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REPORT 1231

NACA TRANSONIC WIND-TUNNEL TEST SECTIONS!

By Ray-H, Wriont and_Verxox G, Warn

SUMMARY

An approxtmate subsonic theory wus developed -for-the solid-
blockage interference in circular wind. tunnels with walls slotted
in the direction of flow. This theory indicated the possibility
of obtaining zero blockage interference. Tests in a circular
slotted tunnel based on the theory counfirmed the -theoretical
predictions,

The slotted:- wind tunnel-was-operable al supersonic speeds
merely by-increasing the power input, and moreover, the super-
sonte Mach number produccd-could be varied by varying the
power.  The phenomenon of choking, characteristic-of closed
tunnels, did=not-occur in the slotled tunnd.

Comparison of pressure -measurements on @ -practical size
nonlifting model-in the slotted tunnelwith mecasurements oblained
on the same-model in a much-larger closed tunnel, in-which the
interference effects were negligible, showed good-agreement at
subsonic Mack nuwmnbers not-greatly exceeding the critical and
Sair agreement over most of the-model surface at dach numbers
up to 1.1.

The transonic operation ofthis type of lesl section requires
considerable further esperimentation-and analysis.

-INTRODUCTION

Model testing in wind tunnels at high subsonie Mach
numbers-presents special diffieulties that increase in-severity
as Mach number 1.0 is approached. To obviate tunuel
choking and-severe interference.effects due to constriction of
solid walls-in closed wind -tunnels, the model size must. be
continuously decreased as the Mach number approaches
unity from-cither direction-so that at Mach numbers-near
unity, vanishingly small models are required. This-require-
ment prevents, in closed wind. tunnels, a study of model
characteristics continuously -through the sonic region, It
was recognized that open-throat tunnels, because of their
constant pressure boundary,-could not. permit-the existence
.of the strong axial pressure gradients characteristic of choked
closed-throat-tunnels, In fact, the very first efforts to con-
struet high-speed wind tunnels were made by use of open-
throat tunnels. Large power requirements and flow un-
steadiness of open-throat tunnels at high Mach numbers,
however, interposed serious disadvantages, and-thus closed-

throat tunnels were employed, As the need -for-adequate.

research facilities for the range -of Mach number-near and
through 1.0-grew, new cfforts-were instituted to solve the
problem of wind-tunnel testing limitations for the Mach

1 Supersedes NACA RM L8306, 1918,

number 1.0 region. -Fundamental considerations of the
problem of wind-tunnel-wall corrections and choking limita-
tions led to the idea of a “porous wall.”

Theoretical consideration of the problem with subsonic
flow indicated the possibility of reducing the interference dueo
to boundaries by means of slots in the solid boundary
extending in the direction of flow. On the basis of approxi-
mate theogetical results, such a slotted wind tunnel was
designed. “Tests of a model in this slotted wind -tunnel
indicated * mt the primary object of -minimizing the=inter-
ference of cots due to-constriction ‘had 1een atinined. At
the same 1me, the tests showed that=the slotted test-section
could"be operated continuously through-the transonie range
to-low supvrsonic Mach numbers-without change in-tunnel
configuratyn, No theor, ‘nits yet-been developed. for upper
transonic and superscer operation, The subsonie theory
was first develued in.veoful form in September 1946,  This
report: presents the-signfeant research results obtained fo
date,

SUBSONIC THEORY

The-first investigation undertaken in-this project-was a
theoretical study of:the solid blockage-in-a wind tunnel-with
cylindrieal bhoundary contuining open slots parallel to the
flow. It was thought-possible, since:the interference veloci-
ties due to the boundaries are of opposite signs with free-and
solid_boundaries, that-the opposite effects might be-so-com-
bined in a slotted-tunnel as to produce-zero solid- blockage.
The-theoretical development follows.

Consider a doublet: placed on the axis-of a circular slotted
wind tunnel (fig. 1). On the assumption of incompressible
potential flow, the-potential due to this doublet. is

m oz
where

m  doublet strength

«  coordinate in axial direction

r radial coordinate

The total disturbance:-potential within the tunnel is assumed
to-be given by the sum of the doublet=potentinl ¢ and=a-dis-
turbance potential ¢* determined from-the following-bound-
ary-conchtions:

At the slots

(¢4 ¢*)rur=0 0))

T T e




X
Slots
AN
Fiaurk 1,—Circular slotted wind-tunnel configuration.
At the solid boundaries
[0 (¢T4Y =0 ©)

where R-is the tunnel radius. The perturbation potential
¢*, like ¢, must satisfy Laplace’s cquation. Thus, in
cylindrical-coordinates

D¢t 10¢*, 1 D%p*, D%p*
e et e =0 @
where 6-iszthe angular coordinate as indieated in figure 2.
Lot n slots-be-spaced symmetrically-in-the boundary. Iteis
then possible and_convenient to-treat the flow in only one
of the n identical sectors produced=by drawing radii to-the
centers of the n open segments of-the boundm'\' (Sce fig. 2.)
1ith the_transformation

w=nf 16))

w covers-a-range of 2x in each sector. Moreover, if the
origin for wsis-taken at the radius drawn to the center of-the
closed segment, the range 0 to —x is seen to be exactly
symmetrical_to the range 0-to -, so that only the positive

values of w-in-the range 0 to # need-be considered. With
the transformation (5), equation:(4)-becomes

b‘l@t la¢t .n? a2¢¥ a?¢t

ELur U vt o ©

From symmetry, as may be seen-from figure 2, the boundary

conditions
F e A W g
=0 PrT 4 (l)

apply. The use of the finite Fourier-cosine transformation
with respect to w is therefore suggested. (Sce ref. 1)
Application of-the finite cosine transformto cquation (6) and
to the boundary conditions (2) and (3), with consideration
of equation-(7), yields

V%, , 1090, n%®

Poe, 100 _ns’ Poep 8
ot Tror at ot or " ®

[1":‘1-R=["¢]rg-n[:5i—n ! ?-E;i—ll“(“{al)]fﬁ",[‘#‘}v-k cos (Sw) do
’ ©

»
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.ot

Fiaure 2.—Cross-section showing slots-and-augle relations.

wesnd.  For case shown, n==4,

bl o W el M

ru i} ir-I; § + o QI‘ 7'-"008 (86)) ‘Iw
(10)

where ¢, is the finite cosine transformation of ¢* with respect

to w and'is given by

¢elr, 1, 8)= fo '¢* cos (sw) dw (1)

and-s=0,1,2,3, ..
consideration that

[‘P‘II-R:[ "4’]1-"’*‘ [¢‘lr-lz
wSelr 0Swse

. . Equation (9)-is:obtained under the

where «, is the value-of @ at the edge of the slot. A similur
consideration-applies to equation (10). The-agsumption is
now niade that equation (8) can be solved by the method
of separation of-variables. Thus, let

vc(r2,8)=X@) P(rs) (12)

Use of equation (12)-in equation (8) gives
XP, 47 XP, —isn\1>+1>\,,_. (13)

where the subseripts r and z indicate derivatives with respect
to those variables. Division of cquation-(13) by XP gives

Doy 10w X
>

sp Ty = (19)

Since the sum of-the first three terms of this equation -is
independent of = and.-the last term is independent of » and's

X\, =Sonie Quantity Independent of , r, and ¢

=-—-‘)‘2

(15)
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NACA TRANSONIC WIND-TUNNEL TEST SECTIONS 3
wheroe v is 10 be considered-a purameter that may be varied | Also, from reference 1,
at will. “The solution with respeet to the variable @ is the 1 0 & ]
same as that obtained in reference 2. Equation (15) is ¢‘=;,¢,(r,x,0)+;_'1 32 eryr,s) cos (sw) ;
solved by terms of the type =t ® e
Xy=4, sin vz (16) =L alo (A7) sin (222) 4
¥ LT l l h
where A, is a constant for-any given value of v and solutions ° = T ) , -
may be added to obtain a function of  satisfying the bound- = 27 By 008 (sw)” 2 Axly, ( ) si n( ) @3) ; L
ary conditions. For the-variable r, use of-equation (15) in T % . ;
cquation (14) and multiplication by P gives and if, it equation (28), s-is-written instead of s ) L4 L
P, /n%t " ]
Pt i—~(R ) P=0 4D | (¢l 2 Aol ) an () ;
., e B |
VrPanan tvrPyr— (034 P=0 (18) -; Z ay €08 (&) 23 Axlyy (—’;u si n( ‘n:) @4 / H p
km] 3 . ;
Asolution of equation (18) is and ! \’,‘aj ¢ d
AN
Pe=Bulun) M1 T2 ke gy (A8 i (B52) 4 ;
. . o Lardams T AR ; g j
where B, is-a constant-forany given value of ns, and:I,,-is E
the modified Bessel function of the first Kind.  (See ref. 3, "E By cos (o), i i Aelos (L 7 I sin (kn:)
; : ) T
chapter III.) The corresponding function of the second R ® ® i
Kind fails to appear because of the necessity that the solution @5) ;
be regular within the tunnel.  Now write . o .. . 4
where the primes indicate derivatives-with respeet to the §
7=’.£l’£ (*k=1,2,3,...) (20y | arguments of tho Bessel-functions. From equation (22 5
; 1
&y kxRN . (kxx H ]
where Lis=the z-length over which XX is tosbe defined. Then ["‘]"":’Z-.': AeB sl < l ) 3111(7——> @0 P [ ] e
equation (16) becomes > r xR " E. 3
09 T LEi] .rx o 1] E
Xt=Ak Silléfl-f (21) S :lt-lz k@l l AgBu[n ( ) sin l ( 7) % v ﬂ
. :
and equation (12) becomes Suppose also that [@l.r and [%_?-] L e expanded- in '
- H ’
2 kerr\ . kwx N N - { L L
era,8) =23 B uy s (—l—-) sin—= 22) | Yourier series with sin 8o that i
1)
L Wit o 5
[Blrmn=2 Qsin( =) (29) ! B
% bz 29 e o
=3 Qs,sin (5= (29) .
a rwR  kw} L4 :

where Qy and @y, are the-constants. The boundary condition (9) now becomes, by use of equations (24), (26), and (28):

1T () i (52 [P ] 5 i (22)5

z, A Bo-Is (L R) sin (Ln) j cos (sw) dwt- = i Ay sin ) Z B, T, ("’rl > f €08 (jw) cos (sw) dw . ¢ '

mld the-boundary condition- (10) becomes, by use of equations (25), 27, nnd (29): % . :
. i
br -’1;; B Ly (krli)s l(Iur:rc) [sm (wa)] E Qs,sin ’l'.?f).;. !
k-l -
kxR s&kr , . fkrr\ & kel 7 . Y [ ] ® .
N -[- T Ar Bo It < ) l«)fg!cos (sw):dw—’i--ﬂ-_ g}l 7 Apsin -Z«) E B,.{ Ly -—t—-) ;LLcOa (jw) cos (swr)’ dw E )
Equating-coefficients of -sin (-{-’E) and performing the indicated integrations gives
kxRN _ ;sin (3x)—sin (sw.):l A Bo , (kxR sin(sw), 2 4 & kxR [[sin (j—s) e, sin sin (J-44) w” L ' o :
s o () PR | e, (B 00 20 B 1 () | B2+ , e o
’ (30) : . .
]

P




M 61Y)]

=9

In equations (23), (30), and (31) Az, Qy, @, and-the Bessel
functions depend upon k, which takes on only integral
values. In referenco how over, the length { was extended
to infinity and the ‘Fourior sorios was replaced by a- Fourier
integral.  With the integral form, the coefficients A,, Qs
and @, arc replaced by continuous functions of A/l or,
otherwise of

g 3
b 1

P e o
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and )
3 kexd sin (s kA kxR [sin {sx)—sin >
N e e N e A N C A [ p o :
H PN N
o ‘. r,‘,‘. :
\/r

gl (32)
1f, also,

T=p

-

] 33)

Zoot

R

and equations (30)-and-(31) with

Cola) Intay==Qutg) [ S €S (““")]+ A 1y S

Since @, and-Q; are now the functions which when multiplied
by sin (gf) make up-the integrands in the Fourier integral

expression of [¢),.x and %{' , respectively, consideration
f rmR
of equation (1) gives

Q=55 |, ‘7@%” sin (g2) dg (37

W=, a0

L{p s )

L/ ()fFsin (j—8)x—sin (j—sk_ sin (}-{-s)w,]
LAglL 2j—¢) 2j+3) }

my  [Kog sm(sr)—sm(sw.) Ki() [sin (swy)”
2“51{2{ m(ﬂ) ]+Inl'(’l) ]}

2“’1‘28,., L; (Inrl?) [,"' (_)—s)r—sm (j=8)wr _sin (j-Fs)o

REED)

and, if the functions_ /() are combined with the coeflicients
B, or By, equation (23) is replaced with

gl J , Cola) Iolga) sin (gd) da+

i

2 cos (sw)J:? Crulg) 1u{qp) sin (g8) dy 834

(sw.) + E Co) 1,.1(!1) =sin ( ]—-s) Wy +sm ( _]+8) w.] 35)

A=) 2-+9)
and
b Culd) == [P0+ 4, o) 1 [RreDsin Gy
2g & 5 510 (f=s)r—sin (j—s)oy _gin (j-}-8)on .
= R%} Collq) Inf () | = 3G=s) ! .‘?(3{4-3) :l (36)

Integration by parts-and_consideration of reference 4 shows
that

Qo)== 57 1ED 69
Qz(’l)"- l&” Ky (10)

where I and K, are modified Bessél functions of-the second
kind, If the cquations (35) and (36) nre solved for Chilg)
and if the right-hand_sides are then equated to each other
and the relations (39) and:(40) are used, the following equa-
tion for determining:the functions C,,(g).results:

L)L 2(j—9) 2GFs)

g%(rg} {Io(q) sin (sw)  1y'(g) [sin (sa-)-—sm(sw.):l} +¢, Cule) {1,.,(:1) sin (j—8)uy +si|1(j-§-sLm];
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NACA TRANSONIC WIND-TUNNEL TEST SECTIONS 5

JFor convenience, take ,
Puf@Pyy=] 100
27'7?* J=o

-h'li" P

|

A A e LR e

and let the argument ¢ of the Bessel funetions be understood.
Then, since Iy'=1, equation (41) can be written, after some
rearrangement. and after multiplication with the product
I’I!Ill,

sm(;-—s)w, ﬂn(_}-}-s)w.] Lol

G~ T 20+

it ( j—s)f }
(- ]

=—q {ll..' Ko—14 K si!lgi"»'l—lfo'l..' &f@} s=1,2,3... “3)

Equations {43) provide at cach value of 4 an infinite system
of simultaneous linear-algebraic equations for the determina-
tion of the values of the functions P,,(q) at that point.  With
use of equation (42):-the interference potentinl- (34) can be
written

=5 , 1‘,, Z} 05 (3w) j .‘(q) Lu(gp)sin(gd)dg 49

from-which the interference velocity in the direction of the
tunnel-axis is

u‘=,,~1f~~,ﬁ‘,cbs (sw) ” Poq) Llyp) cos (g dg  (45)
P4 3 ll’ Y] 0

1t seems Vkely ‘that, if the first-few functions,, could be
obtajned, the interference velocities not only in the axial
direction but also-in -the radial-and angular directions (oh-
tained by-differentiating equation-(44) with respect to radial
and axial distances)-could be satisfactorily expressed. Un-
fortunately, every function P,,-depends upon every other
one according (o equations (43)-and-even P, may-therefore
be very-difficult to obtain with a-sufficient. degree-of approxi-
mation. Some information may beobtained, however, from
the form.of the solution. On the-axis of the tunnel (p=0),
which is-in the region of greatest interest because the model
js located-at the center, the interference velocity is deter-
mined by the function P, nlone; for all the Bessel-functions
1,4(0) are zero exeept for [,(0), which is equal to unity.
Morcover, as the argument is deereased, the value of the
Bessel function 7, deereases ever more strongly-as-the order
is increased; therefore, if o value-of w; can be-chosen such
that. the interference-velocity at the tunnel axis.is zero, the
interference slightly -off the axis-will*be less as-the number
of slots-n becomes greater. In-any case, the-variation of
interference velocity -with angular-position near the tunuel
axis will-be decreased:by increasing-the number of slots, since
the interference corresponding to Pp-is invariant-with respeet;
tow. The angular-variation of the axial and radial velocities
will. be symmetrical_about «=0. The angular interference
velocities will be antisvmmetrieal ahout w=0: Since-the

only function of x appearing in cquation (45) is the even
function cos (¢#), the variations of the axinl velocities will
be symmetrical about 2==0 (the position of the doublet).
The radial and angular -variations, however, will be anti-
symmetrical-about r=0.

The infinite integral appearing in equations (44) and (45)
causes no-trouble and ¢an:zbe graphically obtaiiied, since it
appears to-converge in the region-of ¢=8. For the closed
tunniel (wy=x) and for the open tunnel (w,=0), for-both of
which P,y is-zero except-for P, and for-which P degenerates
to known-functions of ¢-including Bessel functions,-this con-
vergenee has been proved through the use of asvmptotic
expansions of-the Bessel fuactions.

The system of ecquations (43) has been set up-in matrix
form for 1J of the equations and 10 of-the unknown functions
P, (p. (See-table L) For each row-the value of-s-is con-
stant; for each column the-value of j.is constant. The argu-
ment of theBessel functions is g in-every case. The deter-
minant. of the left side of equations (43)-is contained-in the
space below and to the-left of the-double lines in table 1.
This determinant is symmetrical about-a diagonal; squares
containing-identical quantities are indicated with-identical
numbers, In each square-the function of Bessel-functions
is to be multiplied by the-function of trigonometrie functions
appearing in-that same square, The-functions P, applying
to their respective columns are given in-the row above and to
the left of-the double lines. The K at-the top of the column
to the right of the double lines indicates that the -column
contains the constants given by the right-hand- side of
cquations (43).

The system of .cquations (43) has-nol been shown-to be

convergenf. The Fourier-series in cos (sw) is required not
only to express a function-¢* and its first and second deriva-
tives but-also to satisfy tivo simultancous equations express-
ing two different kinds of bowndiify vconditions. The
boundary conditions are-discontinuous at the edges of the
slots (w=w,), and, by analogy with-thin airfoil- theory, the
velocities -at the edges-are expected do be infinite. Such
boundary conditions cannot be exactly-satisfied by-aFourier
series and-it-would-not-be-surprising, therefore, if-the system

;
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(43) were divergent. It is reasonable to suppose, however,
that the interferenee near-the center is largely determined by
average conditions at the boundary rather then by the de-
tailed boundary conditions, and -these average conditions
could be expressed by means of- a-Fourier series. In_any
case, the potential only a short-distance from the boundary
could-certainly-be expressed-in Fourierseries. The problem
at' hand,-therefore, is the determination-to a sufficient degree
of approXimation of the first: few functions P, P, P,
P, ....

As a first attempt to obtain numerical solutions, four of vhe
simultancous cquations (43) with the first four functions
Py . . . Pywere solved at various-values of ¢ for n.=10-(10
slots) and values of w, of 0.5x, 0.6x,-0.75x, and 0.875x. The
axial interference velocities at the position of the doublet
(p=£=0) according to cquation (45) arc shown by the

circled points in-figure 3, where they-may-be compared.with

the corresponding-values for the open and closed tunuels. It
was realized that the number of equations used-in the solu-
tion was ontirely inadequate for obtaining aceurate values
of the interference, but since the interference at the center
must depend’ largely on the mean boundary conditions, it
was thought that:some-indication of the-slot-effect could be
obtained. The nonuniformity of convergence of the Fourier
series is such, however, that with the-smaller slot widths,
sinco in these cases:the edge of the slot dominates the whole
slot region, even-the mean boundary- conditions would not
be adequately expressed, and an attempt-to calculate the
interferonce with o;==0.96x ended 1 failure becruse the inte-
grand in-the infinite integral of equation-(45) became posi-
tively and negatively-infinite at & point-within the range of
integration. The-course of the calculated values (fig. 3)
and the behavior of the calculations -were such, however,

that it was surmised:-that the interference-at-the position of
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Figune 3.~Axial-interference-veloeity- function in slotted tunnels.
p=%=0.

the doublet should-become zero for a value of w; near 0.875x.
On the basis-of these meager results, an experimental in-
vestigation was planned.

The 10 by 10 system of table I-(with sone allowable modi-
fication in-order to keep the numbers involved -within the
range of ‘the computing machine) was next solved-on the
Bell Telephone Taboratories X-66744 relay computer for
n=2 and values of v, of 0.25x, 0.75x, and 0.49x, the last-value
being chosen instead of 0.5x because the Bell machine was not
set to carry the zero cocfficients that-would appear in-many of
the squares for w;=0.5x. The values obtained for the
interference velocity at the position of the doublet-are shown
by the diamonds in figure 8. The value n=2 was-chosen
because it-was believed that -with. n=2 the value-of-w,, for
zero interference, would be of a-Jower value, for which-the
problem of convergence would bé. less-severe, and it was
desived to investigate the satisfaction of the boundary condi-
tions i this region under the most favorable computing con-
ditions. Also, a comparison was-desired between-the inter-
ference for-the two-slot circular tunnel and the interference
for the rectangular tunnei with two free sides which was
discussed in reference 5. The fact that the interference-
velocity valuefor the rectangular-tunnel with two open sides
(shown by the upright triangle in fig. 3) falls above the
values caleulated-for the two-slot circular tunnel does not, in-
dicate that these values are-incorrect, becsuse the more
strongly-effective central part-of-the closed surfacelies closer
to the doubletzposition in-the rectangular tunnel than in the
circular tunnel, and -the interference-velocity value might
therefore-be-expeeted-to lie-nearer-to the closed-tunnel-value,

The interference at the doublet position with n=:10
and «=0.875x has recently been calculated on the Bell
Telephone Laboratories X-66744- relay computer with 14
cquations of -the system (43). The results shown in-figure 3

3T~ 562

verify-the assumption previously made that-for this configura-
=tion the interference would be approximately zero,

With regard to compressibility olfccls, the method de—
scribed in the appendix of-reference 6 is applicable, By this
method, the whole system is stratehed in the flow direction

by theratio 1 A where Af is the free-stream Mach num-
dl

A=

ber.  Inthis process, the tunnel boundary remains unchanged
since-in-the theory it alrendy extends uniformly-to infinity.
Beeause of the stretching of the body, however, the strongth
of the doublet used to represent it must be increased approx-
. . . 1

imately-in the ratio e
the veloeitics induccd in-the compressible flow are incrcnsed

Since, according to reference 6,

in the-ratio W\l’ in the stream direction-and " o \F nor-

mal to-the stream direction over the incompressible induced
velocities for the stretched system and since the tunnel-wall
interference velocities are _proportionnl to the doublet
strength, tho effect of compressibility is to increase the axial

interference-velocities in the-ratio (—‘«Em and lhu inter-
ference-velocities normal to-the axis in-the-ratio —T[,- It

therefore follows that_if=the interference-is-zero for the in-
compressible flow it-is also zero for compressible flow. This
reasoning-is-valid, morcover, oven though the critical speed
of the-body be exceeded, beeause the presence of supersonic
regions-about. the model could be taken into-account merely
by incrensing the doublet-strength still further; the nature
of the tunnel-wall constriction cffect remains unchanged.
Any distortion present, that is, increase in interference
velocities away from the doublet position,-would bemagnified
by gompressibility and might-become too lmge to be tolerated
as:Mach number unity is-approached. Tt therefore appears
that, as-is true with conventional wind tunnels, the sjze of
the model must be decreased as the Mach number is in-
creased. At any given Mach number, however, it should
be possible fo test much larger models in-a slotted tunnel of
a-given size than could -be tested in a-closed tunnel of the
same size.

-Once the supersonic-region has reached-the tunnel wall,
the theory herein presented is no longer-valid. A-considera-
tion-of-the nature of wind-tunnel choking indicates, howover,
that-choking need not oceur,-because the excess mass flow
can-bypass the model by-flowing out through the slots into
the-tank ahead of the model and can enter again through the
slots behind the model.

Asmay-be seen from figure 3, for slot widths greater than
that _just sufficient to secure zero interference-at-the center
the-operation of the slotted tunnel is-relatively insensitive
to slot-width. This characteristic provides smne-possibility
of compromise with regard to varying the slot-width in order
toreduce the-lift-interferencs, wh ~h has-not-yet-been inves.
tigated, and with regard to post ble supersonic-operation.
Otherwise, it scems desirable to Keep the slot width as small
as practicable in order-to-minimize the power-requirement.
In this-regard, it may be inferred from_figure 3 that the
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greater-the-number of slots the smalleris the ratio of open
periphery to closed periphery required to-attain the zero-
interference condition. The power required -for a slottedd
tunnel should=he much less than that-needed for an open
tunnel;

EXPERIMENTAL INVESTIGATION

SYMBOLS

The following symbols sre used in presenting the results
of the experimental-investigation:

a veloeity of sound in air

b wing span

¢ winyg chord

D diameter of tunnel at throat

D’ effective dinmeter of octagonal tunnel

u total pressure

l body-length

M free-stream Mach number-(V/a)

AM, frec-stream Mach number-at-midpoint of test
seetion

M, free-stream Mach number-at position of body
nose

My free-stream Mach number-at. position of body
tail

P absolute statie pressure

il eritical pressure ratio (M=:1,0)

R test seetion radius of eirculur tunnel

R’ effective radius of octagonal=test-section

S distance from midpoint of test scetion along
tunnel longitudinal axis

v free-stream velocity

EN distance slong body axis from nose

L distance along wing chord-from-leading edge

Y distance along wing span-from plane of sym-
metry

TESTS WITH 3.5INCH.DIAMETER BODY

Apparatus_and-methods.—~Preliminary tests in this jinves-
tigation were-conducted in & 12-inch-diameter cireular test
section slotted-in the direction of-flow. This test section
was designed-on the basis of the preceding theory to produce
zero blockage interference at the position of the model.
Ten evenly spaced longitudinal-slots=comprised one-cighth
of the total-circular periphery. The-slot width remained
constant. along-its length and extended downstroam to n
station in-the diffuser where the arca-was 20 pereent greater
than that-at the throat area., At this-station the effuser
bell became tangent to the diffuser. A closed tank 24 inches
in diameter surrounded the fest section, A longitudinal
schematic diagram of the slotted test-section and-a scaled
cross-sectional-view of the circular-slotted-test scetion-are
included:in=figure 4, Some of the important slotted test-
section_parameters are included. in tablell.

The test-niodel-was a 3.5-inch-diameter -prolate spheroid
of fineness-ratio 6 (table 1II). The-ratio of body diameter

to tunnel diameter is 0.292. The selection of a body of
such large size was made in order to magnify the wall-
interference effect to permit an accurate treatinent of the

TABLE H
TRANSONIC:SL VITED-TESTSSECTION PARAMETERS
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wall-interference effects,  Static-pressure orifices were in-
stalled in the body along top and:bottom meridians and-at
several nngular staf’uns about. the center of the body,

The local static pressures over the hody were - recorded
simultaneously with the (rec-stream Much number in all
tunnel-configurations,

In order to obtain for somparison an.exuerimental- “free-
air” or essentinlly interference-free condition for the *hodel,
testy-weve also performed on-the same model in the Sangley
8-foot hi;,h-spov(l tunnel.  For further comparison, -tests
were made in 12<inch-dinmeter open and closed test sections,
and-the-results were corrected by means of a potential-flow
method.  The duta fromisthe 8-foot-diameter closed-tunnel
were essentially free of interference us recorded.

Results and discussion.—Surveys of the pressure distribu-
tions at tli¢ center and ut-the wall of the slotted test-section
indicated a satisfactorily-uniform test region at-all-subsonic
Mach numbers. (See fig. 5.3 Suoersonic Mach numbers were
obtained merely by increasing the pressure drop across-the
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PROLATE-SPHEROID. ORDINATES

| T
3Sdnctdipneter oy “ 1 &Y%inchdiameter by
i {Drestss retho 6) | {finencss ratio 6)
ni }‘wm—___‘.v_m.v B e
" Stathn | Radius Jg Station Radtus
i [{LA] i (ny '{ {n) [{[:H)
! Bl !
o oo oo ;
ozs . L0523 Qi 020 ]
L0073 ! 1875 a6 il Lot 1149
0w 210 7 S R NE
L0128 o X8 3 L1000 1454
%0 520 . i 200 S22
050} 0500 628 | 4000 #2900
100 2, 1000 li 0 4000
150 . 1500 2497 2000 L4781
“20 2000 I A0 .33 {
<2506 , 200 5159 . 000 V8775
<3000 . 3000 X . 4000 I
3500 , 340 L6004 2. 5000 S350 ¢
400 | . 4000 L IM47 3. 2000 L6882
LT , 550 T 5390 N T
-1 10,1500 LR | #$i70 W
[ 1] ] L1500 L0000 H067
[T 1 LA 41330 Lea8 |
- 14500 3 L g3 W66H |
| g0 iz Szl dae oz
L] L N & o eren -
' .mnf 14,7000 50000 8110
[ 15750 | $1% {60000 5775,
| .00 P 16,8000 4000 5. 4000 5333
| <890 17. 8500 2407 . 000 A6 |
! 9000 1R 0000 050 | 7.200 AQD
926 19, 00 S0 L 74200 3600,
%8t 21250 . } 6670 an
* 10000 2000w as i Kowo s |
}

s+ 4

- ._**h"

NN X NI YR

N enrt e )

Tt B P e g L e




NACA TRANSONIC WIND/TUNNEL TEST SECTIONS 9

/ ZTTILILLTT Z o, 'O v hone b g od oo s pors //
Tenk o <7 ; B ;
] LS
\ : ® Dl ;-,. N
) 3 ;
t . . l"}“)[ g a~ss — =S 74 vos wod ,“7 .
B 7 1
l i ’
! -——-———-—_—,‘ ' Q: .-
3 l(p.. . // — e ®
. ) - 7
\ ] Tesctmnmen LSS S Suts E ® ®
mva— % " - 2
i - . # 1 Sehweren window f ’
f 4 // ’ p /,//‘/ - g
~ ¥
—an e £ T §
#
s2cinrs e mesis ;
i Entrorce kp 3 ~ . ¢ ¢
e :
T/l EMuser bell )
/ g ¢ ;
G / - 7 v E
- . ) ~—S e L/ b
fo) l‘_‘lr LTI T IT I XTI vowsa T ywma ya - 77/ ? B
{ ° ®
- 4
]
) : P

NP
[ J

[ J

.

3
H E
H
{ :
H
i 3
i

H (1) Schematic diagram ql transonivslotted tunnel, ' -
; (b)) Cross section of 12-inch-dinmeier ¢ircular transonie slotied tunnel.
(¢) Cross gection of-12-inch-effective-dizmeter oct I tra ic slotted tunnel.

S by o g e P b o e
73

Fraure 4. —~Transonic-slotted-tunuel configurations.

EE S R £

Ty - L IRy LT

8

\vmm i g o o cr b
.
]




¥
10 REPORT 1231—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS b . d
Ty ;_ - " I ’ .
N 80k -4 I N B U S T ;
N b3 l‘ ! Drstrsbution at funnet woll o k
g - | ——=——Dislribution ot tunnel center-fine [ 4 LA "
E‘Gf-x b—— - Al e ,_‘\_ - —— -} - -i- RO S — i - A P
B AN K
§ g b \O//W L . P B
& b o - e e !
100} e j Voo
(0} L
st - - f .
! ® e .
Air How ' .~
Entronce lip Slotted-test-section woll- - } K
——mmm——= -= - S ———— e \
; Effuser belt .
' Tonk
| o L 4
i
- L Tl A I ’ 7 _ n " 7 //
7 -- R i S
i‘ ] ! - 1 Model :l:colion
gok | ... .l.
%- O\W o+, -‘i el S =8 i . . '
R R - 4 - = - [ PR . : .
S 5 ot ‘ : :
: : \L ,
e 2 BN N A o il sl
§ | Sro0 o s e et s TS T S ‘
b4 = \ 3
L S TR/ i i Eht s (I ° |
s B peteur SN o ' '
I I S Rl S : , !
¥ s 4 i
WA o) L N N 7 £ b !
=20 -5 -10 -5 o 5 10 15 20 25 L
Station from midpownt of test section/Ttxoot diomeler, S/0 ! P P
(a) 12-inch-diameter circular closed tunnel, :;
{b) 12-inch-diameter circular transonic slotted tunnel, . i
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test section. With a supersonicMach-number of 1.097,-the | occurred-at the effuser bell, but sincc-the mixing region was ; ]
Mach number-variations appeared-tobe 20.02 over-a length | now limited only to the slots and- the low-energy air at the ; K
.of one throatdiaineter. Center-line pressures were obtained { boundary was thercfore less than ‘that produced in the ‘
by means-of a 3-inch-diameter-axial static-pressure survey { open tunnel, a-maximum Mach number of 0.97 could be . E
tube that extended upstream to-the tunnel entrance bell. | obtained. -In-the-8-foot closed test section a maximum test i
The axial -pressure distribution at an indicated stream- | Mach number-of 0.94 was obtained_rather than the value ; 1
Mach number of 0.960 in the 12-inch-diameter closed | 0.96 indicated- by theoretical one-dimensional choking at ! ® )
tunnel is included in this figure for comparison. Small | the model. The-8-foot tunnel is therefore believed to have , :
axial pressure gradients cxisted in the 12-inch-diameter | choked at-the-support strut behind the-model. P 3
open and closed tunnels and-at the highest subsonic Mach The measured local pressure ratios=at-the midpoint of the ' ;
numbers in the 8-foot-diameter-closed tunnel. The Mach { 3.5-inch-diameter prolate spheroid in- the 12-inch-dinmeter ) ,
number calibrations for all tunnels were based on pressures | and 8-foot-diameter-tunnel configurations corrceted for the !
- at orifices located in the closed-entrance scction upstream | small pressure gradients that existed in the closed-throat [ ] -
ofthe throat. - tunnels- are -presented as o function -of Mach number in - - - §
: With the-3:5-inch-diameter body in the 12-inch-diameter | figure 6. Even with this large modelin-the 12-inch-diameter
closed test-section, the Mach nuniber was limited to 0.72°by | slotted tun. cl, the pressure ratios show reasonably good )
. choking -at- the model, whereas in the open test section | agreement over-almost the entire test Mach. number rango X {
- choking at-the effuser bell limited-the maximum test Mach | with values-obtained in the 8-foot-diameter closed tunnel. . Lo :
: number t0°0.89. In tho slotted-test-section choking-again | 'I'his beliavior is-in-sharp contrast with-that in the 12-inch- ‘@, :
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Fraure 6, —Comparison of weal pressure as a (unction of Mach number at midpoint of 3.5-inch-dinneter-prolate spherod an circular opon, closed,
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i e g

diameter closed tunnel, for which- the blockage interference
is very large. A large high subsonic Mach number range
is covered in the 12-inch-diamoter slotted tunnel which
cannot bo reached in the 12-inch-dinmeter closed tunnel
because of choking at- the model.

Figure 7 presents-the measured:local pressure ratios p/II

in the slotted tunnel compared with the pressure ratios
obtained from tho correeted data from the 8-foot-diameter
closed tunnel and from the 12-inch-diameter open ond
closed tunnels. The-curve from the slotted test-scction falls
between the two zero-interference curves and oxtends to
high subsonic Mach-numbers for which adequate correction
for the-interference earnot. be made.

The pressure distributions over the 3.5-inch-diameter
prolate spheroid are compared at several Mach numbers

of this phase of the problem has been.deferred, however, in
order to proceed to the more important investigation-of the
transonic behavior of this_type of test-section with models
of moro reasonable size.

TESTS WITH 133%.INCH-DIAMETER MODEL

Apparatus and methods.—The second model used in this
investigation consisted of a 1.333-inch-diamoter prolate
spheroid, of fincness ratio 6, fitted -with an NACA-65-010
wing of L5-inch chord-and 6-inch span. (See tables 1IL
and IV.) The orifice-locations on_the model are presented

in figure 9.
TABLE 1V

ORDINATES OF NACA 65-010 AIRIOIL

Ordt- | Ordi

with the two zero interferenice curves in figure 8. 'The Statlon | nate || Statlor | nate ;
pressure distribution-obtained from the linearized-potential Word | S 1t et | & i
theory is also shown. A rotation of the pressure diagram chord) chord) {
in the slotted testrseetion is evident.in the sense of-increasing 0 0.0 | 1.9 }
pressures toward the nose of the body. The pressure- BLal Belin
ratio scale has been doubled relative o that in provious el @t | in
figures in order to define more clearly this distortion. It is MRl @i
beheved that this distortion of the pressure distribution is t B linl Belia
due tozthe inordinately large model-used in these preliminary i Rl il ety
experiments.  Even so, it is also-belioved that-the distortion A » oo | o™

|

e o o+

might be corrected by tapering ‘the slot widths. Study
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An octagonal slotted test section was substituted for the | numbers were found to be negligible, (Sce ref. 7.) One
cireular-section-used in the preliminary tests. Eight axial | test-point with zero Mach number gradient was obtained |
slots comprising-onc-eightn of the total-periphery were lo- | at-Mach-number 1,20, By moving the test model upstream
caled at the corners between the flat sides, (Sce fig. 4.) | in the supersonic nozzle of the 8-foot tunnel, additional
The length of-the oztagonal slotted test section was one-half | test-points at lower supersonic Mach numbers could be ob-
the length of-the circular slotted test section. The choice | tained-with a positive Mach number gradient of about 0.03
of the octagonal-section was made as a result of studics of | from-thenose to the tail of the-body. As these test points
the application of this type of *".roat-to large wind tunnels, | were ‘the best available for this Mach number range, and .
specifically, the Langley 16-foot and 8-foot high-speed tun- | as the Mach number gradient- was relatively small, the re- .
nels. Factors.affecting the choice of-test-section shape are | sults in the 8-foot closed tunnel=were treated as contintous )
installation of optical apparatus, simplicity of construction, | data for these comparisons. Unless otherwise indieated,
and cost. the Mach numbers specified for these data are those exist-

A calibration-based on the mensured tank pressure ahead | ing atzthe nose position of the model.
of the slotted region was used to give Mach number varia- Results-and discussion, —The axial pressure distributions
tion both in the-subsonic and in the supersonic region. The | along the center line and wall of-the 12-inch-effectivesdiam-
stream-Mach-number, calibrated in this-manner, is used in | eter octagonal transonic slotted-test section are presented
the octagonal transonic slotted tunnel tests. Because of | infigure 10. The fact that highersupersome Mach numbers '
the cxisting supersonic Mach number gradients, all Mach | were obtained in the octagonal slotted test section than in
numbers above the speed of sound are presented for the nose | the circular test section is believed to be due to the shorter
position of the-test-model . length of fest section, since with this shorter length less low-

Tor comparison, data from the Langley 8-foot high-speed | cnergy air is required to pass into the diffuser. The Mach
tunnel were utilized as the zero-interference_condition. The | number-variation near Mach-number 1,27 is approximately
8-foot-diameter closed tunnel was limited to a subsonic | 4:.0.05 and decreases as the stream Mach number is reduced.
Mach number of 0.99 by choking at or -near the model. | At all subsonic Mach nmwunbers, th* Mach number in the
‘I'he interference effects on the model-at-all-subsonic Mach | test-region is satisfactorily uniform. )
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Fieurg 8~~Corrected pressure distributions along top meridian of
3.5-inch-diameter prolate spheroid for several Mach numbers in
circular open and closed tunnels compared with uncorrected pressure
distributions nlong body in circular slotted tunnel, (Note that seale
of p/H is double that used in figs, 6 and 7.)

A point-by-point: comparison of the localzpressures over
the 1.333-inch-diameter body in the 12-inch-diameter tran-
sonic slofted tunnel with-those in the 8-foot-dinmeter closed
tunnel are presented as a function of Mach-number in figure
1. The pressures over most-of the body appear to agree
quite satisfectorily in the two tunnel configurations, even
in the Mach number range-between 0.88 and=1.13, for which
this body cannot be tested, because of choking, in & closed
tunnel of-the same size as that of the slotted-tunnel. Above
a Mach number-of 1.08 in the slotted tunnel, disagreement
exists over-a forward portion of the body in-the nature of o
pressure rise relative to the pressure variations obtained: in
the 8-foot-diameter closed tunnel. This pressure rise does
nol cotrelute with the nonuniformities in fire” tunncl-cmpty
Mach number distributions. Neither do these-nonuniform-
ities appear to affect substantially the pressure distributions

T e e A 23 b e S ppaEreer e

over the model. At rfl=0.90, the pressure differences
between the data in the two tunnel configurations are larger
than at the forward stations and appear to indicate a differ-
ence in the rates of shock movement. with Mach number.
Examination of reference 8 indicates that this effect may be
due to the 23-percent greater Reynolds number and to the
higher turbulenee level in the 12-inch-dinmeter slotted-tun-
nel as compared:-to the S-foot-diameter closed tunnel. The
nature of the pressure difference is such as to indicate this
possibility. - he Mach number gradient in the S-foot. tun-
nel for the low supersonic values tends also to show these
points at a Mach number lower than actually exists, thereby
exaggerating the aforementioned difference. The lower-
surface and radial-station pressure varintions arve also pre-
sented in figure 11.

Figure 12 presents comparisons similar to those in figure 11
on the L333-inch-diameter prolate spheroid when-the NACA
65-010 wing is aflixed symmetrically to the body. A pressure
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Mach numbers.

risec over the forward-portion of the body above-a Mach
number of-1.08 is again noled in the transonic slotted tunnel.
Because of the large number of individual test-runs necessary
to obtain the supersonic test points in the 8-foot-diameter
closed tunnel, the-data presented for this configuration are
limited to-two points:in the gradient flow-between-a Mach
number of 1.0 and™1:2. “T'he nccuracy of the comparison in
this Mach numberrange is therefore severely limited. Again
the main disagreements between the data in the two tunnel
configurations oceur at-the rear of the body, but-the differ-
ences are smaller than with the body alone, a circumstance
which supports the possibility that the differences:- may bo
due in part to Reynolds-number and turbulence effects.
The local pressures over the NACA 65-010 wing-are com-
pured for the two-tunnel configurations in figures-13-and 14.
Figure 13 presents variations with Mach number-at-several
stations along the-chord. Iigure 14 presents similar varia-
tions at spanwise-positions. The main differencec-hatween

the data in the two tunnel configurations again-occur at. the
rearward chordwise stations. The disagreement-is most se-
vere above the critical'speed of the wing but-below-a Mach
number of unity. Again these effects may be due-in part
to Reynolds number-and turbulence differences. The span-
wise comparisons-(fig. 14) appear to agree satisfactorily even

al the wing-tip-position, -;%—:l.OOO.

The data-are presented as pressure distributions in figures
15 to 18. 'I'he distributions on the body alone are shown for
several Mach numbers in figure 15.  The disagreement pre-
viously discussed may be noted in these distributions. The
relative pressure rise that oecuts in ‘the slotted- tunnel over
the forward portion of-the body is illustrated at Mach num-
ber 1.120.  At-2,/{=0.90 the pressure differences obtained-in
the two tunnel configurations are evident.for supersonic-Mach
numbersfrom 1:020:40"1:078.
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Fraure 11~ Concluded.

Figure 16 presents comparisons similar to=those of figure
15 over the body with wing affixed symmetrically. Again
the pressure rise over the forward portion of the body is_il-
lustrated at Mach-number 1.120. For further comparison
a test _point at a Mach number-of 1.200 in-the transonic
slotted- tunnel hias-been added: The large-negative Mach
number gradient_existing over-the rear portion of the body
for this test point (see fig. 10) increases the pressures beyond
the body station x,/l=0.30. ‘The.distributions presented-are
of necessity limited-because of-the small number of pressure
orifices-in this small body.

Figure 17 presents limited chordwise distributions on-the
NACA 63-010 wing mounted on the body. The pressure
differences indicated for the two tunnel configurations occur
mainly in the region on the airfoil where the local speed-of
sound has been oxcceded. A- clearer comparison of these
differences can be-noted in the individual pressure compari-
sons in-figure 13,

Figure 18 presents a comparison of the spanwise distribu-
tions along the wing. The important pressure differences be-
tween the two tunnel configurations occur near a Mach
number of 0.900. These differences may be .more clearly
seen-in-figure 14.

T L T S Tt =T T €2 TR S et e = et 4t T Kot g Ay i e O s o o

The flow phenomena, es viewed by the schlicren flow-
visualization method, over-the 1.333-inch-diameter prolate
spheriod, with NACA 65-010-wing affixed -symmetrically,
are presented throughout the transonic rango of the 12-inch-
effective-diameteroctagonal slotted tunnel in figure 19.  The
schlieren system used necessitated separate exposures for the
front-and rear ofthe test model. The test-Mach numbers
are therefore not obtained simultancously for the frone and
rear portions of themodel. 'The position of-the wing relative
to the-body has-been indieated by placing-as accurately as
possible the wing silhouctte on the schlieren negatives. These
schlieren observations were made early in the investigation in
order fo substantiate further the measured pressures over
the body, and no particular attention was given to the photo-
graphic -impressions. Consequently, the-quality of the re-
sulting- photographs is poor. It is believed, however, that
these_photographs tend to portray the development of the
flow phenomena-for-the configuration indicated. ‘I'he flow
about:the body and-wing is three dimensional and the inter-
pretation of the schlieren photographs is therefore difficult;
however, certain aspects of the:flow phenomena are interest-
ing as well ay enlightening.
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"The local supersonic region over the-wing increases as the
stream Mach sumber is increased until the shocks from the
wing extend beyond the body-and are visible-at AM=0.86
(figs. 19(a) and 19(b)). Increases in Mach number con-
centrate and-move the almost two-dimensional wing shoek
reavward (figs. 19(c) and 19(d)) until. at.3£=0.94 the shock
appears to increase its angle with_respect-to & normal to the
flow and to be nearly attached to-the wing trailing edge.
(See figs. 19(e) and 19(f).) A supersonic region-also-exists
over the center of the body (fig. 16) and.its three-dimensional
shock is included in the combined disturbances at the
trailing edge of the wing at Mach number approximately
0.97 (figs. 10(g) and 19(h)). A -compression region exists
on the body slightly forward-of the -wing. The following
sudden expansion over the body is noted-in-the light region
above the wing in figures 19(g)-and-19(h).

At Mach number 1,00 a local supersonic region exists
over the forward portion of the body, followed by an ex-
tremely light three-dimensional shock (fig. 19¢)). With
further increase in Mdch number the -compression region

S - - (S Bt
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at the rear of the body (figs. 194j), 19(1), 19(n), 19(p), and
19(r)) expands rearward- and eventually what appears to
be a normal shock moves off-the taii. The origin of this
disturbance is at present unknown, nor is it known whether
the phenomenon is_characteristic of the hody, of the tunnel
configuration,-or of- the observational technique,

For Mach numbers near 1.0 the bow wave for the body
has not appeared in the schlicren field (figs. 19() and 19(k)).
At Mach number 1:01 (fig. 19(k)) a weak wing bow wave
appears.  As the Mach number is increased to 1,04 (fig.
19(m)), the wing bow-wave-inereases in intensity. At these
Mach numbers large movements of the bow waves occur
for small changes in-stream Mach number, and at Mach
pumber 109 a strong bow wave has moved into the field
of view ahead of the body {fig. 19(0)). A strong wing bow
wave is also present in the schlicren field. The apparent
abnormal width of the' bow wuves is due to three-dimensional
curvature. The wing bow wave-also. possesses three-dimen-
sional characteristics at the-wing tips.
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Fiougrs 18,—Comparison of spanwise pressure distributions at 30 percent chord of NACA 05 010 wing nffixed symumetrically on 1,333-inch-diameter
prolate spheroid for several Mach numbers-in the transonic octagonal slotted-tunnef and in a large closed tunnel,
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(f) Mo=o.94.

Frevye 19 —Devdlopment of How phenomena over I 333auchediamater profate spherod with wing affined <o teiendiy for mcreasing Mach
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“) Mo= .2l
I'ievns 19

At M- 112 the tree-dimensional aspects of the bow
waves are appuent dig. g The aterseetion e
eaused by the flat sebheren windows produces the <hght
cupvatme at the rear of the wave.

AU L1 the only evidenee of shoek ieflection occurs,
and this teflecton appeais W ongiate frome a-poist on the
thiee-dsmensionat bow wave seell, rather than fiom e
sobid portion of the wall vt fiom the Notted msing regon
tfig. 191, The mterseeiion of the body bow wave with
the ~ehlieren windows is again noted bebind the bow wave,
The wing bow wave appears to move forwad, probably on
aecount of the negative Mach number gradient noted in
the distributions with the slotted tunnel empty fig 103
for this Mach number, The losses in total pressuie thiough
the preceding waves muy alo exaggerate this effeet,

A =121 and 122, the bow-wave configmation ahead
of the model has been defititely established, followed by
its intersection lines on opposing schlieren windows {figs,
194ty and 19¢up, Tk wing bow waves in figures 19(0) and
19an ure probably not representative of the Mach number
indieated, since the presswe ratios (fig. 163 obtained m the
12-inch-diameter slotted tunnel near this Mach number
are in disngieement rearwatd of the 0.30 body station with
those obtained in the S-foot-diameter elosed tunnel,

Pignre 20 fllustiates tepical borsepower ratios for the
12-inche-effective-dinmeter transonie slotted  tunnels and
for the 12-inch-diameter open tunnel. The 12-inch-diameter
closed tunnel operating supersonically with stiaight wall
divergence is used as a base whereby an indieation of relative
lorseposer in the open and slotted configutation i obtained,

W) My=1.22.
Couchuddd

Actually, this basis for compatison tends o give pones
estimates tov high for the sotted tunnel iv the transonie
tange because, for the closed tunnel as opaated for this
compatison, the effective test <cetion wus <horter than
would normally be emploved.

The expentuents up o e present time bave bean confited
o the problem of operation of such a throat thiough the
Mach wumber 1.0 tange, aud oo partienbu effort has been
made to obtam optimum power performanee.

M I
i2=nch-d ometer open tunnel
Rl e e e e et i
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Fiat re 20.-- Ty preal hop<eposer ratios a a function of Mach wunber
for <ottcd and open tunnel conbigurations.
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-GENERAIL DISCUSSION

As may be seen from figure 6, the principal predietion of
the subsonic theory, in regard to minimization of the inter
ference due to constriction of the tunnel walls by means of

the cireulur 10-slot tunnel with one-cighth of the total-

periphery open, hag been realized with the Inrge 3.5-inch-
diameter body.  The Mach number to which the slotted
tunnel ean be-satisfactorily operated is much greater than
the choking Mach number in the closed tunnel.  As seen in
figure 7, the pressures at the center of the body appear to be
approximately correct. up to the highest Mach number
obtained.  With regard to the complete distribution over
this large body, however, the slotted tunnel appears less
satisfuctory,  As seen in figure §, a distortion of the pressure
dingram ocewms, by which the pressures over the forward
portion of the body are increased and those over the vear of
the body are deerensed.  This distortion cannot-be due to 2
pressure gracdient in the empty tunnel-because the pressure
was essentially uniform over the test. seexion.  The subsonie
theory based on potentinl How about a symmetrical body
cannot indieate any such asymmetrieal distortion,  The
distortion indicated can be a result- of too much outflow
through the-forward portion of the slots-and may be due to
internction between the large body and the slots in the
presence of the tumnel boundary layer. With a smaller
model, therefore, the distortion shouldzbe reduced; and with
the 1.333-inch-diameter body, which was less than half
the size of the model used in the preliminary tests, this dis-
tortion in the subsonic range was not apparent. (Sce fig.
15.)  With regard-to angular variations, pressures measured
al various angular stations around the center of the lange
body showed-no deteetable variations due to the slots,

With Mach numbers less than unity, the Mach number
distribution in the test section of the transonie slotted wind
tunnel is quite satisfactorily uniform,-as may be seen for the
wall and center-line-positions from figures 5 anid 10,  With
n Mach number greater than unity, the distribution becomes
progressively less satisfactory as the Muach number is in-
ereased,  Up_to-a_Mach number of 1,1, -however, the varia-
tions are not-greater than might be expected in a closed
tunnel, a conclusion that has been substantinted by schlieren
observations, which show no sharp disturbances in the
flow. 'The slotied-tunnel presents the-great advantage that
the supersonio Mach number may be changed simply by
varying the power input to the tunnel.

As seen in figures 11 to 18, models may be tested in the
transonic slotted tunnel thioughout -the range of Mach
numbers about 1:0.  The test limitation-due to choking has
been climinated.-a-fact. that has been confirmad by schlieren
photographs (fig. 19), which show progressive changes about
the whole model throughout the transonic range. Over
most of the model-surface the correctness of-the pressures,
as indieated by comparison with results from the 8-foot
tapne], je-fairly-eatisfpetory.  The reletive-pressure-increace
over the forward portion of the body-at-Mach numbers above
1.08 is believed-to be due to some type of tunnel-wall inter-
ference. The disagreement with the 8-foot-tunnel results
at the tail of the.model may be due to the difference in Mach

| number gradlients in this region, sinee feu w4 supersonic
Mach numbers less than 1.2 in the 8-foot tunncl, the model
was (ested in a positive Mach number gradient of about
0.03 ovir the length-of the model, whereas, in the glotfed
tunnds, & negative gradient. sometimes existed, . the flow
over-the rear of the'model were eritical, large differences in
pressure might therefore exist. Similar differences might
oceur because of the Reynolds number and turbulence
differences in the two tunnels, On the other hand, the
operation of the slotted tunnel may be such us (o exert an
interference effect over the rear of the model,

The geometrie design of the original circular slotted tunnel
was intended to represent the boundary conditions assumed
in the theory.  The geometrie minimum occurred two inches
ahead of the upstream end of the slots, and- the divergence
downstrenm through the test seetion was_only sufficient to
compensate for the boundary layer that would be developed
in a closed tunnel.  The entrance lip at the upstream ends
of the slots was made sharp 20 as to insure clean separation
of the flow at this point.  (See fig. 4(n).) The edges of the
slots were rounded and-the material behind the solid portions
was cul away from behind the slots to insure constant
potential at the slot -positions (fig. 4(b)). These lust two
refinements were not-udhered to in designing the octagonal
slotted tunnel (fig. 4(e)). Otherwise the characteristics of
the slotted tunnels pre given in table II.  The test section
was made long, both beeause a large body for which the inter-
ference would-be-apprecinble was to be tested-and because
the theory assumed an infinitely long evlindrical-test seetion,
The size of the tank-was governed by consideration of space
available and by probable interference -effects.  Down-
stream of the slotted-test seetion, a slotted-diffuser portion
faired into the effuser bell at its juncture with the solid
diffuser, At this point-the cross-scetional-area was about
20 percent greater -than the upstream minimum area.
The area ratio between downstream and upstream closed
sections may be somewhnat too large but experience has indi-
cated that the highest supersonic Mach number obtained
depends on this ratio, “With subsonic operation, too small
an area ratio results-in-tunnel choking- at-the downstream
ceffective minimum before a Mach number of unity has been
obtained in the test-section.

The power required (see fig. 20) would be less with n
shorter slotted test section. With somewhat wider slots
“than those used in-the tests reported herein, essentially open
tunnel operation could be obtained, at least for subsonic
Mach numbers, with-a counsiderable reduction of power as
compared with that required for the completely open tunnel
of ‘the same length.  The power also depends-upon_the ratio
of the area at the beginning of the closed diffuser to that of
the upstream minimum. It appears desirable to shorten the
slotted test section in-order to reduce the-power, Such a
modification may have practical limits with supersonic
operation, becpuge-a-certain test seetion length is-required
for the flow to settle out-into a fairly uniform Mach number
distribution.  (See-fig. 10.)

This investigation has demonstrated the possibility of
reducing the solid-blockage interference and-climinating the
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choking limitations of conventional wind tunnels. It there-
fore appears possible not only to test models larger than
those usually cmployed in o wind tunnel of given size but
also to cover a near-unity test Mach number range not here-
tofore practicable in wind tunnels. Further-advantages in-
clude power consumption considerably less -than that re-
quired for the open-tunncl, and the possibility of controlling-
the Mach number at supersonic as well as subsonic speeds
merely by varying the power. I'he practical realization of
these advantages-depends on the future development of the
slotted wind tunnel.

CONCLUSIONS

On the basis of the data herein reporied, the following
conclusions are believed justified:

1. The interference due to solid blockage in a-wind tunnel
operating ab subsonic speeds can be minimized by means of
a slotted test section,

2. The closed-tunnel choking limitation can-be eliminated
by-means of the-slotted test section.

3. A slotted wind tunnel can be operated at.Jow supersonic
speeds merely by-increasing the power, and the supersonic
Much number can be varied continuously by varying the
power,

4. Test regions-with satisfactorily uniform Mach number
distribution can be obtained in the slotted fest section at all
subsonic speeds and at supersonic Mach numbers up to-at
least 1.1,

5. Pressure-distribution data obtained from tests of a
nonlifting body in-a slotted test seetion with the ratio-of
cross-scetional area-of the body-to cross-sectional-aten of the
tunnel of 0.0123 show good agreement, up to-Nach numbers
somewhat exceeding the critical, with data for the same body
obtained from tests in a closed:tunnel for which the corre-
sponding area-ratio is 0,00019. Ior high Mach numbers
including passage-through Mach-number 1.0, divergences-of

the two sets of data appear to occur, but reasonably good
agreement is obtained over most of the model surface

6. The transonic operation of this type of test section
requires further experimentation and analysis before designs
can be undertaken with certainty of complete adequacy.
Particularly-are data required for models of large lift. The
power performance and the fundamental factors affecting

_power performance also requirve further study.

LaxoLey AkroNavTiCAL Lanorarony,
Narioxan Apvisory CoMMITTEE FOR AERONAUTICS,
Laxcky Fiew, Va,, June 20, 1955,
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