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Supersonic Airfoils

« Early on in supersonic aircraft
design, recognized that thin
airfoils with sharp edges were
advantageous

— avoid detached
shocks

— reduced drag

+ Examine use of analysis
based on oblique shocks
and expansions to investigate
aerodynamic forces on an
airfoil in supersonic flight
conditions

— shock-expansion theory
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Shock-Expansion Theory
» Goal is to determine/estimate lift and drag
coefficients for thin supersonic airfoils

« Limit focus to airfoil shapes composed of straight
line segments connected by sharp angles
P1

* Recall from mom. conservation P3
for CS around body (or from statics)

z IE’body = z IE>sun‘a1ce

— assuming inviscid flow, just need to know
pressures along surface
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Example Thin Flat Plate

» Begin with “thin” flat plate at angle of attack (o)
to oncoming flow

— thin means can
ignore thickness
» What will flow look like?
— below?

+ attached oblique shock below plate
to turn flow downward

— above?
» expansion fan above plate to turn flow downward

« Can use what we've learned to calculate
pressure after turns (upper and lower sides), but
first let’s examine lift and drag coefficients
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Thin Flét Plate Lift and Drag Coeffs.

» Recall lift and drag coefficients for 2-d airfoil
_Ls . _Dis

q.c q..C .
 Also, lift and drag are

defined relative to the ”

oncoming flow direction

— S0 to get lift and drag per span, we can

use the projected “area”

Ez(pI —p, )xc(cosa) %=(IO| ~p,)xc(sina)

* Flnally, u =a M, p.. = p.RT,
0, =2p.u =3p,(RT, M2 =5p M2

C,
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Thin Flat Plate Lift and Drag Coeffs.

e Combining, we find  Lift, drag coeff. functions only of flight
C, = ﬁ

2 D D Mach number and angle of attack
—| = cosa

Cy = 2 [ﬂ—&Jsina Po ——

2 ]

M P P For flat plate, L/D=f(M,)

* So what we have to find to determine lift and
drag coefficients for our airfoil is

— p/p.,, the pressure ratio across

the oblique shock Wave pressure ratios
functions only of M,

— pJ/p.,, the pressure ratio across and turn angle
the PM expansion

_
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Thin Flat Plate Pressure Calculations

» Lower side — oblique shock
— 18t determine turn angle

 from geometry = o Mo
— from V.B22 p°°
Py _ ¥ 2y MZsin?@ - r-1
p, r+1 y+1

« and 6 from V.B26 or 27 using a as turn angle
» Upper side — PM expansion 17Ty )t
— get p from isentropic relations

b 2
— and get post-expansion Mach
number from PM relation (V.C3 or 4)
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Th|n Flat Plate: Results

* Results of this analysis 08
shown for air (y=1.4) and B
M,=1.5 06 ¢

+ Lift and drag increase
with angle of attack o F

— larger p,— p, } o e
* Very high L/D for small 0 .
angles

— only included wavean.. ! —
form drag 05 /ﬁ/

— neglected viscous (skin ., 0
friction ) drag

icti Drag Polar
* ¢, Vs ¢y called Drag Polar 05t wo__—

— symmetric about 0 AGA = :
for symmetric airfoil 0 0.05 01 0.15 02

04 [

Cy, Cy

______
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Thin Flat Plate: Trailing Edge

« What happens at trailing
edge of our airfoil? -
« Boundary conditions past plate?
— pressure BC?
* must match across streamlines
* P, <p SO...
* but what is final pressure?
— use velocity BC
« directions must match (parallel streamlines)
« will this produce horizontal flow?...up?...down?

_
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Exampie: Diamond Airfoil

« Given: Symmetric diamond airfoil flying

supersonic at 50 kft P
M,=2.0
- M_=20 —

— 20° leading edge —
— 5° angle of attack
« Find: lift and drag coefficients will

need to find pressures along each
surface

« Assume: airis tpg/cpg with y=1.4,
isentropic flow except in shocks
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Diamond Airfoil: Flow Features

* Analysis:
+ To find lift and drag P

coefficients will need to find M==20 9

-5
pressures along each surface —— = “‘W. P,

_

* What will flow look like? Ps
— upper surfaces
* 5° upward turn
 then 20° down
— lower: —
» 15° downward turn
* then 20° up

Ps
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Dlamond Airfoil:
* Analysis:

First find pressures

Surface Pressures

— surface 1, after shock

surface 4,

surface 3, after shock

surface 2, after expansion

after expansion
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Dlamond Alrf0|l Lift and Drag Coeff.
« Analysis: Lift/drag coefficients
_Lfcs . - D/cS P,
CEeMI T ppMI M2
* Use projected “areas” in

horizontal/vertical directions —

!

%: 2(p, c0s15°+ p, cos5°)—(p, cos5°+ p, cos15°) el

_ (G2

—s0 . . cos10°
c, = s cos150+ Lo cosse || P cosset P2 cos15e
cos10° M2 | p,, P

pOO pOC

Cy = ! 12 Puginse s Pssingse || Pzsinise+ Pesinse
cos10° M [\ p, P p
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Dlamond A|r;‘0|l Lift and Drag Coeff.
- Analysis: Numbers M, =2 o,
mg

P4
c, = L L[ Ps cosa50 4 Pacosse |~ [ P cosso+ P costse
€0s10° M 2

rx: 0 o 0

1 1 [(2.195cos15°+2.195(0.3457)coss°) }

(':

cos10°1.4(2f |~ (L.315c085°+1.315(0.2990)cos15°)

0.8

T 40

Cf = 0215 Cd = 00933 0.6 gcl/c:\_ M.=15 ¢ 1 30
—-solL/D=2.3 L50.4 \'\\- 1 zog
* << result for 0z | / """"" T 0
flat plate at 5° AOA | =i -7 o
. Whyf) 0 4 8 12

Angle of Attack
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