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Abstract

In this paper a theoretical study of the turn ma-
neuver of an agricultural aircraft is presented. The
maneuver with changeably altitude is analyzed. The
effect of load factors on the turn maneuver charac-
teristics during the field-treating flights are analyzed.
The mathematical model which describes the proce-
dure of the correct climb and descent turn maneuver
are used. For a typical agricultural aircraft numer-
ical results and limitations of the climb, horizontal
and descent turn maneuver are given. The problem
of climb turning flight is described with the system
of differential equations which describe the influence
of normal and tangential load factors on derivation
velocity, the path angle in the vertical plane and the
rate of turn in function of the bank angle during
turning flight. The system of differential equations
of motion are solved on a personal computer with
Runge-Kutta-Merson numerical method. Some re-
sults of this calculation in this paper are presented.

Symbols

a. - acceleration vector of airplane mass center,
Cy, - lift coefficient,

CLmaez - Maximum lift coefficient,

Cy,s - safety lift coefficient,

Cp - drag coefficient,

D - drag,
g - acceleration due to gravity,
L - lift,

n - normal load factor (coefficient),

ny - tangential load factor (coefficient),
m - mass of airplane,

S - wing area,

T - thrust,

t - time of turn maneuver, '

- . Copyright © 1998 by ICAS and ATAA. Ali rights reserved

V - velocity,

Vs - safety speed,

W - weight of airplane,

X,¥,Z - coordinates of airplane mass center,

o - angle of attack,

a; - wing-setting angle (angle between wing chord
and axes of fuselage),

v - path angle in the vertical plane (angle of flight

path),

7 - factor n = Ah(2g/VE),

p - density of air,

T - factor 7 = t(g/V1),

% - path angle in the horizontal plane (angle of yaw),

® - bank angle,

Q = dy/dt - rate of turn

Introduction

Aerial treating has become an integral part of
modern agriculture. However, agricultural flying has
been plagued by a great number of accidents. The
maneuvers of an agricultural aircraft are divided into
those carried out while entering or while leaving the
spraying line. Despite low height of the airplane
while spraying, this part of the flight is considered
to be the safest because of an appreciable flight ve-
locity. Upon completing a spraying run the aircraft
enters a turn maneuver procedure. Pilots assert that
the procedure is the most dangerous maneuver and
most of the accidents occur while this maneuver is

-being performed. There are many secondary factors - -~

that influence the safety of agricultural flying; some
of them will be treated in this paper.

In accordance with the above mentioned con-
siderations, two segments of the procedure turn are
considered to be critical: climb while turning, and
rolling. In these phases of the maneuver the aircraft
may encounter stalling. The aim of this paper is to
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determine those factors that provoke the appearance
- of stall and to estimate their magnitude.

The analysis has been restricted to the climb at
the first phase and the descent at the end of turn
maneuver. A special types of the turn maneuver
has also been analyzed, i.e. the case in which the
z-direction forces are balanced. This case involves
a balance between thrust and drag (T' = D). An-
“alytical solutions for the climb turn maneuver at a
constant normal load coefficient have been obtained
“and analyzed.

The usual treat (spray) run is carried out along
the larger dimension of the field. At the end of a
treating run a turn procedure is made, and the pilot
enters the following treating line (Figure 1).

The turn maneuver procedure is divided into
five parts: (1) increase of power (the tangential
load factor nz > 0), (2) climb, roll and turn (up
to ¢ = 60°), (3) continuous turn maneuver with
changeable values of normal and tangential load fac-
tors (up to ¢ = 95°), (4) 180 degrees turn (with
descent in the last phase of turn), and (5) decent to
the next spraying line. Of course, the turn maneu-
ver procedure can be implemented in a different way
as well, with a different combination of parameter
variation during its performation.

The following analysis discusses the reduction of
velocity along part (2) of the turn procedure. The
velocity at the end of part (2) is important as it
determines the conventional stall margin as well as
the available margin before aileron-stalling occurs
while rolling.

FIELD

A

L

Figure 1: - Turn procedure

Mathematical Model

Using the stability-axes system for the nonsteady
turning flight the following equations of motion may

be written(1:2):

av
mo- = T cos(a — as) — D — mg siny

d
de—Z = [T sin(a — ;) + Llcosyp — mg cosy (1)

d . .

mV-a-%{)- cosy = [Tsin(a — a;s) + L]sing
where are: v path angle in the vertical plane, ¢ path
angle in the horizontal plane and ¢ bank angle.

By introducing tangential and normal load fac-
tors:

1
Ny = ;—n—;[T cos(a — as) — D] (2)

1 .
n = R—E[Tsm(a — o)+ L] (3)

the system of equations of motion (1) are trans-
formed into:

1dV

g dt

V dy

g dt

= Ny — sInYy
= N oSy — €osy (4)

;Ecosq/ = n.sing

The system of differential equations (4) de-
scribes the influence of normal and tangential load
factors on derivation velocity V/, the path angle in
the vertical plane v and the rate of turn dv/dt as a
function of the bank angle ¢ during turning flight.

Generally, the normal and tangential load factors
are changed during turning flight. However, these
factors are assumed to be constant for the approxi-
mate calculation during some parts of ttrn path (the
first part of path is 0° < 9 < 60°, the second part
of path is 60° < 9 < 95° and the third part of path
is 95° < 9 < 180°, see Figure 2). The results of
numerical calculation are not affected significantly
by this assumption(3=7).

Substituting relation dh/dt = V siny into the
system of differential equations of motion (4) we
eliminate time from the system and obtain the fol-

_lowing system of differential equations:

av Vcos'y(n siny)
dp ~ msing: © 7
dy cosy -
70 = nsimp(n cosp - cosy) (5)

dh _ VZ%sinycosy
dy ~  ngsing
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Figure 2: - The climb turn of agricultural aircraft

as a function of path angle in the horizontal plane
(¥).

A fourth equation, that results directly from the
last equation of the system (4) can also be added
to the system of equations. The equation yields the
time to turn, t:

dt  Vcosy
dy ~ ngsing

(5a)

The system of differential equations of motion
(5) are solved with numerical methods with normal
and tangential load factors and bank angle as pa-
rameters. The first equation determines derivative
of velocity, the second one determines derivative of
path angle in the vertical plane, and the third one
gives derivative of flight altitude as a function of
path angle in the horizontal plane.

Using the usual assumptions: that cos(a—a;) ~
1, density of air p & constant (small altitude change
during turning) and mg = constant (small change
of airplane mass resulting from fuel consumption
during turning), the tangential load factor can be
expressed in form:

Tcos>a——as -D_, T D
z = ( ) :—“"—m— (6)
g

mg mg

and, for small values of path angle in the vertical
plane (L 2 mg), we obtain:

T %o
mg Cr’

o~

(7)

Mg

Thus, tangential load factor expresses the influence
of airplane thrust (power plant) and polar on char-
acteristics of turn maneuver.

A very interesting case of turning is for n, = 0,
i.e. when the thrust T is equal or almost equal to
the aerodynamic drag D. The special feature of the
case is that analytic solution can be obtained.

The system of equations of motion (4) in this
case is transformed into:

1V _ sin
g dt 7
Vd
;d—z = n.CoSY — oSy (8)
Vd?’bcos n SN
7 = nsi
PRy ne

Dividing the first equation by the second one,
one obtains a differential equation with separated
variables:

av Siny
A S S
|4 7 COSP — COS7Y 7 )

Integrating the equation from initial condition,
i.e. initial values for v; = 0 and V] to some arbitrary
point v and V the solution is obtained:

v ncosp — 1 (10)

Vi T COSY —~ COSY
This equation describes speed variation during
turn maneuver for given values of normal load fac-
tor and bank angle ¢. Since the altitude as well
as the angle of flight path -y increases during turn,
it is evident that the airplane’s speed continuously
decreases at the same time. Hence, lift coefficient
increases. V
The highest altitude increase would have been
obtained when the airplane speed were lowest, i.e.
when the lift coefficient would have been increased
to its maximal value. However, as the flight at
ClLomas 1s unsufficiently safe, the lift coefficient is
limited, as it is the case with many other perfor-

_mances, to a safe value Cz, = (0.7-0.9)Cp,,.,.
The flight duration up to a point on the turning

path, determined by the angle v, can be obtained
from the second equation of the system (8) and by
substituting the solution (10):

5
1
t:—/
g

=0

V dy
N COSP — CoSY
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¥

Vi /
—(ncosyg — 1
7 (ncosp — 1)

71=0

dvy

(n cosg — cosy)?

(11)

Hence,

__(/g)
ncosyp + 1

siny

2
n n COSp arctg ncosp + 1 tgl
n?cos?p—1" necosp—17"2

(12)

For further analytic determination of the turn

characteristics it is necessary to establish a relation

between angle of yaw and angle of flight path. If we

divide the third equation of the system (8) by the
second one, we obtain:

nCcospy — cosy

d nsin
6037—¢:—~—~L (13)
dy  ncosp— cosy
5
7
50
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Figure 3: - Angle of flight path at the end of turn
(¥ = 7) as a function of normal load coefficient
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Figure 4: - Angle of flight path at the end of turn -

(¥ = ) as a function of the bank angle ¢

The integral of the equation between limits y; =
0 and v is:
dy
(n cosp — casy)cosy

y
Y = nsiny /

71 =0

(14)

.
Ceor g o

which yields:

Yy 7
=1 Inltg| = + —
4 g¢{1%[g<2+-4>}
2 ncosp+1. 7
—_—  ____arct —_—Tt g~
+ n2cos2<,o—1mcg(\/ncosgo—1g2>}

(15)

The expression (15) gives the dependence of the
angle of flight path -5 at the end of turn maneuver
(¢ = ) on the bank angle ¢ and normal load coef-
ficient n. The curves 72 = f(n) are shown in Figure
3 for several values of bank angle ¢. Points of in-
tersection of this curves with abscissa (y2 = 0) cor-
respond to a horizontal regular maneuver for which,
as it is known: n = 1/cosep.

From Figure 3 it is evident that the flight path
becomes steeper when the normal load coefficient
n increases, especially for relatively moderate values
of the bank angle ¢ (< 45°). This is logical, as the
increase of the normal load coefficient n results from
kinetic energy. Reduction in the energy results in an’
altitude increase and, consequently, in an increase
in flight path slope.

3
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Figure 5: - Factor 7 = t(g/V}) as a function of the
normal load coefficient
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Figure 6: - Factor 7 = t(g/V;) as a function of the
bank angle ¢
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Based on Equation (15), we may derive the re-
lation v = f(¢) for different values of normal load
coefficient n and (¢p = 7). These solutions are
shown in Figure 4, from which one can see that the
angle of flight path at the end of turn maneuver v,
drops rapidly with an increase of aircraft bank angle
@. This is pronounced especially at lower values of
normal load coefficient n, what is in full agreement
with the above conclusions.

Now, we can determine the time needed to carry
out the turn from equation (12):

‘= (V1/g) [

sty

ncosp + 1

T COSWP — COSYg
g(\/ e 1tg12>]

ncosp—17 2

(16)

The time of turn ¢ resulting from the above equa-
tion is shown in a nondimensional form 7 = t(g/V;)
as a function of the normal load coefficient with the
bank angle ¢ as a parameter by taking v = 7, and
% = 7 (see Figure 5).
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Figure 7: - Speed ratio V,/V; as a function of nor-
mal load coefficient
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Figure 8: - Speed ratio V5/V; as a function of the
bank angle ¢ '

From Figure 5 one can see a large decrease of
time of turn maneuver when the normal load coef-
ficient increases and less pronounced effect of the
bank angle on the time of turn. This last conclu-
sion is illustrated by low slope of curves, especially
for the values of normal load coefficient which are
greater than three (see Figure 6).

The equation (10) gives the aircraft speed at the
end of turn maneuver:

Vo
Vi~ ncosp — cosy;

ncosp — 1

(17)

Dependence V,/V; = f(n) for several values of
bank angle ¢ is shown in Figure 7 and V,/V; = ()
for several values of the normal load coefficient in
Figure 8. .

It is necessary to check the speed at the end of
turn. Since the lift is equal to:

1
L=nW= §p2V22C'L55 (18)
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Figure 9: - Factor n = Ah(2g/V}) as & function of
normal load coefficient -
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Figure 10: - Factor n = Ah(2g/V{) as a function
of the bank angle and the normal load coefficient as
parameters
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the speed at the end of turn should be:

Va2 Viv/n (19)

where V is the lowest allowable (safe) horizontal
speed at altitude h; and which is equal to:

2mg

V, =
2CL55

(20)

By using the relation for equivalence of poten-
tial and kinetic energy we may obtain the altitude
increase Ah = hy — hy at the turn:

V-V —Yﬁ[l— <E>2J (1)

Ah = =
2g 2g Vi

By substituting the relation for speed ratio
Va/ V1 given by equation (17), the altitude increase
during turn maneuver may be written as:

2 _ 2
Ah= YL {1 . <———————" cosp — 1 ) } (22)
2g 7L COSP — COSY2

angle as parameters and in Figure 10 = f(¢) and
the normal load coefficient as parameters.

This special case, when the tangential load fac-
tor n, = 0, also confirms the above conclusions
about the influence of main parameters on the agri-
cultural airplanes’ turn characteristics(®=7); in the
domain of optimum bank angles and for the typ-
ical values of normal load coefficient the altitude
increase becomes higher with the normal load coef-
ficient decreasing, but at the same time, the time
of turn increases. And vice versa, with an increase
of the normal load coefficient the altitude increase
becomes smaller as well as the time of turn.

Numerical Results

The calculation results for the particular case of
the agricultural aircraft climb turn .maneuver when
the tangential load coefficient is n, = 0 is plotted
in Figures 3 to 10 as a function of the normal load
coefficient and of the bank angle. The results of
the angle of flight path change, time of turn, initial

45 and final speed ratio and altitude increase during
3 n=1.1§ nxr=-0.05 . . .
V E(m/s) turning maneuver are shown for different airplane
E n=1.05 bank angles within the range ¢ = 40 — 65°.
40— n=1.10
1 n=r2 n=1.15 10-
E nx=0.1 nz=0.0 70.:_ n=1.05 nx=-0.15
3 n=71.1§ nx=-0. 3
35 n=1.15 nx=-0.1 o:/ .
E ) n=1.05 nr=-0.10 1 Horizontal NS
3 Stalling n=1.10 nx=-0.10 1 flight n=1.15
303 speed n=1.06 nx=—0.15 ] n=1.10
TTrT7TTTTT T TY Tl rTrrTrrrrrrrirrta IOI T E n="05 n=1-10 nr="
0 45 90 135 q° 180 _1o n=1.10 ne="0
) 3 n=1.16 nx=-0.05
. . ] n=1.2 n=1.16 nzx=-0.10
Figure 11: - Speed changes during turn maneuvers 1 nz=0.1 nz=0.0 | (n=1.15 nz=-0.1
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Figure 12: - Altitude changes during turn maneu-

VErs

The altitude increase Ah shown in Figure 9 in a
nondimensional form n = Ah(2g/V2) is given as a
function of the normal load coeffidient and the bank

- 135 ,¢° 180

Figure 13: - Path angle changes during turn ma-

neuvers
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Figure 14: - Speed changes during turn maneuvers
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The system of differential equations of motion
(5) has been solved on a personal computer with
Runge-Kutta-Merson numerical method(®). Some
results of the calculation are presented on Figures
11 to 16.

The calculation were performed involving the
above given assumptions and using the typical val-
ues of the start velocity 40 m/s and the bank angle
@ = 30° for this kind of aircraft (agricultural). The
results which are given in Reference (3) indicate,
that the normal and tangential load factors are con-
stant during turning at the first part of path.

The representative results are: for the normal
load factors n = 1.2, and for tangential one n, =
0.1. For the second part of the path the tangential
load factor is constant n; = 0.0 and the normal
load factor was varied from n = 1.05,1.10 to 1.15
for the horizontal turn maneuver. At the third part
of the path the values of tangential load factor are
ngy = —0.05,—~0.10 and ~0.15, and for the normal
load factor are n = 1.05,1.10 and 1.15.

40+
AHI(m)
20 n=1.075
N n=1.2 n=1.065
1 ng=0.1 n=1.050
. n=1.040
3 n=1.1§
] n.=0.0 n,=-0.15
o-lllllllllllllllll lllllll[ll!lllll
0 45 90

135 ,]//0 180

Figure 15: - Altitude changes during turn maneu-
vers

In the Figure 11, speed changes during turn ma-
neuvers are given as a function of the path angle in
the horizontal plane (angle of yaw) for various com-
bination of the normal and tangential load factors.
The altitude changes during turn maneuvers with
reference to start altitude are given in Figure 12.

The path angle in the vertical plane (angle of
flight path) are given in Figure 13 as a function of
the path angle in the horizontal plane (angle of yaw)
for various combination of the normal and tangential
load factor values.

In the Figure 14 results of calculations of speed
changes during turn maneuvers are presented with
the reference to the stalling speed for the constant
values of the normal and tangential load factors in

10
e
7 3
07 -
3 Horizontal
q Jflight .
g n=1.075
~104 n=1.065
3 n=71.050
] n=r1.2 n=1.1§ n=1.040
1 n_=0.7 n_=0.0 n =—0.715
_ac-ll:IlIlI|l| lfllll IIII’III]IIIIIIII
0 45 90

first two part of path flight (in the first part n = 1.2
and n; = 0.1 and in the second part n = 1.15 and
nge = 0.0).

Figure 15 shows the altitude changes during turn
maneuvers as a function of the path angle in the
horizontal plane (angle of yaw) with load factors in
the last part of the turn amounting n, = —0.15
and n = 1.040,1.050,1.065 and 1.075. Finally, the
Figure 16 shows the flight path angle changes during
turn maneuvers for the selected values of the load
factors.

135 ,¢° 180

Figure 16: - Path angle changes during turn ma-
neuvers

Concluding Remarks

This analysis, as well as some previous investiga-
tions(3=7) shows that the solutions for the turn ma-
neuver are to be sought primarily for the case when
the basic turn-defining parameters for this type of
airplane have moderate values. Thus, some moder-
ate and variable normal and tangential load factors
values result in some moderate and acceptable al-
titude increase, speed and bank angles. Of course,
the flight parameters at the entry in a new flight
path, i.e. a new treating line shall take values that
correspond to the optimal treating conditions. In
other words, the new-path flight parameters shall
duplicate the previous treating line flight condition
(Figure 1).

Should the greatest altitude at the end of the
“turn maneuver be the aim, then the use of algorithm -
for particular analytic solution presented in this pa-
per would be fully justified. However, this could be
of greater interest for the case of an another type of
aircraft such as fighting airplanes-and not for agri-

cultural airplanes.

The analysis and calculation of the climb (and
descent) turn maneuver by involving the normal and
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tangential load factors provide general results. In
this way, observation and analysis of behavior of
all types of agricultural aircraft are possible. The
analysis shows that the stalling speed and the start
altitude at the beginning of the turn maneuver are
limiting factors. For this kind of aircraft the stalling
speed of approximately 30 m/s is a typical value.
Accordingly, at the end of the treating (spraying)
run (beginning of turn maneuver) the velocity should
exceed 40 m/s.

In this paper the criterion has been established
by determining the margin of the speed over the
stalling speed (safety speed) after the agricultural
airplane increases its height above the ground by a
given amount. The required altitude may be differ-
ent for different types of airplanes and depends on
their capability to perform rolling and turning ma-
neuvers. The minimum margin of velocity allowed
is determined from the requirements of the rolling
maneuver.

However, experience has been showing, that the
characteristics of the turn maneuver predominantly
depend upon the manner in which every single pilot
controls the airplane and performs the turn maneu-
ver.
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