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3. Gas Turbine Blade Model

To examine the damage mechanisms of different nickel superalloy and CMC
materials, a gas turbine blade design was built and simulated in ANSYS software (Figure
1). The gas turbine blade is analyzed under two stress categories. The first type is
centrifugal stresses caused by angular speeds in the blade, and the second is thermal
stresses caused by temperature gradients within the blade material.

Figure 1 Gas turbine blade design.

To analyze the distribution of applied loads, deformation, temperature, and other
consequences during component service, all degrees of freedom (DOF) of a root must be
captured. The main loads acting on the blade include gas pressure and force due to
momentum change, which permits the blade to revolve.

The Gas turbine blade is fixed to the rotor. The half of the gas turbine blade root is
fixed inside the rotor, so the displacement boundary conditions applied to the half of the
blade root can be determined as Uy = Uy = U, =0 and the rotations of all the same nodes
are constrained, Ry = Ry= R, = 0. For the rotor blade, the forces components are assumed
to be; the axial component: F, = 500 N, for tangential: F = 15 N, and the centrifugal one:
Fc = 1400 N, similar to the values found in literature for FEA stress analysis [9].
Moreover, an axial rotational velocity of 200rad/s and a tangential coordination rhu, = -
0.3345 in the turbine blade is assumed. The tangential coordination was calculated by
measuring the distance from the center point of the Jet-Al combustor liner inlet
(R=— and then assuming that rp,=1.5R [16].

For the thermal analysis on the gas turbine blade, a maximum of 1200°C is applied
on the blade structure as the lower melting point of the comparing materials. A root
temperature of 300°C is applied on the rotor of the turbine blade. Moreover, a film
coefficient h=464.7 W/m?C is added to the blade, which is a common value used for
computational simulations of rotor blades according to the literature. [17,18]

Figure 2 Meshing profile of gas turbine blade model.
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For the meshing of the blade, six different grid profiles were tested, with every
subsequent mess having 20% finer elements. The final messing was selected where
further refinement does not change the predictions by more than 2%. Tetrahedral
meshing (curvature and proximity-based) with a constant grow rate of 1.05m was used.
The impact of the meshing on the calculations can be seen in Figures 3 and 4.

.1o-Average Temperature
s

Average Temperature (K)
GCI (%)

1 45 5 55 6 65
Number of Elements *!¢ ©

Figure 3 Average Temperature vs Number of Figure 4 GCI VS Average Temperature analysis
Elements grid analysis results. results.

4. FEA Thermal and Structural Analysis

Three analyses were carried out for each material: a thermal analysis and two static
structural analysis, one with the applied thermal load and one without it. The maximum
and average temperatures, stresses, and deformations of each different material were
calculated and compared as it can be seen in Tables 2 and 3.

H Tmax TAvg Omax 0'Avg gmax gmin
Material °C) °C) (MPa) (MPa) (mm) (mm)
Inconel 625 1200 734 232.6 28.2 0.80 0.066
Hastelloy X 1200 726 226.38 28.0 0.80 0.066
Nextel 720 1200 843 247.24 28.1 1.16 0.096
Al,04/B,C 1200 664 247.00 28.1 0.44 0.036
SiC/SiC 1200 711 248.53 28.2 0.83 0.070
Table 2 Thermal and Static Structural without thermal load results.

. Omax 0A\/g smax gm\n

Material (MPa) (MPa) (mm) (mm)

Inconel 625 6282 1361 1.8 0.25

Hastelloy X 6631.9 1474 1.9 0.27

Nextel 720 769.23 164.5 1.175 0.12

Al,03/B,C 4492 906 0.79 0.103

SiC/SiC 1922.8 390 0.96 0.105

Table 3 Static Structural analysis results with thermal load results.
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Figure 7 Stress analysis without thermal load.

Figure 8 Deformation analysis with thermal load.

Figure 9 Stress analysis with thermal load.

It can be observed that all selected materials share a maximum temperature of
1200°C. The average temperature varies for each material. Al,03/B4C and SiC/SiC
CMCs showcase lower average temperatures when exposed to 1200°C. This suggests
they can effectively mitigate the heat transfer from the hot gas environment to the blade
structure. It also indicates that such CMCs have a higher thermal resistance and lower
thermal conductivity than nickel superalloys, retaining their cooler temperature under
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the given operating conditions, minimising heat transfer to the blade structure, and
reducing the potential for thermal stresses and material degradation.

Inconel 625 and Hastelloy X demonstrate lower maximum and average stresses
compared to Nextel 720, A1203/B4C, and SiC/SiC when there is no thermal load applied
at the blade structure, demonstrated in Figure 7. This suggests that Inconel 625 and
Hastelloy X are better able to withstand the applied loads without exceeding critical
stress limits. In terms of deformations, Nextel 720 exhibits the highest maximum
deformation, followed by SiC/SiC, Inconel 625, Hastelloy X, and A1203/B4C. Similarly,
Nextel 720 and SiC/SiC also display larger minimum deformations (showcased in Figure
6) compared to the other materials.

In contrast, Table 3 results indicate the mechanical responses of each material when
subjected to the applied thermal loads. The stress values represent the internal forces
experienced by the materials (Figure 9), while the deformation values indicate the strain
they undergo (Figure 8). It can be observed that Inconel 625 and Hastelloy X demonstrate
higher maximum and average stress values compared to Nextel 720, A1203/B4C, and
SiC/SiC. This suggests that Inconel 625 and Hastelloy X experience greater internal
forces and are subjected to higher stress levels under the given thermal conditions. In
contrast, Nextel 720, A1203/B4C, and SiC/SiC exhibit lower stress values, indicating
that these materials can withstand the applied thermal loads with less stress. Similarly,
the maximum and minimum deformations of the CMC materials (Nextel 720,
Al1203/B4C, and SiC/SiC) are lower than those of Inconel 625 and Hastelloy X. This
implies that the CMC materials exhibit lower deformation or strain when subjected to
the applied thermal loads.

These lower stress and deformation values in the CMC materials can be beneficial
for the gas turbine blade's performance and lifespan. Lower stresses help to minimize the
risk of material failure, while lower deformations contribute to improved structural
integrity and dimensional stability. By using CMC materials with lower stress and
deformation characteristics, it is possible to enhance the blade's reliability, reduce the
likelihood of fatigue or creep-related issues, and potentially extend the component's
operational life.

5. Conclusion

The structural and thermal finite element study of the first stage gas turbine
blade was performed. The goal of this investigation was to explore the component life in
terms of individual and cumulative damage criteria of existing superalloy materials
against CMC materials. This would assist in determining which material is preferable
based on better performance outcomes.

Turbine applications require materials that keep the temperature as low as possible
to maximise the creep life and minimise deformations. From the stress analysis, the
materials with lower stress allow for lower minimum and maximum fatigue cycles,
which results in higher fatigue life of the application. Furthermore, from the temperature
analysis, it was concluded that the lower the temperature, the less cooling air is required.
This allows for better overall engine performance.
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Development of Banana/Sisal Fiber
Reinforced Fully Biodegradable Hybrid
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Sustainable Manufacturing
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Abstract. To fight with global farming, dwindling fossil fuels and waste
management issues in agricultural countries; effort has been made to develop fully
biodegradable hybrid composite rod from fibers of banana leaf waste and sisal fiber
reinforced in polylactic acid (matrix) at a different fiber fraction v/v (0%, 10% (5:5
i.e. B:S), 20%(10:10), 30% (15:15) and 40%(20:20). Rods were made as

per ASTM standard (ASTM D7205) by using single screw extruder. The mechanical
properties namely: tensile, compression, flexural, bending and impact testing with
reference to ASTM standards (ASTM D6641, ASTM D4476 and ASTM D-256
respectively) were evaluated. Results show that pure PLA rod has a maximum
tensile strength of 15.82 MPa, compression 33.48 MPa, flexural strength of 13.64
MPa and impact strength 1.98 kJ/m?. In the case of maximum successful
reinforcement (40% by volume), where 20% is banana and 20% is sisal fiber,
maximum tensile strength comes out to be 41.32 MPa, compression 77.81 MPa,
flexural strength 32.52 MPa and impact strength 4.27 kJ/m? Thermal analysis
(Differential scanning calorimetry) was also done that shows increase of melting
temperature by 14°C-17°C in 40% fiber reinforcement compared to the pure PLA
composite. These rods can be successfully utilized in furniture, construction and
sports industry.

Keywords. Polylactic Acid, Fully Biodegradable Composite Rod, Mechanical and
Thermal Properties.

1. Introduction

Composite materials consists of two or more constituent materials having different
chemical or physical properties and when mixed together, produce a material having
characteristics completely different from parent materials. In this era of development of
new materials with good properties, is going to be a challenge when different processing
methods are available with their merits and demerits concerned with reinforcement
compatibility with matrix. Composites are classified as non- biodegradable and
biodegradable in nature. Biodegradable can be partially or fully,

! Corresponding Author. amrinderpannu@gndec.ac.in
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depending upon the type of matrix and reinforcement. So where the biodegradability is
the main concern, PLA is proved to be an emerging and high potential material as matrix
for product development. At present PLA (Polylactic Acid) is widely used in most of the
research works and till date work on PLA is going on. PLA are high modulus polymers
having high strength and are thermoplastic in nature. Due to their biodegradable nature
and common process of extraction and utilization of various biodegradable wastes, its
uses are increasing day by day in all the fields of engineering and science. At the initial
stage of research of biodegradable polymer, PGA (Poly- glycolic acid) was the first to
be synthesized followed by PLA (poly-lactic acid) for their use as implant materials for
the repair of various types of tissues (1) (2) (4). In medical field, PLA has been used as
a drug delivery matrices and internal fixation of fractured bones (3). Moreover the
renowned automotive industries like Mercedes Benz, Tata Motors, General Motors etc.
are using these sisal and banana fibers for making plastic based components of their
automobiles. Some uses of bio-based composites include internal door trim, seat-back
trim, dashboard supports, rear shelves and exterior parts, such as transmission covers etc.
These fibers are also used as reinforcement in constructional sector (5-8). Banana plant
is a valuable and important bio resource existing in around 120 countries. The area of
around 48 lakh hectares has been covered by this resource with annual production of
around 100 million (9). The residues coming from the bunch of fruit and the trunk make
it more valuable among other plants. Sisal belongs to the family of Asparagaceae. This
plant grows in the arid and humid environment. Sisal production throughout world is
around 4.5 million tons annually. In India there has been a yield of about 2.5 ton (dry
fiber) per hectare annually from the sisal plant.

2. Development of Composite Rod

Composite rod has been developed by treating the reinforcement and matrix to enhance
the interfacial bonding between PLA and banana/sisal.

2.1 Material and its Treatment
Both the fibers (Banana and Sisal) were extracted from the leaves of the respective plants.

First of all fibers were dried in open sunlight for the removal of moisture for 24 hours
for further chopping of the fibers.

(a) (b) ©
Figure 1. Chopped Banana Fibers (a); Sisal Fibers (b); PLA Pallets (c)
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So to develop the BSFRC rod, treatment of fibers is must to enhance the
bonding between PLA, banana fibers and sisal fibers so that better physical and chemical
properties can be obtained. For the extrusion of rod, there has been a need of fibers in
chopped form. So after drying the banana leaves, sisal fibers chopping has been done in
mixer grinder to get the size of 600 pm as per requirement (shown in Figure. 1 (a) and 1
(b) respectively). Thereafter to remove the dust and other unwanted contents from the
chopped fibers, washing of fibers is done with the use of distilled water at temperature
range of 55-65°C for around 1 hour and then they were laid to be dried in open air for
the time of 48 hours at room temperature. To remove the lignin form the fibers, NaOH
treatment (10%) was given at room temperature, and then again washed with distilled
water before drying in open air. Polylactic acid pallets as shown in Figure. 1 (¢) of 3052D
grade were also dried in oven for 2 hours at the temperature of 70°C to remove the
moisture from the pallets so that proper interfacial bonding between fibers and matrix
can be attained during the extrusion process.

2.2 Development of Extrusion set up

To get the required size of rod as per ASTM standard, die must be developed accordingly.
For the better solidification of rod at the exit, there has been a need of temperature
controlled system to manage the temperature gradient over the length of developed die.
Mild steel die has been made to extrude the rod. As per the requirement of ASTM D7205,
the internal diameter of die has been made. Die is covered by four precisely controlled
heaters so that proper solidification can be attained during the extrusion of the composite
rod. Complete extrusion set up along with die has been shown in figure no 2.

Figure 2. Single Screw Extruder
2.3 Fabrication of Composite Rod

To develop the composite rod, fibers are mixed in the ratio of 0% (pure PLA), 10% (5%
banana and 5% sisal), 20% (10% banana and 10% sisal) 30% (15% banana and 15%
sisal) and 40% (20% banana and 20% sisal) (v/v) respectively in PLA matrix. To mix
PLA with fibers, coconut oil (less than 1% by volume) is used so that the fibers adhere
to PLA granules. Then the required mixture is put down into the barrel having speed of
30 rpm (optimum speed with experiments) and temperature in the range of 130-1600°C
(3 heaters). Samples were made according to ASTM D7205 (shown in Figure. no 3) and
named as PLA, PLA/BS1, PLA/BS2, PLA/BS3 and PLA/BS4 having a volume ratio of
banana fibers and sisal fibers as 0%, 10%, 20%, 30% and 40% respectively as shown in
Figure. no 4.
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Figure 3. Single Screw Extruder Sketch showing Figure 4. Developed Rods- PLA(a);
dimensions of rod as per ASTM D 7205 PLA/BS1(b); PLA/BS2(c); PLA/BS3(d);
PLA/BS4(e)

3. Results and Discussion

3.1 Mechanical Strength

Figure. no 5(a) to 5(e) indicates the relative variation in mechanical strength of
specimens prepared at various fiber fractions of banana and sisal fibers. With the increase
in fiber ratio, the strength of composite rod increases. This trend continuous up to 40%
fiber fraction.
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Figure 5. Mechanical Strength of the- pure PLA rod (a); pure PLA/BS1 rod (b); pure PLA/BS2 rod (c); pure
PLA/BS3 rod (d); pure PLA/BS4 rod (e)
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All these strength values are maximum when the fiber fraction ratio is 40%. The
reason behind this was good bonding between the fibers and the matrix. So overall there
has been an increase of 161.18 % in tensile strength, 132.40 % in compression strength,
138.41 % in flexural strength and 115.65 % in impact strength with reinforcement of
fibers in polylactic acid as compare to pure PLA sample.

3.2 Thermo-mechanical Analysis

It is one very important method to investigate the effects of temperature on the polymers
known as glass transition. The ratio of heat flow and heating rate is known as heat
capacity of the product under consideration. This testing (DSC) was conducted on the
METTLER TOLEDO Star 3 machine. The DSC curves are shown in (Figure. 6 (a) and
(b)) for the neat PLA rod and banana sisal fiber reinforced composite rod sample having
fiber volume fraction of 40%. Temperature range for the cycle was set between 30°C to
160°C to investigate the thermal transitions. In concern with the melting of the composite
sample, it has been observed that melting began in temperature range of 142°C -148°C
for neat PLA rod sample (as shown in Figure. no 6 (a) ) while for banana and sisal fiber
reinforced composite rod sample with 40% fiber fraction, melting starts between 151°C
to 155°C. So it is concluded that with the reinforcement of fibers, melting point of
developed composite goes up by 14°C-17°C as compare to the neat PLA sample which
proved strengthening of composite.

‘an "ama

Lo METTIER Gl SN M b METILER GIAHT BN 4

(a) (b)
Figure 6. DSC curve for neat PLA sample (a); DSC curve for PLA/B4 sample (b)

In this work, waste fibers are used in chopped form and good tensile strength has
been obtained by developing the fully biodegradable composite rods through extrusion
process. Some of the applications where these rods can replace the synthetic rods or wood
based composites are: Guide rails, Road markers, Flag whips, Wickets, Greenhouse
structures, Selfie stick and Construction of furniture etc.
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4 Conclusion

The following conclusions were drawn from the mechanical and thermo-mechanical
analysis:

e Full biodegradable composite in form of rod has been developed successfully
where both matrix and reinforcement are biodegradable.

e Extrusion found to be the successful method for making composite products
like rod by using any type of fiber in chopped form.

e Tensile, compression, flexural strength increased by around 2.5 times at 40%
fiber reinforcement having tensile strength of 41.32 MPa at 40% reinforcement
whereas for neat PLA it was just 15.82 MPa, in compression testing, maximum
strength was 77.81 MPa at 40% reinforcement and 33.48 MPa with neat PLA
and in flexural testing, value found to be 32.52 MPa at 40% reinforcement and
13.64 MPa with neat PLA.

e In case of impact testing, strength observed was around 2 times with maximum
value of 4.27kJ/m? at 40 % reinforcement and 1.98 kJ/m? when neat PLA
sample was tested.

e Differential scanning calorimetry (DSC) revealed that the melting point of
composite enhanced by around 15.5°C with 40% reinforcement as compare to
neat PLA that shows enhancement in the properties of the developed composite.
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Abstract. Measurement of air flow through a fan is required
during routine testing of several student projects using an existing
two-metre-long wind tunnel at the University. Measurements of
air velocity uses a handheld weather kit anemometer which is
connected to a data logger. Inaccuracies in holding the equipment
resulted in the basis of a project. This paper investigates and
reviews the findings of the project, based on designing,
prototyping, and evaluating a suitable system to hold the
anemometer and allow positioning of it at any desired position
within the cross-section of the wind tunnel. A rail system allows
the anemometer to be positioned in the Z-axis for shorter wind
tunnels, or in close proximity to fans without the tunnel or
ducting. The paper shows the methodology of the design process,
the development of a working prototype and the implementation of
the initial readings.

Keywords: Experimental methods; design and manufacture, design, and
simulation.

1. Introduction

A regular project held in the first year for manufacturing students is to design and
manufacture fan blades. The fan performance is currently determined by evaluating the
velocity of the downstream airflow, a value which is obtained through experimentation
within a wind tunnel. Currently, airflow velocity is measured by means of a handheld
anemometer positioned at the exit of the wind tunnel (Figure 1). Holding the
anemometer for long periods can induce errors in the readings. Ligesa (2018) discusses
some of these errors. This formed the basis for the project: to design, manufacture and
evaluate a rail system, where an anemometer can be mounted and used in conjunction
with a data logger. Furthermore, it was also suggested that the uniformity of airflow
can be evaluated by placing the anemometer at any position within the specified
envelope of airflow, thereby capturing a velocity distribution across a designated
measurement plane. The data logger has a number of modes, where a timed duration of
data collection is required for statistical analysis. This reinforces the need for the

! Corresponding Author. fayyaz.rehman@solent.ac.uk
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positioning system as hand movements are likely to induce further errors when
undertaking timed experiments.

Wind Tunnelf Anemometer,

-f \

\
\
Support Section

Figure 1. Existing set-up of the tunnel with positions of the fan and anemometer.

2. Project Methodology

Following the implementation of a Gantt chart, project risk analysis and review of
resources, the development of a full product design specification (PDS) was carried
out. Candidate solutions were then proposed based on the requirements of the PDS and
available materials that would allow the project to be prototyped to the project budget
of £200.

The four concept designs (Figure 2) were evaluated using the Analytical
Hierarchy Process (AHP). Saaty (1987) reviews the key benefits of this analytical tool
for decision-making, which is highly justified for this type of project.

Figure 2. Four concept designs for the proposed new positioning system

Within the concept designs there was a strong desire to utilise the University’s
facilities; in particular laser cutting, additive manufacturing and traditional project
workshop. The system had to accommodate the existing anemometer, which forms part
of a weather kit. Dimensions are shown in Figure 3.

86
140

Lo

f—————= rl

40 24

ALL DIMENSIONS (mm)] EXCEPT HOLE DIMENSION

Figure 3. Drawing showing the anemometer and associated dimensions.
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Currently a 2 m long single wind tunnel is used for project work, but the
University is keen to acquire more wind tunnels of different lengths to enable a wider
scope of projects. The building stage of the project was around 8 weeks, which
constrained the manufacturing time. Designs needed to minimize costly outsourced
parts, whilst balancing the in-house machining. Part sizes and the final design were
based on worst-case scenario loading calculations, and the final design was evaluated
using finite element analysis (FEA) to review von mises stresses and displacements of
members.

3. Detailed design

The final design, as shown in Figure 4, presented a range of challenges. It is important
to emphasize the need to fully evaluate the potential resources for this type of bespoke
project. One of the first key issues was to source a type of economical bearing to use
for the radial movement of the anemometer on the carriage. Given the high cost of
bearings, a common serving table bearing, known as a “Lazy Susan” was utilised as the
main bearing. This was very cost effective did not require any modifications. The rail
system had been investigated early in the project during the definition stage as part of
the feasibility study. Similar previous projects with rail-type components had employed
aluminium alloy extrusion which is readily available in a range of sections and sizes. A
20 mm x 20 mm V-slot was selected which was available with runners.

Another major part of the design was the gantry which utilised prefabricated plates,
although extra members were needed to join them together. A relief gap was included
between the two gantry plates to mitigate issues with poor alignment of the extrusion
rails. This may not have presented itself as a problem on completion of the project,
however over time misalignment can occur due to repeated use and accidental
mishandling. Figure 5 shows the linear stage spacers that were incorporated into the
carriage system and locking nuts, which were removed from bicycle quick-release
spindles.

Figure 4. Final design of the complete rail system.
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DETAIL &

Figure 5. Gantry plates, bottom plate assembly including locking nuts.

A design for manufacture and assembly (DFMA) approach was sought, to help
facilitate the production and assembly. Principles were sought from a range of sources
and are covered extensively by Bayoumi (2000). Areas of the design required moving
parts which had to be locked into position. The vertical movement of the anemometer
required a column mount or dual mounts with a lockable moving bracket. This was
more difficult to source than the extrusion, as the design needed to allow for the
existing anemometer and the surrounding parts. Existing camera mounting equipment
offers a range of brackets in sizes which are suitable. These were obtained but did
requiring further machining (shortening, facing off and tapping a thread for end caps at
the top and the mounts at the bottom). One of the latter challenges was to provide a
locking method for the main rotating bearing. Initially, parts were planned to be
fabricated, however the complexity and lead-time, it was decided that using toggle
clamps, as shown in Figure 6 as these could be fitted directly onto the main supporting
member. Two clamps are required, since at some positions a single clamp would
interfere with the bolts on the main bearing.

Materials selection was carried out using appropriate materials selection software.
The most suitable polymeric sheet for this project considers polycarbonate. However,
this would have increased the project cost and increased the lead time on delivery. For
a working prototype model, PMMA (acrylic) was readily available. Calculations on the
stresses and displacements were completed and verified the suitability for use in the
prototype. The sheet acrylic was used for most of the large section pieces. Laser cutting
was efficient and there were a few changes to the plate designs were required after
student-mentor meetings, which required fresh pieces to be cut. This did not add any
lead time and minimal costs, which had an advantage over additive manufacturing in
this case.

_//f’
*\d

Figure 6. Toggle clamp used to lock the main bearing.

The main concerns governing the final design were to ensure that friction, rigidity,
alignment, and repeatability were not compromised in any way. Rigidity was verified
using finite element analysis (FEA) software. Manufacturing/modifying parts took
around 8 hours. This allowed time for initial testing.
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3.1. Testing and FEA simulation-based results evaluation

Finite Element Analysis (FEA) was conducted on parts to ensure that the factor of
safety was appropriate for all conditions. The factors in some areas were considerably
higher than they needed to be; although there was no benefit from removing more
material and this would have resulted in higher deflections. The maximum stress from
static simulation was found to be 9.2 MPa with a minimum factor of safety (FOS) to be
19 (Figure 7).

Figure 7. FEA static structural simulation shown maximum stress and factor of safety (FOS).

Previous tensile testing of this particular grade of PMMA was found to be 50 MPa.
The presence of holes for bolts added stress concentration sites which could not easily
be avoided. Impact forces are not anticipated for this type of testing however any
attempt to remove material may have made the structure more prone to localised brittle
failure through accidental impacts. Weight was not excessive and any attempt at
reduction through optimisation could have had similar consequences.

Computational Fluid Dynamic (CFD) modelling was carried out prior to testing, so
that some comparisons could be made to the actual initial testing. Figure 8 shows the
results, which evaluated the velocity streams moving through the main bearing and the
pressure on the assembly.

Figure 8. CFD modelling of the air velocity (left image) and pressure (right image) on the main plate.

The initial testing was limited to the length of the wind tunnel, as well as some
close proximity testing to a fan. A grid of velocity measurement points was devised,
and readings could then be taken with the data logger at these points. The layout is
shown in Figure 9. The data logger was operated in statistics mode, which requires a
timed interval from which the maximum, minimum, mean, and standard deviation are
computed with a graph displaying the output overall the interval.
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Figure 9. Measurement points used d{lring initial testing.
4. Conclusions

The project culminated in the production of a successful working prototype, as shown

in Figure 10. 1B " pl

"

Figure 10. Positioning system set up at the end of the wind tunnel to carry out initial testing.

This was tested and yielded interesting results. One area that could be developed
further is to consider adding a coordinate measurement system. concentrations in
design work as well promote laboratory testing. The next stage requires a set of shorter
length wind tunnels which would allow for testing in the Z-plane. Another possible
expansion of this project could include using a smaller anemometer, or possibly even a
pitot tube, which could yield more results in the field area of testing in the X-Y plane.
Reduction of variables in wind speed is another area of improvement, which would
allow for comparisons between measurement equipment used on the wind tunnels, as
well as projects. There is a large scope of research activities which can be carried out,
although factors affecting the anemometer need to be evaluated, as discussed by
Morris, Beck, and Hosni (2001) before projects researching into the fans (or wind
tunnels) can be carried out. This successful project will allow for future projects to now
be undertaken which is likely to attract interest from students, sponsoring companies,
and staff within the engineering department.
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Abstract. This research studies the feasibility of automatically combining the final
turning and roller burnishing processes on Aluminum alloy 6063 (Al6063).
Identifying the optimal process parameters yields the desired surface quality. The
burnishing process is widely used to enhance the machining quality by improving
the surface finish, fatigue layer, and corrosion resistance. this research designed the
single roller burnishing tool with spring constant for the final fishing process by
automatic tool change on the CNC lathe machine. An important part was conducted
experimental design methods to optimize the parameters affecting the burnishing
process and implementation. The results showed the parameters affecting the
surface roughness after burnishing are feed rate and burnishing force. The
implementation of the model prediction can be reduced the surface roughness from
0.365 umRa to 0.090 + 0.002um Ra and 0.927 + 0.04pmRz. while being able to
generate the affected layer of approximately 60 pm.

Keywords. Automatic process of Al6063, single roller burnishing tool, work
affected layer, final finishing surface.

1. Introduction

6063 Aluminum alloy (Al6063) is commonly utilized in such applications due to its
high strength-to-weight ratio and excellent corrosion resistance. A16063 mainly contains
magnesium (Mg) and silicon (Si) with the strength of the alloy. It provides a good surface
finish after machining. The requirements of the high finish surface, it commonly
performed on several surface treatment processes after machining. This leads to a long
period and a loss of surface texture and dimensional accuracy. In addition, the machining
process of the A16063 shaft cannot achieve the surface finish at the nanometre level and
the mirror finishing surface that is lower than 0.1 pm has not been thoroughly addressed
and researched in such a typical method.
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Various researchers have attempted to determine the effectiveness of the parameters
affecting turning operations on CNC lathes. A surface roughness of 0.36 pmRa was
obtained by the automatic turning of A16063 alloy on CNC lathes using Takushi analysis
[1] and the machining of aluminum alloy grades 6063 with tungsten carbide (WC+Co)
insert by deep cryogenic treatment gives a surface roughness of 0.373 pmRa with optimal
parameters [2]. They demonstrated the effectiveness of the parameters in turning A16063.
The burnishing process is widely used as the super-finishing process to enhance the
machining quality by improving the surface finish, fatigue layer, and corrosion resistance.
And it is also well known as the plastic formation process. Important mechanistic
characteristics of that process. After the machining process, the mechanism presses
against the surface at a point (peak to valley) causing a new rearrangement of subsurface
structures as a result, it improves surface hardness, which increases the fatigue layer at
surface stress points the methods utilized to improve the surface finish at the nano-level.

Numerous studies investigated the controlling constant burnishing force that can be
classified into various methods such as the use of hydraulic pressure to apply the
burnishing force of hardened steel [3] a hydrostatic burnishing tool affecting residual
stress of AISI 8620 steel [4] the burnishing tool uses a constant compression of the spring
[5-7] these burnishing tools have been applied to different materials. Due to the use of
hydraulic pressure, it is suitable for burnishing in workpieces with high surface hardness.
On the other hand, the burnishing tool with spring constant force most are suitable for
applications where ductile properties and surface hardness are not very hard materials.

Therefore, this research designed the single roller burnishing tool for the final
fishing process by automatic tool change on the CNC lathe machine. An important part
was conducted experimental design methods to optimize the parameters affecting the
burnishing process and implementation.

2. Experiment procedure
2.1. The single roller burnishing tools.

This experiment aims to design a burnishing tool with spring constant pressure and
considered the shapes of the burnishing roller and tip. Previous research studies, it was
found that there are many techniques for burnishing tools such as flat-faced roller
burnishing tips [8] a ball or sphere diameter of 6 mm [9], and Single toroidal roller
burnishing tips [7] etc. In this study, the single toroidal roller burnishing tip was
considered due to free rotation during the process. Able to press workpieces having a
complex shape, a burnishing tool has been designed as shown in Fig. 1A. The distinctive
feature of this tool is during the burnishing process the spring shaft cannot be twisted and
rotated while pressing because it was controlled by the spring shaft hole with a guiding
groove. A single roller is made from hardened tool steel having a radius of 5 mm installed
with a pin bearing inside. The spring compression of the burnishing tool was performed
on the compression testing machine as shown in Fig.1B. Three levels of spring stiffness
are selected for the burnishing force conditions: 25 N/mm for 50 N, 40 N/mm for 200 N,
and 80 N/mm for 350 N respectively.
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Figure 1. The 3D exploded view of a single roller burnishing tool (A) and spring compression test (B)

2.2. Experimental setup and initial turning conditions.

The experiment was carried out at the CNC lathe machining center (HAAS ST-20L).
The roller burnishing tool was installed on automatic tool changers as shown in Fig. 2.
This study was performed consisted of 3 main processes: the first is a rough turning
process to remove the outer of the workpiece approximately -0.5 mm, the second is
finished turning, in which the parameters have been studied in the previously achieved
machining of aluminum alloy within 0.373 pmRa which can be applied in this finish
turning of Al6063 [1-2]. The turning parameters are a spindle speed of 2500 RPM, feed
rate of 0.5 mm/rev and depth of cut of 100 pm with cutting tool insert MITSUBISHI
code TNMG160402L-2G NX2525. When the accuracy of 10 pieces was determined, the
surface roughness values were 0.365 £ 0.08umRa and 2.359 £ 0.5umRz. Therefore, these
parameters were chosen as initial turning conditions. And the final process is roller

burnishing tool.

Table 1. The cutting parameters and their levels.

Machining parameter Low center High

Feed rate (mm/rev) (A) 0.001 (-1) 0.005 (0) 0.01 (1)
Spindle speed (RPM) ~ (B) 500 (-1) 1250 (0) 2000 (1)
burnishing force (N)  (C) 50 (-1) 200(0) 350 (1)

Figure 2. The installation of the burnishing tool on the CNC lathe machine.

2.3. Analysis of Variance (ANOVA)

In machining, the influence of spindle speed, feed rate and burnishing force on surface
roughness were investigated. The burnishing experiments were conducted based upon
the centered of central composite design (CCD) methodology with 2 replications. Thus,
total of cutting tests including 40 run orders that were carried out as per design matrix.
Furthermore, machining parameters and their levels used for burnishing are shown in

Table 1.
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3. Experimental results and discussion

3.1. Statistical analysis

we obtained the analysis of variance of surface roughness as shown in table 2. The
analysis was performed at significance level of 0.05. Thus, it means factor will be main
effect or interaction effect on surface roughness when their term has p-value less than
0.05.

Table 2. Analysis of variance of surface roughness value

Model 0.8305 9 0.0923 38.26 <0.0001 significant
A-Feed rate 0.0187 1 0.0187 7.74 0.0092

B-Spindle speed 1.86E-06 1 1.86E-06 0.0008 0.978

C- Burnishing force 0.4518 1 0.4518 187.36 <0.0001

AB 0.0012 1 0.0012 0.4871 0.4906

AC 0.0123 1 0.0123 5.09 0.0315

BC 0.0012 1 0.0012 0.5145 0.4787

A? 0.032 1 0.032 13.25 0.001

B2 0.0003 1 0.0003 0.129 0.722

c? 0.1002 1 0.1002 41.55 <0.0001

Residual 0.0723 30 0.0024

Lack of Fit 0.0514 5 0.0103 12.26 <0.0001 significant
Pure Error 0.021 25 0.0008

Cor Total 0.9028 39

R-sq=91.99% R-sq(adj) = 89.58% R-sq(pred) = 85.94%

A variance analysis of the surface roughness (Ra) components was made with the
objective of analyzing the influence of feed rate, spindle speed, and burnishing force.
The main factors significantly influence on the surface roughness were feed rate and
burnishing force. Especially, burnishing force has strongest main effect on surface
roughness. The interaction effect on the surface roughness were between feed rate and
burnishing force. While the square term of feed rate and the square term of burnishing
force have the effect on surface roughness. The interaction plots are shown in Fig.3A,
illustrate the evolution of the surface roughness.

Figure 3B shows the optimized plot of the burnishing parameters. By adjusting
the position of the vertical chain line, variation in the output is evaluated. Which, the
optimized values of the burnishing process are feed rate of 0.0056 mm/min, Spindle
speed of 2000 RPM and burnishing force of 110.61 N. the optimizer model provides the
surface roughness value is 0.0799 pmRa

Speed Force
20000 3500
2000.0] [110.6061)
5000 500

Figure 3. The interaction of burnishing parameters: Feed rate & Burnishing force (A) and the optimize of
surface roughness model (B).
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3.2. Implementation of the surface roughness obtained by the optimized parameters.

Figure 4A shows a comparison of the two finished surfaces generated by the final
turning and the roller burnishing tool, which seen the burnishing process will be
smoother than the final turning when observed from the letters reflected on the surface
of the workpiece. In addition, when observing the magnified SEM image as shown in
Fig. 4B, the surface is smooth without previous machining marks and waviness on the
surface. The implementation of this process can be automatically reduced the surface
roughness from 0.365 um to 0.088 umRa under the conditions of the model prediction
at a spindle speed of 2000 RPM, feed rate of 0.005 mm/rev, and burnishing force of
110N as shown in Figure 4C. In addition, the accuracy of 10 pieces, it was found that
the surface roughness values were 0.090 = 0.002umRa and 0.927 + 0.04pmRz. And the
roundness value of the burnishing process can be reduced from 6.2+ 1.2 ym to 3.3+ 0.2
pm due to uniform rolling pressure, resulting in the workpiece being better roundness.
The results can be confirmed that the burnishing tool under this model prediction can be
used in an application for aluminum A16063.

Burnishing surface

0.088 pm
0.814 pm
1.823 pm

Ver 1.0 pmidi; Hor 0.8 mmdi; 40mm

Figure 4. The finished surface of A16063 by Final turning and burnishing tool (A), the magnified SEM
image (B), and the surface roughness of the burnishing process(c)

3.3. Surface cross-section analysis from EBSD and hardness

Figure 5A shows surface cross-section images by EBSD, the subsurface structure
after the roller burnishing tool can be seen in the grain on top has a finer size and flattened
shape with a depth of approximately 50-70 pm from the edge of a workpiece. which can
be assumed that this phenomenon is caused by the roller burnishing force while being
able to generate the affected layer. When considering the hardness value as shown in Fig.
5B, it was found that the hardness value from the workpiece edge increased by about 140
HV and gradually decreased until reaching the normal hardness value at 81 HV at a depth
of about 60 pum.
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4. Conclusion

An automatic combining the final turning and roller burnishing processes on Aluminum
alloy 6063 (Al6063) specimens was established through an experimental study. The
following conclusions can be made.
e The following ideal single burnishing process parameters were determined
using a CCD experiment and model prediction under a minimum roughness:
Using a spindle speed of 2000 RPM, a burnishing force of 110 N, and a feed
rate of 0.005 mm/rev, the average roughness is expected to Ra =0.0799umRa.
e The implementation of the model prediction can be reduced the surface
roughness from 0.365 pumRa to 0.090 + 0.002umRa and 0.927 + 0.04pmRz.
e The EBSD analysis results confirm the effectiveness of the roller burnishing
tool of (A16063) able to generate the affected layer of 50-70 pm with significant
increase the surface hardness on the edge by 72 %
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Figure 5. The EBSD image of Al 6063 surface cross-section generated by burnishing tool (A) and
Hardness from edge (B)
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Abstract. Additive Manufacturing (AM) has revolutionized the manufacturing
industry by enabling the fabrication of complex and customized components with
unprecedented design freedom. In recent years, there has been a significant focus on
extending the capabilities of AM to produce fiber reinforced composites, which
offer exceptional mechanical properties and enhanced performance characteristics.
This article evaluates the tensile and flexural (three-point bending) properties of
additively manufactured continuous glass fiber-reinforced nylon composites
(CGFRNCs). Composites are designed using constant fiber volume fraction (V) and
variable fiber orientations (8) by US-based Markforged’s ‘Mark Two’ 3D printer.
V¢ is 27% for all composite coupons and 0 is varied by 0°, 45°, 90°, and 135°
(or -45°). Experimental results show the maximum tensile strength of 225.78 MPa
for 0° and maximum flexural strength of 82.84 MPa also for 0°. Damage analysis
has been carried out in X-ray Micro Computed Tomography.

Keywords. Additive Manufacturing, Composites, Fiber orientation.

1. Introduction

Additive Manufacturing (AM), also known as 3D printing, is a layer-by-layer
technique of joining successive layers of materials on top of each other to create objects
from digital 3D CAD model data, opposed to traditional subtractive manufacturing [1,2].
AM has recently attracted significant interest over traditional manufacturing techniques,
owing to its several benefits such as the ability to fabricate complex shapes, design
flexibility, mass customization, low manufacturing costs, automated processes, reduced
waste, improved dimensional accuracy, and fast prototyping [3]. Nowadays composites
are popularly being manufactured by additive manufacturing. Hence, this work focuses
on effective design for additive manufacturing (DFAM), fiber parameterization, and
optimization to get effective mechanical properties. Ibrahim M Alarfi et. al. [4] reported
the tensile and flexural strength for short glass and carbon fiber reinforced nylon
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composites. Andrew N Dickson et. al. [5] reported the tensile and flexural strength for
continuous glass, carbon, and kevlar fiber reinforced nylon composites for 0° fiber
orientation only. Our study claims the variation of fiber orientation using a fixed fiber
volume fraction for glass fiber reinforced nylon composites.

2. Materials and methods

For making composites by Additive Manufacturing, Nylon-6 filament of 1.75 mm
diameter was used as a matrix material and continuous glass fiber bundle of 0.3 mm
diameter was used as a reinforcement material. Both materials were purchased from
Markforged, USA. Markforged produces its own proprietary materials for its 3D printers.
‘Mark Two’, a thermoplastic composite 3D printer by Markforged was used to
manufacture these composites. This printer has two nozzles fitted in a single extruder
where one nozzle is for matrix material, and another is for reinforcing fiber. Before usage,
Nylon-6 was kept in a Pelican-1430 modified dry box that was sealed against the
infiltration of moisture. The fiber bundle contains 1000 individual fiber tows and
appeared to be each of 10 um diameter based on Scanning Electron Microscopy (SEM)
images. These tows are infused and held together by a sizing agent i.e., also Nylon-6.
Printing starts with the deposition of Nylon-6 by nozzle-1 followed by deposition of glass
fiber by nozzle-2. Fig. 1 shows the nylon-6 and glass fiber spools followed by ‘Mark
Two’ 3D printer, schematic of CFF process, and geometries of tensile and flexural

specimens.
Nylon
Spool
. ‘ || |
Glass //
Nylon-6
ylon Fiber
Markforged ‘Mark Two’ 3D Printer Continuous Filament Fabrication
(CFF) Printing Process
Tensile Specimen Flexural Specimen
™ ASTM D3039 ASTM D790
= 1
i
i
1
All dimensions are in mm. All dimensions are in mm.

Figure 1. Materials, methods, and specimens’ geometry
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3. Results and discussion
3.1. Experimental results

Tensile and flexural tests were performed on Zwick Roell 250 UTM machine. For
tensile test, the specimen is securely clamped between upper and lower jaws,
encompassing 50 mm on each side, resulting in a gauge length of 75 mm. Flexural
specimens was having span length of 51.2 mm that is 16 times of specimen thickness.
And the load was applied to the centre of the specimen. Constant rate of elongation
(CRE) theory was followed to perform both tensile and flexural test by applying constant
strain rate of 2 mm/min and 2.2 mm/min respectively.

Tensile strength (o) is a measure of elongation force applied per unit cross-sectional
area and is calculated as

o, =F/A

Flexural strength can be calculated as,

3FL
% = Zbh?

And flexural strain will be calculated as,
6hd
=

Where, o - Flexural stress, € - flexural Strain, F — force applied, b — specimen
width, h - specimen thickness

8 — deflection, L — span length, A — cross-sectional area

Efz

3.1.1. Effect of fiber orientation on tensile strength

TNGT specimen, with a fiber orientation of 0°, exhibited the highest tensile strength
of 225.78 MPa. This outcome can be attributed to the fact that the fibers in this
configuration were aligned parallel to the applied load, allowing for efficient load
transfer along the fiber axis. On the other hand, the TNG2 specimen with a 90° fiber
orientation demonstrated significantly lower tensile strength of 20.06 MPa. In this case,
the fibers were oriented perpendicular to the loading direction, leading to reduced load-
bearing capacity and increased vulnerability to fiber delamination and interfacial failure.
Similarly, the TNG3 specimen with a 45° fiber orientation displayed a tensile strength
of 24.76 MPa, indicating a compromised load-bearing capability due to the inclined
alignment of fibers. Finally, the TNG4 specimen, which incorporated a combination of
0°, 45°, 90°, and -45° fiber orientations, exhibited an intermediate tensile strength of
181.67 MPa.

Table 1. Tensile strength data of specimens

Sample ID Fiber Tensile Tensile Tensile
orientation Strength (MPa) Strain (%) Modulus (GPa)
TNG1 0°/0°/0°/0° 225.78 5.01 3.95
TNG2 90°/90°/90°/90° 20.06 15.63 0.497
TNG3 45°/45°/45°/45° 24.76 12.25 0.505

TNG4 0°/45°/90°/-45° 181.67 5.28 4.48
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Figure 2. Stress strain curve for tensile strength

3.1.2. Effect of fiber orientation on flexural strength

FNG1 specimen, with a fiber orientation of 0°/0°/0°/0°, exhibited the highest
flexural strength of 82.84 MPa. This result can be attributed to the fact that the fibers
were aligned parallel to the applied load, allowing for efficient load transfer and
resistance to bending stresses. In contrast, the FNG2 specimen, with a 90°/90°/90°/90°
fiber orientation, displayed a significantly lower flexural strength of 24.93 MPa. In this
configuration, the fibers were oriented perpendicular to the loading direction, leading to
reduced load-bearing capacity and increased vulnerability to interlaminar shear and
delamination. Similarly, the FNG3 specimen with a 45°/45°/45°/45° fiber orientation
exhibited a flexural strength of 31.24 MPa, indicating a compromised load-bearing
capability due to the inclined alignment of fibers. The FNG4 specimen, incorporating a
combination of 0°, 45°, 90°, and -45° fiber orientations, demonstrated an intermediate
flexural strength of 69.83 MPa.

Table 2. Flexural strength data of specimens

Sample Fiber orientation Flexural Flexural Flexural
ID Strength (MPa) Strain (%) Modulus (GPa)
FNG1 0°/0°/0°/0° 82.84 4.87 2.78
FNG2 90°/90°/90°/90° 24.93 8.77 0.685
FNG3 45°/45°/45°/45° 31.24 8.48 0.707
FNG4 0°/45°/90°/-45° 69.83 8.63 22
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Figure 3. Stress strain curve for flexural strength
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3.2. Micro CT analysis

In addition to evaluating mechanical properties, micro-computed tomography
(micro-CT) was employed to investigate the internal damage mechanisms in the
composite specimens subjected to varying fiber orientations. The micro-CT analysis
allowed for a detailed examination of the fiber composite structure, providing insights
into specific failure modes. For 0°/0°/0°/0° and 0°/45°/90°/-45° orientations, the analysis
revealed the presence of fiber splitting, which refers to the separation of individual fibers
along their length. This phenomenon was observed due to the high tensile stresses
experienced by the fibers aligned parallel to the loading direction. In contrast, for the
90°/90°/90°/90° orientation, micro-CT imaging highlighted the occurrence of fiber
delamination, where the layers of fibers separated from each other, resulting in a loss of
interfacial strength. Finally, the 45°/45°/45°/45° orientation exhibited significant fiber
breakage, where fibers fractured under the combined effect of tensile and shear stresses.
These micro-CT findings can be utilized to optimize the design and manufacturing
processes, ultimately leading to the development of composites with improved structural
integrity and enhanced resistance to failure.

0°/0°/0°/0°

|

Fiber Fiber

splitting delamination

0°/45°/90°/-45°

i

splitting

§y .
r','.if'. ”

Figure 4. Micro CT images of fractured specimens

Conclusion

In conclusion, our study investigated the effects of varying fiber orientation on the
tensile and flexural strength of composite materials, while keeping the fiber volume
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fraction constant. By examining four different orientations (0°, 45°, and 90°), as well as
a combination of 0°/45°/90°/-45°, we aimed to understand the influence of fiber
alignment on the mechanical properties of the composites. Our findings indicate that the
0° fiber orientation consistently yielded the highest tensile and flexural strengths among
all tested configurations. This result suggests that aligning the fibers parallel to the
loading direction enhances the load-bearing capacity of the composite material. These
findings have significant implications for the design and manufacturing of composite
structures, as they highlight the importance of carefully considering fiber orientation to
achieve optimal mechanical performance. Future research can explore additional factors,
such as the effect of different fiber volume fractions and matrix materials, to further
enhance our understanding of composite behavior and improve the performance of
composite materials in various applications.
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Abstract. The manufacturing sector is a vital component of most economies, which
leads to a large number of cyberattacks on organisations, whereas disruption in
operation may lead to significant economic consequences. Adversaries aim to
disrupt the production processes of manufacturing companies, gain financial
advantages, and steal intellectual property by getting unauthorised access to
sensitive data. Access to sensitive data helps organisations to enhance the production
and management processes. However, majority of the existing data-sharing
mechanisms are either susceptible to different cyber-attacks or heavy in terms of
computation overhead. In this paper, a privacy-preserving data-sharing scheme for
smart utilities is proposed. First, a customer’s privacy adjustment mechanism is
proposed to make sure that end-users have control over their privacy, which is
required by the latest government regulations, such as the General Data Protection
Regulation. Secondly, a local differential privacy-based mechanism is proposed to
ensure privacy of the end-users by hiding real data based on the end-user
preferences. The proposed scheme may be applied for different industrial control
systems, whereas in this study, it is validated for energy utility use case consisting
of smart intelligent devices. The results show that the proposed scheme may
guarantee the required level of privacy with an expected relative error in utility.

Keywords. Data-sharing, Local Differential Privacy, Manufacturing, Privacy-
preserving mechanism, Smart Utility.

1. Introduction

The manufacturing sector, which is the backbone of world economies, experiences
a large number of cyber-attacks that are performed by attackers to disrupt production
processes, compromise, or steal sensitive information, and gain financial advantages. By
integrating Information Technology (IT) and Operational Technology (OT) systems,
organisations open new avenues for adversaries. Vulnerabilities in the manufacturing
sector may be caused by different factors, such as the economic impact of disruption,
legacy systems, and the integration of IT and OT systems. The results of cyber-attacks
range from financial losses and compromised intellectual property to the disruption of
operation processes.

More than 75% of organisations in manufacturing sector unpatched Common
Vulnerabilities and Exposures (CVEs), whereas nearly 40% of these organisations
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suffered malware infections in 2022 [1]. Cloud adoption within the manufacturing sector
has become a solution to support remote workers. Around 38% of respondents
experienced an account compromise at least one, whereas the average for all other
industries was around 31% [2]. According to the report [3], around 85% of organisations
had very little visibility into their OT environments, where 77% of organisations had
poor network segmentation, 70% had outside connections to their Industrial Control
Systems (ICSs), and 44% of companies shared credentials between IT and OT systems.

In this work, a smart utility environment is considered as a use case of the proposed
approach, whereas the proposed model can be applied across all utility infrastructures.
Manufacturing companies produce components that are used by smart utility companies,
as well as industrial Internet of Things (IoT) devices, such as smart meters that are
deployed on the end-users’ side. In this specific use case, the end-users’ energy usage
data that are generated by the smart meters should be protected from any types of cyber-
attacks. Although access to utility usage data brings many benefits, there is a number of
challenges regarding end-users’ privacy. These data are considered as “personal data”,
which means that the operation of smart meters within the EU must be in line with the
General Data Protection Regulation (GDPR) [4]. Currently, security and privacy of the
end-users and their data are highly prioritised in many countries including EU [5], UK
[6], [7], Australia [8].

Differential Privacy (DP) has become one of the most popular approaches to ensure
privacy of end-users’ data, and it is widely utilised both in academia and industry. By
utilising DP, controllable noise is added to the original data, thus hiding the sensitive
data from other parties. Most of the existing DP-based schemes do not allow the end-
user to control the level of privacy. To fill this gap, this paper proposes a Local
Differential Privacy (LDP)-based data-sharing mechanism that preserves privacy of the
end-users, whereas the end-users are able to control the level of privacy. The main
contributions of this paper are as follows:

e A mechanism that allows end-users adjust and control the level of privacy
(privacy budget) based on their preferences.

e A data-sharing scheme that utilises local differential privacy to ensure privacy of
end-users’ sensitive data.

The rest of this paper is organised as follows. Section II summarises the related
works. The system model of a smart utility environment is presented in Section III. The
proposed data-sharing scheme is presented in Section IV. Simulation results are
presented in Section V. Finally, the conclusion is given in Section VI.

2. Related Work

DP has become a very popular technique to ensure data privacy by controlling the
amount of noise added to the data. To reduce the risk of privacy leakage, Zhao et al. [9]
proposed a strategy using differential privacy, which can protect end-users’ data from
being stolen by other parties in the process of data exchange. Lako et al. [10] proposed
differentially private algorithms based on the discrete Fourier transform and the discrete
wavelet transform, whereas the noise is added on the aggregator’s side. To preserve an
individual end-user’s privacy, Gai et al. [11] proposed a privacy-preserving data
aggregation scheme that satisfies LDP based on randomised responses, where sensitive
data are perturbed by randomised response on the end-user’s side. Although these
schemes ensure end-users’ privacy, there is no option for the end-user to control the level
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of privacy, which is required by the regulations, such as [4]. In addition, there are only a
few data-sharing schemes that propose to add noise on the end-user’s side.

Another popular approach to ensure end-users privacy during the data exchange is to
utilise cryptographic techniques, such as Homomorphic Encryption (HE). To address the
issues regarding privacy and security in a fog-based environment, Zhao et al. [12]
proposed a privacy-preserving data aggregation scheme using Somewhat Homomorphic
Encryption (SHE), which requires a trusted authority that is responsible for the
registration of different parties. To provide flexible and efficient data aggregation, while
maintaining data integrity and data privacy, Qian et al. [13] proposed a lightweight data
aggregation scheme using HE. Zhang et al. [14] proposed a lightweight and fault-tolerant
data aggregation scheme using modified version of the symmetric HE, random masking
techniques, and Shamir secret-sharing mechanism. To reduce the complexity of
certificate management, as well as to enhance security and privacy of end-users’ data, a
certificate-based data aggregation scheme is proposed in [15], which utilises
homomorphic encryption. Although encryption-based data aggregation schemes ensure
end-users’ data privacy, a trusted authority is required for registration purposes or
distribution of secret materials. In addition, encryption-based schemes add additional
computation overhead compared to the DP-based models.

3. System Model

Fig. 1 shows the structure of a smart utility environment consisting of N end-users, a
Data Communications Company (DCC) gateway, and grid operators including
Electricity System Operator (ESO), Energy Suppliers (ESs), and Authorized Third
Parties (ATPs). A Smart Meter (SM), which is deployed at the end-user’s side, measures
the electricity consumption of the end-user, and submits the data to the Communications
Hub (CH). End-users’ data are encrypted and sent to the grid operators through the DCC
infrastructure. DCC has no access to end-users’ data because the data are encrypted using
grid operators’ keys. ESs, ESO, and ATPs decrypt end-users’ data using their private
keys to perform their tasks and manage the electricity grid. In case of a key leakage
attack, or an insider attack on the operators’ side, privacy of the end-user might be
disclosed, namely conclusions about the end-user’s behaviour might be drawn by
accessing sensitive data [16]. To address this issue, this work allows end-users to set the
required level of privacy, based on which a controllable noise is added to the original
data before encryption.

Let N= {1, 2, 3, ..., N} denote the set of the end-users, where n is the index of the
end-user and n € N, whereas the total number of end-users is given by N £ |[N|. A smart
meter that is deployed on the end-user’s side measures the electricity consumption in
real-time and stores measurements in memory. The interval at which a smart meter
records and stores measurements may vary depending on the smart meter model. In this
work, a smart meter stores electricity measurements at the end of each time slot, where
each time slot is of 30 minutes. This reflects the minimum time interval, at which a grid
operator may access end-users’ data. Let T = {1, 2, 3, ..., T} denote the set of all time
slots when electricity measurements are stored in a smart meter’s memory, where t is the
time slot index and t € T, whereas the total number of time slots is given by T = 48.
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Figure 1 System Model

Let OD, denote the electricity consumption profile for the end-user n for one day,
and it is defined as follows:

QDn = {QDm, QDnz, ey QDnT}, neN (1)

where OD,,is the level of electricity consumption for the end-user # in a time slot 7 and
0D, € OD,.

4. Proposed Scheme

In this section, a privacy-preserving data-sharing scheme for smart utility
environment using local differential privacy is presented. A smart meter measures
electricity consumption of the end-user and stores these measurements (QD,,) in
memory. End-users have control over the level of privacy that affects the amount of noise
added to the original data. After the noise is added, data are encrypted and sent to the
grid operators. Thus, a smart meter stores the level of privacy set by user and utilises e-
differentially private algorithm to modify electricity measurements before reporting
them.

Definition 1 (e-local differential privacy). A randomised algorithm M: D — S satisfies
e-local differential privacy iff for any output s € S, and two neighbouring datasets d, d €
D:

PriM(d)=s] _ |

PriM(d') =s] ~ ¢ (2)

where Pr[M(d) = s] is the probability of the mechanism M outputting the result s given
the input d, S is the set of all possible outputs that an algorithm M can produce, and € is
the privacy budget that bounds the probability of M outputting the same result for any
pair of values d, d [17]. A smaller value of ¢ provides stronger privacy guarantee, and
larger ¢ provides weaker privacy guarantee. Two datasets (d, d) are called neighbouring
datasets, iff & can be produced by adding, removing, or modifying exactly one element
from d. Let : D — R denote the function that maps datasets (D) to real numbers. In this
work, f'outputs the mean of electricity consumption readings (QD,) of the end-user » for
one day, which is expressed as follows:
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f(@Dn) = ZQDH, 3)

To introduce required noise to the result of a query (f) on individual dataset d, Laplace
mechanism that relies on the sensitivity (L;-sensitivity) of fis used.
Definition 2 (Li-sensitivity). Given a query function f (%), its Li-sensitivity Af is the
maximum L, distance between the results of f over any pair of neighbouring datasets d
and d, which can be expressed as follows:

Af = miax | f(d) — f(d")|| “)

The Laplace distribution is one of the most popular mechanisms to introduce noise
to the result of a query function f. The probability density function of the Laplace
distribution centered around 0 with the scale factor b = Af/e is defined as follows:

1 lz]
Lap(x|t —
ap(zx|b) = 5% exp (— ; —) %)
The LDP mechanism (M) using the Laplace distribution generates and injects the
random noise drawn from the Laplace distribution to query function f, whereas the scale
of the noise is calibrated due to the sensitivity of /- The Laplace mechanism preserves e-
local differential privacy, and is defined as follows:

My (z, f(-).€) = fz) + Lap(b) (6)
Let A" denote the maximum historical sensitivity for the end-user n, which is
stored in a smart meter’s memory. At the end of the day, a smart meter calculates the
sensitivity of f/ based on the measurements of electricity consumption (QD,) recorded
during the day. First, all the possible modifications of a dataset d (d = QD,) are generated
by removing entries one-by-one from d. Let D' ={D’}, D7, ..., Dk} denote the set of all
possible modifications of an original dataset ¢, where £ is the index of a modification and
k € K, whereas the total number of modifications is given by K 2 [D| =7 (T — 1).

By iterating over D' and calculating the sensitivity for all possible pairs of
neighbouring datasets, a new sensitivity A" is obtained and stored in a smart meter’s
memory if AfRE > AS 1t should be noted that to reduce the memory usage, a
smart meter may generate the modifications of the original dataset  one-by-one.

Each end-user has control over the required level of privacy. In other words, the end-
user may adjust the privacy budget parameter € based on his preferences. If the end-user
decides to set € to be a small value, it will provide strong privacy guarantee, which affects
the quality of the services provided by grid operator, such as an electricity bill that is
provided by ES. Otherwise, if ¢ is set to be a large value, it will provide weak privacy
guarantee, while the quality of the services provided by the grid operators will be better.
Thus, the end-user may decide on privacy versus utility by tuning the privacy budget e.
Let ¢, denote the privacy budget determined by the end-user n. Each end-user may set
different privacy budgets for each day of a week or set one privacy budget for a
workweek and another for a weekend depending on circumstances. By combining the
end-user’s privacy budget €,, the sensitivity Af,”*, the proposed local differential private

mechanism may be defined as follows:

A max
M, f().n) = (&) + Lap( 220 o

T



V. Boiarkin et al. / Local Differential Privacy-Based Data-Sharing Scheme for Smart Utilities 231

where x is the electricity consumption profile for the end-user # for one day. Since a
query function f produces the mean of electricity consumption readings, a grid operator
needs to multiply the mean value by 7 to get the total electricity consumption for the
end-user » in a particular day. Let C, denote the total energy consumption for the end-
user » for one day, which a grid operator (ES) receives. Let P, denote the energy usage
cost for the end-user » for one day, which can be calculated as follows:

Pn=C, * ibuy (8)

where A4, 1s the buying price of energy from the utility grid in a particular day. It has
to be noted that in this work, a simple energy usage cost calculation is used to show how
the privacy budget set by the end-user affects the quality of the services provided by a
grid operator (energy supplier).

5. Results

This section presents the simulation results to evaluate the proposed LDP-based data-
sharing scheme for a smart utility environment, which consists of 50 end-users (N = 50)
using real electricity consumption data from [18]. Fig. 2 (a) shows the electricity
consumption for two randomly chosen end-users for one day. An increase in electricity
consumption for the User 2 can be observed at 10 a.m. and at 4 p.m., which means that
the User 2 is highly likely at home and uses some appliances. Conversely, the electricity
consumption for the User 1 does not change significantly during the day. Based on the
electricity consumption data for the User 1, someone could conclude that nobody is at
home turning appliances on and off, which discloses the User 1 privacy. Thus, User 1
may decide to increase the level of privacy by adjusting the privacy budget ¢,.
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Figure 2 (a) Electricity consumption for two randomly chosen end-users for one day
(b) Dependency of the change in electricity consumption on the privacy budget (€,) for
a randomly chosen end-user for a period of 30 days

Fig. 2 (b) shows the dependency of change in electricity consumption on different
privacy budgets (¢,) for a randomly chosen end-user for a period of 30 days. It can be
seen that the lower the privacy budget ¢,, the more change in electricity consumption
may be observed. For example, when the privacy budget ¢, is set to 0.9, the electricity
consumption pattern is almost the same as original with tiny deviations. Changes in
electricity consumption may be clearly observed when the privacy budget ¢, is set 0.5,
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namely on day 9 and 15. The largest fluctuations in electricity consumption may be
observed when the privacy budget €,=0.1.

With the increasing scale factor b of Laplace distribution, the amount of noise
increases. Taking into account that the sensitivity Afyer changes dynamically
depending on the measurements of electricity consumption, the ratio Afe® [en may
lead to a variable scale factor b, which is used in the Laplace mechanism to generate
noise. Thus, if the end-users do not adjust the privacy budget ¢,, it may lead to an
unexpected energy usage cost because of unexpected b. Let P, denote the energy usage
cost for the end-user » for a particular day, which is calculated based on the noisy
consumption data as follows: ) )

])n. = Cu * A"'”.fj ©)

where C7, is the noisy consumption data for the end-user » for one day, which is

calculated by injecting noise to the original data C,. Let RE denote the relative error that

reflects the difference between the original energy usage cost P, and the energy usage

cost r’?, which is calculated based on the noisy consumption data. RE is calculated as
follows:

RE = Po—Pn 100% (10)

n

Fig. 3 (a) shows the dependency of the relative error RE in the energy usage cost on
the scale factor b for 5 randomly chosen end-users for one day. RE is calculated 10 times
for each end-user and for each scale factor b, whereas the final RE is the maximum RE
observed during 10 iterations. It can be seen that when the scale factor b is lower than
0.008, the RE is lower than 10%, whereas the first time RE > 10% is observed at 5=0.008
(RE = 16.5%). The first occurrence of the RE > 60% is observed when the scale factor b
is equal to 0.032 (RE = 65.09%). Finally, RE = 155.5% is observed when 5=0.05. In other
words, Fig. 3 (a) suggests possible scale factors b that can be used in the Laplace
distribution to get expected level of noise. For example, if the end-user agrees to pay up
to 10% more for the energy, the privacy budget ¢, needs to be adjusted in a way, so that
A" /e, < 0.008.

In this work, three levels of privacy are selected based on the results in Fig. 3 (a),
namely Low Privacy (b = 0.008) with the RE < 10%, Medium Privacy (b = 0.032) with
the RE < 60%, and High Privacy (b = 0.05) with the RE < 100%. Thus, if the end-user
selects the Medium Privacy level, an expected RE should not exceed 60%.

Fig. 3 (b) shows the dependency of the absolute relative error in the energy usage
cost on the level of privacy for a randomly chosen end-user for a period of 30 days. It
can be seen that for the Low Privacy level, the amount of noise added is small, and RE
does not exceed 10%. If the end-user selects the Medium Privacy level, the RE in the
energy usage cost increases compared to the Low Privacy level, while it does not exceed
60%. Finally, if the end-user needs the High Privacy level, the fluctuations in the energy
usage cost are larger compared to the Medium and Low Privacy levels, whereas RE does
not exceed 100%. Let us take as an example, the sensitivity Af,”* = 0.0055 on day 4. For
the Low Privacy level, the privacy budget ¢, should be equal to 0.6875, so that Af,"*/e,
=b=10.008, with a resulting RE = 0.23%. Similarly, for the High Privacy level, ¢,is equal
to 0.07 because the sensitivity Af,”* = 0.0035 on day 9. Thus, a large increase in the
energy usage cost may be observed on day 9 for High Privacy level, whereas RE =
99.36%.
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Figure 3 (a) Dependency of the relative error RE in the energy usage cost on the
scale factor b for 5 randomly chosen end-users for one day (b) Dependency of the relative
error RE in the energy usage cost on the level of privacy for a randomly chosen end-user
for a period of 30 days

The results show in more detail how the different variables (sensitivity, epsilon, and
scale factor b) in the proposed privacy preserving scheme affect each other and the final
energy cost for a user. Overall, the proposed scheme allows the user to opt out of sharing
fine grained data about energy consumption with the provider in exchange for a higher
energy cost. More importantly, the user can manage the level of privacy and the resulting
cost increase. It is possible since the noise is added to the original end-user’s electricity
consumption data based on the sensitivity A" of a query function fand the privacy
budget ¢,, which is controlled by the end-user. The ratio A" [€n determines the scale
factor b that is used in the Laplace mechanism to generate controllable noise. The greater
the scale factor b, the greater the noise is injected to the original data. Since the sensitivity
Afae depends on the end-user’s electricity consumption data, the privacy budget needs
to be adjusted in a way, so that the ratio A S [€nleads to an accurate scale factor b,
based on which the noise is generated. If the end-user does not adjust the privacy budget
€x, it may lead to unexpected results in terms of the amount of noise added, as well as the
energy usage cost.

6. Conclusion

In this paper, a LDP-based data-sharing scheme for a smart utility environment is
proposed. To ensure end-users’ privacy, a local deferentially private mechanism is
proposed that takes into account end-users’ preferences regarding the level of privacy.
End-users may adjust the required level of privacy (privacy budget) on daily, weekly, or
monthly basis, thus controlling the trade-off between privacy and utility. The simulation
results show that the proposed scheme may guarantee the required level of privacy with
an expected error in the utility (energy usage cost). To ensure the required level of
privacy, as well as to make sure that relative error in the energy usage cost does not
exceed an expected level, the privacy budget needs to be tuned regularly and carefully.

One of the possible directions for the future work is to design a mechanism that will
automatically adjust the privacy budget based on the dynamically changing sensitivity,
according to the end-user’s preferred level of privacy (low, medium, or high).
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