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Which is 13?

You need to have a concept in mind to start

The concept will be reflected in the sizing
by the choice of afew key parameters.

Then what?

- 1st estimate the TOGW of the airplane

- 2nd, estimate the W/Sand T/W

- 3rd, use the mission program to evaluate the design

merospace and /
Ocean Engineering
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/ To Start: Definea Mission \

What is this airplane supposed to do?
e How far doesit go? How fast?
« What and how much does it carry?
« What are the landing and takeoff requirements?

« Arethere any maneuver/accel requirements?
(these are known as point performance req' ts)

 What MIL or FAR req’ts must be satisfied?

Taken together, the answers to these questions are
known as the Mission Statement, and also
Imply that you think of conceptsto do the job

Note: the web dides contain more charts. Fill in detalls

merospace and /
Ocean Engineering
__ 9/8/09

dide 3




-~

Basisfor Sizing

 Many Possibilities for the Selection Criteria
* Possible Choices:

- minimum life cycle cost

Aerospace and

A&

Ocean Engineering

flyaway cost
direct operating cost
fuel cost

take off grossweight (TOGW)

 Cost isthe real selection criteria, but hard to estimate

 For agiven class of aircraft, aircraft cost/Ib issimilar

. min weight is a good choice for comparing alternatives

~
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/ The Importance of Weight Control \

TOGW =W, =W, +W, +W,  +W . +W

struc prop N payload wStemf
W W Wi
= VVI'O( V\étruc + prop + fuel ) n Wﬁxed
\NI'O \NI'O ero
W W,
or:. = [1_ (Wstruc 4 _Prop fuel) VVI'O _ \Nﬁxed
VVI'O VVI'O ero
Whixed
= \/\ll-O = \x(/ w
1- (V\étruc 4 _ prop fuel)
\NI'O \NI'O \Nro |
~029 =015 =031 - \F;glsjlge
Typical: W o

= =4-\\-
VVI'O (1_ 75) fixed /
\‘uége%? B ering 4 isthe Growth Factor!
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/ More Precise Weight Definitions \

 Standard nomenclature important

* FAR, MIL STD & Technica Societies define, see Torenbeek,
Chap. 8, pg 263-275 (quote at specified loading and cg)

- eventually you will make a detailed weight statement-
e In 1st cut sizing we use Nicolal’ s definitions:
TOGW = Whud + Whixed+\Wempty
Wempty: basic structure and propulsion

Whixed: all items that can be removed and the a/c would stil|
be ready to fly, divided into two parts,

a) non-expendable (crew + eguipment)

b) expendable: passengers, baggage, cargo
bombs & missiles, etc.

merospace and /
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/ 1st Cut Sizing \

Several Methods Available:

 Nicolai, Chap. 5

e Roskam, Vol. 1 (both Jets and Props)

* Raymer, Chap. 6 and 19 (Chap. 3 too crude, but read)

o Loftin, Chap. 3 and 4 (Jet) and Chap. 6 and 7 (Prop)
(available on class web page - >400M)

» Torenbeek, pp. 144-148, 171-180

We will use Nicola’s Method in Class Examples

Note: bookson reservein the Architecture Library: see Schetz
on theLibrary reserve page

merospace and /
Ocean Engineering
dide7 — 9/8/09




/ How to Start? \

‘ Fuel Avallable = Fuel Required I

or, following Nicolal, With agiven TOGW, subtract
the fuel and payload. I's the weight left enough to
build an airplane?

Available Empty Weight, WEmMptyAvail
= Required Empty Weight, WEmMptyReqd
WEMmMptyReqgd comes from statistics at 1st Iteration,
In codethisis
WEmMptyReqd = KSx A X TOGR/
A,B: come from fit of datafor similar designs
KS. structural technology factor

merospace and /
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Empty Weight Req’ d—T akeoff Weight Correlation

107

=
5
<

Wempry (1)

I. C5A
2.C9
3.clzic
4.Cl1238B
5.Cl24C
6.CI308B
7.CI30E
8.CI31
9.CI338
10.CI358B
1. C140B
12.CI41A
13.852H
14.BS2E
15.870
16.B58A

Typical

I7.BOEING 707-320B
18.BOEING 727-200
19.BOEING 737-200
20.BOEING 747-2008B
2| .LOCKHEED L~-IOll
22.DOUGLAS DC-8
23.DOUGLAS DC-10

CONVENTIONAL METAL STRUCTURE
447
Ntng\'u\ - .q‘\ \(J-‘b -

N S S - L | LI L L 1l 1)

Aerospace anu
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4 5678 10° 2 3 4 5678 10°

Wro (Ib)

TOGW  from Nicolai, pg 5-4 (old statistics) /
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AL

Specific Example Supersonlc Transport \

1,000,000
100,000 ¢
:Stu:dy SUDercruise Fighter
10,000 RN :
10,000 100,000
TOGW, Ibs

Aerospace and
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1,000,000
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/To Get WEmptyAvail, 1st Define Mission Segmen?

BCA: best cruise atitude
BCM: best cruise Mach

Altitude

merospace and
Ocean Engineering

BCA,
, 6+ specified M
: ot
/5 combat
— 6
3 BCABCM 4
_ 7 Rsubsonic Rsupersonic
1 .
Radius

/
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Phase
1-2

2-3
3-4
4-5
55+

6-6+
6+ -7
7-8

8
merospace and
Ocean Engineering

Mission Phase Definitions
(follow Nicolai, except add supersonic segments)

engine start and takeoff

accelerate to subsonic cruise velocity and altitude
subsonic cruise out

accel

to high speed (supersonic) dash/cruise

supersonic cruise out

combat (use fuel, expend weapons)

supersonic cruise back
subsonic cruise back

loiter
land

Note: for Military descent:
No credit for time, fudl or distance

9/8/09
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/ Mission Program \

e Aircraft Companies, Gov't., etc. have Mission Programs
 \We have a mission program written for MATLAB

- based on Sid Powers BAS C Aircraft Performance

- originally by Mike Morrow

- then further developed by Dzelal Mujezinovic

- currently Chris Cotting

* Y ou need detalled propulsion data (and aerodynamics),
well asweight, etc. to “fly” the mission.

merospace and /
Ocean Engineering
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Now to Get WEmptyAvail \

« Compute fuel fraction for each segment of mission
e For Range segments:

ot

_ R-sfc
Wit _ e V(L/D)

W

For Loiter Segments: 1 ( L) W

E=— n
sfc W1

or

D
~ E-sfc
or M —e (L/D) Note: Watch Units!

Aerospace and
Ocean Engineering
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/ Whereto get valuesto put in formulas? \

With your vehicle concept in mind:

e sfc: use engine spec. or see propulsion text

 Following charts provide someinfo

summaries and statistics)

merospace and
Ocean Engineering

* use historical datafor L/D max, requires Cy,, E, AR

» Velocity: fly just before drag rise (0.7 to 0.8 Mach)

(or see Raymer, Torenbeek, Nicolal, Roskam, etc. for

dide15 —
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/ Typical Zero Lift Drag Valuesfor Transpor@
OS5
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Ocean Engineering

&Aerospace and  from Nicolai, Fundamentals of Aircraft Design, METS, Inc., 1975 /
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Symbol
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Aircraft

B-727
C-141
C-5A

Reference
Area

1560
3228
6200

dide16 — 7¥%°



L/D, ., data correlation by Raymer

y /o/n-sz

20 -~
Civil DC-8
Jets

18
Subsonic B747 DC-10 Military
Jets
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Rertractable
Gulfstream o ¥ ® A6 prop
) Fi11 aircrafl
Lcar /
2 F106 0 A
Fixed-gear
0
,yz  FS prop aircraft
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F-104 p/ 4
x /
/ ® Have
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. ue /
p F104
0 F4 Jets at Mach 1.15
/ (poor correlation)
O 0 | A { - : —

2 A 6 8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24
mer (O Wetted aspect ratio = b%/Sye = A/(Syet/Srer)

Ocean source: Raymer, Aircraft Design: A Conceptual Approach
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Speed and Altitude: Review of Best Range

Drag Rise Not Included

Mach number

Best Altitude/Mach

0.30 11—
Altitude, 1000 ft
020F 0.20
SR ¢t SR |
nm/lb nnvlb
0.10f 0.10F
000b Bl 111 0.00
00 02 04 06 08 10 0

| ncrease Without Bound

0.30 s

(consider specific range, SR)

Drag Rise Included

O 02 04 06 08 10
Mach number

~

Drag rise (compressibility)

leads to distinct optimum

speed and altitude

Note: Study of impact of technology integration

requires operation at BCA/BCM

merospace and
Ocean Engineering

based on afigure in Shevell, Fundamentals of Flight

/

9/8/09
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For other partsof the Mission:
o Startup, Takeoff: estimate 2 1/2 to 3 % of TOGW

~

e Climb and Accdl: Use correlation chart or Raymer Egn.

» Accel to High Speed, Use Chart Again
e Combat: # of minutes max power, or # of turns:
Combat Fuel = sfc x Thrust x Time

and: - gVn?-1

Y = v IN radians per sec.

Time = (no. of turns)(360°) /y,(in degrees per sec)

- Watch units. Degrees and Radians
* Reserve and trapped fuel must be accounted for

Aerospace and

A&

Ocean Engineering
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0.6 SYMBOL REFERENCE
O NICOLAI 1965 MACH 3.0 ‘
O ASD 1969 MACH 4.5 ,
A& MAC 1969 MACH 4.5 |
0.51 O NAA 1969 MACH 4.5
W W @® NICOLAI 1968 MACH 2.2
fuel |, _ f FX DESIGN
Sl Wi Wi ¥ SST DATA |
‘ B NICOLAI 1963 ASP DESIGN
1 1 L 1 I P
C.l 0.2 03 20 30 40 50 100
MACH NUMBER
Fig. 5.5 Weight Fractions for Climb-Acceleration Phase

from Nicolai, Fundamentals of Aircraft Design, METS, Inc., 1975
See also: Raymer, 4th Ed, page 115, egns. 6.9 and 6.10,

Aerospace and
Ocean Engineering

and page 582, eqns. 19.8 and 19.9
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/ Actual Computation: Perform an Iteratioh
1. Assume TOGW

2. Compute WEmptyReqd > At 15 these
3. Compute WEmMptyAvail will not agree

4. Estimate anew TOGW
V\/HO = Wro + A(WEmpty Reqd - WEmptyAvail )

— where A isarelaxation factor to speed
convergence (2 for the examples)

5. Go to step 2, and repeat until
WEmptyReqd - WEmptyAvail| < ¢

merospace and /
Ocean Engineering
. __ 9/18/09
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/ Example & Use of Fuel Fractions \

Wina  _— Wina W, _WoW, W, W
TOGW W, W, W W, W W

fuel fraction for each segment
(must include a step change
if you drop something)

/ ereeerve Vv[rapped \ / \
qud — 1 + fuel + fuel _'Vs WTO
WTO WTO k Wl )
/ ereeerve Vv[rapped \
_ fuel fuel
=1+ t (W WLandl ng )
WTO WTO
ignores any other weight

loss during mission

Wemptyavail = Wro = Wrye = Whixed

@\ erospace an see extra notes on web for extension to include bombs dropped, etc. /

Ocean Engineering
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/ Our example sizing code acsize.QB \

* Originally we had an implementation of this
scheme in QuickBASIC(still available on the

software page): acsize.QB

e Weaso have acsweep.QB. It computes lines of
WemptyRegd and WemptyAvail

 Now aREALDbasic code (Mac counterpart of
Visua BASIC?) version of acsize

merospace and /
Ocean Engineering
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= T . e 3 ;
GO0 Nicolai Aircraft Sizing
Nicolal's Aircraft Sizing Algorithm v0.9 Virginia Tech Aerospace Software Series
W.H. Mason, whmason@vt.edu
Calculate Read Me
| t Dat:
LS Tl Weight constants: A = 1.605 g= 0916
WFIXED {Ibs) = 3000 Wbombs (lbs)= 1500 WcomFuel (Ibs) = 1740
WresFuel (fraction) =  0.05  WtrapFuel (fraction) = 0.01
Engine start, taxi and takeoff fraction, W2 /W1 = 0.975 S'trur.tures A
Structural tech. factor= 0.84
Climb and accel weight fraction, W3 /W2 = 0.975 Aero data
Accel to high speed weight fraction, W5 /W4 = 0.976 Aspect ratio = 3.0
Flight conditions: subsonic supersonic CDO subsonic = 0.02
cruise Mach number = 0.90 2.4 subsonic Oswald E= 0.80
dynamic pressure (psf) = 223. 608.8 supersonic crulse L/D = 9.90
speed of sound (ft/sec) = 9495, 968. Mission specification:
Engine data:  subsonic supersonic  loiter subsonic mission radius, nm = 250.
sfe= 0.93 2.17 0.84 supersonic mission radius, nm = 0.
= loiter time {(minutes) =  20.
RESUELS Number of iterations = 72
WemptyAvail - WemptyReqd = 0.19262:
Outbound subsonic cruise weight fraction, W4/W3 = 0.9532224 WcomFuel (lbs) = 1740
Return subsonic cruise weight fraction, W7 /WGP = 0.9532224 Wfiel (Ibs) = 5540.8074565
Outbound supersonic cruise weight fraction, WSP/WS = 1
Return supersonic cruise welght fraction, W6P/W6 = 1 Wempty (Ibs) = 12055.7319222

Loiter weight fraction, W8/W7 = 0.,9715701

TOGW (Ibs) =20596.7320017
w Overall landing to takeoff weight fraction, W8/W1 =  0.6733862

7 21 \J\.TIWU Al I

Ocean Engineering  Software available from Mason’s Software web page
dide24 —
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Example:
Nicolal’s Lightweight Fighter

e 250 nm mission radius

e 4 minutes of max a/b at M.9, 30K ft

e one accel fromM =0.9toM = 1.6 at 30K ft
* 500 reserve fuel

e Crew of One

e Two AIM 9 missiles, one M-61 cannon

» One F100 afterburning turbofan engine

Implies:

-L/D cruise=9
- sfc = 0.93

merospace and /
Ocean Engineering
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ﬁ:omparison of Required and AvailableWeights\
over arangeof TOGW

12000

acsweep.QB makes curves

n emptyAvail

11000 Radius = 250 nm

Wi, oq= 1500 Ib.
10000

WEmpty

9000

W Solution for TOGW for

emptyR
8000 + Py eqd\ " the Lightweight Fighter
mor acsize.QB
6000 ' ' ' | )/ ! l
10000 11000 12000 13000 14000 15000 16000 17000 18000

TOGW
Essentially from Nicolai, Fundamentals of Aircraft Design, METS, Inc., 1975

merospace and /
Ocean Engineering
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Sensitivity of TOGW to Changein Payload,
the Growth Factor

20000 —
Radius = 250 nm
19000 AW o p
pay carri \ /
k
18000 | out and bac /
TOGW, Ib
17000 |- \AWpay dropped
during combat
16000 +
Note: TOGW increases by 3.8 pounds
15000 Badine for each pound of addtional payload
> AWpay
14000 ' '
1000 1500 2000 2500 3000

Fixed Weight, Ib
Essentially from Nicolai, Fundamentals of Aircraft Design, METS, Inc., 1975

Aerospace and
Ocean Engineering
9/8/09
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T/OGW Sensgitivity to Radius (or Range) Requiremg

20000
Valid assessment of technology
or multidisciplinary optimization
requires keeping the range fixed
18000 |
TOGW, Ib
16000 |
14000 ' ' '
200 250 300 350 400

Radius, nm

Essentially from Nicolai, Fundamentals of Aircraft Design, METS, Inc., 1975

merospace and /
Ocean Engineering
9/8/09
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/ Large Transport Aircraft Example \

merospace and
Ocean Engineering

 the Range-Payload diagram

e comparison with C-5A

- 6000 nm range

- 100,000 |b payload

- sfc =.6 @ M=.8, 36,000 ft alt.
-L/ID =17

« examples for increasing range,

holding the technology level constant

dide29 —
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Range-Payload Diagram

Max payload
iIncreasing fuel wit.
TOGW changing

Payload,
|bs

max payload

partial fuel >
max fuel

reduced payload

Full fuel tanks
Reduce payload wit.
TOGW changing

~

merospace and Range’ nm
Ocean Engineering
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Effect of Range Requirement on Weights
for a C-5A Class Air craft

o all for fixed technology, holding payload constant
* baseline: range = 6000Nm
e range = 8000nm: solution obtained

e range = 10,000nm: appears solution would converge
(unbelievable weight)

e range = 12,000nm: no solution at any TOGW!

Note: Nicolal, in Fundamentals of Aircraft Design,
shows that a range-payload diagram which matches
the actual C-5A can be developed using our methods.

merospace and /
Ocean Engineering
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3.8 10°
3.6 10°
WEmMpty
34 10
3.2 10

3.0 10°

Range = 6,000 nm case

~

4.0 10°]

2.8 10°L

—sa— WEmptyReqd
—=— WEmptyAvall

T

Sizing Solution

100,000 |b payload

6.5 10°

merospace and
Ocean Engineering

70100 7510 8010 8510 9010 951C

TOGW
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Range = 8,000 nm case

~

Ocean Engineering

2.0 10° _ _
- Required and Available Curves dopes start
' to be pardlel, small errorslead to large
| errorsin TOGW
1.5 10° -
WEmMpty
10 108}
- 100,000 Ib payload
] \ Sizing Solution
5.0 10° - :
' ‘—E—WEmptyReqd \
) | note scale! - WEmptyAval
o0 10° VH4o0—4»0mn2—rt-———— ot 1
0.0 10° 1.0 10° 2.0 10° 3.0 10° 4.0 10°
TOGW
Aerospace and

/
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2.0 10°

1.5 10°

WEmMpty
1.0 10°
| 100,000 Ib payload

5.0 10°

0.0 10° |

0.0

Aerospace and

Range = 10,000 nm case

~

Converged solution may occur
at TOGW approaching infinity!

—=— WEmptyReqd
—s— \WEmptyAvall

Ocean Engineering

10°

1.0 10°

2.0 10° 3.0 10°

TOGW

dide34 —
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1.5 10°

WEmpty

5.0 10°

Range = 12,000 nm case \

/ 2.0 10°

1.0 10°
| 100,000 |b payload

No solution for this technology
level at any size

—=— \WEmMptyReqd
—=— \WEmptyAvall

0.0 10°!
0.0 10

merospace and
Ocean Engineering

2.0 10°
TOGW

1.0 10°

3.0 10° 4.0 10°

/
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/ TOGW Weight Growth: \
for a specified technology level
the range cannot be mcreased W|thout limit

5.0 10° F
: Payload 600, OOOIb

4510°

4010°

Takeoff 35 10° F
Grpss -

Weight 30 10° F
2510°

20 10°

1510° F

smg Ideahzed (Optl mlstlc) Smgle Segment Analyss

1.0 10° -
2000 4000 6000 8000 10000 12000 14000

range, nm
Note: this case does not correspond to the technology levels used in the

previous charts, which are for something close to a C-5. This example was
merospace and developed for the 1992-93 AIAA Contest Payload, with advanced technology.

Ocean Engineering

dide3s — 7%




/ Parametric studies provide insight \

Y ou can investigate how the key technology
parameters affect the TOGW for a given mission:

—L/D
—sfc
—Ks
It’ s worth studying and pondering

merospace and /
Ocean Engineering
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/ To Conclude: \

o Thismethod isthe 1st cut back of the envelope
method for sizing: it works.

* Note: The example codes available on the software
link on our web page are for jet propulsion

* Your skill: Develop confidence by “predicting” the
size of existing airplanes

e Youwill use asizing program and practice

e Next sizing classwill look at sizing alittle more
deeply for wing and engine size selection.

— Constraints on takeoff and landing, etc.
become critically important

merospace and /
Ocean Engineering
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