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SUIIARf 

Details are 1iven of a pro1raat of tests bein1 •de on si■ilar 
swept-wing IIOdela in transonic tunnels of differant types. Force 
aeaaure•nt results at !ubsonic speeds in the RAE 3ft x 3ft slotted 
tunnel :)ebow only ••11 interference effects for ■odels of moderate 
blockaie at low incidence; at bi1ber incidences, the interference 
effect on lift beco.1 appreciably 1reater than esti•ted by theory, 
and 1i1nificant pitcbins .. ent differences occur, apparently due to 
nll interference on the win1 flow field. Comparable but saller 
effects are evident in the results frm the ARA 9ft x 8ft perforated 
tunnel. At speeds Juat above M = 1, the force fluctuat~~ as speed is 
increased, because of wave reflection interference. 'lbe •snitude of 
the fluctuations di■inisbea u speed is further increased and this 
reduction it ■ore arked in the perforated tunnel. Pressure measure­
•nta alons the top of the body at zero incidence show de lay in shock 
■ove■enta at bi1b subsonic speeds indicatin1 a blocka1e effect on speed; 
the effect is lar1er in the perforated tunnel thoulh smaller than pre­
dicted by theory. Above M = 1, both expans on and sh~ K waves are 
1tron1ly reflected in the slotted tunnel but considerable alleviation, 
particularly of aback nves, is achieved in the perforated tunnel, for 
which an analysis of the effects is 1iven,(~howin1 for example, the 
effect of the open-area distribution of thew lls. 
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SOMMAIRE 

Ce rapport decrit le programme d'essais en cours sur des maquettes 
identiques a aile en fleche, dans des souffleries transsoniques de type 
different. Les resulta ts d~ mesures de moments des viteoses sub­
soniques effectuee~ dans la soufflerie RAE de 3 pieds sur 3 pieds a 
veine d'essai a fentes ne montrent que de petits effets d' interaction 
pour les maquettes a blocage moyen a faible incidence; aux incidences 
plus elevees l'effet d'interaction sur la portance accuse une valeur 
sensiblement plus importante que la valeur calculee et 11 intervient des 
differences· signifiantes du moment de tangage, dues, ace qu' 11 para1t, 
a !'interaction parietale sur le champ d'ecoulement alaire. Des effets 
comparables, mais plus faibles, se manifestent dans les resultats 
obtenns dans la soufflerie ARA de 9 pieds sur 8 pieds. A des vitesses 
legerement su~rieures a M = 1, 11 ya une variation de la force avec 
augmentation des reflections d'onde. L' importance de ces variations 
diminue avec augmentation a nouveau de la vitesse, diminut!on qui 
s'avere plus prononcee dans le cas de la soufflerie a fentes, Des 
mesures aux pressions effectu~es le long du dessus du corps a incidence 
nulle montrent un retard apporta aux mouvements de chcc a des vitesses 
elevees en subsonique, ce qui indique l' influence du blocage sur la 
vitesse; pour &tre plus grande dans la soufflerie a trous, cett e influ­
ence a, toutefois, une valeur inferieure a celle calculee. Au-dessus 
de M = 1 tant les ondes de dilatation que de choc sont fortement 
reflechies dans la soufflerie a fentes, alors que la soufflerie a trous 
permet de realiser une attenuation importante, notamment, des ondes de 
choc; !'analyse des effets obtenus montre par exemple l'influence de la 
r~partition de la region ouverte des parois. 
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NOTATION 

! aerodynuic Man chord 

c0 dra1 coefficient (= dra1/QS) 

CL lift coefficient (= lift/qS) 

C• pitchin1 maaent coefficient about 401 of aerodynamic mean chord 
(= ■oment/qSc) 

H total presaure 

II ll■ch nu■ber 

p static pressure 

q kinetic pressure 

R Reynolds nu■ber based on aerodynamic mean chord 

s wins area 

a. incidence 

l 



1. INTRODUCTION 

AN INVESTIGATION OF INT[RF[R[NC[ EFFECTS 
ON SIIILAR 10D[LS OF DIFFERENT SIZ[ IN 
VARIOUS TRANSONIC TUNNELS IN THE U.K. 

F. O'Hara, L.C. Squire and A.B. Haines• 

The use of ventilated tunnel walls has made it possible to operate wJ t hout chokin1 
at the model, throughout the transonic speed range. There are still various inter­
ference effects, however, which can affect test accuracy and possibly restrict the 
way in which such tunnels can reliably be used. At subsonic speeds, for example, the 
opposing interference effects of the closed and open sections of the boundary wall 
make it possible to reduce model blockage effects to a low level, but not in general 
to eliminate upwash effects at the same time. At low supersonic speeds shock or 
expansion wave reflections from the tunnel walls may intersect the model and so result 
in a small speed range in which the test conditions are definitely not representative 
of free air conditions. Some of these effects may be reduced or eliminated by 
specially designed ventilated walls, possibly of variable geometry, or alternatively, 
accepting the reduction in scale involved, by simply using smaller models. 

At an early stage, however, in the use in this country of transonic tunnels, oth r 
unexpected interference effects were observed, in the first instance in tests by Roe 
in the English Electric Company's tunnel of a Mark IX pitot static head 1. The main 
feature in these results, of interest from the point of view of interference, was a 
delay in movement with Mach number, along the cylindrical portion of the body, of the 
shock terminating the supersonic region associated with expansion round the nose; 
the speed at which the shock reached the rear of the model increased with model size, 
varying from below M = 1.0 for a very small model of only 0.002', blockage to over 
M = 1.1 for 0.21% blockage . 

These characteristics were investigated further by Sutton2 t in the RA[ 3ft x 3ft 
tunnel, on a series of 01ive-cylinder bodies and one win1-body ccx:ibinat ion. 

The nature of the results of this investiption sug1ested that this wall inter­
ference for the ogive-cylinder arose when the supersonic region following the shoulder 
expansion is large enough to be significantly influenced by the wall; some results 
on a body with a converging afterbody ij showing a more rapid shock movement, are 
consistent with this suggestion. 

For the wing-body combination similar shock delays were observed, although the 
delay was much smaller than on the body of revolution. However, as Sutton points 
out 2 these shock movements will cause distortion in the pressure distributions and 
delays in the drag r ise, aerodynamic centre shift, and also changes in the flow over 
the tailplane. 

• Unit ed Kingdo• 

t Briefly reported in Reference 3 
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The i■pression formed fr011 these early tests was that interferences of this kind 
were unlikely to be alto1ether avoidable in ventilated workin1 sections with fixed 
open-area ratio. It was considered of the 1r•teat i■portance in consequence to find 
out what size of model could be teated without invalidation of the results by 
excessive wall interference effects. No reliable theoretical basis of assessment 
bein1 available it was decided to seek empirical rules from tests of similar models 
of different sizes, of the same model in tunnels with·workin1 sections of different 
dimensions. A meetin1 was held with representatives of firllS and establishment in 
late 1954 to discuss the mtter, and an outline of the pr01ra•e of work agreed on, 
together with an account of soae results already available, is given in the following 
sect i ons. 

2. TRANSONIC TUNNEL INTERFERENCE PROGRAIIE 

Ti1e pr01raae of interference tests planned involves the measurement of forces and 
some pressures on a particular win1-body combination and is being undertaken in 
various transonic tunnels in Great Britain. Reasons for the choice of this wing-body 
model, t01ether with details of the teat pro1raae, are 1iven below and an outline 
of a0111e of the initial results is 1iven in Sections 3, 4 and 5. 

2.1 OIOtce of lodel 

In plannin1 the pr01raae it was considered that the following features were 
desirable for a ■odel to investi1ate transonic interference. 

The model shape should be reasonably simple, to ease the problem of reproducing a 
aeries of models of different sizes accurately to scale, and to make them cheaper to 
manufacture. A shape symmetrical about the wing chord plane was preferred, to allow 
asymmetry of the flow to be detected easily an~ to reduce the uncertainties due to 
flow and model imperfections. 

The model confi1uration should include at least a wing, and a fuselage big enough 
to hold a strain-gauge balance for the measurement of lift, drag, and pitching moment . 
The addition of a tailplane would make it possible to measure the effect of tunnel 
interference on the downwash behind the wing, but would add considerably to the cost 
and difficulty of accurate manufacture and it was not included in the 14rst stage of 
the test programe. 

While the model need not resemble an aircraft realistically (for example, the 
afterbody could be cylindrical), it should be representative, in the more important 
respects, of aircraft shapes which would be tested in transonic tunnels. Thus a swept 
win~ would be more typical than a straight wing and the ratios of wing span to body 
diameter, and wing area to cross-sectional area, should be realistic. 

In the absence of a tailplane a swept wing would show up streamwise variations of 
interference effects better than a straight wing. 

The changes in aerodynamic characteristics of the model with Mach num~er at 
transonic speeds should not be so small and gradual that it would be difficult to 
find features suitable for showin1 up small blockage effects in the form of apparent 
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Mach nuaber displace11Bnt. A very slender, bi1bly swept shape would be unsatisfactory, 
and an unswept wine would be preferred, in this reRpect. ':be aerodynamic character• 
istics should, on the other band, be u insensitive as possible to chances in Reynolds 
number. 

Very useful infor•tion could be obtained from a small number of pressure holes, 
for example measurin1 wine trailin1 ed1e pressure and pressures alone the body. 

Consideration of these various factors su11ested that no mod~ls in existence were 
completely suitable and accordin11Y a new wine-body combination was suggested. This 
model (Fig.1) has an ogive-cylinder body of fineness ratio 10 arid a 6J, thick RAE 102 
section wine 45° ■id-chord sweep, aspect ratio 2.83 and taper ratio 1/3. This model 
fitted into an existin1 research pro1rame in the RAE Bedford 3ft x 3ft tunnel, and 
tests on a half model of the sa■e wine have been made by the NPL, ARA and the RAE 
3ft tunnel. Four c0111plete ■odels of this shape have been manufactured with body 
diameters of 1\in., 2%in., Sin. and 7in.; principal dimensions of the models are given 
in Table I. All four models are equipped with strain-gauge balances for the ■euure­
ment of lift, drag and pitcbin1 moment and in addition a row of pressure holes is 
provided alone the top of the body, in the vertical plane of symmetry, and also two 
on the wing trailin1 ed1e (Fie.I). 

At the moment there is no provision tor testin& these models with tailplanes; 
however, yawmeters will be attached to the models in some tests to find the effects 
of tunnel interference on the downwasb at the tailplane position. 

2.2 Scope of CollparillOII■ 

Particulars of the tunnels included in the proaraae are shown in Table II. The 
cross-sectional areu of their workin& sections vary between 430 and 10,3E0 square 
inches, while the mximllll cross-sectional areas of the models vary between 3.2 and 
51 square inches. Table III shows the ranae of cross-sectional area ratio and 
Reynolds number of the proposed test ranee. Tests on the 2½in. diameter model in the 
ARA tunnel, at a cross-sectional area ratio of only 0,08', should provide a satis­
factory standard, almost interference free and at a reasonable Reynolds number of 
about 2 million, by which results of the other tests can be Jud1ed. The reflection 
of the bow wave will be clear of the base of the model by a Mach number of 1.06 to 
1.07 in this test. 

In addition to the tunnel pro1rame SOile ■odels are bein1 tested in free fli&ht 
by the ground-launched rocket technique. Details of these models, and the quantities 
measured, are given in Table IV. 

To help in the analysis of results the pro1raaae of model tunnel tests has been 
standardised. This prograane was based on early tests and other experi11ents in wind 
tunnel interference. Forces are measured through an incidence range of up to 15° 
(where possible) at steps of 0.02 in Mach number between M = 0.9 and the supersonic 
Mach number at which the reflected bow wave clears the model. Mach number steps much 
smaller than 0.02 have in fact been found necessary to enable accurate analysis to be 
made of zero-lift draa and body pressures. 

Table III also shows the tests which have already been ude: it will be noted 
that so far results are only available from three tunnels, the Aircraft Research 



Aa1ociatioa 8ft x 9ft pertonted tunnel, tbe Royal Aircntt Establisbllent (Parnborou&b) 
8ft x 8ft 1lotttd tunnel and tbe Royal Aircntt Eatablisbaent (Bedford) 3ft x 3ft 
1lottad tunnel. In tbe analysis wbicb follows, these three tunnels will be referred 
to u the pertonted tunnel, the lar1~ slotted tunnel and the a•ll slotted tunnel 
reapect he ly. 

nae tree-tlilbt proenae is now cmplete, but analysis ot tbe results tor Utt 
cune 1lope and aerodynaaic centre, tr011 the oecillatin1 IIOdel, are not yet complete. 

3, IELIAIILITY OF RESULTS 

nae results trm the interference teats carried out so tar can be cooveniently 
coaaidered in two sections, the first part dealin1 with the overall forces and m0111nts, 
and the second presentina a study of the nll interference on the IIOdel flow field as 
shown by the body pressures . '!be ovenll forces are considered in Section 4 and the 
preuures in Sectioo 5. Before discuasiq the detailed results it ay be advanta1eous 
to consider three points, which, althou,h not strictly concerned with tunnel inter­
ference as such, are of priae iaportance in asaessina the interference effects. These 
poiuts are tbe aeuureaent ot tunnel speed, or Mach nuaber, the accuracy ot results, 
and the effect ot boundary-layer transition on the overall results. 

Tunnel Mach nuaber, in all three tunnels, is baaed on a static pressure aeasured 
in the plenua chuber. The Mach nuaber obtained from this plenllll pressure is related 
to tunnel Mach nuaber by a relationship derived in the empty tunnel calibration. To 
find the effect of the presence ot a model on this relationship, some tests have been 
ade in tbe 3ft slotted tunnel 11• A sample set of results is shown in Fi1ure 2, where 
the plenua chuber llach number ("i,) is COlll)&red with a Mach number (II,,) based on 
a nll p ·taaure aeasured sufficiently tar upstream to be unaffected by the presence 
of the llodela. It will be seen that the difference, M• - MP, for all the models 
lies within a scatter band ot approxi•tely 0.0015, which is about the accuracy of 
Mach nu■ber aeaaureaent. Similar results were obtained for Mach numbers based on 
pressures measured in other parts ot the plenum chamber. Thus it aay be assumed that 
the relatiODBhip between pl~num and tunnel Mach number is unaffected by the presence 
ot ■odels (of up to 0.51, blocka1e); a similar r 0 sult hll8 been obtained in the 
9ft x 8ft perforated tunnel. It is hoped that more intoraation on this point will 
be obtain d durin1 the current tunnel-interference programme. 

The accuracy of the usess■ent ot interference effects depends on the accuracy ot 
11eaaure■ent and also on the accuracy and consistency observed in the anufacture of 
the ■odels. The first of these can be assessed fairly definitely: for examr le 95' 
of the 2%in. model results are estiaated to be within the followin1 limits:-

CL ♦ 0.005 

CII - 0.0015 + 

Co ♦ 0.0005 

a. + 0.03° (together with a possible constant settin1 error) 

Estimated errors for the other models are ot the same order. In free-flight tests 
there are more uncertainties and the errors in c0 are probably larger than 0.0005; 
in addition there is some inaccuracy in Mach number measurement. 



The inaccuracies introduced by differences in ■odela are ■ore difficult to assess; 
all that can be dooe at this stage is to state the accuracy of the ■odel aanufacture. 
The two smallest models, of 1\in. and 2%in. diameter, were made by the same manu• 
facturer, and all dimensions are within the tolerances which are 0.001 diameter 
(up to a maximum of 0.0051n.) on linear dimensions. In both cases wina profile is 
smooth, and the surface lies just inside the upper tol,!rance limit, that is the wings 
are slightly thick. The accuracy of the wings of the 71n. model, however, is not 
quite as good with one of the wings about 0.007in. under size on total thickness. 
The effects introduced by this error should be s•ll, except possibly on pitching 
moment at high lift. 

5 

The problem of boundary-layer transition is of importance in that unless transition 
takes place at the same position in all tests, it is difficult to separate out 
differences due to transition movements from those due to interference effects. 
To try to eliminate this source of uncertainty all tests have been made with bands 
of carborundum powder on the first 10% chord of the wing on both surfaces, and also 
on the body on the band 0.6 to 0.8 diameter from the model nose. Early tests 
suggestP that the sizes of carborundum powder in use were not always sufficient to 
fix t ion at the same point in corresponding teats. However, some tests •de in 
f ' 1 slotted tunnel at Reynolds number of one million with various grades of 

0.0025in. to 0.007in. have shown that within these grades there ere only very 
changes in lift and pitching moment (see Figs. 3 and 4); the trends shown are 

ueneral consistent with increasing roughness size except at the lowest subsonic 
speeds where there is a reversal of effect at the hi1hest CL. Significant changes 
are evident in the overall level of drq (Fi1.5); however, in this case the effect of 
a change of grade of carborundum was to add a dra1 increment which was almost 
independent of Mach number (Fig.5). Thus the addition of a fixed increment to 1ive 
agreement at one Mach number allows the results to be compared at all Mach numbers. 

4. OVE~ALL FORCE IEASUREIENTS 

4,1 Presentation of Results 

The variation of CL with incidence, C
111 

with CL, and c0 with CL are shown 
in Figures 6, 7, 8 for Mach numbers of 0.7, 0.8, 0.9, 0.98, 1.06, 1.14, 1.24; these 
results, obtained with a model of 0.06% blockage (the 2½in. model in the perforated 
tunnel) are probably effectively interference free except possibly near and just 
above M = 1. 0. The curves show that very few of the results are linear except a.t 
very small incidences, and some of the CM-CL curves are not linear anywhere. This 
non-linearity has made comparisons of zero lift slopes difficult and so in general 
results have been compared on a slightly different basis. This consists, in the case 
of lift, for example, of comparing the variation with Mach number of the lift at 
incidences of 5° and 10°. Similarly the moments are compared at CL's of 0.2, 0.4 
and 0.6. The effects of angularity and curvature of the basic tunnel flow, and of 
model asymmetry are assumed to have been removed by subtracting CL at a = 0 
and CM at CL = 0 from the results. The drag bas only been compared at CL = 0. 
The comparisons which have been made and presented are:• 

(a) Tests on the 2~ in. diameter model in the small slotted tunnel at Reynolds 
numbers of 1 and 2 million (Figs. 9 • 11); 
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(b) Tbe 2~n. diaaeter IIOdel in the sall slotted tunnel (0.51 blocka1e) and in the 
perforated tunnel (0.081 blockace) • Fi1ures 12, 13, 14; 

(c) Testa in the perforated tunnel on the 2~n. diameter ■odel (0.08' blocka1e; 
R = 2 x 106

) and the 7in. diueter IIOdel (0.51 blockase; R = 5 x 106
) 

• Pisurea 16 - 19; 

(d) Coaparison of the 1\in. ■odel in the lar1e slotted tunnel (0.05' blocka1e; 
R = 1 x 106

) ~nd tbc 2%in. dia■eter model in the perforated tunnel (0.08' 
blockase, R = 2 x 10~) - Fi1ures 20 - 22; 

(e) Coapariaon of zero-lift dras in free fli1ht and in the tunnel (Fi1. 23). 

t.Z Effect, of Reynolda Nullber 

Tbe effects of Reynolds number for one model are shown in Fi1ures 9 to 11, where 
results for Reynolds numbers of 1 and 2 million are plotted. These results were 
obtained fr011 the 2¾in. model in the aall slotted tunnel usi11 different 1rades of 
carborundum to ensure fixed transition at the two Reynolds numbers. 

In the cue of lift it will be seen that increasin1 the Reynolds number from 
1 1 106 to 2 x 106 causes a decrease in lift of about 1, for Mach numbers below 
M = 1.04, and an increase of similar •1nitude above this speed. The difference in 
this c e is Just outside the measurin1 accuracy, but appears si1nificant as the 
results at the hi1her Reynolds nu■ber are consistently low below M = 1.04, and 
hilh above. 

At speeds below M = 0.9 the effect of increasing Reynolds numbers appears to be 
to move the aerodynamic centre forward by about 0.5% c; above M = 0.9 the results 
are in very 1ood agreement, except for slight differences in the range from M = 1.0 
to 1.3 when apparently reflected waves stri¥e the model. The drag curves plotted in 
Fi1ure 11 show the increment in drag at zero incidence above the value of c0 at 
M = 0.8. This method of plotting eliminates the shift in c0 due to increases in 
skin friction, and shows that the shapes of the c0-M curves are very similar at the 
two Reynolds numbers, although there are again small differences when the reflected 
waves strike the model. 

It is interesting to note that the estimate of the variation of subsonic drag with 
Reynolds number, based on the Royal Aeronautical Society's Data Sheets 12

, is in good 
agreement with the experimental variation. For example, the experimental drag chan,~s 
from 0.0125 to 0.0180 with decrease of Reynolds number from 5 to one million, the 
estimated change being from 0.012 to 0.0185. 

4.3 Effect of Blockace 

In discussing the effects of blockage it must be remembered that we are only con­
cerned with a small part of the total results and so the conclusions reached are only 
tentative and may be modified when more data are available. The results of the 
comparisons listed in Section 4.1 will now be considered. 



4.3.1 Co,aparison of Test Results Obt~ined fro• the 1./2in. Model 
in the Saall Slotted and the Perforated Tunnels 
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Fiaures 12 to 14 show a coaparison of the lift, drag and pitchina moaent obtained 
on the 2%in. diameter model at a Reynolds number of 2 million in the s•ll slotted 
tunnel (0.5' blockaae) and in the perforated tunnel (O.~ blockage). The latter set 
of results, plotted with a full line, should be almost interference free, except 
near M = 1.0 and Just above. 

In studyin& these results it is convenient to divide the Mach number range into 
three parts; the first part is the speed rar11e in which the flow is essentially 
subsonic in character, the second the speed range of the change from subsonic to 
supersonic flow and finally the ranae of sr.personic flow. The speed ranges cannot be 
rigidly fixed, but the following ranges w 11 serve as a framework for the subsequent 
analysis: 

M < 0.95; 0.95 ~ M ~ 1.05; M > 1.05 

In the subsonic range the •in tunnel interference is essentially similar to the 
well known subsonic interference, that is an apparent change in speed, and an apparent 
change in incidence. In the next speed ranae these effects are still to some extent 
present, but in addition there is an interference effect caused by the presence of 
the tunnel walls modifying the shape of the sonic boundaries of the local supersonic 
regions and so chan1in1 the supersonic flow within this region; for exaaple there 
may be changes in the position and strength of the shock waves terminating these 
regions. Finally, when the flow is supersonic all the interference effects can be 
thought of as coming from the reflection• of the model field by the walls. 

A study of Fiaures 12 to 14 shows that the greatest interference is on lift, the 
lift at a given incidence in the small slotted tunnel being much lower than the 
interference-free results from the perforated tunnel. The loss of lift, at 10° 
incidence for example, is about 2.5% up to M = 0.9, and then increases to almost 
5% at M = 0.98. At 5° incidence, the percentage loss is smaller. These lift 
rrsults are considered in more detail in Figure 15. Here, plotted on a larger seal , 
a~e shown the variation with Mach number of CL at 5° and 10° and also ( CL/ oa) =o • 
up to M = 0.95. Also shown in this figure are the results from the slotted tunnel 
corrected••: (a) by the full open-Jet corrections and (b) by the slotted tunnel 
corrections as given by Maeder 13

• At zero incidence the open-Jet correction applied 
to oCL/ o a gives a result which is much higher than the interference-free result 
whereas o cL/ o with the slotted tunnel correction i::t only us t o low. On the 
other hand at 10° incidence CL corrected by the open-Jet v lu is in excellent 
agreement with the interference-free CL, but CL with the lotted tunnel correction 
applied is now too small. This trend is evident at 5° incid nee where the interference­
free value is about half way between the two corrected curves. The possible reason 
for this apparently non-linear interference will be discussed after the interfer nee 
effects on Cm have been considered. 

• Reflected in the sense or thrown back, pos ibly with some change ln character and str ngth. 

•• The corrections have been applied to the faired curves throu&h the slotted tunnel 
experimental points, and not to the actual experimental points. 
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Up to II= 0.90 tbe oun11 of c. qainat llllch nuaber are ai■Uar and althouch 
there are aoae differences in value, theae variations are probably of ■inor i■portance 

1inoe the c1 qainat CL cune1 in this re1ion are non-linear (see Pi1. 7) and so 
••11 difference■ in tunnel conditiona can cause lar1e chan1ea in c. . Above II = O. 9 
there 11 a rapid decre&1e in c. with llllch nu■ber and differences in the poeition of 
thia decrNae on the llllcb nuaber acale 1hould be an indication of tunnel interference. 
At CL= 0.2 and 0.4 thi1 lateral diaplace■ent is ••11 whereas at CL= 0.6 there 
are 1ipa of a blockqe effect of 0.01 in llllch nu■ber at II= 0.96, the error bein& 
1i■ilar in 11111 to tbat in an open Jet. Taken with the previous results on lift it 
appear■ tbat the ■-11 ■lotted tunnel behaves ■ore like an open Jet tunnel as the 
■odel incidence incr•ae1. 'ftlere appear to be at least two POISBible reasons for this 
behavior; either the pre11ure field of the liftins ■odel causes cban1es in the flow 
throup the 1lota, or the 1eparation fr011 the ■odels at hi,her incidence (see Pi1s. 
8 • 8) cause■ an increue in thu effective blockace ratio of the ■odel. It is hoped 
tbat future teats in the pro1ra■■e will shed ■ore lilht on this point. 

In the c:une of c0 apinat llllch nu■ber (Pi1. 14) there is a difference in the 
1bape of the dra1 riae. In the a•ll slotted tunnel the start of the dra1 rise 
appear■ to be delayed by about 0.01 in llllch nuaber and the dra, rises leas steeply 
before beco■iDI equal to the non-interference dra1 at about II= 0.99. Since the 
cunes of c. a1ainat II 1ave no indication of a blocka1e effect at low lift it 
■uat be usu■ed that tb.ia cban1e in the dra1 riaa is caused by the interference of the 
wall on the local superaonic re1iona, with chansea in the local shock pattern on the 
wiq. At low incidence such chan1es could have a lar1e influence on the dra1 ·without 
a noticeabie effect on lift and pitchin1 ■oaent. 

At supersonic speeds a •in feature of the force results is the presence of waves 
or fluctuations in the variation of all three c011ponents with llach number, the largest 
fluctuations occurrin1 in dra1. 'ftleae fluctuations are due to the reflection of the 
■odel field, but they will not be discussed fully here since the speed range in w~ich 
this type of interference occurs is nor•l1Y omitted in testing in slotted tunnels. 
They are of interest, h<Jlfever, as a point of comparison of slotted and perforated 
tunnels, and as such will be considered below. 

4.3.2 Co11tparison of Test Results for the 1/2in. and 7in. Models 
in the Perforated Tunnel 

Fi1ures 16 to 19 show a coaparison of the test results obtained in the perforated 
tunnel on the 2~in. model (0.061 blockage) and the 7in. model (0.50% blockage). 
Because this tunnel has only a limited total pressure ran1e, however, the Reynolds 
numbers of the two models are also different, bein1 2 x 106 and 5 x 106 respectively. 
For this reason it is difficult at this stage to •ke a full analysis of the results. 
However, it should be noted that the trends of the results are, in general, consistent 
with those of previous results. For example, at subsonic speeds the lift of the 7in. 
model is less than that of the 2~in. model, as in the earlier comparison (Fig. 12) 
where there was a difference of blocka1e; at 10° incidence the lift of the larger 
model is about 2.5% less up to II = 0.9, over 5' less at II= 1.0, and about 3% 
less at supersonic speeds. Part of the difference at subsonic speeds my be due to 
Reynolds number effects (if the conclusions from Fi1ure 9 apply) but conversely at 
supersonic speeds, Reynolds nu■ber effects •Y have reduced the lift differences. 



9 

Tbe force results for the lar1er IIOdel at 1uper1onic 1peed1 fluctuate 110re wi~b 
lllcb nuaber than the results for the ••ller ■odel. It 11 notable, however, that the 
fluctuationa at supersonic 1peed1 in the perforated tunnel are ••ller than tboee for 
tbe aa■e blocu.1e in the ••11 slotted tunnel; this 11 in accord with the concluaioaa 
in Section 5 fro■ analy1i1 of pressure record& that 110re alleviation of incident 
disturbances 11 achieved at the perfonted walls than at the ■lotted nll1. 

So■e differences e1i1t between the zero-lift drq results fro■ the ■odela of O.K 
blocka1e in the slotted and perforated tunnels (Pip. 14 and 19). In the slotted 
tunnel, u just noted, there 11 a del-,y in the speed at wbicb the drq ri1e 1tart1 
but at M = 0.99 the dras 11 in 1ood asree■ent with the interference-free drq. 
In the perforated tunnel, on the other band, there 11 a delay in the start of tbe 
drq rise of just over 0.01, which continues in tbe drq curve to beyond M = 1.0. 
At supersonic speeds the similarity of the IIOdulationa in the drq curves 1uae1t1 
that the interference on (C0) 0 is similar in type in the slotted and perforated 
tunnels, but that the •snitude of tbe interference 11 ■uch le11 in the perforated 
tunnel. 

One point of difference in tbe results which bu not 10 far been explained ia the 
discrepancy in the level of the pitcbin1 ■oaent results for tbe 7in . and 2%1n. IIOdela 
(Pi1. 17). 1bis is equivalent to a difference of 11 c in the l)()llition of the pitcbin1 
mo■ent centre but the ori1in of tbe difference bu not yet been traced. So■e li&bt 
■-,y be cast on the •tter by tests to be •de in other ■odela. 

So■e other possible interference effects are abown in Pi,ure 18, where c. •• CL 
curves are compared at Mab nuabers near unity. It will be seen that in addition to 
the aerodynamic centre shift with Mach nu■ber there is also a cban1e of character in 
the curves at hi&h CL with increase in Mach nu■ber; in particular the CL at wbicb 
the moment curve becomes unstable increases fro■ about 0.5 at M = 0.94 to 0.9 at 
M = 1.04. 

1bese chan1e1 are associated with the develoJ)llent of shock nvea on the win1, and 
the chan1e over from leadin1-edge to shock-induced separation. 

For the 2%in. model the Din changes take place between M = 0.94 and M = 0.98, 
the shape of the curves above this Mach number bein1 euentially si■ilar; for the 
7in. model on the other hand the curves between M = 0.94 and M = 1.0 are ai■ilar 
and the chan1e takes place between M = 1.0 and M = 1.04. So■e of this difference 
could be due to the different test Reynolds number, and also 1)081ibly to the in• 
accuracy of the 7in . model mentioned in Section 3. However, it would appear that at 
hi&h CL there is a •rked interference on the developaent of the flow at llach 
numbers close to unity, 

4.3.3 Co11&parison of Test Results of S.all Bloc~age on Slotted 
and Perforated Tunnels 

The comparison between these two sets of results is shown in Pisures 20 • 22. 
It should be noted that in the large slotted tunnel the results were obtained at a 
Reynolds number of l x 106 on the l~in. dia■eter model (0.046' blocka1e) while tbe 
results in the perforated tunnel are fro■ the 2%1n. dia■eter ■odel (O.~ blockage) 
at a Reynolds number of 2 x 106

• Thus the results include differences in tunnel, 
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IIOdel and Reynold• nuaber and are included •inly to show the e1tent of the differences 
wbicb can occur even when blocka.&e ei!tct1 ahould be ne1li1ible; further teats are 
intended with both IIOdela to aepante out the different effect,. 

Tbe curves of Pi111re 20 ahow that the lift tenda to be le11 at aubaonic speeds on 
tbe llin. IIOdel for wbicb the Reynolds nUllber na lower, and alilbt1Y hi&her at 
supersonic speeds; tbe11 trends are oppoeite to those found on the 2%in. model in the 
.. 11 slotted tunnel, but tbe difference, in queation here are small and 1enerally 
below tbe level of accuracy attainable on tbe two aodela. There is a&ain, as in the 
re1ult1 cona dered in the previous section, a discrepancy between the pitching moments 
for tbe two IIOdela 1bown in Pisure 21; so• of the difference in this case, however, 
would appear (on the basis of the reaulta of Fi1ure 10) to be due to Reynolds number 
effects, and the 1eneral shapes of the pitchin& 110111ent curves are very similar. 

The zero-lift drac results of Fisure 22 are in 1ood a1reement ; a satisfactory 
cmpariaon of the interference effect, Just above M = 1 is not possible, however, 
because scatter due to inatruaent vibration resulted in only a mean drag curve bein& 
available for the llin. IIOdel in the lar1e slotted tunnel. 

4.3.4 Coaparison of T~l and Fret-Flight l.tro-Lift Drag 

Pi1ure 23 shows very &ood a1reement between the tunnel and free-flight results. 
There are s•ll differences between the shapes of the dra& rise betweem M = 0.96 and 
M = 0.99 but this ay be due to the inaccuracy of the free-fli&ht data. The only 
real difference in the results is between Mach numbers of 1.0 and 1.05, where the 
absence of ■odulationa in the free-flilbt curves confirms that the fluctuations in 
the tunnel results in this re1ion are due to the interference effects of the 
reflection of the aodel flow field from the tunnel walls. 

4.4 D11cw11iton or Force Re•lt• 

The overall impression from analysis of the force results is that the interference 
effects are s•ll e1cept near M = 1 and at low supersonic speeds, where wave 
reflections intersect the model. Tbe smallness of the effects may raise doubts as 
to the reliability of the conclusions drawn; however, althou1h in some cases the 
differences border on the probable level of accuracy of determination of individual 
points, curves based on the points can be e1pected (in re&ions of regular variation 
at leaat) to provide higher accuracy, and from these, well-defined systematic trends 
have bee observed. The general consistency of the results is considered to be well 
illustratea ty the relatively small differences occurring in the results for the 
small models in the perforated and lar1e slotted tunnels. 

It appears that adequate accuracy of overall force measurements could be obtained, 
accepting some restrictions on test conditions, with models of larger blockage than 
so far considered, and tests with larger blockages are to be made. Howev~r. increased 
model size will result in a wider speed range in which wave reflection interference is 
of consequence, and note has to be taken of the fact that significant differences have 
been found in the results even at the low blockages tested, particularly at higher 
incidences. 

Little uncertainty has arisen with reference to Reynolds number effects in the 
limited ran1e covered, and in general roughness bands have been effectively used to 
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fix transition. The one irrt1Ularity in this connection wu at hilh CL at subsonic 
speed where apparently e1ce11ive roushne•a caused a reversal of effect on pitchin1 
110a1nt; this ■i1ht have been due to an effect oo win~ leadin1-ed11 separation 
characteristics. The other inatance of a •rked discrepancy in pitchin, 110111nt 
variation (comparin1 results for the lar1e and ••11 ■odela), which ■iaht be partly 
attributed to Reynolds nu■ber effect, occurred for hilh CL at apeeda near M = 1.0; 
the effect in this caae would 110re likely be on the extent of shock-induced 
separation on the win11. 

The interference effect on lift at subsonic apeeda in the aull slotted tunnel ii 
in reasonable aaree■ent with e1ti•te1 fr011 theory at low incidence but in 110111 of 
those at hilh incidence; teats ay be poaaible to indicate whether this 11 due to 
an increased blocka1e effect or to 10111 chanae in nll characteristics with prft11ure 
difference. The correspondin1 effects in the perforated ttlnntl are ••ll•r than in 
the slotted tunnel, althouah still 1bowin1 appreciable cban1e with CL; the need 
for a suitable theoretical basis for analyaina the perforance of perforated wall• 
is underlined. 

The zero-lift draa results show a blockaae effect on speed near M = 1.0 , the 
delay in the draa rise speed increuina with blocka,e. 

The interference effects at low supersonic speeds appear u fluctuationa in the 
forces as speed 11 increased due to nve reflectiona fro■ the tunnel walls. '1'11111 
fluctuations are of co■parable aanitude in both tunnels at speeds Juat above M = 1.0 , 
but die away 110re quickly in the perforated tunnel at hiaher speeds; there 11 a 
su11e1tion of lift reduction and pitchin&•ll<ll8nt cban1e with blockaae at auperaonic 
speeds, particularly in the perforated tunnel. It 11 possible that alleviation of 
reflected waves at supersonic speeds in the ••11 slotted tunnel would be i■proved 

with perforated acreena alon1 the slots; the very li■ited nu■ber of slots however 
•ke it unlikely to approach the standard in this respect of the perforated nll 
tunnel. 

Further underatandin1 of the nature of the interference effects di1cu1aed here 
may follow from the teats at hiaher blocka1e, in which the effec~• should appear in 
a more •rked form. The analysis of the pressure results in the followina section 
provides an explanation of the nature and variation of the nve reflection inter­
ference for the model at zero incidence; pressure euure■enta would also be of 
assistance in connection with the chanaes of interference with incidence. 

5, ANALYSIS OF PRESSURES ON THE TOP OF THE BODY 

An analysis has been •de of the pressures measured at zero incidence at various 
points alon1 the top of the bodies of the different ■odela in order to 1&in ao■e 
idea of how the tunnel walls interfere with the flow field around the ■odela. 

5.1 Source■ of Teat Data 

Data have been obtained fro■ the same tests u those already coosidered when dia­
cussin& the overall force results but for convenience the tests are listed a,ain here, 
notin& particularly any features that are specially relevant to the analysis of the 
pressure results. 
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(a) Free flight tests 

Tests have been ade on three models. Two of these were to a scale giving 
a body diaaeter of 5in.; a third had a body diameter of l .75in. The third model 
was intended to reproduce as closely as possible the wind tunnel models and so no 
fins were mounted on the body and a tapered sting coming out of the base of the body 
was included as in the wind tunnel. The 5in. models are less representative because 
they did not include a sting and because a cruciform fin arrangement was mounted at 
the rear of the bodies. On the other hand, the data from the 5in . models should be 
basically 110re reliable because the deceleration of these models i~ flight near 
M = 1.0 was not as great as for the 1.75in. model. The results of various free 
flight tests have tended to suggest that the apparent Mach number at which a shock 
wave passes any position on the model may be influenced by the deceleration of the 
IIOdel. Accordingly, for the further forward pressure-plotting holes away from the 
influence of the stabilising fins, it seemed best to rely on the data from the large 
models. 

The two Sin . models were geometrically the same but in the tests on one of these 
models transition was fixed near the model nose and wing leading-edge by roughness 
bands, while in the second case the body nose and wing leading-edge were left smooth. 
The data used in the present analysis have been taken from the tests on the model with 
fixed transition. Data are available for pressure holes at 4, 5.2, 6.0, 6.8 and 7.6 
body diameters from the nose (the body length is 10 body diameters). Data for a hole 
at 8.40 at Mach numbers near 1.0 were thought to be possibly invalidated by the fact 
that the leading-edge apex of the fins was only a little way behind this hole and so 
the data for this position and also for 9.20 have been taken from the tests on the 
1.75in. model. Combining the data from the different models in this way should have 
given the most reliable set of results, but where relevant, comment is made about the 
scatter between the results from the different models. 

(b) Wind tunnel models at small blockage 

Test data are available for the 2½in. model in the 9ft x 8ft ARA tunnel and for th 
HHn. model in the 8ft x 6ft tunnel at the RAE, Farnborough. Th is m a s that th 0 r 
are data for a model of 0.06% blockage in a perforated wall tunnel and for a mod 1 
at 0.05% blockag in a slotted wall tunnel. 

The pressure holes for the 2%in. model are at the same positions as on the third 
free-flight model (4, 5.2, 6. 0, 6.8, 7.6 , 8.4 and 9.20). The same holes are present 
on the l¾in. model with additional holes at 3.t, 3.6, 4.4 and 4.80. 

(c) Wind tunnel models at 0.5% blockage 

Data are available for the 2lH n. model in the 3ft tunnel a ·; the RAE, Bedford and 
for the 7in. model in the ARA tunnel. This affords a comparison between a perforated 
and a slotted wall tunnel for models at 0.5% blockage . 

Various tests have been made on the 7in . model in the 9ft x 8ft perforated tunnel. 
In particular, tests have been made with the model at two alternative longitudinal 
positions in the tunnel. The significance of this is that as regards bow wave 
reflections etc., the model is effective !y bei ng tested in the presence of tunnel walls 



of different open-area ratio. This is possible because the working section of the 
ARA tunnel is relatively short, and as a result the forward part of typical models 
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lies opposite the region in which the open-area ratio of the walls is still increasing 
up to its ~inal value. In the present case, with the 7in . model in its forward 
position, the open-area ratio of the walls opposite the nose of the model is only 5% 
on the top and bottom walls and 7.5% on the side walls as compared with the final 
open-area ratio of 22.5% which applies aft of a station 38in. downstream of this. 
The model was then moved back Sin. nd in this second position, the corresponding 
open-area ratio values opposite the model nose were 8.5% and 7.5% respectively. For 
both model positions, the open-area ratio of the walls at the point where they are 
struck by the mr1el bow wave increases with increasing Mach number and this fact 
plays a major part in the subsequent analysis of the results - see Section 5.8 and 
Figure 32, for example. 

Also, test~ on the 7in . model in the perforated tunnel were made with the side 
walls both converged and diverged in addition to the main series of tests which were 
made with the walls parallel. Except where stated, all the results included here are 
for the case with walls parallel but some indication is given of the effect of 
converging the walls or, in effect, of varying the outflow through the walls. 

All the wind tunnel tests were made over a range of model incidence but so far 
only the results at zero incidence have been analysed and it is therefore only these 
results that are discussed here. 

5.2 General Nature of Flow Field Above the Body and of Po1111ible 
Wall Interference Effects 

No theoretical calculations have been made of the pressure distribution over the 
top of the body at transonic speeds . This would be difficult for the present arbitrary 
wing-body combination but it is intended later to calculate at least the pressure dis­
tribution over the forebody. In the meantime, an attempt has been made to derive from 
the available experimental data the pressure distributions that would apply in the 
absence of any tunnel interference effects. The free-flight and small-blockage 
results have been used for this purpose together with data from the 7in. model in the 
perforated tunnel since there were not sufficient pressure-plotting holes on the other 
models. Some typical results are plotted in Figure 24 for free-stream Mach numbers 
of 0.98, 1.00, 1.04 and 1.10. 

Ahead of the body nose, at supersonic speeds, there will be a bow shock. 
Theoretical calculations suggest that at M = 1.05 this is sit uated about 0.3D ahead 
of the nose and that it should probably attach near M = 1.12. No schlieren pi ctures 
have been taken in any tunnel test to verify these results but the tunnel wall 
pressure distributions obtained in the perforated tunnel suggest that the bow shock 
may be somewhat further forward than predicted. It is difficult however to be 
definite about this because the curvature of the bow shock is not known. Away from 
the body, further compression will occur in the almost conical flow field immediately 
aft of the bow shock. This has been discussed in detail with reference to a purely 
conical nose in Reference 14, and similar effects should be present to some extent in 
the present case very close behind the bow shock - further aft, the compressions in 
this conical flow field will be neutral ised by the expansions from the ogival fore­
body . In the subsequent discussion, this region of gradual compression behind the 
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bow shock will be referred to briefly u the 'nose compression'. It is followed by 
the exl}IDsion over the forebody which on the surface of the model continues up to 
near the shoulder of the oaive-cylinder. 'lbe llllximum of this expansion and the 
succeedin1 shock tend to 110ve downstream with increasing Mach number towards the 
wins root leadin1 ed1e, where the latter combines with the wing leadin1-edge shock ; 
this cmbined shock is referred to, for convenience, as the wing leading-edge shock. 
Behind this, the body pressures decrease a1ain owing to the carry-over of the wing 
flow field. It is noteworthy that the peak of this wing-induced expansion is less 
than the peak in the forebody expansion. 'Ibis point is worth noting because it 
indicates that the forebody expansion can have a significant influence on transonic 
tunnel interference even if the body has a rounded nose shape. 'lbe subseQuent dis­
cussion will show that it is very important even for the present models for which the 
nose bu a sli&htly blunted circular arc 01ival shape fairing tangentially into the 
cylinder. 

'lbe rear wing shock for these Mach numbers occurs near or slightly downstream of 
the wins root trailing ed1e (at somewhat lower Mach numbers, such as M = 0.96, i t 
would be amaewhat further forward). 'lbe main deceleration of the flow occurs through 
this win& tratlin1-edge shock but at Mach n1111bers close to unity there is a further 
shock behind it. 'Ibis 'terminal shock' travels down to the base of the body very 
rapidly in both the free-fli&ht and small-blockage test results: it has reached the 
base by about M = 1.01 to 1.015. 

'lbe types of poesible tunnel interference can he broadly classified under three 
headin1s. First, at high subsonic speeds, there are possible blockage effects of the 
type experienced in either closed or open tunnels. Secondly, at or near M = 1.0, 
there can be more serious interference effects of the type shown in various tests on 
bodies 2 • 15 or pitot static heads 1 • 16 • 'lbis usually takes the form of a retarded 
movement with increasing Mach number and a strengthening of the terminal shock. 
Finally, at low supersonic speeds, incident shock or expansion waves can be reflected 
from the tunnel walls and these reflected waves can intersect the models. 

To some extent, this classification is somewhat artificial because one type of 
interference pro1ressively merges into the next. For example, it will be found that 
the appropriate blocka&e corrections for these partly open tunnels are of the same 
si1n u for an open tunnel and thus would in themselves imply a retarded rearward 
movement of the terminal shock. Crudely, the distinction between the first and 
second types of interference lies possibly in the fact that the first type ca!ries 
the implication that the observed results can be converted to free flight by applying 
a blockage correction on speed, whereas with the second type no simple correction can 
be devised to convert the measured pressure distributions to interference-free 
conditions. Similarly, there is a link between the second and third types of inter­
ference. All the tests on bodies have tended to suggest that the retarded movement 
of the terminal shock bears some relation to where the walls intersect the forebody 
exi»,nsion field, while at higher Mach numbers this forebody expansion will be 
reflected from the walls as either a shock or a fan of expansion waves. Once again, 
therefore, it is difficult to draw a precise dividing line between the second and 
third tyi,es of interference. 

Despite these reservations, however, it is still convenient to think in terms of 
these three types of interference and this point is borne in mind in the succeeding 
analysis. 
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One further point can be made by reference to Figure 24. Even in the absence of 
tunnel interference effects, the pressure distribution along the top of the body is 
clearly difficult to draw precisely unless there are a very large number of pressure­
plotting holes and this difficulty is magnified considerably when tunnel-interference 
effects are present. As a result, a much more accurate assessment of the interference 
effects can be obtained by plotting the pressures at a given hole position against 
Mach number. By obtaining results at very small increments in Mach number (not more 
than 0.003 in many cases) it is possible to define these curves in close detail. By 
plotting this to a large scale and comparing the results for different stations, it 
is possible to identify the different reflected waves, etc., as they travel down the 
body with increasing Mach number and only then, after completing this quantitative 
analysis, can one hope to plot the pressure distributions along the top of the body 
with any accuracy. Even then, it is only really possible to do this for the large 
model which has pressure plotting holes at every 0.40: for the 2½in. model, the 
gap between 4.00 and 5.20 is particularly difficult to plot reliably. Much of the 
succ eding discussion is therefore based on plots of 6 p/H vs r.ch number for 
different hole positions. p/H is the difference between the value of p/H 
measured at the hole and the free-stream value. Negative values of 6 p/H imply 
therefore a suction relative to the free stream. 

5.3 co-.ari on of Results for Tunnel Models at S..11 Blockace with 
Free-Flight Results 

The var iation of 6 p/H with Mach number for the model at zero incidence at 
x = 40, 60, 7.60 and 9.20 for the two tunnel tests at small blockage and for free 
flight are plotted in Figures 25(a,b,c,d). The point x = 4D is just ahead of the 
wing root leading edge and so the large decrease in 6 p/H between about M = O. 98 
and M = 1.01 corresponds to the wing leading-edge shock crossing the hole. The 
wing trailing-edge shock does not affect any of the pressures at these particular 
holes; t he terminal shock can be seen crossing the holes at 7.60 and 9.20. 

The first and most striking result shown by Figure 25 is that almost irrespective 
of Mach number and hole position there is a consistent difference of about 0.01 in 

p/H between either tunnel test and the free-fligh t results. The tunnel results 
gi ve a more negative value of p/H, i.e. indicate a higher suction. 

It has been noted that, qualitatively at least, this discrepancy is not peculiar 
to only this series of tests. It also existed in the comparison between the results 
in free flight and in the 3ft slotted tunnel at the RAE, Bedford on an ogive-cyljnder 
body reported in References 2 and 3 and it has also been noted in tests on a pitot~ 
static head. Such a difference has therefore been found between results in free 
flight and results in three different wind tunnels and this in itself would tend to 
suggest that it is the free-flight result that is Jpen to question. The discrepancy 
cannot be dismissed as mere experimental scatter because it is so consistent. The 
scale of the graphs for Figure 25 is such that for the tunnel results, 0. 01 in 6 p/H 
or lin. on t he graph corresponds to about 3in. on the manometer on which the pre3sures 
were recorded•; the probable errors in p/H should not be more than ±0.002. The 

• The pressures were recorded on an alcohol manometer as differences of pressures from tunnel 
plenum pressure, i.e. 6 p was recorded directly in inches of alcohol. 
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po1111ible scatter in the free-tl11ht results is greater than this but is s1;ill 111) t 

thou&ht to be 110re than ±0. 005 in 6 p/H at the most and comparison of th results 
for upper and lower surface pressure tappings on the body and between different 
models su11ests that it is usually better than this except for Mach numbers close to 
M = 1.00. It app~ars therefore that the discrepancy can be treated as genuine. The 
tact that it is so little dependent upon hole position suggests that the value of the 
free-strea■ static pressure used in the reduction of either wind tunnel or flight 
results is in error. If it is the wind tunnel results that are at fault, this would 
imply that the presence of even a 0. 05% blockage model in the tunnel is sufficient to 
alter the difference between free-stream static pressure by the equivalent of 0.02 
in Mach number and this appears quite inconceivable. The tunnel wall pressures 
confint this. A comparison of the tunnel wall pressures in the perforated tunnel has 
shown that the pressures ahead of where the model bow wave strikes the wall are not 
more than 0.003 different from the empty-tunnel case even when the larger 7in. model 
(0.5~ blocka1e) is present. This has been checked over a range of Mach numbers and 
seems to be fairly convincing proof that the use of plenum pressure as a measure of 
static pressure in the tunnel is quite satisfactory even with a model present in the 
perforated tunnel, as already indicated (Sec. 3) to be the case for the slotted tunnel. 
On the other hand, a close investigation into the way in which a free-stream static 
pressure has been derived for the free-flight results has also failed to reveal any 
error of the ma1nitude being discussed here. 

One other suggestion that might be made is that, certainly near M = 1.00, block­
ace effects on the pressures on the tunnel models might be significant even for the 
smll models. Even if this were true, however, this would not be expected to apply 
over the full Mach number range. 

It seems therefore that for the present, this discrepancy can only be noted and 
that it is not possible to give any convincing explanation for it. 

The next point that might in theory be studied with reference to Figure 25 would 
be whether the comparisons suggest that any blockage corrections are present near 
M = 1.00 for the small models. There is some difficulty in practice here, however, 
because, as already mentioned, it is possible that the decelerations of the free­
flight model through M = 1.0 my have some effect on the apparent Mach number at 
which a shock wave crosses any particular hole. Figure 25(c) shows an example of 
this. The arrow indicates the difference in Mach number for the passage of the 
terminal shock as between the 5in. model for which the curve has been plotted, and 
the l½in. model for which the results were thought to be possibly less reliable 
because of this deceleration effect. This uncertainty in this case is clearly of the 
same order as any difference between the free-flight and tunnel results. Also, it 
appears that any conclusions that might be drawn from the passage of the leading-edge 
shock over the hole at x = 4D would be at variance with the conclusions based on 
the behaviour of the terminal shock. It seems, however, that any blockage effects 
for the tunnel models near M = 1.00 are unlikely to exceed 0.01 in Mach number. 
Incidentally, it is worth pointing out that, theoretically , the effect would not have 
been expected to have been negligible ~ven though the blockage ratio is as low as 
0.05%. Reference 18 has explained that the blockage area ratio is not a good 
criterion on which to judge possible interference effects near M = 1.00. The 
corrections are much more likely to be a function of the linear distance of the walls 
in terms of model size and of the actual shape and fineness ratio of the model. It 
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is shown that the corrections are likely to be larger for a body of high fineness 
ratio and the formula suggested for a circular slotted tunnel is that the Mach number 
correction 6 M

0 
at sonic speed should be given by 

6 Mo = - 0.9g (rh•r/1 (:~r /1 

where g depends on the open-area ratio and for the slotted tunnels being considered 
here would be about 0. 35 and M0 = Mrree stream - Mtunnel 

r•, x• are the coordinates of the sonic point 

and h is the tunnel semi-height. 

An extension of the theory to cover a perforated tunnel is referred to in 
Reference 15 which quotes a corresponding formula for a perforated tunnel whi ch i s the 
same as above except for a change in the numerical constant, the values being 
appreciably larger for a perforated tunnel , and of opposite sign. Using the experi­
mentally detennined position of a sonic point (from the 7in. model results), the above 
fonnulae would suggest values of 6 M

0 
of 0. 007 and 0.020 for the present small­

blockage models in t he large slotted and perforated tunnels respectively. These values 
are about 40% of the values that would be predicted for the larger 0.5% blockage models 
and cannot therefore be classed as negligible in comparison. The experimental results 
suggest that these theories overestimate the corrections since the differences in Mach 
number between the results from the two tunnels are much less than 0.027 inch. 

With regard to wave reflections from the walls, the only serious effects with the 
small models would be expected to be reflections of the bow wave. This is clearly 
evident as a reflected shock in the results for the slotted tunnel: the reflection 
passes the holes at 6.00, 7.6D and 9.2D at M = 1.03, 1.04 and 1.047 respectively. 
In the perforated tunnel, the bow shock appears to be reflecting as a fan of expansion 
waves. In both tunnels the reflections should be clear of the base of the model by 
about M = 1.06. The strength of the reflected waves in terms of p/H at a Mach 
number of about 1.04 is about 0.01 in the slotted tunnel and -0.007 in the perforated 
wall tunnel. The small model was mounted sufficiently far back in the working section 
of the perforated tunnel for the bow wave shock always to be striking the wall with 
an open-wave ratio of the full value of 22.5%. The fact that a perforated wall as 
open as this reflects shock waves at low supersonic Mach numbers as expansion waves 
is consistent with evidence obtained elsewhere (Ref. 17) and in particular with the 
evidence from the tests on the large models discussed later in Section 5.8. The 
latter evidence suggests that to eliminate these reflections it would have been 
necessary to reduce t he open-area ratio to less than 5%. 

5.4 General Co1111arison of Results for Tunnel Models at O.~ Blockace 

The variation of p/H with Mach number for eJ ght of the holes along the top of 
the body of the 7in. model in the perforated tu:mel is plotted in Figure 26(a to h). 
For seven of the holes a comparison is made with the results for the 2½in. model in 
both the slotted and the perforated tunnels. This gives a comparison therefore between 
results at 0.5% blockage in both a perforated and a slotted tunnel, using the results 
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at the s•ll blocka1e 1D the perforated tunnel as a datum. 1bese have been used in 
preference to the free•flilht results because of the uncertainty near M = 1.00 
(IIOdel deceleration) and because of the unexplained difference in the general level 
of the pressures; it was also decided to choose the results in the perforated tunnel 
rather than thoee in the slotted tunnel because, as shown by Figure 25, the results 
in the perforated tunnel were le11 affect.d by reflections of the bow wave. 

It will be seen that the results, particularlY for the 0.5% blockage model in the 
perforated tunnel, contain a lar1e nuaber of axi• and mini•. 1bese are considered 
to be real variations and not to be due solely to experimental scatter. On the other 
band, it is possible that 1011e of the■ ay be influenced partly by irregularities in 
the axial static pressure distribution in the empty tunnel but it is not thought that 
this affects the subsequent analysis to any great extent. This vie• is supported by 
the cloee correlation obtained between the disturbances evident at different holes. 

Before conslderin1 the detailed analYsis of these results, it should be noted that 
any feature of the flow field around the mode that is reflected by the walls of the 
perforated tunnel can lead to three systems of reflected waves because the tunnel is 
not square and because the llodel is not mounted lJil the centre line of the tunnel. 
It 11 actually mounted 61n. above the centre line (this is standard practice in this 
tunnel and ns not done specially for this test) and as a result, the model centre 
line is 42in. froa the top nll and 541n. fr011 .both the side walls and the bottom wall . 
For the 71n. model, the top of the body at which the pressures are bein1 measured is 
therefore 38.51n. from the top wall, 541n. fro■ the side walls and 57.5in. from the 
bottom wall. These differences become more si&nificant as the Mach number is increased 
and ulti•tely three separate reflections of the bow shock and nose compression can 
be distinauished. 

It is useful first to note the most outstanding effects evident in Figure 26. 
These will then be ana!ysec in detail in succeeding se~tions: 

(1) All three sets of data agreed closely at M = 0.96 - both in their actual 
values of L:i p/H and in the trend of the variation of L:i p/H with Mach number . 
The only exception to this is the hole at 9.20 for which, although the same 
trends are evident, the actual values disagree (Fi& , 26g). Since this is the 
nearest ho le to the ■odel base for which any direct comparison can be made, 
it is poss i ble that the discrepancy in this case is due to the fact that the 
tests were not all -.de at the same Reynolds number. It is also possible that 
the difference is due to some fault in the model near this particular hole. 
Whatever the cause, it seems fairest to Judge the interference effects at 
9. 2D by assuming that the values of 6 p/H for the 0. s,, blo kage model in 
the perforated tunnel should be increased by about 0.008; if this is done, 
reasonable agreement between the results at M = 0.96 exists as at other 
stations and also the results at the high Mach number end of the graph become 
more intelligible. 

(2) There are various examples of the need for a blockage correction at high sub­
sonic speeds close to M = 1. 0 of the same sign as for an open tunnel - the 
correction being evidentlY larger for the perforated tunnel than for the 
slotted tunnel - see Section 5.5. 
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(3) 'nle rearward movement ot the terminal shock which tor the small models reached 
the base by about M = 1.015 is delayed tor the larger models particularly in 
the perforated tunnel where it does not clear the base until just beyond 
M = 1.05. This is analysed in Section 5.6 with reference to Figure 27. 

(4) The subsequent interference effects are appreciably larger in magnitude in the 
slotted tunnel than in the perforated tunnel. 'nle various reflected waves 
which travel down the models with increasing Mach number are shown in 
Figure 28. 

(5) In the slotted tunnel, two strong reflected shock systems are evident and in 
between the passage ot these the pressure does not recover to the zero inter­
ference value but to a v~lue appreciably less than this, indicating a succession 
of reflect ed expansion waves of significant strength. Analysis has shown that 
the two shock systems are reflections ot the wing leading-edge shock and of the 
bow shock (and nose compression) while the reflected expansions consist partly 
of reflections of the forebody expansion field and partly are a consequence of 
the strong bow shock reflection. 'nle usual stren&th ot these reflections 
varies between 6 p/H = 10.02 1 and p/H = lo.04 1 and any given point on the 
body is subject to either expansion or compression reflections approaching 
this •gnitude over a wide range ot Mach number, e.g., tr011 Figure 28, x = 80 
is subject to appreciable interference from M = 1.04 to M = 1.20. 

(6) In the perforated tunnel, two reflected shock system pass down the model and 
on analysis these appear to be reflections of the forebody expansion field in 
the top and side walls respectively. 'nle strength ot these shock reflections 
tends to be between 6 p/H = 0.01 and 6 p/H = 0.015 while all the other 
reflections which pass down the model tend to be weaker than this. In between 
the passage of these reflected waves, the body pressures in the perforated 
tunnel tend to revert fairly cl08ely to the zero-interference values. 

Summing up it would appear that the two main difference between the behaviour in 
the slotted and perforated tunnels as regards reflected waves are: 

(a) 'nle reflection of the bow shock (and nose compression) is much less severe in 
the perforated than in the slotted tunnel; 

(b) In between the major shock reflections there iJ a long region of serious 
reflected exi:ansion waves in the slotted tunnel and these do not exist to any 
comparable extent in the perforated tunnel. 

General conclusions as to the relative merits of perforated and slotted walls 
cannot iD111edia , 1Y be drawn however frcxa these results; in particular it should be 
noted that the slotted tunnel has a very limited number of slots (one main slot in 
each wall and half slots at the corners - see Table II) and is unlikely in consequence 
to have any wave cancellation properties. 

5.5 Blockace Effects 

Blockage effects at high subsonic speeds near M = 1. 0 can be deduced from consider­
ing the appearance and movement with increasing Mach number of the wing leading-edge 
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and trailin1-ed1e sbocu and of the terminal shock. Comparin1 results for the 0.5% 
blocka1e ■odels with those at 0.0$ blocka1e, the movement of the win1 leading-edge 
shock acroea the bole at 1 = 4.00, which occurs near M = 0.98, appears to be 
delayed by about 0.01 in Mach nu■ber in the slotted tunnel or 0.020 in Mach number 
in the perforated tunnel. The win1 trailin1-ed1e shock cr08ses the hole at x = 6. 8D 
near M = 0.95 and the delay in this is ne1li1ible in the slotted tunnel and about 
0.01 in the perforated tunnel. Tbe terminal shock crosses the holes at x = 8.4D near 
M = 1.00 and the delay is about 0.01 in the slotted tunnel and about 0.02 in the 
perforated tunnel. 

Tbeae results and others tend to sugaest that blockage corrections of the same sign 
as for an open tunnel should be applied to both the slotted and the peirforated tunnel 
results and that for these ■odels the corrections should amount to about 

L'HI = -0.01 at M = 1.0 in the slotted tunnel 

and 6M = -0.01 at M = 0.95 rising to about 
-0.02 at M = 1.00 in the perforated tunnel. 

If these corrections were applied, it seems that the results for the three cases 
for corrected Mach numbers• up to M = 0.99 would be in good agreement and that 
application of a simple correction to the indicated free stream speed would have been 
sufficient to correct the whole pressure distribution and not merely one feature in 
it. Tbus, up to this Mach number, it is fair to interpret the interference as a 
simple blockaae effect. It should be noted that the application of a blockage 
correction to the curves of Fiaure 26 results in a change both in Jech number and 
in 6 p/H . In fact, near M = 1. 0 a 6 M of -0. 01 gives a change of -0. 0062 in 
6p/H. An example of the resultant shift is shOlfn in Figure 26(a). 

The theoretical corrections according to the formulae quoted earlier are as 
follows: 

For Mo = 1.00 in free flight 

•o for 0.5% blockage in perforated tunnel: 1.049 

Mo for 0.5% blockage in small slotted tunnel: 0.984 
,, 
•·o for 0.06% blockage in perforated tunnel: 1. 020 

These corrections are certainly not valid as they stand because the results for 
the 0.5% blockage model in the perforated tunnel at M = 1.049 contain various inter­
ference effects that cannot be eliminated by any simple Mach number correction. 
Broadly speaking, the results appear to confirm rather more clearly the conclusion 
drawn from the results at smaller blockage, viz., that the actual blockage corrections 
near M = 1.0 are smaller than those predicted according to these theories. They also 
show that the actual correction required in the slotted tunnel is of opposite sign to 
that predicted by the theory. The different distances of the tunnel walls away 
from the model in perforated and slotted tunnels helps to contribute to thi latter 

• It is possible that tor lar1er, or tor other shapes of model, the application of blockage 
corrections in this way will only be satisfactory up to lower Mach numbers. 
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sion would remain valid if the comparison could be made for a given value of h/ r•. 

~ .6 Teninal Shock llloveaent 
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Figure 26(e-h) shows that in both the perforated and the slotted tunnels the rear­
ward movement relative to the body of the terminal shock with increasing Mach number 
is retarded for the models at 0.5% blockage as compared with the smaller models. The 
actual movement is plotted in Figure 27(a). This shows that whereas the terminal 
shock has reached the base of the model by about M = 1.01 for the 0.06% blockage 
model, Mach numbers of about 1.035 and 1.055 are needed for the 0.5% blockage models 
in the slotted and perforated tunnels respectively. 

Figure 27(b) shows that the strength of the terminal shock increases with Mach 
number up to about M = 1.03 and so the wall interference leads not only to a 
retarded shock movement but also to a stronger shock. 

It appears that, up to at least M = 1.03, the terminal shock is a near-normal 
shock across the stream. In the perforated tunnel, the shock is evident in the tunnel 
wall pressure distributions at about the same longi tudinal station as on the model 
body. The tunnel wall pressures also show that the position of this shock corresponds 
roughly to where the tunnel wall intersects the aaximum expansion in the wing 
expansion field. This is confirmed by tracing back from the wall to the model alon1 
Mach lines based on the observed local Mach numbers at the wall and at the model. 
These conclusions are analogous to what has been observed in experiments on bodies of 
revolution in which it appeared that the position of the terminal shock was determined 
by where the tunnel walls inersect the expansion flow fluid originatin1 from, say, 
the shoulder of an ogive-cylinder or cone-cylinder body. The present win1-canbination 
can be thought of in terms of the equivalent body of revolution with a bulge takin1 
the place of the wing. It would then be a simple extrapolation of the body results 
to say that the position of the terminal shock would be dictated by where the tuMel 
walls intersect the flow field associated with this bulge and this is precisely what 
the present results suggest. It follows that there will be less retarded movement 
of the terminal shock for a wing-body combination than for a simple body of revolution. 
It depends to a large extent on bow far the last expansion region is ahead of the base. 

The next Question is whether this phenomenon is affected by whether the walls are 
perforated or slotted. A direct comparison of the present results is not possible 
because of the different distances of the tunnel walls away from the model (in ter1111 
of model diameters ) . A very crude attempt has been made to allow for this difference• 
the result is shown in Figure 27(a). This crude attempt has almost certainly over­
estimated the possible correction because effectively it has been assumed that the 
incident expansion waves from the model to the wall are swept at a constant angle 
wher as in fact, this angle will decrease with distance away from the model. In 
other words, the effect of moving the.tunnel walls away from the model would be less 
than indicated by this correction. It follows from Figure 27 that the slowin& down 
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of the terminal shock movement would appear to be rather more serious in the 
perforated tunnel than in the slotted tunnel•. 

It may be wrong to generalise this last conclusion as it could well be a function 
of the actual open-area ratio of the open and slotted walls. Reduction of the open­
area ratio to a very small value might be a means of eliminating the effect. 

Tests were aade in the perforated tunnel with the walls alternatively di verged up 
to 48 minutes or converged up to 24 minutes. These changes would affect the outflow 
frCID the walls and the boundary layer thickness on the walls but they did not appear 
to have any significant effect on either the terminal shock position or its strength . 

ntere is one other peculiarity to be noted in the results for the perforat d tunnel. 
Up to about M = 1.03, the terminal shock appears in the measured pressure dis­
tributions as a single shock (see, e.g., the results for x = 9.20 in Figur 26g). 
At higher Mach numbers when the shock is further downstream, it seems as if th single 
shock has been replaced by a double sbock system (see, e.g., the results for x = 9.830 
in Figure 26h for which there are two pressure maxima marked E and G). Ther s ems 
to be no doubt that this change is a genuine experimental result and not xperim ntal 
scatter because it has been confirmed in tests with the model in both longitudinal 
positions in the tunnel and also in the various supplementary tests with walls 
diverged or converged. It was thought at first that the appearance of this double 
shock system might be related to the different distances of the top and bottom wall 
from the model but a quantitative analysis showed that it was not possible to correlate 
the results on this basis. It seems therefore that instead of there being a single 
near-noraal terminal shock, this is replaced beyond about M = 1. 03 by a double shock 
system originating from about the same point on the tunnel wall but with one limb 
sloping forward and the other limb sloping rearward. An effect such as this has been 
observed in the schlieren photographs obtained during tests on a body of revoluti on 
in the Ames 2ft transonic tunnel - this can be seen by comparing the pictures for 
M = 1.02, 1.04 and 1.06 for the 0.25% blockage model in Figure 12 of Reference 15. 
Further evidence in support of this suggestion is that, as shown in Figure 27(b), 
beyond the Mach number at which this change is thought to occur, the strength of 
these shocks appears to decrease with Mach number whereas up to this point i t has 
been teadily increasing. 

One can be fairly confident therefore that a change of this nature has occurred. I t 
is more difficult however to explain why. A tentative suggestion might be that the 
rearward limb is due to the wing expansion field reflect ing from the perforat d wall 

• Thi ml ht have been expected on ground of continuity of effects through the Mach number 
rang : on the one hand, it has already been seen that thP blockage corrections appear to be 
greater in the perforated tunnel and later it will be seen al o that the reflect ion characte r­
istics are dominated by ref lections of shocks in a slotted tunnel and of expan ion fields in 
a perforat d tunnel. Hen it could be argued that in the perforated tunnel i t i the 
inability of the wall to cope with the wing expansion field that leads to the terminal shock 
effect, wh rea in the lot ted tunnel it is the additional inabi lity of thew 11 to cope 
with the wing trailing-edge hock. If this is a valid comparison, then it would also suggest 
that the r tard d shock moverr.ent hould be 1:reater In the perforated tunnel !nee the wing 
expansion field ls of course ahead of the wing -t railing-edge shock. 
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as a shock in the same way as it will be seen later the forebody expansion reflects. 
It is not possible however to think of the forward limb as a reflection because, as 
looked at from the wall, it is sloping forward. It must therefore be reprded as an 
incident disturbance which would not be in this position if the tunnel walls were 
absent, i.e. it seems that the terminal shock is tending to become an oblique shock 
as the Mach number increases. It would be of interest to carry out a further teat 
with the body of the model extended rearward so that the further development of this 
effect with increasing Mach number beyond M = 1.05 can be studied. The effect is 
important because it accentuates the slowing up of the terminal shock movement. 

5 .1 Reflections of the line Leadinc-F.dce Shock Ind 
Forebody EQJanaion Field 

After the passage of the terminal shock down the body, the next serious dis­
turbance in both the slotted and the perforated tunnels is a further shock system. 
This can be seen in Figure 28, where it is labelled D in the slotted-tunnel results 
and C in the perforated-tunnel results. Beyond about r.1 = 1.03 , in the perforated 
tunnel, there are two shock disturbances labelled C, viz., CT and c6 ; analysis 
indicates that these are related to the same feature in the incident flow field, CT 
being the reflection in the top wall and c5 beinc the reflection in the aide walls 
and bottom wall. In addition the curves of ti p/H against r.ch number (Fig. 26) for 
the 0.5% blockage model in the perforated tunnel suggest that between the terminal 
shock and the reflection Cs and again between the reflection Cs and CT some 
reflected expansion waves may be present. These are labelled Ds and Dr in 
Figure 26. In the slotted tunnel the shock is followed by an extensive expansion 
labelled C . 

At first sight it might be thoucht that the reflected shocks C and D in the 
perforated and slotted tunnels were both due t o the same cause, but the followinc 
simple analysis suggests that this is not so. Approximte sources of the dis­
turbances can be found if one traces back from the disturbance on the model to the 
wall and then back to the model, assuming that both the incident and reflected 
waves are propagated at the Mach angle for the free-streu Mach number. The indicated 
sources of reflected shocks, together with the sources of the neighbourinc reflected 
expansions, are shown in Figure 29. It will be seen that disturbances D in the 
slotted tunnel and Ds and OT in the perforated tunnel appear to oricinate from 
the region on the body which corresponds to the position of the leading-edce shock 
(Fig. 24), whereas the disturbance c8 and CT in the perforated tunnel and C in 
the slotted tunnel originate fran further forward on the body, in the recion of the 
nose body expansion. Although the analysis based on Mach angles considerably over­
simplifies the tracking of the disturbances, the separation on Figure 29 of the 
sources of the disturbances labelled D from the disturbances labelled C can be 
taken as evidence that these disturbances originate from the wine leadinc-edce shock 
and the forebody expansion respectively. Tbis being so, it is interesting to note 
that in the perforated tunnel the reflections of the wing leading-edge shock 06 and 
Dr appear as expansions whereas the reflection in the slotted twmel D appears as 
a shock; also, in the perforated tunnel the disturbances originating fran the fore­
body expansion Cs and CT appear as discrete shocks, while in the slotted tunnel 
they are a wave of expansions. 

The relative strength of these reflected waves is plotted in Figure 30. Various 
factors affect the variation of wave strength with Mach number, e. ,., the variation 
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in stren&th of the incident disturbance, the variation in the alleviating properties 
of the walls, the gradual disappearance of a focussing effect, particularly in the 
nearly square slotted tunnel and so on. Hence there is not much point in saying more 
than that the leading-edge shock reflects as a shock with a strength of about 
6p/H :: 0.03 in the slotted tunnel and as expansions with a strength of about -0.005 
in the perforated tunnel while the forebody expansion leads to expansion reflections 
in the slotted tunnel with a strength of about 0.02 and a shock of strength of about 
0. 013 - O. 018 in the perforated tunnel. 

Thia radical difference in behaviour between the slotted and perforated tunnels is 
in qualitative agreement with what has generally been observed elsewhere. Since no 
corresponding ~esults are available or a closed wall tunnel, it is not possible to 
say whether the slotted walls are affording any great alleviation of the reflection 
of the leading-edge shook. All that can be said is that the perforated walls are 
much better in this respect than these particular walls with a very limited numocr of 
slots. As regards the reflections of the forebody expansion, it is not so easy to 
draw a distinction as to which type of wall is superior. There is still however one 
point in favour of the perforated wall. This is that since the forebody expansion 
reflects as a shock originating from near where the wall intersects the end of the 
exi;ansion, the reflected disturbance is clear of the model soonar than in the case of 
the slotted tunnel where expansion waves are reflecting from the walls from even the 
upstreaa end of the expansion zone. 

The results for the perforated tunnel are really an indication that these 
particular perforated walls are too open to cope with either the leading-edge shock 
or the forebody exi;ansion. Ole means of altering the wall characteristics is to 
converge the walls: this implies an increased outflow and a reduced boundary layer 
thickness. The effect of converging the walls by 24 minutes is shown in Figure 30. 
It can be seen that convergin& has given some improvement for both sets of reflections. 
As already pointed out, the weak reflections of the leading-edge shock are difficult 
to determine from the graims of 6 p/H against Mach number (Fig. 26) and so not too 
much notice should be taken of the apparent result that with the walls converged 
24 minutes, reflections of the leading-edge shock are virtually eliminated. The 
improvement with convergence seems to be genuine, however. As regards the more 
serious shock reflections of the forebody expansion, the small improvement due to 
convergence is sufficient not to be dismissed as experimental scat t er but it is not 
sufficient to alter the picture materially. It seems likely th4t a considerable 
reduction in open-area ratio below the existing value of 22.5% or a much greater 
amount, of onvergence will be needed but both these changes would make it much more 
difficult to obtain a satisfactory axial Mach number distribution in the empty tunnel. 

The character of the reflections in the small slotted tunnel, nalll'JlY shock u shock 
and expansion as expansion, may appear to indicate that the open-ar~a ratio of the 
walls is too small for effective wave-cancellation. Another important factor in this 
case however is probably the limited number of slots, and proper assessment of the 
poss~uilities of wave-cancellation i~ a slotted tunnel will have to await tests with 
typical multi-slot arrangements. 

5 .8 Reflections of the f1ow Shock and Nose C0111Pression 

As already mentioned, Figure 26 shows that the reflections of the bow shock and 
compression near the nose appear to be stronger for the 0.5% blockage model in the 
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3ft x 3ft slotted tunnel than for the 0.5% blockage model in the 9ft x 8ft perforated 
tunnel. The apparent strengths of the reflection of the bow shock in the two cases 
are plotted against Mach number i n Figure 31. 

Considering first the results for the slotted tunnel, it will be seen that the 
strength of the shock reflection is always greater than 0.02 in p/H and for Mach 
number up to 1.10 it is between 0.03 and 0.04 in p/ H. Once again, the variation 
of strength with Mach number is dependent on several factors but it seems likely that 
the primary factor which results in the decrease of reflected shock strength with 
increasing Mach number up to about M = 1.15 is the gradual disappearance of the 
focussing effect. In this case, the pressure holes on the top of the body are 
16.25in. away from the top wall, 18in. from the side walls and 19 25in. from the 
bottom wall of the tunnel. The difference between these figures is of little con-
s quence at M = 1.05, say, but is becoming very significant at M = 1.15. The 
best way to see this is to contrast the shape of the perturbation in the p/H vs 
Mach number curves for say x = 40, 60 and 7.60 (Figs. 26(a,c,e)). At x = 40, 
the shock ref lection (A) only affects the pressure at the hole over a range of about 
0.03 in Mach number but for x = 7.60, the effect is spread over at least about 0.08 
in Mach number . It is probable that by M = 1.15 , the reflections from the different 
walls are sufficiently well separated when they pass over the top of the body for the 
strength of the reflection as plotted in Figure 31 t o be effectively the strength of 
the reflection from a single wall. The subsequent increase iu this strength with 
further increase in Mach number may be largely related to the increase in strength of 
the incident bow wave. 

There is evidence in the slotted tunnel results (Fig. 26) of reflected expansion 
waves ahead of the bow shock reflection. The origin of these cannot be definitely 
placed. One possibility is that when a strong compression wave system such as the 
bow shock and nose compression region is incident on the slotted wall, it gives rise 
not merely to the shock reflections but also to an associated fan of expansion waves. 
It is on the basis of such an explanation that the peak expansion reflections have 
also been labelled A in Figure 26. Alternatively, a simpler explanation would be that 
the reflected expansion waves are due to the ineffectiveness of the slotted walls in 
cancelling the forward part of the forebody expansion field; this explanation, if 
correct, would strengthen the argument of the previous section that in a slotted 
tunnel reflections of the forebody expansion occur from points corresponding to the 
whole length of this expansion. 

In the perforated tunnel, the reflections of the bow shock in the different walls 
of the tunnel can be easily distringuished above about M = 1.08 and so it is 
probable that the variation of 6 p/H with Mach number plotted in Figure 31 is a fair 
indication of the strength of the reflection from either the top wall or the side 
wall and not from the two in combination; any focussing effect should be absent above 
M = 1. 08. It will be seen that at low supersonic Mach numbers the shock is reflecting 
as an expans ion, i.e., as already seen in various other respects, the tunnel is too 
open to give inte rference-free data at these Mach numbers. Beyond about M = 1.10, 
the bow shock tends to reflect as a shock but by comparison with the results from the 
slotted tunnel the perforated walls are evidently giving a good deal of alleviation. 
It is also possible to think in terms of one reflected wave rather than a whole set 
of associated reflections as in the slotted tunnel. 
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The precise variation of strength of the bow shock reflection with Mach number in 
the perforated tunnel is once again a function of several variables but an important 
factor in this case is the variation with Mach number of the local open-area ratio 
of the walls at the points where wave reflection is occurring. For any given Mach 
number, this open-area ratio is in general not the same for the top wall as for the 
side walls and also it is not the same for the model in the forward and in t he rear 
positions. 'nlis is why the variation in strength of the bow-shock reflections with 
Mach number for the perforated tunnel bas had to be plotted in Figure 31 as a band 
rather tilan as a single curve. Individual points within this band as derived by 
analysis of such curves as those shown in Figure 26 are also given. The band does 
not indicate scatter; it is analysed below in Section 5.8.1 in terms of the 
appropriate local open-area ratio. 

One other point emerged from the annlysis of the bow -wave reflections, applying 
equally to both the slotted and the perforated tunnels. This was that the results 
confirm that a simple analysis based on tracing the reflected and incident shocks 
along the Mach angle of the free stream and assuming that reflect ion occurs at the 
wall is not an adequate method of predicting the position of the reflected shock. 
For example, analysing the bow shock reflections for the 0.5% blockage model in the 
perforated tunnel would place the bow shock 1.80 ahead of the body nose at M = 1.07 
and 1.00 ahead at M = 1.15 whereas theory would have predicted 0.3D and OD (i .e. 
attached) at these Mach numbers. Part of the discrepancy is no doubt due to 
curvature of the bow shock and also possibly to the bow shock being further ahead 
than theory would predict. It is also possible, however, that some of the dis­
crepancy is due to the reflection process : reflection may be effectively occurring 
some distance from the tunnel W'lll, e.g., at the edge of the tunnel wall boundary 
layer. lhe evidence from other tests is available, it will be worth analysing these 
effects in more detail. For the present, it is worth noting that the simple analysis 
referred to a~ove would have under-estimated the Mach number at which the reflected 
shock is clear of the base of the 0.5% blockage model by about 0.04. 

5.8.1 Effe(·t of Open-Arca Ratio : Perforated Tunnel 

Figure 32 has been prepared to show the variation with Mach number in the open-area 
ratio of the walls at the point where reflection of the bow shock and nose compression 
occurs for the 0.5% blockage model. It can be seen that in this respect the difference 
between the model forward and rear test positions is quite significant and that taking 
into account the results for the two positions and for the top and side walls res­
pectively, one can obtain four points on a curve of reflected wave strength against 
open-area ratio at a given Mach number. Such curves for both the bow shock and nose 
compression are given in Figure 33. As would be expected, there is a fair amount of 
scatter in Figure 33 but the trends appear to be quite unmistakable. 

Increasing the open-area ratio at a given Mach number reduces t he strength of a 
shock reflection and tends to turn it into an expansion reflection. Increasing Mach 
number at a given open-area ratio increases the stre~gth of a shock reflection. These 
two conclusions have been stated implicitly several t imes earlier in the paper but 
Figure 33 i s the first time it has been possible to express the statements in 
quantitative terms. 

The precise variation of, say, p/H with open-area ratio for a given Mach number 
depends of course on the strengti and nature of the i ncident wave being reflected and 
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that is why the curves in Figure 33(a) for the bow shock are not necessarily parallel 
to the curves in Figure 33(b) for the nose compression. One result, however, should 
be reasonably independent of the strength of the wave being reflected. This is the 
variation with Mach number of the open-area ratio that is required to cancel the 
reflected wave completely. This variation has been derived from the curves of Figure 
33 and is plotted in Figure 34. It will be seen that the results derived from the 
bow shock and from the nose compression curves are not quite the same but the order 
of agreement is reasonable in view of the analysis on which the results are based. 

The degree to which the ARA tunnel satisfies the requirements for shock cancellation 
should be judged by a comparison between Figure 34 and Figure 32 (the rear position is 
typical of most models). It will be seen that the most serious deviation between the 
actual and required open-area ratios exists for the side walls which are appreciably 
too open to cope with the reflections of the bow-shock and nose-compression regions 
at Mach numbers near M = 1.10. During the calibration of the tunnel 6

, the open-area 
ratio of the side walls was appreciably reduced just ahead of this region in order 
to improve the Mach number distribution in the empty tunnel, and it was indeed 
suggested in Reference 6 that this reduced open-area ratio could perhaps with 
advantage have been extended rearward. The present results show that this would be 
beneficial for better alleviation of the bow shock reflection. 

One last point about the curve in Figure 34 is that 1t should not be taken to apply 
to any perforated wall: the walls of this perforated tunnel have 0.5in. diameter 
holes in a plate thickness of 0.187in. and the curve of Figure 34 may strictly apply 
only to walls of about this ratio of hole diameter /plate thickness. Also it should 
be remembered that the suction quantities being used at Mach numbers of 1.14 and above 
are relatively small because the tunnel has a flexible noz7le to generate the super­
sonic flow. If, for example, a Mach number of 1.20 had to be generated by suction 
only, the outflow through the walls would be greater and the open-area ratio required 
for wave cancellation would probably be smaller than shown by Figure 34. 

5.8.2 Effect of Wal Convergence : Perforated Tunnel 

The effects of converging the side walls are illustrated in Figures 35 and 36. 
The results in Figure 36 are typical of those obtained at other holes and it will be 
seen that the most obvious result is that converging the walls appears to have given a 
large reduction in strength of the expansion reflections (8) from the side walls. 
These are the reflections of the nose compression. This improvement cannot however be 
taken at its face value because converging the side walls also materially affects the 
empty tunnel 6 Mach number distribution in the region of the model. over much of the 
model, the stream Mach number corresponds reasonably with that based on the static 
pressure in the plenum chamber but the Mach number near the nose of the model can be 
significantly lower than this, e.g., for M = 1.06, Mnose = 1.043 and for M = 1.08, 
Mnose = 1.058. As a result, the bow shock and nose compression waves at a given 
stream Mach number intersect the tunnel walls further forward when the walls ar 
converged• than when they are parallel and hence the open-area ratio of the wall at 
the point of reflection is not as great. As already shown, this in itself should 

• This is confi rmed by the fact that, as shown by the results in Figure 36, the Mach number at 
which any reflected wave crosses any given hole position is higher than when the walls are 
converged. 
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reduce the stren1th ot the reflected waves and when allowance has been mde for this, 
Fi1ure 35 shows that the re•inin& effect which can be ascribed to wall converae ce 
is relatively sli&ht. 

It will be realised that if there was any case for operatin1 the tunnel with walls 
conversed, an atte■pt would have had to be made to modify the open-area ratio dis­
tribution alon1 the walls to 1ive a better Mach number distribution, tunnel empty . 
If thia bad been successfully accomplished, the open-area ratio effect noted above 
would have been eliminated and it seems probable that only a small improvement with 
walls converaed would have then been achieved as compared with the present results, 
walls parallel. 

Some further direct evidence as to the effects of wall converaence is required . 
<me way of possibly obtainin1 this would be to test the small blockage model in the 
perforated tunnel with the walls converged. This model would be situated sufficiently 
tar back in the workin& section for the Mach number distribution across the model 
station to be fairly reasonable whether the walls were converged or not and so the 
effects ot wall converaence would be determined unimpaired by chan1es in other var i­
ables. Aa shown earlier in Section 5.3, the principal interference effects with the 
sall ■odel are due to the bow shock reflectin1 as expansion waves and it is this 
characteristic which it miaht be hoped wall convergence mi&ht improve . 

5 .9 Suaary or lain Effect• 

The •in conclusions of this section can be suaaarised as follows : 

(1) It appears that for Mach numbers clc,e to M = 1.00 a blockage correction of 
the saae sian as for an open tunnel is needed. The value of this correction 
is of the order of 6 11 = 0. 02 for the perforated tunnel and 6 M = 0.01 for 
the slotted tunnel and if such a correction is applied the pressure distribu­
tions for corrected Mach numbers up to M = 0.99 for all the models can be 
brought into reasonable agreement. 

(2) For the models at 0.M; blockaae, the rearward movement of the terminal shock 
with increasing Mach number (with an associated strengthening of this shock) 
is retarded in both types of tunnel and it seems that this effect is somewhat 
more pronounced in the perforated tunnel. Beyond an uncorrected Mach number 
of about M = 1.03 , the single near-normal terminal shock appears to divide 
into two with one limb sloping forward and the other limb sloping rearward. 

(3) The subsequent wave reflections are much stronger in the slotted tunnel than 
in the perforated tunnel. At Mach numbers below 1.10, this is partly because 
the slotted tunnel is very nearly square and a focussing effect of the 
reflections from different walls is therefore present; the limited number of 
slots also affects its wave-cancelling properties. 

(4) In the slotted tunnel, shocks reflect as shocks and expansions as expansions; 
there is also the possibility that a strong reflected shock will have an 
associated fan of reflected expansion waves. 
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(5) In the perforated tunnel, expansion fields reflect as a sinale shock originating 
from near where the wall intersects the end of the expansion region; no serious 
reflections originate from further forward in the expansion zone . 

(6) In the perforated tunnel, incident compression waves can reflect either as 
shocks or as expansion waves according to whether the open-area ratio is less 
than or greater than the curve plotted against Mach number in Figure 34. &m,.11 
improvements can be effected by converging the walls. 

An indication of the significance of the interference effects on the overall 
pressure loadings at zero incidence can be obtained by comparing the pressure dis­
tributions at selected Mach numbers with the non-interference distributions from 
Figure 24. A comparison is made 'in tt.is way in Figure 37(a-f) for the 0.5% blockage 
model in the perfora~ed tunnel at a representative selection of Mach numbers. The 
effects are not insignificant at Mach numbers from 1. 0 to 1. 04, particularly near the 
shoulder and over the rear part of the body, but they have become smaller by M = 1.10 

6. ANALYSIS OF OTHER PRESSURE DATA 

6.1 Bue Preuure 

Figure 38 gives a comparison between the variation of base pressure with Mach number 
for the 0.5% blockage models in the perforated and snall slotted tunnels, once again 
compared with the results at 0.06% blockage in the perforated tunnel as a datum. The 
results for the 0.06% blockage are, incidentally, in very close agreement with the 
results obtained in free flight and for the small blockage model in the large slotted 
tunnel. For correlation with the results just discussed the base pressure is plotted 
as 6 p/H , i.e., as a difference from free-stream static pressure. 

The base pressures measured in these different cases do not exactly agree either 
at low speeds or at high speeds, i.e., where interference effects might be expected 
to be snall. This is thought to be due to differences in the sealing of the model at 
the base and as a result interference effects have to be judged by considering the 
Mach number at which variations occur and by the magnitude of these variations, rather 
than by considering the value of 6 p/H for a given Mach number. 

Figure 38 shows that the variatiJn of base pressure with Mach number near M = 1.00 
for the models at 0.5% blockage is quite different from that observed for s•ll block­
age. It is possible to explain the different variation in terms of the different 
terminal shock movements for the various models. It seems that when the terminal 
shock is lying well upstream of the base, the base pressure tends to decrease with 
Mach number . This trend is evident up to about M = 0.94 for the 0.08% blockage 
model and up to about M = 1.02 for the 0.5% blockage model in the perforated tunnel 
anti similarly up to about M = 1. 01 for the 0. 5% blockage model in the saall slotted 
tunnel. Nex t , when the terminal shock is nearer the base but just upstream of it, 
the base pressure increases and then, finally, when the terminal shock is lying down­
stream of the base, the base pressure decreases to a value that is considerably less 
than at high subsonic speeds. For the model at snall blockage, it bas already been 
seen that the terminal shock reaches the base by M = 1.015 and so the above succession 
of changes in base pressure occur relatively rapidly and are complete by about M = 1.03. 
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For the models at 0.5% blockage, the terminal shock does not reach the base until n ar 
M = 1.03 in the small slotted tunnel or M = 1.05 in the perforated tunnels (Fig . 27 ) 
and the base pressure data are consistent with these figures, e.g., in the small 
slotted tunne-1 the changes in base pressure are complete by about M = 1.055 and in 
the perforated tunnel by about M = 1.08. There is however one significant differenc 
between the results for the slotted and perforated tunnels. In the slotted tunnel, 
the increase in base pressure as the terminal shock passes over the edge of the ba e 
is quite •rked (about 0. 02 in 6 p/H) whereas in the perforated tunnd the effect on 
6 p/H is appreciably less (about 0. 01); on the other hand, the effect extends over 
a much greater Mach number range. This last result is consistent with what was said 
in Section 5.6 and confirms the impression that in the perforated tunnel, beyond about 
M = 1.03, the single near-normal terminal shock is replaced by a double shock system 
and consequently a larger Mach number range is needed for this double shock system to 
pass over the base. The comparative results for the slotted tunnel tend to suggest 
that this phenomenon does not happen - at least in these tests - in the slotted tunnel 
where the terminal shock that passes over the base is still a single strong shock. 

It is perhaps worth mentioning that one other possible type of explanation for the 
different variation of base pressure with Mach number near M = 1.00 has been investi­
gated and rejected. It was felt originally that it might be due to some upstream 
influence from the rear end of the working section since at Mach numbers close to 
M = 1.0, if the auxiliary uction and fan pressure ratio are not correctly adjusted, 
the Mach number distribution in the tunnel downstream of the model will not be 
constant. Alterations were deliberately made to the combination of auxiliary suction 
and fan pressure ratio to investigate this but these changes had no effect on the 
variation of base pressure with Mach number. 

It thus seems reasonable to conclude that, as just explained, the different trends 
near M = 1. 00 are related to the retarded movement of the terminal sho,~k. The 
spurious decrease in base pressure for the large models in between M = 0 .96 and 
about M = 1.02 does not therefore indicate that some disturbance is cros~ing the 
base; rather, it is a consequence of the terminal shock lying too far upstream of 
the base. With a boat-tailed afterbody, these errors near M = 1.0 would of cou rse 
apply to the afterbody pressures and hence to the drag as well as Just the base 
pressure. In some experimeDts, therefore, these particular effects could determine 
the limiting Mach number beyond which the tunnel results were thought to be unreliable. 

At higher Mach numbers, the base pressure is affected when reflected waves cross 
the base of the model. Figure 38 suggests that these effects are very much greater 
in the slotted tunnel than in the perforated tunnel. For example, the measured base 
pressure terms of 6 p/H for the 0. 5% blockage model in the small slotted tunnel appear to 
be about 0.05 low at Mach numbers near M = 1.15: this corresponds to the speed at 
which the expansion reflections of the forebody-expansion cross the base. In the 
perforated tunnel, on the other hand, the reflected-wave effects on base pressure 
one the terminal shock has passed appear to be definitely less than lo.oi l in 
l:i p/H . 

6.2 ling Pressurrs 

The results obtained for a pressure point near the wing root trailing edge were 
very s imilar to those at a corresponding position on the top of the body and so need 
not be d1scussed here. 
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The resul t s obtai ned for a pressure point at 0.95c and 0.7 x semispan are however 
very interestin& and are plo ted in Figure 39. 11\is hole is situated 7.450 downstream 
of t he body nose and 1. 880 out from t he model centre l ine. Broadly speaking, therefore, 
t he results shou ld be comparable wi t h those obtained for t he 7.60 hole on the top of 
the body (Fig. 26e) and a comparison of the two f i gures shows that the agreement is 
remarkably close. This is , in fact, t he mos t important conclus ion from Figure 39 as, 
without th is evidence , it might have been argued that deduct i ons from the body 
pressures need not have borne much relat ion t o developmen ts on the wing and need not 
therefore have given a reliable indication of poss ible interference effects on the 
overall forces and moments . 

Small di fferences in detail are to be expected between Figure 26 (e) and Figure 39. 
As regards reflections from the top wall, the wing hole should correlate best with 
what is observed on the body at the stat ion s l igh t ly further upstream, i. e. nearer 
7. 20, whereas as regards reflections from the side walls the wing hole results should 
correlate with a position further downstream on the body, between 7.60 and 8. 00. 
One result of this is that the shock reflections of the forebody expansion, c8 and 
CT, which are evident as separate perturbations in he results for the body hole 
(Fig. 26c) are only evident as one perturbation in the results for the wing hole in 
Figure 39. other similar but less important examples could be quoted. 

As regards the actual strength of the reflected waves, these appear to be of the 
same order over the wing as above the body but since data for only on~ hole are 
available it would not be profitable to analyse these in detail. 

7. CORRELATION OF PRESSURE AND OVERALL FORCE RESULTS 

In conclusion, some examples can be quoted of where the interference effects dis• 
cussed in the analysis of the pressure measurements can be seen t o have influenced 
the overall force and moment results. These will now be discussed briefly. 

7.1 Blockace Effects 

These were deduced from the body pressures and Figure 39 shows that similar effects 
are present on the wing. ntey are largest for the 0.5% blockage model in the per­
forated tunnel for which the correction is of the order of 0.01 in Mach number at 
M = 0.95 and 0. 015 at M = 0.99. This correlates fairly well with the coaparison 
in Figure 19 of the zero-lift drag of the 2½in. and 7in. models in the perforated 
tunnel which showed that for the larger model the early part of the drag rise 
appeared to be delayed by about 0.01 in Mach number. The lift and moment results also 
tend to show the same characteristics but somewhat less clearly. 

7.2 Tenninal Shock Move11e11t 

Apart f r om i ts effect on base pressure, this bas not had a very pronounced effect 
upon the overall results for the present wing-body combination but this is purely 
because the rear part of the body is parallel. However, one important result from 
the pressure analysis is that the delay in shock movement appears to be related to 
where the walls intersect the wing expansion field and so, what ever the configuration, 
this phenomenon should not materially affect the pressures over a wing unless it is 
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very highly swept back. Its principal effects will be on afterbody pressures and on 
the flow over a tailphane or fin (see Section 7.3.2). 

7.3 Reflected laves 

The two most serious consequences of the reflected waves interfering with the flow 
field around the model are their effects on drag and on the flow over any tail surface 
placed behind the wing. 

7.3.1 Effects on Drag 

The results for the perforated and small slotted tunnels as plotted in Figures 19 
and 14 are in good Qualitative agreement with effects deduced from the pressures and 
in particular from the pressures for the hole on the wing, as plotted in Figure 39. 

In Qualitative terms, it has often been noted that for a model in a slotted tunnel 
the measured drag at Mach numbers just above M = 1.00 is too low, while later, at 
Mach nuabers near, say, M = 1.10, the measured drags are too high, whereas in a 
perforated tunnel the second of these effects is not observed. This difference can 
be related to the fact that strong expansion reflections originating from the forward 
part of the forebody are present in the slotted tunnel but not in the perforated 
tunnel. This can be seen by correlating the results in Figures 39, 14 and 19. 

In detail, in the slotted tunnel, the drag at Mach numbers between M = 1.00 and 
1.05 for the 0.5% blockage mod1al is too low and this is associated partly with the 
reflection of the leading-edge shock crossing the aft part of the wing and partly 
with the reflections of the forebody expansion crossing the forward part of the wing. 
The excess drag measured between about M = 1.05 and M = 1.12 is associated with 
the reflections of the forebody expansion crossing the aft pe.rt of the wing and the 
fact that the drag is too low at Mach numbers between M = 1. 12 and 1.20 is 
associated with the reflections of the bow shock and nose compression passing over the 
wing. As expected from the analysis of the pressures, therefor€, the drag is 
significantly in error throughout the range from M = 1.0 to M = 1.2 and the more 
serious effects appear to be related to the strong expansion reflections crossing the 
wing. 

In the perforated tunnel the drag as measured for the 0.5% blockage model is too 
low up to about M = 1.08 and this appears to be largely due first to the blockage 
effect noted above and then later to the strong shock reflections originating from 
the end of the forebody expansion. The differences above M = 1.08 are small and 
are presumably related to the passage of the other reflected expansion waves across 
the wing. 

7.3 .2 Effects on the Flow over a Tailplane 

This problem has been studied by a special test made in the perforated tunnel. 
The model arrangement for this test is sh~n in Figure 40. The 2½in. model was 
mounted above the rear part of t he 7in. model thus simulating a high tailplane 
arrRngement. It was tested in two alternative longitudinal positions. In its for­
ward position, the base of the 2%in. model was at the same station as the base of the 
7in. model; in the rear position, its base was 5in. further aft. The point of 
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testing the pseudo-tailplane in two fore-and-aft positions was that differences between 
the characteristics in the two positions should be largely a function of the tunnel 
interference effects since the changes in downwash and dynamic pressure with such a 
small change in axial position should be relatively slight. The actual test results 
showed that this argument did not remin qu ite true in practice because, when in the 
rear po. ition, the flow over the wings of the small model became influenced by the 
flow a"ound the base of the large model. 

Some typical results from this test are shown in Figure 41. The normal force 
measurements on the smll model have been analysed to give effective values of down­
wash which are plotted against Mach number for different incidences of the main model. 
For these particular results, the two models were set at the same incidence, i.e. 
they refer to effectively 77-r = o0 

: results from a second se ri es of tests with 
~T = 3° appeared to tell roughly the same story as regard interf r nee eff cts. 

The effective downwash for a= o0 should be virtually zero and with the tailplane 
in the forward pos i tion this is shown tu be true up to M = 0.98 and at the highest 
test Mach number (1.18). With the tailplane in the rear position, the effective down­
wash at Mach numbers up to M = 0.98 is about 0.35° and this difference is thought 
to be due to the influence of the flow around the base of the large model. 

In the present context, it is more important to note that with the tailplane in the 
forward position an effective downwash of about 0.15° is produced near M = 1.00 to 
1.02 and a downwash of about 0.45° near M = 1.10. Similar effects can be observed 
for the tailplane in the rear position at somewhat higher Mach numbers, e.g., near 
M = 1.04 and M = 1.16 respectively. The delaying of the effects to higher Mach 
numbers with the tailplane in the rear position is consistent with interpreting the 
effects on the basis of reflected waves interfering with the flow over the tailplane. 
The additional changes with Mach number apparent in the downwash derived frOIII the 
tailplane in the rear position do not correlate with corresponding effects for the 
forward position and therefore are probably due to changes in the flow expansion 
around the base of the large model. 

The interference near M = 1. 00 to 1. 04 which leads to a maximum downwash of 
about 0.15° would seem to be related to the movement of the terminal shock across the 
tailplane. In magnitude it is of the same order as might have been expected on the 
basis of the pressure measurements. From Figure 27 the pressure rise across the 
terminal shock is of the order of 0.025 in p/H and the flow deflection through a 
shock of this strength would be expected to be not more than 0.1° to 0.2°. 

The more serious effect is the 0.45° change in downwash which occurs near M = 1.10 
to 1.16, according to tailplane position. The most likely explanation for this is 
that when it happens the tailplane is ahead of the ref lection of the forebody exs:ansion 
from the bottom wall and behind the corresponding reflection from the top wall. 11lis 
has been confirmed by a quantitative analysis based on the pressure measurements of 
Figure 26, etc. Also, the magnitude of the effect, i.e. about 0.45°, correlates well 
with the observed strength of these reflections (at M = 1.10 , for example, the flow 
deflection through a shock with a pressure rise of about 6 p/H = 0.015 would be 

expected to be about 0.45°). The Mach number range over which this spurious downwash 
is present is, therefore, a function of the relative position of both the forebody 
and tailplane with respect to the top and bottom walls of the tunnel. If both the 
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body centre line and the tailplane bad been on the centre line of the tunnel, this 
effect would not have been present; similarly, the further the tailplane is dis­
placed frca the tunnel centre line, the greater the Mach number range over which the 
d011JDW&ab is in error. 

It is alao of interest to compare results obtained from different model incidences, 
particularly in view of the fact that no analysis has yet been made of the pressures 
■euured at non-zero incidences. The downwash result s in Figure 41 suggest that the 
nature of the interference effects remains substantially the same over the incidence 
ran11 ahOlfll, i.e., a = -3° t o +6°, but that incidence evidently has some effect on 
the strength and poasibly position of the reflections of the forebody expansion field. 
The results at II = 1. 10 for the tailplane in the forward positici suggest that these 
effects bec011e leas important with increasing positive incidence ,, t analysis of the 
preaaure reaulta will be needed before this can be properly explr.imid. Broadly speak­
inl, however, the effect on cl e/ oa seems to be less than the •~ffoct on e at given 
a. 

No correapondin1 experi•nt haw been performed in the small slotted tunnel. Since 
the nature of the wave reflections is radically different, it is difficult to forecast 
what the correspondin1 picture to Figure 41 would look l ike. The reflected waves are 
stronger and the possi bility of flow deflections of the order of 1° or more exists, 
but on the other hand the Mach numbers at which a tailplane would ~e cut by reflections 
fr011 the top and bottom walls respectively would not be as different as in the per­
forated tunnel. 

8. CONCLUDING REMARKS 

From the results so far obtained, it is apparent that much useful information on 
interference effects is being obtained from the current programme and more is to be 
hoped for as the tests planned are completed. The proposed extension of the tests to 
models of higher blockage ratios should assist in the assessment of the interference 
effects on overall forces, which have in general proved t o be small : clearer under­
standing of the larger effects obtained in some cases at higher incidence can also 
be looked for. The analysis of the body pressure measurements has shown the nature 
of the wave reflect ion interference effects at zero incidence for particular slotted 
and perforated wall tunnels. Similar analysis is required of pr~ssures at incidence, 
and of the wave-cancelling properties of other tunnels, particularly the RAE 8ft x 
6ft tunnel with many-slotted walls. In addition, as some of the most serious inter­
ference effects are on drag and on the flow over the rear part of the body, tests 
with different afterbody shapes and tailplane arrangements would be useful. 
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TABLE I 

Principal Dt111ensions of the Models 

Body Aerodynamic Wing 
Maximum 

Body 
pan X-sec t ional 

diameter mean chord area length 
area 

1. 75 9.4 3.6 31 3. 2 17. 5 
2.50 13. 5 5.2 64 6.5 25 
5.0 26.9 10.3 256 26.1 50 
7. 0 37. 7 14.4 502 51.2 70 

(dimensions in inches and square inches) 

TABLE II 

Details of the Tunnels 

Working Total 

TuMel 
sect ion open-area 

Detail of walls Ref.No. diiuns ions ratio 
(in. ) (%) 

Aircraft 
Perforated; 0.5in. diameter Research 108 X 96 22½ 5,6 

Association holes 

RAE, 
96 X 96 Supersonic tunnel, solid -Bedford walls 

RAE, 
96 X 72 11 

All four walls slotted, total 
7 Farnborough of 24 slots 

RAE, 
36 X 35 10 One slot at centre of each 

8 Bedford wall, half slot at each corner 

RAE, 35 X 27 10 6 slots in 35 inch wall; 
9 Bedford 27 inch side walls are solid 

De Havilland 24 X 24 10 5 slots in each of top and 
10 bottom walls 

Nat ional 
10 slots in each of top and Physical 21 X 20 4.2 

Laboratory bot tom wa Us 

RAE, 
24 X 18 11 as 96in. x 72in. tunnel 7 Farnborough 
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TABLE Ill 

Proposed Tests 

Model 
Area ratio Reynolds no. based TUMel dicuaeter M• 

(in.) (%) on c x 10- 6 

ARA 7 > 1.3 0.5 ~·· 108in. x 96in. 5 1. 19 0.25 4 
2½ 1.07 0.06 ~ 

RAE, Bedford 7 > 1.3 0.55 Range 2 to 6 
96in. x 96in. 

RAE, 7 > 1.3 0.75 ; 5 2 
96in. x 72in. 5 > 1.3 0.38 3 2 

2½ 1.09 0.09 1 
ll 1.06 0.05 ! 

RAE, 2½ > 1. 3 0.52 ~ ! 
361n. x 35in. ll 1.17 0.25 2 1 

RAE, 2½ > 1.2 0.69 ! 
35in. x 17in. 

De Havilland ll > 1.3 0.55 :(: 1 
24in. x 24in. 

NPL, a > 1.3 0.76 
211n. x 20in. 

RAE, I¾ > 1.3 0.75 
24in. x 18in. 

M• Mach number at which reflection of bow wave is clear of model base 
•• Tests completed are underlined 

Details of Free-Fli1ht Tests 

! 

1 

2 Models: 5in. diameter, one transition free and one fixed: measuring body 
pressures. 

1 Model: llin. diameter, transition fixed, with tapered sting added: measuring 
body pressures. 

2 Models: 5in. diameter, to measure zero-lift drag and base-pressure. 

1 Oscillating model to measure aerodynamic centre and lift-curve slope. 
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Fig.6 Variation of lift with incidence; 2½in. model in perforated tunnel; 
Reynolds number 2 x 106 
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Fig. 41 Var iation of downwash with Mach number deduced from test s on arrangement in 
Fi gure 40; 9ft x 8ft perforated t unnel 
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