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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

'RESEARCH MEMORANDUM

BLOCKAGE CORRECTIONS FCR TEREE-DIMENSIONAL-FLOW CLOSED—
THROAT WIND TUNNELS, WITH CONSIDERATION
OF THE EFFECT OF COMPRESSIBILITY

By John G. Herriot

SUMMARY

Theoretical blockage corrections are presented for a body of
revolution and for a three-dimensional unswept wing in g circular or
rectangular wind tunnel. The theory takes account of the effects
of the:wake and-of the compressibility of the fluid, and is based
on the assumption that the dimensions of the model are small in
comparison with those of the.tunnel throat. Formulas are given for
correcting a number of the quantities, such as dynamic pressure and
Mach number, measured in wind-tunnel tests. The report presents a
summary and unification of the existing literature on the subject.-

- L INTRODUCTION

When a model is placed in a closed—throat wind tunnel there is
an effective constriction or blockage of the flow at the throat of
the tunnel. The effect of this blockage is to increase the velocity
of the fluid flowing past the mod el; if the model is not too large
relative to the tunnel throat, this ve7ocqty increment is uoproxvm
mately the same at all points of ths model so that the model is
effectively working in a uniform stream of fluid the velocity of
which is, however, greater than the free-stream velocity observed
at some distance upstream of the model. It is therefore necessary
to correct the observed velocity, dynamic pressurs, Mach number,
and other measured quantities for the effect of this constr:utwon.
This correction is frequently called the correction for "solid
blockage." In addition to this solid~blockage correction, a .cor—
rection for "waKe blockage" is also necessary if the true dynamic
pressure and Mach number at the model are to be determined. This
wake blockage arises because the fluid is slowed down in the wake
and consequently must be speeded up outside the wake. A further
effect of the wake is to produce a2 pressurs gradlen+ which must be
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considered in correcting the drag coefficient. .

Formulas for the solid-blockage correction for a modsl mounted
in a two-dimensional-flow wind tunnel are given in references 1, 2,
3, and 4. The first order effects of the compressibility of the
fluid on these corrections are given in reference 5, as well as in
references 3 and 4. References-2, 3, and 4 consider also the wake—
blockage correction, and reference 3 also considers the drag cor—
rection due to the pressure gradient caused by the wake. The
formulas given in reference 3 for the solid- and wake-blockage cor—
rections will usually be found most convenient whenever the engineer
is confronted by a practical problem of determining the corrections
for any configuration met in his experimental work.

The solid-blockage correction for a model mounted in a three—
dimensional-flow wind tunnel has been given in a number of different
forms by different authors. Not only do different authors give the
correction for the same configuration in different forms but no one
author gives formulas which are applicable to both fuselages and
wings in tunnels of various shapes; for this reason, the engineer
confronted with a correction problem may have to refer to several
reports to get the complete solution of his problem. Moreover the

- modifications of the formulas for the first order effects of fluid -

compressibility are given incorrectly in some cases. References
1l and 2 give a formula for the solid-blockage correction for a body
of revolution in a circular or rectangular tunmnel for the case of

incompréssible flow. In references 5 and 6 the effect of the com-:

pressibility of the fluid on this correction is discussed, but the
result given is incorrect. Reference U gives a formula for the
solid-blockage correction for a body of revolution and for a three—
dimensional wing in the 7- by 10-foot wind tunnel. The modification -
for compressibility is correct for the wing but wrong for the body
of revolution. Reference 7 gives a formula for the solid-blockage
correction for a body of revolution in a circular tunnel, correctly
taking account of the effect of the compressibility of the fluid.
References 8, 9, and 10 give a formula for the solid-blockage cor—
rection for any body in a circular wind tunnel together with the
appropriate constants for a body of revolution and for a rectangu—
lar wing having various span-to-diamcter ratios; the modification
of this formula to take account of compressibility is correctly

given. '

It is clear that no one report gives all the necessary for—
mulas together with the appropriate constants and compressibility
modifications to enable the engineer to calculate the 80114~
blockage correction for any case with which he mey be confronted.
Moreover, when the results:of two or more reports overlap, the forms
are frequently different so that it is not obvious whether the

’
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‘results are 1n agreement. It is the purpose of the present report
to summarize and extend the .results of the previously mentioned
reports Formulas are given for the calculation of the solid-—
blockage correction for a body of revolution or a three—dlmensional
unswept wing in a circular or rectangular tunnel. These formulag
contain two constants, one depending on the shape of the body and
the other on the shape of the tunnel and the ratio of wing span to
tunnel breadth. (This ratio may be taken to be zéro for a body of
revolution.) Values of the first constant for various bodies of
revolution and for a number of frequently encountered wing-profile
sections are given. Values of the second constant for a circular
tunnel and for rectangulaor tunnels of & number of commonly encoun—
tered breadth-to-height ratios are given for various wing—-span-to-
tunnel-breadth ratios. Somc of these valuess have been taken from
the previously mentioned reports; whereas others appear for the
first time in the present revort. The discussion is limited to
bodies centrally located in the wind tunnel. '

The wake—blockage correction for a model mounted in a three—
dimensional—flow tunnel is given in references 4, 8, 9, and 10.
For the case of incompressible flow the formulas-ars in agreement,
but the modification to take account of compressibility given in
reference 4 differs from that given in references 8, 9, and 10.
This matter is discussed in the present report. In reference 11
the corrections for the pressure gradient due to the wake ars
given with the correct comprcssibi]itv factors.

All the final corr°ct10n formulas tcgethcr W”th directlons for
their use are given in the final ssction entitled "Concluding
Remarks. Mathematical symbols are defined as introduced in the
text. For reference, a list of the more important svmbolo and their
definitions is given in appendix B.

SOLID BLOCKAGE IN INCOMPRESSIBLE FLOW

In studying the flow over a thin airfoil of small camber at a
small angle of attack it has been shown that the effects of camber
and thickness may be considered independently. In treating the
problem of wall interference, it is again convenient to consider
the .thickness and camber effects separately.  The camber effect, as
pointed out in reference 3, contributes nothing to the blockage
correction. Consequently it suffices to determine the blockage
correction for symmetrical bodies at zero =ngle of attack. This
means that for wings it is necessary to consider only the base pro-
file of .thé airfoil, the base profile being defined as the profile
the airfoil would have if the camber were removed and the resulting
symetrical airfoll placed at zero angle of attack; bodies of
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revolution need be considered only at zero angle- of attd¢k.

ARéctangulaf Tunnel

Three—dimensional wing.— The blockage correction for a three—
dimensional wing in a rectangular tunnel is considered in refer— -
ence 4. Numerical values are given only for a wing of 6~foot span
in a 7- by 10-foot wind tunnel. The method may,; however, be applled
to any rectangular tunnel and any span-to-breadth ratio.

Consider a,rectangular tunnel of helght H and breadth B.
Suppose that the wing span 2s is in the B-direction so that 2s/B
is the span-to-breadth ratio. As in reference 4, let the wing be
represented by a series of finite lines of sources .and sinks. (See
fig. 1.) The strengths of these sources and sinks are assumed to
depend on the airfoil profile and the determination of these strcngths,
which is a two-dimensional problem, is explained presently. If each
line retains the same strength from one end to the other, the wing
section cannot be exactly constant. It will thin down at the
extreme tip and the plan form will not be exactly rectangular, but
neither of these features is such as to detract from its usefulnzss
for the present purpose; which is to represent an actual wing
sufficiently well to enable a Palcula+1on to be made of the velocity
along the tunnel axis 1nduced by images of the wing. It is this
velocity induced by the images which represents the effect of the
tunnel walls on the velocity at the model, and which is the solld—
blockage correction.

Congider the image line source CD of strength Q per unit
length. The velocity potential of a three--dimensional source of
strength Q®y (volume per unit time) is —Qdy/lnr. It follows that
thé component velocity along the tunnel center liné induced at A
by the source element .Qdy is

Bdup = H;!-S—é- By

vhere g and r are deflnnd 'in figurs 1. . Putting-

r? (mB—y) 2H2 + g and integrating fgpm ~-s to s giveéA
Qé . T mB + 8 - mB - sl 2
AuA = =7 [ . — = n -] : (l) :
hﬂ<n2H +€) /n2B2+g2+(mB+s)? - /5232+g?+(pB-s)2 4
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for the single line source CD. Now CD is one imege of one finite
line source used to represent the wing in the tunnel. In order to
find the velocity induced by all the. images of this particular line
source, it is necessary to add the results obtained from equation (1)
by giving m and n all positive and negative intocgral values
(except m =n = 0. Thus for & single line source,

t

uy =8 ) 1 [ Wis _ __mBos '](2)
b L - nPHR4g? | PR B R )P /n2H2+'82+(mB-s)?

where the prime denotes that the term m =n = 0 ie to be omitted
from the summation. Equation (2) may be rewritten :

u =9‘g§. O'E .S._B_ :
A" onme (H’ B* H

where
t -.
g g}.g: § =§— > \‘lr — S/B
(H B H). 28 Z n2+(8/H)2i_/n2+(g/H)2+(m+s/B)2 (B/H)2
_ m = S//B ] - (3)
“n2+(g/H)2+(m-s/B)2 (B/H)Z | |

It is convenient to define

# & s ?a):i B2 (g s BY (1)
BB B/ 2\rmE/ ~\® B’ E _
" so- that ' : p

- _Qgs 12 (& 8 B\
UA (BH)S/‘? b9 T<H, B’ H/

Now ¢ and T depend only very slightly on g/H and so it usually
suffices to take g/H = 0 in the evaluation of these guantities.
Any wing profile can be représented by a suitable distribution of
sources and ginks along the chord. It follows that the total
induced velocity due to the wing images ig obtained by summing over

this distribution and is approximately ,
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)

It may be noted here that setting g/H = 0 in the evaluation
of o and T 1s equivalent to representing the wing by a line
doublet of strength ZQg (analogous to references 1 and 2) instead
of by a distribution of sources and sinks.

/

. i

8
E,

The quantity Qg of_equation (5) con be determined approxi-

mately from the wing profile and this determination is a two-
dimensional problem. From reference 2, but with the notation' of
reference 3, thers is obtained

ZQg = —g—AC‘zU' . (6)

where
c airfoil chord

¢

U!' apparent free—stream velocity at airfoil as determined from
- measurements” taken at. a point far ahead of model

A a factor dependent on shape of base profile -

Substitution of equation (6) inﬁqléquation (5) yields

MU' 2sc?® n3/2 A*rs"/o 8 E)
u? (BH)3/2 1% AV’ B H
3 /2 . . )
sERAgesl) o
where |
t maximum thickpess of airfoil.’
c crogs—sectional aréa of.tunnel

If V denotes the volume of the wing, thén V = 2sctk; whers
#y S 1 depends on the shape of the base profile. Equation (7) may
be rewritten ‘ , , ) -
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A]_U' _ KJ_TV ' (8)
Uyt ~ ¢3/2 -
" or )
50" - Korlsct ' ' .
Gl - Kerzact , (9)
where .
repl) o
. n%/2 A 1 .
- x8/2 A |
, Xe 16 /e ' (12)

{

It is clear that'Tt depends only on the tunnel shape and the
wing-span—to—tunnel-breadth ratio; whereas Ky, Ko depend only on
the shape of the base profile. :

The factor A can be determined for>ény bage pfofile from the
relation (references 2 and 3) S

' 1 . N )
a=28" BTF JTiayageal 2 ) (13)
n\j c . v c /
o} . 7 .
" where o ' .
T ordinate of base profile at chordwise station x-

dyt/dx slope of surface of-bésq profile at x

P base-profile pressure coefficient at x in an
incompressible flow :

Values of A for a number of base profiles are given in reference 3.

Thus the value of Kz cen be calculated from equation (12)., The value

of k; 1is immediately found from the area of the base profile which
may be calculated, for exXample, by a numerical integration from the
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~

ordinates of the base profile. As soon as’ k3 is known, K; can-
then be calculated from egquation (11). The evaluation of T
requires the summation of the infinite series in equation (3). The
summation of this series is explained in appendix A. ‘

Values of T for rectangular tunnels of various breadth-to-
height ratios and for various wing-span~to-tunnel-breadth ratios
are given in table I and figure 2. Values of K; and .Kz for
various base profiles are given in tables II and III. . The:choice
between the two formulas (8) and (9) is entirely a matter of con-
venience and should be decided in the light of the available data.

Body of revolution.-- The;blockage correction for a body of
revolution in a rectangulér"tunnel is considered in references 1, 2,
and 4. In reference k numerical valuss are given for some average
streamline body of revolution in a 7— by 10-foot wind tunnel;
whereas in references 1 and 2 numerical values are given for prolate
spheroids and Rankine Ovoids in square and dvwplex (breadth equal to
twice the height) wind tunnels. Either the method of reference k
in which the body of revolution is represented by & -suitable dis—
tribution of sources and sinks along its chord or the method of
references 1 and 2 in which the body is represented by a.doublet of
suitable strength at its center may be used to obtain results for
any streamline body of revolution in any rectzngular twinel. Since
the method of reference 4 was used for the three-dimensional wing,
it is instructive to use the doublet method of references 1 and 2
for the body of revolution case, although both nmethods give the
same results. ‘

Consider a body of revolution of maximum thickness t and
length c¢ centrally located in & rsctangular tunnsl of breadth B
and height H. As in reference. 2 the body may be represented by a
doublet of strength pu given by the equation

W= %‘;x’ch’ 3 . (1k)

where A 1is a constant depending only on the shape and finsness
ratio of the body. The velocity induced at the model by the tunnel
walls is the same as that induced by a doubly infinite array of

images of the doublet and is given by

. _ e ’
A U' = ——H'- Y *—-——:—]—7——,,—'—'—'- .{lc‘
S Dt ey (15)
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the summation being taken over all positive and negative integral
values of m and n exeept m=n = 0. If g/H = O equation (3)
may be rewritten : . .

= (o )QSZ [‘”““’/B.,’F 2o o ]

) V! . om
, - j{:' EpnFion [(m+s/B)an+(m;s/B)Emnl (16)

where the quantities Ep, and Fp,, which are introduced for con—
venience, are defined. bJ the equatlons ' :

Emn = /ﬁg+(m+s/B)2‘(B/H>2

Fpn = -/ﬁz+(m.S/B)2 (B/H)2

It follows that

<O o Z [n2+ mZ(B/H)EJS/e_ (),

<

Substitution of equation (17) into equation (15) yields

If up is replaced by its value from equation (1kh) and equation (k)
is used, there is obtained

AU 73/2 a0 T<".B\) ct? 122 /[ 0, g)
(18)

U' 8 “(BH)S/a ’ ﬁ/z c3/2 8 ¢ T\ ’
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.

If V denotes the volume of the body of revolution, then

V &£ kact2 where K2 -n/h depends on the shape of the meridian
section of the body. (k2 = n/k for a right circular cylinder
whose meridian section is clearly a rectangle.) Equation (18) moy
be rewritten

. AJ_U' KV

S - _ (29)
or
MU' KuTet?
u! c 3/2 (20)
wheré
r=7(0, 0, 2) (21)
! 3/23 1
K =2x3/2>2 1 22
3 8 c K2 ( )
3/2 At )
K, = 2222 (23)
8 c -

It should be noted that T for the case of the body of revo-
lution is the same as for the limiting case of a wing when the span
approaches zeroc. As pointed-out in reference 2, A may be calculated
for any body of revolution whose Pressure dis trloutlon is known. The
necessgary formula is

QO AT A e

where
y radius of body at chordwise station =x

dy /ax slope of meridian section at x
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P pressure coefficient at x in incompressible flow

Values of A for prolate spheroids and Rankine Ovoids are given in
references 1 and 2. As soon as A is known for a body, K, can

be calculated at once from equation (23). The value of ke may be found
from the volume of the body of revolution which may be calculated

for example by a numerical integration, and 53 can. be.caleculated from
equation (22) as soon as k2 is known.

Values of T for rectangular tunnels of various breadth-to-
height ratios are given in table I and figure 2. Values of K3
and K; for various bodies of revolution are given in tables IV
and V. Some of these bodies are drawn in figure 3. Unfortunately
these tables are rather incomplete end moreover fuselage shapes
used in practice are extremely varied. However, in table IV it is
observed that the values of Kz do not depend very strongly on -the
shape of the body, although they do depend on the thickness ratio.
For this reason it appears that for most fuselages it will be
sufficiently accurate to use the values of X3 given for the-

NACA 111 bodies. As the values of K, given in table V are more
dependent on the body shape it is recommended that equation (19)°
and table .IV be used in preference to- equatlon PO) and teble V

whenever possible.
/

CircularATunne;-

Body of revolution.— It is convenient to consider the case of a
body of revolution before considering the case of the three-
dimensional wing because more a*tentlon has been given to the former
by other authors. (See references 1, 2,.7;, 8, G, and 10.) It will
now be shown that the blockage correctlon is again given by
equations (19) and (20) where T has a value appropriate to a cir—
cular tunnel. Since K3 and K, depend on the model and not on
the tunnel, they are still given by equations (22) and (23).

The most convenlent gtarting point is the formula of
references 1 and 2, namely,

7. ] . 3/ B
:Aé? = TA Sm> il ) _ (25)

where Sp is the maximum cross—sectional area of the model. Tt is .
only necessary to note that
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0n
]

nt2/k

<A
1

Koct2

. It follows at once that .

TN EE T B o

Substitution from equations (22) and (23) reduces this to .
equations (19) and (20), respectively. It should be noted that

‘of references 1 and 2 is identical with T of the present report. -

The value of 7 -is given in téble i and figure 2. Values of
K3 eand K, are given in tables IV and V. Again equation (19) is
preferable to equation (20).

The result of refererice 7 fails to take iﬁto consideration the

"body shape and so it ig not very useful except for less exact cal-

culations. The result of references 8, 9, and 10 is preséntedvin
a different form, namely,,

ASLEA oy ¥
gt T MV gy

(27)

where

Ay Afactor @épending on.mbdel shape

v factorldepending on tunnel shape »I 3 ‘ N
V  volume of model

B diameter of wind tunnel

It is of inte%est to showjthat equations (19) and (20) can be deduced

also from equation (27) showing the latter to be equivalent to
equation (25). TFrom reference 8, there is obtained

t3
A
v

+ia

)\.V=

fl

At

v
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Since also C = aBZ/k equation (27) yields at once

Bt _/m BNk NGB ) N a2 er
U’ '(EV X)(n T/'V\ 8 ¢3/2 Tp. "8 c3/2

This is the same as equation.(26) which yields equations (19) and
(20) directly. . , S

Three—dimensional wing.— The Blockage correction for a three—
dimensional: wing in a circulaer tunnel is given in references 8, 9,
and 10, the formula being of the same form as for a body of revo-’
lution in a circular tunnel, namely, equation (27) vhere Ty and
Ay have values appropriate to the three~dimensional wing. . From
reference 8 (using the notation of reference 3 instead of refer—
ence 2) there is obtained

My =3 2?/'02 A - (28)
Ty = ':':' T ‘ ' (29)

Since also C = iBa/h equation (27) yields at once .

N [T 2sc® N\ /L Ny 132 1 \_ 2sct A n3/2 _
U 8 v A\t / \ 8 32, ts/2t/c 16

J

This is the same as equation (7) which leads directly to
equations (8) and (9) with the same definitions of X and Ko
given in equations (11) and (12); +r is, however, given by
equation (29) where Ty ig obtained from references 8, 9, or 10.

- Thus equations (8) and (9) may also be used for circular
tunnels provided only that the appropriate values of T are used. .
Values of 71 are given in table I end figure 2. Values of X,
and Kz are given in tables II and III.
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SOLID BLOCKAGE IN COMPRESSIBLE FLOW

In the precedinz section the solid-blockage corrections have
been dstermined under the assumpti~n that the fluid is incompressi-
ble. It is now necessary to determine the modifications required
in these formulas to take account of the effects of the compressi-
bility of the fluid. The methrés oT references 12 and 13 ars very
convenient for .this nurnose. As the required modifications are
given incorrectly in references 5 and 6 . part;ally 1ncorrbc+?v in
reference 4, and correctly in reforuures 7, 8, 9, and 10, it
apoears worth vhile to zive scme discussion of the matter.

For the purpose of deducing the nroperties of a compressible
flow from those of a corresponding "nLOJDrGSSLbl@ flow ths so—called

"Extension of the Prandtl Rale,’ which was first given in reference 12

and repeated as Method IV in reference 13, is probably of most .
general application; but the other methods of reference 13 are
sometimes more convenient for certain problems. The Extension of
the Prandtl Rule may be expressed in the following manner:

The streamline pattern of a compressible flow to be calculated
can be comparcd with the streamline pattern of an incompressible
flow which results from the contraction of the y— =nd z--axes includ—
ing the profile contour by the factor N[i:ME (M = free—streamn
Mach number) (x—axis in the direction of the free stream). In the
compressible flow the pressure coefficient as well as the increase
in the longitudinal velocity are greater in the ratio 1/(1~M?)
and the streamline slopes greater in the .ratio lC/L_M .- than those
at the corresponding points of the equivalent incompressible flow.

Since formulas (8) and (19) for the three-dimensionzl wing and
the body of revolution have the same form and also apply to both
rectangular and circular tunnels, it suffices to determine the
modification due to compressibility for them. Let the subscript ¢
refer to compressible flow and the subscriet i .to the correspond-
ing incompressible flow. If Vg ‘is the volume of the model in the
compressible flow, then Vi, the volums of the model in the
corresponding incomnressible flow. is given by

= [1-(M')%] V-

vhere M' ig the aprarent fres-stream Mach number at the model as
determined from measurements taken at a point far zhead of the



NACA RM No, ATB28

model. Also if Cg is the cross—sectional area of the tumnel in
the compressible flow, then C; the cross—sectional area of the
tunnel in the incompréssible flow is given by :

S Ci =-tl—kM;)2] Ce

T is unaffected by the transformation and the effect on K; and
K3 is sufficiently small that it may be neglected. From the '
Extension of the Prandtl Rule it follows that

AJ_U’> _ 1 MU' 1 Kg¥i _ 1 KiTVo
Ut l—(M')2 vt '/i l—-(M‘)Z Cy 3/2 [1-(M1) 2]3/2 Ce 3/2

where J denotes the numbers 1 or 3. .Since equations (8) and (9)
are equivalent as are also equations (19) and (20), it follows that
in all cases it is only necessary to multiply the blockage correc--
tions given by these formulas by -[1~(M')Z]17%/2 in ordsr to take
account of the compressibility of the fluid.

As a check it is useful to determine the compressibility mod--
ification for the case of a body of revolution in a circular tunnel
by Msthod II of reference 13, since the derivation is 80 simple by
this method. Both the body shape and the longitudinal velocitics
are the same in the corresponding compressible and incompressible

‘flows; only the tunrel dimensions are altered by the factor

NMIZ(M') © so that Ci = [1-~(M')2]1Cc. There is obtained
| AJU') ) <A1Ur> . Ko7V . 1 Ka™g
Ut/ Ut/ C [l—-(M‘)E]S/?CC 3/2

as before.

WAKE BLOCKAGE IN COMPRESSIBLE FLOW

The blockage due to the wake of a model in a two—dimensional-
flow tunnel is discussed in some detail in reference 3.  Much of
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this discussion is applicable without change to the case of a three-
dimensional—flow tunnel. The fundamental idea of replacing the
model and its wake by a source (in this case a three—dimensional
source) of suitable strength located at the position of the model
can be used again and in fact the destermination of the source
strength @ can be carried out in exactly the same manner. The
result is identical with that of reference 3, namely,

p'U'Cp

Q= 20D E 1+ (1) (ur)e] (30
where
Q@  mass flow of source rather than volume flow as used previously
p! mass density of fluid at point far upstream
.Cp' . uncorrected drag coefficient referred to apparpnt dynamic
pressure q' :
S  area on which drag coefficient is based
4 ratio og specific heat of g 8 t constént pfessure to specific
heat at constant volume B}

Cy S

In equation (30) powers of M' higher than (M')2 have been
neglected. ' .

Consider now a rectangilar tunnel of height H and breadth B.
The tunnel walls are replaced by s doubly infinite array of sources’
of strength Q at distances mB to ths side and nE above and
below the position of the model.

By meking use of method II. of.reference 13, it is readily shown
that a three-dimensional.source of strength @ (mass per unit time)
in'a uniform flow of compressible fluid will induce at the point the
coordinates of which are x, y, z relative to the source a stream-
wise velocity

=9 _
Au bap [x2 + (l~M?§(y2+22)]3/2



NACA RM No. A7B28 : 17

vhere the uniform flow is in the x—direction and p and M are the
density and Mach number, respectively, of the undisturbed stream.

It follows that the streamwise velocity A2U' induced at a
point on the center line of the tunnel by the entire system of )
images is

\ X
brp? z {x? + [1-(M*)2] (m?]32+nEH2)\( 8/2

LU =

where p' and M!' are the density and Mach number of the undis-
turbed flow in the tunnel and the summation is taken over all
positive and negative integral valuss of m and n except

m =n = 0. The velocity induced by the imnge sources at an infi-
nite distance upstream.ls :

1
(A2U') = lim S
¢ T g ->-c lnp!

' X
(x2+ [1-(m?)2] (m3B2+n"H%) }3/2 v

R

But conditions far upétream rmust remain unchanged and to achieve
this it is necessary to counterbalance this velocity by super—
position of a uniform flow of equal magnitude but opposite sign.
The addition of this flow at all points in the field will result in
a speeding up of the general flow at the p031t10n of the airfoil by
the amount .

- @ T x ]
AsU. e limDo me L {xa_,, o-M" 2] (m232+;12H2) l 372 (J})

H
~ -

The surmation of this series can be obtained by the follow1ng
artifice. . Substitution of equation (30) into equation (31) and
settlng M' =0 gives

1 t \—'1'
Cp'SU \

w On L (X2+111?B2+n2H?) 3/2 (32)

(6U'), = 1lin
B SN
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But according to references 4, 8, 9, and 10 -

A 1 . 'S .

_SU> -z @5 (33)
i

Compefison of equations (32) and (33) shows that -

1 ’ N Y
lim :ﬁ X — = ax - (34)
X > o/, (¥2+m2B24n2HE2)3/2 BH .

; _
If in equation (34) B and H are ”eplaced by A (Bp)z B and
Vﬁf?iﬁsg H, respectively, there is obtained

lim X = 2n

4 = (35)
x> mz {x2+f1-(M")2) (wPB2smeER) o/ [1-(M')2]BH

Substitution of squations (35) and (30) into equation (31) yields

AT _ 14(y-1)(M')2 Cp'S _ 1+0.4(M')2 Cp'S (36).
ut 1-(M')2 4BH 1-(M')2 4C

on setting y = 1.4. The preceding discussion is for a rectangular
tunnel, but in references 8, 9, and 10 the same formula is given for

a tunnel of apy shape for the case M' = 0. Consequently, equation (36)
may be taken to’ hold generally Tor a tunnel of any shape.'

In reference L the wake—blockage correction is given correctly
for incompressible flow but the modification to take account of
compressibility is given’incorfectly, as it is determined from ref—
erence 5-which,-as pointed out in reference 13, i¢ incorrect. The
effect of compre831b111ty on the wake--blockage correction ig deter—
.mined in references 8, 9, and 10 by means of the correct form of the
Extension of the Prandtl Ruls«but there is some question whether this
rule is applicable to this problem. It appears that in using this
method to determine the effect of compressibility on the blockage
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correction, the effect of compressibility on the source strength @
given by equation (30) is overlooked. This explains the discrepancy
between equation (36) and the formula of references 8, 9, and 10.

' WAKE PRESSURE GRADIENT IN COMPRESSIBLE FLOW

The effect of the pressure gradient caused by the wake is dis—
cussed in reference 3 for compressible flow in a two-dimensional
wind tunnel and in reference 11 for compressible flow in a circular
wind tunnel. The method of reference 11 is equally applicable to
the case of a rectangular wind tunnel if the appropriate value of
T (table I) is used. ' ’ : : :

The longitudinal velocity increment due to the effect of the
tunnel boundaries on the source used to simulate the wake has en
approximately linear gradient in the stream direction at the model
location. This linear gradient in the velocity. is equivalent to a
linear gradient in the pressure as is easily secn from the approxi—
mate relation ' C ’

ik
AP? =—2ql UEI
In reference 11 it is shown that the gradient in A2UY  for a
source in a wind tunnel is identically equal to the value of A2UY
for a doublet in & wind tunnel. In the notation of the present .
report there is obtained ' "

d :)’,_ 7T Cp'S
(‘L;i-‘Cl' Vi B

For compressible flow this becones

d'; V1w (el) (MR .op's
B L gt 1l (v )()ﬁTCgQ‘ .

ax To[1 . ()= Y

i la.ou (Mt P Cp's ceo T
= [1-1 (M+)21872 “/-{T‘c 7z

- The increase in the drag resuiting from thié_pressﬁre gradient
is equal to the product of the pressure gradient by the sum of the
actual model volume and the virtual volume (reference 2). It
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should be noted that the constants K; and Kg of tables II and IV
are equal to (/1) .times the ratio of the sum of the ‘actual model
volume and the virtual volume to the actual model volume, these
quantities being calculated under~the assumption of incompressible
flow. Thus the increase in drag coéfficient caused by the pressure
gradient is given by

3

_1 L 0.u()2 KaOp' T |
acp,! = [1+_(M')2]3/2 Csv}z | (37)

for the wing, and

b1+ 0.4(MY)2 ETVRCp'
Ao’ - [l+-(M')2]3/2 72 -9

for the body of revolution.

It is pointed out in reference 11 that the virtual volume is
altered by the compressibility of the fluid. Thus equations (37)
and (38) can be slightly improved if K; and K appearing therein
are correctéd to take account of this effect. The:necessary modifi—
cation is made by replacing . Ky and Ks. in these equations by
Kip and Ksp, respectively, where ’

where h{(M!') 1is given by figure 4 which is reproduced from
reference 11. It should be notéd that the.improvement in modifying
K, and Ks for compressibility'will=bé'small'especially in the
cage of Kg for the body of revolution. It is important only for
quite high Mach numbers. This additional refinement was not made

"in reference 3.

It appears that a similar compressibility modification of K3
and Kg in the formulas for the solid blockage should be made, but
the exact modification required is not known. However, it is
" believed to be small. :
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CORRECTION OF MEASURED QUANTITIES

!
The true velocity U at a model consisting of a body of revolu~
tion and wing can be obtained from the apparent velocity U' by
applying the solid-blockage and wake—blockage corrections. The true
velocity may be written in the form

U@+ _ (40)

where

K=Kw.+Kb+Kyk ‘ (k1)

In equation (38) Ky. is 'the solid~blockage correction duo to the '
wing and is given by L

K = — 1 KTV
KW . [l—-(M' )2]3/2 Ca/g ) (LI'Q)

or

1

. KoT2sc bt
= < Wi . L
| Ky o) (43)

213/2 Cs/a_

Ky is the solid—blockage correction due to the body of revolution,
being given by -

¢

M

. _ 1 KSTVb
% = T2 o2 ()

or

Ky = [o(wr)2]578 6o/ (15)

Ko 1is the 'waké;blockage correction and is given by
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k. -1+ 04(M)2CD'S. o
S = T g i ( | )

It is evident that a correction to the apparent veloeity in a
compressible flow implies corrections also to the apparent density,
dynamic ‘pressure, Reynolds number, and Mach number. These correc—
tions are readily obtained on the basis of the usual assumption that
the flow is adiabatic. It is assumed that the correction terms are
small compared with unity, so that squares and products of these _
terms may be neglected. The analysis follows the lines of ‘reference 3,
and ‘it - is not necessary to repeat the details here. The following
equations are obtained: )

o = p'l1 — (M')2K] (47)

o = o2+ 0oy } (48)
R = R'{l + [1,~o.7(M')21K} B o (49)
T M= M'{ 1+ [1+0.2(M' )2]K],» (50)

The drag coefficient must be\c¢rrected for the effect of the
pressure gradient due to the wake as well as to refer it to the
correct dynamic pressure. There is thus obtained

\

| Cp = cD'JL 1 - [o—(M')3)K - acp ! - acDb’} . (51)

vwhere Ai&%; and ACDb' are givéﬁ by'équations (37) and (38). -
Numerical values of the functions of M' which appear in these
equations are given in table VI. : :
" CONCLUDING REMARKS

Data obtained from tests of three—~dimensionel models, which are
small relative to the wind-tunnel dimensions, ¢an be corrected for
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solid and weke blockage end' for the pressuré gradient due to the

wake by means of the following equations:
U = U'(14K)
a = o {1+ fe-0e)%1)

R = R {1'+'[;;o.7(M')2]K}

M = Mi{-l + [}:.L+o.2(M')2.]K}_

éD = cD'{ 1-[2--(M)3] K~ ACD;,' - A§Db'

(40)
(18)
(49)

(50

1 -
I (51)

In the preceding equétions K 1s obtained from the following:

K = KW + Kb + K'Wk
where ' :
K, = 1 K1V,

T [1-(M')3]3/2 ¢-8/2

or
K2T2scwtW

K

K = 1 KSTVb
® " Ta—(ur)313/2 3/2

or . oo
' _ 1 K, Topty,2
[1-(M')®]8/2  (8/2

Ky

. _ 1+0.4(M")2 Cp'S
1-(M')2 ke

Kuk

T oo L

u”i“*l)
(42)
(83)°
(44)
<45) 

(46)
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: 1+ 0.4 M' 2 K37V, | (ae
ACpy,' = 1 :(Mx)é]s}z 12 392‘ (37)
V. 1+ 0.4(M")? KyTViCp' 3
_Aqu (1 —(Mr)2)3/2 ca/2 : - (38)

In these equations T 1is a factor which for a body of revolu-
tion depends only on the shape’ of the tunnsl; whereas for a three--
dimensional wing T depends on the ratio 'of "the wing span to the
tunnel breadth as well as on the tunnel shape. (The wing span is
in the direction of the tunnel breadth.) Values of T are given in
table I and figure 2. The constants K; and Kz for the three—
dimensional wing depend only on the wing base profile shape and can
be calculated by means of equations (11), (12), and (13). Values of
Ky and Kz for a number of wing profiles are given in tables II and
III. The constants Kg and K.  for the body of revolution depend
only on the shape of the body and can be calculated by means of
equations (22), (23), and (24). Values of these constants for a
number of body shapes are given in tables IV and V; some of these
shapes are drawn in figure 3. Since these tables are incomplete and
fuselage forms are not standardized as are wing sections, it-is
recommended that the valuss of Kga given in table IV for the
NACA 111 series of shapes be used for any fuselage shape which does
not differ too greatly from an NACA 111 shape. This implies thatv '
equation' (19) and table IV should be ussd in preference to
equation (20) and table V whenever posaible. Numerical values of
the functions of M! which apbear in the corresction equations are
given in table VI. .

The constants X; and Kg appoarlng in equations (37) and (38)
- may be modified for compr9851b111ty by means of figure 4. The
modified values off K; and Ks are to be used in equations (37)
"and (38) only and not in equations (42) and (4k).

Ames Aeronautical Laboratory, :
National Advisory Committee for Aeronautics,
Moffett Field, Calif.



NACA RM No. A7B28 . .25

APPENDIX A
SUMMATION OF THE INFINITE SERIES FOR ¢ (0, s/B,'B/H)

From equations (3) and (16) it is seen that v (0, s/B, B/H)
may be written in the alterndtive forms .

(o53)- 213 (l-zL)  w

Fon

or

.1 '
Y - 2m

- (a2)
: Emnan[(m+s/B)an+(mes/B)Ehnﬂ

Q
/‘\

o
b @
j=sRoe]
NS

i
™~

where the summation is taken for all positive and negative integral
values of m and n except m = n = 0 and the guantities

and Fp,, which are introduced for convenience, are defined by the
equations ' .

\

, Epn =V n®+(m+s /B)= (B/H)2

mn = “#h2+(m~s/3)é(B/H)2

It is possi@}e to sum the series for (0, /B, B/H) exactly
only wvhen s/B =% . In this case equations (Al) and (A2) yield
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provided a, b>0. Now Ry(0, s/B, B/H) is approximately equal to
Ry(0, O, B/H) and it is eaSIlJ found that

© o o N -
Ry(0, 0, B/E) = h(Z Z + }: E > [n2+m2(;3./H)2]3/2

n=1 m=N+X n=N+1 m=1

ij . ’ o0
1 2 L
+ 2 — —_—
ZJ n3  (B/E)S ZJ n3
=N m=N+1

These summations may be approximated by suitable integrals so that
approximately

~ - N ’ 00 o0 .
=h</ J ax + d'/ ax a >
%—‘- v N+l N+%_ '\Y% - N+'1 YJN+ [3’2+(B/H)2x2]3/2

SR TN °° ax ‘ , ‘
i <l i (13/11)3//1\;+1 - x° (87)

!

If the integrals of equation (A7) are evaluated by means of
equations (A5) and (46), then equation (A4) is obtained.



NACA RM No. ATB28

b =2 < 147]

4

A: Kl s K2

A ,Kg,K,

h(M!")

APFENDIX B

LIST OGF IMPORTANT SYMBOLS

tunnel breadth or diameter.
tunnel height
tunnel cross—sectional area

chord of airfoil or body of revolution

maximum thickness of airfoil or body of revolution

volume of wing or body of revolution
maximum cross—sectional area of body of revolution

half span of wing

- drag coefficient

model area on which drag coefficient is based

stream velocity

Mach number

Reynolds number

ratio of specific heat of gas at constant pressure te
specific heat at constant volume (cp/cy)

mass density_

dynamic pressure

factors depending on shape .of airfoil base profile
(See equations (11), (12), and (13) and tables II

and III.

factors depending on shape of body of 1"evolu’clon (See
equations (22), (23) and (24) and tables IV and V.)

linear compressibility correction factor for virtual
volume (reference 11)
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T factor depending on tunnel shape and wing—span—to—
tunnel-breadth ratio (See equations (10) and (21)
and teble I.).
K tétal blockége'cbrfection (See equation (41).)
K, ' wing-blockage correction (See equatiohs,@%% and (43).)
Ky | : body-blockage correction :(See é_qpatiops (hh)aﬁd (45).)
. Kuk wake-blockage corre;stior} (See eq'uatioﬁ (46).)
Superscript
A(')~‘ when pertaining to fluid properties, denotes values

existing in tunnel far upstream from model; when
pertaining to airfoil characteristics, denotes
values in tunnel, coefficients being referred to
avparent dynamic pressure q' '

Subscfipts (used only when necessary to avoid ambiguity)

c | ‘_denotes values in compressible fluid

i denotes values in iﬁCompressible fluid -
W " denotes values for wing

b . : ‘denoteé values for body of re#olution

wk denotes values for wake.
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'NACA RM No. A7B28 : Fig. 1

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICB -

Fioure l.- IMAGE SYSTEM FOR THREE- DIMENSIONAL WING IN
RECTANGULAR TUNNEL.
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Fig. 2a
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Fig. 2b
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Fig. 3 -
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NACA RM No. A7B28 : : Fig. 4
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