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SUMMARY

Inviscid transonic flow results are presented for two supercritical laminar-
flow-control airfoils in such a way that they can be compared at design and off-
design Mach numbers and lift coefficients. Two-dimensional design Mach numbers for
the two airfoils are 0.755 and 0.730 at a common design lift coefficient of 0.60, and
thickness-to-chord ratios are 0.131 and 0.135, respectively. Results are presented
for Mach numbers between 0.6 and 0.8 and lift coefficients from 0.4 to 0.7.

The newer airfoil, with its lower suction requirements for full-chord laminar
flow, has a higher design Mach number, steeper pressure gradients, a more positive
pressure level in the forward region of the lower surface, and a recovery to a less
positive pressure at the trailing edge. Off-design shock-formation characteristics
are similar for the two airfoils even though the respective design Mach numbers are
quite different. The newer airfoil is similar to the one used in a large-chord
swept-model experiment designed for the Langley 8-Foot Transonic Pressure Tunnel.

INTRODUCTION

Laminar-flow-control (LFC) application has gained new interest (ref. 1) based on
the following: the success of previous programs in achieving drag reduction through
laminar flow, large potential fuel savings coupled with high fuel prices, develop-
ments in materials and fabrication, and advances in airfoil technology. One of the
newest advances in LFC airfoil design involves supercritical technology. Recently, a
complex laminar-flow-control experiment using supercritical technology was designed
for the Langley 8-Foot Transonic Pressure Tunnel (refs. 2 to 7). This LFC experiment
simulates flow around an infinite-span swept airfoil at transonic speeds and requires
a low-turbulence wind tunnel (refs. 4 and 7) with nonporous contouring (refs. 3
and 6) of all four walls to minimize flow interference around the large-chord model.
Many iterations involving airfoil shape, suction distribution, sweep angle, wall
contouring, and other variables were required to design this experiment. Two repre-
sentative airfoil shapes are considered in the present analysis. They are referred
to hereafter as airfoil A and airfoil B. Airfoil B is similar to the final airfoil
for the complex LFC experiment (ref. 7). Airfoil A, referred to as LFC-73-06-135 in
reference 2, was designed for a leading-edge sweep of 35° and a free-stream Mach
number of 0.891. Airfoil B, referred to as 989C in reference 5, was designed for a
reduced leadinq-edge sweep of 23° and a free-stream Mach number of 0.820.

The term "design condition" in the present paper refers to a maximum two-
dimensional Mach number at a given lift coefficient for which no incipient shock wave
exists in the pressure distribution. For an LFC airfoil, this design Mach number is
of particular interest, since an incipient shock wave Could either require additional
suction or cause transition to turbulent flow. This design Mach number occurs just
below drag divergence and, for a lift coefficient of 0.60, is 0.730 for airfoil A and
0.755 for airfoil B. A higher design Mach number leads to a lower sweep angle, which
reduces the problems from leading-edge contamination (spread of the turbulent bound-
ary layer along the flow attachment line) and crossflow instability. The design
philosophy of airfoils A and B has been discussed previously in references 2 and 5.
A high design Mach number and full-chord laminar flow with low suction requirements
were two primary goals. Another important goal was to avoid shock-wave formation at



Mach numbers and lift coefficients below design and to avoid strong shocks at a given
Mach number or lift coefficient increment above design. The pressure distributions
for airfoils A and B are characterized by alternate regions of steep and shallow
pressure gradients. This is true because the crossflow instability dominates in
regions of steep pressure gradients but depends more on chordwise extent than
steepness of gradients. Control of the crossflow instability requires much more
suction (ref. 8) than control of the Tollmien-Schlichting instability, which domi-

nates in regions of small pressure gradients. Suction requirements are therefore
reduced by confining steep pressure gradients to shorter distances (making them
steeper) while extending small gradients over longer distances. However, this phi-
losophy forces the steep adverse pressure gradients to become more difficult to
tailor for control of flow separation. Laminar-boundary-layer disturbance growth
factors and LFC suction requirements, which have been analyzed previously for the two
airfoils, are defined and discussed with emphasis on the crossflow instability in
references 2, 5, and 8.

The purpose of the present paper is to document inviscid pressure distributions,
pitching-moment coefficients, and wave drag coefficients at design and off-design
flow conditions in such a way that they can be compared for airfoils A and B. The
comparison has benefit for the design of future LFC airfoils involving supercritical
technology. Inviscid transonic flow results, computed by the two-dimensional method
of reference 9 (with corrected wave drag, ref. 10), are used to compare pressure

levels and gradients as well as shock-wave formation for the two supercritical
laminar-flow-control airfoils. Inviscid (no boundary layer) results are used under
the assumption that the full-chord laminar boundary layer will be kept thin by
suction. Results are presented for Mach numbers between 0.6 and 0.8 and lift
coefficients from 0.4 to 0.7.

SYMBOLS

All parameters listed below correspond to two-dimensional airfoil
characteristics.

Cd,w section wave drag coefficient

c section lift coefficientI

cm section pitching-moment coefficient about the quarter-chord point

Cp pressure coefficient

M Mach number

MDD drag-divergence Mach number

t/c thickness-to-chord ratio

x/c distance measured along chord divided by chord

Abbreviation:

LFC laminar flow control



RESULTS AND DISCUSSION

Inviscid transonic flow results at design and off-design Mach numbers and lift
coefficients are presented for airfoils A and B. Airfoil geometry is presented in
figure 1; geometry variations such as flap deflections are not considered. As noted
in figure I, the thickness-to-chord ratios for airfoils A and B are 0.135 and 0.131,
respectively. Geometric differences between airfoils A and B are discussed as their
significance is revealed through comparisons of pressure distributions. As explained
in the "Introduction," all results are computed with no boundary layer by the method
of references 9 and 10. These results consist of surface pressure distributions,
shapes of supersonic flow regions, pitching-moment coefficients, and wave drag coef-

ficients for M = 0.6 to M = 0.8 and cI = 0.4 to cI = 0.7. A comparison of
pressure distributions for low Mach numbers is given in figures 2 and 3, and design
conditions are discussed with reference to figures 2 through 5. A wave drag compari-
son is shown in figure 6, characteristics of design pressure distributions for

c I = 0.6 are shown in figure 7, and shock-formation characteristics at off-design
conditions are discussed with reference to figures 8 through 13.

Both airfoils exhibit a negative leading-edge pressure peak at M = 0.600,

c I = 0.60 (figs. 2(a) and 3(a)). Such a peak exists at lower Mach numbers and
higher lift coefficients but diminishes at higher Mach numbers (figs. 2 and 3).
Since airfoil B has a smaller leading-edge radius (fig. 1), it has a more negative
leading-edge pressure peak (fig. 3(a)) than airfoil A (fig. 2(a)), and it is more
susceptible to forward boundary-layer separation without a leading-edge device. The
more negative leading-edge pressure peak and higher pressure level in the first
20 percent of the lower surface are, of course, caused by geometric differences in
the leading edge and carved-out lower surface region of airfoil B compared with
airfoil A (fig. I). A device could be designed for storage in the first 20 percent
of chord of the lower surface (refs. 5 and 11) where airfoil B has a lower local
velocity (higher pressure level in fig. 3(a) compared with that for airfoil A in
fig. 2(a)). The lower velocity, which is more conducive to laminar flow without
suction, means that a joint in the surface is less likely to cause transition to
turbulent flow.

For comparisons of aerodynamic characteristics, the design conditions for air-
foils A and B are defined after a few comments concerning other similar conditions.

The condition of M = 0.755, c I = 0.55 was selected for the LFC airfoil experiment
at the Langley Research Center, while airfoil B was conceived for the condition of
M = 0.758, c I = 0.58 (refs. 5 and 7). The smooth pressure distributions in fig-
ures 5(a) and 5(b) for these two conditions indicate the absence of shock waves. As
Mach number and lift coefficient are increased for airfoil B (figs. 5(c) and 5(d)), a
shock wave is indicated by the pressure distributions. A design condition in the
present paper is taken, for a given lift coefficient, as a maximum Mach number for
which no incipient shock wave, such as that in figure 5(c), has formed. An incipient
shock wave is a disturbance in the pressure distribution, such as that in figure 5(c)
at about 70 percent of chord on the upper surface, which develops into a shock wave
for slightly higher Mach numbers and/or lift coefficients (see fig. 5(d)). For air-
foil A, similar cases are presented in figure 4, where the Mach number is 0.025 lower
than for airfoil B (fig. 5) in each case. For a constant section lift coefficient of
0.60, pressure distributions for small increases in Mach number are shown in fig-
ures 2(c), 4(c), and 8(c) for airfoil A and in figures 3(d), 5(c), and 9(c) for
airfoil B. For airfoils A and B, incipient shock waves form for M = 0.735 and
M = 0.760, respectively; therefore, the respective design Mach numbers are 0.730
and 0.755. Note that the wave drag coefficient is zero at the design condition of
each airfoil (figs. 2(c) and 3(d)).



The wave drag coefficient increases through drag divergence as Mach number is

increased (fig. 6). The drag-divergence Mach numbers MDD, or Mach numbers at which
dCd,w/dM = 0.1, are 0.755 and 0.775 for airfoils A and B, respectively. Drag diverg-
ence occurs at a Mach number of 0.025 above design for airfoil A and similarly at
0.020 above design for airfoil B.

Pressure distributions are compared for the two airfoils at their respective
design conditions in figure 7. In contrast to the favorable pressure gradient on the
upper surface of a low-speed natural-laminar-flow airfoil, the small upper-surface
pressure gradient is adverse for airfoils A and B as dictated by supercritical tech-
nology. For airfoil B, the greater extent of supersonic flow on the upper surface
(about 80 percent of chord compared with about 65 percent of chord for airfoil A)
results from the more nearly flat geometry of the upper surface (fig. 1). Each pres-
sure gradient (fig. 7) on the upper or lower surface of airfoil B which is steeper
than the corresponding one for airfoil A results from a region of higher curvature
(fig. I). As explained in the "Introduction," these steeper gradients reduce the
suction requirements for control of the crossflow instability. Also, the less posi-
tive base pressure (fig. 7), which shortens the pressure recovery to the trailing
edge for airfoil B compared with airfoil A, results from the smaller angle between
the upper and lower surfaces at the trailing edge (fig. I). It is interesting to
note that the front and rear lower-surface concave regions for both airfoils (fig. I)
could be geometrically refined to include one or more corners (quick turns joined by
straight lines) in an attempt to control the Taylor-Goertler instability (ref. 5).
However, the treatment of such refinements is beyond the scope of the present
analysis.

Experience with the redesign of an airfoil for a higher Mach number leads one to
check for the formation of a shock wave for Mach numbers or lift coefficients below
design or a strong shock wave for a given Mach number or lift coefficient increment

above design even if this does not occur for the airfoil with the lower design Mach
number. Airfoils A and B show similar shock-formation behavior for increments of

0.015 in Mach number below and above their respective design conditions (figs. 8

and 9). Tne two airfoils are free from lower-surface shocks at c I = 0'.40 and have
similar upper-surface shocks at cI = 0.70 for their respective design Mach numbers
(figs. 10 and 11). For c I = 0.70, the two airfoils show similar development and
movement of upper-surface shock waves for M = 0.600 and higher (figs. 12 and 13).

CONCLUDING REMARKS

Inviscid transonic flow results are provided for two supercritical laminar-flow-

control airfoils. Airfoil A has the advantage of a less negative leading-edge pres-
sure peak at Mach numbers of 0.6 and lower. Airfoil B makes use of steeper pressure
gradients on the upper and lower surfaces to reduce boundary-layer suction require-
ments. The first 20 percent of chord of the lower surface of airfoil B provides a
more positive pressure level, which is more conducive to laminar flow with no suc-
tion. The less positive trailing-edge pressure for airfoil B compared with that for
airfoil A shortens the pressure recovery to the trailing edge. The thickness-to-
chord ratios are about the same for the two airfoils (0.131 for airfoil B and 0.135
for airfoil A). Airfoil B has the important advantage of a higher design Mach number
than airfoil A (0.755 compared with 0.730 at a lift coefficient of 0.60). Neverthe-
less, off-design shock-formation characteristics are similar for the two airfoils



over a range of Mach numbers between 0.6 and 0.8 and lift coefficients from 0.4
to 0.7. Based on these results, airfoil B has better potential than airfoil A for
application of supercritical technology to a swept laminar-flow-control wing.

Langley Research Center
National Aeronautics and Space Administration
Hampton, VA 23665
April 25, 1983
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Figure I.- Comparison of geometry for the two airfoil concepts.
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Figure 2.- Pressure distributions for airfoil A at M = 0.600 to M = 0.755.
c = 0.60.1
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Figure 3.- Pressure distributions for airfoil B at M = 0.600 to M = 0.755.
c = 0.60.I
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Figure 4.- Pressure distributions for airfoil A at simultaneously increasing
Mach numbers and lift coefficients.
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Figure 5.- Pressure distributions for airfoil B at simultaneously increasing
Mach numbers and lift coefficients.
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