C.P. N066)430 . oa ) C.P. No. 430
(20,3 Y C (20,306)
AR.C. Technical Report ROYAL / ( N ORU AR.C. Technical Report
b .

MINISTRY OF SUPPLY

AERONAUTICAL RESEARCH COUNCIL
CURRENT PAPERS

Some Experiments with

Static Tubes at Transonic Speeds
in a Slotted-Wall Wind Tunnel

by

EW.E. Rogers, M.Sc., and I.M. Hdll, PhD,
of the Aerodynamics Division, N.P.L.

LONDON: HER MAJESTY'S STATIONERY OFFICE
1959

Price 3s. 6d. net






; 50

I~
Y

C.P. Ne.

Some Experiments with Static Tubes at Transonic
Speeds in a Slotted-Wall Wind Tunnel
—By—

E. We E. Rogers, M.Sc.
and I. M. Hall, Ph.D.

of the Aerodynamics Divislon, N.P.L.

August, 1958

ERRATA

Text
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Figures
Fig. 2 Labels should read (a) lp = 0.80] (b) My = 0.903

Fig.@(b) should read (increased sensitivity and horizontal cut~off)

Fig.b (1) It has not been possible to put in all the points
in the region 0.95 < My < 0.975 due to the fact

that many points are superimposed on those
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SUMMARY

Some results obtained with five static tubes at transonic
speeds in an N,P, L. slotted wall tumnel (17" x 14" working section) are
discussed, The effect of model size iz concidered, and a comparison
made with free-flisht tests, {or tubes having a hemi-spherical nose,

A brief analysis is made of the flow development with stream
Mach number, and of the problems associated with shock-wave reilection,

A

1o Introduction

In recent years there have been several investigations of the
characteristics of static tubes at subsonic and supersonic speeds, and
the effects of changes in stream Mach number and incidence have been
studied in wind-turnel tests and {ree-flight experiments.

Lt transonic speeds less information is availeble, one reason
Tor this being the presence of tunnel interference effects at stream
Mach mumbers near unity, which distort the flow field around the model.
The nature of the interierence depends ou the type of framsonic working
section and also the size of the model relative to that o the working
section, Thus by testing similer models of different size in the seme
working cection, some assessment can be made of the way the intexference
effects become important.

The present note is concerned with results obtained from four
nearly-similar modcels of the Mark IXA pitot-static head (using only the
static oririces) which has & hemispherical nose, and also from another
smell static tube having an  ogival nose., It thus suprplements the
earlier worl reporicd by Roe in hef,1,

The tusts were carried out at intervals between 195fF and 1958,

2. Exoerimental Detaills

2ol

Ze Static tubes

Four models, of different sizmes, representing the Mark IX/
pitot-static heed were tusted and the rolevant dimensions are given in
Fig.1.
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The largest model (A) was in fact a full-scale head, with
pitot ovening and two banks of static slots situated at 8,0 and 8,7 tube
diameters from the nose, No pitot measurcments were made during the
present tests, The tapered portion of the tubel differed from that used

with full-scale {light instrumcnts, though the degree of taper was the
same,

In the three smaller models of this typc (B, C and D), there
was no pitot opening and the gix circumferential stotic slots were
replaced by four equally~spaced circular holes, &t about 8,6 tube
diameters from the nose, The three models were not exactly similar
horever, as con be seen from the dimensions given in Fip.1, Downstream
of the static holes, each tube was parallel for about 412 diameters, and
then tapered slowly to represent approximately the boom attachment of the
Tlight instrument. Some 50 diameters from the nose wee a circuler collar,
originally intended to simulate the effect of the wing leading edge or
fuselage nose, All three models werc considersbly smaller than model A,
as ig shown in Tablc 1,

To obtain some informsation on the effects of changing the nose
shepe, tests were also made with a stendard tunnel static tube (similar
to that used for tunnel celibraticn, flow cxnloration, otc)., This
tube (E) was chout the same size as D and had four static holes placed
22 diameters behind the pointed ogival nose.

The relative sizes of these five models is set out in Table 1,
which also gives the blockage of each model., This is defined as the
ratio of the tube cross-sectional area at the static openings to the
cross-sectional area of the transonic working section (17" high, 14" wide).

Lable 1
Model Type Mark IXA-type Models . Static Tube
Designation ‘A B ' ¢ i D . E
Tube diameter : : =

------------------------ 1,0 10,215 0,160 | 0,103 -
| fill-scale tube diameter . : : g i
'35 blockage 10,204 0,0086 , 0,00481 0,0021 ©  0,0021
| Reynolds nmumber at ' ; ‘ g ‘ !
| Mo = 1, based on tube ;2,97 0.6k 048 031 1 0,31
! diameter (x 10°°) : ' : :

2.2 The tunnel working scetion

The transonic working section of the 18" x 14" tunnel is
described in detail in Ref,2, The 414" wide walls hsve longitudinel
slots, one~eleventh of the width being open to the vlenum chambor,
The sidewalls are formed by interchangesble pancls (gless in steel
Tremes),

2.3 IExperimentel method

Tech model was mounted on the tunncl traverse gear, which was
itself supported by a bar extending [rom the sidewall downstream from the
end of the slotted working section, In this way the support bar
interfered as little as possible with the flow in the working section,
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The modcls were aligned along the tunnel axis, care being
teken to ensure that the static holes or slots were at precisely the
. same position in the tunncl for 21l models,

The static pressurc measured by the model was read on a water
manoneter against the pregsure from a reference hole on the tunncl wall
some distancc upstream from the modcl position, This wall rcfecrence hole
was later calibrated (in the absencc of the model) against another wall
holc on a slat immediately above the position normally occupied by the
model gtatic holeg, Tinally the tunnel static tube was used to measurc
the pressure variation across the tunnel between the model position and
the sccond wall holc; this was small, but not negligible, and enabled
o more accurate asscssment to be made of the 'true' static pressure in the
empty tunncl at the model position,

The cxperimental valucs of static pressure were rceduced to
cocfTicient form in the followinr menner:-

L DUZ ) . .
2 oppropriate to 'truc! static

Appropriate corrections were also opplicd to the nominal
stream Mach number,

The static pressurc measurcments were supvlemented by an
extensive sct of schlieren flow photographs, and in the case of fube A,
by some surfocc oil-flow vatterns, The Mach number range covered was
Tfrom 0,6 to 1.2,

3. Results

3.1 Preacntation of results

t moderatc subsonic specds, where blockage cffcets are small,
all five tubcs might be expected to have the some valuce of CP’ This
. was not so (Table 2),

Table 2
" Tube j A B C ' D B

- +0, 0129 : +0,0123 . +0, 0264 ‘ +0,0055  -0,0055
Mg = O.8O1(CPO> ; :

B T R L L T o T I RS TP R TR

The experimental error is cstimated to be sbout #0,001 in
Cp at My, = 1.

The comperatively large value of C obtained with the
full-gize tube (A) is similer to thot reportcgoby MdbeyB from R,A.E, tests
on another full-size instrumert, The voriation in the results obtained
with tubes B, C and D is morec likely to be associated with smoall
imperfections in the modcls® rather than with Reynolds number changcs,

The difference in Cp_  Dbetween tubes D and B is probebly due to the more
rcorward position of Zhe stotic hole position on the latter model
) (sec Fig,1)., A sccond tunnel static tube, similar in shape to tube E,
but heving static holes ot 33 dismeters from the nose gove a value of
CPO of -0, 0067,

J‘ - » .
"Refs. 4 and 5 suggest thet the actual shape of the static orifice may be
important in detcrmining the value of the pressure reading,
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The present tcsts, however, were less conccrned with the
absolute calibration of the models than with the static pressure
veriation with Mach number, and thus it was decided to work in terms
of the stoatic pressure increment ACP, where at any stream Mach number

3,2 Results from tube A

In order to assist in the understanding of the way in which
the transonic flow is modificd by model scale, it is nccessary to consider
in some detail the development of the flow patterm with Mach number about
tube A,

Shock waves werc first detected (using a sensitive schliercn
system) close to the shoulder of the model at a strecem Mach number of
0,70, and this value is_in good agrecment with the critical Mach number
(0,65) obtained by Cole! from pressurce-plotting tests on a
hemi-spherically-nosed tody. A well defined shock pattern is not
established until ncarly M, = 0.9. Below this llach number numerous
small shocks occur .just dowmstreem from the shoulder (Fig.2(a)), a
rcegion where the corvesponding oil-{low pattern suggests a band of
locally sepzrated flov., This rcatteches as o relatively thick turbulent
boundary layer.

Similar schliercn and oil patterns for M = 0,903 are shown
in Fig.Q(b). The flow pattern contains three main shock waves, as
sketched in Fig.,3. The front inclined shock is associated with the
over expansion of the surface flow around the nose and is a marked
fecature of tronsonic and supersonic low over blunt bodies of revolution,
The second inclined shocl: system may originate from the transition to
turbulent flow within the separated flow region, close to reattachment,
At high subsonic speeds, this shock (or scries of shocks) moy
alternatively be the result of reflections from the model surface of
incoming compressions, which themsclves originated from expansion waves
from the nose reflecting from the sonic boundery., The third shock is
nearly normal to the stream and terminates the local supersonic region,

With further increase in stream Mach number, the terminal
shock moves rcarward and becomes dish-shaped, becoming normal to the
stream close to and Texr from the model surface. Due to the axi-symmetrical
nature of the flow, the outer normal region appeers on schlieren
photogrephs as a streight line, (Ttehind the true terminal shock) and
superficially resemblcos yet another shock extending to the model surface
(see Fig.i(b) for cramole),

The outer pa:-t of the terminal shock reaches both the glass
sidewalls and the sloited walls of the tunnel at a gtrcom Mach number of
approximately 0,96 (sec Mg, 4(c)).

The proximity of thc supersonic flow to the wall is likely to
distort the flow ficld around the model, and in particular the position
of the seonic line, Herce the strengtb of the refllected compressions
reaching the model will be altered, thus affecting the shock strength,
and rate of movement.

The effect must be present both before and after the terminal
shock recaches the tunnel walls, but seems to be most serious in the latter
condition. As will be shovmn in §3.3.1 (and Fig.5), the effect of increasing
blockage is to slow down the rate at which the terminal shock moves
rearward, The exect rcasons for this are not clear at present, and in
addition to the modification of shock strength mentioned above, it is
probable thot the downstream pressurc behind terminal shock is affected
by model sizc through the agency of the »lenum chanber, Further
information on this point is being sought.

With/



Near My = 0,99 (Fig.L(c)), the terminal shock is inclined
when it strikes the slotted and glass walls., The intersection trace on
the latter is thercfore slightly curved, The flow behind this shock is
still, of course, subsonic end no reflection of the terminal wave occurs.

By 1, = 1.02, the inclined shock wave resulting from the
combining of scveral veeker inclined waves has reached and is reflected
from, both sets ol walls, These reflections (compressions) interact
with the terminal shock; because the tunnel is rectanguler (end not
square) the intersections from the two pairs of walls take place at
slightly different positions on the tube, he tocrminal shock is again
dished, this timc with the concave side towards the oncoming sirecem;
its significance ia relation to the interference-free flow about the
model is debataeble, but its movement can be regarded as a measure of
interfercnce effects, The double image of the hyperbola-like intersection of
thefront-inclined shock with the sidewalls in Fig,k(z) and elscwhere is
due to the model being slightly off centre between the zless walls.

Viith further increase in stream Mach number the degenerate
terminal shock contimues to move rearward, but with decrcasing strength.

At My = 1.049 (Pig.4(z)) the shock is about to pass over the foremost
row of static slots. The bow wave is now visible, Neaur M, = 1,07,

the reflection of the front-inclined shock intersccts the model surface
just shead of the terminal shock (but behind the static slots), which
hag how become a series of weak near-normal shocks associated
principally with a {urther reflection of the front-inclined shoclk, By
My = 1,08, +the terminal shock has disappeared from view and can be
regarded mercly as the breakdown shock for the combined model-tunnel
systen,

At slightly sunersonic speeds the sonic Tine is curved towards
the oncoming flow. If the subsonic region shcad of the model extends to
the tunncl walls the bow shock will not, of course, reflect. Regular, or
initielly Mach-type, roflection occurs as the subsonic region contracts
with incresse in gtrcam Mach number, an inclined reflection first becoming
visible ot sbout U, = 1.08. Rcflection of the bow-wave as a wezk normal
shock may occur just before this condition., The reflccted bow wave, weak
at rirst, traverses the length of the model as the stream Mach number is
wcressed, and passces over the statlc slots at aktout 1,15% Once this
condition has bcen achicved, the modcl, regarded as a static tube, can be
considered as interfcerence free,

Briefly, then, the thrce main interference effects observed with
tube A are:-

1. Extension of terminal shock to wall and distortion of flow
field, This leads to a slowing cdown of the rearward movcement
of the terminal shock with increasing stream Mach number,

2, Reflection of the front-inclined shock to interscct with and
modily the terminal shock {possibly further arfecting its
rearvard movement), and subscquently to intersect the model,

R Modification ol subsonic flow £icld between model and bow wave,
possibly altering the stand-off distance at low supersonic
Mach numbers, Regular roflesction becomes possible just after
the supersonic flow extends to the woll behind the bow wave,
The model can then be subject Lo the reflections of the bow
wave, which incresscs repidiy in strength as the stream Mach
number is raised,

*The reflected bow wave from the glotted walls is the second of the two
inclined reflected waves in Tig,L(h); the first originates from
junctions on the slotted vall liners, The curved trace immcdiately
behind the bow wave is the intersection of this in the glass sidewalls.
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These effccts will be present in some degree whatever the size
of the model. ith a very small model, however, the Mach number range
over which interference occurs will be very small; the results from the
smaller models will now be considered.

3.3 Effect of model size (tubes A to D)

3.3.1 Hlovement of the terminal shock

Eatimated values of the onset of interference effects due to
the terminal shock reaching the wall are:-

i

Tube A B : ¢ . p z

¢ Stream Mach : ; i § g

| numbers for . : : : i
I N

‘ Onset Of O' 96 . O' 98 . o‘ 99 . Oo 99 !

' : ;

?

'1nterference (Mb)

Greater accuracy ‘than this is not possible.

Below these Mach numbers, the rearward movement of the terminal
shock should be independent of model size; this is reasonably confirmed
in Pig.5, The retardation of the rearward movement is {urther illustrated
by the points obtained from the schlieren photographs of tube D, in which
this model was offsct {rom the tunnel centreline towards one slotted wall,

Similar results have been obtained before, TFig.5 includes two
curves due to Roel!, for bluff-nosed bodies, of slmost identical blockages
to the present models A and D, The variation in shock position for a
given stream Mach number is much greater in this case,

3.%3.2 Interference from the forward inclined shock

Because of the small sizes of models B, C and D, the reflection
of the forward inclined shock does not intersect the model until well
behind the static holes, This intersection takes place at a stream Mach
mamber of about 1,03 for tubes B and C, and at about 30 and 53 diemeters
downstream from the nose rcspectively., The corresponding stream Mech
number for tube A is 1,02, only slightly lower. With tube D, the
reflected waves never intersect the model surface directly; they interact
initially with the bow wave frcm the boss, which itzelf forms a reesxrwerd
limit to the movement of the terminal shock,

Measurcments made Trom the flow photographs suggest that the
shape of the forward inclined shock and its reflection are almost
independent of model size for models B, C and D, and hence that the
position at which the reflection would intersect the model is
approximately a constant distance {rom the nose,

3.3.,3 The bow wave

Measurements of the bow wave position from the shoulder of
each model is shown in Fig.,6, The accuracy of measurement is not very
high with the smallest models (C =znd D), but the results do suggest a
slight effect of model size on bow-wave position for stream Mach numbers
less than about 4,08, This trend (the bow wave closer to the nose for
the smaller blockagcs) is, however, the opvoosite to that observed by
Roe! for bluff-nosed bodies.

The agreement with Mocckel's simple geometric theory6 is
similar to that obtained in Ref,1 and elsewherc,

Instability of the bow-wave position was observed for a very
limited range of Mach number (ncar 1.025) for all four models, and was
most pronounced for thc two smallest models., This phenomena is thought

to/
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to be due to an interaction between the weak bow wave and a stray shock
wave originating from one of the tunnel-wall junctions, The bow-wave
position at this Mach number is very sensitive to changes in the pressure
Tield, which must be greatly distorted by the extraneous wave,

Typical schlicren photographs near this instability reglon are
shovn in Fig,7, At the lower Mach mmber (1.028) the bow wave appears
blurred despite the microsecond exposure, [Iiven when the bow-wave
position has become stoble, the shepe ol the wave is still distorted
(Fig.7(b)), This distortion lessens as the stream Mach number is further
increased.

This cifect would be relatively unimportant, except for the
fact that the static-pressure readings are affected by the instability
(zee belov).

Then the locol subsonic region shead of the model, and bchind
the bow wave, contrrcts sufficiently, reflection of the bow wave from
the walls can occur. Reflections from the slotted walls were first
detected in the schlieren photographs at stresm Mach numbers of 1.08 (4),
1,038 (B and C) and 1,015 (D). In these cases it is estimated that the
reflected bow wave would intersect the model at 2,2, 18, 37, and 30
diameters from the nosc respectively, 1ith static holes near 8.6 diameters,
only the readings from model A should be subject to direct interference
from the rellccted bow wave,

3.3,4 DIffect of modecl size on static pressure observations

e stalic-pressurc chanze with Mach muwiber for each of the
Tour Mark IXA type tubes iz shown in Fiz, 8,

e

As %he terminal shock approaches the static openings, the
static~pressure reading increases dus to the reduced velocity behind the
shock, The wassage of thc shock over the openings csuses the pressure
to fell rapidly; the Moch number at which this occurs is in good
agreement with the value deduced Trom the schlieren plotographs (see Fig,5)
and thus confirms the dish-like structure of the terminal shock.

The slowing Cown of the rearward movement of the terminal shock
with increasing blockage is clearly shown,

The {ront-inclined shock and the bow wave, when refllected from
the tunnel walls, do not interscct the model ahead of, or at, the static
openings, excent for tube A, where the bow-wave reflection passes over

ihe static slots near My = 1.15. Decause of the lack of data in this
recion Tor this model,-the passage of the reflected shock camnot be

detected with ony certainty,

The bor wove instebility recion results in a marked rise in
the pressure mcasurcd by tubes C and D; pressure changes were also
obscrved wish tube B, but could not be read with eny accuracy. 'With the
largest model, this region occurs before the terminal shock reaches the
static slots ond no effect on the static reading was noticed,

The other variations in static pressure shown in ¥Fig. 8 are
nrobably associated with stray shocks in the working section of the
tunnel, Apart from the junction shock mentionced carlier, it is known?
that some of the sidewsall junctions zive risc to weok shocks. These
cammot be detected ensily from the schlicren photographs, perticularly
at the higher strcom Mach numbers vhen multiplc rellections occur,

Ref. 3 contains similar curves of static-pressurc variation
with Mach mumber for a standard Marlk IXA instrument in frec-flight, and
also for a modified tube with the pitot entry blocked one inch [rom the
nose. These rcsulis arc shown in g, 9, together with the corresponding

curve/
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curve for model D of the present tests, Agreement between the tunnel

and flight tests for thc Mach number at which the terminal shock crosscs
the static holcs must bec considerced as satisfactory, in view of the nature
of the comparison,

The megnitude of the observed static-pressure rise (8C,) due to
the shock is greater in the tumnel tests at N,P.L, and R,A,E. than in the
flight tests and this pressure rise is plotted in Fig,10 ageinst the
blockags, Some additional points due to Roe! are included, The points
available scem to liz on & single curve, which approaches the frec-flight
(or zero blockage) results very steeply. The magnitude of 6C, is, of
course, mainly a measure of the leocal Mach number over the for%ard part
of the body snd hence indirectly depends on the streom loch rmmber at
which the terminel shock crosscs the static openings, which in turn
devends on the blockage,

The valuc of O8C, compared with £light results may however
give some indication of the magnitude of the blockage cffects, and
Pig. 10 serves to illustratc how roapidly these become serious.

3.4 Tffect of nosc shape at const.nt blockage {tubes D and 1Y)

A comparison of the rezdings obtained from the two smoll
tubes (D and E) is shown in Fig.11., The static-pressure crror for the
tube with an ogival nose is small partly because of the smaller
disturbance duc to this type of nose, and partly becausc of the more
reoxward wosition of the stotic holes. The terminol shock was Tirst
obscrved on tube E at about My = 0,950, The front-inclined shock
systems are much less marked, and appcar to be of little significance.

Bov=wave instability was once again obscrved and had an
appreciable cffcet on the tube rcading, Bow-vave roflection from the
slottcd walls could be seen at sbout M, = 1.03, the rcflection
intcrsceting the model some 40 dismeters from the nosc,

L, Concluding Remarks

The simple tests deacribed in this note have enabled some
assessment to be made of the effect of model size on the flow ficld in a
transonic tunncl with slotted walls, Dven with comparatively small
blockages (of the order of 0.01%) some interforence ei'fecls arc large
enough to be serious, if extreme precision is required, The most
noticeable cffect is the delay in the rearward movement of the terminal
shock, with & corresponding increcse in the pressurc rise measured when
that shock crosses the static holes., Because of this delay, the large
blockage models meessure the static pressure correctly (or nearly 80) up
to a higher strcem Moch number (see ¥ig.8)., There nppeorcd to be o slight
blockenge cffect on bow-wave vnosition,

The reflection from the walls of the front inclined shock and
the bow wave were found to be serious only for the largest model in the
present tests, Boecause of the small size of modcls B to B, the reflections
tended to intersect the modcl well downstrecam from the measuring station,
L Tull investigation of the shock reflcction problems associoted with the
bow wove (particulerly at very low supcrsonic Mach numbers) wae precluded
by the disturbing influecnce of stray shocks originating from the tunnel
walls, In o limited Mach number rangc, thesc werc thought to cause an
instability in the position of the bov—wove position, By affecting the
flow {icld around the model, this instability causcd a rapid alteration
of thc measured pressure.

The smallest model tested suffercd from tunnel interference in
a compearatively limited range of lach number between about M, = 0,99
and 1,015, if the bow-wave instebility region is neglected. By corparison,
the full-size tube (A) wos subjcct to intcrference effects in the Mach
number range between 0,36 and 1.15. y
A
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A more pointcd nose was found to delay appreciably the effccts
duc to the movement of the terminal shock, and also to reduce the
strength of' the front-inclined shock., Thc more rearward static-hole
position was also beneficiel, and in the case of tube E, was not
sufficiently far downstream to be influenced by the bow-wave reflection

when this occurred.

The present rcesults are of course subject to Reynolds number
cffects, and Ref, 3 suggests that these can affect the static pressure rise

due to the terminal shock.

On the other hand, the results from the

smallest models seem consistent with flight data, The position and
origin of the front-inclined shock, which might be expected to be
influenced by modcl size changes, is in fact very nearly independent of

model sige,
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Four equally spaced
circular hofes (8,C,D)
or two banks of static slots (A)
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Distance from nose to static hO’ES (a) 65 8-7d)] 138 (8:6d)|1-03 (8-6d)0-68 (884}

, b
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Tube diameter in parallel section (d)|0:75  |o-l6l |0120 [0-077

Collar diameter (e) |No collar|0-768 0577 |0-405

All dimensions in inches.
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Length of tapered portion of A is 6
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6-0 (8-0d)

Four equally spaced

0-077 dia.. /circular holes
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i
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Details of Mark IX-Eype and tEunnel static Eubes.
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‘ 70 ) 0125 dia.
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Static holes are placed at 22d from nose.
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Fig. 2
Terminal shock
Front inclined shock\ /
Second inclined Trace of ouker part of
shock system - terminal shock
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Shockwave pattern of high subsonic speeds




(@) Mo=0-934 (b) Mo=0-954 (€) Mo= 0-964
(increased sensitivity

(d)  Mg= 0.984 (@) Mo = 0994 ) Mg=1-005

FIG. 4. Development of flow pattern with stream Mach number for Tube A.
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FIG. 4 (cont)
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Static_pressure changes measured by the four

Mark IX A -type models.
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Comparison of different results from Mark IX A -type models
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