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ABSTRACT

An orthopedic implant is surgically introduced into the body as a replacement of a missing or affected biological structure. As these are
stationed inside the body hence the material chosen should be bio-acceptable so that it does not cause rejection or gangrene. In this work,
Ti-6Al-4V has been chosen for the implant. In actual practice the implant, after design approval is cast and machined to the required
dimension and surface smoothness followed by heat treatment to remove stresses induced while machining. The product needs to be
cooled before surgical fitment. The present work proposes film cooling technique for the same. The primary deciding factor for the
effectiveness and longevity of the orthopedic implants primarily concentrates on the cooling effectiveness. The simulation study has
been done using Fluid Flow Simulator Analysis software i.e. FLUENT and results were found to be in good agreement with the
experimental results available in the relevant literature. The present work was aimed at a critical situation where an orthopedic implant
of titanium alloy (Ti-6Al-4V) is to be manufactured ensuring that it not only resists loosening or migration but also is thermally stable
and does not damage surrounding tissues or organs. The results indicate that although forward injection of coolant is a more
economically viable but backward injection of coolant should be preferred while working with an orthopedic implant as it provides more
area under cooling. Hence it can be inferred that with a backward injected cooling system the implant would be cooled better and would
surely ensure a better component with respect to strength and longevity.
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1. INTRODUCTION

An orthopedic implant is a component or product
manufactured and introduced into the body as a replacement of an
absent, damaged or undeveloped skeletal structure [1]. Orthopedic
implants also help in wear and tear issues with the bones and
joints due to the aging of the body. They are provided as an
augmentation towards failures and diseases e.g. bone fractures,
spinal stenosis, scoliosis, osteoarthritis, and chronic pain etc. in the
process of healing of fractured bone, supports are provided in the
form of screws, pins, plates and rods. Orthopedic implants, in
contrast to a transplant which are biological products, are human-
made products. The surface of implants which comes in contact
with the live tissues, cells or blood should be essentially made of a
biomedical metal such as titanium or titanium alloy for eradication
of rejection or infection [2, 21, 22]. Titanium has acceptable
mechanical properties and has been used for orthopedic implants,
yet for still better performance titanium is alloyed with small
amounts of aluminium and vanadium (Ti-6Al-4V), typically 6%
and 4% respectively, by weight [3, 23, 24]. To make this high-
strength alloy more stable heat treatment process is carried out
after machining and before it is implanted [25, 26].

Patient with orthopadic implants is periodically put under
Magnetic Resonance Imaging (MRI) machine for estimation of the
progress and extent of healing. This poses two major concern to
the researchers while working with design and manufacturing of
implants. First being loosening and migration of implant and
secondly thermal stability due to heating of the implant and
damage to surrounding tissues. Solution to the first problem can be
proper fixation and effective cooling of the components after
manufacturing would solve the next problem.

In this work both the above problems are being handled in
an innovative manner which would not only ensure a proper
fixation but also would provide a longer service life of the
component. The work concentrates on the effective cooling of the
component after all machining operations ensuring eradication of
residual thermal stresses and also at a faster rate so that the
surgical fitment can be undertaken at the earliest without causing
any further damage to the affected patient.

The manufacturing of implants is usually tailor made as the
size, fitment and requirements vary from patient to patient. Yet an
outline of the process can be summarized as provided in the flow
chart (Figure 1).

As discussed earlier and also depicted in the flow chart, a
solid model of the implant is created on the basis of the X-ray
photograph and MRI data. The implant, after design approval, is
cast and machined to the required dimension and surface
smoothness. Machining is usually by shearing and in this process
it gets lot of thermal stresses due to localized heat generation. Heat
treatment is hence very much required to removed / normalize the
developed stresses. The product requires cooling after heat
treatment. Cooling can be carried out by either putting it in still air
or putting it in a coolant. The former takes a lot of time whereas in
second case the product becomes brittle. The present work
proposes a third option wherein demerits of both the earlier
methods can be eradicated. It is using the concept of film cooling.
Film cooling is a proven cooling method wherein coolant forms a
thin envelope over the surface of the implant and a jet of cool air
with certain parameters are injected from the lower to upper
surface through a hole [27, 28].

Page | 3825


https://doi.org/10.33263/BRIAC91.825829

Apurba Kumar Roy, Kaushik Kumar

Need for Orthopaedic
implant for the patient
v
X-Ray / MRI Data of the
affected / broken Bone
¥
Creation of the solid
model of the implant
v
Prototype fabrication for design

and fitment validity

Is the prototype Satisfactory NO

YES
v
Casting of the implant with
Titanium Alloy
v
Machining of the implant to the required
dimensions and surface finish
v
Heat Treatment for removal of the thermal stresses
v
Cooling for dimensional stability and enhanced service period
of the implant
v
Surgical Operation and fitment of the implant

Present
Work

Figure 1.Flow Chart for Manufacturing of Metallic Orthopedic Implants.

The effectiveness of cooling [29, 30, 31], an essential parameter
for such a delicate product, depends on various parameters such
as:
i. Orientation of coolant jet (o) [32]

ii. Blowing ratio (M)

iii. Density ratio

iv. Surface profile to be cooled

v. Free stream turbulence

vi. Effect of near wall transport and interfacial mixing.
Mathematically, the cooling effectiveness can be expressed in a

dimensionless form as:
77 — Too _TW
Too _TC
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Where, * is temperature of mainstream, W is for wall

N P
temperature (adiabatic), € is temperature of coolant.
The blowing ratio (M) can be expressed as

M — chc
Pt @
where p denotes density, U denotes velocity, subscript ¢ and o
denotes coolant and mainstream respectively.

Lot of research has taken place for cooling effectiveness,
orientation of coolant jet, blowing ratio, density ratio etc. Bunker

2. MATERIALS AND METHODS

For analysis of the proposed methodology, a rectangular
model with a hole is created in solid modeling software. Hole has
been provided at an angle of 30° (forward) and -30° or 30°
(backward) with horizontal (Figure 2 (a & b)). The model
resembles the implant and the hole is for fixing the implant with
the affect bone. The same hole would be used for the cooling

[4] concentrated on shaped holes in his review work on film
cooling whereas effectiveness obtained with a single cylindrical
hole and row of holes was subsequently given by Goldstein et al.
[5-6]. They found that maximum effectiveness was with blowing
ratio (M) 0.5 and density ratio (DR) 1.0. Bergeles et al. [7-8]
studied the behavioural pattern of a single discrete jet injected
normally and at an angle of 30° to the cross-flow and phenomena
of jet lift-off and cross-flow penetration was established.
Andreopoulus and Rodi [9] found a vortex pair with counter
rotation in the downstream of jet injection when they introduced
an isolated normal jet in cross-flow. Yuen and Martinez [10]
investigated film cooling effectiveness using a cylindrical hole
positioned at 30°, 60° and 90° to cross-flow. They inferred that in
downstream region of the hole, maximum effectiveness occurred
at a blowing ratio < 0.5 and that also using single 30° hole. Their
other literature [11-12] was on the study of heat transfer
coefficients and film cooling effectiveness for a series of circular
holes with a different angle of injections. T. Wang and X. Li [13]
used FLUENT to investigate film cooling performance by
introducing water into the cooling air. Lange et al. [14] used
imperfect or distorted hole on cooling effectiveness. The
calculations were done for the cooling effectiveness, in presence
of imperfection at a different position. G.Li et al. [15] worked on
effects of different hole shapes on film cooling using CO2. Becchi
et al. [16] studied adiabatic effectiveness distributions on three
trailing edge cooling system. The effect of sister holes on a
circular shaped hole’s performance was carried out by
Khajehhasani and Jubran [17] using K-¢ turbulence model. They
could able to capture the effectiveness with good accuracy. Using
Large Eddy Simulation (LES) the effect of density ratio of film
coolant and mainstream hot gas was investigated by Oda et al.
[18]. They found that the density ratio of film coolant and hot
mainstream has a remarkable impact on the film cooling
effectiveness distribution on the cooled surface, and therefore it
should be considered in the design process of cooling. Singh et al.
[19] carried out experimental and numerical study to find an effect
of reverse coolant injection on cooling effectiveness at Reynolds
number 3.75 x 10° based on main flow for a circular hole at a
various angle of injection. They concluded that among all angle of
coolant injection, 30°injection showed the best cooling
effectiveness. They also found that reverse coolant injection
showed better cooling effectiveness than forward coolant injection
for their range of experimentation. Mishra et al. [20] found that in
reverse injection of coolant, weighted area average of cooling
effectiveness found is more than that for forward coolant injection
at higher velocities due to better spreading of the cold fluid. They
concluded that more uniform cooling effectiveness is possible
using backward coolant injection.

purpose. In present work, cooling effectiveness for selected
blowing ratios (M = 0.3, 0.50, 0.8, 1.0, 1.3, 1.6 and 2.0) were
computationally investigated. The velocity and the temperature of
the main free-stream were taken as 5m/s and 600K respectively.
The injected coolant temperature was 300K.
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Figure 2.3D model of the implant with hole.

a) 30° (forward); b) 30° (backward) with horizontal.

b)
Coolant injection velocities were calculated based on Equation 2
which is shown in Table 1. The computational mesh for analysis
was created using ICEM CFD. Optimized mesh consists of
490000 hexahedral cells.
The model has been imported into ANSYS as shown in Figure 3.

Table 1.Blowing ratio and coolant inlet velocity.
Sl. No Blowing Coolant velocit

3. RESULTS

As stated earlier, the primary deciding factor for the
effectiveness and longevity of the orthopedic implants primarily
concentrates on the cooling effectiveness.

Forward injection of coolant Backward injection of coolant

=
E I

Distance along the length(m) Distance along the length|m]

Figure 4.Centreline effectiveness; (a) Forward coolant injection, (b)
Backward coolant injection.

a) b)
Figure 5. Contours of cooling effectiveness on the plate surface
downstream of the coolant hole (a) forward injection(b) backward
injection of the coolant.

The simulation study has been done using Fluid Flow
Simulator Analysis software i.e. FLUENT. The developed model
was validated with experimental values available in literature of
Yuen and Botas [11] using standard k-€ turbulence model to

ratio (M) (Uc) m/s

1 0.3 0.75
2 0.50 1.25
3 0.8 2.0
4 1.0 2.5
5 1.3 3.25
6 1.6 4.0
7 2.0 5.0

a) b)
Figure 3: Imported Model.
a) Computational model b) Meshed model for the analysis.

determine the cooling effectiveness and found to be in excellent
agreement between experimental data and present computation.
Hence, the same methodology has been adopted for further
computational studies. For the entire computational work, 30°
coolant injection has been chosen (Singh et al.[19]).

The variation of centreline cooling effectiveness
downstream of the hole has been plotted at different blowing ratio
for 30° forward and backward coolant injection and are shown in
figures 4 (a-b ) respectively.

From figure 4(a) it is observed that centreline cooling
effectiveness increases with the blowing ratio up to M=1.3 then
starts to decrease. This is because after a certain blowing ratio, jet
lift takes place and hence reduces the effectiveness. From figure
4(b) for the case of backward coolant injection, the same trend of
centreline cooling effectiveness has been observed as observed in
case of forward coolant injection, but the maximum cooling
effectiveness has been observed for blowing ratio M=1.6. This is
because to the fact that after a certain blowing ratio, jet lift takes
place which reduces the effectiveness due to mixing of hot and
coolant fluids. Figure 5(a-b) show contours of cooling
effectiveness on the plate surface downstream of the coolant hole
at different blowing ratios for forward injection and backward
injection of the coolant. From figure 5(a) it is observed that
weighted area cooling effectiveness increases with increase in
blowing ratio upto 1.3 and then it decreases with further increase
in blowing ratio. This trend of weighted area cooling effectiveness
is also observed in the case of backward injection of coolant, with
only difference is that the maximum weighted area coolant
effectiveness for backward injection is at blowing ratio 1.6.
Comparing figures 5(a) and 5(b) it is observed that the backward
injected coolant spreads more on the plate surface as compared to
forward injection, hence more uniform cooling effectiveness is
possible using backward injection of coolant.
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4, CONCLUSIONS
The present work was aimed at a critical situation where an
orthopedic implant of titanium alloy (Ti-6Al-4V) is to be
manufactured ensuring that it not only resists loosening or
migration but also is thermally stable and does not damage
surrounding tissues or organs. The proposed methodology offers
solution to both of the above. Fluid Flow Simulator Analysis
software i.e. FLUENT has been employed for the simulation
study. The developed model was validated with experimental
values available in literature and was found to agree with them.
The circular hole produced at 30° forward and 30° backward as
indicated in the literature were used for the work. Atmospheric air,
used as coolant, was injected at different blowing ratios and the
cooling effectiveness was evaluated. It was observed that:
i In the case of forward injection centreline cooling
effectiveness increases with the blowing ratio up to 1.3 then starts
to decrease whereas in case of backward injection the same
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