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Abstract: This study presents the design and thermodynamic
analysis of a novel biomass-based trigeneration system intended
for building applications. The system integrates an open
Brayton cycle, a supercritical carbon dioxide Brayton cycle, and
a high-performance absorption chiller. Energy and exergy
analyses were employed to evaluate system performance. A key
innovation lies in the use of a hot box for efficient heat recovery,
enabling the absorption chiller to achieve a coefficient of
performance (COP) of 82%. Under baseline conditions, the
system demonstrates energy and exergy efficiencies of 83.65%
and 47.78%, respectively, with total exergy destruction reaching
4366 kW. Raising the hot box outlet temperature to 160°C
further improves the chiller’s COP to 82.21% (energy-based)
and 32.33% (exergy-based). Parametric analysis indicates that
preheating air temperature, CO, turbine inlet temperature, and
hot box outlet temperature have a substantial impact on system
behavior. The results confirm the system’s strong performance
and adaptability, underscoring its suitability for integration into
hybrid energy systems utilizing renewable resources.

Keywords: Multigeneration,  Biomass,  High-Efficiency
Absorption Chiller, Supercritical Carbon Dioxide Brayton
Cycle, Energy and Exergy Analysis.

1. Introduction

The depletion of fossil fuels and the rise in greenhouse gas
emissions have increased the demand for sustainable and
high-efficiency energy systems [1]. Traditional fossil fuel-
based power generation faces major challenges, including
unstable fuel prices, high costs, and severe environmental
impacts [2]. Buildings are responsible for nearly 40% of
global energy consumption, with heating and cooling
accounting for about 80% of this usage [3]. Among renewable
energy sources, biomass is particularly attractive due to its
wide availability and ability to produce heat, power, and
biofuels [4]. Integrating biomass with advanced technologies
can help reduce fossil fuel dependency and emissions while
supporting environmental sustainability [5]. Combined heat
and power (CHP) and combined cooling, heating, and power
(CCHP) systems are effective solutions for improving overall
efficiency, saving 20-30% more energy compared to

conventional plants [6]. However, most previous biomass-
based CCHP studies have focused mainly on producing
chilled water using absorption refrigeration cycles, neglecting
the potential to simultaneously generate hot water. This study
proposes a novel biomass-based CCHP system that integrates
direct biomass combustion, a supercritical CO2 Brayton
cycle, and an ammonia—water absorption refrigeration cycle.
The system includes a multi-stage heat recovery unit, called
the hot box, which captures waste heat at three different
points and transfers it to the absorption cycle to produce both
chilled and hot water with a COP above 82%. The schematic
layout of the proposed system is shown in Figure 1,
highlighting its three main subsystems: the biomass
combustion chamber, the supercritical CO2 cycle, and the
absorption refrigeration unit. This design maximizes waste
heat recovery, significantly improving the energy and exergy
efficiencies of the system. The main objectives of this work
are to design and analyze the proposed CCHP system,
evaluate its performance through comprehensive energy and
exergy analyses, and introduce the Fuel Saving Ratio (FSR)
as a new performance indicator to assess its potential for
sustainable building energy management.

2. Methodology

Thermodynamic modeling of the designed integrated system
was conducted to evaluate key performance parameters such
as energy efficiency, electrical efficiency, fuel savings rate,
exergy destruction, exergy destruction ratio, and exergy
efficiency. The initial assumptions for the biomass-based
CCHP system included: all components operate under
thermodynamic equilibrium or steady-state conditions;
ambient temperature and pressure are 25°C and 101.3 kPa,
respectively; outlet streams from separators are saturated,;
kinetic and potential energy changes are negligible; pressure
drops in connections and heat exchangers are ignored; the
working fluid in the absorption refrigeration cycle is an
ammonia—water solution; the system is assumed adiabatic
with no heat loss to the environment, allowing exergy

* Manuscript received June 18, 2025, Revised August 31, 2025, Accepted September 08, 2025 .

1 M.Sc. Graduate in Energy Systems Engineering, Faculty of Mechanical Engineering, K. N. Toosi University of Technology, Tehran, Iran.
2 M.Sc. Student in Mechanical Engineering, Faculty of Mechanical Engineering, Ferdowsi University of Mashhad, Mashhad, Iran.

3 M.Sc. Graduate in Aerospace Engineering, School of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran.
4 Corresponding Author: Associate Professor, Department of Mechanical Engineering, K. N. Toosi University of Technology, Tehran, Iran.

Email: msoltani@kntu.ac.ir



https://mechanic-ferdowsi.um.ac.ir/article_47216.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://doi.org/10.22067/jacsm.2025.94113.1339
mailto:msoltani@kntu.ac.ir
https://orcid.org/0009-0006-3926-5702
https://orcid.org/0000-0003-0878-6274

Arash Kalantari, Milad Mehrpooya, Alireza Pourmand, Majid Soltani 2

destruction to be calculated based on the difference between
fuel and product exergy. Following prior studies, the Peng-
Robinson equation of state was employed for gas mixture
property calculations within Aspen HYSY'S software. Mass,
energy, and exergy balances were applied to all system
components to characterize system behavior. Exergy analysis
included calculation of exergy destruction share and exergy
efficiency for each component, with relevant equations and
results tabulated for detailed assessment.

3. Results

This section presents the energy and exergy analysis results
of the integrated CCHP system. The base-case model outputs
include 3001 kw thermal power, 1283 kW cooling power,
and 2085 kW electrical power, with overall energy efficiency,
electrical efficiency, and exergy efficiency of 83.65%,
27.39%, and 47.78%, respectively. The inclusion of a hot box
in the absorption refrigeration cycle significantly improves
the coefficient of performance (COP), achieving 82.21%
(first law) and 32.33% (second law) enhancements. Exergy
destruction totals 4366 kW, predominantly in the biomass
burner (39.46%) and the supercritical CO2 Brayton cycle heat
exchangers, indicating key areas for thermal recovery
improvements. Increasing heat absorption in key heat
exchangers (E-100, E-101, and E-104) enhances both
cooling/heating output and electrical generation. Exergy
efficiency comparison shows phase separators perform best,
while heat exchangers have substantial potential for
thermodynamic optimization. Compared to similar biomass-
based studies, the proposed system demonstrates superior
COP, energy, and exergy efficiencies, mainly due to thermal
integration, hot box utilization, and a recuperator in the
supercritical CO2 cycle. Fuel savings analysis confirms the
process’s strong potential for energy conservation and
effective replacement of conventional systems through
advanced thermal integration.
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Figure 1 Overall schematic of the new CCHP system

4. Conclusion

This study proposes a novel biomass-fueled integrated CCHP
system featuring multi-stage heat recovery from a gas turbine.
The system demonstrates superior fuel savings and higher
energy and exergy efficiencies compared to previous similar
studies. A key innovation is the high-efficiency absorption
chiller achieving a coefficient of performance (COP) above
82%, enabled by the use of a hot box and enhanced heat
recovery. Energy and exergy analyses, alongside targeted

sensitivity assessments of critical parameters, reveal that the
hot box significantly improves the overall exergy efficiency
of the CCHP system. The results indicate that the inlet
temperature of supercritical CO2 to the turbine has a more
pronounced effect on energy and exergy efficiencies than the
combustion air preheating temperature. Notably, increasing
the CO2 turbine inlet temperature yields similar qualitative
effects to raising the air preheat temperature, with heating and
cooling outputs of the absorption chiller remaining stable—
implying balanced energy transfer through the hot box. Key
findings include a fuel savings rate confirming the system’s
strong potential as a thermal integration solution, exergy
destruction mainly concentrated in the biomass burner
(39.46% of total 4366 kW), and maximum permissible
temperatures identified as 750°C for air preheating, 700°C for
CO2 turbine inlet, and 170°C for the hot box outlet. Under
these optimal conditions, heat absorption in heat exchangers
100, 101, and 104 is maximized, resulting in exergy
efficiencies of 51%, 54%, and 53%, respectively.
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Abstract-- Injecting green hydrogen into natural gas is
considered a renewable energy storage method. It is a cost-
effective option for providing heat and electricity to
residential and commercial sectors while reducing the carbon
content of natural gas networks. By injecting less than 10%
hydrogen into natural gas, there is no need to change the
combustion infrastructure. The aim of this study is to
investigate hydrogen injection into the urban gas
transmission network by numerically simulating the
combustion chamber of a natural gas and hydrogen mixture
and finding the appropriate natural gas/hydrogen ratio by
examining the combustion characteristics. For this purpose,
the conservation equations of mass, momentum, energy and
chemical components have been solved numerically.
Comparison of the results of the present method with the
experimental results, shows the high agreement and accuracy
of the solution method. The results show that adding
hydrogen increases the temperature and flame elongation,
reduces carbon dioxide emission, increases water and the
amount of NOx produced. In the case of 2.5% hydrogen, the
heat of reaction is reduced compared to pure methane, but
gradually and with increasing hydrogen percentage, the heat
of reaction increases.

Key Words: Numerical Simulation, Mixed fuel, Hydrogen,
produced NOx, Combustion chamber

1. Introduction

Due to the economic growth of countries, population
growth, depletion of fossil fuels, volatility of fuel prices,
the need for energy security, and also the pollutants
resulting from the combustion of common fossil fuels such
as diesel, oil, and coal, the development of renewable and
less polluting energy sources is very important. The most
important of these sources are solar energy, wind energy,
geothermal energy, biogas, and hydrogen energy. The
calorific value of hydrogen is much higher than that of
methane and diesel fuel. Hydrogen is the lightest gaseous
substance in the world and is considered one of the
cleanest fuels available. One of the methods that eliminates
the challenges of using hydrogen is injecting it into the

municipal gas network and creating a mixture of hydrogen
and gas [1]. Finding the right ratio of hydrogen to natural
gas is one of the challenges ahead. The aim of this research
is to simulate the combustion of a mixture with certain
ratios of natural gas and hydrogen and to investigate
combustion characteristics such as calorific value,
combustion temperature, flame length and pollution level
for injecting hydrogen available in industries into the
urban gas network.

2. Governing Equations

The combustion chamber under study is shown in figure
(1) The flow inside the chamber is assumed to be steady
and compressible. The reactants and products are assumed
to be ideal gases. Buoyancy effects are ignored. The
specific heat capacity is calculated from the mixing law
model. According to the Reynolds number of the flow; the
flow is turbulent and the turbulence model is used to model
this flow.

The conservation equations include conservation of mass,
momentum, energy, and conservation of particles [2].

V.(pu) =0 @
V.(putd) = -Vp+ V.1 )
v.(uch = v.(Dffych 3
V.(pc,iT) = V. (k¥ TVT) 4)

The second-order upwind model has been used to
discretize the continuity, momentum, turbulence, and
species equations in order to increase the accuracy of the
results [3, 4].

3. Results

In order to ensure the numerical simulation, the simulation
results have been compared with the results available in
the reference. there is a very good agreement between
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them. Figure (2) shows the changes in the mass fraction of
carbon dioxide for different percentages of hydrogen in the
fuel input. As the percentage of hydrogen input increases,
the amount of carbon dioxide decreases, and in addition to
stabilizing the flame, it slows down the progress of the
combustion process in the early and middle stages, which
in turn reduces the mole fraction of carbon monoxide and
carbon dioxide in the later stages.

The values of NOx mass fraction are plotted in figure
(3) for different hydrogen percentages along the defined

axis line inside the chamber. It is observed that with
increasing hydrogen fuel fraction at the inlet, the amount
of NOx produced in the chamber increased. According to
the graph, NOx has been produced since the flame was
formed and combustion took place, and as the amount of
hydrogen input increased, the changes in the increase in
NOXx produced became smaller.
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Fig.1. Combustion chamber geometry and boundary conditions
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4. Conclusion

The purpose of this research is to simulate the
combustion of a mixture with certain proportions of
natural gas and hydrogen to find the optimal ratio of
hydrogen to natural gas and to investigate combustion
characteristics such as calorific value, combustion
temperature, flame length, and pollution level for
injecting hydrogen available in industries into the urban
gas network. For this purpose, the equations of mass,
momentum, energy and particles in the combustion
chamber have been modeled using Fluent software,
considering a fuel mixture of methane and different
percentages of hydrogen at the inlet. The results show
that by adding hydrogen, the carbon dioxide emission
rate decreased due to the reduction in the total carbon
rate, the amount of water produced increased, and the
amount of NOx produced in the chamber also increased.
The addition of hydrogen also affects the flame structure
and causes the flame to stretch. At 2.5% hydrogen in the
inlet, the heat of reaction decreased compared to pure
methane; however, gradually and with increasing
hydrogen percentage, the heat of reaction increased.
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Abstract-- The aim of this study is to investigate the injection
of mutable velocity flow from the walls into the magneto
hydrodynamic flow. A dominant term of tangential velocity
is considered and the remaining terms are ignored and the
first order derivative with respect to r is replaced by a
fractional derivative. The equation is transformed into a
nonlinear ordinary differential equation with fractional
derivative using the similarity transformation method and
solved using semi-analytical and numerical methods. The
results show that increasing Re causes a significant increase
in the values of the dimensionless velocity and radial velocity
in the center of the channel, while a slight decrease is
observed in the regions closer to the walls, but in the regions
very close to the walls it is almost unchanged. Increasing Ha
leads to a significant decrease in the maximum velocity. the
velocity vector lines at fixed radial positions become more
uniform. Increasing the Ha also leads to the appearance of
two smaller maximum velocities in the vicinity of the channel
walls.

Keywords: Terms-- Convergent and Divergent Channel,
Fractional Derivative, Injection, Jeffrey-Hamel Flow,
Magneto Hydrodynamic Flow, Semi-Analytical Method

1. Introduction

The effects of injection and suction are substantial on flow
characteristics, including boundary layer behavior, flow
separation, stability management, drag reduction, and
processes of heat and mass transfer. It is well-established
that suction plays a vital role in sustaining boundary layer
stability. On the other hand, injection may promote the
rapid development of instabilities. Both strategies are
effective in curtailing flow separation and drag. Injection
can be utilized to enhance temperature and, conversely,
can act as a thermal insulator by forming an insulating
layer along the walls. In the realm of fluid mechanics,
fractional derivatives serve as an effective means for the
examination of magnetohydrodynamic flows and their
related chemical reactions. This instrument is crucial for
investigating phenomena including free convection, the
influence of thermal radiation, the dynamics of porous
media modeling, nonlocal and memory effects in

turbulence, boundary layer phenomena, and nanoscale
heat transfer, which enhances prediction accuracy [1].
The initial analytical solutions for flow in convergent-
divergent channels were provided by researchers Jeffery
and Hamel [2] , [3]. The study of Jeffrey-Hamel flow is
significant for understanding flow instabilities, mass
transfer processes, and injection effects. The objective of
this research is to conduct an analytical examination of the
influence of fractional derivative and magnetic fields and
variable velocity flow injection from the channel wall on
the velocity distribution within a diverging channel. The
contributions of this study include: the application of
variable velocity for the injected flow, the transformation
of integer derivatives into fractional derivatives within the
governing equations, an exploration of the impact of
varying the order of the fractional derivative, the
utilization of similarity transformations to convert partial
differential equations into ordinary differential equations,
and the implementation of a relatively obscure semi-
analytical method for flow analysis.

2. Governing relations

The divergent channel in polar coordinates features an
opening angle of ao=0/7rad and a radius that ranges

from r=1 to r=4. The primary flow enters radially,

while the secondary flow is introduced from the channel

walls. The fundamental assumptions of this analysis are
outlined as follows:

1. The flow is characterized as two-dimensional, steady,
and incompressible, with the effects of gravity being
disregarded.

2. The radial velocity v, is deemed more significant than

the tangential velocity v, . In the momentum equations,
the prevailing term v, is taken into account, while the

other terms are omitted. The variability of the injection
velocity throughout the channel is acknowledged; this
contrasts with earlier studies that presumed it to be
constant.
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By implementing these assumptions and removing the
pressure variable, the momentum equations in
magnetohydrodynamic flow are reformulated into a
higher-order partial differential equation:

(avravr+ o, laovyov, v, d%,

00 or "oroe r 08 90 r 09° (D)
ey Ly ey Y 1Y,

or tor or’oe r* o0’

1 ov, 10, oB2av,
280 rored  p 00

where v represents the kinematic viscosity, p denotes
the density, o signifies the electrical conductivity, and B,
indicates the strength of the magnetic field. By substituting
the first-order derivative concerning r with the Caputo
fractional derivative of order B (,DP) in the momentum

equation and applying the subsequent dimensionless
similarity transformations:

0
n=— ’ WZrZVwF(n) (2)
(00

In this context, m represents the dimensionless angular
position, F denotes the dimensionless function associated

with the momentum equation, v,, signifies a constant
value, and  is the stream function, for which we express:
3

y _Lov_r 3)

‘ F£=EVWF'1Ve=—onW=—VwFoDrﬁr2

Using the Caputo fractional derivative relation of the
power function [4]:

4
D= F@a+l) ., 4
'a-y+1)

And by applying the dimensionless parameters of the
Reynolds number and the Hartmann number, which are
2

. rev , .
defined as Re=—* and Ha =rB, ° , respectively, the
1

A%
following final relationship is obtained:
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The secondary flow is introduced at an angle relative to
the channel walls and in the opposite direction of the

primary flow. The boundary conditions are articulated as
follows:

n=0 >F=——Yo _ 1 F'=_1

2w, (6)
N=l—>F=-® 21, F'=-1

21,

To make the radial velocity non-dimensional, the
tangential velocity at the initial point of the channel walls
is used as a reference value:

. v, (7

vV, =———

V9W |r:l

3. Resolving of Equation
The adaptive fraction technique is employed to address
ordinary differential equation. Initially, the linear
component of the differential equation is resolved,
followed by substituting the variables with polynomial
fractional functions [1] , [5]. Numerical solutions are
obtained using Matlab software.

4. Validation

The presence of correlation and consistency between the
numerical and analytical solutions substantiates the
credibility of the current analytical approach. In Figure 1,
the ratio of the flow velocity within the pipe to the velocity
at the center of the pipe is illustrated using the
experimental findings of Takeuchi et al. alongside the
numerical analysis results from Goa et al. across various
Hartmann numbers [6]. It is noted that as the Hartmann
number increases, the velocity profile tends to flatten, with
the exception of regions close to the pipe walls. This
pattern mirrors the trend depicted in Figure 5 of the current
study concerning the radial velocity of the flow within the
diverging channel. Considering the strong correlation
between the analytical and numerical solutions presented
in this study, as well as the resemblance of the behavior
observed for the radial velocity profile in the diverging
channel to the experimental and numerical results of the
velocity profile within the pipe in [6], the validity of the
current analysis is affirmed.
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Fig. 1. Experimental results of Takeuchi et al. and
numerical results of Guo et al. for the flow velocity inside
the tube to the tube center velocity for different
Hartmann numbers [6]

5. RESULTS

Figure 2 illustrates that as the Reynolds number rises, there
is a notable increase in V, at the center of the channel,

whereas a minor decrease is noted in areas closer to the
walls, with the regions adjacent to the walls remaining
nearly unchanged. Figure 3 indicates that an increase in (3

produces effects on the variable ¥, that are similar to those

observed with an increase in the Reynolds number.
Generally, the effect of increasing the Hartmann number is
contrary to that of increasing the Reynolds number. As
indicated in (3), the radial velocity is associated with the
derivative of function F. As the Hartmann number
increases, Figure 4 shows that curve F tends to become
linear, leading to the observation in Figure 5 of a nearly
constant dimensionless radial velocity, except in the
vicinity of the walls. This figure also reveals that an

A

increase in the Hartmann number enhances v, near the

walls while concurrently diminishing this value at the
center of the channel. The reduction in velocity at the
center of the channel with an increasing Hartmann number
is attributed to the Lorentz force, which impedes fluid
motion, particularly in the channel's center [7]. The
increase in velocity near the walls can be explained by the
principle of mass conservation. Overall, the increase in 3

exerts a similar influence on flow behavior as the increase
in the Reynolds number. From a practical perspective, this
finding is significant; rather than altering 3, which poses

challenges, one can anticipate the effects of varying B by
adjusting the Reynolds number.

Fig. 2. Changes in the variable ¥, depending on the
parameter Re under the condition Ha=1,=1

0.8 \
—s=0
0.6 _j5-02
= p=04
—3=06
0.4 —p=08

or(n)
Fig. 3. Variations of the variable ¥, in terms of the
parameter B under the condition Re=20, Ha=1
1
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0.6 | —Ha=42
—Ha =49
& | —Ha=56
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Fig. 4. Changes in the variable F according to the

parameter Ha in the condition Re=20,3=1
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0.8
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Fig. 5. Changes in the variable Vr depending on the

parameter Ha under the condition Re=20,p=1

6. Conclusion

With an increase in the Hartmann number, the radial
velocity profile within the diverging channel tends to
flatten, except in areas near the walls. This observation
aligns with both experimental and numerical findings
regarding the velocity profile within pipes as reported in
other researches. These instances highlight the efficacy of
the current analytical approach in assessing flow
characteristics. The principal conclusions of this study can
be outlined as follows:

* An increase in the Reynolds number results in a notable
rise in the dimensionless radial velocity at the channel's
center, while a minor reduction is noted in areas closer
to the walls; however, regions very near the walls
remain largely unaffected.

* Elevating the order of the fractional derivative in the
momentum equation produces effects similar to those
observed with an increase in the Reynolds number on
the flow dynamics.

* A rise in the Hartmann number typically induces a
behavior that is contrary to that observed with an
increase in the Reynolds number. Specifically, an
increase in the Hartmann number results in a marked
decrease in the maximum radial velocity at the center
of the channel and contributes to the flattening of the
radial velocity profile in this area.
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Abstract: In this paper, the investigation and analysis of a pin
in the pusher of the induction furnace was carried out
numerically. First, by simulation of the pusher mechanism in
MATLAB's SimScape/SimMechanics toolbox, the force on
the pin was calculated in the worst-case condition of the
device. Then, the pin was simulated and analyzed in the finite
element software Abaqus. The obtained results showed that
with the increase in axial and radial clearance, the maximum
amount of stress and the area with high stress distribution
intensity in the pin increased. Also, the increase in axial
clearance causes the stress distribution to be drawn to the
supports. With the increase in radial clearance, the arc
forming the contact area of the pin and supports decreases
and the loads are concentrated at the lower area and will have
an effect of impact loading. Also, increasing the length of the
involved support for zero radial clearance has no effect on the
stress distribution on the pin. Therefore, excessive length
only results in additional costs.

Keywords: Pin, Stress analysis, Radial clearance, Axial
clearance, Finite element

1. Introduction

Insufficient knowledge and inadequate research regarding
pin dimensions, axial clearance, and length of the involved
support cause the pin to fail under the applied loads,
ultimately resulting in structural damage. Generally,
through proper analyses, the most suitable dimensions and
clearances for pins can be obtained to reduce maintenance
and repair costs while extending the service life of
structures. Grant et al. established through parametric
studies that for specific geometry ratios, such as width-to-
hole diameter greater than 4, there is minimal variation in
maximum circumferential stress [1]. Additionally, Aslam
et al. demonstrated that the boundary element method
provides a robust alternative for capturing steep stress
gradients in lugs where displacements and tractions are
represented independently [2].

Despite valuable research conducted in the field of
pins, no comprehensive study has been performed to date
on pin force analysis, pin stress analysis, investigation of

the effects of axial clearance between the involved support
and the loaded member, the effect of radial clearance
between the pin and engaged members, and the effect of
length of the involved support. While research exists for
longitudinal loads, Strozzi et al. have provided critical
interpolating expressions for maximum equivalent stress
in lugs specifically subject to inclined or off-axis loading
[3]. Furthermore, Antoni and Gaisne expanded the field by
developing analytical models that utilize Fourier series to
evaluate stress distributions in lugs featuring complex
bush fittings and elastoplastic expansion [4]. Therefore,
this paper addresses the force and stress analysis of pins
installed in the induction furnace pusher.

2. Simulation

In this paper, the pin located at the connection point
between the stick and connecting rod in the pusher of the
induction furnace was subjected to a static force analysis
under the most critical operating conditions. The pin has a
diameter of 70 millimeters and a length of 275 millimeters.
The length of the surrounding support is 100 millimeters,
positioned at a distance of 2.5 millimeters from the middle
support. In addition, the middle support exerts a load of
174,000 newtons on the pin over a length of 70
millimeters. Figure 1 shows the actual image of the
analyzed pin.

Fig. 1. Actual Image of the Analyzed Pin

* Manuscript received July 05, 2024, Revised July 28, 2025, Accepted September 21, 2025.
1 M.S Graduate, Department of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran.
2 Corresponding author: Assistant Professor, Department of Mechanical Engineering, Yazd University, Yazd, Iran.

Email: m.jafari@yazd.ac.ir.

3 PhD graduate, Hoshyar Drayat Rahvar Machine Company (HIDRAM), Yazd, Iran.



https://mechanic-ferdowsi.um.ac.ir/article_47274.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://doi.org/10.22067/jacsm.2025.88795.1276
mailto:m.jafari@yazd.ac.ir
https://orcid.org/orcid-search/search?searchQuery=0000-0001-9031-617X

Mohamad Sadegh Mirjalili, Mohammad Jafari Gelooyak, Mohsen Soltani 66

3. Results and Discussion

It is initially assumed that the pin has only axial clearance
and its radial clearance is considered to be zero for the pin
simulation analysis,. Subsequently, the effects of axial
clearance and length of the involved support are
investigated. Finally, the performed analyses are repeated
with radial clearance included, and its effects are
examined.

By analyzing the pin specified in Figure 1 using the
static solver of ABAQUS finite element analysis software,
the stress flow in the pin can be observed in Figure 2.
Figure 2 shows the stress distribution in the pin for zero
radial clearance and 2.5 millimeter axial clearance. It can
be seen from the figure that the maximum stress value is
69.6 MPa. To examine stress variations, a line was drawn
4 millimeters below the upper surface of the pin from the
location of maximum stress according to Figure 2-b. The
stress flow along this path was investigated for all different
conditions of axial clearances, radial clearances and length
of the involved support.

S,Miss(MPa)

(@)

Stress Variation Investigation Path

(b)
Fig. 2. a) Stress distribution in cross-section of the pin with
2.5 axial clearance and without radial clearance and b)
Stress distribution in longitudinal section of the pin

The variation of von Mises stress along the pin length
for variable support lengths can be observed in Figure 3.
This figure confirms that the longitudinal stress flow in the
pin is independent of the surrounding support lengths. The
maximum von Mises stress will not change with increasing
involved support length.

Subsequently, the effect of axial clearance on the
stresses applied to the pin is investigated. Figure 4 shows
the variation of von Mises stress along the pin length for
variable axial clearance. This figure confirms that the
longitudinal stress flow in the pin is dependent on the axial
clearance. An increase in axial clearance leads to an
increase in the stress within the pin. This observed stress
concentration is supported by Li et al., who introduced a
calculated width coefficient to modify the standard Hertz

stress model for higher accuracy in clearance-fit designs
[5]. The non-linear complexities introduced by such
clearances can be normalized using a dimensionless load
factor, which describes how the stress field asymptotically
approaches a receding contact state [6].
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Fig. 3. Von Mises stress variations for zero radial clearance,

fixed axial clearance and variable support length
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Fig. 4. Von Mises stress variations for zero radial clearance
and variable axial clearance

Figure 5 shows the variation of maximum von Mises
stress at a constant radial clearance of 0.5 and variable
axial clearance. As can be observed from this figure, the
maximum stresses increase with increasing the radial
clearance compared to the condition without radial
clearance, and the stress distribution extends further into
the side supports. The extension of stress flow into the side
supports becomes more pronounced with increasing axial
clearance. In addition, an increase in axial clearance leads
to an increase in stress that is greater than the increase in
stress in the state without radial clearance.
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Fig. 5. Von Mises stress variations for 0.5 mm radial

clearance and variable axial clearance

Figure 6 shows the variation of maximum von Mises
stress at a constant axial clearance of 2.5 mm and variable
radial clearance. As can be observed from this figure, the
maximum stresses increase with increasing radial
clearance, but the extent of this increase decreases with
increasing clearance. As radial clearance increases, the arc
forming the contact area between the pin and the bearing
supports decreases, and the loads are applied with greater
concentration at the corner points of the side supports.
Radi and Strozzi’s 2D analytical solutions confirm that
these clearances result in distinct "pressure bumps" at
contact extremities rather than point forces, matching your
observation of concentrated loads at corner points [7].
Similarly, Marouani and Hassine proposed parabolic
distribution models for these contact regions, allowing
designers to promptly approximate contact pressure under
varying load angles [8].
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Fig. 6. Von Mises stress variations for constant axial clearance
of 2.5 mm and variable radial clearance

4, Conclusion

The numerical analysis of the pin demonstrated that axial
and radial clearances have a significant effect on stress
distribution. An increase in axial clearance leads to an
increase in stress and its transfer to the bearings, while
radial clearance has a greater influence on stress changes
than axial clearance, although the extent of this increase
decreases with increasing radial clearance. It was also

0 25 50 75 100 125 150 175 200 225 250 20

found that bearing support length has no effect on stress
when there is no radial clearance. Taking into account the
interactions of both types of clearance, as well as design
and manufacturing constraints, it is ultimately possible to
achieve optimal stress by striking an appropriate balance
between increasing axial clearance and reducing radial
clearance, or vice versa. This insight can serve as a useful
guide for optimizing pin design.
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Abstract: In this study, the efficiency of magnetic drug
targeting (MDT) for patients with type 2 diabetes was
investigated using numerical simulation. A patient-specific
cerebral artery geometry was reconstructed based on CT
images, and the blood flow was modeled as a non-Newtonian
fluid. Key parameters, including blood viscosity,
nanoparticle diameter, and magnetic field intensity, were
analyzed for their effects on drug carrier capture efficiency.
The results showed that increasing the nanoparticle diameter
from 250 nm to 1000 nm enhanced the capture efficiency
from about 33% to 61% in the fourth cardiac cycle.
Moreover, increasing the magnetic field from05 Ttol T
improved the capture efficiency up to 59%.

Keywords: Magnetic Drug Targeting, Type 2 Diabetes,
Numerical Simulation, Non-Newtonian Blood, Drug Carrier
Nanoparticles, Magnetic Field.

1. Introduction

Magnetic nanoparticles have been widely examined as
delivery vehicles for targeted cancer treatment, due to
improved bioavailability and less toxicity. The efficacy of
MDT is highly impacted by hemodynamic conditions,
which are altered in diabetic patients due to higher
viscosity and unfavorable flow profiles. Past numerical
and experimental studies have shown that the non-
Newtonian features of blood can greatly influence the
dynamics of the particles and vascular drug delivery in
general [1,2]. Yet, few studies have sought to incorporate
diabetic rheological models with patient-specific cerebral
artery geometries. The aim of the present study is to use
numerical methods to investigate MDT in diabetic arteries
through examination of particle transport and capture
efficiency using varying nanoparticle sizes and magnetic
fields [3,4].

2. Governing equations

The continuity and Navier—Stokes equations for

incompressible flow were solved:

V.u, =0 1)
o, .

Po| o+ up - Vuy
at i @)

+ V() (Vi, + (Vii)T))

where p,, U, P, 4, and y represent density, veloity,
pressure, viscosity, and shear rate of blood.

In order to model blood as a non-Newtonian fluid, the
Casson-Papanastasiou model was used and the equation
governing the motion of a particle within the bloodstream
was modelled based on Newton's second law [5]. The
nanoparticles’ CE is calculated using following formula:

ng—n
CE = t out x 100 (3)
ng

where n; is total number of injected nanoparticles, and
N,y 1S particles captured outside the region of interest.

3. Results
This study used geometry which is a patient-specific
reconstructed geometry of the brain artery bifurcation
made with basilar artery (BA) (posterior) right (RP), and
(posterior) left artery (LP)(Figure 1). In modeling the
impact of the external magnetic field, a cylindrical region
of radius R and length L was located next to the left
posterior artery, which acted as a magnetic source domain
for capturing magnetic nanoparticles. This allows for an
investigation on hemodynamic behavior and particle
trajectories while achieving physiologically relevant
conditions.

Figure 2 presents an illustration of CE for nanoparticles
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with a fixed diameter of 750 nm between healthy (non-
diabetic) individuals and diabetic individuals under
varying magnetic field intensities. The results illustrate
that at all magnetic intensities below 1.0 T, the CE for the
non-diabetic condition is consistently above diabetic
conditions. For example, at a magnetic field strength of
0.5T, CE was reported at 38.3% for the non-diabetic
condition versus 28.5% for the diabetic patient,
representing a difference of almost 10% in CE due to
increased blood viscosity associated with diabetic
conditions. As the magnetic strength increased, the gap
between groups shrank, and at 1.0T, both groups
eventually had the same CE of approximately 59%.

RP

BA
Fig. 1. Geometry used in present study.
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Capture Efficiency {CE %)
F
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Fig. 2. Comparison of CE for diabetic and non-diabetic
individuals at different magnetic intensities and dp=750nm.

Figure 3 depicts the change in CE across three different
nanoparticle sizes (500, 750, and 1000 nm) at magnetic
field strengths of 0.5 to 1.0 T. It is evident that CE steadily
and substantially increases with magnetic field strength
(for all sizes) as field strength rises. CE for 500 nm
particles respectively increases from approximately 17.5%
at 0.5T to nearly 40% at 1.0T, while CE for 750 nm
particles increases from approximately 24% to 54% over
the same range, and CE for 1000 nm particles respectively
increases from approximately 33% to a little more than
56%. This behavior is indicative of a direct relationship
between magnetic field strength and the respective
magnetic forces acting upon the nanoparticles.
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Fig. 3. Effect of magnetic field on CE.

4. Conclusion

This research numerically examined MDT in patient-
specific brain arteries in both diabetic and non-diabetic
cases, and included non-Newtonian blood rheology. The
findings demonstrated that the higher viscosity of blood in
diabetes reduced the capture efficiency, particularly at low
magnetic field strengths, but this reduction can be offset
by using a higher magnetic field strength. Particle size is
also a significant factor since larger nanoparticles exhibit
higher capture efficiencies under all conditions. In
conclusion, these results highlight the need to account for
pathological hemodynamics in the design of MDT and
suggest that therapeutic efficacy can be significantly
improved by ensuring the proper strength of magnet field
and the proper size of particle.
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Abstract--In this study, a finite element model of the human
head has been developed to investigate the impact of a golf
ball. Skull and brain geometries are extracted from medical
images and their material models are considered to be linear
elastic and viscoelastic, respectively. The ball hits the frontal
area of the skull, and to evaluate the mechanical response of
the brain under different boundary conditions, two types of
fixed and free boundary conditions for the skull have been
used. The results show that the skull boundary condition
makes a significant difference in the brain's response to
impact even at impact durations of 0.7 ms. In the case where
the skull is fixed, extreme oscillations in the mechanical
response are seen and furthermore, the stress, pressure and
head acceleration increase significantly. The results of the
present study can be considered as a starting point for
investigating the effect of different boundary conditions in
human head models and evaluating the behavior of the brain
when hit by a projectile.
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1- Introduction

APPROXIMATELY 10 million people in the world suffer
from traumatic brain injury every year, and a significant
number of these patients face death or may be temporarily
or permanently disabled [1]. Study have shown that the
possibility of golf ball collision with players or people who
watch the game is common [2]. In the present study, a finite
element model of human head is developed by considering
the geometrical structure of the skull and brain. The stress
and pressure response of the brain is evaluated when the
golf ball hits the anterior area of the skull. The geometry of
the brain is obtained from medical images and incorporates
the bumpy surface of this tissue. Furthermore, in order to
investigate the effect of different boundary conditions on
the brain response, two types of simulation with free and
fixed skull are performed under similar impact conditions.
Thus, the effect of the type of boundary conditions in the

dynamics of the brain is examined.

2- Methods

In this study, the geometries of the skull and brain were
reconstructed from medical images of a 45-year male
subject. The brain and skull surfaces were first segmented
using the Mimics software, followed by pre-processing in
3-Matic. Subsequently, the finalized models were imported
into COMSOL Multiphysics for analysis. Parts (a) and (b)
of Fig. 1 illustrate the geometries of the brain and skull,
respectively. After constructing the brain and skull
geometries, the geometrical model of the golf ball was
designed according to the standard international
dimensions. In part (c) of Fig. 1, the position of the ball in
the final model is presented. Assuming isotropic
mechanical properties for both the skull and the golf ball,
they are modeled as linear elastic. In the present study, the
mechanical behavior of the brain tissue is considered
viscoelastic, and the relaxation shear modulus G(t) is
defined as follows [3]:

G(t) = G + (Go — Goo)exp(—Pt) @)

where G, G, and 8 are long-term shear modulus, short-
term shear modulus, and decay factor, respectively.
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Fig. 1. (a) Brain, (b) Skull, (c) The final model of the skull,
brain and golf ball.

A tie constraint was employed to define the interaction
between the brain and skull, while a penalty algorithm was
used to solve the contact equations. In this approach, the
contact pressure T;, is expressed as a function of the penalty
coefficient p, and the gap distance between the contact
surfaces g,, as:

. Po
Th = —Dugn + Do if gn <— 2
Pn
here, p, denotes the contact pressure at the initial collision
interface, corresponding to the condition where no gap
exists between the contacting surfaces.

3- Results and discussion

The initial impact of the golf ball with the skull occurred at
0.5 ms, and the contact persisted until 1.2 ms. The stress
responses of the brain in the coup and contrecoup regions
are presented in Fig. 2. In the coup region, during the
collision between the ball and the skull, the tissue exhibited
nearly similar behavior under both boundary conditions.
Over time, when the skull was modeled as free, the stress
decreased abruptly, followed by the arrival of a secondary
stress wave in the coup region, leading to another increase
in stress. However, Under the fixed boundary condition, the
brain experienced pronounced oscillations, indicating that,
after the impact, the head was unable to move freely and
the energy generated by the collision remained confined
within the brain tissue. The maximum von Mises stress
generated in the models of this study was related to fixed
boundary condition for the skull.
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Fig. 2. Brain tissue stress under fixed and free boundary
conditions for the skull. (a) Coup, (b) Contrecoup.

The intracranial pressure response of the brain during
collision with the golf ball under free and fixed skull
boundary conditions is shown in Fig. 3. During the initial
contact between the golf ball and the skull surface, positive
pressures ranging from 0.1 to 2.2 MPa were observed in the
coup region, while other regions experienced pressures
between 0 and -0.1 MPa. This positive pressure results
from the energy transmitted from the golf ball to the skull
and brain tissue during the impact. Over time, this energy
wave propagated through the brain tissue, reaching the
central region of the brain within 0.8 ms. A previous study
reported brain injury criteria of 0.05639 to 0.06712 MPa
and -0.04614 to -0.05827 MPa for intracranial pressure in
the coup and contrecoup regions, respectively,
corresponding to a 25-75% probability of brain damage
[4]. In the present study, the brain pressure ranged from -
0.4 to 0.5 MPa, exceeding these reported thresholds and
suggesting that impact by a golf ball can potentially cause
brain injury.

MPa

04 03 -02 -01 0 01 02 03 04 05

Fig. 3. Intracranial pressure at time of 0.8 ms during impact
with the golf ball. (a) Fixed skull, (b) Free skull.

4- Conclusion

In the present study, a finite element model of the human
head was developed to investigate the effects of golf ball
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impact and to evaluate the resulting stress and intracranial
pressure responses under free and fixed boundary
conditions of the skull. When the skull was fixed, strong
oscillations were observed in both stress and pressure
responses. The maximum stress generated in the skull
during impact was 9 MPa, which is substantially lower than
the von Mises stress fracture threshold of 75 MPa reported
in previous studies. Furthermore, the maximum von Mises
stresses in the brain tissue were obtained under the fixed-
skull condition, with values of 0.009 and 0.018 MPa in the
coup and contrecoup regions, respectively. These values
exceed the reported thresholds of 0.0084 and 0.0078 MPa,
indicating that the stresses induced in the coup and
contrecoup regions during golf ball impact are sufficient to
cause brain injury.
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—— Present Study

* Experimental Data | |

Coup Pressure (MPa)

: 10 15
Time (ms)
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Abstract: In this study, the fracture behavior of aluminum-
copper bimetallic sheet during single-point incremental
forming process has been analyzed during experimental tests.
For this purpose, the bimetallic sheet was produced by
explosive welding method and then deformed during
incremental forming process. To provide a basis for
comparison with the uniaxial stress condition, uniaxial tensile
tests were also conducted on the bimetallic sheets.
Microstructural examinations of the fracture zones in both
conditions were carried out using optical microscopy (OM)
and scanning electron microscopy (SEM). The tensile test
results indicated that the fracture strength of the bimetallic
specimen increased by 70% compared to the monolithic
aluminum sheet, reaching 317 MPa, while elongation
improved from 8.5% to 7.5%, suggesting higher toughness in
the bimetallic sample. Moreover, fracture surface
observations revealed that aluminum exhibited brittle
behavior, whereas copper showed ductile fracture under
both incremental forming and uniaxial tensile loading. The
interfacial microstructure contained intermetallic
compounds, and energy-dispersive spectroscopy (EDS)
confirmed hardness increase within the bonding region.

Surface,

KeyWords: Bimetallic Fracture

Microstructure, SEM.

Sheet,

1- Introduction
The single-point incremental forming (SPIF) process is a
modern, low-cost, and flexible technique for producing
thin metallic components, in which a simple forming tool
controlled by a CNC machine incrementally forms the
sheet through localized deformation [1]. The advantages
of SPIF include the elimination of expensive dies,
geometric flexibility, numerical control, and the ability to
manufacture customized parts. Its applications are rapidly
expanding in medical (prosthesis manufacturing),
automotive, aerospace, and food industries.

However, analyzing the deformation and fracture
behavior in SPIF, especially for bimetallic sheets, is
complex. Plastic deformation causes grain refinement,

increases dislocation density, and induces the formation of
intermetallic compounds at the interface, which in turn
affect mechanical behavior and fracture mechanisms [2].

Aluminum—copper (Al/Cu) bimetallic sheets are
widely used in heat exchangers, automotive radiators, and
corrosive pipelines due to their combination of low weight,
high electrical and thermal conductivity, and good
corrosion resistance. Several studies have investigated
their behavior under SPIF conditions. Alaie et al. [3]
analyzed the influence of forming temperature and
reported that increasing temperature up to 250 °C
improves formability, whereas higher temperatures lead to
brittle intermetallic formation and premature fracture.
Tayebi et al. [4] observed that increasing the copper layer
thickness reduces the forming limit angle. Zahedi et al. [5]
simulated fracture initiation in SPIF using coupled
damage-plasticity models.

Despite these studies, experimental analysis of fracture
surfaces, intermetallic compounds, and their effect on
mechanical performance in Al/Cu bimetallic sheets
remains limited. This study aims to investigate the fracture
mechanism of explosively welded Al/Cu sheets during
SPIF and to examine their microstructure and mechanical
behavior up to fracture.

2- Methodology
The Al/Cu bimetallic sheet was fabricated by explosive
welding using AA1050 aluminum and C11000 copper
plates. The total sheet thickness was 1.15 mm, consisting
of a 0.70 mm aluminum layer and a 0.45 mm copper layer.
The chemical composition was determined by
quantometric analysis: the aluminum layer contained
0.335 wt% Fe and 0.167 wt% Si (=99.35 wt% Al), while
the copper layer had <99.97 wt% Cu with traces of Ni, Fe,
and Zn.

The SPIF process was conducted using a
hemispherical-ended steel tool (diameter = 10 mm) at a
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feed rate of 200 mm/min. The 100 x 100 mm sheets were
clamped and incrementally formed under CNC control
along a conical path with a variable wall angle. The
process continued until complete fracture occurred at a
depth of 18.63 mm. The deformed geometry and fracture
surfaces were preserved for subsequent analysis.

Uniaxial tensile tests were performed according to
ASTM E08-04 on wire-cut samples using a SANTAM
testing machine. Two types of specimens—monolithic
aluminum and Al/Cu bimetal—were evaluated. The
mechanical responses are presented in Fig. 1.
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Fig. 1 (a) The Stress-Strain Curves, (b) The extracted
mechanical properties.

3- Results and Discussion

Fracture morphology was analyzed using scanning
electron microscopy (SEM) in both backscattered (BSE)
and secondary electron (SE) modes. The aluminum layer
exhibited ductile fracture with deep dimples, while in the
bimetal, as shown in Fig. 2 and Fig. 3, the aluminum side
showed brittle cleavage and the copper side ductile
dimple-type failure.

Fig. 2 Fracture surface of Al/Cu bimetallic sheet after uniaxial tensile test at two different magnifications, (a) SEM
image with backscattered electrons, and (b) SEM image with secondary electrons.
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Cu side
.

Dimples

Fig. 3. Fracture microstructure of Al/Cu bimetallic sample after incremental deformation process. (a) SEM image with
backscattered electrons and (b) SEM image with secondary electrons.

To identify interfacial compounds, point EDS
analysis was performed on dark regions observed in the
cross-section area. As presented in Fig. 4, the results
indicated the formation of CuAl and CullAlll
intermetallic phases, which contributed to the increased
strength and hardness of the interface [6]. A small amount
of carbon detected in these regions was attributed to
trapped contamination during welding, explosive by-

products, or preparation artifacts, but it did not
significantly affect the mechanical properties.
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Fig. 4 Results of elemental analysis of the dark area in
the cross-section of the Al/Cu sample.

In addition, elemental mapping (X-ray MAP) confirmed a
uniform distribution of Al and Cu across the interface, with
no evidence of nonmetallic inclusions or secondary
phases, indicating a sound and continuous metallurgical
bond.

4- Conclusion

The mechanical and microstructural analysis of the
explosively welded Al/Cu bimetallic sheet demonstrated a
high-quality metallurgical bond between the two metals.
The intermetallic phases formed at the interface enhanced
overall strength. The ultimate tensile strength and yield
strength of the bimetal were measured as 317 MPa and 293
MPa, respectively, compared with 186 MPa and 153 MPa
for pure aluminum—representing increases of 70 % and
91 %.

However, the total elongation decreased from 7.5 % in
monolithic aluminum to 5.8 % in the Al/Cu bimetal,
indicating a 22.6 % reduction in ductility. This decline was
attributed to the presence of brittle intermetallic layers that
limited dislocation motion at the interface. SEM images
revealed local cracks related to CuAl and CulJAl[] phases,
while EDS and MAP analyses confirmed their




Ali Zahedi, Zahra Sadat Amini, Seyed Mohammad Arab

124

discontinuous distribution, increasing interfacial hardness
without severely reducing overall strength. The brittle
fracture of aluminum and ductile fracture of copper was
consistent with their microstructural characteristics and the
strain distribution during forming.
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