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Team Members
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Teamwork for Success

P5. Project Risk Management

P6. Delivering Effective Oral
Presentations

P7. Writing Effective Design Reports



COLLEGE OF ENGINEERING
KEVIN T. CROFTON DEPARTMENT OF
AEROSPACE AND OCEAN ENGINEERING

VIRGINIA TE

\77ad

Disclaimer

Prof. Pradeep Raj, Aerospace and Ocean Engineering, Virginia Tech,
collected and compiled the material contained herein from publicly
available sources solely for educational purposes.

Although a good-faith attempt is made to cite all sources of the material,

we regret any inadvertent omissions.
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CRUCIALLY IMPORTANT

CMs only introduce key topics and
highlight some important concepts and

ideas...but without sufficient detail.

We must use lots of Reference Material* to

add the necessary detalls!

(*see Appendix in the Overview CM)
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A4. Initial Sizing: Take-off Weight Estimation

A4.1 Introduction
A4.2 Aircraft With ICE* Propulsion
A4.2.1 Overall Technical Approach
A4.2.2 Fuel Fraction Estimation
A4.2.3 Empty Weight Fraction Estimation
A4.2.4 Take-off Gross Weight Estimation
A4.3 Aircraft with All Electric Propulsion
A4.4 Aircraft with Hybrid Propulsion

*Internal Combustion Engine
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Initial Sizing: The First Step for Selecting Feasible Concepts

Adapted from Dr. Lee Nicolai’s lecture slides
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The ‘Initial Sizing’ element of the CD process is used to get the
first estimate of aircraft weight, wing area, and thrust.

Initial Weight Sizing (or initial take-off weight estimation)
presented in this CM answers the question:

How heavy is the airplane concept as sketched?

But, it doesn’t tell us anything about
the physical size of the airplane.

Two additional steps in the ‘Initial Sizing’ process, Wing Loading and

Thrust Loading (covered in the next module) address the size aspects

I. Wing Loading provides an initial estimate of wing area required to produce the
needed lift, and

ii. Thrust Loading provides an initial estimate of total thrust required to propel the
aircraft

7 CM A4 13 August 2024



7/~ | ssaeamssm.  Importance of Airplane Weight

« Airplane Weight, W, is a very important design parameter.

« A quick glance at the following expression for power required in
cruise, which is usually one of the most important flight segments of
most missions, illustrates the significance of weight:

q Cp, W/S
wW/Ss T q(nARe)}

Pog =D .V = W.V{

Here Dis total drag; V is flight speed; gis dynamic pressure (0.5pV?);
Cp,Is parasite drag coefficient; W /S is wing loading; AR is wing aspect
ratio; and e is Oswald efficiency factor.

 The second term in the expression is directly proportional to the
square of the airplane weight.

The Heavier the Airplane, the More Power it Needs to Fly!

8
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Y7/~ |iesesss.  Contributors to Takeoff Weight

Take-off Weight, W+, (also called Take-off Gross Weight, TOGW, W+ogw) IS Wrg
IS the sum of three types of weights: fixed weight, empty weight, and fuel
(source of energy for propulsion) weight

VVTO = Wfixed + We + quel

mpty

Wi, .4 includes non-expendables (crew, special equipment, sensors, etc.) plus
payload (passengers, baggage) or expendables (cargo, bombs, missiles)

Wfixed =W + Wpayload or expendables

Wempty includes airframe structure, engines, subsystems, avionics, etc., i.e.,
everything needed to fly the airplane except fuel and non-expendables and
payload or expendables

nonexpendables

W; . is the weight of the fuel required to perform the mission (called mission
fuel) plus reserve fuel per regulations (add approx. 5% of mission fuel at this
stage) and trapped fuel (approx. 1% of mission fuel)

The sum of W4, 4 and W;,,, is also called ‘useful’ weight
Wuseful = Wfixed + quel = WTO o

W4 is a good indicator of cost as well (cost/Ib. is typically comparable for

a given class of aircraft)

empty

9
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A4. Initial Sizing: Take-off Weight Estimation

A4.1 Introduction
A4.2 Aircraft With ICE Propulsion
A4.2.1 Overall Technical Approach
A4.2.2 Fuel Fraction Estimation
A4.2.3 Empty Weight Fraction Estimation
A4.2.4 Take-off Gross Weight Estimation
A4.3 Aircraft with All Electric Propulsion
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V7 | idisimas, HOW to size a concept and determine
o IF it can perform the mission
« SO0, we have sketched our concepts.

* We think all of our concepts could perform
the mission, i.e., successfully fly to and
from the destination with desired payload.

 Now we just need to demonstrate that our ; €
concepts can, I.e., they are feasible. B
 We can use Breguet Range Equation W
'L W R = Range C = Specific Fuel Consumption (sfc)
R=——In = V = Speed L/D = Lift-to-Drag Ratio
¢ D W, W; = Ending Weight W, ; = Beginning Weight

« But we don’t know V, L/D, C (or sfc), and weight fractions (W, ; /W,)*?

* We could determine the values these parameters by analysis if we knew
the actual weight, engine, and airplane size and shape. But we don't.

Oops! Catch 22!
“Houston, we have a problem!”

*sometimes written as (W; /W)

11 cMA4 13 August 2024
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V™ |iEsisss Estimating Take-Off Weight, W

* |t can be easily shown that

" Wiixed
TO —
1 — Wempty B quel
WTO WTO

« Therefore, given W, .4, Which is typically determined by mission
requirements and ConOps, we can calculate W+ if we knew
the empty weight fraction, W,,,, /W4 , and
the fuel weight fraction, W;,, /W+q
We discuss ways of estimating them in this CM

« To get a first cut at W, we need to use an iterative procedure
because W+, is on both sides of the equation

12 cCcMA4 13 August 2024
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1. Estimate W;,o /W+q

COLLEGE OF ENGINEERING

mweseatsiee  Flowchart of Iterative Procedure for

Estimating W4

|

2. Assume a W5 [€

!

3. Determine an initial value of (W) avaitable

!

4. Estimate (Wempty)Required

No

|(Wempty)AvaiIabIe o (Wempty)Required |
< 0.01 (Wempty)Required

13
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1.

4.

D.

COLLEGE OF ENGINEERING

e Flve-step lterative Procedure for

Estimating W4

Estimate W, /W5 by piecemeal application of Breguet

Range equation to all sections of the prescribed mission

Assume a value of W+, (use historical data for the class of

vehicles to which your concept belongs)

Determine an initial value of (W) availanie

(Wempty) avaitable = Wro — Wryer — Wiked

Estimate (W,py)requirea (USE historical data for the class of

vehicles to which your concept belongs)

Iterate by varying the value of W+, until the following

convergence criterion is met

|(Wempty)AvaiIabIe o (Wempty)Required ‘ < 0.01 (Wempty)Required

14
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A4. Initial Sizing: Take-off Weight Estimation

A4.1 Introduction
A4.2 Aircraft With ICE Propulsion
A4.2.1 Overall Technical Approach
A4.2.2 Fuel Fraction Estimation
A4.2.3 Empty Weight Fraction Estimation
A4.2.4 Take-off Gross Weight Estimation
A4.3 Aircraft with All Electric Propulsion
A4.4 Aircraft with Hybrid Propulsion
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1. Estimate Wy, /Wrq <:|

COLLEGE OF ENGINEERING

mseniaise  Flowchart of Iterative Procedure for

Estimating W4

l

2. Assume a W5 [€

!

3. Determine an initial value of (W) avaitable

!

4. Estimate (Wempty)Required

N
|(Wempty)AvaiIabIe o (Wempty)Required | 0

< 0.01 (Wempty)Required
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Altitude
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Phase 2 Phase 1

Phase 2
Phase 3
Phase 4
Phase 5
Phase 6
Phase 7
Phase 8

Phase 1

Fuel Fraction, W, /W;5, EStimation

« A good Mission Profile is the starting point
« Let's consider a notional eight-phase (or eight-segment) mission

o+

6 Phaseb

Engine start and takeorf

Accelerate and dlimb to cruise speed/alt
Cruise to destination
Accelerate to high speed dash

Combat

Cruise back to origin

Loiter

Land, taxi, engine shutdown

C =
+
Phase 7 /

Distance
13 August 2024

Source: Fig. 5.1, Ref. AVD 1 (Nicolai and Carichner)
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Fuel Fraction, W;/W;5 , EStimation

* For a notional eight-phase (or eight-segment) mission:

6 Phaseb 6+

' phase3
{ Wramwe " trapped \ / W ; -
e Juel fuel g \ v Phase s
" = 1+ + 1 —— (W
ﬁfﬂlil H J__r W L W J T G Phase 2 Phase 1 Enginestart and takeof?
TO O 1 el
f . Phase8  Land,tad, engineshutdown P'm“wf
/ Wmsewe " trapped \ =
el el - -
=1+ - + - (Hfﬂ'} - Hflamffﬁ )
. . N Mission
1o i ) v — :
ignores any other weight Fuel Fraction
loss during mission
ASSUMPTION: weight change due to
fuel consumption only
Sameas > Wy Woy Wy W, W, W, W,
W : i , T . .
Landin T
o TOGW W,, W, W, W, W, W,
: - weight fraction for each segment
Assuming 5% reserve Wryer " (must include a step change
and 1% trapped fuel, | = = 1.06( 1 — W Kyt dop acnelieng)
the Fuel Fraction is: ro i=1 '
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anammeners,  FUel Fraction Estimation by
Mission Phases (or Segments)

For all mission phases except cruise and loiter, use the following
estimates of W, /W,

Warmup and takeoff (Phase 1, W,/W,) 0.97

Climb & Accelerate* (Phase 2, W,/W,) 0.985

Combat (Phase 5, Wg/W;) See Ref. AVD 1, pp. 130
Descent Part of Cruise

Landing (Phase 8, Wg/W-,) 0.995

Fuel fraction for each segment can be obtained by subtracting W, ,/W.
from 1. For example, the fuel fraction for Phase 1 is 0.03.

We can also estimate the weight of the airplane at the end of any mission
phase using the weight ratios. For example, once we have estimated the
takeoff weight, the airplane weight at the end of phase 2 is given by

W3 = (Wa/Wo)(Wo/ W)W,

Note that supersonic aircraft (Concorde, SR-71, fighters) can burn
much more fuel in climb & accelerate phase than others. Instead of
using a fixed value of 0.985, use the procedure for Phase 4 in Section
5.4, Ref. AVD 1

19
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I | e, Fuel Fraction Estimation for
Cruise and Loiter Mission Phases

 Cruise (Phase 3, W,/W,, and * Loiter (Phase 7, W,,/W,,)

Phase 6, W, /W)

E-sfe
Rsfc _
Wi _ “v(/D) Wia _ , (L/D)
e o
i 1
R is cruise range E is endurance, i.e., loiter time

 For Cruise, we can also write V = a- M where M is the flight Mach
number and a is the speed of sound at the cruise altitude

 For Cruise and Loiter phases, we need estimates of
(a) sfc
(b) L/D
(c) V (or M)
to determine the fuel fraction, assuming R and E are specified.

How do we estimate these values?
Let’s look into it next.

20  CMA4 13 August 2024 Source: Table 3.2, Ref. AVD 2 (Raymer)
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(a) sfc or Specific Fuel Consumption estimation for
Cruise and Loiter mission phases

21 CM A4 13 August 2024



\V/7alll i Specific Fuel Consumption, sfc, Estimation for
R Cruise and Loiter Mission Phases

 Challenge: Determining sfc (rate of fuel consumption per unit thrust)
would be pretty straightforward using engine data tables if we knew

the engine (turbojet or turbofan or turboprop), flight altitude, flight
speed, throttle setting, etc. But we don’t!

e Approach: Since we don't know, let us make some reasonable
assumptions that will have to be checked and updated later in the

design process when we have a better definition of the vehicle. We
consider 3 approaches.

 Note: smaller the sfc, the better!
Approach 1

» For jet engines, we can use nominal values from this table:

Typical Jet sfc (Ib/hr/lb)

Pure turbojet 0.9 0.8
Low-bypass Turbofan 0.8 0.7
High-bypass Turbofan 0.5 0.4

29 CMA4 13 August 2024 Source: Table 3.3, Ref. AVD 2 (Raymer)
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aneeoueens, - Specific Fuel Consumption, sfc, Estimation for

Cruise and Loiter Mission Phases

Use Trend Charts like the
one shown on the right for
“‘typical cruise altitudes”

Beware that many times
data and charts are for
Uninstalled SLS (Sea
Level Standard)
conditions.

Need estimates of speed and
altitude to estimate Mach number!

Approach 2

Equivalent jet SFC (Ib/hr/Ib)

3

1 | 1 O

2 3 4 5
Mach number

* Add 3-10% to account for complex installations or off-design conditions.

23
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Source: Fig. 3.3, Ref. AVD 2 (Raymer)
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Specific Fuel Consumption, sfc, Estimation for

Cruise and Loiter Mission Phases

Approach 2 (contd.)

Use Trend Charts
Typical TSFC characteristics of engines

Turbojet

L1

Low-BPR turbofan
- e
~ Y, W51
- 7
— v
07 \ High-BPR turbofan

Conventional prop -~ )/ /
e
e / \
e
LM

Advanced prop
~
-

0.9

05

Specific fuel consumption [(Ibm/h)/Ibf]

Engine Operational Limits
A

| Piston engine and propeller

Turboprop

Turbofan 5
Turbojet E
Ramjet
| I | I L5
0 1 2 3 4

| Flight Mach number |}

J Piston engine and propeller

i Turboprop

Turbofan é

Turbojet g

Ramjet

x ! 1 1 Loy
| 0 20 40 60 80 100

1.5 2.0
Aircraft Mach number

13 August 2024
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Source: Figs. 1.2 & 1.17b, Ref. PS 1 (Mattingly)
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Approach 3

At this stage of design, we can estimate sfc in (Ilom/hr)/Ibf using the
following expressions even though the actual value of sfc (or TSFC)

depends on engine cycle that we don’t yet know.
Turboprop sfc = (0.2 + 0.9M)\ @
High-bypass-ratio turbofan sfc = (0.4 + 0.45M)\/6?

Low-bypass-ratio, mixed-flow turbofan
o Military and lower power settings ~ Sfc = (1.0 + 0.35]\4)\/6’

o Maximum power setting sfc = (1.8 + 0.30M)Vé@
Turbojet

o Military and lower power settings ~ sfc = (1.0 + 0.35M)\ @

o Maximum power setting sfc = (1.7 + 0.26M)Vé@

We need values of Mach number, M, and static absolute temperature
ratio, 8= T/Tg, for the flight altitude to estimate sfc using these

formulas.

25

CM A4 13 August 2024 Source: Sec. 1.5.4, Ref. PS 1 (Mattingly)

e conoeeens: - SPECIFIC FUel Consumption, sfc, Estimation for
Cruise and Loiter Mission Phases
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(b) L/D or Lift-to-drag Ratio estimation for
Cruise and Loiter mission phases

26 CM A4 13 August 2024
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ancarmnmeere /D EStimates for Most Efficient
Cruise and Loiter Mission Phases

« Most efficient or “best” cruise or loiter corresponds to minimum fuel
consumption which maximizes cruise range or endurance (loiter time)

« For three typical flight conditions, estimates for L/D are:
Maximum jet range, L JCo/2K ["2 [8 -
—= = =.|= (/D) =0943(L/D)
constant throttle D  Cp, +KCp, /2K 9CH K 9 mox max
Maximum jet range, L Cw/3K [ 9 =\E(L/D) ~0866(1/0)
constant altitude D Cp +KCp, /3K 1\ 48ChK 4 max max

Maximum propeller [ J3Ca/K \f (o) =0.866(1/D)
endurance D Cp, +K3Co) /K 16090 max max

Maximum jet endurance requires L/D to be near (L/D), ., Note: K = 1/(mrARe)

 The derivations assume uncambered wing: Cp = C, + KC # as the drag polar
* (L/D),,.x COrresponds to a C, that minimizes the total drag, D.

Estimated values of C, (assuming uncambered wings) for maximum range
or endurance for different flight conditions are shown on the next slide

27 CMA4 13 August 2024 Source: Table 3.2, Ref. AVD 1 (Nicolai and Carichner)



T T — Prescribed C, Values for
Maximum Range or Endurance
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Wissin | Condion | Moximizo | Vlus of G
Range—jet Constant altitude ClC, m
Range—jet Constant throttle C,/CE" \,W
Range—propeller Constant altitude C/Cy m
Range—sailplane Minimum glide angle Ci./Cp .\;’m
Endurance—sailplane | Minimum rafe of sink GG m
Endurance—opropeller | Minimum power required C?/Cy \;’m
Endurance—jet Minimum thrust required Ci/Cp m

Use Co= C,+KC? fo find L/Dor C,/Cyand (L/D) _ =1/(2,[C, K)
 For cambered wing, see Table 3.2, Ref. AVD 1

We still need to estimate (L/D),,., Which is solely a function of configuration
aerodynamics, but the configuration is unknown at this stage!
Let’s examine 3 approaches we could use.

28 CMA4 13 August 2024 Source: Table 3.2, Ref. AVD 1 (Nicolai and Carichner)
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20

16

12

(L/D)max

(L/D), EStimation: Approach 1

Assume a wing AR and estimate (L/D),,,, using historical trend data

U-25
o ;_:i

10

Aspect
Ratio

0 1 2 3 4 5
Q Mach Number

Need estimates of cruise speed and altitude!

29 CMA4

13 August 2024 Source: Fig. 5.3, Ref. AVD 1 (Nicolai and Carichner)
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First estimate Wetted Aspect Ratio,

defined as AR / (S,./S,e) -
18
Syet IS the total surface area of the .
aircraft exposed (“wetted”) to the
air, and S is the wing reference
area—neither is known at this 5
stage! o
8
Two options for (S,./S,s) estimation
Option 1: use rough estimates "

Configuration Swet! Sref ’
0

Flying Wings 21-25

Wing/Body/Tail (Clean) 3.2-6.0
Wing/Body/Tail (F-15) 5.0
Wing/Body/Tail (Airliner) 6.0-7.0

(L/D), EStimation: Approach 2

i
l ; { /{ﬂ
]

Military

— L=~ Cardinal .-

prop aircraft

!

jets

__| prop aircraft|

Jets at Mach 1.15
(poor correlation)

‘ - i — —

‘ ! f |

02 04 06 08 10 12 14 16 18 20 22 24
Wetted aspect ratio = b%/Sye = A/(Syet/Srep)

| 1 T |
e e ~Neg
1 o |

Use historical trend data (shown in the
figure above) to estimate (L/D),,,, for
your class of vehicle cpnfigruation

Option 2: use parametric correlations for different classes of vehicles (see the

next slide)

30

CMA4

13 August 2024

Source: Fig. 3.5, Ref. AVD 2 (Raymer)



COLLEGE OF ENGINEERING

waensis.  (L/D), EStimation: Approach 2 (contd.)

VIRGINIA TECH.

St VS. S,,s Parametric
(raw data courtesy of DAR Corp/Jan Roskam)

40000 -
35000 -
30000 -
25000 -
Ezonoo t - Piston Prop
= 4ME Piston Prop
J 15000 - 4 Piston Cargo/Bomb'r
O Military cargo/patrol
10000 - + Mil Trainers
< Biz Jet
5000 - 1 e Jet fighters

A Jet Ts

0 1000 2000 3000 4000 5000 6000 7000
S (sqft)

31 CM A4 13 August 2024



V7 | ssigmes,  (L/ID),,, EStimation: Approach 3

Uncambered

Estimate (L/D),,using Kand Cp_ G

(LID)ey = IN4Cp K = 0.5 V(ARe)ICp,

where
Cp, = zero-lift drag coefficient
K = drag-due-to-lift factor, K = 1/(mARe)
AR = aspect ratio, b2/,
b = span
S, = Wing reference area
e = wing efficiency factor

(L/D). IS entirely a function of
airplane aerodynamics!

For transonic flights, regions of supersonic flow appear
when flight Mach number exceeds critical Mach
number, i.e., M > M_;.. They produce additional drag,
ACp,, due to compressibility which is called wave drag.
It is highly desirable to keep it below 20 counts.

32 CMA4 13 August 2024 Source: Chapter 2, Ref. AVD 1 (Nicolai and Carichner)
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on the right.

Swept Wings:

KEVIN T. CROFTON DEPARTMENT OF
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K=1/(m-

Estimate wing efficiency
factor, e, using a
correlation chart of
historical data shown

OR

Estimate wing efficiency
factor, e, from a curve fit

Straight Wings:

(L/D),. EStimation

. Approach 3 (step 10f 2)

Step 1. Compute K using assumed AR and estimated e

1.0
e determined from flight test drag polar Symbol | CLmin
A R . e) Forced drag polar to fit Cp = Cppmin + K(CL = CLmin/? ~0
Solved for e using K= 1/mARe % “‘g;
0.9 QF-16C "l [/-26 K=K'+ K" (solve for K') - ot
Closed = No Sweep
OF-22A Open Swept Wing
& 0.8
g OF-15E
v F-104Q@
&
>
g 07 QF s
A
v
£ OF-20 [EASW 22
= L1011/ /\A-340
= 0.6 A
s B-707 /\B-52 SB-13
F-5EQ) - OH
0
0.5 OSR-71  B-747/\/\C-5B .
. Low-Med Camber
Mach=0.7-0.8
Sweep > 25 deg Sweep ~15 deg
0.4
0 5 10 15 20 25 30 35 40
Aspect Ratio (AR)

e = 1.78(1 — 0.045AR%68) _ (.64

for “normal” ARs (4 <AR < 12)

e = 4.61(1 — 0.033AR%%3)(cos A, £)*

1 3.3 for A ¢>30° and

33 CMA4
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“normal” ARs (4 <AR < 12)

Source: Fig. G.9, Ref. AVD 1; Equation, Ref. GED 2



V7~ | gz, (L/D),,, Estimation: Approach 3 (step 2 of 2)

Step 2. Estimate Cp, using historical data (table below) and use it
with K to determine ~ (L/D),, = I/N4Cp K

Aircraft Type

High subsonic jet transport 0.014-0.02
Supersonic fighter aircraft 0.014-0.022
Blended wing-body (tailless) jet aircraft 0.008-0.014
Large turboprop aircraft 0.018-0.024
Low-altitude subsonic cruise missile (high 0.03-0.04
WIS)
Small single-engine propeller aircraft
Retractable gear 0.022-0.030
Fixed Gear 0.026-0.04
Agricultural aircraft
With spray system 0.07-0.08
without spray system 0.06
High-performance sailplane 0.006-0.01

34 CMA4 13 August 2024 Source: Table 5.2, Ref. AVD 1 (Nicolai & Carichner)



goEmmnan,  Cp, Variation with Mach Number

\77ad

LA : . c
Airplane parasite drag coefficient, Cp,, > o '
for subsonic flight may be considered protuberances
independent of Mach number, M, until Miscellaneous wovedias
critical Mach number, M, IS reached. /

- . . Form and interference

« Critical Mach number, M, is the flight e B =
Mach number where the local flow Skin frcton drag
becomes sonic at some point on the wing

| 0 Moy 1.|o o Mach Ir\l/Lllm ber
* For flight Mach numbers M > M_;, wave A
drag due to compressibility leads to Couare D y~E
“drag rise” (see top right figure) i
« The additional wave drag (see bottom . :
right figure) may be estimated using an L
empirical relation: ol .
Cpyae= 20 (M —M¢p)* . 0.0020 BE i i X
. Itis advisable to keep flight Mach number ~ ° Mo IR
below drag divergence Mach number, My Moo

Source: Chapter 7, https://www.fzt.haw-
35 CMA4 13 August 2024 hamburg.de/pers/Scholz/HOOU/AircraftDesign_Contents.pdf



7/~ | sesizase. Drag Divergence Mach Number, Mg,

To keep the wave drag (due to
compressibility) from
exceeding 20 counts, the flight
Mach number should not
exceed drag divergence Mach
number, Mpp

CD, wave

Mpp corresponds to a flight
Mach number where

oCy/oM = 0.1 0

Mppis related to M,;; as follows:
Mpp = M + (0.1/80)13

crit

A

0.0020

~0.08

P

L

O

m

A e el e e e o e e ———

o
a

B e el e e e e e e e e e e e e e e e e ———

This is based on an empirical expression for CDwave and M (see previous slide)

Another approximate expression relating M

Mpp = Mgy [1.02 + 0.08(1 — cos A)]

36
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(and Mppis:

Source: Chapter 7, https://www.fzt.haw-
hamburg.de/pers/Scholz/HOOU/AircraftDesign_Contents.pdf
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\V//lll Mpp Depends on Alrf0|l Technology

0.90 . -

« Efficient transonic cruise depends critically on ¢ 2D Airfoils
airfoil performance. 0.85:

Shevell advanced transonic
airfoil estimate

i Korn equation, X, = 95 ]
0.80 -

[ Shevell estimate,

= 0.95 for NASA supercritical airfoils 0.70 [ mid 70 ansport

- airfoil performance

« For 2D airfoils, drag divergence Mach number
Is given by the Korn equation:

[ Korn equation, x, = .87

= 0.87 for conventional 6-series airfoils

0.65

0.04 O.IOB 008 010 012 014 0.16 0.18
« For 3D wings, the following relation for drag - ve
divergence Mach number can be obtained : 2D Airfoils |
using simple sweep theory: oss | ]
Ka t/c Cr
MDD — - - 0.80 |- i
cosA cos?A 10cos3A M, |
This relation permits investigation of the 075 | ]
relative importance of wing sweep, 4, and :
thickness ratio, t/c, for a chosen airfoil *7 ' —— Nasa projoctn N
technology for a desired target flight Mach b fom equation sefimate, = 5% i
number and lift coefficient 002 o008 0.10 014. 018

t/c
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(c) Speed (V) or Mach number (M) estimation for
Cruise and Loiter mission phases

38 CM A4 13 August 2024



\Vy/alll - Speed (V) or Mach number (M) Estimation
for Cruise and Loiter Mission Phase

« Even if specified in RFP, it’s instructive to estimate
o Best Cruise Speed (or Best Cruise Mach, BCM) and Best Cruise Altitude (BCA)
that give maximum range for the least amount of fuel consumed; and
o Best Loiter Speed and Altitude to yield maximum endurance for the least amount

of fuel consumed
 Flying at best cruise speed and altitude maximizes Specific Range (sr)
defined as distance flown per pound of fuel, which can be expressed as
Sr = L£i Range Factor, RF = L£
sfc DW sfc D
o For cruise flight conditions that give a nearly constant Range Factor, RF,
integrating sr from the initial to the final condition yields the Breguet Range
equation.
o For RFto be aconstant, L/D and V/sfc should be constant throughout the cruise

flight, which can be achieved using a cruise climb flight profile

 Best loiter speed and altitude maximize Endurance Factor, EF, defined as
minimum fuel consumption for specified loiter time, which can be

1L
expressed as Endurance Factor, EF = ——

sfc D

39 CM A4 13 August 2024



V7~ e, Speed (V) or Mach number (M) Estimation
o for Cruise Mission Phase

« At agiven Mach number (or speed), sfc of M
typical engines decreases with altitude and
reaches a low value between 30,000 and
40,000 ft., before increasing again as shown
in the figure on the right.

« For altitudes > 36 kft, sfc may be considered
nearly constant for a given Mach number, M,

Alt (kft)

—
—
o

1.05

2

0.95

0.90

Uninstalled fuel consumption S [(Ibm/h)/1bf]

since @ is constant; it still varies with M 080
0.75 ! | 1 | |
04 0.8 1.2 1.6 2
Mach number
MAXIMUM M (L/D}  Then, Range Factor, RF, is maximized by

maximizing V*L/D or M*L/D

M (L/D}  Shouldn’t M*L/D continue to increase with M

indefinitely for a fixed L/D?

« Then, why is there a peak followed by a drop
in the figure on the left?

= OPTIMUM MACH s

40 CMA4 13 August 2024  SOUrce: Fig. 1.14d, Ref. PS 1 (Mattingly); Fig. 3.22, Ref. PS 2 (Oates)



7/~ | eisesimes, Speed (V) or Mach number (M) Estimation
for Cruise Mission Phase

In reality, Range Factor, RF, reaches a maximum around My and then
decreases because of rapid increase in drag due to compressibility for

M > My (see slide 34)

Typical drag polars (shown in the

figure on the right) exhibit the effect of
compressibility on (L/D),,,, and hence

on L/D

A tangent point on the drag polar for

each Mach number, M, indicates the C,
location of (L/D),,,, Where lift-to-drag

ratio, L/D, is maximum

Since the configuration hasn’t been
defined yet, we don’t have actual drag
polars at this stage of design! But, we

HIGH SPEED
POLARS

have derived expressions for (L/D),. in terms of the assumed values of

Cp,and K that we can use.

41
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Source: Fig. 3.22, Ref. PS 2 (Oates)



V7 ey, Best Speed, V, Estimation for
Cruise and Loiter Mission Phases
Steady, level flight implies L=W, T=D Jet Aircraft

« Best Loiter Time (Endurance): Minimum Drag and Minimum Thrust

e i oW oW [ K
(L /D) max 1/ 4CD0 K C‘T‘QPL K CDO JKCL \LD) o P C Lopt S I{_‘JS C Dy

 Best Range Speed: Constant altitude cruise

Typical Jet Aircraft Example

4000
est ran )
g p DO % 3000
- 1.32 V L/D TE Stall —
) < or
o > 2|
 Best Range Speed: Cruiseclimb £ 1
g S
y ow 2K g 1000 %—;1 %
best range — \| pS \/ Cp, a I
0 —
0 100 200 300 400 500
=1.19 V(L/D)max Velocity (fps)

For “Optimum” C , Best Speed is a Function of W/S and Altitude!

42 CM A4 13 August 2024  Source: Ref. AVD 1 (Nicolai and Carichner); AVD 2 (Raymer)



\V/7adE: " T Best Range Speed: Jet Aircraft

‘ AEROSPACE AND OCEAN ENGINEERING

Constant Throttle Cruise Climb

c, = [Spo = 1/(nARe)
2K
Assumptions:
e =0.85
Altitude = 35,000 ft.
Density, p = 0.000773 slugs/ft3
Speed of sound = 579 kt
V (kt) W 2
0.3 (L/D)max = 1/1 [4Cp K (M) V= |—
S pC
2% L/D=0.943(L/D) 600 P
max (1.04)
29 0.4,.130 \
20 500 / / 06’97?91
18 (0.86)
L/D
16 0.7 70
400 2
14 (0.7)
12
10 300

43 CM A4 13 August 2024



V7 ey, Best Speed, V, Estimation for
Cruise and Loiter Mission Phases
Steady, level flight implies L=W,D=T Propeller Aircraft

« Best Range Speed: Constant altitude Typical Propeller Aircraft Example

3000
C
Crope = —o
.K- ;i Max Power Availableg” /' |
'§ 2000
_ 2 -
CDO — ](CL ?','
(2
g 1000
. 2w aw [K 8
(LiD) = =
V-  max P Cfﬂpt S 'US CD(} ]
B 0 100 200 300 400 500

' o Velocity (fps)
« Best Loiter (Endurance): Minimum Power PR

Power Required = Drag x Speed (or Velocity)

L _Phw
minPp — J‘_)S E'JCH:I - 076 V(L/D)max

For a Prescribed C,, Speed is a Function of W/S and Altitude!

44 CM A4 13 August 2024 Source: Ref. AVD 1 (Nicolai and Carichner)
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7/~ | sissimes. Typical Examples of Range Factor, RF,
Variation with Mach Number, M, and Altitude

Notional Fighter Aircraft Notional Transport Aircraft
5000 5000 BCM & BCA
BCM & BCA T \
Alt (km) 11

4500 - 26,000

Alt (kft)
4000 — 24,000 |-

;

5 20 2
E 3000 / 30 < 20,000
% 2500} / 18,000 -
SL 20
2000 - 16,000 [~
1500 |- 10 14,000 |-
50 SL
1000 1 740, | ! | ! | 12,000 I ! ! 1 | |
0 0.3 04 05 0.6 0.7 0.8 0.9 1.0 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09
Mach number Mach number
low-bypass-ratio, mixed-flow turbofan high-bypass-ratio turbofan

with afterburner

See Chapter 1, PS 1 (Mattingly) for details

Source: Figs. 1.31 and 1.33, Ref. PS 1 (Mattingly)
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7/~ | s, Typical Examples of Endurance Factor, EF,
Variation with Mach Number, M, and Altitude

Notional Fighter Aircraft Notional Transport Aircraft

10 38~
Ak BCM & BCA

N

e

(W]

EF (h)
EF (h)

5 30 30
10 20 30 36 40
4 I \ i I ASL  \1o [ \20 | 28 I 7 I J
0 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Mach number Mach number
low-bypass-ratio, mixed-flow turbofan high-bypass-ratio turbofan

with afterburner

See Chapter 1, PS 1 (Mattingly) for details

46 CM A4 13 August 2024

Source: Figs. 1.30 and 1.33, Ref. PS 1 (Mattingly)




encmmomeerr: — BeSt Cruise and Best Loiter Speed
Example: Lightweight Fighter

Altitude = 36,000 ft.; W/S = 43 Ibf/ft?
C (= sfc) is a minimum at this altitude, but varies with Mach number

\77ad

3000 |— 10 |- 6000 |— 14
L
- — - D Eq. (3.29)
2600 |— 8 |- 5000 — 12
|
2200 — 6 |- 4000 — 10
Drag L VL 1L /
)y | D ,cb |7 ¢cDp VL ~
(n mile) (h) CD
1800 |— 4 - 3000 — 8
Range
Factor
1400 }— 2 - 2000 |— 6
- - - Best Loiter Best Cruise
Speed \ Speed Endurance
1000 0 1000 *— 4 Factor

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Mach Number

Of course, making such detailed charts requires more information (e.g., W/S) than you
have at this stage of design. But you can make reasonable assumptions!

Source: Fig. 3.7 and Table 3.1, Ref. AVD 1 (Nicolai and Carichner)
47 CM A4 13 August 2024
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COLLEGE OF ENGINEERING

s, Considerations Affecting Cruise Flight

Cruising at the Maximum-Range Cruise (MRC) speed and associated altitude
(the same as BCM/BCA) for minimum fuel consumption is clearly the most
desirable strategy

As shown in the figure, most long-range airliners fly at Long-Range Cruise (LRC)
speed which has 1% higher fuel-consumption penalty

The 1% loss of range is traded for g
3% to 5% gain in cruise velocity!

MRC: Mach .826

o “~ . L Y SR LAC: Mach .840

Today’s airplanes can select an
ECON speed based on a Cost Index
(CI) which is the ratio of time cost
($/hr) to fuel cost (cents/Ib)

66

65

64

FUEL MILEAGE (NM/1,000 KG)

However, pilots on long-range flights

often face constraints that force them .
to deviate from any of the initially

selected cruise strategies whether

MRC or ECON speed or some other

MRC LRC

CRUISE MACH NUMBER

Speed compatible with other traffic on a specified route segment
Speed to achieve a required time of arrival at a point in the flight
Maximum endurance speed while holding

O
O
O
o Directed by ATC to maintain specific speed Source: Aero Otly, QTR_04/07,

48
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COLLEGE OF ENGINEERING

A oo anesns Mission Fuel Fraction Estimation

(Recap)

« Use given or estimated V, and estimated L/D and sfc values, to
compute W ,/W, for Cruise and/or Loiter phases of the mission

= Cruise = Endurance (Loiter)
R-sfe _ Esfc
Wi _ 7LD Wi _ WD)
m mo

* For other mission phases, use following estimates of W, ,/W.

Warmup and takeoff 0.97
Climb & Accelerate* 0.985

Combat See Ref. AVD 1, pp. 130
Descent Part of Cruise
Landing 0.995

* Plug the estimated values into the Fuel Fraction formula

*Supersonic aircraft (Concorde, SR-71) can burn much more fuel in climb. See Fig. 5.2, Ref. AVD 1

49 CM A4 13 August 2024
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So we have now learned a technical approach for
estimating Fuel Fraction, W, /W5, to
perform initial weight sizing!

50 CMA4 13 August 2024
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\/a

A4. Initial Sizing: Take-off Weight Estimation

A4.1 Introduction
A4.2 Aircraft with ICE Propulsion
A4.2.1 Overall Technical Approach
A4.2.2 Fuel Fraction Estimation
A4.2.3 Empty Weight Fraction Estimation
A4.2.4 Take-off Gross Weight Estimation
A4.3 Aircraft with All Electric Propulsion
A4.4 Aircraft with Hybrid Propulsion

51 CM A4 13 August 2024
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COLLEGE OF ENGINEERING

mweseatsiee  Flowchart of Iterative Procedure for

Estimating W4

\!
1. Estimate W,q /Wrg ®®®®°

|

2. Assume a W5 [€

!

3. Determine an initial value of (W) avaitable

=

!

4. Estimate (Wempty)Required

N
. |(Wempty)AvaiIabIe o (Wempty)Required | 0

< 0.01 (Wempty)Required

52
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aamsmeers - FIVe-step Iterative Procedure for
Estimating W4

\/a

1. Estimate W, /W5 by piecemeal application of Breguet
Range equation to all sections of the prescribed mission

2. Assume a value of W, (use historical data for the class of
vehicles to which your concept belongs)

3. Determine an initial value of (W) avaitabie

(Wempty)AvaiIabIe = Wro = Wiyer = Whiseq
I::>4. Estimate (W,py)requirea (USE historical data for the class of
vehicles to which your concept belongs)
5. lterate by varying the value of W4 until the following
convergence criterion is met

|(Wempty)AvaiIabIe o (Wempty)Required ‘ < 0.01 (Wempty)Required

53 CM A4 13 August 2024



eeoemern,  Empty Weight Fraction Estimation

VIRGINIA TE

Approach 1: Use Historical Data for an assumed Wm

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

\77ad

0.8

o

=
oy

(Wempty) Required

Empty weight fraction

=
i

0.4

100 1000 10,000 100,000 1,000,000

. Sized takeoff weight ¥ {lb)
For an assumed Takeoff Weight W, @ R

13 August 2024

Source: Fig. 3.1, Ref. AVD 2 (Raymer)
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N7/~ | smmamen Empty Weight Fraction, W, /Wro, Estimation
Approach 2(a): Use Trend Line Equations for an assumed W+,
emloty/WTo historical Trend Line equation Wy, /W0 = A(Wq0)©

Sailplane—unpowered 0.86 -0.05
Sailplane—powered 0.91 -0.05
Homebuilt—metal/wood 1.19 -0.09
Homebuilt—composite 1.15 -0.09
General Aviation—single engine 2.36 -0.18
General aviation—twin engine 1.51 -0.10
Agricultural aircraft 0.74 -0.03
Twin turboprop 0.96 -0.05
Flying boat 1.09 -0.05
Jet trainer 1.59 -0.10
Jet fighter 2.34 -0.13
Military cargo/bomber 0.93 -0.07
Jet transport 1.02 -0.06
UAV—Tac Recce & UCAV 1.67 -0.16
UAV—nhigh altitude 2.75 -0.18
UAV—small 0.97 -0.06

55 CMA4 13 August 2024 Source: Table 3.1, Ref. AVD 2 (Raymer)



V7 | issemes,  Empty Weight, W, Estimation
Approach 2(b): Use Trend Line Equations for an assumed W,

Wemptyhistorical Trend Line equation Wempty = (Constant) (\/\/;))xx

Fighter
Air-to-air or developmental 1.2 0.947
Multipurpose 0.911 0.947
Air-to-ground 0.774 0.947
Bomber and transport 0.911 0.947
Light general aviation 0.911 0.947
Composite sailplane 0.911 0.947
Military jet trainer 0.747 0.993
High altitude ISR 0.75 0.947
Unmanned air vehicles
Propeller, endurance > 12 h 1.66 0.815
Propeller, endurance <12 h 2.18 0.815
Turbine, ISR 2.78 0.815
Turbine maneuver UCAV 3.53 0.815
Air-launch cruise missiles and targets 1.78 0.815

56 CMA4 13 August 2024 Source: Table 5.1, Ref. AVD 1 (Nicolai and Carichner)



7/ | sy, Historical Empty Weight Trend Line:
Bombers & Transports

10°
8
6 1 C5A 16 B58A
2 Co 17 Boeing 707-3208 Bombers and Transports
3 C121C 18 Boeing 727-200 Conventional Metal Structure
4 4 C123B 19 Boeing 737-200
5 C1249C 20 Boeing 747-2008
3 6  C130B 21 Lockheed L-1011
7 CI130E 22 Douglas DC-8
. 8 C13 23 Douglas DC-10
0 2 9 C133B 24 Boeing 757-200 :
= 10 C1358 25 Boeing 767-300 Q0
E 11 C1408B 26 Boeing 777-300
o 12 Cl141A 27 Gulfstream V
@ 13 B52H 28 ATR42
= 10? 14 BS52E 29 B2
= 15 B70
" 8
o
£
w 6 :
Conventional Metal Structure
Wempty = 0.911 TOGW0:947
4
3
2
10°L s 6
10 2 3 4 5 6 8 10 2 3 4 5 6 8 10

Takeoff Gross Weight, TOGW (Ib)

« See Appendix | (Ref. AVD 1) for other classes of aircraft

57 CMA4 13 August 2024 Source: Fig. 1.2, Ref. AVD 1 (Nicolai and Carichner)
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7/~ | iseeinses. Historical Empty Weight Trend Line:
Supersonic Transport

1.000.000

[ .....source RﬂSI[aﬂlTEIhIE 2.?14 mnl S N W

| Wiy = 0.500- TOGI 77 |

lliuV Eﬂ]pr}"_ le - ST .- ............ T T (T TR T LRI .

100.000

e e i gmd};HE Iet -?.‘_ ........................................................................................................
_+ ....... i .+ +++<+ ..... ..
Study Supercruise Fighter T S

10.000 .
10.000 100.000 1.000.000
TOGW. Ibs
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\/a

Now we know some approaches of estimating
Empty Weight Fraction (Required) for
Initial Weight Sizing!

59 CM A4 13 August 2024
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\/a

A4. Initial Sizing: Take-off Weight Estimation

A4.1 Introduction
A4.2 Aircraft with ICE Propulsion
A4.2.1 Overall Technical Approach
A4.2.2 Fuel Fraction Estimation
A4.2.3 Empty Weight Fraction Estimation
A4.2.4 Take-off Gross Weight Estimation
A4.3 Aircraft with All Electric Propulsion
A4.4 Aircraft with Hybrid Propulsion

60 CM A4 13 August 2024
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1. Estimate W;,o /W+q

COLLEGE OF ENGINEERING

mseniaise  Flowchart of Iterative Procedure for

Estimating W4

l

2. Assume a W5 [€

!

3. Determine an initial value of (W) avaitable

!

4. Estimate (Wempty)Required

N
|(Wempty)AvaiIabIe o (Wempty)Required | 0

< 0.01 (Wempty)Required

61
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e Flve-step lterative Procedure for
Estimating W4

1. Estimate W, /W5 by piecemeal application of Breguet

Range equation to all sections of the prescribed mission

2. Assume a value of W, (use historical data for the class of
vehicles to which your concept belongs)

\77ad

3. Determine an initial value of (W) avaitabie

(Wempty) avaitable = Wro — Wryer — Wiked

4. Estimate (W, )requirea (USE historical data for the class of
vehicles to which your concept belongs)

5. lterate by varying the value of W4 until the following
E> convergence criterion is met

|(Wempty)AvaiIabIe o (Wempty)Required ‘ < 0.01 (Wempty)Required

Step 5.is best illustrated using an example.

13 August 2024
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V77~ |diesimmes, Example of TOGW Estimation:
Hypothetical ASW Aircraft

Requirements Mission Profile
4 Cruise 3% nm

e Loiter for three hours at 1500 nm from

takeoff point, then return to base Loiter 3 hr

Loiter 20 min

e Cruise Mach number: 0.6
* Equipment weight: 10,000 Ibs.

» Four-man crew totaling 800 Ibs.
Warmup & takeoff Land

Initial Configuration Sketches How heavy is Concept 47

T What is its Takeoff Gross Weight?

(] - [ WTO :?
L4

o O O Wﬁxed

1—Conventional 2—Dver-wing nacelies

)

3—Canard, low wing

63 CMA4 13 August 2024

1 — Wempty B W;‘uel

WTO WTO

Given: Wy, = 10,800 Ibs.

4—{Canard, high wing

Source: Ch. 3.6.4 , Ref. AVD 2 (Raymer)
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Fuel Fraction by mission phases
Warmup and takeoff: ~ W,/ W, =0.97

COLLEGE OF ENGINEERING

wmsenecmaneme  FUEl Fraction, W, /W+q, EStimation

Climb: W,/ W, =0.985
Cruise (15t leg): W,/ W, = el -R*CNV(LD);

Warmup & takeoff Land

Given: R =1500 nm = 9,114,000 ft., M =0.6

Assume: Typical cruise altitude = 30,000 ft.; L/D = 0.866 (L/D), 4
High bypass ratio turbofans for efficiency
AR =7 (Combined Wing and Canard)
Swet! Sref =2.5

wet

Then:  Speed of sound = 994.8 ft/s (Appendix B, Ref. 2)
V =596.9 ft/s
sfc = 0.5 Ib/hr/Ib = 0.000139 Ib/s/lb
Wetted Aspect Ratio = 7/ (5.5) = 1.27

L/D,, = 16; L/ID=13.9
W,/ W, = 0.858

64
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\/a

Fuel Fraction by mission phases (contd.)
Loiter: W,/ W, = el -ECILD} = 0.9277

Given: E =3 hrs = 10,800 sec
Assume: SFC = 0.4 Ib/hr/lb = 0.000111 Ib/s/lb

L/D = /D, = 16
Cruise (2" leg): W/ W, = el -R*CN(LD)} = (0,858
Loiter: W/ W, = el -E*C/LUD} = 0.9917

Given: E =20 min = 1,200 sec
Assume: SFC = 0.4 Ib/hr/lb = 0.000111 Ib/s/lb
L/D = L/D = 16

Landing: W/ W, =0.995
Mission Fuel Fraction, W,/ W, = 0.6441

Fuel Fraction: Wi o/ Wro = (1 +0.05+0.01) (1-0.6441)
=0.3773

65 CMA4 13 August 2024 Source: Ch. 3.6.4 , Ref. AVD 2 (Raymer)
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(W

(W

empty) Required

empty)AvaiIabIe

COLLEGE OF ENGINEERING
KEVIN T. CROFTON DEPARTMENT OF
AEROSPACE AND OCEAN ENGINEERING

W5 Estimation

= W0 — Wiger — Weiseq

: Using Trend Line Equation for
Military Cargo/Bomber class of

vehicles, we have

(W

50,000
60,000
56,000
56,500
56,700

empty) Require

a/ Wro = 0.93 (W) 2%

21,803
25,832
24,227
24,428
24,508

imfiirs.  Five-step Iterative Procedure
for Estimating W,

| }--arillmlull'l.;.”. Wre J

20,335
27,351
24,071
24383
24507

1468
1519
156
45
1

Is 56,000 Ib; a reasonable estimate for W5?
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S-3A Viking ASW Aircraft

Wro = 52,539 Ibs.

We are in the “right ballpark”
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* Check Cp, —
o Estimated L/D._., is 16 (L/D)na = INACH K

o Assumed AR is 7; then estimated € is 0.8 and estimated K = 1/(mARe) = 0.054
o Estimated Cp,is 0.0181 which falls within the range of historical values for high
subsonic jet transport

* Check cruise wing loading W/S
o For the assumed cruise altitude of

30,000 ft., pis 0.000891 slugs/ft3

Vbest range

o Given M, = 0.6, estimated W/S is 53 which falls within the range of
historical values of 40 to 90 for this class of aircraft (high subsonic jet aircraft)
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i Remember: Iterative Procedure
Gives An Answer for W, But...

...one pass through it does not give a Complete Answer!

Starting with the premise that we have documented all assumptions,
the next step is to examine sensitivity of TOGW to variations in key
parameters—this is called Trade Study.

Trade Studies help answer the “What if...” design questions.

— What if avionics or fuel or cargo weight were increased by x%,
how would it affect the TOGW?

— What if sfc or L/D or empty weight fraction estimates were off by
+5%, £10% or +15%, how would it affect the TOGW?

Further Discussion in the Course Module on Trade Studies

Source: Eric Schrock (Skunk Works) Personal Communication
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A4. Initial Sizing: Take-off Weight Estimation

A4.1 Introduction
A4.2 Aircraft with ICE Propulsion
A4.2.1 Overall Technical Approach
A4.2.2 Fuel Fraction Estimation
A4.2.3 Empty Weight Fraction Estimation
A4.2.4 Take-off Gross Weight Estimation
A4.3 Aircraft with All Electric Propulsion
A4.4 Aircraft with Hybrid Propulsion
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- Battery-powered AEA:
o Goal is to assess feasibility for our AEA concept by demonstrating that it can
successfully fly to and from the destination with desired payload.
o Since it's reasonable to assume that AEA weight does not change throughout
the mission, we cannot use the Breguet Range equation, can we?

LW R = Range C = Specific Fuel Consumption (sfc)
R=——In—=  V=Speed L/D = Lift-to-Drag Ratio
CD W, W; = Ending Weight W, = Beginning Weight

 Cruise Range, R, of a battery-powered AEA can be estimated as
R =g (W/W) (L/D)n

v" Cruise flight L=W

v' Cruise speed = Power / Drag V=P/D

v' Power = Energy / Time P=E/t

v' Range = Speed * Time R=V* =E,/D = (E,/W) (L/D)
v Energy E.=*W,

v' Battery to motor shaft efficiency n

v Note: g, is battery specific energy (energy per unit mass);
W, is battery mass; Wis airplane mass; and W, /W is Battery Mass Fraction
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" Wiixed
TO —
1 — Wempty B Wb
WTO WTO

Battery Mass Fraction, W,/W, is the sum of the estimated BMFs for
each of the mission segments that can be estimated using airplane
performance equations much like the Range equation example on
the previous slide

The iterative procedure for ICE propulsion aircraft (described in
section A4.2) can be readily adapted to estimate initial AEA take-off
weight

Recommended sources of additional information:
o Chapter 20, Ref. AVD 2 (Raymer)
o Chapter 3, Ref. AVD 3 (Gundlach)
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A4. Initial Sizing: Take-off Weight Estimation

A4.1 Introduction
A4.2 Aircraft with ICE Propulsion
A4.2.1 Overall Technical Approach
A4.2.2 Fuel Fraction Estimation
A4.2.3 Emptyﬁt}Veight Fraction Estimation
A4.2.4 Take-off Gross Weight Estimation
A4.3 Aircraft with All Electric Propulsion
A4.4 Aircraft with Hybrid Propulsion
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enceoroneeee - HyDrid-Electric Propulsion (HEP) Aircraft
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Active area of research
o HEP offers many more options for design and operations to consider than

either ICE or AE aircratft.

o Goal is to assess feasibility of our concept by demonstrating that the design
can successfully fly to and from the destination with desired payload.

o One approach for Initial Weight estimation is presented here. It's adapted
from: Cetracchio, F. et al, “Approach to the Weight Estimation in the Conceptual
Design of Hybrid-Electric-Powered Unconventional Regional Aircraft,” Journal of
Advanced Transportation, 2018 (https://doi.org/10.1155/2018/6320197)

For a typical hybrid-electric propulsion system with two sources of
energy, namely, fuel and battery, we can express takeoff weight as

Wro = Wfixed + Wempty + WfI;le + thc’lttery

If we could estimate fuel weight fraction and battery weight fraction,
we can use the five-step iterative procedure to estimate w,,
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NV | . Hybrid-Electric Propulsion Aircraft

« Two “Degree of Hybridization” Parameters

_ e P |
1. Power: Degree of Hybridization for power, Hp =

Ptotal Pem + PICE

o P, IS maximum installed power of electric motor
o Pjcr is installed power of internal combustion engine

E E
2. Energy: Degree of Hybridization for energy, Hy = —o%- = elec

Etotal Eelec + Efuel

o E,ec IS electric energy
o Efye Is fuel energy
o Hpg is needed because Hp does not account for energy storage

* Fuel Weight Fraction

= Can be estimated much like for ICE (see Section A4.2.2)
=  Assuming 5% reserve and 1% trapped fuel, fuel fraction for a N segment

mission, can be expressed as
wh (W W
f i+1 i+1
—— =1.06 1—1_[{ +(1— >(H)-}
Wro LU W Wi o

o (Hp); is the degree of hybridization for the i-th mission segment
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- Battery Weight Fraction

= Assuming the hybridization factor for power, Hp, to be a constant for
all mission segments, we can estimate the battery weight fraction
using energy balance considerations as:

Wro €p n?é‘?fv 1— Hp Wro

o Hp is the degree of hybridization for all mission segments

o ¢ is the fuel specific energy (energy per unit mass)
o & IS the battery specific energy
o nth . is the efficiency of converting fuel energy into power
For ICE engines, typically value is 0.3 to 0.35
o néec is the efficiency of converting battery energy into power
For electric motors, typical value is 0.85to 0.9
= Notice that higher battery specific energy is desirable for low battery weight!

o Today’s batteries have &, =250 Wh/kg
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Hybridization Parameter, Hp

For a regional aircraft with Range = 900 nm; Payload = 100 pax + 5 crew;
Cruise Mach number = 0.5; Cruise altitude = 25,000 ft; Cruise L/D = 19; and

Cruise BSFC = 211 g/kWh; the following charts illustrate sensitivity of

battery and fuel mass to Hg
Battery Mass

Fuel Mass

0L NG SR S
A & (kWh/kg)

? : . £ kWh/k
L/ SR 050N __b__(_ _______ g)

Battery mass [ton]

Source: Cetracchio, F. et al, “Approach to the Weight Estimation in the Conceptual Design of Hybrid-Electric-Powered
Unconventional Regional Aircraft,” Journal of Advanced Transportation, 2018 (https://doi.org/10.1155/2018/6320197)
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Epilogue
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Now that we know how heavy the airplane
IS, next we need an initial estimate of

(I) wing area required to produce the needed lift, and

(i) total thrust required to propel the aircraft

so that the aircraft can successfully
perform the mission while meeting all

requirements and regulations.
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V7 | s, Recommended Readings

Ref. No. | Chapter Author(s) Title
AVD 1 Chapter 5 Nicolai, L.M. and Fundamentals of Aircraft and Airship Design , Volume I—Aircraft Design,
Carichner, G.E. AIAA Education Series, AIAA, Reston, VA, 2010.
AVD 2 Chapters 3, 6, |Raymer, D.P. Aircraft Design : A Conceptual Approach,
20 AIAA Education Series, AIAA, Reston, VA, 2012.
AVD 5 Chapter 4 Sadrey, M.H. Aircraft Design: A Systems Engineering Approach ,
John Wiley & Sons, Inc., 2013.

NOTE: See Appendix in the Overview CM

80 CM A4 13 August 2024



