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Design

e Design is a separate discipline
e Design is an iterative process

e The mind of the layout designer should work such that the layout will undergo a minimum of
significant changes.

e However, changes should be considered, as the design should satisfy the requirements!

e Sometimes, the requirements should be studied to offer alternate configurations that satisfy a reduced
set of requirements!

e Many times, the requirements are defined this way!

e Even when designing and A/C for a simple purpose/requirement you can find important trade-offs to
consider...
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Requirements
e They change!

e Civilian world
e By an A/C company using customer (airlines) input, market analysis....
e FAR's
e Military world
e |nitially set by customer (Air Force, Navy, Marines...)
e Performance
e Cost
e Equipment/technology to be included

e Dimension limits
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Requirements

Table F.1 Federal Aviation Regulations (FAR)—Applicability*

Category

Maximum takeoff weight, Ib
Number of engines

Type of engine

Minimum crew
Flight crew

Cabin attendants

Maximum number of occupants
Maximum operating altitude, ft

Airworthiness standards airplanes
Airworthiness standards engines
Airworthiness standards propellers
Noise standards

General operating and flight rules
Operations

Domestic, flag and supplemental
comm. operators of large aircraft

Ar travel clubs using large
aircraft

Air taxi and comm. operators
Agricultural aircraft

* After E. Torenbeck.14%)
"Normal, utility, aerobatic, and agricultural.

Various’ |

Normal

<12,500 <12,500
One or Two or more
more
All Propeller engines
only
One or Two
more
None <20 Pass.: None
>20 Pass.: One
10 11-23
25,000 25,000
Part 23 Part 23
Part 33 Part 33
Part 35 Part 35
Part 36: Prop-Driven, Appendix F
Part 91 Part 91
— Part 135
Part 137 —_

Transport

A) Characteristics

Two or more

All

Two or more

<10 Pass.: None
>10 pass.: One
or more

Not restricted
Not restricted

Part 25
Part 33
Part 35
Part 36
Part 91

Part 121

Part 123

ltem
Velocity

Climb

Field-length
definition

Rolling
coefficient

*After L Nicolai.!®!

Table F.2 Takeoff Specifications*

(Military)

MIL-C5011A

Vo > 1.1V,
Va. > 1.2V

Gear up:

500fpm @ S L.
(AEQ)T

100 fpom @ S.L.
(OEN*

Takeoff distance
over 50-ft
obstacle

p=0.025

TAEO = all engines operating.
*0E!l = one engine inoperative.
$4-ennine nircraft For 2- or 3-enqine aireraft, see Table F.4

item
Velocity

Field-length
definition

Braking
coefficient

*After L. Nicolai.['6!

Table F.3 Landing Specifications*

MIL-C5011A

V4 > 12V,
Vip 2 1.1V;

Landing distance
over 50-ft
obstacle

w=030

FAR Part 23 FAR Part 25
(Civil) (Commercial)
V1o 2 1.1V Vo 2 1.1Vj
Ve > 1.2V Vo > 1.2V
Gear up: Gear down:
300fpm @ S.L. 1/2%@ V1o
(AEQ) Gear up:
3%@ V. (O’
Takeoff distance 115% of takeoff distance
over 50-ft with AEO over 35 ft or
obstacle balanced field length
Not defined Not defined

FAR Part 23

Va = 1.3V,
Vm = 1.15V;

Landing distance
over 50-ft obstacle

Not defined

FAR Part 25

Va > 1.3V
Vip > 1.15V;

Landing distance over

50-ft obstacle divided

by 0.6
Not defined

Source: Aircraft Design by Daniel P. Raymer
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Requirements

Table F.4 FAR Climb Requirements for Multi-Engine Aircraft

Reciprocating-Engine Aircraft: FAR 25

Power or thrust for operating engines set for takeoff on first and second segments and go-around
and for "moaximum continuous” during cruise and third segment. One engine has a windmilling
propeller for first and second segments. If plane has automatic feathering, the propeller on an
inoperative engine is assumed to be feathered. One engine is stopped (may be feathered) for

Turbine-Engine Aircraft: FAR 25

All segments with one engine stopped, except go-around in landing configuration, which has all
engines operating. Engine power or thrust set al "maximum rated,” except being "maximum
continuous” for third-segment climb. Maximum thrust attained after 8 s from flight idie for

go-around. AEO: all engines operating. First-segment climb is up 1o 35 fi, second segment is

up to 400 ft above ground level. third segment and go-around.

Minimum Climb Gradient for Flap Landing Minimum Steady-Climb Rate,
| Aircraft With » Engines, % Operation Speed Setting Gear ft/min
Operation Speed Flaps Landing Gear | » =2 n=73 n=4 Takeoff climb A | ‘
P Yakso olmb o e e “_‘.%,‘,,_ A B e LS e T ﬁ["“ ’ I First-segment Vst Takeoff Down >50
First-segment LOF* Takeoff Down >0 0.3 0.5 Second-segment V2* Takeoff Up 20,046 V1
Second-segment v} Tokeoff Up 2.4 2.7 3.0 Third-segment Best Up? Up 3(0_079 _0 106) 2 e e
n
Third-segment Transition (or Acceleration) segment, FAA requires only positive climb grodient
Landing go-around l
Fourth-segment >1.28 Vv Up Up 1.2 1.5 1.7 -
T W e S s D D e ) i 0 Gl i G
configuration
2 ' < f i
Gooorogwoir:n <14 Vs e | e &l — b *V, = climb-out speed over 35-ft obstacle; out-of-ground effect.
pp faurali "VsI = stall speed in o specified configuration for reciprocating-engine-powered airplanes, in knofs.
RPN *0r most favorable.
Go-oround in londing  <1.23 V., londing Down 3.2 3.2 3.2 §But Vs, <11V,
configuration AEO ! V,, = stall speed in landing configuration for reciprocating-engine-powered airplanes, in knots.
“LOF = liftoff ** At 5000-ft altitude.

TClimb-out speed over 35-ft obstacle.
*Stall speed in the perfinent condition.

6 Source: Aircraft Design by Daniel P. Raymer




ME4932 Aircraft Performance & Design

Requirements

Table F.4 FAR Climb Requirements for Multi-Engine Aircraft  (Contfinued )

FAR 23 (Turbine or Reciprocating)
Multi-engine power at maximum continuous except for W < 6000 Ib.

~ Minimum
Landing Steady-Climb Rate,
Aircraft Status = Speed - Flaps Gear ft/min
One engine out = Most Most Up >0.027 v2*
(prop favorable favorable
feathered)®
AEQT
W= 600016  Most Takeoff Up > 300-ft /min climb
favorable gradient

> 0.0833 land plane
> 0.0667 seaplane

W<6000lb Most Takeoff Down >300 ft/min
favorable and > 11.5 V;

*If W < 6000 b and V;, < 61 ki, there is no engine-out climb requirement.

TAEO = all engines operating.

v, = stall speed in landing configuration for reciprocating-engine-powered airplanes, in knots at 5000 ft.
§V,l = sfall speed in o specified configuration for reciprocating-engine-powered airplanes, in knofs.

7

Source: Aircraft Design by Daniel P. Raymer
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Phases of Design

\ Conceptual Design

equirements
en - What requirements drive the design?

What should it look like? Weight? Cost?
What tradeoffs should be considered?
What technologies should be used?
Do these requirements produce a
viable & salable plane?

Preliminary Design

Freeze the configuration
Develop lofting (surface definition)
Develop test and analytical database
Design major items
Develop actual cost estimate (statistical)

("You bet your company!”)

Detail Design

Design actual pieces to be built
Design tooling and fabrication process
Test major items—structure, landing gear, ...

Finalize weight and performance estimates
(NOW you learn the real NV

Fabrication

Source: Aircraft Design by Daniel P. Raymer
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Phases of Design

e Conceptual (6 months?)
e Can any A/C be built that is affordable and meets the requirements?
e Can we come up with relaxed requirements to permit an affordable A/C?
e |tis a fluid process; the layout is constantly affected by analysis.
e Several alternative layouts (e.g. canard v. tail v. tailless, etc.)

e Relatively low detail.
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Phases of Design

e Preliminary (2 years?)
e Begins when major changes are over.
e Freeze of concept
e Increased detail of analysis
e Wind tunnel, CFD, structures and landing gear, FCS, stability and control...

e Lofting (mathematical modeling of outside surfaces to ensure perfect fit that will perdure)

10
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Phases of Design

e Detail design
e Begins when the actual pieces to be fabricated are designed (holes, racks, ribs, rivets,....)
e Most expensive part of design (most engineers)
e All systems
e Production design

e Ends with fabrication

11
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A/C Conceptual Design Process

Detail design

12

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Process

e Begins with the requirements
e What technology level will be used (when will it fly?, TRL's)
e |nitial sizing and concept sketch (Dash-1)

e Basic aerodynamics, weight fractions, fit of major components

e Lay-out is put through more detailed aerodynamics, weights,... analyses.
e Performance calculated

e Optimized to find the lightest(cheapest) A/C that satisfies requirements

e New layout? Dash i+1?

e Ends with design that will go into preliminary design

13
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A/C Conceptual Design Process

TRL 1: Basic principles observed and reported

TRL 2: Technology concept and/or application formulated
TRL 3: Analytical and experimental function or characteristic
proof-of-concept

TRL 4: Component and/or breadboard validation in
laboratory environment

TRL 5: Component and/or breadboard validation in

relevant environment
TRL 6: Model or prototype demonstration in a relevant environment

TRL 7: System prototype demonstration in an actual environment
TRL 8: Actual system completed and qualified through test

and demonstration
TRL 9: Actual system proven through successful mission operations

14
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A/C Conceptual Design Process
Initial Sketch

Supercruise lightweight fighter

15

Source: Aircraft Design by Daniel P. Raymer




ME4932 Aircraft Performance & Design

A/C Conceptual Design Process

==

=z AMAD
. ~ compartent |
: T ~ ¢
<< 35— $1—t
\ =

devuces ! \ | ‘

11316 '
| 48.7 ACES |l seat 2759 | l
g seatback

All-moving
verticals

| GE.25 'gun # "':1;55 " 2-D SER nozzle
300 rds ammo // vectoring and reversing
Semlsubmerq bay 50.5% STJiGZ turbofan
' taildown
0 100 200 300 500 600

16 Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Process

e Sizing from a conceptual sketch:

e Determine the initial size (weight, Wo) of the A/C in order to meet the
mission (range):

Wo = Werew + W payload + Whel + Wempty

(known) (known) (unknown) (unknown)
W W,
Wo = Werew + Woavioad + (=2 | Wi — | W
crew payload A W, G- W() 0

Werew + W, payload
1 = (Wy/Wo) — (We/Wp)

Wo =

17
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A/C Conceptual Design Process
o Empy weiht fracion (We/Wo)
e 0.3<We/W0<0.8
e We/Wo decreases with Wo

e We/Wo depends on the type of A/C

e Fuel weight fraction (Wf/Wo)

e Depends on the mission
e Depends on fuel consumption

e Depends on aerodynamics
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A/C Conceptual Design Process

Sized takeoff weight W, (kg)
10,000 100,000

Empty weight fraction

100 1000 10,000 100,000 1,000,000
Sized takeoff weight W,, (Ib)

19 Source: Aircraft Design by Daniel P. Raymer
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= AWK,

A/C Conceptual De5|gn Process

Smlplane-——-—unpo\«/ered

| Sailplane—powered

~ Homebuilt—metal /wood
- Homebuilt—composite
General aviation—single engine
~ General aviation—twin engine |
Agricultural aircraft

Twin turboprop

- Flying boat

Jet trainer

Jet fighter

- Military cargo/bomber

Jet transport

- UAV—Tac Recce & UCAV

UAV—nhigh alfitude

-~ UAV—small
Kvg = variable sweep constont = | 04 if variable sweep = 1.00 if ﬁxed sweep

i

]

20

0.86

0.91
£y
1.15
2.36
1.51
0.74
0.96
1.09
1.59
2.34
0.93
1.02
1.67

75

0.97

W  {A-metric}

(0.83}
(0.88)
{111}
{1.07}
{2.05)
{1.4)

{0.72}
{0.92)
{1.05)
(1.47)

211}
{0.88)

- {097}

{1.53)
{2.48)
{0.86}

| -0.05
- —0.05
~0.09

009

=019
— 4, 11
~0.03

. —0.05

—0.05
=010
=013
—0.07
—0.06
-0.16
w18

1

~0.06

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Process

2 ~3
Cruise Loiter
> ——
= 5 __,,.,/-—””"'::; :‘__’,_,_/ ..
0 1 Simple 6 Cruise
o cruise L Q Loiter
Takeoff Land £ :
G | Commercial
transport
Takeoff Attempt to land Land

Cruise out

Low-level
strike

Takeoff

Cruise out

Weight drop

Air
Land

superiority

Climp

Takeoff

21

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Process

Loiter 3 hr

Crew weight =800 |b
Avionics payload = 10,000 Ib

Wr | W Mo W Wa W We Wi

Wo Wo WQ\WQ\‘%\WAL s\Wﬁ

W, W+
Wo Wo

1
(W

22

Source: Aircraft Design by Daniel P. Raymer




ME4932 Aircraft Performance & Design
A/C Conceptual Design Process |

[ Design objectives & sizing mission (‘f—‘{ Design sketch I

( Aspect ratio selection iwf-m‘” Swm/srcf’ L/Dmax' L/Dcruise
[ Engine SFC data R L - We/W,
W, guess

W./W, equation W, equation

Iterate

No weight drops permitted

Assumes “rubber engine” l Calculated Wy & Wy '

23 Source: Aircraft Design by Daniel P. Raymer




ME4932 Aircraft Performance & Design
A/C Conceptual Design Process Il

Design Objectives & Sizing Mission

!

Selection of Aspect Ratios, Tapers, Sweeps, Airfoils, Type of Propulsion (SFC), General Arrangement of Required Items, etc.

Design Sketch
l
Swet/Sref ) L/Dmax
l
WO/Sref» TSl/WO

Guess Wy

Wemp ty [ Wf

Osized
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A/C Conceptual Design Process

Historical Mission Segment Weight Fractions:

Climb
Landing

| Missionsegment | (Wi/Wi,)
Warmup and takeoff

0.985

0995

Cruise/Loiter Mission Segment Weight Fractions:

V L
:————-e
R C 71

L/D
E="Z
C

Wi_1
Wi

Wi-1
14/

Wi

*
*

25

V
p

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Process

Typical specific fuel consumptions:

Typical jet SFCs: 1/hr {mg/Ns} mm

- Pure turbojet 0.9 {25.5} | 0.8 {22.7} |
- Low-bypass turbofan 08 124.7% | Ui {19, 8}
Highbyposs fubofon | 0.5 {141} | 04 {113}

, Propeller C= Cpower V/np "‘cbhp V/(550np)

P|s’ron prop (ﬁxed pn‘ch) e e 04{0 06 8} S 5{00 85}
Piston-prop (variable pnch) PRIk 0.4 {0.068} | 0.5 {0.085}
_H,\TUf boprop.. . 0 05 {0,085} | 0.6 {0.101}

26 Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Process

e | /D Estimation:
e L/D is a measure of a design's overall aerodynamic efficiency.
e For subsonic flight, it depends on span and wetted area:
e Induced drag = f(span) = f(A=b"2/S)
e Zero lift drag = f(wetted area)

e Does aspect ratio predict drag???

27



ME4932 Aircraft Performance & Design

A/C Conceptual Design Process

Conventional | Delta wing
S ef 393 1000
LTI 2441 2156
Span 55 55
Suet!Seet 6.2 2.2
Aspect ratio 7.7 3
Wetted aspect ratio T2 14
8 - 15 16
Internal volume 2100 2100

28 Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Process

/ B-52
e We define a "wetted aspect ratio" that better : |
. . . . 1
reflects aerodynamic efficiency by using span M;nttary
. ets /
and wetted area to calculate it. T | e e
/.4 prop aircraft
14 1= S Bt T2 |5 W I —
o
| onanza JC-130 /
12 F-106 @ X ‘ /
g Skyhawk @ —
QE F-VO F-5 /C-herokee Fixed-gear
3 10 'f__:é - prop aircraft
2104 o J-3
2 8 i / il -
A . b— ik A / | @ Have
wetted — S = (S S Blue -
wetted wet/ ref) 6 . /
- & Fi00
4 -®
F-104 @ F-4 Jets at Mach 1.15
3 e (poor correlation)
0 ] ] | 1 ] ] P

02 04 06 08 10 12 14 16 18 20 22 24
Wetted aspect ratio = b2/S,,et = A/(Syet/Sref)

29

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Process

L

Kipy/A K 4
b LD wetted ( Swet / Sref)

Kip = 15.5 for civil jets

14
11

9
13
15

for military jets

for retractable prop aircraft

for nonretractable prop aircraft
for high-aspect-ratio aircraft
for sailplanes

30

Source: Aircraft Design by Daniel P. Raymer




ME4932 Aircraft Performance & Design

A/C Conceptual Design Process

* But at this point, we do not know S,c; or Sy

e Since we have a sketch, we have

Swet
Sref

Avro Vulcan

Boeing 747

T

=

H

T

o

N
«SEO}

* Including canard area

31

Cessna Skylane RG

—

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Example:
ASW (Antisubmarine Warfare Aircraft)

Loiter 20 min

~N

Warmup & takeoff

Land

Crew weight = 800 Ib
Avionics payload = 10,000 Ib

32

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Example:
ASW (Antisubmarine Warfare Aircraft)

e Little debris hits engine

e Like S-3A e More lift on wing (exhaust)

e Tail tradeoff: structural weight vs e Difficult to maintain engines

exhaust stream f{j 1
, e Interference (wing/engine) drag
0O 0 O
I—Conventional 2—Qver-wing nacelles

e Reduced trim drag? L( QJ C i %é e Reduced trim drag?

O
e Wider c.g. range F—LaNG, W ) 4—Canard, high wing e Wider c.g. range
e Must oversize wing ( small HLD) e Must oversize wing ( small HLD)
e L.G. In wing root e Better engine access

33 Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Example:
ASW (Antisubmarine Warfare Aircraft)

— Fuel tanks

34

e Strake added to put fuel closer to c.g, at the

cost of wetted area!

e All other concepts should be studied!

e All required volumes shown

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Example:
ASW (Antisubmarine Warfare Aircraft)

e Wing aspect ratio (concept sketch)chosen = 10

e Canards are usually bigger than tails and lift with the wing, so including the canard area equivalent
aspect ratio=7

* Looks like Syyer/Srer = 5.5

e So wetted aspect ratio=1.27

e Therefore, maximum L/D is about 16

35
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A/C Conceptual Design Example:
ASW (Antisubmarine Warfare Aircraft)

0o o -

. Warmup and takeoff
. Climb
. Cruise

. Loiter

. Cruise (same as 3)
. Loiter

. Land

Wy /Wy = 0.97 (Table 3.2)
Wy /W, = 0.985 (Table 3.2)
R = 1500 n.mi. = 9,114,000 ft
C = 0.5 1/hr = 0.0001389 1/s
V=0.6M x (994.8 ft/s) = 596.9 ft/s
L/D =16 x 0.866 = 13.9
W3 /Wy = e{~RC/VL/D} — ,—=0153 — ( g5g
E=3hr=10800s
C=041/hr = 0.0001111 1/s
L/D =16
Wy /W3 = gl ECILID} - 0075 0.9277
W5/ Wy = 0.858
E=3hr=1200s
C = 0.00011111/s
L/D=16
We/ W5 = e~ 90083 = (9917
W7/ We = 0.995 (Table 3.2)

36

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Example:
ASW (Antisubmarine Warfare Aircraft)

P Loiter 3 hy

0 [
Warmup & takeoff

Crew weight = 800 |b
Avionics payload = 10,000 Ib

W /W = (0.97)(0.985)(0.858)(0.9277)(0.858)(0.9917)(0.995) = 0.6441

W/ Wo = 1.06(1 — 0.6441) = 0.3773

We/Wo = 0.93 Wy 007 (Table 3.1)
10,800
Wy =

We
— BT
1 Wo

37

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Example:
ASW (Antisubmarine Warfare Aircraft)

10,300

Wo =

1 —=0.3775

50,000 | 04361 | 21,803 | 57,863
60000 | 04305 | 25832 | 56198 |
56000 | 04326 | 24227 @ 56814 |
| 56500 | 04324 94498 - B6733

38 Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Example:
Range Trade
1000 n miles Range
W3/ Wy = W /Wy = e~ 01020 = 0.9030

W/ Wo = 0.7132
W/ Wy = 1.06(1 — 0.7132) = 0.3040

10,800

€

— 0.3040 — —
1-+:0.3 Wo

ol W, calculated |

50,000 | 0.4361 | 21,803 | 41,544
40,000 | 0.4429 | 17717 42,670
42,000 | 04414 | 18,540 42,417

42,400 | 0.4411 | 18,704 42,369
42,370 0.4412 | 18,692 42,372

39 Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Example:
Range Trade
2000 n miles Range

W /Wy = W /W, = e~ 020 = 0.8154
W+ /Wy = 0.5816
Wr /Wy = 0.4435

10,800
Wo =

e

1 —0.4435 — —
Wo

50,000 | 0.4361 | 21,803 89,671

- 80,000 0.4220 | 33,756 80,265

80,200 0.4219 | 33,835 o

180210 | 04219 | 33,839 80,219 |

0 80218 | 04219 | 33842 | 80217 |
40

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Example:
Range Trade

80,000

= 60,000 {— =

50,000 /

40,000 ,

1000 1200 1400 1600 1800 2000
Range

41

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Example:

Payload Trade

80,000

/

60,000 -

/

40,000 - /

20,000 +—r
5000

7000

9000 11,000 13,000

Payload

42

15,000

Source: Aircraft Design by Daniel P. Raymer
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A/C Conceptual Design Example:

Use of Composites:

e Empty weight equation used was for aluminum construction military cargo and bomber aircraft.

e The effect the use of composites can be estimated by assuming 95% of empty weight fraction.

We/ Wo=(0.95)(0.93W5 %) = 0.8835 W

10,800

Wo =

We
1—-0.3773 — —
Wo

—0.07

50,000
51,000
51,500
- 51,550
51,585 |

04143
04137
04134
04134

We/Wo
21,098 |
21291
| 21,310

e Reduces Wo from 56,702 to 51,585, a 9% savings by reducing We only 5%!

e Unwanted Wo growth implications!

43

Wp. calculated !

51,810
51,668
51,598
51,591

Source: Aircraft Design by Daniel P. Raymer
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