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AERONAUTIC SYMIBOLS

1. FUNDAMENTAL AIND DERIVED UNITS

IMetric English

Symbol

Unit Arei-LiiAbireiia-
tion lion

Length ---- meter -------------------- m foot (or mie---------ft (or inl)
Time ----- t second --------- se,,sncl (or hotr) -- e~c (oi- hr)
Force ---------- F weight of 1 kilogramn--- kg 1 wC~abt of I pound --- 1b

Power---------P horsepowver (metric) ----- 1----------hosa e - ------- lip)

Speech- 7 V f kiloeters per hour ---- keli iles per eoti- m~ph
Lmete~rs per seond- [ umTSs feet pe~r soond_ f p,

2. GENERAL SYMBOLS

W W~gt7) Klinmatic ,,52S-()ity
S Standard acceleration of yravitv =9.806C)5 m/s2 p Density (mess per- unit, volume)

or 3.2.1740 ft/'sec3  Standard density of drv air, 0.12407 leg-rr-o t7 at 15" C
'\as and 760 mm; or §,.0Ll23)78 lb-ft-4 sec'

rn Mas~-~-Specific weight of "standard" air, 1.2255 kg/rn3 or
I Moent f inrtiaeok. (Indicate axis of 0.07651 lb/eu ft

raqdius of gyration kc by proper subscript.)
A Coefficient of viscosity

3. AERODYNAMIC SYMBOLS

S Area t,. Angle of setting of wings (relative to thrust line)
S . Area of wving il Angle of stabilizer setting (relative to th-rust
G Gap line)
b Span 9 Resultant moment
C Chord Sq Restdtant augular velocity

A Aspect ratio, R 1 Reynolds number, P- whrV1salierdmn

V True air speed sion (e.g., for an airfoil of 1.0 ft chord, 100 maph,

q Dyami prssur, ~V' ~standard pressure at 15' C, the corresponding
Reynolds number is 033.400; or for an airfoil

L Lft bsout coffiien Lof 1.0 m. chord, 100 mps, the correspondingLqit asltecefiin Reynolds numiber is 6,80)5,000)
D' bslut f~t D a Angle of attack

coetmYn Angle of downwash

D, Profile drag, absolute coefficient(, o D a0  Angle of attack, infinite aspect ratio0qS a, Angle of attack, induced
D, ndce drgabolue oeficen CD,.-D a, Angle of attack, absolute (measured from zero-D4~ ~~~~~ YnueSrg bolt ofiin lift position)

D, Parasite drag, absolute coefficient 0
D -y' Flight-path angle

C Cross-wind force, absolute coefficient C
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APPLICATION OF THE METHOD OF CHARACTERISTICS TO SUPERSONIC ROTATIONAL FLOW
BY ANTONIO FERRI

SUMMARY of tile rotation becomes important and the flow must be
.A system.for calculating the physical properties of supersonic considered as rotational.

t The method of characteristics can be extended to aj)j)lv to
rotational flow with axial symmetry anl supersonic rotational rotational flow if, in place of the potential function for the
flow in a twoirmensional field was determined by use of the dif'erential equation of notion, the stream functioi con-
characteristics method. The system was applied to the study sider
of external and internal flow for supersonic inlets with axialy istics method for rotational flow a more exact deter -ination
symmetry. For a circular conical inlet the shock that occurred
at the lip of the inlet became stronger as it approached the axis tion of velocity aI ofetue sho e a n th tileof the inlet and became a noral shock at the axis. The regionthef tn eflect of rotation is important, as in the internal flow through
'in which strong shock occurred increased with the increase of supersonic inlets. The procedure of numerical calculation is
the angle of internal cone at the lip of the inlet. For an inlet similar and not much more complicated than that used forwith a central body the method of characteristics was applied to the c metry.
the design of an internal-channel shape that, theoretically, results
in very effirient recompression in the "inlet; it was shown that SYMBOLS
if an elfusler is connected with the diffuser a body of revolution p pressure
with very small shock-ware drag can be determined. p density

pi, (i '2 ) .'- ) s entropy, mechanical units
INTRODUCTION 11 velocity

A Mach number
The characteristics method for the determination of super- ill limitii velocity orresponding to adiabatic expansion

sonic phenomena was first used by Prandtl and Busemann o ocityscreto zero pressurefor two-dimensional flow (references I and 2). For flow a speed of sound
with axial symmetry Frankl (reference 3) used the method
of characteristics for determining the shape of a supersonic 11' ratio of velocity to limiting velocity 1\ i')
circular effuser with uniform exit velocity, and Ferrari a
(references 4 and 5) independently used the characteristics c = V-
method for (etermining supersonic phenomena for every u x-component of relative velocity
type of boundary conlition. Subsequently Guderley (refer- l y-component of relative velocity
ence. 6) and Sauer (reference 7) transformed the system pro- x, y Cartesian coordinates
posiA by Frankl and Ferrari and obtained a diflerent (
analytical solution of the problem. In all applications thie 1 Mach angle arc sin
hypothesis of potential flow was made; therefore the O angle between velocity V anl x-axis, radians
equation of potential flow was used. e angle between tangent to shock and direction of

When shock waves that are not pla)w (two-dimensional velocity of flow in front of shock
flow) or conical (flow with axial symmetry) occ.ur in uniforni 8 deviation of dtirection of velocity across shock wave
flow, the vahation of entropy across the shock is not, constant 0 angle of polar coordinate in conical field
anl the flow behind the shock is no longer isentrot)ie aud 0 potential function
becomes rotational. If the variation of entropy is small. 41 stream function for rotational flow (se equalion (11))
the efteet of rotation of th( flow is not important for de- -y ratio of specific heatat ,constant pressure amd constant
termining tie pressire distribution along 1)1od anl tilet volume
theory of potential flow gzives correct results. If the shock R gas constant
wave is strol.g and has la rge cu rvtuire, howevoi, the el'oct niornal to streanline

790504-4S1
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sin 0 tan 0 sill The variation of the quantities that dlefine the velocity
Cos (,P+O) ((p and V) along a characteriStic hule is given1 by thle following

sin 0 tan 0 Sinl equations from r-ference 5:
CosO 0) For the first family,

11, L, K, and N defined by equation (14) dTV dx
-l=A X -dp tan 03-1 - =0 (4)

O= XC-XA and for the second family,

V ITB dl'+d,2 tail /3-rn d =0 (5)

whlere I. andI ?n are trigonlometric expressionis deffined ais

COS(/SillA Sill' tail (6

COS (1A+PA)sin /3 sin (p tan 6
'c si Cos -/P3

COt S /34 +h11 ta 3if the iiretion of thle velocity anil the Maclh nmb~er at
r~ta OA~ tan16Btwo points near each other (points A and B in fig,. I ) are

A 8
B-SA I knlownl, the direction of tile velocity and the MN'aclh number

e~gJ at a point C given by the intersection of the two character-

Subscripts: istic lines of different family starting(, from points A and B
0 cambr cndiion(zeo-vlocty diaati trnsfr- can he dleterminedl. Because tile idistanices BC and A C are

0 cabr oiiiii zr-vlct iihai rnf small, aill the coefficients of equations (4) and (5) can he

A maitsfirst ail considleredl Constant anid coincident to the correspondling~

B poits o secnd fmilyvalues at points B and A. aiid the tangents to tile character-

C quantities in the points calculated from A aiid B istic liues at p)oint- A anil B c-an lie subistituitedl for the chari-

T derivative with respect to x acterist ii lines froni poiint A to p)oint C and( from p)oinlt B

y derivative -with respiect to y to p)oint C. lIn this cise the liues AC and B3C are straight
a ahed of hocklines. The line BC is inclined tit an angle 'P-0/ with respect,

b behind shock to the x-axis andl the line AC is inclined at aii angle p + /3with

,pC value corresponding to value of o at point C.~
C.~ at point Ca

CHARACTERISTICS METHOD FOR SUPERSONIC POTENTIAL
FLOW WITH AXIAL SYMMETRY

The differential equation for potential flowv with axial
symmetry (reference 4) is--I------

a~ a
2 )~X2m 2~ y2  a 2  +-0 ~

Iii supersonic flow sam eV lines (c111 a V: ill diV idiat ed (chi l -

teristic lines) that ilivido tile flow inito two regions for which
the Values of 0, 0" alid P, ailong the line are( differentm. For
every point of tile fl owx t wo chara11cteris tic liii es cal ibe d e- I

termniuled; every linef is inlined14 ajt tile MA11 1l1l0le wNith i

respect to thle iireictioni of tble Velocity ait the poinlt, anldII
th erefore tie (11 rceit c l.iis (Itlibe ivided cin ito t wo I

fain 1ili es onl thie I insi s of tIie signi of thI e angle of thle cliti rat ('Ii,

tic line with respect to the iirectioii of thie veloiitv. A
fiimnilv' that is uisuallyN called the first fanmily is (llfiliedl bvI

the equlati:l

(If tanl (/3+q) (2)

nail thie otlier family (seioiiih familily) is defiliid hv

=y (ta x-3 (3x
dx iw'RF. i.-iivofl"Tricai construtI ion [or dictermning ioint C 1).N [ie characeriot ics mo d.
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respect to tle x-axis. Equation (4) can be applied for tile If a stream function ' is assumed to t)e defined by the
line AC where following equations from reference 8:

(dX = XC - xA, 1

Y=YA =yu( 1 1-2)
(11)

v"= i;
4' = -yr( 1 - l42)il-

O=-iA 
the equation

1=l.
._ (12)

and equation (5) can be applied for the line BC where y( I _ 1'2),1

dx=xc--x 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 lbe ol)tained:

M = MBY 7

-y( -)(~= (13)y (T,
For )ractical use equations (4) and (5) are combined and

transformed by means of tile ratio lU of the velocity I' to Equation (13) is a Monge-Ampbre equation, and if
the limiting velocity 1l This ratio is defined as

u2

C-
1'' _  1'2 -c

V

j - sin2 I(7 c

and the following equations are obtained:

d'PA tan OR+ tanOA Il- -(IA- P,,) tan 3,, N - y-y(l C12,VJ (-l)j(€) (14)

(nB

y- (XA, --1 (8) two characteristic families with the following equations can
YB YA B be obtained: For the first family,

tan OA dA(x-XA)l (9) dyK /K2 L
An YA dx--=I H 2 H (

I',= IVA+dlVi ( K /+('-+ NAo C=A+(+ + /d-t.= 0 (16)

With the method of characteristics (reference 4) it can and for tie second family,
be shown that, if a deviation of a streamline which wets the dy= 17 K2-L
body occurs, the phenonlena on the corner are regulated tby dx I-- (17)

the same laws that regulate the two-dimensional flow;
therefore, the tangents of every characteristic line starting A"+(']- t (18)
from the corner are lkown. If the initial flow conditions 1  04I-,
are known, the step)-by-step callculation of all the p~hysical
prorie on, the flowinstlep clultion d i tilettd py - If n is the normal to the streamline, equation (11) yieldsproperties od the flow in the entire fiel is permitted, partic.-

ularly the calculation of the shape of the shock wave and 2
the pressure distribution along any body of revolution ,'2+ =Y 2112' (1--2)7- I

with axial symmetrical flow in cases in which the hypoItlhesis
of potential flow is correct. =( ) =grad 2? (19)

CHARACTERISTICS METHOD FOR SUPERSONIC ROTATIONAL and
FLOW WITH AXIAL SYMMETRY cul VxV I (IS

Supersonic perfect flow is rotational when the flow is a7  -YR a, 'y=Rd (20)
l)receded by a shock wave and when the variation of entrolpy
across the shock wave changes from point to point, behindl because s is constant along every streamline; therefore
the shock. In this case the transforiation of the fluidI
along every streamline is isenltropic until another sho(k wave .) -  .(21)
occurs in tle fluid (reference 8). y R do yll( 1- (1"2)1i
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and the following expressions canl be obtained: and in equation (26) canl be written as

~= y( - I dij I -I Ii8s? " (8sc) coS; ( 011 -(28)d12 ( x (I - 1,'2 -- (IC-f8B_) Sin- - (28

~~--r+- - )if tite points A and B are close to each other and the varia-
- (1'2 _y~ 11" ton of entropy is gradlual, equti on (27) c-an be writ ten as

~=u I-If) dy 1(22) ds _______ A(9

y( I1-2 1+'~ dxA '-X sinl0 X XB Sin_ 0
CdS (0,1 -- .) O +(PBt) -OB

(I -I1') ~i~ 1~~aini (Iii ahe considered equal in equaitionis (2.5) and (26).

When equations (21) and (22) arec sublstitutedl iii equations In thi (Is -ii; thIerefore c andl( Wecan be cal ciiiated
(15) andl (17) and (16) and (I8) and the Maclh angle anil thbe do hs( (IIi nN

velocity, are expressed inl polar coordinates, equations (1,5) for point C. For practical calculationis equations (25) and
andl (17) biecomne (26) should he transformed into two equait ions (equations (31)

dy ~and (32)) each of which contains only one of tite unknown
I = -tall (first family) (23) terms (1w 011(1 d~p.

For simplicity, let

d',=tall~-3 (Secomnd fiimily) (24) =x-X

anil equnations (16) ail( (18) beconi e = Xc - .

dI o dx d' I+- sin . =0 (first family) (25)+

d~lf d di (~Is osin 0 3-A- (

+ tan (hp - (l -I sin - = 0 (second family) (26)-
+tn3d- y (11 ~YI Cos (po- (3) A

Equations (23) anl (24) are identical to equations for IB(30)

potential flow (2) and (3), andl equations (25) ainl (26) are Sill 03.
similar to equations for potential flow (4) and (5), differing = (3+A

only by the terms that contain ds. Equations (23) to (26)
permit a step-by-step calculation of the entropy, intenisity sin 3,

of velocity. anld directioni of the( velocity if thec inlitiail and CsOI B

bioundlary conditions aie( knowvn. If aill phlysicail prop)erties r= tan 01±h tan 031
are known for two p~oinits A and B3 and if thle two points are-
close to each other, the tangents to tite chlaracterist ic linies =~

8

at the points A and B call be substituted for the( chiaracteristicy erg
lines; with (lose approxinationi. l1l tis way a1 poinut C (1 hntefllwn qain can b obtained:

(det erminedl as, t( ient ersect ion of th liecn '(1i lriii01erit i Th i( olwn qutoscnb band

line of point B with the( first (characterist ic line of point A I ~ -/, . tall $0-j- (gf sji 2 3,+he sill2 
O3A)

(fig. 1), because 0 and (3 are( knlown for the points, A and 13.
For the chiaracterist ic lines of the( first failyi, equation (nq31) I

(25) grives thle Viiriaiiton of V and 11' from poinit A to point C, Y11 Yl
and iihh, the coefhicients are known andl corresp~ond~ to tiht(, 1 ~
Coefficients for point A; oiily the teril I is uiikniowni. Friom VA = tal OA cSin2 03., + (32)

equation (26) the' variaition (of o and IF' fromt point B to p~oint -. H hI?(:)

C caili lbe oleteriinedl aiil il 1111 the teruiis. exceplt iiief, (;4)

Can lie (determninedl fromt the value (of the etitro)V for p~oinits sf12 )3- 2,1121
A anud B.

Froml figrure 1, ill equaitionIi (25) thie terti oiiiil be wvrit- Iii equation (3]1) Ihe ternis - iil becomne ve'' ill

teli ats port 1111 ts I / aprace Z~~~(i( iero iv nea tie( ix is of thI e body;
(Is c ~ os ( -- (2) therefore, inl this retrionl the distnlce betweenl the point"; (011-

*J>I ) Sill (3, sillere l must be reu'iiced to (laill sufficieunt accuracy.
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CHARACTERISTICS METHOD FOR TWO-DIMENSIONAL
SUPERSONIC ROTATIONAL FLOW

C"In two-dimensional flow anl equation similar to equation/
(13) can be obtained if a special stream function defined by
the following equation is assumedl (reference 8):

_V=-(1-I_ ) C~./,6horacferlsT,c lin

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

2) 2ur ±~ rN

i - 11 2)Y (_1 2 1 ) JU*=O (38) ________-___

Equation (38), like equation (13), is a Nlonge-Amp re
equation and permits the (let ermination of two equations that FIGUR E 2.-1'ractimil systern of calculating the flow fl~'ld forn fponted-losv lxy of revolution.

define the characteristic lines alil two equations that give
tile variation of tile velocity along the characteristic linies. tem, of calculationl is similar to that for potential flow. If the
The equation with transformations analogous to the case of body begins with a point (reference 5). a (,one tanigelit to the
three-dimensional flow c-an be written in the following, form: body (fig. 2) can be substituted for the front part of tlhe body.

If point A is the poinit at which the b)ody (-all iio longer be
dy= tan (0+ (p) (first family) (39) considered coincident with the colne, the velocity ait point A

dx is known from the colic calculations (references 9 andl 10);

dy ~therefore, thle shape of the characteristic line All of tie first
tan ~- ) (scon famly) (40) family call be dlesignedl, b~ecaulse o and 0 corresponlding to

different angles 0 are known from the cone calculations.

dTV dx (Is sin' At point, A the body turns through anl angle Ap ald il e flow
-w ~ -r n co 00 (frs fail) 41 undergoes a transformation that is determinable by the laws

of two-dimensional flow. The velocity and directionl of thle

- + tan d7 -- sll - 0 (second family) (42) flow after the deviation AP, therefore adteannst
if d-yR dit cos (,p-0) thle new chiaracteristic lines of the first family at p)oint A canl

Equtions for oad(1'smlr1 qain 3)ad(32) be dlesigned. At a point B, near point A, thle intensity afnd
can be abtine from similarn (39 eato42) (31 asnd eqaio lirectionl of the( velocity a tre known; conseq ilelitly. the tall-

ca b otane fomeqats (9 o(2yuigeuto gent to thle characteristic linle of the secondi family call be

(29) for the expression d, as follows: designed at point B, and the point C, can be located. At
point C1 the physical properties canl be calculaitell with the

r d~o,= 1 -A~ tan 0j+zl(.f sin-2 0,±he sin1
2 

0,) (43) equations of potential flow (equations (8) and (9)) because
the shock in front of the body is conical. With Ill( same

dl',tlan 0', o'-.esin 2 1,(44) systml ilhe point C, is dleterminledl from the p)oint B., oil
A the, shock wave. inl order to (determine the flow of the( p)oinit

c = SA~ + A eyJ (4.5) C041 on thle shock" wave, the equation across the shock and
the equaftioni foi. the( chafraicte('istic hules of thle first famnily

'Pr = P. + dPA (46) muist be used, If eis thle angle belt NN'eelii the tlnlllrlt to thle
shfock filld th d (irmect ion of veloc it v of f low inl fio Iit of tile

II ' 11+ (ill ' (47) sho0ck, 6 the (deviat ion of te (I directioni of velocity li(0(55 tIle(

-y / - shock wave. and the sublscrilpts a and~ b dinot e the ('((11( it ion
Sill" 2 (W ) C' 48 1ajln'a of anI ((' lid tile -hoc~ik,. respect i vely. thle sfhoc'k (-uit -

tiofis canm I w writ ten inl tIll' followingo forml (referen ce 1]):
DETERMINATION OF SHAPE OF SHOCK AND) PRESSURE

DISTRIBUTION ALONG A BODY tall 2 [ '+ -Y (419)

The ph-,ysical properties of supersonic flow past it bodyv of t[l (E6 HILh i112 ((C-b) ~2J
revolutioni in axiailly svmmn(tri('al. flow can be dletermned( 1f 11 _1_1 I) tilnf (50)
ste'p by step hby Ill', use of (equiations (31) to (36). The sys- 11111 a& 2 AUsinll" i
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__ (AI,2 Si -)'T12 (51) (.55). From point 1) the point E canl be Calculated and a
J) y±x, S 11' 2''point F' cau lbe initerpolatted, which permits the determination

2 of points G a811I. Because the Curvature of thre shock~ (i,.-.-~--(52) near the lip) is large, a point C that is very near p~ointt A mnust
PA Y, \.J~' - / le selec'tedl so that cor1rec't interpolatedl values may be oh-

sbs 1( ) - 10-eP tainetl. The point E canl Ie recalculatedl from point G, andst-s -±'. pht ) (53) thre points I and NI can be recalculatced fronm point, F iii order
2 1 to have a second approximation.

(54) For tile! case of two-(lim enlsior klld flow tIle' procedure is the
_Y_ 7 saute as that for thIree-dIimnensionl flow; eqluaionil s, (43) to)

Equations (,5]) to (.53) showv that the ge'ne'ral Cond(1ition for (48) are Used instead of thle corresponding equat ions (equa-
obtaining potentiail flow behind thle shock N~'lrn the flow ill tiolls (31) to (36)).
front of tire shock is potential is that AL, sin E inunst be con-
5111111. since tile valuec of M1!, in front of tbe shock is known EXAMPLES OF APPLICATION OF CHARACTERISTICS

from equations; (49) to (54), the( values oif d ,s,, ad (11' METHOD FOR ROTATIONAL FLOW
(13 d6 DETERMIINATION OF" SHOCK SHAPE AND PRFSSURE DIlSTIBUTIOIN

(1111 be dleterminedl as functions of 3 and therefore th le(qua- ALONG THE EXTERNAL SURFACE OF A SLEND)ER OPFEN-NOSE BODY OF
REVOLUTIONI i (I for tile cliarae(ri st ic hi lies of the( first fa ini I ( equalltioin

(25)) becomes Theoretical and ex perinnental Clicu~lationls were Hilie]( to
II. - li ~et ('im i I tile shock sliapie and pressure d is trilit ioil 111011g

+dx the external suirface of at slender openl-nose body 'vOf revoll-
d6, 1 I V, -tl Y( Ie," t ion. Thie 1)0(1 Cons11id ered is thre sam(, b' 1011v for whIich~ ca~I-

2 (S7-,Jctrlatioits of the, externral pressure distribut ionr were 111111k by
+sn 8,c - sc + ~~)d~<o (55) Brown and Parker of thre Langley Meniorial Aeronautical

7? L , d6 I Laboratory by itse, of thre snlall-(lrstrrarl(e theory* . Thre
whe(re 11'C, is the velocity behind the shock, s~c, is tire cailculations were made for it fr'ee-streantil(achIniniber of

dli' d(%5~) 1.525, for which at s('lli(eln pthotograph tirkeill drirng tests
ent ropy, d6 tnd - (6-- are coefficieints thart correlsp~ondl to was avitilabie for C'omp1arison of tire, l'll'lcuit'(l and test
11 (deviation atcross tire shock for wblich tire veliocity lassurlles rsltsodr. olrenin ~eiiprareo oitoio ~l
thre direction of ,, It'~ is the velocity, and( ,;c, is thre entropy fl o de cl'ltor fotr'in te roirtar't of r tod o(rf also
at thre point C,. Wh~len tire value of d~o hars been de(termnined(l urrade Nvitht thre poterttirl-flowv chlar'acte'ristic' equaitionls. TIre,ther deviation acr'oss t Ire shock 6 and tire cor'resporndirtg values results of these' calcuriations dliffe're'd only slightly from tirose,of IF and E can be determined at point C,., obtained from tIre, chtar'acterirstic's method for rotiationral flowlIt order to delte'rminle tIll' velocity on tire body t t point becausei5( tile( c'urivature of tIl, Slirock wals vel'v s;mil. TIre,
A,, equation (26) is use(d. At point A, thre value of P is
knrownr because tite direction of tire flowv is tangent to the

ds
body and, therefore. d~o is known; ~-is also knrownr because
ill equattion (27) tire value of sc corresponds to the( vitlue of
s at thel point A, and is equal to thre value ait poirnt A, whricih
is knrownr from the( conre crtlculationt. From tIre, vabre of 11', D
tile pressure 0o1 till body relattive to till' l)1'sstrr'e Po~, (pressurre
for zero v'elocity fromi isentropic transformaition fromt tIre,
coniditionis behind the shoc'k) can be determined is

I 11'2 (56r)

Oi rttre Iip o thIe inlose of iiit oII('r -ilost' hodv' a sI rti' wa~ve
Ira t is; at i o-dIitn'r rio r itl sh orck occuris: tI r'c'fore, tIl t( , tl-

geO t(o thre shock ort tire, Ill is knlown rrrnd the( hlressilre rarrr

vel ocity v e'n ll In thre sh ock 1r (-c' ulsrt kmnowin (eqiuilltions 1 (49 -
to (54)). In i-Ilire 31 tile li,,1' AB aord tIre, veloctV bindlit
tI:' shrock tilt poirnt B tre knrownt. Wi l'(prltionl(21) till'
velocit , v1 t it int C call be I'('lil hill e I withI tlre, svstei cutjst
deIsi' icried 11an1 fromth po1 ](init B thle pointl 1) 1110o r, the ('1 lic 111lt i'lltvdSstmo ,(1Ltil w0 il flaAidrowi-oeh voe'lst ic lirre of t lrr' first firrolily '(llIn ' e liulited lbe equrtionP' 0 :Ii~riT, o 114(rao'oo ,,1,~s ot
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FtnttE 4.-Practical systemo of calculatinig the external flow arottnd a slentder otwan-nose body
of revolution for A/-t.525. - -_ --

Itcou RE .- Calculated streamlines and shock wave for a sleo(Ier otpen-ttos bodty of revolution
calculation-, were begun with the determination of the two- for AM= 1.525, showing experimnentalshock-wave shape.

dimensional shock onl the lip of the nose. Tlie practical
system of the calculations is shown in figure 4, and in figure DETERMINATION OF SHOCK SHAPE. STREAMLINES. AND PRESSURE DIS-

5 th caculaed tremlins ati ltoc-wae sape re om- TRIIIUTION ALONG THE INTERNAL SURFACE OF A SLEND)ER OPEN-NOSE
5 th cacultedstramlnesandslick-aveshae ae cni- BODSY OF REVOLUTION

pared wvith the shock-wave shape obtained from test results.
In figure 6 the pressure distribution calculated by the char- Three slendler opeil-Ilose bodies with difflerent, conical inlet
acteristics method is compared with the pressure distribution angles are considered (figs. 7 to 12) antl the supersonic part
determined by the small-disturbance theory. Tile small- of the internal flow is studied for a free-stream 'Maclh number
disturbance theory undervalues the increase in pressure that of 1.6. For this type of body the internlal Shock produced
occurs through the shock, but thec differences in the results at the lip of the inlet has a very large curvature and the effect
obtained by this method and~ those obtained by the charac- of rotation is therefore very impJortant. The calculations are
teristics method arc small. extended to thec region in whlich the Macli numnber, is 1.0.

Body of revouto

-.--------- 0)-cfrsc metho -_ -I

0L

Relativeeeio/l-ncesturmance lheorx1D

Ftxt-es. r,esine (list ribo ioni atong the externtal surfaee of a slender open-nose bodsv of revolution for AM=1t.525. (Dlata for sinatl-dist trhanoe theory fromn work by Btrown nd Parker
of tile Langley Laboratory.)
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FIm:RE 7.-Practical system of calculating the internal supersonic-flow quantities for a
slender open-nose body of revolution for A tiFi.. FuxHE S.-Calcuated streamlines and shock wave for internal flow in a slender ofsen-nose

body of revolution for M 1.6,

/
/ -l_/ I

/ I/ //
/ /

/ /
/ Subo'_',b

/ flo w

l-'iusol{ : 5l.-'raseit y 5>,55 (if essleslistin thn itiv trh nrl-sipetrsiill-s r~sersis's for i FuIGURE 15.-CsslculaIed streainilies and shock issue for iiteriial lhw in i slender olen-nose
shiuldr o|)en-sos- bodv of reolution for M11= 1.. body of revololtion for Nf= 1.6.
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FIGVRE ll.-PMrstiCl systemD Of calCUlating tite internal suix-raonic-flow properties for a
slender open-nose body of revolution for M-1,../

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- shiock occurt, (with subsonic velocity
behind the shock) increases ini extension with thle increase
in angle of the internal conie. When the cone angle apl- -M
proachies zero and the shoc1k is a IMacli wave, a complete _3
reflection occurs at the axis of the inlet and the extension of X/-
the strong shock is zero. Fic-Ults 2.-Calculated streumnioes and shock wave for internal flow in at slender openl-nose,

For large internal conec angles (figs. 9 to 12) thle shlock is body of revoiution for Af-1.(;.

a simple shock that biecoines niormnal in the central part, of
the body of revolutioni. After the shock the comnpressionl DETERMINATION OF PHYSICAL PROPERTIES OF THE INTERNAL FLOW

continues but, the chIaraclteristic lilies cannlot form fill enve- TRUHAN INLET WITH A CENTRAL BODY

lope. For small internal conec angles compressionl oc-curs For- a 'Machli Illibler of 1.6 anl analysis of the Shalpe of an
gradually and anl envelope of Mach lines occurs. The shock ilet with ii c-entiril body was mltalc to aid ill obtltiniilg high'
therefore reflects from the( (-entral part and1( another shlock is eficiene ' . Theoretically at supersonic diffuser witll oI, with-
generated. The form of thle reflected shock is shlown in figure out ii central b~ody 1111( hainlg 110 shock losses oir shock dragl
S. Tile ratio of lie (lialneter of tile region inl which) a strong i cii i be ohitainlei (reference 12); but for- p~ractia 1(s11 14 t is
shock occurs to the (liaflleter of the inlet as a function of thle conlvellicilt to aiccepit smlll Shock oh1-ag ill order1 to 1ivoill large
interinal cone aligle is shiown for M1=1.6 ini figure 1:1. The( fet ion drag-. Tie ilidet conisidleretd (fig. 14) h1a i 10' central
results are inlterestinlg for thle piiacticial (designi of superSoiliCc o(11. 'le dleviation 11cr0ss tile conlicail shiock is 4S'. Tile
inlets of slender shape blecaulse thley show that, for large 00111 shock is reflected li cylindler tliiit forms t~le externall part,
angles thle centrall part of tile bodly of revolution. in Which of thle inlet. The( reflected shock produices rotat inal flow
the c-omp~ressionI 15 not very efficient, is large. beliid ite shiock and( tile dleviationl across this shock onl the
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__ __ -- _______ __ - --------- _

.4 ___ ___ __ 5cdy of -ev'o/utibn

0 5 /C/5
Angle of internal cone, 6, deg

FiOuRE 13.-Rotioof the dionceter of fl region in which strong shock occurs ftc the diameter of the inle a o cfunction of thc angle ofinternal cone. M=1.6.

FIGURE 14-lj ctica ci senit ofecclccfctcci cc shcccc of the cenrac bodyl. of ticsstrconclctnz anti of siocc-wccvc shcop for a stcfcrsonic inlet ot 1c1=1l.
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)tcmuc iz-'otctsse ot calculating the shape or the central body and of the streamlines of the tail ora body without presure dyag for M=1.6,.

cylinder is I' and on the central body, 2' 43'. If the celn- by uise of the characteristics method. Practical use of the
tral b)ody' bhlindt thet shock has,. thec samet direction ats the system is based onl a ste(p-by-step pr1ocedure1't, whlil requires
velocitY, the shock -,ill not, be reflected and isentropic long numerical calculations; but the calculations for three-
compression canl be obtainedl behind the shock (fig. 14). dlimnlsional flow are of the Samne typ~e its for potential flow
The design of the central body, therefore, was deter- anl(l, therefore, can be used for the p~ractical )poblemls ill
ininetl from the calculation of the corresponding streamline, which rotation is important. Some applications wvere made
The variation of the velocity along the external cylinder and to (determine the external and internal flow onl bodies of
the value of the exit velocity were fixed, andl from this con- revolution with axial symmetry, and the following con-
dlition andl the condition dependent onl the shock, tile Ve- clusions were indicated:
locity at every point was calculatud. In order to avoid I. The effect of rotation is not very' important if the
errors st ream tubes were (designedl that permittedl, Onl the variation of entropy is small but is important iii 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 thie area at the end of the stream tube, at check on the large.
precision of the( nimerical calculations. The Mlacl i um- 2. Whien the inlet is at circular conical channel, at shock is
her inl the millniumn sect ion of thle inlet waAs fixed ait at value prodluced ait, the lip of the inlet that becomles strongter wheni
larger than 1.t0 so that (disturbances from the subsonic, part the shock approaches the axis of the inlet and becomles at
of the flowv would not cause instability. The value (chosen niormnil shock at, the axis. The region in which) ii Strlong
wiis 1.09. shock occurs (with subsonic velocity behind the shock) inl-

If nit effuser is conneiictied wvithI tlte d iffuser, ii body of ereases wvith thIie in ereti se of t lie angleo of internal (01ie.

revolution with verv low shock drg c-anl be obtained( '(fig. 3 . If anl ilet with at centratl bOdv' is (olliiered, the methlod
151. The onily pressure losses are the losses across thle two ochrceits enltshe(eIgl fa lteia-laie
sI toeks, , vhich are v er tv smnall : 11(1t for practicall at 1)1) i en tions sli till e thIiat, t Ii ore ically, result,, iti verY efi ien t recoln -

the( friction losses are larger titanl for thle interndl body alone. lpressioli in) the inlet : aid, if tin) efluser is contiedt wvith the
A Isalilii ie of t lie lIssi5tt e losses 1111([ fric tion losses mnllst li ffi Sep it bo v of revoitution wit It v ci slii ill sbt ttk -wave
thlerefore bte iiititl itl Order ttt exiaminte the possiblility oIf drag ttican be deteriniiied.
Jptlitidl use of this airraill~elneat.

CONCLUSIONS

A svstcei for ctalculating thle Jpli sital piopertie's of super(- LANGLEY M'\EMORIIAL ALIIONAI-TICAiL LAitoieTORAv
Solii 'rotat ionll flowl with' axial sy mer vtimi0t., Id supersoict NA.TIONAL Arivisoity COMMITTEE FORi AERONAUTICS,
rotationatl flow iii 11 twt-hiitiisiomitil field wits determiined LANni.miv FIELD, V.A., April 29, 194'.
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Positive directions of axes and angles (forces and moments) are shown by arrows

Axis Moment about axis Angle Velocities

Force
(parallel Linear

Sym- to axis) Sym- Positive Designs- Sym- (compo- AngularDesignation symbol Designation bol direction tion i bol nent along
axis)

Longitudinal- X X Rolling.. L Y-Z Roll ------- ' u p
Lateral_ .------- Y Y Pitching---.M Z-*X Pitch- ----- 6 V q
Normal ...... Z Yawing- N X-4 Y Yaw .------- 4 r

Absolute coefficients of moment Angle of set of control surface (relative to neutral
O7L C M position), 8. (Indicate surface by proper subscript.)

(rolling) (pitching) (yawing)

4. PROPELLER SYMBOLS

D Diameter
Diometrc pP Power, absolute coefficient C=-nSD5p Geometric pitch nD

plD Pitch ratio . 5-
VD Inflow velocity (y, Speed-power coefficient=-V-

V, Slipstream velocity T 7 Efficiency

T Thrust, absolute coefficient Cr----p n '  n Revolutions per second, rps V
STorque Q ) Effective helix angle=tan- 1  /S Truabsolute coefficient CQ--pn--iDi

5. NUMERICAL RELATIONS

I hp=76.04 kg-m/s=550 ft-lb/sec 1 lb=0.4536 kg
I metric horsepower=0.9863 hp 1 kg=2.2046 lb
1 mph=0.4470 mps I mi= 1,609.35 m=5,280 ft
I mps=2.2369 mph 1 m=3.2808 ft



CC

.0

a

060.1 1' 1 1
~ .4 4

1644~

~ Ibrrj0 ' D 2t 
do4 .

000 9


