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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

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



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

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.

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

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

820

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.
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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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