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Abstract

A novel gust generator was developed to study the interaction of wings with vertical gusts of controllable interaction time
with magnitudes up to 30% of the freestream velocity at low Reynolds numbers. This work focuses on the collection of force
and flow field data for three airfoils entering vertical gusts. Full-span NACA 0012, Eppler 387, and SD 5060 airfoils were
tested with gusts of 20 and 30% of the freestream velocity at a Reynolds number of 12 x 10% and 20% of the freestream at a
Reynolds number of 54.4 x 10°. The lift generated during the gust interactions showed rapid increases in lift, often with a
short-lived overshoot above the steady-state lift at the lower Reynolds number. Accompanying flow field data showed that
the overshoot in lift was caused by a reattachment of the flow at the trailing edge of the symmetric NACA 0012, which was
observed as a deflection of the streamlines in the freestream flow direction for the cambered airfoils. A new model was
created to predict the lift during the interaction, which uses the static lift curve to predict the lift at a given effective flow
angle, with corrections to account for the rate of change of the flow angle and camber of the airfoil. This model was able to
more accurately predict the lift during gust interactions than the currently used modified Goman—Khrabrov model, while

remaining a simple model to implement.

1 Introduction

Advances in technology have enabled the development and
proliferation of small-scale Unmanned Aircraft Systems
(UAS). These small UAS (sUAS) inhabit much more hostile
flow regimes compared to their manned counterparts. Verti-
cal gusts, sometimes on the scale of the vehicle’s forward
velocity, have become an operational concern for these air-
craft in part because SUAS tend to fly at much lower altitudes
than regular aircraft where large-scale turbulence and windy
conditions are more prevalent (Mueller and DeLaurier 2001;
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Jing et al. 2020; Flay et al. 1982; Bohrer et al. 2012). The
ability to maneuver within a gusty urban environment, and
others like it, is key to operating sUAS in the future. Modern
vehicle control algorithms respond to gusts as a disturbance
in need of correction (Hamada et al. 2019), whereas many
flying and swimming animals are known to passively react
to, maneuver through, or even take advantage of dynamic
flow conditions (Bohrer et al. 2012; Fish and Lauder 2006;
Lentink et al. 2007; Newman 1958; Quinn et al. 2019;
Tucker 1987). The aerodynamic impact of these unsteady
conditions on vehicle flight needs to be understood before a
vehicle controller can be programmed to take advantage of
them instead of expending energy to counter them.
Localized updrafts and downdrafts in the atmospheric
boundary layer have been measured on the order of a typical
sUAS’s forward flight speed (Kussner 1935) and these gusts
can lead to highly transient changes in flow angle, ;..
of 5 to 15 degrees (Watkins et al. 2006). For comparison,
full-scale aircraft typically experience gust velocities below
5% of their forward speed (Skinn et al. 1996; Rutensburg
et al. 2002), or ay,,, less than 3 degrees. Gusts are typi-
cally characterized by this updraft velocity to forward speed
ratio, more commonly referred to as the gust ratio (GR),
where GR = v/u and u and v are velocity components in the
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x and y directions, respectively. Larger gust ratios are present
in more unsteady environments or at lower flight speeds.
Environmental conditions that generate the strongest natural
gusts are found in urban environments where updrafts are
created around buildings and “street canyons” can create
high winds and downdrafts (Watkins et al. 2006; Golubev
and Visbal 2012; White et al. 2012; Dabberdt et al. 1973). A
computational analysis by Watkins et al. (2019) found that
these updrafts around buildings can lead to flow angles of
up to 45 degrees.

The most common forms of gust generation in lab set-
tings are oscillating vanes in water or wind tunnels (Garby
et al. 1957; Buell 1969; Lancelot et al. 2015; Young and
Smith 2020) and stationary jets in a tow-tank (Corkery et al.
2018a, b; Biler and Jones 2020; Perotta and Jones 2017).
Common oscillating vane generators use a single airfoil or
a vertical array of airfoils oscillating in unison, which sends
large vortices downstream toward the model. This creates a
sinusoidal gust profile, which is ideal for creating aerody-
namic loading cycles. However, the interaction between the
model and any one vertical disturbance is short. Stationary
jets in tow tanks allow for investigating single wing-gust
interactions but are limited in the physical size of the jet and
therefore the length of the wing-gust interaction at any given
Reynolds number. The width of the gust jet is often on the
order of the model chord, limiting these generators to the
study of highly transient gusts.

This study details the use of a novel gust generator, the
Actuated Recirculating Gust Generator for sSUAS Stud-
ies (ARGGUS), to evaluate the force history of gusts that
closely mimic real-world conditions. The ARGGUS uses a
vertical jet in a wind tunnel that can be actuated on or off,
allowing for gusts of arbitrary interaction time. This gust
generator was used to collect force data on three airfoils
(NACA 0012, Eppler 387, and SD 5060) as they encoun-
tered gusts. Flow field data was also collected via particle
image velocimetry (PIV) to study the gust-wing interactions.
Finally, this work documents the development of a new force
prediction model for wing-gust interactions that was able to
better predict the measured forces than the commonly used
adaption of the Goman—Khrabrov (G-K) model.

2 Experimental methods

2.1 Actuated recirculating gust generator for sUAS
studies (ARGGUS)

The ARGGUS was designed to integrate with the Army
Research Lab’s (ARL) Microsystem Aeromechanics Wind
Tunnel (MAWT), with the gust outlet located in the floor of
the test section, see Fig. 1. The gust is generated by a high
velocity jet in cross flow, which results in an aerodynamic
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Fig.1 Schematic of ARGGUS Gust generation mechanism—dashed
airfoil representative of test model location

Table 1 Test conditions

Case Name U, Re,,  Re,, GustRatio ag

GRO02,Re=12x10° 1.5m/s 12,000 11,600 0.19 11.5°

GR 0.2,Re = 6.8 m/s 54,400 52,500 0.17 10°
54.4x103

GR0.3,Re=12x10° 1.5m/s 12,000 10,600 0.31 17°

blockage effect in the test region. The incoming freestream
flow deflects the jet downstream and some portion of the
incoming flow is accelerated upward and over the imping-
ing jet. This results in a region with a gust ratio upward of
25% with minimal freestream speed fluctuations and low
turbulence. Flow from the furthest-downstream part of the
test section was routed back into the ARGGUS fan, creat-
ing a closed-loop system and conserving mass flow in the
test section. The ARGGUS was also designed with a bypass
loop which allows for the fan to run continually without the
jet entering into the test section. This serves to increase gust
actuation speed by keeping the gust jet flow momentum high
prior to gust actuation. A gate mounted to a rotary actuator
directs the flow either into the test section or through the
bypass loop. Further discussion of this type of gust gen-
eration device was presented by Smith et al. (2018). Gust
characterization and some lift interaction data, specifically
in Figs. 5, 6, 7, are reproduced from Stutz et al. (2022).
The steady “gust-on” flow generated by the ARGGUS
was characterized using Particle Image Velocimetry (PIV)
for three gust conditions, given in Table 1. Two of these
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gusts developed at a pre-gust freestream Reynolds number
of Re =12 x 10 while the third gust condition was tailored
to match the lower gust ratio at a higher Reynolds number,
Re = 54.4 x 10%. These Reynolds numbers were calculated
based on the 12 cm-chord wings used in the gust-wing inter-
action experiments. Although work was done to minimize
variations in Reynolds number, the gust tended to reduce
the freestream velocity near the model by up to ~10%. The
steady state Reynolds number in the region of the model
after the gust is fully developed is given in the table as Re,,,.
In this work the gusts will be referred to by the freestream
Reynolds number and nominal gust ratios, GR 0.2 and GR
0.3, see Table 1. The flow angles generated by the ARG-
GUS, between ~10° to 17°, were similar to those observed in
studies of common sUAS operating environments, 5° to 15°
(Watkins et al. 2006), and in the updrafts around buildings,
up to 45° (Watkins et al. 2019).

The entire opening and closing actuations of the ARG-
GUS were characterized with PIV. Data were collected at a
rate of 10 Hz, with additional characterization of the initial
highly-transient development at 100 Hz. Limitations in the
storage capacity of the PIV cameras meant that the opening
and closing actuations had to be characterized separately.
Flow angle, defined as ay,, = tan~!(v/u), was calculated
from centerline PIV data as an average of the points within a
rectangle with dimensions of 12 cm x 1.44 cm, matching the
length and thickness of a NACA 0012 airfoil in the region
where a wing model would later be placed for interaction
experiments. The flow angle was nominally uniform in this
region, as shown by Smith et al. (2018), whose gust gen-
erator was the precursor of the ARGGUS. The flow angles
from the characterization are shown in Fig. 2 as a function
of r*, where r* = U_t/c. The gust formation was observed

to be nonlinear, making actuation time difficult to define.
The GR 0.2 gusts actuate and reach 80% of their steady-gust
flow angle in approximately 60 and 80 convective times,
Fig. 2a, b, respectively. The GR 0.3 gust reached 80% of its
steady-gust flow angle in approximately 37 convective times,
Fig. 2c. A short-lived plateau was observed in the flow angle
profiles for the two lower Reynolds number gusts. This was
caused by the presence of a rotating flow structure convect-
ing downstream near the floor of the test section, which
was observed in PIV results (not included in this work) and
believed to be created by the opening of the ARGGUS. The
flow characterization showed that this structure had com-
pletely convected out of the field of view within 5 convective
times of the gust actuating on.

The ARGGUS compares favorably with other common
gust generation methods. Oscillating vane gust generators
typically generate gust ratios in the range of 0.01 to 0.15
(Bicknell and Parker 1972; Brion et al. 2015; Kubo 2018;
Lancelot et al. 2015) but those gusts are, by nature, highly
transient. The ARGGUS creates gusts of arbitrary length
with gust ratios up to 0.3 and 0.2 at Reynolds numbers of
12 x 10° and 54.4 x 10, respectively. Gust generators in tow
tanks often have the ability to create stronger gusts, with
ratios above 1.5 (Corkery et al. 2018a, b; Biler and Jones
2020; Perotta and Jones 2017), however the gusts are also
inherently very transient given the limited physical width of
the jet, which is typically on the order of one to two model
chord lengths, limiting the interactions to less than 5 convec-
tive times. The closest existing gust generator to the ARG-
GUS was developed by Olson et al. (2020), which is capable
of generating both oscillating gusts and step-function-like
gusts of arbitrary length via tip vortices from small vor-
tex generators on the tunnel floor and ceiling. Their gust
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Fig.2 Flow angle profiles fora GR 0.2, Re =12 X 103, b GR 0.2, Re = 54.4 x 10, and ¢ GR 0.3, Re =12 x 103 (Stutz et al. 2022)
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generator was able to create a step-function-like gust with
a gust ratio of 0.057 in 17 convective times. Although there
are inherent issues with extrapolation, if the development
rate by Olson et al. was extended to gust ratios of 0.2 and
0.3 then those gusts would develop in 60 convective times
and 90 convective times, respectively, which is similar to the
development times of the ARGGUS. This suggests that there
may be some limit to the rate at which bulk flow angles can
be changed when generating gusts by creating aerodynamic
disturbances in the flow, but more work would be needed to
thoroughly prove this hypothesis. Altogether, the ARGGUS
is capable of creating gusts of moderate strength, stronger
than most oscillating vane generators but weaker than gen-
erators in tow tanks. Importantly, however, it has the ability
to create gust interactions of arbitrary lengths of time as
opposed to the highly transient gusts from the other two
common methods. It is important to note that although the
ARGGUS is capable of creating gusts of arbitrary length, a
minimum number of convective times are required to reach
the peak gust ratio at any setting.

2.2 Force measurements

Force measurements were collected to evaluate the effects
of the gust on the lift generated by wings using a 3-compo-
nent Aerolab Pistol Grip Balance (PGB) (Aerolab 2016).
The 12-cm-chord models were mounted to the balance
between false walls, spaced 50.8 cm (20 in) apart, with
both the gust and wing models spanning the entire distance
between the false walls, as shown in Fig. 3. Data were col-
lected using a National Instruments DAQ system through
an integrated bridge card. Uncertainty was calculated using
the method described in Figliola and Beasley (2012), with

Fig.3 Model mounted on PGB. Note: near-side false wall removed
for photograph and safety cover placed over ARGGUS opening (see
caution tape)
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values typically around +0.015 pre-stall and +0.03 post-stall.
Details on the uncertainty calculations are given in Appen-
dix B.

Force data for the wing-gust interactions was sampled at
500 Hz for 25 seconds, capturing the gust opening, approxi-
mately 15 seconds of gust-wing interaction, followed by the
gust closing. For the low Reynolds number gusts, this inter-
action took place over 285 convective times, while for the
high Reynolds number case it was 1,300 convective times.
Sixty repeated trials were conducted for each gust case, with
the airfoil held static at four different angles of attack: — 5°,
0°,5°, and 10°. Ten repeated trials were also collected with
the wind tunnel and gust generator fans off to record any
vibrations caused by the ARGGUS gate opening and clos-
ing. The vibrations caused by the actuation were found to be
repeatable, short in comparison to the gust length (roughly
0.4 seconds vs roughly 7 seconds for the gust to develop),
and were generally less than 0.07 when converted to C; .
Based on these observations, the opening and closing vibra-
tions were subtracted from the data along with the tare.

2.3 Flow field measurements

The flow fields used in this work were collected using par-
ticle image velocimetry (PIV). The high-speed PIV sys-
tem installed in the MAWT allowed for image pairs to be
recorded at a rate of 100 Hz. Two cameras were used to
expand the total field of view. Images were collected and
processed in LaVision’s DaVis 10 software. The flow fields
presented in this work are combinations of 25 repeated trials.
Uncertainty for the combined flow fields was calculated in
DaVis using the methods described and validated in Wie-
neke (2015) and were found to be between 1.5% to 3% of
the freestream speed. Post-processing of the flow fields was
done using the method described in Cohn and Koochesfa-
hani (2000) to fit the data onto a regularly spaced grid and
calculate vorticity. The models used for the flow field data
had the same shape and dimensions as the force data models,
however due to the configuration of the MAWT the mod-
els were not mounted in the exact same location in the test
section. An analysis of the gust characterization flow fields
at the model locations showed that the gust was relatively
uniform across the model locations and that any discrepan-
cies in flow angle due to model location were small, on the
order of +0.5°.

3 Results and discussion
3.1 Static lift curves

Static lift curves were recorded for each airfoil at both
Reynolds numbers. It should be noted that there is limited
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published airfoil data at these low Reynolds numbers, but
the data was compared with other works for validation where
possible. The data presented in Fig. 4 are also tabulated in
Appendix B to help fill this gap. The NACA 0012 reference
data is from Cleaver et al. (2013) and is for Re = 10 x 10°.
The Eppler 387 and the SD 5060 data are from Williamson
et al. (2012) and Selig et al. (1989), respectively, and were
collected at Re = 60 x 103. Static lift data was collected

using at least 3 repeated trials, which proved highly effec-
tive for the higher Reynolds number data. Ten repeated trials
were conducted at the lower Reynolds number, with outliers
removed via a Mahalanobis distance metric. Standard devia-
tion was low for the higher Reynolds number cases and was
higher at the lower Reynolds number due to the small forces
being measured. Uncertainty was calculated for the collected
data and shown as error bars, which are generally on the

Fig.4 Static lift curves for a 3 3
NACA 0012, b Eppler 387, and i Re = 12x10 - Re = 54.4x10
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order of size as the data markers used and are most visible
in the post-stall region for most cases. More details on the
calculation of uncertainty are included in Appendix B.

The static lift curve results had good agreement with the
available reference data. Figure 4a also confirms the ability
to accurately measure forces at the lower Reynolds number.
At low Reynolds number, all three airfoils experienced a
soft-stall, where the lift reached a plateau smoothly without
the sharp drop associated with airfoil stall at higher Reyn-
olds numbers. The lift data at the higher Reynolds num-
ber behaved as expected with nonlinear lift behaviors near
a = 0° and a more notable drop in lift post-stall. While there
are some minor differences between collected and reference
data at higher Reynolds number, several factors may affect
those comparisons. These deviations from the reference
data are likely due to differences in Reynolds number and
turbulence levels (Selig et al. 1989). The turbulence inten-
sity for the reference data was 0.125% for the Eppler 387
(Williamson et al. 2012) and 0.56% for the SD 5060 (Selig
et al. 1989) while the MAWT has a freestream turbulence
intensity below 0.1% at the higher Reynolds number.

3.2 Calculation of lift coefficient

Figure 5 shows the lift force history of the gust interactions
for the NACA 0012. Force data from gust interactions is
presented as markers at every 70th data point to allow for
differentiation between model angle cases and error bars
showing uncertainty for every data point to better illustrate
the trends in the data. The uncertainty was calculated using

the same method as the static lift curves. All nine cases in
Fig. 5 show that lift reaches a steady condition once the
gust is fully developed. Characterization data suggested that
the GR 0.2 case creates an effective flow angle of 11.5° at
Re =12 x 10° and 10° at Re = 54.4 x 103, whereas the GR
0.3, Re = 12 x 103 case creates an effective flow angle of
17°. This means that for the NACA 0012, the only cases
that do not reach a stalled condition are the model position
of @ = —5° in the GR 0.2 gusts. Generally the lift profiles
all show a rapid increase in lift during gust development,
with the steady-gust lift state being reached earlier in the
gust development for larger fixed model angles. The @ = —5°
case in Fig. 5a presents a unique force profile wherein the
lift linearly approaches the steady gust condition at a much
slower rate, which was not observed for other airfoils or
angles tested. The low gust ratio, low Reynolds number, and
model orientation may have impacted the tunnel conditions
before the gust formed, altering the gust formation behavior
somewhat.

There are overshoots above the steady-gust lift values for
the lower Reynolds number cases, with the GR 0.3 case,
Fig. 5c, showing significantly larger overshoots. Model
angles of @ = 0° and @ = 5° converge to nominally the same
condition for all three gust cases, where the flow angles from
the characterizations suggest the model should be stalled.
The model angle a = —5° case for the GR 0.3 gust should
also be stalled once the gust has developed and has a lower
lift value, as expected given the lower stalled lift value in
the static lift curve for the final effective angle (o ~12° as
opposed to ~ 17° and &~ 22° for the other two model angles).
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The trends in lift data observed in Fig. 5 were notably
similar to the flow angle profiles shown in Fig. 2. Figure 6a
shows a comparison of the ay,,, profiles from Fig. 2a and
c and the lift from the a = 0° cases from Fig. 5a, c. Fig-
ure 6a makes it apparent that the lift response occurs faster
than the ay,,,, profile would suggest, along with substantial
overshoots in lift. This led to a closer look at how C; was
calculated for gusts generated by this method. The lift coef-
ficients shown in Fig. 5 were calculated using a constant
freestream velocity, U, which is typical for wind tunnel
testing. The ARGGUS is known to have a minor effect on
the incoming freestream velocity, but it also adds a signifi-
cant vertical velocity, so the assumption that U_, approxi-
mates total incoming velocity is insufficient. In a comparable
wind tunnel experiment where a model was instead pitched
upward and the incoming freestream velocity was changed,
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intentionally or due to the model creating increased blockage
in the test section, adjustments would be made to accurately
normalize lift measurements when calculating the lift coef-
ficient. Burgers and Alexander (2012) investigated cases
where normalizing lift with respect to U, may be insuffi-
cient and concluded that the typical %vz term in the dynamic
pressure should be modified to account for the total kinetic
energy required to generate the lift. This simplified to ensur-
ing the total effective velocity was used in the term for fixed-
wing cases where a significant vertical velocity component
was present. To account for this, lift coefficients for the cur-
rent study were recalculated using the total velocity, | V|, as a
function of time from the ARGGUS characterization, shown
in Fig. 6b. The method of normalizing lift by |V| for fixed
wings proposed by Burgers and Alexander (2012) appears
to be well validated by the results of the current study. The
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lift from both gusts still develops faster than the flow angle
would suggest, but there is no longer an overshoot in C; for
the GR 0.2 case and the overshoot is more transient and not
as strong in the GR 0.3 case. The lift coefficients presented
in the remainder of this work were all calculated using total
velocity.

3.3 Force data

The force profiles for all airfoils and gust interactions were
recalculated using total velocity and are given in Fig. 7. The
overshoot in lift is still present for all three model angles
during the GR 0.3 interaction, Fig. 7(c, f, and i), but the
overshoots are all smaller and more transient. The overshoots
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seen in the GR 0.2 cases when lift was calculated with U
are no longer present; however, there are still spikes in lift
for the model angle of @ = 5° for all cases. This spike will
be further analyzed in a later section when discussing the
flow field data. Aside from the discussed impacts on the
overshoot regions, the recalculation of C; using |V|did not
significantly change the trends previously observed in the
lift profiles during the gust interactions, although the mag-
nitudes of the lift coefficient were affected in some places as
a function of a different velocity in the denominator when
calculating C,; . There was still an increase in lift during the
gust development which reaches a steady-gust value and the
time required to reach that steady state value decreased as
model angle increased. The force profiles for the cambered
airfoils are given in Fig. 7(d-i) and show that the general
trends in lift profiles appear to be consistent across the three
airfoils. The @ = 5° case for the Eppler 387 experiencing the
higher Reynolds number GR 0.2 gust, Fig. 7(e), displayed a
unique lift curve during the gust interaction. The raw data of
the repeated trials for this case appeared to show the airfoil
entering a stalled condition with a steep drop in lift at ran-
dom times within a window of roughly * = 200 to t *= 500.
The raw data for the model angle of 10° for this case, not
shown, also displayed an instability in the pre- and post-gust
conditions. This was likely due to the fact that the Eppler
387 airfoil stalls at roughly 10° at this Reynolds number, and
small instabilities in the flow likely pushed it to either side
of the stall point. A short discussion and data for these cases
is given in Appendix A for reference.

3.4 Flow field data

Flow fields were recorded during the gust interactions to
better understand the flow physics occurring during the
interactions. Key moments during the interaction with the
NACA 0012 for a representative case with a lift overshoot,
are identified in Fig. 8 along with the corresponding flow
fields at those points in time. The first two points in the
development, (a) and (b), occur at times in the gust develop-
ment where the flow angle was below the static stall angle.
At these times, the flow around the airfoil began separating
near the trailing edge with the reverse flow boundary layer
increasing in size as flow angle increased. The separation
at (b) can be seen clearly as a region of reverse flow (blue
contours) on the airfoil surface in Fig. 9a that extends to the
trailing edge of the airfoil. Location (c¢) marks the beginning
of the overshoot in lift, i.e., the location in time where the
lift first reaches the steady-gust lift value. The flow angle
was approaching the static stall angle of 8° at (¢), however
Fig. 8c shows that the flow was beginning to reattach at the
trailing edge as opposed to continuing to separate. This is
clear in the u-velocity at this time, Fig. 9b, where the closed
reverse flow region moved upstream of the trailing edge.

The reattachment is clear in Figs. 8d and 9c, the time of
peak lift, which occurred at a flow angle well over the static
stall angle. Separation began to occur after 1 = 19.4, as
the flow angle continued to increase. Location (e) is where
the lift curve returns to the steady-gust value, marking the
end of the overshoot. Separation is clearly present in the
flow field corresponding to (e), Fig. 8e, and Fig. 9d shows
the recirculation below the separated boundary layer. The
characterization showed the flow angle was not completely
steady until approximately 80 convective times, however the
flow by t* ~ 60 was completely separated and the lift profile
had reached a steady condition almost immediately after (e).
Location (f) occurs roughly 30 convective times into the
steady gust state. The flow fields given for (e) and (f) would
suggest that there should be more lift generated at (e), how-
ever the measured force profile shows that the lift is roughly
the same at both points in time, if not slightly greater at
(f). This is caused by the plateau-like stall that the NACA
0012 experiences at such a low Reynolds number. The stall
point is approximately 8°, whereas (e) and (f) correspond to
flow angles of 12° and 16.6°, respectively. The flow fields,
Fig. 8a—f, include a reference arrow to assist in visualizing
the flow angle. The angle of the reference vector was not
taken from the gust characterization but was calculated from
the lower upstream corner of the flow field. Figure 8 appears
to show that the reattachment at the trailing edge was the
causal mechanism for the overshoot in lift.

The same reattachment behavior was also observed for
the NACA 0012 in the « = —5° and a = 5° cases of the GR
0.3 gust, not shown, where the reattachments also aligned
with overshoots in lift. The difference between peak lift
and steady-gust lift was larger for the a = 0° case than the
a = —5° case, and the reattachment was more pronounced.
The final flow angle for both cases was well above the static
stall angle: 17° for the @ = 0° case versus 12° for the @ = —5°.
The main difference between the cases is where in the flow
angle development the total effective angle exceeded the
static stall angle. This occurred later in the gust develop-
ment for the a = —5° case, where the rate of change of flow
angle development was lower. This suggests that the rate of
change of flow angle, d;,,,, is also an important factor in
the lift profile during gust interactions. The @ = 5° case was
different in that the reattachment was not just at the trailing
edge but along the entire length of the airfoil. This case will
be discussed with the other 5° cases.

The lift profiles for the cambered airfoils experiencing
the GR 0.3 gust showed that the cambered airfoils also expe-
rienced overshoots above the steady-gust lift, Figs. 7f and
i. Although the overshoot was present for both airfoils at a
model angle of 0°, the trailing edge reattachment was not.
Instead, the flow around and above the airfoils appeared to
lag behind the flow angle development upstream of the air-
foils. Figure 10 shows the flow field near the time of peak
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Fig.8 Flow field data for
important times in gust devel-
opment for the NACA 0012
experiencing the GR 0.3, Re =
12X 10’ Gust ata = 0°
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Fig.9 Reattachment during gust interaction as visualized by u velocity for flow from Fig. 8b—e
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lift (left) and after reaching the steady-gust lift (right) for the
Eppler 387 (top) and SD 5060 (bottom) airfoils. The flow
fields at the time of peak lift showed that the streamlines
bent significantly at the vertical plane roughly in line with
the leading edge. The streamlines ahead of the leading edge
were in line with the flow angle created by the gust devel-
opment, meanwhile for both airfoils the streamlines near
and above the airfoil surface were bent closer to horizontal.
Once the overshoot in lift had passed and the steady-gust lift
was reached the streamlines near and above the airfoil were
deflected to the same angle as the upstream flow angle. This
observation suggests that a more broadly accurate descrip-
tion of the gust interaction is that the flow development near
the airfoil is delayed. The pre-gust condition for the NACA
0012 at « = 0° is fully attached flow, so the overshoot in lift
is associated with reattachment of the flow, whereas the pre-
gust condition for the cambered airfoils at @ = 0° is partially
separated flow, which was present in the flow fields for those
airfoils during the overshoot in lift.

A spike in lift was also observed for all airfoils and gust
cases for the model angle of 5°. The flow fields showed that
the flow reattaches for all of these cases. The reattachment
was along the entire length of the NACA 0012 and SD 5060
airfoils, whereas there was a small region of reversed flow
remaining near mid-chord for the Eppler 387. A sample of
these flow fields during the reattachment is given in Fig. 11.
The ubiquity of the reattachment and the early time in the
gust development at which it occurred suggested that the
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causal mechanism was different from the overshoots seen
in the other cases. The model angle of « = 5° was relatively
close to the stall angle for all three of the airfoils, which
are known to be sensitive to turbulence and other flow dis-
turbances at low Reynolds numbers. The time at which the
reattachments and subsequent spikes in lift occurred aligned
closely with the short disturbance noted early in the flow
angle profiles. Note, however, that the flow disturbance and
the reattachments only occurred in the first 5 to 6 convec-
tive times after the gust was actuated whereas the spike in
the lift profiles typically lasted longer. This is believed to be
a function of the time required for the flow to recover from
the reattachment and re-separate, which is supported by the
fact that some of the lift profiles did not return directly to the
steady-gust lift, see Fig. 7c and d, but first dipped below the
steady-gust lift due to the separation developing.

An interesting observation was made in the flow field data
that was not preempted by the force data, specifically in the
a = —5° cases for the cambered airfoils, and most obviously
with the SD 5060. The original gust flow characterization
showed that the final flow angle for the GR 0.2 gust at that
Reynolds number should be 10°; however, the actual flow
angle extracted from the gust interaction flow field was = 9°.
This decrease in flow angle appears to have been due to the
presence of the model in the flow. The impact of the cam-
bered airfoils on the flow was present lower in the y/c direc-
tion when the airfoils were pitched down. This effect is most
likely because of the method of gust generation used by the
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Fig. 10 Flow field data for the Eppler 387 (fop) and SD 5060 (bottom) airfoils experiencing the GR 0.3, Re = 12 x 10 Gust at & = 0° during

overshoot period (left) and after reaching steady-gust lift (right)
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Fig. 11 Examples of sensitivity to disturbances at & = 5° for NACA 0012 (fop) and cambered airfoils (bottom) during gust interactions

ARGGUS. Recall that the ARGGUS uses an aerodynamic
blockage to create the gust, which may be affected more by
cambered wing models. The gust generator by Fernandez
et al. (2021) showed the same effect, i.e., the airfoil impacted
the gust flow angle by up to 1°.

4 Gust interaction force prediction method

There is an obvious practical desire to be able to predict the
lift generated during a gust encounter. Ideally a prediction
model should be simple enough that it could easily be inte-
grated into the onboard controller of an SUAS such that the
vehicle could predict the change in lift and respond accord-
ingly. Goman and Khrabrov (1994) developed a mathemati-
cal model to calculate the lift created during high angle of
attack pitching maneuvers, and a modified version of this
model has been applied to gusts by Sedky et al. (2020).
This model attempts to account for the departures from the
static lift curve due to the presence of dynamic effects by
considering the angle of attack and the rate of change in
the angle of attack, @ (Goman and Khrabrov 1994). This is
done with a general state variable that accounts for the time
“lag” between the flow and the dynamic motion (Williams
et al. 2017). Significant effort was required to fit this model
to the data in this study, which was documented in Stutz
et al. (2022).

The similarities in trends shown in Fig. 6b suggested that
it may be possible to roughly approximate the lift gener-
ated by a gust as a function of change in flow angle. A new
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model was developed, called the Flow Angle model (FA
model), which used the ay,,,, profiles created by the gusts
and applied the corresponding C; for that angle from the
static lift curve for that airfoil at the appropriate freestream
Reynolds number. For the cases where the airfoil was not
at a = 0° the static angle was added to the a;,,,, created by
the gust to determine the total a.¢;. Applying static lift data,
i.e., a C; — a curve, to analysis of the gust cases requires a
rotation to be applied to the static lift and drag, see Eq. 1.
Static stall angles of airfoils are typically below 15° and flow
angles generated by the gust generator were also below 20°.
The generally small values of ay, allows for Eq. 1 to be
simplified to Eq. 2 because of the trigonometric functions
and small angle approximations. The associated errors from
this simplification will be less than 6% for flow angles below
20°. Given that the flow angles tested in this work are below
20°, the small-angle approximation will be used throughout
and validated by later results.

One goal of developing a new model was to create a
simple model that could easily be applied to different gust
interactions. Although the FA model met that requirement,
it was not significantly more accurate than the G-K model.
Prior applications of the G-K model showed that account-
ing for dynamic motion, specifically the pitching rate, could
potentially improve the accuracy of the FA model. As such,
a Rate-Adjusted Flow Angle model (RAFA model) was cre-
ated to account for this rate of angle change. This was done
by adding a rate term, T, where 7 is a time constant and
&.¢¢ has units of radians per second. The equations for the
RAFA model are given as
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Leff = Cos (aflow)Lstatic + sin (aflow)Dstatic ° (1)
A=Qepp A=epf

Leff ~ Lstatic for Oflow < 20° ’ and (2)

A=Qefp

Lef f .

CL(aeff) = —1 ) + 2.3aeff )

3 pS|V| —— 3)

N J Rate Term

Base FA Model

which simplify to the FA model when the rate term is small.
The velocity term used in the prediction equations is the
total velocity. The importance of using instantaneous total
velocity to calculate C; was discussed in Sect. 3.2. The time
constant, 7, was found by minimizing the error between the
prediction and collected force data for the GR 0.3, « = 0°,
NACA 0012 case, which occurred when 7 = 2.3 seconds.
This value for = was then applied to all other cases. Although
some initial tuning is required for the RAFA model, the sat-
isfactory results over a range of two gust ratios, two Reyn-
olds numbers, and three airfoils suggests that once the time
constant is found it operates as a general value and does not
require re-tuning for new cases in this range of Reynolds
numbers and gust development rates. However, the time con-
stant may require re-tuning if applied far enough outside of
the parameters studied in this work. A simulation by Wat-
kins et al. (2019) observed that gust ratios of GR = 1 were
observed when approaching a building closely in-line with
the rooftop, but weaker gusts were more common when fly-
ing higher above the building. These effective gusts resulted

in flow angle changes of up to 45° but occurred over many
convective lengths of a typical sUAS. For the strongest gust
case in Watkins et al. (2019), flow angle rates of 5 to 52 °/s
were observed for vehicles flying at 1.5 and 15 m/s, respec-
tively. The gust ratios in the current work, when approximat-
ing flow angle rate changes linearly, had rates of 2.5 to 10 °/s
with an initial freestream velocity of 1.5 m/s. This suggests
that the RAFA model is likely to extend well to real-world
gusts observed by SUAS. Also note that the prediction mod-
els all require static lift curves as inputs, limiting the models
to angles where static lift data was collected.

Figure 12 shows the results of the G-K, FA, and RAFA
models for the NACA 0012 airfoil experiencing the GR 0.3
gust. The RAFA model captures the majority of the lift pro-
file in the @ = 0° case, Fig. 12b, with some underprediction
after the overshoot period, whereas the G-K and FA mod-
els are not able to predict the overshoot at all. However,
the RAFA model prediction is early for the @ = —5° case,
Fig. 12a. For that angle the G-K and FA models better pre-
dict the lift in the early stages of the gust; however, they do
not capture the overshoot, which the RAFA model does a
better job of. It is important to note that the RAFA model
converges to the FA model once the gust has reached a nomi-
nally steady state, as the & term approaches zero. At a = 5°,
Fig. 12c, the RAFA model appears to capture the spike in
lift, although it does so later in time than it appeared in the
measurement. The models could not predict past o,z of 20°;
however, the FA and RAFA models appear to trend toward
the measured steady gust lift, whereas the G-K model is
trending downward and away from the measured force. The
G-K model appears to perform poorly in the steady gust state
for all of the angles.

By

o
a

a
& l i UUDM 0090000000000000000000 ¢°°§‘o
:5' - *:oow»wwmwww e
& : X
G 05" ’ 05 05
S "
£ '
Q '
o :
S ‘
0 o of Measured Force
; ; A FA Model
. o RAFA Model
; ¢ G-K Model
05 : Y S . : : . o5+ NN
20 0 20 40 60 80 100 120 20 0 20 40 60 80 100 120 20 0 20 40 60 80 100 120
a) Convective Time b) Convective Time C) Convective Time

Fig. 12 Prediction of lift for a NACA 0012 entering the GR 0.3 Gustataa = —=5°,ba =0° and ca = 5°
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The comparison shows that there is little to no benefit to
using the G-K method over the FA and RAFA models in
terms of prediction accuracy. The G-K and FA models both
fail to accurately recreate the overshoot in lift seen in the
measured data, and the G-K model under-predicts the lift in
the steady gust state. The RAFA model does not perfectly
capture the overshoot; however, it does reflect the increase
in lift above the steady gust state. There is also what appears
to be an overestimation in lift immediately after the gusts are
triggered. This was caused by the initial rapid increase in
flow angle, see Fig.2, generated by a transient flow structure
formed by the opening of the gust generator. This distur-
bance in the flow is inherent to the gust formation mecha-
nism and when this was artificially removed from the flow
angle characterization, which is more characteristic of a real-
world gust that an SUAV might encounter, the sharp over-
estimations were no longer observed in the model outputs.
This work will focus on the RAFA model going forward due
to the lack of inherent benefit to the G-K model and the fact
that the FA model is not significantly more simple than the
RAFA model. However, Fig. 12 does show a way that the FA
model could still be useful. The prediction closely matched
the measured force in the periods before and after the over-
shoot, whereas it significantly underpredicted lift during the
overshoot period. Applying the FA model to collected sets
of force data could highlight the periods of the gust interac-
tion that do not behave as a simple change in flow angle and
should be the focus of flow field investigation.

The RAFA model was also applied to the cambered
airfoils using the same value for z. The model performed
well in the pre-stall region but typically underpredicted lift
once a, ¢ exceeded the static stall angle. This underpredic-
tion appeared to be roughly equal to the zero-angle lift for
the airfoils at the tested Reynolds numbers. An extra term
was included in the C; calculation in the model which
added the zero-angle lift for the airfoil at the appropri-
ate Reynolds number when a.;; exceeded the static stall
angle, creating the Camber and Rate Adjusted Flow Angle
(CRAFA) model. The extra camber-adjusting term has no
impact for cases where a.¢ never exceeds the static stall
angle or for symmetric airfoils where the zero-angle lift
is zero. The physics to justify the camber term are not
currently clear, and that understanding could potentially
inform an even more accurate model. It is likely that the
camber correction is required because of the impact that
the presence of the cambered airfoils have on the gust
flow. This would mean that the CRAFA model is only
suitable for experimental gust studies where this impact
occurs, and that the RAFA model is more appropriate for
naturally occurring gusts and generated gusts that are not
constrained in the way that gusts from the ARGGUS are.
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However, the stated goal of the current work was to create
a simple prediction model that was more accurate than
the current standard and from that perspective the addi-
tion of the camber term is sufficient. The direct addition
of the cambered term was deemed acceptable to maintain
simplicity, however the camber term could be added in
a smoothed fashion if the model was to be applied in an
experimental setting as part of a control response. The
final equation for the CRAFA model is

L
eff
CL(“eff) = 7 5
3PSIVI
——
Base FA Model (4‘)
+ 23d.¢ + Corrymper s
——
Rate Term Camber Term
where Corr,per
0 if o < o, (5)
¢ if @ > agy

‘static static

Sample results from the RAFA and CRAFA models are
shown in Figs. 13 thru 15 for the Eppler 387 and SD 5060
airfoils. These figures, along with Fig. 12, show that the
accuracy of the CRAFA model is consistent across different
airfoils and Reynolds numbers. The addition of the camber
term makes the new model highly accurate for some of the
camber cases. The results from the model for both cambered
airfoils experiencing the GR 0.3 gust at « = 0°, Figs. 13b
and 14b, lay almost entirely within the uncertainty of the
measured data. The case shown in Fig. 15c¢ is almost an
exact replication of the measured forces. Note that there is
no difference between the RAFA and CRAFA model outputs
in Figs. 14c and 15a, b. This is because the effective angle
for the GR 0.2 gusts did not exceed the static stall angle for
those cases. An interesting point of note is the over predic-
tion of lift seen in Figs. 13a and 14a for the CRAFA model.
This is likely due to a change in the gust flow caused by the
presence of the cambered airfoils in the flow, which was
also observed in the flow fields for those cases. With that in
mind, it may be more accurate to describe the predictions
for these two cases as accurate to the gust characterization,
but the presence of the airfoil has caused the actual gust
performance, and therefore the measured forces, to deviate
from the characterization.

The accuracy of the predictions is best evaluated by
looking at three distinct periods of the gust: the initial gust
development, the period of overshoot, and the steady gust
state. The total average error in C; for all 25 gust-wing
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Fig. 14 Sample results from RAFA and CRAFA Models for the SD 5060 at Re =12 x 10°

interaction cases (i.e. all three airfoils at all three angles
for the three gust cases, minus the two discussed outlier
cases, one each for the NACA 0012 and Eppler 387) for
the FA, RAFA, and CRAFA models are given in Table 2
in C,; and as factors of the average uncertainty of the meas-
ured forces, where uc = 0.021. The general accuracy of
the FA model in the early gust development is confirmed
by the minimal impact on the accuracy by adding the rate
and camber terms. The rate adjustment appears to have

increased accuracy during the overshoot period, with the
decrease in error likely driven largely by the accuracy
of the NACA 0012 results. The addition of the camber
term increases the accuracy when modeling the cambered
airfoils, decreasing the error in the overshoot region by
almost 50% compared to the FA model and 30% com-
pared to the RAFA model. The camber term also corrects
the consistent underprediction of lift at the steady gust
state and therefore is more accurate than the other two
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Fig. 15 Sample results from RAFA and CRAFA Models for the Cambered Airfoils at Re = 54.4 x 10°

Table 2 Gust model errors

FA Model a RAFA Model CRAFA Model
ec, ec,
Early Gust 0.176 (» 8M_CL) 0.165 (» SM_CL) 0.152 (» 7@)
Overshoot 0.193 (» 9@) 0.153 (» 7@) 0.114 (» 5@)
Region ‘ ‘
Steady Gust 0.119 (» 6“_6,_) 0.118 (» 6”_q) 0.099 (~ SM_Q)

models in that time region as well. The accuracy of the
RAFA and CRAFA models across the parameters in this
work suggests the models, with the current time constant
value, should be generally applicable within the range of
Reynolds numbers and gust ratios herein, however r may
need to be re-evaluated for data sets outside of that range.
If the current value of 7 is found to not be generally appli-
cable, the additional work required for other data sets may
also provide a general relationship for 7 based on flow
conditions.

The simplicity of the RAFA and CRAFA models, paired
with the accuracy, make them excellent candidates for future
use. The only necessary inputs for the models are the static
lift curve and the velocity and flow angle information at any
given time. The models could easily be integrated into the
control system of any sUAS that is capable of measuring it’s
velocity and the angle of incoming flow with only a simple
equation and a small set of static lift curves that cover it’s
expected flight envelope.
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5 Conclusions

The ARGGUS system has created the opportunity to study
gust interactions over longer time scales. The force profiles
during gust interactions showed that the generated lift was
steady once the gust reached a steady state, and that there were
overshoots in lift above the steady-gust lift for certain cases.
Investigation of the flow fields indicated that the overshoots in
lift corresponded with a delayed development of the flow angle
near and above the airfoil surface. Analysis of the forces gener-
ated by the gusts demonstrated that it was significantly more
accurate to normalize the lift coefficient by the total velocity,
as opposed to the freestream velocity. The collected force and
flow field data also showed that the gusts generally acted as
changes in incoming flow angle and that the rate of change of
flow angle was also important in determining the lift profile.
This allowed for the creation a simple force prediction model,
the CRAFA model, that applied the static lift curve for a given
airfoil to the ay,,,, profile created by the gust. The CRAFA
model was able to accurately predict the lift during the gust
interaction by accounting for the rate of change of @ ¢ and the
camber of the airfoil. This model relies only on static lift data
and a single time constant (7), and was shown to be simpler
and more accurate for a range of airfoils and for Reynolds
number from 12 X 103 to 54.4 x 107 than the modified version
of the Goman—Khrabrov model that is currently in use. The
new CRAFA model may give future control systems the ability
to proactively predict and account for the changes in lift due
to gust encounters.
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Appendix A Unique stall instability
of the Eppler 387 during gust encounters

Investigation of the collected lift force data for the Eppler
387 at two angles, @ = 5° and 10°, during the GR 0.2 inter-
action at Re = 54.4 x 10° demonstrated interesting insta-
bilities. The a = 5° case, Fig. 16a, appears to show the
airfoil experiencing a stall-like drop in lift at random times
within a window of ~200 convective times, all after the
steady-gust state has been reached. This instability was
not seen in any other cases in this work. This data suggests
that the airfoil was likely very close to the static stall angle
during this time and thus a stall event was triggered by
some instability in the flow, likely freestream turbulence.
The @ = 10° case, Fig. 16b, shows a bi-stability in the pre-
and post-gust states. Likely because the model angle of
10° is very close to the static stall angle for the Eppler
387 at this Reynolds number. This bi-stability serves as
a good illustrator of the sensitivity of this airfoil to flow
disturbances near stall.

Appendix B method for calculating
uncertainty

The method for calculating the uncertainty of the meas-
ured force data was taken from Figliola and Beasley
(2012). This method accounts for the random uncertainty,
s, and bias uncertainty, b, inherent in data collection. The
random uncertainty is a measure quantifying the vari-
ability of each input, whereas the bias uncertainty covers
measurement accuracy and error. The equations used on
the data from the force balance are given below, where
Eqgs. 6-8 are applied to the normal and axial force meas-
urements. The outputs of Eqs. 7 and 8 are used in 10 and
11 with subscripts denoting the normal and axial direc-
tions. The random and bias uncertainty values used in
the equations, along with how they were determined, are
given in Table 3. Note that there is assumed to be no
random uncertainty for air density, model planform area,
or model angle as these values should not fluctuate. The
measured static lift curves and the corresponding uncer-
tainty values are tabulated in Tables 4 and 5.

Fig. 16 Examples of Eppler 1.8 1.8 ' ----Gust Actuation
387’s sensitivity to flow angle , Raw Data
for GR 0.2 at Re = 54.4 x 103 16l 15 ! —Processed Data
at model angles of a 5° and b ’ ‘ | |
10°. Note these C; values are i :
calculated with U & 1 141 1 :
= I
Y 1
S1z2; 1.2 )
(= 1
2 ‘
(2]
% 11 1 :
o] 1
(&) 1
08 | 08 ! !
| 1 1
| 1 )
061 06 |
1 1 1
I 1 1
| 1 I
04—+ 04—t — :
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
a) Convective Time b) Convective Time
Table 3 Uncertainty calculation inputs
Variable S, s, Rationale b, b, Rationale
p [kg/m?] 0 N/A +0.01 Ap for ATy, +2.5°C
v [m/s] +0.01v Internal ARL MAWT Calibration +0.01v Internal ARL MAWT Calibration
S [m?] 0 N/A +1.57x1077 0.04 cm [1/64 in] error in chord and span
Fy IN] o /1[N, 2012) +0.009653F 2016)
F,[N] oy, /1/Nr, 2012) +0.02371F, 2016)
a[°] 0 N/A +0.01 2012)
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Table 4 Tabulated static lift
coefficients at Re=12 x 103

@ Springer

a(®) NACA 0012 Eppler 387 SD 5060
C, E=78 C, *uc, C, T,

-5 —-0.237 0.020 —-0.229 0.014 -0.315 0.013
-45 —-0.185 0.026 —0.196 0.013 -0.233 0.011
-4 —0.134 0.013 —0.206 0.014 —0.194 0.014
=35 -0.117 0.012 —-0.111 0.009 —0.144 0.010
-3 - 0.057 0.015 —0.051 0.015 —-0.104 0.018
-25 - 0.051 0.007 - 0.025 0.007 —0.090 0.008
-2 - 0.060 0.014 0.034 0.006 —0.046 0.011
- 15 —-0.019 0.010 0.043 0.012 —-0.010 0.007
-1 —-0.018 0.009 0.102 0.009 0.023 0.017
=05 -0.010 0.005 0.158 0.014 0.078 0.006
0 0.024 0.015 0.185 0.011 0.129 0.009
0.5 - 0.004 0.008 0.265 0.016 0.155 0.011
1 0.024 0.025 0.290 0.014 0.227 0.010
1.5 0.069 0.010 0.312 0.013 0.233 0.013
2 0.046 0.007 0.384 0.014 0.319 0.014
2.5 0.110 0.010 0.432 0.020 0.345 0.011
3 0.159 0.007 0.477 0.024 0.386 0.014
35 0.144 0.008 0.526 0.022 0.421 0.017
4 0.199 0.013 0.584 0.023 0.482 0.020
4.5 0.265 0.009 0.642 0.021 0.520 0.017
5 0.327 0.013 0.640 0.022 0.600 0.020
5.5 0.442 0.015 0.730 0.025 0.663 0.021
6 0.481 0.018 0.730 0.023 0.680 0.022
6.5 0.526 0.017 0.786 0.024 0.716 0.022
7 0.582 0.018 0.820 0.026 0.775 0.025
7.5 0.604 0.019 0.830 0.027 0.781 0.024
8 0.630 0.023 0.849 0.027 0.790 0.025
8.5 0.673 0.022 0.882 0.028 0.814 0.025
9 0.642 0.023 0.886 0.028 0.848 0.026
9.5 0.708 0.024 0.920 0.029 0.836 0.027
10 0.679 0.026 0.942 0.029 0.866 0.028
11 0.718 0.022 0.923 0.030 0.894 0.029
12 0.709 0.025 0.933 0.029 0.931 0.029
13 0.739 0.029 0.957 0.030 0.936 0.029
14 0.742 0.024 0.991 0.031 0.938 0.029
15 0.765 0.023 0.975 0.032 0.968 0.031
16 0.797 0.024 0.999 0.032 0.969 0.031
17 0.779 0.025 0.960 0.030 0.976 0.030
18 0.797 0.025 0.975 0.030 0.974 0.030
19 0.786 0.024 0.991 0.031 0.974 0.030
20 0.829 0.027 0.967 0.030 0.953 0.030
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Table 5 Tabulated static lift
coefficients at Re=54.4 x 10°

a(®) NACA 0012 Eppler 387 SD 5060
C, E=78 C, *uc, C, T,

-5 —0.458 0.014 -0.278 0.009 -0.293 0.009
-45 —0.424 0.013 —-0.220 0.007 -0.243 0.007
-4 —-0.391 0.012 —-0.135 0.004 —-0.203 0.006
=35 —0.354 0.011 —0.062 0.002 —0.164 0.005
-3 —-0.293 0.009 - 0.000 0.000 -0.124 0.004
-25 —-0.224 0.007 0.056 0.002 - 0.085 0.003
-2 —-0.160 0.005 0.118 0.004 - 0.037 0.001
- 15 - 0.095 0.003 0.179 0.006 0.008 0.000
-1 - 0.036 0.001 0.246 0.008 0.057 0.002
=05 0.002 0.000 0.315 0.010 0.106 0.003
0 - 0.000 0.000 0.377 0.012 0.174 0.005
0.5 0.005 0.000 0.427 0.013 0.245 0.008
1 0.056 0.002 0.467 0.014 0.322 0.010
1.5 0.138 0.004 0.484 0.015 0.402 0.012
2 0.246 0.008 0.533 0.017 0.488 0.015
2.5 0.342 0.011 0.580 0.018 0.557 0.017
3 0.397 0.012 0.606 0.019 0.611 0.019
35 0.431 0.013 0.630 0.020 0.658 0.020
4 0.467 0.014 0.671 0.021 0.700 0.022
4.5 0.503 0.016 0.745 0.023 0.739 0.023
5 0.538 0.017 0.870 0.027 0.782 0.024
5.5 0.572 0.018 0.925 0.029 0.822 0.026
6 0.605 0.019 0.977 0.031 0.864 0.027
6.5 0.636 0.020 1.022 0.032 0.904 0.028
7 0.671 0.021 1.061 0.033 0.941 0.029
7.5 0.702 0.022 1.097 0.034 0.972 0.030
8 0.732 0.023 1.129 0.036 1.000 0.031
8.5 0.752 0.023 1.157 0.037 1.029 0.032
9 0.761 0.024 1.182 0.037 1.049 0.033
9.5 0.756 0.023 1.206 0.038 1.063 0.034
10 0.704 0.022 1.216 0.039 0.993 0.031
10.5 0.666 0.020 1.218 0.039 0.955 0.030
11 0.660 0.020 0.936 0.029 0.958 0.030
11.5 0.638 0.019 0.896 0.028 0.960 0.030
12 0.600 0.018 0.898 0.028 0.958 0.030
12.5 0.607 0.018 0.882 0.027 0.949 0.029
13 0.610 0.018 0.890 0.028 0.958 0.030
135 0.627 0.019 0.897 0.028 0.963 0.030
14 0.638 0.019 0.910 0.028 0.963 0.030
14.5 0.669 0.020 0.932 0.029 0.923 0.028
15 0.685 0.021 0.958 0.030 0.921 0.028
15.5 0.704 0.021 0.970 0.030 0.915 0.028
16 0.713 0.022 0.996 0.031 0.919 0.028
16.5 0.714 0.022 0.983 0.030 0913 0.028
17 0.716 0.022 0.972 0.030 0918 0.028
17.5 0.714 0.021 0.964 0.030 0.908 0.028
18 0.722 0.022 0.934 0.029 0.889 0.027
18.5 0.719 0.022 0.918 0.028 0.885 0.027
19 0.725 0.022 0.904 0.028 0.874 0.027
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Table 5 (continued)
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