EVALUATION OF THE WAKE OF AN AGRICULTURAL GROUND
SPRAYER WITH THE WIND FROM ANY DIRECTION

M. E. Teske, H. W. Thistle, R. L. Petersen, T. C. R. Lawton, S. A. Guerra, T. G. Funseth

ABSTRACT. Additional wind tunnel measurements of wind direction effects on the wake of a subscale tractor, tank, and
spray boom model (representing a typical ground sprayer and henceforth referred to as a “spray rig’’) are presented to
demonstrate the behavior of the dominant air motions responding to the presence of a spray rig. The approach measures
the velocity and turbulence levels (in three directions) with the wind blowing from five angles (from directly toward the
front of the tractor to directly toward the back of the tractor in 45° increments). The results quantify the effect on wind
direction and turbulence level by the presence of the spray rig model. The goal of this effort is to combine and analyze these
measurements to describe the full-scale wake of a specific tractor/tank/spray boom combination. In this way, the wake model
will augment local atmospheric and surface effects to better predict the behavior of material released from nozzles on a

spray boom during actual ground sprayer operation.
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recent article (Teske et al., 2015) detailed the ve-
locity and turbulence effects around a subscale
tractor, tank, and spray boom in a wind tunnel
due to head winds (0°) toward the front of the
tractor. This work was undertaken in an effort to provide a
picture of the fluid dynamics around a typical ground sprayer
as a possible aid in developing an applied mechanistic
ground sprayer model and its model validation. Such a
model was suggested by Teske et al. (2009) based on the
same modeling approach used in AGDISP (Teske et al.,
2003) for aerial spraying. Currently, AGDISP does not have
a tractor wake model, only a description of the wind speed
and direction toward the spray boom and the initial droplet
speed from the nozzles. This article extends the flow field
description around the tractor/boom combination to include
the effects of wind direction at 45°, 90° (side wind), 135°,
and 180° (tail wind).
As a step toward describing the details of the wake behind
a tractor/tank/spray boom combination (a “spray rig”), the
USDA Forest Service conducted two subscale model tests
that simulated the wake effects around a generic John Deere
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tractor. The goal of these efforts was to present a more de-
tailed look at the wake generated by a specific spray rig, in
the expectation of describing the full-scale velocity and tur-
bulence fields for modeling purposes. This article summa-
rizes the wind tunnel results and parameterizes the velocity
and turbulent energy fields.

The wake of a spray rig is complex, with the wake re-
sponding to ambient wind effects, the tractor body, boom ge-
ometry, sprayer sheet blockage from the nozzle effluent,
tractor thermal exhaust and engine heating, tire motion, and
surface effects from the ground and crop. It seems instructive
to grasp what details can be obtained from simplified studies
before attempting full-scale field experiments or undertak-
ing extensive computational fluid dynamics simulations.
Such an approach is therefore well suited for wind tunnel
examination.

APPROACH

The wind tunnel used for wake mapping is a closed-cir-
cuit boundary-layer wind tunnel with a 20.7 m long and
3.66 m wide test section, described previously by Teske et
al. (2015). An accurate 1:25 scale model of a typical spray
rig was mounted on a turntable so that the wind could ap-
proach the scale model from any direction. Figure 1 is a pic-
ture of the wind tunnel, looking upwind, with the scale
model positioned at 45° to the flow direction. Figure 2 illus-
trates the five wind directions explored in the tests. The ab-
solute right-handed coordinate system has X pointing down
the tunnel, Y pointing perpendicular to the left of X, and Z
pointing upward. A reference right-handed coordinate sys-
tem for each wind direction has x pointing in the direction of
the wind, y pointing perpendicular to the left of x, and z
pointing upward. Table 1 summarizes the locations of the
measurement planes normal to the wind direction, refer-
enced to the center of the spray boom.
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Figure 1. (top) Layout of the tunnel looking upwind with the spray rig rotated 45° to the wind and (bottom) side view of the scale model at 0° to
thewind. Thelocations of the roughness elements ar e adjusted depending on wind direction and the desired probe measurement locations.

The wind tunnel included a computer-controlled traverse
system that could map velocity (and other flow properties)
at any x-y-z location to a high degree of accuracy (5 mmin
the X direction, £1 mm in the Y direction, and £0.5 mm in
the Z direction). A boundary layer profile generation system,
comprising atrip, spires, and a development fetch of around
15.2 m of 5 cm and 10 cm cuboid roughness elements, was
placed upstream of the model (roughness elements were
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spaced more uniformly near the model, so as to facilitate
wake measurements there). The roughness elements gener-
ated surface roughness suggestive of 10 to 18 cm high grass
(Hansen, 1993). Measurements were made with an Aero-
probe 5-port probe (Aeroprobe Corp., Christiansburg, Va),
a compact 3.175 mm diameter pitot-type probe capable of
resolving three components of velocity. The probe is com-
prised of a conica tip in which five holes are drilled; these
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Figure 2. Wind direction vectors at 0°, 45°, 90°, 135°, and 180°. Zero is relative to the center of the spray boom. The relative x axis is pointed in
the direction of the arrow, with the relative y axis pointing to the left of the x direction, for each of the wind directions.

Table 1. Full-scale measurement distances along the relative x axes for
each of the five wind directions.

X (m) x (m) x (m) x (m) x (m)
at0° at 45° at 90° at 135° at 180°
-0.875 -6.375 -9.125 -6.375 -0.875
0.875 -1.875 0.0 -1.25 0.875
5.0 1.25 9.125 1.875 5.0
11.875 6.375 18.625 6.375 8.75
13.375 28.125 13.375 11.875
18.875 18.875

holes lead to tubes that run through the body of the probe
and are connected via flexible tubing to precision pressure
transducers. A calibration file and data reduction routine
convert the five measured pressures into a three-dimensional
velocity vector. In this application, the probe was mounted
on a computer-controlled three-axis traverse, which allowed
it to be positioned anywhere around the model.

Data were acquired at a sampling rate of 1 kHz for
65.536 s per measurement point, comprising eight contigu-
ous measurement blocks of 8192 samples each. This time
interval reflected the time needed to achieve acceptably set-
tled values of mean velocity and turbulence intensity (TI).
With slightly more than 1 min of sampling, the mean veloc-
ity values settled to a standard error on average of less than
1.5% of their value, the standard deviation of the standard
error percentage being less than 0.5%. Maximum standard
error was always less than 4.0% of the measured value.

An initial survey of the wake was made with smoke flow
visualization prior to taking data around and behind the sub-
scale model. Based on these results, and preliminary meas-
urements, the location and extent of the planes to be trav-
ersed were chosen. These data were then entered into the
traverse control software, which automatically moved the
probe to the desired locations and took measurements for the
prescribed time interval. Measurements were generally
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made in lateral steps (for a relative x value) and different
heights to capture the wake effect generated by the sub-
scale model. Some of the particulars of the tests were the
following:

o All tunnel measurements were done at subscale and
are reported here at full scale.

e In Teske et al. (2015), the reference wind speed (Urer)
was 10.8 m st measured at a height (Zyef) of 1.265 m
subscale by a pitotstatic tube positioned just upstream
of the model. In the present work, Uy was 11.1 m st
measured at Z.; of 1.060 m subscale.

e Wind speed data were taken with and without the pres-
ence of the model. Missing data away from the model
were assumed at their background values for velocity
and turbulence level, which were collected when the
model was not present in the wind tunnel. Trial runs
were performed to ensure Reynolds number independ-
ence. If tests were run at too low a Reynolds number,
it was possible for the flow to become laminar instead
of turbulent. By taking measurements over a range of
wind speeds, it was possible to determine a speed at
which the nature of the flow did not change with
speed.

e The model was stationary in the wind tunnel, eliminat-
ing any possibility of boom motion (such as the up-
and-down effect of a moving sprayer). The boom ar-
ticulation linkages were +42 and +58 cm subscale
(+10.5 and +£14.5 m full scale) from the centerline of
the tractor. Boom height was maintained by six verti-
cal pins (three on each side of the boom) of 26 mm
length (0.65 m full scale) and 2.4 mm diameter, posi-
tioned at distances of +9, +42, and £69 cm subscale
(+2.25, £10.5, and £22.5 m full scale) from the center
of the tractor, as seen in the bottom photo in figure 1.
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The pins did not appear to affect the wake.

e The subscale boom length was 1.45 m. Thus, the full-
scale boom length would be 36.25 m, representative of
large, low boom sprayers (lengths between 25 and
45 m) operating in the U.S.

e The absolute coordinate system was (X, Y, Z), with X
and Y centered on the center of the spray boom and Z
measured vertically from the floor of the tunnel. X was
pointed in the downwind direction, parallel to the tun-
nel walls (with velocity U), Y was pointed perpendic-
ular to the left of the X direction (with velocity V), and
Z was pointed vertically toward the tunnel ceiling
(with velocity W). Defined in this way, the coordinate
system is identical to the system assumed in AGDISP,
thus simplifying model building and comparison.

e Tunnel measurements were recorded in Excel spread-
sheets for the three velocity components and the three
turbulence intensities. Wind speeds are normalized by
the reference wind speed (Uyer), while the turbulence
intensities are given in percentages based on the local
U velocity. The data included the three coordinates of
the data collection points in the relative coordinates (x,
Yy, Z), the three velocity components (normalized by
Urer) in U/Urer, VIUrer, and W/Urr, and the three turbu-

lence intensities (normalized by the local value of U
and presented in percentages) as a function of wind di-
rection (azimuth).

o All measurements were made with the sprayer boom
height at 26 mm subscale (0.65 m full scale).

TURBULENCE INTENSITY

Turbulence intensity is defined as the ratio of the standard
deviation of the velocity to a mean value (Lyles et al., 1971)
and is defined by the following ratios:

——\/2 /2 L2
IXZ(UUU)l :IY:(V_VL_J):L 1|Z:% Q)

where (W)UZ, (W)UZ, and (W)UZ are the root mean
square of the fluctuating velocity components in the X, Y,
and Z directions, respectively, and U isamean velocity. In
AGDISP (Teske et al., 2003), twice the turbulence kinetic
energy is defined as g2, such that:

q2 =UU VY +WW 2

Thus, the turbulence intensity data provided from the tests
can be interpreted as:

2
’ _
q—2=(|X2+|Y2+|ZZ U— (3)
U
ref ref
RESULTS

The first step in data reduction was to examine the data
taken without the model present in the wind tunnel (identi-
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Table 2. Logarithmic curve fit parameters (full scale). The computed 2
values are suggestive of 10 to 18 cm high grass (Hansen, 1993).

Wind Direction Zo (M) Uo/Uret

0° for X =-0.875m 0.0184 0.138

0° for X =0.875, 5.0, and 11.875 m 0.0443 0.152
45° for all X 0.0130 0.128

90° for all X 0.0071 0.119

135° for all X 0.0275 0.146

180° for all X 0.0345 0.151

fied as “tunnel background” in the datasets). Six thousand
velocity measurements were made in an effort to determine
representative background velocities and turbulence for the
five wind directions. As shown previously by Teske et al.
(2015), the behavior of the (small) background vertical ve-
locity (w) is ascribed to the structure of the roughness ele-
ments around and behind the model, while the left-to-right
crosswind velocity (v) is small. Fitting the data to logarith-

mic profiles, such that U/Uref =1atZ = Zegs gives:

U _ Y In[EJ )
Ut Uret (20

where Uo/Uret and zo are summarized in table 2 (weighted
average R? = 0.612). These results vary with wind direction
because the roughness elements near the model are different
for each wind direction.

The six logarithmic profiles for u/U (for all wind direc-
tions) are averaged and plotted in figure 3, along with the
average velocity ratios from the six sets of tunnel data shown
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Figure 3. (top) Behavior of the averages of the six sets of data (table 2)
for ulUrr compared with the logarithmic curve fits, and (bottom) be-
havior of corresponding averaged turbulence levels, including the over-
all average value of 0.0466, based on the logarithmic profiles deter-
mined from the six sets of data (eq. 5 and table 2).
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Table 3. Average vertical and crosswind velocities.

Wind Direction V/U et W/U e
0° 0.00512 -0.03070
45° 0.00693 0.03089
90° -0.00114 -0.01180
135° 0.00099 -0.01686
180° 0.00332 -0.02098

in table 2. The weighted average background values for
v/Urer and w/Ures are 0.00308 and -0.00457, respectively
(specific wind directions and their variability are shown in
table 3). Figure 3 also plots the six sets of turbulence data
(for all wind directions) computed with the approach sum-
marized above. The average turbulence level is included in
this figure. The turbulence level can be related to the loga-
rithmic velocity profile, through the invariant second-order
closure turbulence model developed by Donaldson (1973)
and discussed by Lewellen (1977), by the expression:

2 2
U
=207 =0 (5)

2 _
q_2 22 daiv
Uef dz U ref Uref

from equation 4, where A = az is the assumed form for the
turbulent macroscale near the surface. The test results give a
weighted average of o, = 0.91, assuming that the turbulent

Kinetic energy is partitioned as W/q2 =0.5and \W/q2 =

W/q2 = 0.25. The value of « is typically between 0.40

(von Karman constant) and 1.0 (physical upper limit), as dis-
cussed by Launder et al. (1975) and Umlauf and Burchard
(2005).

Collected flow results with the model in place are shown
in figures 4 to 8 for v and w and in figures 9 to 13 for u and
g% As may be seen in these figures:
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Figure 4. A wind direction of 0° (head wind) results in the directions and relative magnitudes of the W/ U.r (horizontal) and W Uk (vertical)
velocities shown around the spray rig (red arrows). Blue arrows show the nearly vertical velocity pattern with the subscale model not present in
the wind tunnel. The top plot shows the flow measured at a distance of 0.875 m upwind of the spray boom. The plots below the top plot show the
flow measured at distances of 0.875, 5.0, and 11.875 m downwind of the spray boom, respectively. The apparent boom anomalies 0.875 m down-
wind are the result of the boom articulation points. The length of the longest arrow at the outer articulation point, at a distance of 0.875 m

downwind, represents a speed of 0.2378 Upr.

59(5):1205-1219
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Figure 5. A wind direction of 45° results in the directions and relative magnitudes of the v/ Ur.r (horizontal) and w/ Uy.r (vertical) velocities shown
around the spray rig (red arrows). Blue arrows show the nearly vertical velocity pattern with the subscale model not present in the tunnel. The
top plot shows the flow measured at a distance of 6.375 m upwind of the spray boom centerline. The plots below the top plot show the flow
measured at a distance of 1.875 m upwind and distances of 1.25, 6.375, 13.375, and 18.875 m downwind of the spray boom centerline, respectively.
The length of the longest arrows over the top of the tractor, at a distance of 1.875 m upwind, represents a speed of 0.2132 Upr.

e The presence of the model stirs the velocity field.

1210

These figures demonstrate the variation from back-
ground conditions that could be expected for the ve-
locity profiles in the wake of a spray rig and suggest
the potential downwind influence of the trac-
tor/tank/spray boom combination.

In figures 4 and 9 (0°), the tractor blocks the flow
(0.875 m upwind of the tractor/boom), which then fills
in behind the tractor (0.875 m downwind) and slowly
returns to background values farther downwind. The
upwash immediately behind the wheels is caused by

accelerated flow from under the tractor body.

In figures 5 and 10 (45°), the cross flow is deflected
toward the front of the spray boom and then quickly
becomes vertical behind the boom (6.375 m upwind).
Flow around the top of the tractor body is first seen at
1.875 m upwind and moves around the tractor toward
the spray boom as the measurement plane advances
downwind.

In figures 6 and 11 (90°), the cross flow moves over
the top and front of the tractor (0.0 m) and then rushes
to fill the void behind the tractor.

TRANSACTIONS OF THE ASABE



Figure 6. A wind direction of 90° (side wind) results in the directions and relative magnitudes of the v/ U.r (horizontal) and w/Upr (vertical)
velocities around the spray rig (red arrows). Blue arrows show the nearly vertical velocity pattern with the subscale model not present in the
tunnel. The top plot shows the flow measured at a distance of 9.125 m upwind of the spray boom centerline. The plots below the top plot show the
flow measured at the centerline (0.0 m) and at distances of 9.125, 18.625, and 28.125 m downwind of the spray boom centerline, respectively. The
length of the longest arrows over the top of the tractor, at a distance of 0.0 m, represents a speed of 0.2086 Urr.

e Infigures 7 and 12 (135°), the flow around the tires is
more apparent (especially at 6.375 m downwind), fol-
lowed by flow filling in the tractor wake.

¢ In figures 8 and 13 (180°), the behavior of the flow
around and downwind of the tractor body is well de-
fined by the test data.

DISCUSSION
The velocity profiles illustrated in figures 4 to 8, along

59(5):1205-1219

with their corresponding u/Uref, V/Urer, W/Urer, and /U el
profiles, were recorded at discrete vertical increments of
0.5 m (full scale) for five wind directions. Inserting this in-
formation into a computer code is accomplished by interpo-
lating the data linearly between heights. The only height
where this approach presents a problem is between the floor
of the tunnel and 0.5 m, where the following are assumed: a
logarithmic profile for u/Urs (given in eq. 4), a linear profile
for v/Urer and w/U ef between a surface value of 0.0 and their
measured values at 0.5 m, and a constant value for g%/Uye?
(given in eq. 5) from its measured value at 0.5 m. Wind di-
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Figure 7. A wind direction of 135° results in the directions and relative magnitudes of the v/ Urr(horizontal) and w/ User (vertical) velocities shown
around the spray rig (red curves). Blue arrows show the nearly vertical velocity pattern with the subscale model not present in the tunnel. The
top plot shows the flow measured at a distance of 6.375 m upwind of the spray boom centerline. The plots below the top plot show the flow
measured at a distance of 1.25 m upwind and at distances 1.875, 6.375, 13.375, and 18.875 m downwind of the spray boom centerline, respectively.

The length of the longest arrows, around the underside of the tractor at a distance of 6.375 m, represents a speed of 0.2256 Urer.

rection is interpolated by first transforming the desired (X, Y,
Z) point into the (x, y, z) point:

X=XcosO-Ysin0O

6
y=Xsin0+Y cosO ©)

where 6 is the wind direction measured from 0°. The inter-
polated data from the two bounding wind directions are com-
bined trigonometrically (0° to 45°, 45° to 90°, 90° to 135°,
or 135° to 180°) to give u/Uref, V/Urer, W/Uref, and g%/Uref and
then inverse transformed:

1212

U = cos0O + sin®
U ref U ref U ref
v U (7
= Sin + cos0
U ref u ref u ref

Model predictions can then be obtained for any wind di-
rection and any location around the spray rig, since the flow
field is symmetrical about 0° and 180°. These additional sub-
routines were inserted into a simple adaptation of AGDISP
used previously to compute spray deposition from a portion
of a full-scale spray boom (Teske et al., 2016). Model results
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Figure 8. A wind direction of 180° (tail wind) results in the directions and relative magnitudes of the v/ Urr (horizontal) and w/ Uy (vertical)
velocities shown around the spray rig (red curves). Blue arrows show the nearly vertical velocity pattern with the subscale model not present in
the wind tunnel. The top plot shows the flow measured at a distance of 0.875 m upwind of the spray boom. The plots below the top plot show the
flow measured at distances 0.875, 5.0, 8.75, and 11.875 m downwind of the spray boom, respectively. The length of the largest arrow, along the
backside of the tractor at a distance of 0.875 m, represents a speed of 0.1428 Urer.

(driven by a random number generator for meteorological
inputs) are compared in figures 14 and 15 for a tractor speed
of 6 m s, wind speed of 5 m s £1 m s, temperature of
22.5°C +£2.5°C, and relative humidity of 65% +5%.

Figure 14 illustrates the wind direction variation, while
figure 15 illustrates the change in droplet size distribution.
Waviness in the downwind deposition patterns is the result
of droplets hitting the surface at irregular intervals. Of inter-
est in figure 14 is that the wind direction of -135° (hitting
near the back of the tractor) appears somewhat smoother

59(5):1205-1219

than the wind direction of -45° (hitting near the front of the
tractor), whereas the tail wind causes a slightly wider depo-
sition pattern than the headwind. Likewise in figure 15, as
the droplet size distribution increases in coarseness, the dep-
osition pattern reflects less drift downwind.

CONCLUSIONS AND RECOMMENDATIONS
This article examines wind tunnel test data generated over
a subscale (1:25) spray rig model. The generic model permits

1213



ref

u/u

ref

u/u

ref

u/u

ref

u/u

-20 -15 -10 -5 0 5

Figure 9. Velocity (U Ure) and turbulence (g?/ Ur#) values for a wind direction of 0° (head wind). The top plot describes the flow measured at a
distance of 0.875 m upwind of the spray boom. The plots below the top plot describe the flow measured at distances of 0.875, 5.0, and 11.875 m
downwind of the spray boom, respectively. The traces are for heights Z= 0.5 m (black curves), 1 m (red curves), 1.5 m (blue curves), 2 m (green
curves), 2.5 m (orange curves), and 3 m (purple curves) as a function of horizontal distance Y'in m. The tractor centerline is at Y= 0 m. The
apparent anomalies 0.875 m downwind are the result of the boom articulation points.

the measurement of wind speeds and turbulence fluctuations
near the model, recovering the local wind field that provides
the ambient background into which spray material may be
released from the boom. As such, these subscale tests can be
used to represent tractor/tank/spray boom wake features that
have to this point been neglected in existing ground sprayer

1214

models. The wind tunnel tests demonstrate the usefulness
and practicality of data collected in this manner.

The computer code developed under this effort will serve
as the starting point for further work in this area, including
computational fluid dynamics (CFD) modeling of the sub-
scale model.
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Figure 10. Velocity (t/ Uref) and turbulence (¢?/ Ure?) values for a wind direction of 45°. The top plot describes the flow measured at a distance of
6.375 m upwind of the sprayer centerline. The plots below the top plot describe the flow measured at distances of 1.25, 6.375, 13.375, and 18.875 m
downwind of the sprayer centerline, respectively. The traces are for heights Z= 0.5 m (black curves), 1 m (red curves), 1.5 m (blue curves), 2 m
(green curves), 2.5 m (orange curves), and 3 m (purple curves) as a function of horizontal distance yin m. The effect of the tractor body is most

evident 1.25 and 6.375 m downwind.
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Figure 11. Velocity (¢ Urer) and turbulence (g?/ Ur#) values for a wind direction of 90° (side wind). The top plot describes the flow measured at a
distance of 9.125 m upwind of the spray boom centerline. The plots below the top plot describe the flow measured at distances of 0.0, 9.125, 18.625,
and 28.125 m downwind of the spray boom centerline, respectively. The traces are for heights Z= 0.5 m (black curves), 1 m (red curves), 1.5 m
(blue curves), 2 m (green curves), 2.5 m (orange curves), and 3 m (purple curves) as a function of horizontal distance yin m. The tractor body

cuts off data collection at 0.0 m downwind.
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Figure 12. Velocity (¢ Ure) and turbulence (g?/ Ure#) values for a wind direction of 135°. The top plot describes the flow measured at a distance of
6.375 m upwind of the sprayer centerline. The plots below the top plot describe the flow measured at a distance of 1.25 m upwind and at distances
of 6.375, 13.375, and 18.875 m downwind of the sprayer centerline, respectively. The traces are for heights Z= 0.5 m (black curves), 1 m (red
curves), 1.5 m (blue curves), 2 m (green curves), 2.5 m (orange curves), and 3 m (purple curves) as a function of horizontal distance yin m. The

presence of the tractor body is seen most clearly 6.375 m downwind.
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Figure 13. Velocity (u/ U and turbulence (g% Ur?) values for a wind direction of 180° (tail wind). The top plot describes the flow measured at a
distance of 0.875 m upwind of the spray boom. The plots below the top plot describe the flow measured at distances of 0.875, 5.0, 8.75, and 11.875 m
downwind of the spray boom, respectively. The traces are for heights Z= 0.5 m (black curves), 1 m (red curves), 1.5 m (blue curves), 2 m (green
curves), 2.5 m (orange curves), and 3 m (purple curves) as a function of horizontal distance yin m. The tractor centerline is at y= 0 m. The

apparent boom anomaly 0.875 m downwind is the result of the boom articulation points.
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for ASABE Very Fine to Fine (VFF) droplet size distribution.
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Figure 15. Model comparison illustrating the effect of droplet size dis-
tribution for a crosswind at -90°: ASABE droplet size distributions of
Very Fine to Fine (VFF), Medium to Coarse (MC), and Very Coarse to
Extremely Coarse (VCXC).
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