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S¢~mmary.--The validity and accuracy of method's of determining corrections to the measured velocity in a wind 
tunnel to compensate for the constraining effect of the wails are reviewed following recent experimental evidence from 
the R.A.E. 10 × 7 ft subsonic wind tunnel  I t  is concluded that  such corrections, commonly known as ' blockage ' 
corrections, can be successfully applied at Mach numbers up to 0.96 but some modifications are necessary to the formulae 
at present in use. The more important of these are outlined below. 

(1) The compressibility factor should be based on the corrected Mach number of the stream. 

(2) The ratio of ' solid' blockage (i.e., the blockage due to model excluding wake) to the peak wall velocity increment ' 
is not constant but depends on the length of the model and the Mach number of the stream. 

(3) The calculated solid blockage of a wing must be increased to allow for the presence of local supersonic flow. For 
wings of usual plan form, this may  be done by an empirical factor which is a function of the rise in drag coefficient. 

(4) Addition of corner fillets to the tunnel gives rise to a larger percentage increase of the solid blockage than of the 
wall velocity increments. 

Formulae for the calculation of the longitudinal distribution of blockage increment due to any model, necessary to 
check the validity of the method in particular cases, are presented in a form which, it is hoped, will facilitate their 
use in any 10 × 7 wind tunnel. Formulae for the corresponding wall velocity increments, used to check the accuracy 
of the method by comparison with measured wail pressures, are also given. 

1. Introduction.--Formulae for the application of ' blockage ' corrections to velocity measure- 
ments in the Royal Aircraft Establishment 10 × 7 ft High Speed Tunnel were first set up by 
Thorn in 19431 and this method of allowing for the constraining effect of the wails has been in 
use, with little modification, up to the present time ~. The theory is based on the principle that  
the constraining effect of the wails is similar to that  of an infinite array of images of the model in 
the walls. The induced velocity at the model due  to these images has been calculated for 
incompressible flow by the usual potential theory and allowance for compressibility made 
according to the standard linear perturbation theory, scaling up the incompressible flow values by 
(1 --  Mv~) -~/~, where My is the empty tunnel Mach number for the same upstream conditions, and 
n is an integer. 

The usual method of representation of the model and wake by a simple source and sink system 
for the purpose of calculating the velocity field in compressible flow is not exact and requires 
theoretical and experimental backing. Very little experimental evidence has been available 
because the additional complication of any supporting system in the plane of the model makes 
a measurement of the true model blockage extremely difficult. 

*-R.A.E. Report Aero. 2307, received tSth August, 1949. 
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Recently an alternative method of testing complete models has been developed in which the 
model is supported by a small sting from the rear (e.g., Fig. 23) and a variety of models have now 
been tested by this method at Mach numbers up to 0.95. The data obtained from wall pressure 
measurements during these tests, together with the results of some special tests on bodies of the 
same shape but different sizes, are used in the present paper to examine the accuracy and validity 
of the accepted theory. 

I t  Was evident at an early stage that  some of the simplifications in theory which led to Thorn's 
formulae were not entirely justified. In consequence, the theory has been rewritten, in section 2 
below, in a more general form and a more elaborate set of blockage formulae has been obtained. 
Modifications to these formulae, on an empirical basis, have been made where suggested by the 
experimental data. 

2. General Theory.--2.1. Blockage and Wall Velocity Increment d~te to a Source in a Rectangular 
Wind Tum~d.--Referring to a co-ordinate system as defined in Fig. 1, for incompressible flow in 
a rectangular wind tunnel (/3 × 0.7B), the increment in longitudinal velocity at a point A (x0, 0, 0) 
in the tunnel due to wall constraint on a source 0q~ at (x, y, z) is given by 

4~B 3 ,,~E_ . . . . .  x)2q - m q- ( - -  1)'" ~ -a/~ = ,~ 2 B + 0 . 7 n + ( - - 1 )  '~ (1) 

omitting the term m = n = 0. This expression is simply obtained on the principle that  the 
constraining effect can be represented by an infinite array of images of the source in the walls of 
the tunnel. 

A method of modifying equation (1) to make it applicable to compressible flow, provided the 
incremental velocities are small compared with a basic stream velocity, U, is given by the linear 
perturbation theory for axi-symmetrical  compressible flow. By this theory, the velocity 
potential due to the source, Oq~, in incompressible flow 

~q~{ }-~/~ 
'P' = - + ' ( = + . . . . . . . . . . . .  (2 )  

which was used to obtain equation (1), becomes in compressible flow 

~q{ ~2 } -~/2 
. . . . . . . . . . . . . . . . . .  (3 )  

where Oq (-- Oq~/fi 2) is the volume flow and fl~ = 1 -- M ~, where M is a basic stream Mach number. 
Thorn and most later investigators have used the Mach number, M,,, measured in the empty 
tunnel at the same upstream conditions. I t  will be shown below (e.g., section 5.2) that  better 
agreement with experimental evidence is obtained by using the corrected Mach number (i.e., the 
Mach number corresponding to a velocity U q- A AU), which is equivalent to considering the effect 
of each image of the model in the presence of all others. Tlie corrected Mach number has been 
used to determine ~ factors throughout this paper unless expressly stated otherwise. 

Applying equation (3), the velocity increment in compressible flow at a point A (x0, 0, 0) on the 
tunnel axis due to the images of a source ~q at (x, y, z) is given by 

_ + l( o- - 1) , , ,  _ 
4azB~fl~ . . . . . . . . .  Y, X , [k fiB / q- m q- ( -k 0.7~¢ + ( 1)"~jlzT=[-~/'~ (4) 

omitting the term m = u = 0 

aq 
- -  4~Bafla ( X o -  x)KA . . . . . . . . . . . . . . . . . .  (5) 

Values of KA and [ (xo-  X)/flBIKA plotted against [(Xo- x)/flB] at constant values of (y/B) and 
(z/B) = 0 are given in Fig. 2. 
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Similarly, the velocity increments in compressible flow at a point B (xo, 0.5B, 0) on the centre- 
line of the side wall and at a point C (x0, 0, 0.35B) on the centre-line of the top wall due to a 
source element Oq at (x, y, z) and its images are given respectively by 

E 4~B3/~ ~ ,,=-X ~ ,=X-~  . - - ~  + m - - 0 . 5 + ( - - 1 ) "  

and 

Z] C ~  - -  

~q 
4~B3~8 (Xo - -  x)KB . . . .  

(Xo- X) * c o  {(xo- 

+ 

(7) 

(s) 
~q 

- -  4:~B~fl~ ( x o -  x ) K c . .  (9) 

Values of K~ and Kc plotted against (x0 -- x ) / S B  at constant values of (y /B)  and (z/B) = 0 are 
given in Figs. 3 and 4. 

, From the data of Figs. 2, 3 and 4 it is possible to calculate the longitudinal distribution of 
blockage and wall increments in velocity due to afiy shape of wing, body or wake which can be 
represented by a source distribution in the (x, y)-plane. In practice, however, integration of the 
contributions from each source element, even by graphical means, is a lengthy process and it is 
desirable to make a generalised integration giving the velocity increments in terms of relatively 
simple geometric properties of the model. I t  has been stated (e.g., Ref. 2) that,  for this purpose, 
both bodies and wings of finite span can be represented by a doublet (i.e., an equivalent sphere). 
Although this representation is satisfactory in determining the peak centre-line blockage, (in the 
sense that  when the doublet representation fails the gradients in Mach number are usually large 
enough to invalidate the whole principle of a single blockage correction), it will be shown below 
that  rather more elaborate methods are necessary in determining the gradient in Mach number 
over the model and in calculating the ratios of blockage increment to wall increment. 

2.2. Representation of a Body  or Nace l l e . - -A  thin body in a uniform stream of velocity U can 
be represented approximately by a line of sources on the axis of the body, any element of which 
is given by 

~ q =  V a A ( 1  + 0.4~ ~) ~x (10) 
d . / ~  . . . . . .  . . . • • • 

where (dA/dx) is the  local rate of change of cross-sectional area of the body and l/d is the fineness 
ratio. The factor E1 + 0.4/~ (d/l)] has been included as a rough method of allowing for the finite 
thickness of the body and is based on the empirical relationship put forward in Appendix A of 
Ref. 2. 

The blockage at (xo, 0, 0) di~e to a body lying along an axis (y ----- y ' ,  z = 0) is then given by 
equations (5) and (10) as 

AAu 1 -t- 0.4/~ f dA 
U --  4nB~fi ~ (Xo - -  x) ~ KA ( , ~ , ,  ,~, o) dx . . . . . .  (11) 

the integral being taken along the length of the body. 
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Although useful for investigation in particular cases, equation (11) is unnecessarily complicated 
for routine blockage estimates and it will be shown bel0w that  for the latter it is sufficient to 
represent the body by a source, q, at (x' -- 2, y ' ,  0) and a sink, -- q, at (x' + 2, y', 0), where. 
(x', y ' ,  0) is the centre of volume of the body. We then have, from integration of equation (10) 

÷ o f x dx 

= UV(1  + 0.4/~ d )  .. . .  ( 1 2 )  

where V is the volume of the body and, from equations (11) and (12) 

~Au V(l +0.4~ (Xo- x '+  2)KA (,. ~ ~ 

g -  4~B3/~ 3 22 .. (13) 

Values of 2 can be obtained either by fitting the best Rankine ovoid or, more generally, by 

2 = w/3k2, • . . . . . . . . . . . . . . .  (14) 

where k2 is the minimum radius of gyration about an axis in the (y, z)-plane (see Appendix A). 

Corresponding increments in velocity on the walls at B and C are given by equations of form 
similar to equation (13) in which KA is replaced by Ki  and Kc respectively. 

The calculated longitudinal distributions of blockage and wall increments in Mach number for 
a body (of shape similar to body No. 1 of Fig. 22) under two typical conditions in which large 
corrections might be expected, namely a model of length 0- 6B at M = 0.85 and a model of length 
0" 33B at M = 0" 94, are shown in Figs. 5 and 6. The calculations have been made by representing 
the body, in turn, by a continuous source distribution (equation 11), by a source and a sink 
(equation (13)) and by a doublet. I t  can be seen that  the source and sink give a satisfactory 
approximation whereas the simpler doublet representation over-estimates both the peak incre- 
ments and  the magnitude of longitudinal gradients in Mach number over the model. 

In practice, the peak value of the blockage correction is required, since this determines the 
equivalent free-stream Mach number for the thickest, and usually most critical, region of the 
model. The longitudinal gradients are evaluated only at the upper limit of the tests to investigate 
whether the use of a single blockage correction is still valid. The peak blockage correction can 
be estimated more easily from the data given in Fig. 7 where 

(KA)m x = o, 0) 

is plotted against Mach number at constant values of 2/B to give 

= -4~--B-gfig (KA)max . . . . . . . . . . . .  (15)  

The corresponding peak increments in velocity on the walls, if required for comparison with 
measured velocities, can be obtained by scaling up the peak blockage correction by a factor F, values 
of which have been plotted against Nach number, at constant values of 2/B, in Fig. 8. I t  should 
be noted that  F varies considerably with Mach number and differs greatly from the convenient 
constant value given by the less precise doublet representation. 
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2.3. Ret)resentation of a Wfng. - - I t  can be shown, by an analysis similar to that  of the preceding 
paragrapl~, that  a wing in potential flow can be represented by a line source and equal line sink 
along the wing, the strength, bq, of which is given at any spanwise station by 

where S is the local cross-sectional area and t/c the local thickness-ratio. The elements of source 
and sink are taken to be 2 forward and aft of the half-chord line. 

If the origin of co-ordinate axes is taken at the mid-point of the half-chord line, equations (5) 
and (16) give the blockage at A (x0, 0, 0) as 

A~u 1 1 + 1 " 2 / ~ c  S f ( x ° - - x ' + 2 ) K ~ ( ' ° - " + z l  
Y' O) 

_ _  - -  - -  x o - x ~ - - x  . . . . o o . . . o . . (Xo x' ,;, o)} (17) 

where x' is here the distance of the local half-chord point aft of the datum and 2b is the span of 
the wing. 

For the purpose of evaluation of equation (17), it has been shown in Appendix B that  any 
wing, unless of most unorthodox shape, can be represented by a non-tapered straight-swept wing 
of equal volume, mean angle of sweep and thickness ratio which has a span of 2V'3 k~, where kl 
is the radius of gyration of the original wing about the x-axis. 

Values of /~  where  

. . . .  , 0 ) d y  (is) = ( x o -  x '  + K + , 0) ( x 0 -  x ' - -  ( - - w - '  

Au V ( l + l ' 2 ~ t )  
and -U = 4~B~/~3 c R . . . . . . . . . . . . . . . . . .  (19) 

for non-tapered, straight-swept wings of spans from 0.2B to 0 .6B and angles of sweep, ~o, from 
tan -1 [(tan ~)//3] = 0 to 70 deg are plotted against Xo/~B in Figs. 9 to 13, (a), (b) and (c). The 
centre-line blockage is given in Figs. (a) and side-wall and top and bottom-wall increments in 
velocity in Figs. (b) and (c) respectively. K is almost independent of £ for the size of wing chord 
under consideration and a representative value for 2 of 0.04B has been used. 

Figs. 9 to 13 provide a ready means of estimating the longitu_dinal distribution of blockage 
and wall velocity increments for most wings. The peak values of K are given in a more compact 
form in Fig. 14, plotted against tan -1 [(tan ~0)/~] for constant values of 2~/3 kl. 

Wings of delta plan-form are mostly of very small wing span relative to the tunnel, in which 
case they can be treated by the theory for bodies in section 2.2. 

2.4. Representation of a Wake.-- In  general, the only known properties of the wake are those 
which can be derived from the measured drag, D, of the model. This information is sufficient 
to estimate the wake correction downstream of the model but the blockage and wall velocity 
increments over the model cannot be calculated without some assumption of the rate of dissipation 
of the wake. The usual practice is to represent the wake by a source on the axis of the tunnel 
at the position of the model. Although this cannot be justified theoretically, it appears to give 
fair agreement with experiment. The strength of the source is shown in Appendix C to be 

q = 0 . 7 C 5 U ,  . . . . . . . . . . . . . . . . . . . .  (20) 

where CD is the drag coefficient (omitting induced drag) based on an area S. 
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In practice, the source is placed at approximately the centre of the model (x', 0, 0). The 
increment in velocity at A (xo, 0, 0) due to the images of this source is given by equation (5) as 

~ u  __ 0 . 7 C ~ S  (Xo - x"~ 
, - ~ '  o ) .  . .  . ( 2 l )  u 4 ~ B ~ f  ~ ~ FB- / KA ( _ ~ _  0, • . . . .  

which reaches a value far upstream of 

[aAu]_o~ _ 0.7CvS ( ?~_'~ 
U 4~B2f ~ k, (22) 0 .7 /  . . . . . . . . . . . . . .  

The uncorrected stream ve.locity is measured in terms of the wall pressures far upstream of 
the model, hence the blockage at (xo, 0, 0) is 

A A U  ~ ~A u - -  [(~A q/~] - -m 

AAU CDS { 0 " l l I ( x 0 - - x ' )  } . 
or U =  2 B ~ f  ~ 1 + f i b  KA (_~o-,,, 0, 0) . . . . . . . .  , (23) 

Similar expressions for the increments in velocity due to the wake on the side walls and top and 
bottom wails are obtained by replacing Ka by K .  and Kc respectively. 

2.5. Extension of the Theory to Speeds at Which Local Regions of Supersonic Flow are Present. 
The above theory has been developed on the assumption of subsonic potential flow. I t  can be 
extended to cover conditions where a supersonic region of limited extent exists at the model if 
the influence of the supersonic region on the induced velocity at a distant point be considered 
as roughly similar to that  of a local bulge on the model surface. On this hypothesis, the formulae 
given above would remain applicable provided the volume term were increased by a factor 
dependent on the extent of the supersonic field. 

A factor of this nature for the wing blockage formulae of section 2.3 has been derived empirically 
in section 6.2, making use of the measured increase in drag coefficient. Elongated three-dimen- 
sional bodies do not develop any considerable supersonic field at speeds within the present limit 
of subsonic tunnel tests and the formulae of section 2.2 can be used directly. 

2.6. Associated Changes in Pressure, Density, etc.--The changes in velocity due to wall constraint 
must be associated with corresponding changes in other properties of the flow. These can readily 
be obtained from the equations of adiabatic flow at constant total-head. The two most often 
required are the change in local Mach number and the change in local ½oU~. If the ratio of 
specific heats, 7, is taken as 1.4, these are given by 

Au 
A M = M ( I + O . 2 M  ~) U . . . . . . . . . . . . . .  (24) 

a ( ~ p u  ~) a u  
i 2 - - ( 2 - - m  ~) ~p U U 

(2 - -  M ~) 
M (1 + 0 . 2  M S) A M . . . . . . . . . . . .  . (25) 

Tables of (M/f  3) (1 + 0 .2M ~) and (2 -- M2)/M(1 + 0 .2M 2) are given at the end of the text. 

3. Application of the Theory to the R.A.E. High Speed Wind Tunnel.--In cross-section, the 
R.A.E. Subsonic Wind Tunnel is a 10 × 7 ft rectangle with flat-faced corner fillets (of face 2V/2 ft), 
as shown in Figs. 16 and 28. These fillets have been built over the original rounded corners as a 
means of improving the longitudinal velocity distribution. The cross-sectional area is now 
62 sq It in place of the 65 sq ft mentioned in Thorn's paper 1. 
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The wall constraint formulae of section 2.2 and section 2.3 for a 10 × 7 rectangular wind tunnel 
can be modified to allow for these fillets by an overall correction as obtained in Appendix D. 
The centre-line blockage is found to be increased by 17½ per cent, the side-wall increment by 
12 per cent and the top and bottom-wall increment by 5½ per cent. 

The wake formulae of section 2.4 will be increased in inverse proportion to the change in area, 
i.e., the velocity increment both at centre-line and wails will be increased by 13 per cent. 

There is little knowledge of how the wall boundary layer upsets the above reflection theory. 
However, assuming reflection to occur at say 0.3 in (0. 0025B) from the tunnel wall (where the 
veloci ty is about 70 per cent of stream velocity) the increments would be increased by only 
1.8 per cent. The true increase, provided no break-away occurs due to the model, is probably 
smaller and has been neglected in the following work. 

4. Exfldrime~¢tal Determi~atio~ of Blockage.--Although it is not possible to obtain a direct 
measurement of the velocity increment at the model due to tblockage, there are a number of 
independent methods of checking the theoretical estimates. One is to compare force or pressure 
measurements on models of the same shape but of different sizes, the equivalent free-stream 
Mach number being obtained by extrapolation to an infinitely small model. In this way a mean 
blockage correction for each model is obtained. The measurements should preferably be made 
at the same Reynolds number. The method can only be used succesfully on models which show 
a rapid variation with Mach number of the coefficient measured. Also, a very high standard of 
accuracy of construction of the different models is required and it is difficult to make satisfactory 
allowance for interference of the supporting system. 

An alternative and very much simpler procedure is to compare measured wM1 pressures with 
those given by the theory. It has been shown in section 2 that  the velocity increments on 
the walls, which are due to the model and its images, are much greater than the blockage velocity 
increments at the model, which are due to the images only. Thus, although not an absolute 
check, the method gives a very useful indication of the reliability of the calcuiations. Static holes 
permanently set in the tunnel shell give an easy means of measuring the wall Mach numbers 
during any series of model tests. 

5. Experiments o~ Bodies of Revolutio~, of Same Shape but Differe't# Sizes.--Five bodies have 
been mounted in turn in the R.A.E. wind tunnel on the end of a slender steel sting on the axis of 
the tunnel, and model drag and wall velocity increments measured over a range of Mach numbers 
up to tunnel choking. The overall dimensions of the bodies are given in Fig. 22 and a typical 
rig is shown in Fig. 23. Bodies 1 and 2 are of the same shape, fineness ratio 8 and of volmne 0.25 
and 0- 125 ft a respectively. Bodies 3, 4 and 5 are also of similar shape, of fineness ratio 4 and of 
volume 0" 50, 0.25 and 0. 125 ft 3 respectively. 

In these tests the Reynolds number was not constant, because of the resulting difficulty in 
obtaining accurate measurements, but this effect is not here considered serious. The Reynolds 
number per foot was constant at about 0.5 × 10~. - 

5.1. Blockage Imreme~#s i~ Mach Number from Drag Measuremer~ts.--Bodies 1 and 2 experienced 
little change in drag coefficient at Mach numbers up to M -- 0.95, but bodies 3, 4 and 5 showed 
a rapid rise above M = 0.9. The measured rise in drag coefficient for each body is plotted in 
Fig. 24 against the measured (i.e., uncorrected) Mach number, Mr,. The broken line shows the 
extrapolated curve for a body of zero volume. The blockage correction to Mach number can be 

1 -2  read off directly from horizontal intercepts between the curves, since the correction to ~p U has 
little effect. A comparison with the peak corrections calculated by the image theory, in which 
the body has been represented by an equivalent Rankine ovoid (equation (15) of section 2.2) and 
the wake by a source (equation (23) of section 2.4), is given in Fig. 26a. The full lines of Fig. 26 
are obtained by using the calculated corrected Mach number in the compressibility factors and 
the broken lines by using the measured Mach number, M,,. 
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5.2. Wall Increments in Mach Number.--The experimental points for the peak increments 
in Mach number on the walls are given for bodies 1 and 2 in Fig. 25b and 25c and for bodies 
3, 4 and 5 in Fig. 26b and 26c. Again the superimposed full lines are obtained by using the 
calculated corrected Mach number in the compressibility factors and the broken lines by using 
M,,. The agreement with the full lines is remarkably good and on this evidence the corrected 
Mach number is used in all further calculations. 

The longitudinal distributions of AM on the side walls and on the top and bottom walls for 
bodies 1 and 3 at M = 0.94 are given in Fig. 27. The agreement with the theoretical estimates 
shown is representative of that  for all the bodies over the range of test Mach numbers. 

6. Ex/)eriments on Non-tapered Wings of Various Span and Sweepback.--A series of non-tapered 
wings of symmetrical section, 1-ft chord, covering a range of aspect ratios 3.6, 3.0 and 2- 18 and 
angle of sweep-back 0, 40 deg and 50 deg, have been tested up to choking Mach number, the 
models being supported by a small sting from the rear (Fig. 28). These tests were not primarily 
for investigations of blockage being part  of a general research programme, but in all cases 
measurements were made of the increments in Mach number along the side Walls of the tunnel. 

6.1. Wall Increments in Mach Number Due to the Wake.--A typical measured longitudinal 
distribution of increment in Math number on the side wall, 3 aM, due to a wing (unswept of span 
0.3B) at My = 0.895 is shown in Fig. 29. If the contribution from the wing is assumed to be 
symmetrical, and that  from the wake to decrease and increase equally upstream and downstream 
respectively of the line of symmetry, it is possible, by taking differences in 3 aM, to obtain the 
distribution due to the wake only. This has been plotted at the foot of Fig. 29 and the calculated 
values from equation (23), in which KA has been replaced by KB, superimposed. The general 
good agreement for wake increments is shown in Fig. 30 in which all experimental values for the 
series have been plotted against the calculated values. 

6.2. Peak Wall Increments in Mach Number Due to the Wing.--The contribution from the wing 
itself, also plotted in Fig. 29 for this typical case, is much larger than that  given by the theory 
(equation 19). I t  was suggested in section 2.5 that  such a discrepancy for wings at high 3/Iach 
number might be at tr ibuted to the presence of a supersonic region near the model which acts as 
an increase in its effective size. In practice, spreading of the supersonic region is generally 
accompanied by an increase of drag, which suggests the possibility of obtaining an empirical 
correlation between the two. This is illustrated in Fig. 31, where the difference between measured 
and calculated peak wall incremental Mach numbers for the three unswept wings have been 
plotted against the product of the calculated wing contribution and 3 Ca, the rise in drag coefficient 
above the low-speed value. The results suggest increasing the source distribution strength by 
the factor (1 q- 143C~), i.e., incremental velocities due to a wing are given by 

t 
Au V ( I +  1 . 2 ~ c  + 14AC~) 
- C  = 3 • . . . . . . . . . .  ( 26 )  

where values of/{ are obtained from Figs. 9 to 13, (a), (b) and (c) for centre-line, side wall and top 
and bottom walls respectively at the appropriate span and angle of sweep. 

7. Experiments on Various Complete Models.--Comparisons between the calculated and 
measured peak side wall increments in Mach number on a wide variety of models are given in 
Figs. 32a, 32b and 32c. Also a typical longitudinal distribution for a wing and body is- given in 
Fig. 33. In each case the body has been represented by a source and sink, i.e., a Rankine ovoid 
and the wing by a uniform line source and line sink of equivalent span swept back at the 
appropriate angle. The empirical factor (1 + 14A Ca) has been included for the wings and the 
compressibility factors are based on the corrected ~ach  number throughout. Corner fillets have 
been allowed for by use of the overall factors given in section 3. 



Since the results show good agreement for wall velocity increments over a wide range of model 
configurations, the calculated values of centre-line blockage, which involve no greater assumptions, 
can be accepted with some confidence. 

8. Al~lSZicatio~.--The formulae of section 2 are expressed in terms of the corrected Mach number 
and the drag coefficient, which is known initially at uncorrected Mach numbers only. Hence it 
is not possible to obtain a direct estimate of the blockage correction to be applied to a given tunnei 
measurement. The correction can be obtained either by  a process of successive approximation 
or by  graphical interpolation from tables of calculated values covering a range of corrected Mach 
numbers and drag coefficients. The latter method is preferable where a number of tests are made 
at various Mach numbers and incidences on the same model, a graph being prepared beforehand 
of correction against measured Mach number at constant values of C1). A corresponding graph 
of peak side wall increments in 5Iach number can be used to obtain comparisons with observations 
during the test, thus providing a valuable check on the calculations. 

I t  is essentia! to investigate the gradient in Mach number increment over the model at the 
higher Mach numbers of the tests. The lateral gradients, except for wings of very large span, 
are small, but for some configurations commonly tested, in particular a long body with a wing 
of small sweep, the longitudinal gradients can be large, the difference in Mach number increment 
for example between the wing and tailplane amounting to a third or more of the peak value. 
This condition, viewed in relation to the characteristics of the particular model, is usually the 
criterion which should determine the upper limit of khe tests. 

9. Co¢tclusions.--It appears, from experience in the R.A.E. 10 × 7 It Subsonic Wind Tunnel, 
tha t  blockage corrections to measured velocity can be calculated, with sufficient accuracy for 
general purposes, by  the method given in this paper. The model is replaced by a simple arrange- 
ment of sources and the constraining effect of the walls is represented by an infinite array of 
images of the sources in the walls of the tunnel, allowance for compressibility effects being made 
by the standard linear perturbation theory. 

Use of a doublet in place of the model, in the manner of Refs. 1 and 2, is found to be too great 
an approximation. Instead, a body can be replaced by a single source and equal sink; a wing 
by a line of sources and line of sinks of appropriate strength and span and swept back at the 
appropriate angle. A wake is represented by a single source at the model. 

I t  is shown experimentally that  the corrected Mach number should be used in all compressibility 
factors. The method can be applied at Mach numbers up to 0.96, provided the correction does 
not exceed 3 or 4pe r  cent. An empirical factor, based on the measured rise in drag coefficient of 
the model, is usecl as a rough means of allowing for small supersonic regions of flow on a wing. 

I t  is recommended tha t  the validity of the blockage correction be examined in every doubtful 
case by calculation of the longitudinal distribution of the increment over the model and that  a 
check of the accuracy be obtained by comparison of measured and calculated wall velocity 
increments. 

A summary of the formulae required in practice is given in Appendix E. 

No. A~ttho;" 
• 1 Thom . . . .  

2 Thompson .. 

3 Allen and Vincenti 

R E F E R E N C E S  

l'itle, etc. 
Blockage Corrections in a Closed High Speed Wind Tunnel. R. & M. 2033. 

November, 9!43. 

Present Methods of Applying Blockage Corrections in a Closed Rectangular 
High SpeedWind Tunnel. A.R.C. tl,385. January, 1948. (Unpublished.) 

Wall Ii)terference in a Two-dimensional Flow Wind Tunnel, with Considera- 
tion of the Effect of Compressibility. N.A.C.A. Report No. 782. 1944. 
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LIST OF SYMBOLS 

Tunnel breadth 

Co-ordinate axes defined in Fig. 1 

Stream velocity 

Measured stream Mach number 

Corrected stream Mach number 
= %/(1 -- M~); except as used in Appendix C 

Velocity potential 

Volume flow due to a source in incompressible flow 
Volume flow due to a source in compressible flow 

= + z 

Velocity increment at (Xo, 0, 0) on centre-line of tunnel due to wall constraint 
(blockage correction) 

Velocity increment at (Xo, 0.5B, 0) on side wall (width 0.7B) of tunnel 
Velocity increment at (Xo, 0, 0.35B) on top and bottom wall (width B) 
Defined in equation (5) and Fig. 2 

Defined in equation (7) and Fig. 3 

Defined in equation (9) and Fig. 4 

Volume of body or wing 

Cross-sectional area of body 

Maximum diameter of body 

Length of body 

Location of centre of volume of body or of local half-chord point of wing 

Distance of equivalent source and sink from centre of volume of body or 
half-chord of wing 

Minimum radius of gyration of body in pitch 

0) pB ,0, 

Ratio of wall increment in velocity to tunnel centre-line increment 
Local cross-sectional area of wing 
Local maximum thickness of wing 
Local chord of wing 
Semi-span of wing 
Minimum radius of gyration of wing in roll 
Angle of sweepback of half-chord line of wing 
Defined in equation (18) 
Density 

Drag coefficient, omitting induced drag 

Rise in drag coefficient above low speed value 
Tunnel cross-sectional area 

Ratio of specific heats 
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APPENDIX A 

Representation of  a Body by the Best Rankine  Ovoid 

The blockage increment in velocity, A AU, at (x0, O, O) due to a body on the axis of the tunnel is 
given by equation (11) as 

A AqA (1 + 0 .4~d)  f dA 
~ -  = 4xBaf18 ( X o -  x) ~ K~ (~_~, o. o) dx (26) 

where 

co co 

K~ ~ = 2 E (~, o, o) . . . . . . . . . . .  ( -~)~  q-m ~ + 0"49n ~} 
- 8 / 2  

omitting the term m = n = 0 . . . . . . . . . . . . . . .  (27) 

The corresponding expression for A Au due to a Rankine ovoid formed by a source at (x' -- ]`, 0,0) 
and a sink at (x' + 2, 0, 0) is given by equation (13) as 

m Aq~ __ f ~ B  8 7  U 

! . d (Xo - x) d A  - -  x '  , 
2]` dx Xo + 2) KA (,o -.~" + ; o) ..... fib , O, 

since 

x°- , , - ;  o)} - ( X o - ~ ' - ~ ) G (  ~ ,o, 

dA 
V = f (Xo - x) ~ d x .  

dx . .  (2s) 

Thus to represent the body by a Rankine ovoid for the purpose of calculating blockage we 
must choose x' and ]` to give the best general approximation to 

; ( x o -  x)~x KA(~)  
(Xo - x' + ]`) (xo - x'  - ]`) [ 

- -  2 2  K A  (~0- "" + Y~ 2c K A - j d x  ( ~ )  , ~ ,  2], "° - ~" -" 
= o  . .  (29) 

Expanding equation (27), (for (x2/fl2B 2) < m 2 +  0.49n2), 

3 x 2 
K A ( ~  o,o)= X Y.(m ~q-O.49n  ~)- "/~ 1- -~f l~B 2(m ~ + 0 . 4 9 n  ~) 

15 x 4 } 
+ - 8  /~B~(m~+0.49n~)~  + . . . . . . . . . .  

11 



Thus, over most of the field, it is possible to satisfy the first two terms in the expansion 
of equation (29) by making 

f (Xo - -  x) d A  
2~ d~ { ( X o -  ~ ) ~ 2 ~ -  (~o ~ '  + ~)~ + ( ~ o -  ~ ' -  ~)~} a~ = o 

which can be rearranged as 

.I d A  
{ -  (x - x') ,  + 3(x0 - x') (~ - ~')'- + ~ ( ~  - x,) - (x0 - ~') Ez(x; -  2') 2 - ~2]} ax 

t 
= 0  

Hence, if tile centre of the Rankine ovoid is taken at the centre of volume of the body, i .e. ,  

(x - x')" dx  = 0 

we have 
/ , 3  d A  

(x - x ) y ;  dx  
2 ~ == -_ 3 k ~  

d A  - -  
f (x - x ')  3-~ dx  

(31) 

where, for a slender body, k2 is the radius of gyration about an axis through the centre of volume 
in the plane x =-= 0 .  The success of this approximation is illustrated in Figs. 5 and 6. 

Thus the blockage incremental velocities are approximately those due to a source and equal 
sink, of strength (V/2~/-3k2) ,  at a distance :J: ~/3k2 from the centre of volume of the body, where 
k2 is the minimum radius of gyration in a plane normal to the stream. 

12 



APPENDIX B 

Representation of a Wing by a Uniform Line Source and Line Sink of A~15r@riate Span 

From section 2.3, any wing in potential flow can be represented for the purpose of calculating 
induced velocities at some distance from the wing, by a line source and line sink along the wing 
the strength at any point of which is proportional to the local cross-sectional area, S. The 
blockage incremental velocity, AAU, at the origin, which is taken at the mid-point of the half-chord 
line, is given by equation (17) as 

+++ +,.++++i+_ + - -  y t a n g + x  Y , 0)  V 4z~Bafl ~ ~ 9 - ~ { ( - - y t a n ° z + 2 ) K A (  - ~B '~ 

- - ( - - y t a n 9  --  x , )KA(-y t~n, - ;~  r o)} d y  . .  
~ ~ ' 5 '  

.. (32) 

where ~ is the mean angle of sweep and tic the mean thickness ratio. 

Now, 

x fib ' 

~ E E  

co + j ( _ y t a n g + 2 ) ~ .  ( y ) + +  } 
E X l \  fiB -t- m + (-- 1)"+ 0 .49n  2 

omitting the term m = n ---- 0 

tans 9 1)" m Y  22 3 I ( 1 +  : ~  By:)__ _ t an9  2 -B y + 2(- 
(m" + O" 49n2) ~/~ 2 (m ~ + 0"49#)  w~ 

- a i m  

. . . .  (33) 

Considering the major terms only in this expansion, equation (32) becomes 

U -- 4+B3f :+ X: 2: (m ~ + O~ 49n+)3/+ f _ S  dy -- 2(m + + 6-. 49n',),m+," f__+, S + 
2 tan ~ ~7 Y~,  

_I 

EE 
4~B3/~ 3 

1 3 [ 2tan,,91 [I 
(m 2 + O. 49n2)  3/2 - -  2(m 2 + O. 49n2) w~ 1 + / ~  k~ 2 

/ 
(34) 

where for a thin wing kl is the radius of gyration about the x-axis. The analysis also applies to 
any point (x0, 0, 0) on the axis. 

It follows that, for the purpose of calculating blockage, any wing can be represented approxi- 
mately by  a non-tapered wing of equal volume, mean angle of sweep and thickness ratio which 
has a span of 2~/3kl, where kl is the radius of gyration of the original wing about the roll axis. 

The centre-line and side wall K terms for two wings, of taper-ratio 3 : 1 and sweepback of 0 and 
60 deg respectively, are compared in Fig. 15 with those of the equivalent non-tapered wings. 

13 



APPENDIX C 

Wake Blockage in any Closed Wind Tunnel 

Consider a station at a short distance downstream of the model where the static pressure has 
regained a constant value across the tunnel. Let ¢U, #p, p + Ap be the velocity, density and 
pressure in any dement,  aC, of the wake at this station and U + A U, s + AS, t) -[- A.D be the 
velocity, density and pressure outside the wake. U, s, 15 are the corresponding values in the 
undisturbed flow upstream of the model and C is the cross-sectional area of the tunnel. 

The stream outside the wake is isentropic and we have 

AU p A 1 5  YP Ap 
U o U s P p U s o . . . . . . . . . .  (35) 

The continuitY equation is 

s v c  = (s + A s ) ( v  +  v)(c - f ac) + f  esv ac 

o r  
Ap A U C 6C 

+ j (1 -- c~#) o U - -  -C . .  ( 3 6 )  

where the integral is taken across the wake. 

Also, if D is the drag of the model, the momentum equation is 

(p + ~p)c + (p + dp)(u + ~u) s (c - f ~c) + ~',flou s ~c (15 + pU2) C D 

o r  
f ~C P aP ~P 2 zU- D ( 1 - ~ # )  

p U "~ p p U p (PC C . .  (37) 

p U ~ 
Writing ),p 

(1  - M~-). - -  

and equations (35) and (37) give 

AU 
(1- -MS)  U -- 

Hence, 

-- M s, equations (35) and (36) give 

AU ~C 
u - ~  ( 1 - ~ )  c 

D ~C 
pu~c + f (1 - ~ # )  - C "  

~C 
A U D f (1 -- ~fl) 

U pU"C(1 -- M 2) f ~ f i ( 1  - -  

In compressible flow, # = 1 and 
go 

~C" ~) 
. .  (38) 
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The form of velocity distr ibution in the  wake has little influence on A U / U  and it is sufficiently 
accurate to assume a constant  mean  value of c~, which we shall te rm a, i.e., 

A U  _ _  D 
. .  (39) 

where a increases from a value of about  0 .9  just downst ream of the  model  to near uni ty  far 
downstream.* 

A similar simplification of the  general formula (38) gives 

A U  D 1 - - a f t  

U - -  oU~C(1 - -  M ~) af t(1 - -  a) " 
. .  (40) 

If transfer of heat  to the  model  can be neglected, the  energy equation,  to the accuracy required 
here, is 

U 2 
u P _ 7 P . . . . . .  (41) 
-2 + ) , - - l o  -2- + ), --  1 .~p . . . . . .  

i .e . ,  (1 - -  a ~) ~ M = 1 - - ~ - - 1  

1 
- - - -  1 

1 - - a f t  ft 1 + 1 + a  
from which ft(1 - -  a) - -  1 + 1 - -  a --  - - - i f -  ()' - -  1) M 2 . . . . . . .  (42) 

Combining equat ions (40) and (42), 

AU_ 1{ l+a } 
U p U 2 C ( I _ M ~ ) ~  a 1 +  2 (~ ' - -1 )  M2 " "" ..  (43) 

The velocity increment ,  A U, and the  associated pressure and densi ty  changes of equat ion (35) 
would not  be present  in an unbounded  s t ream (C infinitely large) and, consequently,  are a measure 
of the blockage increments  due to the  wake. 

* A cosine distribution of 1 -- c~ would give 

( ~ )  D (1 ~)z~f =/2 / ~ / 2  { } - - P U  2C -- 2:- ,~/2c°sOd° (1--k)~j_~/2cos0 1 - - ( l - - a )  ~cos0 

D 1 
~g 

pu~c 1 - g (1 - a) 

D = 1"14 p ~  at 

whereas the simpler equation (39) gives 

( ~ - ) =  1"11 D i p ~  at 

----0"9 

£ = 0 " 9  
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In general, the value of a at short distances downstream of the model is of the order of 0.9. 
l { l + l + a  } 

Thus the factor ~- 2 (y -- 1) M 2 has a low speed value of the order of 1.1 which increases 

to the order of 1-5 at M = 0.95. The wake l~lockage is usually important  only at high subsonic 
Math numbers, so, failing more exact information on the wake, it is convenient to replace 

~ 1 + 2 (~ -- 1) M ~ by a constant factor of 1.4 (value for a = 0.9, M = 0.85), i.e.,  

A U  D 
( ~ ) ~  = 1 " 4  p U 2 C (  1 _ M 2 )  " • . . . . . . . . . . .  ( 44 )  

An estimation of the correction in the neighbourhood of the model requires some assumption 
of the rate of dissipation of the wake. A simple procedure, which cannot be justified theoretically, 
but  which appears to give fair agreement with experiment, e.g., Fig. 29, is to represent the wake 
by a source on the axis of the tunnel at the position of the model. The source strength is chosen 
so that ,  for the same upstream conditions, the increment in velocity downstream of the source is 
equal to the maximum value due to the model. 

If q is the volume flow of the source and U + ~ U, p q- ~p, p q- ~p the velocity, density and 
pressure downstream of the source, the continuity equation is 

(p + ~p) (U + ~ U) C - -  p U C  = q .  

Since the flow is isentropic, 

~U M2 ~p v - -  

~U q 
giving U - -  UC(1 - -  M ~) . . . . . . . . . .  

and the strength of the representative source, from equations (44) and (45) as 

1 .4D 
q - -  p U C  

. .  (45) 

= 0 " 7 C S U  . . . . . .  

where CD is the drag coefficient based on an area S. 

.. (46) 

This value of source strength is slightly larger than the value 

q = 1 G S U { 1  + (7 - -  a) M~} 

obtained by Allen and Vincenti 3, and the value 

Cl = .½CDSU 

obtained by Thorn 1. 
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A P P E N D I X  D 

Effect of Corner Fillets in a 10 × 7f t  Rectangular Wind Tunnel 

The R.A.E. High Speed Wind Tunnel has a 10 by 7 ft rectangular working-section with flat- 
faced corner fillets of face 2~/2 ft (see Fig. 16a). In order to calculate the constraining effect of 
these fillets in addition to tha t  of the rectangular tunnel (B × 0.7B) considered in section 2, it is 
convenient to consider the section as a square, of side b = (1.3/~/2)B, having two large fillets, 
of face 0.6B, and two smaller fillets of face 0 .3B (Fig. 16b). 

Fig. 17 gives the longitudinal distribution of velocity along an axis C (defined in Fig. 16), in a 
direction normal to the face FG, induced by a doublet, ~, on the centre-line, A, of the square 
tunnel and its images in the walls of the tunnel. This normal velocity can be made zero (repre- 
senting the condition with fillets) by  a suitable arrangement of sources and sinks along the corner 
axis, D. The longitudinal distribution of normal velocity along C due to a single source on D 
and its images in the square tunnel is given in Fig. 18. From this data, it is possible, by  solution 
of a set of simultaneous equations, to determine the strengths of any given number of sources 
arbitrarily placed along D which will make the normal velocity exactly zero at an equal number 
of points arbitrarily chosen along C. In practice, five sources so determined make the normal 
velocity sufficiently small at all points along C. 

Distameupstreamofmodel  Strength of source on axis D 

o. lb 1 . s 4 0  × 

0-2b --0.090 ,, 

0.3b 0.099 ,, 

-0.5b --0.014 ,, 

0.8b --0 .010 ,, 

There will be a corresponding set of sources and sinks of opposite sign on the downstream side of 
the model. 

The sources and sinks represent a fillet which touches the desired flat-faced fillet along the axis C 
but which is slightly more convex near the model and slightly more concave some distance 
upstream of the model. Investigation of the normal velocity along an axis J, midway between 
C and the edge of the fillet (using data given in Figs. 17 and 18) has indicated the boundary to be 
always within 0. 003B of J. 

In a similar manner sources arranged along the corner axis E can be found to represent the 
smaller fillets by  inducing an equal and opposite normal velocity at B to tha t  induced by the 
doublet and its images and the sources along D and their images. 

Distance upstream of model Strength of source on axis E 

o. lb 0.030 × 3/V2. /b 

0.2b 0 ,, 

0.3b 0.039 ,, 

0.4b 0.018 

0.5b 0.003 

The effect of the sources along E on the velocities at the larger fillet is negligible. 

The longitudinal induced velocities at A, B, and C due to the doublet and its images and to 
a source at any point along D and E and its images are given in Figs. 19 and 20. We then have, 
by summation, the blockage correction at points along the axis of the tunnel, and the velocity 
increments along the tunnel wails (on the side wall at B and the top and bottom walls at C, shown 

17 
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in Fig. 21. The values of centre-line blockage obtained in section2 for a rectangular wind tunnel, 
increased by 17½ per cent, and the corresponding values for the wails, increased by 12 per cent 
and 5½ per cent respectively have been superimposed on Fig. 21. The agreement suggests that  
overall corrections of this order can be applied to estimates from section 2 as a means of allowing 
for the corner fillets. 

It  is of interest to compare the above values with those for wind-tunnels of other shape by 
expressing the peak increment in velocity in the form 

#G 
A ~  - -  Cal~ 

where C is the cross-sectional area of the tunnel. Values of G and of F, the ratio of peak wall 
increment to blockage increment, for a doublet are as follows, 

G F 

Circular wind tunnel . . . . . . . . . .  0. 708 

Square wind tunnel . . . . . . . . . .  0.723 

10 × 7 ft wind tunnel with corner fillets . . . .  0.749 

10 × 7 rectangular wind tunnel . . . . . . . .  0" 766 

2 × 1 rectangular wind tunnel . . . . . . . .  0.914 

smal ler  larger 
wall  wall  

2" 22 

2-59 2.59 

1.73 3.19 

1.81 3.56 

The method of allowing for corner fillets suggested in Ref. 1, which was to increase all increments 
in proportion to C ~/~ (i.e., keeping G constant at 0.766), gives, in the above case, a numerical 
correction of 20 per cent. 
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APPENDIX E 

Summary of'Blockage' Formulae 
Rectangular wind-tunnel B × 0 .7B .  
Co-ordinate axes defined in Fig. 1. 
A AM Increment in Mach number at (x0, 0, 0) on the centre-line of the tunnel due to wall 

constraint (blockage correction). 
A BM Increment in Mach number at (xo, 0.5B, 0) on the centre-line of the side wall (width 

0.7B) due to model. 
AcM Increment in Mach number at (Xo, 0, 0.35B) on the centre-line of the top and bottom 

walls (width 1.0B) due to model. 

The corrected Mach number must be used in all compressibility factors. For this reason, it is 
usually simpler to select values of corrected Mach number and obtain the corresponding drag 
coefficients by trial and error. The required increments at any measured Mach number can then 
be obtained by interpolation. 

Increments due to various components of the model and to the wake are added at the same 
corrected Mach number to give the total blockage correction and wall increments, at any point. 

Bodies 
Centre of volume at (z', y', O) , 

M (1 + d V 
~ M =  ~(1 + 0 . 2 M  ~ 0.4~) f) 4~-B~ 

[(x0 - x'  + 2) 

ZB 

( X  0 - -  X t _ _  ~ )  

¢~B K ( xo -~" - ;  ,'/ . o) 

where V = volume, 

1/d = fineness-ratio, 

2 = ~3k.,, where k2 is the radius of gyration about an axis through the 
centre of volume normal to the stream, 

x 

B K (~, ~, o) is given in Figs. 2, 3 and 4, 

$, ~ and (1 + 0.2 M ") are given in Table 1. 

Alternatively, peak increments are given by 

(~AM)max - -  

( ~ M ) m ~  = 

(AcM)max = 

where (KA)max is given against 
Mach number at constant 2/B 

(52308) 

M (1 + d V 
f13 (1 + 0 " 2 M  ~) _ 0 " 4 f l 7 ) 4 ~  (KA) . . . .  

F~ (~M) .. . .  

Mach number at constant 2/B in Fig. 7, and F is given against 
in Fig. 8. 
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Wings 
Mid-point of half-chord line at origin. 

A M - -  fl~ ( l + 0 . 2 M  ~) 1 + 1"28c + 14ACD ~ I 7 2  

where 
V Volume, 

t/c mean thickness ratio, 

mean angle of sweep, 

kl radius of gyration about roll axis, 

A Ca rise in drag coefficient of model (based on wing area) above low speed value, 

{ / R is given against Xo/~B at constant values of fM = tan -1 ~ tan ~ and 2~/g kl/B in Figs. 9 

to 13, 

1 
and ~ (1 + 0.2M 2) are given in Table 1. ~,~ 

Alternatively, peak increments are given by 

(AMm~ ~ ( 1 + 0 " 2 M  ~) 1 + a.2a t - c + ~ 4 d G  4 ~  (R) . . . .  

where (/~)~a~ is given against ~0M at constant values of 2V'3 kdB in Fig. 14. 

Note : Wings of small span and high taper (e.g., Delta wings) are best treated as bodies. 

Wakes 
Centre of model at (x', 0, 0) , 

M CoS J (xo - -  x ' )  
AM (1 + 0 . 2 M ~ ) ~  1 + 0.111 K(_~_, 0,0)} 

where CD is the drag coefficient of model, omitting induced drag, based on an area S, 

K ~BK(~,0, 0) is given in Figs. 2, 3 and 4. 

1 M 
fl, ~ ,  ~-~ (1 + 0 .2M ~) are given in Table 1. 

A2bplication to the R.A.E. Wind Tunnel.--In applying the above formulae to the R.A.E. 
10 × 7 ft Wind Tunnel with the present shape of corner fillets (Fig. 16a) we have, 
for bodies or wings, 

AAM = 1" 175 × (dAM calculated by above formulae using B = 10 it) 

daM = 1- 12 × (ABM calculated by above formulae using B = 10 it) 

dcM = 1.055 × (dcM calculated by above formulae using B = 10 it) 

for wakes, 
AM = 1" 13 × (AM calculated by above formulae using B = 10 it) . 
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T A B L E  1 

M 
1 1 2 M(1 + ~ M )  (2 -- M 2) 

f13 M(1 + { M  2) 

0-20 
0"30 
0.40 
0"50 
0"60 
0.64 
0 '68  
O" 70 
0.72 
O-74 
O" 76 
0"78 
0 '80 
O" 82 
0.84 
0 '86  
0.88 
0 '90 
0.92 
0.94 
0"96 

0-9798 
0.9539 
0.9165 
0.8660 
0.8000 
0.7684 
0.7332 
0.7141 
0.6940 
0.6726 
0-6499 
0.6258 
0.6000 
0.5724 
0.5426 
0"5103 
0"4750 
0"4359 
0-3919 
0-3412 
0-2800 

1-0206 
1.0483 
1-o911 
1.1547 
1-25o0 
1-3o15 
1.3639 
1.4oo3 
1.441o 
1.4868 
1.5387 
1.598o 
1.6667 
1.7471 
1.843o 
1.9597 
2.1o54 
2.2942 
2.5515 
2.9311 
3.5714 

o-2143 
0.3518 
0.5362 
0.8083 
1.2562 
1.5263 
1.8847 
2.11o3 
2.3778 
2.6981 
3.0882 
3.57Ol 
4.1778 
4.9613 
6.0004 
7.4293 
9.4848 

12.6274 
17.8688 
27.8530 
51.79o3 

9.7222 
6.2541 
4.4574 
3.3333 
2.5498 
2.2969 
2.0697 
1.9646 
1.8644 
1.7691 
1.6778 
1.59o6 
1.5071 
1.4271 
1.35o4 
1.2767 
1.2o59 
1.1379 
1.0724 
1.0093 
0.9485 
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Rig used in experiments on bodies of revolution of same shape 
but of different sizes. 
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Rig used ilx experiments on non-tapered wings of various span 
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