UtahState Section 7, Lecture 3: s meegzrme

UNIVERSITY ] engineering
Effects of Wing Sweep

All modern high-speed aircraft have swept wings: WHY ?

MAE 5420 - Compressible Fluid Flow * Not in Anderson 1
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Supersonic Airfoils cevisica

* Normal Shock wave formed off the front of a blunt leading
causes significant drag

Detached shock wave

Area of very high pressure and

density (causes a lot of drag.) . 1.0 »
Localized normal shock wave . 2.0
Credit: Selkirk College Professional Aviation Program 25
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Supersonic Airfoils cevsied.2)

* To eliminate this leading edge drag caused by detached bow wave
Supersonic wings are typically quite sharp at the leading edge

e Design feature allows oblique wave to attach to the leading edge
eliminating the area of high pressure ahead of the wing.

The sharp leading edge allows the bow
wave to attach, elliminating the area of
high pressure. Thus, there is much less

Ideal Supersonic Airfoils

Bi-C: Airfoil d rag [
’
Double Wedge Airfoil 1 -0
oy % 5 1.5
* Double wedge or “diamond
4 : . 0 .
Airfoil section 2
Credit: Selkirk College Professional Aviation Program 2.5
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UNIVERSITY Wlng Design 101

e Subsonic Wing in Subsonic Flow e Subsonic Wing in Supersonic Flow

J—m

N\
,,,,,

e Supersonic Wing in Subsonic Flow \\\ \

Flow Separation A CONnuUn drum.’

——%LX * Supersonic Wing in Supersonic Flow
7 = —

 Wings that work well sub-sonically generally
don’t work well supersonically, and vice-versa

M>1

- Leading edge Wing-sweep can overcome M> 1

problem with poor performance of sharp leading
edge wing in subsonic flight.

MAE 5420 - Compressible Fluid Flow
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U N I V E R S I T Y Engineering

e Compromise High-Sweep Delta Hiohlv_S DeltaWine des
design generates lift at low speeds 1ghly-Swept Delta-Wing design ...

by increasing the angle-of-attack, works “pretty well” in both flow regimes

but also has sufficient sweepback
and slenderness to perform very

, | Supersonic Subsonic
efficiently at high speeds.

N . _ Low—a High-c
* On a traditional aircraft wing a i
trailing vortex is formed only at

the wing tips.

* On a delta-wing at low speeds,
the vortex 1s formed along the
entire wing surface and produces
most of the lift.

* Vortical-lift generation at high
angles-of-attack 1s fundamental for
reentry vehicles like the Space

Shuttle to be able to fly at slow \§ \ / v
speeds. zvmz alad s
Il
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UtahState  \Wing Design 101 .,
* In subsonic flow at high a the boundary layer can't follow the sharp curve around the leading edge
and separates from the surface, as it roles up into a leading edge vortex (LEV) that produces lift on

the upper surface.

* On a wing without sweep the LEV can only stay on the wing for a few seconds before it expands to
the point where it has to separate from the wing and then the wing stalls, this event is called
"dynamic stall".

* As wing sweep increases the LEV remains on the wing longer before breaking down until the
sweep angle ireaches 55 degrees.

e At 55 degrees sweep the spanwise component of flow is strong enough to push the axial component
of the vortex toward the tip thereby creating a stabile, non expanding, cone shaped vortex.

F

¥4
72 B
"-ét:

Leading edge ‘_of seed creates vortex lift:
maple

Japanese maple seeds / Liz West / License
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UNIVERSITY Critical Mach Number

* As air expands around top surface near leading edge, upper

surface velocity and Mach increases

» Local M > M,

Engineering

Local M, =0.43S/
Moo= 0.3
Q * Flow over airfoil may have sonic

@) regions even though freestream M., < 1

Local M, =0.772

1s Freestream Mach

Moo=0.5 ® e Critical Mach number, M.,
| number at which the local Mach number at some

() point on the airfoil becomes sonic.
Local M, =1.0 Beyond M, a substantial swath of upper surface >
Moo =M_, = 0.6l M =1

()

- Drag on Airfoil begins to rise From its

== < Sonicline where M = 1 jncompressible value once M cr 1S reached

-~ N\
i M>1 \

it C> e Corresponding pressure coefficient is known as

L Credit: D. R. Kirk
M FIT, 2011 (d)

critical pressure coefficient, Cpcr
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A second point of more rapid drag rise on the airfoil occurs when at
Mach number slightly greater than M., and the corresponding

freestream Mach number is referred as the “Drag Mach Number,”

drag—
divergence

Divergence Drag
Typically Associated

with Shock Wave
Formation

I
|
|
|
|
I
I
|
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o

cr M drag Mo,

divergence
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UNIVERSITY CRITICAL, DIVERGENCE T
M<] Mach Numbers
i’

o (’f \__

M < My

{a) ‘bubble’ of supersonic flow

NACA-0012
Mys=0.800

T
- e M >
ok
divergence -
(b)
M </1./""' Shock wave
o7M > M< ]
Moo > Mg Separated flow

divergence
Credit: D. R. Kirk
() FIT, 2011
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CRITICAL, DIVERGENCE Mach Numbers (,,

Iifc[ < I‘!w < ﬁ{{s:ag

divergence

M< Veo

i
,m_f“’_ (o"———\ i‘!w > fudrug

divergence
Mo, < M,

Separated flow

e Sharp increase in Cp, 1s
combined effect of
shock waves and flow

C’D

I Mainly wave ¢rag

Subsonic Cp separation
Varies as ~ ¢ MODERN AIRFOILS
1 > AND AIRPLANES
ﬁ ggc“asi‘;’ﬁi‘s’“ic TRY TOMOPERATE
© ’ NEAR POINT “b”

approximately as
]

Profile drag

1
»l
1
1

b rith W bt fobiisn, damas s — e —

}
)
U
1 |
I | Credit: D. R. Kirk

L FIT, 2011

T 1.0 oo
MAE 542( Hirog e ‘
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CRITICAL, DIVERGENCE Mach Numbers

IMechanicIledrenospace)

Engineering

————————

Only at transonic and

| Jriction " " pressure; | wave N gynersonic speeds
____________________ |~ == Dyu.= 0 for subsonic speeds

Profile Drag
Profile Drag coefficient
relatively constant with

Mainiy wave drag

below Mdrag—divergence

«— Viscosity Effects

Sound barrier

NI

M., at subsonic speeds Subsonic |
Varies as ~..\ | .
1 i Supersonic Cy,
I .
| Varies as ...
Credit: D. R. Kirk ]. - Mi : 1
FIT, 2011 |
Profile drag i
i
]
i
]
!

MAE 5420 - Compressibi

©
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Correcting for Compressibility

* Several Simple Transformations exist that allows us to take
compressible transonic flow and map back to an “equivalent™
incompressible body

e Equivalently, compressibility corrections allow the pressure
coefficient of an incompressible airfoil to be transformed into
compressible flow on the same body. Since inviscid lift and
drag are related directly to the pressure coefficient, similar
corrections hold.

e Transformations are written as a function of Freestream Mach

number.
{CL,CD,CP}MOO = {CL’CD’CP}M:() 'f<Moo>

MAE 5420 - Compressible Fluid Flow
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Correcting for Compressibility

e Prandtl Glauert Rule: FIRST-ORDER CORRECTION, the
pressure coefficient, 1.e. profile (pressure) drag at any point on a
thin airfoil surface in a subsonic compressible flow 1s related to
the pressure coefficient at the same point on the same airfoil in
incompressible flow by

{CL,CD,CP}M_O

{CL»CD»Cp}MOOE = i}

e Correction valid from approximately M., to about M=0.9

e Correction Not Valid in Supersonic Flow

e Applies to Wave and Profile Drag Only

MAE 5420 - Compressible Fluid Flow
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Correcting for Compressibility

e Karman-Tsien Rule: FIRST-ORDER CORRECTION, the
pressure coefficient, 1.e. profile (pressure) drag at any point on a
thin airfoil surface in a subsonic compressible flow 1s related to
the pressure coefficient at the same point on the same airfoil in
incompressible flow by

{c.c,.c} = 1CoCrCol

R
1—Mjo+1+ 1—M;' L szMo

 Correction valid from approximately M,,;, to about M=0.98
e Correction Not Valid in Supersonic Flow

e Applies to Wave and Profile Drag Only

MAE 5420 - Compressible Fluid Flow
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Correcting for Compressibility «

 Laitone’s Rule: Better Accounting for Isentropic Compressibility,
and Heating of Local airflow

{CL,CD,CP}MZO

R =

e[ e e
J1- M2+ Y= =

1+

» Ackeret Rule: the pressure coefficient, 1.e. profile +wave drag
at any point on a thin Airfoil surface in a supersonic flow at M,
1s related to the pressure coeftficient at M, at the same point on the
Airfoil by (Applies to Wave/Profile Drag Only)

{CL’CD’CP}M2 — {CL’CD’CP}MI \/%
2

MAE 5420 - Compressible Fluid Flow
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Compressibility Transtormations )
CD, CL, orCp

-

Prandtl-Glauert -

l.8- . Karman-Tsien
. . Subsonic Cp, ‘ Ackeret
Varies as ... \ Laitone NN

CD, CL, or Cp
n

0.8- : — -h‘-

0.6- | 1 —
/] Supersonic -

0.4- — bk Cp Varies as

0 02 04 06 08 1 12 1 4 16 '8 2
Mach Number

MAE 5420 - Compressible Fluid Flow
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uNniveErsiTY  Calculating Critical Mach Number e

J—— _ Myeax = 1 0, sonic flow first encountered on air{oj

P — [r————_d

Critical Mach number

for the airfoil Calculate My, ... Freestream Mach

number that leads to M=1 on upper
surface
\QA A
C, = PM=1__ Po _ Pu=s1 — Po _ 1 _ (pM=1 _1J
q ; p. M2 | Lo |\ Pe

_)pM=l :pM=1 .POoo —
poo PO poo

0

MAE 5420 - Compressible Fluid Flow



Stephen Whitmore


Stephen Whitmore



UtahState INtechanicslladrenaspac el
UNIVERSITY Calculate Mg TOTTEE

1. Plotcurve of C, .. vs. M,

2. Obtain incompressible value of C, ,;, at minimum pressure point on given airfoil

pCr

3. Use any compressibility correction and plot Cp vs. M.,

— Intersection of these two curves represents point corresponding to sonic flow at
minimum pressure location on airfoil

— Value of M,, at this intersection is Mg

Cp _
Cp min, M=0 1 7_1 2 ﬁ
. o) l+—M -
c (M )=|——| 2 O
-~1.0F Upper surface 2
GZA/’_—“—*‘K 1o xle C
05 " Lower surface B p | O
9 3 C, = =
2 ("'P'U P 00

FIT, 2011

|
|
|
|
Credit: D. R. Kirk :
|
|

MAE 5420 - Compre: M=U M, Mo
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UNIVERSITY Effect of Wing Thickness on My, )

E
é Thick >
5
; Thick airfoil
7 Medium >
5& Thin C i
| = f(Moo)
I
{ Note: thickness is relative
l N to chord 1n all cases
] Ex. NACA 0012 = 12 %
(lhuk) (Ilun)
’ll

(mcdnum)

e Thick airfoils have a lower critical Mach number than thin airfoils
e Desirable to have MCR as high as possible

e Implication for design - high speed wings usually design with thin airfoils

Credit: D. R. Kirk

MAE 5420 - Compressible Fluid Flow FIT, 2011
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14 ¢ "é
//

\

7

F-86
mwk//
Vv

124

2

Thickness to chord ratio, %

Harrier II
\
Grat %arrlcr [

6l M‘ao,//%
)

INechanicSledrenospace)

Engineering

Effect of Wing Thickness on Mg, (,

' A-10
Root: NACA 6716
TIP: NACA 6713

F-15 |
Root: NACA 64A(.055)5.9
TIP: NACA 64A203

e Faster top speed,
0 5} ¥ A ? : o T .
s ro a5 2% %5 3° Kiner wing cross
Credit: D. R. Kirk SECtiOH

MAE 5420 - Compressible Fluid Flow

FIT, 2011
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Example Calculation for Critical Mach

Number
e Consider the pressure NACA 0006 Airfoil NACA 0018 Airfoil
distributions on NACA 0006 _]at 0 deg. angle » at 0 deg. angle of
and 0018 Airfoil sections at ] attack -1 attack

zero angle of attack and with ¢ .

no wing sweep

4
1
& (\\ a.j
it ] 8.200 ' )
 Calculate the critical drag ; 2&@“ 3% &‘ﬁ“m g‘g
rise (subsonic) mach number ci 8.088 i -9.¢83
. RE  206e08007. RE 2020003,
on each section 1] I | o o1t

e Compare results ... what ] N ; C>
can you infer? * j

MAE 5420 - Compressible Fluid Flow 21
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oniveRsiTY- NACA 0006 at 0°«r o

) 1+L_1Mjo -
¢ (M >: 2] 2 —1
L Py MO L e
NACA 0006 Airfoil 7 e

1at 0 deg. angle of

‘I.J
i attack

©  Cp,. ~-021

Cp cr plot

.
0‘: T\\

: HACH 8.200

1 ALPHA 0,060

; (w8 ~3.000

b Cﬂ 0.%3

d RE 628007 .

g v 0.0860

S t— ]

4

! 0-3 1 ] ] ] ] i 1 1
1 S O Susp—— 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

M., = 0.8239 ”

MAE 5420 - Compressible Fluid Flow
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NACA 0018 Airfoil
» at 0 deg. angle of
-!_3 attack

P | [

B

]

1 HACH @.2¢9
ALPHA  0.200

' L 0.280

) tH -p.ae3
RE 2020003,

1 ccv  @a.e1e

L

LB S St S She S s S SN g ™rerr-m™

¢ Cpmln ~-0.62

INTechanicSfEdrenos pace)

Engineering

NACA 0018 at 0’

Cp cr plot
-7-

Cp min 7
Cp crit - 7

Solution [Nt

0.6 0.7 0.8 0.9 1
Mach

8.80 0.50 .o .08

_MAE 5420 - Compressible Fluid Flow

—>Clearly the 3 x Thickness lowers
—>Critical Mach Significantly

Mcrit - 0.6835

23
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e Now consider the NACA
0018 airfoil section at 6
degrees angle of attack

 Calculate the critical drag
rise (subsonic) Mach
number

e Compare with 0°a results
... what can you infer?

Mechanicalcd

Engineering

Example Calculation for Critical

Mach Number @ Angle of
Attack

NACA 0018 airfoil
At 6°cx

43
4
1
P
8,
9.202
1 ALPHA 5.982
1 o 0.548
4 o 9.097
RE 2029823,
1] eV 3.2132
J C I
- 3 [ S P P SO

rrrrrrr

MAE 5420 - Compressible Fluid Flow
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Cp,,. ~-1.87

vvvv

INTechanicSfEdrenos pace)

Engineerin

NACA 0018 at 6°«

Cp cr plot

Cp crit -

Solution [

0-| 1 1 1
0.5

i
0.6 0.7 0.8

Mach

—>Increased angle of attack, lowers
upper surface pressure and as a result
Lowers critical mach number

considerably Y 04976
crit — Y-

MAE 5420 - Compressible Fluid Flow

25
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Engimeering

Effect of Wing Thickness on Mg,
e Whitcomb Supercritical Airfoil

Conventional Airfoil section

* Supercritical Airfoil section

/ / S Yremd

Shock wave onset delayed by shape

MAE 5420 - Compressible Fluid Flow of wing upper surface
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M_=M,_-cosA

* Wing “sees” only
Component of Mach
number normal to
leading edge

* By sweeping wings

of subsonic aircraft, drag
divergence 1s delayed to
higher Mach numbers

MAE 5420 - Compressible Fluid Flow



Stephen Whitmore


Stephen Whitmore


UtahState INtechanicsledhienospace,

UNIVERSITY Effact of Wlng Sweep on MCR (2)

Vo dF M , —
* Assume 3, for Moon = Moo -COS A
wing =07

[ - Ajrfoil section
"1 with My, =0.7

Now sweep the same wing by 30° Allows ngher M before
(@) transonic drag divergence

T 0

M, for swept wing = s 30° :

0.7 |

______ ~ D86 08T
Airfoil “sees” only

this component
of velpcity

Airfoil section
with M, =07

Credit: D. R. Kirk
FIT, 2011

(b)
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e Swept Airfoil:

IMechanicIlcdrerosSpace]

Engineering

Effect of Wing Sweep on My, (3,

— Airfoil has same thickness but longer
effective chord

— Effective airfoil section is thinner

— Making airfoil thinner increases critical
Mach number
e Sweeping wing usually reduces lift for
subsonic flight .. Thus required larger
wing surface for equivalent lift

. — — — — — —— — r— r—

'y
!
]
I
|

i

0 106

f
i

[l
X

Segment of
swept wing

Y

(.'2'»1 l.‘“(.‘]

¥ A

Segment of
Y  straight wing u‘

A AAAAR VMAAA MAAE WA AAAmA amar

Credit: D. R. Kirk
FIT, 2011

{a) ()
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INTechSnicS)Erenos S ce)

Engineering

Wing Sweep in Subsonic Flow

16 —

12 -

Lift-drag ratio L/D

L

M = 0.6 at 30,000 ft

| | | 1 °

40

60 80 100 120

Wing sweepback angle, deg

Wing sweep beneficial in
that it increases drag-
divergence Mach number

Increasing wing sweep
also reduces the lift
coefficient

Significantly reduces L/D
for Subsonic Conditions

Significant Decrease in
wave Drag for Supersonic
Conditions

Improved Supersonic L/D

Credit: D. R. Kirk
FIT, 2011
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Example Calculation for WING
Now consider e naca O WEEP EFFECT ON Critical
0018 airfoil section at 6 Mach Number

degrees angle of attack

NACA 0018 airfoil
 Calculate the critical drag At 6°c
rise mach number assuming _ \
a 30° A leading edge wing .
sweep o 1
.
2.282
1 ALPHA  5.083
i L 0.546
cH 0.887
/ RE 2220823.
1) eV 9.2132
R
2]

r - PR —————"y

8.02 8.58 y,o i.80 39
MAE 5420 - Compressible Fluid Flow
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From Previous, NACA 0018 at 6°«

Cpmin ~ -1 87 Cper pl_ot

9
0
f
o]
| |
q
q
g
o]
|
q
il
g
g
1]
q
|
q
1]
[
g
5]
g

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Mach

Mcrit — 0 4976

MAE 5420 - Compressible Fluid Flow 40
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NACA 0018 at 6°a with 30 deg. Sweep

2.
CPuin ~ -1.87 -2 30° A leading edge wing sweep
i wj M, = \/ML2 +M,,° = \/(M,c sinoz)2 + (Mgc cosa cosA)2 -
e Mx\/(l — cos’ a)+ cos’ a(l —sin’ A) = M_1-sin? Acos’ o
(M.,
| / X J1-sin®A - cos’ a
11 oy 3.2132
0.498 =0.5740
= 03

z in( = ™))’
) (1— (sm(@%)-cos(@())) ) 159 Tnerease

@ zero sweep M.,;, = 04976 4
MAE 5420 - Compressible Fluid Flow
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Effects of Wing Sweep in Supersonic Flow

——— ] ——————

e If leading edge of swept wing is outside Mach cone,
component of Mach number normal to leading edge
1s supersonic - Large Wave Drag

e If leading edge of swept wing is inside Mach cone,
component of Mach number normal to leading edge
1s subsonic - Reduced Wave Drag

e For supersonic flight, swept wings reduce wave drag

e Increase L/D

MAE 5420 - Compressible Fluid Flow !
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Equivalent Flow on Swept Wing at Angle of Attack

Engineering

e Freestream Mach number resolved into 3 components
i) vertical to wing ...
ii) in plane of wing, but tangent to leading edge
iii) in plane of wing, but normal to leading edge

MAE 5420 - Compressible Fluid Flow 32
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Equivalent Flow on Swept Wing at Angle of Attack (,,

i)Mvert
)M, =M _cosasin A
)M, =M _cosacosA

=M _sina

MAE 5420 - Compressible Fluid Flow 33
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UNlVERS'TY Engineering

Equivalent Flow on Swept Wing at Angle of Attack

L

e Equivalent Mach Number normal to leading edge

M, =M*+M,, \/ sma +(M, cosa cosA)2 =

Mw\/(l— cos’ oz)+cos2 a(l —sin® A) = M_~J1-sin® Acos’ &

MAE 5420 - Compressible Fluid Flow .
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U N l V E R S I T Y Engineering

Equivalent Flow on Swept Wing at Angle of Attack

e Equivalent angle of attack normal to leading edge

tan(a )_Mvm_ M _sino _tan(a)
“/° M, M_cosacosA cosA

MAE 5420 - Compressible Fluid Flow 3
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Equivalent Flow on Swept Wing at Angle of Attack s,

e Equivalent chord and span

e Chord is shortened
Cog = c[cos A]

b * Span is lengthened
cos A

eq

MAE 5420 - Compressible Fluid Flow 30
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UtahState
UNIVERSIT Y. .
Equivalent Flow on Swept Wing at Angle of Attack

e Equivalent Lift Coefficient (normal to leading edge)

L L
CLeq — 7/ b — 7/ ju—
2
2p°°M“126[COSA][cosA} EPOOMeq cb
/\ L _ CL
2 2
Wl—smzAcosza) (l—sm A cos a)
e Equivalent Drag Coefficient ( r’z/ﬁ'mal to leading edge)
D /cosA D /cosA
Co, = 1= .
“p.M “clcosA ~p.M, ch
o Pl | ]l:COSA:| o Pl
D /cosA C,/cosA
- ) 2
4 Moozcb(l—sinzAcosza) (l—sm Acos a)
37

51900

MAE 5420 - Compressible Fluid Flow
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U N I V E R S I T Y Engineering

Equivalent Flow on Swept Wing at Angle of Attack

* Solve for true (whole wing) C; , Cp, L/D

L
C, = CLeq (1 —sin® A cos’ a) L\A(D)

> |— = A

Cp=Cp, COSA(I —sin® Acos’ a) D cosA

* Whole Wing Lift Coefficient 1s reduced by sweep
e Lift-to-Drag ratio L/D increased by 1/ cos A

MAE 5420 - Compressible Fluid Flow 58
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UNIVERSI
Example Symmetric Double Wedge
e 5° ramps, M, =2.00 AH‘fOll
* Total chord: 2 meters L —
Mg cos o e —, o
* Fineness ratio (t/c): 0.08749 ot /8. JA Deosh /A S
KON "T:' o 0 yan l-—\c
e o = 5° %; _ / : 0 {Mm :;_s o :L;§<‘-—§T

i/ i o
(%)
c O/v

1.0- SEEAEEAAEE SRERAREREE
o0.s-B ° 30 deg wing sweep

0.6-
0.4-
0.2-
0.0-
-0.2-
-0.4-

B “Sectlon A- A”
~0.8-

| -1.0-) 1 1 1 1 1 1 42
-2.0 —1 5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
- |
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UNIVERSI

Equivalent Airfoil
*5.769° ramps, M, = 1.7342
 Equivalent Chord: 1.732 meters

* Equiviv. Fineness

ratio (t/c): 0.101026

*x..=5.769

Airfoil (2)

PA=EETEE] & (RISFEE e

Enoinererringg

1.0- |
* ook at Equivalent

0.8-
0.6~ mm . .
[.eading Edge
0.4-
0.2-
0.0~ Semsssmsns
0.2-

0.4-

Section Perpendicular to

Example: Symmetric Double-wedge

Moo e
\ My sino
MmpcosAcoso

Section 8-

Ciosl

(c)

_________________________

..............

ke
-

0.8~
1.0 : :

-2.0 -1.5 -1.0 -0.5
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Example: Symmetric Double-wedge

Equivalent Airfoil Air fOil (2)

* 5.769° ramps, M, = 1.7342
[
* Equivalent Chord: 1.732 meters 5
ecli =
DcosA A a | cc::s: :
* Equiviv. Fineness A 7y LMOOB r— :-‘j-
iviv. SRR
ratio (t/c): 0.101026 b "'=r-\——-"\ : ;
Mg sino
MxcosAcosa (¢}
® Glq = 5.769°
0s-M ° Look at Equivalent
oM Section Perpendicular to
' Leading Edge
0.4~ mm
0.2-
0.0-
0.2-
0.4~
0.6~ mmm X
.. 888 “Section B-B
r1.0-) I I I I 43
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U N I V E R S I T Y Engineering

Example: Swept Symmetric Double-wedge
Equivalent Airfoil Alr fOll 3)

* 5.769° ramps, M, = 1.7342

M, = M_~1—sin> Acos’a =

* Equivalent Chord: 1.732 meters

. ?i?év(ltjcfl?znelssb 1026 2 (1 — ((sin (i 30)) COS (i 5)) 2) - = 1.7342

180 180
® Oleg = 5.769°
T
B ] tan { —35
1 tan(a) 180 <180 )
o, = tan — — atan
e Equivalent Section ¢q cos A n oS (i 3())
Perpendicular to - - 180
Leading Edge = 5.769°

¢,, =c|cos A]=2cos (%} 30)

- - =1 732 44
MAE 5420 - Compressible Fluid Flow
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UNIVERSITY Example: Swept Symmetric Double- wedge™ "

Equivalent Airfoil
* 5.769° ramps, M, = 1.7342
e Equivalent Chord: 1.732 meters

* Equiviv. Fineness
ratio (t/c): 1.01026

® Oleg = 5.769°

Cumulative Lower Surface
Properties

All’f Oll (4)

Cumulative Upper Surface
Properties

0.5525 |1 0.8441 |§ 1.000000

11.0311¢/81.0159 §§0.975744_

b
A e Equivalent Section
COS / Perpendicular to Leading Edge
il P . |
2 \J 5 PJsm(6+a )+L _4J5m(6_aeq)
2co0so %MZ (}f IP;) cos(5+06 )_,_(i_ P}cos(6 Q, )

MAE 5420 - Compressible Fluid Flow
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Engimmeering

Example: Swept Symmetric Double-wedge

Equivalent Airfoil

5.61239

Airfoil (5)
e Compute Lift, Drag Coefficient, L/D of Swept Wing

C,=C,_ (1 —sin” A cos’ a) =

0.29212 (1 - ( sin(io30) -cos(ios.769) ) 2) I
* a Some Loss of lift

»
C,=C, cosA(l—sinzAcosza): /
=0.0339213

0.05205 < COS(I—J;()?;O)) (1 — (sin(%):),()) 'COS(%5_769))2)

Significantly higher drop in wave drag!

* 30 deg wing sweep

> L/D gyept wing = 0.219828/0.0339213=6.4805

MAE 5420 - Compressible Fluid Flow

46



Stephen Whitmore



UtahState

UNIVERSITY

e Compare to Unswept airfoil

with same Swept geometric cross
Section,

e 5deg ramps, M = 2.00
e Total chord: 2 meters

e Fineness ratio (t/c): 0.08749

e =5deg

(

] )
Co | 1 1 y
C, | 2cosé Y 2

2

(;)—2—;)—5) sin(6+a)+[%—£—4) sin(8 —a)

(&P

kP —P—S] -cos(5+a)+(1}:—4—§} cos(6 - a)

MAE 5420 - Compressible Fluid Flow

INTechSnicS)Erenos S ce)

Engimeering

Example: Swept Symmetric Double-wedge

Airfoil (6)

Cumulative Upper Surface
Properties

* 0 deg wing sweep

0.20500

0.03606

1.0326¢/8 1.0167 | 0.974609

Cumulative Lower Surface
Properties

1.0026 |1 1.0052 |§ 0.984644

47




U N I V E R S I T Y Engineering

Example: Swept Symmetric Double-wedge
AlI'fOll (cont’d)

e Unswept Wing e 30 dee Swept Wing
C: 02367 C.: 02198
Cp: 04164 Cp: 0.0339
L/D:\ 5.6844 L/D: 64805
- Coefficientg scaled to have same wing planform
area as swept wing o _ ¢b
" cos A

e WOW! ...>10% IMPROVEMENT in L/D by Wing Sweep

MAE 5420 - Compressible Fluid Flow 48
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Mecilhanical

& RIFFEE E=

Engineering

Example: Swept Symmetric Double-wedge

e Mach=2.0
* 30 deg wing sweep

L/D

AiI’fOﬂ (cont’d)

e Mach=3.0
e 60 deg wing sweep
L/D Unswept
Unswept 52 Swept -

Swept

L/D

MAE 5420 - Compressible Fluid Flow
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Other Supersonic Advantages of Wing Sweep

* XB-70

Valkyri
T M, =M +M,>= \/(Mw sina)’ +(M,, cosacosA) =
e Mach 2.0

0.5
. éj ( T 2 .o T J
CTuise 2 20|\ cos{——(65) )-cos | —2)) +sin” {—2
~: ( (180( )> (180 D (180 )
* 65 deg :
wing sweep ; = (0.847 .. Subsonic leading edge
2 deg / E\ Significantly weaker
cruise | '\ wing shock
;—Ll \*~
,' | Allows more rounded Shock
| leading edge for improved
é z E‘ \ subsonic performance
LEEE %
w A |
' & s ' \ /, —— Shock
L "’_ :e 1 M<1i [M>]
s R, 77 _
. M = 0.852 My = 1.465

MAE 5420 - Compressible Fluid Flow >0
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