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SUMBARY

Tests have been made in three N.P.L. wind tunnels on a
pressure~plotting model consisting of a long cylinder with a
hemispherical nose., The surface pressure distributions were measured
for stream Mach numbers between 0,7 and 1.1 at zero model incidence,
and schlieren photographs were taken., The blockege ratios were
0. 211%, C.117% and C. 1207,

The principal feature of the flow 1z the effect ol working
section size on the rate at which the terminal shock wave moves back
along the model with increasing stream Mach number, This 1s theought
to depend mainly on the distance from the model to the slotted walls
of the tunnel, and not necessarily on the blockage ratio. The distance
of' the solid sidewall 1s important in influencing the local Mach number
ahead of the terminal shock, by reflecting the expansion-wave system
originating near the model nose.
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1. Introduction

Recently there has been an increased intercst in the
interference effects experienced by models tested at transonic speeds
in ventilated tunnels, In part, thas has arisen from a clearer
understanding of the flow problems involved, as a result of careful
experimental studies; at the same time, transomic theory has progressed

to a stage where the possible nature and magnitude of interference effects
can sometimes be predicted.

Onc particular interference phenomenon which has occasioned
interest is the reduced rate of terminal shock movement with stream Mach
number on a long or semi-infanite body as the model blockage rate 1s
increased, This effect seems to have been noticed initially by Roe! in
the United Kingdom and by Page3 in the U.8,4., and 1s of obvious
importance in assessing the valadity of wind-tunnel measurements,
particularly of static pressure.

In an earlier report by the prescnt suthors? this delay in
shock movement was shown to exist even when the model blockage ratio was
as low as 0.00217%, the effcct increesing markedly as the blockage ratio
became greater., These tests were made with hemisphere-cylander models*
of di1fferent sizes in the N,P.L. 18 in. x 14 in, tunnel. The static
pressure on these models could only be measured at a position some
8% diamcters from the nose and the results obtained, although
demonstrating the shock-delay phenomenon, were insufficiently detailed
to enable the veasons for the effect to be assessed, Moreover, since
the models had been iested in only one tunnel, 1t was not possible to
determine whether the shape of the turnnel cross-section, in addition to
the blockage ratic, was wmportant,

In order to provide further information, tests on an additional
hemisphere-cylinder model were made in three different transonic tunnels
at the N,P.L. This model had pressure holes distributed around the nose
and along the first 14 diameters of the body. The results, which were
obtained in November and December, 1958, are described in the present
report,

2. Ixperamental Details

2.1 The model

The model was that uscd for the supersonic experiments
discussed in Ref,4. The main part of the body was cylindrical, of
diameter 0.8 in., and made from a stecl tube coated with arsldite,
Hyperdermic tubes were embedded in the latter and brought to the
surface to form the pressure holes, which arc spaced at intervals of
0.9, of the model diameter (d), The hemispherical head screws intc the
main body and contains a further seven pressure holes, The position of
these, and those situated along the cylindricel portion, arc given in
Teble 1.

2.2 Thae tunnels

The model was tested in three of the N.P.L. induced-flow
wind tunnels. All have transonic working sections consisting of solid
sidewalls (containing glass windows) and liners with longitudinal slcts
above and below the model, Each liner has ten equally-spaced slotes and
two slots of half the standard width at the side edges; one-eleventh
of the tummel width is open to the plenum chamber in each case.

Because/
*The largest model tested in Ref,2 was a full-size Mk TXA pitot-static
head, which, because of the patot orifice, does not have a completvely
hemispherical nose, This seems to have been unimportant.
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Because of the need to provide adeguate volume 1n the plenum
chamber, the working~scction height 1s less than that for subsonic cor
gupersonic operation with solid liners. The relevant dimensions,
together with the model blockage ratic (B) are given below,

H
| Nominal size of Actual size of
working section working section

. ——— et = i S B o i e

f

model cross-zcctional area

working section area

118 in., x 14 1n. 17 1n. x 14 in, 0.2117
|

|36 an. x 14 10, 30} 1n, x 1k an, 0. 117
i25 an, x 20 1n. 21 in. x20 in. 0.120%

In the present text, the tummel will be roeferred to by means
of the actual, and not the nominal, size of the working section,

2.3 Experimental tcchnigus

In cach tunnel the methed of mounting the modsl was simalar,
1t beang held in o sleeve at the end of a side-support passing through
a turntable in one of the solid siadewalls, The same suppert gear was
used in the 302 in. x 1L in, and 21 in, x 20 an, tunnels, the upstream
end of the sleeve being about 374 from the nose of the modcl., A slightly
dafferent side support was employed during the tests in the 17 in, x 14 1n.
turnel, the distance Trom the model nose to the beganning of the sleeve
being about 26, 5d,

Pressure distraibutions were obtained with the model at zero
nmcidence and these were supplemented by schlieren photographs, The
nominal strecam Mach number was deduced from the pressure at a hole on
the centrai slat of one of slotted liners, at a position well upstream
of the model nosc. Cbservations were made at nominal Mach numbers
between 0.7 and 1,10, BSubsequently a corrcction was applied to allow for
Imown differences between the nominal Mach munber and that at the model
pos_tion 1n the empty tunnel. The actual pressure gradients present in the
working sccitlons arc small znd 1t was consadered sul'licicni to define the
corrected stream Mach number (M) as that appropriats to a position
midway along the model length. WNo corrcctions have becn applied to the
present results to allow theoretically for the effects of wall constraint
on stream Mach numbecr or local pressures.

ALl tests were run with a stream toial pressure which was nearly
atmospheric; the Reynolds numbor wvaried with stream Mach number and bascd
on model diameter was 0.32 x 10° at M, = 1,00,

B Results

The complete set of pressure distributions for all three
tunnels 1s gaven in Table 2, and somc of these results are presented in
graphical form in Fig.1, In both the Tablcs and the Figures, the
observed local pressure (p) has been davided by the stiream total
pressurc (H).

The development of the flow about a hemisphere~cylindsr model
has been discussed in detail in Ref.2 but 1t 1s perhaps worth recalling
the main featurss, A local suporsonic region forms close to the shoulder
of the model just below M, = 0,70, but a well-defined shock system is
not obtained until ncarly M. = 0,90, This consists of a front inclined
shock, originating from the vicinity of the shouldecr and propagating
through the lecal supersonic flow until a1t reaches the terminal shock,
The latter is dish-shaped at strecam Mech numbers below zbout 0,97 and
thereafter 1s normal, At M. = 0.90, the terminal shock is about
1% drameters from the nose o? the model and the rearward movement 13 slow
until the stream Mach number exceeds about 0,97. This 1s true even when
the blockage ratio is very small,

The/
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The subsequent movement of the terminal shock 1s clearly
shown in the three parts of Fig.1, and 1t is spporent that the rate of
movement is less when the blockage ratio 1s high,

A typical pressure distribution obtained at M, = 1,050 in
the 17 in, x 14 in. tunnel and showing the terminal shock at about
7.6d, together with the corresponding schlieren photograph, i1s included
ag Fig. 2. The lorgest recompression 1s associated with the region
between the shoulder and about 2 diometers and hence with the frent
inclined shock. The local surface Mach mumber ahead of the termainal
shock 1s comparatively low (about 1,09) and behind the shock the pressure
falls steadily to the free-stream value, this being achieved at about
12.5d. The final, small, rise in preasure may well be asssociated wath
the presence of the support sleeve downstream. The characteristic
pressure distribution is therefore one which has a rapid expansion around
the curved nose until the maxamum local velocity is reached nsar the
shoulder. A rapid compression 1s then followed by a region where the
surface pressure changes only slowly, until the terminal shock is xeached,
The local Mach number 1s subsonic to the rear of this shock and the
pressure then falls to the free-stream value,

At the hagher test Mach numbers the reflections of the bow
shock wave from the tunnel walls intersect the model and ceuse local
pressure changes on its surface. Events of this type are labelled Rp
on the pressure distributions, suffixed in some cases by either or

to andicate that the reflection 15 from a solad or a slotted wall,
%he surface pressures are also modified by the reflections of the front
inclined wave when these strike the model. Such reflections are denoted
by Rp with the same system of suffices as for the bow wave,

At somewhat lower stream Mach numbers, the reflected front
inelined shock intersects the terminal shock at a position between the
model and the wall (as in Fig.2). Thas must amply some modification of
the terminal shock 1tself, but for the present report the term has been
retained for the final normal shock wave in the flow about the model,

3.1 Terminal shock position and movement

The position of the terminal shock i1s most conveniently found
by measuring the schlieren photographs., The results obtained from the
three tunnels are shown in Fig.k, which also suggests that these
measurements can be supplemented with sufficient accuracy by using the
position* of the appropriate pressure rise in Fig.4. As would be
expected, the mlowest rate of movement of the terminal shock occurs
when the blockage retic 1s highest (B = 0,211%); however, there is
also a difference in shock position for the two tunnels which have
aelmost the same value of B (0,12%4). This corresponds more to a constant
displacement of the shock position for a given stream Mach number when
this 1is above about 0.99, the rate of shock movement being similar,

Since the correction to the nominal Mech number in the
302 1n, x 14 in, tunnel was larger, and of the opposite sign, compared
with the other tunnels some independent check on the validity of the
corrected Mach number scale was felt to be necessary, This could be done
firstly by comparing the pressures obtained well downstream (pa in
Pig, 5(a)) with those appropriate to the correctcd Mach rumber in all
three tunnels, f%he results are shown in Fig.S(b) and no serious
discrepancy exists between date from the 302 i, % 14 1n, and
24 in., x 20 in, tunnels in this Mach number range, Secondly, and at
larger values of M,, the bow-shock position in the 302 in, x 14 in.
tunnel can be comparcd with the resulis given in Ref.2 for a model in

] . s o L T T " = 0 ik e ik (L I ks S48 S T B0 N, qay e vl i et AT L o i oy B S g v e A ey i ot T o e P gy e A

*In fact, the position of thc middle of the pressure rise was used to
obtain the flagged symbols contained in Fag.h.
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the 17 zn, x 14 1n, tumnel with B = O, 2OAW the termainal shock
positions of which arc also plotted in Fag. Agrecment should be
cxpected SlnCC the cifiect of model blockﬁge ratlo on bow-wave position
1s very small?, Fig.6 shows that the results from the two tunnels agree
well when plotted in terms of the correcied Mach number and 1t was
therefore concluded that the terminal shocl displacement at almost
constant blockage ratio shown in Fig.h was a recal effect and can
presumably be attributed to the different tunnel cross-scctions.

In Ref.2, possible reasons for the effect of model blockage
ratio on terminal shock position were suggested. For example, 1t was
thought possible that the shock position was controlled directly cither
by the conditions well downstream, as determaned by the pressurc ratzo
p,/H, or by the condations just upsiresm of the shock (p /% an
Fig.5(a)). As has already been mentioned, p,/H does in fact rucover
to almost the correct free-stream value in the Mach number range f'or
which this point could be checked (Fig,5(b)), and this evadence can be
supplemented by means of the distribution. of pressure along the slotted
walls. Fig.5(b) shows that the greatest discrepancy occurs between the
17 1n. x 14 1n, turnel results on the one hand and the 30— in. x 14 an,
and 21 1n., x 26 in. data on the other., It 1s true that ¢f the shock
position 1s plotted in terms of a stream Mach number based on pa/ﬂ,
then the 17 an, x 14 in, and 21 in, x 20 in, results plotted in Fag. b
would agree more closcly for Mach numbers up to about 1.02; the
differences between these resulls and those from the 303 n. x t4 1in,
tunnel would not be altered however, It seems lilely in fact that the
discrepancies 1n pa/H between the three tunnels are due to suppors
interfercnce, or inadequate allowance for empty-tunnel pressurs gradients
or to the difficulty of estimating this ratio from the experimental data.
If this were so, 1t could be concluded that the downstrecam pressurc ncar
the model doecs not influcnce the terminal shock position in any simplo
mannecr. Tests in the 21 in, ¥ 20 1n, tunnel, during which a 2 in. dia
boss was placed at about 14 diaometers from the model nosc supported such
a conclusion, since the terminal shock position was unaltercd at stream
Mach numbers betwern 0,98 and 1,02,

An alternative suggestion made in Ref.2 was that the change
in shock posibiron was largely due to analteration of shock strength duc
to the proximity of the tunmel walls, The shock strength close to the
model surface is perhaps best congidercd in terms of the pressure ratios
Just upstream and downstream of the shock 1tself (p,/H, p,/H) ond
these quantities can be defined in the marmer of Fag.5(a). The actual
values are not casy to determine accurately from pressure distributions
having a limitcd numbcr of points. Some improvement recults frem
considering the complete family of curves obtained from one tunncl and
estimates of p,/H and py/H are plotted against My, 1n Fug, 5(c) for
all three tunncls. The upstream pressure retio 1s similar in the
17 in. x 14 2n, and 2% in. x 20 i1n., tunnels, but for the 302 x 14 on,
working secctiion, pi/H has a much lower valuc at stream Mach numbers
above about 0,97. The higher local Mach numbers Just shead of the shock
in this turmel are a consequence of the flow expansion along the body
which scems to be a merked characteristic of the 30- ., x 14 1n, tunnel
results, This can be gecn from Fag.1(b), or by comparing pressurc
diztributions at approxamatcly the same strcam Mach number, as has been
done 1n Fig.3, The dafference in the shape of the pressurc distribution
upetream of the shock in the dzfferent tunnels is well shcwn on faigs 5(0)
and (d), for cxample, even though the results for the 30; an, x 14 in,
tunnel are aff'ected by the reflcetion of the front inclincd shock from
the so0lid sidewalls (designated RP S) Oncc again, i1t appcecars that the
shock position cannot be related ulmply 1¢ the local pressure jJust upstream,

A surprising featurc of Fig.5(c) 2s the apparcnt constancy of
the ratio p, /8, for stream Mach numbers greater than about 1,00, The

value of about C,55 shown in Tag,5(c) seems to be independent of both
Mo and twmel, It 1s truc o course that the actual valuc of p,/H 1s

soldom/
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seldom well-defined and that the correct pressure distraibution may be
somewhat different from that. assumcd in drawing the familics of curves for
the thrce tunnels, I¢ 1s felt however that the most likely effect of such
a revision would be to alter the valuc of Fb/H' rather than to alter its
constancy with changing tunnel and stream Mach number, However more
detailed experiments are rcquirced to scttle this point, I[ncidentally the
local surface Mach number corresponding to p,/H = 0,55 is about 0,96
which i1s ncar the free-strecam value at which the rapid rcarward movement
of the terminal shock commences., This may be entirely coincidental;
alternatively a1t 1s pogsible that the terminal shock moves back from a
position close to the steep recampression associated with the shoulder
only when 1t can be followed by an expansion back to frce-strcam pressure
conditions, Why thas should be the case 1s not clear.

. In view of the relatavely low local supersonic Mach number
attained shead of the terminal shock and the turbulent nature of the
model boundery l&yerz, 1t might be cxpected that the full normal shock
pressure rise would be obtained at the surface., Schlicren photographs
show no scparation or undue thickening of the boundery layer as it passcs
through the shock, though presumably the layer must in part be responsible
for the failure to achieve the full pressure rise* (Pig,5(c)). In
additrion, this cffect may in some cases be associated with a local Mach
number gradicnt away from the model surface along the shock front, with an
associated reversal of gradicnt bchind the shock., No measurements were
made however of the pressure field away from the model surface.

The apparent constancy of the shock dovmstream pressurc,
whatever its cause, clearly rules out any possibility of 1ts magnitude
determining the terminal-shock position, The same must be true of the rate
of pressure fall between the rear of the shock and the atteinment of
free-stream pressure (1.e,, the pressure change from p, to Py). As far
as can be judged from the present results, the overall length of this
pressure fall measured in terms of model drameters does not greatly
increase as the stream Mach number 1s raised; the pressurc difference
Pa - ps does increase however, and hence the surface gradient steepens,
particularly close to the terminal shock, For any given value of M,,
the shape of the pressure-fall curve is simalar an all three tunnels
(F1g.3(b), for example).

It seems reasonable then to seek for an explanation of
variation of terminal-shock position with working-section shape in terms
of the flow field between the model nose and the shock itself, and the
interaction of this with the closed and partially-open boundaries of the
tunnels, The present results, consisting as they do mainly of surface
pressure mcasurements, arc not really adequate for thas task; morecver
the wall pressurc~holes are spaced at too wide intervals (about 5 model
diameters) to be of value in this connection. Nevertheless, some
progress can be made towards explaining the phenomcnon,

The effect of the tunnel walls on the pressure distribution
betwecn about 2 diameters from the model nose and the terminal shock has
already been commented upon briefly, The surface pressures between the
shoulder and 2 diemeters also show dafferences between the results from
the thrce tunnels, mainly in the values obtained at x/d = 0,9%,
although such differences tend to be consistent and almost independent
of Mach number and hencc may well be due to experamental deficiencies.

Tt/
*This failure 1z most noticeable at the haigher values of M_ 1in
Fig.5{¢). Closc to, and below, M, = 1,00, pressure riscs greater

than the normal shock value are implied, but in this Mach rnumber range
the valuecs of pi/H, ond the pressure rise may be influenced by the
ficld from the front inclined shock and the cvidence must be consadered
ag 1nconclusive,
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It has becn argued that the variation in termanal-shock position for a
given stream Mach number mey be due to the i1nflucence of the tummel
boundarics on the posilion of the local sonic point on the hemispherical
nose. A movement of this towards the stagnation point would result in a
larger expansion anglc beforc the shouldcr i1s reached, and a modification
of the expansion ficld reaching the terminal shock, either directly or
by reflection from a tunnel wall,

The measured pressure distraibutions around the nose of the
model, when tested in the 17 in., x 14 an, tunnel, are shown in Fig,7{a).
Between strcar Mach numbers of 0.97 and 1,09, the sonic point moves
forward by only about 0.5 degrees,which would have an ansignificant effcct
on the expansion ficld, This Figure also shows that the supersonic
expansion which i1s attained f2lls somewhat below the two-dimensional
Prandtl-Meyer value,

These results are typical of those from 2ll threc tumels, the
sonic point remaining close to ¢ = 59° 1in each case. Fuig.7(b) shows
the pressure distribution around the nosc at stream Mach numbers ncar
1.030; the diffcrences between the three sots of results are small except
at the suction pcak, which corresponds to ¢ = 90°, x/d = O.5.
Similar agreement 1s obtained at other values of M.

The variation in observed pressure {or the hole at x/d = 0.5
1s also shown in Pig,8(a). The rapid fall in pressure near M, = 0.90
1s associated with the movement of the suction peak* back to the shoulder
(see Pig.7(a)) and the establishment of a well-defined terminal shock.
The subsequent fall in pressurc ot this hole is gradual, bul differences
ex1st 1n the levels recorded in the three tunnels, These may be due to
the presence of local disturbances in the tunnel flow at that position,
or alternatively the differcnces could be regarded as indicative of the
distortion of the flow f1eld (and in particular the sonic linc) arcund
the model due to the tunnel walls,

Similar treatment of the results obtained at other pressure
holes (Fags.8(a) and (b)) show the characteristic trends noted carlicr;
agrcement between the three tunnels when the shock 1s well upstream of
the holc, a similer rate of pressure incrcase as the shock appioaches,
the passage of the terminal shock at different stream Mach numbersand
a subsequent prassurc fall to somewhat dazsimilar values in the three
tests.

3,2 Pressure-faicld reflection in the tunncl walls

In {ree-air conditions the flow-f1cld about the model when the
mainstream flow 1s jJust subsonic consists of a local supersonic region,
bounded on the upstrcam side by the sonic line and at the downstream ond
by the termainal shock, 7The pressure on the model surfacc 1s influenced
by the expansion around the curved surface of the nose, and also by the
'reflection! of these expansion waves (as compr6531onss from the sonic
line. Thus any distortion of the sonic linc dus to wall intcerforcnce
w1ll modafy the surface pressures, perhaps as sketched in Fig,9(a). This
type of intcrforence has been dascussed by Pearcey et al- for the
two-dimensional acrofeorl; for the present model 1t would strictly only
be present in quite this form up to the strezam Mach number at whach the
supersonic flow reaches the nearest wall., This occurs at about My = 0. 96
in all three tunncls, despite differcnces in working-section size. The
termanal shock 15 then aboul two diameters from the model nosc and ne
serious differcnccs in pesition exist, It 18 at stream Mach nmumbers
above this value that thc delays an shock movement occurZ; and hence this
type of interfercnce would not seem to be of signifiicance i1n the present
context.

—— - A o o wp b A o e kA Tt it T 1 U Bk b e ke o Y R L A e A e Y ke W ok e o A P B e L o o e e o e ke e T

*Tt 15 possible that therc is a weak shock wave just ahead of the shoulder
at slaghtly lower Mach numbers, but there 13 not sufficicent evidence to
distinguish it from the rear of the "low-spced" suction peak.



-8 -

Once the supersonic flow region rcaches a wall, some of the
expansion waves reflect from this instead of the sonic line, TFrom a
solid sidewall, expansion waves would result, whilst the reflection from
a slotted wall would consist of a mixture of expansion and compression
waves the relative intensity of which depends on the slot configuration,
It is sufficiently accurate to consider the supersonic region as
extending to both solid and slotted walls at about the same stream Mach
number in the present tests, and thus the magnitude of the interference
ef'fect depends on the distance away, and compos:tion of, the surrounding
itunnel walls,

The proximity of a tunnel wall mey influence the shape of the
sonic line i1tself, and because of this, the position at which cxpansion
waves are reflected back on to the model surface (Fig,9(b)). If the
sonic line moves upstream, to form a shape more consistent with the
parabola~like line cbtained with a single-gsided convergent-divergent
nozzle, the reflected waves will reach the model further downstream,
thus reducaing the pressurc at a gaven point, compared wath the free-azir
case. At some stage the sonic line moves sufficiently far forward for
the rcflection from the wall to influence the medel surface upstrcam of
the shock directly., Subsequently the influence of the reflections from
the sonic laine diminishes comparced with those from the wells, until at
supersonic stream speeds the sonic line 1s inclined forward and now
terminates the local subscnic region behind the bow wave. In Fag.9(c),
the sonie line 13 shown as still reaching the wall so that bow-wave
reflection cannot occur, alihough the wall between the bow-wave and the
sonic line may influence the model,

The praimary source of interference however would scem to be
the reflections from the tunnel wall., If the wall 1s solid and close, the
local pressures shead of the shock should all; the presence of a nearby
slotted wall would dimuinaish this effect somewhat.

This simple flow model is nevertheless consistent with the
experamental results, In the 17 in, x 14 an, and 21 in, x 20 in. tunnels,
the reflected waves from the solid sidewalls zrec probably counterbalanced
to some extent by those from the slotted liners, since the open arca
ratio 1s fairly large, and the pressure ahcad of the tcrminal shock
remains almost constant or falls only slowly. In the 30§ 1n. x 14 in,
turnel, the slotted walls being further away can have less effect and the
flow field 1s dominated by the expansion field reflected from the solid
walls, As a result, the surface pressures ahead of the shock are lower,
(sec Fag,3(c), for example),

To pursue this poant further, the tests in the 21 in. x 20 in,
tunnel were extended to measure the pressures on the model when 1t was
moved progressively towards erther a so0li1d or a slotted wall, The
results obtained are listed in Tsble 2(d)} whilst those for M, = 1.022
are plotted in Figs.10{a) and (b), The displacement of the model 1s
accompanied unf'ortunately by a forward movement of the intersectaon of
the ref’lection of the front~-inclined shock with the model, (Rp),
complicating the shape of pressure distributions, However between
2.5 and 5 daameters from the nose of the model there 1s a region which may
be regarded as being sensaitaive to wall-reflection effects. Thus as the
slotted wall 1s approached (Fig.10(2)) the local pressure in this region
falls only slightly; on the other hand by approaching the solid wall
(F1g.10(n)}), the pressures can be made to fall rapzdly., In these tests,
of course, the 1ncreascd effect duc to approaching onc wall is
counterbalanced to some extent by a reduced ef{fect from the opposite wall,
and 1t 1s thus not possible to use the results shown in Fig,10 to make
quantitative deductions about changes in tunnel size and shape. The
general conclusions about wall proximity would seem to be substantiated
however.

Two,/
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Two further points emerge from these off-centre tests. Firstly
the intersection of the reflected front-inclined shock occurs at x/d = 5,
when the model 1s 6 inches from a slotted wall, but at about x/a = 7
when 1t 1s the same distance from a sol:xd wall., This s perhaps
additional evidence of higher local Mach numbers between the model and
the wall in the latier case, a state of affairs consistent with the
different reflection characteristics of the two types of wall.

The second concerns the position of the terminal shock for the
tests presented 'in Fig.10. This corresponds to the final pressure rise in
the surface distributions, just before the fall back to free-stream
Pressure, When the model 13 at the tunnel centre, the shock 1s at
approximately x/d = 7.5. A pressure rise still occurs at this position
when the model is displaced 4.5 1n., towerds the slotted wall (b = 6 an.
in F1g,10(a)), and there 1s a corresponding shock on the schlieren
photograph. The interference due to the reflection of the front-inclined
wave modifies both the pressures upstream and downstrcam of the shock.

As the so0lid wall is approached (Fig.410(b)}) a small pressure rise still
seems to occur near x/4 = 7.5 and this seems to correspond to the
presence of a terminal shock visible on the schlieren photeographs. The
local Mach number near the model however 1s just subsonic as a result

of the effect of the reflected front shock. The latter incidentally is
far stronger in Fig.10(b). It thus scems that the termanal shock position
in the tunnel is not greatly altered by offsctting the present model,
though some forward movement was noted for very small bleckage ratios in
Ref', 2,

3.3 Some factors anflucncing terminal-shock position

Although the foregoing remarks provide some explanation of the
shape of the cbserved pressure distributions upstrecam of the terminal
shock, they do not provide a darect explanation of why the chock position
should be differcnt in the three tunncls,

Consider farst the flow about a hemisthere-cylinder in inviscid
unbounded flow at specds approaching sonic speed. The surface distribution
of pressure 1s probably similar to that sketched 1n Fag.14i(a}, the
termainal shock* moving rearwerd rapidly and dimanishing in sirength untal
at M, = 1,0 1t dasappears. The shock position cannot depend on any
downs%ream condition since there is no obvious characteristic length¥**,
Nevertheless the height of the scniec boundary must be fixed for any gaven
stream Mach number (dependent only on the body diameter) and 1t seems
reasonable to relate the shock position to this, the shock moving
rcarward as the supersonic reglon expands away from the hody.

This argument may be extended to suggest that the torminal
shock 1tself results from the coalesconce of the compression wave system
originating from the sonic lane, and that the shock would then become
weaker as the stream Mach number approaches unity and the sonic line
straightens.

In the constrained flow of the transonic tunnel the rearward
movement of the tcrminal shock 1s delayed so that i1l persists at supersonic
stream speeds.  The comparison between free~zir pressure distributions at
Mach numbers just above one and thosc likely to be obtained in the tunnel
arc sketched in Fag,11(b).

*The terminal shock in this Figure 18 assumed to have the full
normal-shock pressure rise, followed by a slow pressure fzll to
Tree-stream pressurc.

#*Tn viscous flow 1t may be argued that ihe rate of boundary-layer growth
provides somé characteristic length., This would seem to imply
fundomental chang=s in shock position due to the presence of a boundary
layer, An exglanation in terms of the height of the supersonze region
seecms more rcasonsble,
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It seems difficult to attribute the same mechanism for the
formation of the shock in the tunnel at low supersonic speeds as in
free-air at subsonic speeds, The flow-T1eld differences which produce
the pressurc-distribution changes of Fig.11(b) are the reflection of
expansion waves from the tunnel wall {discussed earlier) and the pressure
conditiong imposed by the plenun chamber at the slotted wall, The latter
may be regarded crudely us attempting to impose the free-stream pressure
everywherc along the wall and thus to minimise the perturbations produced
by the model, If the shock 1s strong at the wall (1.e., the latter is
close to the model) and the rate of prescure fall to freo-strcam condrtions
1s fixed, say, only by the value of M., then a forward shock position
would allow free-stream pressure to be obtained in the shortest downstream
distance. If the slotted wall 1s far from the model, the shock will be
rether weaker, the pressure change completed in a smaller distance, and
the shock need not be so far forward., Fag.12 1llustrates these points.

Thais hypothesis 1s dafficult to apply to a tunnel which has
both slotted and solad walls, but in 1is simplest form one would expect
the shock position to be determaned by the average distance of the
slotted walls from the model and the surface Mach nmumber upstream of the
terminal shock to be influenced by the nearness of the solid walls,

Thus an approximate shock-position parameter 1is xs/h, where xgq 15 the
distance from the model nose and h 1s the half-height of the tunnel¥,
Alternatively, the shock movement from the condition when the supersonic
flow first reaches the wall may be more relevant; this corresponds to a
parameter G which for the present tests 1s defined as

d {x
G’="'"""'2n
htd

The shock positions for the model in the three different
tunnels have been plotted in this form in Fig,13. The agreement between
the results from the tunnels of 14 in, width i1s very geood, the slope of
the curves being similar, The 21 in. x 20 1n, results agree well up to
strcam Mach numbers of about 1.02, but thereafter the rate of shock
movement is too large to gave agreement. This may be due te the iniluence
of the greater tunnel width in this case, Fag,14 shows a corresponding
replot of the results presented an Fig,5 of Ref, 2, where similar models
were tested in the 17 in, x 14 in, tunnel at blockage raticg varying
between 0,2045% and 0,0021%, Por these results the numerical constant in
the equation for G has been modified to allow for the different
positions of the terminal shock along the model when thc supersonic flow
fargt reaches the wall, (xs/d)o. The results collapse in a satisfactory
manner oncce the shock has moved an appreciable distance from the position
(xs/a)o so that errors in estimating the change in shock pesition are no
longer dominant,

L, Nosc Drag

The pressure distributions on the hemispherical nose were
integrated to give the total axial force, P, and thesec results, as
the non-dimensional force coefficient, Cp, are shown an Fig.15,

Cp 18 defined by

i i ke Tk A o A P S e ks Sy e e s v o B yp e o i i Ak T B Y - T T Y A A TP i S e ke iy - T ) — ——— -

¥*Prior recognition of the significance of the parametcr xs/h must be
accorded to Mr. E. P. Sutten of Combridge University who has analysed
results from tcsts on cgive-cylinder models in a tunnel slotted on
all four walls,



- 11 -

At Mach rmumbers between 0,7 and 0.9 CF falls approximately lincarly,
Then there 1s a small but rapida decrease aftcr which the curve quickly
flattens out to a value of about 0,67. No results are available nt
Mach numbers higher than 1,10 except for that at 2.45#. At this Mach
nunber Cp = 0,164,

The sudden decrease zn Cy at M=o 0.90 is due to the change
in the shape of the pressure distribution just shead of the shoulder.
It 1s shown 3n Fig.7(a) that thce peoak suction moves back rapidly to the
shoulder at a Mach number of about 0.50 producing a sudden reduction in
the pressure on the area ncer the shoulder. This 1s responsible for the
sudden reduction in Cp. It 1s also shown in this Figure that there is
very little change in the pressure distribution with further increase of
Mach rmumbers up to 1.083,

From the comparison of pressure distrabutions at M, = 1,03
(F1g.7(b)) 1t is clear that at this Mach number there arc no Significant
differences between the results from the three tumnels, At certain other
Mach numbers (e.g., at My, = 0.80) the agrecement 1s not quite zs good
although the discrepancics are always less than 0,003 in  Cp, which 1s
about the lumit of accuracy of the results. Within this lamit thore 1s
a very slight trend for the axial force to be higher in the 30% in. x 14 in,
and lower in the 21 an. x 20 in, than 1t s in the 17 in, x 1k in, tunncl,

For comparison with other rosults the axial force curve i1s
replotted as a conventional drag coefficient, Cp, where

The variation of C% with Mach number s shown in Fig.16 and the values
arc given in Table 3. Also shown 1n this Figurc arc the free-flight
drag_coefTrcients on a hemisphcrical-nosed body obizined by Wallskog and
Hart/. A direct comparison 1s not possible beecause their hody had a
parabolic of'terbody, However, this afterbedy had a very small boattail,
the bage arca, alter fave diametors, being 0.19 of the maximum diamcter
50 that a comparison of gencral trends is Justified.

The variation of Cp over the cntare Mach number range up to
3.0 13 shown uin the znset to Fig,16., This 1s based on the present results
and those of Refs, 4 and 8. In addition the value at very low speeds,
about 0,005, can be obieincd from Ref, 9.

5. Concluding Remarks

In the preceding pages somc simple tests made in three
N,P.L. slotted-wall tummels on a hemisphere-cylinder model have been
analysed. It has been shown that the delay in the reorward movement of
the terminal shock with increasing stream Mach number does not depend
simply on the blockage ratio, but rether on the distance of the nearest
slotted wall in model diameters., Though the distance away of the solid
wall complicates the problem, its chief contribution scems to be to influence
the local Mach numbers on the model upstream of the torminal shock. It
seems that ncither the shock strength, nor the pressure for downstream from
the shock directly govern the shock position. The position of the sonic
point on the nose of the model is almost unchanged by altoration in stream
Mach number or tumel size,

The arguncnts used in the prescnt text must be considered as
tentative until substantiatced by more detailed experaimental data, If
they, and the concluszions dravn, arc substantially correct, a1t should be
possable to generaolise beyond the present type of model and working
section confaguration,

It/
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It was stated in Scction 2,3 that no theoretical carrections
have been applied to allow for the effects of wall constrasnt, The
prescent results could be subject to some form of tunncl interfercnce
analogous to the type discussed by Berndt” for slender bedies in circular
slotted tunnels. He suggests that sonic flow cbout the model should occur
when the Mach number upstresm 1s 1 - AM_, whcre AM_, 1s a correction
dependant upon the slot configuration, model length and fineness ratio.
It 1s not possible to calculate cccurately the appropriate corrcction for
the present model ard turmels; moreover it 1s obvious that sonic flow
conditlions arc never rcally attained during the tests on a hemisphere
c¢ylinder. A Mach number corrcction of the type proposcd by Berndt
however would modafy the values of M_ wused in the present report and
hence the main arguments put forward. It 1s felt that the sgreement
between the downstream pressures on the body (Fig.5(b)) and the bow-wave
position (Fig.6) 1s such that any additional Mach number correclion must
be very small (say less then 0,003), This 1s considerably lower than the
corrections which result from meking certain simplifying assumptions in
Berndt's analysis; at M = 1, these are between 0,02 and 0.03 for
the threz tunnels.
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Posaition of Prcssure Holes on Model
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Table 1

Hole No. x/d v/d )
1 0 0 0
2 0.02 0.13 15°
3 0. 07 0.25 30°
4 0.15 0.35 L5°
5 0.25 0. 43 60°
6 0.37 C.48 75°
7 0. 50 0,50 90°
8 C. 94
9 1,88
10 2,81
11 375
12 4, 69
13 5.63
14 6.56
15 7.50
16 8, Ul
17 9. 38
18 10. 31
19 11.25
20 12.19%

21 13.13
22 14,06 E
4T .
SRS P
| T

Table 2(a
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N

Distribution of Pressure on Hemisphere-Cylinder Model in 17 in. x 14 in, Working Section

p = measured static pressure H = stream total pressure
¥,  x/d = 0 0.02 0,07  0.15 0,25  0.37  0.50 0.9  1.88 2.8 3.75 |
e U . j—— - e e el t r — kit . S s e e+ et o <o e eee )
0,700 p/H= 1,000 0972  0.873  0.756 0,597  0.509  0.549 0,697  C.713  0.716  0.717 !
0.750 1,000 G, 970 0. 864 0.737 0,566 0. 475 0. 514 0. 620 C. 683 0. e84 0,685 |
0, 01 1.000 C.968  0.855 0.722  0.541 0. 451 O.474%  0.533 C.655 0,652 0,653 i
0.821 1,000  0.967  0.852 0,716 0,533 0,437 0,458 0, 502 0, 645 0,640 0,640
0,842 1,000 0,967 0. 850 0.712 0.529 0,422 0, {3 0, 475 0, 636 0, 629 0, 628 |
0. 852 1.000 0. 966 0. 848 0.708 0. 520 0. 399 0,428 0. 451 0. 625 0.618 0,615 |
0, 882 1,000 0.965  0,8k6  0.704  0.515  0.372  0.407  0.428 0.609 0,607 0, 603
0,892 1,000 0,965 0,84  0.703 0,513 0,362 C.397  0.417  0.601 0, 601 0.597
0, 903 1,000 0,966 0,844 0,701 0. 511 0, 351 0.258  0.337 0.599 0,589 0,589 !
0, 923 1.006  0.964  0.8.2 0,698 0,507  0.347  0.251 0,317 0,600 0,580  0.577 |
0. 944 1, 000 0. 965 0, 842 0. 697 0. 505 0.34L G245 0. 311 0. 593 0. 577 0. 568
0. 954 1,000  0,96h 0,84 0.6%6  0.503 0,342  0.243 0,309  0.577 0,577 0,565
0. 5654 1,000 0,954 0,84 0.695  0.502 0,342 0.2,0 0,308  0.52,. 0,574 0,564
0, 97k 1,000 0,964 0,840 0,654 0,501 0.340  0.237  0.308  GC.476 0,563 0,563
0., 981, 1,000 0,965 0,841 0. 695 0.502 0,311 0.235 0,307  0.470  0.53% 0.557 |
0, 994 1,000 0, 964 0, 840 0. 693 0, 500 0.339 0,232 0. 306 0. 466 0, 501 0, 546
1,005 1,000  0.965 0,840  0,69h  0.500 0,339 0.229 G, 305 G, k62 0,495 0.501
1,016 1.000 0,945 0,840 0,69 0,500 0,339  0.228 0,304 0,459 0,491 0,495
1,026 1,000 0,965 0,840  0.593  0.499  0.338  0.225  0.303  0.456 0,485 0,489 |
1,039 1.000 0.9C3 0,839  C,692  0.458 0,337 0, 223 0,302  0.053 0,481 0, 48k
1,050 1,000 0,964  0.839  0.6%2  0.498  0.337 0.224  0.303 G L52 0,479 0, 482
1,060 1,000 0. 965 0.840 0,693 0.500 0,339  0.229  0.303  O.45L  O.L79 0,482 |
1.070 1,000 0.965  0.839  0.693 0,499  0.337  0.22%  0.30k  O.457  O0.47%  O.472 |
1,089 1.000 0,964  0.839 0. 691 0.457 0, 335 0,218 0. 300 0.452 0. 491 0.488;
i

1,105 1.000 0, 962 0., 835 0. 687 0.515 0,332 0. 207 0.293 0.427 0,473 0. 485

—— —— e T R £ A b e e e mb——n e % n v —

Tzble 2(a) contd./
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Table 2(a} (contd.)

¥y x/d = 4, 69 5.63 6.56 7. 50
0,700  p/H = 0.718 0.720 0,721 0,721
0. 750 0. 586 0,688 0, 690 0. 689
0. 801 0. 653 0. 656 0. 658 0.657
0. 821 0, 6L0 0, 642 0, 644 0, 643
0. 842 0,627 0,629 0. 631 0. 630
0,852 0. 615 0,616 C.618 0. 617
0.882 0. 602 0,603 0,605 0. 604
0.892 0. 596 0,597 0.599 0,598

' 0,903 0.588  0.590 0.5%2  0.591
.+ 0,923 0.576 0.578 0. 580 0,579
0. 940 0. 564 0.565 0. 567 0,565
0, 954 0.559 0. 560 0. 561 0. 559
0. 964 0.556 0.555 0,555 0.553
0.57% 0. 554 0.550 0,550 0. 547
0. 984 0.553 0. 543 0. 546 Q. 542
0. 994 0. 550 Q. 547 0. 543 0,537
1,005 0. 546 0, 548 0. 542 0.534
1,016 0. 495 0. 549 0. 545 0. 534
1.028 0. 488 0,488 0.552 Q. 541
1.039 0.483 0,482 0. 485 0.550
1.050 0, 480 0.478 G 476 0, 481
11,060 0. 477 0,473 0. L72 0,463
1. 070 0.473 0, 471 0,467 0. 458
1.089 0.473 0.459 0.453 0,450
0.492 0.437

1.109

0. 474

0.456

8. 44

0.721
0. 689
0.657
0, 643
0,630
0.617
0. 604
0.599
0,591
0.579
0. 566
0. 560
0‘ 553
0. 547
0. 541
0. 536
0. 531

9. 368

12,19

13.13

10, 31 11. 25
0. 721 0.721 0.720  0.720 0,721
0. 689 0, 689 0, 688 0, 688 0. 689
0.658 0,657 0,656  0.656 0. 657
0. 64 0, 643 0. 642 0, 642 0. 643
0, 631 0,630 0,629  0.629 0,630
6.618  0.617  0.616  0.617 0.618
0, 605 0,604  ©,603 0,603 0, 605
0, 600 0,598 0, 597 0. 597 0.598
0,59z 0,591 G, 590 0,591 0,592
0, 580 0,579 C.578 0. 578 0.579
0. 567 0. 566 0. 565 0,565 0,567
0, 561 0.560  0.559 0,559 0, 561
C. 554 0. 554 Q. 552 0. 553 0,554
0,568 0,547 9,546 0.547 0,548
0.562  G,541  0.540 | 0.540 0,542
0.537 0. 536 0. 535 0. 535 0,536
0.531 0, 530 0. 528 0. 529 0, 531
0.525 C.524 0,523 0,522 G, 525
0.521 0.515 0,5%2 ' 0,514 0,521
0, 522 0.513 0,504 ' 0.503 0.507
0,535 0.518 0,503 0. 494 0.499
- 0.533 0.516 0, 501 0. 490
0.517 0. 535 0.528 0,519 0,508
- G, 473 0,516 0, 497 0.479
- 0. 452 G472 0, L97

0. L85

14,06 |

0. 691

0. 722

I
t

1

i
3
H
H

0.659 '

0. 645
0.633
0.620
0. 6G7
0. 601

0.595 |

0. 583

0.569 |

0. 56L
0. 558

Table 2§b[/
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Table 2(b)

Dastrabution of Pressure on Hemisphere-Cylinder Model in 30% in. x 14 1n, Working Section

p = measured static pressure Y = stream total pressure
PN, x/d = 0 0,02 0.07 0.15 0. 25 0. 37 0, 50 Oy 9k 1,88 2,81 3,75 |
} e —— — T - . - :
10.798  p/E = 1.000 0.971 0,860  0.72%  O.541  O.467  0.485  0,5L8  0.661 0,659 0,661 |
' 0,897 1,000 0,970  0.850 0.701  0.508 0,360 0,391  O,414 0,596 0,601 0,595
L0, 946 1.000 0,969  0.846 0,696  0.499  0.3,0  0.243 0,328  0.581 0,579  0.568 !
1 0,965 1,000 0,969  0.846  0.693  0.496  0.337  0.2kh 0,311 0,478 0,563 0,565 |
{0,975 1,000 0,968 0, 845 0. 694 0. 457 0. 336 0,22 0, 307 0, 471 G.517 0. 555
: 0. 984 1,000 0,968  0.84% 0,691 G.49% 0,335  0,2,0 0,313 0465  0.500 0,527,
, 0,969 1,000 0,967 0.8 0,694  0.497 0,335 0,239 0,306 0.465  0.496 0,500 ;
' 0.993 1,000 0,970  0.846  0.694% 0,497 0,341 0.240  0.307  O.466  C.495 0,498
i 0,598 1,000 0.969 0,845  0.693 0,496 0,336 0,240 0,307  0.467  G.492 0,456
: 1,003 1.000  0.968 (.84  0.692  0.495  0.338 0,241 0,30k 0461 0,491 0,493
1 1,008 1.000 0, 968 01845 0, 692 0.495 0. 334 0.238 0, 307 0, 460 0. 489 0,491 -
;1,012 1,000 0,969  0.849 0,693  0.496  0.3.0  0.260  0.306  0.459  0.488 0,490,
| 1.017 1.000  0.968  0.8.5 0,693  0.496  0.33%  0.237 0307  0.458  0.487 0,488
11,024 1,000 0.968  0.846 0. 692 0,498 0.337 0,240  0.308 0. 458 0. 487 C 487 |
' 1,031 1, 000 0. 969 0, 845 0. 693 0,456 0.3%7 0.237 0, 308 0. 457 0. 484 0,484 ;
l 1,049 1,000 0,968  O0.BL  0.652  0.495 0,334 0,236 0,308  G.455 0,483  0.483
| 1. 0€8 1. 000 0.968 0, 84l 0, 692 0. 495 - 0.235 0. 309 0. 458 0.482 0.479 .
{1,088 1,000 0,958  0.8,3 0,691 0,49 0,335  0.233 0,306 OBk 0,482  O.479 |

—_ e oy —— T -~

Table 2(b) contd./
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Table 2(b) (contd.)

Mo x/d =  L.69 5.63 6.56 7.50 8.4 9.38 10. 31 11.25 12,19 13,43 1406
0.798 .. B/H.=  0.665 | 0.662  0.665  0.66%  0.665 0,666  0.666 0,666  0.666  0.668  0.671 |
0.897, '™ 0.535‘ 0. 595 0,598  0.59% 0.598 0.599  0.599 0, 600 0, 601 0, 602 0, 606
0.9k6 .4 0,568 0,562 0. 565 0. 563 0. 565 0. 569 0. 566 0. 566 0. 567 0. 568 0.571
0.965 0,557 0. 552 0. 552 0, 551 0, 551 0. 552 0. 552 0. 551 0.552 0.55h 0.557 |
0.975 0. 554 0. 549 0. 546 0. 543 0. 543 O, 544 0, 542 0. 541 0. 541 C. 543 0. 544
0. 984 0.551 0.548 0,545 0.540  0.539 0.539 0,538  0.537 0,538 0.539 0.542
0.989 0.542  0.548  C.545 0.538  0.536 0.536  0.534  0.532 0.532 0.533  0.535
0.993 0.495  0.548 0,548  0.541 0.537  0.534  0.532  0.529 0.528  0.530  0.531
0,998 . 0,492 0. 499 0. 551 0. 542 0.537 0.533 0,530 0. 527 0,526 0.527 0. 529 |
1, 003 0.490  0.485  0.537  0.548  0.540  0.53k 0,528 0,524 0,523 0,526  0.525 |
1,008 = = -QrB7— - -0;485 0.485  G.549 0,542 0,534 0,528 0,521 0.518  0.521 0. 524 |
1,012 0.486 0, 480 0.479 0.533 0. 548 0.539 0.531 0.522 0.517 0.515 0.5171
1.017 0.484  O,479 0,473  0.471 9. 544 0. 545 0.535 0.524 0,518 0,513  0.511 |
1,021 0, L84 0. 482 C. 475 0.463 0. 502 0, 546 0. 542 0. 530 0. 521 0.515 0.510
1. 031 0. 480 0,477 0.471 0,461 0. 492 0. 490 0. 545 0, 545 0.5354 Q.523 0.515!
1. 049 0.478 0,473 0, 468 0.452 0. 450 0.479 0. 477 Q.75 O0.471 0. 480 0,52
1,068 0,478 0. 477 0.472 0. 454 0. 454 0. 465 0. 460 0. 462 0. 462 0. 451 O.téi;

0 0 0. L5

0.473 0. 468 0. 465 0,452 451 0,483 473 0.455 0. 4k6 0. 447 [

Table 2{0!/
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Table 2!0!

Dastribution of Pressure on Hemisphere-Cylinder Model in 24 in, x 20 in, Working Section

p = measured static pressure H = stream total pressure

M, x/d = 0 0,02 0.07 0.15 0. 25 0.37 0.50 0. 94 1,88 2. 81 3.75
0,803 p/H=  1.000 0.966  C.853  0.71k  0.53%  0.450  0.465  0.530 0,650 0,648  0.648 !
0.593 1,000 0. 968 0. BL6 0,699 0, 508 0.35C 0. 258 0, 341 0. 598 0.590 0.589 i
0.953 1,000 0. 967 0. 843 0.693 0,501 0,342 0,235 0,320 0,574 0,578 0,566

i 0,963 1,000 0. 967 0.843  0.693 0. 500 0.342  0.2%2 0,318 0.508 0,573  0.565 |
0.973 1,000 0. 967 0.842 0.692  0.499 0. 340 0.230 0.316 0. 476 0. 562 0. 564 |
0,983 1,000 0.967  0.842 0,692 0498  0.340 0,230 0,316  O.471 0,525 0,595 |
0. 988 1.000  0.967 0.82 0,691 0.498  0.339 0,229  0.314 0,468  0.508  0.544 |
0.993 1,000 0.967  0.842  0.691 0,498  0.339  0.228 0,313 0,467 0,505 0,536 !
0. 998 1.000 0,967  0.842 0,692  0.500 0,343 0, 226 0.314  0.464 0,501 0,509 !

I 4,003 1,000  ©.967 0,842 0, 691 0. 497 0.339 0,227 0.313 0,46k 0,500 0,507 !
{1,008 1.000  0.967  0.8h1 0, 691 0.497  0.338  0.22 0,313  0.461 0.496  0.504
1,013 1.000 0,967  0.8L2 0,656  0Q,49 0,337 0,22 0,312 0,460 0,494  0.501
1,017 1,000  0.967 0,841 . 691 0,49 0,337 0,223 0,312 0.459 0,493 0.499 ]
1.022 1,000 0,967  0.842 0,691 0,498  0.339  0.226 0.313 0,459 0.592  0.499
1,027 1,000 0,967 0. 84 0,690  0.497 0.339  0.224 0,312 0.458 0,490  0.L.95 .
1,032 1,000 0,567 0, 8121 0.690  0.497 0.339 0,225 0.313 0.458  0.450  0.495:
1.037 1.00C 0. 967 0. 841 0.690  0.496 0,337 0,22k 0,311 0.456  0.488 0,491
1.042 1.000 0. 967 Q. 844 0. 690 0, 457 0.339 0.22% 0,312 0.457 0,487 0.492 .
1,060 1,000 0,967 0. 840 0,690 0., 496 0.338 0,222 0,312 0.450 0,496 0.497 |

1 1.078 1.000  0.967 0,839 0,686 0,492  0.333  0.213 0,303 Q.40  0.476  0.493 ]

Table 2(c) contd./



Table 2(c) (contd.)

it = e A e

P
*

M, x/d =  L.69 5.63 6.56 7.50 8. 14 9.38 10,31 .25 1219 1313 14,06
0,803 , ip/H = 0,648 0.649  0.650 0.650 0. 650 0. 651 0, 651 0. 649 0, 649 0.649  0.650
0,903+, 0,589 0.596  0.591  0.590  0.590  0.591 0,591 0,589 0,589  0.590 0,591
0. 955 4.+ 0,561 ' 0.559 0,560 0,559  0.559  0.559  0.559  0.557 0,557  0.557 0,558
0, 963" 0,557~  0.555 0,554 0,552 0,552 0,553 0.552 0. 550 0. 550 0.550 0,550
0.973 = 0,556  0.552 0,550  0.547 0,547  O,54L7 0,547  0.5k5 0,545  0.545 0,545
0.983 0.555 0Q.550  0.547 0. 543 0. 542 0,542 0. 544 0. 539 0.539  0.538 0,539
0.988 0,550  0.549 0. 545 0.550 0,538 0,537 0, 536 0. 53 0.53% 0,534 0,53k
0.693" " 0.548  0.548 0,544 0,539 0,537 0,536 0,535 0,532  0.532  0.532 0,532
0. 998.- 0,530 0.546 0,545 0,539 0,535  0.532 0,531  0.528 0,528  0.527  0.527
1, 003", 0.515  O.54k  0.54 0,539  0.53k 0,531  0.529 0,526  0.526 0,526 0,526
1,008 - 0,505 _ 0,526 0,546  0.550  0.535  0.529  0.526 0,522  0.522 0,523 0,523
1.013 0.502  0.50h 0,543 0,542 0,536 0,529  0.523  0.519  0.518  0.519  0.520
1,017 0.500 0,500 0,508  0.545  0.539 0,531 0,52k 0,517  0.515  0.514 0,515
1,022 0.498 0,498 0,499  0.510 0,547  0.539 0,528 0,519 0,513  0.511  0.511
1,027 0.495 0,495  0.495  0.492 0540 0,544 0,532  0.520 0,514  0.509 0,508
1.032 0,494 Ok  0.49%  O.491 0,509  0.547 0,536  0.523 0,515 0,509  0.506
1,037 0,491  0.491  0.490  0.486 0,485 0,512 0,547  0.534 0,523  0.514 0,506
1. 042 0.490 0,487 0. 489 0.485 0,483  0.482 0. 542 0, 542 0.530  0.520 0, 511
1, 060 0,488  0.480 0,475  O.47h  O.47h  O.47%  O.467 0,462 0,521 0,523 0,509

0. 454

0.483

e et e e mepns i i

——

Table 2!(1!/
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Table 2§d!

(1222) Movement towards slotted wall at constant stream Mach number

—— - ————

Er "\‘ X/d. ) ‘ e —
f?iﬁiaifitiidmiifi N 0 0,02  0.07 0,15 0,25 0.37 0,50 0.9  1.88 2.8t  3.75

§ AN

I 1,022 1,000 0,967 0.843 0.690 O.45h 0,336 0.227 0.307 0.456 0.489 0.496
‘ " 1,022 1,000 0,967 0.843 0,691 0,494 0.33% 0.236 0,299 0,459 0.439  0.496
% 10" (C.L.) 1,022 1,000 0,967 0,842 0,691 0.498 0.339 0,226 0.313 0.459 0.492 0,499

Table 2(d) (z21) {contd.)

—+{a -

T TN wa T T T T e e e ) T

1Dlstance of model . L. 69 5,63 6.56 Te 50 8. 44 9. 38 10, 31 11.25 12,19 13,13 14,06 !
from slotted wall ~

MO \ !

- e e v wa—— e i B e e et g e e = hirs | WA A S b i e o — et e —_ — e — — j

b= &" 1,022 0.500 0.518 0.513 . 521 0. 531 0.526 0,522 0,517 0Q.515 0.512 0.5092

" 1.022 0.497 0.502 0,515 0,523 0,533 0.528 0.523 G.516 O.514 0.511 0,509 .

i 10" (C.L.) 1,022 0,458 0,498 0,499 0.510 0.547 0.539 0.528 0C.519 O.5t13  0.511 0.5115

Table 2(d) (iv)/



Teble 2(d)

(1v) Effect of changes 1n stream Mach mumber at constant model position

i .
| Distance of model \\ */a
from slotted wall ., ™\ 0 Q.02 0.07 0.15 0.25 0.37  0.50 0.9  1.88 2,81 3.75
. ) o \ . e
b= 7" 1.003  1.000 0.967 0,84 0.691 O.461 0,334 0.237 0.300 0.463 0.498 0,507
7 1,022 1,000 0.967 0.843 0,691 0,494 0,334 0,236 0.299 0.459 0.48% 0.496
7" 1,032 1,000 C,967 0,83 0,591  0.49% 0,334 0.233 0.300 0,456 0.486 0,492
| 7t 1.042  1.000 0,967 0.84 0.652 0,495 0,334 0.231 0,301 Q456 0.485 0,488
Table 2(d) (1v) (contd.)
DNZ |
Dastance of model 5,69 5,63 6,56  7.50 8.4 9,38 10,31 11,25 1219 1313 4,06 |
from slotted wall K
[ o 5 —_— — 4 £
b= 7 1,003  0.536 0.541 0.539 0,535 0,532 0,529 0,528 0.525 0,525 0.525 0.525
70 1,022 0.497 0,502 0,515 0,523 0,533 0,528 0,523 Q.516 0.514 0,511 0.509
7" 1.032 .49, 0.495 0,512 0,502 0.503 0.53% 0,530 0,521 0.513 0,507 0,505
7" 1.042 0.487 0,489 0,496 0,500 0,492 0.488 0,515 0,528 0,529 0.521 0,511

i PR, o e Rl Ak

Table 3/

...ga..



- 26 -
Table 3

Nose Drag Coefficients

- -
|

117 1n. » 14 an, 30% 1n, x 14 1n, 24 1n, x 20 in. l'
working section working section working section
| Mom C'D M, Cp My Cp
0,700 0,105
0.750 0,144
0. 801 0,192 0.7%8 0,201 C. 803 0.180

0.897 0.274

0,903 0.263 0.903  0.261
0.923 0.286

0.9L4 0,315 0.946 0,315

0.954 0,325 0.953 0,322
0.964 0.338 0.955 0,338 0,963 0,334
0.974  0.350 0.975 0.350 0.973 0.347
0,984  0.366 0.984 0,359 0,983 0,360
0,994 0,375 0.993 0,378 0,993 0.373
1,005 0,3 1,003  0.387 1.005 0,386
1,016 0,405 1,012 0.402 1.013 0.397
1,028 0,419 1,021 O.414 1,022 0,411
1.039 0,430 1,031 0,424 1,032 0,422
1.050 O hhlhy 1.049 0445 1,042 0,435
1,060 G, 469 : 1,060  0.455
1,070 0,470 1,078  0.470
1,089 0.490 1,088 0,491

HBE



FIG. I{a
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FIG. L{b

0-2 =17
—11-6
2
o _]
Y
QA — ]
8 'S
t
- .__
0-3+1 - 2
& 2 414
v E
L o [3o¥solid 3
o —
B=017% 2 13
Y Ry O
14%slotted b4
J
~12
R R .
fall) A WA
> rv-amiver 3
---*"’ 72dl B L"ﬂ—'.—b—-\ *
1 \::-r 3
™\ \ \1.049
\\ "°"\
93 003 Al-012 \ Zl
\ v > -0
\ - - b e
- R
= =
H-‘-HN‘
'4—1=£'-= ' ; o — —0.9
X
LMon 0-798
L-o—ﬂ—o-—-c e i
°7Lﬂwm\\\\\\ HINNNNNNNY \\\\\\\ANRN'
o 5 .&’5.. 10 15

L4
Pressure distribution on hemisphere-cylinder body in 30" x 14" tunnel




FIG. | )
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FiG. 2.

E‘(i-ey’;:»—
a: front inclined shock. d: terminal shock,
b: retlection of @’ from slotted  @: effect of reflection of ‘a’
. wall. from sidewall,
¢ intersection of ‘a’with glass f: reflection of 4’ from
sidewall. . slotted waill.
N.B.  The trace ‘e* does not correspond to a normal shock at
the model position but at some station between the wall
~and the model. :

)
o Q

!
- R G &
Local Mach number

v

5_:.,

3- .

oy — 3 5 =

Typical flow pattern and pressure distribution at M =1-050

in 17in.x I4in tunnel
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FIG. 3(b)
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FIG.3(c.)
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FiG.3.(d )
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Pressure distributions on hemisphere — cylinder body near M = 11045.
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Pressure distributions on hemisphere - cylinder model at approximately
constant shock position.




FIG. 4.

N.B. Plain symbols denote results
from Schlieren photographs;
tlagged symbols denote

14 shock position deduced —
from pressure distributions.
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(a): Definition of specific pressure ratios

o4

0.5

X
o6

(b) Variation of dstimated downstream pressure ratio(%)with

FIG 5 {asb)
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FIG. 5 {c)
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(c_) Variation of estimated pressure ratios upstream and downstream of

terminal shock with stream Mach number,
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FIG.7a.
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(a) Pressure distribution around nose in 17inx 14in.tunnel.




FIG.7b.
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FIG. 8b)
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FIG. 9a.
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(a) Influence of disturbed sonic boundary close to
partially open wall on surface pressure distribution.




FIG. 9b.
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(b) Influence of solid wall positton on surface
pressures at slightly subsonic stream speed.




FIG.9c.
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(b) Effect ot moving model towards solid wall.




FIG. I (a8 b).

(a) Pressure distributions nhear sonic stream
speed in inviscid , unbounded fiow.
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(b) Comparison of pressure distributions
just above sonic stream speed.




FIG. 12,
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