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PART I

Simple, Approximate Formulae for General Applicatioll.

Summary .- It is shown that for an elongated body of revolutio n of any shape in a closed rectang-ular tun nel of an y
cross section bet ween square and dup lex , the blockage correction is given approximately by .

~u V
-- = 0 ,68 -u, hi b'

where V is the volume of the body, b is the length of the longer side and !J is t he length of the short er side of the
t unnel cross section . For a wing of any sect ion spanning the tunnel

.1u A V
- = 0 ·62 - = 0 ·62 -u, hi !JIb '

where b is the length of the side of the tun nel parallel to the ....ing spa n, 11 is the length of the other side, and A is the
area of the section of the wing, and V is the volume of the ....-ing. These formulae are accura te to within abo ut
± 5 per cent.

To co~ver bot h cases, and t herefore the int erm ediate c.1.SC of a complete aircraft model of :;pan less than or equ al to
the ....-idth of the tu nnel , we may write £,

~u V
- = 0 ,65 o, hlb'

provided that the wing is parallel to th e longer side of the tunn el. This form ula is est imated to be accura te to wit hin
± 10 per cent. which will be sufficient for most cases.

These formulae do not include wake blockage effects.

• RA E. Tec hnical Note No. Aero 1286 (Misc.), received 6th J anuary, 1944.
t R.A.E. Technical Note x e . Aero 1258 (HS .T.), received 20th October, 1943.

•
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I ntroduction.- Lock1 has shown t hat t he blockage correction
closed tunnel is given. to a close order of approximation , by

Llu (5 )3"
U

o
= T A C '

for a body of revolu tion in a

(I)

where
Uo

Llu

T

A
5

and C

is t he velocity in t he empty tunnel,

is the increase in t he axi al velocity In the neighbour hood of t he body du e
to the blockage,

is a fact or depending only on t he sha pe and cross section of the tunnel,

is a factor depending only on t he meridian shape of the body.

is the maximum cross sectional area of the bod y,

is the cross sectional area of t he t unnel.

Lock! evaluated the factor A for a comprehensive range of fineness ratios for spheroids
and Rankine ovoids ; in P art II. t he factor has similarly been determined for streamline shapes
wit h pointed t ails. In every case A has been found to be a nearly linear funct ion of the fineness
ratio , which suggest s that t he blockage correction can be written as proportional to the volume
of the body, and the factor of proport ionality is then independ ent of fineness ratio . " A proof of
t his is given in para . 2 and it is shown t hat t he fact or of proportionali ty is also independent of
the sha pe of t he bod y. A general formula is derived which gives to a close order of approxi
mation t he blockage correct ion for an elongated body of revolution of any shape in a closed tunnel
of any rect angular sect ion ranging from square to duplex .

Similarly, for symmetr ical wing sect ions spanning t he t un nel the blockage correct ion takes
the form

(2)

•

!:i.u = A (.1.-)'
U T h 'o

where T is again a function of the shape of the cross sect ion of t he tunnel,

A is now a fun ct ion of t he shape of the wing sect ion,

t is the ma ximum t hick ness of t he section,

and h is t he length of t he tunnel side norm al to t he wing span.

Lock! has evaluated t he value of A for the followin g types of sections :

(a) Ellipses

(b) Generalised J oukowski sect ions (Fage's sections)

(c) Simple J ankowski sections.

In every case A was found to be a nearly linear function of t he fineness ra tio, which again
suggests that t he blockage correct ion can be simply written as proport ional to the volume of t he
body and independent of the fineness ratio. The results for the above three types of sect ions
have been examined with this in view, and, as in t hree dimensions, th e factor of proportionality
has been found to be nearly independe nt of shape of section. Furt her , by arranging the derived
formulae for two and t hree dimensions to involve t he dimensions of the tunnel cross section in
t he same manner , the two formulae are found to be in fair agreement. A single mean formula
is t herefore sugges ted giving the blockage correction in both two and three dimensions for all
shapes of cross section of the tunnel ranging from square to duplex; the accuracy of t his formula
is believed to be within ± 10 per cent. This formula can be applied to evaluate the blockage
co rrection for complete models in a wind t unnel.
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2. Derivation of General Formula for the Blockage Correction f or Bodies oj Revolution.-It is
shown in Par t II th at to a close order of approximation the source dist ribution equivalent to an
elongated body of revolu tion is given by 1 (z), where

I (z) ~ n Uo t z (ro'), (3)

where z is measured along th e axis of the body from its mid-point , and '0 is the radius of cross
section of the body. In Par t II it is fur ther shown that the error involved in deriving the
equivalent doublet from t his formula for th e source distribution is negligible since it is less t han ,
and of opposite sign to, the overall error involved in Lock's met hod for obtaining the blockage
correction by replacing the images wit h equivalent doublets,

If the body length is 21, then the equivalent doublet is

Q ~ l' I (z) zd z = l' nUo ;' (ro' )Z dz
_J - I

= :t U f) [_1'02] - «u, {l '02dZ
= - Uo V ,

where V = volume of the body. The factor A is de fined by

J.QJ _ An t'
Uo - 4

where t is the maximum thickness of the body . and hence

4 V
A = --t"n

I t follows t hat
D.U _ (5)'/2-0 - , 1\ C

o .
Tyn V

= - 2- C3 J2 • • ..

(4)

(5)

(6)

For a square tun nel t: = 0-809, and for a dup lex tunnel t: = 1-03, Hence, for a square t unnel

T 0 ·809
C' I' ~ h'b

and for a duplex tunnel (b = 2h)

T HJ3
C' I' - h'by2

0· 729
- »t:

we here define b as the length of the longer side of the cross section. A mean relation.for both
tunnels is t herefore

(7)

For the extreme cases of square and duplex tun nels it will be seen, that t his relation is
accurate to within abou t 5 per cent " but since most tun nels have shapes lym~ somewhere between
;quare and duplex the accuracy of this relation will in general be considerably closer than
:; per cent .



From (6) and (7) we then have

to " 0 - 77v~ V
Uo - 2 h2 b

V
~ 0 -68 h' b - (8)

T his simple relation therefore gives the blockage correction for an elongated body of revolution
of any shape in a rectangular tunnel of any cross section between square and duplex to an
accuracy t hat is within ± 5 per cent.

3. Derivation of General Formula fo r the Bl-ockage Correction i t! T wo Dimm siolls.-By an
argument, precisely similar to that given above, and based on t he approximate source distribu tion
given by thin aerofoil theory, it may be shown that the equivalent doublet is proportional onlv
to the area of cross section of the wi ng section." T he constant of proportionality thus derived
however , is not as accurate in this case as for t hree d imensions, and it is better to derive it
empirically.

\Ve have, accord ing to Lock,

to u TA( ;)'
Uo - T.

- 0-S22AG)'.
for a rec tangular t unnel of height h. Hence, if A is t he a rea of cross section of t he aerofoil,

to u / A _ a u / V
Un h 2 - Un h 2 b

= K , say

From Lock 's results for A for ellipt ical sections, genera lised J oukowski sections, and simple
Joukowski sections, the value of K has been calcula ted for values of clt of 5 ·0 and 10·0. The
results are given in t he following table :-

Type of section

Ellipse
Generalised j oukowski
Simple J oukow'ski . .

cIt = 5·0

0 ·628
O·63S
0·649

cit = 10 -0

0 ·5i5
0 -585
0 ·590

• Thus it can be easily shown that the source d ist rib ut ion is given approximately by

dy o
- I (z) = 2Uo d--;'

where z is measured along the chord line from the lead ing edge, and Yo is t he ordinate of the section. Hence. ti ll
eq uivalent doublet is

Q ~f' l (z) z d z = - UlI A

"where A is the area of the section.



5

It will be seen, therefore, t hat for cIt = 5 ·0 t he values of K for the various sections are all close
to 0 ,6-1, whilst for cIt = 10·0 the values of K are all close to 0 ·59. A mean formula for the
blockage correct ion in two dimensions is, therefore,

au _ O.6?~
U - - h' b •o

(11)

where V = A b is the volume of t he wing ; and the probable accuracy of t his formula is about
± 5 per cent .

4. General Formula for Two and Three Dimensions.- Com paring equations
t will be seen that to an accu racy of abou t ± 10 per cent. we can write

(8) and (I I )

(12)

o cover both the two- and t hree-d imensional cases. It may be noted that where this formula
5 likely to be most inaccurate. as in two dimensions for , 'cry t hin sections (cIt large), the correction
vill in any case be small.

This formula has t he advantage t hat it can reasonably be applied to derive the blockage
.orrectio n for a complete aircra ft model, provid ed the wing span is parallel to the longer side
if the tunnel.

It is , of course, understood t hat these correct ions do not include the wake blockage corrections
vhich are addit ive to the corrections di scussed in this note.

•
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PART II

N ote on the Blockage Correction for Streamline Bodies of R evolution

Su mmary.- An approximate method for obt aining the source distribution of a body of revolution is used to deri v-e
the equ ivalen t doublet whose field is the same as tha t of the body at large distances from it. The blockage correct ion
factor A was then obtained by Lock 's met hod of replacing the image system for the body in a tunnel by a system
of equivalent doublets. It is found that for streamline shapes with pointed tai ls

.d = 0 ·148 + 0 ·523 Lit,
where Lit is the fineness rati o.

A discussion of the accurd.cy of the method is given.

I. I ntroduction.-In R. & M. 12751 Lock demonstrated a meth od of calculating th e blockage
correction for a bod y of revolution in a t unnel of rectangu lar section. The method was based
on th e fact tha t th e field of a body at distances large compared with it s dimensions is t he same
as that of a doublet. Hence, it is argued, the effect at the body of the image system of t he body
in the tunn el can be closely approximated to if each image is assumed to be a doublet. Lock
applied t his process to Rankine ovoids and spheroids , and calculated a blockage correction
factor A. Th is factor is a funct ion only of the meridian shape of t he body ; for bod ies of similar
shape it is a function only of fineness ratio. It occurs in the blockage correction factor as
follows :-

(I)

where (as in Par t I )

Llu is t he increment in the stream velocity at t he body due to the blockage,
U0 is t he velocity in the empty tunnel,

T is a factor depend ing only on t he s.hape of t he cross section of t he tunnel,
5 is th e maxim um cross sectional area of the body,

and C is t he cross sectional area of t he tunnel.

The factor A given by Lock for Rankine ovoids and spheroids is shown in Fig. 1 as a function
of fineness ra tio.

Beca use of t he difficulty of est imating t he equiva lent source distribut ion for streamline
bodies of revolution, no attempt appears to have been made to evaluate the factor A for such
shapes. Hither to, the va lue has had to be guessed , when requ ired , from the correspond ing
values for ovoids and spheroids. For tests at low Mach numbers this procedure is reasonable,
since th e correct ion is generally very small and does not require to be accurately estimated.
For tests at high speeds , however, the blockage correction is increased , as compared with t he
incompressible flow correct ion , by t he factor

1
(I Jf')"

where M is the Mach number s. For such cases , therefore, it is desira ble to have a more accurate
estimate of the blockage correc tion. The object of this note is to provide such an est imate .
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2. Metlwd of Calculation and Results.-Let the z axis be along t he axis of symmetry. Then
any system of sources and sinks f ez) distributed along t he ax is between t he points z = ± I
can be expressed in the form

00

[ (2) = 2., 2 A.P. (1'1), (2)
I

where I II = zJI,

and P~(fi l) is the Legendre polynomial of order n of the fi rs t kind.* T hese polynomials satisfy
the relat ion r p .. (Il l)' r; (Pt) dpt = 0, if l' '# m,-, .,

= ') 4. 1 • if n = nt.
~n

Also Po (ftl) = 1, and PI (/11) = PI'

If I (z) is the equivalent source distribution for a body, t hen the doublet at t he origin whose
field is the same as that of t he body at large d istances fro m it is given by

Q = - [ ' 1' · [ (2) . I', d",.
- I

where Q is the doublet st rength. It follows from the above that

Q = _ ~ ~ [' A,. (3)

The relation between' the blockage correct ion factor A and the strength of each doublet Q
)f t he image system giving rise to t he blockage when t he body is in a tunnel is shown in
~ef. 1 t o be

(4)

vhere t is the thickness of the body.

f ence, we can writ e

A ~ - ;It,; ( ~t (5)

we ca n obtain a close approximation to the equivalen t sink-source d istr ibut ion of a body
Iy assuming t hat each element of t he dist ribution is responsible for t he loca l distortion of the
low caused by the body. This assumption implies that the disturbance velocities introduced
'y the body are small compared 'with t he mainstream velocity. The assumption is therefore
nalogous to t hat un derly ing t hin aerofoil t heory, but is foun d to give reasonably accurate
esults for bodies of thickness ranging up to 30 per cent. If v is the component of velocity in t he
adial direction at the surface of t he body, then with t his assumption we -may write

v dyo
Uo = dz '

nd I (z)dz = 2n:yo vdz,

there Yo is t he radius of cross section of the body .

fence I (2) ~ u, ;2 (.ro' )·

* For a discussion of th e properties of these funct ions see. for example. Ref. 3.



8

I t readily follov..-s from eq uation (2) and t he ort hogonal properties of Legendre polyn omials that

Al 3 V
IU

n
~ 4:1: -[3 •

where V is the volume of t he body.

Hence, from equat ion (5)
4V ·

A ~ - t' (6)
n

The value of. A has been calculated from eq uat ion (6) for a number of st reamline shapes with
pointed tails. T hese shapes cover a range of t hickness from about 13 per cen t. to about 30 per
ccnt., a nd the maximum t hickness positions vary from about 30 per cent. to about 50 per cent .
of the body length from t he nose. The values of A are shown plotted aga inst fineness ratio
(Lit, where L = 21) in F ig. 1, The crosses , circles and squares apply to bodies wit h t he maximum
thickn ess at 50 per cent. , 40 per cen t. and 30 per cent. of the lengt h behind the nose. The
results are also given in Table 1. It will be seen that , for t he range of Lit cove red, all t he points
fall very closely about t he st raigh t line drawn through them , and acce pting this line the value
of A for these bodies can be written

A ~ 0 · 148 + 0 ·523 Li t (7)

It appears that this value of A is about Il-78 of the value given by Lock for t he spheroid of t he
sa me fineness ratio.

TABLE 1.
T able of values of blockage correction fa ctor f or various streamline bodies

of revolution with pointed tails.
,

l.lt I Position of
ma ximum A, 2A,fineness
t hickness ra; - LUu

A
rat io

(approx.) •
--~- -- '---

_.
I

_.

3 ·76 0 ·51. - 0 ,06026 2 ·14
3·94 0 ·51. - 0 ,05315 2 · 16
4 · 15 O·S!. - 0 ,04604 2 ' 19
5 ' 56 O·S!. - 0 ,02738 3 · 13
S·8H Q'SL - 0- 02403 3 ·2M
G·25 0 ·51. - 0 ,02068 3 ·37
4 · 17 0 '41. - 0 -04799 2 '31, 4 ·421; 0 ' 41. - O·O·n 54 2 ··W
4·74 Q·4L - 0 ·03545 2 -515
6 -80[, 0 · -1 [. - 0 -0 1795 3 -77
7 · 14 0 ·4!. - 0 ·01610 3 ' 9'~

,..;g 0'4 1. -0-01424 -I. 13
-4 -os, 0 -31. - 0-0525 2·35

3. Discussion of Accuracy .- There are three possible sources of error in the above me thod 01
deriving A for streamline shapes, they are :-

(1) T he method of deriving t he equivalent sink-source distribu tion provides a close but
not exact estimate of the value of AIIIUg , and hence of A.

(2) The field due to t he images nearest t he body will d iffer somewhat from t hat due to the
equival ent doublet s.

(3) The source d istribution correspo nding to a body in a tunnel will d iffer slightly fro m t hat
for the body in free air.

'";"This approximate formula could have been derived (asin Part I ) without exprcs~i~g t he sink-sou~ce dist ri~ut ior
in the general form given in equati on (2). The latt er is needed. however . in examtmng the errors involved In flu
approxi mat ion (see §3 and the Appendix).
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To examine the probable magn it ude of the error due to the approximations used to derive
A I /lUo, the corresponding values of A for spheroi ds were determ ined and are shown in Fig. 1
by t he dotted line. Comparing this line with that de rived by Lock using t he exact source
distribut ion it "ill be seen that t he met hod of this note underest imates A by about 0 ,2, or about
5 per cent. As a further indication of the magnitude of this error, the source distribut ion
calculated by a more rigorous method by Kaplan" for t he body with the maximum thickness
at 30 per cent. of its length behind t he nose was used to determine A for this body. The result ing
value was found to be 2 ·48 as compared with t he value of 2 ·35 given by the approximate source
distribution. The di fference for this case is t herefore about t he same as th at found for spheroids .

\Vhen we come to examine the error un der item (2) above, however, it is found that t he induced
velocity at th e body du e to the images nearest it is less than t hat est imated by assuming them
to be doublets. The difference is, of course, a function of t he relative size of body and tunnel.
As an ind ication of what this difference may amount to, the induced velocity at th e body with
the maximum thickn ess at O·3L due to its image system in a squa re closed tun nel of height
equal to the body length was calculated. The met hod adopted was fairly rigorous. The source
distribut ion calculated by Kaplan! was used , and the indu ced velocity du e to the images with in a
square of sides of length twelve times that of the tu nn el was calculated acc urately, t he images
outside tha t square were treated as doublets. The details of the calculation are given in t he
Appendix. The resulting value of A was found to be 2 ,06, as compared with 2 ·35 given by t he
approximate method using the approximate source dist ribut ion . and 2 ·48 using t he approximate
method and the more exact source dist ribu tion . It is realised th at t his example illustrates
rather an extreme case of a large body in a tu nnel; it is probable, in fact , that t he variat ion in
induced velocity with position along the body would be as great as the variat ion in the indu ced
velocity given by the various methods considered. Nevertheless, the example demonstrates
that the error involved under item (2) above is opposite in sign and can easily be of the same
magnitude as that involved under it em (1). I t is therefore suggested that th e value given for A
by t he mean line in Fig. 1 is accurate enough for most purposes , except where the body dimensions
are large compared wit h th e tunnel d imensions, in which case any method such as Leek's! for
deriving the blockage correct ion tends to become ~n accurate .

The error involved under item (3) is genera lly ignored as being ext remely small, and t he
following argument justifies this conclusion . It has been noted t ha t the equivalent source
distr ibu tion of a body of revolu tion is given with fair accuracy by

I (z) ~ n o, t z (Yo' ),

where Yo is the local radius of cross sect ion of t he body. For the body in a tunnel, the local
velocity is increased from Uo to Uo + Llit, say . It follows t hat the equivalent source distribution
for the body is increased in the ratio

U. + t;"
Uo

and hence Al and A arc increased in th is rat io. This suggests that a process of successive
approximation could be adopted to allow for t his change in the source d~stribution . Th.us,
having dete rmined A from Fig. I, a first approximation for li.uJU0 can be obtained from equat ion
(1) ; the value of A is then increased in t he ratio

t;"I + U '•
and then a second approxima tion for ti.uJUo can be derived , and so on . It will be obvious that
th e difference bet ween successive approximations will be extremely small in ge.neral, and cases
for which this correct ion can be at all appreciable are such that t he correct ion \V111 be completely
swamped by errors under it ems (1) and (2).

(?2 1?~) •
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APPENDIX

Details of Rigorous Process fo r Checking Approximate Formula

For a source distribution given by
~

I (z) ~ 2n ~ A " P" (~ 1) , for - 1 <; u1 <; 1
1

and ~1 ~ z/I,

it is shown in Ref. 4 that the potential function is given by
ro

f = ~ A . P" Cu) . Q" (A),
1

where;' and It are the prolate ellip tic co-ordinates derived from the system of confocal ellipses
and hyperbolas in any meridian plane having the points z = ± I as tocii. Thus

z ~/), ~, }
r ~ I (), ' _ 1)1/' (1- #')112, ..

'where r is the distance from the ax is. T hus). = const. and It = const. define a confocal ellipse
an d hyperbola, respectively . P" and Qn are Legendre polynomials of the first and second kind,
respectively.

In the plane z = 0, we ha ve

I' ~ 0, r = I (),' ~ 1)' /',

or ;. = [ ; : + I Tia.

The indu ced velocity at any point in this plane du e to the source distribution is given by

~ _ ~ ~ A Q (A)( ap.) (11)- . /}. '"'f .. .. --yp ",=0'

Suppose the body corresponding to the source dist ribution I (z) centrally placed in a closed
tunnel of height h and wid th b. Then there will be an infinite system of images representing the
tunnel constra in t consisting of exactly similar source distributions situated at t he poin ts•

x = pb,y ~ qh,

where x and y are measured from the origin parallel to the sides of the tunnel; p and q are integer
numbers taking all the values from + 00 t o - 00 , the combina tion p = 0, q = 0 being excluded.
The distance the body is from an image is t herefore

r = [p2b2 + q2 h2] 1/2,
and hence relat ive to the image the position of the centre of the body is given by

_ _[P' b' + q' h' ] 1/'
~ ~ 0 , ),,, - I' + I .

It follows that the induced velocity at t he body due to the system of images is given by

-t:- ~ .~ [ ~ /17
0

Q.t,,)( 'a~·) I'~ol
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the combination p = q = 0 being excluded. It is found that in the expansion for the source
distribution only the first five terms need be considered, and since at p = 0

cP, = 1. 0 CP, ~ - 1.5 CP , = 1.875 CP, = oP , ~ O
op ' OJl ' ep ' eJl op ,

the expression for tluJUo becomes

Llu = _ ~ ~ [ A, Q, (i-,,) _ 1.5 A , Q, (A,,)
u, P+ tO f -l» IUo j'N IUo Af f

+ 1·875 A, Q'(I. ,,) J. (14)
IU 0 Apt

We have the following expressions for

Q,(I. ) Q,( A) and Q,(I.) :_
A ' A ..t

Q,(I.) = ! log [I. + I J _ ..!.
I. 1.1 I.

= L~, + 5~ ' + . . . + (2n + ~ )!....+, + . . .J. (15)

Q,(A ) _1 (- " 3) 1 [i- + IJ 1 (1-" ' )--- "I" " .... - og - - ~ .... - ""lI. I. 1 61.

2 4 2 ' 2(n - I)
= 351. ' + 631' + 331.' + .. .+ (2n + 1)(2n + 3) I. ..... + . . • (16)·

Q,( I.) = (63A' -70 I.' + 15) I [ I. + IJ_ 631.' + 491. _ ~
I. 16 og I. - I 8 8 151.

_ 8 8 4 (n - 2) (n - I) I
- 6931.' + 4291. ' + . . . + (2n + I) (2n + 3) (2n + 5) 1. ...+' + . . • (17)

It is a fairly simple matter by means of the above expressions to evaluate the functions QJ~).

Q,?) and Q,~I.) for values of A ranging from the smallest required to . say. I. = 10. and the values

can be plotted for interpolation. For values of A. greater than 10, the contributions 'to the

induced velocity of the terms containing Q,y) an d Q,y)are negligible and they can be dropped;

in addition. we can then write

Q,V.) 1
- 1. - = 313 ' ( 1~

For the body considered, the values of
-.:!L A 3 As
ui. : ur,: TUo

were already known'. The process adopted was to calculate by means of equation (13) the
contribution to tlu/Uo given by the images within and on a rectangle of sides 12b and 12h having
its centre at the body . Outside the rectangle the contribution of the images is

Llu = _ :2: :2: ....:!L . _ 1_
Uo I> f IU o 3Af>f3

(72172) a
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.and . since ;. is very large,

(P 'b' + g'h') ' "
1

and hence
6.u A l [3

Uo = - ~ ~ IUD 3 [p'b' + g'h']"' .' (19)

where combinations of values of both p and q bet ween 0 and 6 are excluded.

The right hand side of (19) can be wr it ten as

4 A l l3 I GO GO 6 6 I I
- 3" lUo ~ ~ - ~ ~ lp' b' + g'h' j'/' •

T he value of the summation in t he brackets can be readily evaluated by a slight modification of a
process suggested by Lock , whereby t he summat ions are replaced by integrals, i.e., we can 'Write

00 ex;, 6 6 1

Z Z - Z Z [p'b' + g'h'] ' /'
0 0 II I!

1 J~ ~ J"'J" dx dy
... biz c J. - o o (x ' + y')'/'

1 V b' + h'
- biz --6~-

.. (20)

H ence the contri bution of the remaining images to the induced velocity is given by

4 A I'Vb'-"- h'
_ _ _ ~l ' .

3 ui, 6b'h'

More genera lly . the contribu tion of t he images outside a rectangle of sides 2nh and 2nh centred
on the origin is given by this met hod as

4 Al I' v'E'-:;:T.'
~ 3 . IUo nb2h 2 •

For the example considered , b was taken as equa l to h, and I = Iz j2, and hence this con tribution
became for It = 6
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FIG. I- Blockage Correction Factor for Various Bodies of Revolution.
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