ME4932 Aircraft Performance & Design
Performance and Flight Mechanics(Chapter 17)
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ME4932 Aircraft Performance & Design
Flight Mechanics - Equations of Motion

RS SF, = T cos(a+ ¢p) — D — Wsinvy
\ SF, = Tsin(a+ ¢1) +L — Wcosy

W =—-CT

o Y e Y
Sy PERE e . )
power , P 550 M,

T = Pm,/V =550 bhp N,/ V

axis

2F, =T —D— Wsinvy
Assuming thrust is almost alighed with V: EFZ — L — Wcosvy

Source: Aircraft Design by Daniel P. Raymer
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ME4932 Aircraft Performance & Design
Flight Mechanics - Steady Level Flight

Steady: Accelerations =0
Level: Pitch angle =0

T = D = qS(Cp, + KC?)
L=W =qgSC;

W

L ]2
-\ pCL

(

S

>

T_- 1 __qCDO I(__V_V_)
w LD (W/S) \S

The condition for minimum
thrust to weight required is
maximum L /D!




ME4932 Aircraft Performance & Design

Flight Mechanics / Performance
Minimum Thrust Required for Level Flight

AT/W) _pVCp, W 2K _
ov. — Ww/s Slpy3

¢ 2w (K
min thrust or drag — \ oS CDO

C .
L min thrust or drag — K

or drag K

, (Y 3 At maximum %,
A[.w:)mmthmst — (Zb C”_DO + K (\/"’“”‘"Q“) — qS(Cl)() . g C])o) CD — ZCDO
! 3 Cp

L=CD0
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Flight Mechanics / Performance
Minimum Thrust Required for Level Flight

T
. At maximum =, /
b /
CD — ZCDO J i




ME4932 Aircraft Performance & Design

Flight Mechanics / Performance
Minimum Power Required for Level Flight

1
P =DV = qS(Cp, + KC})V = ipVBS(CDO + KCp)

p= Lovascy, + K
g 2p Do %pVS

P 178 ag Kw?
ov. 2 Do %pVZS

2W | K
V min - — (
power pS ?) C D 0
13Cp
C min =— 0
ll;ower I(

D win = qS(CD() = SCDO)

power

At L /D for Minimum Power Required,
CD — 4CDO
CDL — 3CDO
L/D = .866 (L/D)ax
V = 0.76V for (L/D) g

c;3/2, o
~L " is maximized!
Cp
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Flight Mechanics / Performance
Minimum Power Required for Level Flight

At L/D for Minimum Power Required,
CD — 4CDO

Pr CDL o 3CD0
L/D = .866 (L/D)qx
V = 0.76 V for (L/D)pyax

c;3/2, o
C—L is maximized!
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Flight Mechanics / Performance
Minimum Thrust/Power Required for Level Flight

The parabolic drag polar approximation works o.k. for low Mach numbers and
high aspect ratio wings at modest angles of attack.

In aircraft companies, optimization of flight conditions is done numerically by
computer programs with accurate aerodynamic and propulsion data. These
programs search for flight conditions that yield optimum results. However, for
most first-order estimates, the parabolic drag polar will suffice.
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Flight Mechanics / Performance
Minimum Thrust/Power Required for Level Flight

LU0 b " Drag (thrust required)
o 4000+ - . jet thrust available
I 3000
o Stall
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Best
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T required e p— J — Jet thrust power
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’ T gk % power
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Source: Aircraft Design by Daniel P. Raymer
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Flight Mechanics / Performance

Range
e Range = Velocity x Time
e Time = Fuel Weight / Fuel Flow = Fuel Weight / —CTjg (Tg =Thrust Required for Steady State)
Vdw
e Range = Velocity x Fuel Weight / —CTjg dR =
_CTR

e As the aircraft burns fuel, its weight diminishes, and so does the drag (thrust required) and therefore the
rate of fuel burn!

ARV Vv V(L/D)

dW ~ —CT, —-CD —CW
L V L V72 Breguet Range
w, —CW CD Wy quation
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Flight Mechanics / Performance
Range

The Breguet range equation assumes that :

V L. .
. (E . E) IS approximately constant

* Constant L/D means constant C;; therefore, the aircraft must climb as it
becomes lighter.

* The segment of a mission or flight where Range is gained is called Cruise
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Flight Mechanics / Performance
Range Optimization - Jet

"Range V (L) Vv Cr -, 2W [ pVS
Parameter: C\D C CD() +I(C% - CCDO+(4I<W2C)/([)2V4SZ)

o W, e _21\7_ 3K At L /D for Best Jet Range,

After setting its range pS \| Cp, Cp = 4Cp, /3

derivative w.r.t. Cr =Cp /3

. D; — “Dg
V equal to O: c - Cp, L/D = .866 (L/D)yax
nee 3K V =1.316V for (L/D)ax
c 1/2, e
Cp, ——  is maximized!
D pest = qS CD() | 2

range
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Flight Mechanics / Performance
Range Optimization - Propeller

V |4

. (7. ik o e =
Recall: power " bhp 0 7,
L W 550m,, L .
Then: R=—2 Zgn[ L) =222 p,( 2
CpowerD ‘Vf' Cbhp D ‘Vf
Vo e _Z_W__ __If__ At maximumﬁ,
min thrust or drag S C D
\ P Do Cp = 2Cp,
CDL —_ CDO

C S o
L min thrust or drag — K
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Flight Mechanics / Performance
Loiter Endurance Optimization-Jets

e Endurance = Fuel Weight / (Thrust x C)
e Notice, no velocity term...

e The segment of the mission or flight where the aircraft is spending time at a fixed location is called Loiter.

€ 1 1 (L
dW  CT —-Cw \D

Wr 1 Wi 1 /L L\ /1 W
JW,- T JWf CW (D) <D> (c) N W,

. L
v 2w | K At maximum =
To Maximize E, min thrust or drag — \ S CDO CD _ ZCDO
we maximize L C. = C
/D! Cp, Dy, D

CL min thrust or drag — K
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Flight Mechanics / Performance
Loiter Endurance Optimization-Propeller

|4 V
Again: C=C == {Uph
g power , P 550 M,
At L/D for Minimum Power Required,
Then: - (_];_)( "p ){,_n Wi C(p = 4Cp,
D Cpower V Wf | CDL — 3CD0
— L/D = .866 (L/D)qx
- <_L_> Dl on| Vi V = 0.76V for (L/D) pyax
D) \ ConpV W

8<L>_a[ 2W /pV3S -
OV \DV ) 8V [Cp, + (4KW2/p2V482)| —

2W | K S
|%4 0t R T Crmin = =0 D min = qS(CDO + 3C’l)O )
power pS 3C Dp power K power
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MEZ2930 INTRO TO AEROSPACE ENGINEERING

« Summary of Optimum Conditions for Range and Endurance

Thrust
Req'd

| Ay —

L
( Cp )max

Propeller Endurance

V ¢
(25 max
Propeller Range
Jet Endurance
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MEZ2930 INTRO TO AEROSPACE ENGINEERING

« Summary of Optimum Conditions for Range and Endurance

V c32 V(i V c )2
( Cp )max D " max ( Cp )max
C C 2 _ 2 _ 2 1
DOVS. D.i KCL — BCDO KCL — CDO KCL = §CDO
4
CD 4CD() 2CD0 gCDO
—— —
3CDO Do %
CL \ K \ K \ 3K
v 2W/S 2W/S 2W/S
V’D\/3CD°/K V,0\/CD0/K V,f)\/CDO/3K
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Flight Mechanics / Performance
Effects of Wind

Vairspeed

> &
Vground track Vwind

e A headwind of X velocity will decrease the ground speed of the aircraft, thus reducing its range, and a
tailwind will do the opposite, assuming in both situations it is flying at a given indicated airspeed .

e At the conceptual design level, if a mission requirement calls for a given range with a given headwind, just
add the % cruise speed that the headwind amounts to the required range as an approximation when sizing
the design.

Source: Aircraft Design by Daniel P. Raymer
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Flight Mechanics / Performance

For a jet plot thrust required on
the y-axis. For a propeller airplane,

plot power required. Wind has no
effect on loiter endurance

Effects of Wind

Best range V_ with tailwind

 Bestrange V_ with headwind

Best range V_ with no wind

19

Source: Aircraft Performance and Design by John D. Anderson
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Flight Mechanics / Performance
Steady Climbing

T'=D+ Wsinvy
L = Wcosvy

. (T =D\ ., (T cosy\ _ . T 1
v = sin = sin — — >~ sin —
w W L/D W L/D

T __V<T-D>NV(T 1)
p= RN = w )~ "\w  L/D

2 (W For cruise, T/W = 1/(L/D); no climb!
V = COS Y
pCr \' S
1 1 V
T/w =2  giny~— tsiny=——+-2

L/D L/D
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Flight Mechanics / Performance
Best Climbs

Rate of
climb-V,
Best rate of climb

Best angle /
of cllmb
/

i Vy2V

21

Source: Aircraft Design by Daniel P. Raymer
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Flight Mechanics / Performance
Best Climbs - Jets

e Best climb angle: Thrust is essentially constant with velocity, so the climb angle equation suggests
maximum L/D. Therefore to maximize climb angle:

g oo IW K
* min thrust or drag — \ pS CDO

i O V3Cpy 2K (W
Vo=V AT R L ( > T |
W W 20W/S) pV \ 'S i Good at one
IV, T 3pV2CH 2K (W altitude, must
— ()= — — | A recalculate at |
oV W 2w/s) oV various altitudes! |

v:-_\/BW/S [T/W + \/(T/W )2 4+ 12Cp, K]
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Flight Mechanics / Performance
Best Climbs - Propeller

e Climb angle:

e Steepest climb: The results obtained by taking the derivative of this equation yield a velocity too low for
the parabolic drag approximation. Use the graphical method.

P D 550 bh
e Climb rate: vZVSiny:—v% y 3 ‘_V‘i___ WP Np

To maximize climb rate, just minimize power required!

Ty 3¢y D win = gS(Cp, +3Cp,)

CL min. =

ol S 3Cp, e K bower
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Flight Mechanics / Performance
Time and Fuel to Climb

d/h
o a— —V—v
de = —CT dt

e During climb, everything changes; density, weight, thrust, SFC, etc. Better to conduct a piecewise
integration since climb rate reduces linearly with altitude.

Vy = Vv,; — a'(hi+1 — hl) tt—{—l == [y == —In >
N a \ Vu, L/}

sz T \/])1

ho — hy

4= AWiiel = (_CT)average(tiJrl — t;)
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Flight Mechanics / Performance
A Note on AirspeedsS

e TAS = True airspeed is the actual distance/time that the aircraft travels with respect to the air mass
(wind)

e Ground speed = TAS corrected for wind.

e EAS = Equivalent airspeed is the airspeed at sea level in the std. atmosphere at which the dynamic
pressure is the same as the dynamic pressure the aircraft is subjected to at the true airspeed and
altitude at which is flying at. In low speed flight (no compressibility), this is the same speed that would
be shown by an airspeed indicator without error. EAS is useful in calculating aerodynamic loads,
handling qualities, etc.

EAS = TAS. | 2

Po
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Flight Mechanics / Performance
A Note on Airspeeds

e The aircraft pitot-static probe measures static and total (stagnation) pressures. The dynamic pressure
(and from that, velocity) are calculated using Bernoulli's equation and may include compressibility
effects, position errors, etc.

e Compressibility error is introduced when going at speeds where air is compressed in the probe.

e Position error is introduced as the static pressure at the probe is different than freestream static
pressure.
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Flight Mechanics / Performance
A Note on AirspeedsS

e CAS = Calibrated airspeed is the speed displayed after corrected for position error.

e |AS = Indicated airspeed that includes a cockpit instrument correction. When IAS is corrected for
position error, it becomes CAS.

1 0.5

f 10.286
—1
EAS = TAS, | £- EAS = CAS\/ P/P, (/P + 1)0286

gc = P([1 + 0.2M?]3> — 1)
e At sea level, and incompressible flight regimes (slow), CAS = EAS = TAS

e Mach number = TAS / Speed of Sound at the altitude flown.

27



ME4932 Aircraft Performance & Design

Flight Mechanics / Performance
Load Factor Limits

e Limit load factor.- if it is exceeded, the aircraft will suffer permanent structural deformation (structural

damage). If "n" is less than limit load factor, the structure may deflect but will return to its original
state when "'n" = 1.

e Ultimate load factor.- if "n" > ultimate load factor, the structure will suffer structural failure; parts of
the aircraft will break.

e The V-n diagram shows aerodynamic and structural limitations of the aircraft. Itis a plot of "n" vs.
velocity.
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Flight Mechanics / Performance
Load Factor Limits

e Point 3 can never be reached (beyond

stall)
12
Positive ultimate load factor . L.
10 - e BC Positive n limit
Structural damage
g |- Comstant €, = | Constant load factor
{ " e CD speed limit (max g, about 1.2V, ., (
| Positive limit load factor
6 - I
' . . .
) : e V" is the corner velocity (maximum
e S .
5 : instantaneous turn rate and minimum
(] o
S oL I turn radius)
8 I
- 0 I Vs I ] I
& . .
100 200 300 400 500 V..knos o At1 > V™ the a/c can reach the limit
~2 Stall Negative limit load factor Nmax aerOdynamlca“y at CL < CLmax!
area = Structural damage ¢ D
-4 Negative ultimate load factor

Constant C;, = Cp,,,, _45—K

29

2Mmax = W
/Ooo(CL)max S

V*

Source: Aircraft Performance and Design by John D. Anderson




ME4932 Aircraft Performance & Design

Flight Mechanics / Performance
Level Turning Flight

en=L/W

e No change in altitude, so L cos(¢p) = W

Horizontal plane

e The force causing the centripetal acceleration is Lsi n(¢) .

e To take ¢ out of the equations:

A

F % + W? = (nW)? | |
TurnRate — d_l// _ radial. acceleration  F,/mass

Fr=W\/172—1 dt 1% 1%
%4

mass = —
g
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Flight Mechanics / Performance
Instantaneous Turn Rate

* In a maximum load factor turn, the pilot pulls the stick until aircraft reaches either ;. or the limit

load factor n,; 4y, and the aircraft turns sharply and most probably loses airspeed if altitude is
maintained.

e Maximum Instantaneous Turn Rate occurs at corner speed, where the stall limit and the structural
limit meet (300-350 kts). However, a good technique would call for the pilot to pull a max-g (load
factor) at a somewhat faster airspeed and naturally decelerate while holding the "n" until it hits C;,

and ends the maneuver at a somewhat slower speed, thus maximizing average turn rate.
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Flight Mechanics / Performance
Sustained Turn Rate

e |n a sustained turn, the aircraft must not lose airspeed or altitude. T = D; L = n-W

Sustained n = (T /W)(L/D)

- q T qCp,
Sustained 7 — _
il \/K(W/S) (W W/S>

* This is a performance item of interest in fighters. They also fly very fast; therefore, C(p_ increases

with Mach, and with a high T /W, you are probably at a very high C; and therefore higher K due to
separation and Mach.

e For maximum sustained load factor, you want high T /W, low W /S, low K, maximum (T /W )(L/D)
flight conditions ( (L/D)y4x for a jet).
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Flight Mechanics / Performance
Sustained Turn Rate

e But maximum sustained turn rate occurs at a slightly lower "n" because:

Turn rate

v (deg/s)

—
o
I

9)

o

N
o
I

—
9y
t

d
¢ TurnRate = @ =

dr

Typical fighter
structural limit
n=7.33
Sustained turn
rate envelope

U 10}oej peo’

100 200 300 400 500 600 700

VeIOCIty ggts) Source: Aircraft Design by Daniel P. Raymer
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Flight Mechanics / Performance

Gliding Flight
e SetT=0: D:WSIH’)/
L= Wcosvy

L Wecosy 1 l
D Wsiny”tany oY

10

e Glide Ratio = (horizontal distance / vertical distance) = L/D

e To maximize glide range, must glide at (L/D)yax! VinaxL/D = \ o
P

/Cp
CvLmax L/D ™ 7{0—

(L) Ry el famAe
Dy wiaer -24/Cp:K . 2 ) Gp,
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Flight Mechanics / Performance
Gliding Flight

e To maximize time aloft, we look at sink rate:

W'\ 2cosy
Vo = V.siny = sl
5 sin 7y = sin y\/ ( S) 0

D C
siny:zcosyzzlfcos*y 9 (CE’) 9 C[%
e _— O
OCL \Ch)  OCL |(Cp, + KC})?
i W2cos3yCh W 2 = L [(Cp, + KCp)
£\ 8 pC% -\ S p(CE/C%) C, _ 3Cp,
min sink I<
2W K
Vnin sink = \ oS 3Ch
0

e Conditions for minimum
power required!

=

35
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Flight Mechanics / Performance
Gliding Flight

Velocity
0 0 10 20 30 40 50 60 70 80 90 100

~ Minimum sink rate

i PO / Best glide ratio
24 ~~. ¥/ (highestL/D)

Sink speed
N

\ L)
40° 20°

Bank angle ¢

36 Source: Aircraft Design by Daniel P. Raymer




ME4932 Aircraft Performance & Design

Flight Mechanics / Performance
The Flight Envelope

e Maps the combination of altitudes and speeds (velocity or Mach) that the aircraft can fly at a fixed load
factor and throttle setting. Usually shown at a weight of interest, like combat weight.

60+ /\kf(ﬂtjl:e f(ﬂling .
Pilot ejection g P e 8 ~ N =
altitucie limit ~ “Service ceiling™ \\ _ g
50 = i i 8
{=15,240 m} qE,
’__
407 . 4
&£ Engine / y/
k) relight limit_/ ,
v 4 / PS _ O
- 30 /
E 1
E f/ n =1
20T |
£/
1 Il
10 &7/
0 i /

0O 02 04 06 08 10 12 14 16 18 20 22
Mach nug\c}ber

Source: Aircraft Design by Daniel P. Raymer




ME4932 Aircraft Performance & Design

Flight Mechanics / Performance
Energy Maneuverability

e "Exchange the potential energy of altitude for the kinetic energy and or turn rate". And vice versa...

Accelerate!

At zero velocity, this
is just altitude!

38



ME4932 Aircraft Performance & Design

Flight Mechanics / Performance
Energy Maneuverability

P = V(T — D)
o _V(T-D)_dn vdv
ST W At g dt
TG Cns " Y KW
P=V e
= w wis " 4SS

e The higher the "n" the lower the P;.
e P, has same unitsas ROC = ft/sec.

e P. @ "n" =1is the same ROC the pilot could obtain if he or she wished to climb. On the other hand,
(gPs / V) would be the highest acceleration if he wished to increase I at constant altitude.

39



ME4932 Aircraft Performance & Design

Flight Mechanics / Performance
Energy Maneuverability

e If an aircraft has P, = 0, it can be flying level and steady or it can zoom along an energy line, trading
altitude for velocity or viceversa. Only when P, > 0 can the aircraft cross energy lines!

Enmgyhmghth-—h+§4ﬁ

(10%)
80 90 100 120 140 160

0 02 04 06 08 10 12 14 1.6 18 20 22 24 26 28
Madpnumber Source: Aircraft Design by Daniel P. Raymer

30+

Altitude 103




500 +
400 +
300 +
200 +
100 1

0 -

-100 T
-200 T

-300 1

'n

-400

ME4932 Aircraft Performance & Design

Flight Mechanics / Performance
Energy Maneuverability

(Typical values)

Altitude = 30,000 ft {9144 m}

Load factor

0 02 04 06 08 1.0 1.2 14 16 18 20 22

Mach number

Source: Aircraft Design by Daniel P. Raymer
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(Typical)
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Flight Mechanics / Performance

d/,
dt = ¢

Py

heZ 1
tl_zzj = di

hel S

Altitude 103

50+

40+

10

0

(U8
(-
1

N
o
|

I

Minimum Time to Climb

I

J
"'" 40 \ 50\60\70\80| 100 {120

Objective:

""" Mach 2.0
\ at 45,000 ft
‘ “ Tangent to

P, and constant
energy height
curves

Minimum time
to climb profile

Constant energy
height curves

L}

Mach number
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Source: Aircraft Design by Daniel P. Raymer
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Altitude 103

244

40

w
o
1

N
o
!

10

Flight Mechanics / Performance
Minimum Time to Climb

(Ps contours forn=1)

& Objective:
0.7 Magw 20
“ at 45,000 ft
@“‘\‘§\‘ Tangent to
‘ Psand const
WENG 5 ad
| ' ' curves
K
"Q Minimum time
' to climb profile
\ h,
40 \50\60170180\ 100 121

O } 1 T 1 T } } T ! 1 T
0O 02 04 06 08 1.0 1.2 14 16 18 20 22 24 26

Mach number
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Source: Aircraft Design by Daniel P. Raymer
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Flight Mechanics / Performance
Minimum Fuel to Climb

_dh,  dhe/dt  Ps
Js ~dwy  dWy/dt CT

dh,
Line of constant f, = c—in_f

Cruise objective
Mach 0.9 at 45,000 ft {13,716 m} Supersonic
objective:
Mach 2.0 at

50+
{ o ,\‘“““ 45,000 ft {13,716 m}
v
Ko - @“‘ ! \ Tangent to
‘ f. and constant
@‘\‘% . esnergy height

w
o

Altitude 103
N
S

4. S
g'/‘; “ '9 curves

“' \ \\\ cimb profile.

S
S

104 (

\\ 40 \ 50160170} 8C 110(1) 120
. . . |

O } f 1 T 1 T } T T } } 1 t
0O 02 04 06 08 1.0 1.2 14 16 18 20 22 24 26 28

Mach number
Source: Aircraft Design by Daniel P. Raymer
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Flight Mechanics / Performance
Takeoff Analysis

_
yclimb
i x
/
R
Va
Begin to < /cllm
Start rotate  lakeoff ’_ Arcl

obstacle

e R L %, o hTR

<————SG-—————><—SR—><—_ Stp e |-oag Eh =t
Rotate Transition to
—<— Total ground roll —> climb Climb

- Total takeoff distance >

45 Source: Aircraft Design by Daniel P. Raymer
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Flight Mechanics / Performance
Takeoff Analysis

1 1 W 114
E=—mV? = ——V2—FxD——aS
2 2 g g
2 Viy 1 fvri
5, = - —J —dV—_———J —d(V?)
2a V. a 2 v, 4
g |
ﬂ“ﬁ;[T“D“M(W—L)]
-—-g_ ——T—-—u Lt (=Cpy = KC? 4 wCr)V*
W 2W /S ? .

G 1 J’Vf d(vz) ( 1 )g Kt +1<Av]-2-
G — pamarnoalll § 4
2g V. [(T -pen I(sz 20K 4 KT + KAVi2
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Flight Mechanics / Performance
Takeoff Analysis

_ p-typical values
Rolling (brdkes off) | Brakes on

Dry concrete /asphalt 0.03-0.05 0.3-0.5
Wet concrete /asphalt 0.05 0.15-0.3
lcy concrete/asphalt | 0.02 0.06-0.10
Hard turf 0.05 0.4
Frmdit - 0.04 0.3
Soft turf 0.07 0.2

Wt grass 0.08 0.2

e C; for wing AOA ON GROUND + flap AC}, , Thrust @ 0.7Vrq
o Cp, for gear down and flaps; K corrected for ground effect
o Vip = 1.1V, (careful with tail-bump angle; may limit Cj, !

o Vrp1sec.< Sgpor < Vpo * 3 sec.

Small A/C Large A/C
47

Source: Aircraft Design by Daniel P. Raymer
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Flight Mechanics / Performance
Takeoff Analysis

e Transition:

* A/Cfollows approximately a circular arc and accelerates at 1.15V;,; and €, = 09C,

L _5pS00.9Cr,,)1.15 V) _

— W 1.2
W 2pSCy, . V2 e ———;
2 { If obstacle cleared before end of
L 8 0 ViR —19 | TR, use this for STR:
Rg
R — V%R _ V’IZ“R STR = \/R2 =R hobstacle)2
, s I 1
SIN Yelimb = W W Z/—D‘
, I'—D\ _ T 1
SR = Rsin yamb = R( 37— ) = R( 37~ 17

htr = R(1 — cos 7climb)
48
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Flight Mechanics / Performance
Takeoff Analysis

e Climb to the obstacle height:
e |[f obstacle height was reached during transition, S, = 0.

e Horizontal distance to clear obstacle (50 ft. for military % small A/C)

4 lobstacle — hTR

SC e
tan Ylimb

49
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Flight Mechanics / Performance
Takeoff Analysis

e Balanced Field Length:
e Total takeoff distance, including obstacle clearance when an engine fails @ decision speed V;.

e Decision speed is the speed at which upon an engine failure, the A/C can either brake to a halt or
continue the takeoff in the same total distance.

e If an engine fails at before /5, the pilot can apply brakes and abort the takeoff.

e AtV > /4, the pilot must continue the takeoff.
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Flight Mechanics / Performance
Takeoff Analysis

e Balanced Field Length (simple method):
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Jet: where
Tov =10.78 Tukeon |:5 L BPR:I i BFL = balanced field length (ft)
static | 4+ BPR E Yclimb ~ Ymin
b Yolimb arcsine [(T—D)/ W], 1-engine-out, climb speed
Prop: __

Ymin 0.024 2-engine; 0.027 3-engine; 0.030 4-engine
Cry., = Cr atclimb speed (1.2 Vi)
Hopstacle = 35 ft commercial, 50 ft military
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Tav — 5.75 bhp|:

= 0.01 C__ -+ 0.02 for flaps in takeoff position
i BPR bypass ratio

- bhp engine brake horsepower
i number of engines
propeller diameter (ft)
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Flight Mechanics / Performance
Takeoff Analysis

e Balanced Field Length ( more accurate method):

e Takeoff should be simulated with engine failure at an assumed I/; and continued until the
obstacle heigh is reached. Note the total distance.

e The takeoff must be simulated but aborted at the same V; ( with 1 sec. delay of reaction
time). Note the distance to a full stop.

e I/, should be iterated until:

total takeoff distance to the obstacle total aborted takeoff distance to a halt.
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Flight Mechanics / Performance
Landing Analysis

e Landing weight is usually specified anywhere from W, to .85W,.

Ya
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a Touch
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Flight Mechanics / Performance

Landing Analysis
e Approach:

e Begins at the obstacle.

* Vapproach = 1.3 Vstqp (1.2 for military)

T-D_T 1
W ~ W L/D

sin Y App —

e For transports, approach angle <= 3 deg. ( Thrust > Idle)

e Approach distance:

cdiipi

hobstacle —h f
a tan 7y, .
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Flight Mechanics / Performance
Landing Analysis

e Flare:

e The reverse of takeoff transition. A/C comes in at stable angle and brings nose up to touchdown
and 1, approximately O.

o Vop =115V 1.1)military)

o Vr) average between Vypyroqcn and Vip = (1.23 Vigy 1.15)military)

e Flare radius: sz \/];2
R = = —
f gn—1) 0.2g

e Flare height and horizontal distance covered during flare:

| Je fO=DY o f T 1
St :FfSIHYCIimb— W —\w L/D

- = Rf(l — COS ¥, ppp )
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Flight Mechanics / Performance
Landing Analysis

e Ground roll:

e Freeroll : Vrp - 1 sec. < Spp < Vrp * 3 sec.

e Braking distance computed using same equation for takeoff ground
roll (S¢), setting initial V to V, and final V to 0.

e |dle thrust,

e Braking coefficient
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Flight Mechanics / Performance
Other Performance Measures of Merit

e Agility vs. Steady State

e Decoupled Energy Management (Potential and
Kinetic Energies changed independently)

e Unpredictability

Maximum thrust
Minimum drag

Minimum thrust‘

Maximum drag

Post-stall area, potential
for quick point & energy
bleed (supermaneuver)

~~
reverse thrust
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Flight Mechanics / Performance
Other Performance Measures of Merit

In the realm of stability and control, roll rate performance, usually not a problem at level
flight, can be hurt at high load factors/turn rates rendering some combat aircraft at a
disadvantage.

Roll rate
|deal aircraft—no reduction in roll rate

Aircraft B—poor

\ Turn rate
Aircraft C—bad

(roll reversal)

Source: Aircraft Design by Daniel P. Raymer
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Flight Mechanics / Performance

Super-maneuver and Post-stall Maneuver

Thrust vectoring at c.g. (no net moment, a la Harrier)
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Turn rate (deg/s)

Flight Mechanics / Performance

Super-maneuver and Post-stall Maneuver

301

20+

Thrust vectoring aft nozzle plus canard

\)
\/\\QS(\
r 4 a’(b\
/ ~
O i
R e Y —___Thrust-induced turning
s I -
200 400 600

No-gravity turn Velocity

60 Source: Aircraft Design by Daniel P. Raymer




ME4932 Aircraft Performance & Design

Flight Mechanics / Performance
Super-maneuver and Post-stall Maneuver

Fuselage Pointing
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Flight Mechanics / Performance
Flight Mechanics 3- DOF Simulations

: W dVv
XFy = Fgcosa — D — DD — Wsiny =
g dt
W(Vcosy)?
2F tori: = Fgsinasing + Lsing = (Veosy)
gRy
wv?

2XF v = Lecosg + Fgsinacosgp — Wceosy =
gRy
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Flight Mechanics / Performance
Flight Mechanics 3- DOF Simulations

e Usually time-to-complete is the measure of merit

e 1-g Accelerations

e Sustained/Instantaneous level turns

e More complex maneuvers, usually changing altitude and velocity
e Example: A-10 re-attack tank-busting maneuver
e More control variables, difficult to optimize

e Require numerical integration of 3-DOF equations of motion
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