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Abstract-- In this research, novel model-free method based on
machine learning for closed-loop control of flow separation
behind a step is introduced. The primary goal of this study is
to reduce the recirculation zone behind the step at a Reynolds
number of 1350, which is achieved by a jet slot. In this study,
the flow was simulated as unsteady and two-dimensional
based on finite volume discretization. Feedback control rules
have been optimized based on a cost function that includes
the area of the recirculation flow and the costs associated with
the injection. This optimization process was carried out using
genetic programming algorithms. A tree-based genetic
programming was used to construct various injection model
functions and create a closed-loop control system. After
evolving through 8 generations with 500 samples in each
generation, the algorithm arrives at a feedback rule capable
of reducing the recirculation flow area by up to 60%. This
machine learning-based control system was compared with
the best open-loop jet based on Kelvin-Helmholtz frequency
pulsation.

Key Words. Flow control, Genetic programming, Numerical
simulation, Machine learning, Computational fluid
mechanics.

1- Introduction

Closed-loop control has received increasing attention in
research due to its high potential to increase robustness and
efficiency [1]. Due to the nonlinear nature of fluid
phenomena, timely control is very challenging. The
challenges of model-based control design have led us to
search for model-free control rules using machine learning
methods such as evolutionary algorithms or artificial
neural networks [2]. Genetic programming is used to find
a control law that optimizes a cost function. Like the
genetic algorithm, the search space exploration is
performed along with the cost function minimization [3].
The main difference and advantage over the genetic
algorithm is that genetic programming optimizes arbitrary
functions, which allows it to be used model-free and,
therefore, explores a larger search space. Compared to the
neural network, its advantage is producing the output and

providing the optimal function form. This function allows
us to study the control law and gain knowledge of flow
physics. These algorithms are commonly used in many
logistic and pattern recognition tasks. However, genetic
programming-based control laws are rare in numerical
simulations of closed-loop flow control. One of the
obstacles to applying this type of algorithm in the
numerical simulation of flow control is that many
simulations are required to satisfy the convergence
criterion. According to the studies done in the control field
based on genetic programming, no research has dealt with
the separation of step flow in numerical simulation.
Therefore, in this study, the optimal closed-loop control of
step flow separation using genetic programming has been
discussed numerically for the first time.

2- Modeling and Validation

A. Problem-solving method and boundary conditions

This study simulates the flow behind a step in two
dimensions based on the finite volume method. A
pressure-based solver is used. The semi-implicit SIMPLE
numerical algorithm method has been used for pressure-
related equations for pressure-velocity coupling. In this
study, the turbulence model used was k- SST. For the
input, the input velocity condition was selected. The
intensity of incoming turbulence is 10%, according to
similar experimental and numerical studies. The condition
of the output pressure equal to the free flow pressure was
considered for the flow output. For step and other walls,
no-slip and adiabatic wall conditions were considered.
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Fig. 1. The effect of grid size on step friction coefficient
in terms of dimensionless distance.

B. Verification and validation

A study of independence from the grid was carried out to
check the adequacy of the final grid and the lack of
dependence of the aerodynamic coefficients on the grid.
Fig. 1 presents the effect of the number of grid cells on the
friction coefficient of the wall after the step. The final
mesh has a total number of 50,000 cells.

In order to validate, we compared our numerical results
with the experimental data of Driver and Seegmiller [4]
and the numerical data of Chettri [5]. The comparison
between the simulated and experimental results for the
skin friction coefficient at the bottom wall after the step
can be seen in Fig. 2. As can be seen, the present
simulation results are in good agreement with the
experimental results. They are even more consistent with
the experimental results than the numerical work of Chettri
[5]. Therefore, the present simulation correctly predicts the
flow behavior and is accurate.

e CrX/h
L —
F —_— refrence
1f expriment
0.5 ; / current CFD
05 § 5 10 15 20 25 30
15 ; X/h
2

Fig. 2. Comparing the coefficient of friction behind the
step with other research.

C. The location of the injector and the step investigated
in the present study

A step is considered a benchmark geometry for the study
of separated flows. The separation is caused by a sharp
edge that creates a strong shear layer prone to Kelvin-
Helmholtz instability. Due to the presence of the injector
system for control and the speed limitations of the control
jet, in the present study, we considered the characteristics
of the injection and step system to investigate the idea of
closed-loop control, as shown in Fig. 3. Reynolds was also
considered in 1350.

H=7(cm) Jet with angle 45 deg

i ¥
d=3 (cm)
B —

(x=0, y=0) X

Shear layer

Fig. 3. Schematic of step geometry, position of slotted jet
and definition of main parameters.

3-Control of Genetic Programming

Recirculation plays a significant role in the flow behind
the step and is mainly used for flow evaluation as well as
a target for flow separation control. The overall process of
the flow closed-loop control algorithm is summarized in
Fig. 4. Genetic programming is used when the problem
naturally has a tree structure. Since our goal in this
research is to produce a mathematical function for the jet
operator and the construction of mathematical functions
can also be expressed as a tree, genetic programming was
used.

4- Results and Discussion

After eight generations and about 4000 simulations, the
algorithm converged. The optimal control law has a
complex mathematical expression:

b 1)
= sin((cos(0/65725))
— (tanh(tanh(tanh(sin(sin(s)))))))

However, the best control law diagram for the final
generation has a simple structure shown in Figure 5 for
0<s<1. The region of controlled normal rotation is positive
by definition. The rotation region with the best control law
is always smaller than the average uncontrolled region.
Note that the control law leads to its blowing as a function
of s. The order of the operator b has a non-linear and
monotonic dependence on s, which shows that it cannot be
achieved through a linear process. By examining the jet
velocity injection in the simulation, it was found that the
injection occurs at b =~ 0.4 most of the time. At first, the
injection rate is high, but this rate decreases after 3 to 4
seconds.




Fig. 5. Diagram of the best control law obtained from
genetic programming.

5- Conclusion

This study uses machine learning control to develop an
efficient control law that aims to minimize recirculation in
a simulated back-step flow. Genetic programming was
used as a closed-loop controller in this study. Active flow
control based on jet injection was used to control the
separated flow by spending energy. Therefore, the
evaluation function was considered a function of the
circulation area, and energy consumption was required to
create this injection. In this algorithm, over -eight
generations, the population evolves towards more optimal
solutions that reduce the cost function. It has a lower
concentration and a better evaluation function than pulse
injection.
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Abstract-- This study numerically investigated laminar mixed
convection heat transfer of a non-Newtonian nanofluid flow
in helical coil heat exchangers. The volumetric concentration
of nanoparticles ranged from 0% to 2%, and the power-law
indices considered for the non-Newtonian fluid were 0.81,
0.85, and 0.91. The momentum and energy equations were
solved using the finite volume method and the SIMPLE
algorithm. The effects of the power-law index, Richardson
number, coil pitch, and nanoparticle volumetric
concentration on the Nusselt number were examined. The
results indicated that the heat transfer coefficient increased
with a rise in the volumetric concentration of nanoparticles
from 0% to 2%. Furthermore, the Nusselt number increased
with a decrease in the power-law index. The heat transfer
coefficient was also enhanced by increasing the coil pitch and
the nanoparticle concentration. Specifically, the Nusselt
number increased by 7% when the coil pitch was varied from
0.05 to 0.1. Buoyancy forces significantly affected the
patterns of temperature distribution and flow velocity within
the helical coils. The temperature distribution became more
uniform with increasing buoyancy forces.

Keywords: Nano Fluids, Non-Newtonian, Heat Exchangers
Helical Coils, Mix Convection, Numerical Study

1- Introduction

Heat exchanger is one of the most equipment for heat
transfer in various industrials. Using vertical helical coil is
one of the method for increasing heat transfer. In vertical
helical coil, the radial component of the velocity is created
by the centrifugal force, and the fluid flow in the outer part
of the tube moves faster than the inner part, and this speed
difference creates a secondary flow [1]. By using helical
tubes instead of straight tubes, curved flow lines are
replaced by straight flow lines and increased the heat
transfer. This study investigated mixed convection heat
transfer laminar flow Non Newtonian in heat exchangers
helical coils with Nanofluids[2]. Volumetric concentration
of nanoparticles are with 0 to 2% and power law indexes
are 0.81, 0.85 and 0.91 in this Non-Newtonian flow.

2-Geometry and equations

In this research, studied heat transfer on three dimension
channel with vertical helical coil. Inner Diameter of coil is
2r, pitch coil is H and ratio of diameter tube to diameter
coil is d. Figure 1 showed geometry of vertical helical coil.
Table 1 showed geometric specifications of vertical helical
coil in heat exchanger. Table 2 showed rheological
properties water- CMC with various mass percentage.

2%

2Rc
Fig. 1. Vertical helical coil in heat exchanger

Table 1. Geometric specifications of vertical helical coil

helical 2r 2Rc H
coil 5 L (mm) (mm) | (mm) N (mm)
Coil 1 0.1 | 2830.56 20 200 | 45 30
Coil2 | 0.08 | 3536.86 20 250 | 45 30
Coil 3 | 0.066 | 4243.29 20 300 | 45 30
Coil4 | 0.05 | 5656.47 20 400 | 45 30
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Table 2. Rheological properties [3]

Water Water- Water- Water-
Rheology | ;e cMC | comc CMC
Property | g 305 ©02%) | (01%) | (0%)
n 0.81 0.85 0.01 1
K’ | 0003136 | 0.01754 | 0.006319 | 0.000855

Nano fluid is single phase. Nano particles have same
geometry and dimension and they are in equilibrium
thermodynamic. Continuity, momentum and energy
equations follow[4]:

o(pu;)
o 0 1)

a(ﬂuiuj)=—ap+a(ﬂa“‘ j—pgiﬁ(T -T,) @

OX, ox, X, OX;

o, ox,

K —

o )
(ACouT) a( STJ -
X

Dimensionless numbers of Din, Prandtl and Reynolds for
Non-Newtonian fluids are given in below equations:

d nu 2—np
Regen :W 4)
Dn'=Re,, & ©)
' Cp ' &J n-1
pr= P (L 6
K (di ) (6)

Effective densityp,s, effective dynamic viscosity py,

thermal capacity (pcp)ys and effective  thermal
conductivity k¢ are follow :

Ky
Uns = (1 — (p)zls (7)
Pt = (1 = @)ps + @ps (®)
(pcp)nf =(1- <P)(PCp)f + (p(pcp)s 9)

@ _ kg + 2ke — 20 (ke — ks) (10)
kf kS + Zkf+(p(kf_ks)

For simulations, used k-¢ Realizable turbulence model.
Also, used Simple algorithm for solving Continuity,
momentum and energy equations together. Figure 2
showed mesh of vertical helical coil.

Outlet

A

Fig. 2. Mesh of vertical helical coil

For validation, results compared with others on
temperature distribution for mix convection Newtonian
fluid with buoyancy forces in figure 3.

(b)

Fig. 3. Temperature distribution (a) present work (b) others
[5] in Newtonian fluids with (Pr=1, Gr=0, Ri=0)

3-Results

In this research, have been investigated mixed convection heat
transfer laminar flow Non Newtonian in heat exchangers helical
coils with Nanofluids. Results showed that the heat transfer
coefficient was increased by increasing volumetric concentration
of nanoparticles from 0 to 2%. Figure 4 showed effect of adding
nano particles of aluminum dioxide to Nusselt number in Non-
Newtonian nanofluid. With increasing percentage of nano
particle in base flow, conductive coefficient and heat
transfer coefficient are increased. For example, for Ri=4
and $=2%, Nusselt number increased up to 9%.
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Fig. 4. Nusselt number for various nano particles

With increasing pitch led to increase in the angle of
between tubes and Centrifugal force in central of fluid.
Centrifugal force is more than buoyancy forces in smaller
Richardson number. But with increasing Richardson
number, effect of pitch coil increased on heat transfer.
Reducing power law index led to increase heat transfer
coefficient in the presence of buoyancy forces. In constant
Reynolds number, increasing Richardson number led to
increase Grashof and buoyancy forces. With increasing
Richardson number, role of Grashof number is more than
forced convection heat transfer. In this case, viscosity is
reduced and molecular collision and Nusselt number are
increased. Figure 5 showed Nusselt number and
Richardson number. Heat transfer in vertical helical coil is
increased with increasing Prandtl and Richardson number.
Also, in smaller Prandtl numbers, the role of apparent
viscosity is greater against thermal diffusion coefficient.

28 T

— Pr=10 -
26 [ |—-—-Pr=50 T 1
— — Pr=30 7

24f P ,

8 . . . . . .
0.5 1 15 2 25 3 3.5 4

Ri
Fig. 5. Nusselt number for various Richardson number

5-Conclusion

This research investigated a mixed convection heat
transfer based on Non-Newtonian with Nano fluids in
three dimension for helical coils. Increasing volumetric
fraction of Nanoparticles led to increase heat transfer and

Nusselt number and friction coefficient. Heat transfer is
increased with increasing Reynolds number. The intensity
and pattern of secondary currents are affected by buoyancy
and centrifugal forces, then, the heat transfer rate is
increased in helical coils compared to straight coils. By
increasing Richardson number, average Nusselt number
and friction coefficient reduced.

With the increasing of buoyancy forces and Prandtl
number in mix convection, the heat transfer coefficient
increased noticeably, because solid particles can be play a
more effective role in heat transfer in mix convection. At
the same Reynolds number and Richardson number,
decreasing the power index increases the heat transfer.
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Abstract-- This study aims to investigate the bi-stability
phenomenon in cylindrical fiber reinforced laminated
composite shells. The origin of bi-stability behavior could be
found in particular anti-symmetric layup sequence and fibers
orientation. First, the kinematic and constitutive equations
are derived, based on Classical Laminate Plate Theory
(CLPT). Afterwards, the layup sequence and the way it leads
to bending and twisting decoupling would be described. The
bi-stability will be explained due to existence of one local
minimum of strain energy, which indicates the second stable
state of the plate. Analytical equations are introduced in
order to calculate the cylindrical shell's total strain energy
under pure bending and the second stable state geometry and
characteristics are derived from the strain energy plots and
the local strain energy minimum position, which is depicted
in the plots. Furthermore, a finite element simulation will be
performed in order to verify the presented theory to explain
the bi-stability phenomenon.

Key Words. Fiber reinforced laminated composites,
Cylindrical shell, Antisymmetric layup sequence, Bi-stability,
Strain energy

1- Introduction

Fiber-reinforced multilayer composites are highly flexible
in design due to factors such as the type of fibers and
matrix, the angle of fiber placement, and the arrangement
of layers. These composites have attracted researchers'
attention for various applications, including sheets, beams,
and shells [1,2].

Bi-stable structures are a type of composite that have
specific applications due to their bi-stability. Bi-stable
structures are those that have two stable states, and this
phenomenon is usually possible for structures made from
anisotropic materials. The phenomenon of bi-stability in
cylindrical composite shells was first introduced in 1996
by Dayton Lovett at the Rola-Tube Laboratory of
Cambridge University [3]. Lovett, using an asymmetric
arrangement of fiber-reinforced layers in a specific order,
developed a type of these shells that, unlike previous types

which had only one stable state, had two stable states in
the initial and rolled-up positions. Subsequently, Igbal and
Pellegrino provided estimates for strain energy and
developed analytical models to explain the phenomenon of
bi-stability in cylindrical composite shells [4]. Due to the
complexities involved in fully explaining bi-stability
through analytical relationships, Guest and Pellegrino used
numerical solutions and finite element software for this
purpose [5].

Figure 1. Slit-Tube/Tape-Spring boom

Bi-stable shells with a cross-section shaped like a
sector of a circle and cylindrical form have great potential
for use in deployable structures, especially as deployable
booms. An example is shown in Figure 1. Various analyses
have been conducted on these bi-stable structures.
Shahriarifard and colleagues performed a thermal analysis
of composite bi-stable shells and compared them with
metallic types. This paper examines the phenomenon of bi-
stability in cylindrical shells. First, the kinematic relations
and governing equations based on classical multilayer
theory are presented, and a matrix that relates strain and
curvature to forces and moments is derived. The specific
arrangement of layers and its relation to the independence
of bending and twisting in the shell is also examined. The
related equations for calculating the strain energy of the
shell after deformation are provided, and the local
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minimum of the strain energy, indicating the second stable
state, is determined from the strain energy diagrams.
Furthermore, the phenomenon of bi-stability is
investigated and confirmed through a finite element
simulation, and the results are compared with theoretical
calculations. Innovations in this paper include providing
an analytical relationship for calculating the strain energy
of the shell based on classical multilayer theory,
considering the zero Gaussian curvature condition.

2- Theory

This paper aims to study multilayers, each layer of which
is reinforced with fibers arranged parallel and
unidirectional. The equivalent single-layer theory for
composite plates is used to examine this subject, which
includes the classical theory of multilayer plates and the
first-order shear deformation theory for multilayer
composite plates.

Strain Energy Plot

Strain Energy (J)
B 8 2 @

Figure 2. Strain energy vs curvature

3- Strain Energy Analysis

In this section, equations for calculating and estimating
the strain energy of the shell under bending are provided.
With this estimate, the strain energy of the shell in
different states can be calculated and it can be examined
whether the shell is in a local minimum of strain energy.
A sample composite bi-stable shell is then examined, and
its second stable state is determined from the strain
energy diagrams. To determine the state of a cylindrical
shell, only two parameters of curvature in the x and y
directions are needed. With these two characteristics, the
geometry of the shell after loading can be determined. It
is also noted that due to the asymmetric arrangement of
layers, bending and twisting will be separate; therefore,
for a shell under bending, the principal directions of
curvature will not change.

3-1- Strain Energy Diagrams and Bi-stability Radius
With the available relationship for strain energy, the
strain energy of the shell in different states can be
examined.

The strain energy diagram according to this relation is
shown in Figure 2. Figure 2 displays the strain energy
diagram based on curvature, at the boundary of zero
Gaussian curvature. The strain energy in the initial state
without any applied load, has the lowest value (zero strain

energy). As the distance from the boundary of zero
Gaussian  curvature increases, the strain energy
significantly increases. Moving towards the flat plate
state, the strain energy gradually increases. Further,
moving from the flat state along the x-axis, a local
minimum of strain energy is observed again. This
minimum represents the second stable state. The two
points of minimum strain energy are marked on Figure 2.

4- Conclusion

In this work, the phenomenon of bi-stability in fiber-
reinforced cylindrical composite shells was investigated.
Initially, the history of bi-stability was introduced, and the
potential for the widespread use of these types of
composites in deployable structures was highlighted.
Subsequently, assuming that the second stable state of the
shell is a local minimum of strain energy, bi-stability
analysis was conducted through both theoretical and finite
element simulation approaches. Unlike most cases where
the layers have a symmetric arrangement, here, by utilizing
an asymmetric arrangement of layers, twisting and
bending were separated, allowing the shell to have two
different stable states with cylindrical geometry.
Additionally, relationships for calculating the bi-stability
radius as one of the main design parameters were provided.
The high correlation between the strain energy calculated
from theoretical and simulation approaches indicates the
acceptability of the estimates considered and the accuracy
of the simulation. Furthermore, the bi-stability radius
obtained from theoretical and simulation approaches
provides a suitable estimate that can be used for design
purposes.
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Abstract-- Inconel 718 is a nickel-based superalloy widely
used in advanced industries such as aerospace and energy
due to its excellent resistance to heat, pressure, and corrosion.
However, machining this alloy is highly challenging due to its
hardness and tendency to cause rapid tool wear, making it a
demanding process for producing precision components.
This study examines the effects of machining parameters on
tool wear and surface roughness during the turning of
Inconel 718. Using the Taguchi design of experiments and
desirability optimization method, the influence of feed rate,
depth of cut, spindle speed, and insert type on tool wear and
surface roughness was evaluated. The results revealed that
feed rate had the most significant impact, while depth of cut
also played a critical role in tool wear. Additionally, DNMG
inserts exhibited lower wear compared to TNMG inserts.
Optimal machining conditions were identified to minimize
tool wear and surface roughness. These findings can enhance
machining processes for heat-resistant alloys, improve
efficiency, and reduce production costs.

Key Words. Inconel 718, Turning, Tool wear, Surface quality,
Optimization

1- Introduction

Inconel 718 is a nickel-based superalloy with a unique
composition (including nickel, chromium, iron, and other
alloying elements) that exhibits exceptional thermal
resistance, corrosion resistance, and mechanical
properties, making it suitable for aerospace, oil and gas,
and chemical industries [1]. Machining this alloy is
challenging due to its high hardness, tendency to adhere to
cutting tools, and excessive heat generation, thus requiring
optimal parameter selection and the use of suitable tooling
and cooling strategies [2, 3]. Numerous studies have
examined the influence of cutting parameters such as
speed, feed rate, depth of cut, and tool geometry on surface
roughness, cutting forces, tool wear, and surface quality
[4-6], yet comprehensive investigations into the interactive
effects of these parameters and different insert types

remain limited. The present study adopts a systematic
approach to simultaneously evaluate key parameters and
two common inserts (TNMG and DNMG) to identify
optimal conditions for achieving high surface quality and
extending tool life in Inconel 718 turning operations.

2- Materials and Methodology

In this study, turning operations were performed on an
Inconel 718 shaft with a length of 400 mm and a diameter
of 24 mm using a TN50BR lathe manufactured in Tabriz.
Four input parameters—insert type, spindle speed, feed
rate, and depth of cut—were examined. To reduce the
number of experiments and costs, the Taguchi Design of
Experiments method with an orthogonal array was applied,
resulting in a total of 18 tests conducted without cutting
fluid. TNMG inserts with six cutting edges and DNMG
inserts with a 55° angle and 0.8 mm nose radius were used,
known respectively for high thermal resistance and
reduced cutting forces. Surface roughness was measured
using a TIME 3100 surface roughness tester’, and the
experimental shaft was divided into 18 sections Figure (1).
Tool wear and surface roughness were considered as the
two main output parameters in this investigation.

3- Results and Discussion

In this study, optimization of the turning process of Inconel
718 was carried out with a focus on reducing tool wear and
improving surface quality. Experiments based on the
Taguchi Design of Experiments and ANOVA statistical
analysis revealed that feed rate is the most influential
factor for both output parameters; for tool wear, feed rate
accounts for 21% of the variation, while its quadratic
relationship has a significant 43% contribution. Insert type
and depth of cut also have statistically significant but
smaller effects, whereas spindle speed showed a minimal
and non-significant influence. For surface roughness, feed
rate with a 6.28% contribution (and 91.77% for its
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quadratic term) was again the dominant factor, while depth
of cut, insert type, and spindle speed had no significant
impact. Main effects plots Figure (2) & Figure (3)

Mean

Mean

0.35+

0.20

35

3.09

259

201

05

Figure 1. Dividing the shaft to 18 sections.

[nsert Spindle speed Feed rate

Depth of Cut

DNMG TNMG 180 255 350 02 0.4 05 03 0s 03
Figure 2. Main effects plot on tool wear.
Insert Spindle speed Feed rate Depth of Cut

DNMG THMG 180 255 350 02 04 41

Figure 3. Main effects plot on surface roughness.

03

o0& 09

indicated that depth of cut and feed rate have nonlinear
effects on both wear and roughness, with DNMG inserts
outperforming TNMG in reducing wear.
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Low 180.0 0.20 0.30 DNMG
-
e * [ ]
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Desirability
D: 1.000
Wear
Minimum
[
y = 0.1512
d = 1.0000
Surface
Minimum
y = 03231
d = 1.0000

Figure 4.0Optimization plot based on Desirability approach.

Using the desirability function approach [7], the optimal
process settings were identified as a spindle speed of 350
rpm, feed rate of 0.6 mm/rev, depth of cut of 0.3 mm, and
the use of DNMG inserts, achieving a desirability value of
1.0 for both tool wear and surface roughness Figure (4).
The results demonstrate that simultaneous parameter
optimization can substantially enhance surface quality and
tool life. Furthermore, the nonlinear behavior of key
parameters—particularly feed rate and depth of cut—
highlights the importance of multivariate analysis and
advanced optimization techniques in the machining of
high-temperature alloys.

4- Conclusion

The results of this study revealed that in the turning of
Inconel 718, feed rate is the most influential factor on both
tool wear and surface roughness, exhibiting a nonlinear
behavior where intermediate values lead to simultaneous
improvement of both responses. Depth of cut has a
significant but smaller effect on tool wear and a
statistically insignificant effect on surface roughness,
while spindle speed plays the least role. Insert type also
influences tool wear, with DNMG inserts outperforming
TNMG in reducing wear, though the difference in surface
roughness is negligible. Optimization using the
desirability function identified optimal conditions of 350
rpm spindle speed, 0.6 mm/rev feed rate, 0.3 mm depth of
cut, and DNMG insert, achieving a desirability value of 1

for both responses. These findings highlight the
importance of selecting optimal cutting parameters and
suitable tooling to enhance surface quality, extend tool life,
and reduce machining costs for Inconel 718.
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Regression 10 | 0.309541 92.18% 0.309541 | 0.030954 8.25 0.005
Spindle speed 1 | 0.007821 2.33% 0.000651 | 0.000651 0.17 0.689
Feed rate 1 | 0.070533 21.00% 0.086292 | 0.086292 23.00 0.002
Depth of Cut 1 | 0.029008 8.64% 0.024033 | 0.024033 6.41 0.039
Insert 1 | 0.032089 9.56% 0.038164 | 0.038164 10.17 0.015
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Depth of Cut*Depth of Cut 1 | 0.018225 5.43% 0.017560 | 0.017560 4.68 0.067
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Spindle speed*Depth of Cut 1 | 0.000002 0.00% 0.000136 | 0.000136 0.04 0.854
Feed rate*Depth of Cut 1 | 0.006836 2.04% 0.006836 | 0.006836 1.82 0.219

Error 7 | 0.026259 7.82% 0.026259 | 0.003751
Total 17 | 0.335800 100.00%
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Source DF | SeqSS Contribution Adj SS Adj MS F-Value P-Value
Regression 13 | 29.3603 99.71% 29.3603 2.2585 104.25 0.000
Spindle speed 1 0.0000 0.00% 0.0106 0.0106 0.49 0.522
Feed rate 1 1.8487 6.28% 11.2125 11.2125 517.59 0.000
Depth of Cut 1 0.1875 0.64% 0.0604 0.0604 2.79 0.170
Insert 1 0.0235 0.08% 0.0737 0.0737 3.40 0.139
Spindle speed*Spindle speed 1 0.0001 0.00% 0.0023 0.0023 0.11 0.760
Feed rate*Feed rate 1 27.0227 91.77% 22.2535 22.2535 1027.25 0.000
Depth of Cut*Depth of Cut 1 0.0087 0.03% 0.0230 0.0230 1.06 0.361
Spindle speed*Feed rate 1 0.0571 0.19% 0.0283 0.0283 1.30 0.317
Spindle speed*Depth of Cut 1 0.1178 0.40% 0.1503 0.1503 6.94 0.058
Feed rate*Depth of Cut 1 0.0151 0.05% 0.0556 0.0556 2.57 0.184
Spindle speed*Insert 1 0.0186 0.06% 0.0297 0.0297 1.37 0.307
Feed rate*Insert 1 0.0579 0.20% 0.0605 0.0605 2.79 0.170
Depth of Cut*Insert 1 0.0026 0.01% 0.0026 0.0026 0.12 0.747
Error 4 0.0867 0.29% 0.0867 0.0217
Total 17 29.4470 100.00%
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Abstract--One of the methods of water management in PEM
fuel cells is the humidification of gases, which has a great
impact on the performance of the fuel cell. In this study,
modeling of a membrane humidifier with moist air and for
two gases, hydrogen and air on the dry side by ansys fluent.
The equations of mass, momentum, energy and components
have been discrete by finite volume method and solved by the
simple method. Also effect of the flow rate on the dry and wet
side on the moisture percentage of the dry side output,
temperature dew point, water transfer rate and water
recycling ratio were investigated. The results show in a
constant flow on the dry side, if the wet side mass flow rate is
1.1 g/s, the dry side outlet moisture, water transfer rate and
water recovery ratio in hydrogen are about 4%, 0.4% and
0.5% higher. Also that in a constant flow on the wet side, with
an increase in the flow on the dry side, the dew point
temperature difference in hydrogen and air decreases and the
transfer rate and water recycling ratio increase. In a constant
flow rate on the dry side, with an increase in the flow rate on
the wet side, the dew point temperature difference in
hydrogen and air increases and the transfer rate and water
recycling ratio decrease. The results generally show that the
efficiency of hydrogen air humidifier is higher than that of air.

Key Words. Membrane humidifier, fuel cell, heat transfer,
relative humidity, water transfer ratio.

1- Introduction

Water management has a significant impact on fuel cell
performance. Low water levels inside the cell cause the
ionic conductivity of the membrane to decrease. There are
various methods for humidifying gases, each with its own
advantages and disadvantages [1]. Humidification methods
are usually classified into two categories: internal and
external humidification. The difference in water
concentration and pressure on both sides of the membrane
causes water to pass through the membrane surface and, at
the interface between the membrane and the dry channels,
causes evaporation and humidification of the gases on the
dry side. A cyclic system can be used to humidify the air,
in such a way that the humid air entering the humidifier is

the same air exiting the cathode of the polymer membrane
fuel cell, which has been humidified due to the production
of water on the cathode side [2]. Many studies have been
conducted in the field of modeling membrane humidifiers.
Florian Wolfenstetter et al [3]. studying different
membranes in a humidifier, concluded that relative
humidity has the greatest effect on water penetration
through the membrane. Increasing temperature also
reduces water absorption by the membrane. Chen et al [4]
investigated a plate membrane humidifier numerically and
experimentally. They found that by increasing the wet side
temperature from 50 to 80°C, the outlet gas temperature
increased and the membrane vapor transfer rate tripled.
Previous studies have examined air humidifiers; in this
study, the heat and moisture transfer of a hydrogen plate
humidifier is addressed. Also, the effective parameters
(dew point temperature at the dry side outlet, water transfer
rate through the membrane, moisture recovery ratio) on the
performance of the membrane humidifier in fuel cell
application have been investigated and with the help of
numerical modeling of these two humidifiers, their
performance at different flow rates on the dry and wet sides
has been compared.

2- Modeling

A schematic of a membrane humidifier modeled with
parallel channels is shown in Figure (1). According to
Figure (1); a cold, dry stream and a warm, moist stream are
passed through channels located on the sides of the
membrane. Due to the difference in temperature,
concentration, and pressure on both sides of the membraneg,
mass (water) and energy (heat) transfer occurs from the hot
and wet channels and through the membrane to the cold and
dry channels.

3- Equations
Flow is Incompressible, Re<2300, Fully developed and Air
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is the ideal gas. The membrane is homogeneous and only
passes water vapor. Based on the above assumptions, the
equations governing membrane humidifiers include the
conservation equations of mass, momentum, energy, and
species.

4- Validation

To ensure the numerical solution method, one of the
important parameters in the humidifier must be
investigated. According to Figure (2), the output
temperature of the dry side has been compared with the
numerical results of Chen and Peng's study[4]. In the
different discharges of the dry side shown, there is a good

‘Wet side inlet

Dru side inlet

e P

Transfer
‘Water Vapor

agreement between the present study and the results of
Chen and Peng and indicates the correctness of the solution
process. The results show that the highest percentage of
error is 0.9%.

5- Results

Figure (3) shows the pressure drop in the dry-side channels
of the air-air humidifier and the hydrogen humidifier with
dry and wet gas temperatures of 300 and 330 K with a flow
rate of 30 mg/s, respectively. In the lower discharge, the
pressure drop is 27 Pa, and in the higher discharges, it
reaches 120 Pa.

Wet side outlet

Dry side outlet

—_——
Transfer
Heat

Fig. 1. A schematic of a modeled humidifier
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Fig. 4. The effect of dry side discharge on dew point temperature and output relative humidity

Figure (4) shows the effect of dry side discharge on dew
point temperature and relative humidity percentage of dry
side output at a constant wet side discharge in a membrane
humidifier. Figure (4) shows the effect of dry side
discharge on dew point temperature and relative humidity
percentage of dry side output at a constant wet side
discharge in a humidifier.

6- Conclusion

1) Due to the long path of the canals, the lowest and
highest pressure drops of 27 and 120 Pa are related to
the beginning and end of the canals.

2) At a constant flow rate on the wet side, with the
increase in the flow rate on the dry side, the dew point
temperature and outlet humidity in the hydrogen air
humidifier are higher than in the air humidifier. The
highest temperature of the dew point and the outlet
humidity are equal to 2 K and 4%, respectively.
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Abstract-- Drones equipped with robotic arms are
governed by nonlinear and complex equations. In this
study, the dynamic model of a hexarotor equipped with
a robotic arm with two degrees of freedom is first
derived using the Euler-Lagrange method. Then, to
enable interaction between this system and the
environment, a controller is designed. To overcome
underactuation issue, the system’s dynamic equations
are rewritten in such a way that some inputs are
responsible for trajectory tracking and applying force
by the robotic arm on the environment, while others are
used to control the hexarotor's state. To control force
and position at the end-effector, a combination of a
""constrained force controller' and a position controller
isemployed. Finally, two applied missions are simulated
in SimMechanics in the presence of wind disturbances.
The simulation results are compared and acceptable
performance of the system in interacting with both
missions, in the presence of low-speed wind is shown.

Keywords Aerial Robotic Arm, Multi-body System Modeling,
Interaction with Unknown environments, Underactuation,
Constrained Force Control

1- Introduction

In recent years, drones have become a widely used and
effective technology in various industries, including
delivery, manipulation and monitoring applications. With
continuous technological advancements, their applications
have significantly expanded. One of the emerging research
areas involve integrating robotic arms with drones, creating
aerial manipulators that enhance maneuverability and
functionality. These systems extend drone applications
from passive tasks such as monitoring and imaging to
interactive tasks such as infrastructure inspection [1],
maintenance [2], and emergency operations [3].

This paper presents an algorithm for controlling a
hexarotor drone equipped with a two-degree-of-freedom
robotic arm while exerting force on the environment. Due
to the inherent instability and nonlinear dynamic of drones,
their control is already challenging, and adding a robotic
arm further increases the complexity by introducing multi-
body dynamics. Previous studies often analyzed the drone
and arm dynamics separately, treating their interactions and
environmental effects as disturbances. However, this
research develops a unified dynamic model and a control
approach that simultaneously regulates both position and
applied force. Unlike typical force controllers for robotic
arms, the proposed controller is independent of surface
stiffness. The control design follows a structured approach:
first, the system kinematics are derived, and then its
dynamics are modeled using the Euler-Lagrange method.
To overcome the underactuation issue, the dynamic
equations are rewritten in such a way that some inputs are
responsible for trajectory tracking and applying force by
the robotic arm on the environment, while others are used
to control the hexarotor's state. The desired objectives—
position and force control of the end-effector—are defined
as constraints, with specific control inputs allocated
accordingly. Given that environmental stiffness is often
unknown, a constrained-dynamic-based force controller is
employed, ensuring robust force application regardless of
surface stiffness. This approach enables diverse
applications such as surface cleaning, structures vibration
analysis, and pressing emergency stop switch in hazardous
environments.

2- Dynamic Equation of Motion

The dynamic modeling of the system begins with the
derivation of its kinematic model. For this purpose,
appropriate coordinate frames are defined. In this study,
four coordinate frames are established, as illustrated in
Figure 1.
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Figure 2: Schematic of the
system, including its dimensions,
applied forces, and torques

Figure 1: Schematic of the
system with coordinate frames
and generalized coordinates

Subsequently, the system's dynamic equations are
formulated using the Euler-Lagrange method [4],
expressed as equation (1). In this equation, q represents the
generalized coordinate vector, M(q) denotes the mass
matrix, h(q, q) corresponds to the matrix of nonlinear terms
such as Coriolis effects, T is the input vector, and B(q) is
the input vector coefficient matrix. As shown in Figure 2,
in the input vector, F represents the vertical thrust force
vector of the motors, T denotes the torque applied to the
hexarotor by the motors around the pitch angle, T,
corresponds to the torque exerted by the hexarotor on the
first link of the robotic arm, and t, represents the torque
applied from the first link to the second link.

M(@)§ +h(q, @) = B(@T @
[d1] —sinqg; 0 0 0 F
2 [cosq3 00 0} T
4= ﬁgl,B=| 0 10 Ol,T= o
s 0 010
i Lo 00 d T2
The relationship between the force and torque
components and the motor speeds is given as follows [5].
(0); 1 0
03 1 —v3
%)L —V3|F) @)
Q[ eblfl 0 |kt
02 1 V3
02 1 V3

In equation (2), Q4, Q,, ..., Q4 represent angular velocity of
each motor, b and | respectively denote lift coefficient and
drag coefficient of motor propeller.

3-Force Control

Considering that the number of inputs is less than the
number of outputs of the system, the system is
underactuated. There are various methods to address this
issue. The approach used in this paper is that some of the
system's inputs are used to satisfy artificial constraints,
while another portion of the inputs is utilized to meet the
general objectives of the system. t; and t,, denoted as C,
are allocated to satisfy artificial constraints, while F and T,
denoted as U, are assigned to meet the general objectives of
the system. Considering this aspect and incorporating the
artificial constraints (g;(q,t) = 0,i = 1,2) equation (1) is
rewritten as follows.

M;].. , [hi] _ [Bix Bi2][U
i+l =[5 elld) )

gi(q)=0,i=12

After performing a series of mathematical operations,
the first and second rows of equation (3) are obtained as
equations (4) and (5), respectively. In these equations,
M, h, B, M’, ', are functions of M;, M, hy, h,, By, By, Byy,
B,,, 81,8, & is the end-effector trajectory tracking error
vector, and D is its coefficient.

Mg+ h = BU + D8 4)
M'8 + ' = B,,C (5)

By choosing C as C = B33 [M'(—K,8 — K,8) + h'] and
substituting it into equation (5), equation (6) is obtained.
Therefore, by choosing the coefficient matrix (K¢, K§) to be
positive definite, position error convergence to zero is
guaranteed.

§+KS5+KS8=0 (6)

So far, the discussion has focused on the position control
of the end-effector. Next, a "constrained force controller"
is employed for force control. The advantage of this
controller is that, unlike typical force controllers, it operates
independently of the surface stiffness coefficient. For this
controller, it is assumed that the contact between the robot
and the environment imposes a constraint, effectively
preventing the robot from moving further into the
environment. In general, for a non-redundant robot with n
degrees of freedom that acquires p constraints due to
contact with the environment, the constraints can be
expressed as equation (7). Additionally, the system's
equation of motion is represented by equation (8).

Y(@=0 i=12..,p (7

Mnxngnxl + hyx1 = BoxmTmxa + é};xpz\pxl (8)

In equation (8), A,x; (the Lagrange multipliers)
represents the constraint forces of the system, and the
matrix A, denotes the Jacobian of the constraint
equations. For the constrained system above, let x,_,
represents the n — p independent variables, which allow
the unique determination of q, , ..., q, (in this case, qq4,qs)
while considering the constraint equations. In fact, g(x)

represents the inverse kinematic equations of the two-
degree-of-freedom arm when constrained by contact with a
wall. By incorporating equation (7), it uniquely determines
the values of q,, qs. By considering equations (7) and (8),
performing a series of mathematical operations, and
choosing C as equation (9), the equations (10) and (11) can
be derived, proving that the position and force errors at the
end-effector converge to zero.

C = B33 [M2(%q + kyX + kpX) + hy + AT(Aq + ke ) (9)
-

%q + kX +kp =0 (10)

limA =10 (11)

tooo
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In these equations, X is Jacobian of g(x), X4 represents

the second derivative of the desired position, X denotes the
position error, A4 is the desired force, A is the force error,
and k, and k, are the PD control coefficient matrices.

Since the constrained force controller is designed for
cases where the end-effector is in contact with the
environment while following the desired trajectory, it must
be combined with a position controller as expressed in
equation (12). This combination is necessary because,
before the end-effector makes contact with the
environment, the system has five independent degrees of
freedom, and the position controller operates based on
these five degrees of freedom. However, after the end-
effector contacts the environment, the system becomes
constrained, reducing the number of independent degrees
of freedom to four.

T = K05 (Position Controller)

(12)

+Kforce (Constraint Force Controller)
+Non Linear Terms in Equation of Motion

+External Force

In control law (12), K is the position controller gain,
and Ky, e is the force-constrained controller gain during
the end-effector contacts with the environment. These gains
are selected in such a way that before contact with the
surface, only the position controller operates, and during
contact with the surface, only the force constrained
controller controls the system.

4- Simulations and Results

The simulation of the controller introduced in equation (1)
was performed in SimMechanics software. In this software,
the system model and initial conditions are defined, and
interaction with two environments in two missions is
carried out. The first environment is a wall (stiffer
environment), where the goal is to apply a constant force
while allowing vertical displacement of the end-effector
(Figure3). The second environment, which is softer, is an
emergency stop switch, where the goal is to simulate the
application of a constant force without oscillations in the
end-effector position (Figure 4). Additionally, wind
disturbances are introduced into the system in both
missions.

Figure 3:Force control simulation Figure 4: Force control simulation
in stiffer environment [ in softer environment

Figures 5 and 6 illustrate the simulation results in stiffer
environment. From Figure 5 (a) to Figure 5 (e), the
generalized coordinates of the system are presented. In
these Figures, the effects of the system's nonlinear
dynamics (particularly in Figures 5_(a), 5_(c), and 5_(d))
are clearly observable. Additionally, the position of the
hexarotor's center of mass (Figures 5_(a) and 5_(b)) and its

pitch angle (Figures 5 (c)) exhibit oscillatory behavior
with a small amplitude. This oscillation is due to both
underactuation and internal dynamics, as well as the
oscillatory disturbances caused by wind force both of
which are expected. These oscillations are also observed in
the control inputs (from Figure 6_(c) to Figure 6_(f)).
Therefore, considering that the system outputs have
converged to the desired values and the internal dynamic
oscillations remain limited, the system’s performance is
deemed acceptable.
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Figure 5: The generalized coordinate diagram, the end-effector
trajectory, and the longitudinal and lateral positions of the end-
effector over time for the stiffer environment.

After the end-effector makes contact with the vertical
surface, the position controller is deactivated, and the force-
constrained controller takes over. This transition is clearly
visible in Figure 6_(c) to 6_(f), which represent the control
signals. The points marked with red circles indicate the
moments when the end-effector contacts the wall. As
observed, a jump occurs in the control inputs at these
points, which is due to the controller switching from
position control to force-constrained control. Additionally,
Figure 6_(a), which represents the vertical force exerted on
the surface, shows that the desired force is tracked with
minimal oscillation. This slight oscillation is caused by the
fluctuating wind force disturbance. As a result, the
simulation demonstrates that the system successfully
accomplishes its mission despite the presence of low-speed
wind disturbances.
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Figure 6: The forces applied to the end-effector and the
control signals for the stiffer environment
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A similar simulation was conducted for pressing the
emergency stop switch. As a result of this simulation, since
the end-effector remains stationary at the moment of
pressing the switch, the effects of nonlinear dynamics are
not observed. Additionally, slight oscillations in some
generalized coordinates, similar to the previous simulation,
is seen; however, given their limited magnitude, they are
considered acceptable. Since the emergency stop switch is
softer compared to the wall, no jump is observed in the
control inputs this time. This can be explained by the fact
that in this simulation, the environment interacting with the
end-effector has a lower stiffness coefficient (a softer
environment). However, in the first simulation, due to the
higher stiffness of the interacting environment, the jumps
in the control inputs are more noticeable. Therefore, based
on the control signals, the designed controller exhibits
greater input jumps for stiffer environments and negligible
jumps for softer environments.

5- Conclusion

In this paper, the objective is to enable interaction between
a hexarotor equipped with a two-degree-of-freedom robotic
arm, with its environment. To achieve this, the kinematic
equations are first derived, followed by the system’s
dynamic equations using the Euler-Lagrange method.
Given that the system is underactuated, the dynamic
equations are rewritten so that some inputs are used for
applying force to the environment through the robotic arm,
while others are utilized to maintain the hexarotor's state.
Subsequently, a combination of a position controller and a
force-constrained controller is employed to apply a
constant force while allowing vertical oscillation of the
end-effector. The advantage of the force-constrained
controller in environmental interaction is its independence
from the surface stiffness.

To simulate the controller’s performance, the hexarotor-
arm system is implemented in SimMechanics software, and
its functionality is evaluated in two environments. As a
result of the simulation, considering the system’s
underactuation, limited oscillations are observed in the
hexarotor’s position and pitch angle coordinates. These
oscillations are caused by both the system’s internal
dynamics and external wind disturbances. The first
simulation involved applying force to a wall with vertical
oscillation along the surface tangent. The end-effector
contacted the environment after approximately 2 seconds
and applied force with minimal oscillation, which is
attributed to fluctuating wind disturbances. Furthermore,
due to the oscillatory behavior of the end-effector, the
effects of the system’s nonlinear dynamics were clearly
observed in the generalized coordinates. A desired force of
1 Newton with negligible oscillation is applied
perpendicular to the surface. The switching between the
position controller and the force-constrained controller
resulted in slight jumps in the control inputs, which are
minimal and acceptable.

The second simulation is conducted for pressing the
emergency stop switch. In this simulation, since the end-
effector remained stationary at the moment of pressing the
switch, nonlinear dynamic effects are not observed.
Additionally, slight oscillations in some generalized
coordinates, similar to the previous simulation, are present.

Since the emergency stop switch is softer than the wall, no
jumps are observed in the control inputs this time. This can
be explained by the fact that in this simulation, the
environment interacting with the end-effector has a lower
stiffness coefficient (a softer environment).
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Abstract-- The main objective of this research is to study the
impact of combustion performance parameters of hydrogen
on entropy generation and enthalpy variations. A numerical
simulation was carried out using the counterflow diffusion
flame model in the CHEMKIN combustion software. The
results showed that increasing the pressure, fuel inlet
temperature, and oxidizer inlet temperature led to an
increase in the maximum temperature and enthalpy.
However, an increase in the oxidizer inlet velocity resulted in
a reduction of the maximum temperature and enthalpy.
Additionally, increasing the fuel inlet temperature and
pressure caused an increase and decrease in the fuel entropy
level, respectively.

Keywords Entropy Generation, Enthalpy Variations,
Diffusion Flame, Parametric Study, Hydrogen Combustion

2. Introduction

Energy plays a vital role in sustainable development.
Traditional energy systems are unable to meet the
environmental and economic requirements for achieving
sustainable development, thus there is a pressing need for
changes and improvements in energy systems to address
the global energy challenges and climate change [1,2]. In
this context, attention to combustion performance
parameters, entropy generation, and irreversibilities in
combustion processes is of great importance. Entropy
generation, which refers to the loss or exergy destruction,
occurs significantly in combustion processes and leads to
energy waste and reduced system efficiency. In many
studies, four irreversible phenomena such as chemical
reactions, heat transfer, mass transfer, and viscosity
dissipation, have been identified as the main contributors
to entropy generation [3,4,5].

This study, using the counterflow diffusion flame
model, investigates the impact of various performance
parameters such as pressure, ambient temperature, and the
temperature and velocity of the fuel and oxidizer in
hydrogen combustion on entropy generation and enthalpy
variations.

3. Governing Equations and Modeling

The governing equations for a diffusion flame include
mass conservation, momentum conservation, energy
conservation, and species conservation. Figure (1) shows
the schematic of the counterflow diffusion flame model
used in the present study.

T P, Tambient

H2 /] N2, 02
__ Vful o Voxidizer
Tfuel 0’5 1 | 1.5 Toxidizer X

Flame zone

Fig. 1. Schematic of the counterflow diffusion flame model
used in the present study

4. Results and Discussion
An increase in pressure resulted in a rise in the maximum
temperature, which can be attributed to the enhanced chain
breakdown of atoms and the generation of active radicals
such as O, H, and OH, leading to an increase in reaction
rates, thereby elevating the maximum temperature. Due to
the increased number of active radicals, the location of the
maximum temperature shifted toward the fuel side.
Moreover, the increase in pressure led to a decrease in
entropy. This reduction in entropy was due to a decrease
in the disorder and chaotic motion of molecules and atoms,
resulting from the higher pressure. Additionally, an
increase in pressure caused an increase in sensible
enthalpy, as it enhanced the reaction rates, temperature,
and consequently, heat production, which led to a rise in
enthalpy. The rate of increase in enthalpy due to pressure
gradually decreased.

Overall, increasing the ambient temperature from 100
K to 400 K had a negligible effect on temperature, entropy,
and sensible enthalpy. Since the combustion temperature

* Manuscript received October 16, 2024, Revised November 25, 2024, Accepted March 1, 2025.
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of hydrogen is much higher than the ambient temperature,
around 2500 K, increasing the ambient temperature within
this range does not significantly affect the system.
Increasing the fuel inlet temperature led to an increase
in the maximum temperature. Raising the fuel inlet
temperature not only increased the reaction rates for
producing active radicals (H and OH) through higher H2
species temperature but also raised the flame zone
temperature, thus enhancing the overall combustion
reaction rate. The rise in fuel inlet temperature also
increased fuel entropy due to the higher temperature,
molecular motion, and energy levels. Concerning the
impact of fuel inlet temperature on sensible enthalpy, three
important points were observed. First, at a fuel inlet
temperature of 200 K, the enthalpy was negative,
indicating an endothermic process. Second, an increase in
the fuel inlet temperature resulted in a rise in maximum
enthalpy due to elevated temperatures, higher radical
production rates, and increased reaction rates. Third, at a
fuel inlet temperature of 500 K, the fuel underwent pre-
ignition or auto-ignition before reaching the flame zone.
Increasing the oxidizer inlet temperature raised the
maximum temperature. The increase in maximum
temperature was more significant compared to when the
fuel inlet temperature was increased. Another noteworthy
point is that the position of the maximum temperature
shifted toward the oxidizer side, owing to the increased
rate of active O radical production in the oxidizer region.
Increasing the oxidizer inlet temperature did not
significantly affect the entropy of the fuel and oxidizer but
did increase the entropy in the flame zone. Additionally, it
led to an increase in the maximum sensible enthalpy.
Increasing the fuel inlet velocity had a minimal effect on
the maximum temperature, and at higher velocities, it even
slightly reduced the maximum temperature, possibly due
to the cooling effect in the flame zone from the high-speed
fuel flow and the reduced reaction rates.
Increasing the fuel inlet velocity did not notably affect the
entropy levels on the fuel and oxidizer sides. However, in
the flame zone, entropy increased. The changes in sensible
enthalpy due to the increase in fuel inlet velocity were also
insignificant, and at higher velocities, the maximum
enthalpy decreased.
Increasing the oxidizer inlet velocity caused a reduction in
the maximum temperature. This was attributed to several
factors: first, the higher oxidizer flow velocity cooled the
flame zone, which led to a decrease in temperature and
consequently a reduction in active radical production rates,
thus decreasing the reaction rates. Second, the oxidizer
region contains N2 and O2 species, with the active radical
in this region being O, which has a lower mole fraction
than the active radicals on the fuel side (H and OH) and
thus has a lesser impact on increasing the reaction rates.
Third, N2, which largely remains unaffected in the flame
zone, acts as a diluent. In addition to reducing the
temperature through dilution, N2 reacts with active O
radicals, forming NOx pollutants, further lowering the
reaction rates and reducing the maximum temperature.
Increasing the oxidizer inlet velocity did not significantly
affect the entropy levels on the fuel and oxidizer sides.
However, in the flame zone, the entropy decreased

significantly. The changes in sensible enthalpy due to the
increase in oxidizer inlet velocity followed a decreasing
trend, which was linked to the reduction in maximum
temperature, a subsequent decrease in active radical
production, and ultimately a decline in reaction rates.

5. Conclusion
In this study, a parametric analysis of hydrogen
combustion in a diffusion flame model was conducted, and
the effects of combustion performance parameters on
entropy generation and enthalpy changes were
investigated. The model used was an opposing flow model,
and simulations were carried out using the CHEMKIN
simulation software. Some of the key findings from the
present study are as follows:

e The entropy level in the flame zone decreased
significantly, which was attributed to the large heat
transfer to the environment in the flame zone.

e The sensible enthalpy in the flame zone increased
significantly. The positive value of enthalpy indicates
that the combustion reaction process in this zone is
exothermic.

¢ Increasing pressure, which enhances the reaction rates,
resulted in a rise in temperature. The increase in
pressure also caused a reduction in the fuel's entropy.
Additionally, the effect of pressure increase on sensible
enthalpy was observed as an elevation in the maximum
enthalpy value.

e Environmental temperature changes had no significant
effect on temperature, entropy, and sensible enthalpy.

e Increasing the fuel inlet temperature raised both the
maximum temperature and sensible enthalpy and
increased the fuel’s entropy. However, in the flame
zone, the entropy decreased. A significant increase in
fuel inlet temperature up to 500 K caused the fuel to
undergo auto-ignition or pre-ignition before reaching
the flame zone.

e Increasing the oxidizer inlet temperature raised the
maximum temperature and sensible enthalpy but did not
have a significant impact on the entropy of the fuel and
oxidizer. In the flame zone, the entropy increased with
the increase in the oxidizer inlet temperature.

¢ Increasing the fuel inlet velocity had little effect on the
maximum temperature, maximum sensible enthalpy,
and the entropy of the fuel and oxidizer. However, it
increased the entropy in the flame zone.

¢ Increasing the oxidizer inlet velocity reduced both the
maximum temperature and sensible enthalpy. Although
increasing the oxidizer inlet velocity had little effect on
the entropy of the fuel and oxidizer, it caused a
reduction in entropy in the flame zone.
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