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Abstract

The operational efficiency of agricultural aircrafts depend
mainly on the uniformity of the spray distribution and the
width of the spray corridor. A simulation program has been
developed for optimizing the parameters of the spraying sys-
tem and the configuration of agricultural airplanes. This simu-
lation gives higher accuracy in calculated spraying distribu-
tion, as well as other improvements when compared to existing
methods. In particular, new techniques for describing the roll-
up process of the wing wake and the flow characteristics of
the propeller slipstream were introduced. In addition, a new
statistical method for describing the influence of wind fields
and turbulence has been used.

Using this simulation program, improvements in spray effi-
ciency resulting from various modifications of an existing air-
craft have been evaluated. By installing winglets, in addition to
a favorable influence on the aircraft performance, spray effi-
ciency can be improved. This winglet configuration has been
investigated, in combination with optimized spray nozzle
arrangements, in flight tests. These tests were performed in
Hungary using an agricultural airplane of PZL. M-18 DRO-
MADER type in cooperation with the Technical University of
Budapest. In general, a good agreement between flight tests
and simulation results was found.

1 _Introduction

Airplanes play an important part in the cultivation of agricul-
tural and forestry crops. About 5% of the entire world’s agri-
cultural area and 15% of the US area are sprayed by aircraft,
mostly with toxic chemicals.

In usual applications liquid spray pesticides are dispersed at a
rate that covers the target area with a "toxic carpet”, which
may have about a hundred times overkill capability. Insofar, as
ecological impact, insecticide resistance and environmental
pollution have been a growing concern, new methods of spray
application had to be developed during the last decade!-5.

Most chemicals need to get into direct contact with the insects.
Hence the minimum number of droplets per area is determined
by the dimensions of the target insect. Normal spray droplets
have a size of 200 to 300 micrometer and contain 100 or 1000
lethal doses for the target insect. In principle the droplet size
could be decreased down to about 10 micrometers without
changing the mortality of the spray. However, since droplets of
this size are easily dispersed by wind, their deposition cannot
be readily controlled. For practical use a high uniformity of the
spray deposition combined with maximum width of the spray
corridor and minimal wind drift is needed.

Using a computer simulation, the economical and ecological
aspects of aerial spraying can be optimized by improving the

Copyright © 1988 by ICAS and AIAA. All rights reserved.

1664

aerodynamic configuration of agricultural aircraft and the
arrangement of the spraying equipment. Although a lot of full
scale and modeled experiments concerning the distribution of
aerial sprays have been performed, there is still a demand for
more powerful computer simulations.

The basic works of W.Reed®-7 and Trayford and Welch8-9 are
the only simulations known up to now. They are able to com-
pute droplet trajectories influenced by a simplified wake of a
low flying aircraft. The basic factors which influence droplet
motion such as tip vortices, ground effect, propeller swirl,
cross-wind are considered, and the resulting spray distributions
estimated. For the investigations of the deposition of small
droplets the models used in these papers do not seem to be suf-
ficient.

The present paper describes a simulation in which the most
important inflnences on the spray deposition are reviewed and
modeled. In particular, refinements are introduced for simulat-
ing

- the roll-up of the wing wake,
- the propeller slipstream,
- influences of cross-wind and air turbulence.

Using this simulation program, improvements of the spraying
quality by modifying the wing configuration have been investi-
gated. In particular the effects of winglets and changes in the
spray nozzle installation have been investigated.

A contract of cooperation with the Hungarian academy of sci-
ences made it possible to verify the simulation results in flight
tests conducted in Budapest and Nyiregyhza using a PZL M-
18 DROMADER (Fig. 1).

ing .83
max. take off weight 4200 kg

empty weight 2750 kg
engine 1000 hp
working speed 190 km/h

Figure 1. Agricultural aircraft used in the investigation, PZL
M-18 Dromader



II._The Simulation System
General Description of the Simulation Procedure
Several steps are required to compute the spray distribution.

- First, the aerodynamic characteristics of the airplane must be
determined for a given spray mission. The distribution of cir-
culation for the wing-body configuration, which determines
the aircraft wake, is calculated using a standard vortex-lattice

program. The propeller slipstream and interference with the
wing is included.

- In the next step, the roll-up of the vortex sheet, shed from the
trailing edge of the wing, is computed. The sheet is represented
by discrete vortex lines and the roll-up is calculated by a three-
dimensional near-field solution together with a two-dimension-
al far-field method.

- The trajectories of single droplets influenced by this flow
field are then computed. The droplet motion is determined
under consideration of the flow fields of the wake and the
cross-wind, taking into account droplet evaporation. This part
requires the major portion of the computational time.

- The ground deposition pattern of a single spray nozzle is
computed by means of a statistical assessment from the data of
all droplets emitted at the same wing span position. The
assessment includes cross-wind, atmospheric turbulence and
the spray nozzle characteristics as droplet spectra, spray-cone
angles, spray duct pressure etc,

- The spray distribution for a chosen arrangement of the spray
nozzle on the spray boom can now be evaluated by superim-
posing the distributions calculated for the single nozzles.

- If distributions for a number of nozzle positions have been
calculated, an optimal spray nozzle arrangement can be found
by an evolutionary strategy that minimizes the statistical devia-
tion from a desired uniform spray distribution.

As this sequence of calculations has to be repeated for any new
aerodynamic configuration of the airplane, the influences that
have a major effect on the spray quality should be studied
carefully before a modification of the airplane is proposed.

The following sections discuss each part of the simulation and
present basic results.

III._Airplane Aerodynamics

As disturbances caused by the aircraft have a fundamental
influence on the droplet motion, the wake of wing, fuselage
and propeller has to be modeled as accurately as possible. The
particular aircraft considered here is the Polish PZL M-18
DROMADER.

For the calculation of the flow field around the wing and body
configurations a NASA vortex-lattice program!? has been
used, which is also able to include the ground effect. The com-
plex shape of the DROMADER fuselage was simplified by
modeling it by a short cylinder with spherical front and end
caps. The surface of the wing-body configuration was dis-
cretizised into 150 panels, arranged on the wing, and 90 panels
on the body. The panels on the wing were distributed in three
chordwise rows of 50 spanwise panels each. For the winglet
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configuration, the wing panel number was increased to 210.
The accuracy achieved by this panel arrangement proved to be
sufficiently high.

Because the vortex-lattice program is not able to treat directly
the propeller slipstream as a non-uniform flow, - the propeller
flow was modeled in the following way. The propeller slip-
stream induces large velocities on the wing. The axial velocity
increases the dynamic pressure of the wing, while the propeller
swirl changes the angle of attack. Both effects lead to a strong
modification of the circulation distribution. This is included in
the computation using an additional twist on those wing sec-
tions which are located in the slipstream.

The calculation of the axial and tangential velocities in the pro-
peller slipstream is performed with a free wake analysis
method, proposed by Miiller'l, which was originally devel-
oped for helicopter rotors. The rotor geometry, rotor speed
and flight velocity are inputs for this method. The circulation
on the propeller blades and the velocity components in the pro-
peller wake are the outputs (Fig. 2). In addition, the thrust of
the propeller and the required power are evaluated. These can
be used for evaluating the accuracy of the method. The profile
drag of the blades is not included because their contribution to
the propeller swirl is less than 5% for lower blade tip velocities
M <0.6).

The computations were done for a free propeller, where the
propeller disk is considered to be a ring that fits around the
fuselage.

The spanwise variation in circulation that results from the vor-
tex-lattice computation as well as the strength of the trailing
vortex sheet are shown in Fig. 3. The influence of the fuselage
is concentrated near the plane of symmetry. The propeller
swirl generates a strong vortex shed from the inner part of the
left wing where the propeller flow is directed upwards. The
bound and trailing vortices resulting from this computation are
the inputs to the three- and two-dimensional roll-up programs,
discussed in the next section.

Besides the original configuration of the DROMADER, an
improved version has been investigated. The original wing was
fitted with winglets optimized for minimum drag at high
angles of attack. This design has the advantage of high aerody-

o= 119.4 (1/s)
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V =50 (m/s)

Figure 2. Velocity distribution in the propeller wake
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Figure 3. Distribution of circulation for the Dromader in
spray flight (C; =0.55, P=410 hp)

namic load on the winglet during the spray operation. This
results in the tip vortex being located farther from the spray
boom, with a reduced influence on the spray deposition.

The preliminary winglet geometry is obtained from a wing
design code based on lifting line theory. The input data are the
shape of the original wing, the dihedral angle and the span of
the winglet. The design procedure determines an optimal dis-
tribution of winglet chord length (Fig. 4a). This procedure
takes into account the fixed maximum value of the wing root
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Figure 4 Steps of winglet design using a drag minimization
code
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bending moment, the yaw-induced rolling moment as well as
the limit of the side-slip angle at which the flow on the winglet
is still fully attached.

Wind-tunnel results have shown that the fairings between the
main wing and the winglet have to be designed thoroughly to
prevent boundary-layer separations. After finishing the opti-
mization the geometry has been smoothed by hand to achieve
a manufacturable winglet geometry (Fig. 4b).

The final step of the design uses a vortex-lattice method to
adjust the twist distribution on the winglet (Fig. 4c). The
resulting winglet (Fig. 4d and 5) gives some reduction in drag
during maneuver and climb as well as a considerable tip-vor-
tex displacement during spray operation.

IV. Modeling of the Vortex Roll-up

To ensure a sufficiently accurate computation of droplet trajec-
tories, a realistic modeling of the roll-up of the vortex sheet is
of fundamental importance. The following model is used in the
simulation program.

Within ten chord lengths behind the wing, the roll-up is com-
puted by a three-dimensional free wake model. Then, the cal-
culation switches over to a two-dimensional time-dependent
code using a modified point vortex method. This point vortex
method gives quite accurate results for the flow field far
behind the wing without the excessive computer time needed
for the free wake model.

The free wake model!2 starts from a straight vortex sheet shed
at the trailing edge of the wing. The vortex filaments, which
form the sheet, are shed from the borders of the panels used in
the vortex-lattice program. Each vortex filament consists of
twenty straight segments, which are convected parallel to the
inflow, all of them carrying a control point. The shape of the
wake is determined by an iteration procedure. In every pass,
the new positions of the vortex segments are determined row-
wise in span direction starting at the trailing edge of the wing.
Each segment of a row is aligned to the direction of the flow
vector at its control point. This scheme is repeated until every
row of vortex segments filament has been directed. Then, the
whole procedure is repeated until the shape of the vortex sheet
becomes stable (Fig. 6). Usually, three iterations are sufficient.

Figure 5. PZL M-18 fitted with winglets



The computation of the flow vectors is done by a superposition
of the inflow and the velocities induced by bound vortices and
vortex segments in the wake. Downstream of the last vortex
segment a line vortex of infinite length, running paraliel to the
x-axis, is assumed. The induced velocities are computed by the
Biot-Savart law with the assumption that the vortex filaments
have a finite core radius. The vortex core is described by a
Rankine vortex model. The ground effect is considered by the
mirror image method.

The propeller swirl and slipstream is concentrated in a tube
having the diameter of the propeller and being oriented parallel
to the inflow direction. The widening of the flow tube is
neglected. The distribution of the axial and tangential velocity
in this tube is as illustrated in Fig. 2. The propeller flow field
decreases quickly due to turbulent mixing. Instead of using an
artificial decay model the direct influence of the propeller is
limited to the short part of the vortex sheet that is described by
the free wake model.

The two-dimensional roll-up starts from the last cross-section
of the free wake. The method used is a point vortex algorithm
which is modified by a special way of vortex amalgamation
technique to handle the problem of chaotic motion.

The roll-up process is computed over a length of 550 chords
to ensure that the simulation can deal with longer lasting
droplets. The vortex motion is determined by a Runge-Kutta
integration scheme. The ground effect is considered again by
the mirror image of the vortices filaments. The time step of the
integration is controlled by an estimated local error. To ensure
tolerable computation time, the minimum time step is limited.

The global accuracy of the roll-up can be checked by an evalu-
ation of the vortex sheet energy e, which should be an invari-
ant of the integration. The energy of a discrete vortex sheet can
be determined by the Kirchhoff-Routh function!3

N-1 N

e=p (-1/2n) Z z %Y, In (x;/5) 1)

i= 1j=i-1

This value is determined at the beginning of the roll-up (at the
trailing edge of the wing) and subsequently checked.

Figure 6. Wing-body-propeller configuration used in the
simulation

Performing the integration rises a problem: As the point vor-
tices, concentrated in the tip vortex core, are very close to
each other, the control of the time step demands very small
values for At . Because At is inversely proportional to r2 (r dis-
tance between point vortices), values of At on the order of 10-8
s are required for N=60 vortices and an elliptic wing loading.
Even if the minimum value of At is limited to 106, the compu-
tation still requires 20 hours on a Cyber 825-170. When a larg-
er At is enforced, the point vortices inside the tip vortex core
increase their mutual distances rapidly until the radius of the
vortex core is adapted to the chosen time step. During this
short phase the vortical dispersion increases and, due to Equ.
1, the energy of the vortex is significantly diminished.
Afterwards the changes of these parameters remain small. The
violation of the energy conservation, not the chaotic motion in
itself, is considered as a weak point of the standard point vor-
tex method.

This problem can be resolved by using a special amalgamation
procedure performed continuously during the roll-up. During
the roll-up, the amalgamation gathers all point vortices of the
sheet, which come to close to the core, into a single central
vortex. The resulting rapid decrease of the vortex number dur-
ing the roll-up makes it possible to use a smaller time step
without raising the total demand of computation time.

The amalgamation procedure limits the spiral pattern of the
vortex sheet outside the vortex core to one or two windings.
The vortex core is represented by a single vortex placed in the
center of the amalgamated point vortices. The structure of this
core vortex is analytically described by the distribution of the
vorticity and is modeled by a modified Lamb-model, struc-

tured by three free parameters (A, Ry, A):

2
T = T 0(A+A-A1/R) (1-¢72T) @

The free parameters are computed after every amalgamation
step, resulting in a dynamically growing core vortex. During
the amalgamation process, the values of two important charac-
teristics of the vortex sheet change:

- The energy e (Eq. 1) and
- the vortical dispersion L

This dispersion, introduced by BETZ14, is given by

_lorL 2
I—Jarrdr 3)
0

The energy should be kept constant throughout the roll-up pro-
cess 13,36, while the vortical dispersion is invariant only for the
roll-up of a half span vortex sheet. For a full span wake this
value will increase slowly by about twenty percent. Therefore,
1 and e are considered to be suitable parameters to control the
roll-up and amalgamation process.

Using the variation Ae and Al during every amalgamation the
parameters of the vortex model can be calculated. Two param-
eters of the vortex model, A and Ry are closely coupled to the

values of energy and vortical dispersion. The third one, (A), is
chosen from experiments and is set 0.68. After each amalga-
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mation step new values of A and Ry are computed using the
following formula:

8t A
Anew = Aold eXp (__KTS-—)

core/new

@

Using this value, Ry can be determined for given values of Al
and Iold by

Log +Al _ A 1
RKn = / Deoremew  Anew ) ERF (' RKOX(; Apew ) 5)
" _V 1A -/Rxold 'Anew l

The automatic adaptation of the vortex model ensures a good
approximation of the structure and velocity distribution inside
the tip vortex core during the entire roll-up 17:18,

An additional feature of the amalgamation is the possibility of
correcting the loss of energy caused by the limitation of the
integration time step. This is achieved by adapting the parame-
ters of the vortex model at every amalgamation step directly to
the initial value of the energy e instead of to the momentary
value, e.

The vortex sheet which results from this computation con-

serves the important invariants (Fig. 7) and needs only 1.4
hours to be computed. The velocity distribution of the roll-up
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Figure 7. Development of vortex sheet energy, vortical dis-
persion and number of non-amalgamated vortices.
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Figure 8: Rolled-up half span vortex sheet and amalgamat-
ed vortex sheet (in non-dimensional units)

tip-vortices shows good agreement with experiments and with
numerical simulations using much more computer resources
(Fig. 8). Additionally, the velocity distribution inside the core
vortex is much smoother than found in the standard point vor-
tex method (Fig. 9). This, and the rapidly decreasing number
of point vortices required are advantages for the calculations of
droplet trajectories to be described below.

V._Computation of Droplet Motion

The motion of spray droplets will be considered in a space-
fixed coordinate system. The droplet motion is determined by
the aerodynamic drag and the gravity force

mpy®% =m0 + C RA, ®p/2lT 1T, (6)

where U, is the velocity of air relative to the moving droplet
containing all influences of the wing wake and the propeller.

During the first few milliseconds of flight, the droplet is decel-
erated from the relatively high speed of the airplane to nearly
the speed of the flow in the wake. During about 100 microsec-
onds of this phase, very strong forces deform the droplet to a
disk presenting a larger front area, which gives a further
increase of the drag force. This process can continue until the
droplet breaks up. Thus, this short phase is important for the
formation of the spray cloud. This break-up process has not
been explicitly considered in this simulation, It has been
accounted for by using measured values for the shape of the
spray cloud and the spectra of droplet sizes behind the emitting
nozzle, after the break-up.

As the region of droplet deformation and break-up is smaller
than 5 cm, the computation uses a drag law for spherical bod-
ies on the whole trajectory. Fig. 9a shows the drag of a sphere
as a function of the Reynolds number. Until impinging the
ground, mass and diameter of the droplets will be reduced by
evaporation (Fig. 9b).

For sprays consisting mainly of water, this effect can be con-
sidered by the formula
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Figure 9. Drag and Evaporation of moving droplets

d 2 -12

— = e . 7
7D (1) =-8510 AT(1+027fRe) O
where D(1) is the droplet diameter and AT is the difference of
the local temperature and the dewpoint temperature.

The velocity of the air flow is computed from the disturbance
created by the propeller and the wake of the wing. To smooth
the velocities induced by the vortex filaments, a Rankine vor-
tex model is applied.

During the first 25 meters of the wake, the velocities are com-
puted using the three-dimensional roll-up model. Then, a two-
dimensional vortex model is used.

Droplet trajectories resulting from this computation do not take
into account the influence of cross-wind and turbulence. Both
effects are accounted for by additional models applied to the
computed droplet impact point. The advantage of this method
is the possibility to compute spray distributions for different
cross-winds and levels of turbulence without the need of
recomputing the droplet trajectories,

The computation of cross-wind drift is based on the assump-
tion that droplets and wake are carried at the velocity of the
wind so that mass forces can be neglected (Fig. 10). Then the
drift is proportional to wind velocity and droplet flight time.

Crosswind U

Figure 10. Principal influence of cross-wind on vortex sheet
and spray

As the wind normally exhibits boundary layer effects at low
altitudes, the variation in 'wind speed with height has to be con-
sidered. In the computation the following wind profile is used

Uch) =Ugq (h/Hy)016 (®)
where Uy, is the wind speed measured at the airplane's altitude.

The computation of the droplet motion involves an equivalent
falling time T, defined by the integral

T

= 9
T, = IU(h)/Uﬂdt ®
0
This value considers the change in cross-wind along the
droplet trajectories. Hence, T, can be used to compute the

cross-wind drift (Fig.11) for any given level of wind velocity
Uﬂ by

AY = Uy T,sin(p) (10)
where
¢ is the direction of wind
h (m)
s b Wind profile
Hy— Un ,
b d
3- 1
E! 1
[}
24 !
! :
1 ' i i
J ,‘

—-—-v=4¢——i—-> . 04
0.2 %ﬂ 1.0 L’Ay’:f"’ 0246TT

U, =wind velocity at  AY = Ug-T-sing T, = equivalent fall time
flight level Hy T = real fall time

Figure 11. Influence of cross-wind profile on droplet drift
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This procedure is based on the assumption that the vortex field
is not distorted by the wind. This assumption is reasonable for
low levels of cross-wind (U<2 m/s) as has been proved by
computations using the point vortex method.

A spray cloud released under non-zero wind conditions will
not only drift laterally but also will be diffused by the turbu-
lence connected with the wind. The main influence of the tur-
bulence is the prolongation of the flight time of the droplets
resulting in a higher lateral drift under cross-wind conditions.
Under normal weather conditions the intensity of turbulence i,
defined as root mean square of the airspeed fluctuations nor-
malized by the wind speed at flight level, can be assumed to be
constant with time and height. Then, the root mean square of
the velocity fluctuations is given as up? = (i Up)? where uy is

approximately Gaussian distributed18-20,

In turbulent air, the droplet is affected by the relative flow
velocity

Ure1 = Usake + Using + ur(t) - X (1),
where
ur = velocity fluctuations due to turbulence.
If a simplified drag law
Cp=const/Re (12),

is used, Eq. (6) becomes linear and can be solved by superpo-
sition.

The simulation determines the trajectories of the droplets with-

out considering turbulence by solving Eq. (6) in the form

.o — -

.)?1.= & +B(Tj.wake_ x1)
with
p=18vp/(ppD?

where

p and pp, are the densities of air and droplets respectively.

Droplet
trajectory,’

; ¥ Droplet olty)
:ig’é’m: trajectory 3
N with wind ! _
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probability ) e

dp(y.t)  dpOity)  dplydy) Y

Figure 12. Spray deposition pattern with consideration of
cross-wind and turbulence
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The influence of cross-wind is included by the convection term

X, = BUying
The turbulence is considered by the equation for the third term

3=B(?T_;I;)

I

>

For the vertical component of x3 (=), the equation

3= -B(z-uy) (13)

has to be solved. Langevin!® has investigated the stochastic
characteristics of the term z and found, that the mean square
value of z can be given as the following function of time

6,20= ur2 [2t/B-(2/B2) (1-exp(-B D3] (13)

Assuming that the random disturbances uy are independent of
the direction, the mean square of the droplet dispersion is also
independent of the direction

ox () = Oy (= 0, (1) = o). (14)

For combining the turbulence model with the computed
droplet trajectory and the cross-wind drift, it is assumed that
the position of a droplet, which is not influenced by turbu-
lence, is a linear function of time where starting position and
deposition point are (Y, Zy) and (Y,, Z,) respectively (Fig.16)

Y(®) = Yo+ (Ye-Yo) (t /To)
Z(W)=Zo+(Ze- Zp) (1 /Te)

Y, contains the influence of cross-wind given in Eq. 10.

The probability density of the vertical dispersion of a droplet
emitted by a nozzle can be written as

(z-20)
20 0°

p(zZO 1) = ) 15)

2n oft)

Then, the probability that the droplet will be deposited until
time t may be written as

o0

I plz, Z(t), t] dz = ERF [2(0) /{2 o(1}] = ERF [F(1](16)
0

The probability for touching the ground in the time intervall
t..t+dt is given by (d ERF[F()}/dt) dt. Due to Eq. 14 the
probability density for the distribution in lateral direction is as
well Gaussian and given by

(- $YONy

1
dp(y, t) = @ ERHF)]/ dt) exp >
200)

2n o)

In total, the distribution of the spray under the influence of
wind and turbulence in lateral direction is found by integrating
this equation from o to e. This operation can be easily per-



formed after discretization and numerical integration leading
to the probability density p(y) of a single droplet describing
the lateral dispersion due to turbulence and cross-wind.

VI._Simulation of Spray Distribution

Up to this point only the deposition of single droplets has been
considered. To simulate a ground deposition pattern, as found
in experiments, a statistical evaluation of the droplet character-
istics has to be incorporated in the simulation. The droplets
ejected by spray nozzles and found after the break-up phase
differ in size and flow direction. Therefore, further informa-
tion, which must be modeled on the basis of experiments, is
required.

The simulation of the spray nozzle characteristics must
account for

- the flow directions of the droplets,
- the spectrum of the droplet diameter and
- the velocity range of the droplets.

Fig. 13 shows the model used for the simulation. The droplets
are assumed to be ejected along a cone, on which a number of
droplets are emitted. The cone is defined by two opening
angles (kx, ky) and the direction of the cone axis (kz).

The initial velocity of the droplets is computed using the
known spray duct pressure

Vo =N ((Payer - Pair) 2/p) K)

With the assumption that 50% of the difference pressure is
converted into droplet velocity K = 0.5. The droplet size spec-
trum found in experiments (Fig. 14) can be approximated by a
Gaussian distribution (on a logarithmic scale). For the compu-
tation the spectrum is discretized. As the droplet size has an
essential effect on the droplet trajectories, the simulation uses
n=7 different droplet classes (Fig. 14).

In a large data base droplet trajectories have been collected ,
which are sufficient to compute spray distributions for a num-
ber of parameters. These include

-windspeed

-spray duct pressure

-spray cone angle

-droplet diameter spectrum
-nozzle numbers and position and
-intensity of turbulence.

The simulation evaluates the spray deposition pattern with
respect to the fraction of area wetted by spray.

The spray distribution for a single nozzle is composed of the
cgntribution of a number of droplets (total number Np).
Because the relative frequency f; and the volume Vp; of
droplets in any class j is given, the total number of droplets
Np. emitted by a nozzle with a spray flux of Q, is given by

Q

_9
26V,
j=1

N, =

Spray boom

Figure 13. Simulation of spray nozzle characteristics

In the simulation m droplets trajectories (index k) in each of n
classes have been calculated. Corrresponding to the relative
frequency f;, the expectation value of droplets deposited in the
range y to y+dy is given by

n m
Dt D M dy
k=1

=1

In this term, py(y) is the probability density introduced above.
Then, the area wetted by these droplets becomes

1
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=1
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Figure 14. Droplet classes used in the simulation
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where the droplet (j,k) covers an area Ay which depends on
the droplet size at the time of impact considering the evapora-
tion effect. The number of droplets and the area defined by
Eq. (17) have to be scaled by (Np, /m) leading to a totel wetted
area A, depending on y. Finally, the fraction of area wetted by
spray is given by

A, Ny & &
80 =~ jzlfj ; Py ) Ay

Fig 20. compares the spray distributions of a single nozzle for
different directions (0°, 90°). In the diagramm is demonstrated
that the statistical accuray is limited if turbulence is neglected

After computing the spray deposition patterns for any spray
nozzle the total spray distribution for the aircraft can be deter-
mined. This final step requires only the superposition of the
distributions for any nozzle defined on the boom.

VII._Results of the Simulation

Basic effects

The results shown in figure 16, obtained from the simulation,
illustrate the following basic influences on droplet motion.

The tip vortices have an essential influence on the droplet
motion near the wing tip. The ground effect increases the out-
ward drift of the droplets as well as the flight time where both
factors result in a higher sensitivity to crosswind.

As the flight time depends strongly on the droplet size, smaller
droplets are more disturbed by the tip vortices than larger ones.
This effect is magnified under crosswind conditions.

Propeller swirl is another important factor influencing the
motion of the spray. The strong vortex shed from the left side
of the wing (Fig. 3 and 6) and also the propeller slipstream cre-
ate an inhomogeneous velocity field that leads to an unsym-
metric spray distribution as can be seen from comparing right
and left part of Fig. 16 b, c.

4
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-= U=3m/s, i=0
-+ U=3m/s, i=0.1
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<
N
N

0.00 + : riaes .
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g 0.03 7 Cross-wind
o - U=3m/s, i=0
® 002 .
g ~- U=3m/s i=0.1
8

[=d
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—-
2

o
8

4.0 10 20

<

y (m)

Figure 15. Spray deposition pattern for a single nozzle
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During the flight tests in Nyiregyhza (Hungary) in October
1987, spray distributions of the PZL. M-18 DROMADER have
been evaluated. The weather conditions during these tests were
not ideal, because the mean wind speed was quite high (about
3 m/s) and the turbulence level i amounted to values of
0.05...0.2. Furthermore, the direction of the wind was
unsteady. Consequently, the wake of the wing often was blown
over the wind measuring instrumentation therby causing dis-
turbances on the recorded data.

Ground deposits were collected on film sheets and processed
by a "Vidimet" picture processing unit. The sheets contained
too many droplets to be counted individually. Therefore the
fraction of area covered by droplets was evaluated to measure
the spray distribution.

The flight test results were compared with simulation results.
The data used for the simulation were:

- Droplet size range from 120(um) to S50(jim) as shown in
Fig. 14,

- Pressure inside the spray duct of 3.5 (bar), giving 15.8 m/s as
droplet initial velocity,

- Flat-cone spray nozzles (Hungarian type szilper-1), repre-
sented by 11 droplets emitted on the cone for any of the 7
droplet classes (Fig.14). The spray cone is described by open-
ing angles of ky=120 (degrees) and kx= 45 (degrees) respec-
tively, while the spray direction is given by kz= 90 (degrees)
(Fig. 13).

- Data for 101 equally spaced nozzles on the boom were com-
puted to cover any possible spray nozzle arrangement.

Ground cffect and propeller off

-8.0
z (m)j 250um N 150 um
AN ®
-160 -8.0 0.0 80 16.0 y (m) 24.0
Ground cffect and propelier on
40 250 um
z (m) |
nppe—SIINS , 0]
-16.0 -8.0 0.0 8.0 160 y {m) 24.0
8.0 150 pm
z (m) i
/ ¢
0.(4==7 . f >/ [ \ v ; Y‘_‘;_'D
-16.0 -80 0.0 8.0 160 y (m) 240
Droplet flight time
16.07
y (m) 150 pm

0.0
250 ptm
-160.04

0.0 200.0 $00.0 olX).0 X (m)

Figure 16. Droplet trajectories influenced by ground effect
and propeller slipstream



The total numbers of droplet trajectories computed per spray
nozzle was 77 resulting in 7777 trajectories for the spray
boom. The computation time required for this computation
was 33hrs on a Cyber 175.

- The ground distribution was evaluated in intervals of AY =1
m which matches the resolution of the experiments.

- The spray flux Q per nozzle was set to the measured value of
0.116 (I/s).

Fig. 17 compares simulation results with the distribution
obtained from a flight using the standard nozzle arrangement
of the Hungarian Agricultural Flight Service. The agreement
between flight tests and simulation is satisfactory, although the
influence of the propeller, evaluated in the simulation, is too
strong. The spray width as well as the mean value of the spray
deposition are well correlated.
‘ ®

In the standard procedure, used by the Hungarian Agricultural
Flight Service to determine the uniformity of the spraying, sev-
eral spray flights are performed in opposite directions and the
corresponding spray distributions are superimposed. Since the
experimental data were recorded only for one flight direction
and, thus, for one crosswind direction, the spray distributions
for the opposite flight direction had to be estimated. In the sim-
ulation the correct distributions found for the opposite wind
direction were superimposed. The root mean square value of
the variation in the fraction of wetted area, a,, called CV,

Y

—2
ovie @ &)

ay

was evaluated as a measure of uniformity, Values of CV<(0.3
are considered as acceptable and define the maximum widths
of spray corridors. In Figure 18, CV is shown for experiments
and simulations covering three wind conditions. The compari-
son shows good agreement. The maximum usable corridor
width is determined by an extrapolation using the slope of the
outer parts of the curves. The values resulting for CV=0.3 are
23m for both simulations and experiments.

The difference in experimental and simulation result are
caused by two effects which could occur because the computa-
tions preceeded the flight tests. The power rating used in the

0,2 Standard configuration

-~ exveriment
“w» simulation

Wind 1.0 m/s
i=017

covered area

Figure 17. Spray distribution for DROMADER in standard
configuration
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Figure 18. Comparison of the statistical parameter CV
obtained from experiments and simulations

simulatien was too high and the lift distribution was computed
for the maximum take-off weight, while the flight tests were
performed with minimum weight and 50% power setting.
Although the figures shown in the previous sections already
are adapted to the experimental values, but the mass of droplet
trajectories could not be recomputed up to now.

VIIL_ Methods for Improving Spraying Efficiency

The spray distributions, produced by the DROMADER in
standard configuration, can be improved by modifications. The
modifications investigated here are shown on the right hand
side of Fig. 19 and consider the installation of winglets, the
optimizatioh of spray nozzle arrangement and spray boom
position,

The development of a winglet for the DROMADER had to
consider the load limitations of the wing as well as the increase
in rolling-moment due to sideslip accepted by the pilots.

The optimization of the winglet geometry is done by a comput-
er program using a lifting line theory. Input is the configura-
tion of original wing, an estimation for the winglet shape and

DROMADER in
improved configuration

DROMADER in l
standard configuration

spray nozzle
positions

spray nozzle
positions

Figure 19. Iniproved configurations investigated for DRO-
MADER ‘



Figure 20. Tip vortex displacement achieved by winglets

the maximum wing root bending moment. For this configura-
tion the chord distribution (Fig. 7a) on the winglet is optimized
for minimum induced drag.

The winglet design uses a large angle of incidence on the
winglet itself. This ensures a reduced drag during maneuvers
(high value of Cp) and a high load on the winglet during
cruise. The latter effect shifts the tip vortices to a higher posi-
tion.

Fig. 20 shows a photograph of the roll-up process. In the
winglet case, the vortex cores are shifted 0.5 m outwards and
0.3 m above the position in the standard configuration. The
corresponding results of the computation are Az= 0.44 m and
Ay=0.23 m.

Winglets reduce the induced drag by 5.8% in cruise (Cp= 0.55)
and 6.4% during climb (C = 1.0). The possible fuel saving is
about 3% where 50% are saved during climbs and maneuvers.

Looking at the trajectories of single droplets (Fig. 21), the
reduced tip vortex strength (-3.7% for the winglet case) and
the favorable tip vortex position result in a smaller droplet drift
so that the usable length of the spray boom could be raised
from 10 meters (standard wing) to 12 meters (winglet).
Nozzles spraying droplets of 150 (um) can be used along a
spray boom of 8 meters (6 meters without winglets). Fig. 28
shows the drift for 250 and 150 (um) droplets respectively for
a cross-wind of 2 m/s. The comparison between the two con-
figurations demonstrates the advantages of the winglet.

Fig. 23 shows an example for the spray distributions achieved
with winglets which again is in acceptable agreement with
flight test.

It seemed reasonable to combine the advantages of winglets
with a lower spray boom position The combination of both
result in a considerable improvement of the spray deposition
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Figure 21. Effects of wirfglet on droplet trajectories

quality.

An important result of the simulation show that the spray noz-
zle arrangement must be optimized for any wing configuration.
To demonstrate the spray quality, which could be achieved
with the Dromader, an optimal nozzle arrangements for each
wing configuration was determined in simulation and investi-
gated in the flight tests.
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Figure 22. Reduction of cross-wind drifts by winglet
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Figure 24. Spray distributions for DROMADER fitted with
winglets and optimized spray nozzle installation

The optimization method used here is an evolution algorithm
that switches randomly some spray nozzles on or off and eval-
uates the effects on the value of CV.

The spray distribution computed and measured for a configura-
tion with winglets and lower spray boom position is shown in
Fig. 24. In Fig. 25 the comparison of the statistical parameter
CV is given. The results show a significantly improved unifor-
mity compared to the results presented above.

The advantage in spray width achieved by the improved con-
figuration could also be used for spraying smaller droplets.
The results of the simulation indicate that a droplet diameter of
150 (um) could give the same spray width as the standard con-
figuration spraying 250 (m) droplets. As the flight tests were
limited to a fixed spray nozzle type there are no experimental
data yet to prove these results.

IX. Concluding Remarks

A numerical simulation is presented which is capable of pre-
dicting spray deposition patterns for agricultural aircraft con-
figurations. It gives certain improvements over existing pro-
gramms and promises higher accuracies in the calculated
spraying distribution. In particular, new methods for describ-

CV 1 winglet, lower spray boom, optimized
spray nozzle positions

0.6
- experiment

1 -= simulation

0.4

0.2

0.0

10 20 3¢ spray corridor width (m) 50

Figure 25. Comparison of uniformity of spray given bei CV

ing the roll-up process of the wing wake and the flow charac-
teristics of the propeller slipstream were introduced. In addi-
tion, the statistical method for describing the influence of wind
fields and turbulence has been refined.

Using this simulation program and an evolutionary optimiza-
tion method, improvements in spray efficiency for various
modifications of an existing aircraft have been developed. For
a winglet configuration the spray efficiency could be consider-
ably improved (by about 35%), if the spray nozzle arrange-
ments were simultaneously optimized. The optimized configu-
ration has been investigated in flight tests. The cooperation
with the Technical University of Budapest enabled to perform
these tests in Hungary using an agricultural airplane of PZL
M-18 DROMADER type. In general, a good agreement
between flight tests and simulation results was found.

The obtained improvements can be of benefit in two aspects.
First, an enlargement of the width of spray corridors is possi-
ble, which will decrease the time to treat the agricultural area.
Secondly, the droplet sizes can be reduced which would lower
the costs for chemicals as well as the environmental pollution.
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