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were made to develop the final LFC configuration. This configuration was sized to determine the
gross weight, engine size, win g area , and fuel requirements necessary to achieve the design
mission. Various performance trade and sensitivity studies were conducted for the turbulent and
LFC airplanes in the third phase. Life-cycle and operating cost evaluations were also made. A
valid assessment of an LFC airplane must be preceded by an extensive design , development , and
flig ht test program. Consequently, this study focused on identifying the relative benefits from
applying LFC , and on the sensitivities of these relative benefits to the current major LFC
uncertain ty items./~

The opt imum LFC wing planform is shown to have a high aspect ratio , low thickness/chord
ratio and low sweep. This planform minimized both fuel and gross weigh t , and maximized
productivity. The same planform geometry results in low chord Reynolds numbers , low cross-
flow and low attachment line Reynolds number and thereby eases the task of laminarization.

Normal military reserves were found adequate to meet the mission objectives with reasonable
losses in LFC. The reserves allow the LEC airplane to fly 2000 nmi or 5 hours wi th  full loss
of laminar flow and it can then achieve the mission range by establishing the design laminariza-
tion for the remainder of the fli ght.

Results of an extent of laminarization study suggest the following order for achieving maximum
LFC benefits with minimum technical risks. First , laminarize the wing back to the trailing -edge
control surfaces. Second , laminarize the empennage back to the trailing-edge controls. Then
conduct the necessary trade and detailed design studies to identify the practical benefits and
technical risks of full chord laminarization.

The fuselage drag of an LFC airplane is a significant drag item. A 25% drag reduction in the body
drag of an LFC airplane results in additional fuel (8%) and gross weight (4~~) savings.

Results indicate that LFC can provide large reductions in fuel usage (27 to 30%). The gross
weights are also reduced (7 to 10%); however , the gross weights are very dependent upon t h e
total LFC structural and systems weight increment. Operating costs for a 60-day surge condition
are lower (10 to 1 5%) but depend on the require d maintenance costs. The life-cycle costs were
found to be hi gher for the LFC airplane because the low peacetime airplane usage rates do not
reflect the large fuel savings as a significant cost item.

Recommendations are given for additional system studies , and for more detailed design and
development work to fully establish the potential performance and economic benefits for appli-
cation of LFC to very large transport aircraft .
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1.0 INTRODUCTION

Increase d concern about the cost and availabili ty of aviation fuel in addit ion to the possible
r equirements for global-range movement of large payloads suggested the need for efficient
m i l i t am -~ transport aircraft designs that conserv e fuel.

The recentl y completed AFFDL/Boeing Boundary Layer (ontrol  Technology App licatio n
study ~ evaluated large mil i ta ry transport designs that incorporated various advanced aero-
dynamic concepts. S tud y results identified laminar flow control (LFC ) as the aer o dyn amic
concept offering the gre: st potential  for conserv ing fuel.

[he Northrop X-2 l Fligh t lest  program (2
~ demonstrated the technical feas ibii ity of LF’C in

the 1 960s. The economic and l)ractic al feasibility of LFC remained to be proven. The afore-
mentioned fuel concerns , together with projected new technology developments , may have
a large favorable impact  on the practical feasibility of LFC.

[he purpose of this study was to conduct a preliminary design investigation of a large sub-
sonic military transport aircraft to assess the economic application of LFC. Technology
deve lopments , wind tunnel  tests , and flight test veri fication , necessary to reduce the risk
associated with the application of ’ LFC . also were to he identif ied . The study consisted of
t hree phases’

• Phase I --Initial LFC conceptual design investigations were conducted to identify fea-
tures of an LFC airplane optimized to accomplish mission objectives. A reference fully
turbulent  airplane also was developed in this phase.

• Phase 2— -Design and analysis studies were made to develop the final LFC comi figu ration.
The final LFC configuration was sized to determine the gross weight. engine size , wing
area , and fuel requirements necessary to achieve the design mission.

• Phase 3—The preliminary design definitions of the LFC and reference turbulent  air-
planes were finalized. Performance trade and sensitivity studies were conducted for the
LFC and turbulent airplanes. Life-cycle and operating cost evaluations were made for
the LFC and turbulent configurations.

The approach and results are presented in Sections 2.0 , 3.0 , and 4 .0. Sections 5.0 and 6.0
describe the evaluation of the LFC configuration. Section 7.0 describes how the s~iidy tasks
were accomplished and the methods used. Remaining sections present the research and
development recommendations and the main conclusions.

I .  Kulfa n , R. M. and Howard . W. M., App lication of Advanced A erody nam ic ( ‘oncepts to
Large Subsonic Transport Airplanes , Tech. Report AFFDL-TR-75- I 12 , Nov. 1975.

2. Whites , R. C.: Sudderth , R. W. ; and Wheldon , W. G.. “Laminar Flow Conti’ol on the
X-2 I ,” Astronautics and Aeronautics . July 1966 , pp3843.

‘ ‘

~
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2.0 APPROACH

Design mission objectives for the study configurations included :

• Range = 10,000 nmi

• Payload = 350 ,000 lb

• Takeoff field length = 9;000 ft

• Mach number: determined by tradeoff studies

Payload density limits were set by the requirement to carry either 75 military standard
cargo containers or thre e M-60 tanks.

The general technology level assumed for the study configurations as shown in Figure 1
corresponds to projections that would allow start of prototype production in 1985. First
fligh t would occur in 1988 or 1989 and airplane in service would be after 1990. specific
advanced technology assumptions are discussed in Section 7.0.

1975 1980 1985 1990 1995 2000

TECHNOLOGY___ L_ FIRST
LEVEL FLIGHT

AIRPLANE IN SERVICE
START OF
PROTOTYPE
PRODUCTION

Figure 1 Study Technology Levels

This study used results of the substantial data base of past and present laminar flow control
studies and Boeing in-house large freighter studies show~’t in Figure 2 to provide design
ground rules and configuration development guidance.

2.1 DESIGN DEVELOPMENT METHOD

The design development method used to develop each of the aircraft configurations is
illustrated in Fi gure 

3 . 2



CURRENT NASA/BOEING
LFC SYSTEMS STUDY J Ref 3 ~ LFC DESIGN CONSIDERATIONS

1976 NASA/BOEING I • STRUCTURAL CONCEPTS
LFC SURFACE MATERIALS STUDY I • SUCTION SYSTEMI Ref 4
______________________ • MANUFACTURING

1 1976 NASA/BOEING 1 • PROPULSION SYSTEM
LFC COMPOSITE WING STUDY_j Ref 5
_______________________________ 

+

1 1976 BOEING
LFC TRANSPORT A /P STUDIES ADDITIONAL LFC

BACKGROUND INFORMATION

LARGE LFC TRANSPORT 1 +
DESIGN INTEGRATION STUDIES] 

LARGE TRANSPORTDR.W. PFENNINGER
DESIGN CONSIDERATIONS

11976 NASA/LOCKHEED 1
‘ LONG RANGE COMMERCIAL I • ARRANGEMENT
[LFC TRANSPORT STUDIES j Ref 6 • BRACED WINGS
________________________ • INITIAL SIZING
1976 USA~/BOEING
BOUNDARY LAYER CONTROL
APPLICATION STUDY Ref 1

[x .~ FLIGHT TEST PROGRAM USAF/BOEING (CUR
BOUNDARY LAYER

_  

~~~1~~~~~TUD

’

~~~~~HISTORICAL LFC DATA AND STUDIES

I 1976 BOEING IN-HOUSE
[LARGE FREIGHTER STUDIES

Figure 2 Boundary Layer Contro/ Study Data Base

3. NASA Contract NAS I- l4630 , “Evaluat ion of Laminar Flow Control System for Sub-
sonic (‘omn iercial  Transport  Aircraft ,” (stud y underway 19761.

4 Weiss, 1). 1). and L ind h . 1). V. . Dei ’elopment of the Technology for th e Fai rieatio,i o f
Reliable Laminar Flo w (~nmtro l Panels . NASA CR- 14 5 124 , Feb. 1976.

5. Swinford . G. R .. f Preliminary Design Study of ’ a Laminar How ( o,-,tro l Wing of
C’otnposia’e Materials jè .ir Long Range Transport A ireraj i ’, NASA CR-I 44950, A pril
1976.

6. Sturgeon. R F.. et al. Study o,f the Application of Ad vanced Technologies to La,ninar
F low (‘ontro l Syste ms for Subsonic Transports . NASA (‘R- 1 33949 . May 1976.
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________ SCALING RULES

________________ CHARACTE R ISTICS STEP 3

FLIGHT I ‘WING PLANFORM _______ • THRUST . SFC, NOISE ,I CONTROLS SWING THICKNESS I POWER I ~ ENGINE WEIGHTS PLUS•ENGINE NUMBER I SYSTEMS SCALING RULESI STRUCTURES
I 

•ENGINE TYPEI AND WEIGHT • ETC.
__________ ______________ I FLIGHT ‘TAIL SIZE PLUS

POWER I I1 CONTROL!j SCALING RULES - STEP 4

I PAYLOAD = C0~~f l

/ \  TIW

/‘DESIGN~~\

I SYSTEMS I 
- 

STEP 5 I RANGE = CONST I

POINT

NON OBJECTIVE/ 
______________

STEP 2 YES 
_____________

___________________ STEP 6
RESIZE

_____ 
PARAMETERS

______ STEP 7
FINAL 

_____________

_________________ CONFIGURATION AIRPLANE
__________________ DEFINITIO N PLUS

CONFIGURATION _____

CONFIGURATIONMI UNCYCLED MISSION-SIZEDIII BASELINE ______

Iffi CONFIGURATION _____

Figure 3 Design Development Method

The initial step was to define prelimina ry configuration characteristics , including such
gene ral items as:

• Wing planform . size, and thickness

• Number  of engines , engine cycle , size, and location

• Tail planfo rm , thickness , and size

• Estimated maximum takeoff gross weight

These characteristics were derived from results of past related studies or from specially con-
ducted trade studies. These estimated configuration characteristi cs were used to develop
preliminary configuration sketches. These sketches , along with supporting aerodynamic
design optimization studies. we1g~~ and balance analyses, stability and control analyses , and
st ruc tura l  layouts provided inputs for developing a detailed configuration layout step 2) .
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The detailed design layout defined the uncycled baseline configuration. The baseline confi g-
urat io~i then was analyzed in depth to determine basic weigh t , lift and drag, thrust , and
noise characteristics. Additional analyses were made to determine the e ffects of varying
gross weight,  eng ine size, and wing are a to establish scaling rules that account for these
cha nges (step 3) .

The results of the baseline configuration evaluation and the scaling rules form the inputs to
a parametric perfo rmance analysis program that was used to size the airplane by determining
the minimum gross weight . wing area , engine size , and tail size necessary to achieve the mis-
sion objective (step 4 ’I.

If the desi gn objectives were not met, or if obvious deficiencies were identified , this process
was repeated. The parametric trade , sensitivity , and optimization investigations required
repeating this design development method a number of times for each particular study.

2.2 STUDY PLAN

[li e approach used to achieve stud y objectives is summarized in Figure 4. The initial task
was to develop the reference turbulent airplane configuration. The baseline turbulent  con-
figuration. m odel 767-766a . arrangement was guided by results of Boeing in-house large
freighter trade and optimization studies. The confi guration features reflect the design mis-
sion obj ectives and the incorporation of the advanced technology concepts. The baseline
turbulent  configurat i~ n was sized to meet the mission objectives. The def inition of the final
sized turbulent  airplane configuration model 767-768 was then completed.

The initial baseline LF( arrang ement. model 767-769 . was defined by modifying the refe r-
ence turbulent  airplane with the minimum changes necessary to incorporate the LFC
systems. The LFC systems and structural concepts were derived from previous LFC studies.
Boeing in-house LFC’ studi es . and specially conducted LFC system design studies. The initial
baseline LFC configuration was sized with different levels of LFC structural and system
we ight increments.

A braced-wing LFC configuration, model 767-767 , was derived from the initial baseline LFC
configuration model 767-769 that has a cantilever wing. The definit ion of the braced-wing
geometry was guided b y the results of Boeing large freighter braced-wing studies. The braced-
wing LFC config urat ion was sized to meet mission object ives and was compared with the
corresponding sized cantilever wing LFC configuration.  Because of the large number of
design variations that would be necessary to fully optimi ze a braced-wing configuration. the
remainder of the study e ffort was concentrated on the development of the LFC cantilever
wing confi guration.
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A ~ i ng geometry/cruise speed parametric op t i m i / a t ion  stud y was c( ’n ducted to optimize the
LF C cantilever Wi Iig conf igura t ion .  The f i i i a l  uncyc led LFC conf igura t ion  model 767—770
was developed using the best wing pla n fo rm identif ied in the p lan form opt imizat ion study.

Model 767-770 then was sized to achieve the desi gn mission objective s . The airplane was
sized wi th  di f ferent  levels of LFC structural  and sy stem ~~ e i ght  increments .  The final LFC
con figurat ion arrangement definit ion then was completed.

The final  tu rbu le n t  airplane configur at ion , model ~67—7 6 8 . a nd the l’inal L.l (’ configuration.
model 767—77 3 . we re used in design trade and sens i t iv i ty  s tudies to deter mine the impact of
the tol l owing on the fuel , weight. and cost of LFC and t u r b u l e n t  a i rp lanes :

• Design takeofi ’ field length

• Extent of laminarization

• Body drag reduction

• [.FC maintenance  costs

• LFC technology complexit y costs

• I ’~ eI p r ic~s

A ddi t ional ly ,  the performance effects of in-flight loss of LFC were investigated.

(‘Ihl racter i s t ic s  of the  final LF( and tu rbu len t  configurat ions are discu ssed ~n Section 3.0.
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3.0 CONFIGURATION DESCRIPTIONS

This  sect io n c ( I n t a i n s  a de script ion of the final LFC confi gurat ion and of’ the I’elerence tur-
bulen t  l’low c o n l i g u r a t i o n .  ‘[he reference turbulent  flow configuration was developed from
Boeing con lmL ’I’ cIal large freig hte r study configurat ions tha t  had approximately  the same
payload r e qui re i l l en  k hut  smaller design ranges. Considerations tha t  led to the f ina l configu-
ra t ion  a r rangements  are di~ ussed below. The perfo rmance and economic e v a l i . t i o n s  of the
final  c o n f i g u r a t i o n s  are di~ issed in Section 4.0.

3.1 REFERENCE TURBULENT FLO W CONFIGURATION , MO l)EL 767-768

The general a r rangement  of ’ the reference turbulent  h o w  conf ’igu i’at ion is sI l t  wn in Fi gure 5.

Selection of a three-ha y oval fuselage was strongly dictated by the d cs iLi i  pa load require-
m en ts .  As ShOWII in Figure 6 , this  configurat ion provides space f o r  the required lower den-
sity payload of 75 mi l i ta ry  cargo containers wi thout  r e q u i r i n g  cx . ..‘ssive cargo f loor length.
The four—bay double—lobe body arra n gement.  also shown in Figure 6. would offe r the advan-
tage o f an even shorter body leng th. and would require a lower pre ssur izat ion wei ght
pe nal ty .  Because th e dense payload of three M—6 0 t anks  w o u ld  r equire  sub5 ta nt i a l ly  diffe r—
ent  loading in each of t h e  lobes , this type of arrangement would have encountere d a signif-
ica n t wei ght penal ty .  The kneeling landing gear results in a cargo floor loading hei ght of 84
I nches. The body has front and aft load capability for the cargo containers and for ligh t
ve hicles. The tanks  require front loading and unloading.

I h e  desi gn of t h e t’oreho dy cab can contribute significantly to the drag of a fuselage . Exte n-
sive i n v e s t i g a t i o n s  ~~ of ’ the aerodynamic e ffects of forebody cab design (Fi gure 7) indicate
tha t  sudden changes in curvature ,  part icularly near the windshield.  produce patches of
sllperc r i t ic a l  f low , and areas of ’ local flow separation that  result in the I’ormation of t ra i l ing
vo rtices. (‘onse qu en t lv .  the  fuselage of the turbulent  airplane features  an advanced one-piece
windshield design shown conceptually in Figure 8. This design provides dir ect v iewing  and
incorporates a conventional t light dec k with state-o f-the-a rt displays and controls for the
19b5 time period . ‘[he seamless windshield assembly results in reduced body drag. This
design is compat i b le  and desirable for body drag reduction techniques such as boundary
lay e r control (BL C ) .  body LFC . or the use of compliant  skins. This design requires the
de~ elop ment  of an optically corrected smooth structural  windshield and a seamless seal
assem Wy.

Wing plan fo rm charac te r s i t i c s  were selected for eff icient  long-range cruise considerations
incorporat ing the benef i ts  of active controls and advanced composite structural  materials.
The high-lift  system includes 747 SP-type single-slotted trailing-edge (TE ) flaps and variable
camber leading-ed ge (LE) flaps. The TE flap has a chord ratio (C F / C)  of 0.225 and a Fowler
motion (C ’/C) of I .08.

The canted “a” t a i l  empennage arrangement is a s t ruc tura l ly  e fficient d esign that  pro\ ides
the desire d drive-through and air-drop capabi l i ty.  The use of active controls , together w i t h
the double—hinge rudder , results in m i n i m u m  t ai l areas.

7. (;
~or~~—Fal~~, I).. ‘1,, In i ’est igalion of the Flow A round the cab of Boeing Jet

Traii po r t .s , Boeing Document D6- 15006 , 1966.
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‘The propulsion sy stem includes four I 985 t e c l in o lo~~ Ii ig li h~ pass ra t io  ( BPR I engines. l ! i ~.’
engines ai’e located on the wing  p r imar i ly  becailse of t he a i r p l a n e  b alance requ irements  and
the engine design constraints (TSLS <90 ,000 Ib ) that  require a in in in lum of four engines f o r
the st ud y  airplanes.  Airplane bal ance is the correct r e lat ionsh ip of th e center of gravi ty  (cg)
of t he airplane to aerodynamic s tabi l i ty  l imi t s  for di f fe rent loading condit ions.  ‘[his  relation-
ship is more di f f icu l t  to achieve when tlìe ei)gines are on the aft  I’usclage , especially h ’or ai r-
craft w i t h  heavy pay loads a nd l arge h ig h bypass ratio engines. Because of the difference
betwee n the position of the payload cg and the propulsion s~ stem cg. ~arge shif ’ts in the air—
p l ane cg wo ul d occ u r f ’rom one operating condi t ion to the nex t .  ‘the spa nwise locations
were set by f lu t t e r  considerations and provide wing be nding r e l i e f .

3.2 LAMINAR FLOW CONTROL CONFIGURATION . MO I )EL 767-773

The general arrangement of the f ’ina l l a m i n a r  flow control  c o n f i g u r a t i o n  is shown in F igure 9 .

Fu se lage a n d empennage ar ran gem en ts are simi la r  to t h e t ur b u l e n t  a i rpla n e conf igura t ion .
The wing planform has a higher aspect ratio ( A R )  and l ower  sweep than  the re f erenc e tur-
bulent  a i rplane wing.  The geometry characteris t ics  were (leterm ned by the wing  geometry ,
cr uise speed opt imizat ion study discussed in Section 6.0. ‘[li e h igh- l i f t  system consists of a
sing le—slotted 747 SP—type t ra i l ing edge flap wi th  a flap chord ratio 

~~l ’ ( )  of 0.225 and a
flap Fowler action (C ” (‘ ) of 1 .08 . A d d i t i o n a l I~ . the  inboard and outboard ailerons can be
d ropped to 10 deg. This co il fig ll rati on has no LE devices to a’~ oid t he ant :c ip ated di f f icul t ies
of m a in ta in ing  smoothness tolerances necessar y to reta in  l amina r  flow o~ er leading—edge
j unct io ns.

The wing and tai l  surhi ces arc slotted to provide l a n i in a r i z a t ion  ho 7 ( 1— p e rcent chord. Suction
IS provided by ra m—air  tu rhoshat ’t engine/ compression u n i t s .  I ’our of these ul l i t s  are located
on the wing and wo u n i t s  are located on the empen nage . ‘l’lie I.F(’ design considerations
aff e c t ing  developm ent  of ’ t h is  configurat ion ar ra i igenle nt  arc discus sed in Section 5.0 I l i e
locatio n of the main  l)r oPu ls ion engines on the  w ing  was necessary to balance the a i rp l ane
This is an ex t r emely  impor tan t  consideration for ver \ large LF C airplanes. The engi n e.
n ace l le , and strut must be designed to avoid acoustic and p re ssure tie ld disturbances tha t
co u l d  p rohib i t  the achieve in en t of ’ lain m a r  flow.

3.3 CONFIGURATION COMPARISO N S

The s t ructura l  and sy stems w e igh t  associa ted w i t h  l a m i n a r  l ’lo~ c on t ro l  is ~ery dependent on
the  conf igu ra t ion  a r rangement  and the s t ruc tura l  de sign con cept.  Innovat ive  detailed LF(’
s~ stem desi gn stud ies , such as those cu rr ent l~ und e r ~ ay in I l i e  \ A SA  LF(’ Techi logy and
System Development program , arc necessar y to i d e n t i f ~ the  ~se ig ht  implications of LFC.
(‘onsequent ly.  the final  LF( ’ co n f igu ra t i on  has been sized ~vi fh  Various levels of LFC struc-
tural  and system weight increments.  ‘I nc resul t s  therefore show the sensitivity of the LEC
pe rfo rmanc e h en ehi t s  to the [ [C system and wei ght  incr enl en ls .

The geom etrical character is t ics  of the  f i n a l  1i( ’  a nd th u. ’ Te ft ’r en ce tu rbu len t  configurations
arc summariz e d  in l ab lc  I . Group we igh t  s t a t e m e n t s  dre shown  in Fable 2.

‘3



r t :  ~iitJ~1
~‘t~ ~~~~~

. 

h~ ~ L;~~ i 1r

I 
~~~~~~~~~~~~~~~~~~~~~~~~

_ _ _ _ _ _  _ _ _  _ _ _ _ _ _  

I
In 

_ _ _ _  2 0~~~

C-)

0

— ~,a 
~•I 

L

0 0  E
-a ‘ :‘

::~!;~— ‘~ ~~ ~~

~ I’ 
r~
’
~~~ \ i.~ . S

1’ . “ a InIn \_ a C~ ‘ I- • •
0)

~~ ‘ ‘ .
~~~~~a ~~~~~~~~~ L ~ . , .

I.L~C.,

~~ ,~ i I

14

____________________ __________________________________ _________ - -



Table 1 Configura tion Design Characteristics
FINAL LFC CONFIGURATION

TURBULENT
CONFIGURA

DESIGN ITEM TION (
~~

W T ) LFC lb / f t 2

400EL 767- 761 I 
3.0

____________ ____________________ ____________ 
0.0 2.25

Payload , lb 350.000

Major Range. nmi 10,000
design Cruise Mach rio. 0.78 0.79
parameters TOFL . ft 9,000 

-

_____________ 

Turb , climb alt , ft 35 000
TOGW , lb 1,665 ,800 1 ,408,980 1 ,551 ,560 1 ,607 ,650
OEW , lb 608,600 576 ,080 I 

____________ 
725, 160

Fuel , lb 668.600 455 ,960 
____________ 

502,650

_____________ 
Reserves , lb 43 .300 30 ,8/0 

_____________ 

34.160
Length , ft 252

Fuselage Max diameter , Fr . 426.5

Wetted area . ft 2 21 .927

Landing Nose 4 (49 x 17)
gear Man 40 (49 x 17)

Area , ft 2 14 ,785 13,420 1 15,310

Wetted area , 112 25 . 849 23 , 555~~~ 26, 108 27 , 105

Laminar t re a ted  area, f t 2 ~~~~~~ 15 ,839 3 17 , 558 18 , 229
AR 12 

___________________________________

‘~ c/4 ’ deg 20 10
Span . ft 421 .2 433.4 454.8 463.0

A 
____________ 

0.30
MAC, ft 38.5 34.0 35.6 36.3
tic , root/tip 0. 14/ 0 08

Area , ft 2 2,562 1 2 ,290 I 2,460 2,510

-- _ _ _ _ _
Wetted area . 112 5.1 18~~~ 4 , 571 4 ,914 5 ,014

Laminar t r ea ted  area , it 2 ~~~~~~~~~~~~ 37H~~~j , _  3,237 3.303
6.42AR 5.07 

____________________Horizontal
tai l  “c’ 4’ deg, inbd /outbd 0.0 . 22 .5

A rrbd/outbd ______________________ 
0.0/0.63 

______

1 /C  .11
MAC, ft 22.9 19.2 19.9 20.1
Tail vol coeff 0.655 0 .72 0.67 0.65

Area , f t 2 ‘( 2 tai ls) 2,392 1,820 2,055 2,150

W ette d area. f t 2 4 ,784 3,640 4 ,110 4 ,300

Laminar t reated a rea , f t 2 ~~~~~~~~~~~~~ 2,231 2,526 2,643

AR 
____________________ 

1.00Vert ical
tai l  “c/4 ’ deg

A 052
t/c 

_______ 
0.12

MAC , f t 382 31.2 F 33. 1 I
Tail vol coef l 

— 
0.045 0.038 0.037 0.037

Type ’BPR STF 482/ 7.5

No ./LOC 4/Wing mounted
Propulsion

SLST , lb 77 , 200 I 63,400 I 67,850 I 69,600
62 f 2,142

_______ 
Wetted area , ft 2 3,120 I 2, 5

Suction i r r i t c  No./LOC : ; :~.‘/ ;.:;~7/1 4/Wing mount ÷ 2/Tail mount



Table 2 Configura tion Weight Comparisons

TURBULENT FINAL LFC CONFIGURATION
CONFIGURATION

(L
~
sW T) LFC lb/ft 2

MODEL 767-768 0.0 2.25 3.0

ITEM POUND POUND POUND POUND
Wing 211000 211860 289 180 (a) 320 140 (a)
Horizontal tail 11 900 10 730 19 620 (a) 22 830 (a)
Vertical tail 15430 10 720 18 920 (a) 22 180 (a)
Body 186 630 180910 183 890 185 060
Main gear 37 600 34 720 36 820 37 630
Nose gear 5 760 5 320 5 650 5 770
Nacelle and strut 23 800 19 550 20 920 21 460

Tota l structure 492210 473810 575 000 
- 

615070

Engine 50 030 3S 780 3 060 44 360
Engine accessories 1 330 1 330 1 330 1 330
Fuel system 6 740 5 980 6 400 6 570
Engine controls 320 320 320 320
Starting system 320 320 320 320
Thrust reverser 6 770 5 570 5 960 6 110

Total propulsion group 65 510 53 300 57 390 59 010

Auxiliary power unit 2 000 2 000 2 000 2 000
Instruments and nay equip 1 270 1 270 1 270 1 270
Surface controls 21 310 19 660 20 820 2~ 280
Hydraulic /pneumatic 4 680 4 420 4 770 4 910
Electrical 3 120 3 120 3 120 3 120
Avionics 3 140 3 140 3 140 3 140
Furnishings and equi pment 6 710 6710 6 710 6 710
Air cond and anti’ icing 3 620 3 620 3 620 3 620
Auxiliary gear 270 270 270 .270

Total fixed equipment 46 120 44 210 45 720 46 320

Manufacturer ’s empty wei ght 603 840 571 320 678 100 720 420
Crew 1 290 1 290 1 290 1 290
Crew provisions 320 320 320 320
Oil and trapped oil 600 600 600 600
Unavailable fuel 800 800 800 800
Payload provisions 1 750 1 750 1 750 1 750

Total non exp useful load 4760 4760 4760 4760

Operational empty weight 608 600 576 080 682 870 725 160
Payload 350 000 350 000 350 000 350 000
Fuel 668 600 455 960 489 640 502 650
Reserves 43 300 30 870 33 250 34 160

Takeoff gross wei ght 1 665 BOO 1 408 960 1 551 560 1 607 650

(a) Includes total LFC systems plus structural weight increment as (L
~
5WT ) LFC x treated

wetted area (defined in Table 1).
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(‘wise d rag compar ison s of ’ the tu rbu l en t  flow an d Ll” ( ‘ co n I ig u t  u I  ions ,ire ’ ns~, it  in I igur i.’
I 0. The re fe rence t u r b u l e n t  airplane model 767— 7o~ h~ s a t’ e’l a t i\  ~‘k high I i f t / d r a g  ra t Io
L , E) = 27 .9) .  This is because of its larg e wing spani wetted area ratio. The p rot i le  drag of the

W ing and empenn age is a large pcr t ion of the total  crui se drag.  Reduc t ion  oh Ih i  is drag d c —
ment  1w LF (’ increased the cruise l i f t 1  drag ra t io  s ignif ’i c a l l t l v  ( I I) = 40. I

.ross weight comparisons of the s tudy c o n f i g u r a t i o n s  are s( lo5~ ii in I gu n . ’ I I  . I ’hie r e fe rence
t u r b u l e n t  conf igura t ion  is a large airplane ( ‘[0GW = I .b6 5 .~ 0() lb ). I l i  ‘ block l’ue l requ i red
to meet the mission objectives cons t i tu t e s  40 perceil t oh ’ t h e  gross ~ eig h i t .  Hence, it mig h t  he
expected tha t  a large fi.iel savings by LR ’ wou ld also redu ce tI l e  t ake o t ’h ’ gross ~ e igh t
([0GW ) if the associated system and s t ruc tu ra l  ~ ei ght  incre m e n t s  Ire no t  s ign i f i can t .  The
relative f u e l  and gross weig ht savings wi th  L I C  are d i sci isse uh u t  more de ta i l  in Section 4 .0.
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4.0 CONFIGURATION PERFORMANCE AND ECONOMICS

The turbulent  flow and laminar flow control configurations discussed in Section 3.0 were
used to identif y the potential impact on LFC on the fuel consumption , weight , life-cycle
cost s, an d ope r ati ng costs . Sensitivity studies also were conducted to determine the impact
of the LFC weight increment , fuel price , LFC maintenan ce , and technology complexity
costs. Addit ional  pe rt ’ormance and sensitivity studies included:

• Pay load—range capabi l i ty

• Design takeot ’f ’ field length study

• Effect ot ’ loss of LFC

• Extent  of laminarization study

• Body drag reduction study

4.1 MISSION RULES AND PERFORMANCE OBJECTIVES

The t’light profile and mission rules used in developing the study configurations are shown in
Figure 1 2. Tile following perfo rmance objectives and constra ints  have been used to size air-
pl ane conf iguratio ns:

• Objectives:

• Payload = 350,000 lb

• Range = 10.000 nmi

• Cruise Mach: determined by tradeoff studies

• Constraints :

• Field length:  9.000 ft maximum

• M i n i m u m  climb a l t i tude:  35.000 ft wi th  t u r b u l e n t  drag levels t’or LF( ’ airplane

‘[lIe range and payload objectives were the defined goals oh ’ the s tudy to meet the long-range
mil i ta ry  a i r l i f t  requirements. The 9.000—I ’t mi l i t a ry  cr i t ical  t ’ield length requirements w if l
a l I o ~ operation off exis t ing runways.  The LFC conf igurat ions  addi t iona l ly  were required to
cl imb to 35 .000 ft wi th  t’u ll y turbulent  flow drag levels. This would allow the L E C  airplanes
to cli mb above typica .l snow or rain storm s to establish l amina r  flow.

20 
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• PAYLOAD 350,000 lb

1 
MISSION RANGE 

75 463L CARGO CONTAINERS

10,000 nmi

MISSION ELEMENT ALLOWANCES

® START . TAXI . TAKEOFF • 5 MINUTES AT MAXIMUM CRUISE THRUST AT SEA LEVEL
• 1 MINUTE AT MAXIMUM TAKEOF’ THRUST AT SEA LEVEL

© CLIMB • CLIMB FROM SEA LEVEL TO BEST CRUISE ALTITUDE AT
MAXIMUM CLIMB POWER

~~ CRUISE-CLIMB • CRUISE-CLIMB AT BEST CRUISE ALTITUDE

® DESCENT • NO ALLOWANCE FOR FUEL , TIME , OR DiSTANCE

RESERVES

~J 
LOITER • 30-MINUTE LOITER AT MAXIMUM ENDURANCE SPEED AT

SEA LEVEL

© LANDING • LAND WITH 5% OF INITIAL MISSION FUEL

NOTES: ® SFC IS INCREASE D BY 5% THROUGHOUT THE MISSION

t2J TAKEOFF DISTANCE IS BASED ON ALL E N G I N E S  OPERATING
• TAKEOFF SPEED ~~‘ 1.2 Vs
• DISTANCE TO 50 ft OBSTACLE ‘~~9O0O ft., SEA LEVEL , 90°F
• ONE ENGINE-OUT CLIMB REQUIREMENT>100 FPM

© INITIAL CRUISE ALTITUDE >30,000 ft FOR TURBULENT AIRPLANE
(!) CLIMB TO 35,000 ft WITH 1 URBULENT DRAGS FOR LFC AIRPLANE

~~ ENROUTE CRUISE SPEED >300 KEAS

Figure 12 Flight Profile and Missio n Rules
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4.2 ENGENE- MRFRAM E MATCHING

‘[he procedure used to size the airplane configurat ions is indicated by steps 3 and 4 of
Figure 3. The detailed design layout of each configuration was evaluated to provide base
point  th r ust . wei ght , aerodynamic , and fligh t control data.  In add i t ion ,  scaling relations
~ ere derive d by fur ther  analyses to account f’or changes in wing si/ c. engine size, and gross
wei ght  var ia t ions  in the resi z ing cycle. A parametr ic  engine—air f rame ma tch ing  me thod
described i n Rek~rence 8 was used to determine the best combin ati on of engine sit e. w ing
site , fuel re quire m ents . and gross weig ht necessary to achieve the design miss i on objectives.

The design selection chart f ’o r the ret ’erence tu rbu l en t  a i rplane is shown in Figure 13. ‘[his
type  o f design chart  l) aram etrica ll y shows the effect of thrus t  weigh t rat io (T \V I and wing
load ing (W/ S) on the airplane gross weight and block fue l  r e q l l i t e i l t e n t s .  I’er l ’oi’mat ice  fac tors .
such as takeot ’f field length (TOFL) . ini t ia l  cruise a l t i t ude  capa b i l i t y  ( I ( ’A ( ’ I , and t he r a t i o
of the in i t i a l  cruise l i f t  coeflicien I capabil i ty  to th e l i f t  dOe ’ I ’ f ’i~ ieit I for i i :  a x im u n l  Ii f ’f - d rag
rat io )C L R

) also are ident i f ied .

The m i n i m u m  gross weight  for the tu rbulen t  a i rplane requires a hig h \v ing loading of appr oX-
t n i ate ly I ~0 I b / f t , Wi th  t h e  high wing loading, the  con f ’iguratio n could not meet  the ‘[OFL
requirement. The minimum fuel burned arrangen .cnt requires a lower wing loading (110 lb
ft - ) . This configuration does meet the takeoff field requirem ents  of 9,000 l’t .  ‘[lie f inal
design t’or the turbulent  airplane was selected by considering the t rade between fuel burned
and gross weight along the TOFL = 9.000-ft constraint l ine (Figure  14) . ‘l ’he se lected design.
which has a wing loading of 112.7  lb / f t 2 . has almost the min imum fuel require m ents , and
has a gross weight wi t h in approx imate ly  2 percent of the min imum gross weight for  th is
con f igu ra t i on .  This selected wing loading corresponds to a spa n loading (W/h 2 ) o19 .3 lb f ’t .

[he corresponding design selection chart for the LFC configurat ion is shown in Figure 15.
The min imum gross weight  conf igurat ion would require a wing loading in excess of ’ 120 lb
f t .  me design wing loading for min imum fuel is approximately  95 Ih / t ’t 2 .

[he LFC conf igura t ion  is required to climb to 35.000 ft wi th  f ’im l l y t u rbu len t  drag levels and
also has the TOFL l imi t  of 9.000 ft.  The 35 ,000—ft tu rbu len t  climb a l t i tude  l im i t  is e qim iva-
lent  to an in i t ia l  c l imb a l t i tude  capabili ty of 41 ,000 ft with the lam inarized flow drag le vels.
These two design constraints  l imit  the acceptable design reg ion . Neith er  the min imum fue l
nor the min imum ‘[0GW configuration meets the design constraints .

The LF ( ’ conf igurat ion was sized with dif fi .~rent levels of LFC system and structural  weigh t
penal t Ies  by considering the trade between gross wei ght and fuel burned as shown in Figure
I ñ . The selected design has a wing loading of 105 lb / ft . This corresponds to a span loading
of 7.5 lb / f t 2 . Because of perfo rmance constra ~nts , the selected designs f ’or the Ll (’ co n f ’igu-
ration have a gross weight approximately 7 percent greater than t Im e  m i n i m u m  gross weigh t
arrangement and require approximately 5 percent more fuel than the min imum fuel LF(’
confi gu r atio n .

8. Wallace. R. F ..  P arwnetri c and Op tind:a tio~i Techniques ,f ~r Airp lane Design S~’, ithec is .
Paper No. 7 in AGARD-LS-5 6. April  1972.
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FUEL TOGW RANGE 10,000 nmi WI NG GEOMETRY
lb 10~ lb PAY LOA D 350,000 lb AR = 12

1.75 MACH ~ 0.78 Ac/ = 
__

fl() F SELECTE D 1 MI L TOFL = 9000 ftDESIGN tic 0.14/0.08

10GW 5%
700 1.70

LIMITED BY
TOFLFUEL1.65 - %% 2.3%

1%” -.~ —
M I N  FUEL ® MIN TOGW

660

1.60

640

100 110 120 130 140 150 160 170
WING LOADING , WIS, lb /ft 2

8 9 10 11 12 ‘ 13 14

SPAN LOADING , W/b2, lb/ft 2

Figure 14 Reference Turbulent A irp lane Design Selection
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4.3 LFC FUEL AND WEIGHT SAVINGS

Weight and performance characteristics of the re fe rence tu rbu len t  airplane and the LF(’
configuration sized for different LFC system weigh t increments  are summarized in Table 3.

The un cycled ope rat in g em pty weight (OEW ) bu i ldup t’or the LFC configuration is shown in
Figure I 7. The wing and tails comprise a signi ficant portion of the OEW. There fore , the
LFC structure and the systems weight increment per uni t  lan iinarized area , (~~WT ) LFC,
can signi fi cantl y a ffect the OEW.

‘[he final LFC configuration model 767-733 was sized wi th  an LFC weigh t penalty of 2.25
lb .- f t .  The LFC systems. which include the suction pum ps. suction engines, main collector
duc t s , and mani fo lds ,  and installat ion penalties to su r ro u nd in g  s t ruc ture  contribute about
hal t ’ of this  weight increment.  The other portion of the Ll-”C weig ht  increment is the impact
on wing and ernpennage s t ructura l material  weight.

Ongoing I~F(’ systems deve lopment studies may result in integrated structural concepts, and
‘~ s t c imi s  load sharing /management techniques tha t  may well reduce both the LFC structural
and L I:c sv~t i’ni weight penalties.

\im i mpor tan t  objective of ’ this study was to i d e n t i f y  the SL ns i t iv i ty  of the LFC benefits to
the to ta l  Ii ( s t ruc tura l  and system weig ht.  Most of the performance and trade studies
described in this  section assumed an LF(’ total  we~~ht  penal ty  of 2 .25 Ib / f ’t 2 . LFC structural
a rid ~ s tem w e i g h t  considerations are discussed fur ther  in Scetio n 7.5.

I l ie fue l  sav in ~ . TOGW reduct ion.  and OEW chang e of the L F (  a i rp lane  sized with different

~ W relative to the  reference airp lane also are s li o wmm in Figure 17 ,

I o a I I ( ssei ghl i n c r e m e nt  of ’ 2.2 5 lb f ’t 2 of h a m i n a r i / e d  area , t ime impact  of lani inar flow
t I l l  luc l  and ssc ight I s ;

• I nd s ; I \  m I l L ’ s  of 2 7 P ercent

• R L ’ l m m . , f i o n  in FO( ,‘s\ of 7 per cent

• I mi ~ r .’j sc in ( )I ~~~ of I 2.2 percent

all  of the I I L  rL ’ase in U I - W is due to the  h i g h e r  w i n g  USpL ’ L t r . t I i o  for the LFC confi gu—
i i  101) . I h is  is sh o w n  in Sect ion 4.7. l~igti r c I 7 also slmoss s I lm a  t a f ’u r th er  reduction of the

to t a l  I l’( ’ s\ s t L ’n m s  a nd st r im ct u ra l  weig ht pen a l ty  of 0.5 l1~; I t —  produces the following a d di—
lIo n J ~ H I L L  ts

• I - t i e I sas m m i g s  of I per c ent

• ( ,n is s v~ m u  t rc duct  ion of 2 perc en l

• ( ) l - ‘s’. red ne t ion 1 f f  4 pe rce n t
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Table 3 Airplane Performance Characteristics Summary

REFERENCE [ FINAL LFC CONFIGURATION
TURBULENT
AIRPLANE (L?

~
WT ) LFC lb/ft 2

MODEL
ITEM 767’768 0.0 2.25

Payload, lb 350,000
Design mission 

~ange, nmi 10,000 
-________ ____________

TOGW 1,665,800 1 ,408,980 1,551 ,560 1,607,650

Wei ghts , lb OEW 608,600 576,080 682,870 725,160
Block fuel 668,600 455 ,960 489,640 502,650
Reserves 43,300 30,870 33,250 34.160

A rea , ft 2 14 ,785 13 ,420 14 ,780 15 ,310
AR 12 14 14 14

Wing t/c Inboard/Outboard 0.14/0.08 0.14/0.08 0,14/0.08 0.14/0.08

A~i4 deg 20 10 10 10

W/S, lb/ft 2 112.7 105 105 105

Engine type/no ./BPR 
— ________ 

STF 482/4/7 .5

Engine TSLS , lb 77 ,200 63,400 67,850 69,600
T/W , lb/lb 0.185 0.180 0.175 0.173

Mach 0.78 0.79 0.79 0.79
ICAC , ft 35 ,900 41 ,000 41 ,000 41 ,000
hAVE C R U , ft 40 ,500 41,000 40,100 39,820

Performance L/DCRU 27.9 (b I 38.9 (b) 40.1 (b) 40.5
SFCCRU lb /hr / lb (a) 0.603 (c) 0.643 frI 0.642 Cc) 0.64 1
V APP, keas 1 06.7 111.6 112.2 112.5

TOFL (Mill, ft 9,000 8,650 8,950 9,050

(a) Includes 5% military mission fuel allowance

fbI Does not include suction drag

Cc) Includes suction engine fuel flow plus 5 % military fuel allowance
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4.4 PAYLOAD-RANGE CA PABILITY

1 he p av lo ad ’r a i i gc  c a p a h i l i t  ies of the LIT and tu rbu l en t  con l ’igu i a  t i ons arc show mm in I’ gure
I ~i . l ’he Ll~C a n d t u r b u le n t con I’igur at ions were designed l ’or a I 0,000—mi mi range v~ it hi a pay-
load oh ’ 350 .000 lb.  ‘~\ t im the pay load red uced to 200.000 lb .  t ime  L l - (  con f ’igurat i o im ‘~s ould
have a cruis e range a p p r o x i m a t e l y 1.200 mii i greater than  t i m e  t u r b u l e n t  a i rp lane .  W i t h  tern
pay load , t ime LI ’  ( ‘ con f igu ra t ion  range would he in excess of 20 ,000 111111 .

4.5 IMPACT OF DES IGN TAKEOFF FIELf ) LENGTH

The et ’f ’ect of ’ design range on the  gross weigh t and I’u i eh requ i r en m ej i t s  f o r  t he  I I ( and turbu-
lent con f l gura t io n s  is shown in Figure I U , l ’he LF(’ co n f i g u r a t i o n  i ’. sh ig hi t k m u ore sensit  is e
to t he design ‘I’OF’ L. because the lack of le a d in g—e uhge devices If ’dtices Is  lo\\ ‘sp~~d aero—
dyna mic h if ’t L’apab i l i t ~ , Reducing  the  de sign I OL L to S .00() I ‘‘. t i t i l d  1101 a t  ed t t i l L ’ t I (
f ’ue l sa’ ing. The l’O( ;W weig ht  m’eLl u ct i on due to 1 1 (  ~s ou ld .  h owL ’vel - he LIeL ’m ’ cased I~
appr ox i n l a t e l \  I I ) em’ L’U’n t

Increas in g  tIme design t O L L  would  not  produce an~ a d d i t i o n a l  I I - ( ’  be i ie f  i t s  because the
LFC con f igura t ion would st i l l  be l imi ted  by the t u r h u l e m i  I f low chm u h to 3 5 .000—ft de s ign
co ns t ra in t .

4.6 IN-FLIGHT LOSS OF LFC

‘[he e ff ’ect s of in— Il ig ht  O5~ oh ’ LR ’ or of ’ fa i l umre to establish l a m i n a r  flow ssere i n v e s t i g a t e d
to dete rmine the impac t  on the mission perfo rmance of the  I ,F (’  con f ’ig ur a t ion  , [he i ’e su lt:~
a re shown in Figures  20 through 22.

l i m e  drag Pol ar and the crui se  drag b u i l d u p  for  t he  de sign c o n d i t i o n  h a v i n g  the ss ing and t a i l
l aminarized to 70—percent chord are compared in F igure  20 wi th  time drag lev e ls l ’or 25 per-
ce nt .  50 percent .  and f u l l  loss of LL( . Wit h full  l t t s s  of ’ LF(’ t i e  cruis e li ft , drag ra t io  is

reduced from 40 to 2 5. This is p r i n c i p a l ly  the  result  of t i m e nL ’m’ease i n th e  win g  and ta i l  p i n —

f ’i k drag.

‘[he cruise d is tance  as f u e l  is burned is also shown in Figure 20. Wi th  n~ loss of LF( ‘. normal
reserves would a l low the  airp lane to cruise 1 1 , 000 nn i i .  ‘[he re serves include S percent  01’
tota l  mission fuel pIns  30 m i n u t e s  lo i te r  at sea Ie~ ci .

l’he ran ge cap a hi l i  t~ wi th  desig n payload and time p ay load c a p a b i l i t y  wi th  design range are
shown in I”i gure 2 I , ~ o rnmal  m ’ ese rles are adequate  to allow the con I i gu i i d t i o n  to lim eet tIlL ’
design mission objectives with a 25-percent loss of LFC over the ent i r ~ mission.

l :i gti re 22 shows tIme d is tance  of I l igh l t  and t ime  of f l igh t  w i th  LF( loss that  can he used to
ac lmie v e I’u l l  l a m i n a r  flow and Ill eet time design range. I l ie reserves wi l l  allow the airplane to
cruis e 2 .000 nmi  or wi l l  al low 5 hours of ’ f l ig ht wi t i m f u l l  loss of ’ l amina r  Ilow to achieve tIme
design Iam ina r i i a l  ion and meet time I 0.000— im mi i i i  i ssion ol~l eL ’t i~’es , I l l  is is considered s l i t ’—

ic ient  to Ily out  of ’ a tv p  ica l stor lm i area. As prev ious ly  s t a t e d ,  tIme loss of t F(’ pe r lo rm i ’iance
ca lcula t ions  assume t i m a t  the suet ion engines  remain r u n n i n g  while a t t e m p t i n g  to est ab lish
lai m m m a r  f low. ‘l ’ ur n in g the stict ion engines of ’f ’ dur ing co im ip le tc loss of LF( ’ would  savc I m i d
t h a t  could he used to f u r t h e r  increase the allowable dis tance  of I l ig hi t  or t i i m m e of t il g i m t s vmt i i
( 155 ot ’ L l ’(
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Figure 19 Effect of Design Takeoff Field Length on Fuel and Weight
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Ti m ese resul ts i n dicate t h at  no rm al i’eserl’es are adequate to meet the in iss ion ob iectives wi th
reaso n ab le losses i n L i C .

4.7 EXTENT OF LAM INARIZATION

The basic LFC conf igurat ion model 767 — 773 had the win g and empenn age laminar i z ed  to
70-percent chord , Tile aminar ize d areas and some of t h e  cons ider at ions  that  led to the
selection of ’ tile lam inarized areas are discussed in Section 5.2.

‘l im e results  of a recent study~
5 of a composite LF(’ wing  indica te  that  full  cimord am m an-

iza t ion  of ’ a w i n g  wi th  TE controls is technical ly f ’easib lc. ‘[he pract ical  solut ion o ’ the chal-
leng ing  design problems associated with full chord laminar izat ion was well  beyond the scope
of ’ t h e stu d~ repo rted herein.  Addi t ional ly ,  detailed design studi e s tha t  wi l l  be necessary to
under st and  time compatibil i ty of f’u hl chord LFC with emerg eiiL ~’ desce nt  devices (e.g.. spoil-
ers ) a nd moving active controls have yet to be conducted.

‘l’l m e extent  of ian hi n arizat io n investigation discussed in this  section did ~ot add ress time solu-
tio n of these design probiei il s. ‘lime objective was to assess potential  perfor m ance benefits by
increasing time an lount  of laminarizat ion on the wing and empenn age.

t he eI ’I’ects of time e x t e n t  of l an mi nar i za t ion  on the cruise drag. cruise l i f t / d r a g  ra t io ,  and on
time f u e l  flow requirements  fo r  time suction engines ai’e shown in Figure 23 , Time cruise l if ’t to
(Ir ag ra t io  increases I’rom 40 to 4( 1 as time amount  of laminar iz at ion increases from 70—percent
to ~)5 pen ce Im t chord , increasing the amount  of lam inarizat ion results in addi t ional  LIT
s tr U c t t l r a i  and sy stems weight.  The suction mass flow requirements Figure 2 4)  m ore ti ta n
double  as time amount  of lam in ar i z a t ion  increases f ’rom 75—percent to 90-percent chord.
(‘on seq u en t l y. the compressor and suction engines increase in size accordin gl y an d bur n
more fuel .  TIme suction engine fuel requirements in Figure 23 indicate that  increasing the
amount  of l aminar iza t ion  f ’rom 70—percent chord to 95—perc ent chord increases time suction
engine f’ue l from 5 percent to over 13 pe rce n t of the fu el used by t im e m a i n  prop u lsion
engines .

Figure 25 is a comparison of the gross weight of the LFC’ configuration , sized with different
chordwise extents of laminar flow , and time gross wei ght of the reference turbulent  airplane.

‘t he L l ’(’ con figll r ati on arrangement wi thout  laminar  flow has a gross ~veig l mt t h a t  is highe r
t l man  t i mat  of the re fe rence turbulen t  airplane. Tn is implies t l mat  the op t i mun m p lan t ’orni I’or
tIme LF (’ conf igura t ion  is not an opt im llu ni  for a fu l ly  tu rbu len t  flow con f i gu ra t ion  As time
c o n fig u r a t i o n  is lamina riz cd . the gross weig lmt decreases becaLse of the  m’ educed fuel
requirements.

‘[lie eff ~ct of the extent  of ’ laminar iz ation on LFC fuel saving , gross weig i ìt  reduct ion ,  and
0kW change is shown in Figure 25. The et ’fect of i anm ina r i z ~ng only tIme win g  to 70—percent
chord also is slmown.
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Figure 23 Effect of Ex tent of Laminarization on Cruise Drag and Suction Engine Fuel
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I t l e  i nc r ea se  in Uf~~ is p r i i m ma r i h ~ d ue to  the  w i n g  p l a n l o r t i i  L’ l I . i m m L ’ e  t m lL ’reas i ng time per cent
c lm or d of l a i mm i mm a r i , a t i o , m he~ oim d “0—percen t  c i m ( 1 r & l  eon I m i les t o save fu e l  - I lowe~ er. ti me gro ss
w e ight  rer mm aim ms ap pr ox i l m mat l ’l\ c o l i s t ant ,

Resul t s  of time ex t e n t  of ’ i a n m i n a r i i a t i o n  s t i i / l \  sl i  ( s t  t ime  I ’oilov. i i m g order for  a c l mie % mi n maxi—
n m u m  LI ’( h ermef i t s :

I . Lamina n ize tim e wing hack to ti me U I ’. control  su r f ace s, I Ime mmeste d c imord length of time
control  su r f a c e s  si lou ld he i m m i tmimized  w i t h o u t  coin pronmising the lo~v —sp ee d
pe nt or nm ance .

2. L ami n a r i i e  t ime emm ipen n age hack to i l l i n i m u m  clmord TE con t ro l c on time tails ,

3. (‘oi mduct  tIme necessary trade and det a i l ed  design s tudies  to identify the p i ’actica l be ii e—
f i t s  and tech imica l  risks of l a m i n ar i z i n g  over ‘Ii su r face.

4.8 POTENTiAL BENEFITS OF BODY DRA G REDUCTION

‘[h e LIT airp lane . model 767-7 73 has a ci’uise l i f t / drag ratio of 40. The LFC configur ation
am md time re fe rence tur bulent  conf ig ura t ion  Il av e relat ivel y low induced drag because of the
large wing spans. Time nmajor aerody n a im i ic ef ’f’ect of LFC was to dramat ica l ly  reduce tim e pro-
fi le drag of time wing and empennag e. (‘ons eq uent ly .  as shown in Figure 26. the body profile
drag. wimich amounts  to approximately 30 percent of time cruise drag . becomes a significant
drag ite m . It mig l m t he ant icipated that  reducing time p rof i le  dr ag of time t’use lage would be
particu larl y attrac tive on a LF(’ ai rp lane.

Var ious  ex perime n ta l and t i m e o r e t i c a l  i im v e s t i g a t i o n s~~~~ 
2 )  I ma ve  explored  a number  of ’ ae ro-

dy namic concepts that offe r time possibi l ity of ’ s igni f icant  drag i ’educti om i on fuselage type
bodies , These techniques  inckmde body laminar  flow control . body boundar y l ayer control ,
low emierg y air slot inject ion,  and compl iant  skins.  A d d i t i o m m a l  e x p e r i m m m e i m t a i .  a i m a l v t i c a l ,
de ta i l ed  desi gmi and systems trade s tud ies  are imecess i i m ’y to i d e m m t i l v  t ime technical  and pr acti-
cal f ’eas ib i l i ty  of t lmese potent ia l  fuselage drag reduct i on tec imni ques .

A study was made to id en ti fy the potent ia l  pe n f ’onm ance be n ef ’its of ’ achievi ng a red u ction in
the fuselage drag of the LFC config urat ion . model 767-773. ‘fI me e ffects of ’ body drag reduc-
tio ns up to 40 t ) erce mi t I’or weig l mt i n c r e m e n t s  of 0, 1 .5  and 3.0 lh , ft 2 of ’ treated area on ti m e
si zed airplane characteristics were c a lcul a ted .  Result s  are simown iim Figure 26.

A 25-percent body drag reduction would result in an addit ional  4-perc ent gross weigh t reduc-
tion and an 8-percent saving in t’ue l for time LFC configurat io mm , As simown in Figure 27 , ti m is
is app rox iimi ately equivalent to bene fits  achieved by lain m a n , ing the ciii penr mage.

9 . Fischer, M. c;. and Ash , R. L, . .1 General Rem ’ie~ ’ of  (o /u ’epts  f o r  Reducing Ski,, Eric-
(jo n. Inclu ding Reco,nniendat io,,s f ~r Future Studies. NASA T’MS-2894 . March 1974 ,

10, Ash , R. L., On i/ me T/wor m ’ of  ( ‘oinpl ian t Ji ’a// D rag Rethu-t ion in 7’urhulent Boundar m ’
Layers ’ . NASA CR-2387 , April  1974.

I I  . Howard . F. G. and Het ’ner, J. N , . “Mul t ip le  Slot Skin Frict ion Reduction, ” Journal of
Aircraf t .  Vol. 12 . No. C) Sept. 1975. pp7 53-754 .

I 2. Pfenni nger ,  W ., Studies of  Lw,, j ,, a rj :ed L ’,u /c r o ’ ate r .Sui ’!j o,, Rod ic . . Boeing Document
i) 6-4 0283 , March 1972, 40
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Figure 27 Potential Benefits of Body Drag Rediction
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4.9 LIFE-CYCLE AND OPERATING COST COMPARISONS

E c onormmic a im ai ~ ses ss’ere made to compare t ime 20— year life—cycle costs and surg e condit ion
operating costs of time LFC and tu rbu len t  co imf ’igurations . Add i t iona l  analyses were made to
ide n t i f y  time sens i t iv i ty  of time relative costs of t Im e LFC configurat ion to time following:

• Fuel  price

• ‘l ’ otai LF(’ struct ural  and sy stems wei gi mt p e imal ty

• LFC t ecfmno logy co i mmp le x i ty  costs

• LFC maintenance  costs

Ground rules f’or l i fe -c y c le  cost calcula t ions  are sumn mar i t e d  il l  Figure 20. ‘Fim e low utiliza-
tion rate of ’ 1 080 flyi n g Imours per a i rplane used for time l i fe -cycle  cost calculat ions is about
one—t i mird to one-quarter that  of time annual  usage of conm m ercia l  transports.

Resul ts  of the l ife—cycle ca l cu la tio ims are shown in Figure 28. Fuel costs of the turbulent  con-
figuration nmake up a relativel y snma ll portion of the total life-cycle costs because of ’ time low
uti l izat ion rate. Production costs are time low uti l izat ion rate ,  Production costs are time maj o r
cost iten is. Alt lmoug i m LIT reduced time fuel costs s ig n i f ’icant l y . t u e  es t imated product ion
costs increased such that  ti me re lative life-cyc le costs of ’ t ime LFC confi gur at ion ex ceed tho se
of the refe rence tu r tm ’ / I m ie n t  a i rp l ane .

Operati n g costs were d e t enmm i ne d  f ’or a surge condi t ion wi t l m a i m i gher  u t i l i z a t io i m rate of 10
fly i n g  i mo u rs  per da per airplane for  a 60—day period.  Ground rules and resul t s  are si mown in
Figure 29 , Fuel cost s con iprisc a major portion of ’ the operating costs , C ons e quent ly ,  opera t-
l u g  costs of ’ the LF( ’ are less than those of the tu rbu len t  airplane.

[he l i fe —c y cle  and opera t ing  costs of ’ the LFC configurat ion arc slmown in Fi gure 30 as pc i’-
ce nt changes relat ive to tIme corresponding costs of ’ the tu rbulen t  airplane at tIme sa u mm e fuel
price. T h e  fuel price a lm d time LIT systems and structura l weight p en al t  have a s i g imi f i ca nt
ef ’fect on the r e lat i~e li fe -cycle and operating costs of tIme LFC airplane ,

For an LIT weig lmt penalty of’ 2.25 lb / t ’t .  a nd wit l m a f u e l  Price of 40~/ga l . the l ife-cycl e
costs of ’ t he L}”(’ cont ’igura t i ori are 16.5 percent greater t h a n  time life-cycle costs of t I me
turb u lent  airplane.  ‘[li e LIT airpla n e surg e condi t ion op er ati img cosls are. imowever. 9 p er ceimt
less tha n those of ’ time turbulent  airplane.

At 80~/gal the relative l i fe-cycle costs and operating costs of tIme LFC airplane are , respec-
t ively .  13 percent nmore and 14 percent less t i man for the tu rbu len t  airplane.

These results also show that  a reduction in time LIT systems and structural  wei glmt penal ty  of ’
0.5 ih / f t  will  result in:

• Reduct ion in the LI ’( ’ li fe -cycle costs of 2.5 percent

• Reduction in t ime LFC surge condition operating costs of ’ I percent
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• 16 AIRPLANES PER SQUADRON • DESIGN RANGE = 10,000 nmi

• 7 SQUADRONS • DESIGN PAYLOAD = 350,000 lb
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Figure 30 Laminar Flow Control Cost Comparisons
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‘[he afore i mm etmt iol m e d econo immic assess ilments of the LFC c o i m f i g u r a t i o im  assumed a 3 .5—percent
i ncrease j im imma u m t e n a n ce  costs over a convent iotmal  t u r b u l e i m t  a i rp lane .  The e ffect of ~‘ ar i a —
tions in tIme maintenance  costs on the econonm ics of tIme LF( ’ conf igura t ion  is shown in Fi g-
ure 31 .  ‘rimis figure also simows time inmpact of LF( ’ tec imnof o gy co immp l cx i ty  cost variat ions
relative to the current study estimates.  Time LFC tec imno iogy compl exi ty  costs re flect time
estimated impact of LFC on en giumeering hours , deve lopitme nt hours , too ling hours, and pro-
duct ion hours.

A 50-percent variation in the technology c o m p l e x i t y  costs woul d ch ange time l ife-cycle costs
by 5 perce n t , and imas a negli gib le e ffect on time operat ing costs of ’ time LIT airplane. An
increase in maintenance cost factor from 3.5 percent to J O perce nt increases the life-cycle
costs by 1,5 percent and tIme operating costs i)y 4 percent.

The relative life—cycle costs of the LEC co n figurat io i m a i’e shown i im F igure  32 I’or umo increase
in technology complexi ty costs over t imat  of ’ a t u rbu l en t  a i rp l ane ,  Th i s  can be considered as a
design objective for an LF(’ a irplane. With no increase in tec lmimo l ogy complexity costs on
the l anminarized conmpoime n ts.  the li f ’e-cyc le costs of time LF(’ a i rp lane  could he less than
th ose of tIme turbulent  airp i aime provided the LF(’ syste m an d str u ct u ral we i gh t pe n al ty is
less than 1.5 l b / f t .

Results of these economic evaluations indicate  t imat  the life-cycle costs of ’ time LFC airp lane
will probably be Imig her t iman the life-cycle costs of tIme t u rbu len t  a u - p l a n e  because of tIme low
ut i l ization. The life-cycle costs , imowever . are very depende imt on time Ll :(’ sys te i mms and str uc-
tural weight penalty,  and on the tecimnology complexity costs. Operating costs of the LIT
airplane are less than those of the turbulent  a i rp lane ,  The . i d d i t i o ima i  main tenance  costs of
the Li-’C airplane can have a powerfu l e ffect on operating costs.

4 .iO TOTAL LFC FUEL SAVINGS

Fuel savings that would be achieved through the use of laminar  flow control are shown in
Figure 33. The 20-year peacetime low-utilization rate would result in a fuel saving of over 2
billion gallons of’ fuel. A d di t iona l ly .  for every 60—day surge c o i m d i f i o n .  f l i e  LFC con f ’ig iu i’ a —
tio u m would save nearly 60 mill ion gallons of ’ fuel.  wimich is equ k aleu mt  to tIme total  fuel
burned by 104 .000 cars operating for 1 year.
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Figure 31 L ife-Cycle and Operating Cost Sensitivities for L FC Configuration, Model 767.773
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5.0 LFC DESIGN CONSIDERATIONS

Some considerat ions t l ma t  led to time design and assesslmlent of time s tudy LFC configurat ions
are discussed ill t lm i s \ e c u i o i m.

5.1  l’ ACTORS AFFECTING LAM I NARiZ A TION

Figure 34 i l lustrates  some design and operational factors that can affect the achievement or
maintenance of laminar  flow. Time Northro p X-2 I fligh t test program demonstrated time tec lm-
nical feasibility of laminar  flow control aimd estab lu simed time sui tabi l i ty  of existing LFC
des ign cri teri a to add ress t ime se factors.

To identify time practical au md economic feasibility of ’ LFC in either a military or commercial
aircraft operational environmeimt.  additional LF(’ wind tunnel ,  fl igh t test , anal ytical and
system studies are required. An important  objective of these investigatio um s would be to
develop such areas as design guidelines , system and structural concepts , and manufactur ing
techniques that will permit development of an LFC airplane with minimum weight penal-
ties . development and production costs, and maintenance requirements.

Current NASA-sponsored LFC development studies are directed at providing this umecessary
information for smaller commercial transport aircraft .

5.2 LAMINAR IZED FLOW AREAS

The study final LFC confi guration Model 767-773 has wing and tai l  surfaces laminariz ed to
70-percent chord , w lmicim corresponds to time start of the trailing-edge ,~ontro l surfaces.
Laminarized areas are shown in Fi gure 35. Some design con sider atioims for selecting this
extent of lanmi n arizatio n instead of full cimord l am in ar i z a t ion  riso are summarized in timis
figure.

Laminarization to 70-percent chord on the stud y configurat ions was selected primarily
because of reduced design co nmp l exity and lower tec lmimicai risk. Time P otent ia l  performance
benefits fronm increasing the extent  of lan m inar ization were explored. (Res ults  were discussed
in Section 4.7 ,)

5.3 SU~ TI0N SURFACES

To achieve laminar  flow control , a surface and an in t e rna l  d u c t i n g  sv s f e u m m  n m u st be desi gu med
and developed with internal  aerodynamics and contro ls tha t  permit a desired inflow thro u glm
the suction surface over a specified range of oper ati um g conditions.  A cou mti nuous lv porous
surface migh t be ideal. I Iowever. both theory and experiment  Imave slmown that ii lanminar
boundary layer can be k ept stable by applying suction at su i tab le  discrete iimterva l s ,
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Figure 34 Factors A ffecting Lamir ~ar Flow
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Porous . perfora te d . and slotted surfaces Imave been considered in past~
1 3) and recent~

3’4’5)
LFC investigations. Porous-surface material is generally beli eved to have poor clogging char-
acteristics because of irregular and twisting air passages. Because of the potential d ifficulty
of maintaining a porous surface , the present emphasis on suction surfaces is being placed on
slotted or perforated surfaces. Distributed suction imas been closel y approached by removing
the slowest boundary layer particles close to time surface tlmrough a large number of fine suc-
tion slots ( 14) This was the approach used in time Northrop X-2 I test program.

Time LFC configurations defined in this study incorporated time slotted sur face  concept.
Design definition of time umecessary slot geometry is discussed in Section 7.4.

5.4 STRUCTURAL CONCEPTS

l)uring recent Boeing in-house LFC studies , the NASA/Boeing composite LFC study. and
ti m e ongoi n g NASA sponsore d LFC systems studies, a number of structural  concept design s
have been investigated. Timese included:

• Skin-stringer concept

S LFC glove concept

• Integrated ducting load-carrying concepts: e.g.. integrally bonded honeycomb

Sketches of these concepts are shown in Fi gure 36 along wit i m a relative evaluation of each
con cept.

The skin-stringer concept has time principal advantage of being a proven state-of-the-art struc-
tural concept. Suction slots should be along isobars to allow unifo rm suction distribution
along the slot and to minimize inflow/ outf low problems. For structural  efficien cy, the
stringers sh ould be equally spaced and parallel to time rear spar. Because of tlmese conflicting
requir ements. a design compromise would be necessary . The spanwise ducts in the skin-
stringer concept shown in Figure 36 are exposed to fuel . timer eby increasing the chances of
leakage. This could impact the technical risk. inspecta b i l i ty .  aumd s t ructural  integrity associ-
ated with this concept.

The LFC g1ov~ concept was used successfully in the F-94A LFC f l igimt test program t’ 15( .
ideally, the glove would be made removable and se~ iiented for repair , replacement , and
inspection. The glove , however , is not considere d as a viable ,  practical concept because of a

13. Gregory . N.. “Research on Suction Surfaces for L a nminar  How , /Joun da rm ’ Lay er and
Flow control, edited by Lachmann . G. V .. Pergamon Pi’ess . 196 1 , pp 924-96O.

14. Pfenninger , W .. Studies to Ver ~f i ’  Laminar Em it ’ at I ‘erm ’ h igh Length Rey nolds N,,nu-
hers hi ’ Means o.t Distributed Suction in th e Prewin e of ’ iiin inium Disturban ces ,
Boeing l)ocument D64028 1, Feb. 197 1.

1 5 .  Pfenninger , W. and Groth. F.. “Low Drag Boundary Layer Suction Experin i i i ts  in
Fligh t on a Wing Glove of an F-94A Airplane wi th  Suct io lm through a Layer Nun mber of
Fine Slots ,” Boundary La F ’er and P /o t t ’ (‘o,,t rol . edited by Lac imm ann . G . V.. Pergamon
Press. 196 1. pp 9ô l-999.
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Figure 36 Laminar Flow Control Structura l Concep t Considerations

53



number  of t ecim ni cal and operational concerns. l ’lme glove w e i g h t  us parasitic and results in a
heavier s t ructure .  M a n u f a c t u r i n g  costs would prol’ahl y be higim because different manufac-
turing techniques and addi t io u mal  tooling would be required for th e basic wing structure and
time glove .

Maintenance costs also would be u’ e l ati ~elv I m i g i m.  A glove designed to reduce time inherent
weigh t penalt y wouki he susceptible to d aimmage. Addi t iona l ly ,  a large inventory of expensive
and noninterc imange able replaceable panels would be required at eacim maintenance station.
A n onload-carr ying glove nmust  allow ( ‘of wi ng flex i i mg. ‘ib is offers structural  concern s such as
fa t igue  e ffects a nd scrubbin g of the p ai me ls against each otimer . and time problem of water
in gestion la ter  t u r n i n g  to ice .  R o u t i n e  i n sp e ct i o n  of a glove would be difficult  because the
basic load-carrying s t r u c t u r e  is l m ij de u m f ’roumm vi es~ This t ac t .  tog e the r  with time possible loss
of one or more p anels in f l igh t , could a lso im ma ke cer t i f ica t ion  di f f icul t  and greatly iimcrease
time technical  risk.

TIme X— 1 LR’ wi ng wa s aim ea r l~ ‘~c r s io l m of an in tegrated duct  load -carrying structure.
Current NASA-sponsor ed L l - (  s! t i d ies  i nc l ude  an e f f o r t  to develop integrated duct load-
carrying structura l concepts tha t  wil l  e ffe c t i vel y ut i l ize  exist ing and projected advanced
tec hnology, materials , design , and n i a i mufac t ur i u m g t e clmni q u cs , This concept promises a
ligimtweig ht aerodynamically smooth structure wit l m low tecimnical risk through design
innovation.

An integrated duct load-carrying structure was assumed for the large military configurations
of this study. Extensive design and development studies would be necessary to ident ify
weight characteristics and production / development costs. Hence , the emplmasis in this study
has been on iu ent i fying relative benefits and sensiti ~ity data rat her thaim on calculating
speci f ic va l ue s.

5.5 SUCTION SYSTEM

The suction system design was based on location of two suction pump colmipressors on each
wing. two suction eng ines in the empennage , and 0 to 70-perc eimt chord faminarization of
the wing, and vertical and horizontal stabilizer. This ~s shown schematically for the wij~g in
Figure 37.

Specifi c design criteria applied to time wing duct system included:  two separate levels of suc-
tion (upper surface and lower surface); duct airflow velocity of Ma ch= 0.2 maximum ; slot
Reynolds number of from 50 to 80; slot velocity of 75 to 100 f t / see :  and suction duct pres-
sure level equal to minimum surface pressure minus 1 5-perc elmt free-stream dynamic pressure .
Spanwise collection ducts provide for collection of air from 0 to 70 percent of wing chord
for both upper and lower surfaces. Mixing of local chord suctio um air is accomplished at the
suction engine location for each surface.

The sam e duct and slot design velocities and pressure level consi derations were used for time
horizontal and vertical stabilizers. The horizontal stabilizer pressure level and suction distri-
bu t ions  are similar to time wing. The vertical stabilizer system operates at a diffe rent pressure
level.

Tim e re fore. eac im aft uni t  has three levels of suction and t im r ee compressor sections.
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The suction system geometry used for slots. p l enu nus .  and due t s  is also shown in F igure 37.
‘l’ypica l duct system diameters are slmown j im F igure  $~ .

Four different  suction pump drive systems were coims d eu - cd :  Two sy stems integrat ed with
the primary engines and two independent  sys tem s,

Sy stems integrated with prima ry engines include a direct dr ive  sys teimm and a bleed-bur n sys-
tem. Time suction compressor with a direct drive sy stem is dri veu m by sh aft power extraction
from time main engine. The bleed-burn system consists of a tu rbine  using heated lmi gh-
pressure bleed air from the nmain eng ii me to drive time su c tio u m compressor.

The independent systems use a separate turbos lm af engine to drive each suction compressor
unit .  The two iumdependent  systems that  were considered d i f ’

~~icd in the source of time engine
air flow. Both free-stre am ram-air and suction-air sources \~ere examined .

A relative comparison of these diffe rent suction punmp drive sv s t eu mms is simown in Figure 39.
The ram-air turboshaft drive engine concept was selected t’or timis s tudy. The suction unit
design for the wing installation is shown in Figure 40. Time basic design requirements and tim e
compressor design operation also are summarized in this figure.

The compressor was sized by time required suction airflow , the compressor inlet total pres-
sure and the design exit total pressure . The wing compressor has two stages. flme tirst stage
compresses upper surt ’acc air to match the pres sure level of lower surface air. The second
stage compressor increases the pressure of ’ the discharged air to the free-stream total pressure.
TIme tail suction compressors have an additional stage to ha n d ie  air sucked from the vertical
tail. The tail turboshaft drive engines are , however , identical to the wing units.

5.6 LFC THRUST-DRAG-WEIGH T BOOKKEEPING SYSTEM

Suction engines on the LFC configurat ion drive pumps t l ma l  pr ovid e suction to remove the
slowest boundary layer particl es close to the surface. This proces s retains a laminar bound-
ary layer and re sults in significant drag reduction relative to the tu rbu len t  airplane. Because
of the removal of boundary layer air and the additional suction engines , some care must be
exercised in properl y accounting for the impact  of the suction engines on tlmrust , d rag.
wei ght . and fuel flow of the entire airplane system. Time th rust-dra g -wei glmt bookkeeping sys-
tem used in the study is shown in Figure 4 1.

Suction airflow removed fronm laminar ized areas is pum p ed to free-stream conditions. Time
sllction compressor. therefore , produces a gross th ru st t h a t  exa c t ly  cancels the suction or
sui mk drag of air drawn through time surface plus time in tern a l  flow losses. The turboshaft
engines ’ primary function is to supply the shaft power necessary to drive the compressor. A
negligible residual thrust is . however , produced by these engines. Time main engines provide
the primary thrust  to rrope ! time aircra ft .
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• SYSTEMS INTEGRATED WITH PRIMARY ENGINES

• DIRECT DRIVE: SHAFT POWER EXTRACTION FROM THE MAIN ENGINE DRIVING
A SUCTION COMPRESSOR

• BLEED AND BURN: TURBINE USING HEATED HIGH-PRESSURE BLEED AIR FROM
THE MAIN ENGINE TO DRIVE A SUCTION COMPRESSOR

• INDEPENDENT SYSTEMS

• RAM-AIR T(JRBOSHAFT ENGINE DRIVING A SUCTION 
______________

COMPRESSOR RELATIVE RATING

• SUCTION.A IR TURBOSHAFT ENGINE DRIVING A SUCTION GOOD
COMPRESSOR IR j

INTEG RATED SYSTEMS SEPARATE SYSTEMS
DESIGN ITEM BLEED AND DIRECT RAM AIR SUCTION AIRBURN DRIVE 

__________

• DESIGN/LOCATION FLEXIBILITY V 0
• CONTROL FOR OFF-DESIGN OPERATION V 0
• AFFECTS/DEPENDS ON ENGINE OPERATION 0
• NET SYSTEM FUEL CONSUMPTION 0 V V
• SYSTEM WEIGHT V 0 0

• DESIGN COMPLEXITY V 0 V
• DESIGN HAZARD POTENTIAL V V 0
• DISTURBANCE TO BOUNDARY LAYER V

SELECTED FOR THIS STUDY

Figure 39 Suction Pump Drive System Selection
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In cruise, t lmrust produced by the main engines balances airplane drag. Airplane drag includes
the wake drag of the laminarized surfaces: the profile drag of the nacelies , struts, and fuse-
lage : and the airplane compressibility drag, trim drag, and induced drag.

In airplane sizing calculations , the LFC-related weight items including the weigh t of the
turboshaft engines and compressors , internal ducting, and structural weight increment all
varied with the lamj narized areas. F~uel flow of the main engines depends on the previously
defined airplane drag. Size of the main engines was determined by the TOFL and turbulent
climb requirements. The suction engine fuel flow varies with the laniinarized area. The total
fuel flow includes the suction engine plus main engine fuel flow.

The standard convention in discussing the aerodynamic efficiency of an LFC airplane is to
define total drag as the sunm of the airplane drag plus an equivalent suction drag. Equivalent
suction drag is defined in term s of the power. Pi . required to drive time pumps in the absence
of internal duct losses. This is a convenient way to identify the net aerodynanmic benefits of
an LFC configuration. However, to be consistent with the previously defined bookkeeping
sy stem , the aerodynamic drag buildup of the LFC configurations does not include the
equivalent suction drag. The suction engines and compressors are , however , sized to balance
niomentum loss of the suction airflow including the internal duct losses.

5.7 TAKEOFF-CLIMB-CRUISE THRUST MATCHING

An LFC airplane has varied thrust demands because of low cruise thrust requirements.
E ngines for the study LFC configurations were required to Imave a TOFL not to exceed 9000
ft. Additionally , the engines also were required to allow the configurations to climb to
3~ .000 ft with fully turbulent flow drag levels. The turbulent  climb to altitude condition
generally determined the size of the engines.

The lift/ drag ratios, thrust characteristics , and I’uel consumption of time final LFC configura-
tion Model 767-773 are shown in Figure 42. The turbulen t  cl imb l i f t / d rag  ratio. L/D, is 26
percent less than the LFC cruise L/D . Climb thrust at 35 ,000 ft of time sized engine is 28
percent greater than cruise thrust at 40.000 ft. Cimaracteristics of tIme S1’F 482 engine allow
the engine in cruise to be t imrottled up to 17 percent with less than a 1/2-percent penalty in
SFC.

Tlmese data slmow that takeoff and turbulent climb thrust demands result  in an engine larger
than would be required for cruise. However , time impact on fuel con sunmpt io n  is negligible.
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6.0 LFC CONFIGURATION EVOLUTION

Timis section sunmmar izes studies and results t imat  led to the  evolut ion of the final LFC
configuration. Time initial baseline LFC configuration was derived from the reference turbu-
lent airplane by incorporating only the minimum design changes necessary to iaminarize tIme
wing and tails. A oraced-wi ng LFC configuration was timen developed from the initial base-
line LFC configuration. Additionall y. LFC wing geometry/ cruise speed optirnizatio im study
was conducted to select the wing pianfo rm for the final LFC configuration.

6.1 INITIAL BASELINE LFC CONFIGURATION

Time initial baseline uncvcled LFC configuration. Model 767-769 . that  was de rived fro um time
refe rence turbulent  airplane is shown in Figure 43. This conf igura t ion  was derived from the
reference turbulent  airplane Model 767-768 by removing ieadiim g -ed gc devices and adding six
separate turhoshaft -dr iven suction pump units. Four of these suction uni ts  are locate d on
the wi ng . and two uni ts  are located on the empennage . The wing and tails are slotted to pro-
~ide laminar flow over 70 percent of the surfaces. The LFC suction ducts are integral with
the pri nmary ~t r u etur e . internal  suction duct design permits low d uct Mac h . numbers.

F i e  in i t ia l  b asel ine LFC configurat ion was sized to achieve design in issio im objectives. The
design se lcctn m. which wa.s constrained by both ti m e TOFL and turb ule n t  climb al t i tude ,  is
shown i n I igure 44. A ‘.~i img loading of 90 lb/ ft . whicim corresponds to a span loading of 7.5
ih f t .  ~~ii~ selected. Time selected design is within approxin m atel y 1 percent of the minimum
fuel burned and 2 percent of the constrained m i n i m i l n m  eros~ weight conf igur at ion
a r rj  0 cern en t\ .

I mc i i mit ia l  baseline con tiguration was sized for a wide raimge of LFC structura l and system
wc i g imt  penalties. Results are s imow i i in Figure 45. The un i t  LFC structural  and systems
-
~~ eig ht  impact  on laminar  flow control fuel savings and gross weig ht reduction is significant.
F or  this ini t ia l  LFC confi guration.  a I l b / f t 2 LFC weight penal ty  change results in a 2.5-
percent  cl mange in fuel savings and a 5-percent change in the TOGW r edu ctio lm.

6.2 LFC BRACED WING STUDY

Previous LFC configuration studies and recent work by Dr. W. P fenn in ger imave indicated
t imat a strut-braced wing might be a desirable arrange nment for an Li:C configuration. The
strut-braced wing could allow usc of a large wing span. Addi t ional ly ,  m a x i m u m  wing chord s
tim a t  i~orm a1ly occur near the side of the fuselage are reduced by using an untapered plan -
form inboard of time s t rut-a t tachment  shit ioii . TIme slmorter c lmords reduce time maxi imm uim m
chord Reynolds nunmber  an d. thereby , ease t Ime task of Iani i im a r iz a t i o i m.
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FUEL TOGW M 0.80 DESIGN CONSTRAINTS
lb  6 AR 12 . RANGE = 10,000 nmimo b t/c 0.14/0 .08 • TOFL ~ 9000 ft

580 2.0 A / 20° • TURB CLIMB ALT ~ 35,000 ft

1.9 
~~~~~~~~~~~~~~~~~~~~~ EcTED DES IGN 1 4% 

FUEL

3% 

~~~~~~~~~~~~~~ _______...

480 . 1.6 . 1— 1 I I

60 70 80 90 100 110 120

WING LOADING W/S , lb/ft 2

L.... I I I I C I t I I

5. 0 6.0 7 . 0 8.0 9 0  10

SPAN LOADING W/b 2

Figure 44 Baseline Laminar F/o w Control Airplane Des ign Selection
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Previous Northrop studies shown in Figure 46. and recent unpublished Boeing wind tunnel
test resul ts . indicate th at aerodynamic interference between wing and strut can be m ade
negli gible by proper tailoring of the wing and/ or strut . part ic ularly near the strut-wing inter-
section. Results of recent Boeing large freighter braced-wing studies, were used to provide
design guidance for defining an LFC braced-wing arrangement. Strut-at tachment studies
shown in Figure 46 indicate that the spanwise extent ot a simple sing le-strut brace is limited
by a minitnun i attachnme nt angie of 13 to 15 deg. The optimu m strut spanwise extent could
perhaps be increased with use of a more sophisticated jury strut arrangement , or a modified
body with increased depth between wing-body intersection and the strut-body intersection.

Time strut-braced wing LFC configuration developed for timis study is shown in Figure 47.
The strut is unswept to allow achievement of natural  l aminar  flow on the relatively slmort
chords. The wing planfo rm has an aspect ratio of 15. The wing inboard of the stru t attac im-
:nent is untapered. The min imum strut a t tachment  angle for this simple strut arrangen lent
resulted in an attachment station at approximately 33 percent of the wing semispan.

Resu lts of time braced-wing study are shown iim Figure 48. The selected design has a wing
loading of 113 lb/ft 2 and a span lo adi img of 7.5 lb / f t 2 . Gross weights of tIme sized LFC
braced-wing confi guration aimd time in i t ia l  LFC cantilever wing configurations are compare d
in Figure 48. Both con figurations were sized wi th  aim early assessment of the total LFC
structural and systems weigh t p ena lt~ - As previously mentioned in Section 4.3 , the ongoing
NASA-sponsored LF( s~ s tc l mm s stuili e~ I1 ma ~ result  i~m integrated LFC structural and systems
concepts with a signifi cant ly II .we r  I I C  we ight penalty.

Gross weight for the st ru t - b raced  11mg LFC conf igura t ion  Model 767-767 is slight ly  less
than the cantilever con f igura t ion .  I h i s  redu Lt ion is time r esul t  of a lower OEW associated
wit im a hig her wing loading and conse q ueimtlv  lower wing area.

The strut-braced wing concept o i ler s a nu im iher  of des i g~m var i dhies ,  sucim as strut chord .
spanwise attachment , strut thickness. sweep. and strut concept (jur y or simple struts ),  in
addition to the usual wing planfo rm para m et ers.  tha t  must he considered to fully optimize
tIme configurat ion arrangement. Consequent ly ,  the study e ffor t  was directed at optimizing
time cantilever wing arra nge nm elmt.

6.3 LFC WING GEOMETRY /CRUISE SPEED OPTIMIZATION STUDY

A wing  geometry/ cruise speed parametric s tudy was c om mdu cl ed to optinmize the LF(’ canti-
lever wing configuratio im. TIme tec lm imi que used t 16t  consists of time five sequential steps shown
in Figure 49. Time first step involves the defi mmition of the study variables. Primary variables
included:

• Wing inboard/outboard thickness ratios: 0 .l4 /0 .08:0 .15/ 0 .iO:0 .16/ 0 .12 ;0 .17/ 0 .14

• Wing aspect ratio: 8, 10 . 12. 14

• Wing quarter  chord sweep: 100, 200 , 250 . 3Q0

16. I l ea ly ,  M. J .: Kawal ik .  J. S.; and Ramsa y .  J. W.. “Airplane En gine Selection by ()pti nm m -
zation on Surface Fit Approximations J ournal of -I i r e r a f t ,  Vol. 12. No. 7 , July  1975.
pp SQ 3 . 599 . 
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Secondary variables included:

• Wing loading: W/ S = 60-I 20 1b/ft 2

• Tlmrust/weig imt ratio: T/W = 0.10-0.30

• Macli number:  M = 0.70-0.85

• Optimum cruise altitude

Desigim constraints included:

S Raim ge = 10,000 nmi

• Payload 350 .000 lb

• Turbulent climb altitude > 3 5.000 ft

• Takeoff field lengt im <9 .000 ft

Principal design figures of meri t included:

• Fuel burned

• Takeoff gross weight

I Productivity

Jn the second step. the method of orthogonal latin squares was used to select 16 ‘wing
design s out of the possible 64 combinations of primary design variables. This design selec-
tion procedure provides an unbiased choice of the primary variables and is a uniform
represe n tatio n o f t he desi gn space.

E ach of th e 1 6 selected designs was evaluated and sized by the engine/airfram e matching
technique described in Section 4.2. Th is step provides specifi c values of the optimized sec-
ondary variables and figures of merit.

A fo rward step regression analysis method was time n used to construct approximating func-
tions to represent time relationship between the primary independent variables and each
dependent variable including the constraints and the figures of merit. The generalized form
of the regression equations is:

Dependent variable = C 1 + C~ (AR) + C 3(t / c) + C4 (A (74) (Linear )

+C 5(AR x t/ c) + C6(AR x A c/4 + C7 (t / c x A C/4~ 
(Cross
Products)

+C8( A R ) —  +Cq (tic)- +C 10 (A C~4 )- (Squares)

The stepwise regression analysis retains only the significant terms in the equation. Time
resulting equations are not Jaws of nature , but rather represent a statistically derived data
enrichment  procedure.
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The approximating functions can t imen be used in a powerfu l nonlinear optimizer to conduct
constrained or unconstrained optimization , sensitivity, and trade studies. Timis parametric
optimization process is described in Reference 16.

The design selections for each of the sixteen configurations that were analyzed are simown in
Figures 50 through 53. The selected designs all have a span loading of W/b 2 = 7.5 lb/ ft 2 .
These designs were close to the constrained minimum fuel configuration and generally with-
in 2 percent of the constrained minimum gross weight configurations. The corresponding
wing loadings vary from W/S = 60 to 105 lb/ft 2 . These results imply that the LFC configu-
rations tend to optimize with approximately the sam e span length irrespective of aspect
ratio , sweep, or thickness.

6.3.1 PERFORMANCE OPTIMIZATION

Result s of the wing planfo rm/cruise speed optimization study are shown in Figures 54
through 57. These results illustrate the impact of the wing p lanfo rni geometry on the cruise
Mach number , fuel requirements. TOGW , and productivity of the LFC cantilever wing
configurations. The surface fit equati ons are shown to be a good representation of the
initial baseline LFC configuration and the additional 15 LFC study configurations.

The spanwise variation of thickness/chord ratio is shown in Figure 54. The thickness/chord
ratio referred to in the subsequent figures corresponds to the thickness/chord ratio on the
outboard portion of the wing. In all cases the inboard thickness/chord is greater than that
outboard on the wing.

Characteristics of the optimum LFC wing pianform geometry are summarized in Figure 58.

The optimum planfo rm for min imum fuel as the figure of merit  has the highest aspect ratio.
lowest thickness / chord ratio , and a quarter chord sweep of approximately 1 2 degrees. This
resu its in a cruise Mach number M = 0.78. TIme sen sitivity data show tlmat achieving a high
aspect ratio is most important  for mi n imum fuel consumption. Reducing the aspect ratio
from 14 to 8 would increase the fuel consumption by imearly 13 percent. Incre asin g the wing
t lmick ness from ~ pe rce n t to 14 percent would increase fuel commsumptio n by 4 percent. Wing
sweep is seen to he a rather un impor tan t  parameter.

The minimum gross weig imt commfiguration has the same higim aspect ratio and a slightly lower
sweep angl e t iman the min imum fuel-burned configuration. Time minimwu gross weigh t comi-
f igurat ion favors a lmigher timickness ratio (11  percent) .  The corresponding optimum cruise
Macim number  M = 0.75. The sensitivity data  show that a low sweep angle and high aspect
ratio are most important for gross weight as a figure of merit. Wing thickness ratio is an
insignificant design variable in this case .

The maximum productivity configuration favors a hi gh aspect ratio. Because cruise speed is
important  for productivity,  the optimum configuration desires a imigh sweep, and low wing
timickn e ss.  Timis results in a cruise Mach number M = 0.85. The sensitivity data indicate that
having a low t/c wing with a high aspect ratio is most important.  Wing sweep is seen to h ave
only a small e ffect on productivity.
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OPTIMUM CONFIGURATIONS

FIGURE OF MERIT AR t/c Arj4 MACH

MINIMUM FUEL 14 (MAX) 0.08 (MIN) 11.6° 0.76

MINIMUM TOGW 14 (MAX) 0.11 10° (MIN) 0.75

MAXIMUM TOGW 14 (MAX) 0.08 IN IN) 300 (MAX)

DESIGN SPACE: 8 ~~AR ~ 14

0.08 t/c 14

1o°<A ~~~~~30°

DESIGN SENSITIVITIES

PRIMARY FIGURE
CONFIGURATION OF MERIT: CHANGE (%) DESIGN VARIABLE RANGE

12.9 AR-8-+ 14

MINIMUM FUEL A/P FUEL: 4.0 t/c=0.08-+0.14

1.6 A~,4 =10° -
~30°

4.0 AR- .8 + 14

MINIMUM TOGW AIP TOGW: 0.6 t/c’0.08 +O.14

5.1 A 14 10 -‘30

3.6

MAX IMUM TOGw~~~ T~~~V 5.6 t/c-.0.08 -‘0.14

1.4 Ac/4 10~~~30

Figure 58 Laminar F/ow Control Wing Optimization Study Results
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6.3.2 EASE OF LAMINARJZAT 1ON

A low chord Reynolds number and a low unit Reynolds number are desirable to ease the
task of laminar ization. All of the LFC wing parametric study configurations represented by
the regression analysis equations have average cruise maximum chord length Reynolds num-
bers and average unit Reynolds number contained in the shaded bands of data in Figure 59.

The maximum chord Reynolds number achieved by the X-2 I flight test program was 47 .3 x
106 (17 18) Reynolds numbers of approximately 60 x 106 have been achieved in wind
tunnel tests( 19 2I.J)~ Results in Figure 59 show that a high aspect ratio is necessary to limit
the maximum chord Reynolds number.

Study results also indicate that all configurations cruised at a Mach number and cruise alti-
tude combination such that the unit Reynolds was 1.5 x 106 . To cruise at a higher altitude
without incurring a significant performance penalty would probably require a diffe rent
engine-cycle selection.

Another important parameter that affects the ease of laniinarization is the attachment line
momentum thickness Reynolds numoer , R OA L .  If the attachment line momentum thick-
ness Reynolds number exceeds approximately 100, disturoances may propagate spanwise
along the wing LE , destroying laminar flow over a significant portion of the wing (20 2 l ) ~
Exceeding this limit would require special treatment , such as suction around the LE with
chordwise slots , or locally reduced LE radii~2° 2 l )  The effect of typical values of LE suc-
tion on the allowable equivalent unsucked momentum thickness Reynolds number is shown
in Figure 60, Low wing sweep is seen to be most important to achieve low values of RO AL.
Low thickness ratios and high aspect ratio are also desirable. Low sweep also is desirable to
eliminate boundary layer crossflow instability concerns.

17. Wheldo n , W. G. and Whites . R. C.. Fligh t Tecling of the X -2L-I Laminar F/m t C’ontro /
Airplane. A IAA Paper No. 66-734 , Sept. 1966.

18. Kosin , R. E .. Laminar F/o w (‘ontrol hi SuctThn a.c App/it ’d to flit ’ X -2/  Airplane , A IAA
Paper No. 64-284 , July 1964.

19. Gross. L. W .. Experi meiil a/ and Theoretical lni ’esfigatio n of a Reichard t Body (I]

Re~’olution ti l t / i  Low Drag Sue lion in the A11 S-t .4 ines / 2  ft Pressure l’unnel .
Northrop Report NOR-6346 , BLC- 1 48. July 1963,

20. Gross , L. W.. ln) ’esli ga tzon of a Reichard t Bodi ’ 0.1 Rerolu tion wi t / i  Low Drag Suction
in the Vorair 7x lof t  Win d Tunnel . Northro p Report BLC- 1 43. NOR 62-126 , 1962.

21.  Pfenninger. W . and Reed, V. D., “Laminar Flow Research and Experiments , ” Astro-
nautic s and Aeronauth s . Jul y 1966, pp 44-50.
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I AVERAGE CRUISE MAXIMUM CHORD 
J 

AVERAGE CRUISE UNIT1
REYNOLDS NUMBER REYNOLDS NUMBER

( R~ ff t )AVE
CRU

~(R0 7C)MAX] AVE 3 0 x  io6
CRU SUCTION BACK TO

70% CHORD
ALTITUDE 30.000 ft

64 STUDY
2.0 35.000 ft80

90 ~ i o
6 

~~~~~~~~~~~~~~~~ CONF IGURA~~~~~GURATI~~~S 

1 .0 III II~~ 
~

-
~~~~~~~~~~~~~~~~

-

~~~~~~ ~~~~~~~~~~~~~~~~~~~ 40.000 f t70
5,000 ft

60 50.000 ft

_ _ _ _X- 2 1 CHORD CONFIGURATIONS
REYNOLOS NUMBER

40 I I I I I I I I I

8 9 10 11 12 13 14 0 0.70 0. 72 0.74 0.76 0. 78 0.80 0.82 0.84
ASPECT RATIO MACH NUMBER

Figure 59 Effect of Wing P/an form Geometry on Ease of Laminarization
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6.4 FINAL LFC CONFIGURATION SELECTION

The results of the wing planform/cruise speed optimization study, as shown in Figure 6!,
indicate the desirable planform characteristics for optimum performance are compatible
with the characteristics that ease the task of laminarization. A wing planfo rm having a high
aspect ratio , low thickness/chord ratio , and low sweep results in approximately the opti-
mum arrangement that minimizes both fuel and gross weight, and maximizes productivity.
The same geometry results in low chord Reynolds number , crossflow. and attachment line
Reynolds numbers. Consequently, the wing planform for the final study LFC configuration
was selected to have :

• AR~~~l4

• t/c = 0.14/0.08 (inboard/outboard )

• A C/4= lO°

This is the planform for the LFC configuration Model 767-773 .
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WING DESIGN PARAMETER

FIGURE OF ME R IT ASPECT THICK NESS
RATIO RATIO SWEEP

MINIMUM FUEL HIGH LOW NMC

PERFORMANCE MINIMUM TOGW HIGH NMC LOW

MAXIMUM MPL HIGH LOW NMC
TOGW

LOW CHORD REYNOLDS NUMBER HIGH NMC NMC

LOW UNITREYNOLDSNUMBER NMC NMC NMC
EASE OF ____________________________________ __________ __________ _________

LAM INAR IZATION
MINIMIZE CROSS FLOW NMC LOW LOW

MINIMIZE LE CONTAMINATION HIGH LOW LOW

• NMC: NOT A MAJOR CONSIDERATION

Figure 61 Desirable Laminar Flow Contro l Wing P/an form Characteristics
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7.0 CONFIGURATI ON ANALYSIS AND METHODS

This section contains a description of design and analysis methods used in the study. Tech-
nology levels assumed in development of t h e  con figurations are identified. Some of the con-
figuration analyses also are presented.

7.1 AERODYNAMICS

Aerodynamic tasks included the following:

• Definition of advanced aerodynamic technology levels for the study configurations

• Development of necessary aerodynamic design definitions of the study configurations

• Definition and evaluation of the high lift systems

• Calculation of suction flow requirements for laminariz ation of the wing and tail
surfaces

• Calculation of the aerodynam ic charac te r i s t i cs  of studs ’ configurations to provide
necessary data for performance and economic e~alua t ion s in addition to trade. sensi-
tiv ity and optimization studies.

7.1.1 AERODYNAMICS TECHNOLOGY

Advanced aerodynamic technology assumptions included in the study configurations are
summarized in Figure 62. This figure shows drag divergence boundaries for airfoils having
different technology levels. The indicated progress in achieving hi gher Mach capability has
been accomplished by the desi gn of upper surface shapes with extensive supersonic regions
at cruise condition with neg ligible wave drag, and by the distr ibution of lift toward s the rear
of the airfoil.

The maximum level of local Mach number on the upper surface is l imited by the onse t of
significant wave drag. The chordwise extent of supersonic flow is limited by the ability of
the airfoil to retain attached flow throug h the steep recovery pressure gradients near the
trailing edge. Prog ress beyond the current  level of airfoil technolog y will probabl y require
the use of boundary layer  control by suction or blowing to prevent separation in the closure
regions of the airfoil. Hence, improvements in critical Mach number  migh t be achievable
with a prope rly designed LF(~ system. A critical Mach improvement of Mach = 0.01 was
assumed for the LFC configurations. The LFC configurations also incur an indirect improve-
nient in critical Mach number because the cruise lift coefficient , and , therefore, the design
lift coefficient of an LF(’ wing , is less than that of an equal aspect ratio turbulent flow wing.
A reduced design C Q allows either an increase in speed for the same thickness or an increase
in thickness at the same speed.

The study confi gurations have high aspect ratio wings. and low trim drag through an aft cg
location permit ted by the augmented stability system. These are aerodynamic benefits
derived from advances in structures , materials , and flig ht control technology .
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• ADVANCED HIGH-SPEED AIRFOILS • LOW TRIM DRAG (AFT CG)

• ADVANCED AERODYNAMIC DESIGN METHODOLOG Y • HIGH ASPECT RATIO WING

• WING.BODY-NACELLE DESIGN INTEGRATION • (BOUNDARY LAYE R CONTROL )

• AFT-BODY AND FORE-BODY SHAPE • (LAMINAR FLOW CONTROL )

AIRFOIL TECHNOLOGY ENVELOPES

t/c  = 0.10

FUTURE TECHNOLOGY

1.0 

ML 1 O ~~~~~~ ~~~~~

• BOUNDARY LAYER CONTROL

0 8 ~. ‘9..~~ . • LAMINAR FLOW CONTROL
“-.._ ~~~~~ .VARIABLE CAMBER

‘

~~~ 
‘~6~ ~9”~ ~~

LIFT 0.6 ~~
9
~b ‘

~~~~ti,, 
7

CAPABILITY h o,;, ~ 
,
~
I.—

‘I..

ML 1O~~~~~~

0 
EXISTING AIRPLANE TECHNOLOGY CURRENT TECHNOLOGY I

0.70 0. 75 
— 

0.80 
— 0.85 0.90

DRAG DIVERGENCE MACH NUMBER.MDD

Figure 62 Advanced A erodynamic Technology
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The refe rence turbulent and the LFC configurations have engines located on the wing. This
location of the engines , as previously mentioned in Section 3 . was required to balance the
airplane. It has been assumed that advanced aerodynamic design methodology would allow
the development of an integrated wing-body -nacelle design with minimum interference drag.
Furthermore it has been assumed that aerodynamic design methods together with the
development of a suitable quiet engine would allow locating the engines on the wing with-
out destroying laminar flow .

7. 1.2 CRUISE AERODYNAMIC ANALYSES

ThI’ flaps-up climb and cruise aerodynamic characteristics of the study configurations were
calculated by standard preliminary design evaluation techniques used by the contractor for
large freighter studies. Modifications were made to account for effects of LFC on various
drag components.

Total dra g of the turbulent  configuration was calculated as the sum of the profile drag and
compressibility drag, plus the induced drag. The profile drag is calculated from the wetted
are a friction drag by applying form drag factors to account for sweep. thickness , lift ,  and
interfe rence effects. The profile drag also includes roughness and miscellaneous drag items.
The compressibility drag calculations are based on experimental airfoil drag rise characteris-
tics with corrections to account for sweep. thickness. and design or cruise lift coefficient
differences. The induced drag, which depends on the spanwise load distribution . includes
corrections for body-wing carry over effects.

l)rag calculations of the LFC configurations differed from the turbulent  flow analyses
mainly in the profile drag and compressibi lity drag evaluations . Because of the reduction in
boundary layer growth, the critical Mach number  was assumed to be increased by 0.01 for
the LFC airplane.

Procedures for calculating the profile drag of the laminariz ed surfaces are summarized in
Figure 63. Two methods that differed only in the initial step were used initiall y. In both
methods , transition was assumed to occur immediately downstre am of the last suction slot .
In method A. the effective origin of the downstream turbule n t  bounda ry layer was deter-
mined using the LFC wake drag coefficient data in Figure 64 obtained from Refe rence 23.

In Method B. a piecewise laminar boundary layer ca lculation pr ocedure similar to the
method of Refe rence 24 is used to calculat e boundary layer growth along the slotted sur-
face. The suction flow for each slot is determined from the boundar y layer suction calcu-
lations in Section 7. 1.4. Downstream lam inar boundar y la~ cr growth matches the momen-
tum remaining in the boundary layer passin g over the shot after the lower portion is sucked
off. At the last slot, the downstream turbulent boundar y l ay er  growth match is the remain-
ir i g momentum of the flow over the last slot . This method also provides an evaluation of the
suction drag that equals the sum of the momentum of the flow sucked through each slot.
The calculated suction drag and wake drag coefficients agree well with corresponding drag
curves in Figure 64. Because of its simplicity ,  method A was used for most of the drag
evaluations.

23. Boy d. B. 13.. et al . . 1 (‘o~~iparison o/ ~4led i i itn Range La,ninar F/mt contro l and Tiirhu —
lent A irp lane Designs . Boeing Document D(t-E 1025 l - l . May 1974.

24 Smith .  A. M. 0.. “Rapid Laminar  Boundary-Layer  (‘a lcul a t io ns  by Piecewise Applica-
tion of Simi l ar  Solution ’, . lo urna l ‘if

. I ( ronaulical Sc iciu cs. Vol. 23. No. 10 . Oct.
1956 ,p p 9O l - 9 I 2 .  90
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LFC PROFIL E DRAG = CD I + K FK XT + K L (C L ) K XT J + CDP URB
WEDGE

STEP 1: CALCULAT E “X EFF ”
T U R B

METHOD A 1 METHOD B 1
__________  I W A K E

- 
T U R B U L E N T  DRAG

TURBULENT ~~~ FLOW 
____

FLOW

• USE C0 , (FIGURE64) TO DETERMINE • PIECEWISE LAMINAR BOUNDARY LAYER
XEFF W CALCULATION

• SUCKOFF LOWERP ORT ION 3F~FT 
X EFF XTRANS CD BOUN DA R Y  LA YER

2 -eT RANS -- 2
• START DOWNSTREAM GROWTH MATCHING

R E M A I N I N G  MOMENTUM T H I C K N ESS TO
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( L _ x EFF \ ANETSTEP 2: C0 = C F ) ... CALCULATE CF FROM X EFFF T U R B  L AWET TUAB
X EFF X EFF

STEP 3: CALCULATE “K F”. TURBULENT FLOW THICKNESS, SWEEP FORM FACTOR

STEP 4: CALCULATE “K L(C L)” TURBULENT FLOW LIFT EFFECT FORM FACTOR,
THIS VARI ES WITH THE LIFT COEFFICIENT

STEP 5: CALCULATE “KXT” PARTLY LAMINAR FLOW FACTOR (FIGURE 65)

STEP 6: CALCULATE C0 •••  PROFILE DRAG OF TURBULENT WEDGE AREAS
~TURB

WEDGE

Figure 63 Laminar F/o w Control Profile Drag Calculation Procedure
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The second step of the calculation procedure is to compute  the friction drag coeff icient
using the effective orig in of the turbulent  boundary layer.

Turbulent flow correction factors are then determined to account fbr airfoil shape , sweep,
and thickness effects , and for lift coe fficient variations.

In Step 5 (Figure 6 3 .  the partly laminar flow factor is determined using the data from Ref
erence 25. (shown in Figure 65). The final step invo lves the calculat ion of the profile drag
of the wedge areas of turbu l ent  flow near the wing-both in terse ction , wing tip . and wing-
nacelle strut intersections on tile lower surface.

The calculated climb and cruise drag polars for the turbulen t  flow airplane Model 767-768
and the LFC Model 767-7 73 are shown in Figure 66.

7.1 .3 LOW -SPEED AERODYNAMIC ANALYSES

Tile low-speed aerodynaniic characteristics of the study configurations were estimated b y
methods used by the contractor for preliminary design configurations on which wind tunnel
data do not exist. In general , the procedures are based on theoretical considerations. hut  are
tempered by fligh t test and wind tunnel data wherever applicable. For rapid evaluat ion of
low-speed characteristics, the procedures described briefly below have been programmed for
processing by the CDC 6600 computer.

The basic f laps-up l if t  curve was constructed from a 7.ero angle of attack intercept and a lif t
curv e slope that is a function of aspect ratio , thickness ratio , an d quarter-chord sweep angl e .
The slope was adjusted for the e ffect of the body and for the addition to wing planfo rm
area affected by the extension of leading- and trailing-edge flaps. The maximum lift coeffi-
cient of the basic , flaps-u p wing was determined according to aspect ratio and quarter-chord
sweep angle .

Leading-ed ge devices reduce the lift coefficient in the linear lift range. and this effect was
computed using a theoretical value for flap effectiveness and part span e ffects. The lif t  incre-
ments due to trailing-edge flaps were determined from empirical section flap e ffectiven ess
data. Adjustments were made to account for three -dimensional effect s  and the geometr\ of
the flap system.

The maximum lift increments due to leading-edge and trail ing-edge flaps were determined
from empirical data that  have been correlated in tern v~ of the  r a t io  of leading-ed ge-device
area to wing area. ratio of trailing-edge-device are a to win g are .i . and ratio of wing area sub-
tended by flaps to total wing area.

Drag polars were constructed by estimating the min imum parasite drag of the I’laps-u p con-
figuration at typical takeoff and landing Reynolds numbers at sea level. Increments to mini-
mum parasite drag for leading- and trailing-edge devices were added from test data corre-
lated on the basis of flap- t o-wing area ratios , flap-chord ratios, type of flaps . and flap
deflection. Slotted, trailing-edge-flap parameters were evaluated in term s of the extended
flap-chord ratios.

25. R. A. S. Aerodynamic Data Sheets . WINGS 02 .04.02 , Profile Drag of Smoot h Wings.
May 1 969 .
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Drag due to lift was added as CL /7IAR then niodified by additional drag terms. Additional
pa rasite drag, ~ CDp. was applied as a function of CL-C LP. necessitating the determination
of an increment to CLp for leading- and trailing-edge devices. Again , this was evaluated from
empirical data as a function of planfo rm area to wing area for the leading-edge flap and as a
function of lift increment for the trailing-edge flap. An additional drag due to lift , 

~ CD !TF,
term was added to account for the discontinuous span loading due to the part-span flaps.
Fhis term was evaluated using constants obtained from Royal Aeronautical Society data
sheets.

Pitching moments were evaluated by first estimating the zero lift  pitching moment. CM0
and aerodynamic center of the basic flaps-up configuration , then adding the increment pro-
duced by the flap lift acting at its estimated center-of -lift position.

The high-lift system of the refe rence turbulent configuration , Model 767-768, includes
Boeing 747 SP-type single-slotted trailing-edge flaps and variable camber leading-edge flaps.
The trailing-edge flap has a chord ratio , (C~~’C), of 0.225 and a flap Fowler motion . (C ’/C),
of 1 .08. Figure 67 summarizes the low speed aerodynamic data of this configuration. A l-g
stall was assumed in the generation of these data along with a I .  I scale factor for correction
from wind tunnel to full-scale CLMAX values.

The high lift systems of the LFC configurations considere d in this study had the same
trailing- but no leading-ed ge devices. The inboard and outboard ailerons of the LFC configu-
rations can be dropped to 10 deg.

The low-speed lift ar~J drag characteristic s of the final LFC configuration , Model 767-773 .
are shown in Figure 68. This figure also includes estiim~ted takeoff and landing speeds. Tim e
L 1C configurations were assumed to have fully turbulent  h o w  drag levels for takeoff and
landing.

7.1.4 LAMINAR BOUNDARY LAYER ANALYSES

Boundary layer suction requirements for tile laminariz ed surfaces of the study LFC con figu-
ra t ions  were calculated by the iteration procedure shown in Figure 69. Three types of
b oundary layer instabilit ies were considered:

• Tol lmien-Schlichting tangential instability

• Crossflcw instability

• Leading edge spanwise flow contamination

ihe  method used is a mixture  of empirical transition criteria and analytical boundary layer
growth calculations.

[he first step of the calculation procedure is to define airfoil and planfo rm geometry and
L ’cnerate surface pressure distribution. An initial  suction distr ibution is then selected.
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A finite difference compressible laminar boundary layer program is used to calculate the
tangential and crossflow velocity profiles. The displacement thicknes~, 6* , momentum
thickness , 0 , and shape factor also are computed over the surface.

Boundary layer flow over the wing is evaluated for Tol lniien-Schlichting stability following
the method of Refe rence 26. The boundary layer program provides the incompressible
shape factor . H INC . and the displacement thickness Reynolds number R 6*INC as a function
of arc-l ength normal to the leading edge . Calculated values of H INC are matched with the
Falkner-Skan shape factor. H S. to obtain the pressure gradient parameter along the surface.
The location of the neutral stability point is determined by comparing the computed values
of R 6*1\(. with critical Reynolds numbers R 5*CRIT 

that depend on H s.

Spatial amplification rate calculations then are started at the neutr ai stability point. A num-
ber of disturbance frequencies are selected. For each of the frequencies considered the
amplification rate is determimed using the Falkner-Skan profile stability data of Smith~

27
~

corresponding to the appropriate value of 13Fs on the surface. The amplification rate is inte-
grated for each frequency along the surface distance. The disturbance frequency that
produces the maximum integrated amplification factor is used. If the amplification factor
exceeds c i 2 , transition is assumed to occur.

Tile crossflow velocity profiles calculated at various stations along the surface are used for
crossflow stability calculations. The crossfiow Reynolds number , Re~0 ~ 

based on the
I l laXimuf l l  crossflow velocity and the boundary-layer thickness to the upper point at which
one-tenth the maximum velocity occurs , is calculated along the surface. A minimum critical
stabi l i t y  l imi t  Reyno lds number.  ~‘(‘RfT’ is calculated usin g Brown ’s( 8 )  estim ate 

~‘CR I1 =
5 7-0. 722 Nzz whe re N ZZ is the nondimensiona l second derivative of the crossflow velocity
profile at tile surface and is obtained from the boundary layer calculation program. The
criteria used for cross-stability was that R e~ 0 must  l)e less than 2.5 1/CRIT and less than
4 ~iç~~~~ j- near t he leading amI d trail ing edge. re~pect ive!y .

To prevent any extensive spanwise contamination at the attachment line in the presence of
leading ed ge disturbances , the at tachment  line Reynolds number . R O AL . should be less th an
100( 29) . Tile attachment line momentum thickness Reynolds number was approximated b~
using a least-squares fit procedure to replace the leading ed ge region and the front part of
the wing or tail surface by an equivalent ellipse of the sam e leading ed ge radius and geoni-
etry . The values of R O AL along the leading edge were then caicu iated ~3° ~ I)  in term s of
the geometry of the equivalent ellipse , the leading-edge sweep angle , amid the leading-edge
suction distribution it ’ leading-edge suction was found to be necessary .

26. Jaff e . N. A.:  Okamura.  T. T.: and Smith . A. M. 0.. “Determination of Spatial An ipl i f i -.
cation Factors and Their Application to Predicting Transition ,” AI.l. i  Jo urnal . Feb.
1970 . pp30 l-308.

27 . Wa iza n. A. R.: Okamura . 1. T. : and Smith. A. M. 0.. Spatial and Temporal Stabili im
( ‘harts j ~ r the Fal kner-Sk’an Bound ar m -Laver Prof iles. McDonnell  Douglas Corp..
DA(’ 67086. Sept. I . J~)68.

28. Brown . W. B.. “A Stabi l i ty  Criterion for Three-Dimensional Boundary Layers, ” Vol. 2 .
Bou ndar y La m er and F lom~

- ( ‘ontrol. edited by Lach man n.  G. V.. Pergamon Press. 1961.

99

~~ - - r  -
~~~~ 

. —- - - -- -  -- -



The forenientioned stability criteria were based on the recommendations and experimental
work by Dr. Pfenninge r(3° 31 32) , If stability criteria were not satisfied , the selected suc- _
tion distribution was modified and stability evaluation procedure was repeated until  a suit-
able suction distribution was defined.

An example of the results of this calculation procedure is shown in Figure 70. This figure
contains pressure distribution , suction distribution , and boundary layer stability evaluation
data for the wing of the t inal LFC configuration Model 767-773.

7.2 FLIGHT CONTROLS

Fligh t control tasks included:

• Det ’init ion of advanced flight controls technology levels for the study configurations

• Est imat ion of ho riz Gnta l  and vertic a l tail sizes amid center of gravity (cg) limits that
satisf y critical s tabi l i t  and control criteria

• Provision of tail sizing inform ation for airplane sizing, tra de. and optimization studies.

7.2.1 FLIGHT CONTROL TECHNOLOGY

The turbulent baseline and the laminar flow airplanes were analyzed assuming 1985 active
controls technology . Active conLol technology (ACT) functions include:

• Augmented stabi l i ty  (AS )

• Maneuver  load control (M LC )

• Gust load a l lev ia t ion  (GLA )

• Flut ter  mode control (FMC )

The p rojections shown in Figure 71 indicate that large freighter airplanes with long range
capability will benefit with increased performance and weight reduction by incorporating
ACT into the control system. Use of active controls in conjunction with the application of
advanced structural  concepts and materials will permit the use of large-span high-aspect-ratio
wings that are desirable for long-range airplanes.

29 . N enn i .  J. P. and ~,Iu y a ~. G. W.. “Aerodynamic Des ign and Analysis of an LFC
Surface ,’’ As  tnnwu~tiu.s and A erona ul ti~.’ . Ju l y  1 966, pp 5 2— 5 7.

30. Pfenninger .  W ., “Flow Phenomena at the Leading Edge of Swept Wings ,”
..l ( ;A RIJ ()gra /) /u 9~ . May I 9 ( 5 .

3 1. Pfenninger .  W ., “Flow Problems of Swept Low-[)rag Suction Wings of Practical Con-
struct inn at High Reynolds Numbers .” .lnna ls of t/ic , Vemt York Academy of Sciences.
Vol. 154 . Art ic le  2 , Nov . 22 . 1968 . pp6 72-703 .

32. Pfenninger . W.. “About ti m e Development of Swept Laminar Suction Wings with Full
Chord Lamin ar Flow. ” Vol. 2. Boundary La t er and Flow ( ‘ontro l , edited by
La chmann . G. V.. Pergamon Press . 1961.
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The ACT functions employ a digita l fly-by-wire (FBW) electrical command system with an
analog backup and direct electrical link for the primary control system simi lar  to the NASA
digital FBW F8C test airplane. Except for flap tabs , all the ACT functions will drive normal
airplane control surfaces. The ACT usage of the control surfaces is shown in Table 4.

7.2.2 AIRPLANE BALANCE AND TAIL SIZING

Longitudinal

l’he study airplanes have a fixed stabilizer with a single hinged elevator for longitudinal trim
and control. The airplanes use a “handling qualities ” stability augmentation system (SAS) to
reduce tail size and trim drag by relaxing the aft flig ht cg limit.  Because the SAS is not a
flight-critical aircraft component. airplane stability must meet unaugmented minimum
requirements at the aft fligh t limit . These include:

• Time to double amplitude , t2 = 6 seconds at dive

• A 5-percent static margin at cruise and approach

Forward cg control requirements were considered for takeoff rotation and approach trim
and flare. The airplane must meet pitch acceleration requirements , 0 , 3 deg/sec 2 for flare
a nd 2 deg/ sec 2 for takeoff rotation. Figure 72 is au examp le of the horizontal tail sizing
procedure for the turbulent  baseline and laminar  flow airplanes. Only design conditions.
dive stability , and takeoff rotation are shown.

Lateral-Directional
Both confi gurations have a “u ” configuration vertical ta i l  wi th  double-hinged rudders.

rime tu rbulen t  and laminar flow airplanes also have a handling qua l i t i tes  SAS in the lateral-
direct ional  axes that is assumed to provide satisfactory fly i ng qual i t ies  throug hout the fligh t
envelope. The airplane will require an estimated min imum unim ug ni ented static directional
stabi l i ty  at least CN~ = 0.001 5/deg at the aft-most flight l imi t .

Directional control requirement was calculated us ing a static engine failure analysis at take-
off. From the engine failure speed, VMC GROUNL ) .  amid the asymmetric thrust balanc e
speed , Vbal . the airplanes , with full rudder ,  are assumed to deviate no more than 30 ft
from the runway centerline while accelera ting 10 kts : i.e.. V l)a I VM( ( ;ROUND ‘~ 10 kts.

7.3 PROPULSION AND NOISE

Propulsion-related tasks included :

• Defini t ion of propulsion advanced technology levels for the study configuration

• Selection of niain propulsion engine cycle characteristics

• Selection of suction eng in es

• Generation of installed perfo rmance data for main engines and suction engines

• l) efinition and sizing of suction pump compressors

I 03



Table 4 Active Control Technology Usage

ACTIVE CONTROL TECHNOLOGY USAGE

CONTROL SURFACE MANEUVER GUST FLUTTER
AUGMENTED LOAD LOAD MODE
STABILITY CONTROL ALLEVIATION CONTROL

Elevator X X

Outboard aileron X

Spoilers X

Flap tabs x x
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7.3.1 PROPULSION TECHNOLOGY

The propulsion system for the LFC airplane includes the main propulsion engine with
acoustical treatment and the LFC suction pump system. These propulsion systems incorpo-
rated in the study configurations reflect an assessment of estimated technology levels for
1990 entry into service.

The niain propulsion engine for the turbulent and LFC airplanes was selected by utilizing
the propulsion data base of eiigine cycles generated by engine manufacturers for technology
level projections to the 1990 in-service time period .~

33) Study engines for that tim e period
that have been prepared by engine manufacturers as a result of the above NASA-Lewis
study have been considered along with Boeine cycle studies performed in support of the
NASA-Langley contract (34) “Technical and Economic Assessment of Span-Distributed
Loading Cargo Aircraft Concept. ” The engine cycle selected for the study reported herein is
an advanced high bypass ratio engine with a low SFC.

An advanced technology study engine designated the P&WA STF-482 turbofa n engine(35) .
with a proposed entry into service date in the 1988- 1 990 time period , was selected for the
main propulsion engine and reflects an assessment of the most probable technology
advances that will be available for that time period.

The assessment assumed a high level of research and development effort from now unti l
start of engine design about 1983 through 1985. The SFC reductions are associated with
improved compressor and turbine aerodynamic perfo rmance , close contro l of rotating seals ,
and reduced turbine cooling airfiows. Increased cycle e fficiency will result from high overall
pressure ratios that are made possible with high-temperature blade materials, and film and
impingement cooling of turbine blades. The potential TSFC improvenient during cruise for
advanced technology engines is shown in Figure 73. The JT9D engine is used as a baseline
with the advanced engine STF-482 improvement iii TSFC shown relative to the JT9I)
engine.

The suction pump compressor and drive engine are an advanced design for proposed en t r ~
into service in the 1990 time period. A suction pump drive engine of thL. Genera l Hectr ic
T64 type was selected and updated to the 1990 time period. This update assumes advanced
turbine cooling to increase the turbine inlet temperature. and composite material to reduce
the engine weight. Time SFC reduction is expected to result I’roin advances in compre ssor and
turbine aerodynamic perfo rm ance.

7.3.2 ENGINE CYCLE SELECTION

The selected main propulsion engine for the study airplane s . de sig nated the P&W~ sri ~4~ 2
turbofa n engine, has pertinent characteristics as follows:

33. (;~~~~~. 1). 1 .. .Studv ol Unconi’e,utional A ir( r~1!f 1 n.~o u .  1) 1 ‘I L , ~~ I ~ / ner~ i
( ohlsuI,np f ion, NASA CR- I 350o5. June  1 ~)76 .

34. Wlm it low , D. H. and Whitener , P. C.. J ’er/u ni ii and I H ? U U t 1 I  ~i 5 s ( s , n s I  HI H I  Sp aui—
Distr ib u ted I . oading ( argo ; l i rc ra . l t  (o ncep!s  . NA S A  C R -  I 4-4~~~ ‘ti ne I ~ 7O .

35. Goodrich, R .  W. :  Gaftin,  W . 0.: and Wit lme r sp oo im . S W ..  Pu ‘/ I , P u I u u a r u  P t ’rf iurma n e and
fu, ’Ia fla tuun Data f t~r the STE—4~ _’ 7’ur /y u( w, I : ngine . Pra t t  & W h i t n ey  \ ir cr a ft Report
( I)S-~t . Nov. l~
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Thrust , SLS TO. to 84°F 60 ,000 lb

FPR 1.65

BPR 7,5

OPR 40

~l J X comhu stor exit temp °F 2700

Weigh t 9100 lb

Max diameter 106.8 in.

Length 154.9 in.

Scaling range 50,000 to 90,000 lb

Installed performance data for a nominal size 60 ,000-ib thrust engine (uninstalled sea level-
static ) are shown in Fi gure 74. Included are cruise , takeoff and climb perfo rmance. Installed
losses include ( I )  inlet recover , (2) engine manufacturers fan and primary nozzle flow losses,
(3 )  fan duct acoustical duct treatment loss of 50 percent greater flow loss than hardwall fan
duct losses, (4) midcompressor bleed of 2.2 lb/ sec . (5) fan bleed of 0.6 lb/sec . and (6) 220
horsepower extraction (HPX).

Weight and dimension data for the nominal size STF 482 engine are given below.

THRUST SIZE POUNDS

60 ,000 Scalin g Factor

Bare engine weight (lb) 9 ,100 (TSF) U65

Fan diameter ( i i i . )  106.8 (1SF) 0.5

LP turbine diameter ( in. ) 58.70 (TSF) 0.5

Engine length ( in . )  155.0 (1SF) 0.433

Weigh t and dimension data for scaled engines from 50 ,000- to 90,000-lb thrust (uninstalled
sea level static) engines can be calculated with the scaling factor from the thrust scale factor
(TSF).
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7.3.3 SUCTION ENGINE /COMPRESSOR DESIGN

Each of the study LFC configurations have six suction pump compressors and drive unit s.
Four of the suction units are located on the wing and two units are located on the empen-
nage as shown in Figure 9. The four wing sunction units are identical. The empennage units
have the sanie suction drive engines as those on the wing. The suction pump compressors ,
however , diffe r from those on the wing.

Each wing suction unit consists of two compressors, a low-pressure (LP) compressor and a
high-pressure (HP) compressor that are driven by an adjacent turboshaft engine. The low-
pressure compressor is used to increase the lower suction pressure from the top surface of
the wing to the higher suction pressure from the bottom surface of the wing. The high-
pressure compressor is then used to increase this higher pressure to free-stream total pres-
sure. The LP compressor design pressure ratio and corrected airflow are .42 and 5 1.93 lb/
sec respectively . The HP compressor design pressure ratio and corrected airflow are 1 .78 and
72.96 pounds per second respectively. Because of the low-pressure ratio , an axial compres-
sor design was selected with one axial stage for the LP compressor and two axial stages for
the HP compressor. The tail suction compressors have an additional stage with a design pres-
sure ratio and corrected airflow of 2.39 and 27.88 lb/ sec respectively.

An adiabatic compressor e fficiency of 0.80 was assumed for sizing the compressor drive
turboshaft engine. Adiabatic mixing of the LP compressor discharge and the higher pressure
suction flow was assumed without pressure loss. A mass average temperature was used for
the HP compressor inlet temperature. Design point require d shaft horsepower for the suc-
tion pump was increased by 20 percent in siziiig the drive engine. This results in increased
engine weight and engine envelope dimensions. The drive engine horsepower was oversized
to account for mechanical and thermodynamic losses such as: (1) off-design operation and
its resulting shift in compressor e fficiency. (2) drive engine nozzle losses , (3) suction pump
nozzle losses~ (4) suction pump inlet face loading, (5) mixing efficiency of first-stage dis-
charge and second-stage inlet (lower surface suction ) airflow , and (6) angle drive and shaft-
ing losses.

The size and weight of the suction pump units were based on operational design point of
44 ,000-ft altitude and Mach = 0.79. This corresponds to the largest corrected airflow
requirement of the operation envelope. Time suction pump nozzle discharges at free-stream
total velocity. This results in zero net thrust.

7.3.4 ACOUSTICAL TREATMENT

The main propulsion engine has inlet , fan , and primary nozzle acoustical treatment. Inlet
t reatment consists of internal surface acoustical perforated honeyconib treatment prior to
the compressor face, fan treatmen t consists of exhaust no?.zle external surface and nozzle
core surface and acoustical treatment.
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7.4 SYSTEMS

Systems-related tasks included:

• Defining slot spacing and geometry characteristics

• Establishing LFC collection duct sizes and internal duct losses

• Defining the airplane systems

Conventional technology levels were assumed for all airplane systems other than the la lninar
flow control systems.

7.4.1 SUCTION SYSTEM ANALYSIS

The suction system was sized to provide suction requirements determined for each laminar-
ized surface by boundary layer stability calculations described in Section 7. 1. Necessary
flow requirements for the LFC configuration Model 767-773 are shown in Table 5.

Slot spacing on the larninarized surfaces was obtained by l imi t ing  the slot Reynolds number
to values less then 100. This should keep the flow viscous through the slots and avoid the
possibility that internal duct flow fluctuations will cause boundar y layer tran sition~

3 1) , The
maximum slot Reynolds number on the wing of Model i6 7- 7 73 was approxiniately 85 at
the side of body and decreased outboard to permit continuous slots from root to tip. The
wing slot spacing from Model 767-773 is shown in l igur e 7~ .

Calculated slot spacings were used together with airflow clma ra cter is t ics .  ( including surface
pressure , temperature and airflow) to establish collection duct si/es . Collection ducts were
then analyzed to determ ine the internal system losses ncccss .i r .  to size the suction pum p s.
The procedure used is shown in Figure 76.

7.4.2 ICE PROT ECTION

Wing thermal anti-icing represents both an operational and performance consideration. Ice
formation on the leading edge can cause transItion to tu rbu len t  flow and , therefore , m ust
not be allowed to accumulate. In addition . any water run ha ck that  could result in ice
buildup in the surface flow areas must be prevented. Tlmi s problem also is related to surface
contamination that could build up such that transition would occur. Contamination aiid
erosion problems are being explored for NASA under the current LFC Systems Study con-
tract ~~ and currently under Boeing IR&D programs. Significant  research and development
work is required to determine a satisfactory solution to wing thermal anti-icing and surface
cleanliness problems.
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Table 5 Suc tion Flow Requirements for Model 767-773 (0 to 70 Percent of Chord)
HOR IZO NTAL

WING 
_______ 

STABILIZER V ERTICAL
CONDITION F I N

OUTBOARD M I D D L E  I N B O A R D  OUTBOARD CENTER

_ _ _ _ __ __ _  ED El> [I>
41 ,000 ft , 0.79 M, std day

Section airflow , lb/sec
Upper 8.27 14 .59 ~~~ 5.02 10.99 12.23Lower 5.57 9.84 6.73

Suction pressure level , psia
Upper 1.47 1.47 1.47 1.50 1.43 1.53Lower 2.07 2.07 2.07

36,000 ft , 0.79 M, std day

Section airflow , lb/sec
Upper 9.37 16.55 11.31 5.65 12.39 13.78Lower 6.32 11.16 7.63

Suction pressure level , psia
Upper 1.83 1.83 1.83 1.90 1.81 1.94Lower 2.60 2.60 2.60

44,000 ft . 0.79 M, std day

Section airflow. lb/sec
Upper 7.74 13.66 9.34 4.6? 10.23 11.37Lower 5.22 9.22 6.30

Suction pressure level , psia
Upper 1.26 1.26 1.26 1.40 1.24 1.32Lower 1.79 1.79 1.79

One side of airplane
Full center section

Ei~ 
One fin
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Wing thermal anti-icing may be accomplished by backf lowing hot air throug h the LE suction
system witlm appropraite valving. Use of buried electrical heating elements , icephobic coat-
ings, or a combination of these methods may be possible for future studies.

7.4.3 LIGHTNING PROTECTION

The problem of lightning protection on advanced composites has been recognized. There are
many programs underway to establish the optimum solution. Proposed solutions produce
weigh t penalties ranging from 0.03 to 0.08 lb/ ft 2 . This fails within the tolerance band of
parametric weight studies used on this program.

lzx tensive work on defining lightning protection systems has been done under contract by
Boeing for the AFFDL/FBC study. (36) This study will provide a basis on which ultimate
li ghtning protection systems can be defined.

7 .4,4 INTEGRATED SYSTEMS

The LFC system integration con siderations that have been incorporated were limited to
those directly related to the study such as wing anti-icing. However , the time/use cycle of
LFC is such that consideration should be given to utilizing capability of the LFC engines
for added takeoff and/or climb thrust , thus shortening the takeof f distance or allowing
potentially smaller engines.

Ise of the LFC engines as the source of can in air for air conditioning was considered.
However , t h e  quanti ty of air and pressure levels required is not compatible with a single
design drive unit ,  and added compressor stages would be needed. In addition , the maximu imm
design power capability of the suction engines is required during cruise. Any power require d
to meet cabin air pressure and flow demands would be over and above that needed for LFC
and would have a significant size effect on the suction engines.

7.5 WEIGHT AND BALANCE

Weight and balance tasks included :

• Defining the weight benefits throu gh application of advanced technology matenals amid
active controls

• Conducting con figuration weight analyses to support airplane sizing exercises and time
LFC pIanfo rni optimization study.

• Providing LFC total systems and structural weight data for the sensitivity studies

36. \‘u lnerabi l i ty / Sur v iva b i l i ty  of Composite Structures  Li gh tn ing  Strike. AFFDL/FBC
Contract  F336 I 5-76-C-S 2 55~
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7.5. 1 ADVANCED TECHNOLOGY WEIGHT BENE FITS

Advanced technology de fini t ions were ident i f ied simi l ar  to t }io~c of t h e  NA SA funded
Advance d Transport Technology Studies.~

37
~ AT1 . wi th  result ing weig ht  i mprovement that

would be available in tIme 1985- 1 990 time period. F igure 77 shows es t im ated  weigh t bene fits
from using advanced s t ruc tura l  materials.  The weight bene f i ts  are typical for the use of
graphite-epoxy honeycomb pr in m a ry structure and PRD-49 honeycomb secondary structure.
The configuration weights also included benefits throu gh the  use of th e advanced fl i gh t con-
trols described in Section 7.2 following th e methods of Refe rence 38.

7.5.2 WEIGHT ANALYSIS APPROACH

Preliminary design type weight  a n d balance anal yses were made for evaluat ions of the turbu-
lent  and LF C co nf i gurations.  Advanced technology effects wer e applied as percentage bene-
fits to the applicable weight categories.

Weig lmt and balance anal yses for the advanced technology tu rbu len t  baseline (767-768) con-
figur at ion were perfo rmed by extrapolating known parametr ic  statistical methods to the
higher gross weight and size regimes necessary . Boeing in-house studies of very large
freighters were helpfu l in guiding this extrapolat ion.  Figure 77 shows the degree of extrapo-
lat ion tha t  was necessary to evaluate the larg e ai rcraf t  of this study.

7.5.3 LFC SYSTEMS AND STRUCTURAL WEIGHT ESTIM ,t TION

Weight evaluations of the ini t ial  LFC study confi gurat ions  were derived from the turbulent
airplane analyses by accounting for the LFC systems and s t ruc tura l  differences. l’hese diffe r-
ences included:

• Suction engines

• Suction pumps

• Suction engine structural  integration

• Distr ibut ion duc t ing

• LFC surface s t ructura l  integration

• Fuel system alt  tank and manifold

In addition , LFC wing weights include a weigh t reduction to acuount for rem oval of leading-
edge devices and associated flap controls.

37 . NASA C on t rac t s  NASI  -1071.  NASA- I 072. NASA- 1073. Stu dm ’ of  tIm e Appl ication of
. liui anced I edi,iologies to Long—Range Tra, i sport A ,/ ~(•f ( ~tt

38. Anderson. R. D.. er al ., Dere/opm ent of  1i-e ig/ ~i and (~~sl / : \ l / inale ,f f or Lifting Surftiees
with ,l ( l i IC  Contro ls . N ASA CR— 1 44937 . Marc lm I p76.
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The total LFC systems and structural weig ht  penalty is very dependent on the structural
design concept and on the material usage. Development of LFC design integration concepts
in the current NASA sponsore d LFC systems studies is st i l l  proceeding with varying weight
effects. Because of time uncertainty of the total LE( wei ght pen alty .  the emphasis of the
study presented in this report has been to identify the se imsi t ivi ty  of the LFC configuration
over a probable range of weight e ffects . Total LFC system plus structural  integration weigh t
pena lties of 0. 2 .2 5 , and 3.0 lb/ ft 2 of treated wetted are a Were considered. Ongoing Boeing-
and NASA-funded studies of LFC concepts indicate that weig ht penalt ies in the lower end
of the above range niay be achieved.

Many of the trade and performance studies discussed in Section 4.0 assumed a total LFC
weight penalty of 2.25 lb/ f t 2 for treated wetted area. i lmis is not a validated weight level but
was considered reasonable t’or conducting the various studies . In order to determine a mean-
ingfu l LFC weigh t penalty,  a great deal of innovative ~icsi gn e ffort will  be necessary to
develop a LFC structural concept and integrated systems design that  will minimize weight
without unfavorably a ffecting production or maintenance costs .

7.6 COST AND ECONOMICS

Cost analyses have been made to promote a quan t i t a t ive  nm e a sur e of the economic character-
istics of a laminar flow control mi l i ta r y  transport relative to  a coii~eiit ional turbulent  air-
craft developed to a comparable mission design re qui renment .  1-co nomic and cost analyses
tasks inc luded:

• Estimating costs of developing, producing and ope ra tui g  the rcI~ rence turbulent and
the LFC aircraft configurations

• Evaluating 20-year life-cycle costs

• Evaluat ing surge-condition operating costs

• l) eterm ining life -cycle and operating cost sensit ivit ies to fuel price. LI-C total weight
pe nal ty .  LFC technology complexity, and maintenance  costs.

7.6.1 COST ESTIMATION GROUND RULES

Life-cyc le ari d operational cost estimates were nm e a sur e d in l~
) 76 doli ar s.  Costs re flect peace-

t ime  low-util ization rates . One deve l opnment airplane was assumed, wi th  the remainder 01’
the fli ght test fleet being re furbished as production art ic l es.  A 125- a irpl ane buy was assumed
including 1 12 uni t  equipped (U E )  12 command support (CS ) and one developmental vehic le.
At t r i t ion  would come out of the command support complement. The 112 UE airp laiies
consist of seven squadrons each imaving 16 airplanes.

One configuration of each model was assumed. The fligh t test progran m was based on 1500
flight-hours. The time from go-ahead to certification was assumed at 53 months with an
additional product development phase of 1 2 to 24 months  pr eceding go-ahead. A 1500-hour
f l igh t  test program was also assumed.
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Life-cycle costs assumed a peacetinie util ization rate of 1080 hours per year. This is less
than one-third the uti l i zation of a conimercial transport. The surge condition operating cost
analyses assumed 10 flying hours per UE per day.

7.6.2 COST ANALYSIS APPROACH

Lifi~-cycle cost estimates include the cost of developing, producing, and operating each fleet
of airplanes. Airframe , engine. amid avionics costs were estimated usin g a Boeing cost model.
The Air Force CACE model fronm A F R I 7 3 - l 0  was used for operations and support analyses.
The C- 141 was used as the base for operations and support costs.

Manufacturing costs of the advanced tech nology turbulent and LFC designs were appraised
on a comparative basis. using a conventional wide-body wing design amid associated systems
as a baseline.

The cost assessment followed the evaluation of Refe rence 5 in which a number of individ-
uals from different manufacturin g areas collectively established manhour  complexity factors
for eacim major structural component of the advanced technology turbulent  and LFC confi g-
urations. The baseline having complexity factors of 1 .0 was an equivalent size conventional
technology airplane. Overall complexity factors for the advanced technology turbulent wing
and empennage. and for the advanced technology LFC wing and empetinage , were estimated
to be I .5 and 2. 1 respectively.

In addition to the complexity assessment. the cost estimation model as shown in Table 6
requires a descriptio r . of the airplane. a three-view drawing. airplane wei ght breakdown. part
card est imate , development and production schedule , and commonal i ty  assessnient. The air-
plane cost-estimating elements sumnmarized in Table 7 include engineering hours, dev~’op-
menta l  hours , tooling hours , production hours , pr oduction material , purchased material.
flight test , engines , labor , and overhead costs. This table also inclu des a breakdown between
recurring and nonrecurrin g costs.

7.6.3 Ut COST FACTORS

Cost of an LEC airplane differs from the cost of a comparable tu rbu len t  airp lane because of
t he design. development.  production. and maintenance associated wi th  the suction surface s.
in t e rna l ducting. the suction units ,  and the special LFC systems. Addit ional  cost considera-
l ions include differences in airplane weigh t , engine size, high-lift  systems , and fuel
req UI re in en ts.

Man s  of these cost items are strongly dependent on detailed design features of time LFC
struc tura l  and systems concepts. These in turn can he quite dependent on the gross char-
acter is t ics  of the airplane dictated by the mission objectives.
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Table 6 Airplane Cost Estimating Input Requiremen ts

AIRPLANE DESCRIPTION THREE-VIE W DRAWING AIRPLANE WEIGHT

• Speed • Size • Structure section
• Materials technology • Number of landing gear • Wing
• Systems technology • Number and location of engines • Fuselage
• Engine technology • Sweep and aspect ratio • Empennage
• Unique features • Wing and empennage areas • Gear

Laminar flow control • Unique features • Propulsion
• Empennage configuration
• Fuselage configuration • Systems and equipment

• By system

• Engine thrust
• Mater ial type

DEV ELOPMENT/PRODUCTION COMMONALITY/COMPLEXITY
PART CARD ESTIMATE SCHEDULE ASSESSMENT

• Structure section • Development schedule • Commonality assessment
• Wing • Months from go-ahead to • Ccmmonal y to existing models
• Fuselage rollout no. 1 airplane • Commonality within confi guration
• Empennage • Months from go-ahead to
• Gear certif icat ion • Complexity assessment
• Propulsion • Material

• Production schF’d le • Speed
• Nonstructure • Airplane rollouts by month

By system
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Hence , a valid cost assessment of an LFC airplane must be preceded by an extensive design .
development, and fligh t test program . This was clearly beyond the scope of this stud y. How-
eve r , the ongoing NASA LFC program is directly addressing this task.

Cost estimates of this study strongl y relied on engineering judgnient supported by existing
data. The economic assessments were , there fore, focused on relative costs and on sensitiv-
ities of these relative costs to the major LFC uncertainty ite t m m s. These uncertainty items
included the total LFC systems and weight penalty : the LFC technology complexity factor
that  a ffects design, development , and production costs: and maintenance costs.
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8.0 RECOMMENDED RESEARCH AND DEVELOPMENT

1’he technical feasibility of LFC hmas been Jenionstrate d in research carried out b y [)r. W.
Pfenn inger and associates. The Northrop X-2 I fligh t test program succeeded because of the
technical knowledge t lmey developed. n addit ion.  a great deal of perseverance, intuition , and
care fu l a t tent ion to detail were required. The successful application of LFC to either com-
mercial or mili tary transport aircraft wi ll require similar excellence of e ffort. To develop an
economically viable LFC airplane, one must trea u the delicate path of designing wit l m great
care without penalizing the airp lane weig ht . or cost of develop m ent ,  production. operation.
or maintenance.

As part of the Aircraft Energy Efficient (ACEE )  prograni . SA is condu cting.  promoting .
and funding extensiv e LFC studies that will possibly lead to a successful fli ght test program
tha t  will substantiate the operational and economic feasibili ty of LEC.

The LFC research and development items for this study have been grouped into two main
ca tegories:

• General LFC R&D items

• Specifi c items t’or large military transport aircra ft

The general LFC R&D items will provide necessary info rmation for ei ther commercial or
military transport LFC applications. The specifi c items for large mi l i t a ry  transport aircraft
identify some areas of greatest concern for this type of LEC application.

8.1 GENERAL LFC R&D ITEMS

Many of the general LFC R&D ite n ms listed below are now underway or are planned for the
immediate t’uture as part of the NASA ACEE program. General R&D items can be grouped
into four major categories:

I .  Basic LFC technology

2. (‘ on fi guration/ detailed design studies

3. Fligh t operations

Manufac tur ing / qual i ty  control studies
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Recommended basic LFC technology items include:

• Aerodynamic LF ( ’ design tools

• Improve potential flow , viscou s flow and bound ary Ia~ .r  s tabi l i ty  methods
deve lopnm cn t

• Refine and -or establish new empirical stabi l i ty criteria

• lnmprove suction rate prediction loptim h a t  ion me t imods

• Aerody nanm i c design crit eri a

• Slot design criteri a re f inements

• Ove r—suction under—su e t  ion l imi ts

• Aerod y nam Ic smoothness refinements

• LF(’ t rea tment  to possibly ease smoothness requirements

• Interfe rence pressure field disturbance guidelines

• L I C  airfoil /wing analytical  and experin mental studies

• Noise technology

• Develop external  cruise noise prediction techniques

• Develop internal duct noise prediction techniques

• Develop noise attenuation technology

• Structure/material  technology

• Develop efficient integrated LFC structural concepts— configuration dependent

• Select/develop smooth resistan t surface materials

• Develop surface re furbishment procedures

• Develop structural inspection techniques

• Understand /minimize aeroelastic effects on suction surfaces and flow rates

• Environmental studies

• Operational desi~~ criteria (e.g., desired climb , cruise altitudes)
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Recommended confi guration /design studies that  are site- and mission-depende nt inc lu de :

• Propulsion / suction systems optimization studies

• Engine cycle/cruise alt i tude studies

• Engine location studies

• Percent laminar flow design studies

• Feasibility of laminarizing over control surfaces and rapid descent device s

• LFC/active control compatibi l i ty

• LFC braced wing design studies

• Body drag reduction studies

Recommended flight operation studies inclu de:

• LFC surface maintenance requirements

• Flight test small suction panels

• Flight test LFC suction surface

• Develop techni ques to prevent icing of slots and leading edges

• Develop efficient and reliable surface cleaning techniques (ground and in-t ligh t )

Manufac tur ing  and Quality Control studies include the development of suction mate r ia l s
and reliable , but cost e ffective , manufacturing / construction techniques .

8.2 SPECIFIC R& D ITEMS FOR LARGE M I LITARY TRANSPORT AIRPLAN ES

Some specific R&D items were identifie d during the s tudy as a r esult of the large size of time
airplane configurations. These specific it en m s include the most important  ge imeral LFC i t em - -~
necessary for the study con figurations , and reco nmmendation s for some very large airplane
detailed design studies.
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Airplane balance considerations together with the desire to provide wing-bending- m oment
relief , dictated the location of the engines on the wing. For this type of LFC configuration.
it is essential to validate the design of the engine , and the wing/nacelle / strut that will allow
the achievement of laminar flow with minimal suction penalties. Hence , the development of
acoustic and aerodynamic-interfe rence LFC design criteria and prediction method s is
essential.

The very large wings are a large portion of the OEW. Hence , the wing structural weigh t and
the systems weight associated with LFC must be minimized. Slot design guideline refine-
ments are desirable to minimize the number of slots and provide for slot termination , if
necessary .

The large-span wings deflect appreciably in flig ht.  Studies will he necessary to validate suc-
tion system effectiveness t or large aeroelastic deflections.

The turbulent  and LFC configurati ons . by virtue of their large size , require detailed design
studies to validate their characteristics. The large span wings of the study configurations
have large ground and tlight deflections that might require significant cont’iguration modifi-
cations or wing-span limitations.

Recommended system studies related to the current contract configurations includ e :

• Detailed design studies to determine the LFC structural weight penalty for the most
promising concept ( S)  being developed in the ACEE study

• Engine cycle/cruise alt i tude optimization studies

• Wing geometry/ cruise speed optimization studies for the re fe rence turbu l ent  a i rpl ane

• More detailed braced-wing studies for the LFC and turbulent  confi gurations.
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9.0 CONCLUSION S

Purpo se of the study was to conduct a prelimina ry design investigation of a large subsonic
mi l i t a ry  transport to identify the impact of laminar flow control on performance and
economics of the airplane. A valid assessment of an LFC airplane must be preceded by an
extensive design , development , and flig ht test program . Consequently. this study focused on
relative benefits from appl ying LFC. and the sensitivities of these relative benefits to major
LFC uncertainty items.

Major conclusions of this study that apply specifically to very long-range . high -payload mili-
tary transport airplanes of relatively low util ization are :

• LFC can provide large reductions in fuel usage (27 to 30 percent).

• LEC also results in lower gross weigh ts (7 to 10 percent). The gross weights are very
dependent upon the total LFC structural and systems weigh t increments (~~(W T ) LF C ).

• Li fe-cycle costs will probably he higher because of low design utilization rates. Life-
cycle costs are very dependent on (~~W-r ) LFC and on the technology complexity costs
associated wi th  the design, deve lopnment .  and production of an LFC surface.

• Sixt y  -day surge condition operational costs will he less with an LEC airplane ( 10  to I S
perceiit ) depe nding on the fuel price and time special LF( maintenance costs.

• Normal mil i tary  rese rves are adequate to meet the mission objectives wi th  rcas n a h lc
!~~ssCs in LFC.

• Rese r ~es allow the LR ’ airplane to fly 2000 nmi or 5 hours w i t h  full loss iii l a n m i m m a r
flow and still  achieve the mission range by establishing the desi gn I a n m i n a r i , a t i o n  loi
the remainder of the fli gh t.

• Time LFC wing planfo rm characteristics for op t imum perfo rnmance are con mp at ihl e ~ h l i
characteristics that  ease the task of laminarizat i on.  A wing pl anfor m having a hig h
aspect ratio , low thickness / chord ratio and low swcep is the op t imum arra n ge im i ent  t ha I
minimizes both fuel and gross weight. and maxi mi /e s  product ivi ty .  The sai.~e geo metr Y
results in low chord Reynolds number , low crossflow . am id low a t tachment  l in e
Reynolds number .

• Results of the extent  of laniin arization study suggest the following order for achieving
LFC benefits with minimum technical risk:
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I .  Laminariz e the wing hack to the TE control surfaces. The nested chord length of
the control surfaces should he minimized  without  compromising the low-speed
perform an cc.

2. Laminarize the empennage hack to minimum chord TE controls on the tails.

3. Conduct the necessary trade and detailed design studies to identify the practical
benefits and technical risks of laniinar izing over TE surface.

• The fuselage dra g on an LFC airplane is a significant dra g item. A 25-percent reduction
in the body drag of the LFC airplane results in fuel and gross weigh t reductions of
approximatel y 8 percent and 4 percent respectivel y.
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