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ROYAL AIRCRAFT ESTABLISHMENT - 

Model tests on an effuser induction scheme for 
operating a trsnsonic wind tunnel 

D. A. Spence 

A. S. Bennett 

Model tests in a '/6th scale rig on a proposed design for the 
2 ft x 13 ft 'By-Pass ' trsnsonic wind tunnel are reported. To take 
advantage of the pressure ratio of 2.0 available at full scale, a 
two-dimensional supersonic nozzle, or "effuser", has been designed to 
expand the mainst&am from the working section up to a A&oh number 
just above 2 at the point where it is vented to the plenum chamber, 
to induce re-entrant flow. The expansio&l is considerably larger 
than has been used in other known diffuser-suction wind tunnels, and 
appears to be capable of generating Mach numbers approaching 1.4 in 
the working section. The tunnel design may also be novel in that 
the model-support rig is to be situated upstream of the re-entq 
point. 

The suction flow from the working section, and hence the tunnel 
Mach number, is to be regulated by re-entry doors. Characteristic 
curves of Mach number against door opening and overall pressure ratio 
were obtained. In addition the inflow through the doors was examined 
by Schlicren methods, using perspex-sided models, and extensive 
pressure plotting was carried out on the four effuser designs tested. 
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1 Introduction 

This report describes model tests led&g to the design of an effuser- 
suction system for the 2 ft x 15 ft Transonio ('By-Pass') Tunnel which is 
e.t present being built in R..LE. The tunnel is intended to make 
additional use of a 12 stage 8000 H.P, z&d compressor, which wzs installed 
primarily to provide auxiliary sLtction for transonic, operation of the 8 ft x 
6 ft Wind Tunnel (the modified High Speed Wind Tunnel), By closing two 
valves, the full flow from this compressor cten be dire&d through a by-pass 
line in which the new tunnel is to be situated, The milximun pressure ratio 
available from the compressor and the maximum volume flow at inlet pressure 
are about 3.5 and 1,000 ou.ft/sec respectively. It was decided to make the 
throat size of the By-Pass Tunnel 2 ft x I$ f-t, i.e. one-quarter of the 
corresponding linear dimensions of the larger tunnel, With this sized 
throat the maximum overall pressure ratio available is reduced to 2.0, 
but is still substantially greater then should be neoessary for operating 
a diffuser-suction wind tunnel through the transonic range. 

To t&e advantage of this large pressure ratio, a more elaborete 
suotion scheme was tried out than h&d been usea in other trcnsonio tunnels 
of the spme type. The condentional diffuser suotion arrangement (Fig. 4) 
is that in which low pressures caused by expansion over a step at the 
dovnstreaxn end of the working section induce flow through a transverse slot 
(possibly regulated by a flap) directly into the tunnel diffuser frcm a 
plenum chamber to which the working section is vented. In the system 
proposed for the By-Pass Tunnel, the expansion is to take place through a 
shaped nozzle or effuzcr which follows the working section, up to a'lMach 
number a little over 2, at which point the low static pressure vCll. be 
more effective in sucking a flow from the plenum chz.mber. At the same 
time it is desirable to be able to regulate the inflow and thus the tunnel 
&oh number mainly by the door position, holding pressure ratio fixed, since 
in this way stagnation pressure ond Reynolds nu;nber can be kept approximately 
constant over the course of a series of &ch number changes. 

In order to achieve the desired low pressures in the effus:c it is 
neoessary to ensure that the mc.in tunnel shock wave system is located 
downstre‘vn of the flow re-e,:try point. It was found that this required 
careful shaping of the nozzle. The geometry of the re-entry region, 
which resembles an idCake, ,also presented problems. Here two flowof 
different total beds are brought together, and shock waves originating 
from the mixing region were found to have a oonsiderable effect on the 
efficiency of the inductian prooess. In all, four effusers were tested 
in a 1/6th soale model rig before a satisfactory design wa3 found. !CIC 
effuEers were extensively pressure-plotted, and the last two were built 
with perspex walls to allow c Schlieren ex‘vnination of the re-entry 
region, 

A design requirement of the tunnel is that the working se&ion should 
be as nearly as possible a sdka-aown replica of that in the 8 ft x 6 ft 
tunnel, which had already been designed on the basis of mdel tests 
described in Ref. 1. All the tests were carried out with a section slotted 
on all four walls, the side walls during some of the tests being & slotted 
glass as described in Ref. 2, No further tests on working se&ion design 
were cc.rried out, although it is possible that n design could have been 
fauna which would increase the maximum test. Xach number of the configur- 
ation above the limit of approximately 1.35 found in these tests*, The 

* Ey confining the suction to two walls only, as in several American 
diffuser-suction tunnels, the iIach number might 'have been increased, but 
at the expense d irregularities in distribution in tha test section, 



favourable Reynolds number effeot in going to full scale should however give 
some improvement, and IM = 1.35 is in any case well above the range at which 
the greatest ohsnges in transonio flow take plaoe. 

2 Desoription of By-Pass Tunnel and Model Rig 

2.1 General arrangement of tunnel 

The general arrangement of the tunnel is indicated in Fig. 2. The 
working seotion is 54 in. long, and 24 in. x 18 in. in oross-seotion. It 
is followed by a 54 in. effuser of constant width (24 in.) expanding 
symmetrically in depth to approximately 30 in. and then by a constant-depth 
re-entry section in which the side walls are formed by doors of 18 in. ohord, 
hinged vertically 32 in. apart along their dovlnstreem edges. Downstresm 
of the hinge line is a slightly contraoting seotion leading to the final 
diffuser via a second throat 32 in. x 27 in. in size. The whole tunnel from 
33 in. upstream of the first throat to the seoond throat is enclosed in a 
IO ft diameter plenum chamber. The working section is equipped with slotted 
glass side walls for Schlieren purposes, and with either perforated or slotted 
steel top and bottom walls. The first throat is 3 in. domstream of the 
beginning of the steel working seotion; slots ma perforations commence at ' 
this station and close 3 in. ahead of the beginning of the effuscr. fi strut 
I in. thick with tapered leading and trailing edges, for supporting sting- 
mounted models, extends from 46 in. to 27 in. downstream of the working 
section - effusorjunotion, in the median vertical plane. The intended 
positicn for the C.G. of models is 16.2 f 0.7 in. ahead of this junction. 

2.2 Proposed method of operation 

2.21 Generation of transonic flow 

The Mach number in the vtorking section is oontrolled,as in all transonic 
tunnels, by a suction flow through s*entilated walls into a surrounding 
plenum chamber. At subsonio speeds the suotion offsets the growth of the 
boundary layers on the walls, which would otherwise oause the working 
seotion to choke; at supersonic speeds it produces in addition an effective 
flow expansicm, by removing some of the a9 passing through the throat. 

The outflow takes plaoe in the upstream part of the working section, 
where the static pressure in the tunnel is higher than that in the plenum 
ohamber. Further downstream where uniform flow has been generated the 
pressures on either side of the ventilated walls are approximately equal. 
The outflow is balanoed by an inflow from the plenum chamber at the effuser 
doors, where the static pressure of the main stream is now lower than that 
outside, as a result of the supersonio expansion in the effueer. The system 
is indioated in Pig. 3, which shows distributions of static pressure along 
the oentre line at a number of test 1Mach numbers, The horizontal &shed 
lines show the plenum ohamber pressure, and outflows and inflows are 
indicated by upward and downward arrows respeotively. 

The figure shows the effeot of overall pressure ratio which is to fix 
the position of the system of oblique shock waves through which the supersonio 
flowbreaks down in the initial part of the effuser. The longitudinal statio 
pressure distribution is almost independent of pressure ratio but the lower 
the pressure ratio, the further forward the shock system occurs, and, in 
consequence, the higher is the pressure at the reentry point. (In the 
figure, Mach number is plotted upwards and henoe statio pressure downwards). 

2.22 Control of tunnel &oh number 

The Haoh number in the working seotion will be oontrolled both by the 
overall pressure ratio and by the amount of door opening. These oontrols are 
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sssent ially indep&ent, the pressure ratio dete&rmining the pressure at 
the inflow point, and the door opening determining the ,unount. of inflow 
at a given pressure. The pressure ratio can be regulated up to the maximum 
of 2.0 either by means of a by-pass valve in a parallel line aoross the 
compressor, or by mecans of the rotor speed. The doors are to be motorised, 
and continuously controllable from the fully shut position up to an opening 
of 3o”. 

a3 Test arrengements 

The tests were carried out between July 1954 and April 1955 p the 
blolidown rig built for the tests of Ref. 4. This consisted of a /6th 
saale model of the proposed contraoticn, working section and diffuser, 
enolosed in a 27 in. diameter plenum chamber with Sohlieren glass windows. 
l!ne first throat was thus 4 in. x 3 in. in cross seotion, The drive was 
provided by the main reciprooating compressors used for evacuating the 
High 5peed Tunnel, the outlet being to atmosphere. For the top pressure 
ratio of 2, the stagnation pressure was thus 2 atmospheres, which oompares 
with the maximum of 2 /3 of an atmosphere available in the By-Pass tunnel; 
the Reynolds number of the tests was thus between l/6 and l/2 of that 
attainable at full scale, 

Pressure ratio was varied by adjusting the oompressor outlet pressure 
by means of a bleed valve, and the diffuser doors could be put at any 
one of 3 number of fixed settings, In all the test results pressure ratio 
is given as H/B. Here II is the compressor outlet pressure (i.e. the 
effective stagnation pressure upstream of the main shock system), and B 
is the barometric, pressure, 

3 Desims md pcrformcncc of model effusers 

3.1 Theorcticc?l considerations 

3.11 Design Conditions 
The table below shows the eonditions for which the suocessive effusora 

were designed. p, II, &I, A/A* are used for statio pressure, total pressure, 
Xaoh number and stresm - tl~be area relative to a soni:: throat, respeotively; 
suffixes C and R refer to conditions in the working seotion and in the main 
stresm at the reentry point. The area expansion of the effusa fra inlet 
( i.e. the working se&ion end) to the re-entry point is thus AR/AC, (The 
sonio throat corresponding to flow with Xach number MR across an areaAR 
is analler than the throat of the tunnel in the ratio A*/A ' c, the remainder 
of the air passing through the throat of the tunnel is removed by working- 
section suction), 

The ratio %/pC is the effective statio/stagnation pressure ratio for 
the inflow at the doors, since is the stagna3ion pressure in the plenum 
chamber; a ncminal Xach number for the inflow has been obtained from 
this ratio. 

The door characteristics are plotted in the form of working section 
Mach number Lb against a non-dimensional door opening AD/4k. Here AD is 
the area of door opening norm to the main-stream, a.xd k the offuser 
inlet area (i.e. 12 square inches). 

The table shows also the quantity A-II/AG, where %-I is the cross- 

sectional area at the plane of the hinge lines, 



t 
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The theoretical pressure distributions along the centre lines and 
side walls of all four effusors, in their design conditions, are shown in 
Fig. 4. 

3.12 Estimates of suution quantities 

flccording to inviscid isentropic flow theory, the suction mass flow 
necessary to generate a i.iach number UC in the working section is a fraction 

( > 
AC,, 
A" 

of the mass flow through the throat; in addition to this a 

further emount A/A*, where A is the increase in boundary lsyer displacement 
area along the working section must be removed. 

d/A* msy b 
Assuming the boundary 

layer starts from the throat, e written as (perimeter/Area) x 
6,, where 6, is the displacement thickness at the downstream end of the 
working section. From formulae for boundary layer growth on solid walls 
S, has been estimated as approximately 0,021 in, in the conditions of the 
tests, and thus yA* as I.!+ x 0.021/12 = 0.025. This amount of boundary 
layer growth would correspond to choking in the absence of suction at 
the subsonic &ch number for which A/A* = 1.025, namely M = 0.835. This 
is of the correct order, but an approximate curve of suction flow deduced 
from the door opening area (Fig. 5) suggests that a more accurate value 
for A/A* is about 0.06, corresponding to choking without suction at 
ivi = 0.75. In fact the choking Bach number varied between 0,7 and 0.8 
in the tests, increasing with increasing pressure ratio as a result of 
the acoompaqying increase in Reynolds Nuaiber, 

3.2 Description of Effusors 

3.21 Effumr 1 (Fig. 6) 

The first effuser tested was designed to have a smooth Maoh number 
distribution on the basis of one-dimensional theory, the overall expansion 
being sufficient to provide sonio inflow through the doors with % = 1.2 

in the working se&ion. The breadth was inoreased fairly sharply opposite 
the leading edge of the model-support strut to offset the solid blockage. 

Re-entry doors were fitted in all four walls. The leading edges 
took the form of 30° wedges, and could be closed to a flush fit on 
corresponding wedges at the downstream end of the effusor, With the 
doors closed, the effusers walls formed a faired shape through the 
re-entry se&ion, without the sudden increase in uross-section at the 
hinge line to allow for inflow volume which was provided in the later 
effuserss 

The observed characteristios of the working section-effuser 
combination are shown in Fig. II. The highest working se&ion Maoh 
number obtained was 1.28, with a pressure rati 1 of 2, As shown in the 
right hand diagram, increases in door opening 
number up to a limit depending on t 2 

D/Aq increased the Mach 
e pressure ratto; 

ratios this limit was reached with D/b 
but at all pressure 

in AD/& producing no gain in i/b, 
less thp 4 - further increases 

For a given D/k below this l&nit, 
the sane J/b was obtained with either 2 or 1+ doors open; thus there was 
no advantage in having 4 doors, Fig. 12 shows the l&!Iach number distribur 
tion along a side wall at a number of pressure ratios. The distributions 
me affected by shock waves from the strut, 

In all, the charaotcristios of this combination showed no great 
improvement over what could hzve been obtained with the more usual 
arrangement indieated in Fig. 1. This was attributed in part to the 



- p being insufficient to induce a large re-entry flow 
~~"~~~?~?~vt%ige-~aped edges of the return doors, which produced shock 
losses due to the mixing of inlet and main streem flows at a fini.te=angle. 

3.22 Effuser 2 (Fig, 7) 

It was next thought worthwhile to design a nozzle analytic,ally to 
produae shock-free supersonic flow. It also seemed that stable re-entry con- 
ditions were more likely to be aohieved if both the re-rentrant and the main 
stream flows continued to expand supersonioally for some distance downstream 
of the a00r opening. To secure this in the design conditions ( 

"F, 
= 1.400, 

which was assumed to require AD/AC = 0.4775 with sonio inflow), t e doors 
were shaped so that the static pressure distribution on the dividing strea 
line as computed for the inflow was the same as that computed for the main 
stream, The nozzle design was thus continued beyond the re-entry point, at 
which the Nach number at the wall was to be 1.830, up to a uniform parallel 
stream kach number 1.963 at the hinge line, The analytical method of Atkids 
in which a Busemann nozzle and a reversed Busemann nozzle are conne&A by a 
region of radial flow, was used to determine the effuser shape, and the 
bounding streamline of the main flow. Caloulations for the inflow were 
done by one-dimensional theory. 

Smooth entry flow was achieved by means of a feather edge at the down.- 
stream end of the effuser. The aoors were fitted on the top and bottom 
walls only*. 

With this arrengement the maximum working section Mach number was 
increased to XC = 1,34. The characteristios of the section care shown in 
=g. 13. The control by means of door opening, is sensitive, as shown 
by the sharp rise in the ourves of 1'6 against D/AC, which are already close 
to their maxima at AD/AC = 0,2. 

The distribution of Nach number along the oentre line for a range of 
pressure ratios is shown in Fig. 14, and is seen to follow the design 
distribution f,airly closely up to the point where the flow is broken down by 
the shock system. 

3.23 Effuser 3 (Fig. 8) 

?he results obtained from Effuser 2 showed that the efficiency of the 
induation system haa been considerably improved by the use of a theoretioally 
shock-free nozzle shape and by the feather-edge intake. It appeared that 
further impratements in test Mach number might be obtained by carrying the 
expansion to a higher re-entry Mach number I 

$ 
. 

been limited by the available length of nozz 
In the Atkin method MP had 

e (nozzles designed by the 
method being considerably greater in length than the minimum for a given 
expansion). A minimum length nozzle with a sharp throat m3 therefore 
designed graphically by the method of charaoteristics, as described by 
Temple5, the construction being indicated in Fig. 10. Theminimumleng%h 
nozzle is obtained by means of a sharp throat, at which a PrandtLMeyer 
expansion occurs abruptly*? In Temple's notation the nozzle was designed 
for e,xpansion from parallel flow at pressure number P = 991 (XC = ?.40?) 
to P = 969 (I$= 2,177). The nozzle contour was construoted from straight- 
line sewnts in the flow direction at a series of consecutive mesh lines, 

* In the full scale tunnel the doors are to be in the side walls only; 
the model with top and bottom doors will, however, represent this adequately 
provided the main stream flow in the reentry section is in fact uniform' 
and parallel. 

* v This method oan only be used when the initial uniform stream is super- 
sonic, i,e. not for N = f. A family o- nozzles similar to that used here has 
been oonstructed by Shames and Seashore B . 
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and the overall exp,ansion ratio obtained in this way was within a frao- 
tion Of one per cent of that deduced from one-dimensional isentropic flow 
tables. 

The test results, shown in Figs. 15 end 16, are broadly similar to 
those obtained from Effuser 2, The main differences are (i) a slightw 
greater pressure ratio than hitherto was required to reach M = I in the 
working se&ion; (ii) the Mach nu&er was less sensitive to door opening 
than before, and the maximum Nach number, at pressure ratio 2.0, was 
slightly higher (& 

k 
= I. 36) than before; (iii) with pressure ratio of 

1.8 or more, the c aracteristio showed a decrease in IQ as the door- 
opening AD/A, was increased beyond about 0.35. 

Schlieren studies of the flow in the vicinity of the doors, discussed 
more fully in Se&ion 4, showed the last effect to be due to a change from 
subsonic to supersonic inlet flow with a resulting decrease in inlet 
volume, 

A further effect not previously found was a choking at the downstream 
end of the working section at supersanio test &Iach numbers, instead of a 
oontinuous expansion into the effuser. This was attributed to boundary 
layer separations at the sharp throat, and resulted in the effuser running 
in a slightly off-design crondition, the expansion beginning at N = I. ( The 
effeot on the working-seotion was a more serious disadvantage). The plot 
of centre line pressures (Fig. '16) at the design door setting shows 
premature shook formation ahead of the aoors, snd it was oonoluded that 
the expansion ratio was too great for the available pressure ratio, 

3.24. Efrfuser 4 (Fig, 9) 

This was hesigned by characteristics to have a smooth entry and 
an expansion ratio mid-way between those of effusers 2 and 3; in Temple's 
notation the pressure numbers of the initial and final parallel flo-ws were 
taken as P = 932 ('b = 1.366) cad P = 972 (% - 2.059). The theoretical 
pressure distributions are shown in Fig. 4. They are compared with the 
ooserved centre line distribution together with the calcul.ated distribution 
for a particular off-design case (P = 996, MC = 1.218) in Fig. 18. 

The characteristics of the vJorking se&ion-effusor oonlbination 
are shown in Fig. 17. The mcaxinmm Nach number with a pressure ratio 
of 2.0 was 1.34” as for effuser 2, but in this oase there was no tendency 
for the R&h number to decrease with excessive door opening, the inflow 
being subsonic under all conditions. At the higher pressure ratios the 
curves of 1% against AD/~ are still increasing at b/A 

Ii 
= I, and the slope 

of the charaotcristics at all pressure ratios is less t sn the corresponding 
slope for effusers 2 and 3. Thus tunnel control by means of door-opening 
should be more aocurate with this design, and the upviard trend in the 
characteristics at all door-openings indioates that higher Mach numbers 
could be generated if the working seotion were suitable. 

4 Schlieren studies of re-entry flow 

The last two effusers were made with plane sides of 5 in. perspex 
sheet to permit Schlieren examination of the re-entry region. Flow 
photographs from effuser 4 under a vczriety of conditions are shown in 
Figs. 20 and 21. 

Figs. 20(b) to (a) h s ow the efleot of changes in pressure ratio 
on the flow with a fixed door opening. Fig, 20(a) is taken with wind 
off to show markings on the perspex which are common to all the photo- 
graphs, At the two lower pressure ratios (Figs. 20(b) ‘and (c)) the 
inflow is subsonic, and the slip plane separating it from the main flow 

Q The working section in this series of tests was slightly ch‘anged by 
the introduotion of looal divergence over the rear inch, snd exaot compar- 
isons of Nash number are not possible. 
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is forcred inwards, the resultin 
H B 7 

rise in pressure oausing a large X-shock 
wave in the main strecm At = 1.98 (Fig. 20(d)) however, the main stream 
remains supersonic through the re-entry se&ion and the low pressures along 
the slip plane induce supersmio inflow as shown by the shook wave in the 
inflow stream originating at the feather edge. 

Figs. 21(a) to (d) sh ow the effeot of ohanges in the door opening 
at an approximately constant H/B = 1.95. For this series of photographs 
a horizontal knife edge was used, to show densi 

8 
changes between planes 

parallel to the stream, The first photograph D/k = O,& shows almost 
the same pattern as that of Fig. 20(d). With the horizontal knife edge the 
slip plane is clearly visible, and a shock induoed separation on the door 
can also be seen, In the three succeeding photographs the inflow has 
become subsonio as a result of the inorease in door opening, and the slip 
plane is displaoed inwards, oausing again the h-shook pattern in the main 
flow. At the same time a subsonio boundary layer separation from the nose 
of the door has taken plaoe, possibly beoause the diffusion angle between 
the door and the slip plane is too severe. Later tests suggested that 
this separation could be postponed by means of a bulbous fairing on the 
outside of the leading edge, such as is indioated in Fig, 9. 

From this series of photographs it appears that the opening of the 
doors has two opposing effeots: (i) an increased inflow volume can be 
aooommodated, and (ii) the oonstriotion oaused by the diffusion of the 
inooming air alters the shock pattern in suoh a way as to reduce the 
negative pressure available for induoing the inflow. The characteristics 
of % against AD/& shown in Pigs. 11, 13, 15 and 17, indicate the balance 
between these effeots which has aotually been achieved. 

Flow photographs markedly similar to these are presented by Holder, 
Chinneok, and Gada in Ref. 7. In their investigation an injected stream 
of oontrollable Maoh number was induced to flow between a solid wall and 
a parallel uniform supersonic stream. When the injeoted stream was super- 
sonia Holder, Chinneck and Gadd obtained a flow virtually identioal to that 
of Fig. 21(a), including in particular the 'Ilip shook" from the feather edge 
and its refleotion from the wall, Comparison in the subsonic case is more 
difficult as in the NPL tests the free stream flow was unaffected by the 
inflow, However in these tests as in the present ones, the slip plane 
retained its form without excessive mixing for a oonsiderable distance, even 
when bounded on one side by a subsonio stream. 

5 Conclusions 

Model tests have shown it possible to operate a transonic wind tunnel 
up to M&h numbers of 1.35 or more by suction induced into a supersonio nozzle, 
downstream of the working seotion through a surrounding plenum ohamber. The 
optimum nozzle design appears to be one for which the main stream flow in the 
re-entry region is uniform and parallel; this requires a tv+dimcnsional 
nozzle designed by the method of characteristics, With an overall pressure 
ratio of 2.0 for the tunnel, the optimum nozzle expands the flow to a uniform 
iXaoh number of 2; a larger expansion produces premature flow breakdown by 
means of shock waves ahead of the re-entry point, 

With overall pressure ratio fixed, the tunnel i&oh number oar11 be 
controlled auourately by varying the opening of doors which permit inflow 
to the effusor. These doors must have hinges offset in such a was as to 
allow room for the inflow to remain parallel to the main stream for some 
distance. Schlieren studies of the re-entry flow show that it is governed 
by a ucmplioated inters&ion with the shock pattern in the main stream. 

A soale&up version of the final effuser tested,number 4, appears suitable 
for use in the 2 ft x 13 ft transonic (By-Pass) Tunnel. With favourable male 
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cffeot this should enable test BiMh numbers of nearly 1.4 to be obtained 
in the working section, These are substantially higher than have hitherto 
been obtained in diffuser-suction transonic wind tunnels; moreover in 
the present ease supersonio flow in the working se&ion is generated by 
suction through all four walls, instead of through ttvo as is more usual.. 
The design is believed to be novel in seouring the flow wpansion dovvn- 
stream of the working seotion by means of a shaped nozzle, eti also in 
that the inflow re-enters the tunnel downstream of the model support rig. 
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