NASA CR-144962

TECHNICAL AND ECONOMIC ASSESSMENT
OF
SPAN-LOADED CARGO AIRCRAFT CONCEPTS

“(NASA-CR-144962) TECHNICAL AND ECONOMIC
" _ASSESSMENT OF SPAN-LOADED CARGO ATIRCRAFT

" CONCEPTS (McDonnell-Douglas Corp.) 142 p HC , .
$6.00 ¢scL 01c Unclas
‘ e _ .. G3/05 . 47656

_'Prepared under Contract No NAS] 13964 by
MC DONNELL DOUGLAS CORPORATION ]f};-}”l.l:
Doug]as Aircraft. Company
Long Beach, Ca., 90846 TR
- for o

'|‘\I"1\!Eii‘r‘l,

" NATIONAL AERONAUTICS AND SPACE ADMINISTRATIO

N76-28225 - ¢




o e e cmen e e S T L TR fm vew e s o ot ioe - e

NASA CR-144962

TECHNICAL AND ECONOMIC ASSESSMENT
OF

SPAN-LOADED CARGO AIRCRAFT CONCEPTS

January 1976

Distribution of this report is provided in the interest of
information exchange. Responsibility for the contents
. resides in the organization that prepared it.

Prepared under Contract No. NAS1-13964 by
McDonnell Douglas. Corporat1on o
Douglas Aircraft Company
. Long Beach, Ca., 90846 -

~ for

: Langley -Research Center L '
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION




Page intentionally left blank



. . *

5.0

Section

1.0
2.0.
3.0

4.0

TABLE OF CONTENTS

TABLE OF CONTENTS

LIST OF ILLUSTRATIONS

LIST OF TABLES

SUMMARY

INTRODUCTION

PARAMETRIC STUDIES

3.1  Study Scope and Depth

3.2 Configuration Conceptualization -

~ Landbased spanloader

Seaplane

3.3 Parametric Results

Landplane spanloader parametkic results
Hybrid seaplane parametric results

3.4 Concept Selection

DETAILED- CONFIGURATION ANALYSIS
4.1 Point Design Spanloader Description
Configuration selection
- Mass properties analysis:
Aerodynamic characteristics
Performance summary -
Economic analysis
Stability and control
- Structure and loads analysis
4,2 Conventional Aircraft Deécriptioh
. Configuration arrangement
Structures and mass properties
Performance summary
Economic analysis

~ VEHICLE COMPETITIVE ANALYSIS
"5;]'.-DiménsionaifData'Comparison )
5,2 StrUcturés:and weight'Compari$on
5.3 Structural Arrangement Comparison-

i

" Page

N

15
21
25
25
41
43
52
51
51

57
60

63

73

74
8T

102

102
105

- 105

105 -
m

S
ER
s



Section

6.0
7.0

5.4 Aerodynamic Characteristics Comparison
5.5 Performance Comparison

5.6 Economic Comparison

CONCLUSIONS

RECOMMENDATIONS FOR FUTURE WORK

7.1  Airfoil Design

7.2 Winglet Design

7.3 Composite'Structures

7.4  Wing Internal Arrangement Studies

7.5  Structural Design Refinements

~ 7.6 Payload Characteristics

7.7 EnginewTechnolpgy Requirements
7.8 Dynamic Stability |

7.9 Operational Considerations

7.10 Military Logistics Evaluation

APPENDIX A - NOMENCLATURE

iv

" 'Pag
117

119
121
125
127
127
128
128
129
130
131
132
132
133
133

- 135



Figure

3-1
3-2

3-3

3-5
3-6

3-8
- 3-9 .
3-10
3-11
3-12
3-13
3-14
3-15
3-16 .
3-17
3-18
3-19
3-20

3-21 |

4-1

4-3 -

44

47

49
4-10

4-11

47’6 '

LIST OF ILLUSTRATIONS

Parametric Baseline Spanloader

Comparison of Drag Divergence Mach Numbers
for Various Types of Airfoils

Internal Wing Arrangement Trends
Efficiency of Wing Cargo Packaging
Hybrid Seaplane

.. Hybrid Seaplane Wing Sizing L1m1tat1ons

Effect of Aspect Ratio on Landbased Spanloader

Effect of Wing Thickness on Landbased Spanloader
Swept Wing Spanloader

The Effects of Range on Landbased Spanjoader

Effect of Range on Landbased Spanloader Performance )
The Effects of Payload on Landbased Spanloader
Effect of Payload.Density on Landbased Spanloader
Cargo Compartment Pressur1zat1on

Container Pressurization

_Economic Trends of Landbased Spanloader

Effect of Payload Density Fuselage Loaded Seaplane

-Effect of Range on Fuselage Loaded Seaplane

Aspect Ratio Effects as Function of Ajrcraft Concept

Paylvad Density Effects as Function of ‘Aircraft Concept
Range Effects as a Function of Aircraft Concept

Point Design Spanloader

Point Design Performance and Econom1c Character15t1cs
" Total Skin Friction for Smooth Surface

Point Design Spanw1se Lift D1str1but1on '

-W1ng1et Effect on Induced Drag of Point Des1gn

Point Design Compress1b111ty Drag
High Speed Point Design Trim Drag

}.Po1nt Design Trimmed Lift to Drag Rat1o o

Point Des1gn L1ft Curves

" Low Speed Point Design Trim Drag

Low Speed Po1nt Design Aerodynam1c Character1st1cs

Page

11
17

18
20
22
24
27
28
30
33
34
35

37

38
40

. 42

44
45
47
48

49

53
56

61

64
65
66
67

68
69
70



Figure : : Page

4-12 Airframe Cost Price Versus Quantity ' - 76
4-13 Point Design Horizontal Tail Sizing 79
4-14 Point Design Tail Lift Coefficient Required for Trim 80
4-15 Wing. Structural Arrangement .83
4-16  Typical Wing Rib | S
4-17 Wing Landing Gear Structure 85
4-18 Critical Wing Ultimate Shear Force 90
4-19 Critical Wing Ultimate Bending Moment ‘ , 9
4-20 Critical Wing Ultimate Torque - : ' 92
4-21 ‘ Wing Skin Panel Thickness o , ‘ 94
4-22 Typical Wing Rib Loading B - 96
4-23 Typical Rib Shear - 97
424 ‘Typical Rib Bending Moment | 98
4-25 " Typical Wing Rib Thickness | . - .99
4-26 Wing Rib Commonality : _ 100
4-27 - - Wing Spar Shear Material Thickness 101
4-28 Conventional Aircraft - - - 4 . - 103
4-29 Airplane Price Versus Quantity ‘ 110
5-1 o NinQ]et'Aefodynamic Payoff o : : 118

5-2 -~ Aircraft Price Versus Quantity 124

vi



Table:

3-1

3-3A
3-3B
3-4A
3-48
3-5
3-6
4-1
4-2
4-3
4-4

46
4-7A
4-78

4-9
4-10

4T

4-12
5-1
| 5=2
5-3
5-4
 5-5

LIST OF TABLES

Parametric Study Direct Operating Cost Assumptions
Parametric Study Variables

Study Matrix (English)

Study Matrix (Metric) _

Wing Loading Conditions Investigated (Eng]iéh)

~ Wing Loading Conditions Investigated (Metric)

Wing Sweep Study - Spanloader '
Landbased Spanloader.Pressurization Study Summary

Point Design Spanloader - Design Data and Geometry

Point Design Spanloader - Weight Summary ..
Parasite Drag Summary '
Point Design Performance Summary

~ Airplane Pricing

Direct Operating Cost'Breadewn

-Design Load Conditions (Limit) (English)

Design Load Conditions (Limit) (Metric)
Conventional Aircraft - Design Data and Geometry

. Conventional Aircraft - Weight Summary

Conventional Aircraft Performance Summary
Airplane Pricing (Conventional Design)
Direct Operating Cost Breakdown

Dimension Data - Span1oader vs Conventional Aircraft
Weight Data | |
‘Aerodynamic Parameters Comparison

Performance Comparison -
Economic Data Comparison

| Spanloader Economic Potential

vii

’ vl
— . [+3)

13
33
40
55
59 -
62
72
75
77
87
88

104

106
107

109

108 -

112
e
7z
- 120
ez
123



TECHNICAL AND ECONOMIC ASSESSMENT OF

SPAN-LOADED CARGO AIRCRAFT CONCEPTS
1.0 SUMMARY

_ -~ The objectiVe'of the study documented in this report is to enumerate and
quantify the benefits of span distributed'1oad1ng concepts as applied to
future commercial eir cargo operations. A two phased program isvused to
perform this assessment. The first phase consists of selected parametric
studies to define 519n1f1cant configuration, performance and economic¢ trends.
The second phase consists of more detailed engineering design, analysis and
econom1c evaluations to define the technical and econom1c feasibitity of a

. se]ected span]oader de51gn. A conventional all- -cargo aircraft of comparab1e
technology and size is used as a comparator system.

The investigations of this report genera]ly substant1ate the techn1ca1

- feas1b111ty of the spanloader concept with no new magor technology efforts
required to jmplement the system. However, certain high pay- off technologies
such as w1ng1ets, airfoil design, and advanced structura1 mater1a1s and
‘manufacturing techniques need refinement and def1n1t1on prior to application,
In addition, further structural design analysis could establish the techniques
and Cfiteria.necesSary to fully capitalize upon the high degree of structural
commonality and simplicity inherent in the spanloader concept,

The most economical span]oader confwguratxon 1nd1cated by the studies is -
a 40 degree swept wing design with ‘twin outboard mounted empennages ~This
conf1gurat1on showed approx1mate1y 13 percent lower d1rect operat1ng cost ,
than the conventional aircraft. Additional conf1gurat1on opt1m1zat1on items
_cou1d increase. this value to about 15 percent..

The 11ft to- drag ratios (L/D) of the typ1ca1 moderate aspect rat1o
(4 to 5) span]oader conf1gurat1ons using ]arge effective w1ng]ets can be as
high.as 21, This. is cons1derab1y greater than today s jet aircraft but -
v‘s11ght1y less than an advanced high aspect ratio convent1ona1 a1rcraft These
~high L/D. values result from the substantial 1ncrease in effective aspect ratio
resulting from the use of w1nglets, the h1gh flight Reyno]ds number with the
‘-attendant reduct1on in skin’ fr1ct1on coefficient, and the use of negative .

static stab111ty marg1ns W1th the resurtzng reduct1ons 1n ta1] s1ze and tr1m
" drag. . . ‘ o .



The ‘weight empty-to-gross weight ratio of the spanloader can be as low
as ,26 compared to .32 for the advanced conventional aircraft. This improve-
ment is anticipated from the distributed span loading feature of the concept.
The unit weight of the spanloader wing, in fact, is approximately half that
of the conventional wing. The impact of these considerations on aircraft
procurement cost is a potential price reduction of 15 to 20 percent compared
to the conventional aircraft. |

The spanloader offers a rapid load and off load capability because of
its multi-channel arrangement and the loadability from both wing tips. A
potential operational problem exists, however, relative to the compatibility
of the spanloader with existing facilities because of the large wing span -
(apprOximately 300 feet) and the large gear tread (approximately 200 feet).

The payoffs and incentives using the spanloader concept as a basis for
a 1990 all-cargo dedicated air freight system are sufficient to warrant
further study and detailed analysis in specific areas. These areas-of
additional study are identified in the report.



2.0 INTRODUCTION

The current air cargo market represents only a small percentage of the
total cargo traffic of the world (.1 percent in 1973). In this year, this
actually consisted of approximatleyvls billion ton miles of air freight,
mail and express. Of this amount approximately 50 percent was carried in
airliner bellypits and the remainder in a]]ereight configurations (DC-8F,
747F, 707F). Considerable uncertainty exists in the projection of future air
cargo growth and a wide dispersion of estimates is reported in the literature.
The maturing market of air cargo is assumed in this study to be 100 billion
ton miles per year by the year 1990.. This projected volume is sufficient to
seriously cons1der the development of a. ded1cated a]]—cargo air freight
system,

New design options and configuration alternatives are being considered
for evaluation for this potential dedicated cargo system. It is noteworthy
that a number of foreign programs are in existence which.address dedicated
air cargo and which are targeted for operation near the end of this century.
These systems include a proliferation of ligher-than-air projects, hybrid
systems which cruise in-ground- -effect over the ocean, seap]ane programs, and
conventional a]]-fre1ghter a1rcraft

Two advanced configuration possibilities are evaluated in th1s report
and are compared to a large conventional h1gh speed Jet all- fre1ghter '
conf1gurat1on These are; .

(1) Span distributed loading cargo aircféft (spanloader) which feature
_ containerized cargo loaded spanwise in a nontapered wing, and
(2)  a hybrid seaplane concept which would carry containerized cargo
~in the fuselage (hu]]),-and wou]d'operate primarily from and over
“ acean routes. T | ' |
The emphas1s of the: study, however, Was p]aced on the 1andbased spanloader. |

S1gn1f1cant parametr1c stud1es are conducted to 1dent1fy payoff trends
in conf1gurat1on geometny, performance requ1rements, cargo related charactere
. .1st1cs and economics. Future techno]ogy requirements required for: program
| jmplementation-and maJor techno]ogy payoffs are 1dent1f1ed A neay opt1mum
"span]oader conf1gurat1on is se]ected for deta1led ana]ys1s and a compar1son
| to the. conVent1ona1 a1rcraft mode.v P |



3.0 PARAMETRIC STUDIES

In order to derive valid comparisons between the unorthodox large

aircraft concepts under study (landbased spanloader and hybrid seaplane)

and advanced conventionally configured large cargo aircraft, it is neeessary
to conduct select parametric studies of the major design parameters of

the unorthodox configurations. This is necessary because %he impact of

the major design parameters on the technical and economic performance of
these new concepts is not as well understood as for the conventional con-
figurations which have the advantage of extensive historical development.

~ This section discusses the results of the parametric or “trend"
studies performed. The selection of an optimum Point Design landbased
spanloader configuration from the parametric results for more detaited
~evaluation is contained in Section 4.0. Final comparison to the con-
ventional concept_is presented in Section 5.0

Direct operating cost (DOC) was the primary se1ect1on criteria
although other criteria, such as fuel ‘efficiency and operat1ona1 con-
siderations, are also weighed. The DOC formulation utilized is a 1975
update of the 1967 ATA equation., the major assumptions of which are
summarized in Table 3-1. Three levels of fuel costs were used for
each variation as noted. While the above assumptions:are sufficient to
_ determine consistent trends and valid optimum values in the parametric
“analyses they are inadequate for the critical comparisons between generic

types of vehicles in the later report sect1ons ‘For the latter compar1sons
the assumed values were re-examined in the .1ght of the spec1f1c character-
~istics of the respective veh1c1evtypes “As an_example, while the parametric
studies used $90 per pound ($198/kg) of structure for airframe cost, the
detail design assessments of Sections 4.0 and 5.0 employ . deta11ed cost
evaluations that reflect the ‘major differences in structural complex1t1es
ekisting between general types. DOC values for the parametric studies

" have been given the subscript "p" to preclude confusion with the more re-
" fined DOC values of the Tater sections. - It is important to note that the

. parametr1ca1]y derived operat1ng costs .{DOC_) cannot be compared d1rect1y

;to the direct operat1ng cost (DOC) of Sect1on 4 0 der1ved through the



"TABLE 3-7
‘PARAMETRIC STUDY DIRECT OPERATING COST ASSUMPTIONS

Crew Excalation Factor , : '1;59

Weight Pay Factor ' , 0.05

Speed Pay Factor o 0.00

Insurance Rate : : 0.015

Depreciation Period Years 16

A/C Residual Value Ratio : - 0,10
- Spare Ratio o 0.15
_Fuel Price cents/gal | 10, 25, 40

Cost Weight Pricing $/1b ($/kg) 90 (198)

Engine Price Factor : : 1.00

Maintenance Labor Rate $/hr _ - 6.70

Labor Burden Ratio o ' 1.8 .

Airframe Labor Factor o . 0.057

Airframe Materials Factor : - .71
" Engine Labor Factor R © .68
~ Engine Materials Factor | | - 23.6 !
Operation. : ) ' - Domestic e
. Op Pay Factor’ _ o : . 135

Utilization "~ hr/hr - - ATA

detailed cost analysis. . To compare these values requ1res cons1derat1on for

the value d1fferences ex1st1ng ‘hetween the under1y1ng assumpt1ons ‘and -

-VWe1ght1ng factors ut111zed in der1V1ng the respect1ve d1rect operat1ng costs.

Parametr1c studies conducted 1nc1ude critical geometr1c performance,

payload related characterwstvﬁ , and ‘economic parameters. While ‘the

. resulting fundamenta] trends ave not ]1ke1y to be invalidated by more -

'deta11ed ana]ys1s, addi tional exten51ve opt1m12at1on studies will be
"._necessary to mature the study conf1gurat1ons to the same 1eVe1 of de51gn

f1nesse as the conVentlona1 conf1gurat1ons



3.1 Parametric Study Scope And Depth

The pr1mary variables treated in the parametr1c analysis are shown
in Table 3-2.

_ TABLE 3-2
PARAMETRIC STUDY VARIABLES

PARMMETER - |  SPANLOADER HYBRID SEAPLANE

~ Geometric variables Aspect Ratio Aspect Ratio

Wing Thickness Ratio

Wing Sweep
Performance variables Range S _' Range

Payload Variab1es Payload Quantity * Payload Densi ty
' ' Payload Density

Pay1oad-Pressurizatioh

Economic variables Fuel Price Fuel Price

The- specific combinations of these variables is shown in the matrix
of Table 3.3. This matrix was planned so as to cover expected critical
regions of the parametric variations, without generating undue information
in anticipated-non-optimum regions. '

Less parametr1c coverage is shown for the hybr1d seap]ane than for
the 1andbased span]oader becaUSe the study ground rules jdentified the.
' 1attervto be the primary generic type of configuration for investigation.
‘In addition, the available in—ground'effect aerbdynamic data base upon
wh1ch ‘the eva1uat1on of the hybrid a1rcraft is based is 1ess well develsiza
and therefore less reliable than that for ‘the spanloader. Only e
: span1oader is carr1ed 1nto the ananyses and compar1sons of Sections -
4.0 and 5. 0 '




TABLE 3-3A
~ PARAMETRIC STUDY MATRIX

English Units

e -Landp:l'ane ) ‘Aspect Ratio
: (t/C= ...20) - 4 5 6 7-'
© Gross Payload 10 A= 40° PL = 400,000 1b
- Density (R= 4.45) 600,000 1b
 (Pp ) ~ 800,000 1b
- 15 PL = 600,000 1b | PL = 600,000 b PL = 600,000 Tb| PL = 600,000 1b
- R=3000n. mi. | R= 2000 n.mi, R = 3000 n.mi, R'= 3000 n,mi, |
t/c = .17, .23 3000 n.mi. :
(R= 5.4) 4500 n.mi,
' - 6000 n mi,
20 PL = 500,000 1b
' R = 3000 n.mi.
SeapTane - Aspect Ratio
(t/c= 7_.‘2-0) 2 1
Gross Payload 10 'PL =.600,000 1b PL = 600,000 1b
. Density R = 3000 n.mi, R = 4500 n.mi.
- CPpg) to00 moms | NOTE: AT1 Configurations
(b/ft7) . - IR - evaluated at 10, 25
- C 15 PL = 600,000 Tb PL = 600,000 1b and 40 cents/gal
' R = 2000, 3000, R = 4500 n.mi.|
* 4500, 6000,
ol 8000 n.mi. _
o PL = 600,000 1b
20 - PL = 600,000 1b R = 4500 n.mi. ;
~ R 4500 n.mi.




TABLE 3-3B

" PARAMETRIC STUDY MATRIX
__Metric Units

Léndplane_ - . o ) . Aspect Ratio
_ (t/c = .20} - o 4 5 6 7
" ‘Gross Payload - 160 A = 40° -~ |PL = 181,437 kg
Density. . .. | (R= 4.45) 272,155 kg
S . = ~ R = 5,550 km
~ {kg/m ) N o . : 4 |
' . 240 PL = 272,155 kg PL = 272,155 Kg | PL = 272,155 kg PL = 272,155 kq
o R = 5,550 km R = 3,700 km R = 5,550 km R = 5,550 km
t/c = .17, .23 5,550 km : :
(R=5.4) 8,326 km
| 11,107 km
320 : PL = 272,155 kg
- R = 5,550 km
Seapiane L ' o Aspect Ratio'
) __--(It/c‘-'--.ZO) | T Z 3
" Gross Payload 160 | PL = 272,155 kg PL = 272,155 Kg |
Density - o | R=5,550 km R = 8,326 km
(P )y = 8,326 km '
- PLg : - - 11,101 km NOTE: A17 Configurations
(kg/m9) A - _ : ‘ : evaluated at 10, 25
o , 240 PL = 272,155 kg PL - 272,155 kg and 40 cents/gal
R = 3,700, 5,550, | R = 8,326 km
8,326, 11,101, S
, 14,801 km
320 PL = 272,155 kg - PL = 272,155 kg
. R = 8,326 km . R = 8,326 km |




A number of ground rules were established to maintain study con-
sistency and to appropriately represent technology anticipated for the
1990 time period. These ground rules are listed as follows:

0

Cargo is to be carried in 8 x 8 x 20 foot (2.44 x 2.44 x 6.10 m)
containers. Since there is some current pressure to increase
container height to 8.5 to 9 feet (2.59 to 2.47m), this ground
rule may become restrictive by 1990. The pénalty to the vehicle
for increased height, however, is significant since the wing
chord and associated drag and weight are largely determined

by physical w1ng thickness.

A1l containers are un1form1y loaded (constant density). No

~anomalies in cargo characteristics are considered. As discussed
‘ for'the later Point Design analyses, such non-uniformities are not

expected to create conditions more critical than those evaluated.

No pressurization for the cargo is assumed for the basic parametric
aircraft. This has been assumed for two reasons; (1) pressurization

Will not effect the parametric trend results, and (2) statistics’

show that only three percent of current air cargo carried requires
pressurization. Pressurization, of course, is not required for the

'sea level cruise hybrid seaplane. Alternative pressurization'
lschemes, however, are evaluated for the spanloader in this sect1on

and pressurization has been included in the 1ater‘Po1nt Design

analysis.

In accordance with the study guideTines, the spanloader and con-
ventional aircraft design field lengths should be less. than 12,000

feet (3,658 m)fqn_a,standard day at sea level. This requirement

inpacts only a few of the parametric aircraft. The hybrid seaplane
designvtakeoffadistance (clear the water) has been chdsen to be
8,000 feet (2,438 m) to minimize excessive pound1ng of the structure
during takeoff' - : S -

_ Cmnplete use of graphite epoxy compos1tes was assumed for a]] a1r-
_ frames 1nc1ud1ng all primary and secondary structure. -This re-
:presents the single. 1argest advanced techno]ogy payoff Others

Were assumed and are 1dent1f1ed in the deta11 d1SCUSS10nS
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0 Reasonable negative static margins were permitted for all configu-

rations evaluated.

'A11 performance was based upon a high bypass ratio (9) fanjet

engine, typified by the TF-39 engiwe with the SFC reduced by
five percent from current levels. ' A high usage of composites as
currently being exp101ted in the QCSEE engine is also assumed for
weight reduction purposes. No attempt was made to optimize the
cycle for any of the configurations studied.

The basic structural, weight and'aekodynamié characteristics of the
vehicles were investigated in sufficient depth to gdarantee
identification of valid trends and selection of optin:m vehicle
parameters. Primary attehtiph was given to assumptions or trends
that ‘might "tilt" the parametric curves and less attention paid to-
those items which would "shift" the curves. For instance, in-
sufficient attention to the variation of structural weight with
aspect ratio might resu1t»inithe choice of a non-optimum aspect

‘ratio for subsequent anaTyseS and comparisons. On the other hand,

the use of $90 per pound of structure weight for airframe costing
is likely to shift the parametric curves but not invalidate the
choice of critical geometries.

In order to guarantee a suffitient depth of analysis, a nominal
span1oader configuration was designated as the'baseline from which -
the character1st1cs for the entire parametr1c matrix could be
generated. Th1s Parametric Baseline conf1gurat1on was defined to have

“an aspect ratio 5 non-tapered wing and a gross payload of 600,000

pounds (272,155 kg) at a gross cargo density of 15 pounds per
cubic foot (240 kg per.cub1c m) (F1gure 3-1). The analysis of this

- Parametric Baseline was of only slightly less depth than that . .
.cqndudted'for the Point Design aircraft discussed later in the

report. The ana1ys1s con51sted of the fol1OW1ng basic e1ements

o Loads determ1nat1on ~ The seven cr1t1ca1 loading conditions

o 1dent1f1ed in Table 3-4 were 1nvestlgated Uniform cargo loading

distributions were considered in conaunct1onﬂwith.aerodynamic Toads
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~ TABLE 3-4A
'WING LOADING CONDITIONS INVESTIGATED
English Units '

*A. 50 fps up ‘gust at 20,000 ft at maximum gross weight

{n = 2.91)

B. 50 fps up gust at 20,000 ft at minimum gross weight
(n = 4.12)

- C. }10 fps landing at maximum 1anding groés weight
. ( n=1.83)

'D. 10 Tps landing at maximum landing gfoss‘weight
- {n = 1.83) - Outer Gear Load - 2 x Cond 3.

-*E.  Taxi at_maximum gross weight -

(n=2.0) -
F. Turn and swing at maximum gross gross weight - to left
(n .=."|.O’ nY = 0'5) : .
G. Turm and swing at maximum gross weight - to right

(ﬂfLm“Y=&9'

“*Critical conditions



et

o,

L *E,

- G.

o TABLE 3-4B
- WING LOADING CONDITIONS INVESTIGATED
' h Metric Units :

15.2 mps up gust at 6,096 m at maximum gross weight

(n=1291)
- B. -15.2 mps-up qust at 6,096 m at minimum gross weiqht
(n = 4.12) B
C; 3.1-mps_1anding at maximum ]anding]gross weight
~(n =1.83) A '
D. 3.1 mps Tanding at maximum landing gross weight

{n=1.83) - Outer Gear Load - 2 x Cond 3
“Taxi at maxfmum gross weight
~(n=2.0)

. Turn and swing at maximum gross gross weight - to left
“(n =1.0, Ny = 0.5) .

Turn and swing at maximum gross weight ~ to right

(n =1.0, ny =0.5)

-*Critica}*Conditions:
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and the weight distributions due to major configuration elements

‘such as propulsion, landing gear, fuel, and fuselage. Wing shear,

moment and torque distributions were determined using computer
analysis from which items A and E of Table 3-4 were found to be
critical. Analytical checks of the other parametric matrix

‘configurations were sufficient to establish the load levels

necessary to determine the respective weight allocations.

Structura] Analysis = Strucuural layouts and member sizing of the
wing structure was performed where conventional weight estimating
methodologies would not be valid. This analysis sized the skin/ ~
stringer, rib, spar and cargo floor members for the Parametric
Baseline aircraft to the same depth as that for the spanloader
Point Design of Section 4.0.

The hybrid seaplane structure was analyzed to a comparable depth

Cin a previous contract and is not documented in this report.

'weight_Ana1ysis - Weights were developed for the various spanloader

‘configurations ytilizing configuration drawings, desigh criteria

assumptions, and structural analyses where approprfate. 'Empirical
analyses were used wherever practical with the structural analyses

'being employed- for those components where 1ittle or no previous

weight estimating data existed.: Weights for the Parametric Baseline

‘ (Figuré 3-1) were derived by the same methods app11ed to the Point
Design. The genera] ground rules applied to. the former were

identical to those for the Point Design with two major exceptwons,‘

‘namely, the cargo bays in the Parametric Baseline wing were assumed

to be unpressur1zed and the nace]]e and propulsion we1ghts used

" were based on a scaled up Genera1 E]ectr1c QCSEE 1nsta1led we1ght

a]]ocat1on

“j Aerodynam1c Characteristics - The estimation of the aerodynamic -

characteristics for -the Parametr1c Base11ne used convent1ona1
methodology except for those ‘areas related to the use of the large

~end p1ates‘(W1nglets) The. 1nduced drag effect associated W1th the

latter were estimated using a vortex 1att1ce,computer_program. -



The aerodynamic methodology applied to the parametric aircraft was
identical to that utilized for estimating the characteristics of
the Point Design aircraft. Empennage surface area requirements
were determined based on 10 percent negative stability margins.

The depth of analysis performed for both the spanloader and hybrid seaplane

configurations is comparable and trends for each generic type of vehicle
emanating from the study are judged to be reliable. Considerable discussio
is offered later concerning the relative standing of the individual generic
~ types and ‘additional desirable: opt1m1zat1ons relative to engine cycle
select1on

.3.2 Configuration Conceptualization

Utilizing the baseline spanleader configuration of'Figuré 3-1 analysis
were COnducted'on‘thé basic design considerations such as payload con-
tainment, aerodynamic geometry, and the inboard profile. A MaJOr portion
of these efforts were devoted toward the landbased concept, and comparable
“information on the seaplane Teaned heavly upon the results of a previously
'conducted study. ' '

Landbased spanloader - The typical span]oadér confighrationVUSed as
a base. throughout this study (Figure 3-1) is dominated by the very large
wing, the size of which is determined by the pay]oad characteristics. The:
use of the standard 8 X 8 X 20 foot (2.44 x 2.44 x 6.10 m) containers
_ d1ctates a two- d1mens1ona1 wing (A= 1.0) in order to minimze the wing:
area and produce mi nimum drag and we1ght character1st1cs The striaght
wing has been assumed as a prime c0nf1gurat1on throughout the study since ..
the centeriine break of a swept. wing necessitates loading from both s1des -
- of the,conf1gurat1onvw1th associated major comp11cat1ons in the ground
" facilities requirements. Structura1 simplicity is also max1m12ed s1nce
-use of the straight wing fac111tates the app11cat1on of simple wrap sk1ns
-wnth 1nnumerab]e right and ]eft hand comman parts. ‘The jmpact of this
“structural simplicity upon the cost of the spanloader configurations is
sUmmarized in Section:4'0 However, as previously noted the swept wing -
‘ concept was exp]ored to a limited extent w1th the resu1t1ng data 1nc1uded'
as a po1nt des1gn 1n the parametr1c matr1x‘ )

n
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A majority of the parametric configurations employed spanwise loading
of the cargo containers into three horizontal channels with the appropriate
fore and aft spacing to accommodate a multiple spar structure (four spars)
as 11lustrated in Figure 3-1. The remaining parametric cbnfigurations
utilized three spars with two container channels. The wing chord is
determined by the eight foot container height dimension, appropriate
clearances for wing structure at the critical corner points, and the selected
airfoil thickness ratio. These considerations combined with the thickness
and weight interrelation dictated the selection of the supercritical wing
airfoil section assumed throughout this study.  Attention is called to the
characteristic bulge in the lower aft section of the airfoil (Figure 3-1)
which is particular1y favorable in accommodating the cargo compartment of
~ the spanloader concept. A

Open literature wind tunnel data for supercritical wings is somewhat
Timited and is currently restricted to thickness ratios of 17 percent
and less. The use of thicker sections, however, is possible without
incurring trailing edge separation:at: the relatively low cruise 1ift
: coefficients appropriate to the1study‘airp]anes;'-Thefvariation of drag
divergence Mach number (MDD) with wing thickness is shown in Figure 3-2
for-a cruise 1ift coefficient of 0.6. Based on Douglas in-house theoretical
analyses, a thickness ratio of 20 percent has heen determined as a nominal
thickness ratio that could feasibly be employed and has been used as a
. base throughout this study. The data of Figure 3-2 shows the ..
: drag d1vergence Mach number for this selection to be approx1mate1y 69

to 70 '

_ The pr1mary determ1n1ng factor of the wing geometry is the pay1oad
‘ character1st1cs 1nc1ud1ng pay]oad size, density and the packaging of the

o ~cargo conta1ners w1ng general arrangement drawings were derived for

many of the aspect ratios, pay]oad values, and payload. dens1ty va]ues of the '

vparametr1c matr1x Typ1ca1 wing geometries are shown 1n F1gure 3-3 for
aspect ratios of 4, 5 and 7 with a pay1oad dens1ty of 15 1b/ft (240 kgcm) _

and’ aspect ratio 5 for a_gross pay1oad_dens1ty ( PLG) of 10 1b/ft (160 kgcm) '

16
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Detailed examination of the aspect ratio 4, Ppig ~ 15 1b/ft (240 kgem),
shows that the wing is not eff1c1ent]y used from a cargo containment view-
point. With the wing chord set by the requirement to contain the three,

8 foot (2.44 m).high rows of containers, the stipulation of an aspect:
ratio 4.0 dictates a wing span which is slightly larger than that required
to contain the cargo. It is evident therefore that a slight reduction of
the aspect ratio to a value below that used for the matrix point would
result in a more efficiently packaged wing. For this particular con-
figuration, AR = &, the incomplete usage of the aft channel for cargo
containers exaggerates the inefficient utilization of available wing
volume. These comments are generally applicable to most of the parametric
configuration layouts which were'pefformed for specific "even" values of

geometries.

The se]ected'Point Design aircraft analyzed in detail in Section 4,0
was carefully designed for efficient cargo packaging and therefore generally -
trepresents a more efficient aircraft than those used in the parametric study.
A comparison of the various parametric and theAPofnt Design aircraft
‘relating the W1ng area to the number of containers is shown in Figure 3-4
and illustrates the relative efficiency of the wings. The use of consistent
but non-optimum configurations in the parametric studies does not invalidate
the parametric trends derived or the selaction of optimum parameters..

~As shown in Figure 3-3 the fuel tanks are located in the leading edge:
of the wing and aft of the cargo bay. Because of the large wing volume -
‘available in these areas of the wing, fuel could be distributed both along
the span and fore and aft of the ~cargo bay in an optimum manner to help
'ach1eve optlmum loading cond1t1ons and minimum structural we1ght._ This
ref1nement however, would resunt in a more complex fuel system. The -
Tanding gear is distributed into four main gear bog1es, two jnboard near
the centerline and two- outboard. Each gear is supported pr1mar11y bv the
rear spar. structure and p1v0ts jnto the wing tra111ng edge and 1and1ng
'gear pod. ' '
w1ng1ets were found to have a high aerodynam1c payoff due to the non-'
,.taper w1ng and’ the re]at1ve1y sma]] aspect ratio and were therefore assumed
_Jfor all span]oader configurations. “This payoff is shown Tater in the study

R
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to amount to 30-35 percent reduction in induced drag compared to a reduction
of the order of five percent for a conventional high aspect ratio tapered
wing. '

The configuration shown in Figure 3-1 does not include high 1ift de-
vices either on the wing leading or trailing edge. Due to the Tow wing
loading typical of the spanloader -concept only a few of the spanloader
configurations were field length performance critical without the use of
high 1ift devices. The overall desirability of these critical con-
fxgurat1ons was deemed insufficient to justify the weight, cost, and com—
plexity of high 1ift systems for the conf1gurat1ons ‘analyzed.

A conventional empennage is shown in Figure 3-1 consisting of a
vertical tail and a straight taper horizontal tail. The choice of
horizontal tail geometry is in keepinQJWith the prime motive to use simple
Tow cost structure. These empennage surfaces have been sized to accommodate
negative static stability margins and the attendant use of augmehtation '
devices. Conventional rudder and elevator surfaces were assumed.

The fuselage has been minimized and serveS‘the sole purpose of -

" structural support for the empennage and an enclosure for the flight crew.
- The upsweep of the fuse]age is necessitated by rotation requirements for.
takeoff and 1andinga The use of 'a simple flap would reduce the rotation
requ1rement - - ' ‘ '
" . Six pod mounted engines are shown in an over-the-w1ng arrangement.
Th15 pos1t1on has been shown to have some potential induced drag payoffs
. in cru1se a]though these benefits have not been est1mated nor:-used in the
- current study. ' '

Seag1ane <A novel hybrid seap1ane configukafion is shown in Figure

'._3-5- The wing consists of a low aspect ratio end plated arrangement

rdes1gned to take advantage of the well known reduct1on in induced drag
© “attendent with’ in-ground-effect flight. The configuration shown is an
'faaugumented ram W1ng utilizing the deflected thrust of the forWard‘mounted

3 s,;eng1nes to pressurize the cavity created.by the wing lower surface, water

. 'surface, W1ng end p]ates, -and simple tra1]1ng edge f]aps The resulting
. Hpos1t1Ve pressure d1fferent1a1 generated on the w1ng lower surface 1s '
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"FIGURE 3-5
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sufficient to 1ift the configuration at least partially out of the water
thus reducing hydrodynamic drag, particularly near the conventional critical
hump drag speeds. A very low thrust-to-weight ratio compared to normal sea-
plane requirements (about 1/2) is therefore adequate for water takeoff. The
center of 1ift at low speeds and in-ground-effect tends to be aft of the

50 percent wing chord creating the requirement for an extreme aft center

of grdvity. During cruise this aft c.g. requires a lifting tail that
minimizes trim drag and results in a reasonably high lift-to-drag ratio,
particularly when flown in the ground effect mode.

Preliminary investigations of the use of this configuration as a span-
‘loaded concept generated the kéy results shown in Figure 3-6. This figure
shows the variation of vehicle efficiency parameters (payload/fue1 and o
payload/OWE) as a function of design wing area for a se]ected set of des1gn
requirements; gross PL = 600,000 pounds (272, 155lkg) PpLg = 15 1b/Ft3 ),
and R = 3,000 nautical miTes (5,550 km). These data substantiate the con-
clusion that in order for the hybrid seaplane concept to be efficient, '
a small wing with a high wing loading is required. However, there is a
- practical Tlimit to which the design wing Toading can be increased. Previous
Jinvestigations cons1dered the pertinent 1nterre]ated parameters 1nvo1Ved and
established this upper ‘limit at 255 Tb/ft (1,245 kg/m ) Applying this
limit. in conjunction with the selected 8,000 foot (2,438 m) takeoff distance
-dictated a wing area of approximately 5,865 squaré'feet (545 square meters) .
for the configuration shown in Figure 3-5. - Limiting wing areas required
frmn the . standpo1nt of cargo containment voTumes for gross payload densities
of 10, 15 and 20 1b/ft (160, 240 and 320 kg/m ) are 1dent1f1ed in Figure
3~ 6 It is seen. that ‘the wing areas required to meet the cargo volumetric
requ1rements great1y exceed the preceeding area required for operational '
© effectiveness. On this basis it was concluded that the hybrid seaplane
should not be designed as a den1oaded configuration but should be designed
W1th the cargo compartment in the hull. This conclusion is further amp]wfwed
by the buoyancy requ1rement whi ch necessitates a Iarge volume hull that can
be effectively used- for. cargo storage '

- Berause the hybrid seaplane and the spanTOader concepts'strivevto
capitalize upon the same configuration advantages (low aspect ratio simple
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structure wings), both configurations have been retained in the current study
for comparative purposes. The key configuration conhcept which is cogent to
each of these generic types of configurations is the lift-to-drag ratio
characteristics of the 1owbaspect ratio wings, traded against the high
structural ard cost efficiencies accruing from the use of simple light

weight structures. | |

3.3 PARAMETRIC RESULTS

The results of the parametric trend studues are discussed in this
section. Only the "optimum" designs (minimum DOC ) for each set of per-
formance and vehicle geometry parameters as tabu]ated in the parametric
matrix (Table 3-3) are shown.

Landplane. spanloader parametric results. - Parametric studies con-
sidered the basic and interrelated effects arising from variations in

configuration geometry, performance requirements, cargo characteristics and
economics. Results of these analyses provided the basis for selection of
the near opt1mum span]oader conf1gurat1on that was subsequent]y stud1ed to
greater depth '

'GeometrTC variab1es; For the landbased sban]oader,-the performance
design optimization technique is not typical of that followed in the design
“of conventional aircraft, In the case of the landbased span]oader the wing
area iéveSSentia]]y determined by the desired thickness ratio, payTQad;
payload density, and cargovcontainer arrangement which 1n'tUrn,>sets the
entire vehicle geometry before 1t§vperformance is generated. For a given
‘set of design conditions, then, the only major independent variables are
' ~e]ated to the engine“size-and cycle. The variation of engine size de-
termines the proper airframe/engine match which occurs when the veh1c1e

- ~cruise ceiling and optimum cruise’ altitude are essent1a11y 1uent1ca1 If

the cruise ce111ng is higher, the engine is overs1zed and if it is Tower
the engine is undersized. 'After‘theiengine size is selected, it must be
~ determined if that engihe can then meet the additional requirements of

~ takeoff field length and second segment climb gradients. ~For the pavametric
studJ Veh1c1es, ‘the proper airframe/engine match usua]]y provided for . .
- minimum direct operat1ng cost at a fuel price of twenty-five cents per ga11on,
“hence, this fue] cost was jdentified as an independent variable for engine - |
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size selection. It should be noted that for all the Tandplane spanloader
configurations considered the airframe engine match occurred below the Mach
divergence of the respective airframe indicating the need for additional
engine cycle studies. It should be emphasized that the same engine cycle

was used (except for scaling effects) for all the parametric design airplanes,

Aspect ratio. - The aspect ratio (AR) trend was developed for a gross
paylnad (including container tare weight) of 600,000 pounds (272,155 kg),
avgross payload density of 15 pounds per cubic foot (240 kgecm) and a design
range of 3,000 nautical miles (5,550 km). The variation of DOCP with aspect
ratio, as shown in Figure 3-7, is mild with a nominal optimum of about 5.0.
The weight fraction PL/Fuel favors a higher aspect ratio whereas the
fraction PL/OWE favors a lower aspect ratio. Both of these latter trends
are to be expected because of the documented effects of aspect ratio on
induced drag and structural weight, respectively. A minimum grbss weight

- criteria would favor an aspect ratio of about 4.5, while other performance
'parameters seem to be relatively insensitive as seen.

Wing thickness ratio. - Three wing thickness ratios were evaluated;

17 percent, 20 percent and 23 percent, at a gross payload of 600,000 pounds
(272,155 kg) and a payload density of 15 1b/ft (240 kgcm). Aspect ratios
of 5.4, 5.0, and 5.4 were established for the respective thicknesses by .
laying out'corresponding wing designs to a consistent level of cargo

loading efficiency while maintaining a relatively constant AR. The apparent
irregularity in the variation of AR with thickness is due to the dimensional
: requirements of the cargo containers. The resulting aircraft and economic
.characteristics of primary interest are summarized in Figure 3-8. The
minimum DObb'favors (by only four percent) the thinner, larger wing because -
of the increase in cruise Mach number capability for the thinner wing (.65 .
compared to .61 for t/c = .23) and the better 1ift- to- drag ratio resu1t1ng
from the lower prof1]e drag The four percent ga1n is thus the result of a
‘balance between opposing effects of vehicle weight empty (cost), wing prof1]e
drag (fue]) and cruise Mach number

Accord1ng to the drag d1vergence ‘capability of these wings shown in
~ Figure 3-2, the assumed engine cyc]e was not able to cruise the vehicles
-,1nto the 1n1t1a1 drag rise as is customary with jet a1rcraft The_trends
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resuiting from the many interacting effects shown in Figure 3-8, are valid;
however, the use of optimum engine cycles could somewhat alter the level

of the variations noted. The overall conclusion is that the effects of
airfoil thickness on vehicle operating economics is probably small but
favorable_to'the thinner wing.

_Wing sweep. - A swept wing configuration was conceived with a 40 degree
sweep and zero taper as shown in Figure 3-9. This configuration is designed

for a gross payload of 600,000 pounds (272,155 kg) and a gross payload
density of 15 1b/ft3 (240 kgem). It accordingly contains 32 containers.
arranged in two completé rows. With sufficient sweep (such as 40 degrees)
‘the center aft fuselage, which normally functions only to support the
empennage on the straight wing configurations, can be eliminated in favor

of twin empennage assemblies mounted on the wing tips.  However with inter-

mediate degrees of sweep‘the tail arm is reduced sufficiently to-prec1ude

- -the use of wing mounted empennage assemblies and only a nominal gain in

- Mach number capability is obtained. Character1st1cs of the cons1dered
configuration are presented in Table 3-5.

" The p]acement of the empennage at the wing tips has several
. advantages: ' - ' ‘

o the vertical tails double as'winglets thus saving structuraT

. weight and drag, : L : o

0 the aft fuselage can be e11m1nated W1th add1t1ona1 we1ght and

“drag savings as already stated, - :

0 _the dead weight of the center fuse]age and empennage of the
straight wing partially destroy the benefits of the distributed
span- Toad concept The mounting of the empennage at or near the
‘wing tips in conaunct1on with other pnoper]y d1str1buted dead .

" weight components (engunes, Tanding gears,. cockp1t fuel, etc )
can provide more favorable moments of 1nert1a w1th1n the wing
with attendant structural We1ght saV1ngs.

. o -a favorable downwash F1e1d exists in-the V1c1n1ty of the wing t1p

. mounted horlzonta1 tails. A voirtex Tattice: computer program was

_ used to calculate th1s £1ow f1e1d The downwash gradient. da/da is

. only - 1 across the span of hor1zonta1 ta11 as 1ocated in r1gure
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' Gross Payload = 600,000 1bs (272,155 kg)

* FIGURE 3-9°
SWEPT WING SPANLOADER.
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 TABLE 3-5
© WING SWEEP STUDY - SPANLOADER
GROSS P.L. = 600,000 1b (272,155 kg)
- R = 3,000 n mi (5,550 km)

be

A= 40

_ _ B _ _ English Metric

_Aspect Ratio . 454 ol 4.5

 Wing Area #% (md) 14,89 1,384

CWing Loading - 1b/ft% (kg/m?) o 789 | . . 367

~ Thrust/Engine B C 40,000 177,920

Thrust to Weight Ratio -~ L2151 - 2.109

. Takeoff Weight b (kg) 1,115,746 - 506,102
~Operating Weight Empty 1b (kg) B 296,978 . 134,709

- Fuel Weight b (kg) 218,768 100,585

Ratio Gross Payload Weight te Fuel Weight | 2,743 | 2.743

‘Ratm Gross Pay]oad Wé1ght to Operating ' 2.020 - 2.020

Ra 18 5pergg¥ng we1ght Empty to Takeoff 0 .266 | .266

. " HWeight _ '

* Gruise Mach Number - o - 701 . .701

Initial Cruise Altitude ft (m) A 31,090 9,476

- Final Cruise Altitude ft (m) - 35,406 . 10,792

| ooc 3t 25¢/gal | ¢/ton n.mi. (¢/kg km) 11.850 1.102 x 1073

Fwe]d length Cft (m) o 12,025 - 3,655




3.9, whereas it is approximately -.5 for the straight wingilocation.
The horizontal tail areas for the swept wing can therefore be
surprisingly small for a given stability level.

With lower Clinax available form the swept wing (Cp,., = 1.03 for
= 40 vs. CLmax = 1.34 Tfor A = 0 and the higher wing 1oad1ng (74.9 vs.
67.6 'lb/ft2 (365.7 vs. 330.1 kg/m )) the swept wing configuration requires
a simple flap as shown in Figure 3-9 to achieve the 12,000 foot (3.658 m)

- field length. While performance with the wing-tip empennage appears
favorable there are many stability and control questions that require investi-
gation. As an example, there is the question of mutual interference between
-the wing and tail that.may cause premature separation on the tail in the
region of the wing-tail juncture. This problem is similar to but more com-
plex than the weight problem and hence could be analyzed by modifying ex-
isting methods utilizing the vortex-lattice technique.

"Range perfofmanée: The variation of key design parameters with design.
ranges from 2,000 (3,700 .km) to 6,000 nautical miles (11,101 km) is shown in
Figure 3-10. The decay in PL/Fuel and PL/OWE as well as the required in-

crease in groéé weight with increasing design range is as expected. The
sensitivity of DOCP to design range is mild with a flat optimum around
- 3,500 nautical miles (6,475 km).

Other performance data has been parametrisized and is presented in .

Figure 3-11. A review of these data shows the 12,000 foot (3,658 m) takeoff

. field length becoming critical for a range of about 3, 500 nautical miles '
(6,476 km) and second segment climb becomes FAR critical for 5 500 nautical
miles (10,176 km).. At these or greater ranges flaps would be required to.

~ maintain the specified field length. A]thoUgh the cruise-Mach number varies

| only slightly with range the: 1n1t1a1 cruise a1t1tude decreases marked]y as
the ‘range is.increased. =

Payload variables: The size and density of the payload Were‘par» '
.amet1ca11y cons1dered along with environmental requirements for. their
.,1mpact on the 1andp1ane span1oader des1gn character1st1cs and. perfonnance

Des1gn”p4y1oad - Des1gn pay1oad var1at1ons at a given des1gn range are
shown in'Figure 3-12.  The 1mprovement 1n vehicle efficiency with increasing
payload size is evident (PL/Fuel, PL/OWE). Takeoff field length increases
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and second segment climb gradient decreases as payload increases, although
neither one is critical and flaps are not required. Cruise Mach number and
initial cruise altitude both decrease as payload increases.

Payload duisity. - Payload density also has. a pronounced effect upon the
vehicle operating efficiency since in conjunction with the selected container
size it is the determining factor in sizing the wing area. The data of
Figure 3-13 shows the Tower DOCP and more efficient vehicle to result at the
higher density;

The takeoff field length increases with increasing payload density
(PPLG) to the po1nt of becom1ng critical at a payload density of 18 1b/ft
. (288 kg/m ). Density exceeding this value would necessitate the application
of flaps to maintain the 12,000 foot (3,658 m) takeoff 1imit. The second
segment climb gradient decreases with increasing density as does cruise
- altitude but the variation of cruise Mach number is small.

| Cargo pressurization. - Two methods of providing pressurization:for
. the cargo were evaluated. . The two -approaches consist of (1)'pressurizing
the entire cargo compartment to 5 psia (34,475 Pa) (18,000 foot (5,486 m)
pressure altitude at 42,000 feet (12,802 m)) and (2) pressurizing special
containers for use only when commodﬁtiesvcarried require'pressurization.

The pressurized boundaries of the vehicle for the first approach are
shown in Figure 3-14, "Structural weight penalties in the skin panels, ribs
“and spars required to support pressurization Toads were determined and are
" summarized in Table 3-6. Also shown is the pneumatic pressurization
system weight required to supply the cond1t1oned air. These values re-
present dead weight penalties and do not' account for the normal we1ght
_growth factors necessary to maintain constant performance

‘The conta1ner design used in the second approach is shown in.Figure 3 15
and used a rounded upper contour to minimize the weight penalties. The
‘¢container, however, has 21.9 percent less volume than the standard 8 x 8 X
. 20 foot (2 44 X 2.44 X 6.10 m) conta1ner used 1n the study. The conta1ner
. density is 1ncreased from 1.50 1b/ft to 2.42 1b/ft (24 0 to 38.8 kg/m ),

or a penalty of 500° pounds (227 kg) per conta1ner Aga1n a pressur1zat1on
'system must.be added which would require less rapac1ty than that-for. the
' comp]etely pressur1zed compartment but wou]d requ1re more equ1pment
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TABLE 3-6
LANDBASED SPANLOADER PRESSURIZATION STUDY SUMMARY

. ~ o At A Weight
Structural Section . N ST

}; ' : ' inches mm b kg
Upper Skin Panel : 0 o 0 0
Lower Skin Panel -1 .010 (.254) 963 (446)
Leading Edge Skin 010 (.254) 403 (183)
Ribs ' see curve | 3,404 (1,544)
Spar No. 3 or 4 : .086 - (2.784) 3,930 |(1,783)
End Ribs & Door ' - .086 | (2.184) . 965 (438)

Structural Total o o N 9,685 |(4,394)

Pressure Subsystem Weight ' 8,799 {(3,991)
Total Penalty 18,484 ((8,385)

i m it 4 e ettt s i St e e

1. _For spér weight penalty, t of spar must be increased by At then the
total increased by the difference in height between the curved and
flat webs. R '

2. .Af'represents additional thickness pf'diétributed materia} required -
in pressurized areas. ' ' ' '

3. No penalty in fuel tank bays.

| 4. Leading edge rib penalty same as ribs between spars 1 and 2.
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because of the distribution systém necessary to service each container. A

summary of the weight penalties using this approach is also shown in Figure -

3-15.

Economic variations: A1l parametric calculations were performed at

three values of fuel cost; 10, 25 and 40¢ per gallon and sensitivities de-

termined. Figure 3-16 shows that the choice of optimum aspect ratio in-
‘creases with increasing fuel costs although not rapidly (AROpt 4.5 to
5.0 for 10¢/gallon to 40¢/ga110n, respectively).. Also, as shown previously
the sens1t1v1ty of DOC to the selection of optimum aspect ratio is very
small. There appears to be thtle incentive to select configuration aspect

rat1o based on operating economics for the spanloader concept.

The variation of optimum design range with fuel cost also is very
small as shown in Figure 3-16.. For design payload and payload density,lno
optimum values appear within the limits of the values analyzed.

The wing thickness ratio'analysis;‘Figure 3-16, shows the optimum
thickness to be about 20 percent for Tow fuel costs (10¢/ga110n) but to be
" less than 17 percent for the two. h1gher fuel cost values used. This trend
results from the lower: CD value of the thinner w1ng particularly at the
higher fuel costs.

-Fina11y, Figure‘3-16 shows ‘the variation in DOCp with”fue1 costs for
the parametr1c baseline aircraft AR = 5. O R = 3.000 nautical miles

(5,550 km), Gross PL = 600, 000: pounds (272, 155 kg), and pPLG“ 15 1b/ft .
A four-fold increase in fue] costs results in a 70 ‘percent increase in DOCP.

Hybrid seap1ane_parametric‘results,,--The parametric resu1ta for the '
hybrid seaplane study are summarized in this section. For the seaplane
spanloader, the performance design opt1m1zat1on techn1que is different

than that used for the 1andbased span]oader A primary design vequirement

is that of overcoming the traditional hydrodynan1 hump drag wh1ch occurs
long before the 1ift off speed is reached. Existing seaplanes requwre
“a thrust-to- We1ght ratio of about .35 for reasonable takeoff acce]erat1ons
~ The hybrid seaplane used for this study is unique 1n that 1t employs the

' augmented ram wing concept wh1ch permxts a lower design thrust-to-we1ght
-b.rat1o of about 37 for takeoff Another unique feature of this hybr1d
-seap]ane concept 1s that 1t can use . and has opt1mum performance at a h1gh

41



:-Mw?fjﬁfﬁff?w,x_ffif?“Nf?mimitfftgw,miiuf,,_" ﬁfﬂﬂuwﬁ.  FIGURE' 3-T6"

o - ECONGMIC TRANDS oF LANDBASED SPANLOADER R
. A r_?.) . - : ; : :.u:-.-:... . '.. e - .= -
] [ X B I L
. x :. :
g bl 3
X T e ;
. NSRS Y > -
I S R NI I e -
& S ReFrPigi 3y L F?@fa'f'EfT R Ref' F1g 3 8 | g
EREE R TREE ERRE S S S S (R --1:’8 N 26 -
IR 3 " pspect Ratiol . o7 _ S o Hing th1ckness rat10 o
Lasd gl R
= xR i
g c212d § ol i
S ; U I

,,.. - _j S P S . !..IQ- ,a.,_ v - . e e lewlk
St T g § e
§ SRR AR U Refy Fig 3-10- ETTTRooo T 4T C7i v Refy Figi3-7 atiAR =5
PRRIETI b L A S SNE  SUA S S UE SU SSNS SR U - W U S X ST N S LI - o e
R T R T 4 : I T T N

4 e B ge T o
T Range, TOUO km R TN W S DA BRI

s 4 ik e 4. AT § et S0 4 et o bt apestiree ok

LT DERES SV



&

wing loading due to the augmented propulsive 1ift derived from the canard
mounted engines. The Tlimitation to the cruise in-ground-effect mode also
permits a highef wing. loading than usual due to the limited rate of climb
or excess thrust required. The thrust-to-weight ratio of .17 and a wing
loading of 255 ]b/ft2 (1,245 kg/mz) was therefore used as limiting design
criterion for the purposes of this study.

The parametric results are summarized in Figures 3-17 and 3-18 for the
aspect ratio, payload density and range trends, respectively. The impact of
using a higher aspect ratio wing is substantial, providing a 11 percent |
improvement in DOC for an aspect ratio increase from two to four. A]though
- these data 1nd1cate the potential for further gain with aspect ratio any
such findings would be premature since test data on the augmented Tlift
concepts is presently limited to an aspect ratio of two. Any extension of
these data to higher aspect ratios must bé'quaTified'by an ever decreasing
level of confidence. "An extension to aspect ratio six would exceed the
considered range of reasonable doubt. The improvement due to increased
cargo densuty is as expected because of the sma]]er hu]] size poss1b1e for
the higher densities. ‘

The degradation in performancé wi th increaSing range (Figuré'3-18)'is

- also expected but is more aécentuated than for the spanloader because of the
higher fuel flow of the seaplane due to its sea level mission. This point
is discussed in more detail in the following section. '

3.4 Concept Se]ectidn-

Based on the. parametr1c trends presented above a compar1son of the-
characteristics of the straight wing span]oader swept wing span]oader and
hybrid seapTane is made. The prime paramzters compared are DOCP, PL/Fuel -
and PL/OWE.. In order to make consistent compar1sons, one adjustment was
-made to the selected stra1ght W1ng span]oader This adJustment consisted
of decreas1ng the wing area of the previously discussed Parametr1c Base11ne,
aspect rat1o 5, straight W1ng spanloader to increase the cargo packing
efficiency to a level of that of the swept wing configuration and hybrid .“ '
" ‘seaplane. ‘The latter two concepts represent the minimum wing area and
fuselage volumes, respectively, possible for the study payloads and payload
densities. fhis decréase in the area of the straight wing was about
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3,000 ft2 (278.7_m2) which places all three generic type'of configurations
on the same cargo containment efficiency level as the Point Design aircraft
discussed in Section 4.0

Figures 3-19 through 3-21 show a comparison of these vehicles. The
swept wing span]oader has the h1ghest potential for payoff in DOCP and
PL/Fuel factors followed by the straight wing spanloader and the hybrid
seaplane. The superiority of the swept wing version results from its
superior 1ift-to-drag ratio and Weight'empty~to~gross weight ratio. The
general inferior standing of the seaplane results primarily from the high
fuel flow of the fan jet'engines due to its sea level cruise mode. Engines

"specifically optimized for the seaplane mission or the use of turboprop
engines would greatly improve the relative standing of the seaplane.  The
-seaplane, because of its extreme]y Tow OWE/TOGW ratio, has superior per-.

_ formance when compared on the bas1s of pay]oad carried per pound of veh1c1e
we1ght (PL/OWE)

‘The effect of aspect ratio is shown in Figure 3-19. The spanloader *
cohfiguhation is generally insensitive to aspect ratio, although the sea-
plane is highly sensitive. This is again the result of the high seaplane’
fuel flow and the extreme low aspect ratios of these configurations. '
Indications are that the hybrid seaplane could benefit significantly from
the use of higher aspect ratios.

The pay]oad density trends of Figure 3- 20 also show the genera] trends
and a11gnments between the gener1c classes. ' The range' trends of Figure 3- 21
- show the unfavorable fuel trends (DOC ) with increasing range-of the sea-
plane and the high eff1c1ency of the swept wing spanloader. | |

The straight W1ng type of span]oader has been setected for deta11ed
- analysis in the subsequent section and for comparison to a conventional
- a11-freighter'configuration; As stated above, this vehicle does not
represent the most efficient spanloader configuration as evolved from the
parametric studies, the swept. wing having lower operating costs. 'However,'f_
the-sWept,wing'configuratioh evaluation was conducted late in the study
“and no variational trends were derived for it:. The dec{sipn was therefore
~made to retain: the stra1ght wing for detailed. ana1y51s swnce considerable
cpt1mwzat1on data was accumu]ated for 1t as presented 1n th1s section.
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In addition, the straight wing configuration represents the simplest
structural concept with lowest acquisition cost potential, simple ]oadihg
through either or both wing tips with a minimum terminal comp]ex1ty, and a
Tower requived technology base for 1mp1ementat1on

Future studies should be conducted and should retain the three generic
concepts with optimized engine cycles (including turboprop designs). The
ultimate relationship between these concepts, however,. largely hinges upon
their relative advantages within a total cargo system context.
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4.0 DETAILED CONFIGURATION ANALYSIS -

Based on the parametric trend studies presented in Section 3.0, a
straight wing spanloader configuration (Point Design) was selected for de-
‘tailed analysis. This section discusses this selection and presents the
detailed configuration, performance and economic characteristics of the
resulting Point Design configuration along with a summary of the character-
jstics for a conventional all-freight aircraft designed to the same mission
requirements and technology level. Because of the extensive understanding
available for the conventional approach, however, this section places
emphasis upon the ana]yses of the Span1oader configuration only.

4.1 Point Design Spanloader Description

~ Prior to discussing the detailed ana1yse$ of the aerodynamic, structure
and weight properties of the Spanloader Point Design aircraft, the'governing :
design reduirements and general characteristics of the configuration are
presehted.

Configuration selection. - The prime factor which sets cpnfiguretidn
geometry is the cargo charactekistics which determines the minimum wing area
required. The wing area in turn determines empennage and winglet geometry.

" Standard 8 x 8 x 20 foot (2.44 x 2.44 x 6.10 m) containers are used through-
out the study although taller containers of other Tengths in multiples of
10 feet (3.05 m) are currently being considered. A total system oriented
'study based on the span1oader concept has not been conducted and system
parameters such as opt1mum payload size or payload dens1ty have not been
determined. The choice of payload size is contingent upon route character-
- istics such as anticipated payload availability, frequency of service,
secondary distribution system requirements as a function of span10ader _

' term1na1 site location, and a host of other considerations. Payload density
'depends upon the nature of: world wide cargo ant1C1pated for the operat1ona1

~ time frame of the system. It also depends upon the capture of new markets
by the spanloader system due to its potentially lower operat1ng costs
re]at1ve to conventional air freight systems. '

Selections of pay]oad stze -and density have therefore been made based
',upon the best available current information. The se]ected.n0m1na1‘gross_,' ,
~ payload size of 600,000 pounds (272,155 kg) offers a reasonable incremental
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capability compared to the current system capacity of 190,000 pounds
(86,184 kg) for the C-5A and 225,000 pounds (102,060 kg) for the 747F. The
consensus of industry sources centers upon a net pay]oad density (pPLN) of
approximately 10 pounds per cubic foot (160 kg/m )}, which differs little
from today's values, as the more likely cargo density to be considered for
the spanloader time frame. To this selected value of cargo density is
added an average container density (pTARE) of 1.50 pounds per cubic foot
(24 kg/m ) giving a gross payload density of 11.50 pounds per cubic foot
(184 kg/m3) to be applied to wing sizing and design.

With a gross density of 11.50 pounds per cubic- foot (184 kg/m3) the
gross weight of each 8 x 8 x 20 foot (2.44 x 2.44 x 6.10 m) container is
therefore 8 x 8 x 20 x 11.5 = 14,700 pounds (6,668 kg) and the corresponding
fractional number of containers for the 600,000 pound (722,155-kg) payload
is 600,000 = 14,700 = 40.8. For aspect ratios in the neighborhood of 4.5
to 5.0 this number of containers dictates the 3-row cargo compartment con-
figuration shown in the Point Design spanloader three-view drawing of
Figure 4-1, However, in order to efficiently use'the available wing volume
each row of containers should be completely filled and thereby provides
space'for 42 containers, 14 in each row.- On this basis the actual design
gross payload was defined to be 42 x 14,700 = 618,000 pounds (280,325 kg)
which has been used throughout the Point Design span]oader analysis. -

. Compatible with the wing cargo compartment, the landing gears are arranged
into two inboard and two outboard bogies mounted to the rear spar in a
manner similar to that for the parametric aircraft, The fuel is contained
w1th1n the inboard wing 1ead1ng edge. ' '

The wing geometry is further defined by the se]ect1on of a nom1na1 W1ng

- thickness ratio of 20 percent. AS shown in .the. parametric studies the

impact of wing th1ckness ratio on DOCP was small with a s]1ght favor toward.

‘the thinner wing. The ratio GPL/fuel also favors the thinner wing although’

the fract1on GPL/ONE favors the th1cker wing because of the better OWE/TOGW
ratio of the thicker conf1gurat1on A nominal value of 20 percent thickness
was chosen because the maJor1ty of parametr1c ana]ys1s and understanding
was accumulated at th1s value and the payoff for using a thinner wing was

“small. . Future studies should perhaps. use a thinner wing.

The preceeding payload character1st1cs and a1rfo11 geometry are
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compatible with a minimum wing chord of 64.17 feet (19.56m), and a minimum
span of 285.42 feet (87.00 m) resulting in an aspect ratio of 285.42 + 64.17
= 4,45,

Conventional ailerons- are used and large fixed winglets with some out-
board cant give the wing a much larger effective aspect ratio than the
_geometric value. The winglets are staggered (mounted aft) on the wing tip
to avoid viscous separation problems in the wing/winglet intersection. The
large wing area required to contain the payload results in a takeoff wing
Toading that is sufficiently Tow to negate the need for a high 1ift system
to achieve the 12,000 foot (3,658 m) maximum field length requirement.

A conventional fuselage is used to support the empennage surfaces
which are also conventional except for their size. The horizontal tail is
sized for a negative longitudinal static margin of -10 percent MAC. This
design philosphy is not only desirable from the standpoint of minimizing re-
quired tail area, it 5 also necessary because the spanloader configuration:
results in a center of gravity location as far aft as 43 percent MAC with
partial payloads. In fact, it would be difficult to conceive of a straight
wing span]dader design with a c.g., in the normal forward range. The |
straight, zero taper horizontal tail is in keeping with the general désign
-phi]osphy of emphasizing<structura1 simplicity and low cost.

A table of design data for the Basepo1nt Span]oader a1rcraft is
summar1zed in Table 4-1. -

Six high bypass ratio 9 engines are mounted in an overathe-wing' _

- arrangement permitting a relatiVer_short_]anding gear and providing the

- potential for prsib]e induced drag benefits due to favorable engine'ex-'

. haust-wing flow effects, For the Point Design, DOC was ca]cu]ated as a.

- function of:éngine thrust (F1gure 4- 2), and was found to be m1n1m1zed at a
thrust of 52,500 pounds (233,520 N) per engine: for the 25 .cents per gallon -
fuel cost. However, the takeoff field length of 12,842 feet (3,914 m) ex-

- ceeded the desired maximum. Increasing the thrust to 55,000 pounds a
(244,640 N) reduced the takeoff field length -to 11,949 feet (3,642 m) with a
sacrifice of .08 percent in DOCPand an attendent increase in engine'Weight{
In all cases the engine weight was varied with thrust. At a thrust level
of 58,500 pounds (250,208 N) the correspond1ng takeoff we1ght was 1.35 x
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TABLE 4-1

POINT DESIGN SPANLOADER
DESIGN DATA AND GEOMETRY

{English Metric
Design Weignts - 1b (kg) | :
Takeoff 11,350,000 612,350
Landing 1,077,800 488,882
Zero Fuel 1,033,525 469,799
Gross 618,000 280,325
Criteria _ ]
Des1gn Pressure Differential - Fuse1age/w1ng -} 7.46/5 51.4/34.5
psia (k Pa) '
Design Limit Load Factor - Airplane @ TOGW 2.5 2.5
Design Cruise Speed - KTAS (m/sec) - 379 195
Design Cruise Mach Number S .655 .655
Design Cruise Lift Coefficient .444 444
Engines . ‘
Number Required 6 ,
'SLS Thrust/Engine - 1b (N) : 58,500 . 260,208
Specific Fuel Consumpt1on-1b/hr/1b (kg/hr- (N) .582 " .059
Wing Geometry .
Area - FtZ (m?) 18,314 1,701
Aspect Ratio 4,45 4.45
Taper Ratio 1 1
Sweep @ c/4 - degrees -0 0
Mean- Thickness Ra§1o 2 ' .20 .20
Aileron Area - ft 1,056 98
| Tail Geometry o : : -
Horizontal Ta11 Area - Theoret1ca1 - ftz (mz), 2,938 . 273
" Horizontal Tail Length - in (m) 1,440 36.58
Horizontal Tail Volume . : .30 .30
Vertical Tail Area - Exposed - ft (m ) 674 63
Vertical Tail Length - in (m) ' © 1,490 . 37.85-
Vertical Tail Volume '.016 .016
Elevator Area - ft m 813 .76
Rudder Area - ft
Fuselage Geometry. , :
Length - in (m} 2,430 | 61.72
Maximum Height - in (m) - 220 5.59
Maximum Width - in (m) 160 - 4.06
" Maximum Perimeter - in (m) 640 16.26
. Wetted Avea - Gross - ftZ (m2) .8,085. |- 78]
Floor Area - Ft2 (md) 469 4
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]Oﬁ'pounds (612,360 kg) a combination that represents the configuration for
minimum fuel usage (maximum PL/fuel). While this minimization of epergy
useage is desirable the prime firgure of merit for this study remains the DOC.
Considering the magnitude of the deviation from the configuration for minimum
DOCP, the latter values of thrust and design gross weight were chosen as the
basis for the design performance of the vehicle. This selection entails a
sacrifice of .5 percent from the minimum DOCP and results in a takeoff field

1ength of 11,200 feet (3.415 m)

Mass properties analysis. - Weights were derived for the Point Des1gn
aircraft utilizing applicable statistical methods supplemented by the wing .

structural analysis and summarized in Section 4.1

The structural weights of the Point Design aircraft reflect the in-
corporation of 'a pressurized cargo bay that was not considered for the par-
ametric designs of Section 3.0. Necessary air conditioning, pneuamtic and
furnishings associated with the pressurization subsystem are iné]uded in the
systems weight estimates. Propulsion we1ghts for the Point Design also
reflect the use of the bypass ratio 9 engines with appropriate use of advanced

-materials in the installation weights. This is contrasted to we1ght
allocations based upon QCSEE technology used in the parametric stud1es

We1ghts for the Point Des1gn are based on the use of graph1te epoxy
compos1tes for_alT_pr1mary and secondary structure, although.the structural.
analysis of Section 4.1 was performed for aluminum structures. Weight values

~were therefore obtained by converting the a]uminum alloy estimates to com-
‘posite values for each major structural component. ‘As an example, in the
case of the wing this reduction amounted to 49,212 pounds (22,323 kg). This
is a reduct1on in wing un1t weight of from 12.0 pounds per square foot
(58 7 kg/m ) to 9.3 pounds per square foot (45.6 kg/mz) or 22.4 percent'
The span]oader concept_1s unique relative to the application of advanced
materials in that reductions in vehic]e_physfca]_size cqﬁnot'be,refTected
because the wing area is set by cargo considerations. 'The:application of
advanced mater1a]s, therefore, becomes a material substitution only which
- Timits the payoffs- (approx1mate1y 15 percent of OWE) to cons1derab]y less
than frequent]y quoted for convent1ona] de519ns (approxnmate]y 30 percent).

Additional advanced technology used in ‘the weight'alTocation_include
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o minicomp wiring
o multiplex wiring
-0 fly-by-wire ‘
o integrated drive generators

The effects of these items on component weights were derived in the
course of the detai]ed weight analysis utilizing factors integrated within
the appropriate weight equations. It is difficult to identify the respective
incremental weight savings; however, the cumulative saving resulting from
the four items listed is estimated to be 3 percent.

The weight summary for the Point Design is presented in Table 4-2.
The primary impact of the spanloader concept on vehicle weight is appreciated
" by considering the structural weight ratio, OWE/TOGW, which is .29 for the
spanloader configuration analyzed compared to .32 for the conventional
aircraft. The fmprovements and redistributions of weight for the spanloader
‘is discussed later in Section 5.0 where additional comparisons are made with
. the conventional aircraft.

‘The penﬁissib]e'center‘of gravity range for a spanloader type aircraft
is restricted by configuration considerations. -For a conventional fuselage
loaded aircraft, the ¢.g. range can be se]ected over relat1ve1y wide
latitudes by the p1acement of the wing on the fuselage during the design
stage. With the.span]oader concept with the cargo in the wing, the c.g. '
range results from the configuration mass distribution with little option
_ avaflab]e to the designer for c.g. range Selectibn The c. g values for
various. 1oading conditions for the Point Design is shown be]ow,

' - 21.8% max fuel no pay]oad ‘
26.7 % max fuel + payload to TObw
29.5% max payload + fuel to TOGN
36.1% max payload, no fue]
- 37.8% OWE

, These values are within the permissible aerodynamic c.g. kange-aé shown -
'_1n'Figure 4-13 (15 to 43% mac),  The 37.8% value corresponds roughly with R
neutral stability for which a stability and control augumentation system .
-(SAS) would be required.” The SAS system seTected for the spanloadek,js'
capable of handling a 5% negative static margin (43% mac). These aft
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TABLE 4-2
POINT DESIGN SPANLOADER

WEIGHT SUMMARY

Wing

Winglets

Tai}

Fuselage
Landing Gear
Nacelles
Propulsion
Fuel. System

. Flight Controls
Hydraulics
Instruments
~Air Conditioning
Pneumatics
Electrical
Avionics -
Furnishings

Ice Protection
Handling Gear

Manufacturer's Empty Weight
Operator's Items
Operatdr's-Empty Weight

Manufacturer s Empty Wexght
Less: Engines
Rolling Assemb]y

Basic’Cost'We1ght

‘Basic Cost Weight. -
Less: Starters’
Instrument Units
Electrical Units.
"~ Avionits Units
“Air Conditioning Units’

Befense Contractor_Plann1ng Report -

(DCPR) Weight

1b

170,929
7,392
14,667
38,236
58,987
22,986
60,714
2,009
5,322
3,378
1,199
3,766
1,059
2,925
2,698
7,412

386
104

394,165

2,350 |
396,525

394,165
58,500

18,280
317,385

317,385
150
593

511

1,568
757

313,806

kg

77,532
3,353
6,653

12,808

26,756

10,426

27,540
9N
2,414
1,532

544

1,708
480
1,327
1,224
3,362
175

4
178,790

179,860

178,790

26,535

8,292
- 143,963

143,963
68

269

232

711
S

142,340
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values can be approached for partial payload conditions if the aft wing load-
ing channels are favored. Drag reductions and fuel savings can thus be
realized if the aft loadings are used.

Aerodynamic characteristics. - This section deals with low and high
‘speed drag, Tift and the more general geometric considerations associated
with the determination of performance. The accompanying stability and
control analysis is discussed in a subsequent section.

High speed: The basic Point Design spanloader is unique in the sense
that advanced technology items and large size combine to enable the thick
wing, low aspect ratio aircraft to attain aerodynamic performance that is
comparable. to todéyls efficient thin wing higher aspect ratio transports.
Low parasite drag due to the high Reynolds numbers of the spanloader com-
bine with -the supercritical wing performance, and high winglet effectiveness
to produce favorable 1ift and drag characteristics at moderate cruise
speeds.

.The Point Design aerodynamics were based on empiriéa] methods, DAC wind
tunnel data and ana]ytical methods. More specifically, the recently de-
veloped Douglas nen-planar 1ifting systems computer program was used to
assess the effect of winglets on vehicle performance both in free air and
in ground effect.

Large aircraft benefit from high Reynolds numbers that result in skin
- friction drag coefficients that are significantly lower than those of
conventional size aircraft. To i1lustrate,'the Reynolds number, based on -
‘Wwing chord, for the conventional aircraft is 65 X 106 while that for the
'Span1oader is 108 x 106. The decrease in skin friction drag accompanying |
this increase in Reynolds number is illustrated by the data presented in
~ Figure 4-3. The basic.parasite drag build-up is preséntediin Table 4-3.

The spanloader type of vehicle With ]ow.aépéét'rétio and Tittle or
no wing taper can benefit significantly from winglets. Analytical exercises
~ using the Douglas developed Non-Planar Lifting Systems program 1nd1cate that
" “winglets are most effective on Tower aspect ratio wings with little taper
- and 1itt1e washout where the 1ift on the outboard portion of the wing is
* greater than that with an elliptical 1ift distribution. For this more
uniform type of basic wing loading the effect of a large chord winglet is
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TABLE 4-3
PARASITE DRAG SUMMARY
6

RN/ft = 1.68-x 10

COMPONENT Syet § Ce
ff wf ft2 ol
Wing 33,043 (3,070) | .00201 | 105.10 (9.76)
" Horizontal 5,876 ( 546) .00227 16.86 (1.57)
Vertical 1,348 ( 125) .00241 4.06 ( .38)
Fuselage 10,600 ( 985) .00169 18.77 (1.74)
Canopy ¢y, = ;0025, A4 (0 .04)
Upsweep Cp, = 0186 3.25 ( .30)
Pylons 1,980 ( 184) .00239 5.20 ( .48)
Nacelles 2,930 ( 272 .00250 11.72 (1.09)
Winglets 4.300 (- 400) .00219 | 11.43 (1.06)
Control Gaps .93 { .09)
Gear Bumps 2,300 ( 214) .00220 5.06 ( .47)
Subtotal 182.82 (16.98)
7.1% Dirt _12.98 (1.21)
' 195.80 (18.19)
5% Pot. Interfer. . 9.79 ( .91)
High Speed Total 205.59 (19.10)
High Speed ~ Cj = 22?3?2 - o123
Landing Gear 225.00 (20.90)
Low Speed Total 430.59 (40.00)
- Low. Speed - _"CD = 430.59 = .02351 .
, . o 18,314




to further modify the 1ift distribution in the direction to achieve near two-
dimensional span Toading illustrated in Figure 4-4. The non-planar program
separates out the induced drag forces acting on the wing and winglet components.
These data indicate that the modification of the wing span loading by the
winglet to a nearly two-dimensional distribution results in a drastic re-
duction of wing induced drag. In addition, the vector direction of the

winglet 1ift is such as to produce a small net thrust force when added to

the winglet induced drag. The overall induced drag reduction can be quite
significant as indicated in Figure 4-5,

Estimated compressibility drag and trim drag are preéented in Figukes
4-6 and 4-7, respectively. Final resultant cruisé Tift-to-drag ratios are
presented in Figure 4-8.

Low speed: Low wing loadings (less than 80 lb/ftz,(390.6 kg/mz))
combined with a non-critical design field length of 12,000 feet (3,658 m)
made a low-speed high-1ift system unnecessary. A pitCh ground rotation Timit
of 15 degrees is more than adequate to attain maximum allowable 1ift coe-
fficient (with speed margins), see Figure 4-9. '

Cruise and Tow speed Reynolds numbers are the séme,-with resultant
identical parasite drag except for gear drag. ‘

" Estimated trim drag and résu]fant Tow speed 1ift ahd’drag summaries are
presented in Figures 4-10 and 4-11, réspect?vely.

Performance summawy - A performance summary for the Point Design
Spanloader a1rcraft is shown in Table 4 4. The final configuration has a
wing Toading of 73.7 1b/ft% (359.8 kg/m) and a thrust-to-weight ratio of
1 0.259 (2.54 N/kg). The cruise C_ is 0.444 which yields a cruise L/D of
18.75 over-the cruise Mach niumber and altitude range of 0.653 to 0.657 at
31,514 (9,606 m) to 36,830 feet (11 226 m), respectively.

“The total fuel weight in the Po1nt Design is 335 235 pounds (]52 063 kg)
which 1nc1udes 63, ,048 pounds (28 599 kg) of reserve “Included in th1S
‘reserve is 44,288 pounds (20 089 kg) of fuel to meet the FAR domestic 1and1ng
‘reserve requ1rements plus an add1t1ona1 18,760 pounds (8, 510 kg) that will
double the reserve cruise range at 30,000 feet (9 144 m) a1t1tude to 400
nautical m11es (370 km) tota]. This additional reserve range is prov1ded
~as a safety factor in consideratIOn_for,the spanloader operat]onal
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TABLE 4-4

POINT DESIGN PERFORMANCE SUMMARY

Operating Weight Empty - 1b (kgq)
Gross Payload Weight - 1b (kg)
. Tare - 1b (kg)
Fuel - Tb (kg)
Takeoff Weight - 1b (kg)
Reserve Fuel Height - 1b (kg) *
Net Thrust per Engine - 1b/eng {N/eng)

Specific Fuel Consumption - 1b/hr/1b (kb/hr-N)

2 (kg/m?)
- 1b/1b (N/kg)

Wing Loading - 1b/ft
Thrust to Weight Ratio

Ratio Operating Weight Empty to Takeoff Weight

Ratio Gross Payload to Operating Weight Empty
Ratio Gross Pay]oad to Fuel We1ght |
Cruise Mach Number

Cruise Lift Coefficient

- Initial Cruise Altitude - ft_(m)

Maximum Left to Drag Ratio |

Takeoff Field Length ft (m)

: Landing'Field Length- ft (m)

Approaéh Velocity - kn (m/s) "

Second Segment Climb Gradient

* Total Reserve Fuel =.44,288 bs 520,089 kg)

18,760 1bs (8,510 kg
reserve range. -
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396,525  (179,864)
618,000 (280,325

80,640  ( 36,578)
335,235 (150,063)
1,350,000  (612,360)

63,048  (28,599)

58,500 . (260,208)

0.582 (0.059)
73.7 (- 360)
.259 ( 2.54)
.89 |
1,559
1.843
.655
0.444 0.444
31,500 { 9,601)
18.75 (. 18.75
10,737 ( '3,273)
9,960  ( 3,036)
169 (. 87)

L0736

for FAR Land1ng ReserVe pTus
for 200 n mi add1t1ona1



characteristics viewed within the framework of the projected domestic and in-
ternational airport system. Analysis of fhe spanloader as an element of the
worlds air cargo system is required to place this factor and other pertinent
operational considerations in proper perspective.

Economic analysis.- This section contains the economic data‘developed for
‘the Point Design spanloader. They are derived and exhibited in accordance
with the requirements shown in the NASA Study Statement of Work and are.
intended for use as evaluation and comparison criteria. Also, costs for this
candidate system are to be considered as rough order of magnithde costs for
budgetary and planning purposes. The primary cost measures-derived deal
with airplane pricing and direct operating costs without considering the
financial viability of the operating entities (e.g. discounted cash flow,

. ROI).

Airplane price: Airp]ane price is derived by using a combination of

- estimating relationships and direct estimates from other studies and actual
historical experience in both metallic construction and:advanoed composite
construction. Their origin or basis are industrial engineering estimates of
" similar construction and designs, and for individual components of the -
airframe (e.g. wing, fuselage, tail, etc.). In this approach non-recurring
'end recurring costs are derived separate]y for the fabrication of metallics
and advanced composites while subassemb]y and a;semb]y est1mates are de-
veloped as an 1ntegrated package. The deve]opment program and susta1n1ng
costs are estimated in the same manner. All of. the estimates derived with .
this approach are first built—up_in terms of physical units e.g. manhours
of labor, pounds of material, etc. - and then converted into constant 1975
dollars. Additional analyses of the design resulted in modifying certain

' cost elements to incorporate specific intentional structural efficiency

- facets of the design. Fabrication particularly benefits from the 1arge

) degree of commonality that exists in the wing and horlzonta1 ta11 The

: cascad1ng beneficial effects are more readily understood for the metallic.
_port1on but, there is a greater uncertainty associated with the advanced
composites, the sane commona11ty benef1ts atta1nab1e with meta111c design
and construct1on will be ach1eVed with composites for the time peiod of
th1s program Therefore, the cred1t for commonality has been assumed 1n
est1mat1ng the composites. A summary of the pr1ce 1eve1s are shown 1n
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Table 4-5 segmented into the major cost elements. Two price quantities are
shown in order to comply with the NASA SOW (pricing guantity of 350) and
also to reflect the derived fleet size required (525) to achieve the assumed
available market of 100 billion revenue-ton-nautical miles per year. Figure
4-12 exhibits a price/quantity relationship for further information.

The cumulative average price for the requested quantity of 350 airplanes
is $65.1 M and is $58.5 M for the 525 quantity required to handle the pro-
jected market. These pr{ces contain the assumed credit for composite parts
commonatity. While speCific market estimates are given, a conservative
pricing point of 20 percent profit and 8 percent interest over the 350 air-
planes was used. It was thought that the upper Timit of the market would
be in the order of this 350 airplane quantity. Such a market size would

" require high profit incentives to attract an airplane manufacturer.

Direct operating costs (DOC): The methodology used to compute DOC is
essentially the same as that outlined earlier in Section 3.0 except for two
significant input values. The factors shown in Table 3-1 remain constant for
parametric and Point Design aircraft. The primary difference between these
“two sets of aircraft are the input values for the first airplane price and
the price per engine. Airplane price, airframe price and engine price affect
six.of the eight cost elements that make up the DOC calculations. Duriisg
the parametric studies these prices were input as constant dollar per pound
values. The DOC associated with the fleet size required is 3.36 cents per'
ton-mile. A breakdown of the individual elements are shown in Table 4-6.

Stability and control. - Numerous studies have indicated that improved
aerodynamic efficiency can be achieved by the use of active controls.
Applying this technique for Relaxed Static Stability (RSS) would allow a
reduction in tail size and would permit flight at a more aft c.g. rangé:for
reduced trim drag., Although not considered herein, other. active control
functions such as gust and maneuver load .alleviation may be of great potentia
benefit to the spanloader concept. This advanced technology should be |
sufficiently well developed by the 1990:t1me period to warrant jts inclusion
in the basic design of the spanloader. B '
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TABLE 4-5

, AIRPLANE PRICING:
(Constant 1975 Dollars - Millions)

ST IfEM AIRPLANE QUANTITY
. - - 50 100 - 150 200 350
LABOR | o ) -
Manufacturing 2586.2 3837.5 5078.3 | - 6133.3 8935.3
‘Engineering . 1727.5 2004.1 2213.2 2356.1 2699.9
Laboratory & Flight Test 180.2 183.0 185.9 188.8 191.7
© Product Support 33.7 | _38.7 | _33.7 33.7 33.7
Sub Total 4527.6 6058.3 7511.1 8711.9 11860.6
| maTERIAL |
Raw Materials _ - 457.2 - 887.3 1316.7 1745.6 3031.6
.PurchaSed_Parts & Equipment 668.3 1259.0 1624,8 2076.7 3384.3
Flight Test ’ 1.4 1.4, 1.4 1.4 1.4
Product Support 38.7 38.7 38.7 38.7 38.7
- Sub Total 1175.6 2196.4 2991.6 3872.4 6466.0
Engfnes 634.9 1269, 8 1904.7 2539.0 4444.0
| GRAND-TOTAL (Labor + Material) 6338.1 9524.5 12407.4 | 15123.3 22770.6
| CUM AVERAGE PRICE 126.8 95.2 82.7 75.6 65.1
1
i




FIGURE 4-12
AIRFRAME' COST PRICE VERSUS QUANTITY
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TABLE 4-6
DIRECT OPERATING COST BREAKDOWN

Cost Element ' Dollars/Flight
Crew 2666.2041
Insurance L : ~ 2416.0500
Depreciation ' - 10570.2188
Airframe Maintenance ' , R
Labor _ ; : 1347.2858
Material N . . 900.2613
Engine Maintenance ‘
Labor :  1108.9460
 Material : o ~ 1940.0432
Fue] | | - 10201.4925
~Total Dollars/Flight | | 131150.5017 1
Total Dollars/NM ' B . 10.383%

Total Cents Per Ton-Mile : 3.863

Limited simulator experiments have shown than an airplane can be flown
with a slightly negative maneuver stability margin; a margin where the time
to diverge to doub]e amplitude is greater than about five seconds. This
level of stab111ty which corresponds to a negat ve static margin of about
- 10 percent for transport type ‘aircraft represents the limit of relaxation
- penmitted by present day active-control technology. Fa11ure of the stab111ty

augmentation system (SAS) on an airplane with this level of inherent. stab111ty L

would drast1ca11y degrade the flying characteristics but would still permit
the pilot to fly and land the airplane. Redundant augmentat1on systems can . -
" reduce the possibility of complete failure to the po1nt where a greater “
Vdegree of stab111ty relaxation can be accommodated

A negat1ve static stab111ty marg1n of 10 percent MAC,, has been se]ected :
.. ds one of the criteria for s1z1ng the horizontal tail of the Point Design
'span]oader aircraft. More detailed dynam1c analyses, beyond the scope of
th1s study. wou]d be requ1red to def1ne the u1t1mate 11m1t of RSS..
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'Conventiona1 type aircraft configurations which carry the cargo in the
fuselage permit the fuselage to be positioned on the wing such that control
and stability become equally critical at the fore and aft c.g. limits. This

“method of optimizing the relationship of ¢.g. and aerodynamic stability and
control characteristics is not possible with the spanloader concept. The
selected aft permissible aerodynamic c.g. (43 percent MAC ) of the Point
Design can be approached with partial cargo 1oad1ng< where the cargo is
positioned in the aft bays. '

Figure 4-13 shows a recommended horizontal tail equal to 16 percent of
the wing drea (SH/Sw ='0.16) which provides the afore mentioned level of
static stability at the high speed cruise condition (M = 0.7) when loaded
to the extreme aft c.g. limit with partial cargo loading. Without stability
augmentation a tail area ratio .in excess of 0.35 would be required. The
longitudinal control available at any conceivable forward c.g. limit will be
more than adequate for nose-wheel-1ift-off (NWLO) and for trim at 1. 3V
during the landing approach. Also shown in figure 4-13 is an. 1nd1cat10n of
‘the elevator deflection-to-angle of attack gain (s /da) that would be required
to augment static stab111ty to a level correspond1nq to that for the same
aircraft with a positive five percent static margin.

Figure 4-14 is presented to show that the trim capability of the tail
is adequate. The'figuhe doee, however, show that a relatively large download
(Cy = 0.28 at a cruise | = 0 444) is required to trim the vehicle during
h1gh speed cruise. This results primarily from the large, negative CM,
contributed by the thick, aft-loaded, "supercritical" type airfoil employed
for the spanloader wing. Being basically unstable (i.e., the c.g. is located
~ behind the tail-off aerodynamic center) the vehicle requ1res a decreas1ng

"tail-down .load to trim with an increase in wing 1ift. S

_ The vertical tail was sized to provide ohe-engine-out control at a
speed 10 knots (5 m/s) less than the design lift-off speed of 165 knots - '
(85'm/s). A 30 percent chord single-hinged rudder deflected a maximum of -30-
dégrees was assumed This rudder mounted on a vertical tail of 674 square
feet (63 sq m) area will prov1de the desired control with only five. degrees
of sideslip and two degrees of bank.

The directional stability of the spanioader is conéidered adquate»sincee
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the vertical tail provides a stabilizing contribution that is more than
four times greater in magnitude than the destabilizing contribution of the
pylons, nacelles, and wing-body combination. The winglets being behind the
c.g. are also stabilizing. In contrast the vertical tail of conventional
type aircraft is usually sized to provide a stabilizing effect that is only

_approximate]y_doub]e the magnitude of the tail-off instability.

Structure and loads analysis. - This section contains the results of the
external loads and structural design analyses performéd on the Point Design
spanloader configuration, including significant observations. The'primary
purpose of the structural design analysis was to provide support for the
weight analysis of Section 4.1 in structural areas unique to a spanloader
airplane. In addition, the analysis attempted to identify unique structural
features, potential problem areas and manufacturing cpnsiderations. Priority
areas were also jdentified as subjects for further study.

~+ The wing, with its large size and requirements for accommodating the
payload, was the primary subject of the structural analysis since the fuse-
1age is relatively convent1ona1 The portion of the fuse]age forward of the
wing is pressurized, provides a flight deck and space for requ1red equ1pment
and supports the nose landing gear. The portion aft of the wing is mere]y

a beam to support the conventional empennage. B |

In order to make use of existing technology and experience, a conven-
tional aluminum alloy wing structure was established to assist in the weight
evaluations, to determine the feas1b111ty of structural arrangements and to
determine the distribution of common and un1qua parts. However since this
airplane is expected to be operational in the 1990 time per1od the final
design will probably make extensive use of composite structural materials.
The weight analysis of Section 4.2 therefore applies se]ecfed weight

_reduction factors to the conventional aluminum structure to account for'the‘”

expected use of these advanced structural materials.

Pre]1m1nary s1zes of typ1ca1 major wing structural members were cal-
culated. Shear, bending and torque material a]ong with wing pressurization
and cargo vertical support structure were considered. The use of s1mp1e
methods prOV1ded a basic understand1ng of the effects of the loads and the
unusual conf1gurat1on, estab11shed the feaslb111ty of the resu1t1ng structure,
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and at the same time provided an adequate basis for the weight configurations.

The basic measurements of the member sizes used is the total material
in a structural member spread out to give an equivalent thickness, . The
total member weight is then determined by multipiying average thickness (%)
by the material density and fhe area covered by the member. The sizes de-
rived in this section are optimum and do not include joints or fasteners. The
following items not included in this section are included in the weight
analysis: .
Side and aft restraint of cargo
Cargo transport mechanism
Landing gear and local support structure
Ailerons and supporting structure
Wing-fuselage joining structure
Doors ‘
Winglet and Jocal support structure
Fuselange and empennage.

The scope of this study did not permit a detailed structural investigation
of these items, most of which are not uniqde to the spanloader concept. Items
suéh as landing gear support and wing-fuselage juncture could have a signi-
ficant effect on the configuration and are discussed later as possible sub-
Jjects for further investigation. '

‘ Wing structural arrangement: Figure 4-15 shows the general structural

. arrangement of the wing and Figure 4-16 shows a typical wing rib between
wing stations 240 and 790. The wing has four spars and these spars along
with the associated skin panels are continuous through the fuselage. The
primary. wing bending and torque sections are indicated in Figure 4-16. The
cargo is located in three spanWise bayS-between.the'spars'with speéifié
seCtiohsfaft.éf spar 4 being cut out for landing gear wheel wells as ill-

- ustrated in Figure 4-17. Cargo js loaded in 8 by 8 by 20 foot (2.44 by o
2.44 by 6.10 m) containers that are inserted and guided by rails into the
wing from either end through hinged cargo doors at the wing tips.  The. .
detailed relation of this loading to the wing structural elements is shown
-in-Figures—4-15 and 4-16. The wing spars along with the interdispersed
cargo bays are continuous through'thé fuse1age extending in an unbroken
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line from wing tip to wing tip. Detail analysis and design of the wing-
fuselage juncture is identified as a subject for future study in Section 6.0.
The wing is pressurized to %psia (34.475 Pé) forward of the rear spar (see
Section 3.1)with the rear spar having a curved web to support the necessary
pressure differential. Figure 4-17 is a section through the outboard
landing gear wheel well between wing stations 790 and 910 which is one of
the four spanwise gear locations. A section through the inboard gear is
similar. There are two spanwise sections of shear web aft of spar 4, one
section acting as a closing web forward of the aileron and the other as the
aft closing web of the main gear wheel well.

Wing skin. panels consist of skin and spanwise stringers both tapering
in thickness as required in the primary bending and torque section. These
skin panels are supported by chordwise ribs spaced at 24 inches (.61 m) as
shown in Figure 4-16.  The twenty-four inch (.61 m) spacing between ribs was
chosen primarily because: (a) the ribs have large square cutouts and the
close spacing gives reasonable size rib members; (b) the spacing will give
adequate support to the rolier channels and not overload cargo rollers and
containers at the ribs; and (c) close rib spacing offers a more efficient
pressurized structure. The rib elements are tension field beams with
machined caps for efficient use of material and with webs stiffened by ex-
truded angles. Since these ribs are considered as continuous beams across
the spars, their caps are spliced through the spar plane.

The cérgo containers are supported by 1.75 inch (.045 m) diameter
rollers spaced at eight inches (.20 m) and mounted in Spanwise channé]s'that'
are spaced at 20 inches (.51 m). These roller channels aid the wing lower
skin panels in supporting wing bending lcads. There is no primary floor,
but there are walking provisions in the cargo compartment a]dng with walkways .
forward of spar 1 and aft of spar 4 for ground maintenance access. The
structural shear panels are spaced at every ten rib bays and transfer wing
bending shear loads to the roller channels.

Critical design Toad condi tions: A répresentative spectrum of flight

“and ground conditions was investigated in order to establish critical Joads:
for wing_desfgn purposes,:‘The selection of 1oad conditions processed are
1dehtified in Table 4-7. Al flight conditions were invéstigatéd'at the
following gross weights; ' |
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TABLE 4-7A
DESIGN LOAD CONDITIONS (LIMIT)
English Units

i

.. (1,350,000 1b)

%117_

Turning, right wing

o : COND.
TYPE NO. . DESCRIPTION
| 1 W = 1,350,000 1b., M= .75 at 11,300 ft.
“Balanced maneuver, 2 W= 713,000 1b., M = .75 at 11,300 ft.
‘n=2.5atVp | 3 W= 410,000 1b., M= .75 at 11,300 ft.
: - 4 W = 1,037,000 1b., M = .75 at 11,300 ft.
o | 5 W= 1,350,000 Tb., M = .7 at 14,700 ft., n = 2.514
'~ Gust conditions - 6 W= 713,000 1b., M-= .7 at 14,700 ft., n = 3,106
50 fps up gust at V. 7 W= 410,000 1b., M = .7 at 20,000 ft., n = 3.611
o 8 W= 1,047,000 1b., M = .7 at 14,700 ft., n = 2.748
A o _% 9 Tail-down Tanding, ny - 2.0, ny =0.25
. Landing conditions. - : 10 ‘One-wheel' landing, ny, = 1.5, ny, = 0.125, left wing
- at design Yanding wt. = 11 'One-wheel' landing, right wing
- (1,077,300 1b) 12 Lateral drift Tanding, ny = 1.5, n, = 0.35, left wing
13 Lateral drift landing, right wing -
o 14 Taxi, nz = 2.0 '
i Ground handling . . 45 Braked roll, ny = 1.0, ny = 0.8
- af design takeoff wt. . 4o Turning, ny = 1.0, ny = 0.5, left wing
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TABLE 4-7B
DESIGN LOAD CONDITIONS {LIMIT)
Metric Units

17

- COND. '
TYPE NO. . DESCRIPTION
| 1 W= 612,360 kg, M = .75 at 3,484 m
' Balanced maneuver, 2 W= 323,417 kg, M= .75 at 3,444 m
n=2.5at Vp 3 W =185,976 kg, M = .75 at 3,444 m
: 4 W= 474,919 kg, M = .75 at 3,444 m
5 W= 612,360 kg, M= .7 at 4,481 m, n = 2,514
Gust conditions 6 W= 323,417 kg, M = .7 at 4,481 m, n = 3.106
- 15 mps up gust at V7 | W= 185,976 kg, M = .7 at 6,096 m, n = 3.611
' © 8 1 W=474,919 kg, M = .7 at 4,481 m, n.= 2,748
| 9 Tail-down landing, ny = 2.0, ny = 0.25
Landing conditions | 10 "One-wheel® landing, nz = 1.5, n, = 0.125, left wing
at design 1andihg wt. § n 'One-wheel' landing, right wing
(488,663 kg) : g 12 g Latera] drift landing, n, = 1.5, Ny = 0.35, left wing
4 13 Lateral drift landing, .right wing
o | SRVER: Taxi, ny = 2.0 |
_Ground handling , é 15 N Braked roll, nz = 1.0, ny = 0.8
_at design takeoff wt. % 16 Turning, nz = 1.0, ny = 0.5, left wing
- (612,360 kg) !

Turning, right wing




Maximum takeoff weight - 1,350,000 1b (612,360 kg)
Maximum zerc payload weight - 713,000 1b (323,417 kg)
Operational weight empty - 410,000 1b (185,976 kg)
Maximum zero fuel weight - 1,047,000 1b (474,919 kg)

This range of gross weights provides a conservative enve]opé for all
other payload-fuel combinations and overall Toading considerations.

Wing shear force, bending moment, and torqué distributions were com-
'buted for all design load conditions and the envelope of critical values
extracted for each distribution. The ultimate values for the critical sheak
force, bending moment and torque are plotted in Figures 4-18, 4-19 and 4-20,
respective]y, and were used to size major structural elements. Two con-
ditions dom1nate over the complete span; '

Balanced maneuver, n = 2.5 at maximum takeoff weight for
C _ up-bending o
Taxi, n = 2.0 at maximum takeoff weight for down-bending

Complete data for these conditions are therefore included in the
referenced figures.

Following is a summary of the cr1t1ca1 design load cond1t1ons for the
'structura] design of the spanloader wing:

Structural Element - o Critical Condition

Wing skin panels 2.5¢g balanced maneuver at maximum gross
weight and, + 5 psia (34,474 Pa)
pressurization for the lower panels.

- Wing typical ribs 2.5 g balanced marieuver at maximum gross
' weight. _
“Wing spar webs In general the balanced maneuver condition

designs the spar.with the exception that
certain areas at the inboard end are de-
signed by 2 g taxji condition. A portion

of spar 1 is designed by fua]ftank pressure
in the balanced maneuver condition. Spar

4 is designed by wing pressurization in
'combihation_with the maneuver cdndition,
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Cargo support -+ The cargo rails provide vertical support
and are designed by the maximum vertical
load factor of the 2.5 balanced maneuver
~at minimum fuel and maximum payload.
Forward and aft support of the cargo can
be provided by the 24 inch (.61 m) spaced
rib beams which are in close proximity
to the containers.

Fuel tank : 2.5 g batanced maneuver with full fuel and

no payload.
Landing gear and 2 g taxi condition
support S . :

Structural design analysis results: Figure 4-21 shows the required
skin panel thickness with the tapered portion. occuring in the'primary behding
and torque section of the wing as defined in Figure 4-16. Minimum gauges
are reached at station 1340 on therupper surface and-at station 1180 on the
lower. These areas of minimum gauge do not repkesent the most effective s
application of the spanloader concept of distributed payload balanced by a
distributed 1ift. "Although skin panel thicknesses are relatively thin in
this spanloader configufation compared to existing large commercial trans-
pbrts they could be reduced further by optimizing the distribution of masses
“within and attached to the wing. As an example, since fuel is a major mass
_item a more uniform spanwise. distribution of this item within the wing would
reduce the associated bend1ng moments. Furthermore, due to the combined
effects of the chordwise locations of the fue1 and engines and the aft center
of pressure of the super-critical airfoil, the wing has a comparatively
high torque at the inboard end. This results in a torque material require-
ment of the same order of magnitudé as the bending material. . For this .
reason add1t1ona1 span]oader stud1es shou]d include mass d1str1but1on
'opt1m1zat10n as a top priority.

.Although & constant th1ckness skin panel WOu1d rea11ze some cost sav1ng :
it is doubtful that this approach could reduce the ‘number of parts since
~wing panels should be -designed to be a méximum'léngth'cOmpatib]e'witH manu-
factur1ng and hand]1ng facilities. However a stra1ght—w1ng spanloader

~ configuration tends to a]]ow the use of constant pane] th1ckness across the
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chord without the attendant Toad concentration at the root of the rear spar
encountered with swept wings. This absence of chordwise taper is favorable
to achieving parts commonality. ' '

A typical wing rib is defined as one which supports only the distributed
Toads of the wing; namely, the aerodynamic pressure (1ift), cargo loads,
wing presSurization, crushing loads due to wing bending, and the chordwise
shear transfer of applied loads to the elastic axis. Figure 4-22 illustrates
this type of rib loading with the resulting net chordwise rib shear and bend-
ing moment presented in Figures 4-23 and 4-24, respectively. The Point
Design spanloader configuration, with the constant airfoil section, no sweep
and winglets at the tip, has a relatively constant spanwise load distribution
with all ribs having the same loading except for the'crushing load. . Since
‘crushing provided a relatively small part of the total rib load a practical
design wou]d make all of the typical ribs identical. Pressurization is
ba]anced by upper and lower surface loading through direct load paths in the
_vertica] members of the rib. A]though the Toading diagram of Figure 4-22
indicates that pressurization is the dominant load on the rib, the 1ift with
its chordwise shear transfer is more significant. The resulting rib member
sizes are shown in Figure 4-25,

A1l web gauges are minimum thickness, indicating that trusses may be
more efficient or that the rib-height cd&]d possibly be reduced Further
~ study is 1nd1cated for this area, although the effort must be performed 1n
~ conjunction with an overall wing analysis that includes the ribs which
'support concentrated loads. ‘Asan exampie, one such concentraued load area
is the landing gear support structure (Figure 4-17). Six ribs are available
in the span of the wheel well to distribute gear Toads ‘into the wing structural
box. A three-dimensional wing ana1y51s is requ1red to determine the actual
extent of the 1and1ng gear Toads on the W1ng r1bs Similar cons1derat1ons )
. "apply to other concentrated 1oad areas at the engine supports, wing fuse]age :
'Juncture, inboard 1and1ng Qear attachment, aileron support and at. the
- winglet SUpport Figure 4-26 is a diagram showing an estimate of wing rib
commona]1ty for the Po1nt Des1gn span]oader a1rp1ane.' ) '

w1ng spar mater1a1 th1ckness is shown in Figure 4-27. Spar 4 has. the
highest load requ1rement due to thé fact that both torque and vert1ca1 shear
add to the pressur1zat10n "Joads. The next h1gher 1oad occurs in spar 1
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which supports the fuel tank pressures inboard of station 1000. As discussed
previously these spar thickness requirements could be reduced by optimization
of mass distribution in the wing. As an example, mbving engines and fuel

aft would reduce the torque shear requirements in the rear spar.

4.2 Conventional Aircraft Description:

This section presents a summary of the conventional all-freighter air-’
craft configuration used as a comparator for the Point Design spanloader. |
The aircraft has been optimized to the same ground rules and performance
constraints as the spanloader and in general used the same level of technology
where applicable.

This configuration is not documented in detail in this report since it
is of conventional design and existihg methodologies for estimating vehicle
characteristics are adequate and accepted within the industry. The.Vehic]e
' presented is based upon a considerable background of company experience and
recent studies of']arge conventional all-cargo aircraft.

Configuration arrangement, - The referenced convent1ona1 aircraft was
derived using the PASAP computer program to optimize (minimum DOCP) the
geometry of the configuration to the same performance requirements as the
Point Design spanloader. .The resulting configuration is shown in Figure 4-28
and its primary design data and geometry tabulated in Table 4-8. For the
base fuel cost va1ue of 25 cents per gallon, the wing aspect ratio optimiied
‘at a value of 9.2 with a wing thickness ratio (supercr1t1ca1 airfoil) of

.14 and a quarter chord sweep of 28 degrees.

The wing area and eng1ne thrust level were sized by the 12,000 foot
(3,658 m) takeoff field length. The landing field Tength was not critical
~and a single s]otted Fowler mot1on flap and 1ead1ng edge s1at were found
to be appropr1ate ' '

The fuselage is of circular cross section to m1n1m1ze structural we1ght
- penalties due to pressurization (5 psia (34.5 k Pa)). Four rows of con-
 tdiners are loaded on two cargo deiks - ten 8 x 8 x 20 foot (2.44 x 2.44 x
,_‘6.10'm) containers in each row. Th1s gaVe a gross des1gn payload of 590, 000 :
‘pounds (267‘620 kg) for a net. cargo density of 10 pounds per cubic foot
(160 kg/m ) and a container dens1ty of 1.5 pounds per cubic foot (24 kg/m )
The nose door sw1ngs upWard to open the fu]] Cross section of the a1rcraft

Pl
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 FIGURE 4-28
CONVENTIONAL AIRCRAFT

~ CHARACTERISTICS DATA
| WING | H., TAIL |V. TAIL
CAREA 8000 f1° | 1472 £t {1700 Ft2
- [(783 mé) | (137 w2) | (102 m?)
AR C9.2 | 40 | 1.6
T.R. 30 | .3 | .35
A, c/4 - 28° 30°. 1350
t/c 14° e | 12e
Vol. Ratio 797, | .067

-TOGH = 1,260,167 Tbs (571,613 kg)
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[ (8.6m) — T (12.8m)
[ R—— —’_ .
(i::;;zzzzzz ———————————— 84.5 ft
(259.8m)
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TABLE 4-8
CONVENTIONAL AIRCRAFT

DESIGN DATA AND GEOMETRY

Design Weights - 1b (kg)

Takeoff
Landing
Zero Fuel

Gross Pay]oad
Criteria

. Besign Pressure D1fferent1a1 - Crew/Fuselage
psia (k Pa)
Design Limit Load Factor (Airplane @ TOGHW)
Design Cruise Speed - KTAS (im/sec)
Design Cruise Mach Number
Design Cruise Lift Coefficient
Engines

Number Required
SLS Thrust/Engine - 1b

[OR | -
Specific Fuel Consumpt10n-1b/hr/1b (kg/hr *N)
Wing Geometry _

Area - ft2 (m?)

Aspect Ratio

Taper Ratio

Sweep @ c/4 - degrees
Mean Thickness: Ratio
Aileron area - ft2 (m2)

Tail Geometry

Horizontal Tail Area - Theoret1ca1 - ft2 (m2)

Horizontal Tail Length - in (m)
Horizontal Tail Volume

Vertical Tail Area - Exposed - ft2 {m2) "
Vertical Tail Length - in (m)

‘Vertical Tail Volume
Elevator Area - ft2 §m2)
Rudder Area - ftz (m2)

' Fuse]age Geometry

© Length - in’ (m) ~

o Max imum He1ght - in (m)

Maximum Width - in (m)

Maximum Perimeter - in (m) o
" Wetted Area.- Gross. - ft2. (m2)
'F]oor Area - ft2 (m2) ’ :
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English

Units

1,260,167

1,030,781

990,509

590,000

7.46/5
- 2.5

459 .

.78
.50

6

44,029
’560

8,000

9.2

.3

28

.14

: '232 3

1,472
1,680
.797

1,100
1,590

1067
358

455 .-

3,470 -
400

318

966

20,380

" 6,716

Metric
Units

571,602
467,554
449,287
267,620

51.4/34.5

205
- 236
.78

136.8
42,67
.797°
102.2
40.39
-.067
33.3
42.3

88.14
10.16

" (excl chB)

18,08
24.5
18.93 "

623.9



for straight-in=]oading of both decks.

The empennage of the conventional aircraft has been designed to provide
stability and control characteristics comparable to those of the spanioader.
The horizontal tail was sized to provide, with stability augmentation, sat-
jsfactory flight characteristics over a c.g. rahge of 20 percent MAC. Without
augmentation, a negative static stability marg1n of 10 percent MAC is provided

‘at the critical high speed cruise condition. Aerodynamic and aeroelastic

characteristics, based primarily on DC-10 data, were used to size the tail.
The vertical tail was designed to provide one-engine-out control in the air,

at a speed 10 knots less than the design. 1ift-off speed.  This directional

control requirement can be met using a 40 percent chord single-hinge rudder
similar to that of the DC-8. ' ‘

The engine used for the conventional aircraft is the same as that used
for the spanioader except for size. These were bypass ratio 9 fan jets with
an SFC improvement of five percent compared to the present TF-39 engine.

Structures and mass properties. - The structural components of the
conventional aircraft were assumed to be of composite material - both primary

‘and secondary. As with the spanloader, the basic structure and weights
“evaluations were first accomplished for conventional a]uminum structure.

Specific components of structure were then converted to a composite material
base. The resulting weight summary is shown in Table 4 9

.Performance summary. - The performance eva]uated for the conVent1ona1
aircraft is shown in Table 4-10. The design mission, carrying a gross pay-
Toad of 590,000 pounds (267,620 kg) 3,000 nautical miles. (5,550 km), is
accomp11shed at a gross weight of 1,260 »167 pounds (57] 602 kg). AN per¥ _
formance is normal for an aircraft of this. type. The cruise Mach number is
0.78. ‘ '

' Economwc ana]ys1s. - The basic cond1t1ons and approach out11ned in

: Sect1on 4.1 that are used to derive the spanloader price and the poc app]y
-to the convent1ona1 design. The conventional aircraft also is designed
with a h1gh percentage of composites and the structura] d1str1but1on is

about the same as for the spanloader. HoweVer, the conventional desvgn of
the wing and horizontal tail precludes any assumption of a high degree of -
commona11ty 1n these alrframe components The costs for both the meta111cs A

105



TABLE. 4-9

CONVENTIONAL AIRCRAFT
WEIGHT SUMMARY

106

1,568

b
Wing 158,045
Tail 11,338
Fuselage -80,760
Landing Gear 54,459
Nacelles 16,815
Propulsion 44,416
Fuel System : -3,218 .
. Flight Controls - 7,339
Hydraulics 4,216
Instruments 1,199
Air Conditioning 3,334 .
Pneumatics - 937
- Electrical 2,925
Avionics 2,698
Furnishings 6,024
Ice Protection 324
Hand11ng.Gear 102
Manufacturer s Empty Weight 398,1493
'Operator s Items : '2,360
Operator s Empty Weight 400,509
Manufacturer's Empty we1ght 348,149
Less: Engines = - 42,796
‘ ‘Ro1ling Assemb]y 18,168
" Basic Cost Weight 337,185
- Basic Cost Weight 337,185
Less: Starters. ‘ 150
: Instrument Units 593
‘Electrical Units - 511
Avionics Units : C
o Air Cond1t1on1ng Un1ts _ 157
DCPR We1ght | 333,686

kg _

71,688
5,143
36,632

24,702

7,627
20,147
1,460
3,329
1,912
544
1,512
425
1,327

1228

2,732
147

4

180,547

1,070

181,668

180,597

19,412

8,241

152,945

152,945
68

269

- 232
711

151,357



TABLE 4-10
CONVENTIONAL AIRCRAFT PERFORMANCE SUMMARY

Operating Weight Empty - 1b (kg) 400,509

Gross Payload Weight - 1b (kg) | 590,000 -
Tare Weight - 1b (kg) -~ 78,000
‘Fuel Weight - 1b (kg) 269,660
" Takeoff Weight - 1b (kg) 1,260,169
 Reserve Fuel Weight - 1b'(kg) * | .. 40,281
Net Thrust per Engine -‘1b/eﬁg (N/eng). ' - 44,029
| Specific-Fuei Consumption - 1b/hr/ib (kg/hr; N) | ;569
" Wing Loading--‘]b/ft2 (kg/mz)_ o 157.5
Thrust to Weight Ratio - S L2
Ratio Opéfatinngeight Empty to Takeoff Weight 318
Ratio Gross Payload to Operating Weight Empty 1.473
- Ratiq Gross Payload to Fuel weiéht . .2.188
Cruise Mach Number o TR £V
. Cruise Left Coefficient . o : 500
Inftial Cruise Altitude - Ft (m). 2,800
Maximun Left to Drag Ratio -~ 2150
~ Takeoff Field Length S gt m - 12,000
. Lahding Field Length - ft (m): -+ .~ 5210
 Bpproach Velocity < kn (w/s) - 134
'Second.Segment'CIimbiGrédiéht L R .0360:

% 40,28] 1bs (18, 272 kg) for FAR.Laﬁdinijeserve R

(181,671)
(267,620)

( 35,381)

(122,318)
(671,613)

( 18,272)

(195,841)

.058

( ?69)
(- 2.06)

( 8,778)

N-(-Ns,SSS).‘
©(.1,588)
e
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portion and the composites reflect a traditional type of estimate. The
cumulative average price for the Stipu]ated 350 airplane buy is $77.4 m, and
$72.0 M for the calculatéd quantity of 463 airplanes that are required to
handle the assumed market of 100 billion ton-miles per-year. The cost
elements that comprise the $72.0 M price are shown in Table 4-11 and the
price/quantity relationship is exhibited in Figure 4-29.

The DOC calculation is based on price and performance characteristics
perculiar to the conventional design and the resultant DOC “associated .
with the required fleet size is 3.240 cents per ton-mile. The 1ndiv1dua1
elements that make up this value are shown in Table 4-12, ’

TABLE 4-12

~ DIRECT OPERATING COST BREAKDOWN
Cost Element - . . ~ Dollars/Flight
Crey | | | | | 2187.28
Insurance L - o 2494.80
Depreciation o - S 10914.75
Airframe Maintenance - , .
CLabor : - 1245.81
Material L . 1032.36
Engine Maintenance o f"‘ . " R
Labor R .. 821.66
Material - . - | - 1385.57
Fuel . < B8595.67 .
_ Total Dollars/Flight e 28677.93 . o
U Total Dollars/NW. . . 9,85

Total Cents Per Tdn-Mile o o o o 3,73-'
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TABLE 4-11

AIRPLANE PRICING (CONVENTIONAL DESIGN)

(Constant 1975. Dol]ars - M1]11ons)

~ - COST ITEM

AIRPLANE QUANTITY

| 50 100 150 200 350
BOR S - .

Manufacturing 42141 | 6202.5 7910.7 9459.9 13568.9
Engineering 1889.6 2192.2 | 2420.9 2577.1 2953.2
Laboratory & F11ght Test 183.0 . 185.9 188.7 191.7 194.6

.~ Product Support 33.8 33.8 33.8 ~33.8 33.8

 'sub Total 6320.5 8614.4 10553.5° 12262.5 16750.5

'MATERIAL |
Raw Materials 499.1 954.9 11409.4 1863.3 3223.6
| Purchased Parts & Equipment - 642.0 1212.2 1574.9 2017.1 . 3299. 1
;'~_F11ght Test 11.6 1.6 11.6 ‘1.6 11.6
~ Product Support’ 38.7 38.7 . 38.7 38.7 38.7
~ Sub Total 1191.4 2217.4 3034.6 3930.7 6573.0
Engines 538.9 1077.7 1616.6 | 2155.4 3772.0
~|GRAND TOTAL (Labor + Material) - ©'8050.8 11909.5 15204.7 18348.6 27095.5
CUM AVERAGE PRICE 161.0 1191 101.4 91.7 77.4




FIGURE 4-29°
AIRPLANE PRICE VERSUS QUANTITY
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5.0 Vehicle Competitive Analysis

The basic analysis and characteristics of the previous section for the
Point Design spanloader and conventional aircraft are compared in this
section on a side-by-side basis in order to draw a convenient and concise
perspective of their relative characteristics. In review, each aircraft was
designed to the same level of technology (circ.1990), the primary elements of
which consisted of all-composite structures, up to -10 percent negative
stability margin, supercritical airfoils and winglets if appropriate, The
payoff due to the use of winglets for the conventional aircraft was marginal
because of the high aspect ratio and high taper of this configuration and
winglets were not used. Engine optimization'was not within the scope of the |
study and a fixed engine cycle was chosen for both configurations. Engine

“thrust level, however, was a part of the optimization function. Each config-
uration was designed to carry 8 x 8 x 20 foot (2;44 x 2.44 x 6.10 m) cargo
containers, Because of the differences of cargo carriage, however, the
spanloader was sized for three rows of 14 containers each (42 total) and the
convent1ona1 aircraft for four rows of 10 containers each (40 total). This
difference in cargo capacity was accounted for in deriving the economic
evaluations by standardizing fleet productivity with appropriate fleet sizes.

Both aircraft were designed for a 5 psia (34.5 k Pa) pressure differential
in thefr,reépective cargo bays. The following specific comparative eval-
uations are pertinent. ‘

| 5.1 Dimensional Data Comparison

Significant dimensional data is shown in Table 5-1. The sban1oader has
slightly more span than the convent1ona1 a1rcraft but is s1gn1f1cant1y -
shorter and of less he1ght The product of the three major dimensions is - -

4.259 x 10° cubic feet (.121 x 108 m3) for the spanloader and 6.623 x 108

: cub1c feet for the convent1ona1 a1rcraft The use of actua] term1na1 area

space however, is the subject of a separate specific study.- L

The primary feature of ‘the span]oader aircraft 1s its w1ng geometry

: result1ng from the “impact of the wing. cargo stowage requ1rement The" 1mpact.
‘on 1ts large wing. area 1s evident. ‘The span]oader wing is S0 targe, in.

fact that h1gh 11ft deV1ces are not necessary to achieve acceptab]e f1e1d
length performance. The W1ng area of the convent1ona} a1rcraft, on the-.
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TABLE 5-1
DIMENSION DATA

SPANLOCADER VS CONVENTIONAL AIRCRAFT

Span - ft (m)
Length ~ ft (m)
Height - ft (m)

| Wing -
Area - ft2 (m?)
Aspect Ratio |
Sweep - deg
Thickness Ratio
“Taper '

| Horizontal Tail
Area - ft2 (m¢)

cowponewT

285.4 (87.0)
202.5 (61.7)

73.7 (22.5)

18,314 (1,701)
4.45
0
.20
1.0

2,938 (273)

| SPANLOADER

3 :
E SESONS

CONVENTIONAL AIRCRAFT
271.0 (82.6)
289.2 (88.1)
84.5 (25.8)

8,000 (743) ;
9.2 | 3
28
14 |
.30 (excluding Yehudi) -

L T T e e

1,472 (137)

Volume Ratio .30 797 :
Vertical Tail a ]
Area - ftZ (m2). . 674 ( 63) 1,100 (102)
Volume Ratio .016 067
Fuseia = — S
* Surface Area - ft2 (m?) 10,600 (985) 20,380 (7,893)
iy T T . -
Number of Main Bogies 4 5
“Number- of Wheels B2 20 |
Tread - ft (m) 141.7. (43.2) 48.3 (14.7)
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other hand is determined by field length requirements even using very
effective high 1ift devices.

The thicker wing of the spanloader results from the space requirements
associated with cargo containment. Study results actually showed that a
thickness ratio down to .17 would provide some additional marginal payoff
due to the lesser profile drag and higher cruise Mach number of the thinner
airfoil sections. However, additional detailed analysis would be required
to determine the real nature and magnitude of these potentia1 benefits.

The horizontal tail volume ratio of the spanloader is approximately
62 percent less than that of the conventional aircraft primarily because of
the significantly smaller destablizing fuselage of the spanloader. The tail
area, however, is still over twice that of the conventional aircraft because
of the 1arge size of the spanloader wing and a s1gn1f1cant1y sma11er
horizontal tail arm.

The spanloader vertical tail volume ratio also benefits from the small
destabilizing fuselage and the s1gn1f1cant stabilizing effects of the two
winglets. The resulting ta11 area is 61 percent of the conventional
aircraft.

The smaliness of the spanioader fuse1age is indicated hy comparing the
fuselage wetted areas; 48 percent less than that of the convent1ona1 aircraft.

The wheel and bogie arrangement: of the main 1and1ng -gears is the result .
of deSJgner s choice as affected by the ground_tax1 loads that were found to
be critical to wing structure with full-up payload. ‘The tread-dimension,
- however, is fundamental since in conjunction with aircraft weight it limits
- the permissible airfields for aircraft operatiohs The impact of this

;d1mens1on on, span]oader operat1ons must aWa1t a system eva]uat1on of the
concept

- 5.2 Structures And We1ght Compar1son

A summary compar1son of "the we1ghts characterlst1cs of the tWO con-
_f1gurat1ons is shown in Tab]e 5-2. The pr1mary 1mpact of the span]oader '
concept on. veh1c1e we1ght 1s apprec1ated by cons1der1ng the structura]
'we1ght rat1o, OWE/TOGW. Th1s value is..29 for the spanToader wh1ch compares _
to 32 for the advanced convent1ona1 a1rcraft of comparab]e techno1ogyb Thjs o
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141

;‘iLand1ng Gear. (1nc1ud1ng
'f - r0111ng assembly)

0

'-I,Propulslon System (1nc1ﬁd1ng
' nace11es and engines)

!Other (F1t controls, Hyd.
N Instru., Air Cond
1. . Elect., Handling Gear,
“Ete. . S oo

| Operator's Empty Weight

58,987 (26,757) ., 54,459 (24,702)

83,700 (37,966) 61,231 (27.774)

32,614 (14,794) é 34,676 (15,729)

306,525 (179,864) 400,509 (181,671)

o
 TABLE 5-2
WEIGHT DATA
! N o Change
I o : : { A ' From Point
b COMPONENT SPANLOADER © CONVENTIONAL AIRCRAFT. Design
e : i . o Spanloader
SR W (k) ‘b ' (kg) e b (kg)w B
ZTW1ng 170,929 (77 533) . 158,045 (71,689) 12,884 (-5p44)
Winglets 7,392 ( 3,383) - |
| éEmpehnage 14,667 ( 6,653) - 11,338 ( 5,143) - 3329 (-1510) |
' Fuselage 28,236 (12,808) 80,760 (36,633) 52,524 (23,825)
(

-4,528  (-2055)

-22,469  (-10,192):

2,062  (935)

3,984 ( 1,807)

i




structural performance has been achieved despite the fact that the spanloader
wing is approximately twice the size of the conVentiona].aircraft. The unit
weight of the spanioader wing (9 3 Ibs. per sq. ft. (45.6 kg/m }) compares to
19.8 1bs. per sq. ft. (96.5 kg/m ) for the conventional aircraft. This attests
to the high structural efficiency of the spanloader wing resulting from the
distributed load effect, thick airfoil, low aspect ratio, and the lack of any
Tift augmentation devices.

1 " The percent of weight in the spanloader fuselage is 7.1 compared to
20.2 for the conventional aircraft showing the effect of minimizing the
fuselage structure. On the other hand, the empennage percentage has ‘been
increased (3.7 from 2.8 percent) due primarily to the large spanloader wing.

The structural efficiency of the span]oader is further illustrated by
. comparing the ratio of weight empty to tota] wetted -area. This ratio is
. 6.36 pounds per square foot (31. 05 kg/m ) compared to 8.22 pounds per square
. foot (40 13 kg/m ) for the conventional aircraft.

s

There is a notable difference (22,469 1bs) in the we1ghts of the
propulsion subsystems for the two configurations. A portion of the diff-
erences is due to the fact that the spanloader propulsion subsystem encom-
passes a non-optimum engine ‘cycle. Additional work to achieve this
opt1m1zat1on ‘would undoubtly reduce the noted weight d1fferent1a1

5.3 Structural Arrangement Comparnsons

The span]oader structural arrangement y1e1ds payoffs in aircraft
structural weight efficiency as just discussed. Perhaps of equal 1mportance
is the 1mpact of the structural arrangement on potent1a1 vehicle manufactur1ng

~costs. The’ structures d1scuss1on of Section 4.1 shows that a h1gh degree

of commona11ty and 1nterchangeab111ty of parts is poss1b1e This commona11ty
will result in reduced eng1neer1ng, tooling and manufactur1ng costs The '
- net effect of commonality on vehicle weight is not quite so ev1dent Cursory
examination indicates that a weight penalty may accompany. the des1gn for:
commonality. Questions such as this will only be answered through deta11ed

. strength analysis and structural designs. ' : ‘

The pr1mary feature that allows ' parts commonality is the constant
~section stra1ght wing and “the uniform spanw1se Tift distribution. 0pt1m1zat1on

-.of the mass distribution inh the wing with a resulting shear and . torque re- -
 duction w111 be a pr1me factor in a1loW1ng commona11ty 1n spar Webs In
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addition to the potential parts cmmhona]ity indicated in the areas of skin
panels and ribs the following assemblies may be interchangeable, station
to station and left side to right side;

Engine nacelles and pylons

Ailerons '

Winglets

Leading edge segments

Trailing edge segments

Cargo roller channels and shear webs

The largest structural weight payoffs, however, occur through the
use of composite materials, the final viability of which depends upon their
tooling and manufacturing costs. The conventional aircraft experiences
weight reductions from the use of composites in two ways; direct material ,
substitution and aircraft resizing possible because of the reduced weight. - i
That is, with a weight reduction in the aircraft for whatever reason, the
"design wing area can be reduced to.maintain constant design field length.
_Empennage areas which are related to the wing area can also, therefore, be
reduced in size. Studies have shown that the total we1ght empty reduct1on
‘for conventional aircraft through the application of composites can be of the
order of 30 percent.

The spanioader wing area, on the other hand, is constrained by cargo con-
| siderations. Composite appﬂ1cat1on to this type .of configuration, therefore,
_ will be Timited to the first type of payoff only; direct material substitution.
The payoff to the study spanloader conf1gurat1on was approximately 15 percent.
The weight saving is achieved through a 22 percent reduction in the wing and
winglets, 23 percent in the empennage, 19 percent in the fuselage, 10
percent in the. landing gear, and 12.5 to 15 percent. in the -
nacelles. The significance of this observation is that’ des1gn features and
'innovations which reduce vehicle we1ght will benefit the conventional air-
~craft about twice as much as the spanloader a1rcraft bringing the two con- |
~ figurations into closer a11qhment ‘ : '

By the 1990s, 1arge numbers of compos1te secondary structura] components
- should be in product1on for f1ghter aircraft and a few 1arge primary struct-
| “ural components shou]d be in- commerc1a1 flight service. These programs w111



provide additional verification of the high reliability and reduced cost
potential of composite materjal systems. .This comprehensive use of composite
‘materials is judged to be feasible for an advance spanloader aircraft in the
1990 time period. A major obstacle to the widespread use of composites

is the enormous size of the proposed aircraft. Composite components currently
obtain their high reliability and Tow cost through a reducticn in number of
parts and splices. The large composite primary structural- components
presently under consideration are dwarfed by the comparable components on the
spanloader.

5.4 Aerodynam1c Character1st1cs Comparison

The aerodynamic cruise characteristics of the span]oader a1rcraft are
surprisingly good relative tu conventional aircraft, particularly when con-
sidering the large difference in aspect ratio of the two configurations.
This result springs from two primary features of the span]oader, its large
size w1ng and the effect1Veness of the winglets. :

The 1arge spanioader w1ng is associated with a much 1arger Reynolds
number than the conventional aircraft (Table 5-3). The skin friction drag
coefficient for the spanloader is therefore significantly less than that for
the conventional aircraft. This in conjunction with the large spanloader
wing area gives a zero-1ift drag coefficient significantly less than that
of the conventional aircraft. - ' ' |

TABLE 5 3
AERODYNAMIC PARAMETERS COMPARISON

" PARAMETER - SPANLOADER =~ CONVENTIONAL AIRCRAFT
- Cruise Reynolds Number . - 108x 10°. - 65x 108
based on wing MAC , _ , —_—
oy . o .01123 - .01476.
L/Dmax - . ,18.175 | - 2150

, N1ng]et effect1veness is a funct1on of the aspect ratio and taper of the -

' Wing to which it is applied. . The 1ow aspect ratio; non- tapered spanloader

\ W1ng is ideal for w1nglet application. Figure 5-1 shows the effect1veness of.
w1ng]ets for reduc1ng induced drag as der1ved from the spanloader configurations
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of the parametric studies (Section 3.0). The induced drag can be reduced 30
to 35 percent for spanloader type wings as compaied to a much smaller per-
centage for the high aspect ratio tapered wings. '

The impact of these considerations on overall cruise efficiency is
evidenced by the fact that the spanloader configurations can achieve values
of L/D max that are comparable to those of today's jets. Due to size and the
use of the aspect ratio 9.2 wing, the conventional aircraft considered herein
has a L/D value (21.50) that is greater than today's jets.

The lack of a need for the use of a high 1ift system on the spanloader
configuration has been mentioned previously and is unique in current aircraft
destgnv The need for high 1ift devices, however, could reappear if a system
oriented operational study would show a payoff for a design field length
less than that of the aircraft analyzed.

5.5 PERFORMANCE COMPARISON

The_performance of the Point Design spanloader is compared to the con-

-ventional aircraft in Table 5-4. These aircraft are essehtial]y comparable

except that the payload of the span]oader exceeds that of the conventional
a1reraft by two containers as previously discussed. A more valid compar1son
can be made, however, by considering the weight fractions. Relative to the
conventional aircraft the spanloader is 5.8 percent more efficient on the
basis of payload carried per pound of invested aircraft we1ght (GPL/OWE)

but is 15.7 percent less efficient from the standpoint of energy usage

(GPL/fue]). Energy useage is effected by the additional reserve fuel, 18,760 _
pounds (8,510 kg). above the FAR requirement, contained in the spanloader as

| :diSCuSsed in Section 4.1. -With this added fuel removed the payload/fuel
- ratio is 1.95 and the energy. deficiency is reduced to 10.7 percent In

add1t1on this energy deficiency of the Span1oader can be at Teast part1a]]y

. corrected by the use of optimum engine qyc]es

The wing ]oad1ng of the span]oader is approx1mate1y ha]f that of ‘the

.convent1ona] a1rcraft - Because of the 1ack of a h1gh Jift system on the :_'
e span]oader, however, its approach speed is h1gher than that for the con-
' Vent1ona1 ajrcraft (169 kts (87 mps) Vs 134 kts (69 mps)) '

The takeoff fre]d 1ength of the span1oader is less than that of the
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" TABLE 5-4

PERFORMANCE COMPARISON

s samo— o 8

-Operating We1ght Empty -1 (kg)
Gross Payload - 1b (kg) - .

i Number: of Continers
Tare - 1b (kg)

Fuel - 1b (kg)
Takeoff Weight - 1b (kg)

.Reserve Fuel We1ght - 1b (kg) *

chet.Thrust per Engine - 1b/eng (N/eng) -
7Spec1fﬁc Fuel Consumpt1on - 1b/hr/lb (hg/hr-N) |
fNIng Load1ng - 1b/ft

(kg/m? )
Thrust to We1ght Ratio - 1b/1b (N/kg)

| ‘Ratio Operating Weight Enpty to Takeoff Weight |
: Ratho Gross Payload Weight to Operating Weight

1
Rat1o G¥ess Pay]oad Weight to Fuel we1ght

Cruise Zero Left Drag Coeff1c1ent
Cruise Mach Number -

| Cruise Left Coefficient

Initial Cruise Altitude - ft (m)

| Maximum Left to Drag Ratio

| Takeoff Field Length - ft (m)
~Landing Field Length - ft (m)

| Approach.Velocity - kn. (m/s)

Second Segment Climb Gradient

) -

! SPANLOADER " CONVENTIONAL AIRCRAFT| WING SWEEP - = 40° 4
. 396,525 (179,864); 400,509 (181,671) ' 296,978 (134,709)
.- 618,000 (280,325); 590,000 (267,620) ; 600,000 (272,155)
e Lo 40 N 42
. 80,640 ( 36,578). 78,000 (35,381) 80,640 ( 36,578)
| 335,235 (150, 063)’ 269,660 (122,318) | 218,768 (100,585)
1,350,000 (612,360) 11,260,169 (571,613) 11,115,746 (506,102)
| 63,048 (28,599); 40,281 ( 18,272) 30,839 (13,988)
58,500 (260,208): 44,029 (195.841) | 40,000 (177,920)
i .582 ( .059);  .569 ( .058) ‘ | :
; 737 (0 30); 157.5 ( 769) 76.9 (  367) |
259 (0 2.54); 210 ( 2.06) 2151 ( 2.709) ;
| 294 .318 266 a
1.559 1.473 2.020
1.843 2.188 $2.743
.01123 .01476 0106
.655 | .784 .701
.444 i .500 . .381 -
31,500 ( 9,601)' 28,800 ( 8,778) - 31,090 ( 9.476) '
18.75 - . 215 S .
10,737 ( 3,273)i 12,000 ( 3,658) | 12.025 ( 3.655)
9,960 ( 3,036) 5,210 ( 71,588) :
R 169 ( 87): 134 ( 69)
. 0736 i .0360 -

* Spanloader Reserve Fuel = 44 288 1bs (20,089 hg) for FAR Landing Reserve p1us 18, 760 (8,510 kg).

for 200 n mi additional reserve range.

Convent1ona1 Reserve Fuel =

40,281 1bs (18,272 kg) for FAR. Land1ng reserve



conventional aircraft resulting from its lower wing loading and higher thrust-
to-weight ratio. The landing field length of each aircraft is non-critical.

Again because of the spanloader wing loading and thrust-to-weight ratio,
the cruise altitudes are higher. The cruise Mach number of the conventional
aircraft is significantly greater than that of the spanloader as would be
expecﬁed. This higher optimized speed and lower altitude of the conventional
aircraft resd]ts_in this aircraft cruising at a L/D value (19.36) signi-
ficantly below L/D ., (21.50). The spanloader cruises at its L/D,qx Value
of 18.75.

The primary performance advantage of the spanloader concept is its in-
herently shorter field length and the attendant increase in operational ‘
flexibility. The primary performance disadvantage is its lower cruise speed
and its adverse impact on operating costs. '

The swept wing spanloader performance as derived in the parametric
studies of Section 3 are also included in Table 5-4 for reference purposes.

5.6 ECONOMIC COMPARISON

A comparison of the pivotal system characteristics that are used as the
basis to derive the cost data and the resulting cost measures are delineated
in Table .5-5. A summary of key findings and observatiohs are as fo]]owé:'

.0 The direct operating cost. of the Point Des1gn spanioader and
'convent1ona1 a1rcraft compared in this section are competitive, with
the spanloader cost 3.3 percent above that of the conVent1ona]
-aircraft. The 1nc1us1on of further optimization results for the
1span1oader concept, as discussed.in other portions: of the report,
-w1]1 reduce the. span]oader operat1ng costs below that of the
conventional aircraft. ~ For instance, using the indicated results
for the effects of reducing the wing: th1ckness to 17 percent,
utilizing the swept wing version derived in Section .3 and assuming
~an arbitrary 5 percent reduction in structura1 we1ght due to further

' strUCtural opt1m1zat1on the results of Table 5-6 are indicated.
‘The ‘indications are that the span1oader concept has a potent1a1 DOC
'reduet1ons of approx1mate1y 15 percent compared to. a comparab]e '
. convent1ona1 a1rcraft '
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TABLE 5-5
ECONOMIC DATA® COMPARISON
' _ _ _ Change
'PARAMETER ggé?éN B CONVENTIONAL | Fgggizglnt | Percent
B , ’ 'SPANLOADER , DESIGN ' Spanioader - Change
| Cost Weight - Tb (kg) = 317,385 (143,966) ' 337,185 (152,947) | 19,800 ( 8,981) +6.2
| Composite Weight - b (kg) - | 206,094 ( 93,488) : 216,543 ( 98,224) | 10,449 ( 4,740) + 4.8
|Metallic Weight - 1b (kg) | 97,103 ( 44,046) | 104,874 ( 47,571) | 7,771 { 3,525) |+ 8.0
| systems Weight - 1b-(kg) [ 90,970 ( 41,264) i 76,732 { 34,806) | -14,238 (-6,458) -15.7
 Gross Payload - 1b (kg). 618,000 (280.325) ! 590,000 (267,620) | -28,000 (-12.705) - 4.5 |
Block Fuel - 1b (kg) - | 273,400 (124,014) | 230,364 (104,493) | -43,036 (-19,521) -15.7
|Reserve Fuel - 1b (kg) | 63,048 ( 28,599) *| 40,281 ( 18,272)**| -22,767 (-10,327) -36.1 |
© {Unit Price @ Fleet Size - $M = 58.5 72,0 0 135 +23.1
|Engine Price - §, M (6 ea)  :  9.798 - 8316 ~ |- 1.48 BN
Rirframe Price - $, M | 48.702 \ 63.684 | 14.982 +30.8 |
|uUnit Price @ 350 Qty - $, M | 5.1 L 77.4 12.3 | +18.9
| Doc - ¢/Ton - numi. (¢/kg km) ; . 3.363 (2.01x1073)] 3,240 (1.94x7073)| - 123 (-6.00x10™%) |- 3.6 |
|Fleet size -y -~ . | 55 1 463 62 1.8 |
| Block Time - hr 1 8.26 - 6.93 - 1.33 C 1 -16.1
Trips Per Year b 3632 | 4329 ‘ 69.7 +19.2 |
| cruise Mach No. | .655 784 - .129 +19,7 |
Thrust per Engine - Tb (N) | 58,500 (260,208) | 44,000 (195,712) | 14,500 (64,496) 248 |

"% ‘Includes FAR Reserve of 44,288 (20,089 kg) plus an-additional 18,760 1bs (8,510 kg) for an
~added 200n.mi, safety reserve range.

%x 40,281 1bs (18,272 kg) for FAR landing reserve.



TABLE 5-6
SPANLOADER ECONOMIC POTENTIAL

SPANLOADER CONVENTIONAL
AIRCRAFT
Point Design Aircraft 3.363 : 3.240
Reduce thickness of Spanloader S '
. -wing to 17 percent 3.32 "
Use swept wing Spanloader concept 2,79
5 percent reduction in structural = |
weight , . 2.78

o The price differential between the airplanes is primarily a result

of differences in individual design attributes of the configurations
and secondar11y a result of d1fferences in fleet size.

The spanloader design prov1des greater parts commonality and more
simplified construction in the wing and tail components leading to
considerably tower manufacturing and tooling costs. The 1akge |
differential in fuselage weight is another s1gn1f1cant factor that -
impacts on the cost. _
The significant benefits derived from the design and construction
of the spanloader more than offset the increased requirements and
costs associated with the propulsion, fuel and winglet subsystems.
“While airplane performance characteristics tend to induce slightly
Tower DOC values for the conventional design, the initial 1nvestment
for fleet a1rp1anes is on]y $2.623 M 1ower for the span]oader
(8,5 percent).. The differential in unit price between ‘the respect1ve
| a1rcraft conf1gurat1ons is 111ustrated in F1gure 5-2.
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FIGURE 5-2
ATRPLANE PRICE VERSUS QUANTITY
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6.0 CONCLUSIONS

The current study has made significant comparisons between three generic
types of futdre large aircraft systems; the spanloader with cargo containers
carried in the wing, a hybrid seaplane with the cargo in the hull, and a
conventional aircraft with the cargo in the fuselage. Two variants of the
span]oeder were analyzed, a straight wing concept and a swept wing concept.
Major conclusions. emanating from this study are summarized as follows:

1. The swept wing spanloader has the highest payoff potential in terms
of operating costs and energy usage fo]]pwed by the straight wing
spanioader and finally the hybrid seaplane.

2. The study results indicate that the spanloader concept has a
potential operating coSt'advantage'over an advanced conventional
aircraft, of comparable technology, of approximately 15 percent.

3. The spanloader configuration can have. an aerodynamic efficiency
(L/Dmax) exceeding that of today's jet aircraft due to the effective- :
ness of winglets on the typically Tow aspect ratio, nontapered wings.

4. The spanloader configuration has superior structural efficiency
(We/TOGW) due to the use of distributed inertia loads in the wing,
nearly two- d1mens1ona1 aerodynamic wing loading, and m1n1m1zat1on
of fuse]age and empennage structure.

5. The stra1ght wing span]oader concept resu]ts in a 1arge percentage
"~ of common parts with right- left ‘hand 1nterchangeab111ty resulting
in a lower acqu1s1t1on cost than a comparable convent1ona1 a1rcraft

6. ngh payoff technologles for the span]oader concept 1nc1ude

Winglets
' Supercritica1 wing ,
‘,Negative stability margins
: Composite structures for spanloader aircfaft'may'hot -pay off because
the conf1gurat1on size cannot be reduced to reflect the we1ght
savings- and compos1te material costs are h1gher than a]um1num.-
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7. Because the cargo carried in the spanloader constrains the wing shape
and size, many optimization payoffs that are normally available to
a conventional configuration are limited for the spanioader. ‘For
instance, weight reduction items are not as significant to the span-
loader as for conventional aircraft because the spanloader wing can-
not be reduced in size to fully benefit from the weight reduction.

8. Additional detailed 1nvest1gat1ons should be conducted in the
following areas: '

o} Engine/airframe optimization to determine best engine cycle;

o further optimization of the location of attachment of all
internal and external aircraft components affect1ng wing
static and dynam1c Toads;

o impact of parts commonality for thé.straight vs. swept wing
spanloader;

o impact of use of aluminum vs, composite materials, and

o comprom1ses due to consideration of military requirements on
.Ac1v11 span]oader
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7.0 RECOMMENDATIONS FOR FUTURE WORK

‘ Based on the analyses performed under this effort, a number of areas
have come to 1ight which could further augment the benefits resulting from
the spanioader eoncept. These items are discussed throughout the report but
are summarized here for conciseness and convenience.

7.1 Airfoil Design

Supercritical wing design is still a new technology item. Considerable
wind tunnel work has been accomplished but as yet it is not state of the art
on any major transport with the exception of a preliminary introduction on
the AMST prototypes. Little work at all has been done on thick supercritical
wings app]icable to spanloader type vehicles. The span1oader concept hinges
on the development of thick supercritical sections with high Mach divergence,
Tittle compressibility drag creep, and little tendency toward extreme viscous
chordwise boundary layer growth or separation in the -operating range of the
airfoil., Expanded wind tunnel testing as well as flight article testing of
“thick supercr1t1ca1 w1ngs is necessary prior to incorporation into fu]]
~scale vehicles. '

~ Airfoil selection is critical to the structure, weight, and aerodynamic
efficiency of this type of configuration. The development of optimum a1rfo11s
must recogn1ze the constra1nts and goals of '

Cargo cross sect1on requirements
Maximum t/c with regard to MCR

.0 ' M1n1m1ze C
Mo
‘0 lLow speed high 11ft wwthout augmentat1on dev1ces

0’ Minimuin adverse ground effects
Good buffet character1st1cs

The 1n1t1a1 program shou]d use ana]yt1ca1 mode]s (Vortex Latt]ce Program)
" to develop the required aerodynamic charaqter1st1cs with weight allocations
based on the current contract work, 1ayoUts as required to determine
clearances between cargo and . structure, and the resultant 1mpact of C

effects on the conf1gurat1on.

0 .
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- 7.2 MWinglet Design

Current studies show that the aerodynamic winglet payoff on low aspect
ratio, low taper wings (A=1.0) is large (approximately 30 to 35 percent
reduction in induced drag). Winglets, however, are also a new technology
item that requires extensive investigation to build the data base required -
to implement a proper design. High speed shock interaction between the wing
and winglet cannot be allowed to cause premature aircraft buffet or any kind

of separation causing high drag. Low speed may be even more‘crittca1. If

the winglet is tailored to high speed drag reduction the typically higher '
wing 1ift coefficients encountered at low speed may cause high wing]et load-
ings, especia}]y at the winglet root, that could cause wing-winglet separation.
This condition would be unacceptable, especially for second segment climb
conditions, and may require variable geometry on the winglet such as auto-
‘slats. ' ' ' '

. Because of the high payoff of winglets for span]oader configurations,
extens1ve trade studies should be performed to optimize winglet shape not
only in terms of aerodynamics but for overall impacts including winglet
structural weight.v Additional development and verification wind tunnel
testing (high and low speed) are needed. Finally, winglet flight test work
is necessary to br1dge the huge W1nglet Reyno]ds number gap between w1nd

~ tunnel and f]1ght conditions. '

.The‘1n1t1a1'study sh0u1d aneiytica11y develdpnthe_Optimum camber,
thickness, twist, and planform of the winglet. High speed requirements in
the opt1m1zat1on should not comprom1se Tow speed stall characteristics.

7.3 Composite Structures

~One of the 1argest payoffs for advanced aircraft W11] occur: through the
use Qf compos1te mater1a]s The ‘current studies demonstrate that weight
savings up to ]5 percent in structural weight are achievable on the spanloader
concept. In add1t1on, cost proaect1ons have 1nd1cated that cost sav1ngs are
poss1b1e. By the 1980 s, 1arge numbers of compos1te secondary structural
components shou]d be in product1on for f1ghter aircraft and a few large:
pr1mary structural components should be in conmerc1a1 f11ght serV1ce. These
,programs shou]d prOV1de ver1f1cat1on of the high reTvab1]1ty and reduced cost :
potent1a] of compos1te mater1a1 systems.. This 1ncrea51ng use of compos1te
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materials would assure their application to spanloader aircraft by the 1990
time period, A major concern, however, for the use of composites on the span-
loader is its enormous size. Composite components currently obtain their high
reliability and low cost through a reduction in number of parts and splices.
The composite primary structural components presently under consideration are
dwarfed by the comparable components of the spanloader.

“The following tasks for future studies‘are proposed to define the -
critica] technology developments for composite usage;

(1) For each of the major components, deffne structural arrangements for
the optimum use of composite construction with special attention
given to high reliability and low cost. '

(2) Identify developments in manufacturing methods and composite material
~ systems that will be reguired to fabricate the components. | Emphasis
should be on deve]opments in 1am1nat1ng and curing that allow high

volume rates over large areas.

" These tasks would be initiated with an examination of existing manu-
facturing techniques for laminating and'éuring composite material systems to
determine size limitations and size effects on reliability and cost. Based-
on strength and stiffness requirements, several composite structural concepts
for'each‘major cdmponent would then be detennined. Integration of the
structural concepts, material systems, and manufacturing techniques into a
~ structural arrangement and a manufactUring plan that has the best potential
for h1gh reliability and low cost would be accomplished. Finally, the -
technology requirements to- deve]op the selected structural arrangement and
manufacturing plan would be evolved, ‘ '

7:4 W1ng Interna1 Arrangement Stud1es

As stated in Section 4.0, the concentrat10n of 1nert1a loads in the W1ng. '
partially defeats the d1str1buted toad concept of the. spanToader Add1t1ona1
optimization studies which address the impact of these inertia loads on the
critical wing structure are indicated. Such efforts have the potent1a1 for

further payoffs 1n structure we1ght reduct1ons,

Bend1ng moment was shown to be the pr1me des1gn Toading parameter for
the. w1ng and for the P01nt Des1gn conf1gurat1on, two load1ng cond1t1ons

- dominated;

129
E}"



(1) Balanced maneuver, n - 2.5 at maximum takeoff weight for up bending.
(2) Taxi, n = 2,0 at maximum takeoff weight for down bending.

A1l of the upper skin panels and the majority of the lower are designed
by the maneuver condition, the taxi condition designs the inboard section of
the lower skins. Minimum scantling design is attainable on the outer third
of the wing,

Fuel represents‘22 percent of maximum takeoff weight and is entirely
contained inboard but should bé located in keeping with the span loading
concept. This could significantly reduce the loading intensity in almost all
flight conditions, particularly the present critical oﬁa; Power plant
location should also be subject to further investigation oh the same premise.
Chordwise location of both fuel and power plants have a pronouhced effect on
wing torque; this effect should be m1n1n1zed

Ground cond1t1ons would become more critical as a result of the above
 ¢hanges. ‘Relocation further outboard of the inner main gear and possibly
the outer main gear would help alleviate wing loads. Changes in gear
characteristics should also be investigated. The taxi condition load factor
used for the Point Design configuration is a conservative estimate based on
previous experﬁence and analysis of mU]tiple gear aircraft. A more rigorous
estimate of this load factor is warranted. -

The-Study should use the current spanloader configuration to perform the

neCessary shear, moment and torque analysis to determine functional acceptable
engine, fuel, and 1and1ng gear locations that will m1n1m1ze structural loads.

.Based upon the resu1t1ng revised conf1gurat1on the new structural weight,
resulting changes in performance, and the effects of nonun1form cargo loading
should be determ1ned Dynam1c taxi analysis using flexible ajrcraft and

(1 - cos) runway bump shape should also be conducted. -

7.5 Structura1 Des1gn Refinements

' Add1t1ona1 analys1s of the span]oader concept to. define structural
'approaches and we1ght allocations for the following elements shou]d be
' 'conducted ' '

(1) 0pt1m1zat1on of a typ1ca1 wing rib cons1der1ng w1ng thlckness -
and rib spacing. '
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(2) Wing/fuselage juncture
(3) Pylon/wing juncture
(4) Landing gear/wing attach
(5) Winglet/wing attach (cargo doors)
(6) Optimization of fuselage structure

The spanloader concept creates new requirements for wing rib design. The
space required for rib structure, combined with payload dimensions and clear-
ances determine the wing thickness and therefore an optimum design is important.
Additional rib design effort directed to areas of load concentration, such as
the wing/fuse]age, pylon/wing, winglet/wing junctures, and the landing gear
attachment point, is important to confirm the feasibility of this concept and
to further define potential high weight areas of the configuration.

:The fuselage of this spanloader is merely a housing for the crew and =
equipment and a cantilever beam to support the empennage. A structural design
investigation to optimize this fuselage concept is important to better under-
stand the wing/fuselage juncture and to maximize structural effectiveness,

The study should uti]ize the configuration and loads developed in this
study. A 3-dimensional internal loads analysis of the wing in sufficient
detail to obtain a good estimate of the load distributions at the 1and1ng
gear, engine and fuselage junctures should be conducted Invest1gat1ons
should be performed for the critical flight and grdund conditions and for
varying rib heights and spacings. Layouts and analysis of the eng1ne pylon
and Tanding gear supports and the w1ng]et/cargo door juncture in sufficient _
detail to assure valid weight estimates should be made. In add1t1on, Tayouts
- of the fuselage structure and wing/fuselage juncture should also be made. .
| . 7.6 -Payload Characteristics |

~ Ability to accept (or limit) potential cargo conta1ners w111 1mpact the
cost effectfveheSs of‘spanloaders. Character1st1cs of future container
~ populations could affect tradeoffs of»conta1ner_cqmpartment height and wing’
.~ thickness, discontinuous and/or unequal load distribution with resultant ”
“aircraft ‘weight, drag; and fuel consumpt1on penalties, and exclusion of
potent1a1 air cargo because of container height restr1ct1ons. The study
would survey 1ndustrx'ﬂ0nta1ner demands and prOJect trends of container -
he1ght and weight d1sﬁwﬁﬁut10ns ' :

K
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In addition, the practical limits of the permissible lateral c.g. range
-are contingent not only upon the aircraft design but are related to the pay-
Toad weight distributions. Accordingly, studies involving a random draw from
container populations and sequence of these containers within the spanloader
to achieve allowable weight and balance should be conducted. The frequency
spectrum of c.g. location, including instances where c.g. locaticn exceeds
allowable Timits, should ba determined.

7.7 Engine Technology Requirements

The propulsion subsystem is a primary component of any efficient system
and.represents a relatively long lead-time development. Preliminary studies
of the next generation engines are already underway and should be impacted by
the spanloader requirements. However, current studies of the aircraft are
‘based upon a selected bypass nine engine and opt1mum engine requ1rements
have not been determ1ned

The study should consider a matrix of bypass ratios, overall pressure
ratio and thrust level, dictated by efficieht engine design to perfokm a
parametric analysis of aircraft performance as a function of the size and
number of engines. Engine requirements compatib]e with minimum cost and
energy considerations should then be defined. Because of the lower speed
regime of the spanloader and the less stringent internal no1se requ1rements,
compared to a. passenger a1rcraft turboprop des1gns shou]d also be eva]uated

7.8 Dynamic Stab111ty .

An aft c.g. 1ocat1on (in the order of 43 percent MAC ) appears inherent
. in the spanloader configuration, The horizontal tail requ1red for stability
can be reduced through the application of active control stability augmenta-'“
tion. Appropriate control systems also have the potential to reduce the Tow

- Wing 1oad1ng gust response, reduce lateral ba]ance requ1rements, and assist
Tanding approach contro] o o '

An expanded study of the'span]oader should be conducted to aha1y2e the
1ong1tud1na1, 1atera1 and directional dynamic character1st1cs of the conf1g-

dration with. the aft c. g. 1ocat1ons. Contro] concepts for. stab111ty augmen- -
. tation cons1der1ng poss1b1e fa11ure modes and requ1red re11ab111ty levels’

- should be eva]uated
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7.9 Operational Considerations

Present allocation of reserves for mission accomplishment may not be
adequate in light of restricted operational sites for spanloader aircraft.
Unique operational problems therefore inciude:

(1) A determination of realistic fuel reserve requirements in light
of the restricted number of potential landing sites.

(2) Effect of headwinds on reserves.
(3) Engine shutdown for more efficient cruise.
7.10 Military Logistics Evaluation

The development of a spanloader would require an enormous investment in
RDT&E funds such that no single airframe contractor could justify sole
implementation of ‘the program. A spanloader program will, therefore, in all
probability, be implemented with government support and even be designed to
accommodate mi]itary'missions. 'The‘aircraft, thekefore, will be compyromised
from the commercial point of view in order to accommodate the outsized
military payloads. ' '

Basic payload, range and configuration requirements for these military
1missions shoqu be defiﬁed. Configurations should be deveToped-and comparisons
- made between pure military and commercial systems'to.determine compromises. and
penalties accrued from joint désigns.
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Latin

A/C

AMST

APPENDIX A
NOMENCLATURE

aircraft

Advanced Medium STOL Transport
aspect ratio

span

three~dimensional drag coefficient -

three-dimensional compressibility drag coefficient
three-dimensional drag coefficient at zero 1ift

three-dimensional induced drag coefficient

_ three-dimensional drag coefficient based on frontal area

three-dimensional skin friction coefficient

two-dimensional skin friction coefficient

.cénter of gravity
- three-dimensional 1ift coefficient

“two-dimensional 1ift coefficient

three-dimensional bitching moment coefficient at
zero 1ift
side force on winglet

* Defense Contractor Planning Report
direct operating cost '
. parametric value of direct operating cost -

Federal Air Regulation -
engine net thrust

" equivalent flat plate drag

gross payload wéight, containers ihc]uded'
altitude, height ' ' -
kriots true air speed

ratio of induced drag with w1ng1et to 1nduced drag
without W1ng]et .
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" MAC
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aircraft 1ift to drag ratio

Mach number

structural bending moment
millions of dollars

mean aerodynamic chord

drag divergence Mach number

net payﬁoad weight, containers not included.
nose wheel 1ift off

load factor

operating weight empty, operating empty weight

Quiet, Clean, Shorthaul Experimental Engine
range ' '
Reynolds number -

structural shear force

stability augmentation system
specific fuel consumption '
sea level static engine thrust
statement of ,work o
wing station

wing area

wetted surface area

structural torque
~ takeoff field length
'takeofngross weight

taper ratio

ratio of éngine thrust to aircraft gross weight
~ equivalent thickness of total material in

structural member

. thickness ratio

cruise speed

'dive.Speed for structural design -

aifp1ane-sta1] speed

-water Tine



W.R.P,
W/S

Greek

n
A
A
PpLG
PRLN

Ptare

Subscripts

wing reference plane

wing loading, ratio of aircraft gross weight
to wing area

angle of attack based upon fuselage reference line

4 incremental -change.in value-of parameter

elevator deflection angle

fraction of span

sweep angle

taper ratio _
density of gross payload, container included
density of net payload, container not included

density of tare weight, container density

horizontal tail

maximum value _
measured in horizontal plane

measured in vertical plane

optimum value

tail off

trimmed value of éoefficient
vertical tail |

“wing -
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