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LINEARIZED THEORY OF WIND-TUNNEL JET-BOUNDARY CORRECTIONS AND
GROUND EFFECT FOR VTOL-STOL AIRCRAFT

By Harry H. HEvsoN

SUMMARY

A linearized theory s developed to obtain inter-
Jerence factors for wind tunnels and ground effect,
The caleulated results, presented in tabular form in
NASA Technical Notes D-933, D-934, 1)-935,
and D-936, indicate that the degree to which the
wake is deflected downward has a primary effect on
the magynitude of the inferference. When the wake
s undeflected the corrections are essentially the same
as those of classical theory. When the wake is de-
Aected severely downward, the corrections are pri-
marily determined by the floor of the wind tunnel.
Under these conditions, the corrections are, in general,
much larger than those given by previously available
results. Decause of deformations at the {lower
boundary of the jet, the corrections for an open wind
tunnel are uncertain. Testing at low speeds and
high Uift coefficients in open wind tunnels, therefore,
18 not recommended.

Although the theory s developed expressly for
single-element, vanishingly small models, methods,
with sample caleulations, are yiven for extending the
results to mudtielement and finite-span models.

The theory is at least partially verified by available
test dala; however, complete verification would re-
quire a substantially more detailed experimental
study.

INTRODUCTION

Attempts to combine the hovering or low-speed
cupability of the helicopter with the high-speed
potentinl of conventional aireralt have led to u
wide variety of proposed VI'OL-STOL configura-
tions. Almost every couceivable combination of
wings, rotors, [ans, and jets has been considered.
Unfortunately the mutual interference between the
various elements of the complete aireraft is usually

of such o magnitude that, in general, it is not pos-
sible to predict the performance of u given VIOlL-
STOL aireraft by completely analytical means.
Thus, u reasonubly necurate evaluation of the
merits of u VIOL-STOL configuration will gen-
erally require wind-tunnel tests.

Wind-tunnel data, unless corrected for the
effcets introduced by the presence of the walls, do
not necessarily correspond with the results which
would be obtained in flight. This fact has been
recognized for many years and the appropriate
corrections for wings are well known us the result
of theoretical and experimental studies (refs. 1 to
6, for example). In the present case, however,
experiments (ref. 7) have already shown that the
required corrections for low-speed VTOL-STOL
tests are much larger than those usually applied
Lo wings.

There are, of course, severul possible ways of
circumventing the problems of either large or
unknown wind-tunnel corrections. One way is to
test only very small models in very large wind
tunnels. This procedure, when carried to ex-
trenies, may resull in either an impossibly small
niodel or in the requirement for a very large wind
tunnel which may not be avuilable. In the latter
case, it may be possible to conduct the tests in the
return passage of the wind tunnel, thus effectively
obtaining a larger, but lower speed, test section.
Unfortunately, wind tunnels are constructed and
adjusted so as to maintain steady uniform flow
ouly in the test scction itsell; consequently, the
flow in the return passage may be found quite
unsuitable for test purposes. At best, return-
passage testing presents the problem of an ex-
pensive and time-consuming calibrution of the
return-passage flow.
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The ability to correct the wind-tunnel data to
free-air conditions greatly relaxes the requirement
for a relatively large wind tunnel. Previous
attempts to correct data from low-speed VTOL-
STOL wind-tunnel tests have not shown the
degree of correlation necessary for acceptance of
the present correction methods (ref. 7). These
attempts at correction, however, used only the
usual wind-tunnel wall corrections for wings.
Furthermore, only the lift contribution of the wing
was considered in the correclions on the assump-
tion that the corrections depend only on the so-
called “circulation” lift of the system. These
assumptions are untenable on both counts.
First, the representation of the wake, which is
assumed to pass directly downstream in the
classical corrections (refs. 1 to 6), is entirely in-
adequate for VTOL-STOL models where the
wake may be deflected downward by as much as
90°. Second, since the entire lifting system
deflects air against the walls of the wind tunnel,
the entire lift of the system must be considered.

The fundamental requirement in developing
corrections for VTOL-STOL wind-tunnel tests is
to treat a wake which may be deflected substan-
tially downward from the horizontal. A recent
paper (ref. 8) treats precisely this problem in
computing corrections for a lifting rotor. One
portion of reference 8 is of particular interest in
the present problem; that is, the portion which
treats the case where the rotor is assumed to be
vanishingly small. This assumption, while sin-
plifying the mathematical treatment, retains the
essential charactleristic of the wake; that is, its
large deflection from the horizontal. When the
assumption of sinall size is made, the rotor wake
is reduced to a semi-infinite string of point
doublets, which, when the wake is undeflected,
corresponds exactly Lo the customary representa-
tion of a small wing in a wind tunnel (refs. 1
and 8).

The present annlysis proceeds from this point to
consider the wuake of any generalized lifting
system to be represented by a semi-infinite string
of point doublets whose axes are tilted by some
angle related to the lift and drag of the model.
The results obtained in this manner are directly
applicable, regardless of the physical configuration
of the model, provided that the model is reason-
ably small with respect to the wind-tunuel
dimensions. In the course of the analysis, il

develops that there may be a significant longitudi-
nal component of jet-boundary interference as
well as the usual vertical interference. Both
components are treated throughout the analysis.

Sufficient theoretical (ref. 8) and experimental
(ref. 7) evidence has been accumulated to indicate
that the floor of the wind {unnel assumes an
increased importance when the wake is greatly
deflected. Thus, large changes in the correction
factors may be expected when the model is
moved either closer to or farther fromn the wind-
tunnel floor. Consequently, the effect of the
vertical placement of the model in the wind tunnel
is examined in soine detail. Such considerations
lead naturully into u study of ground effect as the
degenerate case of a wind-tunnel correction.
Therefore, ground-effect corrections, as well as
corrections directly from the wind tunnel to ground
effect, are treated.

The distribution of wind-tunnel interference
along all three axes is also studied. Such informa-
tion is obviously needed for the longitudinal axis
if it is desired to correct the pitching moments
measured in the wind tunnel. These interference
distributions will also be required merely to
correct the performance data for cases of complex
models. Such cases are those in which discrete
lifting elements are disposed predominantly along
one or more axes. Perhaps the simplest examples
are: tandein rotors, which require a knowledge of
the longitudinal interference distribution; side-by-
side rotors, which require a knowledge of the
lateral distribution; and unloaded rotor systems,
which require & knowledge of the vertical
distribution.

It will be observed that these distributions of
interference, in combination with suitably dis-
placed lifting-point positions, may be used to
determine, by superposition, the corrections for
models of finite size. A system for such a treat-
nient is indicated lerein and it is illustrated by
two sample cases. Aside fromn these cases, the
ellect of size is ulso treated by studying the
distribution of interference over uniformly loaded
lifting rotors. The latter results have been
obtained from the equations of reference 8.

The data of reference 7, which were obtained ior
identical mnodels in two different wind-tunnel test
sections, have been corrected by means of the
present theory in an effort to determine its validity.
The degree of improvement in correlution is
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shown by comparison of the corrected and
uncorrected data for the two test sections.

Correction factors have been computed for a
vast variety of wind-tunnel configurations, pro-
portions, and mounting positions. Although a
substantial number of these factors are presented
graphically herein, the number of cases is such as
to preclude a complete presentation in this form.
Consequently, references 9 to 12 have been pre-
pared in order to present the complete set of
calculated results in tabular forin.

A preliminary account of the present study has
been presented in reference 13.

SYMBOLS
A aren, sq ft
Ag tunnel-equivalent flow area in

ground effect, 4h%, sq ft

An momentwin aren of lifting
systen, sq ft

Ag rotor-disk area, sq ft

Ar cross-sectional area of wind-
tunnel test section, 4BH,
sq t

b lateral distance froin center of

model to right-hand side of
wind tunnel (viewed from
behind), ft

B semiwidth of wind-tunnel test
gection, ft
¢ mean gerodynamic chord, ft
.. D
Cp drag coeflicient, oS
Co.. corrected value of drug coelli-
cient
. . L
Cy lift coeflicient, —
¢S
e corrected value of lift coef-
ficient
Cr thrust coeflicient, Thrust
qS
Cr. corrected value of thrust co-
efficient
C. Jet-momentum coefficient,
(Jet mass flow)ry
qS
Cy.e corrected value of jet-momen-

tum coefficient
d exit diameter of ducted fan, ft

H
K

mn,pqrs, t
n

qe

I

=]

Up

Uy

Uo

total drag, 1b; also diameter of
rotor or propeller, ft

corrected value of total drag

induced drag, positive rear-
ward, ft/sec (note that a
forward-directed longitudi-
nal thrust is considered
in this context as a negative
induced drag)

height of center of model
above wind-tunnel floor or
above ground, ft

semibeight of wind tunnel, ft

function related to induced
velocities of model

distance along model wake,
megsured from model, ft

lift, 1b

corrected value of lift, Ib

strengih of a doublet, {t'/sec

mass flow through wind
tunnel, pA,V, slugs/sec

longitudinal mass flow due to
induced drag, pAnuo, slugs/
sec

vertical mass flow due to
lift, pAnwp, slugsfsec

integers (see eq. (23))

ratio of final induced veloci-
ties in far wake to initial
induced velocities at model

dynamie pressure, $pV?, 1b/sq
ft

corrected value of dynamic
pressure, 1b/sq ft

rotor radius, ft

semispan of wing, ft

wing, propeller, or fan-exit
area, sq ft

longitudinal induced velocity,
positive rearward, ft/sec

longitudinal induced velocity
due to drag, positive rear-
ward, ft/sec

longitudinal induced velocity
due to lift, positive rear-
ward, {t/sec

mean or momentum-theory
value of longitudinal in-
duced velocity at model,
positive rearward, ft/sec



Au

AuD

Auy,

vy

V

Aw

Awp

Awy,

z)y)z

longitudinal induced velocity
for a semi-infinite wake,
positive rearward, {t/sec

total longitudinal interference
velocity, positive rearward,
ft/sec

longitudinal interference ve-
locity due to induced drag,
positive rearward, ft/sec

longitudinal interference ve-
locity due to lift, positive
rearward, ft/sec

axial velocity at exit of jet,
ft/sec

wind-tunnel velocity, ft/sec

corrected forward velocity,
ft/sec

vertical induced velocity, pos-
itive upward, ft/sec

vertical induced velocity due
to induced drag, positive
upward, ft/sec

reference velocity, positive

upward, — nplzlfl,,,’ ft/sec

vertieal induced velocity due
to lift, positive upward, ft/
sec

mean or momentum-theory
value of vertical induced
velocity, positive upward,
ft/sec

vertical induced velocity for
a semi-infinite wake, posi-
tive upward, ft/sec

total vertical interference ve-
locity, positive upward, {t/
sec

vertical interference velocity
due to induced drag, posi-
tive upward, ft/sec

vertical interference velocity
due to lift, positive upward,
ft/sec

location of a point with re-
spect to X-, Y-, and Z-
axes, respectively (z meas-
ured positive rearward, y
measured positive to right
when viewed from behind,

’ 4 ’
r’y !2

XY,z

XI’}YI,ZI

ae

Aa
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and 2z measured positive
upward), ft

location of & point with
respect to X’-, Y’-, and
Z’'-axes, respectively (z’
measured  positive rear-
ward, y* measured positive
to right when viewed from
behind, and 2’ measured
positive upward), ft

Cartesinn axes with origin at
center of mnodel

Cartesian axes centered at
center  of wind  tunnel

ungle of attuck, radians un-
less otherwise noted

corrected angle of attack,
radians unless otherwise
noted

change in angle of attack due
to interference, radians un-
less otherwise noted

ratio of wind-tunnel width to
wind-tunnel height, B/I1

circulation, ft?/sec

jet-boundary correction, or
interference, fuctor (gen-
eral)

interference factor for longi-
tudinal interference veloc-
ity duo to drag

interference factor for longi-
tudinal interference veloc-
ity due to lift

interference factor for vertical
interference velocity due to
drag

interference factor for vertical
interference velocity due to
lift

ratio of wind-tunnel seii-
height to height of model
above wind-tunnel floor,
Hih

ratio of lateral distance be-
tween model center and
right-hand  side of wall
(viewed from behind) to
semiwidth of wind tunnel,
b/B
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6. net wake-deflection angle in
forward flight, complement
of wake skew angle, deg

I3 mass density of air, slugs/cu
ft
a ratio of rotor diameter or

total wing span to total
wind-tunnel width, D/2B,
R/B, or s/B

P potential function for a semi-
infinite wake, {t?/sec
X wake skew angle, angle be-

tween Z-axis (negative di-
rection) and wake center
line, positive rearward, deg

THEORY
GENERAL PLAN

The general plan of this analysis s to first find
the induced velocities in the space surrounding the
wake in free air. Then, by superposition, the
induced velocities are found for the wake and its
nirror image directly below the test-section floor
(the ground-effect image). Finally, superposi-
tion is used to obtain the correction factor for all
the tunnel walls. Many of the equations used
herein are derived in reference 8. In such cases,
only the final result is stated in the present paper.

WAKE IN FREE AIR

The wake, under the assumption that the model
is small in comparison with the wind tunnel (see
ref. 8), is shown in figure 1. It consists merely
of a uniform distribution of point doublets along
a straight line which begins at the model and

Z
[ Y w
v L
————
| / (x,y,z] u

Figure 1.-—Wake in free air.

extends to infinity. In general, the line is inclined
to the free stream by the net wake-deflection
angle 68,, which is the complement of the wake
skew angle x. In conformity with reference 8,
the present work is derived in terms of x rather
than 6.. Since the net dellection angle may be a
more familiar quantity to VIOL-STOL designers,
computed results will be presented in terms of
both parameters.

The wake-doublet inclination angle will be
determined primarily by the lift-drag ratio at the
particular operating condition. For convenience,
the present report considers the longitudinal and
vertical doublet strength separntely. The re-
quired velocities may then be found for each case
as & linear combination of the velocities due Lo a
wake of longitudinal doublets and those due to a
wake ol verlical doublets.

Wake of vertical doublets.—The potential function for a wake of vertical doublets of strength

—% is derived in reference 8 as
) —_dﬂf[ z2+cos X+/TP -y + 22 ] N
w dl | (Vg2 +2 cos X—z sin X) VR yi+ 22

The vertical induced velocity at a point (z,,2) is given by the partial derivative of equation (1)

with respect to z.

dm*

Reference 8 shows this to be

247

W=7

"[(

(\/xz+y2+z’+z cos X— sin X) (224 Y4223

08 XA/ F TS 2
z+cos xyriF itz ] @)

Vo F 2427+ 2 cos X—u sin X) Iy 22
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Similarly, the longitudinal induced velocity at the point (z,y,2) is the partial derivative of ¢,
with respect to z, or

dm* —zrz
' [(Vz2+y2+22+z cos X—z sin X) (¥ +y*+22)¥?

_ (z+4cos X222+ 22) (z—sin X\/x2+y2+2’)] @)
(V24 +22+2 cos x—zsin X)*(2*+y*+2?)

Now, if dm*/d{ is taken, as in reference 8, to be
dm* R? A,
:Z =Wop 5 2 'wo’z—ﬂ_ 4)

and if equations (2) and (3) are nondimensionalized with respect to A, the height of the center of the
model above the lower boundary of a wind tunnel, the vertical induced velocity may be expressed

as (note that 1/h=¢/H)
2
w=up 4 [—:’ Dr(sitdy r,%)] (50)

k(i) (r2)+(h) .
l:\/(r ;I) +(f 11 +(S“ ) +¢ Hcos x— IH sin X] I:(s* ”) +(; H) +(s, II)T
¢ 7r+cos X \/ HEGIRG))

where

[\/(i’ I%)z-*-(i‘ I%) +<§ H) +¢ H 08 X—¢ H sin x] \/(; H)’.{.(; %)2+<$' I_j’_{)’ (50
and, as a special case, when x=90°
z\? 7\
(120 £ 20 r ) (+7)+(:4)
e T - Al R DT
3
Sh % (5¢)

NCa G+ a2 e B+ )+ ()

Note that in reference 8, {=1.0.
Similarly, the longitudinal induced velocity muy be expressed as

2
Ug —woA [—3'2 7K({ — g‘H: §'H>:] (6u)
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(X Y L2\ _<r1£1>(r131)

R TG fonr-si o AP RGT
oy ) +G )+ 6 B) Lo )+ D)+ (6 2) ]
VG +G 1) +(r )+ foosx—s fraimx [ [(s 2V +( 2 +(: )]

and, as a special case, when x=90°

where

| —

(6b)

g
R ECIE ey

It will be observed that the effective momentum area A, of the lifting system has been substituted
for the rotor-disk area Ag of reference 8. It is clear from the derivation in that paper that this is
indeed the proper meaning to assign to this area. Notice that, for a rotor or for a propeller, Ap=An.

Wake of longitudinal doublets.—Reference 8 gives the potential function for a wake of longitudinal
Jorward-directed doublets as (note that the forward direction of the doublets corresponds to a drag or a
negative thrust)

(6c)

¢ _.am z—sin Xyr*+ 742 @
v dl (24972242 cos Xx—z sin X) Vi +yP+ 22
From reference 8, the corresponding vertical velocity is
v ——dm* —zz _ (z4cosxvZ+y*F 2%) (z—sin xy/27+47 4 2?)
= db | (Vo' +y*+22+2 cos x—z sin X) (22452 +27)"* 2432+ 2242 cos x—z sin X)* (22 + 2+ 22)
(8)

The correspondence between equations (3) and (8) can be noted immediately. As shown subse-
quently, however, this correspondence does not imply an equivalent correspondence between the
final correction factors.

The longitudinal induced velocity is then the partial derivative of ¢. with respect to z or

dm* ¥+
dl | (V& +y*+22+2 cos x—z sin x) (2242427

[ r—sin xyz24yi+ 2* ]’} ©)
T LWy 2?42 cos x—i sin X)L yit2?
For the wake of longitudinal doublets, dm*/d! depends upon the mean longitudinal induced velocity

1o rather than upon we. Thus, toke

* A
L il (10)

Then, after nondimensionalizing equations (8) and (9) with respect to & (aguin, note that 1/hA=¢/H),
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the following results are obtained
w,,=uoﬁ—:[—r’2—:K(r§, s 4 r%)] (11a)
K(sh 1l td)- ~(r7) (+)
NG G R+ () s oexs o XJ[(fz%)’Jr(f%)'*L(f%)’]’”

ey (fz%)z+(f%)z+(f%) [f“s‘“ RICIRGIRGIIN
VGR)+( )+ Ga)+eqeosx=sqanx [ [(e5)+(c4)+(s 7]

and, as a special case, when x=90°

where

2
g'_
' LIS A H
I"x-ﬁ]" (g-ll’ {11’ §11>_ I\ v 7 2 373 (]10)
GIEGCIEG:
Also, the longitudinal induced velocity may be expressed as
2y ..
Us —qu I: e *Ix(r 7 S rH)] (128)

where

K (t3 e i) (h)+(rq)
H I H [\/<(%>2+(§%>2+({§>2+(% cos x—{% sin x:l [(;%)2_}_({.%)’_}_(;%)2] 3/2

R OUCIRT) ’

NCR R NG G |
and, as a special case, when x=90°
rH (12¢)

I&]x-w(ﬁ'u’ fu’ 3'11) [( H) -{-(;' +(§‘I£{)2] EYP]

WAKE AND IMAGE NEAR WIND-TUNNEL FLOOR

Wake of vertical doublets.—In the present analysis the wake is assumed to pass downward and
rearward in a straight line. In general, the wake then intersects the floor at some point
behind the model. From this point rearward, the wake flows along the floor. In order to maintain
zero flow through the floor, it is necessary to assume the existence of & mirror-image wake
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directly below the floor. Figure 2(a) shows the
real and mirror-image wake for a wake of vertical
doublets. It will be observed that the portions
of the real and image wakes along the floor merely
cancel each other. Noting this fact, the vertical
induced velocity due to lift for the entire wake
gystem may be written, by superposition, as

R 2y T Yy 2z
w=vo 2 {0 2K (st fp o )

—K (; Ftan x5 ;§+1)
T LY L2
_K<f 7ir fm 2)

T Yy 2
+K <§' H——tan X, fﬁ; —{H—1>]} (13)

where K is given by equation (5b), and the
longitudinal induced velocity may be written as

2
u,,—waA { —¢ Y[K<‘“H’§H’§H

= z_ Y 2
=K <§'H tan x,ng, 5“H+1>
r .y 2

- I Y _ .2
K(;‘H tan x,ny g‘H 1):]} (14)

where K is given by equation (6b).

Wake of longitudinal doublets.—The wake and
its mirror image are shown in figure 2(b) for a wake
of longitudinal doublets. Note that, when the
doublets are longitudinal, the wake and its
image along the floor add rather than subtract.
The contribution of this portion of the wake may
be found by first setting x=90° in equations (11)
and (12) and then making the substitution

§‘§=§‘I—§—tan x\
¥ _ ¥
2 z
fg-—-f;j-}-l ]

(a) Wake of vertical doublets.
(b) Wake of longitudinal doublets.

Figure 2.—Wake and image system for only the closed
wind-tunnel floor.

Thus, for a wake of longitudinal doublets near
the wind-tunuel floor, the vertical induced velocity
due to drag may be written as

ey dm [ o2 Y i)
"’"—“"A,{ ‘2w‘:1‘ (‘“U"“u’fu
—K (;‘I%—Lun X, {1-%; ;‘%-{—l)
T LY L2
_K(‘H"‘“H’ 7 2)
+K ({ %—tan X, f%; -t I%—-l)

s Y.z ;
+2K |y app (;H tan X, §'H: 51]._*-1)]} (16)

where K is given by equation (11b), and the
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longitudinal induced velocity due to drag may be
written as

up=tto 52 —r’?[ﬁ'(;%’r%,rg)
—K({I%—tan x,;';—‘/I, f%—{-l)
+K (st fp —t -2)
—K(;I%—mn x,;%; —{I—ZI-—I)
+2K e (£ Fr—ton .8 r§+1)]} (17)

where K is given by equation (12b).

WAKE AND IMAGE NEAR OPEN LOWER BOUNDARY

If the lower boundary of the wind tunnel is open,
the induced velocities will differ from those given
in the preceding section because the image below
the boundary will be of the opposite sign. This
change is required in order to obtain a boundary
condition of a continuous pressure gradient across
the boundary.

Wake of vertical doublets.—The wake and image
system for a wake of vertical doublets near an
open lower boundary is shown in figure 3(a). It
will be observed that the eflect of the portion of
the wake which trails along the floor does not
cancel the effect of the similar portion of the image
wake. Thus, the vertical induced velocity due
to lift is

wL—woA{ r22’[lf(r 2y & )
—K(;i—mnx,;%qgﬂ)
+K (1 5ol )

—K(r%—tan X, {%;

__1>
+2K1,_mo(;%—mn X, {%y g'-l—zl—r-f-l)]} (18)

where K is given by equation (5b),and the longi-

tudinal induced velocity due to lift is

—w,An L a2 2 Y, 2
U= 7" ‘ZT[K(HI’HI""H)
—K({I—g-—tun X, f;—;; ;%H)
T Y z_
—K({‘E;{H;—Q‘I—I 2)
+K(§I%—tnnx,;‘1?—$y—g'%—l)

+2Kjx_m,(;1%—mn X ,I'I%: K'Tzi-i-l)]} (19)

where K is given by equation (6b).

Wake of longitudinal doublets.—'The corre-
sponding wake and image pattern for longitudinal
doublets is shown in figure 3(b). Note that for
this case the effect of the wake along the boundary
does cancel the effect of the corresponding part of

Fe-{H tan x -+ {b)

(a) Wake of vertical doublets.
(b) Wake of lougitudinal doublets.

Fioure 3.—Wake and image system for only the open
wind-tunnel floor.
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the image wake. Thus, the induced velocities
will be

A, 2
w=wgz {2 [ s )

—K(;%—mn X, ;;—Ji, ;TZI+1)
+K(sfptdp—s5—2)

- X _ Y _ .2
K(;"H t,anx,g'H, g‘H 1)]} (20)

where K is given by equation (11b), and the longi-
tudinal induced velocity due to drag is

2 e 2
up=uo%? {—r’f[lx(r,i{» a5

z y .z
_K<§'H—tﬂ,ll X,g‘H:{”-l-l)
z Y 2_

+K(§%—tnn X, ;%, -—(T_zi—l)]} 21)

where K is given by equation (12b).
WIND-TUNNEL JET-BOUNDARY CORRECTIONS

Three different wind-tunnel boundary configura-
tions, representative of almost all rectangular wind
tunnels now in operation, are considered in this
report. These are a completely closed wind tun-
nel, & wind tunnel closed on the bottom only, and
a completely open wind tunnel. The image sys-
tems required to represent these wind tunnels are
shown in figure 4. 1t may be seen that these image
systems are similar to those for wings in the clas-
sical theory (refs. 1 to 6). Images are reflected
across solid boundaries with opposite sign so as to
meet the requirement of zero normal velocity at
the boundaries, and images are reflected across
free boundaries with like sign so as to meet the
requirement of a continuous pressure gradient
across the boundaries.

Notice that the vertical distauce from any image
to the origin is —4nH and that the corresponding
lateral - distance is yH(1—n){l —(—1)"]—2m~H.
Therefore, by superposition, from equations (18)

and (19) (with the substitutions I—:}=§, %:I%
—2my+y(1—n) [1— (=)™, and S=2—4n ), the

H H

Z
-2 -1 oT | 2 3=m
+r +:l Tﬁ +3 «vr 0
' I=n
IRERITERII
+ + J + *n{-t Y
2H h
oINS Y
T °
- - -v b -9 o
+r +1 +0 ¢F +0 +n
-l
-L -J S8 |- g |-b
wind tunnel =28 (a)
(a) Closed wind tunnel.
Z
-2 - OT | 2 3xm

a——o u___ml a——o
H
o 1
<

Wind tunnel <~ be—2B - (6)

(b) Wind tunnel closed on bottom only.

Fiaure 4.—Central portion of image system representing
effect of wind-tunnel boundaries. Plus signs indicate
same direction of vertical doublets as wake in wind
tunnel.

interference velocities in the wind tunnel are found
as

AwL=6w,L§—:wO (22!1)
AuL=6u,,,A—:wo (22b)
Awp=4, p %f Ug (22c)

AUD=¢SM'D§’—: Uo (22d)
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where § is given by

.
T fim—co M= —m
me=mp)

K[({u Lunx) { S=2my+y(l—q) [l—(— l)"']} (ﬁ—4n)+l]

— (1)K [rﬁ, ¢ {1—1—2"17-&-7(1—71) 11—(—1)'"1}, ~t (F—4n)—2]

+(—I)Ix|:<§H tan X {-——2m’7+7(1 17)[1—(—1)’"]} —{(——47&) l]

> > (e {1‘[?11““{11 —2myty (1—n) (1~ (—1) '"J}:r(H ~n)]

426K mror [(;Ii}-mn x>, ¢ {1—2m7+~,(1-n) [1—(—1)"-]}, ¢ (727-—4n)+1]}

+t{ K[(;H tanx) ;H,;H+1]— —1)'1K[r "hH :5—2]

+(—1)K [(;Ii]—tuu x), ;}?—’1, —;5—1]+23K1x-w [(;

The correct combination of K, p, g, r, s, and tfor 8,1, 8us, duw.p, and 8, p is given in the following

table for the various wind-tunnel configurations:

I%—Lan x), ;%, ;Ii{+1]} (23)

Correction| K from P q r| s [
Wind-tunnel configuration Correction to factor equations
Closed Free air Suw,L (5) 0 0 1 0}1
Sul (6) 0 1 1 011
L% (11) 0 0 1 1[1
Su.p (12) 0 1 1 1|1
Closed on bottom only Free air Sw.L (5) m+n 0 1 01
SuL (6) m+n 1 1 01
8uw,D (11) m+n 0 1 111
Sup (12) m<+n 1 1 111
Open Free air So.1 (5) m 1 1 111
Su.L (6) m 0 1 111
Sw.0 (11) m 1 1 041
Su.p (12) m 0 1 0]1
Closed floor only (ground effect) Free air du.L [€:) 1 P 0 0 01
Su.L (6)  |occooo-- 1 0| 01
$w.D (11)  jeoomo... 0| O 11
bup (12) |-l 1| o] 11
Open floor only Free air bu.L (5)  |oecoeo-- 1 0 11
Su.L (6)  foeooao-- 0 0 111
Su.p (11) oo, 1 0] 011
Sup (12) ... 0] 0} 01
Closed Ground effect Sw.L (5) 0 0 1 0]0
SuL (6) 0 1 1 00
3w.p (11) 0 0 1 110
Su.p (12) 0 1 1 1|0
Closed on bottom only Ground effcet Su.L (5) m+n 0 1 010
SuL (6) m+n 1 1 0|0
bv.0 (11) m+n 0 1 110
Su.p (12) m+n 1 1 1|0
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Wind tunnei--~ e —~2B— (c)

(¢) Open wind tunnel.

Figure 4.—Concluded.

For x=90°, the wake never intersects the floor.
Thus, for this case, the second, fourth, fifth, sixth,
eighth, and ninth terms on the right-hand side of
equation (23) are zero and may be ignored,

1t will be observed that the terms corresponding
to the wind tunnel and the image immediately
below it (m=n==0) are omitted from the summa-
tion and treated separately at the end of equation
(23). The termn corresponding to the free-air
wake itsell is omitted entirely since it is only the
interference velocities which are of interest herein.

The teriis outside the summation of equation
(23) are preciscly tliose necessary to represent the
interference velocities in ground effect. Thus, if
ground effect is to be computed, the summation is
set equal to zero for any wind-tunnel configura-
tion with a solid floor. The case ol an open lower
boundary, or floor, has no analogy in free flight.
It is only used herein in discussing the results ob-
tained for the open wind tunnels.

It is occasionally desired to obtain wind-tunnel
data for conditions in ground effect. The proper
corrections are then those in which all terms after
the summation (those existing in ground effect)
are omitted. Alternatively, these correction fac-
tors may be obtained as the difference between the
corresponding correction factors for the wind tun-
nel and for the wind-tunnel floor only.

GROUND EFFECT

1t hias been noted previously that the case of the
closed wind-tunnel floor only is identical to ground
effect. Inspection of equations (5), (6), (11), (12),

0632043 0—62.-—2

and (23), however, shows that for this case the 6
factors are all functions of the wind-tunnel dimen-
sions, whicl, for all practical purposes, do not
exist. However, it will also be observed that the
parameter 8/¢%y is only a function of height above
the floor (or ground). Thus, for ground effect,
sel, for example,

An
=ty wb
Now note that
4BH
T (H) —4h’=A0 (25)
Therefore, equation (24) reduces to
8\ A
su=(y) 12w 6)
Similarly, for the other three interference
velocities
— ‘Sub
i) 42 (27)
Aw,,—(6”" (28)
al‘. Am
= zi)zTo“" 9

Equations (26) to (29), of course, refer to the
interference velocities at the center of lift
(r=y=2=0) when the model is a distance A
above the ground. The interference at other
points near the model may be obtained fromn the
tables of references 9 to 12 by noting that

z Hz I

mRE S H (30a)
Yy_. ¥ :
3 {II (30b)
z_, 2
=5 (30c)

The coeficients 8/¢*y muy be obtained in closed
form for the conter of lift. The derivation of the
closed-form expressions for the interference veloci-
ties at the model in ground effect is presented in
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appendix A, The results are then as follows:

(5 cost e D) A ‘
Aw,= —(3cos x+§ Agw" (31)

"
1 . 3 .
AuL=1—r 3 sin X cos® X+sin X cos X
i X\ A, o
+§ tan §> ;1“0 Wo (-52)

1 . .
Awp=- (2 sin X cos® X—sind x cos x—4 cos® x
T

1 x\ £, .
) tan 3) 4, uo  (33)

1 . ,
Aup=- (4 sin x cos? Xx— 3 sin® x cos? x
™

1 cosx \A, ,
2 14-cos X ;1; U (34)
These interference factors are shown in figure 5(a)
for ground effect.

Since the model was assumed to be vanishingly
small in the analysis, it is necessary that the height
above the ground be reasonably large with respect
to the model dimensions. Reference 14, which
treats a similar case for lifting rotors, indicates that
severe changes in the interference velocities may be

6h, deg
690 B0 70 60 50 40 30 20 10 [o]
4 Rl By, L
£ S
e | N
2 ~ u, D ™~
\T S~
0

-,6 . / S D

-8 ~

]

(a)

0 10 20 30 40 50 60 70 80 90
X deg

(a) Closed boundary (ground effect).

Fieure 5.—Boundary interference factors for only lower
wind-tunnel boundary.

encountered if this condition is not met. A
subsequent section of this paper will indicate a
method of extending this analysis to include cases
in which the height above the ground may be
small.

The case of an open {loor does not have a practi-
cal significance such ns ground eflect, but it will
be used in discussing the results obtained for open
wind tunnels. The equations for the correspond-
ing interference fnctors are derived in closed form
for the center of 1ift in appendix B. These inter-
ference factors are shown in figure 5(b).

APPLICATION OF RESULTS

Finding u,, wo, and x.—It will be observed
from equations (5), (6), (11), (12), and (22) that
it is necessary to know ug, wp, and X for uny given
operating condition in the wind tunnel in order
to solve for the interference velocities. Reference
15 presents a simple nomographic solution for
these quantities. The pertinent clhnrts are pre-
sented herein as figures 6 und 7. In order to use
these charts it is only necessary to know the

6, deg
3 BO 70 60 50 40 30 20 10 0
|.o\\
8
6
—\\\ ./______\V,D
4 N ]
/ \SW_L ~
2 A
/ ———
\\
o N
T~ b
8 . ______/‘
=3 5,0
"y -2 /
_4 ..... [ fU—
8‘7/
-6 /
-'8 e f e
.10 //
e
{b)
450 20 30 40 50 60 70 80 90

X deg

(b) Open boundary.

Fieure 5.—Concluded.



15

bap "Yg

JET-BOUNDARY CORRECTIONS AND GROUND EFFECT FOR VTOL-STOL AIRCRAFT

*£1TOOT9A PIBMIOF JO UOTIOUNT
B SB A\HQ JO SaNTBA SNOTJIBA JOJ L3[OOTSA PIONPUT TBOFIISA 3Y3 JO S3aNTBA TBUOTSUSWIPUON -°9 2IT3Tg

_ Um _
09" <1 <O (=)
Un
A
9¢- 2¢- 8¢ 0
or = —== ; —06
oov-
OO@‘
Sr- -8
Q0%
Ol O@/\ — 08
O; ON./\
oz os
oo
og —09
Ov— 0¥ —os
ost- . _ov
o9 o¥ —oe
oL oz
06— =




NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

. TECHNICAL REPORT R-124

16

*papurouo) -°9 M3ty

"00T- 2 f 2 02- (2)
y

O0lI- 08- 09- ot- o¢-

000'01- e =t 0
ooov" S EnB iR s e e e s y
e s eI ER e ==y g
o» 000 e e e e Ou
St T e e
(Lt i1 t T 1 O—

= z T FRs sttt essascasseescancs s s na T
P e b 1 3t i I8 FE08 PRESASSHE AN NS 0D ON B 17
43 I e 1 - it Masedn ssaaysanm]
T T : = = ‘BHMH.I-... n
— v 3 b M I, T 1T
pagha S T Tt T
p—
it et Tt s P s o LStk Bon T Ssessteseats
3 Ay T 3
frms ] e E9908 susen
shey IR e e - e
ST e N PR e b e T
pesesd S e e : o
=1 1 s ey Sk 3 T
1T e i 7
= b b3 i
e ghlm bl = 22y i oy, r»l.d.bOs
T H — .
1t — s
- S0 = 6]
Tt pcascadiion ol
pd Iankaaal yu! T 11 )Y BB » N
o T N * +
T Tt ranas: g Reasas
84 + 1 v T .0.&mun..1ﬂ
+ 1 10 T 1 i 1T i Ve . v\\Qi
: T T b = o J
Y + xrbsw
’t I 1 T T T Ts 2,
0 == : R ESoSsrebsasassssaces pesnsesas ren: oL
1 1 1T : 1 pin i T b THiT b8
= T T t T 1 111 8 paa Nt IR
- o n T sessasaas: b aa: pa Suss anmar
184 1 1t T aas. ¥ ! e 1T o
1 IS ESREREERESS) Tt 1T Tt THI T i 1 I

OAW\ Onm\\

S



JET-BOUNDARY CORRECTIONS AND GROUND EFFECT FOR VTOL-STOL AIRCRAFT

10
20
o
0
0
60
70
80
0

11
11
b1
|
6

4

2 3

90

{l

]

80
70
60
50
40
30
20

10

0

bap ‘X

17

Figure T.- Skew angle and wake deflection angle as functions of wg/wy.



18 TECHNICAL REPORT R—124-—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

forward (or wind-tunnel) velocity, the induced
- drag-lift ratio, and a reference velocity w,
defined as

Wy==— g [ ——
" npd,,

where 2 is the ratio of the final induced velocitics
in the far wake to the initial induced velocitics
u, and w, at the model. I the corrections are
applied by machine data-reduction processes,
these charts amount to the simultaneous iterative
solution of the equations

wo\* 1

) =— (36)
(Gt 7

and

= Yo (37)

Then, the mean value of the longitudinal induced
velocity is obtained as

=Y, (38)

and the wake skew angle is obtained as
—cos-1 (LY
|x|=cos (w;.> (39)

where X is positive if V. >I—7—‘ and negative if
—Wo L
Vv

_...wo

D,
<f'

Alternate form for interference velocities.—I{
the forward velocity is not actually zero, the
equations for the interference velocities may be
rewritten in a form more convenient for compu-
tational ptirposes. Note, for example, that equa-
tions (22) may be rewritten as

Bty e, 1 (40)
Bims,, ooy, e (41)
L s O

where M, is the vertical mass flow required to
obtain the given lift, M, is the longitudinal mass
flow required to obtain the given drag, and M,
is the mass flow through the wind tunnel. The
advantage of using equations (40) to (43) is that
it is only necessary to deal with simple and easily
found ratios rather than the nctual physical
quantities; for exnmple,

M, A,jAr

My~ Vi, (44)
and, with the use of equation (38),

M,_M.,D,

M, M, L (45)

If the forward velocity is actually zero, it will,
of course, be necessary to use the more basic
forms given earlier.

Interference at model.—Having found the four
interference velocity ratios defined in equations
(40) to (43), 1t is evident thut the total interference
al the model is given by

sw_aw, | Ay
and
Au_du,  Aup

The solution to the problem could now be stated
in terms of a similarity viewpoint; that is, the
performance of the model in the wind tunnel is
equivalent to the performance in free air with an
increased rate of sink given by Aw and an increased
velocity given by Au.

Corrections to data.—Unfortunately, the data
from o usual wind-tunnel test are generally re-
quired for a level flight condition and not for a
rate of sink which cannot be predetermined. From
figure 8, it may be seen that, with respect to the
effective relative velocity in the wind tunnel, the
model is now operating at an angle of attack
given by

a,=a+Aa (48a)
wherce
Aa=tan~! Aw =tan"A—w/L/ (48b)
V4-Au Au
1457



JET-BOUNDARY CORRECTIONS AND GROUND EFFECT FOR VTOL-STOL AIRCRAFT 19

N

Resultont force

Ve

Vv Av

FigUuRE 8.—Sketch illustrating correction
velocities, and angles at model.

of forces,

and at a new forward velocity given by

Ve=y(V+au)+ (aw)? (490)
or in terms of «dynamic pressure

Lo (1 4.5%Y (A@)

L (1457) +(5 (49b)

Since lift and drag are always defined as being
perpendicular and parallel, respectively, to the
relative wind, it will then be necessary to resolve
these components with respect to the new effective
velocity; that is,

L.=L cos Aa—D sin Aa (50a)

D,=L sin Aa+D cos Aa (50b)

Finally, the Iift and drag cocflicients may be
formed from the corrected lift and drag forces by
using the dynamic pressure given by equation
(49b). Notice that any other coefficients based
on dynamic pressure must also be formed using
the corrected dynamic pressure. For exainple,

C
CT.c_Ej; (51a)
and
0, =5 51b
T glg (51b)

A sample case of application of corrections to test
data is worked out, step by step, in appendix C.

OPEN BOUNDARIES AT LOW SPEEDS

1t will be observed that the boundary condi-

tion employed for the frec boundaries in this
analysis depends upon the induced velocities be-
ing small in comparison with the wind-tunnel
velocity; that is, the shape of the free edges of
the jet is unaltered by the presence of the model.
For very low speeds, which correspond to low
skew angles, this condition is severely violated
since the induced effects may be large even when
the model is very small. This is particularly true
when the free boundary is the floor of the wind
tunnel. (See fig. 9.)

In the limiting case of hovering, the wind-
tunnel jet does not even exist and the open bound-
aries will have no effect whatever. (Note that
the presence of the test-chamber walls exterior to
the jet is ignored.) Under such hovering condi-
tions there will be no correction whatever to the
data obtained in a completely open wind tunnel.
Provided that the floor of & wind tunnel closed on
the bottom only can be assumed infinite in breadth,
the corrections at zero skew angle will correspond
to those obtained herein for the closed floor only
(with none of the free boundaries considered).

At low forward speeds other than hovering, it
is assumed herein that the interference velocities
for the open wind tunnel will lie somewhere
between zero and those calculated for the com-
pletely open wind tunnel. Similarly, at low
forward speeds, it is assumed that the interference
velocities for the wind tunnel closed on the bottom
only will lie between those calculated for the
complete wind tunnel (closed bottom and three
open boundaries) and those calculated for only
the closed floor of the wind tunnel (without con-
sideration of the three open boundaries). The
consequences of these assumptions are discussed
more completely in a subsequent section of this
paper.

1t should also be noted that the present analysis
treats all wind tunnels on the assumption that
the wind-tunnel boundaries extend to infinity both
in front of and behind the model. Reference 6
treats the case of wind tunnels of finite test-section
length and shows that large effects may exist when
the test section is at least partly open. Such
effects exist in the present case ns well; however,
inclusion of these effects is substantially beyond
the scope of the present study.

NUMERICAL CALCULATIONS

Numerical values of the correction factors were
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Ficure 9.—Photograph of flow through bottom of an open wind tunnel caused by a rotor at low forward speed.

obtained by evaluating equation (23) on the
digital computers at the Langley Reaserch Center
(IBM 704 and IBM 7090 electronic data proces-
sing systems). With each computer, the capacity
was such that it was possible to compute all four
correction factors for all seven cases treated by
equation (23) (28 answers in all) simultaneously.
In all cases, it was assumed that all images having
both n and m greater than 3 provided negligible
contributions. On the IBM 704 computer ap-
proximately 45 seconds were required for each
case, and on the IBM 7090 computer approxi-
mately 6 seconds were required for each case. The
IBM 7090 computer, as installed at the Langley
Research Center, is somewhat less complete than
many commercial installations. It is estimated
that additional time savings on the order of 20
percent could be obtained with the complete
computer.

The entire numerical results are presented in
tabular form in references 9 to 12. (A major
portion of these results is presented graphically
in subsequent sections of this paper in order that
the general trends may be discussed.) The wind-
tunnel configurations treated in these tables are
completely closed, closed on the bottom only, and
completely open. The closed-floor-only (ground
effect) and open-floor-only cases are also treated.
For those wind tunnels which are completely
closed and those which are closed on the bottom
only, corrections to ground effect are given. In
all cases, wind-tunnel width-height ratios vy of
0.5, 1.0, 1.5, and 2.0 are considered. For laterally
centered models (p=1.0), the longitudinal, lateral,
and vertical distributions of the interference
factors are given for ratios of semiheight to height
of model above floor { of 0.6, 0.7, 0.8, 1.0, 1.5, 2.0,
4.0, and 10.0. The lateral distribution of the
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interforence factors is given for models luterally
offset so that 5 is 0.25, 0.50, and 0.75 and simul-
taneously ¢ is 0.7, 1.0, 2.0, and 4.0. When
interference factors for other locations are re-
quired, they may be computed from the equations
derived earlier in this report.

RESULTS AND DISCUSSION

INTERFERENCE AT THE MODEL

The interference factors at the model for use in
correcting data to frec-nir conditions ure presented
in figures 10 to 21. The correction factors for
correcting directly to n ground-cffect condition
are presented in figures 22 to 29.

Corrections at x=90°.— Examine first the com-
pletely symmetrical cases treated herein; that is,
those cases where the model is centered (f=1.0,
7=1.0) in a completely symmetrical (cither com-
pletely open or completely closed) wind tunnel.
For thesc cases, at x=90°, symmetry can be used
to show that 8,5, &, und §,, must all be
identicully zero. (Actunlly, the tables of refs. 9
to 12 show small values which are indicative of
the accurncy of the calculntion.)

Now exaniine the remuining fuctor 8,,. The
correction resulting from this factor is (from eq.
(40))

3. )
A—‘/Ql;L:aw.Lji—:l‘L/—o (52)
For a simple wing, of semispan s, the momentunt
areq is
A=t (53)
Furthermore, from momentum considerations, the
lift is
L=pmrs*V (—2wy) (54)
so that
—L —CSV
wo—2prr82V= 47s? (55)

Substitute equations (53) und (55) into equa-
tion (52), and then assume that Awy is small in
comparison with V, to obtain

Aa = tan Aa=%=_5w'l‘ — (',

| % 4 T

(56)

Equation (56) may be compared with the classical
wind-tunnel corrections where the wake is always
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ul x=00° The corroction from clussical theory is
S
Aa=4d :4—1' C, (57)

It is evident from the comparison of equations (56)
and (57) that, under these conditions, §,,, when
divided by —4 coincides exuctly with the clussical
wind-tunnel correction factor. (Scerefl.8.) Thus,
for these cases, the present theory contains
exactly the older theory as a limiting case.

When the model is not mounted in the center
of the tunnel (f#1.0) or when the tunnel bound-
arics are not completely synunetrical (for example,
the wind tunnel which is closed on the bottom
only), equations (52) to (57) still hold and — b, ./4
still corresponds to 8. On the other hand, the
other three correction fuctors nre no longer alwuys
zero at o skew angle of 90°. However, if the
speed is high enough, and if the lift coeflicient is
low enough, to achieve skew angles near 90°, then
4o and wp will both be small.  Under such con-
ditions, the contributions of 8, 5, 8, ., and 8, p
to the totul interference at the model will be simall
for the usual model mounting heights. Thus, in
general, the previously available correction factors
may Dbo considered as nearly, although not
exactly, representing a limiting case of the present
analysis. '

Effect of x and {.—Figures 10 to 21 illustrate
the large dependence of the correction factors upon
skew angle. In general, for model locations at or
below the center of the wind tunnel, the correction
factors approach those calculated for only the
wind-tunnel floor as the skew angle approaches
zero. (This result may be noted directly in figs.
14 to 17 for the wind tunnel closed on the bottom
only; in figs. 18 to 21 for the open wind tunnel;
and in figs. 22 to 25, where the differences between
the factors for the complete tunnel and those for
the tunnel floor only are shown for the closed wind
tunnel.) This trend is not as marked if the model
is mounted above the center of the tunnel since
the upper boundary, because of its closer prox-
imity, then has an increased effect.

The effect of the height at which the model is
mounted is extremely pronounced. Figures 10 to
21, in particular, show Jarge differences in the
correction factors even when the vertical model
height is changed by as little as % of the total
height of the wind tunnel.  (Compare {=0.8 with
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§=1.0.) Thus the choice of model location offers
a powerful means of controlling the magnitude of
the corrections required in any specific test. This
point is discussed in a subsequent section of this
paper.

Effect of y.—It is evident from figures 10 to 29
that the correction factors become smaller as v,
the ratio of wind-tunnel width to height, becomes
smaller. At very low wake skew angles, where the
corrections are almost the same as those for the
floor only, the correction factors vary almost in
direct proportion to v. 1t is generally physically
possible to mount a larger model in the wider wind
tunnels; however, some consideration must be
given to the magnitude of the corrections that may
be encountered if this is done.

Classical jet-boundary correction theory (for
example, ref. 1) has pointed out several combina-
tions of wind-tunnel configuration and proportion
which lead to zero corrections for a small model.
It is notable that no combination of configuration
and proportions treated herein leads to a zero-
correction tunnel for the entire range of skew angles.

MINIMIZING CORRECTIONS

In selecting a model size and a wind tunnel for
any test, it should be borne in mind that there is
no real substitute for a very small model in a very
large wind tunnel. This procedure is, of course,
not always possible, particularly when the choice
is restricted to models which may already be on
hand, or to wind tunnels in which testing time is
available’ When model size and wind tunnel are
fixed by such considerations, at least two alterna-
tive means of reducing the corrcclions are still
available. These are discussed in the following
paragraphs,

Correction to ground effect.—The first means of
reducing the magnitude of the boundary correc-
tions is to correct the data to the equivalent
ground-effect condition rather than to the free-air
condition. A comparison between figures 10 to
17 and figures 22 to 29 indicates that this procedure
leads to substantially smaller corrections at low
skew angles. This procedure is objectionable,
however, in at least one regard—namely, that
ground-effect data may not be desirable. On the
other hand, these corrections are obtained by
omitling the closest and therefore least accurate
image of the reflection system. Thus, when the
corrections are large, the corrections to ground

effect are probably more accurate than the
corrections to free air.

If corrections to ground eflect are only employed
at the lowest speeds, which correspond to tran-
sition from hovering to forward flight, correction
to the ground-effect condition becomes less
objectionable since in practice such flight con-
ditions will usually be encountered near the
ground.

Selection of vertical height in tunnel.—The
large effect of vertical height on the correction
factors affords an additional control over the
magnitude of the correction factors. This is
illustrated in figure 30 for the casc of a closed
wind tunnel with ¥=2.0. The difference in
vertical height in figure 30 is only ! of the total
wind-tunnel height, which illustrates the powerful
nature of this means of control. For maximum
effectiveness, the range of skew angles under
which the tests will be conducted should be known
in advance so that the model height can be
chosen 8o as to minimize the corrections in this
range of skew angles.

CHOICE OF WIND-TUNNEL CONFIGURATION

It has been noted previously that as the skew
angle approaches zero, the correction factors, for
models at or below the wind-tunnel centerline,
approach those for only the floor of the wind
tunnel. As a consequence, there is little difference
between the caleulated correction factors for the
closed and for the closed-on-the-bottom-only con-
figurations. Both approach nearly the same
corrections, namely, those of the physically realiz-
able ground-efTect condition, ns the forward speed
and skew angle approach zero.

In contrast, the correction factors for an open
wind tunnel approach those for an open floor at
low skew angles. Unfortunately, an open floor
has no physical counterpart in practice. Further-
more, the correction factors for the open floor are,
in general, substantially different from those for
ground effect. Consequently, correction to a
ground-effect condition lends to impossibly large
correction factors.

Correction to ground effect is not in itself a
vital inatter; however, the effect of the frec
boundaries at low speed is vital. As discussed
previously, the effect of the free boundaries
vanishes as the forward speed vanishes. Thus,
at low speeds, the actual corrections for a wind
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tunnel closed on the bottom only are probably
between those for the complete wind tunnel and
those for ground effect. Since the differences
between these two sets of correction fuctors are
small, there will only be a small uncertainty
(figs. 14 to 17) in the proper values to use. For
a completely open wind tunnel at low speeds and
bigh lift coeflicients, the proper correction factors
probably lie between zero and those computed
for the complete wind tunnel. Figures 18 and 21
show these differences to be very large, and,
consequently, there will be a large uncertuinty
in the proper values of the correction factors.

As pointed out previously, reference 6 indicates
large effects of jet length on thoe corrections,
even at x=90°. For other skew angles these
jet-length effects may be even greater since they
would probably exhibit a dependence upon
whether ihe assumed wake intersects the free
lower boundary or whether it intersects the closed
lower boundary of the exit cone. In view of the
foregoing considerations, low-speed tests of VI'OL-
STOL models in open wind tunnels are not
recommended.

If only an open wind tunnel is available, it
should be preferable to install a ground board or
reflection plane along the lower edge of the jet
in order to simulate a tunnel with a closed floor.
This solution has proved feasible even in wind
tunnels as large us the Langley full-scale tunnel
which hus a test section 30 feet high and 60 feet
wide (fig. 31). In this case, an available reflection
plane designed for semispan wing lests was
modified to accept the normal tunnel mounting
struts. Calibrations of the tunnel jet with the
reflection plune in place were thus already avail-
able. Many open wind tunnels already have
such semispan reflection planes and can be simply
modified to accept n complete model. Even in
those cases where a reflection plane does not
already exist, construction and calibration ol a
reflection plane muay be preferable to testing in the
uneven flow often Tound in the return passages.

LONGITUDINAL DISTRIBUTION OF INTERFERENCE

While a knowledge of the interference at the
model itself will often be adequate if the model is
sufliciently small, there are many cases in which
it. is necessary to know much more about the
distribution of the interference over the region
occupicd by the model. The most obvious case

in which this is true is that of tests in which
pitching moments are measured. Here there
will be o correction to the moments which will,
in generul, depend upon the difference in the
interference at the center of lift and the interfer-
ence at the tail location. Evaluating this cor-
rection requires o knowledge of the longitudinal
distribution of the interference behind the model.
This information is given in the tables of references
9 to 12. For certain cases, the interferences are
displayed graphically herein in order to assist
the discussion of the nature of these effects.

Corrections to free air.—The interference factors
for correcting to free air from a closed tunnel are
presented in figures 32 to 35 for a model centered
in wind tunnels having width-height ratios of 2.0,
1.5, 1.0, and 0.5. The corresponding interference
factors for wind tunnels closed on the bottom
only are presented in figures 36 to 39.

It will be observed that the corrections for both
wind tunnels are roughly similar in trend. This is
particularly true at low skew angles. This result
might be expected since it has already been
remarked that at low skew angles the corrections
are almost entirely due to the floor which is iden-
tical for either configuration. . For wind tunnels
with v 21.0, the main effect of decreasing v is to
decrease the magnitude of the correction factors.
This does not hold, in general, for the narrow,
deep wind tunnels (y=0.5) where the side
boundaries, because of their relatively closer prox-
imity, can lave pronounced effects upon the
distribution of the interference factors.

The effect of skew angle upon the longitudinal
distribution is very pronounced. Notice that the
interference factors giving Aw behave in roughly
the same manner. For x=0° the maximum
value of these correction factors is found at the
model location and they decrease both in front of,
and behind, this point. As the skew angle in-
creases, the point of maximum interference shifts
rearward and ia usually found nearly directly
above the point at which the assumed wake inter-
sects the floor. For x=90° of course, the final
value of 8, ; well downstream will be twice that at
the model. This is in accordance with previous
work on wings. \

The factors giving the horizontal interference
velocities all vary in the same manner, but the
trends are rather different from those discussed
previously. It will be seen that, in general, the
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horizontal interference velocities reverse sign at
some point at or behind the model location. Thus,
if the walls induce a horizontal velocity opposing
the forward velocity in front of the model, then,
for the same condition, but well bebind the model,
the walls will induce a horizontal velocity which
adds to the forward velocity. Notice too that,
even for cases in which the corrections are zero at
the model, there may be substantial corrections
required at points ahead of or behind the model
(fig. 35, for example).

Ground effect.—The longitudinal distribution of
interference in ground effect (for only the closed
floor of a wind tunnel) is shown in figure 40. The
trends with skew angle will not be discussed in
detail since they are essentially as given in the
preceding section. Note that figure 40 is presented
in terms of x/h, which is more appropriate here.
The quantity z/h is given by

r oz
=S (58)

Corrections to ground effect.—The longitudinal
distributions of interference factors for correcling
directly to ground effect from a closed wind
tunnel with y=1.0 are given in figures 41 to 44.
The corresponding interference factors for n wind
tunnel which is closed on the bottom only are
given in figures 45 to 48,

The corrections to ground eflect, of course, do
not include the effect of the image system directly
below the wind-tunnel floor. Consequently, the
ellects of the upper boundary and the sides of the
test chamber assume n relatively greater im-
portance in determining the interference. ‘I'hese
three walls are all completely closed for the
closed tunnel and completely open for the wind
tunnel which is closed on the bottom only. Con-
sequently, it is found that the corresponding
factors for the two wind tunnels are generally of
opposite sign and that they are usually of the same
order of magnitude in absolute vnlue.

It will be seen that &,,, §,,, and 6. p ull
approach zero rather rapidly as the model is
brought closer to the floor. In the cuse of 0.2 and
6w, p this decrense is so rapid that these correction
factors are usually completely negligible for models
mounted at, or below, the wind-tunnel centerline.
The same result is found for low skew angles in
the case of 8, ,; however, the reduction is sonie-
what less rapid at high skew angles. Even so, the

corrections are small by comparison with correc-
tions to the free-air condition. The factor
840, however, displuys a somewhat dilferent
behavior. In this case, the reduction in magnitude
as the model is lowered is much slower, and a
substantial correction factor exists even at {=10.0
where the model is virtually buried in the floor.
1t will be noted that in this case the efTect of skew
angle diminishes iarkedly as the model is lowered.
Thus, at these low model heights, a correction to
the horizontal velocity at the tail may still be
required; however, it may be possible to apply
this correction without actually having to find
the skew angle first.

Measurement of forward velocity.—The dis-
tribution of horizontal interference through the
test chamber has important consequences with
regard to the measurement of the wind-tunnel
velocity itsell. Notice that il the forward velocity
is measured within the test section by means of a
pitot tube or similar device, the walls, because of
the presence of the model, will induce a horizontal
velocity in the presence of the measuring device.
The proper correction factor to apply in such a
case will be equal to the difference between the
correction factor ut the model and the correction
factor at the measuring device. ‘The mensure-
ment can become even more diflicult if the velocity
measuring device is sensitive to small changes in
pitch angle, since it will then be found necessary
to correct the measuring device for the vertieal
interference velocity as well. Systems which
measure forward velocity by sensing static
pressure in the settling ‘chnmber should be much
less sensitive to such eflects.

LATERAL DISTRIBUTION OF INTERFERENCE

A knowledge of the lateral distribution of
interference is of importance in assessing the de-
gree of nonuniforinity of the interference over the
spun of a model. As will be shown in subsequent
sections of this paper, the luteral distribution of
interference is also of importance in estimating the
interference effects on models having clements
arranged in side-by-side conligurations ns well as
in extending the analysis to models of finite span.

Closed wind tunnels.—The lateral distribution
of the interference factors for closed wind tunnels
is shown in figures 49 to 52. The interference
factors are plotted against y/# which may be
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obtained by noting that

v 1y 5
By 11 (59)

It will be seen that the interference fuctors
whicli determine the vertical interference velocity
aro substantially less near the sides of the wind
tunnel when the width-height ratio v is large and
the skew anglo x is small.  This effeet is much
Iess marked for small values of ¥ and lnrgo values
of x. Indeed, for y=0.5 (lig. 49(d)) the trend is
actually reversed throughout the entire range of
skew angles.  The lateral variation in the inter-
ference uctors 8,5, nud 8, p 18 not us greal as the
varistion in the factors 8., and 8, p. In general,
the longitudinal interference factors are found to
be most positive at the model and least positive
near the walls.

Wind tunnels closed on the bottom only.—The
Iateral distribution of the interference factors for
wind tunnels closed on the bottom only is shown
in figures 53 to 56. These figures are also pre-
sented in terms of y/B.

It is observed in figures 53 and 55 that the
interference factors giving the vertical interference
velocities are uniformly most negative at the
model and become less negative toward the walls.
The opposite trend is shown in figures 54 and 56
for the interference factors yielding the horizontal
interference velocities when the width-height ratio
is large.  For amall width-height ratio, however,
there is a tendency for this trend to reverse,
yielding the most negative factors at thie model.

Ground effect.—The lateral distribution of
interference factors in ground effect is shown in
figure 57. Here the interference factors are
presented plotted agninst the appropriate non-
dimensional length y/h wlere

Y ¥

In all cuses, in ground effect, the maximunm inter-
ference is found at the model, and as would be
expected, the interference factors decrease rapidly
with distance from the model.

Corrections to ground effect.—The luteral
distribution of interference for correcting from a
closed wind tunnel to ground efleet is shown in
figures 58 to 61 for a square wind tunuel (y=1.0).
The corresponding factors for a wind  tunuel

which is closed on the bottom only are shown in
figures 62 to 65. It will be observed, in general,
that these [actors are much smaller and much less
variuble across the tunnel width than the corre-
sponding factors for corrections to the frec-air
condition. (Note the change in scale.)

Laterally offset models.—The lateral distribution
of interference when the model is luterally offset
is shown in figures 66 to 69 for a closed .wind
tunnel with ¥=2.0. Tho corresponding fnctors
for a wind tunnel which is closed on the bottom
only are shown in figures 70 to 73. These fuctors
are plotted agninst the lnteral locution us mensured
from the eenter of the wind tunnel rather than the
locution as meusured from the model; that is, the
faclors ure plotted against y’/3 which is defined
as follows:

TR )
B 1—n ‘)'H (61)

The location of the model for each curve is
indicated by the symbol on each curve.

As expected, the distribution of interference is
no longer symmetrical about the model location
when the model is not mounted in the center of
the wind tunnel. The differences in interference
at a given distance from the model are smull when
the model is still near the center of the wind
tunnel (y=0.75) but become increasingly larger
as the model is mounted nearer the wind-tunnel
wall (n=0.25).

Interference factors have only been culeulnted
for model locations upproaching one wall of the
wind tunnel. There is an obvious synumetry with
respect to model location. This symmetry may
be stated by specilying that the correction factors
for a position given by y/H and » are the same as
those for —y/H and (2—19).

VERTICAL DISTRIBUTION OF INTERFERENCE

A knowledge of the distribution of interference
above and below a model becomes of importance
when assessing the interference for models which
consist of lifting elements urranged in u vertical
array. The simplest such case is probably that of
the unloaded rotor or “Rotodyne” configuration.

Closed wind tunnels.—The vertical distribution
of the interference factors for a closed wind
tunnel with o width-height ratio of 2.0 is shown
in figures 74 (o 77. These interference factors
are plotted against the location in the wind tunnel
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as given by
b A (62)

The Jocation of the model corresponding to each
curve is shown by the symbol on the curve.

In general, the minimum rate of change of the
interference factors with vertical position is found
to correspond with model locations at or slightly
above the center of the wind tunnel. The actual
model location for minimum rate of change is,
however, a function of skew angle.

For a closed wind tunnel, 3, ; i8 & minimum at
approximately the same model location as that for
minimum rate of change (fig. 74). TFor models
mounted above this point, &, is greater above
the model than below the model. For models
mounted below the pointfor minimumn interference,
du,1 is always larger below the model than above
it.

The remaining three correction factors, &, p,
d0.0, and &, p, display an entirely different
behavior. Figures 75 to 77 show that 8, and
84 p always increase in the positive direction and
that 6, 5 increases in the negative direction as the
model is lowered.

Wind tunnels closed on the bottom only.—The
corresponding correction factors for a wind tunnel
closed on the bottom only (with y=2) are shown
in figures 78 to 81. It may be seen in figure 78
that, for this tunnel, 8, is always greater in the
positive sense above the model for all vertical
locations of the model. The other three correc-
tion factors, in gencral, display minimum values

“for model locations near the center of the wind
tunnel. The opposing character of the trends
between this and the preceding case may be
explained by the fact that in the previous case
the model was positioned between two similar
boundaries whereas in the present case the model
was positioned between two dissimilar boundaries.

Ground effect.—The vertical distribution of the
interference factors above and below a model in
ground effect i1s shown in figure 82. It may be
seen that all four interference factors always
increase below the model and near the ground.
The increase toward the ground is always greatest
at low skew angles for those factors which give
the vertical interference velocities. For the factors
giving the horizontal interference velocities, the

maximum increase is noted for skew angles near
30°.
MORE COMPLEX MODELS

The foregoing considerations apply to models
consisting either of a single lifting element or of
soveral elements which are very closely spaced
with respect to the wind-tunnel dimensions. When
these conditions are net, the interference factors
presented previously may be used directly. When
the model consists of several lifting elemnents which
are widely spaced in comparison with the wind-
tunnel dimensions, such n simple treatiment is not,
in general, adequate. In such cases, it is necessary
to consider the various elements of the model
independently and to consider additional inter-
ference at each lifting element caused by the
presence of the other elements within the wind
tunnel as well as the interference at each element
due to its own presence in the wind tunnel. These
considerations are illustrated herein by examining
three cases of equally loaded two-element lifting
systerns with the elements arranged in tandem,
side by side, and vertically. In all cases, the
discussion as well as the figures presented refer
to a closed wind tunnel with a width-height ratio
of 2.0.

Tandem system.—Consider a lifting system of
two individual equally loaded elements arranged
one behind the other, separated by a distance H
equal to the semiheight of the wind tunnel, and
centered in the wind tunnel. Since effects of
finite test-section length are neglected in this
analysis, the longitudinal distribution of inter-
ference factors shown in part (a) of figures 32 to
35 applies to either element, provided that the
origin is always assumed to be at the location of
the appropriate element.

Each element of the lifting system, because of
its own presence in the wind tunnel, experiences
interferences at its own location which are found
at z/H=0 in figures 32 to 35 (or alternatively, as
given in figs. 10(a), 11{a), 12(a), and 13(a) for
¢=1.0). This interference is shown in figure 83
as the curves labeled “Isolated element.” In
addition, because of the presence of the rear cle-
ment, there is an additional interference at the
front element. This interference may be found
(in figs. 32 to 35) at the position of the front ele-
ment (z/H=—1.0) with respect to the rear ele-
ment. The total interference at the front element
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is the sum of the interference caused by its own
presence and the interference caused by the pres-
ence of the rear element. This sum is shown in
figure 83 as the curves labeled “Front element of
pair.” Similarly, the rear element of the pair
experiences an additional interference due solely
to the presence of the front element in the wind
tunnel. Thus, the total interference at the rear
element is the sum of the interference caused by
its own presence and the interference caused by
the presence of the front rotor (found at z/H=1.0
in figs. 32 to 35). ‘This sum is shown in figure 83
by the curves labeled “Rear element of pair.”

It will be seen in figure 83 that the interference
factors are quite different for the front and roar
clements of the system. Thus, if the model is
large, or if the lift is great, each element of the
system will operate at substantislly different
effective rates of sink and eflective forward veloci-
ties. Under such conditions, the actual test data
may be of dubious value. It is imperative, there-
fore, that models incorporating tandem lifting
systems be kept quite small in order to minimize
such effects.

The interference factors obtained in the pre-
ceding manuer are based upon only the monen-
tum area of a single eleinent. 1If it is desired to
correct only the overall lift and drag of the tandem
system, it is preferable to base the coellicient upon
the total momentum area of the entire system.
Since this momentum area is twice that of a single
unit, the correction factors in this system will be
one-half of those computed by the foregoing pro-
cedure. Such interference faclors, giving the
average interference of both eclements, are pre-
sented as the curves labeled “Overall correction”
in figure 83. The correction factors oblained in
this manner are markedly less at low skew angles
than the isolated element corrections. As will
be shown in a subsequent portion of this paper,
similar effects are obtained as a result of finite
size of a single element.

The preceding example is relatively simple in
that the lifts of the two elements have been con-
sidered to be in a fixed relation to each other; that
is, the lifts were assumed o be always equal.
When the lifts of the two elements are assumed to
vary according to the operating condition, it is no
longer permissible to add together the effects of
the lifting system on itself and the effect due to

the presence of the other rotor. This ensues from
the fact that these two effects are caused by differ-
ent systems which may have different lifts, drags,
and momentum areas. In such cases, it is neces-
sary to maintain the identity of the source of
interference by finding four, rather than two, sets
of interference factors. These are as follows:
The interference at the front element due to its
own presence, the interference at the rear element
due to the presence of the front element, the inter-
ference at the rear element due to its own presence,
and the interference at the front element due to
the presence of the rear element. Then the in-
terference velocities at both elements may be
determined by using A, 4, und w, of the front
clement to find the first two interferences, and
A, up, and wy of the rear clement to find the
second two interferences. Finally, the appropri-
ate interference velocilies at each element may be
added to obtain the total interference velocities.
It is implied, of course, that the individual lift and
drag of each element must be known in order to
carry out this procedure.

Side-by-side model.—Consider now a side-by-
side model counsisting of two lifting elements
separated by a distance H equal to the semi-
height of the wind tunnel.  Assume, further, that
the entire system is centered in the wind tunnel
such that the two elements assume the positions
described by =0.75 and 5=1.25. Because of
the symmetry of the system it is necessary to
consider only one element, say the element at
1=0.75.

Because of its own presence in the wind tunnel,
each element of the pair incurs interference ve-
locities corresponding 1o the interference factors
for =0.75 at z/lI=y/II=2/II=0. These [actors
are shown as a function of skew angle in figure 84,
where it may be seen that they differ only slightly
from those for n=1.00.

Because of the presence of the second element
in the wind tunnel there is an additional inter-
ference which may be found (from the symmetry
considerations previously discussed) as the inter-
ference for n=0.75 at 2/H=z/I[I=0, y/H=—1.0.
The total interference is the sum of these two
terms and this sum is shown in figure 84 as the
curves labeled “Either element of pair.”

It may be seen in figure 84 that the total
interference at either element is substantially
increased over that of a single isolated element.
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However, if as before, an overall correction based
on the total momentum area within the wind
tinnel Is used, the net result is a decrease in the
interference factors. The decrease is greatest at
low skew angles and again is sinilar to the trends
with finite size that will be discussed subsequently.

Vertically arranged model.-—Iinally, consider a
model consisting of two equally loaded elements
arranged one above the other and separated by a
distance equal to 0.2H, where H is the semiheight
of the wind tunnel. Assume that the upper
element is centered (¢=1.00) in the wind tunnel;
the' lower element is then situated at ¢=1.25.
The interference for isolated elements in these
positions is shown in figure 85. In addition to
this interference, each element experiences an
interference due to the presence of the other
clement. The total interference f{or each clement
is as shown in figure 85. The overall correction,
however, when based on total momentum area,
is approximately that for a single isolated element
located midway between the two elements of the
pair.

EXTENSION TO FINITE-SIZE MODELS

The theory developed herein expressly applics
only to models which are vanishingly small with
respect.  to  the wind-tunnel dimensions. In
general, most wind-tunnel tests are conducted
with models of a comparatively large size. 1t is
well known that classic wind-tunnel interference
theory (for example, rel. 2) predicts substantial
effects of model size on the wind-tunnel inter-
ference. Similar work for rotors (vel. 8) predicts
similar effects.

Actually, it is possible to use the present
results, together with superpositions thereof, to
obtain equivalent results for finite-size models.
In essence, the procedure is to consider the wake
originating from the model as broken into seg-
ments, each representing the wake of ouly a
portion of the model. The effect of each partial
wake as well as the interferences of all the other
partinl wakes in the wind tunnel can then be
added at each point on the model in order to
obtain an overall correction for the finite-size
model.

Wings.—For 8 wing, the system of partial wakes
just described would superficially resemble the
wakes of several vanishingly small models flying
side by side. For a wing with a ratio of span to
wind-tunnel width ¢=0.625 centered in a closed

wind tunnel of width-height ratio v=2.0, this
system of partial wakes would appear as shiown
schematically in figure 86, At any point on the
wing span, the interference factors will be given o
a summation of the form

AL
=zﬂ: 5EA8
AL

Z";EAS

P (63)

A sample case is worked in tabular form in
appendix D.

Rotors and propellers.—Jquation (63) should
be adequate for systems where the wake is planar
us a result of originating essentinlly along a lin,
representing the trailing edge. For a rotor or a
propeller, however, the wake originates from ar
area, and thus describes a solid cylinder rathe:
than a plane. In such cases, the following alter
nate form may be used to obtain the eflect ¢,
finite size: '

AL
_Z—"‘SA—AAA
T <AL

;A—AAA

8 (64,

EFFECT OF FINITE SIZE FOR WINGS

Interference at center of span.—Calculations
according to equation (63) have been made for
wings of varying span-to-tunnecl-width ratio ¢ in a
closed wind tunnel having & width-height ratio of
2.0. The computed interference factors at the
center of the centrally located wing are shown as
a Tunction of skew angle in figure 87. It may be
seen that, in this case, an increase in span always
results in a significant decrease in the magnitude
of all four interference factors. This does not
necessarily mean, however, that the interference
velocities themselves decrease, because the mo-
mentum area of the wing increases rapidly with
the span of the wing. Note that, in general, for
wings,

2
Thus, as ¢ increases, the interference velocities in-
crease although not as rapidly as the momentum
area increases.

Distribution of interference over span.—The
distribution of the interference velocities over the
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span of a series of finite-size wings is shown in
figures 88 to 91 for the same cases treated above.
In general, although not without exception (fig.
91(a)), an increase in span-width ratio leads to
reduced interference factors in the central portion
of the wind tunnel and increased interfcrence fac-
tors near the walls of the wind tunnel. Theso
interference distributions are of most importance
in determining the distortion of flow over the
model as a result of wind-tunnel interference. The
significant item to be obtained for any indi-
vidual case is the maximum difference in the
interference velocities between any two points
on the span. Thus, not only is it necessary to
account for the increase in momentum aren
with span, but it is also necessary to account
for the varying span itself in determining the
pertinent diflerence. Note, for example, that
>ecause of its zero span, a wing having ¢=0 has
no distortion whatever, despite the fact that such
« wing produces tlhie most nonlinear distribution
of the interference factors on the lateral axis of
the tunnel. This point will be discussed more
fully with respect to rotors in another section of
this paper.
EFFECT OF FINITE SIZE FOR ROTORS

Wake of rotor.—lor rotors (or, equally well,
for propellers near a=90°), the wake may be
represented as a continuous distribution of vortex
rings, parallel to the rotor disk and carried away,
under the mutual influence of the downwash and
forward velocity, along an axis inclined to the
rotor axis by the skew angle x (ref. 16). For the
case of uniform disk-load distribution, this wake
resolves itsell into a single skewed cylinder, the
surface of which consists of continuous, uniformly
distributed, vorticity. .

Approximate calculation of wind-tunnel inter-
ference.—For the approximate calculation of
wind-tunnel interference, that is, by using the
present results to obtain interference factors for a
rotor, the disk area of the rotor is broken into five
equal portions as indicated schematically in figure
92. The wake of each portion of the rotor is
then represented by a doublet wake, as shown,
and furthermore, under the assumption of uniform
disk-load distribution, the strengths of the five
doublet wakes are all equal. Then the interfer-
ence factors at the center of the rotor for ¢=0.333
in a closed tunnel with y=2.0 are computed by
the use of equation (64).

632043 0—82——3

The interference factors, computed as outlined
above, for ¢=0.333 are shown in figure 93. In
cach case, the equivalent factors for ¢=0 are also
shown. In addition, for &, the interference
factors for ¢=0.3 and 0.4, as obtained by direct
integration of the cylindrical vortex wake in
referonco 8, are shown for comparison. It may
be seen, first, that the results obtained by the
present method are entirely equivalent to those
obtained by the method of reference 8. Second,
it may be seen that, in this case, as well as for the
wings treated previously, the effect of finite size
is to decrease the correction factors. Although
the trends are the same, however, a closer com-
parison of figures 87 and 93 will show differences
which are ascribable to the differences in nodel
configuration.

Effect of finite size on §,1 at rotor center.—
More complete calculations for a rotor could be
carried out according to the approximate method
outlined above. On the other hand, if the dis-
cussion is restricted to 8, only, tho equations of
reference 8 provide a more rapid means of obtain-
ing this factor entirely on the digital computer.
It will be noted that the equations of reference
8 are essenlially equivalent to equation (23) in
the present report with the sole exception that
the K functions are replaced by expressions more
appropriate to the basic cylindrical wake and
image system shown in figure 94.

Figure 95 presents 8, as a function of wuke
skew angle for several size rotors in a closed wind
tunnel and in & wind tunnel closed on the bot-
tom only. Also shown in figure 95(b) is the inter-
ference for only the closed floor of either tunnel.
In all cases, the rotor is centered in the wind tun-
nel and v is 2.0. It may be seen that, regardless
of wind-tunnel configuration, an increase of rotor
size generally decreases the interference factor.
Furthermore, the magnitude of the decrease is
essentially the same in all cases. In particular,
figure 95(b) indicates that even when finite size
is considered, the interference at low skew angles
is still primarily due to only the floor of the
wind tunnel.

Effect of finite size on distribution of S r—
The longitudinal distribution of 8,2 for various
values of o is presented in figures 96 to 98 for
the three ceses treated in the preceding scction.
The equivalent lateral distributions are presented
in figures 99 to 101. It may be seen that, in
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general, an increase in ¢ does not alter the gen-
eral trends indicated by calculations for o=0.
However, an increase in rotor size does distinctly
affect the maximum values of the interference
factors found along the axes. In general, the
maximum interference factor decreases with an
increase in rotor size. As before, however, this
decrense in the factor is not sullicient to overcome
the effect of increased momentum area so that
the actual interference velocities still increase with
rotor size.

MAXIMUM ALLOWABLE SIZE OF MODEL

In any test, there is & maximum size of model
which can be satisfactorily employed without the
necessity for excessively detailed correction proce-
dures. For normal tests of conventional models,
this size is sometimes stated in terms of a maxi-
mum allowable correction. For example, reference
17 states that the model size should be chosen so
that the maximum angle-of-attack correction due
to wall interference shall be less than 2°. Such
limitations as those of reference 17 actually con-
tain within themselves two features. The first is
that the theoretical corrections are only approxi-
mations and a limit to the maxinmum size of correc-
tion also limits the approximation errors in the
theory. The second feature is that if the overall
correction is small, then the accompanying dis-
tortion of interference over the model will also be
small. Thus it will not be necessary to provide
corrections for such effects as induced camber due
to nonuniform interference.

As pointed out in reference 13, the aforemen-
tioned criterion for maximum correction ungle
should be relaxed to some degree when the results
of the present analysis are used to correct data.
The basis for this statement is the fact that the 2°
limitation is set on the basis of a theory which ab-
sorbs all effects of wake skew angle as an approxi-
mating error. In the present case, this problem is
taken into account.

The actual size limitation for models will be set,
in general, by the degree of nonuniformity of the
interference over the region occupied by the nodel.
Reference 13, by using the distributions of inter-
ference similar to those given in figures 96 to 101,
develops a criterion for rotors on this basis. Note
that for rotors, where the momentum area is =12,
the vertical interference due to lift can be written

as
Aw w2 =

AL s
wo e FARH 4 0 Your (66)

In consequence of equation (66), the vertical
interference velocity is now expressed explicitly in
terms of the mean vertical induced velocity of the
rotor itself. 1I, now, the maximuin difference in
vertical interference velocity along the axes of the
rotor is obtained from figures 96, 97, 99, and 100,
it is possible, after some cross plotting, to obtain
charts such as those given in figure 102. This
figure shows the size of rotor which incurs a given
maximum difference in interference velocity along
its principal axes. This maximum difference is
stated as a fraction of the mean induced velocity
of the rotor itsell.

Figure 102 may be used as a guide in selecting
a rotor size for a given test. It would appear
that for tests in which ounly crude qualitative
data are expected, interference nonuniformities
of as much as 50 percent of the rotor induced
velocity might be tolerated with a maximum
nonuniformity of 25 percent of the rotor induced
velocity being desirable. For general-purpose
quantitative test work, the corresponding per-
centages would be nearer 25 percent and 10 per-
cent. If, however, it is desired to do very detailed
work, such as measuring the pressure distribution
on the blades for loads work, it may be necessary
to restrict the maximum nonuniformity of inter-
ference velocity to the order of 5 percent or even
2 percent. Thus, once the purpose of a planned
test is firmly in mind, and once the range of wako
skew ungles in which the test will be conducted
is known, it is possible to use figure 102 to obtain
the maximuin allowable rotor size that is
permissible. '

Figure 102, of course, only applies to centrally
located rotors in wind tunnels having width-
height ratios of 2.0. For other mounting posi-
tions, wind-tunnel proportions, and model con-
figurations, similar charts can be prepared by
using the considerations discussed in the earlier
sections of this paper.

EXPERIMENTAL VERIFICATION

The utility of the computed corrections, of
course, depends upon the degree to which they
can be verified by experiment. Unfortunately,
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the existence of more than one correction fuctor,
as well as the dependence of the correction lactors
upon skew angle, makes direct experimentul
determination of the correction factors extremely
difficult. Thus, in the present case, the alterna-
tive approach of attempling to correct compara-
tive data from different wind-tunnel test sections
will be used.

One source of such comparative dats is reference
7 which presents the results of tests of a number of
different VTOL configurations in both a 7- by
10-foot test section (fig. 103) and a 17-foot-square
test section (fig. 104). The data of reference 7
have all been partially corrected by the uso of
standard wing corrections applied to only thut
portion of lift not provided by direct thrust, that
is, the so-called “‘circulation’” lift. Such correc-
tions provide no correlation at low speeds and they
have been removed from the data before pre-
sentation herein as uncorrected data.

In all cases, the interference factors for a
vanishingly small model have been used in
correcting the data.

Jet flap.—As the first example, consider the
swept wing with a jet flap deflected 60°. The data
for this configuration are presented in figure 105(n)
(obtained from fig. 9(a) of ref. 7). The uncor-
rected data for the 7- by 10-foot and 17-foot sec-
tions are shown to be quite similar except for the
angle of stall which is substantially less in the 7- by
10-foot test section. The corrections presented in
this paper alter the two sets of data so that they
appear as shown in figure 105(b). The disparity
in stall angle has now esseutially disappeared; but,
at first glance, it would appear that the agreement
between the two sets of data has been worsened
in all other respects by the corrections. It should
be noted, however, that the alteration in dynamic
pressure has altered C, as well as both €, and
Cp. Thus each point on each curve represents
the performance at a different value of C, as well
a8 a different value of . The peak values of both
C... and Ae are noted for each case. It will be
observed that the peak values are substantially
different for the data from the two test sections.

In order to obtain a more graphic picture of
the validity of the theory, the data have also been
corrected to & common value of C, by the use of
the experimental data for jet flaps as presented
in reference 18. After this additional correction,

the data appear as in figure 105(c). It may be
seen that the data from the two test sections now
agree within the probable experimental accuracy
of the tests.

Jet flap in ground effect.— A similar comparison
may be obtained from the ground-efTect tests rumn
on the same imodel in the 17-foot test section.
Neglecting the finite extent of the ground board,
these tests would be roughly equivalent to operat-
ing the model in a position lower than the center-
line in a tunnel of width-height ratio greater than
2.0. The correction factors for such tunnels
have not been computed; however, as pointed
out elsewhere in this paper, the correction factors
for such c¢ases should be almost identical to thoso
for simple ground eflect. Consequently, an
attempt has been made to correct these data to
the free-air condition by applying the correction
factors for ground effect. The uncorrected data
are shown in figure 106(a). After correction, the
data appear as in figure 106(b) where the peak
values of C,. and Aa are shown in each case.
Finally, after correction to & common value of C,,
the data appear as in figure 106(c).

It will be observed in figure 106(c) that reason--

able agreement is obtained between the data for
the two highest heights; but that the agreement
becoines substantially poorer at the two lower
ground heiglhits. There are several reasons for
this disagreement. Note, in particular, that there
is a variation of the wind-tunnel-wall induced
interference along tho chord of the model. This
variation is relatively moderate with the model
in the two highest positions but becomes increas-
ingly severe as the model is progressively lowered.
This gradient of interference is, in fact, acrody-
namically equivalent to camber. The percentage
of camber, computed by assuming a circular-arc
camber line between the one-quarter-chord and
the three-quarter-chord points of the mean aero-
dynamic chord of the airfoil, is noted in figure
106(c). (1t should be noted that the eflective
camber and dihedral will also vary along the span
because of sweepback as well as because of lateral
gradients of interference. These features are
neglected herein.) The differences betwcen the
fully corrected curves are of the nature and magni-
tude that might be expected as a result of the
large induced inverse camber. The main point
of figure 106(c) is that the model size and tunnel
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size should be chosen so as to avoid pronounced
variations in interference along the chord. This,
rather than the absolute size of the correction
factor, probably determines the maximum size
of model that can be tested successfully in a
given wind tunnel. In this regard, there is no
real substitute for a very small model in a very
large wind tunnel.

Several other reasons exist for poor agreement
in this case. These include: The fact that the
system used Lo correct the data to a common
value of O, is only valid before stall; the finite
extent of the ground board; the small difleronces
between the corrections for ground effect and
those for the appropriate wide wind tunnel; and,
finally, the representation of the model as a point
source of lift, a representation that becomes
difficult to justify when applied to a model of
over 7-foot full span operating only 1% feet above
the ground.

Propeller-driven configurations.—Reference 7
also presents data for a series of propeller-driven
VTOL models in both test sections. Since no
systematic means exist for correcting the operating
variable Cr to a common basis, it is not possible
to use these data to obtain a clear-cut indication
of the validity of the theory. The data of refer-
ence 7 have, however, been corrected by the
present theory in order to provide an indication
of the magnitude of the corrections and their
effect upon the data. The data, uncorrected and
corrected, are presented for the same model tested
as o tilt-wing VITOL aircraft, a tilt-wing-with-flap
VTOL aireraft, and a deflected-slipstreans VITOL
aircraft in figures 107, 108, and 109, respectively.

The degree of agreement or disagreement
between the data for the two wind tunnels is not
the main item to be gained from these figures
because the degree of improved agreement will be
dependent upon the sensitivity of the model
performance to changes of velocity in the velocity
range through which it is tested. The magnitude
of the corrections is, however, important. The
main difference (meglecting small changes in skew
angle and wind-tunnel width-height ratio) between
the data obtained in the 7- by 10-foot and 17-foot
. test sections is a reduction of area ratio by a
factor of 4. The effect of the walls should there-
fore be reduced by approximately the same factor
of 4; that is, the 17-foot tunnel data should still

require correction by an amount approximately
equal to one-third of the difference between the
two sets of data. In general, this is the magnitude
of the correction predicted by the present theory.

The impact of corrections upon the conclusions
to be drawn from the data is illustrated by the
data from the deflected-slipstream model tests
presented in figure 109. Here the extent to which
the aircraft may decelerate in unstalled flight is
indicated by the portion of the drag polar on the
right (positive drag) side of the ordinate. On
this basis, the uncorrected 17-foot tunnel data
would indicate that this aircraft would have to
accelerato to avoid stall at Cr=14, and the 7- by
10-foot tunnel data would indicate that level
flight without stall could just barely be maintained
at Cr=14. On the other hand, the corrected
17-foot tunnel data indicate that the aircraft
could maintain steady unacceclerated level flight
at & Cr of 15.1, and the corrected 7- by 10-foot
tunnel data indicate an ability to maintain de-
celerations of 0.2g in level flight without stall
at o Cr of 17.0. The eflect of the corrections
is, therefore, of extreme importance in determining
the limiting conditions of flight for this
configuration.

Ducted fan.—The ducted-fan data of reference
7 are of particular interest since comparative
tests in the 7- by 10-foot and 17-foot test sections
indicated that a wall correction exists even though
the fan area was less than 2 percent of the 7-
by 10-foot tunnel area. The corrected and
uncorrected data are shown in figure 110. For
this case, the correction to (' is simall percentage-
wise, and, as a consequence, the corrected curves
nearly coincide.

Rotors.—Reference 19 gives data for rotor
tests in an 8- by 12-foot tunnel and in 3- by 4.5-
foot and 2.4- by 3.6-foot inserts within the wind
tunnel. For high speeds and reasonably small
lift coefficients, it is shown that the use of standard
wing corrections brings the data from the various
test sections into satisfactory agreement. This
is as shown by the work presented herein. At
the lowest speed and at lift coefficients greater
than unity, the wing corrections failed to bring
the data into satisfactory agreement. Unfor-
tunately, the complete report (ref. 20), of which
reference 19 is a summary, indicates that the
presence of a 2-foot leading-edge .extension on
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the wind-tunnel inserts caused & change in the
data at the lowest speed which was of the same
magnitude as that observed by placing the rotor
within the insert. In view of this result, it
appears that the test inserts of references 19 and
20 were too short to simulate completely the
smaller tunnel at this speed. Therefore, no
attempt is made herein to correct these data.

Extent of verification.—The foregoing material
indicates that there is at lcast partial experi-
mental verification of the theory available. A
more complete verification would require tests
in different wind tunnels at very closely spaced
increments of velocity in order that a uniform
value of the operating conditions could be obtained
by interpolation between the corrected data.
Such complete comparative wind-tunnel tests
are not presently available.

CONCLUSIONS

A linearized theory of wind-tunnel jet-boundary
corrections and ground eflect for VI'OL-STOL
aircraft is presented. Numerical values of the
interference [actors for a wide variety of rec-
tangular wind-tunnel configurations are pre-
sented in tabular form in NASA Teclinical Notes
D-933, D-934, D-935, and D-936. A study of
these numerical values indicates the following
conclusions:

1. Wind-tunnel interference and ground effect
are Tunctions of the degree to which the wake is
deflected from the horizontul. When undeflected,
the present results correspond almost exactly

with the results of classical jet-boundary-correc-
tion theory. When the wake is directed sub-
stantially downward, the correction [actors ure
much increased in size. Furthermore, with sub-
stantial wake deflections, the longitudinal as well
as the vertical interference velocities must be
accounted for.

2. When the wake is deflected to nearly vertical
angles, the wind-tunnel interference is primarily
determined by the wind-tunnel floor. Therefore,
under these conditions, tests in a wind tunnel
with a closed floor closely correspond to tests in
simple ground effect. Under similar conditions
in & wind tunnel with an open floor, large dis-
tortions of the lower boundary will occur so thut,
in practice, the corrections will be indeterminate.
For this reason, the use of completely open wind
tunnels for low-speed and high-lift-coefficient
testing is not recommended.

3. The theoretical results, as presented herein,
strictly apply to single-element, vanishingly small
models. However, methods of extending the
present results to multielement systems and to
finite-span models are indicated, and sample
results are presented for a number of cases.

4. The theory is at least partiully verified by
available wind-tunnel test data. Complete veri-
fication, however, would entail substantially more
meticulous tests than those for which data are
presently available.

LanaLEY RESEARCH CENTER,
NATIONAL AERONAUTICB AND SPACE ADMINISTRATION,
LANGLEY AIR FoRrck Basg, Va., July 18, 1961.






APPENDIX A

DERIVATION OF CLOSED-FORM EXPRESSIONS FOR THE INTERFERENCE VELOCITIES
AT THE MODEL IN GROUND EFFECT

VERTICAL INTERFERENCE DUE TO LIFT

The vertical interference velocity due to lift (wake of vertical doublets) is given by equation
(26) as

— ‘Sw.b ﬁn
AwL—-< g_27).‘401‘00 (Alll)
where, from equation (23) (with the double summation sct equal to zero),

“_-IJ____[ Y (h tan x, - ’_, h+1> —K (h e 2>+K ()—f—tan X, %; IEL-H)] (Alb)

Where, in Lurll, fI‘Oln equﬂtlon (5b),

@ i TG
T
[\/(%)2+(%)1+(%)2+§ cos x—7 sin x]\/(z)’ +(%)= " (%)

Since it is the interference velocity at the model itself which is of interest herein, z=y=2=0 in
equations (Al). 'Then, substituting equation (Ale) into equation (Alb) yields

bur_ 2 —tan? x 14-cos x/1+tan? x ]2
&y 7 | (YI+4tan? x4+ cos x+tan x sin x) (1+tan? )()3/2 (1+tan? x4 cos x+tan x sin x) 1+ tan?

+|: —242 cos x tan?x
(2—2 cos x) (2) (V14tan? x—cos x+tan x sin x) (14tan? x)**

_[ —14cos x4/14tan? x ]2 (A2)
(\/l—{—t,un2 X— 08 X-+tan X sin x)4/1+4tan? x

Equetion (A2) may be considerably simplified and yields

5w, L
Sy

Y G g 2 -l L cos? ) .
= r( 3 8in’ X cos? X+cos x+4+2 cos? X (A3)
or

6"’ L——— (2 cos‘x+4) (A4)
34
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Finally, substituting equation (A4) into equation (Ala) yields
1 NA

Awp= '—'; (3 cos* X+§) ZT: Wo (A5)

LONGITUDINAL INTERFERENCE DUE TO LIFT

The longitudinal interference velocity due to lift (wake of vertical doublets) is given by equation
27):

du,
Ayp= ") A, (A6a)
where, from equation (23) (with the double summation set equal to zero),
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Substituting equation (A6c) into equation (A6b), with z=y=2=0, yields

bur_ 2 —tan x (14-cosx+/1¥tan?x) (—tan x—sin Xv/1+4tan?x)
&y (VI+tan? x+cos x+tan x sin x) (1 +tan? x)** * (YI+tan? x+cos x+tan x sin x)*(1+tan? Xx)
(=242 cos x)(—2sinx) tan x
(2—2 cos x)*(4) (VIFtan? x—cos x-++tan x sin x) (1 +tan? x)**

+ (—14-cos xy1+tan? x) (—tan x—sin x4/1+tan? x)] (A7)

(¥1+tan? x—cos x+tan X sin x)*(14tan? x)
which, after simplification, reduces to

8y
g-2

X-+sin X cos x+ tan ;) (AS8)
Substituting equation (A8) into equation (A6a) yields

Au,,=l(3 sin X cos® x+sin X cos x-{-l tan ’—()‘—4—”'100 (A9)
T 2 2 Ag

VERTICAL INTERFERENCE DUE TO DRAG

The vertical interference velocity due to drag (wake of longitudinal doublets) is given by
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equation (28) as

5!0 D
Awp= ) A, (A10a)
where, from equation (23) (with the double summatica set equal to zero),
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where, in turn, from equation (11b),
X2
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and from equation (11¢)
z/h

ST

Substituting equations (A10c) and (A10d) into equation (A10b), with z=y=2=0, yields

le-oo

%2=_2|: —tan X _(1+cos x+y1+tan? x) (tan x+sin x+/1+tan? x)
tee] 7 |_(yY1+tan® x+cos Xx+tan X sin x)(14tan? x)¥?  (y1+tan® x+cos x+tan x sin x)* (14tan? x)
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T ; +
(2—2 cos X)*(4) (Y14 tan? x—cos x-++tan X sin x) (1 +tan? x)¥2 * (1+tan? x)¥?
which, after simplification, reduces to
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Finally, substituting equation (A12) into equation (A10a) yields
IR YW 3 x—sin? —4 cog? x—1 E)ﬁ
Aw,,-—ﬂ_ (2 8In X cos? X—sin® X cos x—4 cos® x 2 tan 3 Aauo (A13)

LONGITUDINAL INTERFERENCE DUE TO DRAG

The longitudinal interference due to drag (wake of longitudinal doublets) is given by equation
(29) as

au D
Aup—( t Aa (Al4a)
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where, from equation (23) (with the double summation set equal to zero),
bup_ _2[_ (z_ v,z ) (z y_z_ )
{27— 1’[ K A tanx,h;h+l +K h’h’ 3 2

k(% y_z2_ z_ yz
K(h tan x, b 1)+2K|,_,0.(h mnx,h,h+1)] (A14b)

where, in turn, from equation (12b),
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Substituting equations (Al4c) and (A14d) into equation (A14b), with z=y=2=0, yields

(Aldce)

and, from equation (12c),

bup__2 —~1 —tan x—sin Xy1+tan?x ]’
(yT+tan? x+cos x+tan xsin x) (1+tan? x)“” (y1+tan? x+cos x-+tan xsin x) v1+tan? x
+ (—2)? _[ —2sinx P_ 1

(2—2cos x) (4)"* L(2—2cosx)vd] (y1+tan® x—cos x-+tan x sin x) (1+tan? x)**
+ —tan Xx—sin xy/1+tan? x P 2tanX } (A15)

(y1+tan? x—cos x+tan x sin x)yI+tantx | (1-+tan®x)¥?

which becomes, after simplification,
dyp_1 S g . 1y ] €O8X )

= (4 sin X cos? x—3 sin? x cos x+2 T+ cos X (A16)

Finally, substitution of equation (A16) into equation (Al4a) yields

_€osX A,

2 1+cos x Aauo (A17)

Aup=- (4 sin X cos? X— 3 sin? X cos? x+



APPENDIX B

DERIVATION OF CLOSED-FORM EXPRESSIONS FOR THE INTERFERENCE VELOCITIES AT THE MODEL
FOR ONLY AN OPEN LOWER BOUNDARY

VERTICAL INTERFERENCE DUE TO LIFT

The vertical interference velocity due to lift (wake of vertical doublets) is given by equation (26) as

" (0. An
Awy = ?’?L o o (Bla)

where, from equation (23) (with the double summation set equal to zero),

bor_ 2[4 f_ ¥z ) -zz_/_z_)
"2‘)'_ 1r[ I{(h tan X,h)h-f-l + K h:hr 3 2

_K (g- en x, %, —%—1)+2le_w-(%—-tan x, §+1)] (Bib)

K (58.2)- ®+0
O VO e [+
_ 7i+c°sx\/(l%)g+(%)a+(fi)z ’ (Blc)
VG (@) +G) + cox=zsinx |+ @)+ ()

PR S )L |
T NGO+ +C)T

_ zfh
AWTONTON BN 2 z_/)’ (z)
[\/ @ +®+G) h] VE+O+G
Since it is the interference velocity at the model itsell which is of interest herein, z=y=2=0 in
38

where, in turn, from equation (5b),

and, from equation (5c),

(B1d)
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equations (B1). Then substituting equations (Blc) and (B1d) into equation (B1b) yields

6., L { —tan? X
(\/1+tan2x+cosx+tanxmn x) (14 tan? x)*?
+[ 1+cos xy/1+tan?x ]’
(v 1+ tan?x+cos X+ tan xsin x) y1+tan?x
—24+2cosx TP tan? x

TLe=2cos @)  (VI+tan?x—cosX+tanx sinx)(1-+tan? x)¥3

2 tan? x 9 [ 1 ]’} (B2)
(\/1 Ftan? X+ tan x) (14 tan? x)*2 (v1+tan? x+tan x) y1+tan?x

Equation (B2) may be considerably simplified, to yield
.s.,, p_1(7 , .
——8 sin X+4 sin*x+4 sin® Xx—3 sin*x (B3)

Finally, substitute equation (B3) into equation (Bla) to obtain the vertical interference velocity at the
model for an open lower boundary:

Awy= (——8 sin X+4 sin® x+4 sin® Xx—3 sin* X ﬁ— Wo (B4)

LONGITUDINAL INTERFERENCE DUE TO LIFT

The longitudinal interference velocity due to lift (wake of vertical doublets) is given by equation (27)

Auy= u ") A (B5a)
where, from equation (23) (with the double summation set equal to zero),
bu, b [ K( T—tan X +1) K( :- 2)+K( —tan X y; 2 1)
Oy r h ’ h h Bk h "B Th
+2le.wn(ﬁ—tan x L, §+1)] (B5b)

where, in turn, from equation (6b),

D T et 00T
] N GEOR A e G ARG
V4G e fon [+ (0
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and, from equation (6c),
zfh

Rl GEOE Iy

Since it is the interference velocity at the model itsell which is of interest herein, z=y=2=0 in
equation (B5b). Then substituting equations (B5c) and (B5d) into equation (B5b) yields

buzg_ 2 —tan X
&y 7| (¥1+tan? x+cos x4 tan x sin x) (1+tan? x)3/2

+ (14 cos xy/T+tan? x) (—tan x—sin X1+ tan? x) {(—2+4+2 cos x)(—2 sin x)
(V14 tan® x+cos x+tan X sin X)? (1+tan? x) (2—2 cos X)*(4)

—tan X 2
6
-}-(\/1—+—Lan2 X—cos X-tan X sin X) (1-+tan? x)”’+ (1+tan? x)”’] (BO)

which may be simplified to yield

6“_1( i s x—1 tan X—si _ s)
Ty 3 sin X cos® X 3 tan z—sin X cos X 4co§ pd B7

Finally, substitute equation (B7) into equation (B5a) to obtain

Au,,=l (3 sin X cos? )(—-l tan E—sin X c<')s X—4 cos® x) An Wo (B8)
™ 2 2 Ag

VERTICAL INTERFERENCE DUE TO DRAG

The vertical interference velocity due to drag (wake of longitudinal doublets) is given by equation
(28) as

du.0\ Ap
A’U)D=(’E27D) :"1—; Ug (Bga)
where, from equation (23) (with the double summation sct equal to zero),

Son_ _2[_ (% vz ) (zy_i_ )_ (z_ v_2_ )]
22 K(h tan x, ¥ 241 )+ K (5422} K (3—tanx, b-2 -1 (B9b)

where, in turn, from equation (11b),

-z
h

O 0t 00T
e JE QD [ @O+ OD]
[VE+E)+G) +;eooxgonx ] [ () +(®+()]

SN
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Substitution of equation (B9c¢) into equation (B9b), with z=y=2=0, yields

Sun_ 2[ —tan x (14cos xy1T+tan? x) (— tan x—sin xy/1+tan?x)
Ty (v1+tan?x+cos x+tan xsin x) (1+tan?x)?? (v14tan?x-+cos x+tan x sin x)?(14tan?x)
_(=2+2 cos x)(—2 sin X) tan X
(2—2 cos x)*(4) (¥1+tan® x—cos x+tun X sin x) (1+tan? x)¥?

4 (=14-cos xyIFian"x) (—tan x—sin Wl+m“”‘)] (B10)

(y1+tan? x—cos x+tan x sin x)*(1 +tan® x)

Simplification of equation (B10) yields

5"’-”.__1_( i 3 i 1 Z)
ty 3 sin X cos® X+sin X cos x+2tan2 (B11)
Finally, substitute equation (B11) into equation (B%a) to obtain

R YA St o 1. x\A,
AWD—” (3 sin X cos® x-+sin X cos x+2 tan 2) A, Ug (B12)

LONGITUDINAL INTERFERENCE DUE TO DRAG

The longitudinal interference due to drag (wake of longitudinal doublets) is given by equation (29) as
Aup=( 2 ”) T (B13a)

where, from equation (23) (with the double summation equal to zero),

bun__2[ _ (% yz )_ (5 z_/_s_> z_ y_z_ )]
Ty Tr[ K(h tunx,h;h-i-l K YRR 2 +K(h tnux,h, 3 1 (B13b)

where, in turn, from equation (12b),

Gl 0+
NGO et O 0HOT
I G0 0) =
[\/<%)2+(%>2+(%>2+§ cos x—’-’f sin x] ‘/(%)’ +(%)=+ ( }_21)2

(B13¢)
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Substitution of equation (B13c) into equation (B13b), with z=y=2=0, yields

dup_ 2 —1 + — tan X—sin X1+tan? x :
& w (\/l—l—mn2 X+cos x+tan X sin x) (1+tan? x)¥? (vV1Ftan? x+cos x+tan x sin x) Y1+tan? x
4 +[ —2sin X 2+ 1
T (2—2cos x)(8) ' L2—2cosx) (2) ] T (Y14 tan® x—cos X4tan x sin X) (1+tan? x)¥2
_ —tan Xx—sin x4/ 1+tan? x : (B14)
(\/1 +tan? x—cos X-4-tan X sin x) vi+tan? x

Simplification of equation (B14) yields

6u.D

! (2 cos* x—sin? X cos? 7(—1 cos X )
B 214cosx

(B15)
Finally, substitute equation (B15) into equation (B13a) to obtain

1 . 1 cosx
AuD=—(2 cos* x—sin? x cos® X )
- A%

21+cos X (B16)






APPENDIX C

SAMPLE CASE OF APPLICATION OF CORRECTIONS TO TEST DATA

Assume the following characteristics of the small
model and the closed wind tunnel:

S=8 sq ft
An=1038q ft

n=2
~ _ An_10sqft
Ar=100 sq ft; therefore, Ar 100sq ft
y=15

t=1.0
n=1.0

=(0.100

The test is conducted under standard atmos-
pheric conditions with the following conditions
and results:

01=10

V=25 fifsec; therefore, ¢g=0.743 Ib/sq ft

a=30.0°

L=125.01b

D=-—30.0 Ib for which an estimated value
of D;=—235.01b is obtained

The following steps are then followed in the
computation of this sample case:
.D( _35.0 lb

) T=Tmom 0280

(2) From equation (35)

npA,,,=

_\/ 125.01b
2(0.002378 slug/cu ft) (10 sq ft)

=—51.3 ftfsec

3) Z_ 25.0, ft/sea = 0.487

(4) From figure 6

Yo 0.877
Wy

()

(6)

M

@8

(9)

(10)

(1

(12)

(13)

(14)

(15)

1‘070 1};//1:;. :608‘;—57‘7 —0.555
From figure 7
x=39.7°

From figure 10(b)
bw=—0.87

From figure 11(b)
8,.=0.72

From figure 12(b)
8u.0=—0.66

From figure 13(b)
0y, p=0.28

From equation (44)

From equation (45)

M, M,D,
m M———-( 0.180) (—0.280)=0.0504

From equation (40)

Awy, M,

V_a'“‘M 2==(—0.87)(—0.180)=0.157

Frowm equation (41)

Ay, M, -
v 6""M ¥=(0.72)(—0.180)=—0.130

From equation (42)

AwD M_ o
~JP=be.n 3= (—0.66)(0.0504) = —0.0333

43



44
(16)

(17)
(18)
(19)

(20)

21
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From equation (43)

Aup =5 M

F=tus i 0.0141

4 —(0.28)(0.0504) =

From equation (46)

aw A“’L+A—"ﬂ’_o157-|—(—0.0333)=o.124
V=V
From equation (47)

Au A’ML Aup

v= +———-0 1304-0.0141=—0.116
Frowm equation (48b)
Aa=tan-! M=Luu" --(Ll—z—é—*=8.0°
U 1—0.116
1+V

From equation (48a)
a.,=a+Aa=30.0°+8.0°=38.0°
From equntion (49b)

G (0% (é*_vy
L-(14+5) +

=(1—0.116)?+(0.124)?=0.797

(22)

(23)

(24)

(25)

(26)

(27)

(28)

ge= —q° ¢=0.797(0.743 1b/sq ft) =0.592 Ib/sq ft

2 i \/ 2(0.592 [bjsq 1)
= 0.002378 slug/cu ft

From equation (51a)

=22.3 {ifsec

Cr 10

=— _———— 5
Cr. o/d 0797 12.55

From equation (50a)

L.=L cos Aa—D sin A«x
=(125.0 lb) (cos 8.0°)—(—30.0 1Ib)
(8in 8.0°)=128.0 Ib

From equation (50b)

D=L sin Aa+1) cos Aa
=(125.0 1b) (sin 8.0°)+ (—30.0 Ib)
(cos 8.0°)=-—12.31b

L, 128.0 1b

Ce, q,S (0.592 Ib/sq ft)(8 sq ft)

=27.03

@

, —12.31b
Co.e= S~ 0502 Thjsq T Beq 1)~ 2%




APPENDIX D

SAMPLE CALCULATION OF INTERFERENCE FACTOR FOR A FINITE WING

In this appendix, 8,, will be computed at
y'/II=0.5 for a wing having a span-to-tunnel-
width ratio ¢ of 0.625 and operating at x=60° in
a closed wind tunnel with a width-height ratio

distribution, with a total lift of 2.50. For the
purposes of this calculation the wing wake is
represented by five doublet wakes as indicated
in figure 86. The calculation is carried out in

v of 2.0. The wing is assumed to be centered in  tabular form as follows:
the wind tunnel and to have a uniform span-load
[
(obtained by symmetry con- 8L Relative strength
Doublet wake ¥ " siderations from ref. 8) for— for doublet | of doublet wake, s AL
at n= for y'/H=0.5 wake AL v.l Ty 48
— As
As
7
0. 60 —-0.5 0. 50 —0. 50 —0. 546 0. 60 -0.273
.75 0 .76 -, 638 . 60 -. 319
1. 00 .5 1. 00 . 60 —. 482 . 50 —.241
1. 25 1.0 .75 -1.00 —. 224 . 50 —. 112
1. 60 1.5 . 60 —1. 50 —. 051 . 60 —. 026
Summation . _ e 2. 50 -0, 971

Then, with the use of equation (63),
AL

275 85 o7

AL ~ 2,50

— As

z,,zAs

=—0.388

O 1=

032043 0—02——4

In order to carry out the calculation for a loading
other than uniform, it is only necessary to adjust
the column for the relative strength of doublet

wake % As to correspond to the desired loading.

45
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Figure 10. - Interference factors for vertical interference velocity due to
1ift for a small model mounted in a closed wind tunnel. 17 = 1.0.
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Figure ll.- Interference factors for longitudinal interference velocity due to
1ift for a small model mounted in a closed wind tunnel. 17 = 1.0.
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Figure 16.- Interference factors for vertical interference velocity due to
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Figure 17.- Interference factors for longitudinal interference velocity due to
drag for a small model mounted in a wind tunnel closed on the bottom only.
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Figure 18.- Interference factors for vertical interference velocity due to
1ift for a small model in an open wind tunnel. n = 1.0.
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Figure 19.- Interference factors for longitudinal interference velocity due to
1ift for a small model in an open wind tunnel. n =1.0.
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Figure 20.- Interference factors for vertical interference velocity due to
drag for a small model in an open wind tunnel. 1 = 1.0.
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Figure 2l1.- Interference factors for longitudinal interference velocity due to
drag for a small model in an open wind tunnel. n =1.0.



90

TECHNICAL REPORT R—124—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

u,D

8n, deg
490 80 70 60 50 40 30 20 10 [o]
3 \\
N
\\ I S
\
\.
Py \
</ \
~
N
A
\\ yam Complete wind tunnel
——]
] 7—§'l‘0 \ Y [ {06
T—
RN ™
—t —~— Q«‘\‘\\ {07 ~.
-3 N T~y \
— AR N N4 N
tros+ R SSSNS N S N .
o - / - _—
{=07 4 Open floor only ) ~— —— 1 :‘//%
%/ 7
\\ |~
t20 -
_IO 10 20 30 40 50 60 70 80 90
x, deg
(b) 7 = 1.5.

Figure 21.- Continued.



JET-BOUNDARY CORRECTIONS AND GROUND EFFECT FOR VTOL-STOL AIRCRAFT

an, deq
;o 80 70 60 50 40 30 20 10 (o]
—
2 N
\, {20
'\\ ;'15 \
3
8,0 | §§\‘\§ \
’ N N /—Comple?e wind tunnel
1.0 NN
b atoe W\ N\ 1 t-06
— ] N
— ::52:;‘\\\_ o7 ™
"'\w\_\ N L \
N Ny N s e
° L Teeor— =r==
{061 [{-07 BN —=
| J ~—
Open floor only —
-
0 10 20 30 40 50 60 70 80 90
x, deg
(¢) 7» =1.0.

Figure 21.~ Continued.




92 TECHNICAL REPORT R—124—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

en. deg
290 80 70 60 50 40 30 20 10 0
{20 Complete wind tunnel
T T 1 T
\ L™ Open floor only
C"5\\<
£
R = S =N AN
w0 NS 087
— —1 ] \~ ~N \% C‘OB /—C'I‘O
= ] PN _
0 7 ‘S%Q%\\E\NNN —
= 046—/ t-08 .dj/ I =3
T 1
£:07-/ 1o
=1
o] 10 20 30 40 50 60 70 80 90
x, deg
(a) 7 = o0.5.

Figure 21.- Concluded.



JET-BOUNDARY CORRECTIONS AND GROUND EFFECT FOR VIOL-STOL AIRCRAFT

93

8p, dag
090 80 70 60 50 40 30 20 0 0
S M A 7
iLO {5 1204 c.4oj
{08
A B e
$07A T
-1
8.
-2
T ]
=0 10 20 30 40 50 60 70 80 90
x, deg
(a) 7 = 2.0.
Uy, deg
90 80 70 60 50 40 30 20 10 0
0 - . :
T l 1
—4 .20 (a0
teo8d |gr10d [tusd
S
{07
-1
L
-2 — ]
{-oe—-/
-3 0 20 30 40 50 ) 70 80 90
x, deg
(b) 7 =1.5.

Figure 22.- Interference factors for vertical interference velocity due to
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Figure 23.- Interference factors for longitudinal interference velocity due to
1lift for correcting from a closed wind tunnel to ground effect. n=1.0.
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Figure 24.- Interference factors for vertical interference velocity due to
drag for correcting from a closed wind tunnel to ground effect. 17 = 1.0.



JET-BOUNDARY CORRECTIONBS AND GROUND EFFECT FOR VTOL-STOL AIRCRAFT 99

By, deg
SO €0 70 60 50 40 30 _ 20 10 o
,/
e
L~
l — |
4
£-06- d
—
5.‘0 />/ L0 //
/
s {07 fr08H -1 e
[ ]
o :________..-———- ] ____._-——A"’______,//
(-|_5_/
i
t-20-]
L
{+40-]
"o 10 20 30 40 50 60 7080 90
X, deg
(e¢) 7 =1.0.
6n, deg
0 80 70 60 50 40 30 20 10 0
//
/1/
// £41.0~
- =
i {-08 D
- -
tos| | AT | torh X X
%0 © P>
’ -] .
== — p— i
13 t-20y t-a0-/| 00}
o 10 20 30 40 50 60 70 80 90
x, deg
(a) 7 = 0.5.

Figure 24.- Concluded.



100

TECHNICAL REPORT R—124—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

6n, deg
90 80 70 60 50 40 30 20 10 [0}
0] gy
] N\ ———:“‘" L— —
e R N T
AT T\ N Reo [0 f
o] » N_le \_ | .
| {240 [e20 =15 //,/‘b; 06
s \—C'I0.0 : ,/
vo I =
—
//
/
-2
0 10 20 30 40 50 60 70 80 90
x, deg
(a) 7 = 2.0.
9n, deg
o90 80 70 60 50 40 30 20 10 o]
AY — om— __‘_,_——l»——_"‘__‘j
. T
— /"’"\j/ A_,——d /%/ _;‘07//
e
/’)(./ /)?/ic;-gs t:1.0 \_;.084/ \‘“C'OS
//r \_;.40 Nts20 L1
L
5 \tw00 ]
-1
v,D
—— //
/
P el
|
-2
] 10 20 30 40 50 60 70 80 90
X, deg
(b) 7 =1.5.

Figure 25.- Interference factors for longitudinal interference velocity due to
drag for correcting from a closed wind tunnel to ground effect. ¢ = 1.0.
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Figure 26.- Interference factors for vertical interference velocity due to

1ift for correcting from a wind tunnel closed on the bottom only to
ground effect. 1 = 1.0.



JET-BOUNDARY CORRECTIONS AND GROUND EFFECT FOR VTOL-STOL AIRCRAFT 103

8n, deg
290 80 70 60 50 40 30 20 10 0
/L——‘
/
{06 //‘/
N
[
|
—
{07 /"”‘/
8"1. —-——_{"06 N ,’.—‘h———‘
- \—____"4
/ s— -
N = —] ff
{+1.0-4 £-20- / {100
T T
£l s {40
-
0 10 20 30 40 50 60 70 80 90
x, deg
(e) 7 =1.0.
B ¥n, deg
20 80 70 60 50 40 30 20 10 °
L
/‘V
—
. ! "05’\‘ A
w,
' N ts
_——'——
{08 {10 -
—
£+07 | é("/ﬁ' —
: ._—-__—--——"’ ‘.40 t=00 o
~oe. N
¢-20 — .
] 10 20 30 40 50 60 70 80 30
X, deg
(a) 7 =0.5.

Figure 26.- Concluded.
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Figure 27.- Interference factors for longltudinal interference velocity due to
1ift for correcting from a wind tunnel closed on the bottom only to ground
effect. 1 = 1.0.
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Figure 28.- Interference factors for vertical interference velocity due to

drag for correcting from a wind tunnel closed on the bottom only to
ground effect. n = 1.0.
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Figure 29.- Interference factors for longitudinal interference velocity due to
drag for correcting from & wind tunnel closed on the bottom only to ground

effect. n = 1.0.
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Figure 30.- Illustration of reduction of wind-tunnel interference at
low speeds by above-center model mounting in closed wind tunnel.
y =2.0; = 1.0.
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Figure 32.- Effect of wind-tunnel width-height ratio on longitudinal
distribution of vertical interference due to 1lift in a closed wind

tunnel. ¢ = 1.0; n = 1.0.
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Figure 32.- Concluded.
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Figure 33.- Effect of wind-tunnel width-helight ratio on the longitudinal

distribution of longitudinal interference due to 1ift in a closed

wind tunnel.
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Flgure 33.- Concluded.
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Figure 34.- Effect of wind-tunnel width-height ratio on the longitudinal

distribution of vertical interference due to drag in a closed wind
tunnel. § =1.0; 7 = 1.0.
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Figure 34.- Concluded.



JET-BOUNDARY CORRECTIONS AND GROUND KEFFECT FOR VIOL-STOL AIRCRAFT 121

2

1
4
£

V7,
i
N

X

&

,
X207 AN 2/5\ X7 x=99°
\ St — R
x=l5°4)\ \>\v —F
-1 VAN S P
x=30°-’<_‘7
2 o 0 | 2 3 4 5
x/H
(a) 7 =2.0
2
I /,5x=‘45
S5 S / /%780
) 0 ) ‘N / x=75
u D = o ‘v\ / - o
50 N A — ——
X194 Q\ N
-1 ?—--}
1 x=30°_4
-2
-2 - 0 I 2 3 4 5
x/H
(b) 7 =1.5.

Figure 35.- Effect of wind-tunnel width-height ratio on the longitudinal
interference due to drag in a closed wind tunnel. § =1.0; n =1.0.
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Figure 36.- Effect of wind-tunnel width-height ratio on the longitudinal
distribution of vertical interference due to 1lift in wind tunnel
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Figure 37.- Concluded.



JET-BOUNDARY CORRECTIONS AND GROUND EFFECT FOR VIOL-STOL AIRCRAFT 127

| |
x*90°
= -]
0 /—X 75
/—‘/aﬁ" - - T—
S OEEES = e
\\‘\\‘\\\ /// el ]
) -1 LA A 7l ,/’ ’(\
WD = OO_I,Y Ay 7. ’ ‘_x 860°
’ x \ . , y
| / \\ \L/Z/<
=|5°— > . o - ==450
-2 X \ \\ _,,// X
oA
AV
-3
x/H
(a) 7 =2.0.
| |
~x*90°
° xS
DN S e D ot o o ot e
Y \ F—— // - -
™~ L
3D - \\\ \\4?7/_ /(
| AN ZZaS \x-60°
x=l5°_/ ><>.D \"X‘45°
-2 |
x=30°_.../
x/H
(p) 7 =1.5.

Figure 38.- Effect of wind-tunnel width-height ratio on the longitudinal
distribution of vertical interference due to drag in wind tunnel
closed on bottom only. ¢ =1.0; 1 = 1.0.
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Figure 38.- Concluded.
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Figure 39.-~ Effect of wind-tunnel width-height ratio on the longit\;d.inal
distribution of longitudinal interference due to drag in wind tunnel

closed on bottom only.

{ =1.0; 5 =1.0.
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Figure 39.- Concluded.
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Figure 41.- Effect of vertical location of model on the longitudinal
distribution of vertical interference due to 1lift for correcting

from a closed wind tunnel to ground effect.

7 =1.0; n = 1.0.
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Figure U42.- Effect of vertical location of model on the longltudinal
distribution of longitudinal interference due to lift for cor-

recting from a closed wind tunnel to ground effect.

n = 1.0.

7 = 1.0;
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Figure 43, - Effect of vertical location of model on the longitudinel
distribution of vertical interference due to drag for correcting
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Figure 45.- Effect of vertical location of model on the longitudinal
distribution of vertical interference due to 1lift for correcting
from a wind tunnel closed on bottom only to ground effect. ¥ = 1.0;
n = 1.0.
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Figure U46.- Effect of vertical location of model on the longitudinal distribu-
tion of longitudinal interference due to lift for correcting from & wind
tunnel closed on the bottom only to ground effect. 7 = 1.0; § = 0.T;
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{ 2 1.0 is negligible when plotted to this scale.)
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Figure 47.- Effect of vertical locatlon of model on the longitudinal distri-
bution of vertical interference due to drag for correcting from a wind
tunnel closed on bottom only to ground effect. 7 = 1.0; n = 1.0.
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Figure 48.- Concluded.
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Figure 49.- Effect of wind-tunnel width-height ratio on the lateral
distribution of vertical interference due to 1ift in a closed wind
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Figure 50.~ Effect of wind-tunnel width-height ratio on the lateral
distribution of longitudinal interference due to lift in & closed
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Figure 51.- Effect of wind-tunnel width-height ratio on the lateral
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Figure 52.- Effect of wind-tunnel width-height ratio on the lateral

distribution of longitudinal interference due to drag in a closed
wind tunnel. { = 1.0; n = 1.0.
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Figure 53.- Effect of wind-tunnel width-height ratio on the lateral
distribution of vertical interference due to 1lift in e wind tunnel
closed on the bottom only. § = 1.0; n = 1.0.
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Figure 54.- Effect of wind-tunnel width-height ratio on the lateral
distribution of longitudinal interference due to 1lift in a wind
tunnel closed on the bottom only. § = 1.0; n =1.0.
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Figure 55.- Effect of wind-tunnel width-helght ratio on the lateral
distribution of vertical interference due to drag in a wind tunnel
closed on the bottom only. ¢ =1.0; = 1.0.
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(a) Vertical interference due to 1lift.

Figure 57.~ Lateral distribution of interference factors in ground effect.
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(b) Longitudinal interference due to 1lift.

Figure 57.- Continued.
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Figure 58.- Effect of vertical location of model on the lateral distri-
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Figure 60.- Effect of vertical location of model on the lateral distri-
bution of vertical interference due to drag for correcting from a
closed wind tunnel to ground effect.
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Figure 63.- Effect of vertical location of model on the lateral distri-
bution of longltudinal interference due to lift for correcting from

a wind tunnel closed on the bottom only to ground effect. 7 = 1.0;
1 = 1.0.
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Figure 65.- Effect of vertical location of model on the lateral distri-
bution of longltudinal interference due to drag for correcting from

s wind tunnel closed on the bottom only to ground effect.
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Figure 66.- Lateral distribution of vertical interference due to 1ift for
laterally offset small models in a closed wind tunnel. 7 = 2.0;
{ = 1.0; symbol denotes location of model.
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Figure 66.- Continued.
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Figure 67.- Latersl distribution of longitudinal interference due to
1ift for small models in a closed wind tunnel.
symbol denotes location of model.
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Figure 68.- Lateral distribution of vertical interference due to drag for
laterally offset small models in a closed wind tunnel. 7 = 2.0;
{ = 1.0; symbol denotes location of model. (Plot for X = 90° 1is
omitted since &, p 1is uniformly zero. )
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Figure 68.- Concluded.
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Figure 69.- lateral distribution of longjtudinal interference due to drag for
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Figure 70.- Lateral distribution of vertical interference due to lift for
laterally offset small models in a wind tunnel which is closed on the bot-
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Figure 73.- lateral distribution of longitudinal interference due to drag for
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Figure T78.- Concluded.
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Figure 79.- Vertical distribution of longitudinal interference due to lift
for a smell model in a wind tunnel which is closed on the bottom only.
y = 2,0; 1 = 1.0; symbol denotes location of model. (Plot for X = 0° is
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Figure 80.- Vertical distribution of vertical interference due to drag for a
small model in a wind tunnel which 1s closed on the bottom only. 7 = 2.0;
n = 1.0; symbol denotes location of model.
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Figure 82.- Vertical distribution of interference factors in ground effect.
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Figure 83.- Correction factors for a two-element model centered in a closed
wind tunnel with 7 = 2.0. Elements are separated longitudinally by a
distance equal to H. (Curve labeled "Qverall correction” is based on Apy
of entire system.)
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Figure 8L.- Correction factors for a two-element model centered in a closed
wind tunnel with 7 = 2.0. Elements ere separated laterally by a distance
equal to H. (Curve labeled "Overall correction" is based on Ay of
entire system.)
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Figure 84.- Continued.



199

JET-BOUNDARY CORRECTIONS AND GROUND EFFECT FOR VTOL-STOL AIRCRAFT

en. deg
20 80 70 60 50 40 30 20 10 o)
T T 7T T 1
isoloted element,n=075
,/,_-xr*\ /—-Isolofed ielerr\ient,'?'l.O(?
4
/A’ =1 _#\ \\y/ —Either element of pair
g —-————~-N\Q -]
y 1 S
//// Overall correction "\-ﬁ‘e_&_‘_
3 0 5
U,D / /
/)
//
-1
o 10 20 30 40 50 60 70 80 90

X, deg

() Longitudinal interference due to drag.

Figure 84.- Concluded.
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Figure 85.- Correction factors for a two-element model in a closed wind tunnel
with 7 = 2.0. Elements are separated vertically by a distance of 0.2H
with the upper element centered in wind tunnel. (Curve labeled "Overall
correction" is based on Ap of entire system.)
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Figure 87.- Interference factors at the center of a series of finite-span
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Figure 88.- Lateral distribution of vertical interference due to lift for e

geries of finite-span uniformly loaded wings centered in a closed wind

tunnel with 7 = 2.0.
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Figure 88.- Concluded.
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Figure 89.- Lateral distribution of longitudinal interference due to 1lift for
8 serles of finite-span uniformly loaded wings centered in a closed wind
tunnel with 7 = 2.0. (Plots for X = 0° and X = 90° are omitted since
Su,L is uniformly zero.)
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Figure 90.- Lateral distribution of vertical interference due to drag for a
series of finite-span uniformly loaded wings centered in a closed wind

tunnel with y = 2.0. (Plot for X = 90° 1s omitted since 5v,D is uni-
formly zero.)
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Figure 91.- Lateral distribution of longitudinal interference due to drag for
a series of finite-span uniformly loaded wings centered in & closed wind
tunnel with 7 = 2.0. (Plot for X = 90° is omitted since &, p is uni-

formly zero.)
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Figure 92.- Schematic view of doublet-wake representation of the wake of &
helicopter rotor.
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Figure 93.- Interference factors at the center of a finite-size rotor
(¢ = 0.333) for a closed wind tunnel (y = 2.0; ¢ =1.0; n = 1.0),
including a comparison with the results of reference 8.
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(d) Longitudinal interference due to drag.

Figure 93.- Concluded.
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Figure 94.- Basic cylindrical wake and image system used to calculate correc-
tions for a uniformly loaded rotor. Sample element of vorticity is shown.
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(a) Closed wind tunnel.

Figure 95.- Effect of finite rotor size on the vertical interference due to
1ift et the rotor center., 7y = 2.0; { = 1.0; n = 1,0,
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Figure 95.- Concluded.
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Figure 96.- Effect of rotor size on the longitudinal distribution of vertical
interference due to 1lift for closed wind tunnel. 7 = 2.0; { = 1.0.
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Figure 96.- Continued.
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Figure 96.- Concluded.
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Figure 97.- Effect of rotor size on the longitudinal distribution of vertical
interference due to 1lift for wind tunnel closed on bottom only. 7 = 2.0;
c - 1.0.
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Figure 98.- Effect of rotor size on the longitudinal distribution of ver-

tical interference due to lift for closed floor only (ground effect).
7 = 2.0; g = loOn
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Figure 98.- Concluded.
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Figure 99.- Effect of rotor size on the lateral distribution of vertical
{nterference due to lift for closed vind tunnel. 7 = 2.0; ¢ = 1.0.
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Figure 99.- Continued.
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Figure 99.- Concluded.
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Figure 100.- Effect of rotor size on the lateral distribution of vertical

interference due to 1ift for wind tunnel closed on bottom only.
7T = 200’ g = 1.0.
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Figure 101.- Effect of rotor size on the lateral distribution of vertical
interference due to 1lift for closed floor only (ground effect). 7y = 2.0.
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Figure 102.- Values of diameter-width ratio ¢ for given variations in ver-
tical interference due to 1lift along the principal axes of rotors centered
in a rectangular wind tunnel having & width-height ratio of 2.0.
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Figure 103.- Typical semispan model installation in the Langley 300-MPH
T- by 10-foot tunnel.

I-57-1192
Figure 104.- Typical installation of semispan model and ground board in
17-foot test section of Langley 300-MPH 7- by 10-foot tunnel.
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Figure 105.- Tests of a swept-wing Jet flap model in 17-foot test section com-
pared with those in T- by 10-foot test section. (Uncorrected data from

fig. 9(a) of ref. 7.)



JET-BOUNDARY CURRECTIONS AND GROUND EFFECT FOR VTOL-STOL AIRCRAFT 263

17-ft test section
—— — 7- by 10-ft test section

20
16
L= | N
Vasliilh ]
/ \ /
‘2 M \ 7
CL
8
4
Semispan = 3.36 ft (:50'
Area = 3.2 sqft
0 | | | ] |
-20 0 20 40 -4 0 4 8 12

a, deg Cp

(c) With additional correction to C, = 6.75.

Figure 105.- Concluded.
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Figure 106.- Ground-effect tests of a swept-wing Jet flap model using &
ground board in the 17-foot test section. (Uncorrected data from

fig. 10 of ref. T.)
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Figure 107.- Tests of a tilt-wing VIOL configuration in 17-foot test section
compared with those in T- by 10-foot test section. (Uncorrected data from
fig. 6(a) of ref. T.)
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Figure 108.- Tests of & t11t-wing-with-flap VTIOL configuration in 17-foot test
section compared with those in 7- by 10-foot test section. (Uncorrected

data from f£ig. 6(b) of ref. T.)
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Figure 109.- Tests of a deflected-slipstream VIOL configuration in 17-foot
test section ¢ ed with those in T- by 10-foot section. (Uncorrected
data from fig. 6(c) of ref. T.)



JET-BOUNDARY CORRECTIONS AND GROUND EFFECT FOR VTOL-STOL AIRCRAFT 269

Crt
-
f % Co

17-ft test section de1.25 ft

— — — 7- by 10-ft test section
y 1.07 /f.t\J\‘/

CL

120

80 /%:\\
o Lt/ /
A //

0 40 80 120 -80 -40 0 40 80
Cp

a, deg

(a) As tested at Cp = T3, with no Jet-boundary corrections.

120 T T T ]
Cr=73.6 —~ba=0.8°

. ran
80 /,ﬂ_ //, Lﬁ;{ 7;-!Aa=5.l°
40 // // O Tes
/

) 40 80 120 -80 -40 o 40 80
Co

a, deg
(b) With Jet-boundary corrections.

Figure 110.- Tests of a ducted-fan configuration in 17-foot test section com-
pared with those in T- by 10-foot test section. (Uncorrected data from

fig. 12 of ref. T.)
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