Michael Naper AOE 3114
2011.04.14 Homework 9

Problem 1: Consider a biconvex airfoil in a free stream of Mach 2 where the upper and lower surfaces are given as:

%“: 0.1%(1—%)

% - —0.05%(1 - g)

(a) Calculate the pressure coefficient on both the upper and lower surface of the airfoil if it is flying at an angle of
attack of 0°.

(b) Calculate the lift and drag coefficients on both the upper and lower surface of the airfoil if it is flying at an angle
of attack of (i) 1° and (ii) 3°.

(c) What is the lift curve slope Cy, ,?

Solution:
CldOuty) 14 +) 1 N x
R e R TTA Ed(x/c) |0.05= ( C)] =0.025(1- 22)
_ldGu -y 1d(e=") 1 d TN x
R N C/ARRETTCA [0.152(1 - E)] =0.075(1- 22)

aZ = ljocacz dx = lfoc [0.025 (1 - 2%)]2 dx = 0.208 x 103

af = lfocaf dx = %foc [0.075 (1 - 2%)]2 dx = 1.875 x 1073

(a)

ot wrava 2lwro(i-a)] e2(-2d) i, ox
T ME o1 JME -1 JMz -1 J@r-1 15 ¢

20, 2o -+ @) 2[a0+005(1—2 3] 01(1_2x> 7 )
! 0 _(1_22)

Cp, = \/* =1 IME 1 J@r-1 30
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(b)
4q, 4q, 4/3

z\/M&,—l:\/(Z)Z—lz 3

C, Qo

_4(ad+aZ+a?) 4a?+208x107°) 4V3

C
g JME —1 J2E -1
(|) 0[0 = 10:
C, = 4\/5(10 T ) = 0.0403
L= 3 180°/
4+/3 T \2
— " o, -3 —
b= (1 —1800) +2.08 x 107%| = 0.00551
(i) @, = 3°
4+/3 s
C, T( 'W) =0.1209
C, = 4\/§[(3° " )2 +2.08x1073| = 0.01114
b= 3 180° ' o
(c)
443
CL =

T((Ig + 2.08 x 10_3)
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Problem 2: You are designing a supersonic airfoil to fly at a Mach number of 2 and an angle of attack of 2°. The airfoil is
a double wedge with the max thickness in the center. Using supersonic thin airfoil theory,

(a) Calculate the lift coefficient of the airfoil at the design conditions.

(b) Determine the thickness to chord ratio, t/c, required such that the airfoil will have a drag coefficient no larger
than Cp = 0.1 at the design conditions.

(c) Calculate the pressure coefficient of the airfoil on the upper and lower surfaces at the design conditions if the
thicknessist/c = 0.1.

(d) Calculate the lift and drag coefficients using shock-expansion theory where the airfoil thicknessis t/c = 0.1.

(e) Comment on the difference in results of the lift coefficient calculated with shock-expansion theory and with
supersonic thin airfoil theory. In your response, discuss if and why changing the thickness of the double wedge
will change the lift coefficient in (i) supersonic thin airfoil theory and (ii) shock expansion theory.

t/c

M.
E— W

Solution:
a.=0
x
-, 0<z<05
Olt= x
——, 05<-<1
c
az=0

(a)

_ - = 0.0806
FUME -1 J@r-1
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(b)

(c)

(d)

o= 4(a} +aZ +a?) ~ 4 [(2 ' %)2 + (%)2] 3 @ [(i)z .\ (E)Z]
T mMz-1 J22 -1 ~ 3 [0/ "¢

V3 T\>2 V3 T \?
gz\/rc[,_(%) =\/T(0.1)—(%) = 0.205

2 [— (2°-ﬁ) + (0.1)]
c 2,  2(-aptactay) J(2)2z2 -1
vt Mz—-1 MZ—1 _iz[—(zmﬁ)—(m)]

x
k = —0.1558, 05< z <1

V(2)? -1

x
=0.0752, 0< z <0.5

2[(2° 15g%) + (0.1
c 2a, _ 2(ag —a. + ap) _ ﬁ J(@2)2z2-1

’ [(2 ' %) _ (0'1)] — 00752, 05<><1
c

x
=0.1558, 0< z <0.5

' J2r-1

My =2, 87 =tan"*(t/;) —2° =tan"1(0.1) — 2° = 3.71° - Br, = 33.1°

M, =M, sin(Br) = (2)sin(33.1°) = 1.093 - My, = 09172, % =1.227
1
My, (0.9172) PriL
My, = n___ = 1.867 LT = 0.1570
™= Sin(B —68)  sin(33.1° — 3.71°) R

p
Pr. = AL p. = 1.227p,
P1

My =2, 8 =tan~(t/) +2° =tan"1(0.1) + 2° = 7.71° - B = 36.9°

M,,, = M, sin(Bz,) = (2)sin(36.9°) = 1.201 > Mg, = 08413, e _ 1517

p1

M 0.8413
My, BLy ( ) — 1724 R PsL

= = = 0.1953
sin(B —&8) sin(36.9° — 7.71°)

pOBL

p
DL = %m = 1.517p,

1
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(e)

My, =1.867, 675 =2tan(t/,) = 2tan™1(0.1) = 11.42°
v(Mpg) = 6 + v(My,) = 11.42° + v(1.867) = 34.156° -

~(0.07997)(1.227)
(0.1570)

_ Prr Por PrL

_POTR PrL E e

Prr p1 = 0.6250p,

Mg, = 1.724, 6pp = 2tan"*(t/;) = 2tan™%(0.1) = 11.42°
v(Mgg) = 6 +v(Mg,) = 11.42° + v(1.724) = 29.818° -

~ (0.1043)(1.517)
(0.1953)

Per Pog; PBL

p =
DPoggr PBL P1 !

Pr = p, = 0.8102p,

c c c c
L = pg,, cos bp,, 2 + Ppr COS Opg 2 — Pri, COS Oy, 2 — Prr COS O7p 2

MTR = 2.30,

Mpg = 2.13,

= %{[(1.517) — (0.6250)] cos(7.71°) + [(0.8102) — (1.227)] cos(3.71°)}cp,

= 0.2340¢pw

) c ] c ) c ) c
D = py,sinédypy, 2 + pp,, Sin 8y, 2- Prr Sin 87p 2- Dgr Sin 8gp 2

= %{[(1.517) — (0.6250)] sin(7.71°) + [(1.227) — (0.8102)] sin(3.71°)}cp,

= 0.0733cpe,
L/c 0.2340cpy)/c
€ =1 e _ (1 P=)/C _ 0836
5VPuMé 5 (1.4)pe(2)?
D/c 0.0733cps)/cC
¢, =2/ ¢ P=)/C _ 0262

1 1
5VPuMé 5 (1.4)pe(2)?

(CL)thin airfoil theory = 0.0806

(CL)shock expansion theory = 0.0836
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PTR _ 0.07997
pOTR
PER _ 01043
pOBR

The lift coefficient provided by shock expansion theory is only slightly higher than that provided by thin airfoil theory.
Increasing the thickness-to-chord ratio for (i) supersonic airfoil theory will not change the lift coefficient, but for (ii) shock
expansion theory will increase the lift coefficient as thickness will affect the angles the flow will encounter.
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Problem 3: A diffuser has a constant area until the area shrinks by means of a sudden turn at an angle of 4° on the upper
wall and 8° on the lower wall. The Mach number in the diffuser before the turnis M = 3 and the pressure is 200 kPa.

M=3 »

(a) Determine the shock angle, Mach number, and pressure on the upper wall just after the 4° turn.

(b) Determine the shock angle, Mach number, and pressure on the lower wall just after the 8° turn.

(c) Determine both reflected shock angles, the direction of the flow, and the Mach number and pressure in the
regions after the reflected shocks.

Solution:

(a)
My =3, &, ,=4° > By, =2235°

My, = Mysin(B;,) = (3)sin(22.35%) = 1.141 - My, =08813, (&) =1.352

. = M, _ (0.8813)
2u " sin(B,, — 6y,) sin(22.35° — 4°)

= 2.799

p,, = (%) p, = (1.352)(200 kPa) = 270 kPa

17y

(b)
My =3, &,=8 > By, =25.61°

My, =M sin(B;,) = (3) sin(25.61°) = 1.297 - M,,, = 0.7876, (&) =1.795

n
pll

o = Mz, _ (0.7876)
2" sin(By, — 8;,)  sin(25.61° — 8°)

= 2.603

P, = (?) p, = (1.795)(200 kPa) = 359 kPa

171
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(c)

p=6,-8,=8-4=4°

My, = 2799, &, =6y, +¢=4°+4°=8° > By, =27.16°

My, =M, sin(B,,) = (2.799) sin(27.16°) = 1.278 - M, =0.7976,

(%j)u - (z_z)u (p—j>u — (1.738)(1.352) = 2.350

My, =2.603, &, =08, —¢=8—4°=4° > B, =25.58°

M,,, = M,, sin(B,,) = (2.603) sin(25.58°) = 1.124 - Ms,, = 0.8936,

n n

(z_j)l - (f)_z)l (f)—i)l = (1.307)(1.795) = 2.346

2.350
p3—“=(p—3) (p—l) _23B0_ 002 o ¢ OK
ps3, b1/, \P3/, (2.346)

M, (0.7976)

" sin(B,, — 8,,) sin(27.16° - 8°)

Py, = (;ﬁ) py = (2.350)(200 kPa) = 470 kPa

17y

My, = M5, = 2.430

p3l = p3u = 4‘70 kpa

(&) = 1.738
b2/,

D3

) = 1.307
l
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Problem 4: Consider a supersonic flightier jet flying at a Mach number of 2.6 at an altitude where the pressure is
60 kPa. The nose of the aircraft is a cone shape with a cone angle of 28°. The supersonic flow generates a conical shock

wave on the nose of the aircraft.

(a) Determine the Mach number and pressure in the region after the shock.
(b) Determine the Mach number of the flow on the cone surface.
(c) Determine the pressure coefficient on the cone.

Solution:

(a)
M, =26, &=14° > B =3475°
My, = M, sin(B) = (2.6) sin(34.75°) = 1.482 > M, =0.7076, P2 _ 5395

P1

" - My,  (0.7076)
27 sin(B —8)  sin(34.75° — 14°)

= 1.997

p, = %pl = (2.395)(60 kPa) = 143.7 kPa
1

(b)
— j— o j— 1 — 5
M, =26, o=14 - 6, =018, 1-7-=057

c

1
1-2-=057 > M =233

c

Cp — Pc — D1
c 1 2
jylel

1 1
=018 > pc=5(018)ypM} +py =5 (0.18)(1.4)(60 kPa)(2.6)° + (60 kPa) = 111.1056 kPa



