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57 ABSTRACT 
The Mach number and Reynolds numbers achieved in 
a transonic tunnel are increased by combining ejector 
augmentation with test section boundary layer re 
moval to atmosphere. Testing in the Reynolds number 
range of 6 x 106 per foot through 12 X 10 per foot in 
the transonic speed range is possible pursuant to the 
teachings of this invention. 

16 Claims, 2 Drawing Figures 
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METHOD AND APPARATUS FOR INCREASING 
THE REYNOLDS NUMBER CAPABILITY IN A 

TRANSONIC WIND TUNNEL 
As the Mach numbers achieved in the test section of 

a transonic tunnel rise, there is a corresponding bound 
ary layer build up. The boundary layer build up results 
in blockage and an increased energy consumption that 
imposes a practical limit of about Mach number 0.9. To 
reduce the blockage, the test section is provided with 
porous or slotted walls through which boundary layer 
removal takes place. Conventionally, as test section 
Mach numbers approach the transonic range, auxiliary 
suction is introduced in the plenum chamber surround 
ing the porous test section walls, so as to remove 
boundary layer build up and thus to relieve blockage. 
The operating range of transonic tunnels has been ex 
tended by this procedure but the tunnel operating lim 
its in Reynolds numbers are imposed generally by main 
drive power and boundary layer removal at higher 
Mach numbers. These limits are the result of the ineffi 
ciency of boundary layer removal since low energy air 
is being operated on and reintroduced into the tunnel 
to maintain the air mass of the system. Thus, a large 
amount of power is required to operate the removal 
process. These large power requirements occur in the 
main drive fan system when the removal is induced 
with flaps or other means at the trailing edge of the test 
section and in the compressor when an auxiliary re 
moval circuit is used. Accordingly, much of the time 
the compressor must operate at “off design' inefficient 
conditions. The operating pressure limits of testing in 
the tunnel are therefore restricted by these limitations. 
Reynolds number effects on skin friction, on bound 

ary layer transition, and on shock and boundary layer 
interaction have been identified as a primary cause of 
difficulty in scaling wind tunnel data to full-scale drag 
and other aerodynamic characteristics. 

It is an object of this invention to extend the Rey 
nolds number and Mach number capability of a tran 
sonic tunnel. 

It is a further object of this invention to reduce the 
main drive fan power load by boundary layer removal 
and ejector augmentation. These objects, and others as 
will become apparent hereinafter, are accomplished by 
the present invention. - 
According to the teachings of the present invention, 

a high pressure ejector system is located in a closed cir 
cuit wind tunnel downstream of the test section and in 
the forward end of the diffuser where it acts as an injec 
tor as well as an ejector. High energy air is injected into 
the diffuser boundary layer thereby tending to reduce 
the boundary layer thickness and, simultaneously the 
ejector accelerates the main flow and creates a corre 
sponding pressure rise at the downstream end of the 
diffuser, so that the pressure rise requirements of the 
conventional fan system are reduced. Because test sec 
tion static pressures at the desired Reynolds numbers 
are above atmospheric, boundary layer removal flow 
can exhaust directly to the atmosphere, and this re 
moval flow is replenished by the flow introduced 
through the ejector. Thus, the large amount of power 
required to operate the boundary layer removal system 
is eliminated, and the operating limits of the tunnel are 
extended. The simultaneous occurence of these pro 
cesses produce transonic flow at Reynolds numbers ap 
preciably greater than are presently obtained with con 
ventional power systems. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
For a fuller understanding of the present invention, 

reference should now be had to the following detailed 
description thereof taken in conjunction with the ac 
companying drawings wherein: 

FIG. 1 is a schematic plan view of a closed circuit 
transonic wind tunnel with ejector augmentation; and 
FIG. 2 is a sectional view taken along line 2-2 of 

F.G. 1. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

In FIG. 1 the numeral 10 generally designates a 
closed circuit transonic wind tunnel including a vari 
able pitch constant speed main drive fan 12 driven by 
motor 14, turning vanes V, a sphere plenum 26 sur 
rounding test section 18, a diffuser plenum 28, and dif 
fuser 30. Exhaust line 60 which contains throttle valve 
62 and exhaust valve 64 is in fluid communication with 
sphere plenum 26 and leads to atmospheric exhaust 
stack 66. 
Test section 18 has a model support strut 20 which 

supports model 22. Porous walls 24 separate test sec 
tion 18 from sphere plenum 26 with holes 25 permit 
ting fluid communication therebetween. Sphere 
plenum 26 is in fluid communication with diffuser 
plenum 28 through bypass valve 27 which is used for 
Mach number control. Fluid communication between 
diffuser plenum 28 and diffuser 30 is controlled by 
doors 29 which permit further boundary layer removal. 
Ejector nozzles 32 are mounted on the downstream 
side of the model support strut 20 to minimize block 
age. Additional peripheral ejector nozzles 34 are 
mounted in the diffuser 30 so that a portion of the high 
energy primary air supplied thereto will be injected into 
the local boundary layer. Ejector nozzles 32 and 34 
having exit Mach numbers in the range of 1.6 to 3.0 
have proven to be satisfactory. 
Supply tanks 36, 37 and 38 which contain air at high 

pressures such as 3,000 PSI are connected to manifold 
45 by lines 39, 40 and 41 containing valves 42, 43 and 
44, respectively. Manifold 45 supplies nozzles 34 via 
lines 46 and 47 which contain valves 48 and 49 respec 
tively. Manifold 45 additionally supplies nozzles 32 via 
line 50 which contains pressure regulator 51 and valve 
52 and which connects with manifold 53 which supplies 
nozzles 32 via lines 54, 55 and 56. 

OPERATION 

As best shown in FIG. 1, variable pitch constant 
speed main drive fan 12 driven by electric motor 14 
supplies high pressure air to the test section 18 where 
model 22 is located. The air passes from the test section 
18 to diffuser 30 from which it is returned to the main 
drive fan 12. The vanes V minimize friction losses in 
the wind tunnel 10 as the circulating high pressure air 
undergoes directional changes. Under the test condi 
tions under consideration, such as a Reynolds number 
of 11 X 10 per foot at Mach number 1.00, the static 
pressure in the test section 18 is above atmospheric 
and, therefore, boundary layer removal takes place 
through porous walls 24 without the requirement for 
auxiliary power. With throttle valve 62 and exhaust 
valve 64 open, as illustrated, the boundary layer air re 
moved exhausts to atmosphere from test section 18 via 
holes 25, exhaust line 60, throttle valve 62, exhaust 
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valve 64 and exhaust stack 66. Doors 29 are located in 
the upstream portion of diffuser 30 and rather than per 
mitting the conventional return of the boundary layer 
air removed from the test section as in the case of con 
ventional re-entry doors, doors 29 permit further 
boundary layer removal. The boundary layer air re 
moved from the upstream portion of diffuser 30 passes 
through doors 29 into diffuser plenum 28 and past by 
pass valve 27 into sphere plenum 26 where it joins with 
the boundary layer air removed from test section 18 
and passes to exhaust. The total amount of boundary 
layer removal is not increased by opening bypass valve 
27 to permit boundary layer removal but rather bypass 
valve 27 serve as a vernier control for controlling 
boundary layer removal and thereby the Mach number 
in the test section 18. Vernier control is possible be 
cause bypass valve 27 is much smaller than valve 62, 
e.g., 30 inches and 8 feet, respectively, and a 30° open 
ing of bypass valve 27 would correspond to approxi 
mately a 1 opening of valve 62. 
Since the air mass of the system must be maintained 

to achieve the desired Reynolds numbers, the ex 
hausted air must be replaced. To replace the relatively 
low energy boundary layer air exhausted to the atmo 
sphere, ejector nozzles 32 and 34 are connected to a 
source of high pressure air defined by supply tanks 36, 
37 and 38. Ejector nozzles 32 are mounted in the wake 
of model support strut 20 to minimize blockage and so 
are located in the mainstream where the high energy 
flow mixes with the mainstream. Ejector nozzles 34 are 
located in the start of the diffuser, their location being 
so chosen that a portion of the high energy primary air 
would be injected into the local boundary layer. The 
energizing of this boundary layer averts separation and 
thus improves diffuser efficiency. An appreciable in 
crease in the energy level of the flow is thus obtained 
by mixing a relatively small mass of high-energy air sup 
plied via ejector nozzles. 32 and 34 with the main 
stream. After the diffusion process this additional en 
ergy is manifested as a pressure increase at the diffuser 
exit. The fan pressure rise is applied as a further incre 
ment above this value, so that tunnel operation is possi 
ble at greater stagnation pressures and hence higher 
Reynolds numbers without increasing the main drive 
power input. 
The ejector tunnel is not a continuous flow system, 

but rather resembles a blow-down tunnel. Since the 
blow-down time is very short compared to the pump 
back time, high-speed sequencing is required to coordi 
nate all phases of the operation of the ejector system. 
The main fan system is rapidly unloaded during the 
start of the ejection system. The amperes to the electric 
motor 14 are maintained during this period by chang 
ing the fan blade pitch of fan 12, which is reduced again 
prior to turning the system off. The nozzle valves and 
regulator system is sequenced by a timing control panel 
and the data-gathering process is controlled by a mini 
computer or the like. Mach control is done with the 
computer operated servo-controlled bypass valve 27 
which regulates the boundary layer removal by sensing 
Mach number. 
Although the above description is directed to a tran 

sonic wind tunnel employing a main drive fan 12 with 
only supplemental or replacement flow provided by the 
ejector system, if desired, the ejector system can also 
be employed to provide the main flow. Such a system 
would eliminate main drive fan 12 and its motor and 

4 
would require an ejector system of increased capacity 
but otherwise would be similar to the system illustrated 
and described above. Other modifications such as 
changing the location from which the control boundary 

5 layer removal take place are also possible. Addition 
ally, the teachings of this invention may be applied to 
existing tunnels to extend their range of operation. The 
structure of conventional wind tunnels may be modi 
fied or adapted for using ejector augmentation. For ex 
ample, doors 29 may be the conventional re-entry 
doors and exhaust line 60 may be incorporated into an 
auxiliary compressor circuit used to pressurize and re 
turn the boundary layer air removed from the test sec 
tion to the system. The number of bypass valves 27 the 
size of the various valves, the capacity of the storage 
tanks 36, 37 and 38 and the number and location of 
nozzles 32 and 34 will be dictated by design consider 
ations such as the mass flow rate of the air, the rate of 
air mass removal at the boundary layer, the duration of 
operation required or desired and the intended range 
of operation. 
Although a preferred embodiment of the present in 

vention has been illustrated and described, other 
changes will occur to those skilled in the art. It is there 
fore intended that the scope of the present invention is 
to be limited only by the scope of the appended claims. 

I claim: 
1. A method for increasing the Reynolds number ca 

pability in a closed loop wind tunnel including the steps 
of: 

circulating air through the wind tunnel; 
withdrawing air from the boundary layer of a first 

portion of the wind tunnel which defines a test sec 
tion so as to control boundary layer build up; 

exhausting the air withdrawn from the boundary 
layer of the test section; and 

injecting high energy air into the wind tunnel at a 
point downstream of the test section whereby 
blockage due to boundary layer build up is re 
duced, the air mass flow is maintained and the op 
erating range of the wind tunnel is extended. 

2. The method of claim 1 further including the steps 
45 of: 

withdrawing air from the boundary layer of a second 
portion of the wind tunnel located downstream of 
the first portion as a control flow and correspond 
ingly reducing the amount of air removed from the 
boundary layer of the test section so as to maintain 
a desired total flow from the wind tunnel; and 

controlling the rate of withdrawing air from the 
boundary layer of the second portion whereby the 
Mach number achieved in the test section is con 
trolled. 

3. The method of claim 2 wherein the high energy air 
is supplied from an external source of high pressure air 
and at least a portion of the injected air is directed to 
ward the local boundary layer in the second portion 
and thereby averts separation. 

4. The method of claim 1 wherein at least a portion 
of the injected air is directed toward the local boundary 
layer. 

5. The method of claim 1 wherein the wind tunnel is 
operated at a stagnation pressure above atmospheric 
pressure and the circulation of air through the wind 
tunnel is caused solely by the high energy air. 
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6. In a closed loop wind tunnel which includes a test 
section, a diffuser and means for circulating air through 
the wind tunnel, the improvement which comprises: 
means for withdrawing air from the test section to 
control boundary layer build up; 

means for exhausting to the atmosphere the air with 
drawn from the boundary layer of the test section; 
and 

means for injecting high energy air into the wind tun 
nel at a point downstream of the test section 
whereby blockage due to boundary layer build up 
is reduced, the air mass flow is maintained and the 
operating range of the wind tunnel is extended. 

7. The improvement according to claim 6 further 
comprising: 
means for withdrawing air from the diffuser to con 

trol boundary layer build up; and 
means for controlling the rate of removal of the air 
from the boundary layer of the diffuser whereby 
the total rate of boundary layer removal in the wind 
tunnel remains constant while the Mach number 
achieved in the test section is controlled. 

8. The improvement according to claim 7 wherein 
said means for injecting high energy air into the wind 
tunnel includes a source of high energy air and a plural 
ity of ejectors located in the diffuser downstream of the 
test section with at least a portion of said ejectors dis 
charging into the local boundary layer. 

9. The improvement according to claim 8 wherein 
the means for withdrawing air from the test section in 
cludes porous walls defining the test section walls. 

10. The improvement according to claim 8 wherein 
the means for withdrawing air from the diffuser in 
cludes at least one door located downstream of the 
ejectors which discharge into the local boundary layer. 

1. The improvement according to claim 6 wherein 
said means for injecting high energy air into the wind 
tunnel includes a source of high energy air and a plural 
ity of ejectors located in the diffuser downstream of the 
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test section with at least a portion of said ejectors dis 
charging into the local boundary layer. 

12. In a closed loop wind tunnel including a test sec 
tion the improvement which comprises: 
means for withdrawing air from the test section to 

control boundary layer build up; 
means for exhausting the air withdrawn from the 
boundary layer of the test section; and 

means for injecting high energy air into the wind tun 
nel at a point downstream of the test section 
whereby blockage due to boundary layer build up 
is reduced, the air mass flow is maintained and the 
operating range of the wind tunnel is extended. 

13. The improvement according to claim 12 further 
comprising: 
means for withdrawing air from the boundary layer 

at a point downstream of the test section to control 
boundary layer build up; and 

means for controlling the rate of removal of the air 
from the boundary layer at the point downstream 
of the test section whereby the total rate of bound 
ary layer removal in the wind tunnel remains con 
stant while the Mach number achieved in the test 
section is controlled. 

14. The improvement according to claim 13 wherein 
the means for injecting high energy air into the wind 
tunnel is the sole source of energy for causing air circu 
lation in the wind tunnel. 

15. The improvement according to claim 14 wherein 
said means for injecting high energy air into the wind 
tunnel includes a source of high energy air and a plural 
ity of ejectors located downstream of the test section 
with at least a portion of said ejectors discharging into 
the local boundary layer. 

16. The improvement according to claim 12 wherein 
the means for injecting high energy air into the wind 
tunnel is the sole source of energy for causing air circu 
lation in the wind tunnel. 
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