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FINAL REPORT: NAG-1-641

The final report for the research conducted under this grant
are contained in two documents attached. The first document, in
Appendix A, is a copy of a presentation made to NASA Langley
personnel, December 10, 1987. This report briefly presents an
initial analysis of the experiments. The second document, Appendix
B, is a copy of an AIAA paper given in June 1988. This paper des-
cribes in detail the test set-up, data acquisition and reduction,
and the results obtained. As agreed to with the NASA Langley
technical mangers of this research program, this paper serves as

the primary final report document for this grant.
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ABSTRACT

A series of low-speed wind tunmel tests on a
70-degree sharp leading-edged delta wing at both
static and dynamic conditioms wvere performed to
investigate the serodynamic forces aad moments.
Forces and moments were obtained from a six com-
poneat iaternal strain gauge balance. Static
results compared well with the previous experimen-
tal findings. Large amplitude dynamic motion was
produced by sinusoidally oscillating the model over
a range of reduced frequencies. Substantial fozce
and moment overshoots, a delay in dynamic stall,
snd hysteresis loops between the valunes of
aerodynamic loads in upstroke and downstroke motiom
were observed, all of which were strong fumctioms
of the reduced frequency. The serodymamic forces
and moments wvere influenced by the Reynolds number.
Asymmetrical vortex bursting prodsced by som—zero
sideslip angle created a complex rolling moment
varistions with angle of attack.
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Wing Root Chord (ft)
Tunnel Speed (ft/sec)

Reduced Frequency 2aFC/U_

Frequency (Hz)
Reynolds Number Based on the Root Chord

Angle of Attack (deg)
Sideslip Angle (deg)
Wing Sveep

L. _INTRODUCTION

Since the early use of aircraft in combat, a
consistent demand for extending the flight bouad-
aries and for greater maneuverability have played a
major zole in the design of fighter airplanes {1-
4]. Increased manewveradbility reguires f1light
through the high amgle of attack regime which has
proven to be of great advantage in the dog fight
arenall]. As s result, current and future fighter
aircraft design trends are iz favor of adandoaning
sagle of attack limitastioas in low-speed flight
[4,5]. Poststall situatioas usually occur uader
dynamic conditioas vhea the aircraft is pitched
rapidly through the sagle of attack for static
stall, and well beyond.
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A first step toward achieving the aforemen-
tioned goals was the use of highly swept, sleader,
sharp leading-edge delta wings. The 1ift producing
mechanism of these wings is differest than that of
other wiags, maialy due to the formation of a pair
of stromg vortices at moderate to high angles of
sttack on the wiag suctioa side. Their sharp
leadiag edge preveats the approachiag flow from
remsining sttached to the surface, as it does in
the viciaity of rouad edges. Thus separation
occurs, and results ia the loss of leading-edge
suction, s phesomenoa which coatributes gresatly to
the 1ift of two—dimeasioaal airfoils [6,7]. This,
sloag with their imhereat low aspect zatio, results
ia low lift to drag ratios at subsomic speed, thus
producing poor performance im this flight regime.
However their extemsive sweep sngle provides
favorable drag characteristics at high speed making
sspersoaic flight practical [1).

Numerous subsonic experimental/theoretical
studies have showa that the flow field arouad delta
wings ia steady flight at moderate to high angles
of attack is dominated by s pair of spiral leading
edge vortices [7-23). These vortices iaduce addi-
tional velocities on the suctioa side of the wing,
produciag additiomal 1ift which is referzed to as
‘vortex lift’ [8-9,24-25]. Vortex 1ift grows non-
1linearly vwith increased incidemce, aad dependiag on
the leading-edge sweep angle, may account for a
large portioam of the 1ift. Static experimeantal



results of roferences 8 and 9 show that for s 75
degree leading-edge swoep delta wing, vortex lift
smounts to 50% of the total 1ift. These vortices
are stable over a wide range of angle of attack, up
to 30 degrees for a leading-edge sveep of 70 de-
grees, thorefore, producing high 1lift st high
incidence.

Considerable experimental/theoretical research
has focused on understanding the vortex bursting
phenomenon and its serodynamic effocts on high
performance sircraft. These sudden changes of the
structure of the vortex core have a stromng im-
fluence on the aircraft stability. When the
sircraft is yawved, those vortices will burst asym
metrically over the wing causing changes in the
lateral-directional stability [14-15,26-27].

Previous rosults obtained from studies of
three-dimensional oscillating models indicate a
different flow structure over the uwpper surface of
the wing between the up and dowastroke motioas
[6,28-34]. It has been suggested [6,29] that
increasing the oscillation.frequency will widen the
hysteresis loop, s phenomenon caused by the lag in
flow separation and reattachment due to the fast
varistion of the angle of attack. Studies whichk
attempt to predict or experimentally measure the
serodynamic advantages or disadvantages associated
with dynamic flow over three-~dimensional lifting
surfaces have not been extensive. Due to curresat
emphasis on supermaneuverability at high incidence
for the future generationm of high performance
sircraft, an understanding of the dynamic
sorodynamic effects are essential.

A series of low-speed wind tunnel tests om a
70 degree sharp leading-edge delta wing model with
and without s fuselage were conducted. These
investigations wers performed to find the effect of
large amplitude dymamic motion on longitudinal aad
lateral forces and moments. Tests included oscil-
lating the delta wing model in pitch at seversl
sideslip angles to explore the effoct of asymmetric
vortex bursting on model forces and moments.

11, EXPERIMENTAL PROCEDURE

The experiments were conducted in the subsonic
wind tunnel of The Ohio State University locsted at
the Aeronautical and Astromauticsl Research
Laboratory (OSU/AARL). The tunnel test sectiom is
approximately five feet wide, three feet high, sad
eight feet long, aand opesrates at speeds from 0 to

220 ft/sec st Reynolds number of up to 1.3‘10‘ per

foot. The tunnel is of open returnm type and uses
four large anti-turbulence screens and hoseycomd to
attain a lov turbulent intensity through the test
section [35]).

Models

Two different models vers used to perfora
these oxperiments. One which resembles a generic
fighter model, consists of & very simple cylindri-
cal fuselage on which a number of different
forebodies can be mounted. The fuselage has a
diameter just large emough to accommodate the six
component internal strain gauge balance and the
necessary sttachment hardvare. The fuselage is
combined with a 70-degree sharp leading-edge delta
wing wvith a one-foot span, a tail come, and a sharp
wooden circular cross sectiom nose with a fineness
ratio (1/d) of 1.5. A fiberglass skin was used
over & carbon fiber reinforced foam core. A sketch
of this model is shown in fagure 1.

The second model was a simple flat plate delts
wing of 70 degree leading-edge sweep, a 20.61 inch
root chord and a 15 inch span at the trailing edge.
The wing was constructed of 1/2 inch thick plywood
(.024 thickness to chord ratio) and had sharp
boveled leading and trailing edges. A pod large
enough to house the balance and necessary hardware
was sttached under the wing. A drawing of the
model used in this iavestigstion is shown in figure

A system was dosigned to pitch the models
through large amplitude oscillations. This ap-
pazatus is shown in figure 3. The oscillation
system uses s belt and pulley arrangement to obtain
oscillation fregquencies of 0 to 2.3 hertz. The
last pulley ia the system drives a cam which
produces a sinusoidal pitching motion of the model
from 0 to 55 degrees angle of attack. The present
system also allows simusoidal pitching motionm at
steady sideslip angles to +15 degrees in inorements
of 5 degrees. A potentiometer mounted on the arm
of the oscillation system provides the instan-
taneous angle of attack of the model. The delta
wiag model was pitched about the 57 percemt root
chord location while the pitch axes for the generic
fighter was at the 39 perceamt root chord locationm.
The Z-1location of the pitch axis was about 3.12
iaches below the wing chord line for both models.,
Figure 4 shows the measured sinusoidal variation of
angle of attack with time at different frequencies.

A hot-wize probe was used im conjunctiom with
the pressure transducers to accurately determine
the freestream velocity variatioams during static
aad pitching oscillation. The bhot wire probe was
placed in the center of the tunnel test section and
at one chord length upstream of the model. The
results fxom the hot wire date and those of the
proessure transducers vere ia excellent agreement
for all the reduced frequencies tested.

Force Measuroment

Force measurocments vere mado using s six-
component iantermal straim gauge balance om loan
from NASA Langley Research Center. The balance was
statically calibrated at the OSU/AARL. The
calibration results are im good agreement with
earlier calibration of the balance provided by NASA
Laagley.

Iaze Nessuremont

There are tvo types of forces and moments
sotisg on the balance whez the model is oscillating
ia the wind tuvamel for the wiand-off tests. The
first are the gravitatiomal loads due to the model
and balance weight which are funotions of the angle
of attsck. The second are the inertisl forces and
moments produced by the moments of imertia of the
oscillating model aad balance. Both of these
forces and moments must be measured and subtracted
from the wind-on deta [42].

The magnitude of model, wind-off loads were
calculated in a straightforvard manner based on
goometry and oscillation frequency. From ex-
perimental measurements it was found that the
iaternal strain gauge balance itself made a con
siderable contributioa to these tares. After
removing the balance alone tares from thoss of the
balance with model installed, the cslculated tares
compared very well with the measured ones. These
comparisons indicated that the effect of the sur-
rounding still air oa the model as it oscillates,



wind off, is negligible. These tares were fit for
each case as 8 function of angle of attack using a
polynomisl snd later were subtracted from the
measured loads.

The dats acquisition system used in this
investigation was developed st the OSU/AARL. Datas
were taken and reduced on an IBN PC/AT. The IBN is
equipped with a 12 bit 16 channel Analog to Digital
board capsble of & sample rate of 27.5 KHz. For
this experiment 10 channels of data were measured:
6 for balance data, 1 for potentiometer imput, 2
for tunnel speed, and 1 hot film channel., Figure §
shows the complete set-up for these experimental
studies.

Dynamic data presented in this paper are an
average of several cycles at s sample rate based on
the reduced frequencies. Data were taken and
reduced on the IBM PC/AT and uploaded to the main
laboratory computer. The dats were then digital
filtered and plotted as s fonction of time and or
angle of attack. Figure 6 compares the digital and
analog filtered normsl force data with the unnfil-
tered case. The digital filtered data more
accurately represent the messured forces and are
used to present the data in this report.

Aerodynamic forces and moments vere measured
at the balance moment center and have been trams-
ferred to the 25% wing root chord station. All
moments were nondimensionalized with respect to 2/3
wing root chord. Longitudinsl forces and moments
are in the wind axis system and lateral-directionmal
forces snd moments are in the body axis system
[36].

Blockage corrections at small angle of attack
were determined by the method of refereance 36 aad
were found to be small., In addition referemce 38
suggests that blockage ratios of less than 7% can
usually be considered negligidle. The blockage
ratio for this investigation was 6%. Thus mo
correction has been applied to the data.

111, RESULTS AND DISCUSSION

The purpose of this experimental irmvestigation
was to study the effect of large smplitude motioms,
at bigh angles of attack, om the asrodynaais
characteristics of three dimensiomal liftiag sur—
faces. In these experiments the serodynamic forces
and moments of a 70 degree sharp leading-edge delts
wing, sndergoing simple sinusoidsl motioa st
various Reynolds numbers and reduced frequenciss,
were measured using s siz-componeat internal straia
gsuge balance. Both models vere first tested umder
static conditions to compare with other wind tuanel
results. Delta wing model static dsta are exzamined
first, folloved by the dynamic results.

Static Tests

The variation of longitudinal forces amd
moments of the delta wing model with angle of
attack, at zero sideslip sngle and st several
Reynolds numbers are examined first. The effect of
sideslip variations on the aerodynamic characteris-
tics of the model at a constant Reynolds number are
then studied and sre compared with the zero sides-
l1ip data. The present zero sideslip results are
compared, where possible, with the previous fimd-
ings of [8,10] and the theoretical data of [24].
The data for each angle are an average of several
hundred samples over a period of 10-15 seconds.

: The static variation of
sormal force coefficient with angle of attack for

the chord Reynolds numbers of 1010° to 1.97¢1054s
shown in figure 7. The nonlinear variation of
sormal force with imcreasing angle of attack for
a1l the Reynolds numbers tested is clear. From
figure 7, it is evideant that increasing Reynolds
aumbers will decreasse the maximum normsl force. It
has been suggested that increasing the Reynolds
aumber will move the boundary layer transitionm
forward [17,20]), thus causing the reduction in
sormsl fozce.

Figure 8 shows the static varistion of the
1ift coefficient with angle of attack at the
sforementioned root chord Reymolds numbers. Again
the nonlinesrity im 1ift with the angle of attack
is quite clear. This noalinearity is s result of
the coupling of the poteatial flow at low angle of
attack with the vortex lift genmerated by the delta
wing geometry st moderats to high incidence. This
phenomenon is clesr from figure 8 whenm the ex-
perimentsl data sre compared with the predicted
values of 1ift coefficient using the potentisl flow
and the method of reference 24. Note that for
small incidence. the experimental data compare well
with the predicted potential flow 1ift. It should
be noted that at zero angle of attsck, the lift
coefficient for the present experiment has s small
negative value which is probably caunsed by the
presence of the pod (balance cover) under the
model.

As the angle of attack incresses, the ex-
perimental dats deviates from that predicted by the
potential theory. Deviation of the measured data
from the potential theory imdicates that sdditiomal
1ift is generated by the delta wing model. This
additionsl 1ift is produced due to the development
of a pair of vortices emanating from the wing
leading edge proceediag downstresm. These vortices
are called ’'fully developed’ [25] when they reach
the ving trailing edge. In referemce 24, s metbod
for calculating this vortex 1ift for a no camber,
20 twvist, thin, and sharp leading-edge ving has
been developed. The predicted results for the
present model are plotted om figure 8. The ox-
perimental resslts are in good sgreement with
Polhamus’ theory of referemce 24. The discrepancy
is probably due to the small leading edge radius of
the preseat model aad the balaance pod. Large
doevistion betweea the experimental sad theoretical
values above an imcidemce of 28 degrees are caused
by the bursting phesomenos which was mot comsidered
ia the theory of zeferemce 24. Good agreement was
achieved vhen the preseat resslts were compared
with the experimental data by VWeatz [9] and Hummel
f10].

Figore 9 shows the effect of Reynolds number
oa drag coefficieat. The presenmt results are ia
excellent agreement wvhen compared vwith the ex-
perimental results of reference 10. From figure 9
it appears that drag is less dependent on Reyanolds
aumber than is 1ift. However, increasing the
Reynolds smmber will cause a slight decresse in
drag which is due to the correspondiag reduction of
1ift.

Figure 10 shows the static longitudinsl pitch-
ing moment dovelopment with inoreasing angle of
sttack st various Reynolds numbers. At zero sngle
of sttack, the presence of the slight (nose mp)
pitching moment shown in figure 10 is probably the
result of the negative normal force, showvn in
figure 7 and 8, producsd by the bdalaace pod. By



inoreasing the angle of attack, the delta wing
produces a negative pitching moment which indicates
that the center of pressure moves aft of the
referenced point (1/4 wing root chord). For angles
less than the critical angle, the angle of attack
at which the vortex burst point crosses the trail-
ing edge, C-‘c has an almost conmstant negative

value. However, when the sngle of attack is sig-

nificantly larger than the critical vslue, C. a

becomes positive, due to a reduction in the nose
down pitching moment. As the vortex burst poiat

progresses forward, C- a changes sign due to the

loss of 1ift on the rear portion of the wing
[10,11]. Increasing the Reynolds number slso
reduces the nose down pitching moment, but the
slope of C-.“ does not change significantly.

: The effect of asymmetrical vortex
bursting on the static lateral snd longitudinal
forces and moments characteristics were inves-
tigated by variation of the sideslip angle from O
to +15 degrees in increments of 5 degrees. The
model was set to the desired sideslip and the angle
of attack was varied from O to 55 degrees. All
runs vere made at a root chord Reynolds number of
1.64 milliom,

Figore 11 shows the resulting normal force
coefficient at sideslip angles of 5, 10, and 15
degrees, versus angle of attack. Also for com—
parison, the datas for zero sideslip angle are
presented. An obvious effect of sideslip angle is
the reduction of normal force. However, increasing
the sideslip asngle also shifts the maximum normsl
force to a higher angle of attack, and produces aa
abrupt stall due to an increase in the effective
sveep of the leevazrd wing. As & result of the
sideslip angle, asymmetrical vortex bursting occurs
over the wing surface. This phenomens is clear for
the sideslip angles of 10 and 15 dogrees of shown
in figure 11, Here the variatioa of cN,a with

alpha has a local minima, when the windward vortex
burst point resches the trailing edge of the wing,
before the stall angle is reached. For the other
longitudinal forces snd moments the effect of
sideslip angle variation is similar.

Figure 12 shows static variation of the roll-
ing moment coefficient with angle of attack at
soveral sideslip amgles. It is evideat that st
zero sideslip, the rolliag moment coefficieat is
not zero. This slight variation is possibly due to
slight asymmetry ia the model, or perhaps s small
sideslip angle caused by misaligament of the model
in the sirstream. At pon-zero sideslip angle the
effoctive sweep in the windward wing decreases (A =
70-p) while the sweep of the leeward wiang increases
(A= T70+p). As s result, the vortex burst point
crosses the windward wing trailiag edge at a lower
incidence than it does for the leeward wing, asym—
motricsl vortex bursting.

Figure 12 shows a negative rolling moment
initially at 15 degrees sideslip. The absolute
value of the rolling moment coefficient imcreases
up to an incidence of about 17-18 degrees. This
angle of attack coincides with the CN dats which

indicate that bursting hasd reached the windward
wing trailing edge. Further increase of the in-
cidence is folloved by the reduction ia absolute
vslue of the rolling moment until the bursting
reschoes the windvard ving apex which creates an
inflezion region in the normal force (alpha = 25-29

deg). This inflexion region is evident by examin—
ing the variation of the gradiemt of the rolling

moment wvith angle of attack, (:1 a’ where the

gradient drops markedly. At am incideance of about
34 degrees, the rolling moment reverses again,
Interestingly emough, this once more agrees with
the reduction of the gradient of the mormal force.
This time the change in the rolling moment cor-
responds to the vortex burst point crossing the
leeward wing trailing-edge. The rolliag moment
reaches 2 second local maximum absclute value at an
incidence of about 43-45 degrees vhere CN a changes

sign as a result of the loss of 1ift caused by the
vortex burst point reaching the leeward wing apex.
The vortex inception angles for both leeward and
windward wing compares well with the results of
references 8 and 26.

Dynamic tests were performed by sinuvsoidally
oscillatiag the model from 0 to 55 and back to zero
degrees angle of attaok. Data for each cycle are
taken st a frequency of 100~-1000 Hx and up to 1000
data points are collected.

Substantial maximum force and moment over-
shoots, delay in stall angle of attack, and large
hysteresis between incressing and decreasing angle
of sttack are seen for even the smallest frequency
tested, .2 Hz. During the upwvard motion, the
vortex burst poimt crosses the trailing edge at a
higher angle of attack than it does inm the static
case, vhich results in higher forces and moments,
aad thea, during dovaward motion, the flow remains
separated until angles of attack below static
stall, creating a hysteresis loop. Comparisons
with the static forces and soments show that during
dowastroke motioa, the static values are higher
thaa the dynamic values for all the reduced fre-
quencies tested. Variationm of the pitch rate bhad a
great influence on the flow charascteristics over
the model. As s result of these changes im the
flow structure, the deviation between the dynamic
and static forces and moments vary, aad so do the
width of the hysteresis loops.

Ia the experiment reported herein, the
aerodynamic forces and moments of the 70-degree
sharp leading-edge delta wing at various Reynolds
sumbers, reduced frequencies, snd sideslip angles
are presented. Comparisoas between static and
dynamic results, where applicable, are made.
Finally, variation of the static and dymamic normal
force of both models with angle of attack are
compared.

: Dynamic variation of normal
force with angle of attack for Reymolds numbers of

1‘10‘ to 1.97‘10‘ and a reduced frequency of .074
is shown ia figere 13. Reduced frequency was kept
constant by varying the oscillatioa frequsacy with
tuanel speed. Also, 83 & comparison static values

for s Reynolds number of 1‘10‘ are showna on the
plot. As im the static case, imoreasing Reynolds
aumber seems to promote the vortex burstimg which
results in the reduction of the normsl force. The
sagle of attack at which the reduction of the
gradieat, cN,c' begins, is an indication of the

vortex burst point crossing the trailing edge. The
vortex burst poiant reaches the trailisg edge at
smaller angles of attack as Reynolds number is
increased. This bursting will decrease the upper
surface suction comsiderably, amd as a result the



slope of the the normal force curve will drop
markedly as the angle of attack is increased fur-
ther. Also, from figure 13, it is clear that the

dynamic data for Reynolds aumber of 1‘10‘ shows a

substantial maximum normal force overshoot, aad
delay in stall angle of attack when compared with
the static data of the same Reynolds numder. For
other Reynolds numbers the trend between dynamic
snd static normal force are the same. The
relationship of these changes between dymamic and
static dsta along with the large hysteresis loop
boetveen upward and dovnwvard motion will be dis-
cussed in a later section.

Figure 14 shows the dynamic variation of the
1ift coefficient with angle of attack for the
aforementioned Reynolds sumbers and is compared
with the static data for a Reynolds number of

1010, Again the effect of Reynolds number is
clearly evident. Substantial iacrease im 1ift
coefficient for dynmamic case is observed vwhen
compared to the static case at the same Reynolds
number. Comparison of the static and dynamic 1lift
coefficient for other Reynolds numbers show the
same tread.

The drag performance of the three dimensional
dolta wing undergoing sinusoidal pitch oscillation
at verious Reynolds numbers sad constant reduced
frequency is compared with the static case at a

Reynolds nuaber of 1‘106 in figure 15. The in-

crease in drag force at high a for the dymamic case
is evident in comparison with the static case.
This is not sorprisiag since the dynamic normal
force shows the same trend. The same results are
obtained vhen comparing the static and dynmamic drag
forces for other Reynolds numbers. There is some
decrease in drag for increasing Reymnolds number
which is most probably due to the reduction im the
1ift (fig. 14). Also, the amgle of attack at which
the maximum value of the drag is found is independ-
ent of the Reynolds number.

Figure 16 shows the development of the pitch-
ing moment coefficient with angle of attack for the
three Reynolds numbers mentioned and st s fized
reduced frequency. Again, as a compsrison, the

static data of Reynolds znumbdber of 1‘106 is

presented., The dependency of the pitching moment
on Reynolds number variatioams is evident. Higher
Reynolds number promotes burstimg, which will alter
the variastion of the C- a with angle of attack.

Ultimately, at higher incidence, C- “vlll change

sign. PFrom figure 16 it is clear that as the
Reynolds number incresses, the omset of deviatioa
of C- a with the sngle of attack occurs at & lower

incidence. This observation coincides with those
of the normal force, explained previously. The
reduction in normal force due to the forwvard
progression of the vortex burst point on the wing
lessens the nose dowa pitching moment.

Effect of reduced freguency: As mentioned pre-
viously, reduced fregquency has a substantial
influence on the complicated three dimensional flow
over the oscillating model. Im order to thoroughly
investigate these effects, the sharp leading-edge
delta ving model was sinusoidally oscillated ia
pitch at various reduced frequencies (k= .015-
+405). In the following sections the results for a

root chord Reynolds number of 1.64'10‘ and reduced
frequencies of k= .03 to .165 will de presented.

Figure 17 presents the normal force coeffi-
cieat versus angle of attack for the previously
mentionsd reduced frequencies. Static data are
also plotted as a baselise. For K= .03, the value
of cN.c stazts to decrease at an angle of sbout 30

degrees, while for the static oase, this occurs at
sa angle of sbout 23 degrees. This is sn indica-
tion of the delay ia separation and vortex bursting
during the dynamic upwvard motion. When the vortex
burst point crosses the trailimg edge, further
iscrease in the incidence results ia the vortex
burst point moving onto the wing, thus reducing
vortex 1ift contribution to the normal force. As
the reduced frequency is imcreased, the flow lag
effect increasss and results in the higher maximum
CN values (fig. 17).

Ia the downstroke motion, the flow starts
zoattaching from the ving apex and progresses
toward the trailiag edge. Duriang the downwazd
sotion for the K = .03 data, the variationm of CN a

with alpha drops from & large positive value to its
maximum negative value at an angle of adbout 42
degrees. This probably imdicates that the flow
remains separated until anm angle of 42 degrees in
dovnward motion. From heze on, the leading edge
vortices start attaching to the suction side from
the wing leading edge and proceeds back to the
trailing edge. At an angle of sbout 23-25 degrees

CN a reaches the same value as it had in the

upstroke motion, These differsaces in CN a betwveen

spstroke and dowanstroke motion are caused by the
flow lag effect which creates the hysteresis loop.
At higher reduced frequency, the effect of the flow
lag is more promouwsced and produces a wider hys-
teresis loop (fig. 17).

The dynamic variation of the lift coefficient
with angle of attack for varioss reduced fre-
quencies is shown in figure 18. Comparison of the
dynamic data with the static case at the same
Reynolds number clearly shows iacresse in maximum
1ift and delayed separation for all cases reported.
Increasing the pitch rate has a significant in-
fluence on the dynamic stall angle. Maximum lift
overshoot did mot vary significaatly with reduced
frequency ia costrast to the mormal force data.
This is probably due to the imcresse inm axial force
st higher reduced frequeacy.

Figure 19 shows the effect of reduced fre-
quency on drag coefficieat duriag large amplitude
siausoidal motioms. A much higher drag is evident
st high angle of attack for the pitch—up motion
compared with the static case. VWhile on the
downstroke motion, the hysteresis ia the dymamic
deag curve shows substaatial reduction in drag when
compared to the static data. These varistioms ia
drag during up and down motions sre prodably due to
the variations of the mormal force discussed pre—
viously. The iafluence of pitch rate oz the
character of drag force hysteresis loop and its
magnitude is appareat.

Dynamic variation of drag dse to 1ift at
various reduced frequencies is shown ia figure 20.
As explained earlier, note that imscressing the
reduced frequency will slightly incresse the maxi-
mum 1ift overshoot, and more drag is produced.
However, the increase ia drag is more pronounced.

Figore 21 shows the corresponding pitching
moment dats of the model for both the static and



dynamic cases. Again, the influence of reduced
fregqueacy on the pitching moment hysteresis loop
and its magnitude is apparent. As the burst point
crosses the trailing edge, the onset of deviatioa
of normal force with alpha reduces the magnitude of

C. a Ultimately increasing the incidence results

in the loss of 1ift, and s change in the sign of
C- a’ During pitch up motion a much larger mega-

tive pitching moment is evident compared to the
static value due to delay of vortex bursting, while
on the dowsward motion the dynamic pitching moment
has & substantially smaller negative value due to
delay reattachment.

: As in the static csse, the effect
of sideslip variation on the serodynamic forces aamd
moments of the model were investigated by manually
setting the model to the desired sideslip angle
(+15 dogrees in increment of 5 degrees). The model
was then oscillated sinusoidally at various reduced
frequencies. In the following sectioms, loa-
gitudinal and lateral force and moment data at
sideslip angles of O to 15 degrees and st a com-
stant reduced frequency will be examined first.
Due to the symmetry in the data, negative values
for the sideslip will not be discussed. However,
to show the symmetry in the results, the values of
the rolling moment coefficient for ~-15 degrees
sideslip will be presented. The effect of reduced
frequency on the model forces and moments with nom-
zero sideslip angle will be considered later. The
following data are all at a comstant root chozrd

Reynolds number of 1.64‘106.

Dynamic lift and normal force coefficient
curves at sideslip angles of 0, 5, 10, and 15
degrees and k=.043 are shown in figures 22 and 23,
As in the static case, the immediate effect of
sideslip at moderate to high alpha is s substaatial
reduction in the normal force. From figure 23,
note that the onset of deviation of cN,c with angle

of attack for a sideslip of 15 degrees occurs at an
angle of adbout 19 degrees, while for the static
case this happened at an incidence of 17 degrees, a
result of the reduced frequency. By further im—
creasing the incidence, the vortex burst point oam
the windward wing, with 55 degree sweep, will move
upstream, at an angle of about 35 degrees CN'uhn a

local minima as shown in figure 23. This iadicates
that the windward vortex burst point has reached
the spex of the wing. However, as the angle of
attack is increased further, the leevard vortex
burst poiat crosses the trailiag edge. reduciag
(!N.‘l once again. From figure 23, note that as the

sideslip angle increases, dynamic stall occurs at a
higher angle, a phenomenon also observed in the
static csse.

Figures 24 and 25 show the dynamic varistion
of the drag force and pitching moment of the 70-
degroe sharp leading-edge delts wing at the reduced
frequency of K=.043 and the aforementioned sideslip
angles. Increasing sideslip angle reduces both
drag and pitching moment. The angle at which cN.c

has a local minimum before reaching the stall
incidence is clearly seen from both figures for
sideslip angles of 10 and 15 degrees. This discom
tinuity is caused by the asymmetrical vortex
bursting on the wing at nonm—zero sideslip angles.

The complex variation of the rolling momeat
coefficient with angle of attack at various

sideslip angles, and for a constant reduced fre-
quency of K=.043, is shown in figure 26.
Bystoreosis loops in the rolling moment coefficient
during upward and downward motion sre evident. The
dramatic bdehavior of the rolling moment with angle
of attack for all sideslip angles tested is caused
by asymmetricsl vortex dbursting on the wing. Ia
upward motion, note that the rolling moment curve
has two minima for all sideslip angles. The first
minima is the result of the vortex burst point
crossing the windward trailing edge, due to its
effective swesp reduction. The locsl maximunm,
after the first minimum, marks the angle of attack
where the leoward wing vortex burst point reaches
the trailing edge of the wing. The second minima
corresponds to the leewvard vortex burst point
reaching the vicinity of the wing apex. Except for
the magnitude and the location of the maxima and
minima in the variation of the rolling moment with
angle of attack, the upstroke variatioms of the
tolling moment for this low reduced frequency
correlates with the static case discussed pre-
viously. For the static case, experimental results
of refereance [9] for sn 835 degree sweep delts wing
shows vortex bursting crossing the trailing edge at
sn incidence of about 37 degrees. Here, the vortex
burst point crosses the leeward wing trailing edge
at an incidence of about 38 degrees, a good com-
parison,

Dynamic variation of rolling moment coeffi-
cient with the angle of attack in downstroke motion
is somewhat different than the upward motion. From
figure 26, for 15 degree sideslip angle case, mote
that the rolling moment coefficient is almost
coastant for incidences of 55 to about 43 degrees
during the dowastroke motion, This phemomena was
secn at all sideslip angles. This is prodbabdbly due
to the fact that the separated vortices created in
upstroke motion remain separated, even as alpha is
decreased, due to the rapid change of the imcidence
[6,17]. Hence the flow over the wing lags these
rapid changes. From angles of about 33 to 28
degrees the rolling moment increases due to the
formation of the leeward wing vortices from the
wing apex. As the windward vortex forms on the
wing apex, the rolling moment coefficient reverses
once again and its value decreases with the reduc-
tion of the angle of attack. At an incidence of
about 16 degrees, the rolling moment coefficieat in
dowavazd motion has the same value as it did in the
spvard motion, thus closing the hysteresis loop.
Dynamic asymmetrical vortex burstimg for -15 de-
grees sideslip clearly shows the same effect and is
slmost symmetric with the sideslip angle of 15
degrees.

Figures 27 and 28 show the variation of the
normal force amnd 1ift coefficient with angle of
sttack at 15 degrees sideslip angle and reduced
frequeacies ranging from K=.03 to K=.165 and are
compared with the static data at the same sideslip
angle. Substaatial iacreases in the mazimum forces
due to the oscillation are evident and are a strong
function of the reduced frequeancy. However, in
contrast to the zero sideslip case the maximum
value of the 1ift coefficient is seen here to be a
stronger funotion of the reduced frequenmcy. For
all the reduced frequencies reported, the local
sinime ia the slope of cN.c and cL.c versus alpha

occur at higher angle of attack as the reduced
frequeacy is increased. As mentioned previously,
this local minima in the slope indicates that the
windward vortex burst point has resched the wing
apex. Delay ia dymamic stall with imcressing



reduced frequency is evident from figure 28,

Figure 29 shows the effect of reduced fre-
quency on rolling moment coefficieant at 15 degrees
sideslip angle. The complex behavior of the
dynamic rolling moment was due to flow lags, as
discussed previously. The magnitude of the rolling
moment in upward motion incresses with the incresse
in pitch rate, while in dovnstroke motion, the
trond is different. Again, as the reduced fre-
gquency increases, the hysteresis loop widens.
Also, in downstroke motion from the maximum in-
cidence, the variastion of the rolling moment
coefficient with angle of attack remains constant
for a wider range of angles of attack as the
reduced frequency increases. This is clear inm
figure 29 for a reduced frequency of .165 im which
the rolling moment coefficient is almost comstant
from incidence of sbout 48 degrees to adout 22
degrees which indicates that the effect of flow lag
has become more promounced.

Up to this point all the data presented has
been for the delta wing slone model. Comparison of
the normal force performance of both the delta wing
snd delts wing with fuselage models for static and
dynamic cases are shown in figure 30. It is evi-
dont that delta wing slone produces more normal
force for both the static and dynsmic cases.
However, it appears that dynamic stsll remsins at
almost the same angle of attack for both models.
Dynsmic results show that for the same reduced
frequency, the width of the hysteresis loop for
both models differs. At s reduced frequency of
.068, the delta wing has & wider hysteresis loop
than the delta wing with fuselage.
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IV. SUMMARY AND CONCLUSJON

An extensive experimental program was com-—
ducted at the OSU/AARL to investigste the complex
flow mechanisms on a delts wing undergoing large
smplitude pitching oscillation. Two models were
used to pexrform the experiments. Aerodynamic
forces and moments at both static and dynamic
conditions, and st various Reynolds mumbers, were
measured using a siz component imternal straia
gauge balance. Also, to investigate ssymmetrical
vortex bursting and its effects on the aerodynamic
loads, tests with sideslip angles of 0 to +15
degrees vere conducted. Pitching motion was
produced by sinusoidally oscillating the model
between O and 55 degress sngle of attack at varioss
reduced frequencies. Good results were obtaimed
when the present static data were compared with
previous findings. Also, the data compares well to
Polhamus’ leading edge suction smalogy for predict-
ing the 1ift coefficient st incidemce below the
critical amgle.

The following obssrvations summarize the
results of this experimental program:

1) Dynamic forces and moments show a sig-
nificant overshoot at all the reduced frequencies
examined when compared to the static data and are
strong functions of the pitch rate. Static stall
occurs st 2 smaller asngle of attack

than the dynamic ome, which is a result of flow
lags ia the vortex burst progressionm over the
suction side of the model.

2) Even at the lowest freguency tested,
F=.2 Hz, a hysteresis loop between increasing and
decreasing angle of attack is observed in the force
data. Increasing the pitch rate resulted im larger
forces and moments in the upstroke motion.
However, in downwvard motion, the flov remains
separated until angles well below stall, hence the
hysteresis loop wideas.

3) Both dynamic and static dats show s change
due to the Reynolds number varistions. As reported
by other researchers, imcreasing Reynolds aumber
will eakance the vortex inmception angle, thus
resulting in lower values of the forces and mo-
monts. These effects were clearly detected in the
sxperimental data.

4) Noa-zexo sideslip angle resulted in asym
moetrical vortex burstiag over the model which was
obvious from the variation of the rolling moment
coefficient with angle of attack. At all non-zero
sideslip angles tested, a remarkable drop in all of
the asrodynamic forces and moments at both static
and dynamic conditioms were observed. The rolling
moment corve varied ia a complex way with the angle
of attack st non—zero sideslip angles. This varia-
tion along with those of other forces and moments
compared well with the previous data obtained by
other researchers for the static case. Variation
of sideslip angle also verifies the fact that wing
sveep angle has a substantial influeance om the
vortex isceptioa angle.

5) Variatioas of rolling moment with angle of
attack at all sideslip engles tested, is again, a
strong function of the reduced frequency. Absolute
values of the rolling moment increase with increas-
ing pitch rate. For K=.165, it was clearly seen
that is dowastroke motionm, rolling moment remained
almost constant for a wide range of imcidence,
indicating the flow remaised separated below static
stall angle of attack.

Although the preseant work was performed on a
simple delta wing model wsing a simple sinusoidal
oscillation, the results obtained show significant
differences between the dynamic and static
serodynamic characteristics which will have strong
iafluence on & high performance sircraft’s
maneuverability. Thus far, the experimental method
has been established, amd mov s more thorough
iavestigation of the character of the dynamic,
complex, three-dimeasionmal flov field over dif-
forent models with different ving geometries under
variows motion is possible. Future tests will
oxamine detsiled flow visualizatiom results. Also,
serodynamic forces and moments at a more reslistic
flight profile will be studied. Thess investiga-
tions aloag with those of other researchers
hopefully will provide a detailed understandinmg of
the flow structure aad its iafluence oa the
sezodyaamic properties of supermaneuversble
sircraft.
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INTRODUCTION

® OBJECTIVE

TO BETTER UNDERSTAND THE FLOW FIELD AND THE RESULTING FORCES
AND MOMENTS ON DELTA WINGS AND OTHER THREE-DIMENSIONAL HIGH

PERFORMANCE AIRCRAFT CONFIGURATIONS UNDER DYNAMIC, HIGH
ANGLE OF ATTACK ENVIRONMENTS.

® CURRENT APPROACH

USE EXPERIMENTAL MEASUREMENTS OF FORCES AND MQMENTS AS WELL
AS FLOW VISUALIZATION TO STUDY THE FLOW ABOUT A DELTA WING
OSCILLATING IN PITCH ( « + 7 ) IN SUBSONIC FLOW.




OUTLINE

INTRODUCTION

DELTA WING MODELS, OSCILLATION SYSTEM AND THE WIND TUNNEL
DATA ACQUISITION AND REDUCTION

FORCE DATA, WITH AND WITHOUT FUSELAGE, f = 0

FORCE DATA, WITHOUT FUSELAGE, ﬁ = -15 TO 15 DEGREES

FLOW VISUALIZATION




MODELS, OSCILLATION SYSTEM AND TUNNEL

® 70-DEGREE DELTA WING MODELS:

MODEL WITH FUSELAGE - "LOW WING®", CYNINDRICAL FUSELAGE, ALL
COMPOSITE, b = 12 inches

MODEL WITHOUT FUSELAGE - BALANCE POD ON LOWER SURFACE,
PLYWOOD, b = 15 inches
® OSCILLATION SYSTEM:
CAM DRIVEN - AOA= 0 TO 55 DEG, P= 0 TO 2.5 HZ
CURRENT CAM - SINUSOIDAL AOA

® TUNNEL:
TEST SECTION - 3 X 5 X 8 PFEET
SPEED - 0 TO 200 PT/SEC
TURBULENCE - 0.15 PERCENT
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DATA ACQUISITION

® IBM PC/XT WITH DATA TRANSLATION 12-BIT, 16-CHANNEL A TO D

!

® SIX-COMPONENT, INTERNAL STRAIN GAUGE BALANCE SUPPLIED BY NASA

LANGLEY
® SAMPLING 11 CHANELS AT 600 TO 1000 HZ
6 BALANCE CHANNELS
2 TUNNEL SPEED TRANSDUCERS
1 HOT WIRE FOR TUNNEL SPEED

2 ANGLE OF ATTACK POTENTIOMETERS

T*H-E




DATA REDUCTION

® DATA CORRECTIONS - NEW SET TAKEN BEFORE EACH SERIES OF RUNS
BALANCE ZEROS

GRAVITY TARES VS AOA
model and balance

DYNAMIC TARES VS AOA ( OR THE INSTANTANEOUS DERIVATIVES)
model and balance
}

® COORDINATE SYSTEMS

LONGITUDINAL FORCES AND MOMENTS - WIND AXIS SYSTEM
LATERAL FORCES AND MOMENTS - BODY AXIS SYSTEM

® NEAR REAL TIME REDUCTION ON THE IBM PC/XT

TABULATED AND PLOTTED Cpy,C,,Cpm ¢ Cy,Cy,CJ VS AOA OR t

® POST PROCESSOR ON THE HARRIS H800
ALL DATA STORED IN DIRECT ACCESS FILES
MAKES COMPOSITE PLOTS

FUTURE PLANS - DIGITAL FILTERING, ENSEMBLE AVERAGING AND
STABILITY DERIVATIVES




Ru, # &/
10-05~-1987 ONLINE DATA REDUCTION 14:56:55 I ne-10 D C
600,400
AERODYNAMIC LOADS WHEN MODEL IS OSCILLATING (TUNNEL ON) # - - / 5—
SIDESLIP ANBLE = -15 deg
ALPHR (deg! VEL (ft/sec)TR CL td Ca Cy Cn |
1755484 143,9481 -3, 4034176-82 1133796 S.5485076-02 -2.8123926-82 -5.B8823E-23  2.185899E-83
-8.153768E-02  143.8422 -3.434278E-02 .1182125 S.99Z444E-02 ~3.I94BQ7E-02 -B.94IITIE-B]  3.84:355E-04
-, 1898981 143. 6144 <3, 731197E-02 .11987%8 5.914379E-02 -3.B24516E-82 -1.19B163E-82  §.135126E-83
.0812781 145.2931 -4,426705E-02 1115959 S.J42422E-02 -, 0428694 -1.698589E-82 1. 949497E-03
.708408 145.0251 3.158724E-83 . 1895359 3.2768276-82 -3.3b1853E-82 -1.415077€-82  5.388355E-83
1.587418 1471373 1. 1TTR74F-R7 LU%AT? 2.T23763E-02 -2.617S1BE-02 -B.48B174E-83  1.012776C-82
2.99918 145.1313 6.258182E-82 112831 ~1,932267€-03 -2.271847E-92 -5.331518E-83  1.733243E-82
4,69718% 144,287 1239892 1179576 <3 4AR474E-02 ~7.980421E-23  2.1859MAE-83  2,552B73E-@2
6.732585 142,054 283219 134554 =7.4916016-82  B.072445E-93  1.0758B5E-92  3.968542E-02
8.959372 145.3184 2709486 . 1548803 - 1137959 1,.592672E-82  1.6QRH17E-02  4.932015E-22
11.53944 144,5799 3783383 . 1859383 -.1689705 1.9972946-82  1.782852E-02  4.@23942E-02
14. 44571 148.7483 A295487 2154184 -.1884104 8382317 , 8230555 6.477533E-02
17.29838 144,3497 5340755 2924529 -, 2413338 4,858755E-92  2.577SSAE-82  7.331658E-82
20.4171 145.9472 4379846 3443217 -, 2845948 8545329 2.503804E-92  7.577078E-82
23.42112 144,8827 JASSL3Y L4373195 -. 3455368 5.SAL694E-82  3.D17559E-82  8.134224E-32
26.89886 1431437 8472295 5480912 -. 48617488 7.563936E-02  3.521054E-82  8.012974E-82
30.14215 143.4882 .8997274 , 6558425 -. 4513908 5.781364E-82  3.386159E-82  7.582455€-82
33.4824¢ 145.9003 L916013 .J324557 - 4A7%944 8.269306E-02  3.147332E-82  7.1182226-2
35.48435 145.9844 912267 8181813 -.5148381 S.B94973E-82  3.0317S2E-82  4.214396E-82
39.45656 1451113 9127143 9899182 -. 9557455 4.583272E-02  2.664545E-82  5.42941SE-82
42.28593 144,948 .8883981 9982519 -.5928235 2.2688196-02  2.3395146-82  5.181385E-82
44,85987 143.45%54 .8789834 1.478746 -.6423389 2.7B0BA4E-02  2.994479E-B2  5.552294E-82
70537 141,7413 8651174 1.15¢108 -.56812972 2.74840%E-02  2.8337455-22  5.977152E-82
49, 14554 143, 0458 8152499 1.168647 -.6812134 8193182 2. 1676R4E-82 4, 4B422TE-02
58, 98481 145.5474 JJ176298 1.109783 -.6274848 1.55589SE-62  1.795758E-82  6.823013E-82
52.40899 144, 4701 J247847 1.186267 - 8656504 3.076651E-02  2.681218E-02  4.B39157E-82
53.67605 1438304 4762284 1.182399 -.653174 3.3B4505E-02  3.194711E-82  4.233970E-92
$4.45257 143.6441 L6324 1171657 -, 6364929 2.8817356-02  I.OSMAT5E-82  5.5681750-82
55.20478 142,147 598757 1.165102 -, 8384479 3.847359E-02  3.188957e-02  5.403221E-02
55, 39855 142, 3184 .5602874 1.127835 -.6129911 2.1339886-82  2.288BI7E-82  4,422995E-92
55.42782 142,617 5540828 1.091314 -.5876491 2.317978E-02  2.489531E-02  4.726467E-82
$4.72576 142.6941 5304198 1.042849 -.5591239 2.2023336-02  2.6499576-02  4.174887E-82
53,9636 142, 7957 5124252 9962485 -. 5313655 .0338778 8326439 3.999439€-92
52.94889 143.3788 5039913 9584249 -. 5228473 2.2087476-82 8244021 3.390055E-82
S1. 44587 142, 3662 5154977 9285158 -. 4989192 8238564 2265772 3.5628587E-02
49.80288 142,787 .510935 864601 -. 4536028 2.424481E-82  2.545953E-82  3.321725E-82
47.85871 143.5653 .509985 886328 -.4284813 2.335991E-02  2.733881E-82  .B306895
45,78222 142.1785 5037648 L. 7683639 -.3984472 1.860304E-02  .023383 7 R -87
43.32151 143,122t 4916275 6987354 -.358339 3.071089E-03  1.636793E-UfT - H - E
48.825¢62 143.1948 4910847 .6399583 -. 332442 8123519 1.819941E-§ OI_HO
38.05529 144,222 4739483 5494484 -.2939122 S.593527E-83  1.341994€-(
35.84244 142, 4239 4819689 _S79TAIR - 9774581 7.772357E-83  1.329353E-!
32.88718 1437355 4773389 A28 -.2490188 =2,9417736-83  1.884244E-' | UNIVERSITY
28.98597 143.6818 4618189 A231748 -.2204827 S.QF18E-@3  1.5238326<wa” ooe -
25.92002 143.4353 4422975 3827459 -. 2831891 -4, 2390556-87  1.1278442-82  1.402378E-22
22.98729 1427104 JA4RI533 3350777 - 1771925 =7.197754E-83  1.018877E-82  1.44@963E-82
19.9142 142.5789 4136522 2965157 -. 1541922 <3.5843CE-83  1.811835E-82 .B178732
16,9912 1429914 .J818241 .2472921 - 1297215 7.171TB4E-23  1,206671E-B2  2.429474E-02
14,.27831 148,1243 3515827 .2e79e23 -. 1181578 8.9673916-87  9.8123533-27  3.518:2°-22
11 45Q98 149 7579 LTUOTRA RLITIY] _ = 197107 [P LA LI AR T LU Y B A s
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RUNS COMPLETED AS OF 30 NOVEMBER 1987

® FUSELAGE MODEL

STATIC CASE:« = 0 TO 55 DEG, RE = 1.5X10° , £ = 0.

DYNAMIC CASE: = 0 TO 55 DEG SINUSOIDAL, RE = 1.5%10°
K = 0. T0 0.112,f = 0 DEG

® NO FUSELAGE MODEL: (C = 20.606 IN) ~

STATIC CASE:< = 0 TO 55 DEG, RE = 6.55X10° T0 1.64x10°, = -15"T0 15°

DYNAMIC CASE « = 0 TO 55 DEG SINUSOIDAL, RE = 6.55X10°TO0
1.64X10°, K = 0.036 TO 0.405, A= -15 TO 15 DEG

6
FPLOW VISUALIZATION: STATIC <= 0 TO 55 DEG, RE = 1.64X10
B = =15 TO 15 DEG

H-E
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SUMMARY

® HARDWARE AND SOFTWARE HAVE BEEN DEVELOPED AND TESTED AT OSU TO

OSCILLATE A HIGH PERFORMANCE AIRCRAFT MODEL IN SUBSONIC FLOW AND
OBTAIN SIX-COMPONENT BALANCE DATA.

® DATA SHOW A STRONG INFLUENCE OF PITCH RATE ON FORCES AND MOMENTS
HYSTERESIS LOOPS ARE SEEN IN ALL OSCILLATING MODEL DATA.

MODEL OSCILLATION WITH SIDESLIP INTRODUCES NON-LINEAR ASYMMETRIC
FORCES AND MOMENTS APPARENTLY DUE TO ASYMMETRIC VORTEX BURSTING.
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