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Abstract

This paper focuses on aerodynamic and inertial modeling of the propeller for its applications in flight dynamics analyses of a
propeller-driven airplane. Unsteady aerodynamic and inertial loads generated by the propeller are formulated using the blade
element method, where the local velocity and acceleration vectors for each blade element are obtained from exact kinematic
relations for general maneuvering conditions. Vortex theory is applied to obtain the flow velocities induced by the propeller
wake, which are used in the computation of the aerodynamic forces and moments generated by the propeller and other
aerodynamic surfaces. The vortex lattice method is adopted to obtain the induced velocity over the wing and empennage
components and the related influence coefficients are computed, taking into account the propeller induced velocities by
tracing the wake trajectory trailing from each of the propeller blades. Aerodynamic forces and moments of the fuselage and
other aerodynamic surfaces are computed by using the wind tunnel database and applying strip theory to incorporate viscous
flow effects. The propeller models proposed in this paper are applied to predict isolated propeller performances under steady
flight conditions. Trimmed level forward and turn flights are analyzed to investigate the effects of the propeller on the flight
characteristics of a propeller-driven light-sports airplane. Flight test results for a series of maneuvering flights using a scaled
model are employed to run the flight dynamic analysis program for the proposed propeller models. The simulations are
compared with the flight test results to validate the usefulness of the approach. The resultant good correlations between the
two data sets shows the propeller models proposed in this paper can predict flight characteristics with good accuracy.
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1. Introduction

Flight dynamics modeling for a propeller-driven airplane is
not an easy task due to the complex flow environments caused
by the rotating propeller. In addition, the propeller generates
influential gyroscopic moments during maneuvering flights.
Furthermore, the wakes trailed from each of the propeller
blades generate considerable flow disturbances over the
propeller as well as other aerodynamic surfaces [1]. In this
paper, propeller modeling techniques are investigated in
order to give due consideration to these propeller effects

for building an accurate math model. For this purpose, the
Level 2 rotor modeling technique, widely used for rotorcraft
analyses [2, 3], and vortex theory [4, 5] are adopted to predict
the aerodynamic forces and moments generated by the
propeller and to consider the propeller wake effect on other
aerodynamic surfaces. Also, the propeller wake theory is
combined with the vortex lattice method (VLM) to obtain
the induced flow field over the major lifting components
including the main wing, the tail wing, fuselage, and control
surfaces. The resultant induced velocity at the aerodynamic
center of each striped element of the wing is used to compute
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sectional air loads. These air loads are numerically integrated
based on the strip theory by using 2-dimensional airfoil
aerodynamic tables to ascertain the total air loads of each
wing. The viscous drag can then be duly considered in each
of the component models, including the propeller. Also,
the compressibility effects over the propeller blades can be
reflected by applying the blade element method (BEM).

In applying the present method, the mathematical model
for flight dynamic analyses is generated for the propeller-
driven light airplane using a fixed setting for the root pitch.
Aerodynamic tables obtained through wind tunnel tests
are used to predict the fuselage aerodynamic forces and
moments. Therefore, the resultant math model applies well
to the stall angle of attack. The first areas of application of
the math model focus on predicting isolated propeller
performances in steady flight conditions. Secondly, the
propeller effects on flight characteristics are investigated
through trim analyses under forward flight conditions.
Finally, maneuver simulations are carried out with control
inputs used in a series of flight tests and the results obtained
using the present math model are compared with those from
the flight tests to validate the usefulness of the proposed
propeller modeling techniques.

2. Propeller Model

The propeller-induced velocityfield affects the distribution
of aerodynamic forces and moments over the propeller
blades. In addition, the trailing propeller wakes disturb the
flow field over the fuselage and wing components. Therefore,
accurate modeling of the propeller-induced-velocity field
over the airplane is extremely important for developing a
high-fidelity math model for propeller-driven airplanes.
The flow fields generated by the propeller can be predicted
at a reasonable computational cost using the lifting-line or
lifting-surface theory and vortex wake techniques, which
allow both the trailed wake geometry and the resultant
disturbed velocity field to be determined. The fuselage
and other aerodynamic surfaces are openly immersed in
the wake region of the propeller. As a result, these surfaces
can experience large variation in relative air velocity
depending on the loading conditions of the propeller. In
addition, each aerodynamic surface with a lifting force
generates an induced velocity field. Therefore, the induced
velocities generated by both the propeller and the lifting
surfaces should be adequately considered when building
an aerodynamic model. For this purpose, the vortex-lattice-
method (VLM) is adopted to predict the induced velocities
over other aerodynamic surfaces.
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In contrast, the approaches mentioned above cannot take
into account the viscous and compressible flow effects on
the propeller air loads because of their bases in potential
flow theory. The compressibility effect on the propeller
air loads becomes dominant as the flight speed increases.
Also, the viscous drag should be duly considered for an
accurate prediction of the propeller performance. These
real flow effects can be effectively handled using the BEM,
where the aerodynamic coefficients for the blade airfoils,
tabulated in the C-81 format, are generally utilized to
account for the effects of the Mach number and the angle of
attack. Air loads are also numerically integrated to account
for these nonlinear aerodynamic effects. The viscous flow
effects on the aerodynamic forces and moments of the wing
components are considered by applying strip theory and
the induced velocities are computed on the aerodynamic
centers of the striped wing elements. In addition to the
complex aerodynamic effects mentioned above, the
propeller can generate discernible gyroscopic moments
around the airplane’s center of gravity (CG) during an
aggressive maneuver. Therefore, the inertial loads of the
propeller should also be adequately modeled for flight
dynamics analyses and can be accurately predicted using the
same BEM framework.

2.1. Kinematics at the blade element

For the application of the BEM in computing the inertial
and aerodynamic loads of the propeller, the velocity and
acceleration at each blade element is derived in an exact
manner using the approaches presented in Refs. [6, 7]. For
completeness, the main results of the propeller applications
are summarized in this section. The inertial acceleration ¥’
and angular motions ((n I ol ) at the CG of the airplane are
traditionally defined using the linear and angular velocity
vectors in the body-fixed CG-frame, l"CCI = (u, v, W)T and
o =(p,q,r)', as shown in Eq. (1).

u
i =y |[+olid (1)

W

The subscript represents the frame (C for CG-fixed frame)
used to define vector components, whereas the superscript
CI is used to define the vectors at the airplane’s CG relative
to the center of the inertial reference frame. The matrix
expression for the angular velocity @ is represented by &<’
and similar notational conventions are used in the follow-
on derivations. Using the definition of the airplane’s CG
position rCC and the center of the propeller spinner r‘g , the
linear velocity and acceleration at the spinner center can be
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represented by Eqs (2) and (3) using rgc = rCS —rCC .
~ci
i) =i+ el 1 @
] Lo ®)

Figure 1 shows the front view of the spinner-fixed
nonrotating coordinates (X, Y, Z) with rotational speed Q
in the counter-clockwise (CCW) direction. In the event that
the propeller is installed with the elevation angle o, and the
sideward tilt angle S, with respect to the CG-fixed frame, the
linear velocity and acceleration vectors at the blade element
located at the azimuth angle y=0Qf(s=%1) and the blade
radial position r, from the spinner center can be expressed
in the rotating spinner reference frame (x, y, z) represented
by the subscript R as

-, ST ~RI
= LRCrC + rb('oR ex (4)

LBl .S R ~RI~RI
B =L, &S +rb(mR +oof )e ()

x

NR[ T C1 T
=0QLE;Lc + L, 0L,
~ RI ~cCrI
O'QL E L s+ L, 0 LRC
—0QL B, L 08 LY + 0QL o 0 L E L
Where L, L, and L, are coordinate transformation
matrices related to the angular rotation around the x-, y-, and

z-axes, respectively. Using their angular rotations (y, S, a,),
other matrices and the vector e, are defined as

Ly =Li(w)
Ly =L, (Bs)L,(a5)
Lpe =LysLgpLye = Ly(w)L, (B5)L, (a5)L e

0 -6, &,
E=| &, 0 -6,
-5, &, 0

Fig. 1. Notations for the blade element position, propeller forces and
moment vectors

S

e, =(10,0)

The direction of the propeller rotation is differentiated by
a(o=1 for CCW, o=-1 for clockwise rotation) and ¢ represents
the Dirac delta function.

2.2. Propeller forces and moments

The forces and moments generated by the propeller can
be obtained using the BEM by integrating the contributions
from all of the blade elements. The aerodynamic forces and
moments acting on a blade element can be derived using the
velocity vector shown in Eq. (4) with the notations shown
in Fig. 2. The geometric pitch angle, the induced angle of
attack, and the effective angle of attack are represented by
0, ¢ and o, respectively. The relative air velocity at the blade
element consists of the inertial velocity defined in Eq. (4)
and other contributions such as the induced velocity related
to the aerodynamic thrust. If the velocity vector ¥, is split
into the tangential, perpendicular, and radial components
(U;, U,, Up) in the rotating spinner reference frame, the
aerodynamic forces and moments at the blade element can
be computed with aerodynamic tables for the lift, drag, and
pitching moment coefficients using the angle of attack and
Mach number defined by Eq. (6).

0-¢ $=tan™ [UP]
Vv where Ur (6)
a V= JU:+U?

Therefore, the six components of averaged aerodynamic
forces  Fl“) = (F<aem) Flaer) F(aem)y-

M =

and moments

M) = (M o) ML M ;"‘"“’)) at the spinner center
can be obtained for the propeller. Egs. (7) and (8) show the
example formulas for computing £*) and )f{“*) when
the blade radius is R and the number of blades is N,

Flr) = fJ‘ J. V? c a M s1n¢+C (a M)cos¢})smwdr,d|// (7)

C,(a,M)cosg
J Jch{ (M )siny — r,( Cn(a,M)sin¢jcosw}dr"dW (8)

i

—dF,

¥y

dD

Fig. 2. Aerodynamic parameters at the blade element
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The forces F{"*’ and moments M{""” due to inertial
acceleration can be computed using

. N, 27 ¢R ..
Y o
e ©
iner N 27 oR ..
\Y (O :—2—7’;-“0 .[0 mbrbLTRS(ex xiy Jdndy
where m, represents the blade mass per unit length. The
inertial forces and moments in Eq. (9) can be analytically
integrated and expressed using the mass properties of
the blade, including the total blade mass M, and its polar
moments of inertia J,. Egs. (10) and (11) are the resultant
equations for the perfectly balanced propeller.

F" =—M a; (10)

Ps + (1 + 02)q;
M(Sm”) = _7}) 45 — (s +0) pg (11)
0

where ag = L i’ and (ps,qs,l’s)T = L& L

The total forces and moments generated by the propeller
can be obtained by summing up the aerodynamic and
inertial loads in the non-rotating spinner reference frame as

below:

_ o (aero) (iner)
F, =F;“" +Fg

. (12)
MS — Mgaera) + Mgner)

In the event that the mass properties of the propeller
are included in those for the airplane, the gyroscopic
moments due to the propeller’s rotational speed @2 should
be additionally considered as shown in Eq. (11). It can be
demonstrated that those moments cause off-axis responses
in the plane normal to the spinning axis. By considering
the moment arm to the CG point and the coordinate
transformation defined by L., =L%.L},, the forces and
moments generated by the propeller can be obtained in the
body-fixed CG reference frame.

The aerodynamic coefficients required to compute
sectional air loads are tabulated in the standard C-81
format which is widely used in rotorcraft analyses [3]. These
coefficients are computed using the Navier-Stokes Solver,
KFLOW, which was developed by one of the authors and is
widely used in rotorcraft airfoil design [8-10]. The accuracy
of KFLOW in predicting the aerodynamic coefficients of
the airfoils for rotorcrafts is validated through rigorous
correlations of its results with wind tunnel test data. The
geometric data for the airfoil sections are measured using
the propeller for a light-sports airplane and applied to
the KFLOW aerodynamic analyses for airfoils distributed
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along the blade span. The lift, drag, and pitching moment
coefficients of the selected 7-airfoil sections are tabulated in
the C-81 form with variations in Mach numbers (M=0.1~0.7)
and the angles of attack (a=-180~180degrees). The results are
shown in Fig. 3.

2.3. Propeller wake model

The lifting-line theory can be efficiently coupled with the
BEM to predict the strength of the line vortex of each blade
element using the sectional lift coefficient and relative air
speed as shown in Eq. (13).

L, ,.w)=C, V12, j=1--N, (13)

(N, : the number of blade elements)

Using these strengths for the bound vortex elements, the
structure of the wake trailing from the blades can be modeled
using the vortex filaments as shown in Fig. 4. It is assumed
that in a short time, a tip vortex is built through the rollup
process among the near wake filaments around the blade tip
region and originates from the aerodynamic center of the tip
airfoil. The wake age (length) ¢, of the tip vortex filament is
established for a period long enough to cover its influence
on the tail parts of the airplane, while relatively short wake

15

14

g 015

0.05

c™M

Fig. 3. Aerodynamic coefficients for the airfoil section used at the
blade tip
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Fig. 4. Wake structure for the propeller aerodynamic model

ages ({,<90,) are used for the near wake filaments to save
computing time. The strength of the tip vortex filament is
defined using the single peak model [4] presented in Eq.
(14) and the strengths of the near wake filaments can be
determined by applying the conservation law of circulation
as shown in Eq. (15) when N,,,, blade elements are used.

]‘—‘tip(é/) :max(rh,/(rh,jaw_g)a J=12,--) (14
Fb,] (] = 1)

FNW,; = rb,j—l - rb.j (j=2,-,N,_,.) (15)
rb,NL,,(,m (=N, vtom 1)

The trajectories of the trailed wakes are determined using
the prescribed wake model. By considering the flight speed,
the wake geometry of each filament can be expressed as

rw(rb,z//,;)=rb(w—§)+§%+D(rb,w,§) (16)

The first term r,(-{) denotes the position vector where
the vortex filament with the vortex age { originates from the
blade with the azimuth angle y. The velocity V.is the relative
local air velocity vector with the angular motion of the
airplane taken into account. Finally, the contraction effect of
the wake can be modeled by the term D(r,, y, {), which is
generally modeled using the measured vortex geometries or
using the empirical curve-fittings for analytical predictions.
Two well-known empirical models exist: Landgrebe’s and
Kocurek and Tangler’s prescribed wake models [11, 12].
These models incorporate both the radial contraction
D,(r, {) and the axial motion of the wake D,(r, {), caused by
the induced velocity. The resultant wake geometry can be
represented using the empirical constants k(j=1, 2, 3, 4) as
shown below

S

D(r,..{) = D,(r.{)cos(y — &) i+ D,(r.)sin(y = &) j+ D.(nOH k- (17)

where D,(r, {) and D,(r, {) represent the shape functions for
the wake geometry [4].

Landgrebe’s model addresses both the tip vortex and the
inboard vortex sheet, with the geometries represented using
the thrust coefficient C; and the average twist angle 6, (in
degrees). In addition, Kocurek and Tangler’s model accounts
for the blade number effect on the tip vortex geometry. The
detailed model parameters can be found in Ref. [4] for both
models. Once the strengths and geometries of all vortex
filaments are determined, the induced velocities at any
position can be computed using the Bio-Savart law. Vatistas’
model [13] for the vortex core radius is adopted in the study
to avoid the singular behavior of the induced velocity when
the radial distance from a line vortex element approaches

Zero.

3. Modeling the Propeller Effect on Airframe
Aerodynamics

The detailed aerodynamic models for the airframe can
be found in Ref. [14]. The major approaches used to build
the math model in this study will be summarized briefly
for the sake of completeness. The aerodynamic forces
and moments of the fuselage, main and tail wings are
greatly affected by both the propeller’s wake and the flow
velocities induced by their lift forces. These effects can be
modeled using the VLM [5] for flight dynamic analyses.
The flow tangency conditions at the control points of the
vortex lattices are typically imposed to compute the vortex
strengths for all vortex filaments. By adding the effect of
the airplane’s angular motion when the flow tangency
condition is imposed, maneuvering flights can be analyzed
under the VLM framework. Although the VLM can
accurately predict the lift and the pitching moment, even
with a large angle of attack, it cannot account for viscous
flow effects. To remedy this drawback, the VLM is used only
to compute the induced velocity field and strip theory is
applied to compute the aerodynamic forces and moments
of the wing components. This approach might be effective
for propeller-driven airplanes, in which wing components
have a relatively high aspect ratio. Therefore, the viscous
effect for the airfoil sections used in each wing can be easily
considered with aerodynamic tables.

Figure 5 shows the striped wing elements for the main and
tail wings. The local air velocity at the aerodynamic center of
a wing element can be written as

V=V, +odxr“+V +V, (18)

Ind. prop Ind ,airframe
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propeller

main wing
rm 7

horizontal stabilizer

—_——

vertical stabilizer

Fig. 5. Striped wing elements for the main and tail wings

where

V, =ue +ve +we,

ol =pe_+qe, +re,

The vector rCW © represents the relative position (I, Ty
ry) of the striped wing element with respect to the airplane’s
CG. The velocity vectors, V and V
the induced velocities due to the propeller wake and the

represent

Ind.prop Ind.airframe?

total downwash from other aerodynamic components,
respectively. Fig. 6 shows the schematic diagram depicting
the control point, the line elements of the bound vortex and
the trailed wake. Fig. 7 shows the vortex lattices over the
wings, fuselage, and control surfaces when VLM is applied to
the light-sports airplane.

Panel »

e | ] ™1
' Tl_1 T——1
I ol | 1

Fig. 7. Vortex lattice distributed over the aerodynamic surfaces for the
VLM
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The geometry of the trailing vortex filaments can be
prescribed as in the propeller or traced using the free wake
theory. Even though the geometry predicted using the free
wake theory shows a complex structure after the rollup
process as discussed in Ref. 4, its effect on the induced
velocity fields over the wing components is nearly the same
as when it is modeled with straight lines taking into account
the flight velocity direction. Therefore, this paper uses
the straight line vortex filament to reduce computational
time. The air loads of each wing component are computed
using 2-D aerodynamic tables as in the BEM. However,
the aerodynamic forces and moments for the fuselage are
modeled using the wind tunnel database rather than the
values obtained from the table for the analysis with the VLM
in order to include the viscous drag.

4. Applications and Validation

The propeller models proposed in this paper are applied
to a light-sports-airplane, KLA-100, which is developed
under the KAS-VLA certification requirements established
by the Korean airworthiness certification authority. Table 1
shows the major performance and configuration data for the
KLA-100 while Fig. 8 shows the distribution of the chord and
the twist for the propeller. The installed 3-bladed propeller
operates with a fixed pitch setting which can be adjusted
on the ground. Using these data, the isolated propeller
performances are first predicted with variations in the
pitching settings and in the flight speed. Next, the proposed
propeller models are implemented in the flight dynamic
math model for the KLA-100, which is used to investigate the
propeller effects on the air loads over major aerodynamic
surfaces. Also, the effects of the gyroscopic moments
generated by the propeller are investigated through trim
analyses for the coordinated turn flights. Finally, maneuver
simulations for the scaled KLA-100 model are performed
with the control inputs used in flight tests to validate the
proposed propeller models.

The propeller performance is predicted for the root pitch
setting of 30 degrees at the sea-level ISA (International
Standard Atmospheric) condition. The effects of flight speed
and the propeller’s RPM are shown in Fig. 9. The result shows
that propeller efficiency is increased as RPM decreases,
using the current setting of the root pitch angle over most
of the speed range. The maximum thrust-to-weight ratio of
over 0.33 can be obtained near the maximum RPM. In this
condition, the negative rolling moment due to the propeller
torque can be increased over 500 N m.

The propeller wake effects on aerodynamic performance

2014-12-30
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Table 1. Configuration data for KLA-100 model

Weight, Engine, and propeller
Max. take-off weight 620 kg
Engine 100 hp Rotax 912s2
Propeller
- Number of blades 3
- Diameter 1.726 m
- Maximum RPM 3000
Geometry of main wings(WG) and stabilizers
WG HS VS
Span (m) 9.5 1.55 1.30
Chord (m) 1.20 0.65 1.30
Twist angle (deg) -3.0 0.0 0.0
Sweep angle (deg) 0.0 0.0 10.0
Dihedral angle (deg) 59 0.0 0.0
Geometry of control surface components
flap aileron elevator | rudder
Chord (%) 30 30 30 30
i%‘l‘;‘z;f 0.72 339 0.0 0.0
~3.39 ~4.73 ~1.55 ~1.3
(m)
60 T T are studied though trim analyses for steady level flights with
| | | | | | —&— : chord
P e EEEs o NN , variations in flight velocity. For this purpose, the following
g Vel N four different cases were selected for comparative studies.
if o 73 o 37 N T:;;;\: if o 73 o 37 T . 37 ] Case 1: using the coupled propeller and airframe
2 0p g ,Q:\:L:o, “Fe-A4m- - aerodynamic model proposed in this study
g N A \l"""\‘\*l Case 2: trim analyses without the propeller inflow effect
£ Fr——-—" "t~ - ft- -~ - - - - - - =" I_~~7 . .
B ¢ on the airframe aerodynamics
B e e i SRt Case 3: the same condition as Case 1 but the propeller
ol torque effect is ignored

=)
=3
=3
N
=3
w
=3
~
=3
o
=3
o
=3
3
=3
=3
=3
©

Fig. 8. Distribution of chord length and twist angle along the blade

Case 4: the same condition as Case 2 but the propeller
torque effect is ignored

Using the above combinations, the propeller torque
effect can be identified from the results of analyzing Cases
1 and 3. Also, the propeller inflow effect can be deduced by
comparing the results of Cases 1 and 2. Trim analyses were
performed over the speed range of 100 km/hr to 220 km/hr
at sea level standard ISA conditions with the maximum take-
off weight. Fig. 10 and 11 show the variations in trim attitude
angles and the control inputs, respectively. The effect of the

0 (deg)

span
0.2
-
O
S
=
>
o
c
2
(]
2
L
1000—— ‘ ‘ ‘ 300—— ‘
| | | | 4..‘.‘.4_4-.*--1_4-4‘4._‘__1"‘
— « < il 200 el s e i
S soolFEEIEFFIEITIY 2 e
° 3 v—:uwi:: g 1007——1"333','2':‘,'1‘:4‘-)7.*_;77
g === g ‘ ¥
5 Of -ty ~ 5
I~ | ' === -
I I | ! ‘ ‘ :
i i i | i ! ! ‘
N I I I . } ! ! ! !
500 100 150 200 250 100 100 150 200 250

Velocity (km/h)

Velocity (km/h)

‘ ~~RPM=1000 == RPM=1250 =+~ RPM=1500 == RPM=1750‘

‘-'- RPM=2000 =¢- RPM=2250 =+-RPM=2500 -+~ RPM=2750 —¢- RPM=3000‘

Fig. 9. Results of propeller performance prediction
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Fig. 10. Trim attitude angles (forward flight, sea level, standard ISA)

351

http://ijass.org

2014-12-30

2™ 9:09149



Int’l J. of Aeronautical & Space Sci. 15(4), 345-355 (2014)

propeller torque is relatively small compared to that of the
propeller wake. The pitch attitude, the RPM, and the elevator
deflection are negligibly affected by the propeller, unlike
the roll angle and the lateral-directional controls which are
considerably affected. The wake effects can be visualized
by comparing the distributions of wing loadings as shown
in Fig. 12. The root section of the main wing shows highly
unsymmetrical distribution of the wing loadings which
generates a large positive rolling moment. The tip region
shows the effect of aileron deflection in compensating for
the moment and maintaining steady level flight. In addition,
the horizontal and vertical stabilizers have unsymmetrical
wing loadings and the rudder deflection shows discernible
differences in compensation for the yawing moment
generated by the vertical stabilizer due to propeller induced
velocity.

The effect of the gyroscopic moments resulting from the
propeller rotation and the angular motions of the airplane
are investigated through trim analyses of the coordinated
turn flight, with variations in the normal load factor. Analyses
are performed with a flight speed of 200 km/hr and a normal
load factor in the range of n,=1.1~4.0. The gyroscopic
moments generated from the propeller are proportional to

T T T T
—e—: case 1 | | | |
| | | |

engine RPM

SaRLerON(de9)

SeLevaror (€9

SruppErded)

V (km/hr)

Fig. 11. Propeller RPM and controls for trimmed level flight

the product of the body angular rate (ps, g5) and J,©2 as shown
in Eq. (11). Their effects on general maneuvering flights can
be deduced from the analyses by varying the propeller’s polar
moment of inertia. For this purpose, analyses are undertaken
over the range of /,=0.0~6.0 kg m? where the trim flight
without the gyroscopic moment effect is defined by /,=0.0.
Fig. 13 represents the pitch, roll, and yaw rates during turn
maneuvers and the pitch rate shows the largest variation.
Therefore, the propeller gyroscopic moments mainly
contribute to the pitching moment around the airplane’s
CG for the level turn flight. Figs. 14 and 15 present the body
attitudes and controls. The rudder deflection d,,,,,, with ,=6.0
kg-m? is around 7 degrees less than that required with J,=0.0
for the turning flight, with n,=4.0. Therefore, the gyroscopic
moment can significantly affect the control margin. It can
also degrade maneuverability by decreasing the propeller
efficiency as shown in Fig. 16. The polar moment of inertia
J, for the VLA-100 is estimated to be around 0.75 kg-m?
Therefore, J,=6.0 seems to be unrealistically high. The VLA-
100 must be maneuverable at over 180 degrees/sec pitch
rate during aggressive maneuvers. Therefore, the present
analyses with a large J, can be used to estimate the effect of
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Fig. 12. Propeller effects on the distribution of wing loading
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Fig. 14. Attitude angles for trimmed turn flights
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the propeller’s gyroscopic moments in real flights.

The proposed propeller models were applied to the

simulation studies and the results were compared with the
flight test data collected from the 1/5-scale RC model of the
KLA-100. Fig. 17 shows the RC model with the two-bladed
propeller on the runway ready for flight tests. A series of

flight tests were carried out with varying propeller thrust

conditions. The results of the control response tests at 80 % of
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Fig. 16. RPM and propeller efficiency during trimmed turn flights
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Fig. 17. Scaled RC-model of KLA-100 for flight tests

the maximum propeller thrust are compared to validate the
proposed propeller model. Figs. 18-20 compare the results
of the flight simulations with those of the corresponding
flight tests. The doublet-type input was imposed for
each of the control channels. The relevant responses are
represented in the attitude angle and the angular rate. The
RC model is equipped with only the attitude and heading
reference system (AHRS), containing a coarse alignment
of its axes with the reference frame of the airplane due to
space limitations. Therefore, the effects of the relative wind
velocity and the misalignment in the AHRS reference frame
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Fig. 18. Response comparison for aileron doublet input at 0.8 Trmax
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Fig. 19. Response comparison for elevator doublet input at 0.8 Tmax
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Fig. 20. Response comparison for rudder doublet input at 0.8 Tmax

cannot be duly accounted for in the measurements of the
trim attitude angles. Also, the configuration of the RC model
may differ from the actual design, especially with respect to
the propeller and control surface geometries. Therefore, the
measured trim attitudes, which are shown at the initial time
for each figure, are discernibly different from the computed
ones. However, the overall dynamic responses to the doublet
inputs for each channel show a good correlation between the
two datasets, with a small phase shift due to the delay in the
communication link.

5. Conclusions

This paper focuses on the aerodynamic and inertial
modeling of the propeller in order to build a high-fidelity
math model for propeller-driven airplanes. The effects
of the trailing wake on other aerodynamic surfaces were
successfully modeled using the blade-element-method
combined with the vortical wake theory. The gyroscopic
moments of the propeller were formulated in an exact
manner from the kinematics, with all body states taken
into account. In addition, the vortex-lattice method was
adopted to consider the velocity induced by the propeller
while strip theory was utilized to compute the forces and
moments generated by the wing components. Therefore, the
resultant aerodynamic models can accurately address the
compressibility effect over the propeller blade and viscous
effects on air loads for all aerodynamic surfaces. These
models were integrated into the flight dynamic analysis
program for a light-sports-airplane KLA-100 and various
applications were tested to validate the usefulness of the
proposed approaches.

The roll attitude and lateral-directional control are
significantly affected by the propeller wake for the trimmed

2014-12-30

2™ 9:09151



(345~355)14-035.indd 355

——

Chang-Joo Kim Flight Dynamics Analyses of a Propeller-Driven Airplane (1): Aerodynamic and Inertial Modeling ...

level forward flight, whereas the propeller torques have
relatively small influences on the trim states and controls.
The effect of the gyroscopic moments generated by the
propeller was investigated through a series of trim analyses
for the coordinated turn flight, with variations in the polar
moment of the propeller. The large pitch rates required for
turn flights with a high normal load factor mainly generates
the gyroscopic moment around the airplane’s yaw axis, which
causes large rudder deflections. Flight simulations were
undertaken for the scaled KLA-100 model and the results
were compared with the corresponding flight test data. The
airplane responses to doublet inputs for the aileron, elevator,
and rudder deflections using the methods presented are
well correlated with the flight test results. The applications
show that a high-fidelity math model for a propeller-driven
airplane can be built using the proposed aerodynamic and
inertial models for the propeller.
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