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SUMMARY 

Data obtained during the measurement of surface pressures on a 
spherxally-blunted cone are used to demonstrate the value of a simple 
method by mhxh allowance 1s made for the effects of finite statx hole 
sue on the measured diatributlon of pressure over the spherxal portion 
of the model. 
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Nomenclature 

pressure coefficient formed from surface pressure and 
free-stream conditions (Cp 3 2 (p/p_-l)/yMs) 

value of C 
P 

et stagnation point 

pressure ooeffzoient based on change in pressure due to 
the pressure of a statw hole (in the absenoe of a 
streamwise pressure gradient) and local flow conditions 

diameter of static hole 

free-stream Mach number 

local Mach number (just outside boundary layer) 

free-stream stagnstlon pressure 

surface pressure 

free-stream static pressure 

effect of the presence of the static hole on the measured 
pressure 
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Nomenclature (contd) 

radius of curvature of the spherical portion of the 
model 

streamwise distance from the stagnation point 

displacement thickness of boundary layer 

angle subtended by distance d along the surface of the 
model at the centre of curvature of the surface of the model 

angle between ths free-stream direction and the normal to 
the surface of the model at tbz centre of the stgtio hole 

angle between the free-stream direction and the normal to 
the surface of the model at a point D35d upstream of the 
centre of the hole 

parameters used in Ref. 2 (see Section 5) (x is a stream- 
wise diztanoe and s a surface slope). 

Sketch to Illustrate Nomenclature 
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1. Introduction 

Although the conventlord static hole has remained virtually 
unchallenged as a means of measuring surface pressure since the beginnings of 
the systematic study of fluid dynamics, recent advances in the accuracy of 
other components of the complete pressure measuring system1 have caused 
increasing study to be paid to errors inherent in the use of static holes. 

Attention has been mainly concentrated upon the case of zero or small 
streamwise pressure grabents externsl to the boundary layer, 2,394 principally 
because this eases problems of establxhing the true pressure (i.e. that which 
would occur in the absence of the hole). However, studies have slso been made 
of the effects of the presence of static holes when the stresmwlse pressure 
gradlent external to the boundary layer is large 4,s. This problem is of 
practical importance, for example, in the interpretation of data obtained using 
hermspherical-headed incidence-meters. Various ways of correcting the measured 
pressure to allow for the size of static holes have been advanced 3,5. The 
purpose of this paper is to demonstrate the usefulness and validity of the 
simplest of these correction methods. 

2. Wind-tunnel, models and other experimental details 

The measurements analysed in this report are a small fraction of the 
data obtained during a series of tests on blunted bodxes performed during 1969 
in the NPL 15 in x IO in (381 mm x 254 mm) blowdown wind-tunnel. They are all 
measurements of surfaoe pressure on the spherical portzons of two pairs of 
spherically-blunted cones of 7-5O serm-apex angle (Fig. 1). Two nose radii 
were used, beirg 3.30 mm (O-13 in) and 6.60 mm (O-26 in). These comparatively 
small nose radii were chosen because of a desire to have a long conical portion 
downstream of the blunting, the main purpose of the tests being to study the 
pressure distribution over that part of the model. However, the diameter of 
the static-hole was fixed at O-51 mm (O-020 U) in order to maintain a reasonable 
pneumatic response time of the pressure measuring system, Thus, the angles (Q) 
subtended by those holes whxh are on the spherical porkon of the model at the 
centre of the sphere were fairly large. Indeed, they were comparable to those 
found on incidence meters rather than those used on wind-tunnel models. However, 
the circumstances whxh dictated the choxes of static hole slse and nose radius 
are by no means unique and corrections of the type discussed in this report are 
often required for wind-tunnel tests. 

The statx. holes were drilJ.ed normal to the surface of the model and 
had a depth (as defined 111 Ref. 2) of approximately IO hole diameters. As is 
usual, care was taken to ensure that the holes were round and flush with the 
surface. 

The tests were run at ambient stagnation temperature, a stagnation 
pressure of O-565 MN/n’ and a mean free-stream Mach number at' YO5. 

The pressure holes were &stributed over the surface ~8 the model both 
ciroumferentially and longitudinally. A complete coverage of the surface of 
the model was obtained by performing tests with the model at each of seven 
different roll angles, During each test, measurements were made at angles of 
incidence of O", 2-S", 5-O", 7.5", lCPO”, l2*5", 15'O" and 17*5Q. In this 
way 280 separate measurements were made of the surface pressure on the spherxal 
portions of the models. 

34 
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3. Instrum!ntatlon 

Pressures were measured using the normal data-acquisxtlon system of 
the 15 m x 10 m (0.381 m x 0.254 m) tunnel. This is simiLar UI all essentxil 
details to that of the 7 in x G m (O-178 m x 0.114 m) tunnel whose data- 
acquisltlon system has been described before 122. On the basis of earlier 
analyses1 , and allowing for the dlfferenoe in tunnel sxe etc., the root mean 
square error of the measured surface pressures was estimated to be everywhere 
better than approximately 4.3 per cent of the free-stream statx pressure or 
0~0011 in p/p,at Y = 3'05. This figure includes instrumentatxon errors, and 
the efpcts of flow non-uniformzty, as well as the influence of.manufacturing 
errors . 

4. Presentation of data 

If there is no streamwlse pressure gradient in the flow.externsl to 
the boundary layer then, in principle, there is no problem of defining the 
pressure that the static hole is required to measure. If there is a pressure 
gradlent then an adtitiond. problem of interpretation arises. Since the 
pressure that would occur in the absence of the static-hole vsr~es across the 
area of the surface of the model that is occupied by the hole, It is not obvzous 
what pressure will be sensed by the hole even if its presence were to cause no 
change XI the flow pattern. AlternatIve ways of stating the problem are to 
ask:- 

(a) by how much does the pressure sensed by the hole differ 
from the "true" surface pressure at the centre of the hole? 

o=, (b) for what point on the surface of the body does the hole sense 
the pressure and how far removed is this point from the centre of 
the hole? 

The two questions are identical in effect because the presence of a 
pressure gradient means that streamwise location may be interchanged with 
pressure. They are merely alternative ways of formulating the same basic 
questions and do not differ xn any fundamental way. Of the two, the second 
is probably to be preferred on the grounds that it is conceptually easier to 
relate the effect of hole size to model design criteria. This note, therefore, 
follows the work of Rainbird and seeks the location of a point at which the 
measured pressure is equal to the true surface pressure (i.e., that which would 
apply in the absence of the hole). Morrison, Sheppard and Williams 5 showed 
that the difference between the measured pressure and the true surface pressure 
at the centre of the area occupied by the hole was proportional to the angle 
subtended by the hole at the centre of curvature of the body. In fact, for 

I 8P 
local Mach numbers less than 1-O and - - --< 2, Morrison et al state that:- 

P ae 

1 01, O-37 ap 
--+ --=x0 
Pbrl P de 

and since 
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q = - , then rn = - 

r n ti 
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n 

ae 

1 dP 0.37 ap 
--+ -- = 0 
r n ad 1‘ I1 dS 

dP aP 
-CS -0.37 - 
ad as 

and since the error in pressure (Ap) is zero for d = 0, then 

AP = 

Thus, an upstream displacemmt of the measuring station by 0.37d 
would produce a change in pressure equal and opposite to the error predicted 
by Morrison et al. 

There is, thus, only a slight discrepancy between the suggested 
corrections due to Morrison et al. and that obtained by Rainbird's analysis 
of low-speed data. The former correction is equivalent to stating that the 
measured pressure 1s equal to the true surface pressure at a point O-37& 
upstream of the centre of the hole for ML < 1'1 . Rainbird found that at 
low speeds the upstream displacement is O-3 d . However, this difference is 
not large aa is not normally slgnifxsnt. An intermediate value O-35& has 
been used in this report. Of possibly more significance is that Morrison et al. 
suggest an additional Mach-number dependent correction for % > l-1, but 
in the present text the straightforward 0.35d displacanent correction has been 
used primardy for the sake of simplicity. This choice mill be justified 
later in this report. 

Presentation of the experimental data is greatly eased by the fact 
that the shape of the spherical portion of the body is 3nvarisnt under rotation. 
Further, the limiting characteristic springs from a point on the spherical 
portlon of the body even at the maxunum angle of incidence. Thus, the stagna- 
tion point is always located at the point where the normal to the surface lies 
3n the free-stream direction. The pressure distribution, when presented in 
the form of pressure as a finctlon of angle between the free-stream direction 
and the normal to the surface 1s thus invariant with inculence. Changes in 

incidence/ 
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mcidence smnply traverse each static hole through a part of the fixed 
Pressure distrbution. Hence, only a few holes are needed to map out the 
complete Pressure distribution over the spherical portlon of the model. 

5. Data from different models: causes of systematic discrepancies other 
than those peculmr to the presence of static holes on a body with 
streammse fladients of surface pressure 

Ii-i cases, such as that consid.ered in this report, where no completely 
Irreproachable theoretical solutions for the surface-pressure distrlbutlon 
are available, the success of a method for the correction of experimental data 
must be judged by the extent to which data obtained for different relative 
szses of model and static holes can be collapsed on to a single curve. The 
data analysed were, in this case, obtained with a constant hole diameter and 
two different nose radiz. The tests were run at a fixed stagnation pressure 
and, hence, at different Reynolds numbers based on nose radius. Thus, before 
proceeding to the main analysis it is necessary to consider whether causes 
other than the effect of the slse of the static holes could have been responsible 
for significant systematic dlsorepsncies between data from the different models. 

The most probable cause of such discrepancies would be viscous-mteraction 
effects, smce the Reynolds numbers based on nose radius and free-stream condi- 
tlons -fairly sns.11 (approximately l-5 x IO’ and 3 x 105) . Estimates of 
the development of the boundary layer, assumed to be laminar* over the spherical 
portions of the models, were made using an extension of the method of Ref. 7. 

d6* 
These suggested that the rate of growth of displacement thickness - 

( > 
SW.3 

dS 

4'4 x 1U3 xn the vicinity of the sonic point of the larger models and 6-Z x 1U3 

at the corresponding point on the smaller models. The quantity - 
( > dS 

increases downstream of the sonic point and has maximum values (at the downstream 
end of the spherical portion of the bodies) of approximately 2 x l(T* and 
2-8 x IU' for the larger and the smaller models respectively. 

tier6 has shown that the Predictions of modified Newtonian theory are 
in reasonable accord with experimental pressure distributions over hemispheres 
at M-3. This being so we may write:- 

C 
P 

= tp cos9 e 

- 2"Cp cos e sin 8 I -^c sin 28. 
P 

(the suffix b denotes that the body shape is constant) 
but/ 

__________-___-_--__--------------------- 

*TransItion Reynolds number measured in the ssme facility on 7.5' semi-apex 
angle sh 

"p 
cones at M = J-05 are approximately l-5 x IO' (start of 

transition . The favourable pressure gradlent would be exPected to increase 
this value. 
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but, for - << 1 , we may estimate the chsnge in pessure coefficient due 
dS 

to viscous interaction as:- 

ACP = -(E).(2) 
S 

(the suffix 8 denotes that 8 is constant and the change in 0 is a result 
of a change in the effective shape of the body) 

Adopting a tangent-sphere approach we write:- 

i.e. 

(>,, 1 (>) = -Gp sin28 
S 

The maximum changes in pressure coefficient due to viscdus interaction 
effects were thus estimated as 7'5 x IO-' and IO-5 x 10-s (i.e. changes in 
P/P, of l-23 x IO-' and 1.73 x 1O-3 ) for the larger and smaller models res- 
pectively. Thus, the maximum difference due to viscous-interaction between 
pressures at corresponding points on the models tested, amounts to approximately 
5 x lo-'in p/p0 . 

Again, systematic discrepancies between data obtained from the two 
different model sizes could arise from those effects of static hole size which 
are present even when there is no streamwise pressure gradient. It would not 
be unreasonable to predict these using the formula proposed by Pete and Pugh2 
with the substitution of the streamwise distance along the surface from the 
stagnation point (s) for the slant length (x) of Ref. 2 and of the surface 
inclination for the cone semi-apex angle (s) . However, this is not possible 
because:- 

(1) the values of (d/6*) encountered under the conditions 
considered in this report (4.0 6 d/g* Q 1,000) far exceed those investigated 
in Ref. 2; 

(2) the correlating parameter Cps q-1 used in Ref. 2 is 
clearly related to supersonic similarity considerations and is inapplicable 
to subsonic flows external to the boundary layer. 

Fortunately, it is almost certain that tha change cn pressure due 
to the presence of the static hole will have reached an asymptotic value (akin 
to that found experimentally by RainbirdS) at the high values of (d/6*) 
pertinent to the data analysed in this report. It is unlikely that, in the 
presence of a lsminar boundary layer, this asymptotic value will exceed the 
corresponding value found by Rainbird for turbulent boundary lsyers, nsmely:- 



-P- 

C ps GqT = 0.05 

Over much of the spherical portion of the model (approximately 

d a.cot 8 
e > 120) the values of - and (equivalent to 

s s 

d d 
- and 
x x tans 

of Ref. 2) are within the ranges for which predictions may reasonably be made 
using the methods proposed in Ref. 2. However, the effect of these parameters 
turns out to be at most about 30 per cent of the above asymptotic value. 
Thus, and in view of the uncertainty of this estimate, the static hole size 
effect msy be t&en as being given simply by:- 

C f 
ps ML' - ' = O-05. 

The second difficulty (whxh arises &en ML < 1) may be circumvented 
by noting that, under the conditions for which the parameter C r 

ps %' - ' was 
devised (% > 1-O) , the result of Aokeret's linear theory suggests that 

, 

cps F 
1 may be interpreted as being twice a change in surface slope. 

Thus, the statement that C psF is independent of ML is equivalent 

to ssying that the disturbance due to the presence of the static hole is 
equivalent to a change in surface slope. 
in slope is 0*05/2 = o-025. 

The asymptotic value of tiis change 
Thus, using the modified Newtoman formula for the 

pressure distribution around the spheric&l. part of the body, and proceeding in 
a manner analogous to the estimtlon of viscous-interaction effects, it is 
estimated that the maximum likely change 3.n C p due to this cause is 5 x IO-', 

i.e. a change of 0.3 x IU" in p/p, . 

Two points should be noted about this value. Firstly, that It is 
the maximum likely magnitude of this effect; indeed its actual value will 
probably be about 3 x l(;rs in p/p,5. Secondly, (d/6*) is so large that 
C 

PS 
is close to its asymptotlo value and, hence, C 

PS 

1s virtually indefendent 

\ d d cot e 
of (a/&i*) . Further, terms involving - and make only a 

9 S 

relatively small contribution to the total effect. Thus, the difference 
between thm effect at corresponding points on the different sized models would 
be expected to be only a small fraction of the change in p/p, due to the 
presence of the holes in the absence of a stresmwise pressure grad-lent. In 
fact, one might reasonably anticipate that this difference would be af the 
order of the difference in the contributions to the effect made by terms in 

" (;) and ,y, Le. of the order of 1 x iUs in p/p, . 

The/ 
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The above estimates of maximum likely systematx discrepancies 
between data obtained using the two sizes of model (5 x IO-' and 1 x IUs m 
p/p, ) are to be compared-with thz estimated standard devlatzon of measure- 
ments of nominally identical pressures (I.1 x 1Us in p/p, ) (Section 3). 

Such a compar~on shows that these systematic discrepancies are of the same 
size as,or smaller thsn,the scatter to be expected in the experimental results. 
Thus, any systematic discrepancy between data,obtained using the two sizes of 
model, whhlch IS larger than the data scatter must be attributed to the effect 
of the streamwise pressure gradient on the pressure measured by a statlo hole 
of finite sxee. 

6. The effects of streamwise pressure gradient on the measured pressure 

The measured pressures are shown in Fig. 2, as a function of the 
angle 6. As is conventional these Figures have been prepared ?n the assump- 
tlon that the measured pressure is the pessure which, in the absence of the 
static hole, would have acted on the surface of the model at the centre of 
the static hole. In the interests of clarity only data for 2.5O 6 6 6 65O 
have been plotted on this Fig. The data for 13 > 65O are analysed separately. 
It will be seen that data obtained from each size d model tend to lie on a 
single 0-e. The scatter about a smooth curve through the data 1s of the 
order of +4 x IUs 111 p/p . 
accuracy quoted in Section'l+, 

This ia somewhat Larger than the estimated 
since three times the estimated standard devia- 

tlon equals 3.3 x 1U3 in p/p, . However, the discrepancy between actual 
and estimated soatter,is not large and the experimental result broadly oonf5rms 
the estimate and suggests that no significant unexpected souroes of error are 
present mthe data. 

When data from the two different sizes of model are compared, however, 
it is clear that a systematic discrepancy exists between the two sets of data. 
This is particularly evident in the region 25~~ =$ 8 < 45" where the streamwise 
pressure gradients are largest. In Fig. 3 the data are replotted, this time 
assuming that the measured pressure corresponds to the pressure acting at a 
point 0*35d upstream of the centre of the hole, i.e. applying the displacement 
type of correction suggested by Ralnbirdj. It is evident that, by plotting 
the pressure measurements against this "corrected" angle (Cl ) the discrepancy 
between the two sets of data is considerably reduced. A oo8plet.e reconciiiation 
is not, however, effected ad a greater correction to S mi&t be beneficial. 
Nevertheless, the two sets of data overlap and it Is doubtful whether any real 
improvement in the correction method could be developed 111 view of the fact that 
the residual. discrepancy (typicslly 2 x IU s in p/p,) is small compared with 
the data scatter, ad is approaching the magnitude of the other sources of 
systematic differences between the two sets of data (see Section 5). 

The value of tie dxsplacement type'of correction is even better 
demonstrated in Fig. 4. Here the data obtained from pressure holes at the 
sphere/cone Junction are plotted in the same form as in Figs. 2 aId 3. The 
discrete data points and the chain dotted lines refer to the "raw" data, 2.e. 
that plotted against I3 . Tk hatched area shows the fan curves through the 
"raw" data (the chain dotted lines) replotted at the corrected angle Bc . 

In fact, the lower boundary of the hatched area corresponds to data from I& 
larger models and the upper boundary to data from the smallier models. 
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An excellent reconciliation of the two sets of data is achieved. 
These corrected data almost form a continuation of the data presented in Fig. 3. 
In fact, the difference between the two curves at 8 n 62O is less than the 
scatter of the data for o < 60”. These data for f3 = 90° are of particular 
interest in that the local Mach number is of the order of 3*0. Application of 
the additional correction proposed by Morr~on et al. for local Mach numbers 
above I-1 would increase the measured pressures by approximately 12 per cent 
in the case of the large nose radius and by approximately 24 per cent in the case 
of the small nose radius. The difference between the corrections for the two 
nose sues is about 12 per cent. The application of such a correction would 
considerably worsen the agreement between the corrected sets of data for the 
two hole siees shown in Fig. 4. This proposed additional correction does not, 
therefore, appear to be required in the case considered here. It is only fair 
to recall that Morruon et al. expressed their reservations about this possible 
correction term. Some additional confidence UI the validity of the correction 
method used in this report can be gained from Fig. 5, which shows good agreement 
between the corrected NPL data and a pressure distribution due to Baer6, who 
tested a 147-J mm (5.80 in) diameter hemisphere cylinder at M = 3-O for which 
hole size corrections are too small to be ducerned on the scale of Fig. 5. 

7. Conclusions 

Analysis at' data obtained during an experiment in whaoh it was 
necessary to use static pressure holes whose dumeter was large compared to 
the local radius of curvature of the surface of the model demonstrates the 
value of the dzsplacement type of correction method. The additional correction 
term proposed by Morrison et al. for local Mach numbers in excess of I.1 does 
not seem to be required in the case considered in this report. It would appear 
that, with some additional refinement of the method, it should be possible to 
use considerably larger static holes than has been normal practxe hitherto. 

References/ 
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