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RIRGRAFT PERFORMANGE

BASICS OF ATMOSPHERE

Density (p):

Mass ( kg)

Density (p) = Volume \m3

Density at sea level for
Water = 1000 kg/m3
Air = 1.2256 kg/m?3

Specific Weight:

Weight of fluid
Volume of fluid

Specific weight =

Weight {w = mg}

s ' mg
Specific weight (w) = v P8

Specific volume (v):

Volume of fluid
Mass of fluid
VATE

Specific volume (v) =

Specific Gravity/Relative Density:

1. For Liquid = (Weight density of fluid
L rortaue= Weght density of water
Weight density of gas
2. For Gas = ( : : )
Weght density of air
Viscosity:
_ du
T=p ay

v elocity gradi t(1>
a velocity gradient | =

T = Shear stress (N/m?)

u = Coefficient of VIscosity (kg/m-s)

)

Maxwell Law of Viscosity:
F \%

A~ "h
u = coefficient of viscosity

At sea level for air,

Heo = 1.7894 X 1075 kg/m-s (or) N-s/m?

) dyne — sec .
1poise = 1————1inCGS
cm
1 dyne = 107°N

{1 Ns/m? orkg/m-s = 10poise}

For Liquids:

1
it (H—T—I—Btz)
(uand p, in poise)
W, - Viscosity of liquid at °C
u - Viscosity of liquid any (t)
t - Temperature (°C)
a and (3 are constant
eg: Water
Ho = 1.79 X 1073 poise
a = 0.03368 3 =0.00221

For Gasses: (Air)

W=y, + ot — Bt?

o = 1.7 X 10~>poise
a=56x10"% B=0.1189 x 107°

Rayleigh Law of Viscosity:
H2 T, 34 H T
w=@) =)
At sea level

T, = 288.16 K (Air)

He = 1.789 X 1075 kg/m-s

3/4
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Kinematic Viscosity (v)

Dynamic viscosity

Density of air

m?2
== ,unit — (—)
p S

At sea level
_p 17894x107°
VT T 12256

=1.46 X 107> m?/s

e Bulk Modulus (k):

Increase in pressure

) =

_ Compressive stress — dp
- dv/v

Volumetric Strain

" VOlumetric Strain

1
{E compressibility}

e Pressure:
At sealevel
P, = 101325 bar {1 bar = 10> N/m?]
P, = 760 mm of Hg (Mercury)
P, = 10.3 m of water column
1 stroke = 1 cm?/secin CGS unit
{1 stroke = 10™*m?/s}
1 ata = 1 kg/cm?

Latae 2802 b
ata = 7= N/m? = 0.98100 bar
m" GAS CONSTANT

For air

R = 287.026 J/kgK
e Density (p):
R=C,—Cy

Y= E—i = 1.4 (for air)

Where

Cp of air = 1005 J/kgK

Cy ofair = 718 ] /kgK

For monoatomic gases = 1.67

For diatomic gases = 1.33

e Gravitational Acceleration:
g = 9.80665 m/s?

ATMOSPHERE

e Refer Altitude vs Temperature graph
Basic composition of atmosphere
Nitrogen 78.09%

Carbon dioxide 0.03%

Oxygen 20.95%

Ozone 0.000003%

Water vapor 0 to 3% (Mostly 0.93%)

e Ideal Gas Equation:
m
PV=mRT=>P=vRT = P = pRT

m = number of moles X Molecular weight
pV = mRT = pV = nMRT {M xR =R}
pV =nR,T (R, = 8314 J/kgmole-K)

R = specific gas constant

I_{u = Universal gas constant

e Layers of Atmosphere:

1. Troposphere (0-11)km — (Aircraft
Application).
Troposphere (11-25)km — (Lower
Stratosphere).

2. Stratosphere (25-50 km) — weather
balloon (Upper Stratosphere).

3. Mesosphere (50-80 km) -Meteors
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4. Thermosphere (Ionosphere) (80-
500 km)
Ionosphere Aurora (Northern
Hemisphere)
Ionosphere Borolis (Southern

Hemisphere)

5. Exosphere (500-10000 km) Rarified

gases.
o Troposphere (0-11 km)
dT
Lapserate A = — I’
T— Ty
A
h,, = 0 at sealevel altitude
i\ =i,
il
=T =T, —Ah

his upto 11 kms
T = Temperature

Using Hydrostatic Equation:
P T,
7)=&)
P\ (T3\2A

&) -E)
For Troposphere

A = 0.0065 k/m

g/AR

1

g = 9.80665 m/s? (3/4 = 0.75)

R =287.026]/kgK

ﬁ_ (E)OJS

M1 T;
P, T, 5.256
5= (1)

TZ 4.256

-
P1 T;

o Lower Stratosphere (11-25km)
(Isothermal Region)

A= dr =0 (T= tant
T (T = constant)
Te=216.66 K
P2 _ o-e/RT -0y
P
P2 _ o-g/RT (hz-hy)
P1
Has
—=1(T=0)
Hi11
Various Kind of Altitude:

1. Geometric altitude (hg):

Used for airplane altitude.
Absolute altitude (h,):

Height above centre of earth.

h, = hg + Rg; Rg =Latitude of 45°
Rg = 6356.766 km

Approx Rg = 6400 km

A

Surface of
Earth

Center of Earth

1 - (RE>2
X —— = —
ST 7 787 B,

2

-0 (55)
&= Bo hg + Rg

Geopotential Altitude (H): g = g,

h= () == ()R
= | —m—m ﬁ = | —
Rg+h,/ h,/ E

Pressure Altitude:

101.325
h = 1922010g10< )

Pisin kPa Emperical relation
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5. Temperature Altitude: For Compressible flow (M > 0.3)
= —_ [ y-1 7
T = Tow —2h - 222 [ — 5
A — lapse rate Vias = v ( ) ) -1
here h is in meter - o
6. Density Altitude: V2. = 2a, (Po - P)T _q
EAS =1 P
SL

p 20-h _ _ v
Emperical relation

Po 20+h For incompressible flow,

(hisin km) _P-P, V12

Valid upto 12-30 kms Cp= 7 V2 =\1- (ﬁ)

0 T \ 4256 2 Pooon

p_ = (T—) for trospopheric b _p 1, " 2 4

poo o) A —EpV +T+4_O+

T2 _ o—(g/RTs)(hy~hy)

D1 € »7" For Stratosphere At stagnation point (V=0)so,C, =1
Note: For pressure altitude refer (maximum +ve value)

previous page. Cp = Pressure coefficient.

DIFFERENT KIND OF AIRSPEEDS AERODYNAMICS FORCES

1. Indicated air speed (IAS) ] 1
Lift (L) = = pV2SC,,
2. Calibrated air speed (CAS) 2
1
3. Equivalent air speed (EAS) Drag (D) = 5 pV2SCp
4

True air speed (TAS) Drag Polar
For Incompressible Flow (M < 0.3): Cp =Cp, + KCZ + Cby

P—P+1 2 M

% pV2sc
Z(Po - P) Z(Po - P)
Vras = B » Veas = DsL Cp, = Parasite darg

S = Surface area

p = Density at altitude

ps., = Density at sea level p = density

C, = coefficient of lift

Xi_;\z = i =+/o (o = Relative density) Cp = Coefficient of drag

Cp; = Induced drag
Atsealevel(c=1) P, =P +% pV?2 Cp,, = Wave drag (Mach drag)
P,—P 1 Cym = Moment coefficient
% pV2 ¢ = chord

Vias = Vras for subsonic (Cpy = 0) = Cp = Cp, +kCf
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1
" meAR

e = span efficiency factor;

Cp, = kC{ where, k

(for elliptic wing e = 1)
(for rectangular & tapered wing e < 1)

Cp, (Linear curve)

C? (Parabolic curve) (k — Slope)

AERODYNAMIC CENTRE

The point about which pitching moment

coefficient remains constant
dC,, dC,

—Bor—22-0
da ' dc,

Xac _a dCp

C C dCL

a
<= Spindle ratio

For Subsonic airfoil x,. lies at 23 % to 25%
C. where a < 10°
For supersonic airfoil x, lies at half of chord

50% of C

Category of Aircrafts based on Mach
Numbers:

1. Subsonic aircraft (M < 1)

2. Supersonic aircraft (M > 1)

3. Transonic aircraft (0.8 > M < 1.2)
4. Hypersonic aircraft (M > 5)

(M = 1) Transonic aircraft

Vv
M=——

+YRT

{V = Velocity, T = Temperature}

FLIGHT PERFORMANCE

Level Flight: (Steady and unaccelerated

flight)
L=W
T=D
n=1

where W = weight; T = Thrust; L = Lift; D = Drag

Climbing Flight

L
L= Wcosy = = €osY (D

n= % load factor for flight (n < 1)

ascosy <1
T—Wsiny—D=0
T—-D

ﬁ—
W

= siny (Multiplying both sides with V)

Rate of climb=%

T—-D
Vo (—) = Ve siny ...

w

@

(Vs ) Free — stream velocity

Ve, siny
hA A
Y
Voo cos'y 'tz
2
h,,t;

P,y = Power available = T.V,,

Pr = Power required = D. V,,
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Voo T — Voo D
W

Pav—PRr
A\

= Ve siny

=V, siny = %
P,y — Pr — Excess power
V. = Climbing velocity
dh _ h
T Vo siny =
For piston engine aircraft (V) max Occurs at

(PR)min condition (VC)max = W

Endurance

For Jet engine

R /T -1 3\ 2w
_ 2

= <W c ?—(Cp, + kCL)CL2> S

Condition for maximum (ROC) (R/C):

T 2

W CL—3CDy +kCi =0

Calculate Cp from above relation and

. . R .
substitute in E equation

(R) B <T (Cp, +kCE)> 2W
C max w CL pSCL

GLIDING FLIGHT:
Wsiny = D ...(1) (Parallel force)

L = WcosY ....(2) (Perpendicular force)

L
=—= <1
n W cosy (n )

1. 2D =Wsiny {+ @ with (@)}
2. >L=Wcosy

D Wsiny D )
—_ = > — =
L Wcosy L any

1
tany = i

D

1
= Ymin = tan_l L— @
(5) e
Referring fi t __b
eferring figure,tany = Range

1 h
=
(_) i (Range)max

tany =

Conditions for range and Endurance:

a. Minimum Drag Condition:
It is the condition for maximum range of
piston engine a/c. and Condition for

maximum endurance of jet engine a/c.

For level flight
L=W; T=D
iy
w T
{Tr — Thrust required}
w

Dmin = (TR)min = N

(5)

For minimum drag, %should be

maximum
TR == D
1 2\ 1
=<CDOX§pS)V020+ T —..D
~ s _pS [ee]
K, 2
K;

For minimum drag condition
dTg

0
dVe,
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ZW

Ving is minimum drag velocity

For minimum drag condition

Cp,4 = Cp, + kCf
CDmd = CDO + CDO
= ZCDO

5)s =6~ ).,

= CDmd

L (L g
<B)md 1 (E)md " 2,/kCp,
(E) = Cp, = Cp,
D max ° !
Minimum drag is independent of altitude
Dimin = 2W_|kCp_

CD = ZCDO

b. Minimum Power required conditions:
It is the condition for max endurance for
piston engine aircraft.
Pr = TrVoo

Pr = Power required

K
Pr = K, V3 + %

Voo
For minimum Py required condition
dPg
W —

C.

2w
Vimp = 3CD ps
Vmp _*I1 _ =0.7598
Vind 3

Vinp = 0.7598 Vg

Vmp < Vind

For minimum power required condition
3Cp, = kamp

CDmp = CDo + 3CD0

ISCDO
Cme = T

CDmp b= 4CDO

= CDmp = CDmd

b,
D/ mp 2Cp_,

ses (c2) |
C
(5),,, =055 ()
D md
3
3 1
Pr_. occursat C_ l..e.Cp, =§CDi

CD = 4CD0

Minimum drag to velocity ratio

@),

It is the condition for maximum range of
jet engine aircraft

D K,
(voo) K1Veo +v3

or (i)
or Voo

min
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D Unit of SFC
4(v;)
0 N 1
dVe, N = SFC = —
oW SX =5 "
4 4| k 2W
Vm(D/V) - (\/§) C—Do . E
Breguet range equation for jet engine aircraft
Ving vy = 1.316 Ving

Vm(D/V) > Vind > Vimp

1
Cp Cp, +3Co,

min(D/V) =

4

CDmin(D/V) - 3 CDO
C =2¢c, =4C
Dmin(D/V) - 3 Dma — D;

CDo = kCE
Find C

CL = ’CDO/k

(CL(D/V)) I % (CLmd)

(CL(D /V)) = 0.577(Cy, )

Breguet Range equation for piston engine
Py = Np X P
PR=D"-V,
P; = shaft power
np = efficiency of propeller
DV
= ™

{W, = Gross weight of an aircraft}

P

{W; = weight of aircraft when fuel load is

empty}

Fex (@)
R=—x|=—)In|{—]......

sFC ~ \cp/ " \w, ©
SFC = Specific fuel consumption

(N)of fuel

SFC =
sec]/s

TSFC = Thrust Specific fuel consumption

(N)of fuel
TSFC = ———
sec X N

Unit of TSFC
TSFC = N_1

" Ns s

1
Re—2x |2x| S\ (W= viT).@
T TSFC ™ |ps | Cp ° "

Breguet Endurance equation for piston

engine a/c.
3
T, | C ( 1 1 )
E=——=x|—=|x2psx -—]..
SFC " | Cp oW W, ©

Breguet Endurance equation for Jet engine

a/c.
L (@t @

E=——xX
TSFC Cp w;

Effect of wind on range:

1. Head wind (HW):

Viw
—
Va
—_—
—
Vg = Voo - VHW

Vg — ground speed decreases thereby

range decreases
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2. Tail Wind (TW): gvn? —1 gtan ¢
W=—"T—"T—""S0,w=
v Vo, V.,
T™W
D Time required to complete 1 cycle
a 2mR
— -
Voo

Vo=V, +V Range increases
g mw (Rang ) Time taken to turn through angle §s

2R ¢
Vg — ground speed increases thereby -V, —(1]1 — radians)
range increases Ry V2 Y
y=—> L
Vo gtand V,
TURING FLIGHT PERFORMANCE v
1. Level Turn: T= gtand X P

y = turn angle

¢ = Banking angle Comparing (Level turn flight with

straight and level flight).
For level flight: Ly, Dy To; Vo, Py (Pay)

Altitude remains constant

L
Lcosc|>=W=>W=secq)

Lo =W; T, =D
n = Load factor = sec$ > 1 For turn flight = L, D, T, V, P,y
R i Load fact L x D
=—= n = Load factor = — = — = —
gvn? — 1 W L, D,
V2 - Do Lo
Also,R = To=Do=7-=1 =1
tan ¢ 0
o LALE D * Do Lo
n—W T equating .o W
F L D T o
«— —=n=-—=—=-S5€C
J Lo Do To
R Horizontal view . .
< / > For turning flight, L = nW = nL,
w

1 1
CL X — pV2S = nCy, X =pVZS
,,,,,,,, L 2
v? \Y
V2=I'IV02=>V—02:1’1=>V—0=\/1’_1

\Y
Also,v— = ./seco

o

P, = TV = nT, X v/nV,

Top view
P Pay = n3/21:)0

Turn Rate: PE = n3/2 = (sec §)3/2
_dy Vo, °
B E B ? = Nmax = S€C Pmax
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(For level turn L = nW; T=D) Required velocity for the turn rate to be

1 . .
SL=nW=Cx EPVZS minimum
ak(w/s)\ "
2nW v, = <M)
= e (T/W)

L™ pv2s
1 Required load factor for turn rate to be
- D == pV3SCp -

2 minimum.

% PVZS(CDO + ka) -D Referring (A) substituting the value of q,

1 2k(W/S) d solvi
i.e., ————— and solvin
T =D =>pV2$ (Cp, +kCE) (T/W) &
Substituting the Cy, i.e., 0= _ 4kCp,
2nW T/W
L= m and solving for (n) vz
Rpmin = e
_ pV® [T pViCp, gvnZ —1
ok (MW, (W 4k(W/S)
2k (s) 2 (?) R
4kC
2nW Peo (T/W)g /1 SR via
Vstall = | Sgc—
POLLmax

Above equation is minimum turn radius
Stalling velocity is the minimum velocity

possible
Minimum turn radius: Maximum Turn Rate:
V&
R=E—m—ono—oouououo Vnz —1
gV nz —1 W = gV—
L i
Jow = 5PV 2
2 v, = Joo
v2 = 2= | Pe
Peo 1 1
2q 2(W/S)\2 [/ k \4
R = —OO T # Vﬁ)max = p C_
gpwVn? — 1 ® Po

Referring the above equation of n we get This is also corresponding to minimum

drag velocity i. e. w5 Occurs at min drag
2_ 9o [T qoCp,

= — e (A) 1/2
W W W
k() (5) S VAT
Wmax
Condition for minimum turn radius /k/CDo
doo (T/W) (1
—|=]=1 1/2
W 2 Poo T/W CD
(@) o= [ [T ()
max W/S| 2k k
_ 2k (W/S)
Ao =7 (T/w)
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2. Pull-up Maneuver

3. Pull-down Maneuver

VZ
R=—1* N
g(n+1)
_gn+1)

w= Vo

TAKE-OFF PERFORMANCE

1. Ground roll (Sg)
2. Airborne Phase (S,)
St, =Sg+Sa

By rectilinear motion of the aircraft

V=0
; : : F = Constant V=V
S=0t=0 S=5

F = ma (2™ law of motion)

'F
— dt

dv v
F=m—:de=
dt 0 o M

F
V=—t
m

_Vm
" F

>t

ds = Vdt

S t tF
:fdsszdtzszf—tdt
0 o oM

S F t2
5SS =——
m 2

F /Vm\? VZm
s:—(—) S>g=_—1
2m \ F 2F

Also,V = ds
R

R = (L—W)ur (ur —Coefficient of friction)
Total force, F=T—-D —R
F=T—D—p(W=L)

mdV

F:T_D_Ur(W_L):T

ACp, Extended parasite drag due to landing
gear
¢ = Ground effect.
Cp =Cp, +ACp, + ¢ kC?
3 Cp, (in Ground effect)

Cp, (without ground effect)
_ (16 h/b)?

1+ (16 h/b)?

h = Height of wing above the ground

d=G

b =Wing span
w
ACDO = ? KUC 1’1’1_0'25

Where m is mass of airplane

Kyc = 5.81 X 107> (zero flap deflection)

_e (Maximum fla
Kyc =3.16x107° ( deflection p)
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V2m VZ m
S=—— SL = °
2F ° 2F
Vi (W/g)
S, =S Lo 8

o BT 2{T-D - (W-L)}osv,,
VL0 = 1.2 Vgean
SL

0

1.44 x W?
= @®

g PSClpg T = (D + e (W=1))Jy

Sa, (Pull up manoeuver)

Voo = 1.15 Vsean

CL = 0.9 Crmax
_ S

sinByps = Ea

S, = RsinBgyps ...(2)

1
L 2 pw(115 Vstall) X S$x0.9 CLmax

n= W 1
7 Poo Vsztall XS X CLmax
n=115%x0.9, n=1.19
2
_ ((1-15)Vstall)
gn—1)
_ 1.3225 Vg,
- g(1.19-1)
6.96
R= ? Vstall

a® LANDING PERFORMANCE

V, = Approach velocity

V, = 1.3 Vg, (Commericala/c)
V, = 1.2 Vg (Military a/c)

Vrp = Touch down velocity

Vrp = 1.15 Vg4 (Commercial a/c)
Vp = 1.1 Vg (Militarya/c)

S, =Sa+S¢+Sg  .(D

S, = Approach distance
S¢ = Flare distance

Sg = Ground roll

Fors,

1 T
0, = sin~! (— — —)

L/D W
s¢ = Rsin®, ....(3)
VZ
RGO
gn—1)
n during flare is 1.2 (Assumed)
V2
R=—1"
8(0.2)

V¢ = 1.23 Vgia1(Commerical)
Vi = 1.15 Vg (Military)

WvV?Z 1
Sg = NVip + - 22 [ 4

2g revtD+Ur (W—L)] 0-7VTD.
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FLIGHT ENVELOPE

Flight Envelope

Ultimate load
factorn = 1.5n,

Proofload
factorn = 1.5n,

A B
: Positive |
=) : =
s stall E
5 5 =
o g n, (Limit load)
5] ; O |
o i :
o~ 0] SO S— e gﬁ
= : Q
b i A
S ool Ve
3 Va Vei Flight speed
5
= s
( F E N
Negative stall
Vi=V, = = C locit
=V, = pSCL (Corner velocity)
n = 1 for straight and level flight
2W
stall — pSCLmaX
Semi Aerobatic (a/c)
Load Factor Normal Flight Aerobatic (a/c)
(Military a/c)
24000
ny +— 4.5 6
W + 10000
n, 0.75n, < 2.0 3.1 4.5
ns -1 -1.8 -3.0
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