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LEWIS 9- BY 15-FOOT Vl STOL WIND TUNNEL 

by Joseph A. Yuska, James H. Diedrich, and  Nestor Clough 

Lewis Research Center  

SUMMARY 

A 9- by 15-Foot V/STOL Wind Tunnel was built in the return leg of the 8- by 6-Foot 
Sul9ersonic Wind Tunnel at the NASA Lewis Research Center. The test  section has a 
velocity range of 13 .4  to 78.2 meters  per second (30 to 175 mph). This report describes 

the features of the wind tunnel and presents the results  of the initial calibration in suffr-  

cient detail to guide 7prospective users  in designing experiments. The methods used 12 

design the tunnel inlet section, the test-section wall slot geometry, and the diffuser SW- 
tion a r e  described in detail in separate apiiendixes. 

Analysis of propulsion requirements for vertical-takeoff-and-landing (VTOL) aircraft  

has uncovered several problem a reas  requiring experimental investigation. One of the 

problems is the effect of crossflow velocities on the performance of the thrusiing sy e - 
tems.  Crossflow velocities occur during transition flight, when the a i rcraf t  is rn,oving 

from hover to horizontal flight or  the reverse.  For most VTOL aircraft  with vertreally 

mounted lift engines or  lift fans, the a i r  must turn approximately 90' into the inlet. In 

addition, the performance of the thrustor is more dependent on the interaction of the a i r -  

frame and propulsion system than it  is for conventional aircraft .  The thr~astor syistern 
also produces induced forces on the aircraft aerodynamic surfaces. The induced fare  e s  

can be either helpful or detrimental to the overall aircraft  performance. 'Therefore, 
there is a requirement to test the thrustor system in its installed conditiorr to obtain vahd  

thrustor performance data. 

In order to investigate these problems experimentally, a subsonic facility \Pias re- 

quired to provide crossflow velocities. The facility had to be capable of develop in^, veloe- 
icites from a minimum for short-takeoff-and-landing (STBL) testing ( i . e . ,  approx. 13 .  .- 
m/sec,  or 30 mph) to typical values a t  conversion for vertical-takeoff-and-Eandrnc (VTOL, 



testing (i. e .  , approx. 78.2 m/sec, or  175 mph) . The facility had to be large enough to 

accommodate models with thrustors having large jet efflux. After a survey of existing 

facilities at the Lewis Research Center, the desired test section was built in the return 
leg of the 8- by 6-Foot Supersonic Wind Tunnel. The final dimensions of the V/STOL 

test section were determined from the available maximum weight flow and the desired 

rnaxim~irn velocity. 
This report is intended to serve three purposes: (1) to present the design consider- 

ations and auxiliary facilities for the test section, (2) to present the results  of the cali- 

bration of the test  section, and (3) to serve a s  a guide to prospective users  in designing 

experiments for the wind tunnel. The report covers the description of the facility, the 

test-section airflow characteristics,  the balance system, facility services,  and the in- 

strumentation and data processing services. The methods used to design the inlet sec-  

tien, the test-section wall openings, and the diffuser section a r e  covered in detail in 

separate appendixes. 

GENERAL DESCRI PTlON 

Figure 1 shows the overall view of the V/STOL test  facility located in the return leg 
of the 8- by 6-Foot Supersonic Wind Tunnel. The V/STOL test  facility consists of the 

loiilowirtg components, shown in figure 2: (1) entrance flow control section, (2) cooler 

(flow straightener), (3) settling section, (4) inlet contraction, (5) test section, (6) dif- 

fuser, and (7') exit. The inside dimensions of the return leg of the 8- by 6-Foot Super- 

sonic Wind Tunnel a r e  10.70 meters  by 9.15 meters  (35 ft by 30 ft) a t  station 0, and 9.15 

meters  by 9 . 1 5  meters  (30 f t  by 30 ft) a t  station 236. 

The f low control section contains two 6.7-  by 3.8-meter (22- by 12.5-ft) sliding steel 

doors which a r e  used to vary the velocity in the test  section. The cooler is a finned-tube 

water heat exchanger. The cooler is used to control the inlet temperature to the drive 

compressor. Consequently, the temperature in the V/STOL test  section remains essen- 

tlalliy steady at a particular test  condition. However, the cooler is not intended to control 

the temperature about a predetermined level. The cooler also serves to straighten the 

Slow rn the return leg of the tunnel. 

The finned tubes a r e  approximately 38 millimeters (1.5 in. ) in outside diameter,  and 

are  the major source of turbulence in the V/STOL test  section. The settling chamber is 
2 4 . 6  rrieters (80.5 ft) long (650 cooler tube diameters),  which tends to  damp out most of 
the turbulence from the cooler. A piezometer ring is located in the settling chamber a t  

statlo11 0 and is used to measure the static pressure in the settling chamber. 

The inlet was designed to provide constant axial acceleration of the tunnel a i rs t ream.  

Inlet design considerations and details a r e  presented in appendix A. The area  contrac- 

tlon ratio of the inlet is 8: 1. The test  section is 8.75 meters  (28.667 ft) long. The walls 



have been diverged slightly to account for longitudinal boundary-layer buildup. The 

cross-sectional dimensions a r e  2.72 meters  by 4.58 meters  (9 f t  by 15 ft) at station 
27.7, and 2.72 meters  by 4.65 meters  (9 f t  by 15.25 ft) a t  station 56.3. The ceiling and 

floor a r e  completely closed. The side walls a r e  11 percent open, provided by fotw 

102-millimeter (4-in.) slots running the entire length of the test section, as shown in fig- 
u r e  3. The walls a r e  slotted to reduce tunnel wall interference to a minimum wheal testing 

VTOL models. Details of the wall slot design a r e  given in appendix B. Th~e ceiling and 

wall panels a r e  bolted to the tunnel structure. This construction technique permits 

changes in slot geometry. There a r e  four plexiglass windows in the walls and one in the 

ceiling that a r e  used to allow illumination of the test section and to view the anode1 through 

closed-circuit television. 
The diffuser is 20.75 meters  (68 ft) long and has an included angle of 6.8". The 

cross-section dimensions a r e  5.19 meters  (17 ft) high by 7.09 meters  (23.25 ft) wide at 
station 124.3. Diffuser design considerations and details a r e  presented in appendix C. 
Bulkhead seals  a t  station 0 and station 124.3 prevent airflow through the duet area around 
the test section. The space surrounding the test  section is a t  the same static pressure as 
the test  section. Access beneath the test  section is provided by a 2.08- by 2.08-meter 

(6.8- by 6.8-ft) doorway a t  the diffuser bulkhead and by a personnel doorway through the 
outside concrete wall. 

TEST-SECTION AIRFLOW CHARACTERISTICS 

The airflow characteristics of most concern to the tes t  planner a r e  velocity range, 
dynamic pressure uniformity, longitudinal static -pressure variation, and twbulence 

level. In order to measure these variables, three instrumented rakes were installed in 

the test  section a t  three longitudinal stations: 27.7 (forward) ; 40.6 (middle); and 52.6  

(aft). Figure 4 shows a typical rake installation a t  one longitudinal station, Mounted on 
each rake were five pitot-static probes, one thermocouple probe (except rake 2 wl~ieh had 

two thermocouple probes), and one hot-wire anemometer probe. The details of these 

probes a r e  shown in figure 5. Two piezometer rings with 12 interconnected taps on each 

ring were located permanently a t  station 0 and a t  station 27.7. 

It  should be noted that the test-section walls and ceiling were 40 percent open (basic 

tunnel structure) when the airflow characteristics were measured. Since then the ceiling 

has been completely closed and the wall opening reduced to 11 percent (fig. 3).  

Veloc i ty  Range 

The test-section dynamic pressure is set by a combination of the drive compressor 



weight flow and the position of the flow control doors. The differential pressure between 
the two piezometer rings was measured and correlated to the average of the dynamic 
pressures measured by the 15 pitot-static probes. This correlation was made a t  each of 
three longitudinal stations: 27.7 (forward); 40.6 (middle) ; and 52.6 (aft). Results a r e  
shown jn figure 6. 

The corresponding velocity range obtained in the test  section a t  the midposition is 
shown in figure 7.  With the drive compressor se t  a t  i ts rated speed, the test-section 
velocitgr can be varied from 76.1 meters  per second (170.6 mph) to 22.3 meters  per sec-  
ond (49.9 mph) by varying the position of the f1o.v control doors from closed to fully open. 
With the flow control doors fully open, the test-section velocity can be reduced to 13.4 
meters  per second (30 mph) by reducing the drive compressor speed to its minimum con- 
trolled speed. 

Thc data presented in figure 7 a r e  for an empty test  section. For normal test  condi- 
tions, the maximum velocity in the test section will be reduced by the blockage introduced 
by the particular model and is also limited by the allowable differential pressure across  
the outside walls of the supersonic diffuser discharge section (fig. 1) . 

It is necessary to limit the internal a i r  pressure in the diffuser discharge section 
2 2 

(fig, 1) to a value of 3610-N/m (75.5-lb/ft ) pressure difference in order  not to exceed 
the stress limits of the walls. Since ambient pressure  is established in the region of the 
inlet doors where makeup a i r  is introduced (fig. I), any increase in pressure  drop 
through the V/STOL tunnel will increase the pressure a t  the diffuser discharge section, 
Theis, any proposed model installation o r  modification to the V/STOL tunnel (or  to any 
part of the tunnel circuit upstream of the inlet doors) should be carefully examined for  
efleet on diffuser section pressure.  Any increase in pressure drop through the V/STOL 
tunnel wiB1 require a reduction in maximum test-section velocity to maintain the allow- 
able pressure differential a t  the diffuser discharge section. 

Experience with the wing installation of figure 3 has shown that, for a model frontal 
rirea of 5 percent of the test-section cross-sectional a rea ,  the maximum obtainable veloc- 
ity was '82.4 meters per second (162 mph); and with a model frontal a rea  of 7.8 percent 
0% the test-section cross-sectional a rea ,  the maxirnum obtainable velocity was 68.3 
meters per second (153 mph). 

Dynamic Pressure  Un i fo rmi ty  

Figure 8 shows the dynamic pressure variation a t  the midposition (station 40.6) of 
the test section. The dynamic pressure variation is expressed a s  a ratio q/q, where q 

is the local value of dynamic pressure and ql is the average dynamic pressure of all  the 
readings a h  given rake location in the test section. Ninety-seven percent of the data fall 
within the ~ 2 - p e r c e n t  band of the average dynamic pressure,  a s  shown. 



Static-Press ure Variation 

The average test-section static pressure a t  three longitudinal stations is plotted in 

figure 9 .  There is no longitudinal static-pressure gradient below a Zi of 263 FJ/m2 

(55 lb/ft2). Above a of 263 ~ / m ~  (55 lb/ft2) the static pressure a t  station 52 .6  tends 

to be about 0 . 1  percent higher than a t  stations 27.7 and 40.6. 

Turbulence Measurement 

The free-stream turbulence in the test section was measured with a hot-wire sne- 
mometer mounted on each of the three survey rakes in the position shown ia figure 4.  It 

oasure was assumed that the turbulence w a s  isotropic; hence, no efforts were made to rn, 
individual turbulence components. The probes were oriented with the sensing wire ele - 
ment horizontal (parallel to the lateral axis) and normal to the tunnel airflow, a s  shown 
in figure 10. The orientation of the probe a s  shown is sensitive to fluctuating components 
in the vertical-longitudinal plane and in the vertical-lateral plane and is insensitive to 
fluctuations in the lateral-longitudinal plane. 

Root-mean-square turbulence level. - In the following discussion, the percent turbu- 
lence is defined as :  

Percent turbulence = Magnitude of fluctuating velocity component - 
Magnitude of free -stream velocity 

Percent turbulence values a r e  plotted against tunnel dynamic pressure in figures 1 1 (a) 
to (e) . These figures show data for each probe a t  the forward, middle, and aft rake sur-  
vey stations in the test  section. There was no uniform trend of the turbulence data with 

the tunnel dynamic pressure. There were, however, higher turbulence levels at the high- 
es t  dynamic pressure values. The r m s  values were computed for each survey station and 

for each hot-wire probe. These values a r e  plotted along the right edge of the figures. 
The r m s  values had a consistent trend at  each survey station; for  example, the center 
probe on rake 2 indicated the lowest turbulence level, while the probes on the rakes on 
either side indicated significantly higher turbulence levels. Also, the probe on the rake 
adjacent to the inside wall (rake 1) indicated higher turbulence levels than the probe on the 

rake adjacent to the outside wall (rake 3). 
After the f irst  model was installed, the test-section ceiling was completely closed, 

and the wall slot openings were reduced to 11 percent open (fig. 3).  Rake I was r a n -  
stalled a t  the midposition, and turbulence measurements were repeated. The results 
(fig. 12) show that the turbulence level was decreased with the reduced slot opening-. 



Turbulence factor. - The principal effect of turbulence on measurements made in 

wind tunnels is to cause the boundary-layer development on test surfaces to depart from 

the development occurring in free a i r .  Drag measurements a r e  affected most by this 

phenomenon. The simplest method of accounting for the presence of wind tunnel turbu- 

lence is to  compute an "effective1' Reynolds number to relate the test data to free-air 

conditions. The method proposed by reference 1 is 

Effective Reynolds number = (Turbulence factor) X (Test Reynolds number) 

The "cbulence factor is a function of the overall turbulence level. In the V/STOL 

tunnel, the turbulence level also varies from point to point within the test section. At the 

center of the test section the r m s  turbulence level was about 0.  '75 percent. For this rep- 

resentative value, the turbulence factor is 1 . 6  from figure 3:34 of reference 1. Accord- 

ing to referenee 1 ,  a value of 1 . 4  or  lower is considered desirable for reliable drag 

measrurements. Reductions in turbulence level can be accomplished by installing darnp- 

ing screens in the settling section of the tunnel. However, the additional pressure drop of 

the damping screens would cause a reduction in the maximum test-section velocity due to 

the backpressure effect on the supersonic tunnel diffuser discharge section. At present, 

damping screens have not been installed. 

Wal l  Boundary  Layer 

The boundary layer on the tunnel floor a t  a distance of 158 millimeters ( 6 . 2  in.) 

downstream of the entrance to the test section was measured using the rake shown in fig- 

ure 13. The rake had 13 total-pressure probes and one static-pressure probe. The 

measured total-pressure probe locations from the tunnel floor were a s  shown in figure 14. 

The static -pressure probe is located approximately 114 millimeters (4.5 in. ) from the 

floor. 

The air velocities a t  each probe location were determined from the absolute total- 

and static-pressure measurements. Figure 15 shows four se ts  of reduced data in which 

probe location above the floor is plotted against the local velocity. The data cover the 
range of test conditions from minimum to maximum tunnel velocity with two intermediate 

points, and a r e  typical of the results obtained. 

The boundary-layer thickness 6, a s  shown in figure 15, was taken a t  a value of local 

velocity V equal to 0.995 the free-stream velocity Vo. The figure indicates that the 
total boundary -layer thickness a t  the measuring station is about 47 millimeters (1. 85 in.) 

from minimum to maximum tunnel velocity. 

These data were found to be represented by the standard, flat-plate, boundary-layer 
equation 



where y is the boundary-layer dimension. The value of the exponent n was deler-  

mined to be 6 .45  over the range of tunnel velocities tested. Since the value of n in equa- 

tion (1) was found to be approximately constant with varying tunnel velocity VO, the ratio 
of displacement thickness 6* to boundary -layer thickness 6 is a constant (ref. 2:) 

given by 

The displacement thickness 6" calculated from equation (2) with n = 6 . 4 5  is also 

plotted in figure 15. The displacement thickness is about 6 .3  millimeters (5. 248 i n . )  

from minimum to maximum tunnel velocity. 

The growth of the boundary layer along the floor of the wind tunnel was calculated by 

assuming fully turbulent flow. Since the measured exponent n in equation (I) was not 
far  removed from the value of '7.0, the classical equation for boundary-layer growth 

along a smooth flat plate, as given in reference 2, was used: 

where X' is the distance down the plate measured from the point of zero boundary-layer 

thickness and v is the kinematic viscosity. 

To  use equation (3), the virtual origin for the boundary layer was determined by 

using the measured value of boundary-layer thickness presented herein. Equation ( 3 )  can 

be written a s  

where XO is the distance from the measured boundary layer to the point where the 

boundary layer would be zero (virtual origin), and 60 is the measured boundary l a y e r  

Equation (3) is then modified to  



where X is the distance down the tunnel measured from the rake position, and Xo is 

the distance to the virtual origin. 

The growth of the boundary layer along the floor from the probe position was calcu- 

lated using equations (4) and (5) for the maximum tunnel velocity tested. The average 

tunnel a i r  temperature was 560' R.  The results a r e  shown in figure 16(a). The total 

boundary-layer thickness a t  the exit of the test  section is seen to be about 127 milli- 

meters  ( 5 . 0  in.). The displacement thickness 6" was calculated for the same condi- 

tions by using equation (2) with n = 6.45. The results a r e  shown in figure 16(b). The 

displacement thickness a t  the test-section exit is seen to be about 17.3 millimeters 

(0 .68 i n , ) .  

Assuming the boundary layer grows a t  the same rate along the ceiling and side walls 

as along the floor, an  effective a r e a  blockage due to the boundary-layer growth can be 

calcukated. The displacement boundary-layer thickness grows from about 5.1 milli- 

meters ( 0 . 2  in.) to about 17.3 millimeters (0.68 in.) from test-section inlet to test- 

section exit. This growth of about 1 2 . 2  millimeters (0.48 in.) represents a blocked a rea  
2 

of about 0, 214 square meter (2.0 f t  ). The test-section side walls were  diverged 382 mil- 
limeters ((1.5 in .) to account for this blocked area .  The test-section exit a rea  is 0.209 

square meter (2.25 ft3 greater  than the inlet a rea .  Therefore, the effective blocked 

area due to the boundary-layer growth is minimized, a s  indicated in figure 9 .  

The preceding discussion on effective blocked a rea  does not take into account the 

slotted walls and their effect on the boundary layer. This effect is unknown, and no at- 

tempt has been made to account for it. 

BALANCE SYSTEM 

The test facility does not have a standard balance system. Each model using the test  

facility must have its own balance system. For  example, the balance system for the first 
VTOL fan-in-wing model (fig. 3) was supported from the test section structure. Support- 

ing the balance from the tunnel produced fluctuating load-cell readings due to wing and 

tunnel vibrations. For  balance systems of this type, electrical f i l ters  must be used to 
provide a signal representative of the mean value. 



SERVICE SYSTEMS 

A i r  Systems 

Drive a i r .  - Drive a i r  can be supplied from two separate systems. One has a ftxed 

capacity and the other is capable of continuous flow. 
3 The fixed-capacity system has a volume of 60 cubic meters  (1976 ft ) and can be 

2 pressurized to 2 0 . 6 ~ 1 0 ~  N/m (3000 psig). The delivery pressure can be set  a t  a pre- 

scribed value with a pressure regulator. The piping connecting the high-pressure reser - 
voir to  the test  section was designed for a flow ra te  of 6 .8  kilograms per second (15 Eb/ 

6 2 sec) a t  a delivery pressure of 10.3x10 N/m (1 500 psig) . The flow rate is rneas~ered 

with a calibrated flat-plate orifice. 

The drive-air temperature can be heated and controlled to  a maximum of 367' K 
(660' R) . A shell-and-tube counterflow heat exchanger is used. The dew point of the alr 
is 244 K (440' R) a t  standard conditions. The available test  time using this system i s  

dependent on the pressure level and flow ra te  of the machine under test,  a s  shown in fig- 
6 2 ure  17. For a 10.3X10 -N/m (1500-psig) , 3.6-kilogram-per-second (8-lb/see) flow 

ra te ,  the available test  time is about 30 minutes. Approximately 8 hours a r e  required to  
6 2 recharge the system to 20.6X10 N/m (3000 psig) after a 30-minute run. 

The continuous-flow system can simultaneously deliver a i r  to the test section thrcsxh 

two piping systems. The first was designed for a flow ra te  of 4.5 kilograms per second 
5 2 (10 lb/sec) a t  25x10 N/m (350 psig) a t  ambient temperature. The second passes 

through a secondary line in the heat exchanger and was designed for a flow rake of 0.45 
5 2 

kilogram per second (1 lb/sec) a t  8.7x10 N/m (125 psig) a t  a temperature sf 367 K 
(660' R) . 

5 2 Service a i r .  - Service a i r  a t  8. 7x10 N/m (125 psig) is supplied a t  0 .23  kiliogran 
per second (0.5 lb/sec) for power tools. 

Lubrication Systems 

Oil. - - The lubrication oil system can supply oil a t  2.3 kilograms per minute (5 Ib/ 

min) and scavenge a t  6 .8  kilograms per minute (15 lb/min). The oil used in the VTOL 
drive turbine conformed to MIL-L-7808. 

Freon and trichloroethylene. - The first test model contained a high-speed slipring 

that required cooling and lubrication. For this model, trichloroethylene was the besx 
lubricant. This system delivers trichloroethylene at 15 liters per  hour ( 4  gal/hr) 

to the model and also contains provisions for a freon T F  purge a t  the same rate to i:!ush 

the residual trichloroethylene from the system. 



Gaseous Nitrogen System 

6 2 A '45.2~10 -N/m (2200-psig) gaseous nitrogen supply a t  various regulated pres-  

sures is used for the model control systems. 

Electrical Power 

The foI1owing types of electrical power a r e  available a t  the test section: 

(1) 480-volt, 60-cycle alternating current; three phase 

(2) 208-volt, 60-cycle alternating current; three phase 

(3) 120 -volt, 68-cycle alternating current; one phase 
(4) 28 -volt direct current 

Hydraul ic  Power 

A kydlraulic pumping unit capable of pumping up to 15 l i te rs  per  minute (4 gal/min) 
6 2 at 20- 6x10 ~ / r n  (3000 psig) is used for actuation of model system controls. 

INSTRUMENTATION AND DATA RETRIEVAL 

Control-Room I n s t r u m  entat ion 

There are instruments in the control room for observing model performance and 

tunnel conditions. The tunnel static and dynamic pressures a r e  displayed on digital read- 

nut voltmeters, and tunnel temperature is indicated on a panel meter.  The model and 

test seetiion can be viewed on two closed-circuit television monitors. 
Model forces, individual readings or  the summation of load-cell readings, can be 

displayed on digital readout. Transient loads can be recorded on a recording galvanom- 

e ter  or  on magnetic tape. Some model pressures and temperatures can be displayed on 

meter readouts and/or a recording galvanometer. 

For models having rotating parts ,  the rotational speed can be digitally displayed. 

The model vibrations can be monitored with audio and visual warning signals activated for 

high levels of vibration. 



Automatic Recording Equipment 

The Lewis Research Center has a central recording system called the Central. Auto- 

matic Digital Data Encoder (CADDE) that is used by many of the test facilities to record 

digital readings from transducers of pressure, voltage, and events per unit time. The 

system has a 500-data-word capacity. Reference 3 gives a detailed description of the 

system. The data a re  recorded on magnetic tape a s  binary-coded decimal digits with 

additional characters for identification and computation instructions. The magnetic tape 

is the permanent record of the raw data. In addition, the data may be simulhtaneously re - 
corded on an IBM 360 time-sharing computer system. This allows the test engineer to  
receive "on-line" computed data typed out in the control room after the data point is 
taken. 

After recording, a duplicated tape is made to process the data a s  a stored program 

on an IBM 7094 computer. 

Analog Corn puter 

Selected model parameters can be input to an analog computer located beneath the 

control room. The computed analog data can be displayed on X-Y plotters in the control 
room to provide the test engineer with real-time data. 

Model Instrumentation 

Instrumentation leads from the model a re  terminated a t  patch panels located on top of 

and below the test  section. Each panel has permanent connectors of various types as 
listed in table I .  There a re  permanent cables between the patch panel and an auxiliary 

equipment room which contains the instrumentation power supplies, amplifiers, and 

readout equipment. There a r e  110 strain-gage balance panels which a re  used for strain- 
gage-pressure and load-cell transducers. A pressure multiplexing system (Scanai~~alve) 

capable of controlling five scanivalves is available. This system increases the number of 

model pressures that can be measured on one transducer, provided that the 500-data- 
word limit of the CADDE system is not exceeded. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, March 11, 1971, 

721-56. 



APPENDIX A 

DESIGN OF THE INLET CONTRACTION 

If the curvature of the wind tunnel inlet is such that large local velocity gradients 

are present, it is unlikely that a uniform distribution will be obtained in the test  section. 

Tar general, the inlet should be faired out gradually a t  the downstream end (continually 

decreasing curvature) so  that local flow velocity changes a r e  small near the test section. 

Furthermore, in order to avoid flow discontinuities in the corners of the inlet, the flow 

velocities on the walls of the inlet should be the same a t  equal axial distances down the 

contraction. To do this the curvature of all  four walls must be the same a t  equal axial 

distances, or in other words, the change in wall ordinate should be the same for all four 

walls ( i .  e . , identical profiles). 

The NASA low-speed wind tunnels (Ames 40 by 80 Foot, Langley 7 by 10 Foot and 

30 by 60 Foot, and Lewis Icing Research Tunnel (IRT) and Altitude Wind Tunnel (AIVT)) 
have a long history of acceptable performance. All the wind tunnels cited have inlets of 

the modified constant-axial-acceleration type. The term "modified constant accelera- 

tion" reefers to constant axial acceleration modified to meet the requirements of zero 

acceleration a t  the entrance to the test section and zero acceleration a t  the entrance to 

the inlet, 
A wind t une1  inlet with wall contours that produce constant axial acceleration has 

the mdesirable feature of discontinuous velocities a t  both entrance and exit. The reason 

for  these discontinuities is the step change in acceleration from zero to some positive 
value at the entrance and back down to zero a t  the exit. To remove the discontinuity a t  

the entrance to the inlet, a straight-line transition section is employed tangent to the 

constant-acceleration curve. From past experience a t  the various NASA centers, it has 

been determined that a 30' section provides the necessary transition from zero acceler- 

ation to some positive value with no adverse velocity gradients. To eliminate adverse 

velocity gradients at  the exit of the contraction, and to gradually fair the inlet into the 

test section, an ellipse is f i t  tangent to the constant-acceleration curve and tangent to the 

test section at the point of the ellipse where its slope is zero. 

The portions of the modified-constant-acceleration contraction inlet wall contour and 

its velocity and acceleration curves a r e  diagrammed in figure 18. The total length of the 

inlet L, as shown in figure 18, is the sum of three sections (straight line, constant ac- 

celeration, and elliptical). The three sections a r e  designed individually and then fit to- 

gether. The procedure is to s tar t  with the constant-acceleration curve. The choice of 

the length of this section of the inlet ultimately determines the total length L. The 

ellipse and straight-line sections a r e  then fitted to the constant-acceleration curve and 



the overall length is determined. These steps a r e  repeated a s  required to obtain the de- 

sired overall length. 

This philosophy was employed in the design of the V/STOL tunnel inlet. Tlae design 

method has never been published. Consequently, the detailed design procedure and the 

resulting design of the V/STOL tunnel inlet a r e  presented herein. 

Constant-Accelerat ion Section 

The constant-acceleration portion of the wall contours, a s  shown in figure 18, is de- 

signed by using the one-dimensional incompressible equation of continuity. Figure 19 is 
a schematic of the constant-acceleration curve and the coordinate system used. The 
areas  a t  the entrance to the inlet and a t  the test section a r e  AU and AT, respectively. 

(Inlet contraction ratio is AU/AT .) The length of the constant-acceleration curve is La. 
The wall coordinates of the constant-acceleration curve a r e  determined a s  follows 

(fig. 19): For constant axial acceleration 

dV dV - = V- = Constant 
dt '% 

where 

V axial velocity 

x axial distance from origin a 
t time 

Solving equation (Al) for V yields 

The continuity boundary conditions a t  the entrance and the exit of the consbnt-aceelerat i~n 

curve a r e  

and 

v = -  a t  xa = 0 

pAu 

V = -  a t x  = L  

P ~ T  
a a 



o weight flow rate 
p density (constant with xa) 

With these boundary conditions, equation (A2) becomes 

A s  mentioned previously, the flow velocities on the four walls of the inlet should be the 
sane at equal axial distance down the contraction. To do this requires that the curvature 
of all four walls be the same a t  equal axial distances. This is done by keeping the change 

in w~all ordinates the same for all  four walls, which is the same a s  keeping a constant 
difference 6 in ordinates between top wall dimension and side wall dimension. Conse- 
quently, only one wall is designed and the remaining walls a r e  derived from the designed 
wall. 

With a constant difference 6 between ordinates of the side walls and the top walls, 

the cross-sectional area is 

Thus, from eqmtion (A5) and continuity, 

Substituting equation (A6) into equation (A4) yields 

In terms of wall coordinates with respect to the tunnel centerline and origin of the 
eonshnt-aeeel,eration curve a s  defined in figure 19, 



Solution of equation (A8) will yield the xa, ya coordinates of the constant-acceleration 

curve shown in figure 19. The coordinates a r e  seen to depend on the upstream and test- 
section areas  (contraction ratio) and the particular length La. The value of 6 can be 

determined from the test-section dimensions. For example, for a 2.74- by 4.58-meter 

(9- by 15-ft) test section, 6 = 15 - 9 = 6. 
The length of the constant-acceleration curve La is somewhat arbitrary. It does, 

however, affect the overall length of the inlet section L and must be chosen by trial and 

e r ro r  such that the overall length of the inlet is within the limits of good design. These 
design limits a r e  such that if the cone is too long, cost increases and a significant bomd- 

a ry  layer can build up; and if it is too short,  steep velocity gradients will occur. 

As a guide to the choice of the value of overall length L,  data on inlet lengths for 
various wind tunnels were gathered. These data a r e  shown in figure 20, in which the 

ratio of inlet to outlet hydraulic diameter is plotted a s  a function of total inlet length di- 

vided by inlet hydraulic diameter. The dashed curve divides the regions of good and poor 

flow. This is a theoretical curve developed in reference 4. 
The tunnels to  the left of the dashed curve a r e  known to have relatively poor test- 

section flowin terms of nonuniform velocity profiles. The overall length of the inlet sec- 

tion L, a s  shown in figure 18, would include the contributions of the straight-line, ellip- 

tical, and constant-acceleration curves. Therefore, when using figure 20 as a guide in 
choosing La (the constant-acceleration-curve length), it is suggested that as an mitias 

tr ial ,  La be made approximately equal to 1/3 L. 

The differentiation of equation (A8) yields the slope of the constant-acceleration 

curve a t  any (x,, ya) point. This equation will be necessary in the subsequent discussion 
and is presented here for convenience. 



Straight-Line Section 

The next step in the development of the inlet is to f i t  the straight-line section (fig. 18) 
to the constant--acceleration curve. The straight line is f i t  tangent to the constant- 
acceleration curve a t  the point X a s  defined in figure 18. Figure 21 defines the coor- 1' 
dinate system used in determining the point XI. 

The angle P of the straight-line section determines its slope. The problem is to 

determine the point on the constant-acceleration curve where this slope occurs. This is 
done by using equation (A9) with a slope se t  equal to -tanmlp; that is, 

To determine the point xa 
ya, 

(point on constant-acceleration curve whose slope is 
tan-'a), equations (A10) , ( ~ 9 ) ,  and (A8) a r e  solved simultaneously for xa, ya. 

The origin of the inlet can now be determined (i. e . ,  X = 0, Y = 0) by extending the 
straight line from the tangent point xa, Ya, 1 to the intersection point with the up- 
stream .wall UIu. The distance X1 (fig. 21) is calculated from 

x1 = yu - Ya, 1 
tan p 

Relative to the inlet origin, the coordinates a t  the tangent point XI, Y1 a r e  then X1 
from equation (Al l )  with Y1 = ya, 

Elliptical Section 

The elliptical section, a s  shown in figure 18, must now be fit to the constant- 
acceleration curve. The geometry of the elliptical section is shown in figure 22. The 
yoint of taqeney between the elliptical and the constant-acceleration curves must be pre- 
scribed in order to obtain a solution. The problem is to fit an ellipse tangent to the 
consbnt-ameleration curve at X2, have a zero slope a t  the test  section a t  X3, and have 
a reasonable length X3 - X2. 

The general equation of an  ellipse with its center a t  its origin (xe = ye = 0, fig. 22) 
is 



As defined in figure 22, only the negative values of xe and ye a r e  of interest. The 

slope of the ellipse in this quadrant is 

Equation (A13) relates the slope of an ellipse with major and minor axes equal. to a 

and b, respectively, to the ye coordinate. The tangent point X2 on the eonsknt-  
acceleration curve is initially prescribed a s  X2 < (XU + L a )  This defines the coordi- 

nates Xa, 2 7 Ya, 2 which a r e  then used to calculate the slope of the constant-aceejeeration 
curve at this point by using equation (A9). This slope is set  equal to the slope of the el- 
lipse a t  -x e ,  2' 'Ye, 2. Equation(A13)solvedfor y becomes 

e , 2  

where me, = ma, 2. 
In general, the equation of an ellipse can also be written (from eq. (A12)) as 



The length of the elliptical section X3 - X2 is then chosen such that L is within 

reasonable limits a s  discussed previously. From figure 22, 

Then equations (A14) and (A16) represent two equations and three unknowns (ye, 2, 

b, and a).  To determine these unknowns, another restriction must be placed on the 

ellipse, A particular restriction which simplifies the coordinate calculations and mini- 

mizes Lhe ellipse size is proposed a s  follows: It can be shown that with y = b/2.618, 

the value of x is minimum for any value of the slope a t  xe, 2, ye, 2. 
e92 
Therefore, let 

e ,  2 

By solving equations (A14), (A16), and (A18) simultaneously with a prescribed value of 

k9 the values ye, 2, a ,  and b can be determined. With the determined values of a and 

b, the coordinate equation (eq. (A1 5)) can be solved for the ellipse. 

In terms of the general inlet coordinate system defined in figure 18, the coordinate a t  

the tangent ~ o i n t  X2 is 

and the X3 coordinate is obtained from equation (A17), where x was chosen a s  pre- 
e , 2  

vkously indicated. Values of La and x a r e  then adjusted a s  required to give the de- 
e72 

sired value of overall length L. 

Finally, the coordinates of the elliptical section transformed to the general inlet 

origin are 

V/STOL Tunnel Inlet Contraction Design 

The side walls of the V/STOL inlet contraction were chosen for the inlet design. The 
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test-section dimensions were 2.74 meters by 4. 58 meters (9 ft by 15 f t ) ,  f rom which the 

side wall YT was determined to be 2.29 meters (7.5 it). The test-section area AT 
2 was 12.5 square meters (135 f t  ) . The upstream entrance section dimensions were 

9 . 1  meters by 9.6 meters (29.8 f t  by 31.4 f t)  for an area AU = 87 square meters 
2 (935.7 f t  ). The value of YU for the side walls was 4.54 meters (14.9 f t ) .  

With these inputs, the constant-acceleration-curve coordinates were determined 
from equation (A8) by choosing a value of L, / 3.048 meters (10 ft) .  This yielded the 

coordinate equation 

where 0 - < xa 5 10. The straight-line section was fit to the constant-acceleratio~~ curve 
with a value of p = 30'. The point of tangency was found a t  x = 0.935 meter 

a91 
(3.06776ft)and y =1.939meters(6.3613ft) .  F r o m t h e ( ~ ~ , ~ , y ~ , ~ ) e o o r d i l l a t e s a ~ ~ c +  

a9 1 
by the previously described method, the inlet origin was determined, and a value of XI 
was determined to be 2.910 meters (9.550 ft)  with Y1 = 1.939 meters (6.3613 ft). 

The point of tangency for the ellipse was prescribed at  \ X2 = 4.48 meters (14.740 ft), 
and the ellipse length was chosen a s  2.135 meters (7.000 ft) ,  so  that X3 - 6.32158 
meters (20.740 ft) . The coordinate equation for the elliptical section was then deter- 
mined to be (using k = 1/2 in eq. (A17)) 

between the values of X2 and X3 of 4.493 and 6.322 meters (14.740 and 20.740 ft:). 

After the side-wall coordinates were calculated, the top- and bottom-wall ordinates 

were determined by subtracting the constant 6/2 = 0.9 meter (3 ft) from each side-wall 

ordinate. Figure 23 shows the final design of the inlet contraction. The difference in 
length of the side walls and the top and bottom walls is due to the requirement of eonstant 
change in ordinate. The inside dimensions of the concrete structure in which the V/STOL 

tunnel is housed required the extension of the top and bottom walls a s  shonm, Therefore, 
for the first 1.981 meters (6. 500 ft) the inlet contraction is confined to the top and bottom 

walls only. After this a constant difference of 6/2 = 0.9 meter (3 f t )  in waIB ordinates is 
maintained and the inlet becomes three dimensional. 

The position of the V/STOL tunnel inlet contraction is plotted on figure 20 at a value 
of L/Df of 0.89 and of 2.72. The V/STOL inlet contraction is seen to fail very 
nearly on the theoretical dividing line between good and poor flow. 



APPENDIX B 

TUNNEL WALL SLOT DESIGN 

In general, aerodynamic data obtained in wind tunnels a r e  somewhat different than 

conditions in free a i r  because of the effects introduced by the presence of the walls. 

This fact has been recognized for many years and the corrections for conventional wings 

are  well known. The wall corrections for V/STOL models become complicated by the 

gresence of the large wake angles and induced flows associated with powered or high-lift 

devices (ref .  5). Unlike conventional wings, the magnitudes of the corrections for  

V/STOL models a r e  dependent on the wind tunnel velocity and the effective disk loading 

of the powered I!ift model. Confidence in the test data is enhanced i f  the correction is 
kept small or reduced to a negligible value. One method of achieving this objective is to 

vary the geometry of the tunnel walls by incorporating slots or  perf~ra~t ions .  The reason 

for this approach lies in the fact that wind tunnel corrections (usually expressed a s  a cor- 

rection. to the model angle of attack Act) a r e  positive for a completely closed test section 

and negative for a completely open test  section (free jet). Theoretically, some combina- 

tion of open and closed walls or l'mixed-boundaries" would result in a negligible correc- 

:ion codiguration . 
Considerable theory (refs. 6 to 9) and tests (refs. 10 and 11) a r e  available for 

V/STOI, aircrai t  models. In general, these references show that slots of 10 to 15 per- 

cent open a r e  desirable to minimize interference effects. These results a r e  based on 

test configurations where models a r e  relatively small compared to test-section area .  

For the V/STOL test section, there was some uncertainty in the slot design approach 

since the f i rs t  model was a two-dimensional wing spanning the test section with a fan 

mounted in the center. Subsequent models would be different and there is no specific 

analytical method of determining the precise wall configuration for each model. The ob- 

ject therefore was to generally reduce the flow distortion around the fan rather than to 

determine a universal wall configuration that would yield a ' lzero-correction'~ tunnel for 

all models. Thus, mixed boundaries were designed for only the vertical walls of the 

V/STOL test section. The horizontal boundaries were left solid to facilitate the installa- 

tion of the fan-in-wing test model and to maintain two-dimensionality. 

The method used to calculate the slot dimensions for the vertical boundaries is de- 

scribed in reference 6. Figure 24 shows the arrangement of the model and test section, 

with tunnel rotated 90' to conform to conventional notation. Reference 6 analyzes the 
tunnel interference effects in terms of dimensionless slot parameters PV for the verti- 

cal walls and PH for the horizontal walls. Since the vertical walls a r e  closed, PV = 0 

and only PH is needed. Values of PH against slot dimensions a r e  shown in figure 24. 

Desired values of PH were determined from figure 25, which shows values of PH 



required to produce zero lift interference a s  a function of tunnel dimension ratio H/B 
with closed vertical walls. Also shown on the figure a r e  points for zero blockage effect. 
From this figure, it was concluded that a value of P H  = 0.87 o r  larger  w a s  needed for 
the V/STOL section (H/B = 1.667). 

Referring now to  figure 24, values of the parameters L/H and A/L can be ob- 

tained corresponding to the desired value of pH. For  the V/STOL test section it was 
decided to use four slots in each of the horizontal walls. Other analyses and experience 

indicated this was a desirable number. As an initial trial,  the following values were 
chosen: 

A = 0.0'76 m (3 in.) 

L = 0.56 m (22 in.) 

Then, 

A/L = 3/22 = 0.136 

L/H = 22/7.5 X 10 = 0.245 

From figure 24 these values correspond to PH = 0.895, which is slightly greater than 
the theoretical value indicated in figure 25. Experimental data from reference hi indi- 

cate that values of P H  slightly larger  than theoretical a r e  required to accornpllsll-b zero- 
lift-interference conditions. Consequently, the preceding slot parameters  were used. 

Referring to figure 24, the wall open-area ratio is computed a s  

Open-area ratio = Slot a r e a  - NA .?.- 
Wall area  2B 

For the configuration selected, 

4(3) Open-area ratio = - = 0.11 
108 

Thus, the slotted walls a r e  11 percent open. The existing walls were covered with ply- 

wood, incorporating the slots in the locations specified previously. The slot width A 
was increased to 0.101 meter (4.0 in.) to  compensate for the blocked slot a rea  due to  
vertical structural members. 



APPENDIX C 

DESIGN OF THE DlFFUSER SECTION 

In general, wind tunnel diffusers a r e  designed to provide for minimum total -pressure 

loss and maximum static -pressure recovery. Total-pressure loss in a wind tunnel dif - 
fuser occurs because of wall friction and flow separation from the diffuser walls. In the 
V/STOL wind tunnel, a third source of total-pressure loss is present. This i s  the 

"dump koss" due to the sudden expansion from the diffuser exit a rea  to the concrete 

structure area. The V/STOL diffuser configuration is illustrated in figure 26. 

The V/STOL tunnel diffuser was designed to minimize the total-pressure loss in or -  

der to sninimize the increase in backpressure on the supersonic diffuser discharge sec- 

tion (fig. I). Cost considerations were also important, so  a minimum-length diffuser 

was desired. The diffuser design for the V/STOL tunnel is the result of a compromise 

between minimum total-pressure loss and minimum cost (i .  e . ,  minimum length) 

The variables affecting the performance of conical, rectangular, or  two-dimensional 

diffkzsers are area  ratio, length, included diffuser angle, and inlet boundary-layer thick- 

ness. For a diffuser, the selection of any two of the geometric variables (length, a r e a  

ratio, or ashgle) fixes the third. The inlet boundary-layer thickness i s ,  in most cases,  

an  ~~nccntrol led variable. 

For a fixed inlet boundary-layer thickness and area ratio, a se t  of typical perforrn- 

ance curves a s  a function of included diffuser angle 28 appears a s  shown in figure 27. 

The d i lhse r  performance is expressed in te rms of the two pressure coefficient curves 

s o  The upper curve is the diffuser static-pressure-recovery coefficient, defined a s  

(9 - p8.)/g1 where p2 is the exit static pressure,  pl the inlet static pressure,  and ql 
the inlet average dynamic pressure.  The lower curve is the diffuser total-pressure-loss - 
coefficleci defined a s  (F1 - P2)/ql where Fl and a r e  the inlet and exit average 

ioka"pressure, respectively. Point "a" represents the angle a t  which the diffuser be- 

gms to stall; that i s ,  the flow separates somewhere within the diffuser. Point "b" rep- 

resents the angle a t  which "appreciable" stall occurs. For angles greater  than that a t  
uol::t ' SbC1"q ,  the diffuser performance is generally unsteady and will cause flow unsteadi- 

ness ln the test section itself. The points of maximum static-pressure recovery and 

ln:rzmrcrn total -pressure loss,  which generally occur after the diffuser begins to stall ,  

reoresen!. the angle for which the average discharge dynamic head q2 will be very close 

Lo 1.5s manrmum value. 

The angle at  which the "optimum" diffuser performance is obtained is chosen a t  

either the points of maximum static-pressure recovery or  the point of minimum total- 

grressure ioss,  depending on the criterion of optimization. 

For. a fixed inlet boundary-layer thickness and included diffuser angle, the total- 



pressure loss increases with increasing area  ratio. This increase in total-pressure loss 

is primarily due to friction loss,  since increasing the area  ratio with a constant included 
angle increases the diffuser length. For a standard wind tunnel diffuser, curves could 

be developed for total-pressure loss a s  a function of a r e a  ratio for fixed values of 211.. 

These curves would serve a s  a guide in the selection of a value of included diffuser angle 

28 and diffuser area  ratio A2/AI. 
As mentioned previously, the V/STOL diffuser included another source of cokl -  

pressure loss,  the dump loss.  In this design, the overall total-pressure loss ,  from the 

diffuser inlet t o  the area  in which the diffuser exit flow is discharged, was to  be mini- 

mized to reduce the backpressure on the supersonic diffuser discharge section (hg. I) .  
Since the average exit discharge dynamic pressure of the diffuser would decrease with 
increasing area  ratio, the "dump1' loss would decrease with increasing area  ratio 

A2/A1. Then, since the dump loss decreases and the diffuser loss increases whth area 
ratio, for a fixed value of inlet boundary-layer thickness, there is in prineiyle a particu- 

la r  value of the a rea  ratio A2/AI and the included angle 28 which will y1!e1d a mirrirnum 

loss in total pressure.  

To design the V/STOL diffuser using the preceding approach of minimizing overall 

total-pressure loss and cost, data from references 12 and 13 were used. Most available 

diffuser performance data were for two-dimensional or  conical diffusers, while tlne pro- 

posed diffuser was a three-dimensional rectangular type. A comparison of results  of 

two-dimensional and conical diffusers is shown in figure 28 for a diffuser with an  area 

ratio of 3.0 and nearly equal inlet boundary-layer-thickness parameters 26" /Dl where 
I 

6" is displacement thickness, and Dl is hydraulic diameter of the diffuser at its en- 

trance. The performance of the two ty9es of diffusers is virtually identical, justifying 
the use of either type of diffuser data to represent the other. 

To determine if these data can be used to predict the performance for three- 

dimensional rectangular diffusers, experimental performance points for the Le-imis 

Research Center Icing Research Tunnel (IRT) were employed. The IRT diffuser is a 
three-dimensional, rectangular type similar to the configuration for the V/STOL wind 

tunnel. Figure 29 shows a comparison of two-dimensional results  from references 1 2  
and 13 with the experimental points from the IRT diffuser obtained a t  two axial positions. 

The curves on the figure were interpolated from the results  presented in references 1 2  

and 13 to arr ive a t  curves for  area  ratios corresponding to the IRT experimental results 

(A2/A1 = 3.61 and 2.48). The boundary-layer profile a t  the entrance to the diffuser was 
determined experimentally. The displacement thickness was then calculated, and the 
value of 26* /D was determined to be about 0.010. The results  in figure 29 indicate a 
good agreement between the two- and three -dimensional results ,  confirming the ease of 

two-dimensional data for design of the V/STOL diffuser. 

The displacement thickness a t  the entrance to the V/STOL diffuser was initially es -  

timated to be about 185 millimeters (0.73 in.).  This value is close to that calculated 



from lae experimentally determined thickness a t  the entrance to the test section a s  r e -  
ported in the main body of the report. The hydraulic diameter of the diffuser inlet is 
about 3 . 3  meters (11 ft);  therefore, the boundary-layer parameter is 26* /bl = 0.011. 

Two-dimensional static-pressure-recovery curves for 26' /bl = 0.010 and for a 
range of area ratios were available from reference 12.  These curves a r e  shown in fig- 

ure 30, The value of 28 for minimum total-pressure loss varies from around 6.5' 

to  '7' for the data shown. 
By assuming one-dimensional incompressible flow, it is possible to relate the aver- 

age total-pressure loss of a diffuser to its static-pressure-recovery performance. The 
total pressure a t  the diffuser exit is (fig. 26) 

where p is a i r  density. From continuity, 

Then, combining equations (Cl )  and (C2) 

Also,  at the diffuser inlet 

Subtracting equation (C3) from equation (C4) and rearranging yields 



Equation (C 5) defines the one -dimensional incompressible total-pressure Boss of the 

diffusing section alone. For the sudden expansion type of diffusion, a second source of 

total-pressure loss is present. The discharge jet dump loss can be calculated as follows: 

From figure 26 

Considering the discharge of the diffuser a s  incompressible flow with a sudden area en- 
largement: 

From equation (C2), for incompressible flow 

Thus, equation (C8) becomes 



The desired overall total-pressure loss is obtained by the addition of equations (C 5) 

and (C10). 

which can be simplified to 

The calculated variation of overall total-pressure -loss coefficient from equation - 
(C12) is shown in figure 31, where the total-pressure-loss coefficient (F1 - pe)/q1 is 
plotted a.s a function of the a rea  ratio. The curve shown corresponds to  the values of 

maximum static-pressure recovery for each a rea  rat io (fig. 30). 

Fkg~~res 30 and 31 were used to select the design variable of included diffuser angle 

and area ratio. From figure 31 it can be  seen that the total-pressure loss coefficient 

decreases significantly a s  a rea  ratio is increased to approximately 3, after which the 

decrease become relatively small. Therefore, to minimize length, an area  ratio 

of 2-9 was selected for the V/STOL diffuser, a s  shown on the curve. The predicted 

total-pressure-loss coefficient is about 0.195. - 
The predicted performance curve for a diffuser with an  a rea  ratio of 2.9 and 

26*,h11 = 0.01 is shown by the dashed line in figure 30. The angle which corresponds to 

the maximum static-pressure recovery i s  6.8'. With the inlet a rea  equal to 36.7 square 
2 meters  (137.25 f t  ) and the a rea  rat io and diffuser included angle chosen a s  2.9' and 

6.8"? respectively, the diffuser length becomes 20.1 meters  (68 ft). The diffuser exit 
dirnensilons are then 5.19 meters  by 7.09 meters  (17 by 23.25 ft) . 
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TABLE I .  - PATCH PANEL CONNECTORS 

I Quantity I Type I Cable type I 
55 

3 Bendix Corp. I I One pair; shielded; num- 

PT02W-B-3P ber 20 gage wire 

24 

MS3102-20-21s 

, Inlet  doors r R e t u r n  leg Cooler -, e Flow contro l  doors 

One pair; individual shield; 

number 20 gage wire 

Marlin Mfg. Co. 

number 1061K 

1 

Model preparation 
Lu l ld ing  

Equipment 
dr ive bu i ld ing  + L l  

Thermocouple; single pair; 

Chromel-Alumel num- 

ber 20 gage wire 

2.72- by 4.55-m (9-  by 154) 
V/STOL test section I I 

Microdot, Inc . , 
number 033-0055 

,- Acoustical 
m u f f l e r  section 

t 

Coaxial; Microdot, Inc. ; 
number 293-39 20 

-e Air f low 

I I 
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Figure 1. - Overall p lan  view of VI  STOL test fac i l i ty  i n  t h e  r e t u r n  leg of t h e  8- by 6-Foot Supersonic Wind  Tunnel .  
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Figure 2 -Schemat ic  elevation view of 2.72- by 4.58-meter (9- by 15-ft) V/STOL facil i ty. (Drawing not to scaie. I 

F igure 3. - Test-section wal l  slot configuration. 



(a) Elevation view of V/STOL test section loolt ing downstream. 

0.24 (0.81, typical 
for  a l l  hot-wirc Drobes --. 

-- -Typ ica l  fo r  a l l  pitot-static and  
thermocouple probes 
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il Thermocouple probe (TI Cei l ing 
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__9 
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T C &  
P C - - - -  

Floor 

0 Hot-wire anemometer probe (HW) P % 
T 

ib) Probe elevations i n  percent of t u n n e l  height  f rom floor. 

Figure 4. - Calibration probe locations. Unless otherwise noted, a l l  d imensions are i n  meters (ft). 
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Hot-wire probe i 
0.005 10.002) 1 
diam wire 

(a) Hot-wire probe. 

Chromel-Alumel ,/ / 

(b) Temperatu re probe. 

Figure 5. - Probe details. A l l  dimensions are i n  mill imeters ( i n . )  unless noted otherviise. 
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radius 

(c) Pitot-static probe. 

Figure 5. - Concluded. 
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Figure 6. -Correlation of piezonieter ring differentla, pressure anti test- 
section dynarlic pressure. 
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40 
Velocity contro l  condi t ions 

Constant  compressor speed, and  variable 
f low contro l  door posi t ion 

---- Variable compressor speed, and  flow 
contro l  door f u l l y  open 

0 L 
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Piezometer r i n g  d i f ferent ia l  pressure,  APo, ~ / m ~  
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Piezometer r i n g  d i f ferent ia l  pressure,  APo, lb/ft2 

Figure 7. - V/STOL test-section velocity range at midposition. Tunne l  tota l  temperature, 
303 K (545' R). 
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F igure 8. - Test-section dynamic p ressure  var iat ion at midposi t ion (s tat ion 40.6). 
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Figure 9. - Test-section static-pressure variation. 

Vertical axis 

Figure 10. -Orientat ion of hot-wire probe i n  tunne l  airflow. 



(a) Rakes at forward oosition (station 27.7). 

0 

0 - rms 0 

(b) Rake at midposition (station 40.6). 

Rake 

0 1 
0 2 
0 3 

- r m s o  

.41 
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Average dynamic pressure, Q, ~ / m 2  

I 
0 10 20 30 40 50 60 /O 

Average dynamic pressure, 1b/ft2 

(c) Rake at aft position (station 52.6). 

Figure 11. - Percent turbulence i n  test section with 40-percent-open 
slotted walls. 
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0 .;Ceiling and  side walls, 40 percent  open 

- - -- 'Side walls, 11 percent  open 

.41 
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Average dynamic pressure, j, ~ / m 2  
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Figure 12. - T u r b u l e n c e  level o n  rake 1 at midposit ion (station 40.6) w i th  two wall 
slot conf igurat ions.  

F igure 13. - Boundary-layer rake. 
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Figure 18. -Modified constant-acceleration tunnel inlet wall contour. 

Entrance section 
(area A") , 

Figure 19. - Constant-acceleration curve over length La. 



Dl , Lewis I c ing  Research Tunne l  
0.914m by 2.44m \, (1.83m by 2.74 m (6 f t  by 9 ft)) ld (3 ft by 8 ti)-. 

I '\ 

3.6 L im i t  f o r  ax isymmetr ic  7 -  by 10-Foot Wind 
t u n n e l s  (ref. 4)-, 1 Tunne l  (2.13 m by 3.048 m )  

'..I 
Langley V/STOL t u n n e l  (4.56 m I 
by 6. 55 m (15 f t  by 21. 5 ft)l-., 

YO ,- Lewis V/STOL t u n n e l  12.74 m 
Poor ,,' by 4.57 m (9 f t  by 15 f t ) )  

2. 8 f low f' 0-,1 2.13 m by 3.05 m (7 It by 10 ft) 

I \ by 4.57 m )  / Good 

. 8  
0 . 2  . 4  . 6  . 8  1.0 1.2 1.4 

Ratio of  i n le t  l eng th  to entrance hydrau l i c  diameter, L IT1  

Figure 20. - I n l e t  section design l im i t s .  (Dimensions a re  those of w ind  t u n n e l  
test section i n  meters (ft). The location of nongovernment  fac i l i t ies i s  not  
specified. 1 



Figure 21. - Stra ight- l ine-sect ion geometry. 

r Constant-  
; acceleration 

\i c u r v e  

Figure 22. -E l i i pse  geometry 



Figure 23. - Design coordinates for V/STOL in le t  contract ion section. (Dimensions are i n  meters (ft).) 
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Slot width parameters, AIL 

Figure 24. - Slot geometty parameters. (From ref. 6. 1 

Design value f o r  
9- by 15-Foot 
Wind  Tunnel, 

.21 
.4 . 8  1. 2 1.6 2.0 

Tunne l  d imens ion  ratio, H B 

Figure 25. - S l o t  parameters fo r  zero l i f t  i n te r fe rence  f o r  a w i n d  
t u n n e l  w i t h  closed ver t ica l  walls. Slot parameter f o r  ver t ica l  
wal ls ,  PV = 0. (From ref. 5. 1 
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Figure 26. - V l S T O L t u n n e l  d i f f use r  conf igurat ion.  
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Figure 27. - Typical d i f fuser  per formance c u r v e  fo r  f ixed area rat io  and in le t  
boundary- layer  th ickness.  
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Figure 28. - Comparison of  d i f f use r  s tat ic-pressure recovery for  a n  area ratio, 
A2/A1 = 3.0. (Data f rom refs. 12 and 13. I 
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Figure 29. -Compar i son  of predicted and  measured stat ic-pressure 
recovery for  two axial locat ions i n  I c ing  Research Tunne l  i lRTi  
d i f f use r  ( ~ 6 ' / 3 ~  - 0.Oli. 
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Figure 30. - D i f f u s e r  per formance cu rves  for  bount lary- !dyer  th i ck -  
ness parameter  2':] D1"O. 01. 

Di f fuser  area rat io .  A2 A1 

F igu re  31. - Calculated overal l  io ta! -pressure loss fo r  d i f f use r  w i th  
sudden expansion. Determined at maximum static-pressure re -  
covery and  fo r  boundary- layer  th i ckness  parameter  2 6 ' : ' / ~ ~  ~ 0 . 0 1 .  
Area ratio. A1/Ae = 0. 141. 
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