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SUMMARY

This report provides tabulated resulis for the inviscid flow field about severai
circular cones at incidence to a uniform supersonic stream (Y= 1.k). The three velocity components,
pressure and density are given at points between the circular cone and the corresponding attached bow
shock wave. Alsc some overall quantities such as normal and axial force coefficients are listed.
hmumgimtor!hchnmnmfrul.suzo, for cone half angles from 5° to

40® and for successive values of relative incidence 0, 0.1, 0,2 ssones

Dans ce rapport, nous présentons des résultats tabulés sur 1'@coulement supersonique
invisqueux d'un gaz parfait (y= 1.L) autour de quelques cones circulaires en incidence. Les trois
composants de velocite, pression et densits sont donns au points entre le come circulaire et le
choc correspondant attaché au sommet. En plus, nous fournissons quelques quantités telles que
les coefficients des forces normale et axiale.

Les résultats sont présentés pour Mach 1.5 3 20, pour les cOnes a l'angle de demi-ouverture
de 5° 3 LO® et pour les valeurs consécutives dtincidence relative O, 0.1, 0.2 cccees
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1.0 INTRODUCTION

Mubluhnboonpmaudumm-umdducribodm
the method employed is one of iteration. Anutmuhndoofmohpoo!thacuehdm
unandtﬂnlhlpeuiqro'odi.nmhanythatehomlnlwinatm'ufueootthcm
cone is made close o zero.

mnlumprounudfwaddnmpotbchnmmmncmmmmforrohun
incidences ¢ /g_of 0, 0.1, 0.2 ...nptoanlunt'hichme-pnutmhmhdm. Table 1 lists
the relative iﬁcid.neu, for each Mach number and half cone angle combination, above which breakdown
occurs. It is found that the computation breaks down for one of the following reasons.

Bruhdmvuloccurmnmnwnelﬂmtim, which are normally elliptic in a
cross sectional plane, become hyperbolic in some region of that plane. Table 2 lists the relative
incidences at which the equations first show signs of becoming mixed elliptic and hyperbolic.

Ittboahockwanliesvu'yclonwmhchnnatnucw“tmmth.nthl
MhMmkMumuwcmuumwbmkdm. This breakdown normally occurs
at the smaller values of Psiné. andituyoecurfaruhtinmcuncuulwuurouinuu
case of M = 1.5 with € = 5% for example. Tt shouwid be noted that if the shock wave is weak then
slender body theory (3) gives accurate results (see table 3).

The computation also breaks down at a relative incidence which is a little larger than
the relative incidence at which the entropy ty, initially situated at the leeward generator
otmbody,mmmmmmmmnemumlmmorq—w. The singularity
leaves the surface at relative incidences varying from about 0.95 up to 1.25 for conditions covered
by the present tables (see Fig. 3).

Results are not presented for relative incidences at which the shock wave is detached from
the body as is the case for the larger cones with Mach numbers that are not too large, for example
6 = LO with M = 6 and °/9c=0.5.

2.0 EXPLANATION OF THE FIGURES

melummqmimcmum(s,r,e)mmmmtm
computations. The computational approach used to generate the present results requires integration,
in 2 cross sectional plane, from the unknown shock, represented by r= F(¢), to the body represented
by r= G (= constant, tan©.). In arder to carry out this integration it is necessary to introduce
a variable £, m,mauamwiommmwwmmmuamw ;)GG
so that £= O represents the body surface while £ = 1 represents the shock wave. It will be seen
later that results are given at £= 0, 0.025, 0.05, 0.1, 0.2 sesse 1.0 for each & value of 0*, 22,5,
k5® .... 180°. Thus the flow field quantities are given close to the surface where ‘he entropy layer
umnpidwmqunum-otmmnprummdnﬂlnlocny(mntmol).
nw&mummudninm cylindrical coordinate system, the velocities are tabulated
ubwmumt-(n,e,o) since this is more conventional. Care must be taken
—munfmluﬂuwlocinmnummtmtmglvuinth.q’u.ndrleu

Pigures 2a and show the relative incidences °’e¢ at which the surface pressure gradient
becomes adverse. Figure 3 shows the relative incidences at which the entropy singularity first
&utbmimmnummdmmlmrdphmdq‘try. Each of thege relative
wd;_t_en is calculated by quadratic interpolation from values of the crossflow parameter K.

W
E(ia‘/,.inoc) o Itwummtml,--?jmwmwmtbwaum

andt.hltuhml,--%nn singularity 1ifts from the body. The values of O'Bc thus obtained by

mhtiwlholm—nmtmﬁ-aamthcmeuhunplotudminat)lrwufmdec.
r«mmaWMcmiudrunmdhmM, for each case, in figures 2 and 3.

i

hmﬁm‘hhmdﬁm?ﬂ)mcmuoﬂmt.hebuuoft.h.valmaof
K. nuumun“nmummtdmommmandlmottotun
-meuu--m“dmmMMnunp taken at é=w, This
calculation of h-b‘.lmcuruntao*u,mban%uZanlusotmsmsmo
at &= 135°, 157.5" and 180°. Based on the value of thus derived both the cnset of adverse
mmmmmmamwva , in some cases, to occur at relative
mmmlhtdﬂ-ﬁtk-mwcudhymnlmofln. This difference is small
for the smaller values of ﬁdn!; but becomes rare significant as (sin@. increases as can be
L and 5 with figures 2 and 3.



3,0 EXPLANATION OF THE TABLES OF C‘, C', Ko AND K. .

Values of the axial force coefficients CA are listed in tables 6-8 while the normal force
coefficients c. are given in tables 9-11. Both are calculated using Simpson's rule applied to the

formulae &
3
¢, -2 /cp de
and s b
1
g o /Cr cosd de
P-Ps i

where C =
P ‘npavi

The cross flow parameters K, and K_ are given in tables 12-1L and 15-17 respectively. The
isentropic values of 9wy, required on the surface at ¢= 0 and at ¢= v for use in the expressions
for K, and K, are calcula by curve fitting the values of w on the surface. The curve
w =3, siné+ ap sin 2¢ 1is fitted to the calculated values of w at &= 22.5° and 45° or at &= 135°
and 157.5° as appropriate. The derivative is then found by differentiating the analytic expression
for w.

4.0 DESCRIPTION OF THE FLOW FIELD TAHLES

The tables of flow field gquantities are given on the pages following page 24 . They are
given in the order of °/ec increasing from zero, M increasing from 1.5 and 8. increasing from 5°.

Thas three spherical velocity components u, v and w are non-dimensionalised with respect
a, as_is the local speed of sound a. Pressure p and density p are nor-dimensionalised with respect
.n‘ec and p, respectively. Quantities are tabulated at values of the circumferential angle
of 0°, 22.5°, .... 180" and at the non-dimensional distances £= 0, 0.025, 0.05, 0.1, Cu2 evees 1.0
Values are given fairly close to the pody since u, w and p are changing rapidly near to the surface.
The last line on each page contains the values of relative shock angle es/ec.

The surface values (at £ = O) are thoss obtained by solving the isentropic equations on the
body. The equations which are solved on the surface, once the shock wave has been determined to make
the surface normal velocity sufficiently close to zero and hence the flow field away from the body
carrect, are

(1) the isentropic equation.

(u; the integrated energy equation.

(441) equation (13; of reference 1.
(4v) equation (9c) of reference 1.

while the pressure is cbtained directly by extrapolation to the surface. The first equation gives

P muyﬂhtbmtmnntohnlndfortmmmmmtiwnand'attho
surface, apparently giving an over determined problem. But, of course, the energy equation (11) can
be derived from the other equations and so could be omitted. In practice, however, it is found that
solving (111) and (iv) alone does not, in some cases, give an accurate energy equation. Thus it
seems better, and this is done for the present computations, to try to solve all the equations in a
least squares sense. Using this procedure small errors may be detected in the equations (1i), (iii)
and (iv) but it is found that the errors only become significant close to those values of relative
incidence which are near breakdown.

Section L.l gives the coding of the symbolic words us~d in the main tables.







S.0 ACCURACY OF TAELES

The usual mothod of determining the accuracy of results obtained from numerisal procedures
involving integration is to repeat thn same calculations using different step sizes. This different
step sise comparison has been carried ocut on four Mach number and half cone angle combinations:

a) M=15, 8&=10"up to Vg~ 1.1
b) M=15, @~ 7.5wp to Vg = 1.0
c) M= 2, =25 upto /g~ 0.8
d) M=10, =35 uwpto /g~ 0.5

mmmmwmmmmm5g--o.1udb¢-zz.s'|m1enmmsupama
used in genersting the present tables. The second step sizes used are 5¢= -0.075 and && = 15°.

In trying to determine the accuracy of the flow field quantities it appears to be sufficient
to consider only wvalues at the surface of the circular cone since any errors away from the surface
will avtomatically be transmitted to the surface during the present integration process which
integrates the equations of motion from the shock to the body surface. Thus comparisons of surface
values only are made here.

Surface velocity components, pressure and density are compared, using the above step
sizes, in table L. It seems that accuracy to within 1% is obtained for all gquantities except at
a few isolated points in the tables. In table 5 surface quantities Ko, K, CA and (:s are compared.

Itmbo.onthtc‘and mwacmauaswﬂdbeoxpocmtmtbwtmmlm
in their caleulation.” The erences in ¥, using the different step sizes are =t most 1% except in
case b) at 9/@. = 1. Cases a), c) and d) indicate high accuracy for K, while case b) indicates poor
scouracy when °/ 6 approaches unity, in fact there is about Bf difference at “ 0 - I

A further assessment of the accuracy of the present tables can be made by comparing the
resulis with the completely independent technique used by Babenko et al. (2). This comparison has been
made in reference 1. A percentage difference of at most 1% is indicated except in circumferential
velocity w where the differences are, in some cases, as much as L4%. These larger differences in
w seem reascnable since w, on the surface, can be written as a derivative of the other velocity

as shown for example by equation (13) of reference 1. This comparison with the results
of reference 2 can be made up to a relative incidence of about 0.8 which is the limit of Babenko's
tabulated results.

Thus, for flow field guantities other than w, accuracy to within 1% is indicated at lesst
for relative incidences up to sbout unity while for w an accuracy of about 5% is indicated. For
relative incidences higher than unity it is difficult to make any assessment of the accuracy. The
main reason for this is that the present method does not converge for relative incidences higher than
those ‘ndicated in the last column of the step size comparisons in table L (for the Mach numbers and
%alf cone angle combinations indicated) when using the smaller step sizes. Hence the only possibilities
for assessment appear to be either to extrapolate the above conclusions which apply to relative
incidences up to unity or to make an empirical assessment by comparing the theoretical pressures
with those obtained by experiment. But in any case visccus effects will be more important at these
higher relative incidences in any real flow problem.
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