For years, several
authors have approached the problem of inclusion for

https://doi.org/10.15866/ireme.v12i10.15586
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different purposes [6]-[8] such as:
= modeling the behavior of polycristal

s calculation of stress concentrations

= Initiation of damage
Gilormini [9] has done a review of the work
performing on these problems. Progress in

homogenization of heterogeneous materials has been
provided by Kroner [10], Hashin and Shtrikman [6], Hill
[5]. Mori and Tanaka [11]..., among others. The first
steps towards extensions to the nonlinear case have been
developed by Hill [5] or Hutchinson [12].

The behaviors discussed included elasto-plasticity,
non-linear elasticity and viscoelasticity. More recently,
several important contributions have been made by
Nemat-Nasser [13], Ponte Castaneda [14], Suquet [15],
or Zaoui [16], among others. In recent years, major
advances have been made in the introduction of
numerical methods in homogenization approaches,
particularly to remove the locks associated with complex
nonlinear behaviors in heterogeneous materials, as well
as to provide usable models. in structural calculations for
engineers.

Thus, "numerical” homogenization methods have been
proposed, where the Self-consistent scheme comes down
to the evaluation of mechanical interactions between
inclusion and an equivalent homogeneous medium anq it
has been successful in obtaining the effective properties
at a low concentration. In order to determine the effective
properties, only the volumic fraction of the constituents
of the inhomogeneous medium has been introc.iuced. -

Nevertheless, the discrete mechanical interactions
cannot be taken into account because there 1s no
distinction between phases. In order to take into account
such kind of effects, N-Site Self-consistent model has
been proposed. )

In this paper, the main aim is to describe the Elasto-
viscoplastic behavior of a polycristal. First, lmeg
viscoelastic behavior has been considered as a basic
example in the development of the interaction models
between the grain and its environment.

Then, the application to the case of heterogeneous
materials has been developed and the extension to non-
linear behavior has been exposed. Two formulations have
been developed; the 1-site formulation where the
topological effects are neglected anc_l the N-site
formulation that makes possible to take into account a
certain anisotropy induced by a certain topology of the
grains. A cluster has been developed to acc91mt‘for_ a
better description of the interaction of a grain with its

neighbors.

I. Micromechanical Modeling
1. Approximate Homogenization Schene

The aim of this study is to propose a simple method of
homogenization [17]. [18]. It has been assumed that the
behavior of the aggregate is isotropic and a Maxwell law
[19] approximates it:

Copyright © 2018 Praise Worthy Prize S.r.1. - All rights reserved
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0

Ej(r)=2;:°ﬁg(r)—ﬁ§.,-(r) 1)

where D and S are respectively the macroscopic strain
rate and the macroscopic constraint deviating tensor, n°
and ° are mechanical characteristics of matrix (Fig. 1).
The viscosity n°(f) has been taken as an internal
parameter depending on the history of the deformation.

Equinvalent Homogeneous Medum

Plaases g

Fig. 1. Modeling of a Polycristal

For each phase g, the following interaction law [20],
[21] describes the interaction with the matrix:

: 0
SE -S; +%(sgas,j) =3.°(D;-Df) ()

with local law:

£

o8 H s

SE(n+ e SE(n=2u5Df (N 3)
The scheme of calculation of the parameter 7° is as

follows: the macroscopic strain rate 5,—]— is known; at
time 7, both §ij (r) and S,Jg- (r) are assumed to be known

for each grain g of the polycristal (g =1..N); the

parameter n°(7) is adjusted in order to satisfy the self-
consistent condition:

(Dy) =Dy @
where () represents the average volume. Satisfying

exactly the condition of self-consistent on the five
components of the deformation velocity is not generally

possible, since only the scalar 77° can be adjusted.

International Review of Mechanical Engineering, Vol. 12, N. 10
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In the numerical scheme, 7° is calculated in such a
way that the relative error E is minimal:

£ =0y~ D;/|By] ®)
where the norm ||" is defined by:
1
R =(§§y§,]2 ©

In all applications considered here, this error does not
exceed a few hundredths. Under certain circumstances,
the self-consistent condition is exactly satisfied (example
of traction or compression). Thanks to isotropy and
incompressibility, if the condition of self-consistent is
satisfied for one component, it will be satisfied for the
others. Moreover, if this condition is satisfied for .all
120 it follows immediately from the law of interaction
(2) that the self-consistent condition will also be for
constraints:

)

n°(r) is determined as well as §,.j(t) and Sg ®;
§1j(’+Af) and Sg (¢ +Ar) could be calculated in an

incremental manner. The asymptotic values of n°(r) are
given by:

1 &, !
i@ =n" wih =2 fe— @
-0 T’ g:l ,7
*
sm__ -1 )

N
* . =
lim7° () =n" with D fe ="

simulations, the shear modulus

For the numerical
; 1 to 240 MPa.

18 = 4t is taken as uniform and it is €qua

1.2, Constitutive Law of Polycristal

Regarding elastoplastic materials ’nit ‘iu"ffl' ggl [;1;?
th L incremental 1 L
¢ bebavior is of an Incre ¢ its behavior will

Following, the viscous nature O i

taken inti account [22]. The time paramets [b]t:li‘:)rwﬂlll:
intervene in relations constitutes 2 "sei.m van:ntities and
description of the physical or mechamCifl (iutilme As in
it wlll nalurally con-espond tO. the Phys‘lic;ah » the. plasﬁc
some models [23] and [24). it 18 9 B ecolved
slip rate y* on a slip system S is related {0

scission 7* on this system by a power law:
- s m
r’ i (y/o )
7o 7

3 _ All rights reserved
Copyright © 2018 Praise Worthy Prizé ST 1 - Al
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The parameter m is the coefficient of semsitivity to
the velocity. 7° is related to the Cauchy constraint

deviating tensor S; by the relation:

an

= m!.‘,Sg- with m® =5° ®n*

n° and b° are respectively the normal slip plane and

the slip direction on the slip system. 7g and #° represent
respectively the reference constraint and the reference
sliding velocity. The anelastic deformation velocity
Tensor Dg" is related to the microscopic shear rates by:

. . 1
D;-“ = Z‘Rfy'-y’ with R} = -E(m;} +my)  (12)

Using the relations above, the law of anelastic flow of
the single crystal can be deduced. The nonlinear relation
between anelastic deformation velocity and the Cauchy
stress deviator gives following law:

1
ﬂ_] a3)

-0
oy =
To
The variation of 75 as a function of time characterizes
the intra-crystalline microscopic hardening and the
variations of R; are related to changes in the orientations

of the crystal lattice.
Locally, the law of behavior is given by the equation
(tangent viscoplastic behavior):

HySy +S'

Sy = Ay Dy — (14)

where  4;,(7) and S';(r) are dependent on the

position7 . Each grain Az (r) and S (r) depends on
the microscopic hardening and orientation of the grain.
The main approach is as follows: a macroscopic strain

rate D is imposed on the polycristal in order to know

the local strain rate gradient. The macroscopic
constitutive law is represented by the tangent viscoplastic
behavior:

S; = 4Dy’ +S% (15)

D" is the macroscopic non-elastic strain rate. The
following constitutive law govems the macroscopic
elastic behavior:

8; =CouDai (16)

By combining the two last equations, the law of
MACToSCopic Elasto-viscoplastic behavior can be drawn:

Intarnational Review of Mechanical Enginearing, Vol. 12, N. 10
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5; = 43yDy —HyuSy + 57 a7

with:

H gk! = Agmn (Cr‘r,mﬂ )-l
By = (Hyu)™

5 = BjuS'%y

It can be noted the analogy of this last application with
that used for the linear viscoelastic material. Taking into
account the results of the previous section, the following
law is obtained:

*

Dij = 5,1 + I",j,,, (§ 'H"' ~,-JHS,,,)

(18)

with:
B)jH (r) =By () - Bgu

§4(r)=8"(r-S"

Compared to the different solutions of the integral

equation (18), the self-consistent approach in the case of

linear elasticity is a reasonable compromise between

systematic  statistical methods and uniform field

approximations. The systematic statistical methods are

difficult to implement and they are not necessarily
implifications used to

justified with respect to the s used
describe single crystal. The uniform field approximations

systematically neglect any heterogeneity including
intergranular. In the presented modeling approach, the
polycristal is considered to be single-phase and it

consists of grains of different crystallograph?e
orientations. Since the correlation between the grain
to the hypothesis

orientations is weak, authors are close '
of the perfect disorder in the material and 'the'l-Snte self-
consistent scheme is a suitable homogenization tool. A
first approximation is obtained by assuming that t.he
Elasto-viscoplastic behavior is uniform 18 each grz;:;
which,  obviously, ignores the ~ mira-gras

heterogeneities, which, under certain cm}@stmc;:,
appears in the grain. Under these conditions, the

uniformity hypothesis of D, in each grain can be written

in the form:
19)
D) =3 D8 ® (

Where A, is the characteristic function of the grain &

defined by:
Ag(r) =1if 7 €Vg ¢ 0

. an
in ¥, . Similarly Df

DE ; ; in rate
7 is the uniform stra aod S, depend

I assumed uniform in Vg - i A

on D;" , itis:

ohts reserved
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A=Y g4§HAg ()
5%(r)= ng'g Ag(r)

The combination of the equations above results in:

Df =D +T%/(5"u= BumnSmn)® +

o (20)
- Vi
+Z ga:g'rl.'l'ﬁMH
where:
1
s = V_I [ Ty —rdrar’
[SAR

Mgv = (S",j— "Wsu)gv

I1.3.  Self-Consistent Scheme 1 Site

The expression (20) constitutes a system of unknowns
D§ whose rank is equal to the number of grains

considered. If the polycristal is not very heterogeneous,
then the contribution of terms such as:

1‘§§, (5w = Bitmn * Sun ¥’
Taking By =0 and $" =0 the following
interaction equation is obtained:
S"g '—n—g-y +B3H(Sﬁ _§H) =
[(C5u)™" + Cyu X(DF — D)

21

This law of interaction is similar to the law (2); in fact,
it takes into account an instantaneous elastic response
and a delayed viscoplastic relaxation. Moreover, when

the elasticity is neglected an — +oo this same law is

identical to the one obtained by Molinari et al. [25] in
their viscoplastic formulation in large deformations. In
Figs. 2 and 3, the equivalent strain-stress curves for
tension and compression tests is presented. The results
are compared with the ones of the viscoplastic Lin and
Taylor model. The self-consistent model predicts
constraints below that obtained by the Lin model. It can
be observed that Lin-Taylor models overestimate
equivalent stresses for both tension and compression

cases. .
This model does not take into account mutual
interactions between grains: intergranular

accommodation is no longer ensured. Moreover, the
model presented here (tangent formulation) yields results
that are in good agreement with those obtained by

Molinari [26] for viscoplasticity.
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T

COMPRESSION
|

Equivaient Stress (MPa)

Equivalent Stran

Fig. 2. Evolution of stress as a function of deformation
in case of compression.
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Equivalen! Stress (MPa)

-] —e—SC-evp
- -» - Taylor-vp
weesgeee- LN

Equivalent Strain

Fig. 3. Evolution of stress as a function of deformation
in case of tension

I14. Self-Consistent Scheme N Site

In this part, the solution of (20) is approz_acl.ie_d by a
self-consistent solution of cluster type by limiting the
sum not to the grain itself but also to its first neighbors.

Taking into account that the representafive volume is
formed of » grains and that the cluster 1s formed of n,

grains (see Fig. 4), the set of grains g’ which interact with
the grain g is characterized by I; :

I ; ={g/Vpe Cluster attached 70 ¥}

is covered by reproducing the

The whole space Reference may be

representative volume b periodicity. : .
lnl:de to [27] to see ho)\(;v the representa_nve_volmi;le bls
constructed. In the presented case, the smiano;i will be
simpler, since the cells are in the fi)nn of identical
spheres. For illustration, the situation will be cox_umented
i a two-dimensional case so as not to com_phcate the
writing of the equation (20). The representative volume

Copyright © 2018 Praise Worthy Prize S.r.1. - All rights reserved
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consists of 16 grains (1, 2 ... 16) of spherical shape (Fig.
4).

Cluster 1
’ VER
’//*\ -~
w i
X-)
| AN/
3 ‘\/
» .
J
v T
-d i}
Cluster 11 s g e
S q w ’ O i ;
b \_ A d - (e
/ O\ A
LW Bl i

N /NG :
<5 =
00000
L N
Fig. 4, Representative volume (16 grains) and cluster (9 grains)

For the cluster associated with Grain 11, all cluster
elements are included in the representative volume.
Following, equation (20) is written for grain 11:

111 _ 7, il A1, 1165 6
D™ =Dy + Ty My + T " My +
11-7 5 £7 11-8 5 8 11-10 5 10
+1",j“ My, +rijb' My +1",}-H My +

+L My + T M +

11-154 (15 11-16 4 r16

22)

For the cluster associated with grain 1, some of the
cluster elements are outside the representative volume.
The condition of periodicity makes it possible to define
the external elements. This gives:

¢ 1-15 1 1-2 5 72 1-53 ¢5
Dﬂ' *D‘j +FQHMH +r:jHMH +rleMH

1-6 5 +6 1-8', ,8 1-4'; ;4 1-16" 5 (16
+FguMH +1",-J-H My +r;jk] My +rg‘fﬂ My (23)

1-13"5 (13 1-14' 5 14
+1“y-u My +I‘W My

By writing equation (20) for all grains, a system of
equations is obtained, in order to determine the different
rates of deformation D .

III. Cyclic Load

In order to test the capability of the model to
reproduce certain phenomena observed experimentally,
authors tried to simulate the response of the polyeristal to
a cyclic loading.

The mechanical characteristics of the polyeristal are
the same as for monotonic loadings. The phenomenon of
attachment of the small cycle in the large cycle has been
systematically examined by [28] on several materials and
it can be considered as a general phenomenon. For this
purpose, a cyclic test is carried out in ftension-
compression with controlled deformation.

International Review of Mechanical Engineering, Vol. 12, N. 10
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After stabilization, a cycle of lower amplitude is
realized during a transient and then returned to pormal
loading. It can be observed that the small cycle always
remained attached to the branch of the large cycle at
which it was made. In other words, after discharging and
compression flow, the pre-existing state at the start of the
discharge is not forgotten, since the embedded cycle
returns almost exactly to this point without exceeding it,
then taking a path very close to Transitional period. This
phenomenon is repeated in all cases. Everything happens
as if the material has memorized the mini-maxi of the
previous load. Unlike the phenomenological model [29],
this phenomenon is well reproduced by the self-
consistent model [30], (Fig. 5)-

10

“

in the great
cycle - Symmetrical amplitude

Fig. 5. Snapping the small cycle

IV. Conclusion

onsistent scheme, based
behavior by Maxwell
s a parameter

The linear viscoelastic self-c
on the approximation of the global

law and where the viscosity 77° is taken @

depending on the history of the deformatio >
give a reasonable approach to the problem ©

it

!l°m°genizati0n. In this paper, it has been shown how 1
18 possible to: .
* Extend the model to cases of polycrystallme m

and
* Applied the 1-Site tangent

loadings.

The results of the presented El i
confirm those given by the viscpplastnc
approach [25]. For grains having 2 sp

p}'eSenting a periodical petwork, an extell:Si
Sites) analysis has been performed. It ﬂ;ite makes it

t this approach, unlike the on® 0: dléy a particular
Possible to take an anisotropy 18¢U° this approach

articular the

S20ws the capability of the model to r;Pp

Phenomena observed experimeﬂtall)’~ ! e during cyclic
attachment of a small cycle in 8 1418 cye
loading_

aterials

formulation for different

asto-viscoplastic n'lodel
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herical shape
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Abstract — In this work, in the anaerobic digestion of effluent from wastewater treatment plant
(WWTP) of paper pulp mill has been studied, because they contain organic carbon. The biogas
production at the WWTP of Kenitra varies Jfrom a day to another depending on the concentration
of organic carbon rate present in the effluent. For that reason, the effects of the initial organic
carbon contained in effluent on the biogas production during anaerobic digestion have been
simulated. Therefore, the production of biogas is estimated by using different input, assuming that
the initial organic carbon rate in the effluent varies from zero to Skg/m’ and by using the proposed
approach by the mathematical model that describes the real behavior of the digesters. Results
have showed that the biogas production increases as a function of carbon organic rate up to
2.5kg/ni’, then it tends to stabilize. The stabilization of biogas production observed above 2. Skg/m?
might be correlate with reactions occurring during hydrolysis, acidogenesis and methanogenesis

steps. Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved.
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Numerical Model
Nomenclature Ym‘ Methane carbon formation yield coefficient
(kg/kg)

% Organic carbon (kg/m’) Y,c Acetate carbon formation yield coefficient
6aq Aqueous organic carbon (kg/m’) (kg/kg)
03,  Acidogenic biomass carbon (kg/m?) .
0y,  Methanogenic biomass carbon (kg/m’) I. Introduction
L 3 The industrial sector in Morocco presents a socio-

«  Acetate carbon (kg/m’) . mie. Do o ® ot

6cyy, Methane carbon (kg/m’) solid or gaseous) from chemical industrial branches is
9002 Carbon dioxide carbon (kg/ms) poll‘uting a::;i itb , poses enormous ecological and
. drolysis rate constant of cellulose environmental prooiems. . ) )
h, Fdl;Stfr('izlh); ;)i;l' fast. i=2: medium and i=3: Indeed, paper pulp mills are part of industries that
(l y*),1=1,2, 3. 1=1. 1ash, require the use of chemical substances in their process
, ;/Iow ¢ acidogenic biomass formed per mass of [1]. The liquid effluent discharged from these industries
4 ca:;::: utilized (kg/kg) is loaded with various pollutants, such as organic matter
. formed per mass [2)-3), which requires physical, chemical and/or
v, N:‘ass ?t;:,n:ttil;?zne%g?;;kl;; mass 10 P biological treatment before being released into the
D ;))ezct; :ate constant for acidogenic biomass receiving environment [4_]-[5]_ o
4 P Thg latter case is relanvee:i to anaerobic d.lgesnon where
ic biomass organic matter is converted into energy in the form of
D,, Bzat_ll‘)"ate constant for methanogent methane by bacteria in the absence of oxygen [6].
y . i hi Anaerobic digestion is therefore a form of valorizati
. nic biomass ge Tization
Hg, (I-llcagl/f s;;)turatlon constant for acidogenic of biomass, renewable energy production that can replace
m ; fossil fuels (natural gas, coal, oil), control pollution and
. thanO emc ] 3 ’
Hg, galfsam(rzg/onsfonsmm for me ® reduce emissions {7]. The anaerobic digestion process
iomass (kg/m : ; ises four main phases (hydrolysis, acido, i
. tant for acidogenic comprises fo p! hydrolysis, genesis,
4, Mammum grgwth rate cons acetogenesis and methanogenesis); the instability of one
bnom_ass (day™) h rate constant for of these steps may easily breakdown the process [8]. In
A Mat);lnmmn g'm:"tontl:ss (day'l) this work, the anaerobic digestion of liquid effluent from
methanogenic b1
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Copyright © 2018 Praise Worthy Prize S.T. 1. - All righ

https://doi.org/10.15866/ireme.v12i10.15399

854



A. Laabyech et al.

the paper pulp mill has been studied, due to the fact that
they contain organic carbon with a rate that varies from
one day to another [9]. The mathematical model,
developed previously (El Fadel, Findikakis and Leckie
[10]; Vavilin and al., 2002 [11]; Men-La-Yakhaf and al.,
2014 [12]), has been used to examine the daily biogas
production for organic carbon rate up to 5 kg/m>. The
objective has been the one to examine the evolution ?f
biogas production by the variation of the initial organic
carbon rate in the liquid effluent, in order to highlig.ht. its
inhibitory role on the production of intermediate
products, particularly aqueous carbon, acetates, and
biogas.

II. Biogas Production
IL1. Steps of Anaerobic Digestion

In presence of microorganisms under conditions of
PH, temperature, humidity, agitation and in the absence
of oxygen, the organic matter undergoes.anaerqblc
digestion (AD), which comprises four biochemical

fundamental steps: hydrolysis, acidogenesis,
acetogenesis and methanogenesis (Fig. 1) [13].
Complex organic compounds | ___.___.__
Carbohydrates, proteins. fats \%5
&£
*
Simple oxtganic. compound'z _________ 5~
Sugars, amino acids, fatty acids s@
g&‘
I /A,
Organic acids and alcohols -~ ;
$o
4
| 1l ¢
Acetic acids, | __ ... %
i,.CO, acetate &
<
&
Q?
&
Biogas | 1.__.-- & .
CH,.CO,

Fig. 1. The biochemical fundamental steps of AD

complex molecules

In the first step, the hydrolysis, SR i pler

(cellulose, lipids, proteins...) are € .
molecules (atl:ﬁno acids, sugars and fatty ac:d:«:i) [1;1]. e

Some hydrolysis products are use 1 m e
methanogenesis  phase. In acndo%el} s ’organic
abovementioned products are transforme 1‘111’ s
acids, such as propionic acid, butyric ac1t : g,
hydrogen, carbon dioxide, ~water, & Durin

deeraded into
acetogenesis, the produced compounds “‘;l ﬁﬂ; the last

ogen - 0
acetic acid, carbon dioxide and h}'df(i’geis converted into

Ste than is, acetic ac vert
P, the methanogenesis, ooetoad carbon dioxi de.an d
. i rganisms

hydrogen are converted into methane by microorg

{15]416].
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I1.2.  Conditions of Anaerobic Digestion

Anaerobic digestion is a complex process that depends
on several physico-chemical and biological parameters
that need to be controlled, in order to provide specific
conditions for the growth of microorganisms in order to
ensure successful anaerobic digestion, such as
temperature, pH, agitation and concentration of volatile
fatty acids.

- Temperature: in order to operate under optimal
conditions, it is important to consider the type of
microorganism present in the process, because the
temperature affects the growth of microorganisms.
Microorganisms are classified according to the range
of temperature at which they can grow:
Psychrophilic , with optimal growth temperatures
under 10°C; Mesophilic, with growth temperatures
ranging from 20 to 40°C and an optimum growth
temperature at about 35°C; and Thermophilic, with
optimal growth temperature above 50°C {17]-[18].

- pH: pH plays a significant role in the anaerobic
digestion process. Acid-forming bacteria prefer a pH
above 5.0 and methane-forming bacteria prefer a pH
above 6.2. In anaerobic environment, the pH
tolerance range is between 6 and 8 [19], with an
optimum between 6.8 and 7.2 [17]-[18].

- Agitation: in order to improve the digestion process,
the agitation of the contents of the digester is
necessary because it allows to balance the distribution
of the substrates in order to ensure the
microorganisms contact with the substrates and also
to keep a uniform temperature in the digester [18]-
[20].

- Volatile fatty acid: During the anaerobic process, the
production of a high concentration of volatile fatty
acids during the hydrolysis and the acidogenesis steps
can inhibit the methanogenesis step and methane
production [21].

IOI. Methodology

The effect of initial organic carbon rate on the biogas
production has been simulated by using the approach
proposed by the mathematical model, while assuming
that initial organic carbon rate varies from 0 to 5 kg/m>.

The digester in question is a continuous one with a
capacity of 1200m’ and treats 4500m’ of effluent per day.

The simulation results are shown in Figures 3 to 10
and their analysis is discussed in Part IV.

III.l1. Model of Biogas Production

The used mathematical model is a numerical one with
fundamental biochemical-physical aspects, which allows
to model the production and transfers of biogas and heat
in waste [10]. It is based on the use of the Monod model
for microbial growth. The equations describe the
ecosystem dynamics of waste degradation comprised by
the hydrolysis of precursor components of biogas

International Review of Mechanical Engineering, Vol. 12, N. 10
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production, the use of aqueous carbon by acidogenic
microorganisms, the birth and decomposition of
acidogenic and methanogenic biomass, and finally the
production of methane and carbon dioxide from acetate
produced by acidogens (Fig. 2) [10]-[22], [27][28].

o b, @ &
>
e e o
8,, £
°§e
3
| Hd
&
o) /
2
B5m &
| | F
Ny
e !S“

Fig. 2. Schematic diagram of the mathematical model

IIL.2. Equations of the Model
Organic carbon:

L 4
avi _ _S(h.e.
dt ( L ‘)

i=1

Aqueous organic carbon:
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Methane carbon:

6y
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©

)+Da].em
].

]+Da}-03,+(1-1’m‘)-

-

Eqs. (1) and (2) represent the hydrolysis of organic
matter where complex molecules are cleaved into simpler
one. Egs. (3) and (4) are based on the Monod Model for
Microbial Growth [22], they represent the growth and the
death of acidogenic and methanogenic biomass. Eq. (5)
represents the production of acetate. The obtained
aqueous carbon is metabolized by the acidogenic
biomass to give acetate. Eq. (6) represents the production
of methane. The generated acetate is metabolized by the
methanogenic biomass to produce methane. Eq. (7)
represents the production of carbon dioxide. The aqueous
carbon obtained is metabolized by the acidogenic
biomass in order to give carbon dioxide and the acetate
generated is metabolized by the methanogenic biomass in
order to produce carbon dioxide.

[

Carbon dioxide carbon:

H&n +9Ac

Ay
Y,

o,

—

=,
nf)

1.3. Equations Usage

)

M

eAc
Hgy +6,,

1I14. Method of Resolution

The biogas production equations, from (1) to (7),
established according to the mathematical model, do not
admit analytical solutions. Hence, the use of numerical
methods appears obligatory. Authors have chosen to use
the Runge-Kutta second order method in order to
trapsform the system of differential equations into a
aumerical model written in FORTRAN language. The

simulation results, based on the mathematical model, are
given in Figs. 3 to 10 [23].

IV. Results and Discussion

in Fig. 3 show that during the hydrolysis
ic carbon rate decreases with time. During
literature  [15]-[16] states that the
ules are reduced to monomers and the
kinetics depends on the nature of the
ins, carbohydrates, lipids). The plots in

The plots
step, the org
this step,
macromolec
degradaﬁon
substrate (prote
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Fig. 4 show that aqueous carbon rate, as a function of
time, begins by increasing, then goes to a maximum,
before decreasing. The aqueous carbon content depends
on the initial organic carbon rate. Indeed, the more the
organic carbon rate is high, the more aqueous carbon is
obtained (Figs. 3 and 4). The decrease of aqueous carbon
is explained by its transformation by microorganisms
into volatile fatty acids (acetate, propionate...), alcohols,
carbon dioxide and hydrogen [15]-[16]. The acetate that
1s produced in the acidogenesis and acetogenesis steps is
shown, for each initial organic carbon rate, in Fig. 5.

504
454

4.0

3,5 oy
3.0+
25+ 3

204

Concentration 0 (Kg'm’)

1.04
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025

0.0 T T T T

20 24
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Fig. 3. Profiles of organic carbon as a function of time
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Fig. 4. Profiles of aqueous carbon as a function of time

The plots indicate that as a function of time, acetate
productions initially increase and then d_ecrease after
reaching a maximum value for initial organic carbon rate
below 3.75 kg/m3. Beyond this range, acetate production,
after the exponential increase between 8 and 17 hours,
knows a stabilization followed by a slight de'crea§e in
production as a function of time. On the plots in Fig. 6,
the stagnation phase noticed for each ~acetate
concentration coincides with the one where' acldogem‘c
biomass carbon production (8g,) increases linearly (t_hls
range is hatched on the graph). As the acetate production

is  proportional to  the products  of  both

hydrolvsis/acidogenesis steps and those phases occur
e tep [7], in this case a

faster than the methanogenesis ste -,
high concentration of initial organic carbon may lead to

Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved

an  accumulation of the products of the
hydrolysis/acidogenesis steps. Then, the stagnation
noticed for acetate concentrations may be due to the
accumulation of the volatile fatty acid generated by
hydrolysis/acidogenesis steps, and this can inhibit the
anaerobic digestion process [24].
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Fig. 5. Profiles of acetate content as a function of time
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Fig. 6. Area corresponding to the stagnation of acetate
for a given initial organic carbon rate

The accumulations of methane and carbon dioxide
productions, from the earlier steps, for the different
initial organic carbon rates are shown in Figs. 7 and 8.

The sum of methane and carbon dioxide productions
represents the biogas production (Fig. 9). The plots in
these figures indicate that the accumulations of these gas
increase with time and also by the rise of the initial
organic carbon rate in the effluents.

The biogas plot as a function of time (Fig. 9) indicates
that biogas production increases as a function of organic
carbon rate.

The biogas production is still low at low carbon rates
and insensitive to it above 2.5 kg/m’. This is clearly
highlighted in the plot of Fig. 10. Indeed, above 2.5
kg/m’, biogas production tends to stabilize. This may be
explained by the inhibitory effect of a high concentration
of the volatile fatty acid generated in acidogenesis step

[71-[21}.
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In order to overcome this disadvantage, an optimal
value of the organic carbon concentration is npecessary
[25]. .

Furthermore, the results of the hsixzulatxon .of nt:;el
biogas production (Fig. 9) agree with the expenme
resslts (l))f Sun, M—T(:tgal. [)26], but not in the higb carbon
concentrations, Indeed, in the presented simulation,
biogas production stabilizes while in the work of Sun, M-

T et al. [26] it falls drastically.

1. - All rights reserved
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Fig. 10. Volume of biogas production as a function of organic carbon

V. Conclusion

The biogas production by anaerobic digestion of
liquid effluents from the pulp and paper mill of Kenitra
depends on the initial organic carbon rate present in the
effluents. This dependence is highlighted by the results
obtained via the approach proposed by the mathematical
model and it is consistent with the experimental work in
the literature. At an initial organic carbon rate variation
between 0 to 5 kg/m’, the biogas production has been
very low for low initial organic carbon rates and it has
stabilized above 2.5 kg/m’. The stabilization of the
accumulations of methane and carbon dioxide production
is due to the inhibitory effect of the accumulation of
products from the hydrolysis and acidogenesis phases. In
order to overcome this disadvantage and to optimize the
anaerobic digestion process to promote biogas
production, an optimal initial organic carbon
concentration must be chosen. This work responds to the
objective set by highlighting, by numerical simulation,
the effect of organic carbon concentration on biogas
production.

References

[1] C.Rodriguez, A. Alaswad, Z. El-Hassan, A.G. Olabi. Mechanical
pretreatment of waste paper for biogas production. Waste
Management, Vol. 68, pp. 157-164, 2017.

2] A. do Carmo Precci Lopes. et al.. Biogas production from
thermophilic anaerobic digestion of kraft pulp mill shudge.
Renewable Energy. 2017.

[3] H. Dhar, P. Kumar, S. Kumar. S. Mukherjee, Atul N.Vaidya.
Effect of organic loading rate during anaerobic digestion of
municipal solid waste. Bioresource Technology. Vol. 217. pp. 56-
61. 2016.

[4] S. Q Aziz. H A. Aziz. M. S. Yusoff. M. Bashir. M. Umar.
Leachate characterization in semi-aerobic and anserobic sanitary
landfills: a compsrative study. Journal of Environmental
Management, Vol. 91, pp. 2608-2614. 2010.

[5] H. Vashi. O.T. Iorhemen, J.H. Tay, Aerobic granulation: A recent
development on the biological treatment of pulp and paper
wastewater. Environmental Technology & Innovation, 2017.

[6] T. Xie. S. Xie. M. Sivakumar, L.D. Nghiem. Relationship
between the synergistic/antagonistic effect of anaerobic co-
digestion and organic loading. Infernational Biodeterioration &
Biodegradation, Vol. 124. pp. 155-161, 2017.

[71 D.Li S.Liu. L. Mi Z. Li. Y. Yuan. Z. Yan. X. Liu, Effects of

International Review of Mechanical Engineering, Vol. 12, N. 10




(8]

[9]

[10]

[t1]

[12]

[13]

[14]

[15]

[16]

17

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27)

Copyright @ 2018 Praise Worthy Pri

A. Laabyech et al.

loading rate on the anaerobic
rice straw and pig manure.

feedstock ratio and organic
mesophilic co-digestion of
Bioresource Technology. 2015.
M. C. Nelson. M. Morrison, Z. Yu. A meta-analysis of the
microbial diversity observed in anaerobic digesters. Bioresour
Techn, Vol. 102. pp. 3730-3739. 2011.

R. Toczylowska-Maminska. Limits and perspectives of pulp and
paper industry wastewater treatment — A review. Renewable and
Sustainable Energy Reviews. Vol. 78. pp. 764-772. 2017.

M. El Fadel. A. N. Findikakis et al. Numerical Modeling of
Generation and Transport of Gas and Heat in Landfills 1. Model
Formulation. Waste Management and Research. Vol. 14, pp. 483-
504, 1996.

V. A. Vavilin, S. V. Rytov. L. Ya. Lokshina. Distributed Model
of Solid Waste Anaerobic Digestion. Wiley periodical Incpp. pp.
66-73, 2002.

S. Men-La-Yakhaf. K. Gueraoui. M. Driouich. New numerical
and mathematical code reactive mass transfer and heat storage
facilities of argan waste. Advanced Studies in Theoretical Physics.
Vol. 8. no.10. pp. 485 — 498. 2014.

R. Kadam. N.L. Panwar, Recent advancement in biogas
enrichment and its applications. Renewable and Sustainable
Energy Reviews, Vol. 73. pp. 892-903. 2017.

A. Reungsang, S. Sittijunda. C. Sreela-or. Methane production
from acidic effluent discharged after the hydrogen fermentation of
sugarcane juice using batch fermentation and UASB reactor.
Renewable Energy, Vol. 86, pp. 1224-1231. 2016.

K. F. Adekunle. J. A. Okolie, A Review of Biochemical Process
of Anaerobic Digestion, Advances in Bioscience and
Biotechnology. Vol. 6. pp. 205-212. 2015. )
R. Chandra. H. Takeuchi. T. Hasegawa, Methane Production
from Lignocellulosic Agricultural Crop Wastes: A Review in
Context to Second Generation of Biofuel Production. Renewable
and Sustainable Energy Reviews. Vol.16, pp. 1462-1476. 2012:

1. A. Ogejo. Z. Wen .J. Ignosh, E. Bendfeldt. E. R. Collins.
Biomethane technology. Virginia Cooperative Extencion.
Publication, pp. 442-881, 2009. .
Yadvika. Santosh . T. R. Sreekrishnan . S. Kohli . V. Ra_na.
Enhancement of biogas production from solid substrates using
different techniques-a review. Bioresource Technology, Vol. 95.

PP.1-10. 2004. .
E. Jankowska, J. Chwialkowska. M. Stodolay. P. O -Popiel.
Volatile fatty acids production during m‘_—“ed culture
fermentation-The impact of substrate complexity and pH.

ol. 326, pp. 901-910. 2017.
da. Biogas production using the
lid waste as feedstock. Int'l
ical and Civil Engg.

Chemical Engineering Journal. V
R. Kigozi, A. Aboyade, E. Muzen
organic fraction of municipal so
Journal of Research in Chemical, Metallurg

Vol. 1, 2014. _ i aiditiona ob
L Siegert, C. Banks. The effect of volatile fatty acid addtt

the anaerobic digestion of cellulose and E]uc;::ezi;o[;mh Eeelat
Process Biochemistry. Vol. 40. pp- 3412-3418. : .
J. Monod, The growth of pacterial cultures. Annual Review of

Microbiology III. 1949. i. A. Driouich. M..

Men-la-yakhaf, S.. Gueraoui. K.. Maslwun £ Reactive Mass
. % Modeling ©
Numerical and Mathematical ns of Argan Waste. (2014)

Transfer and Heat Storage Installations ¢
International Review of Mechanical ENginee
Pp. 236-240.

doi: https://doi.org/10.15866/ireme.V
S. Babel, K. Fukushi. B. Sitanrassam
on solid waste liquefaction in an anae
Res, Vol. 38, pp. 2417-2423. 2004.
M. E. Montingellia. S. Tedesco. A.G. Olab

ving (IREME). 8 (1)

8i1.1265 ) o
e, Effect of acid speciation
robic acid digester. Water

i. Biogas production
je and Sustainable

from algal biomass: A review. Renewc;b

Energy Reviews, Vol. 43. pp- 961-972. ZOI-f < ik 32 £
M. T. Sun, X. L. Fan, X. X. Zhao. S. F. ;{. S5 Sl X o
Manasa, R. B. Guo. Effects of orgamic loaC:l, e erobial
production from macroalgae: per’f’m;;?; 15

Community structure. Bioresour;e Técm.r; % M gl An Full 42

Alhassan, M.. Abdulmumeen.
Factorial Experimental Design 0
Dung, (2016) Infernational ReY
(IRECHE). & (1). pp. 4-7.

oduction from COW

i Pri 2
EBiaE] al Engineertng

iew of Chemic

sa Sl - Al rights reserved

859

(28]

[29]

doi:https://doi.org/10.15866/ireche.v8i1.8107

Alhassan. M.. Odigure, J.. Evaluation of a Prototype Biodigester
for the Production of Organic Fertilizer from Cow Dung. (2016)
International Review of Chemical Engineering (IRECHE). 8 (1).
pp. 1-3.

doi:https://doi.org/10.15866/ireche.v8il.6332

Mohcine, A.. Gueraoui, K., Men-la-yakhaf, S., Mathematical and
Numerical Modeling of the Valorization of Household Waste in
Morocco Based on the Model of Brooks. (2017) International
Review of Civil Engineering (IRECE). 8 (1). pp. 19-24.
doi:https://doi.org/10.15866/irece.v8il.11046

Authors’ information

"Team of Modeling and Simulation of Mechanical and Energetic.
Physical Department, Faculty of Sciences, Mohammed V' University, 4
Av IBN BATTOUTA. B.P. 1014 RP. Rabat, Morocco.

Laboratory of Botanical, Mycology and Environment. Department of
Biology. Faculty of Sciences. Mohammed V University. 4 Av IBN
BATTOUTA. B.P. 1014 RP, Rabat. Morocco.

*Département de Génie Mécanique. Université d'Otftawa, Oftawa.
Canada, KIN 6N5.

Abdelhay Laabyech was bomn in Morocco, in
1991. He received his undergraduate degree in
Master in Mechanical and Energetic from
Mohammed V University in 2016. Member of
the research team: Modeling and Simulation of
Mechanical and Energetic (MSME). Physical
Department. Faculty of Sciences, Mohammed Vv
University. 4 Av IBN BATTOUTA. B.P. 1014

RP, Rabat, Morocco.
E-mail: abdelhay.laabvech@ gmail.com

Intermational Review of Mechanical Engineering, Vol. 12, N. 10



WA

Praise ertltd Prize

International Review of Mechanical Engineering (LRE.
ISSN 1970 - 8734 ghneering (LREME ) ovteser 2018

Thermal Treatment of Morocco Sugarcane Bagasse

Under Inert Atmosphere

M. Mahboub', K. Gueraoui'?, M. Taibi'*, I. Aberdane’,
F. Kifani-Sahban', S. Men-La-Yakhaf', M. El Marouani’

Abstract — The aim of this work is to th
cane in order to highlight their energy poten

been examir

Calorimetry,
variations of sugar cane in pieces at 300
analy=es of raw and heat-treated

ermally characterize bagasse waste derived from sugar
tial. The thermal behavior of bagasse powder has
ved by: Thermogravimetric, Differential Thermal Analysis and Differential Scanning
under inert atmosphere and with the heating rate of 10°C/min. The dimensional
oC have also been followed and the physico-chemical

samples have been performed. Copyright © 2018 Praise Worthy

Prize S.r.lL - All rights reserved.

Bagasse Pastilles, Thermogravimetric, Differential Thermal

Keywords: Bagasse Powder,
Analysis, Differential Scanming Calorimetry, Dimensional Variations, Pyrolysis
Nomenclature A V@tion following thickness
BSp Bagasse Powder x;/xg Initial width/Final width
g% Bagasse vl vy Initial length/Final length
BSM Il,)'imensg%nal variations zil=f Initial thickness/Final thickness
iece of bagasse
TG - C Carbon
DTA Tl_lermogfavnnetnc . o Oxygen
D Differential thermal analysis N Nitrogen
SC Diff ial S ing Calorimetry g
BDX l' erentl; - canning a H Hydrogen
R Microanalysis X Si Silicon
Bsp Infrared radiation Al Aluminum
SE R Bagasse Raw Powder Mg Magnesium
ATM Electronic scanning microscope K Potassium
DTg Thennogravimetric analysis H(mw) Heat Flow (mW)
BSPT gen'vativ; mtafis;g::der d(A) 3isttanc§igeltween at::mic A)
agasse treate ector acemen
ggMT Pieie of bagasse treated II_’N High ventrli)cular
JCII)\(]i)R Piece of raw bagasse ] . LV Left ventricular
S Joint committee on Powder diffraction Qi 3 Direct and fixed orthonormal
standards 1
I;TR Attenuated Total Reflectance (cm™)
v, Temperature (°C) I. Introduction
14 émhal]:?,mémm ) Renewable energies are 2 good alternative to fossil
J J;?;g_ ones. Nevertheless, the worldwide production of energy
v Jac ian -+ ation by renewable energies is not able to cover the totality of
8 alence V1 . . the plane the energy needs and the recourse to fossil fuels remains
Vibration of deformation in the P! |
Y o . deformation out of the plane consequently unavoidable [1]. For several years,
g Vlbtahot.l of deto the Wi dt Morocco has developed the valorization of remewable
& Vector d{splacemeﬂt Lengt energies. The solar and the wind energies are more
& Vector dj.splacemeﬂ: th: Thickpess developed than the biomass one [2]. Moreover, several
I, Vector displacemen tion parks have already been equipped with the installations
Exo Temperature of glassy trans pr oviding energy and they are alregdy operational. The
Ax Exothermic i 4th biomass, i particular, urban waste 1S develqpeq in order
& Variation following ;m b o be used as biogas [3]. However, the valorization of the
) Variation following leng
nnps:lldoi.org/ 10.15866/ireme.v12i10.16097
_ anirights reserved

Copres
PYright © 2018 praise Worthy Prize ST

860




M. Mahboub et al.

organic-mass waste resulting from the sugar industries
remains limited. Indeed, bagasse, which is a byproduct of
the sugar extraction from sugar cane, is stored on the
production sites. The production of bagasse does not stop
rising because of the demand of sugar, as well as the
increase of the production of sugar cane [4]. In 2011, of
the 320 000 tons produced bagasse rose by [5]. only 10%
is valorized by combustion in the manufacturing process
of sugar, the undeveloped part of bagasse is correspond
to 121 GWh. Therefore, The good sense is the benefit
from the bagasse stored on the production sites. This is
the reason why; in this work, authors are interested,
before proposing an adequate energy valorization of
bagasse, to carry out a physico-chemical and thermal
characterization of the bagasse. The aim of this study,
mainly focuses on the area of the “Gharb” of Morocco,
which has enormous fields dedicated to the planting of
sugar cane [6].

II. Experimental Part
1.

The bagasse of sugar cane comes from the c.ily ?f
Machraa Bel Ksiri situated in the 'Gharb' region 1
Morocco (Figs. 1). The bagasse is washed with dlstl!led
water, dried in at 100°C. The bagasse is then g'rmmd ina
knife mill and finally sieved. The size grading to the
physico-chemical and thermal characterizations 15
between 180 pm and 500 pm. The elementary au_d rough
analyses are specified in Table I The analysis EDX
(paragraph 2) made on the powder and on the pieces ©
bagasse are in Table II.

Materials

TABLE1 o
—__ ELEMENTAL ANALYSIS OF THE BAGASSEIN MOROCC L
Parameter
Elemenotnl analysis -
4 37.20
ZZ E 3.36
28
%N 6
Approximate analysis —-—
o At
—— 9% Humidity
———————
TABLE I o
o EDX QUANTIFICATION OF BSP (RAW) AND BSMT (TREAzone -
Zonel Zone?2 Zope 3 S
% C 62.71 70.00 61.48 20:60
%0 22.84 27.34 :gg 5528
Powder % Si 4.28 1.05 . -33 o
% K 3.28 0.95 ‘ss 0.58
% Al 2.28 0.65 6. i
i - . 61.49
% cg 60.40 50.69 59.6: s
%0 38.48 42.15 3(;3;197 0
Pastiles 20 Si 0.21 3.34 oo i
%K 0.32 0.62 0-21 0,05
% Al 0.26 2.96 _g'gg____.‘ll-f——-
— % Mg 0.33 0.23 -
i ior0SCOpPe
I1.2.  Electronic Scanning Microscop

e
_— the bagass
The nicroscopic characterizafion of

i ! ohts reserved
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extracted from sugar cane before and after heat treatment
are made through scanning electron microscopy (SEM),
JEOL JSM-IT100 with field coupled to the Dispersive
microanalysis by Energy of X-ray (EDX or
microanalysis X). The pressure inside the surrounding
wall is 31 Pa (LV) and 71 Pa (HV) and the energy of
electrons is 20 keV. A very fine layer of platinum, some
nanometers, is put down on every sample with a metal
depositor JEOL JFC-2300HR in order to avoid any effect
of load. The elemental analysis of the raw and the
thermally treated bagasse at 300°C are given in Table II.

)
5. 1. Sample of the bagasse (a) at the origin and

Fi  the
¢ (b) in powder form after grinding

I3 Dimensional Variations Measurements Methods

The measurements of the dimensional variations of
the bagasse samples during their heat treatment have
been made on pieces of length 18.5 mm, width 6 mm m}d
of thickness 1.5 mm. The measures have been made in
the main directions before and after treatment. The
samples dimensions have begn m_easured with 1/100 of

- ion in the principal directions before and after
prect3io ys are realized starting of the ambient

ent. The essa .
:riinﬁramre to the final temperature, the hea%ﬂg e
1e00(l;/min and the flowing nitrogen of 60 cm’/min. The
total deformation corresponds to the volume variation of
C.material In general, this variation can be represented
" ]
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by Jacobian of the transformation (noted J) [7]. Jacobian
is the ratio of the sample volume (V) to the initial volume
(Vo). In the mechanics of the continued mediums,
Jacobian is as follows:

J= ¥ (1)

o
J=1+div v (2)
(3)

J=l+gte, T8

where 7 is the vector displacement and &, £, and & are
the deformations in the principal directions of the
sample. Equation (1) leads to:

Ax Av Az

=—X—X—

X Vi

)

=i

with:
Av=xp—%;

Ay=Y =i

=i

Az==zy

The replacement of the displacement vector by its

€Xpression leads to:

- = " - g
v=Avi + Avj + Ak ®)
and;
i e 22 Ay, 08 (6)
X; ] Zi
rmal
Where (1},’;) is a direct and fixed orthono
repository, Equations (2) and (6) lead 10"
Ac Ay, A2 M
e =
J .T,» _1:;‘ =1
Comparing FEquations (3) and (7). 11 15°
Ax
e
Ay
" Vi
A=
£3=
=
y y _ all rights reserved
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The detail and explanations of the demonstrations for
the solution of Equations (1), (2) and (3) are given in [8].

II.4.  Thermogravimetric and Differential

Thermal Analvsis

Thermogravimetric Analysis (TG) and Differential
Thermal Analysis (DTA) of the bagasse powder from
sugar cane were made by the type Simultaneous Thermal
Analyzer ‘LabsysTMEvo (1F)’ and of mark SETARAM.

This device consists of a microbalance (TG)
associated with a (DTA) sensor provided with a single
cane, with an stove with metallic resistance being able to
achieve 1600°C and of a multitasking software piloting
the modules different (Fig. 2). The essays have been
made starting from the ambient temperature at 600°C
with the heating rate of 10°C/min under flowing nitrogen
of 10 cm*/min. The initial mass of the sample is about
6.79 mg and the particle size in the order of 1 mm.

RN DNk v S R S G

Fig. 2. Photograph of the ATG of the study

II.5. Differential Scanning Calorimetry

The measures of the Differential Scanning
Calorimetry (DSC) have been made by SETARAM DSC
12. The essays have been realized under flowing nitrogen
at a constant flow rate of 10 cm’/min and at heating rate
of 10°C/min. The initial mass of the sample is about 10
mg and the particle size in the order of 1 mm.

116. Procedures of Thermal Treatment of Fived Bed

The thermal treatment of the bagasse of sugar cane
powder and pieces has been 3ma§le in a fixed bed under
flowing of nitrogen of 60 cm’/min with a heating rate of
10°C/min. In these conditions, the masses and the
dimensions of samples are only -known before and after
the thermal request. The examined final temperatures
vary between 200 to 300°C. Thg soaking time of the
residue at this temperature of reaction has been 1 min.

The sample of the bagaSSf? of sugar cane powder and
he pieces treated thermally is respectively mentioned as

International Review of Mechanical Engineering, Vol. 12, N. 10
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BSP and BSM. The fixed bed is a tubular furnace,
Thermolyne 21100 type, used to ensure the heating of the
sample in a facility consists of a quartz tube in the middle
of which is placed a sample door and a thermocouple,
that allows to control the temperature of the reaction. A
temperature control system 1is connected to the
thermocouple, that is placed inside the reaction tube. An
alumine nacelle is used to obtain the mass of the sample
(Fig. 3), after it is introduced into the oven. The
temperature increases with a heating rate of 10°C/min the
sample 1s kept at the reaction temperature for a fixed
time (Fig. 4).

Fig. 4. Picture of Thermolyne Tubular Furnace (21100 Furnace Tube)

III. Results and Discussion

This chapter presents the analysis and disgussion of
data gathered from the above experimental which started
on 12/01/2018 and took two months.

II.1. Thermogravimetric Analysis

Fig. 5 shows mass loss (TG) and derivative mass loss
(DTG) curves for sugarcane bagasse at 10°C/mm_ under
inert atmosphere. The TG curve indicates two different
zones where the limit is situated in approximately of
150°C. Below this temperature, the mass loss is weak
and beyond, the loss is brought up. The first zone is
relative to the dehydration and the second one is relative
to the proper pyrolysis. During the step of dehydration,
the loss is at about 7 %. As of 150°C to 600°C, the mass
loss is important and it represents 63 %. This loss is
relative to the decomposition of the main constituents of
the organic fraction of bagasse. This degradation is due
to the volatile matter, condensed and not condensable
substances. The sooty residue, obtained at 600°C

Copyright © 2018 Praise Worthy Prize S.r.d. - All rights reserved
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represents 30 % of the initial mass of the sample [9]. The
DTG curve highlights two well resolved peak and two
shoulders. The first one whose maximum is situated at
70°C represents the speed of dehydration. The maximum
of the second one is at 350°C preceded by two shoulders.

According to literature, the first shoulder could be
generated by the decomposition of the lignin [10]. The
second one, situated at 250 °C should correspond to the
decomposition of hemicellulose [11] and peak should
correspond to the decomposition of cellulose [12]. Other
works have noted that the second shoulder could be
generated by the decomposition of hemicellulose and the
party of the lignin and that the peak should correspond to
the decomposition of cellulose and the remaining lignin
[13]. It can be noted, however, that at temperatures above
350°C, a last associated shoulder, according to Fisher et
al (2003) [14], the final decomposition involves the
aromatization process of lignin fraction leading to very
low weight loss [15].

100

Mass loss (%o)
dm/dt (%%/min)

Temperature (°C)

Fig. 5. TG and DTG curves gotten from of bagasse

111.2.  Differential Thermal Analysis

The DTA curve of bagasse (Fig. 6) shows at first an
endothermic peak followed by a maximum exothermic
peak which is situated at 350°C [16]. The endothermic
peak is associated to dehydratation. The DTA curve
shows that the decomposition of bagasse in inert
atmosphere is generally exothermic [17]. The layering of
DTA and DTG curves of bagasse (Fig. 6) indicates that
the maximum of the peak of DTG of bagasse coincides
with the one of DTA [18], [19]. The origin of the
exothermicity of the decomposition results from the
training of the plastic phase amorphous as it extracted
from X-ray and IR analysis [20] (paragraphs II1.5 and
1IL6).

II.3. Differential Scanning Calorimetry

The curves in Fig. 7 concerning DSC thermogram of
raw bagasse, show the existence of an endothermic peak
followed by a wide exothermic one. The first one, below
160 °C comesponds to dehydratation [21]. As agreed
with the DTA, DSC thermogram shows that the

International Review of Mechanical Engineering, Vol. 12, N. 10
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decomposition of bagasse of sugarcane is associated with
exothermic flows of heat. This observation has been
raised also by other works on the bagasse [22]. From the
thermogram in Fig. 7, the temperature of glassy
transition of the raw bagasse is situated at 182°C [23],
[24].

254
20
15+ DTA
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1 DTG
0.5

DTA
T
@
Adm/dt {%/min)

0,0
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15
T T T T

200 300 400
Temperature (°C)
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0 100

Fig. 6. DTA and DTG curves gotten from of powder bagasse

H(mW)

-40 T T T

Fig. 7. DSC curves of bagasse

II1.4. Dimensional Variations and
Microscopic Characterization

The measurements of the dimensional variations

accompanying the thermal decon_lposition-of the bagasse

and the characterization by scanning electron 1_111cr'oscc;py

(SEM) are respectively given i.n Tab.le III anc! in Figs. ﬂ(’ie
The measurements of the dimensional variations m

on samples of bagasse at 300°C indicate that _the ms.itertﬁal
shrinks. The retreat is 13 and 5 o, respectively m the
: The retreat and the

longitudinal and transverse Sense. Eirea
foniation of the plastic phase are hl(ﬁl;:t;h;glgeg),by
microscopy characterization with SCasliRS "R L
Moreover, the comparison of ﬁicmgr l; not show
before and after heat freatment at e Cf ﬁe bagasse.
modification of the anatomical structure ont oesiti(;gu leads
Fractographic indicates that the i

to the training of an irregular porosity-
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Fig. 9. sample placed in the nacele after treatment

TABLE III
DIMENSIONAL VARIATIONS OF PASTILLES OF BAGASSE
Width  Length Thickness J (Jacobian)
(mm) (mm) (mm)
Before
1.5
1 Treatment o 18:5
After
1 0.437
Treatment 3 18
Before
6. 1.5
Treatment g be ,
After . - 1 0.42
= Treatment
IILS.  X-ray Diffraction Analysis
X-ray diffraction patterns of BSPR are given 1l Fig.
10.
80 -
60 -]
-
3
-
= 404
§
E

8

40

30
Position (°2 Theta)

; BSPR
Fig. 10, X-ray patterns of the raw BS

. 2 (M
. The diffractogram does not exhibit a honzox:ll]:lttl::“is
e, Th_iS shows that the major_ . eaks emerge
Amorphous | 17]. However, few di on P
Tom the basic line, indicating the prea [lulose
dMount of crystalline watter of CIE 2007) [25]
hemicellulose_ Table TV (Zahao and :i]" i
Broups the values of peak correspondint
Cellaloge (C, 1, O). xylane dehys
20) or dehydrated hemicellulose delfs the JCPDF
Catbon, Thege peaks are ideﬂ“ﬁe. . ¥
crystauogl'aphic data base [26]- A llt
“Wards the biggest values due
®licellylose is noted in the diagra™ o
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TABLE IV
BRAGG DIFFRACTION ANGLE ( 26° ! AND RETICULAR DISTANCE
Position. [26°] d () Corresponding compounds

18.4921 557122 Cel. N. et HCel
22.9887 4.49214. Cel. N. et HCel
27.4209 3.77678 C

30.8246 3.36824 HCel

38.5353 2.71274 Cel. N. et HCel

Cel. N.: native cellulose. HCel: hemicellulose dehydrate. C: carbon

intensity (a.u)

Positin (2 Thets)

Fig. 11. X-ray patterns of the BSPT at 300°C

1I6.

II1.6.1. Infrared Spectra of the Raw
Bagasse of Sugarcane

Infrared Analvsis

Group vibrations (O-H):

The infrared spectra of the raw bagasse of sugarcane
rved in Fig. 12 and Table V presents a wide and
intense band centered at 331 lem”. This band
corresponds to the stretching vibratiops vass(O-H). The
latter result from alcoholic and phenolic hydroxyl groups
and aliphatic of the lignin and_ the _polysacchandes
Jlulose and hemicellulose) contained in the bagasse of

obse!

(ce

arcane [27]. _
SugThe shoulder observed at 1315 em” is related to the

vibration of deformation in plan &(O-H) phenolic
hydroxyl group [28]. The thin and the weak band at 613
em’” corresponds to the out-of-plane deformation y(O-H)
of primary and secondary aliphatic hydroxyl group and
phenolic hydroxyl group [29].

" ibrations (C-H):

o Ei’rl’f:: :r?eb;? ;:n:v b(and c))bserved at 3014 cm™ is attributed
in v(C-H) of alkenes [30], [31]. The shoul-der .Obse.rved it
2916 cm’ corresponds to the asymmetric vibrations of
deformation in plane of wvasCH3 of the aromatic
methoxyl group (-O-CH3) [30]. [31] and the asymmetric
vibrations of deformation in plane of v.asCHz of the
connection a C-H the cellulose appearﬁ in the form of
fine and strong band towards 2843 cm [32]. [33]. Ih_e
absorption of intensity average observed. at 20?8 cem’! s
attributed to the vibrations of symmetric strains of the

roupings CH3 and\or CHa (vsCH3 e.tfou vsCH, ). The C.'
gl out-of-plane vibration (y(C-H)) I the arocmatic pit

d 785 em™ [32], [33].

causes the bands at 902 an
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Fig. 12. Infrared spectra of raw BSM

TABLEV

THE ATR SPECTRA OF THE RAW BAGASSE AND THE RESIDUE

|
; ( FUNCTIONAL GROUPS AND CORRESPONDING BAND FREQUENCIES IN
{
|
[

OBTAINED AT 300°C
ATR vibrational frequency (cm") ups

BSM BSM T Functional groups
331 - u(O-H) ass
3014 - vCH alkenes

2916 - vSCHj

C-]

2843 - v’CHa2 wC-H)
2078 - v“CHjand/or v'CH,

1740 -

1709 1710 v(C=0)

1617 - v(C=C) aliphatic

- 1595
1506 - v(C=C) aromatic
1457 1434
- 1416 &(0-H)

1364 - S8CH; and / or 6(O-H)
1315 - §(0-H)

1155 -

C-O
1038 1051 v(€-0)
902 -
C-,
785 783 HCH)
613 552 yO-H)

' Group vibrations (C=0):

The fine and intense absorption observed at 1709 cm™

.is characteristic of stretching vibrations v(C=0) of the

'ketones groups, carboxylic and/or esters acids of the

present xylane in lignin and hemicellulose [34], [35],
[36].

Stretching vibration v(C=C) of the aliphatic and
aromatic skeletal:
The stretching vibrations W(C=C) in aliphatic chain
~ cause the shoulder at about 1617 cm™ while the skeletal
v(C=C) vibrations in aromatic ring are represented by
four bands at about 1506 and 1457 cm™ [37].

Stretching vibrations v(C-0):
As for the stretching vibrations v(C-O), their
corresponding bands spread out of 1100 and 900 cm™.
The peak at 1100 cm’ is assigned v(C-O) to the
secondary alcobol (-R2CH-OH) and/or aliphatic ether
and primary alcohol (R-OH) [38], [39]. According to the

Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved
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analysis above, the main present functional groups in
bagasse are aliphatic ether and cyclic, carboxyl, carbonyl
and methoxyl groups, the secondary and primary
aliphatic hydroxyl groups and phenolic hydroxyl groups
[40]

1I1.6.2. Evolution Of Functional Groups
During The Heat Treatment

Fig. 13 groups the infrared spectrum of raw bagasse
and those treated under nitrogen at 300°C. The residue
gotten is called BSMT. The infrared spectrum of BSMT,
compared to the BSMR spectra, shows a bands
broadening with decrease in intensity and a loss in
resolution. In this temperature, only a few vibration
remain. The thermal request leads to the degradation of
the main constituents of raw bagasse. This degradation is
translated by mass loss and it confirms the development
of a plastic phase which confers on the material its
amorphous character, as detected by diffraction of the X-
ray and by SEM (Figs. 8, 13) [41], [42], [43].

.
100 4

o] \

before Treatment

after Treatment

Transmittance (%)
s

o T
4000 3500

T J T T T — 1
3000 2500 2000 1500 1000 500
Waveaumber (cm*)

Fig. 13. Infrared spectra of raw bagasse and residue at 360°C

IV. Conclusion

The sugar cane bagasse of the Gharb of Morocco has
been thermally treated under inert atmosphere of ambient
temperature at 660°C. The thermal analysis indicates that
the glassy transition of bagasse takes place at 182°C, that
the mass loss begins at 70 °C and that the reaction is
generally exothermic. The yield in char is at 30 %, the
one of the condensable or non-condensable materials at
41 and 29 % respectively. The material requested
thermally decreases in volume. SEM observation
indicates the formation of a primary porosity in the
treated material. The characterization by infrared
spectroscopy highlights that bands relating to the various
functional group present in the raw material undergo,
once the treated material at 300°C, an extension, a
decrease of their intensity and a loss of their resolution.
The characterization IR and the X-ray spectroscopy
(EDX) reveal that the material becomes amorphous after
the heat treatment.
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