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Abstract

The developmental process for an airfoil designed to be used on long-range transonic transport aircraft with
large regions of natural laminar flow is described. Components of the development process that are discussed
include mission-driven needs criteria, airfoil design method, experimental airfoil validation, and a variety of
numerical validation procedures. Numerical analyses include flowfield prediction, boundary layer stability
analysis and transition prediction, and force and moment assessment. Assessments are made at several off-
design conditions. The overall goal is to develop and demonstrate the computational tools and analytical
methods required for the optimal design of unconventional airfoils and wings for global range cruise flight.

Nomenclature
AR = wing aspect ratio, =b%/S
b = wing span
c = airfoil chord length
C = airfoil section lift coefficient
Cp = airfoil section drag coefficient
Cu = airfoil section moment coefficient
Cue = stability margin (per degree), 9Cy/00.
C, = pressure coefficient
b =lift-to-drag ratio

M = Mach number

N = critical amplification factor for &” method
P = static pressure

Py = pitot pressure

P, = total plenum pressure

Re = Reynolds number, p.u. £/ ..

Re, = chord Reynolds number, p.u.c/ j.

S = wing planform area

TOGW = takeoff gross weight

u,v,w = mean Cartesian velocity components
o = airfoil incidence angle (degrees)

B = viscosity

p = density
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1 Introduction

1.1 Background

This manuscript describes efforts conducted under an Air

Force Research Laboratory program aimed at improving

the aerodynamic performance of military transport

aircraft. This program has supported the Air Force’s New

World Vistas (NWV) vision of Global Mobility by

developing technology required to design wings for future

‘global range’ transports. Worldwide coverage could

require aircraft that can fly up to 12,000 miles, deliver

cargo, and return without refueling at the terminal point.'-
The New World Vistas report also states that “In general,

it appears that wing research could pay off in

significantly higher aircraft efficiencies.” 1t is our belief
that emerging technologies in active flow control, coupled

with existing design methods may provide significant

improvements in wing performance through drag

reduction and lift enhancement. One of the primary

objectives of AFRL’s NWV program has been to develop

and demonstrate the computational tools and analytical

methods required to design active global range transport
aircraft wings. This study has also been integrated into
the Aerodynamic Configuration Branch’s technical

activities in flow control for drag reduction and separation
management™. The undertaking discussed in this paper
comprises the first steps toward the ultimate goal of
designing very high-performance powered airfoils.

tice and Astronautics



1.2 _Natural Laminar Flow Airfoils

Natural Laminar Flow (NLF) airfoils have been in use on
high-performance sailplanes for decades, and have gained
popularity in the general aviation and kit-plane markets
more recently. This has involved been marked a steady
progression in NLF airfoil development from low to
moderate speed and Reynolds number operating
environments.  Furthermore, many tools are now
available that allow the designer to custom-design
airfoils*® and wings® for specific applications. Due to
these advances, many airfoils are now designed for the
specific application for which they are intended, as
opposed to choosing the most suitable airfoil available
from a handbook or a catalog.

13 Summary of Present Work -
Despite the advances in airfoil design methods, very few
airfoils have been designed for NLF at transonic flight
conditions. In addition, at high speed the design can
become very sensitive to small changes in Mach number.
In the present work, an airfoil family has been developed
and tested for the specific application of a high-transonic
speed long-range transport.
In this paper, we describe a process for developing an
airfoil for long-range transonic transport aircraft having
large regions of laminar flow. The overall goal is to
develop and demonstrate the computational tools and
analytical methods required to optimize transport aircraft
airfoils and wings for global range cruise flight. The
primary objectives of the study described in this paper
were to:
 Establish mission requirements & airfoil design criteria.
¢ Design an airfoil specifically for an aircraft intended to
meet the global range transport mission.
® Compare the performance of this family of airfoils to
those existing in today’s operational fleet at several
operating conditions using common analysis methods.
e Assess current boundary layer stability methods for
predicting transition on high-speed NLF airfoil designs.
e Perform highly instrumented high Reynolds number
airfoil wind tunnel tests to validate design and analysis
methods/models for NLF airfoil/wing development.

2__Aircraft Mission Requirements

To define the airfoil design conditions and constraints, it
was first necessary to identify the various operating
conditions of the aircraft on which the airfoil would be
used. To accomplish this, it was first necessary to
identify mission requirements based on educated forecasts
about future operational requirements. Independent R&D
studies by Lockheed Martin Aeronautics Company were
used to establish mission requirements, wing design
criteria. LMASC was also responsible for producing the
airfoil design discussed in this paper. Previous Lockheed,
NASA’, and Air Force mission studies were considered to
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Figure 1: Global range transport propulsion, structures, and
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aerodynamic technology payoffs.

define the mission requirements. There have been several
other system level studies that propose comparable
requirements to meet the “global range” mission. These
suggest similar aircraft characteristics when a
conventional transonic monoplane configuration is the
assumed. A distinction may be that we are requiring the
aircraft to cruise at Mach numbers more typical of civil
transports the slower flying military transports.

When assumed engine technology advances are
established (reducing TSFC and increasing bypass ratio),
the effects of structural and aerodynamic advances can be
isolated. Figure 1 illustrates how structures technology
(reducing structural weight fraction) and aerodynamic
technology (in the form of laminar flow) both play a
significant role in realizing potential takeoff gross weight
(and cost) reductions. The mission requirements assumed
for the present study are summarized in Table 1. The
notional transport characteristics resulting from the
assumed level technology infusion, including NLF, is
described in Table 2 and itlustrated in Figure 2.

3__ Airfoil Design

A low-cost approach to airfoil design using the MSES*%?
computational airfoil development code is described here.
The NLF airfoil development activity was worked in
cooperation with the Lockheed Martin Aeronautics
Company to insure that the airfoil geometry developed
was compatible with military transport wing fabrication
and control surface integration requirements.

3.1 Design Tool

MSES is a numerical airfoil design and analysis tool
(developed at MIT) that includes capabilities to analyze,
modify, and optimize 2-D single- and muiti-element
airfoils. For the present study, MSES version 2.8 was
used. The method is valid for a wide range of Reynolds
numbers and through transonic Mach numbers. Flows
with transitional separation bubbles, shock waves, trailing
edge and shock-induced separation can be simulated.




Table 1: Envisioned mission requirements & cruise flight
conditions for a global range transport.

Parameter Value
Range 12,000 NM
Cruise Mach Number 0.8
Cruise Altitude 34,500 ft
Re/f 1.95x10° ft!
Payload 150,000 Ib

Table 2: Notional global range transport characteristics.

Parameter Value
Takeoff Gross Weight 695,000 Ib
Leading Edge Sweep 20°
Wing Area (S) 5560 f*
Span (b) 279 ft
Aspect Ratio 14.0
Chord Length 199 ft
Taper Ratio 0.2

Figure 2: Conceptual long-range configuration.

Surface pressure and aerodynamic force predictions are
accurate to just past stall. The laminar to turbulent
location can be specified, or it can be predicted as part of
the flow calculation.

MSES couples a streamline based Euler solver with a
two-equation integral boundary layer method through the
displacement thickness. The boundary layers and trailing
wakes are simulated using a two-equation integral
formulation with lagged-dissipation closure. The airfoil
surfaces admit a solid-body boundary condition in the
direct analysis mode, and a prescribed-pressure boundary
condition in the inverse *“design” mode. The overall
system is solved using a full Newton method.

MSES uses a simplified version of the ¢" method for
transition prediction called the “envelope method”.
Instead of tracking the Tollmien-Schlichting (T-S) wave
amplitudes for many individual frequencies (as in the "
method), the envelope method determines for each

3
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surface point the amplitude of whatever frequency
happens to be most amplified at that point. This is a great
simplification, but involves some approximations that
have the greatest impact in flows where the shape
parameter varies rapidly. The validity of the results of the
envelope method can be easily checked in MSES by
plotting amplitude of both the envelope as well as the
amplifications for individual freqlacncies that would have
been predicted by the " method'®. Ideally, the envelope
curve just touches the largest of all the individual
frequency curves at each location. Any deviation from
this ideal usually lies within the uncertainty in the
specified critical amplification factor “Ng;,”.

This tool was used here to design a natural laminar flow
(NLF) transport aircraft airfoil that has a projected cruise
L/D significantly higher than the turbulent airfoil designs
currently used on long range military transport aircraft.
The resulting family of airfoils has been nicknamed
GRALF (Global Range Airfoil for Laminar Flow).

3.2 Airfoil Design Criteria & Constraints

Based on the assumed mission specifications for a global-
range transport, the wing airfoil section needed to produce
an on-design lift coefficient of 0.62 at a cruise Mach
number of 0.75 and a unit Reynolds number of 1.83x10°
per foot (Table 3). The objective in designing this airfoil
is to generate a section that yields a long extent of natural
laminar flow over both the upper and lower surfaces
while limiting the shock strength (wave drag) on the
upper surface. This will produce a significantly higher
fift-to-drag ratio than typically seen on today’s transport
aircraft. The only constraint that was considered in this
design was to limit the airfoil thickness to a minimum of
9% chord for structural reasons (though the resulting
airfoil is actually 10.2% thick).

The design Reynolds number of the test airfoil (Table 4)
was chosen to be 4.5x10° to match the typical operating
range Re/f=9x10° ft'') of the wind tunnel facility where
validation testing was planned (Section 5.1.1). This value
is of course an order of magnitude smaller than that
expected in flight, but is was necessary to design at the
testing Reynolds number to make the experiment
meaningful. Designing for the higher Reynolds number
would result in a very conservative airfoil, with an overly
stable boundary layer in the tunnel.

A critical N-factor (N.;) of 4 was assumed during the
design process rather than the more typical value of about
9 that is usually used to predict transition in flight. While
this is conservative, previous experience with two-
dimensional testing at OSU has indicated that this value is
a more characteristic value for the tunnel.

American Institute of Aeronautics and Astronautics
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Figure 3: Airfoil 9B surface pressure distribution at its

design condition.
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Figure 4: Airfoil 9B surface pressure distribution at GRT
mission flight condition.

3.3 Airfoil Design Procedure

The starting point for designing this natural laminar flow
airfoil was a section developed under Lockheed Martin
Aeronautics Company IR&D for a different design
condition (Figure 3). Note that this airfoil was also
4.5x10° fo match the OSU wind tunnel operating
conditions. The airfoil was chosen because the section
was already known to produce an appreciable amount of
laminar flow even at the conditions expected for the
global-range transport (Figure 4). However, the upper
surface contour results in a strong shock and hence much
more wave drag at this higher Mach number.
definition of the design problem was thus to improve the
section’s laminar-flow characteristics for the given design
operating conditions without violating the 9% thickness
constraint or producing a large amount of wave drag.

To accomplish this, the inverse design capability of
MSES was employed. This process involves producing
an initial starting-point C, distribution (as shown in
Figure 4) which can be graphically manipulated (using the
MEDP module) by the designer to produce a ‘better’ C,
distribution. The weakness of this methodology is that it

The
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Table 3: Required airfoil section characteristics for
notional global range transport of Table 2.

Parameter Value
Mach Number 0.75
Lift Coefficient 0.62
Normal Chord Length 18.7 ft
Re/t 1.83x10° ft!
Reynolds Number, Re, 32.2x10°
Minimum #/e¢ 9%

Table 4: Design conditions for the GRALF test airfoil.

Parameter Value
Mach Number 0.75
Lift Coefficient 0.62
Reynolds Number, Re, 4.5x10°
Minimum t/c 9%

requires some a priori knowledge of a “good” pressure
distribution. However for the case at hand, where a good
starting-point design is already known, this inverse
method allows the designer to easily manipulate the
section to produce the desired results. Based on
experience, we know that to preserve laminar flow on the
airfoil we must maintain a favorable pressure gradient
along the chord of the airfoil section. The drawback of
this is that a favorable pressure gradient causes the flow to
accelerate over a long distance and can produce a strong
shock wave on the upper surface of the section.--Such a
strong shock produces wave drag, which if not limited,
can offset any gains achieved by maintaining laminar
flow. The design of the C, distribution is thus a tradeoff
between maintaining laminar flow and the strength of the
shock wave on the upper surface of the airfoil.

The starting-point airfoil design already produces a
reasonable amount of laminar flow along the lower
surface. Thus, most of the work involves manipulating
the pressure distribution on the upper (suction) side of the
airfoil.  After the initial pressure distribution is
manipulated, MSES is re-run in inverse-design mode.
This produces a geometry that yields a minimum error
between the actual and specified pressure distributions.
This new geometry is then checked against the thickness
constraint. If this constraint is not met, the geometry is
simply scaled up to meet the minimum thickness
requirement and a new C, distribution is computed.
Because this computed pressure distribution is likely to
result in a different C;, than is desired, MSES is run again
in standard solution mode to determine the angle-of-
attack required to produces the design C, for this new
geometry. This process is repeated by importing this
pressure distribution back into MEDP and manipulating it
until a reasonable (as determined by the designer)
pressure distribution is achieved.




The resulting 10.2% thick airfoil produces a shed-roof
looking pressure distribution with the favorable pressure
gradient needed to maintain laminar flow (Figure 5). The
slope of the favorable pressure gradient on the forward
part of the airfoil is limited to keep the shock strength in
check on the aft section. The results predict that this
yields a very high section L/D of 110, resulting from a
predicted transition location of 56% chord on the upper
surface and 69% chord on the lower surface. The
locations and relative strengths of the primary shock and a
secondary shock on the upper surface are evident the
pressure field contours shown in Figure 6.

4 _ Analysis & Aerodynamic Predictions
The airfoil has been evaluated analytically using several
methods varying complexity and sophistication. The
MSES code, and varying levels of finite difference
methods were used to evaluate the airfoil performance
with varying levels of success depending on flow
conditions and the desired information.

4.1 MSES Analysis

MSES, as described above, is a 2-D airfoil analysis and
design tool that couples a streamline based Euler solver
with a two-equation integral boundary layer method
through the displacement thickness.

In Figure 7, the airfoil performance predicted by MSES is
summarized in the form of lift, drag, and moment
coefficients (Cy, Cp, Cy) and angle-of-attack (o). The
influence of the assumed critical amplification factor
(N for the " transition model primarily affects the
range in C; (or o) over

Figure 5: GRALF surface pressure distribution at design.
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Figure 6: Pressure field of GRALF at design point.

which significant laminar
flow can be maintained.

As would be anticipated,

st C - M=0.75 Re=4.5x10° Nerit=4
— -4 — C,-M=0.75Re=4.5x10" Nerit=7 = 0.5+
— «—y-—- C_-M=0.75 Re=4.5x10" Ncrit=9
e C, - M=0.75 Re=4.5x10" x/c,=0.05}

higher N; values lead to

substantial laminar flow
over a larger range in C;.

This is also evidenced by

the growing extent of the

‘laminar bucket’ in the drag
polar. Also shown is the

case where ftransition is

forced to occur (the
boundary layer is “tripped™)

at 5% of the chord length on
both the upper and lower

surfaces. It should be
mentioned that forcing the

transition location in this

way does not lead to an
abrupt change in moment

characteristics (@Cu/00), as gl . el 1 B

is often the case for NLF 0 0.005 0.01
airfoil designs. Co

0.02-2

Figure 7: Airfoil performance predictions from MSES.
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Figure 8: Disturbance growth at design condition.
Shown are predictions from envelope method, and by
¢" method for several non-dimensional frequencies.

Above (;=0.25, the transition location on the upper
surface is predicted to move forward with increasing lift
as is typical of NLF airfoils. For most NLF airfoils, this
is due to the transition location moving forward as the lift
increases. In this case however, for lift coefficients of
0.25 and above, the transition location was found to
coincide with the appearance and movement of the
upstream shock on the upper surface. For lift coefficients
of 0.25 and above, the transition location closely follows
the location of the shock on the upper surface. In the
range 0.255C;<0.45, the location of this shock appears to
be somewhat dependent on Ng;. The low predicted
disturbance amplifications shown in Figure 8 further
illustrate that the amplifications are always well below the
specified N, until the shock is encountered.

Figure 9 further illustrates the shock strengths and
movement with increases in incidence and lift for N;=4.
The aft shock develops at relatively low (nearly zero) lift
condition, and increases in strength as lift is increased
while maintaining nearly the same position. The forward
shock begins to develop at a C; of about 0.25, but remains
weak and moves slightly forward at higher lift until
C=045. As lift is further increased, this shock
strengthens and moves rearward until it merges with the
aft shock, forming a much stronger compression.

The sensitivity to varying Mach number (at a given
incidence angle) is illustrated in Figure 10. Changes of
only AM=0.02 from the design point can significantly
change the shock structure and location. At Mach
numbers slightly above the design point, the forward
shock quickly moves rearward. It merges with and
strengthens the aft shock, which remains relatively
stationary. Further effects of Mach number and Reynolds
number will be discussed with the experimental results.
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Figure 9: Effect of incidence (or lift) on boundary layer
edge Mach number at design conditions.

1.5y mses GRALF AIRFQIL
¥ 2.8 ALFA = 1.B420

. - s

1y Increasing Mach AE 4.5000 ~ 10

M £ MCH o €0 o
e TEETT 0 G 0.5130 000602 -0.058

i : 0.00561 -0.062

0.00857 -0.071

0.01364 _-0.087

0.02268 -0.106

Figure 10: Effect of Mach number at constant o

4.2 Boundary Layer Stability Analysis

Innovative  Aerodynamic  Technologies” LAMDA
(Laminar Airfoil Manager for Design and Analysis)
package'' was used to evaluate the three-dimensional
boundary layer stability characteristics of the swept
GRALF airfoil. It was also used as a method to check the
aerodynamic characteristics and the basic airfoil stability
characteristics provided by the MSES code.

LAMDA assembles an airfoil flow analysis code,
boundary layer analysis codes, and laminar boundary
layer stability analysis and transition prediction codes
under a user-friendly graphical user interface (GUI). The
tool is designed to allow an inexperienced user to conduct
a relisble two-dimensional incompressible stability
analysis, and can reduce a typical analysis effort from
days to hours. Tollmien-Schlicting (T-S) and crossflow
(CF) instabilities are considered. A graphics package is
included, which allows the user to quickly plot and
examine relevant data. A description LAMDA is given
here due to the lack of published material on the code.
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. . upstream of the shock at design conditions
(C1=0.62, Re=4.5x10°, A;z=20°).

4.2.1 Mean Flow Prediction Method

The flow analysis method currently included in the
LAMDA 100l is the “NYU” code developed by Bauer,
Komn, & Garabedian'>"*'*. This 2-D transonic analysis
code solves the full potential equations in non-
conservative form using rotated finite difference shock
scheme. The code assumes the two-dimensional, steady,
isentropic irrotational flow of inviscid, polytropic gas.
The resulting equations of motion are transformed into the
complex plane and then solved numerically.

The program uses the user-specified airfoil coordinates
along with a specified freestream Mach number, lift
coefficient (or angle of attack), and the leading and
trailing edge sweep angles. It then provides an inviscid
pressure distribution about the airfoil for these conditions.
The method may also be used in a pseudo-viscous mode
by including the boundary layer displacement thickness.
If the boundary layer is to be included, the user must
provide the Reynolds number and the transition locations
on the upper & lower surfaces. The NYU Airfoil Flow
Solver is a robust potential flow solver with simple inputs.
It is fast to run and has been successfully used as an input
solver to the boundary layer analysis code in the past.

LAMDA also has the “hooks™ to use MSES or MSIS as
the flow prediction tool. This version was, however, not
available to us at the time of this analysis. It would have
the primary advantage of being coupled with a transition
prediction capability in a closed-loop manner.

AtHerieandn 2 1 ASrfinsg
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4.2.2 Boundary Layer Analysis Method

The Kaups & Cebeci boundary layer code!® was used to
compute the boundary layer profiles on the airfoil. Itisa
compressible code with conical assumption 3-D
capability. However, in the version 1.0 LAMDA package
only the 2D incompressible analysis is conducted. The
code, which generates the laminar boundary layer velocity
profiles, is used as the standard input to the stability
analysis code, SALLY. The full potential of the Kaups &
Cebeci code to handle tapered wings is not exploited in
LAMDA at this date. The BLSTA code of Yong-Sun
Wie'8 is also provided as optional boundary layer solvers.
Streamwise and crossflow velocity profiles through the
boundary layer as predicted by LAMDA (i.e. the Kaups &
Cebeci boundary layer code) for the GRALF at design
conditions are are shown in Figure 11

4.2.3 Stability & Transition Prediction Method

At the heart of LAMDA are the boundary layer stability
analysis tools. Methods currently available through
LAMDA are the widely known SALLY, COSAL", and
MARIA codes. For the present study, only the COSAL
results are discussed. COSAL is a three-dimensional
compressible temporal stability code used for transition
prediction over airfoils and wings. It computes the
compressible linear stability characteristics and integrates
the amplification rates of the boundary layer disturbances.

The linear stability analysis of compressible boundary
layers involves solution of an eigenvalue problem for an
eighth-order system of differential equations. The basic
equations for the linear stability analysis are derived using
small disturbance theory. If the mean flow is assumed to
be locally parallel, one obtains a set of five ordinary
differential equations (three second-order momentum
equations, a second-order energy equation, and a first-
order continuity equation). COSAL employs a finite-
difference method to solve the compressible stability
equations in their original form. COSAL includes two
cigenvalue search procedures. A global procedure is
provided for use when no initial guess is available, and a
fast local eigenvalue search procedure is used when a
initial estimate is provided by the user or global search.

COSAL caicuiates the local disturbance growth rate, and
uses the “¢™ method'® obtained by integrating the local
disturbance growth. The local growth rate obtained is
temporal and must be converted to a local spatial growth
rate by using local group velocity before it can be
integrated. The N-factor (the logarithmic amplification
ratio of linear disturbances within the boundary layer) is
used for transition correlation for swept and tapered
laminar flow wings. The N-factor method predicts
transition based on the growth of disturbances. The local
growth rate can be obtained by using different
approaches. Two of the following parameters must be
fixed: disturbance frequency, wavelength, orientation
angle, or span-wise wavenumber. Or, as was used in the
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present study, the disturbance frequency can be fixed
while the growth rate is maximized. For swept wing
calculations using COSAL, it is typical for the maximum
growth rate to be CF in the initial acceleration region,
then switch to T-S as the pressure distribution flattens out.
In the present analysis, a new LAMDA option was used
which forces the tracking to follow a fixed type of
disturbance. Hence, the code does not allow the type of
disturbance that is being tracked (T-S or CF) to change.

The LAMDA tool actually uses Innovative Aerodynamic
Technologies’ own version of the COSAL code (called
COSAL-IAT). In this version, several improvements
have been made to make it more robust, and to minimize
the user inputs required to obtain a valid solution.
Information is also provided early in the analysis that
helps the user choose appropriate starting values and
parameters for the stability analysis. The COSAL code
has also been made more robust when calculating through
the damping region. Previously, the code often lost track
of a disturbance and had problems quantifying its
damping in stable regions. The selection of the type of
disturbance that will be amplified and tracked (T-S or
CF), as well as how it is to be amplified have all been
simplified by the GUL

Input to COSAL consists of boundary layer profile data,
control parameters, and stability problem description
parameters. Output from COSAL includes displacement
thickness, non-dimensional complex frequency, and
disturbance amplitude ratio (local growth rate).
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Figure 12: Upper surface disturbance growth for selected
frequencies at design conditions
(C1=0.62, Re=4.5x10°, A1 £=20°).
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4.2.4 Boundary Layer Stability Predictions

Predicted C-F and T-S disturbance growth curves are
presented for the GRALF airfoil at the design condition in
Figure 12. The growth of disturbances in both T-S and
CF analyses are well within the design criteria.
Disturbance “N-factors” are predicted to remain well
below 2.5 until the shock in encountered. As will be
discussed in Section 5.2, this shock was predicted by
LAMDA (the NYU code) to be forward of the MSES
prediction, and very close to the measured location.
Based on this second stability analysis, no boundary layer
stability problems would be expected in the tunnel
Furthermore, sweeping the airfoil 20° on an aircraft
should introduce no major crossflow instability issues.

It should be noted that we would have liked to investigate
slightly higher frequencies. Since the boundary layerona
wind tunnel model will be very thin, the disturbance
wavelengths of interest will be very small, requiring the
analysis of very high (dimensional) frequencies. Due to
formatting restrictions in the LAMDA GUI, it is very
difficult to analyze frequencies above 100kHz.

The boundary layer stability was also investigated at
several other Reynolds numbers. The results indicate that
the amplification of the T-S instabilities are satisfactory
up to a flight Reynolds number of about 30x10°.
However, at this condition, the CF instability
amplifications are unacceptable (Figure 13), causing
transition very near the leading edge.
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5 __Wind Tunnel Experimental Validation
Highly instrumented high Reynolds number airfoil wind
tunnel tests were performed at the Ohio State University
(OSU) Aecronautical and Astronautical Research
Laboratory (AARL) to validate the GRALF airfoil design.
The airfoil was evaluated at a Reynolds number of 4.5
million and included Mach numbers from 0.4 to 0.77.
The range of angle-of-attack was from -2° to 6°. Surface
pressures and traversing wake probe data were collected
for each of the models and from these data, lift, drag and
pitching moment coefficients were calculated.

5.1 rimental Technique
5.1.1 Facility

Experimental validation of this airfoil design was
performed in The Ohio State University 6x22 inch blow-
down transonic wind tunnel. This facility has a proven
track record in the developmental airfoil validation testing
area, including several NLF airfoil experiments, and is
among the lowest turbulence level transonic wind tunnels
in US. Itis capable of sustaining Mach numbers from 0.2
to 1.1 and chord Reynolds numbers from 2-12.5 million.
The facility uses a complete instrumentation suite for
obtaining accurate lift, moment, and drag measurement.
Access flanges are on both sides for easy installation,
inspection, and cleaning. A complete description of the
test facility and its characteristics can be found in
Reference 19.

5.1.2 Airfoil Models

The two models were used to test GRALF airfoil design.
One model was instrumented with surface pressure taps
(several small pressure ports on the airfoil surface) at 52
locations (shown in Figure 15). Since pressure taps tend
to prematurely trip the boundary layer, a second model
with no pressure taps was used to measure “natural
transition” drag. Both models had a 6-inch span and a 6-
inch chord length. The tapped model was also tested in a
second “tripped” configuration, where the boundary layer
was forced to transition early.

AIAA-2000-4509
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Figure 15: Distribution of pressure taps on GRALF
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Figure 16: Wind tunnel model configurations tested.
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Figure 17: Airfoil model in test section.

5.1.3 Data Acquisition & Reduction

Surface pressure measurements and wake survey data
were acquired for these tests. A complete description of
the scanivalve data acquisition system can be found in
Reference 19. From the surface tap measurements, the
lift, pressure drag and pitching moment were calculated
by integrating surface pressures over the airfoil. Total
drag is calculated from the wake survey pressure
measurements. The momentum deficit is integrated
across the wake to compute the total drag.

To obtain drag estimates for natural transition, the “clean”
model (with no pressure taps) was be used. During these
experiments, the model was carefully cleaned at regular
intervals, and inspected for condensation and other
surface irregularities. The natural transition experiments
were reserved for days with dry weather conditions.




5.2 Results

Several plots of the lift, drag, and pitching moment
coefficients for the GRALF follow. Selected surface
pressure distributions are also used to illustrate airfoil
characteristics. While only selected cases are shown here,
a fairly extensive set of tunnel data has been collected.

5.2.1 Comparisons of Predictions & Measurements

Shown in Figure 18 are the measured performance data
for the GRALF airfoil at its design condition. Also
shown are corresponding MSES predictions. The most
noticeable discrepancy is the slope of the lift curve.
‘While the predicted and measured zero-lift angle of attack
(0p) agree quite well, the predicted slope (Cpy) is
discernibly higher (0.20) that the measured value (0.16).
This has difference been seen in previous tests conducted
at the OSU facility, and tends to increase with higher
Mach numbers. Sidewall corrections to effective airfoil
incidence may need to be investigated. Despite this,
when comparisons are based on equivalent C; (as will be
done henceforth), measurements compare well to
predictions. For example, MSES proved to be quite
accurate in the prediction of drag as a function of lift.

The free-transition drag measurements (taken on the clean
model) are denoted “Natural” in the Figure 18. The
measured data compare quite well with MSES predictions
over a large range in lift. A few experimental data points
actually “fell into” the predicted laminar drag bucket near
C;=0.2. Near the design point (C;=0.62) we were unable
to measure quite as low of drag values as were predicted.
This leads directly to the over-prediction of lift-to-drag
ratio (Figure 19), and ultimately range.

This may be due to the differences between the shock
location predicted by MSES and those observed in the
tunnel near the design lift condition (Figure 20). At the
design point, the shock location measured in the tunnel
(symbols) was further forward than predicted (dark lines).
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Table 5: Predicted and measured aerodynamic properties
for the GRALF airfoil near the design C;.

Parameter Predicted (MSES) Measured
Mach number 0.75 0.751
Reynolds number 4.5x10° 4.459x10°
C 0.620 0.613
Cu -0.07058 -0.0631
Cp 0.00562 0.0070
o 1.64 2.8
L/D 110.1 91.8
140 - © M=0.75, Tapped Mode!

* M=0.75 CleanCD
+  M=0.75, Tripped

120 1 o—SES Maturai

4 =MSES Tripped

Figure 19: Predicted and measured L/D ratios.

As discussed in Section 4.1, this would force transition
location on the upper surface forward, leading to slightly
higher friction drag. However, the pressures of the shock
compare quite well, and the shock strengths are
comparable, lending to a reasonable drag prediction.

This issue has been experienced before® in the facility,
and it has been suggested that additional Mach number
corrections may need to be addressed in the data
reduction that could influence the high-lift high-Mach
cases. (The extreme sensitivity of the shock location to
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Figure 18: Predicted and measured airfoil performance at M=0.75, Rc;-4.5><106.
Experiments were conducted at M=.751+.002 , Re=(4.50+.05)x10°.
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Figure 20: Predicted and measured surface pressure
distribution at design C, (0.62).
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Figure 21: Predicted and measured surface pressures at
off-design lift conditions.

freestream Mach number near the design condition was
illustrated in Figure 10.) To demonstrate, an MSES
solution was obtained at the same lift coefficient, but a
slightly lower Mach number of 0.74. The resulting
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Figure 22: Predicted and measured pressure distribution at
design C,, (0.62) and Mach number (0.75).

pressure distribution (light line in Figure 20) is nearly
identical to the measured pressures. The predicted
incidence required to produce the design lift coefficient,
and the predicted drag coefficient, are also closed to the
measured values. At lower lift conditions, the measured
and predicted shock locations compare much more
favorably (Figure 21), as do the drag values (Figure 18).

While this is compelling evidence that a Mach correction
should be looked into, there is_some evidence to the
contrary. At the design condition, the NYU code (within
LAMDA) gave surface pressure predictions that were
more consistent with the experiment. For the solution
shown in Figure 22, the boundary layer was forced to
transition at the locations predicted by MSES. Nearly the
same pressure distribution is predicted if the NYU code
and COSAL are “hand-iterated” to find its own transition
locations {(a very tedious process), or the NYU module is
simply run in an inviscid mode. However, the NYU code
actually predicted less drag at this condition than MSES,
further away from the measured value. The differences
between MSES and NYU solutions are still being
investigated.  Discrepancies are probably related to
differences in the external flow solver, external grid-
generation methods, or are user related.

The drag measurements at 0<C;<0.2 indicated that an
assumed N, of 5-7 might have been more suitable for the
lower surface (see Figure7). The assumed N, of 4
appears to have been a wise choice for the upper surface.

Although the drag measurements on the tapped model are
of little interest for NLF airfoils, these measurements also
shown (open symbols) to show the influence of the
pressure taps on the boundary layer stability, and hence
the measured drag.

The measured zero-lift pitching moment (Cyy) agree very
well with the predictions made with MSES. Considering
the magnitude of the moment, the slope was also
predicted quite well. No severe breaks in the moment
data are seen in the experimental data at high lift,
indicating there is no boundary layer separation. This is
desirable for controllability at high-lift conditions.
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is actually improves with

5.2.2 Off-Design Investigations

During operations, laminar flow airfoil will occasionally
encounter insects and clouds (ice crystals)”. They
sometimes operate in noisy conditions created by the
aircraft. Aircraft are often forced to fly at off-design
Reynolds number and Mach number to suit mission
requirements. For these reasons, it is critical to assess the
airfoil performance at off-design conditions. For these
reasons, the robustness of the airfoil performance to off-
design conditions was investigated.

Premature transition (due to insects, dirt, icing, cloud
encounters, aging surfaces, noise, etc.) was simulated
experimentally by wrapping a piece of 5/8-inch wide
“Magic tape” to the leading edge of the airfoil. This
created a backward-facing step at 0.05¢ on the upper and
lower surfaces that produced a turbulent boundary layer.
The method has been used on many previous tests as a
minimum-disturbance trip device. This condition is easily
simulated in MSES by specifying a corresponding
transition location.  While the free-transition drag
measurements are of the most interest for NLF airfoils,
the “tripped” results shown Figure 18 show that MSES
does a very good job of predicting turbulent airfoil drag
as well. In terms of cruise performance, it can be seen
that the airfoil performs much more poorly with the
tripped boundary layer (Figure 18 & Figure 19).

A common concern in the design of NLF airfoils is the
effect that a sudden transition to fully turbulent flow can
have on the stability and trim characteristics, as transition
is often accompanied by a large change in moment
coefficient. For this airfoil, tripping the boundary layer at
5%c was predicted to have
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growth envelope predicted for the T-S stability boundary
with LAMDA reaches an N-factor of 9 (see Figure 13[a]).

The robustness of the airfoil to perform at off-design
Mach numbers was also tested analytically and
experimentaily. The effects of Mach number (as well as
tripping the boundary layer) are summarized in
Figure 24-Figure 26. Figure 24 and Figure 25 represent
the aircraft flying at slightly off-design Mach numbers to
meet time constraints or other mission requirements.
Lowering Mach number to 0.71 introduces no problems,
and improves the agreement between tunnel data and
MSES predictions. Increasing the Mach number to 0.77
has the primary unwanted effects of increasing the Cpy
slope, creating moment problems at high C,. It also
intensifies the undesirable effects of tripping the boundary
layer.

The case in Figure 26 represents a lower-speed loiter or
approach condition. Performance is stil acceptable, but
the maximum C; is very limited, and the stall is predicted
to be quite abrupt. We are currently looking into flapped
versions of the GRALF airfoil using MSES’s muiti-
element capability. Active flow control is a likely
technology to enhance (or recover) performance at off
design conditions. This is especially true of separation
control to improve high-lift performance.

In all, the results show that the GRALF airfoil is a
promising design. Both MSES and wind tunnel resuits
indicate very good off-design performance. The airfoil
exhibits a low zero-lift moment coefficient and safe
behavior at off-design points and in “turbulent mode™.
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Figure 23: Effect of Reynolds Number on airfoil performance predictions from MSES.
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6 Continuing Efforts

A database of airfoils currently used on military transport
aircraft has also been developed using the MSES code.
This information is now being used as a baseline to judge
performance improvements offered by new airfoil designs
against, starting with the GRALF airfoil. Results at
typical points of the flight enve]c;ge for existing and
original airfoils have been compared™.

Once the airfoil boundary layer stability characteristics
are understood, it is possible to evaluate the airfoil using
conventional finite-difference or finite-volume CFD
methods. Reynolds-Averaged Navier Stokes (RANS)
solutions are being obtained for several operating
conditions. Several orders of differencing, inviscid flux
models, and levels of turbulence modeling are being

AIAA-2000-4509

investigated using the commercial GASP® code. The
inviscid solutions obtained to date provide reasonable lift
and moment estimates. However, the predicted pressure
drag, as would be expected, is lower than was measured.
The viscous RANS simulations are still underway, and it
is premature to evaluate the results. So far, MSES has
provided superior drag predictions to any other method,
while predicting the moment as well.

Much of our future airfoil development at AFRL will
focus on high-altitude (low Reynolds number) UAV
applications. The challenge will be to maximize on-
station time (loiter) while meeting the geometric
constraints imposed by the sensor package. These aircraft
may also operate at high Mach numbers; similar to the
transport described in this paper.
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7___Summary

The use of laminar flow technology on future aircraft
could lead to enhancement of performance, reduction of
operational cost, and reduction of environmental impact.
We have described, in this paper, the developmental
process for an airfoil to be used on long-range transonic
transport aircraft having large regions of laminar flow.
An airfoil with a natural laminar flow low drag bucket
had been designed and validated for a relatively high-
speed transonic long-range transport configuration. Drag
levels of 56-70 counts or less were measured over a lift
coefficient range of 0 to 0.66. The desired negative zero-
lift moment coefficients were demonstrated in the wind
tunnel, as was the mild increase in moment magnitude
with lift. The indifference of moment to tripping the
boundary layer was also demonstrated, thereby ensuring
no adverse effects on controllability during adverse
conditions. In fact, the airfoil has no indication of
separation near cruise lift coefficients under fully
turbulent conditions. The robustness of the airfoil to
perform at off-design Mach numbers with no significant
performance penalties was also verified. Crossflow
stability and transition issues have also been addressed
using a commercial laminar airfoil design and analysis
tool (LAMDA). The MSES code proved to be an
effective tool for NLF airfoil design and analysis when
used wisely. In particular, the ability to predict drag and
moment over a wide range of lift has been demonstrated.
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