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Lecture - 52
Drag Estimation of Military Aircraft

Hello, let us look at the procedure followed for estimating the drag of a military aircraft. So,
when | say drag | basically mean drag coefficient because once you estimate the drag
coefficient, then drag is simply a product of half dynamic pressure into the coefficient.
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Military Aircraft

a Military aircraft may fly at:
« Subsonic speeds
Transport or Reconnaissance

= Supersonic speeds
Fighters

» Wave drag
» Bluntness of wing / nose
ff) » Closed / open-nose (due to intake) design

TR

So, military aircraft can be of various types, they may fly at subsonic speeds, especially aircraft
which are used for transport or for reconnaissance or they may be operating at supersonic
speeds. So, they cover the entire range of speeds we are not talking about any aircraft which is
flying at hypersonic speeds right now. So, therefore, there are some differences in estimation
of the drag coefficient for such aircraft as compared to that for the transport aircraft, which

mostly fly in subsonic and some in transonic regime.

What are these differences? Let us understand first of all, there is going to be wave drag present
when the aircraft flies supersonic. So, we need to include methods to calculate the wave drag
coefficient. Secondly, the bluntness of the wing and the nose has a great effect on the drag
coefficient of the aircraft. And the intake could be either closed or open nose because of the

design. So, that also creates some additional complications in estimation.



Now, the procedure that 1 am going to describe has been taken from the latest textbooks in
aircraft design from the AIAA stable those by Leyland Nicolai and Grant Carichner. Both these
gentlemen have a huge amount of experience working on various types of military and
transport aircraft and also on unconventional aircraft and airships. So, based on their large
experience and database, they have come up with a method which has been described in their
textbook. So, a lot of material that you will see in this presentation is also taken from the
textbooks from Nicolai and Carichner volume 1.
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The total drag coefficient for a transport can be assumed to be a summation of 4 components,

CD = CDowing + CDobody + ACDO + CDL

Let us first look at how we can get the value of Cp, .

wing
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Co wing
WING ZERO LIFT DRAG COEFFICIENT
SUBSONIC
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So, here there will be 3 cases depending on whether you fly subsonic, transonic, or supersonic.
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Wing Zero-Lift Drag (subsonic)
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L =airfoil thickness location parameter
L =12 for maximum ¢/c located at x > 0.3¢
L =20 for maximum t/c located at x < 0.3¢
t/c =maximum thickness ratio of the airfoil

S = Wetted area of the wing (25,)
R = lifting surface correlation factor

C; = turbulent flat plate skin friction coefficient
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First, let us look at the subsonic condition. In the subsonic condition, the formula is same as
that you use for the transport aircraft, which you are very familiar with as shown on the screen.
The only 2 small changes here are the value of R the lifting surface correlation factor and C¢
the turbulence flat plate skin friction coefficient. So, these 2 parameters, they differ from what

we have seen for a transport aircraft. So let us look at how these 2 are determined for a military

aircraft.
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So, for a subsonic case, the value of R can be easily obtained based on the cos of the sweep of
the maximum thickness line of the wing and there are these curves for various Mach numbers.
So, from the X axis, you proceed up to any value of the Mach number that the aircraft operates
and proceed further on the left hand side to get the value of R it is as simple as reading a graph.
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Determination of C;
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For Cr, you have to follow the same procedure that we follow in transport aircraft that means
you have to evaluate the cutoff Reynolds number using the I/k ratio and the wings Reynolds
number using Re = pTVl. So, you calculate both these, you calculate the wing Reynolds number
first and then you calculate the cutoff Reynolds number and then you have to choose the one

which is smaller.
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Determination of Cutoff Re
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So, for finding the cutoff Reynolds number in case of the wing, the characteristic length would
be the chord or the mean aerodynamic chord. So, therefore, I/k would be c/k where c is the
mean aerodynamic chord and k is factor that comes from the roughness. So, the table here
shows the value of k in inches applicable for various types of surface finishes that you normally
encounter on a military aircraft and the graph on the Y axis is basically just a correlation
between the cutoff Reynolds number and the admissible roughness I/k. So, for various Mach

numbers you can get the values.
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Determination of (;
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So, for determining C; there are 2 steps, first step is that you calculate the cutoff Reynolds
number Re; and you calculate the wing Reynolds number Re, and then you choose whichever
is smaller. So, whatever is the smaller value that one you use in this particular graph and there

are 2 bunches of lines there is 1 single line for turbulent flow and there are 3 lines for laminar

flow. So, depending on the value of the M, so, you can use the value of M., and calculate the
value of C.
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Coo wing
WING ZERO LIFT DRAG COEFFICIENT
(TRANSONIC)
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So, that was for the calculation of €, for the subsonic case that the procedure was quite
wing

similar to what you are used to for transport aircraft, but when it comes to transonic wing.
(Refer Slide Time: 06:59)



Transonic Flow
a Transonic Regime begins at Mg

a Drag Rise starts at My, i.e., when % =0.1

J CDUWing = CD/+ CDW

3 )| (e
- CDOwing > Cf [l b (c)] (S,ef)+ CD“’
alp / assumed constant in entire transonic range

= value for M= 0.6
fj Cp,, obtained using Von Karman's similarity law for transonic wings

Then in transonic flow there are a few changes not the transonic flow begins at the critical
Mach number and the drag rise starts actually at the Mpp drag divergence Mach number and
generally it is considered when the rate of change of Cp exceeds with Mach number exceeds
0.1 that is the point where you can consider to be the drag divergence. So, the

CDOwing - CDf + CDW

and Cp, can be simplified as

oo, = [+ (] (52)
Now, this value of Cp, ; is assumed to be constant in the entire transonic range. So, what you do
is you calculate the value for Mach number 0.6 and you assume that that value is applicable in
transonic flow. And the Cp,  is obtained through Von Karman’s similarity law for transonic
wings.
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Cp,, curve for Transonic Wings

Correct experimental data for wing A, AR & t/c

CORRECTIONS FOR SWEPT WINGS

‘ﬂ) For Unswept Wings only

So, that I will show you so, this is how you calculate Cp,, ~curve for transonic wings, this
depends on the usage of the experimental data. So, what you do is you have some experimental
data that data has to be corrected for the 3 important parameters the sweep, the aspect ratio and
t/c. So, this particular graph is actually applicable only for unswept wings. So, what you do is,

you apply the corrections for the 3 parameters which | have mentioned there.

So, the values of Mop, Cp, . and M, are corrected by using the cos of the quarter chord
pea Wpeak

line cos of the sweep of the quarter chord line. So, these corrections will help you to get the
values.
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Cpo wing
WING ZERO LIFT DRAG COEFFICIENT
(SUPERSONIC)
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Now, when it comes to supersonic aircraft, if you want to calculate Cp,  of supersonic
wing

aircraft.
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Wing Zero-Lift Drag: Supersonic Flow ( Cy)

'u,mu = Cp, +Cp,_ {Skm friction + Wove Drag]
where 15
Cp, = Wing supersanic skin friction coefficient

s, = Wing supersonic wave drag coefficient i

Su e
CDI =Cf (_—“)Whefe Cf:C,‘, X(;)

Sref

ii = compressibility effect on Turbulent skin friction Z " ' ’ ’

(@ =min(Re;,Re,) ¥

Then you need to use this particular procedure. So, the Cp,  will be again the same thing
wing

CDOWing = CDf + CDW

So, Cp, is the wing supersonic skin friction coefficient and Cp, is the wing supersonic wave

Swet
CDf = Cf (Sref>

Cr.
Cf = Cf i <a>

This is the compressibility effect on the turbulent skin friction. So, C, is calculated based on

drag coefficient. So,

where Cy is

the minimum values of Reynolds number either the cutoff value or the standard value. So, you

Cfe

can see that the value of (C ) this ratio can be obtained for various Mach numbers using this
fi

particular line.
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Now, for the wings zero lift drag if you look at supersonic flow depending on the shape of the
airfoil whether it is sharp nose or blunt, there are different procedures available. So, if you have
a sharp nosed aerofoil then you use supersonic linear theory. So, for sharp nosed airfoils
basically there is a supersonic leading edge so, beta into cot of the sweep is going to be more

than equal to 1. So, from there you can get the value of Cp, and Cp, = uses this particular value

Wing Zero-Lift Drag: Supersonic Flow
(Cp,) for sharp nosed airfoils

Cp, = Wing supersonic wave drag coefficient

Obtained from Supersonic Linear Theory

For St | airfoil
Supersonic leading edge
BootAg)2 1 Base Wing Mirteil Sectias
“iBta S,
o, = E(Z) S
Subsonic leading edge
Boot{Ag)<1:

t. S,
CDi = BCO(%E (E) S,—tl

of capital B the B factor for sharp nose airfoils.

So, this B factor depends on whether the airfoil is biconvex or double wedge or hexagonal
depending on the airfoil shape the value of B changes. So, use this particular table to calculate
the value of B and after that beta t/c Se and Srer are already known to you. But, if you have a
subsonic leading edge, then the value of 8 cot Az < 1. So, here the formula changes and you

have you have the value of cot of the sweep of leading edge also coming into picture
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Wing Zero-Lift Drag: Supersonic Flow
(Cp,,) for blunt nosed airfoils
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If you have blunt nosed airfoils, then for supersonic leading edge again the condition remains
the same. So, you can get this used this formula can be used to calculate and if it is a subsonic
leading edge then the formula changes and the Cp,; can be obtained here because it there is a
graph that correlates the Mach number with b Cp;z/AR; . Now B is the wingspan AR is aspect

ratio R is the radius.

So, you know these parameters for an aircraft. So, for various values of the delta leading edge

you can use and get the corresponding value and from there you can get the value of C;, . So,

that much is for the Cp,, . Now, let us move on to get the CDOb L body coefficient.
wing oay
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Cpo body
BODY ZERO LIFT DRAG COEFFICIENT

SUBSONIC
®
Again there will be 3 cases subsonic transonic and supersonic.
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Body Zero-Lift Drag - Subsonic

CD’“Y = Cp’h* CD.' where
.‘ 60 | J 'Sg
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] —— © %]
Closed Body Body Having a Blurt Base Forebody
Body fineness ratio (body length / equiv. dic.) | ly/d
Use Equivalent diameter for non-circular bodies d=S,/0.7854
Max cross sectional area of body (from geometry) : Sp
Wetted area of body surface (from geometry) | 55

i
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In the subsonic case, again the formula is very similar to what you are already used to for
transport aircraft. The only difference is that the value of Ig/d you know depending on what

type of body is used we have to use various formulae to get the correct expressions in this

equation.
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Coo body
BODY ZERO LIFT DRAG COEFFICIENT

(TRANSONIC)
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Body Zero-Lift Drag - Transonic
(Con)b'—' CD[ + CDp+ CDb . CDw

Cpy = Skin Friction drag coefficient =C, S5/5b
C; = Turbulent skin friction drag coefficient for M = 0.6

60
Cop= Cropass [(W) +0.0025 (!B/d)] (%)
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For transonic flow the Cp,

bod would be a sum of 4 components CDf that is the skin friction
ody

drag coefficient. So, with the fineness ratio you can get for various Mach numbers the value of
the wave drag coefficient Cp,_ . So, with this once you get all these 4 parameters, you can get
the value of Cp, .
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Body Wave Drag Coefficient C,,,
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So, what you need is you need the wave drag coefficient as a function of the fineness ratio. So,
the same graph that you saw here for improving the clarity it has been redrawn here in a larger

frame, so, that you can easily use it to get the values of Cj, for various Mach numbers given

the fineness ratio.
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Cpo body
BODY ZERO LIFT DRAG COEFFICIENT
(SUPERSONIC)
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Drag Build-up : Body Zero-Lift Drag - Supersonic
S
CDnb == Cf (5—;) + CDN2+ CDA+CDAN2 + CDb
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Moving on to supersonic flow for a body so, here again the CDOb . would be a sum of these 5
ody

components and each of these components is explained here. And now, we will see the formula

for each of them.
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Estimation of C;, A

i [N
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So, firstis Cp any’ CDan, is this term body after body wave drag. For that you know you can get

the interference drag based on whether the shape has got a blunt body at the end or it has got a
closed body at the end depending on that you can use the corresponding graph.
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Similarly, if you have a Ogive nose for Ogive nose, you can use these parameters to calculate
the value.
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And if you have conical nose, then the graph is this 1 and if you have an ogive knows the graph
is this 1.
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Estimation of C;, | oy
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9 Ogive beat-tails Conical boat-tails
Finally, you have Cp, ,, which again depends upon the shape so either you have a conical after

body or you have an ogive after body depending on that, depending on the boat tail shapes you
can get. You can choose the correct graph and read the value on the Y axis after given the input

from the X axis. So now we come to delta Cp, .
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Determination of Miscellaneous Zero-Lift Drags
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So, delta Cp, is due to various miscellaneous components like canopy, protuberances, nozzle,

boat tail, wing mounted doors, pylon tank etc. So, there are some recommendations given as
the, what will be the drag area for various types. So, incremental drag for external stores and

this is the again the incremental drag for canopy, protuberances and nozzle boat tails.

So, when you have stores, you can use this graph when you have canopy protuberances or
novel boat tail you can use the one on the top and you have to correct for Srer remember. Finally,
we come to Cp, .
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Determination of Induced Drag - Subsonic
1 2
o, = meAR G

where span efficiency factor e is given by

y 2
e= —
2-ARV4 + AR?

0
Cp, now there this is a very simple formula for calculation of the lift dependent drag, but you
can get the more accurate formula for span efficiency factor where this expression can be more
detailed.
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Determination of Lift Induced Drag - Supersonic

Step 1
Estimation of wing C,_- Supersonic

Choose Cy,_ according to taper ratio 4 (tables in next slide)

5
Assume Cy, = (, for small to moderate angles of attack

®
So, what is the procedure first is you calculate the wing C;, supersonic. So, choose Cy,
according to the taper ratio and there are tables shown in the next slide. And for small angles,

you can assume that the normal force coefficient is equal to the lift force coefficient.
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Estimation of wing (, - Supersonic

®
So, you can see a lambda = 0.5, 0.25 and 1 for various values of lambda you have these graphs
available. So, you have to interpolate between them depending on what kind of trailing edge

you have and what kind of configuration do you have.
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Estimation of wing-body (, - Supersonic
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Similarly, if you want to calculate the C;  for supersonic for a wing body so, you can use this
particular graph now, here what you need is you need a factor F. So, C;, wing body is equal to
F times C;, wing. So, C; wing is known to us but C;  wing body for that you need F and F will

come from this graph depending on the various d/b values and for various aspect ratios and
Mach numbers there is some experimental data available through which we can get the value
by interpreting the database.
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Determination of Lift Induced Drag -
Supersonic
2 Supersonic leading edge  * Subsonic leading edge

: ¥ Lift induced d ficient
Liftinduced drag coefficient o o oot
Cg]l =k CE
CD; = k CE
where where :
1 far o —a iy
SR s i
(Cl")wmg-body : Wikg-edy
T where AN = AN .., X (M“ ]
Note: (C;,) wmg_bodylswm b s

Now, let us look at the determination of lift induced drag in supersonic condition depends on
whether you are leading edge is supersonic or subsonic. So, the induced drag coefficient
actually remains the same formula remains the same kC? however, the value of k will change

in the case of a supersonic leading edge you have K is going to be

1
k =

l“wing—body

which we already have, but this is referred to Sret.

But in case of subsonic leading edge, there is this additional term minus AN here this can be
obtained as shown in the calculations.
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Determination of k'and k" and
leading edge suction parameter
! - 1
meAR i

AN

AN =1
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So, for this calculation you need value of k’ and k”. So, these 2 parameters are obtained here.

1

So, they can be obtained here, k” is hereand k' = —
meAR
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