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1 INTRODUCTIorj 

A programme of tests is currently under way in the 7 in. x 7 in. hypersonic 
wind tunnel on the lifting properties of geonetr?cally slender body shapes over 
a wxle range of angles of inculence1*2. hiany of the shapes in this programme 
are either conical bodies of non-circular cross section, or bodies of revolution, 
and when analysing pressure distribution measurements for these bodies, the 
distribution on the related circular acne may be wanted as a basis of comparison. 
However, experimental information on pressure distributions on circular ccnes at 
hypersonic Hach numbers is extremely limited, 
high supersonic speeds3r425. 

most available results being for 
Pressure distribution measurements were therefore 

nade on five pointed cones with total apex-angles ranging from 25 to 45 degrees, 
at a Mach number of 6.85 (with a few tests at EI = 8.60), over an incidence range 
of 0 to 30 degrees, and these distributions compared with values oalculated 
from existing analytical and empirical theories. It is known, though, that all 
these theories for cones at incidence suffer, in one way or another, from the 
disability of not being based on an adequate model of the flow. To obtain such 
a model, more than pessure measurements are needed; for example, reliable 
measurements of flow direotion and velocity on the surface and in the shock- 
layer would make it possible to determine the various regions in the mixed flow. 
Until such neasurements, as well as an adequate theory which is more soundly 
based on a realistic model of the flow, are available, a full analysis oannot 
be nade. For the time being therefore, one is restricted for cones at incidence 
to comparing results with approximate or empirical methods of oalculation. 

2 SCRIPTION OF TESTS 

The tests were made in the R.A.E. 7 inx 7 in. hypersonic wind tunnel at 
a Mach number of 6.85, with a few repeat tests at M = 8.60. All tests were at 
a nominal stagnation pessure of 750 p.s.i.g., and a stagnation temperature 
sufficient to avoid liquefaotion of the air in the test section. Under these 
conditions, a Reynolds number of 0.5 million per inch was obtained at Al = 6.85, 
and 0.2 million per inch at M = 8.60. The cone models varied in length from 
5 in. for the 25 degree cone, to 4.5 in. for the 45 degree cone. 

Due to limited space in the nodcl support mechanism, only seven I$ mm O.D. 
hylcdermio pressure tubes could be led cut from the model (smaller bore tubing 
was not used beoause of its greater pressure lag). Pressure tappings on each 
model surface were at a cross-seotion two-thirds of the model length from the 
apex, and were disposed 0, 15, 30, 60, 90, 135 and 180 degrees froc the nost- 
windward generator. 

Pressures were measured on a conventional multi-tube rrercury manometer 
bank, with one tube referred either to a Midwood absolute manometer, or a 
vacuum reference. Steady readings were obtained after some 10 to 15 seconds 
running, Trhen the manometer was clanped and the tunnel shut down. Pressure 
measurements were obtained at angles of incidence of 0, 3, 6, 12, 18, 24 and 
30 degrees; the results are presented in pressure coefficient form in Tables 
1 and 2. 

Evidence suggests that manoneter readings were measured to an aocuracy 
of 20.02 in Hg, which, with a similar error in reading the reference pressure 
corresponds to _+O.OOj in pressure coefficient, C p, at iul = 6.85, and kO.008 
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in Cp at M = 8.60. Errors in setting model incidenoe could amount to a 

further error in Cp of about +0.002, The possible total direct measuring 

error is therefore to.005 in Cp at M = 6.85 and ~O,OlO at M = 8.60. Additional 
to this measuring error, is the error arising from the lack of flow uniformity 
in the test section, the variation of &pV2 in the region of the model being 
within 3%. 

3 METHODS OF CALCULATING INVLSCID SDRFACE PRESSURE DISTFKSDI'IONS 

3.1 General 

At the present time no exaot method fcr oalculat&ng pressure distributions 
exists, exoept for the ease of oones at eero inoidenoe . The ain of this 
sention is to briefly reoall the main features of the methods which have been 
put forward over the last 15 years, and to discuss the practioal limitations 
in their use; a detailed discussion of the flow aannot be undertaken at this 
stage, beoause the measurements are not oomplete enough. For convenience, a 
common notation is used throughout this section, rather than the notation in 
the original papers. 

3.2 The M.I.T. tables 

The three sets of tables prepared in 1~7-194.9 at the Massachusetts 
Institute of Technology under the direotion of Ko 
zero inoidenoe (based on the Taylor-Maoodltheo 3 

al, give solutions for 
1 first-order correotiopg 

for inoidenoe, and seoond-order oorreotions for incidence, respeotively7, 9 , 
the main assumptions being that the flow is invisoid and that there are no 
flow separations. 

The formula for the pressure distribution is 

E 2 Tl' 

f; 
5: 1+a~oos~+a 

[ 
y + G 00s 26 

P P P 1 
where P 

p' 
1st order perturbation coefficient 

and g , g 2nd order perturbation ooeffioients 
P f; 

are dependent on Mach number and oone semi-angle (6) 

a angle of hideme 

# meridional angle, measured from the windward generator 

P absolute pressure 

i absolute pressure on oone at zero incidenoe. 

(1) 
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It should be noted that the results are not tabulated in the most conven- 
ient system for practical use, being in s~.n?d-coordinates rather than body- 
coordinates. This can be remedied by a transformation of coorbnates, as 
described by Roberts and ~ileyl0. Another difficulty is that the nunber of 
tabulated solution of the second-order perturbation coefficients fcr the higher 
Nach numbers and cone angles is meagre, with the result that interpolation of 
values at Mach numbers different to those tabulated is rather inexact. 

Fox&-order theory is inadequate for predicting pressure distributions, its 
most obvious defioiencies bemg:- 

(i) It gives an antisymmetrioal variation of pressure about $ = SO" 
additional to the zero-incidenoe Fesswe. This is not borne out by experhentf 
where it was found that the pressure at the $ = 90° position varied with 
inoidenoe; also the rate of increase of pressure with moidence at the $ = 0' 
position was greater than the rate of decrease at $5 = 180'. 

(ii) It prediots no change in overall axial force with incidence, which 
again, is not borne out by experiment3. 

Inclusion of the second-order term largely removes the above criticisns, 
but even so, a noticeable dlsorepancy between theory and experiment develops as 
the angle of incidence approaches the cone semi-angle3. It will be seen later 
that this is partly due to the third-order term no longer being negligible. 

3.3 Shock-layer theories 

These theories"S12~'3P are based on the Newtonian assumption of a thin 
shock layer surrounding the body surface, which pertains to the limiting 

situation of M + m, and 5 + 0, but theories are subsequently applied to other 

values of M and y. Also, it is implicit in the development of these theories 
that the cone incidence is less than the cone semi-angle. 
is to third order in incidenoe; 

The theoyf of Laval" 
the theories of Guiraud'* and Cheng are to 

seoond-order in incidence, but with a first-order correction for finite Maoh 
number and density ratio. Expressions derived in these theories for lnxssure 
coefficient, C 

P' 
are given below. 

(1) Laval" 

LC 
7 

2 p = sin's + a(sin2E aos$) + a* 
i 

cos2e - s&~os*E + $)] 

_ a3 r2 
L3 Sh2E cos$ + e ( sin$ sim - - 2 >I 

(2) 
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(ii) Guirauc?~ 2 

+ a 00s~ 1 
M2 si.nE 00s E 1 

[ 2 t ..cos ,-pi 

$1 6 

-53.’ 

2000S2E 
$.i 0 4 008 2 e 

> 
+ 

+zdv+l - 
+I y-' M2sin2eoos2s ( 

a - !tQ s12e)]si2~ J 
32 w 

(3) 

In the above expression, Y has the usual value of 1.4, but 7 is a 
fictitious mean adiabatio index chosen so aa best to represent the thermo- 
dynamio properties of the gas downstream of the shooknave. 

(iii) Cheng13 

C 
--&= It+++- +$ 

C' 3+(- k 
$(W2-{ + * (ltd2-~ log (i+ K) 1 

Sisl 
+2- sine OOSE OOS# + OOS2E - Sb2$8 (OOS2E + i )] 

(4) 

In the above expression, K = Ytl 

y(y-l)!d2 i3izi2e 
. 
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For a = 0, with v + I and M 7 p the three theories all reduoe to the 
simple Newtonian expression Cp= 2am a; with y = 1.4 and M *CO, the theories 
of Guiraud and Cheng reduce to C = 2.083 sin2 E. 

P 
For small finite values of a (i.e. sin a o a), with y + 1 and M + co, the 

theories of Guiraud and Cheng reduce to the Lava1 theory to the aeoond-order 
in incidence. As an indication of the range of incidyoe over which these 
theories are applioable, it should be noted that the a -term in the Lava1 
theory becomes signifioant when the incidence is as great as the cone semi- 
angle, the d-term aooounting for some 2 ,z of the pressure coefficient at 
$ = 0 when a = E. 

3.4 Empirioal method8 

Sinoe it was shown in Section 3.3 that analytioal theories can only be 
expected to be relevant to a limited range of inoidenoe, one is at present 
forced to rely on em&rioal methods if large angles of incidenoe are considered. 
The moat well-known nethod is based on the simple Newtonian "impact" concept, 
which gives the pressure coefficient at a point on a aurfaoe whose local 
incidenoe to the free stream is 8, as C 

P 
= 2 sin* 8. For a cone, the value 

of 0 is given by 

sine = sin s 00s a ; co9 a sin a 008 $ . (5) 

For angles of incidence greater than the semi-angle of the cone, part of 
the cone surface oannot be regarded as being subjeot to an impact flow. The 
boundary between the two regions is found by equating sin 8 to zero in the 
above expression, which gives 

(00s $1, = 
tan E 

-tan * (6) 

In this "shadow" region, where $ > $ER, the impaot oonoept has no meaning, 
and the usual assumption for hypersonio speeds is that the pressure on this 
region of the oone surface is the same as that of the free stream,i.e. Cp = 0. 
The minimum value possible for pressure in this region is,of course 
vaouum, and this oorresponda to a pressure ooefficient, C = - T Of 

'VAC ru2 
However, the use of the Newtonian method for real air is open to 

criticism, the original Newtonian conoept being baaed on perfeotly elastio 
fluid particles, and oertain refinements of the Newtonian concept have been 
proposed for real air aooording to the type of body under oonsideration, but 
still limited to the case of very high Mach number. These expressions are 
derived in Ref. 14, but are summarised below for convenienoe:- 
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For an 8ttaChad conical shook, 

C 
P 

= ?(u+l)o ,i2 e = 2.083 sh2 13 
h+312 

for 
For 8 blunt body with detached shook, 

C + = 
P H y+'l 

sin2 e = ld33sin20 

The latter expression is generalljr referr 
8 

d to 8s "modified-Newtor&& 
theory. Both expressions reduce to C = 2 

P 
sin C when y = I. 

Mention must also be made of the equivalent-oone (or tangent&one) method, 
whioh also depends on the oonoept of looal surfaoe inoidenoe. In this method, 
the assumption is made that the pressure at a point on the oone surfaoe where 
the looal inaidenoe is 8, is the same as that on 8 oone of semi-angle 8, at 
zero inoidenoe. This method is limited to values of 0 less then 57.5O, this ,4 
angle being the maximum possible oone semi-angle for shook attaohnent at 16 =oa. 
For M = CO, it gives cp = 2.083 sin2 8; for all finite Mach numbers, it gives 
Cp > 2X83 sin2 8. 

The variety of modifioations to the Newtonian oonoept jyt desoribed 
suggests 8 more generalised form of impact theory, C = K sin 8, where K is 

P 
an "impaot ooeffioient" dependent on looal surface inoidenoe and Maoh number. 
For instanoe, in the oase of infinite Mach number, one would expeot K to vary 
betwaen 2.083 and I.83 as the looal inoidenoe on the cone surface varied from 
0 to TO degrees; at finite Mach numbers, K would probably vary between wider 
lines. The experimentslresults reported in this Note have been analysed 
on this basis, the measured pressure ooeffioients (given in Tables 1 and 2) 
being reduoed to impsot ooeffioients by dividing them by sin2 8. (Figs. 5-T). 

4 COMPARISON OF RESULTS WITH AVAILADLE ldE'lXOD¶ FOR CALCULATING PRESSURE 
DISTRIBUTIONS 

4.1 Cones at zero inoidenoe 

The variation of pessure ooeffioient with cone semi-angle, at a M8oh 
number of 6.85 and zero inoidenoe, is shown in Fig. I. The plotted symbols 
indicate the spread of results from the seven pressure tappings on each model. 
Exoellent agreement is obtained between the measured F 

% 
ssure ooeffioients and 

values oaloulate from the theory of Taylor and U800011 
and Lava1 theory?' (C = 

17. Newtonian theory 
2 sin2 8), and the theories of Guiraud12 and Oheng'5 

for M = mand y = 1.4'(C = 2.083 sin2 e), all give tierestirmtes of peesure 
ooeffioient. On the other bend, the latter theoriesi2n15 zith 8 first-order 
oorreotion for finite Maoh number give over-estimates of pressure ooeffioient. 
A paouliarity of the theory of Guiraud is that for 8 finite Mach number, a 
finite pressure ooeffioient is obtained for zero cone angle. 

It is olear, therefore, that the shook-layer theories 1’,12,13 h theFr 
present form oannot give aoourate estimates of the pressure distribution on 
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a acne at incidenoe, except by accident, since they depend on the addition of 
terns in a, o2 and d to the value of the pressure coeffioient on the cone at 
zero inoidenoe - which is incorrectly estimated by these theories. However, 
this inconsistency can be removed by adding the a-terms of the shook-layer 
theories instead to values of (Cp)*O 
Maocol16'7; 

oalculated from the theory of Taylor and 
this is disoussed further in psra. 4.2.2. 

4.2 Cones at incidence 

Experimental values of pressure coefficient for five cones with apex 
angles ranging from 25 to 45 degrees, at angles of incidence up to 30 degrees, 
are given in Tables I and 2. To simplify matters, only the results for the 
30 degree cone are disoussed in detail in this se&ion, it being understood 
that, unless stated otherwise, all conclusions apply qualitatively to the 
whole range of oone angles tested. 

4.2.1 Comparison with the hL1.T. tables 7,099 

Pressure distributions on the 30 degree acne, at a Mach number of 6.85, 
are compared in Fig. 2 with values oalculated from the M.I.T. tables for angles 
of incidence of 0, 6, 12, 18 and 24 degrees. It oan be Been that the shape 
of the pressure distribution around the ccne cross-section is not accurately 
predioted by this theory, psssures being consistently over-estimated for 
0 < $ < 450, and under-estimated for 45O < $I c 180'. A similar differenoe 
between theory and experiment wa8 reported In Ref. 3, for tests at a Mach number 
of 3.53, but in this case agreement was closer in the region 135' < $ -C 180' 
than in the present teats. The disorepancy between theoretioal and experinental 
values is small for angles of inoidenoe less than the semi-angle of the cone, 
but at higher angles of incidenoe this discrepancy increases rapidly, and the 
absurd prediction of negative absolute pressures on the leeward surfaoe of the 
cone is obtained. 

The experimental results show that at the higher angles of inoidenoe, 
pressures on the leeward surface of the cone tend to free stream pressure 

(i .e. Cp = 0), rather than vacuum (Cp = 2) . This is possibly due to 

viscous effects, but an approximate oalculation, outlined below, shows that the 
differenoe is not aocounted for by the simple assumption that the external flow 
is influenoed only b the displacement effect of the boundary layer (the "weak- 
interaction" effect<%,1 7). 

The significant parameter in oalculating boundary-layer self-induced 
M3 pessures is x = -g- , where Rx is the load Reynolds number at the point under 

x 
consideration. 
byl7:- 

The induced pressure on a flat plate at zero inoidenoe is given 

L 
%a 

= I +$$ 0.6&+1.73+ , 
s 
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This formula should apply ap roximately to the Case Of a COn.5 at an 
incidence equal to its seni-angle 7. I.e. a = E) in the region of $ = 100°, 
i.e. when the most-leeward generator is aligned with the free stresm. If 

T 
wetake?= 0.5, which is a mean between the two extreme oases of an insulated 

S 

surfaoe and a very cold wall, we get:- 

M = 6.85 : : = 1.05 , or ACp = 0.0015 
ce 

M = 8.60 : + = 1.14 , or ACp = 0.0025 . 
m 

A comparison of Pressure ooefficients in the # = 180 degree region for 
the 30 deg.oone at Mach numbers of 6.85 and 8.60 in Tables 1 and 2, shows that 
the differenoe in CP at the two Mach numbers is about 0,030, i.e. some ten 
times greater than that Predicted by the weak-interaotion formula. Therefore, 
if viscous effects are to account for the discrepancies, they may be of a 
different nature from those assumed. It is oleer that further experiments 
are needed to gain an understanding of the oombined effects of Reynolds 
number and Mach number, on the Pressure on those regions of a cone where the 
local inoidenoe is small, 

4.2.2 Comparison with the shook-laver theories 11,12,13 

A oomparison of Pressure distributions calculated from the theories of 
Laval, Guiraud and Cheng (Equations 2,3 and 4 respectively) shows that they 
all give C p - $ distributions of nearly the same shape, but with noticeable 
differences in absolute values of C . 
differences in values of (Cp)a,o 

P 
This is due mainly to the quite large 

obtained from these theories (Pig. I), rather 

than differenoes in the a and a2-terms. This is illustrated below, where 
values appropriate to a 30 degree cone and a Mach number of 6.85 have been 
substituted in equations 2,3 and 4. 

Laval 

C 
P 

= 0.134 + a CO@ + a2 (1.73 - 2.37 sin2 #) 

to the seoond-order in a, and for M = m. 

Guiraud 

C 
P 

= 0.193 + 0.98 a 00s $ + a2 (1.75 - 2.19 sin2 #) . 

m 

c 
P 

= 0.170 + 0.92 sin a 00s # + sin2a (1.73 - 2.37 sin2 #) . 

The corresponding expression calculated from the M.I.T. tables 
(equation I) is 
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C = 0.148 + 0.98 u COB $ + a2 (1.7 - 2.4 sin2 $) 
P 

and the coefficienta in the second-order term are quoted to only two signifioant 
figures, because of the difficulties of interpolation from the Y.I.T. tables 
at a Maoh number as high as 6.85. 

Inspeotion of the above fcmulae reveals that therg is no great difference 
between the ooeffioients of either the a-terms, or the a -terms, and if a 
oommon value of (Cp)ozo were used, approximately the same values would be 
obtained from all four expressions for the C p - # distribution. For this 
reason, no separate plots giving oonpsrlsons of experimental pressure distribu- 
tions, and distributions oaloulated from the ahock-layer theories, are given in 
thi8 Note. Sinoe it has been found that the M.I.T. tables687 give the best 
estimates of (Cp)tio and a snd a2-terms little different to the shock-layer 
theories, there wo& seem to be no advantage in using the seoond-order ahook- 
layer theories. However, a8 mentioned in seotion 3.2, accurate interpolation 
of the seoond-order perturbation ooeffioients at high Maoh numbers from the 
M.I.T. tables is difficult, and if there was the need for pro@a~~ing large 
numbers of aaloulations on a oom ter the shook-layer theories might be more 
convenient for aaloulating the $-' -terms. 

Before leaving shock-layer theories, further mention should be made of 
the Lava1 theory. This theory suffers from being restrioted to M = -, but 
unlike the other theories, is to third-order in inoidenoe. A oonparison of 
experimental pressure distributions with values oalculated from the Lava1 
theory (but using the correct value of (Cp)ozO) is given in Fig. 3. It oan 
be seen that the discrepancy between theoretioal and experimental values is 
reduoed by inolusion of the third-order term, as compared with seoond-order 
theories, but for angles of inoidenoe less than the semi-angle of the cone the 
effeot is small. Part of the advantage of including the third-order term is 
lost through the Laval theory being restrioted to M = 00, and there is a ease 
for adding this third-order term instead to the pressure distributions oalcul- 
ated to the seaond-order in a from the M.I.T. tables. 

4.2.3 Comparison with empirical theories 

Experimental 
i" = 2 sin! 0) in Fig. 4. 

essure di tributions sre oompared with values calculated 
from impact theory Cp At low angles of incidence this 
theory under-estimates pressures, but over-estimates them at the hi her angles 
of inoidenoe (a > a). Modified-Newtonian theory (CP = 1.83 sin g would give 2 7 
a better estimate for the higher angles of incidence, but at the expense of an 
increased under-estimate at low angles. Nevertheless, both of these theories 
give closer estimates of pressure distributions at high angles of incidence 
than is obtained from the M.I.T. tables, 

It has already been suggested in aeotion 3.4 that a more general form of 
impaot theory, C = E sin2 8, might be more appropriate, where K is an "inpaot 

P 
ooeffioienV which is a fun&ion of the looal incidence, 8, and Mach number. 
The comparison of theoretioal and experiw pressure distributions in Fig.4 
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tends to support this possibility, since the theoretioal estimates change from 
an under-estimate to an over-estimate as the cone incidenoe inoreases. The 
values of Cp in Tables I and 2 have therefore been reduced to impact-coeffioient 
form by dividing them by sin2 8, and the values of impact coefficient obtained 
are plotted in Figs. 5, 6 and 7. The shaded area at the bottom of eaoh fi 
shows the range over which scatter can be attributed to experinental error 
section 2), 

'i 
ure 
see 

Results from tests at a lower Maoh number3 have been analysed 
in the same way and are plotted in Fig. 8, in this ease the degree of experi- 
mental scatter is not known. The results of Figs. 5-8 are summarised in 
Fig. 9, which also includes some results from Refs. 4 and 5 for large values 
of local inoidenoe. 

With few exoeptions, the experimental results fall within a band whose 
width is no greater than the expected range of experimental scatter, showing 
that the impact concept of using the looal incidence, 8, relates quite well the 
combined effects of oone inoidenoe, a, oone semi-angle, e, and meridional posi- 
y on the cone surface, $, and that the impact coefficient, IC, is dependent on 

. It is found that for the Maoh numbers of the present tests that K varies 
from about 2.5 at B = 10 degrees, to about 1.9 at 8 = 50 degrees, the higheat 
value of looal inoidenoe reached. The results from tests at a Mach number of 
3.53 (Fig. 8), show slightly higher values of K for values of 0 less than about 
40 degrees. For values of 0 less than IO degrees, K is apparently inoreasing 
rapidly, but so too is the experimental error, and values of K in this range 
of 0 oannot be accurately estimated. 

In the summary of results in Fig. 9, results for $ = 0 degree only have 
been plotted in order to avoid a confusion of plotted points; this is justified 
sinoe the results in Figs. 5-8 show no isolated effeot of # on K. In Fig. P 
a oomparison is made between the experimental results and values calculated by 
three empirical methods:- equivalent cone, Newtonian and modified-Newtonian 
(previously desoribed in seotion 3.4). It is clear that the Newtonian and 
modified-Newtonian expressions, which give a constant value of impact 
coefficient, are unrealistio, and oan only apply over a limited range of local 
incidence with aoceptable aoouraoy. Thus Newtonian theory is aoourate to 
within a few per oent over the range 25O < 0 ( 45', and modified-Newtonian 
theory within a few per cent for 70° < f3 < 90°. The equivalent-oone method 
has the merit of predicting a variation of K with looal incidence and Mach 
number, but with reasonable acouraoy only for 0 < 25 degrees. 

Thus no single empirical method is satisfaotory for the whole range of 
local incidence from 0 to 90 degrees. However, a mean curve could be &awn 
throu 

P 
the experimental points in Fig. 9, and if an empirical method must be 

used as would seem to be the case for a > a), values of K taken from this 
curve would be preferable to using values of K calculated from any one of the 
previously mentioned empirioal methods. It must be enphasised though, that 
the K - 6 variation in Fig. 9 applies only to circular cones, and not to any 
other body shapes such as conical bodies of non-oiroular cross-seotion. 

5 CONCLUSICNS 

From experiments at Maoh numbers of 6.85 and 8.60 on cones with total 
apex-angles ranging from 25 to 45 degrees, the following conclusions can be 
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made regarding the extent to which various analytical end empirical theories 
prediot the pressure distribution on e circular cone. 

(1) Cones et aero angle of incidence 

Excellent agreement was obtained between the measured pressures and v 3 uea 
oeloulated from the L.I.T. tables7 baaed on the theory of Taylor end Maccoll . 
Of the shook-layer theories, the Lava1 theory gives under-estimates of pressure, 
while the theories of Guireud and Cheng give over-estimates. These di3crepanoiea 
mean that the shock-layer theories, in their present form, cannot give adequate 
estimates of the pressure distribution on e cone et incidence, since this 
estimate is dependent on the addition of terms in incidence, and (incidenoe)*, 
to the cero-inoidenoe value. This inconsistency can be removed by adding the 
incidence-terms of these theories instead to value3 for zero incidence 
calculated from the M.I.T. tableaT. 

(2) Cones at inoidenoa 

(I) The shape of the pressure distribution is not aoouretely predicted 
by values oaloulated from the M.I.T.tablea. The dif'ferenoe between theoretical 
and exgerimentel estimates is smell for angles of inoidenoe leas than the cone 
semi-apex angle, but rapidly inoreesea at higher angles of incidence. This is 
to be expected, since term8 higher than the second-order are no longer negligible 
under these conditions. 

(ii) If values of pressure at zero incidence calculated from the M.I.T. 
tables are used, estimates of pressure distributions calculated from the shock- 
layer theories are not aignifioently different from each other, or from 
diatribu'tiscalculated from the in.1.T. tables, for angles of incidence leas 
than the cone semi-apex angle. Since for hypersonic Mach numbers interpolation 
of the coefficients of the inoidence-terms from the M.I.T. tables is difficult, 
it may be easier, and apparently no leas accurate, to calculate these 
coefficients instead from one of the shook-layer theories. 

For Mach numbers lower than those of the present teats, the Lava1 theory 
would become inadequate, this theory being unable to account for finite Mach 
number. Although not checked in the present teats, it is likely that the 
first-order correotiona for Mach number in the theories of Guiraud and Cheng 
would become inadequate at low auperaonio Mach numbers. 

(iii) For angles of incidence higher then the semi-apex angle of the cone, 
enalytioal theories cannot be expected to apply, it being implicit in their 
development that a < E, and one is forced to rely on empirical methods if large 
angles of incidence are oonsidered. An empirical analysis of the experimental 
pressure distributions reveals that the pressure at a point on e acne surface 
is dependent on the local incidenoe of the surface et that point to the free 
stream, this looel incidence, 6, relating quite well the combined effect of cone 
inoidenoe, cone semi-apex angle, and meridional position on the cone aurfaoe. 
It follows that if the measured pressure coefficients are divided by the 
appropriate values of sin* 0 to give an "impact coefficient", K, an approximately 
defined single ourveofK versus g is obtained for each Mach number, though the 
effect of Mach number is small. This variation of K with 8 embraces values of 
K calculated by the equivalent-oone, Newtonian, end modified-Newtonian methods 
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but eaoh only over limited ranges of 0, which shows that the use of any one 
of these methods on is own over a large range of O is unrealistio. 

(3) Further experiments ure needed to obtain pressures to greeter aoouraoy 
in the "shadow" regions on the cone surfaoe, which occur when the oone 
inoidenoe is greater than the oone semi-apex angle, and also to greater 
eoouraoy on those parts of the oone surfaoe where the local inoidenoe is 
SS!dl. This could be aohieved by the use of oil manometers, rather than the 
meroury manometers used in the present tests, and this will be investigated in 
the future. 

(4) Altogether, it has been demonstrated for the range of oone angles tested 
that existing analytical theories only predict pressures on the surfaoes of 
lifting oones with reasonable aoouraoy for a limited range of angles of 
inoidence and Mach number. For higher angles of inoidenoe, even though an 
impaot ooeffioient oan be used to oorrelate the pressure ooeffioients, onoe 
they have been measured, there is no res.son to assume that the same relation 
between inpeot ooeff'ioient and surfaoe slope applies to any shape other than 
circular oones. Future work must, therefore, be directed toarards a more 
complete exploration of the flow field, from which one may hope to derive B 
more realistio model of the flow, as a basis for better methods of prediotion. 

LIST OF SYMBOLS 

free stream Mach number 
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lmpaot coefficient = -J- 
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TABLE 1 

Fkpsrimental preware ooeffioients. M = 6.85 

25 deg. oone (C = 123 deg.) 

3 6 12 18 

0 0.108 0.152 0.205 0.345 0.503 
0.106 0.150 0.202 0.335 0.480 
0.105 0.145 0.189 0.301 0.418 
0.115 0.128 0.149 0.199 0.246 
0.112 0.110 0.106 0.097 0.094 
0.112 0.085 0.064 0.017 

180 0.111 0.077 0.053 00'02; . 0.023 

30 deg. cone (e = 15 deg.) 

Lg. 

F 

\ 
(d 

de . 
0 

:z 
60 

1;; 
t80 

0 3 6 12 18 24 30 

0.150 0.206 
0.149 0.200 
0.148 0.196 
0.150 0.179 
0.152 0.151 
0.1% 0.122 
0.153 0.108 

0.201 
0.148 
0.096 
0.078 

0.372 
0.258 
0.138 
0.0&P 
0.037 

0.582 
0.559 

0.312 
0.132 
O.Ofl 
o.olo 1 0.756 0.943 

0.721 0.88 

- 

0.372 

:*z . O*Oog 0.03 i 

0.42 
0.132 0.1 
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TABLE 1 (conta) \ ‘\@g . #- ‘\ de . 

0 r ;i 

PO 
135 
180 

0 3 

0.200 0.250 
0.190 0.252 
0.199 0.249 
0.198 0.225 
0.2~4 0.198 
0.200 0.162 
0.186 o.l35 

45 deg. ‘COne (E = 223 deg.) 

0.312 
0.311 
0.311 
0.313 
0.377 
0.324 

0.390 
0.388 
0.378 
0.351 
0.316 
0.296 
0.304 

6 

0.322 
0.324 
0.310 
0.257 
0.195 
0.126 
0.091 

6 

0.471 
0.466 
0.449 
0.387 
0.313 
0.258 
0.253 

12 

:*:;z . 
0.332 
0.182 
0.061 
0.035 

IO 24 30 

0.640 0.640 0.835 0.835 1 .cl41 1 .cl41 
0.636 0.636 0.817 0.817 1.010 1.010 

0.766 0.766 0.921 0.921 
0.378 0.378 0.434 O.lb% 0.486 0.486 
o*j73 0.473 0.167 
0.023 0.004 0.006 
0.011 0 -0.005 

o*j73 
.~ I ~'-' I 

0.473 0.167 
0.023 0.004 0.006 
0.011 lo l-O.005 

0.649 
0.632 
0.595 
0.447 
0.292 
0.153 
0.125 

---T-l 24 30 

- 19 - 



TABLE 2 

Experimental pressure coefficients. ~5 = 8.60 

28 deg. COn.2 (E = 14') 28 deg. Cone (E = 14') 

\ \ a a 
dtpy; dtpy; O O 3 3 6 6 12 12 18 18 24 24 30 30 

g. g. 

0 0 0.135 0.135 0.189 0.189 0.246 0.246 0.388 0.388 0.569 0.569 0.765 0.765 0.968 0.968 
0.135 0.135 0.180 0.180 0.237 0.237 0.370 0.370 0.537 0.537 0.718 0.718 0.902 0.902 
0.135 0.135 0.169 0.169 0.220 0.220 0.330 0.330 0.475 0.475 0.618 0.618 1 1 0.758 0.758 
0.135 0.135 0.148 0.148 0.175 0.175 0.230 0.230 0.302 0.302 0.350 0.350 0.410 0.410 

30 deg. cone (E = 15') 

?\ dig. 
$ 0 3 6 12 18 24 30 

deg. 
I 0 0.130 0.204 0.270 0.431 0.628 0.810 1.030 

;; 0.133 0.132 0.133, 0.198 0.188 0.254 0.237 o.j93 0.401 0.360 0.250 0.574 0.491 0.31-i 0.762 0.638 0.375 0.93 0.790 0.45 

1;; 0.145 0.141 ;.:f 0:112 0.107 0.150 0.058 0.140 0.136 0.042 0.039 0.129 0.14 0.039 
180 0.147 0.103 i 0.090 0.049 0.039 0.038 0.035 
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