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ABSTRACT

The present study deals with the flow dynamics and heat transfer parameters under laminar flow conditions in the
cylindrical tube geometry. The fluid velocity distribution, temperature profile, and exit parameters were analyzed
considering the variables of tube length (80—120 mm), entry radius (12—-20 mm), and entry temperature (333413 K).
With the help of ANSYS Fluent, Response Surface Method (RSM) and Box-Behnken experimental design (BBD),
46 different scenarios have been analyzed. The results indicate that narrow inlet diameters not only affected the
boundary layer formation by increasing the velocity gradients but also linearly increased the exit temperature as the
temperature increases. Moreover, as the pipe length increases, it is found that the flow development region elongates
and the temperature differences fall. Flow regimes were evaluated through Reynolds and Nusselt numbers, and model
accuracy was proven with over 95% regressive coefficient. This study contributes to the determination of the optimal
flow and heat transfer conditions in cylindrical pipes. It enriches the literature with good quantitative data about the
relationship between geometric and thermal variables and flow behaviors, and provides useful tips for heating units
and industrial processes that function with laminar flow delivery.
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OZET

Bu ¢aligma, silindirik boru geometrisinde laminer akis kosullar1 altinda akig dinamigi ve 1s1 transfer parametrelerini
incelemektedir. Boru uzunlugu (80—-120 mm), giris yarigap1 (12—20 mm) ve giris sicakligi (333—413 K) degiskenleri
dikkate alinarak, akiskan hiz dagilimi, sicaklik profili ve ¢ikis parametreleri analiz edilmistir. ANSY'S Fluent, Yanit
Yiizey Yontemi (RSM) ve Box-Behnken deney tasarimi (BBD) kullanilarak 46 senaryo degerlendirilmistir. Sonuglar,
dar giris caplarinin hiz gradyanlarmi artirarak smir tabaka olusumunu etkiledigini ve sicaklik arttikca gikis
sicakliginin dogrusal olarak yiikseldigini gostermektedir. Ayrica, boru uzunlugunun artmasiyla akis gelisim bolgesi
uzamakta ve sicaklik farklar1 azalmaktadir. Caliymada akis rejimleri Reynolds ve Nusselt sayilarn ile
degerlendirilmis, model dogrulugu %95’in lizerinde regresyon katsayisi ile kanitlanmigtir. Yapilan bu c¢alisma ile
silindirik borularda optimal akis ve 1s1 transfer kosullarmin belirlenmesine katki saglanmaktadir. Geometrik ve termal
degiskenler ile akis davraniglar1 arasindaki iligkiye dair saglam nicel verilerle literatiirii zenginlestirmekte ve laminer
akisla ¢alisan 1sitma iiniteleri ile endiistriyel siirecler icin faydali ipuglar1 saglamaktadir.

Anahtar Kelimeler: CFD, deneysel tasarim, basing, 1s1 transferi, reynolds sayist

ToCite: TAN, F., & SATI, O. V., (2025). NUMERICAL INVESTIGATION OF THERMAL AND
STRUCTURAL BEHAVIOR IN INJECTION-MOLDED FEMUR IMPLANTS. Kahramanmaras Sutcu
Imam University Journal of Engineering Sciences, 28(3), 1309-1319.
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INTRODUCTION

Cylindrical pipes in fluid mechanics and heat transfer applications are widely employed in industrial and engineering
processes. In these systems, the fluid’s velocity distribution and temperature variation change significantly depending
on the pipe geometry and inlet conditions. Parametric analyses are good ways of checking the impacts of this study
in order to find out the best possible design criteria.

D. Sumner studied how transverse and longitudinal spacing between cylinders, along with Reynolds number, affect
flow patterns, aecrodynamic forces, vortex formation, and other related parameters (Sumner,2010). Commodore
Nagesh et al. analyzed the stress distribution across the thickness of different cylindrical models in ANSYS. They
tested the accuracy of the numerical model for a composite tube under internal pressure. The proposed boundary
conditions were validated, showing that a single circumferential element was sufficient. This approach significantly
improves computational efficiency in structural analysis. The study highlights the importance of effective boundary
conditions in enhancing the accuracy and efficiency of parametric analyses (Nagesh et al.,2023). Li et al. studied the
effects of different loading conditions on maximum stresses in a cylinder using the finite element method (Li et
al.,2012).

Panagiotis E. Chatzistergos et al. compared experimental and numerical results to demonstrate the importance of
parametric studies. Their findings confirmed that this approach significantly improves accuracy (Chatzistergos et
al.,2010). Halime Celik and Nezaket Parlak investigated single-phase laminar water flow and heat transfer in a
microchannel with a rectangular cross-section. The channel contained six fins, and parameters such as fin length,
width, and angle were analyzed. Computational Fluid Dynamics (CFD) software was used to determine the optimal
geometry. The analysis was conducted for Reynolds numbers between 70-210, and the results were compared. This
study highlights the importance of geometric optimization for single-phase flow and heat transfer in microchannels
(Parlak and Celik,2018).

Jing, D et al. analyzed the effects of FVG on mixing efficiency and pressure loss at different Reynolds numbers (Jing
et al.,2023). Bisagni, C. et al. conducted a fluid mechanics analysis to study the behavior of a cylindrical pipe system
under dynamic loading. They used parametric analysis to examine how temperature differences and air velocity
inside the pipe affect system efficiency and pressure losses (Bisagni et al.,2020). Bhowmick, S., et al. investigated
the effects of hot and cold air inlet positions and geometric parameters on the dynamic behavior of the internal fluid
and pressure losses in a cylindrical pipe using parametric analysis (Bhowmick et al.,2018). Qin, B et al. analyzed the
effects of different flow conditions, pipe geometry, and hot-cold air inlets. They used parametric analysis to study
thermal and fluid dynamic behavior (Qin et al.,2020).

Kadry, A. A., et al. developed a new mathematical model to accurately predict the capacity of multi-planar pipe
connections. The model was validated using data from ANSYS-based parametric analyses. It provides separate
equations for local and global beam failures and shows 92.5% accuracy when compared to experimental results. This
demonstrates its potential as a reliable and efficient tool for industrial applications (Kadry et al.,2022). Celik, E. et
al. performed numerical simulations using Fluent CFD software and examined performance under various boundary
conditions in detail (Celik et al.,2020). Mangrulkar, C. K., et al. conducted parametric analyses to optimize heat
transfer by studying dynamic processes such as vortex formation and flow separation during the flow of hot fluids
over cylindrical surfaces (Mangrulkar et al.,2019).

Li, M. Z., et al. and Kishor S. Rambhad et al. used a parametric analysis approach to study the effects of different
pipe diameters, inlet conditions, and flow velocities. Their research provides a strong foundation for understanding
the dynamic behavior of pipe systems with varying temperature and velocity inlets (Li et al.,2020- Rambhad et
al.,2021). Tan, X., et al. analyzed the effects of a multi-inlet design on thermal performance and flow characteristics
in a cross-flow system. Numerical results showed that optimizing flow velocity and temperature distribution can
enhance heat transfer while minimizing pressure drop (Tan et al.,2021).

Erding, M. T., et al. used various software tools to solve heat transfer and fluid mechanics problems, with ANSYS
Fluent being one of the most reliable. However, it could not directly calculate dimensionless parameters like local
and average Nusselt numbers, requiring additional post-processing, which was time-consuming when parameters
changed. ANSYS Workbench allowed the calculation of Nusselt number, entropy generation, and the angles between
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velocity vectors and temperature gradients. This study analyzed heat transfer using an example model with irregularly
arranged plates, and the results were presented (Erding et al.,2015).

Jing, D. et al. conducted a numerical study on the effects of a flexible vortex generator (FVG) on fluid mixing at
different Reynolds numbers. They analyzed how the horizontal and branching lengths of a Y-shaped elastic filament
influence mixing efficiency and pressure loss. Results showed that at Re=50, a filament with large horizontal and
branching lengths significantly improved mixing. However, at Re=10 and 90, it was ineffective and even reduced
mixing while increasing pressure loss. These findings highlight the importance of optimizing branching length to
maximize fluid mixing efficiency (Jing et al.,2023).

Doba, F. and Ogulata, R. T., tested a cross-flow plate heat exchanger in a laboratory to evaluate its efficiency.
Experiments measured temperature, air velocity, and pressure losses, while entropy generation was analyzed based
on the second law. The study examined how entropy generation changes with parameters such as flow path length,
mass flow rate, heat transfer area, and volume. Results were presented with graphs. This research contributes to
designing more efficient heat exchangers, reducing energy losses, and improving thermal system performance (Doba
and Ogulata,2000). Zena K. Kadhim et al. compared the use of plain and finned tubes in cross-flow heat exchangers
through CFD analysis. Experiments measured temperature differences and heat transfer coefficients at specific air
velocities and water flow rates. Results showed that finned tubes provided higher heat transfer performance than
plain tubes. This study highlights the advantages of finned tubes in improving heat exchanger efficiency and energy
savings (Kadhim et al.,2016).

Previous studies have looked into different aspects of the fluid's movement and thermal exchange in cylindrical
structures. However, the majority of them focused on just one variable, like the velocity of the fluid at the inlet or the
diameter of the pipe, or used experimental devices with limited variable control. Chatzistergos, P. E. et al. (2010) and
Qin et al. (2020) focused on structural performance or dynamic behavior under specific loadings, and then only
Kadry, A. A., et al. (2022) and Jing, D. et al. (2023) were mainly engaged in the output of particles by geometric
optimization or mixing efficiency. Nevertheless, the literature lacks a systematic numerical investigation that applies
a statistically validated design of experiments when considering the concurrent influences of geometric and thermal
factors such as inlet diameter, pipe length, and temperature. Unlike existing research, it provides a statistically
validated model for predicting flow and heat transfer responses under laminar conditions and delivers quantitative
insights into how key input variables interact to affect performance metrics such as outlet velocity, temperature,
Reynolds, and Nusselt numbers.

In this study, the flow characteristics and heat transfer processes under various pipe lengths, inlet diameters, and inlet
temperatures have been analyzed. The solutions of continuity, momentum, and energy equations were obtained using
Computational Fluid Dynamics (CFD) method, and the parametric design was carried out using Response Surface
Methodology (RSM). The objective of the study is to set the speed distribution and temperature profiles for the
cylindrical tube systems, identifying fluid dynamics to be optimized.

MATERIALS AND METHODS
Numerical Model

Computational Fluid Dynamics (CFD) is a useful method for analyzing the effects of selected parameters on a
physical model in a virtual environment. By defining parameters as variables, experimental design can be applied
through simulations. In this study, the selected parameters are the main inlet pipe diameter, cold fluid inlet velocity
and temperature, and total pipe length. The physical model includes six opposing circular inlets, each with a 4 mm
diameter. The main inlet pipe has a diameter range of 12—20 mm and a total length of 80—120 mm. The experimental
design was conducted using the Box-Behnken method.

The commercial ANSYS Fluent 2022 R2 software was used to solve the physical model. To model the flow behavior,
the continuity, momentum, and energy equations were applied for a two-dimensional, laminar, incompressible, and
developed flow. The continuity equation for two-dimensional incompressible flow is:

ou Ov
dx 0dy 0 (1
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It is used as follows:

x = Dimension in the flow direction

y = Dimension perpendicular to the flow direction
u = Velocity component in the x-direction

v = Velocity component in the y-direction

Similarly, for a two-dimensional, steady, incompressible laminar flow, the momentum equations for the x and y
directions are given below:

The x-direction momentum equation is as follows.

ou ou 10P 0%u  9%u
ugi v =5+ v (it 50) @)
The y-direction momentum equation is as follows.
ax ay ~  pdy ox?  ay?
It is used as follows. Here,
P = Pressure (Pa)
p = Fluid density (A/mm?)
v = Kinematic viscosity (m? - s™1)
The energy equation for two-dimensional, fully developed, incompressible, laminar flow is:
oT aT a%T | 9%T
uge vy =a(Ga+5) @

a= % - ¢, Thermal diffusivity coefficient,

k = Thermal conductivity coefficient, (W / m-K)
¢p = Specific heat capacity at constant pressure, (kJ / kg-K)

In this study, the given equations were solved using ANSYS Fluent, considering the necessary boundary conditions.
The velocity and temperature distributions in the channel were determined.

Geometry

The physical model includes six cold fluid channels connected to an axial main inlet. The dimensions and 3D view
of the model are shown in Figures 1 and 2. Aluminum was chosen as the material for the pipe system.

00 2000 20,00 (mim) zA
J

1000 3000

Figure 1. 3D Model
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Figure 2. Model Dimensions

The table below presents the parameter limits and variables of the physical model. The fixed values of H3 and D7,
along with the cold fluid inlet velocity and temperature, are also specified in the table. The specified boundary values
for the primary geometric and thermal parameters employed in the simulations are displayed in Table 1. The stepwise
change of the pipe length, inlet radius, inlet velocity, and inlet temperature was carried out in such a way that the
resultant flow and thermal behavior of the system could be studied.

Table 1. Parametric Boundary Values

Parameters Boundaries Unit

L 80-120 mm

H1 12-20 mm

H1 Velocity 0.002-0.004 m/s
H1 Temperature 333-413 K

Table 2 contains fixed parameters over all the simulation scenarios, including cold inlet channels dimensions,
velocity, and temperature ratios. The determination of these parameters guarantees a steady and reproducible
boundary condition for every simulation scene.

Table 2. Parameter Table

Parameter Value Unit

H3 16 mm

D7 4 mm
cold_inlet_1_Velocity 0.005 m/s
cold_inlet 2 Velocity 0.005 m/s
cold_inlet 3 Velocity 0.006 m/s
cold_inlet 4 Velocity 0.006 m/s
cold_inlet 5 Velocity 0.007 m/s
cold_inlet 6 Velocity 0.007 m/s
cold_inlet 1_Temperature 313 K
cold_inlet 2 Temperature 313 K
cold_inlet 3 Temperature 303 K
cold_inlet 4 Temperature 303 K
cold_inlet 5 Temperature 293 K
cold inlet 6 Temperature 293 K

Mesh

Although the flow inside the volume is laminar, mesh quality is crucial and directly affects the results. Therefore,
improvements were made to enhance mesh quality. The mesh structure of the model is shown in Figure 3. An element
size of 0.0015 mm was used. The final model consists of 13,193 mesh elements and 63,142 nodes.
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Figure 3. Mesh View (A. Side View, B. Isometric View)
Boundary Conditions and Settings

In the analysis, the fluid entered the system with a temperature of 373 K and a velocity of 0.003 m/s. The fluid used
was pure water, and its material properties were kept constant. The thermophysical properties at T =298 K are given
below. Here, p is dynamic viscosity, p is density, Cp is specific heat capacity, and k is thermal conductivity.

Table 3. Water Physical Properties

n (Pa.s) 8,8325x10*
k (W/mK) 0,601
Cp (j/kgK) 4175,78
P (kh/m) 9982

The flow regime in the control volume is laminar, and the results indicate steady-state flow. Water was used as the
working fluid, and the contact surface was frictionless aluminum. The boundary conditions of the physical model are
shown in Figure 4. The model includes six cold fluid channels connected to the main flow (hot fluid inlet). The
main flow temperature ranges from 333 K to 413 K, while the velocity varies between 0.002 m/s and 0.004 m/s.

H1: hotinlet
H3: outlet
1,2,3,4,5,6 cold inlet

[=—continuity
| x-velocity
[ y-velocity
[—2z-velocity

- NT—

0 100 200 300 400 500 600 700 800 900 1000
Iterations

Figure 5. Residual Graph
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As seen in Figure 5, 1000 iterations were performed. The solution converged after 400 iterations, with an error rate
lower than 107>

Experimental Design

Parametric analysis evaluates data based on related parameters and calculates results accordingly, reflecting them in
a parameter table. To establish the mathematical relationship between parameters, an experimental design approach
was used. A total of 46 analyses were conducted using the RSM Box-Behnken method. The performance of the Box—
Behnken Design (BBD) plan used in this study contributed to the achievement of the objectives since it successfully
reduced the number of simulations while maintaining the same accuracy and reliability of the model were maintained.
The BBD does not include extreme combinations of parameter levels, which makes it a fast and safe option in both
virtual and physical experiments. This situation is more typical of the one occurring in this work, where it is the
quadratic effects of several variables in the range of practicality that are the main concerns. Tungel et al. (2024)
displayed the same advantages in their research as they were able to use BBD to increase the strength of PETG
samples by reducing the number of trials while still getting significant statistical results in the end.

The ANOVA table generated by the method showed a regression coefficient above 0.95, indicating high reliability.
Although no specific experiments were conducted to validate this study, the accuracy of the simulation results was
supported by numerical verification. Additionally, the residuals were brought to a low point of less than 107° and the
coefficient of determination (R? > 0.95) derived from the response surface model is a reflection of the statistical
reliability of the predictions. The ANOVA table is shown in Table 4. The response surface model images for velocity
and temperature results are presented in Figure 6. The parameter selected for the present project, the pipe length (80—
120 mm), inlet radius (12—-20 mm), and inlet temperature (333—413 K), was chosen based on the data and informed
practices available in the earlier literature. For example, Parlak and Celik (2018) have used similar inlet specifications
in their microchannel heat transfer studies, and also, Sumner (2010) and Jing, D. et al. (2023) looked into comparable
conditions for thermal loads in cylindrical geometries. These periods would solicit both low and moderate high
thermal gradients, thus the dependable assessment of flow development and heat transfer behavior could be carried
out by using the nearby applications.

Velocity (m/s) Temperature (K)

00035 00035

B: Hot Velocity (m/s)
g

B: Hot Velocity (m/s)
g

0,0025

A: Cold Radius (mm) A: Cold Radius (mm)

a b
Figure 6. a) Velocity and b) Temperature Response Surface Model Results

Table 4. Anova Table

Std. Dev. 7,316E R? 1,000

Mean 0,0054 Adjusted R? 1,000

CV.% 0,0135 Predicted R? 1,000
Adec PrecisionR? 9228,3535

Input parameters;

D7 cold radius (mm) = Inlet diameter of small pipes
hot_velocity (m/s) = Fluid inlet velocity
hot_temperature (K) = Fluid inlet temperature
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H1 inlet radius (mm) = Inlet channel radius
V2 pipe length (mm) = Geometry length

Output parameters;
outlet_velocity (m/s) = Fluid outlet velocity
outlet_temperature (K) = Fluid outlet temperature
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w42

0,0052355 EZEY)
0,0052341 47,05
| o,082341 21,7
["o,0052341 253
0,0052355 %9
o 0oz 3,73
00092332 ey

zlelzls

00069911 335,65
00059885 37

|05 47,08

["o.0052341 [ 08
o008 X
o002 o
00092332 ey

g g
EEEEE R AL

g8

0,007
0,007

== B2
0,004 390,27
60082342 347,08

EEI A EAE IR R A A

=3 [ooo7 5
=3 0,007 £
007 [

I A B R B E I E EEEEEEEE
g

g8
'|8|88|E|B B |8 B|B|B B|B[5|E

Figure 7. Parametric Result Table

In the images above, the outlet velocity and outlet temperature, which correspond to the given input parameters, were
calculated using the parametric analysis method.

RESULTS

The research aims at investigating the effects of different inlet parameters, flow dynamics, and heat transfer on
cylindrical pipes by employing a parametric analysis method. The numerical effects of the diameters of the input, the
length of the pipe, and the input temperature on the output velocity, temperature distribution, and flow characteristic
are found through simulations implemented with ANSY'S Fluent software.

Based on the results obtained, the output speed has increased as the input diameter has reduced. For example, if the
input is a 12mm diameter, the average output velocity will be calculated to be 0.0068 m/s. In contrast, the outlet
velocity of 0.0042 m/s is already less when the input diameter is 20mm. The reason for this is the acceleration of the
fluid in the narrowed portion and, as a result, the increase in the speed of the flow. In wider entrances, it has been
observed that the fluid is moving with a lower velocity.

The effect of the inlet temperature was examined, and it was found that the temperature difference showed a linear
change depending on the inlet temperature. For the input temperature 333 K, the output temperature was calculated
as an average of 315 K, while the exit temperature for the input temperature 413 K was raised to the 398 K level
exactly. This situation shows that the heat transfer occurring inside the pipe increases directly along with the inlet
temperature, and the output temperature also increases similarly.

The increase in outlet velocity resulting from the decrease in inlet diameter is a consequence of the principle of
conservation of mass, in which the diminishment of cross-sectional area elicits an escalation of flow under constant
volumetric conditions. This observation complies with the classical laminar flow behavior seen in narrowing
geometries. In the same way, the steady growth in outlet temperature as the inlet temperature rises signifies an
appropriate surge in heat energy, which fuels convective heat transfer along the pipe walls. Therefore, in the absence
of phase change or turbulence, convective heat transfer along the pipe walls is directly influenced. The temperature
difference became less pronounced as the length of the pipe went up, which indicated a thermally developed flow
regime. It was more or less the same for theoretical predictions of laminar regimes. Inlet radius and inlet temperature
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were the factors that primarily influenced the outlet velocity and the Nusselt number, indicating their pivotal roles in
thermal system design.

- 0.000e+00
[m s-1]

Figure 9. System Velocity Results

The impact that the length of the pipe had on the fluid behavior was also studied. In the 80 mm length pipes, the
temperature difference was calculated to be 22 K, whereas in the 120 mm length pipes, this difference decreased to
14 K. The reflection from the pipe boundary to the flow direction was proportional to the entrance length, and hence,
the higher entrance length led to a larger acceptance region of the pipe surface boundary and, in effect, made the flow
a fully developed one. The vortexing flow boundary moves with the time-dependent velocity of the suspended
particles, then it is not dependent on the particle radii.

According to the Reynolds number, the value changed between 120 and 320 depending on the diameter and rate of
velocity. The Reynolds number is determined to be higher due to the increase in velocity in small-diameter pipes.
These values confirm that the system under consideration is operating in the laminar flow region. In the laminar
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regime, flow continuity and heat transfer occur following the flow of the fluid layer touching the surface due to the
dominance of viscous forces.

After a variety of parameters have been tested for it, the Nusselt number has fluctuated between 18.4 and 32.7.
Increasing the Nusselt number was found in high inlet velocities, and this means that as a result of the speed of the
flow increasing, the convective heat transfer coefficient also goes up. Nusselt number was also found to be bigger
through narrow inlet diameters because the reason that velocity is higher.

Results are largely consistent with the approach taken in other studies in the area. It is known from the literature that
small inlet diameters promote velocity gradients, resulting in intensified flow; the temperature difference depends on
the pipe length, and the flow regime is directly linked to Reynolds and Nusselt numbers. Therefore, the present work
agrees with the previous experimental and numerical studies made in the literature.

A regression coefficient above 0.95 is one of the solid proofs of the accuracy and trustworthiness of the obtained
model. These analyses provide major data about optimizing pipe systems. For the studies to be conducted in the
future, the turbulent flow regimes used for the analysis should be further detailed with different materials and
expanded parameter ranges.

In a practical sense, the findings can guide the initial design of systems such as heat exchangers, microchannel cooling
devices, and those in which laminar flow predominates. The parametric framework and statistical model introduced
can be modified to perform the optimization tasks, thus allowing engineers to assess the thermal performance
accurately and in a short time without having to create full-scale physical prototypes.
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