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PREFACE 

The Large Wind Tunnels Working Group (LaWs) of the Fluid Dynamics Panel of AGARD 
has been helped considerably in its deliberations by a large number of non-member scientists 
and engineers from the participating countries, who investigated particular problems, provided 
specially-written papers, or took part in the discussions. This help was very much appreciated 
by the members of the Group, and the information contained ,in the LaWs Papers, in particular, 
has prov~d t6 be very valuable. However, the number of LaWs Papers is so large (over 130) 
that it was not possible to publish them all or to include them in full in the Report of the 
Group (AGARD Advisory Report 60 entitled "The Need for Large Wind Tunnels in Europe"). 
On the other hand, some of the LaWs Papers present substantial surveys of particular fields 
and others describe possible options for future wind tunnels in detail. These papers supplement 
the Report of the Group in essential respects. The Group decided, therefore, to publish a 
selection of the laWs Papers in AGARD Reports, so that they are generally available and can 
be read in conjunction with the Report of the Group. 

As a result, four AGARD Reports are being published, collecting a number of papers 
together on subjects related to the design and operation of low-speed and transonic wind 
tunnels, with particular reference to possible future large wind tunnels in Europe. There 
are thus three further Reports in addition to the present Report. Their contents are listed 
in Appendix I at the end of this Report. 

Wherever appropriate, the individual papers have been edited by a member of the LaWs 
Working Group. On behalf of the members of the LaWs Group, the undersigned wishes to 
thank all those who helped the Group and especially the authors of the papers published 
here. ' 

D.Kiichemann 
Chairman, LaWs Working Group 

November 1972 
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SUMMARY 

REVIEW OF SOME PROBLEMS RELATED TO THE DESIGN AND OPERATION OF 
LOW SPEED WIND TUNNELS FOR V/STOL TESTING 

Mario Carbonaro 
Assistant 

von Karman Institute for Fluid D:rnamics 
72, Chaussee de Waterloo 
1640 Rhode-Saint-Genese 

Belgique 
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A review is made of a number of operational problems associated with the wind tunnel 
testing of V/STOL aircraft including helicopters. The fOllowing topics are.discussed 
in the stud:r : 
- Wall constraints 
- Use of ventilated walls 
- Testing for ground effect 
- Flow disturbances in the tunnel circuit 
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slot width 

aspect ratio 

wing span or rotor diameter 

test section width 

wing chord 

wind tunnel cross sectional 

lift coefficient 

,drag coefficient 

pitching moment coefficient 

jet nozzle diameter 

induced drag 

model height above floor 

test section height 

area 

parameter defining slot geometr:r of porous walls 

slot spacing 

lift 

coordinate normal to wind tunnel walls 

slot parameter 

measured dynamic pressure 

- corrected d:rnamic pressure - average at wing location 

corrected dynamic pressure - average at tail location· 

wing or rotor disk area 

test section wall thickness 

temperature at the exit of a'jet engine 

free stream velocit:r 

jet velocity 

longitudinal coordinate 

wake impingement distance 

spanwise coordinate 

angle of attack 

average incidence correction at the wing 

interference angle at zero lift 

additional incidence correction at the tail 

variation in incidence correction across wing span 

variation i~ d:rnamic pressure across wing span 

lift interference factor 

perturbation potential 

wing sweep angle 
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X momentum wake angle 

Xe errective wake angle 

1. INTRODUCTION 

Based on the present state of the art in four important aspects of low speed wind 
tunnel operation for V/STOL testing, the report aims at providing information pertinent 
to the design of large low speed tunnels. 

The topics considered in the study are : 

- Wind tunnel wall constraints and the limitation they may impose on the test conditions 
(model size relative to tunnel size, tunnel speed) 

- Potential of ventilated test sections for the reduction of boundary induced corrections 
Requirements for proper simulation of ground effects 

- Efrects of flow disturbances originating at the model and propagating around the 
tunnel circuit 

2. WIND TUNNEL WALL CONSTRAINTS 

2.1 Introduction 

For tests of CTOL aircraft well established methods exist for applying wall corrections. 
Ref.l gives a~ extensive bibliography of the published work on this subject up to 1966. 
An example of a method for applying blockage, lift and moment corrections to wind tunnel 
measurements is reported in the more recent Rers 2 and 3. 

When conducting and interpreting wind tunnel tests of V/STOL aircraft and helicopters, 
the three following problems arise in connection with the existence either of downward 
directed jets or of non-horizontal wakes originating from the lifting elements : 

a) The methods used in calculating the wall corrections for tests of CTOL aircraft 
employ schemes based on undeflected wakes, i.e., on horizontally trailing vortex 
filaments. However, as the overall lift on the model increases, the wakes are progressively 
derlected downward thus departing from their mathematical representation and therefore 
leading to an error which increases with the overall lift. 
Because wall corrections are thus inevitably approximate it is necessary to set an upper 
limit on them, depending on the accuracy called for in the final evaluation of the data. 
This was recognized in the pioneering work conducted at R.A.E. some fifteen years ago. 
Thus Anscombe and Williams (Ref.4) ~uggested that the mean incidence corrections on the 
wing, 6a, should not exceed 2° for a sufficiently accurate prediction of corrections 
based on simple wing theory assuming undeflected wakes. This criterion, mentioned again 
by Butler and Williams in Ref.5, has become since a generally accepted limit. 
However, the magnitude of the limit depends on the metnod used for correcting the data, 
and thus a larger value than 2° might be acceptable, if the method were based on a better 
approximation of the lifting scheme than the classical one assuming un'deflected wakes as 
used for CTOL aircraft. 
For tests of V/STOL aircraft, Heyson has suggested more elaborate schemes of wall correc­
tions as indicated in the next paragraph. He has also suggested limits to the maximum 
acceptable corrections (Ref.6). They have been determined partly from experience and 
partly arbitrarily. In fact, to determine such limiting criteria, there is a need for 
systematic tests to be performed on identical models in wind tunnels of different sizes 
and/or for flight data to be compared with results on models of identical configuration. 

b) The lifting schemes based on the superposition of horseshoe vortices with horizontal 
trailing filaments are not acc~ptable for V/STOL aircraft and helicopters where a proper 
ma~hematical model describing the flow field induced by a highly loaded wing (e.g., a jet 
flap), a rotor or a lifting jet, is needed. Some mathematical schemes have been proposed 
by Heyson for a rotor wake, represented as a skewed elliptical cylinder of distributed 
vorticity (Refs 7, 8, 9) or as a line of doublets (Refs 7. 10) together with the suggestion 
(Ref.ll) that such "elementary wakes"'may be combined to represen~ any lifting system, 
wing or rotor. Heyson ISS chemes, however, employ rect ilinear wakes whi ch may-n"·t be truly 
representative of a lifting jet deflected by the cross flow. Heyson and various other 
researchers have worked on a scheme employing curved wakes, in which doublets are distri­
buted on a suitable, often empiricallY determined, curved path for the deflected jet. 
However, such methods have been hampered by excessive computing complexity and are not 
at the present time capable of providing tables or charts of corrections. 

c) For high wake deflections or jet directions approaching the vertical, and for small 
distances of the model from the wind tunnel floor, flow reversal in the test section may 
Occur. This phenomenon, known as flow breakdown, starts on the wind tunnel floor and is 
accompanied by the formation of a reversed flow bubble; flow direction may thereby be 
signiricantly affected in the vicinity of the model, and the validity of the tests becomes 
questionable. This situation, reported first by Rae (Ref.12) really sets a limit either 
on the minimum test speed or on the maximum ratio of model to test section dimension. The 
problem has also been investigated in Refs 13 to 17 and a discussion on the subject has 
recently been presented by Owen (Ref.18). 

2.2 Methods for dealing with wall effects 

A. survey has been ~ade of the different methods proposed for dealing with wall effects 
in tests of complete aircraft. They fall into two different types of approach. In the 



s 

ns 

=>n8. 

3, 

'r 

~ion 

::r 

. -

Les 

e 

s 

1-3 

~irst one, test results are corrected by m~ans of formulae ba.ed on theoretical estimates 
of boundary effects; in the second one, tests are made in special test sections which 
do not impose constraints on the flow so that there is no need for corrections. However, 
it is important to note that in both cases a mathematical model is required for the far 
velocity field induced by the aircraft to be tested in order to calculate, at the wind 
tunnel wall location, the velocities induced by the aircraft in free air. This mathema­
tical model must represent the lifting devIces (wing, rotor or jet) sufficiently well 
to enable the induced velocities far from the model to be satisfactorily predicted. 

The first approach groups the following methods : 
(i) The image method: Wind tunnel walls are simulated by infinite series of images of 
the mathematical model simulating the aircraft. The sum of the velocities induced by all 
the images of the model is the boundary interference velocity. This method is mainly 
applicable t? wind tunnels of rectangular cross section, though it 'has been used for, 
circular or elliptical test sections, either open or closed, but not in the case of 
slotted walls. This is the classical method described in most pUblished reports, e.g., 
Refs 1, 3, 7, 10. 
(ii) The wall perturbation potential method: It is based on the numerical solution of 
the Laplace equation for the wall perturb'lition potential. The numerical solution is 
obtained for a certain boundary condition to be satisfied by the sum of the wall and 
model perturbation potentials. This boundary condition is applied at the test section 
boundaries, which may therefore have any shape and be of any type, open, closed or 
~lotted. A method of this kind is illustrated in Ref.19. 
(iii) The vortex lattice method: This method, due to Joppa (Ref.20) is applicable to 
closed test sections of any shape; it use's' a double latti-ce of vortices, lying on the 
wind tunnel walls, parallel and perpendicular to the tree stream velocity, forming a 
pattern of rectangular cells. The boundary condition of no flow through thp. walls, applied 
at the center of each cell, gives a linear relationship between the vorticities associated 
with the cells. The resulting system of equations can be solved for the wall distributed 
vorticity. Of course, in each of these equations, will also appear the contribution from 
the mathematical model describing the actual physical model located in the test section. 
Once the wall distributed vorticity which simulates the presence of the wall is found, 
the wall induced velocities anywhere in the test section can be directly evaluated. 

The second approach consists of : 
(i) Employing a very large test section compared to the model. The question of how large 
the test section must be is answered by evaluating the wall induced velocities by one 
of the methods described above and checking if the resulting correction can ~e neglected. 
(ii) Employing a slotted wall test section, where the type of slot is chosen so as to 
minimize the wall interference. It is undoubtedly true that with slotted walls a decrease 
in wall interference can be obtained, but a practical test section design for zero inter­
ference on both lift and pitching moment has not really been demonstrated yet. 
(iii) Having a special test section with porous walls surrounded by several plenum 
chambers. During the test the static pressures on the wind tunnel walls are monitored 
and compared with the pressures tha"t should exist in free air far from the model, and 
which can be predicted by the mathematical model simulating the aircraft. Then by 
suitable adjustment of the pressures in the p~enum chambers, the wind tunnel wall static 
pressure is modifi~d till it coincides with the static pressure existing in free air 
at the location of the wind tunnel boundaries. This approach has been proposed by 
Kroeger and Martin (Ref.21) and investigated at Northrop (Ref.22). 

Some of these procedures may be applied iteratively to take into account the influence 
of the wind tunnel walls on the mathematical model describing the aircraft. 

As already stressed, an important decision to be taken is the choice of the mathematical 
model describing the far field of the aircraft. For CTOL aircraft, doublets, sources and 
sinks are used for blockage corrections (Refs 2 and 23), and a superposition of horseshoe 
vortices for lift corrections. The only existing schemes for V/STOL and helicopters, which 
yield directly applicable correction charts appear to be those proposed by Heyson. They 
refer to downward deflected straight wakes on Which vertically and'horizontally oriented 
doublets or vortex rings are distributed. The vertical and horizontal interference 
velocities, and hence, the lift and moment corrections as well as the wake blockage 
correction are thereby obtained~ The blockage due to the model volume and any separated 
flow regions should of course also be accounted for, as in the case of CTOL models 
(Refs 2 and 3) • 

2.3 Flow breakdown 

When the high energy wake from a V/STOL lifting system impinges on the wind tunnel 
floor, flow reversal can occur on it due to : (a) floor boundary layer separation before 
the impingement point caused by the wall static pressure rise upstream of the impingement 
point, and (b) equilibrium of momenta at the impingement point which always requires the 
existence of some reverse flow on the wind tunnel floor. By employing a moving ground, 
cause (a) can be eliminated, therefore delaying flow breakdown but not eliminating it 
because cause (b) does not depend on the existence of a boundary layer on the wind tunnel 
floor. 

2.3.1 £~!~~~!!_!2~_2££~~~~£~ 
Flow breakdown has been studied by various investigators who deduced the testing limit 

at which it oc~urred. This limit can be expressed in terms of any ,one of the following 
parameters (Fi~.l) 
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CL h 
- C A b Lhb 

Vo h 

Vj d 

a) South's criterion: In Ref.14 experimentally determined flow breakdown limits for jet 
flap wings, defined as corresponding to incipient separation on the wind tunnel floor, 
are expressed by : 

D. 
C .s 3.0 for -!. .s 0 

Lhb L 

3 
D. 

C {' for 1 
~ 0 L Lhb 

/1 
D. 2 

+ 4(L1
) 

b) South's correlation of Rae's data i According to Ref.14, res~lts obtained by Rae for 
rotors at DilL close to zero indicate that flow breakdown occurs at values of CLhb b-etween 
2 and 4 • 

. c) Tyler and-Williamson limit: Experimental results for vertical jets, reported in 
Refs 15 and 16 yield the following limit at which stagnation of the mai~ flow first occurs 
on the wind tunnel floor : 

Vo h 
- - ~ 1.6 
Vj d 

Tilting the jets slightly modifies the value of the numerical constant. Thus for a forward 
or rearward inclination of 20° the constant respectively becomes 1.55 and 1.67 instead 
of 1. 6. 
d) Heyson's correlation: Various limits of flow breakdown, experimentally determined by 
Rae (Ref.12) on rotors, by Heyson (Ref.24) on a jet flap and by Grunwald (Ref.25) on a 
tilt wing were correlated by Heyson (Ref.26) in terms of minimum allowable value for 
xf/b, for various wind tunnel width to height ratios, as follows 

X/b l> 1.25 for B/H 3 to 4/3 

x/b ~ 1. 75 B/H = 1 

xf/b ~ 1.25 B/H 2.3 

xf/b l> 1.5 B/H 1/2 

Here xf = h tgX is calculated using for X the momentum wake skew angle as determined in 
Ref.27 and not the effectiVe (vorticity) wake skew angle. 

e) Heyson's theoretical analysis: In Ref.28, the potential flow in a test section con­
taining a rotor is graphically pictured by a numerical technique in which the rotor wake 
is represented by a skewed circular cylinder of distributed vorticity and the walls by the 
rotor wake images. The flow on the wind tunnel floor is found to be never reversed for 
X > 70° and always reversed for X < 30°. However, from the charts presented, no quantitative 
conclu~on can be drawn of the effect of angle of attack, model vertical location, rotor 
load distribution and relative size on the value of X at which reversal occurs. These 
effects appear to be small from such an analysis and the limiting value for X to be 
around 50°. 

f) Owen's correlation of Vogler's data: In Ref.29, Owen exam~ned data on ground effect 
measurements by Vogler (Ref.30), obtained from models with various jet conf~urations. 
Using a formula due to Hurns and Akers (Ref.31), he suggested a limit based on the 
assumption that flow breakdown occurs when the jet path, calculated in the absence of the 
floor, intersects the floor at an.angle of 60°. 

These limits can be plotted in terms of hlb or hid versus VolVj (Fig.2a), or in terms 
of CL/A versus biB (Fig.2b). In the second case, the shape of the test section and the 
vertical location of the model must be specified. Fig.2b applies to a wind tunnel having a 
width to height ratio of 4:3 and a model centered (h/H = 112) in the test section. 

One set of curves may be obtained from the other using the following relationships 

CL 
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It should be noted that acceptable test conditions lie above the limit curves of Fig.2a 
and belo~ the limit curves of Fig.2b. The different ranges for ~hich the various curves 
are valid should also be noted, some applying to high and others to lov disk loading 
systems. Furthermore, vhen ve consider that Oven's limit has been experimentally obtained 
for high disk loading systems (vertical jets), ~hile that of South for lov disk loading 
systems (jet flaps) ve may infer that the disagreement betveen South's and Oven's limits 
in the high disk loading range may be partly due to extrapolation of the former beyond 
the range of experimental conditions used. The discrepancy betveen the Tyler-Williamson 
curVe and the other curves on Fig.2b is due to the same cause, because of the unrealistic 
dimensi"ons implied for the jet nozzle diameter. 

Because Heyson's limit seems to fOllov the trend indicated by experiments in bot~" 
high and lo~ disk loading ranges, it has been retained in the present analysis. 

A further comment should be made about the discrepancy betveen Tyler and Williamson's 
and Oven's limit. The first one refers to the condition of incipient separation on the 
~ind tunnel floor, vhile Oven's has been deduced from measurements on models. The differen­
ce bet~een the tvo limits probably means that there is a ~ange of speeds for vhich s~para­
tion occurs on the vind tunnel floor vithout affecting the flov at the model location. 
Further research relating the extent of flov breakdovn to its effect on model measurements 
is needed. In this context, recent data at R.A.E. reported by Oven (Ref.18) appear to 
indicate that the true limit for flov breakdo~n is about 20% more severe than that 
suggested by the formula derived from the measurements of Vogler (Refs 29 and 30). 
Furthermore, as mentioned in Ref.18, Tyler and Williamson conclude that interference 
effects start to appear at speeds about 0.8 times lover than the incipient separation 
speed predicted by the formula vOh/V j d = 1. 6. Thus the Tyler and Williamson limit vould 
beco'Dle 

VOh 
-- ~ 1.28 
Vjd 

This limit has also been plotted in Figs 2a and 2b. 

2.3.2 ~~~~!ng_!!!!~!~!2n_~~~_~2_f!2!_~r~!~~2!n 
The testing limit imposed by flov breakdo~n can be quite severe. Ho~ever, the limita­

tions arising from ~all corrections may become more restrictive in some cases as discussed 
later. 

To illustrate this, three model configurations ~ill be considered 

(i) Testing of a jet lift engine The limit of Tyler and Williamson in its corrected 
form is taken as 

VOh 
Vjd ~ 1.28 

and can be directly expressed in terms of the total lift of the jet engine 

giving ~L. 
h Vo ~ 1.28 -...1. 

liP 

Assuming a jet exit temperatur~ of about 700 0 K this reduces to 

h Vo ~ 6.37 fL: . J 

Thus, if a real lift engine having Lj = 1600 Kg (similar to the Rolls Royce RB 162 for 
the Mirage III-V) is to be tested, the condition for no flov breakdovn ~ould be 

h Vo ~ 255 m !!!. s 

Therefore if tests vere to be carried out at a minimum speed of 25 mis, the position of 
the model above the vind tunnel floor should be about 10 meters at least. 

The limit has also been plotted in Fig.3a for t~o hypothetical lift engines having 
the follo~ing Characteristics : 

d • 0.4 m d '" 0.5 m 

Te • 700 0 K T .. 700 0 K e 
V. • 450 m/s V. = 450 m/s 

J J 
L. '" 1305 Kg L. .. 2040 Kg 

J J 

f 

I 
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Two additional cases of engines with Lj = 100 Kg artd Lj = 500.Kg are considered. 
These values are too low to correspond to full scale 11ft eng1nes. 

Limits have also been plotted in Fig.3b where the maximum lift of the vertical jet 
engine which can be tested without flow breakdown is indicated for a model located at 
mid-height of test sections having the following typical dimensions: 18m x 13.5m and 
25m x 18.T5m. . 

(ii) Testinr of a jet flap wing: An example is given in Fig.2b showing that the testing 
of a jet flap wing having an aspect ratio of 6 and centered in a test section having a 
width to height ratio of 4:3 is limited to'a lift coefficient of 13.2 or 9.0 when -
the wingspan is equal to 1/2 or 3/4 of the wind tunnel width. 

(iii) Testing of a lift fan: If tests of a lift fan of diameter d and having an 
ejection velocity V' are to be made at test speeds down to one tenth of Vj, then the 
minimum model heighi above the wind tunnel must be 12.8 times the fan diameter. 

2.4 The method of Reyson for calculating wall interference 

In the last decade, Reyson has worked extensivelY on the problem of V/STOL wind tunnel 
wall corrections using the image method. During this time his theory has undergone various 
modifications so that in any application it is important to specify the method employed. 
The various modifications differ by : 

a) The choice of the mathematical model for simulating the ~ifting elements : 
(i) a skewed cylinder with distributed vorticity, i.e., ring vortices lying in planes 
inclined with respect to the undisturbed velocity Vo by the angle of attack a of the 
rotor. In each of these planes there may be a single vortex ring or several' to simUlate 
different radial loading conditions of the rotor blades. 
(ii) a line of doublets directed downward (for lift) and forward (for drag) or rearward 
(for thrust, i.e., negative induced drag). This model alone is of course only valid for 
aircraft or rotor models Which are vanishingly small with respect to the test section 
size. 
(iii) superposition of some of the preceding schemes for representing rotors or wings of 
finite size with arbitrary plan form and loading. 

b) The choice of the wake inclination with respect to the vertical (X). Ref.2T presents 
a nomographic solution of the momentum equation Which, once the flight velocity Vo and 
the induced drag to lift ratio Di/L are known, allows the determination of X. This 
value has been used in Refs.T, 10 and 32. 
In Ref.24, it is observed that due to the rolling up of the edges of the wake caused by 
the cross wind, the edges of the wake in which vorticity is concentrated are penetrating 
in the cross flow only about half as far as the central part of the wake. This suggested 
to Reyson the use of an "effective" wake skew angle Xe' larger than X, and given by 

~ - Xe = ~ (~ - X) 

where the approximate figure of 1/2 on the right hand side is not too different from the 
factor 4/w 2 obtained from a theoretical treatment (Ref.33) of the vortex sheet deformation, 
behind an elliptically loaded wing. 
But because the proposed relation yields an uncorrect value of Xe * instead of 0 when 
X = 0, the 'expression for Xe has recently been modifi-ed (Ref.6) to 

tan('! - X ) 
2 e = ;. tan (% - X). 

w 
A discussion on the choice of Xe is also reported in Ref.6. 

2.5 Acceptable limits to wall corrections 

The testing limits for V/STOL models correspond not only to the onset of flow breakdown, 
but also to some maximum acceptable value for the flow angularity and dynamic pressure 
corrections at the wing and tail location, and to some maximum acceptable val~.fQr the 
non-uniformity of the corrections over the wing span. 

The-problem of determining the maximum acceptable values for those parameters has not 
yet been resolved. As a preliminary approach, Reyson has suggested (Ref.6) the following 
three sets of limits, corresponding respectively to maximum acceptable corrections, to 
moderate corrections and to the case when no corrections need to be applied to the test 
results : 

parameter maximum acceptable moderate no corrections corrections corrections 

Aa ± 5° ± 5° ± ~/2° 

qc/ q 1 ± 10% 1 ± 10% 1 ± 5% 

Ai t ± 5° ± 2° ± 1/20 

qt/qc 1 ± 10% 1 ± 5% 1 ± 5% 

6i , 
'. ± 2 0 ± 1/2° ± 1/2° w 

d(6i w) " 
± 5°/semi- ± 1 ° / sem-i- ± 1°/semi-

diY/b) span span span 

Aq/qc ± 10% ± 5% ± 5% 
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No other criterion yas found in the literature besides, of course, the yell knoyn limit 
of Aa < 2° for CTDL when Aa is calculated with the conventional theory assuming an un­
deflected yake (Refs.4 and 5). 

2.6 Application of Heyson's theory to the determination of testing limits in a 
VISTOL yind tunnel 

The criteria presented in the precedin~ paragraph have been used for the determination 
of testing limitations in low speed wind tunnels having a closed test section. The 
limitation due to floy breakdown has been added, using Heyson's criterion indicated in 
paragraph 2.3.1, i.e., xflb ~ 1.25. 

The theory of Heyson used in the present analysis refers to the method of superposition 
of several identical lines of doublets and allows the representation of a uniformly loaded 
swept or unswept ying. The yake skew angle used was that given by : 

w 4 w 
tan(2 - Xe) =-;Z tan(2 - x) 

Heyson's results for this scheme are presented in graphical form in Ref.6 as functions 
of the folloying parameters : 

wind tunnel shape 
wing span to tunnel width ratio 
y~ng sweep angle 
w1ng angle of attack 
induced dr~g to lift ratio 

y : BIH 
<1 :. bIB 
A 
a 
DilL 

and for an aircraft model having a standardized tail located at the same height as the 
wing and at a distance behind it equal to 3/4 of the win~ span. 

The results presented in Ref.6 have therefore been cross plotted to obtain Figs 4 to 7 
which present for a wind tunnel having a width to height ratio of 4;3 as proposed in 
Ref.34, the maximum acceptable CL/A as a function of the wing span to yind tunnel width 
ratio. This has been done for normal mounting of the model at the center of the test 
seution and for semi-span mounting On the wind tunnel floor which is equivalent to 
normal mounting in a 4:6 test section. 

Of course it is necessary to specify the value of DilL. Two cases have therefore been 
considered: the first one suggested by Heyson is DilL = 0 (Figs 4 and 5) corresponding to 
a poyered test in which the forward thrust is equal to the drag of the model; the second 
one (Figs. 6 and 7) is the case of an unpowered wing, with mechanical high lift devices 
only, for which a one to one relationship exists between CL/A and DilL. This relationship 
is deduced in Ref.6 and leads to the result already obtained by McCormick (Ref.35) that 
the maximum value of CL cannot exceed 1.21A, taking into account the deflection of the 
wake. 

The effect of sweep angle is also considered in Figs 5 and 7 and is seen to lower 
the testing limit~. 

The limit curve of Aa < 2 0 is also indicated in Figs 5 and 7, Aa being calculated 
in this case from the conventional theory of undeflected wakes 

o = 0x=90 0 

It is important to note that the available calculations in Ref.6 give, for a wind 
tunnel having a 4:3 width to height ratio, only three points per curve corresponding to 
values of bIB of 0.25, 0.5 and 0.75. Although this is hardly sufficient to realistically 
define the curves shown in Figs 4 to 7, they are indicative of test limitations. 

An alternative way of presenting the same results is shown in Fig.B, obtained from 
Heyson during the visit made by the author to the Langley Research Center .. It is related 
to the testing limits in the American full· scale wind tunnel proposal -having a 40m ~ 60m 
test section, and has been obtained from the graphs of Ref.6 for moderate corrections by 
the use of the relationship 

L 1 CL b2 2 pv~ A 
The curves show the limit for performing powered tests at DilL = a and with a constant 
lift equal to the weight of the aircraft. Because of this condition, the curves are 
velocity dependent, the tests at lower velocities being carried out at higher angles of 
attack. Also shown on the figure are the operating points of some CTOL and STOL aircraft 
and helicopters, for full scale tests. 

The testing limits shown in Figs 4 to 7 have been obtained for wings only, according 
to the available correction charts of Ref.6 which also presents similar data for rotors, 
but only for wind tunnels having a width to height ratio of 3:2. However, comparison of 
the limits fo~ wings and rotors in 3:2 test sections as reported in Ref.6 does not show 
large differences. Therefore, as done by Heyson in Fig.8, the same limits for rotors as 
for wings could be considered for the purpose of the present discussion. 

I 
I 
I 
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Inspection of Figs 4 to 7 shows, for instance, that the testin'g limits for an unpovered 
unsvept ving having an aspect ratio of 6 and employing mechanical high lift devices 
only are expressed by the f.olloving tables 

Normal mounting at the center of a 4:3 test section 

moderate maximum 
corrections corrections 

biB = 1/2 C
L 

.< 5.2 C
L 

< 7.2 

biB = 3/4 C
L 

<'0.81 C
L 

< 3.84 
c 

The limit CL < 0.81 is clearly insufficient; it corresponds to the condition 

d6iw/d(~) < l o /semispan, 

and so is related to the spanwise variation of induced interference velocity. 

Semispan mounting on the floor of a 4:3 test section 

moderate maximum 
corrections corrections 

E./H = 1/3 C
L 

< 7.2 CL < 7.2 
2 

E./H = 1/2 C
L 

< 4.32 C
L 

< 6.9 2 

E./H = 2/3 CL 
< 2.24 CL < 5.16 

2 

The first two cases considered here correspond to wings haYing the same physical scales 
as those considered in the case of normal mounting at the center of a 4:3 test section. 
The testing range is therefore extended to cover all the values of CL obtainable vith 
pure mechanical systems. The third case corresponds to a ving having biB = 1 and cannot 
for obvious reasons be tested vith a normal mounting. . 

The same considerations applied to a jet flapped unswept ving having the same aspect 
ratip of 6 and tested at zero values of Di/L lead to the following tables : 

Normal mounting at the center of a 4:3 test section 

moderate maximum 
corrections corrections 

biB = 1/2 C
L 

< 6.3 C
L '" 14.1 

, biB = 3/4 C' 
L 

< 0.81 C
L 

< 4.14 

Semispan mounting on the floor of a 4:3 test section 

moderate maximum 
corrections corrections 

E./H = 1/3 CL < 15 CL < 20.4 2 

E./H = 1/2 CL < 4.86 c
L 

< 11.0 
2 

E./H = 2/3 CL < 2.4 CL 
< 5.82 2 

It can therefore be concluded that testing an unpovered ving of aspect ratio 6, having 
a/maximum theoretical lift coefficient of 7.36 (Ref.35) and actually attaining CLmax 
values around 4.0 is possible for normally mounted models spanning half the tunnel width 
and for semispan floor mounted models having a semispan of half the tunnel height. 
Due to the higher lift coefficients attainable, the testing of a jet flap wing is more 
severely restricted. 

It is very important to fix realistic values for the maximum corrections that can be 
accepted whilst retaining confidence in the corrected values. Thus the two proposed 
limits differ videly in the case of normal mounting for biB = 3/4, which is one often 
encountered in practice. Further studies are required on this particular aspect. Further­
more, it has been observed, during the cross plotting vhich led to Figs 4 to 7 that flow 
breakdown effectiVely ~imits the testing range only for models vhich are small compared 
with the test section, i.e., for span to width radios belov about 1/4. For models of 
larger dimensions, the wall corrections become unacceptably large before flow breakdown 
begins. 

\. 
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However, this conclusion is valid only f~r the cases to which Figs 4 to 7 refer, 
i. e., for powered o.r unpowered wings and as a first approximation for rotors. It does 
not apply for single or multiple vertical lifting jets issuing from a wing or from a 
complete model, in which there is not only a wake originating at the wing but also a jet 
much closer to the vertical, issuing from the lift engine. The limits so far described 
apply only to the part of the lift given by the wing Lw' expressed in terms of the 
coefficient CLw/A. A second limit arising from flow breakdown caused by the vErtical jet 
can be considered by introducing a lift coefficient for the jet 

where 

* d 2 pvj 
t PV~S 

If we USe Tyler and Williamson's corrected criterion for flow breakdown caused by 
vertical jets (see paragraph 2.3.1), which requires that 

Vo h 
V. d '" 1.28 

J 

we obtain, for a model centered in a 4:3 test section 

that is 

and therefore 

Vo h 

Vj d 
Vo h H 1 

VjHBE.~ 
B b 

Vo b E. 
-V - ~ 3.41 B 

j d 

~ 1.28 

providing a limit which is independent of the jet nozzle diameter d, and which coincides 
with the limit cL/A-= f(d/B) for an isolated jet. 
This limit is plotted in Fig.2b, but no conclusion can be drawn if the ratio of CL to CL

J
' 

during transition flight is not known. This depends on the variation aw aw(VO) w 
during transition. 

Furthermore, the approach neglects possible interactions between the two wakes, a 
situation for which no information seems available. It seems therefore that further 
studies of flow breakdown and of corrections are needed for V/STOL aircraft employing 
a h~ghlY loaded wing and additional liftin~ jets. 

The limits of flow breakdown shown in Fig.2b can, depending on the proportion of lift 
provided by the wing and the jet, impose the most stringent limits on test conditions. 
Thus, for a V/STOL model having an unpowered wing of aspect ratio 6'and a lifting jet 
in the fuselage, the testing limits are the following for normal mounting at the center 
of a 4:3 test section : 

moderat e maximum 
corrections corrections 

CL < 5.2 CL < 7.2 

bIB = 1/2 
w w 

CL. < 3.24 CL. < 3.24 
J J 

C
L 

< 0.81 CL < 3.84 

bIB = 3/4 w w 

CL. 
J 

1. 44 CL. 
J 

1.44 

\ 

I 
J 
t 
, 
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2.7 Test sections with open or open and closed boundaries 

'For tests of CTOL aircraft, an open or partly open test section may look attractive 
because of the reduction in blockage corrections compared with a closed test section and 
because of the greater accessibility to the model. 
However, the boundary condition a~/ax = 0 on a free boundary does not recognize the 
existence of a mixing layer between the jet and the surrounding air. Furthermore, it is 
applied without taking into account the deformation of the fre~ jet boundaries. It does 
not therefore appear to be very realistic and it is not clear what should be used instead. 

The situation is even worse when tests of V/STOL aircraft are envisaged because of 
·the existence of larger force coefficients and therefore of larger corrections. Also, the 

high energy wake associated with the lifting elements may impinge on the free lower 
boundary especiallY when these elements consist of high velocity vertical jets. 

An open lower boundary would seem useful for eliminating the flow breakdown which 
would occur with a solid lower boundary but, as pointed out in Refs 7 and 36, other 
difficulties arise in this case. Either the deflected wake will impinge on the open lower 
boundary, distort it and thus invalidate correction calculations; or it will approach the 
solid lower surface of the diffuser following the test section, and under these conditions 
the effect of finite jet ~ength (Ref.36) wili become so large as to be no longer neiligible. 

For these reasons, it is felt that the use o~ an open lower boundary shotild not be 
recommended for V/STOL tests, 'until the effects of jet penetration in the lower boundary 
have been assessed. 

On the other hand, a partly open wind tunnel with a solid lower boundary may look 
attractive for reducing corrections and for studies of ground effects. 
Thus, a test section having closed top and bottom walls and open sidewalls may, as 
pointed out many years ago by Theodorsen and Toussaint (Ref.3), yield zero lift inter­
ference for CT0L models centered in the test section. 
The suitability of partly open test sections for V/STOL tests has recently been discussed 
by Heyson (Ref.37) who calculated the correction factors for a test section having a 
solid lower wall only. Results indicate that by a suitable choice of width to height 
ratio B/R, zero vertical interference due to lift can be achieved, However, the appropriate 
value of B/H depends on the wake skew angle X. Thus for X = 90° (horizontal wake such as 
for CTOL models) a test section closed at the bottom only with B/R = 2 is required, while 
a test section having B/R = 4/3 would be suitable for X 66° and a test section with 
B/H ~ 1/2 for X around 30°. 

Because of this, Heyson suggests the use of variable geometry wind tunnels in which 
B/H can be varied (Ref.37) according to the wake deflection angle obtained. This obviously 
leads to a complicated wind tunnel design but additional benefits include major improvements 
in uniformity of interference, pitching moment corrections, and minimum speed for 
recirculation free testing. 

Another suggestion by Heyson (Ref.37) is to use the "variable model height" technique 
in a test section of fixed width to height ratio with a single lower solid wall. Again 
reduction of interference is obtained although it is less significant than in the case of 
variable B/H. It would seem desirable, however, to seek experimental verification of these 
concepts. 

2.8 Comparison of Reyson's theoretical treatments with experiment 

Several experimental investigations of the accuracy of Reyson's theory in predicting 
wall effects for V/STOL aircraft have been carried out and have resulted in the theory 
undergoing several modifications during the last decade. 

Thus, in Ref.25, Grunwald applies Heyson's theory to a tilt wing model by using the 
momentum skew angle given by Ref.27 and by approximating the wing lifting scheme by 
linear doublet wakes. Differences between corrections obtained with one or three doublet 
wakes are seen to be negligible. The theory was found to be adequate for correcting lift 
and drag, but not pitching moment. However, pitching moment was adequately corrected for 
a .model tail-off configuration thus indicating that the theory satisfactorily predicts 
interference velocities at the wing location but not at the tail location. This is due 
to an incorrectly predicted longitudinal variation of the vertical interference velocity 
arising from the linear assumption for the wake or from the choice of its skew angle x. 
This probably is also the reason for'the disagreement between corrected data a~d flight 
data found in Ref.32. -'-

$ubsequently, Reyson in Ref.24 applies his t~eory to a jet flap model and concludes that 
(i) It is necessary to include the effects of finite m~del span, at least when the model 
span is greater than about one half the tunnel width and 
(ii) The SUbstitution of the momentum wake skew angle X by an effective wake skew angle 
X improves the correlation. 
FUrthermore, prediction of wall effects including effects on the tail is seen to be 
reasonable at moderate blowing coefficients (C~ < 5.0) only. 

An experimental programme is aurrently being conducted at Langley (Ref.38) in order to 
check the more elaborate form of Heyson's theory. 

2.9 Other theories for wall corrections 

The major criticism to be made of.Heyson's theory probably concerns the assumption of 
a straight wake rather than a curved one. In fact, calculations have been made mainly by 
Reyson (Refs 26 and 38) and Lo (Ref.39) by distributing doublets on an empiricallY 
determined (Ref.40) qurve representing the centerline of a jet deflected by a crossflow. 
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This approach neglects the effect of the walls on the wake path. Heyson's calculations 
(Ref.26) show that the replacement of a straight wake by a curved wake does not change 
the average vertical interference velocity, but shifts the vertical interference velocity 
profile downstream. This leads further support to the argument that a correct definition 
of the wake is necessary if corrections for pitching moment and tail forces are to be 
realistically assessed. 
Calculation of this type have been made for a few cases only and tables of a more general 
nature allowing a discussion of testing limits are not available. It is considered that 
the curved wake simulation for V/STOL aircraft is one·of the most important problems at 
present. . . 

Another method which looks promisin~ is the vortex lattice method suggested by Joppa 
(Ref.20) for simulating wind tunnel walls. It is applicable to test sections of arbitrary 
cross section. The method could be applied taking into account the effect of the walls on 
the wake curvature. Again, further theoretical studies are needed on the subject. 

3. VENTILATED WALLS 

3.1 Introduction 

Ventilated walls, in the form of either slotted or perforated walls, were first used 
around the 50's in transonic wind tunnel for reducing the model blockage. Without such 
precautions, the model can cause chocking of the wind tunnel flow at high transonic free 
stream Mach numbers, thereby invalidating test results (Ref.23). 
Ret~1 presents a good review of the work carried out up to 1966 on slotted or perforated 
walls for transonic testing, and a more recent survey which discusses methods for 
correcting CTOL test results for wall constraints in subsonic wind tunnels with slotted 
or perforated walls has been reported (Ref.41). 
In fact the methods for correcting results at low speeds are basically -identical to 
those used at high subsonic speeds and can therefore be obtained from the literature 
available on the latter, if the compressibility parameter a is taken to be unity. 

The use of slotted or perforated walls for low speed testing decreases the boundary 
interference. From the consideration that fully open and fuliy closed test sections yield 
corrections of opposite sign, it may be inferred that some combination of open and closed 
boundaries could yield zero corrections, or at least smaller corrections than for fully 
open or fully closed boundaries. This has been validated by several investigations carried 
out by comparing the results obtained on the same model in a closed test section, in a 
slott,ed test section of the same size, and in a closed test section of dimensions large 
enough to produce "interference free" data. A typical investigation of this kind (Ref.42), 
performed on a jet flap model havin@: an aspect ratio of 4 and fi~tted with a horizontal 
tail, shows that the use of test section configurations with three or four slotted walls 
results in large reductions in the wall interf~rence effects. 

3.2 The theoretical approach 

For slotted or perforated walls, image methods are not directly applicable and thus the 
various theoretical approaches proposed are based on solutions for the wall perturbation 
potential. Such a solution requires (i) a mathematical model for predicting the farfield 
velocity induced by the aircraft to be tested so giving the model perturbation potential, 
and (ii) a boundary condition on the sum of the wall and model perturbation potentials 
which correctly simulates the slotted or porous boundaries. 
Except· for a few cases (Refs 39, 43) only mathematical models typical of CTOL aircraft, 
i.e., using sources and sinks or doublets, for biockage corrections, and horizontally 
trailing horseshoe vortices or horizontal lines of downward directed doublets, for lift 
interference, have been employed in ventilated wall analysis. A recent example of this 
type.of approach is given in Ref.19. 

On the other hand, two approaches have been followed for the choice of the boundary 
condition. Either a non-homogeneous boundary condition has been used, i.e. 

~ = 0 at the solid strips 

and 

~ = 0 at the slots, 

in which the viscous effects in the slots are neglected or a homogeneous boundary condition 
(Refs 44, 45 and 46) is derived which is valid when the slot width and spacing are small 
compared with the test section size : 

o 

where K is a geometrical parameter which is a function of slot width and spacing, and R 
a porosity coefficient related to the pressure drop across the test section boundaries. A 
discussion of the experimental methods for the determination of the porosity coefficient 
has been reported. by Vaissaire (Ref.41). For the geometrical parameter K, the following 
expression is der~ved in Refs 44 and 45 : 

I 
t 

t 
! 
t 

I 



1-12 

K = - ! 1n Isin(~) I 
" 21 

a and 1 being the slot width and spacing respectively. However, it is pointed out in Ref.47 
that the use of the following alternative expression derived in Ref.48, yields a better 
correlation between theory and experiment : 

K 

a "t cos ,,(1 - t) - cosh ~ 

'sin,,(l-I) 

where t is the thickness of the wind t~nnel wall. Whereas the first expression given for K 
is derived for flow through a thin slotted screen, the second is obtained by representing 
the slots in the tunnel wall by distributions of doublets whose strength is evaluated in 
terms of the slot width, thickness and spacing. 

Results are often presented in terms of a non-dimensional slot parameter, 
P = 1/(1 + 2 K/H) which is 0 for a completely closed test section and 1 for a completely 
open section. 

An alternative approach is the one followed by Rushton (Ref.49) who developed an 
electrical analo~ue computer to study slotted wall interference effects. It consists of 
a rectangular array of resistors which form a model of a wing and of the tunnel cross 
section. The exact non-homogeneous boundary conditions are applied by inSUlating the solid 
portions of the wall (a$/an = 0) and grounding the slotted portions ($ = const.). 

3.3 Theoretical results 

As a first step in a theoretical study of the slotted wall interference for V/STOL 
aircraft, Refs 19 and 50 present a method to calculate the interference induced by walls 
with slots of uniform width for the case of a conventional lifting wing represented by a 
horizontal trailing horseshoe vortex of vanishingly small span. Results in terms of a lift 
interference factor d versus slot parameter P are in good ag~eement with the data obtained 
by Rushton with his network analyzer. Results indicate that it is possible to achieve zero 
lift interference factor 0 for a certain value of P on the top and bottom walls. This 
value is around 0.4 for a wind tunnel having a width to height ratio of 3:2 and is almost 
independent of the side wall value: for a side wall slot parameter variation from 1.0 to 
0.05, the top and bottom slot parameter required for zero 6 varies only from 0.34 to 0.42. 

Subsequently Lo (Ref.51) extended the previous calculations to take into account the 
effece of the deflection of the wake, by replacing the horseshoe vortex simulating a 
lightly loaded conventional wing by the mathematical model suggested by Heyson (Ref.7). 
This simulates the wake originating from a rotor at zero angle of attack by means of a 
skewed cylinder of vortex rings of constant strength lying in planes parallel to the rotor 
plane. Because Refs 19 and 50 indicate that the porosity of the side walls has a negligible 
effect, the calculations have been developed for solid side walls only. Results for equal 
porosities of the top and bottom walls indicate that the valUe of slot opening required 
in order to have zero vertical interference is a function of the wake angle which in turn 
depends (Ref.27) on the test velocity. 

This dependence of the slots required on the test speed is of course an undesirable 
feature, and Lo has further extended his work (Ref. 52) to the case when top and bottom 
walls have different porosities. The slots are again uniformly spaced and have a constant 
width, and the mathematical model again simulates 'Il lifting rotor at zero angle of attack. 
The value of K appearing in the boundary condition is, as in previous work, given by the 
first expression above. Results (see Fig.2 of Ref.52) indicate that the curve of top 
porosity versus bottom porosity for zero vertical interference is dependent on the wake 
skew angle. However, it is also found that with a 3:2 test section, the curves of required 
top and bottom porosities for different wake angles cross each other around values of 
Pto = 0.27 and Pbottom = 0.70, thereby indicating that for such values, almost zero 
vertical interference at the model location is obtained independently of the wake angle. 
This produces almost zero lift interference. The longitudinal distribution of lift 
interference varies someWhat, thereby indicatin~ non-zero pitching moment correction. 
But the latter is much smaller than that obtained by Heyson in variable geo_m.et.ry· wind 
tunnels for minimizing corrections (Ref.37). 

A recent theoretical study at AEDC (Ref.39) makes use of the second expression for 
the coefficient K mentioned earlier as suggested by the experimental verification in 
Ref.47. Viscous effects in the slots are not taken into account. The slots again have a 
uniform width, though some previous results (Ref.51) indicate that zero upwash inter­
ference, not only at the model location but along the wind tunnel longitudinal axis, 
can be obtained with shaped slots having a width varying with longitudinal distance. 
However, the main effort has not been directed toward the analysis of slots of non-uniform 
width but rather toward a more detailed representation of the wake. This has been 
simulated by a distribution of doublets either on a strai~ht inclined line or on the curved 
line given by the empirical relation of Mar~asson (Ref.40) and representin~ the centerline 
of a jet deflected by a cross flow. Thus the effects of wake curvature as well as wake 
deflection can be accounted for. 

Unpublished results (Ref.39) of the calculations, run with strai~ht and curved wakes 
show that substantially different results are obtained for the top and bottom slot 
configuration requirp,d for zero lift interference. Considering uniform slots, it is also 
shown that the condi~ions of zero lift and pitching moment corrections are obtained for 
different amounts of porosity. ~ ~ 
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3.4 Experimental studies 

Ref.47 describes the experimental work of Binion intended to check the theoretical 
~esults of Lo (Refs 19, 50, 51 and 52). A model consisting of a rectangular wing, a tail 
and a fuselage with a vertical lifting jet jas been tested in a 'low speed wind tunnel 

'having a 3:2 width to height ratio, solid side walls and various combinations of slotted 
top and bottom walls; the ratio of model span to tunnel width was biB = 2/3. The results 
Were compared with interference free data, obtained by testing the same model in a much 
larger test section (b/B = 0.05). Different shapes of slot, including the use of Varying 
width in the longitudinal direction, as shown in Fig. 9, were investigated. The inci,dence 
cor,rection was expressed in the form 

where it was necessary to introduce the additional term 6aj , the interference angl~ at 
zero lift. 

For slots of uniform width it was found that the theory reported in Ref.19 assuming an 
undeflected wake, agreed with experiments carried out with the lifting jet not operating 
(CTOL) but that a more recent analysis assuming a deflected wake (Ref.39) predicted rather 
lower values of slot parameters for zero lift interference with lifting jet operating, 
than those found by experiment. ' 

However, experimental results show that for slots of uniform width, the top and bottom 
wall porosity (ratio of open to total area of the test section boundaries) required for 
zero lift interference factor 6, varies from 4% to 16% when the velocity ratio Vj/VO 
varies from 0 to 4.5. But the value of porosity which gives zero 6 does not in general 
give zero 6aj; for instance, a porosity of 22% is required for zero *aj at Vj/Vo = 4.5. 
In fact, 6aj and 6 are simultaneously zero only when Vj/Vo = 2.7, the porosity being 
then 10%. ' 

Furthermore, if the porosity is chosen to maintain 6 = 0, the measured pitching moment 
coefficient is seen not to coincide with the interference free data thereby indicating 
that for uniform slots, the conditions of zero lift and pitchIng moment interference 
cannot be realized simultaneously. 
Comparison of results for uniform slot width and lifting jet inoperative (CTOL regime) 
indicate that better agreement with theory is obtained if the value of K in the boundary 
condition is determined from the second equation for K mentioned in a previbus chapter 
and which takes into account the thickness of the walls. -

The slot configuration of the side walls was also found by experiment to have a negli­
gible effect on the lift interference factor 6. 

The results for non-uniform slot width are summarized in Fig.l0 taken from Ref.47 • 
It is seen that, for the configurations examined consisting of the same porosity on the 
top and bottom walls and solid side walls, the value of the top and bottom porosity 
required for zero 0 or 6aj is a function of the velocity ratio Vj/Vo. Furthermore, 
the porosity required for zero 6 is different from the porosity required for zero 6aj, 
except at a well defined value of the velocity ratio Vj/Vo. Although in general, pitching 
moment and lift corrections were not zero simultaneously, for some partiCUlar shapes of 
slots (types D and E of Ref.47) this condition was satisfied for the CTOL caSe 
(Vj/VO = 0). It is concluded in Ref.47 that to obtain zero correction for lift and pitching 
moment, other ways of slotting the walls should be investigated. Possibilities include 
the use of different porosities on the top and bottom walls, as recommended by Lo in his 
the;retical work of Ref.5~, or the use of wall porosity which varies not only in the 
longitudinal but also in the transverse direction. 

The research programme has recently been continued along these two directions by 
Binion at AEDC (Ref. 53) and preliminary results appear to indicate that it is possible, 
by imposing both longitudinal and transverse variation of wall porosity, to obtain zero 
lift and pitching moment interference at more than one specified velocity ratio. It must be 
Observed however, that the aircraft model used in the research had a lifting jet at the 

/center of the fuselage, and that any resulting optimum zero interference-test section 
may be valid only for similar configurations and not for instance, for jet flap wings. 
In fact the results discussed in Ref.53 show that a large porosity is required for the 
test section floor at the approximate location of jet impingement on the ground. It is 
possible therefore that a model with a different distribution of lifting jets will 
require a different distribution of porosity on the test section floor. 

3.5 Conclusions 

From the theoretical and experimental data examined, the following conclusions can 
be drawn : 

1) Slotting the wind tunnel side walls has negligible effect in the ca'se of a 3:2 test 
section. 

2) For CTOL aircraft, zero lift and pitching moment corrections are not obtained simul­
taneously for the same wall porosity when employing uniform width slots. 

3) For CTOL aircraft, zero lift and pitching moment corrections can be obtained simul­
taneously by ~he use of shaped slots. 

4) For V/STOL aircraft, zero interference for lift can be obtained independently of the 
wake skew angle when employing slots of uniform width with a slot parameter of 0.27 
on the top wall and of 0.7 on the bottom wall. 
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5) Preliminary results suggest that zero correction for lift and pitching moment in the 
case of V/STOL aircraft ~an be obtained by the use of shaped slots non-uniformly 
distributed in the transverse direction; investigation of this possibility is conti­
nuing at AEDC at the present time. 

6) Further work is needed to determine the extent to which the design of a test section 
for zero interference is dependent on model configuration. 

4. GROUND EFFECT TESTING 

4.1 'Introduction 

Ground effect data on CTOL aircraft is usually obtained by mounting the model close 
to a plate or a board representing the ground; such a board can be the tunnel floor or 
it can be slightly displaced with respect to the tunnel floor or placed at mid-height of 
th~ test section with a mirror-image of the model fixed underneath it. The geometrical 
parameter characterizing the measured ground effect data is the ratio hlc or h/b of the 
height of the model expressed in terms of the wing chord or span. 
However, the motion of the air flow relative to the ground in the wind tunnel test causes 
a boundary layer to form on the ground board, ,while in actual flight this boundary layer 
does nGt exist. 

Different tunnel testing procedures can be envisaged ~o determine the effect of ground 
proximity for V/STOL aircraft : 
- use of a special test rig which correctly simUlates the flight situation, i.e. a fixed 
ground board with a moving model. This method allows data to be taken ~hover of for low 
forward speeds, but rather large and complex facilities are needed in the latter case, 
- use of t~e normal and simple technique of the fixed ground board in ~he wind tunnel. 
The results for the effect of the board boundary layer displacement thickness must be 
corrected, 
- use of suitable means for removing the boundary layer on the simulated ground. This 
can be done by boundary layer suction and/or the use of a moving ground belt. Energizing 
the boundary layer by blowing can also be considered. 

4.2 Ground effect test rigs 

Outdoor ground effect test rigs would provide, in the absence of natural winds, the 
most reliable way of obtaining ground effect data at hover or atlow forward speeds, 
because of the strict similarity of conditions during testing and actual flight. Although 
the existence of uncontrollable natural winds suggests the use of indoor facilities, in 
this ~ase the test room must be sufficiently large for spurious recirculation effects 
induced by the room walls to be avoided. 
The investments involved and the difficulties associated with making measurements on a 
moving model while maintaining the testing configuration constant during a run do not 
make the method a practicable one. 

4.3 wind tunnel tests with a fixed ground board 

In such tests there is always an advantage in trying to reduce the ground board 
boundary layer. This is the reason for using a short ground board located some distance 
above the tunnel floor. But this type of ground board divides the test section into two 
air passages and it is necessary to determine the true free stream dynamic pressure at 
the model location by means of suitable calibration procedures (Ref.54). This difficulty 
is rem~ved if the set up in the test section is symmetrical, i.e. if the ground board 
is mounted at mid height in the test section with the model to be tested above it and a 
dummy image of the model below. However, this mounting effectively halves the usable 

-test section and approximately halves the model dimensions while requiring the construction 
of two models. In any case, with either of these two mountings, a boundary layer will . 
develop between the air stream and the ground board; its effect on measurements made on 
CTOL aircraft configurations has recently been investigated by East (Ref.54). His 
experimental results show that the measured values of CL, CD' CM depend on o*/h which 
is the ratio of the ground board boundary layer displacement thickness tc the model height 
above it. , 
The relations are reasonably linear and their slope increase's with the mode.l--angle of 
attack. The overall effects can be significant. 
Thus for a CTOL model with a wing of aspect ratio 8, a model height to chord ratio 
hie = 0.79, and with o*/h = 0.05, the increase in lift due to ground effect and the 
apparent error in lift coefficient are respectively 5% and 2% of the free-air lift 
coefficient. 

The procedure suggested in Ref.54 for correcting any measured aerodynamic coefficient 
C for the effect of ground board boundary layer is to use the following linearization : 

C corr. C meaS. 
3C 30* 3C 

3(o*/h) + a;- 3(30*/ax) 

where the gradients of C are determined by carrying out an additional test with another 
ground board configuration yielding a different value of 0*. 

This method however, was devised for CTOL tests and does not seem to be directly 
applicable to V/STOL, tests for which the interaction between the deflected wake and the 
boundary layer on the floor must be taken into account-. But if the boundary layer on 
the fixed ground board has not separated, so that incipient flow breakdown has not 
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occured, an ·approach similar to that of Ref.54 would also seem to be possible for V/STOL 
testing but would require that o. on the ground board be measured for every model confi­
guration. Validation of this statement needs further study. 

4.4 Use of a moving ground belt 

The boundary layer which is developed on a fixed ground plate normally requires 
corrections to be applied to the measured quantities. If however. separation of this 
boundary layer occurs due to the pressure ris~ associated with a wake impingin~ on the 
ground, then the tests cannot be considered as representative anymore. 
It follows that if such separation is to be expected then the ground boundary layer must 
be removed. 

In Refs 55 and 56, Turner discusses the use of a moving ground belt for this purpose. 
The system is preceded by a suction slot for removin~ any boundary layer up to the moving 
belt leading edge. Ground effect tests were made on double slotted flap, j~t flap and 
tili wing configura~ions above a fixed ground plane and abov. a moving ground belt; the 
CL versus a curves obtained in the two eases were seen to coincide at low values. of CL 
but to diverge beyond a certain value of CL' A correlation was found between this value 
of CL and the relative height h/b of the model, and is shown in Fig.10. For h/b > CL/20 
the results obtained with a conventional ground board and with a movin~ belt coincide. 
For h/b < CL/20 they differ and a moving belt is required if the flow field existing 
between the aircraft and the ground is to be correctly reproduced. 

In Ref.14, South su~gests that Turner's results could be replotted (Fig.11) in terms 
.of h/b versus CL/A. In this diagram, straight lines from the origin correspond to a 
constant value of South's lift coefficient 

and Turner's criterion for the need of a ground belt reduces to CLhp > 3.3, a value not 
too different from South's criterion for flow breakdown (CLhb > 3.0). 

Subsequent studies were carried on at NRC (Ref.57) on a jet flap wing in ground effect, 
with a moving ground belt. Flow breakdown was detected by the appearance of a definite 
and sqdden change in the slope of the lift curve. The breakdown lift coefficient varied 
linearly with the relative height h/c, and at zero O/L was given by CL - 5.5 h/c corres­
ponding to a value of CLhb = 5.5. This limit, also shown in Fig.10, indicates when flow 
breakdown will also occur in reality. Thus three regions can be distinguished in Fig.11 

(i) CLhb < 3.0 or 3.3. No boundary layer separation occurs on the wind tunnel fixed 
ground board, which may therefore be used. 

(ii) 3.3 < CLhb < 5.5. Boundary layer separation occurs on the wind tunnel fixed ground 
board, but not in real flight. Use of a moving belt to eliminate the boundary layer on 
the floor of the tunnel is essential. 

(iii) CLhb > 5.5. Boundary layer separation occurs on the wind tunnel fixed ground board, 
and in real flight there is a region of flow on the ground beneath the aircraft where flow 
reversal occurs. The moving belt does not avoid the formation of a recirculation bubble 
underneath the model, but is still required to maintain similarity between the wind tunnel 
test and real flight. 

5. FLOW DISTURBANCES IN THE TUNNEL CIRCUIT 

For a good simulation of real flight, the flow in the wind tunnel test section must 
be uniform. Flow may be non-uniform either in space (velocity gradients across or along 
the test section, swirl) or in time (low frequency flow oscillations, turbulence). 
Furthermore, non-uniformities may be due to the wind tunnel itself or to flow perturbations 
originating at the model. By very careful design of the wind tunnel diffuser, corner vanes 
and contraction, by the use of straightener vanes and screens, and probably vith the aid 
of flow surveys conducted in a pilot tunnel of reduced scale, the flow no~=uniformities 
due to the tunnel itself can be avoided or eliminated. It must be pointed out however, 
that this is frequently an empirical cut-and~try study, relying On ingenuity of the design 
engineer rather than on well established methods. 

The situation is even vorse for the flow perturbations originating at the model and 
travelling around the wind tunnel circuit. These perturbations may be the trailing vortex 
filaments of lifting systems, or regions of low velocity (wakes) associated with some 
large separated flow region, or velocity fluctuations connected with the unsteady 
character of separated flows. No general treatment of this problem has been found in the 
literature. Only a few examples are available on this subject, each one relating to a 
well defined configuration in a specified wind tunnel. Thus in the Ames 40' x 80' wind 
tunnel it was observed (Ref. 58) that the model wake could be detected along the diffuser 
and up to but not beyond the fan section so that in this particular case, the problem was 
not important. On the other hand, there were cases of wind tunnels in which it was necessary 
to eliminate undesirable characteristics attributable to model perturbations. An example 
is the Langley 7'.x 10', 300 mph V/STOt wind tuntiel, in which boundary layer blowing on 
the diffuser wall~ was needed to cure local flow separation arising from this cause. 

As the problem is closely dependent upon the tunnel configuration and the type of model 
tested, it does not seem possible to establish guide lines of general application. If, 
for a new tunnel, a small scale pilot tunnel is available, it would be worthwhile to conduct 
experiments in it which are specially designed to test the operation of the facility when 
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representative wakes are preduced in the test sectien. 
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SUMMARY 

SURVEY OF METHODS FOR CORRECTING WALL CONSTRAINTS 
IN TRANSONIC WIND TUNNELS 

by 

Jean - Ch. Vayssaire 

Aerodynamics Department 
Avions Marcel Dassault - Breguet Aviation 

92210 - Saint-Cloud 
France 

Wider and wider use of ventilated walls in transonic wind tU'lnels has considerably complicated 
the problem of wall interference corrections. 

Mathemati co lapp Iication of the studi es availab Ie permi ts to obtain known resu Its in extreme 
cases of zero permeability (solid walls) and infinite permeability (open jet). 

2-1 

Application of these studies to actual cases is difficult and it appears that the operational stage 
has been reached in only a very few cases. Several original solutions were proposed to overcome the diffi­
cu Ities. 

The author of this paper makes a compar\!;on 'of these sol\ltions and high lights the precautionary 
measures to be taken during the experimental work.

c 

Recent researches have shown that in relation to theoretical working sections of infinite length, 
the realistic working sections have a stronger influence. This influence can be theoretically explained but 
too few studies are conducted though several researches are in progress. Experimental evidence of this in­
fluence is even rarer. 

This paper concludes with some suggestions for the future researches. 

RESUME 

La generalisation des parois venti lees dans les souffleries transsoniques a complique notablement 
Ie problllme des corrections de parois. 

Des theories existent dont les deve loppements mathematiques permettent de retrouver dans les cas 
Iimites de permeabilite nulle (veine guidee) et de permeabilite infinie (veine Iibre) des resultats connus. 

Leur application a des cas reels est delicate et ne semble que rarement avoir atteint Ie stade ope­
ratiannet. De nombreuses solutions originales ont lite praposees pour tenter de ta,urner les difficultes. 

L'auteur les compare et met en lumillre les precautions expEirimentales qu'elJes necessitent. 
Des travaux recents ont montre que, par rapport a une veine theorique infinie, les configurations 

reolistes ant des effets importants. Ces effets, accessibles a 10 theorie, sont encore trop peu etudies bien 
que plusieurs travaux soient en cours. Les validations experimentales en sont encore plus rares. 

L 'auteur termlne par que Iques recommandatians pour des recherches futures. 
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SYMBOLS 

Am Cross -sectional area of aerofoil (in z, x plane - Refer to Table II). 

B = 2 b Width of tunnel working section. 

C Cross - sectional area of tunnel working section 
= So with complete model in tunnel. 
< So with half - model in tunnel (in some instances). 

CD . Drag coefficient 

COd Separated flow component of CO' 

CL Lift coefficient 

Cm Pitching moment coefficient 

C j Force or moment coefficient 

o Equivalent circle diameter of fuselage maximum frontal area. 

F Ki Non dimensiona I slot parameter 

h 

H = 2 h Height of tunnel working section 
Height of a rectangular tunnel 
Diameter of a circu lor tunne I. 

K 1 ~ loge cosec( 7( ..2.-.) Geometri c slot parameter 

'Ir 2 d 

L Length of fuse loge (refer to Table II) 

M Mach number 

P Re lalive slot parameter 

Q 

f+~ 
h 

1+ f3 
R 

Re lalive porosity parameter 

R Porosi ty parameter 

5 Reference area of the mode I 

Se Area of horizo~tol stabilizer, including part in fuselage. 

So Geometric cross - sectional area of tunnel 
= B. H (rectangular working section) 
= ore H2/ 4 (circular working section) 

Vm Volume of model (refer to Table II) 

Va Velocity of undisturbed stream 

a Width of slot (refer to Fig. 4) 

c Chord of aerofoil (refer to Table II - 2 dim.) 

cb Wing tip chord (refer to Table II) 

Wing chord along aircraft centeriine (refer to Table II) 

Referen ce cnord (3 di m. ) 

d Periodic spacing of slots (refer to Fig. 4) 

em Maximum thickness of aerofoil (refer to Table II) 

l' Mean aerodynamic chord 

Pe Refer toTable II 

IG Refer to Table II 

q Ki ne ti c pressure 

2 s Wing span 

u Perturbation velocity in the axial direction 

\ 
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w 

X, y, % 

xG 

ACo 
ACo g 

A Co1 
A C02 

ACL 
.6. Cm 

AO( 

0( 

() 

Velocity of the flow normol to the wall 

Upwash velocity 

Cartesian coordinates 

Refer to Table II 

Drag wall correction 

X 

Buoyancy correction imposed by velocity gradient within the empty working section 

Buoyancy correction imposed by velocity gradient due to solid blockage 

Buoyancy correction imposed by ve locity gradient due to wake blockage 

Li ft wa II correction 

Pitching moment wall correction 

= .::!!..- Angle of attack wall correction 

Vo 

Aerofoi I angle of attack 

(I - Mg2) 1/2 Compressibi lity factor a 

Lift Interference parameter 

Lift interference parameter associated with stram line curvature 

u Blockage interference factor =--
Vo 

c1+C2+c3 
Solid blockage factor 

Wake blockage factor 

Stall blockage factor defined by c: d 

Aspect ratio 

Blockage factor ratio 

Density of stream 

2 siB = Wing span I Width of w~rking section ratio 

Y' n F low angle at the wa II 
=--y-;-

Perturbation velocity potential 

Interference velocity potential induced by walls 

Velocity potential of the model in free air 

= Vo. x + 'fm - Velocity potential in unconstrained flow 

"" Vo x + 'Pm + <Pi = Vo x + If 
Velocity potential of the flow within the tunnel. 

Subscripts 

y 

----_. 
a denotes wing or aerofoil 
c corrected 
e denotes tili I 
f delJotes fuse loge 
G denotes C. G • 
M denotes compressible flow 
o denotes incompressible flow 

or denotes "upstream" within the tunnel 
p denotes venti lated wa lis 
u uncorrected 
~ denotes free air 
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- INTRODUCTION 

1.1 - A survey of the methods used to correct the wind tunnel model results For wall effect cannot be 
restricted to the sale study of said walls. 

It is true that interactions are produced by the presence of these walls which restrict the air flow 
within the test section. But if the walls act on the model the wall action is affected by the general arrange­
ment of the wind tunnel. 

The shape of the section or the length of the test section, for example, are important parameters. 

Furthermore corrections are meaningful only when measurements are accurate thereby implying 
exact uncorrected resu Its. . 

When considering only aerodynamic criteria, the following parameters must be positively known : 
reference kinetic pressure referred to as "upstream" pressure, distribution of velocities and static pressures, wind 
ascendance, etc. 

Due allowance shall also be made forinteractians caused by the supporting means, i.e. struts or 
stings. These interactions are either direct in relation to the model (by modifying,. for example, its Cmo or the 
bose pressures) or indirect due to the wall effect an the supporting means which acts, in turn, on the mode/. 

1.2 - Therefore the working section is considered to be affected by all the elements placed upstream or 
dowstream. 

The working section is bordered by solid, ventilated, or open jei· walls, surrounded by a plenum 
chamber. Upstream, the working section is bordered by the collector together with its settling chamber and 
downstream by the diffuser (Fig. 1). Consideration shall also be given to the working section inlet throat and 
the downstream throat, close to the diffuser, whose suction is either natural or controlled by moving flaps from 
the plenum chamber. When placed in certain positions, these flaps ean interact on the boundary layers which 
develop on the walls thus causing velocity gradients. 

Possibi Ii ty of wall mobility (rather limited mobi lity) sha II a Iso be considered as we /I as an auxi fiary 
suction from the plenum chamber. 

Therefore the purpose of this paper is to investigate to what extent all the configurations are covered 
In recent papers relating to waft constraints. Some suggestions can thus be made as to the cases not previously 
covered. 

1.3 - First a statement will be made of the theoretical principles of these corrections which appear to be 
definitely accepted following the issue of original or· review papers from Garner, Acum, Rogers, Maskell (1) 
Pindzola (2,4), lo {2,3) and Oliver (3). 

The compressibi lity effect is introduced in the correction terms in conformance with GtHhert's 
rule (5), stated as for back as 1940, and which is a development of Prandtl and G lauert's researches. This 
rule is applied through the factors j3-7I= (f-Moz.j-1I/2 where n is an integer. 

Theories and rules are based upon linearized and effect superposition hypotheses which necessarily 
impose validity limits on the corrections. 

<. 
1.4 - The conclusion of this introduction states a number of useful remarks regarding the ventilated wall 

sections which are the essential subject of this paper. 

First it must be recalled that during the years 1932 to 1942, semi-closed wall test sections were 
made, For the theories showed that it was possible to neutralize or minimize their actio~ under uncampressible 
flow conditions and using a proper open jets / solid walls distribution. 

From Prof. Toussaint's calculations and suggestions (6), two semi-closed (floor and roof) rectangular 
wind tunnels were built in this country. These are the tunnel nO.2 of the Institut Aerotechnique, at St. Cyr 
(width: 2',10 m (6.89 ft) ; height: 1,80 m (5.90 ft)) and the BREGUET tunne I, at Velizy (width: 3,80 m 
(12.46 ft) ; height: 3,08 m (10.10 ft). These tunnels are still being operated and the wall effect is negligible 
for usual low speed tests. . 

Prof. Toussaint's research work essentially dealt with corrections (at the level of the wing unit) 
depending on the coefficient of lift (Cl) and emphasized the span influence. These researches should be asso­
ciated with Wieselsberger's which dealt with the blockage caused by the volume of models installed in semi­
closed rectangular sections. Wieselsberger extended the results of his research work to the compressible flow 
fie Id (7). 

\. 
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The principal results obtained by Prof. Toussaint and Wieselsberger appear in Fig. 2 and 3. 

Semi-closed walls are a particular case of langitudinally - slotted walls and are thus classified 
among the venti lated wa lis. 
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1.5 - Immediately after WW 1\ and with the outbreak of high speed jet planes, multiple longitudinal slot 
walls were proposed for high subsonic tests in order to minimize the blockage caused by the volume of models 
and to suppress soni c blockage (8). 

Then, a few years later, evidence was given of the follawing fact: it was possible, in law super­
sonic flow, ta absorb the shock waves originating from the models thus preventing the wave reflection (9) 
when poraus walls are used and when their porosity is made to match each Mach number value. 

- Perforated walls are ·the practical result of porous walls, provided that the holes are very clase to 
one another and have a very small diameter in relation to the other sizes o(the working section. -, 

1.6 - Venti lated wall sections with longitudinal slots or perforatians have then been more and more used 
for transonic flow tests. Now such sections are used for a very wide range of Mach numbers. Therefore it be­
comes necessary to apply corrections derived from theoretical works to tests and'to prove validity of these cor­
rections. 

Wright (10) conducted the first detailed attempt of theoretical/experimental work correlation. 
Within the same scope G~thert (5) carried out a very comprehensive study. 

Finally, in September 1970, a meeting was held in Florence (Italy) with Prof. Ferri as chairman. 
During this meeting a review was made of the experiments In progress in various countrt'es, in order ta make use 
of and develop wall constraints in ventilated wall sections (11). 

This paper, of course, makes use of data already stated at the Florence meeting where, in particular, 
efforts were made to define the transonic in relation to the high subsonic or supersonic domain. Following this 
the Nationa I Aerospace Laboratorium, N. L. R., of Amsterdam, suggested to assess the transonic domain as a 
Mach number be tween 0.9 and 1. 3. 

2 - REVIEWAL OF THEORIES 

2.1 - Linearized potential flow 

It appears that the theory of linearized potential flow relating to the concept of homageneous porous 
boundary of infinite lengtl:! is definitely accepted (12, 13). 

¢WTrepresents the potential flow within the te~t section around the model 

.¢'WT = J.;;. oX + 'fm + 'f..:. 
= ~oo + Y1i 
= lip. X' r f 

where : 

is the steady potential flow of velocity Vo parallel to the X-axis 

is the potential of perturbation velocities representing the model. 

is the velocity potential ,.,round the model in free air 

is the additional interaction potential due to presence of walls 

A theoretical approach is given in Appendix. 

2.2 - Boundary condi tions 

Genera lIy the boundary conditions along walls can be expressed as (14) 

where 

0$1' + Kf 2- (-d~)+~ 'dtf:; 0 
'iJx 'iJ1JC on.) R an. 

Kl defines the geometric parameter (Fig. 4) applicable to longitudinally-slotted walls (15, 12, 
13, 14) 

. J< f = ~ /".9. /cosec 'It:' a ) 
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R is the aerodynamic porosity parameter related to viscosity of the air flaw which crosses the venti-
lated walls (15) : . 

R- ev.. J1z .=: 
- At:> 

C,o = LJI:> and B= ~ ., 
90 va 

with 

. where ~p is the pressure difference bet;"een the section and the plenum chamber and "Ytt the per­
turbation velocity component normal to the wall. 

No allowance is made for compressibility effect in K) which corresponds to the definition of ideal 
slotte.d walls, i.e, walls through which viscosity effect is negligible. However under compressible flow condi­
tions, porosity R, (porous wall Reynolds number) becomes Rlj3 . 

Now it is accepted that operation of longitudinally slotted wails (having necessarily a low'per­
meabillty) defined by the sole parameter KI is far from being realistic. Allowance shall also be made for the 
term J3/R more specially used in the study of porous walls, and, in a wider sense, perforated walls. 

2.3 - Remarks 

The boundary conditions are expressed as follows 

for an open jet 

for solid walls 

for perforated wa lis 

3 - C'ORRECTION TERMS 

3. I - Definitions 

ar' _ 0 
aX. -

Corrections terms are classified in two groups : blockage corrections and lift corrections. 

Blockage corrections are defined by induced axial perturbation velocities 

U= a~' 
dX 

which modify the magnitude of upstream velocity (Vo) at the level of the model. 

Lift corrections are defined by induced perturbation velocities (upwash) 

-W= a~ 
(Jz 

perpendicular to velocity Vo and which modify velocity direction, at the level of the model. 

The logical sequence for utilization of correction terms (or correction program to be applied to 
uncorrected results) is shown in Table I i this ,is supplemented by a few definitions of symbols in Table II. 

--- . 
3.2 - Blockage corrections 

Let '10 be the upstream kinetic pressure and 'It: the corrected kinetic pressure at the level of the 
model; hence : 

applying the relevant correction for Mach number 

4M= Ho (f r 0,2 M/) cHP 

For an un powered model placed in the center of the working section 

\ 
\ 
\ 
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where : 

8 1HP-ls the blockage correction term due to model volume defined by potential 'fm'f of a 
doublet 

CfHP:::: -1... aY?if = u., = ...at /3-3 C1 
~ a::c Vo J 

C2HPis the blockage correction term due to model wake defined by potential Cfm2 of a 
source {or a sink associated with soid source ond located for downstream} : 

L!- (O~'2 tl.2 r") (3-2/"1 04J~2JJ::' 
c2HP =_. ~ = - = ..Jk2 r (1";'" r,a/C;;2 

~ aX Va 
~HP is the blockage correction term due to stalling 

. C!JMP= 'U3 = jr3c.s = J3-~ cd ~ CDc! 
. Yo . 2 C 

eSHP is not derived from a perturbation velocity potential, but forms a semi-empirical solution 
peculiar to wake problems associated with the "dead water" concept (16). 

3.3 - Lift corrections 

lifting component or wing potential ~z is defined by one or several vortex (vortices) di"stributed 
spanwise. 

Basic correction applies to the angle of attack of the mode I 

.!10(" = ..L _ ase'.iz ;::: -w'-
~ Jz Vc, 

with the coefficient 

Evolution of \oil' along the longitudinal direction of the working section emphasizes the streamline 
curvature, hence : 

J(= 
Total correction for angle of attack considering an element located on the X-axis is expressed 

as follows 

Ao(= (do-/- ['1 %)~. CI. 
(&11 So 

This yields the following drag corrections : 

and lift corrections 

11 C- F X S C / d CL
1c ~ L = - Of -.-. L.(--

f31-/ So dO(.ct 

/ Providing x with values ..c/4 (2 dim.) or- '"f.t/4 (3 dim.) as defined in-Table II we obtain 
the commonly used relationships. In most cases, in 3 dim, the correction A CL is transferred to the ongle 
of attack (17). 

The suggested corrections are shown in Table I. 

I t is true that ang Ie of attack correction can a Iso be integra lIy transferred to A CL correction, as 
is sometimes the case in 2 dim (18). 

Pitching moment corrections should also be considered 

\ 
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either applied to : 

- the wing unit, L1 Cmet, with : 

4x =."c. = la 
. and 

- or the tail unit (horizontal stabilizer), 4 Cm(?, with 

x= Ie 
and 

. Of course, cd em"" and .t:J Cme are a function of wing and tai I lift gradients (ciC£/dc:() q and 
(dCL/dot') e respectively, but also of df (;:;t}::: dfCl and ¢f {-x.}::' ¢fe whose va lues are taken on x-axis 
preferred points, i.e. at three-quarter downstream of the leading edges of wing or tail mean aerodynamic 
chord. -

Therefore it is necessary to know how J; develops along the X-axis (streamwise). 

3.4 - Important note 

As a matter of fact, velocity Walso develops spanwise and the resulting calculation - an example 
of which is given in Ref. 20 - permits to obtoin roll corrections. This problem will not be further investigated. 
Now let,us reconsider the factor ~f which defines the streamline curvature along the X-axis. 

The factor d1' appears as a gradient. 

Mention should also be made of gradients corresponding to blockage terms 

iJCHP = (a CfHI? ) + /d C2H'=) 
ax ax /%:=0 (- Jx. /~=o 

The gradient due to wake blockage, <J62HP/CJX, proportional to solid blockage correction term, 
i.e. proportional to--121 c(, appears regardless of wall type: solidwaJls, ventilated walls, or open jet. 
However the gradient due to solid blockage, as defined by the factor.121 = d.12t/a(~H),appears only for 
ventilated wall sections through which viscosity effect is felt. 

Proportionally to these gradients, drag corrections appear, such as : LJCl>2HP and LleD fHP 

Calculation assumptions are so made that stall-induced blockage has no gradient (16). 

Finally, the correction term LlCDd should be recalled : this term applies to the static pressure 
. gradient which can be present in the empty section. In most cases, wind tunnels have zero gradient and LlCl>g::O 

4 - CORRECTION FACTORS 

4.1 - Definitions of interferences 

From the correction terms stated in the previous paragraph correction factors can be classified 
under two groups as fa 1I0ws : ' 

,..(.,) r> ~ ,) 
- blockage correction factors : ~'f , .... '2, <-'0' , J2 ( 
- lift correction factors : do> df 
The six above-men tioned factors are dependent upon wind tunne I and mode I. 

(*) Factor..n.1 is generally multiplied by a product ke; slightly lower than 1 i this allows for model wing 
span and working section cross - sectional area (refer to Herriot : NACA Report 995 - 1950). 

Product Ke is sometimes replaced by parameter T as defined for a given working section and depen-
ding upon the model wing span (19). . 
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Interferences due to wind tunnel are as follows 

- working section geometrical shape (circulor, elli ptical, square, rectangular, octagonal, etc.) 

- wall type (solid, semi-closed, ventilated, open jet) 

- woll length; this factor is particularly important when open jets or ventilated walls are concerned 

Interferences due to model are as follows : 

- model wing aspect ratio, as evidenced by 2 dlrl1 or.3 dim tests 

- hence, wingspan 

- model size, especially wing chord, area, volume. 

As a matter of fact, one shou Id bear in mind that correction terms are derived from lineorized 
hypotheses which impose validity limits upon induced velocities u and 1Y", thus upon limit size of models. 

There are also model/wind tunnel interactions. 

Among these, the following should be considered upward movement of the 'model in relation 
to its central position within the test section or in the fore-and-aft direction, positions of wing and tai I unit 
with respect to a developing permeability of the perforated wall (21), for example. So we are again faced 
with the former problem regarding the model position in an open jet in relation to the collector outlet and 
diffuser inlet. 

Finally, when ventilated sections are concerned, mention should be made of a possible influence 
of an auxi liary suction from the plenum chamber upon correction factors. 

4.2 - Representation of correction factors 

When longitudi na Ily - slotted venti lated wo lis are concerned, correction factors are, inmost cases, 
plotted ogainst : 

I 
1 + .2.Ji!... 

.1-1 
which is a geometrical parameter where P= 0 for solid walls; P:=" for an open jet and His 

height of working section. 

No allowance is mode for compressibility effect in P. Besides it should be recalled that criterion 
P/R a Iso appli es to longitudina lIy - slotted venti lated wa lis. 

By analogy with P, the following parameter is introduced : 

Q= ., 
f+-'i 

sothat : ((=0 forthesolidO'aliandQ=1 for the open jet. .. 
Representation of correction factors as a function of Pond Q for slotted walls and as a function 

of the sole Q for perforated walls is particularly convenient for general theoretical analyses. This represen­
tation can also be conveniently used for ventilated wall sections with variable geometry, i.e. capable of 
operating from the solid wall to the semi-closed wall configuration (two high-permeability_ventilated walls) 
or to· the open jet configuration (four high-permeability ventilated walls). 

4.3 - Parqmeter for present definition of ventilated wall tunnels 

In the present state of the art, variable-geometry wind tunnels are not commonly used or their 
operation is not yet optimized. in other words, wind tunnel geometry is "frozen" in three or four preferred 
posi ti ons (22). 

In fact, most wind tunnels in use feature ventilated walls of fixed geometry. 

There is a tendency to define each wind tunnel from its specific parameter f3/R. 

The sal1)e applies to longitudinally-slotted walls, as evidenced by the ",!ork carried out by the 
Notional Aerospace\ Laboratory, N. L. R. of Amsterdam (23). 
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However similar parameters can be used. So it is that Carter (21) af Aircraft Research Association 
(Bedford) returns to Ka.;;sner's or Gl)thert's definitions, using the parameter j3 K as follows : 

Mackrodt (18) and Lorenz-Meyer (19) of AVA Gl)ttingen (DFVLR) use the following factor 

plotted against Mach number (M). So through this agency, these authors can show evolution of 
factors .Q1) .J22, s;, , and C'f of a transonic wind tunnel against Mach number (M). 

In a paper from A.E.D.C. relating to porosity varying with fore-and-aft direction of the working 
section, i.e. R(-;c:) , C.F.Lo (24) additionally introduces the following parameter 

T(x)=~ 
R(z) 

5 - REMARKS AND CONCLUSIONS REGARDING CORRECTION FACTORS 

5.1 - Let us reconsider the correction factors as a function of parameters P and Q mentioned in para­
graph 4.2. 

In ventilated wall sections, these factors should obligatorily lie between those associated with 
solid walls (P=Q:O)and those associated with open jets (P=Q=f) . 

This is the case for ..fl.1 l)" , and (.rt):x.:O' Thus the factor .12, lies between limit values shown 
in the table be low : 

Working section Solid walls Open jet - 2 dim Open jet - 3 dim 

G 0 '/ " .121 t - Q,50 -0,25 

Another example, 2 dim , can be suggested where these factors lie between limit values shown 
in the table below : 

Working section a J2.1 do {cf:t);;c.:O 
Solid walls- 2 dim 0 1 0 7e/24 
Open jet - 2 dim 1 -~50 -0,25 -7e/fR 

Simi larly, the factor J2 ~ is zero for q =0 and Q= i. J2,deve lops up to a maximum value 
whi ch nearly corresponds to .1).1",0 (10, 2). 

Nevertheless these concluding remarks are true only when applied·to the theary.Q.f Jinearized 
potential flaw. This gives rise to problems regarding model size in relation to test section size. Therefore 
there are also correction validity limits for angles of attack or, to a greater extent, for lift coefficients and 
test Mach numbers. 

5.2 - Oppositely, the factor J22which defines wake blockage, is not affected by the above-mentioned 
remarks. When considering solid walls, with Q=O~ ..a2= f. For ideal-slotted walls, i.e. with no viscous 
effect and for an open jet with ,?::. fJ..fZz is zero. 

But when viscous effect is not negligible, i.e. when tJ<tX<i, 122 is always negative, starting 
from zero for Q= f , but tending toward -1 when Q=O 

The above result is thus paradoxical since the specific parameter of solid walls is not obtained. 

In fact this -result is the consequence of the simplifying hypothesis concerning the boundary con­
ditions which assume tha.! ventilated walls have an infinite length. 
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A further problem is thus posed, which takes into account the finite length of the wall perforated 
part whase influence upon correction factors will be determined. 

5.3 - It should be recalled that analyses sh~uld be continued in order to obtain full knowledge of the 
development af stall blockage factor within ventilated wall and open jet sections. However it is known that 
for wing aspe,ct ratios between f and fO , cd .. 2..5 for. solid walls andej=-2 for semi-closed walls. In 2di", 
8.1= f within solid walls (16). 

To summarize, it should be stated that use of correction factors requires assessment of validity 
limits for linearized hypotheses and definition of the influence of a finite length for open jets, or venti lated 
walls. 

5.4 - For ventilated walls - slotted or perforated -the parameter R ond, to a greater extent, J3 /R, are 
the criteria applicable to validity or influence domains that have just been stated. It is thus mandatory to know 
these parame ters. 

It should be recalled that each correction factor becomes zero when it is allocated a value of J3/R. 
So in order to cancel a correction factor for any value of M, the parameter R must be strictly adopted ta each 
value of j3 in accordance with the theory of porous walls (15). This is the approach to the problem of variable 
geometry wind tunnels, in the form R (,13 ). . 

For practical purposes, it can be contemplated, for example, to minimize blockage effect. Then 
Mach domains shall be investigated without involving considerable errors i in these Mach domains, ;.9/R can 
be considered as a constant value applicable to fixed geometry wind tunnels. However lift corrections can 
exist for this va lue of j3 /R. 

Besides, variations of factors ..n. (;tC ) and $1 ( ;tC ) in the fore-and-aft direction of the test sec­
tion show the importance of gradients. We are again faced with the problems relating to developing effects of 
porosity R (;:>C) and variable permeability (22,24). 

It would also be possible to consider .r.;. ( z) developments for instance, but this would lead to 
contemp1ation of theories other than those already mentioned and bring the subject to V/STOL aircraft. 

5.5 - We consider that we have examined the present problems posed by experimental utilization of wall 
constraints, particularly in ventilated wall sections, from theoretical knowledge which is sti II far from being 
fully acquired. 

Recent papers covering this subject fit within the framework of the research work just mentioned 
and considerable improvements have been made since the Florence meeting. 

These papers largely contribute to the knowledge of all these domains. It is our intention to show 
this brief~y in the following pages. 

Of course the brief analysis of these papers is not intended to replace their thoraugh perusal. 

6 - DEFINITION OF POROSITY PARAMETER R 

For ventilated wall wind tunnels the basic problem consists in defining the porosity parameter R 
associated with the aerodynamic operation criterion j3/R of the working section. 

For this purpose there are three 'essentially experimental measuring methods, as follows 

- direct measurements, ---,+ -" 
- indirect measurement, 
- comparison of measurements. 

6.1 - Direct measurement 

Direct measurement consists in the calibration of a sample consisting of a perforated flat panel. 

A great number of sampling panels of different thickness and with straight or slanted holes and 
different geometrical permeabilities can be calibrated with a view to selecting walls for the wind tunnels to 
be built. 

A wall element of a wind tunnel already in operation can also be calibrated. 
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The wall sampling panel is used in place of one of the four solid walls of a wind tunnel spe­
c�a�ly designed for calibration purposes (4, 25). A secondary chamber is installed on the opposite side 
of the ventilated wall in relation to the main working section within which velocity (Vo) and Mach 
number (M) are made to vary. Owing to an auxiliary suction produced from the secondary chamber, a 
flow is induced across the wall to be calibrated. For a given Mach number the suction flow is made to 
vary. The fallowing are then measured : pressure difference (.at:> ) between primary air stream and 
chamber i secondary flow I primary flow ratio (8) of working section of velocity Va. 

F.or a well-defined sample and For each value of Mach number, the factor Cp ,: . .:::1p/o/ is 
plotted against the parameter e"'f'~/f>ov..t!t r ... /Vo . A check is then performed in a wind tunnel 
with four venti lated walls (25). 

Several calibration reports so obtained were issued by the Arnold Engineering Development 
Center. Some references to these reports appear in G!)thert's book (5). 

From one of these studies (25), Lorenz-Meyer plotted the operating curve 

~ == /3
2 

dep == r(u) 
R 2;;8 

of G!)ttingen transonic wind tunnel (19) '* . 

'* Square section wind tunnel ( 1 x 1 m2 10.76 sq ft ) - 4 perforated venti lated walls -
Geometrical permeability: 6 % - holes slanted through 60°. 

Then Lorenz-Meyer re lated the square test section with four venti lated wa lis to a circu lar 
test section of simi lar permeabi lity. 

It was later demonstrated by Lo and Oliver papers (3) that this relation was justified. There-
fore for these two types of sections, the factors .ilf and c5';, become zerO for Q = 0.45, i.e. 

f3/R= 1.22. 

A sample of the perforated horizontal walls of the wind tunnel Z,4 at Saint-eyr (**) was 
placed in a duct (Fig. 5). Pressure drop L!p ?f this element was measured against velocity Vn 

Pressure difference Ap between the working s~ction of wind tunnel Z,4 and the associated 
plenum chamber was then measured against velocity Vo in the test section 

Assuming equality of Llp yields 

V" 'II. IE"" 
Pia. =·v I<p 

By definition 

hence 

R 1:: Po. Vo .111 c:: 2 ~::: _=2 __ 
p 2 - K ,;;:::-;: k·2 ·r,. ~ yK,b.1( 

For maximum geometrical permeabillty of horizontal walls, i.e. 29%, R was found to be ~ 5 

*' *' Square section wind tunnel (0.85 x 0.85 m2 - 9.14 sq. ft) solid vE!rtical walls - perforated 
horizontal walls - straight holes. 

\ 
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The two following remarks should be mode when using the method of sampling and calibration 
of a ventilated wall panel. 

First the boundary layer which develops on the working section walls can be different from 
that existing on the sampling panel. • 

However, precautionary measures were taken at the A.E.D.C. which consisted in slanting 
the walls of the calibrating auxiliary wind tunnel so as to obtain a boundary layer with constant 
thickness. As a matter of fact, it is essential that the static pressure gradient along the ventilated 
wall is mode negligible before it is crossed by a flow. 

For each rate of flow, the wall slanting angle sholl be corr,ected. 

When assessing R experimentally, allowance sholl also be made for influence of generating 
pressure change. 

Besides, the difference in size (width, length) between the ventilated wall and the sampling 
panel can, during utilization, result in R values different from those,obtoined during calibration. 

The method suggested by the Institut Aerotechnique of Saint-Cyr appears to be difficult to 
use when the sampling panel originates from a perforated wall having slanted holes.. In addition the 
aerodynamic operation during the tests is quite different from that existing in the wind tunnel. 

Finally, it appears that, when using the previously mentioned methods, it is unpracticable 
to calibrate a wall with developing permeability, this permeability resulting bath from a graded 
geometry tunnel and certain types of variable geometry tunnels. 

6.2 - Indirect measurement 

The N. L. R. suggests a method of indirect measurement (two-dimensional) referred to as "drag­
balance" (23). This method ~ermits to assess the parameter j3/R of the walls (longitudinally - slotted walls 
in the N.L.R. Pilot Tunnel) with an airfoil placed in the test section. This method tokes into account the 
working section geometry, which leaves out of consideration most of the remarks of paragraph 6.1.3. However 
application of this method requires highly-skilled operators and very close and accurate measurements. 

The "drag-balance" method is based on the following equation : 

where : 

. CDp is the profile drag coefficient, as obtained from pressure measurements on the model. 

CDr is the skin friction drag coefficient, which is theoretically calculated from the pressure 
distributions. 

xc.o~ is the total drag coefficient, as measured by a wake rake placed in the airfoi I wake and 
sufficiently for downstream of the airfoil so that the blockage correction factor X appears 
as being close to 1. 

~LiCo.i is the sum of all interaction~ due to wall effect. 

Index u represents uncorrected values measured in the wind tunnel. With the airfoil set to an angle 
of attack 0<, the lift coefficient CL" il> calculated by integration of pressures and an induced angle.do< due 
to walls appears. 

Very small terms, obtained from calculations or substantiated by experience, shall be disregarded. 
Under these conditions the drag-ba lance equation becomes : 

CD1Y'a = CD!,,," rCDfu-4C£Jg+ G..-u..4C(+4CDfHP -fLlCD2HP 
It shou Id be reca lied that : 

ACDg is the buoyancy drag associated with the $Iatic pressure gradient of the working section 
without model in it. 

'* Rectangular section with solid vertical walls - height: 0.55 m (1.80 ft) - slotted horizontal 
walls - (permeability: 10% on each horizontal wall) - width: 0.42 m (1.37 ft). 

I 
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AC[)fHP is the buoyancy drag due to solid blockage gradient. 

LlCD2MPis the buoyancy drag due to wake blockage gradient. 

Hence : 

Z~C[)-i =- CL.u.ACX+LJCDfMP.;.LJCD2MP (I) 

and the equation becomes : 

ZLlCD-i = CD 11"-« - (cD I'M. of CD!" -LJ COg) (2) 

From equation (I), ZLlC[);. can be calculated against j3/R, for a given Mach number, a given 
angle of attack, hence a given lift coefficient, taking the value of K1 imposed by slotted wall geometry. 

In equation (2),::E'LlC[).G stems from values assessed experim~nta"y. 

Therefore by comparing the Z.dCD..i calculated values with experimental values, the j3/R value 
corresponding to each Mach number and angle of attack can be obtained. 

In the Pilot Tunnel, fi/R was found to be equal to 1.7· :!: 0 •. 1, with several airfoils and an"gles of 
attack up to 8 Q

• This value was regarded as constant over a Mach number ranging from 0.4 to critical Mach 
number •. 

6.3 - Comparison of measurements 

The methods permitting to determine R by comparison of measurements are classified in two groups 

0) - A model is placed in the test section which can be arranged in various configurations as follows 

- solid wall sectIon, ventilated wall section, 

- ventilated wall section, high-permeability ventilated wall section comparable to an open jet 
In this instance (four ventilated walls) or to a semi-closed wall section (two ventilated walls). 
This configuration is suitable to comparative tests-at high Mach numbers. -

b) - Two or more models manufactured at various scales from the same model are used together with 
a ventilated wall section featuring a single configuration. 

This test method leads to the use of various wall permeabilities to improve the accuracy of 
test results. This method is more open to criticism than the above-mentioned method in so far as 
Reynolds number effect is taken into account. 

The models are first installed with an angle of attack corresponding to zero lift so as to 
eliminate deflection effect. 

The methad consisting in using the same model placed in a working section with two confi -
gurations was used by Carter in the 9 ft x 8 ft A.R.A. wind tunnel. First the ventilated wall section 
was used i then all the wall holes were blanked to obtain a solid wall section. Carter compared the 
values ofAHpmeasured in the ventilated wall section with the LlMvalues calculated and corrected 
(26) from the results measured in the solid wall section. Carter infers that the high-permeability ven-

./ tilated wall section is free from blockage, contrary to all expectations. In fact, a geometric permea­
bility of 22 % could suggest that this section would act as an open jet with, in this case : 

~4 < 131«0.8 

i.e: .5<R<2.5 

(*) For reference, it should be stated that the General Dynamics High Speed Wind Tunnel 
has a square section (4 ft x 4 ft), four perforated walls providing 22 % geometric per­
meabi�ity and is characterized by R '= 5.5 (refer to AIAA Paper 71-292). 

\. 
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But the permeabi lity which gradually develops along the X-axis counteracts this effect. 
Therefore Carter in fers that : 

However, at the level of wing unit, lift corrections are defined by a factor do equal to half 
the factor associated with an open jet. From Rogers' paper, it is inferred that j3/R ~ 0.35 (1). 
Thus j3 K = 0.7 and R ~ 3. 

Methodical research work was carried out in the North American Rockwell Corporation 
square section (7ft x 7 ft) transonic wind tunnel.. This work was intended to determine venti -
lated walls which did not cause interactions. 

Two basic configurotions were used 1) solid walls; 2) perforated walls with straight 
holes, providing 19.7<>/0 geometric permeability, and comparable to an open jeL 

The results obtained with the same model and correct~d accordingly permitted, by com­
parison' to determine perforated walls with moderate permeability (of the order of 6 <>/0) satisfying 
the desired needs. 

Utilizotion of models provided with various blockage ratios substantiated these results. 

All tests and test data are shown in figure 6. The graphs associated with the measurement 
methods are shown in figure 7. 

Therefore It can be noted that a square section provided with four perforated walls having 
straight holes and 6 <>/0 permeabi lily permits to obtain results which need no correction. Since these 
tests, Lo and Oliver (3) have shown that, in this case, blockage correction factor ..!2.1 and wall 
correction factorcfo are zero for the same value of Q, i.e. 0.45, as already stated in 6.1.1. 
Hence . 

The same square section provided with vertical solid walls operates very similarly. 
Pindzola and Lo (2) infer that Q r;t 0.50, i. e. R ~ 1. In fact, in the latter case, wall constraints 
are low and cannot be observed in measure men ts. 

It is encouraging to note that, considering the accuracy of these measurements, a relation­
ship exists between theoretical and experimental works. It can also be seen that it is possible to 
experimentally admit sensibi lily ranges of J3 /R regardless of Mach number. 

In the previous paragraph the examples shown referred to the tri-dimensional case. The 
method described below is that used in 2 dim by the O.N.E.R.A. (28). 

Q. 

Models having the same airfoil (NACA 0012 for example) but manufactured at various 
scales, are placed, with zero lift, in a test section comprising walls of various permeabilities to 
determine, for all test cases, the shock wave location by measuring the pressure distribution on 
the models. Shock location emerges as a very sensitive criterion which can be relied upon provided 
the tests ore conducted at Reynolds numbers in excess of 2. 106 (28). 

For a given wall permeabi Ii ty and for the same test Mach number (i. e. uncorrected Mach 
num,ber) the same shock location can be obtained regardless of airfoi I size. It is inferred that this 
permeability causes zero blockage. 

The same shack location can be obtained on the various airfoils confronted with walls of 
various permeabilities, but at different Mach numbers. By difference, the correction IflMp can be 
inferred. Comparing correction J Mp with correction L1M as measured for the solid wall section 
shows a correction term less than 1 (refer to Fig. 8). Assuming that the perforated venti lated element 
has an infinite length and that wake blockage factor C2MP is negligible, this term is thus related 
to solid blockage factor ..o..1MP . From the theoretical curves giving ..f2"MP versus Q (2, 4) or 
J3/R (1), R value is thus assessed for each ventilated wall. Then do and cSftogether with the asso­
ciated corr"ctions are inferred. 

\ 
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In reference 29 a thoroug:, description of this method is given. Furthermore it is pointed 
out it should be ascertained that the value of R determined in this manner also applies to any type 
of aiHoi I. 

This remark should be considered as a general rule. 

7 - REMARKS ABOUT BLOCKAGE MEASUREMENTS - GENERALIZATION 

As a supplement to the previous chapter, paragraphs 7.1 and 7.2 refer to the experime'ntal me­
thods used for-determining Mach number variation 4Hdue to model blockage. 

7. I - Measurements from the model (2 J) 

Static ports are provided on the wing trai ling edge, since this region is considered as being 
representative of the measurements taken in the middle of the model, a complete aircraft model in this' instance. 

Measurements are ta'ken of pressure coefficients Cp with respect to static pressure within the 
venti lated test section. 

At the wing trailing edge, the coefficient Cp is very close to zero and hardly sensitive to the 
lift coefficient ( CL ) and Mach number, at zero lift. ' 

Therefore any deviation of this pressure coefficient from the "couected" coefficient in a solid 
wall section shows an improper static pressure as well as a blockage effect associated with a variation of Mach 
number AM. 

This method was used during the tests mentioned in paragraph 6.3.1.1. These tests showed that 
the A.R.A. ventilated test section was free from blockage when the model under consideration was that of a 
conventional transport airplane. These results were checked and substantiated with another model of the 
"canard" type. 

7.2 - Measurements from the walls (17) 

-La this method- the model is placed at the-cenfer ofa sol1d wall section. 

Pressure ports are provided in the region of the model on floor and roof walls. 

Other things being equaL a pressure difference (Ap) between the test section without model 
and the test section with model indicates an excess velocity on the wall due to blockage. 

Linearlze-d hypotheses show that excess velocity at the wall is directly proportional to excess 
velocity along the test section centerline (L30). This relationship is hardly influenced by compressibility (30). 
Therefore blockage can be determined by using simple calculations. 

This method Is used by Taylor in the solid wall pressurized wind tunnel (8 ft x 8 ft) of the 
Royal Aircraft Establishment, Bedford (J 7). This method was previously mentioned by Gt)thert for circular 
sections (30). 

7 ~ 3 - Supplementary and g~nera I remarks 

7.3. I - Very often, test resu Its obtained in a venti lated test section are compared with those obtained 
in a solid wall section. If blockage correction factors are applied to test results (drag coefficients for example), 
with zero lift, it is expected to find a corrected drag coefficient equal to the drag coefficient measured in the 
ventilated test section and to which the gradient corrections only would have' been applied-.---This equality can 
o,ccur over a rather wide range of Mach numbers or at a preferred Mach number as shown by the drag curves 
plotted against Mach number in reference 21 and Fig. 9. For these/this Mach number (s), roughly 0.7 in the 
present case, it can be said that blockage is zero in a ventilated test section. 

From increasing angles of attack and, by comparison, lift / incidence curves corrected in 
a solid wall section and uncorrected in a ventilated test section,(as shown in Fig. 9), the corrections LlO( can 
be derived and the corresponding value of R can be calculated. 

This method requires very accurate measurements. 

7.3.2 - From reference 31 Taylor suggests a similar method to determine wall corrections in 
in the pressurized slotted wall wind tunnel (8 ft x 6 ft)* of the R.A. E., Farnborough (17). 

"* Four slotted walls for 3 dim tests. 
Two slolted walls (reduced width) for 2 dim tests. 
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The slots are so arranged as to provide zero blockage over a wide range of Mach numbers. 
This was verified by pressure distribution on airfoi Is, at zero lift. 

Then on angle of attock is given to symmetrical airfoils of same maximum frontal area, but 
with different chords, while providing the same Reynolds number. 

Then plotting dCm/dCL curves against ( ,.,c/H) and allowing ...c/H to approach zero (i.e. 
allowing H to approach infinity) corrections Ll ern and' factor 6~ can be derived. Using this method fora'CL/d« 
curves, the factor 6"0 can be obtained~ C., being known. The Fig. 10 illustrates this method. 

8-LENGTH RESTRICTION OF VENTILATED WALLS 

8.1 - In analyses regarding corrections it is assumed that the walls have on infinite le~gth. This simpli­
fying hypothesis is correct only for solid wall sections. 

Influence of ventilated walls with a finite length upon correction factors was evidenced by 
Woods who showed that, with the some geometric permeability, the length variation is equivalent to a varia­
tion of porosi ty R (32). 

This results, obtained in 2 cLim , was subsequently worked up by Parkinson and Lim who 
,suggested that factors Co and $'1 are much less affected than factor~ .12 f ond ...a.2 (33). . ... 

As a matter of fact a recent paper from Veuillot shows the influence of perforated wall length 
upon [21 andJ22 (34). Furthermore this paper gives on answer to the paradoxical result mentioned in paragraph 

.5.2. 

With venti lated walls of finite length, the factor A2 appro.aches + 1 when permeability ap-
proaches zero. 

8.2 - This theoretical analysis was experimentally evidenced by 2dim tests conducted on N.A.C.A. 
0012 airfoils, in the O.N.E.R.A. S3 wind tunnel, at Modane. This wind tunnel is provided with perforated 
horizanta I wa lis (35). With 9 % geometric permeabi lity, no blockage was noted for a va lue of j3/R = 0.7 
which corresponds to the length of the ventilated portion equal to 2.7 H, H being the test section height. 

It should be recalled that, for on infinite length of the perforated element, ;9/R 1:: 1.65; 
this value allows for solid blockoge and woke blockage. 

8.3 - Still in '2 dim, Mokry performed a theoretical work which clarified the paradoxical result of 
paragraph 5.2 relating to the factor ...Q..2' Mokry analysis also started from the notion of perforated walls with 
a finite length. 

In fact, this notion is a Iso in close connection with the location of static pressure port referred 
to as "in,finity upstream" pressure (36). 

In the theory of infinite length walls it is assumed that this reference pressure is located at infi­
nityupstream, i.e. X:::-oo 

Actually this reference pressure is located at a distance X equal to or greater than - 1.5 H 
upstream af the model, on the X-axis on which correction factors become negligible. 

Sa for very low permeabilities, i.e. for values of Q (or t depending on Mokry's symbols) less 
than 0.3, the factor...Q.2slowly decreases t?ward x= - t:P. Consequently this factor shalt be corrected in 
the region of the model, taking reference pressure location into account.. 

8.4 - Such a remark (which did not, however, result In detailed calculations as MokrY's) :.v~s already 
made, in the 3 dim. case, by La in a. paper issued by the Tennessee University in 1969. This remark is men­
t�oned in reference 3. 

More generally speaking, influence of ventilated walls with a finite length upon correction 
factors would be worth being extended to the:, dim case, 

Therefore it would be advisable to develop analyses such as Keller and Wright's. This analysis 
consists in separating the test section walls into rectangular elements, each element being represented by source 
distributions (or vorti ces) (20). 

Application of this method is considered by Taylor, of the R. A. E. in reference 17. 
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9 - MODEL SIZE 

9.1 Large size models can nullify the validity of linearized hypotheses. In 3 dim case, a large 
model is meant to be a mode I whose wing span is equa I to 0-: B with 0.5 < 0-< 0.7 and mode Is whase length 
Lis af the order af ;S.H (17). 

The Langley Research Center, of the N.A.S.A., states that for wing aspect ratios A of the 
order of 7, e;- shall be less than 0.7, and 0.5 if aspect ratio is nearly 3 (37).* 

As a matter of fact, the parameter so evidenced is obtained in the ratio SIC which appears in 
the correction terms. SIC is equal Or proportional ta the product of both parameters oRa/H which shall obli-
gatori�y vary inversely.' -

The model scale which determines the model area 5 can be selected from the model maximum 
frontal area::£. , for the blockage ratio ..:E /C is a specific blockage criterion, especially in the high subsonic 
domain. 

These empirical relationships should be replaced by theoretical analyses which would provide 
calculated results thus permitting to determine dimensions of the models considering the desired lift coefficients 
and Mach numbers. 

9.2 In 2 dim, a Mokry's analysis (38) seems to indicate a pro'cedure consisting in the use of series 
fro:" which solutions diverge or converge. The quantity..e/ jSH is taken as a perturbatioh parameter of these 
series. _ . 

An example using,c/foH = 0.314 indicates that the solutions converge correctly. Mokry also 
infers that the solution stops converging if,c/ j3H approaches 1. Therefore there is an interdependence between 
the test Mach number and the ratio.c/H. So, for..c/H = 0.34 and small angles of attack, limit Mach number is 
of the order of 0.94. 

9.3 - Dutch and French experimental test results substantiate a possible limit to the validity of linea-
rized hypotheses, as defined by j3/R versus..e/H. 

The N.L.R. gives the ratio)!/H = 0.34 as an experimental limit. Below this value; the crite­
rion fl/R is a Iways a 1I0cated th~ va lue 1. 7. (23). 

Above this value, for example for)!/H = 0.36, the value of j3/R substantially varies with the 
angle of attack. 

The resu Its obtained from the O. N. E. R. A. 53 wind tunne I are in agreement with the N. L. R. '5 
concluding remarks (35). . 

With..e/H = 0.19 and 0.27 for all test conditions, the value j3/R = 0.7 can be maintained. It 
should be recalled that this value corresponds to zero blackage obtained at zero lift, in accordance with the 
theory of perforated walls with finite length (32, 34). For this value of j3/R, the lift corrections are given by 
the factors do and $'f in agreement with the theory of perforated wa lis with infinite length. This seems to sub­
stantiate Parkinson and Lim's remarks previously stated in paragraph 8.1 the finite length of perforated walls 
essentially affects blockage correction factors. 

But for..e'/H = 0.38, lift corrections are characterized by j3/R = 1.1, value which is not 
connected, at the present time, with any known criterion of zero blockage. 

~, 

9.4 Besides, the N.L.R. points out that the value j3/R = 1.7, which characterizes the N.L.R. 
Pilot Tunnel far ratios)!/H <: 0.34, was obtained before shocks appear. As suggested by the N. L. R., experi­
mental work should be undertaken in oFde~ to find out variations of R or f3/R, at supercritical Mach numbers. 
However it appears that the theoretical approach of this problem can be derived from Berndt's work (who suggests 
that the thickness ratio can then affect the porosity parameter R (39). The notion of blockage'Yatio is thus re­
.placed by that of model cross section thickness at which the sonic line appears. 

Generally this cross - section is located upstream of the maximum frontal area of the model. 
But use of nol1 - linearized equations for transonic flows would be out of the scope of this paper. 

9.5 Both test resu Its and theoreti ca I know ledge show the importance of thi s program of tests conduc-
ted on calibration models as suggested by the O.N.E.R.A. to assess experimentally the 3 dim validity limits. 
These test programs were extensively dealt with at the Florence meeting, then at Gl)ttingen by Poisson-Quinton 
(40). 

'* The Langley Research Center suggests, under supersonic conditions, the empirical relationship 
L = 0.6 H impased for Mo = 1.2, in order that a model with a length L is not disturbed by re­
flection of waves produced by the walls. This relationship appears to be rather close to the 
expression : L~ H!Ho"-t and to the above - mentioned expression relating to a subsonic 
floy,. . 
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I t should be added that corrections prove satisfactory provided they are all used, as evidenced 
by Mackrodt (18) and in Ludwieg's defined terms, specinlly those incorporating the coefficient CD ...... (41). 
These terms supplement the compressibility factors 13-'" mentioned in the introduction. Mackrodt's and A. V.A 
Gtlttingen test resu Its are shown in Fig. 11. I 

9.6 - Most results which are satisfactorily corrected are those applicable to Mach numbers up to 
0.86 - 0.9 and lift coefficients equal to or smaller than 0.7. 

So it is for the mode I of a modern civi I transport airp lane whose b lockage ratio is (). 74 % (21). 
This model is also defined by the following ratios 

wing span 2..4 (j::: = = 0.57 
test section width B 

fuse lage length 
~=O.66 = test sectian height H 

For a Mach number M = 0.86, L/ fo H = 1 .30. With the same geometri c characteristi cs, but 
with a blockage ratio of 1 %, a sudden drAg increase appears at a Mach number of 0.65, and the tests with 
correction factors were conducted to only M ~ 0.7(21). 

Further test results and limits are summarized in the table of figure 6. 

Therefore it appears that a blockage ratio of 0.74 % is an acceptable limit. In NASA TMX 
1655 and 1656 papers, such concluding remarks appeared, regarding tests conducted on cylindrical bodies. 

9.7 - Finally, Lorenz-Meyer's research works should also be mentioned. These works covered Mach 
numbers up' to 1.2, with lift coefficients of the order of 0.4. These values would be worth being considered 
later (19). 

10 - VARIABLE POROSITY CmKEPT 

10.1 Theoretical variations in subsonic flow 

10.1.1 The various correction factors become zero in the region of the model only for values of 
parameter j3/R specific to these correction factors. This means that it is not possible to cancel out 
all corrections for a same value of j3/R. Therefore a selection should be made and, as part of the 
studies carried out, it may be desirable to minimize a given correction over a rather wide operating 
~ange of the wind tunnel. Once this selection is made, the theory shows that the porosity parameter 
R will undergo a simple development, constant thrvghout the test section length, so this development 
can be adapted to the compressibility factor j3 = 1-1'1/, for each value of Mach number. 

lO.l.2 - Then, a more complex development of parameter R can be considered along the fore -
and - aft direction of the test section. 

This will be the case if it is envisaged to cancel aut simultaneously the lift carrections 
in the region of the model and the corrections applicable to the pitching moment produced by the ho­
rizontal stabilizer, as evidenced by Lo's analysis, who defines a development of parameter R along 
the X-axix (24). Development of R (x) also alters the value of factor...fl. 1 which is calculated with 
R as a constant (24). 

10.2 - Practical variations 

The latter theoretical case was already evidenced and portly controlled during preliminary 
research tests conducted in the variable - geometry ::E 4 wind tunnel of the Institut Aerotechnique of 
Saint-Cyr (22). Whereas the former case has not yet given rise to the issue of experimental work reports, so 
for as it is known. 

The following brief report is limited to consideration of fore-and-aft graded development of 
geometric permeability along the X-axis with the sale intention of providing a steady and homogeneous air 
stream within the test section, at all Mach numbers. 

This practical achievement is positively connected with correction problems through the use 
of gradients (21). This will normally remind us, in the next chapter, existence of these gradients and their sur­
prising effects, as evidenced by Carter. 
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10.3 - Theoretical variations in supersonic flow 

In supersonic flow the shock waves originating from the model impinge on the test section walls 
and are reflected therefrom. The greater the model length with respect to the test section size or the closer to 1 
is the Mach number the stronger the influence of these reflected waves upon the model. 

In other words, for each Mach number, there is a maximum interaction length which approaches 
zero when the Mach number M approaches 1. 

This wove reflection is strictly local. Theoretically it was demonstrated that the use of porous 
walls tends to absorb the waves and prevent wove reflection, especially in the low supersonic domain. So it is 
when 

R==vuf- f 

This relationship was obtained by application of the linearized hypotheses for 2 dim. flow 
(9, 13). 

Extension of this relationship to the 3 dim. case was discussed by the, Cornell Aeronautical 
Laboratory during a meeting of the "Institute of the' Aeronautical Sciences" held at Los Angeles in 1954 i the 
subject covered was "Transonic testing techniques". Deviation of porometer R in relation to its theoretical vaiue 
assessed for a given Mach number was examined. It appears thot a rather wide operating range is available. 

11 - GRADIENTS 

11. 1 Preliminary remarks 

Assuming that a velocity gradient initially exists in the empty test section (without model) it 
is always possible to allow for this gradient in test result corrections. Taylor's formula (A.R.C.R and M 1166), 
also used by G lauert, sti II holds for the compressible flow conditions. However at high Mach numbers, Taylor's 
formula can be improved by adding compressibi Iity effect upon the virtual volume of the model, as suggested by 
Ludwieg (41). 

Anyhow it is preferable to cancel this gradient. Several possibilities are available to that 
effect: the walls can be tilted to various angles (29) i wall liners can be placed within the test section (35) i 
position of throat flaps near the diffuser can be varied (22) i finally an auxiliary suction from the plenum 
chamber can be considered (28). 

Generally all relevant papers emphasize- knowledge of gradients. Therefore very close aero­
dynamic calibration measurements are required. 

With reason, Taylor reminds that reference veloci.ty measurements should be carried out with 
the greatest care (17). 

Location of total pressure ports in the collector or settling chamber shall be clearly specified, 
as well as location of static pressure (reference) ports on the walls of the working section or plenum chamber. 
Furth:rmore air temperature sholl be noted and relative humidity taken into account . 

., 
Of course, the static pressure (reference) ports referred to as "upstream infinity pressure" 

should not be affected by model induced interference, such as, for example, gradients produced by solid or 
woke blockage. 

These instructions particularly apply to tests conducted an half - models £adng a reflection 
plate. This can either be a panel placed in a circular section or one of the walls of a rectangular section. Wall 
'''ffect corrections are known and validity of correction applicability need no longer be demonstrated, especially 
at low speed (42). Nevertheless such arrangements have their own characteristics which become more and more 
complex as t!J.e Mach number increases. 

More particularly the reflection plate sholl necessarily be solid. 

Finally it should be recalled that use of variable stagnation pressures involves knowledge of 
the effects of these pressure variations upon boundary layers and consequently, upon the gradients. 

11.2 -

resu Iting from 

Solid blockage gradient due to viscous effect 

In the A.R.A. wind tunnel with 13K = 2, as stated in paragraph 6.3',1.1, a drag correction 
the solid blockage gradient due to viscous effect was first theoretically calculated (21). 

\ 
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But awing to the graded development of geometric permeability of test section walls and 
arrangement of the mode I in re lotion to the wa lis, it was noted that the gradient acted on Iy upon the downstream 
half of the fuselage following pressure measurements taken on the model nose, center, and base. 

Experimental correction is equal to half the theoretically calculated correction (Fig. 12 a). 

This is a typical example of the prec'autionary steps to be taken for measurements and interpre­
tation of corrections connected with graded permeabilities and relative pos]tion of the model along the X-axis. 

n.3 - Wake blockage gradient 

Again attention of the reader shou Id be drawn to the extreme Iy low deve lopment (refer to 
paragraph 8.3) of the factor.-!22 against X to upstream infinity, for permeabilities of very small perforated 
walls. This development requires a double correction depending on static (reference) pressure port location 
(Fig. 12 b). 

11.4 - Influence of struts and stings 

Struts placed under a model require blockage corrections regarding the model. In certain cases 
struts can produce a curvature of the air stream which appears as a complementary induced angle. 

Oppositely, a sting, due to its solid blockage, produces a gradient affecting the model. 
Corrections sha II be applied accordingly (17). 

12 - CONCLUDING REMARKS - SUGGESTIONS 

12.1 - Concluding remarks 

It should be granted that general theories regarding wall corrections are known and widely 
spread at the present time, thus becoming conventional. 

However, and contrarily to general opinion, comprehensive theoretical knowledge has not yet 
been gained and gaps still exist. Condiderable research work should be initiated or carried on, especially on 
ventilated walls. 

Practical use of these corrections is sti II in the experimental stage. These corrections are not 
routinely used and a universal language common to all wind t\lnnel operators is not yet available. 

However a commendable effort was made to this effect by the major European or American 
research laboratories, as stated in the previous chapters. 

12.2 - Correction calculations are based upon two assumptions, as fallows 

- Linearized potential theories, 

- Boundary conditions applicable to infinite length walls. 

The former assumption puts forward the problem of applicabi lity domain for utilization of . 
theories and requires additional theoretical approaches for model size and, consequently, for assessment of lift 
coefficients and limit Mach numbers. 

Test programs of models at various scales will substantiate the limits so assessed. 

The latter assumption puts forward the problem - except for solid walls ~'Of-finite length 
ventilated wall influence upon corrections. 

The solution partly applied to the 2 dim case is only outlined for the 3 dl'm case. 

Therefore it appears preferable to conduct tests in solid wall sections at as high a Mach number 
as practicable. Then from a given limit Mach number it appears desirable to make use of venti lated walls. 

12.3 - For ventilated sections, it is taken for granted that porosity parameter R and associated cri-
terion j3/R are the basic aerodynamic grounds. This criterion is necessarily used for porO\lS or perfarated walls 
and shall also be applied to longitudinally - slotted walls. 

Hawever it wou Id be encouraging to know the conditions from whi ch the parameter R becomes 
of importance, in other words the slot length and depth from which viscosity is effective. 

\ 
The~efore, although there is no basic difference between a semi-closed wall section and a 

slatted. ventilated wall section, influence of parameter R is negligible in the former instance and may be very 
important in the latter instance. 
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In fact, it is essential to make use of ventilated walls as defined by their specific geometric 
permeability which satisfies the theoretical criteria for porous walls. 

12.4 - It appears that it is not possible to assess porosity parameter R using analytical methods i 
therefore this parameter will be assessed experimentally. 

No universal method has been suggested to date. Each laboratory conducts its own approach 
depending on its specific needs and facilities. 

It wouid be desirable to produce a type of catalog summarizing the geometric data of the 
walls, the suggested principles for measuring the parameter R and the obtained values of porosity parameter. 

Allowance shall be made for influ.ence stagnation pressure variations and of boundary layers 
upon value of parameter R. It appears that this influence is great in the transonic domain. As a matter of fact, 
a thick boundary layer developing on solid wolls c~n contribute to reduce blockage interaction and even retard 
the Mach number at which sonic blockage occurs (43). The boundary layer can also increase the effective po­
rosity R of ventilated walls (10). This is perceptible in Mo between 0.9 and 1.4 os shown in Fig. 13 (44). 

12.5 - Knowledge of parameter R is often critical for graded permeability walls, produced to obtain 
an undisturbed air stream. 

Besides, the theory emphasizes importance of parameter R development against (3 and X. 

for such arrangements, knowledge of parameter R becomes difficult. 

Theoretical analyses should endeavor to highlight magnitude of errors which can be made when 
a constant value of R is adopted for a wide range of Mach numbers, whereas parameter R shou Id be adapted to 
each value of Mach number M. 

12.6 - Adaptation of parameter R along the fore - and - aft direction of the test section sti II is a pro-
blem to be solved. Theoretical analyses show that it is essential to solve this problem if wall effects in the re­
gion of the model wing and horizontal stabi li>:er need be suppressed. 

It is necessary to·have a good knowledge of the corrections before suppressing or applying 
them. This remark leads to point out that no mention is made - or only a broad statement if any - in most of the 
relevant analyses, of pitching moment corrections applicable to a complete airplane madel, i.e. a model com­
prising a horizonto I stabi lizer. 

The major problem consists in calculating the factor 1(., , known in X = 0, against X and for 
several values of the parameter R. Then the pitching moments will be accurately corrected. 

It would be desirable, in the immediate future at least, to find experimental procedures for 
correcting pitching moments Cm. A number of tests should also be conducted to show the possibility of cancelling 
corrections in the region of the tail unit, while maintaining, if applicable, blockage and lift corrections in the 
region of the wing. 

Theoretical analysis of development of factors Cmo and 0(0 with Mach number, permeability 
or any other parameter shall also be considered. Experimenta:ly this problem is for from being solved . 

12.7 -
corrections. 

.. 
Emphasis was placed on investigation for a wall geometry suited to cancel pitching moment 

However it should be recalled that the various correction factors become zero for values of 
parameter;S /R specific to these correction factors . 

./ Therefore, considering both the magnitude of corrections in relation to one another and analysis 
and research work envisaged, it appears of prime importance to assess the parameters considered as prevailing 
ones and which need be cancelled. Choice of these parameters depends on operators of future wind tunnels ond 
can lead to ventilated walls of varied geometries. 

12.8 In connection with the previous problems, it may also be good to know what are the advantages 
or disavantages when using test sections with two or four ventilated walls, bearing in mind that permeability 
above and below the model is generally more efficient than permeabilities on walls arranged normal to the model 
wing span. 

Pindzola and Lo (2), then Lo and Oliver (3) approoched this problem by colculation of the 
reciprocal effects of permeability on vertical and horizontal walls of rectangular sections against the section 
width B to height H ratio. 

\. 
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For example, the theory shows that the factor do is not affected by permeability of vertical 
walls when the height - to - width ratio is equal to or less than 0.8. Moreover it appears that practice is less 
stringent than theory, as seen in paragraph 6.3. 1. 2. 

Besides, Kelter's and Wright's calculations suggest that vertical ventilated walls provide 
more steady spanwise upwash velocities than horizontal 'ventilated walls (20). 

12.9 - In 12.5, mention was made of the necessity for an undisturbed air stream free from velocity 
gradient within the test section, whi ch, sometimes, resu Its in a thin boundary layer thus maintaining linearized 
porous operation of venti lated wa lis. (44) 

To that effect, an auxi fiary suction from the plenum chamber cou Id be used, 

This brief report purposely ends with this technical aspect which was virtually not dealt with. 

Theoretical analyses from Woods (32) or Gt:.thert (5), for example, emphasize the influence 
of this suction upon correction factors or wall boundary layers. But no experimental resu Its providing positive 
conclusions have been published af late years. 

12'; 10 - Likewise, if we da not consider the corrections in connection with the use of special gases 
whose compressibility laws do not necessarily agree with Prandtl's, Glouert's, Gt:.thert's rules, it may be asked 
h'ow the correction terms are affected by stagnation pressure change. 

12.11 Finally it should be recalled that the purely transonic domain has not yet been rigorously 
dealt with, whereas the supersonic domain has already been investigated, although portly. (9, 13, 5, 4). 

M = 1 still remains the major unknown quantity. 

As a matter of fact, linearized hypotheses introduced by GMhert to lay down his rule (showing 
compressibility effect in correction terms) suggest that it is impossible to use the corrections in the forms pro­
posed for Mach numbers close to 1. 

However for test Mach numbers greater than 0.8 - 0.85, it may be necessary to use, in the 
proposed correction terms, the compressibility factor foe , which is a function of the corrected Moch number 
Mc, provided that the value of ...1 M is lower by 3 ra or 4 ra than Mach number Mo (26). 

Furthermore it should be noted (refer to paragraphs 10.1 and 10.3) that the theory, supported 
by experience, shows that, under supersonic conditions, the permeabi lity sh()u Id decrease with Mach number, 
whereas under subsonic conditions, the permeability should decrease when Mach number increases. In other 
words, the permeabilities m'eet each other in the region of Mach 1. 

12.12 - Together with these problems of prime importance, there are secondary problems for which it is 
almost em~arrassing to quote an example, considering their relative slight importance. 

Are formu los used for co leu lations of airfoi I cross-sectiona I areas Am, mode I volumes Vm, and 
blockage accurate enough, in so for as fine correction terms, such as I< 'c: or T are introduced? Eventually 
would itnot be better to produce a universal formula instead of the proposed choice of formulos and try to 
standardize the re loti onsh ips? 

Obviously much work sti II remains to be done, as can be seen from the A. E. D. C. draft ana lyses, 
in broad domains and in detail as well. One example of these numerous outstanding tasks could consist in finding 
out 0 more precise defini tion of the influence of wingspan upon factors cr;. and d~ in venti lated wa lis, as 
olready attempted by Holder (45) who used conventional hypotheses, or Wright and Keller (20) through more 
reaListic hypotheses. --- . 

Note Influence of aeroelasticity of the model and supporting means, wind tunnel turbulence and noise 
are covered in other papers. 

\ 
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COMMENTS· ON WALL CONSTRAINT PROBLEMS 

IN TRANSONIC WIND TUNNELS 

- THEORETICAL AND PRACTICAL CONSluERATIONS 

1.1 - A g~p often lies between theoretical and practical considerations and a balance is required. 

With the present stage of knowledge, theoretical approaches for calculating wall constraints, i.e. 

blockage and lift interferences in subsonic WT testing, 

Ii - shock waves reflection in low· supersonic WT testing, 

use linearized (subsonic or supersonic) compressible flows. These theories do not exa·ctly represent 
actual flow conditions. 

1.2 - First, for subsonic flow, it is necessary to make a choice of mathematical models - such as doublets, 
sources, vortices in allowing for lifting line ar lifting surface theories - in order to establish velocity field 
induced by aircraft and its wake in free-air. 

To allow for walls, consideration shall be given to boundary c.onditions. 

Mathematical treatment uses either image methods or wall perburbation methods as recalled by 
Carbonaro's paper (I). 

Mathemotical treatment can be developed in compressible flow or incompressible flow and, then; 
compressibility effect is introduced in agreement with GtHhert's linearized compressibility rule. 

Regarding ventilated walls, linearized porous conditions of the equivalent wall, involving mixed po­
tential and viscous flows, are used instead of octually slotted or perforated walls. 

1.3 - Boundary conditions alwoys assume working sections boundaries of infinite length and free From dis­
turbance •• These hypotheses are exact for solid walls, but approximate for open jets. They are also approximate 
for ventilated walls which consist of both solid and open walls. 

2 - IMMEDIATE REQUIREMENTS 

2.1 - In spite of the above-mentioned simplifying hypotheses, essential theoretical corrections for ventilated 
W. T are known since one two years. They are not yet in operational use and seem limited in Mach number va­
lues. These corrections are in experimental use only and for Mach numbers generally less than 0.9. 

Regarding the porosity parameter R, no analytical solution is available to calculate its value r';lated 
to wall geometry. Only experimental methods for investigating R are used. Few values are known. 

Therefore, it appears more and more necessary to test mode Is and to apply wa II interference corrections 
to prove their validity. 

2.2 - ~ome corrections cannot be achieved, viz pitching moment correction, since 01 streamline curvature 
factor is not known. This must be calculated at any point in the working section, especially in the region of 
the toil unit. 

2.3 - Finally, effects on off-centre models will be discussed. 

3 - ACTUAL FLOW CONDITIONS 

3.1 - Theoretical approaches are linearized. Therefore, model size (or scale) shall be considered to define 
lift coefficient C L (or angle of attock 0( ) and test Mach number limits beyond which these corrections cannot 
be applied successfully. 

This theoretical work shall be associated with proposals from ONERA for testing various scale calibra­
tion mode Is in European and Ameri can foci Ii ties (2). 

3.2 - Walls sholl not be considered as having an infinite length as proved with open jets (3, 4, 5). 

Test section wall of finite length sholl be taken into consideration between collector (or nozzle) 
and diffuser. 

Model position rlliative to streomwise direction sholl also be investigated. 
\ 
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Vortex lottice methods will be useful (6, 7). These methods consider test section of finite length 
ond can be used to satisfy a large range of problems, for example, considering span effect (large - span swep­
back wing), and placing the made I anywhere in the test section. 

Method of calculating spanwise distribution of interference factor is then possible. Also a method 
will perhaps be found thus enabling a choice to be made between two or four ventilated walls for a fixed value 
01 B/H in a rectangular test section. 

4' - POROSITY 

4.1 - With present knowledge, ventilated walls shall be designed to obey Darcy's law (linearized 
flow across porous wa II). 

Porosity parameter is determined experimentally. Porosity calibration methods shall be summari­
zed in data sheets against actually porous wall geometric specifications, and corresponding R values. The aim 
is then to lay down operating selected porosity parameter schedules for true ventilated WT and to substantiate 
their value re lative to several different models. 

An appropriate choice of walls wi II then be possible. 

4.2 - Effects of boundary layer in subsonic and supersonic flows on R values shall be well understood. 
Therefore it is necessary to take into account Lukasiewicz's paper (8) 

The subsonic or supersonic wall boundary layer has an effect on the hole characteristics. Para­
meter R, function of Cpa slope, is dependent on the ratio of boundary layer to hole diameter. The cross flow 
con also become non linear with a thick boundary layer. 

4.3 - Calculated results and experimental data have shown that porosity for zero interference or for 
no shock waves reflecti?n depends on Mach number, so as 

~ 
R 

constant (subsonic flow) 

R=~ (supersonic flow) 

An ideal wall porosity schedule as a function of Mach number can be achieved. But a WT is to 
be used for testing of aircraft models over a wide range of Mach numbers. Therefore it is of interest to study 
the effects of R deviations from design conditions, as already stated by the CAL concerning the low supersonic 
flow (9). 

It is convenient to know if, for practicol purposes,R can be taken as a constant upon a wide 
range of Mach numbers and to see whether the deviations introduced into the corrections have the same mog­
nit~de as test measurement accuracy, i. e. sensitivity to R. 

5 - TRANSONIC FLOW 

5. I - Consistent results have been obtained in relation to R, first in the incompressible and then 
compressible flow domain, until shocks have appeared. . 

The change in parameter porosity values at supercritical Mach numbers shall give rise to addi­
tiona� investigations which wi II also be subject to the outcome of a current research program as proposed by the 
NLR (10). Then, it appears that the theoretical approach relative to the problem can be derived from Berndt's 
work (11). By the way it should be recalled that the first broad survey of experimental results and theoretical 
work making use of non-linear transonic flow theory and transonic similarity rule was set up by the previously­
named author concerning wall constraints in transonic wind tunnels. In this survey, boundary layer effect was 
not neglected (12). 

-5.2 - A transonic flow is d mixed flow, since it lies between subsonic and supersonic flows. In the 
tronsoni c (and supersoni c) regimes, the shock-wave/boundary layer in teraction a long the wa lis shou Id be un­
derstood to make of the proper porosi ty. 

Research fields on wings as suggested by Hartzuiker should be partly applied to ventilated 
walls (13). 

5.3 - Furthermore, stagnation pressure variation effects upon wall boundary layer are-still to be 
investigated. An auxiliary suction will perhaps be useful in order to produce thin boundary layers. How 
the parameter R reacts in these conditions is not clearly known, assuming that theoretical parous corrections 
still prove to be applicable. Finally, correction factors and gradients can be modified by auxiliary suction 
and research work is required for a goad understanding (14). 

5.4 - In any case, subsonic or supersonic porous flows use linearized approaches as Gtlthert's com­
pressibi lity rule. 

Corrections for a Mach number range around M = I are no longer definite and available. 
Some authors tried to overcome these difficulties, such as Oswatitsch, Guderley, Yoshihara, 

Tirumalesa, Berndt, Spreiter, Page, Drougge, ten or twenty years ago. 

5.5 - Indeed, a trend towards a return to the non-linear transonic flow theory and development of 
unsteady approaches by using computers, "an solve new methods for correcting tests results for walls constraints. 

Murman's (15, 16) or Cole's (16) calculation methods, or other authors', already mentioned 
in 5.4 and summarized by Yoshihara (17) can look to the future for extension of planar theories (unsteady 
flows with viscous effects) to three dimensional flows taking into account a number of boundary conditions (18). 
So to compute such transonic problems, time dependent methods or small disturbance theory could be used. 
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6 - VARIABLE POROSITY 

With present know ledge, use of porous wa II theory is only possible for correcting venti lated 
wall tests results and we return to porosity parameter 

R (~. 1[M2:1. xl 
Varioble geometry wall is then introduced to produce an interference free subsonic or supersonic 

flow. This can only be used if corrections are already known ond their validity proved. 
It is not possible to eliminote 011 types of interference for 0 given value of porosity. 
A given porosity can nullify only one interference {and perhaps minimize other ones interfe-

rences} • 
.A woll porosity as a function of Mach number con be achieved. 

Two zero interferences - by example, relative to lift and pitching moment - can be obtained 
with 0 streomwise distribution of porosity. 

Therefore, an appropriate choice of ventilated walls shall be made, taking into account, first, 
the magnitude of the interferences and their magnitude to one. another, then the interference which results in 
zero correction foUDl"".ing ~h",re.s",Qr,ch work envisaged by the engineer or wind tunnel operator. 

Of course, it will be necessary to investigate varied v,entilated walls. 

7 - REMARKS 

Fino lIy, a number of remarks sho II be made about experimental methods used in wind tunnels. 

It should be of interest to compare methods for measuring reference upstream velocity as well as 
upstream kinetic pressures, and so on. 

Development of angle of attack 0<0 and pitching moment coefficient Cmo for zero lift as a 
function.of struts or stings and Mach number should be taken into consideration, even if theoretical work need 
be carried out, in agreement with streamline curvature. 
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INTERFERENCE EFFECTS OF MODEL SUPPORT SYSTEMS 

by 

E.C.Carter 

Aircraft Research Association Limited 
Manton Lane, Bedford, U.K. 

A brief discussion is given of the forms of interference occurring in subsonic and transonic wind 
tunnels due to the model support system. Two types of model attachment, rear sting and vertical blade 
sting are considered and the form and magnitude of interference terms iSrSiven for some particular 
examples. It is seen that apart from drag the major interference is on LC ] tail on due to the 
upwash interference at the rear fuselage. '" , m 0 

The buoyancy interference in the working section due to a typical sting joint and roll mechanism 
behind a model is considered and the effect on drag evaluated for two typical bodies. The effect of 
increase of stagnation pressure is shown to give a significant increase in buoyancy drag interference. 
The use of improved materials helps to reduce this term but currently known material limits do not 
contribute significantly. 

The buoyancy interference in the working section due to a vertical or horizontal incidence support 
strut is also considered although in practice, the term should be measured in the working section 
calibration. 

It is unlikely that any of these interferences can be eliminated and their effect will have to be 
allowed for in the planning of test schedules for future high Reynolds number tunnels. 

1. INTRODUCTION 

3-1 

It is generally accepted that a rear model support system is the most suitable for complete model 
testing at high subsonic and transonic Mach numbers. A main support member situated in a vertical plane 
at the entrance to the diffuser provides ample stiffness and strength to carry the very large normal and 
pitch loads. Such support systems are readily adaptable to the housing of roll and incidence mechanisms 
and read-out equipment. These supports introduce local blockage which must be designed into the wall 
shaping but more important they introduce an upstream pressure field which at the best wiil have a 
buoyancy effect in the working section and at the worst could tip the balance of an incipient separation 
on a model. Simple estimates may be made of the upstream influence of a support body from potential flow 
assumptions where the body is replaced by a source system. The size of the support body directly affects 
the working section buoyancy and so the introduction of very high model loads associated with high 
Reynolds numbers with a consequent increase in size could lead to changes in the magnitude of the 
interference. Anything that tends to increase the size o~ the support system, particularly in the nature 
of a temporary attachment such as a pitch/yaw mechanism or blowing connection should be seriously 
considered in relation to the effects on the particular experiment. 

Considering a single sting support system in the rear of the model, it is very unlikely that an 
undistorted rear fuselage can be represented. This is true of eVen current test situations at transonic 
speeds at atmospheric stagnation pressure. For stagnation pressures 5 - 10 atmospheres, gross distortions 
will be necessary. In these conditions the flow approaching the tailplane is aware of the sting and 
adjusts its angle and curvature accordingly, the curvature being dependent upon the sting inclination. 
Attempts to allow for these effects have been made with the twin sting or the blade support system. These 
methods themselves introduce additional interferences and greatly increase the testing time and cost. 

o 
The introduction of new materials might have a small influence on the severity of the support 

interference problem but a very significant increase in both ultimate' strength and stiffness is necessary 
to retain the current level of interference in future high Reynolds number facilities. 

~, TUNNEL SUPPORT INTERFERENCE 

Reference 1 gives an expression for the forward influence of a sting taper located behind a model. 
This expression has been verified to a first order by measurements of both force and pressure in the 
A.R.A. tunnel, It has also been shown that the weak relationship with Mach number is true to a first 
order. In Fig.l the layout of the rear sting support system for the A.R.A. tunnel has been taken as 
representative for 1 atmosphere total pressure operation. The simple assumption of scaling for constant 
stress shows that tunnel size has no effect on the C interference in the working section. For increased 
total pressure however, using the same assumption of Pc on stant stress, the centreline pressure interference 
increases significantly. At 10 atmospheres for example the base pressure interference is increased from 
~C ·0.015 to 0.07. p 

The use of improved materials will reduce this ,scaling by a significant amount - for example, a 
115 Ton/in2 maraging steel instead of the S99.85T/in2 material reduces the ~C of 0.07 to 0.056. 

p 

It can be argued that a compensating increase of sting length behind the model will be used for 
higher Reynolds numbers but the rate of exchange is very small Le. the distance of 15" used between 
start of taper and base of model has to be almost double to reduce the interference of the 10~ curve to 
that of 5a, (n.b. the increase of bending moment with increase of sting length causes some of this loss 
of sting length benefit). 
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The major effect of this support interference is to cause a pos~t~ve axial buoyancy force on the 
modeJ. The magnitude depends upon the body area distribution, typical values being given in Fig.l. It 
will be noted that for the usual case of the measured base pressure being used to correct the base force 
to zero, the size of the buoyancy term is significantly reduced (given in the Table headed Forebody). 
Other effects, which may not be secondary in magnitude, could stem from the superimposed pressure and 
velocity gradient on the normally developing flow field. ' 

Results of simple calculations of the forward interference due to a representative vertical strut are 
given in Fig.2. These results are presented to illustrate the possible magnitude of this term, the 
numbers have not been validated by experiment and it would appear from A.R.A. measurements that the 
buoyancy term on the model centreline is almost entirely due to the sting support and not the strut 
support. However the strut interference may become more significant in depth above and below the model. 
In practice of course the strut interference will normally be incorporated in the tunnel calibration. 
In the calculations, allowance has been made for a reduced interference due to the lower Mach number 
field in the region of the strut. It should be noted that the results of the strut interference and the 
support body interference have not been summed in the curves of Fig.2. 

3. REAR STING INTERFERENCE 

The previous section has dealt with the potential flow field associated with the solid blockage of 
the rear support bodies. , In addition we have the effect of the sting on the base of the model and its 
constraining effect on the flow over the rear fuselage and tailplane. Evidence on the magnitude of this 
effect has been obtained from tests with a twin sting support which permitted wing' mounting on slender 
stings and the representation of the correct rear fuselage shape. Force ani pressure results f-rom t-ests 
with the correct rear fuselage and with a dummy single sting have indicated the magnitude of the effects 
as shown in Figs. 3 and 4. 

The first figure, Fig.3, indicates diagrammatically the zones of interference pressure due to the 
sting on the tailplane. It will be seen that in this particular instance, where the fuselage was 
cut-away but not distorted, the interference was largest on the lower surface of the tail. The strength 
of this interference was very significant at the leading edge giving local positive pressure increments 
as large as bCp = 0.18 associated with an effective local upwash interference. The second figure, Fig.4, 
gives the results of pressure integration for tailplane normal force, pitching moment and hinge moment. 
These empha~ise the' strong effect on the lower tail surface for all components and also indicates that 
for this configuration the twin stings give a significant interference on both upper and lower tail 
surfaces. 

These results are for zero sting inclination and may be reliably determined from the twin sting 
support method, results for the effect of incidence could however be affected by the presence of the twin 
stings both directly or indirectly through their interference on the wing lift. Only limited data is 
available from twin sting tests at incidence and the above reservations should be borne in mind. Figure 5 
indicates that the interference on total tailplane normal force remains substantially constant over 100 

of incidence at the lower Mach number, being equivalent to an interference upwash of 30
• For the higher 

Mach number a change in tailplane lift slope is inferred with its consequent effect on aircraft stability. 

Results obtained from fuselage pressures indicate similar interference results to those for the 
tailplane, the consequences of course being less significant. 

Tests made with this configuration indicated a difference in total aircraft [cmJ o (= Cm at CL = 0) 

of the order of 0.05 between tests with and without a rear sting. Figure 6 shows the results of the 
investigation to determine the sources of this difference, it will be noted that the interference affected: 
upper and lower tailplane surface, fuselage external pressures, and fuselage cavity pressures • 

• Measurements made at Langley (Ref.3) stated that "the single sting interference effects obtained in 
the presence of a support dorsal strut were small in magnitude". The tests reported in this instance 
were on 3 large transport models in which the models were supported on a large dorsal fin and the effect 
of a single sting was measured by testing with and without its presence. Despite the comments in the 
conclusions quoted above, closer study of the results gives tare values very close to those listed in 
the tahle in Section 4. 

EFFECT OF STING 

,CL = o ,- 0.51 

J:!0del COo [cmJ o 
aCL Machnuiiiber 

act a range 
a 

A +0.0005 -0.025 0 -0.1 0.75 - 0.82 

B +0.0005 ) varying with -0.035 ) varying with 0 -0.2 0.80 - 0.84 
+0.0015 ) C

L 
-0.025 ) 

nT 

C 0.0005 Tail off 0 0 -0.05 0.7 - 0.8 

4. BLADE SUPPORT INTERFERENCE 

Philosophies differ regarding the use of an underfuselage blade support system, arguments centre 
around the relative benefits ',of the correct representation of the rear fuselage and tailplane in the 
presence of the blade wake, compared with the more conventional sting support. There must inevitably be 
cases where one of the two methods has advantages, so no further addition to the arguments will be added 
here. 
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Test results are available at Mach numbers up to 0_78 of the measured effect of a blade support and 
of a single sting support. Twin sting results are not available for the corresponding correct fuselage 
representation for this configuration and the effect of the blade support or sting support was obtained 
by testing on a single sting with and without the blade present, or on a blade with and without sting. The 
test builds are shown in Fig.7. The blade support was very slender and representative of an absolute 
minimum blade, more practical blade thicknesses would probably have larger effects. 

Figure 8 shows the effect on [Cm ] 0 of the blade interference (in the presence of a single sting 

support) and the sin~e sting interference (in the presence of the blade support). In this figure the 
same definition of 6LPmJo is used as for the previous Section 3 and Fig.6. It will be noted that these 

res~lts.are not dissimilar from those of the previous case for the single sting interference i.e. 
6~mJo is positive and of similar magnitude when allowing for Stail/Swing' It will be noted that the 

blade interference is however almost identical with that of the single sting but of opposite sign. In 
both cases the effect is small without the tailplane. 

A general summary of the interference effects for this particular configuration is given below: 

~ ON 
aC

L 
ac 

m 0 

C [Cm J o 
---aa- ~ 

C1 

EFFECT O~ Do 0 

Blade. sting +0.001 TAIL ON +0.02 +0.5 TAIL ON -0.06 +0.15 
TAIL OFF 0 TAIL OFF -0.02 

Single sting 0 TAIL ON -0.03 -0.1 to TAIL ON -0.02 -0.1 to 
-0.3 -0.2 

Caiculations made at N.L.R. by the potential flow 'panel method', Ref.2, for a similar blade sting 
configuration show an interference on the tailplane lift of opposite sign to that measured in the A.R.A. 
experiments. This work did not include any direct experimental check of the effect of the sting so the 
theory has not been validated in this particular case. If it could be shown to be adequate it would be a 
very useful tool for assessing sting effects. 

5. CONCLUSIONS 

Some collected results from tunnel tests indicate the existence of significant interference terms 
associated with a conventional rear support sting and support mechanism, and a blade support sting. It is 
shown that a rear support housing carrying a sting and a vertical incidence strut will create a gradient 
of pressure on a forward mounted body giving rise to an axial buoyancy force. ·The sting, if mounted 
asymmetr.ically off-axis in the rear fuselage may give rise to pressure interference on the fuselage and 
lower tail surface, with a resultant interference in tail load, tail-on [Cm ] 0' C1 0 and stabi,lity. In 

a similar manner the under fuselage blade support system can give rise to aerodynamic interferences which 
are accentuated in the presence of the tail. 

I~ is unlikely that these interferences can be eliminated and their effect will have to be allowed 
for in the planning of test schedules for future high Reynolds number tunnels. Increase of tunnel size 
will maintain interference levels at the present or slightly reduced values, increase of stagnation 
pressure will significantly increase the centreline pressure gradient with its associated drag interference. 
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1 • INTRODUCTION 

:·'INumM REQUIRED MEASURING TIMES TO PERFORM 
INSTATIONARY MEASUREMENTS IN TRANSOUIC 

~HND TUNNELS 

by 

J.W.G. van Nunen, G. Coupry and H. F5rsching 

respectively 
NLR, ;\Jnsterdam 

ONERA, C~!tillon-sous-Bagneux 
DFVLR (AVA), G5ttingen 

The minimum required run times for instationary measurements at transonic speeds has been the 
subject of several discussions within the LaWs Group. ,The discussions were mainly based on 'LaWs 
papers no. 45 and no. 95 (refs. 1 and 2). 

At the time of these discussions the +aWs Group decided to request the representatives from 
OIIERA, DFVLR and NLR to discuss the matter again between them, and to lay down their findings in a 
report to the Lalis Group. 
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As a consequence some consultation has taken place between Messrs. Coupry and Destuynder (ONERA} 
Dr. Flirsching (DFVLR-AVA) and Messrs. Bergh, Tijdeman and: van Nunen (ULR). 

This report lays down the agreement reached on the minimum running time needed for different 
kind of tests. 

2. IUSTATIONARY PRESSURE MEASUREMENTS 

In doing instationary pressure measurements on an oscillating model the m~n~mum time will 
strongly depend on the frequency of oscillation, e.g. at 5 Hz some 20 sec will be required, but at 
10 Hz home 15 sec may be sufficient, while at 50 Hz a measuring time of only 10 sec even will present 
workable results. 

The test frequency to be applied depends strongly on the scale of the model to be used. the 
smaller the model the higher the frequency rises. 

Performing tests in a 5 m-span test section will demand for full models of cargo planes to be 
of scale of about 1 I 20 and for models of fighter planes of the order of 1 • 5. This means, that 
the lowest test freque~cies will lie in the range of 10 - 20 Hz. 

The measuring times mentioned above are all related to methods and possibilities which are 
available at present. The excitation of the models for instationary pressure measurements for in­
stance are thought to be excited at their resonance frequencies. This method, however, takes quite 
a long settling time to stabilize the model, thus increasing the measuring time considerably. exci­
tation out of resonance on the other hand requires large amounts of power to be installed, but may 
diminish the settling time of the model oscillation. 

3. FLUTTER TESTS 

Performing flutter tests on dynamically scaled models while using the natural turbulence of the 
wind tunnel as an input (ref. 2), will require for too long measuring times. Decaying oscillations 
may present fair results and will not require long measuring times (in the order of 2 - 3 seconds). 
The interpretation of the results, however, may become difficult, when the model is n~~r. the flutter 
point. 

At the moment a method is under development at ONERA, which requires fairly short measuring 
times by making use of certain cross-correlations between an input force and the response of the 
model. The time consumed by this method is in the order of 10 seconds. 

4. BUFFET MEASUREMEnTS 

The time to be used for doing buffet measurements strongly depends on the method applied. 
When only a wing-root-bending moment is to be determined as to its RMS-value, a measuring time 

of about 3 - 5 sec is expected to be sufficient. When the buffet load is to be measured via deter­
mining unsteady pressures at various points the time required to get reasonable results will go up 
to about 10 - 15 sec. 

rt should be pj,inted out, that these measuring times are related to one data point and that 
several data points are to be measured to have a fair idea,about the buffet behaViour of a model at 
a certain Mach-number. 



4-2 

5. CONCLUSIONS 

It is concluded that, acoording to present-day standard test techniques, some types of testing 
(instationary pressure measurements, flutter tests) require running times of more than 10 secs. 
Prospects for diminishing the required time by the application of new techni~~es appear to be bright 
however. It may be expected that, by the time a large wind tunnel comes in operation, running times 
of less than 10 Sec can be realised. As far as buffet measurements are concerned running times of 
10 secs appears to be sufficient. 

Finally, for all unsteady aerodyna~ic measurements and investigations, it must be postUlated 
that the wind tunnel is absolutely free from oscillating shock waVeS or other unsteady aerodynamic 
flow disturbances wi thin the actual measuring time. From an unsteady aerodynanicist' s point of view 
this is an important aspect which must be well kept in mind. 

1.' van Nunen, J.W.G. 

2. Coupry, G. 
Destuynder, R. 
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Tests under dynamio oonditions require special equipment and test techniques. Thia paper oonsiders 
s range of clynamio tests with different objeotives, and outlines the developments whioh will be neoessary 
in order to aohieve effective tosts, under these conditions, in the proposed European low-speed windtunnels. 

mTRODUCTION 

It is now well reoognised that aerodynamic researoh will be increasingly ooncerned with dynamio aspeots 
and with problems of transient motions. In ita Report, the Le.Ws Working Group attaohes great importance 
to the provision of adequate testing faoilities for dea1.~ with problems of flight dynamios. For a lsrge 
Dumber of these problema the main need will be for detailed measurelDllnts of the statio aerod,yna.lD:l.o 
oharaoteristics of the airoraft, oombined nth some baaio dynamic meaaUl'9IMDts such aa can be obtained 
from oscillatory or steady rolling rigs. This aerodynamic data will then be integrated by meana of a 
mathematical model to give the overall representation of" the dyDamio 'llobaviour. 

The range of variables for whioh measurements of the static aerodynamics are required will probably 
exoeed the range required for performance estimations, but the basic oharaoteristics re'luired of the 
lImdtunnel in whioh theM tests are to be made will be the seme. Fig 1, from ref. 1, shows that, at low 
speeds and high-lift, both Reynolds n~r and Uaoh number have a profound influenoe on the aerodynamio 
oharacteristics at l:iJniting angles of incidenoe, and thia ha.s an important effect on the estimation of 
aircraft dynamic behaviour under theae conditions. as well as on the estimation of aircraft performance. 
It is therefore oonsidered essential that it should be possible to separate the effeots of Reynolds number 
and Uach number for tests at low speed and high-lift, rega.rdless of whether the measurements ara intended 
for perfonnanoe estimations or dynamic caloulations. Thus whilst it is not the mtentiOJl of this paper to 
enter into a discussion of the various forms of a now windtunnel, it would a.ppear that oonsideratioD of 
tests for both performanoe estimations and ~c oalculations support the case for a pressurised wiDd­
tunnel. 

All tho teohni'lues required for measurements under static conditiOJlS mtended to aupport dyDamio , 
oalculations are tho same as those for measurements to 5Upport-performaDoe estimations, they will Dot be 
discussed here, but the paper will be oODoerned nth the development won: necessary to ensure that tho 
required osoillatory measurements can be made in the new large low-speed windtunnels which the Le.Ws Group 
proposes. 

For a number of speoifia problema involving transient motione it is possible that speoial teohniques 
and rigs will Deed to be develo~ed. Within the timescale envisaged for the new windtunnels it is possible 
to oonsider how useful suoh rigs could be, and, perhaps, to use existing facilities to demonstrate the 
basic features of suoh rigs. Two suoh problems, that of the effeot of gusts aDd that of the effeot of the 
rate of descent into ground effeot, are considered in this paper. 

2 MEASUREMENT OF OSCILLATORY DERIVATIVES 

Xothods of measuring the oscillatory derivatives for unpowered models are now well-established
2

• 
One such techDique, developed at RAE, consists of measuring the response of the model to forced vibrations 
at a fixed frequency, usually in,the range 0 to 10 Hz. However, teohniques for obtaining similar measure­

,menta OIl powered-l:ii't models are not so well-established. 

The magnitude of the extensiOJl required to the established teolmique depends on the nature of the 
oontribution of the power. If the model inoorporates propellers or rotors driven by electric motors, then 
the standard test arrangement may be uS6.d nth the simple addit:lon of wires to oonduot power to the motors. 
However, if oompressed air is required to provide the power for the motors, or to pCllfer models of turbofan 
engines for the external-flow jet-flap conc~ptl by using air turbines, then difficultie~ may be experienced. 

"However, some NASA dynamio stability tests ,~, where a flow of compressed air was required, did suggest 
that, by oareful arrangement of the supply pipes, the constraints imposed by the pressur:l.sed pipes may be 
minimised, and the existing test teChniques may again be u8<ld." 

Yore extensive revisiOJls of the test arrangelOOnt will be needed when large mass-nows of compressed 
air are necessary for the simulation of tho efflux of propulsion ·or lift eDgines, or of the flow of air for 
mternal plain- and augmented-jet flaps. It is then almost inevitable that the rigs lrlll be limited to a 
single degree of freedom in ordor to provide a pivot through whic-.h to pass the air. If onl,y one derivative 
is required, the decaying-osoillation principle may be utilised, although suoh a rig developed at RAE 5, 6 
for an internal-flow jet-flap suffered from SOOle lack of repeatability of results. If oross-derivatives 
are also required, the rig must take the f'orm of an inexorably forced rig, measuring.the foroes and momenta 
on the model in a forced osoillation. 

The development of suoh a rig, to oarry models of the size whioh will be tested in the low-speed 
lIindtunnels proposed by the Le.Ws Group, will iDevitably be time-consuming and expensive. Neverthel"ss 
there does not appear at this stage to be any outstandingly diffioult engineering problems. The main 
oriterion must be to ensure that the inorease of size. compared with existing rigs, does not result in the 
aeparation of the fre'luency of the model oscillations from the resonant frequency of the rig b~ing reduced 
to an unViorkably small margin; that the balance measuring the foroes and moments OD the model is mde 
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suffioiently stiff so that it is insensitive to w1ndtunnel noise, and that the meohanical stiffness of the 
rig is not affeoted by air loads. These lOads may arise from external air flows and, foI' pl'essurised wind­
tunnels, from the effeot of pressure differences across the working seotion boundary to which the rig is 
attaohed, and also from internal flows if a flow of pI'8ssurised air is required. It is possible to oonoeive 
of aircraft layouts in whioh measurements are required of the dynamio derivatives in the presence of jet 
efflux, but without the oontribution of the efflux '>eing included. Such a rig would not need a oonstraint -
free air oonnector, as the air feed system could be regarded aa part of the earthed side of the rig. 
However for the majority of oonfigurations it will be necessary to measure the oontribution from the efflux, 
and to pass air into the model itself. For these oonfigurations it will be necessary to develop an air 
oonneotor whose mechaniaal stiffness is not affeoted by the. passage of compressed air. 

The techniques of measurement of foroes and moments and of the analysis to yield the derivatives will 
be similar to those ourrently employed. No speoial problems should therefore arise in their extension to 
larger riga •. 

It is,perbapa, worthwhile mentioning that a pressurised w1nltunnel can, in some specifio .areas, enable 
more aoourate measurements to be made of the damping derivatives. Assuming that the aerodyn8lllio stiffness 
terms and the windtunnel noise vary with the dynamio pressure (i.e. proportional to f V2) and that the 
damping terms vary with e V, tests in whioh the density ~ is increased and the velooity V decreased to 
maintain oonstant dynamio pressure will result in the stiffnes5 and noise contributions remaining oonstant, 
but the damping terms increasing as the square root of the density. iVindtunnel tests ahow that as a result 
the soatter of the measurements of the d8lIlping tems falls almost linearly with the inoreue of the square 
root of the density. ' 

, MEASUREJdENTS OF OTHER TRANSIENT MOTIONS 

In this seotion two possible dynamio motions - that ooourring' when an aircraft enoounters a gust, and 
that oocurring in a rapid desoent into ground effeot - will be oonsidered, and possible ways of simulating 
theM in a windtunnel will be disoussed. 

,. t Ileasurement of the effects of suats 

The margin between the maximum lift coeffioient of an airoraft and the lift ooeffioient speoified for 
the approaoh must be such as to ensure safe flight in gusty oonditions. It has been suggested 7 that the 
sensitivity of STOL airoraft to longitudinal and vertioal gusts is different from that of oonventional 
aircraft. It may be, therefore, that each of the different aategories of aircraft to be tested in the 
windtunnels requires different lift margins from the stall in order to aohieve oomparable levels of safety. 

It is t~6 neoessary to oonsider how the dynamio motion of an aircraft encountering a gust might be 
simulated in a windtunnel, bearing in mind that a dynamio manoeuvre is to be simUlated with a fixed model. 
Con6idering first the response to symmetrioal gusts, there exists a partioular length of gust, the tuned­
gust length H, for whioh the response of an aircraft is a maximum. The magnitude of the tuned-gust length 
depends on the aircrat't speed, and on whether the response to longitudinal 01' vertioal gusts is being 
oonsidered. The form of the gust oonsidered is shown on Fig. 2, and a typioal response of the angle of 
inoidenoe, for a rigid aircraft for whioh tho damping of the short-period oaoillation is fairly high, is 
shown on Fig. ,. It is this variation in angle of inoidenoe, rather than the perturbation velocity of the 
gust itself, which must be simulated in the windtunnal. Curves suoh as Fig. 3 could be oaloulated 
theoretically; however the relevance of Simulating such curves, before values of the derivatives required 
in the oaloulation have be~n measured for the flow oonditions and perturbation 8lIlplitudes corresponding to 
exoursions to the stall, is questionable. 

It is, the'refore, suggested that a moI'8 general approaoh is required, and that this might be gained by 
simulating the variation of angle of inoidenoe illustrated on Fig. 4. As it is possible that the non­
linearities present near the stall will aff'eot the magnitude of tEe tuned-gust length, the response of :j:he 
model to the triangular profile at or near the tuned-gust length H, (suitably soaled by the mean ohord 0) 
ahould be studied for a range of amplitudes. Assuming that the model is initially in 9. trimmed oondition, 
it will be possible to detemine the minimum amplitude of the disturbanoe whioh will result in a stall, 
and the theory presented by Jones 8, 9 can then prediot the probability of meeting a gust in the atmosphere 
which will produce this disturbanoe. By testing over a range of initial trimmed lift coeffioients, the 
initial oondition whioh yields a probability, aooeptable irom the viewpoint of safety, of eno<)Untering a 
gust oJ: suffioient magnitude to stall the aircraft can be determined. At the .same tiM, these tests will 
yield the values of the derivatives neoessary to derive the more representative variation of' angle·of 
inoidenoe, Fig. 3, and this profile should be simulsted to chook that the triangular profile, with ih 
lack of' rounding at the peak of the perturbation, has not resulted in an unrepresentative response. 

IAlring the period before the nBW windtunnellJ boooma operational it is possible that flight test 
evidenol) will become available to ahow whether there are aircraft oonfigurations whose sensitivity to gusts 
is suffioiently different to that of oonventional airoraft to warrant the development of a rig to simulate 
these effeots. If this is so, it ~ be possib18 to design a rig for the new windtunnels based on one 
being tested by ONERA for use in the S1 w1ndtunnel at Modane, and which utilises the jet-flap prinoiple to 
ohange the direotion of the flow. 

One further problem oonoerned with symmetrical gusts is their unifoI'1!!1ty aoross the span of an aircraft. 
As flight speeds are reduced into the STOL regime, the tuned-gust length H tends to deorease and, equally, 
ouoh short gusts beoome more frequent as tho aircrat't penetrates the lower parts of the atmosphere. If it 
ill aSlIUIlIOd that the velooity gradients in a gust are of a similar magnitude in the direotion of the flight 
and normal to it, then for the short gust, there may be an appreciable velooity gradient aoross the span 
of the aircraft. It MOuld be possible to oonfirm if such lateral velooity gradients do exist in the 
atmospheI'8 by measurements on ground based towers, and it is reoommended that such measurements be made 
before consideration ill given'to including the oapability of generating llpanwiae variations of angle of 
inoidence into the rig referred to above. 
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Tha magnituda of the most intense lateral gust which can safely be encounte~d is determined by the 
available lateral control power whilst, for some configurations, such as the external-flow jet-flap, a 
lateral gust may, when combined with the failure of an engine, result in the occur~nce of the stall. 
The philosophy outlined above for the determination of the critical longitUdinal gust could be app~ied to 
the determination of the oritical lateral gust, starting from a trimmed condition corresponding to an 10 
approech in oross-nind. It is possible th .. t the teohnique desoribed in a reoent paper by AZU1lA et 0.1 , 
in whioh the model support system &lways retains the model in a trimmed state, oould find appliClO-tion 
bs~, &nd its development should be studied. 

3.2 Measurement of the effects due to the approach to the ground 

Whereas flight experienoe with oonventionsl transport airoraft 11 indicated that the influence of, 
ground proximity ie fevourable, in that the lift at a constant angle of inciaence was inoreased, windtunnel 
tests on .. STOL oonfiguration 12 suggested that the effeot of ground proximity was unfavourable. These 
reBUlts were obtained under oonditions equivalent to flight at a constant height. However, STOL airord't 
.. re likely to use an approach path having an angle at least twioe that for oonventional airor&tt, and so 
will enter the region of ground influence at least twice as rapidly. The STOL .. pproach will terminete in 
a tull or partial flare pe+i'ormed in a very short time scale. Similarly, the finel phase of the descent 
of a VTOL .. iroraft or a rotororaft will result in large ohanges of the aerod;vnamic foroes and moments which 
ariee fran the influence of ground proximity. 

It ie possible therefore that the flight of .. V/STOL &iroraft or a l'Otorcraft in regions of ground 
influenoe mAy result in d3ne-mic ohAAges in the forces and moments on the airoraft. rhe extent to whioh 
these ~io changes may affeot the control of the aircraft and its margin from the stall is currently 
not olear, and it will be neoessary again to establi8h the need to simulate this motion before embarking 
upon .. design of a rig for the new windtunnels. A rig designed to simulate this motion is currently being 
developed by ONERA for the S1 windtunnel at Modane, and it should be possible to use information gained 
fran this rig in conjunction with a mathematical model to establish if there are likely to be significant 
dyuamic effeots resulting from this motion. 

~ CONCLUSIONS 

It is concluded tb&t the main requirementa for data relevant to dynamic effeots can be met by .. ccurate 
measurements UDder statio oonditions over a wide range of variables, and by the development of a rig to 
lleasure osoillatory derivatives in forced oscillations. This rig should be capable of passing large 
quantities of oompressed air to the model without &tfeoting the acouracy of the measurements. ConSideration 
8hould be given to tho need to develop specialised rigs to simulate particular transient motions, and 
iJ1die&tions b&ve been given of the "BYs in whioh suoh ne.eds might be established. 
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SUMMARY. 
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Propulsion matters are of importance in airplane development. There is a need of more effort in 
future large wind tunnel testing. The most important aerodynamic viewpoints for modern jet simulation 
by means of model engines which are to realize are given. The insert of the present known systems for 
simulation in atmospheric tunnels are discussed. It is looked into the probtems of realizing these methods 
in pressurized tunnets. An estimation of the energy, the plant3 and the test equipments needed for engine 
simutation are Usted. Some important jobs for a future programme of work in this subject are set out and 
an abstract of other LaWs papers concerning this job is added. 

For the preparation of the report, some aeronauticat research establishment in Europe were visited. 
These establishments are listed in fig. 10 together with the names of the peopte visited and the subjects 
discussed with them. 

LIST OF SYMBOLS 

[m] length 

A 1m2] area 

V. [m/s] free stream velocity 
00 

v [m/s] velocity 

u [m/s] tip speed 

n [l/min] revolutions per minute 

T [OK] temperature 

p [N/m2] pressure 

p [kg/m
3

] density 

m [kg/s] mass flow 

F [N] thrust 

P [WI power 

Had 
W 

[kg/s] specific power 

.-
[~] R gasconstant 
kg. oK 

x [1] ratio of specific heats 

Re [1] Reynolds number 

Ma [1] Mach number 

M [1] model-scate, M = If/tm 

Subscripts 

0 static, stagnation , 
j~t 

m modet 

fuU scale 

! 
t , 
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1. General Considerations 

Engine simulation has become of great importance in the past. For future development of modern 
airplanes there will be increasing demand for more detailed simulation of all parts of the engine in order 
to predict the final performance of the aircraft. 

Drag prediction without proper engine simulation has turned out to be unsatisfactory. Due to the in­
crease of the cross section area and the mass flow of modern engines, the influence of the engine flow on 
the flow field can no longer be neglected. For STOL-systems with BLC, jet fLaps, or externally blown 
flaps the jet parameters are of superior significance. In the case of VTOL especially when freestream 
velocities are very smalr the engine air flow is predominant. 

Fig. 1 shows which parts of the engine cause aerodynamic and thermodynamic variations of the flow" 
field around the airplane. The various parts have different influences on fuselage, wing and tailplane and 

engine part reason for influence main parameter 

inlet geometry model-scale 

sink-effect suction coefficient 

upstream flow field stream tube 

losses Re-number, Ma-number 

inte rinr principle of jet gene- pressure- and fto,," coefficient 
ration sound frequency spectrum 

sensitivity to outer flow field 

jet physics of the jet pressure profile 

velocity profile 

temperature profile 

turbu lence profile 

noise generation 

chemics of the jet ratio of specific heats 

gas constant 

co\\'l geometry model-scale 

ftow around the cowl; 
He-numbe-r, Ma-number 

losses 

Fig. 1 Parameter Ust 

~" 

on noise generation. If accurate simulation is desired an scating laws for model and full scale should be 
realized at the same time. Due to development schedule and budget these conditions are met in a few 
cases only. 

Therefore experienced aerodynamicists have to determine the priority of the various_" o;;imitarity 
parameters. Depending on the state of the project more or less detailed information about the effect of the 
engine ftow field is required. 

2. Classification Of Engines 

The development of airplane engine has begun with piston motor driven air-screws and was con­
tinued over turboprop, turbojets to turbofans. At present airp lanes with advanced fan propulsion are under 
development. Fan propulsion is characterized by high bypass ratios, low exit velOCities, low noise pro­
duction and high theoretical efficiency. The hot jet witl become less important. 

Turbofans are used mainly for modern transport and passenger airplanes. Turbojets are stitl domi­
nant for fighter aircraft. Advanced fans are most promising for V/STOL systems. Therefore wind tunne l 
simulation has to be carried out for turbojets, turbofans and advanced fans. Main c.haracteristics of these 
engines are shown in f~g. 2. 

Other complex pt-opulsion units which are somehow integrated in the airframe can be reduced most­
ly to engines as described above. 
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Types of engines L/o 
turbine T, lOKI T 2 lOx I Y, [.If] Vl [.If] m2/m, 
inlet 

, Turboprop tEQ - ---1 CD --(/) 2,5 1200 800 JOO 500 200 15 

2 Turbojet -f ----]j--CD 5 UOO 900 - 500 - -

3 Turbofan I f-1-p~CD 2 
120f) 

-1600 800 JOO JOO-500 200-JOO 5-15 

--0- oJ) i -- (?) I ZOO , Advanced Fan 0,2-0,J -1600 500 JOO 2UO-JOO 150-Z5U 20 
® --, -1/ 7UO} 
a 0 

5 {{otor ! ~ JOO zoo 
([) 

Fig. 2 Types of engines 

At present state systems are tested with separate gas generators, the high pressure air of which is used 
for driving fans. The gas generator can also be used for jet flaps, BLC devices and similar techniques. 

W~th these complex and integrated schemes no major additional technical problems arise. But the 
aerodynamic problems and the testing programme increase very much. 

3. Power Requirement of Engines 

3. 1 Total Power Requirements 

The maximum engine power is needed during take-off and landing phase. The estimation of 
the power requirement for model engines is based on the maximum jet power. 

Generally the following equations are valid: 

thrust 

with v =0 
o 

F = ~(v_ - v ) 
J 0 

F 
o 

Vj = m 

and the power of the jet (v 0 = 0) 

F2 

P =-2.. 
o 2m 

in 2 
P =-v. 

o 2 J 

(1) 

(2) 

(3) 

The value Po indicates the effective energy per unit time that is leaving the engine. For­
mula (3) calculated for some airplanes using the known static thrust and mass flow. Fig. 3 indicates the 
power versus wing span for some large planes, fighters and VTOL planes. 

If the engine is scaled down by factor M for model testing the effective energy is reduced to 

(m - model, f - full scale). 

1 
Porn = P of' M2 

This is valid for the case when 

(4) 

(5) 

I 

f 

f 
! 

, I 
i 
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The required power for modets with different wing span is to be seen in fig. 3. It is ob­
vious that the instaUed energy per unit wing span is much higher for fighters and VTOL ptanes than for 
,conventional airp tanes •• 

Fig. 3 Power' of engines· . 

For 4 typicat airptanes and for the proposed types of wind tunneLs power and mass How 
requirements are Hsted in ~. 

In this tabte modet wing span for CTOL aircraft is defined in such a manner that maximum 
Reynotds number can be tested. A maximum modeL span of 0.7 tunnel width is used for this calculation. 

In the case of VTOL planes the power requirement per unit span is very large. Flow break 
down is an important parameter for definition of model scale. Only titHe work has been done to define the 
exact values when flow break down wiH occur. The main parameters are the effective jet diameter, velo-

- city ratio v./V and tunnel size. For VTOL planes a maximum model span of 0.3 tunnel width is 
assumed to lie v~id. 

The calculated mass flow and the effective power are depending on model scale and tunnel 
pressure-as it is given by eq. (6) and (8). 

By feeding the effective power from outside to the model large losses have to be expected. 
No efficiencies better than 30 % will be obtainable either by using compressed air - or electric power -
or chemicaL energy supply. Good totat efficiency of about 30 % will be reached for power instal.lation in a 
few cases only. . 

The span of fighters (CTOL, VTOL) is so smaH that these planes could be tested fuH scaLe 
in all proposed atmospheric tunneLs so that originat real engines can be used. 

For the smaHest proposed atmospheric tunnel (type G) model scaLes of about 1: 3 are 
necessary as weH for CTOL as for VTOL transports. Whether for these models smaH real engines can 
be used depends on the value of the front area thrust. This front area thrust for aH existing engines de­
creases very much betow 40 000 N thrust, as it is shown in fig. 5 separately for turbojets and turbo­
fans. If smaH real engines are not available and power supply from outside is used, the instaHed power 
plant for tunnet type G shoutd have about 35 f 43 MW (fig. 4). 

In tunnet type B fun scale tests without jet simulation can be performed under atmospheric 
conditions for CTOL and VTOL fighters. At least for CTOL fighters original engines can be used. For 
VTOL fighters with original jets a larger tunnel woutd be preferable. Under high pressurized conditions 
jet simuLation with original engines is impossibte. 

Present C'):'OL and VTOL transport models with a scaLe factor of about 1: 5 are typicat for 
tunnel type B. With this s~ate factor the thrust of the model engine is much below 40 000 N and there­
fore smaH real engines with correct front area thrust are not obtainable (for atmospheric tests). 

For this reason and due to the need of other techniques for jet simulation in pressurized 
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'type A B C 0 E F G remarks 

m .... pressure [b .. r) 4 3 2,5 2 1 1 1 , 
width em) 11,25 15 18 22,5 45 60 25 

low lpeed wlnd tunnel hlght [m) 8,5 11,25 13,5 17 34 4Ii 18,75 LaWI paper 46 B (revised) 
power (or maX 
demand [Mw] 59 9V 137 203 567 1,007 20V 

for CTOI.-ma .. modellpan - 0, 7 "",nel 
~~ -_. 

width em] 7,9 10,5 12,6 15,7 31,S 42,0 17,5 

model Icale 1: 5,7 1: 4,3 1: 3,57 1: 2,87 1: 1,43) -1: 1 I: 2,57 fulllCale Ipan - 45 m 
CTOI.- Transport 

rna" flow [kg/I) 191 254 305 381 (763) 1,562 237 see eq, (6) 
l.e..A300B effecdve power [MW) 8,8 11,4 13,75 17,2 (34,0) 60,0 10,5 lee fig. 3 and eq. (8) 

- !rutalled 
power [MW) 30 38 46 57 (113) 200 35 total eJf1c1ency ~ :\0 ";" Illumed 

model scale -1,1 1 : 1 1 : 1 1 , 1 1 : 1 full scale Ipan -~, 3 m 

mus flo .... [kg/I) probably no testing for odglnal not neceaary real engine 
CT<l.-Fighter effective power [MW) fuU Icale airframe with real englJ>u real airfume 1. e.. Mirage UI 

-installed under pfl!lSlllized conditions and 
power [MW] jet-simuladon 

for VT<l.-ma .. model Ipan - 0,3 tunnel 
width [m) 3,4 4,5 6,4 6,75 13,6 18 7,5 

modelscnle 1: 5,44 1: 4,12 1,3,43 1: 2,74 1: 1,37) -1: 1 "1: 2,47 full Icale lpon - IB,5 m 
VT<l.-Transpon mua flow [kg/I] 82 109 131 164 (328) 616 101 lee eq, (6) 

l..e. Do 31 effecdn power [MW] 10,4 13,8 16,Ii 20 (40) real 13 lee fig. 3, and eq, (8) 
airframe 

!rutalled'power [MW] 3Ii 46 65 67 (133) real 43 tot~l" efficiency "30"," abumed 
eDlt1nes -

modelscille 1: 1,82 (1: 1,38) (1 : 1,15) 1 : 1 1 : 1 1 , 1 1, 1 full Icale Ipan -6,2 m 
VT<l.-l'ighter mua flow [kg/I) 205 (268) (320) 340 170 real ens1ne lee eq, (6) 

DO testing 
for or1g;1na Dot Decessaty 

l.e.. VAK 181 B effectj,ve power [MW] 34 (43, Ii) (li2,5) full oe.le real airframe lee fig. 3 and eq, (8) 
I airframe 

- !rut_lied wj,rb real total efficiency - 30 "/0 Ulumed 
power [MW) 113 (l~) (171) .. M1.-

Unrea tistic test configuration 

Fig. 4 Power requirements '?' 
V> 
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Fig. 5 Front area thrust of engines 

wind tunneLs (type B) an instaUed power pLant of about 38 46 MW (fig. 4) is necessary. 

3. 2 Compressor and Air Storage Ptants 

In most cases compressed air suppLy is used for various simulation techniques. Air supply 
can be realized by systems of continuously working compressors and/ or high pressure air storage. 

Continuolisly working compressors increase the total power demand, i. e. for tunnel B or 
G max. 46 MW. This leads to higher electrical energy costs per kWh. Compressed air storage on the 
other hand needs more energy for the higher pressures (more than 60 bar) related to the same daily air 
mass. The total capacity of the storage depends as well on total air mass which is needed from storage 
as on the maximum pressure of storage and from the fact, if the storage can be filled up between the tests. 

By using ejectors or powered nacelles only a part of the maximum engine mass flow is 
suppUed from compressors orairstorage. Assuming that 50 % of the air wilt be taken from storages and 
that 1/3 of engine mass flow is drive air, then the daily-mass-demand is: 

d ", : b'o"'l"ng tl"me x max. engine mass flow ahy-mass ,.. 2 x 3 

The daily-mass-demand for engine simuLation is listed in fig. 6 for various" time scheduLes 
and compared with the mass whichis needed to fill pressurized tunnels. The air mass for one tunneL fill is 
much higher than the mass even for 5 hours blowing time from storage. But comparing maximum pumping 
power with maximum instalted power for jet simuLation both values are of the same order of magnitude. 
So a compressor.plant (with i. e. 4 simple stages each of which having a compression ratio of about 4) 
couLd be used for different tasks: 

tests. 

1. AU stages working in parallel (max. mass flow) to filt 
the tunnel or supply continuously low pressure air for 
jet simulation 

2. AU stages working in series (max. pressure) to filt the 
high pressure storage 

3. Two or three stages working in series to supply con-
\. tinuously medium pressures for jet simulation 

This compressor-plant would be able to fill the" air storage during the pauses between the 
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Propo_ed tunnel type A B C D E F G 

Max. pumping power (~fwJ 
19 30 41 56 37 67 11 tor tunnel 

Mas, inatalled power (or Jet Ill .. 35 
46 55 67 (113) (200) f3 

UlUlation; no all' storage (Mwl (113) 

Max. rna .. Clow (or jet simu-
205 268 320 381 (763) (1562) 237 

'aUen (kg/ol 

Dany uae 01 high pressure I 3 5 1 3 5 I 3 5 I 3 5 I 3 5 1 3 5 I 3 5 
florag. (hoon1 

D.11y mu. trom atorage 0,12 ql6 ql9 q23 q46 q94 ql 
(50 qfo from total mue) [Mkg] q37 q4! 1\5 1\6 ~37 ~81 1\4 

1\62 1\8 1\96 1,15 ~29 4,7 1\ 71 

Alr ma .. to till wind tunnel [Mklii 0,84 1,32 1,73 2,23 - - -
PropoHd aJ.r .. mau to be etared 

0,4 0,6 0,8 1,0 0, 6 ~ 1,0 0,2 (Mkgl 

200 bar 2150 3220 4290 5370 3220 5370 1070 
Hi'" pre •• ure 

vOlum_lm 3) 
300 b.'r 1320 1980 2640 3300 1980 3300 660 

500 bar 745 1120 1490 1870 1120 1870 370 

--
( ) unruUatle teat conliruraUon 

Fig. 6 Compressor and air storage plants 

For the proposed pressurized tunnels it is assumed to install pumps which fill the tunnel 
to maximum pressure in 6 hours. By combining air supplies from compressors and storage this time 
could be reduced to 3 hours. For this case the air mass to be stored is about one half of the air mass to 
fill the tunnel which is the' 'proposed air-mass to be stored" in fig. 6. This quantity fits quite good to the 
daily mass to be taken from storage for jet simulation; If jet simulation tests are to be performed air 
storage has to be enlarged. The final capacity of the storage is a matter of the organisation of tunnel 
schedule. The volume to store the "proposed air-mass" is listed in fig. 6. 

Fig. 7 shows how the energy costs are influenced by using_air storages aLdifferent pxes­
sures. This figure gives only an idea and it is cal.culated for tunnel G with 209 MW tunnel power for 
max. demand and 43 MW for air supply. It is assumed that the pumps to fiU the air storage are work­
ing only outside the tunnel time (fig. 7a). The total energy demand of 209 MW x 5 h + 43 MW x 5 h 

260 r----..,. ..... 

0-'8 

100 "10 of 
compressed air 
from storage 

bar 

50%0( 
compressed air 

(rom storage 
JggE:5~:::-" ..... '31 bar 
60 :0::';:1 giSS 

8 16 21,8 !:----:''''"6--=24 hours 

Fig. 7 Use of high pressure storage 

a) Power instaUation 

(5 hour tunnel and 5 h simulation time) correspond to a costs factor of 1 (fig. 7b). If the total power demand 
is reduced by 17 ~ th", cost per KWh is reduced by 8.5 % (which is the" 100 ~ storage" case). But this re­
lation depends on the location of the tunneL and can differ very much from the values which are given here, 

Fig, 7b shows that for pressures higher than 180 bar air storage causes a costs factor 
higher than 1. 0 if the 1 00 ~ storage case is considered as welt as the 50 ~ storage case, both for 5 h tunnel 
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b) Costs factor (running costs) 

and simuLation running time. If simuLation time is reduced to onLy three or one hour in the 50 % storage 
case costs factors are obtained which are aLways Lower than I and are at Least in the one hour case nearLy 
indepent from the pressure Levet. 

A Low pressure (40 t 60 bar) buffer storage and a turbine between the high pressure stor­
age and the buffer storage probably couLd recover a part of the high pressure energy and hence reduce the 
costs factor. 

4. SimuLation Parameters 

For the power requirements described in chap. 3 it is assumed that the jet veLocities of modeL and 
futt scal.e engines are equaL. Until. now it was discussed whether it is better to simuLate veLocity ratio, 
momentum ratio, pressure ratio or other parameters, since it was very difficult to obtain futt scaLe veLo­
cities and temperatures for mode'! engines. Turbofans and advanced fans have Lower exit veLocities and 
the main part of the jet is of ambient temperature. This makes it easier to simuLate futt scaLe veLocities. 

It is obvious that modeL engines for a Large wind tunneL witt be instatted which at least witt be abLe 
to simulate futt scaLe veLocities for the coLd jet of turbofans and advanced fans. If this is futfitted, momen­
tum ratio, veLocity ratio, pressure ratio and· Mach number of the fan jet witl be correct too. 

With model. scaLe 
(vjm = vjf ; T jm = Tjf ; 

M and K 

Pjm = Kpjf) 

for pressurization "the main parameters witt reduce as foLlows 

mass ftow m • I . 
= m ·--·K 

m f M2 

thrust F = F ._I_·K 
om of M2 

'Ii. 

power P =P ._I_.K 
om of M2 

(6) 

(7) 

(8) 

/" The vaLues discussed above are mean vaLues. Nothing is said about the distribution of velocity, tur­
buLence .and temperature. These distributions affect the jet mixing with the ambient flow and the noise 
generation. Measurements for such investigations require higher qualities of the jet. The best way to ob­
tain adequate jet qtjaLities is to use similar principLes for jet generation in the modeL engine as in the fuLL 
scaLe engine. The influence of model scale, ReynoLds number and Mach number is not yet investigated. 
Simulators which use equivaLent prinCipLes for jet generation witt have similar sensitivity to the ambient 
ftow fieLd. This behaviour witt be of higher importance for advanced fans. 

At the present state it is possible to produce good coLd jets (fan-jet) but there are no adequate 
methods avaitabLe for the hot turbine jet. For pure turbojet simulation hydrogen peroxyde (H

2
0

2
) is 

used to produce the hot jet. This method has not yet been practiced for the hot jet of turbofans and ad­
vanced fans. Air heating outside the wind tunneL is used for pure jet testing onLy and not for engine simu­
tation. 

By using coLd compressed air for driving a turbine, as it is done aLready for some powered nacettes, 
it is onLy possibLe to simuLate either momentum ratios, mass flow ratios or velocity ratios. 
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The power requirement of the turbine in order to drive the fan is (assum·ed efficiency is 100 %) 

P=mH ad 

The specific power per unit mass flow has the value 

x-1 

H = _x RT [1 _(.E...)X] 
ad x - 1 0 Po 

and is plotted in ~ versus temperature for different pressure ratios. 

300 

!urb1nll 

8&4. ~ R~o 

fad· ;. Bad 

real. engine,Le. 

(polp) To [oJ,] Had r[Ps7J 
3,3 1373 400 
4,6 1473 520 
7,9 1273 570 

11,0 1473 732 

/.models with ___ 

model. 

correot mom'ntUII with 

'!,iD.e A 

l,.ine b 

'\.ine 0 

"in. d 

heated sir H202 decomposition 
---------fr - -.; t-- .. _. -' - --- - .. -_-__ fu_II_S_cs_Ie_-i 

1000 

Fig. 8 Specific power per unit mass How of an ideal turbine 

6·9 

(9) 

(10) 

The temperatures in futt scale engines are higher than 1 000 °C. With pressure ratios of about 
po/p"" 4 the specific power per unit mass How becomes Had"" 400 kW/ kg/s • With cold air compress­
ed to 100 bar (po/p"" 100) a specific power of only Had = 200 kW/ kg/s can be reached. In order 
to get the necessary power for driving the fan, the mass flow has to be increased for this example by a 
factor of 2. A correct simulation for att parameters is only possible when temperatures are also simulat-

.. / ed. Heated and compressed air (200 f 500 °C; 50 bar) enables specific powers which-are similar to futt 
scale engines. With heated air it is possible within certain limits for a turbine of given power to vary mass 
ftow-, momentum-, temperature- and Mach number ratios. In addition, heating avoids icing problems and 
reduces diameter of air supply-pipes (smatter mass flow). 

If for model and fun scale engine constant specific power is used, then momentum ratio of fan jet 
to turbine jet is incorrect. But in most cases jet momentum (thrust) simulation is the primary require­
ment. For a correct momentum simulation mass flow, velocity and specific power of turbine jet become: 

(11) 

(12) 
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yT. R. · 
'H =H .~.~ 

adm adf Tjf Rjf 
(13) 

Lines of constant H
adm 

for correct momertum are drawn in fig. 8. 

The ratio of hot jet mass flow to totaL mass flow is sman so that an exact simuLation of a hot inner 
part may be of minor importance. For advanced fan,s where the coLd jet is covered by the hot jet, the in­
fLuence of the hot part cannot be negLected for reasons of jet mixing with the ambient flow and noise gene-
N~~ . 

In order to come to a fun understanding to which extend temperature is of infLuence, methods for 
air heating in simuLators must be deveLoped. 

5. Methods for SimuLation in Atmospheric TunneLs 

For engines which are Listed in fig. 2 and types which are similar to these, suitabte methods of 
simuLation have to be found and put into action. The choice of any kind of simuLator is affected by deveLop­
ment scheduLe and budget considerations. Characteristics of these engine types are 

turbojet 

turbofan 

advanced fan 

coLd infLux of sman mass fLow 
hot jet with high' veLocity 
coLd influx of medium.mass fLow 
coLd outer jet 
hot inner jet 
coLd infLux of high mass fLow 
co Ld inner jet 
hot outer jet 

For basic studies and deveLopment of fundamentaL new airpLanes mostly the finaL engine is stin 
under construction. Therefore the finaL characteristics and definitions of geometry of the engine is not 
known during the current tests. Due to this fact some uncertainties arise with earLy simulation and a very 
exact si,muLation can be done onLy in the end phase of the airpLane deveLopment. 

The deveLopment of a simulator for exact simuLatio.n_oi severa.L Qf th_e_param.eters Listed in fig. 
presuppose the accurate knowLedge of these parameters. 

The prodUction requires very high expenses, is difficult and time consuming. Pure constructive 
deveLopment does not settle an probLems. In wind tunneL tests the simuLator has to run continuousLy over 
a Long time and without much maintenance. 

Therefore it is usefuL to start with simpLe modeL engines until better simulators are availabLe. 
Tests with different types of simuLators (free fLow naceUe, extended cowL nacelle, bLown nacelle and 
powered naceLLe) have shown that the jet is not correctly simuLated either by a free fLow or by an extend­
ed cowL nacene. It is desirabLe to obtain better simulators in an earLy state of deveLopment. Generally 
the question arises whether it is of advantage to transfer optimaL jet characteristics which are found from 
modeL tests to fun scaLe engine. This means that the engine manufadurerwouLdhaveto build engines with 
predestined characteristics. This procedure is done for inLet configurations. 

TunneL tests for airpLanes which are equipped with aLready existing engines can be performed with 
good earLier simuLators from the beginning. 

5. 1 SimuLation of the InLet 

For pure inLet investigations it is sufficient to suck in the exact mass fLow (see (6». With 
additionaLLy simulated exact free stream veLocity similar stream tubes and pressure distributions are 
obtained. Large suction pipes for high mass fLows may infLuence the whoLe flow fieLd. 

PossibLe distortions have to be simuLated too for engines with a smaH distance between the 
fan disk and engine inLet plane, expeciany if cross fLow occurs. The simulation of such inLets seems to be 
possible onLy by using rea~ fans. 

5.2 SimuLation of the Jet 

a) CoLd Jets 

The compressed air system win be the best soLution for pure jet investigations i. e. turbo­
jet. High pressure LeveL permits small suppLy pipes. The required power depends on modeL scaLe and 
engine type as discussed in chap. 3. Turbofans win need higher mass fLows. The simulation of advanced 
fans with very sman axiaL extension by compressed air is very difficult. The probLem is to find a system 
which deflects high mass fLow within smalL space. 
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b) Hot Jets 

Hot jets for turbojets and hot turbine exhaust of turbofans and advanced fans can be produc­
ed by the decomposition products of H

2
0

2
• Temperature of the jet is a function of the liquid H

2
0 2 

concentration (max. temperature 1 000 °C). In addition this hot jet coul.d be mixed with compressed air. 
No principl.e seal.e limitations and/or pressure leve't limitations in the test section arise for this jet simu­
tation device. 

Heating of compressed air outside the model wi1.1. raise diffieul.ties by decreasing the mate­
ria1. strength and by temperature effects on the measuring systems, i. e. strain-gage bal.ances. The 
resuUing l.arge time constants due to heat l.osses del.ay -fast procedures. 

Other than the conventional. used combustion chambers which can be insta1.1.ed inside the 
mode1. or the model. engine are not known. It woul.d be useful. to deve1.op new sman heaters for hot jet 
simu1.ation and for increasing the enthalpy in turbine fLow (fig. 8). 

5. 3 Simul.ation of Inl.et and Jet 

a) Ejectors 

Many types of ejectors are already used for the simula~ion of inlet and c;mttet fLux. The 
disadvantage is that the mass fLow ratio of inlet to outlet fLux never reaches the value of the fu1.1. scale 
modet. This ejector technique enables quick and cheap simul.ation which has no limitations in terms of 
scale and pressure l.evel. Therefore mass fLow ratios should be improved by better utilization of the 
primary air flow. It might be possible to use a supersonic primary air fLow, the energy of which could 
be increased by heating. Heating reduces the necessary primary mass flow. 

In order to simulate characteristics of turbojets the ejector may be suitable. For turbo­
fans this is valid only for the inner jet. Characteristic behaviour of the cold fan of turbofans and advanc­
ed fans cannot be simulated by ejectors. Therefore rea1. fans are possibl.e only. 

b) Powered Nacelles for Turbofan and Advanced Fan Simulation 

Good characteristics for turbofans and advanced fans could be obtained with hub- or tip 
turbine driven fans. Momentum-, velocity-_andmass flow ratios meet the values of full scale engines. 
Simutators of 145 mm overa1.1. diameter with hub turbine ·worked satisfactory. Design problems de­
crease if these nace1.1.es can be built l.arger for larger wind tunnels. 

In case of simulating jets for ,turbulence and noise measurements more details of the tur­
bomachinery have to be transfered but the similarity taws are still unknown to a certain extent. 

Advanced fan simulators of less than 150 mm in diameter are to small for examining 
overa1.1. aircraft characteristics with a complete model without scal.e and Reynol.ds number effects. Up to 
300 mm diameter detai1.ed f1.ow studies on partial. model.s are possibl.e. Fans of about 600 mm dia­
meter seem to be free of scal.e and Re -number effects. 

Exact dependencies are not yet known. For a 1/6 scal.e model. with fans of 265 mm in 
diameter discrepancies to fu1.1. scal.e pl.ane are measured. There are not enough resul.ts avai1.abl.e to give 

- exact val.ues for minimum fan size. Because advanced fans scal.ed down to 150 mm in diameter have 
worke~ al.ready, it is obvious that for l.arger wind tunnels the design problems wi1.l. decrease. 

In order to improve the momentum shares of the turbine jet which either can be a centered 
or covered jet one has to use higher pressures and higher temperatures according to fig. 8. It is pro­
posed to install plants for pressures up to 50 bars and temperatures up to 400 °C. 

Fans which are driven by.electric or hydraulic motors are not adequate, because the power 
per unit volume is to smaH. 

/ It must be pointed out that the time to devel.op, manufacture and ca1.ibratethese units is a 
multip1.e of that for simpl.e types of compressed air jets or ejectors. The same is true for prices. 

c) oSma1.1. Rea1. Engines 

Mode1.s with smaH rea1. engines have not yet been tested in European wind tunne1.s. As far 
as mode1. sca1.e is targe enough existing fuH scale engines can be used if type and front area thrust are 
suitable. At present time for medium wind tunnels front area thrust of smaH engines is not high enough. 
The reason for this may be the fact that for engines of this size there are no special requirements with 
-regard to the front area thrust. The aim to model simul.ation would be smaH real engines in the order of 
magnitude of 500 N to 20 000 N , both the turbojet and the turbofan type. 

In any case these engines shoul.d be deve1.oped by engine manufacturers, especia1.1.y to per­
form free flight model tests in hovering and transition phase. 

5.4 Test Faci1.ities for Deve1.opment and Ca1.ibration 

For a1.1. above described methods for partial or total simulation of engines adequate test 
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rigs with universal connections to t.he power plant have to be instaHed. The power plant systems have to 
be 1.arge enough to supply wind tunnel and these test rigs as weU. 

The main tasks for these test rigs are to improve the simu1.ators so that they are safe in 
operation for many tests, to get characteristics for static and Hight conditions with paraHel How and 
cross How. 

targe tunnel.. 
For these tests a calibration wind tunnel is necessary with similar conditions as in the 

It is irresponsible to produce results in a large expensive tunnel which are not based on 
exact knowledge of simu1.ators. 

6. Engine Simu1.ation in Pressurized Tunnels 

In fig. 9 those parameters are shown which are influenced by scale and pressure variations. Com­
pared are values of fun scale engines with models in atmospheric and K-times pressurized tunnels. Both 
tunnels have the same Re-number and velocities. 

Fun nat. tar,. atmoapheric tunnel <D am&n pre"ur:1zed tunnel <D remark. 

Pr ••• ure p. 1 bar PI • P h - K· pi 
lAnrtb I h · I ·itl 12 - 11' i - I·i· it 

tuM. \ condition. 
'NI atream velocity V V ex>1 - V V 

ex>2 • V 0>1 - V ex> ex> ex> 

RI. number Re Rei - R •• it IRe2 - Rell- fte· k 
J.t velocity V VI - V Vz • VI · V 

Jet temperature T Tl -T T2 • TI · T 
••• umpUon. for per-Up .peed U ul • U 

U z - ul · U teet Jet 81mutaUon 

lpecUle power H.d Hadl • Had BadZ • H.tI.- Had 
~. 

!2 Pol . ~ Po' • £2.! • £2 p .... WTe ratio 
P Pi P P2 PI P 

Ma .. number Ma Mat- Ma MIZ • Mal · Ma 

Hvpmln n n1 • M. n n2 • K. III .KM.ft 

ar •• A Al - A,..!.. AZ · A • ..l.. A·..!.. • ..l. - ... 2 1 K2 K2 Pot:! 

m ml 
I "', I 1 I m ... now "'M2 · mI' K · rh'i( • M2 CMraetlrhtic Inl(in.. 

F FI · F'L. F2 · Fl' i · F·k I dat •• 
thna.t 

M2 • M2 

PI · p . ..!.. P 2 - PI' k p·k I power P 
M2 • M2 

power per unu.. P PI P P 2 2 PI -M'~!. 
~ ~. 

-M· 
~ ~ 

'K .-vo!ume 13 13 
I 

total pre .. un Po Pol · Po Po2 • K· Pol ·K. Po ran 

Pol ·x· Po Po2 • K"'»po1 aK·X· Po turbine (T 2, 1 + T) 

----- - ~ 

Fig. 9 InHuence of model scale and tunnel pressure 

In order to see the effects on engine simulation a complete jet simulation is assumed, i. e. v, T, 
u, Had' po/p, Ma for engines are equal in both tunnels. 

6. 1 SimUlation of the Inlet 

Reasons mentioned in chap. 5.1 are valid for a pressurized tunnel too. In case of pure in­
let measurements with "suction" a pump system is not necessary if the tunnelpressure is sufficiently high. 
Tunnel pressures of about 3 + 5 bars are high enough to give high Ma-numbers in the inlet if the inlet 
is connected to the atmosphere. For reduced Re-numbers i. e. low tunnel pressure, additional suction is 
needed. . 
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6.2 SimuLation of the Jet 

a) CoLd Jets 

6·13 

In atmospheric tunneLs with compressed air jet, high pressures are used to keep suppLy 
pipes smatt. OnLy a portion of this pressure energy is necessary for .jet generation. Comparing a pres­
surized and an atmospheric tunneL it can be seen from fig. 9 that mass Hows are reduced by iactor K 
and areas by factor K2. If duct areas are scaLed down by the same factor as the modeL the pressure in 
the duct has to be increased by factor K. 

With this primary pressure increased by a factor K it is possibLe to generate the desir-
ed ve Locities. 

A K-times Loaded tunneL requires a K-times Loaded compressed air system. The necess­
ary mass How is smatter by a factor K. 

b) Hot Jets 

There are no principLe difficuLties to produce hot jet's by the decomposition products of 
H

2
0

2
• For the pressurized tunneL a 11K-times quantity of H

2
0 2 is needed onLy. If heating occurs out­

side the tunneL difficuLties increase very much. In addition to strength diminution due to temperature in­
crease, higher Loads are induced by higher primary,pressures. 

Combustion chambers inside the engines wouLd be of'benefit. These systems have to be 
deveLoped for both atmospheric and pressurized testing. 

6. 3 SimuLation of InLet and Jet 

a) Ejectors 

There are not additionaL principLe probLems for ejectors in pressurized tunneLs. OnLy the 
pressure LeveL of the ejector is higher so that again K-times Larger primary pressures are required. To 
.get exact information about the characteristics in a Loaded wind tunneL, caUbration measurements have 
to be performed at the same pressure LeveL. If these tests are not carried out in the Large expensive 
pressurized tunneL an adequate smaLL pressurized caUbration tunneL is necessary. Even static tests have 
to be performed at pressurized LeveLs. 

b) Powered NaceLLes for Trubofan and Advanced Fan SimuLation 

For the desirabLe compLete simuLation the above outUned vaLues have to be simuLated; In 
this case simitar aerodynamic behaviour is present. Under these assumptions in a pressurized tunneL 
K-times smatter dimensions and K-times higher pressures as in atmospheric tunneL the variations which 
are Usted in fig. 9 appear. 

The M· K-times dependency of the speed ot'rotation and the M· K2 -times dependency of 
power per unit voLume shouLd be mentioned especiatty. The vaLue M· K is the totaL scaLe factor. 

Limits for the speed of ration seem to be reached in powered naceLLes for modeLs in tun­
nets with 3 t 5 m width. For this reason a pressurized tunneL shouLd not be smatter. 

The power per unit voLume increases in a pressurized tunneL by the factor K in addition 
to the totaL scaLe factor M·K. For atmospheric tunneLs in the order of magnitude < 3 t 5 m width, the 
maximum power per unit voLume, which is obtainabLe today, is aLready used. It seems to be questionabLe 
if this increase of Load is possibLe especiatty when tunneL pressures of 5 bar are required. 

From an aerodynamic point of view the power couLd be raised if the primary pressure of 
modet turbines wouLd be enLarged by K. The resuLt wouLd be that pressures of K. (20 ~ 50) bar = 
100 ~ 250 bar have to be reaUzed. Important for mechanicaL strain of engine componerifsand seaUng 
problems is the pressure difference. Operation pressures in such order of magnitude for compUcated 
engines are unreaUstic at present time. 

c) SmaU ReaL Engines 

With the appUcation of smatt reaL engines it was thought to make use of existing engines. 
They are not designed for K-times higher pressures. In other respect here it is vaUd too that att pres­
sures inside the engine increase by K. In this case, aU aerodynamic characteristics remain constant. 

6. 4 Test FaciLities 

Here again chap. 5. 4 is suitabLe. A corresponding caUbrahon tunneL has to be pressurized 
too. 

I 
I 
[ 
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7. Resume 

The main results for the use of model engines in VTOL tunnels can be summarized as foltows: 

, 7.1 Aerodynamic Viewpoints 

The main parts of the engine should be simulated completely; i. e. geometry, free 
stream velocity (paraltel- and cross flow), jet velocities, tip speed, pressure 
ratio, Ma-number, jet temperatures. 

Depending on time schedule and budget incomplete simulation is necessary also, 
i. e. 

compressed air jets 
inlet suction 
ejectors 

Development is necessary for .complete simulators, i. e. 

powered naceltes (turbine driven fans) 
smalt real engines (for thrust 500 - 20 000 N) 
small air heaters 

Technical problems decrease in larger atmospheric wind tunnels. Power plants 
have to be designed according to the power requirement of chap. 3. 

In a pressurized tunnel the pressure level of the model engine increases propor­
tional. The primary pressures for ejectors and powered nacelles increase in the 
same manner (see chap. 6). ' 

Pressure level of power plants for pressurized tunnels are a multiple of that for 
atmospheric tunnels. Successful development of smalt real engines for the con­
sidered tunnel pressures seems to be questionable. 

Sman real engines use demands tunnel air exchange. 

7.2 Power Plants and Test Equipment 

Requirements for engine simulation are 

Compressed air supply systems 

Hating system 

Vacuum' systems 

continuous compressor system 
system to dry air (dew point -'lOa °C) 
high pressure air storage 

H20 2 system 
heat exchangers (electric power, liquid or gaseous fuels) 

pump system 
vacuum vessels 

Ca Ubration test' faciUties 

static test rigs 
calibratio'n tunnel 
data acqUisition system 

Q.3 Further Remarks 

Only an experienced staff of scientists and engineers can solve the aerodynamic and tech­
nology problems which arise with development, design and application of such different techniques for 
model engine simulation. 

8. Programme of Work 

Work on engine simulation which has been done till now has shown that most of the methods could be 
improved. For a new large wind tunnel this leads to some important jobs which have to be tackled. Some 
of these jobs are touched in catch-words. 
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8.1 Further DeveLopment of Si~uLators 

Standardized units shouLd be practized. 

Burners (H
2

0
2

, tiquid or gaseous fueLs) to be buitt inside the modeLs or inside 
the ducts, expeciaHy for increasing specific power and reducing drive-mass now; 
avoiding icing; step forward.to smaH reaL engines. 

Improvement of existing units for pressurized tunneLs; investigations how far 
those modeLs couLd be used under pressurized conditions. 

Devetopment of test methods to get quick and characteristic enginefjet data; high 
precision baLance with ducts for drive medium. 

8.2 ExampLes for New Simutators 

8. 3 Activities 

Devetopment of smaH reaL engines with front area thrust simitar to fuU scaLe 
engines and thrust Lower 40 000 N; simitar inner aerodynamics for noise and 
turbuLence measurements. 

SimuLators, i. e. ejectors and powered naceLles driven by decomposition products 
of tiquid H

2
0

2
• 

SmaLl reaL highLy Loaded compressors and turbines for separateLy integrated pro­
puLsion schemes. 

FUrther and new deveLopment of advanced fans wlth simitar aerodynamic charac­
teristics; determination of scaLe factor Limits and extrapotation taws. 

Engine and controL systems for free fLight modeLs. 

Systems for thrust vectoring and thrust reversing. 

Extension of LaWs work for the instaLtation of a devetopment and caLibration cen­
ter as an additionaL facitity to the targe wind tunneL. 

In future more man power, time and costs for this subject have to be considered; 
internationaL coUaboration. 

More use of engine manufacturers know-how for the soLution of aerodynamic and 
technoLogy probLems in the fieLd of engine simuLation. 

9, LaWs Paper Concerning the Job "Use of ModeL Engines" 

Crabtree, L. F. 

Wood, M.N. 

Engine simutation for wind-tunneL modeLs 
unpubLished paper 

The paper is giving a review of the present state of the art for various 
modeL engines. Some modern powered nacettes which are fans with driv­
ing hub turbine and some papers concerning the necessary-test work are 
expLained. The possibitity of using ejector units is shown and some new 
types are pubLished. For the fieLd of Lift-engine simutation some activi­
ties, techniques and datas are described. (12 ref. ) 

The use of injector units for engine simuLation on wind tunneL modeLs at 
high speeds 
RAE/TR 71215 

A simpLe onedimensionaL anaLysis of injector performance is presented in 
a form suited to the examination of the potentiaL of injectors for simuLat­
ing engine ftow effects in wind tunneL tests at high speeds. The anaLysis 
reveaLs an interesting feature of the internaL ftow perhaps not previousLy 
appreciated, which couLd expLain the unsatisfactory performance of eartier 
designs of injector unit for engine ftow simuLation at high speeds. It is 
concLuded that the potentiaL of injectors justifies a programme of experi­
mentaL work to check the performance given by the theoreticaL anaLysis 
and to provide empiricaL factors that are required before a design proce­
dure is possibLe. (5 ref. ) 
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Jaarsma, F. 
Munniksma, B. 

Hotroes- Walker, J. M. 
Kemp, E. D. G. 
Tipper, D. H. 

Pike, M.R. 

Hurd, R 

P/1.uley, G. 

Munniksma, B. 

\ 

NLR vieWpoints cin engine simulation in wind tunneLs 
NLR/AH-72-04; unpubUshed paper 

The most important questions concerning the inLet and exhaust now fieLd 
of VTOL system are given which have to be answered before a modeL with 
engine simuLation can be defined. PrincipaL techniques for representing 
the engines are stated i. e. direct suction and/ or blowing, miniature tur­
bine driven fan simulators, injector units and fan units driven by motors. 
A tabLe gives a survey of four simuLator configurations for the same en­
gine showing certain specific data, advantages and disadvantages. For 
CTOL systems the report AGARD AR-36-71 (Feri, Jaarsma, Monti), 
part II on engine-airp Lane interference in transonic tests contents ex­
perience and viewpoints. Conclusions of this report are repeated. Fur­
ther some remarks, assumptions for correct simuLation and caLcuLations 
on injector units are given. The conditions which cannot be matched are 
trea ted. (2 ref. ) 

An engine manufacturer's view of the tow speed test facUity requirements 
for future high by-pass ratio Uft and propuLsion engines 
HSA/Hatfietd/Projects 1745/EDGK; unpublished paper 

This note considers the facilities required for tow speed tests (i. e. 0 to 
100 m/sec) to determine the instatled engine performance and the associ­
ated interference forces on the aircraft. The type of aircraft considered 
are subsonic civit aircraft for which the achievement of a tow noise tevel 
is a major requirement, including conventionat, RTOL, STOL and VTOL. 
types. The chapters are "Reasons for changing the approach to engine 
testing" and "Test facitity requirement" for proputsion and tift engine 
instatlation.(2 ref. ) 

V /STOL aircraft propu tston aerodynamic test requirements 
RR (Derby engine division)/InstaLtation research/MRP 1 PL; unpubtished 
I?aper 

This note considers potentiat future test requirements, from an engine 
manufacturers viewpoint, to provide design data for the proputsion en­
gines of R TOL aircraft using conventionat engines and V/STOL aircraft 
using vectored thrust engines and proputsion engines. 

The purpose of this note is to give some indication of how nearty the for­
seen reqUirements are Likety to be met by existing test facitities and what 
need exists for new facUities. 

ExpeciaUy treated is the work for aero acoustics, intake-engine aerody­
namic compatibility and airframe-engine aerodynamic compatibility. 

STOL transport aerodynamic test facilities - A powerptant viewpoint 
RR (BristoL engine division)/Powerptant aerodynamic department/ 
GN 14958; unpubLished paper 

Main systems of powerptants for STOL transport and the different methods 
used for conventionat aircraft with high Lift devices, powered circuLation 
wings, jet tift aircraft and rotating wing aircraft are tisted. Tasks for 
testing ground effects, free air high tift performance, Low speed internat/ 
external powerpLant aerodynamics, stability effects and cruise powerpLant 
performance are given as welt as the types of aerodynamic test emerging. 
Test requirements and the capability are pointed out. A t1:t1].e scaLe for the 
devetopment of the first and second generation of STOL -transport is given. 

The effectiveness of alternative methods of simutation pyLon mounted fan 
engines in use of high speed wind tunnet m';dets 
ARA/Memo 130; unpublished paper 

A varietyoffan engine simuLators have been usedin tests atA. R. A. ranging 
from simp Le free ftow nace t Les, to powered nace Ltes in which a sma tt high 
speedfanis driven by a high pressure air turbine. The effectiveness of the 
differing types is investigated. It is shown that property designed free flow 
nacetles are in generaL better simuLators than extended cowtnaceltes, but 
tha t neither can represent mode L fan jetstream effects comp Lete Ly. (1 ref. ) 

Simutation of a fan engine in wind tunnet modeLs 
NLR/AH-72-010-Provisionat; unpubtished paper 

In this note the NLR vieWpoint with respect to engine exhaust and inLet 
flow simuLation are shortty given. From this viewpoint the design re­
quirements of a turbine driving a fan are catcuLated, especiaLLy if H

2
0

2 is used to drive the turbine. 
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SUMMARY 

WIND TUNNEL REQUIREMENTS FOR HELICOPTERS 

I A.Simons 
Westland Helicopters Limited 

Yeovil, Somerset, England. 

and 

H.Derschmidt 
Helicopter Division, MBB 

Ottobrun/Munchen. 

An attempt is made to define those sizes of model which are most suited to various aspects of 
wini tunnel .investige.tion of helicopters. The scaling laws and associated constructional problems of 
small-scale rotor systems are discussed. Tunnel sizes, taking into account interference effects, are 
suggested for various ranges of model size. 

NOTATION 

a (m/s) 
b ~:~ 0 

P (m 
E ~N/m2) 
g 

l~r 
h 
L 
R 
Re 
T 
V (m/s) 
W ~~? X 

)J (N.s/m2) 
p. r El Kgjm3~ 
cr K&lm3 
Il' rads.) 
.It rads/s) 

ISA 
SL 

Span Loading 
Pisc Loadillg 

speed of SOUM. 
wind tunnel test section breadth 
rotor blade chord 
rotor diameter 
structural elasticity 
gravitational acceleration 
wind tunnel test section height 
length 
rotor radius 
Reynold' s number 
rotor thrust 
velocity 
aircraft mass 
non-dimensional radius 

air viscosity 
rotor tip-speed ratio 
air density 
struotural density 
blade azimuth pOSition, '" = 0 downstream 
rotor angular velocity . 
International Standard Atmosphere. 
Sea Level 

1. INTRODUCTION 

The details of the continuously varying flow environment encountered by a rotor blade as it 
rotates- - which includes varying l,iach and Reynold' s numbers, incidence and sweep angles, reverse flow 
and dynamio stalling - and the associated blade flexural and torsional motions define to a very great 
extent the performance, vibration, noise and stability characteristics of a rotor s,stem. There.is 
however a virtual lack of fundamental knowledge of many aspects of the aerodynamic/dynamic behaviour of 
the helicopter rotor and consequent~ our ability to predict and improve rotor system characteristios 
is severe~ limited. 

~ significant advances in our knowledge can only come from a proper programme of experimental 
work which, because of the inseparable nature of the various aspects of the rotor environment, must 
consist in the main of either full-scale or suitab~ detailed model rotor testing. 

7·1 

As rotorcraft capabilities improve and speeds increase the development costs escalate, especially 
if novel rotor systems are being considered. Possible configuration changes of the future include the 
use of very stiff, gyro-controlled, circulation controlled, stoppable, stowable and tilting rotors; the 
use of the new composite materials; utilization of various aeroelastic phenomena and 'fly-by-wire' concepts. 

It appears necessar.r, more now than ever before, that proper and sufficient testing is undertaken. 
Future generations of rotorcraft must be more-or-Iess completely tested in the wind-tunnel before a 
committment to full-scale manufacture and flight development is made - in much the same way as happens in 
the fixed-wing aircraft industry. 

A number of recent papers (refS 1 - 7) have pointed out that, in order to promote anif SUbstantial 
advance in our knowledge of helicopter rotor behaviour, much more wind tunnel testing is required. Of 
course full Bcale flight testing has been, and continues to be, extremely useful but for a number of 
reaBOns (ref. 2) it is, desirable to test rotary-wing systems in tunnels. Emphasi. has been plaoed on two 
main areaa:-
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(i) that small-scale models should be more accurately designed and manufactured and that more 
and better instrumentation is needed. 

(ii) that there is a EUropean requirement for a large low-speed wind-tunnel capable of taking 
full-sized helicopter rotors. 

2. MODEL SCIILU& LAWS 

Aqy decision as to the suitability, or otherwise, of a certain size of model rotor for a particular 
investigation cannot normally be made without first considering the scaling laws and aqy difficulties in 
model design and construction arising from an application of these laws. 

In order to achieve the same non-viscous incompressible aerodynamic characteristics on a model 
rotor as exist on the full-scale rotor which is to be simulated it is necessa~ for the aerodynamically 
important portions of the rotor (i.e. the blades) to be geometrically scaled. 

Dimensional analysis, 
as well as geometrio scaling, 
(refs. 2,7) 

taking into aocount the viscous aerodynamic and dynamic effects, shows that, 
the following five parameters must be correct for complete simulation 

i) 
ii) 

iii~ iv 
v 

Maoh number 
Reynold's number 
Froude number 
density ratio 
elasticity ratio 

Via 
(' VL/p 
V2/gL 
0"' I\' 2 
E/e V 

Before discussing the relevance of these parameters it must be noted that only wind tunnels 
utilising air at atmospheric pressure are being considered here. Other tunnel fluids and pressures will 
be briefly mentioned later. 

2.1 Mach number 

Compressibility effects on aerofoil section characteristics are·ve~ extensive, the lift-curve 
slope, maximum lift coefficient, stalling behaviour, profile drag and pitching moment all being susceptible 
to Mach number variation especially at the high subsonic - even transonic - j,'ach numbers encountered 
over the ve~ important outboard regions of rotor blades. Thus correct simulation of Mach number is a 
prerequisite for aerodynamic accuracy and hence for the great majority of rotor tests. "Mach scaling" 
naturally implies a model tip-speed the same as full-scale (180 - 240 m/s) aOO a wind tunnel capable of 
oovering the whole full-scale flight speed range (up to 130 m/s), 

2.2 Reynold's number 

The use of a "Mach scaled" model rotor however prohibits the correct simulation of Reynold's 
number (refs, 2,4,5,8). The importance of this parameter to rotors is not completely understood although 
its significance to two-dimensional aerofoil characteristics is well known. 

The Reynold's numbers of fUll-scale helicopter rotor blades m~ be expressed 

Re "" -p- .1I.Rc.(x+ j-l •. Sirt-tlJ) 
where, to a fair degree of accuracy, the parameter fiRc may be related to helicopter size thus 

nRc"" 1.24-. WI 
Hence 1?e(ISA,SL) ~ 8.5.10""" v,li. (X+/Jx.Slrt<\» 

The range of Reynold's numbers encountered in practice is illustrated in Figure 1. 

A small 'Mach scaled' model rotor of about three metres diameter will have blade tip Reynold's 
numbers of the order of 1-2 million, which is certainly a region where considerable changes in aerofoil 
characteristics (notably CLmax) with Reynold's number variation can be expected. The use of transition 
strips to ensure turbulent flow has been well proven in fixed wing aerodynamic testing and the same 
teohniques Can be used of course in rotary-wing stUdies although their effioacy in this field has not 
been verified to aqr great extent. ----- . 

. / In using small models it must be accepted therefore that the Reynold's number is incorrect and 
that the consequences of this are to a large extent simply unknown but, at the same time, it must be noted 
that there is little information that· suggests that Reynold's number plays an important part in defining 
helicopter rotor characteristics; at least in the normal regime of operation. 

2.3 Fraude number 

The Fraude number expresses the ratio of body inertia forces to gravitational forces acting on the 
body. This parameter cannot be simulated correctly with a "Mach soaled" model rotor and the gravitational 
terms are effectively reduced in magnitude. 

For rotors with the disc plane substantially horizontal the weight forces act in the blade flapping 
plane with a constant value and, as the flapwise aerodyh,mic and centrifugal loadings on a rotor blade are 
usually far in excess of the blade weight, these gravitational forces can usually be ignored. In fact for 
conventional rotors a 50% error in Froude number leads to only about 0.1 degree discrepancy in blade coning 
angle. However it must be borne in mind that Froude number m~ become an important parameter when 
considering 'off-load~d' rotors at high tip-speed ratios or 'stoppable' rotors. 
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Froude number is much more significant to rotors which operate with their disc plane vertical. 
In this case the gravitational forces act as a once-per-revolution exciting force in the blade lag sense. 
The phenomena of air end ground resonance and whirl flutter - all potentially disastrous instabilities -
are very dependent on the lagwise behaviour of rotor blades, and thus in eqy investigation connected 
with these phenomena it would be unwise to ignore Froude number effects. 

2.4 lIass and elasticity ratios 

It iB apparent from the previous definitions of the five nondimensional scaling parameters that 
for a "Mach scaled" model rotor, the structural density and modulus of elasticity of the model system 
should be identical to the full-scale values in order to ensure similar dynamic characteristics. 

These structural parameters define the rotor blade normal mode shapes, associated natural 
frequencies and modal inertias which in turn define to a greater or lesser extent rotor performance, 
stability, loading and vibration characteristics. An obvious method of ensuring correct mass and 
elasticity values is to Bcrile down exactly the full-scale manufacturing techniques, using of course the 
Bame materials. It is worthy of note here that, if this procedure is followed, then the stresses in the 
rotor system are the same as at full-scale. 

Naturally this method of model fabrication could be very difficult and expensive and it is 
fortunate that such exactitude is not always necessary and in maqy instances it is suf,ficient if only a 
few (or even one) blade modes are correctly simulated. 

2.5 Pressurised wind tunnels 

Pressurised wind tunnels and those using a gas other than air as a working fluid have not been 
mentioned hitherto, and will now only be briefly covered since it appears to be generally accepted that 
the consequential problems cf model rotor design and construction are substantially increased 
(refS. 5,9,13). 

Pressurisation of an air tunnel enables considerably higher Reynolds's numbers to be aChieved with 
small scale models. However wind tunnels are generally limited to pressures of 2 or 3 bars which, although 
allowing a most desirable increase of Reynold's number, is not enough to ensure correct simulation of 
R~nold's number on 1/4 or 1/5 scale models (3 or 4 metres rotor diameter). 

But there is an additional advantage in using pressurised tunnels for rotor investigations -
outside Reynold's number considerations - and this is the ability to examine altitude effects. As the 
(full-scale) blade density and elastiCity ratios change with altitude different rotor models are required 
if behaviour at various altitudes is to be investigated in an atmospheric tunnel. The design of a model 
rotor such that its use in tunnel at high pressure simulates full-scale sea-level conditions, allows 
altitude effects to be studied simply by decreasing tunnel pressure. Of course there is also a IIIach number 
variation with altitude due to the change in sonic velocity with temperature but this effect is small, in 
comparison with the density and elasticity ratio Variations, and can be taken in-:Oo account by slight 
ad.;ustments to the rotor rotational and turuiel speeds or by a change in tunnel temperature (ref. 13). 

The use of a refrigerant gas as a tunnel working fluid (refs. 9,13) provides added advantages 
in that the correct Mach and Reynold's numbers could be achieved on 1/4 or 1/5 scale models with tunnel 
pressures of less than three bars. In fact the possibility also exists of arranging model scale and 
tunnel pressure such that the Fraude number is also correctly simulated. However, as only air tunnels are 
under consideration by the LaVis groups, this topic will not be discussed further except to state that there 
are a number of practical problems associated with the Use of refrigerant gases. 

It may be concluded that, although pressurised tunnels with air or refrigerant gases offer the 
possibility of improved or exact simulation with small scale modelS, any rotor modelling problems would 
still exist and most probably be quite exaggerated. Certainly a considerable prcgramme of work in the 
modelling field would have to be initiated if the full advantages of such pressurised tunnels for rotor 
testing were to be realised. ~ 

3. REDUCED VERSUS FULL-SCALE TESTIm 

The following discussion attempts to clarify the applicability, and possible merits or drawbacks, 
of various sizes of wind tunnel modelsto the investigation and simulation of full-scale rotary-wing 

,)Systems. 

There are two cbvious categories of model:- the full-scale, which would probably be the actual 
'flight hardware' rator system, and the reduced-size model, which must be specially designed and built. 

3.1 Reduced scale models 

It is assumed here that all reduced size models have geometrically scaled blades, some form of 
control system for varying the collective and cyclic blade pitch angles, and are 'Mach scaled'. 

Now reduced scale models cannot simUlate full-scale Reynold's numbers, although the use of a large 
model (approaching full-size) or transition strips on the blades may reduce aqy discrepancy to negligable 
proportions. Fortunately incorrect Reynold's number is not too much of a limitation as there is no 
great evidence to suggest that the effects are important in the normal operating regimes of helicopter 
rotors. un the other hand it is perhaps to be expected that the maximum stall limited thrust (arA 
corresponding power,requirements) of a small scale model may not correlate too well with the full scale 
rotor values. In such Cases recourse to the sophisticated computational procedures co~nonly available 
today, along with rotor blade aerofoil section characteristics for the appropriate Reynold's numbers, 
would most probably prediot the order of magnitude of the effects attributable to Reynold's number. 
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Certainly it would be unwise to inai~t on full-scale rotor tests merely for the purpose of having 
the correct Reynold's number. It is suggested that, if more information in this area is reqQired, a series 
of specially designed ~xperiments with non-representative rotor models would be more appropriate. For 
instance a rotor with extremely stiff blades (as a propeller), such that dynamic effects are drastically 
reduced, could be tested in a pressurised wind tunnel at various pressures. 

Gravitational forces will be considerably underestimated in all small Mach scaled models but, 
~ortunately, they can probably be ignored in most cases. In those investigations specifically concerned 
with with gravitational effects, such as the lag plane behaviour of rotors with their disc vertical, 
either full-scale models or 'Froude scaled' models will probably be required. 

It is possible to identify within the category of reduced-scale models two types:- the' generalised' 
and the 'detailed' model. The former type of model is not normally a correct simulation of the full-scale 
system in all its details but only in respect of a selected number of primary features, whilst the latter 
is as correct a model in any many aspects as possible. The generalised model is used to gain information 
on the overall characteristics of the rotor system, and to study various aspects of its working state and 
behaviour in some deteil, although specific items of information are not necessarily directly applic"ble 
to the full-scale rotor. In the case of 'detailed' models though it is intended that the majority of 
model results should be directly transferable to full-scale. 

Of course there is no hard and fast demarcation line between the two types of model but 
nevertheless such a division is of help when considering the problems of reduced scale model design and 
fabrication. 

'Generalized' reduced scale models 

For many generalised investigations - in the sense described above - it is not essential for the 
model structure to be exactly similar to the full-scale rotor system. In such cases it is often 
sufficient if the model blade structural characteristics are correct orJy to the extent that the integrated 
effect in the fundamental flapping (and lagging) modes is adequately represented; that is the blade LOCk's 
number and natural frequency is correct. In fact, for conventional articulated rotor systems the blade 
elasticity may often be ignored to a large extent, although in the case of hingeless rotors where the 
elasticity of the hub/blade root regions plays a primary role in defining the fundamental flapping mode 
the elastic effects must be scaled. However it is not essential to geometrically scale the hUb/root areas, 
as they are not of particular aerodynamic importance, and this may ease the scaling of the elastio effects 
to some degree. 

Generalised models, although perhaps reproducing full-scale behaviour quite satisfaotorily under 
most testing conditions, could well behave in a misleading manner under certain extreme conditions when, 
for example,~ the higher elastic blade flexural and torsional modes may hecome_ very important. 

It should also be remembered though that some rotor systems possess blade and/or oontrol system 
flexural and torsional properties which affect the overall, as well as the detailed, aspects of rotor 
system performance. Obviously for this type of rotor simply scaling the fundamental modes is not sufficient 
and the model design and construction may well become very complex and difficult. 

The relatively simple generalised model can be successfully built at very small sizes but 
feasibility of model construction is not the only criterion to be considered. Instrumentation of wind­
tunnel models is also very important. In rotor work it is desirable to measure not only the overall mean 
forces and moments but also the oscillatory components, the blade defleotlons and stresses and the 
pressure distribution over the blade. This latter requirement in particular imposes certain limitations 
on the size of model blades because of the difficulties involved in inserting sufficient pressure 
transducers into small blades, without unduly compromising the blade structure or aerofoil section. A 

- popular model rotor size is about 3 metres diameter which, besides allowing considerable instrumentation, 
results in a quite robust and manageable structure. 

~.1.2 'Detailed' reduced scale ~odels 

Detailed models are those which, as far as possible, have the correct mass and elasticity 
characteristios throughout the structure so that the rotor system dynamic behaviour is accurately portrayed. 
A true scaling down of the full scale constructionaJ. techniques is undoubtedly difficult and expensive 
especially for blades with extruded spars although it may be somewhat easier for fabricated blades, suoh 
as those of the Westland Lynx, or for fibre-glass blades as used on the Boelkow Bol05. _It is thought that 
the Lynx blade could be manufaotured in this way at 1/2 scale and perhaps, after some development of 
techniques, even at 1/3 scale but this would seem to be the limit. One-quarter scale models of plastic, 
glass or carbon blades may be possible but, again, some development work would be neoessary. 

A more promising approach ~ppears to be to temper the technique of exact reproduction with the 
use of other materials and methods in oertain areas of difficulty e.g. the trailing edge of blades. 
(refs. 10,18). Zxtremely good dynamic similarity has been achieved in this way with model rotors of some 
3 or 4 metres diameter. 

Materials and techniques other than those used at full~scale are often used in an attempt to 
reproduce the correct dyn~ic properties (refs. 11,12) but in general it does not appear that suoh methods 
are as accurate as those based on the full-scale principles of oonstruction. 

Sucoessful though such techniques are it must be noted that, in the main, they have been aimed at 
achieving dynamioally similar blades for articulated rotors. The design and manufacture of oontrol 
systems and hingeleSS\rotors at small scale have not received enough attention in the past. 
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Special care must be taken in the modelling of the control system, particularly as regards its 
stiffness characteristics, as most of a~ blade torsional displacements occur in the control system. 
Torsional behaviour 10 of very considerable consequence to overall rotor performance and stability and 
oontrol as well as to ihe details of blade loadings and motion. The elastic properties in the area of 
the hub, blade root, feathering hinge and cOltrol system can have pronounoed effects on hingeless rotors 
in particular (refs. 14,15,16) and, in order that these effects may be studied confidently with a model, 
it is essential that the details of the fUll-scale rotor system are reproduced very precisely. Furthermore 
there is a growing interest in utilising blade elastic torsional deflections as a beneficial influence and 
it is to be expected that a correct representation of control systems will be increasingly demanded of 
model rotors. Recent work at Boeing-Vertol (refs. 17,18) indicates that it is possible to simulate oontrol 
system stiffness on small scale models, at least to a first order of aocuracy, although there is still 
considerable scope for improvement. 

Instrumentation requirements for 'detailed' reduoed scale models are much the same as for 
'generalised' models, although it is most likely that a greater number of measurements would be desirable. 
Now however considerably more care must be taken to ensure that the inclusion of instrumentation into the 
rotor system does not alter its dynamic characteristics. 

It may be concluded that very reasonable dynamically scaled model rotors as small as 3 or 4 
metres diameter, even including to a first approximation the control system, are certainly within our 
present capabilities-although it must be noted that good models are a product of good staff having 
sufficient resources (ref. 17). However if a high level of confidence is required, especially in the 
area of hingeless rotors with 'active' elastic torsional behaviour of the blades/control system, it would 
appear beneficial to have larger models of perhaps 1/3 or 1/2 fUll size - i.e. 5 to 8 metres diameter. 
hven at this relatively large scale modelling problems may still- exist and the Reynold's number will be 
incorreot. It seems unlikely that European helicopter companies will embark on the construction of such 
sophisticated models of existing or projected rotor systems due to the sheer design and development effort 
involved. The costs of building up such a capability is obviously high and the numoer of qualified design 
staff available may not be enough to allow a compa~ to devote the requisite manpower to such a venture. 

There is a body of opinion (refs. 1,3,4,5,7) which suggests that facilities for the testing of 
full-scale rotors are reqJired if really detailed investigations of rotor systems are to be undertaken 
at all; although it must be noted that there is also some qualified opposition to these views (ref. 6). 

3.2 Full-scale models 

There are a number of advantages that full-scale rotor system, or complete aircraft, testing haa 
over reduced scale testing. The Mach, Reynold's and Froude numbers are always correct as are the 
structural properties. Development and installation of the neces.sary instrumentation may well be easier 
at fUll-acale than with small soale models, whilst at the same it may serve- aa a development phase for 
some flight test instrumentation. 

Teats at fUll-scale are especially attractive if there is some doubt as to the ability to model 
at small scale which is of particular significance in the area of control systems, especially if the 
elastic properties of the rotor system are being used in an active manner, In the case of novel rotor 

systems it may well be desirable to test at full-scale beoause the details of the system may not be well 
enough defined before the actual full-scale manufacturing techniques have been sorted out. 

Full-scale tests can be oompared with small scale model tests thus allowing the accuracy of model 
constructional techniques and Reynold's number effects to be assessed. Comparison with flight test 
results wculd also be very valuable especially if the full scale rotor system and associated instrumentation 
used in the tunnel investigations was used in the flight tests. 

In connection with the development of a particular aircraft investigations of vibration levels, 
engine levels, engine intake airflow, drag reduction, ad-hoc modifications etc. could be undertaken in 
olosely controlled manner and probably more cheaply than br flight test. 

4. WIND TUNNEL INT-'JlFERENCE 

Prior to a decision on the wind-tunnel required to test a particular size of rotor or on those 
sizes of rotors which may be tested in a particular tunnel, some k~owledge of the interference to be 
expected is desirable. 

Hayson has made available _ to the LaVis group a considerable amount of infonnation on tunnel/rotor 
interference (ref. 20) and this is shown in Figures 2 and 3, where the span loading (T/D2) is plotted 
against rotor diameter/tunnel breadth ratio (D/b) for the two tunnel height/breadth ratios of 1/2 and 2/3. 
The interference criterion adopted is a flow al~le error of 50 at the centre of the rotor. 

A particular value of span loading of 240N/m2 has been chosen as fairly typical of medium 
helicopters in level flight, and the corresponding variation of permiBsable diameter/breadth ratio with 
tunnel speed, using the results of the previous figures, is shown in Figure 4. Also plotted in this 
diagram are the curves pertaining to a span loading of 360~r/m2 which applies to large helicopters or to 
high thrust (manoeuvring) conditions on smaller helioopters. ~trapolation from these results allows 
similar curves to be drawn for a tunnel height/breadth ratio of 3/4 (Figure 5) which is the value chosen 
by the LaWs group (ref. 21). 

1 t is apparent from these figures that the pet'missable diameter/breadth ratio is prim9.rily 
determined by the velocity at which it is desired to test the rotor rather than its span loading, 
provided this is "greater than about 200N/m2, Thus in the following only two specific span loadings 
will be considered - 240 and 360N/m2 - even though tests at high thrusts (perhaps two or three times 
the-normal loading) is a most important part of rotor experimental programmes. 
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Referring to Figures 4,5 it "is seen that at high speeds fairly large diameter/breadth ratios 
(up to 0.8) are possible, although with such ratios the minimum speeds at which accurate testing can 
be done is then also quite considerable. Thus it is the minimum speed at which tests are desired that 
defines the maximum diameter/breadth ratio. 

It is suggested that a minimum test velocity of about 30 m/s may be often acceptable, in whioh 
case a diameter/breadth ratio of the order of 0.55 - 0.6 is suitable. However, by making use of the 
aetilling chambers that most conventional wind tunnelp have, it is' possible to test at the lower speeds 
without compromising the diameter/breadth ratio. Of course it must be remembered that the flow quality 
in the settling chamber is unlikely to be as good as that in the main test section. 

A settling chamber of the same height/breadth ratio as the test section and with a cross-sectional 
area four times as great is assumed for illustrative purposes. Taking a maximum test seotion velocity 
of 136 roVs (as suggested in refs. 3,4",6,21) and thus a maximum settling chamber velocity of 32t m/s 
it is seen that a diameter/breadth ratio of 0.6 (i.e. 0.3 in the settling ohamber) allo~s the rotor to be 
tested from about 10 - 32t m/a in the settling chamber and from 32t - 130 m/s in the normal test section 
withcut in either case contravening the interference limits. Figure 5 illustrates the use of the two 
tunnel working sections. 

It must be noted however that these interference limits do not take account of a~ flow 
separation phenomena which may well impose an additional limit at ve~ low velocities (ref. 20). 

The effect on diameter/breadth ratio of va~ing tunnel maximum velocity and settling chamber 
are~test section area is easily determined from the curves of fig. 5. Theae results are shown in 
figure 6. As. before the assumption is made that there is no "velocity gap" between the settling 

. ohamber maximum velocity and minimum velocity suitable in the test section. It is Seen that in order to 
preserve a particular diameter/breadth ratio with a larger settling chamber the maximum tunnel velocity 
must be oonsiderably increased. If however the maximum velocity is fixed then a larger settling chamber 
is accompanied by a reduction in the diameter/breadth ratio. 

A rotor diameter/tunnel breadth ratio of 0.6 is taken as a basis for the following discussion, 
but it must be remembered that values for the span loading, minimum test speed required, tunnel maximum 
velocity and settling chamber are~test section area ratio other than those assumed above may affect to 
some extent the value of diameter/breadth ratio which is desirable. 

5. WIND TlJNNEL REl..!UIREMENTS FOR HELICOPrERS 

• The tunnels considered in this section are assumed to have a test section of height/breadth 
ratio of 0.75 and, from the pre~ious chapter, a rotor diameter/tunnel-breadth ratio'of 0.6. It is to be 
remembered that this diameter/breadth ratio implies a lower speed suitable for testing in the main tunnel 
test section of about 30 m/s. The maximum test seotion velocity must also be at least 130 mls if the 
complete speed range of helicopters is to be covered (refs. 4,5,6,21). 

Three ranges of rotor size have been identified in chapter 3:- 3-4 metres diameter for ma~ small 
Bcale models, 5-8 metres diameter for certain detailed models, and full-scale. The wind tunnels required 
to acoommodate rotors of 3-4 metres diameter will have tunnel breadths in the range of 5-7 metres, whilst 
those suitable for testing the larger models of 5-8 metres diameter will be 8-13 m in size. 

Sizes of wind-tunnels capable of taking full scale rotor systems or aircraft cannot be defined 
without some reference to the sizes and roles of rota~-wing aircraft now in existance and expected in the 
future. ,Some insight may be gained from the relationship between helicopter weight and rotor diameter 
whioh, to a fair degree of accuraqy, m$Y be expressed. 

1 

D !! 0.84 x W3 

Fast manoeuvrable helicopters of the present appear to be limited to below about 10000-11000Kg 
all-up-weight - i.e. their rotors are of 19m diameter or less. The heavier helicopters with larger rotors 
tend to be transport or crane machines which are not designed for particularly high speeds, although there 
is evidence to suggest that high performance helicopters of the future will be somewhat larger than 10000Kg. 

In order to be able to test the majority of full-scale rotors, the need is for a large wind tunnel 
with a test section width not less than 25m (Refs. 3,4,5,6). Such a tunnel would allow testing of 15 m 
diameter rotors from about 30 m/s upwards, whilst rotors of 18 or 19 metre diameter could also be tested 
at-the higher velocities. However it is considered (Ref. 3) that such a large facility is not warranted 
for the European helicopter indust~ alone as they are unlikely to make use of it for more than about 
one-third of the time. Without a lot of support from the fixed-wing aircraft indust~ such a tunnel 
faoility is just not possible, 

If a large wind tunnel of 25 m or thereabouts were available then this tunnel, along with the 
tunnels of 5-7 metres for testing 3-4 metre diameter model rotors, would satisfY most of the needs of 
the European helicopter indust~. 

However, if the large 25m tunnel were not built then, besides the 5-7 metre tunnels of the order 
of ~13 metres would be required for the larger model rotor necessa~ for detailed testing. At the same 
tiem it would be necessa~ for more emphasis to be put on, and resources into, the establishment of 
sophistioated modelling facilities. 

The range of large low speed tunnels under consideration by the LaWs Group include 15 and 18 
metre tunnels (ref. 21)'. A choice of tunnel in the size t'ange would allow rotors of up to 9-11 metres 
diameter to be tested. 'This diameter speotrum encompasses full soale rotors of small helicopters 
(up to about 2500 Kg) and the larger detailed model rotors considered previously. Again the fixed-wing 
airoraft ipdust~ts support for auch a tunnel would be necesaa~, as would the helicopter indust~'s 
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eupport of inoreased modelling faoilities. Nevertheless a EUropean tunnel in the 15-18m oatego~ would 
provide a sorely needed full-soale testing oapability - albeit somewhat limited. In faot it is to be 
expeoted that novel rotor systems whioh make use of new materials, oontrol systems or ohanges in 
ae~namio operation will appear over the next few years; and in auch instances it will probably be 
deemed prudent to build a "demonstrator" vehicle before proceeding further even if wind-tunnel tests 
eta. prove satisfaoto~. A small helicopter suitable for use as a demonstrator would probably be of the 
order of 2000-2500 Kg all-up-weight with a rotor diameter of some ten metres. It would of ccurae be most 
desirable if the aotual flight rotor system of al1)" demonstrator aircraft could be throughly tested in a 
wind tunnel prior to flight and this would certainly be feasible it a tunnel of the order of 18m were 
available. 

Before finishing this discussion of wind tunnel requirements for helicopters there are a couple 
of fundamental points peculiar to helicopter rotors that are worthy of mention. Changes in the operating 
altitude, and hence air density (see Chapter 2), or the execution of manoeuvres involving pitching or 
rolling rates, which bring gyroscopio forces into play (ref. 19), can give rise to signifioant variations 
in the ae~namio and/or dynamic behaviour of rotors. Presaurised tunnels and/or specially designed rotor 
models would allow study of the influence of altitude, but the use of full-scale flight hardware rotor 
systems in tunnel tests would of course preclude suoh a study unless the tunnel working pressure could be 
reduoed below atmospheric. The simulation of pitching or rolling angUlar velocities with a wind tunnel 
model is obviously almost impossible and these manoeuvre-conditions will remain a province of flight 
testing. 

6. CONCLUSIONS 

)!uoh valuable experimental work can be done with rotor models of 3-4- metres diameter for whioh 
wind-tunnels of 5-7 metres breadth with maximum velocities of the-order of 130 m/s are required. The 
majority of generalized rota~-wing investigations will be done with suoh models. The improvement of 
modelling teohniques to allow detailed simulation of rota~-wing struotures and control systems would 
require a oonsiderable expansion of resources in the area of modelling facilities and, with the present 
eize and organisation of the EUropean helicopter indust~, this appears somewhat unlikely. 

It is reoommended that a large wind-tunnel of some 25m test seotion breadth with a maximum velooity 
of at least 130 m/s should be provided to enable the rnajorit,r of helioopter rotors to be tested full-scale. 

If so large a tunnel oannot be provided then a tunnel of 18m breadth would be of considerable use 
to the helioopter indust~. Suoh a tunnel would enable rotors suitable for helicopters up to about 

2000-2500Kg all-up-weight to be tested full-scale; and so provide a means of testing novel rotor systems 
of suffioient size to be used on a "demonstrator" flight vehicle. 

Either faoilit,r however must be supported_in_th~main by the fixed-wing airoraft indust~. 
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ACOUSTIC OONSIDERATIONS FOR NOISE EXPERIMENTS AT 

MODEL SCALE IN SUllSONIC WIND-TUNNELS* 

by 

T. A. HOLBECHE 

J. WILLIAMS 

Aerodynamics Department, Royal Aircraft Establishment, 

Fa.rnborough, Hampshire, England. 

The need for win&-tunnel model experiments on aircraft noise is first 

briefly reviewed, the advantages and problems relative to flight testing being 

summarised. The basic requirements for model noise investigations in tunnels 

are then analysed with particular attention to similarity conditions, noise 

measurement constraints on model and tunnel sizes, the parasitic effects of 

background noise, and the various faotors contributing to the generation _of_ 

background noise. The speoifio contributions to tunnel noise from the tunnel 

drive fan, the tunnel cirouit, the test-seotion mainstream flow and the parti­

cular test-section boundary conditions are each disoussed, along with possible 

noise alleviation techniques and tunnel correction-factor difficulties. 

The features of some existing tunnels whioh are known to have been employed 

already for model noise experiments are outlined in Appendix A. A bibliography 

of about 120 published papers specially relevant to acoustic considerations for 

modal noise testing in subsonic tunnels is provided by Appendix B. 

* RAE Technical Report 72155 (July, 1972) with minor correotions. 
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nlTRODUCTICH 

The prediction and minimisation of aircraft noise, particularly during subsonic flight conditions 

appropriate to airfield operations and associated climb-out/approach-descent paths, have now assumed equal 

importance to those of aircraft performance and handling aspects, for civil and military transport projects 

at least. Currently, most experimental noise research for practical airoraft applications can be carried 

out thoroughly only under static conditions, provided~by outdoor test stands or anechoic chambers, being then 

complemented by qualitative corrections from some crude or specialised flight ohecks. Although there do 

exist a few small-scale 'neaI'-anechoic' wind tunnels, while a large one has recently been constructed at~ 

NSRDC Garderock, MD, USA (1-15), most sizable tunnels were designed with little concern about noise model 

testing as distinct from aerodynamic model testing (including unsteady pressure measurements). These latter 

tunnels, if left acoustically untreated, tend to act ~ reverberant chambers and ducts which amplify signifi­

cantly aircraft-model generated noise, while at the same time generating embarrassing background noise them­

selves. 

Thus, any examination of possible new subsonic-tunnel test facilities or of possible improvements to 

existing tunnels, must be influenced not only by projected aerodynamic test conSiderations, but also by the 

increasingly important demande to determine the distribution of noise around future airframe/engine designs 

under relevant flight conditions, particularly in relation to studies of airfield performance capabilities 

(GTOL, mOL, STOL, VTOL). :furthermore, while many of the desirable tunnel-design fea.tures to ensure good 

noise testing are similar to those for good aerodynamic testing (e.g. minimisation of airflow separations), 

others could be strongly conflicting. Thus, as the respective needs and design features become better 

appreoiated, the inherent compromises or penalties necessary to achieve an acceptable dual-purpcse tunnel 

will have to be properly assessed; possibly even leading into a comparative appraisal of the cost-productivity 

of such a combined facility as against two complementary tunnels biased individually towards aerodynamic and 

noise testing. 

The present study waS especially stimulated by a demand to explore quickly the test conditions and 

teohniques necessary for making reliable acoustic measurements on aircraft models with powered noise sources 

in subsonic wind tunnels. Apart from conSiderations of tunnel-design features, this raises a variety of 

interacting problem areas simultaneously from 'acoustic and aerodynamiC viewpoints - which themselves can be 

interdependent (Fig.2). In particular, the essential features of the airframe and power sourCeS have to be 

carefully selected and th~ appropriate model/rig design techniques critically applied, taking into account 

tunnel testing constraints and measurement limitations, to ensure adequate simulation for research purposes 

and for predicti~on of practical full_cale effects. 

Firstly, the need for wind-tunnel model experiments is briefly reviewed, the advantages and problems 

-relative to flight testing being summarised (section 2). The basic requirements for model noise investigations 

in tunnels are then analysed (section 3), with particular attention to similarity conditions, noise measurement 

constraints On model and tunnel sizes, the parasitic effects of background noise an~ the various factors 

contributing to the generation of background noise. The specific contributions to tunnel noise from the 

tunnel-drive fan, the tunnel Circuit, the test-seotion mainstream flow and the particular boundary conditions 

are then discussed in turn (section 4), along with possible noise alleviation techniques and tunnel correction­

fa9tor difficulties. The concluding remarks (section 5) Serve to summarise the major problem areas as regarde 

tunnel_design and models for the investigation of mainstream flow effects on aircraft noise, and to refer to 

some further studies proposed on relevant techniques including consideration of possible 'mobile' rigs as . 
complementary or alternative facilities to wind tunnelS. 

Appendix A outlines the features of some existing tunnels which are known to have been employed already 

for model noise experiments. Appendix B provides a bibliography of about 120 published papers specially 

relevant to acoustic considerations for model noise testing in subsonic tunnels. It should be noted that 

the allied problems of the influence of tunnel noise on model aerodynamics are not considered explicitly here. 

2 NEED FOR WIND-TUNNEL MODEL EXPERIMENTS Oll AIRCRAFl' NOISE 

The aircraft designer is nOw faced with the problem of predicting, assessing .md guaranteeing the noise 

field from future aircraft projects to a much greater accuracy than hitherto, while at the same time achieving 

much lower noise levels and improved airfield performance, as well as employing novel airframe/engine schemes. 
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During the next decade, prediotions t.o within ±1 or ±2 dll may have to be attained, along with about 20 dll 

reduotion in noise levels at airport boundaries (e.g. 110 PNdll to 90 PNdll) ~d in the surrounding populated 

areas. Similar reduotions are also desirable for some military operations; not merely for transports but 

also for low-level searoh, reoonnaissance, and rescue aircraft. Moreover, suoh improvements are required 

with minimum penalties on aerod,ynamic, struotural and propulsive effioiency. Many of these demands tend 

to make the resultant noise field much more sensitive to airoraft oonfiguration, powerplant installation, 

and flight oonditions. 

The oomplexity of the noise estimation prooess oan be appreoiated from the simplified breakdown 

illust7ated in Fig. 1, where also the noise factors affeoted direotly by the presence of relative main­

stream flow are indicated. Thus, apart from oonventional static and meteorologioal effeots, unoertainty 

in predictions of f~field sound pressure levels and speotra arise from poor lmowledge of flow-field 

effe'ots on engine noise and its diffraction by the airframe, together with noise arising direotly from air­

frame aerod,ynamios - including the wing-lift augmentation devices. In turn, such effects influence some of 

the radiation factors (direotivity and atmospheric attenuation), and ultimately some subjective factors 

(e.g. through broadband spectrum and pure tones), required in the calculation of f~field noise annoyance. 

For the olarifioation of such effects, and for guidanoe towards the formulation of reliable theo,retioal 

frameworks and prediction methods, experimental research and development studies are essential at model 

. soale in suitable anechoic wind tunnels, as well as at full-scale. 

Wind-tunnel testing of an appropriate model noise generator oan provide in prinoiple most of the 

necessary features of flyover noise generation and, in complementing or superseding muoh of the relevant 

flight testing, offers a variety of advantages similar to those often ar~ed aerod,ynamioally. For examplel-

(i) The test environment oan be more preoisely oontrolled and repeated. 

(11) The airoraft model condition and oonfiguration can be varied systematioally without unwanted 

restraints from fl;rin@-quality and flight-safety requirements • . 
(iii) Speoial research tests can be undertaken on partial models and _uncon'lentional models, to 

clarify particular noise features, to check directly possible theoretioal treatments or prediction 

methods, and to explore novel concepts quickly. 

(iv) Usually, measurements oan be made more preoisely and extensively. 

(v) Usually, the tests can be oarried out more eoonomioally, flexibly and quickly. 

(vi) The elimination or oontrol of ground reflection effeots and of relative motion between the 

noise source and the meaeuring point (Doppler effeot) oan facilitate analysis greatly. 

Likewise, with wind-tunnel testing, there arise oertain disadvantages or problems which must not be 

,ignored, for examplel-

(i) For adequate simulation at model scale, oertain geometrioal features have to be seleoted for 

representation and some noise/aerod,ynamio similarity parameters have to be reasonably satisfied or 

properly interpreted. The speoial difficulty of adequately simulating the powerplant noise souroe 

and radiation oharacteristics, other than perhaps pure jet noise, represents an area in whioh muoh 

pro~ss is needed soon. 

(ii) Parasitio unaoceptable noise fields oan be produced automatically by the t~l testing 

environment, unless speoial preca~tions are taken. These inolude reverberation or standing waves 

caused by reflection from the tunnel walls and around the tunnel oircuit, the intrinsio noise of the 

tunnel in operation, and the noise associated with flow over the measuring miorophones and over the 

model rig. 

'lhese will be disoussed later in relation to open-return tunnels (straight through) and olosed-return 

tunnels (complete-oircuit), with speoial reference also to open test-seotions (free-boundaries) and olosed 

test-sections (wall boundaries). 

3 BASICRFll,UIREMENTS FOR MODEL NOISE EXPERIMENTS IN TUNNELS 

3.1 Model similarity considerations 

For wind-tunnel tests on model noise, with partioular referenoe to the influenoe of mainstream speed, 
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the seleotion of a simplified partial model to represent adequately the primary features of the practioal 

full-soole problem to be explored presents as usual a major diffioulty. Furthermore, apart from questions 

relating to geometrioal Similarity, appropriate values of certain major similarity parameters ought to be 

reproduoed to aohieve similarity for both airflo~ and aooustio fields, at least within a limited test 

range. Sinoe the experiments of neoessity inoo~orate aerodynamio effeots, the olassioal rarameters of 

mainstream l.\8.oh number (Vola.) and airframe Reynolds number (V",//voo ) remain signifioant. other aero­

dynamio parameters also need to be introduoed for partioular tests; such as effeotive dynamio pressure­

ratio of jet-efflux to mainstream-a.ir [(pv2)/(peoi!eo)J if powered.-lift systems are to be inoorporated, or 

blade ti~peed to mainstrean>-speed ratio (V/Voo> and Froude number (v;,/gt) in the oase of lifting rotor 

tests. 

Sinoe acoustio effeots are of primary interest, some of the aerodynamic-representation demands may 

possibly be relaxed, provided the deficiencies i~!olved are well appreoiated and allowed for. As regards 

acoustio Similarity, mainstream Maoh number (Va..J assumes special 'significanoe along with other partioular 

parameters, suoh as jet-speed and density ratios in relation to jet-mixing noise aspects; or blade tip Mach 

number and aerodynamio loading for rotating blade noise. Further soaling laws for appropriate noise frequen­

oies f (or wavelengths A) also need to be int:oduoed; e.g. identity of the noise frequency-parameter 

(ft/V) in the case of a simple jet of diameter t and velocity. V, or in the case of a rotating blade of 

linear dimension t and velooity V at its ref~renoe section. 

In attempting to ensure realistic tunnel testing conditions, correct representation of relative air­

speed Veo thus beoomes of high priority, beoause of Mach number effeots both acoustioally and aerodynami­

oally - under high-lift conditions at low Veo as well as at high Veo' In prinoiple, the use of a working 

fluid with speed of sound lower than air (e.g. CO2 or Arcton) oould offer some advantages. Provision of 

high Reynolds number, though desirable at least from aerodynamio aspeots, as usual becomes diffioul t because 

of various restriotions on model size. Again, in prinoiple, the use of a working fluid of lower viscosity 

than air (e.g. Freon 12) oould offer some advantages. 

The aohievable modsl aize~ apart from manufacturing/coat/handling problems, is influenced as usual 

aerodynamioally by the relative size of the available test-seotion and the boundary oonditions, in order 

to minimise tunnel oonstraint effeots on model aerodynamio behaviour and to ensure adequate acoount oan be 

taken of suoh effeots. Simple aooustic r~uirements oan of oourse be formulated as regards the aooeptable 

absorption/refraotion properties of the test-seotion boundaries in terms of the oharaoter and extent of the 

model noise souroe. However, some novel tunnel testing constraint factors have also come to light from our 

deliberations on noise measurement requirements in tunnels, as argued in the next sub-section. 

3.2 Noise measurement constraints 

Usually, to faoilitate analysis of model noise measurements and extrapolation to full-soale far-field 

conditions, the noise measurement looations must be situated in the 'free-field' portion of the model-source 

fa~field. Rere, the partiole velooity is primarily in the direction of the sound propagation and the sound 

pressure level varies almost inversely as the square of the distanoe (apart from atmospherio attenuation), ,-
i.e. deoreases 6 dB for eaoh doubling of distanoe. Fig.3 illustrates how this free-field region is bounded 

b.1 the near-field region of the souroe and the reverberation field of the enolosure, in both of whioh noise­

field measurements ~~ll be diffioult to interpret. Even if the test-seotion boundaries ar~ acoustically 

fully absorbing, allowance must be made for the faot that free-field measurements sho~~not be attempted 
...... 
- olo~er than about one-<Iuarter wavelength from the absorber. Moreover, when the boundaries are not fully 

absorbing, the interference region may extend several wavelengths from the absorber - depending on its 

reflection'ooeffioient/frequenoy oharaoteristios, so that the extent of the souroe free-field can be 

considerably reduoed (4-3). 

For tunnol tests, the extent of the source near-field region oan have an important bearing not only 

on the measurement region available, but also direotly on the size of test-seotion required. In general, 

this extent,depends on the souroe type (monopole, dipole, quadrupole), wavelength and intensity. But it 

is roughly of the order of one or two wavelengths, whioh therefore makes the lowest test-frequenoy required 

the important criterion. For example, on the basis of some ourrent model research (about 1/10 full-scale) 

on external jet-flJ.p noise, test measurements down to 250 Hz (or lower) oan be required. Thus an appro­

priate tunnel must\have a test-seotion radius of at least 3 m (or more) to ensure that proper far-field 

oonditions oan be reaohed (within the test-section) down to the required low frequency limit - fmin of 
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interest. If, as the model scale dimension d is inoreased, similarity may be retained on the basis of 

frequency parameter (say fa/V), then f~in « 1/d so that the maximum wavelength of interest 1..nax '" d, and 

the required tunnel radius increases proportionally also. 

Correspondingly, the high-frequency limit of interest tends to increase with reduced model scale, 

depending on the assumed scaling law. Thu3 restriotion of the smallest model scale can oocur since practioal 

problems are, likely to arise in attempting noise meas.urements much above 20 kHz, on aooount of the more 

rapid attenuation of noise by the tunnel air as the frequency is increased. 

This will oause an asymmetrio distortion of the noise field, in particular greater loss occurring 

upstream than downstream, for which corrections could become extremely difficult. Moreover, as discussed 

further below, measurements at very high frequencies bring in problems of reduced microphone sensitivity 

and lower Signal/nOise ratio. Also, for natural reasons, there are experimental advanta.ges in restricting 

the frequencies of interest to within the aural range when possible. Thus, from acoustio measurement 

oonsiderations, the minimum acoeptable size of model can be constrained by such practical difficulties 

with very high frequency measurements; while, as previously discussed, the maximum size of model (or minimum 

size of tunnel) is restrioted by the need to achieve fa~field conditions within the tunnel test-section. 

In order to ensure adequate frequenoy response and spatial res~lution, measurements at high frequencies 

(short wavelengths) require microphones of small diameter - to maintain a suffioiently small ratio of 

diameter/wavelength. Unfortunately this leads to a loss in sensitivity which beoomes particularly aoute 

at very high frequenoies assooiated with small model scale. For example, the upper frequenoy limit of 

measurement may typically be raised from about 18 kHz to about 140 kHz by changing from a microphone capsule 

of 25mm (Un) diameter to one of 3mm (iin) diameter, but then a sensitivit;r loss of some 35 dlI is inourred. 

Thus, to maintain the original Signal/noise ratio with a given source SPL, the electronic background noise 

of the measuring system must be correspondingly reduced by restricting its effective bandwidth with filters 

or equivalent techniques. Hence, a simple broadband measurement technique can no longer be applied. 

It is also worth noting that the dynamic range (signal/noise ratio) of most measurement and analysis 

systems is far less than that of the miorophone alone; rarely exceeding 60 dlI and typically not more than 

45 to 55 dlI when a tape recorder is inoluded. Beoause of this restriotion in dynamic range, microphone 

transducers of suffioiently large intrinsic sensitivity must be selected so that the dynamic range of the 

system is fully utilised whenever possible. This may sometimes require some saorifice of upper frequency 

limit and spatial resolution. 

3.3 Background noise effects 

The noise field of primary interest is naturally that from the representative 'model' (airframe with 

power source), as modified by the influence of the tunnel mainstream flow on the model's acoustic character­

istics and airflow field (Fig.2). All other noise sources, which either directly or indirectly contribute 

to the unwanted background, need to be minimised by careful design of the tunnel and experimental rig. 

Obviously, to permit reliable experimental analysis, the acoustio power from model noise souroes must be 

suf£iciently large in comparison with background noise. 

In this conneotion, it is important to realise that the model-source noise level available for measure­

ment may prove almost independent of model 'scale, assuming acoustic/aerodynamic Similarity is being attempted. 

A simple illustration of this follows from a basic experiment involving a model jst-noise-source (diameter d) 

where the sound pressure level (SPL) at the measuring point (distance R) is roughly proportional to d2/R2 

as the experimental soale is varied. However to satisfy the far-field measurement conditions (aooustic 

and aerodynamio), R must exceed nd, a presoribed number of diameters (typically of ths order 10). Thus 

the maximum measurable SPL beoomes independent of d, i.e. of the experimental soale, which itself is 

limited by the scale o£ the tunnel (diameter > 2 nd). 

Where measurements at discrete frequencies only are required by the experimental investigation, narrow­

band analysis or correlation techniques may be employed with advantage to increase the effective disorimina.­

tion of the periodio signal against the background noise. Even so, oare is still neoessary to ensure that 

the measurement system is not overloaded by the background noise at other frequencies (normally lower). 

Furthermore, the applio~tion of such correlation teohniques implies the provision of adequate spatial 

separation in relation to the wavelength of the acoustic disturbance being measured, thus introducing 

another oonstraint on aoceptable tunnel size. Provided a direotional response is aooeptable, suooessful 
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measurements giving improved discrimination against backgroWld noise can also be obtained With a probe 

microphone. This operates across a relatively narrow frequency-band where the resonances in the probe 

duct are sufficiently well damped to ensure reliable performance. Although its use requires considerable 

care, including a full appreciation of its frequency characteristics, the probe microphone maJ in certain 

circumstances be the only practical alternative to the more commonly used wide-band linear-response omni­

directional microphone. 

More generally, where broadband measurements are essential such as for the determination of overall 

SPL with a view to definition of say a 'noise footprint' at full-scale, then the backgroWld noise level 

must clearly be reduced to well below the model noise-source levels. A useful working datum is that, 

provided the difference between the total noise measured and the backgroWld level exceeds about 10 dB, 

the oorrection to the overall measured noise level in order to derive the model-source contribution is 

below about t dB, i.e. probably negligible. 

3.4 BackgroWld noise generation 

The principal factors contributing to the baokgroWld noise level are also included in Fig.2, and 

these can conveniently be discussed in turn. 

(i) External ambient noise 

This warrants particular oonsideration in the design of 'straight-through' type tunnels, and for 

'open-jet' test-sections where the test-section volume should be surroWlded by a large anechoic Chamber. 

One existing straight-through open-jet 'anechoic' tunnel required extensive muffling at the tunnel inlet, 

with attendant pressure-drop problems, to reduce the noise convected into it from outside. Although 

structural transmission of mechanical vibration and motor noise from the tunnel-drive system may require 

special precautions, external noise should not present a problem in closed-cirouit tunnels of reasonably 

rigid and solid construction. 

(ii) Model rig noise 

Air supplies to model jets and fans, or to resonanoe-tube type generators, may lead to extraneous 

valve or pipe~ork noise together with vortex,shedding noise from Wlfaired model supports, wires, etc; 

for example, see Fige.7 and 8. Additionally, the complementary aerodynamic interference by the rig on 

the model aerodynamics can lead to parasitic changes in tbe model-generated noise field. 

(iii) Noise from measurement devices 

The broadband self-generated noise from microphones in airstreams is well appreciated and Can be 

minimised by careful design and intelligent use; for example, see Ref.5-4. Another fWldamental problem 

_ arises at high frequencies when the sound wavelength is of the same order as (or less than) the microphone 

diameter. Under these conditions, the diffracted field due to the microphone is superimposed on the 

incident field and lead'] to a very directional response characteristic. Thus oorrections to free-field 

conditions then become increasingly significant and more difficult. ~ 

(iv) Residual backgroWld noise 

The remaining noise elements may be considered to make up the 'intrinsic' tunnel noise background. 

The relevant origins and effective attenuation methods are discussed under appropriate s~headings in the 

next section. 

4 INTRINSIC TtiNNEL NOISE AND ATTENUATION" ME'lliors 

In general, because aerodynamic noise is associated with unsteady flow conditions, those qualities 

needsd for a tunnel of good aerodynamic design ensuring uniform low-turbulence flow in the test-section 

also help towards providing a quiet tunnel. Such features include the minimisation of separated flows 

'round the whole circuit, good fan efficienoy, and careful choice of diffuser, oontraction, resistance 

screens and cooler. The aohievement of low turbulence may be particularly important both as regards 

reduction of t\utnel fan noise and avoidance of unrepresentative intake conditions during noise tests on 

say model lift-fans, 'which may result in spurious noise radiation. The corner or turning vanes in a return 

cirouit must also be designed to avoid 'singing', i.e. noise from vortex shedding. 

To be speoifio, attention has been restricted here to the continuously-running atmospherio facility 
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employing a fan drive (e.g. Fig.4), though many of the points raised can have relevance to other types. 

The following sub-sections deal in turn with noise-generation aspects of the tunnel-drive fan, the tunnel 

Circuit, the test-section mainstream flow and boundary conditions. 

4.1 Tunnel-drive fan 

The results of some careful and detailed investigations into the sources of background or intrinsic 

noise in the 3m diameter subsonic open-jet closed-return tunnel of the DFVLR (Porz-Wahn, Germany) have 

been given by Schulz (1-1, 1-2), including an informative microphone traverse around the entire tunnel 

cirouit (Fig.5). 'llie principal noise was found to come from the tunnel-drive fan, the sound pressure 

level increasing as the fifth power of the rotational speed and generally increasing with any rise of the 

fan 'modulus' or advance ratio (the ratio of axial-flow speed to tip-speed) from change of pitch setting. 

The position of minimum noise w:,s found to be at the collector mouth (downstream of the test-section), 

the level rising some 10 dB towards the jet-exit (upstream of the test-section). In-duct sound-absorption 

teohniques, including the fitting of wall liners and a splitter on the upstream side of the fan, effected 

a 10 to 15 dB improvement at the collector mouth, though only a minor improvement at the jet exit. However, 

the fan itself was apparently not modified, nor were in-duct sound absorption techniques applied downstream 

of the fan. 

There is now a comprehensive literature on fan noise in ducts and some relevant references are collected 

in Appendix B (sections 2 and 3). For the purpose of the present discussion, some qualitative points can 

usefully be summarised:-

(i) The noise is usually of broadband dipole type arising from lift fluctuations on the blades, 

associated with vortex shedding at the trailing edges. Superimposed on this spectrum are discrete tones 

at the-blade passing frequency (BPF) whose intensities are a function of tip speed as well as inlet 

turbulence. 

(ii) Quadrupole noise may also arise due to inflow turbulence. Together with item (i), this implies 

that steps must be taken to ensure the smoothest possible intake flow. 

(iii) The fan should run at the lowest possible rotational speed, preferably with a tip-speed not 

exceeding half the local speed of sound. Moreover, as tar as possible, the fan should operate near to its 

position of maximum pressure rise (on-design) since this tends to coincide with minimum noise generation 

and with the blades well olear of the stall. This in turn implies low or moderate blade incidence. Blade 

design (section, camber, incidence, twist, aspect-ratio, etc.) is therefore all important along with the 

character of the inflow distribution. Qualitatively, minimum noise occurs for a fan having small blade 

chord (1-10), slender blade profile, and blade spacings of the order of one-half to one chord length (2-1). 

(iv) If the length-scale (L) of inflow turbulence is small compared to the transverse spacing (D) 

between the fan blades (e.g. LID < 0.5), then the BPF noise contribution usually disappears though the 

level of broadband noise tends to rise (2-2); a hon~ycomb fixed upstream of the fan can also be benefioial. 

(v) Any stators or fan hub supports must be located well away from the fan disk and preferably be 

round-nosed to avoid flow separation. 

(vi) With straight-through type tunnels, BPF noise is reduced considerably if the intake duct i8 

bell-mouthed rather than sharp-edged • 

./ (vii) The number of in-duct straightening vanes should not be an integral multiple of the number of 

fan blades. This is important in closed-return tunnels. 

(Viii) Schemes for fluctuating-flow attenuation at the fan tips, or for acoustic absorption over 

nearby surfaces, could be usefully considered. 

For example, some recently published work (2-34) on a model ventilating fan shows considerable noise 

reduction when the blade tip region is made of porous metal or of porous plastic material, with quite 

small increase in driving power for a given mass flow. 

More generally, in view of the close relationship between fan efficiency and the fan noise radiation, 

optimisation of fan performance ehould form an integral part of the tunnel operation routine, including 

the incorporation of variable blade-pitch and possibly even the facility to alter the blade-camber or twist. 
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4.2 Tunnel circuit 

(i) CrosB-section 

For a prescribed circuit length, designing for minimum win~swept area of the duct can assist in 

restricting the amount of noise arising from wall-p~ssure fluctuations. Thus, On this count, a circular 

crosB-Seotion may offer an advantage over non-circular, although possibly at the expense of additional 

engineering complexity. Also, the area of duct wall in contact with relatively high-speed flow should be 

kept as small as possible, commensurate with other 90nsiderations; a point nominally in favour·of the 

open working section, though the free-boundary mixing effects are objectionable. 

(ii) Basic circuit design 

In designing a new facility, special attention must be paid to the avoidance of flow separations of 

the ducted airflow, in view of their significance as sources of nOise, as well as of aerodynamic inefficiency 

or unsteadiness. Particularly important regions include those in immediate proximity to the test-seotion 

e.g. in the first diffUSer particularly at the entry (or collector cowl), and at the ends of the contraction 

(or no~zle), together with those adjacent to the driving fan. Prevention of possible wake oscillations 

from corner vanes and the like is also vital, to pi"clude tone generation or • singing' • There might also 

be a case for .providing adequate distance of the model upstream of the tunnel corner vanes to el10w the 

total wake from the model (and rig) to be effectively dissipated before passing through them, subject of 

course to maintaining acceptably low aerodynamio interference. 

(iii) Noise suppression 

For a large cylindrical wind-tunnel duct, the sound cut-off ·frequency may be so low as not to offer 

in itself an effeotive practical means of noise suppression; e.g. perhaps as low as 20 Hz for a 10m 

diameter duct. Fortunately, for existing tunnels where radical modifications are not practicable to 

provide low noise design features along the lines already mentioned, direct sound absorption.techniques 

can be applied to achieve some reduction of broadband noise levels by means of duct linings, splitters, 

mufflers, etc. (Fig.4). However, a particular problem arises in applying such techniques to wind tunnels 

beoause the efficiency of the absorber is progressively reduced as the duct airspeed increases. At least 

two fundamental factors have to be consideredl-

(a) At frequenoies above the duct cu~ff frequency, the broadband sound energy will not propagate 

uniformly along the duct, but rather in various modal patterns determined by the ratio of duct 

diameter to wavelength. At some frequencies sound will be concentra.ted along the duct axis, or away 

from the absorber surface in other frequency zones, thus reducing the absorber effectiveness in 

these cases. 

(b) Because of the convective effect of the duct airflow, absorption of sound travelling downstream 

becomes less than that upstream. This implies that, for a given attenuation, duct absorbers would 

1u>ve to be lengthened in the streamwise direction compared to the. statio condition; by a factor of 

about ( 1 + M) from simple arguments. The acoustic resistance of the absor~r is also affeoted by 

the local airspeed in the duct, while the amount of sound absorption can vary with the angle of 

inoidenoe to the surface. All this naturally suggests that the most reliable region for the 

application of in-duct absorption techniques is where the airflow speed is a minimum, i.e. in the 

tunnel settling chamber before the contraction or well downstream of the diffuser.-·--

'(iv) Absorber design 

The deSign of absorption features for wall treatments, in-duot splitters and mufflers has progressed 

. considerably for ventilation systems where flow speeds are low, but it is not certain that there exists 

adequate capability for designing a system which combines good broadband absorption with minimum pressure 

loss and little self-generated aerodynamic noise. Some possible schemes for application of these tech­

niques to wind tunnels are sketched in Fig.4 though they are not all intended to be applied simultaneously. 

The modifications to the existing DFVLR tunnel (1-2) (Porz-Wahn, Germany) and the design of the new NSRDC 

'aneohoic'.tunnel (1-15) (Carderock, MD, USA) provide useful overall examples. 

As regards in-duct splitters, commercial versions are usually designed to work on flow velocities 

below 15 m/s (50 ft/s), so there is naturally no flow-noise data above this velooity. The flow losses 

resulting from the insertion of such splitters into the tunnel represent an important design oonsideration. 
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The absorption of high.-frequency noise will require closely-spaced splitters, whereas low frequency 

absorption will require large absorber lengths, both leading to increased losses of flow total head. In 

the NSRllC anechoic tunn~l (Fig.9), acoustic mufflers are l~cated upstream and dOlillstream of the driving 

fan to alleviate fan nOise, particularly in the low frequency range at test-section windspeeds up to 

60 mls (200 ft/s). Each muffler consists of two sinuous absorbing splitters in the middle of the tunnel 

~d one along each wall. The larg_radius sinuous bends are used to avoid flow separation, and also to 

provide additional high-frequency noise reduction by eliminating an unobstructed linear sound-path through 

the muffler. This sinusoidally-curved type of passage also increases the effeotive acoustic length of 

the passage for a given length of muffler. The total head losses estimated for each muffler, at a test­

seotion velocity of 60 m/s (200 ft/s), were roughly 1.% of the overall loss round the tunnel circuit, and 

about the same as the loss through the cooler or through the 'anti turbulence screen' section. 

Some tunnel designs may have to utilise 900 corner splitters for space reasons, in combination with 

or instead of 'straight-duot' splitters (Fig.4). But, at present, basic information is lacking for 

comparative purposes; for example to ascertain the length of straight splitter which would give the same 

absorption per bandwidth as a 900 corner splitter. 

The usefulness of simple absorber techniques applied to the surfa('.Ss bounding a tunnel test-section, 

as a means of providing a 'semi-anechoic' enclosure, can be illustrated by experiments with the 24ft open­

jet closed-return tunnel at RAE Farnbol'ough (Fig.6a). The floor, the ceiling and the outside of the 

internal wall of the return-circuit have all been lined with porous polyether foam sheet of 7icm (3in) 

thickness, along with a matching 'wall' oomprising an absorption curtain which is retractable to permit 

ready access to the test-section. The results of Some preliminary ton_burst tests, in which a simple 

electroacoustic noise source was used radiating at right-angles to the tunnel axis and with the omni­

directional microphone Bome 2il m (8 ft) below the tunnel centr_line, are shown in Fig.6b. Whereas there 

WaS quite negligible refleotion at 12.5 kHz and 6.3 kHz, some reflected sound is evident at 3.15 kHz though 

the relative levels of -20 dB (and greater for subsequent reflections) are seen to be insuffioient to 

modify the direct field to any appreciable extent. In fact the present treatment allows noise tests down 

to frequencies of about 2 kHz before reflections become troublesome. 

More detailed noise calibration of the RAE 24ft tunnel is now being carried out, and further sound 

absorber treatment is to be applied around the test-section in an attempt to precluds troublesome reflections 

down to usable test frequencies of 250 Hz. No in-duct treatment has been provided as yet. 

(v) Significance of source type on sound convection 

The variation in the transmitted source power with airspeed along the duct (at frequencies well above 

out-off) can depend appreciably on the type of Source which is radiating. It has been argued (3-4) that 

'a simple convective correction factor is (1 ± M)2 for monopole radiation, unity for dipole sources - i.e. 

n~ convective effect, and 1/(1 ± M)2 for quadrupoles; where + and - refers to downstream and upstream 

conditions respectively. (he design consequence of this is that, if the fan noise can be regarded mainly 

of dipole- type, then it need not be positioned with convective effects in mind, but located more or less 

equidistant from the test-section boundaries; a practical choice of fan position depends of course on 

aerodynamic and engineering considerations as well as noise. 

4.3 Test-sectio!\.l!\ainstream flow and boundary conditions 

~(i) Qpen and closed test-sections 

At first Sight, an open test-section with a fre_boundary woul.d appear to be far more attraotive for 

model noise experiments than a closed test-section, particularly if the large chamber housing the open-jet 

is itself acoustically treated. The background noise emanating from the contraction nozzle and collector 

can radiate freely (at least hemispherically) along with that from tho model, with negligible reflections 

from external boundaries. Thus, in principle, the achievable lower limit to background noise may be 

expected to be set by the broadband noise produced by turbulence in the mixing region at the free-jet 

boundary. 

However the app3Tent need for 'spoilers' located at intervals round tbe jet nczzle exit, to suppress 

the formation of vortex ringe. introduces an important additional feature as regards the design of large 

open test-section tunnels':, where low self-noise is required. Any spoile~generated noise is presumably 

offset by the improved flow mixing and essential flow steadiness whioh they are intended to promote in the 

-~-
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main jet; the principle of some current types of jet-engine noise suppressors is similar. But little 

evidence seemS to be available as to how this would limit the background noise-floor attainable in suoh 

tunnels and as to whether better schemes than 'spoilers' are feasible. At any rate, without such form of 

vortex control, the formation frequency of tle vortex rings may ooincide with an 'organ-pipe' resonance 

frequency for the tunnel duct, thus posaibly setting up a longitudinal standing wave with disastrous 

effects on -tunnel performance or even on tunnel structure. Cases are known where this has happened in 

both 'closed-return' and 'straight-through' types of circuit construction. 

The extent of the region available for satisfactory measurements of far-field noise generated by the 

model 'is also of significance. Allowance must be made for the presence of the jet boundary mixing region, 

particularly since microphone self-noise increases considerably due to the interaction of the turbulent 

eddies with the microphone housing; relevant evidence is available from,some RAE tests. Figs.7 and 8 

give some, preliminary information on acoustic noise background levels as indicated by a microphone of 2.5cm 

diameter traversed through the open-jet of the RAE 24ft tunnel at a test-section windspeed of about 

36 m/s (120 ft/s). 

Within the tunnel mainstream, the measured baokground sound-pressure levels are less than in the 

boundary mixing region Or just external to it. Some tests currently being analysed indicate that the 

background sound intensity in a 1/3-octave band varies as the seventh power of mainstream-speed over a 

wide frequency range, which suggests that a major component of the noise originates from the jet-mixing 

prooess and is therefore of fundamental significance to tests with an open test-section. 

It will also be noted from Fig.7 that the wake from a vertical support tube of 15cm diameter located 

upstream of the microphone is associated with a very large inorease in background noise at all measurement 

frequency bands. The largest increases (of order 20 dB) are found to occur at low frequencies, and a 

similar effect occurs When the microphone is allowed to traverse the wake from the jet-stabilising 'spoilers' 

mount~d around the periphery of the nozzle. This effect has particular relevance to the necessity for 

careful design of model rig supports if generation of spurious noise is to be minimised in either open or 

closed test-sections. Additionally, in Fig.8, the pronounced peak in the noise spectrum at 1.25 kHz is 

almost oertainly due to tones from vortex shedding by the tube bracing wires in the airstream. 

Admittedly, for open test-sections surrounded by a relatively-large acoustically-treated chamber, 

it could be argued that reliable measurements may be taken with the microphones located in nominally still 

air well outside the jet boundary (not merely inSide). However, this would imply that the test frequencies 

must be suffiCiently low for the sound wavelengths of interest to be large compared with the thickness of ' 

the jet-boundary mixing region. Typically, this would appear to restrict measurable frequenoies to below 

about f kHz with an 8m diameter jet. Moreover, quite apart from suoh a restriction, there remains the 

considerable risk that such measurements taken outside the jet boundary will be falsified and also rendered 

unsteady due to scattering and refraction by the turbulent eddies within the mixing region. Thus, tenta­

tively at least, an important recommendation as regarde teohniques is that noise measurements should us~ly 

be taken within the uniform flow of the tunnel mainstream and well inSide the jet boundary. 

The major deficiency of olosed test-sections (with wall boundaries) for model noise measurements would 

seem to arise from the 'containment' of the noise emanating from the contraotion/first-diffuser, and from 

the possibility that transverse standing waves may be set up, between'the parallel ref~~oting walls (or 

'semi-reflecting) with the model noise source in operation. However, it can be argued that, with good tunnel 

design and acoustio treatment, the relevant tunnel background noise and wall-reflection interference effects 

on model noise oould be reduced to an acceptable level. Comparable standards to those for an open test­

section should certainly be aohievable, at least as far as background noise is concerned, particularly 

sinoe the expeoted advantages from freedom for noise radiation with an open test-section is oounterbalanoed 

by the disadvantages from jet-boundary mixing. 

More generally, from both acoustio and aerodynamic viewpOints, the open test-seotion has the obvious 

attraotions of ease of access for model-rigging and testing, along with better visibility sinoe transparent 

panels m~ not be aooeptable with acoustic treatment of closed test-seotions. Again, however, this is 

counterbalanoed by ~he greater difficulty of achieving reliable testing of half-models and ground-effects 

in completely open t~st-sections. 
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Overall, for model noise testing, no olear pref~renoe oan be firmly reoommended between open and 

olosed test-seotions without more quantitative analysis, possibly aocompanied by some comparative experi­

mental studies. 

(ii) Possible tunnel oorrections for reverberation effects on 
acoustic test results 

Because of the superposition of the reverberant field, noise measurements in an unmodified tunnel 

will be larger in general than the required free-field values, especially at positions far from the model 

noise souroe - as may be necessary to satisfy source far-field conditions. Thus, corrections become 

essential though there is little experience available as yet. 

One first-order correotion teohnique employs oomparative 'control' measurements, of the noise from a 

point sourCe under ambient conditions outdoors and then in the tunnel test-section win&-off, to eValuate 

the amount of reverberation amplification for the simplest 'statio model' over appropriate ranges of sound 

frequenoy and measurement looations. The resulting oorreotions aoross selected frequenoy bands and for 

the same relative positions of souroe and miorophone, are then applied direotly to the wind-on tunnel tests 

of the praotioal model. It should be stressed that the amount of the correotion depends on both the 

particular frequenoy band and the direotion of measurement, and possibly on the source-~trength. 

This technique has already been applied to some measurements of helicopter rotor noisep by Hiokey (1-6) 

in the NASA Ames 40ft x 80ft tunnel and more recently by Broll (1-5) in the ONERA Modene 8 metre tunnel 

(Sl~~). TYPically, the ONERA results imply that the correction deoreases as the centre-band frequenoy 

increases, i.e. being about 8 to 9 dB for the octave 180 Hz to 350 Hz but having praotically disappeared 

over the octave 2.8 kHz to 5.6 kHz. A similar trend is apparent in the Ames data though with a somewhat 

larger residue at the high frequency end of the measurement bands. This decrease with increasing frequency 

may reasonably be a characteristic of large tunnels. NeVertheless, the magnitude and spatial variation of 

the correction can pose severe difficulties of interpretation when attempting proper application to 

measurements of noise from a distributed rather than a local souroe. 

At the present time, ~ gross corrections of this nature are ~ undoubtedly expedient and useful for quali-_ 

tative noise estimates, and are certainly of interest towards evaluating the applicability of noise 

measurements in particular wind tunnels. However, the reverberant field may not invariably be diffuse 

(e.g. can include standing waves), while the corrections can be oomparable in magnitude to the changes in 

noise level being investigated in the tests (i.e. demand apcurate oorrections). Then, more refined correotion 

methods are essential, providing an area whioh clearly needs special investigation before the viability of 

existing 'aerodynamic' tunnels (untreated of simply treated acoustically) oan be aocepted for reliable 

quantitative measurements of mainstream ef~eots on the model noise field, particularly broadband. 

5 CONCLUDING RDlARKS 

5. 1 General back/ITound 

Aircraft design demands to ensure low noise in low-level flight have now become<of comparable importance 

to those for good aerodynamic characteristics, at least as far as the success of transport projeots is 

ooncerned. However, the available experience on powered-model noise testing in wind tunnels and on associated 

teohniques is currently very little, compriSing quite small efforts over the past few years, as compared 

with extensive aerodynamic testing on high-lift and VSTCL modelS over the last two decades~ 

Fbrtunately, as regards the investigation of relative mainstream effects on model nOise, mainly basic 

experiments on ~implified models in appropriate tunnels could be especially productive by providing adequate 

oorreotions (favourable or unfavourable) to results obtained from statio experiments on much more oomplex 

models, in a way not normally applioable to investigation of aerodynamic characteristics. Thus, while 

development of better tunnel facilities for adequate noise testing is vital, the foregoing aspect should 

be borne in mind when examining any compromises or additions to the design features of any new very-large 

V/STOL tunnel in order to permit adequate noise testing as well as the primary aerodynamio purpose. More­

over, if significant deficiencies or penalties would thereby be incurred in relation to the aerodynamio 

performance or coat productivity of this tunnel, the possible adequacy of particular model noise testing 

in a complementary large facility (different but specialised) would seem worth exploration. 
\ 
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However, it must be stressed that we cannot yet assess properly the degree of practical aerodynamic 

representation necessar,y to oover airoraft noise aspects, nor the degree to which any powered noise 

source itself will need to be represented at model scale. Moreover, the careful determination of forward­

sp3ed effects on noise may become increasingly significant because of demands.for even lower noise levels, 

~ater accuracy of prediction and the introduction of novel airframe/engine arrangements. 

5.2 Tunnel design 

Although specific recommendations on a particular wind-tunnel design for model noise testing have 

not been attempted here, we have examined and to some extent clarified some of the major factors involved. 

Primary tunnel design features on which further analysis and iebate will be necessary, before outline 

speoifications can be properly presoribed and useful cost-productivity assessments made, include the 

following:-

(i) Test-section speed range; particularly with ·respect to desired maximum Mach number (say up to 

100 mfs) and tunnel background noise levels then achievable. 

(ii) Test-seotion size; particularly with respect to far-field extent for measurements of model 

noise, and acoustio/aerodynamio interference from test-section b~undaries (seotions 3.2 and 4.3(ii». 

(iii) Test-section type; especially the choice needed between free and walled boundaries from 

noise aspects (section 4.3(i». 

(iv) Tunnel-circuit type; espeoially the choice needed between straight-through and close&-circuit 

from noise aspects (section 4.2). 

(v) Tunnel drive; especially fan design and position in duct, which we regard as particularly 

critical features for any noise-testing tunnel (section 4.1); also consideration of other drive schemes. 

or course, all these items are likewise important as regards model aerodynamic testing, but the 

optimum choices or preferences are not necessarily the same or immediately compatible. 

5.3 Model testing teChniques 

Primary aspects of model testing techniques which also demand further conSideration, because of their 

immediate bearing on tunnel utilisation and usefulness, includel-

(i) Model design problems; especially model power-source simulation as regards noise generation 

and associated airflow characteristics (seotion 3.1). 

(ii) Model rig problems; especially proviSion of adequate supports and 'feeds' to modelS without 

unacoeptable interference (section 3.4(ii». 

(iii) Measurement problems; especially 'separation' of model-generated noise from parasitic noi~et 

and achievement of reliable noise measurements inside (or outside) mainstream flow (sections 3.3 and 

:>.4(11i) ). 

5.4 FUrther analysis 

Vital relevant baokground on some of the items listed under sections 5.2 and 5.3 should become 

available soon from proving experience with the NSRDC specially-designed noise tunnel and other smaller 

faoilities, as well as from model-noise testing attempted in existing 'aerodynamio' tunnels·with simple 

acoustio modifications - e.g. the RAE 24ft. Additionai analysis based on this and our own further 

experienoe should then permit more specific recommendations to be made, at least on experimentel work 

essential to establish quantitatively the necessity for and the technical equipment required for reliable 

noise measurements with airoraft models in wind tunnels. This is vital not only in respect of providing 

detailed guidance towards the design of any new large low-speed tunnel speoially suitable for model-noise 

testing,-but also helping to ensure that existing facilities can be usefully adapted and employed in the 

interim period before such a new tunnel oould be constructed and fully commiSsioned (say 8-10 years hence). 

Apart from free-flight vehioles, there are of course other earth-bound alternatives to wind tunnels 

for model experiments under forwar&-speed conditions, which directly involve motion of the model in 

nominally still air •. Such 'mobile' facilities inolude for example the 'track' with rectilinear motion 

of the model on a 'rail-supported' carriage, the 'whirling-arm' with rotary motion of the model mounted 

towards the extremity of the arm, and the speciall~odified 'roa&-vehiole' running on a Bpeoiall~prepared 
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surface. Some of the demerits and merits of their use for aerodynamio testing apply equally well for noise­

testing but, as with wind tunnels, some radical new problems are then introduced. It is intended next to 

examine suoh mobile faoilities similarly from a noise-testing viewpOint, and ultimately to attempt to 

aes)ss the extent to which wind tunnels, mobile rigs, and flight investigations oould best be utilised.as 

a~ternative or oomplementary faoilities for noise researoh at forward speeds. 
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Appendix A 

SOW!] EXISTING TUNNELS USED FOR MODEL NOISE EXPERIMENTS 

This Appendix summarises the principal features of a few existing wind tunnels in which measurements 

of acoustic noise are known to have been made at model or full-scale in a mainstream. The brief particulars 

given are based on some information immediately ava~lable at this time and which is specially relevant to 

acoustic testing. Naturally, additional information not already contained in the references listed would 

be welcomed by the authors, along with any up-to-date amendments. 

2 

RAE 24ft low-speed wind tunnel (Fig.6)j Farnborough. UK 

Tunnel operational since 1934 on aerodynamic experiments, and only small aerodynamic improvements 

since. Substantial aerodynamic and noise improvements now under consideration. 

Open~jet test-section, with circular nozzle of 7.2m.(24ft) diameter whioh has spoilers fitted around 

its periphery. 

Closed return-circuit, with fan between collector and first corner. 

Maximum test-section windspeed 50 m/s (165 ft/s). 

Tunnel drive: 6-bladed fixed-pitch wooden fan of 9m (30ft) diameter. 

Max. rev/min 250. Installed power 1500 kW (2000 hp). 

Duct material:- prefabricated concrete; not lined. 

Chamber enclosing open test-section about 13.5 m x 1).5 m x 9 m (45·ft.x 45 ft x 30 ft). 

Test-section turbulence level high (u'/V ~0.3%) and some low frequency unsteadiness. 

Background noise intensity inside empty test-section mainstream flowl-

(i) varies approximately as V7 at high frequency, 

(b) «vP at low frequencies (of order BPF and low harmonics), 

(c) «vP overall in range 25 Hz to 20 kHz. 

OVerall sound pressure levels at 37 m/s (120 ft/s):-

~ 113 dB (re 2 x 10-5 N/m2) for range 25 Hz to 20 kHz 

~ 103 dB ( " ) " " 100 Hz to 20 kHz 

~ 95 dB ( " ) " " 250 Hz to 20 kHz 

~. 86 dB ( " ) " 2 kHz to 20 kHz 

(see Fig.8 for corresponding 1/3-0otave band SPL). 

Aoceptable test frequency range:-

From about 2 kHz upwards with present test-section enclosure lining using 7.5cm (3in) thick polyether 

porous foam sheet. 

Extension down to about 250 Hz planned by addition of absorber wedges to enclosure lining. 

DFVLR subsonio wind tunnel (1-1.1-2), Po rz-Wahn , Germany 

Tunnel operational from about 1960 on aerodynamic experiments, but 90me aerodynamio and noise 

improvements since. 

Open-jet test-section with reotangular nozzle of area 7 m2 (75 ft2). 

Closed-return circuit with fan between first and second corners. 

Maximum test-section windspeed 80 m/s (260 ft/s). 

Tunnel drive:- variable-pitch fan of 5m (16 ft) diameter. Max rev/min 380. 

Installed power 1000 kW (1350 hp). 

Duct material:- conorete; 

First diffuser and corner (upstream of fan) lined with sound-absorbing material and also fitted with 

sound-absorbing splitter. 
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Test-seotion turbulence level low (u'/V ~ 0.05% to 0.1% inside jet). 

Baokground noise level inside empty test-section 1-

SPL at 80 m/s _ 100 dB (A) re 2 x 10-5 N/m2 

of. 110 dB (A) without Bound-absorbing treatment. 

Baokground noise intensity variation (see Refs. 1-1 and 1-2)1-

Fan noise found to vary as (tip speed)5. 

Free-jet noise ~ V5 and is oonsidered to set lower limit on baokground noise level. 

3 OHEM large subsonic/sonic wind-tunnel S1 MA (1-5); Modane , France 

Tunnel operational from about 1959 on aerodynamic experiments. 

Olosed test-section, of oiroular oross-seotion 8m (26ft) diameter and 14M (46ft) length. 

Olosed return-circuit with twin fans between first and seoond corners. 

Settling ohamber 24m (80ft) diameter. 

Maximum test-section wind-speed M ~ 1.02. 

Tunnel drivel- twin oontra.-rotating ooaxial fans of 15m (49ft) diameter. 

Installed power 88000 kW. (Pelton water turbines). 

Duct mostly of metal sheet and unlined. 

Test-seotion turbulence level moderate (u'/V ~ 0.12%). 

Tunnel noise found to be broadband with a few tones at low frequencies whioh are attributed to the 

tunnel drive fane. 

Baokground noise inside settling-ohamber:-

SPL at test-section speed 

of about 100 m/e (330 ft/s) 
_ [ 100 dB at low frequencies 

falling to 80 dB at 2 kHz. 

Background noise resonances centred around about 1 kHz removed by placing screens acroes air exits 

from settling chamber. 

Helicopter rotor noise measurements attempted (1-5) but subject to reverberation effeots up to 

frequencies of 3 kHz (see section 4.3 (ii». 

4 NSRllC Oarderock anechoic test-facHi ty (Fig. 9. Ref. 1-15) j Maryland, USA 

Test-faoility completed in 1971 specifically for win&-tunnel experiments on noise. 

Open-jet test-section with neal'-hexagcnal nozzle of effective diameter 2.5 m (8.3 rt). Enclosed in 

anechoic ohamber 7.2m height x 7.2m width x 6.3m length (23.5 ft x 23.5 ft x 21.1 ft). 

Also,_closed test-section with n7av-hexagonal cross-seotion of 2.4m height x 2.4m width x 2.7m length 

• (8 ft x 8 ft x 8.9 ft). Walls acoustically treated. 

Olosed return-circuit with fan between second and third corners and with olosed test-section directly 

upstream of open test-section. 

Maximum test-section windspeed 60 m/s (200 ft/s). 

ofunnel drivel 24-bladed aluminium fan of 3.5m (11.5ft) diameter. 

Max. rev/min 500. Installed power 1600 kW (2140 hp). 

Duot materiall reinforced concrete with acoustio liner on diffuser sections. Speoial acoustic 

mufflers incorporated upstream and downstream of fan to attenuate fan noise. 

Test-section turbulence level low « 0.1% specified). 

Specified baokground noise level in empty test-aectionl-

SPL 1 Hz bandwidth at 60 m/s not to exceed about 62 dB below about 400 Hz, and not to exoeed about 

35 dB at 10 kHz. 

Test frequency rangel, about 145 Hz upwards, this lower limiting frequency being set by the wedges 

used in the aneohoio Ohamber. 

;',-



5 NASA Ames 40ft x 80ft subsonic wind,-tunnel (1-6) i California, USA 

Turmel operational from about 1944 on aerodynamic experiments. 

Closed test-section of near-elliptic crosB-seotion with 12m height x 24m width x 24m length 

(40 ft x 80 ft x 80 ft). 

Close~ return-circuit with fans between second. and third corners. 

~mximum teet-section wind,-speed about 103 m/a (200 kn). 

Turmel drivel- six &-bladed fans of 12m (40ft) diameter. ~. rev/min 290, with 195m/s (630ft/e) 

tip-speed. Installed power ~ 27000 kW (36000 hp). 
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Duct material 1- contraotion cone, test-section and first diffuser constructed of ~inch thiok steel 

plate; with rectangular portions of rest of Circuit made from fibre-coated oorrugated metal. 

Tes~section turbulence level - • 

Background noise level inside empty test-seotionl­

OASPL at 36 m/s (70 kn) '" 105 dB re 2 x 10-5 N/m2 

SPL at 51 m/s (100 kn) < about 95 to 100 dB at frequenoies above 300 Hz. 

Background nOise intensity variation estimated as v4, from published data (see Ref.1-6). 

Test-frequency range (see section 4.3 (ii) of main text)l-

Reported noise measurements, ccvering range 37.5 Hz to 4800 Hz in acoustioally untreated working 

section, required correction for reverberation effects. 

Helicopter rotor noise measurements attempted (1-6,1-8) but subject to signifioant reverberation 

effeots over whole frequency range of interest (see seotion 4.3 (ii». 

6 United Aircraft MOllSUO researoh tunnel i Connectiout, USA 

Turmel operational from 1971. 

Open-jet test-seotion with ciroular nozzle-exit of area 0.93 m2 (10 ft2) and 9 to 1 contraotion­

ratio, or square nozzle-exit of area 0.41 m2 (4.5 ft2) and 17 to 1 oontraotion ratio. 

Open return-oirouit with bell-mouth intake direot from atmosphere, followed by honeycomb section and 

anti-turbulenoe screens, feeding via contraction to nozzle, which has vortex generators fitted around 

its periphery. 

~ located at end of long diffuser from collector. 

Anechoic chamber (around open-jet test-section) roughly a cuba of 6 m (20 ft) side. 

~um test-section wind-speed", 195 m/s (650 ft/s) being limited by implosive stresses on anechoic 

-chamber round open-jet. 

Turmel-drivel- auction by centrifugal fan (backward,-curved vanes). 

Duct mufflers included upstream of fan. 

Soreen fitted on tunnel intake to prevent external noise from entering test ohamber. 

Test-seotion turbulence level probably low. 

Baokground noise intensity variation principally from jet mixing noise at high speeds. 

For measurements external to the tunnel jet flow, noise intensity =V6 over band 300 Hz to 10 kHz; 

= vB at frequencies over 10 kHz. 

Test-frequency range:- about 250 Hz upwards; 

(for anechoic chamber lined with fibre-glass wedges 200m (Sin) long having greater than 9% 

absorption above 250 Hz). 

7 MIT Cambridge low-noise low-turbulence wind tunnel (1-3), MaesaohusettsJ rnA 

Turmel oomplete,d about 1968 for the Aooustics and Vibration Laboratory. 

Open jet test-s~otion with nozzle-exit 3Scm (15in) square and 2011 contraotion. Enclosed in 

'anechoio' ohamber 4.10 length x 2.7m width x 2.1m height (13.5 ft x 9 ft x 7 ft). TeBt chamber can 
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also offer reverberant mode u.r change of well tre~tn~nt. 

Also closed test-section 38cm (15in) square can be used. 

Open return-circuit, with inlet direct from atmosphere, followed by honeycomb and settling chamber 

oontaining several fine-mesh anti-turbulence screens. 

Maximum test-sootion windspeed about 55 m/s (180 ft/s). 

Tunnel drivel- suction by centrifugal-type blower'fan located downstream of the diffuser. 

Fan has 12 blades of backward-slanted aerofoil shape (to reduce noise). 

Max. rev/min 960. Installed power 15 kW (20 hp). 

Special muffler installed in diffuser to absorb blower-generated noise. 

Test-section turbulence level low; u'/V '" 0.0%. 

Background noise level from open jet in anechoic chamber: SPL at about 45 m/s (150 ft/s) < 85 dB at 

frequencies above 200 Hz. 

Test-frequency range: about 500 Hz upwards; (absorption at low frequencies to be improved by replacing 

fibreglass blankets on walls on 'wlechoic' chamber). 

, 8 Transonic tunnel noise experience 

Although the performance of transonio tunnels is outside the scope of the present paper, some 

reference is of interest to illustrate the Bevere noise problems to be faced in facilities of this type. 

Fer example (2-17) in the 16ft x 16ft Propulsion Tunnel and 4ft x 4ft Aerod,ynamio Tunnel at AEDC 

(Tennessee, USA), high_nergy noise of discrete frequency was found to be generated at the perforations 

in the test-section walls. Among the techniques proposed for noise alleviation in these transonic 

continuous flow faoilities were,-

(i) Modifications to the profiles of the hole edges. 

(i1) Use of a test-section enclosure of high acoustic-absorption characteristics. 

Furthermore (2-22), in thB 14in x 14in transonio/supersonic blowdown tunnel at Marshall Space Flight 

Center (Alabama, USA) noise was also found to be produced u.r ~urbulence from the upstream control-valve 

of the tunnel and the unsteady diffuser shook. In Ref.2-22, it is considered practical to optimise test­

section porosity to achieve minimum noise. A short review of the souroes of aooustic perturbations in 

various facilities elsewhere is also given. 
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Appendix B 

BIBLlOORAPRY OF PUBLISHED PAPERS SPECIALLY RELEVANT TO 

MODEL NOISE TESTING IN SUBSONIC WIND TUNNEUl 

List of Topics 

1 - Wind-tunnel calibration and use for model noise measurements. 

2 - Inherent sources of noise in wind tunnels. 

3 - Sound propagation in ducts. 

4 - Absorber characteristics. 
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Fig.7 Background noise level in RAE 24ft open-jet wind tunnel measured inside the jet for various i-octave bands 
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