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Summary.'~A 9 X 3 in. high-speed wind tunnel driven by a compressed-air injector has been built in the 
Aerodynamics Division of the National Physical Laboratory. The tunnel operates at roughly atmospheric stagnation 
pressure and has so far been used to give Mach numbers up .to 1.8. The general arrangement of the tunnel and the 
preliminary calibration, which'is generally satisfactory, are described. 

1. Introductioni--It was proposed I to construct two 36 × 12 in. high-speed wind tunnels 
on tile West Aero. site at the National Physical Laboratory t .  Both were intended primarily 
for two-dimensional experiments; one for flutter work, and the other to augment the facilities 
provided by  the existing 20 × 8 in. tunnel (R. & M. 20672) for testing aerofoil sections, t t  was- 
thought  that,  in addition to providing data for tile design of these larger tunnels, a quarter-scale 
model would itself be useful for tests on aerofoils and for other experiments. 

2. Description o f W i n d  Tunnd.--The 9 × 3 in. funnel is driven from the existir/g compressed, 
air storage receivers and compressors through a 3-in. d iameter  pipe. This pipe together with t h e  
pressure chamber of the tunnel is designed to withstand the full ava i lab le  pressure of 
25 atmospheres. The general arrangement is shown in Figs. 1 and 2 and details of the design 
are outlined in tile following sections. Data  relating to tile design a re  set out in Table 1. 
As in the other N.P.L. tunnels, drying of the air in the tunnel depends on the displacement 
of moist air by  the dry air injected to drive tile tunnel. 

The pressure chamber and tile working-section were designed so that  the tunnel c6iild be 
converted to be 6 in. wide with the minimum of alteration to tile metal work. Thus, the Casting 
of the pressure chamber is large enough to house a 6-in. wide injector, and tile width of the 
working-section could be doubled by doubling the widths of the top and  bottom channels. 
A new wooden contraction and wooden first diffuser would be needed if it were decided to widen 
the tunnel, and the contraction ratio and the area ratio at the first corner would, of course, 
be halved. These precautions were taken since it was felt tha t  a 3 in. tunnel might be too 
narrow for some experiments. I t  is not proposed to reproduce the arrangement on the 36 X 12 in. 
tunnels. 

* Published with tile permission of the Director, National Physical Laboratory. 

t After this report was written it was decided to build One of the new tunnels with a workingsecti0n 36 x 14 in., 
and tile other with a working-section 25 × 20 in. 
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TABLE 1 

Details of 9 × 3 in. Wind-Tunnel 

(Note: All area ratios are based on a nominal 9 × 3 in. working-section.) 

Injector (see Fig. 3) 
Dimensions of tunnel at injector 
Minimum width of injector slot 
Maximum width of injector slot 
Minimum area ratio of injector slot 
Maximum area ratio of injector slot 
Maximum total head of inducing air 
Total temperature of inducing air 

9.75 × 3.0 in. (25 × 7½ cm) 
O. 003 in. (0.08 Into) 
O. 119 in. (3 ram) 
O" 0028 
O. 1125 
25 atm 
roughly atmospheric 

Working-Section (see Fig. 4) 
Maximum length 
Maximum height 
Width 
Total head of induced air 
Total dry-bulb temperature of induced air 
Relative humidity of air upstream of contraction* 

nominally 36 in. (91½ cm) 
9.75 in. (25 cm) 
3-0 in. (7½ cm) 
roughly atmospheric 
roughly atmospheric 
roughly 10 per cent 

Contraction 
Contraction ratio 
Dimensions upstream of contraction 

1 6 : 1  
21 × 21 in. (53 × 53 cm) 

Gauze Screens 
Upstream of contraction 
Downstream of exit valve 
Downstream of first diffuser section 

up to 4 screens 
1 screen 
stop net 

Corner Vanes 
Thickness (uniform) 
Chord 
Gap/chord ratio 

0"036 in. (0-9 mm) 
2" 75 in. (7 cm) 
O" 25 

First Diffuser Section 
Whole angle between top and bottom walls~ 
Whole angle between side walls 
Area ratio at first corner 
Dimensions at first corner 

4 deg 
6.5 deg 
6 . 5 : 1  
15.2 X l l .S in .  (38½ X 29cm) 

Second Diffuser Section 
Whole angle between top and bottom walls 
Whole angle between side walls 
Area ratio at second corner 
Dimensions at second corner 

3.7 deg 
7.6 deg 
8 . 3 : 1  
16.3 × 13.75 in. (41½ × 35 cm) 

* Depending on the pressure in the storage reservoir. This figure will be reduced to about 1 per cent when a new 
plant for drying the compressed Mr has been installed. 

The 9 in. dimensions of the working-section are in a vertical plane and will be referred to as the sides, the horizontal 
3 in. dimensions will be referred to as the top and bottom. 
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Third Diffuser Section 
Whole angle between top and bottom walls 
Whole angle between side walls 
Area ratio at third corner 
Dimensions at third corner 

O" 95 deg 
2.1 deg 
1 6 : 1  
21 × 21 in. (53 X 53 cm) 

Fourth Diffuser Section 
Whole angle between top and bottom walls 
Whole angle between side walls 
Area ratio at fourth corner 
Dimensions at fourth c o r n e r  

0 deg 
0 deg 
1 6 : 1  
21 x 21 in. (83 × 53 cm) 

Exit valve (see Fig. 5) 
Minimum width of exit slot 
Maximum width of exit slot 
Dimensions at exit slot 
Minimum area ratio of exit slot 
Maximum area ratio of exit slot 

0 
1.5 in. (3.8 cm) 
18½ × 18½ in. (47 × 47 cm) 
0 
4 : 1  

Note: The cross-section of the tunnel increases suddenly at the exit slot from 181 × 181 in. 
to 21 × 21 in. (see Fig. 5). 

Safety Valves 
Total area when fully open 
Maximum pressure excess of total  head of induced air 

roughly 90 sq in. 
0.05 atm 

2.1. The Injector and Pressure Chamber.--In order tha t  an induced-flow tunnel supplied from 
compressed-air storage shall operate as efficiently as possible over a range of Mach number 
it is desirable 3 that  the area of the injector slot shall be adjustable. If Mach numbers in excess 
of those obtained in the present experiments (1-8) are required, it may be necessary to use 
an injector slot of convergent-divergent shape instead of the wholly convergent shape used in 
the present tunnel. I t  was, therefore, desirable to construct the injector so that  the slot widths 
could be varied, and so tha t  a convergent-divergent slot of adjustable area ratio could, if 
necessary, be constructed without serious difficulty. This has been done by forming the slot 
between two detachable pieces (A and B of Fig. 3) termed the nozzle and antinozzle, the former 
being fixed and the lat ter  adjustable. In the present tunnel these are shaped to a wholly 
convergent slot of adjustable width giving critical sonic conditions at exit followed, under 
most working conditions, by  an expansion of the inducing air as a part ial ly free supersonic jet. 
They could; however, be replaced by new pieces to give a nozzle-shaped slot whose area ratio 
could be varied by moving the antinozzle. 

The pressure chamber containing the injector is located immediately downstream of the 
working-section as shown in Fig. 2; details of its construction are shown in Fig. 3. The 
compressed air enters a ring-main surrounding the tunnel through four entries I supplied by  
a symmetrical system of pipe work. I t  then passes into the tunnel through four separate 
injector slots one in each wall of the tunnel. Each antinozzle piece B and 13' is connected 
by  rods C to a piston P (two pistons in the case of B') of the same area so tha t  the pressure 
on the inner face of the antinozzle piece is balanced*. The pistons with their attached anti- 
nozzles may be moved along cylinders by  screws driven by worms operated by the hand-wheels H, 

* The  sub-a tmospher ic  pressm'e in t i le  t unne l -on  the  outer  face of the  ant inozzle remains  unbalanced,  b u t  the  
mechanica l  advan tage  of the  sys tem is sufficient for there  to be no de tec tab le  change in the  torque requi red  to ro t a t e  
the  hand-wheels  H when the pressure is applied.  In  the  new 18 × 14 in. tunnel  ~, which is to work with  the  to ta l  
head  of the  induced  air up  to 3 a t m  absolute,  complete  pressure balance  is accomplished b y  dril l ing the  t ie-rods C so 
t ha t  the  pressure in the  tunnel  is equal  to t ha t  on the  outer  face of t i le pistons.  

3 
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thus altering the width of the injector sldts. The seals between the cylinders and pistons 
are made by means of piston rings, and the  whole assembly has been found to be remarkably 
free from leaks. The widths of the slots are indicated directly by  Veeder counters attached 
to the hand-wheels H and reading in thousandths of an inch. 

One practical disadvantage of the arrangement has been found to be that  dirt which is p r e se n t  
in the inducing air may become lodged in the slot and lead to mechanical damage if the slot 
is then closed. This has been overcome by  placing an improved air filter in the supply system, 
an earlier filter having failed and led to damage of the type described: 

2.2. The Exit Valve.--In order to keep the pressure in the tunnel constant, a quant i ty  of air 
equal to that  which is injected through the injector slot is allowed to escape through the exit 
valve. This valve is located immediately upstream of the third corner (see Fig. 2) and is shown 
in detail in Fig. 5. In principle it is essentially a backward-facing suction slot at which a small 
amount of diffusion is allowed to occur suddenly. Referring to Fig. 5, the slot is formed between 
a fixed piece D and the end of a flexible metal plate A which is built-in at the downstream end 
and supported at the upstream end by rods C attached to a stiffening rib soldered to plate A. 
The width of the slot is adjusted by flexing the plate by withdrawing the rods C with a rack and 
pinion E. The rods C of all four exit slots are connected to a hand-lever by a single continuous 
chain F. The air which is withdrawn passes into an annular chamber which surrounds .the 
tunnel, and thence into a duct which removes it from the tunnel room. 

2.3. The Working-Section:--The top and bottom members of the working-section (see Fig. 4) 
are cast-iron channels 3 in. wide. These are drilled to take the bolts which hold the wooden 
liners, and to allow the pressure-measuring tubes to be brought out of the tunnel. A pair of 
adjustable walls made of flexible steel plate are being constructed for the tunnel. These are 
to be shaped by micrometer screws passing out through the top and bottom channels in a 
manner similar to tha t  used on the 20 × 8 in. tunnel. 

The sides of the working-section are formed by brass plates fitted with 1-in. thick glass suitable 
for schlieren work. The lengths of these plates are so arranged tha t  the turntables in which 
the model is held may be placed within 4 in. of any point along the length of the working-section. 
The seals between the side plates, and between these plates and the top and bottom channels 
are accomplished entirely by metal-to-metal but t  joints, the faces of the individual plates being 
made true to within 0. 0004 in. This has been done to ensure tha t  the interior surface of the 
working-section is free from steps or gaps. 

The model is held between turntables fitted with 13-in. diameter glass windows and its incidence 
is adjusted by  rotating the turntables which are interconnected by a shaft passing through a 
clearance hole in one of the wooden liners of the working section. 

The 9-in. sides of the working-section are parallel and all allowance for the growth of the 
boundary layers on the walls is made on the 3-in. wooden liners at the  top and bottom. 
Wooden liners are available for subsonic running and for supersonic work at Mach numbers 
of 1-4, 1.6 and 1.8. Delay in the manufacture of the exploring apparatus for the working- 
section has prevented a detailed examination of the flow here, but  schlieren observations have 
shown the supersonic'liners to give streams which appear to be substantially free from wavelets. 
The shapes of the liners are set out in Table 2 and shown in Fig. 6. This diagram also shows 
the positions of the regions of constant Mach number (' test diamonds ') for the supersonic 
liners. 

The pressure distributions along the subsonic liners are shown in Fig. 7, and it is clear tha t  
the allowance which was made for the growth of the boundary layer (0-009 in. per in. on each 
of the two liners) is rather too large. This allowance was calculated from Refs. 5, 6 and 
R. & M. 20687 on the assumption that  the boundary layer was turbulent. I t  is proposed to 
modify the liners in an a t tempt  to obtain a more uniform pressure distribution. 
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TABLE 2 

Shapes of Supersonic Liners 

M =  1.4 M = l . 6  M---- 1.8 

x y x y x y x y x y 

0 0.558 
0.05 0.586 
0.169 0.672 
0.684 0.927 
1-160 1-170 
1.636 1.387 
2.112 1.554 
2.588 1.690 
3.063 1.774 
3.539 1.910 
4.015 2.002 
4.491 2.083 
4.967 2.150 
5.442 2.205 
5.918 2.248 
6-394 2.280 
6.870 2.297 
7.346 2.304 
7.821 2.294 
8.297 2.274 
8.773 2-247 
9.250 2.215 
9.725 2.179 

10.200 2.142 
10.676 2.104 
11.152 2.068 
11.628 2.031 
12.104 1-996 
12 .579  1"963 
13.055 1-931 
13.531 1-903 
14.007 1"876 
14.483 1-852 
14.958 t .830 
15;434 1.811 
15.914 1'793 
16.386 1.779 
16-862 1"765 
17"337 1"753 
17"813 1"744 
18.289 1"736 
18.765 1"730 
19-241 1.723 
19.716 1"719 
20-192 1"714 
20.668 1.709 
21.144 1.704 
21.620 1.701 

Straight 
44.0 1.500 

0 0.558 
0.3 0.727 
0.6 0.894 
0.64 0.90 
0-79 0.981 
1.24 1.223 
1.69 1.464 
2.14 1.698 
2-59 1.889 
3.04 2.050 
3.49 2.199 
3.94 2.334 
4.39 2.455 
4.84 2-565 
5.29 2.661 
5.74 2.742 
6.19 2.811 
6.64 2-866 
7.09 2.908 
7.54 2.938 
7.99 2.953 
8-29 2.956 
8.708 2.949 
9.149 2.926 
9.590 2.893 

10.031 2.850 
10.472 2.799 
10.912 2-743 
11-353 2.685 
11.794 2.626 
12-235 2.568 
12.676 2.512 
13.117 2.458 
13.556 2.407 
13.997 2.359 
14.438 2-314 
14.879 2.272 
15.320 2-232 
15.761 2.194 
16.202 2.163 
16.642 2.131 
17.083 2-106 
17.524 2-080 
17.965 2.056 
18.406 2.038 
18.847 2.022 
19.288 2-008 
19.727 1.998 
20.168 1.989 
20.609 1.981 
21.050 1.974 
21.491 1.969 
21.932 1.963 

22.373 
22.813 
23.254 
23.695 
24.0 
24.5 
25.0 
25.5 
26.0 
26.5 
27.0 
27.5 

Straight 
44.0 1.5 

1.957 
1.953 
1-948 
1.944 
1-938 
1.933 
1.926 
1.920 
1.915 
1.907 
1.897 
1.886 

0 0.558 
0.5 0.83 
1.0 1.15 
1.5 1.46 
2.0 1.77 
2.9 2.360 
3.285 2-566 
3.615 2.745 
3.945 2-922 
4.205 3-099 
4.605 3.270 
4.935 3.430 
5.265 3.560 
5.595 3.671 
5.925 3.771 
6.255 3.860 
6-585 3.939 
6.915 4.007 
7.245 4.065 
7-575 4.112 
7.905 4.149 
8.235 4.171 
8.565 4.191 
8.895. 4.197 
9.115 4.186 
9.336 4.161 
9.556 4.126 
9.776 4.085 
9.997 4.043 

10.217 4.00 
10.437 3.958 
10.658 3.915 
10.988 3.851 
11.319 3.790 
11.649 3.729 
11.980 3.671 
12.310 3.616 
12.642 3.562 
12.972 3.512 
13.302 3.465 
13.633 3.421 
13.964 3.381 
14.294 3.345 
14.625 3.312 
14.955 3.282 
15.286 3.267 
15.616 3.233 
15.947 3.212 
16-277 3.193 
16.608 3.178 
16.938 3.165 
17.268 3.154 
17.599 3.146 

17"939 3.139 
18-260 3" 134 
18" 590 3.130 
18-921 3" 126 
19-251 3" 123 
19"5 3.120 
20.0 3.115 
20"5 3.110 
21.0 3"103 
21-5 3'087 
22"0 3.054 

Straight 
44.0 • 1.5 
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With an injector of the type used, the Mach number which can be reached in the working- 
section is limited (R. & M. 24488) by choking caused by the formation of a throat in the tunnel 
by the inducing air before mixing takes place. Choking can be postponed, and a higher Mach 
number  attained, by reducing the size of the working-section by placing an expanding channel 
between it and the injector. Following some preliminary experiments in a 2-in. square tunnel, 
the liner shown in Fig. 6 was designed for the 9 x 3 in. tunnel and a Mach number of 1.8 reached. 
Mach numbers up to 2.0 were obtained in tile 2-in. tunnel, but the working-section of the 
9 × 3 in. tunnel was too short to enable the required shape to be reproduced. An at tempt to 
obtain a Mach number of 2.0 in the 9 X 3 in. tunnel by making the expansion upstream of the 
injector with an angle of 12 deg between the top and bottom walls* was a failure, the flow 
separating from the  walls and the tunnel shock-wave remaining in the nozzle. It was found 
that  under these conditions the injector could maintain the greatest pressure ratio at the widest 
injector slot width, that  is, tile tunnel shock-wave could be forced further downstream at wide 
than at narrow slot widths. It is thought that  the efficiency could be improved and higher 
Mach numbers obtained by improving the efficiency of diffusion between the working-section 
and injector. This would require that some form of supersonic diffuser (other than a near-normal 
shock wave) should be inserted ahead of the expanding channel. If this were to be done, however, 
the working-section would need to be lengthened. This might also be desirable if a choked 
throat",1°. ~ is to be used at the downstream end of the subsonic working-section to prevent 
disturbances from the injector passing upstream~. A longer working-section would also 
facilitate the design of liners containing slotted walls for the reduction of tunnel interference 
at transonic speeds .  

Since it is known ~ that  the length of the working-section has little effect upon tile power 
requirements, it is suggested that  the present length of the working-sections of the proposed 
36 × 12 in. wind tunnels should be increased by about 6 ft, a similar length being added between 
the second and third corners to complete the circuit. 

2.4.. The Return Circuit.--The return circuit is constructed in the main of } in. plywood and 
is of rectangular section throughout. The corners are fitted with cascades of 0.036-in. sheet 
metal vanes of the type recommended by Salter (R. & M. 2469~3), the gap/chord ratio is 0.25. 
Each corner is fitted with glass panels in the side walls to enable the flow to be visualized by 
streamers. Safety valves designed to limit the pressure in the tunnel to 1.05 arm are fitted in 
the wall of the long arm of the return circuit. Bushes for the insertion of exploring apparatus 
are provided at several points round the tunnel circuit as shown in Fig. 2. 

2.5. The Contraction.--The contraction was designed on the basis of a method described by 
Cheers (R. & M. 2137 ~) and has a ratio of 16 : 1. The method consisted simply of designing 
two of Cheers' curves, one leading up to the long and the other to the short side of the working- 
section, the longe r sides becoming parallel roughly 10 in. further upstream than the shorter 
(the distance depending upon the liners which are being used in the working section). This 
application of Cheers' method has little theoretical justification, but unpublished pressure 
measurements+ + indicated that  over a wide range of working-section Mach number it gave a 
channel along which the pressure fell monotonically. 

2.6. Gauze Screens.--Provision was made for the insertion of a stop-net at the downstream 
end of the first diffuser section to protect the corner vanes in the event of a model becoming loose 
in the working-section. A frame in which a gauze damping screen could be placed was provided 
downstream of the exit valve a n d  four similar frames were located upstream of the contraction. 
The positions of the screens are shown in Fig. 2. Details of the gauzes used are given in 
Table 3. 

* The corresponding angle in the 2-in. tunnel was 6 deg. 
The observations reported in section 4 suggest that noise from the injector forms a major part of tile turbulence 

in the working-section at low speeds. 
++ Made by A. E. Knowler. 



TABLE 3 

Details of Gauzes Used 

Mesh per inch 

30 

100 

Wire diameter 
in. 

0.048 

0.01 

0.0044 

Reynolds number of 
wireat 40 ft/see 

Stop Net 

210 

90 

Pressure-drop 
coefficient 

2.0 

7-0 

The pressure-drop coefficient is defined as the difference between the static pressures upstream 
and downstream of the gauze divided 'by the dynamic head. The coefficients tabulated have 
been taken from R. & M. 22761~, these values being in good agreement with those observed in 
the present experiment. The speed of 40 ft/sec used in defining the Reynolds number of the 
wires is the mean speed downstream of the exit valve and upstream of the contraction when 
the working-section Mach number is 0.9. The 30-mesh gauze was chosen to have a pressure- 
drop coefficient of 2 to satisfy the criterion given by Collar (R. & M. 186716) and by Batchelor 17 
for the removal of spatial non-uniformity. The 100-mesh gauze was selected for a high pressure- 
drop coefficient in order to reduce the turbulence TM, and the small wire diameter was chosen to 
reduce the turbulence introduced by the screen itself. 

3. Flow i s  the Tunnel C~rcuit.--The distributions of pitot and static pressure were measured at 
eight stations round the circuit along two perpendicular lines parallel to the walls of the tunnel 
and passing through the axis. The measurements were made at a working-section Mach number 
of 0.9 and at injector slot widths of 0.02 and 0.119 in. Separate pitot and static tubes each 
of external diameter 0.05 were used in turn, the datum pressure (H0) being the total head 
measured at a fixed pitot-tube immediately upstream of the contraction. Pressure differences 
were measured with a 26 in. Chattock gauge or with an alcohol tube inclined at 5 deg or at 
10 deg to the horizontal; a vertical mercury tube was used for some of the measurements 
immediately downstream of the injector slot. 

The static pressure at each station was found to be constant across the tunnel to within 
0-005 in. of water. Since the unsteady fluctuations of the tunnel were of this order and there 
was a considerable lag in the manometer, accurate measurements were not possible, and a mean 
value of the static pressure across the tunnel has been used in calculating the velocities. The 
uniformity of the static pressure shows that  the flow is sensibly free from swirl. 

The velocity profiles observed with the tunnel in its original condition are shown in Fig. 8. 
The velocity peaks associated with the high-velocity air stream injected through the 3-in. long 
injector slots have disappeared at the second corner, but those associated with the air injected 
through the 9-in. slots persist at the beginning of the long arm of the return circuit. At both 
slot widths the velocity profiles just upstream of the exit valve are, however, free from peaks 
associated with the injected air, but are asymmetrical, the velocity being high towards the 
inside of the circuit. Since no serious overturning could be detected at the second corner, this 
asymmetry seems to be accentuated in the diffuser between the second corner and the exi t  valve. 
The asymmetry upstream of the exit valve is more pronounced with the wide than with the 
narrow injector slot width. The variations of total head across the tunnel upstream and 
downstream of the exit valve are shown in Figs. 9, 10 and 11. These show that  at the narrow 

i n j e c t o r  slot width the distribution across the tunnel does not change greatly after passing the 
exit slot and is moreover not sensitive to the exit slot width. At the wide injector slot width, 
however, the asymmetry is increased on passing the exit slot and a separation occurs from the 
lip of the slot on the outside of the circuit. The distribution downstream is more sensitive 
to the width of the exit slot than for the narrower injector slot. 
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By the time the flow has reached the upstream end of the contraction, however, the velocity 
profiles for the two injector slot widths are vi r tual ly  identical and both show a marked 
asymmetry with a region of high velocity close to the inside of the circuit. The flow is more 
uniform across the tunnel in a dil:ection parallel to the 9-in. dimension of the working-section. 
The distributions upstream of the contraction were independent of the width of the exit slot. 

It was found that  the distribution ahead of the contraction could be greatly improved by 
inserting a gauze screen of pressure-drop coefficient 2.0 downstream of the exit valve. The effect 
of this screen and of other screen combinations on the flow ahead of the contraction is shown in 
Figs. 12 and 13. The gauze arrangements used are set out in Table 4. 

TABLE 4 

Gauze Arrangements Used 

Gauze a r rangement  number  

5 

6 

7 

8 

9 

10 

Mesh per inch of screen at  gauze posi t ion (Fig. 2) 

A B 

30 

30 

30 

30 

30 

30 

3 0 ,  

30 

D 

30 

30 

30 

30 

100 

100 

100 

100 

100 

100 

E 

100 

100 

100 

100 

100 

F 

100 

100 

100 

100 

The empty-tunnel  distribution was slightly improved by the insertion of the stop-net upstream 
of the first corner (AA in Fig. 2). The distribution with the stop-net and exit-valve screen 
present was greatly improved by the insertion of a second 30-mesh screen ahead of the 
contraction. The addition of 100-mesh screens of pressure-drop coefficient 7.0 downstream of 
this screen has an adverse effect on the total-head distribution, and this is probably due to 
the fact that  they were not quite uniform. These high-resistance screens had, however, a 
favourable effect on the turbulence (see section 4). 

The simple theory put forward by Collar (R. & M. 1866 TM) suggests that  the ratio of a spatial 
velocity perturbation to the mean velocity across the tunnel will be reduced on contraction 
by the square of the contraction ratio. The effect of compressibility on this reduction factor 
will be to increase it by roughly the square of the ratio of the densities upstream and downstream 
of the contraction. Thus since the velocity distribution ahead of the contraction is uniform, 
that  at the entry to the working-section would be expected to be very good. 

Static-pressure measurements along the walls of the first diffuser between the injector and the 
first corner are shown in Fig. 14. These show that  the static pressure rises continuously along 
the diffuser and, together with the measurements across the tunnel upstream of the first corner, 
suggest that the flow is not separating from the walls. 
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4. Tu~'bulence Measurements.--The root-mean-square values (u') of the longitudinal component 
of the turbulent velocity fluctuations were measured with a hot-wire upstream of the contraction 
and in the working-section (see Fig. 15). The measurements in the working-section were made 
at low speeds only (up to 200 ft/sec). No measurements of the transverse components of the 
turbulent fluctuations were made. The stop-net and a single 30-mesh screen downstream of 
the exit valve were present throughout the measurements. The results are set out in 
Tables 5 and 6. 

4.1. Turbulence Upstream of the Contraction.--The intensity of the longitudinal component 
• of the turbulence (u'/U) based on the speed upstream of the contraction is plotted as a function 

of working-section Mach number in Fig. 16. The turbulence increases in a manner which is 
very roughly proportional to the Mach number and does not depend greatly on the injector 

TABLE 5 

Turbulence Upstream of Contraction 

• Worldng-section Slot width Screen mesh Based on velocity 
(in.) per inch* ut)stream of contraction 

Mach Velocity C D E F u'/U 
Number (ft/sec) (per cent) 

0"7 

0.9 

0-9 

1"6 

1"6 

0"11 

0"7 

0"9 

0"9 

120 

0"02 

0"02 

0"119 

0"02 

0"119 

0"02 

0-02 

0"02 

0"119 

30 

30 

30 

1-62 

1 "94 

1.91 

4" 19 

3"22 

0"74 

0"80 

0.89 

0-85 

0"9 0-02 100 0"89 

IO0 0"02 

0"02 

0"02 

0.02 

0.02 

0-119 

0"02 

0.119 

0.02 120 

30 

30 

100 

100 

30 

30 100 100 100 

30 100 100 100 

30 100 100 100 

30 100 100 100 

30 100 100 100 

30 100 100 100 

0"9 

0"9 

0"9 

0"7 

0"9 

0"9 

1"6 

1"6 

0"11 

0"71 

0"75 

0 "73 

0"47 

0.47 

0"47 

0"89 

0"93 

0-04 

* The screen letters refer to Figs. 2 and 15. 
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slot width. Table 5 shows that  the turbulence is lowest when all four screens are present (the 
pressure-drop coefficients are given in Table 3) being a little less than ½ per cent at top subsonic 
speed and nearly double this at a Mach number of 1-6. For single screens the quant i ty  u'/U 
is plotted against the pressure-drop coefficient (k) in Fig. 17. I t  appears tha t  the reduction 
of turbulence produced by increasing the pressure-drop coefficient beyond 2.0 is comparatively 
small: 

The limited set of observations which were made are in fair agreement (Fig. 17) with the 
predictions of Dryden and Schubauer 18. For a number of widely spaced screens in sequence 
with individual pressure-drop coefficients kl, k2, k~ . . . Dryden and Schubauer suggest tha t  the 
reduction of turbulence is given by 1/~/(1 + k~)~/(1 + k2)~/(1 + k3) . . . .  The observed 
turbulence with four screens in position is plotted in Fig. 17 at a pressure-drop coefficient equM 
to the sum of the individual coefficients of the screens and i s  seen to be in fair agreement with 
t h e c u r v e  1/V~(1 + Ek). The value corresponding to 1/~/(1 + kl)V'(1 + k~)v'(1 + ka) . . .  is 
considerably lower than the observed value. Table 5 shows that  the turbulence downstream is 
roughly the same for a 30-mesh screen followed by a 100-mesh screen as for a 100-mesh followed 
by a 30-mesh screen. Provided tha t  the turbulence introduced by the screen is allowed to 
decay this observation is again in accordance with Dryden and Schubauer's suggestion tha t  the 
pressure-drop coefficient is the important  parameter. The use of a fine screen upstream of one 
with a pressure-drop coefficient of about two has certain advantages* since the coarse screen 
is thus protected from dust and oil, and moreover, gives a good velocity distribution downstream. 
Table 5 also suggests that  within the limits used the spacing of the screens has a relatively 
small effect upon the turbulence. 

4.2. Turbulence in the Working-Section.--Table 6 shows that  at low speeds the turbulence 
in the working-section depends considerably on the slot width. The lowest value of u'/U which 
was measured is 0.09 per cent which is double tha t  upstream of the contraction. Since u'/U 
might be expected (R. & M.'s 18661°, 2437 ~ and Refs. 22, 23) to decrease on contraction, and 
since there is an effect of varying slot widtht ,  it is thought that  noise from the injector plays 
an important  part  in determining the turbulence in the working-section. I t  has been known 
for some time that  induced-flow tunnels of the type used become more noisy as the slot width 
is increased. 

TABLE 6 
Turbulence in Working-Section 

Velocity in , 
working-section 

(ft/sec) 

120 

120 

120 

120 

200 

200 

Slot width 
(in.) 

0.02 

0"119 

0-02 

0"119 

0"02 

0"119 

C 

30 

30 

30 

30 

Screen mesh per inch:~ 

D E F 

100 100 100 

100 100 100 

100 100 100 

100 100 100 

.Based on velocity 
in working-section 

u'/U per cent 

0"21 

0.35 

0.09 

0.34 

O" 29 

0-39 

The screen letters refer to Figs. 2 and 15. 

* This arrangement has beeI1 used for some years on tile 20 × 8 in. wind tunnel at the N.P.L. In this case, however, 
the fine screen is in a region of larger cross-sectional area and lower velocity than the coarse screen. 

Being absent ahead of the contraction this effect is presumably caused by noise passing upstream into the working- 
section. 
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It is not known how much the contribution of noise to the turbulence in the working-section 
varies with Mach number. Photographs taken with a sensitive schlieren apparatus and an 
exposure of less than one microsecond have not, however, revealed any intense moving waves 
of the type reported in Refs. 9 and 10 in the empty working-section up to the top subsonic 
speed. Nevertheless it seems desirable to make provision for adjustable throats at the down- 
stream ends of the working-sections of the 36 × 12 in. wind tunnels so that  small regions of 
supersonic flow may be interposed between the injectors and working-sections. 

The effects of noise from downstream are, of course, absent when the tunnel is working with 
a supersonic speed in the working-section. 

4.3. Comparison with Other Tunnels.--Since the data on the effect of contraction on the 
turbulence of a stream are inconsistent at 10w speeds and  the effects of compressibility are 
unknown, it is not possible to estimate the turbulence in the working-section of the present 
tunnel at high Mach number from the observations upstream of the contraction.  If, however, 
the value of u'/U in the empty tunnel upstream of the contraction may be taken as a measure 
of the general level of the turbulence Table 7 shows that  the 9 × 3 in. wind tunnel compares 
favourably with the few low-speed tunnels for which data are available. 

TABLE 7 

Turbulence Upstream of the Contractions of Several Wind Tunnels 

Wind tunnel u'/U per cent Speed in working-section 

N.P.L. Low Turbulence* 

Cambridge (R. & M. 18422°) 

N.B.S. 4½ ft (Ref. 18) 

9 x 3 in.  

9 x3in .  

9 ×3in.  

3 

3.5 

2"3 

0"7 

1-9 

3.5 

j Low Speed 

M = 0.9 

M = l . 6  

* From some unpublished work by L. F. G. Simmons and R. W. Gould. 

5. Power Requirements.--The variation of the total head of the inducing air (termed the 
blowing pressure) with the width of the injector slot and the Mach number is shown in Fig. 18. 
Corresponding values of the mass ratio (the ratio of the rate of mass flow of induced to that  of 
inducing air) are shown in Fig. 19. They have been calculated from the measured blowing 
pressures on the assumption that  the injector slot is choked*. The area ratios of the abscissae 
of Figs. 18 and 19 are based on a nominal working-section area of 27 sq in. 

Comparison of Fig. 18 with the observations reported in Ref. 3 shows that  except for very 
narrow slot widths the blowing pressures of the 9 × 3 in. wind tunnel are rather greater  than 
those required for the 2}-in. diameter tunnel. This is at tr ibuted mainly to the change in the 
cross-sectional shape in the vicinity of the injector. An earlier investigation 24 which suggested 
that  the cross-sectional shape had little effect on the blowing pressure did not include a shape 
as extreme as a 3 : 1 rectangle. The discrepancies are however not sufficient to invalidate 
general performance predictions based on the measurements made in the 2}-in. tunnel (e.g., in 
Ref. 3). 

The influence of the stop-net and gauze screens on the blowing pressure is shown in Table 8. 

* The curves are shown dotted at blowing pressures below that at which the injector slot becomes choked. 
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TABLE 8 

Influence of Gauze Screens on the Blowing Pressure 

M = 0 . 9  

Gauze arrangement* 

Empty  Tunnel 

No. 8 

No. 1 

No. 9 

No. 10 

No. 4 

P / H  at slot width (in.) 

0"119 

2"35 

2"35 

2"42 

2.50 

2.55 

2.62 

0.060 0.020 

3"50 

3-50 

3"61 

3" 72 

3"78 

4.05 

7"16 

7"16 

7"56 

7 "71 

7 -96 

8"32 

0.003 

16-30 

16.30 

16-86 

17.60 

18-10 

18-97 

* See Table 4. 

It  is proposed to install compressed-air receivers with a total volume of 12,500 cu  ft at the 
West Aero. site at the N.P.L. If the tunnel is started when the pressure in these is the maximum 
value of 25 atm absolute then the possible maximum durations of tunnel runs on each of the 
3 × 1 ft wind tunnels will be of the order shown in Table 9. These values have been calculated 
from the measurements on the 9 × 3 in. tunnel in the manner  suggested in: Ref. 3. 

TABLE 9 

Estimated Maximum Duration of Runs on 3 × 1 f l  Wind Tunnels 

Mach mlmber in working-section Running time, minutes 

0.9 

1.6 

1.8 

16 

31 

2{ 

6. Scale Effect.--There appears to be little information on the effects of tunnel size on 
turbulence. I t  was appreciated that  in order to reproduce the full-scale conditions of decay, 
the full-scale gauze spacing should strictly be reproduced on the model. This would, however, 
have given a very long settling length and would have required a departure from the scale 
reproduct ion of other parts of the circuit. The data given in Ref. 23 suggested that  if the 
screen spacing was made to quarter-scale a considerable amount  of decay would still take 'place 
between the screens and this was, therefore, done on the model, where the screen spacing was 
made 1.2 in. (see Fig. 15). From the aspect of decay between the screens and downstream 
in the settling length and contraction the turbulence measurements on the model may, therefore, 
be expected to be pessimistic. Thus since with several screens in position much of the turbulence 
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downstream must be introduced by the sC4-ee,nfi, tkeiias~lves, the measurements made under these 
conditions are probably pessimistic. The effect of model scale on the intensity of ' the turbulence 
in the empty tunnel and on::the.effects of noise is, however, less certain. A, comparison 24 between 
observations on a 2{-in. diamete G a. 12-_i~.~,~iameter an d a 20 × 8 in. tunnel  has suggested 
that  there is probably; :little. s¢aie effec,tiQ~i)~i{e~power'requirements of induced-flow tunnels. 

• . . .  ~:  ? . . 4  - 2 ! 5 .  ':K,i !:. ' , . . '  * " , . .  

7. COmlusioics.mIn gefieral the tunnel S6~ms-t0,)be,satlsfactory as regards velocity distribution, 
turbulence and power requirements. T t i e  only' mkjo~ alteration to the design of the 3 ×, 1 It 
tunnels whfch is suggested ~s that  tl~ie length of the working-section shall be increased by about 
6 f t .  . , . , ,  - , ,~ :. 

8. Ach~aowledgmer~ts.--Mr. D. Giles arid t~<[r. A. F. Bray were responsible for the '  detailed 
design of the tunnel.' The major part  Was made in the Aerodynamics Division, N.P.L., 
Mr. R. W. Rowe being responsible for the woodwork and Mr. W. Rich and Mr. J. S. Wreford 
for the metalwork. The turbulence measurements Were made by Mr. R. W. F. Gould; and 
Miss N. A. Bumstea 'dhelped throughout t i le  experimental work and with the reduction of 
observations. : 

. 

. . . . .  i 
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FIG. 1. Photographs of the 9 x 3 in. tunnel. 
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