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ADVANCE CONFIDENTIAL REPOR

A MATHOD FOR THE CALCULATION CF EXTERIAL LIFT, IIONENT,

AWD PRTSSURE DRAG OF SLTHDER OPEN-HCSE BODILS OF

An aopvroximate method is presented for the calecula-
tion of thie external 1ift, noment,, and pressure drag of
glender open~-nose bodies of revo"ution at supsrsonic
apeecds. The 1li1ft, moment, and pressure drag of a typical
ran~jet pody shape are calculated at ilach numbers of
1.5, 1.60, 1.75, and 5,0 and the 1ift and moment results
are compared with available experimental data, The.
agreement of the calculated 11ft and moment data with
the ezperimental data 1s sxcellent. The »ressure-drag
comparison was not presented because of the uﬂcerta'n*y
of the amount of skin-friction drag present in the
experi_ nteal results. It was found theat the 1ift coefll

ient finitely increased with increasing Mach number

whereas the moment CO“PfTC]CPt taken about the midpein
tihe bodr and the drag coefficient decreased with

increcasing lach nuwrber. The manner 1n which -the method -
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rney be applied to slender bodles of “evoiutjon wyith
annuiar air inlets is giown. The excellent agrecment
of the caleculated 1ift and moment results pige tu experi-
mental data indicates that the approximate method may
be reliably used for obtalining tre aerodynamic chigrac-
terigtics of slender bodies that are reguired for effi-
cilent supsrsonic ilight

Current proposals for

aircralt capable

of sustained flizht «t ; > sand ubilizing
tie ram jet 28 & nmethod of ;PO)¢;uloq nAve v°tabjisned
the importance of knmowing the aerodynamic characteristics

of slender open-ncse bodies of revolubion at speeds
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greater then that of sound. The laclz of theorstical
treatments and experimental data ewmphesizes the need for
theoretical investigation of this problem to serve as a
gulde for future worlk and as a checl on the reasonable~
ness of current and future experimental results.

The smell-perturbation apvroximation was used In
reference 1 to deduce the weave drag and in reference 2
to obtain the 1ift and moment of slendsr pointed~-nose
bodles of revolution. No fundamental analysis 1s known
to have been made, however, of the characteristics of a
slender open-nose body shape, such as that regquired by
ram-jet oropelled craft. The peculliarity of the problem,
from general considerations of similarityv, is that the
flow pattern 18 two-dimensional at the lip of the nose
and approaches the thres-dimensional pattern farther
along the body. The present work extends the method of
references 1 and 2 to apply to these glender open~nose
bodies of revolution with supcrsonic flow into the noss.
The result is a fairly simple method of numerical inte~
gration of the differential equation of the flow. As an
1llustration, the »ressure distribution, wave drag, 1ift,
and moment are calculated at Mach numbers of 1.L.5, 1.60,
1.75, and %.0 for a typical ram~jet alrplane body shape
and the 1ift and moment results are compared with the
expverimental data. It should be pointed out that the
accuracy of the method, which nssumes potential supersonic
flow throughout the field and also assuwmnes small disturbances,
denends on the surface angles of the body and the Mach
number: The errcr inereases wilth either increacing Mech
number or incrsagsing surface angles.

SYMBOLS
X, T, 0 cylindrical coordinates
X distance along X-axls measured from nose of
body

A length of body
R radius .of body
° - -1 1
& Mach angle sin — Z.

SR ' M

B = \/M?' '-“3:
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flx, », 8) perturbation potential
ﬂq(x, ) perturbation potential for sxial flow

#o(x, r, 8) perturbation votential for cross flow

: . 3
Vg axial velocity increment e
B DK
. cre § /o
V., radial velocity incroment Fysy
I ' .
v velocity in undisturbed strean
a velocity of sound in undisturbed stream
1 Mach number in undisturbed stream (V/a)
P density in undisturbed stream
Ap incremental surface pressure duse to angle

of attack

<5} local presgsure
19 presgure in undisturbed streax
% ratio of swvecific heats of air (1,l)
a engle of attack, radians (except where
otherwise noted)
4) angle between surface of body and X-axis
2 o A Lo 2 - L Y e.? 2
Cr, 1ift coefficient Lifrt [5v TRy~ )
: fs B
. . s 2 2
Cp drag coefficlent (Drag/‘-j,—z--v‘1TR}_T )
S moment coefficient Moment/%vgwRﬂ2Z>
8 1y
u variable of integration

»

& = x - Br cesh u

-~ BR4
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BR,
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Subscripts and superscripts

il refers to nose
n refers to nth integration stabtion, summation
variable
3
i refeors to i intearation station, swmation
variable
deg in degrees

MATHIMATICAL ATALYSIS .
Pointed Bodies of Revolubtion
The linesasrized eguation of motion of a nonviscous

compressible £luid may be written , for & cyilindrical
cocordinate system:

2.z 2 2
éﬁéﬁ_lé?f.y.}_?_ﬂ__( -1)@-—-23- (1)
d3p2 T Op 2 dg< ox”~

o

where @ 1is the potential function assumed to represent
the effect of a small disturbence set up bg the slender
bodies being consideved. The problen i1c to find a solu-
tion of ecuation (1) that v~”l satisfy the known boundary
conditions &t the surface ol the body. 2 general solu-
tion of the differential equation (1), when ¥ > 1, for
diverging waves has been found by Laub (reference %)
be, with a slight change in notation,.

J

——

g = Z%:iQSPSCOS s8 + PyrSsin s6

where
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358\ .
& = (—) Q
S rom Q
> (2)
R
~ /O
& (I%l) i
; v
and
oo
Q@ = | T(x = Br cosh u) du
0
los]
Py = [1 gl{x -~ Br cosh u} du
. UO
wher

2
B =" -1

The part of Lawmb'!s gerneral solution corresponding to con-
verging waves does not anply to the present problem
because all disturbances originate on the bOQ] and diverge
into the ficw field investigated. Vou Kdruagh and ioore
nave invenstigsted the pr»‘ley o The resistance of »nro-
jectiles and cones (referenc ) and have {ound & solu-
Tion for the caze ol ax SyInS

that can be seen
solution with =
this case a sharp-nose projec
distribution of sources along z
x = 0, the nose of the body. By a numerical method of
integration, it became'p0531ble to write the egusations

for the velocity increments vy and

Vs

n_ - - 5
i=1 |




6 NACA ACR Wo. L5LZ29

n .
ke P N
Vi, = vi Ai{%osh (Tin> - cosh l(@i*lﬂ>J (5}

i=1
where i
min umd i\;l:l_'__ - Ji‘.
- ™0
Ty Ll,l

and

witia the boundary conditions

S (6).

3 Tree ouatis =] 4.1 3 ur T oY ( A . -
Thege tiree equacions. in three unknovns \ﬁn’ Vrn’ VK¥>
or vV, and Vxe

were solved at each station on the bhody f
The pressures wers then found from the Bernoulll equa-
tlon in the form:

P _ A v v y-1
SR SRS SRR GUPTF0 SR < = (7)
P . 2 5, 2

- a -

Ferrari (reference )1) and Tsien (reference 2) have
independsntly found solutions for the case of pecinted
bodies of revolutlon at small angles of attsck. Their
solutions showed thhat the potential could be expresssd
in two terms: the first, from equation (3),

POJ
gl = _j fl(x'— Br cosh u) du
0
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is the solution for the pure exial flow already described,

X - Br cosh u) cosh u du (8)

represents the cross-fliow potential of an arbitrary dis-
tribution of doublets along the axis of the body starting
at the nose of the cone or QTOJ“CL¢16. The form of
equation (3) is such that the cross flow 1s from the
direction 8 = 0, as shown in figure 1.

By neglecting the small effect orf the axial flow on
the lifting pressures, Tsien obtained for the pointed
projectile of arbitrary shape the equations:

e )

n :
2a Xarl % Bna1 ¥ Rn N L ; ( ) / n>2
C = - - T - " l"" T' - l
L B ‘Rbase Rbase L_@_. 2 U.V i-1 \ + N 7
)

(9

o = Za\> nl T 2%y o ol 7 %n Skl
T TIT - . ”
BL / 3 3 Rﬂ+1 Ry
L — 2 T
41 . £y Bopg by \ B }"‘f.i /{ T n>2 -1
Rb.ase Rpase Zi_?r =ay y - , .

K

() -1 (20)
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n
1121}’_, -
1 = 2ol cosh"]'(i{‘i_ln - cosh l(mn)
. 2ay SN

1=

(7:27) \/ <Ti-.ln)2 L= Tyt (Tin>2 i l_! (11)

The wvaiuves Ks in these equations are assumed to be
constants for each interval of the step~bw—step process
The moment coefficient of eguation (10) iz assumed pos;~
tive for nosing-up morients, these moments being taken
about the nose.

Oven~Noss Bodies

Tre flow conditions over an opsn~nose body. differ
from those of pointed bodies in that, for finite angles
of the nose lip, the flow is two-dimensional at the lip.
;k is problem was not considered in references 1, 2, andh

nd the general scluticn should therefore be examined to
det ermine its abu~icab%*itv to this sgpeclel case, Lamb
hes shown (referverce 3) % =Qt e sufficient requirement
for the exlstence of the general golution to the dif-
Terential equation of motlnn (roference 1) is that
f{x - Br cosh u) be zero for all valucs of the argu-
nent legs than some arbitrary limiting value. The deter-
mination of f(x - Br cosh u) such that the boundary
conditions at the open-nose body ars setisfied assures
the fulfillment of this general requirement. For the
usual csase of supersonic flow into the nose, the boundery
condition requires the suriace of the body to be a coa-
tinuation of a cylindrical ¢ tream surface of radius. Ry
in the undisturbed flow anead of ths body as snown in
figure 2. The perturbation rotentials, oqu“tionu (%)
and (&), therefore must be zero at the cylindrical
stream surface ancad of the body. Substit
£ = X -~ Br cocsh u  in equations (3) and (8

455

e
TLY
)gl

X=B1
14 (§)d§
7 = - . « (12)

ceo lx - 2)2 - BErR
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and
x-Br
hcd \ - P
cos 0 fa2(E)(x £)dg (13)
Po = - s
- r ' I v\ 2 [
—oo \/ K o= O - B
It is obvious that the boundary conditions are satisfied
by letting fl(i) = f5(&) = 0, for all values of

E< xg = BRg, here the point Xgs Rg is at the lip of
the open-nose body. It then remalins to debtermine (&)
N A

and fg(*) for & > Xg —~ BRy 80 that the body surface
is a continuation of this stream surfsace. From physical
considerations, f,(£) and f£,(£) may be regarded as
an axial distribution of sources and doublets, resnec-
tively, where & is wmeasured along the X-exis. Bscause
the efi’ect of a source or doublet can be Telt only along
or benind its jac“ cone, the. source distribution must

A

Lo

bezin a distance PR~ aizead of the nose. Thlz point is
ciaosen for the origin of the coordinate systenm. (Jee
fig., 1.) It must be emphasized that the sourcée and
doubliet distribution determined by satisfving the
boundary conditions &at the streem and bv*v surfaces shown
in figure 2 does not represent correctly the fiow inside
that streem surface, This result corresponds to, the
physical fact that the actual UPJP”OD;C flow into the
nose does not affect the flow external to the body. The
basic assumptlons of potential flow and swmall disturb-
ances are valld provided the slope of the body surface

is smell, Actually, for finite angle £ the nose 1ip

Lt o |
a nonconfcal shock wave is formed tﬁat causes a loss in
total head and produces rotation in the I*eld.
Numerical integration of equation (L_), with con~
stant values of I, 1(§) agsumed over the integration

4.
U
intervals, results in the same expressions for Vy

and Vxn as those obtalnea by von‘Karman and Hoors

(equations (lt) and (5)). .These constent values of
£1t(g) are determined by satisfying the boundary
condition:
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, = tan &
Vv o

where tan 6

is
the ntd 1n

the slope of surface of the body ab
crval of integratvion,

By faollowing the msthod of reference 2, the 1ift and
moment coefricients for small angles of attack based on
the area of the nose may be written

Z+.ui'?.{ 652(:) " . -
Cr = = ~& 008 90 @38 R dx (15)
L Ox
™ 1+BR
}'l p N 2 éy{,ﬁ - - -,
Cpy = == [ z = %= BRy) T cos 9 a8 R ax (16)
i ~.—27:V J %
1 O BR':T
I
here 1 is the length of the body, Ri i3 the ncse
radlus, and the moments are talen about the midpoi
he body. By substituting the ex i

o
nression for O 5 /0

ns (15) and (1€), C;, and C, become

LB nm r\1+5ﬁfi~1
Cp = j cos“® de R dx
TRy V Jg BRy;
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T FL+BRN
= 4 2 3 . ) L IR
C. = = : . c0os“d .4l X = = = PRI dx
n 2, , _ ‘ \ 2 .
X=BR
fgr(?)(y - &)4¢ (lp)
_ o
. Bzzv/ . - §>2 e

The distribution fun
the boundarsy CCﬂiluiO“; tnus,

o
3ot
ta

o

o

5

)

T cos B = (L9)
or /=g
for which the racilal ve O“iuy ig assumed to be normal to
the surfaecs, A more rigorous boundary condition taking
into account the slope of the body was given by Ferrari
(referencs k). Por small surface aﬂTlvu, oW
equation (19) iz wibthin the accuracy of tne
perturbation assumptions. The expression
Z TR -
SO 2
,F\ o - el bl
0% _ cos 8 fpt(E)(x - £)7dE (20)
r 2 2D
é /P:R E 0 \/(;\: — §>2 - ;-2“_{,__

is integrated numerically for constant values of
fgi(ﬁ) = K; over the it interval of intezration to
obtain the sum
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n

<é37)/2> ___Bzcos 8 y - . —1<m n) X —1(, n)
— S R K: lcogh T3] - COSh T,
or / 2 - * + i+

+ <Ti_ln> \/@i_lﬁ)z =1 - 7% /<Tin>2 ~1] (1)

Substituting this equation in equation (19) glves

o]

- B?'I’ 1
— 1. -1 m n e AT
1= S7a Eosh (*i-—l > ~ cosh <.ti )

=1

T iy 11 m & r-\f;l
+ <li-l )\/<T1_1n> - 1 = i \'(li)l> - ]_l (22)

#ith the values of L  determined, equations (17)

and (18) become
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In equations (2%) and (2l) the pressure used for &
ziven integration intsrval 1is the average of the pres-
sures at the beginning and at the end of the interval.
This schewme of using averabe 1ifting pressure is par-
ticularly necessary in regions w%ere the pressure 1s
rapidly changing. The wethod does not give the pressure
at the beginning of the first integration interval, that
is, at ths point H = 0. 1It cen be shown that, as tue
firet intervsal approaches zero, the @»nrossure at the
lip (o = 0) is obtained by letting the expression in
equations (2%) and (2i.)

n-1 ,

(_@\, L <m1- n-—l> _\/(Tin-—])E

i=1
have the value 0.5 when n = 1.

Method of Calculation

If caleculations are to be made {or an open~-nose
body, the total number of intsgration stations chosen
is a compronise between the amount of labor involved and
the accuracy desired, due consideration being given to
the limitation on the accuracy imposed by the basic
agsumptions of small disturbances and potential flow,

In general, where the pressures are changing most rapidly
the integration stations should be the mosat dense,

The integration stabtions must firgst be chosen. (See
fig. %) The calculation for the 1ift and moment then
proceeds as follows:

>

The boundary concition, equation (22), is applied
to the point n = 1, the swmeation rvduclng to a sin
term, where




o}
\_)'.l
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and
e L0
'l"l BR

mquation (22) then zivss a value of 32K1/éVa. Next,
equation (22) is applied bo point'2, n = 2, . containing
now two ternis

rig. Substitution of the expressions

' En o~ Jm
ng = e &
BRy -
sz = }.{.% ", 71
+ T
Bﬁa
n2 =20
BRo

a

and use of the wvalue obtained for ‘5K1/¢Va permits
the caicalauion of the value of LKQ/RV
By conbtinuing the procesgs, at each successive

station orie more term occurs in equation (22) involving
one ncw Ky, which is then determined. With the values

PN 3
of B Ky 2vVa devermined, . equations (2%) and (2/i.) are
2 A et

4}

¥

gad tec evaluate the 1ift and moment coefficients It
will be noticed that, when ecquations (2%) and (2l) ~are
evaluated for n = 1, the exiresslion occurring alfter the
last summation symbol is uncbtainable. For reasons
Previo u:lv stated, the expression m QT be given the
value O, :

-

[

The procedure for calﬂulﬂt,nf.the drag pr 3squfes is
gimilar to but somewhat simpler than that for. the 1if
and wmoment. Zguetions (u) znd (3) are evaluated at Gh
point n = 1, the sums reducing toe one term. By awﬂying
tiie boundary conditions (equation (6)) and using the
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known slope of the body dr/dx, the constant Al oecur-

ring in equations (L) and (5) is determined. Substi-
tution of A; back into equations (L) and (5) gives the

increment velocities at n = 1. Bernoulli's expression
(equation (7)) then gives the pressure ratio at n = 1,
Tt is to be noted, since V = Ma, that, actually, values
of A;/a, vrl/a, and vxl/a are determined, Pro~

ceeding to the polnt n =2, one new A 1is involved in
equations (L) and (5) that is determined by the boundary
econdition in equation (6)., In the same way, the
velocities and the pressure ratio are calculated at

n = 2. The procegs is continued at successive integra-
tion stations over the whole body, The calculated values
of the nressure ratio allow & »ressure~distribution curve
to be drawn and the drag coefficient to be evaluated in
the usual monner,

DISCUSEION OF RESULTS

Results of Calculaetions

Calculations were made in order to obtain bthe preg-
gure drag, 1ift, and moment of a typical open-nose body.
4 sketch showing the dimensions, the integration stations,
and intervals is given in figure 2. Calculated pressure
distributions at zero angle of attack for the Mach
numbers 1.5, 1,60, 1,75, and 3,00 are presented in
figure li. The pressure rise at the nose 1ip is approximately
that which would be obtalned over a two-dimensional wedge
of the same angle. Ackeret's theory for small disturbances
(reference 5) gives for the pressure rise of a 30 wedge
P .
2 o 1,147 at ¥ = 1.L5, whereas the pressure ratio on
1

the 1lip of the onen-nose body is about 1.1L0. This

agreement is conslidered a reasonable check inasmuch as

the pressure on the lio must be an extrapolation of the
pressure distribution from the first noint of the integration
nrocess, wvhich must De a finite distance back of the lip
edge. It can be shown that, as the sigze of the first
interval anproaches zero, the pressure at the lip becomes
that given by the two-dimensional theory. The effect

over the nose section of the size of integration inter-

valg is8 1llustrated by figure 5. The 17~point method
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was chosen because a greater number of voints resulted
in only & small increase in sccuracy and & large incresgse
in the labor involved. Aswould be expected, for the

case of the straight conical nose, the pressure falls off
from the leading edge and anproaches the pressure of a
cone of the seme surface angle (reference 1). At.the.
corners of the body, the pressure falls apnroximately in.
accordance with the Prandtl~Meyer relation (reference 6)
for supersonic flow around a two~-dimensional corner. On
the center and tall sections there are positive pressure
gradients that for actual flight conditions would tend %o
. cause separation. The source distribution functions
corresponding to the vressure distributions of figure L
have been plotted in figure 6.

The incremental surface pressures glving rise to
the 1ift and moment- are shown in figure 7 for the Mach-
nmumbers 1.6 and %.0. At the hirher Mach numbers the
pressures decrease less raoidly over the nose section.
The doublet distribution functions at the four Mach num-
bers are nresented in figure §. The curves of figure 9
show the theoretical variation of lift-curve slope,
moment-curve slone, and drag coefficient with Mach numaer.‘
The rather interesting result obtained is that the 1ift -
coefficient increases with Mach number. Experimental
results presented in reference 7 show dn increasing 1lift~
curve slove with Mach number for a pointed Drogectlle.

The fact that the doublset distributlon for the ovwen-nose
body is similar to that of a typical projectile (refer-
ence 2) leads to the expectation that the Mach number
characteristics of the two shapes would be similar, The
center of pressure at the lower Mach numbers is ahead of -
the nose and moves back with inereasing Mac¢h number. The
drag coefficient can be Seen“to decrease with Mach number

but to a 1esser degree than the VW@ “*‘ law of two-

dimensional w1ng nroflles.

Comparison with Experiment

4 comparison of. the calculated 1ift and moment ooef-
ficients with some experimental data obtained in the
Lengley 9-inch supersonic wind tunnel 1s presented in
fl@uwes l?fa), lo(b), and 10(e). The contribution to the
llft of the internal air can be shown to be:

ACL 20
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This increment will appesr at the nose and will there-
fore give rise to a moment:

ACy = @

These increments have been added to the calculated
results for comparison with the experimental data that
inelude the effect of the internal alr. The experi-~
mental 1ift and wmoment results did not go through the
origin because of deviations in the stream flow and
perhans small, unaccounted for, tare forces. It is
obvious that for bodies of revolution the data should
give symmetrical curveg about the origin. The experimental
results were therefore made to go through the origin by
subtracting fr-m each point the value of the 1ift coeffi=-
clent or moment coefficient at zero angle of attack.

All coefficients are bvased on the nose ares.

For 1= 1.5 twe caleulated curves corresnonding
to two body shnapes tested are shown. The two shsepes,
which eare designated for convenience regular taill and
ferrule tail, differ only in that a wtab31Lzer~¢upoovf1ng
féerrule was placed over Dart of the tail section. The
two conf1gurs+1ons are shown in figure 10(a). No dif=-
ference can be observed in the experimental results for
the two shapes, wheress the calculations show a small
difference. A possible cornclusion is that thickéning of
the boundary layer ahead of the shock at the trailing
edge tends to make the effective shape of the regular
body mors nearly like that of the body with the tall
ferrule. The bhetter sgreement of the ferrule tall cal-
culation is further evidence that_this thickening of the
boundary layer actually occurs In any case, the cal-
culated regults are in ex oe]len agreement with the
experimental data. At M= 1.60 and ¥ = 1,75, only
the regular shane was calculated, and, although the
agresment vith the experimental data 1s gnod, ferrule
tail calculations would probably have given even better
agreement. The discrepancy at M= 1L.75 between the
theoretical and exnerimental noints neaw +3C 15 provably
dve to sevaration phenomena. The agreement is good at
small angles of attack. Because of the wncertain value
of the skin~friction drag present in the experimental
data, a drag comrarison is not presented,
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Another Application

The success of the wethod when it is applied to
open-nose bodies suggzests 1ts usge in the-calculation of
external 1lift, moment, and pressure drag oif bodies ol
revolution having annular air inlets (fig. 11)}. The
characteristics of a body of this type would be calcu-
‘lated 'as follows: The source and doublet distribution
from 0. to B would bs numericeally determined by the
methods of referernces 1 and 2, which would allow the
calculation of the 1ifb, moment, and drag contributions
of the portion of the body from O %o €, In order to
calculate the 1ift, wmoment, and drag of the .remeining. .
external shell, the sourcé and doublet distribution =~ °
from O +to A would be retained and a'new sgource and
doublet distribution beginning at A and satisfying the
boundary condition at the outer shell would be deter-
rnined. In this way, the influence of tiie forwerd portion
of the body on the flow along the outer shell would be
fully taken into account. The flow at the annular inlet .
could be fully determined from the original soirce and
doublet distribution from O to B, which would allow
the determination of the 1ift due to the internal flow.
The moment would be closely approximated by assiming
this incremental 1ift to act at the lip of the inlét.

CONCLUSIONS

An approximate method was nresenbted for the calcu-
letion of the external 1ilt, moment, and pressure drag
of slender open-nose bodies of revolution &t supersonic
speeds. <The pressure~draz comparison was not presented
because ol the uncertainty of the amount ,of skin-friction
drag present in experimental results. The calculated
1ift and moment results at Mach numbers of 1.45, 1.60,
1.75, and %.0 showed excellent agreement with the avail-
able experimental data. The excellent agreement of the
calculsted 1ift and moment results with experimental
deta indicated that the approximate method may be reliably
used for obtaining the asrodynamic characteristics of
slender bodies that are required for efficient superscnic
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