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ABSTRACT

Results are presented for the measured performance recently obtained
on several airfoil concepts designed to achieve low drag by maintaining
extensive regions of laminar flow without compromising high-1lift perform-
ance. The wind tunnel results extend from subsonic to transonic speeds
and include boundary-layer control through shaping and suction. The
research was conducted in the NASA Langley 8-Ft. Transonic Pressure
Tunnel (TPT) and Low Turbulence Pressure Tunnel (LTPT) which have been
developed for testing such low-drag airfoils. Emphasis is placed on
identifying some of the major factors influencing the anticipated
performance of low-drag airfoils.

INTRODUCTION

Application of laminar flow concepts to aircraft design depends on
fabrication, materials, and ease of maintaining laminar flow. The bene-
fits of laminar flow are measured by achievement of very low drag which
depends on the total wetted surface that is maintained laminar under
various flight conditions. Performance at off-design conditions and sur-
face maintenance tolerances are also of importance. Successful laminar
flow application may cause significant changes in the trend of future

aircraft design.

Whereas wing loadings on recent aircraft designs have been
increasing, a laminar flow airplane will generally have a lower wing
loading than a turbulent one. This effect occurs because of the type of
pressure distribution required to yield the insensitivity to surface con-
ditions and provides for long runs of laminar flow. Large laminar
flow airplanes (transports) will almost surely operate at high altitudes
to minimize Reynolds number effects and thus maximize performance.

Considerable basic research and technology, with and without boundary-
layer control, is available (refs. 1-12) and believed suitable for
design and construction of an aircraft wing to achieve laminar flow with
reasonable success at subsonic speeds. Interest in this capability has
been renewed by the inflight and wind tunnel test results obtained on
several aircraft to establish the existence of natural laminar flow (NLF)
on recent production-quality general—-aviation airframe surfaces in
typical operating environments (refs. 13-15). These results were based
primarily on flow visualization (sublimating chemicals) techniques to
define transition location and provide increased knowledge and under-
standing for present day aircraft. However, many of the wings investi-
gated incorporated turbulent airfoil sections and were not designed to
achieve laminar flow.
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. ff:Lamfnérithioﬁ has proven to be an inherently difficult boundary-
layer stability problem to analyze and control due to influences of
various local and external disturbances. This difficulty becomes more
acute when sweep effects are included at high speeds. For this reason, a
good understanding of the various stability theories along with advanced
design technology will be required for the development and certification
of future high performance aircraft with laminar flow aerodynamics. The
emergence of advanced design codes, boundary-layer stability analysis
methods, composite materials, and new fabrication technology can substan-
tially alleviate previous laminarization concerns and encourage aerody-
namicists to design better airfoils with higher lift-to-drag ratios.

The Airfoil Aerodynamics Branch at Langley Research Center is currently
involved in utilizing these emerging technologies to develop low-drag
airfoils over a wide range of conditions. One such effort is directed
toward developing natural laminar flow (NLF) airfoils for general-
aviation applications which combine the high maximum lift capability of
new NASA high-lift airfoils (refs. 16-18) with the low-drag characteris-—
tics of the NACA 6-series airfoils. A major design goal of these
airfoils is to avoid degradation of high-lift performance characteristics
if the flow becomes fully turbulent. Another effort is directed toward
research on large-scale swept laminar flow control (LFC) airfoils at
transonic speeds to evaluate the compatibility of suction laminarization
and supercritical technology at conditions which are typical of high-
performance transport aircraft (refs. 6, 19).

The purpose of this paper is to develop a better understanding of
the wind tunnel testing environment and its influences on the measured
performance of several advanced low—-drag airfoil concepts designed to
achieve extensive regions of laminar flow. The wind tunnel results
extend from subsonic to transonic speeds and include boundary-layer
control. The low-speed research was conducted in the Langley Low Turbu-
lence Pressure Tunnel (LTPT), and the transonic research was conducted in
the NASA Langley 8-Ft. Transonic Pressure Tunnel. These tunnels were
developed or modified for testing low-drag airfoils.

SYMBOLS
c airfoil chord
4 section profile—drag coefficient
y section lift coefficient
< section pitching-moment coefficient at quarter—chord
Cp pressure coefficient, (p—pm)/qm
Cp* pressure coefficient for local sonic velocity
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C suction coefficient

Q
h height
L/D lift-to-drag-ratio, cz/cd
Moo free-stream Mach number
p static pressure
; rms pressure fluctuation
q dynamic pressure
R unit Reynolds number
RC Reynolds number based on chord
(RX)tr Reynolds number based on transition location
t section maximum thickness
u,v velocity
; rms velocity fluctuations
X,y chordwise and spanwise coordinate system
o angle of attack
Gf flap deflection angle, degrees
A leading~edge sweep, degrees
A wavelength
Subscripts:
B balance
c corrected
max maximum
s suction
tot total
tr transition
w wake

o free-stream conditions




LOW-DRAG CHARACTERISTICS

The drag due to friction on a current transport aircraft at cruise
conditions with turbulent boundary layers is approximately 60% of the
total drag. Induced drag accounts for most of the balance. The friction
drag approaches nearly 90% of the total drag for submersible vehicles.

It is clear, then, that there is room for performance improvements in
either case by reducing the drag.

In principle, the most promising approach towards achieving signifi-
cant drag reduction is through the gtabilization and maintenance of the
laminar boundary layer as long as possible such that most of the friction
drag remains at the laminar rather than the turbulent level. It is
expected (ref. 20) that techniques involving local flow manipulators
may soon be available for reduction of the turbulent friction drag of
regions of the aircraft that are not laminarized. However, such tech-
niques are not anticipated to give drag reduction levels comparable to
that of maintaining laminar flow. These techniques will not be discussed
herein and only pre—transition concepts are considered.

Past and present wind tunnel research and development and wing-glove
flight testing have established pressure and friction as the two major
sources of aerodynamic drag. The most eftfective approach of reducing
drag is by geometric shaping (passive) and minimization of wetted area
(active), respectively. These approaches have provided a means of main-
taining laminar flow over extensive lengths with subsequent low drag.

Passive Method — Geometric Shaping Control

The passive or natural laminar flow (NLF) approach involves stabil-
izing laminar boundary layers by producing a favorable pressure gradient
through geometric shaping and requires no active system for control. The
exploitation of favorable pressure gradient can be traced back to the
development of the NACA b6-series airfoils and sailplane airfoils as well
as more recent airfoils developed by Somers (ref. 16) and Viken (ref.
17).

If flow can be maintained laminar over the entire favorable pressure
gradient region, it will either undergo transition just beyond the pres-
sure minimum or else proceed to laminar separation with subsequent tran-—
sition to turbulent flow. Which of these flow processes occurs will
depend on several factors that include the geometric shape, angle of
attack, local Reynolds number, and surface conditions. These combined
factors can also produce a hysteresis effect in the lift performance that
is often observed for low Reynolds number airfoils (ref. 21). Thus the
major objective is to shape the airfoil contour to have as extensive a
region of favorable pressure gradient as possible to ensure laminar flow
followed by an appropriate recovery in the adverse pressure gradient
region for maintaining attached flow. This becomes more difficult to
accomplish the more rearward the favorable pressure gradient is
retained. As one approaches transonic speeds, shaping becomes more
important in order to minimize pressure peaks in the nose region and
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shock formation in the rear adverse pressure gradient (ref. 22). 1In
addition, inherent instabilities due to boundary-layer crossflow at the
leading edge of swept wings and in the rear pressure rise regions become
very difficult to control passively (refs. 5-8, 23-24).

Active Method - Suction Control

A detailed discussion and summary review of a large number of
suction control (LFC) investigations, including both wind tunnels and
flight results, have been presented by Pfenninger (ref. 5). In general,
large reductions in friction and profile drag were achieved with LFC as
compared with turbulent flow.

Active approaches usually depend on both shaping and mass transfer
through local suction or blowing concepts. This concept appears to be
the most attractive way of laminarization for low drag, especially when
sweep 1s required at the higher speeds. Flight experience has shown that
on swept wings the transition location is considerably further forward
than on unswept wings as reported earlier (refs. 7-10) and recently by
Holmes et al. (ref. 13). Earlier transition on swept wings is probably
caused by unstable boundary-layer profiles in the direction normal to the
potential streamlines that create a crossflow in the immediate leading-
edge region and rear pressure rise regions (refs. 6, 23-24)., These
crossflow instabilities are less responsive to suction control than
Tollmien-Schlichting instabilities which develop in the streamwise
direction or constant pressure regions. Weakly amplified oblique
Tollmien-Schlichting waves can superimpose on crossflow disturbances
causing distortion of the crossflow vortices that are stretched and
converged downstream. The resulting nonlinear interaction of different
disturbance modes will cause the less stable crossflow vortices to grow
considerably faster than predicted by linearized stability theory. It is
anticipated that this interaction can be minimized by designing swept
low-drag wings so that crossflow is only critical over a small percentage
of the chord. 1In the nose region, this may be accomplished by reducing
both the sweep angle and nose radius to acceptable design values. In the
aft region, control of adverse pressure gradient should be the objective.

The boundary-layer development and stability limits of these cross-
flow profiles, as well as the Tollmien-Schlichting instabilities, and the
boundary-layer air which must be removed to stabilize either can be
calculated by numerous available theories (refs. 6, 23-27). However,
these methods require arbitrary choice of the growth limitation of the
disturbances or transition location as input to the theory. Thus, these
methods should serve only as a guide in the design process.

Because one of the key elements to the successful achievement of
very low drag with or without boundary-layer control is the question of
surface tolerance, it is important to recognize that no easing of
tolerances is afforded by boundary-layer suction or shaping if both the
speed and unit Reynolds number increase (refs. 5, 7, 8, 14, 28, 29). In
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attainment of low drag by NLF, success depends on surface shape and
apility to control smoothness. Similarly, for suction surfaces, the
boundary-layer stability Reynolds number is held to below limiting values
by keeping the boundary layer thin. However, thin boundary layers are
inherently developed by increasing Reynolds number and suction and
require surfaces with correspondingly smaller roughness and waviness
(refs. 5-6, 19).

The turbulent boundary-layer flow over the fuselage of an aircraft
can spread from the wing juncture along the attachment line causing
contamination. This effect will increase with sweep. Such leading-edge
contamination can be avoided by keeping the critical momentum thickness
Reynolds number below 100 (ref. 30). This may be accomplished by
applying a fence for shielding the inboard turbulent boundary layer from
spreading, or reducing sweep angle and leading-edge radius (ref. 5).

Steep pressure gradients due to shock waves can cause separation of
the boundary layer and substantial increases in drag. Earlier efforts
(ref. 5) and recent in—house analysis and tests (ref. 19) suggest that
suction laminarization appears basically feasible in regions of weak
shocks at transonic conditionse. Apparently, the pressure rise which a
laminar boundary layer with suction can sustain in regions of shock
interaction decreases with length Reynolds number, unless the upstream
boundary-layer thickness is reduced by appropriate suction (ref. 31). In
summary, the above discussed effects (sweep, disturbances, contamination,
shocks, etc.) impose design challenges to maintaining extensive laminar
flow and low drag.

LAMINARIZATION ASPECTS

Some of the major factors known to affect transition on low-drag
airfoils are surface roughness, waviness, pressure gradient, Reynolds
number, suction-induced disturbances, crossflow instability, and wind
tunnel or flight environment. A prerequisite for laminarization is a
surface finish compatible with the boundary-layer thickness for which the
investigation is undertaken. Three-dimensional surface—induced disturb-
ances become primary sources for distortion of growth disturbances in the
absence of sweep—induced crossflow effects. However, in comparison with
small scale experiments in low turbulence wind tunnels, somewhat
increased two— and three-dimensional surface roughness seems permissible
in flight (refs. 5, 7, 8, 14, 28, 29). Thus, conclusions from low-drag
experiments in wind tunnels often result in misleading and/or unduly
pessimistic views about surface roughness or waviness requirements.

wind tunnel turbulence and noise influence the transition process,
and the isolation of these effects requires the total elimination or
control of the other known factors (refs. 32-34). The objective of
achieving very low wind tunnel disturbance levels approaching anticipated
flight simulation levels becomes increasingly difficult as one moves from
subsonic to transonic speeds or increases Reynolds number at a given
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speed. The characteristic disturbances increase in proportion to the
tunnel speed or pressure level. Thus, the ability to simulate a free air
environment diminishes with the existence and increased level of stream
turbulence, radiated sound from the wall boundary layer or drive system,
diffuser flow separation disturbances, mechanical vibrations, etc.
Previous investigations in wind tunnels and flight have clearly shown
that the maximum transition Reynolds numbers obtained with and without
suction (ref. 19) on simple and complex geometries critically depend on
the characteristic disturbance level and broadband frequency present.
Figure 1 summarizes a large quantity of experimental data from previous
investigations (refs. 19, 34) that show the effect of disturbance level
on transition Reynolds number. The data indicate that low disturbance

levels are required (u/u << 0.1%) for maximum transition Reynolds numbers
in wind tunnels. However, there may be limitations in the ability of
facilities to achieve diminished disturbance levels and scales compared
with flight.

Laminarizing the flow on subscale airfoil models in wind tunnels is
generally a more difficult aerodynamic problem than on full scale wing
surfaces in flight as previously discussed. 1In particular, the achieve-
ment of moderately high chord Reynolds number simulation on practical
size models in most wind tunnels requires testing at high unit Reynolds
numbers where characteristic tunnel disturbances dominate, causing early
transition. Laminar separation without reattachment may occur at very
low Reynolds numbers causing difficulty in measuring airfoil performance
(ref. 21). Wind tunnel testing at high unit Reynolds numbers adversely
influences the surface tolerance critieria for both NLF and LFC and will
strongly affect the suction surface and metering system design; physical
dimensions are frequently so small that practical fabrication tolerances
for certain model features become difficult to accomplish (refs. 6,

19). Thus, wind tunnel seleection is very important for low-drag
testing. The major objective is to be able to test large chord and
aspect ratio models to reduce scale effects and to have good flow
quality.

Establishing the lift performance of low—-drag or even turbulent
airfoils is very important. Lift performance can be influenced in wind
tunnels by large adverse pressure gradients induced by the airfoil at
high angles of attack which can cause sidewall juncture boundary-layer
separation. Obviously, this separated flow can influence the pressure
distribution on the wing and spread across the airfoil span, causing both
loss of laminar flow and 1lift performance. This influence can be
compounded by the addition of leading~- and trailing-edge high-1lift
devices on the airfoil during wind tunnel testing. Thus, consideration
must be given to model aspect ratio and to sidewall boundary-layer
control for high-lift testing.
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FACILITIES FOR LOW-DRAG TESTING
Low-Turbulence Pressure Tunnel (LTPT)

The Langley Low-Turbulence Pressure Tunnel (LTPT) is a single-return
closed-circuit tunnel which can be operated at pressures from near-vacuum
to 10 atmospheres. The test gection is rectangular in shape (3 feet wide
and 7.5 feet in height and length) and the contraction ratio is 17.6:1l.
The LTPT is capable of testigg at Mach numbers from 0.05 to 0.50 and unit
Reynolds numbers from 0.1x10° to 15x10° per foot. This tunnel has provi-
sions for removal of the sidewall boundary layer by means of a closed-
loop suction system mounted inside the pressure chambers. This system
utilizes slotted vertical sidewalls just ahead of the model test section,
and the removed air is reinjected through an annular slot downstream of
the test section. A flow control system allows the flow and pressure
requirements to be varied as dictated by tunnel operation. This system
can be used to provide boundary-layer control (BLC) for airfoil research.

A BLC system for high-lift airfoil testing is also available. This
system utilizes compressed dry air and involves tangential blowing from
slots located on the sidewall mounting endplates. Flowmeters can be used
to monitor the amount of air blown into the tunnel. An automatically
controlled vent valve is utilized to remove the air injected into the
tunnel by this system. A high-lift model support and force balance
system is provided to handle both single-element and miltiple—-element
airfoils.

The measured turbulence level of the LTPT is very low due to the
large contraction ratio and the nine fine-mesh antiturbulence screens.
This excellent flow quality facility is particularly suitable for testing
low-drag airfoils. Recent flow quality measurements in the LTPT indicate
that the velocity fluctuations in the test section range from 0.025
percent at Mach 0.05 to 0.30 percent at Mach 0.20 at the highest unit
Reynolds number (refs. 35, 36).

The drive system is a 2000-horsepower direct-current motor with
power supplied from a motor-generator set. The tunnel stagnation temper-—
ature is controlled by a heat exchanger which provides both heating and
cooling using steam injectors and modulated valves that control the flow
volume of water through a set of coils. A complete description and cali-
bration of the tunnel are reported in reference 37.

8-Ft. Transonic Pressure Tunnel (8-Ft. TPT)

'The Langley 8-Foot Transonic Pressure Tunnel is a closed-circuit
single-return variable density continuous-flow wind tunnel with a
contraction ratio of 20:1. The test section walls are slotted (5 percent
porosity) top and bottom, with solid sidewalls fitted with windows for
schlieren flow visualization. In 1981 the facility was modified for flow
quality improvements and reconfigured for low—drag testing of a
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large-chord swept laminar-flow-control airfoil at transonic speeds

(ref. 19). A honeycomb and five screens were permanently installed in
the settling chamber to suppress the turbulence level in the test
section. A contoured liner was installed on all four walls of the test
section to simulate interference-free flow about an infinite yawed wing.
This contoured liner produces a contraction ratio of 25:1 and covers
existing floor and ceiling slots. An adjustable sonic throat is also
located at the end of the test section to block upstream propagation of
diffuser noise.

The combination of honeycomb, screens, and choke provides a very low

disturbance level (p/p = 0.05%) in the test region at transonic speeds.
Except for the honeycomb and screens, the modifications are reversible.
In the current configuration, the stagnation pressure can be varied from
about 0.25 to 1.25 atmospheres up to a Mach number of less than 0.85 with
the transonic slots closed by the liner. The stagnation temperature is
controlled by a water-cooled radiator upstream of the settling chamber.
Tunnel air can be dried by a dryer using silica gel desiccant to prevent
fogging due to expansion in the high-speed nozzle.

RESULTS AND DISCUSSION

Past and present wind tunnel and in-flight testing has shown that
the maintenance of extensive regions of laminar flow by the use of NLF or
LFC approaches can provide significant drag reduction for improved air-
craft performance. The following discussion is a review of recent wind
tunnel tests of advanced design concepts (refs. 17, 19, 38) for low-drag
airfoils and some of the effects that the wind tunnel environment has on
those results. Also, it is intended to identify influences that are
known to affect performance results obtained in wind tunnels that, if not
taken into account, can cause concern and rejection of such low-drag air-
foils for future application. Several of the 2-D/3-D designed airfoil
configurations (refs. 17, 38, 39) shown herein were discussed in detail
earlier in this workshop along with discussions of integrated trailing-
edge flap designs (ref. 40) for the medium= to high-speed NLF airfoil
designs. Thus, no detailed discussion of design concepts will be
presented here, only background information, experimental verification,
and factors that influence overall results.

Tunnel Flow Quality

Aside from other factors known to affect transition on low-drag
airfoils, the maximum transition Reynolds number, with or without
boundary-layer control, critically depends on the characteristic disturb-
ance level and broadband frequencies generated in wind tunnels utilized
for testing (fig. 1). An example of this effect is shown in figure 2 for
several airfoils recently tested in the two NASA Langley wind tunnels
developed and used for low drag research. Both facilities operate above
and below atmospheric pressure, providing a wide range of Reynolds
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numbers and Mach numbers from 0.05 < Mw < 0.85 as currently configured.
The present flow quality values were measured with conventional hot-wire
and acoustic probe techniques (ref. 33). Transition location on the
airfoils was measured using surface thin film gages {(ref. 41) and is a
routine requirement for assessment of laminar patterns or state of the
local boundary layer.

For either the NLF or LFC airfoil results in figure 2, the measured
logarithm of transition-length Reynolds number varies inversely in
proportion to the logarithm of the tunnel disturbance level. As
expected, the indicated levels for (RX)tr with LFC applications are

significantly higher than those without suction control as can be seen by
comparing past (ref. 12) and present results obtained in the LTPT

(M = 0.20). It should be noted that the extensive lengths of laminar
flow measured on the new NASA airfoils (figure 2) generally agree with
expectations and that this achievement may in part be attributed to
excellent flow quality. Thus, the achievement of high transition
Reynolds numbers for low-drag testing may not be possible if acceptable
flow quality cannot be realized in test facilities. The selection of
suitable facilities would, of course, imply the need for measured and
documented flow quality for assessment.

Low-Speed Airfoils — Surface Tolerances

Figure 3 illustrates the airfoil shape and near design velocity
distribution over both surfaces and represents a concept developed by
industry for long endurance operation requiring high L/D. This configur-
ation was shaped to provide a velocity profile or favorable pressure
gradient suitable for maintaining laminar flow back to x/c = 0,30 on the
upper_and x/c = 0.75 on the lower surfaces at a chord Reynolds number of
14x10° with zero sweep. This geometry type and velocity distribution are
not entirely unfamiliar to today's aerodynamicists in that they resemble
those which may be found on sailplanes, low-speed aircraft, and business
jets that have utilized NLF for drag reduction and improved performances.

A model of the long endurance airfoil concept was constructed of
metal with a 2.7 foot chord and aspect ratio near 1 and instrumented with
pressure orifices. The photograph in figure 4 ghows the model removed
from the tunnel and is a view of the underside leading—-edge region illus-
trating the removable metal cover plate located at near mid-span for
access to internal instrumentation and leads. The model was initially
tested as received with only minor cleaning of the surface with diluted
alcohol.

Wake-rake drag measurements were obtained in the LTPT at one model
chord length downstream of the trailing edge at spanwise stations of
y/c = 0 (mid-span) and y/c = 0.325 (10.4 inches from mid-span). The
measured surface pressures were integrated to obtain airfoil section 1lift
coefficients. Performance of the low endurance airfoil is summarized in
figure 5 for #w = 0.1 and R, = 14x10° with and without fixed transi-
tion. The results clearly indicate that the drag levels obtained
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at mid-span (y/c = 0.0) with free transition were extremely high, indica-
tive of only small lengths of laminar flow. This result is supported by
a comparison of the drag levels obtained at mid~span with free or fixed
transition on the upper and lower surfaces at x = 0.03c.

Visual inspection of the model prior to this initial test revealed
that the lower surface may have had adverse roughness effects due to the
model cover plate, Therefore, the model was sanded on both surfaces with
number 600 carborundum paper and thoroughly cleaned with diluted alcohol
in an effort to eliminate the suspected cause for loss of laminar flow.
Further precaution was taken by also lightly wiping the surface with a
special cloth (tack rag) to remove lint and dust settlement on the hori-
zontally mounted model. Drag measurements were then made at the spanwise
station y/c = 0.325 to minimize possible lower-surface cover-plate
disturbance effects. Figure 5 shows that a drag coefficient of about
0.0055 was measured at a lift coefficient of about 1.2 (L/D = 218),
signifying a large gain in the extent of laminar flow for the improved
surface conditions. Upon completion of the test, surface waviness
measurements were made at both spanwise stations using a surface dial
indicator with fixed legs on a solid base spaced 2 inches apart. The
resolution of the dial indicator was determined to be 0.0005 inches. The
measured waviness on the long endurance airfoil indicated possible exces-
sive waviness at the mid-span station on both surfaces that would be
unacceptable for wind tunnel models and low-drag tests. For example,
several waves with height-to-wavelength ratio of h/A = 0.003 were
measured on both surfaces near x/c = 0.15.

Previous research by Carmichael (refs. 28, 29) on low-drag airfoils
with and without sweep has provided an empirical expression that repre-
sents local allowable waviness for single waves. Carmichael further
suggested that one could estimate tolerances for closely spaced multiple
waves by multiplying the single wave expression by a factor of 1/3.

Since multiple waves were present on the long endurance model surface,
the measured h/X = 0.003 for single waves was reduced by this factor and
compared to Carmichael's empirical expression for several Reynolds
numbers and constant sweep angle of 30° (figure 6). Carmichael has shown
that only a small reduction in allowable multiple waviness exists for a
swept wing compared to unswept wings at low speeds. Also, included in
figure 6 are measured values of allowable waviness obtained for other
low-drag airfoil models tested in the NASA Langley 8-Ft. TPT and LTPT and
subsequently discussed herein. The present results clearly indicate the
need for tight control of fabrication tolerances on low-drag wind tunnel
models due to scale effects. These tolerances, however, may be relaxed
for full scale aircraft surfaces, as suggested in a recent review by
Holmes et al. (ref. 14), since scale effects are greatly reduced both by

wing chord and low unit Reynolds numbers at cruise conditions (R/ft < 2x106)-

The extent of laminar flgw at mid-span og the long endurance air-

foil model at Re = 14x107 (R/ft = 5.2x10°) was probably influenced

by increased tunnel turbulence level associated with high unit Reynolds
number, in addition to sensitivity of surface conditions.
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Low-Speed Airfoils — Shaping

Recent experimental performance results have been obtained in the
LTPT for a low-speed NLF airfoil (ref. 18), designated NLF(1)-0414F, and
details of the design features are given by Viken (ref. 38). ILn general,
the design objective for this airfoil was to obtain very low cruise drag
coefficients by selective shaping of the contour to provide a favorable
pressure gradient with extensive laminar flow regions over both upper and
lower surfaces and high maximum lift. The design conditions were
cg = .43, Ko = 10x10%, Mo < 0.40, and thickness ratio of
t/c = 0.14., Figure 7 illustrates the calculated design pressure distri-
bution and airfoil section shape. A simple trailing-edge flap having a
length equal to 0.125c¢c was incorporated to substantially increase the
low—drag cg range. As can be seen from the design favorable pressure
gradient (figure 7), laminar flow is anticipated over hoth upper and
lower surfaces rearward to x/c = 0.70. Furthermore, design considera-
tions were given to the achievement of gentle stall characteristics and
to maintaining an acceptable lift performance if the airfoil becomes
turbulent.

Representative airfoil section data obtained with wake rake and sur-—
face pressures are presented in figure 8 for the design Reynolds number
with and without fixed transition in the indicated nose regions. For the
free transition case, laminar flow was measured on both surfaces back to
x/c = 0.70 and will be subsequently shown and discussed. Figure 8 shows
that a minimum drag coefficient of about 0.0027 was measured at the
design lift of about 0.40. This corresponds to L/D = 160 with zero flap
deflection. Furthermore, a value of 1.8 for the maximum lift coefficient
was obtained at an angle of attack of 18° while the pitching moment
remained relatively constant. However, of major significance is the fact
that fixing transition near the leading edge had only a very small effect
on the 1lift performance and (cglpax value at the expense of drag
increase. This finding is believed to be a very important improvement
over the previous NACA b-series airfoils which have adverse stall charac-
teristics. In other words, this new NLF airfoil design can also be
classified as a very good turbulent flow airfoil in terms of lift
performance as well as drag level and pitching moment.

Transition location on the airfoil upper surface was determined by
using small thin-film gages that were glued to the model surface at
several chordwise and spanwise locations and spaced to eliminate inter=—
ference effects from one another. These instruments basically operate on
the same principle as hot-wire anemometry with overheat ratio set for the
sensitivity required for the detection of the state of the local boundary
layer where they are placed (ref. 41). This is accomplished by utilizing
characteristic behavior of the gages for detection of local changes in
heating due to shear stresses of either a laminar, transitional, or tur-—
bulent boundary layer. These local changes are recorded as variation of
rms output signals with time and require a sufficient number of these
gages to be spatially located on the surface to properly identify
patterns.
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It is essential that each thin-film gage experience a known laminar,
transitional, and turbulent flow output signal for a given investigation
in order to reference and properly interpret results. This may either be
accomplished by starting at sufficiently low Reynolds number test condi-
tions where the output signals for all gages are known to be laminar or
by locating a reference gage where it always senses a known turbulent or
laminar boundary layer for comparison. Caution should be used when these
conventional type gages are located in separated flow zones as to inter-
pretation of results. The output signals in such a zone may indicate
similar signals to those for turbulent attached flow.

Figure 9 shows example results taken by J. P. Stack (NASA Langley)
from surface mounted thin-film gages on an NLF airfoil model in the
LTPT. The gage located at x/c = 0.40 and in a known laminar flow region
indicates a time-dependent low-level rms output signal with essentially
no deviations above or below the mean. As the laminar boundary layer
approaches its stability limit, laminar-to-turbulent bursts are locally
detected with elapsed time as indicated for x/c = 0.5 location. The flow
becomes progressively unstable downstream (or with increased Reynolds
number) until peak transition occurs with a higher rms level and very
random signal with time as seen for x/c = 0.6. Once the flow goes
through transition to fully turbulent flow (x/c = 0.7), the output signal
remains high, but the deviations above and below the mean become more
consistent. From these type signals obtained over a series of test
conditions, the extent of laminar flow could be determined. Figure 10
shows the measured upper surface transition location on the NLF(1)-0414F
airtoil with lift coefficient for constant Re'se  The results confirm
that the existence of laminar flow was maintained rearward to x/c = 0.70
at design cg = 0.40 and R, = 10x10%.  The corresponding wake-rake
drag measurements (fig. 8) with free transition support the thin-film
results. However, as the lift coefficient is increased above design Cgs
transition gradually moves forward, and at cg = 0.50, (x/c)tr = 0.50.
The successful verification of this airfoil's performance is attributed
to holding very tight surface tolerances during fabrication and obtaining
test results in a wind tunnel with good flow quality. The fabricated and
measured surface waviness was held to h/X = 1/3000 for single waves and
is shown in figure 6 (h/A = 0.00033 at Afc = U.056) to be well below
other data and that allowable for multiple waves at design R, = 1Ux107.

The measured drag variation with lift for different fla detlections
from -10° < 8¢ < 20° is summarized in figure 1l at Re = 6x10° and
Mw = 0.07. The results indicate that very low drag values can be
maintained over a lift coefficient range from U < cg < 1.0+ These
results were obtained with a simple flap of 0.125¢c length and offer the
potential for long runs of laminar flow over a wide cg range. Because
the NLF(1)-0414F airfoil was shaped (fig. 7) for long regions of
accelerated flow necessary to achieve laminarization followed by a rather
steep pressure gradient downstream, a laminar separation bubble was
anticipated beyond the pressure minimum at low Reynolds numbers. Such
bubbles have inherently unstable characteristics that generally cause
transition to rapidly move forward with significant lift losses. The
existence of a laminar separation bubble on either surface was detected

101



by comparison of measured and predicted pressure distributions (not
shown) and associated drag level increase from lift—-drag polars. These
comparisons clearly indigated that a laminar bubble whi%h existed aft of
x/c = 0.70 for R, < 3x10° was nonexistent for Rg > 4xl107.

It is well known that a significant reduction in drag can be
realized if flow can be kept attached. One method for reducing the drag
associated with the presence of a laminar bubble is to force boundary-
layer transition to occur ahead of the bubble causing the flow to remain
attached (refs. 42-44). This can be accomplished by the use of turbula-
tors (2D-3D trips, spoilers, sound, passive or active blowing and
suction, etc.). Uf course, one must account for the "device drag” of the
turbulator used. Tests were conducted to evaluate the effectiveness of
several turbulators on the NLF(1)-U414F airfoil in the LTPT. Figure 12
illustrates the effect of using simple 2D strips of commercial tape
placed at x = U.b8c on both upper and lower surfaces of the m%del to
force transition and eliminate separation bubbles (Re = 3x107,

Meo < 0.2,and 85 = 0°). A tape 0.012 inch thick and (.25 inch wide

was used. The results (figure 12) clearly show a measured reduction in
drag coefficient of about 0.0010 at cg = 0.40 with the turbulator

tape. Apparently, only a small amount of induced energy by turbulators
is required to force transition and attachment of laminar separation
pubbles.

The effectiveness of turbulators strongly depends both on their
geometry and location since they function like trips or roughness which
scale with local boundary-layer properties. Other turbulator devices
(not shown) were tested aside from the tape and found to be effective.
For example, small vortex generators of h/c = 0.25, and 15° leading-edge
sweep with respect to flow direction, were spaced (Av/h = 8) along the
model span at x/c = 0.60 and x/c = 0.70. Results from using these
devices proved very effective in forcing transition and bubble attachment
but produced undesirable drag penalty. Probably the most effective
turbulator, in terms of both forcing laminar bubble attachment and
reducing wake drag with no apparent device drag, was a spanwise row of
holes (ref. 42) ahead of x/c = 0.70. The holes of diameter d = 0.0013
inches, located V.25 inches apart, were drilled through from the top to
bottom surface. Since the design pressure distribution (figure 7) gener-
ated a pressure differential across the upper and lower surfaces,
passive suction and blowing occur, providing a method for energizing the
boundary layer that was sutficient to be effective in these tests. In
summary, such devices and techniques as described above appear very
promising and economically feasible for application and control of
laminar separation bubble attachment with subsequent drag reduction.

High-Speed Airfoils — Shaping
It is well known that the subsonic cruise speeds of high performance
aircraft are limited by the onset of the transonic drag rise and that the

use of wing sweepback delays this onset (ref. 22). Another method for
increasing the cruise Mach number is through the use of geometric shaping
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which delays the drag rise Mach number. The first airfoils developed in
the U.5.A. to delay drag rise were the NACA l-series (ref. 45). These
airfoils were designed to delay the Mach numbers at which supersonic flow
first develops locally on the airfoil. These airfoils have significantly
higher drag-rise Mach numbers than the earlier NACA four-digit series;
however, the low-speed high-lift characteristics are much poorer than
those of the earlier airfoils. The NACA b-series airfoils also provided
increased critical speeds with improved drag-rise characteristics com-
pared to the four-digit series but also have small degraded low-speed
characteristics. Such airfoils or their derivatives have been used on
many first generation subsonic jet aircraft.

The first airfoils designed to purposely delay drag rise by
improving the supercritical flow over the upper surface were the "peaky"
airfoils. These airfoil shapes generate an isentropic recompression of
the supersonic flow on the forward airfoil region and provide some delay
in drag rise but also have degraded low-speed characteristics compared to
the NACA b-series airfoils. whitcomb's research efforts (ref. 22) led to
designs which allowed the recompression to move far rearward on the air-
foil at transonic speeds and resulted in signitficant delays in drag-rise
Mach number without degrading low-speed characteristics.

Based on the encouraging results obtained by geometric shaping to
achieve extensive laminar flow on both surfaces of the low-speed
NLF(1)-0414F airfoil, effort has been recently directed towards extension
of the concepts to higher speed NLF airfoils. Details of the two-dimensional
design concepts have been given by Viken (ref. 38) along with wing body
integration by Waggoner (ref. 39) and integrated trailing-edge flap
design by Morgan (ref. 40). One of the more promising high-speed NLF
airfoil concepts has been fabricated and tested in the NASA Langley LTPT
and 6x28-inch transonic tunnel (TT) complex to investigate its low—~speed
high-lift and drag-rise characteristics. This NASA high-speed natural
laminar flow airfoil is designated HSNLF(1)-0213. The airfoil was
designed for a lift coefficient of 0.25, Mach number of 0.70, chord
Reynolds number of Ro = IOXIOG, and t/c = 0.134. This particular
design was for essentially zero sweep.

The HSNLF(1)-0213 airfoil design pressure distribution and section
shape are shown in figure 13. Geometric shaping was expected to provide
laminar flow rearward to x/c = Q.55 on the upper and x/c = 0.70 on the
lower surfaces up to Re < 10x107. 1In general, the bottom side of the
nose was slightly modified from the NLF(1)-0414F to minimize off-design
pressure peaks on the lower surface, and upper surface aft camber was
reduced to minimize the possibility of turbulent separation.

Results obtained (not shown) from tests in the 6x28-inch T
indicated good agreement between measured and predicted pressure profiles
and that drag riss occurred at about Mw = 0.72 for cg = 0.2, and
design R. = 10x10". The level before drag rise, with and without fixed
transition at x/c = 0.05, was about 20 to 30 percent below that of a good
turbulent airfoil. It should be noted that the turbulence and noise
levels are believed to be high in the 6x28-inch TT which operates as a
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blowdown facility. Thus, poor flow quality contributed to the inability
to achieve extensive laminar flow over the model, especially at the
higher Reynolds numbers. However, the drag rise characteristics can
still be approximated. Surface contour accuracy was measured for the
6-inch chord steel model fabricated and found to be acceptable.

A second USNLF(1)-0213 airfoil model, fabricated with fiberglass
external surfaces, had a 2-foot chord and no flap. This model was tested
in the LTPT for low-speed performance evaluation. An exam%le of the
results is shown in figure 14 for Me = 0.1068 and R, = 4x10° with and
without fixed transition at x/e¢ = 0.05. Figure 14 shows that a minimum
drag coefficient of about 0.0038 was measured at cg = 0.2 or L/D = 53.
The results indicate that the airfoil displayed trailing-edge-type stall
characteristics, and a value of (cglpax ™ 1.55 was obtained for
Ke = 4x10°. It is also apparent that fixing transition had only small
effects on the lift performance. Figure 15 shows the effect of Mach
number and Reynolds number on the maximum lift performance. While the
(cg)pax increases with increasing R, for constant Macli number as
expected, there is a small effect of Mach number on the maximum lift.
For example, results at Meo = 0.1 are consistently 0.05 higher than
results at Me = 0.2 over the Reynolds number range tested. Thus, one
cannot simulate Reynolds number effects on (cglpax by increasing Mach
number at the same time Reynolds number is increased since they have
opposing influences.

¥oundary-layer transition locations were also obtained by J. P.
Stack (NASA Langley) on both surfaces of the HSNLF(1)-0213 airfoil in the
LTPT using surface-mounted thin-film gages. A summary of the transition
locations on the upper and lower surfaces compared with predictions from
the Eppler theory (refs. 46-47) 1is shown %n figure 16 for a = 0° and
chord Reynolds number from 3.0x107 to 9x10°. The data clearly indicate
that laminar flow was maintained rearward to about x/c = 0.5 and
x/c ® 0.70 on the upper and lower surface, respectively, up to R, =
8x10°, before any forward movement of transition was measured.

Low Reynolds Number Airfoils

For airfoils designed to operate at low Reynolds numbers
(R < 500x10 ), the existence of a laminar separation bubble and
turbulent separation significantly increase the drag and decrease the
lift, both of which contribute to low lift-to-drag ratios. This phenome-
non has previously been extensively investigated and discussed (refs. 21,
48-51). Increasing the Reynolds number will reduce the length of the
laminar separation bubble and extent of turbulent separation. At posi-
tive incidence, the boundary layer, which is laminar along the airfoil's
upper-forward surface, separates at the downstream adverse pressure-
gradient recovery region. It then quickly undergoes transition to
turbulent flow in the separated shear layer.
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Depending on the Reynolds number and the severity of the adverse
pressure gradient, this separated turbulent boundary layer may or may not
reattach to the airfoil surface. If reattachment occurs, the turbulent
boundary layer may then separate again near the trailing edge. If the
Reynolds number is sufficiently low such that reattachment does not
occur, increasing the Reynolds number to some critical value will cause
reattachment that corresponds to a dramatic increase in L/D. Thus, the
possible existence of both laminar and turbulent separation should be
considered in the design and wind tunnel testing of airfoils in the low
Reynolds number regime. For example, such airfoils are typical of those
on current RPVs, sailplanes, and general aviation aircraft canards.

Mangalam and Pfenninger (ref. 52) have recently designed a low
Reynolds number airfoil and tested it in the 12"x18" open-circuit tunnel
at the NASA Langley 8-Ft. TPT complex at low speeds. The airfoil section
shape and an example of the measured an% predicted pressure distributions
are shown in figure 17 for Ro = 100x10%, cg = 1.0, and a = 4°,

Basically, the airfoil was shaped to have moderate negative camber in the
nose region to reduce pressure peaks at off-design and attached flow.

The forward lower surface cusp is due to combined leading-edge thickness
and camber and requirement for increased mid-chord thickness for struc-—
tural strength. This airfoil is designated LRN(1)-1007 and represents
about a 40% increase in t/c and an appreciable increase in cg/cq at
design (fig. 18) above previous similar airfoils (ref. 51).

Except for the upper surface aft region, good agreement is shown
between the measured and predicted pressures using the Eppler theory
(ref. 46) for the smooth model. The measured data indicate a long
separation bubble in the rear upper-surface pressure-rise region, with
reattachment near the trailing edge. Mangalam and Pfenninger (ref. 52)
concluded from these results that at low Reynolds number the laminar
boundary layer is highly stable and a number of trips are required in
several locations along the chord to promote transition. Applications of
the 2-D spanwise trips (ref. 52) eliminated the laminar separation bubble
and provided about a 257% increase in lift-drag ratio. Subsequent flow
visualization photographs were obtained of the model flow field in the
same tunnel, using smoke wire techniques*, and are shown in figure 19
illustrating the occurrence of laminar separation with incidence angle
for R. = 40,000. Figure 19 shows attached flow over most of the air-
foil surface at a = 3°. However, for a = 18°, separation occurs at the
leading edge and never reattaches. Similarly, for a = =12°, the lower
surface separates without reattachment. It can be seen from these photo-
graphs that the measurement and verification of the performance of low
Reynolds number airfoils with separated flow become highly questionable.

*Smoke wire technique was developed and results obtained by
Amir Bar-Sever and Dr. S. Mangalam, under contract to AAB,
NASA Langley.
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High-Lift Testing - Sidewall Effects

Depending upon model aspect ratio and facility utilized, testing of
airfoils at high angles of attack can result in severe tunnel sidewall
interference effects. Large adverse pressure gradients can be induced by
the airfoil at incidence that cause the oncoming tunnel sidewall boundary
layer to separate, spread downstream and spanwise, and result in a large
decrease in airfoil 1lift. The following results and discussion attempt
to illustrate this influence on high-1lift performance for low—drag or
turbulent airfoils.

Figure 20 shows lift performance results for the same single-element
airfoil teste% in two different NASA Langley facilities at Me = 0.30
and R, = 6x10°. The models tested in the LTPT and 6x28-inch TT had
aspect ratios of 1.5 and 1.0, respectively. The results indicate that
severe sidewall interference effects occur in the 6x28-inch TT for
angles of attack greater than about 10°. This resulted in measured
maximum lift coefficient for this airfoil in the 6x28-inch TT that was
about 17 percent lower than in the LTPT. Figure 21 shows photographs of
oil flow patterns obtained in the 6x28-inch TT with the airfoil having an
aspect ratio of 1.0 for 8° < a < 12°. A complex secondary flow field that
nearly dominates the entire model span is seen to develop due to sidewall
interference as model incidence is increased. Separated flow occurs on
either side of mid-span for a = 12° causing drastic lift loss (fig. 20).

To ensure that models experience uniform, two-dimensional, interference-
free air flow when testing multi-element airfoils, some feasible
concept is required for tunnel sidewall boundary-layer control (BLC).
The LTPT has recently been modified to incorporate a BLC system (ref. 37)
which includes both upstream sidewall suction slots ahead of the model
and tangential blowing slots located on the same tunnel walls near the
model juncture region. This system provides a means fort reducing the
oncoming boundary-layer thickness as well as energizing the boundary
layer locally around the model for maintaining attached flow as incidence
is increased.

The effects of sidewall BLC on the lift performance of a multi-
element airfoil using tangential slot blowing near the nose and flap
regions are shown in figure 22. Slot blowing is applied until the lift
at mid-span (obtained from surface pressure data) is approximately
matched with the lift near the tunnel sidewalls. The results shown in
figure 22 indicate large differences in lift coefficient at high inci-
dence between the mid-span and near wall regions without blowing compared
to the results with blowing. With blowing, the measured lift values at
mid-span and near wall regions are essentially the same. Thus, one
should use caution in conducting high-1lift performance testing
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or verification to select a facility that accommodates large-aspect-ratio
models or that has sidewall control for reducing interference effects to
insure meaningful results.

In addition to the interference effects produced by separation of
the boundary layer on the vertical sidewalls, corrections are required to
account for model and wake blockage and interference due to test section
floor and ceiling constraints on streamline curvature. Tests are planned
in the LTPT to evaluate these interference effects by testing high-lift
models with chord lengths of 1 and 2 feet. Lift coefficients up to about
4.0 are expected from these models.

High-Speed Airfoils - Shaping and Suction

The concept of combining geometric shaping and suction laminariza-
tion on airfoils to achieve very low drag dates back to the late 1930's
(refs. 4-5). The basic feasibility of achieving full chord laminar flow
with very low drag on swept nonsupercritical LFC wings was pioneered by
Pfenninger (ref. 5) with suction applied through many closely spaced
surface slots on the wings. Results were obtained on large chord wing
sections (modified 66012) of 30° sweep and t/c = 0.12 in three different
wind tunnels. These studies confirmed earlier beliefs that results were
dependent on the characteristic turbulent and acoustic disturbance levels
in each facility. Since this research demonstrated the potential for
significant drag reduction through application of LFC, an interest in
evaluating the feasibility of combined suction laminarization and super-
critical airfoil technology at conditions which are typical of high-
performance transports has been generated. Therefore, a large chord
(c = 7.07 ft.) swept supercritical LFC airfoil with suction slots has
been designed, constructed, and recently tested in the NASA Langley
8-Ft. TPT. This NASA airfoil is designated SCLFC(1)-0513F. Details of
the airfoil and suction system design along with the test setup have been
reported (ref. 19). Requirements for this test also included modifica-
tion of the wind tunnel to achieve the desired flow quality and test sec-
tion wall contouring to simulate free air flow about an infinitely yawed
model at transonic speeds.

Figure 23 shows the design pressure distribution for the swept
supercritical LFC airfoil. Attempts were made to minimize suction lami-
narization through a highly tailored pressure distribution and choices of
leading-edge sweep, chord Reynolds number, and crossflow Reynolds number
(ref. 6). Depending on geometry, boundary-layer instabilities that can
occur on swept wings are leading-edge instability, Tollmien-Schlichting
tangential instability, crossflow instability, and Taylor-Goertler insta-
bility due to surface concave curvature. These instability regions are
shown in figure 23 for the LFC airfoil and indicate where combined
shaping and suction were applied for control. A rather large supercriti-
cal zone (aspect ratio = 0.37) exists over the upper surface flat-
pressure region followed by a steep rear pressure rise. The lower
surface is seen to be heavily loaded in the fore and aft regions with a
small supercritical zone in between.
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Figure 24 shows the measured and designed chordwise pressure distri-
butions for two chord Reynolds numbers at Mw = 0.82 on the LFC airfoil
that are generally in good agreement. Essentially shock-free flow was
obtained for the results shown. The slightly overall higher velocities
on the upper surface and chordwise deviations from design are attributed
to classical problems associated with transonic wind tunnel testing, wall
interference, and model deformation under design air loads. The velocity
field between the upper surface-tunnel wall channel (supersonic bubble
zone) was higher than predicted due to the contoured liner wall and
inability to completely account for three~dimensional boundary-layer
displacement thickness effects in the design analysis. Measured coordi-
nate deviations from design, obtained with a dial indicator under applied
simulated design airloads, were about 0.003-inch on the model forward
upper surface at mid-span. This deviation corresponds to h/ X = 0.0015
for multiple waves and is shown in figure 6 to meet allowable criteria
based on earlier results at low speeds but well above the projected goal
for supercritical airfoils (ref. 19). The data in figure 24 indicate
that flow separation occurs on the lower surface at about /c = 0.80 when
the Reynolds number is increased from R, = lelO6 to 20x10°. Since
transition correspondingly moved rapidly forward on the lower surface,
the flow into the trailing-edge cusp apparently was unable to sustain the
adverse pressure gradient. This separated flow changes the local effec-
tive area distribution of the test section resulting in a slightly higher
freestream Mach number and increased sensitivity to local surface condi-
tions and pressure variations.

The measured chordwise suction coefficient (CQ) distribution
required to maintain full-chord laminar flow over both surfaces at the
design Mach number and R;. = 10x10" is shown in figure 25 compared to
prediction. The measured required suction was higher than the theory
over most of the upper and lower surfaces. The higher suction require-
ments were attributed to the previously discussed higher than anticipated
velocities and surface pressure irregularities, the higher suction con-
trol required to overcome cross-flow instabilities associated with the
steep pressure gradients on the upper and lower surface nose and aft
regions, and the minimization of centrifugal Taylor-Goertler type
boundary-layer instabilities and interactions with crossflow in the
concave regions of the lower surfaces.

A summary of the measured transition locations on the LFC airfoil
upper surface for several Mach numbers is shown in figure 26. These
results were obtained from a grid of flush-mounted surface thin-film
gages to detect the state of the local boundary layer. Full chord lami-
nar flow was maintained on both surfaces up to R, = 10x10~ for all Mach
numbers. As Reynolds number was increased for constant Mach number,
transition moved gradually forward on the upper surface. The Reynolds
number at which this forward movement began was dependent on Mach
number. It was concluded that suction laminarization over a large super-
critical zone is feasible to high chord Reynolds numbers even under non-
ideal surface conditions on a swept LFC airfoil at high-lift conditions.
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Analysis of both spanwise pressure distributions and transition pat-
terns revealed that the flow over the yawed wing was not two-dimensional
at Mo < 0.80. It is believed that the resulting spanwise gradients
influenced suction requirements and laminarization at the lower
speeds.

The total drag at Me = 0.40 and 0.82 for R, = 10x10® with full
chord laminar flow is seen in figure 27 to be equal to about
(cq)eor = 0.0030. This represents about 60-percent drag reduction as
compared to an equivalent turbulent airfoil drag level of about
Cdw = 0.0080 and a lift-to-drag ratio of about 180 based on design
cg+ Total drag is the sum of measured wake rake drag (cg4y) at mid-
span and the suction drag (cds) penalty required to maintain

laminar flow. The suction required to maintain full chord LFC was some-
what higher than anticipated (figure 25) and the contribution of suction
drag penalty was about 40-percent for the upper and 60-percent for the
lower surface. The increase in wake drag for Me > 0.70 was attributed
to the formation of a weak shock wave at the leading-edge region as the
supersonic bubble began to develop. As the bubble develops

(0.78 < M < 0.80), full chord laminar flow still exists, but periodic
turbulent bursts occur over the upper surface causing an increase in wake
drag. As Mach number iIs increased to 0.82, the supersonic zone spreads
rearward to about 80-percent chord, the bursts disappear, and the wake
drag returns to near its subsonic level (figure 27). 1t is concluded
that the basic phenomenon of applying suction laminarization over an
extensive supercritical zone is feasible up to high chord Reynolds
numbers as demonstrated on a swept LFC airfoil at high 1ift conditions.
The major difficulty or influence in achieving this result was that of
overcoming the classic "non-ideal” wind tunnel test environment and
hardware tolerances.

CONCLUDING REMARKS

Laminarization through passive or active methods is a boundary-layer
stability problem which has been proven to be difficult to analyze,
control, and verify. This is especially true as one moves from low to
high speeds where swept-back wings and higher lift-to-drag ratios are
desirable for improved aircraft performance.

In an effort to simulate flight conditions on models in wind
tunnels, we need to better understand the environment and its influences
on high-lift and low~drag testing. Several factors influencing the per-
formance of low~drag airfoils have been identified which are primarily
involved with overcoming the classic "nonideal" wind tunnel test environ-—-
ment and hardware tolerances.

NASA Langley has recently developed several advanced low-drag air-
foil concepts with and without boundary-layer suction control for achiev-
ing extensive laminar flow with very low drag. Verification of the
anticipated performance of these concepts through wind tunnel testing,
from subsonic to transonic speeds, has shown significant improvements in
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lift-to-drag ratio over previous airfoils designed for low drag. Proba-
bly the most significant result at subsonic speeds is that the lift
performance for these lower drag airfoil concepts is not degraded with
fully turbulent flow over the airfoil surface. This provides a factor of
safety in aircraft operation, should laminar flow be lost due to contami-—
nation. Suction laminarization over a large supercritical zone has been
shown to be feasible to high chord Reynolds numbers even under non-ideal
surface conditions on a swept LFC airfoil at high lift.
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Figure 1.- Influence of turbulence level
on transition Reynolds number,
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Figure 2.- Influence of tunnel disturbance level on measured maximum
transition Reynolds number for low-drag airfoils in two NASA Langley
tunnels.
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Figure 4.- Long endurance laminar-flow airfoil tested in the Low-
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Figure 9.- Example oscillograph recorder traces of thin-film gage RMS
output signals with time for state of boundary-layer detection.
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Figure 10.- Upper-surface transition loca-
tion as determined from thin-film data
for NLF(1)-0414F airfoil.
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Figure 13.- Design pressure distribu-
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Figure 17.- Measured and predicted pressure distri-
bution for LRN(1)-1007 airfoil.
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Figure 18.- Maximum l1ift/drag variation with
Reynolds number on LRN(1)-1007 airfoil.
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Figure 19,.- Smoke-wire flow visualization photographs
for LRN{1)-1007 airfoil. R. = 40,000.
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Figure 20.- Tunnel sidewall effects
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Figure 21.- 0i1 flow pattern of single-element airfoil illustrating
tunnel sidewall effects in 6 x 28-inch TT.
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Figure 23.- Design chordwise pres-
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Figure 24.- Comparison of measured and design pressure distri-
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Figure 26.- Variation of measured transition
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Figure 27.- Measured variation of drag
with Mach number for swept LFC wing,

R, = 10 x 106.



