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Summary The data from the model test are interpreted in light
of an earlier test at Ames Research Center conducted by
A subsonic study of high-angle-of-attack gritting Peter Lamont and reported in reference 2. This test used

strategies was undertaken with a 0.06-scale model of thé generic, highly pressure-instrumented, 2.0-diameter
F/A-18, which was assumed to be typical of airplanes 0give-cylinder model that was tested over a broad range
with smooth-sided forebodies. This study was conductedof Reynolds numbers and to high angles of attack. By
in the Langley 7- by 10-Foot H|gh_Speed Tunnel and virtue of its similar planform to the F/A-18 fOI’ebOdy,
was intended to more accurately simulate flight boundarythese data are used to show probable Reynolds number
layer characteristics on the model in the wind tunnel thantrends for the F/A-18.

would be possible by using classical, low-angle-of-attack

gritting on the fuselage. Six-component force and Symbols and Abbreviations

moment data were taken with an internally mounted L .
Y d The longitudinal data are referred to the stability-

strain-gauge balance, while pressure data were acquired . L
by using electronically scanned pressure transducers@Xis system, and the lateral-directional data are referred

Data were taken at zero sideslip over an angle-of-attack© the body-axis system (fig. 1). The data are normalized
k. Py the usual quantities such as planform area, wingspan,

range from 0 to 40 and, at selected angles of attack, . .

over sideslip angles froml0® to 1C°. Free-stream Mach and the wing mean aerodynamic chord. The moment ref_-

number was fixed at 0.30, which resulted in a Reynolds€'énce center was located at 0.25 mean aerodynamic
chord, which corresponds to fuselage station 458.6 in. at

number, based on mean aerodynamic chord, of 10%. ; :
Pressure data measured over the forebody and Ieadind—u” scale and 27.51 in. for the 0.06-scale model. While

edge extensions are compared to similar pressure datdimensions will generally be given for the full-scale air--
taken by a related NASA flight research program by craft, the 0.06-scale dimensions are sometimes added in
using a specially instrumented F/A-18, the High-Alpha parentheses behind the full-scale values. Symbols used

Research Vehicle (HARV). Preliminary guidelines for for the data of Lamont will be identified as such.

high-angle-of-attack gritting strategies are given. B confined bubble region resulting from lami-
nar separation
Introduction b reference wing span, 37.42 ft
. . L Ca body-axis axial force coefﬁcient’/i,)S@—I—fgr—c—e
During aircraft development programs, it is not 5 d,S
always possible to do complementary studies to under- TR A rag
stand the subtleties of the high-angle-of-attack flow o stability-axis drag coefficien 8,5
physics or to address test technique questions. Conse- - o . Lift
quently, an integral aspect of NASA’s High-Angle- Ci stability-axis lift coefﬂment,q—s
of-Attack Technology Program (HATP) has been to C bodv-axis rolling- i °°ff. ent
increase understanding of the flow physics and to ™! y-axis rofing-moment coetlicient,
develop testing techniques. Another important compo- Rolling moment
nent of HATP has been the inclusion of a highly instru- 0o SP
mented flight vehicle, the High-Alpha Research Vehicle ¢ body-axis pitching-moment coefficient,
(HAR\_/). Havmg flight data gvallgble pr_owdes bench- Pitching moment
mark information for evaluating either wind tunnel data ——W
or computational data. e
Cn body-axis normal force coefficient,
The present test of a 0.06-scale model of the F/A-18 Normal force
was part of the HATP program and was intended to fur- 0sS

ther evaluate a testing technique, first described in refer-
ence 1, which uses high-angle-of-attack forebody gritting ~Na.sp
patterns. This type of gritting is designed to more accu-
rately simulate in conventional wind tunnels the bound-
ary layer characteristics and, thus, the pressure

normal force coefficient for Lamont
2.0-diameter ogive cylinder as integrated
from pressures from nose tip to 3.5 body
diameters aft of tip

distributions associated with high Reynolds number C_ body-axis yawing-moment coefficient,
flight conditions. This test was a cooperative effort Yawing moment
involving the U.S. Navy, the McDonnell Douglas q.Sb

Corporation, and the National Aeronautics and Space

Administration (NASA). Cp static pressure coefficie@
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FS
HARV
HATP
LEX

body-axis side force coefficien%e
center of gravity

wing mean aerodynamic chord, 11.52 ft

diameter of base of ogive or effective diam-
eter of F/A-18 forebody at FS 184, 4.11 ft

fuselage station, in. (full scale)
High-Alpha Research Vehicle
High-Angle-of-Attack Technology Program
wing leading-edge extension

laminar separation pattern

position of laminar separation

streamwise distance, ft

free-stream Mach number

National Aeronautics and Space
Administration

local static pressure, Ibfft
free-stream static pressure, 1B/t
free-stream dynamic pressure, B/ft
position of flow reattachment
Reynolds number based an
Reynolds number based bn

Reynolds number based on streamwise run
length before reaching grit

reference wing area, 406 ft
position of secondary separation

local semispan distance from LEX fuselage
junction to leading edge, ft

turbulent pattern

transitional separation pattern

position of turbulent separation

distance along fuselage, ft

distance along LEX local semispan, ft
angle of attack, deg

angle of sideslip, deg

differences in variable between data sets

uncertainty in variable as determined during
balance calibration

uncertainty in variable as stated by
manufacturer

uncertainty in variable due to repeatability

0 variable differenced from an average

forebody cross-section angular locatiof (0
is bottom dead center; positive is clockwise
as seen from pilot’s view), deg

7x 10 HST Langley 7- by 10-Foot High-Speed Tunnel
(HST)

Hardware, Procedures, and Data Repeatability

Tunnel Description

The tests were conducted in the Langley 7- by
10-Foot High-Speed Tunnel (HST). This facility is a
closed-circuit, subsonic atmospheric wind tunnel with a
test section approximately 7 ft high by 10 ft wide. A
complete description of the facility is given in refer-
ence 3. The forces and moments acting on the model
were measured by using an internally mounted strain-
gauge balance. The measured forces and moments, in
turn, were used to determine correctionsitand} due
to sting bending. Jet boundary and blockage corrections
were also applied to the data based on references 4 and 5.

During the test, the angle-of-attack instrument,
which was located aft of the model sting, was physically
shifted during other instrumentation work. This uninten-
tional shift changed the value afat which many of the
[B-polars were taken. Consequently, a linear interpolation
procedure has been applied, when appropriate, to facili-
tate both pressure and force and moment comparisons.
This interpolation procedure will be discussed further in
the section entitled “Angle-of-Attack Interpolation Pro-
cedure and Data Repeatability for Wind Tunnel.”

A high-a, pitch-roll mechanism was used to take
data af3 = 0° for 0° < a < 40° and, at selected values of
a, for-10° < 3 < 1C°. The free-stream Mach number was
fixed at 0.30 for the investigation reported herein, which
resulted in a Reynolds number, based on mean aerody-
namic chord, of 1.4 10°.

Wind Tunnel Model Description

The geometry of the full-scale F/A-18 is illustrated
in figure 2. An installation photograph of a 0.06-scale
model in the 7- by 10-Foot HST is shown in figure 3.
The model was tested with a Langley-manufactured,
pressure-instrumented forward fuselage. The extent of
this forward fuselage, which includes the forebody and
the wing leading-edge extensions (LEX’s), is highlighted
in the figure by its black paint. A schematic showing the
active pressure instrumentation for the present test is
shown in figure 4 and illustrates the four active pressure
rings on the forebody and the three pressure rows on the
LEX’s. The model was tested with 3keading-edge-flap



deflections (leading edge down); @railing-edge-flap  for the baseline, twin strip gritting pattern were taken
deflections,-12° horizontal-tail deflection (leading edge with a = 29.4, 33.4, 37.3, and 41.3. The other alter-
down), @ rudder deflection, single-place canopy, and native, highet gritting patterns, as well as a repeat run
wing-tip mounted missiles. with the nose-ring-only data, were tested in sideslip at
only two angles of attack due to time constraints. Those
values ofa were 37.3 and 41.3 because of the shift
ina.

The internally mounted strain-gauge balance in the
0.06-scale model was an Mk XXIlIB Able balance,
whose characteristics are shown in the following table:

Another issue that required interpolation of both sets
of wind tunnel data was that the data from the High-

Component Load limit Uncertainty in Alpha Research Vehicle (HARV) were generally avail-
P coefficient able only at Bintervals. Because the HARV data had the
Normal force 1200 Ib +0.019 largest increments i, the most accurate interpolation
é?;iéﬂ,force . %ggolb b f-ggﬁ procedure was to interpolate all wind tunnel data to
ItIching momen In- *. :
Rolling moment 800 in-Ib +.00031 match the flight data.
Yawing moment 1500 in-Ib +.00065 : T :
Side force 600 Ib 0090 To illustrate both tunnel repeatability and the inter-

polation procedure, data from the initial nose-ring-only
configuration will be compared to the repeat nose-ring-
These uncertainty values have been determined by usin@nly data. The firsta-polar atf = 0° comparison is
the value ofS, the wing reference area, for the 0.06-scale shown in figure 5. The agreement between the two runs
model, the value of,, foM_ = 0.30, and the balance Is indicative of repeatability after several days of running
uncertainty values for 95 percent confidence level, asand after a number of grit pattern changes. The offset in
established by a NASA calibration. No rigorous error O caused by the shift afL.4° in the instrument is appar-
analysis was performed during this experiment. entin the plot ofC,  versus.

The uncertainty in the pressure coefficients due to The second comparison employs the interpolation
the electronically scanned pressure transducers can bprocedure for the repeat data. This comparison is shown
estimated from the stated manufacturer’s value of uncer-n figure 6. As intended, the valuescofire now identical
tainty, which is 0.1 percent of full scale. The ranges of between the two data sets, and the differences due to
the electronically scanned pressure transducers variedepeatability are clearer. The interpolation procedure
from 5-lb modules for the forebody pressures to 15-lb itself, as would be expected, causes some misleading dif-
modules for the LEX pressures. The only exception wasferences for the predicted pointscat 0° and 20. The
that some of the pressures in the most aft forebodymisleading difference occurs because both these points
pressure row at FS 184 were routed to a 15-lb moduleare isolated, and an interpolation between close, neigh-
Based on the flow conditions of this experiment and the boring points is not possible. That is, the predicted points
manufacturer’s value of uncertain#,,C, 0+0.006 for for a = 0° and 20 are calculated from actual data at
most of the forebody pressures ab@C, 0+0.017  for a=1.2 and 21.4. To get predicted data at= (", the
part of the forebody row at FS 184 and all of the LEX actual data att = 1.2 is extrapolated by using the slope
pressures. For the wind tunnel test, the values of pressurbetween the actual datacat 1.2 and 21.4, which does
coefficients were averaged from 20 samples of pressuresiot represent the actual slope in the neighborhood of

taken during 2 sec. a=1.2for Cp andC,,. Similarly, to get predicted data
ata = 20.0, the slope between the actual data at1.2
Angle-of-Attack Interpolation Procedure and and 21.4 is again used with the same shortcoming, that
Data Repeatability for Wind Tunnel does not represent the actual slope in the neighborhood

of a = 2(. Apart from these isolated points, the interpo-
lation procedure appears adequate, and the repeatability
between runs appears to be on the order of
A,C, 0+0.02, which is comparable to the nominal bal-
ance uncertainty of\,C, [0+0.016. The other differ-
ences inCy andC, again&;  are all comparably
fsmall and may actually be due to the differenceS,in

As mentioned, the angle-of-attack instrument, which
was located aft of the model sting, was unintentionally
shifted during the test. This incident changed the value of
a at which most of th@-polars were taken. While inter-
polating data for thex-polars at zero sideslip is not a
problem because data were typically taken every, 2.0
interpolating the sideslip data taken at discrete values o
o was more problematic. For examepolar data were Repeatability for lateral-directional properties in
taken for the first nose-ring-only configuration at the sideslip are highlighted in figure 7 for the original and
expected nominal angles of attack of 282, 36°, and repeat nose-ring-only data without any interpolation. The
40°. However, with the shift in the instrument, all data difference ina between the two sets of data averages

3



about 0.9. The comparison is refined in figure 8 by the pressure data acquisition was 10 samples/sec, and
interpolating the repeat detepolars atn = 37.4 and the 10 samples were averaged to create the data point. Refer-
just shown data att = 41.2 to the original value of ence 7 contains additional details. The data reported
a =40.4. Bringing the values ofi into agreement by  herein were taken with the thrust-vectoring system
interpolation does improve the agreement, and theinstalled on the aircraft.

differences shown in figure 8 are representative of the

repeatability when retesting a given gritting pattern. Data Repeatability for Flight

The comparable repeatability in pressure coefficients  The flight data itself will be expected to have some
between the original grit ring data and the interpolated yncertainty due to repeatability. The first series of com-
values of the repeat grit ring are summarized in figure 9parisons is for nominal values af= 3¢, 35, and 40.
for the forebody pressures and in figure 10 for the LEX whijle flight data for repeat points are not available for
pressure stations. The angles shown for the comparisopositive values off anda = 4@, they are available for
are those for the original grit ring data= 20.2, 30.3, negative values d8. Figure 12 illustrates the flight data
35.#4, 40.3 and ata J40.3 for values off = 4° and  repeatability comparisons for the four forebody stations,

B=8° It is also important to note that the interpolated while figure 13 illustrates the comparable differences for
repeat run data foilC, appear to be acceptable athe LEX pressure rows.

a =20.2. In fact, an alternative extrapolation method of

linearly extrapolating tm = 20.2 from existing data at As shown in figure 12, the forebody comparisons
a = 21.#4 and 25.4 gave virtually identical results. Con- for a = 30 display reasonable repeatability with
sequently, the paper will present pressure comparisonddrCp [0+0.05. While some of the points used to estab-
between both wind tunnel sets of data and flight data atlish flight repeatability have differences in values of

a = 20° because of the acceptable repeatability of theseRe;, these differences are not expected to impact the
data in figures 9 and 10. assessment of repeatability for the following reasons.

L o First, the values oRe. are large. Second, comparable
As shown in figure 9, the repeatability in the values 4repody data of Lamont, discussed in the next section,
of forebody Cp appears to be on the order of ghoy no sensitivity to comparable change®Ri. The
A,C,0+0.05 for most of the cond'ltllons a'nd pressure yata forRe. = 10.3x 1% at station FS 184 include only
ports. For the most extreme conditions displayed, that,5j,es forf < 180 because of a malfunctioning pressure
of a = 40 andP = 8 (fig. 9(f)), however, there are  y5qyle. At a nominal value of = 35, the differences in
larger differences at FS 184 in the leeward regionc g generally on the same order as dor 30.
18C° <8< 247, where differences become as large as Fgr the forebody pressure coefficients @t= 4C,
A C,U20.2. The LEX pressure data in figure 10 A ¢ 0+0.1in the attached flow regions near the sides
suggest that differences are generally less thangs ine body, wher® = 105 and 258 at FS 85, and in
AGC 0+0.1. regions of the vortex suction peaks for FS 85. Similar
o ) ) differences are seen in the regions of vortex suction
Description of the HARV Flight Vehicle peaks® = 160 and 200 at FS 142. The examples for

The flight tests were conducted at Dryden Flight Sideslip conditions show differences generally on the
Research Center by using the F-18 HARV, as reported inorder of half a symbol width, &0.05.
references 6 and 7. The HARV, which is shown in
figure 11, is a highly instrumented preproduction single-
place F/A-18 airplane that was modified from the Navy
preproduction spin test airplane. Its wing has both
leading- and trailing-edge flaps that are scheduledavith
and M_. At values ofa =226° andM_ <0.76, the
leading-edge-flap deflection angle goes to a maximum .
value of 34, and the trailing-edge-flap deflection angle Reynolds Number Effects on Smooth-Sided
goes to 0. The HARV was flown without stores and the Forebodies
wing-tip missile rails have been modified to carry camera
pods and wing-tip air data probes. The data to be
reported herein have been acquired since thrust vectorin
was added to the airplane.

A similar comparison sequence is found for the LEX
pressures shown in figure 13. In this case, however,
ArCpO0+£0.1 ata = 30°. At higher values ot and for
the nonzero values @, differences inCp for the rear-
ward two pressure stations are as highgSp 0+0.2.

The value of Reynolds number at which a smooth
ody is tested determines, to a large extent, the strength
f the vortices shed and, consequently, the magnitude of

direct forces acting on the forebody (refs. 8 through 12).
The pressure data were acquired by using onboardHowever, because of the potential of nonlinear vortical

electronically scanned pressure transducers, and the datateractions between the forebody and subsequent vorti-

were transmitted to a ground station. The sample rate oftes formed over the LEX's or main wings, Reynolds
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number effects over the forebody may have significant Figure 16 compares the planform of the model used
impact on the longitudinal and lateral-directional stabil- by Lamont to the forebody planform of the F/A-18. As
ity of a full configuration (ref. 13). seen in the figure, the planforms of these two bodies are
similar, and one might expect their behavior to be
related, given the success that researchers have had in
correlating forebody planform and the onset of vortical

As a first look at Reynolds number effects on
smooth-sided forebodies, it is useful to review a work by

Keener (ref. 14). This report contains oil flow, Schlieren, flows (ref. 15) and vortex asymmetries (refs. 12 and 15).

sublimation, and vapor screen photographs concerning, . :
various forebody shapes that were tested at AmegNIth regard to general trends, figure 17 displays the

normal force coefficienCy, ., calculated by using the
Research Center. One .Of the shapes most freoluentl)l’ntegrated pressure over the first 3.5 diameters of the
tested was a tangent ogive mounted on a sting. The tan-

gent ogive had a length-to-diameter ratio of 3.5 and is Lamont body.

designated a “3.5-diameter” tangent ogive. An example  As seen in figure 17, the magnitude of the normal
of the type of oil flow information reported is shown in  force, as expected, depends on lwotind on the value of

figure 14, wheren = 40 and Rey = 0.80% 16. The Reynolds number based on diamet&e. For
two views shown are 13%nd 180 from the windward Re, 00.2x 1, in which the basic flow topology is
plane of symmetry. LP, separation occurs in such a fashion as to result in

strong vortices. These strong vortices result in the large

complicated, and as explained by Keener, highlightsValues gifCNs.so' Iné}he intermediate rangeRé,  from
three basic flow patterns in cross section—a laminar pat-0-4* 10" to 1.2x 10°, the shedding along the aft por-

tern (LP), a transitional pattern (TRP), and a turbulent ion Of the body has ceased to be laminar, and the flow
pattern (TP). In figure 15 are three cross-sectional©oP0l0gy becomes TRP in nature. That is, over the aft

sketches that Keener used to present his model for th@Ortion of the body, laminar separation is followed by
flow patterns associated with LP, TRP, and TP regimes_turbulent reattachment and subsequent turbulent separa-

All three patterns illustrate flow reattachmeR) (ear ~ tON. The strength of the vorticity being shed in these
the leeward plane of symmetry and subsequent Second_transﬁmnal regions is reduced and results in weaker
ary separation (SS). The TRP pattern is the most complivortices and reduced values @, ,.  As the Reynolds
cated. Primary laminar separation (LS) occurs, but theMUmber continues to increase, the LP and TRP regions
separated shear layer becomes turbulent and reattaches §gmPress toward the nose, and the third TP (turbulent)
the body, forming a confined bubble region (B). The topology appears and begins to increase its extent and

flow subsequently undergoes turbulent separation (TS).nfluence. Because the resulting vorticity shed in the TP
Near the end of the ogive, where the local diameter is"®9/0N IS stronger tha}n that in the TRP region, once again
greatest, the effective Reynolds number is high enoughtn€ values oCy, ., increase.

for the boundary layer to have a transition before laminar

separation can occur, which results in the TP pattern.,.qq re distributions of Lamont to better understand the
Thus, no separation bubble forms, and the flow separateyeaiis of the Reynolds number effects. For the current

ina TS manner. F/A-18 wind tunnel data, the value of Reynolds number

As will be developed, each of these flow based on mean aerodynamic chdRe, s typically
topologies—LP, TRP, and TP—involve different separa- 1.4 1, and an effective forebody Reynolds number
tion locations and vortex strength progression in the Rey can be calculated based on vertical height of the
streamwise direction. For this particular example, the fuselage at FS 184, which is 2.96 in. for the 0.06-scale
length of the laminar region is very similar to that of the model. Therefore, iRe, = 1.4x 1¢, a value dRey
transitional region. All three regions are present andappropriate for the forebody @5 x 1¢.  The most sim-

important in higha flight of the full-scale vehicle. ilar Lamont data are foRe, = 0.4x 10°, and the level
of normal force grows aske, increases from that

During the late 1970’s, Dr. Peter Lamont tested \q1ue. The upper value oRe, can be based on a

a pressure-instrumented, 2.0-diameter ogive-cylinderypical flight value of Re. = 10x 1P, which yields
model in the Ames 12-Foot Pressure Wind Tunnel. DataReD 03.6x 1 and is similar to Lamont data at

from this entry were summarized in reference 2, as arere_ = 3.9x 1. Consequently, for the present illus-
details about model installation and instrumentation. tration, Lamont's pressure data that will be shown are for
However, the bulk of these pressure data has never bee|§'qeD = 0.4x 1®, 3.0x 1, and3.9x 1P am = 20,
published. Some additional data from Lamont are Pre-30°” and 40.

sented in this paper, courtesy of Jerry Malcolm and

Lewis Schiff, who shared the original data files with One difference between the data at the various val-
Langley Research Center. ues ofRey in figure 18 is in the values bf . For the

As seen in figure 14, the oil flow pattern is quite

It is instructive to look at some of the individual
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lowest Reynolds number dati] , = 0.11, and for the the body is attributed to vortex shedding between these
higher Reynolds number datsl,, < 0.28.  Nevertheless, two stations and the subsequent movement of the vorti-
these different values oM, are all sufficiently low ces away from the body. A similar character will be seen
enough that the normal component of Mach number rela-in the F/A-18 data described later in the paper.

tive to thebody< 0.18, where Polhamus (ref. 16) deter-
mined that compressibility effects begin for two-
dimensional cylinders in cross flow.

The final data comparison far = 4C (fig. 18(c))
shows the most dramatic differences. At this higher angle
of attack, theRey = 0.4x 1® data are behaving as

Figure 18 plots these data of Lamont at pressure rowthough their effective Reynolds number were decreasing.
locations that correspond most closely to the F/A-18 (See ref. 16 for the effect af on effective Reynolds
pressure rows based on figure 16. The only exception igaumber.) This trend of more laminar flow indicates that
that Lamont's most similar station to FS 184 would be the larger vortex suction peaks at stations 0.75 and 1.25
the row atx/D = 3.5; however, for these conditions, are remnants of stronger vortex shedding that occurred in
Lamont data were apparently lost due to a malfunction-the laminar region upstream of these stations. These suc-
ing pressure transducer. Consequently, data taken at th#on peaks are actually more pronounced than the turbu-

next pressure station @D = 4.0 will be shown instead.  lent high Reynolds number peaks seen for the higher
values ofRey. The vortex suction peaks in figure 18(c)

The Lamont data fom = 20° are presented in  are again smaller in magnitude at station 4.00 than at
figure 18(a) and illustrate that for the first two stations, station 2.50 for the two higher values Rép. The two
0.75 and 1.25, there are not any noticeable Reynoldsjata sets at the higher values Rép are again nearly
number effects. Nevertheless, at the last two stationsjdentical.

2.50 and 4.00, it is clear that both the data with i )

Rep = 3.0x 10 and3.9x 16 have stronger forebody The data of Lamont can be helpful in understanding
vortex suction footprints near azimuthal locations the flow progression that may occur over the F/A-18
0 = 160 and 8 = 200 than do the data for forebody when the Reynolds values change from con-

ventional wind tunnel Reynolds numbers to flight
Reynolds numbers. However, there are some differences
in geometry between the Lamont model and the F/A-18
Fora = 30 (fig. 18(b)), differences appear in the forebody. First, as shown in figure 4, the cross sections
attached flow suction peaks @t 100 and 260 at sta- of the F/A-18 forebody are not circular at FS 142 and
tions 0.75 and 1.25. These differences in the attached=S 184. Second, in the F/A-18 full configuration, the
flow region are in the expected direction because theforebody is canted down 5.@o provide the pilot with
higher Reynolds number boundary layer is expected toincreased visibility.
be thinner. This thinner boundary layer would result in
less growth in the boundary layer displacement thicknessWith
and would lead to an “effective” radius of curvature in
the cross-flow direction closer to the value of the circular
geometry. This smaller effective radius of curvature
would result in the higher attached flow velocities, and
consequently, in the more negative value€ gf Notice-
able differences also appear at Lamont station 1.25 with
the larger Reynolds number data showing slightly more
suction for 150 <8 < 210. At Lamont station 2.50, very

Rey = 0.4x 16. The vortex suction footprints at sta-
tion 4.00 clearly are stronger than those at station 2.50.

If the F/A-18 generally follows the Lamont trends,
the above limitations in mind, the following might
be expected when Reynolds number values change
from the wind tunnel value ofRe = 1.4x1

(Re; 00.4x 1) to the flightlike values of
Re; = 10.0x 16 (Rey 03.6% 1(55). Effects at FS 85
and FS 107 should consist of modest differences in the
leeward region between 158 8 < 210 and differences

in the attached flow regions ne@r 100 and 260. The

U . g ) differences at FS 142 should be the most dramatic of the
significant differences appear with increasing vortex suc'forebody stations and should illustrate large differences

tion peaks for the two higher valueskéy,. For Lamont in the forebody vortex suction footprints néar 160

station 4.0, there are significant differences between the .
data for Rep = 0.4x 1 and the higheRep data, and 200. The differences at FS 184 should be more

both for the attached flow suction peaksat 8¢ and subdued than those at FS 142 and should consist of more

. negative values ofCp in the leeward region between
280 and for the [eeward vortex suction pe.aks. The two 120 < 0 < 240 and differences in the attached flow
data sets at the higher valuesR, are virtually identi- _

. peaks nead = 9C° and 270.

cal. In contrast to the data for higher valuesRef, at
o =20°, the magnitude of the vortex suction peaks at Of course, these expected differences underscore
06 =160 and 200 at station 4.00 is not as large as those concerns about testing in conventional wind tunnels
at station 2.50. Given that the boundary layer character isvhere the values dRep  are not close to those of flight.
not changing at the higher values Réy between sta-For low-speed testing of largdl/6 scale) models,
tions 2.50 and 4.00, this reduction in vortex suction downvalues of Re, for the forebodies are typically in the
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neighborhood 0f0.3 x 1P an®.4x 1® —that is, on between the windward plane of symmetry and the possi-
the slope toward decreasing values of measured sidéle laminar separation position, which is usually #®
force. The typical “higher” Reynolds number tests asso-120° around the body from the windward plane of
ciated with high subsonic and transonic Mach numberssymmetry, depending on geomethy and Reynolds
with smaller models[{L/15 scale) usually fall very near number.

the 0.8x 1 minimum. Consequently, instead of pre-
dicting the stronger vortex influences that are typicall
seen at the higher values By [#(x 106) associated
with flight at highe, ground tests may be expected to
underpredict the forebody normal forces. Therefore
implementing a successful gritting procedure for high-
testing is important.

In terms of where to position the grit azimuthally
Y between the windward plane of symmetry and the possi-
ble laminar separation location, there are a number of
issues to consider. First, there must be sufficient run
" length along the streamwise direction between the line of
attachment and the position of the grit so that the
Reynolds number based on this run lenigt is greater
That the  forebody pressure data for than0.1x 1. This criterion is necessary for the grit to
Rep = 3.0% 1P and3.9x 16 gave virtually identical  be effective according to Braslow, Harris, and Hicks
pressure distributions suggests that as the value ofref. 18). At a typical value oM = 0.3 for an atmo-
Reynolds number becomes large, the magnitude ofspheric tunnel, the unit Reynolds number per foot is on
Reynolds number effects may become small. During thethe order of1.8x 1¢. A value ofRg = 0.1x 16
presentation of the flight repeatability data, two repeatwould consequently correspond to an effective stream-
points had values oRe;  of.6x 1F  antn.3x 10. line distance of 0.7 in. Because the streamlines moving
These values of Re;  correspond to values of away from the line of windward attachment will have
Rep = 2.7x 1 and3.7x 1P, which are very similar components in both the longitudinal and cross-flow
to the two highest values dRey  tested by Lamont, directions, a conservative placement guideline would be
Rep = 3.0x 1 and3.9x 1. Thus, on the basis of to place the grit at least 0.7 in. in the azimuthal direction
good agreement of these two high Reynolds number datdrom the expected windward line of attachment.
sets by Lamont pressure distributions, the forebody flight
data are expected to be insensitive to differences in
values of Re: in this range of approximateByx 10°

The second issue to be considered is whether or not
the model will be tested in sideslip. If sideslip is

010x 1 required, the azimuthal location of the grit should be
: pushed even farther from the windward plane of symme-

. . ) try. The concern is that in sideslip, the line of windward
High-Angle-of-Attack Gritting Strategies attachment could migrate close enough to the grit on one
side so that the value d?g is no longer greater than

Wind Tunnel Model 0.1x 16 and could lead to the grit being ineffective on

Since most aircraft development programs do not that side and effective on the other, a situation to avoid.

have ready access to facilities that test at full-scale A final issue is that reported in reference 19 for two-
Reynolds numbers early in the program, the challengedimensional cylinders in cross flow. Patterns that place
for experimental test techniques is to simulate the highergrit in high-velocity regions near the maximum half-
Reynolds number flow during testing in conventional width of a body® [0 90° can result in excessive loss of
tunnels. Classic gritting procedures (refs. 17 and 18)boundary layer momentum and can lead to premature
were developed with the assumptions of attached flowboundary layer separation. This last issue constrains one
and led to the development of the standard nose ringnot to place the grit too far from the windward plane of
which is sized and located to cause transition in the lami-symmetry because of this potential excessive “grit drag”
nar boundary layer flow in the longitudinal direction. when the grit is placed too close to the attached-flow,
maximum velocity region. Excessive “grit drag” would
manifest itself as too much normal load on the forebody.
Data confirming excessive “grit drag” due to a global grit
pattern that had grit throughout the regions of maximum
velocity are illustrated in reference 20 for an ogive-
cylinder test.

However, when slender bodies are at moderate-to-
high values ofa, the flow about the bodies becomes
more aligned to the cross-flow direction than to the lon-
gitudinal direction (ref. 14), and flow patterns in the
cross-flow direction will be similar to those of figure 15.
In the wind tunnel, with its lower values of Reynolds
number, the laminar and transitional topologies will Consequently, to optimally place grit along a
extend over more of the wind tunnel model than will be smooth-sided forebody to better simulate high Reynolds
the case for flight. Consequently, to simulate the more number, higha flows requires trading off two conflict-
turbulent flow typically seen in flight, it is necessary to ing goals. The first is to push the grit outward, away from
have a transition of the flow in the cross-flow direction the windward plane of symmetry, to give the grit the best
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chance of tripping the flow and to reduce the sensitivity A second alternative, shown in figure 19(d), was to
of the grit to shifts in the line of flow attachments due to retain the baseline pattern and add No. 80 (0.0083-in.
sideslip variations. The second goal is to keep the gritnominal size) grit to the maximum half-width region of
away from the regions of maximum flow velocity, where the forebody. Because the pressure rows could not be
the momentum losses in the boundary layer would becovered, the additional grit pattern was placed in four
more detrimental. blocks on each side of the forebody. One block was
) o located between the nose ring and the pressures at FS 85,
The most successful high-gritting pattern of  {he second block was located between the pressures at
related Langley research (refs. 1 and 20) uses “Wingg g5 and FS 107, the third block spanned FS 107 and
strips,” in which one strip of grit is placed longitudinally gg 142, and the last block was located between FS 142
along each side, in addition to the standard nose ring ofy,q FS 185. A 0.0625-in. gap was left between the exist-
grit. This twin-strip pattern is called the “"baseline” pat- ing twin strips and the four blocks, and the longitudinal
tern in the current study and is illustrated in f|gur¢ 19(a) separation between the blocks was 0.35 in. to keep the
for the 0.06-scale model. The values of the azimuthalgj; 4 distance from the pressure rings. The location of
angle of the strip$, which is measured from the wind-  he top of the blocks was determined by running a line
ward plane of symmetry, change from®#iar the NOS€ " from the forward tip of the LEX to the nose ring along a
to 58 aft near the longitudinal position where the LEX's qonstant azimuthal location. The intention of this “side”

begin. Near the nose at FS 85, the center of each Wihattern was to assess “overgritting” the forebody.
strip is about 0.75 in. along the surface in the azimuthal

direction from the windward plane of symmetry, which A third alternative, illustrated in figure 19(e), was to
is just beyond the 0.70-in. criterion for the present testmodify the twin strips of the baseline pattern with nar-
conditions. At FS 107, 142, and 184, the twin strips arefower twin strips at the same azimuthal location. The

respectively 1.0, 1.4, and 1.5 in. from the windward baseline pattern was approximately 0.25 in. wide,
plane of symmetry. whereas the narrower strip was approximately 0.13 in.

wide. The purpose of this gritting alternative was to

The standard nose ring is retained to cause a flowdetermine whether the data were sensitive to the strip
transition in the longitudinal direction at low angles of width.
attack whereas the twin strips cause a flow transition in . I
the cross-flow direction at higher angles of attack. The A fourth alter_natlve pattern evaluated,'shown in fig-
baseline, highe pattern uses No. 180 (0.0035-in. nomi- Ure 19(f), was with the nose ring only. This pattern was
nal size) grit for the twin strips, which are approximately actually run twice—before and after the highgritting .
0.25 in. wide, except close to the nose where they narfatterns. These. data were also used to assess repeatabil-
row, and No. 90 (0.0070-in. nominal size) grit for the ity for the experiment.
nose ring, which is about 0.12 in. wide and is 1 in. back i i
from the nose tip (along the surface). Figure 19(b) illus-  Flight Vehicle
trates the baseline gritting pattern. The No. 90 gritin the A unique opportunity to gain further insight into the
nose ring was sized on the basis of reference 18, and theffects of highe gritting occurred when a high-gritting
No. 180 grit in the twin strips was determined, on the pattern was applied to the HARV vehicle during the
basis of the changed character of the pressure distribueourse of the flight test program (ref. 21). The grit pattern
tions, to be sufficiently large to cause a transition in the was similar to the “twin strip” portion of the baseline pat-
flow for M = 0.3, even though No. 90 grit would be a tern used for the 0.06-scale model. For flight, however,
more usual choice, based on reference 18. the twin strips were located 8Gbove the windward

. . . lane of symmetry, as shown in figure 20. The grit was
Several alternatives to the baseline, higlpattern P y y ¢ g

| lored. The fi | . h . No. 36 (0.0232-in. nominal size), and the longitudinal
were ~also -expiored. T e st _alternative, shown In strips were only 0.13 in. wide. The strips extended from
figure 19(c), was the baseline pattern plus No. 180 grity j, pack from the nose tip to just below the LEX apex.
forward of the nose ring. For this pattern, a 0.0625-in.

gap was left between the nose ring and the forward grit.
The additional grit pattern extended forward to within
0.12 in. from the nose tip. Another 0.0625-in. gap in this The order of data presentation will be as follows.
forward grit addition occurred at FS 70, where there is First, the effects of gritting on pressures in flight will be
another pressure row in the forebody, which was notsummarized to highlight the effects that gritting might
active for the current test because of a limited number ofhave in the wind tunnel. Second, wind tunnel pressure
pressure modules in the model. The purpose of thisdata with baseline higb-gritting and with the nose-ring-
“frontal” addition was to locate the transition of the only pattern will be compared to ungritted flight pressure
boundary layer as far toward the nose tip as possible.  data. Next, comparisons will be made for the baseline

Discussion of Results
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pattern plus frontal gritting, the baseline pattern plus sidetrend for these differences. Furthermore, the magnitude
panels of grit, and the baseline pattern using narrowerof these differences irC at all three stations is on
twin strips. the same order as the repeatability data of figure 13,
A,C, 002,
Summary of Gritting Effects in Flight
. . To summarize, the effect of a highgritting pattern
numi\(/eig, tfg?gi%g E[?:ngil'g:; (tjg tg ea\r/sitr?i; r:f:h sseil)?cilﬁes in flight is to increase the strength of the forebody vorti-

forebody tip by gritting showed a definite impact on the ces at FS 85 and 107. However, the strength at FS 142 is

: : duced, possibly due to vortex shedding. The pressure
forebody surface pressures. As pointed out by Flsher,re S . =
Del Frate, and Richwine in reference 6, the reason fordlstnbutlon at FS 184 seems to be insensitive to the pres-

this impact is that, even in flight, there is evidence of ence of gritting. There is no consistent trend in the LEX

laminar separation bubbles and turbulent reattachmenP €SSUres resulting from the gritting.

nearly as far aft as FS 107 at high valuesi.o€Conse-

qguently, when gritting is applied to cause transition of the Baseline P Nose-Rina-
boundary layer flow close to the tip, which is at FS 60, Pgtstzrl:zng\t;?ignhtclgir;gared to Nose-Ring-Only
the flow topology over the first 40 or 50 in. of the air-

plane can be altered. The first pressure comparisons are for the wind tun-

The comparisons of grit-free and gritted-flight fore- nel data using the baseline gritting pattern compared to
body and LEX pressures are shown in figures 21 and 22the nose-ring-only data and to the flight data. The fore-
The flight data with grit were not taken for the full range body pressure comparisons are shown in figure 23. For
of angles of attack. For comparison to the wind tunnel a = 20° (fig. 23(a)), the gritted and ungritted data for the
data, the two closest values of angles of attack arewind tunnel (the solid and dotted lines) fall very close to
a = 35° and 458. The forebody pressure comparisons are each other. The wind tunnel data, however, appear to
summarized in figure 21 at these two valuesiofThe have differences with the flight data in the attached flow
agreement between grit on and grit off is quite good for regions 90° <8< 120° and240°<6<300° for both
a = 35°, with the exception of the vortex suction peaks at FS 85 and FS 107. In these regions the flight pressure
FS 107, figure 21(a), which occur @&t 165 and 195 coefficients data are more negative than the tunnel val-
and at FS 142, which occurtt 160 and 200. For the ues. The flight data at FS 142 contain pressure spikes due
more forward location, the vortex suction peaks are to the presence of antenna covers on the flight forebody
stronger for the grit-on case, while the reverse is true at(ref. 7) in the vicinity ofd = 95 and 268. These flight
FS 142. The stronger vortex suction at FS 107 would bepressure perturbations in these regiond wfll be appar-
expected on the basis of general Reynolds number arguent at all values aft andp. The presence of the gun bay
ments; however, the reduction in the suction at FS 142vents for the flight vehicle (ref. 7) at FS 184 is the reason
may result from the stronger vortices at FS 107 sheddingthat there are no flight pressure data@dk 6 < 48° and
earlier from the body. Interestingly, vortex shedding 312°<8<360° and may be the reason that there are
from the model of Lamont also appears to be occurringdifferences in the pressures between flight and tunnel
between the comparable stations 2.50 and 4.00. data for the regiond8°<0<90° an2l7/0°<0<312

Data fora = 45 are shown in figures 21(b) and (c) at some of the higher valuesaf

and indicate similar results for both no sideslip and side-

lip. [ . .
slip. At this value ofr, however, the stronger forebody and tunnel data continue to be apparent in the attached

vortices with gritting are now apparent even for the . ~
FS 85 station, where the vortices footprints are larger, asﬂow pressure regions nedr= 105 and 253 at FS 85

: : : d FS 107. A discontinuity appears in the baseline data
evidenced by the increased suction pressures on the led" _ & .
side neai® = 160 and 200. At FS 107, the contrast in ate = 72 at FS 107 and & = 9C' at FS 142, which are

. . tly bad pressure ports for the baseline pattern
the suction pressures between the gritted data and th&Pparen . .
ungritted data is even larger tharoat 35°. There is still runs. For both figures 23(a) and (b), the flight data appear

a reduction in suction peak at FS 142. The data at FS 18110 have had more highly accelerated flow about these

seem to be rather insensitive to the presence of the gritpressure minimums than do the tunnel data. These differ-

The same trends hold far= 45 andp = 4°, as shown in ences could be due to the higher Reynolds number of
figure 21(c) ' flight, as was expected on the basis of the Lamont data,

or they could be due to repeatability differences in the
The LEX pressure distributions are illustrated in fig- data. Unfortunately, there is not enough statistical infor-

ure 22 and contain some differences between the no-gritnation for either the flight or wind tunnel data sets to

and twin strip flight data. However, there is no definite more properly quantify what the error bars should be.

Fora = 30 (fig. 23(b)), differences between flight
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At FS 142, the utility of the baseline grit pattern is than did the forebody pressures. These values were
already apparent in that the grit-ring-only data show no A;C, [0+0.1 for the wind tunnel and\;C, 0+0.2  for
evidence of vortex suction peaks on the leeward side neathe flight data.

0 = 160 or 200, while the baseline pattern clearly simu-

lates the presence of the suction peaks, even though their Figure 24(a) compares the two tunnel data sets to
strengths are underpredicted. At FS 184, the nose-ringflight data fora = 20° andp = °. In this figure the nose-
only data are more negative than the baseline data andng-only data and the baseline data are virtually identi-
match the flight data better. These differences at FS 184cal, as was the case for the forebody pressures. Both sets
between the wind tunnel data, however, are within theof data, however, display values 6f,  that correspond
level of repeatability established for the forebody, to less suction underneath the LEX vortices than do the

AGC 0+0.05. flight data. The level of mismatchﬁcp 0+0.2, could
o S _ be reduced at FS 253 if the wind tunnel data were simply
A similar situation is seen fax = 35 (fig. 23(c)).  switched from left to right sides. Such a switch could be

Again, differences are seen between the flight and windjystified on the basis that these LEX pressure asymme-
tunnel data for the attached flow pressure minimums Nealfries, which are assumed to be the result of random geo-

6=105 and 258 at FS 85 and FS 107. The vortex suc- metric differences left to right, could have been just as
tion peaks at FS 142 are again better represented by thgasily in the opposite sense for either the HARV or the
baseline data than by the nose-ring-only data. While theg 0g-scale model.

wind tunnel baseline gritted pattern underpredicts the

ungritted, flight vortex suction peaks, the baseline gritted  The pehavior forr = 30 (fig. 24(b)) is similar to
peaks are nearly identical to those shown in figure 21(ajnat fora = 20°. Here the utility of switching the flight

for the gritted flight data at FS 142 for = 35. At gatq left to right is even a little clearer as the agreement
FS 184, itis not clear which pattern matches flight better.yoyig pe improved at both FS 253 and FS 357. At
The nose-ring-only data seem to agree better with therg 357, hoth tunnel data sets show comparable suction

flight data for 0 < 6 < 180, while the baseline pattern  ngerneath the LEX vortices in comparison to the flight
data agree better for 188 6 < 360. In general, all dif-  §ata.

ferences are within the uncertainty seen in the respective

tunnel or flight data except for the vortex suction peaks at At o = 35 (fig. 24(c)), the tunnel data begin to con-
FS 142. Clearly, the baseline twin strip pattern is doing ag;stently approach the levels of suction found in flight at
better job of simulating the flight pressures for these very o selage stations and, again, would agree better if the
prominent features than is the nose-ring-only pattern.  \\inq tunnel data were switched left to right. As men-

The data foo = 40° andp = (7, 4°, and 8 are high- tioned earlier, the flight data and the wind tunnel data are

lighted in figures 23(d) to (f) and substantiate the benefits€XPected to have respective uncertainty due to repeatabil-
of the baseline gritting pattern. Apart from the known 'ty Of #0.2:andt0.1 in their values oCp.

bad orifices at FS 107 arfii= 72 and at FS 142 and . .

8= 90, the baseline pattern more accurately simulates . 1h€ comparisons fax = 4C° andf = (7, 4°, and 8
both the suction peak magnitudes and leeward side presf19S- 24(d) to (f)) show that both sets of wind tunnel data
sure gradients for FS 142 and FS 184. A significant dif- generally follow the trends from flight. Sometimes the

ference between the two wind tunnel data sets is seen fofigh-0 gritting data appear to match flight data better,
B = -8 (fig. 23(f) at the attached flow pressure peak a_nd sometimes the g_nt—nng—o_nly data appear to mqtch
neard = 240. The nose-ring-only pattern clearly over- flight data better. While the differences at some orifice

predicts this suction peak, compared to the baseline patl0cations between the tunnel data are sometimes larger
tern or to the flight data. than A, C, 0.1, there are no systematic trends favor-
ing one pattern over the other.
The corresponding data for the LEX pressures are

shown in figure 24. Interpreting the LEX pressure data Force and moment comparisons for the wind tunnel
for the F/A-18 can be more difficult than the forebody data with the baseline grit pattern and the nose-ring-only
pressures because of asymmetries in the pressuregattern are given in figures 25 and 26. The longitudinal
between the left and right LEX’s. These asymmetries, properties (fig. 25) show very little difference between
which will appear in both the flight and wind tunnel data, the two configurations. In fact, the only noticeable differ-
probably arise from geometric asymmetries, left to right, ences occur with an apparent pitch-up tendency for the
over either the forebody, the LEX’s, or both. When inter- nose-ring-only pattern. This “trend,” however, may sim-
preting the data, it is also important to remember that theply be variation in the data due to the balance and will be
pressure coefficients over the LEX’s generally had some-discussed in more detail in the section entitled “A Closer
what larger values of uncertainty due to repeatability Look at Longitudinal Forces and Moments.”
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The lateral-directional comparisons foe= 3C°, 35, the same order as the uncertainty in the flight data,
and 40 (fig. 26) illustrate that the differences between A;C,[+0.2, at these more severe conditions. Neither
the baseline gritting data and the nose-ring-only data arepattern is consistently closer to the flight data than
sensitive toa. For example, in figure 26(a) for = 30, the other for all then and B combinations shown in
differences are small and are on the order of the repeatfigure 28.
ability differences previously shown in figure 8, where
data were available only far = 4C°. At a = 35, how-
ever, some significant differences are beginning to . o _ -
appear in the values &,  with the baseline data being€Nc€s I the longitudinal properties occudp. Again,
more linear and exhibiting more lateral stability, where these differences will be discussed in more detail in
lateral stability is defined as a negative slop€pf  with the section entitled A Closer Look at Longitudinal
B. At a = 40, these differences are even more pro- Forces and _Moments. The qnly significant differences
nounced with the baseline grit data being more stable andOr lateral-directional properties are fdar, ~ where a

linear than the grit-ring-only data for values|pf > 2°. nonlinearity in the baseline pattern betwger 0" and
B = -2° is eliminated by the addition of the frontal

pattern.

The force and moment data for this comparison are
shown in figures 29 and 30. The only noticeable differ-

Comparing Baseline to Baseline Plus Frontal Grit

Pattern
] ] ) ) ) Comparing Baseline to Baseline Plus Side Panel
The first alternative grit pattern comparisons will be Grit Pattern

for the baseline pattern with additional No. 180 grit

ahead of the nose ring, or what is called the “baseline  The next alternative grit pattern was to add grit onto
plus frontal” grit pattern. On the basis of the effects of the side of the forebody above the position of the usual
earlier transition to fully turbulent flow seen in flight for twin strips (fig. 19(d)). This “side” pattern was intended

a = 35 and 48, one might expect to see stronger vortex to simulate having grit in the region of maximum
footprints at FS 85 and FS 107, with possibly weaker attached flow velocity along the sides of the forebody.
vortex footprints at FS 142. For the present wind tunnel This pattern is an opportunity to determine whether hav-
data atx = 20° (fig. 27(a)), the baseline-plus-frontal and ing excessive grit (“overgritting”) in the areas of maxi-
baseline data sets agree within the repeatability of themum flow velocity leads to the detrimental effects found
data, which was illustrated in figure 9. Apparently there by Nakamura and Tomonari in reference 19. The fore-
is not enough forebody vortical flow at this low value of body pressure data are summarized in figure 31. In this
a to be influenced by the presence or absence of the froncase, there are minimal differences between the grit pat-
tal grit. At values ofr = 3¢° and 38 (figs. 27(b) and (c)), terns fora = 20 and 30, and these differences are
grit in front of the grit ring does, as expected, a more within the scatter of the sample repeatability data (fig. 9).
effective job of causing transition in the flow upstream of At a = 35, however, the vortex suction peaks for the
the ring, as evidenced by larger vortical suction peaks inside panel data at FS 142 begin to show more negative
the first forebody pressure ring at FS 85. There is nosuction peaks than do the baseline peaks and agree better
clear impact at FS 107; therefore, this is a difference overwith the flight data. At FS 184, however, there is a little
what would be expected based on the flight data withdegradation of the agreement in the region about
gritting. Interestingly, as shown in figure 27(d) for 6= 12C with the side grit. Ala = 40 andf = °, the

a = 40°, the same decrease in forebody suction footprintdata with side panel grit overpredict the vortex suction
occurs at FS 142 as was the case for the flight data witrstrength at FS 107 and FS 142 and continue to deviate
gritting. In general, there is better agreement between thdrom the flight data at FS 184. For the sideslip data at
baseline gritting pattern and flight data without grit than o = 4C0°, the differences with the baseline data increase,
between the baseline plus the frontal grit and the flight as does the mismatch with flight data. As expected on the
data without grit. basis of the Nakamura and Tomonari paper, modest

i i decreases in the magnitude ©f in the attached flow
The corresponding comparisons for the LEX pres- yegions are beginning to occur @it 7¢° and 240 for
sures are highlighted in figure 28. Here, however, differ- £5' 142 and & = 120 and 240 at FS 184.

ences between the baseline plus frontal grit and the

baseline pattern are not as obvious as with the forebody = The corresponding LEX pressure data are shown in
pressures. Furthermore, the differences between the twdigure 32. Wind tunnel differences less than the nominal
gritting patterns are well within the wind tunnel repeat- A;C, [+0.1 are seen until the case af = 40° and
ability uncertainty ofA,Cp 0+0.1 for nearly all the B = 8°. At this condition (fig. 32(f)), some consistent
and 3 combinations. The differences for the data corre- differences on the windward, or right LEX side, occur
sponding tax = 40 and3 = 8 at FS 296 ang/s = 0.6 between the side panel gritting pattern and the baseline
(fig. 28(f)) are outside this uncertainty level and are on gritting pattern and the flight data. The data with side
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panel grit show stronger vortex suction on the windward sets were interpolated to have identical values, @iver-
side at all three stations. Whether this difference is due toages and differences could be calculated.
variations in the flow state at this extreme condition or to
the grit pattern is not clear. In either event, the baseline  The average calculated was for the baseline grit pat-
data do agree more closely with the flight data. tern and the grit pattern with narrower strips. Because
these two patterns gave very similar results in pressure
data, it was concluded previously that the two patterns
were both indicative of how the baseline grit pattern
hi . . . . performs. Next, these averaged values of the baseline
igh-a that will be examined more in a later section. For L

pattern were subtracted from all six gritting patterns—the

the lateral-directional characteristics, the rolling-moment . . ;
data suggest more lateral stability with the side panel gritbaSGIIne pattern, the baseline pattern plus the f_rontal grit,
the baseline pattern plus the side grit, the baseline pattern

and its associated stronger forebody vortices in the rang%vith narrower twin strins. and the two applications of the
of |B| <4°. The yawing-moment data, already direction- bs, PP

ally unstable because of its negative slope, exhibit only a/°S€-1iNg-only data. The resulting differential longitudi-
y 9 Pe, Y &al properties, denoted BdC,, d0C,, alcL,, are

modest increase in the magnitude of instability. presented in figure 39

The force and moment information is shown in fig-
ures 33 and 34. The longitudinal data in figure 33 show
very little differences except for a pitch-up tendency at

Comparing Baseline to Narrower Twin Strips

The respective uncertainties in these components can
Pattern

be calculated by using the Langley calibration of the bal-
In order to determine whether there was an impactance and the trigonometric relations betwegg, C,

due to the width of the twin strips themselves, an alterna-andC, , C. This simple process results in the following

tive pattern was selected with 0.13-in. wide strips in con- values as a function of:

trast to the 0.25-in. wide baseline pattern (fig. 19(e)). An

examination of the forebody pressure data in figure 35

reveals few differences and is essentially within the a, deg ACL ACh AChy

bounds of repeatability shown in figure 9. The same 20 0.0179 0.0067 0.0021
result seems to be the case for the LEX pressure datp 30 .0165 .0096 .0041
seen in figure 36. The data fall within the deduced 40 0146 0122 0041

repeatability band for the LEX'sACp0+0.1.  The

agreement in the force and moment data (figs. 37 and 38)

is acceptable, even though the pitching-moment dataGenerally, the repeatability of the balance is expected to
show some differences, which will be discussed furtherbe better than its total uncertainty. While the plots for

in the next section. 6C, and dC, indeed show less variation than the
uncertainty bands, which are shown by the heavy lines in

A Closer Look at Longitudinal Forces and figure 39, the variation in the data f6C,,  seems to be
Moments as large or larger than the uncertainty bands. Some varia-

Ition is assumed to be due to the balance itself or to the
perating procedures in the tunnel. For example, the data
om the baseline pattern and the baseline pattern with

narrower strips exhibit differences 8C,,  on the order

of 0.01 ato = 3C°. These two patterns give virtually iden-
tical pressure data and should be considered effectively
as repeat runs. On the other hand, some of the differences
in 8C,, are believed to be systematic.

Because of the differences seen in the longitudina
force and moment data when plotted to the scales show
before, further data analysis was necessary. First, instea
of plotting C;, versuC, oIC, versu§_, itis more
straightforward to graph bot@,, argy as functions
of a, which was estimated to be repeatable to within
+0.02. Second, instead of plotting the full values@f,

Cp, andC_,, the data trends become clearer vi'efor
each of these variables were analyzed because, in this

manner, the scales can be magnified. To help identify systematic trends and to reduce the

scatter within figure 39, the data were condensed further.

These modifications to the longitudinal force and For this next representation, the two data sets represent-
moment coefficients were accomplished by taking the ing the baseline pattern—the baseline data itself and the
following steps. First, all data were linearly interpolated baseline with the narrower strips—are averaged. The two
to one set of values fer, which began att = 22.5 and repeat runs with the nose-ring-only data are also aver-
increased by increments of 2.6ntil a reached a maxi- aged. Finally, as representing additional grit, the data
mum of 48. This range ofx ensured that all data sets representing the baseline plus frontal grit and the base-
would have close neighboring points for the interpolation line plus side grit are averaged. The resulting compari-
process throughout the range. Second, once all data sons are shown in figure 40.

12



The differences in the plots &fC;  versasand FS 142 would be similar to what appears in the Lamont
dC, versusa are well within the uncertainty lines data and in the gritted versus ungritted flight data. The
However, in the plot 0bC_, versus trends appear that baseline pattern plus side grit was expected to have some
are still larger than the uncertainty expectations but thatnegative impact on the comparisons. At the values of
are consistent with gritting expectations. First, by virtue a = 40°, the vortex suction peak magnitudes were over-
of the differencing imposed to calculate the value3xf predicted with the side grit added.
the average of the baseline data and the baseline data
with narrower strips is zero over the entire range: of
Second, the data from the extra gritting, added to the
baseline pattern, result in more positive value$0f,
starting at aboutn = 25 and reach a plateau near
a = 30°. The more positive values 6C,  would be con-
sistent with more grit drag or with the stronger forebody
vortices evident with the additional grit. Third, while
showing more positive values &C,,  updo= 32.5,
which is attributed to random variation in the data, the
nose-ring-only data show significant negative increments
beyond that value ofi. These negative increments at
higher values ofi are attributed to the lack of effective- Knowing where to place the high-grit longitudi-
ness of the nose-ring-only pattern in causing transition tonally could improve the agreement with flight data.
the turbulent flow topology. Consequently, the nose- However, the present research program did not pursue
ring-only pattern not only does not simulate the strongerthis additional degree of freedom for a practical reason.
vortical flow seen in flight, as evidenced by the previ- The longitudinal position along the flight vehicle where
ously presented pressures, but also does not simulate thime fully turbulent flow topology begins will be a func-
slightly greater pitching-moment values associated withtion of angle of attack with the farthest aft cases corre-

The attached flow suction peaks did not become
more negative with high- gritting patterns as would
occur with a true increase in Reynolds number. The pres-
ence of the grit in the cross-flow direction can change the
boundary layer character to fully turbulent, but it cannot
replicate the higher energy and thinner boundary layer
that occur for flow at high Reynolds number. While a
low Reynolds number test with grit can do a better job of
simulating higher Reynolds number flow than ungritted
data, it remains an approximation to the actual high
Reynolds number flow seen in flight.

the baseline gritting pattern. sponding to the highest angles of attack. Consequently,
trying to optimize longitudinal location would require
Summary Remarks on Gritting Results changes to the grit pattern for different angles of attack.

Referring to the discussion of Reynolds number These changes were not considered desirable because of

. . . the time required to change the grit pattern. The recom-
effects on the smooth-sided forebodies of Lamont, it Wasorendation of the current work is to generally start the

gﬁgige\soﬁr datbea:e;eg??rlgngUSrEbSEi;tiQ:ree?fsei?s’ ng;?l win strips at the usual location in which the nose grit
’ ing would be placed.

be larger at FS 107, effects would be dramatic at FS 142,
and effects would be minimal at FS 184. Also, the While differences in the LEX pressure data were
attached flow suction peaks forward on the forebody sometimes larger than the expected differences based on
would also be expected to increase on the basis of theepeatability, no systematic differences were determined
Lamont data. between the gritting patterns. Consequently, with regard
to the flow about the LEX’s, it is not possible to reach
any conclusions concerning the use of one grit pattern
over another or even the usefulness of employing a
high-a grit pattern at all.

The performance of the high-grit patterns some-
times emulated the Lamont data and sometimes did not
For example, virtually no effects were seen at FS 85 at all
with the baseline, higl- grit pattern. By adding frontal
grit to the baseline grit pattern, differences at FS 85 Were~ nclusions
created, but they seemed to show vortex suction peaks
that were stronger than those in ungritted flight data and  The present investigation has explored using new
even stronger than those in the gritted flight data. Thetypes of higha gritting patterns to better simulate the
larger differences at FS 107 between the nose-ring-onlyhigh Reynolds number boundary layers associated with
wind tunnel data and the flight data were actually bestflight in a conventional wind tunnel test with a 0.06-scale
reduced with the baseline pattern. The dramatic differ- model of an F/A-18. To this end, wind tunnel data with
ences at FS 142 between the nose-ring-only data andhe forebody and wing leading-edge extension (LEX)
flight were also reduced best with the baseline pattern.pressures resulting from high-gritting patterns are
The frontal grit data suggest that with its stronger vortex compared to those resulting from a traditional nose ring
suction forward on the forebody, vortex shedding occursand to flight data taken with the High-Alpha Research
between the FS 107 and FS 142 and that this sheddinyehicle (HARV). The need for this technology arises
reduces the suction peaks at FS 142. This reduction afrom the sensitivity of smooth-sided forebodies to
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changes in Reynolds numbers and from the observatiorexpected for data repeatability. This result would suggest
that during most conventional wind tunnel test programsthat the data are not sensitive to the width of the twin
for this configuration, the effective Reynolds number of strips.

the forebody will result in simulating values of normal
force on the model forebody that are less than what
would be seen in flight. The significant conclusions of
the report include the following:

6. While the pressure data over the forebody with
the baseline higle- gritting pattern do demonstrate stron-
ger vortical activity, changes in the longitudinal forces
and moments are apparently confined to minor changes

1. Based on the generic ogive-cylinder data of in pitching moment.

Lamont, it is crucial to develop an effective gritting pat-
tern in order to more closely simulate normal force on thethe
forebody and to simulate flight-like Reynolds number
character in the pressure distributions.

7. This same stronger forebody vortical activity with
baseline higlgritting pattern resulted in higher lev-
els of lateral stability. In fact, the even stronger levels of
vortical flow seen with the baseline pattern plus the side

2. The baseline high-gritting pattern of this study, Panels led to yet higher values of lateral stability. Thus, it
which is composed of both twin strips arranged longitu- @PPears that there is a correlation with this F/A-.18 con-
dinally along each side of the body and a traditional nosefiguration between stre.n'gths of the forebody vortices and
ring, improves the pressure agreement between windhe level of lateral stability.
tunnel and flight data. This agreement is particularly 8. Testing future configurations with smooth-sided
enhanced at F/A-18 fuselage stations FS 142 and FS 184qrepodies with and without high-gritting patterns is
strongly recommended. The differences between the two
sets of data will alert the researcher to the possible incre-

FS 85 and FS 142. These differences were similar toMENtS in pressures and forces and moments that may

what is seen when the transition to turbulence was moveooccur'when going from' the onver Reynolds num'bers
forward on the flight vehicle with twin strips. However, associated with conventional wind _tunnels_ to the higher
the general agreement of this wind tunnel gritting patternValues of Reynolds number associated with flight. The

with the ungritted flight data was not as good as that withSF‘ggeSt.e<j high—gritting pattern is to add twin, longitu- .
the baseline pattern. dinal strips to a nose ring about the forebody to be certain

that the transition in the boundary layer has occurred at
4. Adding side panels of grit to the baseline gritting low, moderate, and high angles of attack. The azimuthal
pattern on the 0.06-scale model was an attempt to simulocations of the twin strips, as discussed earlier, must be
late the presence of excessive grit. This overgritting, in (1) far enough from the windward plane of symmetry to
general, results in very modest losses in the suction val€ensure that the Reynolds number based on run length is
ues of Cp in the regions of maximum attached flow high enough that the grit will cause transition in the
velocity for sideslip conditions at = 4C°. This loss is boundary layer, (2) far enough from the windward plane
attributed to the artificial thickening of the boundary of symmetry to reduce the sensitivity of the grit to side-
layer from the excessive grit, which, in turn, softens the slip, but (3) not so far from the plane of symmetry that it
effective radius of curvature of the body in the cross-flow approaches the region of maximum attached flow veloc-
plane. More importantly, the vortex suction peaks at ity, where the losses due to the grit can adversely impact
FS 142 with the side grit are actually too large when the data. For the Langley applications, a good range of
compared to the flight data. Again, this gritting pattern azimuthal locations is between °72nd 54 from the
did not agree as well with the ungritted flight data as did windward plane of symmetry.
the baseline pattern.

3. Adding additional grit to the front on the baseline
high-o gritting pattern changed th€,  distribution at

5. Replacing the twin strips with strips one-half their nasa Langley Research Center
width resulted in no change in the pressure distributionsHampton, VA 23681-2199
or force and moment plots beyond what would be February 19, 1998
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Side force

Wind direction

Pitching
moment

Drag
Wind direction

Yawing
moment

Figure 1. System of axes with positive directions of forces, moments, velocities, and angles.

Reference dimensions

S =400 ft2 (1.440 ft2)
b = 37.417 ft (2.245 ft)
€=11.517 ft (0.691 ft)
cg.=25%C

~———  37.417ft (2.245t) ‘ ‘ 56.00ft (3.36 ft) ————=

el ==

Figure 2. F/A-18 geometry details. Dimensions are in feet full scale (0.06 scale).




Figure 3. The 0.06-scale F/A-18 model installed in tunnel with pressure-instrumented forward fuselage shown in black.

FS357
FS184 (21.42)
(11.04) FS 296
FS 142 (17.76)
(8:52) FS 253
FS 107
(6.42)
FS85
(5.10) —~ | I =
FS60 Lo
S0 J( >

Figure 4. Forebody and LEX pressure stations used for this study for both flight and wind tunnel. Dimensions are in
inches full scale (0.06 scale).
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Figure 5. Repeatability assessed for longitudinal properties. No interpolation.
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Test My Reg Grit Interpolated
o— 7x10 0301 1.37x10° Noseri ng No
m| 7x10 0300 135x10% Noseri ng Yes

20

Figure 6. Repeatability assessed for longitudinal properties. Second data set interpolateddo match
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| 7x10 0.302 41.3 1.35x 100  Nose ring No
2 :
1 &

...........................................

Figure 7. Repeatability assessed for lateral properties. No correctimn for
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a 7x10 0.303 40.4 135x10%  Noseri ng Yes
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Figure 8. Repeatability assessed for lateral properties. Second data set interpolateddo match



Test My, a, deg B, deg Reg Grit Interpolated
7x10 0.30 20.2 0.0 137x10% Nose ring No
o) 7x10 0.30 20.2 0.2 135x10%  Nose ring Yes
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0 60 120 180 240 300 360 0 60 120 180 240 300 360
6, deg 0, deg

(a) 0 =20.2;3=0.

Figure 9. Repeatability using interpolation routine for forebody pressure distributions. Second data set interpolated to
matcha.

22



Test M, a,deg B, deg Reg Grit Interpolated
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5 ; ; 5
1ol i i i i i 1ol : i i i i i
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0, deg 0, deg

(b) 0 =30.3;B=0.

Figure 9. Continued.
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Figure 9. Continued.
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Figure 9. Continued.
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Test M a, deg B, deg Reg Grit Interpolated
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Figure 9. Continued.
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Figure 9.

Concluded.

27



Test M a, deg B, deg Reg Grit Interpolated

7x10 030 202 00  137x10% Nosering No
o 7x10 030 202 02  135x10% Nosering Yes
FS 253
-3.0
25

..............................................
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(d) 0 =20.2;3=0.

Figure 10. Repeatability using interpolation routine for LEX pressure distributions. Second data set interpolated to
matcha.
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Figure 10. Continued.
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(c) a=35.4;3=0C.

Figure 10. Continued.
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Figure 10. Continued.
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Figure 10. Continued.
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Figure 10. Concluded.
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Figure 11. NASA F-18 HARV in flight.
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Figure 12. Repeatability for flight forebody pressure data.
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Figure 12. Continued.
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Figure 12. Continued.
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Figure 12. Continued.
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Figure 13. Repeatability for flight LEX pressure data.
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Figure 13. Continued.
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Figure 13. Continued.
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Figure 13. Continued.
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Figure 13. Concluded.



135° 180°

Figure 14. Oil flow photographs about 3.5-diameter tangent-ogive of Keener (ref.-14}f; Rgy = 0.8% 10%; 180 is
leeward view; 135is rear quarter view.
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Figure 15. Keener’s sketches of cross-flow patterns, same conditions as in figure 14.

45



Fsgs FS107 FS 142 FS 184

|
|

Static : }
pressure | ! | D
stations | ! | |

|

Static
pressure
stations

Lamont
model

Figure 16. Similarity in planform between F/A-18 forebody and 2.0-diameter tangent-ogive-cylinder model used by
Lamont (ref. 2).
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Figure 17. Influence ofi and Rg on integrated forebody normal force calculated for the first 3.5 diameters of
Lamont’s 2.0-diameter tangent-ogive-cylinder model.
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Figure 18. Reynolds number effects measured by Lamont (ref. 2) with 2.0-diameter tangent-ogive-cylinder.
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Figure 18. Continued.
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Figure 18. Concluded.
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Longitudinal strip, No. 180 grit l Nose ring, No. 90 grit

(b) Schematic of baseline, highgritting pattern.

Figure 19. Gritting patterns used with 0.06-scale model.
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(c) Schematic of baseline plus frontal grit pattern.
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(d) Schematic of baseline plus side panels of grit pattern.

Figure 19. Continued.
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Figure 19. Concluded.



Grit strips

(a) Close-up photograph of gritting pattern at nose.

Pressure stations
FS 184

Longitudinal strip, No. 36 grit

(b) Schematic of forebody gritting.

Figure 20. Gritting pattern used with the HARV.
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Figure 21. Comparing grit-free and gritted-flight forebody pressure data.
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Figure 21. Continued.
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Figure 21. Concluded.
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Figure 22. Comparing grit-free and gritted-flight LEX pressure data.
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Figure 22. Continued.
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Figure 22. Concluded.
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Figure 23. Comparing tunnel forebody pressure data with either baseline grit pattern or nose-ring-only pattern to flight
data without grit.
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Figure 23. Continued.
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Figure 23. Continued.
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Figure 23. Continued.
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Figure 23. Continued.
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Figure 23. Concluded.
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Figure 24. Comparing tunnel LEX pressure data with either baseline grit pattern or nose-ring-only pattern to flight data
without grit.
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Figure 24. Continued.
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Figure 24. Continued.



Test M a, deg B, deg Reg Grit Interpolated
7x10 0.30 40.0 0.1 139x 100  Basdine Yes
- 7x10 0.30 40.0 0.0 1.36 x 109 Nosering Yes
Flight 0.25 39.7 -0.3 957x108  No grit No
FS 253
-35 .
o
¥
-3.0 ; J/\%
25 :
'/
-2.0 ;
-15
-1.0
-1.0 -5 0 5 1.0
y/s
FS 296 FS 357
-3.0

(d) a=4C;p=0°.

Figure 24. Continued.
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Figure 24. Continued.
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Figure 24. Concluded.
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Figure 25. Baseline grit pattern compared to nose-ring-only pattern. Longitudinal properties.
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Figure 26. Baseline grit pattern compared to nose-ring-only pattern. Lateral-directional properties.
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Figure 26. Continued.
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Figure 26. Concluded.
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Figure 27. Comparing tunnel forebody pressure data with baseline grit pattern plus frontal grit to baseline grit pattern
and flight data without grit.
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Figure 27. Continued.
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Figure 27. Continued.
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Figure 27. Continued.
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Figure 27. Concluded.
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Figure 28. Comparing tunnel LEX pressure data with baseline grit pattern plus frontal grit to baseline data and flight
data without grit.
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Figure 28. Continued.
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Figure 28. Continued.
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Figure 28. Continued.

85



86

Test My a, deg B, deg Reg Grit Interpolated
7x10 030 40.0 40 138x10% Basdine+fronta  Yes
7x10 030 40.0 40 139x10% Basdine Yes
Flight 022 39.9 39 823x10%  Nogrit No

FS 253
-35 : : : :
-3.0 — f -4 C\
-2.5 — 1 i : i
.l N TF %
-20 :\ Q :
-15 o
-1.0
10 -5 0 5 1.0
yls
FS 296 FS 357
-30

(e) a =40; B =4°.

Figure 28. Continu

ed.




Test Mg a, deg B, deg Reg Grit Interpolated
7x10 0.30 40.0 8.0 1.38 x 106 Basdline + frontal Yes
————————— 7x10 030 40.0 80 139x10% Basdine Yes
Flight 0.26 40.4 75 9.97 x 100 No grit No
FS 253
-35 :
CIO §
o |
15 0[O
-1.0
-1.0 -5 0 5 1.0
yls
FS 296 FS 357
-3.0 -3.0
C

() a=40;p =8
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Figure 29. Baseline grit pattern plus frontal grit compared to baseline grit pattern. Longitudinal properties.
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Figure 30. Baseline grit pattern plus frontal grit compared to baseline grit pattern. Lateral-directional properties.
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Figure 31. Comparing tunnel forebody pressure data with baseline grit pattern plus side grit to baseline grit pattern and
flight data without grit.
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Figure 32. Comparing tunnel LEX pressure data with baseline grit pattern plus side grit to baseline grit pattern and
flight data without grit.
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Figure 32. Concluded.
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Figure 33. Baseline grit pattern plus side grit compared to baseline grit pattern. Longitudinal properties.
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Figure 34. Baseline grit pattern plus side grit compared to baseline grit pattern. Lateral-directional propedies.

103



Grit Interpolated
Baseline w/narrower strips Yes
Baseline Yes
No grit No

FS 107

Test Mg a, deg B, deg Reg
7x10 030 200 02 1.37x10°
———————— 7x10 030 200 01 1.41x10°
o Flightt 0.30  20.0 03 12.70x 100
FS85
-1.0 -1.0

60

120 180 240 300 360
6, deg

1.0 : : : : : 10
0 60 120 180 240 300 360 0
0, deg
FS 142
-1.0 -1.0

120 180 240 300 360
0, deg

60

(a) a=20;B=0°.

Figure 35. Comparing tunnel forebody pressure data with baseline grit pattern modified with narrower twin strips to

baseline grit pattern and flight data without grit.

104

60

120 180 240 300 360
0, deg



Test M, a,deg B, deg Reg Grit Interpolated

—_— 7x10 0.30 30.0 03 137x10% Basdine w/narrower strips Yes
———————— 7x10 0.30 30.0 01 140x10% Basdine Yes
o Flight 0.27 30.2 02 1030x10° No grit No

10l : : : : : 10l : : : : :
0 60 120 180 240 300 360 0 60 120 180 240 300 360
0, deg 0, deg
FS 142 FS184

-1.0 : ; 1.0
N I = i R B
-5 o o -5 z z
..... N SN o) (O] I W
: X Vil N\
: c : N\

0 60 120 180 240 300 360 0 60 120 180 240 300 360
0, deg 0, deg

(b) a = 30°; B =0".

Figure 35. Continued.
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Figure 35. Concluded.
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Figure 36. Comparing tunnel LEX pressure data with baseline grit pattern modified with narrower twin strips to base-
line grit pattern and flight data without grit.
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Figure 36. Concluded.
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Figure 37. Baseline grit pattern modified with narrower twin strips compared to baseline grit pattern. Longitudinal
properties.
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Figure 38. Baseline grit pattern modified with narrower twin strips compared to baseline grit pattern. Lateral-directional
propertiesa = 4C.
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Figure 39. Differential longitudinal properties.
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