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SUMMARY

The use of air injection in the diffuser of the A.R.A. supersonic
tunnel has been investigated to determaince the decrease in running and
starling pressure ratics obtained at a givon Mach number. The tests were
made 1n a 4 i1n. X L an. working section tunnel operating with atmospheric
downstream pressurci the majority being conducted at M = 3,15 giving
a Reynolds number of approximately 2.4 millions bascd on tunnel heaght
compared with 5.4 millions for the full scale tunnel, Air injection at
tunnel stagnation pressurc was made at two slots in opposite wallas of the
diffuscer at a distance 4 tunnel heights downstream of the working section,
This 1nitial portion of the diffuscr could be contracted to determine the
most efficient ontry conditions to the anjeciion section., The angle of
injection was 15° to the tunncl axis at a constant Mach number of 1.63.
Control of the direction of the injecled stream and size of second throat
was provided by adjustable flaps downstream of injection.

It 1s shown that the use of 420% by-pass injcction at
M = 3,15 permits the starting precsure ratio to be reduced to 3.2
from valucs in excess of 4.0 and the running pressure ratio to be
reduced to under 3.0; both figures being obtained with a reprosentative
model and support in the working scction. It 1z also chown that further
decrease in pressurce rabtio can bo obtaincd with the use of larger
injection quantities,

In addition to the main tests the effects of model incidenco
and a hole in the Tloor of the working section wore investigated. Alco
three datfeorent subsonic diffuscr shapes werce tosted in the prescnce of
the disturbed flow from the supcrsonic diffuser. The rosults of this
lattor test indicated that 1t 18 esscntial to maintain an expansion
rate equivalent to a 6° cone or less even 1f 1t means decrcasing the
expansion area ratio of the subscnic diffuser.
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Introduction

The matching of compressor charactorasties to supersonic tunnel
characteristics has been the subject of considerable investigation in
rccent years. Two solutions have become quitc evident as a result of these
enquiries. Bither 1t 18 necessary to sclect a comprossor system which in
1ts various combainations will approximate to the required tunnel
characteristic, or a particular compressor characteristic must be accepted
and somc of the air must by-pass the working section to obtain the higher
Mach numbers. The latter has until recently been accepted as a necessary
wastage, but investigations into the benefits of injecting high specd alir
into the diffuser have shown that there are considerable advantages to be
gained. American experiments {Rofs. 1 and 2) first showed that the
pressurce ratio requirements could be very appreciably reduced by
1njecting alr at moderate supersonic Mach numbers along the supersonic
diffusor. Calculations on cne-damensaonal theory showed that decreases
of pressurc ratio would occur as a result of the high energy imparted
to the strecam at the injector. By analysing the momentum and total
energy of the system, good qualitative agreement with experiment was
achieved. No account however sould be taken of the varying shapoe of the
frece stream boundary of the injected jet and ats coffects on the
deceleration of the air from the working scction. This American work
has also demonstrated not only the benefits of diffuser injeclion but
the offect of some of the very numerous variables of geomectry and flow
conditions. Some of these factors, particularly the model and suppori
congtrictions at the entry to the diffuser vary to a largoe degree betwoon
one application and another. It is, thercforec, important that any
diffuscr system designed on the basic principles of Ref. 1 should be
tested on a small scale before finalising the full scale design.

Faiz. 1 has been prepared to show how 1t 1s thought by-pass
anjection will improve the pctential poerformance of the A.R.A.
23-ft X 24-ft suporsonic tunnel now in process of construction. This
tunncl hag been desagned to operate with a Brown Boveri axial flow
comprossor which has a pressure ratio at surge of 4.2:1 and has a
pressure ratio ve., weight flow characteristic at motor synchronous spced
as shown in Fig, 1. The cstimated characteristics required from a tunncl
of thas size wath and without injcction arc also shown. These curves
have been based on assumed pressurc ratio vs, Mach number charactoristics
for difforent diffuscrs as plotted in Faig. 2. Curve A in Fag, 1 labelled
tynthout injector! is replotted from tho curve for the simple davorgent
diffuser in Pig. 2 while curve B labelled ‘with injecctor! from the
assumed values of prossure ratio using injection.

Piz. 1 demonstrates that the benefits of injection are
complementary. The more the injection is successful in reducing the
requared pressurc ratio, the groator is the mass flow avairlable for
injection. For example on Fig, 1, 0Z represonts the mass flow
avarlable from the compressor at a pressure ratio of 2.75. 0Y 13 the
amount nceded by a tunnel with a simplo divergent diffusor and thas
would, therefore, leave YZ as the mass available for injection inte
the diffuser. This implies a certain rcduction in required pressurc
ratio, e.g., some point between ¥ and X - which grves more mass
flow available for injection until the procoss 1s finally stabilasecd
at somo point X. In othor words, 1f tho bonefats of injection are
so great ag to reduce the pressure ratio characterisiic to the value
ghown in curve A on Fig. 2, then at a Mach number M, the pressure
ratio required by the tunncl 1s reduced to X and the masg flow
avallable for injection 18 WX. If curve A is achieved in practice,
then the amount of air available for injeclion 1g shown in Fig. 3.

In terms of potential Mach number range of the iummcl Fig. 1
suggosts a possible increase in the maxamum Mach number from near 2,8

to more than 3.5: a very significani and worthwhile gain. /
In
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In order te subsbtantiatc these predictions, tests have been
made with injection on a model with the goometry of the particular
diffuser proposcd. The varicbles investigated were:-

s

(1) The effect of convergence of the diffuser from working
scction to injector section.

(2) The effect of convergence of the diffuser between the
injoctor section and minimum section downstream of
anjector.

weight flow through by-pass
weight flow through working section

(3) Injcctor mass ratio, 1.e.,

(h) The effccts of adding model, model support and balance, and
cut out in working section floor.

Tosts were also made on three different subsonic daffusers to
dotermine the optimum shape for use with these mixed entry flow
conditions,

The tests described were made at the Royal Arrcraft Establishment,
Bedford from April to Cctober, 1955.

2., Modecls and Apparatus

2.1 Mugt Equ;ﬁient

The tests wore made 1n the High Speed Laboratory at R.A.E.,
Bedford. This facility was capable of operating a 4 in. X 4 in, tost
section at pressure ratios up to 3.8:1 and also providing sufficient
flow for large injection at the higher Mach numbers. The return line to
the comprecssor was vented to atmosphoric pressure giving a tumel
stagnation pressure cqual to the pressurc ratio in atmospheres. This
arrangement had the great advantage that one reading of stagnation
pressure immediately provided the pressure ratio at which the tunnel
commenced to run at supersonic speeds, or broke dovm supersconic low
to subsonac.

The dryness level was ab all timces kept at a dew point of the
order of —40°C by feeding dry air into the atmospheric vent chamber,
thus any inspired air was completely dry. A by-pass drying system was
also in continuous use. The stagnation temperature was approxaimately
10=C,

2.2 Contraction
A tcak contraction piece was ibted beitween the low speed

contraction in.the prossure shell and tho two~dimensional contraction
at the upstream end of the liners. The position of thais is shown 1in

Faee L.

2.3 Working Scction

4 lazght alloy box constructed of {-in, thick side walls
scparated by 4-in. wide channels, 22.5-in. long provided the structure
into which the working section liners were fitted., The linors, 4-in.
wide and 22,5-1n. long were made of teak and preofiled to give a Mach
nunber of 2.2, Details are shown in Fig. L.

In order to obtain Mach numbeors botweoen 3.2 and 3.5 the
¥ = 3.2 liners were rotated to give a change in arca ratzo
corresponding to the higher lach numbors, by this method M = 3.42

was/
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was achieved with a fair distraibution. The resultant step an the
contraction produced no noticeable cffects on the Mach number dastribution,
Static pressure tappings were spaced at 1-in. intervals along the centre
of the side wall of the tunnel. These were 1/32-in diameter holes drilled
from the inside surface to moet 1/8-1n. copper tubing which had been
screwed in position from the ouiside, final sealing was achieved with
Argldite.

2.4 Supersonic Diffuser

Dotails of this are shown in Pig. 4. The daffuser was made of
gtecl and was symmetrical about a horizontal centre plane. The top and
bottom flat plates between working section and injector slot could be
adjustod to give any of 5 different contraction ratios from 0.7 working
gection heights to 1.1 working section heights. The injector slot could
be adjusted whilst running by the external controls as shown, and also
the setting of the flaps downstrcam of the injector slot could be
adjusted whilst rumning., These adjustable plates were sealed at tho edges
with baize which afforded easy movement with a minaimum of lcakage %o
atmosphere. The backs of the hinges were sealed with sheet rubber as was
a slading Joint betwoen the supersonic and subsonic diffusors. The side
walls of the diffuser were made of é-ln. thick 'perspex! to permit
shadowgraph flow visualisation. The diffuser was maintained parallel at
the working section width up to the ingector slots and from therc a slight
wall divergencce was incorporated to give a resultvant expansion ratio between
begimning and end of diffuser of {.4:¢1. The injector was arranged to give
a constant injection Mach number of 1.63 irrespective of injection quantaty,
the maximum anglec of i1njection being 15° to the diffuser centre line at
small injection gquantities.

Static pressure tappings similar to those in the working section
worc spaced at intervals along the centro of the side wall of the diffuser,

2.5 BSubsonic Diffuser

For the majerity of tezts a long 5° total angle diffuser was
used; this had an area ratio of L:1 and provided a smooth transition from
the square end of the supserscnic diffuser to the circular scction of the
downstream leg of the tunnel. This diffuser was made of teak. Two other
diffusers were tosted to determine the effects of dafferent expansion
ratiog and cxpansion angles, The first expanded at a 10° included angle
for an area ratio of 2.5:1, the sccond expanded at a 5° included angle for
an area ratio of 1.7:1 with & rapid step expansion to give a total ratio
of 2.5:1. Dotails of thesc ars shown in Fig., 20.

Static preossurc tappings along the side wall were available.
2.6 Modol
The model 1s a cone-cylinder body with a larger balance body
fixed to the quadrant which 1s 0,22-in. thick. The halance body could
be mounted at 0°, 22.5° and 45° to the wand stream. Details of model,

guadrant and balance body are shown in Fig. 5.

2.7 Plow Visualisation

Simple shadowgraph observation of the diffuser flow was made
using a mercury vapour lamp shining into a L-in. plane, surface-
aluminised mirror and then through the diffuser walls to a translucent
paper screen. Flow pagt the model could not be observed.

3./



3. Procedure of Tests

It should be noted that the object of these tests was to
investigate various design featurcs which are particularly appropriate
to the A.R.A. supersonic tunncl, The testo dad not set out to be a
complete investigation into the function and nature of by-pass injection
nor was 11 an investigation into the effects of the many variables
associated with supersonic diffuscrs. As a result of this approach,
various ad hoc tests were made to demonsitrate the validity of certain
desagn features. The objects of the tests may be onumcrated ass

{1) To determane the valucs of the starting and running
pressure ratios with dafferent injection quantities, diffuser
sgttings ond Mach numbers.,

(2) To detcrmine the effects of mounting a ropresentaltaive
quadrani and model in ihe working section of the tunnel, on the
cptunum valucs derivel for the crpty tunncl.

(3) To detormino the optimum subsonic diffuser shape.

Most of tho tosts were made with the M = 3,2 liners which
gave a falr Mach number distribution as shown in Fig. 6, the gencral
lovel of Mach number being about 3.15. This discrepancy was duc to the
uso of an 1ncorreci boundary layor allowance.

The starting procodurc was to raise stagnaiion pressure rapidly
to a value giving a pressure ratio slightly less than that requircd for
full suporsonic flow in the working scction., The pressurc was thon
increoased slowly until the supersonic condition was attained., The valuc
at which the working scciion ran fullysuporsonic was notod as giving tho
minamum starting pressure ratio. At thesc higher Mach numbcrs the change-—
over from subscnic to supsrsenie flow in the working section was
accompanied by a distincl change of noisc level from the tunnel. This
arises from the turncl shock moving rapidly from a positron upstiream of
the model to the ond of the supersonic diffuser. A similar change of
noise level was noted whon the flow changed from supersonic o subscnac
1n the working scction. This change of sound was usced as an indication
of 1he changoover from one flow condition to another.

L, Dascussion of Results

Le1 K = 3.15 Starting and Running Prossure Ratios: Tunnel limpty

.1.1 Wrth Parallel Daffuscer Ahead of Injector Slot

Fags., 7 and 8 show how the pressurc ratio varies with percentago
by-pass flow and sctiings of the downstroam diffuser flap., It can be seen
that

(1) As oxpected, the pressurc ratio decrecases appreciably with
ncrease of by-pass mass {low,

(11) The optimum flap setting increcasocs with incrcase of by-pass,

(111) Closing the flap beoyond the optimum position has a marked
advorse effect on ihe pressure ratio but opening the flap has
a much more gradual cffect.

These last two effcets of the downstrecam flap setting can ho
explained by pointing out that the purpose of these flaps is to control
the degroe of expansion of the injected stream inte the free sircam.

Honce/
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Honee, up to a point, closing the flaps, i.e., incrcasing the amount of
expansion, dccrcases the size of the acrodynawmic sccond throat, giving
progressively morc efficient diffusion. Ultimatoly, however, 1.c., beyond
the optimam selting, further closing of the flaps creatcs a chcked tunnel:
a large increasSc in pressure ratic rosulis and there 18 2 breakdown of the
supersenic flow 1a the working section. With incroasing by-pass flow, thie
choked condition is produced with less closang of the flaps.

The optamum valucs of pressure ratio for the starting and =uwming
conditions from Figs. 7 and 8§ are given in Fig., 9. Thas fagure 1llustrates
the rather unoxpectod featuro ihat the starting and rurning pressuro ratios
are very similar and do not exhibit the largo differcnce that is dcmonsirated
in theory. This feature as also found from results of by-pass injection
i Ref. 1. It was also found that the setting of the downstrcam flaps did
not have to bo changed much to achicve the optirum running and starting
values {(Fig, 10), This can probably be atiribtuted to the particular
configuraticn cf daffuscr uscd in thoce tests as the long diffuser entry
from werking scction to injecteor provides very lititle recompression. As a
result of thas, in the yunning condition, the Mach number of tho main
gtream at the injector 12 vory similar to the woerking section Mach numbor
and the injected arr has a tondency to cxpand freely anto the free stroam
crecating a counstant prossure boundary. Tho boundary of the injocted air
creates an acsrodynamic cocond throat which recompresses tho air of the free
strcam until the wholz flow breaks down through a normal shock ncar the
throat of tho downstroam flaps. In tho starting condition, on the othor

hand, the static rressurc in the injected stream (M = 1.6) a8 less
then the local stabzc prescure xn the maan stroam which is subscnic and
near to the total head pressure behind g normal shock for M = 3,15 at

the end of tho rezzle., The injecied stream actually coniracts during the
starting proccss and bence helps the tunnel to start, BEvidently only a
small gecomotiire openlng of tho flap 18 then required to give an
aercdynamic second thrcat size large cnouzh to permat starting. It as
shown in Fig. 10 that .~z by-pass ratios greator than 90%, for optimun
performances the {laps nctually have to bo closced more duriag starting
than for running. This 12 not so at low by-pass ratios - then the flaps
necd to be opomed morc durinyg stariing.

It follcows, thorcfore, that the near-coincidence of flap scttings
for starting and runaing would not ncceasgarily apply for other strcam Mach
numbers or 1f ihe Mach n.mber of tho injected stream wero daifferent or af
an aitempt was made to rocompress the main stroam significantly prior to
injuection for thoe romning condilion.

Lo1.,2 ¥W:th Convergont Diffuser Ahead of Injcctor Sloi

Figs. 11 and 12 21lustraie the effects of contracting the flow
from the woricing secctwcn before the injcetor slets, the amount of
contraction being quoted as a rerechtage of the working scefacn size.

The running pressurc ratios cnov a very marked improvoment with increase
of contractzon to 90% bat very latile gain 1s to bo achieved by
incroasing o 80%. Rosults of tosts with 70% coniraction showed a very
marked anecroace irn thoe reogquared pressure ratio. Results for the stlarting
condition rhow aa zmprercment in gsariling pressurc ratio wath increase

of contraction for the lower values of by-pass, but for by-passes greater
than 80% the optimum conlraclicn appears to be 90%. The causcof this
must boe associated with the mixing procoss downsbream of the injector.
The starting mechanism ig also largely affocted by the state of tho
boundary layer in the convergent entry and this waill be controlled fo

a varying degrco by the ingocted stream.

Shadowgraph observations helpoed Lo confarm theso results and
to 1ndicate the boundaries of the maxed {icws. The presence of the
expansion of the injected stream during runaing was indicated by a

fairly/
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fairly strong oblique shock from the upstrecam 1ip of the anjoetor whach
coaleeced wath the tunncel broakdown shock to form an X shock: the normal
rortion of whach waz in the main tunnel stroam, the two cblique portions
boing in the injccted stream. Further shadowgraph observations chowed

the proscnce of weak oblique shock waves in the initial straight porticen of
the diffuscr increasing in strength as the contragtion of the cntry to the
diffuser incrcased. Thesc, howover, did have a roasonable cffcct in
decreasing the Mach numbcr, as pressurc readings for the maxaimum contraction
sctting of 70% indicatcd that the Mach numbor had dropped to about 2.0 before
entering the injector scctaion.

Theoretical results from Ref. 1 also indicate the benefit to be
derived from a contracting passage before the injector but in that case the
contraction was shortor and shosed improved efficrency right down to the
maximum contraction of 0,72 x vorking scction hoight, for a working scction
Uach number of 3.0 and an injoction Mech number of 1.5. This theoretical
case, howevor, assumced injeclion parallcl to the axas of the diffuser and
the maxamum contraction was defincd by recompression to M = 1,0 at the
entry scetion to the anjector. Both conditions would be difficult to attain
in practice.

These results show, therefore, that wath the arrangoment tested,
in which tho diffuser entry converges at a constant angle to the point of
injcetion, a limited increase in overall efficiency can be gained from
roccompression in the diffuseor entry.

Although 1t was not expoctod that convergonco would amprove the
starting pressure ratio to any large extent, 1t was considered possible
that o dafferent goometrical arrangement with a fair amount of convergonce
might 2mprove the running pressure ratio, particularly 2f the angle of
convergoncec 1o made steoper with a following parallel portion to establish
steady flow at a lower Mach number. A modification of this form will
probably result in a poorcr starting pressure ratio but this is of littlo
conceoquence whon the diffuser i1s used in combangtion with a flexible
nozule. These remarks arce at present purely spoculative but 16 will be
resnible to investigate thosoe geomoetry offucts in the full scaic tunnol
whose mechanical design bas been arranged with this in mind. The remarks
arc mecludod horce merely as a suggestion that with a dafferent geometry,

a convergenco ratio lcos ihat 90% might be beneficial wheroas with tho
goometry as tested, 90% certainly 1s about the best valuc.

In Fags. 13 and 14 the optimum flap settings arc given, the
change of flap sottang with by-pass agrcos very closely for the parallel
and 90% diffusor cntry but for 80% contraciion the variation of flap
cetting shows a marked daivorgeonce. At the highor by-pass the flap setting
has to be considerebly larger to compensate for the effuetave increasec of
injector angle, at tho lower by-pass the flaps can be set in further to
maintain near continuity of slope with the angle of the first diffuser.

4.2 Effcct . of Support Scctor on Diffuscr Efficicacy

The representative model support scetor ig shown in Fig. 5.
For those tosts tho model and balance body were not proscnt. The
results are shown in Fig. 15 for the threoe diffuscr contraction ratios
(100%, S0% and 80%).

The prescnce of the scctor tended to creatc an instability of
the shock system 1n the diffuser which gave rise to different values for
vressure ratio being obscrved, Sometimes the tunnel breaskdown was the
same as that described for the cmpty twmel but at other times a strong
pair of obligue shocks could be obscrved from a szeparation a little
upstrecam of {1ho injcction poant. When this condition occurrcd the pair
of obligue shocks were unstable and oscillated betwecon the position Just
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upstrcam of the injoction point and a position just downstream of the
support scctor. Whon the shocks were observed in the latter position

the tunnel broakdown occurred an the normal manner downstrcam of the
wnjector. There 1s cvidence as shown in Fag., 15 that these two types

of ditfuser flow give risc to daifferent diffuser efficiencies and hence
different overall pressure ratios. The changuover from onc type of flow
to another is dependent upon by-pass gquantity, the higher the by-pass

the better the diffuser efficicncy. During the test 1t was possible to
obtain cxact repeatability from day to day to dcmonstrate that the
difforent types of flow are quite consistent. The curves of Fig. 15

give the impression that 1t was possible to obtain two values of stariing
prossurc ratio for onc valuc of percentage by-pass in the region of 90%
to 100% by-pags. The tests dad in fact give consistent valucs of pressure
ratio for 90% by-pass which were lower than those obtained for 100% by-pass.
On the other hand, 1t was found that for the 90% diffuser setting at 70%
by-pass two dafferent values of running pressurce ratio could be obtained
in repeated tests.

Instead of there being 1ittle drfforence between the pressurc
ratios for 80% and 90% convorgenco, tho 90% valuc is seen to be definitely
the optimum i1n +he presence of the scoctor. Converging the diffuser furiher
madc 1t impossible to start the tunnel at by-pass values greater than 70%.

In geoneral, as might be cxpected, the prescnce of the sector at
the cntry to the diffuser improves the cfficiency for the running
condition but decrcascs the efficicncy for starting., At the higher by~
pass rates, however, both run and start conditions arc improved.

L+3 Bffcct of Model, Balance and Scctor on Diffuser Efficiency

To determine the effeets of model disturbance on the efficiency
of the diffusor a ropreosentative balance body was mountod on the sector
as shown in Fig., 5. The results of teste on the configuration at zero
incidence arc shown in Fag. 16. Also included in this figurc arc the
results for the scetor-only condition to act as a comparison. Fig, 16
gives resuite for the 90% diffuscr ontry condition.

The presence of the model and 1ts associated wake has the cffect
of climinating tho special flow conditions which were found to prevail in
the 'soctor alone' configuration, and the resuliing pressure ratlo curves
conform morc to thosc of Fag. 11 for thc empty tunnel case. Comparison of
Figs. 11 and 16 dcmonstratcs however that therc isstill an advantage to be
gainod from a disturbancc in the working section in triggering off a shock
rccompreossion system in the runming case, but the starting conditions
roquire a pressure ratio 5% higher than that noeded for the ompty tunnel,

Loy RBffoet of a Hols in the Floor of the Working Scction

Tho requirements of large incidonce an the full scale tunnel
have made 1t nocossary to have a hole in the floor at the rear of the
working soction to accomodatc the balancc body., In order to determine
tho offccts of this hole on diffuser cfficioncy, measurcments were made
of overall pressurc ratio for the 'sector alone! condition with a hole
an the linor floor (0.2 tunnel height wide X 0,75 turmel height long).
The results of this test are compared with the 'sector alone'! casc with
no cut out in Fig. 17. The most interesting foature of these results 1s
the way in which the disturbance crcated by the hole in the floor
modifios the flow in the starting condition, and does in fact considerably
improve the officicncy at tho lower values of by-pass flow. The flow
instability duc to scparations which were discussed in Section 4.2 have
beon stoadied by tho changes of flow condition in the working section and
have resulted in an improved flow in vhe diffuser and at the ontry to the
injuction scction.

The/
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The pressure ratio for running conditions shows a small incrcase
at thc higher valucs of by-pass but in general corresponds very closely to
tho conditions fur Lhe plain working soction.

L5 Effcct of Balance Anglo in Working Scction

To obtain a recalistic picturc of the performance of the full
scale supersonic tunncl 1t was nccessary to detormaine the effccts of
changes of model attitude on the requircd prossure ratio., The model for
these tests however was only a repregsentative cylindrical body Fig. 5
as 2t was not safc to test a lafting wodel under starting and shut-down
cenditions in the model tunncel. It 18 considered that this model would
creato a ropresentative flow condition.

Pig. 18 showsibe resull of these tests with balance angles of
07y 22° and 45" for the minimum muming prossurc ratio. Contrary to
expoctation the 22° scetting provides tho most officiont conditions being
vory slaighily better than the 07 scetting. The results show that 5% oxtra
prossure ratio ig requaired to run tho tunncl with a model at 45¢ incadence.
Results for starting pressurce ratio, which arc not included in Fig. 18 show
that the starting pressurce ratio for the 09 and 45° scttings are almost
rdentacal but the 22° setting requires about 4% less pressurc ratio.

Iater tests on a model wath a large delta ving at M = 2.0
have indicated that an increase of vressurce ratio of about 5% 1s requarcd
from 0° to 22° aincadeonce. At M = 3.15 with the same model 1t was

found that an ancreasc of 4% was nceded for the minimum running pressure
ratio from 0° to 22°,

o6 Effcct of Increased Mach Number

In order to check the effeet of daffuser configuration at haghor
Mach numbers the laners which wore uscd for tho previous teosts wore
adjusted to give Mach numbors of 3.22 and 3.42. In both casez the Mach~
number dastribution was saticfactory. The most significant foaturcs that
resulted Crom thesc fosts was bthe nced to cxpand the ontry of the initaal
part of the daffuscr to 110% of working section sizo at M = 3.42.
Diffuser settings whaich dad not include this expansion would not permit
starting. This effoet must be ascociated with the increasoed cxpansion of
the 1njectoed sircam creating too much blockage for starting. This cffect
might be cxpected bocause the pressurc of the main stream drops with
increase of working scciion klach numbecr and so causes the injected streoam
to cxpand more into the mainstream, at the same time the size of the
pertissible sced throat for starting changes only very slowly according
to

_-— - 3

2 2 ]
Arca of sccond throat - W+ 5 ™ !
Area of worliang scection ‘VITMZ ~ 6M2

It should be poscible to improve the running prussurc ratio
for M = 3.42 by closing the diffuscr whon 1t has startud in the normal
manner of counvergent-divergent diffusors but this could not be
demonstrated in thoso tosts.

Fig. 19 shows that thc advantages of injection continue for
the hagher Mach numbers but at theso valuecs a higher injection Mach
number could probably be used to advantage as 1ts choking effects would
be reducced.

5./
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5. Rclationghap of Injection Results to Compressor Characteristic

It 18 of interest to examanc how these results rclating by-pass
flow, pressurc ratio and Mach number match wath the compressor flow
characteragtic. The operation of a tunnel from a fixed gpced conprossor
havang once charactoeraistic i1s very dafferent from an experimcntal test
plant wherc all quantities may be varicd independently.

In Fag., 20 tho results of these teosts have beon used to show
how variation of quantity of by-pass flow varies the operating
characteristic for any Mach number. The curves of constant Mach number
are derived from the experimental resulis of variztion of pressurc ratio
with by-pass flow. Tho inlersecclion of & Mach number curve snd the
compressor characteristic gives the optimum tunncl setting for that Mach
nunmber, i.c., 1t g2ves tho minamun pressurc ratioc. Oporation at any other
point on the constant Mach number curve reguires less mass flow than the
compressor providus at that pressure ratio and sc the tunnel will in fact
oporate at a highor pressurc ratio corrcsponding to a point on the
compressor characteristic which provides the rcquired mags flow. For
example the constant Mach number curve I on Fig. 20 has an optimum
getting at 4, any other tunncl setting gaiving less by-pass flow will
move the operating point to B and the comprossor wll actually run at
a point on 1ts characteristic corresponding to C, Thus from the
operating point of vaiecw the injector flow may be sct to any valuoc on
a constant Mach number line betwcen the compressor characteristic and a
line representing the mass flow at surge.

From the results in Faig. 20 2t appcars that the final limitation

on Mach number will probably be the mass flow available for injection
rather thon prossure ratio.

6. Subsonic Diffusecr

As a finnl detalrl in the design of the full scale tunncl it was
desirable to test the offuct of differont subsonic diffuser shapes. As a
standard Tor theoe tosts a long slow diffuscr was usced with a 431 cxpansion
ratic and a %° included angle. This gave a completely smooth transition
from sguare to circular, and was designated diffuser 4. Two othor
diffuscrs werce tested and comparcd with this on the basis of overall
prossurc ratio., Diffuser B also cxpanded a2t a 5° included angle to a
ratio t1.7:1 where 1t expanded at a step to a ratio of 2.5¢1 and remained
pvarallel for 3 tunncl heoaghts boforo fainally oxpanding at a step to a
ratro 431, Diffucer € mnitaally oxpanded at 10° included angle to a
ratio 2.5:1 and remained parallel for three tunnel heights before expanding
at a stop to a ratzo 4:1.

The rosulte are given ain Fig. 21 and show that therc 13 quite
a congidorable dafferonce between diffusers B and € the former being
considerably more cfficient despite the lossges at the extra step. It is
shown that diffuscr B 18 quate as cfficrent as the more ideal daffuscr
A for the running conditions and docs in fact show an improvoment in the
starting casc. This latter cffect muat be asscciated with the bzlance of
losges between the friotion of a long uniformly cxpanding duct and preasure
rocovery of an c¢xpansion at a step. It 1s of intecrest to notc whon
comparing diffusors B and € that dcspite thce presence of tho poor
entry conditzons that must prevaill in both diffusers there i1s stall
considorable pressurc to be rocovercd by keoping within the accepicd
expension ratc of 6° for diffuscr.

1./
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Conclusions

(1) Using by-pass 1njection in the supersonic diffuser of a
tumel runaing at M = 3,15 has the effeet of decrcasing the
reguircd pressure ratio from an estimated value of at least 4.0
with an ailjustable diffuser down to 3,0 with o by-pass flow
quantity of 1.2 X working section flow. This pressurc ratio could
be further deercased by the use of larger anjection quantities.

(2) m wmproved efficieoncy could probtably be obitninced with a
shortened entry portion at the front of the daffuser but the
possible amount of contraction woald probably be limited by the
chekang effoet anducod bythe extra cxpansion of the injoected stream.

(3) At the hagher working scction Mach numbers an increase of
injcection Mach numbers would deercaso the anount of expansion of
the injected stream and would permat additional contraction of the
diffuser onbry grving improved DProssurc recovery,

(4) The preconce of a modol support sector at the ontry to
the daffuscr gives improved diffusor officicncy in both the running
and starting coaditions for high valucs of bLy-pass. Apert from the
cxpectcd increase in cfficioncy duc to the creation of obliguce shock
waves by the sector in the running condition, iherc also appears 1o
be a medified shock systom in the daffuscer which gives proessure
rcecoveries better than those achicved for the ompty tunncl.

(5) The prescence of a model and balance mounbed on Lhe scctor
in the work.ng scction hag the offcet of decrecasing the running
presgsure ratio below thot roquived fer the cmpty twncl, but Sﬂ
greater starting pressurc ratio 1o roquarcd.

(6) The ¢ffcet of model incidence 1s showm to be qurte small
but the model did not carry lafting surfaces which would create a
true wako.

(7) Teoote on threc subsonic daffuscrs follovang the supersonic
diffuser indicate that 1t 1o essential to saintoin an oxpansion ratoe
cquivalent o a 6° conc or lors. It would appoar from thesc testso
that 1a this case, iherce i1s also nothing to be achicved by making
the suboscailce diflucer abnormally long as a small step at the ond
of & slopter diffuscr hag smallor logses than the fraction of the
larger surface area of & long daffusor.
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