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ABSTRACT

An investigation was made of the effects of various propulsion system
parameters on the characteristics of a supersonic transport. The effects of
arbitrarily scaling engine size on wave drag, friction drag, drag-due-to-1ift,
wing sizing, airplane balance, and airplane weight were studied. These
evaluations were made for two families of nacelle shapes, resulting from typical
turbojet and turbofan installations. Effects of nacelle location were examined,
and the wing camber plane deformations required to cancel the nacelle interfer-
ence pressure field at cruise Mach number (2.7 M) were determined.

The most drag-sensitive parameter was found to be nacelle shape. Similarly,
wing deformation requirements were found to be primarily affected by nacelle
shape. Effects of engine size variations were noted primarily in airplane gross
weight.
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INFLUENCE OF PROPULSION SYSTEM SIZE, SHAPE, AND LOCATION
ON SUPERSONIC AIRCRAFT DESIGN

By Ellwood Bonner, Marshall H. Roe, Ray M. Tyson, and Ronald Y. Mairs °
Los Angeles Aircraft Division, Rockwell International

SUMMARY

_ The objectives of this study were to determine in a parametric manner the
‘overall effects on supersonic cruising aircraft design of the arbitrary scaling
up and down of the propulsion package and to examine the sensitivity of these
effects to nacelle shape. The study was made for nacelle shapes typical of a
dry turbo;et englne and a duct burning turbofan englne :

, The NASA arrow-wing conflguratlon was used as a baseline airframe, with

only those changes being made that were necessary to the engine installation.
‘Results of this. study cannot be assumed to be applicable to other airframe
configurations.

The turbojet engine used was the same as that used in a previous study
(reference 1), wherein a turbojet and a variable-cycle engine were compared.
In order to select the duct heating turbofan cycle for use in this study, 18
different turbofan cycles were examined, and one was selected that resulted in
the lowest airplane weight to perform a given mission. The turbojet and the
turbofan were then scaled over the range of airflows from 272 to 544 kg/sec
(600 to 1200 1b/sec) at 45 kg/sec (100 1b/sec) increments. The effects of
engine cycle and size on cruise drag, takeoff gross weight (TOGW) and wing
camber plane deformation required for nacelle interference cancellation were
then determined.

Quantitative results illustrate a sensitivity to engine cycle through the
nacelle shaping, which is related to engine cycle parameters. The duct heating
turbofan (DHIF) nacelle had an exhaust area very nearly equal to the maximum
nacelle cross-sectional area, resulting in a very small boattail angle. This
characteristic shape produces a pressure field which, when imposed on the aft
portion of the wing, results in reduced wave drag at cruise Mach mmber.
Because of the favorable shape and the favorable location, the larger the
nacelle, the larger the favorable interference drag. The turbojet (TJ) cycle
results in a nacelle shape with more boattailing and thus does not have the.
favorable interference effect demonstrated by the DHIF installation. Friction
drag, of course, is directly related to the wetted area which increases with
engine size. The magnitude of the friction drag component was larger than the
cruise speed wave drag 1ncrements, therefore, the net effect on cruise drag
was, in all cases, an increasing drag w1th increasing engine size.



The variation of wing camber plane deformation required to cancel the
interference pressure field imposed on the wing by the nacelle was found to be
within reasonable manufacturing techniques. The magnitude of the required
deformations for the turbojet installation was greater than that for the turbo-
fan installation, again due to differences in the shaping of the nacelles.

Airplane sizing studies were conducted to assess the overall effect of the
engine size and cycle variations on the takeoff gross weight of vehicles
designed to perform a given mission. This sizing process accounts for the
variation of propulsion system weight, fuel consumption characteristics, air-
plane drag and airplane balance provisions. It does not include a possible
variation of wing flutter weight penalty associated with the different engine
sizes. These results show a high sensitivity of airplane weight to engine size,
with the turbojet cycle having a higher sensitivity than the duct heating fan.

Because of the strong influence of cycle-related nacelle shaping, and to
extend the data base for support of future supersonic airplane programs, it is
. recomnended that the effects of variable-geometry components (variable-area
turbines, variable fan inlet guide vanes, and additional variable compressor
stators) for turbojet and turbofan cycles, and of variable-cycle engine param-
eters that affect nacelle shape, be examined on an overall airplane design
basis. : ’

INTRODUCTION

The National Aeronautics and Space Administration is conducting a contin-
uing program of advanced supersonic technology studies with the objective of
developing an adequate technology base to support development of future super-
sonic cruising aircraft. It is recognized in this program that one of the
more sensitive problems in the synthesis of a successful supersonic cruising
aircraft is that of airframe/engine integration. This process must investigate
and properly manage the interactions between the technical disciplines of
external aerodynamics, internal aerodynamics, engine cycle design, acoustics,
mass properties, and structural design; and, it must be responsive to the
practical considerations of fabrication, maintenance, and operation.

Although considerable effort has been expended on the problem of airframe/
engine integration, it has been mostly in the nature of point-designs, which
do not provide the sensitivity-type data needed for preliminary engine and
airframe design studies. This need of sensitivity, or trend, data was the
instigation of the present study. This study makes a systematic investigation
of the effects of engine mass flow rate and the effects of engine cycle design
on the cruise drag, takeoff weight, and wing camber plane deformation required
for nacelle interference cancellation of a representative supersonic transport.



The study is limited to a Mach 2.7 cruise speed and two engine cycles - dry
turbojet and duct heating turbofan - and does not analytically account for wing
flutter effects. The study utilized the NASA-modified SCAT-15F as a baseline
airframe on which to perform the parametric variations.

This work was performed by the Los Angeles Aircraft Division of Rockwell
International under contract NAS1-13105 for the NASA Langley Research Center.

In addition to the authors noted, significant contributions to this study
and report were made by Thomas P. Goebel and Bruce E. Moore, aerodynamics;
Kenneth W. Williston, propulsion; Floyd D. Halferty, Jr., structural design;
Lester D. Hendrix, configuration design; and David Chaloff, mass properties.

LIST OF SYMBOLS

NOTE: All aerodynamic coefficients are based on reference area of
929 sq m (10 000 sq ft) and reference chord of 50.3 m (1980 in.),
unless noted otherwise.

A.C Inlet capture area, sq m (sq in.)
ALT | Altitude, m (ft)

BP> ' Basepoint

CD , Drag coefficient

Cbg Friction drag coefficient

CDL Coefficient of drag due to 1lift
CDP Profile drag coefficient

CDW Wave drag coefficient

CG Center qf gravity

CL Lift coefficient

CM Pitching moment coefficient

CP' Static-pressure coefficient

CREF | : Reference_éhord, 50.3 m (1980 in.)
D Diameter, m, cm (in.)



daN DecaNewton

dB Decibel

DHTF Duct heating turbofan

EPNL | Effective perceived noise level, EPNdB
FAR 36 Federal Aviation Regulation Part 36
FG Gross thrust, daN (1b)

FN Net thrust, daN (LB)

ENE Net propulsive effort, daN (1b)

h Altitude, m (ft)

2, L Length, m, cm (ft)

L/D Lift-to-drag ratio

M, MO Free-stream Mach number

m Meter

OPR Overall pressure ratio

P Perimeter, m, cm (in.)

PNL Perceived noise level, PNdB

R . Reference length = 2.54 cm (1 in.)
SFC Specific fuel consumption, kg/hr/daN (1b/hr/1b)
SREF Reference area, sq m (sq ft),

Sw Gross wing area

SWET Wetted area, sq m (sq ft)

S Average oblique projected area

S, Cross-sectional érea

SL Sideline distance

TOGW Takeoff gross weight, kg (1b)



T-D
T/D
TJ

T/W

MIN

. Nondimensional length increment =

Thrust minus drag, daN (1b)

Thrust divided by drag

Turbojet

Thrust divided by weight, daN/kg (1b/1b)
Engine failure speed, km/hr (knots)

Fuel flow, kg/hr (1b/hr)

Weight divided by wing area, kg/sq m (1b/sq ft)
Airplane longitudinal dimension, m (in.):
Airplane lateral dimension, m (in.)
Nondimensional lateral station, Y/R
Airplane vertical dimension, m (in.)
Nacelle longifudinal dimension, m (in.)
Angle of attack, degrees

Increment

Change in drag increment

Nondimensional length increment =

R 2 =g

Nondimensional length increment =

SUBSCRIPTS

Camber
Minimum value
Maximum value
Reference

Free-stream or zero incidence value



NAC Nacelle
EXIT Nozzle exit

CAP, CAPTURE Inlet mass flow ratio one stream tube

BP Basepoint

Noz Nozzle

i Inboard nacelle
o Outboard nacelle
W Wing

STUDY PROCEDURE

Approach

The objectives of this investigation were to develop parametric data on the
effects of engine mass flow rate on the cruise drag, takeoff gross weight, and
wing camber plane deformation required to cancel the nacelle interference
pressure field, for a representative supersonic transport configuration. Two
engine cycles were specified - dry turbojet and duct heating turbofan.

Task description.- The general approach employed in pursuit of these objec-
tives is illustrated in the task flow diagram shown in figure 1. Four major
tasks were involved: (1) development of propulsion system data, (2) preliminary
analysis - first-iteration wave drag and airplane sizing analyses, (3) refined
analysis - second-iteration wave drag and airplane sizing analyses, and
(4) wing camber plane deformation analysis.

Baseline airplane configuration characteristics and turbojet engine
characteristics were obtained from the results of reference 1, which is a
comparison of a variable-cycle engine and a turbojet engine installation in a
supersonic transport.

An analysis was made to define an optimum duct heating turbofan cycle for
the baseline airplane and for the design mission. Selection of engine cycle
parameters was made on the basis of the minimum engine-plus-fuel weight to
complete the mission, while meeting noise and structural temperature constraints.
Following engine cycle definition, installed engine performance data and a
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nacelle design were prepared for a nominal 408 kg/sec (900 1b/sec) engine.
These were subsequently scaled over the range of 272 to 544 kg/sec (600 to
1200 1b/sec) for the required parametric analyses.

Following the fan engine analysis, preliminary sizing of the airplane was
performed for the two engine cycles for 272, 408, and 544 kg/sec (600, 900, and
1200 1b/sec) airflow. This task involved estimation of the propulsion system
weight and relocation of the wing to maintain airplane balance. For this first
iteration of airplane sizing, wave drag estimates were based on wing and nacelle
locations as defined for the baseline wing area of 995 sq m (10 713 sq ft)

In the refined analysis task, wing areas resulting from the first itera-
tion sizing process were used for airplane rebalancing. These refined airplane
geometry data were then used in the wave drag analysis. With these second-
iteration drag data, sizing analyses were repeated to define takeoff weight
required for the design range, as a function of engine mass flow rate.

Concurrently with the airplane sizing analyses, a study was conducted to
define the wing camber plane deformation required to cancel the nacelle inter-
face effects on cruise drag-due-to-1ift. This analysis was performed for both
engine cycles at 272, 408, and 544 kg/sec (600, 900, and 1200 1b/sec) airflow,
with the nacelles installed on the baseline wing of 995 sq m (10 713 sq ft)
area.

Ground rules.-

Baseline airframe: The reference configuration used in this study is a
modification of the Mach 2.7 arrow-wing-design identified as model 969-336C in
the Boeing Company report D6A11666-1. Characteristics of this airplane were
supplied by NASA, including mass properties data, dimensional data, and aero-
dynamic data. These data were incrementally corrected to account for changes
due to alternate propulsion systems. These resulting changes in weights and
drag are given in detail under '"Study Configuration Definitions."

Performance requirements: The performance requirements which were estab-
lished as a standard for all final configurations are:

Range: 6482 km (3500 n. mi.) for the basic mission
described following

Field length: 3200 m (10 500 ft), sea level, standard day;
longer of balanced field length, or 115 percent
of normal takeoff distance
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Noise levels: FAR 36

Cruise speed: 2.7 Mach number. This was specified in the
definition of the baseline airplane.

Payload: 22 290 kg (49 140 1b) (234 passengers and
luggage) :

Thrust margin: T/D 2 1.2 at 2.7 M, 18 300 m (60 000 ft) alti-
: tude, all engines operating, standard day

Mission: - The mission description'used for calculating
range, or fuel required for a given range, for
each candidate configuration is illustrated in

figure 2. ;
Fuel reserves: As recommended in Lockheéd report LR26 133
(ref. 2) ;
i
Alternate mission: The mission description for the case of a cri-
tical engine failure at midmission is defined
in figure 3.

Study Configuration Definition

Airframe.- The reference configuration used for the study is the Langley
Research Center 340 000 kg (750 000 1b) TOGW, 234-passenger transport with
995 sq m(10 713 sq ft) two-segment leading edge arrow-wing and four axisym-
metric pod-mounted 278 kg/sec (633 1b/sec) GE4/JSP turbojet engines along the
trailing edge. The general arrangement of this configuration is presented in
figure 4. The normal cross-sectional area distribution buildup and component
wetted area summary are presented in figure 5 and table I, respectively.

Flaps and gear-down trimmed lift and drag characteristics used for airport
performance analysis are presented in figure 6. These results were taken
directly from reference 3, section 7.2.1. Adjustments for canard removal, use
of the horizontal tail as the primary trim device, wing leading edge sweep modi-
fication, etc., were neglected, since the present study is concerned with rela-
tive as opposed to absolute performance. The lift-off 1ift coefficient of
about 0.55 was assumed to be unaffected by increases in engine size or decreases
in wing area. Although the flap effectiveness, CL, s, would be expected to be
degraded by reduction in flap span as engine size increases, the lift-off
angle of attack can be increased due to the aft movement of the wing. The
variation of flap area and lift-off angle-of-attack limit is shown in table II
as a function of engine size. o
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TABLE I.- REFERENCE CONFIGURATION WETTED AREA AND LENGTH SUMMARY

Swet, Length,
Component sq m (sq ft) m. (ft)
Fuselage 753 (8 108) 90 (295)
Wing 1 630 (17 586) 22 (72)
Nacelles (4) 267 (2 870) 109 (35.8)
Center line vertical 24 (258) 4.3 _(14.1)
Wing verticals 85 (920) 8.2 (26.8)
Ventral 16 (168) 14.2 (46.7)
Horizontal tail 84 (900) 10.9 (35.8)
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The trimmed, clean, reference configuration drag polars are presented on
figures 7 through 11. These data were provided to the contractor by Langley
Research Center and will be subsequently incrementally corrected to account for the
effect of engine and wing size and the repositioning of these components to satisfy
aerodynamic balance consideration. For subsequent comparisons, the friction
and wave drag characteristics of the reference configuration are summarized
on table ITI. The former was evaluated for a fully turbulent, hydraulically
smooth condition using the incompressible von Karman-Schoenherr variation:.

(ref. 5) in conjunction with the adiabatic compressibility correction of

Sommer and Short (ref. 4).. Component characteristics length (e.g., the distance
between the inlet lip and nozzle exit for the nacelle,. the exposed wing mean
aerodynamic chord, etc.) of table I and the altitude along the mission climb
profile were used to evaluate length Reynolds numbers. The resulting flat plate-
skin friction drag was increased by 5 percent to allow for form losses. The
wave drag due to thickness was evaluated using supersonic area rule theory

(ref. 6 and 7) in conjunction with a transparent wing simulation. Nacelle
preentry and postexit stream tubes were assumed to be equal to the inlet capture
‘and nozzle exit area, respectively. The wing thickness distribution utilized
in the analysis was established from wave drag card deck data provided to the
contractor by Langley Research Center. :

The reference configuration is assumed to be balanced to meet the stability
and control requirements defined in reference 8, section VI-2, which include
(1) rotation speed consistent with geometry-limited maximum 1ift coefficient in
ground effect, (2) ability to provide nosedown pitching acceleration of 0.1 rad/
sec® at the minimum demonstrated speed (determined from a 0.5 g incremental
maneuver from trim at the approach speed) and maximum landing weight, and
(3) satisfactory longitudinal short-period characteristics at approach using
stability augmentation. For the remainder of the study, the configuration
balance that resulted from these considerations was used, as opposed to the
10 individual criteria defined in reference 8. Specifically, all arrangements
were aerodynamically balanced to a neutrally stable condition for takeoff, with
tail sizes adjusted to offset wing movement and size changes such that the vari-
ous tail volumes are constant.

The packaging and installation of the study propulsion system followed
several general ground rules in order to maintain high aerodynamic cruise

19



TABLE II.- LIFT-OFF ANGLE AND FLAP ARFA SUMMARY

S
W
995.2 sq m (10 713 sq ft) | Resized wings

Engine airflow, S S
. Wa oM FLAP aLmM _FLAP
kg/sec (1b/sec) Sy Sy
Reference 6.8 0.077 NA NA
272 (600) 6.9 0.077 7.2 0.080
408 (900) 7.6 0.075 7.6 0.076
544 (1200) 8.4 0.071 7.9 0.069

NOTE Data are applicable to either turbojet or turbofan configurations.
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TABLE III.- REFERENCE CONFIGURATION ESTIMATED SKIN FRICTION AND
WAVE DRAG CHARACTERISTICS, Sref =929 SQ M (10 000 SQ FT)
Nacelle
M h CDP CDW ACDP ACDW
457.2 m
0.4 (1 500 ft) .00586 — 0.00062 —
6 248 m
0.8 (20 500 ft) . 00555 — 0.00058 —
10 455 m
1.2 (34 300 ft) .00531 0.00365 0.00056 0.00139
11 522 m
1.4 (37 800 ft) .00514 0.00338 0.00054 0.00100
13 564 m
1.8 (44 500 ft) .00472 0.00261 0.00050 0.00059
15 697 m
2.2 . (51 500 ft) .00433 0.00232 0.00046 0.00043
18 288 m
2.7 (60 000 ft) .00399 0.00238 0.00042 0.00048
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efficiency and provide consistent comparisons concerning the effects of engine
size. They are:

1. The nozzle was operated at the ideal expansion area ratio in order
to decrease the nacelle boattail area and increase internal nozzle
efficiency at Mach 2.7 cruise.

2. Engine accessories were removed and located in the wing structure to
reduce the maximum cross-sectional area of the nacelle. The engine
was tucked up into the wing as necessary and allowable, for the same
Treason.

3. Nacelle relative volume allowances for structure were held constant.

4. Nacelle overhang of the wing trailing edge was limited to the base-
line configuration value, for structural reasons.

5. The nacelle longitudinal distance between the outboard nacelle inlet
face and wing leading edge and the inboard/outboard nacelle separa-
tion were preserved in order to maintain propulsion system flow
quality.

6. The reference configurafion philosophy of locating the propulsion
system volume in a region of decreasing wing thickness was preserved.

Detailed nacelle layouts for a 408 kg/sec (900 1b/sec) engine (study base-
line propulsion system), satisfying guidelines 1 through 3, are presented in
figures 12 and 13 for the turbojet and turbofan cycles, respectively. Also,

a direct overlay of the two nacelle envelopes is presented in figure 13a to
facilitate comparison of the two engine packaging characteristics. The
associated configuration drawings are presented in figures 14 and 15. A com-
parison of the normalized nacelle residual cross-sectional area distribution

is presented in figure 16. (The reference configuration nacelle has been ‘
superimposed on this data for comparison purposes.) The maximum cross-sectional
area relative to the capture and exit areas was much more easily controlled

(and to a substantially greater degree) for the turbofan cycle in spite of
effort to improve the area distribution of the turbojet by tucking into the
wing, etc.’. : : :

The increased rate of forebody cross-sectional area buildup of the turbo-

! . jet nacelle is a result (figure 13a and table VIII) of the smaller inlet i
. capture area relative to that of the engine front face and the associated more

forward location of the engine relative to the inlet. A closer matching of :

these areas was obtained for the turbofan due to its higher airflow require- - |

ment at the design (Mach 2.7) cruise condition. The reduced boattail area of i

the turbofan is a result of the larger nozzle area relative to the engine

27
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Figure 14,- Configuration layout - NASA AST with TJ73-02 turbojet engines.
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front face. This again is due primarily to the 15-percent greater airflow
demand of the turbofan cycle.

It can be anticipated that engine cycle packaging differences will
influence the study results as well as the engine size effects, which are the
primary variables of the analysis. This is confirmed by the wave drag analysis
of figure 17. The figure shows a significantly improved total configuration
volumetric efficiency for the turbofan cycle throughout the supersonic Mach
number range and a favorable pressure drag interference (relative to the nacelle
off-configuration) above about Mach 1.9. An explanation of these results over
and above the isolated nacelle shape is made with the aid of the Mach 2.7 total
configuration average body area distribution of figure 18. The turbofan con-
figuration has a smaller maximum cross section and a larger exhaust area than
the turbojet, and consequently would be expected to have lower wave drag.

Detailed component geometric scaling was carried through for the minimum
and maximum airflow of the study for the turbofan and turbojet cycles. It was
- found that various propulsion system characteristic dimensions changed essen-
tially as the square root of the airflow. For example, if the 408 kg/sec
(900 1b/sec) nacelle inlet dimensions, engine length, and maximum nozzle exit
diameter are scaled up to the 544 kg/sec (1200 1b/sec) case or down to the
272 kg/sec (600 1b/sec) case, the deviations shown in table IV result. It is
concluded that adjustment of the median-size nacelle detailed layout dimensions
by square root of the airflow is reasonable over the range of airflows of the
present study. This rule was utilized for all drag and nacelle flow field cal-
culations reported in subsequent paragraphs of this report.

Propulsion. - Two engine types were studied in this program: turbojet and
duct-burning turbofan. The baseline propulsion system (figure 12) consistedof a
variable-ramp, two-dimensinal, mixed-compression, bifurcated-duct inlet and a
single-spool, dry turbojet. The turbojet, designated TJ73-02, had a variable-area
convergent-divergent nozzle with retractable noise suppressor and retractable.
thrust reverser. A noise suppressor with a maximum 10 dB suppression capa-
bility was used. The turbofan propulsion system (tigure 13) used the same type
of inlet, but had a 1.5 bypass ratio, dual-spool, separated flow, duct-burning
turbofan engine. This engine, designated SF74-19, had variable-area convergent-
divergent nozzles on the core and fan bypass. A retractable noise suppressor
with a maximum of 5 dB suppression capability was used on the fan bypass flow
only. The thrust reverser supplied reverse thrust of the fan bypass air only.
The following paragraphs discuss the propulsion technology used, the method
used for determining noise, the propulsion performance force accounting, the
duct-heating turbofan selection process, and a comparison of the selected
turbofan engine with the turbojet.

Propulsion system technology: Propulsion system characteristics were based
on technology that could be demonstrated in 1975. All engine weights, dimen-
sions, and propulsion system performance data were computed using the Rockwell
steady-state propulsion analysis computer program. The propulsion system analy-
sis computer program is basically an engine cycle analysis program extended to
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TABLE IV.- DEVIATIONS IN NACELLE GEOMETRY DUE TO;AIRFLOW SCALING

% deviation % deviation
Airflow, % deviation in. enginé in Apg,
Engine kg/sec (1b/sec) in Ac length max
1
|
Turbojet 272 (600) 0 -3.2 -1.2
408 (900) - - -
544 (1200) 0 +3.9 +0.4
Turbofan 272. (600) 0 -4.2 +0.7
408 (900) ‘ - - -
544 (1200) 0 +2.6 +0.2

NOTE: Deviations are determined by the following:

Pscaled ) Pactual

P x 100
actual

where P indicates the parameter and the subécript "actual"

refers to results obtained by a higher-order scaling.
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compute overall propulsion system performance, including inlet and nozzle
effects as shown schematically in figure 19. Real thermodynamic properties

are included in curve fit form. All component characteristics, including

inlet and nozzle, are input in map form. The basis of this program was devel-
oped under NASA contract NAS2-2985, ''Study of Performance and Weight Analysis

of Air Breathing Propulsion System for Hypersonic Aircraft." This computer
program is capable of computing performance and engine weight and dimensions for
several turbocycle engine configurations, including turbojet, turbofan, and
turbo-derivative propulsion systems.

Component characteristics used in this study for the turbojet and the
turbofan engines are compared in table V. The turbojet engine, the TJ73-02, is
the same as that used in the study of reference 1. All engines used variable
stators in their compressors, but had fixed-geometry turbines.

Noise determination: Perceived noise levels from jet exhaust were evalu-
ated based on the SAE AIR 876 method. Perceived noise levels (PNL) were con-
verted to effective perceived noise levels (EPNL) by correcting for aircraft
Mach number (M), altitude (ALT), and sideline distance (SL), using figure 20,
which was developed from empirical static exhaust noise data, and the method
of FAR 36. The EPNL is determined, then, by:

M M
EPNL = PNL - 10 1og< 003>+ EPNL + 10 log (30_3) “BNL | g ire 20

No reduction of noise level was assumed for coannular jets.

Noise suppression characteristics used are presented in figure 21. These
data were developed from a survey of predicted suppression technology by engine
manufacturing companies, with some consideration given to the relative risk of
obtaining high levels of suppression. Application of noise suppression resulted
in a gross thrust loss of 1 percent for each 2 dB reduction at the suppressor's
design condition (i.e., 5 percent gross thrust loss at all operating conditions
for a suppressor designed for 10 dB suppression). Weight of a 10 dB noise
suppressor was assumed to be 50 percent of bare nozzle weight.

At approach flight conditions, inlet throat velocities were kept high by
inlet ramp control to minimize machinery noise.

Integrated propulsion control: An integrated propulsion control system
was assumed in the estimation of all installed performance. This control sys-
tem provides increased performance through (1) closed-loop control of the inlet
and engine airflow, and (2) elimination of those operating point compromises
normally required to ensure stability during transient operation. The control
allows smaller steady-state stability margins than conventional separated inlet
and engine controls because it can provide increased stability margins when
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TABLE V.- ENGINE COMPONENT CHARACTERISTICS

Engine Turbojet Turbofan
Fan:
Design point adiabatic efficiency --- 0.82
Peak adiabatic efficiency --- 0.862
Corrected speed control limit, % --- 105
Physical speed control limit, % --- 100
Inlet Mach number --- 0.55
Discharge Mach number --- 0.40
Tip speed, m/sec (ft/sec) --- 518 (1 700)
Design stall margin, %2 --- 12.0
Minimum stall margin, %2 --- 8.0
Hub/tip ratio --- 0.40
Compressor:
Design point adiabatic efficiency 0.85 0.85
Peak adiabatic efficiency 0.865 0.865
Corrected speed control limit, % 105 105
Physical speed control limit, % 100 105
Inlet Mach number 0.53 0.50
Discharge Mach number 0.35 0.35
Tip speed, m/sec (ft/sec) 427 (1 400) 427 (1 400)
Design stall margin, %2 12.0 12.0
Minimum stall margin, %2 8.0 8.0
Hub/tip ratio 0.45 0.60
Maximum discharge pressure 138 (200) 186 (270)
limit, N/sq cm (psia)
Maximum discharge temperature 922 (1 660) 922 (1 660)
limit, °K (°R)
Combustor:
Design point efficiency 0.985 0.985
Design point pressure drop, % 6.0 6.0

Fuel lower heating value, J/g (BTU/1b)
Maximum exit gas temperature, °K (°R)

High pressure turbine:

Design point adiabatic eff1c1ency

Peak adiabatic efficiency

43 152 (18 560)
1 810 (3 260)

0.895
0.898

43 152 (18 560)
1 810 (3 260)

0.895
0.895
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TABLE V.- ENGINE COMPONENT CHARACTERISTICS - Continued.

Engine Turbojet Turbofan
Rotor cooling flow % 7.5 7.5
Nozzle cooling flow % 7.5 7.5
Maximum rotor inlet gas 1 700 (3 060) 1 700 (3 060)

temperature, °K (°R) :
Design point discharge Mach 0.45 0.45
number :
Maximum discharge Mach number 0.55 0.55
Low-pressure turbine:
Design point adiabatic --- 0.895
efficiency
Peak adiabatic efficiency --- 0.897
Rotor cooling flow, % --= 2.5
Nozzle cooling flow, % --- 2.5
Design point discharge Mach --- 0.45
number
Maximum discharge Mach number --- 0.55
Duct burner:
Maximum exit temperature, --- 2 030 (3 660)
OK (OR)
Peak efficiency --- 0.905
Design pressure loss, % --- 6.0
Design diffuser inlet Mach --- 0.3
number
Design burner inlet Mach number --- 0.22
Minimm temperature rise, °C(°F) --- 278 (500)
Nozzle:
Core secondary airflow, % 3.0- - 3.0
Core secondary airflow source Compressor Fan bypass
: interstage
Fan secondary airflow, % --- 0
Internal gross thrust
Friction and leakage, % 1.5 1.5

Divergence and under expansion

Varies with nozzle position
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TABLE V.- ENGINE COMPONENT CHARACTERISTICS - Concluded

Engine

Turbojet

Turbofan

Maximum noise suppression, dB

10

5 (fan bypass only)

2 Percent stall margin is defined as 100 x 1.0-PRo/PRs), where PRo is the
operating pressure ratio and PRs is the stall pressure ratio at the same

corrected speed.
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throttle transients are commanded. The inlet capture area was sized at maximm
power at Mach 2.7. However, at transonic and supersonic maximum power condi-
tions, the engine and inlet were controlled to match airflow, unless a physical
limit was encountered. '

Propulsion performance force accounting: The determination of installed
‘engine performance requires proper accounting of all forces and interactions
between external and propulsion flow fields. Corrections are applied to pro-
pulsion system performance for the effect of these interactions. The propulsion
installation effects represent corrections for the following:

° Inlet recovery: Subsonic diffuser and sharp lip losses plus shock
losses at supersonic speeds

° Inlet drags: Additive or spillage drag, boundary layer control air
momentum loss, bypass air momentum loss, and bypass door drag

° Afterbody drags: Scrubbing drag; nozzle exit blunt base drag:; and
effect of nozzle position and exhaust plume on external drag of the
nacelle, nozzle, aft fuselage, and tail

° External flow effects on nozzle internal gross thrust
° Power extraction and compressor bleed

Thrust and drag forces which act upon the propulsion system are normally
added as vectors to obtain magnitude and direction of the resultant force vector. .
Because propulsion gas flow is discharged at small angles to free-stream flow,
the 1ift components of propulsion forces are negligible and are considered to
be zero for the purpose of installed performance.

Inlet characteristics used are presented in reference 9.

The basic airplane drags are calculated with the exhaust nozzle position
scheduled as a function of Mach number and the nozzle operating at a low-
pressure ratio (~1.0). Thus, nozzle/afterbody drag increments used in propul-
sion performance account for effects of operating nozzle pressure ratio, any
changes in nozzle position from the nominal schedule, and the blunt base drag
due to the finite thickness of the nozzle exit. Nozzle/afterbody drags for
the turbojet and turbofan installations are presented in references 9 and 10,
respectively.

Compressor bleed-air extraction used was 0.68 kg/sec (1.5 1b/sec) per
engine. Power extraction used was 148 kw (200 hp).
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Duct heating turbofan cycle selection: Eighteen parametric turbofan
engine cycles were selected for preliminary analysis. The cycles were chosen
to show the effects of changing each major cycle parameter on noise level,
performance, weight, and engine dimensions. These cycles were selected based
on a review of engine technology level and on results of previous studies.
The cycle characteristics of these 18 engines are presented in table VI. All
engines were sized for 408kg/sec (900 1lb/sec) design airflow. Installed
performance was calculated for each cycle at flight conditions representative
of those that are most important to vehicle performance. Data were calculated
for a range of duct burner temperatures and for maximum dry power at takeoff,
transonic acceleration, and at supersonic cruise. Installed performance and
engine weight and dimensional data are presented in table VII. All engines
were capable of meeting FAR 36 requirements with 10 dB, or less, suppression.

The aforementioned data were used to determine propulsion system weight
increments for the 100-percent-size engines. The propulsion system weight
increment includes the changes in engine and inlet weights and the change in
cruise fuel (2 hours at Mach 2.7) relative to the SF74-12 propulsion system.
The SF74-12 was selected as a reference because it had the largest propulsion
system weight. The results of this analysis, presented in figure 22, show
that systems with the largest weight decrease relative to the SF74-12 are
those with bypass ratios in the range of 1.5 to 2.0.

Noise SUppressors are limited to operation at or below exhaust temperatures
of 1140° K (2060° R) because of suppressor material strength limitations. Thus,
the engines had to be resized to meet takeoff requirements at the reduced duct
burner temperatures. Figure 23 shows the engine size required to produce the
same static thrust as the baseline TF73-02 engine at this limit temperature.

Because of the complexity of providing two noise suppressors on separated
flow turbofans, it was decided to eliminate the noise suppressor on the core
gas flow. With no suppression, exhaust gas velocities must be limited to about
640 m/sec (2100 ft/sec) to meet FAR 36 noise requirements. The smallest engine
that meets FAR 36 requirements with no suppression on the core and with a duct
burner temperature of 1140° K (2060° R) has a bypass ratio of 1.5, fan pressure
ratio of 3.2, and combustor exit temperature of 1810° K (3260° R). The combina-
tion of 3.2 fan pressure ratio and duct burner temperature of 1140° K (2060° R)
requires only 5 dB suppression to meet FAR 36 requirements. Thus, the SF74-19
engine cycle was selected for the propulsion system of the detailed study. Nor-
mal takeoff thrust is then defined by using duct burning to 1140° K (2060° R)
and using 5 dB suppression on the fan bypass stream.
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TABLE VI.- PRELIMINARY DUCT BURNING TURBOFANS

Fan Overall Turbine rotor
Engine Bypass pressure ' pressure inlet temp
designation ratio ratio ratio °K (°R)

SF74-02 1.0 4.0 15 1700 (3060)
SF74-03 1.0 3.2 15 1700 (3060)
SF74-04 1.0 3.2 12 1478 (2660)
SF74-05 2.0 3.2 15 1700 (3060)
SF74-06 2.0 2.7 15 1700 (3060)
SF74-07 2.0 2.7 15 1589 (2860)
SF74-08 2.0 2.7 12 1478 (2600)
SF74-09 3.0 2.7 15 1700 (3060)
SF74-10 3.0 2.4 15 1700 (3060)
SF74-11 3.0 2.4 15 1589 (2860)
SF74-12 3.0 2.4 12 1478 (2660i
SF74-13 1.0 2.7 15 1700 (3060)
SF74-14 1.5 2.7 15 1700 (3060).
SF74-15 2.5 2.7 15 1700 (3060),
SF74-16 2.0 2.4 15 1700 (3066)
SF74-17 2.0 2.7 15 1478 (2660)
SF74-18 1.5 2.4 15 1700 (3060)
SF74-19 1.5 3.2 15 1700 (3060)
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AWT - Propulsion weight increment relative to SF74-12, -1 000 kg

Propulsion weight includes fuel weight for 2 hours of supersonic
cruise plus inlet and engine weights.
Weight increment is:

propulsion weight - SF74-12 propulsion weight

-1h ‘Overall p?essu}e ratio is 15. -
-6 - Combustor exit temperature is 1810° K (3260° R).
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- Figure 22.--Préliminary propulsion éystem weight increments.
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Reference thrust is 28 400 kg (64 000 1b) at
sea level static, standard day.

Overall pressure ratio is 15,
Combustor exit temperature is 1810° K (3260° R).
Duct burner temperature is 1140° K (2060° R).
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Percent engine size required for reference thrust
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Figure 23.- Engine size required for reference thrust.



A study of the impact of changing exhaust nozzle size on propulsion and
aircraft performance was also made. The nozzle of the SF74-19 was increased
in diameter relative to the preliminary parametric engines for two reasons:
(1) to improve supersonic cruise installed performance through complete expan-
sion of exhaust gases, and (2) to reduce nacelle afterbody boattail drag at
supersonic cruise. To determine the overall effect of this change, performance
and weights with the original and with the larger nozzle diameters were deter-
mined. The system with the smaller nozzle was designated SF74-19A. The
improved performance and reduced drag of the larger nozzle resulted in air-
plane weight reductions that more than offset the increased weight of the
larger nozzle. The airplane weight reduction, for constant range, was approx-
imately 2000 kg (44001b). All turbofan propulsion data are presented in
reference 10.

Comparison of turbofan and turbojet: To ensure that the general character-
istics of the turbofan engine were valid for this study, characteristics of the
SF74-19 were compared to those of a Pratt § Whitney Aircraft (PWA) study engine
with a slightly higher bypass ratio. Performance and general dimensional and
weight characteristics of the PWA and SF74-19 engines compared very well,
with only slight differences due to different bypass ratios.

Comparisons of installed performance of the turbojet and turbofans at
typical supersonic and subsonic flight conditions are presented in figures 24
and 25, respectively, for 100-percent-size engines. Weight and dimensional
data are compared in table VIII.

Nacelle design: The turbofan installation resulted in lower vehicle wave drag
than the turbojet installation. Two engine-associated items were responsible for
the differences. One is that the ratio of nacelle maximum cross-sectional area
to capture area is smaller for the turbofan than for the turbojet. The fan,
having a low-pressure ratio, demands more airflow at supersonic cruise
than the high-pressure ratio compressor of the turbojet. This results in a
15-percent larger inlet capture area for the turbofan engine for the same sea-
level design airflow. In addition, the turbofan engine face diameter is approx-
imately 0.05 m (2 in.) less than that of the turbojet. (This is due to a
slightly lower hub-to-tip ratio on the fan.) Thus, the turbofan engine has
less cross-sectional area at this station. A direct comparison of the
two nacelles is shown in figure 13a.

¢

The other item which contributes to lower drags with the fan engine naéelle
is the ratio of nacelle maximum cross-sectional area to nozzle exit area, wpich
1s smaller for the fan than for the turbojet engine. Thus, nacelle boattail
angles are reduced. '
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TABLE VIII.- COMPARISON OF TURBOFAN AND TURBOJET WEIGHTS AND DIMENSIONS FOR
408 KG/SEC (900 LB/SEC) AIRFLOW ENGINES

Dry weight, kg (1b)

Inlet capture area, sq m (sq in.)

8748 (19 285)

2.63 (4 071)

7330 (16 160)

3.02 (4 686) |
|

Engine TJ73-02 SF74-19 j SF74-19A
Length, m (in.) 8.15 (321) | 7.30 (287) l 7.30 (287)
Maximum diameter, m (in.) g
(at nozzle) 2.13 (84) 2.31 (91) ; 2.06 (81)
Engine inlet diameter, m (in.) |1.91 (75) | 1.86 (73) f 1.86 (73)
i

7110 (15 680)

3.02 (4 686)
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These items suggest areas which should be explored toward obtaining
improved nacelle shapes. If the turbojet airflow could be increased at super-
sonic cruise, the inlet capture area could be increased. The airflow could be
increased by (1) overspeeding the engine, (2) changing the engine cycle to
lower pressure ratio, or (3) adding variable-geometry turbines. Any of these
methods of increasing airflow would also allow increasing the nozzle exit area,
which also reduces drag. Changes in engine geometry could reduce the maximum
cross-sectional area of the nacelle. Reducing compressor hub-to-tip ratio or
reducing flow areas (thus increasing flow velocities) in the engine would
reduce engine diameters.

|

Mass Properties.- The weights of the NASA vehicle used as the basis for
vehicle comparisons in this study and the basepoint 408 :kg/sec (900 1b/sec)
airflow turbojet propulsion/nacelle package weights are the same as those
reported in the recently completed NASA study of reference 1. The methods
used to scale the nacelle package weights with changes in engine size are
presented in detail in reference 1. The basepoint 408 kg/sec (900 1b/sec)
airflow turbofan nacelle package weight (table IX) was éstimated from a layout
drawing (figure 13), employing the same methodology as used for the turbojet
installation, as described in reference 1.

The criterion selected to balance all configurations of this study was
that of neutral stability in pitch (c.g., at 71.4% CRooT) for the takeoff (gear
down) condition. This choice was based on the study results of reference 8,
which indicate that this level was consistent with satisfying 10 individual
static and dynamic low-speed longitudinal criteria. Parametric calculations
(discussed later) indicate that the drag characteristics are relatively insensi-
tive to modest changes in stability level used for balance.

The wing repositioning data defined in this section represent incremental
movement of the wing relative to the 278 kg/sec (633 1b/sec) reference configu-
ration. It is thus assumed that this arrangement satisfies the previous sta-
bility criteria.

The impact of engine size on the longitudinal wing location required to
maintain neutral static pitch stability for the takeoff configuration with
constant wing area of 995 sq m (10 713 sq ft) and takeoff gross weight of
340 000 kg (750 000 1b) is presented in figure 26. The nacelles were grown
for this calculation such that their apex locations are coincident with the
reference configuration in order to maintain the same location of the inlet
to wing leading edge and nacelle thickness relative to the wing. One calcula-
tion point for an alternative assumption of maintaining the nacelle center-of-
gravity location constant is shown for the 544 kg/sec (1200 1b/sec) turbojet
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TABLE IX.- TURBOFAN BASEPOINT PROPULSION NACELLE PACKAGE WEIGHT
FOR 408 KG/SEC (900 LB/SEC) ENGINE

Item KG/NAC LB/NAC

Nacelle structure (1 388) (3 060)
Lip to engine face 503 1 110
Engine face aft 885 1 950

Air induction system (1 399) (3 085)
Ducts (cowl lip to engine face) 302 665
Leading edge 68 150
Fixed ramp/splitter 39 85
Splitter/center beam 215 475

Ramps and actuation 567 1 250
Bypass and auxiliary inlet systems 136 300
Secondary air provisions 27 60
Controls 45 100
Engine (includes residual fluids) 7 375 16 260
Engine mounts 111 245
Total weight/nacelle 10 273 22 650
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cycle in order to establish wing position sensitivity to nacelle growth rules.
The turbofan cycle requires a smaller wing shift for all engine sizes, as a
result of the considerably lighter nacelle installation relative to the turbo-
jet. The engine weight is the principal component difference. Aerodynamic
balance requires that the wing be shifted aft 1.52 m and 2.6 m (60 in. and

102 in.) for the basepoint 408 kg/sec (900 1b/sec) turbofan and turbojet cycles,
respectively.

Balance of the minimum takeoff gross weight configurations was based on
the first-iteration wing area and fuel weight sizing results under 'Airplane
Sizing," in conjunction with the nacelle-wing relocation data of 'Drag Analysis."
The fuel center-of-gravity was assumed to be the same as the reference configu-
ration. - The resulting impact on wing location is presented on table X.

Drag Analysis

The objective of this analysis was to provide incremental wave and skin
friction drag corrections to the reference configuration drag polars of fig-
ures 7 through 11 for the effects of engine size. The specific methods which
were used were defined previously in conjunction with the nacelle geometric
airflow scaling procedure. The results for the constant TOGW performance
analyses reflect the impact of engine size on 995 sq m (10 713 sq ft) wing-
nacelle position required to maintain neutral aerodynamic balance. For the
minimm TOGW performance evaluation, the analysis'further reflects the change
in wing size and the resultant effect on wing and nacelle location. In each
case, (1) the propulsion system packaging and installation is in accordance
with the guidelines discussed previously, and (2) the empennage size is adjusted
to account for changes in wing area and tail arms such that the various tail
volumes are held constant.

The trimmed drag-due-to-1lift characteristics for the various configurations
are assumed to be independent of wing area and the same as the reference con-
figuration. At the supersonic cruise condition, the performance can be realized
in principle (ref. 11 through 14) by rewarping the wing to cancel the inter-
ference flow field induced by nacelle thickness. Such incremental camber plane
corrections are established as a function of engine size for both the turbofan
and turbojet .cycle under ''Nacelle Interference Effects.' An assessment of the
drag-due-to-1lift characteristics at off-design conditions (airplane Mach less
than 2.7) requires wind tunnel tests and/or further nacelle flow field calcula-
tions for the modified wing camber shapes. Since such effort is beyond the
scope of the present study, the previously indicated assumption was necessary.
In order to assess the possible impact of this consideration on the study results,
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TABLE X.- WING LOCATION SUMMARY FOR PRELIMINARY RESIZED CONFIGURATIONS

et X ——

Not to scale

| _ e
S
wé 9 W 2 X
Cycle kg/sec (1b/sec) m- (ft™) cm (in.)
272 (600) 776.2 2065
(8 359) (813)
Turbojet 408 (900) 868.7 2073
(9 351) (816)
544 (1200) 971.4 1951
(10 456) (768)
272 (600) 789.3 1943
(8 496) (765)
Turbofan 408 (900) 860.9 1948
(9 267) (767)
544 (1200) 952.7 1824
(10 255) (718)
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a determination of the relative importance of drag uncertainties on constant
TOGW performance was made. For this purpose, the range sensitivity for the
median-size 408 kg/sec (900 1b/sec) turbojet reference configuration was eval-
uated at various assumed constant levels of drag change over the entire Mach
number envelope and at the supersonic cruise point only. The results for this
case indicated a 63 km (34 n. mi.) per drag count and 46 km (25 n. mi.) per
drag count influence, respectively. Additional calculations indicated that
the range performance was relatively insensitive to transonic drag changes.
Uncertainties in drag due to 1ift, although not negligible at lower Mach
numbers, are considerably less important than the Mach 2.7 cruise condition.

Prior to initiating the detailed drag calculations, a parametric analysis
for the 272, 408, and 544 kg/sec (600, 900, and 1200 1b/sec) configurations
with a constant wing area of 995 sq m (10 713 sq ft) was performed to assess
the sensitivity of the wing-nacelle position (i.e., the specific aerodynamic
balance criteria selected) on the Mach 2.7 wave drag. The results are pre-
sented in figure 27. A longitudinal aft wing movement of zero corresponds to
the position of the Langley Research Center reference configuration. All wing
locations considered resulted in a small favorable effect for both engine cycles.
The use of an aerodynamic balance criteria moderately different (1%€ corres-
ponds to approximately 0.33 m or 13 in.) than neutral as proposed here does
not appear to impact the cruise wave drag levels appreciably.

Aerodynamic balance requires that the 995 sq m (10 713 sq ft) wing be
shifted aft 1.52 and 2.6 m (60 and 102 in.) for the study basepoint 408 kg/sec
(900 1b/sec) turbofan and turbojet cycles, respectively. The resulting con-
figuration layouts are presented in figures 14 and 15. The tail size increases
required to maintain the same empennage volume are indicated in the lower right-
hand block, but were not redrawn, as the differences are negligible at 1/80
scale. A comparison of the 408 kg/sec (900 1b/sec) turbojet nacelle installa-
tion to the 278 kg/sec (633 1b/sec) reference nacelle installation is presented
in figure 4. The former is prior to the inclusion of wing shift. The impact
of aerodynamic balance on the study basepoint wave drag is presented in
table XI. The effect is favorable at most Mach numbers, with the turbofan
generally benefitting the most. The average body area distribution comparison
for the turbojet and turbofan basepoint layouts at Mach 2.7 is presented in
figure 28. These data compare to similar information presented in figure 18,
prior to inclusion of aerodynamic balance considerations. The basic reasons
for the improved volumetric efficiency for the turbofan remain unchanged by
wing relocation; i.e., smaller cross-sectional area, lower afterbody slope,
and larger ratio of exhaust area to maximum cross-sectional area are sufficient
in both cases to produce the indicated benefits of aft wing/nacelle movement.

The effect of engine size on the wave drag for the turbofan and turbojet
cycles with the inclusion of aerodynamic balance considerations (in accordance
with figure 26) is presented in figure 29. The major difference exhibited is
due to engine cycle effects and is a result of the better matching of inlet to
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TABLE XI.- IMPACT OF BALANCE ON BASELINE CONFIGURATION WAVE DRAG

SW = 995 sq m (10 713 sq ft)

Wa = 408 kg/sec (900 1b/sec)

Turbojet o Tufbofan
M CDw CDw CDw _CDW
AX =0 Ax = 102 in. Ax = 0 Ax = 60 in.
1.2 0.00458 0.00470 0.00337 0.00299
1.4 0.00445 0.00438 0.00291 0.00263
| 1.8 0.00328 o.ooséz 0.00208 0.00197
2.2 0.00256 0.00253 0.00174 0.60170
2.7 0.00225 0.00216 0.00174 0.00164
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compressor face area for the turbofan previously cited. The result of
increasing turbojet engine size is to increase total configuration wave drag,
with the largest variation occurring at low supersonic speeds and reducing to
essentially nil effect at Mach 2.7. A reverse trend occurs for the turbofan
cycle, except at the lower Mach numbers for the 544 kg/sec (1200 1lb/sec) engine.
The reference configuration has been superimposed on the data of figure 29 for
comparison purposes. Inclusion of fully turbulent skin friction considerations
on the impact of engine size is presented in figure 30. As might be anticipated,
wetted area effects are such that the total configuration drag increases with
increasing engine size for both cycles at all Mach numbers. The previously
indicated favorable wave drag effects have been offset by frictional losses.

The detailed incremental corrections that were applied to the reference
configuration drag polars of figures 7 through 11 to generate the constant
TOGW performance under ''Baseline Airplane Performance' are presented in
tables XII through XVII.

Minimum TOGW, constant engine size, and 6482 km (3500 n. mi.) range per-
formance were initially evaluated using balanced wing area of 995 sq m
(10 713 sq ft) wave drag coefficient levels of figure 29, since the wing size
and, consequently, location were not known apriori. Skin friction was varied
with wetted area and chord, and the drag due to 1lift was assumed to be inde-
pendent of wing size for this analysis.

The preliminary (i.e., "first pass') sizing results pertinent to the
present discussion are summarized in the first three colums of table XVIII.
The wing area for both cycles at all engine airflows was limited by fuel vol-
ume considerations. An examination of the compatibility between the wing and
nacelle (in particular, the extent of wing trailing edge overhang) revealed
that it would be necessary to shift the propulsion system inboard and forward
in order to maintain a philosophy consistent with the study basepoint layouts
of figures 14 and 15. The relocation was selected such that (1) the outboard
nacelle occurred at the same wing percent chord, (2) the inboard nacelle apex
was physically separated the same distance from the outboard nacelle, and (3)
the nozzle overhang did not exceed the basepoint. - The resulting nacelle
locations relative to the wing are shown schematically in figures 31 and 32
and summarized in table XVIII. The basic intent here was to locate the pro-
pulsion system thickness relative to that of the wing consistently for each

. engine size, from a wave drag standpoint, subject to a qualitative struc-
tural/flutter constraint. The resulting wing-nacelle combination was longi-
tudinally located on the fuselage in accordance with table X to produce
neutral pitch stability at takeoff in order to satisfy aerodynamic balance
consideration. Wave drag was reevaluated for the ''second pass' resized and
rebalanced 272, 408, and 544 kg/sec (600, 900 and 1200 1b/sec) configura-
tions for subsequent refinement of the 6482 km (3500 n.mi) range performance.
These results are presented in figure 33. The specific corrections applied

\ to the reference configuration drag polars to reevaluate the minimm TOGW

|| performance and sizing are presented in tables XIX through XXIV.
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TABLE XII.- AERODYNAMIC INCREMENTS FOR

272 KG/SEC (600 LB/SEC) TURBOJET
CONSTANT TOGW CONFIGURATION

SW 995.24 sq m (10 713 sq ft)
aX, = -48.3 cm (-19 in.)
SH = 41.06 sq m (442 sq ft)
SV = 62.34 sq m (671 sq ft)
ASWET = -56.11 sq m (-604 sq ft)
e = 11.46 m (37.6 ft)
Reference Turbojet
S| 5
h C C sqm | 4Gy AC ot
D D Sq D q
M m (ft) P W |(sq in.) P W (sq in.)
457.2 ' . ) _ _
0.4 (1 500) 0.00586 % 0.00013
6 248 | |
0.8 (20 500) .0.00555 _ - -0.00012 -
1.2 10 455 2.51 : 1.22
) (34 300) | 0.00531 | 0.00365 (4050) -0.00012 | 0.00073 (1888)
111 522 2.51 | 1.33
1.4 (37 800) 0.00514 0.00338 (4050) 0.00011 | 0.00089 (2060)
: 13 564 2.51 1.58
1.8 44 500 0.00472 | 0.00261 (4050) -0.00010 | 0.00054 (2454)
., 157697 o | 2.3 ~ 1.97
2.2 (51 500) 0.00433 | 0.00232 (4050) | -Q.OOOlO -0.00019 - (3048)
18 288 2.51 2.40
2.7 (60 000) 0.00399 | 0.00238 (4050) —0.00009 -0.00019 (3721).
Aerodynamic coefficients based on reference

NOTE:

‘area of 929.0 sq m (10 000 sq ft)
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TABLE XIII.- AERODYNAMIC INCREMENTS FOR

408 KG/SEC (900 LB/SEC) TURBOJET
CONSTANT TOGW CONFIGURATION

= 995.2 sqm (10 713 sq ft)

area of 929.0 sq m (10 000 sq ft)

SW
AﬂﬁN = 259.1 am (102 in)
SH = 45.71 sq m (492 sq ft)
Sv = 63.54 sq m (684 sq ft)
ASWET = 61.78 sq m (665 sq ft)
bac = 14.02 m (46.0 ft)
Reference Turbojet
S"Ex't S"Ex't
C C T ac AC o=
h D, Dy sq m DP Dy sq m
M m (ft). (sq in.) (sq in.)
457.2 i i i
0.4 (1 500) 0.00586 0.00010
6 248 i i i
0.8 (20 500) 0.00555 0.00009
10 455 2,51 1.83
1.2 (34 300) 0.00531 | 0.00365 (4050) 0.00008 0.00105 (2832)
11 522 2.51 1.99
1.4 (37 800 0.00514 0.00338_ (4050) 0.00008 0.00100 (3090)
13 564 2,51 2.37
1.8 (44 500) . 0.00472 | 0.00261 (4050) 0.00008 0.00061' (3681)
15 697 2.51 ‘ 2.95
2.2 (51 500) 0.00433 | 0.00232 (4050) 0.0000Z 0.00021 (4572)
18 288 2.51 ‘ 3.60
2.7 (60 000) 0.00399 | 0.00238 (4050) 0.00006 |-0.00022 (5582)
NOTE: Aerodynamic coefficients based on reference
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TABLE XIV.- AERODYNAMIC INCREMENTS FOR

544 KG/SEC (1200 LB/SEC) TURBOJET

CONSTANT TOGW CONFIGURATION

Sy = 995,2 sq m (10 713 sq ft)
Axw = 576.6 cm (227 in.)
SH = 51.10 sq m (560 sq ft)
SV = 66.03 sq m (700 sq ft)
ASWEI‘ = 183.57 sq m (1976 sq ft)
L = 16.22m (53.2 ft)
Reference Turbojet
S S
Texit TExit
h C C sq m AC A sq m
D .
M m (ft) - DP DW (sq in.) P CDW (sq in.)
457.2 '
0.4 (1 500) 0.00586 0.00032
6 248
0.8 (20 500) 0.00555 - - 0.00030
2.44
10 455 2.51
1.2 (34 300) 0.00531 | 0.00365 (4050) 0.00028 | 0.00177 (3776)
11 522 , 2.51 2.65
1.4 (37 800) 0.00514 | 0.00338 (4050) 0.00027 | 0.00152 (4120)
13 564 2.51 3.16
1.8 (44 500) 0.00472 | 0.00261 (4050) 0.00025 | 0.00072 (4908)
15 697 2.51 3.93
2.2 (51 500) 0.00433 | 0.00232 (4050) 0.00023 | 0.00033 (6096)
18 288 2.51 4.8
2.7 (60 000) 0.00399 [ 0.00238 (4050) 0.00021 |-0.00020 (7443)

NOTE: Aerodynamic coefficients based on reference
area of 929.0 sq m (10 000 sq ft)
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TABLE XV.- AERODYNAMIC INCREMENTS FOR
272 KG/SEC (600 LB/SEC) TURBOFAN
CONSTANT TOGW CONFIGURATION

995.2 sq m (10,713 sq ft)

AXW = -119.4 cm (-47 in)
SH = 40.13 sq m (432 sq ft)
SV = 62.14 sq m (669 sq ft)
ASWET =-47.67 sq m (-514 sq ft)
INac = 11.46 m (37.6 ft)
Reference Turbofan
Sn_ Sﬂ
Exit Exit
h Cp N sq m ACD AC, sq m
M m (ft) P W (sq in.) P W (sq in.)
457.2
0.4 (1 500) 0.00586 - -0.00011 - -
6 248
0.8 (20 500) 0.00555 - -0.00010 - -
10 455 2.51 1.75
1.2 (34 300) 0.00531 | 0.00365 (4050) -0.00009 | -0.00066 (2717)
11 522 2.51 1.97
1.4 (37 800) 0.00514 | 0.00338 (4050) -0.00009 | -0.00075 (3053)
13 564 2.51 2.47
1.8 (44 500) 0.00472 | 0.00261 (4050) -0.00008 | -0.00064 (3833)
15 697 2.51 2.80
2.2 (51 500) 0.00433 | 0.00232 (4050) -0.00008 | -0.00062 (4336)
18 288 : - 2.51 2.80
2.7 (60 000) 0.00399 | 0.00238 (4050) -0.00007 | -0.00074 (4336)

NOTE: Aerodynamic coefficients based on reference
area of 929.0 sq m (10 000 sq ft)
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TABLE XVI.- AERODYNAMIC INCREMENTS FOR

408 KG/SEC (900 LB/SEC) TURBOFAN
CONSTANT TOGW CONFIGURATION

Sw = 995.2 sq m (10,713 sq ft)
AXW = 152.4 cm (60.0 in)
SH = 43.85 sqm (472 sq ft)
SV = 63.08 sq m (679 sq ft)
ASWET = 73.02 sq m (786 sq ft)
Iac = 14.02 m (46.0 ft)
Reference Turbofan
Sﬂ S,
h c C Exit Exit
D D sqm | AC AC sq m
Mopom () P W (sq in.){ Dp Dy (sq in.
457.2
0.4 (1 500) 0.00586 - - 0.00013 - -
6 248
0.8 (20 500) 0.00555 - - 0.00012 - -
10 455 2.51 2.63
1.2 (34 300) 0.00531 | 0.00365 (4050) 0.00012 -0.00066 (4075)
11 522 2.51 2.95
1.4 (37 800) 0.00514 | 0.00338 (4050) 0.00011 -0.00075 (4580)
13 564 2.51 3.71
1.8 (44 500) 0.00472 | 0.00261 (4050) 0.00010 -0.00064 (5750)
15 697 2.51 4.20
2.2 (51 500) 0.00433 | 0.00232 (4050) 0.00010 -0.00062 (6504)
18 288 2.51 4.20
2.7 (60 000) 0.00399 | 0.00238 (4050) 0.00009 -0.00074 (6504)
NOTE: Aerodynamic coefficients based on reference
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TABLE XVII.- AERODYNAMIC INCREMENTS FOR

544 KG/SEC (1200 LB/SEC) TURBOFAN

CONSTANT TOGW CONFIGURATION

Sy = 995.2 sq m (10,713 sq ft)
Axw = 411.5 cm (162.0 sq in)
SH = 48.49 sq in (522.0 sq ft
SV = 64.19 sq in (691.0 sq ft)
ASWET = 196.02 sq m (2110.0 sq ft)
buc = 16.22 m (53.2 ft)_
Reference Turbofan
Sﬂ Sw
Exit Exit
h C sq m AC AC sq m
M | n (ft) Dp CDw (sq in.)| Dp Dy (sq in.) .
457.2
0.4 (1 500) 0.00586 - - 0.00036 - -
6 248
0.8 (20 500 0.00555 - - 0.00034 - -
10 455 2.51 3.51
1.2 (34 300) 0.00531 10.00365 (4050) 0.00032 -0.00005 (5433)
11 522 2.51 3.93
1.4 (37 800 0.00514 |0.00338 (4050) 0.00031 -0.00054 (6107)
13 564 2.51 4,95
1.8 (44 500) 0.00472 | 0.00261 (4050) 0.00029 -0.00070 (7667)
15 697 2.51 5.60
2.2 (51 500) 0.00433 |[0.00232 (4050) 0.00027 -0.00066 (8672)
2.7 18 288 - 2.51 5.60
(60 000) | 0.00399 |0.00238 |. (4050) 0.00025 -0.00075 (8672)
NOTE: Aerodynamic coefficients based on reference

area of 929.0 sq m (10 000 sq ft)
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TABLE XVIII.- NACELLE LOCATION SUMMARY FOR PRELIMINARY
RESIZED CONFIGURATIONS

Xoutbd
Not to scale
A
___Youtbd
\ :}-Wf—-Yinbd
Y, , Sw , | Minbd ¢ Yinba | Youtbd | Youtbd
Cycle kg/sec (1b/sec) |m~, (£t7) [ cm (in:) | am (in.) | em (in.) | cm (in.)
272 776.6 4089 620 4229 1064
(600) (8 359) (1610) | (244) (1665) | (419)
Turbos et 408 868.7 4188 584 4328 1029
Je (900) (9 351) (1649) | (230) (1704) | (405)
544 971.4 4227 531 4366 975
(1200) (10 456) | (1664) | (209) (1719) | (384)
272 789.3 4166 627 4305 1072
(600) (8 496) (1640) | (247) (1695) | (422)
Turbofan 408 860.9 4173 584 4313 1029
(900) (9 267) (1643) | (230) (1698) | (405)
544 952.7 4158 508 4298 952
(1200) (10 255) | (1637) | (200) (1692) | (375)
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TABLE XIX.- AERODYNAMIC INCREMENTS FOR 272 KG/SEC (600 LB/SEC)
TURBQJET RESIZED CONFIGURATION

S, = 776.2m° (8 359 £t%)
AX = 749.3 cm (295 in.)
sH - 28.8 m? (310 ftz)
5, =431 m’ (464 £t°)
2 2
AS er = -413.1m" (-4 447 £t7)
Lupc = 11,46 m (37.6 ft)
Reference Turbojet
S”EXIT S’TEXIT
2 A A 2
h CDP CDW | m , CDP CDW m ,
M [ m (ft) (in.”) (in.”)
457.2
0.4 @ 500) 0.00586 | - - -0.00089 - -
6 248 '
0.8 (20 500) 0.00555 - - -0.00086 - :
10 455 2,51 ) 1.22
1.2 (34 300) 0.00531 | 0.00365 @ 050) ~0.00091 0.00038 (1 888)
11 522 2.51 A i 1.33
1.4 (37 800) 0.00514 | 0.00338 @ 050) 0.00093 | -0.00036 | (2 060)
13 564 2,51 1.58
1.8 (24 500) 0.00472 | 0.00261 (4 050) -0.00079 | -0.00022 (2 454)
14 697 2.51 1.97
zﬁz (51 500) 0.00433 | 0.00232 (4 050) -0.00074 | -0.00036 (3 048)
18 288 . 2.51 : 2.40
2.7 (60 000) 0.00399 | 0.00238 @ 050) -0.00069 | -0.00061 G 721)

| 2
_[NOTE: Aerodynamic coefficients based on reference area of 929.0 m’ (10 000 ft7)|
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TABLE XX.- AERODYNAMIC INCREMENTS FOR 408 KG/SEC (900 LB/SEC)

wn
1]

TURBGJET RESIZED CONFIGURATION

868.7 (9 351 ftz)

W
AX, = 756.9 cm (298 in.) ,
Sy = 34.0 m (366 % :
Sy = 52.95 m (570 £t%)
2 2
A - - i
S\ET 209.8 m° (-2 258 f£t°)
Syac = 14.02m (46.0 £t)
Reference TJ73-02
S ExIT ST ExIT
mz A mz
A
h p N ) ) C .2
M m (ft) P W (in.") P W (in.™)
457.2
0.4 | 500y | 000586 - - -0.00017 . -
6 248
0.8 | (20 500y 000555 - - -0.00019 - -
10 455 2.51 1.83
1.2 | 3 300)| 0-00531 | 0.00365 (4 050y | ~0-00026 | +0.00104 G- 852)°
11 522 2.51 1.99
L4 | 3 400)| 0-00514 | 0.00338 (4 050y | ~0-00031 +o.09092 G5 090)
13 564 2.51 2.37
1.8 (44 500)| 0-00472 | 0.00261 (4 050y | ~0-00022 | +0.00039 G 681)
15 697 - 2.51 2.95
2.2 (s1 s00)| ©-00433 | 0.00232 (4 050y | ~0-00022 | -0.00005 G 572)
18 288 _ 2.51 - 3.60 '
2.7 (60 000y | ©0-00399 | 0.00238 (4 050y | ~0-00020 [ -0.00044 (5 582)
5 7
NOTE: 929.0 m2 (10 000 f£t“)

Aerodynamic coefficients based on reference area of
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TABLE XXI.- AERODYNAMIC INCREMENTS FOR 544 KG/SEC (1 200 LB/SEC)
TURBOJET RESIZED CONFIGURATION

971.4 m® (10 456 £t2)

W

AXW, = 635.0 an (250 in.)

s, = 40.23m° (433 £t5)

SV = 60.39 m2 (650 ftz)

AS = 107.4 m2 (1 156 ftz)

WET '
ENAC = 16.22 m (53.2 ft)
Reference Turbojet
ST EXTT ST EXTT
2
A AC.
h CDP CDW n ) CDP CDW n )

M m (ft) (in. ™) (in.7)

457.2
0.4 (1 500) 0.00586 - - 0.00057 - -

6 248
0.8 (20 500) 0.00555 - - 0.00050 - -

10 455 2.51 2.44
1.2 (34 300) 0.00531 | 0.00365 (4 050) 0.00039 +0.00257 (3 776)

11 522 2.51 2.65
1.4 (37 800) 0.00514 | 0.00338 4 050) 0.00031 +0.00206 (47120)

13 564 2.51 3.16
1.8 (44 500) 0.00472 | 0.00261 (4 050) 0.00036 +0,00108 (4 908)

15 697 2,51 3.93
2.2 (51 500) 0.00433 | 0.00232 (4 050) 0.00032 +0.0037 (6 096)

18 288 2.51 ' 4.8

| 2.7 (60 000) 0.00399 | 0.00238 (4 050) 0.00028 0.0 (7 443%) :
NOTE: Aerodynamic coefficients based on reference area of 929.0 m2 (10 000 ft)
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. TABLE XXIT.- AERODYNAMIC INCREMENTS FOR 272 KG/SEC (600 LB/SEC)

TURBOFAN RESIZED CONFIGURATION

5, = 789.13 m” (8496 £t2)

AXW = 627.40 m (247 in.)

S, =29.34m

H

2

(317 £t9

s, = 44.22 m° (476 £t
_ 2 2
45,57 =-490.3 n® (-5278 £t?)

[N = 11.46 m (37.6 ft)
Reference " Turbofan

S”exit_ S’.Te%cit
M m‘éét) Dy oy (in. ) ACDP ACDW (in.2)
0.4 ?57550) 0.00586 - - | -0.00074 ; ;
0.8 ?234200) 0.00555 - - | -0.00070 ; -
1.2 %244§30) 0.00531 | 0.00365 %&320) -0.00076 | -0.00146 %é;i7)
1.4 %;75230) 0.00514 | 0.00338 %AS;O) -0.00084 | -0.00145 %3323)
1.8 %245230) 0.00472 | 0.00261 %43§0) -0.00066 | -0.00098 %gggs)
2.2 %216230) 0.00433 | 0.00232 %AS§O) -0.00062 | -0.00085 €i§36)
2.7 %202880) 0.00399 | 0.00238 %i3§0) -0.00057 | -0.00090 %i§36)

NOTE: Aerodynamic coefficients based on reference area of 292 .0 m2 (10 000 ftz) .
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TABLE XXIII.- AERODYNAMIC INCREMENTS FOR 408 KG/SEC (900 LB/SEC)

TURBOFAN RESIZED CONFIGURATION

- 860.9 m> (9267 £t°)

S

AX, = 632.5 on (249 12.)
5, = 33.54 m° (361 £t)
S = 50.35 m® (542 £t2)

\Y

_ 2 a2
AS,p = 240.8 m” (-2592 £t%)

Ly, = 14-02 m (46.0 £t)
! Reference Turbofan
S"ezzcit S”e>2<it

M mh(ft) CDP CDw (12.2)‘ ACDP ACDW (12.2)
0.4 ?i7530) 0.00586 ; = | -0.00017 ; ;
0.8 %234200) 0.00555 - - | -0.00020 . -
1.2 %244§30) 0.00531 | 0.00365 %ASEO) -0.00026 | -0.00074 %&8;5)
1.4 %;75230) 0.00514 | 0.00338 %ASEO) ~0.00036 | -0.00095 %4220)
1.8 1245230) 0.00472 | 0.00261 %ASQO) -0.00021 | -0.00085 %g?éo)«
2.2 %316230) 0.00433 | 0.00232 %5320) -0.00020 | -0.00080 %é§84)
2.7 %202330) 0.00399 | 0.00238 %ASEO) -0.00021 | -0.00084 %6534)

NOTE: Aerodynamic coefficients based on reference area of 929.0 mZ (10 000 £t2) -
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' TABLE XXIV.- AERODYNAMIC INCREMENTS FOR 544 KG/SEC (1 200 LB/SEC)

!

S

W

TURBOFAN RESIZED CONFIGURATION

= 952.7 m® (10255 £t°)

Axw = 508.0 cm (200 in.)

S

H

= 39.11 m® (421 £t2)
s, = 58.62 m° (631 £t7)

~ 2 2
A8, pr = 48.96 m” (527 £t°)

2

= 16.22 m (53.2 ft)

NAC
Reference | Turbofan
| S7Te>2cit i Sﬂ'e>2cit
M m ?ft) | CDP CDw (12.2) ACDP ACDW (iﬂ.z)
0.4 |3 500y | 0-00586 - - | 0.00044 - -
0.8 %538500) 0.00555 - - | 0.00039 - -
1.2 | (34 300 | 0-00531 | 0.00365 Giosoy | 0-00028 |-0.00010 a5
L4 %§75§go) £0.00514 | 0.00338 %i820) 0.00021 |-0.00051 %6337)'
1.8 %245280) 0.00472 | 0.00261 %4320) 0.00026 | -0.00067 %;g27)
2.2 %§1§230) 0.00435 | 0.00232 | (il | 0.00027 [-0.00070 ?é272)
2.7 %202330) 0.00399 | 0.00238 %ig§0) 0.00020 | -0.00077 %é272)

' NOTE: Aerodynamic coefficients based on reference area of 929.0 m2 (10 000 ftz) .
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A comparison of the first- and second-pass sizing data summarized in table
XXV reveals that further aerodynamic iteration is not indicated, since wing area
changes are less than 1%. The rate of analysis convergence indicates that changes
in wing area and associated wing-nacelle position did not appreciably alter the
wave drag coefficient levels assumed for the first-pass analysis. Comparison of
figures 29 and 33 confirms this.

Nacelle Interference Effects

In order to maintain the design trimmed drag-due-to-1ift efficiency of the
Mach 2.7 wing-body configuration, the disturbance induced on the wing by the
nacelle thickness should be canceled to restore the original wing load shape
(ref. 11 and 13).* This can be accomplished in principle by locally deforming
the wing camber plane in the affected area. The analysis to accomplish this 1is
composed of two basic steps. The first is associated with defining the inter-
ference field induced on the wing by the nacelle thickness. The second is
concerned with the determination of the camber surface deformation required to
eliminate this disturbance field. In order to simplify the presentation of the
results of the following paragraphs, all lineal dimensions are treated as
normalized (by 1 in., or 2.54 cm) quantities.

The Mach 2.7 induced flow field was evaluated for the 408 kg/sec (900 1b/
sec) turbojet and turbofan nacelle simulations of figures 34 and 35 using a
steady nonlinear finite difference analysis (ref. 15). The incident flow was
assumed to be uniform and equal to the free stream. The inlet was treated as
swallowing air supersonically (i.e., operating at a mass flow ratio of one), and
thus the ramp shock terminated at the cowl. The wing was treated as a reflection
plane by adding an image to the physical nacelle. The calculated results are
presented in the form of isobar plots in figures 36 and 37 for turbojet and
turbofan cycle. Examination of these data reveals that the bow shock is much
stronger and more highly curved for the turbojet, and is a result of the
increased rate of buildup of nacelle frontal area (figure 16) and boundary layer
diverter width (figures 36 and 37) associated with the smaller ratio of capture-
to-engine compressor face area and burying of the engine into the wing.

The wing deformation required to cancel the local induced nacelle pressures
was calculated by use of a direct numerical formulation of linearized lifting
surface theory (ref. 16). For convenience (and because solutions can be linearly
superimposed), the inboard and outboard nacelle disturbance fields were treated
separately. Typical solution paneling density for the region outboard of the
outboard nacelle is shown in figure 38. The largest number of chordwise and

*Lifting efficiency changes due to far-field wave drag interference between the
‘restored wing-body design load shape and the nacelle thickness have been totally
neglected. Later calculations indicated that this assumption was conservative
by ACpypc = -0.00012 and -0.00007 at Cp, = 0.1 for the 900 1b/sec turbojet and -
turbofan baseline configurations, respectively.
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TABLE XXV.- EFFECT OF WAVE DRAG REEVALUATION ON MINIMUM TOGW AND WING SIZE

Airflow, TOGW, kg (1b) Sy, sq m (sq ft)
kg/sec
Cycle (1b/sec) 1st pass 2nd pass 1st pass 2nd pass
272 271400 267 700 777 766
(600) (597 700) (589 600) (8 359) (8 247)
Turboiet 408 318 400 320 400 869 874
J (900) (701 300) (705 700) (9 351) (9 410)
544 375 000 379 000 971 982
(1200) (826 000) (834 900) (10 456) (10 568)
272 271 900 274 800 789 798
(600) (599 000) (605 300) (8 496) (8 585)
Turbofan 408 311 400 313 900 861 868
(900) (685 800) (691 500) (9 267) (9 344)
544 358 500 359 100 953 954
(1200) (789 600) (790 900) (10 255) (10 271)
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Figure 34.- Simulation of 408 kg/sec (900 1b/sec) turbojet nacelle.
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spanwise constant pressure panel is concentrated in regions of large disturbance
and rapid attenuation. The linearized deformation calculation results for the
basepoint propulsion systems are presented in figures 39 through 42. Between the
nacelles, figures 40 and 41 must be linearly combined to establish the total
solution. In this regard, the analysis in this region has not been adjusted for
shock wave reflection off the side of the adjacent nacelle. Examination of the
results indicates that the extent and maximum magnitude of the required wing
camber plane deformation is greatest for the turbojet cycle and reflects the fact
that the bow shock was stronger (and hence stood ahead of the turbofan shock),
and the overall compressive field disturbances were larger for the installation.
The previously cited figures indicate the adjustments in wing camber plane shape
are relatively modest (with the possible exception of regions immediately next to
the turbojet nacelle midway along its length) and appear to be practical to
incorporate into the design*. Alternatively, limitations on the magnitude of the
deformation allowable may necessitate the acceptance of nonzero drag due to the
lift penalty for the turbojet. For this study, it was assumed that full can-
cellation of the nacelle thickness induced disturbance field is relizable for
lack of information to the contrary.

Detailed engine scaling was carried through for the turbofan and turbojet
cycles for the minimum 272 kg/sec (600 1b/sec) and maximum 544 kg/sec (1200 1b/
sec) airflow range of this study to ascertain whether the 408 kg/sec (900 1b/
sec) induced flow field could be treated as a universal function; i.e.,
Cp(f%z,i%zg # £Wa). On the basis of the results of table IV, which have been
discussed in more detail previously, it is concluded that adjustment of the
median-size nacelle detailed layout linear dimensions by square root of the
airflow ratio is reasonable, and consequently the 408 kg/sec (900 1b/sec)
interference flow field of figures 36 and 37 will be utilized in normalized
form for the 272 and 544 kg/sec (600 and 1200 1b/sec) camber plane deformation
analysis. The intermediate airflows are obtained by interpolation of these
results. '

Typical scaled influence regions of various-size nacelles having coincident
apexes are shown in figure 43. Linearized supersonic wing theory was used to
calculate the wing deformation AZ required to cancel the nacelle-induced pres-
sures within region ABC for the 408 kg/sec (900 1b/sec) size nacelle. Scaling
AX, AY, and AZ as square root of the airflow gives the corresponding wing
deformations within region DEF for the 272 kg/sec (600 1b/sec) nacelle and
within region GHI for the 544 kg/sec (1200 1b/sec) nacelle. This scaling is
possible because shock wave reflection effects were neglected between the
nacelles, the physical location of the inboard and outboard nacelles apex was
assumed to be invariant with airflow, and the rule of forbidden signals applies
to the linear theory at supersonic speeds. Although this scaling is clear for

*The incremental corrections are to be applied to the optimum wing fuselage
design and not the reference configuration, which has already been adjusted for
the effect of the presence of 278 kg/sec (633 1b/sec) axisymmetric nacelles.
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AX and AY, a brief discussion is required to show that it also applies to
AZ as well. Consider that AX, AY, and AZ are normalized by some nacelle
linear dimension. The 11near1zed supersonic wing theory used here to calcu-
late (dZ/dX) gives a universal variation with AX and AY. Consider the
integrals used to evaluate AZ at AY and AX, and AZ at AY and AX:

7o [ (@)«

AZ

~
=S
N
&

Since (dZ/dX) = (dZ/dX) at corresponding points, it follows that AX, AY,
and AZ all scale similarly with nacelle size as proportional to square root
of the airflow.

One further consideration arises, since the distance from the nacelle
apex to the wing trailing edge does not scale as square root of the airflow.
Consider, initially, that this distance from the nacelle apex to the wing
trailing edge remains fixed as the nacelle size is varied and regard the
wing trailing edge to be along BC in figure 43. For the 544 kg/sec (1200 1b/sec)
nacelle, required wing deformations are given within region GBC by the square
Toot of the airflow scaling procedure. For the 272 kg/sec (600 1b/sec) nacelle,
required wing deformations within region EBCF can be obtained by extrapolation
or by further longitudinal calculation of the nacelle flow field and of the
canceling wing slopes and deformations. Results from the performance sizing
task in the present study (table XXV) indicate that the wing size decreases
with decreasing engine size. For the 272 kg/sec (600 1lb/sec) nacelle, it
was considered appropriate to present wing deformations scaled as square root
of the airflow within the region of definition DEF of figure 43 and to
extrapolate, if necessary, to reach the trailing edge.

Influence regions are sketched in figure 44 for the 272 kg/sec (600 1b/
sec) turbojet nacelle. Wing distortions required to cancel the nacelle-
induced pressures are shown in figure 45, inboard of the inboard nacelle; in
figure 46, between the nacelles; and in figures 47 and 48, outboard of the
outboard nacelle. These spanwise sections can be located in figure 44.

Similar data are shown in figures 47 through 68 for other size nacelles and
for the turbofan engine cycle. Table XXVI presents an index to these wing dis-
tortion data.- All of these results are presented for the study basepoint

wing area of 995 sq m (10 713 sq ft) and nacelle ‘apex locations. They
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apply equally well to the resized configurations if the wing trailing edge

is located relative to the nacelle apex in accordance with figure 31, and the
absolute lateral locations of the calculation are reinterpreted to account
for inboard movement of the nacelle in accordance with table XVIII.

TABLE XXVI.- INDEX TO WING DISTORTION DATA

Fig. Airflow Distortions

No. kg/sec (1b/sec) Nacelle Sketch Inbd Between Outbd

43 272 (600) J X
44 X
45 X
46, 47 | X

48 408 (900) TJ X
49 X
50 X
51 X
52 544 (1200) TJ X
53 | X
54 X
55 X
56 272 (600) DHTF X
57 X
58 X
59 X
60 408 (900) DHTF X
61 X
62 X
63 X
64 544 (1200) DHTF X
65 X
66 X
67 X
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Figure 48.- Wing distortion required to cancel 408 kg/sec (900 1b/sec) turbojet
nacelle induced pressures, outboard of outboard nacelle.
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Figure 57.- Influence region for 272 kg/sec (600 1lb/sec) turbofan nacelles.
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Figure 64.- Wing distortion reguired to cancel 408 kg/sec (900 1b/sec) turbofan

nacelle-induced pressures, outboard of outboard nacelle.
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Figure 65.- Influence region for 544 kg/sec (1200 1b/sec) turbofan nacelles.

143



045

*SOTTodRU UsaMlaq ‘saanssoxd paonpur-o[[edBU
ueyoqInd (39s/qr 00ZT) 29S/8Y ppS [edued 03 paxrnbol UOTIIOISTP Sury -°99 oInSTg

3||@2eu pJeoqu jo xade wouy, Xy

o
o

005 094 ozh 08¢ one 00€ 092 02z 081l ol

riis

His

HHE

1t

1

b

1
it

HH
e

inEmseuass snnns

mus sRasssnResan;

THT
G5
B

g as
T
t

HH
T

TR HT
S0ssannE 80883
 sssssses sumesane:

Gendansns 18

1T
PENS U8

1l

F8 a0y 8¢
T

i

T+

1+

1
T

I
1T
1T
I
H
ppe

}

: axd sessiss I
g |8 . FH
13 a5t S
. - H
8 1 HHH
s ) HHH
=
: HH
:
T
[3ass
HH = 71
> . xhnm
: HhHH
e HiHH
e 4
ptt Hi
373 T
dz e .rnm 3
1 THT
fl

144



"OTT9dBU pIEOqUT JO PIBOQUT ‘saanssaxd peonpur-o[[odBU
ueFoqIny (39s/qT 00ZT) 99S/8Y ppS ToOUED 03 Parnbol UOTIA0ISTP SuTy -°/9 oInSTg

145

8| |®%eu pieoqu| jo xade woly Xy

.2V

B ERERE ow

.% [4 I\>ﬂ&3

parfa s

e e
t+

IS0 QUREE NNWUE SR aaE BN S Fous)
i
t

it

i

INS SRR 2R > SRES trrtetrred “”U«..
terthh buim (34 bs €1 o1) tH
. w bs 966 jo °bpa Bujyjies) - |
3551 SEETTEROEIL S 08, YIS IT SONSYLL N ot MUP

IS




10

Az

H- =EEEnE) -+ + T T T T T T IEEEE . xa
HH —H} 1 } —+ : % 1 s lL 1 “’1[ NN o b H YY 1
n g 1 I T 1N B T I I i
T 1 i B N T T
H HH - 1 % SENEE EAEE
b+ NN [N N 113 Nl
. LIl Ll - I
EEEAEsERE T HH f““"" Sans EREn ]
EEEEsEEEnd . SENEEEE I8, iSEBE ANERSERES
SEBERERS S 8= s I s ioanitasas
=
L IH HT+ s I uE R
! " I . HHH
TR sgus sus sn 58 EEREE NS
: ans S uBanSs SuEES
T P H 1
ENNSEAEDRA NS 8 = . ] 11 susuEns Y
FHEE T R 1
seasgauas an s
H ERssaEEE e
EESEgEEaEA fun ugw sEzEEesss
1] :
O
1] T
1 SEERE RN B » .
s 434444 a
=ug T 1 T
T saaan T HHH
sEEE Hl u » uBEE e
:7 b 444 e . 11 -+ 4|
L I
] T
ERERSaEE nEE
(1 1 11
[ ]
EEEEREENEE A
ssEmsus ;
Za: !
FHHHH Y'= 507.6 i
maaeses, e HHHHHH
44 Ine . - R
T *1 SNERENENNS SNSEY SE =
i = : T= Trailing edge of 994 sq m Suisseanasaaks aass
port .
= (10 713 sq ft) wing st
1
1
41+ — ' -1
=
- . - I 44 =
REE +
T 4
1
-+ —~—<IV Y - 553‘8
NS EESER ENEEA N
IS EEEEE SN "
INEEEEREE ERAN]
o T
- H _i.—-
: a O EEEH TR
Tir
s ] ' ' 1T
iisgRisagniiia: Y'= 599.9 = 679.2 }
SENSSEEENE AN T T1 T TH - ua
sagus sEses I
insaasaaessmses sesst o = i 8 HHHHT Y = 729.6 HHH
11 - -
. . - jm
=
4’ HH I m mENE
b+ 4 b+
4+ ==
- = S aRamaten R e
ssuNs anans P
HE T
IBENE B
| ENRE NS T
isEanEEEE = HT aaan nanu HH
Ean 1 adS RS IS NSNS SN NESE B8
SRR - 188 a HHHHTH
HH T‘ ‘:
'
T
1L 1
HH i,:tré T t
IEESERNERS a5 5. 4
IGESARENAN ARSI/ 1 !
SENEEEEEE SRR NERS) " é ;
e ke s v . —— S

140

180

-
220 260 300
AX' from apex of outboard nacelle

340

380

420

460

500 540 580 620 660 700 740

Figure 68.- Wing distortion required to cancel 544 kg/sec (1200 1b/sec) turbofan
nacelle-induced pressures, outboard of outboard nacelle.
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Airplane Performance and Sizing

All performance and sizing calculations were made using the Rockwell
Vehicle Sizing and Performance Evaluation Program (VSPEP). This computer pro-
gram is a design tool capable of scaling a known basepoint vehicle according to
specified values of several different design parameters. These include vehicle
gross weight (or fuel weight), thrust-to-weight ratio (or engine size), wing-
loading (or wing area), and payload or fixed equipment weight and volume. A
search routine permits automatic sizing of the vehicle gross weight such that a
specified radius or range of the design mission is satisfied, or performance
may be determined at a specified gross weight.

Vehicle performance is calculated internally from a set of subroutines
programmed according to a detailed performance analysis model. The subroutines
are general in nature and permit calculation of a wide variety of mission pro-
files. Several mission profiles may be calculated simultaneously. Takeoff and
landing distances and maneuvering capability may also be determined. Figure 69
illustrates the evaluation process.

Typical mission legs which may be calculated include warmup, taxi, take-
off, climb, descent, cruise, and loiter operations. Climb and descent perform-
ance are determined by numerical integration of the equations of motion along
a specified flight schedule. Internally generated schedules are also avail-
able, including minimum time and minimum fuel flight paths as defined by the
energy method. Constraints on the allowable flight regime are included.
Cruises and loiters may be determined at fixed or optimum speeds and altitudes.
Numerical searches are used to determine optimum speeds and altitudes at the
beginning and end of each of these legs.

Data input to the VSPEP for each of the AST concepts include:

® Weights broken down by major component, along with scaling information
on the wing and the engines

* Drags broken down by major component and by type; e.g., friction drag,
wave drag, drag due to lift, and base drag

* Installed propulsion data, including thrust and fuel flow as functions
of speed, altitude, and power setting

* Dimensional data such as lengths, areas, and volumes for major compo-
nents and the total vehicle
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Performance items calculated by the VSPEP program for the basepoint and
‘resized vehicles for this study consist of the following:

1. Design mission range

2. Alternate mission range

3. FAR 36 takeoff distance

4, Balanced field takeoff distance

5. Thrust-to-drag ratio at 2.7M/18 300 m (60 000 ft)

.o A description of each of these performance items is given in the following
paragraph. o

Design mission.- A profile of the design mission is shown in figure 2.
This mission consists mainly of a 2.7 Mach cruise. Fuel reserves as recom-
mended in reference 2 are calculated for an alternate airport located 460 km
(250 n, mi.) from the destination airport. '

o

Design mission description:

1. Warmup and takeoff - 10 minutes at idle poWer plus 1 minute at maxi-
mm power '

2. Climb - Maximum power climb and accelerate to cruise altitude and
Mach No.

3. Cruise - Cruise at Mach 2.7 at altitude for best cruise range

4. Descent - Descend and decelerate to Mach 0.5 and 457 m (1500 ft) using
idle power

5. Approach and land - Descend to Mach 0.3 at sea level using idle power
6. Taxi - 5 minutes at idle power

7. Reserve allowance - 5 percent of total fuel used in all previous legs
8. Reserve climb - Maximum power climb to subsonic cruise conditions

9, Réserve cruise - Subsonic cruise at Mach No. and altitude for best
range
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10. Reserve descent - Descend and decelerate to holding altitude and Mach
"~ No. using idle power

11. Reserve hold - Loiter for 30 minutes at 3048 m (10 000 ft) at the Mach
No. for best endurance.

12. Reserve approach and land - Descend to sea level using idle power

Alternate mission.- A profile of the alternate mission is shown in figure
3. The first half of the alternate is identical to the first half of the design
mission. At the point corresponding to the midpoint of the design mission, a
failure is assumed to occur in the most critical engine. At that point, the
airplane descends and continues to cruise subsonically with one engine windmill-
ing. The fuel reserve remaining at the end of this mission is equal to the
reserve fuel as calculated for the design mission.

Alternate mission description:

1. Warmup and takeoff - Same as design mission
2. Climb - Same as design mission

3. Cruisé - Same as design mission

4, Descent - Descend and decelerate to subsonic cruise conditions using
idle power, following failure of most critical engine

5. Cruise - Subsonic cruise at Mach No. and altitude for best range with
one engine inoperative

6. Descend and land - Descend to sea level using idle power

7. Reserve - Allow total reserve fuel equal to that calculated for design
mission (legs 7 through 12)

FAR 36 takeoff.- -Takeoff distance is calculated over a 10.7 m (35 ft)
obstacle using takeoff thrust which has been suppressed and throttled so that
FAR 36 sideline noise requirements are not exceeded.

Balanced field takeoff.- The balanced field length is defined such that
segments B + C = D + E as shown in figure 70. The speed at which the engine
failure occurs (i.e., V1) is varied until this definition is satisfied to a
reasonable tolerance. The balanced field length is then taken as the larger of
the total takeoff distance or the accelerate-stop distance. Thrust data which
are suppressed and throttled to meet FAR 36 noise requirements are used up to
the point of engine failure. From this point on, the remaining engines are
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t .
operated at maximum power for takeoff without regard for noise requirements.
For the stop distance calculation, the remaining engines are cut to idle power.

e
10.7 m (35 ft) -
v
V] L0 /ﬁrier
4 ..r_ —————

A - Distance up to critical engine failure speed V]

B - 3-engine acceleration distance from V) to Vo

C - 3-engine lift-off to barrier distance

D - Distance gained after engine failure before full brake application
E - Stopping distance | ‘
Vi - Critical engine.failhre speed

Vip - Lift-off velocity

Figure 70.- Balanced field length definition.

Thrust-to-drag (T/D) ratio.- T/D is calculated using maximum available
thrust at 2.7 Mach, 18 300 m (60 000 ft). _Drag is that for level flight at the
same conditions. Airplane weight is that at the start of the supersonic cruise
as calculated for the design mission. '

Baseline airplane performance.- Performance was calculated for the base-
point airplanes with engine airflow of 408 kg/sec (900 1b/sec) for both the
turbojet and duct-heating turbofan engine cycles. Tables XXVII and XXVIII
present a leg-by-leg summary of both the design and alternate missions.

Engine airflow was then varied from 272 kg/sec (600 1b/sec) to 544 kg/sec
(1200 1b/sec), maintaining a fixed airplane gross weight of 340 198 kg (750 000
1b), fixed wing area of 995 sq m (10 713 sq ft), and a fixed payload of 234
passengers. Airplane performance is shown plotted versus engine airflow in
figures 71 through 75 for both engine cycles.

Figure 76 shows airplane thrust-to-weight ratio using maximm installed
thrust at sea level static conditions as a reference and weight equal to take-
off gross weight. Note that the actual thrust-to-weight for takeoff is approxi- -
mately 81 percent of this value, due to noise suppression and throttling to
meet FAR 36 noise requirements. L/D and SFC values attained at the start of
the supersonic cruise leg are -shown in figures 77 and 78. For comparison pur-
poses, the optimum values (i.e., maximum L/D and minimum SFC) are also shown,
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L .
operated at maximum power for takeoff without regard for noise requirements,
For the stop distance calculation, the remaining engines are cut to idle power,

-

10.7 m (35 ft) -
v
-r.— —— e— — o—— —

- - A o B s - E -

et [) e

- Distance up to critical engine failure speed V]

- 3-engine acceleration distance from V) to Vo

- Distance gained after engine failure before full. brake application

A
B
c - 3-engine lift-off to barrier distance
D
E Stopping distance

Vi - Critical engine failure speed

Vig - Lift-off velocity
Figure 70.- Balanced field length definition.
Thrust-to-drag (T/D) ratio.- T/D is calculated using maximum available

thrust at 2.7 Mach, 18 300 m (60 000 ft). _Drag is that for level flight at.the

same conditions. Airplane weight is that at the start of the supersonic cruise
as calculated for the design mission.

Baseline airplane performance.- Performance was calculated for the base-
point airplanes with engine airflow of 408 kg/sec (900 1b/sec) for both the
turbojet and duct-heating turbofan engine cycles. Tables XXVII and XXVIII
present a leg-by-leg summary of both the design and alternate missions. '

Engine airflow was then varied from 272 kg/sec (600 1b/sec) to 544 kg/sec
(1200 1b/sec), maintaining a fixed airplane gross weight of 340 198 kg (750 000
1b), fixed wing area of 995 sq m (10 713 sq ft), and a fixed payload of 234
passengers. Airplane performance is shown plotted versus engine airflow in
figures 71 through 75 for both engine cycles.

Figure 76 shows airplane thrust-to-weight ratio using maximum installed
thrust at sea level static conditions as a reference and weight equal to take-
off gross weight. Note that the actual thrust-to-weight for takeoff is approxi-
mately 81 percent of this value, due to noise suppression and throttling to
meet FAR 36 noise requirements. L/D and SFC values attained at the start of
the supersonic cruise leg are shown in figures 77 and 78. For comparison pur-
poses, the optimum values (i.e., maximum L/D and minimum SFC) are also shown.
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Figure 71.- Design range versus airflow for baseline airplanes.
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Figure 72.- Alternate range versus airflow for baseline airplanes.
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Figure 79 shows the Mach 2.7 cruise efficiency factor,-éég;

plane, while figure 80 shows the total propulsion weight versus engine airflow.
The latter includes engines, nozzles, nacelles, air induction system, engine
controls, and accessories.

for each air-

The relative shape and level of these curves are responsible for the
difference in shape and magnitude of the design range curve for the turbojet
and turbofan cycle of figure 71. The airplane for the smaller engine sizes is
operating progressively off the maximum cruise efficiency point for both cycles
as a result of incorrect sizing.

Airplane Sizing.- Airplane sizing was performed in two iterations. For the
first iteration, wave drag coefficient was varied as a function of engine air-
flow only in accordance with figure 29. Three vehicles were resized for each
engine cycle having engine airflows of 272, 408, and 544 kg/sec (600, 900, and
1200 1b/sec). These resized vehicles were then rebalanced and wave drag values
re-evaluated as described in the following pages. A second sizing interation
was then performed using the revised wave drag estimates. A discussion of the
preliminary sizing (i.e., first iteration) follows. The second iteration is
discussed under ''Sizing of Rebalanced Airplane."

Preliminary sizing: For each engine airflow, a wing-loading trade was
performed to obtain the optimum airplane for that airflow. Optimum, in this
case, is defined as the minimum gross weight airplane that will make the
required design mission range of 6481 km (3500 n. mi.). All other performance
items are allowed to vary. For each wingloading, the VSPEP program was allowed
to iterate to arrive at the gross weight such that design mission range is equal
to the required value.

The wingloading that yields the minimum gross weight is approximately 464
kg/m? (95 1b/sq ft) for all cases. However, these wings are too small to carry
the full fuel load as calculated for the scaled airplane. This physical re-
striction forces a second sizing criterion to be imposed. This criterion is
that the wing must contain enough available fuel volume to carry the design
mission fuel load plus an incremental volume for payload-range trade use, taken
as an amount equal to one-half the payload (i.e., 11 113 kg (24 500 1b)).

Gross weight is plotted versus wingloading for a constant range of 6481 km
(3500 n. mi.) in figure 81 for the turbojet-powered airplane. Figure 82 shows
the corresponding plots of fuel used and fuel for which wing volume is avail-
able minus 11 113 kg (24 500 1b) versus wing loading. The intersection point
of these curves indicates the maximum wingloading for which sufficient fuel
volume is available in the wing. These points are spotted on the gross weight
curves and represent the selected vehicles as obtained by the preliminary sizing
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process. Similar sizing curves are shown in figures 83 and 84 for the duct-
heating turbofan engine.

The selected wing-loading values are plotted versus design engine airflow
for both engine cycles in figure 85. For comparison purposes, the wingloading
which would have resulted had fuel volume been ignored is also shown. Figure
86 shows the airplane gross weight penalty paid as a result of the fuel volume
sizing criterion.

Airplane balance.- Aerodynamic rebalance of the minimum takeoff gross
weight configuration was based on the previously described first-iteration
sizing wing area and fuel weight results in conjunction with the nacelle wing
relocation data of figures 31, 32, and table XVIII. The resulting impact on wing
location and wave drag are presented in table X and figure 33, respectively.
The latter is used in the following paragraphs to make a second evaluation of
the vehicle size as a function of engine airflow for constant range performance.

Sizing of rebalanced airplane.- As described under "Preliminary Sizing,"
the sizing process was performed in two iterations. The process used in the
first iteration is described under that heading. The following paragraphs
detail the final iteration and present final results in plotted form.

Revised estimates for wave drag as detailed previously were used. For
each engine airflow, the optimum airplane was chosen as that having the minimum
gross weight and still meeting the design mission range requirement of 6481 km
(3500 n. mi.) while maintaining sufficient wing volume to carry the entire fuel
load plus an amount equal to one-half the payload.

Wing-loading trades performed exactly as described for preliminary sizing
were performed for several airplanes. However, it was soon discovered that,
due to the small changes from the preliminary sizing results, virtually no
change occurred in the wingloading required to maintain sufficient fuel volume
in the wing. The final sizing process, therefore, was reduced to the simpler
problem of scaling airplane gross weight to that required to meet the range
requirement while maintaining wingloading at that value calculated during pre-
liminary sizing. '

Leg-by-leg summaries of the design and alternate missions are presented in
tables XXIX and XXX for the resized airplanes having an engine airflow of
408 kg/sec (900 1b/sec). Resized vehicle characteristics may be found plotted
versus engine airflow for both engine cycles in figures 87 through 91. Note
that thrust-to-weight ratio is calculated using maximum sea level static in--
stalled thrust and weight equal to takeoff gross weight. The actual thrust-to-
weight for takeoff is approximately 81 percent of this value, due to noise
suppression and throttling to meet FAR 36 sideline noise requirements.
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Performance items allowed to vary are shown in figures 92 through 95. All
airplanes shown on these plots have a design mission range of 6481 km (3500
n. mi.) and have sufficient fuel volume available in the wing. Figures 96 and
97 show L/D and SFC values obtained at the start of the supersonic cruise. For
comparison. purposes, values of maximum L/D and minimum SFC are also shown for
each airplane. Figure 98 shows the Mach 2.7 cruise efficiency factor, Spen for

each airplane, while figure 99 shows the total propulsion weight versus engine
airflow. The latter includes engines, nozzles, nacelles, air induction system,
engine controls, and accessories. Differences in the rate of change of the
cruise efficiency with engine size and the increment in propulsion system
weight between the turbofan and turbojet cycle are the cause of the relative
shape change and magnitude of the gross weight curves of figure 87. The mis-
match between operating and maximum cruise efficiency factor previously found
for the constant takeoff gross weight performance has largely been eliminated
by vehicle wing resizing. Calculation intervals for the final sizing were made
for each 45.4 kg/sec (100 1b/sec) change in engine airflow, ranging from 272
kg/sec (600 1b/sec) to 544 kg/sec (1200 1b/sec).

The results of the second iteration may be readily compared to those of the
first iteration by comparing the final gross weight values as shown in figure
87 with those indicated in figures 81 and 83. All results of the second itera-
tion are within approximately 1 percent of the first iteration results., It was
therefore concluded that the analysis had converged and that negligible refine-
ment would result by performing further iterations.

Although there were no performance requirements to be met other than design
mission range, there are desired levels of performance for takeoff and super-
sonic (T/D) ratio. These values are indicated on the respective plots. It is
observed that all airplanes meet the desired balanced field takeoff distance of
3200 m (10 500 ft), except those turbofan-powered vehicles with engine airflow
values below 286 kg/sec (630 1b/sec). Similarly, the desired all-engine take-
off distance of 2783 m (9130 ft) is met in all cases, except the turbofan-
powered airplanes below 327 kg/sec (720 1b/sec) airflow. The desired value of
T/D at 2.7 Mach, 18 300 m (60 000 ft) is met in all cases. :

DISCUSSION OF RESULTS

An investigation has been made of the effects of various propulsion system
parameters on the characteristics of a supersonic transport. The effects of
engine size on wave drag, friction drag, drag-due-to-1lift, wing sizing, air-
plane balance, and airplane weight were studied. These evaluations were made
for two engine cycles, which further provided information on the effects of
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nacelle shape. Also, a comparison was made to illustrate the effects of
using a slightly underexpanded nozzle as opposed to a fully expanded nozzle.

Cruise Drag Effects of Engine Mass Flow Rate and Nacelle Shape

A summary of the turbofan and turbojet nacelle installation drag for the
balanced Sy = 995 sq m (10 713 sq ft) configuration is presented in figure 100
at Mach 2.7 as a function of engine size. These results are relative to the
reference configuration nacelle installation. Absolute levels may be estab-
lished by use of table III. The positive slope of the total incremental
curves is a consequence of wetted area increases. The impact of nacelle shape
on wave drag is clearly visible from these results, and is of equal or
greater importance than the effect of engine size and the associated considera-
tions of aerodynamic balance for the arrangement under consideration. Skin
friction drag is primarily dependent on the engine size, as would be expected.
The associated variation of L/D with engine size is presented in figure 77.
The degradation of maximum L/D with increasing airflow is a result of increas-
ing nacelle wetted area.

~ A summary of resized total configuration skin friction and wave drag
characteristics is presented in figure 101 at Mach 2.7 as a function of air-
flow. All coefficients are based on their own wing area, in accordance with
the table in the upper right-hand corner. Each analysis point has been
balanced to neutral pitch stability at takeoff and has the same tail volume as
the reference configuration. The variation of operating and maximum cruise L/D
with engine size is presented in figure 96. The decrease above 408 kg/sec
(900 1b/sec) airflow for the turbojet cycle is a result of the increased wave
drag and wetted area.

Cruise Drag Effects of Nacelle Location

It was known, from the results of the earlier configuration studies from
which the baseline configuration of this study was evolved, that the nacelles
of the baseline airplane were favorably located, from the viewpoint of cruise
wave drag. To examine the sensitivity of cruise drag to changes in nacelle
location, wave drag increments were determined for three different manipula-
tions of the longitudinal placement of the nacelles. In one case, all
nacelles were moved forward and aft in unison. In the other cases, the in-
board and outboard nacelles were moved independently of the other.
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The results of this evaluation of the effects of nacelle location on
wave drag at Mach 2.7 are shown in figure 102 for the turbojet nacelle, and
in figure 103 for the turbofan nacelle. The trend for both nacelles is seen
to be that of increasing drag as the nacelles move forward and decreasing drag
as they move aft, for a limited extent of movement. Further aft movement is
restricted, of course, by the allowable extent of overhang of the nacelle be-
yond the wing structure.

The drag sensitivity of the location of the turbofan nacelle is seen to
be much smaller than that of the turbojet nacelle, which is consistent with the
weaker pressure field of the turbofan nacelle, as discussed previously.

Wing Camber Plane Deformation, Effects of Mass Flow Rate and Nacelle Shape

The effects of engine size on the incremental wing distortions required to
cancel propulsion system induced disturbances due to thickness at the Mach 2.7
cruise condition are summarized in figure 104 for the turbojet nacelle, and in
figure 105 for the turbofan nacelle. Three typical spanwise stations are
shown: one station inboard of the inboard nacelle, one station between na-
celles, and one station outboard of the outboard nacelle. In general, larger
wing distortions are required to cancel pressures induced by the larger na-
celles and for the turbojet cycle. The discontinuity in the deformation
between the nacelles corresponds to the location of the second shock. The
largest corrections are required between the nacelles as a result of both pods
influencing this region.

Typical location of the nacelle influence field relative to the wing spar
is presented in figure 106 for the baseline turbofan nacelle installation.
Variations of required wing distortion along the rear spar are presented in
figure 107 for two engine cycles and for three engine sizes. The reductions in
the deformations required between the nacelles correspond to regions in which the
nacelle thickness disturbance are either not felt (region A of figure 106) or
are weak. In the case of the turbojet, the shock is stronger and consequently
stands ahead of that for the turbofan,to the extent that the intersection point
of the two shocks between the nacelles is located ahead of the spar.

Examination of the previous results indicates that nacelle shapes of high-
volumetric efficiency (low wave drag) are compatible with small wing camber
plane corrections required to maintain wing-body design cruise lifting
efficiency. ' '
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Airplane Gross Weight Effects of Mass Flow Rate

The most pronounced effect of engine size found during the current study is
the impact on TOGW for constant range performance. Increasing the airflow from
272 to 408 kg/sec (600 to 900 1b/sec) resulted in an increase in airplane weight
(figure 87) of 43 000 to 55 000 kg (95 000 to 120 000 1b) and corresponds to a
16- to 20-percent increase for the same mission task. Examination of figures 98
and 99 indicates that the dominant controlling factor is the increased struc-
tural weight of the propulsion system and its multiplying effect on required
fuel weight and wing size.

The difference in rate of growth between the turbojet and turbofan cycles
of figure 87 is a result of (1) the more efficient installation of the latter
from a wave drag point of view, and (2) the reduced rate of the propulsion sys-
tem structural weight growth (figure 99) for the turbofan. The crossover point
of about 340 kg/sec (750 1lb/sec) airflow could undoubtedly be delayed by re-
ducing the maximum nacelle cross-sectional area of the turbojet installation
relative to the capture and exit area. Possible means of accomplishing this
have been discussed briefly under ''Propulsion,'' page 61.

Application to Preliminary Design Studies

From the viewpoint of external aerodynamic drag, the most meaningful
characteristic of a nacelle installation is the axial distribution of nacelle
cross-sectional area. The cross-sectional area of the nacelle is, of course,
dictated by the external geometry of the engine and accessories, installation
requirements, and the nacelle structure. Favorable trends in drag were shown
in this study to result from reducing the maximum nacelle cross-sectional area
relative to the inlet capture area, and by increasing the nozzle exit area
relative to the capture area. Referring to the nacelle cross-sectional area
distribution curves in figure 16, the wave drag at Mach 2.7 of the nacelle
labeled "SF74-19" is five drag counts less than that of the nacelle labeled
'""TJ73-02." This increment of five drag counts amounts to 25 percent of the
wave drag of the entire airplane at cruise' speed, which is quite significant.
A comparison of the nacelle envelopes, shown in figure 13a, illustrates the
differences in capture area, maximum cross-sectional area, and nozzle exit
area, which contribute to the substantial wave drag difference.

The more favorable design characteristics are obtained by eliminating,
wherever possible, protuberances from the engine envelope, and by utilizing a
fully expanded nozzle at cruise conditions. For both nacelles considered here,
the maximum cross-sectional area was reduced as much as possible by moving the
accessories from the engine case into the wing, and by submerging the engine as
deeply as possible into the wing contour. Other trades in the engine design
that would reduce the maximum cross-sectional area of the engine relative to
the capture area should be investigated with respect to the effects on engine
performance engine weight, and a1rp1ane drag.
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Other nacelle design considerations that affect the nacelle geometry, and
which might be manipulated to improve the cross-sectional area distribution,
are thrust reversers, noise suppressors, secondary and tertiary air, bleed
ducts, compartment cooling, insulation, clearance allowances, mounting arrange-
ments, pylon effects, and accessibility.

From a quantitative viewpoint, then, if a favorable nacelle cross-
sectional area distribution (similar to that of SF74-19 in figure 16) is
achieved, and if the nacelle is favorably located relative to the wing thick-
ness distribution (as in the NASA arrow wing - SCAT 15F- configuration), it can
be assumed, as a minimum, that there is no wave drag penalty at the design
cruise Mach number due to the nacelle installation. Also, for a well-shaped
nacelle, it can be assumed that the nacelle interference effects on drag-due- .
to-1lift can be eliminated at the same condition by proper wing camber plane
warping.

A less conservative assumption is warranted under the circumstances that
favorable nacelle shaping is achieved and that the twist and camber of the wing
is ‘optimized with the nacelle interference effects included. If these condi-
tions are met, the nacelle can be added to the wing-body configuration with a
net reduction of pressure drag of a magnitude that would largely offset the
friction drag of the nacelle at the supersonic cruise condition., (For the
baseline airplane of this study, it is believed that this assumption would
apply to nacelle sizes up to that of the 900 1b/sec engine.)

The foregoing clearly does not apply to less well-shaped nacelle area
distributions, as evidenced by the results of figure 17. If the nacelle shape
does not meet the aforementioned criteria for favorable cross-sectional area
distribution characteristics, then the effects of the nacelle on cruise drag
must be determined by specific analysis of the resulting configuration.

The effect of engine size on airplane weight is about 4.1 pounds increasg)
in takeoff gross weight per pound increase in bare engine weight. This value
pertains to the design mission of 234 passengers and 3500 n mi range, and will
be greater if the design range is increased.

RECOMMENDATIONS

Propulsion system size and nacelle shaping have been shown to have sig-
nificant effects on the drag and performance of a supersonic cruising air-
plane. Because of the sensitivity of the drag of supersonic airplanes to na-
celle shaping, and because of the dependence of nacelle shape on details of the
engine cycle, it is recommended that further effort be directed toward optimi-
zation of the supersonic transport configuration through engine cycle-engine
packaging studies. For example, addition of variable geometry (variable turbine
area and additional variable compressor and fan stators) should improve both
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turbojet-and turbofan-powered aircraft. The turbojet nacelle arrangement could
be improved with variable geometry because the airflow demand (and, thus, the
inlet shape) and the exhaust nozzle area could be tailored to better match the
nacelle maximum cross-sectional area. This would result in reduced aircraft
drag. Also, addition of variable geometry to the turbofan should improve its
specific fuel consumption at supersonic cruise. Further integration work with
variable-cycle engines (with multiple flow paths) is also believed warranted due
to their potential of reduced takeoff noise, improved subsonic cruise fuel con-
sumption, and supersonic fuel consumption near that of a turbojet.
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