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NATIONAL ADVISORY COMMIT'T'EE FOR AERONAUTICS

TECHNICAL NOTE NO. 1428

NOTES AND TABLES FOR USE IN THE

ANALYSIS OF SUPERSONIC PLOW

by The Staff of the Ames 1- by 3-foot
Supersonic Wind-Tunnel Section

INTRODUCTION

This paper is a compilation of formulas, tables, and curves
that has been found to be very useful in the analysis of super-
sonic wind-tunnel data. The information has been compiled by members
of the Ames 1 by 3-foot supersonic wind-tunnel section with the
specific needs of supersonic wind-tunnel operation in mind.

With one exception, all tables and curves contained herein
have been computed for the value of y r 1.400. The one exception
is the curves showing the characteristics of cones in supersonic
flow. These curves were taken directly from the data of references 1
and 2 wherein a value of y 1.405 was used in the calculations®

Most of the symbols used in the paper are defined in Symbols
and Notation. In several sections it has been found necessary to
use certain special symbols that would appear only in that particular
section, and in such cases those symbols are defined as they are
introduced in the text and they are not included in the general
list.

Some of the material (e.g., the differential equations of
motion) has been included in the information not because it represents
material frequently used in wind-tunnel operation, but because it
has been found useful as a reference when reading the widely scattered
literature on compressible flow.
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Explanation of Tables

Three tables included in this paper, Table I-Subsonic,
Table II-Supersonic, and Table III-Normal Shock Waves, give
numerical values of certain physical quantities that are often
used in the calculation of problems involving a compressible
fluid. The calculations of these numerical values were carried
out to enough places to insure accuracy to four significant
figures in the final result. Thus, in most cases six figures
were used, but in some cases it was necessary to use eight
figures and then round the final result off to four places. A
second complete set of independent calculations was carried out
and the tables checked in that manner.

The definitions of the symbols used in the tables can be
found at the end of tables II and III.

Table I-Subsonic.- The well--.own isentropic relations (section I,
part B) for the pressure, density, temperature, speed of sound, and
area ratios are given as a function of Mach number. If at a point
in an isentropic flow, any one of these ratios or the Mach number
is known then all other ratios for that point can be read or inter-
polated from the table. The last three columns are the values of
certain parameters (V/a*, V/aa, and V ft) which sometimes are
found to be more convenient to use then Mach number. Their relation
to Mach number is uniquely determined for any adiabatic flow (.secticm
I, part B).

Table II- Supersonic.- In addition to the quantities given in
table I others relating the dynamic pressure (q = 1pV2), the Mach
angle, and the angle-of-turning through a Prank-eyer expansion
are given as a function of Mach number. Logically, this table
should also include values of the three parameters mentioned above.
The addition of three more columns, however, would make table II
too wide to be printed conveniently, so these columns have been
included in table III instead. In table III exactly the same
values and increments of the Mach number have been used as in
table II.

Table III-Normal Shock Waves.- To be consistent with shock-rave
notation the Mach number argument in table III has been designated
Mo instead of M, hence the three above-mentioned parameters also
have subscripts o in table III. This should not be confusing
because the relation between Mach number and the corresponding value
of V/a*, V/a , or V/V̂ is valid.even if shock waves do exist
in the flow.
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It is to be noted that although the values given in table III
are for normal shock waves, many of the columns in the table can
also be used for oblique shock waves. (See section IV, part B and
section VII, part A.)

SYMBOLS AND NOTATION

a local velocity of sound

S area

A aspect ratio

c chord of airfoil

of flap chord

cp specific heat at constant pressure

cv specific heat at constant volume

CD,CL,Cm aerodynamic coefficients of drag, lift, and pitching
moment, respectively

cd,cZ,cm section force coefficients

d distance from the leading edge to pitching-moment
axis, positive to the rear

e base of natural logarithms, 2.718...

L internal energy.

h enthalpy (pv + IT)

I characteristic reference length

In logarithm to base e

M Mach number (ratio of local velocity to local velocity
of sound)

n number of degrees of freedom of gas molecule

p static pressure

P pressure coefficient	 (p—po)/go

H total pressure
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q dynamic pressure	 (-12pV'2)

Q heat added to system

R perfect--gas constant

Re Reynolds number

S entropy

t time variable

T absolute temperature

u,v,w velocity components

u',v',w' perturbation velocity components

x,y,z rectangular coordinates

x,;r,9 cylindrical coordinates

v specific volume	 (1/0
/^

V resultant velocity(	 u2 + —V2+ w2

V maximum velocity obtainable by expanding to zero
temperature	 '

W external work performed

M angle of attack

arm. .Mach angle	 (sin 1 1/M)

^ A4

y ratio of specific heats (cp/cv)

S angle of deflection of the supersonic stream when
passing through an oblique shock wave, or

S when prefixed to another symbol, denotes the inexact
differential

Sf airfoil flap deflection (positive downward)
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local angle of inclination of airfoil surface with
respect to free—stream, direction

W	 absolute coefficient of viscosity

q'	 perturbation velocity potential

0	 velocity potential

P	 mass density

c	 angle between.chord line and the tangent to the
airfoil surface at a given point

angle between original direction of flow and the
shock wage

v	 kinematic viscosity (µ/p) or,

'u	 angle through which a supersonic stream is turned
to expand from M = 1 to M > 1

pressure ratio across a shock wave, pl/po.

Subscripts

o	 refers to free—stream conditions or to conditions
just ahead of a shock wave

a	 refers to reservoir conditions

I	 refers to conditions just behind the initial shock
wave or to conditions at a second point of the
flow

2	 refers to stagnation conditions behind a shock w-ave

s	 refers to conditions on the surface of a cone

u	 refers to conditions on upper surface of airfoil

I	 refers to conditions on lower surface of airfoil

Superscripts

'	 perturbation quantities', (The prime is also used: .as
the symbol for the first derivative in section 1—C)
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refers to conditions where M = 1

Notation

Notation such as [perf], [isen], etc., that appears after
many of the equations signifies that the equation is strictly
applicable only if the flow of the fluid complies with the limita-
tions indicated between the brackets. For example,

[pert]	 means that when applying the equation to compressible
flow processes the fluid must be a perfect gas.

[isen pert] means that the flow must take place isentropically
and the fluid must be a perfect gas, in order that
the equation be applicable.

[adiab] means that the only limitation to the flow process is
that no heat be transferred across the streamlines.
With this limitation the flow does not necessarily
have to take place isentropically, although'it may
and the equation would of course still be valid.

The restrictions to the equations are intended to indicate the
most serious limitations that the flow must comlply with. It is
desirable to indicate these limitations because shock waves must be
dealt with very, often in the applications of compressible flow
equations, and those equations that are predicated on the assump-
tioh of isentropic flow are of course no longer valid. However,
many of the equations are predicated only on the less severe
assumption of adiabatic flow and such equations are applicable
even if shock waves do exist in the flow.

I. FUNDAMENTAL RELATI©1VSHIPS

A -- Thermodynamic Relations

The notation [perf] or [rev] following an equation indicates
that it is valid only for a perfect gas or for a reversible process,
respectively.

cp - 
\ aT / 	- ^a 	 = ev + R [perf] a	 [pert]p	 (1)p
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cv = (/ate J = j a	 = cp — R [ perf] _	 [ perf]

	

— \ 6T	 \	 v

dE = dQ — dW (first law) = o v dT [ pert]

h = pv + E = cpT (perf] _ (c v + R) T [perf]

	

_ -J— R [ perf ] _	 [ perf]
y-1 p	 y-1

dh = pdv + vdp + dE = cp dT [perf] = (cv + R) dT [perf]

p = pRT [perf]  (perfect gas law) _ RT [perf]
v

f Td8
- (rev)

dQ = dW + dR (first law)

= pdv + dE [ rev] = pdv + cv dT [perf rev]

= dh +F vdp [ rev]

R = P [pe
	T	

r'] T [pew']

= cp — cv (perf) = cp (2 
71/ 

[perf]

	

= cv (7-1) [ perf]	 1	 (8)

7

(2)

(3)

(4)

(5)

^6)

(7)
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dS=
 ^

^ J 	i dE T dW)	 - dETpdv [rev]
T rev	 \	 /rev

dT	 dv= cv T + p T
	 [ perf rev]

= cv TT - R d^ [pert rev]

cv d
p
k. - cp P [ perf rev]

dT= cp T . R p
	

[ perf rev]	 (g )

S = cv In T - R In p [perf]

= cv In p - cp In p [ perf ]

= cp In T - R In p [pert]

= cv In p47-1) T [pert]

= cp In p7 y T [ perf]

-Z-
= R In p 1 T7-1	 [pert]	 (10)

6S = (rev) f V = 0 (second law)	 (11)

v = 1= 22	 [pert)	 (12)

dv= -AQ	 (13)
p
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dW = dQ — dB (first law) = pdv (rev ]
	

(14)

W- fpdv  [ rev]
	

C15)

y = 2E = 
ovc+

v $ [ perf]

= n + 2 (kinetic theory)
	

(16)
n

B -- General Equations of Compressible Flow

The notations [perf], [adiab], and [isen] indicate that the
equations apply only for a perfect gas, an adiabatic process, or an
isentropic process, respectively, An equation without such notation
indicates no restrictions®

The fundamental equations of compressible flow along a stream
tube are:

Buler's equation:

+ VdV = 0	 (17)
P

Continuity equation:

,Ae+ a + M =0 	 (19)
P V A

Bnergg equation;

ho + g22 = hl + 
g22 

®.Q 	 (20)
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For adiabatic flow the energy equation becomes

2
h + 2 = ha = consto [adiab] 	 (21)

cp T +	 = cp Ta	 [adiab perf]	 (22)

-^ /
P ) + V2 = -

 y
-( pa j [adiab perf]	 (23)

Y-1 P	 2 y-1 \ Pa/

a? + V2 = aa2 [ 
adiab perf] (24)

Y-1 2 y-1

From the following relationships

C

-2

	

*)
	

y2	
[ adiab perf]	 (25)

a 

2
as _ y 1	 (26)[adiab perf]
V	 2

2
l/ a* = ^ [ adiab perf]	 (27)
\ V '	 y+l

the energy equation becomes

2	 2 ^2

y 1 +	 =	
[adiab perf]	 (28)

a2 V2 = l ^7+1
/ 

a*2

	

+	
2 ^ [ adiab perf ]	 (29)

y-1 2	 y 1

Perfect_aas law

p = RT [ perf]	 (30)
P
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Seed of sound equation:

a2 = 7pp [perf ] = yRT [perf ]

Bernoulli's equation:

, (.) 
y/g)+2=-^'--H [isen perf]

y-1  H 	 \ pa	 2	 y-1 pa

Y-1

2 1 _^Pi1 y

(

^
V,

	

	 [isen perf])	 y-1
PO Y

Isentropic relations:

-E- = constant [ isen perf ]
py

(PH) 
y = a^ 1 = Caa^ 2 = CTa/ [ isen perf]

The following equations are derived from the above relation-
ships and are grouped according to which of the various parameters

C ICI,, Y,) is being used as the independent variable
a as f

The second form of the equations apply to air for which y=1®400.

(31)

(32)

(33)

(34)

(35)
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Parameter — V = M
a

71p = 1 + y21 M2/ y-1 	 (1 + 0.2 M2) 
2	

[isen perf]	 (36)

/	 \
_ 1	 -5

-e- =1 1 +	 M2 1 y-1= (1 + 0.2 M2) 2	 [isen perf]	 (37)Pa \	 2

1	 -
T. = 1 + 2 M2	

1
)	 = (1 + 0.2 M2) [adiab perf]

/	
_ 1	 _ 1

as = 1 1 +	 M2) 2= (1 + 0.2 M2) 2 [ adiab perf]	 (39)

$ = 2 M2 = 0 .7 M2 [ perf]	 (40)
P

y

q = 7 M2 t l + Y-1 M2 J yr1 = 0.7 M2 (1 + 0.2 M2) 2 [isen perf] (41)

l 2 - 1 + ^ - 1 + 0.2 M2 [adiab perf]	 (42)
2

a )

2 y±l M2
12 M2

- 1 + —1 M2 1 + ® 0 2 M2	 [adiab perf]	 (^+3 )
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v 2 
21 M2 	 0.2 M2

^
n

	

	 [ adiab pert]
V	 l+^M 1+0.2M2

	

y	 7

Y-1 1	 2'
pl _ 1 

+ y1 
Mot	 _ 1 + 0.2 MO2

[lsen perf]
po 	 1 + Y-1 M12	 1 + 0.2 M12

2

C
Vl 12 

I Ml

	

	
1 + 21: NIo 2 °^	

( Ml 2 ' 1 + 0.2 Moe ,

Vo /	 ^M o ^ ^•	 ^ 2 ^	 \ ivj

	

^1 + 2 Ml 	o	 ^l + 0.2 M12f

[ adiab perf, ] (46)

y
1	

2 

H	 1 y- \a ^ ]Y

—1

	

 
[isen perf]	 (47)

y

1
P_ r	

7--1
 ^ V   21 y-1

_ 1 	
[isen perf]	 ( 48)

Pa 	 y+1 

Ta = 1 — ^ ( 
a^ /	

j adiab perf ]	 ( 49)

s
1

21 2
a= C 1 _1 V 1	 [adiab perf]	 (50)
as L	 y+l a* / J

(44)

(45)
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2
q _ y+1 (.a*,)

^ V
_	 [adiab perf]	 (51)

P 1 —
y+l a#

^

i
2	 2 y-1

H - y+l

(V)

 a 	 [ 1 p+l Ca)	 [isen perf ]	 (52)

2

_ y+l (a*M2 -	 2	 [adiab perf]	 (53)

y+l a

( aa) 2 = y+l C ate) 2 [ adiab perf ]	 (54)

2	 2

C V)	 y+1	
[adiab perf ]	 (55)

1Y
1 / )2 —1

	

[isen perf]	 (56)
Po	 1 _ 2:7110 2

y+l a*

2
2 - V1

V 	 ar	 (57)2
(V^ Ca*)

Parameter — aa

r\ y-1P_ 
= 

L 
1 — Y21 ( / 

aa,
v 

)2 
1	 [isen perf]	 (58)

L	 \ 
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^ 1

-^ I 1	 y21	 (
^ J

y-1 [isen perf]
Pa L	 \ 

a

T =
2

1 - y-1( V [adiab perf]
Ta 2	 as .\\\

i
=

as

r	 2
I 1 -	

(.]L 1 2
[adiab 	 perf]

2)q -\a 
P

[adiab perf]

2	 as

i

2
1

2

\	 /	 Cl
	

y21
2 ^y-1

l	 J	 [isen perf]
H as

aa

(

a)

2

M2 = [adiab perf]
Y-1 a1 - 2	 \aa /

(V)2
+ V2 [adiab perf]

a* 2	 as

C V 2)2 = y2 ` [adiab perf)
a J

-Z-
1 ^ /

_
l 

y_1
Pi - \ 

L

isen perf
Po 1 _ Z--1 	 2

i2	 as

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)
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/Vl 
1

2

(68)

(Vj 
z_aa/

V	 ( Vo

	

o	 \^as

Parameter — V

	H = 1 — I V )^	 [isen perf]	 (69)

l

p = i 1 — 

v 
J	 [ isen perf]	 >(70)

A	

J

a

T
Ta

r \\ 2,
= 1	 1 — /v

^ V
[ adiab perf] (71)

i
a=

1	 ,^	 \ 
21

1 —	 V
2

[ adiab perf] (72)

2

q
=
y-1 ^V

[ adiab perf ] (73)
P iV	 2

1 — ( ^ J
V

i

q =
H

iV	 2
y (^ 1 —t

/ V

77

2 -,
1	 [ isen perf] (74)

y-1	 V	 _ \ V .

2	 ; /V	
2

1
M2 = y-1 [ adiab perf ] (75)2

1
—rV
^V
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C

V 
2	

2	 V 2
V 

/ 	 y1 (^ 1	 [adiab perf ]	 (76)
aa

erf
V) 2 _ y+l	 V ) 2	 [adiab	 (77)

C a* /	 y 1 C V	 p

1 - ^V1 1 (^ y-^

Pi _	 V J 1
2	

[isen perf ]	 (78)
Po	 1 — ^}VO

 
)

A

2
(v

V11 2	 \V /	 (79)
,f )

With the Mach number M as a parameter, numerical values will
be found in table II for

p p T a q q
H' pa' Ta' aa9 P' H

and in table III for

V V V
aa' a*'

C — Differential Equations of Motion

Rectangular coordinates (x, ,y, z) The basic differential
equations of fluid motion with friction and gravity forces neglected
are

L The equation of continuity

6E + Neu) + 6(PV) + NPw) = 0 	 (80)
at	 ax	 ay	 az
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2, The momentum equations

au+uau +vau+wau1 ap
at	 au	 ay	 az	 p ax

av+uav+vav+wav lap
at	 ax	 ay	 az	 p ay

aw+uaw+vaw+Waw=_dap
at	 ax	 ay	 az	 p aZ

If pressure is a function only of the density [isen] , then

=j^kL
ax dp ax

YF
map	 dp=a2

_ ^^

62_AR6e
az dp az

In the following equations a steady frictionless flow is
postulated.

Combinations of basic equations®— Combining equations (80), (81),
and ( 2 yields one nonlinear differential equation

i u2	 av	 v2	aw	 w2 UV ^v	 au
— 1-- +—(1-- ) +— 1-- — ^` + u
au	 a2^ a \	 a2/ az	 a2) a2 ^3x	 ay/x	 y

vw 

C

aw av _ wu !au aw 1
a'2 cry + az
	

72 \5z + xxJ = 0
	 [ isen]	 (83)

(81)

(82)
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For irrotational flow [irrot] the following purely geometric
relations hold

	

av = 3u 3w = 3v 3u, = aw	 [irrot] 	 (84 )
3X ay ay 6z 6z 3X

also- = 3x v 
a	 V 3z	

[irrot]	 (85)
Ty

Combining (84), (85), and (83) gives the differential equation
for the velocity potential

a^	
(
lay60	 _ 1a^

	
60	 _

(
1a^

aX 2 Cl ^ ^3, aX ^ 2^ + 322 ^l	 a a ^2 ^+ aZ 2 ^1 ` 62 ^ 2y	 y	 a

2 6 20 30 60 2 3 20 60 30 _ 2 3 20 60 60 = 0 [isen irrot](86)
6X2 6X6y TX ay — a2 6y6  oy 3z a2 az3x 3z 3X

Cylindrical coordinates (x, r, 9 ),— The differential equation
for the velocity potential is

a 2,,_ 
(

1 a^	 a20_ 1 6,,1 a	 _ 
(
1 aI	

16X2 Cl \a aX 	 + art ^1	 a ar ^2 + r2 382 ^l `ra V J

2 320 30 3(D	 2	 320 3(D a(D	 2	 3 245 30 3 0
a axar ax ar ® a 2r 2 3X30 ax ae - a 2 2 3r3e ar ae

+ 1 
	
aO+1LO=0[isen irrot ]	 (87)

a2r 3

(60) 2

60	 3r r ar
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1im, I al Coorlinat,gs with	 S	 t	 x	 .-- In this
system x is measured in the direction of the undisturbed flow and
r is measured perpendicular to x. The velocity components u, v
are measured in the' x and r directions, respectively. The equa-
tion of motion is

au	 u2 av / v2 UV /au av \ v
6U 1 - 2 J+ t 1 2 2 l ^- + -- J+ - = 0 [ isen ]	 (88)
ax	 a / ar \ a	 a ar ax r

The condition of irrotationality is
au av	

[irrot]	 (89)
ar = ax

The differential equation for the potential of the irrotational
flow is

2
r1m

\ 1 ^ J+L3.^.^J2 	 2 55^$ ^+ ls^= 0
axe L	 a a^	 ar2	 a ar ,J a2 axar ax ar r ar

(isen irrot]	 (90)

Linearize Foxms.-- The perturbations from the undisturbed flow
are assumed to' a small enough so that their squares and cross
products can be neglected. The velocity potential is written in two
parts, that is, O= Vox + (P. The velocity components are

u=Vo +u'	 ue =-^T
ax

V = v'	 ve =4
	

(91)

V = w'	 W+= 
az

For two-dimensional flow the linearized differential equation
for the perturbation potential is

62 yo2	
_ n = 0	 (92)ax z ^2 

_ '
	 a72
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The general solution to equation (92) is

T = fI(x—RAY) + fz( X+RIy)	 (93)

where fl and f2 are arbitrary functions and

Vo
R1 = Mo —1	 Mo = ao

For the case of axially symmetric supersonic flow (thin bodies
of revolution) the linearized form in cylindrical coordinates is

(MOP-1) 
62C  a 2m _ 1 aCP = o	 (94)
6X2 6r2 r ar

The general solution to this equation is

x—Pr

^D =f f(^)	
d^

o	 j (X 
^)2 _ R12r2

or
o

CP = J 	 X f(x—Ri r cosh 1) dj	 (95)
cosh 

i 'R—r
where

Ri = Mot 1

x—^
F and Tj are variables of integration,

Rir = TI.

f(t)  is an arbitrary function

Equation (95) can be used to calculate the pressure distribution
about a slender body of revolution of arbitrary shape (but pointed nose)
at zero angle of attack, by using the following additional equations

Ovou'	 (96)

u 4 = 
a 
—(P = -^	 f' (e)	

d	
(97)

aX o x--)2R12r2



pa Aa,

pa'Ia aTa,

Ps'1's 0 sg u
A3 a s u.,M=4
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f 	 dr	
(98)= r —

go	 dx

Other sometimes useful relationships are

Yo^=^ =v'

I 1 
X--Pr

f 1 (9) (x–t) dV	
(99)r 

a$ g) _ ^z2r2

II – SUPERSONIC WOZZL S

A – One-Dimensional Theory

U = 0I	 M*=1
A = m	 u*=a*

P*,T*
p*'A*

The use of the continuity equation in the form

puA = p*u*A* = constant	 (100)

requires that the flow be assumed unidimensional, that is, it
requires that the velocity profile be straight and the velocity
component v be neglected. Then u = V.

By combining the above equation with suitable equations in
section I-B, the following equations for the area ratio are derived

I^ 'V -( / i )

	

y+l	 ry+l
*	 2( y—A _ 

M	
2 

2	

y°° =
	

1.728 M 
3 [lean pert]	 (101)

A	
1+71M	

{1+0.2M )
-- 2
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y+1	
z	 1

A - (a) \ i 
2(y-1) ^ 1, _ y^1 ^a 1	 y-1 [ isen pert] (102)

as	 a /

y+1	 1

A - a#+1 y
2l 2 y 1	

1—+l a 2

	
1)[isen perf](103)C^7C2	 C7C^^

Y+l

	

2	 1

A 
= (

X ^ Y_
A	 u	 2 y+l 2(y-1)1 	 Y-1 [isen perf]	 (104)

Numerical values for A will be found in table II as a
function of M .

The compressible flow equations of section I and the numerical
values in table IT are applicable in the unidimensional analysis.

B —Nozzle Data

Maximum theoretical contraction ratio that permits start of

supersonic flow in diffuser entrance ( Ai#)
max

A„
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The following equation is derived for unidi-mensional flow which
is isentropic upstream and downstream of (but not through) the
normal shock wave

Y+l 	 1 "+l
) 

Y

J-1^y+1
	 (7
 MO) Y-1 (l + 721 Mo

CA1# )max	 Y-1 I (y+l) ( 
21 

+ MD 2)y 
Y 
1 (;2y mot 	

1
(l +
	 — 1

) 
Y-1

27,000 Mos( l + 0.2 M 0 
2)3

(105)
( 5 + 1̂02)3 -5(7MO 2 - 1) 2. 5

When supersonic flow has been established in the diffuser
entrance the -normal shock wave stands downstream of the second
throat A_,*,.

Supersonic diffusers without initial boundary layer check the
theory very closely, but if there is an initial boundary layer the
maximum contraction ratio is reduced and the equation is a fair
first approximation.

Numerical values for 0	 may be picked from the curve of
*(	 -^figure 1.	 A, max
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III -- SHOCK WAYS

A-- Normal Shock Waves

The previous relations for isentropic flow are valid for
points on either side of a shock gave (e.'g., A and 0, or 1 and 2),
but not across it.

U = 0

Ho p  To
M = 1 °̂- p a

pa Ha Ta	u = a*	 0 0

Pa as	 uoo

The general energy equation

u = 0

p  H1 T 

P1 a1	 P H2 T2

P2 a2

u?+h=ha
2

22 + c p T = cpTa

u2	 7 P	 y Ha

2	 y-1P y1 Pa

2
2 + P + cvT = 

Ha 
+ cvTa

P	 Pa

(assuming adiabatic flow)

(assuming adiabatic flow
of a perfect gas)

(106) .

u2 a2 	 aa2 	 y+l	 2
2 + y l y l 2(y 1) a

Hence

Ho = Ha

H1 = H2

T2 = Ta

a2 = as

(107)
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Together with the momentum equation

-Po + POU0 
2 

PI + PIU1
	

(108)

and the continuity equation

POU0 = Plul
	

(109)

the energy equation provides the following relations across the shock
wave

UO 
U1 = a*2	 (Prandtl's relation) 	 (110)

Po (Y-l)pl + (7+1):Po	 (Rankine-Hugoniot.relat.ion) 	 (111)
Pi	 (Y-1 ):P. + (7+1)pl

Given Mo

(M,O> 1.0)

M1 
2	 (Y —1 ) MO 22

  
+ 2 - Mp g +  5	

(112)
2yMO -2 - (y-.1) 7MO2 _ 1

2yMo2 — ( Y-1 ) -(mo2

!I- t =	 (113)
PO	 (Y+13

P, u0 Uo 
2	 (y+l)M 

0 
2	 6MO2	

(114)
PO Ul a*2 (y-,-J)M 

0 
2 + 2 MO 2 + 5

T	 ale 12yMO2 — (y-1)]((y-1)Mo2 + 2]	 ( 7MO2 — 1)(MO2 + 5)
1 = ^. 	

(y+l) %2	 Moe
To ao2 	 3 16 0

(115)

Y	 7

1)	 -/Mo 2 — (Y-1)	
,MO2 + 2	 Y -1 

7m02	
MO 
2 + 5

;L = 2	

+H	 -/+l	

1(Y_,) 

2	 6— 0 ^5

(116)
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7

P 1	 47mo2 _ 2(7-1) 
1 7 1	 36 Moe	 - z

H	 L 	 J	 2-1i ( 7+1 ) 2Mo2	 5(7Mo	 )
(117)

dS	 y	 1
Hl H2 P2 
	 (7+1)Mo2
	

7-1 
C

27Mo2 °- (7 1)_ 
e	 LHo Ha Pa	 (y--1)Mo2 + 2	 y+l

\Mo 22

	
C
Wo
 26 1+ 5) 2	 ) 2 (118)

y	 l

pl 
= (^ (7+12Nio2 3:T ( 27	 — (7 1) 1 _ 5=1 _ (6Mo^ z ^ X2 1 ^° 5

L	 L	 y+l	
6

J

(119)
as	 °g	 11
cg = (7 1) R = - (7 1) In 

Go

= In	
2 _ (y-l)	

y In 
1(y—J)M2

(Y+1)M°2 (120)2yM°
C 	 y+1	 +2 Jo

Numerical values from equations (112) to (118) are given in
table III.

For M. only slightly greater than unity, the following series
are useful

2
Hl 

= l - 2y (Mo? 1) S + 2y (Mo2 1)4
Ho	 3(7+1)	 (7+1)

	

- 1 - 35 (Mo 2 1) 3 + 45 (Mo 2 1) 4 	 (121)
216	 8a



35 (MO 2___l) 3 245 (Mo2L_l) 4 +	
(122)

Given t

(9 XLO)

2 (-Y+l) t + (7-1) 6t + 1
No =
	

2y	 7

M, 
2	 + (Y+l)	 + 6

2 y g	 i 79

j3l uo (y+l) +	 6 +
(125)

PO ul (7-1) +	 +6

Ti a 2	 _j) + _Y+l)	 + 6)
(126)02 1

('+,
 +1) t, , 

- 
+	 6	 + 1

(-I+J)	 + ( -Y+LI 	 7	 7
F6( + 6),t7 35- -	 11(f)(127)

-Ho

7 7+	
6(6 + 1)

359 ---
	 (128)

AM	 7	 1	 e	 — z —5
Ll = L2	 + (7-1) ];—	

t +	
2

HO Pa	 +	 + 6

(129)



as	 as	 H\	 (y+l) t + (Y-1)

;—
v= ( y 1 )	 _ — (y-1) In Ho ) = to t — y to [ 

(y1) + (y+l >. jC
(131)

For weak shock waves (9 only slightly greater than unity)

H1 	 y+1	 3 y+1	 4
Ho = 1 — 12 ff " —1) + 8 y2

= 1 - ^ ( 1) 3 + 15 (g 1) 4 —	 (132)

AS o y+l (E 1)3 _ y+l 	 — 1)4 + e

R 12 y2	 $ y2

_ •9 ( 1) 3 -	 U 1) 4 + . .	 (133)

B — Oblique Shock Waves

An oblique shock wave acts as a normal shock to the component
of velocity directed perpendicularly against it, while the tangential
component is unchanged. Hence substitution of Mo sin 0 for Mo and

Mi, sin (e — S) for M1 in the previous relations

Po To —M°-->7	 Pi Ti

\ / M<
s.o Po	 ^ ^	 ^	 al P1

e	 s
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provides equations (134) to (140)below. The others are determined
by the condition that the flow must be deflected through an angle 6.

Again from the energy equation (the subscript 2 refers to
stagnation conditions behind the shook)

T2 = Ta

a2 = %

Given bin and V

p	 2y Moe sine e — (y-1) 7MO2 -sin2 'q — 1
Z.L= E = —	 (134)
P O 	 (Y+l)	 6

P1 = 
(Y+l) MO28in2 e	 6MOI sine e	

(135)
PO (T-1)1+ 2 sin2 e + 2 M.2 sine e + 5

!, = a12	 271MO 2 sin2 e—( ,y-1) ] [ ( -y—J.)n2 sin2 0+2

To a.2	 (Y+l) 2MO2 sin2 0

(7MO2 sin2 0-1)(MO2 sin2 e+51	
(136)

36 MO2 sin2 e

M1 2 sin2 (e-8 ) = (
y-1)MO2 sin2 0 + 2	 1402 S in2 0 + 

5(137)
(2yMO2 sin2 e — (y1) 7MO2 sin2 e

2 
(Y+l) 

V sin2 e —4 (MO2 sin2 e _ 1 ) (YM.2 sin2 e + 1)

(2yMO2 sin2 e — ( y—j)][(y—J)MO2 sin2 e + 2]

36 M04 sin2 e — 5 (MO2 sin2 e — 1) (7 MO 2 S jn2 e + 5	
(138)

(7 MO2 sin2 e — 1) (MO2 sin2 e + 5)
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tan 
5 = 2(Mo2 sin 9 cos 9 — cot 9) ` Mp2 sin 28 — 2.cot 8

2 + MO2(y+1-2 sine 9)	 2 + MO2(y + cos 28)	 (139)

P 1 27MO2 sine a°(y-^1) ( y l)MO2 + 2 a y^. =	 y-i
H	 +1	 2

7Mo2 sine 0_1m02 + g \-° ?
(	 J 2	 (140)

P 1 (y+1?Mo2 sine 9[ (y I)Mp2+2]	
y

y-1
H3.	

2[2yMO2 sin2 & r 1)][ y i)	 2] J--C	 (	 Mo2 sine a+

36MO2 sin2 e(MO2 + }	
7

	

1
5	 (141))2 Bjn 8-1)	 s ing 9+ 

J - -
(7Mo	 2	 (Mo2 	 5 )

Hz 
=	 g '8 t.—	

(y+1)MO2 sine 9	
y^l 2yM

O 2 sine 9—(y—l) — yl1
H_ 2	 2 +2^	 J

	o pa 	 y 1)Mo s3a !	 y + 1

	

6Mo2 8 2 9	 7Mo2 sine 9-1 2	 (142)_	 2 sjn2 e+5	 c	 6	 r
1

Hl _ (^ 2yX02 sine 8--(y-1) '" y 1 r (y+1). 2 sixi2 9 [ (y 1)Mo 2+2 ] y_1

Po L	 y+ 1	 L 2 [(y 1) MO2 13j,12 9+2 ]

_ r 7MO2 Bin2 8-1 —z r ^2 Bin2 e( 2 
+5) 

a
L	 b	 L 5(MO2 sine 9+5)	

(143)
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TV
_ (y l) R = --(y-1) Zn \ moo /

= In 2yMo
2 sine e--(y 1)	 In 

r (y+l)MO 2 sine 8	
144L	 y +1	 J®	 (y )My 	L 1 o 2 sin g e+2^	 ( )

V12 ul+vl2 (7+1 ? Mo sine e-4(M.2 sine e-1)(yMO2 sine e+1)
v02	 uo2	 (7+1) ,2Mo4 sine e

36 Moo sine e-5 (MO2  sine e-1)(7 Mo e sine e+5)
(145)

36 Mo o sine e

For weak shock waves (Mo sin a only slightly greater than
unity) these series are useful

2
H1 

1	
2y 

2 (Mo2 sine a 1)3 +	 (MO2 sine e-1)4 — ...
Ho	 3(y+1)	 ( y+1)

1 _ 216 
(MO2 sine 9-1) 3 + 

2^+

45 (MO
2 sine 6-1)4 -- ...	 (146)

2M 
=	

22 
(MO2 sine e-1) 3 — 2y Not sine e-1)4 + ...

3(yl)2	
(y+l) 3

_ 35	 245

216
(MC)2 sine 9-1)3 _ 

864 
(MO2 sine e-1)4 + ...	 (147)
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Given 0 and S

2 _	 2(cot e + tan s)
MO	

sin 2e — tan 8 (y + cos 26)
(148)

Given Mo and 8

No explicit relations can be obtained ® The following series
(which is identical to that for isentropic flow up to and including
the term in 5 2) is used in Busemann ' s airfoil theory (reference 3)
for small values of 8 (in radians)®

P 1 _	 YMo2	 y(y+l)Mo6_4^'Mo2(Mo2 1)
_^ = 1 +	 s +	 52 + ...	 (149)

P o	 Moll	 4 (Mo2-1) 2

Given g 
Pi

Po

	

(y+l) t + (y-1)	 6 t + 1
Moe sine 8	 _	 (150)

2y	 7

M12 sine (0__b) 	
(y-1 ) ^ + ( y+l ) _ + 6	 (151)

2yt	 7t

M12 _ MO
 
 [( y+l ) t + (71) 2 ( 2 1) _ Mo2( 6 t + 1) 5(^ 2 1)	

(152)

	

[ (7-1) t + ( y+l) ]	 t ( g + 6)

p1 _ (y+l)^+ (y1) _ 6^ +1

P	 (y1) g + (y+1)	 ^ + 6	
(153)

0 
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T1 
a12	

[(r ^)	 + (r+l)]	 ( + 6)

To a02	 (7+1)9 + (Y-1) - 6t + 1
	

(154)

tang s - 
(yMC) 2^ — 

1 2 2rMo2 (r 1)—(r+l)

	

g+1 	 +l g+ 1(r )	 tr )

- r	 5( t -- 1 )	 7Mo2-(6t +1)

L 7Mo? 5( t 1)	 6g+ 1
(155)

AS
gz 

= 
p2 

= e	 _ (r
+l) g 

+ (r 1) x^l	
^ 

_ 6 
g 

+ 
1 
2 ° 

s
H	 —1 + +1^	 Pa	 (r ) ^	 Cr )	 + 6	 2^

(156)

v12 u12+712	 2(t2 j)	 5(g2 1-)
=1—	 =1—	 ('157)

Vol	 uO2	 Mo2[(r+l) g + (r-1)]	 MO2(6 g+ 1)

Equations (132) and (133) of part A of this section are
applicable to oblique shocks as well aB to normal shocks.

Use of Tables

The following values f or oblique shock waves may be read from
table III provided M o sin ® is used instead of Mo in the first
column.

pl P1 T1 al H1

Po Po To ao g0

Furthermore, since flow through weak shock waves is nearly
isentropic, compressions through small angles 8 may be computed
from table II as if they were expansions reversed.
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IV — MARSION AROUND A CORNER

A — Prandtl-Meyer Expansion

The following equations are valid for two--dimensional, isentropic,
irrotational flow of a perfect gas.

The final equation for the angle through which a stream must
turn to expand from Mo = 1 to a Mach number M is ( v in degrees):

v =+:' tan 1	 1 (M2 1) --(900 — CO
y-1	 Y+1

or

v	 / ±1 i,an 1 y+l (M
2 1) _ (900 Sin' M)	 (158)

The pressure ratio -- corresponding to the Mach number M

is given by (v and a in degrees) :
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7-1

4
'Y	

1 + cos 2	 +(900 — M)
)	 7+1 ^	 F7+1

or

Y-1

Cg) 7	 + cos 2a [1) + 000 - a	 (159)
7+1

Numerical  values for D_, my and p/H will be found In table II
as a function of M.

The above equations and the numerical values in table II apply
also to the flaw along a convex curved surface in the absence of
external or reflected disturbances in the region.

MO

Na
0

Use of Table II

Consider stations 0 and 1, If MO and M1, or yo /Ho and
p./Ho, or any other conditions at stations 0 and 1 are known, the
angle through which the stream must turn to expand from MO to M,
may be found by referring to of and bo in table II and taking
the difference A-o.

If MO an& B  are known ., the conditions at station 1 may be
be found by obtaining Dl---Do+&,o and looking in table II under this
value of ol a

For expansions through small angles, pl/po may be expressed
in series where Lv---D, — Do (in radians) as follows:
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P, = 1 + 
y 2 

®v + y (y+l ) bo_4yM 2 (Mo2 1) (A

po	 Mo2-1 	 4 (Mo2-1)2

+
Y	

7-
f Y+1 M0 lo ® (--2 7̀x-7 +5) MOs
1

2 (Mo21)

+ r (_,>y2 +7 y+5)2 . ( .-4y4+2873 +11Y 2^-8y 3) + 3 1 Mo g

L	 16(7+l)	 24(7+1)	 V J

— 2Mo4 + 3 Moe } (A U)3 + (16o)

Up to and including the term in (AD) this series is
identical to that for the pressure ratio across oblique shocks.
(See equation (149).)

V — AIRFOIL THEORY

A — Small Perturbation Section Theory

It is assumed that the angle of inclination q of the airfoil
surface relative to the free—stream direction is everywhere small.
This implies that the angle of attack- ac is small, that the surface
of the airfoil makes at all points a small angle v

au	 y

d

(In the general air-
foil equations it

QZ is not necessary
that the trailing
edge fall on the.
chord line.)

Poi Vo9
	

^i
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with the chord line, and that the leading and. trailing edges are
sharp. The theory is not valid below the free--stream Mach .number
at which the flow at any point in the field becomes subsonic..

The pressure at any point on the airfoil is given by

p-po = C l-q + C2 TI2 + (terms of higher order)	 (1'61)
2PoVO2

where C 1 and C2 are functions of MO given by

C i =	 ? -	 (162)

Mo2 1

C^ _ 
(Y+i )r 4-4 Not 1)	 (163)

2(Xo2 1.)2

Values of Cl and C2 are listed in table IV®

The equations of part A that follow are based on the work of
C. N. H. Lock (reference 4) and have been deduced from Bu.seman_n's
approximation (reference 3), which retains the first two terms in
equation (161). Corresponding equations based on A:ckeret's
approximation (reference 5), which retains only the first term.,
can be obtained by stetting C2=0 in the given equations. The error
resulting from the approximations used in Busemann's analysis is of
the order of 1j 3; whereas in Ackeret's analysis it is of the order
Of Y,2.

To evaluate the aerodynamic coefficients"for any given airfoil
section the following integrals are required;
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Io=fadx

I l = J a 2 dx

I2 = f a 3 dx
	

(164)

I3 = J 
ax dx

I4 = / T2x dx

In general, all integrals are evaluated over both surfaces of the
airfoil from x = — 1/2 to x = + 1/2. The value of a at any
point on'either surface is positive when, for an observer moving
from the leading edge to the trailing edge, the absolute value of
the ordinate of that surface is increasing (see foregoing diagram).
All angles are in radian measure. All linear dimensions are
referred to the airfoil chord.

For any airfoil with both the leading and trailing edges on the
chord line, IO - 0 for each surface.

General airfoil.— The force coefficients for any general airfoil
are

cZ = 2C lm + C l (IOZ—IOu ) + C2(Iiz I i.u )	 (165)

cd = 2C 1m2 + 2C1 (IOZ IOu)m + C1(Ijj+Ilu)

+ 3C2(I 1j—I1u)m + C2 (I21 +I2u )	 (166)

cm, = — C10;31 I3u ) — 2C2(I3Z +I3u)m

2

— C2 (I41 I4u )	 (167)

(!I 1c md = cmi + c — 2 ) cZ	 (168)
F 2
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It should be noted that the formulae for cd given in this
section are for the total wave drag only, and do not include any
effects of viscosity.

For any airfoil, (I3Z + I3u) is equal to minus the cross—
sectional area of the airfoil.

^trical airfoilsd— Equations for calculating the aerodynamic
coefficients for five types are listed as follows:

1. S'	 t about the chord line (x—axis).— In this case
01 = vu and the general equations reduce to

c1 = 2Cla	 (169)

ad = 2C 1a2 + 2C 1Ily + 20 21^1 	(170)

cmi = — 4C2I3jm	 (171)
2

2 ® Symmetry about the normal to the chord line at midchord
(Z—axial.— In this case o(x) _ — c( x) and the general
equations reduce to

c1 = 2C lm + C2(I1 — III -- I lu )	 (172)

ad = 2C im2 + Ci( Iiz + Ilu) + 3C2(I1 t — Ilu)M	 (173)

cmi = °_ C 1 ( I31 — I3u) -a 2C 2( I31 + I3u).	 (174)
2

3®

c 1 = 2C Im	 (175)

ad = 2C 1a2 + X iI11	 (176)

cm^ _ — 4C2I31a	 (177)
2
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4.	 t	 about	 i o d	 t	 i	 .— In this
,lase a,(x) = --a l(x) and the general equations reduce to

c Z = 2C1m + 20 1IOZ	 (178}

cd = 2C1m2 + 4C1IoIm + 2C1I1a	 (179)

cm1	 4C2I3Im — 2C 214	 (180)
2

Because of the conditions of symmetry, in cases 1, 3, and 4,
the integrals (16 10 need be evaluated over one surface only.

Stec if is types of airfoils.— Equations for calculating the
aerodynamic coefficients for specific types of airfoils are as
follows:

1. Airfoils made up of segments of straight lines and circular
arcs.— Consider a portion of an airfoil surface of circular-arc form
with a radius r (in chord lengths) and a radius center on the
noxnal to the chord line at x = s. For a thin airfoil, to a
sufficient degree of approximation,

ar = a1 + a2X 	,(181)

where for convex surfaces (both upper and lower)

Q1 =A'	 c2=--1
r	 r

and for concave surfaces (both upper and lower)

crl s	 1

For a portion of the circular--arc surface between the limits
x = m and x = n, the contribution of this portion to the
integrals (164) is
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4Z^ = cl(n-^M) + ^ Q2(n -m 2)

^1 = F11
2

(Ill^ ) $ Q1CJ2(n^-m.2) $ 3 Q22(n3°m3)

412 	 B13(	 ) + 2 (Y12Cr2(n2°°m2 ) + or, a22(n^-ms)33M(182)
+ 'V o23(n44)

A	
= 1 

csl (n2_n.2) 
$ 1 

ct2(n --13)

1 2/ 2 2	 2	 3 3	 1	 4 4
AT4 = 2 or1 (n -m. ) + 3 

cria.2(n ^ ) $ vl a2 (n -m )

(Vote that m, n, and a are measured from the midchord point)

The corresponding expressions for a straight--line element of
surface are obtained by putting o2 = 0 and replacing cl with
the angle of inclination of that element relative to the chord line
with due regard to signs as defined immediately after equations (164).

2. Doub	 airf oil.—
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For the general double wedge airfoil as shown

cl = 2C la + C2[hj2Fi(kt) — hu F,(ku)l
	

(i83)

cd = 2C 1a2 + C1[hl2F,.(kl) + hu F,(ku) I

+ 3C2[hl2Fi(kl) — hu Fl (ku)] ac.

+ C2[hl 3F2(kl) + hu3F2(ku)^

CM  = 2 C 1(hl hu) + C2(hl+hu) m2

— 
2 C

2 (h12F4 (kl ) — hu2F4(ku)1

(184)

(1$5)

where the functions F(k) are defined by

Fi(k) = 1 — 1
k k-1

F2 (k) = k2 — (k—i )z

F4(k) = 
k-1 — k
k k-1

(186)
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Values of these functions are given in the following table-,

k F1 F2 F4 k F1 F2 F4

0
..05 21.053 398 892 184,.947 -55 4440 1.632 04404
.10 11.111 98,765 .- 8.889 .60 4167 -3-472 0+833
.15 7e.843 43.-060 - 5.491 .65 4.395 5.796 1®319
.20 6.250 23.437 - 3-750 ,70 4-762 -9-070 1,.904
.25 54333 14.222 _ 2.667 •75 5.333 14..222 2.667
a.30 4.762 9..070 _ 1.904 .80 6,25o -23.437 3»750
.35 4.395 5796 - 1,319 .85 . 7..843 -43.o6® 5.-491
.4o 4..167 3®472 0833 ,.90 11.111 -981,765 8`889
.45 4ao4o 1.632 0404 ..95 21..053 -398.892 18#947
®5o 4..o00 0 0 1100

3 * Biconvex airfoil.:.-

For the general biconvex airfoil made up of two circular area
as shown

cz = 2C Im + 3 C2(h12_hU2) 	 (.i87)

cd = 2C 1a2 + 3 Cl (hl2+hu)  + 16C2 (ht2 hu2 )m	 (188)

CM = 3 C 1(hthu) + 3 C2 (hl+hu)m	(189)
2
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Airfoil with Flap.— Equations for calculating the aerodynamic
coefficients of an airfoil with flap are as follows:

1. General airfoil with flap.—

/-I'-	
.y,

For an airfoil with a plain flap of chord cf4 1 as shown,
the• increments to the aerodynamic coefficients as a resul.t of
the deflection of the flap are

(acz) f = 2C Ic fs f + 2C2 (I01 +iou) f 5 	 (190)

(®cd) f = 2C lcf(2m+8f)8f + 2C i (IoZ Iou) Sf

+ 3C2(I0'7 +IOU ) f ( 2m+bf) sf + 3C2(Il2 Iiu) f sf . (191)

C°Cm3) 
_ — C lef(1-cf)Sf — 2C2(IS t +is u ) sf	 (192)2 f.
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where the subscript f to the integral expressions indicates
that the integrals (equation 164) are evaluated in this case
over the chord of the flap, that is, from x = 2 — cf to x = 1

The hinge moment coefficient for the flap is

C h = — C l (oc+Sf) + cfa 2 — cf)(IOI
 Iou)f cf2(^Z -I 3u)

+ 2 Cf2 2 — cf (Io j +Iou ) f (a,+Sf) — 2 cf2 (ISz+I3u)f(a+8f)

+ c C2 — cf) (I i 2 I iu) f — cf( l I4u) f	 (193)

2. Airfoil with straight—sided symmetrical flap.— For any

airfoil with a symmetrical flap having straight sides each of
which make an angle T with the chord line of the airfoil at
the trailing edge,

(Acl) f = 2(Ci--2C2 T) cfsf	 (194)

(Acd) f = 2(C,— C2 T) cf ( 2a+sf) sf	 (195)

/Acmi— (C l-2C2 T) cf ( 1—cf) sf 	 (196)
2 )f =

Ch = -- (C, 2C2T) (a+8f)	 (197)
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Limits of the Theory.-- All of the foregoing equations of
section YEA. are theoretically valid only if the flow field is every-
where supersonic. For any given case the minimum free—stream Mach
number at which this condition exists can be determined from the data
of section V1 as follows:

For the angle of attack in question, determine the maximum
angle Bs through which the stream is deflected in a compressive
direction at the leading edge of the airfoil. The minimum free-
stream Mach number above which the foregoing equations are valid
is then given by the curve in figure 2 which defines a Mach number
of unity aft of the shock wave for a wedge.

B — Large—Deflection Section Theory

With the assumption of zero viscosity, the pressure distribution
over a given airfoil at a given angle can be plotted with good accuracy
with the aid of the data on flow about wedges from section 71 and on
expansion around a corner from section IV. The section force and
moment coefficients can then be found more accurately than with the
small—perturbation theory of part A by graphical or numerical integra-
tion of the pressure distribution.

I

condition 2

Mps pos qo

Two conditions are possible with regard to the flow over the
surface of an airfoil;

Condition 1 — The flow at the leading edge is characterized
by a compression through a shock wave, as on the lower surface
of the airfoil in the preceding figure.
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Condition 2 -- The flow at the leading edge is character-
ized by an expansion around a corner, as on the upper surface of
the airfoil in the figure.

The method to be followed in plotting the pressure distribution in
each case is outlined below.

Condition 1.-- The pressure coefficient PIE at the leading
edge just behind the shock wave is given by

PIE —Po 
= 1	 (1 98 )1

	

9 0	 Po

TO)
The value of (pM/po) in this equation is found from figure 3,
where, for this case, S is replaced by ALE and (p /po) by
(pLE /po). The value of (go/po) is found from table I as a
function of Mo.

The pressure coefficient P at any other point on the surface
is then given by

P	 qoo	
q	 PLE	 Po — 1}	

(199)

Cpd)
The values of (go/po) and (pLE /po) are already known.

The value of (p/pLE ) can be found as follows:

Determine the Mach number MLE from figure 4 'where S is
replaced by TfLp and Ml by MLE . Read the corresponding values
of DIE and (pLE /H) from table II as a function of MLE . Compute

the value of v at the point in question from the equation

D =DLE +A71
	

(200)

PIE =

where Aq is the change in angle between the leading edge and the
given point. Find the corresponding value of (p/H) from Table II.
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The desired quantity is then given by

r-z-^ = L^
^PLR) PIE

M)
(201)

Condition 2.- In this case the pressure coefficient at any
point on the surface, including the leading edge, is given by

qo (pQ) 40- - 11

The value of (go/po) is determined from table II as a function of
Mo. To determine p/po, first rind vo and po/H from table II
as functions of Mo. Find v at the point in question from

D - vo +Tj
	

(203)

where 'l is the angle of inclination of the surface with respect to
the free stream, and determine the corresponding value of (p/H) from
table I-I. The desired ratio is then given by

__ CHI (204)
(-PP--) Po

Limits of the theory.- The limit of the large-deflection theory
as regards minimum Mach number is the same as that outlined for the
small perturbation theory, i.e., the flow field must everywhere be
supersonic in order that the theory be applicable.
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It is to be noted that the application of Prandtl-layer flow to
the expansion immediately behind a shock wave (as is done in the
analysis of condition 1) is not strictly justified, even in a
nonviscous fluid. However, it is a good approximation to actual
conditions.

C. Small Perturbation Sweepback Theory

The effect of sweepback for a constant-chord wing of infinite
span has been dbtermined by Busemann (reference 6) and by Ludwieg
and Weber (reference 7). The theory is based on the same assumptions
as the small-perturbation theory of part A. In applying the theory,
the free-stream Mach number is resolved into . a component parallel to
the leading edge Mc sin A, which has no effect on the surface
pressures, and a component perpendicular to the leading edge No cos A .
The lift force acting perpendicular to the free-stream direction, and
the drag force acting in the horizontal plane perpendicular to the
leading edge are then the same as the lift and drag forces that would
act on an unswept wing at a stream Mach number of Mo cos A. The
resulting equations correspond to Ackeret's equations for airfoil
sections; that is, they are based on the retention of only the
first-order term. in -q in equation (161). 

I Mo

Two cases are considered with respect to the angle of attack:

(1) For the case in which the wing is rotated about an axis
parallel to the leading and trailing edges, the force coefficients are

cZ	
4 cos A	 M+ 2 cost A	 (10-10 u)	 (205)

Noe COS2 A-1	 Noy C082 A--1
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c	
4 cos A	 M2+ 4cos2A	

I	 a

	

d VM62 cost A-1	 IKo2 cos2 11 1	
t u

	+ ^^
2 cost A	 (I11+I1u)	 (206)

VMoa cost 1^-1

(2) For the case in which the wing is rotated about an axis
perpendicular to the streamwise direction the following equations
apply

	

CZ = 4 Cos s A	 a ,+ 2 cos`' A	 ( T
OZ 

_To )
	 (207)

	

YM62 Cos `2 A^ l	 I`V C082 A-1 `	 u

Cd = 4 cos y A a2 + 4 cos4 A	
( 
I I) a

Me Cost 1-1	 Moe Cost A-1	
of ou

2 co? A
+

	

	 (III Ilu)
Moe Cost A-1

(208)

The angle of attack m (in radians) in both cases is the - angle between
the undisturbed stream and the chordline of a streamwise section of
the wing. The integrals I, defined by equations (164), are here
evaluated for a streamwise section of the wing, - that is, for a section
taken parallel- to the general undisturbed flow. (The integrals I0
are zero for all airfoils in which the chordline passes through both
the leading and trailing edges.)

If it is desired to evaluate the integrals . I for a normal
section of the wing, that is, for a section taken normal to the
leading edge, the foregoing equations can be modified with the follow-
ing relationships
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Io = (Io)n	 (209)

I, = (I 1 ) n cos A	 (210)

where the subscript n refers to a section taken normal to the
leading edge.

The center of pressure of the swept-back wing at an angle of
attack a has the same chordwise position (in percent chord) as
would a normal section of the wing set at an angle of attack of
a/cos A (case 1), or a cos A (case 2) in a two-dimensional stream
of Mach number Mo cos A.

For a given angle of attack a, the foregoing equations are
theoretically invalid below the free-stream Mach number Mo at which
the quantity Mo cos. A becomes equal to the limiting Mach number for
the normal section of the wing when set at an anglea/cos A (case 1),
or a cos A (case 2) in two-dimensional flow (part .A).

VI - FLOW ABOUT WEDGES AND CONES

When a body moves through air at a uniform speed greater than
that of sound, a shock wave is formed which remains fixed relative to
the body. A pointed shape, that is, a two-dimensional wedge or a
cone, forms an oblique shock wave the characteristics of which are
determined by the vertical angle and the free-stream Mach number. At
high Mach numbers the shock wave originates from the point and forms
an angle with the body axis that varies inversely with the Mach
number. When the speed is reduced to a certain critical value which
depends upon the vertical angle, the shock wave becomes detached from
the point and stands ahead of the body. A comparison of the conditions
under which shock waves become detached from wedges and cones is shown
in figure 5 which presents the maximum wave angle and the minimum
Mach number at which shock waves are attached. A comparison of the
flow conditions about both cones and wedges is shown in figure 2.
These characteristics were determined by theoretical computations
that agree excellently with experimental results.

A - Flow About Wedges

The equations which describe the conditions about two-dimensional
wedges in supersonic flow are given in section IV, part B, Oblique
Shock Waves. As explained in that section, the following values may
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be determined from table III if Mo sin 8 is used in place of Mo
in the first column:

	

P19 Pi, T,.2 	H1

Po Po To ao Ho

Figures 3, 4, and 6 give the characteristics (i.e., p l/po, M15 and
Bw,) of oblique shock waves for wedges of a given semivertical angle
8 as functions of free—stream Mach number Mo.

B — Flow About Cones

The conditions about cones in supersonic flow have been calculated
by G. I. Taylor and J.W. Maccoll, and have been reported in references
1 and 2. The results of these calculations are shown in figures 7 and 8;
the former shows the wave angle ew and the latter the pressure coeffi-
cient P for cones of various semivertical angles 9s as a function
of Mach number Mo.

APPENDIX A

VISCOSITY OF AIR

The viscosity of air is sensibly independent of pressure, while
its variation with temperature is closely represented by

112 	 T o,vs

	

2	 (A-1)
41	 T 1

or more accurately by Sutherland's formula (T in OR = of + 160):

	

µ2 _ T1 + 216 	
3/2

111 T2 + 216 

(T2

	

 Tl,	
(A-2 )
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The following values of ^t are based on Sutherland's formula:

T ^ T II T µ
b lb sec lb s c

(,,V) ft2
)d(3-8)

(OF) ft2 (®fit') ft2
>CLOm ^0-s

100 0.274 —30 01319 40 0.361
90 12 0 20 -325 50 -366
80 -.287 10 -331 60 -372
70 ,294 0 -337 70 -378
60 -300 10 -343 80 -383

— 50 -306 20 •349 90 -389
40 -313 30 -355 100 ®391,

APPENDIK B

REYNOLDS NUMER

Reynolds Number is defined as

	

Re = V—O = V0
'	

(B-1)µ	 v

there Z is a characteristic linear dimension.

Approximately, for airfoils at sea level,

Re = 10,000 (Vo in mph) (chord in feet,) 	 (B-2)



NACA TN No. 1+28	 55

r
i

i^

7~-2
T + 216

= H M	 -V .e. ^Ta l Ta	 T 	
(B-3)

Z wa	 R Ta ` T)	 1+ 21b-
Ta

Using a constant value of H, the Reynolds number per foot has
been plotted in figure 10 as a function of M for various tempera-
tures Ta.

P&TENDIX C

RMUDITY RELATIONS

The following relationships are presented for the humidity, density,
and vapor pressure:

Specific humidity of air;

PV	 ,y Py	 (C-1)
1.61 (spy.) 1.61 H

Relative humidity of air;

r = Pv	 ()Pd

s= 0,622Pd r 2 0®622 H r	 (C-3)
Pv

Density of air;

s =

W = gP 
_ Pg _ 2.70 (H - Pv)(Psi ) lb	

(C-4)
RT	 (460 + Td) (°F) f7
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Vapor pressure from psychrometric data (ApJohn)

H	 (Td - Tw)	 (C-5)
p - pw - 14.7 psi	 90oF

where
s specific humidity
r relative humidity
H pressure of the air and vapor mixture
Td temperature (dry-bulb) of mixture
Tw wet-bulb temperature
Pd saturated vapor pressure corresponding to Td
pw saturated vapor pressure corresponding to Tw
pv saturated vapor pressure corresponding to dew-point temperature

Saturated Vapor Pressure of Ice and Water

T
OF

p
psi

T
of

p
psi

T
of

p
psi

T
of

p
psi

-90 .00005 -30 .0035 30 .o8o8 90 .6982
-85 .00008 -25 .0046 35 .1000 95 .8152
-80 .00012 -2o .0062 40 .1217 100 .9492
-75 .00019 -15 .0082 45 .1475 lo5 l.lol6
-70 .00024 -lo . .0108 50 .1781 110 1.2748
-65 .00035 - 5 .o142 55 .2141 115 1.4709
-6o .00050 o .o185 6o .2563 120 1.6924
-55 .00070 5 .024o 65 .3056 125 1.9420
-5o .00098 10 .0309 70 .3631 130 2.2225
-45 ,00136 15 0396 75 .4298 135 2.5370
-4o .00lg 20 .0505 8o .5069 140 2.8886
-35 ..0025 25 .o64o 85 .5959 145 3.281

For additional values see references 8 and 9.
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APPENDIX D

CONVERSION FACTORS AND CONSTANTS

Pressures

Multiply - Stand-
by lb lb in. H2O in. Eg cm and

to obtain in.2 ft i atmos-
pheres

lb/in2 1 o.006944 0.03613 0.4912 0.1934 11+.70
1b/ft2 144 s 5.2o4. 70.73 27.85 2117
in. B'z0 27.68 1922 1 13.60 5.354 1+06.8
in. Hg 2,036 .ol-414 00735 1 •3937 29.92
cm BIg 5.171 .03591 .1868 2.5 1+0 1 76.00
Standard
atmos— , 068o4 .0004725 .002458 .03342 .01316 1
pheres

Multiply by to obtain

Miles per hour 15 = 1.467 Feet per second

(Miles per hour)-' 2.151 (Feet per second)2

Radians 180 = 57 .30 Degrees
n

Square meters 10.76 Square feet

Square inches 6.452 Square centimeters

Centipoises 1.45 X 10-7 Lb sec /in2

Pounds (avdp) 7000 Grains

Loglo 2.3026 lne

A = 3.14159
e = 2.71828
cp = 0.241 for dry air, room temperature, atmospheric pressure
cv = 0.173 for dry air, room temperature, atmospheric pressure
R = 1718 for dry air

g
sect

= 980.665	 cm/sect = 32.174 ft/sect
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APPENDIX E

NACA STANDARD ATMOSPH.ERF

Variation of Temperature, Pressure, and Density with Altitude

For altitudes up to the lower level of the isothermal atmosphere
(35,332 feet), the following exact equations are applicable (refer-
ence 10)

T = TSL — Ch
	

(Toussaint's formula)	 (E--1)

	

/	 hP =f l	
5.255_	 1

	PSL \	 1 j3 )

P	 h
4 .255

_
PSL 1 — 1 553

where

T absolute temperature
C constant
h altitude
p static pressure
p density

(F--P-)

(h in feet)

M-3)

Subscript SL refers to sea—level conditions

For the English system

TSL = 518 . 4 OR
C = 0®00356617
h = altitude, feet

For the metric system

TSL = 288 °X
C = o®oo65
h = altitude, meters

In the isothermal atmosphere (35,332 < h < 10+,987 ft, and
T = 392®4. oR) the following equations apply (reference 11);
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(
Lloglo

LP—)
=hh

   122.762 Tm x+8211 —'09759

TTM= 
h — h 11.9900

392.4

A _ P TSL

PSL PSL T

(E-4)

(E-5)

where Tm harmonic mean temperature, oR

Equations applicable to altitudes above the upper level of the
isothermal atmosphere (10+,987 ft) are given in reference 12.

Viscosity Relationships

The coefficient of viscosity can be determined closely from

µ T 0.76

µSL 1S—L

or more accurately from (see Appendix A)

µ 	 + 216	 TµSL (TSL
T	 216)(  TSL

T in oR = of + 460

TSL = 518 .4 OR

µ	 0.371 X 10"`6 lb eec

f t2

Table of Properties

Values of temperature, speed of sound, pressure, viscosity and
Oe are given in table V as functions of altitude for the NACA

standard atmosphere.
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TABLE I.- SUBSONIC

0sZs
y
r4 Z
n

a ^
ssm^
a N.o
y <
AN

M P/H P/Pa T/Ta a/aa A•/A Vo/a* Vo/aa Vo/V M P/H P/Pa T/Ta a/aa A*/A/ V'/a- Vo/aa VO/V

.00 1.0000 1.0000 1.0000 1.0000 .00000 0 0 0 .50 .8430 .8852 .9524 .9759 .7464 .5345 .4879 .2182

.01 .9999 1.0000 1.0000 1.0000 .01728 .01095 .01000 .00447 .51 .8374 .8809 .9506 .9750 .7569 .5447 .4972 .2224

.02 .9997 .9998 .9999 1.0000 .03455 .02191 .02000 .00894 .52 .8317 .8766 .9487 .9740 .7672 .5548 .5065 .2265

.03 .9994 .9996 .9998 .9999 .05181 .03286 .03000 .01342 .53 .8259 .8723 .9468 .9730 .7773 .5649 .5157 .2306

.04 .9989 .9992 .9997 .9998 .06905 .04381 .03999 .01789 .54 .8201 .8679 .9449 .9721 .7872 .5750 .5249 .2347

.05 .9983 .9988 .9995 .9998 .08627 .05476 .04999 .02236 .55 .8142 .8634 .9430 .9711 .7968 .5851 .5341 .2388

.06 .9975 .9982 .9993 .9996 .1035 .06570 .05998 .02682 .56 .8082 .8589 .9410 .9701 .8063 .5951 .5432 .2429

.07 .9966 .9976 .9990 .9995 .1206 .07664 .06997 .03129 .57 .8022 .8544 .9390 .9690 .8155 .6051 .5523 .2470

.08 .9955 .9968 .9987 .9994 .1377 .08758 .07995 .03575 .58 .7962 .8498 .9370 .9680 .8244 .6150 .5614 .2511

.09 .9944 .9960 .9984 .9992 .1548 .09851 .08993 .04022 .59 .7901 .8451 .9349 .9669 .8331 .6249 .5705 .2551

.10 .9930 .9950 .9980 .9990 .1718 .1094 .09990 .04468 .60 .7840 .8405 .9328 .9658 .8416 .6348 .5795 .2592

.11 .9916 .9940 .9976 .9988 .1887 .1204 .1099 .04913 .61 .7778 .8357 .9307 .9647 .8499 .6447 .5885 .2632

.12 .9900 .9928 .9971 .9986 .2056 .1313 .1198 .05359 .62 .7716 .8310 .9286 .9636 .8579 .6545 .5975 .2672

.13 .9883 .9916 .9966 .9983 .2224 .1422 .1298 .05804 .63 .7654_ . .8262 .9265 .9625 .8657 .6643 .6064 .2712

.14 .9864 .9903 .9961 .9980 .2391 .1531 .1397 .06249 .64 .7591 .8213 .9243 .9614 .8732 .6740 .6153 .2752

.15 .9844 .9888 .9955 .9978 .2557 .1639 .1497 .06693 .65 .7528 .8164 .9221 .9603 .8806 .6837 .6242 .2791

.16 .9823 .9873 .9949 .9974 .2723 .1748 .1596 .07137 .66 .7465 .8115 .9199 .9591 '.8877 .6934 .6330 .2831

.17 .9800 .9857 .9943 .9971 .2887 .1857 .1695 .07581 .67 .7401 .$066 .9176 .9579 .8945 .7031 .6418 .2870

.18 .9776 .9840 .9936 .9968 .3051 .1965 .1794 .08024 .68 .7338 .8016 .9153 .9567 .901E .7127 .6506 .2909

.19 .9751 .9822 .9928 .9964 .3213 .2074 .1893 .08467 .69 .7274 .7966 .9131 .9555 .9076 .7223 .6593 .2949

.20 .9725_,., .9803 .9921 .9960 .3374 .2182 .1992 .08909 .70 .7209 .7916 .9107 .9543 .9138 .7318 .6680 .2988

.21 .9697 .9783 .9913 .9956 .3534 .2290 .2091 .09350 .71 .7145 .7865 .9084 .9531 .9197 .7413 .6767 .3026

.22 .9668 .9762 .9904 .9952 .3693 .2398 .2189 .09791 .72 .7080 .7814 .9061 .9519 .9254 .7508 .6853 .3065

.23 .9638 .9740 .9895 .9948 .3851 .2506 .2288 .1023 .73 .7016 .7763 .9037 .9506 .9309 .7602 .6940 .3103

.24 .9607 .9718 .9886 .9943 .4007 .2614 .2386 .1067 .74 .6951 .7712 .9013 .9494 .9362 .7696 .7025 .3142

.25 .9575 .9694 .9877 .9938 .4162 .2722 .2485 .1111 .75 .6886 .7660 .8989 .9481 .9412 .7789 .7111 .3180

.26 .9541 .9670 .9867 .9933 .4315 .2829 .2583 .1155 .76 .6821 .7609 .8964 .9468 .9461 .7883 .7196 .3218

.27 .9506 .9645 .9856 .9928 .4467 .2936 .2681 .1199 .77 .6756 .7557 .8940 .9455 .9507 .7975 .7280 .3256

.28 .9470 .9619 .9846 .9923 .4618 .3043 .2778 .1242 .78 .6690 .7505 .8915 .9442 .9551 .8068 .7365 .3294

.29 .9433 .9592 .9835 .9917 .4767 .3150 .2876 .1286 .79 .6625 .7452 .8890 .9429 .9592 .8160 .7449 .3331

.30 .9395 .9564 .9823 .9911 .4914 .3257 .2973 .1330 .80 .6560 .7400 .8865 .9416 .9632 .8251 .7532 .3369
;31 .9365 .9535 .9811 .9905 .5059 .3364 .3071 .1373 .81 .6495 .7347 .8840 .9402 .9669 .8343 .7616 .3406
.32 .9315 .9506 .9199 .9899 .5203 .3470 .3168 .1417 .82 .6430 .7295 .8815 .9389 .9704 .8433 .7699 .3443
.33 .9274 .9476 .9787, .9893 .5345 .3576 .3265 .1460 .83 .6365 .7242 .8789 .9375 .9737 .8524 .7781 .3480
.34 .9231 .9445 .9714 .9886 .5486 .3682 .3361 .1503 .84 .6300 .7189 .8763 .9361 .9769 .8614 .7863 .3517

.35 .9188 .9413 .9761 .9880 .5624 .3788 .3458 .1546 .85 .6235 .7136 .8737 .9347 .9797 .8704 .7945 .3553

.36 .9143 .9380 .9747 .9873 .5761 .3893 .3554 .1589 .86 .6170 .7083 .8711 .9333 .9824 .8793 .8027 .3590

.37 .9098 .9347 .9733 .9866 .5896 .3999 .3650 .1632 .87 .6106 .7030 .8685 .9319 .9849 .8882 .8108 .3626

.38 .9052" .9313 .971"9 .9859 .6029 .4104 .3746 .1675 .88 .6041 .6977 .8659 .9305 .9872 .8970 .8189 .3662

.39 .9004 .9278 .9705 .9851 .6160 .4209 .3842 .1718 .89 .5977 .6924 .8632 .9291 .9893 .9058 .8269 .3698

.40 .8956 .9243 .9690 .9844 .6289 .4313. ..3937 .1761 .90 .5913 .6870 .8606 .9277 .9912 .9146 .8349 .3734

.41 .8907 .9207 .9675 .9836 .6416 .4418 .4033 .1804 .91 .5849 .6817 .8579 .9262 .9929 .9233 .8429 .3769

.42 .8857 .9170 .9659 .9826 .6541 .4522 .4128 .1846 .92 .5785 .6764 .8552 .9248 .9944 .9320 .8508 .3805

.43 8807. ..9132 9645 .9820 .6663 .4626 .4222 .1868 .93 .5721 .6711 .8525 .9233 .9958 .9407 .8587 .3840

.44 .8755 .9094 .9621 .9812 .6784 .4729 .4317 .1931 .94 .5658 .6658 .8498 .9218 .9969 .9493 .8665 .3875

.45 .8703 .9055 .9611 .9803 .6903 .4833 .4412 .1973 .95 .5595 .6604 .8471 .9204 .9979, .9578 .8744 .3910

.46 .8650 .9016 .9594 .9795 .7019 .4936 .4506 .2015 .96 .5532 .6551 .8444 .9189 .9986. .9663 .8821 .3945

.47 8596 .8976 .9577' .9784f^, .7134 .5038 .4599 .2057 .97 .5469 .6498 .8416 .9174 .9992 .9748 .8899 .3980

.48 ".9541 .8935 956& .9771!' .7246 .5141 .4693 .2099 .98 .5407 .6445 .8389 .9159 .9997 .9833 .8976 .4014

.49 .8486 .8894 .9541a .976d! .7356 .5243 .4786 .2141 .99 .5345 .6392 .8361 .9144 .9999 .9916 .9052 .4048

.5o .8430 .8852 .9524 .9759 .7464 .5345 .4879 .2182 1.00 .5283 .6339 .8333 1 .9129 11.0000 11.0000 1	 .9129 1	 .4082

e^
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TABLE II.- CONCLUDED. SUPERSONIC

M Ma P/H P/Pa T/Ta a/aa A* /A q/p q/H R 1/0 v am

8.00 64.0000 1.024 1.414 3 .07246 .2692 5.260 44.80 4.589 7.937 .1260 95.62 :7.181
x10

-4
x10 x1073 x10-

9.00 81.0000 4.739 8.150 .05814 .2411 3.056 56.70 2.687 8.944 .1116 99.32 6.379
X10-5 x10-4 x10-3 x10

10.00 100.0000 2.356_5 4.948_ 4 .04762 .2182 1.866_3 70.00 1.649_ •9.950 .1005 102.3 5.739
X10 x10 x10 x10

15.00 225.0000 1.515 6.968 .02174 .1474 2.663 -4 157.5 2.386 14.97 .06682 111.5 3.823
X10- X10x10

-5 x10 x10
20.00 400.0000 2.091 1.694 .01235 .1111 6.503 280.0 5.854 19.97 .05006 116.2 2.866

X10-7 x10-5 x105 x105
100.00 104 2.790

X10-12
5.583 -9 4.998 °

4
.02236 2.157

X10-8
7000.0 1.953

-8x10

00.0 .01000 127.6 .573J

m 0
 x10

0
x10
0 0 0 m 0 m 0 130.5 0

Definition of Symbols for Table II

M	 Mach number

p/H ratio of static pressure to total pressure

P/pa ratio of local density to stagnation density

T/Ta ratio of local temperature to stagnation temperature

a/sa ratio of local speed of sound to speed of sound at stagnation conditions

A#/A ratio of area of throat to local cross sectional area of a stream tube

q/p ratio of } p V2 to static pressure

q/9 ratio of } pV2 to total pressure

the factor M2 - 1

y	 angle-of-turning of a supersonic stream from M =1 to M; degrees

am Mach angle, degrees

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
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TABLE III.- CONCLUDED. NORMAL SHOCK WAVES

MO Ma D!o Pa,/po Py/Po T, /To a1/ao H1 /Ho Pa /H1 P& /Ho Vo/a* Vo/aa Vo/p

7 .3974 2.416
x10'4

57.00 5.444 10.47 3.236 .01535 .8969 .01377 2.333 2.130 .9526

8 .3929 1.024 74.50 5.565 13.39 3.659 8.488 .8990 7.631 2.359 2.154 .9631
X10-4 x10`3 x103

9 .3898 4.739
X10-5

94.33 5.651 16.69 4.086 4.964
x10-3

.9005 4.470
x10-3

2.377 2.170 .9705

10 .3876 2.356 116.5 5.714 20.39 4.515 3.045 .9016 2.745 2.390 2.182 .9759
X10-5 x10-3 x10-3

15 .3823 1.515 6 262.3 5.870 44.69 6.685 4.395 4 .9041 3.974 4 2.423 2.212 .9891
X10- x10- x10

20 .3804 2.091
X10-7

466.5 5.926 78.72 8.873 1.078
x10`4

.9050 9.753
x10°5

2.434 2.222 .9938

100 .3781 2.790 12 11,666.5 5.997 1945.4 44.11 3.593 8 .9061 3.255 2.449 2.236 .999E
X10-12 x10'8

.3780 0 C. 6 m m 0 .9061 0 2.449 2.236 1.000C"

Definition of Symbols for Table III

Mo	 Mach number upstream of normal shock wave

My	 Mach number downstream of normal shock wave

PO/Ho	 ratio of static pressure to total pressure upstream of shock wave

P,/Po	 static pressure ratio across shook wave

P 1 /Po	 density ratio across shook wave

T a /To	 temperature ratio across shock wave

al /ao	 local speed of sound ratio across shook wave

H 1 /Ho	 ratio of total pressure downstream of shock wave to total pressure upstream

p,/H,	 ratio of static pressure to total pressure downstream of shock wave

PI /Ho	 ratio of static pressure downstream to total pressure upstream of wave

Vo/a*	 ratio of velocity (corresponding to M O ) to the speed of sound where V s a

V,/-a	 ratio of velocity (corresponding to M O ) to the speed of sound where V = o

Vo/V	 ratio of velocity (corresponding to M O ) to the velocity where p = p = T = o

NATIONAL ADVISORY
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TABLE IV.- MACH NUMBER FUNCTIONS FOR USE WITH SYALL®
PERTURBATION AIRFOIL-SECTION THEORY

Mo Cl C 2 Mo Cl C 2 Mo C 1 C

1.02 9.950 746.293 2.02 1.140 1.456 3.02 .702 1.268
1.04 7.001 186.333 2.04 1.125 1.447 3.04 .697 1.266
1.06 5.689 82.987 2.06 1.110 1.437 3.06 .692 1.265
1.08 4.903 46.943 2.08 1.097 1.429 3.08 .687 1.264
1.1O 4.364 30.315 2.10 1.083 1.420 3.10 .682 1.263
1.12 3.965 21.313 2.12 1.070 1.413 3.12 .677 1.262
1.14 3.654 15.905 2.14 1.057 1.405 3.14 .672 1.260
1-.16 3.402 12.404 2.16 1.045 1.398 3.16 .667 1.259
1.18 3.193 10.013 2.18 1.032 1.392 3.18 .663 1.258
1.20 3.015 8.307 2.20 1.021 1.386 3.20 .658 1.257
1.22 2.862 7.050 2.22 1.009 1.380 3.22 .653 1.256
1.24 2.728 6.096 2.24 .998 1.374 3.24 .649 1.256
1.26 2.609 5.356 2.26 .987 1.369 3.26 .645 1.255
1.28 2.503 4.771 2.28 .976 1.363 3.28 .640 1.254
1.30 2.408 4.300 2.30 .966 1.358 3.30 .636 1.253
1.32 2.321 3.916 2.32 .955 1.354 3.32 .632 1.252
1.34 2.242 3.598 2.34 .945 1.349 3.34 .628 1.251
1.36 2.170 3.333 2.36 .936 1.345 3.36 .623 1.250
1.38 2.103 3.109 2.38 .926 1.341 3.38 .619 1.249
1.40 2.041 2.919 2.40 .917 1.337 3.40 .615 1.249
1.42 1.984 2.755 2.42 .908 1.333 3.42 .612 1.248
1.44 1.930 2.614 2.44 .899 1.330 3.44 .608 1.247
1.46 1.880 2.491 2.46 .890 1.326 3.46 .604 1.246
1.48 1.833 2.383 2.48 .881 1.323 3.48 .600 1.246
1.50 1.789 2.288 2.50 .873 1.320 3.50 .596 1.245
1.52 1.747 2.204 2.52 .865 1.317 3.60 .578 1.242
1.54 1.708 2.129 2.54 .857 1.314 3.70 .561 1.239
1.56 1.670 2.063 2.56 .849 1.311 3.80 .546 1.236
1.58 1.635 2.003 2.58 .841 1.308 3.90 .531 1.234
1.60 1.601 1.949 2.60 .833 1.306 4.00 .516 1.232
1.62 1.569 1.901 2.62 .826 1.303 4.10 .503 1.230
1.64 1.539 1.858 2.64 .819 1.301 4.20 .490 1.228
1.66 1.509 1.817 2.F6 .811 1.298 4.30 .478 1.227
1.68 1.481 1.781 2.68 .804 1.296 4.40 .467 1.225
1.70 1.455 1.748 2.70 .797 1.294 4.50 .456 1.224
1.72 1.429 1.717 2.72 .791 1.292 4.60 .445 1.223
1.74 1.405 1.689 2.74 .784 1.290 4.70 .436 1.222
1.76 1.381 1.663 2.76 .777 1.288 4.80 .426 1.221
1.78 1.358 1.640 2.78 .771 1.286 4.90 .417 1.220
1.80 1.336 1.618 2.80 .765 1.284 5.00 .408 1.219
1.82 1.315 1.597 2.82 .759 1.282 6.00 .338 1.212
1.84 1.295 1.579 2.84 .752 1.281 7.00 .289 1.209
1.86 1.275 1.561 2.86 .746 1.279 8.00 .252 1.207
1.88 1.256 1.545 2.88 .741 1.277 9.00 .224 1.205
1.90 1.238 1.529 2.90 .735 1.276 10.00 .201 1.204
1.92 1.220 1.515 2.92 .729 1.274 15 .134 1.202
1.94 1.203 1.502 2.94 .723 1.273 20 .100 1.201
1.96 1.186 1.489 2.96 .718 1.271 100 .020 1.200
1.98. 1.170 1.478 2.98 .712 1.270
2.00 1.155 1.467 3.00 .707 1.269
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TABLE V.- PROPERTIES OF THE STANDARD ATMOSPHERE

(ft) (OF) ( 0)
a/aSL a

(ft/
see)

a
(mph)

P/PSL P
(lb/
s	 ft

p
milli-
bars

o' =P/P SL P
(slug/
cu ft)

Q
PX10°
(slug/
ft sec

µ R 10'
(ft s /
eeo

/M'
(ly/
ft )

0 59.00 15.00 1.0000 1117 761.6 1.0000 2116.2 1013.2 1.0000 0.002378 1.0000 3.719 1.564 1481.3
1,000 57.44 13.02 .9966 1113 759.0 •9644 2040,9 977,1 .9711 .002310 .9854 3.699- 1.602 1428.6
2,000 51.87 11.04. .9931 1109 756.3 •9298 1967.7 942,1 .9426 .002242 .9710 3.679 1.641 1377.4
3,000 48.31 9.06 .9896 1105 753,7 .8963 1896.7 908,1 .9152 .002177 .9566 3.659 1.681 1327.7
4,000 44.74 7.08 .9862 1102 751.0 •8637 1827.7 875.1 .8881 .002112 .9424 3.639 1.723 1279.4
5,000 41.18 5.10 .9827 1098 748.4 .8321 1760.8 843.0 .8617 .002049 .9283 3.618 1.766 1232.6

6,000 37.62 3.12 .9792 1094 745.7 •8014 1696.0 812.0 .8359 .001988 ..9143 3.596 1.810 1187.2
7,000 34.05 1.14 .9756 1090 743.0 .7717 1633.0 781.8 .3107 .001928 .9004 3.577 1.855 1143.1
8,000 30.49 - 0.84 .9721 2.086 740.4 .7428 1571.9 752.6 .7860 .001869 .8866 3.557 1.903 1100.3
9,000 26.92 - 2,82 .9686 1082 737.7 .7148 1512.8 724.3 .7620 .001812 .8729 3.536 1.951 1059.0
10,000 23.36 - 4.80 .9650 1078 734.9 .6877 1455.4 696.8 .7385 .001756 .8594 3.515 2.002 1018.8

11,000 19.80 - 6.78 .9614 1074 732.2 .6614 1399.8 670.2 .7156 .001702 .6459 3.495 2.054 979,9
12,000 16.23 - 8.76 .9579 1070 729.5 .6360 1345,9 644.4 .6932 .001649 .8326 3.474 2.107 942.1
13,000 12.67 -10.74 .9543 1066 726.8 .6113 1293.7 619.4 .6714 .001597 .8194 3.453 2.163 905.6
14,000 9.10 -12.72 .9507 1062 724.0 .5875 1243.2 595.2 .6500 .001546 .8063 3.432 2,220 870.2
15,000 5.54 -14.70 .9470 1058 721.2 .5644 1194.3 571.8 .6292 .001497 .7933 3.411 2.280 836.0

16,000 1.96 -16.68 .9434 1054 718,5 .5420 1147,0 549.1 .6090 .001448 .7804 3.390 2.341 802.9
17,000 - 1.59 -18.66 .9397 1050 715.7 •5203 1101.1 527.2 .5892 .001401 .7676 3.369 2.404 770.8
18,000 - 5.15 -20.64 .9361 1046 712.9 •4994 1056.9 506.0 .5699 .001355 .7549 3.347 2.470 739.6
19,000 - 8.72 -22.62 .9324 1041 710.1 •4792 1014.0 485.5 .5511 .001311 .7424 3.326 2.538 709.8
20,000 -12.28 -24.60 .9287 1037 707.3 .4596 972,6 465.6 .5328 .001267 .7299 3.305 2.608 680.8

21,000 -15.84 -26.58 .9250 1033 704.5 .4406 932.5 446.4 .5150 .001225 .7176 5.283 2.681 652.8
22,000 - -19,41 -28.56 .9213 1029 701.6 •4223 893.8 427.9 .4976 .001183 .7054 3.262 2.757 625.7
23,000 -22.97 -30,54 .9175 1025 696.8 .4047 856.4 410.0 .4807 .001143 .6933 3.240 2.834 599.5
24,000 -26,54 -32.52 .9136 1021 695.9 .3876 820,3 392.7 .4642 .001104 .6813 3.218 2.915 574,2
25,000 -30.10 -34,50 .9100 1017 693.1 .3711 785.3 376.0 .4481 .001066 .6694 3.196 2.999 549.7

26,000 -33.66 -36,48 .9062 1012 690.2 .3552 751.7 359.9 .4325 .001029 .6576 3.174 3.087 526.2
27,000 -37.23 -38.46 .9024 1008 687.3 .3399 719.2 344.3 .4173 .000993 .6460 3.153 3.177 503.4
28,000 -40.59 -40.44 .8986 1004 684.4 .3251 687.9 329.3 .4025 .000957 .6345 3.130 3,270 481.5
29,000 -44.36 -42.42 .8948 999 681.5 .3108 657.6 314.9 .3882 .000923 .6230 3.108 3.367 460.3
30,000 -47.92 -44.40 .8909 995 678.5 .2970 628,5 300.9 .3741 .000890 .6116 3,086 3.469 440.0

31,000 -51.48 -46.38 .8871 991 675.6 .2837 600.4 287.5 .3606 .000858 .6005 3.064 3.573 420.3
32,000 -55.05 -48,36 .6832 987 672.6 •2709 573.3 274.5 .3473 .000826 .5894 3.041 3.682 401.3
33,000 -58.61 -50.34 .8793 982 669.7 .2586 547,3 262.0 .3345 .000796 .5784 3.019 3.795 383.1
3.4,000 -62.18 -52.32 .8754 978 666.7 .2467 522.2 250.0 .3220 .000766 .5675 2.997 3.913 365,5
35,000 --65.74 -54.30 .6714 973 663.7 •2353 498.0 238.4 .3099 .000737 .5567 2.974 4.036 348.6

3g,332
3,000

-67.6
-67.6

555g 33
-5b.2.8. 8693

.8693 971
971

662.1
662.1

.2314
•2244

4g9.8
474.8

234.5 .3059 .000727 .5530 2.961 4:073 342.9

37,000 -67.6 -55 . 33 .9693 971 662.1 2139 452.5
227.3
216.7

.2991

.2945
.000709
.0006766

.5460

.5334
2.9551
z.9b1

4.176
4.376

332.4
316.938,000 -67.6 -55 . 33 .9693 971 662.1 .2039 431.2 2o6.5 .2711 .0006449 .5207 2.961 4.592 301.9

39,009 -67.6 -55 . 33 .9693 971 662.1 .1942 411.0 196.9 .2584 0006145 093 2.961 4.819 297,7
4o, 000 -67.6 -55.33 .9693 971 662.1 .1851 391.9 197,6 .2463 • 0005957 .4963 2. 961 5 .055 274.3

41,000 -67.6
-67.6

-55.33
-55.33

.9693

.9693
971
971

662.1
662.1

•1764
.1691

373.4
355.9

179.9 .2347 .0005592 .4945 2.961 5.305 2 1.442,000
.8693 971 662.1 .1603

170.4 .2237 .0005320 .4730 2.961 5 . 566 249.1
43,000
44 000

-67.6
-67.6

-55.33
-55.33 .9693 971 662.1 . 1527

339.1
323.2

162.4
4.9

.2132 .0005071 .4617 2.961 5 939
6.127

237.4
45,000 -67.6 -55 . 33 .9693 971 662.1 .1456 309.0

1 .2032
.1936

0004933 .4 og
4400

2.961 226,2
147.5 .0oo46o5 . 2.961 6.43o 215.6

46,000 -67.6 -55 . 33 .9693 971 662.1 .1397 293.6 14o.6 .1946 .0004390 .4296 2.961 6.745 205.547,000
48,000

-67.6
-67.6

-55.33
-55.33

.8693

.8693
971
971

662.1
662.1

.1322
•126o

279. g
2666.6

134.0 .1759
.1676

.0004194 .4194
•4094

2.961
2.961

7.077 195 9
49,000 -55 .33 .9693 971 662.1 .1201 254.1

127.7
- 67.6 121.7 .1599

.0003997

.0003900 .3997 2 .961
7.427
7 . 792

196.6
177.850,000 -67.6 -55.33 .8693 971 662.1 .1145 242.2 116.o .1523 .0003622 .3902 2.961 9.175 169.5

60,000 -67.6 -55 . 35 .9693 971 662.1 0713
•o442

150.9 72.2 .0942 .000224o 3069 2 .961 13.219 105.670 ,Ooo -67.6
-67.6

-55 . 33
-55 . 33

.9693

.8693
971
971

662.1
662.1 .0274

93.•5
59,0

44.9 •0594
•0362

.0001399

.0000961
.2417 2.961 21.317

65.
5.390,000

90,000 -67.6 -55 .33 .9693 971 662.1 •0170
.0106

36,0
27.8
17.2 •0225 .0000535

.1903

.1500
2.961
2.961

34.390
55.346

4p,
25,2

100,000 -67.6 -55 . 33 .9693 971 662.1
.00931

22,4 10.2 .0140 .0000331 1183 2.961 89.456 15.7104 987 -67.6
-47.4

5555 S3
-44^^

.8693
8917

971
99 6

662.1 5 9•ooh
1 7.59 8.40110. .0000261 lo 48.49 2.961 113.4 12.31

110,000 .1l
.9346 1	 3

679.0
.00426

13.92
9.026

6.66 .00827 .0000197 .09093 3.090 157.2 9.744120,000 - 7. 2 -21.79 711.1 4.32 .004.99 .0000116 .06999 3.339 297.6
130,000

:00014o
33.0
73.3

.56
22.94

.9749
1.0143

log9
1132

742.E
771.8

00297
.00199

6.071
4.213

2.91 .00302 .00000717
•OOOOo46o

05493 3 . 579 498.9 4.210
45.29 1.0510	 - 1174 900.55 .00142 3.003

2.02 .00193 .x+.909399 3 827.9 2.9 91 50,000 113.5
.00103

1.45 .00129 .00000305 .03592 4.032 1322 2,1021bo,000 153.7 67.61 1.0877 1215 gz8.4-
.000916

2.190 1.05 .00097 .00000208 .029 7 4.247 2043 1,533164,042 170.0
170.0

76.67
76.67

1.1021
1.1021

1231
1231

939.3
939.3 .000767

1.939
1.624 ;777

7
.00063 .00000150 .02513

4.7332 241 1'357170,000
1.1021 1231 .000570 1.206

4.332 2986 1.137
190,000 170.0

170.0
76.67
76.67 1.1021 1231

939,3
939.3 .000423 .8956

,577 .00047 .00000111
.00000083

.02165

.01966
4.332
4.332

3985 .9442
190,000
196,950 170.0 76.67 1.1021 1231 839.3 •00034 .7305

.429 .00035
.00028 .00000069 .01685 4.332

55232
b412

.6269

159.4 70.78 1.o931 1227 g31.9. .000314 .6645
. 350

200,000
1.0627 1197 .000230 .319 .0002 6 0000006.2 .01216 4 .277 69 44 652

652

210,000 125.9
92.4

52.17
33.56 1.0322 1152

809.3
795, 000166

,48699
. 3504

,233 ,00020 .00000049 ol427 Cog 9467 .3408
220,000

14.94 1.0000 1117 763,. .000117
,168 .00015 •00000037 .01247 3.916 lo600 ,24 3

230,000 8.9
25 . 3 -3. 2 .9669 1090 77366 44 .000090

.2$79
16699

.118 .00012 .00000029 .01080 3.727 13400 ,^7^9
240,000
25oj.000 - 8.2

-28.0
-22.33 •9329

.9123
1042
1019

710.5
694.8

.000054

.000042
.1139
0896

.091
,054

.000 0

.00006
.00000020
.00070015

.00926
+ 00786

.3	 33
3.333

17330
22700 .0 97

255,905
260,000 -29.0

-33.33
-33.33 •9123 1019 694.8 .000035 .0742 •o z 00005 .00007012 00709

•00649
3.212
3,23.2

26890 .0621,035 .00004 .00000010 32090 ,p5E0

List of eymbole: h = height	 t = temperature	 a = velocity of soundP - pressure	 P = density	 a = density relative to
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COMMITTEE FOR AERONAUTICS	 of viscosity	 kinematic viscosity

The subscript SL refers to sea level (h = 0)
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Figure 3.- Variation of static pressure ratio with initial Mach number for various deflection angles.
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Figure 5.- Critical conditions for detached shock waves
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