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FOREWORD

Laminar flow control (LFC) technology has undergone tremendous progress in
recent years as focused research efforts in structures, materials, aerodynamics, and
systems have begun to pay off. This work, conducted under the NASA Aircraft Energy
Efficiency (ACEE) Laminar Flow Control Program, was begun in 1976. The objective is
to demonstrate practical, reliable, LFC technology for application to commercial
transport aircraft. Earlier work has shown that an LFC system greatly reduces air-
craft fuel use and operating costs.

Ongoing research studies described in these papers complement the major strides
being made by industry airframe manufacturers, under NASA sponsorship, in the devel-
opment of LFC structures and materials and in the demonstration of flight systems.
Research and technology developments discussed herein include: fundamental studies
of improved analytical techniques in boundary-layer stability prediction (together
with confirming experimental measurements); a greatly expanded experimental data base
characterized by detailed transonic wind-tunnel measurements on supercritical air-
foils specially designed for LFC; theoretical and experimental design studies of
high-lift systems applicable to LFC airfoils; reduced cost and complexity of LFC
structures from technology such as superplastically formed-diffusion bonded titanium
materials; and the impact of routine airline operations on the reliability and main-
tenance of laminar flow control systems under actual weather conditions. Six
research papers are presented by representatives of NASA Langley Research Center,
Rockwell International, Douglas Aircraft Company, and Virginia Polytechnic Institute
and State University. The material given here is essentially the same as that used
in oral presentations at the review. Order of papers is in the actual order of
speaker appearance.

This review was a part of the ACEE Project Oral Status Review and KC-135 Winglet
Program Review held September 14-18, 1981, at Dryden Flight Research Center in
Edwards, California. The conference included comprehensive reviews of major flight-
test and structures contracts by the two major ACEE LFC contractors, Douglas Aircraft
Company and Lockheed-Georgia Company. In additon, two sessions included selected
papers describing LFC research and technology. The NASA sponsored work in this
latter area is collected in this NASA Conference Publication.

Use of trade names or names of manufacturers in this report does not constitute
an official endorsement of such products or manufacturers, either expressed or
implied, by the National Aeronautics and Space Administration.

Grateful appreciation is expressed to the authors whose efforts characterized

the technical excellence of this session.

Dal V. Maddalon
Session Chairman
Langley Research Center
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NASA LANGLEY LAMINAR FLOW CONTROL AIRFOIL EXPERIMENT

W. D. Harvey and J. D. Pride
NASA Langley Research Center
Hampton, VA

ABSTRACT

In an effort to significantly reduce drag and increase aircraft energy
efficiency, the NASA Langley Research Center has designed and is constructing an
advanced swept supercritical LFC airfoil which is scheduled for wind tunnel testing
to confirm performance and to establish a technology base for future long range
commercial transports. The swept LFC airfoil was designed for a given thickness
ratio and 1ift coefficient, with emphasis placed on high critical Mach number with
shock-free flow. It is compatible with satisfactory Tow speed and buffeting
characteristics and minimizing the suction laminarization. Further emphasis was
placed on achieving shock-free flow over a wide range of off-design conditions
including trailing edge flap control. This presentation further briefly describes
the requirements and design of the suction system and modifications to the Langley
8-Foot Transonic Pressure Tunnel including contouring of all nonporous test section
walls for free air simulation and flow quality improvements. Tunnel installation is
scheduled for completion and initial testing is to begin in early 1982. Specific
objectives for the LFC experiment are given in figure 1.

SPECIFIC OBJECTIVES

@ DEVELOP AN ADVANCED SWEPT SUPERCRITICAL AIRFOIL WITH PERFORMANCE
COMPARABLE TO ADVANCED TURBULENT AIRFOILS AND WITH FEATURES WHICH
WILL SIMPLIFY LAMINARIZATION

@ VERIFY PERFORMANCE OF THE SELECTED AIRFOIL THROUGH WIND-TUNNEL
TESTING AT SIMULATED DESIGN AND OFF-DES1GN CONDITIONS AT REQUIRED
CROSSFLOW REYNOLDS NUMBERS

@ EVALUATE BOTH SLOTTED AND POROUS CONCEPTS N THE UPPER SURFACE WING
BOX REGION

@ EXTEND DATA BASE AND VALIDATE EFFICIENCY OF UPDATED STABILITY CODES
WITH EMPHAS1S ON THE COMBINED EFFECTS OF CROSSFLOW AND LOCAL
SUPERSONIC FLOW

Figure 1



SYMBOLS

amp1litude

growth factor; BeRe

span of model

total drag, C C

d, suct * d, wake

section 1ift coefficient

Pp-p,
pressure coefficient;

. . , N (pu)y,
coefficient of suction, ‘5T

chord length
diameter

= 2.71
frequency

. 1/2
Goertler parameter; Re(e/r)

height

plenum (or nozzle) height or surface wave height

length
Mach number

amplitude ratio; 2n a/ao

pressure
mass flow rate

dyanmic pressure, 1/2 p_U_

free stream unit Reynolds number

Reynold numbers based on chord (local or freestream)

slot Reynolds number



u

p

crossflow Reynolds number
local Reynolds number based on coordinate x
momentum thickness Reynolds number

radius of surface curvature
slot width
thickness

slot velocity
freestream velocity

velocity in flow direction

local velocity component normal to suction surface

velocity perpendicular to flow direction
coordinate in chord direction

sucked height of local boundary layer

angle of attack or mass flow discharge coefficient
Taylor-Goertler vortex growth parameter

trailing edge flap angle

total boundary-layer thickness
momentum thickness

wavelength

leading edge sweep angle
viscosity

density

Subscripts

0

1

DD

freestream
normal to leading edge

drag divergence



n nozzle

sd suction duct
W wall vaiue

0 reference

e edge value

Superscript

! prime denotes rms value



TEST SETUP FOR LFC EXPERIMENT IN LaRC 8-FT TPT

A schematic of the overall LFC experiment hardware in the Langley 8-ft TPT is
shown in figure 2, along with modifications. The LaRC 8-ft TPT has been dedicated
to the development and testing of low drag airfoils at transonic speeds with and
without suction control. The major component consists of a large-chord swept super-
critical LFC airfoil of aspect ratio nearly one and spans the full tunnel height.
Airfoil suction air is removed by a 10 000 CFM compressor through the airflow system
evacuation lines, control boxes, and sonic nozzles. To produce transonic wind-tunnel
flow which simulates free-air flow about an infinite yawed airfoil, all nonporous
bonding walls have been contoured. Length of the contoured liner is about 6 times
the tunnel height including nozzle contraction, test section and diffuser. An
adjustable two-wall choke (sonic throat) is located downstream of the LFC model to
block upstream noise propagation. Tunnel modifications include installation of a
honeycomb followed by five screens for suppression of turbulence.
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LFC AIRFOIL EXPERIMENT SCHEDULE

Figure 3 is a current ACEE/PERT schedule indicating major milestones for the
design, fabrication, and installation of various components of the LFC experiment,
and test start date of January 1982. Also included for tracking purposes are the
associated tunnel modifications. Filled symbols to the left of the current vertical
dashed 1ine at September 1981 represent completed task milestones. It should be
noted that the original LFC test date of July 1981 was delayed about 6 months due to
high-priority Shuttle tests (CLOT) conducted recently in the 8-ft TPT. However, the
LFC experiment fabrication and installation is on schedule with the tunnel modifi-
cations (honeycomb and screens, liner) in progress.
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EFFECT OF TUNNEL TURBULENCE LEVEL ON
MAINTAINING FULL-CHORD LAMINAR FLOW

Previous LFC experiments (ref. 1) have shown that the characteristics of
low-drag airfoils can be successfully measured only in Tow-turbulence tunneis.
Figure 4 illustrates the effect of tunnel disturbance levels on maintaining full-
chord Taminar flow on airfoils and bodies of revolution with suction applied through
closely spaced slots in several wind tunnels, compared to X-21 flight results.
Results indicate that tunnels, whose level of turbulence is very Tow (u'/V_ < 0.05%),
are required to achieve extensive LFC on airfoils at high Re.'s approaching flight
conditions. Also shown is the design point established for %he LFC experiment
corresponding to u'/V,, = 0.05% and Re. = 20 x 106 at M, = 0.82. Realization of this
goal is expected based on flow quality tests (ref. 2) and installation of a wall
choke and turbulence screens for the LFC experiment.
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CROSSFLOW REYNOLDS NUMBER (Rew) SIMULATION

Aside from the basic considerations of model scale, fabrication, and boundary-
layer stability and control, optimization with regard to choices of leading edge
sweep, chord Reynolds number, and crossflow Reynolds number is of major importance.
Achievement of moderately high chord Reynolds numbers on a practical-size wind-tunnel
LFC model inherently requires high unit Reynolds number testing that is several times
larger than that encountered on a vehicle at cruise. Considering the maximum
feasible airfoil chord for testing in the LaRC 8-ft TPT, the flight Mach number and
constant crossflow Reynolds number simulation was selected based on future full-
scale LFC aircraft cruise conditions. Figure 5 shows the design point chord Reynolds
number (Re. ~ C cos A) and sweep angle for Re, = constagt While exact gl1qht s1mu-
Tation coufd not be achieved, the test range of 10 x 10° < Re. < 40 x 10” at A = 239
approaches flight simulation at cruise for future commercial %ransports

Rew~ SIN 2/ Re. = CONST.

Rey = CONST.
VAN N
! FUTURE LFC AIRCRAFT
100 — }@
. AR
o OO
Reg - O LRC TEST
(109) T —
10
5 I
1 | | | | J
0 10 20 30 40 50
., DEGREES
Figure 5



LFC AIRFOIL AERODYNAMIC DESIGN CYCLE

A block diagram of the design cycle for the LFC airfoil is shown in figure 6
along with typical outputs from the various design codes. The codes used represent
updated aerodynamics design tools and advanced boundary-layer stability theories for
optimization and prediction of suction requirements. Airfoil pressure distribution
is determined from a transonic inviscid code ("Korn-Garabedian") (ref. 3). The
boundary-layer code (ref. 4) used has been modified to include the effects of mass
transfer at the wall and computation of the surface displacement thickness. The
boundary-layer code (ref. 4) is combined with the transonic inviscid code (ref. 3)
to analyze transonic flow over a finite swept airfoil with LFC. Interaction of the
results from the boundary-layer analysis with the stability code (ref. 5) provides
the required suction rates. The stability analysis is based on various types of
growth disturbances (crossflow, T-S (Tollmien-Schlicting), T-G (Taylor-Goertler)) in
the different regions of the airfoil. It should be noted that final design suction
results for the LFC airfoil have been verified utilizing several alternate stability
codes (refs. 6-8) and independent calculations (refs. 7 and 8), including incompress-

ible and compressible effects.

TRANSONIC AiRFOIL CODE

SURFACE PRESSURE

—-1.5¢

[F STABILITY

® DUCT SIZES
® COMPRESSOR REQMT'S

LEVELS ACCEPTABE €€————

SUCTION DISTRIBUTION

® ASSUMED INITIALLY

® REFINED THROUGH
ITERATION

/

/

BOUNDARY LAYER
STABILITY CODE

® STABILITY
CHARACTERISTICS

Figure 6

—
—
——————— e ——

-—_—————— — — 1.5r x10-8 N
LOWER .~ ~
Co o 1.0 SURFACE~,,~ \\
P d ¢ - -
N Rl A \
/ : \
/ ° 0 2 4 .6 ; \

sl IF STABILITY e e \

LEVELS UNACCEPTABLE \

3-D BOUNDARY LAYER CODE

® BOUNDARY LAYER
PARAMETERS

WKLLilssstel
Le T-S
CF TE
a CROSSFLOW
7 a, e / VELOCITY
=z
LFC SYSTEM DESIGN ]
1 ) STREAMWISE 2
® SUCTION MASS FLOW 0 5 1.0 VELOCITY
® SUCTION SURFACE
REOMT'S x/c
—SLOT WIDTH,SPACING K - ~
—PRESSURE DROP haat —




SUPERCRITICAL LFC AIRFOIL DESIGN AND
OFF-DESIGN PRESSURE DISTRIBUTION

The chordwise pressure distributions and sonic lines on the upper and lower
surfaces of the LFC airfoil are shown in figure 7 for the shock-free design point and
a representative off-design case and are determined for the Korn-Garabedian code
(ref. 3) analysis using a 320-point mesh. The airfoil geometry and pressure dis-
tribution represent an effort to minimize boundary-layer growth disturbances and
subsequent suction control requirements, using concepts developed by Pfenninger
(ref. 9). To minimize 1ift (at a given t/c and M_), the airfoil thickness is
reduced in the structurally less critical front and rear areas by undercutting the
lower surface. The central region provides bending strength and torsional stiffness
and insignificant 1ift contribution. This concept avoids excessively large pitching
moments. Boundary-layer crossflow was substantially reduced by decreasing sweep and
leading-edge thickness and by the choice of pressure and suction distribution. The
upper surface pressure distribution has a steep acceleration in the nose region
followed by a gradual deceleration and flat profile to x/c = 0.4. Downstream, the
flow decelerates rapidly, followed by a steep subsonic pressure rise with suction
towards the trailing edge analogous to a Stratford-type recovery. The supersonic
zone on the upper surface extends over about 80% chord. Flow accelerates rapidly
around the Teading edge lower surface and towards the concave region at high static
pressure and decelerates before further acceleration downstream to sonic velocity in
the midchord region. Suction control is required for the minimization of centrifugal
Taylor-Goertler-type boundary-layer instabilities and interactions in the concave
regions. A small-chord (0.1 c¢) trailing-edge flap provides 1ift recovery at off-
design. Application of a suitable leading-edge 1ift device (Krueger type) appears
feasible in the small nose and lower concave (low-velocity) region to ensure
satisfactory lTow-speed characteristics.

DESIGN OFF-DESIGN
- =0 = -2
M=.75 Beiap CM-L"75° Priap= 2
_ =.7%
-15k C=550 L5} :
¢ c

TOLLMIEN~SCHLICHTING ’\\\/\
0 7
CROSS -FLOW

TAYLOR -GOERTLER

.
_

L5L L5L

Figure 7
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LFC AIRFOIL SHOCK-FREE LIMIT

The flow around supercritical airfoils is basically sensitive to changes in the
external flow conditions. Design and off-design analyses indicate that shock-free
full-chord LFC airfoils at transonic potential flow appear feasible at the design
point and within a narrow operating range. Figure 8 shows the LFC airfoil shock-
free C_ 1imit with normal chord Mach number for various model flap and incremental
angle-of-attack (Ac) adjustments. In order to test under shock-free conditions at
lower-than-design Mach number, the shock-free C; 1imit must be adjusted by selecting
an appropriate combination of M, a, and B. Lowering the flap increases the local
supersonic Mach numbers and raises the sonic bubble on the upper surface. Thus, the
interacting supersonic and receiving rearward subsonic flows cause surface static
pressure discontinuities and shock waves to occur as flap deflection progressively
changes. At sufficiently high Mach number and flap deflection, strong shocks develop
at the downstream end of the supersonic zone. Further Timitations are imposed by
the supersonic bubble/tunnel wall interaction as Mach number decreases. Thus
operation beyond the indicated design and off-design boundaries requires increases in
suction control and streamline contouring to be evaluated during testing.

TUNNEL WALL
SUPERSONIC BUBBLE
L HIGH LIMIT

a = CONSTANT

Priap FOR Bepp = 2°

SHOCKS

1 I I I 1
.72 .73 .74 .15 .76 17
M= Mo cos -A-
Figure 8

11



12

AIRFOIL DRAG DIVERGENCE WITH THICKNESS

Emphasis was placed on achievement of high design-critical Mach number
at drag divergence with shock-free flow for a given thickness ratio t/c and
1ift coefficients. The developed swept supercritical LFC airfoil is to have
performance comparable to advanced turbulent airfoils with features which
simplify laminarization. Figure 9 shows the variation of Mach number at drag
divergence with t/c for conventional and advanced turbulent supercritical
airfoils with the LFC airfoil design point. Operation at higher Mach
numbers requires flap deflection to avoid shocks and subsequent drag
increase, comparable to turbulent airfoils.

WEAK
SHOCK
.8
[ TURBULENT 7 \ STRONG
SUPERCRITICAL LFC EXP/DESIGN PO
AIRFOILS T / SHOCK
Mpp .7 |-
\\\\\\\\\ SEPARATED
/\\ ~ - - B. L
CONVENTIONAL— - =
AIRFOILS
.6 l | i | l |
.10 .12 He .14 .16
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MAXIMUM DISTURBANCE AMPLITUDE RATIO (N = 2n a/a,)
SWEPT LFC AIRFOIL UPPER SURFACE DESIGN

The design of swept LFC airfoils at high Rec's is primarily influenced by
boundary-layer crossflow considerations. A linearized incompressible boundary-layer
crossflow stability code (refs. 6 and 8) was initially used to calculate the cross-
flow and T-S boundary layer disturbances with later calculations and verifications
conducted using updated linear incompressible and compressible codes (refs. 5 and 7).
Figure 10 shows the maximum disturbance amplitude ratios calculated in the nose,
midchord, and aft upper surface regions. The results shown are from the envelope
method which represents the Npax variation with frequency (f) or normalized wave-
length (A/c) in each region of the airfoil. In general, the crossflow growth
disturbances dominate and the most amplified were found for f = 0. Upper-surface
T-S waves are optimized by stabilizing the boundary layer, particularly upstream,
through the use of higher suction rates followed by progressively weaker downstream
suction rates. Therefore, increased level and corresponding trends in the required
suction coefficient with x/c occur with increasing R. Compressibility effects
(ref. 5) are seen to significantly reduce Np., in the different airfoil regions with
subsequent reduced suction requirements, in91cating that the incompressible
calculations were conservative.

INCOMPRESSIBLE
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Figure 10
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length for the nose, midchord, and aft lower surface regions.

MAXIMUM DISTURBANCE AMPLITUDE RATIO (N = %n a/a_)
SWEPT LFC AIRFOIL LOWER SURFACE DESIGN °

In comparison with the upper-surface stability analysis, figure 11 shows
the maximm disturbance amplitude ratio with frequency or normalized wave-

The

linearized incompressible stability results again indicate that boundary-
layer crossflow in the forward and aft concave surface regions is more

difficult to control, especially in the rear.

However, laminarization of the

LFC airfoil Tlower surface strongly depends on the feasibility and suction
control of the more dominating centrifugal Taylor-Goertler-type instability
in the concave surface regions which may cause transition.
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LINEARIZED MAXIMUM GROWTH FACTOR B OF TAYLOR-GOERTLER
VORTICES VERSUS GOERTLER PARAMETER G FOR INCOMPRESSIBLE
FLOW WITH/WITHOUT SUCTION

Results from linearized analysis (refs. 10 and 11) of the T-G instability with
and without asymptotic area suction were used to determine amplification factors for
the LFC airfoil lower concave surface regions. Figure 12 shows the variation of the
linearized maximum growth factor B with Goertler number G for disturbances with and
without suction. Suction pulls the T-G vortices closer towards the wall where
stronger viscous forces tend to damp their growth. Values of B are evaluated between
the theoretical boundaries shown and calculated values of G based on airfoil radius
of surface curvature r and Rg from boundary-layer analysis. These values are then
used to obtain the T-G vortex growth rate in the concave regions.

10 ] 1 1

6 1

q_
BLASIUS PROFILE
NO sucTIoN (rer, 10)
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| 1 |
1 2 4 6 & 10 20 40
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Figure 12
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MAXIMUM DISTURBANCE AMPLITUDE RATIO Npax FOR TAYLOR-GOERTLER
VORTICES AND FLOW TURN INCREMENT, LFC AIRFOIL LOWER-SURFACE DESIGN

In principle, turning of the flow in the concave curvature region through
several "corner" locations was analyzed instead of the usual gradual turn over a
larger chordwise distance. Figure 13 shows representative values of Ny, with
incremental turn of the flow, A x/c, for the Blasius and asymptotic suction
amplification factors previously discussed and evaluated for the LFC airfoil. The
insert illustrates typical variations of the normalized curvature c/r with x/c for
several possible increments of turn. Even though the Goertler number G and local
growth rate B of the T-G vortices with a rapid turn and small r are large, the
integrated growth rate N ax decreases with decreasing radius of surface curvature
due to shorter turns witﬂ1n the concave regions. Since the flow usually decelerates
approaching the concave "corner" regions, local suction is required for stability of
the mean boundary layer. Values of Ny,, = 2.5 to 4 in the front and near-concave
regions have been applied based on the éescribed approach.

2 6R
NMAX=1M'§; - [ (B G)MAX ] dx

. 6 -
BLASIUS.
5 . NO SUCTION
L ASYMPTOTIC
SUCTION
NMAx

0 .01 .02 .03

INCREMENT OF TURN, A X
: c

Figure 13
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LFC AIRFOIL CHORDWISE SUCTION REQUIREMENTS
FOR CHORD REYNOLDS NUMBER RANGE

Evaluation of the optimum suction rates required to avoid premature
transition on the swept LFC airfoil was based on the conservative linearized
incompressible stability calculations previously discussed for amplified
boundary-Tlayer disturbances. Figure 14 shows the chordwise suction quantity
coefficient (CqQ) over the LFC airfoil upper and lower surface test region for

several chgrd Reyno]ds numbers. Results shown are based on local growth
ratei of e to e’/ for crossflow and T-S boundary layer disturbances and e2.5

to e* for T-G disturbances. Suction is eliminated in the nose region for
moderately high Reynolds numbers in contrast to that required for blunt
noses. Suction extends to 97% chord on the upper and 84% on the lower
surface; respectively. Increased suction is required in the upper aft
pressure rise region and decelerated flow regions of the Tower surface
concave regions.
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SPAN/CHORDWISE VARIATION OF LFC AIRFOIL UPPER AND LOWER SURFACE
LAMINAR AND TURBULENT ZONE DESIGN SUCTION DISTRIBUTION - PLAN VIEW

The oncoming tunnel wall boundary layer develops a turbulent wedge over
the airfoil surface near the wall juncture, requiring suction control to
insure achievement of a full-chord laminar test region. Thus, the LFC air-
foil is designed with separate suction control of the upper and lower surface
laminar test regions from the spanwise turbulent wedge zones. Figure 15
shows the upper and lower surface plan view of the design spanwise suction
distribution at several chordwise stations. Considering the LFC airfoil
volume limitations, maximum design values of the turbulent zone suction rates
are indicated in terms of multiples of the corresponding laminar test zone
rates and x/c locations. A 2-D boundary layer analysis (ref. 12) was conducted
to evaluate the turbulent-zone suction rates requirec to avoid flow separation.
In general, the required laminar-zone suction rates extend the full span and
chordwise to x/c = 0.6 on the upper end and to x/c = 0.2 on the lower surface
before increased suction is required above the lTaminar values with further
chordwise-spanwise distance to avoid flow separation and loss of 1ift without
further flap deflection control. On both surfaces, the laminar rates extend
into the turbulent zone before increasing rapidly to the required level for
control. In either the upper or lower surface turbulent zones, the plenum
metering holes were selected by gradually spacing the holes closer
together approaching the end of the ducts next to the walls.



SPAN/CHORDWISE VARIATION OF LFC AIRFOIL
UPPER SURFACE LAMINAR AND TURBULENT
ZONE DESIGN SUCTION DISTRIBUTION
(PLAN VIEW)
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LFC EXPERIMENT DESIGN CONSIDERATIONS

Figure 16 is a cross-section view of the 7-ft chord model at mid-span
including the design point conditions. Structural features of the model
include three separate upper and lower surface suction panels that attach at
the front and rear box beam assembly. A trailing edge flap (spanwise
segmented) extends over the last 10% chord. Suction air is removed through
closely spaced fine slots and ducts extending spanwise. A discussion of the
fabrication design features will be presented subsequently.

- c =1.07 FT

BOX BEAM —\ SPLICE —
e S S W M B

_— i NN AN
3 Z \\\\ 1
NI A
2 T8 T i} 3
GUSSETS —— CHORDWISE DUCTS
RIBS PANEL—-BOX BEAM
ATTACHMENTS

MODEL DESIGN POINT

Mo = 0.82,M, = 0.755
L

Reg = 20 x 10°

c = 7.07, A= 230
tlc), = 13.0%

€)= 0.55
FLAPCHORD = 10,9%

Figure 16

20



PHOTOGRAPH OF LFC AIRFOIL UPPER
SURFACE SUCTION PANEL ASSEMBLY

Figure 17 shows a typical fit-check assembly of the three completed
upper surface suction panels for the LFC airfoil. The panels have been skin-
bonded, slots sawed, and internal ducting, plenums, and metering holes machined.
The external surface has been polished and Tufram-coated for smoothness and

hardness finish.

Figure 17
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DOUGLAS STRUCTURAL CONCEPT

Alternate upper surface porous suction panels are being designed and
fabricated for testing on the current LFC airfoil model. Figure 18 illus-
trates the ACEE-contracted Douglas concept which contains a suction surface
constructed of electron beam drilled titanium. Hole spacing and geometry are
indicated representing the asymptotic approach to area suction for comparison
with the discrete slot suction approach. The EB-drilled holes form diffuser
shaped flow passages that are expected to provide required pressure drop and

ease of maintenance.
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ESTIMATED VARIATION OF EQUIVALENT SUPERCRITICAL LFC
WING PROFILE DRAG WITH REYNOLDS NUMBER

Of major importance is the achievement of lowering profile drag for the
swept supercritical LFC airfoil. The total equivalent drag of an LFC wing is
Cq = C4 + Cdyy o The suction drag was evaluated from the suction power
requirea to to reaccelerate the suction air to undisturbed velocity. The
previously discussed variation of Cq vs x/c for a range of Re. was used as
input. The wake drag was evaluated from theoretical values calculated for
the LFC airfoil and based on momentum considerations for a swept wing accord-
ing to Raetz (ref. 13). The total profile drag, Cq, for the upper and Tower sur-
faces combined of the LFC airfoil is shown in figure 19 as compared to an equiva-
lent laminar flat plate. The profile drag decreases with increasing Re; pri-
marily as a result of the corresponding reduced Cq requirement and sweep
angle. The estimated Cq = 0.001, with full-chord LFC is considerably smaller
than for an equivalent turbulent airfoil of Cq = 0.007. These estimated
results compare favorably with measured values for a single surface on
previous LFC wings (refs. 14 and 15).
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LFC AIRFOIL SEGMENTS OF SUCTION SYSTEM

Figure 20 shows details of the LFC airfoil surface and internal suction
system for leading edge and trailing edge flap segments. UWtilizing the
calculated suction requirements, the LFC airfoil upper and lower surface slot
widths, spacing, and internal suction airflow metering system were designed
allowing for a 50% off-design suction increase capability. This system
provides removal of local boundary layer air through discrete spanwise slots
and metering holes located in plenums beneath each slot. Suction airflow
from several chordwise slot-plenums is collected by spanwise ducts having
constant cross-section with circular or 2-D suction nozzles located at the
ends. The suction ducts were designed on the criterion of minimizing pressure
variation along duct length (spanwise duct length, 1 ~ b/cos A) by
accounting for momentum and friction forces. Significant features are that
the design maximum duct velocity, except for the extreme rearward ducts, is
less than 50 ft/sec, where the normalized velocity varies as
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SLOT DESIGN EQUATIONS/CRITERIA

The equations used for slot spacing Acp and sucked height z were derived
by equating the suction flow rate at the surface to the flow rate within the
slot based on the approach of Pfenninger (ref. 15), as shown in figure 21. 1In
general, z should be near unity, the pressure drop through the slot must be com-
patible with metering and duct pressure level, and the slot spacing Reynolds number
should necessarily be limited to small values. For the LFC airfoil, maximum
pressure drop through the plenum metering holes was limited to about 2% of
the free stream dynamic pressure to avoid backflow oscillations through the
slots. The equations show the effect on slot design of a constfn§ chord wing
and unit Reynolds number condition. For example, the factor (c!/2/R.¥/%) in
the expression for z along with the relation between z and s 1indicate that
slot widths on a typical LFC transport wing would be several times greater
than the present LFC airfoil slot widths.
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CRITICAL SLOT REYNOLDS NUMBER AND SLOT-PLENUM
GOEMETRY FOR LFC AIRFOILS

In principle, criteria for slot design are the slot Reynolds number Re.,
the sucked height ratio z, the slot pressure drop coefficient, and Reynolds™
number based on slot spacing. Figure 22 shows experimental Timits for the
variation of the plenum height to slot width ratio, h/s, with slot Reynolds
number for several Timiting metering hole geometries beneath the slot. In
general, Re. should be small as practical considerations permit to avoid
viscous s]oé wake flow oscillations. Results indicate that very shallow
plenums for constant slot width are required for design at high values of Re.,
which may cause practical fabrication and maintenance problems. The LFC air=
foil design criteria are indicated by the hatched region for 10 < h/s < 20 and
Reg < 150 and are compatible with previous criteria (refs. 1, 14, 15).
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SKETCH OF LFC AIRFOIL SUCTION DUCT AND NOZZLES

Figure 23 illustrates the LFC airfoil internal suction ducting and
nozzle layout in the chordwise and spanwise directions. The laminar test
region suction ducting is separated from the turbulent zone ducting by a
chordwise bulkhead for individual duct and zone control. Penetration holes
in the model bulkheads for nozzles, orifice tubes, and leads are sealed to
prevent leakage of flow between related turbulent and Taminar spanwise
ducts. An access panel seals the complete internal surface of each panel.
To insure that low velocities are maintained in a given laminar test region
duct, a nozzle has been placed at each duct end where required. Also shown
are typical connecting suction hoses and couplings that extend from each
nozzle exit through either the tunnel floor or ceiling to the suction airflow
control boxes. Hose has been sized and selected such that the cross-
sectional area over its length does not change within 2% at maxa p = 1.51 to
minimize both duct and hose pressure oscillations.
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SKETCH OF LFC AIRFOIL SUCTION DUCT NOZZLES

Consideration of volume Timitations of the LFC airfoil model and requirements
for maintaining very low duct velocities necessarily resulted in the design and
application of both circular and 2-D suction duct nozzles to remove and measure the
suction flow rates. Figure 24 shows sketches of both nozzle types. The circular
nozzles provide a smooth inlet flow followed by a straight section beginning at
2 throat diameters downstream of the lip. The 2-D nozzles were designed with half-
height, h/2, and followed by a transition section from rectangular to circular. The
nozzle half-height and width vary depending on duct dimensions in which they are
installed. The nozzle sizes were designed based on limiting maximum flow velocity
of 250 ft/sec to avoid choking and duct pressure oscillations. A1l nozzles have
been calibrated for flow coefficient variation with Reynolds number based on dia-
meter to determine flow rates during LFC testing. Each duct and nozzle throat
contains a static pressure port to measure the nozzle-duct differential pressure to
be used in the following expression, along with the calibrated nozzle flow
coefficient to evaluate mass flow rate.

ﬂDZ n Psd Apn
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where Apn = Pgd - Pn and F = transverse duct area.
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SKETCH OF LFC AIRFLOW CONTROL SYSTEM

The LFC airfoil suction-flow control is monitored by four suction boxes
that are connected via hoses to the suction-ducting nozzles located in the
model (fig. 25). The suction boxes contain arrays of motor-driven needle valves
operated remotely for individual chordwise suction-ducting control on both
surfaces of the airfoil. The individual suction boxes are connected
downstream by variable sonic-flow nozzles which are provided for flow control
to the suction compressor and feed-back noise control through the system
Operation of the suction boxes and drive motors is provided by a console
located in the tunnel control room
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LFC AIRFLOW BOX ASSEMBLY

Details of the airflow control boxes for the LFC airfoil are shown in
figure 26. Airflow from the individual suction duct-nozzle hoses enters the
individual nozzles located at the box upstream end. Actuation of the needles
in the box nozzles provides the control of suction airflow at the model.
This is accomplished through 27 individual control mechanisms in each box.
The boxes have been designed to maintain Tow velocity (~-15 ft/sec) and con-
tain a contraction section and noise damping devices (honeycomb and screen)
to minimize disturbances at the needle-nozzle flow controls. The individual
nozzles and associated needles have been designed for control for about 16%
below design suction at low Reynolds number and 20% above design at the
highest Reynolds numbers anticipated.
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LFC VARIABLE SONIC NOZZLE ASSEMBLY

Figure 27 is a sketch of the sonic nozzles that are located just downstream

of the individual suction control boxes. The nozzles provide for flow control
to the suction compressor and feed back noise control through the system In
general, the sonic nozzles were designed based on the "sonic plug"” principal
and contain a motor-driven needle assembly very similar to those for the
suction boxes. Sonic flow at the contraction is achieved by longitudinal
adjustment of the needle with varying flow rates. The nozzle needle geometry
and stroke are sized based on the suction box range of flow rates. The nozzle
inlet is sized by the box exit piping. Exit flow from the sonic nozzles
enters a collector manifold to the suction compressor.
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SKETCH OF LFC AIRFOIL SURFACE INSTRUMENTATION

Sketches of the LFC airfoil plan view with locations of the surface
instrumentation are shown in figures 28(a) and 28(b) for the upper and lower
surfaces, respectively. The solid dots are for static pressure orifices,
open circles for thin-film gages and crosses for acoustic gages. A
corresponding acoustic gage is located in the plenum opposite the indicated
surface acoustic gages. The upper and lower surfaces contain a total of 300
orifices, 50 thin-films, and 26 acoustic.
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PERMISSIBLE AMPLITUDE RATIO h/x OF MULTIPLE SPANWISE
WAVES FOR FULL-CHORD LAMINAR FLOW ON SUPERCRITICAL AIRFOILS

Since the static pressure in the local supersonic zone of LFC airfoils
vafies proportional to the change in surface slope and to the Prandtl factor
(M° - 1),1/2 supercritical LFC airfoils may become particularly sensitive to
surface waviness, especially for low supersonic Mach numbers with respect to
sonic bubble. The possible adverse effects of critical waviness under such
conditions may: (1) cause a decrease in local external pressure sufficient
to induce outflow of suction air (2) change the pressure distribution such as
to influence growth of boundary layer disturbance (3) generate a pressure
wave that reflects to the airfoil surface from the sonic line and subsequent
transition. Pfenninger (ref. 9) has performed some calculations of the effect of
waviness on the pressure distribution over the Langley LFC airfoil with a 320-
point inviscid Korn-Garabedian analysis. No known criterion exists for such
supercritical LFC airfoils other than the analysis of Pfenninger (ref. 9) which
arbitrarily introduces a local surface wave on the LFC airfoil by change of
coordinates and subsequent pressure profile. Fiqure 29 shows the variation
of permissible amplitude ratio h/; for multiple spanwise waves on
supercritical LFC airfoils as determined by the empirical expression derived
from previously measured data (ref. 14) and represented by the solid lines at
several Rec's. The dashed line represents the LFC airfoil fabrication goal based
on Pfenninger's conservative analysis (ref. 9) and the symbols are from actual
model upper surface measurements representing the worst case.
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OUTLINE OF LINER DESIGN PROCEDURE

In order to produce a transonic wind-tunnel flow which simulates
free-air flow about an infinite yawed wing, contouring of all nonporous boundary
walls is required. The design procedure was developed and conducted by
Perry Newman and Clay Anderson of NASA LaRC using several existing computation
tools. Basically, the bounding streamlines in the desired flow field are
determined in order to establish the inviscid test-section shape. The
determined streamlines are then faired back into the existing tunnel walls.
Then assessment is made of all viscous blockage corrections in the presence
of the model pressure field and required suction control (fig. 30).
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CALCULATED LINER CONTOURS AND SUPERCRITICAL FLOW NEAR MODEL

Many interactions were required of liner design procedure outlined
previously in order to satisfy existing tunnel and flow, as well as other
imposed contraints for the present Tiner. Figure 31 is a scaled illustration
of the relative size of the LFC airfoil model, its embedded 3-D supersonic
flow regions (M > 1), and the inviscid liner shape at the model. The
contours shown are for the NASA LaRC 8-ft TPT wall liner and swept
supercritical LFC model having the ratio of total tunnel height to chord
of about unity.
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SCHEMATIC OF CONTOURED LINER FOR LaRC 8-FT TPT

Figure 32 shows a side and top view of the 8-ft TPT LFC liner. The
rapid contraction section shape changes from circular to rectangular with
corner fillets and represents about 27% increase in the area ratio change.
The increased tunnel liner contraction ratio and need for a wall choke at the
downstream end of the test section lead to a very forward location of the
model in the tunnel. The test-section liner contour extends downstream of
the model and produces a smooth fairing into the existing diffuser by slowly
changing the distorted liner cross-sectional shape streamwise. Streamlines
for the swept LFC airfoil flow split at the leading edge and contact the upper
and Tower surfaces which are displaced from each other in the spanwise
direction at the trailing edge. Thus the cross-sectional views shown
i]]ustraﬁe steps (SHELF) in the Tiner floor and ceiling contour downstream of
the model.
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STREAMLINE LOCATION OF LINER WALL PRESSURE ORIFICES

Figure 34 illustrates the spatial Tocation of static pressure orifices
along theoretical streamlines determined for the LaRC 8-ft TPT wall liner
contour. The indicated number and spacing of orifices along a given stream
vary depending on whether the streamline was considered vital to the
evaluation of the lTiner-model-choke performance during testing. Extent of
orifice locations includes the upstream nozzle contraction section around
the LFC airfoil model, downstream choke and diffuser. A total of 1016
orifices are on all four walls.
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LFC LINER WALL PRESSURE ORIFICE LOCATIONS

Figure 35 further illustrates the contoured liner wall orifice locations
around the model and sidewall mounted choke plates. The figure shows stream-
wise orifice locations on the tunnel sidewall opposite the vertical-mounted
model upper surface and the floor. This typical grid of orifice locations

allows evaluation of model sonic bubble tunnel wall interference and
model-wall juncture boundary layer flow.
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LaRC 8-FT TPT VARIABLE 2-WALL CHOKE AND PLENUM VENT

A sketch of the liner wall choke, shown in figure 36, is located
about one choke chord length downstream of the LFC airfoil trailing edge and
on the walls opposite the model upper and lower surfaces. The choke has been
designed for variable deflection toward the tunnel centerline through a
bell-crank having a 10:1 mechanical advantage. The resulting local area
change, when deflected, allows a choke range of free-stream Mach number of
0.80 < M_ < 0.84. A spanwise porous strip is located on the choke surface
downstream of the maximum deflection point for venting of the flow for
emergency shutdown requirements.
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CONCLUSIONS

The most promising application of laminar flow control (LFC) is for future
long-range transport aircraft where the percentage drag reduction appears to be
the largest. In an effort to realize significant drag reduction and increased
aircraft efficiency, the NASA Langley Research Center has designed and constructed
a swept supercritical LFC airfoil with plans for testing to confirm performance and
to establish a technology base for future long-range commercial transports. The
developed airfoil has unique design optimization features and a suction system to
establish Taminar flow with minimum suction. The test facility to be used for
conducting the LFC experiment has been modified to insure achievement of required
flow quality and transonic free-air flow over the yawed LFC airfoil.
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STATUS OF NASA ADVANCED LFC AIRFOIL HIGH-LIFT STUDY

Zachary T. Applin
NASA Langley Research Center

INTRODUCTION

Laminar flow over major portions of aircraft wings has long been known to
have beneficial effects in terms of aerodynamic performance and fuel economy.
However, due to the rigid constraints on the surface roughness of aircraft
wings, this technology has not, to date, proved to be feasible for commercial
operation. Discontinuties in the surface are also detrimental to the main-
tenance of laminar flow over the airfoil. High-1lift devices cause discon-
tinuities in the surface when in the stowed position. These devices also
leave open pockets in the surface when deployed. 1In addition, the storage of
these high-1lift devices requires internal volume that could otherwise be used
for the laminar flow control (LFC) system. Despite all of the difficulties
associated with high-1ift devices on LFC wings (especially on the leading
edge), the benefits that can be obtained with their use merits research in
this area.

This paper discusses the design of a high-1lift system for the NASA
advanced LFC airfoil designed by Pfenninger (see ref. 1). The high-1ift
system consists of both leading— and trailing-edge flaps. A 3-meter-semispan,
l-meter-chord wing model using the above airfoil and high-1ift system is under
construction and will be tested in the NASA Langley 4- by 7-Meter Tunnel.

This model will have two separate full-span leading—edge flaps (0.10c and
0.12¢c) and one full-span trailing—edge flap (0.25c¢c). The purpose of this
model will be to study the leading—edge characteristics of this airfoil. A
parametric study of the effects of variations in the leading—edge flap
overlap, gap, deflection, and chord will be performed with this model. This
will result in quantitative data on the improved aerodynamic performance
afforded by this high—-1lift device. The design of this model was completed in
January 1981, and construction is underway and is expected to be completed in
time for a wind-tunnel test in March 1982.

The performance of this high-lift system was predicted by the NASA two-
dimensional viscous multi-component airfoil program. This program combines an
inviscid potential-flow solution with an ordinary boundary-layer solution and
a confluent boundary-layer solution (for multiple components) to obtain the
viscid characteristics of the configuration.

This program was also used to predict the characteristics of the LFC air-
foils developed by the Douglas Aircraft Company (DAC) and Lockheed-Georgia
Aircraft Company (GELAC) (refs 2 and 3). The DAC LFC airfoil discussed in the
paper uses both a leading— and trailing—edge high-1ift device. This system
maintains LFC on the upper surface only because of the leading—-edge device.
The GELAC LFC airfoil uses only a trailing—edge high-1ift device. This design
maintains LFC on both the upper and lower surfaces. Both of these designs
gave sufficient performance for a commercial transport flight envelope.
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Based on the data in this paper the addition of a leading-edge device for
the NASA LFC airfoil is necessary for high angles of attack and increased
lift. The data base for the influence of high-1ift systems on LFC airfoils
should be expanded. This will enable potential users of LFC technology to
make judgements on the benefits or detriments of the various high-lift systems
available. Finally, the theoretical data presented in this paper should be
correlated with experimental values that will be obtained from the wind-tunnel

model.



LEADING-EDGE FLAP STORAGE

Since the leading-edge region of the NASA advanced LFC airfoil is very
thin, storage of a leading—edge flap and its mechanism may prove to be a dif-
ficult task using conventional technology. The basic airfoil has been

modified by shifting the lower surface lobe rearward and increasing the
camber. (See fig. 1.) This modification allowed enough length in the chord-

wise direction for storage of a 0.12¢ leading-edge flap. However, no account
has been made at this time for the thickness required for storing such a

device.

LFC 989HL AIRFOIL SECTION
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CRUISE PERFORMANCE

Figure 2 shows the lift—coefficient versus angle of attack in the upper
chart and the percent separation on the upper surface of the airfoil in the
lower chart for the cruise airfoil. The Mach number (0.2) and Reynolds
number (4,660,000) used in the analysis are those that will be achieved in the
wind—-tunnel test of the semispan model. Sinece the program used to determine
these characteristics is an attached flow program, the upper chart shows only
the linear portion of the lift curve. The form factor based on boundary-'
layer quantities is used to predict the point of separation. The aerodynamic
characteristics predicted by this program are considered valid only as long as
the percent of separation remains below 5 percent of the airfoil chord. The
cutoff point is indicated in the upper chart where the solid line stops and
the dashed line starts. 1In addition, due to the rather slender leading edge
of this airfoil, a very abrupt stall pattern is predicted. This is indicated
by the percent separation going from almost no separation to almost full
separation on the upper surface for a one degree increment in angle of attack.
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CRUISE PERFORMANCE

The pressure distribution over the upper and lower surface of the cruise
airfoil is shown in figure 3. This configuration was predicted to have a
maximum two-dimensional 1lift coefficient of 1.5 at about 12° angle of attack.
As expected, this configuration does not provide sufficient performance
(Cy = 4.0) for takeoff and landing.

a=12 deg M=.2 R=4.66x 100
-16

1.5

€1, max _

z/c

Figure 3
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HIGH-LIFT TRAILING-EDGE FLAP PERFORMANCE

Adding a 0.25c trailing—edge flap to the cruise airfoil was the next step
in designing a high-1ift system for this airfoil. The 1lift coefficient and
the percent separation on the upper surface of the wing versus angle of attack
are shown in figure 4. Again, as indicated by the lower chart, an abrupt
stall pattern is predicted. This indicates that a leading-edge device is
needed for this airfoil to achieve higher angles of attack and increased lift.
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HIGH-LIFT TRAILING-EDGE FLAP PERFORMANCE

Figure 5 shows the pressure distribution over the trailing—edge flap con-
figuration. This configuration separates between 8° and 9° for a flap deflec-
tion of 15° and between 7° and 8° for a flap deflection of 30°. These give a
maximum two-dimensional 1lift coefficient between 2.0 and 2.9. This configura-
tion has insufficient performance for takeoff and landing conditions for a
commercial transport.
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Figure 5
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HIGH-LIFT LEADING- AND TRAILING-EDGE FLAP PERFORMANCE

The 1lift coefficient and percent separation versus angle of attack for
the leading- and trailing—edge flap configurations are shown in figure 6. As
expected, with the addition of the leading-edge flap on the airfoil, the stall
pattern predicted is not as abrupt as for the trailing-edge flap and the cruise
configurations. This is indicated by the percent separation increasing at a
relatively slow rate as the angle of attack is increased.
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HIGH-LIFT LEADING- AND TRAILING-EDGE FLAP PERFORMANCE

Figure 7 shows the pressure distribution over the leading— and trailing-
edge flap configuration. This configuration gives a maximum two-dimensional
1lift coefficient of from 3.1 to 4.7 depending on leading—edge flap size and
deflection. This configuration provides the necessary performance required
for takeoff and landing of a commercial transport.
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DEFINITION OF OVERLAP, GAP, AND DEFLECTION

The definition of overlap, gap, and deflection used in this study are the
same as described in reference 4. Basically, the overlap is defined as the
distance, parallel to the longest chord line of the forward component, from
the lower surface trailing edge of the forward component to the most forward
point on the aft component. The gap is defined as the distance from the lower
surface trailing edge of the forward component to the closest point on the aft
component. The deflection angle is defined as the angle between longest chord

lines of the two components (fig. 8).
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CP DISTRIBUTION

Figure 9 shows the pressure coefficient plotted against the chordwise

station for the leading-edge flap, the wing, and the trailing-edge flap.

The

overlap of the leading—edge flap is held constant while the gap is varied.
The relative levels of the pressure peaks on the leading-edge flap and the
wing are used to determine which settings of overlap and gap are optimum. In
order to maintain attached flow on both components the relative levels of the
pressure peaks should be about equal to avoid the premature separation of one

component.,
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EFFECT OF OVERLAP VARIATION

Figure 10 shows the variation of the pressure peak with leading=-edge flap
overlap holding the gap constant at 0.012c. These data indicate that for
small overlaps the peak pressure levels on the leading—edge flap and the wing
show little change with changes in overlap. A baseline overlap of 0.1l6c was
chosen for the wind-tunnel model. The mounting brackets will allow variations

about this value to compare with the theoretical results shown in figure 10.
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flap gap holding the overlap constant at 0.0l6c.

EFFECT OF GAP VARIATION

Figure 11 shows the variation of the pressure peaks with leading-edge

These data indicate signifi-

cant variations in the peak pressure levels on the leading-edge flap and the

wing with changes in gap.
pressure peak level occurs at a gap of approximately 0.0l2c.
of 0.012c was chosen for the wind-tunnel model.

The point where both components have the same

A baseline gap
Again, mounting brackets will

allow variations to compare with the theoretical results shown in figure 11.
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Figure 11
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SELECTION OF LEADING-EDGE FLAP DEFLECTION AND CHORD

With the baseline leading—edge flap overlap and gap chosen, a study was
done to determine the smallest chord and best deflection angle that would
yield the necessary performance. Three sizes for the leading—edge flap were
evaluated (0.08c, 0.10c, and 0.12c). The deflection of each size was varied
from 40° to 60° in 5° increments (fig. 12). The 8-percent-chord leading-edge
flap proved to be insufficient for maintaining attached flow at high angles of
attack. The 10-percent-chord leading—edge flap maintained attached flow and
provided the necessary performance characteristics for deflections from 50° to
60°. The 12-percent-chord leading—edge flap provided the desired performance
in addition to maintaining attached flow for all deflections between 40° and
60°, The five configurations indicated were selected as baseline configura-
tions for the wind—-tunnel model. This will result in quantitative data on the
effects on aerodynamic performance of leading—edge flap size and deflection.

L.E. FLAP: GAP = .012¢ OVERLAP = .016¢
T.E. FLAP: GAP = .02c OVERLAP = 0Oc S = 159 & 30°
CL.E. FLAP
L.E. FLAP’ ¢
DEG
.08 .10 .12
40
45
50 X X
55 X X
60 X
Figure 12



LFC HIGH-LIFT SEMISPAN MODEL

The cruise and high-1ift planforms of the 1- by 3-meter semispan model
are shown in figure 13. This model has two chordwise rows of pressure taps
near the mid-span. One row is designed to be streamwise for 0° sweep and the
other row streamwise for 20° sweep. These pressure taps will be used to
measure quasi-two—dimensional pressure distributions over the model. In addi-
tion, there are six spanwise pressure taps near the leading and trailing edge
to measure the amount of crossflow over the model. The model will be mounted
on a six—component balance to measure forces and moments.

CRUISE HIGH LIFT
T — T
- )
3m ‘_,x’/ '_,,,——’/
jr """""""" 1 -1 """
1.3m
: 7 / / / / V4 V4

TUNNEL FLOOR

Figure 13
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DAC LFC AIRFOIL

After defining the high-1lift system for the NASA LFC airfoil the final
task was to evaluate existing high-1ift configurations for LFC airfoils. The
designs of the Douglas Aircraft Company (DAC) and the Lockheed-Georgia Company
(GELAC) were selected for this study. These were selected because of the two
different approaches to a LFC high-lift system. The DAC design-uses both a
leading— and trailing—edge device while maintaining LFC only on the upper sur-
face of the airfoil. The GELAC design uses only a trailing-edge device and
maintains LFC on both upper and lower surfaces of the airfoil.

The predicted performance of the DAC LFC high-lift configuration is shown
in figure 1l4. A maximum two—-dimensional 1lift coefficient of 4.5 at about
24° angle of attack is predicted. However, for this configuration, this 1lift
coefficient is possible only at the expense of losing LFC on the lower surface

of the airfoil.

a =24 deg .12¢ L. E.Flap .15¢ T. E.Flap
-32r- - r
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GELAC LFC AIRFOIL

The GELAC LFC high-lift airfoil is predicted to have a maximum two-
dimensional lift coefficient of 2.9 at about 9° angle of attack (fig. 15);
this configuration would require a wing larger than one with a leading-edge
flap. However, LFC on both upper and lower surfaces is possible. The air-
foil leading-edge shape produces an adverse pressure gradient on the upper
surface and a neutral pressure gradient on the lower surface. As a result, a
very smooth surface is required to prevent boundary-layer transition on either
surface. This requirement makes it unreasonable to store a leading-edge
device in the lower wing surface.

In contrast, the NASA LFC airfoil attempts to shape the pressure distri-
bution such that the maintenance of laminar flow over the discontinuity caused
by the stowed leading-edge flap will be possible. This will allow LFC on both
surfaces to improve the overall performance of the LFC airfoil.

a=9 deg .225¢c T. E.Flap
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NASA ADVANCED LFC HIGH-LIFT SEMISPAN MODEL STATUS

DESIGN COMPLETED (JANUARY 1981)

CONSTRUCTION STARTED (FEBRUARY 1981)

SCHEDULED COMPLETION (MARCH 82)

CONCLUDING REMARKS

@ THE DATA BASE FOR HIGH-LIFT SYSTEMS (BOTH LEADING AND TRAILING
EDGE) ON LFC AIRFOILS SHOULD BE EXPANDED

® FURTHER STUDY OF THE OPTIMUM POSITIONS OF HIGH-LIFT DEVICES ON
THE NASA LFC AIRFOIL SHOULD BE DONE

@ THEORETICAL DATA PRESENTED IN THIS PAPER SHOULD BE CORRELATED
WITH EXPERIMENTS
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STABILITY OF BOUNDARY LAYERS WLITH POROUS SUCTION STRIPS:
EXPERIMENT AND THEORY*

G. A. Reynolds, W. S. Saric, H, L. Reed, and A. H. Nayfeh

Department of Engineering Science and Mechanics
Virginia Polytechnic Institute and State University
Blacksburg, Virginia

ABSTRACT

This report states the progress made on NASA Grants NSG-1608 and NSG-1255.
During this last year, experiments were performed in the VPI & SU low-turbulence
tunnel on the stability and transition of 2-D boundary layers on flat plates with
and without suction. A number of general suction cases were tried and they are
given in this report. Of particular interest was the work directed toward optimi-
zation of suction distribution. In the optimization tests the overall suction mass-
flow rate was kept constant while different slot configurations were evaluated. The
results of the July 1981 test series showed that the maximum stabilization occurred
when the suction was moved toward the Branch I neutral point.

An analytical study of the stability of two-dimensional, incompressible
boundary-layer flows over plates with suction through porous strips has been per-
formed. The mean flow is calculated using linearized triple-deck, closed-form
solutions. The stability results of the triple-deck theory are shown to be in
good agreement with those of the interacting boundary layers. An analytical
optimization scheme for the suction configuration has been developed. Moreover,
numerical calculations were performed corresponding to the experimental config-
urations. 1In each case, the theory correctly predicts the experimental results.

*Prepared under NASA Grants NSG-1608 and NSG-1255 and ONR Contract No.
NOO0014-75-C-0381
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DESCRIPTION OF THE EXPERIMENT

The boundary-layer suction experiments are performed on a 6-foot x 12-foot
flat-plate model which is equipped for the application of continuous suction at
the four panel locations shown in Figure 1. Porous panels are inserted in two
of the four locations on the flat plate where dimensions are given in centimeters
from the leading edge. These suction panels were constructed by McDAC-Long Beach
using a Dynapore porous material. This is a woven stainless steel which under-
goes a calendering process to provide uniform porosity with very good surface
finish. The Dynapore material is laminated to a backing structure which, in ad-
dition to providing structural support, provides ducting for air removal.

Figure 2 shows this porous—panel construction. The spanwise flutes shown in the
figure are independent of one another and can be turned on or off by appropriate
closing of the exit holes on the back of the panel. 1In this way the desired
suction distribution can be obtained. The suction distribution can be varied
from continuous suction over 10 inches to discrete suction over one 5/8-inch-
wide flute.

Air removal from the porous panel is provided by a vacuum pump and plenum
tank which is connected to the metering system shown in Figure 3. The plenum
tank provides continuous running capabilities even at relatively high volume
flow rates and requires little investment in pumping facilities. As presently
configured, the system operates at a constant mass flow rate determined by the
sonic choking nozzle. The sonic nozzle also eliminates propagation of sound
upstream to the porous panels from the pumps and the primary air-removal piping.
Because of the large pressure ratio between the tunnel and the vacuum tanks,
choked flow is easily maintained. 1In the secondary section, the flow is divided
and the volume flow rate to each of the porous panels is measured. The secondary
manifold is fed by eight lines which supply suction to the eight subsections of
the primary suction manifold on the flat plate. Provision has been made for eight
metering valves in the secondary manifold to correct for possible spanwise non-
uniformities, but this has not been necessary.

The data processing and computer controller system is diagramed in Figure 4.
The primary elements of this system include four channels of constant temperature
anemometry, the associated analog and digital signal processing, and the computer
controller. The computer controls the 40-channel data-acquisition system, the
spectrum analyzer, and the traverse motor controllers.

MEASUREMENTS

The flat plate suction experiment, the control system, and the data processing
facilities, all developed in the last few years, now allow the careful, accurate,
and high speed measurements of the mean flow and disturbance behavior under the
influence of various suction configurations. Initial verification of the mean
flow has shown that the flow is in fact a zero-pressure-gradient flow. Measure-
ments across the boundary layer provide accurate determination of the mean-velocity
profile and disturbance profile simultaneously. Input and output processing also
provides the capability of simultaneous measurement of multiple-frequency or
broad-band disturbances. The influence of suction on the mean flow is most readily
observed through changes in the displacement thickness, &%, and momentum thickness,
6, obtained by integration of the velocity profile. Extent of the streamwise

influence of suction on the mean flow can then be determined. Changes in the mean
flow due to a single porous strip are barely discernible since the scatter in the
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data corresponds to errors on the order of = 0.05 mm. However, the downstream in-
fluence appears to be on the order of 15§ at these suction levels. 1In addition to
boundary-layer disturbance profiles at the ribbon frequency, the total disturbance
spectrum is obtained with and without suction. For example, consider the case of
continuous suction over one porous panel (10 inches chordwise extent). The suction
is applied near the second neutral point. Figure 5 shows a reduction in the funda-
mental and its harmonics as well as the broad-band background disturbances by at
least an order of magnitude. In order to more precisely determine how these effects
depend on the suction intensity and the streamwise extent of the suction, discrete
suction strips were used. Suction was applied through just two flutes, each 5/8-
inch wide and separated by 32 inches, shown as lines 1 and 2 in Figure 1. Dis-
turbances were introduced at a dimensionless frequency, F = §%¥£, near 50 x 10~
as shown in Figure 6. The ribbon was located at R = 415 and the two suction strips
were located at R = 840 and R = 945. Measurements here were carried out between
the #. Measurements were taken at the maximum of the disturbance profile yielding
the plot shown in Figure 7. The results of the experiment shown in Figure 6 were
also interpreted by integration of the disturbance profile. This result is shown
in Figure 8. The measurement of Figure 8 is more desirable than that of Figure 7
because errors due to improper selection of the |u|maX location are eliminated,

6

and errors due to fluctuations in a single point measurement are minimized. Inte-
gration of the profile is also insensitive to changes in the profile shape which
cause errors in some measurement techniques. In short, integration of the dis-
turbance profile provides a very accurate determination of the disturbance ampli-
tude and of the influence of suction.

COMPARISON OF THEORY WITH EXPERIMENT

Laminar viscous flow over a flat plate with porous strips exhibits a triple
deck structure in the neighborhood of each strip. Using linearized triple deck
theory with the dimensionless suction level at each strip as the small parameter,

1
Reed and Nayfeh™ proposed closed-form solutions describing this flow. The solu-
tions consisted of a mean Blasius flow with corrections due to each strip linearly
superposed. Upstream influence was accounted for in this theory.

Using the linearized triple deck closed-form solutions for the streamwise

velocity components, Reed and Nayfeh1 performed stability calculations and pre-
dicted that optimal strip configurations occur for a given frequency when suc-
tion is concentrated close to the streamwise position corresponding to the first
neutral point of the stability curve. The next seven figures show comparisons
between the linear triple deck theory and the experiments for different strip
configurations as indicated below. All figures show the integrated disturbance

amplitude versus VRex.
The following is a summary of the suction strip configurations tested. All
porous strips are 5/8-inch wide. Figures 9-11 indicate results for a dimensionless

frequency of 20 X 10—6 and a square root of the unit Reynolds number per meter of
Ru = 987. 1In Figure 9, one suction strip on Panel II at x = 248 cm. is open with a

suction level of wvy=5.5 X 10—3Uw. In Figure 10, two suction strips are open, one on
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Panel T at x = 194.3 cm. with vg = 2.6 X lO_3 U, and one on Panel II at x = 247.6 cm.

with vg = 3.0 X lO—3 U_. Figure 11 shows one porous strip open on Panel I at

x = 194.3 cm, with vy = 5.5 X 10—3 U,. Figures 12-15 indicate results for a

dimensionless frequency of 25 X 10_6. The square root of the unit Reynolds
number per meter in Figures 12-14 is Ru = 961. 1In Figure 15, R.u = 877. Figure 12

shows one strip on Panel I at x = 194.3 cm. with vgo= 5.7 X 10_3 U,. Three strips

are open on each of Panels T and II in Figure 13, each strip having a suction level

of vp = 1.0 X lO_3 U,. The locations of the six strips are x = 184.8, 194.3, 203.8,

238.1, 247.6, and 257.1 cm. In Figure 14, there is suction through seven strips on

Panel I and three on Panel II, the first seven strips having vgo = 4.2 X lO_4 U, and

the next three having vy = 1.1 X lO_3 U,. The locations of the ten strips are

x = 184.8, 187.9, 191.1, 194.3, 197.5, 200.6, 203.8, 238.1, 247.6, and 257.1 cm.
Finally, Figure 15 has the same configuration as Figure 14 except at a lower unit
Reynolds number. 1In all cases the theory has predicted the experimental results
well. The experimental results indeed show that maximum stabilization occurs when
suction is moved forward toward the Branch I neutral point.

Figure 16 shows one last case of continuous area suction on Panels I and II

. . -6 . .
for a dimensionless frequency of 25 X 10 ~. However, the corresponding theoretical
results are unavailable at this time.

REFERENCE
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PROBABILITY OF LAMINAR FLOW LOSS
BECAUSE OF ICE CRYSTAL ENCOUNTERS

Richard E. Davis
NASA Langley Research Center
Hampton, Virginia

ABSTRACT

A method has been developed for combining the cloud detector observation results
from the NASA Global Atmospheric Sampling Program (GASP) with Knollenberg probe
observations of cloud particle concentration from other programs to derive estimates
of the ambient concentration of particles larger than a given size. The method has
been applied to estimate the probability of encountering particle concentrations
which would degrade the performance of laminar flow control (LFC) aircraft. It is
concluded that LF loss should occur only about one percent of the time in clear air
and that flight within clouds should always result in a significant (> 26 percent)
loss of LF, with 90 percent LF loss occurring about one percent of the time. Pre-
liminary estimates of cloud encounter probability are presented for four airline
routes, and conclusions are presented as to the best altitudes for cloud avoidance in

extratropical and tropical latitudes.
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BACKGROUND AND PROBLEM DEFINITION

USAF X-21 flights in early 1960's experienced laminar flow (LF) loss within

clouds and within "haze". Theoretical analysis by Hall (ref. 1) supports LF loss
within cloud particle concentrations. This raises the following two questions:

1.

What is the probability of LF loss because of meteorological factors along var-
ious candidate ACEE transport routes/altitude profiles? and its corollary, 2. What

is the optimum design altitude profile for acceptable probability of LF loss with
ACEE transport?
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ASSUMPTIONS

These two assumptions can be made:

1. A route may be described in terms of the following route variables:

La latitude

Lo longitude

H height (i.e., aircraft altitude)
S season
M meteorological condition (e.g., jet stream, monsoon, cyclomne,

anticyclone, etc.)

T tropopause location

2. The altitude regime of interest for the "ACEE transport' is 25 kft to
45 kft (7.62 - 13.71 km) MSL.

EQUATION FOR PROBABILITY OF LF LOSS

LF LOSS
P WL%%WE =P EEM *HCLEAR ATR),
(La,Lo,H,S,M,T IR
AZE ROUTE
+p |F LOSSL P(CLOUD)!
LOUD ROUTE

THUS, IT IS NECESSARY IN PRINCIPLE TO DETERMINE OR ESTIMATE
THESE SIX PROBABILITY COMPONEWNTS FOR EACH ROUTE OF INTEREST.




PLAN OF ATTACK

The following steps constitute Stage I of the LaRC/LeRC/contractor effort to
characterize LF loss:

1. Assume LF is lost only within clouds

2. Derive cloud encounter statistics from NASA Global Atmospheric Sampling
Program (GASP)

3. Analyze for dependence on route variables

4., Obtain initial estimate of cloud encounter probability along routes of
interest

5. Determine overall magnitude of cloud encounter problem
If results of Stage I are favorable, then Stage II is implemented:

1. Develop method for scaling GASP particle encounter statistics to obtain
LF loss statistics

2. Determine probability of LF loss in clear air, haze, and clouds

GASP CLOUD DETECTOR DATA

Each second, a measurement of the concentration (no. /m ) of particles larger than
3 um is taken. If the concentration > 6.6 X 104/m , the measurement is defined as a
cloud. Measurements are grouped by 255-sec time segments. (At 500 knots, this is a
horizontal distance of about 64 km.) For each 255 second segment (schematic below),
compute the following:

N
TIC = percentage time-in-cloud = 2: 'Ii/255 x 100
i=1
N = number of clouds encountered
'T —T3 —>| "_T‘l
23 NG
T=0k A T = 255 SEC
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STAGE 1 - DISCUSSION OF GASP CLOUD ENCOUNTER RESULTS

GASP data from 12/75 to 12/77 have been analyzed to date. The remaining 1-1/2
yrs. of GASP data will be analyzed during CY 82. Therefore, the statistics presented
here should be regarded as representative, but not final.

The sample to date includes 960 flights and 52 164 cloud encounter observations,
7647 of which were within or near clouds, at an altitude range of 25 to 45 kft MSL.
The number of flights along each route having cloud detector observations is presénted
in table 1. As expected, the preponderance of observations are derived from the
principal airline routes.

ROUTE SUMMARY OF FLIGHTS WITH CLOUD ENCOUNTER DATA

[LJ' 1976 "‘I—' 1977 -

Route D J FlM A M]3 I _als o wNlbp I FlM a_mM|lJI_ a3 als o NlobD

.
Chicago - Calif. 5 5 6 8 13
Calif-Hawaii 4 5 26 4 16 10 3|10 2 4 4
Calif-NE U.S. 2 1 6 1 2 5 1 1 4 1 1 2
Hawaii-Chicago 2 . 1 6 12 6
NE U.S.~Europe 11 4 13 31 12 6 2 |12 2 3
Calif-Tokyo 1 2 1 1 3 1 14 1 6 8 (12 8 2
Western U.S.-Europe 2 3 37407 T __1_ i
Seattle-Calif 2 2 2 4
Seattle-Hawaii 4 6 2
New York-S. Amer 1 6
Calif-S. Amer 3 1 2
New York-Tokyo L3 115 13 9 9411 4]
S. Asia-Europe 1 2 1 14 1 4 7 8 4 2
Austr.-S. Asia 14 4 |12 10 5
Hawaii-S, Pacific 2 3 |16 2 4 2 6 4
S. Pacific- ! \ |

Austr/N. Zea 2 | 3 |10 2 4 2
Calif-Austr/N. Zea 10 2 111 6 1 3 2
E. Austr/W. Austr 4| ) 113 6 3. ~ |
N - above flights 8 24 42 |33 66 33 32|35 18 |73 38 26 6 35 29 ;37 25 19 (38 22 €20
N - all flights 8 30 49 |50 86 45 0 1] 66150 0 29 428 60 51 {13 36 54 |38 29 21 (42 237 8130
Total flights in table 665
Total all flights 960
% of total flights in table 69%

Table 1
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DISTRIBUTION OF CLOUD ENCOUNTER OBSERVATIONS

Sins S

The next four figures, taken from reference 2, show the distribution of the
observations used in this study as follows:

SIS

Figure 1: By latitude
Figure 2: By season
Figure 3: By altitude band

Figure 4: By distance from the tropopause

As an example, consider figure 1, which gives the distribution by latitude. Con-
sidering only the band 40°N to 50°N, note the following:
1. There were approximately 11 300 observations in this band.
2. This comprised 23 percent of the total number of observations.
Note that

3. The hatched bars denote observations in the vicinity of clouds.
there were 2000 such observations making up 4 percent of the total.

The (16) above the hatched bar denotes that for 16 percent of the

4,
observations, clouds were noted (civ = clouds-in-vicinity).
Perhaps of most interest here are the numbers above the bars, indicating that the
Recall that all

highest probability of cloud encounter occurs near the equator.
seasons and altitudes have been included.

DISTRIBUTION OF CLOUD DETECTOR OBSERVATIONS BY LATITUDE

() = PERCENTAGE OF OBS. IN VICINITY OF CLOUD

15~ 30—

NUMBER 10: T _26 o — - 11,300 OBS, 23% OF TOTAL

OF %, ’

OBSERVATIONS, oF

IN TOTAL ;51

THOUSANDS [ 10
L 0 0 (15)(22)'(32)(38_)_ (27) (12) (9)
80N 20 0 20 40

LATITUDE, deg

Figure 1
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DISTRIBUTION OF OBSERVATIONS BY SEASON

Figure 2 shows the seasonal distribution of observations. Note that there is a
higher percentage of cloud encounters in winter. As all altitudes and latitudes have
been included, the reason for this is not totally clear, but this probably merely
indicates a higher proportion of tropical routes in winter.

40

20— r ( ) = PERCENTAGE OF OBS. IN VICINITY OF CLOUD
15— 30
NUMBER
OF _%
OBSERVATIONS, 10|~ OF 20
IN TOTAL
THOUSANDS

5 10~

D J F M AMJ J A S ON
WINTER SPRING SUMMER  AUTUMN

SEASON

Figure 2

DISTRIBUTION OF OBSERVATIONS BY ALTITUDE

Figure 3 shows, as expected, that the preponderance of data was gathered in
these three altitude bands: 28.5-33.5, 33.5-38.5, and 38.5-43.5 kft. Therefore,
these three bands were chosen for statistical analysis in the study. Note that the
percentages of cloud encounter in these three bands are 20, 16, and 9 percent,
respectively. Recall that all latitudes and seasons are included here.

10— 50—  ( ) = PERCENTAGE OF OBS. IN VICINITY OF CLOUD
6_ z 30'_‘
NUMBER OF F
OBSERVATIONS, ,, |
Thousanps ] TOTAL 20
2 19+ (17)
(29) (®
oL RN 7/ 7, ©
1 1 ]

28,5 33,5 385 435
ALTITUDE, KFT

Figure 3
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DISTRIBUTION OF OBSERVATIONS BY DISTANCE FROM TROPOPAUSE

Figure 4 shows the distribution of observations by distance from the tropopause.
Roughly 2/3 of the observations were taken in the troposphere and 1/3 in the strato-
sphere. The percentage of cloud encounters decreases markedly above the tropopause.
The quick conclusion is to operate in the stratosphere (i.e., above tropopause) every-
where, but the tropopause is > 50 kft in tropics, above the ACEE altitude constraints.

Therefore, further statistical study is needed to identify the best altitude within
the 25-45 kft constraint.

( ) = PERCENTAGE OF OBS. IN VICINITY OF CLOUD

br 30 TROPOSPHERE ~—}—> STRATOSPHERE
NUMBER
OBSERVATIONS, 0"F
IN TOTAL
THOUSANDS 5 10F
(24) (25)
(17) (17)

(3) (0)
<-15-15  -10 -5 0 5 >5

DISTANCE FROM TROPOPAUSE, kft

Figure 4
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CLOUD ENCOUNTER STATISTICS

Statistics are presented in table 2 for cloud encounter probability during
An example is presented within the box in the

winter over a range of latitudes.
table.

(A) The probability of cloud encounter (P(TIC > 0)) is:

(B)

(%)

2.5 percent in
20.5 percent in
21.8 percent in

The probability
1.1 percent in
16.3 percent in

17.6 percent in

See table 2 for

the 38.5-43.5 kft altitude band
the 33.5-38.5 kft altitude band
the 28.5-33.5 kft altitude band

of being in clouds > 10 percent

the 38.5-43.5 kft altitude band
the 33.5-38.5 kft altitude band
the 28.5-33.5 kft altitude band

P(TIC > 25%) and P(TIC > 50%).

of time (P(TIC >

We see that, for 35° latitude (band 30-40°N), the following are true:

10%2)) is:

Tables 3, 4, and 5 present the same type of data for spring, summer, and autumn,

respectively.
WINTER
LATTTUDE: 75. 65. S5,
ALT, (KFT)
P(TI1C>0)
38.5-43.5 0.0 0,0
33.5-36.5 0.0 0.0 17.2
28.5-33.5 1.0 15.8
P(TIC210%)
38.5-43.5 0.0 0.0
33.5-38.5 0.0 0.0 14,2
28.5-33.5 1.0 14,0
PLTIC225%)
38.5-43.5 0.0 0,0
33.5-38.5 0.0 0.0 12,3
28.5-33.5 0.7 11.0
P(TIC250%)
38.5-43.5 0.0 0.0
33.5-38.5 0.0 0,0 10.}
28.5-33,5 0.0 6.1
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All these statistics are taken from reference 2.

CLOUD ENCOUNTER STATISTICS - WINTER

45,

12.2
20.9

31.7

10.8
15.8

2%.2

9.3
9.7
16.7

35, 25, 15. Se -5
2.5 ] 3.7 15.0 24.9 40,7
2045 | PleB 10,2 34.6 33.6
2le8 | 160 10,2 24,6 46.8
1.1 2.7 8.6 20,1 3a.5
16,3 | 172 7.8 26,1 24.7
17.6 [13.6 9.2 18.3 34.2
1.0 1.5 S.7 16,1 29.1
13.8 117 6,5 21.6 18.2
13.6 [10.7 8.1 14.1 26.7
o6 9 le8 10.8 18.6
10,2 7.1 3.0 13.9 11.6
9.8 7.3 5.7 Te7 15,5

Table 2

-1s5,

54,3
25,5

20.8

43,8
20.1

14,2

32,2
16.5

9.5

19.9
11.7
3.9

-25,

12.5
12.2

17.3

6.6
8.5
12.5

6.c

10.7

2.9
4.8

7.9

-35.




CLOUD ENCOUNTER STATISTICS - SPRING

SPRING
LATITUDE: 75, 65. 55, a5.| 35.| 25. 15. 5. =5, =-1s. =~=25. =35,
L ALT (KFT)
E
4
: T
i (T1C>0) A
38.5-43.5 0.0  ..5 10.1] 10,8 8.5 40.9 41.3 53.5 36,6 4.8 9,0
} 33,5-38.5 4.0 2.4 10,9 15.8| 15.8| 17.1 23.8 29,2 S54.4 36,3 13,3 25,0
: 28.5-31.5 0.0 2648 20,6 26.9| 25.2| 24.8 13.6 16.0 30.0 29,2 T.7 3.8
PUTIC2108) B
38.5-43.5 0,0 0.0 T.0{ 7.9 4.6 32,1 29.6 239.2 27,2 0.0 9,0
33.5-38.5 0.0 0.0 Tel 1lel] 10.4 113 14,8 25,0 42.7 22,1 10.0 0.0
28.5~33.5 0.0 22.0 14,2 19,2] 12.9| 14.0 5.1 4.0 30.0 16,7 0.0 30.4
PTIC225%) C
30.5-43.5 0.0 0.0 Sab]| 6.6] 3.3 20,2 25.4 30.4 19,4 0.0 6.0
33.5-38.5 0.0 0.0 5.8 8.5| 7.6/ 8.7 11.7 18,3 25.2 14,2 10.0 0.0
28.5-33.5 0.0 22.0 10,1 17.4f T.,7| 10.1 3.4 4,0 10.0 16,7 0.0 2<.1
PiTIC2S0%) D
38.5-43.5 0.0 0.0 3.9 § 4.5 | 1.9 14,5 (4.8 18.9 13.3 0.0 5,0
33.5-38.5 0.0 0,0 3.5 4.9 [ 4.3 ] 4.5 7.6 10,8 14,6 Tel 3.3 0.0
28.5-33.5 0.0 19.5 6.0 8.4 | 4.1 | 4.2 1.7 0.0 10.0 8.3 0.0 2l.7
Table 3
SUMMER
LATITUOE: 75. 65. 55, A5, | 35.| 25, 1S. 5. <5, =-1l5. =25, -3%5.
ALT,IKFT)
PLTIC>0) A
38.5-43.5 0.0 6 1,0 9.6 | 8.6 4.3 17.9 50.0 73.4 26.8 S.a4  ?.s
33.5-38.5 Tel 2.7 9,1 30,3 [14.4]| 0.0 S8,9 27.1 20.2 2,1 4.5 o7
28.5-33.5 33.8 20.0 | 4.5| 22.6 54.4 44,6 17.8 4,5 4.5 15.7
PiTIC210%) B
38.5-43.5 0.0 o1 ot 5.8 | S5.3| 2.1 10,3 39,1 65.6 22,0 0.0 0.0
33.5-38.5 0.0 1.0 4,7 21.3 [10,1] 0.0 46,1 18.6 17.6 o7 2.R o
2B8.5-31.5 10,8 11.9 3.4 164 44,0 1.6 13.5 4,5 1.1 1).8
P(TIC275%) C
38.5-43,5 0.0 ol .1 4.0 | 2.5] 2.1 5.1 34,4 53.1 17.1 0.0 0.0
33,5-38.5 0.0 S 2.9 15.3 | 7.3 0.0 39,0 14.4 13.4 7 1la1 0.0
28.5-33,5 6.2 11.1 | 2.6 12.4 37,9 24,1 T.6 1,3 1ol 6.9
P(TIC250%) D
38.5-43.5 6.0 «1 0.0 2.1 «8 0.0 5.1 2A.1 39.1 7.3 0.0 0.0
33,5-38.5 0.0 2 lel 8.9 [4.1 | 0.0 241 7.6 Te6 «7 0.0 0.0
28.5-33.5 3.1 5.2 (1.8 | .6 23.1 9.8 2.2 1.3 0.0 2,9

Table 4




AUTUMN

LATITUDE:

ALT. (KFT)

38.5"3.5
33.5'38.5

28.5'3305

38.5~43,5
33.,5-38.5

28.5-33.5

33,5-38.5

28.5-33.5

38.5-43,5
33,5-38.5

28.5-33.5

75. 65,

P(TIC>0)
o.o .3
0.0 6.0
62.5

P(11C210%)

0.0 3
0.0 4,1
5643
P(TIC225%)
0.0 0.0
0.0 2.3
56.3
P(T1C250%)
0.0 0.0
0.0 0.0
50.0

CLOUD ENCOUNTER STATISTICS - AUTUMN

55.

el

3.0

4S5,

Re3
1‘08

12.9

4.7
9.9

10.6

6.8

n.a

35. 25.
8.3 14.5
14,6 6.7
12,0 8.3
6.1 4.8
9.2 ‘00
8.3 Tel
4,6 3.6
6.5 le8
5.3 5.8
3.6 2eb
Aot o
3.0 5.8

Table 5

15,

25,4
15,7

13.7

17.5
12.4

10,7

11.1
7.8

Te6

6.3
5.9
5.6

Se

Te1
39.8

36.9

6.0
30.1
23.1

4,8
22.6

20.0

2.4
14.0

10.8

8.3
22.1

50.0

4.2
16.9

34,8

4.2
16.9

19.6

2.8
10.3
8.7

-150

9.1
21,4

9.3

4,5
13,6

9,3

2,3
10,4

9.3

23

Se8

2.7
6.0

27.5

Se2
25.n

Se2
25.0

000
‘.3

17.5

=-35.

0.0
0,0

10,1




PRELIMINARY ESTIMATES OF CLOUD ENCOUNTER PROBABILITY FOR THREE ROUTES

In table 6, the routes JFK-LHR, JFK-LAX, and LAX-HNL are described for summer and
winter. As an example, consider only the route JFK-LAX, using the format of the code
block. For the summer, in the 33.5-38.5 kft altitude band, there were 14 observa-
tions (NOBS). The probability of cloud encounter is 50 percent; the probability of
being in clouds for over 10 percent of the route is 21.4 percent; the probability of
being in clouds more than 25 percent of the route is 7.1 percent; and the probability
that more than 50 percent of the route is in clouds is 0. For the winter, there are
more observations (277) and higher confidence. There is a 23.1 percent probability
of cloud encounters and a 12.3 percent probability that 50 percent of the route will
be within clouds.

For winter (same route), it is interesting to compare the probability of cloud en-
counter for the 3 altitude bands. 1In the 28.5-33.5 kft band there is a 34.7 percent
probability of encountering clouds. In the middle altitude band, we have 23.1 per-
cent, as discussed earlier. 1In the highest altitude band, there is only a 0.8 percent
probability of cloud encounter. The marked superiority of the uppermost altitude
band is also apparent in the statistics for the JFK-LHR and LAX-HNL routes.

The sample sizes in some of the blocks are too small for statistical confidence.

In the next phase of the study all GASP data will be included and higher statistical
confidence will result.

CODE:

ALT. BAND

NOBS
ROUTE | PATIC > 0% P(TIC> 10%)%
P(TIC> 25%1% P(TIC> 50%)%

SUMMER WINTER

ALTITUDE BAND (Kft) LAT. ILONG. ALTITUDE BAND (Kf)
ROUTE 285 -33.5] 33.5 - 3.5 385 - 435 | CerlON || 28.5-33.5] 335-38.5] 385- 435

. &;ﬁ 17 262 50 89 12
JFKAHR | paoy o o | 0.8 08l %75w | 200 160}3L.5 2.0 0 o©
o o | os oslls06on | 60 20|28 235/ 0o o0

o Y 14 17 72 211 262
JFKAAX | 25.0 25.0] 50.0 2.4| 5.9 59 || %-d0n || 37 292 231 191 08 0.4
o o0 |71 o0 o | 520w 250 181]17.0 123] 04 0.4

g 29 a1 1259 869 320
ax-ine | o ol o ol o o | 230wl 208 170|200 155 38 28
B o ol o ol o o [izou65w]| 127 93109 68 L6 0.9

Table 6

85



PRELIMINARY ESTIMATES OF CLOUD ENCOUNTER PROBABILITY ON LOS ANGELES - TOKYO ROUTE

In table 7, the long Los Angeles-Tokyo (LAX-HND) route is simulated by the
statistics of several adjacent latitude/longitude cells from the grid in reference 2.
The superiority of the uppermost altitude band over this latitude range is again
apparent. For this route, just as in the preceding example, there is generally less
chance of cloud encounters in winter than in summer. (This is probably due to less
convective activity in winter.) Intercomparison of the lower two altitude bands is
difficult due to sample size problems and meteorological effects. It is planned to
repeat this analysis for this and several other routes in the next phase of the study.

NOBS

CODE: PITIC> 0%i%  P(TIC > 10%)%

PITIC > 25%% P{TIC > 50%%
J

SUMMER WINTER
ROUTE SEGMENT (APPROX) AND ALTITUDE BAND (Kft) ALTITUDE BAND (Kft)
LAT. /LONG. CeLL 28.5-33.5| 33.5- 38.5| 38.5- 43,5 28.5-33.5| 33.5- 35| 38.5- 43,5
1. a 14 17 72 2 262
LAX - 35 N/120 W 25.0 250 21.4| 59 5.9 M7 29.2] 231 19.1] 08 0.4
30-40 NIT5 - 120 W 0o o] 71 o |0 o 25.0 181 17.0 123] 04 04
2 30 130 173 267 682 351
35 NI120 W - 40 N/I25 W 3.3 161] 9.2 50| 64 35 22.8 17.6| 21.3 16.6] 4.6 2.0
30-40 N/120-165 W 6.7 67| 42 L1 L2 0 120 82| 138 103| 1.7 0.9
3, 7 206 317 16 63 29
40 NI25 W 50 N-145 W 143 0 | 335 228|142 82 3.5 25.0| 25.4 20.6] 34 0
40-50 N/120-165 W 0 0 (155 58| 44 1.3 125 63176 48 0 0
a wo 13 143 14 8 a2
50 N/145 W-55 N/165 W oATA | 186 88/ 0 0 0o olo ol o0 o0
50-60 N/120-165 W 53 0.8[ 0 0 o o]0 o] o o0
5, vo |1 3%6 N 39 85
55 N/165 W-50 N/165 E DATA 9.9 45| 25 L1 DATA 0 o]0 0
50-60 N/165 W-150 £ 0.9 0 | 05 O 6 o0l o0 0
6. o |32 384 NO 33 a
50 N/165 E-40 N/150 E oAA | 86 26.7( 96 60 DATA o o0 |0 0
40-50 N/165 W-150 E 188 12.2| 39 1.8 0 o0 ]| o o
7. COMPOSITE 3-6 INSUFE. | 782 1210 INSUFE. | 178 196
35 N/ 120 W-40 NS0 E DATA | 03 1091 1.5 a4 DATA. 9.0 13| 0.5 0
40-60 N/120 W-150 E 134 1.2] 26 0.9 62 L7] 0 o0
8. 28 17 103 13 20 18
40 N/ 150 E - HND 28.6 25.0| 40.2 29.9] 155 8.7 o o0 lo oo o
30-40 N/150-105 E 25.0 17.9] 231 15.4] 3.9 2.9 o o |0 0] o0 o0

Table 7
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1.

PRELIMINARY CONCLUSIONS FROM STAGE 1

An analysis of 2 years of GASP cloud encounter measurements yields the following
conclusions:

On the average, cloud encounters occur on about 15 percent of the
data samples available worldwide (25-45 kft, all seasons and latitudes).

Cloud encounter frequency varies with season, latitude, synoptic weather
situation, and, especially, distance from the tropopause.

Cloud encounter frequency for various routes may be estimated from the
data. As demonstrated, some routes should present no LF problems, others
some LF degradation.

Poleward of 25° latitude, flight in the 38.5-43.5 kft altitude band gives
best probability of cloud avoidance.

Within 25° of the equator, the 33.5-38.5 kft band appears to be the best.
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STAGE II - ESTIMATION OF DEGREE OF LF LOSS IN CLOUDS AND CLEAR AIR:
"THE HALL CRITERTA"

Hall (ref. 1) performed the only known analytical investigation of LF loss in
clouds. The problem is treated as one of particles in a gas flow. A particle imbedded
in laminar boundary layer gas flow generates a wake vortex. If the particle concentra-
tion is high enough, the laminar boundary layer is destroyed and LF is lost. The
degree of LF loss is greater for larger particles and at higher particle concentrations.

An example of the Hall curve for 40 kft and Mach 0.75 is shown in figure 5. Note
the following characteristics:

1. The curve for threshold of LF loss (seperates partial loss and no-loss areas)
2. The curve for total LF loss (seperates total loss and partial loss areas)

3. There is no loss of LF for particles < 33 pym diameter, regardless of
particle concentration

4, There is no loss of LF loss if particle concentration < 350/m3, regardless
of particle size

5. There is total loss of the LF if the concentration of particles > 33 um is >
1.9 % 105/m3 or, for example, if the concentration of particles > 60 um is >
1.3 x 10°/m3, and so forth

6. Between conditions 4 and 5, partial loss of LF is experienced

PREDICTED LFC PERFORMANCE WITHIN CLOUDS AT 40,000 FT (12.19 kM) AND 0.75 MACH

5x 107

5x 105

—

Total loss of LF

5 x 10°—

5x 10% -

No loss |
of LF _/ Partiallloss of LF

5 x 103 _/— Pfirhcle
size too

small

Ambient particle concentration #In%)

5% 102

No loss of LF
Particle concentration too low

5x10 1 { 1 L i R
0 20. 10 60 80 100 120

Particle equivalent melted diameter, pm

Figure 5
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REMARKS ON USE OF HALL MODEL

The following cautions should be applied to use of the Hall model:

The model was developed based on 5:1 aspect ratio elliptical airfoil cross

section.

The model was derived assuming all ice-cloud particles are hexagonal prisms
with 2.5:1 aspect ratio. It has since been found that other shapes are more

commonly encountered in ice crystal clouds.

3. The model was never verified in LFC operation, as no cloud particle
spectrometers were flown (or even available).

However, Hall's is the only model known. Therefore, we will use it with caution in
making preliminary estimates. The first verification of the Hall criteria awaits the

NASA ACEE LEFT (Leading-Edge Flight Test) Program, to begin in 1983.

SCALING OF GASP RESULTS

The GASP particle counter registers the total concentration for all particles
larger than 3 um in diameter. Yet we have seen from Hall's work that only particles
larger than 33 um at 40 kft and 18 um at 25 kft would cause LF problems. Therefore,
it was necessary to develop a method for scaling each GASP observation to derive the
number of particles within the observation that were of sufficient diameter to affect

LFC. A method for doing this is described hereinafter.

SCALING CONCEPT

The following steps are used in this scaling concept:

1. Consider cloud particle spectra, derived from Knollenberg probe measurements,
as in the figure.

2. Derive scaling factor R (defined as ratio of areas in the accompanying fig.)

3. Repeat derivation for as many measurements as can be obtained from subsets
for a similar season, latitude, longitude, altitude, and cloud type.

4, Obtain statistical data on R for each subset.

5. Results:

R . = 10 (cloud bases)

o N(D),

Rmax z 1000 (very thin cirrus) SPECTRAL
_ NUMBER

R = 100 DENSITY

#/M3, m
Rmode = 30
3m Depyy o

D, PARTICLE DIAMETER,p M
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APPLICATION OF SCALING FACTOR R TO GASP DATA

The crucial assumption is that the R values derived from the comparatively few
Knollenberg probe data (source is refs. 3-10) are representative and can be used to
scale the abundant GASP data to derive statistics meaningful for LF impact studies.
The method is the following:

1.

2.

a0

(o]
Obtain GASP measurement (= .f N(D)dD)
3um

Divide by an R value appropriate for cloud type, latitude, season, etc.

(2]
Result = _[ N(D)dD, the number of particles affecting LFC
LF crit. size

Study statistics of this result

Estimate percentage LF loss (percentage of wing area which loses LF when
encountering this particle concentration) from Hall curves




PRELIMINARY CONCLUSIONS FROM STAGE II - GASP PARTICLE CONCENTRATION STATISTICS
AND PERCENTAGE LF LOSS

Statistics of ambient particle concentrations, in clear air and haze + clouds,
were derived. Concentrations were divided by the scaling factor R (R = 10 and
R = 30 were used for conservatism). Conclusions for R = 30 are the following (see
table 8):

1. In clear air, LF is lost = 1 percent of the time.
2. In clouds and haze, LF loss is always significant:
26 percent LF loss

65 percent LF loss

51 percent LF loss
89 percent LF loss

100 percent prob. of
28 percent prob. of
55 percent prob., of

1 percent prob. of

IVIVIVIV

Note that these statistics could be used to convert cloud encounter probabilities to
LF loss probabilities.

CUMULATIVE PROBABILITY DISTRIBUTIONS OF PARTICLE CONCENTRATIONS N
IN CLOUDS AND CLEAR AIR, DERIVED FROM GASP DATA,
TOGETHER WITH ESTIMATED DEGREE OF LF LOSS

(ALL SEASONS, ALTS., LATS. INCLUDED)

No X P(N ?.. No) EST. gEGREE EST. ggGREE P(N ZINNO)

Hodot DA | "cuzar AIR," @ trloss | LFLOSS || CLOUD, @
10 32.0 0 0 100.
104 12.0 0 0 100.
3x102 5.8 0 0 100.
103 2.6 0 0 100.
3x103 1.3 0 0 100.
104 0.3 12.1 0 100.
3x104 0 30.4 12.1 100.
5x104 0 38.9 20.7 100.
7x104 0 44.5 26.4 100.
105 0 50. 4 32.4 96 .
3x103 0 68.7 50.8 55.

7x103 0 82.8 65.1 27.2

106 0 88.7 71.1 16.8

3x106 0 100.0 89.6 1.3

Table 8
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WORK REMAINING AND.TENTATIVE SCHEDULE
Analyses of complete GASP data archive (late 1983) will provide:
Better statistical base
More routes analyzed for probability of cloud encounter

More extensive meteorological analysis

Completion of LF impact assessment studies (late 1983) will provide:

More analysis of R values for various cloud types

Development of LF loss estimates for a wide variety of routes

Recommendation of optimal LF altitude structure for different geographic regimes

Comprehensive error analysis of GASP-Knollenberg-R value technique

Validation of Hall criteria with flights of Knollenberg probes aboard ACEE-LEFT

research missions

RESEARCH AND REPORTING

NO. STEP DATA SOURCE RESEARCHERS REFERENCES

1 Determine probability GASP Nastrom 2
of cloud encounter Holdeman
(route, alt., season, etc.) Davis

2 Determine total particle GASP Nastrom 2
concentrations in clouds, Holdeman
clear air, haze

3 Determine typical particle USAF, Varley, Cohen, 3-10
spectra in clouds* Aeromet Corp. Barnes, Brooks,

and Plank

4 Determine scaling USAF Davis This Conf.
relationships

5 Apply scaling relationships USAF Davis This Conf.
to GASP data

6 Estimate degree of All above + Davis This Conf., 1

LFC loss Hall report

92
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SPF/DB TITANIUM CONCEPTS

FOR STRUCTURAL EFFICIENCY

V. E. Wilson
North American Aircraft Division
Rockwell International Corp.
Los Angeles, California
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OBJECTIVES

® Determine applicability of SPF/DB Ti to LFC
- Design concepts
- Sub-scale fabrication

® Optimize approach to:
- Design
- Fabrication
- Maintenance

® Demonstrate feasibility
- LFC surface quality
- Replaceable LFC strips

WHAT IS SUPERPLASTIC FORMING/
DIFFUSION BONDING (SPF/DB)?

SPF

DB




HAT SECTION STIFFENED SKIN PANEL

FORMING PROCESS

PRE-DRILLED HOLES  STOP: -OFF 6-4 Ti SHEE

2

L

.
o
=

1. STACK 2. DIFFUSION BONDING pgess.

“/PRESSURE

) //§ 7
N Y

4
e eee—— NE

\\\_’//—_’_’-_“ A ‘\4:\ _//_3—1:\ // .
—

3. SUPERPLASTIC FORMING 4. COMPLETED FORMING

HAT SECTION STIFFENED SKIN PANEL
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SEMI-CIRCULAR CORRUGATION
STIFFENED SKIN CONCEPT

SINE WAVE TRUSS CORE SANDWICH PANEL

FORMING PROCESS

. if e

liﬂj_ PRE-DmLLﬂ)@ * *Tj bt
\\ LI AHIIIIN

1. STACK 2. DIFFUSION BONDING
Qo PRESSURE O\ PRESSURE

(= |

3. SUPERPLASTIC FORMING 4. COMPLETED FORMING
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-

SINE WAVE TRUSS CORE
SANDWICH PANEL

ADVANCED TITANIUM TECHNOLOGY

LAMINAR FLOW CONTROL CONCEPT

COMPARISON OF LFC DESIGN
CONCEPTS

Arga / CM {(t)

Weight

Production
cost

Visual
inspection

Maintenance

Airload rib
Attachment

Panel splice

Tailorable geometry

HAT SECTION SEMI-CIRCULAR SINEWAVE TRUSS
SEMI-SANDWICH SEMI-SANDWICH SANDWICH
L
.622CM 2/ CM .665 CM? / CM .703 CM? / CM
LOW LOW HIGHER
LowW LOWEST LOW
YES YES SOME
GOOD GOOD MORE DIFFICULT
GOOD MORE DIFFICULT GOOD
GOOoD MORE DIFFICULT MORE DIFFICULT
GOOD FAIR FAIR
2.26 CM? / CM 2.01 CM? / CM 259 CM2/CM

Duct area / CM
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FEASIBILITY PANEL, MOLDLINE SURFACE

PLENUM AND METERING HOLES IN
FEASIBILITY PANEL




UPPER WING SURFACE SLOT SPACING

MAX 4.5 INCHES
9.0M 24M WSO

28.5M 22.7™ 15.6M
(1,123 IN.) (895 IN.) (613 IN.) (356 IN.) (95IN) FI‘J:SEMGE
PANEL & PANEL 3 PANEL 2 PANEL 1 L
SCALE .
r
2x FIRST SLOT
4% CHORD : o
. (175 IN.)
TIP
TANK 4
_is
T 1% TURBULENT
WEDGE

22M =

@5IN) | gsT——=— .

L T FTURBULENT——E LAST SLOT
t-WEDGE 74% CHORD

® Nominal maximum streamwise slot spacing
is 0.11 meters (4.5 inches) ]

® Slot width .20 mm
(.008 inches)

WING STRINGERS CHANGE TO
MEET LFC REQUIREMENTS

2 SLOTS PER HAT

ADDITIONAL STRINGERS
AND SLOTS

ONE SLOT PER HAT
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T

OPTIMUM PANEL SIZE

WING DIAGRAM

{ SPANWISE

FRONT SPAR
15% PLANE

SPF/DB PANEL FABRICATION
PRODUCTION CONCEPT

i
!

P
DIE | HINGED HEAT //J%
% SHIELDS (3) SIDES”
CERAMIC ,&\,‘ } .
g :/ } v z
4
5

7.
AR K RADIANT
g PART

4) @ Panels sized for

- Fabrication
65% PLANE - Handling
' - Material size

PRE-HEAT



WING COVER FABRICATION
JOINING CONCEPT

PLASMA GUN AND ik

HEAD (MECHANICAL . \\

GANTRY) 2 PLACES §ﬂ A
Y2

-

N2 N
. R S

PURGE HOLDER

INTEGRAL LFC SLOT DIFFICULT TO
MACHINE

® Slots - electric discharge machined (edm)
- Max slot length - 760 MM (30 inches)
- Slot end mismatch - .25 MM (.01 inches)

SLOT

{ CENTERLINE

CENTERLINE
SLOT

SLOT END CUSTOM - JOINING SLOTS
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SELECTED DESIGN CONCEPT

LFC REPLACEABLE STRIPS

AERODYNAMIC
FILLER

r_ 25.40 MM (1.000 IN.) _ij}__L

! it
H i
- ¥
rl i
i i
{ : i
[}
! sy \
[ R 5.1 MM—¢—
At Aenfl (020 IN.)

=0

——]
SLOTTED PERFORATED
LFC STRIP LFC STRIP
ALTERNATE
/s N
¥ =

\,
~ J——

\

N A
2.34 £ 0.13 MM
(0.092 £ 0.005 IN.)

.72 MM (.028 IN.) NOMINAL

ADHESIVE IMPREGNATED FOAM FREE
HEIGHT 1.52 MM (0.060 IN.)

® Accomodates

fabrication
tolerances

® Automated
fabrication
methods

AUTOMATED FABRICATION CONCEPT

LFC SLOTTED STRIP

TI-STRIP
COIL 2 REQD

TI STRIP /
coiL

TENSION
WHEEL

GUIDE

O
sysTeM SN [ @
- ‘

Q?

VACUUM

GUIDE
WHEELS

WHEELS

vAcUuuM} N

‘GUIDE

G
<D Nwmzsls
: . "’@ DRUM J
C " 4»,7 D SANDER
Q’ 1] Yrp)
P‘ Q

7 FINISHED PART A
I 1)

'L\ ,j e

¥~ GUIDE ROLLS A
L RESISTANT
WELD

POSITIVE
PRESSURE
WELD
CHAMBER

LAMINAR FLOW CONTROL
BLEED ASSY

l VPRESSURE
IN,

O:T TENSION _A

WHEEL




AUTOMATED FABRICATION CONCEPT

LFC PERFORATED STRIP

0.203 MM
(0.008 IN.) Houzsﬁ: BRTEE

EB DRILL

o BT
,/;/?‘

EB DRILLING
PN (
914 MM (36 in.)

< CHEM-SPRAY /
PLENUM CHAMBERS
0.813 + 0.012 MM
<z,

609.6 MM\/ {T (0.032 £ 0.004)

i T
@4in) 2 25.400 MM 2
SHEAR TO SIZE \4’% y SHEAR TO §

0.381 + 0.127 MM
(0.015 * 0.005 IN.)

~ j [
BRarX EB DRILL ‘< 2%
3 0.406 MM
o (0.016 IN.) DIA HOLES

WING COVER MOLD LINE WILL MEET
SURFACE FINISH REQUIREMENTS

FINISH CUT \ / FINISH
LFC GROOVE 7 _ ABRASIVE MILL
o \E)/ S
(

| ?_'"f'.{:ﬁfﬁrﬁ‘_Tfféfﬂ'ﬂ—%,
T . R A |
Moo W[ T e
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FEASIBILITY OF USING SPF/DB FOR
LFC WINGS

MONTHS AFTER GO-AHEAD
PHASE h'ASK DESCRIPTION 1(2|314|5|6|7|8]|910[{11]12]13|14{15/16]17]|18]19]|20
S(O[N[D|J{FIM|AIM[J]J|A|S|O|N|D|J|F[M|A
1 Panel fabrication
1 Design development oA
2 Fabrication
Smooth panel Pa N— A
Grooved panel N A
3 Inspection AN
] Adhesive development
1 Survey AN
2 Fabrication AN
3 Demonstrator AN
n Reports
Oral A
Final A A

FABRICATION PROCEDURE FOR LFC
PANEL NO. 1

Vﬁ/W\
~ UPPER PLATEN /SOAK PLATE \
/ /// ___UPPERCAVITYTOOL / ///// s

N \\ LOWER BASE TOOL \\\\j’ BAR

\ LOWER PLATEN  “~SOAK PLATE ,{7
P e — e

(1)BONDING & EXPANSION

/' UPPER PLATEN SOAK PLATE
ram T

\N———  —]
7 l«———LFC PANEL NO. 1

P ]

\ LOWER PLATEN \som( PLATE /

(2)HOT FLATTENING




e
SR e

SRR

PANEL NO. 1 WITH TOOLING

LFC PROGRAM

PANEL SMOOTHNESS

T

h 4

Y

DEPTH OF WAVE - @ MM (IN.)

After machining

A MM (IN) 38.1 (1.5) 558.8 (22)
Required (max) .079 (.003) .300 (.012)
Panel no. 1

As formed 0 1.27 (.050)

After creep forming .203 (.008) .279 (.011)
Panel no. 2

As formed 0 .711 (.028)

0 .292 (.012)

[
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FABRICATION PROCEDURE FOR LFC
PANEL NO. 3

UPPER PLATEN
/———/——TFC,PACK SO;K PLATE

V777 ! UPPER CAVITY TOOL SIS A -

LOWER BASE TOOL

KISS
BAR

N

N\ LOWER PLATEN SOAK PLATE

(D)BoNDING

——

/-—-/so AKPLATE  uppER pLATEN ‘-‘—\

— /\W I

1
SOAK PLATE LOWER PLATEN

(2) EXPANSION

SUMMARY

® Three concepts demonstrated:

RN
® Separate LFC strip concepts developed:

ADHESIVE
BONDED-BEST

e Fabrication methods concepts developed
® Required smoothness feasibility demonstrated
® Bonded LFC strip demo in works




NEXT STEP

APPLICATION TO ADVANCED VARIABLE-SWEEP BOMBER
AIRCRAFT

e Long range cruise configuration

SPF/DB TI TRUSS-
CORE SANDWICH

WITH PERFORATED
LFC SURFACE PASSIVE LFC SURFACE

\

KRUEGER FLAP

J\—_Jé_L;

TRANSFER DUCTS

COLLECTOR DUCT

LFC PROVIDES MULTIPLE BENEFITS
TO ADVANCED BOMBERS

® 1241 L (328 gal) fuel saved/training mission

® 118.4 x 105 L (31.3 x 10¢ gal) fuel saved/fleet in
20 years

® $36.9M life cycle cost savings

® Reduced tanker fleet required
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SPF/DB TITANIUM
LFC POROUS PANEL CONCEPT

Neil R. Williams

Douglas Aircraft Company

McDonnell Douglas Corporation
Long Beach, California



ABSTRACT

This program has resulted in the following:
* Production of SPF/DB panels using thin (0.016-in.) core and face sheets.
e Production of panels with smooth face sheets.

e Elimination of tool pickup on face sheets in contact with tooling material during
the forming process.

¢ Production of panels with the configuration required for LFC applications.

INTRODUCTION

A unique process has been developed at Douglas Aircraft Company combining welding
and superplastic forming/diffusion bonding (SPF/DB) of titanium to fabricate expanded

core sandwich panels.

A variety of configurations has been developed, tested, and evaluated in the perform-
ance of CRAD and IRAD programs over the past several years. Because of this ex-
perience and the unique properties of SPF/DB titanium sandwich construction, this pro-
gram demonstrated the capability of the SPF/DB process to produce structure having
the smoothness and configuration to meet the design requirements for LFC applica-

tions.

A brief explanation of the process is included along with comparative data on structural
concepts to show how the process works and where SPF/DB titanium may be expected

to be structurally competitive.
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DOUGLAS DEVELOPMENT

SPF/DB PHASES OF FABRICATION

FOUR-SHEET SANDWICH

ROLL SPOT-WELD PATTERN
/—-—— ——i————— — — =
GAS PRESSURE TUBE 7/

ENVELOPE (SECTIONED} BEFORE SUPERPLASTIC FORMING

WELDED

GAS PRESSURE —»

ENVELOPE (SECTIONED) PARTIALLY FORMED
FACE SHEETS NO. 1
—\ /— NO. 2
GAS _—“ /
PRESSURE ——» -~ )__ ZZ >
- e LIMITING

FIXTURES
NO. 4 —-/ \—No 3

ENVELOPE (SECTIONED) WITH FACE SHEETS FORMING COMPLETE SANDWICH

X-RAYS OF RECTANGULAR CORE CONCEPTS

4

%/ﬂkq%‘\r {
\/N/}Nr
I B B o
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DOUGLAS DEVELOPMENT

T-38 MAIN LANDING GEAR DOOR o

SPF/DB SANDWICH (RECTANGULAR PATTERN) s

- SPF/DB SANDWICH PANEL WITH INTEGRAL
DOUBLERS AND ATTACHED TEE

115

P



SMALL DEMONSTRATION PANEL SHOWING CONCEPT

in face sheet channels

ined holes

Mach
Un

ion

form web locat

i

No face sheet gas entrapment
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STRUCTURAL CONCEPTS COMPARED

*TI SPF/DB

(LB/FT?)

(25) [ g /m " STIFFENED SHEET © AERAYE

(20) |- 10 |- *ES%EEIZ%SSWICH A DDD
WITH RINGS
Basic (15) | / HONEYEOME a T

PANEL 4
WEIGHT (10)| 5 e "sanowich oA N
Yo
(0.5) B o) *:si-:;lssvT EXPANDED
_— / O
(GRAPHITE/EPOXY)
oL oL | 1 L | | __IN/cm
0"1000 2000 3000 4000 5000 6000 7000
, L _ ! L —1(LB/I
(0) (1000) (2000) (3000) (4000)
Nx = AXIAL LOADING

N.)
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SURFACE CONTAMINATION STUDIES

Tool pickup

Slip sheets —Type 321 Cres sheet

Parting agent — Boron nitride with binder-acetone carrier




TOOL PICKUP AFTER CHEMICAL MILLING OF SURFACE

Tooling material constituents combined with titanium form barrier resisting
chemical milling.

Pickup must be sanded clean to result in uniform material removal in
chemical milling.

Depth of mechanical cleanup is limited by thickness of face sheets.
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PANEL FORMED WITH NO FACE SHEET PICKUP

Slip sheets — Type 430 stainless steel
Parting agent — Boron nitride with binder-acetone carrier

Surface roughness — RMS 20
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PANEL WITH NO TOOL PICKUP
AFTER ALUMINUM OXIDE BLASTING AND CHEMICAL MILLING

Surface roughness — RMS 40-50
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PARAMETERS PANEL — AS FORMED

CORE STARTING THICKNESS — 0.016 INCH
FACE SHEET THICKNESS — 0.016 INCH

250
PRESSURE
200 -
TEMPERATURE — 2000
FORMING 1% {1500
PRESSURE TEMPERATURE
(PSI) 100 1000 (°F)
50 4 s00
0 | 1 1 0
0 1 2 3 4 5 6

TIME (HOURS)
LFC PARAMETERS PANEL — PRESSURE CYCLE




PARAMETERS PANEL
AFTER ALUMINUM OXIDE BLASTING AND CHEMICAL MILLING

Web grooves — 0.00025-inch maximum depth
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BEND TESTS FROM PARAMETERS PANEL

Top — Top face sheet exterior surface bend
Bottom — Bottom face sheet exterior surface bend
Center — Top and bottom face sheets with interior surface

(exposed to argon forming gas) on outside of bend




WELDING OF CORE SHEETS FOR LARGE FLAT PANEL

s

Seam weld — approximately 6 feet per minute
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LAYUP FOR LARGE FLAT PANEL

Face sheets

Seam-welded core

Edge doublers
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TOP SURFACE OF LARGE FLAT PANEL

No web grooves.
Face sheet gas entrapment in core on top side caused wider core-to-face-sheet

cleavage than on bottom side.
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BOTTOM SURFACE OF SECOND LARGE FLAT PANEL
Web grooves 0.002 to 0.003 inch deep caused by reduction of face sheet pressure
during final core forming.

This problem not characteristic in panels having face sheets thicker than
core sheets.

Cure: Maintain a higher face sheet pressure during final stages of core forming.
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TOP SURFACE OF LARGE FLAT PANEL
AFTER TRIMMING
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BOTTOM SURFACE OF LARGE FLAT PANEL
AFTER TRIMMING
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LARGE FLAT PANEL

Microstructure showing diffusion bond quality at face-sheet-to-corell)

and core-to-core!?) interfaces.
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LAYUP OF LARGE DEMONSTRATION PANEL

Perforated strips and forming gas tube attachment are shown.
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LARGE DEMONSTRATION PANEL IN FORMING RETORT

Location of perforated strips is shown.
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TOP SIDE OF LARGE DEMONSTRATION PANEL AFTER FORMING AND

BEFORE REMOVAL OF PERFORATED STRIPS
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BOTTOM SIDE OF LARGE DEMONSTRATION PANEL
AFTER FORMING
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TOP SIDE OF LARGE DEMONSTRATION PANEL
AFTER REMOVAL OF PERFORATED STRIPS
AND CHEMICAL MILLING
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BOTTOM SIDE OF DEMONSTRATION PANEL AFTER CHEMICAL MILLING
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CONCLUSIONS

Special procedures are required to produce smooth panels incorporating thin
face sheets.

Tooling material in contact with the face sheets during forming is critical to avoid
tooling pickup.

Type 430 stainless steel coated with boron nitride with a binder-acetone carrier
was the only system which eliminated pickup.

SPF/DB titanium procedures developed in this program produced panels meeting
the design requirements for LFC applications.
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