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SUMMARY

The performance of the diffuser is analysed, (a) for a conventional
closed-jet tunnel with a two-dimensional M = 7 nozzle, and (b) for a type of
free-jet tunnel resulting from the combination of an axisymmetric M = 8.6

nozzle and a two-dimensional working section.

Some results of model blockage are given together with a new correla-
tion of closed-jet tunnel results,

Starting loads measured on two models show that the load varies with
back pressure and may be reduced to insignificant size.

Humidity measurements show that the technique of drying-by-compression
is satisfactory.

Replaces R.A, &, Tech, Note No, Aero 2859 «~ A,R.C, 24,647,
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1 INTRODUCTION

This Note is the fourth of a series describing the R.A.E. 7 in, X 7 in,
hypersonic wind tunnel, Previous reports have discussed the tunnel design,
instrumentation and flow visualisation techniques!, the heater performance?2,
and the calibration? of the two-dimensional M = 7 fuzed silica nozzle, The
diffuser performance, and measurcments of blockage, starting loads, and
humidity are described in the present Note.

The combination of a M = 8.6 axisymmetric nozzle and a two-dimensional
working section resulted in a type of free-jet tummel. This "free-jet"
tunnel has a very short free-jet, and separated flow regions confined mainly
to the four corners of the working seotion/nozzle junction. It is, therefore,
intermediate between the conventional free-jet tunnel with large plenum
chamber, and the closed-jet tunnel., Nothing appears to have been written
about this type of tunnel so the opportunity was taken of calibrating the
diffuser gquite extensively.

It was found that (a) the flow trensformation’™ from free-jet to closed-
jet at the diffuser entrance is accomplished supersonically and not sub-
senically as generally found* in conventional free-jet tunnels; (b) blockage
is more easily produced with high drag bodies than would be expected with
a closed-jet tunnel (see section 3); (c) the pressure recovery, when compared
with the pitot recovery at “he diffuser entrance, and second throat size
minime for starting and running are comparable to those of a closed-jet
tunnel; (d) a model in the tunnel is almost as effective as a second throat
in improving the pressure ratio requirements for starting.

Examination of data on model blockage in closed-jet tunnels obtained
both in this tunnel and elsewhere shows that a reasonable correlation is
obtained using a weighting factor of drag coefficient to the half power. A
wide range of model shapes is considered including a circular disc which is
not correlated by previously published methods5»6,

ileasurerents of transient loads on two models during starting and
stopping the tunnel show that in general the starting load is the greatest,
and that it is no greater than twice the steady load. The magnitude of the
excess over the steady load depends on the level of back pressure, and it may
be reduced to negligible size by reducing the back pressure sufficiently.

Humidity measurements show that the technique of drying the air by
compression only, is adequate to avoid any effects of condensation in the
flow,

2 DIFFUSER PERFORMANCE

241 Description of the diffuser and test apparatus

Fige1 shows details of the diffuser and the pitot-rake models used in
the investigation of its performance. The diffuser consists of a two-
dimensional supersonic diffuser, a short transition section (rectangular to
circular cross—-section), and finally a 6° total angle subsonic diffuser,

Results at M = 7 are for a closed-jet working section, Fig.1(a), whilst
those at M = 8.6 are for a "free-jet" working section, Fig.1(b). In the
latter the jet expands freely from a diameter of 7 in. to a rectangular
cross-section of 8 in. by 7 in. Thus the free-jet is considerably shorter
than that of a conventional free~jet tunnel, and the regions of separated
flow are concentrated mainly in the corners of the working section instead
of all around the model testing region, hence the identifying quotation
marks.,
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For the M = 7 tests, a pitot rakc was mounted in the working section
and failure to start was indicoted by vibration of the roke and its support.
For the M = 8.6 tests, which were done both with an empty tunnel and with
models, failure to start, and flow breakdown, were indicsted by one or more
of the following, (a) pitot pressure, (b) static pressure at the wall of the
working section, (c) Schlieren obscrvation, (d) diffuser noise.

Mercury manometcrs were used %o measure pressure differences and a
Midwood capsule manometer was used a&s an absolute refcrence. Stagnation
pressure in the secttling chamber was measured very accurately by a balancing
system1. Stagnation temperaturc was of the order of 4009C.

2,2 Diffuser performance at M = 7 with a closed-jet working section

During the initial calibration of the tunnel with the M = 7 wedge
nozzle, the following limited information on diffuser performance was
obtained. For the configuration, Fig.1(a), with a model in the working
section, and the ratio of 2nd throat area to diffuser cntrance area

*
AQ/Ae

2/%,

is equal to 0.41 times the pitot recovery for M = 7,

i

0.65, the ratio of vacuum pressurc to stagnation pressure

0.0064 was found to be a maximum for starting., This pressure ratio

Second throat size minims, and the complete characteristics of starting
and breakdown pressure ratios were not measured.

2.3 Diffuser performance at i = 8.6 with a "free-jet" working section

2.3.1 Introduction

In the tunnel arrangement, Fig.1(b), the M = 8.6 axisymmetric nozzle
produces a circular jet which issuecs freely into a rectangular-section
vrorking section. Tests of a ronge of models showed that blockage occurred
more readily with this arrangemont than would be expected with a closed-jet
working section,

It is shown Q'alsewlrlerelF that in a2 free-jet wind tunnel, in the
majority of cases, the flow is decelerated to subsonic speed at the entrance
to the diffuser by turbulent mixing at the edge of the free-jet. (In a
closed-jet tunnel the flow is supersonic at the entrance to the diffuser.)

To ascertain the diffuser performance of the present somewhat
unfamiliar and unconventional tunnel arrangement a rather comprehensive
series of tecsts was made at this Fach number.

2+.342 Calibration of the expanding jet

Examination of the Jjet in its transformation from circular to
rectangular cross~section was made with a single pitot tube, and a single
5° cone/cylinder static pressure probe, both inserted from the sidewall, and
by a pitot rake mounted on a sting.

Fig.2(a) shows pitot pressure profiles across the horizontal centreline
et 3 stations (sec Fig.1(b)). At station 1, the model testing region, there
is a 4 in, diasmeter core of uniform flow at M = 8.6 with no transformation
elfects apparcnt. Profiles on other diameters at this station are similar,

4Lt station 2, the axis of the downstream window, the uniform core is
reduced to 2 ine. in dlameter by the influence of the transformation.



At station 3, at the entrance to the diffuscr, the jet is now fully
expanded, but some recompression is occurring at a radius of 2% in,

The average pitot pressure at this station is pg/bo = 0.,0039 or 64 per cent

of the pitot recovery at station 1.

Fig.2(b) shows the static pressure profile at station 2., This profile
confirms that the transformation is supersonic, and this is the genecral case.
The static pressure at the centreline of the tunnel is higher than would be

expected for the Mach No, deduced from the pé/@o ratio, but this msy be due

to (a) the inaccuracy of mcasurement at this extreme and of the Midwood
manometer range, or (b) the effect of air ligquefaction which may have occurred.
Vith regard to the latter, it has been shown 9 that even a very large degree
of liquefaction has negligible offect on diffuser performance at this Mach
number level,

2.3.3 Stetic pressure measurcments at the downstream window of the
working section, station 2

Plots of the variation of static pressure measurcd at the wall of the
working section, P’ with back pressure, p,» are given in Fig.3. TFig.3(a)

shows that, for an empty tunnel vith A;/he< 0.535, P remains constant with
increase in p, up to a level just below that of the average pitot pressure
at the diffuser entrance. The change in flow pattern at breakdown produces
a fairly rapid rise in P_-

For an empty tunnel with no seccond throat, A;/Ac = 1.136, the change
in flow pattern occurs much earlier, at P, egual to about one third of the
pitot pressure at the diffuser entrance, and the rate of increase of Py with
P, is small, This breckdown was accompanied by a low-pitched noise from the
diffuser, the noise level increasing with increase in P, The mechanism
of breakdown was not investigatcd, but it appears to be a very gradual
process in this case,

Fig.3(b) shows plots of p, versus p_ for the tunnel with a model, for

various second throat sizes., There is a general improvement in the performance
of' the diffuser over that of the empty tunnel, and the premature breakdown
for the condition of no second throat was not experienced.

2e3e4 Minimum second throat size for starting

The minimum second throat sizes for starting for an empty tunnel and
for a tunnel with a model were measured and found to be:-

For an empty tunnel, AE/Ae = 0.495 at P, = 750 psig.

For a tunnel with model, A;/Aé = 0.527 at P, = 750 psig,

and A;/Ae = 0.54 at po = 400 psig. The difference betwecn the latter two

measurements is probably due to the change in boundary layer thickness in
the diffuser with chenge in P,e

L simple one-dimensional thecory, commonly used to predict the minimum
second throat size for starting, which assumes a normal shock at the diffuser
entrance and sonic speed ot the second throat (normal shock swallowing

-6 -



. . * = (% . .
function™), gives i/h, = (A.1 pO/Ae PN = 8.6 = 0.616, a value which is 12
to 20 per cent greater than the experimental results. With this simple theory
Ag/Aé+ 0.6 as M » = so that the dependence on M is negligible and the effect

of the transformation on the Mach No. et the diffuser entrance may be ignored.

49

These results are in generazl agreement with published data’” for
closed~jet tunnels of similar liach number.

2.3.5 Mininum second throat size for running

The minimum second throat size for running was not attained because of
mechanical limitations. Fromthe present results and from the data of similar

4,9

tunnels °7, it is likely to lie in the range 0.1 < A;/Aé < 0,25,

2.%3.6 Maximum starting and flow breakdown pressure ratios

Fig.h(a) shows that, for an empty tunnel without a second throat, the
maximum pressure ratio for starting is pv/pO = 0,00105, This is considerably

smaller than the maximum found for an empty tunnel with an cutomatic (in
which the second throat is fully open at the start and is closed to the run
position by an actuating piston which draws its air supply from the scttling
chamber), and hence optimum, second throat which is pv/go = 0,00285, Break-

down pressure ratio is somewhat grester then the maximum starting pressure
ratio and has a maximum of pv/b = 0,0036 at A%/A = 0,25,
o} 2’ e
FPig.L(b) shows that for a tunnel with a model in the working section,
the maximum starting pressure ratio with no second throat is pv/?o = 0,00265,

which is a considerable improvement on the empty tunnel result and shows that
a model 1s quite as cffective as a fixed second throat. The breakdown
pressure ratio characteristic also shows some improvement over that of an

empty tunnel, and the maximum v~lue of pv/bo = 0,0048 at AE/Ae = 0.25 is
about 1% times the average pitot recovery at the diffuser entrance.

2.3.7 Effect of stagnation pressure on breckdovn pressure ratio

Fig.5(a) shows the effect of stagnation pressure on the breakdown
pressure ratio for the tunnel with a model (pitot rake). The model was
positioned 6 in, upstream of the nozzle exit, Fig.1(b), and flow breakdown
was determined from the pitot pressure profile. The characteristics show
that for a drop in P, from 750 psig to 40O psig there is a drop in pressure

recovery of 3 per cent over most of the range with a maximum of 12 per cent
X A - .

2.3.8 Comparison of breakdown pressure ratio characteristics for
different tunnel arrangcments

Pig.5(b) compares the breskdown characteristics at p, = 750 psig for

various tunnel arrangements. In general, the "free-jet" tunncl with a model
has a better pressure recovery than an empty tunnel, and a better recovery is
obtained with a model in the nozzle compared with one mounted in the working
section further downstream., The latter result may be associated with the
gradual nature of the breakdown process. (It should be noted that optimum
recoveries were not detcrmined because the optimum sccond throat sizes were
unobtainable due to mechanical limitations.,)
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2.3.9 Model blockage in a "freo-jet" tunnel

Model blockege charactcristics of a "free-jet" tunnel are distinectly
different from those of a closed-jct tunnel (sec section 3). High drag
bodies, for example, models 5 and 7 of Table 1 which did not cause blockage
in the closed-jet tunnel at M = 6.8, blocked the flow in the "free-jet"
tunnel, Further, a circular disc of only 1.125 in. in diameter blocked the
flow in the "free-jet" tunnel,

A number of low drag bodics, however, were successfully tested in the
"free-jet" tunnel. Representative of thcse was a hall-cone (14° semi-angle)
of 5 in. chord, and 2% in, span, which was tcsted at incidences of up to
30°, The addition of a delta wing of 5% in. span to this model, however,
caused blockage at the smallcr incidence of 24°,

2.3410 Conclusions on "free-jet" tunnel diffuser performance

In a free-jet tunnel of this type the flow trunsformation results in
completely supersonic flow at the diffuser entrance, rather than the more
general subsonic flow found in conventional free-jet tunnels.

The minimum sccond throat size for starting is between 80 and 88 per
cent of that predicted by a simple thecory for swallowing a normal shock.
The minimum second throat size for running was not attained, but it

probably lies in the range 0.1 < A;/Ab < 0,25,

The maximum pressure ratio for starting is pv/pO = 0,00285 or 7% per

cent of pitot rocovery at the diffuser entrance.

Optimum breakdown pressure ratio was not attained, but the maximum
rcalised was pv/po = 0,0048 at Af‘)/A.O = 0,25 or 1% times pitot recovery at

the diffuser cntrance, with a model. However, with an empty tunnel with no
second throat breakdown occurred at a considerably lower pressure ratio.

The "free-jet" tunnel was found to be very sensitive to model bluntness
and blockage occurred rcadily with high drag shapes, so that testing was
confined to low drag shapes. To remedy this defect in the tunnel's performance
a conical fairing is to be fitted at the nozzle exit to eliminate the regions
of separated flow,

3 MODIL BLOCKAGE IN CLOSED-JET TUNNELS

At present there is no accurate theoretical method of predicting, for
a particular model, wind tunncl and Mech number, the maximum possible model
size which will not block the flow, Generally, the maximum model cross-
scctional area is determined in the following menner (analogous to the method
used to predict the minimum second throat size for starting for a diffuser),

As a rough average for the complex starting process, an entropy
increase in the flow appropriate to a normal shock wave upstream of the
model is postulated, followed by isentropic flow with sonic conditions at the
meximum model section. For slender, low drag shapes a maximum of 60 per cent
of this theoretical arca is generolly allowable, For high drag shapes a
somewhat smaller percentage must be taken.

3.1 Correlation of blockage results

In order to study possible correclations of the results on blockage for
low and high drag shapes, further analysis has bcen made of some results
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which were obtained by Schueler5 for a range of cones and discs. This analysis
showed that at a fixed Mach number the moximum ares to avoid blockage for each
model was approximately inverscly proportional to the half power of its drag
coefficient based on base arca. Therefore, assuming that this property is

also true for other shapes, this suggests that drag coefficient to the half
power should prove to be a useful weighting factor, for comparing various

types of model, in the standard plots of the ratio of maximum cross-sectional
area to the area of the test section versus Mach number.

A plot of this type is given in Fig.6, where the actual results obtained
by Schueler arec plotted. As can be secn the correlation factor is effective
in collapsing results, from such dissimilar models as a sharp 30° total-angle
cone and a disc, into a definite band.

This band of results is alsc illustrated in Fig.7, where it is compared
with some results from Ref.6. In these latter results the drag coefficient
for each model has been interpreted as the drag coefficient for the part of
the body up to its maximum cross-section. Assuming that the trends shown in
this figure are also applicable for higher Mach Nos,, the curve representing
the lower limit of Schueler's results has been extrapolated up to a Mach
number of 7.

3.2 Comparison of trend of blockage results with R.A,E, results

At the higher end of the Mach number range the oxtrapolated curve in Fig.7
serves as a useful comparison with some results obtained at a Machnumberof 6.8
in the R.A.E. hypersonic tunnel. A complete list of these results is given
in Table 1. Of the models tested only a few were close to the permissible
optimum size, and of these in only two cases was the blockage in fact marginal.

One of these was for a model of hyperbolic profile, which was seen to
block the tunnel when o small pitot tube was placed close to it. The other
was a blunted cone of 90-degrces total angle, which blocked the tunnel only
on occasions when starts were attempted with the tunnel walls hot due to
previous testing. This effect wes caused by a decrease in the effective test
scction area due to increased thickening of the boundary layer on the hot
walls, whereas for the hyperbolic model the blockage was caused by increases
in the effective model cross-sectional area and drag coefficient,

Hence in only these two cases is the comparison with the trends
deduced from Schueler's results strictly valid, and, as can be seen in Fig.7,
for these cases the agreement is quite good.

4 STARTING LOADS

441 Description of models and test apparatus

A two-component strain gauge balance, Fig.8(a), and two models Fig.8(b)
and (c¢) were used for starting load tests. These were mounted on a traverse
sting which had slight backlash between the racked sting and its driving
pinion and guide. Preliminery runs were made with a cone-cylinder-flare
model and the temperature of the sting was monitored. It was found that runs
of 15 seconds could be made before the effects of convective heat transfer to
the model were transmitted to the balance. Hence all subsequent runs were
made shorter than 15 seconds and the balance was allowed to cool to some
equilibrium temperature before further runs were made. Calibration of the
balance at two different levels of temperature showed that the balance
calibration constants changed very little over the range of temperature
covered by the tests.

The outputs from the two bridges, which were D.C. energis¢d by lead/
acid accumulators, were recorded on fast response galvanomcters!, Fig.9.
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To ensure that thz gelvanomet.or was picking up the initial pulse the signal
was checked with a Tektronix oscilloscope and the shape of the trace was
found to be similar. The naturul froquencies of the two models were L4 ¢fs
for the delta wing and 30 ¢/s for the cone-cylinder-flare.

4e2  Description of the starting process

Initially, the air surrounding the model is at rest end has a pressurc
cqual to P To start the flow the quick-acting-valve is opcned and high

pressure alr enters the settling chamber., The normal shock preceding this
air processes the residual air and enters the diffuscer. When the starting
pressure ratio is reached (pv/pO = 0,006 at ¥ = 7) hypersonic flow is

cstablished around the model if the blockage criterion is satisfied.

The time taken for the starting process, therefore, depends on the
speed of opening of the guick-acting-valve and the initial pressure in the
vorking scction. Measurcments of the pressure in the settling chamber with
a Tast response tronsducer give time constants of 20 milliscconds for the
risec in pressure on opening the quick-acting-valve, and 600 milliseconds for
the decay in pressure on closing the valve.

If the flow starts symmetrically then the significant load on the
model producing bending in the strain-gauged sting, the normal force Z,
increases only with increase in dynamic pressure. Depending on the rate of
increase of dynamic pressure and the inertia of the model and sting, the
pueck load will be no greater then twice the final steady load (see, for
example, Ref.8 on the deflection of a cantilever produced by a suddenly
applied load).

L.3 Results of starting load meocsuremcnts

Runs wers made at two values of incidence, nominal zero and L4 degrees.
The vacuum tank pressure varied botween 0.05 atmos. and 0.22 atmos.

Fig.10 shows typical traces of model loading during a short run., At
the high value of p, = 0.2 ctmos., Fig.10(a), there was an initial kick

which produced a strain equal to almost twice the steady load. Damping
produced a steady load after about two seconds. Closing of the quick-acting-
valve is denoted by a dip in the loading trace and flow breakdown is shown
by a pulsc, the pezk of wnich is slightly lower than the stcady load.

Fig,10(b) shows the offcct of a much lower initial pressure
(pv = 0,05 atmos.) on the modcl loading, In this case the starting load is
less then the steady load, nrosumably bccause the flow is established at a
lower stagnation nrcssure. Domping time is unchanged but the stopping load
is indistinguishable on the trace,

FPig.11 shows the cffect of p, on the starting and stopping loads for
both models., The normal force coefficlent CZ for starting and stopping
increases with increasc in the pressure ratio (pv/po). At 4 degrces

incidence and at pressure retios less than about 0.1 times the maximum
cllowable for starting (pv/@o)max. starting the starting load is smaller

than the steady load, At higher pressure ratios the starting load was
greater then cither the stecdy load or the stopping load, but the peak
loading did not exceed twice the steady load, and the high loads were
obteined with high values of P, which would not normally bc used in this
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tunnel. The small magnitude of the starting load and its reduction with the
lowering of P, allows models to be set at incidence prior to starting, and

greatly alleviates the problems of balance design.

Later experience with axisymmetric models has shown that the tunnel
can be started with models set at incidences of up to 309, where the stress
in the balance produced by the steady load has been 30 per cent of the yield
stress, and no permanent strain of the balance due to starting loads has been
detected,

L.t Conclusions on starting loads

The storting process of this tunnel is very rapid. Measurements of
normal force and pitching moment on a delta wing and a cone-cylinder-flare
show that:-

(1) At zero incidence the starting load is negligible,

(2) At four degrees incidence, with the pressure ratio (pv/po) less

%hag 0.1 (Pv/Po%nax. startings ©tho starting load is less than the steady
- Oa [ ]

(3) At four degrees incidenco, with the pressure rotio greater than
0.1 (pv/po)max. startings the sterting load is greater than either the

steady load or the stopping load ~nd it increases with increase in pressure
ratio., The starting load did not, however, exceed twice the steady load,
even at the abnormally high pressure ratio of 0.6 (pv/bo)max. starting*

(4) Experience has shown that the tunnel may be started with models
at high incidence without causing permanent strain of the balance.

5 HUMIDITY MEASUREMENTS

The air supply to the tunnel is dried by the process of compression
and subsequent cooling, and the condensate is removed both at the interstage
drains of the compressors and at the oil/water separators. A valve ensures
that the discharge of air into the storage system does not take place if the
pressure in the separators is less than 300C p.s.i.

Measurements of humidity listed in Table 2, made in fact before the
installation of this valve, show that moisture which had condensed in the
storage system had not been entirely removed by draining. The air, however,
was sufficiently dry to avoid condensation effects on the flow in the tunncl.

LIST OF SYMBOLS

A plan area of model
Ae diffuser entrance area
Am maximum cross-sectional arca of model
AT aerodynamic test section areca (geometric test section area minus
boundary layer displacement area)
A; supersonic diffuser throat crea
/
c drag coefficient %)
D ! &
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LIST OF SYMBOLS (CONTD)
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q dynemic pressure
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TABLE 1

Details of verious types of model which have been tested in

the hypersonic tunnel at a Mach No. of 6.8

, : x A L 1
! \ . - Base ﬁvz M 5 Flow
N i H 1 o it —_—
| i todel | Longth ) g, i, i % condi tion
! ! |
' No, i i
' Conic sections: M i
o , (- | (Tn.) | (In.) | (A, = 43 sq. in.) (i = 6.8)
i Yy =2 Rx + Bx Nt | *
i |
1 | Hemisphere 3 = 1.0", R =1.25" 1.25 | 2.5 Ou11L 0.109 | Established
.2 E Hyperbola B = -0.671", R = 0.5" | 1.23 3,0 0.164 0.167 Establishe
! ! ! ?Marglnal
( 3 |Ellipse B = 2,0", R = 2.0" 3.0 2.83 0.146 0.162 | Established

L % 15° total-angle sharp cone 15.2 4.0 0.292 0.060 Established
| 5 '1/10 power lew body 3.0 2.23 0.0% 0.080 | Established
! \

6 | % power law body 3.38 | 3.0 0.16L 0.107 |Bstablished
| 7 | % power law body 2.25 | 3.0 0,164 0.118 | @stablished
i ry
. o A - Estaeblished
% 8 | 90° total-angle blunted cone 0.99 | 3.0 0.16L 0.182 (Mareingl )
E 9 | 90° total-angle blunted cone 0.94 3.25 0.193 C.219 Blocked
. 10 Disc N 3.0 0.6k 0.222 Blocked




TLZBLE 2

Humidity measurements

| s1ntd
Storage | Dew point : Lbsolute i;izzize
Date pressure | temperature| humidit (R fl dyto
(psig) (°c) (1b/1b§ sLerred 18
room temp. 15°C)

-/10/59 3000 -29 0.00031 Lol }

-/10/59 | 3000 ~40 0.000076 1 o1 [

-/10/59 | 3000 -0 0.000076 141 i‘D°wn2;ream
29/ 9/59 | 3000 ~21 0.00057 8.2 heater
28/ 9/59 | 1500 -29 0.00026 1.9 ;

28/ 9/59 | 1500 -35 0.0001 2 1.0 3
28/ 9/59 | 1500 ~38 0.0001 0.72
29/ 9/59 2300 -3 0.00021 2.3
| Upstream
29/ 9/59 | 2900 -28 0.00028 2.9 N of
heater
29/ 9/59 | 3000 -3l 0.00015 2.1
29/ 9/59 | 3000 -3 0.00024 3,0 |
29/ 9/59 | 3000 -3 | 0.00021 2.0 ‘}
- 15 -

W.7.59. %3, Printed im Ingland for H.%. Stationery Office by R.4.4, Parnborough
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TWO DIMENSIONAL WEDGE

NOZZLE
@)M=7(CLOSED—JET WORKING SECTION.) AIR FLOW
- —————-
F1g.3, 4,5 - F1G.5.
MODEL IN WORKING SECTION MODEL IN NOZZLE
766

(As ABOVE) FiG.2.
\ STATIONS
- 2 |

-— - - "
———‘~_._——--—""‘—- \.,J'l: ’
_ S — lf'F . —_
_—--—-———-—-—-— ‘*‘-‘- L :
—

7y S ——— S
AXISYMMETRIC NOZZLE

. X DIMENSIONS IN INCHES
(b)M = 86 (FREE-JET WORKING SECTION.)

FIG.. TUNNEL ARRANGEMENTS.
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60 | STATION
-] UPSTREAM WINDOW
2 DOWNSTREAM WINDOW
3 DIFFUSER ENTRANCE
50 i “/
h ]
“ XA, =136
l' | Az/ e”
!
*T ! /P, <o-00
Bl B,
x 10
30F
20}
o j
<
> 5
v Q
R,
< h
"
0 I 1 } 1
3 2 ! o ! 2 3
+ (INcHES)
(a) PITOT PRESSURE PROFILES
-3r
| L
P/P,
x 10%
st :l‘
<
2
-
4
o
o
0 { 1 1 9

*+ (NCHES)
(b)STATIC PRESSURE PROFILE AT STATION 2.

FIG.2.CALIBRATION OF THE EXPANDING JET.
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i (h.[E) AVERAGE AT DIFFUSER
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X
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o} ll ‘;. Pv/bc Z.'a 4 5'
x103
(@ EMPTY TUNNEL
er
RJF.
x 104
, =
@! T@ @T
L
o i e B/h 3 4 5

X 103
(b) TUNNEL WITH MODEL

FIG.3. VARIATION OF WALL PRESSURE (STATION
2 WITH BACK PRESSURE FOR VARIOUS
TUNNEL ARRANGEMENTS.



4 P, =750 psig——
/BREAKDOWN
\* /</ MA rvl1 M STARTING
X, XiMU A
\pd
3 BN
* 3 ‘(/\ \
Pv \ Po N \\ N
3
%10 ~ AN N
2 \\ \
RN
~N N\
~
N\
N
X
|
0 2 4 . -6 -8 (Ne} 1-136

(Q)EMPTY TUNNEL
\ Po = 7.‘3’0 psig
BREAKDOWN

Pvn: \\ '//? l
v

MAXIMUM STARTING
X 10®

o ‘2 6 -8 -0 1136

‘4
R, |Ae
(b) TUNNEL WITH MODEL IN WORKING SECTION.

FIG.4. MAXIMUM STARTING & BREAKDOWN PRESSURE
RATIOS FOR AN EMPTY TUNNEL & FOR ATUNNEL
WITH A MODEL IN THE WORKING SECTION.



X 750 .
A LICET)
4. -
RIF,
x 103 * - =
af "
la———MINIMUM STARTING SIZES
0527 AT P, =750 psig
el 0-54 AT P,=400 psiq
T ] i 1 ] ] J
0 -2 4 AE/AC e ‘8 1-0 136

FIG.56) EFFECT OF STAGNATION PRESSURE ON
BREAKDOWN PRESSURE RATIO
(SIGNAL FROM PITOT RAKE IN NOZZLE)

S
MODEL IN WORKING SECTION (P, SIGNAL)
\ PITOT RAKE IN NO2ZLE (F, SIGNAL)
4._
3 |-
R, |k
x 103

EMPTY TUNNEL

(P, SIGNAL) \
AN

Fo =750 psiq

| | | 1 i )
0 e 4 ‘6 -8 10 36
Ay [Ae

FIG. 5,b) COMPARISON OF BREAKDOWN

CHARACTERISTICS FOR DIFFERENT
TUNNEL ARRANGEMENTS.
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APPROX. LIMITING VALUES
OF EXPERIMENTAL RESULTS

010}
CONES : SEMI-ANGWE SYMBOL

I5° A

20° v

0-05 |- 23° o4

45° Q]

DISC : 0)

0 I ) { |

| 2 3 4 S

MACH NUMBER

FIG.6.CORRELATION OF BLOCKAGE,AREA RATIO v MACH No
FOR SCHUELERS RESULTS USING C’E AS A WEIGHTING FACTOR.
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r0-05

LIMITING CURVES FOR RESULTS GIVEN

IN FIG.6.

FLOW ESTA
MARGINAL

LOGARITHMIC

-
-’ -

-’/.

-

FLOW ESTABLISHED

(MODEL S12ZES NOT
OPTIMUM)

RESULTS FOR MODELS IN HYPERSONIC TUNNEL. (R)
WHERE n DENOTES No.OF MODEL LISTED IN TABLE I.
RESULTS TAKEN FROM REF. 6

Bg

o -
"‘8—

-t
v

-
Lo—"

EXTRAPOLATION——— o .~

U
8

SYMBOL

MODEL

A

14-6° CONE - CYLINDERS

v

19:7° CONE - CYLINDERS

o o

27-6° TO 36-6° CONE~ CYLINDERS

\4 ©

DIsSc

A o

HEMISPHERE - CYLINDERS & SPHERES

OPEN SYMBOLS ~ START
SOLID SYMBOLS ~ BLOCK

HALF SOLID & HALF OPEN SYMBOL.S A MARGINAL

-~

3

4 5
MACH NUMBER

6

FIG.7. COMPARISON OF THE TREND OF BLOCKAGE RESULTS FROM FIG.S6.
WITH THOSE OF REF. 6,& RESULTS FROM THE RAE. HYPERSONIC TUNNEL.
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MAX. DEPTH = ¢ AT BASE

(b) DELTA WING MODEL.

@ BRIDGE CENTRE. DIMENSIONS IN INCHES

ull

4 024

(c) CONE-CYLINDER-FLARE - MODEL

F1G.8. DETAILS OF MODELS USED FOR
STARTING LOAD MEASUREMENTS.




STRAIN GAUGE BRIDGES

— \
NORMAL MOMENT
FORCE
4.
V{ =4 VOLTS
=
| )
] A'
50.n.§ W
250, 250
— WWW——2 — WWW——¢
| O——mww.

GALVANOMETER TYPE C 227/i2¢ OIL DAMPED)
12 CHANNEL RECORDER TYPE LT I-il,

FIG.9. D.C, BRIDGE CIRCUIT USED FOR RECORDING LOADS DURING STARTING.
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PEAK STARTING STEADY

LOAD LOAD STOPPING LOAD
0 o2 04 06 22 24 26 28 30
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(a) p,= O2 ATMOSPHERES

My \

-

0 a2 04 06 2.-8 3 o 32 34 36
TME (SECS)
(b) p,= 005 ATMOSPHERES

FIG.IO.GALVANOMETER TRACES SHOWING
VARIATION OF STARTING LOAD WITH VACUUM TANK
PRESSURE,PVCDELTA WING MODEL AT 4° INCIDENCE,)
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STARTING )
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-] 4 A 1 1
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(B /)

FIG.1l. EFFECT OF VACUUM TANK PRESSUREP

ON STARTING AND STOPPING LOADS
ON MODELS AT M=68.
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THE 7 IM, X 7 IN, HYPERSONIC U/IND TUNNLL AT R,A.E. FARNBORODUGH PART IV =
MEASURCICNTS OF DIFFUSER PCLRFORMANCE, BLOCKAGE, STARTING LOADS 41D
HUMIDITY, Crane, Je Fe 1l, and Woodley, Jes G Decanber, 1962.

The performance of the diffuser is analysed, (a) for a conventional
closcd=jet tunnel :/Ath a twe=dinensional M = 7 nozzle, and (b) for a type of
free=jet tunncl rosulting froan the combination of an axisymmetrie li= 8.6
nozzle and a two~dinensional working seetion,

Sme results of nodel blockage are given together with a new correla~
tlon of closed=jet tunnel results,

Starting loads neasured on two modcels show that the load varles with
back pressure and nay be rcduced to Insignificont size,

Hunidity mecasuruents show that the technique of drying=by-caipression
is satisfactory.
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