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tract was Mr. J. W. Cheely of the Laminar Flow Control Project Office at Langley Research
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1.0 SUMMARY

This report presents the resuits of a two-year study casried out under NASA Contract NASI-
14630 in Phase I to extend the development of laminar flow control (LFC) technology and
evaluate LFC systems concepts. The overall objective of the LFC program is to provide a
sound basis for industry decisions on the application of LFC to future commercial transporis.
The study was organized into major tasks to support the above objectives through appli-
cation of LFC systems concepts to a baseline LFC transport initially generated for the study.
Based on competitive evaluation of these concepts, a final selection was made for incorpora-
tion into the final design of an LFC transport which also included other advanced technology
elements appropriate to the 1990 time period, In support of this activity, Boeing has expend-
ed company resources in basic LFC design studies and development of test facilities, including
an LFC wing panel wind tunnel model, to carry out wind tunnel tests at near full-scale
Reynolds numbers.

The initial task, titled Mission Definition and Baseline Configuration was directed toward the
selection of mission requirements representative of an LFC transport application projected
for the 1990 time period and generation of such a design suitable for tradeoff analysis in the
subsequent concept evaluation tasks. The resulting configuration was a long-range tri-jet of
conventional layout designed to carry 200 passengers plus baggage a distance of 10 190 km
(5500 n mi) at 0.8 Mach number. It incorporated an LFC wing laminarized to 70% chord
and the associated systems required for laminar flow. Laminarization of the empennage was
not considered for the baseline airplane.

The major series of tasks was performed under the heading Concepts Evaluation. It involved
the exploration of promising approaches to LFC design problems in three basic areas: (1)
Aerodynamics, (2) Structures and Materials, and (3) Systems.

In the aerodynamics area, concepts were successfully developed for a basic high-speed wing
design compatible with laminar flow requirements. A suitable suction surface and the
associated ducting was integrated into the overall design to provide LFC throughout a practi-
cal flight envelope for representative environmental sitvations. Other configuration elements
of the airplane, e.g., flaps, controls, engines, empennage, were studied in relation to their
impact on LFC systems and the selection of the airplane arrangement was made to enhance
the opportunities for successful LFC application to a long-range transport. A major wind
tunnel program involving tests of an LFC wing panel, was successfully carried out to validate
the suction surface design. It also provided design puidelines and data for evaluation of the
susceptibility of laminar flow to various kinds of disturbances and the effects of off-design
operation. Laboratory tests to evaluate the flow characteristics of suction surface openings
and associated internal geometry were used to validate the selected opening concept.

At least twelve basic different structural arrangements for LFC wings and numerous options
were studied and supported by limited structural tests to arrive at a selection which would
satisfy structural requirements and provide a feasible design to approach minimum weight
and cost. This work included the development of various concepts for suction surface
openings {i.e., slots or perforated strips) in the form of inserts which would allow relatively
convenient maintenance and repair of damaged areas. The concept finally selected incorpor-
ates a fiberglase cover or glove over a conventional wing structure using advanced aluminum




alloys. The fiberglass cover provides the suction surface and the associated chordwise ducting
to distribute the suction airflow chordwise to trunk ducts in the wing leading and trailing
edges. This design is considered applicable in the relatively near term. It is also adaptable to
almost any advanced design, such as graphite/epoxy structure, which may appear practical

in the future,

The complement of systems for an LFC airplane includes system elements additional to those
of a turbulent airplane which must be provided specifically for LFC, The suction units and
the associated ducting constitute the major additions which were selected following develop-
ment and evaluation of 2 number of compressor and drive concepis. Each unit consists of a
compressor section which provides two pressure levels, to match the pressure requirements on
upper and lower wing surfaces, integrated with a turboshaft engine as the drive section. The
wing units are located externally at the trailing edge of the wing-body intersection. For the
final LFC airplane design (not the baseline) a tail suction unit, which doubles as the ground
APU, is located at the base of the vertical tail near the trailing edge. This combination results
in minimum weight and fuel consumption and provides satisfactory access for maintenance
and repair while meeting safety and other operational requirements. The inclusion of devices
to protect against the accumuiation of insects at low altitudes is also unique to the LFC
airplane. This subsystem is integrated with the anti-icing subsystem in the leading edge and
both the wing and horizontal tail are provided with this combination. Since no resources
were provided in the contract to develop these systems, several promising candidates were
selected on the basis of feasibility studies for further development. These have been charac-
terized as: 1) The liquid film, 2) Cryogenic frost device, and 3) High-pressure air shield.
There are also requirements for controlling the laminar flow suction and monitoring LFC
performance which will result in some additions to the usual complement of these type
systems. All other airplane systems are representative of those generally included in a con-
ventional turbulent transport.

With the completion of the concept development and evaluation studies, the results were
assessed in relation to their adaptability to the final LFC airplane configuration. This activity
was supported by parameteric trade studies to evolve a configuration judged to be most
competitive with a turbulent airplane meeting the same mission and design requirements.

The selected final configuration is similar to the baseline airplane but incorporating more
extensive wing laminarization (i.e., to 80% chord on the upper surface and to 70% chord in
the lower surface) and laminarization to 80% chord on both surfaces of the horzontal tail.

The final LFC airplane also incorporates advanced technology judged to be available in the
1990 time period. In addition to the LFC system itself, the use of an advanced high-speed
airfoil constitutes an important advance in aerodynamics. The major benefits of active
controls are secured by including a longitudinal stability augmentation system (SAS) which
allows reduced longitudinal stability (SAS-off) thereby reducing weight and drag. Sysiem:
for gust and maneuver load alleviation are also included to provide significant weight savings
in the wing box. A selection of advanced materials includes improved aluminum alloys in

all load-carrying structure and bonded construction in the fuselage and empennage. Graphite/
epoxy composites are used only for trailing edge surfaces. The main propulsion engines are
an advanced turbofan type (bypass ratio (BPR) = 7.3) and incorporate technology advances
in a number of areas to provide substantial gains in both fuel consumption (i.e., ~14% relative
to today’s high bypass engines) and weight reduction (i.e., ~13%).



The performance of the final LFC airplane design is based on the original mission and design
requirements, modified to a somewhat lower cruise aftitude of 12 190 m (40 000 ft), and

to augment fuel reserves allowing completion of the mission even with total LFC failure at
the halfway point. While no final economic analysis was made, the fuel utilization of the
airplane is very attractive. A comparison with the 747 airplane shows a 70% improvement
in fuel utilization due to LFC and the other technology advances incorporated in the final
LFC airplane design. The effect of LFC alone, for a cycled design of the type presented
here, is estimated to approach 45% increase in fuel utilization relative to an advanced
turbulent design.

Phase I of the LFC program has produced substantial accomplishmentsq"hich will serve as
a good base for further progress. These can be summarized as follows:

1. A feasible structural concept has been defined which shows promiseof evolving into
a practical design that can be built and operated for reasonable cost. The fiberglass
cover approach makes this concept adaptable to most structural arrangements including
those using graphite/epoxy composites. However, extensive design development is
still required to reduce weight and cost ana to resolve operational and manufacturing
concerns. Validation of the concept by analysis and tests is an essential step in
advancing the design to a state of readiness for production.

2. The aerodynamic design of the LFC wing has been developed to the poin{ivhere it @
could serve as a basis for further refinement in the wind tunnel. This development has
been supported by wind tunnel tests on a representative LFC wing panel to provide -
design guidelines and evaluation of the effects of disturbances and off-design conditions.
Advanced high-speed airfoils have been shown analytically to bé ®ompatible with LFC
requirements and to provide a reasonabie envelope {o incorporate LFC systems and
ducting. Although basic laminar boundary layer stability methods are becoming
established, validation and streamlining of these methods for design purposes is necessary.
While the current aerodynamic design appears viable, further optimization is necessary
to minimize drag and reduce internai flow losses. Further objectives should inciude
reducing sensitivity to off-design operation and various disturbances, minimizing the
number of slots and reducing the criticality of the leading edge. Ultimately, validation
in flight of the aerodynamic design is required throughout the operating snveiope.

3. The additional systems required to implement application of LFC to a transport design
are 1) the suction unit and associated ducting, 2) a device to protect the leading edge
from insect accretion and 3) subsystems to control suction distribution and monitor
LFC performance. Design options in the first category have been evaluated and a
selection made for incorporation in the final airplane configuration. Séveral promising
approaches have been identified for the leading edge protection system but further
innovation and development is required to arrive at a practical solution. Identification
of systems required in the third category is incomplete as would be expecied for the
current stage of LFC development.

3

4. Key operational problems have been identified and explored, the most important of
which are: a) Protection against wiig leading edge damage, b) Avoiding insect con-
tamination, c) Establishing operational reliability, particularly in the presence of ice
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clouds and d) Evolving procedures and techniques that wiil provide low-cost main-
tenance and repair characteristics. Solutions to these problems must be developed and
validated either in the laboratory or in flight before serious consideration of LFC
application to a production airplane can be expected.

A LFC transport configuration hias been generated incorporating the most promising
structural arrangement and systems concepts developed during this study. Combining
other elements of advanced technology with LFC provides attractive fuel utilization
bcnefits which will have a very favorable impact on airplane econontics. Nevertheless,
further trade studies are needed fo define the combination of features that will lead to
a design most competitive with a turbulent airplane. In particular, more work is
nuczesary to establish better design criteria and operational requirements (such as
turbulent climb capability and cruise attitude) since these have been shown to have a
substantial influence on airplane performance and economics.




2.0 INTRODUCTION

The implementation of new initiatives by the NASA to develop Laminar Flow Control (LFC)
technology is due largely to the urgency of the energy problem and the realization that
successful application to long-range transport aircraft can produce substantial improvement
in fuel economy and airline economics.

The USAF/Northrop X-21 airplane program in the early 1960% (Ref. 1) was a major effort
to demonstrate the feasibility of LFC on large subsonic aircraft. While substantial success
in maintaining laminar flow wds achieved, significant design compromises and the lack of
overall reliability in a variety of flight conditions left many technical and operational
questions unresolved and provided serious concern about the eventual adapiability of LFC
to practical operation. In this light, the need for further research and development became
obvious and provided the justification for the NASA Laminar Flow Control program which
has been planned in three phases to culminate in the design, development and flight testing
of a demonstrator aircraft. The demonstrator will be flown under representative conditions
to establish the economic and operational feasibility of this type of aireraft in airline service.

The subject of this report is the work accomplished by Boeing during Phase I of the LFC
program under contract to NASA. The study activity is directed toward the further develop-
ment of LFC technology and solutions to critical problems which must be solved before
practical application of LFC can be successful. The overall objective of the LFC program is
to provide a sound basis for indusiry decisions on the application of LFC to future commer-
cial transports.

The study was organized into a series of major tasks and subtasks to develop and evaluate
the most promising LFC concepts applicable to commercial air transports. The study
approach is illustrated in Figure 2.0-1 which shows the major elements involved, their
sequencing and the interaction between these activities. The resuit of the first task was the
definition of a baseline aircraft {o surve as the basis for LIFC systems concepts evaluation and
trade studies. Concurrent with development and evaluation of candidate concepts, a series
of parametric studies was conducted to establish tradeoff relationships between airplane
geometry and design requirements, This interactive effort led to a selection of system
concepts for incorporation in the final LFC airplane configuration. The final configuration
design was accomplished in the last step which included the calculation of the airplane per-
formance and comparison of its fuel efficiency with that of a representative turbulent trans-
port aircraft,

Many of the technical problems associated with an LFC airplane are considered routine
engineering developments similar to those expected in any new aircraft of more conventional
design, Therefore, the tasks undertaken were limited to address przblems uniquely related
to LFC systems. This has resulted in the selection of concepts anc systems for incorporation
into a final LFC airplane design judged to have the highest probability of success consistent
with safety and airline operational suitability. It has also yielded a strong technical and
design base for the further development and testing required in later phases of the program.
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® Empennage configuration
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!

Final configuration
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Figure 2,0-1, Study Approach

In support of the study, Boeing devoted company resources to initiating and expanding
certain study elements and to providing improved test facilities. Toward this end, the
Boeing Low Speed Research Wind Tunnel was modified to provide valid laminar flow data at
high Reynolds numbers. In addition, the design and construction of a large swept wing LFC
model was accomplished. This combination was used successfully to carry out selected
investigations under a variety of conditions representing critical flight situations. Major
objectives included: 1) Verification of airfoil leading edge design, 2) Validation of suction
flow requirements at high Reynolds numbers, 3) Definition of allowable disturbances,
including noise and 4) Exploring sensitivity to off-design conditions.

Major emphasis was also placed on the development of structural concepts for LFC wings.
The definition of attractive design options and the generation of sufficient data to permit
credible evaluation of these options together with evaluation of structural integrity and
manufacturing producibility was a primary goal of these studies. This activity, which led
to a structural concept selection, was supported by limited hardware and environmental
tests as appropriate to this stage of the development process. Sample hardware to indicate
manufacturing feasibility is alsc provided to support the conclusions of these studies.

The technical team assigned to the program has continued to draw on government and
industry experiences with LFC: Consulting agreements with United Airlines and the

Northrop Corporation were arranged o support the contract work during the entire period.
Working agreements with Pratt and Whitney Aircraft and AiResearch Manufacturing Company
were made to provide for exchange of data on a2 mutual interest basis.
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The following sections of this document provide a detailed reporting of the technical activity
according to the major tasks defined in the oripinal work statement of the coniract, NAS1-
14630, as modified by supplemental agreement (Amendment/Modification No. 6) dated
October 1, 1977. The reporting also reflects changes effected through rescheduling via the
C-63 forms during the contract period. The report is organized into chapters which,

starting with Chapter 4.0 and continuing through Chapter 6.0, have titles corresponding fo
the major study tasks. These are: 4.0 — Mission Definition and Baseline Configuration
Development, 5.0 — Concepts Evaluation and 6.0 — Configuration Selection and Design.
The sections in Chapter 5.0 also are titled to correspond to the subtasks which are included
in the Concepts Evaluation Task.
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3.0 SYMBOLS AND ABBREVIATIONS

disturbance arhplitude

aspect ratio

frontal area

speed of sound

wirng span

spanwise extent of frailing edge flap
bypass ratio

airfoil chord length

airfoil chord length with flap extended
flap chord

drag coefficient

profile drag coefficient

incremental drag coefficient for suction engine
incremental drag due to compressibility
local section drag coefficient

local wake drag coefficient

local equivalent suction drag coefficient
center of gravity

lift coefficient

normal force coefficient

directional stability derivative

airfoil section Lift coefficient

pressure coefficient



DocC

ECS

EPNL

EPNdB

KEAS

L/D

P&WA

suction pressure coefficient

integrated suction flow coefficient

local suction flow coeffic%eﬁt

drag

diameter of disk-type surface protuberances
direct operating cost

environmental control system

effective perceived noise level

effective perceived noise decibel (unit of EPNL)
frequency

net thrust

Federal Aviation Regulations

gravitational acceleration

boundary layer shape parameter

altitude

equivalent airspeed in knots

height of surface protuberance or wave amplitude
lift to drag ratio

width of surface depression ot gap

Mach number

drag divergence Mach number

pressure

pressure differential écross a siot

acoustic pressure

Pratt and Whitney Aircraft



r
Re
Rey
Re,
Rey
Reg

Reﬂa. I.

Sref

8

As

SAS
SFC
SPF/DB
SPL

SL

SLST

suction flow rate

dynamic pressure

* radius of curvature

Reynolds number

Unit Reynolds number

Reynolds number based on streamwise ého’rd

Reynolds number based on the chord measu‘réd normal to leading edge
stot Reynolds number

momentum thickness Reynolds numbe: at the leading edge attachment line
reference wing area

distance along airfoil surface measured from leading edge
slot spacing

stability augmentation system

specific fuel consumption

super plastic formed/diffusion bonded

sound pressure level

sea level

sea level static thnist

wing thickness

velceity component normal to the wing leading edge
local velocity at edge of boundary layer

fangeritial mean velocity within the boundary layer
velocity fluctuation derived from hot-wire xﬁeasurement
velocity fluctuation derived from microphone data

freestream velocity
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Va approach speed

Vpr rakeoff rotation speed

Vg s_tail speed

Vg slot inflow velocity

' velocity fluctuations in a stream

VH,(V) horizontai for vertical) tail volume coefficient

Vi distributed suction inflow velocity

W weight

w crossflow velocity component within the boundary layer

Wy slot width

X distance from leading edge measured along airfoil chord

y distance from longitudinal axis measured along the span

Z distance from wing surface; also airfoil ordinate perpendicular to the chord
Greek Symbols

o angle of attack

o* spatial amplification rate (dimensional)

8 boundary layer limit thickness, also atmospheric pressure ratio
6g flap deflection angle

n spanwise position on wing in fraction of semi-span

® wing twist angle

a boundary layer momentum thickness

K ratio of local lift coefficient to airplane lift coefficient

A wing taper ratio; also wave length

A wing sweep angle, refers to 1/4 chord line unless otherwise noted
U viscosity coefficient

v kinematic viscosity
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Subsceripts

a.l.

A

density
atmospheric density ratio

angle between disturbance phase velocity and local velocity at the edge of
the boundary layer :

dimensional disturbance frequency

nondimensional disturbance frequency

airflow attachment line on wing leading edge
approach

value based on streamwise chord

outer edge of boundary layer

empty

fuel

laminar boundary layer extent

leading edge

manifold chamber

value based on normal chord

reference or initial condition, also pertinent to leading edge
plenum chamber

takeoff rotation

slot or suction

stall

suction unit

freestream condition

A2



4.0 MISSION DEFINITION AND BASELINE
CONFIGURATION DEVELOPMENT

The initial task of this contract was the definition of a representative mission and a baseline
airplane configuration to serve as a basis for the aerodynamic, structural, and systems studies
of the concepts evaluation tasks. This work was conducted as a follow-on of previous Boeing
IR&D LFC studies.

4.1 MISSION SELECTION

Selection of the mission was based on airline fraffic trends projected into the 1990%, cost
sensitivity studies, Boeing marketing studies on payload size, compatibility with normal
airline operation and other airline traffic, and passenger acceptance standards for the long
range missions. Long range missions were considered the most likely first application since
LFC is functionally more reliable at high altitude and the performance and economic
benefits greatest for long-range cruise.

4.1.1 AIRLINE TRAFFIC TRENDS

Traffic projections for long-range missions for the 1990’s are presented in Table 4.1-1. As

seen in this projection a substantial requirement exists to serve routes with 7410to 11 110 km
(4000 to 6000 n mi) range. Only two of the routes shown have ranges significantly less

than this, and as will be seen later, these couid well be served by an airplane designed for the
longer range. From this information it was decided the range should be between 7410 and

11 100 km (4000 and 6000 n mi). Further definitive information was needed to make a

design range selection. This additional information was provided by a cost sensitivity study
discussed in a later paragraph.

4.1.2 PAYLOAD SIZE

Boeing marketing studies indicated a need for an airplane in the 200 passenger category for
2 10190 km (5500 n mi) range mission. Passenger density on long-range missions iy not
sufficient to justify the greater payloads of 300 to 400 passengers except for specialized
missions. A 200 passenger payload was therefore selected as the payload size for the base-
line airplane.

4.1.3 PASSENGER ACCEPTANCE AND ROUTE COMPATIBILITY

For long range missions a higher comfort level provided by dual aisles was believed
desirable. Therefore, a seven abreast seating arrangement with dual aisles utilizing a 15/85%
mix between first class and tourist was developed. This arrangement is presented in

Figure 4.1-1 and results in a final passenger count of 201 which remained the baseline pay-
load size throughout the study. :

An ajrplane of this type must also be compatible with airline operation requirements and
other airline traffic. Therefore, unusual arrangements such as a high aspect ratio strut-braced
wing configuration with lower Mach number cruise capability were not considered. Such a
configuration would present ground handling problems due to restricted gate spacing and

13



ST TTRTTRERET s o cres m e e e P r——— S

Table 4, 1 -1. 1990°s Long-Range Yearly Passenger Traffic

_ Yearly _
Rank General route long-range traffic (%) General range, km {nmi}
1, North Atlantic 24 5550 to 6480 {3000 to 3500)
2. | U.S. transcontinental 13 ¥ B0%of 3330 to 3700 {1800 to 2000)
total
3. U.S. Midwest to Europe 13 J 8480 to 7410 {36500 to 4000}
4, U.S. to Southern Europe 10 1 5650 to 7410 {3000 to 4000}
5. U.S. west coast to Europe B 25% of 8300 to 9200 {4500 to 5000)
- total '
8. U.S. west coast te Honolulu 5 3700 to 4600 {2000 to 2500}
7. Europe to Southeast Asia 4 10 200 to 11 100 (5500 to 6000)
8, Eutrope to Miami 35 6480 to 8300 {3500 to 4500)
9.6% of
9. | usS.westcoast to Orient 34 ¥ ol 7410 to 9200 {4000 to 5000)
10. | Europe to Orient 27) 9200to 11 100 (500C to 6000)
84 6% of total ’
Type ‘A’ door Type 1 door

Type "A’ door \

g -~ 12 rows —= Hl_l

g%%%%@u
N EIHE
Q%EEE%H l | ~——13rows —= H[L]

@4—-—- 14 rows ——>

@ ~—— 11 rows > Eﬂ
o = @[
@ -4—-;— 11 rowsﬂ:—ﬂ— a

L

32 first class 169 economv class
at 1.07m (42 in) at 0.81m (32 in)
pitch pitch

201 passengers .

Figure 4.1-1. Baseline Interior Arrangement
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taxiway clearances. Also, a lower Mach number cruise, such as 0.75, would present traffic
clearance problems on routes such as the North Atlantic which presently have altitude
corridors allocated according to speed. For these reasons, a conventional wing configuration
limited to moderate wing span was initially selected. Also, a cruise Mach number of 0.8

was selected to avoid traffic corridor problems in the 1990 time period and to maintain
satisfactory trip times for long-range flights.

4.1.4 COST SENSITIVITY TO DESIGN RANGE

- Examination of economic trends was necessary o provide a final basis for defining the design
range. These trends were developed by comparing relative direct operating cost (DOC) data
for two airplanes having design ranges of 7410 km (4000 n mi) and 10 190 km (5500 n mi).
Results of this comparison are presented in Figure 4.1-2 and show the cost relationships for
these two airplanes operating af ranges from 1852 km (1000 n mi) to 14 810 km (8000 n mi).
It is apparent that the 10 190 km (5500 n mi) range airplane provides much more favorable
economics beyond 7410 km (4000 n mi) miles with a relatively small penalty in DOC at
shorter ranges. It also has good economics at 11 110 km (6000 n mi) and beyond. There-
fore, based on these analyses the design range was selected as 10 190 km (5500 n mi).

o inerim LFC baseline airplane, roode! 767-803
e W/S = 438 kg/m? (90 Ih/§t2)
® Fuel price = §.12/liter {3 .45/gal)

25—
10 180 km {5500 nmi} design range
2.0 |~
7410 km {4000 nimi) design range
e
1.5+

Relative \ -

DOC RS P _

1.0 = - ""--.-_-.-:-:_-za-_-f_- = - -
4%

05~

i (2} {3 14) (5) (8) {7 (8)
| r I | i L 1 i
o T T ] B ] T T
2 3 8 8 10 12 14

Range, 105 km (103 nmi)

Figure 4.1-2. Effect of Design Range an DOC
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‘4.2 DESIGN REQUIREMENTS

The final selection of the baseline airplane design requirements was based on the considera-
tions previously discussed and those normaily considered appropriate for a long-range airplane.
For example, the wide body maintains passenger acceptance and Mach 0.8 cruise assures

air traffic compatibility while recognizing the need for fuel economy. Also, the body width

is sufficient to accommodate two LD-3 containers side-by-side in the lower cargo cormipart-
ment. '

Other design requiremenis were established based on maintaining compatibility with the
operational demands of laminar flow confrol. These requirements (i.e., cruise altitude,
turbulent ¢limb capability and fuel reserves) tend to resulf in some performance or economic
penalty since they impose operational consir: nts relative to a normal turbulent airplane.
However, meeting these requirements enhances the dependability of LFC operation and
therefore results in a significant improvement in real performance. While an initial selection
of these requirements has been made for the baseline airplane, it was recognized that any
requirement that penalizes the airplane performance due to LFC considerations must be
scrutinized for opportunities to redefine requirements for application to the final configura-
tion. The baseline airplane design requirements are listed in Table 4.2-1.

Table 4.2-1. Baseline Airplane Design Requirements

item Value
Design range 10 190 ke ({5500 nmi)
Payload 201 passengers
Cruise mach number 0.8
Cruise altitude 12 810m {initial) {42 000 Tt}
Turbulent climb capability 1.52 m/s at 10 670m (300 #t/min at 35 000 ft)
Takeoff field length 3566m (11 700 ft), or less
Approach speed 280 km/h {135 kn)
Fuel reserves 1867 ATA international rules {turbulent flow)
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4.3 AIRPLANE OPERATING ENVELOPE A

The operating envelope for the baseline airplane is defined in Figure 4.3-1. Asseen in this
fipure, an off-design envelope is defined as well as a principal LFC operating envelope and a
design point. The LFC principal operating envelope defines the flight conditions over which
the airplane should maintain full laminar flow over all laminar flow design surfaces. The
more extensive envelope is the anticipated extreme operating envelope where only partial
laminar flow performance is expected. Only the principal LFC operating envelope and
design point were used as a basis for program studies. Initially they were treated as design
objectives subject to later validution rather than firm requirements.

Weight = 136 078 kg (300 Q00 b}

CL
— {50 R -0,
O 1.3g buffet limit Design point ~-~ 08
g 00 05
—(40) 7 - 0.4
Aitltude, h { / — —

109m (10° f1)

"d'
. 30]” sz__ T L L
- -

Off-design
operating envelope

—(20]

Principal operating envelope

— ] | i j ] |
0.60 0.65 0.70 0.75 0.80 0.85

Mach number, M

Figure 4.3-1. LFC Baseline Airplane Operating Envelope

4.4 DESIGN APPROACH

The design approach for the baseline airplane was aimed at establishing a workable con-
figuration on which to conduct LFC concept trade studies as quickly as possible. The
configuration was also selected to allow concentration on primary LFC design problems
rather than problems resulting from configuration decisions such as the engine location,
empernnage arrangement and extent of laminar flow.

Initially, the three-engine aft configuration was selected to eliminate the design problems
and uncertainty associated with wing-mounted engines on an LFC airplane. The uncertainty
regarding engine noise interaction and pressure distribution effects on the wing laminar

flow were determined to require extensive investigaticn. However, wing-mounted engines
appeared to offer some weight and balance advantages so such investigation was delayed

to later in the program.

17
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The exient of laminarization was selected to cover the most important area (i.e., where

LFC provides the greatest benefit), the first 70% of the wing. Laminarization of the
empennage was not considered at this time since no additional technical chalienge would

be encountered and the results of the wing studies were considered to be directly applicable.
Laminarization aft of the rear spar was initially considered to involve special ducting problems
across the spar and physical interference of the laminar surface with the flight controls.

Once an adequate basic wing design concept was achieved, extension of the lamina:_ized

area behind the rear spar and also onto the empennage surfaces was considered.

4.5 BASELINE AIRPLANE TECHNOLOGY

The advanced technology items selected for the baseline airplane were those considered
appropriate for an LFC airplane entry into service in the 1990 time period. These tech-
nology items are summarized in Table 4.5-1. The gains in each technology area are shdiim
relative to an airplane designed with existing levels of technology. As can be seen, no ..
consideration has been given to such items as laminarized empennage, composite st'ructures
and pust load alleviation. Advancement in the technology base by including these 1tems
was reserved for definition during the final LFC airplane design process

4.6 CONFIGURATION DEFINITION

The final version of the baseline airplane is a long-range, wide-body trijet desfg;lat_e.d
Model 767-807. A three-view drawing of this configuration is presented in Figure4.6-1 -

Table 4.5-1. Baseline Airplane Technology (1990 Certification)

A Component weight A{L/D) ASFC
Aerodynamics
Laminar-flow control To be determined 26% 2.3%
Advanced airfoil section 3%

Advanced structures

~7% wing box
-4% fuselage .
-4% empennage - -
-5% fuselage o
~5% empennage

Carbon brakes -10% landing gear

Improved aluminum alloys

Bonded construction

Active controls

Reduced longitudinal stability -20% horizontal tail 4% -
Propulsion
STF482 engine {BPR = 7.5) -13% - -14%

Reference: Existing levels
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(106 in) R

Range
Payload

Gross weight
Wing area

. Aspect ratio
Engines

Mach number
Cruise altitude

2,69m

'3 x 158 kN {35 500 Ib) SLST

£ IS
ORIGINAL PAG
OF POCE QUALITY

10 190 km {5500 nmi)

201 passengers (15/85 mix)
17G 097 kg (375 0040 |h)
339 in? {3650 f12)

10 o '

.MAC = 6.28m

0.8 {20.6 ft)

12 802m (42 000 ft)

0.405m
{15.935 in)

Laminar

darea

2.66m

58.46m
{191.8 ft)

(104.718in} R

58.4m {191.6 ft)

ol
AT @D"::;;?pb (46.fﬁ)

Figure 4.6-1. LFC Baseline Airplane—Model 767-807

- and details of the airplane characteristics are presented in Table 4.6-1, The mission and
physical characteristics are based on studies discussed in the preceding paragraphs of this
section of the report.

The wing is laminarized to 70% chord permitting the use of an outboard aileron for low-
speed operation only, with the remainder of the span occupied by single slotted Fowler
flaps and 10% chord spoilers to provide high speed lateral control and the normal speed
brake functions. The two LFC suction units are located at the planform break with suction
airflow converging at this point from both wing root and wing tip. The engines are located
on the aft body to provide a clean wing and minimize the influence of noise on the
stability of the laminar boundary layer. The T-tail empennage is selected to be compatible
with the aft-engine location and to provide greater potential trim drag reduction. Other
characteristics of the airplane are quite representative of those found on a conventional
turbulent long-range transport.
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Table 4.6-1. Baseline Airplane Characteristics—Model 767-807

ttem

Value

Gross weight

170 087 kg (375 000 Ib)

DEW 97 849 kg (215 720 Ib)
Block fuel 46 103 kg {101 640 Ib)
Reserves 7040kg{ 155201b)
Landing weight 124 216 kg (273 850 Ib)
Wing area 339 m? (3650 ft2)
Aspect ratio 10

Thickness ratio 0.14/0.11

Sweep 25 deg

Horizontat tail area
Vertical taii area
Body {enath/diameter
Engines {3-8TF482)

61,2 m2 (659 ft2)

64.4 m2 (693 t2) _
50.20m/6.38m {165 t/212 in}
158 kN {35 500 Ib, SLST)

OEW/TOGW
Payload/TOGW

TW

W/s

TOFL at SL, 29°C (84°F)
Vapp

0.576

0.114

0.284

502 ka/m2 (103 b/ft2)
2 347m (7700 ft}

280 km/h (135 kn}
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5.0 CONCEPTS EVALUATION

The objectives of this task were to evaluate the options available for aerodynamic design,
structural concepts and subsystems selection for a viable LFC commercial transport. The
evaluafion included an assessment of the benefits versus complexity and cost for development,
production and operation. This task was the predominant effort in the program. If was
divided into the following five subtasks: 1) Aerodynamics, 2) Structures and materials,

3) Suction pump and propulsion system, 4) Leading edge region cleaning and 5) Auxiliary
systems.

5.1 AERODYNAMICS

The purpose of the task reported in this section was to develop sclutions to the basic
problems of LFC wing design and the aerodynamic systems required to assure reliable
operation of the LFC airplane throughout the flight envelope and in a realistic operating
environment. Thus, major attention is given to the determination of the appropriate
parameters for an LFC wing consistent with advanced high-speed airfoil concepts and the
airplane design requirements and objectives. Also, a major effort to obtain critical data in
the wind tunnel to support successful wing design was carried on during the contract and
is reported in the subsection on Aerodynamics Test Programs.

5.1.1 DESIGN REQUIREMENTS AND OBJECTIVES

The central problem in the successful application of laminar flow control is the develop-
ment of a wing design which permits the maintenance of laminar flow while making
efficient accommeodation for the structural arrangements and systems necessary to provide
LFC. This must be accomplished for a range of flight and environmental conditions corres-
ponding to practical operation in airline systems. Thus, it is important to develop a com-
plete understanding of the behavior of the laminar boundary layer and the methods for

its analysis under a variety of conditions encompassing those to be expected in actual
operation. This is also essential for the intelligent pursuit of practical design solutions.

In describing the aerodynamic design of the present LFC study airplane it is appropriate
to review first the major operational requirements that must be considered. These can be
classified into four basic groups: 1} Environmental considerations, 2) Manufacturing
tolerances, 3) Maintenance requirements and 4) LFC systems requirements,

5.1.1.1 Environmental Considerations
There are four major environmental considerations that impact the aerodynamic design:

1. Ice crystals (Cruise altitude)

2. Noise (Engine placement)

3. Insect contamination (Wing leading edge design)
4

Erosion (Suction surface design)
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The presence of ice crystals is widespread throughout the upper atmosphere and can sub-
stantially influence the choice of cruise altitude even on a daily basis. This is illustrated

by the data of Figure 5.1-1, taken from Reference 2 which show the effects of ice particles
on LFC degradation at 12 190 m (40 000 ft) altitude and Mach .8. The threshold for
significant loss of LFC depends on both particle diameter and concentration as shown and
becomes higher as altitude increases. Based on data measured over Kwajalein Atol through
the late summer months (Ref. 3), it is apparent that, near the equator, the ice particle
distribution is such that some loss of LFC could be expected a substantial fraction of time.
Fortunately, at higher latitudes, available evidence indicates that the critical particle dis-
tributions occur at lower altitudes and tend to diminish rapidly above the tropopause. Thus,
an LFC airplane capable of cruise above 12 190 m (40 000 ft) could operate reliably over
most of the major airline routes. However, long-range routes involving penetration of the
lower latitudes would apparently need additional aids such as weather monitoring, particle
sensors, etc., to permit economic operation. Additional data are needed to provide a clear
understanding of the operational requirements associated with ice particles and the design
requirements for cruise altitude capability.
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Figure 5.1-1. Estimated Effects of Atmospheric Ice Particles on LFC
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It is well known that noise emanating from the propulsion or suction engines could upset
the proper functioning of LFC and lead to early transition of the laminar boundary layer
to turbnlent conditions. This, of course, must be considered in the aerodynamic design
regarding erigine placement. Previous studies, (Refs. 1, and 4) have established criteria for
allowable noise disturbance levels and those served as guidelines for the present work.

Insect contamination, or more precisely, its prevention must be considered in the aero-

dynamic design at least o the extent that the airfoil section and the leading edge region
of the wing must be suitable to accommodate some type of an insect deposit prevention {
device. 1

Erosion due fo rain (or snow, hail, sand, efc.) also has an impact in the aerodynamic design
of the leading edge. This is reflected in restrictions on location of the first slot and the
selection of wing sweep. Also, the definition of leading edge material is an important con-
sideration in minimizing the impact of erosion on airplane operations.

5.1.1.2 Manufacturing Tolerances

The sensitivity of laminar flow to surface itregularities, especially at high Reynolds numbers,
is well known, Hence the establishment of appropriate manufacturing tolerances for an LFC
airplane are of critical importance. This problem has been studied in the past and some
guidelines have been established, but the understanding is not yet complete and more work
needs to be done. The main types of surface irregularities to be considered are: 1) Waviness,
2) Surface discontinuities such as steps, gaps, grooves, etc., 3) Isolated protuberances such
as rivets, fasteners, etc,, 4) Surface roughness such as graininess and scratches, and 5) Slot
discrepancies such as burrs, mismatches, width inconsistencies, etc.

Criteria specifying surface wavines: requirements for avoiding boundary layer fransition

have been determined primarily from flat plate wind tunnel tests without boundary layer
suction effects (Ref. 5). Later studies that have investigated the effects of suction on surface
waviness requirements, however, indicated that considerably less stringent tolerances would
be applicable to an LFC wing (Ref. 6}. Typical criteria for allowable surface waviness on

an LFC wing are shown in Figure 5.1-2 as calculated on the basis of Reference 6. The

wave amplitude limits quoted are applicable to multipie surface waves, forming along the
span. For chordwise waves, according to Reference 6, the permissible wave amplitude

would be twice as high as for spanwise waves. Also, for a single wave (in either direction)
the tolerance limits wouid be three times higher than indicated in Figure 5.1.2,

[t must be kept in mind, however, that the preceding criteria were derived from experi-
ments done at low Mach numbers. Surface waves induce local pressure peaks that are
amplified at higher Mach numbers, These waviness-induced pressure peaks introduce two
problems:

® At the wave crest the difference between the surface pressure and the suction
chamber pressure could be reduced to a point where outflow through the siots
might occur.

@ At asufficiently high local Mach nunber, shocks may form due to the waves.
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Figure 5.1-2, Typical Surface Waviness Criteria for an LFC Wing

Either of these conditions could reduce the effectiveness of LFC.

Tolerance criteria for discontinuities, protuberances and surface smoothness have been
derived on the basis of References 7, € and 9, Some typical results are presented in

Figure 5.1-3. More recent experiments (Ref. 10) however, indicated that the allowable
lheight of a dowristep can be doubled with appropriate boundary layer suction. This means
that the aerodynamic desipn may compensate for an unavoidable surface discontinuity by
properly administered suction. This generally would require that suction surface design

should provide for special treatment in areas where structural or assembly joints are known
to occur.

One of the principal godls of the wind tunne! test program conducted under this contract
was to verify, and expand if necessary, the existing surface tolerance criteria. As it will be
pointed out in the forthcoming discussion of the wind tunnel test results, the present study
has found no contradictory information with the previous findings in regions where the
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Figure 5.1-3. Tvpical Surface Roughness, Step Height and Gap Width Criteria for an LFC Wing

crossflow (i.e., sweep effect) was not strong. However, if seems apparent that in those
regions of the test wing where significant crossflow prevailed, the sensitivity to disturbances
was increased and consequently the applicable tolerance limits would tend to be lower,

A precise definition and update of surface tolerance requirements will necessitate the
accumulation of much more data supporied by analysis and organization fo provide a
cohesive, validated setf of design guidelines.

5.1.1.3 Maintenance Requirements

The aerodynamic design must also consider certain requirements related to maintenance.
One of these is the need to provide access holes into the wing so that structure may be
inspected from inside. But laminarization of the access hole cover plates appears to be
quite difficult, and thus, a portion of the wing area {(on the lower surface) may not be
available for LFC. The slots and ducts must also be inspectable and cleanable periodically.

Accessibility to the collector ducts beneath the slots appears to be particularly important
as this area would be most susceptible to clogging. The impact of these requirements on
the aerodynamic design is such that specifications for slot spacing and sizes must be com-
patible not only with manufacturability but also with maintainability.
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Another maintenance oriented requirement is that the design should allow the installation
of sensing devices that would continuously monitor for proper functioning of the LFC
system. Early detection of defective regions would be highly desirable from the standpoint
of reliability and efficiency.

Restrictions imposed by practical repairability must also be kept in mind in connection

with the aerodynamic design requirements. Thus for examyple, sufficient allowances

should be provided in the suction system design both in terms of slot geometry and pumping
capacity, for maintaining LFC even under slightly deteriorated surface conditions due to
tield repairs.

5.1.1.4 LFC Systems Requirements

An LFC airplane will have two unique systems not found in conventional aircraft:

a) The suction system and b) The leading edge protection and/or cleaning system. The
basic requirements regarding the suction system is to provide the necessary pumping power
to remove the proper amount of boundary layer air from the wing and to do this in a highly
efficient manner so that the losses in the ducting system would be minimal. The problem

is complicated by the fact that the LFC system has to operate not only at a fixed design
condition, but within a range of flight conditions involving variations in lift coefficient

and Mach number. Since the pressure distributions over the wing surfaces may vary con-
siderably with Cp and M variations, the suction system must be as adaptive as possible to
the chanzing flight and associated flow conditions.

Distribution of the suction airflow is done by appropriate throttling but this again must
eperate within a range of conditions and with the minimum amount of energy loss. Asa
suideline for reducing duct losses the maximum aliowable Mach number should be limited
1o M < 0.3, Propagation of compressor-generiaicd neise through the duct system up to the
slots has been noted as a potential problem. This arises because tluctuations in the suction
At inflow can be produced. thereby ¢reating disturbances in the external flow. The duct
system, therefore. should not be conducive to sound transmission in the eritical frequency
range and specific noise treatment may be required to avoid this sype of adverse nteraction.

5.1.2 WING DESIGN

The fundamenial concer of the designer of a laminar flow airplane is the aerodynamic
design of the wing and the special provisions and svstems required o assure essentiadly full
reliable achievement of laminar flow most ot the time under a variety of operating condi-
tions, This subseciion deals with the study of the impact of the basic wing geometry and
cetTain Jdesign features on meeting the above requirement. 1t concludes with a definition of
the wing fur the final LFC transport configurition which is a major result of the concept
development activity,

5.1.2.1 Principal Wing Geometry Selection

e of the most critical aspects of the aerodynamic design of an LFC airplane is the selec-
tion of wing sweep angle. Fxperience with conventional tarbulent airplines has showyi thay
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the most efficient designs for high subsonic cruise speeds can be achieved at sweep angles
between A = 25° and 35°. In the case of an LFC airplane, however, sweep has 2 very
powerful adverse effect, inasmuch as increasing sweep will enhance crossflow instability -
and laminarization of a wing under such conditions will be increasingly more difficult.
Figure 5.1-4 illustrates how the sweep affects crossflow instability in the leading edge -
region of a typical transport type wing such as considered in this study. For combinations
of sweep angles and Reynolds numbers below the dotted threshold line, transition would
occur principally due to Tollmien-Schlichting type instability somewhere aft of the x/c = 5%
chord location. In this region there would not be an express requirement for providing
closely spaced suction slots near the leading edge which is a practical difficulty. Above the
threshold line, however, crossflow instability in the forward region of the wing becomes
sufficiently strong to produce transition unless adequate suction is provided. At sufficiently
high sweep angles and Reynolds number this could mean that suction would have to
commence right at or very close to the leading edge, which is considered impractical due

to the high exposure of the leading edge region to erosion by rain, snow or dust, and inci-
dental ground damage. These considerations alone would tend to limit the applicable

sweep angles to about A= 20° or less if one intends to avoid coping with crossflow instability
entirely. But a sweep angle of /A = 25° still seems to be acceptable with the first slot in the
root region placed somewhat ahead of s/c = 2%.

_ Start of suction, sfc = S%H\

60

Domain of increasing
crossflow instability
N, hear the leading edge

Midspan ~—— Q S
— ]

Reynolds number based on normal chord, Rep % 106

30 = Domain of T
predaminantly
Tollmein-Schlichting
type instability
20 Tip ~—- -
10 F Tl
0 1 | I ] i J
& 10 15 20 25 30

Wing sweep angle, A1 /4, deg

Figure 5.14. Effects of Wing Sweep and Reynolds Number on
Leading Edge Cross-Flow Instability
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The selection of wing sweep angle, however, is also influenced by other considerations, the
structural weight of the wing in particular. Figure 3.1-5 {llustrates the irade relations be-
tween sweep, thickness and relative wing weight. The upper part of the figure indicates the
sweep and outboard wing thickness ratio required to achieve a given cruise Mach number,
using advanced technology airfoil sections applicable {o an LFC airplane in the 1990 time
period. Accordingly, a cruise Mach number of M = 0.80 can be achieved at a number of
sweep and thickness combinations such as A = 10° and tfc = 8%, A =15° and t/c = 9%,
A=20%and tfc = 10% or A =25° and t/c = 11%, respectively. The lower sweep angles
would be desirabie for the sake of easier laminarization (reduced crossflow instability), and the
associated thinner wings would give lower profile drag and more cruise lifting capability

for a given value of critical Mach number. However, the higher sweep angles will allow

the wing to be thicker and therefore lighter. This is illustrated in the lower part of

Figure 5.1-5, which shows the effect of sweep and thickness on the relative weight of the
basic wing structure. It can be seen that for the case of My g = 0.80 the minimum wing
weight would be achieved at sweep angles between A = 25° and A = 30°, and reducing the
sweep below 25° would lead to progressively larger weight penalties. Based on these con-
siderations, a wing sweep angle of 25° was selected for the initial baseline LFC airplane
study with the recognition that further studies would be required to validate the selertion
for the final configuration, particularly with regard to the impact on leading edge viability.

Selection of the other principal geometric features of the wing were less controvessial. An
aspect ratio of AR = 10 was initially chosen for the baseline airplane on the basis of previous
wing optimization studies and the desire o limit the wing span. Subsequent parametric
studies, discussed in Section 6.3 verified that selection. A taper ratio of A = .35 was chosen
on the basis of past experience with long range transport airplanes. The thickness ratio of
the outboard wing was again selected on the basis of past design experience to correspond to
the sweep selection. As it follows from Figure 5.1-5, the allowable thickness ratio of the
main wing panel for a long range cruise Mach number of M| g = 0.80 at a sweep angle of
25%is t/c = 11%. Thisis predicated on the availability of advanced technology airfoil
sections speciallv tailored for LFC application which, to this date, have been partially
validated by experiment. Selecting the appropriate airfoil family however, involved some
special considerations which will be discussed in the next section.

5.1.2.2 Airfoil Selection
The principal design characteristics desired of the representative airfoil section are determined
by the cruise speed and altitude requirements, In order to obtain a long range cruise Mach
number of M| g = 0.80, the drag divergence Mach number of the wing must be at least
Mp = 0.81. Forasweep angle of 25°, the corresponding section drag divergence Mach
number is approximately:

Mpy =0.765

Dn

To convert from Mp to Mp,,, the following empirical formula was used:

. .-86
MDn = MD CcOs 8 Aeff
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where Agpris the effective sweep angle which can be closely approximated by the sweep angle
of the wing element line at the start of the aft pressure recovery or the location of the shock.
For the type of airfoils considered, the shock location at M, is at about x/c = 70%, thusA ¢
is approximately 20.5° for a 1/4 chord sweep of A =25°,

The applicable airplane cruise lift coefficient was selected early in the baseline development
cycle based on an initial cruise altitu.le requirement of 12 190 m (40 000 ft) at M = 0.80,
which takes appropriate account oy ¢limb fuel usage. This, with a tentative wing loading of
W{5 =478 lcmlrn2 (98 1b/ft2), requires an airplane lift coefficient of C;,=0.55, which
corresponds to a section 1ift coefficient of:

¢y = 0.70

In the conversion of airplane Cy to normal section C;, the following empirical formula was
used:

- K
Ca=CL cos AVsc

c
where K =—2-, the ratio of the outboard wing local lift coefficient to the airplane lift
coefficient, "L

Figure 5.1-6 illustrates that the above cruise Mach number and lift coefficient requirements

are within the capabilities of advanced technology airfoil sections that have been developed
in recent years for turbulent airplanes.

or Limit of demonstrated technology
:% 08 Design characteristics
o of selected airfoil
’:':: e o e
B ; Mp =0.765 o= 11.9%
& 08} - t/e=11.9%
g | C'Qopt 0.70
b [
£ !
= 1
B 04+
|
[ =
N= }
a | :
& . 92 Ye=16 14 12 10 8 %
t
]
0 t ] | * { | )

0.65 a.70 0.75 0.80 0.85 0.80
Section drag divergence mach number, Mp

Figure 5.1-8, State-of-the-Art Airfoil Technology
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For a number of reasons, the impact of advanced airfoils is even rrﬁ’)ré‘i"fgvorable for LFC
airplanes. The following are of principal importance: ‘

1. The increased volume available with greater thickness provides critical accessibility
and the space to accommodate internal ducting for suction airflow collecton and
removal. '

2, With laminar flow surfaces, no significant drag penalty due to thickness occurs as
in the turbulent wing case.

3. Tailoring the wing pressure distribution to achieve straight isobars with relatively
flat chordwise distributions is more easily achieved, This is highly important for LFC
wings since proper suction inflow distributions must be achieved with minimum flow
losses.

There are, however certain special requirements that must be considered in the design of an
LFC airfoil. The principal ones are as follows:

1. Late pressure recovery to provide as large a fraction of the chord, amenable to laminari-
zation, as possible.

2. Shock-free flow extending throughout the area of lJaminarization.
3. Narrow regions of rising or falling pressure to minimize crossflow instability.

4.  Small leading edge radius, i.e., rapid flow acceleration near the leading edge, to limit
the spanwise growth of the attachment line boundary layer that can trigger premature
transition.

During the early phase of the work done under this contract an airfoil section was developed
that meets the special requirements of the LFC application. The starting point for this
airfoil development activity was a contemporary advanced airfoil section designed for
turbulent airplane applications. This basic section was, in fact, tested and validated in the
two-dimensiona] airfoil test rig of the Boeing Transonic Wind Tunnel.

The development work for the current application included transforming the section to a
different thickness ratio, refining the upper surface contours and modifying the shape of
the lower surface pressure distributions.

The resulting airfoil is illustrated in Figure 5.1-7. The geometric features of the leading edge
region, as well as the computed initial velocity gradient are presented in Figure 5.1-8. The
section pressure distributions, computed by the Korn-Garabedian transonic flow program,

are shown in Figure 5.1-9, for several principal points of the design envelope. Based on

these data, the attachment line flow characteristics were estimated, indicating that the
attachment line boundary layer Reynolds number would not exceed the critical threshold

of Rg, 1 =100 throughout the outer 75% of the span.  For the inner 25%, where the wing
is consit]erably thicker than the basic airfoil section, Rg, ; would exceed the threshold value
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Figure §.1-7. Representative Airfoil Section for the Outhoard Wing (Normal Cut)

if no special treatment were applied. It is contemplated, however, that the leading edge near
the wing root will have # special tailoring, which can be expected to eliminate the problem.
This will be discussed iat2r in connection with the wing geometric description.

One significant feature of the airfcil section of the LFC wing is an articulated trailing edge
flap which appears to be highly de:irable in order to provide the capability of maintaining -
a near-constant angle of attack, which corresponds to near-optimum flow conditions over
the wing during cruise. This allows the airplane to cruise with fully effective LFC overa
larger range of 1ift coefficients and Mach numbers and thus provides a reasonable operating
envelope. Still another advantage of such a device is the capability to compensate for the
change in pressure distribution that would occur in the case of loss of LFC. The trailing
edge articulating system of course, must be integrated with the basic high-lift device in such
a way that the initial moveinent of the flap would constitue the camber adjustment for cruise.
The required flap deflection angles are, however, quite small and would cover a range of not
more than about 5 degregs.

5.1.2.3 Hial Lift Systems

The principal difference between the high-lift system chosen for the present design and the
one that would be used on a contemporary turbulent airplane is the lack of a leading edge
device. The compelling reason for this choice was, of course, the practical difficulty associ-
ated with maintaining laminar flow across a surface discontinuity that would be unavoidable
with any movable leading edge device. However, because of the high cruise altitude require-
ment for an LFC airplane, the resulting lower values of wing loading and thrust loading pro-
vide more than adequate takeoff and Ianding performance. Thus, a leading edge high lift
device is not essential and, in fact, even the trailing edge flap system may be a rélatively sim-
ple, single-slotted design.

Figure 5.1-10 illustrates the principal features of the high lift system chosen for the final air-
plane configuration developed in this study. The flap chord was kept to a minimum, ¢ / c=
0.20, in order to make as large a fraction of the wing chord available for 1ammanzat10n as
possible. Application of LFC to the flap surface, however, is considered impractical. As
mentioned in a preceding paragraph, the trailing edge flap system must also perform an
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Figure 8,1-10, Principal Features of the High-Lift System

auxiliary function during cruise, that is to keep the pressure distribution near optimum
through camber adjustment. In this mode of operation, the flap is still fully retracted and

the spoiler remains in contact with the flap without any gap. In the takeoff configuration,

the flap may deflect over a range of flap angles, between 6 = 10° and 30°, with corresponding
partial Fowler motion. For landing, the flap can be deflected up to g = 40°, with a maxi-
mum Fowler movement of Axg = 0.08 c.

The inboard ailerons are drooped with flap deflection up to a maximum angle of 20° in
order to improve flap lift carry over and improve L/D. Also, the inboard flap is extended all
the way to the fuselage underneath the suction engine, for the same reason. Figure 5.1-11
shows the arrangement of the high lift devices in relation to the wing planform.

5.1.2.4 Flight Controls

The lateral control system provided for this airplane is conventional, featuring both ailerons
and spoilers. The inboard ailerons are intended for high speed application to augment the
spoilers and provide control redundancy. The outboard aileron is used for low speed opera-
tion only. Both ailerons incorporate the camber adjusting feature for high speed flight and
the inboard aileron is also drooped with the flaps (up to 20°) at low speeds. The spoilers
occupy the same spanwise extent as the flaps. The spoilers also provide flight path control
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Figure 5.1-11. General Arrangement of High-Lift and Lateral Controf Systems

for meeting emergency descent requirements in the case of loss of pressurization and are
useful as lift reducing devices during landing roll. The application of spoilers, however, was
adopted with some reluctance since they occupy a sizable portion of the wing area that could
potentially be laminarized. Nevertheless, more detailed studies of the optimum extent of
laminarization indicated that the area occupied by the spoilers would be quite difficult and
uneconomical to laminarize anyway. Therefore, the incorporation of spoilers does not sig-
nificantly reduce the airplane performance potential.

5.1.2.5 Extent of Faminarization
A much debated question regarding the practical application of LFC is the optimum extent

of laminarization. Obviously, full chord laminar flow would yield the lowest drag, but
it becomes more and more difficult, and hence costly, to maintain laminar flow throughout
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thie aft pressure recovery region of the wing. It is quite likely, theréfore, that the optimum
extent of laminarization would be less than fuli chord when all ramifications are considered.

Ta support the aerodynamic side of the argument, studies were castied out to determine
the effect of progressive extension of LFC on wing section profile drag and on airplane cruise
efficiency.

The initial phase of the study was concerned with wing section profile drag. The two princi-
pal drag components, the “wake drag” and equivalent suction drag were determinied theore-
tically for the representative mid-span section of the wing as a function of the extent of
laminarization. The wake drag was estimated on the basis of boundary layer calculations
performec by computér code TEM 139, a Boeing quasi-three-dimensional computer pro-
gram that can handle mixed boundary layers (partly laminar, partly turbulent) with or with-
out suction. The suction rates applied to the laminar portion of the boundary layer were
determined on the basis of stability calculations in the manner discussed in Section 5.1.3.
The section profile drag coefficient itself was derived from the calculated momentum thick-
ness and shape factor using the Squire and Young formuia. Since it reflects the remaining
momentum loss at the trailing edge, it may be also called the “‘wake™ drag coefficient. The
results are shown in Figure 5.1-12, separately for the upper and lower surface. The equiva-
lent suction drag was calculated, using the approximate equation below, on the basis of the
suction flow coefficient required for the maintenance of laminar flow, and the estimated
plenum chamber pressure coefficient, Cp at the compressor face, which was assumed to be
20% lower than the minimum pressure coefficient on the wing surface. Although a more
precise calculation of Cp may finally be desired, the error involved in overall drag is very
small and seems perm‘ssi%le at this stage.

1
Cds = [)f Cq (1 -CPS) d%

Figure 5.1-13 illustrates the results showing the external and suction inflow distributions as
well as the cumulative values of equivalent suction drag as a function of the extent of lami-
narization.

The final resulis of this study are summarized in Figure 5.1-14, which shows the individual
wake drag components for the upper and lower surfaces, plus the sum of these, as well as

the equivalent suction drag. It can be seen that the wake drag component decreases quite
significantly as full chord laminarization is approached. The equivalent suction drag, however,
is rapidly building up aft of about 70% chord laminarization so that the net gain in fotal pro-
file drag reduction is not so significant for laminarization beyond 80% chord.

In a later phase of the study, the effect of the extent of laminarization on the cruise effi-
ciency of the complete airplane was also estimated. These results are summarized in Figure
5.1-15. From the standpoint of pure aerodynamic efficiency, there appears to be a definite
merit in carrying suction all the way to the trailing edge, even with equivalent suction drag
being included. But the increased complexity and the associated weight and cost penalties
tend to override the aerodynamic benefits. Thus, after all factors were considered, it was
concluded that full chord laminarization, at the present state of the art, would not be prac-
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tical. The optimum extent of laminarization, appeared to be about 70% to 80% chord, that

is the area forward of the flaps and control surfaces. Consequently, the limits of laminari-
zation for the present design study were set as 80% of the upper surface and 70% of the lower
surface. In the parametric trade studies, such as presented in Figure 5.1-15, a mean value of

(x/c)1, = 75% was used.
5.1.2.6 Wing Geometry Definition

Having selected the basic wing design parameters such as sweep, aspect ratio, thickness ratio
and airfoil type, the principal tasks for the detail aerodynamic design of the wing remain the

following:

&  Provide a suitable wing root design which constitutes a transition from the representa-
tive outboard wing airfoil section to a considerably thicker and appropriately shaped
root section. The main objectives are to avoid undue interference drag and preserve
the characteristic shape of the outboard wing pressure distributions as far inboard as

possible.

®  Develop a twist distribution that provides a prescribed form of span-loading.
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®  Maintain an isobar pattern that is composed of essentially straight lines following the .
constant chord fraction element lines of the wing.

The requirements for an LFC airplane are more stringent in ﬂ_lis respect than in the case of
a turbulent dirplane since excessive spanwise pressure gradients along slots are not tolerable.

The approach followed in the geometric definition-of the wing was the same as currently
practiced within the Boeing Company in the design of subsonic transport airplanes. This
approach is based upon the combination of sitbsonic three-dimensional potential flow theory
and developmental testing in the wind tunnel. Past experience has established the correlation
between experimental data obtained in both subcritical and supercritical flows, and the
correlation between theory and test in subcritical flows. Thus, the guidelines for desighing
for the supercritical case using computational methods valid only for the subcritical case
have been well established,

During the present exercise, computer code A-236, a Boeing three-dimensional subsonic
potential flow program, was used to analyze the total wing flow characigristics and provide
a basis for the design of the root region. This approach, however, is adequate only for a ten-
tative definition of the wing. Fine tailoring can be done only through wind tunnel testing.
The use of recently introduced three-dimensional transonic flow programs was considered
for this study as a substitute for testing. This opticn, however, has not been exercised for
LFC wing design, due to the very costly and time consuming nature of these computations,
Also, the limited experience with such methods to date has indicated that they are not deve-
loped to the point where they cais supercede the established methodology.

The principal geometric features of the wing such as the planform, the spanwise variation of
maximum thickness ratio and twist as well as a few representative airfoil sections are pre-
sented in Figures 5.1-16 and 5.1-17. The relatively blunt airfoil sections in the root region
reflect the trends dictated by desirable transonic flow chatacteristics but, in fact, tend to be
incompatible with the requirements of LFC. The adverse effects of the blunt leading edge
in the roat region, however, are fully realized and this problem will be a subject for further
discussion. Previous experience with the Northrop X-21 T.FC research aircraft emphasized
the significance of spanwise contamination that is directly related to the wing leading edge
radius and sweep. Subsequent research has developed some possible solutions such as, span-
wise flow arresting fences, a leading edge bump to increase local curvature, and suction
through chordwise slots at the immediate vicinity of the leading edge. The latter approach
was found to be the most effective cure according to the Northrop exgeriments, but unfor-
tunately, there has been a serious doubt as to the practicality of this solution. It would be
much more plausible to solve the spanwise contamination problem with localized tailoring
of the wing nose geometry. The most recent work of Dr. W. Pfenninger appears to be a pro-
mising approach toward this end.
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The variation of the estimated attachment line boundary layer Reynolds number, Reg, 1,
along the span is shown in Figure 5.1-18 for the nomiia] cruise Mach number of M = 0. 80

and two different altitudes. RegEl j was calculated by the following relation, given in

Reference 2. 0% 1 Veosin AL g

7 (BU/as)a.].

REB =

where

g%, | =0.405

The initial velocity gradient normal to the leading edge, (3U/ds)5, | was determined on the
basis of 2-D transonic flow computations. It is evident from Figure 5.1-18 that throughout
the outer two-thirds of the span, Reg, | is below the critical threshold value of 100, but in
the root region, due to the increased leadmg edge radius, the critical value of Reg 1.would
be exceeded if no special tailoring of the leading edge was made. The manner, in w}uch the
leading edge in the root region might be tailored, is illustrated in Figure 5.1-19. In carrying
out such a tailoring of the root region, one must know the magnitude of the permissible
leading edge radins. This can be estimated on the basis of the above relation by making
Reg, 1. =100 and approximating the initial velocity gradient by

(ﬂ) _ Uy, (1 +70)
9s/ a1, Ig

where 14 is the radius of curvature at the leading edge and 74 is the thickness ratio of the in-
scribed ellipse applicable to the wing section normal to the leading edge.
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The results of such calculations for the present wing are shown in Figure 5.1-20. Accordingly,
the maximum allowable radius in the root would be (rp/c) max = 0.007 at the nominal

cruise condition of M =0.8 and h = 12 190 m (40 000 ft) and (rp/c) max =0.009 ath=

13 700 m (45 000 ft), If the allowable attachment line boundary layer Reynolds number
could be raised to 125, the corresponding leading edge radius limit for the root would in-
crease to rgfc = 0.011. This type of tailoring appears to be feasible and would not alier the
flow characteristics over the root airfoil section significantly as a whole,

It is also apparent from Figure 5.1-20 that the Reg, | = 100 criterion would aliow substan-
tially larger leading edge radii over the outboard portxon of the wing than contemplated by
the current wing definition. A more generous l2ading edge radius, howsever, may be desirable
from the standpoint of favorable stail charagizristics and could provide a leading edge less
susceptible te erosion.

As a conclusion to the description of the basic wing design studies, the theoretical iscbar par-
terns, calculated for subcritical flow at M = 0.70, axe presented in Figure 5.1-21. It iy appuaai
that the wing defined above woulid provide a reasonably straight isobar pattern unde. sub-

_ critical flow conditions which, accesding to the current experience, is a pryrequisite of a

‘ALE= 27.5deg

h =12 190m {40 000 ft)

0.025 - Reg_, = 125 /

0.020 -
N
2 =12 190m (40 000 ft}
o Re =100
% Ba.l.
g 0.015 |-
§‘ h= 13 700m (45 00O ft)
o Re, =100
‘g ea.[.
3
~ 0.010 }-

/— A'-ctual wing geometry
0.005 -
0 1 ! L 1 I
0 0.2 0.4 0.6 0.8 1.0

Spanwise location, n

Figure 5,1-20. Desirable Leading Edge Radius To Keep Rey  Below
the Critical Limit al.

47




: .-\_/"" /—“ Sldg,pf-;}qdv

Upper Surface

3

Lower Surface

Figdré 5.1-21. Theoretical l;obars for Subcritical Flow at M = 0.70,C; =056

48



successful design. The only area where the criteria for straight isobars would not generally

be met is the inboard aft reglon of the lower surface. It is, however, not critical at all, since
this particular region of the wing would not be available for laminarization anyway because of
_ the presence of the Iandmg gear doors. o

As far as the transomc flow characteristxcs of this wing are concerned, it is judged that past
experience with similar designs plus correlations between tests and transonic theory involving
two-dimensional airfoils provide an adequate basis for estimating the performance of the wing
under cruise conditions. Consequently, a three-dimensional transonic flow analysis, using

the latest computer methods, was not carried out for the wing chiefly because of cost and time
considerations. In addition, however, current Boeing experience indicates that the existing
three-dimensional transonic wing design methods will not adequately predict the transonic
flow characteristics at this stage of their development. Thus, the design approach taken here
still serves as the best hasis for defining a wing geometry which is the starting point for the
detailed tailoring process normally carried out in the wind tunnel. The present level of analy-
sis, in any case, has provided an adequate basis for the subsequent studies involving the design
of the suction slot systern, the mtemal ducting system, the suctzon pumnps and the wmg
structure

5.1.3 SUCTION SURFACE DESIGN

The essential feature of the wing with LFC is the provision for ingesting a portion of the
boundary layer flow through suitable openings in the wing surface and into the internal flow
passages. These direct the suction air to the trunk ducts leading directly to the suction units,
wiuch exhaust the flow overboard. The inflow distribution must be tightly controlled and
the removal accomplished in a way that will minimize the effects of external disturbances and
avoid the creation of additional disturbances during the ingestion process.

The design and analysis of the wing suction surface will be discussed in this section. This in-
cludes the methods used, the design studies conducted, and the suction and slot requirements
of the selected configuration.

5.1.3.1 Boundary Layer Stability Analysis Methods

In order for laminar flow control to make a substantial contribution to overall airplane effi-
ciency, it is important to minimize the amount of suction required to control the growth of
disturbances in the boundary layer. Increased suction requirements will result in increased
suction drag, increased duct volume requirements, an increased number of slots, and in-
creased airplane weight. Too much suction beyond that required to limit disturbances in
the boundary layer can even result in transition due to an excessive thinning of the boun-
dary layer, which makes it more sensitive to surface disturbances.

The most accurate method available at the present time for analyzing the stability of laminar
boundary layers is based on linear stability theory. According to this theory, transition is

caused by the selective amplification of initially infinitesimal disturbances present in the boundary
layer as they propagate downstream. Transition occurs when the emplitude of any disturbance
exceeds a certain level. The method is used to compute the amplification of disturbances

having a range of frecuencies and propagation angies relative to the local freestream. Thus,
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given an initia! disturbance amplitude, the method can be used to compute the location at
which the disturbance has grown to an amplitude which will cause transition. However, in
most cases, the initial disturbance amplitude in the boundary layer is not known because of
the difficulties involved in either measuring or predicting such small disturbances, especially
under flight conditions. To circumvent this problem, the method relies upon the assumption
that, for a given disturbance environment, such as flight conditions, the initia] disturbance
amplitudes in the boundary layer (at the neutral stability point) are fairly constant from case
to case. Since the amplitude of the disturbance at transition will also be about the same
from case ta case, the ratio of the disturbance amplitude at transition to the disturbance am--
plitude at the neutral stability point will aiso be fairly constant from case to case. The natural
logarithm of the ratio of the disturbance amplitude at any point to its amplitude at the neu-~
tral stability point is called the amplification factar, The amplification ratio (or the corres-
ponding amplification factor) of the most amplified disturbance at transition is called the
“amplification limit.” Thus.a given disturbance environment is characterized by a particular
amplification limit. Dealing with amplification limits rather than amplitudes makes it possi-
ble to. calibrate the method against {light test and wind tunnel test data, since a measurement
of the transition location is sufficient, and nothing needs to be known ahout the actual dis-
turbance amplitudes. When using the method to predict transition, the value chosen for the
amplification limit is the key tc the prediction of the transition location. The value chosen
for the present study will be discussed in more detail Iater.

There are two basic types of boundary layer disturbance modes subject to instability on a

swept wing. The first type has its direction of propagation close to the local flow direction at
the edge of the boundary layer and, under certain conditions, exhibits viscous instability.

A disturbance of this type is sensitive to the Reynolds number based on boundary layer thickness
and to the shape of the mean velocity profile. It tends to become progressively more unstable

as the profile develops inflection points under the influence of an adverse pressure gradient.

This type of disturbance, traditionally referred to as a Tollmien-Schlichting wave, tends to

occur in the mid-chord region of an LFC wing where the pressure distribution is fairly flat.
Amplification of Tollmien-Schlichting waves is small in regions of favorable pressure gradient

and large in regions of adverse pressure gradient.

The second type of disturbance mode has its direction of propagation nearly perpendicular
to the local velocity at the edge of the boundary layer, Ug, and exhibits inviscid instability.
A disturbance of this type is sensitive to the shape of the crossflow velocity profile.

Any associated instability is characterized as inviscid because the instability resuits mainly
from the presence of an inflection point in the crossflow profile and does not depend upon
the effects of viscosity. These are generally referred to as crossflow disturbances or insta-
bilities and are most troublesome near the leading and trailing edges of swept wings where
the crossflow velocities in the boundary layer are the largest. In analyzing the boundary
layer stability on a swept wing, both Tollmien-Schlichting and crossflow disturbances must
be considered. The suction level rust be such that no disturbance of either type is ampli-
fied beyond the amplification limit for each type of disturbance.

The overall stability analysis procedure is illustrated in Figure 5.1-22. The boundary layer
characteristics of the wing are first computed using a Boeing program called TEM 139 which
is comparable fo and used in the same context as NASA’s MAIN laminar boundary layer
code. (Ref. 11). TEM 139, however, is adapted to analyzing the compressible flow over in-

50




Boundary Layer
Characteristics
{TEM 139}
1.0 :

WiUg

Madify suction and
compute new boundary
layer characteristics

Boundary layer height, y/8

o 056 1.0

Yes
Velocity ratio, u/U,, witlg

Stability check

A
Eni-:) ~>8

Stability No
Characteristics

{MACK]) L >

— Amplification .
Suction
definition
complete

<l
é_ - - = Disturbance
<1 amplification

t o envelopes

=
c
i=)
=
[++]
]
=
o
g
<t
F

Distance along airfoil surface, s/c, percent

Figure 5.1-22. Stability Ahalysis Procedure

51




finite yawed wings. When the program is used to analyze a fapered wing, separate analyses
are performed for the leading edge and the trailing edge regions td better approximate the
sweep angle in each region. On a well-designed LFC airplane, the isobars will be nearly
straight in all regions except near the root and tip. The yawed wing approximation implies
straight isobars, Therefore, it is considered to be an adequate approximation except near the
root and the tip, where full three-dimensional considerations may be important. Primary
inputs to the program are the wing pressute distribution, suction distribution, Reynolds
number, and Mach number. The primary outputs are the boundary layer velocity profiles
parallel and perpendicular to the local flow direction at the boundary layer edge. These
boundary layer velocity profiles then serve as the primary input to the stability anaiysis
-program, which is a Boeing modification of 2 computer program known as the MACK code.
(Ref. 12,). This program computes the amplication of disturbances having various propaga-
tion directions in the boundary layer and various frequencies. In Figure 5.1-22, the quantity,
In A/Ag is the amplification factor. An allowable amplification factor or amplification
limnit of 8 was generally used for this study, for reasons which will be discussed later. If the
amplification factor exceeds 8 at any point along the chord, the suction must be increased in
the appropriate areas and the boundary layer and stability characteristics re-computed. If
the amplification limit is not exceeded anywhere, and if the maximum amplification factors
in any region are not extremely low (less than 3), which might indicate local oversuction,
then the suction definition is assumed to be complete. This entire procedure must be
repeated at several locations along the wing span in order to account for the varying chord
Reynolds number caused by the wing taper.

As stated earlier, the selection of the disturbance amplification limit is the key to an accurate
estitnate of suction requirements. Jaffe, Okamura and Smith (Ref. 13) analyzed a large num-
ber of cases (primarily wind tunnel data) in which the pressure distribution and transition
locations were known and found good correlation between the observed location of transition
and a maximum amphf;uatxon factor (1n A/Ag) of 10 (corresponding to a maximum amplifi-
cation ratio of e10). This result is applicable only to Tollmien-Schlichting disturbances be-
cause all of the cases analyzed were for unswept wings. Since the cases studied consisted
primarily of wind tunne! data, this result is likely to be conservative, since wind tunnel tur-
bulence levels are higher than free flight turbulence levels, and since the turbulence level has

a significant influence on the transition location.

As part of the present study, an analysis was made of transition data on a sailplane in flight
(Ref. 14). The turbulence environment in free flight is significantly lower than that in any
wind tunnel. Since the turbulence level has a significant influence on the transition location,
it was felt that this case might give a better indication of the amplification limit, appropriate
to the flight environment in which an LFC airplane must operate, than do the resuits of Jaffe,
et al. The results of this analysis are shown in Figure 5.1-23. Disturbance amplification fac-
tors were calculated at lift coefficients of 0.52, 0.76, 1.14, and 1.42. The figure shows lines
of constant amplification factor based upon the growth of the most amplified disturbance at
each lift coefficient. The hatched line shows the measured transition location as a function
of lift coefficient. The line corresponding to an amplification factor of 13 most closely
matches the measured transition line. This results indicates that, in a flight environment, the
amplification factor at transition may be somewhat higher than the value of 10 suggested by
Jaffe, et al. Since the Phoenix sailplane wing is unswept, these results again only apply to
the amplification of Tollmien-Schlichting disturbances.
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In order to determine the amplification factors corresponding to transition for a case in
which cross flow instabilities were the cause of transition, TEM 139 and the MACK code
were used to analyze the swept wing wind tunnel] data of Boltz, et al (Ref. 15). In this
case, wind tunnel data were used because of the scarcity of high quality flight test transi-
tion data on swept wings. The upper part of Figure 5.1-24 shows the pressure distribution
corresponding to the four cases analyzed. For two cases the sweep angle was 30° and for
the other two cases the sweep angle was 40°. The Reynolds number and Mach numbers
varied. from case to case. The lower part of the figure shows the growth of the most criti-
cal disturbance for each case. The calculation was stopped at the location where trarsi-
tion was measured. The amplification factors at transition ranged from 11.3 to 12.9,
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Based upon the value of 10 recommended by Jaffe, et al, the value of 13 calculated for the
Phoenix sailpiane and the values of 11 to 13 calculated for the swept wing data, an ampli-
fication limit of 8 was chosen for the present study for both crossflow and Tollmien-
Schlichting disturbances. It was judged that this value would be appropriately conservative,
but not so conservative that excessive suction requirements would result.

All of these cases discussed previously involved low Mach numbers, where the effects of
compressibility can be neglected. However, since the LFC airplane will be cruising at Mach
0.8, with local Mach numbers on the upper wing surface approaching M;, = 1.2, compressi-
bility effects will be present. In order to determine the magnitude of these effects, the upper
mid-span of the LFC airplane was analyzed using the MACX code in both the compressible
and incompressibie modes. The boundary layer velocity profiles input to the MACK code
were the same in both cases and were from TEM 139, which ineludes the effects of compres-
sibility on the profile shapes.

Figure 5.1-25 shows the sfability diagram corresponding to the leading edge crossflow region

of the upper mid-span at a Lift coefficient of 0.5. This diagram is for a disturbance propagation

wave angle of 84.5° which was found fo be the direction of largest amplification of cross-
flow disturbances. The solid lines are lines of constant non-dimensional spatial amplification
rates computed using the MACK code in the incompressible mode and the dashed lines are
lines of constant non-dimensional spatial amplification rates computed using the MACK code

in the compressible mode. Amplification rates are highest for the largest values of —a* ;6. The

only significant difference between the incompressible and compressible curves is that the
compressible curves are shifted to a slightly higher non-dimensional frequency, w;. There is
no significant difference in the maximum ampifiication rates. This resultsindicates that in
regions where crossflow instabilities are dominant, the effects of compressibility on stability
are likely to be small.

Figure 5.1-26 shows the stability diagram for amplification of Tollmien-Schlichting distur-
burances at the upper mid-span location at a lift coefficient of 0.55. Again. in this case, the
fargest amplification rates correspond to the largest number. For given values of position and
frequency, the rates calculated using the MACK code in the incompressible mode are nearly
twice as large as those calculated using the compressible mode. It should be noted that for
the compressible stability case, the stability diagram is for a disturbance wave angle of 33°,
which was found to be the angle for which the amplification rate is highest. For the in-
compressible case, the stability diagram corresponds to a wave angle of 0°, which is the angle
for which amplification was found to be the highest. Figure 5.1-27 shows the effect of the
larger incompressible amplification rates on the growth of the most critical disturbance. The
maximum amplification factor for the incompressible MACK code case is about 28, whils
for the compressible MACK code case it is about 15. For the compressible case, both the 0°
and 33° wave angle disturbance amplification factors are shown. It can be seen that the am-
plification factor is only slightly higher for the 33° compressible disturbance than for the Q°
compressible disturbance. These results indicate that compressibility exerts a strong sta-
bilizing effect on Tollmien-Schlichting disturbances.

In the development of the suction requirements, all of the calculations were performed using

the MACK code in the incompressible mode because of certain economies in caleulation
effort and because compressibility effects were initially considered to be unimportant. Only
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Iater analyses have shown the influence of compressibility in sufficient detail However, since

. the results discitssed above showed compressibility effects to be significant only in regions

- where Tolimien-Schlichting instabilities were dominant, and since suction levels in such regions
are quite low compared to vhose in crnssflow-donrinated regions, the effect on total suction
requirements of using only iacompressibie stability calculations will generally be quite small,
Furthermore, since compress bility effects provide an additional, though not excessive, sta-
bility margin, suction requirements have not been re-calculated using compressibie stability

theory.

5.1.3.2 Design Studies

@

In an effort to minimize wing suction requirements, studies were conducted to determine the
eifect of sweep, Reynolds number, and pressure distribution on boundary layer stability and
suction requirements,

On the upper wing surface, two different pressure distributions were analyzed, based upon a
leading edge sweep angle of 27.5°. The two were identical except that one had a peak in the
feading edge region, and the other did not. The two pressure distributions are shown in
Figure 5.1-28, along with the amplification factors of the most critical crossflow disturbances
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for each case. For the peaky case, the maximum amplification factor is about 12, whereas

for the non-peaky case it is only about 10.5. Thus, less suction would be required to stabilize
the leading edge cross flow for the non-peaky pressure distribution, Furthermore, although

the stability of the Tollmien-Schlichting disturbances was not computed, it is known that
amplification of Tolimien-Schlichting disturbances is always higher in regions of adverse pres-
sure gradients than in regions of favorable pressure gradients. Therefore, both from the stand- .
point of crossflow stability and Tollmien-Schlichting stability, the non-peaky pressure dis-
tribution is the better of the two. For this reason, it is the non-peaky pressure distribution

that was chosen for the upper wing surface.

The upper part of Figure §5.1-29 shows the two pressure distributions that were considered for
the lower wing surface. The lower part of the figure shows the amplification factors without
suction for the most critical cressflow disturbances for each case. For the original pressure dis-
tributions, the maximum amplification factor is about 55, For the modified pressure distri-
bution, the maximum amplification factor is only about 9. The reason for this large difference
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Figure 5.1-29. Effect of Pressure Distribution on Amplification—Lower Wing Root
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is that the original pressure distribution has large pressure gradients over a much greater per-
centage of the chord than the modified pressure distribution. This produces a much larger
crossflow velocity in the boundary layer, since crossflow results from the combination of
sweep and pressure gradient. Studies of this type show that it is best to make the pressure
gradient as large as possible near the leading edge where the boundary layer is thinner and
more stable, and then flatten out the pressure distribution as soon as possible to stop any
further increasg in the crossflow velocity. The much lower maximum amplification factor
for the modified pressure distribution would result in much lower suction requirements
than for the original pressure distribution. Therefore, the modified pressure distribution
was chosen for the lower surface of the wing.

After the pressure distriﬁutions had been determined, a study was conducted to determine
the effect of wing sweep on boundary layer stability and suction requirements. Figure 5.1-30
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61



shows the calculated effect of sweep on disturbance amplification at the upper root location
in the leading edge crossflow region. The amplification factors for only the most critical
disturbances for each case are shown. For a leading edge sweep angle of 27.5°, the maximum
- amplification factor is sbout 10.5; for 22.5° it is 8.5; for 20° it is 7.5; and for 17.5° it is
about 6. Wo suction would be required to stabilize cases for which the amplification limit
" of 8is not exceeded. Thus, for sweep angles of 20° or less, these results indicate that no
suction would be required to stabilize the leading edge crossflow.

Figure 5.1-31 shows the most aft first slot location allowable as a function of leading edge
sweep. For this study the first slot was located u«f the point where the amplification factor
of the most critical disturbance was 7.5, since this would still allow the flow to be stabilized
before the amplification limit was exceeded. At the upper root location the first slot can
be no further back than x/c = 0.013 for a sweep angle of 27.5%; for a sweep angle of 20° the
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First-slot location x/c, percent

Upper surface
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Figure 5.1-31. Effect of Sweep on First-Slot Location-Wing Roat
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Leading edge sweep, A E. deg

first slot can. be as far back as xfe = 0.05. On the lower surface, for the modified pressure
dlstnbunon the first slot can be no further back than x/c=.016 fora sweep angle of 27.5°,
for a sweep angle of 20° it can be moved back to about x/c 0.06. Forthe original lower

surface pressure dzstnbutmn, reducmg sweep from 27.5° to 20° allows the first slot to-be

moved back only slightly from x/c = 0.011 to x/c 0.013. Thus, if it were required that
the wing leading edge be free of slots back to a certain location, reducing sweep by the
appr0pnate amouut would allow this to be done if the prcssure dlstnbutlon is essentlally
ﬂat—topped

Figure 5 .1-37 is a composite showing the effect of both sweep and Reynolds number on the
most aft allowable first slot location. For a sweep angle of 27.5°, the first slot must be no
further back than x/c = 0.013 for a normal chord Reynolds number of 39.6 x 106 (corre-
sponding to the root location}), When the Revnolds number is reduced to 13.0 x 106
(corresponding to the tip location) the first slot may be located as far back as x/c = 0.164,
These results show the most aft allowable slot location to be quite far from the leading edge
in some areas. However, it is best in most cases to start the suction as far forward as

possible because it is more effective to apply a small amount of suction over the entire region

of disturbance growth than it is to apply a large burst of suction just before the amplifica-
tion limit is reached.
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o 17.5 e M=08
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Figure 5.1-32, First-Slot L.ocation as a Function 6f Sweep and Reynolds Number
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The effect of sweep on suction requirements is shown in Figure 5.1-33. These resuits are
for the upper surface pressure distribuiion corresponding to the design lift coefficient of
0.5. The Reynolds number cmresponds to that at the root chord location. At a leading
‘edge sweep angle of 27.5°, a large suction peak is required to ‘'stabilize the leadmg edge
crossflow. When sweep is reduced to 22.5°, the size of this peak is cut in half. At 20°
leading edge sweep, no suction is required fo stabilize the leading edge crossflow. Sweep
changes primarily affect the boundary layer crossflow velocities. In the mid-chord portion

of the wing, Tollmien-Schlichting instabilities are dominant, ang since they are not affected
by the crossflow, sweep changes have little effect on the rate at which they are amplified.
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Figure 5.7-33. Effect of Sweep on Suction Requirements—Upper Wing Root

64




As a result, the armount of suction required in the mid-chord region is nearly independent
of sweep. The amount of suction required to stabilize the rear crossflow (from 65% to
80% chord) decreases with decreasing sweep angle. Total suction, CQ decreases by 30%

as sweep is reduced from 27.5° to 20°. For off- des:gn cond1txons, the effects of sweep may
differ from those shown here. : :

Figures 5.1-34 through 5.1-37 show suction requirements and corresponding stability
analysis results for the upper wing root, upper mid-span, upper tip, and lower mid-span,
respectively. All of these results are for the pressure distribution corresponding to Cy, = 0.5
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Figure 5, 1-35. Disturbance Amplification Characteristics for Design Flight Condition—
Upper Wing Midspan

and an altitude of 12 190 m (40 Q00 ft) as given in Figure 5.1-31. The same pressure
distribution was used at each spanwise location. In each case the suction was adjusted to
keep the maximum amplification factors below the amplification limit of 8. Also, in each
case, there are three fairly distinct chordwise regions in which different types of disturbance
growth takes place: the leading edge crossflow region, the mid-chord Tollmien-Schlichting
region. and the rear crossflow ragion. The growth of the most amplified disturbances in
each region is shown for each case.
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Figure 5.1-36. Disturbance Amplification Characteristics for Design Flight Condition—
Upper Wing Tip ,

5.1.3.3 Suction and Slot Requirements

Required suction distributions at the design lift coefficient of 0.5 are shown in Figure 5.1-38.
These distributions are based upon the resulfs of the analyses shown in Figures 5.1-34
through 5.1-37. However, the initial suction slot locations have been moved forward relative
to those shown in those figures so that both the design and the off-design suction require-
ments can be accommodated using a fixed slot configuration. As a resuit of moving the

first slot location forward, the heiglit of the suction peak required to stabilize the leading
edge crossflow at the root location is reduced relative to that shown in Figure 5.1-34, Total
suction is the same in both cases, however. A complete stability analysis was not performed
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Lower Wing Midspan

ar the lower root and lower tip locations. Suction requirements at these [ocations were
estimarted by scaling the computed mid-span lower surface suction distribution so that the
variation of suction with spanwise location on the lower surface was similar to that on the
upper surface. On the lower surface suction extends to 70% chord of the basic wing trape-
zoid. At the root location this amounts to 59% of the full chord. However, on the upper
surface the suction extends to 80% of the full chord everywhere.

The powerful effect that changing from the design pressure distribution to an off-design
pressure distribution can have on disturbance amplification is shown in Figure 5.1-39. The
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Figure 5,1-39, Effect of Off-Design Pressure Distribution on Disturbance Amplification—
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growth of the most amplified leading edge crossflow disturbance is shown for the design

lift coefficient of 0.5 and an off-design lift coefficient of 0.35. The maximum amplification
tactor without suction is about 22 for the off-design case compared to about 7.5 for the
design case. The larger amplification for the off-design case results from the more gradual
pressure rise, which results in large pressure gradients as far back as about 20% chord.
Because of its larger amplification, suction must start further forward and be stronger for
the off-design case than for the design case. This result is similar to that shown in

Figure 5.1-29 where the effect of design pressure distribution on the wing lower surface is
presented.

Figure 5.1-40 compares off-design suction requirements to the design suction reguirement
at the upper mid-span location. The large amplification factors shown in Figure 5.1-39
for Cp = 0.35 result in the large suction peak requirement shown in the leading edge cross-
flow region. A large suction peak in the leading edge area is also required for Cj_ = 0.55.
This contrasts with the suction distribution for the design lift coefficient of 0.5 which has
no peak at all in the leading edge area at the mid-span location. In the mid-chord portion
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of the/ving slightly more suction is required for Cp, = 0.55 than for Cp, = 0.5 because of
the :f.ghtly adverse pressure gradients in this region for the high lift coefficient case. For
Cy 7/ 0.35, very little suction is required in the mid-chord region because of the slightly
fpyorable pressure gradients, which have a stabilizing influence on Tollmien-Schlichting
disturbances. In the rear crossflow region, suction requirements are slightly lower for both
off-design lift coefficients than for the design lift coefficient. Total suction requirements
to 80% chord in terms of Cg are about 20% higher for C1, = 0.55 than for Cp, = 0.5 and
about 7% lower for Cp, = 0.35 than for Cp, = 0.5.

The slot arrangement must be able to accommeodate the off-design suction requirements in
addition to the design suction distribution. Because of this, the slots were extended further
forward than would have been necessary if the design condition were the only considera-
tion. Also, slot spacing in the leading edge area was decreased from that required at the
design condition so that slot Reynolds numbers in this area would not exceed 150 at the
off-design condition. A schematic of the resulting slot configuration is shown in

Figures 5.1-41 and 5.1-42. The purpose of these figures is only to indicate the general slot
arrangement, since not all of the slots can be shown at this scale. At the root location there
are 48 slots on the upper surface and 43 on the lower surface. There are 37 slots on the
upper surface and 40 on the lower surface at the mid-span location. At the tip there are

23 slots on the upper surface and 22 slots on the lower surface. The first slot is at x/c =
0.007 on both the upper and lower surface at both the root and mid-span locations. At

the tip the first slot is at xfc = 0,024 on both the upper and lower surfaces.

- A detailea slot definition is given in Tabie 5.1-1. This table shows the x/c location of each

slot, the spanwise locations at which they begin and end, the slot widths, and the slot
Reynolds numbers,

Given a continuous suction distribution which has been shown {o be adequate for maintain-
ing laminar flow over the required portion of the airfoil, the slot spacing depends only upon
the chord Reynolds number and the maximum allowable slot Reynolds numbers. For this
study a maximum allowable slot Reynolds numbes of 150 was used in regions of high
suction. Keeping the slot Reynolds number at or below these levels minimizes disturbances
from the slots due to non-uniform inflow conditions. The inboard slot ends lie along a 7°
wedge line which starts at the 10% semispan location of the leading edge. Interference from
the body boundary layer prevents laminarization inboard of this line. The outboard slot
endings were determined by the requirements for a decreasing number of slots at larger
semispan locations resulting from the decreasing chord Reynelds number. The number of
slots at each spanwise location is such that the slot Reynolds numbers for the design
condition will not exceed 150 and 75 in the regions of Pigh and low suction, respectively,
anywhere on the wing.

The slot widths were defined so as to be approximately equal to the sucked height at the

_ high oft-design suction levels. Boundary layer sucked height is that height at which the total

mass flow in the boundary layer below that point is equal to the mass flow going through the
slot. In other words, the sucked height is the height of the local stagnation streamline
several slot widths ahead of the slot. Making the slot width approximately equal to the
sucked height at each location prevents excessive acceleration of the flow entering the slots.
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Table 5,1-1. Slot Definition—Upper and Lower Surface

Upper surface

xfc*

AENDS

Slot widin
cm fin)

ae
F!B5

0.0c07
0,009
0.012
0.015
0,018
0.021
0.024
0.028
0,036
0.063
0.020
0.118
0.146
0.174
0.202
0.230
0.268
0.286
0314
0.342
0.370
0.398
0.426
0.454
0482
0.510
0.538
0.566
0.594
0.621
0.649
0.670
0.690
0 70§
0.720
0.735
0.749
0.764
0.779
0.794
0811
0.829
0.839
0.849
0.859
0.869
0879
0.888

0.101 —=> 0628
0.101 =+ 0.231
0101+ (.35
0.101 =* 0.400
0.10t = 0873
0.101 > 0360
0,102 > 0982
0.102 > 0982
0.102 —+ 982
0.102 = 0982
0,103 -+ 0982
0,104 -+ 0452
0.106—> 0881
0.106 —> 0,607
0.106 ~» 0,760
0.106 —* 0.980
0.107 = 0.520
0.108 -+ 0.661
0108 —> 0879
0310 —+ 0,827
0110 -* 0570
0.111 > 0978
0111 =+ 0.726
0.112 = 0877
0.113 = 0977
0.114 -+ 0635
0.115 = 0.776
0.115 —+ 0976
0.116 - 0976
0.116 -+ 0575
0.177 = 0978
0.117 -+ 0975
0.118 = 0974
0.118 —» 0874
0.118 = 0974
0.119 = 0974
0.120 = 0974
0.920 — 0873
0.120 = 02973
0.121 - 0873
0.122 ~* 0.259
0123 > 0233
0.123 = 6218
0.123 -+ 0205
0.124 = 0.190
0.124 - 0176
0.124 =+ 0160
0.125 —+ 0.146

0.013 (0.005)

0.013 {0.005)
0.015 (0,008}
0,015 (0.006)
0.016 (9.006)
6.018 {0.007)
0,018 (0.007)
0.020 {0.003}
A

A

0.020 (0.008)
0.025 (0.010}
0.025 {0.010)
0.030 10.012}
0440 {0.012)
G.G36 (0.014)
0.03€ 10.014)
0.041 (0.016)
0.041 {0.016}
0.041 {0.016}
0,041 {0.016)
0.036 (0.014}
0.036 {0.014)
0.036 {0.014)
0.030 (0.012)

0.030 (0.012)
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3

75
100
125
150

Y
180

*Cheord length is based upon trapezoidal planform,

Lower surface

xfe*

TENDS

Slot width
cm {in}

Re, »=

0.007
0009
0.012
0.015
0,018
0.021
0.024
0.028
0.036
0.063
0.090
0.118
0.146
0.174
0.202
0.230
0.258
0.286
0.314
0.342
0.370
0.598
0.426
0.454
0482
0510
0,528
0.555
0572
0.588
0.601
0.612
0.622
0.630
0.638
0.646
0.662
0.660
0.665
C.673
0.630
0.687
0.693

D101 —
0.101 =
0.101 =+
0101 =
0,101 =¥
0,107 -~
0.102—
0.102 ~
0,102 -
0102
0.103 =>
0,104 =
0206
0.106
0.106 =
0,10+ =%
0.107 >
0.1083 =
0189 =
0110
.10~
0411 —>
0111 =
12—
0113~
0.114 =
0115 =+
0.115 —
0.116~
0116 —
0.115 =
0115~
0116 =
0.116 ~+
0.116 =
0.117 =
0.117 -
0117 —
0.118 —»
0.118 =
0.118 -
0118 —»
0.118 =

0528
0.231
0.755
0.300
0873
0.360
0.982
0.982
0982
0982
0982
0.452
0,981
0.607
0.760
0980
0.520
0.661
0979
0.827
0.570
0978
0.725
0.877
0977
0.635
0977
0.785
0376
0.940
0876
0976
0975
0975
0975
0.686
0975
0.761
0976
0.835
0974
0910
0574

0.013 (0.005}

0.013 (0,005}
0.018 (0.€07)
0.018 (0.007)
0.018 (0.007)
0.023 {0.009)
4

0.023 (0.003}
0.025 {0.010)
0.025 (0.010)
0.025 (0.010}
0.036 (0.014)
0.036 {0.014)
0.046 {0.018}
0.046 {0.018)
0.061 140.020)
b

0.051 {0.020)

6o

60
75

75
100
128
150

**Nominal at C|_= 0.5, altitude = 12 190m (40 000 ft), M, =0.8
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However, a slot somewhat wider than the height of the sucked layer also functions satis-
factorily, since the flow behaves essentially as if bounded only by the rear wall of the slot,
with a bound vorfex being formed in the forward portion of the slot (Ref. 9). Thus, at the
design condition, these slots will still function satisfactorily because the slot width will
then be somewhat larger than the sucked height.

The slot Reynolds numbers shown in Table 5.1-1 are nominal values at the root location
based on suction levels at the design 1ift coefficient {Cy1, =0.5). At the off-design suction
levels, the slot Reynolds numbers in the leading edge region will be about twice as large as
those shown, '

Adjustments for the different suction requirements for the design and off-design conditions
will require adjustable valve settings on the suction trunk ducts. However, the entire leading
edge area back to 10% chord is served by a single duct for the upper surface and a single
duct for the lower surface. As a result, it may not be possible to change from the design
suction distribution to exactly the required off-design suction distribution. The off-design
case has a large peak which extends back to only about 4% chord, and at the design
condition at the mid-span location there is no suction peak near the leading edge. Thus, at
the off-design condition, the leading edge suction peak may be wider than is actually
required. However, this can be compensated for by making the peak slightly lower, and by
lowering the suction levels in the mid-chord region.

In conclusion, the suction slot arrangement will be compatible with operations over the
required lift coefficient range. Sucked heights and slot Reynclds numbers will be highest,
but still at or below maximum allowable levels for the high-suction off-design conditions
and lower at the design condition. The system will be adjustable to allow the closest
possible match with the design suction requirements and an acceptable approximation to
the off-design requirements.

5.1.4 INTERNAL DUCT SYSTEM DESIGN

The internal duct system provides the means to collect the suction air from the slots and
conduct this air to the suction pumps. This svstem is designed to minimize the potential
for internal disturbances to propagate back tlhirough the slot and cause boundary layer
transition. In addition, the duct system losses are held to a minimum to ensure that suction
compressor weight and pumping penalties do not significantly degrade the drag reduction
benefits achieved through laminar flow control. The duct system also incorporates the
necessary elements required for balancing the suction manifold system to provide the
appropriate flow distribution during normal and off-design operation.

The concept of the suction surface and internal ducting arrangement adoptied for the final
configuration is shown in Figure 5.1-43. The suction surface and associated collector duct
system is superimposed on the basic wing structure in the form of a glove. This consists of
a foam-filled fiberglass sandwich outer skin and a spanwise array of hard foam spacers.

The slots are contained in prefabricated inserts, which are bonded into machined channels
in the skin. The suction airflow, after passing through a slot, is first collected in a shallow
groove called the slot plenum; from there, it passes into another plenum (i.e., subplenum)
via a pattern of bleedholes in the lower part of the insert. This provides the throttling stage.
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Figure 5.143. Suction Surface and Internal Duct System Concept

From the subplenum another row of holes (i.¢., feed holes) transmits the suction air into

the chordwise collector ducts. These chordwise dueis, then, feed into the main trunk ducts
which run along the span ahead of and behind the structural wing box. An intermediate mani-
fold duct, located inside each trunk duct, contains a row of louvers. These louvers direct

the suction flow spanwise and provide just enough throttling to offset the pressure gradient

in the trunk duct, Each trunk duct is provided with a control valve upstream of the suction
pump. This allows adequate in-flight adjustment of the suction flow distribution to accommo-
date off-design operation. The discussion of the characteristics of the selected structurai
concept (Subsection 5.2.6) provides an overall-view of the suction system arrangement, the
system components and the flow paths leading to the suction unit.

The criteria applied to the duct system design are given in Table 5.1-2. The suction slot
Reynolds number was limited to 150 (based on total slot width). Suction slot and flow
collection system flow velocities were limited to a level that would not cause separation
and/or external slot disturbance. Duct airflow velocities were limited to 0.2 Mach maxiinum
to minimize collection system losses. Additional requirements were: a) To provicde for
adequate overboard drain provisions throughout the duct system to eliminate water and/or
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Table 5.7-2, Internal Duct Design Criteria

Item

Requirements

Remarks

Suction slot

Stot Reynolids numbier limited 1o 158

Slot width equa! to eollected baundary
{ayer height

Uniform slot indiow velacity (£1.5%)

Minimizes potential for slot.gengrated disturbances
ta trip external boundary layer

Minimizes boundary layer shear gradients

Limits potential 1o generate large external boundary
tayer eddies that could resul? in transition

Collection ploaym
{under slot)

Shallow to minmmize slat flaw wake
instability

Low flow velocities, 165.2 m/fs (50 f1/s)

Nerthrop experience indicates external flow
distrbances are directly related to slot wake

flow stability

Minimize potential to degrade uniform slot inflow
velocity

Bleed hales:
Nanflow restricting

Flow restricting

Diameter equal to 3 times coltection
plenum height. Spacing equal 1o 15
times collection plenum height

Maximum spacing same as above; minimym
spacing and diameter to be obtained by test

Based on Northrop test experience

Test required to establish validity of design. Sufficient
number of holes required to minimize potential flow
spik.zs and excessive slot inflow gradients

Subplenum (it used)

Low flow velocities

Minimizes inflow disturbance and $ystem pressure loss

Feed hales:
Without bleed holes
or subplenum
With bleed holes
and subplenum

Same as bleed holes
Low flow velocities (0.2 mach}

Spacing determined by test

Same as bleed holes
Minimize system pressure losses

Ensure that slot inflow veloeity gradients are within
limits

Teibutary ducts
{if used}

Low ongitudinat Ttow velocities, 15.2 m/s
150 ft/s) and pressure tass less than 3% of
upstream elements

Buets alhigned to augment flow

Ensure that slot inflovs velocity gradients are within
timits

Mrnimize sysiem pressure losses

Collector ducts:
Choruwise n glove

Chordwise in wing
box

Spanwise

Trunk

Use coanstant maximum area duct
{objective 15 constant statec pressure}

Size for 0.2 mach maximum tlow velocity

Suze for 0.2 mach maximum {low velocity
{use maximum available area)

Seze for 0.2 mach maximum flow veloeity
{use maxumum avaitable flow areal

Utilcze augmented mixing [ejector action)
when joining flowe streams

Minimize tlow balancing adiustment reauirements
Mimimize flow variations for off-design operation

Minimize pressure losses
Minimize pressure losses
Mininize pressure losses and flow balancing

requireme ts
Reduce system mixing lasses

Compressor snlet ducts

Reduce duct area to match comprassor
design requitements

Avord abrupt flow area or hange of
arrftow directian immediately urstream
of comprassor

Pravide system/compressor optimum flow velocity
match

Minimize compressar inlet flow distortion

Compressar discharge
ducts

Size for 0,25 mach airftow velocity
maximum

Minimize system losses

Qverboard discharge
duct

Size for diseharge pressure ratio sufficient
10 provige free stream flow velocity

Locate discharge duct for minimum drag

Minimize system losses
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other potential liquid spillage from collecting in the ducts, and b) To ensure that potential
fuel or fuel vapor entrapment in the duct system will not present a fire hazard for operation
under normal and failure conditions. Fluid drain holes would incorporate check valves to
prevent air inflow during operation of the suction system.

5.1.4.1 Internal Duct System Sizing

The internal duct system size is determined by the requirement to achieve optimum suction
distribution for the design operating flight condition and provide acceptable suction distri-
bution within the LFC operational flight envelope. This is illustrated by the following outline
of the system sizing techniques used for the Model 767-810 updated baseline configuration. The
suction distribution and suction slot locations were established using techniques previously
described. These requirements were converted into individual slot airflow quantities for

the design conditions shown on Figure 4.3-1. using the pressure distributions given on

Figure 5.1-13.

Evaluation of the required suction surface pressures and airflows showed that operation at
high gross weights at maximum altitude resulted in both the largest duct and largest suction
compressor size. The duct volumes required exceed those normally available in conventional
wing-planforms, To provide the increased duct volumes required for LFC there is an
associated increase in wing weight. To minimize the weight increase, it was decided that the
duct system should be optimized for normal cruise conditions and the compressor unit

power capability matched to operation at maximum altitude and high gross weight conditions.
This resulted in reduced duct and wing system weight for a slight increase in suction power
unit size and weight,

5.1.4.2 Suction Surface Coliection System

The X-21A suction airflow collection system consisted of the suction slot, a plenum, and
bleed holes to vent the plenum to a tributary duct similar to the arrangements shown in
Figures 5.1-44 and 5.2-3. The X-21A configuration utilized the tributary duct discharge
vent to balance the pressure losses from the suction surface to the coliection manifold. It
is apparent that this vent would be inaccessible when the wing was assembled and could
not be adjusted. A modified surface collection system geometry which utilizes an insert
containing a second plenum (subplenum) between bieed holes and the chordwise collector
duct (see Fig. 5.1-44) provides the reguired adjustment capability and ready access through
removal of the surface insert strips. Tests described separately show that this configuration
would provide the required throttling capability near the surface and maintain acceptable
slot inflow gradients.

5.1.4.3 Collector Ducts

Collector ducts provide the means to collect and direct the suction airflow to the main

trunk duets. Pressure losses in the total collector/trunk duct system are minimized to ensure
that the suction compressor engine size and power requirements are not excessive. This is
done by utilizing augmentation or ejector action where possible when airflow is throttled

for control purposes and by limiting the duct airflow velocity to .2 Mach maximum. With
spanwise collector ducts, direct tributary duct discharge augmentation should be used if
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Figure 5. i-44. Surface Suction Coll:ction Geometry Comparison

prac.icable mcans of access to the discharge nozzles can be attained. In chordwise collector
ducts, as used on the Model 767-810, the ducts crcss through a relatively large variation in
pressure levels. The chordwise collector ducts are made as large as possible (0 miaimize the
chordwise pressure gradients. With the bleed holes sized to provide the proper chordwise
throttling variation at the design condition, significant variations in airflow will occur for
off-design operation. A typical suction airflow variation over 10% to 60% wing chord and
from wing root to tip is shown in Figure 5.1-45 for a range of wing lift coefficients. While
not ideal, these variations can be controlled within acceptable limits by adjustment of
individual trunk duct valves to accommodate a particular flight condition.

5.1.4.4 Trunk Ducts

Trunk ducts collect the airflow from either spanwise or chordwise collector ducts and deliver
the airflow to the suction compressor. The X-21A spanwise collector ducts grouped several
slots together in a collection plenum. The pressure level in each collection plenum was
throttled by electrically actuated gate valves that balanced the total suction system. This
was a test .nstallation and would not be acceptable on a production airplane without a
considerable reduction in the number of valves. Spanwise collection duct configurations
studied considered the use of adjustable flow augmenting valves that would be presel on

the ground. However, these configurations were not studied in su:iicient detail to establish
if operation adjustment would normally be required in flight.

The Model 767-810 trunk duct system utilizes an intermediate tributary duct with nov:le
openings adjusted to provide for pressure cqualization between chordwise collection ¢ ucts
by compunsating tor the normal pressure gradient due to flow in the trunk duct. This
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Figure 5,145, Effect of C; Variation on Suction Distribution—
With Variable Trunk-Duct Suction

would be expected to result in modest amounts of spanwise flow in the tributary ducts,
particularly for off-design conditions. The combined flow interactions and duct pressure
loss characteristics result in an estimated flow variation from wing tip to root of up to
£25% (see Fig. 5.1-45) for the extreme off-design case. The manifolds which collect the
airflow from the wing trunk ducts and deliver the air to the suction compressors would
include provisions for flow mixing to provide augmentation and minimize system losses.
In addition, automatically operated valves would be used at the ends of the trunk ducts to
balance the system for off-design operation.

The trunk duct system was sized on the basis of .2 Mach maximum duct airflow velocity
and the two suction pressure levels provided by the suction compressor, These suction levels
were selected to correspond to the wing upper surface for 0 to 80% of wing chord and the
lower surface tor O to 70% of chord. The duct velocity was increased to 0.25 Mach at the
compressor inlet face.

5.1.4.5 Suction Compressor Discharge Duct
The suction compressor discharge duct was sized for .25 Mach air{low at the design operating
condition. Pressure losses to the overboard discharge opening were assumed to be equal to

100% of the dynamic head based on duct flow velocity. Overboard pressure losses were based
on providing discharge velocities equal to free stream velocity.
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5.1.4.6 Empennage Internal Duct System

Auxiliary system trades were not conducted in sufficient detail to define the design of an
mte,rated airplane secondary power/fsuction drive system. However, the empennage suction
system power requirements were found to be compatible with the airplane APU based on a
conservative selection of suction airflow requirements and duct flow loss characteristics.

The suction duct system arrangement is defined to be similar to the wing suction duct system
except that only one suction pressure level was used since the design operating condition

for the stabilizer is zero lift coefficient. The empennage (horizontal tail only) upper and
Iower surface suction distribution was assumed to be similar to the wing mid-span upper
surface distribution. The surface pressures were based on the average value of the upper and
lower surfaces. Surface suction was applied from 0 to 80% of chord for both upper and
lower surfaces, The design altitude is 13 560 m (44 500 ft) and the operating altitude

is 12 190 m (40 000 ft).

Based on the above considerations, the ducting and suction flow distribution system for the
empennage was defined so that it would be compatible with a typical APU installation. The
arrangement would allow the APU to function in the normal fashion for ground operation

and be functionally convertible to provide LFC suction for the horizontal tail in cruise

ilight. Such an arrangement would probably not be practical if both the horizontal and

vertical tail were laminarized since the power and airflow requirements would then substantially
exceed the nominal APU capability.

5.1.5 INTERNAL DUCT SYSTEM PRESSURE LOSS CHARACTERISTICS

The duct system pressure loss characteristics described in this subsection apply only to the
svstem sejected for the final airplane configuration. Primary effort in this area was expended
1o support configuration feasibility studies based on preliminary estimates of duct loss
factors. Detailed analyses were performed only where they were required to validate the
selection of specific critical duct section geometry. Furthermore, the duct system has not
been optimized in the sense that features which tend to minimize losses were traded against
these which would produce other desirable characteristics such as improved flow stability,
controliability or adaptability to off-design conditions.

5.1.5.1 Surface Suction Collection Geometry

Thie suction slot/plenuin/bleed hole pressure loss calculation methods established by Northrop
(Ref. 1) have been used to calculats suction surface element losses. These methods are well
defined and should require no further discussion. A basic change in the surface suction
element geometry over that of the X-21A is the use of a bleed hole strip for flow balancing
and a subplenum with feed holes in plice of the flow velocity augmenting tributary duct
(Figure 3.1-44), In general. the {oss scross the suction slot/bleed hole/subplenum combina-
tion is from 4 to 6% of free stream dynamic pressure when no selective throttling is applied

1o enntrol the suction inflow distribution throughout the wing surface area. During off-
design operation, with throttling, the loss can locally approach 20% of freestream dynamic
pressure. This loss is due to the throttling arrangement required to accommodate both duct
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pressure levels and distribution as well as the wing surface pressure variations which are a
function of both wing lift coefficient and Mach number.

5.1.5.2 Collector Ducts

The collector duets gather air from the subplenums and route this air to the main trunk ducts.

- .The flow losses in the collector duct contribute significantly to the pressure drop between

the wing surface slots and the wing trunk ducts. Analysis has shown that spanwise collector
duct losses in a well designed duct system utilizing flow augmentation should be less than
10% of free stream dynamic pressure, The chordwise collector duct system used in the
glove concept represented a special problem in that flow from a series of spanwise slots

had to be collected into an array of single ducts for a wide range of wing surface pressures
including those corresponding to off-design conditions. The range of the wing pressure
coefficients is shown as a function of chord for the values of lift coefficient appropriate to
the principal flight envelope in Figure 5.1-46, Typical associated wing surface pressures are
shown on Figure 5.1-47. Also, in the same figure, the dashed line gives the typical pressure
variation in a duct of constant cross section in order to illustrate the loss associated with
flow control at the design lift coefficient (Cp = 0.5). The duct pressure level would
obviously be adjusted either up or down to accommodate the off-design case and this would
lead to somewhat higher losses and changes in surface inflow. Analyses of flow characteris-
tics were performed for both a tapered and a constant area chordwise duct. The pressure
loss is about 2% of free stream dynamic pressure versus 10% for a uniforrhly tapered duet.
Thus the constant section duct was selected for the flow distribution system. The corre-
sponding chordwise duct slot airflow characteristics are shown in Figure 5.1-45.
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Figure 8.146. Upper Wing Surface Pressure Coefficient Variation

The chordwise collection ducts feed into a pressure equalizing tributary duct which in turn
feeds into a large spanwise trunk duct. This duct would have loss characteristics similar to
that of the augmented single slot spanwise collection duct or approximately 10% of iree
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Figure 8.1-47. Wing Upper Surface Pressure Variations

stream dynamic pressure. Operation at higher off-design wing lift coefficients (e.g.,

Cy =.55) will require pressute levels about 10% higher than design at mid-span to provide
adequate wing tip suction with corresponding higher airflows. Increased suction airflow
levels result from the need to provide minimum acceptable airflow intensities in critical
{i.e., low pressure) areas which produces excess suction airflow in other areas where surface
pressures are higher, Under these conditions, the spanwise duct pressure losses will ahout
doubie, thereby increasing the spanwise pressure gradient. This effect causes wing root
suction to increase and wing tip suction to decrease relative to the average levels as shown
on Figure 5.1-45. For lower wing lift coefficients with resultant higher wing and duct pres-
sures, the effect on spanwise distribution is notably reduced as shown on the above figure.

The pressure losses due to combining the suction flows and to deliver the airflow to the
suction compressor have not been studied in sufficient detail to determine the combined
effects of duct losses and augmented flow mixing. A preliminary analysis indicated that
augmentation should essentially compensate for friction losses. However, because of the
limited analysis, a pressure loss equivalent to 5% free stream dynamic pressure was assumed,
A similar loss was assumed for the duct to the overboard discharge port.
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The losses in the suction airflow distribution system for the selected LFC wing concept are
summarized in Table 5.1-3 for operation at the design 1ift coefficient (Cy, = .5). The overall
effect apgregates between 27% and 30% of free stream dynamic pressure assuming exhaust
nozzle coefficients very close to unity. This range is small enough (£5%) so that consistent
estimates of power requirements for performance calculations can be made.

5.1.6 EMPENNAGE DESIGN

The principal considerations for the empennage design were to achieve the required stability
and contro! characteristics with near-minimum size of tail surfaces. Furthermore, the
empennage should also be suitable to accommodate laminar flow control at least to a sig-
nificant extent. The incorporation of active controls (SAS) extends the allowable C.G.

range and contributes to reducing the size of the {ail surfaces thereby reducing weight and
drag. The aft-fuselage mounted powerplant installation selected for this airplane requires a
T-tail empennage configuration which also provides the best opportunity to reduce trim

drag. In recognition of the fact that this type of tail arrangement is susceptible fo unfavorable
deep-stall characteristics at high angles of attack, incorporation of an c~limiter is contem-
plated.

5.1.6.1 Airfoil 8election

Considerations for the selection of the horizontal tail airfoil section included, first of all,
those that would be generally applicable to any jet transport airplane, that is, a high speed
Mp capability exceeding that of the wing and a low speed lift capability adequate to

provide trimmed flight in the landing approach configuration at the forward C.G. limit. But,
since laminarization of the horizontal tail surface was also set as a design objective, this
introduced certain additional requirements that would not normally be considered for a
turbulent airplane,

Table 5,1-3. Internal Duct System Pressure Losses

Duct section 'Loss’ (%)

Slot/plenum/bieed holes/subplenum 5

Collector duct {chordwise) 2t05

Trunk duct {spanwise} 10

Manifold to compressor 5

Campressor to overboard discharge 5

Overboard discharge As required for discharge

velocity equal to free stream

*Percent of free-stream dynamic pressure
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One of these special requirements was a limitation on the horizontal tail sweep angle, which,
of course, had an impact on the airfoil selection. Normally, the horizontal tail of a turbulent
airplane has more sweep than the wing and also a lower thickness ratio in order to assure

flow conditions free of shock induced separation during recovery from a dive at the structural
design speed limit. But, as pointed out in the preceding paragraphs, laminarization becomes
more difficult at higher sweep angles and this tends to put a limitation on the allowable sweep.

Based on these considerations, the sweep of the horizontal tail for the present design was
chosen so that the leading edge sweep angle would be the same as that of the wing, i.e.,
Ay g =27.5°. Using a planform that corresponds to the customary design trends, that is

ar aspect ratio of 4 and taper ratio of 0.4, the effective sweep angle of the horizontal tail
becomes approximately 22°. With the design limit Mach number of the airplane taken as
Mpjive = 0.90, the required drag divergence Mach number for the representative airfoil
section of the horizontal tail becomes MDH = 0.845. According to Figure 5.1-6 of Section

5.1.22, the available airfoil technology permits, at this Mach number, a thickness ratio of
approximately 11% for the normal section at C;; = 0.2. Based on this consideration the
streamwise thickness ratio of the horizontal tail was chosen to be 10%.

The next step was to select the airfoil shape. Traditionally, jet transports use inverse cambered
airfoil sections for the horizontal tail to provide sufficient downward lift capability for
trimmed flight in the landing approach configuration. For the present airplane with more aft
C.G. location than normal, however, a symmetrical section was chosen since the operating

tail lift coefficients are near zero. This also provides the conditions most compatible with

LFC and avoids the unfavorable pressure distributions that would result if a cambered

airfoil were operated near zero lift. The slightly larger tail size needed to meet the landing
approach condition was accepted as an appropriate compromise in this case.

Figure 5.1-48 shows the shape of the equivalent two-dimensional airfoil section and the
computed pressure distributions corresponding to the nominal design condition of the
airplane. In cruise, the horizontal tail is expected to operate at near zero lift but in any
case within the range of Cp; = £ 0.2.

5.1.6.2 Extent of Laminarization

»
Originally an ‘‘all flying” horizontal tail was considered for this airplane which, of course,
would lend itself readily to full chord laminarization. In consideration of this, a brief study
was made regarding the merits of complete laminarization versus partial. The approach for
* this evaluation was similar to the one done for the wing and discussed in connection with
Figures 5.1-12, 5.1-13 and 5.1-14 of Section 5.1.2.5. The representative section profile
drag and corresponding equivalent suction drag were estimated on the basis of boundary
layer calculations and tentative definition of suction requirements. The results are presented
in Figures 5.1-49 and 5.1-30. It is evident that the benefits of extending LFC much beyond
75% chord location are not very significant and probably would not justify the added weight
and complexity. It was, therefore, decided to terminate LFC at 80% chord. This also
allowed the incorporation of a geared elevator over the last 209 of the horizontal tail chord
that was deemed desirable from the standpoint of handling characteristics. In addition, the
elevator provides a means of adjusting the pressure distribution to favor LFC for a range
of C.iG. positions.
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Larminarization of the vertical tail was also considered. The problem, however, would be
more difficult in this case because of the presence of the center-engine inlet and because of
the higher sweep angle that the vertical tail would generally require., The selected configura-
tion of the center engine inlet would allow at best the l[aminarization of the upper part of
the vertical only. An alternate configuration, using four engines enclosed in twin side
nacelles, that would permit full span laminarization of the vertical tail was also considered.
The trades between various options regarding the extent of laminarization for the
empennage were estimated and the results, expressed in terms of drag, weight and fuel
savings, are presented in Figure 5.1-51. Based on this evaluation, it was concluded that
laminarization of the vertical tail for the present airplane could not be justified since the

added cost and complexity would more than offset the gain in fuel saving and gross weight
reduction.

5.1.6.3 Empennage Geometry Definition
To approach minimum tail size with LFC appiication, the horizontal tail was chosen to be

an “all flying™ type with a 20% chord geared elevator. The horizontal tail was sized to
provide an unaugmented time-to-double amplitude (t9) of 6 seconds at Mpjye/VDjye at the
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aft C.G. limit and also to provide control for takeoff rotation at the forward C.G. limit. A
1990 technology, non-flight critical stability augmentation system (SAR) is incorporated

in the airplane to allow aft balance and to provide satisfactory handling qualities throughout
the flight envelope. The tail sizing chart, Figure 5.1-52, shows that a horizontal tail volume
coefficient of Vi = 0.744 could accommodate a C.G. range of 40% to 10% MAC ata
minimum rotation speed of 254 km/h (137 kt). A 9.2 km/h (5 kt) increase in the minimum
Vg would allow the forward C.G. limit to be extended to 5% MAC.

The vertical tail was sized by a minimum unaugmented directional stability requirement of
Cj, 2 .0015 per deg. The lateral-directional stability will also be augmented by a non-flight
critical SAS to provide satisfactory handling qualities throughout the flight envelope.

The rudder control arrangement was selected according to the current design practice

accepted for transport airplanes. For a trijet configuration this generally means sizing to
meet appropriate ¢crosswind landing criteria.
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Figure 5,1-51. Empennage Configuration Trades

5.1.7 AERODYNAMIC DESIGN INTEGRATION

This subsection provides a discussion of the considerations leading to the selection of the
critical elements of the LFC airplane, and assembles the basic aerodynamic characteristics
and drag polars used in sizing the final LFC transport configuration (see Section 6.0) and
evaluating its performance characteristics.

5.1.7.1 General Objectives and Concerns

The principal objective of the aerodynamic design integration was to define a configuration
that would take full advantage of the benefits of laminar flow control. This implies that
keen attention must be paid to avoiding or at least minimizing all forms of aerodynamic
interference drag. Two items, namely. interference drag due to the powerplant installation
and interference drag due to the suction unit installation are of particular concern.

According to current design trends regarding turbuient airplanes, the wing-mounted engine
installation is preferable to the aft-fuselage mounting. In the case of an LFC airplane, how-
ever, the wing-mounted installation would have a disadvantage inasmuch as a substantial

portion of the wing lower surface, adjacent to the nacelles, might not be laminarized due to
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Figure 6.1-52, Horizontal Tail Sizing

interference of the nacelle with the flow field (distorted pressure gradients on the wing) and
impingement of engine noise, Since the magnitude of the interference effects and the means
of alleviating the associated problems are not sufficiently well understood at this time, it is
appropriaie to choose an aft fuselage nacelle instailation for this preliminary stage of
development of an LFC airplane.

But the aft-fuselage mounted nacelles are not free of problems either. Recent experience at
Boeing has shown that, while the relatively small size low-bypass-ratio engine nacelles (such
as used on the Boeing 727) can be installed without significant interference drag penalty,
the current high bypass ratio engine nacelles would be likely to produce significant inter-
ference drag unless a rather sophisticated design is worked out involving special cantour
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tailoring and localized area ruling. Consequently, the configuration which has evolved during
this study contemplates having such an elaborate aft-fuselage and nacelle design as a neces-
sary measure to avoid excessive interference drag due to the engine installation,

The other area of concern is the suction engine installation. The options regarding this ques-
tion have been investigated in detail by the Propuision and Systems Groups (these studies
are summarized in Section 5.3) which concluded that the most preferred location for the
suction unit would be in the wing root region. From the aerodynamic standpoint, this

poses a potential interference drag problem, inasmuch as the wing root area is known to be
very sensitive to contour shape at high speeds. However, it is conceivable that the instalia-
tion of the suction engines in the wing root would not present insurmountable difficulties
and with a dedicated development effort an acceptable design could be achieved. This
assumption has been made on the basis of a preliminary wind tunnel test of a wing-root-
mounted suction engine nacelle on a swept wing model in the Boeing Transonic Wind Tunnel.
This experiment will be discussed in the forthcoming Paragraph 5.1.7.4,

5.1.7.2 Cruise Drag Estimates

The estimates of high speed drag characteristics, presented in this paragraph, were made in
support of the performance evaluation that will be discussed in Sectinn 6.6,

According to the thrust-drag bookkeeping procedure adopted, the aerodynamic drag
estimates do not include the equivalent suction drag, that is the equivalent of the power
consumed by the suction pumps. This term, for the sake of convenience, is treated in the
sizing exercise and subsequent performance calculations as an added fuel flow to the
propulsion system. The advantage of this arrangement is that it permits sizing of the pro-
pulsion engines according to the actual airplane drag and the sizing of the suction urits
according to the pumping power requirerments.

The drag estimates, in essence, were made on the basis of standard Boeing procedures used
in preliminary design. But, since these procedures have been deveisped mainly for turbulent
airplanes, the present application required certain deviations in order to account for the
effects of partial laminarization of the wing and horizontal tail. Thus, estimates of the
profile drag of the wing ar:d horizontal tail were made on the basis of actual boundary

laver caleulations (such as discussed in connection with Figures 5.1-14 and 5.1-50 in Sections
5.1.2 and 5.1.6) instead of the standard approach which is based on the turbulent flat plate
skin friction coefficient and appropriate form factors. The boundary layer calculations were
carried out fer the representative normal section oy the wing with appropriate suction
applied and thus, could be expected to give a better representation of the drag characteris-
ties than the simplified approach using form drag factors.

The basic component profile drag breakdown, calculated for subcritical flow at design Cy,
is shown in Figure 5.1-53. Laminarization of the wing to the selected limits (upper surface
80% c. Jower surface 70% ¢) results in a 71% reduction of the wing profile drag. Similarly,
the profile drag of the horizontal tail is reduced by 71.5%. In terms of the total profile
drag, counting all components, the drag reduction is 33.9%.
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The component drag levels quoted include the basic viscous drag, a proportionate allowance
for surface roughness and excrescences as well as interference drag. In the case of the side
nacelle installation, for example, 67% of the quoted CDPN ACT 0.0015 is due to the nacelles
alone, while 13% is allotted for the struts and 20% for interference. In the case of the suction
unit installation only 25% of the quoted drag increment is due to skin friction, the rest is
attributed to interference.

Furthermore, it is anticipated that the inferference drag due to the nacelle installation and

the suction unit installation would increase somewhat with Mach number even though a
careful tailoring of both areas is made. For this reason a modest amount of compressibility
drag rise due to interference was allotted. This is reflected on the combined body/empennage/
nacelle drag estimate shown in the upper part of Figure 5.1-54.

The lower part of Figure 5.1-54 shows the estimated drag rise characteristics of the wing at
the design lift coefficient (Cy, = 0.50). The upper curve represents the case of fully furbulent
flow whereas the lower one reflects a hypothetical situation that would occur if the wing
could be laminarized to the intended limits throughout the entire Mach number range. This,
of course, would hardly be possible with the type of airfoil section selected for this wing
because of the pronounced pressure peak near the leading edge at lower than the design
Mach number. Thus, fully effective LFC can be expected only within a rather narrow Mach
number range, which, according to the present estimates, falls between M = 0.78 to M = 0.81.
A transitional curve from the fully turbulent case to the fully effective LFC segment has
been drawn intuitively to illustrate the expected variation of wing profile drag as a function
of Mach number.

The estimated drag polar for the complete airplane at the nominal cruise Mach number of
M =0.80, is shown in Figure 5.1-55. The polar is constructed in a manner similar to that
of the wing drag rise curve, shown in the previous figure. This indicates the expected Cp
range for fully effective LFC (marked by a solid line, which extends from Cy = 0.45 to
Cy. =0.55), and intuitively drawn transitional curves that blend into the fully turbulent
polarat Cy = 0.35 and Cp = 0.60. The drag reduction, achieved by fully effective LFC,
at Cp_ = 0.5 amounts to about 23% of the total turbulent drag.

Figure 5.1-56 illustrates the impact of LFC on the cruise efficiency expressed in terms of
(M L/D)yax vs. Mach number. The improvement in (M L/D)p,ax is 27.5%.

[t will be noted that the range of liii coefficient and Mach number for which LFC is fully
effective is well within the principal operating envelope given in the design requirements
of Section 4.2. It should be recognized that the data of Figure 4.3-1 represent apriori esti-
mates which were intended to serve as design goals for the study rather than firm require-
ments. Nevertheless, the envelope corresponding to the above quoted values for list
coefficient and Mach number are considered to be quite satisfactory for cruise operation.

Finally, the estimated lift and drag divergence boundaries are presented in Figure 5.1-57
together with the corresponding 1.3g buffet margin, the C s for L/Dp,4x, and lines of
constant W/S&. It can be seen that the nominal design point (M = 0.8 and C1 = 0.5) is
well within the drag divergence boundary and the 1.3g buffrt margin.
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5.1.7.3 Low Speed Drag Estimates

The estimates of low speed drag characteristics were made using the standard Boeing
computer program called LOWLAM, As described in paragraph 5.1.2.3, the high-ift
system selected for this airplane consists of a single-slotted trailing edge flap (built in

three segments) having a chord ratio of cF/c = (.20 and an extension ratio of

xF/c =0.08, combined with a droopable inboard aileron. Leading edge devices are not used
in order to avoid surface discontinuities that would prevent LFC.

Figure 5.1-58 presents the estimated 1ift curves for various flap configurations with and
without ground effect. In the clean configuration, the maximum lift coefficient is 1.48
without ground effect and 1.36 with ground effect, respectively. At maximum flap
deflection (8§ = 40°) CLay is 2.04 in free flight and 1,80 with ground effect.

The estimated low speed L/D envelopes are shown in Figures 5.1-59 and 5.1-60 for the
takeoff and landing configurations, respectively. The data presented correspond to trimmed
flight with C.G. position at 0.10 MAC, based on a one-g stail limit which was selected in
anticipation of the generally unfavorable pitch-up characteristics of swept wing configura-
tions with deflected flaps which do not have leading edge devices or other stall control
devices (e.g., fences, vortilons, etc.).
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5.1.7.4 Preliminary Test of a Wing-Root-Mounted Suction Engine Installation

As it was pointed out in the preceding paragraphs, the potential interference drag caused
by a wing-root-mounted suction engine installation has been a concern for the configura-
tion integration. In order to size up the magnitude of this problem and get a better
understanding of the principal flow phenomena involved, a preliminary test was conducted
in the Boeing Transonic Wind Tunnel, using a current developmental model. The wing-root-
mounted suction engine nacelles installed on this model were representative of the design
worked out initially for the baseline LFC airplane, as it was configured in the middle of
1977. The contours of the nacelle were developed merely to accommeodate the suction
engine and pump wiithout any specific effort for aerodynamic tailoring. A photograph of
the model, showing the wing root region with the suction engine nacelle installed, is
presented in Fipure 5.1-61.

The test data included six-component force balance measurements throughout the Mach
number and Cj_ ranges of interest, as well as flow visualization photographs at a representa-
tive test condition. Figure 5.1-62 illustrates the flow pattern observed around the suction
engine nacelle. It is apparent that the disturbed area extends beyond the normal turbulent
wedge that forms at ti:. wing/body intersection. Also, there is evidence of flow separation
on the fuselage and at the closure of the nacelle which, apparently, was too abrupt.
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Figure 5.1-57, Estimated Lift and Drag Divergence Bouncdaries

The force balance measurements showed a quite significant drag increment due to the
suction engine nacelle installation, Figure 5.1-63 illustrates the results. The drag increment,
ACpgyy» varies, with both the Mach number and lift coefficient, which is understandable
since the flow conditions in the wing root become more critical with increasing M and Cy..
At the nominal cruise condition of this particular wing (i.e., at M = 0.80 and Cy = 0.4) the
drag increment due to the suction engine nacelle installation was ACDSU =0.0010. The
corresponding loss in the drag divergence Mach number is approximately AMp = -0.008,

as shown by the lower part of Figure 5.1-63 (M) being defined as the Mach number at
which the drag due to compressibility effects reaches the value of ACpyp = 0.0020).

The lift and pitching moment characteristics of the configuration were also affected by
the suction engine installation, but to a lesser extent than the drag.

Based on these results, it was concluded that a wing-root-mounted suction engine

nacelle installation would require a careful aerodynamic tailoring to reduce the adverse
interference effects to an acceptable level. It is felt that this task could be best accomplished
by a series of wind tunne] {ests.
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5.1.7.5 Wing-Mounted Engine Placement Study

In view of the inherent advantages of wing-mounted engines in terms of weight and balance,
a study was conducted to assess the feasibility of locating main propulsion engines on the
wings of an LFC aircraft as depicted in Figure 5.1-64,

An analytical procedure was developed for predicting the influence of an external acoustical
disturbance on the stability of a laminar boundary layer with LFC, For the analysis, an
engine noise data base was used which was derived from flight tests with a 1977 technology
high bypass turbofan on a 747 airplane. The near-field engine noise measured on the wing
lower surface was scaled to be representative of the noise forecast for a 1985-1990 tech-
nology engine.

It was concluded in the study that the near-field noise generated by a current technology
engine would cause flow transition in the region of the engine. However, addition of a
substantial amount of acoustical treatment to the engine would probably permit location
of an engine on the wing. An analysis for a 1985-1990 technology engine, forecast to have
lower engine noise generation and using improved acoustical treatment, showed 1:3t a
wing engine installation would probably result in a minimal loss of laminar flow area.

Acoustically treated nacelles

Typical suction surface

Figure 5.1-64, Engine Placement Study
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A summary of the analytical resulis is given in Figure 5,1-65 which shows the areas of the
wing affected by noise for both conservative (0.01) and optimistic (0.05) values of the
transition criteria, {AufU)Tr. While the above results are encouraging, more extensive
analysis based on better theory and definitive experimental results would be required to
prove the feasibility of locating engines in the near proximity to laminar flow surfaces.

In addition, the aerodynamic interference due to engine placement on wings would need
careful evaluation to support a configuration choice with strut-mounted engines on wings.

5.1.8 AERODYNAMIC TEST PROGRAMS

The Aerodynamic Test Program accomplished during the contract was oriented to provide
insight into some of the phenomena of controlled laminar boundary layers and to support
the critical design decisions relative to basic aerodynamic design concepts considered in

the Concepts Evaluation task. Thus major attention was focused on the validation of the
basic aerodynamics of the suction surface design and the investigation of various types of
disturbances including noise, as well as the sensitivity of LFC operation to off-design condi-
tions. The test program was carried out in four phases over the contract period.
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Figure 5.1-65. Engine Noise Effects on Laminarization
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5.1.8.1 Wind Tunmel Tesis of an LFC Wing Panel

From the beginning of this program, it was apparent that wind tunnel tests would be vital
to the successful development of LFC wings and the system elements which serve essentially
aerodynamic functions. Furthermore, the need to conduct these tests under realistic
conditions was also apparent, specifically including both unit Reynolds numbers and chord
Reynolds numbers, primarily because of the overriding importance and sensitivity of these
parameters in relation to boundary layer stability and the effects of disturbances. Because
of the latter, the test environment should be one of low ambient disturbance levels—
especially the stream turbulence and noise. The effects of Mach number, while significant,
are generally not large and can readily be estimated for correlation between low-speed test
results and expected flight performance. Some uncertainty currently exists as to the
importance of local Mach number effects on slot inflow stability and possible induced
downstream disturbances. Although the mechanism is not completely understood, it is not
anticipated that the above effects wiil be of major importance.

On the basis of the above considerations, The Boeing Company decided to develop an
experimental apparatus that would permit investigation of a variety of problems associated
with laminar flow control by boundary layer suction applied to large subsonic transport
aircraft, The 1.52 m by 2.44 m (5 ft by 8 ft) low-speed Boeing Research Wind Tunnel
tBRWT) was chosen for the LFC related testing, since this tunnel has reasonably low turbu-
lence and noise levels; i.e., (V'/V,) <0.0015, and SPL < 113 db), respectively. Further-
more it is relatively inexpensive and readily available for long duration testing.

The unusually long test section of this wind tunnel permitted the installation of a very
large modet, with a chord length of up to 6.1 m (20 ft.) that could attain test Reynolds
numbers of up 10 Re. =25 x 106 at the maximum dynamic pressure of q = 2.87 kPa (60
Ib f1-) at which the typical upit Reynolds number is Re;j=4.1x 106 per m (1.25 x 106

per t0). The model arrangement was chosen to represent a typical section of a swept LFC
wing considered in this study.

The overall test program consisted of the following four phases:
12y Model and test setup development.

{by  First test period—validation of the basic mode! without LFC.
(o} Second test period—validation of the model with LFC.

{d) Third test period—exploration of sensitivities to surface protuberances, off-design
pressure distributions and imposed noise.
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The forthcoming sections will provide a brief description and summary of the results
regarding each of the above four phases.

(a) Model and Test Setup Development

The LFC wing model is shown in Figure 5.1-66, »s installed in the BRWT between
floor and ceiling. The 2.44 meter (8 ft) span, 6.1 meter (20 ft) chord model dimen-
sions were chosen to represent a typical section of a 30° swept wing. The airfoil
section was designed to provide, in the presence of the tunnel walls, and at a tunnel
Mach number of M = 0.2, an upper surface pressure distribution typical of the mid-
span portion of the full-scale LFC wing at cruise conditions, (M = 0.80, and Cy = 0.5).
The leading edge was shaped to provide a value of Reg, | approaching 100 which is
marginal for “spanwise contamination” based on X-21 criteria.

Figure 5.1-67 shows the layout of the complete test apparatus. The installation
included fairings on the tunnel floor and ceiling to prevent significant spanwise

Figure 5.1-66. Front View of Model Installed in the Boeing Research Wind Tunnel
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Figure 8, 1-67. LFC Test Installation in Boeing Research Wind Tunne!

pressure gradients on the model. A three-segment trailing edge flap was also used to
provide flexibility in pressure disiribution adjustments. The model installation permits
the changing of incidence angle 1s well as lateral position by manual adjustments.

For the initial series of tests planned under the Phase I contract, only the first 30%

of the upper surface and the first 15% of the lower surface had provisions for LFC.
These areas were considered the most critical because of the leading edge crossflow
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instability; thus top priority was given to study this region first. The suction area,
however, could vitimately be extended back to the flap hinge line (80% chord).

The suction surface of the model is divided into four regions, as indicated in

Figure 5.1-67; each of these is served by a separate plenum chamber, and a separate
flow metering valve and flow measuring device. The distribution of the suction
flow between individual slots is controlled by slide-valves running the length nf
each slot. Pumping power is provided by an ejector driven by high pressure air.

Design of the model was begun in late 1976 and continued through February 1977,
Fabrication of the model ..!so started in late 1976 and an interim configuration, with
an alternate forward section that did not have suction slots, was completed by

May 1977. This configuration was used for the initial validation test. The suction
module was completed in mid-June 1977 and the first test of the complete ] FC model
took place immediately thereafter.

Considerable development work was needed to master the techniques of how to keep
surface waviness within acceptable limits and how to cut clean and uniform slots.

A precisicn traversing saw was built to accomplish the latter task satisfactorily. A
photograph showing the slot-cutting operation is presented in Figure 5.1-68.

Speed
controller

Figure 5.1-68. Slot-Cutting Operation on the LFC Wing Model
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(b)

First Test Period

- Validation of the test apparatus has been accomplished in two steps, First, the model

Pressure coefficient, CD

Boundary layer thickness, 6, mm {in)

was tested with an alternate forward section which had no suction slots but incorporated
an ample number of surface static pressure taps. The main objectives were:

1) to verify that the desired pressure distributions could be achieved by appropriate
settings of the model incidence and flap deflection, and 2} to defermine the extent

of natural laminar flow and general boundary layer development on the test surfaces.
This test, BRWT 103, took place in May 1977 and is reported in Reference 17.

The results showed that the target pressure distzibution on the model upper surface
could be achieved and, using various combinations of incidence and flap settings, a
wide range of pressure distributions could be produced in order to simulate off-

design operating condifions. MNatural transition occurred approximately at 2% chord
on the upper surface at maximum speed and the turbulent boundary layer develop-
ment was consistent with theoretical estimates. (See Figure 5.1-69) Flow disturbances
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Figure 5,1-68. Flow Characteristics ar Test Condition
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Figure 5.1-70. Transition Pattern on the Leading Edge Without Suction

(i.e., vortex shedding) at the mocdel/wall intersections were found to be minimal.
However, the flow distortion that tends to produce non-uniform loading along the

span, (characteristic to swept wing sections enclosed between tunnel walls), could not
be completely eliminated with the simple, two-dimensional wall fairings and incremental
deflection of the trailing edge flaps. It was apparent that this problem could be
corrected by some revision of the wall fairings, but due to time limitations, imple-
mentation of this was deferred until the next test period.

A detailed investigation of the leading edge flow pattern by means of several flow
visualization techniques clearly indicated the nature of the transition phenomena on
the leading edge. Figure 5.1-70 is a photograph of the wing leading edge on which

the flow pattern is made visible by painting the surface with a lampblack and kerosene
mixture. After long exposure to the flow the coating is thinly distributed downstream
revealing the random wedge distribution pattern which tends to remain stable with
time. Although it is apparent that disturbances originate at the apex of each wedge,
later inspection generally showed no discernible surface impertections or accumula-
tion of particles at these locations. The progressive appearance of wedges as the flow
velocity is increased indicates the sensitivity to unit Reynolds number and the onset
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(c)

of unstable boundary layer flow conditions in the region of intense crossflow. Boundary
layer measurements in the areas of wedge accurnulations indicated early transition tc
turbulent flow, whereas in wedge-free areas the flow remained laminar. Based upon

the infrequent appearance of disturbances forward of sfc = 0.01, it was concluded that
the model would not be susceptible fo premature transition due to attachment line

flow instability, and hence there would be no need for additional chordwise suction
slots in the immediate vicinity of the leading edge as contemplated earlier. Conse-
quently, the location of the first slot was selected to be sfc = 0.013.

Second Test Period

Having completed the initial validation experiments, testing of the suction model
followed. This second test, BRWT 106, was conducted between June 20 and July 15,
1977. A complete description of the test apparatus and data analysis can be found in
Reference 17,

The main objective was to demonstrate that the suction system would function
properly and was capable of maintaining laminar flow reliably over the controlled
areas. Specific objectives were: (1) to establish the suction distribution for maximum
efficiency, (2) check the sensitivity to oversuction and (3) to observe the effects of
shutting-off certain slots. A further goal was to evaluate several experimental tech-
niques for detecting transition and monitoring LFC system effectiveness.

The test variables included different airspeeds between Vo, = 40 m/s (130 ft/sec) and
V.. =70 m/s (230 ft/sec) and variations in suction airflow quantity and distribution.
'I'he unit Reynolds numher at maximum speed was approximately Rej =4.1 x 106
per meter (1.25 x 106 per foot) which gave a representative chord Reynolds number
of Rep =25 x 106, The angle of attack and flap deflections were held constant
throughout the test. '

The principal result of the test was that laminar flow over the controlled areas of the
model was consistently achieved with a suction flow rate and distribution reasonably
close to the pre-test estimates. Figure 5.1-71 illustrates the extent of laminarized area
on the model and the measured boundary layer velocity profiles at the 30% ciiuid
location just downstream of the last suction slot, Without suction, the characteristic
turbulent boundary layer profile was recorded, as would be expected, with a velocity
defect thickness of , § = 22.8 mm {0.90 in} which agreed well with th, theoretical
prediction. With appropriate suction applied, the flow remained laminar along the
test surface which was apparent from the reduced velocity defect thickness (§ = 2.8 mm)
and the profile shape. It should be noted, however, that the profile shape was some-
what fuller than the characteristic Blasius profile, because of the suction and the
thickness of the boundary layer with LFC is about 80% of the corresponding natural
laminar boundary thickness.

The typical suction flow characteristics are illustrated in Figure 5.1-72, which shows

the external pressure distribution over the airfoil upper surface and suction pressure
differentials across the individual slots as well as the internal plenum chamber
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Figure 5.1-71. Extent of Laminarized Area and Typical Boundary Layer Profiles
With and Without LFC

pressure levels. This case corresponds to an efficient suction level and distribution
required to maintain laminar flow to 30% chord. The corresponding slot Reynolds
numbers are shown on the lower plot indicating general adherence to the criteria,
Reg = 100. No difficulty was experienced with operation of the first slot beyond
Reg = 150 and, indeed, operation at suction levels 50% higher than normal, raising
the average value of the slot Reynolds number to about Reg = 160 and the initial
value to Reg = 230, exhibited no critical characteristics.

Figure 5.1-73 shows the variation of the two principal drag components, the ‘‘wake
drag” and “equivalent suction drag”, plus their sum, the total drag as a function of
suction flow coefficient. Excessive suction, at least up to the tested limit, did not

have any adverse effect except some increase in the level of equivalent suction drag.

One of the objectives of this test was the validation of suction estimation methods,
hence, a comparison betweern the experimental results and theoretical estimates +s of
particular interest. Figure 5.1-74 shows such a comparison for a typical test case.

[t must be noted that the estimates of suction requirements and consequently, the
slot arrangement specifications for the model, were made during the early phase of
the program when only a simplified approximate method, based mainly on empirical
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criteria from previous tesis, was available. The estimated suction flow distribution
exhibited a sharp peak just downstream of the leading edge, reaching to a maximum
value of cq = 98x 10'4, and a flat region between sfc = 0.07 to 0.30 with cq = 1.6 x 1074,
The slot spacing was chosen so that the slot Reynolds number would be approximately
75 throughout the entire suction surface and the slot widths would be equal to or
slightly higher than the so-called “sucked height” of the boundary layer, Later studies,
using the most recent computer techniques such as TEM 139 and MACK (see

Section 5.1.2) however, indicated that there was no need for such strong suction

near the leading edge, and the first slot, in fact couid be as far back as s/c = 6 to 8%.
The suction requirements over the main portion of the test surface, however, were

in agreement with the initial estimates. By the time these new estimates become
available, the model construction was well advanced and no revisions could be made
except eliminating the first slot originally planined at sfc = 0.75% and the chordwise
slots at the very leading edge. This, in fact, turned out to be quite fortunate since

the test results indicated that suction within the region s/c = 1.25% to sf/c = 8% was
definitely required for laminarization of the test surface. Although this apparent
contradiction with the theory needs to be further investigated, at this time one can
conclude only that the earlier empirical estimates came closer o reality than the

more sophisticated theoretical methods. To some extent this is explainable by the

fact that the stability theory does not take into consideration such effects as the wind

Boundary layer survey
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Figure 5,1-74. Estimated and Actual Suction Requirements

tunnel turbulence and noise or surface imperfections as well as a possible initial dis-
turbance due to the attachment line flow whereas the empirical estimates can con-
ceivably account for these.

It is apparent from Figure 5.1-74 that the peak in the experimental suction distribu-
tion is somewhat lower than the estimated value; nevertheless the experimental ¢

level between x/jc = 7% to 30% is definitely higher than estimated. Thus the cumulative
value of the suction coefficient at the x/c = 30% chord location is about 26% greater
than the estimate. A discrepancy of such magnitude, however, is not surprising,
considering the approximate nature of the estimation method, the somewhat more
pronounced pressure peak and subsequent adverse pressure gradient on the mode!

than used in the estimates, and the undefined effects of the wind tunnel environ-

ment, such as turbulence, noise, etc.

Although an ultimate objective is to compare the suction requirements with theory,
considerable analytical development will be required before valid comparisons can be
made. This is because the presence of noise and turbulence in the wind tunnel, for
example, introduces disturbances in the laminar boundary layer which can only be
roughly accounted for. The best to be expected for the immediate future is to compare
calculated disturbance amaplification ratios corresponding fo observed positions of
transition in these wind tunnel tests for a variety of test conditions. These comparisons
can also be assessed in relation fo data from other sources. If a history of correspondence
_in amplification ratio can be shown to exist, a certain confidence in the validity of
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this criteria may be established for known types and levels of the disturbance environ-
ment. Regardless, an assessment of the test results and the general experience to date
leads to the conclusion that the objectives outlined above have been achieved,

The basic conclusion of this test period was that the experimental apparatus, including
the model and the suction flow control system, as well as the tunnel flow environment
were basically suitable for LFC investigations planned during later phases of the program.

Third Test Period

The third series of tests, BRWT 117 and 118, were conducted between May 5 and
June 17, 1978. The principal objectives of the test were to explore the sensitivity

of suction controlled laminar flow to surface imperfections, contamination, off-design
pressure distributions (increased crossflow) and imposed noise. The information
obtained from the test results was intended to aid the development of design criteria
for LFC airplanes regarding manufacturing tolerances and operational limitations.

This test series included the following four tasks:

1. Installation, checkout and acquisition of baseline data.
2. Testing the sensitivity of LFC to surface imperfections.
3. Testing the sensitivity of LFC to off-design flow conditions.
4

Surveying the acoustic environment of the mode! and testing the sensitivity
of LFC to imposed noise.

In addition, a turbulence survey was also carried out in the BRWT test section with
the LFC model installed as a part of the company-funded wind tunnel calibration
and development program.

The model and associated test apparatus were essentially the same as during the
previous test (Ref. 17}, The instrumentation system included static pressure taps on
the model surface, inside the slot collector grooves and in the plenum chambers, as
well as boundary fayer sensors such as hot film turbulence probes, elevated pitot-
probes and one traversing boundary layer probe, all located along the 30% chord line
just downstream of the last slot.

The surface imperfections were simulated by strips of self-adhesive tape running along
the span parallel with the slots or spanwise rows of discs punched out from self-
adhesive tape. The height, width (or diameter) and location of the disturbances as
well as the intensity of suction and the funnel speed were varied in order to determine

the critical limits beyond which laminarization of the test surface was no longer
possible, Off-design pressure distributions were simulated by changing the mode]
incidence angle and flap deflection. Since the incidence change required the removal,
adjustment and reinstallation of parts of the wall fairings, thus being quite laborious,
only one change was made. However, changing the flap deflection angle was simple
and convenient, permitting the testing of several configuratjons,
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The basegline configuration, with an incidence of a = 0.5° and incremental flap deflection
of 8§ = —4°/-1°/+2° (top/center/bottom) closely reproduced the nominal test condition
of the previous entry (BRWT i06). Laminar flow over the controlled area of the model
was again achieved without much difficulty. Some fine tuning of the slot-flow control
valves was made, however, resulting in a smoother suction distribution than was

achieved during the previous test.

The state of the boundary layer at the downstream edge of the suction surface

(x/c = 30%) was monitored by two hot-film turbulence sensors and eight elevated
pitot-static probes covering about 80% of the span. The primary means of {ransition
detection were the hot film sensors whose indications were displayed on two oscillo-
scopes. The elevated pitot probes were mainly used for indication of the spanwise
extent of laminar flow. Indications of these probes were displayed on a manometer
board, The threshold suction level for laminarization of the test surface was, in general,
established by the following procedure: first, the tunnel speed was stabilized with
suction off; then the suction manifold pressure, AP); was gradually increased {o the
point where the hot film sensors begin to indicate intermittent bursts of turbulence
instead of the characteristic random fluctuations associated with turbulent flow. A
slight additional increase in the suction manifold pressure then usually eliminated the
intermittent bursts and led to steady laminar flow. The suction level at which
turbulent bursts occurred only sporadically (at about 2 to 4 s=cond intervals) was taken
as the threshold value, AP¥ . By repeating the above procedure at several tunnel
speeds a relationship between AP¥, and q was established which served as a baseline
suction level for the subsequent phases of the test, namely, the evaluation of sensi-
tivity to surface protuberances, off-design pressure distributions and imposed noise.
The pressure in the manifold (referenced to the free stream static pressure) was a
simple and very repeatable indicator of the suction flow rate, which could be read
directly from a digital ~oltmeter and could be used very conveniently for establishing
repeat conditions. [t should be noted that, while the threshold value of suction
manifold pressure required for laminarization increased with the tunnel dynamic
pressure, the corresponding suction flow coefficient, Cq did not vary with q.

In connection with task (2}, a total of 26 different surface protuberance configura-
tions were evaluated including 15 cases with two-dimensional ridge type protuberances
and 11 cases with sparsely spaced three-dimensional *disc™ type protuberances. The
size (height, diameter or width) of the protuberances and their location on the test
surface were selected to permut the exploration of critical limits through a relatively
small number of configuration variations that could be tested during the limited time
available.

The geometric details of the various surface protuberance configurations tested are
shown in Figures 5.1-75 and 5.1-76. Normally, the protuberances were placed midway
between two neighboring slots, except for configurations #9, #17, #18 and #19, in
which cases a ridge type disturbance was located either immediately upstream or
downstream of a given slot. Also, configurations #20 and #26 are a similar departure
where either ridge or disc type protuberances were placed right on the leading edge.
The purpose of the latter arrangements was to simulate the effects of surface dis-
continuities due to embedded leading edge cleaning devices. ‘
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Spanwise row of disks

Protuberance

Ay =152 mm (G in)

Boundary layer
sensors at x/c = 30%

Config k d d/k sfe 6 k/8 Aerit
mm  {in) mm  {in} mm (*} kPa (Ib/ft2)

10 0.254 (0.01} 10 (004 40 | 021 | 0233| 1.00 { = 143(30)
11 0.127 {0.005) 10  (0.04) 80 | 021 | 0233 | 054 | > 2.63 (55}
12 0.190 {0.0075) 10 (0.04) 53 [ 021 | 0.233 | 082 | =~ 2.63 (55)
13 0.152 {0.006) 1.0  {0.04} 66 | 0.14 | 0.197 | 0.77 | = 2.39 (50)
14 0.127 (0.005} 254  (0.10) 20 0.065 | 0.127 { 100 | < 0.96 (20}
15 0.127 (0.005) 152 {0.086) 12 0065 | 0.127 | 1.00 | = 0.96 (20)
22 0.05 {0.002) 254  (0.10} 50 0,065 | 0.127 | 0.40 | = 1.20 (25)
23 0.10 {0.004) 254 {0.10) 25 0.065 | 0.127 | 0.80 | = 0.96 (20)
24 0.05 (0.002) 254  (0.10} 50 0016 | 0.047 { 108 | ~ 1.43(30)
25 0.05 {0.002) 254 (0,10} 50 0029} 0724 | 6,70 | = 191 (40}
26 0.10 (0.004) 254 {0.10) 25 0 NA | NA | > 263 (55)

{*} Caleulated, using experimental cp and Cq distributions

Figure 5.7-75. Three-Dimensional Surface Protuberance Configurations Tested
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Spanwise ridge
Protuberance

Boundary layer
sensors at x/c = 30%

Config k w wik sfe i k/8 Qorit
mm  (in) mm  {in) mm {*) kPa {Ib/ft2)
1 0.127 (0.005) | 0.762° (0.03) 6 {0250 | 0.245| 052 | > 2.63 (55)
2 0.127 (0.005) | 0.762 (0.03} 6 [0.147 | 0.2021 0.63 | > 2.63 (55)
3 0.127 (0.005) | 0.762 {0.03) 6 |0065 | 0.127 | 1.00 | =~ 263 (55)
4 0.127 (0.005) | 0.762 (0.03) 6 {0028 | 0071 | 1.78 | =~ 2.63 (55}
5 0.127 (0.005) | 0.762 (0.03) 6 |0.016 [ 0.047 | 270 | = 2.39 (50}
6 0.254 (0.010) | 0.762 (0.03) 3 |0.016 | 0,047 | 540 | < 0.96 (20)
7 0.254 {0.010) { 0,762 (0.03} 3 |o0.100 | 0.164 | 185 | ~ 1.91 (40)
8 0.254 {0.010} | 0.762 (0.03) 3 |0256 | 0245 | 1.02 | ~ 1.67 (35}
9 0.127 (0.005) | 0.762 (0.03) 6 |0.0125| 0.038 | 3.29 | =~ 1.18 (25)
16 0.127 (0.008) | 3,05 (0.12) | 24 |0.016 | 0.047 | 2.70 | = 2.39 (50)
17 0.127 (0.005) | 3.06 {0.12) | 24 0020 | 0056 | 2.27 | = 1.67(35)
18 0,127 (0.008) | 3.05 (0.12) | 24 0021 [ 0.057 | 2.22 | = 1.87 (35)
19 0.127(0008) | 305 (0.12) | 24 |00125(0.038 | 3.16 | = 1.18 (25)
20 0.127{0.005) | 3.05 {0.12) | 24 0 NA NA | > 2.63 (65)
21 0.127(0.005) | 305 (0.12} | 24 |0.0075]|0.025 | 6.0 22 0,96 {20}

(") Calculated, using experimental ¢p and Sy distributions

Figure 5.1-76. Two-Dimensional Surface Protuberance Configurations Tested
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Figures 5.1-75 and 5.1-76 also include a brief statement of the principal results

pertinent to each configuration, quoting the dynamic pressure at which the given
protuberance became critical or indicating that critical conditions were not encountered;
i.e., the flow remained either turbulent or laminar throughout the available g range,

The test procedure for evaluating the effects of surface proiuberances was the
following: After a given protuberance configuration was installed on the model

(with the boundary layer monitoring instrumentation permanently emplaced at the
downstream edge of the suction surface), first an intermediate speed level, usually

q = 1.67 kPa (36 b/ft2) was established; then the suction was turned on and its intensity
was increased to the threshold level, AP |, required for laminarization in the clean
configuration. At this point, the boundary layer monitoring instrumentation was
checked to see whether or not the flow was laminar at the measuring station; if not,
an attempt was made to achieve laminar flow by increased suction. If laminar flow
was achieved during the initial sounding test run, the routine was repeated at pro-
gressively higher speeds until either critical conditions were encountered or the tunnel
speed capability, q = 2.63 kPa (55 Ib/ft2) was reached. The criterion for critical
conditions was the occurrence of intermittent turbulent bursts at less than about 2
seconds intervals. If laminar flow could not be achieved at the initial speed level,

the tunnel velocity was reduced gradually as far down as q = 0.95 kPa (20 1b/ft2) to
see if laminarization would be possible at lower Reynoids numbers, The test routine
also included raising the suction infensity well above the threshold value required for
faminarization to see if oversuction would have any adverse effect.

The basic ovservations regarding the effects of surface protuberances can be
summarized as follows:

1. The two-dimensional (ridge type) protuberances were, in general, more tolerable
than the three-dimensional (disc type) protuberances, as could be expected on
the basis of previous results. The tolerable protuberance height, of course, was
strongly dependent on the chordwise location, and the tunnel velocity. For
two-dimensional disturbances, the critical height varied between 0.127 mm and
0.254 mm (0.005 in and 0.010 in) and for three-dimensional disturbances
kcrit varied between 0.05 mim and 0.20 mm (0.0002 in and 0.008 in). These
tolerance limits wilf be expressed later in non-dimensional terms.

2,  Increasing suction intensity (CQ} was not effective in making the mode! more
tolerant to surface protuberances. In other words, the model could tolerate a
given size of protuberance at the suction rate established for the clean condition
but once the critical limit was reached, added suction could not extend the
tolerance limit. This observation is consistent with previous data regarding three-
dimensional protuberances but not so in the case of two-dimensional disturbances.
The tests described in Reference 6, for example, showed that the admissible
surface waviness could be significantly increased by suction. The above tests,
however, were conducted on an unswept wing which precludes a direct com-
parison with present results. It is, in fact, quite conceivable that the effects of
two-dimensional protuberances in a three-dimensional (swept wing) boundary
layer are different than in a pure \wo-dimensional flow.
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Figure 8.1-77. Effects of Roughness on Sensitivity to Oversuction

With protuberances approaching the critical height, the laminar flow on the
mode] became increasingly more sensitive to oversuction. Thus, in the case of
the smooth model and also with protuberances that were well below the critical
limits, the threshold suction flow rate could be significantly exceeded (at least
50%) without any adverse effects. However, when the protuberances were near
the critical height laminar flow could be maintained only within a narrow range
of C and oversuction would cause turbulent flow. Figure 5.1-77 illustrates

this showing the typical indication of the hot-film turbulence sensor as a function
of suction manifold pressure, as recorded by an X-Y plotter.

The location of a protuberance relative to the neighboring slots was also found
to be quite important. For example, a given ridge (#16) was tolerable up to

q = 2.39 kPa (50 1b/ft2) when placed at s/c = 0.016, midway between the first
and second slots, but the same size of ridges (#17, #18 and #19) could be
tolerated only up toq = 1.67 kPa (35 lb/ftz) when placed nearby, either ahead
of or aft of the slot. At the adjacent forward slot location, only a q of 1.18kPa
(25 lb/ftz) could be tolerated when the ridge was located nearby. It must be
noted, however, that the suction distribution was not altered during these test
runs, and it seems quite possible that increased suction just downstreain of a
disturbance might have been effective in maintaining laminar flow.
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5. The flow at the very leading edge was quite tolerant io surface protuberances.
Neither a ridge of k = 0.127 mm (0.005 in) height nor a row of disks of
k = (.10 mm (0.004 in) height caused premature transition, This is regarded as
a very encouraging result indicating that small protuberances due to the presence
of certain types of leading edge cleaning devices might be tolerable on an LFC wing.

For generalization of the test results, the limits of permissible surface protuberances were
expressed in terms of the so-called *“roughness Reynolds number,” Rey, The customary
definition of this term is:

where k is the height of the protuberance and uy is the local velocity within the boundary
layer at a height of z =k. For convenient numerical evaluation, the above relation is put
in the following form:

Rey = Rey+/ I—Cp uk/Ue k

where Rey is the unit Reynolds number, Cj is the local pressure coefficient and uy /Ug is
the velocity ratio in the boundary layeratz=k.

Appropriate values of uy /U, were determined from theoretical calculations of the
boundary layer profiles based on the experimental pressure distribution (Cp vs sfc) and
suction inflow distribution (Cq vs s/c) required for laminarization.

Figure 5.1-78 presents a summary of the test results obtained with three-dimensional disc
type protuberances. The format of the plot of Rey vs d/k is the same as used in Reference 8
in order to make a direct comparison between the present results and the previous data.

For any given disc configuration, characterized by the shape parameter, d/k, the range of
test data, due to the variation of g, is represented by a bar. The g range within which
laminarization of the test surface was not possible is indicated by blackening of the bar,
whereas the open portion corresponds to laminar flow. Thus, the changeover between the
blackened and open portions of the bar represents the critical condition and marks the
corresponding value of the critical roughness Reynolds number, Rekcri t

The data band of previous test results on Rekcrit’ as compiled in Reference 8, is indicated

by the two shaded boundaries. It is evident that some of the present results corresponding
to lower d/k values of d/k, tend to indicate lower Rekcrit limits, Interpretation of these

resulis in a somewhat subtle probiem. One could simply conclude that the new data tend
1o indicate a steeper decline for the lower boundary of the Rey band with increasing d/k
than the previons data. However, it is probably significant that the data points correspond-
ing to lower d/k values, were taken at locations further away from the leading edge where
crossflow effects were minimal, whereas the data points associated with higher d/k values
were taken within the forward region of the model where crossflow effects were

important. Accordingly, the present results can be interpreted as consistent with the
previous data under conditions when the crossflow is weak, but as indicating a lower
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Figure 5.1-78. Comparison of Present Reslults on Critical Roughness Reynolds Number
With Previous Data—Three-Dimensional Protuberances

Rekcri ' boundary for the high crossflow region. It is unfortunate that there is not sufficient

overlap between the two sets of data, i.e., discs of high d/k in the low crossflow region and
discs of low d/k in the high crossflow region, which would permit a more definite interpre-
tation of the results.

At any rate, it is quite conceivable that the critical roughness Reynolds number is not a
simple function of the shape parameter (d/k) alone, but that it is also dependent on the
location of the disturbance, and thus, the characteristics of the surrounding boundary layer,
including its stability. This question deserves further investigation. '

Figure 5.1-79 presents a summary of the test results obtained with two-dimensional ridge
type protuberances. The format of the presentation is similar to that of Figure 5.1-78 to

provide consistency. Reg are plotted here in terms of k/@, the ratio of the ridge height to
the local momentum thickness.
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Figure 5.1-79, Summary af Present Results on Critical Roughness Reynolds Number for
Two-Dimensional Protuberances

At first glance it appears that the critical values of Reyk tend to cluster around Reg crit =400
regardless of k/0. However, considering the test data for configurations #3 and #8, in which
cases the k/@ ratio was the same, but Reg ;; was markedly different, one could again pos-
tulate the existence of two Rey . ., boundaries, one representing the data that correspond to
the low crossilow regions and one that corresponds to the high crossflow regions. In the
latter case, the Rek ;¢ limits are apparently somewhat lower than in the case of low cross-
flow. Here again, more data is necessary to establish definite trends and so this interpreta-
tion must be considered as somewhat speculative.

The concluding portion of the test was devoted to exploring the effects of off-design flow
conditions. The intent was to simulate a low Cy, flight condition with extended region of
nesative pressure gradient (accelerating flow) which also produces increased crossflow over
the forward region of the wing. The model incidence angle for this test series was reduced
by 0.5%, (from & = 0.5° to @ = 0°) which, according to estimates, should have given the
desired pressure distribution. The test however, si:owed that the above change in &

was not quite adequate, but since changing the model incidence required the removal,
adjustment and reinstallation of certain portions of the wall fairings and thus was quite
time consuming, no attempt was made to test another incidence angle. Changing the flap
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angle, however, was quite simple and expedient so that several alternate flap settings were
tested in an attempt to achieve the desired pressure distribution. Figure 5.1-80 illustrates
the results showing the effects of the incidence change and flap angle variations on the
centerline pressure distribution. It is apparent that the flap angle variations did not change
the shape of the pressure distribution but only shifted the Cp level.

Laminarization of the test surface at the off-design conditions, that could be produced,
presented no problem. The suction requirements, in terms of fotal C, were actually
somewhat [ower than in the baseline condition. This is understandable, because of the
reduced pressure peak and lower Cp level.

In this series of experiments, the tuning of the suction system deliberately was not changed
in order to see the effects of variations in the external pressure distribution on the suction
flow characteristics once the sysiem has been tuned for a given design condition. The

results indicated that changing external pressure distributions did alter the suction inflow
distributions and certain portions of the model did receive more than adequate suction while
others received only a marginal amount. Figure 5.1-81 illustrates this showing the distribu-

Note:
Flap deflection angles, & [ are given for the three
segments in the following order: bottom, center, top

Effect of incidence change e = 0 deg, 8 = ~3/0/+3 deg
Baseline, @ = 0.5 deg, 6 = —4/—1/+2 deg

o =0deg, 8 = —4/—1/+2 deg
¢ = 0 deg, 6 = —6/—3/0 deg

a —10
U‘
€
2 ‘_,,..--
& 08 -
'@
: b ——
g 0.
o
Effect of flap change
~-04
-0.2

L A 1 L t 1 L I i |
10 20 30 40 50 80 70 80 90 100

Chordwise location, %/c percent

Figure 5. 1-80. Ofi-Design Fressure Distributions Tested
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tion of the suction pressure differential, ACPS’ and corresponding suction flow coefTicients,

Cq. for a typical off-design condition in comparison with the baseline condition. It can be
seen that the area between sfc = 0.03 and sfe = 0.10 received reduced suction, while ahead
and aft of that region the suction was probably more than adequate. An LFC airplane
would probably have to deal with a similar situation although some provision for suction
flow adjt stment by area would be provided.

Because of the extensive nature of the noise sensitivity tests conducted in the third test
period, that activity is reported separately in the following paragraph.

5.1.8.2 Noise Sensitivity Tests

As part of the wind tunnel stud:7 of LFC aerodypamics, the opportunity was taken to
acaunire some engineering daia on the effects of applied noise fields on the stability of a
laminar boundary layer with suction. It was also an excellent opportunity to utilize a well
developed LFC test model (described in Paragraph 5.1.8.1) to gather information on test

procedures, unknowns in the wind tunnel {est environment and measuring techniques needed
to conduct a more extensive acoustical test program at a future date.

(a) Introduction

The quantity of boundary layer suction required to maintain laminar flow is known to
be increased by high sound intensities imposed on the boundary layer (Reference 18).
Air particle fluctuating displacements caused by the impinging sound waves add {o
displacements caused by flow turbulence, and the resulting disturbance velocities
characterizing the vorticity modes undergo the well-known Tollmien-Schlichting and
crossflow amplifications. This amplification has been shown theoretically and
experimentally to occur only for the fluctuating disturbance velocity components in

a limited frequency range corresponding approximately to critical frequencies in the
vorticity modes,

The Sound Pressure Level (SPL) ouiside the boundary layer is the normal measure of
sound intensity; however, the associated velocity fluctuation is the parameter most
directly related to the breakdown of laminar flow. In the semi-reverberant environ-
ment of the wind tunnel, the ratios of sound pressures and disturbance velocities
(i.e., the acoustic impedance) vary widely due to standing wave effects. It was,
therefore, an iniportant part of the test to measure disturbance velocities in the
boundary layer as well as SPL, which was done by means of hot-wire anemomeiry
probes within the boundary layer.

{b) Objectives

The primary objective of the test was to relate the acoustic environment to the suction
requirements needed to maintain a controlled !aminar boundary Jayer. The first step

in this process is illustrated in Figure 5.1-82, which shows a typical variation of
acoustically generated disturbance particle velocity, uy inside the boundary layer
corresponding to the applied noise velocity field, upg outside the boundary layer that

can be tolerated as a function of frequency without causing transition. This is designated
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Figure 5.1-82. llustration of Disturbance Velocity anc © ‘tical Frequency at Transition Thresho'd

the transition threshold curve, for a given rate of suction. Detailed measurements are
required to determine the character of this curve and the frequency corresponding to
the lowest level of uy (or upg) that will cause transition (i.e., the critical frequency).
This information is essential to establish the sensitivity of the faminar boundary
layer to applied noise fields and to determine the effectiveness of added suction in
delaying transition.

A secondary objective was to investigate the transfer function which defines the rela-
tionship between the acoustical particle velocity, upf outside the boundary layer and
the disturbance velocity, up within the boundary layer. This function is determined

by the energy transfer between the external acoustical field and the disturbance induced
within the boundary layer.

The detailed objectives of the current investigation are given in Table 5.1-4 and
compared with those of previous studies. A summary of the tests, principal resuits
and conclusions are discussed below. Full details of the study are provided in
Reference 18.
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Table 5.1-4. Wind Tunnel Acoustical [nvestigation Objectives

Boeing investigation

Previous investigations

# Test model subjected to oblique sound field Test model subjected to chordwise and spanwise
simulating wing-mouniad engine noise grazing sound fields
@ Investigation of transition with variations . . \
in sonic intensity, s sectral content (narrow ELT'IE’,;;?“ 'izgciigtlesc:im[t?ngasi:;ﬂ S:U"r'fn‘;‘eglgs.
band and third-octive band), and suction WITH fiml cal mea g techniques;
rate detailed survey not previously made
@ [Investigation of vorticity disturbances ampli-
fication induced by applied sound field Limited tests and data available
& Obtain critical noise criteria as a function
of frequency spectrum and sound intensity Existing critical noise criteria function of sound
. . intensity only (i.e., overall SPL)
® Comparison of current LFC model with
Northrop 1860 morlel . . .
Comparison of transition criteria, fluctuating
® Development of guidelines and recommenda- disturbance velocity, soric intensity, and LFC
tions for future studies suction rate
(c) Study Approach

The following discussion ontlines the basic approach used for the expioratory acoustical
work, conducted during the second laminar flow control wind tunnel test program.

An initial exploratery investigation was conducted as described below, to establish the
range of interest for detailed studies. Sonic environments of various spectral confent
and intensity were imposed on the upper section of the model with suction over 30%
of the chord. Laminar flow transition thresholds were then determined by two
approaches: First, holding the suction flow rate and the imposed sonic spectral shape
constant, and varying the sonic intensity. Second, by holding the sonic intensity and
spectral shape constant, and varying the LFC suction flow rate. Transition was detected
at the downstream edge of the suction surface by observing the boundary layer total
pressure profiles and hot film traces on oscilloscopes. The above procedure was
repeated with sonic inputs in a range of third-octave band frequencies. Each critical
test condition was established by varying either the sonic intensity or the suction rate

until transition was detected.

A detailed sound environment survey was then made as follows: After identification
of a eritical test condition, the sonic environment was surveyed with microphones.
The wind tunnel flow speed, suction rate and sonic level were maintained constant
during the above survey. On-line plots of approximately 15 narrow band spectra and
the corresponding overall levels were required for each sonic survey.
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After completion of the sonic surveys, the response characteristics of the boundary
laver were evaluaied to provide an insight into transfer functions, disturbance ampli-
fications, and other phenomena of interest. Fluctuating disturbance velocities were
measured in the boundary layer by use of a hot-wire anemometer. Measurements were
made at a number of chordwise stations (one spanwise position only), and at three
locations within the boundary layer, where spectral distribution of the fluctuating
components was determined. The sonic environments consisted of third-octave band
spectra and were selected from the conditions already evaluated in the initial explora-
tory sonic environment surveys. Conditions included one of zero sonic input and one
of very high sonic intensity. The suction conditions were set by first establishing the
sonic environment, then increasing suction untii the hot-wire output, located at the
chordwise downstream station being investigated, ceased to reveal intermittent bursts
of turbulence. Great care was taken to repeat test conditions closely as the hot-wire
was moved to other locations.

Fieure 5.1-83 illustrates the method vsed to establish the transition threshold curve
shown in Figure 5.1-82. The variation of the critical velocity ratio was obtained
experimentally by directing a third-octave band noise field of a given center frequency
toward the surface and measuring the fluctuating velocity spectnusi, uy, generated in
the boundary layer. This was measured at a number of noise levels until the transition
threshold was reached for a particular frequency input. The critical velocity ratio was
obtained. as in licated in Figure 5,1-83 by integrating the fluctuating velocity, up over
the critical range of frequencies to obtain up and then forming the ratio with free-
siream velocity, V.. This process was repeated for a sequence of applied frequencies
so that the resulting variation of U(Criticaj)/ Voo Was obtained thus forming the tran-
sition threshold curve. As expected, this is found to be function of the suction rate

Test Program QOutline

A schematic representation of the test setup is given in Figures §5.1-84, 5.1-85 and
3.1-86. showing the model and the two noise generator locations used in the test,
Details of microphone and hot-wire locations corresponding to the listed test run
numbers, are also given in the latter two figures.

The experimental investigation was conducted in four parts as follows:

{a)  Exploratory noise survey, with acoustic field applied to the suction surface,
for varying sound intensity, frequency spectrum, LFC suction rate and tunnel
veloceity,

tb)  Survey of acoustic field over LFC surface of the model, with parametric varia-
tions shown in part {a).

8} Hot-wire fluctuating velocity survey in the boundary layer over suction
surface of model, with parametric variations shown in part (a).

(d)  Repeat of parts (b) and (c) with a change of noise generator location.

A summary of the program test log is provided in Table 5.1-5.
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Figure 5.7-64. Test Arrangement for Acoustical Test on LFC Wind Tunnel Model

(e} Critival Features of the Test Method

The equipment used had some features which are critical to the understanding of

the results. The acoustic source can be described as an air valve at the horn throat
driven by a coil which was energized and modulated by an AC amplifier. When the
noise generator was pressurized, a residual aerodynamic noise was generated by air-
flow through the valve which “homed” in an intermediate position in the absence

of the driving signal for the flow modulator. When a drive signal, such as a third-
octave band random signal was applied, a corresponding third-octave band random
signal was applied, so a corresponding third-octave band acoustic signal was added to the
residual acoustic spectrum generated by the airflow. Thus, the test included three
basic acoustic conditions as exemplified in Figure 5.1-87; namely, tunnel residual (no
contribution from the sound generater), noise generator residual (air valve background
noise superimposed on tunnel residual noise) and band-passed random noise super-
imposed on the residual levels. In the results that follow, the intensity of the band-
passed noise component will be referred to as the incremental acoustic input intensity.

(1Y Summary of Test Results

The following is a brief summary of the principal results obtained in the exploratory
study. More detailed resuits and analysis are provided in Reference 18.
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Figure 8.1-85. Sound Survey on Mode!

Shown in Figure 5,1-88, are hot-wire fluctuating velocity spectra measured in the
boundary layer resulting from applied acoustic disturbances at various frequencies,

with a constant suction rate to maintain stable laminar flow. The results show the
laminar boundary layer to be most sensitive to applied acoustic excitation in the 1.25

to 1.6 kHz frequency range. The acoustical input for condition 11.3 at a center fre-
quency of 3.15 kHz was limited due to insufficient power of the noise source above

this frequency. Therefore, the fransition threshold level at 3.15 kHz is judged to be
higher than shown in the figure. Test condition run numbers are included for
identification of data and future reference. Full details of these are given in Reference 18.

It was noted in several test resulis that selective amplification phenomena were
occurring in the boundary layer at frequencies above or below that of the applied
acoustic field, and their origin has not been identified to date. For example, in
Figure 5.1-88, a broad peak of amplification in fiuctuating velocity occurs in the 2 to
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Figure 5.1-86, Hor-Wire Survey on Model

4.5 kHz range when only the residual sound fields are applied. When the suction rate

is increased, however, these amplifications are substantially reduced or disappear, as
in Figure 5.1-89. Similar amplifications occurred in several other tests, e.g., in
Figure 5.1-92, where selective amplifications occurred in the region of 0.5 kHz as

S€en

well as those in the 2.5 to 4.5 kHz region. In summary, these unidentified amplifica-

tions occurred in several frequency regions, are sensitive to the location inside the

boundary layer and the chordwise location, and their amplitude is sensitive to the suction

rate. It is unlikely that they are critical Tollmien-Schlichting amplifications because
they are outside the expected frequency range for the tests. However, they could
represent other unstable boundary layer disturbance modes.

Figure 5.1-89 shows the same type of test described previously repeated with an

approximately 50% increase in suction rate. The results show a similar frequency sen-

sitivity trend centered on 1.6 kHz maximum. The selective amplification effect in
the 2.5 to 4 kHz frequency region in the noise generator residual spectrum of
Figure 5.1-88 is not present in this case, which is attributed to the increased suction
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Table 8.1-5. Wind Tunnel LFC Acoustical Test Pragram' Summary

Run q Microphone Hotwire
robe Tt
nurmber lofit2 | location Foca on Deseription
1 50 Wall - * Exploratory acoustic survey {Vary SPL, spectrum,
2 50 - - suction)
3 35 Wall - Laminar flow transition
4 50 Wall — Frequency sensitivity
5 35/50 A - * Sound field survey on mode! (3 arrays of 3
6 35/60 B - microphones each and reference micraphone
7 35/50 c _ on tunne! wall)
Laminar flow transition
Tunnel velocity variation
Sound pressure sensitivity of LFC
8 35/50 - c * Hotwire velocity survey (two locations)
9 36/50 - A Laminar flow transition
10 35 - A Frequency sensitivity
Relaminarization by increasing suction
11 35 — A **Hotwire velocity survey (two locations on model G }.
12 35 - A new sound source location
13 35 - D
14 35/50 - D
15 35 - E **Hotwire velocity and sound field survey on model G.
16 35 - E new sound source location
17 50 - E
18 35/80 ADE -

* Sound sourge at position 1; reference microphone at pasition 1
**Sound sauras at position 2; reference microphone at position 2

rate. The results of Figures 5.1-88 and 5.1-89 are used to determine the critical fluc-
tuating velocity amplitude and frequency, as explained in Figure 5.1-83,

Figures 5.1-90 and 5.1-91 show, at two tunnel velocities, a summary of LFC suction
rates versus the incremental acoustic input intensity. The suction rates are those
required to maintain a laminar boundary layer at conditions of intermittent threshold
(minor bursts of turbulence at intervals of three to five seconds), and approximately
fifty percent turbulent thresheold (alternating turbulent and laminar flow at several
seconds interval, observed on an oscilloscope). Velocity, upy is calculated from the

sound pressure measured at the model surface and the characteristic acoustic impedance

(i.e., up = pp/ea) where pyf is the measured acoustic pressure.

The data were generated in the following manner: The tunncl was operated at constant
stream velocity starting with a suction rate at the minimum level required to maintain
a stable laminar flow. With the noise generator pressurized, but without a modulating
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Figure 5.1-87. Hot-Wire Response Spectra—Three Basic Acoustic Conditions

signal (noise generator residual) the suction was increased until turbulence (as detected
by the hot-film sensor at the trailing end of the suction surface) was reduced to occa-
sional bursts. A one-third octave signal at 1.6 kHz center frequency was then added

and the acoustic intensity increased (horizontal arrows) until turbulence bursts occupied

50% of the hot film monitor trace. Suction was increased again to the point where only
occasional bursts occurred as indicated by the vertical arrows shown in Figures 5.1-90
and 5.1-91, and the above process was repeated until the entire curve was generated,

The tests demonstrated that an infermitient laminar bounuary layer resuiting from an
external acoustical disturbance can be re-stabilized by increasing the suction rate.
However, the magnitude of the additional suction rate needed to stabilize the boundary
increases with the sound intensity. It may be inferred from the shape of the curves
that a limit will eventually be reached where re-stabilization by increasing the suction
rate cannot be achieved.

In another investigation, as shown in Figare 5.1-92, hot-wire spectra were measured
at several heights above the suction surface (z = 1.25 to 12.5 mm), using an external
noise input in the 1.6 kHz third-octave band at location A close to the leading edge.
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Figure 5.1-88. Hot-Wire Response Spectra at Transition Threshold Due to Applied
Acoustic Signals of Various Frequencies —Q = 0.053 m3/5

o L

Nesults indicated that the fluctuating velocity due to the imposed acoustic signal did
not vary appreciably in the laminar boundary layer profile. This result may be
attributed to the fact that the profile was measured close to the leading edge where
little amplification of induced disturbances would have occurred, so that the
disturbance velocities were predominantly due to the acoustical input. A profile

survey made further downstream, without an incremental acoustical disturbance
present, revealed a substantial variation in fluctuating velocity profile, see Figure 5.1-93,
and showed the largest disturbance amplification in the boundary to be close to the
surface.

As in the case of the selective amplification at location A (near the leading edge), this
phenomenon occurred only within the laminar boundary alyer, (z = 1.25 mm), at the
condition of least laminar flow stability {(minimum suction for laminar flow). A

further example of selective amplification was observed at location E at frequencies
between 0 and 1000 Hz. It existed over a broader range of suction values (Q = 0.065

to 0.147 m3/sec) but was not evident at suction rates greater than Q = 0.147 m3/sec; and
again existed only within the laminar boundary layer, (z = 1.25 mm).

The relationship (i.e., transfer function) between the externally applied acoustic field
and the induced fluctuating disturbance in the boundary layer was investigated by
comparing the acoustic particle velocity, upf derived from microphone measurements
near the surface and the fluctuating velocity, uy measured with the hot-wire in the
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Figure 5.1-89, Hot-Wire Response Spectra at Transition Thireshold Due to Applied
Acoustic Signals of Various Frequencies -C = 0.068 m3/s

boundary layer. The transfer function can be used in conjunction with stability theory
to calculate the fluctuating disturbance velocity induced in a boundary layer by a known
external acoustic field, so that a preliminary estimate of the suction requirement to
maintain stable laminar flow can be made. Alternatively, a transfer function can be

used to estimate the permissible noise {evel outside a boundary layer when the allow-
able fluctuating velocity in the boundary layer is known.

Although it is recognized that the current tests can only provide limited insight into
the energy transfer mechanism, typical results are presented in Figure 5.1-94. The
acoustic particle velocity, upf was calculated from the measured acoustic pressure by
assuming the relationship, pyg/upj = pa using the characteristic impedance of sound in
a free field. On this basis, the transfer function between the induced fluctuating
velocity in the boundary layer to the external sound field velocity was found to be
up/upy = 0.37. Conversely, in order to obtain a transfer function of unity, a charac-
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Figure 5.1-890, Suction Requirements Versus Incremental Acoustic Input Intensity
—Tunnel Velocity = 64 m/s

teristic impedance of 2.7 pa would be required (note, that near a hard surface, the
characteristic impedance of sound may vary from O to ). Thus it is not unreasonable
to expect the characteristic impedance to be substantially higher than 2.7 pa since

the response component of uy would otherwise be zero (or less). It is apparent that
much more data is necessary to establish the fundamental relationships invelved in

the energy transfer between an applied acoustic field and the vorticity mode
associated with boundary layer instability.

Figure 5.1-95 shows critical velocity ratio values at a condition of stable transition
threshold as a function of suction rate. These were calculated from hot-wire fluctuat-
ing velocities induced by sound in the critical third-octave band, i.e., 1.6 kHz center
frequency in this case. The average suction rate used in the laminar flow aerodynamic
studies was 0.07 m3/s, which has a corresponding critical velocity ratio of 0.013.
Critical velocity ratios were also calculated for cases with higher acoustic intensity
levels, in which intermittent bursts of turbulence occurred at intervals of several
seconds, which yielded values in the 0.03 to 0.05 range. The data in Figure 5.1-95
indicate that some level of critical velocity ratio occurs beyond which increasing the
flow rate will not have a significant effect. This would pose a maximum limit to the
permissible critical velocity ratio.
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(g) Conclusions

The following is a synopsis of the principal results obtained in the study.

1.

tJ

The frequency sensitivity of a laminar boundary laver to acoustical disturbances
was clearly established over a range of acoustic intensities and LFC suction rates,
showing the existence of a minimum level of external acoustic intensity in a
critical freqguency range which will cause transition.

It was demonstrated that when an acoustical disturbance causes transition,
increasing the suction rate will re-establish laminar flow. However, a further
increase in sound intensity will again de-stabilize the flow, but laminar flow will
be re-established by a further increase in suctjon rate. It is concluded, however,
that a limit will probably be reached where re-stabilization by increasing the
suction rafe cannot be achieved.

Hot-wire measurements of fluctuating velocity due to an imposed acoustical
disturbance, survey ed at several heights in a laminar boundary laye~ near the
leading edge showed little variation in fluctuating velocity. However, a profile
survey at a downstream location revealed a substantial variation in fluctuating
velocity profile. It is cuncluded that the uniform profile near the leading edge
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Figure 5.1-92. Hot Wire Proiile Spectra at Various Heights Above L FC Surface

was due principally to the external acoustical disturbance, since little amplifica-
tion of the induced disturbance is likely at this point. Conversely, the downstream
profile reflects the presence of amplified disturbances in addition fo the applied
acoustic field.

It was noted in several tests that selective amplification phenomena were occurring
in the boundary layer at frequencies above and below that of the applied acoustic
field, These apparent amplifications occurred only at the location of measurement
closest to the laminar flow surface {1.25 mm), and at the lowest suction rate
possible to maintain laminar flow.

Increased suction tended to eliminate these effects. The frequencies at which the
apparent amplifications occurred differed widely for different chordwise locations
of the measurements. Further analysis of this data is required to evaluate the
relationship between these apparent amplification spectra, and the frequency
spectra of critical incremental acoustic inputs.

The ratio of the fluctuating velocity in the l[aminar boundary layer to the derived

acoustical particle velocity, (upt/upy) was found to be in the range of 0.25 to
0.40 in the most sensitive frequency region. Better definition of the transfer
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function requires the accumulation of more data and further analysis to establish
this important relationship between the acoustical disturbance and the induced
velocity fluctuations in the boundary layer.

6. Critical noise criteria at the most sensitive disturbance frequency have been
developed from the test results, showing values of upj/¥ o between 0.010 to 0.015
depending upon suction rate at a condition of substantially laminar flow, near
the transition threshold. Higher values (0.030 to 0.050) were noted for cases
with intermittent bursts of turbulence. This tends to support the transition
criteria used in the engine location study (see Figure 5.1-65). Critical velocity
ratios will be higher for cases in which the acoustical disturbance spectra are com-

posed of frequency components with energy predominantly outside the critical
frequency range.

(h) Recommendations

The following suggestions are made for improving the test facility in order to investi-
gate in further detail some of the results and trends found in the present exploratory
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Figure 5.1-94. Critical Incremental Acoustical Velocities Versus Frequency-
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study, to acquire better understanding of the physical phenomena, and to develop
accurate design criteria.

1.  The sound source used must provide sufficiently high acoustic intensity at
frequencies well above the critical frequency in order to obtain better definition
of the frequency response of a laminar boundary layer to an acoustical disturbance.

2.  Modulsted airflow sound generators, as used in the present tesi, are not considered
spitable for narrowband frequency exploration. The airflow generates broadband
noise which interferes with induced narrowband frequency modes.

3. The use of narrowband or discrete sound is recommended for identifying critical

frequencies more accurately and for detailed exploration of boundary layer
amplification of induced disturbance modes,
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4. Acoustic reflections in the tunne! caused some ambiguity in interpretation of the
data acquired. Although this effect was not a serious handicap when using a
third-octave band sound source, acoustical reflections would pose a serious
problem in the case of narrowband acoustic.excitation. It is therefore highly
recommended that more detailed studies should B&corducted in an acoustically
treated tunnel.

= Te—

5.  The use of a remote control traversing mechanism for both acoustical and hot- .
wire measurements would greatly improve data acquisition capability by minimiz-
ing the necessity of wind tunnel shut down to reiocate instrumentation.

e

6. A substantial improvement in data management would be achieved by using
computer techniques for reducing and plotting test results.

5.1.8.3 Suction System Laboratory Tests

The X-21 A suction slot geometry concept does not allow for flow adjustment after installa-
tion and does not permit access to the internal duct system for inspection and repair. To
use this concept on a commercial airplane, it is necessary to find a means to facilitate a
one-time, as-installed adjustment capability to the suction system flow field area and to
allow repair of potential internal duct problems. Studies to accomplish the required capa-
bility have identified several candidate geometries. However, before any of these candidates
can be comsidered, their flow characteristics must be determined. This requirement results
from previous Northrop work that showed that suction slot velocity fluctuations caused by
internal flow disturbances could propagate back through the slot and cause premature tran-
sition of the boundary layer (Ref. 16). The candidate suction slot geometries differ con-
siderably from the X-21A geometry and their internal flow characteristics are critical to slot

flow stability. Therefore, it was decided that the flow characteristics would be evaluated by
test.
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Northrop had conducted a test evaluation of the X-21A slot/plenum/bleed hole arrangement
to determine the effects of slot width and depth, plenum width and depth, and bleed hole
arrangement on suction slot stability (Ref. 16). The parameters identified as critical to the
test evaluation were slot velocity fluctuation with respect to average slot velocity and span-
wise velocity gradients along the slot. Hot-wire anemometers were used to measure these
parameters.

The candidate suction slot geometries were evaluated using a test setup similar to North-
rop’s. Modifications were made to the basic test setup to allow for continuous evaluation
of the spanwise slot flow characteristics. The test hardware is shown on Figure 5.1-96.
The detailed internal arrangement is shown on Figure 5.1-97.

Three basic slot configurations were tested. These consisted of a slot-plenum (3 bleed-
hole variations), porous aluminum plenum (one density-one porosity) and the X-21A slot

Hot-wire
Bleed hole position adjustment
position adjustment (3-axis capability)

Screen with
end plates

v

Vacuuri/ 5
source

Hot-wire
anemometer

Feed hole position adjustment

Figure 5.1-96. Suction Slot Geometry Laboratory Test Hardware
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Figure 5.1-87. Test Hardware Arrangsment for Slot-Plenum Evaluation

plenum ¢ 2 slot widths). The configuration arrangements are shown on Figure 5.1-98. The
stot-plenums utilized a bleed-hole insert to provide a throttling pressure drop for flow
control. With porous aluminum inserts the control function could be accomplished through
variations in aluminum porosity. The X-21A slot plenum represented the configuration
upstream of the tributary duct flow control adjustment. The test results are summarized

on Figure 3.1-99, 5.1-100 and 5.1-101. A complete description and discussion of the flow
evaluation test results is provided in Reference 19.

A supplemental test was conducted to determine the clogging characteristics of the porous
aluminum plenum configuration. Procedures used were similar to those used under a
previously conducted siudy (Ref, 20} except that the altitude effects were not evaluated.
The test results showed that the porous aluminum clogged severely over a 34 day (approxi-
mately 2-vear service equivalent time) continuous suction test at a representative operating
slot Reynoids number of Reg = 150.
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Figure 5.71-98. Slot-Insert Designs Tested

The conclusions from the test results are summarized as follows:

All test configurations showed slot velocity fluctuations considerably less than those

of the X-21 over the range of Reynoilds numbers that would be used for airplane
suction sysiem design.

Velocity variation along the slot would be within the recommended *1.5 percent of
maximum velocity gradient for all configurations except porous aluminuwm.

The slot-plenum configuration bleed-holes can be used for slot airflow balancing.

The use of porous aluminum in the slot plenums is unacceptable because of severe
spanwise slot velocity gradients and excessive clogging characteristics.
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5.2 STRUCTURES AND MATERIALS

Structures and Materials tasks were arranged to carry out a systematic evaluation of the
structurai design, materials selection and manufacturing alternatives in order to arrive at a
viable LFC wing and empennage design. Many alternate design concepts using combina-
tions of materials appropriate to each were developed and evaluated before arriving at the
most promising design for application to an LFC transport in the 1990 time period.

For the final concept, a conventional structure with a fiberglass cover was selected. The
cover incorporates suction slots (slot-plenum insert) and chordwise ducting to distribute
suction airflow to spanwise trunk ducts. This concept permitted the selection of the

most efficient structure and minimized parasitic weight. Stringer size, spacing and orientation
are not affected by slot spacing and duct sizes. Fabrication costs of the wing box are
reduced due to insensitivity of the basic structure to surface tolerance requirements for LFC.
Tolerance buildup is avoided by machining the bonding surface prior to bonding on the
prefabricated fiberglass cover. Other structural concepts or materials could be substituted
whenever fabrication technigues or materials development warrant. As a result, a relatively
low cost validator airplane could be constructed immediately without depending on or
waiting for further advances in construction techniques or materials.

The concept development and evaluation activities leading to the above selection are dis-
cussed in the remainder of this section.

5.2.1 DESIGN REQUIREMENTS AND OBIECTIVES

The overall requirement of the structural design was to create a practical wing capable of
maintaining laminar flow within the projected FAA and Boeing requirements for production
commercial transport airplanes and the Aerodynamic requirements discussed in Sub-

section 5.1.1.

The major design objectives for this study were as follows:
1. Minimizing Weight: The weight of the LFC wing and the system weight must be kept

to a minimum to prevent the added weight from offsetting the basic performance gains
associated with the reduced wing drag.

s\J

Production Cost: The production costs must be kept to a minimum. The increase in
production costs must be substantially below the decrease in operational costs derived
from the fuel savings.

3. Maintenance Cost: Airplane inspection and maintenance costs also must be kept to
a minimum in order to retain the operational cost benefits derived from fuel savings.

4.  Crew Work Load: The structural concept should be configured to produce a self-
balancing system. Control and operation of the system should not produce an
appreciable increase in crew workload.
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The above objectives are not totally independent of each other. In most designs a eirict
adherence to one jeopardizes another. The principles asso.iated with the above must all
be carefully applied, evaluated and traded to arrive at the most practical balance for each
structural design. Since actual dollar values could not be assigned to repre znt the degree
to which objectives 2, 3 and 4 were met, relative ratings for each competing design were
determined on a judgmental basis largely by assigning relative complexities.

5.2.2 STRUCTURAL CONCEPT AND MATERIALS DEVELOPMENT

The Boeing Company has from time-to-time conducted research studies «f LFC airplanes.
These studies include NASA and Air Force contracts as well as Independent Research and
Development (IR&D). An in-house study underway at the onset of this program had

examined two types of structural concept; a removable glove and one with separate ducts.

Several attempts were made to design a rational removable glove arrangement. The very
critical surface smoothness requirement for LFC created severe problems at joints and
attachment areas. Removable fasteners require clearance holes and this in turn would

result in some relative movement between the wing box and the glove. This movement
would be expected to open and close gaps between the glove segments and tend to cause
transition in the boundary layer. Since no satisfactory solutions were found for this and

all the associated problems, the separate duct concept appeared more promising. Therefore,
work on the removable glove concept was stopped.

The separate duct concept is illustrated in Figure 5.2-1. It used sandwich construction with
laminated skins and spanwise tributary ducts buried in the core. Chordwise collector ducts,

Spanwlse tributary duets

Separate feeder ducts

hordwise ducts, 762 mm (30 in) spacing

Figure 5.2-1. [nitial Structursl Concept—Separate Ducts
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spaced at .762 m (30 in), were Jocated inside the wing to collect air from the spanwise
tributary ducts embedded in the sandwich skin panels. Spanwise feeder ducts, also located
within the wing envelope were used to route air collected from the chordwise ducts to the
suction units. This concept was under development at the beginning of this program and
was the initial study configuration. After a period of development, the separate duct con-
cept was found undesirable for several reasons: 1) Weight of ducts, 2} Sealing of suction
ducts inside the fuel tanks, and 3) Structural compromises to allow large ducts to pierce
the wing primary structure, All proved to be major stumbling blocks and the concept was
dropped.

The concept development activity accomplished during the contract took place in two

major phases; the exploration phase and the development phase. These phases were
sequential and each lasted about a year. Wing geometry, suction requirements and structural
loading play major roles in determining the workability at each concept. These parameters
are different at all locations on the wing but the structural concept and materials used must
generally be the same throughout a wing surface. However, a material and arrangement com-
bination established as most desirable for a given wing at one particular location may be
quite different at another location. Thus it became apparent that concept application to

the complete wing of the baseline airplane was necessary for evaluation,

Development in the structures area took place simultaneously with aerodynamic develop-
ment of the wing geometry (see Subsection 5.1.2). However, it was necessary to use the
same wing and design ground rules on all candidate structural concepts in order to provide
a rational comparison. Therefore appropriate wing geometries were chosen at different
stages of the study corresponding to the then-current state of development. The wing used
during the exploration phase had a quarter chord sweep of 25°, incorporated an advanced
airfoil and had an area of 339 m2 (3650 ft2). The development phase took place approxi-
mately a year later and utilized the wing most current at its onset. This wing had the same
area but the wing quarier chord sweep was changed to 15° and the cross section and the
spanwise variation of wing thickness fo chord length (t/c) were updated as discussed in
Section 5.1.

5.2.2.1 Exploration Phase

The exploration phase began with a screening of a very broad group of materizals and con-
ceptual ideas.

The following concepts survived this screening and were developed further:

®  Laminated Aluminum (Figures 5.2-2, 5.2-3 and 5.2-4)
e  Laminated Titanium (Figure 5.2-11)

e SPF/DB Titanium {Figures 5.2-13 and 5.2-14)

®  Graphite/Epoxy {Figures 5.2-15 and 5.2-16)

©  Graphite/Epoxy Titanium Hybrid (Figure 5.2-17)
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In order to provide a point of reference, a conventional turbulent wing with standard skin
stringer construction was developed and weighed. The reference wing and all of the above
candidates were developed with the same ground rules, design conditions, box geometry and
technology level.

(a) Laminated Aluminum Concept

This concept incorporates spanwise ducting into the core area of the sandwich panels.
Svction slots and ducts follow constant chord lines and sandwich thickness increases
tcward the wing root as the airflow requirements increase. The face sheets consist of
multiple layers of 0.51 mm (.020 in) thick aluminum. Two major advantages are

pre vided by the “Laminated” skins. First, each lamina will drape form over the

mold to the required shape thereby eliminating the necessity of more costly fabrica-
tion procedures. Second, structura] fail-safety has been achieved by using relatively
narrow width pieces of aluminum and appropriately staggering the butt splices chord-
wise to provide many edges to stop crack progression. This concept eliminates the
usual spanwise splices with the multitude of exterior flush fasteners. The shear material,
ribs and secondary stricture weights were not significantly different from those of a
turbulent wing. Total wing weight increased by 9% over the reference turbulent wing.
This increase was due to the use of honeycomb structure, and the incorporation of
suction slots and ducts into the honeycomb panels.

The iniiial design of this cor.cept, as shown in Figure 5.2-2, was dropped because of
manufacturing difficulties. The revised concept as shown in Figure 5.2-3 resulted in
fewer manufacturing problems but added weight. This approach uses a dense honey-
comb core at the duct boundary to provide the necessary structural integrity and

Quter skin Bleed hole Siot and Plenum
(laminated) /

Inner skin
(laminated}

Figure 5.2-2, Initial Laminated Aluminum Concept
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Spanwise duct
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Figure 5.2-3. Revised Laminated Aluminum Concept—Tributary Duct Diagram

improve manufacturability. The spanwise ducts are integrated into the honeycomb
core with 6.35 mm (.25 in) wide strips of dense core forming the walls of the duct.
The initial laminated aluminum designs had tributary ducts bonded to the inner face
of the outer skin. The tributary ducts helped to throtile and control the direction of
the sucked air. The tributary ducts were a cost problem since there would be over
6000 per airplane; also, there appeared to be no reasonable method of replacing one
in the event that it became disbonded. For these reasons the tributary duct was
omitted from further designs and the required throttling was provided in the suction
surface. The resultant concept, as shown in Figure 5.2-4 had an increase in bending
material weight of 7.5% over the initial laminated aluminum honeycomb design. The
increase in total wing weight over the reference turbulent wing was 14%. Based on
the results of work done during the exploration phase, this version of the laminated
aluminum honeycomb concept was selected for the baseline airplane and used as a
reference during the development studies.

A typical side of body joint, as shown in Figure 5.2-5 requires that the ducts be

vented into a dry bay. The inner skin is cut away locally and the material is replaced
by bonding a fitting into the honeycomb panel. This fitting in effect turns the

panel at the side of body joint into a skin-stringer configuration thus allowing the wing
center section to be low cost conventional skin-stringer design. Details of spars and
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leading edge structure are shown in Figure 5.2-6. External joints are kept to a mini-
mum in this design, but joints are still required. Joints at the leading edge must be-
very smooth and Figure 5.2-7 shows a method of obtaining that smoothness. The
outer skins are milled lown app.:oximately .38 mm (.015 in ) along the joint and the
fasteners are slightly oiercountersunk. After fastener instailation, a cover strip

254 mm (.010in) is bonded into the milled groove to provide a smooth surface.

Accessibility is a problem with all LFC designs. Figure 5.2-8 shows the access plan
for the 25° swept wing. Removable external panels interrupt the suction slots, and
make it very difficult to guarantee adequate smoothness. The approach taken was

to minimize the number of external access doors in the wing box by providing entry
into the fuel tank through the rear spar. Where the spar is not deep enough to accom-
modate an access door, the doors are located in the lower panel as niear the rear spar
as possible. No method was ectablished that would allow laminarization across the
access holes with this concept, therefore the external access holes reduce the laminarized
area. The 15° sweep wing that was examined during the development phase (see
Figure 5.2-9) lost even more laminarized area because it was a thinner wing and
therefore more access holes were required in the lower surface.

Rear spar

P

Rib chord
par bonded to panel

T

Duct
separator

Frosting and
anti-icing duct

Figure 5,2-6. Laminated Aluminum Concept—Assernbly Details
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Figure 5,2-7, Fastener Instaflation for Skin Smoothness

A major problem with the laminated aluminum concept was not apparent until
several slot-spacing and duct-sizing studies had been completed. Aft of 55% chord on
the upper surface and 60% chord on the lower surface the slot spacing became very
close and the duct area increased to the point where the honeycomb sandwich design
was no longer practical. This problem is illustrated by Figure 5.2-10. Another
problem was the number of skin laminations. High aspect ratio, thin wings have
relatively high end load in the surfaces due 10 wing bending. The number of layers
of the .51 mm (.0201in) aluminum laminae required to adequately react this load
became unreasonable when viewed from the standpoint of inspection. Not only is

it difficult to verify structural adequacy during fabrication but inspection for cracks,
disbonds, etc. during routine inspections is much more complex. A potential resolu-
tion of this problem is to use fewer but thicker layers as discussed in Paragraph 5.2.2.2.

Laminated Titanjum Concept

This design, shown in Figure 5.2-11, is similar to the initial laminated aluminum
design shown in Figure 5.2-2. Laminae thickness was selected as .25mm (.010 in.)
on the assumption that this thickness could be drape-formed in 2 manner comparable
to the .51 mm (.020 in) aluminum. The major advantage which prompted studying
this concept is the superior properties of titanium in resisting corrosion and erosion.

Changing from alum:inum to titanium did not change the duct sizes. As a result the
compression surface of the wing encountered local instability problems at less efficient
stress levels. Thic caused the weight of bending material to be 21% greater and the
total wing weight to be 15% greater than the reference turbulent wing.

157



Tank ends

Centerline front spar

1)
{nspar rib /
access holes
(15 places) / ———cD
Nanlaminarized area - i
Tank end g \
VAN
Surge-tank end NN N M-
L} _. 0

Rear spar access
holes {2 places)
Centerling rear spar

N— Lowver surface access
holes (20 places)

Figure 5.2-8. Wing Access Plan—25-Deg Sweep
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Figure 5.2-8. Wing Access Plan—15-Deg Sweep
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The same manufacturing problems and other concerns existed with this concept as
with the aluminum concept of Figure 5.2-2. It was assumed that the same changes
could be made to this concept as were made to the aluminum concept. However, it
would still be heavier and more costly than the aluminum concept of Figure 5.2-4
and was therefore dropped from further development.

(c) Super Plastic Formed/Diffusicn Bonding Titanium Concept

Super Plastic Formed/Diffusion Bonding (SPF/DB) is a comparatively new fabrication
process. Heat and pressure are used to make shapes and atiachments that would be

very difficult, if not impossible to maxe by any other process. Because of the intricacies
of LFC wing structure this process showed potential for increased producibility and
cost reduction.

A design concept was developed using this process in which the spanwise ducts and
tributary ducts were all integrated into the structure. Figure 5.2-12 is a schematic
showing the basic process applied to this design. In theory, a complete wing skin
could be made in one piece. Initial facility costs would be high but the wing skins
would have very low recurring costs. In practice however, wing structure must be
fail safe, and therefore, spanwise joints must be incorporated into the desizgn that
adequately provide crack-stopping capability and sufficient residual strength to carry
the loads after the crack stops. The close spacing of the ducts in some areas and the
smoothness requirements create severe manufacturing problems which tend to make
this concept unworkable. Figure 5.2-13 shows two suggested spanwise joint concepts
to provide crack stopping capability while satisfying the other requirements.

Upper die
Before SPF/DB
Bprpn
nitride \__Preformed titanium sheets
A parting
agent
Lower die/

® Heat to 930°C (1700°F) and pressurize cavity to 2.07 MPa (300 Ib/in2) __ Plenum
Upper die

/Outer skin

) e
After SPF/DB

Lower die/
Stiffener duct——/

Figure 5.2-12. Superplastic-Formed/Diffusion-Bonded Titanium—Process Schematic
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Figure 5.2-13, Titanium Concept (SPF/DB)—Typical Fail-Safe Splices

Figure 5.2-14 shows a proposed application of this concept to a typical rib at the
front spar. Rib shear ties are diffusion bonded to the upper and lower panels during
the SPF/DB process. Assembly of the wing box is accomplished by mechanical
fastening skin panels to the ribs with closeout at the front and rear spars. This
sequence avoids excessive tolerance buildup and provides wing contour control.

Although there is very little parasitic weight, this concept turned out to be heavy.
Large duct size causes the duct walls and the skin to be sized for local instability. As
a result the bending material is 23% heavier and the total wing weight is 17% heavier
than for the reference turbulent wing. The primary reason for the increased weight
of this concept is the poor compression load carrying capability. A weight reduction
effort was undertaken and the final weight of this concept included savings realized
by chem-milling between ducts. This weight savings was realized at the expense of
manufacturing complexity and therefore increased cost.

Graphite /Epoxy Concept

Graphite/epoxy shows a great deal of promise for use in 1990 and beyond because
of its weight savings potential. To explore this application to LFC wing structure,
two graphite/epoxy concepts were investigated. Figure 5.2-15 illustrates the skin-
stringer concept at a rib location. Shear transfer from the rib to the skin is a serious
problem with this concept. Further discussion of the merits of this concept will be
taken up in a following paragraph on the closely related Graphite/Epoxy Titanium
Hybrid Concept.
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Fipure 5.2-16 shows the sandwich concept. It is patterencd after the laminated

aluminum concept of Figure 5.2-4. The use of metal honeycomb along with graphite
skins is not recommended because of the adverse effects of lightning strike. Prcjec-

tions of strength and stiffness available in non-metal honeycomb cores are disappoint-
ing so it appears that some weight penalty must be accepted in the core in order to
achieve the weight savings in the skins of composite honeycomb panels, This penalty
was considered when weighing this concept. The bending material weight was
reduced 15% when compared to the laminated aluminum concept of Figure 5.2-4

and increased 1% when compared to the reference turbulent wing voncept. Total
wing weight increased by 1% over the reference turbulent wing due to the compen-

sating factors discussed above and because of differences in the leading and trailing
edge areas.

Graphite/Epoxy Titanium Hybrid Concept

Both titanium and graphite/epoxy as materials have distinct advantages over aluminum
and they are compatible. Titanium used as an outer layer over a graphite/epoxy
structure will provide excellent resistance to erosion and damage due to lightning
strikes, Slots and perforations are not compatible with graphite/epoxy so some com-
bination of these materials with titanium is logical. Figure 5.2-17 shows one of the
concepts that was reviewed which is quite similar to the graphite/epoxy concept of

r G Front spar Wing box panel

'- ‘l\\\\\\\\\\\“\\i i

k3 Dense core

o
Leading edge panel . 5 \

IE ! : Light core
]
13 ! Rib chord bonded
=i to panel
-
50 | |
i+ f+—Rib post e Stiffener
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Honeycomb spar panel a= Rib web

)
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Figure 5.2-16. Graphite/Epoxy Honeycomb Concept
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Figure 5.2-17. Graphite/Epoxy Titanium Hybrid Concept

Figure 5.2-15. It will be noted that this concept is not shown with suction strips but
has the perforations or slots cut directly into the outer sheet. Variations of the
concept could use suction strip inserts instead. This concept was not strength-sized
but its weight is judged to be comparable to that of the similar graphite/epoxy con-
cept. However, based on separate in-house studies of graphite/epoxy structural
concepts for turbulent wings, the weight saving potential for the concepts shown in
Figures 5.2-15 and 5.2-17 is attractive. There appear to be no features of these
concepts which would preclude their use for LFC wings.

In spite of the favorable aspects, it is recognized that there are many unresolved
questions related to the use of composites; some of the more important being
lightning strike, erosion, radiation, crack growth, and manufacturing cost. These
questions are considered beyond the scope of the LFC Program and are being studied
in depth by the ACEE Composites Program, Thus it was decided that further effort
on composites for LFC was not justified at this time and that their application
should await further progress in the mainstream composites effort,

5.2.2.2 Development Phase

The results of the exploration phase were carefully reviewed following completion of com-
petitive designs, Producibility, maintenance, repair, cost etc. were qualitatively analyzed
and the results were unsatisfactory in some areas. The best of the designs was the
laminated aluminum concept but it had two unresolved prot:iems; 1) inspectability was
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unacceptable and 2) it was structurally inadequate aft of 50% chord because of duct size
and slot spacing problems as previously discussed in relation to Figure 5,2-10. It did,
however, have significant potential so the task of solving these problems was undertaken
while simultaneously investigating alternate aluminum concepts.

As previously noted, a revised wing geometry was introduced since it was judged to be the
most likely candidate at that time. The reduction in wing sweep from 25° to 15° caused a
reduction in effective wing thickness as well as an increase in the already critical gust Joad
factor. Both caused skin load increases in the wing, However, along with the change in
sweep, a change in the suction requirements took place. This permitted a duct-size and
slot-spacing compatible with the laminated aluminum concept but it restricted suction to
70% chord on the upper surface and 60% on the lower surface.

A proposed solution to the inspection problem associated with the large number of plies,
was to limit the maximum number of plies to four in each skin of each surface. This
requires ply thickness as high as 3.17 mm (.125 in). A minimum number of three plies
was established for the inboard 80% of the wing span in order to provide fail-safety in
the skin panels. Also achievement of reasonable weight efficiency dictated spanwise
tapering of each ply.

Fatigue tests of laminated aluminum with cold-worked holes were completed, as discussed
in Subsection 5.2.4, and improvements in allowable stresses were permitied for the
laminated aluminum concept. The updated arrangement was strength sized for the revised
wing geometry and the new weight was established to serve as a reference LFC wing
concept for development of the alternate aluminum concepts.

Many new concepts were investigated. To illustrate the scope of this activity, Figure 5.2-18
shows four which were rejected after limited study because they were judged not practical.
However. three new concepts were considered promising enough to study in further

detail. These are identified in Figures 5.2-19, 5.2-20, 5.2-21 as 1) Inverted Stiffener/
Fiberglass Cover concept, 2) Hat-stiffened/Fiberglass Cover concept and 3) Conventional
Construction/Fiberglass Cover concept.

These three concepts are similar in that they have a series of sacrificial spacers on the outer
surface that allow fabrication of the primary wing box using conventional methods and
tolerances consequently permitting significant reduction in production costs over other
candidates. The manufacturing tolerances are compensated for by final machining of the
sacrificial spacers to LFC smoothness requirements before bonding on the outer panel.
Since the outer panels strain with the wing, they must not buckle or deform significantly
throughout the spectrum of loads anticipated during laminarized flight. In addition, they
must not fail during any portion of the anticipated load spectrum. A discussion of each of
the above structural concepts follows:

(a) Inverted Stiffeners/Fiberglass Cover Concept (See Figure 5.2-19)
This concept utilizes an inverted skin-stringer basic structure with a fiberglass honey-

comb outer panel. The slots and stringers follow constant percent chord lines and the
stringers are tapered. Minimum stringer height is established by duct size requirements.
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A substantial disadvantage is that this structure loses efficiency because the centroids
of the wing surface panels are moved closer together, in effect making the wing
structurally thinner. The surface material of this concept (bending material plus fiber-
glass panel) was 15% heavier than for the reference LFC wing. The increase in total
wing weight over the laminated aluminum concept (reference LFC wing) was 9%.

Hat-Stiffened/Fiberglass Cover Concept (See Figure 5.2-20)

For this concept, the suction slot spacing was independent of the stiffener spacing.
The passages formed by the spacers and the outer fiberglass cover constitute chord-
wise ducts which carry the air from the slots to the hat stringers which act as span-
wise ducts. Figure 5.2-22 shows a better view of this feature and illustrates the
suction airflow paths for this generic type of structural arrangement. Unfortunately
the hat stringers had to be sized for the required air volume rather than structural
efficiency. This created a severe weight penalty due to lower allowable stress levels.

An alternate approach was investigated in an attempt to reduce th:ls penalty. A non-
structural air/fuel diaphragm was added, as shown in Figure 5.2-23, to enable use of
the space between the hat stringers for air flow. Since this eliminated the shear ties,
an attempt was made to transfer rib shear to the skin by “truss action” through the
duct walls. This was found to be not very satisfactory. The complexities of instailing
and sealing the diaphragm coupled with the weight and cost penaities of the arrange-
ment dictated that the concept be dropped from further study,
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{¢c) Conventional Construction/Fiberglass Cover {See Figure 5.2-21)

The short chordwise ducts used in the hat-stiffened concept provided the inspiration
for the chordwise ducts used in this concept. The principal difference is that the
chordwise ducts carry the air completely over the primary wing box and into trunk
ducts forward of the front spar. This eliminates all LFC-related holes through the
primary structure and thereby relieves potential fatigue and sealing problems.

This concept uses conventional structure and a fiberglass/urethane foam cover in an
arranigement that provides chordwise ducting. The front spar was moved back to about
14% chord to accommodate the volume of air now directed into the leading edge space.
The first conventional construction design had two trunk ducts in the leading edge
area. One duct served the upper surface and one the lower. With only two ducts
forward of the front spar the structure could be kept very simple. Lack of diagonal
members means that the panels must work in bending but the simplicity of the design,
and the elimination of additional rows of external fasteners, made this approach
attractive.

A problem with using only two ducts is in balancing the suction air distribution for
different areas of the wing since the extemnal air pressure over the wing is not constant
from leading edge to trailing edge. Although it may be possibie to balance the system
for one flight condition, preventing oversuction or undersuction for the “ofi-design™
conditions makes a two-Jduct design impractical. To give more control over the

suction air distribution the design was changed to a five duct system (see Figure 5.2-24},
The upper surface is divided into three areas, leading edge to 12% chord, 12% to 65%
chord and 65% to 80% chord. The lower surface has two areas, leading edge to 12%
chord and 12% to 70% chord.

Airflow
Fibemlass cover
{chordwise ducts)
Conventional primary
/ structure

Airflow dam
{typical)

o L

Five trunk
ducts

Figure 5.2-24. Conventional Construction/Fiberglass Cover Concept (Five-Duct Configuration)

170



The bending material of this concept is 9% lighter than for the reference LFC wing,
i.e., lamminated aluminum concept. Total surface material weight (bending material
and fiberglass cover) is 1% less. The reduction in total wing weight over the reference
LFC wing was less than 19%. Although this weight advanfage was not really significant,
other favorable characteristics of this concept ultimately led to its selection for incor-
poration in the final LFC aihplane design.

5.2,3 SUCTION SURFACE DEVELOPMENT

The surface of a prov - ction airplane wing is subjected to many hazards not encountered
in laboratory or wind tunnel environments. Foreign object damage is all foo common on
conventional airplanes. An LFC airplane wing surface will be more fragile and at the same
time the smoothiness requirements are much more severe. The objectives in design of the
suction strips were to minimize the fragility, minimize production costs and minimize
maintenance and repair costs. Because it is obviously impractical to replace an entire
surface of a wing every time local damage needs to be repaired, it is apparent that surfaces
should have multiple replaceable segments. The development of replaceable suction strips
therefore became a requirement. However, the fact that the airplane would have over

4.8 km (3 miles) of suction strip warranted a great deal of design effort.

The suction strip concept more commeonly used in early LFC studies is designed atound a
continuous spanwise slot. This suction slot is between .013 mm (.005 in ) and .584 mm
(.023 in) wide and must be held to a tolerance of approximately +.025 mm (.001 in ).
Although expensive, it is possible to fabricate the structure to within this tolerance band,
Further testing will be required to assure that the slot dimensions will remain within
tolerance when subjected to continual fluctuations of stress and temperature.

The suction strip design is an area where inventiveness and ingenuity can pay large

dividends and much time and effort was spent in search of featwies to assure low mainten-
ance and reliable operation, Self-cleaning concepts, or designs with moving parts to provide
desirable operating characteristics, were dropped because of cost, complexity and undependa-
bility reasons. Spring-retained or “snap-in"’ designs proved impractical because wiag deflec-
tion causes enough movement to put the suction strip out of tolerance. The machining
tolerances that would be required for a “snap-in” design would be impossible to obtain

for the entire length of the many strips required per aircraft. Six concepts survived initial
evaluation and are described in the following paragraphs:

5.2.3.1 Controlled Gap Insert

The controlled gap concept is shown in Figure 5.2-25 and appeared to be extremely simple
and inexpensive. No precision sawing of slots was necessary. Two separate piecas were
made and bonded to the structure at the proper spacing. In practice it did not work as the
strips tend to move during the bonding operation leaving the slot width out of tolerance.
There may be satisfactory solutions to this problem for production but no further work was
done on this concept.
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Figure 5.2-25. Controlled-Gap fnsert

5.2.3.2 Bridged Slot Insert

The bridged slot concept was designed to overcome the problem of holding the slot width
during the bonding operation but retaining the prefabricated unit feature. This concept
was far more custly than others discussed here because it required precision chem-milling
as well as precision sawing, Figure 5.2-26 shows the principal features of this insert.

Parts made for structural testing utilizi1ig the bridged slot insert had insufficient bond area
for attacling the insert to the skin, However, a minor change to the design can be
expected to solve this problem. Also, the “bridges” may cause excessive disturbances in
the suction airflow which would require flow test evaluation. No further work was done
on this concept following the structural tests.

A
5.2.3.3 Aluminum Foam Base Insert

The aluminum foam base concept as shown in Figure 5.2-27 was developed to minimize
precision machining and simplify achieving smoothness on installation, It uses “Duocel”
foam aluminum as the carrier for the slotted strips. A single piece of aluminum and a
slightly oversize strip of foam are bonded in the plenum. A hand roller can be used to
crush the foam to provide a smooth flush surface (see Figure 5.2-43). The slot is then cut
in the strip. However, this concept has unsatisfactory air flow characteristics and ~logged
dunng flow testing. It was therefore, considered unsatisfactory and eliminated as a
candidate.
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5.2.3.4 Corrugated Base Insert

The corrugated base concept was intended to overcome the shortcomings of the foam
aluminum design while retaining the “‘compression on installation’ aspect. Figure 5.2-28
shows this insert. The outer slot strip is supported by a corrugated, perforated foil.
Instaliation procedure is similar o that of the foam aluminum concept. The corrugations
are deformed slightly by a roller to give a smooth flush surface. The amount of perfora-
tion can be varied to give added air flow control. No parts were built so no testing was
accomplished on this design.

5.2.3.5 Perforated Strip Insert

The perforated strip concept (See Figure 5.2-29) is the cheapest arrangement of those
inserts investiaged. The perforations are made by an electron beam (Steigerwald) process.
Hole diameter and pattern can be held to 2 high degree of accuracy and holes can be
vroduced at a rate of 250 holes/sec. This corresponds to a linear production rate that is
faster than a slot ¢an be saw cut. The manufacturing procass gives holes that have a
“built-in™ taper. When the insert is installed as shown in Figure 5.2-30, this taper ensures
that dirt particles entering the hole do not get jammed inside the hole. The holes can be
made in titanium and aluminum but there may be a corrosion problem with the unfinished

Before Compression

Wing skin

\— Bond

After Compression

R:i\irﬂow

‘/

Aero filler

Figure 5.2-28. Corrugated Base Insert
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Electron-beam perforations
0,076 mm {0.003 in) minimum diameter
Wing skin ; .

Aluminum or
titanjum

Cold bond
{sealant}

Figure §.2-29, Perforated Strip Insert

0.076 mm (0.003 in) dlameter
l External surface

0.508 mm (0.920 ln)N\ s

Figure 5.2-30. Perforated Strip Insert—Section Through Perforation

holes in aluminum. However, this may be controliable by a process that has been
developed to apply primer inside the holes for corrosion control. Primer thickness can be
controlled so that after the primer is applied the holes are within tolerance.

Preliminary fatigue testing was performed as discussed in Subsection 5.2.4 and the fatigue
life of the perforated strip failed to meet the goal in highly loaded areas. Cracks are
initiated at the holes and propagate across the insert. With pliable adhesives the insert
stays in place and this may allow operation for some period without insert replacement.
Testing is required to check airflow characteristics with cracks. The strips are not a safety
of flight item and are replaceable.
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5.2.3.6 Slot Plenum Insert

The siot plenum concept shown in Figure 5.2-31 incorporates the advantage of the bridged
slot, obtains the theoretical advantage of the confrolled gap concept and simplifies flow
control. Fatigue cracks may develop through the small holes between the two plenums in
less than the design life of the airplane but they are not flight critical and will ot significant-
Iy affect air flow. The inserts are replaceable at an appropriate time. This concept has

been flow tested successfully and appears adaptable to any area on the wing.

5.2.4 STRUCTURAL AND ENVIRONMENTAL TESTS

During the early portion of the exploration phase it was recognized that limited structural
tests using small samples would be needed. The purpose of the developmental testing was
to identify the severity of the major problems, investigate proposed solutions to these
problems, establish design guidelines and identify areas needing further study so that con-
cept development could proceed in an orderly, efficient manner.

Ideas had to progress to the point that hardware could be designed and samples fabricated
for testing. The testing was divided into two general phases corresponding to the explora-
tion phase and the development phase of the concept and materials development study.

1.52 mm (0.06 in) diameter
holes through inner strip

Outer strip o

2 pieces | 4 .57 mm {D.18 in) diameter

holes through wing skin

0.127 mm {0.005 in)

mihimum siot width
\ R

plenum

Inner strip

Figure 5.2-31. Slot-Plenum Insert
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5.2.4,1 Exploration Phase Testing

Developmental testing accomplished in this phase consisted of fatigue and lightning strike
testing and demonstrations of the deformations related to cold-worked holes and installing
fasteners. A detailed description of these tests can be found in Reference 21. Fatigue
testing was performed with standard dog bone specimens as shown in Figure 5.2-32. The
structural concept investigated was the laminated aluminum concept. The primary concern
was the effectivity of cold-working holes in laminated aluminum structures. Three of the
candidate suction surface concepts were incorporated into the test specimen; a standard
single plenum slotted design, a bridged slot design, and a perforated sirip design. The
standard slot design was intended as a comparison to the other designs which had structural
discontinuities suspected of being fatigue critical.

Fatigue testing indicated that the existing data on fatigue life of single-element skins with
cold-worked holes can be used for multiple-layered designs. If all open holes on the LFC
wing are cold-worked, no fatigue penalty would exist for the upper surface and only a
modest penalty would exist for the lower surface. Open holes that are drilied but not
cold-worked must be treated as holes that have not been deburred. This would cause a

significant fatigue penalty for the upper surface and a very large penalty for the lower surface.

Of the three insert designs tested, only the perforated sirip failed to meet the target
fatigue life. To increase the life of the strips to meet the target goal would require a reduc-
tion in stress level which would result in substantial weight penalties for both wing surfaces.

The use of tank sealant in place of the cold bond to install the suction surface inserts
prevented rapid progression of insert disbond immediately after they failed in fatigue. A
significant number of loading cycles occurred after insert failure before the surface
smoothness appeared to be degraded enough to cause loss of laminar flow.

Slot insert

l.aminated skin

Figure 8.2-32. “Dog Bone' Fatigue Test Specimen
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The buckling of the bridged slot insert during compression testing indicated that
insufficient bond area existed to allow use of that specific configuration with the cold
bond. A modified design incorporating additional contact area could provide a satisfactory
solution to this problem. :

Preliminary type lightning strike tesis were conducted on the laminated aluminum concept
primarily to investigate the effect on the laminations. The tests cannot be considered con-
clusive, but the indications are that structural problems will be minimal. The functional
problems induced by lightning strike, as related to maintenance of laminar flow, require
more investigation. The intensity of the lightning strikes used in the tests represents all
but 1% of the lightning strikes to be expected in service. This level would be exceeded
only once in every 300,000 flight hours. This is, of course, well within an acceptable range
provided that suction strips are not frequently blown off by less severe lightning strikes.

Because of the stringent surface smoothness criteria for LFC surfaces, tests were con-
ducted to determine the effects on surface condition due to cold-working holes and
installing fasteners in laminated skins. Drilling, reaming and countersinking holes in
laminated structure caused no distortions but instailation of non-hole-filling countersunk
fasteners caused noticeable in-plane and out-of-plane distortions. Cold-working of holes
produced additional growth and distortion and the largest effects were observed with
interference-fit countersunk fastcners. Concepts covered with a fiberglass cover after
the structure has been assembied will not be adversely affected by this problem.

5.2.4.2 Development Phase Testing

During this phase, three additional test programs were conducted to answer questions rela-
tive to potential environmental damage. A detailed description of these tests can be
found in Reference 22. They consist of freeze testing, clogging testing and additional
lightning strike testing.

Samples were subjected to freeze testing to determine the extent of damage to the suction
surfaces from water accumulated internally and subjected to a freezing environment. Four
concepts were tested: The bridged slot, the aluminum foam base, the perforated strip,

and the slot plenum, The samples were filled with water and frozen and repeatedly subjected
to this test cycle. The test conditions were more severe than can be expected in actual
service. None of the specimens were damaged.

Pressure loss and clogging tests were performed on the foam aluminum base concept. The
foam adversely affected the airflow distribution and was susceptible to clogging. It was
therefore considered unacceptable.

Lightning strike tests were conducted on a simulated conventional construction/fiberglass
vover concept with the aluminum foam oase suction surface. Figure 5.2-33 shows the
details of this panel and Figure 5.2-34 shows the test set-up. The panel survived damage
from strike magnitudes far beyond that to be expected in service on the laminarized areas
of the wing surfaces.
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Aluminum strip

0.5T mm {0.02 in) ;
Alurninum foam
Aluminum strips /
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\—Tank sealant
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11 mm (0.43 in)
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Aluminum ‘

base ‘j .

—# 107 mm p+— L
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6.36 mm (0.25 in) thick

Figure 5.2-33.. Lightning Strike Specimen
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Figure 5.2-34. Lightning Strike Test Setup
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5.2.5 STRUCTURAL WEIGHT EVALUATION

Weight evaluations of the various wing structural concepts were conducted in order to
determine the effects of design details on wing structural weight. These evaluations were
used to assist in the selection between alternate designs and to assess the weight impact
due to various approaches in existing designs.

5.2.5.1 Wing Analysis Technignes

The wing structural concept weight evaluations were conducted using a computerized beam
analysis program (ORACLE) to defermine the load sensitive weight of the wing box
structure. Utilization of ORACLE provided an accurate accounting of the amount of
structural material required for the strength design of the various structural concepts. The
effects of maneuver and gust design conditions on the required structural material were
included in the designs to provide realistic evaluations.

The weight of non-load sensitive items and secondary structure (e.g., leading edge and
trailing edge) were developed using a combination of statistical and parametric techniques
taking into account applicable design parameters. These techniques are based on previously
deveiloped methodology and design studies, as well as past Boeiny experience with produc-
tion airplanes.

5.2.5.2 Wing Structural Concept Evaluatien
As stated in Subsection 5.2.2, two phases of concept development were undertaken during
the course of the LFC contract. These phases were the exploration and the development
phases.
1a} Exploration Phase

The concepts evaluated during the exploration phase (i.e., the first year of contract)

have been discussed in Paragraph 5.2.2.1. These concepts were evaluated using the
baseline airplane configuration (Model 767-807) having the following characteristics:

#  Wing Quarter Chord Sweep 25°

&  Wing Aspect Ratio 10.0

¢  Wing Trapezoidal Area 340 m2 (3650 ftz)
®  Taper Ratio 0.35

®  Trailing Edge Break 30% Semi-Span

*

Design Gross Weight 170 100 kg (375 000 1b)

These concepts incorporated spanwise suction ducts that were integral to the
structure. This approach tended to minimize the weight penalties to incorporate
LLFC into the structure, but required the selection of structural designs that are not
as efficient as conventional skin-stringer structure for this airplane confipuration.
Figure 5.2-35 compares the surface panel weight and total wing weight of the various

180



B TR R L TR L Ll P

ORIGINAL PACE I8
OF PCOR CTATITY

Structural weight of
Concept Cover panel, Upper panel, Total wing,
ka {ib) kg {Ib) kg (ib)
Reference 6454 5588 20 797
{14 230) {12 320) (45 850}
Concept Ne. 1 Gty 7138 6203 22 697
Laminated aluminum concept ([ 11R—gi L1 1L~ (15 730) (13 890) {50 040Q)
Concept No. 2 7888 6650 24 013
Laminated titanium concept {17 390) {14 660) (52 S40)
Coneept No. 3 7800 7071 24 330
SPF/DB titanium concept {17 180) {15 590) {53 640)
Revisad concept No. 1 7865 6477 23 686
{17 340) (14 280} (52 220)
Concept No. 4 5805 6241 21046
Graphite/epoxy concept (t3020) (13 760) (46 400)

Figure 8.2-35. Initfal Weight Comparison—25-Deg Wing Sweep

concepts that were evaluated. The weight of LFC systems (i.e., compressors, turbo-

shaft drives, etc,) are not included in the total wing weight but are separately

accounted for and assumed constant for the various concepts. The revised laminated
aluminum concept was chosen as the preferred alternative at the completion of this

phase.

(b) Developmental Phase

The concepts evaluate 1 during the developmental phase (i.e., the second year of the
contract) have been discussed in Paragraph 5.2.2.2. A different wing planform was
used in the evaluation of these concepts. This approach was taken because, at this
juncture, critical design considerations were being studied intensively, which appeared
to dictate a wing sweep reduction. The applicable airplane configuration (Mode]
767-809) had the foliowing characteristics:

Wing Quarter Chord Sweep
Wing Aspect Ratio

Wing Trapezoidal Area
Taper Ratio

Trailing Edge Break

Design Gross Weight

15°

10,0

340 m2 (3650 £t2)

0.35

40% Semi-Span

165 500 kg (365 000 1b)
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(c)

The concepts evaluated during this phase were generally designed {c incorporate LFC
into more efficient structural concepis than in the previous study. Although this
resulted in a larger parasitic weight level, the overall weights tended to be lower.
Figure 5.2-36 compares the two concepts fully developed in this phase and the up-
dated laminated aluminum concept, designated the reference LFC wing,

Evaluation

As a result of this study, it was shown that LFC wing concepts tend to separate into
two categories:

1)  Concepts with less efficient structural designs and relatively small parasitic
weight penalties due to LFC.

2) Concepts with efficient structural designs and relatively large parasitic weight
penalties due to LFC.

The Laminated Aluminum concept is an example of the first category and the Con-
ventional Construction/Fiberglass Cover concept is an example of the second
category. As can be seen in Figure 5.2-36, the total wing weights of the two concepts
are nearly the same. However, due to the changes in wing geometry, suction require-
ments, and secondary structure design, a direct comparison between the concepts
shown in Figure 5.2-35 and Figure 5.2-36 cannot be made.

Laminated Inverted Conventional
aluminuen, stiffeners construction
ka {ib) fibergless fiberglass
{Reference LFC wing) cover, cover,
kg {Ib) kg (1B
Lower panel 8133 (17 930) 7892 (17 400} 7288 {16 070)
Structure 8133 (17930} 7008 ({15 450) 6700 (14 770)
Cover - - 384 {1950} 589 (12000
Upper panel 7439 (16400) 9866 (271 9500 8105 (17 870)
Structure 7433 {16 400) 8072 {26 000) 7475 (16 480)
Cover - -- 884 { 1850} 630  (1390)
Total wing 24980 (655070) 27 201 (88970) 24 788 (54 650)

Figure 5.2-38. Final Weight Comparison—15-deg Wing Sweep
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5.2.6 CONCEPT SELECTION AND DEFINITION

Foar each of the structural candidates studied in detail the qualitative requirements and
criteria have been mei to a level required for final concept selection. While various cost-
related factors were considered, no detailed manufacturing cost figures were obtained.
Because of this, the manufacturing cost was judged purely on a manufacturing complexity
basis. Resolution of questions on maintenance and repair is also judgmental and the
candidates were all given numerical ratings relative to four categories, namely: Periodic
inspection of primary structure, Corrosion prevention and repair, Isolation and repair of
fuel leaks, and Repairability of structural damage. The ratings as shown in Figure 5.2-37
are not all on the same value scale so they cannot be totaled to give a definitive numerical
answer. Thus the final selection was based on structural weight (obtained by amalysis) and
judgments of the relative risk associated with each concept.

The Conventional Construction/Fiberglass Cover has been selected as the best averal] choice
for a relatively near term upplication to an LFC transport and to support construction of a
validator aircraft in the 1985 time period. The concept has the potential of being used

with new structural materials as they develop, but for near term application uses familiar
materials, and requires only the final development of inspection techniques to provide a
low-cost workable design adaptable to existing production processes. In the final analysis,
the advantage in cost, maintenance, and repairability of conventional structure concepts and
the difficulties of incorporating the latest suction requirements into the laminated aluminum
concept resulted in the selection of the Conventional Construction/Fiberglass Cover concept,
as depicted in Figures 5.2-21 and 5.2-24, for application to the selected final LFC transport
configuration.

The development of replaceable suction strips which have a flow control feature can still
benefit from further design studies. With only limited testing complete, the most promising
candidate is the slotted plenum design. It is, at present, the only design that has demonstrated
the ability to adequately control the suction air flow and so it was selected for the final

LFC configuration.

Concept M ] ‘ J D_ e L

Periodic inspection of 3 4 2 1
primary structure

Corrosion prevention 4 4 2 2
and repair

Isolation of fuel leaks 2 2 4 4
Repairability of structural 4 3 2 1
damage

& Judgmental comparisons, The lower tha niunbar,
the less detrimental to maintainability.

Figure 5.2-37. Structure Concept Selection—Maintenance and Repair Evaluatian
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5.2.6.1 Wing Concept Definition

The following paragraphs discuss the definition of the selected structural concept. More
detailed discussion and applicable drawings can be found in Reference 23.

(a) Air Collection System

As noted previously and shown in Figure 5.2-24 the wing surface is divided into five
areas. The air from each area is sucked chordwise across the wing box to one of the
trunk ducts. Air collected in the trunk ducts is routed as shown in Figure 5.2-38 to
the suction unit located at the wing root. The flow balance in the suction system is
maintained by appropriately and selectively sizing the bleed holes in each suction strip
and by valves in the trunk ducts. Figure 5.2-39 is a schematic representation of a
typical portion of the wing surface, the flow passage and control elements and a single
trunk duct serving a section of the upper surface. The essential features associated
with operation and control can be adjusted as required to yield an appropriate suction
air distribution throughout the flight envelope.

Leading edge
trunk ducts

m\ [~ — Compressor
Compressor inlet il
Turbo shaft driver —/ i‘
Trailing edge Hot exhaust air Sucked air
trunk duct exhaust

Figure 5.2-38. Conventional Structure—-Air Collection System Schematic
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Bleed holes
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Spanwise
trunk duct

Tributary duct

Balance ports

Figure 5.2-39. LFC Suction Control System

(b)Y Wing Box

The wing box is of conventional design and construction with upper and lower panels
having stringers running parallel to the rear spar. Structurai sizing was based on
estimated properties of advanced aluminum alloys. The upper panel skin and stringers
are made of an aluminum alloy with material characteristics projected from the 7075
aluminum data base and the lower pane! skin and stringers are made of an aluminum
alloy with material characteristics projected from the 2024 aluminum data base. The
lower pane! has four splices to provide fail-safety. The front spar has a honeycomb
pantel web to give a smooth wall for the leading edge trunk duct, The rear spar and
the ribs are of conventional stiffened sheet construction.

{c} Wing Box Suction Surface

The suction surface panels are made f [iberglass and urethane foam and the spacers
are made of self-skinning urethane foam. Figure 5.2-40 is of a typical section showing
these elements and the slot plenum insert. The self-skinning sides of the spacers form
non-absorbent walls for the chordwise ducts. The outer panel is a constant thickness
fiberglass and urethane foam sandwich the external surface of which will be designed
for durability. The outer face as shown has three plies of .114 mm (.0045 in) fiber-
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(d)

Stot-plenum
suction strip

Aero sealer.
Filler plies \‘

Fiberglass, 3 plies
0.114 mm {0.0045 in) per ply

Fiberglass, 2 plies
0.114 mm (0.0045 in)
pet ply

Selfskinning
urethane foam

Y////////// // i =

Aluminum structural skin

Figure 5,240, Wing-Box Suction Surface

glass cloth. This is the same thickness as the trailing edge panels on the 747 airplane.
However, developmental testing is necessary to ensure a 20-year life span. This may
ultimately show that additional plies are required. The outer panel is solid fiberglass

at the suction strip locations, the grooves for the suction strips will be machined after
the panel is removed from the mold, The rigid urethane foain is a closed cell type

and is not exposed to moisture except in the event of surface damage. If the self-
skinned wall surfaces or the fiberglass skins are damaged some moisture can be absorbed.
The closed cell nature of the foam limits the water absorption to the immediate area

of the damage. The percentage weight gain of the foam in this area could be up to 8%
for a 321 kg/m3 (20 1b/ft3) foam.

Leading Edge

The leading edge assembly consists of an upper and lower panel, duct separators, the
auxiliary front spar and the nose assembly. Figure 5.2-41 illustrates the structural
arrangement, The upper and lower panels are fiberglass and urethane foam sandwich
panels of which the outer surface is very similar to that of the outer panel over the
wing box. The core of the panel is made from strips of seif-skinning urethane foam
and the inner skin is five plies of fiberglass. The duct separators and the auxiliary front
spar are bonded aluminum honeycomb to give smooth surfaces to the trunk ducts.
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Titanium nose assembly

/—— Leading edge structure assembly

Duct separator

Nutplates
Splice plate Chard
Leading edge panel or

Chord hond to panel Shim

|
i
CL Front spar
Fastener cover CL Fastener cover /

Auxiliary front spar

Figure 5.2-41. Leading Edge Structure Assembly Sequence for Conventional Structure/
Fiberglass Caover Concept

The nose assembly is shown in Figure 5.2-42. The nose skin is made of titanium for
good erosion resistance and 1s manufactured in 6.1 m (20 ft) lengths. It is designed to
be readily removable for ease of maintenance and repair.

Although no final selection of leading edge systems has been made, a candidate system
is included for illustration in Figure 5.2-42. The leading edge contains the ducting and
flow passages required for the appropriate combination of anti-icing, frosting, and
suction systems.

(e) Trailing Edge
The trajling edge is laminarized on the upper surface back to 80% chord. The remainder
of the trailing edge structure including flaps, spoilers and ailerons is similar to conven-
tional turbulent airplane design. Only the laminarized part is detailed in this report,
The upper panel is the same construction as the leading edge panels but, because of the

many support ribs for flaps and spoilers etc. and because reasonable access is required
to the rear spar for servicing, the sucked air is carried along the rear spar in a separate
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nose assembly
(weld or SPF/DB)
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A f A
t Section A—A
Suction
airflow
' Tributary duct

Perforatad

suction strip '

Section B—B
Figure 5.2442. | eading Edge Nose Assembly

duct as shown in Figure 5.2-24. The duct is of filament-wound fiberglass and foam
sandwich construction.

Access Openings

An additionai benefit obtained from the selected concept is laminarization across the
access holes in the wing lower surface. These holes use a standard door and become
unique items only after the foam spacers are attached. The spacers will be machined
in the same operation as those on the wing box. After the external panel is attached
a ring-shaped cutout is made to aliow access to the clamp ring fasteners on the door.
A clamp ring cover is installed in the cuisut to give continuity to the suction surface.
The cover consists of a fiberzlass and foam outer panel similar to the main box outer
panel. Instead of being supported with self-skinning urethane foam spacers it is
supported by “Duocel” foam aluminum spacers. These spacers line up with the wing
box spacers to form continuous ducts. They are used as compressible shims with no
springback to ensure that the outer surface is smooth and flush after the ring is
rolled into place. This method of installation allows the clamp ring cover to be a
standard item. The compressible foam spacers also allow the ring to be pushed down
to suit the differences in contour for various parts of the wing. The final stage of the
installation (not illustrated) involves machining an insert groove continaousiy through
the rings and door covers during the strip installation process for the wing. Emplace-
ment of a continuous strip insert across the rings and door covers is accomplished in
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Standard fiberglass
clamp-ring cover

Foamn
aluminum
Spacers

Compress to contour
and LFC smoothness

Figure 5.243. Clamp-Ring Cover Installation With Suction Across Access Holes

the same manner as in other areas. It should be noted that to remove an access door
the clamp ring cover must be destroyed, but, as they are ali standard, replacing with a
new one should not be a significant problem. This concept will require further study
and testing to ensure that deflections built into the clamp ring cover on installation
plus operational deflections and vibration do not cause the foam aluminum fo expand
and put the surface out of tolerance. The concept is illustrated in Figure 5.2-43 where
the basic arrangement and the installation approach are shown.

Drainage and Corrosion

Water can be expected to enter the suction system at some time during airplane opera-
tion although the greatest exposure is expected on the ground. While tests have
demonstrated that no structural problems will exist from freezing, a drainage system

is provided. Drainage for the chordwise ducts of the upper wing surface is accomplished
by locating entrv holes to the trunk ducts at the lowest points of the chordwise ducts.
That this can be done is apparent from Figure 5.2-24. The current arrangement shows
a dam at 65% chord which is a flow-restrictor type allowing water to drain to the rear
trunk duct as necessary and still serve to maintain the required airflow distribution

at the suction surface. Qverboard drains for the trunk duets are located near the wing
tip and at the side of body outside of the laminarized areas. The wing lower surface
requires no special drainage provisions in the chordwise ducts. The trunk ducts for
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lower surface air have the same drainage provisions as those for the upper surface air,
Check valves are provided at each drainage point to prevent air inflow during operation
of the LFC system.

Corrosion inside the wing box will present no new problems, The external surface of
the wing structural skin will be treated per BAC 55535 prior fo bonding on the spacers,
and coated with corrogard after the spacers are bonded on. This is the same finish

that is now used inside the air conditioning ram air ducts on the 727 airplane and no
corrosion has been detected in these areas since this type of protective system was
introduced. The environment inside the ram air ducts is more severe than that expected
in the chordwise ducts of a LFC airplane since suction airflow will remove most of the
moisture. The presence of corrosion, if it should occur, can be detected by NDT
methods long before it becomes structurally critical,

Lightning Strike Protection

The wing has a low probability of being struck by lightning except at the tips.
Figure 5.2-44 shows the major lightning strike zones indicating that the laminarized
portion of the wing is in a low probability zone. The wing tips are not laminarized
and their surfaces are aluminum. The metal suction strips are grounded to the tip

i Zone 1 Direct attachment zone _
Zone 2 Swept stroke attachment zone
] Zone3 Low probability zone

Figure 5.2-44. Lightning Strike Zone Definition
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and at the side of body to minimize the possibility of damage to the suction surface.
Figure 5.2-45 shows the elements of the wing tip design. More details of lightning
strike testing, supporting the conclusion that damage is unlikely, can be found in

Subsection 5.2.4.

5.2.6.2 Horizontal Tail Design

Application of LFC to the empennage was not considered in detail until a structural concept
for the wing had been selected. The decision was made to use a concept similar to the wing
in virtually all respects except for the structural box. Conventional skin-stringer construc-
tion for the horizontal stabilizer was not suitable for LFC because the lightly-loaded skin

is normally allowed to buckle at low loads. Adding thickness to the skin to prevent buckling
was too much of a weight penalty so aluminum honeycomb was selected for the basic
structure. The suction surface, leading edge and trailing edge designs closely parallel those

of the wing design.

Titanium leading edge

(q:_ Front spar

ot A

prod

76 cm (30 in) wide : - / A L
aluminum tip =

/ / =

. ==

Aluminum wing tip
{grounded to wing box) ——\

=

N

\— Aluminum wing box

-
=
Lo
b= _.G Rear spar

A

Aluminum suction strips
{grounded at side of body and tip)

Fiberglass cover

Qutboard aileron

Figure 5.2-45. Wing Tip Dasign for Lightning Strike
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5.2.7 MAINTENANCE AND REPAIR (SELECTED CONCEPT)

The study airplanes incorporating LFC capability are substantially more difficult to inspect,
maintain and repair than a conventional turbulent airplane. The conventional construction/
fiberglass cover concept minimizes many of these problems.

Routine maintenance inspections are normally conducted io locate structural cracks, corro-
sion, erosion, fuel leaks, system leaks, etc. Typical wing damage to current commercial
aircraft consists of the following:

¢  Cracus—(fatigue and stress corrosion)
Corrosion

Ground Incidents—(collision with service vehicles, other aircraft, and fixed objects
while towing)

Jacking Incidents—(puncture and/or scoring)
Engine Rupture—{puncture by flying parts)
Falling Objects

Bird Strikes

Lightning Strikes—(puncture and etching)
Hail Damage—(inflight and on the ground)

2 & & 8 © & @

Tire Treads Separation—(puncture and denting)

It is estimated on the basis of extensive service experience that cracks and corrosion repair
account for 90% of the structural repair work on the wing. Repair of cracks in the primary
structure would be accomplished in essentially the same manner as for a normal turbulent
airplane except for the removal and replacement of portions of the -~vter glove and foam
spacers. Figure 5.2-46 illustrates a repair procedure for the spucers and outer panel when
damage is in an area of high strain and is large in size. The cover and spacers would be cut
away to permit repair of the aluminum structure. Following this repair, the spacers would
be replaced. Either foam or foam aluminum can be used. Using foam aluminum may be
easier as it can be erushed to the proper thickness. The pre-made repair panel would then
be bonded in place. Epoxy filler and sanding to contour would be used to smooth out
mismatch. The groove would then be machined to receive a replacement segment of the

suction strip. Small repair areas and areas in regions of low wing strain would not require
the overlap of the cover and a simple butt joint repair would suffice.

Many forms of damage can occur to the outer surface of an LFC wing and no historical
data is available to evaluate the extent and frequency of damage to be expected. New
operating procedures will be required to minimize damage to the wing surfaces from such
things as fueling hoses, dropping tools, walking on the wings, hail, snow removal, etc.

The external structural surface, using the selected concept, would generally be well-
protected against corrosion. After the foam spacers are bonded in place, the entire

surface would be completely covered with Corogard {or a Skydrol resistant equivalent).
Machining of the spacers to meet LFC smoothness requirements, before bonding on the
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outer cover, would not damage the Corogard covering the aluminum skins. No subsequent
exposure to scratching, denting, or eroding would normally be expected. Boeing’s experience
with fuel vent lines and airconditioning ram air ducts has indicated that this design will
eliminate the necessity for frequent corrosion inspection and repair on the outer surface

of the structural skin in laminarized areas.

The leading edge structure is fiberglass from the front spar to the auxiliary front spa-and
has a titanium nose cap. Therefore, no corrosion or significant erosion problems are
expected,

The trailing edge structure and the internal surface of the main wing box are today’s con-
ventional state-of-the-art and pose no new problems,

5.2.8 MANUFACTURING REQUIREMENTS (SELECTED CONCEPT)

The current Manufacturing Plan is to fabricate and paint complete wing box assemblies
prior to the wing-body-join. All wing LFC Features will be incorporated in the manu-
facturing sequence prior to the paint operation. The exterior surfaces of LFC wing boxes
differ from conventional wings in that these surfaces are phosphoric acid anodized to
enhance integrity of subsequ: - bonding operations. In order to attain the surface regu-
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larity necessary to support laminar flow, the wing covers must be laid-up as a single part,
While this poses some formidable problems in tooling and assembly, it appears to be the
manufacturing approach which has the greatest probability of success. The covers will
have their outer surfaces Iaid up against a caul-plate contoured to airfoil surface shape.
Spacer strips, bonded to the outer surface and machined prior to assembling the outer
skin, become the tolerance payoff members. The manufacturing process is illustrated in
Figure 5.2-47 showing the essential operations and performance sequence.

5.2.8.1 Subassembly of LFC Components
The subassembly requires a number of unique facilities, machines, processes and tools:

{a) Suction strips will be fabricated as continuous subassemblies from coil stock which
has been anodized prior to use. Two strips and an extrusion will be machine joined
following roll straightening and adhesive roller coating, Development of a production
joining machine is a requirement.

{(b) Spacer blocks fabricated of extruded self-skinned foam will have excess height dimen-
sions. Prior to bonding to the aluminum wing, the bonding surface of the spacers
require milling for which a feed-through milling machine will be required.

(¢) The outer panel (fiberglass/foam) will be laid up in a full wing surface female caul
plate to control the exterior surfaces to critical contour and smoothness dimensions.
This process requires expanded Numerical Control (NC) machining capability as well
as increased handling capacity. Accurately locating the suction strips will require
the use and development of a production laser scribing system.

(d} Curing of the laid-up exterior skin assemblies requires a new, very large autoclave,
(Approximately two and one-half to three times as large as any now existing at Boeing.)

te) Peripheral trim of the cured skin requires the development and use of an electronic
measuring device coupled to an X-Y-Z manipulating mechanism for directing con-
ventional cutters over the skin’s surface.

5.2.8.2 LFC Suction Panel Installation
Attachment of the LFC panels to the wing box requires unique capabilities:

(a) Attachment of the spacer blocks to the wing-box skins necessitates the development
of 2 mechanized layup machine capable of applying a series of spacer blocks to the
surface during each sweep of the box surface.

{bY Machining of the spacer blocks to net height will require the development and acqui-
sition of an extremely large surfacing machine with NC control and three axis capa-
bility. Provisions will have to be made for exhausting a considerable quantity of foam
waste.

(c) Fitting of the exterior skins to the foam block machined contour requires the develop-
ment of a non-destructive testing (NDT) system to verify acceptability of fitup prior

194



4.75 mm {0,187 in) 2024-T3 Al
@ plate and 2024-T3 "Z" stringers

v

Clean and prime
with BMS 5-89

- Assemble by
riveting

Bond foam strips

@ 11.4 mm (0.45 in} BMS 8-132 foam for spacers

!

Fill pin holes
and paint

Cut into strips
with excess height

to outer face of dt
aluminum skin

Apply coragard to outer
surface of aluminum
skin and foam

¥

Machine foam strips
to net height

¥

Bond outer panel

assembly to foam P

strips
(BAC 8010, Type 38)

h 4

Place masking
strip in suction
strip sfot

!

Paint upper surface

of outer panel with
BMS 10-60 TY Il white
polyurethane (BAC
702 or 7025} and
remove strip from slot

{outer panst)

)3.2mm {0.125 in} foam/fiberglass surface

(a)_2024-T3 suction strip

|

l.ay up 3 plies
BMS 8-79 120 fiberglass
for inner face sheet

l.ay up 25.4 mm (1.0 m)
fiberglass filler plies
and foam core

Lay up 3 plies
BMS 8-79 120 fiberglass
jor outer face sheet

Assemble and bond
outer panel
{BAC 5010, Type 38)

Machine groove
and drill 4.76 mm
{0.187 in) bleed holes

—

Apply pinhole
filler to 120 fiberglass
outer face sheet

A 4

Bond suction
o

4

Chemical mili 4.3 mm
{0.17 in) groove in
plenum plate

Drill .27 mm (0.05)
holes at 7.62 mm (0.30 in)
pitch

Clean per BAC 5555,
apply 5-89 CIAP
primer

Cut 0.51 mm {0.02 in)
2024-T3 upper strip and
bond to plenum plate

Cut 0.25 mm {0.01 in) slot,
vapor degrease,
alkaline clean (BAC 5514)

!

Apply BMS 10-11
primer

strip in place

Figure 5.2-47. Manufacturing Sequence for LFC Surface Assembly

195

Jipn



to, during and after bonding. Bonding of the suction strips in place will require an
automated adhesive application system with alignment capability incorporating pres-
sure application provisions.

(d) Milling of slots for suction strips necessitates the development of a magnetic following
system to locate the buried reinforcements, that operates in conjunction with a
vacuum-attached milling system and vacuum exhaust system, Drilling of through-holes
from the outer surface to the between-spacer areas will involve a multi-spindle drill
attachment to the NC controlled slot-milling apparatus.

(e) Wing painting requires a controlled air supply and duct-attach system to provide
plenum pressurization for paint exclusion. Roll-over capability for access to both
surfaces will be needed (see Figure 5.2-47).

Existing Aero-Space Production capabilities to support this preliminary Manufacturing Plan

do not currently exist. All processes, tools and equipment have already been verified in

the conceptual stages by smali-scale hardware and laboratory testing. Full-scale capability

for production would require an extensive developmental program leading to verification

with full-size hardware for each process andfor concept. Manufacturing technology develop-
ment will be required in support of each of the foregoing processes. Primarily in the bonding
discipline, effort will need to be addressed to the maintenance of close-fitting joints and
theidentification of gap-tolerant adhesives. NDT development will be necessary for verifi-
cation of bond integrity during manufacture as well as inspectability of the covered wing
during in-service use.

Existing airplane production facilities could not be used for fabrication and assembly of
LFC components and for airplane final assembly. New facilities would have to be developed
utilizing a clean room atmosphere similar to those utilized for fabrication of decorative
passenger accommodations or Quality Control laboratory conditions for instrument cali-
bration. To further protect the LFC components from contamination and damage, a massive
training program would have to be instituted for personnel that would be working on these
vehicles to condition them for the work environment and to instill the proper “Zero

Defect attitude and approach.

None of the foregoing complexity factors have been given a cost impact for this program.
Nevertheless they must be considered as a substantial risk element in any program assess-
ment.

5.3 SUCTION PUMP AND PROPULSION SYSTEM

This section discusses the process used in defining the suction pump system and the main
propulsion engine. Selection and definition of the suction pump system and its location
in the airplane was done through a series of trade studies. The main propulsion engine
was selected on the basis of the expected technology level for the 1990 time period and
the engine cycle was finally selected to be near-optimum for an LFC airplane based on a
separate trade study. The results of these trade studies and the rationale used in the selec-
tion process will be presented in the following paragraphs.
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These studies were conducted as a subtask of the concept evaluation task under Subtask
4.2.3. The concept development effort was conducted in relation to the LFC baseline
areraft, Model 767-807, which was also based on technology levels consistent with an
airplane service entry in the 1990 time period. Pratt and Whitney Aircraft (P&WA) provided
consultation and technical service for the main propulsion engine, and AiResearch Manu-
facturing Company of Arizona provided the same for the suction pump system. United
Airlines {UAL) was also consulted on the maintainability aspects of the suction pump
system.

5.3.1 DESIGN REQUIREMENTS AND OBJECTIVES

The main propulsion engines do not have a direct impact on the feasibility and viability
of the LFC cystem: hence, the desizn requirements and objectives for defining the main
engines were based on the airplane thrust requirements and technology level expected in
the 1990 time period. Also, the selected engine bypass ratio was desired to be optimized
for this particular airplane. These and other design requirements and objectives are con-
sistenit with those of any turhulent advanced technology transport which must conform
to Boeing design practice and for which the appl.cable FAR regulations must be satisfied.

The design requiremnents for the suction pump system were {o provide the necessary suction
power at all flight conditions within the flight envelone while maintaining acceptable
reliability, maintenance and flight safety characteristics. Design objectives included opti-
mization of the system in terms of fuel consumption and consistency w ** acceptable weight
reliability and maintainability. Considerations were also given to the possibility of

interface with other systems and the location flexibility of the system selected.

5.3.2 MAIN PROPULSION SYSTEM

The laminar flow control (LFC) airplane studies and the energy efficient engine studies
which are both part of the NASA-sponsored Aircraft Energy Efficiency (ACEE) Program
are parallel efforts aimed at early 1990 entry-into-service. Thus, for the LFC airplane, it
is appropriate that the main propulsion engine be consistent with an engine evolving from
the Energy Efficient Engine (EEE) studies.

Since the LFC airplane studies began prior to the EEE definition, it was necessary to

select a study engine that could be considered representative of an EEE baseline engine.
Because of Boeing participation in continuing cycle studies by Pratt and Whitney of engines
incorporating advanced technology, it was decided to use the P&W STF-482 study engine
for the LFC airplane baseline configuration. This engine has the following nominal cycle
characteristics:

Overall Pressure Ratio 40

Fan Pressure Ratio 1.65

Bypass Ratio 7.5
Maximum Combustor Exit Temp. °C. (°F) 1532 (2700)
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Certain adjustments to the nominal engine performance were required to accommeodate to
sizing and system changes representative of an LFC airplane application. This was
accomplished by parametric simulation of engine characteristics using the Boeing engine
cycle analysis program, which was initially adjusted according to Pratt and Whitney inputs
to provide performance dsta matching the STF-482 engine. This program was also used to
provide final engine performance data for the LFC baseline airplane.

5.3.3 SUCTION PUMP SYSTEM

The interface between the duct system and the suction pump system is deiined to be at
the face of the suction compressors. The design of the suction duct system is discussed in
Subsection 5.1.4 and will not be discussed here. However, it is important to note that the
ducting syste:u is separated into low pressure and high pressure elements corresponding to
the upper and lower wing surfaces, respectively.

The suction pump system, therefore, consists of coupled low-pressure and high-pressure
compressors and the pump drive system. Two separate suction units are required to
provide the suction for the entire wing, one on each side of the body. This system was
sized and conceptually designed to provide the desired suction air-flow at an initial cruise
altitude condition of Mach 0.8 at 12 800 m (42 000 ft), which is shown on the operating
envelope defined in Figure 5.3-1. The suction pump system must remove sufficient air
from the wing surfaces te satisfy the boundary layer stability requirements over the slotted
portions of the wing surraces within the principal operating envelope. While the system
will not normally operate below the operating envelope, it is assumed that system opera-
tion can be initiated prior to takeoff and continue until commitment to landing at destina-
tion. Operation of the system is also expected during checkout, maintenance and special
situations on the ground.

Off-design
operating Principal operating
envelope envelope
15 (B0} System design point
12.8 km
P | w2
2 - {40}
=
5 o
B - (30}
E:
=
=
- (20)
5 L 1 1 1 | ]
0.60 0.6 0,70 - 0.75 0.80 0.85

Mach number

Figure 6.3-1. Suction Requirements
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Initicl requirements for the suction unit at the 12 800 m (42 000 ft), Standard Day, Mach .8
design point are shown in Table 5.3-1 below:

Table 8,3-1. Initial Suction Unit Flow Requirements

Suction surface Corrected airflow, Pressure ratio
kafs (Ib/s)
Upper {0 - 70%)} 11.7 (25.7) 1.44*%
Lower (0 - 70%) 18.3 {(42.5) 1.89

*Pressure ratio for first stage only.

It will be noted that the pressure ratio for the first stage only is given in the table opposite
the upper surface. However, the upper surface flow vequires an overall pressure ratio of
2.72 (i.e., the product of 1.44 by 1.89). This is apparent from inspection of Figure 5.3-2,

To arrive at a suction pump system configuration a trade study was necessary to evaluate

the merits of alternatjve arrangements. Following an initial selection of number of pressure
levels for the compressor based on expected wing pressures, the trade study considered
different options in driving the suction compressors and the various location possibilities

for the system. The options considered in driving the suction compressor were: 1) Turbo-
shaft engine, 2) Bleed/burn turbine, and 3) Direct mechanical drive. These alternative

drive concepts were all evaluated for an aft-body Jower-compartment location since all the
above concepts were possible due to the close proximity to the main engines. This permitted
a comparison unclouded by location considerations. Once a system concept was selected,
the other locations for the system were considered.

Suction unit location studies were conducted to determine where the selected suction pump
concept could best be integrated into the overall airplane design. Consideration was given to
operational problems, structural arrangement, aerodynamic drag and flow efficiency.

The following paragraphs cover the selected compressor design, the trade study to determine
tlie best method for driving the system and the location study to select the location of the
system on the airplane.

3.3.3.1 Compressor Design

Each suction pump consists of low-pressure (LP) compressor coupled with a high-pressure
{HP) compressor. The LP compressor draws air from the low pressure area of the wing (wing
upper surface) and raises the pressure to the HP compressor intake level. The HP compressor
takes the air from the LP compressor along with the air from the high pressure area of the
wing (wing leading edge and lower surface) and boosts all of the suction air to freestream
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total pressure. The LP compressor is a single-stage ax..l-flow compressor and the HP
compreassor is a twao-stage axial-flow compressor. Both compressors require variable inlet
guide vanes to provide efficient operation over the operating envelope shown on Figure 5.3-2.
The two compressors are driven at the same rotational speed through a common shaft at
approximately 14 800 RPM at the design point. For the design point condifion, the LP
compressor is required to provide 1,44 pressure ratio with 11.7 kefsec (25.7 Ib/sec)

corrected flow and the HP compressor must provide 1.89 pressure ratio with 19.3 kg/sec
(42.5 Ibfsec) corrected flow. The above requirements correspond to laminarization back

to the 70% on both upper and lower wing surface corresponding to the initial baseline air-
plane configuration.

Required compressor drive power has been determined for both the principal and the off-
design operating envelopes as shown on Figure 5.3-2. As noted, the required power input
to the compressor is 201.4 kw (270 horsepower) at the design point. With the drive power
unit sized to this requirement, the potential horsepower output ai sea level standard day
conditions is 875.9 kw (1150 horsepower).

5.3.3.2 System Drive Options

Energy to provide power to drive the suction compressor is available from: 1) The main
propulsion engine or, 2) A separate energy source in the form of a turboshaft engine. For
this study, the alternatives selected for evaluation were:

1. ‘Turboshaft Engine
2. Bleed/burn or Bleed-Drive Turbine
3. Direct Mechanical Drive

The Model 767-807 baseline airplane was configured with the suction pumps located on
the wing trailing edge at the wing break. It had been concluded that with this configura-
tion, the only practical drive method was a separate turboshaft engine. Therefore, to
evaluate all of the above alternative drive methods and to provide information on alternate
suction unit locations, an aft lower body location was selected for study purposes. In this
location the suction system ducting back to the interface point is identical for all drive
methods thus permifting an evaluation of the suction unit independent of the duct system.
Figure 5.3-3 shows a typical arrangement of suction units below the cabin floor level in an
unpressurized compariment in the aft-body area.

Safety considerations were an important element in the process of evaluating the operational
suitability of alternative suction systems which is influenced by both system drive and unit
location. Containment of fragments in the event of rotating machinery failure is a firm
requirement for all suction unit locations although some installations are more sensitive

than others. Of primary concem is the possibility, even though remote, that fuel or fuel
vapors could be present in air entering the suction pump. This could come about through
failure (e.g., structural cracks, sealant loss, etc.) at the interfaces between fuel tanks and
suction ducting within the wing. Thus, to provide adequate safety it will be necessary to
install multipie fuel/vapor sensors in the suction system ducting upstream of the compressor
faces where a signal from any sensor would trigger an automatic system shut-down. In
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addition, bearing failure and over-temperature sensors were required on any bearing or
gearbox located in the path of the suction airflow where a signal from these sensors would
result in automatic system shutdown. This concept is shown schematically on Figure 5.34.

Further study showed that safety considerations were more demanding for suction units
located in the aft-body areas. Additional design requirements included the provisions that
all units be shock-mounted to minintize noise transmission and that all rotating equiment

be fully contained in the event of failure. Proper orientation of nozzle exhaust and compart-
ment fire-proofing were also given special attentjon.

The following discussion outlines the design approach and major concerns for each of the
drive alternatives studied:

(a) Turboshaft Engine Drive
An advanced technology turboshaft engine with an overall pressure ratio (OPR) of
20 was utilized for this study. This engine is configured with two centrifugal com-

pressors driven by a two-stage axial turbine in the gas generator and a two-stage axial
free turbine in the power section to drive the suction pump. AiResearch has provided
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Figure 5.3-4. Suction Unit Safety Considerations

the above definition of the turboshaft drive engine and performance data to support
its evaluation.

The installation for this drive methad focated the turboshaft engine under the aft-
body floor at the side-of-body in a fire-protected zone. The installation criteria used
was the same as for a standard engine installation. This configuration, which is shown
in Figure 5.3-5, required two angle-drive gearboxes to transmit the power to the
suction compressors which were located low in the keel beam area of the aft-body.
During a special review of this configuration with United Airlines maintenance per-
sonnel, it was stated, on the basis of experience with similar equipment, that in-line
drives would be preferred to the angle-drive gearboxes because of high maintenance
predicted for the off-set drive.

The turboshaft drive system provided the most flexibility of operational control of
the suction pump units since they were completely independent of the main engines.

Bieed/Burn or Bleed-Drive Turbine

The bleed/bum turbine drive engine was located in the same area as the turboshaft

drive engine and also required two angle-drive gearboxes in each drive train. Figure 5.3-6
shows the principal features of this system. Bleed air from all three main propulsion
engines was manifolded together to supply the iwo bleed/burn units. The bleed/burn
units were sized such that in the event of a single main engine failure both of the burn
units could still be operated to provide the design point suction flow performan.e.
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{(c)

Studies were conducted to evaluate the best bleed air pressure from the main propul-
sion engine. Pratt and Whitney Aircraft have indicated that pressure ratio 10 was the
lowest level which should be considered for extraction from the 40 OPR engine to
avoid the variable geometry section of the engine. Therefore, pressure ratios of 10,
20, 30 and 40 were evaluated by utilizing a bleed/burn engine simulation program
developed by Boeing. This study showed that on an airplane total fuel burned basis,
the variation in fuel burned from the lowest exiraction pressure level to the highest
was less than 1% when pre-cooler airbleed from the main engine fan airflow was
neglected. Since precooling would be required in order to use the higher extraction
bleed pressure levels, a pressure ratio of 10 was selected to minimize the impact on
installation probiems associated with airbleed extraction.

The question of burn level (i.e., turbine inlet temperature) was raised early in the
study where a preliminary assessment showed that low burn levels were inefficient
because higher bleed requirements resulted in adverse effects on the main engine
performance. This was also true for the Bleed-Drive case even though some saving in
complexity and weight resulted from elimination of burner sections. Thus, a single
burn level corresponding to a turbine inlet temperature of 944°K (1700°F) was used
for the study.

AiResearch provided a conceptual design of a bleed/bum system with the drive turbine
using a pressure ratio of 10 at the air extraction point with the main engine at its
design operating point. Reduced engine power level associated with the end-of-cruise
portion of the mission and a low payload were accounted for in sizing the drive unit,

Direct Mechanical Drive

Direct mechanical power extraction from the high pressure rotor of the main propul-
sion engine was studied as an alternative to drive the suction pumps. Figure 5.3-7
shows a two-shaft drive arrangement although a three-shaft arrangement was also con-
sidered. These studies indicated that the expected RPM variation of the main engines
was ot compatible with that required by the suction compressors to cover the desired
LFC operating envelope. Therefore, it was concluded that either variable speed
capability in the drive train or additional features (e.g., variable area nozzles) on the
suction compressors would be required. Restricting the operating envelope was not
considered an acceptable option.

During the course of the study, both two-engine and three-engine drive concepts were
evaluated. The three-engine drive concept offered the advantage of no loss in LFC
suction performance in the event of a main zngine loss but the resulting drive system
was more complex with associated higher maintenance than the two-engine drive. In
addition, a single failure in the three-engine mixer gearbox would cause loss of all LFC
capability. Therefore, the three-engine system was dropped and only the two-engine
concept retained for the balance of the study.

The two-engine system requires a 45° and a 90° gearbox in each system with multiple
shaft supports to a variable-speed drive unit upstream of the suction compressor in the

drive train. Speeds were limited to 10 000 RPM for the shafts between the main
engine and the vari-drive unit.
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Figure 5,3-7. Direct Mechanical Drive

The direct-drive systemn was considered to be the most difficult svstem to provide
means to cope with the suction compressor operational conirol problem.

The results of the drive alternatives study has shown that, of the practical options considered,
all provided competitive fuel consumption performance (within 1%) whereas the weight
advantage was significant for the turboshaft drive. Based on the qualitative considerations
discussed above; namely, a) Reliability, b) Maintainability, ¢) Ease of control and d) Location
and interface flexibility, the advantage was also clearly with the turboshaft drive.

Table 3.3-2 shows a comparison of the three drive options based on the above factors.

The turboshaft drive option, therefore, was selected as the basis for further design studies

and ultimately, for the final LFC airplane configuration.

5.3.3.3 Suction Unit Location

Since the results of the drive alternatives study clearly indicated a selection of the separate
turboshaft drive, the evaluation of suction unit location options was based on the above
choice, Furthermore, Baoeing IR&D studies had also shown that the turboshaft drive was
the only practical alternative for the baseline configuration with wing-mounted suction
units. Thus, the suction unit location study was based on a common turboshaft drive
system and the evaluation conducted for four different locations; three mounted on the
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Table 5.3-2, Evaluation and Selection Basis—Compressor Drive

Aft body location
ftem Turho- Bleed and Direct
shaft burn mechanical,
2 engines
Net fual consumption Base +30 (+66) —-18.6 {—41)
at design point, kg/h {Ib/h) +0.7% —0.5%
System weight, kg (Ib) Base 378.5 (+830) 186 (+410)
Reliahility and maintainability High Medium Low
Ease of control for off-design High Mediurm Low
operation
Flexibility of interface with High iiedium Low o
other airplane systems ™~
&
Location flexibility High Low Low =

wing and one in the aft-body. The wing locations considered are illustrated in Figure 5.3-8
and listed below:

I.  Under-wing mounted (aft, planform break)
2.  Wing rear-spar mounted (aft, planform break)
3.  Over-wing mounted (aft, wing root)

The two configurations at the wing break both posed structural problems associated with
removal of the suction air to the suction pumps. Also, both configurations have significant
drag penalties due to wing laminarized area lost and basic aerodynamic interference
associated with the presence of the suction unit pod. In addition, the aft-spar mounted
configuration poses a potential wing flutter problem which would result in increased wing
weight.

The wing roof location appeared to provide the most workable configuration of the three
wing locations studied. However, there were still compromises associated with this
lecation. This arrangement minimizes wing area lost to laminarization but it did cause
concern about the drag impact and also introduces some safety concerns. However, further
study indicates that these can be eliminated or minimized by appropriate design features,

Since the wing location is preferred over the fuselage location, the wing root location was
selected as the best location overall for the suction pump system.
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Figure 5.3-8. Options for Suction Unit Location

5.3.4 SUCTION SYSTEM CONFIGURATION SELECTION

Based on the above criteria of Section 5.3.3, the turboshaft drive was clearly superior and
was, therefore, selected as the appropriate drive method regardless of suction unit location.

For the preferred turboshaft engine-driven suction unit, a comparative evaluation of wing
location versus aft-body location showed unmistakable benefiis favoring the wing root
location. Thus. a final selection of the turboshaft-driven suction unit located in the wing
root area was made for the baseline airplane configuration.

5.4 LEADING EDGE REGION CLEANING

Contamination of the wing leading edge by foreign particles such as insects or ice has been
identified as a serious concern in all previous laminar flow studies and experiments where
operational factors were considered. Of the two contamination problems, insect contamina-
tion has always presented the most formidable problem. Elimination of ice can be handled
in a straightforward manner and will be mentioned only briefly in this section of the

repori. Elimination of insects is an entirely different matter. Many solutions have been
proposed in the past and recommended soiutions are included in this section of the report.
However. no proposed solution is known that solves the insect contamination problem in

a completely satisfactory manner without some adverse characteristic. A continued effort



in the area of insect contamination is necessary since a completely acceptable solution to
this problem is required before LFC will be successful in the commercial airline environ-
ment.

5.4.1 DESIGN REQUIREMENTS AND OBJECTIVES

The primary design requirement for any leading edge cleaning or protection device is that

it not cause premature transition of the laminar boundary layer. This requirement essen-
tially eliminates any known type of mechanical device such as a scraper or deflector from
being used. Any such device would have to be stowed with a resulting seam or joint in

the leading edge. Tolerance on such a joint would be prohibitively small and would have

to be maintained to close tolerance throunghout the life of the airplane. Therefore, mechani-
cal devices to either clean or protect the leading edge were not considered.

The design objective of a leading edge device to either clean or protect the leading edge is
that it perform during both takeoff and landing approach and while operating within the
insert iayer, up to approximately 3000 ft above the terrain. It is also an objective that
such a device or system not require significant expenditure of ground maintenance person-
nel time for servicing between flights, It should be essentially self-contained and activated
as necessarv by the flight crew.

5.4.2 PREVIOUS APPROACHES

Many schemes have been devised for either protecting the leading edge from insect con-
tamination or cleaning the leading edge during flight. These schemes are well documented
in Reference 24 and are summarized in the list following:

&  Mechanical scrapers that travel along the wing leading edge.

Flow deflectors that are stowed inside the leading edge when not in use.

Fly-away fabric covers atiached to the leading edge prior to takeofT.

Soluable films applied to the leading edge prior to takeoff and washed off in flight.
Thermally removable covers that are burned off in flight.

Highly viscous fluids applied before takeoff and carried away by the airstream in flight.
Continuously or intermittently discharged liquids over the leading edge.

s & & & & & @

A layer of ice formed over the leading edge prior to takeoff.

All of the above approaches have some drawbacks or undesirable features. The best concept
described appears to be that of discharging liquids over the leading edge. But, even this
approach has the undesirable feature of holes in the leading edge, the significance of which
to maintaining the laminar boundary layer has not been fully evaluated. The undesirable
features associated with one or more of the above approaches can be swnmarized as follows:

8  Penetration of the leading edge skin is required to incorporate the device, which

results in a joint or hole exposed to the laminar boundary layer that may cause
premature transition.
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s  Application of the device or material by the ground crew prior to takeoff is required
resulting in excessive flight preparation time.

#  Fly-away devices would litter the countryside and would probably be unacceptable
to the public.

®  Protection is not possible for landing approach as well as takeoff.
®  The expendable fluid reduces the payload by a significant amount,
&  The technique will not work.

®  The technique presents a flying safety hazard.

During this program the attempt was made to identify a lcading edge cleaning or protection
scheme that either had no objectionable features or would otherwise minimize them.

5.4.3 RECOMMENDED SYSTEMS

Leading edge cleaning or protection systems were identified in this study based on previous
studies as discussed above and contract efforts at design innovation. These syster.s are
depicted in Figure 5.4-1 and are identified as the Liquid Film System, the Cryogenic Frost
System and the High-Pressure Air Shield System. These three approaches have the highest
potential for success of any identifiable at this time. All thr.e systems have some point of
disadvantage but these approaches are, nevertheless, considered promising and worthy of
additional study and development. Significant disudvantage: are: 1) The liquid film and
the high pressure air shield require penetration of the leading edge with bleed holes to supply
the water or air, and 2) The liquid film system requires a significant amount of water to be
carried, reducing the performance a small amount. However, both are self-contained and
both should work equally well on approach and on takeoff.

A liquid film system has been demonstrated in flight as an effective means of protecting the
leading edge from insect contamination as discussed in Reference 25, It would require
penetration of the leading edge surface to supply the water to the exterior surface. The
success of such a system would depend on the ability to design and maintain flush or hidden
nozzies that would not trip the laminar boundary layer during cruise flight.

The high-pressure air shield has had no flight or wind tunnel test evaluation and whether or
not such a system will actually work is not known. Also, the success of such a system is
dependent on the ability to design flush or hidden nozzles that would not trip the laminar
boundary layer during cruise. However, since air is used, no payload penalty would result
due to carrying the protection medium onboard, And, like the liquid film system, this
approach would work on landing approach as well as takeoff which wouid essentially
eliminate ground cleaning between flights.

The Cryogenic Frost System is an innovation. The system is presented in schematic form
in Figure 5.4-2. In this figure it is seen to be combined with the hot air anti-ice system

which is a very advantageous combination. The frost system operates on the principle of
expanding liquid nitrogen into a mixing chamber to provide very cold air for distribution



Liguid fitm

Frost

Cryogenic
frost system

High-pressure
air shield

Figure 5,4-1. Leading-Edge Region Cleaning Concepts

along the leading edge. The formation of frost on the leading edge prior to takeoff would
occur through the natural moisture in the air condensing on the cold leading edge. During
takeoff and climb, adherence of impinging insects would be inhibited by the frost. With
shut down of the system, the airstream would quickly melt the frost leaving a clean

surface. Such an approach would work best on warm, hunid days which correspond to

the conditions of worst insect contamination. On cold or wintry days such a system would
not produce frost well but it would probably not be needed since little or no insect problem
would be expected under such conditions. Therefore, the system would only be used under
favorable conditions for frost formation which should correspond to conditions when
insect protection is needed. Under the unusual conditions when frost formation is not
adequate and insect protection is needed, some insect contamination of the leading edge
would be expected.

The disadvantages of such a system are a lack of actual test experience and the fact that
such a system would not work on landing approach. This would require cleaning the leading
edge between flights which is undesirable. However, no penetration of the leading edge
surface is necessary and only a small quantity of liquid nitrogen is required to supply the
cold temperature.
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Figure 8.4-2. Wing Leading Edge Frost/Anti-Icing System Schematic

At this time no clear choice of ieading edge protection system is apparent so further innova-
tive design effort is highly desirable. As can be concluded from the above discussion, con-
siderable additional development and testing effort is also needed before a satisfying leading
edge cleaning or protection system can be chosen.

5.5 AUXILIARY SYSTEMS

Airplane auxiliary systems provide the functions other than propulsive thrust necessary to
meet airplane operational requirements. Included are the hydraulic, pneumatie, electrical,
electronic, environmental conirol systems, and high lift systems. The objective was to
investigate the possible technical and economic benefits of integrating the LFC system with
one or more of the auxiliary systems. Rationale for evaluation included improvement of
performance and reliability, reduced maintenance, reduced cost, reduced weight and com-
patibility of installation space requirements.

Auxiliary systems and LFC systems integration studies are configuration dependent and
must be conducted subsequent to final airplane configuration definition. However, pre-
liminary airplane cenfiguration studies have identified two areas where significant gain can
be realized through combining auxiliary systems functions. In the leading edges, ducting
systems and installation space are required for both hot air anti-icing and leading edge
protection systems. Operation and confrol of both systems appears to present .10 incom-
patibilities since, for example, leading edge protection against insects would not be required




during anti-icing operation. Also, preliniinary estimates indicate that the horizontal
stabilizer suction unit power requirement would result in a power unit with sufficient
capacity to meet the airplane ground APU requirement, However, provisions would be
needed in the power unit design to match the compressor pressure ratio and airflow
capabilities to meet both the LFC and ground APU requirements.

The auxiliary systems definition for the final LFC configuratioa is incomplete at this point
since no final decision on type of leading edge protection from insects has been made among
the candidates previously discussed. However, an integration of the anti-icing and leading
edge protection system must be accomplished along with provision for one or two slots

near the wing root., Such a combination would be used for the horizontal tail also but the
tail will probably not require leading edge slots since the Reynolds number and leading edge
radius are smaller than for the wing.

The LFC suction unit for the horizontal tail is combined with the airplane APU in the
systems definition for the final LFC airplane configuration. Installation and performance
details are discussed in Section 6.5.




6.0 CONFIGURATION SELECTION AND DESIGN

The study activity under the subject task culminated in the definition of LFC systems to

be incorporated in an integrated transport design which would be technically feasible and
economically attractive for introduction to service in the early 1990°s. The rationale for
selection was based on: 1) technical feasibility, 2) performance and economics-related
benefits versus cost, and 3) operational suitability. The results of the extensive concept
evaluation studies previously discussed were used as a basis for systems selection and evalua-
tion of the final configuration design. The performance of the selected airplane design

is presented in Section 6.6 to provide a basis for eventual economic assessment of the air-
plane in airline service A comparison of fuel efficiency with that of a reprasentatlve
current turbulent transport design is also shown.

As discussed in Section 4.6, a baseline LFC aircraft was defined early in the study to
provide a valid basis for design development and evaluation of LFC system options.

Figure 4.0-4 shows the baseline aircraft originally defined to meet mission and operational
requirements given in Chapter 4.0. Further refinements were made during the course of
the concept evaluation studies which resulted in the configuration shown in Figure 6.0-1.
This configuration is the basis for development of the final LFC transport design and its
performance presented at the conclusion of this section.

6.1 FINAL DESIGN REQUIREMENTS
Design requirements for the final LFC airplane fall into several categories,

Since the airplane is a conventional layout and similar in many respects to a turbulent
airplane design, the normal Federal Air Regulations (FAR) requirements are considered

to be applicable unless otherwice stated. The airplane features associated with laminar

flow and the corresponding systems can be expected to introduce airplane characteristics
which may require modification or extension of the FAR. At this stage of developmenit,
however, the potential impact of LFC on the FAR has not been studied, but the effects

on design are anticipated to be relatively minor. Certification may involve special problems
which cannot be anticipated at this time.

Prior to the definition of final design requirements, studies to resolve such items as cruise
altitude and climb requirements and fiiel reserves were undertaken to provide a rationale
for defining these items. While these are influenced primarily by environmental considera-
tions, their selection is also related to airplane operational factors. For a given cruise Mach
number, high altitude corresponds to low unit Reynolds number which is of fundamental
importance in reducing the sensitivity of laminar flow to disturbances of all types. It is
well-established that the following types of operationally-related disturbances are of
significance:

Atmospheric ice particles

Erosion/light impact damage

Insect residues

Noise

Turbulence

& 5 5 0 &
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10 190 km (5500 nmi)

Range
Payload 201 passengers {15785 mix)
Gross weight 170 100 kg {375 00O Ib)
Wing area 339 m? (3650 12} (A = 25 deg, AR = 10)
Engines 3 at 158 kN {35 500 [b) SLST MAC =6.28m
Mach no, 0.80 {20.6 )
Cruise altitude 12 800m (42 000 )
B ey

Laminar area
0.8c upper
0.7¢ lower

{191.8 f1)

=  58.46m
{191.6 ) :’?
14.2m
Feoow s . (46.6 t)

Figure 6.0-1. LFC Transport Configuration—Modified Bassline (Mode! 767-808)

allowabie values for various disturbances are discussed in Subsections 5.1.1 and 5.1.8, and
are applicable to the fina] airplane design. The data in Table 6,1-1 give the fina) design
requirements and show that the performance and mission-related values are unchanged from
those used originally. However on the basis of the studies discussed above, the cruise
altitude has been reduced to 12 190 m (40 000 ft) partly in recognition of the substantia)

N0



Table 6.1-1. Airplane Design Requirements

itern Requirement
Design range 10 190 km {8500 nmi)
Payload 201 passengers
Cruise Mach number 0.8
Cruise altitude 12 180m (40 000 ft}{initial)

Turbulent climb capability| 81.4 m/min (300 $t/min) at
10 670m (36 000 ft)

Takeoft field length 35866m (11 700 ft) {or less)
Approach speed 280 km/h (135 kn) {or less)
Fuel reserves 1967 ATA international rules

{turbulent flow) or fuel to
reach destination with LFC
failure at halfway point

The fuel reserves requirement has been extended to include a provision that the reserves
be sufficient to reach the destination with LFC failure at the halfway point in the mission
and with sufficient fuel for 15 minutes operatior. thereafter. This is approximately
satisfied if the updated 1967 ATA international rules are applied with the rcserve segment
flown under turbulent flow conditions. The flight profile and the applicable inission rules
are shown in Figure 6.1-1. However, the first provision above takes precedence and will be
satisfied in any case. The above reserve requirements are also approximately compatible
with normal airline and FAR requirements for engine failure enroute.

6.2 AIRLINE CONCERNS AND RECOMMENDATIONS

Initially it was recognized that airline participation in the evolution of LFC design concepts
could contribute substantially to the success of this effort. Thus the services of United

Air Lines (UAL) were secured on a consultation basis to provide inputs, particularly on
matters related to airline operations and economics. This participation has taken the form
of periodic design reviews by responsible UAL personnel which have been reported during
the course of the contract work. These reports have been furnished to NASA as received.
Therefore, only the major concerns and observations, taken directly from these reports,
will be presented {mostly verbatim) in this section.
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Figure 8.1-1. Flight Profile and Mission Rules

6.2.1 GENERAL CONSIDERATIONS

In the opinion of the UAL staff, h"th reliability and justifiable total life cycle costs are

the prime hurdles facing development of a practical commercial laminar flow control
system. Therefore, it is worth reciting several principal shortcomings that are often observed
in early system development programs, viz:

Insufficient emphasis, in concept stages, on maintainability in all its aspects

Superficial simulation of environmental exposure, and inadequate environmental
test experience

] Excessive reliance on cost formulas as criteria

Although the original Boeing proposal recognizes maintainébility, durability, and cost
as important design considerations, we can never be wholly confident that sufficient
attention is given to these aspects.



Low speed performance, and stability and control considerations are included in the sub-
jects to be investigated. In our view they remain principal criteria in design and there
should be no compromise in what would otherwise be possible in order to optimize the
LFC design. Put another way, LFC design options should be evaluated in terms of what
further improvements in these flight characteristics they make possible.

The discussion on surface tolerances gives recognition to in-service contamination, and
smoothness criteria for manufacturing tolerances and maintenance requirements. It should
be recognized that a common criteria for manufacturing and maintenance is seldom ten-
able, and that the criteria have different objectives. It is useless to be concerned with
manufacturing tolerances if unlivable maintenance requirements are assuciated with them.
Both basic design and smoothness criteria must have enough cushion to tolerate a
reasonable degree of in-service degradation and even minor defacement before remedial
action is required. That action itself must be relatively simple and economical to pass the
inevitable test of acceptabie operating costs. The main thrust should be devoted to
exploration and definition of the maintenance requirements and the effects of repair
action as they pertain to corrosion, physical damage, and quality control in field repair.

Costs for development and production, though borne by the operator as investment, are
external to his control and subject to some manipulation, whereas operating costs become
“hard costs’’ that cannot be strung out or otherwise absorbed. Consequently, the operator’s
concern is that operating costs are frequently underplayed when assessing tradeoff benefits
that are favorable to lower investment costs (viz,, maintainability vs. manufacturing costs).
A skeptical attitude regarding assessment of the various concepts in meeting requirements
for reliability, maintainability and operational suitability in airline type operations is
justified.

UAL’s ~ 2gative position regarding use of the ATA cost formaula, particularly for evaluation
of new technology, we believe is well known. The objection is not a matter of outdated
coefficients, but rises from the manner in which the formula was developed to grossly
describe the general characteristic of a relatively small family of airplanes, all of a fixed
common design technology, but having quite different missions. Hence, to use it for evaluat-
ing or comparing new technology of airplanes at common mission points is not consistent
with its formulation.

Updated coefficients do not resolve this fault. There are several cbvious problems with
the ATA formulation when applied to developmental studies. For example, though used
tfor convenience in the formula to represent gross airplane size, airplane weight is not a
determinant of crew pay. That is to say, savings in operating weight for a particular study
airplane will not reduce crew pay, which is really a function of the design mission. Itis
recommended that the LFC study use a constant crew pay.

The simplistic determination of maintenance cost as a function of airframe weight and
price, engine thrust and price, and flight time also is inappropriate for technology
assessment. In estimating maintenance costs and evaluating various structural options, the
UAL Structures Engineering group suggests that the costs should be developed in terms of
repairs or modifications that might become necessary on an operator fleet basis.



Maintenance costs in an airline system for any given study mission are dependent on the
overall system utilization (i.e., average stage length) of the airplane. There is some question
whether the ATA equation is applicable for calculations using other than average siage
lengths. The weight, thrust and price elements may or may not correctly reflect the impact
of technology on maintenance costs. These effects must be examined directly by compari-
son with some known reference. The use of composite materials may or may not reduce
maintenance costs, but this cannot be measured by the reduction in weight or the change in
price. The same js true for advanced avionics. Similarly, if there are variances in airframe
weight, and hence engine thrust requirements, for comparative LFC airplanes, it is question-
able whether the variances can be translated into maintenance costs via the ATA equation.

6.2.2 OPERATIONS
6.2.2.1 Fuel Reserve Criteria

In conventional concepts, basic reserve fuel criteria focus simnply on two notions—first,
that a prudent quantity, additional to that anticipated to be used for events of the flight
actually expected to occur, be carried to provide for routine, but contingent, extended
operation; second, that the additional quantity must also cover, in some combination,
higher than normal consumption occasioned by unfavorable deviations from ideal.

To identify realistic fuel reserve criteria, UAL envision four cases which should be examined
for all stage lengths of the aircraft up to maximum range. It is expected that all four

cases will exceed the basic minimwm requirements (45 minutes domestic, 10% overwater)
by large margins. In each case the first half of the total still air distance is traversed with

all engines and LFC pumps operating. The fuel on board must permit flight from the
midpoint to destination, and for 15 minute: .kereafter, in all four abnormal modes, which
are:

Case 1.  All engines operating and all LFC pumps inoperative,
Case 2. One engine inoperative and all LFC pumps inoperative.
Case 3. Two engines inoperative and all LFC pumps operating,

Case 4. Loss of cabin pressurization, descent to 3048 m (10 000 ft), all engines
operating and all LFC pumps operating.

The minimum “‘reserve™ is the difference between the most critical of the four cases and
the plannad trip fuel. Anticipating a challenge that the engine inoperative cases represent
double failures and therefore should not be used for basic reserve criteria, it is pointed out
that Case 3 is nothing more than the existing operating rule, while Case 2 is a much more
likely real probability.

6.2.2.2 Use of LFC System in Takeoff and Landing
It is generally inadvisable to operate the LFC system during takeoff and approach to take

advantage of any available drag reduction, fuel savings, and propulsion benefits. These
benefits are probably relatively small and not justified against the complications they create



in operating procedures and crew proficiency requirements. Even if it were possible fo
operate in such a full-time mode without the requirement of taking account for the LFC
performance increment in complying with the regulatory requirements controlling perform-
ance in certification and operation, there would be a requirement for crew training and
proficiency in flight procedures with LFC both on and off. The possibility of an LFC
system shutdown during takeoff or landing, even if the performance decrement were neg-
ligible, would introduce an undesirable additional crew response requirement in a critical
flight phase. If the differential performance in takeoff and landing between LFC on and
off is in fact significant, then additional emergency operating procedures would be required,
and the regulatory performance requirements would become even more complicated. These
requirements woulid be reflected in increased training and also would compound operational
support in ascertaining allowable gross weights. Standardization and simplification of
operating procedures and reduction of workload in critical flight phases are keystones in

all airline fligl . safety programs.

6.2.2.3 Systern Operation

No problems are anticipated with scheduling start-up of LFC pumps during climb outside of
terminal control airspace, i.e., sometime after rising above 3048 m (10 000 ft). Similarly,
shutdown shouldbe accomplished above 3048 m (10 000 feet), but preferably as scon in
descent as LFC benefit becomes degraded, to exclude this item from the approach descent
period. Suction pump startup should be under automatic control upon crew selection, with
standby manual start only if it can be accomplished with the monitoring instrumentation

that may be otherwise required. Only that instrumentation required to assure safe operation
is desired, and it should be integrated into the aircraft instrumentation warning system. Fuel
flow indication should be integrated with the aircraft fuel management system. If pump suc-
tion power required over the entire operating envelope requires variable fuel control, this con-
trol must be automatically scheduled or require not more than HI-LO switching by the flight crew.

Provisions for independent operation of pumps are desirable providing asymmetrical opera-
tion proves practical. The need for sensitive fuel vapor sensing in the suction ducting is
again emphasized. This system will be exposed to severe environmental attack, and should
have redundancy, self test, and automatic LFC shutdown features.

6.2.2.4 Cruise Control

It is not at all clear at this time that tho LFC system design, either aerodynamically or in
suction power, will have a sufficiently large operating envelope to make it even marginally
useful in those situations in which the airplane is forced to lower altitude operation such as
LFC failure or single engine shutdown.

Notwithstanding the desire to optimize in every way possible the design of the LFC system,
it is imperative that the airplane performance with LFC inoperative is such that the airplane
can be operated in a completely conventional manner. This requires the ability to operate
efficiently at cruise altitudes from 10 670 m (35 000 ft) to 11 890 m (39 000 ft). It will
be a requirement to include in the airplane’s supporting instrumentation a cruise control
director for speed/thrust and altitude management with LFC either on or off.
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6.2.2.5 Laminar Flow Confirmation

It may be possible to provide direct cockpit indication that laminar flow is being developed,
or the extent to which it is not, across the entire surface. It is difficnlt to conceive a system
which could fully achieve this function without a multiplex of sensors, an elaborate display,
and the attendant installation problems in a wing structure that is already constricted in
accessibility and location of auxiliary equipment.

Figure 6.2-2 illustrates a concept that may be adequate, if it can be shown that the extent

of laminarization on the surface can be confidently deduced from indications provided by
an array of sensors mounted along an axis paraliel to the rear spar. This would rely on
empirical determination of turbulent boundary layer spreading and adroit sensor positioning
to create a matrix coverage of the entire surface. If this concept is practical it could be

used fo provide input into the cruise control flight director, and location infoermation for
maintenance. The cockpit indication, however, must not be an elaborate display. Con-
ceptually, it must provide an ATTENTION signal, numerical readout of some suitable per-
formance degradation parameter such as range loss or fuel flow rate degradation, and provide
either on-call identification or on-command flight data recording of fault source.

/-a—Rear
. 5 spar
/ﬁ;‘\ 5 2 s

] I

® Sensor locations
® Turbulent flow sensed

Figure 6.2-2.  Laminar Flow Monitoring System
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6.2.2.6 Meteorological Planning

Reviews so far have indicated that LFC is likely to become reduced in effectiveness in
turbulence and in air masses containing crystalline water of certain particle size and flux.
Present meteorological reporting and forecasting networks do not have the capability of
detailing atmospheric conditions this finely and on the nearly mile-to-mile basis that would
be required by LFC for flight planning and dispatching. If cannot be expected that such a
network will become an integral component of future satellite based meteorological data
systems, because of the specialized purpose for this data. If such a system can be estab-
lished, its cost is likely to be prohibitive and would fall upon a limited number of airlines
as users. This is another reason high fuel reserves will be normal practice for LFC airplanes.
In addition, it appears that CAB Aircraft Servicing costs, which include flight planning and
dispatching functions, will become significantly increased, because of the necessity for
even greater application of computerized flight planning techniques and the more sophis-
ticated planning required. To determine the extent of this impact it will be necessary to
define in some detail the atmospheric conditions which will cause full or partial boundary
layer transitions and the resultant performance degradaticn. Supporting studies of future
meteorological forecasting capability will be necessary.

6.2.2.7 Scheduling

At this stage of development, the only characteristic of an LFC airplane that would appear

to have possible impact on flight scheduling is the requirement for special furn-around ground
servicing. Routine ground servicing of the laminar flow system, including charging, set-up,

or other preparation of leading edge cleaning devices, should require no more than one-half
manhour of labor and be non-interfering with other ground service activity. A 45 minute
eycle is a commonly used ground servicing schedule for large, long-range aircraft. If con-
tinuing study indicates that more frequent maintenance/inspection checks will be required
for the LFC system than are provided in current operation of conventional aircraft, there
could be some impact on schedule flexibility. Current airline scheduling techniques are
geared to recurrent check cycles typical of today’s aircraft,

6.2.2.8 Pre-Flight Deicing

Reviews to date have not adequately outlined any design concepts devoted to preventing or
disposing of ice formations in the slots, plenums, and ducting. We do not consider the use
of ground covers to be a practical solution under any conditions. If should be noted that
wing icing occurs not only in conditions of snow and freezing rain but also by condensation
on cold soaked structure, even in the summer, It can be expected that ice will form not
only on the wing surface but that accompanying liquid will also settle in the slots, plenums,
and ducting, and thereupon become frozen. During snow and icing weather, treatment is
usually applied in the form of heated glycol spray solutions under pressure. Recently, it

has been found that more dilute solutions of glycol and hot water can be equally effective.
Deicing solutions will also drain into the LFC system. A number of problems are foreseen.
To dispose of entrained water from rain or meited ice, and deicing solutions, the LFC system
will require automatic drains in the ducting. It may also be desirable to consider use of the
suction pumps for purging if they can be designed to operate with large quantities of ingested
liguid. If the pumps are used for purginz. it will be necessary to incorporate suction relief
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valves throughout the system fo protect against ice blockage. However, suction purging
cauld itseif form ice in the system under certain conditions. This problem of possible ice
formation in the system must also be considered with respect to flight operations. An
investigation of the flight and atmospheric conditions which can cause ice formation in
the system is needed.

6.2.3 MAINTENANCE CONCEFTS AND IMPACT

The environment and atmosphere in which commercial aircraft operate is very hostile in
comparison to the pure medium in which the aerodynamicist works and the ideai conditions
which the designer contemplates. Airline aircraft suffer contamination and physical abuse
from climatic exposure heightened by the presence of reactive pollutants; from repetitive
contact with foreign material, both natural and manmade: and from continual human mis-
treatment attendant {o large-scale operations. Coping with these elements is far more
determinant to ultimate success than so far has been recognized.

6.2.3.1 Wing Leading Edge Damage

Criticality of wing leading edge condition in establishing and maintaining laminar flow
directs concern to the problem of potential damage and proper design provisions for its
repair. It would be desirable to analyze in-service experience regarding frequency of occur-
rence, extent of damage, and source. Damage to the leading edge is typical of externally
caused aircraft damage in general. Unfortunaiely, in-service damage of this type, though
more widely suffered than is generally recognized, has not been systematically reported or
investigated. With respect to the wing leading edge, the two principal reasons are the
diverse nature of the kinds of major damage experienced (that requiring immediate repair)
and the inability to effect repair of minor damage readily. In the latter case numerous
dents and gouges that would be critical to LFC, are presently allowed to persist in routine
operation. Prominent among causes, however, is the random occurrence of incidents
involving ground servicing of the aircraft. The latter includes inadvertent contact by cargo.
galley. fueling, and other service vehicles. Major aircraft damage from this cause and other
reportable sources (such as bird and lightning strikes, ground scrapes, taxiing, etc.) is
estimated to be incurred in United’s fleet at a rate of slightly over 1 incident per day,
equivalent to about 1 incident per aircraft per year, or 1 incident per 1500 departures.

6.2.3.2 Maintenance Requirements

Three major areas of impact upon maintenance, including servicing, are foreseen from the
LFC system concepis being pursued. They are:

@  Routine, non-routine, and periodic maintenance of the LFC system itself.

¢ Introduction of more extensive and elaborate inspection and repair of integral wing
structure and fiberglass cover.

#  Restrictions in accessibility, particularly as it affects line maintenance, to other wing
mounted systems.
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None of these aseas are viewed as working towards reduction of conventional maintenance
costs, and their cost must be fully charged against the fuel savings offered by LFC, Table
6.2-1 is an elementary listing of LFC system maintenance requirements, Considerably
more concept development and analysis will be required before the frequency of periodic
requirements can be proiected. The listing is provided, however, to draw attention to the
considerations that should be taken into account early in concept development.

Table 6.2-1. LFC Maintenance Requiremenis

Pericdic Maintenance

@ Inspection and tvsting of LFC slots, metering orifices, and ducting for faulty
flow, leakage and contamination

# Inspection of suction pump installation for integrity of mounting, shielding,
connections, and Jeakage; sampling of drain plugs and filters

@ Operational check of all safety subsystems that do not receive confirmation
in normal operation

@ Restoration of leading edge cleaning system effectiveness (depending on
concept)

o Verification of laminar flow monitoring sysiems

Recurring Non-routine Maintenance

@ Replacement of damaged slots and orifices

@ Repair of LFC ducting

@ Replacement of suction pump or controls

® Repair of leading edge cleaning system

o Replacement of taminar flow monitoring system

o Restoration of wing surface smoothness

Servicing

&

Replenishment or charging of leading edge cleaning system

Flushing or purging of system ducting

®* Anpplication of anti-icing agents

Suction pump lubrication system
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6.2.4 STRUCTURAL AND SYSTEMS DESIGN

It should be apparent from the preceding discussion that the impact of LFC systems on
operations and maintenance will be substantially influenced by their characteristics

which are to a large extent determined by design approaches. The practicality of LFC for
commercial aircraft will ultimately hinge on the development of simple, reliable, rugged
systems which provide trouble-free operation in the airline operating environment.

Repgardless of the materiale and structural concept finally selected, maintenance costs will
be heavily leveraged by inspection requirements. The discussion which follows is directed
primarily toward concerns which remain relative to the selected structural design concept.
The conventionai design with fiberglass cover concept represents the most acceptable of
those which have been developed during the course of the study. Damage to the suction
strip can occur from a variety of causes including walking on the wing surface during
maintenance operations. Foreign object contact on the ground and hail are also sources
of damage which must be recognized. Final design of these strips must be as rugged as
possible and provide for easy repair and replacement in the event of damage.

Criticality of the leading edge smoothness and contour represents an increased maintenance
burden. Service experience, as related to foreign object damage, will seriously affect the
unattended service life of the leading edge. The development of a dent filler compound that
is curable at standard temperatures within one hour and be readily workable to contour
would largely offset these difficulties.

Concepts for leading edge protection and cleaning are obviously still in the conceptual
development stage. Of the three concepts being seriously considered to date, the air shield
system appears to have the most promise from an operational standpoint. Further develop-
ment and testing under actual or simulated flight conditions is needed.

There are in ev.ry airline maintenance program requirements to inspect the primary and
secondary structure at intervals using non-destructive test methods. These include visual,
dyecheck, eddy current and x-ray. Visual methods are relied on heavily at present and other
more sophisticated and indirect methods are more costly. Since the chosen concept involves
a cover over the entire wing structural surface, visual inspections will be done internally
which also involves additional cost.

Improved techniques and materials for corrosion protection will be required to minimize
corrosion in the surface ducting areas. Additionally, better methods of inspection must be
developed.

From a materials standpoint, the durability of the fiberglass cover can benefit from the
development of less brittle resins and heavier prepregnated cloths. An extensive testing
program simulating conditions anticipated in service during development will be required
to assure acceptable durability characteristics.

The suction unit compressor and drive systems have been the subject of intensive study and
involved consideration of several drive schemes and locations on the airplane. Based on
experience with current state-of-the-art machinery, maintenance problems, etc., the




preferred combination is a wing-mounted suction pump driven by a turboshaft engine on a
common shaft. One unit is required near each wing trailing edge behind a dry bay area

for necessary ducting and controls. The above stated preference is based also on considera-
tions of safety, noise, and access for inspection and servicing. -

6.3 PARAMETRIC STUDIES

During the course of configuration development and optimization, studies were conducted

to determine the relative importance of various configuration characteristics which impact

the overall performance, fuel c.nsumption, and economics of 2 LFC transport. The airplane

design parameters selected for these studies included wing sweep, wing aspect ratio, and i
engine bypass ratio. Within each of the studies, wing loading, thrust-to-weight ratio, and T
initial cruise altitude were varied parametrically to aid in determining optimw» configura- i
tion characteristics, Configuration evaluations were based on the mission and performance

requirements and constraints specified in Table 6.3-1.

As noted in the table, an initial cruise altitude capability (ICAC) of 12 800 m (42 000 ft)
or higher was desired. This is a par‘icularly significant requirement because high values of :
ICAC, rather than takeoff Jeld leng th, tend to size the engines. Nevertheless, high cruise

altitudes are desired for the LFC airplane tc minimize encounters with ice crystals which .
make laminar flow difficult to maintain. The subject of ice crystals is discussed at some i
length in Section 6.1.

The studies which led to the selected configuration took place over the duration of the
contract and are illustrated schematically in Figure 6.3-1. The Initial Baseline Airplane
wing was selected at 25° sweep to get ‘he benefit of substantial sweepback (i.e., high.r
thickness and greater span for reasonahle wing weights) without incurring the severe cross-
flow instability and leading edge contemination occurring at higher sweepback.

Table 6.3-1. Mission and Performance Requirements and Constraints

Item Requirement
@ Payload 201 passengers
® Range 10 180 km (5500 nmi}
2 Mach number 0.8 {LRC) )
© Takeoff field length 3570m {11 700 1) or better—Sk., 26°C (84°F)
®  Approach speed 135 kn or less at mission landing weight
& initial cruise altitude 12 800m {42 000 ft} or better {desired) |
@ Cruise Cp 0.55 or less
@ Turbulent rate of climb Approximately 91.4 m/min (300 ft/min) at

10 670m (35 000 ft)
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Figure 8.3-1. LFC Configuration Devefopment

The standard flight profile and mission rules used for these studies are summarized in
Figure 6.1-1. Reserves were calculated using international ATA rules with the airplane
operating at fully turbulent flight conditions during the reserve portion of the mission
(26% higher drag than under laminar flight conditions).

The parametric studies shown in this section required the calculation of size, performance
and economic characteristics for numerous engine/airframe combinations, all of which
satisfy the design mission payload/range. The parametric design method development
used to ohtain this data is shown in Figure 6.3-2. The injtial airplane design definition
(Step 1) described above was used to create a baseline configuration drawing (Step 2), with
sufficient detail to enable analyses of the airplane’s weight, aerodynamic, and performance
characteristics (Step 3). These data were then used in the engine/airframe matching
analyses (Step 4) to deterinine various combinations of engine size, wing size, fuel require-
ments, and gross weight necessary to achieve the design mission (201 passenger/10 190 km
(5500 nmi)). The type of chart shown in Step 4 illustrates the effect of thrust (T/W) and
wing loading (W/S) on the airplane gross weight and block fuel requirements. Various per-
formance characteristics, such as takeofT field length (TOFL), mission landing approach
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Figure 6.3-2. Parametric Design Development Method

speed (V 4 ), and initial cruise altitude capability (ICAC) are also included as well as direct
operating costs as functions of T/W and W/S. Step 5 shows cross-plots of the pertinent

design parameters along lines of constant ICAC and the mission constraints (V, TOFL, etc.).

With these data a final analysis of the effect of the study parameters on airplane perform-
ance and economics was accomplished.

6.3.1 WING SWEEP STUDY
Several study configurations evolved from the initial Baseline Airplane as a resuit of the

concept evaluation studies indicated on Figure 6.3-1. Among these studies, that for the
suction system indicated that the 25° sweep wing would require suction slots so near the

leading edge highlight (based on Northrop X-21 design criteria) that the wing manufacturing

and maintenance requirements for a practical air transport could probably not be met.
Consequently, a study configuration with a thinner wing and having 15° sweep (to main-

tain cruise Mach at 0.8) was established to explore the impact of reduced sweep on overall
airplane characteristics and performance. This configuration which is shown in Figure 6.3-3,

was also used in the wing aspect ratio and engine bypass ratio studies reported below.
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Figure 6,3-3. Study Configuration—Madel 767-808

The pertinent resuits of this study show that the 15° sweep airplane has a highe:: OEW
because of increased wing weight. This weight increase occurs because of the thickness
ratio reduction and increased Lift curve slope which requires additional structural material

to resist critical gust loads. Therefore, the 157 sweep configuration has a higher takeoff
gross weight and block fuel requireinent for the design payload/range mission.

Figure 6.3-4 shows the results of the wing sweep trade study as a function of the minimum
wing loading required to satisfy the initial cruise C1 constraint of 0.55. For an initial cruise
altitude capability of 12 190 m (40 000 ft) and wing loading of 4.8 KPa (100 Ib/ft2), the
15° sweep airplane has a 5% higher takeoff gross weight and 2.5% greater fuel burned.

To meet the initial cruise altitude capability objective of 12 800 m (42 Q00 ft), the engine

size must be approximately 15% larger. Consequently, takeoff gross weight increases 4.2%
and block fuel goes up by 2.1%.

In conclusion, the wing sweep study shows that reducing the wing sweep:

1. Significantly increases the gross weight and fuel bumed.

(R

Has no significant impact on wing loading or high altitude cruise trends.

3. Requires a thinner wing which reduces structural efficiency and accessibility.
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Figure 6,3-4. Wing Sweep Effects

6.3.2 WING ASPECT RATIO STUDY

Another of the LFC parametric studies investigated the effects of wing aspect ratio on
airplane size, fuel efficiency, and economics. This study evaluated a series of three LFC
transport airplanes having aspect ratios of 8, 10, and 12.

For each airplane, wing loading and initial cruise altitude capability were varied independent-
lv 1o determine their effects on size and performance characteristics. Figures 6.3-5, 6.3-6
and 6.3-7 show the resulting economics and fuel burned for aspect ratios of 8, 10, and 12,
respectively. Studying the locations of the constraints on these charts reveals that the
configurations are restricted to fairly small regions by the approach speed (V5 ), maximum
cruise Cy . and takeoff field length (TOFL) limits. The turbulent flow climb rate limit,

9]1.4 m/min (300 fpm) at 10 670 m (35 000 ft), is not a hard constraint and values exceeding
"6.1 m’min (250 fpm) are generally attained within the regions defined by the other limits.
It is also noteworthy that the 12 800 m (42 000 ft) cruise altitude objective is not attain-
able without either increasing the cruise C value or going to very light wing loadings.
Moreover, either approach to increasing cruise altitude would result in a significant economic
penalty for the LFC airplane at any aspect ratio studied.
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Figure 6.3-8 illustrates the effects of wing aspect ratio and initial cruise altitude on economics
and fuel efficiency. The curves show the minimum values for relative DOC and block fue}
at which the principal constraints (i.e., approach speed, takeoff field length, and maximum
cruise lift coefficient) are satisfied. As noted earlier, the turbulent flow climb rate criterion
of 91.4 m/min (300 fpm) is not treated as a hard constraint. The shaded area on each plot
indicates the region where additional structural material might be required to prevent
flutter. However, susceptibility of the higher aspect ratio configurations to flutter was

not specifically evaluated in this study although Boeing experience indicates potential
flutter impact on wing weight about AR = 10 or so. Increasing the aspect ratio from 8 to
12 provides substantial improvements (10%) in fuel efficiency at a small penalty in DOC,
ignoring possible weight penalties associated with flutter. The original initial cruise altitude
objective of 12 800 m (42 000 ft) has a substantial impact on the airplane economics; viz.,
lowering this requirement by 610 m (2000 ft) would improve direct operating costs by 49
and fuel efficiency by 2%.
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In summary, the wing aspect ratio parametric study results (ignoring potential flutter impact)
indicate the following conclusions:

|

The choice of initial cruise altitude controls the economics and increasing aspect
ratio slightly degrades BOC’s.

The choice of aspect ratio has a substantial effect on block fuel with initial cruise
altitude having a minor effect.
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6.3.3 ENGINE BYPASS RATIO STUDY

The final phase of the parametric studies was directed to evaluation of the effects of engine
bypass ratio on the performance of the LFC transport. The baseline airplane had an excess
of takeoff performance capability as a result of the combination of a high bypass ratio
{BPR = 7.3) and a high initial cruise altitude objective (ICAC = 12 800 m (42 000 ft)).
Therefore, this study was initiated to determine if a lower -ypass ratio engine might provide
a better match for this airplane since, for 2 constant cruise thrust, a lower bypass ratio
would produce less takeoff thrust which is not critical to meet the takeoff requirement. A
lower bypass ratio also results in a smaller, lighter engine with, however, higher cruise fuel
consumption.

Representative engine cycles incorporating technology advances available in the 1990
were simulated for design point bypass ratios of 7.3, 6.6, 6.0, and 4.5. Relative perform-
ance and size characteristics are shown in Figure 6.3-9 for the study engines. The engine
characteristics used in this investigation were based on single-stage fans for bypass ratios
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above 6.0 and a two-stage fan at 4.5 bypass ratio. Because of better fan efficiency, the SFC
trend line for the two-stage 4.5 BPR fan is about 2.5% below the trend line indicated for
single-stage fans. At higher bypass ratios, this would give the two-stage fan a significant
SFC advantage over the single-stage fan at the expense of about 750 Ib/engine and 12
inches of additiona! length.

A summary plot of the study results, Figure 6.3-10, illustrates the effects of BPR on the
direct operating cost (DOC) and block fuel at maximum cruise 1ift coefficient (C1 = .55)
and an initial cruise altitude capability of 12 800 m (42 000 ft). These results indicate that
the selection of engine bypass ratio does not have a significant impact on the fuel efficiency
or economics of the LFC airplane. Reducing BPR from 7.3 to 4.5 causes a 1.5% decrease
in DOC but, also, a 1% increase in block fuel, The airplane with a 7.3 BPR engine has
maximum fuel efficiency for a small penalty in economics. These parametric data also
suggest a two-stage fan would show a small improvement in fuel efficiency over the base-
line single-stage fan but cause a small penalty in economics. Since the increments were small
and an extensive study would be required to verify these trends, the baseline engine single-
stage fan concept was retained.
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With respect to these trends, several items are worth noting. The DOC analysis in this
study did not include any effect of reduced BPR on engine maintenance costs. In addition,
the smaller diameter lower bypass ratio engines present an easier aerodynamic integration
problem and this effect is not accounted for in these data. Finally, it should also be noted
that all engines are high technology engines (high Overall Pressure Ratio (OPR) and Turbine
Inlet Temperature (TIT)) and a study conducted at reduced technology levels could show

different trends.

With the above in mind, it vas concluded from the bypass ratio studies that:

@  Bypass ratio does not have a substantial influence on fuel efficiency or economics.

Aerodynamic integration and maintenance costs tend to favor low bypass ratio whiie
fuel usage tends to favor high bypass ratio.

® A two-stage fan may show improved fuel efficiency over a single-stage fan.
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6.3.4 PARAMETRIC STUDIES CONCLUSIONS

The results of the overall parametric studies indicate that the baseline wing geometry and

engine bypass ratio should be retained for the final configuration. Therefore the parametric
study design selections are:

®  Wing Aspect Ratio 10.0
®  Wing Sweep 25¢
®  Engine BPR 7.3 (Single-stage fan)

Relaxing the cruise altitude capability from the original objective of 12 800 m (42 000 ft)
to 12 190 m (40 000 ft) at the design range-payload condition provides improvements in
the airplane fuel efficiency and economics providing the current abjective for turbulent
rate of climb can also be slightly relaxed. This appears a reasonable choice since most
flights in actual service would be conducted at reduced gross weight conditions where cruise
altitude capability would meet the original objective of 12 800 m (42 000 ft).



6.4 TECHNOLOGY LEVEL AND IMPACT

Based on the current programs and projections for the development of laminar flow control

technology, iis application to a subsonic transport is a real possibility for the 1990 time

period. Furthermore, advances in other technologies are also to be expected in this period
based on existing programs in government and industry. Thus a combination of compatible
advances can logically be projested, The final LFC airplane configuration presented in this
chapter is therefore conceived for introduction into service in the early 1990% incorporating

the currently projected technology advances appropriate to this time period.

The listing given in Table 6.4-1 defines the advanced technology elements incorporated in

the final airplane configuration and provides an assessment of the gains to be expected for

Table 6.4-1. Advanced Technology Impact

A Component weight

A (L/D)

A SFC

Aerodynamics
Laminar flow control
Advanced airfoil
section

To be determined
-14% wing hox
-8% empennage

26% (33%)"

2.3% (2.7%)"*

stability

Reduced roughness 2% (3.5%)"
Activa controls
Reduced longitudinal ~20% harizontal tail 3%

Graphite/epoxy composites

Carbon brakes

~-25% trailing edge surfaces
-27% wing box**

-15% fuselage*™

-16% empennage™™

-10% landing gear

Load alleviation -6% wing hox
Propulsion
Advanced turbofan ~13% engine -14%
(BPR = 7.3}
Advanced structures
and materials
Improved aluminum alldys |{~7% wing box
-4% fuselage
-4% empannage
Improved titanium alloys -20% heavy fittings
Bonded construction -5% fuselage

Reference: Existing levels

*Applicable for laminarized wing and empennage

** Applicable if composites used in place of imp: oved alloys and bonded construction




each element based on application to the baseline airplane and without recycling the design.
Of major significance, of course, is laminar flow control itself which provides a 26% gain in
lift to drag ratio (L/D) when applied to the wing alone. When the horizontal tail is also
laminarized, as for the final configuration, a 33% gain in L/D is projected. Partially off-
setting this large gain is an equivalent increase in engine SFC of 2.7% which accounts for
the fuel consumed by the suction units, Also a significant weight penalty occurs because
of the basic need to provide viable suction surfaces in the laminarized areas and provisions
for internal flow passages and distribution ducting to handle the suction air. The values
shown in the table of Figure 5.2-36 correspond to unit weight penalties of slightly less
than 4.79 Pa (1 lb/ftz) for the wing. An additional increment of 2.15 Pa (.45 lb/ftz)
accounts for the weight of wing suction units and distribution ducting. A value of 4,06 Pa
(.85 ]b/ftz) was used for the horizontal tail LFC structure penalty in the laminarization
studies discussed in Paragraph 5.1.6.2. Since the horizonfal tail suction is provided by a
unit which also serves as an APU (only slightly oversized for suction) the added uni* weight
penalty for the tail suction system is only .72 Pa (.15 Ib/ft2). The area base in all cases is
the actual laminarized area.

It is well-recognized that recent advances in airfoil design appear primarily as weight im-
provement since higher thickness ratios are permitted for given values of cruise Mach num-
ber and lift coefficient. These benefits are somewhat greater for an LFC airplane since it
tends to optimize at higher aspect ratio and lower wing loading. Furthermore, the profile
drag penalties associated with increased thickness for a turbulent airplane do not apply

for the laminar airplane. Reduced roughness drag, which is possible because of the inherent
smoothness of the LFC wing and the use of bonded construction on the fuselage and
empennage, provides a significant gain in L/D as compared with today’s turbulent aircraft.

The incorporation of active controls provides substantial improvement in both weight

and L/D, through reductions in both tail size and trim drag. Load alleviation is effective
for both maneuver and gust loads but studies show that the impact will vary considerably
depending on airplane configuration. An adaptation of previous studies done for conven-
tional transport configurations in which the outboard aileron is used as the active element,
indicates that 6% of the wirg box weight can be saved for the LFC final configuration.
The increased systems requirement, however, reduces the saving to about 5%. The use of
a flutter suppression system (FSS) is not projected for the final airplane because numerous
studies on similar configurations have not shown this to be necessary for wing aspect ratios
of 10 or less. Even a small weight penalty to provide adequate flutter margins is preferable
to the added complexity and weight of a flutter suppression system. However, if the fuel
saving benefits due to higher aspect ratio become increasingly important in time, the use of
an FSS should be considered.

An advanced turbofan may be a reasonable possibility in the 1990 time period provided
that ongoing studies (e.g., the EEE program) continue to support substantial performance
and weight gains such as those shown in Table 6.4-1. Such gains would have to be achieved
with high confidence that unfavorable maintenance trends with current high bypass ratio
engines could be avoided. The results of engine cycle studies for LFC application tend to
show significant gains for bypass ratios up to 7.5 with small effects on cost-related factors.




The discussion of Chapter 5.0 highlights various aspects of structural concept development
in which favorable combinations involving different materials and types of construction have
been sought. The application studies have primarily involved the wing structure where it is
difficult to assess the impact of each technology element. While it is recognized that these
developments can benefit the turbulent airplane as well as the laminar airplane, the overall
effect is significantly greater on the latter since configuration studies continue to point
toward higher wing area and span for LFC airplanes. The use of advanced materials and
construction techniques is thus more effe rtive in reducing weight for the LFC airplane. A
definitive comparison of the relative impact of advanced structures and materials for laminat
versus turbulent airplanes must be left for the time when final designs of each aircraft, both
performing the same mission, are available. The listing in Table 6.4-1, with the exception

of the asterisked items, define the use of advanced structures and materials in the final
airplane configuration. Again the benefit projections correspond to the baseline airplane,
but the final airplane weight statement reflects the applications listed to a level consistent
with the values shown.

It is apparent from the table that extensive application of graphite/epoxy composites to

the airplane would exhibit the g1zatest potential for weight saving. However, these gains

are only applicable in the longer term whereas those for improved aluminum alloys and
bonded construction are available sooner, Therefore the final airplane does not incorporate
graphite/epoxy compasite construction in primary structure even though this would be
compatible with the structural arrangements and systems otherwise defined. If composites
do achieve a state of technology readiness in the 1990 time period, no significant difficu’-ies
in application are anticipated. On the orher hand application of composites to trailing

edge surfaces is considered appropriate for the near term and their use is specified for the
final airplane configuration.

6.5 FINAL CONFIGURATION DEFINITION

The final LFC airplane configuration incorporates the results of the entire. series of tasks
involved in the contract study. Of primary importance are those involving the alternative
systems evaluations and selections and the parametric trade studies used to determine
proper choices for airplane arrangement and cormponent sizing; i.e., those which hest suit
the airplane to economically perform the design mission and meet operational requirements
representative of the airline operating environment.

6.5.1 GENERAL CHARACTERISTICS

Figure 6.5-1 shows the concept finaily selected, namely; a long range trijet of conventional
layout incorporating laminar flow control on both wing and hotizontal tail and the various
advanced technology elements defined in the previous section. If is designed to meet the
airline general operating requirements and the applicable FAR insofar as possible at this
time. As previously stated. the mission requirements remain as originally defined for the
baseline airplane and the final set of design requirements are as defined in Section 6.1. The
passenger accontinodations provide 7-abreast seating with 2-aisles and allow the use of
8-abreast for full economy configurations. Cargo is accommodated in two sections. The
forward compartment is sized for 20 LD-3 containers while the aft compartment is available
for bulk cargo.




Range
Payload
Gross weight
Empty weight
Wing

Engines

Mach number
Cruise altitude

10 180 km {55C0 nmi}

201 passengers {16/85 mix)

151 953 kg (335 000 Ib)

84 985 kg (187 360 Ib)

5 =311.2 m2 (3350 #2)

{A =25 deg, AR = 10)

{3) 12485 kN (28 000 Ib) SL.ST
{(BPR = 7.3)

0.80

12 192m {40 000 7t)

Laminar area

(D.8c upper
and lower}

Suction
unit

Laminar area
(0.8¢ upper
0.7c lower)

— 7

Figure 6.5-1. Final LFC Configuration—Model 767811

The listing in Table 6.5-1 allows comparison between the final configuration (Model
767-811) and the baseline configuration (Model 767-807). While the overall arrangement
is relatively unchanged, significant differences do exist which greatly improve the perform-
ance of the airplane. These differences are highlighted in the previous table whereas the
rationale for selection of the various airplane features and the performance impact are
discussed in appropriate sections of this report.

6.5.2 SYSTEMS DEFINITION

The following paragraphs provide a general definition of those systern:" in the airplane which

are either speci

fically related or unique to an LFC transport. Unless otherwise noted, the

remaining systems would be designed to provide the essential services and meet the general
design and regulatory requirements as normally required for turbulent fransports.
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Table 6.5-1. Configuration Characteristics Comparison

Baseline configuration

Final configuration

Laminarization
Structural concept

0.70c {upper and lower}
Laminated alumirium honeycomb
(spanwise ducts)

model 767-807 concept
Wing
Sweep/t/c 25 deg/0.11 25 den/0.11
Aspect ratio 10 10
Wing loading 103 100
Flap-chord ratie 0.25 0.20

0.8¢ upper/0.7¢ lawer
Conventional siyucture/fiberglass cover
{chordwise ducts/spanwise trunks)

Empennage

Engines

T-ail
{turbulent flow)

Aft body-mounted (BPR =7.3)

' T-tail

{harizontal tail
laminarized to 0.8 chord)
Aft body-mounted (BPR = 7.3)

Suction units
——— i ——

Compressar Two-pressure level Two-pressure level
Wing { Drive Yurboshaft Turboshaft
Location Two, wing-muunted Two, side-of-body
Empennage None APU
Leading edge
Insect removal - Choice open®
Anti-icing Bleed air Bleed air

*Systems need evaluation and validation

6.5.2.1 Airplane Systems General Considerations and Selection

Conventional environmental control, hydraulic, pneumatic, electric and fuel systems are
used. Modifications required to be compatible with the laminar flow control system are
minimal and generally involve space routing provisions and flight control surface actuator
locations. Airplane systems functions are integrated with LFC systems where performance

requirements are similar.

The environmental control system Jtilizes a conventional air cycle cooling unit for cabin
air conditioning. The leading edge anti-icing system is a conventional hot gas system that
uses engine bleed air as the heat source. The air is ducted through a spray tube integrated
with and located in the leading edge LIFC suction duct cavity. The anti-icing air is directed
on the surface to be anti-iced. The air then flows overboard through a vent located near
the wing tip and a small amount through the leading edge slots, The hydraulic system
operates at 20 690 k Pa (3000 psi). The plumbing is routed to be compatible with both
the surface actuation and suction airflow collection requirements. The electrical system

requires only minor wire routing provisions to be compatible with the laminar flow control

system. The fuel system has added provisions required to supply fuel to the suction engines.
Boost pump location and access areas require special provisions to ensure that the
wing surface laminarized area is not compromised.
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The APU power requirements are compai:ble with and are supplied by the empennage
suction compressor drive unit. These include ground eleciric power and compressed air
for cabin air conditioning and engine starting.

6.5.2.2 LFC Systems

Section 5.3 describes the location and system trade studies that were accomplished to
select the location and type of suction unit best suifed to the LFC application. These
studies led to selection of turbine engine-driven axiul suction compressors located in the
wing root, The design conditions for these baseline studies were 12 800 m (42 000 ft)
altitude, 0.8 Mach Standard Day, and Cp, = 0.5, Size of the units were initially based on
providing suction for slots located from 0 to 70% chord on both upper and lower wing
surfaces.

As airplane studies progressed, performance requirements for the suction system changed.
The upper wing suction surface was increased from 0 to 70% chord to 0 to 80% chord, and
design altitude and Cy were also increased. Since horizontal tail laminarization was in-
corporated in the final configuration and since power requirements were compatible with
APU functions, the concept of a dual usage APU/suction unit was introduced, The APU
configuration was therefore changed to permit its use for suction during flight. Provisions
are included to allow the suction compressor to be unloaded and shaft power supplied to
the airplane accessories for APU operation. Table 6.5-2 compares the baseline and final
suction unit requirements and size and gives the design performance of the final system.
Installation of the two wing units in the wing root and the horizontal stabilizer unit at the
base of the fin above the center engine is illustrated in Figure 6.5-2.

The wing and horizontal stabilizer leading edge protection systems (Section 5.4) power
source will be provided by the airplane secondary power systems and will be determined

by the protection system selected. A liquid film system will require electrical power for
actuation control and fluid pumping. The high pressure air shield will require a compressed
air source (e.g., engine bleed) and electrical power for actuation and control. The cryogenic
frost system will require electric power for actuation and control and a circulating power
source. Detailed trade studies are required to determine both power source selection and
degree of systems integration required.

6.6 AIRPLANE PERFORMANCE CHARACTERISTICS

The final LFC configuration, Figure 6.5-1, is an engine-aft trijet with wing and horizontal
tail laminarization. The design mission rules and flight profile used for this airplane are
described in Subsection 6.1 and illustrated in Figure 6.1-1. The design requirements used

to define this configuration are as listed in Table 6.1-1 with the additional constraints that

1) design cruise C; can be 0.55 or less and 2) that wing loading be 49,1 kg/m2 {100 1b/ft2)
as determined in the parametric configuration studies. The engine thrust and SFC charac-
teristics are appropriate to the P&WA STF-482 engine cycle (BPR =7.3) which incorporates
an engine technology base projected to the 1990 period. These characteristics are presented
in Figures 6.6-1 and 6.6-2 for standard day conditions.



Table 6.5-2. Suction Unit Requiremnents, Size, and Performance

Wing Units Harizontal
Stabitizer
Baseline” Final Unit
Design conditions h =12 800m (42 000 #t} h= 1 550m (44 500 ft) { h=13 560m {44 500 ft)
' M=0 M= M 0.8
CL—OB C =055 CL-OE
Standard day St ndard day Standard day
_Suction surface data
Extent of laminarization, (x/c}_
Upper 0.70 0.80 0.80
Lower Q.70 0.70 0.80
Suction uni?;
Corrected airflow, ka/s {Ib/s) 11.7 (25.7) 23.4 (51.6) § (12.13)
Upper 19.3 (42.54) 23.9 (63.74} 5{12.13)
Lower
Suction engine shaft power,
kW/unit (hp/funit} 245 {330) 383 {514) 112.2 {151.4}

Sea level equivalent power

Unitsize {Dia.)

Low pressure
compressor

High pressure
COMmpressor

Drive engine

1029 (1380}

baseline

baseline

baseline

1603 (2150)

1.41 x baseline

1.224 x baseline

1.33 % baseline

546 {732)

Single stage suction
compressar

0.686 x baseline

{low-pressure
cOmpressor)

0.60 x baseline

Performance data
{one unit}

Shaft power per unit, kW {hp)

Shaft power—total airplane,
kW {hp)

Specific fuel consumption,.
kg/h/kW {Ib/h/hp)}

Fuel consumption, kg/h (Ib/h)

h = 12 190m {40 000 t)

M=0.8
€, = 0.5
Standard day
177.6 {238)
356 (476)
0.608 (0.5)
108 (238)

h =12 180m (40 000 it}
M=0.8

C =05

Standard day

117.4 {1567.4)
117.4 {157.4)

0.487 (0.4)

47 {63)

Total fuel consumption

{including 20% allowance),
ka/h (th/h}

315.5 {423} (all units)

*Units sized for mode! 767-803
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Empennage Suction Unit

Laminar area
{0.80 upper
and {ower)

Laminar area

Suction Alrcraft
compressor unit
-ﬂ T
i s
_— o
Suction
engine

{0.80 upper
0.70 lower}
Low-pressure
compressor Wing Suction Unit
R ——
- —— ey NG Suction engine
w““iﬂ\ /79

V\-— High-pressure

compressor

Figure 6.5-2. LFC Suction Unit Locations
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Installed thrust,
kN {102 Ib)

Installed thrust,

kN {10° Ib)

Installed thrust,
kN (103 i)

Uninstalled SL Static Takeoff, FN = 124.5 kN {28 000 Ib)

T{28)
120 Takecff, Standard day
-(26)
111= :
{24} Sea [evel _
Installation losses
100"_(22) ® 59.7 kW {80 hp} extraction
{averaged fnlet recovary)
% 2 wing and 1 tail engine
80 JL( 18)
| ¥ ] 1 1
0 0.1 0.2 0.3 0.4
Mach number
(14}
60 - Climb, Standard day
-{13)
55 Installation losses
-(12) @ 59.7 kW (80 hp) extraction
® 0,91 kg/s {2 Ib/s) ECS bieed
50 - (1) {averaged inlet recovery}
3048m (10 000 ft)
45-1-{10)
4572m {15 000 ft)
40249}
f I T f i
0.3 w4 0.5 0.6 0.7
Mach number
35 = (8] .
Mach ne. Cruise, Standard day
304 08
_ (BO]'Q Instaliation losses
75 ® 59.7 kW (80 hp) extraction
1 ® 0.91 ka/s {2 Ib/s) ECS bleed
{averaged inlet recovery)
204
15—-(4)
10-=(2) (35 30) (35) (40) (45) (50)
L I 1 | -

¥ [ [] i 1 1 1 t
8 9 10 11 12 13 14 15
Altitude, km (10° ft)

Figure 8.6-1. Engine Thrust Characteristics PAWA STF-482 (7.3 Bypass Ratio)
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Installod spacific fual consumption, SFC

ka/h/N (Ib/hrfib)

Climb, Standard Day

-(0.62)  \nstallation losses

.0.0B2 - *59,7 kW (B0 hp) extraction
0,91 kq/s {2 [bfs) ECS bleed
{averaged inlet recovery)

0.058

0.064

0.050

0.046-

Altitude

3048m {10 000 ft)
4572m (15 000 fi)

] 1 1 1
0.042-8 g2 0.4 0.5 0.5

0.7

installed speclfic fual
consumption, SFC
kp/hiN (Ib/hr/lh)

0.056 -

Mach number

Cruise, Standard Day

Installation losses
#59.7 kW (B0 hp) extraction Mach No.
*0.91 ka/s {2 Ib/s} ECS bleed 0.9

{averaged inlet recovery)

/0.7

(25) (30) (a5) (40) (45) (50)
T T T 1 T T L 1 ) T T A
8 9 10 11 12 13 14 16
Altitude, km {10 f)

Figure 6.6-2. Engine SFC Characteristics P&RWA STF-482 (7.3 Bypass Ratio)



A list of the more important airplane size and performance characteristics are shown in
Table 6.6-1. The engine size was determined by the initial cruise altitude requirement

of 12 190 m (40 000 ft). The wing loading was kept low to meet the approach speed
objective and to keep the cruise Cy, within acceptable limits without significant compromise
in either DOC or fuel efficiency.

Table 6.6-1. Airplane Performance and Characteristics—iModel 767871

& Cruise Mach Na. 0.80

@ Payload 201 passengers
@ Stiil air range 10 190 km {5500 nmi)
® Resefves 1967 ATA International
s Altitude, ICAC 12 190m (40 000 ft)
e Wing loading 490 kg/m? (100 I/ft2)
ltem Value
TOGW 152 100 kg {335 030 Ib)
OEW 85 060 kg (187 360 Ib)
Block fuel 41 890 kg ( 92 260 Ib)
Block time 12,36 hr
Reserves 6 030 kg { 13290 Ib)
Mission landing weight 110 440 kg (243 260 [h)
Wing area 310m?2 - {3360 #2)
Wing aspect ratio 10
Wing sweep 26 deg
Horizontal tail area 58,5 m? (629 t2)
Vertical tail area 48.5 m2 {521 9
Body length 50.3m (1650 ft)
Body diameter 5,30m {212 in)
Engine BPR 7.3
SLSTUNINST 124.6 kN {28 000 Ib)
Range factor 34 300 km (18 520 nmi)
{L/D) o 25.5
SFC 0.0635" kg/h/N {0.6221* Ib/h/Ib)
FAR TOFL, SL 29°C 2 440m { 8000 ft)
(849F)
AR et | o (a0t
Approach speed 246 km/h (133.3 kn)

*Includes a 2.7% fuel flow far suction engines



6.6.1 BASIC PERFORMANCE

Figure 6.6-3 illustrates the payload-range performance of the final configuration. In the
event of LFC failure at mid-cruise weight, the design mission can be completed. Total fuel
volume including center section tank is approximately 73 050 kg (160 900 1b) which is
sufficient volume to off-load the entire payload.

Figure 6.6-4 shows the fuel efficiency as a function of range. A comparison with the 747
airplane shows a 70% improvernent in fuel efficiency due to LFC and the othvr technology
advances incorporated in the Model 767-811. The effect of LFC alone for a cycled design
of this type, is estimated to approach 45% increase in fuel efficiency.

Takeoff and landing performance for the Model 767-811 is shown on Figures 6.6-5 and
6.6-6. The FAR takeoff field length at sea level, 84°F, is only 2470 m (8000 ft) and welil
below the objective of 11 700 ft. The FAR landing field length is 1570 m (5150 ft) at
maximum landing weight. The mission approach speed of 246 km/hr (133.3 kn) is
slightly better than the original objective of 250 km/hr (135 kn) or less.

257 e Fuel capacity = 73 050 kg (160 800 I}
-{50) ® OEW = 85 060 kg {187 360 Ib}
20 201 passengers
o
o ={40)
=
2 16+
“"E ~(30)
)
S 104
& Moo
[+ 8
53-(10)
_0 (1) {2} (3} {4) (5} (6) {7) {8) (9)
H } § 1 ] 1 ] t {
] I i 1] T A T ) T
2 4 & 8 10 12 14 16

Still air range, 10% km (103 nmi)

Figure 6.6-3. Payload-Rangs—Model 767-871
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pass-nmi
Ib fus!

(

pass-km
kg fual

Fuel efficiency,

FAR takeoff field tength, 103m (103 ft)

OEW = B5 060 kg {187 360 b}
~{14)
201 passengers
404 10)
- {8}
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- {6)
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Figure 6.64. Fue! Efficiency—Model 767-811
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Figure 6.6-5. Takeoff Performance—Model 767-811
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FAR landing field length, m {ft}

Approach speed, km/h (kn}

~{6000)
18007 @ 5], standard day

1604

14004

-(4000)

1200~

2807~ 150

2604-1140)

2404-(130)
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!
}
|
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1
| (250) (260) (2

I I L
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Weight, 10° kg {103 Ib)

-y [

220+-(120) (230) (240) 0y (2&;01

Figure 6,6-6. Landing Performance—Made! 768-811
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6.6.2 COMMUNITY NOISE

The noise characteristics of the LFC study aircraft Model 767-811 have been estimated for
an entry into service date in the 1990 time frame. Engine noise and nacelle acoustical
treatment were estimated assuming technology levels forecast for conventional commercial
jet transports in service in the same period. Three STF-482 (7.3 BPR) engines were assumed
with maximum takeoff thrust of 124 684 N (28 030 1b) SLST each and 270 km/hr (146 Kn)
takeoff speed, and an approach thrust of 27 041 N (6160 1b) SLST at an approach speed of
250 km/hr (135 kn). The maximum takeoff gross weight was 152 400 kg (335 000 1b).

The estimated noise levels at the three FAR 36-9 certification points are shown in

Table 6.6-2 together with the latest (1978) FAR 36-8 noise rule levels for new aircraft with
three engines and 152 400 kg (335 000 1b) maximum gross weight. Although noise level
trades are allowed between the certification points (FAR 36-9) if required in order to meet
the rule, these have not been used for the estimates. It will be seen that the estimated levels
are below the required noise levels by 2 to 5 EPNdB depending upon the certification point.
It should be noted, however, that the estimates shown are nominal values, and appropriate
design or demonstrafion tolerances are required for certification or guarantee levels,

6.6.3 WEIGHT AND BALANCE

The mission sized LFC airplane, Model 767-611, has an operating empty weight (OEW) of
84 970 kg (187 320 1b) as shown in Table 6.6-3. A preliminary balance ¢valuation of this
configuration shows an acceptable loadability between the center of gravity limits of 5%
to 39% MAC as defined in Figure 6.6-7. A maximum of twelve LD-3 containersin the
forward lower level cargo hold may be used with a full passenger load. Cargo density of

Table 6.6-2. Community Noise for Model 767-811

Takeoff! Sideline? Approach3

EPNdB EPNdB EPNdB
Maodel 767-811* 94.0 84.5 101.0
FAR 36-8 rule’ 98.7 99.4 102.9
for new aircraft

16500m (3.5 nmi) from brake release
2450m {0.25 nmi} to sidetine
32000m {1.08 nmi) from approach

*Nominal estimates shown; approproiate design/demonstration tolerances
required for certifiable/guarantee levels

TNo trades used
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Table 6.6-3. Weight Statement for Model 767-811

item Weight, kg (Ib}
Total structure: 49 850 {109 800)
Wing 17 700 (39010)
Empennage 3 990 {8 800)
Body 17 130 {37 770}
Nacelle 4 040 (8910)
Gear 6990 (15 410)
Prapulsion systern 7510 {16 550)
Fixed equipment und options” 20570 {45 380)
Standard and operating items 7040 {15 520}
Qperating empty weight (OEW) '84 970 T‘TéTI_SZ_Oi

* Includes suction unit weights for wing and empennage laminarization

160 kg/m3 (10 1b/ft3) is assumed. Full forward lower level cargo may be utilized if aft
builk cargo provisions are incorporated in the airplane design.

For the LFC configuration, prior o component sizing, the wing analysis was conducted

using a computerized multistation beam analysis program to determine the load-sensitive
wing box weight. This evaluation was combined with the application of statistical/parametric
techniques to account for non-optimurm wing box and secondary structure weight. Statis-
tical/parametric technigues were also used to determine the remaining airplane structure,
propulsion system, fixed equipment, and standard and operational equipment weights. These
tecitniques are derived from Boeing production airplane experience modified by adjustments
tfor configuration differences and advanced technology benefits.

Weight scaling philosophy involving interrelationships between component weights and
design parameters (e.g., gross weight, wing area and engine thrust) can be expressed in
terms of partial derivatives. These weight sensitivities were developed individually for
various airplanes in recognition of their configuration characteristics as part of the series
of parametric studies reported in Section €.3. This enabled development of a consistent
set of airplane operating empty weights as inputs to support the final airplane component
sizing process.

Since a constant payload was maintained throughout the study, the primary weight effects
due to variations in gross weight, wing area and engine thrust were limited to the airplane
structure, surface controls and propulsion-related items. Payload related weight such as
fixed equipment, customer options and standard and operational items remained unchanged.

The listing of Table 6.6-3 provides a weight breakdown for the principal components and
systems of the airplane. Figure 6.6-7 shows the C.G. position variations for several airplane
loading options. A restriction in forward cargo loading is apparent unless some aft cargo

is also loaded. This is not considered to be a significant operational restriction.
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Figure 6.6-7. Loadability Diagram —Model 767811
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7.0 CONCLUSIONS AND RECOMMENDATIONS

Results of the NASA-sponsored LFC technology development effort in Phase I has shown
significant progress and indicated the potential for airplane operating cost reductions and
substantial fuel savings. Airplane design work conducted during the contract and augmented
by Boeing-sponsored independent research and development has actively supported this
development by closely following or anticipaiing technology advances and solutions to
critical probleras.

Aerodynamic Design

The aerodynamic design of an LFC wing has been developed to the point where it could
serve as a basis for further refinement in the wind tunnel. Advanced high-speed airfoils
have been shown to be compatible with LFC requirements and fo provide a reasonable
envelope to incorporate LFC systems and ducting. Nevertheless, continuing development
of advanced high-speed airfoils for modern wing design is important to provide increased
wing thickness and reduced weight with no reduction in speed. The impact of such
development is even more favorable for LFC airplanes since their requirements for wing
volume and controlied pressure distributions are more demanding than for turbulent
airplanes. While the current aerodynamic design appears viable, further optimization is
necessary to minimize drag and reduce internal flow losses. Further objectives should
include reducing sensitivity to off-design operation and various disturbances, minimizing
the number o4 slots and reducing the criticality of the ieading edge. Ultimately, validation
of the aerodynamic design is required throughout the operating envelope.

Recent advances in laminar boundary layer development and stability theory provide
important new aids for the aerodynamic design of LFC wings. There is, however, a need

for further validation and automation of methods to facilitaie design decisions. New methods
are needed to analyze the local effects of flow through suction surfaces including disturbances
generated in this process. Ultimately, a complete three-dimensional analysis involving ali
possible modes including sound, may be necessary to provide a valid theoretical basis for
predicting suction requirements in the presence of disturbances associated with the flight
environment.

Wind Tunnel Testing

Wind tunnel testing is arn: essential supporting activity which is needed to provide basic data
leading to design decisions which result in airplane performance improvements. The imple-
mentation of a wind tunnel test program by Boeing and the achievement of all major test
objectives represents a first step toward filling these needs which will hopefully contribute

to the advancement of LFC technology. Particularly significant results achieved during these
tests include:

@  Validation of the Boeing Research Wind Tunnel and the current test arrangement as
a suitahle facility for conducting laminar flow research on swept wings.
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®  Successful evaluation of a leading edge design for LFC on a swept wing at near-full-
scale Reynolds numbers and accumulation of valuable experience in coping with the
realities of achieving laminar flow in a less than ideal operating environment,

®  Determination of the sensitivity of LFC to suction inflow distribution and to off-design
cyeration.

®  Extension of transition criteriz for both two-dimensional and itfiree-dimensional surface
protuberances to include the effects of crossflow and suction quantity.

®  Achievement of a better understanding of interactions between sound fields and the
controlled laminar boundary layer and development of preliminary criteria for tolerable
sound levels an a swept wing.

Wind tunnel testing should be continued in fundamental areas and extended tQ support
design development and evaluation prior to committing to major flight programs.

Structural Approaches

The search for satisfactory solutions to the structural and systems problems imposed by
the requirements for maintaining laminar flow has involved the consideration of a large
number of alternate concepts and arrangements, This has resulted in the development of
at least twelve different structural approaches involving the use of advanced structural
arrangements and materials. These have been subjected to critical evaluation and review
resuliing in the selection of the conventional structure/fiberglass cover arrangement which
is well-suited to application in the near-term. It can also be readily applied to almost any
structural arrangement including those using graphite/epoxy composites. The use of
graphitefepoxy composites in wing structure has been shown to be compatible with LFC
requirements and to provide outstanding weight reduction potential. However, on the
basis of current and foreseeable development activity, it is considered to be applicable only
in the longer term. For the near term, a feasiblie structural concept has been defined which
shows promise of providiag a practical design that can be built and operated for reasonable
cost. However, extensive design development is still required to reduce weight and cost
and to resolve operational and manufacturing concerns. Validation of the concept by
analysis and tests is an essential step in advancing the design to a state of readiness for
production.

LEC Syctems

The major additional systems requirements due to LFC are associated with the wing suction
distribution and ducting systems and the suction compressor and drive. The important
options for the various +'=ments of these systems including their location on the airplane
have been evaluated and the overall arrangement selected. The wing suction units, each
consisting of a two-pressure level compressor with turboshaft engine drive, are located at
the trailing edge of each wing/body intersection. Suction for the horizontal tail is provided
by an APU which retains #ts normal function for ground operation.

In the category of special systems, protection against the accumulation of insects at the
wing leading edge is of critical importance. Several promising candidates for such a system
have been identified and assessed for technical feasibility. These involve the use of

W
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1) A liquid film (water + anti-freeze), 2) A cryogen (liquid nitrogen) expanded into the
leading edge cavity to produce frest on the leading edge, and 3) An air shield using high
velocity jets. These must be subjected to further analysis and testing under simulated
operational conditions and eventually integrated into a total leading edge design for
evaluation in flight.

Operational Problems

Key operational problems have been identified and explored, the most important of which
are; a) Protection against wing leading edge damage, b) Avoiding insect contamination,

¢) Establishing operational reliability, particularly in the presence of ice clouds and

d) Evolving procedures and techniques that will provide low-cost maintenance and repair
characteristics. Solutions to these problems must be developed and validated either in the
laboratory or in flight before serious consideration of LFC application can be expected.

LFC Transport Design Trends

An LFC transport configuration has been developed incorporating the most promising
structural arrangement and systems concepts developed during this siudy. Combining other
elements of advanced technology with LFFC provides attractive fuel utilization benefits
which will have a very favorable impact on airplane economics., Nevertheless, further trade
studies are needed to define the combination of features that will lead to a design most
competitive with a turbulent airplane. In particular, more work is necessary to establish
better design criteria and operational requirements. In this connection, cruise altitude and
turbulent climb capability have been shown to have a major influence o1 the geometric
definition of the long-range LFC transport to provide near-optimum performance and
economics. For example, configurations tend toward lower wing loadings and thrust load-
ings and somewhat higher aspect ratios than for turbulent aircraft. The wing sweep will
tend tuward a near-optimum value based on wing weight (25° sweep at M = 0.8). However,
the final sweep selection should be based on the careful consideration of the sensitivity of
laminar flow to sweep and leading edge design details. The compromise must be strongly
biased by the need to maintain LFC with high reliability in the airiine operational environ-
ment,

It is recognized that the work under existing Phase I contracts represents only a start toward
full-scale system decign and that further work is required in technology development und
testing of advanced structural and systems concepts. The LFC program should continue

to focus on hardware design and development leading to construction of a validator air-
plane. This is essential to provide the practical experience needed to deterimine the opera-
tional and economic feasibility of introducing LFC transport aircraft onto commercial
airline routes in the foreseeable future.
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