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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
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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.
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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.
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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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