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APPARATUS FOR USE IN AERODYNAMCS 
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Ascher H. Shapiro, Arlington, Mass., assignor, by mesne 

assignments, to the United States of America as repre 
sented by the Secretary of the Navy 

Filed Jan. 3, 1964, Ser. No. 335,700 
6 Claims. (C. 73-147) 

The present invention relates generally to the field of 
rarefied gas dynamics and, more particularly to apparatus 
for and methods of investigating the interaction of low 
density, high speed, molecular streams with solid surfaces. 

In the field of fluid dynamics it is oftentimes desirable 
to impact low density, high speed, molecular streams 
against solid surfaces. For example, satellites or space 
vehicles travelling at a high altitude encounteran environ 
ment where the mean free path of the atmospheric mol 
ecules is large compared with the dimensions of these 
devices. Consequently, the aerodynamic forces acting on 
these bodies and the heat transfer between them and the 
surrounding environmentis determined by “free-molecule” 
or nearly “free-molecule” behavior, that is, circumstances 
in which intermolecular collisions near the body are com 
paratively few. In order to reproduce eXperimentally the 
operating environment of such a satellite, it is, therefore, 
necessary to create a low density, high speed molecular 
stream of a gas having a Maxwellian distribution of ther 
mal velocities. 

Besides the area of external flow, there is also interest 
in investigating internal free molecular flow as it occurs 
within ducts, and the like, in order to ascertain Such fac 
tors as pressure distribution, temperature, velocity and 
mass floWrates. 

Conventional wind tunnels do not lend themselves par 
ticularly well to the production of a free molecule type 
of flow primarily because of the requirement for the ratio 
between the size of the model and the size of the test 
section nozzle. In order for a Wind-tunnel nozzle to be 
capable of delivering a uniform and parallel gas stream 
capable of simulating flow relative to a body travelling 
through an otherwise stationary gas, the nozzle diameter 
should be of the order of ten to one hundred times the 
mean free path between molecular collisions. For the 
model to experience free-molecule flow of the gas stream, 
it should be a factor of the order of tento one hundred 
times smaller than the mean free path between molecular 
collisions. Hence, the ratio between the size of the model 
and that of the nozzle should be at most of order of 
magnitude one to one hundred, and preferably one to one 
?thousand or one to ten thousand. In the past, this rela 
tionship has been approached with available wind tunnels 
only by using very large tunnels and Very small models. 
Often the model is only of wire size. This unfavorable 
ratio, it will be recognized, tends toward very costly facili 
ties, severely complicates the study of the phenomena of 
interest and also renders the derivation of meaningful 
data from the model eXtremely difficult. 

Also, the utilization of conventional wind tunnels to 
produce a high-speed gas flow at low pressure necessitates 
continuous evacuation of the apparatus to impart the 
necessary velocity to the gas molecules and also to keep 
the gas density low. Since the considerations stated pre 
viously favor large tunnels, the pumping apparatus re 
quired is correspondingly large and costly. 
The present invention provides a new and novel arrange 

ment for creating a high speed, low density, stream of 
gas with a Maxwellian velocity distribution for use in 
rarefied gas dynamic studies and eXperiments. Typical 
of such studies are the measurement of aerodynamic 
forces, the measurement of heat transfer rates and the 
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2 
investigation of interactions between molecules and sur 
faces. 

According to the present invention, such a stream is gen 
erated by means of an unbladed rotor spinning at a 
relatively high speed within a controlled gaseous atmos 
phere. More particularly, in one representative struc 
tural embodiment, this rotor has a toroidal cavity cut 
therein adiacentits peripheral surface and extending there 
around. Communicating with this cavity and establishing 
anaxis passageway thereto is a circumferential slot through 
Which the Supporting strut for the model passes. The 
modelitself, which is fixed to the stationary housing in 
Which the rotor spins, islocated within the cavity and 
this cavity, as will be seen hereinafter, performs somewhat 
in the manner of a rotating wind tunnel to create the flow 
conditions sought. 
One of the significant advantages of the above arrange 

ment is found in the fact that the model is stationary. 
The advantages of this configuration can best be appre 
ciated from the consideration that the forces acting on 
the model and which have to be detected and precisely 
measured are generally proportional to the gas density 
and, accordingly, are very small. At this point, it might 
be mentioned that it has been known in the prior art to 
employ a rotating member With a model projecting from 
a point on its peripheral surface to simulate the effects 
thereon of high Speed flight or flow. However, the dis 
advantages inherent in this mode of operation which cen 
ters primarily about the difficulty of extracting meaning 
ful data information from the moving modelare all the 
more magnified in a free molecule flow system where these 
signals are of feeble magnitude. In other words, since 
the electrical signal output of, perhaps, the end measur 
ing transducers are offairly Small amplitude, these signals 
can be completely obscured by extraneous noise signals 
caused by dynamic rotor unbalance or by the commutat 
ing apparatus usually needed to extract the signals from 
the rotating apparatus. Moreover, with a stationary 
model, the measuring portion of the System canbe initially 
adjusted to a fine degree of balance. Also, the instru 
mentation of the system is simplified and the precision of 
the measurements correspondingly enhanced. 

In the present invention the rotor operates in a con 
fined gaseous atmosphere. Once this atmosphere is estab 
lished by the evacuation of a suitable enclosure and the 
Subsequent introduction therein of a properamount of the 
Selected gas, no further adjustments have to be made to 
this portion of the System throughout the duration of the 
eXperiment except for a small amount of pumping to ac 
count for minor leaks that might be present. This avoids 
the continuous pumping of vast quantities of gas required 
With Wind tunnels and the like. 
Although the best application of the apparatus here 

inafter to be disclosed perhaps resides in the field of wind 
tunnel investigations in the free molecule range, it canbe 
used With advantage in the range of gas densities in which 
the fluidis a continuum. It is especially adaptable for 
investigations of Supersonic flows in the range of normal 
aerodynamic densities. It can, in short, cover the entire 
range of densities from free molecule behavior to con 
tinuum behavior. 
One of the important quantities it is necessary to simu 

late in a Wind tunnel investigation in the free molecule 
range is the ratio of streaming speed to the mean molec 
ular speed. In the conventional wind tunnel arrange 
ment, alteration of this ratio, with a particular gas, re 
quires a different nozzle structure or configuration for 
each speed ratio. In the present invention, this ratio can 
be adjusted either through changes of the rotor speed or 
through the choice of gas. For instance, if it is desired 
to attain the highest possible ratio of streaming speed to 
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molecular speed, one canuse the maximum possible rotor 
speed together with a gas having a lower molecular speed. 
Such a gas would be one having a very large molecular 
weight inasmuch as the molecular speed varies as the in 
verse square root of the molecularweight. 

It is accordingly a primary object of the present inven 
tion to provide apparatus for generating a loW density, 
high speed, gas floW. 
A still further object of the present invention is to pro 

vide apparatus for studying the impact of high Speed, 
low density streams of gas on the surface of solid bodieS. 
Ayet still further object of the present invention is to 

provide apparatus producing a stream of gas having a 
Maxwellian velocity distribution. 
Another object of the present invention is to provide 

apparatus for use in wind tunnel investigations Wherein 
the ratio of the streaming speed to the mean molecular 
speed of the gas stream canbe varied. 
Another object of the present invention is to provide 

apparatus for use in studying the aerodynamic forces, 
the heat transfer rates and the interaction between Sur 
faces and molecules from the free molecule to the con 
tinuum density range. 
A yet still further object of the present invention is to 

provide apparatus for generating a high Speed gas floW 
wherein the molecular speed and density of the gas stream 
canbe varied by simple procedures. 

Other objects, advantages and novel features of the 
invention wil become apparent from the following de 
tailed description of the invention When considered in 
conjunction with the accompanying drawings Wherein: 

FIG. 1 is a schematic drawing of the basic invention; 
and 

FIG. 2 is an enlarged view of a portion of the rotor of 
FIG. 1. 

Referring now to FIG. 1, which schematically illus 
trates in simplified form the operating principle of the 
present invention, it will be seen that the basic apparatus 
includes as its primary element a circular Totor 1 of 
high speed design adapted to be driven by motor 2 via 
driveshaft 3 supported by bearing 4. Rotor 1 and its 
associated drive are accommodated within an enclosure 5 
which can be evacuated by means of a relatively Small 
vacuum pump 6 connected in a discharge line 7 having a 
valve 8 included therein. Also coupled to this enclosure 
is a charging line 9 having a control valve 10 incorpo 
rated therein for introducing the desired gas into the ap 
paratus and formaintaining a Small constant flow to en 
sure that the composition does not change because of 
leakage. 

Rotor 1 has a cavity 11 which has a shape that cor 
responds to part of a torus cut therein that eX 
tends around its complete circumference. As perhaps 
best shown in FIG. 2, which is an eniarged view of a rim 
portion of this rotor, a slot 12 is also cut into the rotor 
to forma passageway between its peripheral Surface 13 
and the main cavity space. This slot permits gas mole 
cules in the main portion of enclosure 5 to diffuse or 
otherwise pass into the toroidal cavity 11. Slot 12 also 
accommodates a strut 18 which, in the embodiment 
shown, is supported in a cantilever fashion from a base 
member 14 affixed to an adjacent sidewall portion of 
enclosure 5. Attached to the other end of this strut is 
the model, here represented by a sphere 15, Whose per 
formance and characteristics in a high Speed, free molec 
ular stream are to be investigated. 

In operation of the above apparatus, enclosure 5 is 
evacuated by pump 6.. The gas selected for the investi 
gation is next introduced via input line 7, and valve 8 
in conjunction with valve 0 are adjusted until the desired 
gas pressure is established on pressure gauge 16.. Then 
rotor 1 is set spinning at a high angular velocity by the 
energization of motor 2. It Would be mentioned at this 
point that any acceptable drive arrangement can be em 
ployed with rotor 1. Also, as shown in FIG. 1, this drive 
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can be positioned within enclosure 5. Alternatively, the 
rotor can be driven via an externally rotating, Syn 
chronous, magnetic field coacting with a Suitable induc 
tion armature coupled to shaft 3. It should be appreci 
ated that rotori, if made of the proper material, can it 
self serve as the rotating element of a synchronous motor. 
The rotor 1 may also be suspended magnetically by well 
known methods, thereby averting problems of bearings, 
of lubrication, and of contamination by oil vapor. 
The linear speed attainable at the rotor tipis, of course, 

limited by the mechanical stresses in the material induced 
by centrifugal forces. It will be appreciated that the 
cross-sectional shape of rotor 1 should be so designed 
that it can reach the maximum speed consistent with the 
strength of the materials from which it is fabricated. 
With conventional materials and conventional forms of 
construction, linear speeds of about 2,000 feet per sec 
ondare obtainable. With special materials, perhaps com 
posite materials such as fiberglass, or the like, this speed 
can be extended up to 4,000 feet per second or more. 
The gas molecules within enclosure 5 diffuse through 

out this space and, as pointed out hereinbefore, some 
enter the toroidal cavity 11 by way of slot 12. Those 
molecules which strike the boundary surface 17 of this 
cavity are not reflected in a simple manner therefrom. 
Rather, they are re-emitted as if they come from a loca 
tion behind this surface from an imaginary gas at rest 
with respect to this surface. That is, their direction of 
re-emission is independent of their direction of incidence 
and all their incoming, tangential momentum is lost to 
the surface. The velocity distribution of these incident 
molecules will, in general, be other than Maxwellian. 
However, when re-emitted, they do have Such a MaX 
Wellian velocity distribution with respect to the surface 
from which they are emitted. Moreover, once rotor 1 
is set spinning, the re-emitted molecules possess a mean 
mass velocity with respect to stationary model 15 equal 
to the peripheral speed of the rotor. Consequently, the 
stream of molecules emitted from the rotor play the 
Same role as the high speed gas stream in ararefied gas 
Wind tunnel. Thus, model 15 finds itSelf in an environ 
ment Where the gas molecules impinging thereon have a 
MaXWellian thermal velocity distribution superimposed 
upon a mean streaming velocity. 

It will be appreciated that model 15 canbe instrumented 
in accordance with the experimental data desired. For 
eXample, strut 8 cantake the form of one arm of a knife 
edge balance for measuring the forces exerted on model 
15. Alternatively, a strain gauge or a quartz fiber sus 
pension may be employed. Also, the orientation of 
rotor 1, Which is shown as horizontal in FG. 1, can be 
altered to suit the particular experiment. 

Instead of measuring the aerodynamic forces acting on 
model 15, heat transfer measurements involving this 
model can be carried out provided the model has been 
instrumented With the proper temperature measuring and 
recording apparatus. Although the apparatus of FIG. 1 
does not disclose instruments for measuring or otherwise 
recording the rotational speed of the rotor, it will be ap 
preciated that any conventional technique can be used 
in this regard. Also, suitable control equipment can be 
utilized With the electrical drive in order to provide means 
for varying the rotational speed of rotor 1. 

In order to allow a model, such as 15, whose dimen 
sions are greater than the width of slot 12, to be placed 
Within the cavity, this slot need only be widened at one 
particular point to the necessary size. Numerous other 
obvious Ways of providing access to the cavity can be 
incorporated into the structure in order to accomplish 
this same result. 

In FIG. 1 the cross section of the cavity space cut in 
rotori is circular. However, it should be recognized 
that other cross-sectional shapes can be used with the 
same results. 
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Obviousy many modifications and variations of the 
present invention are possible in the light of the above 
teachings. It is therefore to be understood that within 
the scope of the appended claims the invention may be 
practiced otherwise than as specifically described. 
What is claimed is: 
1. Apparatus for use in studying the impact of gas 

molecules on solid surfaces comprising, in combination, 
an enclosure having a particular gaseous atmosphere 

therein; 
a rotor positioned within said enclosure; 
means for driving said rotor; 
said rotorhaving a peripheral slot extending completely 

around its rim portion and extending inwardly to 
wards the center of said rotor; 

said slot terminating in an enlarged portion whereby 
a stationary model positioned within said enlarged 
portion when said rotor is driven is impinged by 
gas molecules having a Maxwellian distribution of 
thermal velocities and a mean mass velocity equal 
to the peripheral speed of said rotor. 

2. In an arrangement as defined in claim 1 wherein 
said enlarged portion having a shape which corresponds 
to part of a torus. 

3. Apparatus for use in studying the impact of gas 
molecules and solid surfaces comprising, in combination, 
an enclosure containing gas molecules at a controllable 

pressure; 
a rotor positioned within said enclosure, 

said rotor having a circumferential slot cut in its 
rim portion and a cavity formed within a body 
portion thereof, the shape of said cavity corre 
sponding to part of a torus, 

said cavity and said slot being in communication 
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with each other whereby gas molecules may 35 
enter said slot and proceed into said cavity; and 

means for rotating said rotor whereby those gas mole 
cules which proceed into said acvity and strike the 
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boundary surface of said cavity have imparted to 
them a Maxwellian distribution of thermal velocity 
and a mean mass velocity equal to the rim speed of 
said rotor. 

4. Apparatus for use in aerodynamic and thermody 
namic investigations comprising, in combination, 

a rotor; 
an enclosure surrounding said rotor and adapted to 

isolate said rotor from the surrounding environment; 
means for. establishing a particular gaseous environ 
ment for said rotor; 

means for driving said rotor; 
said rotor having a circumferential slot cut in its rim 

portion which extends inwardly a predetermined 
amount and then expands into an enlarged opening 
Whereby a stationary member positioned therein when 
said rotor is driven is impacted with gas molecules 
from the surrounding environment which enter said 
enlarged opening through said slot, strike the bound 
ary surface of said enlarged opening and are re 
emitted therefrom having a Maxwellian distribution 
of thermal velocities and a mean mass velocity equal 
to the rim speed of said rotor. 

5. In an arrangement as defined in claim 4 wherein 
said enlarged opening has a substantially circular cross 
sectional shape. 

6. In an arrangement as defined in claim 4, 
a model positioned Within said enlarged opening and 

adapted to remain stationary when said rotor is 
driven and set spinning. 
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