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SUMMARY

'

	

	 A study was conducted to determine the advanta ges of laminar flow control

on an advanced subsonic business jet aircraft designed for transatlantic

operation. The desi(in mission was 5.93 Mm (3 200 n.mi.). Aircraft configurations

were developed with laminar flow control (LFC) and without LFC. The LFC confiq-

'	 uration had approximately eleven percent less parasite drag and a seven percent

increase in the maximum lift-to-drag ratio. Although these aerodynamic advan-

tages were partially offset by the additional weight cf the LFC system, the LFC

aircraft burned from six to eight percent less fuel for comparable missions.

For the transatlantic design mission with the gross weight fixed, the LFC config-

uration would carry a greater payload for ten percent loss fuel per passenger

mile.

NTROOIICTION

The objective of the study was to determine the effect of laminar flow

control (LFC) on the design characteristics of a subsonic business jet sized

for transatlantic range. The criteria and assumptions used in the study

included a design range of 5.93 Mm (3 200 n_mi.) with reserves corresponding

to the fuel required for a 45 minute flight extension. T" a maximum cruise

Mach number was specified as 0.8. The aircraft is configured for a flight

crew of 2 and accommodations for a maximum of 13 passengers.

Two aircraft con f igurations were developed; one with LFC and the other

without for comparison purposes. The two aircraft were otherwise configured

with the same engine, fuselage, and empennage sizes and for equal maximum

gross weight. The wings represented the only geometry differences between

the two configurations.

The LFC aircraft wing had a supercritical airfoil specificLlly designed

for LFC application. Laminar flow control was assumed on both the upper and

lower surfaces except for the areas of the ailerons ari flaps. No LFC was

used on other parts of the airplane.



Both stud,t configurations have two main powerplants which are mounted on

the side of the aft fuselage. The LFC model will require a power source for

operation of the suction system. This can either be accomplished by means

of power extraction from the main engines (bleed or gears) or with separate

power units. No detailed analysis was made of the suction pump and drive

system. However, estimated weight and drag penalties based on wing

pod—ounted drive and pump units were included in the evaluations of the LFC

si ,plane.

The study included configuration definition and layout, weiqht and dran

estimations, development of an engine data deck for the mission analysis com-

puter program, evaluation of the required suction power for wing laminarization,

and mission performance analysis. Trade studies were conducted with payload

(number of passengers), range, climb and cruise velocities, engine size, and

passenger accommodations as variables. Additional studies were conducted to

determine the effects on performance of engine size, aircraft s'lze, and

increased wing aspect ratio.

SYMBOLS AND DEFINITIONS

Values ore given in both the International System of Units (SI) and U.S.

Customary U'iits. The calculations were made in U.S. Customary Units.

AR	 aspect ratio

c	 chord length

C D	drag coefficient, Drag/qS

C 	 drag coefficient

C D	minimum parasite drag coefficient
P .
min

C f	average skin friction coefficient based on
componen t wetted area

C L	lift coefficient, Lift/qS
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S

T

V

W

eCD
M

AC 
P

P

Subscripts:

w

pressure coefficient

suction power coefficient based on reference

wing area

suction power coefficient based on chord length

suction power coefficient at a point on airfoil

surface, based on unit area

laminar f'ow control

Mach number

mean aerodynamic chord

operating weight empty

pressure

dynamic pressure

Reynold.; number

distance along airfoil surface from stagnation
point

reference wing area

thrust

true velocity

aircraft weight

compressibility drag rise increment due to Mach
number

parasite drag increment as a function of lift

air density

at or into surface (wall)

free stream:

J

C 

CSP

CSPairfoil

CSP local

LFC

M

MAC

OWE

p

q

R
e

s



AIRCRAFT DEVELOPMENT

Configuration Description

The two business ,jets configured for this study are assumed to incorporate

the same size engine, fuselage. and empennage. One configuration inc'udes

an LFC system which resulted in differences in the wing geometry. Both airplanes

are low-wing designs with two en g ines attached to the aft fusela ge and with

•	 the horizontal stabilizer mounted on the vertical fir.. A general arrangement

of the aircraft without LFC is presented in fi gure 1 and a plan-view of the

kLFC version is shown in figure 2. Table I contains the geometric characteristics

of the two configurations.

The identical fuselanes for both aircraft accommodate a crew of 2 and a

maximum of 13 passengers with a 86 cm (34 in.) seat pitch. The fuselage

length is 16.46 m (54 ft) and the maximum diameter is 1.83 m (6 ft).

The passen ger cabin includes a toilet. a vanity cabinet, and a refreshment

console. The center cabin aisle height is 152 cm (60 in.). A luggage

compartment with a volume of 1.23 M 3 (43.5 ft') is located in the aft

fuselage.

The landing gear of both airplanes has a sin g le-wheel nose strut and

two double-wheel main struts. The latter are mounted in the wing and retract

into cavities below the cabin floor.

A supercritical airfoil with a thickness-chord ratio of 13 percent was

selected for the configuration without LFC. This wing is swept 23° at

the quarter chord, which results in a streamwise thickness ratio of 12

percent. The thickness ratio is constant over the wing span including those

portions of the wing which have leading- and trailin g -edge extensions. The

wing has a reference area (trapezoidal) of 27.03 m ? (291 ft 2 ) with a taper

ratio of .388 and an aspect ratio of 9.77.

For the aircraft with laminar flow control, an airfoil section design-

ated YNZE, developed by NASA for LFC applications, wss selected with a

4
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coeffi

These

weight

M2' (53

ity and

J ents of .72 for

values approximate

class. These

ft 2 ) and a

control analyses

thickness-chord ratio of 14 percent. This slightly thicker wind has a

quarter-chord sweep of 25° resulting in a streamwise thickness ratio of

12.7 percent. The LFC wing includes an inboard trailing-edge extension.

but the desired laminrrization precludes the addition of the leading-edge

fairing used in the non-LFC confi guration because of possible leadinq-edge

boundary-layer instabilities. The thickness ratio is constant over the

,.
 wing span. The reference wing area, taper ratio, and aspect ratio are the
16 

r _	 same as for the non-I. -*C win q design.

Pods to house units

are mounted on the lower

The pods were scaled froi

for to the NASA Aircraft

the LFC configuration

of .277 m (10.9 in.).

to provide the suction power for laminrrization

surface of each wing panel of the LFC configuration,

n pods used in a study conducted by a system contrac-

Energy Efficiency (ACEE) Program. The pods for

. 1.836 m (72.3 in.) lon q with a maximum diameter

Both wings were assured to have trailin q -edqe flaps and ailerons aft

of approximately 75 percent of the win q chord but no leadin g -ed qe high-

lift devices.

The empennage was sized based on tail volume

the horizontal tail and .06 for the vertical fin.

those of existing subsonic jets in the same nross

values resulted in a horizontal tail area of 4.83

vertical fin area of 3.90 m 2 (42 ft 2 ). No stabil

were conducted to verify these results.

Powerplant

The Garrett Airesearch TFE-731-2-2B to-bofan engine, rated at 15.6 kN

(3 500 It-f) thrust, was selected for both of the airplanes in this study.

This rated thrust is the uninstalled take-off value of sea level static

thrust for standard day conditions. Powerplant performance data for use in

the aircraft mission analysis program, was generated from available performance
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data for this engine.

The TFE-731-2-28 data 	 1) was corrected for the installation

effects of inlet ram-pressure recovery and provided extraction of service

airbleed by the methods provided in reference 2. This data was then scaled

to the required thrust level 16.5 0 (3 700 lbf) within the mission analysis

computer program.

Fuel Capacities

The configuration without LFC incorporated a fuel tank in the wing box

(including the carry through) with a capacity of 2.41 Mg (5 310 lbm). The

leading-edge extension of this wing contained an additional tank with a

capacity of 380 kg (830 lbm). The total wing fuel is thus 2.79 Mg (6 140 lbm).

A fuselage tank with a capacity of 660 kg (1 460 lbm) is installed in the

available space behind the passenger compartment. Therefore, a total of

3.45 Mg (7 600 lbm) of fuel can be carried by the airplane without LFC.

The .onfiquration with LFC incorporated a wing box tank with 2.42 Mg

(5 340 lbm) capacity plus the same size fuselage tank as on the aircraf,.

without LFC. These tanks provided a total fuel capacity of 3.08 Mg (6 800 lbm).

The reason for the lower fuel capacity is the absence of the leading-edqe

tank in the LFC wing.

As shown above, the wing-box capacities are nearly equal for both config-

urations. The maximum thickness-chord ratio of the LFC airfoil is somewhat

larger than that of the airfoil selected for the configuration without LFC;

however, the volumetric efficiency of the LFC airfoil is less because of the

indented lower contour behind the leading edqe and the volume required for the

LFC skin structure, ducting, and other equipment.

As a result, the available tank space is 85 percent of the wing box

volume for the LFC aircraft and 90 percent for the aircraft without LFC.

Consequently, the rear spar was relocated from 65 percent to 70 percent on

6



the LFC version in order to achieve nearly equal wing -box fuel capacities

for Loth of the aircraft.

Weight and Balance

An aircraft performance analysis showed that the LFC airplane carrying

9 passengers would meet the desired 5.93 Mm (3 200 n.mi.) design ran ge with

maximum iuel o f 3.08 Mg (6 800 lbm). The gross weight required to fly this

mission was found to be 86.30 kN (19 400 lbf).

The operating weight empty of the LFC aircraft was estimated to be

49.82 kN (11 200 lbf) i a gross weight of 86.30 kN (19 400 lbf). These

weights include accommodations for the maximum number of passengers (13),

2 crew members, and the extra weight of the LFC system. For the determination

of the LFC system weight, a specific (or unit) weight of 93.83 N1m 2 (1.96 lbf/

ft2 ) of projected laminarized area was used. This value was obtained from

studies conducted by system contractors to the NASA Aircraft Energy Efficiency

Program. The laminarization on the wing extends on both upper and lower

surfaces from the leading edge to approximately 75 percent of the chord,

and spanwise from the sides of the fuselage to the wing tips. The projected

area of this laminarized surface measures 17.09 m' (184 ft-'), resulting in

a LFC weight penalty of approximately 1.60 KN (360 lbf). The wei g ht of the

passenger accommodations (seats, oxygen, etc.) was estimated to Le 445 N

(100 IV) per passenger. The non-LFC configuration has larger wind tanks.

Their weight is reflected in the propulsion system wei g ht. For the LFC

version the weight of the wind mounted pods is included in the LFC system

specific weight value, therefore, it is accounted for in the structural

wing weight.

The aircraft without LFC was assumed to have an equal maximum gross

weight of 86.30 kN (19 400 lbf). The corresponding operating weight empty

is 48.04 kN (10 800 lbf) including accommodations for 13 passengers and

2 crew members. Weight breakdowns for the two models are presented in

tables II and III for varying numbers of passengers and the corresponding

1
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passenger accommodations. Mission fuel is limited by the gross wei g ht for

the 9 and 13 passenger variations and by maximum fuel for the 5 passenger

variations.

A cursory analysis indicated a center of gravity travel from approxi-

mately 16 percent to 31 percent of the MAC on both aircraft which is typical

of this class of aircraft.

AERODYNAMIC ANALYSIS

LFC Suction Power

The theoretical suction power required for laminarization of the LFC

wing upper and lower surfaces from the leading edge to the hinge lines of

the flaps and ailerons (approximately 75 percent of wine; chord) was computed.

This suction power was determined, in coefficient form, for the average

long-range cruise and average high-speed cruise conditions. The conditions

for long-range cruise were an altitude of 14.6 km (48 000 ft), a lift

coefficient of .62, and a unit Reynolds number of 3.041 x 10 6 /m2 (.9276 x

106 /ft 2 ) at M = .71. For the high-speed cruise, the conditions were an

altitude of 13.4 km (44 000 ft), a lift coefficient of .40, and a unit,

Reynolds number of 4.150 x 106 /m2 (1.265 x 106 /ft 2 ) at M - .80.

The suction power coefficient at any point on the LFC surface (ref. 3)

is defined as

PwVw	 Vw

CSPlocal y 

nom. - C p V--

System losses such as those in pumps, ducts, and valves are not accounted

for.

The pressure coefficient distribution alone the airfoil surface was

computed with a two-dimensional transonic analysis program (ref. 4 and 5).

The surface density (U w ) and suction flow velocity (V w ) distribution
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%-*rP computed with the STAYLAM boundary layer pro g ram (ref. 6). The chord-

wise pressure distributions for the two cruise conditions are presented in

figures 3 and 4. the density ratio distribution in fi gures 5 and 6, and

the velocity ratio distribution in figures 7 and H.

.	 The chordwise distribution of the suction power coefficient alon g the

upper and lower airfoil contours is shown in fi gures 9 and 10 for the two

average cruise Mach numbers. The power coefficient distribution curves

were inte grated to obtain a power ^_oefficient (C SI,	 ) based on total
airfoil

chord per unit span, for each Mach number.

The power coefficient, C SP , for the laminarized part of the wing (based

on total reference wing area) was determined through spanwise integration of

the product of local chord length and CSP
	

values. This spanwise
airfoil

integration extended from the sides of the fuselage to the wing tips. The

effects of the fi:-ite wing planform on the spanwise lift coefficient distribution

were ignored. The values of the power coefficient resultin g from the above

integration were .00154 for M = .71 and .00133 for M = .80.

The coefficient C SP can be considered to represent either power or

equivalent drag, depending on whether it is dimensionalized using 1/2p.V3S

for power or 1/2p .V2S for drag. In this study, the C SI, values were added

to the aerodynamic drag of the aircraft. The equivalent suction drag

actually depends upon lift coefficient and Reynolds number. However, since

its magnitude is not too large, only the values at average cruise conditions

were calculated. These values were assumed to be constant throughout the

analysis.

Drag Polars

Drag polars were generated for both the long ran ge and high speed

conditions. The drag polar is defined by the following equation:

9
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The value of the minimum parasite drag (C D	) was determined

Pmin

using methods developed by the Vouqht Corporation, Hampton Technical Center.

Since this method was developed for only turbulent floe. corrections were applied

to the results to account for the laming portions of t ote LFC aircraft wing.

The values of C D	were adjusted on both aircraft for the Reynolds

Pmin

numbers corresponding to the various speed and altitude combinations encountered

during climb and cruise.

Tables IV and V show the various components of the minimum parasite draq

(C D	) as computed for the two study configurations. Drag coefficients

Pmin
are obtained by dividing the equivalent flat plate area values presented in the

tables by the reference wing area of 27.03 m 2 (291 ft 2 ). Tables IV and V

correspond to ,,he start of high-speed cruise (M = .80) with the aircraft

without LFC at 13.1 km (43 000 ft ) and the L.FC airplane at 13.7 km (45 000 ft)

altitude. Table V incudes both the turbulent and laminarized parasite drag

values for the LFC aircraft wing including winq pods. The slight disparity

between tables IV and V in the turbulent drag values for the airplane parts

other than the wing is due to the difference in Reynolds numbers at the slightly

different cruise altitudes.

A comparison of the two tables reveals a 57.5 percent reduction in wing

parasite-drag flat-plate area due to laminarization [from .208 m2 (2.24 ft2)

to .089 m 2 (.95 ft 2 )]. However, t)e wing contributes only 34.2 percent to

the total drag of the aircraft without LFC. The wing wetted area amounts to

approximately 33 percent of the total wetted area, This percentage is comparable

to that of the larger commercial passenger airplanes. Only 63 percent of the

wing wetted area is laminarized since the flaps and ailerons are excluded.

Furthermore, the addition of LYC introduces two new drag items, the equivalent

suction drag and the drag of the suction engine pods. The net result is a

10
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minimum parasite drag reduction for the entire airplane of only 11.3 percent

(from C O	 n .0224 ' on the airplane without LFC to .01922 on the aircraft

Pmin

with LFC).

The variation of parasite drag with lift AC 0 , which includes
P

>	 angle-of-attack dependent friction drag, pressure drag, and the effects of

a non-elliptical load distribution on the wing, is determined from correlations

with jet transport flight data.

C21
The induced drag C p was assumed to bed which is the induced

i
drag coefficient of a wing assuming an elliptical loading. The effects

of deviations from elliptical loading are included in the flight correlations

from which AC 	 was determined.
P

Available data on the two airfoils used in this study indicated that

the compressibility drag component AC p is zero for Mach numbers up

to .80.	 M

?he equivalent drag corresponding to the theoretically required LFC

suction power C SP has been discussed in the preceding section on LFC

suction power.

Figure 11 presents the resulting lift-drag polars. For each of the two

study airplanes, two polars are shown; one for hinh-speed cruise, and the

other corresponding to long-range cruise. At high-speed cruise, M = .80,

the maximum lift-to-drag ratio for the non-LFC configuration was determined

to be 18.0 and for the LFC version 19.3. The drag difference between the

two cruise modes is caused only by Reynolds number effects, since compres

sibility drag was assumed to be zero. Since C O	is only part of

Pmin
the entire drag, the .00255 reduction obtained with LFC amounts to only

7 percent of the total drag experienced at long-range cruise.



Lift-drag ratios for the two configurations at long-range cruise speed

and high-speed cruise were derived from the polars in figure 11 and are

presented in figure 12. The values at which the aircraft operate are identified

on both fi gures 11 and 12.

PERFORMANCE ANALYSIS

h	 Take-Off and Landing Performance

Take-off and landing performance were not analyzed in this study since

wing loading, thrus t.-to-weight ratio, and the high-lift system of the study

configuration are similar to those of existing business jets all of which

operate from relatively short field lengths.

Payload . -Range Performance

The payload-range performance of the study aircraft was evaluated for

both long-range cruise and high-speed cruise conditions. Estimates were

made of take-off and descent fuel and descent distance. For reserves, a

fuel allowance sufficient for an additional 45 rninute flight at the end of

the planned range was included in the total fuel carried on the flight.

This reserve fuel allowance is typical for aircraft in this class.

The climb to cruise altitude for both aircraft was conducted at a

constant equivalent airspeed of 129 m/s (250 kts) until the desired cruise

Mach number was reached. An investigation of variations in climb speed

showed insignificant effects on range. The LFC aircraft was assumed to

climb with turbulent flow over the wing to an altitude at which the unit

Reynolds number has dropped below 6.56 x 10 6 /m (2 x 106 /ft) where the

laminarization is considered to have become fully effective.

Two methods of computing the payload (weight) were considered. In the

first method it was assumed that the passenger accommodations would be

adjusted for the number of passengers carried on the flight thus reducing

12



the empty weight 445 N (100 lbf) per uncarried passenger. In the other

method, the accommodations rare assumed constant and equal to that corres-

ponding to the maximum seating capacity.

The lift-drag ratio plots in figure 12 show that both aircraft cruise

at less than maximum va'ues. This is caused by the low wing-loading of these

airplanes which is necessary to achieve relatively short take-off and

landing capability with a simple flap system. Figures 13 to 16 show the

effect of cruise speed and payload on range. Maximum range occurs at long-

range cruise speeds of M - .70 for the non-LFC aircraft and M = .72

for the LFC aircraft. A comparison of figures 13 and 14 for the configuration

without LFC, and figures 15 and 16, for the LFC version, show that the

range reductiot, due to an increase in cruise velocity ,s less on the LFC

aircraft. One reason for this is that up to M = .8 no cowpress i hility drag

is experienced. Also, Reynolds number effects are less on a laminar surface

than on a turbulent one. Another reason is that the LFC airplane, as a

result of its lesser drag, achieves a higher cruise altitude and, therefore,

`lies at a larger C L (.463 at M = .80) than --he configuration without

LFC (C L = .406). This larger C L causes the LFC airplane to operate

higher on the L/n curve (fig. 12) where the curve is less steep and where

variations 1 •. r  have less effect. For example, figure 12 shows that

for the aircraft without LFC the L/D reduction equals 12.6 percent from

16.7 at long-range cruise to 14.6 at M = .8. For the LFC airplane L/D

decreases from 18.5 at long-range cruise condition (M = .72) to 17.1 at high-

speed cruise (M = .80), a reduction of 7.6 Qercent.

The payload and range values from figures 13 through 16 corresponding

to the maximum design speed (M = .80), and maximum range conditions (M =

.70 to .72), were replotted on figures 17 and 18 as payload (passenger)

range curves. Figure 17 applies to the case in which passenger accommod-

ations were adjusted to fit the number of passengers, and figure 18

reflects accommodations for 13 passengers. With more passengers, and thus

for shorter ranee values, the range difference between the two aircraft

decreases. This decrease occurs because the drag reduction obtained with
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laminar flow his less influence on the shorter rangE due to the lower ratio

of cruise time. when the LFC system is effective, to) total mission time.

With the maximum number of passengers (13) the ranqes of both airplanes

are practically equal.

Figure 19 presents a comparison of the fuel burned, and the reserve

fuel, as a function of the range for both airplanes. This figure corresponds

to the long-range cruise passenger-range curve of figure 17. However,

figure 19 shows that the LFC airplane still requires approximately 7

percent less fuel. With the same amount of fuel as on the non-LFC aircraft,

the LFC airplane would have a longer range. However, for the LFC airplane,

this would result in a heavier gross weight and a longer take-off field

length. The payload-range plot in figure 17 and the fuel-ranqe plot in

figure 19 show that with 9 passengers and at lon g -range cruise speed that

the LFC airplane has approximately two percent longer ranqe and requires

six percent less fuel than the non -LFC aircraft. The aircraft without LFC

will not fly the full 5.93 Mm (3 200 n.mi.) design range with a 9 passenger

plus baggage payload. The corresponding fuel per passenger mile is shown

in figure 20. This shows that the LFC aircraft burns approximatley ten

percent less fuel per passenger mile than the non -LFC aircraft. It should

be noted that the number of passengers is decreasing as the range increases

in fiqur • e 19 and 20 and that the number of passengers differs for the LFC

and non -LFC curves for the same range. For the same payload and range, the

LFC configuration burns six to eight percent less fuel than the confiquration

without LFC.

T he net improvement in performance due to LFC on a business jet was

restricted due to engine sizing requirements. To obtain relatively short

take-off and landing distances with a s : mplP flap system and to provide

adequate wing fuel capacity. the business jets were designed with a low

take-off winq-loading of 3.19 kPa (66.7 lbf/ft 2 ). This low value resulted

in a high cruise altitude. To reach this altitude, and also to improve

the take-off performance, an engine was selected that provided a take -off

T/W of .38. The same fairly high thrust powerplant was used for the

14
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non-LFC and laminar configurations since both versions operated with

turbulent flow during take-off and climb to altitude. However, the LFC

airplane required much less thrust during cruise due to the laminarization.

This r_-, ,.lted in the operating point of the LFC aircraft, on the specific

fuel consumption versus thrust plot, to move from the bucket to the

backside of the curve where the specific fuel value increases with a

reduction in thrust. The specific fuel consumption of the LFC configuration

during cruise was, therefore, approximately one-half percent higher than

that of the non-LFC airplane.

SUPPLEMENTARY STUDIES

During the course of this study the effects of engine size, aircraft

size, and aspect ratio on LFC aircraft performance were investigated.

Engine Size Effects

A brief investigation was conducted to ascertain the effect of engine

size on the range r` the LFC airplane. Sea level thrusts of 1.89 kN

(200 lbf), from the 16.5 kN (3 700 lbf) size powerplant, were considered.

The effect of engine size on OWE and fuel quantity was accounted for. The

offsetting effects of L/D and SFC, both of which increase with increasing

engine size, resulted in an insigificant (less than one percent) variation

in range with engine size. The !6.5 kN (3 700 lbf) engine size produced

the longest range.

Aircraft Size Effects

The effects of aircraft size on the benefits that could be obtained

with LFC were assessed. A wide-bodied jet transport was used for this study.

The larger dimensions and higher wing loading allows the wide-bodied jet to

fly at lower altitudes and higher Reynolds number and, consequently, lower

parasite drag coefficients than the bucinecs jet. Thus the parasite drag

reduction of the entire airplane, obtained with LFC, was found to by fifteen

15



percent for the larger airplane compared with eleven percent for the business

jet. An even larger improvement could be expected for a wide-bodied jet

specifically configured for LFC.

For the wide-bodied jet, the empty wei g ht penalty was found to be

only two percent as compared to four percent for the business jet based on the

same ratio of LFC weitlht to projected laminarized area. In general,

the ratio of gross weight to empty weight increases with the size of the

aircraft which would further reduce the effect of the I.FC weight penalty

with increase in airplane size.

The wide-bodied transports operate from longer runways, have more

sophisticated high lift systems, and less fuel capacity limitations. Wind

loading could be higher resultin g in a lower cruise altitude and lower-

thrust-to-weight ratio. Therefore, the relatively smaller engines could operate

closer to the optimum specific fuel consumption.

These factors indicate that an LFC system would have greater payoff on a

wide bodied jet transport than on a business jet.

Aspect Ratio Effects

T he effects of an increase in aspect ratio from 9.77 to an arbitrary

value of 12 was analyzed. The operating weight empty increases resulting

from the higher aspect ratio were estimated to be 534 N (120 lbf) for the

non-LFC configuration and 667 N (150 lbf) for the LFC version. The maximum

lift-drag ratio improved by approximatley ten percent on both aircraft, but

the optimum lift coefficients corresponding to the maximum lift-drag ratio

also increased by the same percentage. This increase meant that the already

high cruise altitudes would have to be even higher in order to fly at maximum

L/D.

IIf adequate fuel capacity were available, the range values at long-

range cruise speed and with 9 passengers as shown in figure 17 would increase
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for both aircraft by approximately 5.5 percent due to the larger aspect

ratio. Also the fuel burned would decrease by one-half percent. However,

the larger aspect ratio would cause a fuel capacity reduction in the wing

box of approximately 6.5 percent. As previously discussed, the LFC airplane

with an aspect ratio of 9.77 has less total fuel capacity than the non -LFC

version. For the long-range cruise range values with 9 passengers shown

'	 in fiqurc 17 the LFC airplane required its maximum fuel capacity while the

non-LFC conflejurations required approximately 95 percent of its available

fuel volume. With an aspect ratio of 12, the non -LFC aircraft still exper-

ienced no fuel ^apacity limitations on a 9 passenger mission. However,

the LFC configuration would not have enough fuel to benefit fully from

the drag reduction with an aspect ratio increase. The range gain would,

therefore, only be 2.3 percent instead of the 5.5 percent previously

mentioned.

CONCLUSIONS

A study was conducted to determine the effects of laminar flow control

(LFC) on the characteristics of a subsonic business jet designed for trans-

atlantic operation. In order to evaluate these LFC effects a comparison was

made between an LFC aircraft and an advanced turbulent flow wing airplane of

nearly identical size and geometry. The results show that:

1. The transatlantic design range objective of 5.93 Mm ;3 200 n.mi.)

can be met by the LFC airplane with 9 passengers if the trip is

flown at lon g -ranqe cruise speed (M = .72) and the passenger accommo-

dations do not exceed that necessary for the 9 passengers carried.

Under the same conditions, the non -LFC version is capable of flying

this distance but with only 8 passengers. With accommodations

installed for the maximum 13 passengers, the number of passengers

drops to 7 for the LFC and 6 for the non-LFC configuration.

2. The LFC configuration requires approximately 10 percent less fuel

per passenger mile than the aircraft without LFC for the design mission.
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3	 PpFroximately 11 percent reduction in parasite drag and 7 percent

increase in maximum lift-drag ratio is achieved with la^iinarization.

This aerodynamic advantage is partially offset due to the additional

weight of the LFC system.

4. The LFC configuration provides less fuel storage capacity than the

non-LFC version and requires all this fuel for the transatlantic

mission. The aircraft without LFC needs more fuel for this range

but the required fuel is still below its fuel maximum capacity.

5. The payload-range performance at long-range cruise speed and equal

take-off gross weight indicates that the range advantage of the

LFC aircraft over the non-LFC aircraft decreases with increasing

payload (passenger) from approximately two percent with a payload

of 9 passengers to essentially zero percent with 13 passengers.

6. Due to engine sizing requirements for relatively short airfields,

the LFC aircraft cannot operate at the optimum SFC for cruise, thus

limiting the performance payoff.

7. Increases in wing aspect ratio have a beneficial effect on range,

however, the full oenefits cannot be realized for the LFC aircraft

primarily due to reduced fuel volume when compared to the non-LFC

aircraft.
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