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1.0 INTRODUCTION

Two fundamental problems encountered by tactical aircraft or missiles

during transonic flight are drag divergence and buffeting. Drag divergence

is the sudden increase in drag with Mach number caused by increasing shock

. strengths and thickening boundary layers. Buffeting is associated with the
unsteady interaction between a shock and a separated flow. Both phenomena
are related to critical flow conditions on the lifting surfaces. Cruise
performance, measured by the transonic cruise parameter M_ L/D, is improved
by increasing the Mach number attainable without entering the drag divergence
regime (MDD - Mach number of drag divergence). Maneuvering performance is
dependent on the upper limit of the 1ift coefficient that can be obtained,
with admissible levels of drag, before separation and subsequent buffet onset.
Decreasing wing thickness, optimizing aspect ratio, and increasing leading

! edge sweep help to attenuate adverse shock effects but these passive methods
are limited as to what they can accomplish. Advanced airfoil section design

epitomized by the work of Whitcomb (e.g., Reference 1) has been successful

for point designs but lacks flexibility in covering a-full range of flight
conditions. Camber requirements are normally conflicting in terms of designing
a single airfoil capable of near-optimum performance at both cruise and
maneuvering conditions. Blowing has been used as an add-on to a variety of
transonic airfoils to achieve high maneuvering lift coefficients through
supercirculation and separation control (e.g., References 2,3). These studies
utilize conventional blowing devices such as the wall jet, jet flap, etc.

and generally suffer from high bleed requirements and the lack of a unified

approach to blown transonic airfoil design.

Under the present effort, the use of advanced diffusion control,
validated for transonic sections in Reference 4, along with a deployment
commonality constraint has produced cruise and maneuvering configuration de-
sign points that define a single variable geometry airfoil with outstanding
performance characteristics_at both flight conditions. An airfoil thick-
ness ratio of seven percent was selected because of the past attention
given to thicker sections (11-12%, Reference 1,4) and the immediate need
for innovative techniques in the thinner airfoil range more suitable to
fighter type aircraft. The cruise and maneuvering design points have ex-

ceptional commonality: performance data indicate that required changes can be
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limited to small deflections over the last 25% of the airfoil, compared

with changes over 50% chord for an analagous Whitcomb two-point design.
Further, the integrated contouring/blowing techniques inherent in active
diffusion control lead to practicable engine bleed requirements. The primary
device utilized is the antiseparation tailored contour (ATC). The ATC device
controls boundary layer separation ~nd provides a mechanism for replacing
gradual geometric camber with localized jet/geometry camber, effectively
varying with blowing rate. In this process, efficient boundary layer energiza-
tion is coupled with rapid flow diffusion. Active diffusion control is dis~
cussed in Section 2.0 and its utilization in maneuvering/cruise design of a

seven percent thick airfoil is treated in Section 3.0.

Validation of the airfoil design concept was obtained in a series of
transonic tests in the Vought High Speed Wind Tunnel. Facilities, hardware,
and procedures are described in Section 4.0. Section 5.0 contains a discussion
of airfoil data in terms of lift, drag, pitching moment, pressure distribution,
and blowing momentum. The report concludes with a summary of results and
recommendations for detailing advanced airfoil options and incorporation of

the section characteristics in three-dimensional wing configurations.
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2.0 ACTIVE DIFFUSION CONTROL

2.1 AIRFOIL APPLICATION

Active diffusion control is a new approach to solving transonic airfoil
problems and has the prtential for improving both cruise a~d maneuvering
performance. The primary device utilized for active diffusion control is the
antiseparation tailored contour (ATC). It consists of an auxiliary blowing
slot upstream of a contoured BLC energization zone, followed by a severe
diffusion step. The concept is based on the hypothesis that if the main-
stream boundary layer existing at the slot location is properly energized,
significant diffusion over a short distance is possible. Efficient boundary
layer energization in combination with rapid flow diffusion relaxes the air-
foil shape constraints and permits a tailoring of the airfoil pressure dis-
tribution. For example, an aft upper surface ATC device can produce a near-
critical “'roof-top'" distribution extending over ninety percent of the airfoil,
thus reducing the shock strengths for a given loading while simultaneously
controlling aft separation (e.g., Figure 3-4)., Effective aft camber is a
function of blowing, especially on the thinner sections, which assists in
minimizing cruise-to-maneuvering deployment. The ATC principle can also be
utilized for the tailoring of airfoil pitching moments. A key characteristic
of the ATC device is the low auxiliary blowing rate (or engine bleed) required
for full BLC. This permits the use of relatively low pressure fan air for bleed
without having prohibitive mass flow requirements. The transonic approach to
active diffusion control began with the concept investigation in Reference 5
and was verified in the wind tunnel tests of Reference 4 using a twelve percent
thick section. It evolved from a high technology STOL concept that has already
undergone Navy-funded wind tunnel testlng.6 The transonic ATC airfoil, therefore,
has inherent qualities related to high performance STOL operation and the

potential for producing an aircraft with superior all-around capability.
2.2 BLC CHARACTERISTICS

A schematic of the ATC device is shown in Figure 2-1. The mainstream

boundary layer momentum loss at the lip of the ATC blowing slot is defined as

(Mom)bl = (peuz)L
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where eL is the incoming momentum thickness. Experience with the ATC device

leads to an empirical relation for the effective viscous momentum loss;
(Mom) . = (o8U%) (1
v L
with ©

L
the jet mass flow times Vj’ the velocity which the jet would attain by isentropic

= xeL and A an empirical factor. The jet supply momentum is defined as

expansion from the jet stagnation conditions to freestream static pressure. ;
Thus,

Mom) , = '.Vl
( )J m;V;

where m, is the total jet mass flow per unit span. In the form of a jet momentum

coefficient, referenced to airfoil chord ¢ and freestream dynamic pressure,

m.V.

q,c

In general, Cu can be any value depending on the amount of boundary layer

energization desired and becomes interdependent with the momentum deficit

appearing downstream of the ATC device. The jet momentum coefficient for
complete energization c“c’ however, corresponds to a zero 6 condition leaving
the BLC region and can be predicted. A control volume analysis has been used
to estimate the Cuc required for complete energization of an incoming boundary
layer by a blowing jet. The analysis assumes: (1) a uniform external pressure
field, (2) isentropic flow, (3) uniform total temperature, (4) a uniform flow
exiting the control volume, and (5) that the mainstream losses dominate the
newly=building ATC wall losses. Although this control volume model does not
permit the calculation of the distance required for completion of the mixing
process nor velocity profiles within the mixing region, it does provide usable
estimates of compressible blowing requirements and handles ATC wall losses
secondarily through the empirical A factor in Eq. (1). The essential equations

for calculating Cuc are the following.

o =L
Po.\ " 1+ Lln? P\ "
- - (—54) (& (3)
7 bl :
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is the Mach number of the external stream at the lip of the blowing

Here, ML
slot, and Mj is the Mach number at the opening of the convergent blowing slot
and is, thus, always less than or equal to one. When the jet is unchoked,

Pj =0, and Eq. (3) is solved for Mj.

I 2 Po.\Y
w ko2 L e M N\sst) 1|+ et unchoked (4)

When the jet is choked, Mj = 1, and Eq. (3) may be solved for the pressure ratio
Pj/PL.

" -
b X2k X

5 R ! .
Pj/PL = TGN /2 PoJ./Po°° , jet choked (5)

Once the jet Mach number and pressure ratio are known, the density ratio can

be obtained.
e .
o @i S i b 5 (6)
By Rg

Then the ratio of jet velocity, Uj’ to velocity of external stream at the lip

may be calculated via
1/2

u. Prp
A= |1y 2 (1-3-’--5) (7)
L (Y")ML L

From the integral continuity and momentum conservation equations for the mixing

control volume, one can show

@0 () e @) ()

L

YM

U, 26
= Ui'_ﬁl s (8)
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blowing jet slot width,

O
L}

boundary layer displacement thickness within the slot opening,

ej = boundary layer momentum thickness within the slot opening.

Usually, the jet slot boundary layer parameters are specified along with EL/C,
ML and a total pressure ratio so Eq. (8) may be solved for the slot width
parameter h/c. Equations (3)-(8) provide all the necessary auxiliary informa-
tion to calculate the various terms which appear in the equation for the

required jet momentum coefficient for complete energization.

I
Standard isentropic flow formulas with Toj = To_ and inclusion of internal

slot losses give

1/2 , 172

RN AR 25.7\ M, |+3Y—2-'-M2 Mo+ X2y

c =2—J-(—) | - J L —d 2‘ = (9)
Uc DL 'B-L c h Mm ]+l;-]—H2 Mm ]+%_ﬁj2 |

where |

ﬁ} = Mach number blowing jet attains by expanding to P_ ,
y=1

- Po.\ v o
".2 =2 ==l <3 P ol § M 2) =
J y=1 Po_, 2 w0

Determination of other pertinent ATC design parameters such as the mixing
length L, (Figure 2-1), the diffusion ratio constraints, and the jet/mainstream
mixing angle follow from empiricisms based on a mass of experimental ATC data.
The mixing length LM is configuration dependent in the sense that, at the
design point, mixing must occur in the absence of an adverse pressure gradient.
Further, the empiricism for LM is dependent on the mainstream momentum thickness
at the lip and has the form
LM
5~ = constant (10)

L
This means iteration is required between the inviscid airfoil solution, the
boundary layer calculations, and the location of both the blowing slot and the

diffusion step to insure compatibility of the LM requirements. The flow chart




given in the next section further illustrates this point. Since the hypothesis
(verified by experiment) is that after LM the mainstream has been restored to
an effective potential flow condition, attachment of the flow through the
diffusion process is insured and the pressure distribution can be predicted

by the inviscid airfoil solution. Nominally, for design purposes a value of
ML/MR = 2 (Figure 2-1) corresponds empirically to the Cuc level of energization.
Because of the current lack of reliable transonic wall jet mixing analyses, the
underblowing case of Cu < Cuc was treated by scaling the amount of eL energized
by the factor Cu/Cuc, carrying the excess 6L loss through the imposed pressure
gradient, and determining the corresponding non-zero 6 leaving the BLC region.

This in turn modified the effective camber produced by the ATC.

For jet engine bleed, Cu is a basic parameter in the drag/BLC evaluation
since it can be combined with the aerodynamic drag coefficient Cd and directly
related to engine-wing performance. Bleed effects on engine performance
depend on the characteristics of the total BLC/propulsion system, most notably
on the required auxiliary pressure ratio, the bleed location (fan or compressor
air), and BLC ducting losses. For a simple BLC airfoil configuration, the jet
Cu is the only available measure of auxiliary blowing requirements and the

equivalent section drag (Cd)T becomes
Cgly =€y ¢ &
where Cd is the wake drag as detected by a wake rake survey. Those definitions

will be used in all subsequent determinations of ATC transonic airfoil perfor-

mance. Practical available-required bleed matchups will be discussed further

in Section 3.3.
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3.0 AIRFOIL DESIGN
3.1 DESIGN OBJECTIVES/PROCEDURES

The use of active diffusion control in a transonic airfoil environment
was validated in Reference 4 under controlled conditions which dictated utiliza-
tion of a conventional fore-contour (C-14)1 type) mated with an aft upper surface
ATC on a twelve percent thick section. Detailed baseline test data were avail-
able for this initial ATC performance evaluation. The present ATC airfoil
design objectives are to combine advanced leading edge/lower surface design
principles with an aft upper surface ATC to produce unique levels of design
point roof-top loading and maximized performance. For specified design Co, M_,
this reduces the peak local Mach number relative to non-ATC sections and further
acts to reduce off-design shock effects. Application of this design concept to
both cruise and maneuvering design CQ, M_ combinations, while restricting the
resulting two geometries to have deployment commonality, then produces a single
variable geometry airfoil design with improved cruise/maneuvering performance.
Whitcomb supercritical sections with their shockless fore-contouring and aft
camber and the ATC results of Reference 4 provide the necessary high technology
references for accomplishing the design. An airfoil thickness ratio of seven
percent was selected because of the past attention given to thicker sections
(II-IZZ),I’A and the immediate need for innovative techniques in the thinner

airfoil range.

An outline of the ATC airfoil design procedures is given in flow chart
form in Figure 3-1. It represents a unified view of the transonic analyses,
the ATC empiricisms, and the BLC simulation techniques described in References
4,5 and in Section 2.0 and serves to define the interactions and iterations
inherent in the ATC design. After the design objectives are set (Figure 3-1),
inviscid transonic calculations are performed through an iterative processS
to specify the airfoil geometry corresponding to the desired pressure distribu-
tion. Boundary layer calculations predict 6 distributions and test for separa-
tion for the passive portions of the airfoil flow. The ATC energization and dif-
fusion region is assumed to have completely attached flow and to have blowing levels
set to maintain but not to perturb the pressure distribution except through 8% re-
duction. A second inviscid calculation is then performed to include &* boundary layer
effects. These transonic calculations are coupled, when feasible, by automatic itera-
tion of the Garabedian and Korn program as modified by Jameson to include boundary

layer effects (corrected drag form - GK Program). |t is important to note at
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this point that, within these assumptions, the pressure distribution includes
the effects of ATC blowing. Verification of the assumptions is given experi-
mentally in Reference 4. The next step locates the blowing slot and determines
the available LM according to the rules described in Section 2.2. A compati-
bility check is made to insure that Eq. (10) is satisfied. |f not, an iteration
back to the inviscid geometry specification must be performed. Otherwise,
design point performance in terms of CQ, Cd’ Cm, C‘.J is calculated utilizing

GKJ Program output and the methods of Section 2.2, A check against the perfor-
mance goals determines whether further geometry changes are required. |I|f the
experimental data base needs more substantiation, a BLC simulation test program
is undertaken such as that described in Reference 4. This was not required in
the present effort. The above tasks complete the ATC airfoil design point

geometry/performance specifications as outlined in Figure 3-1.

The impact of the ATC airfoil on transonic aircraft design depends on
the design point advantages carrying over to off-design improvements in drag
divergence and buffet onset 1ift coefficient. The last stage in the design
procedures (Figure 3-1) involves off-design performance calculations of CE, Cd,
Con?
tion includes moving and strengthening shock waves, the local conditions at

Cu, and comparisons with the pre-set goals. Because the off-design opera-

the blowing slot are also checked for compatibility with the ATC requirements of
Section 2.2, The empirical data base for the blowing is for a sub-critical
local freestream flow and, further, the shock thickening of the boundary layer
changes the requirement on LM through eL. 0ff-design operation can therefore

require a final iteration on the ATC airfoil geometry.
3.2 TWO-POINT DESIGN

As per the design objectives discussed in Section 3.1, airfoil design
tasks led to the definition of a two-point cruise/maneuvering design for an
advanced 7 percent thick transonic ATC (TATC) airfoil and the calculation of
off-design characteristics for each geometry. Deployment commonality was used
as a constraint. The two ATC geometries, designated TATC7C for cruise and
TATC7M for maneuvering, are illustrated in Figure 3-2 along with conventlonal7
and Whitcomb type baseline sections. Both Whitcomb supercritical shapes, for
cruise (SC7C) and manuevering (SC7M), evolved from a 1976 analytical design

study for 6 percent thick airfoils conducted jointly by Vought Engineering




Y e ST oo st e

CONVENTIONAL SECTION - NACA 64A405, t/c = 0.06

WHITCOMB-TYPE, t/c = 0.07

e —
SCTM

g T ARG
f TATCTM
| :
ATC 3
0.05- | {-/—SLOT LOCATION
|
1 \
; yle 0 ' m—— == 1C <
| T —
0.7 0.8 0.9 ™ e
-0.05!— xlc s ‘
"ATC = ANTISEPARATION
TATC SECTIONS, tic = 0.07 TAILORED
CONTOUR

FIGURE 3-2 BASELINE AND TATC SECTION GEOMETRIES

T N e T N e e ————
" o T—




B e

personnel and Whitcomb at NASA-Langley. Expansion of the airfoils to a seven
percent thickness has produced what should be a very representative ''thin"
airfoil Whitcomb baseline for the ATC comparison, Active diffusion control
principles have enabled the cruise/maneuvering camber changes to be limited to
small deflections over the last 25 percent of the airfoil (blowing slot at

0.85 ¢), thus making deployment commonality feasible. |If the analogous
Whitcomb-type geometries were considered as cruise and maneuvering settings for
a single variable geometry section, significant camber changes would have to

be effected over the last 50 percent of the airfoil,

The TATC7M, 7C sections were designed analytically for best performance
at maneuvering (max. roof-top Cl) and cruise (minimized drag) points defined by
M = 0.73, £, = 1.47 and M_ = 0.8, £y = 0.6, respectively. Pressure distributions
for these two cases are given in Figures 3-3, 3-4 and clearly illustrate the roof-
top loading associated with ATC airfoils.6 Design Cu values are also noted. Cal-
culations were performed at ReC = 10 x 10° as a compromise between lower values
(2.5 - 6 x 106) associated with the subsequent wind tunnel testing and flight
conditions that could range to ReC = 60 x 106. Analytical performance checks were

made over the full Rec range for selected cases after completion of the designs.

Performance at design and off-design is summarized in Figures 3-5,6,7.

Drag polars (CQ vs., C, + Cu) are plotted in Figure 3-5 for M_ = 0.73 and

comparisons are made Sith calculations for the 7 percent Whitcomb baseline and
data for the 6LALO6 section. Increments in maneuvering lift of 0.18 and 0.50
are predicted, with equivalent drag, relative to Whitcomb-type and conventional
airfoils, respectively. The behavior of the ATC variable geometry/blowing
envelope in Figure 3-5 was projected analytically over the range 2.5 x 106 <
ReC < 60 x IO6 and is illustrated in Figure 3-6. Predicted performance gains
carry through the full tunnel to flight range. Drag divergence comparisons

for nominal blowing off conditions are plotted in Figure 3-7 at Cz levels of
0.4, 0.6. Blowing-on ATC predictions show no significant benefits at these

low Cl levels, Clearly, the deployment of the TATC7C from the maneuvering
TATC7M configuration is required to match the drag divergence characteristics
of the Whitcomb-type SC7C cruise section. In fact the predictions show that
the TATC7C is comparable to the SC7C at C, = 0.6 and slightly better at C, =
0.4 (Figure 3-7). |In addition, the TATC7C deployment, at the low design blowing
level of Cu = 0,0017, has the potential for producing distinct off-design

performance improvements at M_ = 0.8 for CQ > 0.6, relative to the Whitcomb
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cruise baseline. Checks on pitching moment behavior were also made analytically
and imply reduced trim penalties relative to the baselines except for the

extreme lift/blowing conditions.

Since wind tunnel data follow in Section 5.0 and form the primary basis
for study conclusions and recommendations, the above design results should be
viewed as intermediate results that served to define the geometries and moti-
vate the entry into model fabrication and wind tunnel testing tasks. To
summarize the design results: maneuvering and cruise geometries with deploy-
ment commonality were determined for an advanced ATC airfoil with a seven per-
cent thickness ratio; significant increments in maneuvering lift were predicted
at equivalent drags relative to both Whitcomb-type and conventional airfoils;
cruise deployment of the ATC airfoil at reduced blowing resulted in comparable
design point performance and improved off-design characteristics relative to
a Whitcomb-type baseline; and predicted maneuvering performance improvements

carried through the full tunnel to flight Reynolds number range (2,5-60 x 106).
3.3 PREDICTED BLEED POTENTIAL

A perspective on engine bleed requirements is presented in Figure 3-8 by
comparing with the Cu available from both by-pass and compressor bleed for a
state-of-the-art P&W F401 engine installation. Because of the highly efficient
ATC blowing, plenum pressure ratios in the 2-3 range are acceptable, thus
making by-pass bleed a viable alternative to the more conventional compressor
bleed arrangements. The Cu required for the manuevering design point (0.0128)
is well within the capabilities of by-pass bleed while the Cu required for the
cruise design (0.0017) is attainable with compressor bleed. It should be noted
also that the predictions for Cu required are conservative, as previous experi-
mentsh have verified, and the wind tunnel tests (Section 5.0) were oriented
toward determining relaxed blowing requirements. Further, the Cu predictions
are for a chord Reynolds number of 10 x IO6 and reductions will be obtained at
Reynolds numbers approaching flight conditions. Bleed requirements are dis-

cussed again in Section 5.5 in terms of data results.
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4,0 HIGH SPEED WIND TUNNEL TESTS

L,1 FACILITY AND TEST ACCESSORIES

The transonic airfoil wind tunnel experiments were conducted in the High
Speed Wind Tunnel (HSWT) facility of the Vought Corporation. The wind tunnel
facility, model hardware, instrumentation, and data reduction are described

in the following paragraphs.
L.1.1 High Speed Wind Tunnel

This is a variable pressure blow-down wind tunnel with a test section
1.22 m x 1,22 m (4' by 4') capable of Mach numbers from 0.5 to 5.0 and unit
Reynolds numbers from 6 to 125 million per meter (2 to 38 million per foot).
For the tests reported here the porous-wall transonic test section was used.
A1l four walls have round holes perpendicular to the surface giving a total
porosity of 22.5 percent. The holes are not adjustable but the porosity can
be varied by covering a selected number of the holes with tape. In the tests
of Reference 4, a wall interference-free porosity of seven percent was deter-
mined for an identical model/support arrangement. Strips of vinyl tape were
placed length-wise along all four test section walls to attain this porosity.
A sketch of the HSWT in the transonic configuration is shown in Figure 4-1.

L.1.2 Model Support System

An end-plated support assembly for the quasi-two dimensional testing of
airfoil models was obtained on loan from the Propulsion Wind Tunnel Facility
of Arnold Engineering Development Center, U, S. Air Force Systems Command.
The assembly is shown in the sketch of Figure 4-2 and the photograph in
Figure 4-3, It is the same hardware that was used at Vought in the blown
airfoil tests of Reference 4. The sting-supported models were mounted on
the tunnel model cart so that they could be pitched about a constant center

of rotation on the test section centerline at test section station 67.
4,1.3 Instrumentation

Airfoil models were instrumented with static pressure taps which were
connected via plastic tubing to modular pressure scanning switches (trade
name, Scanivalve) mounted on the model cart sting support. Each modular unit
contained a pressure transducer appropriate in range for the pressures measured
and could measure up to 48 pressures per unit. All modules were synchronized

to be sampled simultaneously at a rate of 5 samples per second.
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A wake pressure rake with 61 total pressure probes and 3 static pressure
probes spaced as shown in Figure 4-4 was mounted on the centerline of the
model support apparatus at a distance of 2 model chord lengths behind the
airfoil model trailing edge. The wake pressure rake along with the model

taps were connected to a total of 3 Scanivalves.

For BLC blowing tests high pressure air was piped into the model support
system from an auxiliary air supply in the HSWT facility. The auxiliary air
was throttled to obtain desired pressure levels in the wing cavity. The
air flow rate was measured with an orifice plate flow meter in the main supply
line. The flow rate measurement, along with temperature and pressure measure-
ments of the air in the wing cavity were used to calculate mass flow rate in
the blowing jet. The temperature of the BLC air was measured with a chromel-
alumel thermocouple mounted in the air fitting at one end of the blown wing.
Two total pressure tubes were mounted in the wing cavity and monitored to

set and maintain desired blowing pressures.
4,1.4 Data Reduction

Primary data reduction was accomplished immediately after each test run
by an 1BM 1802 computer on-line with the data system at the HSWT. Pressure
data on the airfoil were reduced to coefficient form referenced to freestream
static pressure and integrated to provide lift and pitching moment values.
Data from the BLC blowing system were reduced and printed out in the form of
blowing momentum coefficients (Cu). The drag coefficient was obtained from
integration of the wake total and static pressures which were used to define

the wake momentum deficit. The equation used for the wake pressure integration

has the form8
rt P e |
. " - G U= )Y
o P I—p 0 ~
W oY w w w &
ik i MO . 4@
WAKE ‘o P o P ot .}
= (;——J Y o= (3—-9 Y
oco ooo
where
P = Static pressure at wake rake

w

P, = Freestream static pressure

P° = Total pressure registered by probe at wake rake
w

Po = Freestream total pressure
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4.2 DESCRIPTION OF MODELS

Model configurations were fabricated corresponding to both the maneuver-
ing (TACT7M) and cruise (TACT7C) design points. Since the design points
have deployment commonality, a common leading edge part and identical basic
dimensions were used. The models have a chord of 15.24 cm (6 inches) and a
span of 38.1 cm (15 inches) (Figure 4-2). They were constructed in two major
segments; (1) a leading edge/upper surface (Part A), and (2) a lower surface/
trailing edge (Part B). Sketches of the model parts and the associated
assembly are shown in Figures 4-5 and 4-6. The leading edge/upper surface
(Part A) provided a common attachment for the TATC/M maneuvering airfoil
lower surface/trailing edge (Part B) and the TATC7C cruise airfoil counter-
part. Surfaces of parts A & B form both the airfoil external contour and

the internal access plenum/plenum webbing which feeds the blowing slot plenum,

The maximum thickness of 7 percent for both configurations is located at

x/c = 0.350. The airfoil sections maintained a common airfoil shape forward of
x/c = 0.7, differing only for slot adjustment and trailing edge camber aft of
x/c = 0.7. The trailing edge designs provided both an antiseparation tailored

contour and a two position deployment commonaiity. A nominal coordinate jump

of Ay/c = 0.0032 at x/c = 0.85, is representative of the blowing slot gap of

0.0254 cm (0.010"), plus the thickness of the blowing lip edge of 0.0254 cm (0.010").
The percent chord size of the step in a full scale wing application would depend

on lip tolerances and pressure ratio/slot gap trade-offs.

Both models were instrumented with 43 static pressures taps, Figure 4-7,
located nominally at the center span of the models. The majority of the static
pressure orifices have a 0.0508 cm (0.020 inch) diameter feeding into 0.1066 cm
(0.042 inch) O;D. Monel tubing. At the trailing edge, the static pressure
taps have an orifice diameter of 0.0228 cm (0.009 inch) and feed into 0.0508 cm
(0.020 inch) 0.D. Monel tubing coupled to the 0.1066 cm 0.D. Monel tubing.

The static pressure lines extend out both ends of the models and were connected
via plastic tubing to the modular pressure scanning switches mounted on the

model cart sting support.

The air supply for BLC was obtained from air lines routed along the side

plates of the model support assembly and connected with sealed fittings to each
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end of the model, Figure 4-2. These fittings were centered over the main
access plenum cavity on each end of the model. The main access plenum cavity,
shown in Figures 4-5,6, feeds the blowing slot plenum through an area of
chordwise webbing used to increase the aft structural stiffness. Adjustments
in the slot height are made with a row of screws located at x/c = 0.795.

To insure uniform deflection of the adjustable blowing lip, a bending flexture
was machined in the lip internal contour. A spanwise uniform slot height of

0.0254 cm (0.010 inches) was used throughout the testing.

4.3 TUNNEL CALIBRATION

The transonic airfoil test capability of the Vought High Speed Wind Tunnel
was established in Reference 4 for quasi two-dimensional testing with the same
sting/sidewall support hardware described above. Wall interference and
porosity criteria were determined within the constraint of a nominal chord
dimension of 15.24 cm (6 inches) and a related sting/sidewall sizing. Calibra-
tion datah from unblown C-141 and blown ATC airfoil model tests provide a
reference for the present testing. In these calibrations, the reliability and
consistency of airfoil data obtained in the Vought HSWT at ReC =2.5 -6 x 106
were validated with respect to other test facilities (e.g., those at AEDC).
The blockage distribution of the TATC model/support system appears in Figure 4-8.
For this type of blockage, and the calibrated wall interference effects at the
selected test conditions, the porosity was set at 7 percent (Section 4.1.1).
Also, from Reference 4, a wake rake located at the present downstream distance
of two chord lengths (Section 4.1.3) was found to have a negligible interference
effect. Finally, although artificial boundary layer tripping was not used in the
Reference 4 tests for a twelve percent thick blown section, it was added to the
thinner TATC7M, 7C models to assist transition. A 0.0254 cm (0.1 inch) wide
strip of #80 grit was used 1.27 cm (0.5 inches) aft of the leading edge.
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5.0 TEST RESULTS AND DISCUSSION
5.1 RUN SUMMARY

Tests with the TATC airfoil models are summarized in Figure 5-1. The
sequence of testing was to complete all tests with the TATC7M model first to
determine maneuvering performance and then to install the TATC7C model and
concentrate on cruise conditions. Runs with each model, however, covered
both simulated cruise and maneuvering conditions to a sufficient .degree to
indicate off-design performance. Mach number/1ift combinations for the TATC7C
model were oriented toward determining drag divergence characteristics. Angles
of attack varied up into regions of high wave drag and stall for both airfoils
and jet momentum coefficients ranged from zero blowing to values exceeding
the design predictions, even factoring in the Reynolds number effect in going
from the Rec = 10 x IO6 design to the 2.5 x 106 primary test condition.

Test time constraints precluded extensive testing at the maximum tunnel ReC of
6 x 106 but runs were made for selected cases to obtain an indication of scale
effects. Airfoil pressure distributions, and 1ift (normal force CN), drag,
blowing, and quarter chord pitching moment characteristics are discussed in

the following sections.
5.2 PRESSURE DISTRIBUTIONS
5.2.1 TATC7M Maneuvering Configuration

Initial tests revealed an anomaly between the ATC airfoil predictions and
the data. Experimental pressure distributions are given in Figure 5-2 for
M_=0.73, Cu = 0.0178 over a range of angle of attack that should encompass
the roof-top TATC7M maneuvering design point of Figure 3-3. Instead, a ‘''saddle"
pressure distribution persists without development of a true roof-top. At low
« the section is aft-loaded due to the trailing edge blowing/camber but, before
the roof-top can fill in as o increases, leading edge shock separation appears.
The design Cu = 0.0128 given in Figure 3-3 scales up to a level of 0.017 in
going from design (10 x 106) to test (2.5 x 106) Reynolds numbers so blowing
is close to the equivalent design level. As stated previously, the effective
aft camber is a function of blowing (Section 2.1) and re-energization of the
slot lip boundary layer perturbs the pressure distribution by reducing 6*
through the BLC region (Section 3.1). Detailing of the transonic mixing process
through the assumed BLC control volume of Section 2,2 is a complex research

task in itself. The predictive methods of Section 3.2, therefore, incorporate
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empiricisms successfully utilized in Reference 4 for a twelve percent thick
airfoil in determining 6* reductions as a function of surface distance S.

It is apparent that the present thin airfoil design is much more sensitive

to AG*(S) and the effective blowing camber is less than predicted. Thus,

aft camber loading is insufficient to close the roof-top pressure distribution
at M_ = 0.73 before high angles of attack are reached that cause leading edge
shock separation. A simple leading edge droop would alleviate this effect at
M_= 0.73.

The net result of the above ancmaly for the existing TATC7M (and TATC7C)
geometry, however, is a very positive one. Reduction of the effective camber
permits the roof-top design pressure distribution to be reached at a higher
Mach number, shifting the maneuvering (and cruise) design point(s) and the
attendant performance gains to more innovative and beneficial Mach number
ranges. Pressure distributions for the TATC/M section are given in Figure
5-3 for fixed a, Cu = 0.0155-0.0178, and Mach numbers from 0.73 to 0.83 to
illustrate this shift. The roof-top persists from M ,= 0.80 up to M_= 0.83,

the highest TATC7M test condition, with C, 's from 1.06-1.15. Initiation of

N
the roof-top distribution occurs for 0.73 < M_g< 0.80. The M_ = 0.73 design

point prediction is compared with data for M_ = 0.80 in Figure 5-4,

Typical variations with angle of attack and blowing are shown in the
pressure distributions of Figure 5-5, 6, respectively. In Figure 5-5, fixed
values of M_ = 0.80, CU = 0.0161 are used with a varying from 0° up into stall.
Corresponding CN values are also given. As a increases from the roof-top
value of 3°, a minimum develops in the mid-chord area and 1ift is eventually
lost through leading edge shock effects. Again, leading edge droop or camber
is a possibility for enhancing the 1ift performance at high angles of attack
in future ATC airfoil studies. Blowing is varied in Figure 5-6 from Cu =0
up to 0.0161 for fixed M_ = 0.8, a = 3.0°. An increment of aCy, = +0.154 is
indicated over this blowing variation. As expected, the blowing-off distribu-
tion has no sharp aft upper surface diffusion step due to the onset of separa-

tion as indicated by the loss in trailing edge pressure recovery.
5.2.2 TATC7C Cruise Configuration

A Mach number shift in roof-top design pressure distribution was measured
for the TATC7C model analogous to that described in Section 5.2.1 for the
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FIGURE 5-3 TATC7M PRESSURE DISTRIBUTION DATA AT MACH NUMBER - a = 3.0°
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FIGURE 5-5 TATC7M PRESSURE DISTRIBUTION AT ANGLE OF
ATTACK = M_ = 0.8, C = 0.0161
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TATC7M configuration. Distributions for M,= 0.8, 0.84, 0.90 are shown in
Figure 5-7 at fixed CU = 0.005 and nominal o in the 2-3 degree range. The

Cu = 0.005 value is the closest blowing case to the design Cu = 0.0017 quoted
in Figure 3~4, Approximate scaling of the predicted Cu at ReC =10 x 10

down to the ReC = 2,5 x 10 test conditions brings Cu up to 0.0022, Even with
overblowing, the plots in Figure 5-7 indicate aft loading for M_ = 0.8, 0.84

that departs considerably from the desired roof-top criteria. At M_= 0.9,
however, the criteria is achieved and the design point and the associated

performance gains have shifted by AM,= +0.1.

The M_ = 0.80, €, = 0.6, Cu = 0.0017 predicted design point distribution
is compared with data at M_ = 0.90, a = 2° in Figure 5-8. An interpolation
between the Cu = 0 and 0.005 curves provides a good matchup with the aft upper
surface shape of the prediction as well as the design C2 = 0.60. Leading edge
pressures are almost identical for all cases while local Mach numbers are, of
course, different due to the Cp* shift. This figure also provides data at
M_ =0.90, a = 2° that exhibits the effects of blowing variations. An increment
of ACN = +0,16 is shown for Cu changes from blowing off conditions up to C“ =
0.010. The blowing-off distribution has a reduced aft loading but shows no
distinct separation or loss of pressure recovery at the trailing edge. This

will be discussed further in Section 5,3.

Variations with angle of attack are shown in Figure 5-9 for the TATC7C
section at M_ = 0.9, Cu = 0.005. In this limited range of a = 0, 2°, no
unusual effects are encountered and the roof-top behavior generally exists for
both plots. Scale effects are illustrated in Figure 5-10 for M_ = 0.9,

a = 4° and test Reynolds numbers of 3.0 and 6.0 x 106. Alterations in the

pressure distributions related to Rec for this unstalled example are negligible. 1
Only the very local spike at the blowing slot attributed to the significantly !

higher Cu value for the Rec = 6.0 x ]06 distribution is apparent.

5.3 LIFT/DRAG PERFORMANCE

Lift as a function of angle of attack is summarized in Figure 5-11 for
representative TATC/M, 7C data. Comparisons are made with the ATC twelve
percent airfoil (TEATC12) data of Reference 4 and data for a conventional
C-141 section (t/c = 0.12) from Reference 9. The comparison data were taken

with the same sting supported model hardware and thus provide the most direct

CN-a reference. Although the flow is quasi-two dimensional on the model,
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FIGURE 5-7 TATC7C PRESSURE DISTRIBUTION DATA AT MACH NUMBER - C = 0.005
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the support system provides a finite induced angle of attack which makes other
CN-a comparisons less valid. Increments on CN at a = 6° of +0.4 and +0.65 are
shown for the TATC7M section, relative to the TEATC12 and C-141 twelve percent
airfoils, respectively, in the M_= 0.70-0.73 range. At M_= 0.80, o = 4°,
the TATC7M CN is 0.4 higher than that for the TEATC12 geometry. The TATC7C has
a CNMAX. increment of +0.2 relative to the TEATC12 for M_ = 0.80 and a = 4-5°.
Blowing coefficients for the TATC7 series are of the same order as those for
the TEATCI2,

As discussed in Section 2.2, Cd + Cu is taken to be the equivalent section
drag for the ATC airfoils. Plots of CN Vs, Cd + Cu are given in Figures 5-12, 13
for M_ = 0.8, 0.9, respectively. The baseline Whitcomb-type SC7C, 7M airfoil
performance (Section 3.2) has been re-calculated for Rec = 2.5 x 106 and analytical
results are plotted in Figure 5-12, The SC7M high 1ift benefits shown in Figure 3-5
degrade significantly at low Reynolds number due to changes in displacement thick-
ness creating higher drags and lower lifts. Experimental and analytical scaling
effects need further investigation to improve the comparisons discussed below.

Data for conventional 64AL06, 64A006 sections are also utilized in Figure 5-12, 13.

Data is presented in Figure 5-12 for the TATC7M section at M_ = 0.8 with Cu
varying from 0 - 0,016, An additional plot for the TATC7C airfoil with blowing-off
is included to emphasize 1ift advantages for the TATC7C to TATC/M deployment at
Cy > 0.6 and to provide low drag data at C < 0.6. A performance envelope is
shown representative of ATC variable geometry/blowing characteristics for the
TATC7C, 7M combination, At equivalent drag, increments in maneuvering lift
coefficient (~CN) of + 0.18 and +0.40 are measured relative to Whitcomb-type
predictions and conventional airfoil data, respectively. These increments are
comparable to the corresponding 0.18 and 0.50 values predicted in the ATC design
phase at a lower Mach number of 0.73 (Section 3.2). Following the envelope to the
lower CN's is indicative of continuous deployment from the maneuvering to cruise
geometry and associated reduction in blowing toward blowing-off conditions. The
drag levels at cruise CN < 0.6 are less than or equal to those for the conventional
section and approach the SC7C predictions. At zero blowing, the slot width becomes
an aft facing step with a base drag contribution that ideally could be eliminated
by slot closure, thus moving the TATC7C curve further to the left. It is interesting

to note that, even with a slot drag contribution, the blowing-off TATC7M curve
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indicates improved CN VS, Cd performance for CN = 0.86 -1.0 relative to the
Whitcomb baseline. The separation illustrated in Figure 5-6 apparently reduces
the effective upper surface curvature in such a way that decreased wave drag

more than compensates for increased base drag.

Stall for the TATC7M airfoil in Figure 5-12 is very abrupt as a result of
shock/boundary layer interactions at the low tesg Rec = 2.5 x 106. A data check
was made in the stalled region at ReC = 6.1 x 10° for an angle of attack matching
one of the Cu =0, ReC = 2.4 x 106 points. An increase of 0.068 in CN’ accompanied
by a decrease of 0.018 in Cd, was measured indicating a distinct softening of stall

as ReC increases.

Polars for the TATC7C configurations appear in Figure 5-13 for M_ = 0.9 and
Cu = 0, 0.005, 0.010. Comparisons are limited to conventional 64A006, 64ALO6
sections since the analytical routines used for the Whitcomb-type baseline did
f not converge at M _= 0.90 and no TATC7M data was acquired past Maf0.83. Zero
] blowing achieves the lowest equivalent drag at M= 0.9 and very low CN but
blowing-on is advantageous at cruise CN > 0.35. In addition, the blowing-on

curves show the ability to obtain AC, increments of +0.12, relative to Cu =0,

for off-design cruise lift f!exibili?y without deployment to the TATC7M geometry.
Maximum measured CN's exceed 0.9. One key point in this figure is that, at

M =8.9, Cu = 0.005 performance is significantly better than that for either

cu =0 or Cu = 0.010 on a CN VS, Cd

low blowing rates, the data base should be expanded to include Cu between 0 and

+ Cu basis. Because of the desirability of

0.005 for determination of a true blowing/performance optimum and a minimum
Cu-required. .

Drag as a function of Mach number is plotted in Figures 5-14, 5-15 6 for the
TATCZC airfoil at cruise CN = 0.4, 0.6, respectively. Conventional and cruise SC7C
curves appear for reference. The onset of drag divergence for the TATC7C is delayed
by AMDD = 0.08 - 0.09 relative to the baseline Whitcomb calculations. Drag divergence
Mach numbers (MDD) of 0.92 are observed for blowing-on cases, indicating beneficial
trades between Cu, sized to skin friction losses, and the much higher losses associated
with wave drag and separation. The pre-divergence TATC7C Cd + Cu levels are higher
than the Cd levels for the SC7C, although the Cu = 0 case for CN = 0.4 (Figure 5-14)
approaches equivalence. Blowing slot step drag contributes here to the levels for
Cu = 0. Non-optimized blowing can also contribute to this effect since Cu is
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25-50 percent of the total Cd + Cu. Performance at Cu = 0.005 exceeds that at
either Cu = 0 or 0.010 for all plotted M_ at C = 0.6 (Figure 5-15) illustrating the
existence of a Cu minimum and the relevance of future optimization. Tailoring of
drag levels, at CN = 0.6 for example, might be achieved through ATC deployments
intermediate to the TATC7C and TATC/M geometries and refinements in the blowing
rates as indicated by the envelope in Figure 5-12 for M_ = 0.8. The result of
primary importance is that ATC blowing has the proven capability to alter the basic

drag vs. Mach number behavior and delay drag divergence to MDD values well over 0.9.

Drag divergence comparisons, based on Cd + Cu, are made in Figure 5-16
as a function of airfoil thickness ratio for several airfoil sections,
including the previous twelve percent ATC blowing geometry (TEATC12). Correlation
curves are shown for both conventional and advanced supercritical designs at a
cruise-type Cg of 0.5. Calculated points for the SC7C baseline and for the TATC7C
design point (Section 3.2) are also shown. The TATC7C prediction is conservative.
The TATC7C data point exceeds the prediction by AMDD = 0.08 and falls above an

extension of the supercritical correlation.
5.4 PITCHING MOMENTS

Pitching moments about the quarter chord point are plotted vs. CN in Figure 5-17
for representative TATC7M, 7C data. Effects of Mach number and blowing are illus-
trated by varying M_ from 0.73 to 0.80 and Cu from 0 to 0.016 for the TATC7M airfoil
and, correspondingly, utilizing M_ = .80, 0.90 and Cu =0, 0.010 for the TATC7C
section. Blowing effects on Cm for the maneuvering TATC7M geometry at both
M_=0.75, 0.80 quantify the aft loading tendencies seen in the pressure distribu-
tions of Section 5.2, Pitching moments for the TATC7C are insensitive to blowing
at M = 0.8 but reach the TATC7M sensitivity levels at M_ = 0.9. The high Mach
number curves for both design points show monatonic increases in aft loading as
a increases to stall, Overall, C, variations for the complete range of ATC

variable geometry/blowing configurations are limited to |acm] = 0.18.
5.5 BLEED POTENTIAL - DATA

Section 3.3 discusses predicted Cu-available/required matchups between the
ATC airfoil and a state-of-the-art engine installation. The data plotted in

Figure 5-12 provide additional indications of realistic bleed potential that
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FIGURE 5-17 TATC7M, 7C AIRFOIL PITCHING MOMENT CHARACTERISTICS
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show the predictions to be conservative, A Cu = 0.005 results in a significant
maneuvering performance improvement, as evidenced by the ACN = +0.13 shown in

Figure 5-12 for the TATC/M section relative to the Whitcomb baseline at equivalent

FYRE—

drag. This data point is included in Figure 3-8 and is shown to approach the
Cu-available curve for compressor bleed while increasing even more the practicality
of using the desirable by-pass bleed mode. At flight Reynolds numbers the Cu = 0.005

would be reduced further by perhaps a- factor of two.
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6.0 CONCLUSIONS

The use of advanced active diffusion control has resulted in cruise and
maneuvering transonic airfoil design points which are similar enough to permit
deployment from a common section while still achieving outstanding performance
characteristics at both flight conditions. An airfoil thickness ratio of seven
percent was selected because of the past attention given to thicker sections and
the immediate need for innovative techniques in the thinner airfoil range. The
% antiseparation tailored contour (ATC) is a proven device for transonic active

diffusion control,

Performance of the transonic ATC airfoil maneuvering and cruise geometries,
designated TATC7M and TATC7C, respectively, has been validated in the Vought
High Speed Wind tunnel. At a 0.8 Mach number and an equivalent drag (Cd + Cu),

increments in maneuvering lift coefficient of +0.18 and +0.40 are indicated for

E the TATC7M section relative to Whitcomb-type airfoil predictions and conventional
i airfoil data, respectively. Data shew drag divergence for the TATC7C deployment
delayed at cruise lift coefficients by AMDD = 0.08 - 0.09 when compared with the
Whitcomb-type reference. Equivalent drag polars define potential performance
gains over a wide range of operating conditions. In addition to concept
validations, the HSWT data provide comparisons with predictions that define

required analytical refinements for design optimization (Section 7.0).

Because of the highly efficient ATC blowing, plenum pressure ratios in
the 2-3 range aré acceptable. Thus, in a perspective on engine bleed require-
ments, by-pass bleed becomes a viable alternative to the more conventional
compressor bleed arrangements. Data for the ATC airfoil(s) show Cu-required,
even for maneuvering, to be a small fraction of the available by-pass bleed
for existing engine technology and to be comparable to available compressor

bleed when extrapolated to full-scale Reynolds numbers.

The above discussion of high Mach number design point performance for a
variable geometry transonic section employing active diffusion control indi-

cates the potential for unique performance and efficiency advantages in

- advanced airfoil design relative to purely passive approaches.
4
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7.0 RECOMMENDAT IONS

Although present analytical/empirical techniques have resulted in a successful
design for a transonic blown airfoil, the development of an analytical tool to
treat the problem of transonic jet mixing in an airfoil pressure field is needed
to optimize blowing effects on section camber. Jet momentum coefficient measure-
ments must also be refined to provide a data base for treating contouring/blowing
sensitivity. A joint experimental/analytical effort of this type should also
include consideration of leading edge geometry variations (droop, camber, etc.) in

the context of further improving airfoil integration of ATC principles.

A second recommendation is to expand the test program to provide detailed
scaling to higher Reynolds numbers. The present results indicate potential that

must be verified at conditions approaching those of flight.

Transonic applications for highly loaded and/or low drag sections such as
the ATC airfoil vary from aircraft cruise/maneuvering to missile lift/control,
each with distinct planform requirements. Three-dimensional wing design studies
are recommended to assess the performance potential of ATC sections for a range

of typical aircraft/missile configurations,
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