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TECHNICAL NOTE 2115

THEORETICAL WAVE DRAGS AND PRESSURE DISTRIBUTTIONS
FOR AXTATLY SYMMETRIC OPEN-NOSE BODIES

By John R, dack

SUMMARY

The variations of pressure distributions and coefficlents of
wave drag with fineness ratlo, Mach number, and area ratlo were
calculated from linearized theory for a variety of open-nose
bodiles of revolution at zero angle of attack. Pressure distri-
butions and wvalues of wave-drag coefficlents are given for sev-
eral bodies with curved and stralight lips and. for design and off-
deslign condlitions including the effects of additive drag.

A comparison between the source method and the linearized
method of characteristics showed that, for a gliven accuracy, com-
putatlons by the source method were conslderably faster; conse~
quently, this method was used to compute the pressure distribu~-
tiong for all bodles Investigated.

INTRODUCTION

Although methods for compubing the supersonic flow over open-
nose bodies of revolution have been knowvn for some time (refer-
ences 1 and 2), application of these methods has been limited to
isolated cases. An Investigation was therefore undertaken at the
NACA Lewls laboratory to study systematically the varlations of
external pressure dlstributions and wave drags with fineness
ratio, Mach number, and area ratio. The results presented herein
are intended to serve as a gulde 1n the deslgn of external con-
tours for supersonic nose inlets and to provide a basis for
estimating the wave drag to be expected from such inlets. An
evaluation of the relative merits of several methods of computa-
tion 18 also included.
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SYMBOLS

The following symbols are used in this report:

local area of cowling

NACA TN 2115

ratio of free-stream inlet area to meximum area “

froe-stream velocity of sound
coefficient of wave drag, drag/qpAg
pressure coefficlent, p-pg/a
maximum dismeter of body

functions of X/BRy

length of body
fineness ratio

free-stream Mach number, U/c
statlc pressure

dynamic pressure, %'- pW2
radius of body

free-stream velocity
axial~velocity inorement
radisl-veloclty increment
total velooity

cylindrical coordinates

-1 1
Mach angle, sin ~ —
2 Mo

cotangent of am,'\/Moz-l |
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7 ratio of specific heats of air, 1.4

€ inclinstlon of conlcal cowling with respeot to free-
stream dirsction

e! transformed cowling angle, B tan € = tan €'

e flow angle '

8¢ half-angle of cone

91 cowling positioning angle, angle. between axis of Inlet
and straight line commecting vertex of cone with lip
of cowling

es shock angle

P density

Subsc;ripts:

0 free-stream conditlons

3 station of maximum diameter

A,B,C,E characteristlic grid polnts

f nose of body

BODIES AND VARTABLES INVESTIGATED

The bodies investigated are shown in figure 1. Most of the
computations were made for conical cowlings (fig. 1(a)) to obtain
the effect of free-stream Mach mmber My, area ratio Ay/Az, end
fineness ratlo L/D. The ranges of the variables investigated for
the coniéal cowlings were: Mach number, 1.5 to 2.5; area
ratio, 0.400 to 0.800; and fineness ratio, 4 to 10. The effect
of body contour on the pressure distribution and the wave drag
for a Mach nmumber of 2.0 was determined by investigating the flow
over the curved cowlings (fig. 1(b)). Bodies for which the shock
wave from the central body passes upstream of the cowling lip
(fig. 1(c)) were consldered in order to obtain the effect of addi-
tive drag for a free-stream Mach mmber of 2.0. (The additive
drag, as defined by Ferri and Nuccli, ls the integral of the pres-
sure coefficient along the bounding streamline between the conical
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shock and the cowling lip,) Pressure distributions were also cal-
culated as a function of Mach nmumber for a conical cowling with a
central body. Thls central body was so located that the conlcal
shock intersected the upstream edge of the cowling at a Mach num-
ber of 2.0.

1288

COMPUTATIONAL METHODS

Three of several methods awvellable for calculatling the pres-
sure distributions over open-nose bodies of revolution are con-
sidered: (1) the linearized source-distribution method (refer-
ence 1); (2) the rotational method of characteristics (reference 2);
and (3) the method of linearized characteristics (suggested in
references 3 and 4). A method applicable to conicel cowlings has
also been developed in reference S. The method was not included
in this Investigation, however, because in addition to the usual
reostriction to small slopes, the method requires tha'h the cowling )
be nsarly cylindrical.

The method of linea.rized characteristics, for which the equa-
tions are derived in appendix A, will converge to the result
given by the source method bub the computing time for a specified
accuracy 1ls considerably greater (appendix B); therefore the
source method was used to compute the remaining pressure distri-
butions., The rotational method of characteristics is the mos®
accurate but the compubations are more lengthy than those required
for the linearized methods. The linearized theories glve satis-
factory resulis except for the cases where the Mach number or the

body slopes are large.

The wave-drag coefficient of each Inlet was obtained by
graphically integrating the pressurs-coefficient distrlibution over
the body suxrface., This cosfflcient was based on the free-stream

inlet area and was d.ecfine_d by
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where

P-Pg 2
2w )

and A is the locel area of the cowling.

RESULTS AND DISCUSSION

Conical cowlings. - The variations of pressure distribution
in the axdal dlrection for the conlcal cowlings are given in fig-
ure 2 for selected valuss of the cowling angle and free-stream
Mach number. In each case, the pressure coefficient has the
Ackeret velue at the lip, decreases rather rapldly, and at large
distances downstream becomes asymptotic to the surface value pre-~
dicted for a cone of half-angle €. The varlations of pressure
distribution with fineness ratio and area ratio mey be obtained
by the correlation of the cowling angle with area ratio and fine-
ness ratio (fig. 3). . The local pressures increase with increasing
Mach number and decrease with Increasing fineness ratlo or area
ratio.

If a first-order approximation for the pressui'e coefficient

P"'PO _ u
Cp = = Z‘U

18 used and if an appropriate change of variable in the axially
symetric, linearized potential equatlion is made, the quantity B
becomes independent of Mach number. By use of this approximation
the results in figure 4 are obtalned, where BZCP is glven as a
function of the axial station xX/BRy for various values of the
trangformed cowling angle ¢€°*,

Inzobtaining the curves presented in figure 4, the quan-
tity P was found to vary almost linsarly with ¢! for small

b
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valuss of x/PRy. For larger values of x/fRy the variation
of B C with e' approached that of the coms solutlon, that

is, (t—:’)2 logg €'. This behavior suggested an attempt to fit the
curves with an equation of the form

plc, = Tyet - £5( €r)? log, € (1)

vhere ¢' 1s given in radians and f; and f, are functions

of x/PRy. The values of f; and fp at x/fRy equal to zero
can be lmmediately determined from the fact that the pressure coef-
ficlent at the lip is equal to the Ackeret value, Cp = 2¢/p.
Within the limitations of linearized theory and with

B tan'e = tan €', -the exgression for the pressure coefficlent

at x/PRy = 0 becomes = 2¢', Thus at the cowling lip,

fl must equal 2 and fp must equal O, When the remaining val-
uwes of f7 and Tp were obtained by matching the curves of B C:p
plotted against €' at two polnts, equation (1) described the
curves of B CP plotted against €' accurately. As Indicated
by the preceding discussion, the term conteining f; in equa-
tion (1) is the predominating term near the lip and the term con-
taining f, predominates at large values of x/fRy. This fact

is shown in figure 5 where the functions f; and fp are plotted
for values of x/ from O to 10, It is expected that equa~-
tion (1) may be used over the range of €' for which the lins-
arized theory is wvalid. By use of equetion (1), the general
expression for the coefficient of wave drag of conical cowlings
beconmes .

/fRy
B2y = 2(e) @ (£, -fp¢" logg €)(1+€'t) at  (2)
0 .

where .t = x/BRN. This expression was not used to compute the
coefficlents of wave drag because pressure dilstributions were
geparately calculated. If pressure distributlons are not awveil-
able, however, the coefficlent of wave drag can be obtained
directly from equation (2).

By Integrating the pressure distributions of figure 2 over
the body surfaces, the variations of wave-drag coefficient with
fineness ratlo, Mach number, and area ratio are obtained
(figs. 6 to 8, respectivelys. The coefficient of wave drag
decreases as fineness ratio, Mach mumber, or ares ratlo increases.

1288
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The varlation of the coefficient of wave drag wifh Mach number is
relatively esmall compared with the variation with fineness ratio
or area retlo,

Although the wave drag deoreases with an increase in fine-
ness ratlo, the friction drag increases. For large fineness ratios,
the friction drag becomes the predominant part of the total drag;
hence to obtaln an optimune cowling this fact must be taken into
account.

Additive drag and off-design conditions. - The coordipates and
contours of the inlets used to investigate the effects of additive
drag are glven in figure 9. The curves were arbitrarily chosen,
except that the lip of each body is faired into a streamline of
the conical field produced by the central body. The design param-
eters for the bodles are

Free-stream Mach mmber, My 4 o ¢ o ¢ ¢« ¢ ¢ ¢ ¢ o ¢ o o 2.0
Area m.bio, A-O/As * . * * L] * L] L - L ] * L4 . * . . ‘0 . L . 0.539

Finenessratio,la/b....-.............. 4.0
Coneh&lf-&ngle,ec,deg......-.......... 25

The linearized pressure distributlions for the three inlets
having cowling positioning angles of 32°, 36°, and 40° are shown
in figure 10, The linearized coefficlents of wave drag for these
bodies, the coefficlents of additive drag obtained from linearized
theory, and the coefflcients of additlve drag obtained from exact
conical flow theory are given In the following table with the
coefficients of additive drag and body drag for a cylindrical
‘body (61 = 30.5°) and a conical body (91 = 42,69):

Cowling Coefficlient of | Coefficient of addltive drag
prositloning | wave drag, Cy CD,a
angle, 63 (body) Linearized cone | Exact cone
(deg) theory theory
30.5 0 ————— 0.381
32 .016 0.134 «257
36 .029 .046 .088
40 .018 .012 .020
42.8 .014 0 0

The linearized coefflclents of wave drag for the bodles were com-
puted by considering the bounding streamline between the conical
shock eand the cowllng lip as part of the bodles; consequently, these




8 NACA TN 2115

coefficients may be somewhat in error bescause the slope at any
point of the bounding streamline is large. The coefficlent of
total drag (not including a skin-friction coefficient) is the sum
of the coefficilents of body and additive drag. Comparison of the
coefficlent of maximum total drag (61 = 30,59, cylindrical cowl-
ing) with the coefficient of minimm total drag (6, = 42.69,
conical cowling) shows that in this case the coefficien‘b of total
wave drag may be reduced by approximately 96 percent by eliminating
the additive drag; therefore, as pointed out by Ferri and Nuecci,
the avoidance of this additlve drag over a required range of free-
stream Mach numbers is important in cowling design.

Illustrated in figure 1l are the variations of presswre dis~
tribution with Mach nmumber for a cowling designed for a free-
stream Mach number of 2.0. The area ratio of the oconical cowling
is 0.539, and the fineness ratio is 4.0. At the design Mach num-
ber, the conical central body with a half-angle of 25° produces a
shock that intersects the lip. For each off-design Mach number,
the inlet flow 1s supersonic inasmuch as the normal shock 1s
assumed to remain inside the Inlet. The cowling in each case
starts at the axial station x/Ry of 0.159. The pressure dis-
tribution upstream of this point for a free-stream Mach number
of 1.8 results in an edditive drag, because for any Mach number
below 2.0 the conical shock is upstream of the cowling lip. As
the Mach number increases, the pressure ratios on the cowling
becoms higher.

When the pressurs distributions are integrated over the body
to obtain the coefficlenis of wave drag and are plotted as a func-
. tion of free-stream Mach mumber (fig. 12), it is found that the
coefficient of wave drag decreases rapidly fram 1ts value at a
Mach number of 1.8 to its value at & Mach number of 2.0 and
decreases slowly for Mach numbers higher than 2.0. The coef-
ficient of wave drag at a free-stream Mach number of 1.8 1s
approximately twice as great as that at a Mach number of 2.0; how-
ever, again the slope at any point of the bounding streamline 1s
sufficiently large so that the drag coefficient obtained at a
Mach number of 1.8 may be in error. For this reason, the accuracy
of the dashed portion of the curve in figure 12 between Mach num-
bers of 1.8 and 2.0 is doubtful.,

Nonconical bodies without additive drag. - The coordinates
and the contours for the nonconical inlets are shown in figure 13.
The design parameters are .

Free-gtream Mach mmber, Mj e e« o 2.0
Area‘ r&tio’ -A-O/As e & o o o o o o o o Oo539
Finoness Tatio, LMD ¢ v ¢ ¢ ¢ ¢ ¢ o o ¢ o s 6 6 0 o o o o 4,0
Cone half-angle, 6,, deg e o o o o a o a s 4 e s s v o 25

*
L ]
L
L]
L ]
L]
L]
.
L]
L 3

.
L]
L]
L ]
L]
L]
.
L]
*
*
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The initial 1lip angle for contours 1, 2, and 3 1s the same as the
flow-deflection angle behind the conical shock emanating fram the
central body. The results may again be somewhat in error because
of the large slopes of the lips; however, the linearized theory
should predict the drag trends of these bodies.

Pressure distributions for the curved contours of figure 13
are compared with the conical-cowling pressure distribution in
figure 14; the coefficlents of wave drag for the four cowlings
are presented in the following table:

Contour Coefficlent
of wave

drag
°p

0.089
.042
.040
.014

PEREIE Y

These values of the coefficient of wave drag chenged appreciably
with the external contour of the cowling and the deslrability of
producing a rapid flow expansion near the llp 1s Indicated.

SIMMARY OF RESULTS

The computations of the theoretlical supersonlic wave drag of
axially symmetric open-nose bodies at zero angle of attack may be
summarized as follows:

1, For conical cowlings, the local pressures on a body
Increased wlth increasing Mach number and decreased with increas-
ing fineness retio and with area ratio. The coefficlents of
weve drag obtained from the pressure distributions decreased with
inoreasing fineness ratio, Mach number, or area ratio,

2, In order to determine the effect of addlitive drag, a
series of cowlings having a common central body and the same mass
Tlows wore investligated at-.a Mach number of 2.0. For these
inlets, the least total drag was obtalned with a conical cowl-
ing the leadling edge of which was located at the shock fram the
central body. As the leading edge was moved downstream from this
location, the drag of the cowling decreased, but the Increase in
addltive drag was suffliclent to overbalance this decrease.



10 NACA TN 2115

3., For off-design conditions, the total wave drag increased
rapidly as the shock from the central body passed upstream of the
cowling 1ip. When this shock fell inside the 1lip, little change
in wave-drag coefficient with Mach number was obtained.

4. At a Mach number of 2.0, the coefficlents of wave drag
obtained for the nonconical bodles without additive drag varied
fram 0.089 to 0.040. The magnitude of the drag depended on the
rate of flow expansion in the vicinity of the cowling 1lip. For
an immediate flow expansion, that is, & conical cowling, the coef-
ficient of wave drag was 0,014,

Lewls Flight Propulsion ILaboratory, .
National Advisory Committee for Aeronautics,
Cleveland, Ohio, December 15, 1949,
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APPENDIX A

DERIVATIOR OF EQUATTONS FOR LINEARIZED
METHOD OF CHARACTERISTICS

The linearized differential equation for supersonic flow 1s
of hyperbolic form and therefore has real characteristics. The
use of these characteristics for the nmumerical computation of
supersonic flow flelds when the perturbation velocities are small
has been suggested by several authors. (See, for exsmple, refer-
ences 3 and 4.) Inasmuch as these characteristic equations are
very simple %o use for calculating axially symmetric flow, a com-
parison of thls method with the source method was consildered
desirable., The required difference equations are derived herein,

Por axlally symmetric flow, the linearized equation for the
perturbatlion velocities u and v 1is

The characteristics of this equation are given by (reference 4)

& ;1
dx B

so that the total derivatives of the perturbation-velocity com-
ponents became

du _ou, 1du
v _ov, 1l9v (a3)

where the plus sign is used for family I and the minus sign is
uged for family II (fig. 15(a)). By solving equations (A2)
and (A3) for oufdox and and by making use of the irro-
tationality condition, equation (Al) for family I becomes
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1 1l v
du - =dv - —=—-4dx =0
- 5 T (a4)

B

When the grid shown in figure 15(a) is used, equation (A4) may be
expressed in difference form as follows:

.(uc_-uA) -i (vg-v,) -.ﬁl—zg,l (xg=x,) = 0

Ve VA 1l/v |

Yo "_B"uA'?"',;é(;)A (x5 -x,) =F.5
o

'llg:'F-!-FA ’ (AS)

Similarly, for famlly II, the difference equation is

v,

c g 1

or
¢
Us = - —E- + FB (a8)

By solving equations (AS) and (A6) simultaneously, uz and vg
are found to be :

g, =% (FA"'FB) (a7)
vy =t (Fy-T) ‘ (a8).

The flow angle 6 and the total velocity W are introduced by
letting

u+U =W cos 6 (a9)

v=Wsin 6 (Alo)

1288
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From equations (A7) 'l:o'(AlO), the expressions for 6; and Wg
are found to be \

6. = tan~t M (All)

C Gy + G,
C 2 gin 6

where '

| tan gy -5 |
GA=WA cos GA Ll-——B—-(l-—Br—A-)

| tan o x5 - 25
GB=WBGOSGBL1+ B <1+ ﬁrB

By considering figure 15(b), the expressions for the coordinates Xa
and ro may be derived as

X ‘=% (xp+xp) +§ (rg ~7y) (A13)
Tg = Tg - f_?_%i@ =7, + xC-BxA (a14)

For the veloclty compdnents at a body boundary point
(fig. 15(c)), the difference equation is

VB e 1l /v _
gt E T *tE +B2(r)¢ () (415)
Inssmuch as the flow angle at the boundary is known, one of the

unknown velocity components in equation (Al5) can be eliminated
with the aild of the bounfary conditiom

Vg o
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By making the substitutions given in equations (A9) and (A10),
Wg 1s found to be

|1+ ——
cosec B
chchoseE tan
6g
B .

(417)

With the wveloclty known, the statlic pressure at a boundary point
is determined from

Z
2 7-1
W
-1
E_ .zt ?(E ). (a18)
Po 2 Wo’

X5
ngrc-rA+ B +xAtan6A (419)
L
B + tan GA
By = rg - BT : (420)

The linearized method of characteristics differs from the
exact method (reference 2) in that all characteristios are straight
and parallel so that the characteristic grid car be comstructed -
in advance of any computations, All the coordinates of the grid
points are therefore known and need not be computed if a graphical
representation 1s employed. The equations for the velocity com~
ponents (equations (Al12) and (Al7)) ars, of course, also consider-
ably simpler than those obtained for the exact method of
characteristics,

1288
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APFENDIX B

COMPARISON COF ACCURACY AND COMPUTING TIME

A comparison of the pressure distributlions computed by the
linearized method of characteristlcs and by the source method is
shown in flgure 16, Ons curve was obtalned with a spacing
between boundary points of Ax/Ry = 0.5 and a second with
Ax/Ry = 0,125, The third curve was obtained by the source method
wlth 1l boundary polnts. It was found for the source-distribution
method that any number of boundary points above 10 d1d not appre-
clably alter the pressure-distribution curve, The calculations
by the method of linsarized characteristics, as presented herein,
require a larger number of boundary points than the sowrce method.
The asymptotic solution (corresponding to zero grid spacing),
however, should be the same for the two methods inasmuch as both
methods are derived from the same differential equation.

A comparison of the source method with the method of rota-
tlonal characteristics is presented in figure 17 and shows a
relatively large error in the vicinity of the cowling lip. The
wave-drag coefficients obtalned by inbtegrating the pressure dis-
tributlons of figure 17 to the point =x = 2 are: exact-
characteristics method, 0,.100; and source method, 0,064, The mag~
nitude of the error ls approximately 36 percent and should rspre-
gent a near maximum, Inasmuch as the initiasl flow deflection atb
the 1ip is large (15.5°), this error 1s to be expected because
linearized theory is inaccurate for large angles. Some idea of
the megnitude of the error due to the limitations of linearized
theory (in regard to flow-deflection angles) can be obtained
frem figure 18, where the pressure coefflicients obtalned from
lincarized theory and from shock theory are plotted as functions
of the lip or lnitlal flow-deflectlion angle.

In making a calculation by the source method for a body
having 15 boundary points (average number of points used in the
calculations), the computing time, including the time required
for checking the camputations, was approximately 17 man~-hours,
If the number of boundary polnts was increased to 20, the time
necessary for computing and checking would be 30 man-hours., The
time to make the same calculation (curve with Ax/Ry = 0.5,
fig. 16) by using the linearized method of characteristics was
approximetely 160 man-hours., This time, however, includes com-
puting the coordinates of the grid polnts and could be shortened
) if ‘these were read from the grid network. The same calculation
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made by the method of characteristics for rotational flow required
approximately 240 man-hours. The over-all tlme for a calculation
by any ons of the preceding methods depends, of course, on the
experience of the computers and should not be considered a minimum
value. '
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