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Introduction

In the upper atmosphere and in many applications
of vacuum technology, the average distance which a
molecule travels between collisions with other mole-
cules can become comparable to the characteristic di-
mensions of flight vehicles or vacuum chambers. When
this happens, the qualitative characteristics of flow
fields, and the appropriate conceptual framework for
their analysis, depend upon the Knudsen number.

Molecular mean free path IS

Ko = Characteristic length of body or chamber — d

In the atmosphere, the mean free path increases from
about 7 > 107% ¢m at sea level to about 80 meters at
an elevation of 160 kilometers. The variation is
roughly exponential with elevation.

In the film we show the evolution of a variety of
flows as the Knudsen number assumes a wide range
of values. These flows have greatly different appear-
ances in the limits of very small and very large Knud-
sen number. Since the mechanics of collisions be-
tween gas molecules and solid surfaces assumes domi-
nant importance when Kn >> > 1, we also show experi-
ments which reveal important aspects of this “gas-
solid interaction.”
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A Molecular Beam and lis Scattering By
Collisions

Figure 1 shows an apparatus in which an initially
well-collimated beam of sodium atoms travels through
a chamber in which we can maintain a controllable
density of argon. We observe the sodium beam, and
its attenuation by collisions with the argon “back-
ground gas,” as a function of argon density.

Sodium is evaporated in a small electrically-heated
oven. A portion of the evaporated atoms emerge
through an orifice, and some of these pass through the
second orifice to form a fairly well-collimated molec-
ular beam in the upper chamber. Both chambers can
be pumped down to pressures below 10-% torr (mm of
Hg).

When a narrow sheet of light from a sodium dis-
charge lamp is passed through the axis of the cham-
bers, the sodium becomes visible because of a very
efficient (resonant) light-scattering process.” The in-
tensity of scattered light is proportional to the density
of illuminated sodium atoms. The argon has a negli-
gible scattering cross section for this light, and remains
invisible.

2. Tllaminated soditon atoms in the emerging flow from
the oven in the lower chambher.

Figure 2 is a scattered-light picture of the molecules
effusing from the oven aperture, They move on
straight-line paths away from the aperture, having a
negligible number of collisions with other gas atoms
at this low pressure. The mean free path is much
longer than the interior dimensions of the chamber.
Hence Kn >> 1, and we say that a free-molecule flow
is present.

Since the molecular paths diverge away from the
aperture, the density decreases with distance from the
gas source. However, with very fast film and long ex-
posures,* we see the collimated sodium beam in the
upper chamber. (Fig. 3a) The sharp edges of this
beam indicate that the molecules do indeed follow
straight lines between collisions.

*ASA 3000, 10-minute exposure

3. (a) Collimated sodinm beam in the upper chamber.
(b)), (e), and (d) Increasing the density of argon in the
chamber deereases the mean free path of the sodinum
atoms and reduces the visible penetration of the beam.

Next, argon is admitted to the upper chamber. As
the density of argon is increased, the sodium beam
fades out at the top (Fig. 3b), and becomes progres-
sively shorter, (Figs. 3c and 3d). The mean free path
of sodium atoms is inversely proportional to the den-
sity of the argon, and the visible penetration of the
beam into the scattering chamber is roughly propor-
tional to the sodium mean free path.

Collisions with the argon do not cause a diffused or
fuzzy appearance of the sodium beam, because the
scattered sodium atoms are dispersed into a very ten-
uous three-dimensional cloud, of which only a thin
slice is iltuminated.

When the sodium beam has virtually disappeared
from the top chamber (Fig. 3d) the Knudsen number
is very small. Sodium atoms still travel to the top of
the chamber, but on often-interrupted and erratic
paths, in a process which approaches ordinary dif-
fusion.

Supersonic Flow Over a Blunt Body

The second experiment shows supersonic flow over
a blunt body, with a 3000-fold variation of Knudsen
number (Tig. 4).

A small washer is placed on the axis of a free jet
of argon to which a trace of sodium vapor is added to
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4. A washer in a free jet illustrates transition regimes he-
tween free-molecular and continunm flows. The character-
istic dimension, d, in the Knudsen number is the diameter
of the washer. The horizontal lines under the values of
M d indicate the length of the mean free path, A.* At the
free-molecular exireme, the washer casts z sharp shadow
and the hole forms a molecular beam, (See arrow.)} (b)
and (¢} The shadow behind the washer becomes more dif-
fuse and a eompressed layer begins té form npstream.
(d) At the continunm extreme, a bow shock wave is
formed ahead of the washer,

allow flow visualization. The sodium light is intro-
duced from above, in a thin sheet which passes
through the axis of the jet. The washer is clectrically
heated to prevent condensation and collection of so-
dium. The purpose of the hole in the washer is to show
what happens to molecules of the jet as they encounter
molecules scattered back from the washer.

Figure 4a shows free-molecular flow for this con-
figuration. By the time they reach the washer, mole-

*The mean free paths represented by lines on the film are

caleulated from the formula

1
V2 no
The number density, n, is taken at the value which wonld
be found on the jet centerline where the washer is located,
if there were no washer, TFhe collision cross-section used
is ¢* = 36.5 X 10" em® (the viscosity eross-section of ar-
gon at the free-stream stagnation temperamre), The
sharp dark line below the washer is its optical shadow.

A=

cules of the jet are traveling nearly straight away from

the center of the jet-forming orifice. They pass right
through the tenuous cloud of molecules scattered back
by the washer, to define a sharp acrodynamic shadow
in the wake of the washer. A well-collimated molec-
ular beam emerges from the hole in the washer.

As the Knudsen number is decreased by increasing
the rate of argon flow, the cloud of molecules scat-
tered back by the model becomes dense enough to
scatter molecules approaching the model. The flow
through the hole in the washer loses its collimation and
hence its visibility, and the aerodynamic shadow
broadens. (Fig. 4b)

Further decreases in the Knudsen number (Figs.
4c and 4d) lead gradually to the formation of a shock
layer in front of the body, within which a molecule
entering from upstream suffers many collisions with
other molecules before eventually finding its way to
the model surface, or directly into the wake via the
hole or around the outer perimeter of the model.

In Fig. 4d we see, with Kn < < 1, a familiar hyper-
sonic continnum flow. The Mach number at the model
location is about nine. Further decrease in Knudsen
number would make little noticeable change, except in
the wake.




5. Transition from continuum to free molecular flow for
the free jet alone. (a) At the continvuum extreme a “har-
rel shock” exists from the nozzle exit to the “Mach disk.”
The characteristic dimension, 4, is taken as the distance
from the nozzle to the Mach disk for the continuum case.
(b) and (¢) Increase of mean free path caunses shocks to
become thick and diffuse. (d) At the free-moleenlar ex-
treme, the shock system no longer exists. Further increase
of the mean free path would not appreciably alter the
flow,

Evolution of the Free Jet

The transition from continuum flow to free molec-
ular flow from the same nozzle as in Fig. 4, but with-
out the model, is shown in Fig. 5. With a small mean
free path (Fig. 5a), the free jet gives rise to the fam-
iliar shock-wave pattern involving a barrel shock and
a Mach disk. Similar patterns are often seen in rocket
exhausts under appropriate continuum-flow conditions.
These shock patterns are only clearly defined when the
mean free path in the background gas is small com-
pared to the distance from the nozzle to the Mach disk.
Under these conditions the shock configuration de-
pends only on the pressure ratio across the nozzle.

This pressure ratio is held constant at a hundred to
one, and the results of increasing the mean free path
by decreasing the argon flow are shown in Figs. 5b
through 5d. When the mean free path is no longer
negligible compared to the jet dimensions, the shocks
become very thick and fuzzy (Fig. 5b). The barrel
shocks spread out until they overlap and mix in with
the Mach disk. In Fig. 5c, only a hazy, slightly bright
spot remains to remind us of the shock system. In the
free-molecule limit (Fig. 5d), the jet molecules no
longer collide with the background molecules, but fly
straight past them to the chamber walls, The back-
ground molecules, for their part, can fly right through
the jet without collision.

Surface Interactions

To make quantitative predictions of aerodynamic
forces or heat transfer in free-molecule flow, we must
have at least some statistical knowledge of the outcome
of collisions between gas molecules and solid surfaces.

A. Sodium-Beam Experiment

Figure 6 illustrates visnally the important concept of
diffuse reflection.

6. A polished alnminum oxide surface is positioned at
45° to the sodium molecnlar beam. The bheam is not re-
flected as a light ray is from a mirror, but rather is scat-
tered in all directions as the superposed arrows indicate.
The density of the scattered molecules is too small to be
recorded on the film,
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A surface of polished aluminum oxide is mounted in
the upper chamber of the sodium-beam apparatus, at
an angle of 45° to the incident beam. The target is
heated to the temperature of the beam oven, so that
condensation of the sodium on the target is prevented.

Although the sodium beam appears to end at the tar-
get, the sodium atoms are actually re-emitted in every
direction away from the spot of impact. Once again
they are scattered into a cloud too tenuous to be seen.
Clearly, the molecular beam is not reflected specularly
from the target, as a light beam reflected from a mirror
would be. More quantitative experiments confirm that
nearly diffuse re-emission of molecules is typical at
ordinary or even highly polished surfaces. However,

‘highly directed scattering is sometimes observed, par-

ticularly when the surface is composed of atoms in a
well-ordered array and is free of adsorbed gases.

B. Momentum-Transfer Experiment

The integrated effects of momentum transfer in gas-
solid collisions can be studied directly by observing the
torque exerted on a target surface subjected to the off-
center impact of a molecular stream (Fig. 7). The

SOURCE
APERTURE

KNIFE EDGE

TARGET ~

7. Plan view schematic of momentum-transfer experi-
ment, A torque is applied about the céenter of suspension
of the target.

apparatus consists of a gas source with slit aperture, a
knife edge, and a target, all within a cylindrical glass
vacuum chamber.

The target and a small mirror are attached to a
vertical torsion wire. When enough gas is supplied to
the source to produce a free-molecule effusion through
the slit, the target is turned by the impact of molecules
on its unsheltered half. A Iight beam reflects from the
mirror to record the angle of target deflection on a large
index circle. '

The experiment is begun by indexing the light spot
with the target oriented as shown in Fig. 7. Gas is
admitted to the source, and source pressure and tar-
get deflection are noted. The top of the torsion wire
is then twisted to return the target to its initial position.

5

The source pressure is doubled, and the new deffection
noted. Figure 8 shows typical data of the torque re-
quired to hold the target in the position of Fig. 7,

8. Typical results of momentum-transfer experiment of
Fig. 7. For free molecular effusion from the source (up
to about 30 microns of mercary), torque is proportional to
source pressure. (Data points shown in the film were mis-
plotted. Collisional effects near the source aperture cause
the torque to increase at higher source pressures, as shown

here.)

plotted versus source pressure. The departure from
linearity at high pressures is due to departures from
free-molecule flow in the vicinity of the source slit at
high pressures.

Next, with source pressure held constant, the tem-
perature of the target is increased by radiant heat trans-
fer from a 1000-watt projection lamp. The resulting
deflection of the target is like that produced by an in-
crease in source pressure, becanse of the increased re-
coil momentum of molecules re-emitted from the hot-
ter target.

The results of a series of experiments® of this type
are shown in Fig. 9. Beams of various gases have ex-
changed momentum with an aluminum target over a
range of target temperatures. The theoretical torque
for the case in which the gas molecules are re-emitted

oot e 5 5

9. Increasing the target temperature {with source pres-
sure held constant) eauses an increase in the recoil mo-
mentum of the refleeted molecules, Experimental results
for nitrogen lie closer to the theoretical line for perfect
accommodation than do the results for the helinm and
neon.




6

from the target as though they came out of a gas at
equilibrium at the target temperature is shown as the
solid line. This is called the case of complete accom-
modation of the re-emitted molecules to the target
temperature. The experimental results for nitrogen lie
close to this line, while those for helium and neon
do not.

Mean Free Path as the Characteristic Length
for Shock-Wave Structure

The shock wave in front of a model in a continuum
hypersonic flow is examined in the wind tunnel shown
in Fig. 10. The experiment also teaches something
about heat transfer in rarefied flow.*

The model is a flat bar of aluminum mounted on a
thin-walled stainless steel tube to reduce heat conduc-

10, Fiow from the freely expanding jet at the left is vis-
nalized by fleorescent excitement by an electron beam at
right asgles to the flow (center). A bow shock wave is
seen in front of the sting-mounted object at the right.

tion to the wind-tunnel shell. It is placed in a free
jet of air where the Mach number is approximately
seven. The flow is made visible by the fluorescence
excited in air by a beam of electrons which is passed
across the flow well upstream of the model. **

In the experiment the structure of the shock wave is
indicated by the varying recovery temperature of a fine

* The idea for the experiment comes from Sherman (1955),®
who gives theoretical details of the wire-temperature inter-
pretation at points within the shock wave, and empirical
data on how small the wire must be.

** Because the fluorescence excited by the electron beam® is
rather dim, each frame of the pictures showing the wire
moving through the shock required an exposure of about
15 seconds.

11. Wire temperature is plotted versus displacement as
the thermocouple wire is traversed through the bow shock
wave in front of the model (insert).

thermocouple wire which is traversed through the shock
wave. The wire is small enough to be always in free
molecule flow, and does not disturb the shock wave by
its presence. Figure 11 shows the wire temperature be-
ing plotted by an x-y recorder for a flow stagnation

12. Comparison of the shock-wave profiles at stagnation
pressures of 20 mn of Hg (20 torr) and 10 mm of Hg.
(1) Determination of shock-wave thickness from asymp-
totes and tangents to the profiles. Results in table at upper
right show that shock thickness is inversely proportional
to the pressure, and hence proportional to the mean free
path.
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pressure of 20 torr. Also shown in the insert are the
model, shock wave, and wire supports.

Figures 12a and 12b show the temperature traces
for stagnation pressures of 20 torr and 10 torr, and the
shock thicknesses deduced from these traces. When
the radius of curvature of the shock wave is much
greater than the shock thickness, the mean free path
is the only physical length to which the shock thickness
can be proportional. The experiment confirms this pro-
portionality and shows that the factor of proportional-
ity is about 4 in air at Mach number 7.

Notice that when the wire is in the undisturbed flow
upstream of the shock wave, it is much hotter than the
model, The essential difference between wire and
model is that Kn = 20 for the wire, while Kn = 0.03

7

for the model. This decrease in equilibrium tempera-
ture with decreasing Knudsen number is directly con-
nected with the collisions between back-scattered mole-
cules and those of the jet, and accompanies the for-
mation of a shock wave.
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