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NATIONAL ADVISORY COMMITTEE FOR AEROKAUTICS

TECHNICAL NOTE KO, 1055

CC&PARISON OF TWO-DIMENSTIONAL ATR FLOWS ABOUT AN
NACA 0012 ATRFOIL OF -1-INCH CHORD AT ZERO LIFT
IN OPEN AND CLOSED 3-INCH JETS AND CORRECTIONS
FOR JET-BOUNDARY INTEERFERENCE

By Ray H. Wright and Colemen duP. Donaldson
SUKMARY

Pressure distributions and schlieren photographs
for the high-speed flow about a symmetrical airfoil at
zero 1lift in open and closed jets are analyzed to show
the nature cof the Jet-boundary interference. Application
of the theoretical tunnel-wall corrections brought the
results for the open-threoat and closed-throat tunnels
into approximate agreement., The stream Mach number in
the clcsed jet was lirited by tunnel choking. 1In the
open jet, although the theoretical interference was less
than in the closed Jjet, unsteadiness connected with the
jet-boundary conditions limited the usefulness of the
results at high Mach numbers.

INTRODUCTION

In order to correlate wind-tunnel data with the
free-flight performance of aircraft, corrections for the
influence 6f the free or solid boundaries of the tunnel
alr stream must be applied or must be shown to be negli=-
gible. Theoretical corrections applicable with incom-
pressible flow have long been nown and have been checked
by experiment. Theory for the effect of compressibility
on the corrections has recently been developed, but this
theory has not been fully verified by experiment nor have
the limits of applicability of the theory been established.
The tests of this investigation of an NACA 0012 airfoil
in open~thrcat and closed-throat tunnels were expected to
indicate the applicability of the theoretlical compressibility
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fect on the sonlid=-constriction correction and to
establish the order of magnitude of the solid-constriction
corraction at the highest Mach number attainable in the
closed tunnel. Inasmuch as the theocretical solid-
constriction corrections are of ogposite sign for open-
throat end closed-throat tunnels, the coincidence of

the theoretically corrected results for an airfoil tested
in oven and closed jets of the same size would constitute
evidence of the validity of the theoretical corrections.
In the theory emnloyed in the analysis of the data, the
dimensions of the model are assumed to be small in com-
narison with thonse of the tunnel. The experimental
arrangement satisfied this assumption. The experimental
work was Aone in the Langley l-inch turbine-element
testing apparatus, for which in these tests the throat
was 1 by 3 inches.

O O

SYMBOLS
G nmocel thicknsss
c model chord
A "parameter depending on airfoil base pnrofile shape
h tunnel height, distance between upper and lower

walls of jet
X, y Cartesian coordinates,orientation defined where used

r, 8 polar coordinates, orisntation defined where used

19 static pressure

H total pressure

\ " Veloelty

AV velocity increment

a speed of sound

M Mach number, value in the undisturbed stream unless

otherwiss indicated (V/a)




NACA |

AM

=

a

cq

T No. 1055 3

Mach number increment
Reynolds number

ratio cof specific heat at constant pressure to
specific heat at constant volume for air

angle of attack

section drag coefficient

Subseripkss

i

c

AN

ST

av

ch

o~

corr

cr

incompressible
comoressible
undisturbed stream
at orifice a

at orifice. b

inerement at orifices a and b due to flrst pair
of doublet images (images A and A' of fig. 7)

increment at orifices a and b due to second pair
of .doublet images (images B and B' of fig. 7)

increment at orifices a and b due to 211 doublet
images except first two pairs

total increment at orifices a or b due to all
doublet images

total increment at position of model due to all
doublet images

average value between orifices a and b
choking

local

values with solid-constriction carrections applied

critical value corresponding to first attainment
of speed of sound in flow field




n NACA TN No. 1055

eff effective value (81l corrsctions annlied including

direct model interference at calibration orifices)

APPARATUS AND VETEFODS

Because schlieren photographs of the entire flow
field about the model airfoil in the tunnel were desired,
the apparatus used to simulate both the open-thrcat and
the closed-throat tunnel was of necessity quite small.,
The test aoparatus is shown in figure 1.

A supply of compressed air, valved into the settling
chamnber, was passed through & number of fine screens and
was contracted into the teat section. The upper and
lower walls of the test section were interchangeable
wooden blocks shaped to -simulate either an open-throat
or a closed-throat tunnel. The vertical walls were also
interchangeabls. The test airfoil eguipped with pressure-
distribution orifices could be mounted between steel
plates that were also equipped with pressure orifices
(see fige. 2) for measuring the flow veloclties and for
setting the angle of attack. This setup was provided
with a simple yoke mechanism (fig., 1) so that the angle
of attack could be adjusted while the tunnel was in
operation. The steel nlates could be revmlaced by plate-
glass frames so that the entire field of flow could be
nhotographed by use of a schlieren technique. For the
schlieren photogravhs, the airfoil was held in place
mainly by friction and the angle cf attack was adjusted
between runs by trial and error.

The model used was an NACA 0012 airfoil of l-inch
span and l-inch chord. One surface was equipped with nine
pressure orifices at points 7.5, 17«5, 27.5; 37-5s UT+5
57.5, 67.5, 77.5, and §7.5 percent chord from the leading
edge. he tunnel heizht for both the open-throat and
closed-throat tunnels in all tests was % inches. The
ratio of the model thickness tc the tunnel height was

thus % = 0.0 and appreciable tunnel corrections would

be exnected even at low speeds. With this arrangement
the Reynolds number at the airfoil critical speed was
approximately 350,000.
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Mach numbers M at various points in the tunnel
were obtained from thes total pressure H and the statiec
préssure 'p' by use ®f the reistibon

-1 . . .

——ee

/ 2 f 7\ Y
M.::b/:;ijjiﬁgs 0 (1)

where ¥ 1s the ratio of specific heats., By means of &
calibration, the total pressure was known as a function
of the préssure in the settling chamber; the static
vressures were measured in the usual way by means of a
manometer.

The tunnel Mach number was taken as that corresponding
to the'pressure at orifice a, which was in the tunnel side
wall at a point 1.375 inches upstream from the leading
edge of the model (fig. 2). Pressure distributions at
the surface of the¢ rodel were taken at tunnel Mach numbers
ranging from 0.35 to 1.0 in the cpen jet and from 0.35
to 0.797, which was the choking Mach number, in the closed
jet. The pressure at orifice b, which was in the tunnel
side wall at a voint 1,375 inches downstream from the
trailing edge (fig., 2), ‘was also measured.

The angle of attack was adjusted to 0° by accurately
balancing the pressures at two orifices symmetrically
located above and below the airfoil (fig. 2). The adjust=-
ment was made on a sensitive alcochol manometer and at a
tunnel Mach number of 0.60,

Schlieren photographs of the flow in both open and
closed jets were made for the same Mach number ranges as
those of the vressure-distribution tests but were not
taken simultaneously with these. The schlieren method
(method of striae) is described in reference 1. 1In the
present tests, lenses were replaced with mirrors.

TEST RESULTS

The pressure distributions are presented as the
ratios of the "local static pressure to the total pres-
sure pZ/H. The pressure ratios plotted against the
distance from the leading edge expressed in terms of
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the chord for various tunnel Mach numbers Mg in the

closed tunnel are given in figure 3, A similar plot for
the open jet is presented in figure l,. The orifices

at 17«5, 11745, and 7.5 psrcent chord were found to be
plugged or leaking and the pressures at these orifices
are therefore not presenteds. - Additional pressure data
were taken in the open jet but were found to be incom=
plete and could not be analyzed,

The schlleren photographs of the flow about the air-
foil in the closed and open jets are shown as figures 5
and 6, he Mach numbers for these figures are the tunnel
Mach numbers M and the angle of attack 1s 0°, The
schlieren setup was so arranged that light regions 1ndi-
cate increasing density downstream (compression) and dark
regions, decreasing density downstream (expansion).
Because a shock wave is a compression, it anpears as a
light line often followed by g parallel dark stripe. The
photographs of figures 5(f), 5(i), 5(3), 5(o), and 5(p)
were taken with the schlieren system adjusted for greater
sensitivity than it was for the other photographs of the
series, In the photogranhs of the model in the cloSed

jet (fig. 5), the uppner and lower boundaries of the photo-

graphs represent the tunnel walls, In the photographs
of the model in the open jet (fig. 6), the upper and
lower boundaries are shown by vortex sheets, In all
schlieren photographs the flow direction is from left to
rights

ANALYSIS AND DISCUSSION

Application of Jet-Boundary-Interference Theory

The theory used in the analysis of the data is
contained in the references and is not repsated hereing
the application of the theory is, however, descrilbed,

The following corrections must be applied:s (a) a correc-
tion for the tunnel-wall interference at the position of
the model, (b) a correction for the interference of the
model at the calibration orifices used for determining

the tunnel veloclty and Mach number, and (c) a correction
for the wall interference at these orifices. In addition,
for the present tests, the existence of a pressure
gradient in the tunnel 1is taken into account along with
the corrections due to interference, The theoretical
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tunnel-~wall interference at the position of the model is
treated first and the order of magnitude of the corrsc-
tions involved is investigated., The influence of the
model alone at the calibration orifices is discussed
next. The pressure gradient and part of the wall inter-
ference are then shown to be avproximately taken into
account by averaging the pressures between calibration
orifices equidistant from the leading' and trailing edges
of the model. Finally, the remaining part of the inter-
ference at the calibration orifices and at the model is
calculated and the corrections sapnlied.

Theoretical tunnel-wall interference.- Two types of
wall interference, solid constriction and wake constric-
tion, affect the two-dimensional subsonic flow about a
symmetrical airfoil at zero 1ift in a tunnel with solid
boundaries. The presence of the rigid boundaries prevents
the lateral expansion of the flow and thus increases
the effective stream velocities (and Mach numbers) in the
vicinity of the model. This tyne of wall interference is
referred to herein as "solid constriction." The wake due
to the airfoll drag occupies a region of low velocity
behind the airfoil. Again the rigid boundaries prevent
lateral expansion such as would cccur in an infinite
stream and the continuity condition of constant mass flow
through all cross sections of the tunnel requires that
the velocity outside the wake be greater than if the wall
constriction did not occur, This effect is “termed "wake
constriction," - Both types of interference result in an
effective .increase in velocity and Mach nunmber at the
model. " For a symmetrical airfoil at zero 1ift, the
assumption is made in the theory that a correction to
the indicated tunnel velocity is the only tuniel-wall
correction required. The density, dynamic pressure,

Mach number, and Reynolds number must, of course, be
corrected accoérdingly. ;

In a tunnel with free boundaries, the lateral
expansion of the flow about the airfoil is greater than
in ah infinite stream and the velocity in the vicinity
of the airfoil is therefore reduced. The magnitude of
the solid-constriction correction in an open jet is only':
one-half that in the closed jet and the wake constriction
is negligible.
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pages 50 to 57. The solid-constriction correction,
that is, the velocity increment AV to be added to the
indicated tunnsl velocity, is shown to be, for the
closed~throat tunnel,

AV _ 2E, (8 (2)
v 1< h

and, for the open~throat tunnel,

w2 . /E)2 |
e &2
0
where
Va tunnel velocity
t thiclmness of airfoil
h tunnel height
A parameter depending on airfoil shape

With compressible flow, formulas (2) and (3) suffer
important changes due to compressibility effects, The
most complete available theory of the compressibility
effects on two-dimensional tunnel-wall interference 1s
contained in reference 3, in which the velocity-
interference corrections for solid constriction in the

closed jet are shown to vary as l.'_ . ‘The theory
(1 - 12)3/2

of reference 3 is apnlicable also to the solid constriction

in the open-throat tunnel and the compressibility effect

in the open jet 1s the same as that in the closed jet,

In compressible flow, formulas (2) and (3) therefore

become, for the closed-throat tunnel,’

- A A | (1)
U
. Vo (1 -m2)/5 122\
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and, for the open-throat btunnel
] | 3

AV s i £\&

R

AV
Al Iy

where M 1is the stream Mach ‘number corresponding to V.

The wake-constriction correction for the clcsed-
throat tunnel with the compressibility effect included,
as taken from equation (23) of reference 3, 1is

AV + 0,32 cac
AV . 1L D00 (6)

Vo, ‘b= ¥. bLh

where @ is the section drag coefficient based on the
airfolil chord c¢. Within the accuracy of the other
aporoximations employed herein, the anparent value of cg
rather than the corrected value may be used. The solid-
constriction correction decreases very rapidly as the
size of the model is decreased, for this correction 1is
proportional to the square of the ratio of the model
dimensions to tunnel height; the wake-constriction
correction decreases much less rapidly, for it varies as
the first power of the ratio of model dimensions to
tunnel height. It will be observed that the theoretical
compressibility correction for wake constriction is
different from that for solid constriction.

An estimate can now be made of the relative magni-
tude of the two corrections in the closed jet with a low
value of the Mach number. With a Mach number of 0.5,
the velocity is approximately 380 miles per hour, which
corresponds to a Reynolds number for the l-inch-chord
airfoil under standard conditions of about R = 295,000,
or log R = 5,.7. From figure 18 of reference l. the
drag coefficient c¢g at this Reynolds number is of the
order of 0,01, With ¢ = 1 inch and h = 3 inches,
equation (6), when the effect of compressibility is not

a

b
taken into account, is
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For the NACA 0012 airfoil, A =1.12 (reference 3) and
the thickness of the l-inch-chord airfoil is 0.12 inch
so that the solid-constriction correction gilven by
equation (2) is

A 4 lTEx (2)2
Vo ilz) h
= 0,00542 {3} ;
Tne estimated solid-constriction correction is nearly 4

seven times the estimated wake-constriction correction.
At Mach numbers larger than the critical, however, the
drag may increase greatly and the size of the solid-
constriction correction may be sxceeded by that of the
wake-~constriction correction.

The corrections in equations (L) to .(6) are to be
annlied to the velocity in a parallel channel without
boundary layer and at an infinite distance upstream
from the model, where the iniluence of the model is
negligible, Practically, the effect of the boundary
layer is kept small by limiting the length of the test
section of the tunnel, for the, boundary layer 1s pre-
vented in this way from becoming very thick, and correc-
tions are applied feor any veloclty gradient produced by
boundary-layer development or wall divergence or both,
In any practical case, however, the influence of the model
at the orifices used to determine the tunnel velocity
may not be negligible, and account must be taken of this
rnterfersnce .
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Influence of model alone on velocities at calibration

orifices.,~ In the present tests the tunnel velocities
were determined from measurements taken at orifices a

and b as prreviously described. (See fig. 2.) Consider
the consequences of basing velocities and Mach numbers

on pressures taken at these orifices. Suprose first

that the airfoil is placed in an infinite, uniform stream
of velocity V.. The airfoil can be represented by a
distribution o% sources and sinks of total strength zero,
With such a distribution reprssenting the NACA 0012 air-
foll, the wvelocities for incompressible flow at orifices a
and b were found to be

Y

=0} 06
T ooy 8 (

\O
~

e
s

and

avy -
N fe
Olb

-0,00!.0 (10)

From the first of equations (Al0) of reference 3, these
increments are expected to increase with Mach number by

the factor L .

V1 - 12

The velocities at orifices a and b. are affected by
the wake also. It 1s reasonable to suppose that the
effect of the wake may be represented hy a distribution
of sources, sinks, and vortices.,K The vorticity coming
of f the upper surface is equal in maghitude but opposite
in sign to that coming off the lower surface and the
positive and negative vorticities rapidly diffuse so
that, if the wake is not excessively large and violently
fluctuating, the effect of the vorticity a short distance
from the airfoil is neglipible. ‘The "sink distributlion
as shown in part II of reference 5 is due to the wake
dissipation behind the airfoil. At a considerable
distance from the airfoil, the combination of sources
and compensating sinks has avoproximately the same effect
as a doublet. In the representation of the wake, however,
Vacgce

2
part II). Because the sum of the compensated sinks

the sources exceed the sinks by (reference 5,




12 NACA TN No. 1055

cannot be as great as this valus and because the induced
velocities due to a source and to a doublet vary
inversely as the firat and second powers of the distance
from the position of the source and doublet, respectively,
the velocities induced hy tlie wake at orif%ces a and b
eaqc
: ; o~d
are due mainly to the source of strength '—7;——.
If, instead of aVsource distribution, a single
eac . . :
source of strength —QEQ— is assumed to be concentrated
at the midpoint of the alrfoil chord, the induced velocities
at orifices a and b with the previously estimated drag
coefficient of 0.0l are (including the compressibility
effect given by equations (AlQ) and (20) of reference 3)

<_A_y_ _ 1 + 0.Lme ege

VoJo WA = M2 lmx

1 + 0. ©,01(1)

A - ¥ Lw(-1.875)

. 2
) M
= _o,0002 L £ 0L (11)

VI - m2

v - 1+ 0.MM3 0,01(1)
Vo,b (7

A = %2 im(1,875)

;!2
0.00042 1;ililﬁ%%— (123
| 1 - M

N

where Xx 1is the distance from the source measured

positive along the chord in the direction of the free-
stream velocity V,. Because of the Increase in drag
coefficlent, these velocity increments may be greatly
increased at Mach numbers larger than the critical but
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will still be small in comparison with the stream velocity.
With small induced velocities, the pressure differences
are proportional to the velocity increments and, because
the induced velocities at orifices a and b due to the
source at the origin are opposite in sign, the velocities
and Mach numbers computed from the average of pressures
at orifices a and b are automatically compensated for

the effect of the wake at the measuring orifices.

Because the effect of the actual wake may not be
accurately represented by a source at the origin, the
wake effect will not be exactly compensated but, at

least with Mach numbers less than the critical, the

error involved is believed to be smalls Correction for
the error given by equations (9) and (10), which involves
addition of a velocity increment

- |
o.ooh8‘+ 0,000 (1%)

av
VO

to the stream velocity determined from the average of
pressures at orifices a and b, should therefore yield a
good approximation to the true velocity of the infinite
stream, '

Corrections for wake and wake-constriction inter-
ference and for pressure gradient.- Suppose now the air-
foil is placed in a closed-throat wind tunnel. As shown
in reference 6, the wall interference due to wake con-
striction can be represented by means of source images
in the tunnel walls, The velocities at orifices a and ©
will be affected by these images as well as by the source
representing the original wake. From equations (21),
(23), and (25) of page 3L of reference 6, the veloccity

(G
at orifice b due to the source ~*%?i— and its images 1is

AV csC
%l = Tﬁ? 5 (coth gﬁ + tanh g% (1L)
(0] & -~

b 2 ]

or with e¢g = 0,01, ¢ =1 inch, 'h = ) .inches, and
x = 1,875 inches
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T i
él_v _ 0_‘9i (1.326 + 0.75L) :
Vo 2.
= 0,00087 (15) )

which is about twice the value obtained without the wall
interference, At oriflce a the induced veloecity due to
the wake and its images is the negative of the value

given in equation (19). Because the angle between the
stream direction and the radius vector from.any image is
the same for orifice a as for orifice b, the compressibility
effect given by equations (All) and (20) of reference 3

1s also the same and the velocity increments remain egqual
in magnitude but onposite in direction so that, as in the
case of the infinite stream, the effect of the wake is
removed by averaging the iMach numbers at orifices a and b,

In the ornen jet, the source images must be alternately
negative and positive and the effect of the wake 1s giliven
bty taking the hyperbolic tangent term negative ln equa-

tion (1l) so that at orifice b . .
2V = Sl (786 = 07500 \
T\?O 2L
= 0,0002L “ (16)

The induced velocity at orifice a is the negative of this
value (because x is negative ahead of the model). The
compressibility effect is again the same at orifice a

as at orifice b and again the effect of the wake is
removed by averaging values at orifices a and b,

An estimate of the effect
velocity on the average value of t pressures at
orifices a and %, if the source representing the wake
were located at the trailing edge instead of at the center
of the chord as assumed, indicated an error of about
one-fifth of the total wake-constriction correction.
Inasmuch as the effective origin of the wake should lie
hetween the center and the trailing edge, the error due
to the excentral crigin of the wake should therefore be
less than the estimated one-fifth, >

f basing the tunnel
e

of b g
£ &b
P
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A more serious source of error is the pressure
gradient that exists in the tunnel without the model,
This pressure gradient i1s ususally -taken into account by
means of an empty-tunnel calibration but, in the present
case, an empty-tunnel calibration was not available and
therefore direct corrections for the pressure gradients
could not be made. The pressure gradients, moreover,
are thought to have varied from test to test because the
open-throat and clossd-throat tunnels were taken down
and reassembled several times without any check on the
pressure gradisents, I the gradient is censbant, the
method of averaging pressures between orifices a and b
will eliminate the effect of the gradient on the deter-
mination of the velocity and Mach number at the model.
If' the gradient is not constant, the sstimated velocity
will be too high or toc low, depending on whether the
velocity gradient is increasing or decreasing.

In this analysis, the assumption is made that the
average of the pressures at orifices a and b corresponds
to a velocity at the model which is automatically cor=-
rected for wake constriction and nressufe gradient. The
only correction to be applied to the velocity so obtalned
is that due to the effect of the airfoil profile and its

3
5.5 70 SR
1lrage s ,

S i

Correction for interference due to profile.- The
correction to bhe applied to the average of the velocities
at crifices a and b is the difference hetween the
velocity increment at the peosition of the model due to
the solid constriction and the velocity increments at
calibration orifices a and b due to the solid constric-

tion plus the direct influence of the profile, The
velocity increment at orifices a and b due to the solid
constriction will be calculated first, As shown in
reference 2, if the airfoil is small in comparison with
the tunnel size, the boundary conditions can be approxi-
mately satisfied by means of an infinite series of
images of the equivalent airfoil doublet in the tunnel
boundaries. From reference 2, the equivaléent double

due to the airfoil 1s

. Ktzvo

= 5 {17
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ard therefore, as seen from reference 7, with incom-
pressible flow the induced velocity AV 1in the stream
direction at a point (x,y) (see fig. 7) relative to
any doublet image 1is

L .
\ & N2 2 L g
AV ” = o (18)

VO 27 (x2 . y2)2

The induced velocity due to the solid constriction

at orifice a is the same as that at orifice b. Consider
therefore the induced velocity at orifice b due to the
images in the boundaries.,:

From equations (21), (23), (26), and (30) on

pages 3l and 35 of referance 6, the incompressible-flow
induced velocity on the x-axis due to the images of a
doublet oriented in the direction of the flow in a

closed chammel is

r e - - 2
SV 8y T3 seehd S F. sdone 2El4 Ln? (19)
v ' h 2h 2h o
& be
where, in the.notation of this paper,
L Me
al =t T

With t ='0,12 inchy, % = 1.875 inches, and h = 3 inches,

53
AV _ 2, (12 ’ -
g;; = EZK(E) (0.4317 - 0.7598 + 1.037)

2
-o.h57k<§> | (20)
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,..1. }_3

he only change in equation (19) reguired for the open
et is to make the sech term negative and

i 2 #he
UL TR (olsy] Piolses + 105
A EC " S :

= -0.095_>\.<§>2 (2%)

Because ‘the compressibility effect varies with the
angle - 6 (see fig. 7) between the x-axis and the radius
vector from the cdoublet to the point considered, the
contributions of the images must be divided in such a
manner as.to facilitate the appl*cation of the com- _
pressiblility factors, .From ths theory of rsferesnce O,
the "F"ﬂPASSTHLII’V effect on the axial velocity due to
the doublet 1s found ito be

) sin26
AV Y. T
g %1 o - : .

For images-A and A', which are 3 inches from the
tunnel.csnter line (see fig. 7), the term sin2® is
2 Ve
5in®f = (5)
(3)2 + (1.875)
£ 0739

Similarly for the next two images, B and B!

sin2o

1

1
O
°

\O
i——l
’—J
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Tor_the images 9 inches and more from the center line,
sinc@ arproaches unity and, because the maximum iach
number atswhich comparisons between values for oren and
closed jets can e made in these tests is about 0.85,
the compressibility effect given by equation (22) is

evidently approximated by o —., The induced

(1 - "'«3>5/2

velocity at orifice b may therefore be computed as:
(a) that due to the first two images, A and A', plus
(b) that due to the next two images, B and B!, plus
(c) that due to all other images. With x = kh and
y = nh, the induced velocity at orifice b due to

imeges A and A' (n =1, k = 0,625) taken together is
th Er quations (13) and (2 4
thus, from equations (18) an

—~

no

5in26
2 -gAnag s ol

[AV]_ n }_6)2 1'12 L k2
Vo : )2 (18 + n2)% A T12(1 - w2 sin28)2

1 - M@

0.157A(t/h)2(1 - 1,641l
(#) /n)2( )

7] G 0.72M2)2'

—
no
W

n aprlies for the closed-throat
tunnel and the n ive for the open-throat tunnel.
The velocity due to the images at B and B' (n = 2,
k= 0:625) 185 similapl

where the positive sig
egat

i

AVs 0,03 (t/n)2 (1 - 1.11M2) .

Vo Vi - u2 (1 - 0.91m2)

where the positive sign anplies for both open-throat
and closed-throat tunnels,

he contribution due to the remaining images 1s
cbtained by subtracting that cdue to images A, A', B,
and B! (equations (23) and (2ly)) for incompressible
flow (M = 0) from equations.(20) and (21) for closed
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and open jets, respectively, and dividing by the com-
pressibility factor (1 - 112)3/2, For the closed jet,
therefore,

AVz _ (0.437 - 0,157 - 0.09l)M(t/n)2

7 = S
Vo {a. m2))/L
0.186M\(t/n)° e
(1 - M2)372~
and, for the open jJet,
] AV (-0,095 + 0.157 = 0,094 )A(t/h)?
Vg (1 MZ)’/E
~0.032\(t/h)2
. i / (26)

(1 - M2)§72

| The total induced velocity at orifice b (or at
| orifice a) due to the so0lid constriction is therefore

AV AV AV AV
2 0 i :
L (27)
VO Vb , Vo Vo

The solid constriction, at the position of the model,
given by eguations (L) and (5) is, for the closed-throat
tunnel,
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and, for the open-throat tumnel,

AV 2
Ay i = "Ow—r.l-l \(E) (:q)
Vo £3 % VZ)//2 h, I

The residual solid-constriction cerrection to be applied
to the velocity averaged botween orifices a and b, Vgy,

S

is therefore

. AVe AV,
..‘_"_y_ A LI S S _Lx. (50)
Vo Vo

Addition to equation (30) of the velocity increment due
to the direct influence of the profils at the calibration
orifices, equation (13), completes the corrsesction and
yields tLe true effective velocity at the position of

the model,

For any small velocity correction A4V, a corre-
sponding Mach number correction Al can te obtained
from the relation

TN i
where for air v = 1,40, This equation is easily

derived by substituting equation {30) of reference 3%
into the first egquation on page 19 of the same report,
expanding the equation, and neglecting powers Gf AV/V
higher than the first,

Limitations %o application of theory.- Several
limitations Lo tne application of the theory used in this
analysis sh uld te recognized. First, because the theory
is based on subsonic potential flow and in view of the
fact that, as the Mach number increases beyond the
critical value, the flow departs increasingly from
potential flow and that supersonic-flow regions appear
in the field, a progressive divergence from the theory
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in the supercritical flow regime might be expected.
Application of the theoretical correction at Mach numbers
greater than the critical can therefore be justified
only by experiment.

A second limitation tec the application of the theory
is imposed by the fact that in the development of the
theory the corrections were assumed to be small; powers
of the wvelocity increments higher than the first were
therefore neglected and the llach numbers involved in
the compressibility factors were assumed to be equal to
those obtained from the tunnel calibration. At high
Mach numbers the compressihility effects are such that
the corrections may become large, even for relatively
small values of the ratio of model thickness to tunnel
height t/h, and the compressibility factors themselves
may become inaccurate because of the uncertainty con-
cerning the correct value of Mach number to use, If
the correction becemes large, moreover, it may no longer
be possible to correct the results by the simnle process
of correcting the stream velocity.

A severe limitation to the use of the closed tunnel
is that of choking, which is described in reference 3,
The choking Mach number, which is the highest Mach
number attainable in a parallel channel far upstream
from the model, is reached when the spesed everywhere
along some line across the channel is equal to the speed
of sound. The line at which M = 1,0 commonly extends
from the airfoil surfaces somewhere near the maximum
thickness to the walls. If the line of M =1,0 is
Straight and perpendicular to the axis of the channel,
the choking Mach number M,, 1is theoretically a maximum
and is related to the thickness-to-height ratio t/h by

(32)

1l
=
1

o'+

which is adapted from equation (87) of reference 3.
Practically, the thinning of the bocundary layer produced
by the velocity increase at the walls due to the air-
foil may permit the ,attainment of a somewhat higher value
of the choking Mach number than is given by equation (32).
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The elffect of the absolute thickness of the boundary
laver is small in comparlson with the effect of the
changes in the thickness, As the choking Mach number
is approached, the tunnel-wall corrsctions are expected
to become increasingly inaccurate, After the choking
Mach number Las been reached, the pressure differences
between points upstream and downstream from the model
can be increased without any appreciable change in the
upstream lMach numbers. Because a single indicated
tunnel Mach number corrsesponds to an infinite number of
downstream pressure digtributions, after the choking
Mach number is reached, the conditions in the tunnel
cannct be related to the tunnesl Mach number and the
application of corrections is obviously impossible.

Analysis of 7xperimental Wall-Interference Data and
Comparison with Theory

Mach number distributions.- The experimental data
are analyzed in terms cf the local Mach numbers NN
that are related to the local pressures p; of fig-
ures 5 and L by equation (1). These values of Mach
number are assumed to be correct as determined from
the measured nressures and to require no correction.
Only the stream Mach numbers M at which the local
Mach numbers M; are plotted must be corrected,

For the tests in the open and closed jets, the
values of M at each measuring noint on the profile
were Tirst nlotted against the indicated stream Mach
numbers at orifice a, Mg. At chosen values of Mg
values of M} were taken from these curves and are
shown nrlotted against chordwise location in figure 8.

Except for the values for the closed-jet tests at 0.0,

which are evidently in error, the local Mach numbers in
the closed jet exceed those in the open jet. This
behavior accords with the theory in that for the same
indicated Mach number Mg the predicted effective stream
Mach number is greater for the closed than for the open
jete

QX

The vnossibility of correcting the test results for
the open and closed jets by correcting only the stream
Mach numbers depends on the existence of identical local
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Mach number distributions for the two cases at corre-
sponding but different values of Mz. These two values
of M, for the open and closed jet then correspond to
some single effective value of the stream Mach number,
If the Mp-curves for the open and closed jets coincide
at given values of the theoretically corrected stream
Mach number, the theory may be assumed to be correct

and the effective Mach number to be that obtained

by application of the theoretical corrections. The fact
that (except for the values at % = 0.075 already
assumed to be in error) the Mp-distributions of these

tests for the open and closed jets have essentially the

same shape for the same value of M, up to a value

of 0,700 (near the critical value) suggests that correc-
tion should be possible, At the choking Mach number in

the closed jet Mg = 0,797, however, tke distribution

of M; 1is already considerably different from that at

the same Mach numbsr in the open jet and approaches more
nearly the Mp-distribution of the open jet for Mg = 0.900;
but even for the choking Machk number, so far as can be
judged from figurs 8, coincidence with an My-distribution
for an open Jet might occur at some value of My some-
what less than 0, 900 and correction might still be posasible,
The compressibility effect on the 1nterference is shown

in the increasing shread at given values of M, between

the local liach number distributions for open and closed
e

Correction was first made for wake constriction
and uniform pressure gradient by use of the theory
previously discussed by correcting the stream Mach number
to

T 1
M a 4= Iv.b

Local Mach number distributions M; at chosen values

of Mgy are shown in figure 9. The My-values of

figure 9 for the closed jet are the same as those of
figure 8; only the stream Mach numbers have been changed
fropm M, ' 6 Mgy. Trom figure 9 the correction for wake
con°tr1urJon and prescsure gradient can be seen to bring
the Mach number distributions for open and closed jets
into much closer agreement, particularly at the lower Mach
numpbers, than if this correction had not been applied.
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The relation between Rk, and M, is shown in
figure 10, For both gpen and closed jets, M, 1s
greater than M, but the difference between the two
is much greater for the closed jet than for the open jet.
This effect agrees gqualitatively with the wake-constriction
theory (see equations (15) and (16) and the discussion
following these equations). At rioderate Mach numbers for
which an estimate of the wake censtriction can reasonably
be made, however, the corrections, particularly for the
closed jet, are much greater than indicated by the wake-
constriction theory. For the closed jet, for example,
the corrscticns are about five times das great at
Mg = 0.600, which indicates a pressure gradient in the
tunnel,

Local Mach number distribuvicns at wvalues of the
stream lMach number corrected for solid constriction as
well as for wake constriction and pressure gradient are
shown in figure 11. The distributions of M; for the
closed jet are the same as thoss given in figure 9, but
the stream Mach numbers My, have been correctsd 5
to Mgopp DY adding the solid-constriction correction
for closed-throat tunnels given by equations (30) and (31).
For the open jet the values of Mg corresnonding to the d
values of MNyypr for the closed-throat tunnel have been

found by subtracting from the values of Meporr for the
closed-throat tunnel the solid-constriction correction
3

(equations (30) and (3%1)) and the wgke-constriction and
U e sk

N TEE) ] ;

nressure-gradient correction ——2 A% values of M

3 a
so obtained, the MNj-values for use in figure 11 were
taken from the plots of M against My for the open-jet
tests. Additional distributions of M; are shown in
figure 11 for a Mach number M, pp of 0.790, which is

greater than the criticael value and corresponds to a

Mach number Ly of 0,750 in the closed jet. The Mach

number value Mgopr represents the stream Mach number

completely corrected theoretically except for the small

direct influence of the airfoil profile at the measuring 4
orifices., (See equation (13)) This influence is the

same in both open and closed jets and therefore does not

affect the comparisons .

Fair agreement 1is obtained between Mach number dis-
tributions for the open and clecsed jets at the same values




NACA T¥ No. 1055 25

of the corrected Mach number Msgpp except at the

Mach number corresponding to choking in the closed

tunnel. The accuracy of the data is not such as to per-
mit the theoretical wind-tunnel corrections to be checked;
the most that can be said is that, when the theoretical
corrections were applied, the HMach number distributions

up to a stream Mach number hetween the critical and the
choking value for the closed jet came into approximate
agrsement and that the agreement was better even at the
choking Mach number than if no correction had heen applied,

In order to investigate the type of flow existing
for these tests, the Mach number distribution in potential
flow was computed at a free-stream Mach number of 0,05
and is shown in figure 11. In calculating this Mach
number cdistribution, the velocity distribution for incom-
pressible flow (VL/VO)i was obtained by the method of

reference ¢. The induced-velocity coefficient corre-
sponding to this velocity distribution,

s _ (N 3
v "Xy -
(0] i O/

5l

was then multiplied by the factor Eh S (see refer-

e
ence 10) to give the induced velocity at a stream Mach
number of 0,405; that is,

AV1,> _<AVL [ 1
VO c VO 1 \/ﬁ- = (Ou)—&-OS)a

The stream velocity corresponding to this induced-velocity
ratio at the Mach number 0,405 is
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and the Mach number distribution is obtained from the

S
isentropic flow relation

M v, /V

) ~
== Lo > (531
l\ii 0 2 i

X
Excent for the erromsous values at 3T = 0.075 for the

> i
closed tunnel, the agreement between the calculated Mach
numbers and the corrected measured values 1s reascnably
good and indicates that, in spite of the small size of
the model, no serious flow separation occurred and the
Reynolds number was therefore not below the critical
value .

The method of applying the corrections may be
clarified by reference to figures 12 to 1. In these
fizures, the local values of the Mach number M; at the

27 5=-percent-chord station are divided by My, Mgy,

1 5 e and 1 4= vy g n LY
and Mgopr in turn and plotted against M,, Mgy,
and M, .pns respectively.

The process of corrsction of two Mach number ratios
in the open and closed jets 1s shown in figure 1. The
local Mach numpers !j; were ohtalned correctly from the
local pressuvres p; and the total pressures H Dby use
of equation (1). bonsider the value of My Mgoppr LoOT
the clos?d-throat tunnel nlotted at Mgopp = 0.775 in
figure 1i.
Qe 2 o 7 2} O \ = il
divided by Mg (= 0.749) and nlotted at My = 0.749 in
figure 12. Correction for pressure gradient and wake
effect gave a value of Mgy of 0,766. The value of Mg

, 3 . . 3 < - . .
was therefore divided by Mgy (= 0.,766) and this ratio
was plotted at Mgy, = 0.766 in figure 13. The corrsec-
tion involved a decrease of the lMach number ratio
from 1.439 to 1.,;07 and an incresase of the Mach number
at which the local Mach number ratio was plotted
from 0,749 to 0,766. The sclid-constriction correction
invelved an additional increment of Mach number of 0.009.

The corresponding value of 1Mj; was originally
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The value of M; was therefore cdivided by MNgorr (= 0.775)
and the ratio was plotted at Mgopp = 0.775 1in figure 1,
The values of the Mach number ratios for the -open-throat
tunnel were corrected in the same way but in this case

the 'solid-cconstriction correction was opposite in sign

to that due to the wake and pressure gradient. For this
reason, the point in figure 1li for the open jet at

Meopr = 0.79C, for instance, is alimost the same as the
corresponding wuncorrected peint ‘in figure 12.

In figure 1l the open-jet values of the local Mach
number ratio for MNgeppr greater than Mqoppr = 0.900

F.

have been omitted because at these high Mach numbers the
theoretical compressibility effect on the solid-constriction
corrections 1s held in doubt and no closed-jet values are
availabls for comparison. The highest corrected stream
Mach number for the closed jet is 0.858, which corresponds
to turnel choking. The corrected Mach number ratio for
the closed-throat tunnelsat this station (27.5 percent
chord) and at this stream llach number falls below the
corrected open-jet value, whereas with the same corrected
stream Mach number but at stations farther back on the
surface (fig. 11) the Mach number ratios for the closed
jet considerably exceed the onen-jet values., This behavior
suggests that tunnel-wall-interference investigations
based on isclated vressures on the model rather than on
pressure distributions are not to be relied upon.

Schlieren photographs.- Additional information on
the nature of the boundary interference and flow in

open-throat and closed-throat tunnels can be obtained
from the schlieren photographs of figures 5 and 6.

Up to the Mach number at which shock waves first occur
(figs, 5(a) to 5(c) and 6(a) to 6(d)), the flow in the
vicinity of the model appears the same in both open and
closed jets. At somewhat higher Mach numbers (figs., 6(g)
to 6(t)), disturbances in the open jet changed the flow
pattern near the model and thereby nrevanted an accurate
comparison betwéen the flow patterns in the open and
closed jets., In view of the unsteadiness in the flow, i
which at times caused the flow about the airfoil to be ‘
asymme trical, the aprroximate agreement between the

corrected Mach number distributions for open and closed

Jets is rather surprising and is perhaps fortulitous.

Nevertheless, even the flow patterns show certain

similarities.
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Tre critical Mach number M_.. was judged from sharp

Hrints te PO“POSDOM, to a Mach number Mg in the closed
tunnal of 0.717, which with corrections would be only
slightly more than the theoretical value of Mepr of 0.720.
Unfortuvnately, because of &the necessity of changing the
tunnel walls for tke schlieren setup, accurate wall-
interisrence corrections canunot »e applied. The criticeal
Mach number itself cannot be accurately defined, however,
because the first gathering of the shock wave by which

the critical Mach number is determined 1s a gradual
nrocess and coss not occur suddenly at one specific

value of the strear Mach number., It is evident from
fisure 6(e), althiougn the flow is unsymmetrical, that

the cr;tical Mach nunosr in the open jet is close to 0.728;
no great difference therefore exists between the critical
lfach nw;bars in open ancd closed jets,

At Nach numbders between the critical and about 0.75
or 076 (Flgas S(d)yg Hted, (f), end 6(g)), the results
for open and closcc jets agree in ghowing no large
disturbances in the flow, tnough she intensity of the
shocks increases. At still higher Mach numbers (figs. 5(f)
to 5(m) and 6(h) to 6(n}), both oren-jet and closed-jet
tests show increasing intensity of shock and separation
of ths flow with development of a wide wake. Ths shock
patterns are somewhat similar but, as the theory would
lead one to expect, the shock waves develop toward the
wall in the closed jet as the Mach number is increased,
whereas in the onen jet the ends of the shock waves
remein diffuse. Even at the choking Mach number for the
closed jet (figs. 5(n) and 5(0)), open-jet flows can be
found with similar shock patterns on the airfoil
(figs., 6(s) and 6(t)), though the pressure dlstribu-
tions (figs. 3 and ;) in the lach number ranges at which

hese two sets of schlieren pictures were made do not
agree., Wwhen the tunnel power in tThe closed jet 1s
increassd beyond the smallest amount necessary for
choking (fig. 5(p)), the shock pattern is different from
any obtained for the opsn jet.

Conditions near Choking

The choking Mach number for the closed tunnel Maol

for the present tests is compared in figure 15 with the
choking Mach numbers obtained in two other tunnels and
Jlth the theoretical values of choking Mach numbe
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obtained from eguation (32) without consideration of
boundary-layer effects. The value of the choking Mach
number for the pressnt tests falls above the theoretical
curve, whereas from purely potential-flow theory it should
fall on or below the theoretical curve, If allowance

were made for the pressure zradient existing in the tunnel
(that is, if the tunnel velocity had been obtained from a
turnel calibration), moreover, the choking !lMach number
would, £fgl11 still farther above the theoretical wvalue.

The fact that the tunnel chokes at a Mach number greater
then the theoretical value 1s believed to be dus to the
decrease in thiclmess of the wall boundary layer in
regions of increasing velocity as discussed with relation
to equation (32), The reguired gradisnt obviously exists
on the side walls in the vicinity of the model and is
known to extend to the upper and lower boundaries as

the Mach number anproaches the cholting value., The negative
density gradient corresponding to the negative pressure
gradient 1s shown by the dark regions above and below

the model in figures 5(o) and 5(p) and is ssen to covsr
the whole cross section of the tumnel, The thinning of
thie wall boundary layer causes the effective cross sections

.at the model to be larger than would otherwise be the case

so that a greater mass flow passss than is assumed in ths
theory, which causes the upstream lach number where the
boundary layer 1is relatively unaffected to be higher

than it would. otherwise Dbe.

Further evidsesnce %o supvort the argument advanced
herein with regard to the effect of the boundary layer
is contained. in the relative positions of .the points in
figure 15, Both the Langley rectangular high-speed
tunnel and the tunnel used for the present tests have
narrow rectangular cross sections in contrast to tne
anproximately circular section of the Langley 2l -inch
high-soeed tunnel. The ratio of boundary area per unit
length to cross-~sectional area is therefore much greater
for these rectangaliar tunuels e for the alnogt'learetlar
tunnel and the boundary-la; acts coreidered sheuld

5 Vi () o o e e S K3 R
reater, iha exne fect is indicated i1in

aliso be

3 for the rectangular btunnels Tall hear the
curve, whercas all values Trom the almost
tunnel fall, beldw _the eurve. Qf courese, the
inflvuence of the model, which should tend %o cause the
experimental ncints To falil below the theoretical curve,
would also make itself felt; and, the model influence
would be greater the larger the model. This effect

P
g
figure 15 by the fact that except for one single point
the value E

@
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anpears at the higher H—values in figure 15+, The wall

boundary layer must affect the flow in such a way as to
alleviate the tunnel constriction at all Mach numbers, y
but the effect rapidly increases as the Mach number
approaches the choking value.

The shock extends to the wall at the choking Mach
number (figs. 5(n) and 5(o0)), which shows that sonic
speed must also a2xtend to the wall, so that theoretically
no further increase in mass flow with the same upstream
ston pressure and temperature is possible. In figure 5{p)
an increase in tunnel power has thus oproduced a change
in the shock pattern without a change in the upstream
lMach mmber, As shown in figure 16, the pressure dif-
ference bestween upstream and downstream pressure orifices
is also increased without a change in upstream Mach
number, Indeed, the recuction in back pressure behind
the shock (or the increase of pressure ahead of the shock)
is ths cause of the change of the shock-wave pattern,

The pressure dlfference between upstream and down-
stream orifices evidently begins to increase rapidly
7’
(see fig. 16) at a spes omewhat sbove the critical !
on "

a
speed and apprarently this increase might be used to
determine bthe highest liach number for which the test
results obtained could be considered reliable. In the
open jet, as may be scen from fi lgure 16, no large pres-
sure difference such as occurs in the closed jet exists,

V.
Change of Velocity Ratio VL with Mach Number
5

The existence of corrected experimental velocity
ratios affords an opportunity for comparing with experi-
ment several formulas for the compressibility effect on
the local velocities, Four of the best known of thes
formulas are

(1) A relation corresponding to the Prandtl-Glauert
theory (references 10 and 11)

1 -
v 7 VO 5
5 = 1 4+ (3h)
Ol oy
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/ £
(2) The Karman-Tsien relation (from equation (61)
of reference 12)

1\1
<}z>~ <V_> <1 VA -2 8
o/, s/,
154yl - RO <: :)

\N

() The Temnle-Yarwood relation (from equation (51)
of refersnce 13)
3 ']—' Tl -+ 0)
Y-Z—\ V‘ 2 2 (36)
Vo/ e Lt cos ©
where 2
T - l‘ﬂo
s
5 + Mg
and

35 / 1/2 fV
cos g = 2%— <\ - 3T3>&3Ti) <%%

(L) The results of Kaplan's anplication to a bump
and to a curved surface (see pages 16 and 17 of refer-
hAlEE U+) of the extended theory of compressible flow with
small perturbations.

The comparison of the experimental and theoretical
variation of velocity ratio Vy/V,ee with Mach number
Mgpe 1s shown in figure 17 for values at the 27.5-percent-
chord station., In this figure, the correction for the
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direct influence of the profile at the calibration

orifices has been applied (equation (13)) in addition

to the other corrections to give effective values of the
(o ~ g . 3_.,-" ' 3 s

stream velocity und Mach number, V,pe and DMgpp. The

theoretical curves were passed through a value of N pep

of O.h, which was c¢etermined by fairing through the
closed-jet values of V;/Vgep in this region.

5 o= gl
The simple Karman-Tsien relation (equation (35)) is
seen from figure 17 to agree witli the experimental
variation of V;/Veps at the 27.5-percent-chord station

as well as any of the theoretical variations tried.
According to the theory, these theoretical relations are
expected to describve tue experimental variation best near
the peak velocity. In the pressnt tests, the Kédrman-Tsien
relation was also found approximately to deocrlbe the
change of Vy;/Vgep with Mach number, up to Mach number

valuss somewhat beyond the critical, at points farther
JM,K/on the airfoil, This approximate agreement of the
Kédrman-Tsisn relation with experiment is consistent with
past sexperience and suggests, especially inasmuch as
the relation is also relatively simple, that this rela-
tion should be used to extrapolate low-speed velocity
and pressure coefficients to high speed, at least for
values of these coefficients in the vicinity of and for
moderate values of the peak velocity. No theory, based
on potential flow, should of course be expscted to hold
in regions in which the flow devarts considerably from
the potential.

INTERPRETATION OF RESTULTS AND CONCLUSIONS

From the foregoing analysis of two-dimensional tests
of the WACA 0012 airfoil of l-inch chord in 3-inch open
and closed jets, the following remarks are considered to
be justifieds

1. In applying tunnel-wall corrections, care must
heexercd sed to take account of any interference at the
orifices used in determining the Uunnol veloc;ty as
well as to obtain a correct empty-tunnel calibration.

2., The. corrections for wake and solid constriction
wore found to be sufficient vp to a Mach number hetween
the critical and choking values to bring the results for
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the open and closed jets into avnnroximate agreement,
The accuracy was insufficient, however, to prove the
exactness of the correctilonss

3. In the closed-throat tunnel the speed is limited
by choking, which 1s the most severe effect of the tunnel
walls, Even at a velocity very close to that at the
first attainment of choking, however, an open-jet Mach
number distribution (one occurring at an uncorrected
stream Mach number less than unity) could be found which

was not greatly different from that obtained in the closed

jet though the correspcnding apparent stream Mach numbers
were greatly different. Application of the theoretical
corrections employed in this report failed to bring the
results for the open and closed jets at the corrected
velocity for the choking Mach number in the closed jet
into coineidence s  With the  appFfoach of choking, correc-
tion by any method may be impnossible,

Iy, If, after the choking Mach number is reached, the
tunnel power is increased, the pressure difference
between points upstream and downstream from the model is
increased without any significant increase in the up-
stream Mach number. Inasmuch as a given Mach number
upstream therefore no longer corresponds to a single
pressure distribution in the tunnel, corrections are
obviously impossible after the choking Mach number is
reached.,

5+ In consideration of the severe speed limitation
posed by choking and of the large increase in tunnel-
11 interference at high Mach numbers, models for high~
eed tests in a closed tunnel should be much smaller
han the largest models that can be successfully tested
at low speeds,

6. For the open jet, the absence of choking and
wake constriction and the fact that the theoretical
solid-constriction corrections are relatively smaller
than in a closed jet suggest that the open jet should
be advantageous for tests at high Mach numbers., Certaln
difficulties may, however, be experienced with open
tunnels. Even at low speeds the boundary conditions are
only approximately satisfied by the theory and, at very
high speeds (Mach number gbove the critical), the
theoretical compressibility effects on these corrections

are no longer strictly applicable, DMNoreover, cdisturbances
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at the boundaries mayv causes the flow to bs unsteady
the vicinity of the model. In orcer, therefore, to
realize the theoretical advantages of open jets for
tests at iach numbers approaching unity, special care
must be exercised to obtain a design that minimizes
Cisturbances in the flow; large jets are expected to pe
advantageous in this respect. In addition, the tunnel
becundary corrections up to the highest test Mach numbers
must be determined with greater reliability than is now
possible,

7. The methods now avallable for estimating correc-

ions for tunnel-wall interference are severely limited
in anplication. The theory is strictly applicable only
in potential flow at Mach numbers less than the critical
and only so long as the corrections are small. Further
investigation, both theoretical and experimental, 1is
needed to determine the nature of the corrections
required, to establish the limits of practical usefulness
of present methods, and to develop theory and methods of
apnlication for estimating corrections up to Mach numbers
as near unity as possible and for the largsst models

for which corrections can be apnlied,

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., January 9, 1946
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NACA> BN No. 1055 - Figs 52,b

(a) M = 0.500.

(b) M = 0.664.

5.- Schlieren photographs of flow about an NACA 0012
gl fiod liiintal clesed jets %T = 0083 s = 0¥y

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

¥ LANGLEY MEMORIAL AERONAUTICAL LABORATORY - LAYGLEY FIELD, VA.
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Fig. 5c,d

(el M = 0.,71%

(d) M = 0.742.

Rifgure S biv= Continued.

NATIONAL ADVISORY COWMITTEE FOR AERONAUTICS

LANGLEY MEMORIAL AERONAUTICAL LABORATORY ~ LANGLEY FIELD, VA.







NACA TN No. 1055 Fig. 5e,f

(e) M = Qo5

(f) M = 0,758.

Figure 5.~ Continued.

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
LANGLEY MEMORIAL AERONAUTICAL LABORATORY - LANGLEY FIELD, VA
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(g) M = 00767.

(h) M = 0.772.

Figure 5.- Continued.
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LANGLEY MEMORIAL AERONAUTICAL LABORATORY - LANGLEY FIELD, VA.
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NACA TN No. 1055 Fig. 5i,]

i)y M = Q.776%

(J) M = 037800

| Figure 5.- Continued.

‘ NATIONAL ADVISORY COMMITTEE FOR ARRONAUTICS
LANGLEY WENORIAL AERONAUTICAL LABORATORY - LANGCLEY FIELD, VA.
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NACA TN No. 1055 Rig. Skl

(k) M = 0.782.

(L) M = 007860

Figure 5.- Continued.

NATIONAL ADVISORY COMMITTEE FOR ARRONAUTICS
LANGLEY VEMORI AL AERONAUTICAL LABORATORY - LANCLEY FIELD, VA.
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(m) M = 0.793.

(n) M = 0.796.

Figure 5.- Continued.
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LANGLFY MEMORIAL AERONAUTICAL LABORATORY - LaNGLEY FIELD, VA
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NACA TN No. 1055 Fig. 50,p

(p) M = 0+796.

Figure 5.- Concluded.

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
’ LANGLEY WEMORIAL AERONAUTICAL LABORATORY - LANGLEY FIELD, VA.
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(a) M = 0.652. (b) M = 0.654.

(c) M = 0.673. (d) M = 0,673.

Figure 6.- Schlieren photographs of flow about an NACA 0012
airfoil in an open jet. %ﬁ = 0.04: a.= 9%

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
LANGLEY MEMORIAL AERONAUTICAL LABORATORY - LANOLEY FIELD, VA.







NACA TN No. 1055 Fig. ‘6e=h

(e) M = 007280 (f) M = 007570

( Ez ) Bd = () . 7’55&3 2 ( Il ) Dd = () . 7’9)53.

Figure 6.- Continued.

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
LANGLEY MEMORIAL AERONAUTICAL LABORATORY = LANGLEY FIELD, VA.
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(k)

OS5 Fig.

M

0.798. (j) M = 0.813.

O 063236 . ( L ) pl - () 563226 .

Figure 6.- Continued.
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LANOLEY MEMORIAL AERONAUTICAL LABORATORY - LAXOLEY FIELD, VA.
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(In , b4 = () . EB fsg; . ( n ) b4 = ()o EB(S().

( o ) bq = C)o 637 3 . ( F)) b4 = ()o E37 3 .

Figure 6.- Continued.

NATIONAL ADVISBORY CONMITTEE FOR AERONAUTICS
LANGLEY MEMORIAL AERONAUTICAL LABORATORY - LANCLEY FIELD, VA.
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NACA TN No. 1055 ' Fig.

(q) M = 0.911. ) M = 0,912,

(S) M = 0.19640 (t) M = 00967.

Figure 6.- Concluded.

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
LANGLEY MEMORIAL AERONAUTICAL LABORATORY - LANGLRY FIELD, VA.
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Figure 7.- Scheme for computing velocity induced
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leading edge of an NACA 0012 airfoil of 1l-inch chord in a 3-inch jet.
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Figure 12.- Comparison of ratios of Mach number M at 27.5 percent chord from
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leading edge of an NACA 0012 airfoll of l-inch chord in open and closed
3=inch jets.
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Filgure l3.= Comparison of Mach number ratios ML/Mav at the 27.5-percent-chord station

for an NACA 0012 airfoil of l-inch chord in 5=inch open and closed jets. Mav

the average value of the Mach number at points 1.375 inches upstream and downstream,

respectively, from the leading and trailing edges.
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Figure .- Comparison of Mach number ratios ML/Mcorr at the 27.5-percent-chord

station for an NACA 0012 airfoil of l-inch chord in 3-inch open and closed jets.

Meore 1s obtained from M., by correction for jet-boundary interference.
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Figure 15.- Maximum Mach numbers attained in several Langley high-speed tunnels.
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Figure l6.- Ratlio of static pressure one chord ahead of model
hord behind model.

to static pressure one C
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Figure 17.= Comparison of experimental and theoretical variation with
Mach number Mgpp oOf velocity ratio VL/Veff at 27.5-percent-chord station.

(Subscript eff designates effective values of velocity and Mach number
corrected for wake and solid blockage and for influence of model at
calibration orifices a and b.)
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