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Abstract

The loads applied to the structure of a plane are of two types, namely Inertia and aerodynamic. Aerodynamic loads result
from the effects of the distribution of compressive forces acting on the exterior surface of the plane parts. These loads can-
not be measured directly during the flight; however they are usually determined using numerical methods. In this research,
the calculating of aerodynamic loads has been considered in all flight conditions. For this purpose, a training airplane has
been chosen as a prototype, and also has been divided into small parts longitudinally. Furthermore, numerical solutions
have been obtained under different effective parameters such as Mach numbers, angle of attack and control surfaces diver-
sities as applying aerodynamic loads on the plane. Therefore, the magnitude of aerodynamic load which is applied to each
part is found for a specific condition. Using resulted loads obtained from the numerical solutions under different applied
parameters for each load, an equation has been derived to determine the applied aerodynamic load for each part through
the least squares method. In order to obtain the variable values applied in the respective equation, flight simulation has
been carried out for the training aircraft. To ensure the accuracy of simulation, its results have been validated with those
of the flight tests. Then, the values of the variables used in the equations of the aerodynamic loads of different plane parts
during the loop maneuver were recorded by flight simulation. Eventually, by substituting these values in the equations, the
aerodynamic loads on different plane parts during the maneuver have been calculated. Results indicated that the proposed

method for determination of the plane aerodynamic loads is appropriate.
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1. Introduction

In order to determine the fatigue life, it is necessary to
determine and to calculate the loads applied to the plane
structure during its service span in the form of load spec-
tra. To this end, numerous studies have been conducted
to determine the forces applied on the structure of a plane
during its life span.

Aerodynamic loads comprise a major part of these
loads and many researchers have attempted to estimate
and/or calculate these loads.

Nonlinear prediction of aerodynamic loads on lift-
ing surfaces was carried out by Kandil' in 1974. Also, the
nonlinear prediction of subsonic aerodynamic loads on
wings and bodies at high angles of attack was carried out
by Peiye. ZHU et al.? in 1980.

*Author for correspondence

In 1990, Mark Drela® suggested another research
approach for simultaneous wing aerodynamic and struc-
tural load prediction.

On a new method for prediction of scatter of loading
spectra was suggested by Nagode et al. in 1997. Cremona’
made an effort for the optimal extrapolation of traffic load
effects in 2001.

Fatigue life prediction and load cycle elimination dur-
ing spectrum loading of composites were carried out by
Schon et al.® in 2002. History of load spectra was used by
Qingyuan et al.” in 2003 to calculate the probable distribu-
tion of local corrosion of constituent materials of aircraft
parts due to fatigue.

In 2004 Karr et al.® demonstrated an algorithm for
the calculation of loads applied to the plane structures
under the worst gust conditions. In 2005, Heuler et al.’
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studied the generation and application of standard load
spectra and time history of loads for the calculation of
fatigue life. Eduardo Salamanca et al.'® in 2005 devel-
oped a method for the analysis of the bearing capacity
of acrobatic planes against probable damage due to flight
loads conformity. Timm et al'! carried out studies on the
characteristics of load spectrum through combining the
modeling of its distribution in 2005. Qiu JU et al." pre-
sented a study on the plane elevator aerodynamic loads
in 2009.

Aerodynamic loads were carried out by Lee' in 2009
for F-16 hunting aircraft using parameters from flight data
recorder during its service. He first obtained the loads
applied to each part using strain meters installed on some
plane parts and then calculated the aerodynamic loads by
subtracting the inertia loads from the total applied loads.
Using the aerodynamic loads and the parameters from
the flight data recorder, he presented regression equation
for the calculation of the plane aerodynamic loads at any
time during the entire flight.

In our investigations, we have started studying the
numerous methods to determine the aerodynamic loads
applied to the airplane structure using the data found
from flight simulation. In one of approaches, a train-
ing aircraft was selected as a prototype and numerical
solutions have been obtained under different effective
parameters such as Mach numbers, angle of attack and
control surfaces diversities as applying aerodynamic loads
on the plane. The airplane was longitudinally divided into
small parts and the aerodynamic load applied to each part
was found.

It is fairly difficult to determine the aerodynamic
loads by numerical methods under all flight conditions
or during the entire flight. Experimental methods are
not economical either. Hence, it is necessary to specify a
method for the estimation of aerodynamic loads applied
to airplane parts under all flight conditions by using the
aerodynamic loads obtained from numerical solutions.

To fulfill this, the regression equation for the calcu-
lation of aerodynamic loads applied to each part was
specified under all flight conditions using the aerody-
namic loads found from numerical solutions for different
situations, the parameters of flight conditions and the
least squares method.

To obtain the values of the variables used in the regres-
sion method, the dynamic simulation of the training
aircraft was applied. Accuracy of the simulation was vali-
dated through the comparison of the simulation results of
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different maneuvers with those obtained from the flight
tests during these maneuvers.

Finally, the loop maneuver was considered as a case
for our simulation and the values of the variables used in
the regression equations (of the members for this maneu-
ver) were recorded. The aerodynamic loads applied to the
airplane fuselage were then calculated.

2. Numerical Solution for
Calculation of Aerodynamic
Loads

Aerodynamic loads are of the results of the activities for
the aerodynamic pressure distribution on the exterior
surface of the plane parts. Appropriate pressure distribu-
tion cannot be measured by analytical methods under
different conditions. However, the aerodynamic loads can
be readily obtained using numerical solution of momen-
tum and continuity equations approaches.

In this research, the aerodynamic loads have been cal-
culated by numerical solution using the CFD. By which
the aerodynamic model of the training aircraft was first
developed. Then, the pressure distribution followed by
the distribution of aerodynamic loads were obtained for
nearly 300 flight conditions including different Mach
numbers, angles of attack, control surfaces deflections,
etc.

Figure 1 shows an example of the force distribution on
various parts of an aircraft.

Since aerodynamic loads of an aircraft (under all flight
conditions) are nearly impossible to obtain using numeri-
cal methods. Therefore, we have decided to consider
regression equations for calculating the aerodynamic
loads on various parts of the airplane obtained from
software as well as other parameters applied under the
same conditions.

3. Determination of a Suitable
Equation for the Calculation of
Aerodynamic Loads

The regression method has been used to specify the appro-
priate equation for the calculation of aerodynamic loads
on members along the airplane. This method is a statisti-
cal approach to determine the relationship between one
dependent variable and one or several other independent
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Figure 1. Example of force distribution on various
parts of a plane during a flight.

variables. It has been applied to establish a relationship
between the measured aerodynamic loads and the flight
parameters used in the numerical solution. Such a rela-
tionship has led to the development of the “load equation”
of that member.

The general form of the regression equation for aero-
dynamic loads on members is given below:

AerodynamicLoad =C, +C, .x, +C, .x,
++C x, (v
where, CO, ..., Cn are the coefficients of the load equation
and x1, ..., xn are the flight parameters. The parameters
which affect the calculation of aerodynamic loads are
Mach number, angle of attack, angle of elevator, angle of
rudder, and angle of ailerons.

Using coefficients determination of the given equation
for each part, an appropriate equation was found for the
calculation of the aerodynamic loads on all parts of the
fuselage. For instance, the local shear aerodynamic loads
equation of part 36 of the fuselage will be:

AerodynamicLoad =—-186.9+7.73 % +395.09 * M
+1.3%dA—5.26*%dE+4.2+dR (2)
+11.6*dF

Where, o is the angle of attack, M is Mach number, dA is
the angle of ailerons, dE is the angle of elevator, dR is the
angle of rudder, and dF is the angle of flaps.

In order to check the accuracy of the aerodynamic load
equations, the loads found from the regression equations
were compared with those of the numerical solutions.
Figures 2 and 3 show examples of the relationship between
the load distribution from the equations and that from
the numerical solutions in two flight situations.
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Figure 2. Relationship between aerodynamic loads

from regression equations and numerical solutions
with a =5deg, M=0.597, dE=10deg, dA and dF=0
deg.
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Figure 3. Relationship between aerodynamic loads
from regression equations and numerical solution
with o =10deg, M=0.3, dF=11.43deg, dA and dE=0
deg.

Figure 4 shows the relationship of aerodynamic loads
found from load equations and numerical solutions. The
abscissa represents the distribution of aerodynamic loads
from the numerical solution and the ordinate shows that
from the load equations.

As the marked points (in the above Figures) approach
the y=x line, it represents a better modeling of the aero-
dynamic loads by regression equations which means high
precision of the load equations. As shown in Figures 2
and 3, the distribution of aerodynamic loads of the fuse-
lage members from regression equations and that from
the numerical solutions has a nearly linear relationship
under similar conditions. But, as Figure 4 shows, the
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Figure 4. Relationship between all aerodynamic

loads from regression equations and numerical
solutions in different flight conditions.

relationship between all aerodynamic loads (from regres-
sion equations and numerical solutions) is not linear.

Aerodynamic Load =22.68* M™"* xo™'? —272.24 % M
+6.91%dA+6.31*dE+13.4%dR (3)
+31.36*dF

In order to obviate the problems of regression equations,
an equation was found using the least squares method for
each airplane part so that the behavior of the equation and
the aerodynamic loads found from numerical solutions
under various conditions would become more balanced.

For instance, the equation for the calculation of aero-
dynamic loads of members 36 is:

In order to examine the precision of the derived equa-
tions, the load distribution obtained from these equations
was compared to that from the numerical solution.
Figures 5 and 6 show the relationship between these dis-
tributions.

Figure 7 represents the comparison between all
aerodynamic loads obtained from the equations under
different flight conditions and those obtained from
numerical solutions under the same circumstances.

As Figures 5 and 6 shows, the relationship between the
aerodynamic loads derived from the equations and those
from the numerical solutions is linear. Also, the relation-
ship between all aerodynamic loads obtained from the
equations and the numerical solutions is nearly linear as
illustrated in Figure 7.

A corresponding comparison of Figures 2 and 3 with
Figures 5 and 6 shows that although the relationship
between the aerodynamic loads derived from the regres-
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Figure 5. Ratio between aerodynamic loads of
regression equations and numerical solution with
o =5deg , M=0.597, dE=10deg, dA and dF=0 deg.
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Figure 6. Ratio between aerodynamic loads of
regression equations and numerical solution with
o =10deg, M=0.3, dF=11.43deg, dA and dE=0 deg.
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Figure 7. Relationship between all aerodynamic
loads derived from regression equations and
numerical solutions in different flight conditions.
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sion equations and those from the numerical solutions is
nearly linear, the aerodynamic loads obtained from the
derived equations have a closer linear relationship with
those obtained from the numerical solutions.

Moreover, it is evident from the comparison between
Figures 4 and 7 that there exists an approximately linear
relationship between the aerodynamic loads obtained
from the derived equations and those from the numerical
solutions in various flight conditions where as the rela-
tionship between the loads obtained from the regression
equations and those from the numerical solutions are
nonlinear. Thus, calculation of aerodynamic loads with
the derived equations would be of higher accuracy and
this is why we have used these equations to determine the
aerodynamic loads on the airplane.

In this paper, Calculation of aerodynamic loads on the
airplane by the flight simulation during the loop maneu-
ver has been considered as a prototype and the simulation
process and its validation have been described. The loop
maneuver was run through simulation and the values of
variables used in the respective equations were recorded
substituting these values in the equations, the distribution
of the aerodynamic loads on the plane was obtained.

4. Simulation Process

In order to run the dynamic or flight simulation by soft-
ware, it is necessary to calculate the instantaneous stability
derivatives for various flight conditions after modeling
the nonlinear equations of the aircraft.

For this purpose, the required derivatives for the
training aircraft were obtained by numerical method for
different flight conditions with different parameters such
as the sound velocity, altitude, angle of attack, control sur-
faces deflections, etc. These derivatives were arranged as
a look-up table in the software so that it can calculate the
desirable derivative under various flight conditions and
situations through the interpolation process.

Having calculated the derivatives, the coefficients
hence the aerodynamic forces and torques were obtained
from simulation equations. The derived forces and torques
were then used to obtain the linear and angular velocities,
Euler angles, angle of attack and angle of sideslip.

In order to approximate the simulation conditions to
the real ones, the inputs regarding the variations in the
driving force and the relocation of control surfaces by the
pilot via the joy stick, were also applied to the simulation
software.
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5. Simulation Validation

To verify the results obtained from the simulation, the
parameters of the loop and Chandelle maneuvers, which
are among the important flight maneuvers, were recorded
during several real flights. Having run these maneuvers
through simulation, the obtained data were compared
with those from flight experiments.

The data from the simulation are presented in Tables 1
and 3 while those found from experiments are shown in
Tables 2 and 4.

Table 1. Parameters of the loop maneuver derived
from simulation

Air speed Pitch angle Mach VLF

Condition (kts) (deg) Number (G)

1(start) 501.51 1.95 0.88 0.99

2 445.49 45.02 0.796 4.45

3 347.86 89.5 0.661 3.47

4 225.64 Invert 0.027 0.451 1.22

5 251.52 -45.01 0.5 1.82

6 328.93 -89.67 0.64 3.22

7 442.74 -45 0.79 3.87

8(End) 499.92 -1.06 0.85 0.98

Table 2. Experimental data of the loop maneuver
Pitch angle Air speed

VLF (G) (deg) (kts) Condition

1 0 500 1(start)

4.5 45 450 2

3.5 90 350 3

1.2 Invert 0 200 4

2 -45 250 5

3 -90 300 6

3.5 -45 440 7

1 0 500 8(End)

Table 3. Parameters of Chandelle maneuver derived
from simulation

Mach Turnamount Air speed

VLF (G) Number (deg) (kts) Condition
1 0.71 0 400 1(start)
3.51 0.68 45 363.9 2
2.88 0.61 90 310.9 3

1.9 0.52 135 271.7 4

1 0.39 180 200.9 5 (End)
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Table 4. Experimental data of Chandelle maneuver
Turn amount Air speed

VLF (G) (deg) (kts) Condition

1 0 400 1(start)

35 45 360 2

3 90 300 3

2 135 250 4

1 180 200 5 (End)

Velocities found from simulation and flight experiment in
different pitch angles are compared in Figure 8.

Figure 9 compares the Vertical Load Factors (VLF)
derived from simulation and experiment in different
pitch angles.
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Figure 8. Comparison of simulation and
experimental velocities in different pitch angles
during the loop maneuver.

100 4

Simulation - - -
80 - Exprimental

60
40 -
20 | 4
0

Pitch angle(deg)

20- -
40 -
60-

80 -

100- - 6

Figure 9. Comparison between VLF derived from
simulation and experiment in different pitch angles.
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Comparison of simulation and experimental velocities
in different pitch angles during Chandelle maneuver is
shown in Figures 10 and that of the vertical load factors
in these angles in Figures 11.
Comparison of the experimental and simulated values
of the VLF and velocity during the loop and Chandelle
maneuvers reveals low simulation error (it is less
than 13%).

Results show good accuracy of flight simulation and it
can be concluded that they may be used to calculate the
aerodynamic loads on an airplane.
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Figure 10. Comparison of simulation and
experimental velocities in different pitch angles
during Chandelle maneuver.
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Figure 11. Comparison of VLF in different pitch
angles during Chandelle maneuver.
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6. Distribution of Aerodynamic
Loads on an Airplane

In order to obtain the distribution of aerodynamic loads

on an airplane, it is necessary to calculate the local shear
dynamic loads of each part. To achieve this, the loop
maneuver was done by flight simulation and the values
of the variables used in the equations of the aerody-
namic loads of the fuselage parts was recorded during
the performing this maneuver. Values of these variables
were recorded in short time intervals during the maneu-
ver. Table 5 shows some of these values in different pitch
angles.

Substituting the values in Table 5 in the related equa-
tions (of the calculation of the aerodynamic loads of the
fuselage parts), the local shear aerodynamic load of each
fuselage member was calculated for the corresponding
pitch angle. Then, the distribution of aerodynamic loads
of the fuselage was obtained.

Figures 12 to 15 present the distribution of aerody-
namic loads on the fuselage in a number of pitch angles.
The abscissa represents the 100 longitudinal parts of the
fuselage and the ordinate shows the aerodynamic loads.

7. Interpretation of the results

During the loop maneuver, Mach number, angle of attack,
angle of elevator and other relevant variables are varying
continuously. Figures 16, 17 and 18 show respectively the

Table 5.  Some values of the variables used in the
equations (derived from simulation during the
loop maneuver)

dF dR dA dE « Pitch
(deg) (deg) (deg) (deg) (deg) M angle(deg)
0 0 007 -120 121 092 0
0 0 009 -17.02 732 087 30
0 0 002 -3500 1044 0.79 60
0 0 054 -3500 1040 0.68 90
0 0 1.00  -30.99 1053 0.56 120
0 0 062 -2499 1053 047 150
0 0 017 -2299 10.66 0.45 180
0 0 002 -23.00 1082 048 210
0 0 095 -2699 1054 057 240
0 0 034 -3500 1027 069 270
0 0 007 -21.18 7.68 080 300
0 0 003 -1043 633 086 330
0 0 006 -112 137 088 360
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variations of Mach number, angle of attack and elevator in
different pitch angles during the loop maneuver.

For better analysis of the aerodynamic loads applied
to the fuselage during the loop maneuver, this maneuver
is divided into four quarters, namely 0 to 90 degrees pitch
angle as the first quarter, 90 to 180 degrees (overturned)
as the second, 180 to 270 degrees as the third and 270
to 360 degrees (zero position) as the fourth quarter. The
aerodynamic loads applied to the aircraft in different situ-
ations are then compared during each quarter. Figure 19
shows the comparison of the distribution of the aerody-
namic loads in the first quarter.

As the Figure shows, in a 60 degrees pitch angle, the
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Figure 12. Aerodynamic load distribution of an
aircraft in 30 deg pitch angle.
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Figure 13. Aerodynamic load distribution of an
aircraft in 150deg pitch angle
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tions of the fuselage where wings are connected. Also,
in this situation, a great amount of aerodynamic load is
reversely applied to the rear end of the fuselage where the
elevator is connected. As Table 5 and Figures 16 and 17
shows, although Mach number has decreased compared
to the two previous conditions, the angle of attack has
increased and the angle of elevator (horizontal stabilizer)
has also decreased.

The decrease in Mach number and angle of attack in
the 90 degrees pitch angle has also caused a decrease in
the aerodynamic loads applied to the middle sections of
the fuselage compared to those applied in the 60 degrees
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Figure 19. Comparison of the distribution

of the aerodynamic loads in the first quarter
of the loop maneuver.

pitch angle. No change in the angle of elevator in the two
pitch angles of 90 and 60 degrees is the reason that the
load applied to the rear end of the fuselage is constant.
Figure 20 shows the comparison of the distribution of
the aerodynamic loads in the second quarter.
Considering Table 5 and Figure 20 as well as Figures
16 and 17, it is inferred that as the pitch angle increases
during these situations, the angle of attack incurs a minor
change of about 2% which is almost negligible but Mach
number decreased considerably decrease (about 36%).
The minor increase in the angle of attack and the con-
siderable decrease in Mach number cause the decrease in
the aerodynamic loads applied to the middle sections of
the fuselage. In this quarter of the maneuver, like in quar-
ter one, the amount of the aerodynamic loads applied to
the parts ahead of the wings connection section, is nearly
constant for all situations. Also, as the pitch angle in this
quarter increases, the aerodynamic loads applied to the
rear parts decrease (increase in the reverse direction).
Figure 21 shows the distribution of the aerodynamic
loads applied to the aircraft in the third quarter. As
shown, the aerodynamic loads applied to the middle sec-
tions of the aircraft increase. Moreover, as the pitch angle
increases, the aerodynamic loads applied to rear parts of
the aircraft decrease (increase in the reverse direction).
Considering Table 5 and Figures 16, 17 and 18, it
can be calculated that as the pitch angle in this quarter
increases, the angle of attack decreases by about 3%, but
Mach number increases by nearly 54%. Thus, the signifi-
cant increase in Mach number in these conditions caused
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aerodynamic loads in the third quarter of the loop
maneuver.

the increase in the loads applied to the middle sections of
the fuselage.

Decrease (increase in reverse direction) in the angle
of elevator is the reason for the decrease in loads applied
to the rear parts of the fuselage. Also, constant angle of
elevator in 180 and 210 degrees pitch angles causes no
variations in the loads applied to the rear end of the air-
craft. In this quarter too, the loads applied to the front
parts of the wings are constant in all conditions.

Figure 22 shows the comparison of the distribution of the
aerodynamic loads applied to the aircraft in the fourth
quarter of the loop maneuver.
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Table 5 and Figures 16, 17 and 18 show that as the
pitch angle increases, Mach number increases, the
angles of attack decrease and the angle of elevator
increases (decreases in the reverse direction). Increase
in Mach number and in the angle of elevator in 300 and
330 degrees pitch angles, compared to those of the 270
degrees, leads to an increase in the aerodynamic loads on
the middle sections of the fuselage in these two condi-
tions. Significant decrease (almost 80%) in the angle of
attack leads to decrease in the applied loads on the middle
sections of the fuselage in the 360 degrees condition com-
pared to those in the 300 and 330 degrees.

Also, with an increase in the pitch angle in this quarter,
the decrease in the angle of elevator leads to the reduction
of the applied loads on the rear parts.

Generally, it is evident that the decrease or increase in
the angle of attack and Mach number has a major effect
on the amount of the aerodynamic loads applied on the
middle sections of the fuselage. Taking into account the
considerable variation of the angle of attack during the
loop maneuver, its role in the amount of the aerodynamic
loads is more than that of Mach number.

In situations where the angle of attack during the
maneuver is constant or has minor variations, the
increase (decrease) in Mach number leads to an increase
or (decrease) on the applied loads to the fuselage. The
loads applied on the front parts of the fuselage during the
maneuver are nearly similar and only have negligible dif-
fer in some situations.
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Variation in the angle of elevator is an important fac-
tor in the loads variations in the rear end of the fuselage.
However, these variations affect the loads applied to the
front parts of the fuselage.

It is to be noted that the curves and calculations pre-
sented before were all to obtain the distribution of the
shear aerodynamic loads along the fuselage. It is obvious
that to obtain the amount of shear aerodynamic force (or
bending moment) for a section, use has to be made of
the sum of the shear loads (or bending moments) up to
that section. Moreover, in order to calculate the bending
moment, the total moment of shear loads of members up
to that cross-section are used.

8. Conclusion

From our studies, we have observed that the relationship
between the aerodynamic loads and those were found
from the equations obtained using the numerical solution
and using the least square method, respectively, is linear.
Therefore, we concluded that the latter method can be
considered as a suitable strategy for the calculation of the
aerodynamic loads on airplanes.

The results which are obtained from the flight simula-
tions have been compared with those recorded during the
real flights under the similar conditions. The comparison
showed a low error rate flight simulation. This error was
less than 13% in our studies Thus, the parameters derived
from flight simulation can be appropriate for the calcula-
tion of inertia loads on the fuselage.

The 89 percent variations (between the max and min
values) of the angle of attack and the 52 percent variations
of Mach number during the loop maneuver, indicated
that the amount of aerodynamic loads applied to the mid-
dle sections of the fuselage depend, first, on the angle of
attack and then on Mach number. Also, the amount of
aerodynamic loads applied to the front parts of the fuse-
lage is nearly constant during the maneuver.

The most important factor in the increase (decrease)
in the aerodynamic loads applied to the rear parts of the
aircraft is the increase (decrease) in the angle of elevator.
Despite the variations in Mach number during the loop
maneuver, the loads applied to the rear end of the aircraft
remain constant due to the invariability of the angle of
elevator.

Variations in the angle of ailerons during the maneu-
ver were little and had no considerable impact on the
applied loads.
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List of Abbreviations

C0,Cl,....,.Cn  coefficients of the load equation,

X, X flight parameters,
a angle of attack,
M Mach number,

dA angle of ailerons,
dE angle of elevator,
dR angle of rudder,

dF angle of flaps,

VLF vertical load factor,
Ibf pound force,
G unit of VLE,

Kts Knots,

deg Degree.

From our studies, we infer that the equations found
by the least squares method and those from the flight
parameters can be appropriate for the calculation of aero-
dynamic loads distribution. Though with finding the
values of the variables of these equations through flight
simulation, the aerodynamic loads applied to the fuselage
of airplane can be calculated.
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