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SUMMARY 

1 Wind-tunnel investigations of VTOL (vertical take-off and landing) 
and STOL (short take-off and landing) airplane models involve con¬ 
figurations in which a large amount of power is being used to generate 
part of the lift through the medium of propeller slipstreams or jet 
exhausts directed downward at large angles to the free-stream direction. 
Por many configurations the propellers or jet exhausts are arranged, for 
example, as in the jet flap, to cover the entire span of the wing and 
thus to assist the wind in its natural process of producing so-called 
'circulation’ lift. This arrangement results in the streamlines in the 
vicinity of the wing also being turned through large angles to the free- 
stream direction of flow. The presence of the tunnel walls, however, 
imposes the conditions that the streamlines at the tunnel walls must be 
parallel to the fiee stream. Thus, the problem of tunnel-wall effects 
ln VTOL-STOL model testing is similar to that associated with conven¬ 
tional model testing but differs greatly in degree. Experience has 
shown that, in addition to these usual tunnel-wall effects, flow 
separation on the model can also be induced by the tunnel walls. The 
experiences of the Langley Research Center of N.A.S.A. related to these 
problems in closed-throat wind tunnels are reviewed, in this paper. 

533.6.071.4:533.652.6. 

3b8c7a:3b3k 

ii 



SOHHAIRE

Des mesures effectu^es en soufflerie sur des naquettes VTOL et STOL 
(a ddcollage et a atterrisage verticaux et courts) nettent en Jeu des 
conflguratious dans lesquelles une quantity Importante de puissance 
s'emploie pour produire une partie de la sustentatlon ndcessaire & I’alde 
de sillages d'bailee ou de tuyeres d’e'chappement dirlges vers le bas k 
de grands angles & la direction de la veine libre. Pour beaucoup de 
configurations les helices un les tuyeres d’^ebappement sont disposes, 
par exenple, conne dans le cas des volets soufflds de facon a s’etendre 
sur toute I’envergure de I’aile, contribuant ainsi b aider I’aile dans 
son processus naturel de realiser de la sustentatlon dite *de circulation’. 
Cette disposition permet aux lignes de courant au volsinage de I’aile 
de se tourner e'galenent par de grands angles b la direction d’dcouleaent 
de la viene libre. Toutefols, la presence des parols de la soufflerie 
Impose la condition qui exige que les lignes de courant aux parols de 
la soufflerie solent paralleles au courant libre. Ainsi, la problbme 
des effets de paroi dans les essais effectue's sur des maquettes VTOL/oTOL 
est analogue a celul auquel se beurte I’essai de maquettes de type 
classique, sauf qu’il y a une difference de degre. L’expedience a montrA 
que, en plus de ces efets de parol de soufflerie, la separation de 1’ ecoule- 
ment peut Atre induite par les parols de la soufflerie. La rapport 
passe en revue les experiences du Ungley Research Center de la NASA en 
ce qui concerne ces problemes dans des souffleries b gorge femee.

533.6.071.4:533.652.6
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NOTATION 

CL lift coefficient (Lift/qS) 

lift coefficient of ducted-fan model (Lift/!4^d2) 

Cp drag coefficient (Drag/qS) 

C¿ drag coefficient of ducted-fan model (Drag/Wprqd2) 

CT thrust coefficient (T/qS) 

Cj thrust coefficient of ducted-fan model (T/^qd2) 

CM Jet momentum coefficient (wVj/qS) 

h height above ground plane (ft) 

n propeller diameter (ft) 

d exit diameter of ducted fan (ft) 

T thrust (lb) 

w mass flow of jet (lb sec/ft) 

"ë wing mean geometric chord (ft) 

Vj jet velocity (ft/sec) 

S wind area (ft2) 

C cross-sectional area of test section (ft2) 

q free-stream dynamic pressure (IVA'q lb/ft2) 

V0 free-stream velocity (ft/sec) 

p density of air in free stream (slugs/ft3) 

F resultant force (lb) 

d turning angle (deg) 

¢ attitude with respect to tunnel center line (deg) 

a angle of attack (deg) 

increment of angle of attack calculated by conventional correction pro¬ 
cedures (deg) 

1 test-section-boundary correction factor 

vi 



tunnel**all effects sssochted with vtol-stol hodel test.no 

Richard E. Kuhn* and’Rodger L. Naeseth* 

1. PROPELLER-POWERED CONFIGURATIONS 

1.1 Static Investigations 

The first experimental evidence encountered at th» r» , » 
seriousness of the tunnel-wall effects nrobl»! ! Langley ^s^ch Center of the 
configuration in the ungle, 300 nph , “ "n8nÍÍ*‘“¡ ’ltJ * "'“««ed-slipatre» 
measure the slipstream-deflection charaot».-^« ^ ' 686 te8ts atte">Pted to 
zero forward speed in the test sectÎon oÍ tíe t^ ° “ Iing*flap ^«^«uration at 
considered conventional for normal power-off testine' Th6 8126 W°Uld haVe been 
mounted from the tunnel ceiling and had a slisníí ^,865118^11 ^ (Pi«.l) was 
semispan of 3.7 feet, and used two overlapping 2 ft ^ °J 5'5° 8qUare feet* a 
was installed in the diffuser behind the test Sect T Propellers- A curtain 
an airflow around the circuit of the tunnel ^ PreVent the development of 

The results shown in Fleur» 2 

tunnel was as much as 10° less than tha/mea a tUrnln5 angle measured in the 

room. Also, the losses in the tTniTvZTsTlV:^ ^ ^ “ X 42‘5 ft 10 ft) 
losses are attributed directly to floí sedation on ^ 10 t0 15%- These 
caused by the effects of the walls ? the Upper surface of the wing 
In altering the direction of flow of the slipstream.1 ^ WhlCh 8lípstreani ^Pinges. 

tiens as indicated'in^Reference^ Zl e<J slip8trea" configura- 
slipstream leaving the model trailing edge stri^T ln PlgUre 3' When the 
angle somewhat less than the vertical al deÍicS Í °r tUnnel wal1 at aa 
case for all except perhaps the highest ^ 3 (Which is the 
rearward, thereby making it harder to maint^r ^ nS)' m°St °f “ is deflected 
likelihood of separation. The large decreases in^uf!* COndltion and increasing the 
attitude range of Figure 2 illustrate thes» »ff f angle in the negative 
strikes the ground or tunnel wall at or n» 8 ''l®0’ the slipstream 
Ç.UU.U the Sli,,..«„ t0 .^1 lt‘ t - Tettlcal the pressure-fîeld „t up 

increase in the adverse pressure gradW f ^ in floW dlrectlon and an 
factors add to the others already present that tend ^ Sllpstream must flow. These 
Reference 2 indicates that these effects »»ÍÍ ? ° CaUSe flow 8eP“-ation. 
the ground or tunnel wall. In the tests shown^nTr^o^ con8iderable distance from 
edge to the tunnel wall was only about 2 nmn n PígUre 2 the distance from the trailing 

that a distance of 4 or 5 diameters needed í l T^1-8' ReferenCe 2 ^^tes 
for the hovering condition. °Ut of the reKion of ground effect 

that they re^tîL^L^'spa^VavaiL^LlL1^^"^^^"180 C°ntrlbUte to the losses in 
velocity flows along the tunnel walls are píesení hT t0 recirculate- High- 
greatly influence the character of the results UP Secondary flows that 
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Although no data were available for comparison at forward speeds, it was fairly 
obvious that these effects would also influence the data obtained at forward speeds. 
Inasmuch as flow separation was involved, it seemed improbable that reliable 
procedures for correcting the data could be devised, and it was decided instead that a test 
facility designed to avoid these problems would be needed. The facility developed is 
shown in Figure 4 and consisted of installing a special 17 ft test section in the 
entrance cone of the tunnel. Detailed discussion of this development and possible 
alternative schemes are presented in a subsequent section of this paper. 

The work reported in Reference 2 had indicated that a test section of this size would 
be adequate for semispan models with semispans of 3 to 4 feet using propellers 2 feet 
in diameter or less. The data of Figure 5 were obtained in the 17 ft test section with 
the same model that was used in the 7 x 10 ft test section and verify that the 17 ft 
test section is adequate for models of this size. 

Another problem of obtainin'i static data in a wind tunnel is also illustrated in 
Figure 5 by the comparison of the curves with the curtain in and with the curtain out. 
The curtain referred to here was installed across the 7 x 10 ft test section so as to 
eliminate the possibility of the model effectively 'powering* the tunnel and setting 
up an air flow around the circuit of the tunnel. With the curtain out. an air flow 
was set up; that is, a very slow forward-speed condition was simulated corresponding 
to a thrust coefficient of the order of cT ^ 200. In order to obtain true static 
conditions in a wind tunnel, it is necessary to install a curtain or other blockage 
in the tunnel circuit to avoid this condition. 

1.2 Transition-Speed-Range Investigations 

A comparison of the data obtained at forward speeds in the 7 ft x 10 ft test 
section with that obtained in the 17 ft test section is presented in Figure 6. The 
tunnel-wall effects show up at the highest thrust coefficients and cause premature 
stalling of the models when tested in the 7 ft x 10 ft test section. 

The conventional corrections for wall-induced upwash have been applied to the angle- 
of-attack and drag data of Figure 6 and also to the jet-flap data that are to be 
discussed subsequently. These corrections are proportional only to the circulation 
part of the lift and the direct-thrust contribution to the lift must be subtracted 
before these corrections are applied. The corrections take the familiar form 

a ~ ameasured +^a 

where 

Aa = 57.3S 
s 

and 

C, D measured + S ^CL,P 
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where the lift proportional to circulation is assumed to be given with reasonable 
accuracy, for the propeller-driven models, by 

P 
CL.r = CL - CT — 810(61 + a) 

T 

and, for the jet-flap models, by 

CL.r = cl “ C/Li — sin(6 + a) 
W Vj 

In these expressions F/T is the ratio of resultant force to propeller thrust under 
static conditions, P/wVj is the ratio of resultant force to momentum thrust of the 
jet sheet under static conditions, and Q is the angle through which the slipstream 
or jet sheet is turned under static conditions. 

The data for the deflected-slipstream configuration are presented with and without 
these corrections applied in Figure 6(c) and show that the errors in the data due to 
the classical induced upwash corrections are small compared with the effects of wall- 
induced separation. 

The effects of wall-induced separation are similar to the ground effects experienced 
on other deflected-slipstream models. These ground effects appear as a premature 
stall and a decrease in maximum lift. Serious ground effects, however, do not appear 
until the model is closer to the ground (h/D < 2.9. Fig.7) than the corresponding 
wal! of the tunnel (h/D - 2.5). The data of Figure 7 were obtained from the present 
model in the 17 ft test section with a ground board installed at various distances 
below the model. With the ground board installed at the same distance from the model 
as the corresponding wall of the 7 ft x 10 ft test section (h/D = 2.5). the data were 
only slightly affected. In fact, in the negative angle-of-attack range there appears 
to be a slight favorable ground effect of the type associated with the trailing vortex 
system. Clearly then, the tunnel wall ‘below’ the model is rot the sole cause of the 
losses experienced. 

The other tunnel walls, particularly the wall ‘above’ the model, alter the curvature 
of the streamlines around the model as shown schematically in Figure 8. If the tunnel 
wa Is were not present, the stream-lines would be approximately as shown by the dashed 
lines; however, the presence of the walls forces the streamlines at the walls to be 
straight, with the result that the entire field is altered somewhat as shown by the 
solid lines. This is, of course, the streamline-curvature effect treated in papers on 

!rel::al1 effects: h°wever. *ith high lift coefficients encountered on 
TOL-STOL configurations this alteration of the streamlines apparently results in an 

increase in the adverse pressure gradient over the rear portion of the model sufficient 
to cause premature stall. The obvious ways to avoid these effects would be to move 
the walls out to a streamline that is almost straight, or to decrease the model size 
so that the streamline curvature that would normally be present at the position 
corresponding to +he walls is no greater than exists under conventional conditions. 
The curvature of che streamlines is proportional to the circulation lift. Also, the 
incremental angle of attack (Aa) calculated by conventional tunnel-wall correction 
procedures is proportional to the circulation. Thus, this calculated Aa can be 
used as an indirect indication of the extent of streamline curvature 
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Anscorabe and Williams3 have suggested that the model size be chosen such that at 
the highest lift expected the calculated increment in angle of attack Aa due to wall 
induced upwash should not exceed 2.0°. The values of Aa reached at several points 
are indicated in Figure 6. While it would not be expected that a precise numerical 
value could be recommended, it appears that the suggested value of 2.0 is a reasonable 
guide with possibly slightly higher values permissible for tilt-wing configurations 
and slightly lower values desirable for highly flapped configurations. 

2. JET-FLAP CONFIGURATIONS 

A comparison of the data obtained with two jet-flap models tested in each test 
section is presented in Figure 9. The swept-wing model (Fig. 9a) was the larger of 
the two, and had a semispan area of 3.2 square feet and a semispan of 3.36 feet. 
Because of limitations of the air supply available, the maximum momentum coefficient 
that could be reached was 6.2. It was only at about this level of momentum coefficient 
that noticeable tunnel-wall effects appeared (Fig. 9a). Again, as with the propeller- 
driven models, the data obtained in the 7 ft x 10 ft test section indicate a pre¬ 
mature break in the lift curve. This model was also tested in the 17 ft test section 
with a ground board installed at various distances below the model (Fig. 10). With 
the ground board installed at the same distance from the model as the corresponding 
wall of the 7 ft x 10 ft test section a slight favorable ground effect appears in the 
low and negative angle-of-attack range. However, at the lift break the data are very 
similar to those obtained in the 7 ft x 10 ft test section. Thus, it appears that, 
with jet-flap models, the wall ‘below’ the model is the primary contributor to the 
tunnel-wall effects. These effects appear to be due to the development of a forward 
flow along the tunnel wall that was observed at high angles of attack. The flow 
probably indicates the beginnings of a vortex flow under the wing of the type discussed 
in connection with jet-flap ground effects in Reference 4 and illustrated herein in 
Figure 11 (which was taken from Ref. 4). 

Some indications of this type of vortex flow have also been observed with propeller- 
driven models in the region of ground effect. It is not possible, however, to determine 
how much of the lift losses is due to the observed flow separation from the flaps and 
wing upper surface and how much is due to this vortex flow under the wing. With the 
jet-flap models, however, the high-energy jet sheet flowing on the flap at least 
prevents separation from the flap. 

In this connection, a practice that has frequently been used at the Langley Research 
Center as a guide to determining when wall effects might be becoming important has been 
to place yarn tufts on the wall of the tunnel ‘below’ the model in order to determine 
when the jet sheet actually impinges on this wall. Any indication from the tufts that 
an upstream flow is developing along the wall is usually viewed as an indication of 
trouble. In the case of the present swept-wing model at a Cß of 6.2 (Fig. 9a), the 
tufts below the model generally indicated a strong spanwise outflow along the wall, 
below and behind the model, which was undoubtedly due in large measure to the trailing 
vortex system. The first indication of the development of an upstream component of 
flow along the wall developed at an angle of attack slightly below 20°. 

Data to higher momentum coefficients have been obtained by using a much smaller 
unswept-wing model. The model5 had a semispan area of 1.5 square feet and a span of 



2.5 feet. In general, these data (Fig. 9b) show slightly higher lifts and lower drags 
in the 7 ft < 10 ft test section at the higher momentum coefficients. This result may 
indicate a slight favorable ground effect such as that shown at low and negative angles 
of attack in Figure 10. or it may simply be a result of experimental inaccuracies. 
In any event these differences are small and would probably be considered to be of little 
consequence in most practical applications. Unfortunately, the tests at the higher 
momentum coefficients were terminated before the stall was reached so that it is not 
possible to determine the full extent of the wall effects at these high momentum 
coefficients. 

The calculated angle-of-attack correction ’.i due to induced upwash as computed by 
conventional procedures has been spotted on the jet-flap data of Figure 9 as was done 
with the propeller-powered models previously discussed. Also, as with the propeller- 
powered models, it appears that the suggested limiting value of 2.0 is a good guide. 

:i. nurTED-ran toní iguration 

The results of tests of a ducted fan in the two test sections are compared in 
Figure 12. The coefficients presented are based on the exit area of the fan, and the 
t:sts were run ai constant fan rotational speed through the angle-of-attack range. 
Differences in the data are noted only at extremely high ihrust coefficients. Because 
of the small size of the model (exit diameter of 15 inches, duct length of 13 inches) 
serious wall effects had not been expected. Note that at the highest thrust 
coefficient the calculated increment in angle of attack from conventional correction 
calculations is only 0.8°. The reasons for the small differences shown are not fully 
known; however, some observations concerning the results may be of value in assessing 
this comparison in the light of similar or perhaps future work. The model used was 
constructed so that the division of thrust between the fan and the shroud could be 
measured. These results indicate that the loss in lift shown in Figure 12 wa»s due to 
changes in forces on the duct. The fan thrust did not change appreciably between the 
two test sections. This result \ obably indicates an increase in the extent of flow 
separation on the upper (or rearward, at a = 90°) lip of the duct when installed in the 
7 ft > 10 ft test section. 

4. DEVELOPMENT OF THE 17 FT TEST SECTION 

In order to avoid the previously discussed tunnel-wall effects in tests of VTOL-STOL 
configurations it is necessary to use either a larger test section or smaller models. 
The decision at the NASA Langley Research Center to build a larger test section rather 
than smaller models was based on a number of considerations. First of all, smaller 
models would have resulted in very low Reynolds numbers. Also the problems of building 
powered models in very small sizes can be serious. Of equal or greater importance, 
however, was the need for very low and accurately controlled tunnel airspeeds to 
simulate the low-speea erd of the transition speed range. Very low speeds are difficult 
to maintain in most tunnms. By installing a new large test section in the circuit of 
the Langley 300 mph 7 ft * 10 ft tunnel, it has been found possible to run tests at speeds 
as low as 10 ft/sec with reasonable accuracy by calibrating the flow in the large test 
section against the velocities measured in the 7 ft * 10 ft test section. 

"«O ..... 
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The Langley 300 mph tunnel fortunately had a relatively long settling chamber 
upstream of the entrance to the 7 ft x 10 ft tunnel test section. This made it possible 
to install the new larger test section just upstream of the original test section as 
shown in Figure 4. A photograph of the installation is shown in Figure 13. This view 
of the 17 ft test section is taken looking down stream and shows the original 
7 ft x 10 ft tunnel test section in the background. A semispan model is shown with the 
ground board installed for ground effect tests. Also the freely floating vanes used 
to measure the average downwash in the region of the horizontal tail can be seen just 
behind the model. Installation of the 17 ft test section did not impair the usefulness 
of the 7 ft x 10 ft test section. 

The lines of the 17 ft test section were developed from tests in a 1/8-scale model 
tunnel. Initial tests indicated a very pronounced velocity gradient (velocities 
increasing with distance downstream) at the center line with all walls parallel to the 
center line. This gradient made it necessary to increase the divergence on the side 
walls (floor and ceiling were kept level for convenience) much beyond the divergence 
that would be required to compensate for boundary-layer growth. A wall-divergence 
angle of 2.5° to the tunnel center line was found satisfactory. The designation 
‘17 ft’ for the test section is an arbitrary designation used for convenience. The 
actual height is 15.75 ft and the width at the model location is 17.2 ft. 

The test section was installed with the lines indicated by the model tunnel tests 
and subsequent calibration indicated excellent agreement with the model tunnel predictions. 
The dynamic-pressure distributions in the vertical plane through the tunnel center 
line are shown in Figure 14. The reductions in dynamic pressure near the floor at 
downstream locations is a direct result of large divergence required to obtain the 
flat center-line distribution shown. 

Surveys of the flow in vertical planes 4 feet on either side of the center line 
indicate dynamic-pressure contours almost identical to that shown in Figure 14. The 
available test region is therefore at least 8 feet wide and about 12 feet long on the 
tunnel center line. It is somewhat shorter for floor-mounted semispan models, because 
of the reduced dynamic pressures in the downstream regions. 

Two tv^os of model supports are provided, both using strain-gage balance installations. 
A strut support system is available for complete models. The strut length can be 
changed to allow testing at a low position near the tunnel floor for ground effect 
investigations. Semispan models are mounted on a turntable in the tunnel floor which also 
serves to yaw the strut support system for lateral directional tests of complete models. 

Most low-speed wind tunnels, unfortunately, do not have a long settling chamber ahead 
of the entrance cone. In these tunnels another location at some point in the return 
passages of the tunnel could probably be used. In the case of the Langley tunnel, an 
alternate location just behind the first set of corner vanes downstream from the 
7 ft x 10 ft test station was considered briefly as a possible test location (Fig. 4). 
Surveys of the velocity distribution at this location indicated that the flow was very 
distorted and unsteady due to flow separation from the tunnel walls upstream of this 
location. A very extensive screen installation would be needed to smooth out the flow 
but reports (such as Ref. 6) on screen installations indicate that a useful test 
facility could probably be achieved. Such a screen installation would absorb considerable 
power and would reduce the tunnel speed somewhat. In the case of the Langley 300 mph 
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7 ft X 10 ft tunnel, it was estimated that the top speed of the tunnel would be 
reduced by about 20%. Such a reduction in the tcp speed of most low-speed tunnels 
would not be considered serious, however, and would actually be considered a small 
penalty to pay as compared with building an entirely new tunnel for VTOL-STOL model 
testing. 

5. CONCLUDING REMARKS 

It has been shown that in wind-tunnel tests of VIOL and STOL configurations the 
tunnel wall can cause premature stall and loss of lift in addition to the usual wall 
effects. Several circumstances contribute to this premature stall. First, the 
propeller slipstream might strike the tunnel wall and be diverted by it, thereby 
altering the direction that fie flow takes on leaving the trailing edge of the wing. 
This direction is usually such as to make it harder to maintain the Kutta condition 
and separation occurs. Secondly, the very large circulation lift generated with the 
aid of the jet flap or propeller slipstreams causes a much greater curvature of the 
streamlines than exists for power-off testing. The tunnel walls, however, establish 
the condition that the streamlines at the walls shall be straight. With the walls 
close to the model, this causes a considerable distortion of the streamlines in such 
a manner as to increase the adverse pressure gradient over the rear part of the wing 
which contributes to premature stall. Thirdly, with the jet-flap models and possibly 
with the propeller-driven models, lift losses may occur when a vortex type of flow 
develops under the wing. 

Precise recommendations with regard to the ratio of model size to tunnel size cannot 
be given because of the scarcity of directly comparable data on this subject. However 
recent experiences at tue Langley Research Center suggest that for propeller-driven 
configurations the walls should be at least 4 or 5 propeller diameters from the model 
in order to avoid serious wall effects under static and very low-speed test conditions. 
Also, for tests at forward speeds with either propeller-driven or jet-flap models the 
suggestion of Anscombe and Williams3 that the model size be chosen so that the maximum 
xpected increment of angle of attack due to induced upwash as calculated by conventional 

methods should not exceed about 2.0° appears to be reasonable. 

I! 
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