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AERONAUTIC SYMBOLS
1. FONDAMENTAL AND DERIVED UNIT3

Metric t Fnglish
Symbol . ‘ - ;
Unit l Abi);e\'in.- E Tnis Abbrevia-
| 10N i ; 10N
Length. _._.. I meter. .. ... [ m E foot (or milej . ___.____ {t {or mi)
Time_ . uo__ i second . oo _o... ' 8 | seeond (or hour).______! sec (or hr)
Toreeaooaaoon F weight of 1 kilogram. . ___ | kg i weight of 1 pound. ... ib
f : o
Power. ... P rhorsepower {metric) ... . L. ——---" horsepower_ . ____.____ ! hp
. [kilometers per hour-.___. ! kph ; miles per hour. .. . ___! mph
Speed. - ... v \meters per sceond_ oo ! mps | feet per second.. . o] fps
; | o
2. GENERAL SYMBOQLS
Weight=mg _ . v Kinematic viscosity
Standard aceeleration of gravity =90.80665 m/s® » Density (mass per unit volume)
or 32.1740 {t/sec? Standard density of dry air, 0.12497 kg-m™*-s* at 15° C
Mass— b and 760 mm; or 0.002378 1b-ft~* sec? )
ARSE=T Specific weight of “stondard” air, 1.2255 kg/m® or
Moment of inertia=mk®. (Indicate axis of 0.07651 Ibjeu fb
radius of gyration & by proper subscript.)
Coefficient of viscosity
3. AERODYNAMIC SYMBOLS
Ares 1w Angle of setting of wings (relative to thrust line)
Arca of wing 1 Angle of stebilizer setting (relative to thrust
Gap line)
Span Q Resultant moment
Chord Q Resultant angular velocity
bt Vi . .
Aspect ratio, K B Reynolds number, o where Zis 8 linear dimen-
True air speed sion {e.g., for an airfoil of 1.0 ft chord, 100 mph,

standard pressure at 15° C, the corresponding
Reynolds number is 935,400; or for an airfoil
of 1.0 m chord, 100 mps, the corresponding
Reynolds number is 6,865,000)

. 1
Dynamic pressure, 50V

Lift, absolute cocfficient 0},=€g

Drag, absolute cocflicient (r"D-:vD @ Angle of attack
as ¢ Angle of downwash
Profile drag, absolute coeflicient ('nw:p‘sﬂ, o Angle of attack, .mﬁnite aspect ratio
q ay Angle of attack, induced
Induced drag, absolute cocfficient ' .=Pf C Angle of gltjmck, absolute (measured from zero-
i gS lift position)
Parasite drag, absolute coefficient C"m,:% v Flight-path angle

Q

Cross-wind force, absolute coefficient (Jc‘zé—s,
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APPLICATION OF THE METHOD OF CHARACTERISTICS TO SUPERSONIC ROTATIONAL FLOW

By AnxToN1O FERRI

SUMMARY

A system for caleulating the physical properties of supersonic
rotational flow with arial symmetry and supersonic rotational
fow in a twordimensional field was determined by use of the
characteristics method. The system was applied to the study
of external and internal flow for supersonic inlets with axial
symmetry. For a circular conical inlet the shock that occurred
at the lip of the inlet became stronger as it approached the axis
of the inlet and became a normal shock at the axis.  The region
in which strong shock occurred increased with the increase of
the angle of internal cone at the Lip of the inlet.  For an inlet
with a central body the method of characteristics was applied fo
the design of an internal-channel shape that, theoretically, results
in very efficient recompression in the inlet; it was shown that
if an effuser is connected with the diffuser a body of revolution
with very small shock-ware drag can be determined.
el :

[ ACe ‘<
) INTRODUCTION

The characteristics method for the determination of super-

sonic phenomena was first used by Prandtl and Busemann .

for two-dimensional flow (references 1 and 2). For flow
with axial symmetry Frankl (reference 3) used the method
of characteristics for determining the shape of a supersonic
circular ecffuser with uniform exit velocity, and Ferrari
(references 4 and 5) independently used the characteristics
method for determining supersonic phenomena for every
type of boundary condition. Subsequently Guderley (refer-
ence 6) and Sauer (reference 7) transformed the system pro-
posed by Frankl and Ferrari and obtained a different
analytical solution of the problem. In all applications the
hypothesis of potential flow was made; therefore the
cquation of potential flow was used.

When shock waves that are not plane (two-dimensional
flow) or conical (flow with axial symmetry) oceur in uniform
flow, the variation of entropy across the shock is not constant
and the flow behind the shock is no longer isentropic and
becomes rotational. If the variation of entropy is small,
the effeet of rotation of the flow is not imporiant for de-
termining the pressure distribution along a body and the
theory of potential flow gives correct results. 1 the shock
wave is strong and has large curvature, however, the effect

790504~—48

of the rotation becomes important and the flow must be
considered as rotational.

The method of characteristics can be extended to apply to
rotational flow if, in place of the potential function for the
differential equation of motion, the stream function con-
sidered by Crocco (reference 8) is used.  With the character-
istics method for rotational flow a more exact determination
can be made of the shape of the shock wave and the distribu-
tion of velocity and pressure for phenomena in which the
effect of rotation is important, as in the internal flow through
supersonic inlets.  The procedure of numerical caleulation is
similar and not much more complicated than that used for

_the case of potential flow with axial symmetry.

SYMBOLS
P pressure
P density
s entropy, mechanical units
v velocity
M Mach number
1, limiting velocity corresponding to adiabatic expansion
to zero pressure

a speed of sound

" ratio of velocity to limiting velocity (V )
i

ce=2

Vi
u r-component of relative velocity
] y-component of relative velocity

s, ¥y Cartesian coordinates

angle between velocity 17 and z-axis, radians
angle between tangent to shock and direction of
velocity of flow in front of shock

8 deviation of direction of veloeity across shoek wave
6 angle of polar coordinate in conical field
¢ potential function
14
v

T
.1

8 Mach angle (mc sin BZ)

@

€

stream function for rotational flow (see equation (11))
ratio of specific heat at constant pressure and constant

volume
R gas constant
n normal to streamline
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_sin B tan B sin ¢

=08 (o B)
=sin B tan B sin ¢
cos (¢—B8)
H, L, K, and N defined by equation (14)
Li=Z4—2p
bo=2c— 24
W,
h—H.B
g=l+é
0
e— Sin ﬁA
cos (ﬁA'?"‘PA)
f_ sin BB

" cos {¢z—B5)
r=tan 8,+h tan Bs

8p— 8,4 1
A="TR ey
Subscripts:
0 chamber condition (zero-veloeity adiabatic transfor-
mation)
A points of first family
B points of sccond family
C quantities in the points calculated from A and B
z derivative with respeet to z
Ly derivative with respeet to y
a ahead of shock

b behind shock
¢C, value corresponding to value of ¢ at point C,
C. at point C,

CHARACTERISTICS METHOD FOR SUPERSONIC POTENTIAL
FLOW WITH AXJAL SYMMETRY

The differentinl equation for potential flow with axial
symmetry (reference 4) is

_ 65\ 0% _oS\ O 2¢:0, O v _
(1 a? brz+(1 at /oy @ 550}/-}-?—/—0 (1)

In supersonic flow some lines can be individuated (charace-
teristic lines) that divide the flow into two regions for which
the values of ¢, ¢,. and ¢, along the line are different.  For
every pomt of the flow two characteristic lines can be de-
termined; every line is inelined at the Mach angle with
respect to the direction of the velocity at the point, and
therefore the characteristic lines can be divided into two
families on the basis of the sign of the angle of the characteris-
tic line with respect to the direction of the veloeity. A
family that is usually called the first family is defined by
the equaticn ‘

dy
dp st (B+¢) | (2)

and the other family (second family) is defined by

th
:7‘7;=(bnn ¢—8) (3)

The variation of the quantities that define the veloeity
(¢ and 17) along a characteristic line is given by the following
cquations from reference 5:

For the first family,

v dr

1 tam 51 %o @
and for the second family,

{]Jv +do tan g—m fi;r=() (8)

where [ and m are trigonometric expressions defined as
_sin B sin o tan §
cos (B+¢)
_sin B sin ¢ tan 8

cos (p—B)

/6)

I the direction of the velocity and the Mach number at
two points near each other (points A and B in fig. 1) are
known, the direction of the velocity and the Mach number
at a point C given by the intersection of the two character-
istic lines of different family starting from points A and B
can be determined.  Beceause the distances BC and AC are
small, all the coefficients of equations (4) and (53) can be
considered constant and coincident to the corresponding
values at points B and A. and the tangents to the character-
istic lines at points A and B can be substituted for the char-
aeteristic lines from point A to point C and from point B
to point C. In this case the lines AC and BC are straight
lines. The line BC is inclined at an angle ¢ — 8 with respect
10 the z-axis and the line AC is inclined at an angle 48 with

y

x

FIGURE 1.—Geometrical construction for determining point C by the characteristies methaod.
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respect to the z-axis. Equation (4) can be applied for the

line AC where
dr=rc—1x,

Y=Ya

V=1,
B=8a4

1=[1

and equation (5) can be applied for the line BC' where

dr=rc—ry
Y=1Un
V= ‘vll
B=28x
m=mpg

For practical use equations (4) and (5) are combined and
transformed by means of the ratio W of the velocity 17 to
the limiting velocity 17, This ratio is defined as

LI
(V) B
2 .,
=1 +,;/ji sin B (7)
and the following equations are obtained:

W, W
¢a | tan B+ 2 tan BA)=1- ‘-é—(sﬂA—‘Pa) tan 85
Wy Wy

My lA M"A
+“g; (Te—xp)— (Tc—T4) :1—/: W, (8) »
dW, (re—x)la
H-A ——tﬂn 5‘4 d¢A+T (9)
We=W,+d
% (10)
‘Pc=¢.:|+(1 Pa

With the method of characteristics (reference 4) it can
be shown that, if a deviation of a streamline which wets the
body occurs, the phenomena on the corner are regulated by
the same laws that regulate the two-dimensional flow;
therefore, the tangents of every characteristic line starting
from the corner are known. 1f the initial flow conditions
are known, the step-by-step calculation of all the physical
properties of the flow in the entire field is permitted, partie-
ularly the caleulation of the shape of the shock wave and
the pressure distribution along any body of revolution
with axial symmetrical flow in cases in which the hypothesis
of potential flow is correct.

CHARACTERISTICS METHOD FOR SUPERSONIC ROTATIONAL
FLOW WITH AXIAL SYMMETRY

Supersonic perfeet flow is rotational when the flow is
preceded by a shock wave and when the variation of entropy
across the shock wave changes from point to point behind
the shock. In this case the transformation of the fluid
along every streambine is isentropic until another shoek wave
occurs in the fluid (reference 8).

If a stream function y is assumed to be defined by the
following equations from reference 8:

__1..
Yy=yu(1-H*)"

(11)
1
Y= —yr(1— W)
the equation
-,
fWpy="" . (12)
(1—W#)y=1

is a function of only the stream function ¢ (reference 8);
and therefore from the equations of state, continuity, energy,
and steady motion the following equation can be obtained:

(1=5) b= B+ (15 ) w2

1+l ¢!
—ra—wy (B -1) 1w=0 (13)
Equation (13) is a Monge-Ampére equation, and if

H=1-"%,

e

v'.’

L= 1—E§

uv
= — —52

v+l
N =Y (B-n)w as

two characteristic families with the following equations can

. be obtained: For the first family,

¢,,+(,,+ L H) bt = (1)

and for the second family,
- 11+\ T f] ()
vt (7 N KLY gt =0 (18)

If n is the normal to the streamline, equation (11) yvields

2
R 2= | N G B (O Ea
_(dy C e ?
*<}1n> =grad?y (19)
and
curl V>\V 1 1 ds
T p e =g (20)

because s is constant along every streamline; therefore

—11ds 1 @1
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and the following expressions can be obtained:

i L dy o - ] A

Verm — (1= W)= (1= 1) =

+2_:/f11 (=13 50,

> (22)
1 1

Yur=yu (1= W2 ?—1+21u(]—ﬂ/’2) -

_2l gy T
1 /

When equations (21) and (22) are substituted in equations
(15) and (17) and (16) and (18) and the Mach angle and the
velocity,are expressed in polar coordinates, equations (15)
and (17) become

Zz=tun (B+¢) {first family) (23)
Zi{=tun (o—B) (second family) (24)

and equations (16) and (18) become

dw dr ds  sin®* 8 . .
W —tanBde— —'f dn YR w08 (B v) =0 (first family) (25)
. "3
d” +tan6(1<p [ m~dr ds _sin®f = (0 (second family) (26)

dnyRcos (p— )

Equations (23) and (24) are identical to equations for
potential flow (2) and (3), and equations (25) and (26) are
similar to equations for potential flow (4) and (5), differing
only by the terms that contain ds. Equations (23) to (26)
permit a step-by-step caleulation of the entropy, intensity
of velocity, and direction of the veloeity if the initial and
boundary conditions are known. If all physical properties
are known for two points A and B and if the two points are
close to each other, the tangents to the characteristic lines
at the points A and B can be substituted for the characteristie
lines with close approximation. In this way a point C can be
determined as the intersection of the second characteristic
line of point B with the first characteristic line of point A
(fig. 1), because ¢ and B are known for the points A and B.

For the characteristic lines of the first fumily, equation
(25) gives the variation of ¢ and 13" from point A to point C,
and all the coefficients are known and correspond to the

- . ds . .
coeflicients for point A; only the term A 1S unknown. From
equation (26) the variation of ¢ and W from point B to point

N N (s
C can be determined. and all other terms, except gy e

. . , ds
known and equal to the values for point B, The term dn

can be determined from the value of the entropy for points
Aand B.
N . . . . s .
From figure 1, in equation (25) the term dy GO be writ-
{
Lten as

7 _:(x,»—,\'_., Y cos (Ba+¢y) (
dn (re—ay) SIN B,

(]
~1
~—

and in equation (26) can be written as

g]\ _(S‘n'—s(‘) cos (Wlf—ﬁli) (28)
di~ (re—rp) sin By

If the points A and B are close to each other and the varia-
tion of entropy is gradual, equation (27) can be written as

ds_ L Sp—8y (29)
dn— sin B, sin By -
. y -
(re =) cos (ﬁt‘f‘tpx +u( ) o8 (san 611)

| ods . . ) . .
and 7, Can be considered equal in equations (25) and (206).

. ds .
In this case dn 15 known: therefore ¢ and 1 can be calculated
\ ;

for point C.  For practical calculations equations (25) and
(26) should he transformed into two equations (equations (31)
and (32)) each of which contains only one of the unknown

terms dw and de.

For simplicity, let

Li=r4—Ip A
Lo=To— T4
g= H*‘El
Ae=p —¢n
=gy
B g (30)
o sing
T cos (Batea)
f sin ,B];
cos (‘Pl} BB)
r=tan Bp-+h tan 8,
q= R 8 1
: ‘YR €+,(7_f p,

Then the following equations can be obtained:

rdep,=1—h—Aptan Bp+A(gf sin® B, +hesin?g8,)

Emug _ (31)
Yn Ya

!11111, =tan B, dey—Aesin® 8, +E" A (32)

A

se==8,1 ey R (33)

co=¢i+d¢a (34)

W 1 +d W, (35)

e 1 T .

sin? Ge== 5 <‘]l‘(,'-’ 1) (36)

Uy and Eo’l/
Wu
portant as y approaches zero, near the axis of the body;
therefore. in this region the distance between the points con-
sidered must be reduced to obtain sufficient accuracy.

. ) A .
In equation (31) the t terms become very im-
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CHARACTERISTICS METHOD FOR TWO-DIMENSIONAL
SUPERSONIC ROTATIONAL FLOW

In two-dimensional flow an equation similar to equation
(13) can be obtained if a special stream funetion defined by
the following equation is assumed (reference 8):

1
—u(1— W2y
¥=u( ) (37)

1
Yo= — (1= W2)r-

In this case the equation of motion (equation (13))becomes
(reference 8)

(=2 ) v 2 vt (1= 12) Vo

RNV A
—a=wyr (B-1) =0 (38)
Equation (38), like cquation (13), is a M onge-Ampére
equation and permits the determination of two equations that
define the characteristic lines and two equations that give
the variation of the velocity along the characteristic lines.
The equation with transformations analogous to the case of
three-dimensional flow can be written in the following form:

ZZ= tan (8+¢)  (first family) (39)
dy i
dy=tan (p—B)  (sccond family) (40)
7 in®
T —tan sdet i ey =0 st funily) (a1
. sin?
‘11?74_ tan g d‘p_:‘:; gg cTsSl(HT—{ZB‘S:O (second family) (42)

Equations for ¢ and 1 similar 16 equations (31) and (32)
can be obtained from equations (39) to (42) by using equation

s
(29) for the expression {7; as follows:

rdes=1—h—Ap tan Bp+A(gf sin® Bp+he sin® 8,)  (43)
(»1”' “=tan B4 dg— e sin? g, (44)
W,

se=s1F+AeyR? (45)
g eo=p.tde, (46)
We=W,4-dW", (47)

A 2l [ ,

sin® Be= o (H}&’ 1) (48)

DETERMINATION OF SHAPE OF SHOCK AND PRESSURE
DISTRIBUTION ALONG A BODY

The physical properties of supersonie flow past a body of
revolution in axially symmetrical flow can be determined
step by step by the use of equations (31) to (36). The sys-

FIGURE 2.—Practical system of ealeulating the flow field for n pointed-nose body of revolution.

tem of caleulation is similar to that for potential flow. If the
body begins with a point (reference 5), a cone tangent to the
body (fig. 2) can be substituted for the front part of the body.
Tf point A is the point at which the body can no longer be
considered coincident with the cone, the veloeity at point A
is known from the cone caleulations (references 9 and 10);
therefore, the shape of the characteristic line AB of the first
family can be designed, beeause ¢ and 8 corresponding to
different angles 8 are known from the cone caleulations,
At point A the body turns through an angle A and the flow
undergoes a transformation that is determinable by the laws
of two-dimensional flow. The velocity and direction of the
flow after the deviation Ae, therefore, and the tangents to
the new characteristic lines of the first family at point A can
be designed. At a point B, near point A, the intensity and
direction of the velocity are known; consequently, the tan-
gent to the characteristic line of the second family can be
designed at point B, and the point C, can be located. At
point C the physical properties can be caleulated with the
equations of potential flow (equations (8) and (1)) because
the shock in front of the body is conical. With the same
svstem the point C, is determined from the point B, on
the shock wave.  In order to determine the flow of the point
C,. on the shock wave, the equation across the shock and
the equation for the characteristie lines of the first family
must be used.  If € is the angle between the tangent to the
shock and the direction of veloeity of flow in front of the
shock, 8 the deviation of the direction of velocity across the
shock wave. and the subscripts @ and b denote the conditions
ahead of and behind the shock, respectively, the shock equa-
tions can be written in the following form (reference 11):

o tane 2 ; i y—1
tan (e—6>"v+1[;11h'-’ sin? (e—8) T 2 :I (49)
_1 vl AL B ) )
tan 5_< 9 Mpsin?e—1 I jtane (50)
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51"1’:7%:1 <]W,,2 sin® e-—ty;;—l) (51)
=y Grrane ) (52)
Sb_s”:7§1 (log, j{f%—'y log, Z:) (53)

Equations (51) to (53) show that the general condition for
obtaining potential flow behind the shock when the flow in
front of the shock is potential is that A7, sin ¢ must be con-

stant.  Since the value of A/, in front of the shock is known
. . d(sy—s8,) dW
from equations (49) to (54), the values of © P and s

can be determined as functions of § and therefore the equa-
tion for the characteristic lines of the first family (equation
(25)) becomes

lr

”v‘(',',_ ”"'n dW (lcp‘

{
TWe s v T Bey demy e
sin’® Be, d(sy—¢,) 55
e i ]

where U',,Cn is the velocity behind the shock, Se.. I8 the

entropy, d(;; anc (_1(?,;1-6— Sa) are coefficients that correspond to
a deviation across the shock for which the veloeity assumes
the direction of ec,, H'c” is the velocity, and sc, 1s the entropy
at the point C,.  When the value of dg has been determined,
the deviation across the shock § and the corresponding values
of W and e can be determined at point C,_,.

In order to determine the velocity on the body at a point
Ay, equation (26) is used. At _point A, the value of @ 1s
known because the direction of the flow is tangent to the

. ds .
body and, therefore, de is known; an s also known because

in equation (27) the value of s, corresponds to the value of
s at the point &, and is equal to the value at point A, which
is known from the cone caleulation. From the value of w,
the pressure on the body relative to the pressure p,’ (pressure
for zero velocity from isentropic transformation from the
conditions behind the shock) can be determined as

P (1= 5L (56)
Po

On the lip of the nose of an open-nose body a shock wave
that is a two-dimensional shock occurs; therefore, the tan-
gent to the shock on the lip is known and the pressure and
veloeity behind the shock are also known (equations (49)
to (54)). In figure 3 the line AB and the veloeity behind
th= shock at point B are known.  With equation (26) the
veloeity at point C' can be caleulated with the svstem just
deseribed. and from the point B the point 1D along the charac-
teristie line of the first family can be ealeulated hy equation

(55). From point D the point E can be caleulated and a
point I can be interpolated, which permits the determination
of points G and H. Because the curvature of the shock
near the lip is large, a point C that is very near point A must
be selected so that correct interpolated values may be ob-
tained.  The point E ean be recalculated from point G, and
the points T and M can be recalculated from point ¥ in order
Lo have a second approximation.

For the case of two-dimensional flow the procedure is the
same as that for three-dimensional flow; equations (43) to
(48) are used instead of the corresponding equations (equa-
tions (31) to (36)).

EXAMPLES OF APPLICATION OF CHARACTERISTICS
METHOD FOR ROTATIONAL FLOW

DETERMINATION OF SHOCK SHAPE AND PRFSSURE DISTRIBUTION
ALONG THE EXTERNAL SURFACE OF A SLENDER OPEN-NOSE BODY OF
REVOLUTION

Theoretical and experimental caleulations were made to
determine the shock shape and pressure distribution along
the external surface of a slender open-nose body of revolu-
tion.  The body considered is the same body for which cal-
culations of the external pressure distribution were made by
Brown and Parker of the Langley Memorial Acronautical
Laboratory by use of the small-disturbance theoryv. The
calculations were made for a free-stream Mach number of
1.525, for which a schlicren photograph taken during tests
was available for comparison of the caleulated and test
results.

In order to determine the importance of rotation of the
flow, caleulations for the front part of the body were also
made with the potential-flow characteristic equations.  The
results of these caleulations differed only slightly from those
obtained from the characteristics method for rotational flow
because the curvature of the shock was very small.  The

FIGURE 3. —Practical system of euleulating the Qow field for u slender onen-nose hody of
revolution,
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FIGURE 4.—Practical system of ealeuluting the external flow around a slender open-nose body
of revolution for Af=1.525,

calculations were begun with the determination of the two-
dimensional shock on the lip of the nose. The practical
system of the caleulations is shown in figure 4, and in figure
5 the calculated streamlines and shock-wave shape are com-
pared with the shock-wave shape obtained from test results.
In figure 6 the pressure distribution caleulated by the char-
acteristics method is compared with the pressure distribution
determined by the small-disturbance theory. The small-
disturbance theory undervalues the increase in pressure that
occurs through the shock, but the differences in the results
obtained by this method and those obtained by the charac-

teristics method are small.

~1

o Experimental

Direction of shoch...
at the lip
/489

148/

1475

F16URE 5.—Calculated streamlines and shock wave for a slender open-nose body of revolution
for Af=1.525, showing experimental shock-wave shape.

DETERMINATION OF SHOCK SHAPE, STREAMLINES, AND PRESSURE DIS.
TRIBUTION ALONG THE INTERNAL SURFACE OF A SLENDER OPEN-NOSE
BODY OF REVOLUTION

Three slender open-nose bodies with different conical inlet
.angles are considered (figs. 7 to 12) and the supersonic part
of the internal flow is studied for a free-stream Mach number
of 1.6. For this type of body the internal shock produced
at the lip of the inlet has a very large curvature and the effect
of rotation is thercfore very important. The calculations are
extended to the region in which the Mach number is 1.0.
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FIGURE 6.~ Pressure distribution along the external surface of a slender open-nose body of revolution for A =1.525,
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(Data for small-disturbanece theory from work hy Brown and Parker

of the Langley Laboratory.)
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FiGURE 8.—Culenlated streamlines and shock wave for internal flow in a slender open-nose
body of revolution for Af=1.6,
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FiGURE 7.—Practical system of calculating the internal supersonic-flow quantities for a
slender open-nose hody of revolution for M=1.6.
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Firotvre Y—Practical svstem of caleulating the internal-supersonic-flow  properties for
slender open-nose body of revolution for M=1.6.
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FicURE 10.—Caleulated streamlines and shock wave for internal flow in a slender open-nose
body of revolution for M=1.6.
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FIGURE 11.—Practieal system of caleuluting the internal supersonic-flow properties for a
slender open-nose body of revolution for M=1.6,

The hypothesis is made that subsonic boundary conditions
and stability considerations permit a subsonic flow at the
end of the supersonic flow such as results from the calcula-
tions. The results of the calculations show that at the
axis of the inlet a normal shock always occurs and that the
region in which a strong shock oceurs (with subsonic velocity
behind the shock) increases in extension with the increase
in angle of the internal cone. When the cone angle ap-
proaches zero and the shock is a Mach wave, a complete
reflection occurs at the axis of the inlet and the extension of
the strong shock is zero.

For large internal cone angles (figs. 9 to 12) the shock is
a simple shock that becomes normal in the central part of
the body of revolution. After the shock the compression
continues but the characteristic lines cannot form an enve-
lope. For small internal cone angles compression oceurs
gradually and an envelope of Mach lines oecurs. The shock
therefore reflects from the central part and another shock is
generated.  The form of the reflected shoclk is shown in figure
8. The ratio of the diameter of the region in which a strong
shock oceurs to the diameter of the inlet as a funetion of the
internal cone angle is shown for A/=1.6 in figure 13. The
results are interesting for the practical design of supersonic
inlets of slender shape because they show that for large cone
angles the central part of the body of revolution, in which
the compression is not very eflicient, is large.

—
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—

/
/

/ Subsonic flow

/

: /
/

FI1GURE 12.-Calculated streamlines and shock wave for internal flow in a slender open-nose
hody of revolution for M=1.6,

DETERMINATION OF PHYSICAL PROPERTIES OF THE INTERNAL FLOW
THROUGH AN INLET WITH A CENTRAL BODY

For a Mach number of 1.6 an analysis of the shape of an
inlet with a central body was made to aid in obtaining high
efficiency.  Theoretically a supersonic diffuser with or with-
out a central body and having no shock losses or shock drag
can be obtained (reference 12); but for practical use 1t is
convenient to accept small shoek drag in order to avoid large
friction drag.  The inlet considered (fig. 14) has a 10° central
cone.  The deviation across the conical shock is 487, The
shock 1s reflected by a evlinder that forms the external part
of the inlet.  The reflected shock produces rotational flow
behind the shock and the deviation across this shock on the




10 REPORT NO. 841—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

1.0 P

o . 1
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FIGURE 13.—Ratio of the diameter of the region in which strong shock occurs to the diameter of the inlet as 8 function of the angle of internal cone, M=1.6,

M =109

FIGURE 14.—DPractical system of caleulating the shape of the central body. of the streambines, and of shock-wave shape for a supersonic iolet at M =1.6.
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FIGURE 15.—Practical system of calculating the shape of the central body and of the streamlines of the tail of a body without pressure drag for M=1.0,

cvlinder is 1° and on the central body, 2° 437, If the cen- | by use of the characteristics method. Practieal use of the
tral body behind the shock has the same direction as the | system is based on a step-by-step procedure, which requires
velocity, the shock will not be reflected and isentropic | long numerical calculations; but the calculations for three-

compression can be obtained behind the shock (fig. 14). | dimensional flow are of the same type as for potential flow
The design of the central body, therefore, was deter- | and, therefore, can be used for the practical problems in
mined from the calculation of the corresponding streamline. | which rotation is important. Some applications were made
The variation of the velocity along the external eylinder and | to determine the external and internal flow on bodies of
the value of the exit velocity were fixed, and from this con- | revolution with axial symmetry, and the following con-
dition and the condition dependent on the shock, the ve- | clusions were indicated:

locity at every point was calculated. In order to avoid 1. The effect of rotation is not very important if the
errors stream tubes were designed that permitted, on the | variation of entropy is small but is important in the study
basis of the ratio of the area in the region of uniform velocity | of internal flow, for which the variation of entropy is usually
to the area at the end of the stream tube, a check on the | large. _

precision of the numerical calculations. The Mach num- 2. When the inlet is a circular conical channel, a shock is

ber in the minimum section of the indet was fixed at a value | produced at the lip of the inlet that becomes stronger when
larger than 1.0 so that disturbances from the subsonic part the shock approaches the axis of the inlet and becomes a
of the flow would not cause instability.  The value chosen | normal shock at the axis. The region in which a strong

was 1.09. shock occurs (with subsonie veloeity behind the shock) in-
If an effuser is connected with the diffuser, 2 body of | ereases with the inerease of the angle of internal cone.
revolution with very low shock drag can be obtained (fig. 3. If an inlet with a central body is considered, the method

15:. The only pressure losses are the losses across the two | of characteristics permits the design of an internal-channel
shocks, which are very small: but for practical applications | shape that, theoretically, results in very efficient recom-

the friction losses are larger than for the internal body alone. pression in the inlet: and, if an effuser is conneeted with the
A balance of the pressure losses and friction losses must ¢ diffuser, a body of revolution with very small shock-wave

therefore be made in order to examine the possibility of | drag can be determined.
practical use of this arrangement.

CONCLUSIONS :
A system for caleulating the physical properties of super- § LancLey MeMoriaL AxrRoNavTICAL LanoraTory,
sonic rotational flow with axial symmetry and supersonic NarioNaL Apvisory COMMITTEE FOR AERONAUTICS,
rotational flow in a two-dimensional field was determined | Lancrey Fienp, Va., April 29, 1956,




. Busemann, A.: Gasdynamik,

. Frankl, F. I.: Supersonie Flows with Axial Svimmotry.,

. Guderley, G.: Die

REPORT NO.

REFERENCES

. Prandt], L., and Buscmann, A.: Nidherungsverfahren zur zeich-

nerischen Tirmittlung von ebenen Sirémungen mit Uberschall-
geschwindigkeit.  Stodola Festsehrift, Zirich and Leipzig, 1929,
Handb. d. Experimentalphys., Bid.
1V, 1. Teil, Akad. Verlagsgesellschaft m. b. 11 (Leipzig), 1931,
pp. 343-460.

Izvestia
Akademii RKEKA vol. I, 1934.

. Ferrari, C.: Campo acrodinamico a veloeitd iperacustica attorno

a un solido di rivoluzione a prora acuminata. 1’ Acroteeniea,

vol. XVI, fasc. 2, Feb. 1936, pp. 121-130.

. Ferrari, C.: The Determination of the Projectile of Minimum

Wave-Resistance,. R, T. P. Transiation No. 1180, British
Ministry of Aireraft Produetion.  (Part IT from Atti R, Acead.
Sei. Torino, vol. 75, Nov.-Dec. 1939, pp. 61-496.)

ebene  und
1940 der

fiir
Jahrh.

Charakteristikenmethode
achsensymmetrische Uberschallstrémungen,

SHI—NATIONAL ADVISORY COMMITTEE

-1

10,

. Croeco,

FOR ALRONAUTICS

deutschen  Luftfahrtforschuug, 1. Oldenbourg  (Munich),

pp. I 522 -1 335.

. Sauer, R.: Charakteristikenverfahren far riumliche achsensym-

metrizehe Uberschalistrémungen.  Forschungshericht Nr. 1269,
Deutsche Luftfahrtforschung (Aachen), 1940,

. Croceo, L.: Una nuova funzione di eorrente per lo studio del moto

rotazionale det gas. Rend. della R. Accad. dei Lincei. Vol

XXII, ser. 6, fase. 2, Feb, 1936.

. Busemann, A.: Dricke auf kegelférmige Spitzen bei Bewegung

mit Uberschallgeschwindigkeit.  Z. f. a. M. M., Bd. 9, Hef1 6,
Dec. 1929, pp. 496-498,

Taylor, G. L., and Maccoll, J. W.: The Air Pressure on a Cone
Moving at High Specds.  Proe. Roy. Soc. (London), ser. A
vol. 134, no. 838, Feb. 1, 1933, pp. 278-311.

Luigi: Singolaritd  della  corrente  gassosa  iperacustica

nell’intorno di una prora a diedro.  L’Acroteeniea, vol. XVII,

fase. 6, June 1937, pp. 519-534.

. Ferrari, C.: Campi di corrente ipersonora attorno a solidi di

rivoluzione.  L’Aeroteenica, vol. XVII, fase. 6, June 1937,

pp. H307-518.

U. 5. GOVERNMENT PRINTING OFFICE: 1949




Positive directions of axes and angles (forces and moments) are shown by arrows

Axis Moment about axis ~ Angle Velocities
Force ;
) gpa;:!h;l Linear
0 &XI18 [ os .
Designation Sgglx- symbol | Designation Sg‘z)xl)- gi?':i;%i‘:; Detsi:)g;m- Sgonll' n(()‘;l%n; (?x;g Angular
. : axis)
X | X | Roling...... L | Y—Z |Roll.... o1 u »
Y Y Pitching......{ M Z—X Pitch ... 6 v q
zZ 4 Yawing....... N X—Y | Yaw........ v w r
Absolute coefficients of moment Angle of set of control surface (relative to neutral
_ L ) N position), 5. (Indicate surface by proper subscript.)
01_"—— Cm=""" 0n=__
bS " geS gbS
(rolling) (pitching) - ‘(yawing)
o 4. PROPELLER SYMBOLS
D Diameter : . F
» Geometric pitch P Power, absolute coefficient CP—W
p/D  Pitch ratio . %
Vv’ Inflow velocity C, Speed-power coefficient= %;,
V.,  Slipstream velocity 9 Efficiency '
T Thrust, absolute coefficient Cr= ngZ’T n Revolutions per second, rps v
e :
. Effective helix an Ie=tan"(——>
Q Tprque, absolute coefficient Cq=p—n%)7 : & 2xrn

1 hp=76.04 kg-m/s=550 ft-Ib/sec
1 metric horsepower—=0.9863 hp

1 mph=0.4470 mps

1 mps=2.2369 mph

5. NUMERICAL RELATIONS

1 1b=0.4536 kg
1 kg=2.2046 Ib
1 mi=1,609.35 m=>5,280 £t
1 m=3.2808 ft
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