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1. Introduction

Many problems involving fluid flow are periodic. When an
object performs a time-dependent periodic movement in
the flow field, the created pattern is a periodic temporal
flow. Among these problems, we can refer to the flow in
turbomachines and the flow around pitching airfoils. The
conventional method of solving such problems is to
integrate the governing equations and solve them step by
step in time until a steady solution is obtained. To
numerically solve the governing equations of time-
dependent flows (despite the extreme rate of change),
small time steps are required, which need powerful
processors. In time-periodic flows, an acceptable solution
of the governing equations can be achieved by using
spectral methods, taking advantage of the property of
periodicity, and using a typical processing system. The
time spectral method is one type of spectral methods. The
disadvantage of the time spectral method is that in the
entire computing domain, the number of time intervals in
a period is constant, unnecessarily increasing the amount
of computer memory and processing time. By using the
adaptive time spectral method, this weakness can be
eliminated by the optimal distribution of time intervals in
the computational domain - proportional to the
unsteadiness rate of the flow. This study added the
adaptive time spectral method to an inviscid flow solver.
The results of this method were compared with the results
of the standard (non-adaptive) time spectral method and
experimental data. Moreover, two parameters of computer
memory and processing time were investigated. The
results were obtained for three cases (Case 1, Case 2, and
Case 5) of the NACAO0012 pitching airfoil. The results
showed that while having an acceptable solution accuracy,
the amount of computer memory is significantly reduced
compared to the standard time-spectral method. The
computer processing time for Case 2 and Case 5 for 4-time
intervals decreased 21% and 24%, respectively. Moreover,
for Case 1 for 4-, 8-, 10-, and 12-time intervals, it
decreased 16%, 38%, 31%, and 29%, respectively.

2. Time spectral method
The time-spectral method combines the time derivative

operator with spectral accuracy and spatial discretization
using the finite difference, finite volume, or finite element
method with algebraic accuracy that can be used for
different geometry and flow fields. Since the flow
variables are time-periodic, they can be expressed in terms
of Fourier series at any spatial point.

Applying the adaptive technique to the time-spectral method
Convergence and computer memory can be improved if
the number of frequency modes related to the solution
Fourier series is considered proportional to the
unsteadiness rate in each computational cell. The
contribution of each mode in the solution depends on the
value of the wave amplitude of that mode. By comparing
the wave amplitude value with a reference value, the
distribution of frequency modes (time intervals) can be
optimally distributed in the computational domain.

3. Numerical Study

Geometric model

This research uses the symmetric NACAQ012 airfoil to
simulate the flow around a pitching airfoil. Table 1 shows
the conditions used in this analysis in three cases, Case 1,
Case 2, and Case 5 (assigned by the Agard Institution).

Table 1. Conditions applied to simulate the flow around
a pitching airfoil

AGARD
Case M, oy o K.
Number
Case 1 0.6 2.89° | 2.41° | 0.0808
Case 2 0.6 3.16° 459° | 0.0811
Case 5 0.755 0.016° | 2.51° | 0.0814

In Table 1, M, is the Mach number of the free stream,
o, is the average angle of attack, o, is the maximum
oscillation amplitude compared to the average value, and
K. is the dimensionless frequency. The angle of attack also
changes as a sinusoidal relationship with respect to time.
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Governing conditions,
generation

Euler equations were used to model the inviscid flow
mathematically. Euler equations are discretized in the
curvilinear coordinates by the finite volume method
(central difference scheme). The artificial dissipation
scheme is also used to prevent oscillation near the shock
waves. To solve the system of equations, the explicitly
modified Runge-Kutta method of five stages is used, and
the Fortran programming language is also used for coding.
The conditions of the free stream for the inlet boundary
and the extrapolation of the values of the flow variables at
the outlet boundary were used. Moreover, for velocity, the
slip condition on the solid wall was applied. The density
change rate in the direction perpendicular to the wall is
equal to zero, and the pressure is also obtained from the
normal momentum equation on the wall. A structured O-
grid was used for the numerical analysis which is shown in
Figure 1.

equations, boundary and grid

L L
2 ¢ 2
X

Figure 1. Computational grid around the airfoil

4. Results and discussion

Pressure coefficient distribution on the airfoil surface

The numerical results obtained by applying the adaptive
time spectral method were compared with the
experimental results for three cases (Case 1, Case 2, and
Case 5), and a good agreement was observed, which
indicates the accuracy of the adaptive time spectral
method. Figure 2 shows the comparison of pressure
coefficient distribution obtained from adaptive and non-
adaptive time spectral methods with experimental results
for Case 1 with 10-time intervals and an angle of attack of
5.18 degrees downward.

0 02 0. 06 08 1

4
X/C
Figure 2. The comparison of the pressure coefficient on
the airfoil surface obtained from adaptive and non-
adaptive time spectral methods with experimental results
in Case 1

Computer memory parameter

Comparing the amount of allocated memory in Case 2 and
Case 5 with 4-time intervals showed that the computer
memory in the adaptive time spectral method decreased
39% and 41%, respectively, compared to the non-adaptive
time spectral method. Table 2 shows the percentage of

computer memory decrease of the adaptive time spectral
method compared to the non-adaptive time spectral
method in Case 1. Figure 3 shows the distribution of time
intervals for Case 1 with 10-time intervals. It is evident that
the time intervals allocated in the region near the airfoil are
more than the region far from the airfoil due to the impact
of the body on the flow.

[
TIMEINTERVALS 1 2233 4455677889810

Figure 3. Contours of allocated time intervals in adaptive
time spectral method for Casel with 10-time intervals

Table 2. The percentage of computer memory
decrease of the adaptive time spectral method
compared to the non-adaptive time spectral method

4-time
interval

8-time
interval

10-time
interval

12-time
interval

%35

%72

%76

%81

CPU time parameter

The CPU time of the adaptive time spectral method
decreases about 21% and 24%, respectively, compared to
the non-adaptive time spectral method with 4-time
intervals for Case 2 and Case 5. The CPU time also

decreases for Case 1, according to Table 3.
Table 3. The CPU time reduction percentage of the adaptive
time spectral method compared to the non-adaptive time
spectral method

4-time 8-time 10-time 12-time
interval interval interval interval
%16 %38 %31 %29
5. Conclusion

This study simulated the Euler equations around a
NACAO0012 pitching airfoil using the adaptive time-
spectral method. Numerical results related to the pressure
coefficient obtained from the adaptive and non-adaptive
time spectral methods for the NACAQ012 pitching airfoil
were validated. The contours of the optimal distribution of
time intervals showed that the time intervals allocated in
the regions near the airfoil are more than the regions far
from the airfoil due to the presence of shock waves and the
impact of the body on the flow. Investigating the amount
of computer memory and CPU time showed that the two
parameters effectively decreased in the adaptive time-
spectral method compared to the non-adaptive time-
spectral method. The results of this research showed that it
is possible to simulate the time-periodic flow using the
adaptive time spectral method, with acceptable accuracy
and by spending appropriate computer memory and
processing time. Accordingly, using this method in the
analysis of actual flows with excessive time change rates
can be very beneficial while maintaining the accuracy of
the solution, by reducing the amount of computer memory
and CPU time.
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Application of Adaptive Time Spectral Method to Analyze Inviscid Compressible
Flow Around a Pitching Airfoil

Samad Ghasemi Seyyed Majid Malek Jafarian

Abstract a pitching airfoil, the time-spectral method can be used, which is a Fourier series-based spectral method with
a suitable convergence speed. The disadvantage of the time spectral method is that in the entire computational domain,
the number of time intervals is constant, which unnecessarily increasing the amount of computer memory and CPU time
(The dependent variables). By using the adaptive time spectral method, this weakness of the time spectral method can
be eliminated by the optimal distribution of time intervals (independent variable) in the computational domain
(proportional to the flow gradient). In the present research, the adaptive time spectral method was added to an inviscid
flow solver. The results of this method were compared with the results of the standard (non-adaptive) time spectral
method and experimental data. Also, two components of computer memory and CPU time were studied. The results
obtained for the three cases (Casel, Case2, and Case5) with Mach numbers 0.6, 0.6, and 0.755 respectively of the
NACAO0012 pitching airfoil showed that while having an acceptable solution accuracy, the amount of computer memory
and CPU time is significantly reduced compared to the standard time spectral method. The CPU time for Case2 and
Case5 for 4-time intervals has been reduced by 21 and 24 percent, respectively. And for Casel for 4, 8, 1,0 and 12-time
intervals, it has been reduced by 16, 38, ,31 and 29 percent respectively.

Keywords Time Periodic Flow, Time Spectral Method, Adaptive Time Spectral Method, Inviscid Compressible Flow,
Pitching Airfoil
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1. Introduction

Optimizing the profile of the diverging part of the engine
nozzle with the aim of minimizing losses and maximizing
thrust is an essential step for designing space rocket
engines. This study deals with the optimal design of the
profile of the divergent part of an over-expanded
supersonic nozzle in order to achieve the maximum thrust
with a fixed length and exit to throat area ratio. To this end,
a reliable and robust tool was developed by combining the
Computational Fluid Dynamics (CFD) and Artificial
Intelligence (Al). Firstly, the original profile was modeled
using a third-order B-spline. Then, by changing the control
points of the profile, a set of profiles is produced. This set
of profiles was analyzed by the CFD to estimate the
generated thrust. The geometry of the nozzle along with
the thrust force obtained from the profiles were used to
train an Artificial Neural Network (ANN). Afterwards, the
optimal profile was obtained by applying the Genetic

Algorithm (GA) to the ANN results. Finally, the

performance of the optimal profile in off-design conditions
was compared with the original nozzle.

2. Numerical modeling

In the present case, the air is accelerated through a
converging-diverging nozzle, exits the diverging part of
the nozzle at supersonic speed, and enters the surrounding
ambient. Figure 1 is a schematic diagram of the
converging-diverging nozzle geometry and illustrates the
computational domain and boundary conditions.

The supersonic jet flow exiting the nozzle and entering
the surrounding environment is viscous and turbulent.
Accordingly, the governing equations of the problem
consist of the conservation equations of mass, momentum,
and energy alongside the ideal gas equation of state. These
equations are solved for compressible axisymmetric flow.
Turbulent flow was modeled using the Spalart-Allmaras
turbulence model. The advantage of this method is
reducing the computational costs, while it provides
suitable results for wall-bounded flows, complex internal-

external flows, and boundary layers subjected to adverse
pressure gradients.

In order to optimize the divergent part of the nozzle, it is
necessary to select a reference profile as the base model so
that the final optimized model can be compared with it in
terms of the geometry and performance. For this purpose,
the profile according to Figure 2 was selected.

_____ Pressure outlet
Wall
Pressure inlet

100r,

-« == « AXiS

Figure 1. Schematic diagram of the nozlle geometry,
computational domain and boundary conditions

O  Original Profile
+  Selected Break Points

6 8 10
x (m)
Figure 2. Refrence profile points and the selected
breakpoints used to generate B-spline curve

Moreover, it is necessary to present this profile, which
consists of discrete points, in the form of a parametric
function so that its geometric shape could be subjected to
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the optimization by changing the relevant variables. For
this purpose, 3" order B-spline is used. In addition to very
good accuracy, this geometric shape also has high
flexibility. To generate a spline, it is not necessary to use
all the points of the reference profile, but it is possible to
create profiles exactly equivalent to the reference profile
with a few breakpoints. The fewer the number of
breakpoints used, the fewer the variables of the developed
model. According to Figure 2, a total of 5 breakpoints were
selected, while the initial and final points of the profile are
also part of this group.

After modeling the reference profile, it is possible to
create a set of related profiles. By changing the control
points, 24 profiles were created, as shown in Figure 3.

000008000
o0
o0
O
o9
O  Criginal Profile

Developed Profiles

2 4 6 8 10
x (m)

Figure 3. Refrence profile along side the developed profiles

3. Results and discussion

The set of profiles presented in Figure 3 was analyzed with
the CFD. The geometry of the nozzle along with the thrust
force obtained from the profiles were used to train the
artificial neural network. At the next step, by applying the
genetic algorithm, the optimal profile was obtained
according to Figure 4.

5

——— Original Profile
Optimized Profile

0 2 4 6 8 10
Figure 4. Optimum nozzle profile in comparation with
original nozzle one

Figure 5 shows the details of the gas dynamic structure
of the flow in both the reference and optimized nozzles,
including the Mach disk, oblique and reflected shock
waves, shear layer, vortex core, and flow separation. Close
to the nozzle throat, the wall divergence angle in the
reference profile is greater than the optimal profile. This
divergence has caused the flow separation in the reference
nozzle to happen earlier. In general, the process of the flow
separation in over-expanded nozzles is accompanied by an
internal shock wave. When the shock wave hits the
boundary layer, an adverse pressure gradient is created in
the boundary layer, which leads to the disturbing of the
velocity profile, separation of boundary layer, and an
increase in its thickness. This separation pattern is called
free shock separation (FSS). The greater divergence of the

nozzle wall near the throat in the reference nozzle has
caused a longer Mach disk and a shorter oblique shock
wave. This increases the static pressure drop and reduces
the static pressure recovery factor.

Mach Number 0 1.8 3.6 5

Free jet boundary

Oblique shock wave

Mach disk

S @:ulalion region

ik |
Figure 5. Mach number contour for optimized (upper
image) and reference (lower image) profiles

Optimum nozzle operating in off-design conditions

In order to examine the performance of the optimized
nozzle profile in off-design operating conditions, the thrust
obtained from the reference and optimal profiles were
compared at different nozzle pressure ratios (NPR). Table
1 shows the results. As can be seen, the improvement
percentage of thrust decreases with increasing the pressure
ratio. Although, up to a pressure ratio of 30, the optimal
nozzle still produces more thrust than the original one.

Table 1. Mach number contour for optimized (upper image)
and reference (lower image) profiles

Nozzle Thrust Thrust Improvement
pressure | obtained from obtained percentage
ratio the original from the
profile optimized
profile
14 384.10 523.20 36.2
20 561.61 744.84 32.6
30 928.69 1155.59 28.0
40 1964.27 1824.11 -7.1
50 2471.63 2359.99 -4.52
4. Conclusion

In this study, by combining the CFD and artificial
intelligence, the profile optimization of the divergent part
of an overexpanded nozzle was discussed. The comparison
between the reference profile and the optimal profile for
the nozzle pressure ratio of 14 shows a 36% increase in
thrust and 138% increase in static pressure recovery factor.
The comparison of the details of the flow structure in the
reference and optimal nozzles shows that in the optimal
nozzle, the flow separation, which corresponds to the free
shock separation pattern is happened later. In order to
analyze the performance of the optimized nozzle profile in
off-design operating conditions, the thrusts and pressure
recovery factors obtained from the reference and optimal
profils were compared at NPRs of 20, 30, 40 and 50. The
results shows that in off-design operating conditions, the
performance of the optimal nozzle is better than the
reference one up to a NPR of 30.
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Optimal Design of Divergent Part of an Over-expanded Nozzle Profile using Artificial Intelligence
Seyed Amin Bagherzadeh Sobhan Emami Seyed Ahmadreza Salehi

Abstract The present article deals with the optimal design of the contour or profile of the divergent part of an over-
expanded supersonic nozzle in order to achieve the maximum possible thrust while maintaining the length and the exit to
throat area ratio of the nozzle. To do so, a reliable and robust tool has been developed by combining computational fluid
dynamics (CFD) and artificial intelligence. At first, the original profile is modeled by an innovative method using a third-
order B-spline, and then by changing the breakpoints of the profile, a set of possible profiles is produced. This set of
profiles has been analyzed by CFD. The geometry of the nozzle along with the thrust force obtained from the profiles
have been used to train the artificial neural network. In the next step, the optimal profile was obtained by applying the
genetic algorithm. Finally, the prediction of the artificial intelligence for the optimal nozzle thrust is compared with the
value obtained from the CFD, which shows the validity of the present approach. The comparison between the original
profile and the optimal profile for the nozzle pressure ratio of 14 shows a 36% increase in thrust and a 138% increase in
the total pressure recovery factor. The comparison of nozzles for off-design conditions shows that the performance of the
optimal nozzle is better than the original nozzle up to a pressure ratio of 30. If the nozzle pressure ratio exceeds 30, using
the optimal nozzle instead of the original nozzle will not have priority.

Key words Convergent-Divergent Nozzle, Optimization, Artificial Neural Network, Genetic Algorithm, Nozzle Profile,
Flow Separation
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1. Introduction

Today, improving the aerodynamic performance of
airplanes, which leads to the optimization of fuel
consumption and reduction of greenhouse gases, as well as
the shrinking of engines, is one of the biggest concerns of
experts in this field. Various techniques have been
presented to control and improve the flow in the
aerodynamic surfaces of the aircraft, but the most
important of them is the use of leading and trailing edge
high lift devices on the wings. The main task of these high
lift devices is to provide higher lift coefficients in take-off
and landing conditions, so that this issue does not disturb
the performance of the aircraft in cruise mode. In light
aircraft, trailing edge high lift devices are often used, in
particular, simple flaps, single flaps, and fowler flaps.

Flaps and other high lift devices were originally used to
land airplanes in small areas. Nowadays, according to the
topic of high loading, the need for this equipment is felt in
the take-off phase as much as in the landing phase. During
takeoff, a high maximum lift coefficient is required along
with a low drag coefficient. While landing, a high
maximum lift coefficient is required like takeoff phase,
with the difference that the presence of some more drag can
be useful.

After validating the data with experimental research
and aerodynamic analysis of an airfoil equipped with a
single slotted flap, this research seeks to find the
appropriate geometric parameters for the deployment of
the flap.

2. Method

Slotted flaps are generally similar to simple and fowler
flaps in terms of increased curvature and in some cases,
increased chord. With the difference that there is a gap in
between that can delay the flow separation by sucking
high-energy air from the lower surface and using it to
control the boundary layer on the upper surface of the flap.
The airfoil equipped with a single slotted flap mechanism
has its own geometric parameters, the most important of
which are the gap distance, overlap, slot lip, and slot entry,
which are analyzed along with parameters such as flap

type, flap size, and its rotation rate. Figure 1 shows the
main geometric parameters of a single slotted flap.

Overlap ¢-.._

Slot Lip
7
/

—~->Gap

Slot Entry(v"

Figure 1. The parameters of airfoil equipped
with single slotted flap

In this research, first, according to the experimental
results of the wind tunnel on the Naca-23012 airfoil
equipped with a Clarck-Y type single slotted flap, the
validation of the data was done and a database was created
based on the experimental research. Then, by making
changes in the geometrical parameters of the gap and
overlap, the problem of improving the aerodynamic
performance of the airfoil was evaluated. First, the required
geometries in different angles of attack and flap were
created in the Gambit software and the scope of the flow
solution was defined. By using different tools of Gambit
software, meshing was created successfully and boundary
conditions were defined. Then, the final model was
analyzed in Fluent to do a mesh independence study and
verify it.

3. Governing equations

Fluent is used for numerical solutions and discretization of
equations. The basic principle that is used in fluid
mechanics is the principle of conservation of mass, which
is expressed by Equation 1, which is called the equation of
continuity:

(T1)=0 (1)
According to Newton’s second law, the result of forces
acting on an object equals the changes in momentum.
Assuming an incompressible flow and a constant viscosity
coefficient, the form of the Navier-Stokes equation is as
follows:
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where V is the velocity vector, P is the pressure, f is the
volumetric force and p is the viscosity.

4. Results

In order to validate the results of present study, an
experimental research was done that experimentally
studied the NAKA-23012 airfoil equipped with a single
slotted flap and its aerodynamic performance at the angles
of attack as well as different flap angles. The comparison
of the results shows that the coefficients obtained in
different conditions are in acceptable agreement with the
data in the reference article and the verification has been
done correctly. The grid independency was checked and
the grid with 350,000 elements was determined suitable.
Due to the impossibility of using a structured mesh for this
geometry, an unstructured mesh was used. Table 1 shows
the general simulation conditions.

Table 1. The simulation condition

Flow dimention 2-D
Flow turbulent

Turbulence Intensity %1.6

Operating pressure 1 atm
Velocity 35.8mis

Precision double precision
Solver coupled
Turbulence model k-¢ realizable

First, the gap parameter was evaluated with different
values (0.01c to 0.03c) to investigate its impact on the
aerodynamic coefficients. The results show that any
change in the gap distance leads to a decrease in the lift to
drag ratio, and in general, the gap distance of the reference
research (0.02c) is optimal. Then the overlap parameter
with the range of 0.0005c to 0.003c was examined. With
the amount of changes in the overlap distance less than the
value of the reference research (0.0025c), not only a
positive change in aerodynamic parameters is not
observed, but the aerodynamic outputs of the reference
paper are better. As a result, it can be said that reducing the
amount of overlap do not improve the aerodynamic
coefficients, but by increasing it to 0.003c, aerodynamic
coefficients improve significantly. In this way, at the attack
angle of 0 and the flap angle of 10 degrees, the drag
coefficient was improved by about 15%, which is shown in
Figure 2. In other angles of attack and flap, the result is like
this.

The reason for the improvement of aerodynamic
parameters in the overlap of 0.003c is the flow behavior
and pressure distribution in the new geometry.

Another point in the speed contours (Figures 3 and 4) is the
flow separation, which, for example, at the flap and attack
angle of 10 degrees, by changing the overlap value to
0.003c, the speed on the upper surface of the flap increased,
and this caused delay in separation. The same result was
observed in other angles, and we can reach the general

conclusion that by changing the amount of overlap, the
flow separation is significantly delayed.

2.2

===+ 0.0005¢c
— - =0.0015¢
Reference
— —0.003c

o 2z 4a 6 8 10
angle of attack

Figure 2. The values of the coefficient for a flap angle of 10
degrees
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Figure3. Speed contour with 0.003c overlap at flap angle and
angle of attack of 10°
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Figure 4. Speed contour with 0.0025c overlap at flap angle
and angle of attack of 10°

5. Conclusion

In this research, the effect of the geometrical variables of
the airfoil equipped with a single slotted flap on the
aerodynamic coefficients and delaying the flow separation
was simulated and investigated. Among the factors
affecting the performance of the airfoil, the most important
ones, i.e. gap and overlap parameters, were discussed. The
results for different geometric modes showed that changing
the gap parameter has no impact on the aerodynamic
performance; but with the change in the overlap parameter,
the aerodynamic coefficients were improved and the
displacement at the flow separation location is observed. In
this way, the drag coefficient at the flap angle of 10 degrees
improved up to 15% and the lift to drag ratios increased in
all flap angles and angles of attack. By placing the flap in
the optimal position and increasing the overlap value up to
0.003c, this research showed that with the new
configuration, the path of the air flow exiting from the edge
of the gap becomes narrower and the air is directed to the
upper surface of the flap at a faster speed. This improves
the aerodynamic efficiency of the airfoil equipped with a
flap as well as the delay in flow separation.
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Numerical Study of Improving the Aerodynamic Performance of the High Lift Devices
in the Two-Element Airfoil
Meysam lzadi Arash Shams Taleghani, Reza Khaki

Abstract The aim of this research is to improve the aerodynamic performance of a NACA-23012 airfoil equipped
with a High lift device by changing its geometric parameters. In this research, Navier-Stokes equations are solved in
turbulent and incompressible flow conditions using Fluent software. After the airfoil and flap modeling process, at
different flap angles (5 to 30 degrees), unstructured meshing was produced in Gambit software and the improvement of
aerodynamic performance due to changes in geometric parameters was investigated. The flow is assumed to be steady,
turbulent and incompressible, and the algorithm for solving the equations is also selected as pressure-based. The flow
Reynolds range is 3.6*10° and the turbulence model used is realizable k-epsilon. Comparison of the results and
aerodynamic characteristics of the airfoil equipped with a flap after making changes in the geometric parameters in the
Fluent software, shows that the aerodynamic coefficients are improved significantly (about 15%) and also the flow
separation is shifted towards the end of the flap. Also, the investigation of the pressure and velocity gradients at
different stages show that the changes are very effective and better distributed compared to the reference article.

Key words High Lift Devices, Single Slotted Flaps, Aerodynamic Optimization, Unstructured Grid.
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1. Introduction
Cutting dies are of the most widely used types of press dies
and at the same time they are the most accurate types of
dies that are used to create holes, edges, grooves, etc. on
the work piece.

The clearance between above and below dies in the
cutting molds is considered to be about 0.1 of the thickness
of the sheet to make a proper cut on the sheet. Therefore,
the dies must be made very precisely. On the other hand,
the dies always involved with the sheet and it needs to have
high hardness so that it does not wear out.

Another important issue is the phenomenon of fatigue,
because cutting dies produce a piece in every cycle of a
few seconds and are continuously subjected to cyclic
loading. One of the parameters that can increase the fatigue
life of these molds is increasing the hardness value.
Therefore, the hardness of these molds increases with
several methods.

In 1940, Russian scientist Lazarenko developed the
hypothesis of electric discharge process with wire or
wirecut. Wirecut is an electrothermal process that is used
to make cutting dies. This process has very high
dimensional accuracy due to the lack of contact between
the tool and the work piece. On the other hand, due to the
local increase and decrease of heat, it causes melting and
increasing the hardness of the mold steels.

This study investigated an industrial need of the country,
which is the production of quality cutting dies. By using
the fuzzy inference system, mold hardness changes are
predicted according to three parameters of wire speed, wire
tension, and generator power. Then, with the done
clustering, the optimal amount of hardness is determined
based on the range of variables, and in the final phase,
these predicted results are tested to extract the highest
amount of hardness for the mold.

2. Experimental setup
One of the steels used to make cutting molds is Mo40 steel,

which is an alloy of chromium and nickel. In this steel,
hardness is possible due to the presence of chromium and
strength is possible due to the presence of nickel. This steel
is of medium carbon type.

work

Figure 1. Wirecut schematic

The type of heat treatment that is performed on these
steels is austenitizing, then quenching, and then tempering,
which is used to harden this steel. This group of steels, due
to the fact that they are used as quench tempers, have high
strength and hardness, and at the same time, high
toughness, and therefore, have a high strength-to-weight
ratio. The alloy elements in this steel are carbon,
chromium, manganese, molybdenum, and silicon.

In this research, Mo40 steel, which is one of the main
steels used in making cutting dies, was used. At first, the
Mo40 steel was completely planed using a lathe machine
for uniformity in thickness, and it was brought to the final
dimensions of 320 x 40 mm and 10 mm thickness. Then it
was fixed on the CHARMILLES five-axis wirecut
machine (Figure 2).
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Figure 2. Five-axis wirecut machine and fixing the
workpiece on it

Three parameters “wire injection speed”, “wire tension”,
and “generator power” were selected as input parameters.
Table 1 shows he range of these parameters.

Table 1. Test conditions

Wire diameter (mm) 0/2
Wire material copper
Dielectric fluid Distilled water
Wire injection speed (cm/s) 10-2
Wire tension (kg) 2/5-0/5
Generator power (percentage) 50-10
Initial hardness of the workpiece 45

(Rockwell B)

Using the response procedure method, 20 experiments
were conducted. For each test, a cylinder with a base
diameter of 10 mm and a height of 10 mm was cut from
the workpiece. Then, for the produced cylindrical parts, in
four points, the hardness value with the machine Leeb
Hardness Tester TA-1515 was measured with an accuracy
of 0.1. After removing outlier data, the average data was
recorded.

3. Prediction and optimization

In this research, it is considered to create a fuzzy inference
system to predict and optimize the degree of hardness
based on three parameters of speed, traction and power.
The creation and use of this system is done in three phases:
clustering, extracting if-then rules, and predicting and
optimizing difficulty in the inference system built in
MATLAB software.

4. Validation test

Based on the prediction charts, in order to validate the
model, for the values of stretch 1.67, power 10 and speed
6, an experimental test was performed and the hardness
value was obtained as 74.6, which has a very good match
(2% error) with the model result (75.9) and it is the highest
difficulty value among experimental tests.

5. Conclusion

In this research, the fuzzy inference system was used to
predict and optimize the hardness value according to the
variables of wire tension, wire feeding speed and generator
power in the Mo40 steel wirecut process.

The results clearly show that this system has the ability
to be implemented to predict and optimize the hardness in
the wirecut process. In order to increase the accuracy of
the model, the number of rules was increased from four to
nineteen. Based on the extracted diagrams, the maximum
hardness value was obtained for the values of 1.67 stretch,
10 power and 6 speed. These values were experimentally
tested and a hardness value of 74.6 was obtained, which
has a very good agreement with the model result (75.9)
(about 2% error) and also shows the highest hardness value
among the experimental tests.
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Prediction and Optimization of Mold Steel Hardness in Wire Cut Process Based
on Fuzzy Inference System

Farshad Rabiei Masoud Seidi Zahra Seidy

Abstract Pressing molds are widely used in the industry due to the high speed of parts production. Due to the very low
clearance between the mandrel and the matrix and having complex shapes, the production of these molds is very
expensive and costly. The hardness of the mold and subsequently their fatigue life should be high. One of the processes
that has the ability to create surfaces with high dimensional accuracy and complex shapes is the wirecut process. In this
research, in order to improve the performance and increase the life of cutting dies, the hardness of Mo40 steel is
optimized. For this purpose, based on the method of the response procedure, the design of the experiment has been
designed for the three parameters of wire feed speed, wire tension and generator power. Next, the obtained data are
clustered and then fuzzy rules with three inputs (wire speed, tension and power) and output (hardness) are extracted.
The obtained rules were entered in the toolbox of fuzzy inference systems of MATLAB software. Based on the defined
fuzzy inference system, it is possible to predict the hardness based on the parameters of wire speed, wire tension and
generator power. In the next phase, based on this system and within the range of available variables, the optimal value
of hardness and corresponding variables were extracted. In the final phase, these values were experimentally tested and
their agreement with the obtained value was observed.

Keywords: Wire Cut, Wire Feed Speed, Wire Tension, Generator Power, Fuzzy Inference System, Prediction and
Modeling, Optimization.
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1. Introduction

An effective method for improve the engine power and
thermal efficiency of modern gas turbines is increasing the
turbine inlet temperature, although, due to thermal
stresses, this method may lead to the failure of high
temperature components. Film cooling is a common
technique of external cooling which plays an important
role to prevent overheating of the hot section components.
In film cooling, cooling air is ejected through the holes in
the desired surface to generate a layer of insulation over
the surface, which helps in maintaining the surfaces at the
desired temperature.

The process of manufacturing a cylindrical hole is
convenient, so these holes are widely used in film cooling
techniques. But due to the jet lift off and the undesirable
effects of the counter-rotating vortex pair (CRVP) of
cylindrical holes especially at high blowing ratios, other
shape of holes have been considered to improve the film
cooling effectiveness. Many studies considered the
impacts of various geometric parameters on the cooling
performance of fan-shaped holes. In recent years, some
researcher have developed novel ideas to optimize the film
cooling effectiveness without using holes by shaped exits.

The interaction between coolant flow and hot
mainstream leads to the formation of complicated vortical
structures. These vortexes have a significant impact on the
performance of film cooling. RANS numerical approaches
are fraught with modeling uncertainties and give time-
averaged results, while LES can more accurately capture
the flow physics. Some researchers have demonstrated that
the inaccuracies inherent in turbulence models result in
inaccurate predictions, the flow fields, and surface heat
transfer. They showed that LES solutions predicted mean
velocities and turbulent stresses better than RANS models.

The present study introduces a novel multi-hole with
cylindrical shapes for increasing the film cooling
effectiveness. The flow structure and adiabatic cooling
effectiveness of the multi-holes were compared with a
single cylindrical hole. Numerical results (RANS and
LES) of the present study confirm that applying the multi-
holes with shaped arrangement significantly increase the
film cooling effectiveness in comparison with a single
cylindrical hole.

2. Computational domain

A single cylindrical hole with 11.1 mm diameter is utilized
as the reference case for further comparisons with multi
cylindrical holes. The hole geometry has an injection angle
and length to diameter ratio of 35° and 4.0, respectively.
The computational domain of the multi-hole is obtained by
replacing the single cylindrical hole with 14 cylindrical
holes with the same diameter of 2.97 mm. Multi-holes was
arranged in fan shaped configurations. The center-to-
center spacing of adjacent holes in these configurations
was set to 1.5 D (Figure 1).

Cooling flow

Figure 1. Computational domain of present study.

3. Large eddy simulation

The multi-block structural meshes (Figure 2) were
constructed with Ansys ICEM and grid nodes considerably
refined in the near-wall region to make sure that Y*<1. The
stretching factor in the wall-normal direction is 1.05. A
fully developed turbulent profile (1/7th law, boundary
thickness 6=0.5D) is used at the mainstream inlet. The
simulation is performed at the operating parameters of the
experimental study of Schmidt et al. at M=1.25. The time
step is set to 2x10-° which provides the CFL lower than 1.
Time-averaging values are calculated after a semi-steady
state operating condition is reached (ten times sweep of the
domain by the mainstream velocity) and continued until
acceptable  statistical ~convergence is  achieved.
Smagorinsky turbulent model with Smagorinsky constant
Cs=0.1 is used to model the large eddy subgrid.

4. Results

Figure 3 compares the centerline film cooling
effectiveness of single cylindrical hole and fan-shaped
multi-holes which obtained from the RANS and LES
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(time-averaged) numerical studies. This figure indicates
that the multi-holes have a significant impact on the film
cooling. Based on the Sakai et al., as the blowing ratio
increases (M > 0.5), the coolant jet penetrates into the
mainstream, thus, the film cooling effectiveness
immediately downstream of the hole exit decreases. Then,
the coolant jet reattaches to the wall surface and the film
cooling effectiveness recovers. This is clearly shown in
Figure 3(a). It seems that by using multi-holes, this
phenomena take place at farther region downstream of the
holes (X/D>10) and effectiveness near the hole exits is in
ideal condition.

e i

Figure 2. Computational grid for fan-shaped multi-holes in LES

= 10 n 1 1 o 2 4 . s 10
XD XD

@) (b)
Figure 3. Centerline adiabatic effectiveness of a) single
cylindrical and b) fan-shaped multi-holes

Q-criterion method is used for identifying coherent
structures. Figure 4 shows the coherent structures of single
cylindrical hole and fan-shaped multi-holes. The
entrainment effects of hairpin vortexes, especially the
vortexes’ horizontal legs correspond to CRVPs, promotes
mixture of mainstream and coolant, and deteriorates
cooling performance.

Horseshoe Hairpin
vortexes vortexes e

’.‘*.(712"

NG

Roller vortexes

Hairpin
vortexes

Anti-jet (b)
vortex pair

Figure 4. Coherent structures for a) single cylindrical hole,
and b) fan-shaped multi-holes (Value of iso-surface: 1x106)

The scale of these hairpin vortexes for fan-shaped
multi-holes is smaller than that for single hole and
formation of them take place in farther downstream region
of the hole. Because of the shear effect in the boundary
layer, the roller vortexes gradually grow horizontal legs,
and eventually evolve into hairpin vortexes. This evolve
for single hole occurs immediately near the hole exit, but
for multi-holes it goes to farther downstream region of the
hole exits.

The formation of anti-CRVP is the most difference
between the coherent structures of two cases of the study.
The rotation direction of these vortex pair is contrary to
that of jet vortex pair, so, is named anti-jet vortex pair. The
entrainment effect of anti-CRVPs forms a low temperature
region below the vortexes which leads to increasing the
film cooling effectiveness.

Figure 5 shows instantaneous distribution of film
cooling impact on the test surface. The entrainment effect
of horseshoe vortexes results in the formation of high-
effectiveness leg pair wrapped around the round hole. At
downstream of the jet, reattachment of jet is occur at
X/D=2~3. Due to the jet lift-off and mixing the coolant
with hot mainstream, the values of cooling effectiveness in
both streamwise and spanwise directions is very low for
the single hole. When the multi-holes are used, the mixing
of coolant and mainstream air decreases and consequently
the lateral and streamwise effectiveness increases. As
shown in Figure 5, the coverage of coolant for fan-shaped
multi-holes is better in streamwise and spanwise
directions, especially at near of the hole exits.

X/D
Figure 5. Instantaneous distribution of film cooling
effectiveness on the test surface for a) single cylindrical hole,
and b) fan-shaped multi-holes

5. Conclusion

Numerical investigation with RANS and large eddy
simulations are performed to enhance the cooling
effectiveness over a flat plate by applying shaped multi-
holes. A single cylindrical film cooling hole with 11.1 mm
diameter was replaced with 14 small holes with 2.97 mm
diameter. The multi-holes (14 small holes) were arranged
in fan-shaped configuration. Large eddy simulation is
performed by using Smagorinsky turbulent model at
M=1.25 to investigate the vortex structures. It was
observed that replacing a single hole with the multi-hole
leads to a considerable increase in film cooling
effectiveness in both axial and lateral directions.

This study showed that the multi-hole configurations
have a notable impact on the flow structure and heat
transfer. Roller vortexes or heads of hairpin vortexes
which promote the mixture between mainstream and
coolant, in single cylindrical hole are stronger than that for
fan-shaped multi-holes. Moreover, the scale of hairpin
vortexes for fan-shaped multi-holes is smaller than that for
single hole and formation of them occures in farther
downstream region of the hole.
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Large Eddy Simulation of Film Cooling in Single Hole and Multi-holes

Yaser Taheri Mehran Rajabi Zargarabadi Mehdi Jahromi

Abstract In this research, numerical studies have been performed by Reynolds averaged Navier Stokes (RANS) and
large eddy simulations (LES) to investigate the effect of a novel film cooling design multi-holes on the film cooling
effectiveness over a flat surface. A single cylindrical hole with 11.1 mm diameter and multi-holes (14 holes with a
diameter of 2.97 mm) with fan configuration are considered for simulations. Numerical simulations are performed at a
fixed density ratio of 1.6, length-to-diameter of 4, an inclined angle of 35° and blowing ratio 1.25. The results of the
present study show that replacing a single hole with multi-holes results in a considerable increase in film cooling
effectiveness in both axial and lateral directions, so that leads to an increase of about 94 percent in the area-averaged
film cooling effectiveness. In the fan-shaped configuration, the scale of hairpin vortices is smaller than the single
cylindrical hole, and forming of the vortices occurs in farther regions downstream of the hole. A pair of anti-jet vortices
is formed in the structure of the multi-holes and the rotation direction of these vortices is opposite to the CRVP
direction.

Keywords film cooling, multi-holes, large eddy simulation, coherent structures.
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1. Introduction

Vortex-induced vibration (VIV) is a frequently reported
phenomenon in nature and engineering technologies. The
vibration in "locking" region cause fatigue and damage to
various structures such as marine structures, tall buildings,
etc. As a result, a considerable endeavor has been done to
control and suppress the VIV. Vibration suppression can
be done through the active (open loop and closed loop) and
the passive control methods. The existence of a sensor is
necessary for the closed-loop active control methods,
while in passive methods, the flow is modified without
entering energy and external force. In the closed-loop
active control methods, the controller input is changed by
changing the flow characteristic, but in passive methods, it
is often associated with the modification of the structure's
geometry and can be intrusive and non-intrusive. The
control device should be connected to the considered
structure in numerous methods of controlling the flow-
induced vibrations. The magnitude of vibrations and
instability may be amplified if the flow around the
structure is interrupted due to the connection of the control
device (or control actuator) with the structure.

The fact that the actuator is not connected to the structure
is one benefit of employing the magnetic field to suppress
the VIV. Recently, the impact of applying a magnetic field
in the stream-wise and transverse directions (x and y) on
the flow-induced motion ofa circular cylinder was
numerically evaluated by Mosafari et al. They concluded
that unlike the magnetic field perpendicular to the flow
direction, the application of the magnetic field in the flow
direction at reduced velocities greater than 5 not only does
not reduce the vibrations, but also leads to an increase the
vibrations amplitude.

In this research, numerical simulations were used to
evaluate the fluid flow around a circular cylinder placed on
an elastic support when the external magnetic field is
acting in the zdirection of the coordinate axis. The
purpose of the study is to determine whether installing
magnets perpendicular to the cylinder's axis (in the
z direction) can effectively decrease and suppress

vibrations. This pointis valuable from a practical
standpoint since the method of arranging magnets to apply
magnetic fields in some directions may be impractical. The
influence of magnetic field intensity (increasing
Stuart number) on VIV reduction is also addressed in the
present study.

2. Modeling and Numerical Solution Method

The rigid cylinder containing diameter D is placed on the
elastic support in this research and can oscillate freely in
longitudinal and  transverse  directions.  Before
the vibration onset, the center of the cylinder matches up
to the origin of the coordinates. It is impacted by a uniform
flow with free-stream velocity of U,. Figure 1
schematically depicts the computational domain and the
applying magnetic field. This investigation only considers
the magnetic field perpendicular to the xy-plane (in the z-
direction).

Ansys Fluent software and the finite volume method
are used to numerically solve the unsteady, incompressible
continuity and momentum equations in each time step. To
apply the impacts of the magnetic field in the z-direction
employing the UDF, a source term was incorporated into
the momentum equations. Figure 2 shows a square region
with a structured grid surrounding the cylinder and a
region with a unstructured triangular grid surrounding the
circular areas make up the various configurations of the
computational grid.

Flow

Figure 1. Computational domain in the flow over an
elastically supported circular cylinder impacted by an axial
magnetic field.
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R S s 4. Discussion
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.“A:‘A.":?Z.‘Z,‘?L‘ﬁ'f‘:"fe"“ In the present study, the impact of a uniform magnetic field

ERE perpendicular to xy-plane (z-direction) on the active
control of VIV of a circular cylinder placed on an elastic
support. The cylinder is rigid and capable of free vibration
in the X and Y directions. The most significant finding of
the present fluid-structure interaction modeling is that
decreasing the cylinder's transverse displacement at all
reduced velocities was achieved by the magnetic field

SRR
P AVATAY A

Figure 2. A close-up view of the region around the cylinder intensification in the z-direction. Additionally, the
for various computational grids findings of the frequency response diagrams
demonstrated that although the application of the magnetic

3. Results field was able to decrease the cylinder's displacement

Figure 3 shows the variations of Y., in terms of  range, it had little impact on the frequency response.
reduced velocity for the various magnetic field intensities

applied in the z direction. In addition, the findings for the

N = 0 are provided for the comparison. The vibrations

were controlled appropriately at all reduced velocities, as

shown in this figure, by applying the B, and intensifying

the magnetic field.

—
[
i )

i —— =)
1F - = E= = N=1
i - === N=0.2

- - N5

Figure 3. The impact of intensifying the z-
direction magnetic field (increasing the Stuart number) on
the maximum of transverse vibration amplitude
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VIV suppression in the flow over a circular cylinder using axial magnetic field
Amir Aslan Mosaferi Mostafa Esmaeili Amir Hossein Rabiee

Abstract The present study numerically evaluates vortex-induced vibration (VIV) for an electrically conductive fluid
around a cylinder on an elastic support. The flow is subjected to a uniform magnetic field in the z-direction to evaluate
the VIV attenuation performance of this open-loop active control method. To analyze this fluid-structure interaction (FSI)
problem, the finite volume method (FVM) was employed based on the SIMPLE algorithm to solve the governing continuity
and momentum equations of the fluid flow and an explicit integration method to solve the motion equations of the rigid
structure. Simulations were carried out at reduced velocities of 2-9 and different Stuart numbers. The simulation results
demonstrated that the magnetic field was significantly effective and wholly (100%) suppressed transverse and
longitudinal VIVs. Arise in the magnetic field magnitude eliminated vortex shedding for all the reduced velocities, leading
to a symmetric wake. The symmetric vortex even disappeared above the critical Stuart number.

Key Words Vortex-Induced Vibration, Fluid-structure interaction (FSI), Magnetic field, Numerical simulation.
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