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AN EXPERIMENTAL STUDY OF THE HILSCH TUBE AND ITS.
POSSIBLE APPLICATION TO ISOTOPE SEPARATION

Wallace G, Stone and Temple A, Love

SUMMARY

It has been founa experimﬁntaily that a separation of thé components
of a mixed gas can be obbained by the ﬁse of a modified Hilseh tube (kncwﬁ
variously as the hot-cold tube, the "Wirbelrohre", vortex tube etc,). This
separation is a function of two or more effects which interact in such a
manner that variations in adjustments determine khether or not separation does
occur, and if so, which of the fréctionsy light or heavy, is concentrated in
the hot exit stream. Observations made with many modifications in design:
are consistent with the belief thaﬁ the separation is a function of both
centrifugal force and of regenerative diffusion of a special kind across a
boundery maintained bj the centrifugal force,

The:saparations definitely established at this time are small butb
there appears reason ﬁo believe that these can be greatly increased, All
of the models which were tested weve designed t§ determine the principles §f
oPeration, primarily by means of temperature meésurements since these can Se
made easily and continuously. The more difficult tests of separation were
done to ﬁest a tentative theory of the mode of cperation,which was arrived at
28 the résult of température measurements and visual observations. The
results df the tests for separation were consistent with the theory. Thié
reporﬁ,'though'fina19:cannot be considered a report of a completed project to
investigéte the possibilites of separation with this deviece, :The pressure of
other work prevents completion at least at this time. It is sincerely hoped
by the aﬁthors that someone in the future will extend this investigation ahd

that these data will be of some assistance,
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INTRODUCTION

The authors' interest in the Hilsch tube was aroused primarily by the
suggestion by Carl Green at Y-12 that this device must be a separator and by
his finding of a "hot spot" between the jet and the hot end barrier on a
tube of his own design. It did not appear probable that other duties would
allow Mr, Green to explore fully the possibilities which might be inherent in
the device, The authors were awaiting the completion of laboratory facilites
for other work but had available some facilities for such an investigation.
Published theories of the mode of operation of the Hilsch tube were not, in
our opinion, consistent with the presence of a "hot spot" and it was difficult
to conceive of any mode of operation which would not result in at least some
separation of a mixed gas containing components of different molecular weight.
The volume of gas handled by a small device of this character is so great that
only a relatively small separation factor is necessary for it to become an
important tool for isotopic separation. These factors appeared to justify a

ceritical investigation of how the Hilsch tube might really function.

DESCRIPTION OF THE BASIC MODEL

The model with which most of the temperature measurements and all of
the separation measurements were made is shown in Fig, 1. This model was
designed primarily for flexibility of adjustment and interchangeability of
parts. The jet is defined by the space between a slot in the side of a cone,
and by the inside face of a conical depression in a head, which fits tightly
over the cone (see Fig, 1, section at assembly). As seen in the figure the
tip of the cone just enters a transverse cylindrical hole in the head, in such
a manner that the jet enters this transverse cylindrical hole tangentially,

By making the cone and conical depression in the head have a large angle at
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their apex the jJet will enter this transverse cylindrical hole almost tangenti-
ally +to the wall surface even when the head is rotated 30 to 400 elther way
from the position shown in the figure, Bach end of the transverse cylindrical
hole through the head is enlarged for a distance of about one-half inch to permit
the insertion of the end of a thin-walled long brass tube, After assembly of
cone, head and tubes, the inside of the assembly was ground and polished to

a mirror finish.

Smaller telescoping tubing carrying inberchangeable restricting
barriers of various kinds were made which were movable to any position along
the tube., The outer ends of the larger tubes were split for a short distance
and clamps were provided for locking the telescoping tubing in place. The
outer ends of the telescoping tubes were plugged and they have a2 hole in the
side near the plug. Sleeves with holes can then serve as simple valves to
control the air flow. After some experimentation it was found that such
valves are neither necessary nor desirable on the cold end; the annular
barrier is now held in position in the larger tube; and the telescoping tube
is no longer used on the cold end.

Constantan wires are soft soldered along the brass tube as desired for
temperature measurements, the other end of the constantan wires going to a
switch in a metal can whose temperature is measured continucusly by a mercury
thermometer. Copper wires are used to connect the switeh and the brass air
inlet tube to a galvanometer, Calibrations were done by establishing three
points using ice, boiling water and melting solder of known melting point,

Accuracies of various measurements are shown on the appropriate figures,



-

CONDITIONS FOR OBTAINING HEATING~COOLING EFFECT

With this model certain things were noted slmost immediately that are
not mentioned in any of the limited amount of literature we have found.

With the tube completely open at both ends and jet perpendicular to the axis
of tube (position shown in Fig. 1, section at assembly), air from the jet
divides substantially equally between the two ends and there is no appreciasble
temperature effect, Obstructing the flow from one end by any means; such

as a finger held lightly over the end, causes the temperature to rise in that
end while the other end cools,

MWth both ends open and unobstrurted the head may be turned a few
degrees from perpendicular and the air from the jet will divide unequally so
that more air flows from one end than from the other. In this position, the
temperature of the end carrying the smaller volume of air may risc 30 to 350 C.,
while a simultanesous drop of 10 to 15° C. occurs in the end carrying the
larger amount of air. At 10 to 20° of angle from perpendicular a maximum
temperature difference is found, and turning the head a few degrees farther
in the same direction causes a greater difference in proportion of air flowing
from the two ends bub a gradual decrease in temperature difference obtained,
Additional turning of the head eventually results in a small amount of air
from the room being drawn in one end along the axis., Under these conditions
there may still be discernible a difference of 4 or 50 C. between the two
ends, with the higher tempersture being found on the end where air is being
drawn in from the room. If now a finger is held tightly over the end from
which substantially all of the air has been flowing sc that most of the air
must flow back and out of the other end, the temperature difference reverses

and becomes much greater, so much so, that the firger may become unbearsbly hot.
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Thgsevobservations indicate that the special shapes of hot-end and cold-
end barriers normally used in Hilsch tubes are merely refinements that increase
the heating and cooling effeect in some secondary manner but are not essential
to the general mechanism. The size, shape and position of the annular ring
constituting the cold-end barrier is important, however, in obtaining maximum
temperature effects. The best position for this barrier is very near the
jet (1/64 to 3/64 inch) and the best diameter for the hole in the barrier is
dependent upon the type of action desired. This dependence will be discussed
later,

The valve on the cold end appears to be unnecessary; the air flow
beyond the cold-end barrier should be unrestricted. The control of the flow of
the gas from the cold end is best accomplished by varying the diameter of the
hole in the barrier; an iris probably being the most desirable barrier for
an experimental Hilsch tube.

On the hot end, the tube should be very smooth and clean. The distance
from the jet to the hot-end barrier and the total restriction of the flow
of gas from the hot end are important variables and their optimum adjustment
depends upon the type of operation desired. Proper adjustment for obtaining
lowest temperature at the cold end consists of placing the hot-end barrier
far from the jet, opening completely the hot-end valve, and leaving a small
opening in the cold-end barrier. To obtain highest temperature at the hot end,
the hot~end barrier is moved toward the jebt, the hot end-valve partially closed,
and & larger opening left in the cold-end barrier. On the other hand, maximum
temperature differences are obtained by moving the hot-end barrier far from jet,
closing the hot-end valve almost completely, and using a cold-end barrier of

intermediate size, This adjustment produces an intensely hot spot on the tube
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a few inches from the jet in the direction of‘@he hot end barrier.

Measurements and Anslyses of Tegperatqgg Distributions.~~lt was noted
that thermoceuples near the jet rose in temperatures much faéter on start-up
than those farther out, therefore, data were taken at start—ﬁp on all
couples ’thsn on the tube, The reéults are plotbted graphieally in two differ-
ent ways:in Figs, 2 and 3, several features of’whﬁﬂ;are worth careful attention.
In Fig. 2 note the following: (1) Hot couple A rises very rapidly from start-
up and is up two-thirds of its ultimate value in 15 seconds. (2) Couple B
rises less rapidly than A; the curvé af“temparatﬁre versus ﬁiﬁe has a slightly
sigmoid shape, reaches two-thirds of its ultimete value in 42 seconds and
passes A at 75 seconds., (3) Couple C takes 81 seconds to reach two-thirds of
its ultimate value and the plot of ﬁemperature versus time is definitely
sigmoid, (4) Couples Bg E and F take 121, 185 and 207 seconds to reach tw§~
thirds of equilibrium. (5) All cold couples drop quickly below ultimate
value and rise gradually, | |

In Fig, 3 it is shown that the hottest spot is initially close to the |
jet and moves gradually away so tha£ it is about 3 inches from the jet in
1 minute and ultimstely reaches about 33 inches, Note also that the curve
marked "ultimate" reverses curvature:more than once beyond tha‘hot spot.

This appears to be characteristic ofithe device although the exact shape
varies considerably with adjustments,

To determine the variation of temperature with air supply pressure,
the dats shown in Fig, 4 wers taken. At each setting of pressure the ’
temperaturéﬁ wanepernﬁtbQitd some to équilihrium/béfbre readings were taken.
The data fér the curves were taken in seguence stérting st the:higheat
pressure and going down. All conditions other than supply pressurs were heid

constant from 58 to 40 p.s.i. and from 38 to 5 p.s.i. In changing from 40 to






. 38 p,s.i,it’was necessary to open the hob-end valve slightly to keep the
 device working. This calls attention 1o a peculiarity of this Hilsch tube
which mey be advantageously explained at this peinto

At the time this test was made there was & miﬁimum Opening}of the hot-
end valve for any inlet pressure at which the device would work et all, With
any opening less than this eritical value, an acocustie resonance was excited
and the temperature effects would almost completely vanish, Ayﬂloaﬁﬂ appeared
1o be nacessary-te reduce the "Q" of the acoustic system to a low value. ’
Subsequent to this test the jet orifice was enlarged, smoothed and polished
and the angle of entranée improved uﬁtil~it can now be operateé with thes hobt-
end valve ¢0mplétely closed. This adjustment gives a very high temperatnrek
at a place on the tube about 3% inches fromwuthe jet, with a steep slope of
temperaturé on either side of this Phot spot”, The temperature of the air
leaving the cold end is then just about ambient temperature., With 90 p.s.i,
air supply pressure, temperatures in excess of 200° C, st this Thot spot? ‘
have been obtained in this way.

Using a small probe thermocouple the radial tempefature gradients in
the neighborhood of the jet have beén investigated. With an édjustment
giving & temperature of 0° G, in the cold air stream the falléwing facts may
be noted: (1) on the axis at the jet, the temperature is a little below
su@p&y air temperature; (2) approaching thé jet strsam radially at & point
very near the jet, the temperature drops rapidly, reaching perhaps - 40° ¢,
st a point just &t the inner edge of the jet stieam and rising very sbrupbly
to about‘air inlet tempersture within the jet stream; (3) sﬁarting from the
exies and going out radially in & direction away fyrom the jet, the lowest

tempersturs found iz about 00 c.
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On the axis the vemperabure rises gradually as the probe is moved ’
~ from a point nearest the jet toward the hot end. It was not poésible to move
 the probe as far as the hot spot be@aﬁse of the large radisl forces in the
tube tut it was possible to push it in on the axis’fhr enough to find
temperatures 30 4o 40° C. higher than supply-sir temperature, Within the

orifice of the cold-end barrier the temperature varies a maximum of about

20° ¢. and outside the barrier the temperature inhomogeneity decreases rapidly,

presumably due o mixinmg, A1l tests, including probe measurements, indicate
that fhe action outside the cold~end barrier is mérely one of mixing.
To check the importance of the heat loss to the metal tube several

kinds of tests were made. In one test the high pressure supply alr was

preheated & few degress above ambienﬁ temperature, This raised the temperatures

an all thermocouples about the same bﬂmber of degfees above their normal
operating temperaturs. In another test the tube was covered with thermal
insulation and opersted with air at normal supply tempersture, This resulted
in all teﬁpera%mres negaured on theyﬁhewm@ecuples being raised by 5 to 10° €.
In & thira test the hot end of the itube was cooled by running water, This
lowered the temperature of the air leaving both the hot end and the cold and
by 10 to 2GO €. Inasmuch as valve adjustwents z2asily produceftemperature |
changes much greater than 10 teo QOQ:C. it appearS'&xﬁ}heat losses to the
metal tube play an sppreziable but not an important role in the operation of
the Hilsch tube.

Vigual Observations of Flow Patterns.--By removing the cold end tube and

leaving the hot end tube open it is possible to see that the jet producss a
thin denge layer of gas around the periphery that extends s long way down the
tube, It is possible to see this by locking down the tube from the cold end

toward a distent source of light. Refraction differences inside and outside
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of the layer boundary and low angle reflection from the boundary are easily
seen. Under these conditions there is very little heating effect apd no hot
spot, In order to determine whether this dense layer extends beyond, or is
greatly modified ab the hot spot, the tube shown in Fig. 5 was construeted |
with a transparent plug in the hot end. With 90 p.s.i. supply pressure this
model has & hot spot sbout 3 inches from the jet, the tewmperature of the
tube ﬁapering off from there to the transparent plug. By looking dewn the
tube from the cold end toward & light, 40 or more fest away9 & sharply defined
dense annuler layer of gas can be seen to extend well beyond the hot spot
with no obylous change at the hot spot, The radial thickness of this dense
annular layer is gabout 1/32 inch, whieh is one sixth of the radius, and it ;
ean be seen to continue:most of the way ‘o the transperent plug.

To obtain some information in regard t o direction of flow in this dense
snnular layer, a Hilsch tube of glass was constructed and tiny drops of heavy,
colored oil were placed on the inside. The tracks of these tiny drops indicate
that the gas spirals down the tube in a spiral whose pitch increases slowly
from the jet to near the hot-end barrier. No unique eharacteristic'cf this
flow can be discerned at the hot spot. A purely qualitative observation of
the rate of flow of the tiny oil drpps in&ieates’a continually decremsing
velocity of the gas from the jet to the hot-end barrier.

To definitely establish the existence of a single sharply defined hot
spot and eliminate any questions as to multiple ho& regions with an apparent
hottest spot in between two such regions, a Hilsch tube was made of polystyrene.
This plestie has low thermal conducfivity'andg when hit with a blast of het
eir, visible surfase checks appear which vanish as the surface reaches softening
temperature. About 30 secords after turning on the air to the jet a sherply

defined ring of checks extending all the way around the tube appeared gt the
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anticipated hot spot, the checks spread in both directions along the tube énd_
about 45 éeaonﬁs from the start a ring of smooth check-free area appeared just
gbcut 1/8 inch farther out from the'jet than the’initial checksn This softened
region spread rapidly and then the polystyrene tube slowly expanded into a
bubble-like swelling before the authors lost their nerve and turned off the
air, ; .

The model shown in Fig. 6 was built to study the flow pattern of air
spireling . inward and to debtermine whether this mechanlsm by 1tse1f produced
a radial temperature gradient in accordance withrthe heating mechanism proposed
by Hilsch (6) and further analyzed by von Gerd Burkhardt (13), No radisl
heating or cocling effects of appreéiable magnitude san be observed on this
model. By uging a thin film of stOpcoek grease on the inside of the diaphragms,
flow lines were made visible and clear enough to. be earefully measured, These
fiow 1ipes geem to result from the stripping of grease from the stainless
steel Soméwhat similar to the effect of & snowball relling down a snoy-covered
roof. | i

The genersl form of the flow lines is shown in Fig, 64 although they
did not oceur in any regular pattern as shown, All the grease wes strippea
from the extrems cuter edge but, just inside this edge, the streaks were
narrow, going in Spirally as shown, ©One of the clearest and sharpest of these
streaks was carefully measured and is plotted in Fig. 6A as fDVBrsus a. Hote
that ths eurve departs very little, though probably significantly, from an

Archimedes spiral defined by the squation

A somewhat closer fit might be obbained % an equation of the form

‘ 2 3
Pee® ~k 84k o
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The static pressure at the periphary with 90 p.8.i.% inlet pressure is
38 pnsoio‘ The density at the periphéry is therefbre more than three times
stmospheris density, perheps much more than three times a%mcspﬁeric density,
because thé Bernoulli effect at such’veloeities as exist here reduces the
static pressure by a considersble amount,

Theory of the "Hot Spot".-~Analyzing all models deseribed and many others,

the authors reached the conclusion that a "hot ﬁpét” always ccours where a

dense outer layer of gas progresses apirally one way down a tube while an inner
core of gas moves back the other way, and that s "hot spot" never cceurs

unless thesé conditions sre met, The‘eounter flow‘@an.be produced by the

| angle of thé Jjet inlet, by baffles of various kinds, by valve a&justments or

by tapering the bore of the tube, with results which are the same qualitatively,
 though t hey may differ in temperature produced and in distance from the jet

- to the %hot spot®, To check as directily as possible the theory that the counter
flow is the essentisl requirement, the:machanism sh@wn in Fig. 7 was constructed,
This jet is symmetrical and the tubes sre guite short as shown s9 that the air
from the 3et'dividas aboui equally and goes oul either end with only two or
three complete turns of the spiral.froﬁ jet to mpenkend, The air leaves the
open ends tangentially with high velocity forming an almost complete sheet of'
radially moving air. By centering carefully, the smsll tube shown can be
inserted & short digtance into one end without perceptibly sltering the air flow.
No appreciablé heating or cooling eff@et can be found until air from a low
?reasure source {4 to 5 paé,i.) is blown in through the &mall tnbé, Thig low
pressure air dces not greatly modify the flow of air from either end but a

"hot spotn (15 to 20° C, above ambient) appesars at the point indicated and the‘
air leaving the opposite snﬁ drops in témperatureg eépeeially on the axis

of the tube,

stures ars expressed W pounds per sgquire Jaech atodve
er it presgiurs.;’ D T



FIG B | Drewing # 7286

SUGGESTED GAS FLOW DIAGRAM IN HILSCH
TUBE WHEN HOT END 15 ENTIRELY CLOSED

ROTATORY MOTION NOT SHOWHN IN DIAGRAM

 LATERAL DIMENSIONS EXAGGERATED . HOT SPOT

, OF FAST MOVING {i 8. LIGHT) MOLEGU
-\ FROM OUTER SHELL . |

\ LREGION OF HIGHEST GONGENTRATION
\ OF LIGHT MOLECULES.

\GONTINUOUS PREFERENTIAL DEPLETION OF FAST
'MOVING (i.e. LIGHT) MOLECULES FROM INNER GORE.
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As was observed opbleally in the mechsnism shown in Fig. 5 there is a sharp
boundary between the rapidly moving outer layer of gas and the inner core, The
outer iayér is the jet stream, whiak in & visible sense maintaing its integrity
as a spiraling stream most of the way from the jet o the hot end, Near the
jet the familiar Bernoulli Effect prcduaes a low pressure on the the side of the
stream which results in air from the core being &fawn intc the stream, Refer-
ring bo Fig. 8 it is obvious that at some distance from the jet sufficient air
from the sore magt be incorporated into the stream to raise the effoctive
ra&iallywinward pressure on ‘the innér face of the stream to eQual the effective
radiallywbutward pressure of the core. It is obvious that this incorporation
of gas from the core méy modify the jst stream as to direction, velocity, density,
temperature and composition, depending upon the gas in the core and its veloecity,
dim«emo@ Jensity, temperature and composition. Less obvious is the fact that
the @mﬂﬁprf?owing core may be modified by this aéﬁion 28 much as, or more than,
the jet stresm. To explain the meaéurable tomperature gradients in the core
one is légiﬁally forced to consider a temperature-selective action of some kind
by which hat male&ules* are preferentially remavé& from the gore and incorporated
inte the jet stream, Ordinary diffusion in which rapidly moving molecules
transfer écrnss any boundary more rﬁpidly than slow noving moiecules52 simpiy by
virtue of their higher velocity, would give an effect of the right sign b@t,
as will appear later, this effect i;s too small by about an order of magnift&de
unless séme spegial kind of action is in operatiocn.

Beyénd the region where the effective pressure of the jet stream and core
are equal, the jet stream continues to flow as a definite stream with a visible
sharp boﬁndary5 The density of the jet stream is gtill visibly greater than
the cors, Any action which slows the streasm dcﬁns such as frietion, conversion

¥ . “ .o . : [P NN P g y E ' :
{ hoe Lerom = Mm@ Pn o owasead in thirw fTepori L0 dagignare ANy moeievd e
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of velocity head to pressure head, etc., raises the effective pressure of the
jet stream above that of the core so that flow ﬁakes place from stream to‘core.
Here again the temperature evidence indicates that the molecuies leaving the
jet stream carry more than their ;r@portionate share of thermﬁl energy. Hére
also ordinary diffusioh would produée an effect of the right Sign but of |
insuffiecient magnitude. k
Referring again to Fig. 8, the jet stream selectively gathers hot molecules
as it approaches the "hot spott, seiectively loses hot malecuies as it flows on
down towafd the closed (or almost ciosed) end, Tﬁe core Strea§ flowing back
from the closed end gathers the hot molecules uatil it reaches the "hot spott
and is then aelectivelyi&apleted of ﬁot molecules until it pasSes the jet. The
relatively long time constant on start-up as seen in Figs. 2 and 3 is indicative
of a regenérative effeet by which thé average temperature of the thot spot"i
builds up to such a poiﬁt that the thermal energy of the gas finélly leaving
the device:is consistent with the enmergy of the inlet gas despite the fact that
both the jet stream and the core are selectively depleted of hot molecules as
they flow away fyom the ﬁhot spot? and toward an exit.
One of the most interesting and significant things about the "hot Spobt
is that theldistance betﬁeen it and tEe jet is almost independsnt of (1) angia
- of entrance of the jet, (2) supply pressure of the;gasp (3) the distance of
~ barriers from the jet and (4) the valve adjﬁstmant (as long as 10% or less of
the air leaves the hot end). On start-up, howaver9 the "hot spot" is very 1
‘close e theijeh and takes sbout 40 seconds to move out two-thirds of the way
‘to its ultimate position, With valve adjustwents which allow more than 10% of
the air to léave at the hot end, the thot spot" broadens greatly and moves
farther from the jet, With about 30% of the air allowed to leave at the hob

end +the "hot spot® is no longer a spot but, as seen in Fig, 10, the temperature
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rises from inlet temperature accofding to an equation of the form

where T = . above inlet temperature
d = distance from jet téward hot endi
8, b and ¢ are constants,
In é@ntrast to the relative independenme of the position of the "hot
spot®, ifs temperature rise above inlet gas temperature is dependent upon

many things, If all conditions other than supply pressure are held constant

Tp.s=k Py

where Thos. .,;oC° of *hot spotﬁ above temperature of supply gas

P. = suppiy pressure of gas

¥ = a coﬁstanﬁ

When adjustments are varied it is féund that k is a function of the angle
of the jet, having & maximum when § is between 100 and 120° (see Fig. 8), the
exact angle for maximum varies betwéen these limits as other adjustments afe
varied, k is also a funetion of the rabio of thekquantity of gas entering
through the jet to the’quantity of gés flowing from the cold end, being a
maximum when this ratio is 1, Xk is iikewise a function of the positions of
the barriers and the size of the opening in the cold-end barrier.

To reéapitulate: the evidence elearly shows that in a tube such a8
shown diagfamatiaally in Pig, 8, theistream from the jet spirals down the
inside of the tube, rising rapidly in temperature for a short distance and
then drOpping almost as rapidly as it continues on down the tube, As it
approachesfthe closed end the stream becomes slower and finally looses its

visible boundary, The gas from the stream is turned back in some manner and
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 flows back along the axis of the tube inside the spiraling stream. As the
| gas flows back its tempefature rises by some amount not zzcurately measured
: end then falls unbil it passes the jet, finally leaving the tube at about

~ the same temperature as that of the sﬁpply gas.

It is deduced that the rapid rise in temperatﬁre of the je£ stream is
due to incorporation of gas from the counter-flowing core stream by some, as
yet unspecified, mechanism which preférentially selects molecules having an
average veiocity that is more than r.m.s. velocity, It is further deduced
that the subgequent drop in temperature of the jetjstream is due to the flow
of molecules from the jet stream foward the axis and that the Same or some
similaxr meéhanism preferentially selects molecules having more than r.m.s.
velocity for this leWok |

No alternative explamation has bean found for the observed facts in ’
a Hilach tﬁb& of this kind where thefhot end is completely plugged, and all
the gas is:forced to leave by the eoid end, In view of the very high tempera—
ture obtainable at the "hot spot® in:this model, it seems to be logical to |
assume that the basic mechanism necessary to explain the action in this model
is responsible for the heating and c¢oling effecté obtainable in various

other models,

PROPOSED THECRY OF THE HEATING-COCLING ACTION
At some of the gas supply pressures which have been used, the veoleity
at the jet must be approximetely equal to sonic velocities*, With air es

the gas this amounts to about 330 m/sec. With the jet coming in at an angle

* Abhout 30 p.s.i. drep at an orifige Is necessary 12 accelerate air Yo sonie
velogfiy, This may reguive as much as U5 poo.i. @t the guzuge because there
fe soame fricticn between the gsuge and jet and there iz come back pressure .

at the outltet end of the Jet.



of 120°% with respect to the axis on the hot end, the jet stream travels
about 18 em, going from the jet to thé fthot SpOt“n; At 330 m/sec, this would
require only .55 milliseconds. The axial component of this velocity
cannot decrease by any large fastor before it reaches the Bhot spot® because
it was observed that ths eross seetidn of thewjet,stream perpeﬁdicular
to the axis does nob preatly shange from jet to Phot spot®, Even with consider—
able slowing up in this distance it probably requires less than 1 millisecond
for the aif to travel from the jet to the hot spot, In this interval of time
the jet stream rises in temperature something like 100° ¢, This rise in
temperature requires between 17 and 24 calories per gram, This is too 1argé
to be a friction effect even if the over-all operation of the device admitted
this interpretation of the heating. The only explanation of this rise in
temperature that is consistent with ﬁhe observations is the incorporation
of hot gas from the core, The gas from the core must be selected by &
mechanism giving preference to the hot mcleculesrﬁecause that gas in the
core which runs the gantlet from "hot spobt! to jet without being captured
emerges with a temperature ecual to‘cr lower than the inlet gas temperature.
1f the heating is due to ingorﬁoration of hot gas the temperabure |

changes mst proceed according to the equation®¥

—— .
m2 ‘tB - 't‘,l
* 5 . PR . med mandtesl the pitoh e 4h L
ihe angle o~ e et dows no¥ contyol the piton 0 he apiray much as
: M { 0
the ¢z of the ju o ¢ controls Tt h ang e 126 fust abaut
the ang:e of the natuval plich for this purticu ar Hiiwoh tube.
* % fhie a Ml am ey N [ HE PN : T - PR
v ie 2qgqualien sosumen rmegiigibie diffevence in domposition of jJe: s4ream

and core siveam,
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where mlg;mass of gas entering tube from jet

m, = mass of gas transferred from core to jet siream
tq =inlet temperature of my g

: : o,
t2;=average temperature of mz K

%3 = final temperature °g

It is obvious from this equation thgt either tz - tB must be equal to or
greater than t3-t1 or‘m2 nust be greéter)than my . In the case jusk given:
where the rise is 100° C. the average temperaturé of the gas removed from the
. With an inlet

core must be at least 220° C.* unless m. is greater than m

2 1
pressure of 100 p.s.i. this becomes even more striking, requiring average

temperatures of the enmtrained gas from the core stream approaching AOOO C..
or an entrained gas mass greater than the mass of gas from the jet. It was

difficult to reconcile the possibility of m, being greater than m, with the

1
observation that the jet stream, as seen in the mechanism showh in Fig. 5,
was not obviously thicker radially at the hot Sp0£ than it was near the jet.

The exial velocity of the core étream must be at least one-third the
axial velocity of the jet stream, in the case where the hotmena valve 1s com-
pletely closed and all the gas is forced to flow back and out 6f the cold end,
because the cross~sectional area of the core stream perpendicular to the axis is
only about three times that of the jét stream. The density of the jet streém
is visibly:greater than that of the eore stream so the axial vélocihy of the_
core stream must be more than one~third the axial velocity of the jet stream.
This meanskthat the selection mechanism must remove the hot mbleeules from

the core stream in less than © milliseconds, verhape in less thar 13 milli-

seconds, Ordinary diffusive processes ars too slow to transfer the thermal

o

Assuming an iplai temperatuve of Z§ (.

*
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energy from the axis to the boundary layer in this length of time unless the’
temperature at the boundary is assumea to be much lower than measured. Three
possibilities present themselves hera: (1) Turbulence operates to keep a
uniform thermal distribution from axis to boundary layer, se1e¢tion of the
hot molecules ocourring at the boundary layer. (2) 4 selectioﬁ mechanism or
a boundary condition {or both) exists under these conditions, which makes
possible the transporting of thermal energy radially outward several times
as fast as in ordinary diffusion. (3) Some combinastion of turbulence and
selection or boundary condition accomplishes the transfer.

The first possibility is eliminated by the probe measurements which
show & temperature gradient from axié to bounﬂary‘layera No data taken by
the authors permit a definite choice between (2) and (3). The essential
clue to the only mechaniSm which appears to be capable of producing the effect
observed is the time element., In less than 003 éeconds the average tempera-
ture of the gas in the core drops by gboub 100° C., the greatest drop in
temperature occurring at the periphéry. The speed with which this drop occurs is
essentially "explosive? and the action must be comparsble to an ”explosionﬁ.
Let us assume that one has s cyliﬂdfical vessel filled with gas at some
pressure P and temperature T suspended in a vecuum and revolving rapidly on
its axisa‘ Now let us assume that che is able to completely remove the con%
fining cylindrical wall for a very short intervgl of time 7', and then
restore the confining'wall and meaéure the instantaneous temperature
distribuﬁion in the gas which has not escaped. The rapidly moving molecules
negr the cylindrical wall have a larger chance of escaping in this short time
than do the rapidly moving ones at:the center or the slower moving moleculss,
These rapidly moving molecules wili carry more than their préportionate share

of energy and thus the temperature of the remaining gas will be lowered.
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& good mathematical treatment of this is beyan& the secope of this paper but
approximate calculations indicate that 7 should be small asicsmpared to a
millisecond to get aﬁ average temperature drop such as is obtained in the
Hilsch tubs and the general p&ttefn of temperaﬁure distribution would be
somewhat as observed; i.e., & much larger dreop in temperature at the
periphery than at thé axis, The fact that T is smaller than a millisecond
may be interpreted as indicating ﬁhat not every molecule reaching the boundary
of the core enters and is incorporated into thevjat stream, i.e., the
effective pressure at the boundary is not zero.

This ®limited explosion“ procéss provide : a possible explanation of
the actibn oecurring Between the jet and the 'hot spolf, Except for the |
eomplicaﬁions resulting from the rotetion of the gas in the core, this
becomes a diffusiom problem with the externsl bbﬁﬁdary4conditions determined
by the veloei%y and effective iwward pressure of the jet stream rather thén
by the eémposition and temperatureiaf the gas within the jet’stream. Beyond
the hot spot the aetién must be similar exceph that the aotion is an
"implosion", the back pressure &t the boundary is much greater and centri-
fugal fofca tends to 6cunteract the inward pressure of the jet stream and
make quite spscifiec reguirements asito direction and magnitudé of thermal

velocities of the mecliecules whick are able to gokinwaru toward the axis.

Prcpbsed Theory gg Yass §gp§gg§igg.~»1n caleulating the heaﬁing effects
between the jet and thé "hot spot® a reasonable épproximation:of'the action
in the cafe might consist of assuming no ¢ollisions within the core during
the period T”in which ﬁna peripheral boundary is assumed tc be removed., This
is comparabls to, although not as well dustlfied as, the same aessumption
made in the simple derivation of the ideal gas 1aw, In any caleulation of the

separation of molecules as a function of mass, the assumption of no collisions
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' may not be a ressonsble approximation. At the emd of the period T in the

f hypotheticai revolving cylinder illustration, the change in density ratios

- of two gases would be a function of their relative mobilities, the speed of

| revolution of the cylinder and the length of time ‘T during which the
boundary is totally removed®, The separabion obtained in this way must be
reduced by the centrifuge effect which tends to increase the concentrstion

of the light molecules on the axis prior to the start of the peried 7T .,

Without going into the details of the mechanism of separation, cerbain

predictions can be nmade in regard tolwhat ghould happen to a mixed gas if
the proposed theory has any validityé .

(1) Faster moving (i.e.,1light and hot) molecules will tend to become a
greater proportion of the papnlation‘aﬁ the ®hot spot® than elsewhere
because both streams tend to gather these faster maving molscules as they
approach the "hot spaﬁﬁ’and lose them as they leave. |

(2) Centrifugel force will tend %o concentrate heavy moleﬁules on the
outside of the whirling mass.

(3) At the cold-end exit the separation may be zers or may proceed

either way, depending upon competing effeets, This results fﬁom the fact that

the gas fiowing back btoward the jet from the hot spot comes from a population

‘ high in light molecuies and then undergoes preferantial depletion of light

molecules by “explosive" diffusion until it passés the jet and the cold-end

barrier,

hWh b trewted mae B king of difvusion probliem in which the conzentraiion
Lobe LrowTe v s B s ; !

5 Beih gases nt fhoe houndavy 5 zeco duvleg the period M. Tha irnitial rotation

Che gas which may glive vho gan oa fimasr velpeiiy at ihe puriphery appraciable
Campuryd T2 ihe musrage Thermeiiveiodily, and Yhe vapid scvelerarion of the
. ma

medium THrough which the d7FTusion mus oocour,

=

v g owompiete mathemaiical

ireaiment very o179 ¥ipouals fe To know whati

approvimations: arvs mnt meams A2 ingicate,

b, 0y F = B Lo - N .. - g
Poweyar. that the pe such separationy as have been

obrained. Jr tazx than L0035 wnconds,
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o (4) At the hot end the change in concentration of the components
musﬁ be of ppposite sign to the change in coneentration at the cold end and:
mast balance the cold end quantitatively teking into consideration the ratio
of the quantities of gas leaving the two ends, ‘

(5) The greater the distance between the hot-end barrier and the hot
spok (within some undertermined limits), the greater the sepafation effect

should be, other comditions being the same,

EXPERIMERTS ON:ﬂASS SEPARATION

The first tests for concentration were done before it was suspected
that there might be competing effects such that either the light fraction
or heavy fraction might be concentrated in the hot end. Unfoftunately the
significant deta as %o angle of jet, temperaturé curves, ete, were nob kept
as their importance wes not realized at that time. Samples of the air from
the compressed air line were taken at the hot end and control samples at the
inlet simultaneously. These were analyzed for carbon dioxide by Dr. D. S;
Anthony.f The controls checked with an average ﬁeviation of ;0016%, the samples
showing an everage deviation of 00294 (this is percentage of the total air
mixture), and indicated enrichment factors from 1.039 to .76. When completed
the experiment was discerded as valueless because of the apparently erraﬁic
results, in spite of the fact tha£ statistical analysis indicated less than
one chance in 100D that the control analyses and the sample analyses differed
merely because of random errors.

After arriving st a ﬁentativé theory of operation a series of four
experiments were devised to check the predictions enumerate&. Twelve Séliter
flasks of air were sent to Mv. D. B. Trauger ét K-25 for aﬁalysis, The

results of these analyses and the set-ups used are shown in Figs, 9 to 12.
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‘Figa 9 shows the jet at an angle of 106° to the axis on the hot side with tﬁe
hot baffle ab 13 3/4 inches from the jet. With this set-up the cenbrifugal
effect plus the depletion of light molecules from the outer sheath beyond
the hot sﬁct resulted in an excess of oxygen at the hot end. The excess
of oxygen was slight aﬁd ingsmuch a8 the gas bled out there and at the hot spot
was 80 Smallé the air going out the cold snd differed negligibly from inleb air,

In the experiment shown in Fig. 10 eonditioﬁs were radically changed.
Here approximately one-third of the’gas leaves through the hot end, most of the
remainingkgas returning in the core and undergoing continuouns preferential
depletion of fast moving molecules for almost the full length of the aective
portion of the tube. There is no sharply defined hob spot bub the hot-end
barrier is in the broad hot region.b This test shows an oxygen deficiency |
at the hot end and an excess of oxygen ab the cold end. Quantitatively the
results may be somewhat confused by the water vapor, carbon dicxide, and
argon présent in the air, as these may be altered to a greater degree than
the oxygen-nitrogen ratios,

Fig. 11 shows no hint of separation. None could be expécted at the
cold end uvecause almost all of thekgas must go ont there, and apparently the
centrifugal force effect exactly cancels the effect of the high populatioﬁ
of light particles at the hot spot. In all other experiment? where g “hoﬁ
spot" existed at the "hot spot" bleeder (Figs. ? and 12) a slight, though
perhaps not significant, excess of oxygen appears, This mayjbe interpreted as
indicating a higher excess of light particles af the Phot spot in this
experiment than obiained in the other experimente.

Fig, 12 shows a seb-up similar bo Fig. 9 except that the jet points
more toward the hobt end and the hot-end barrier is neaver the jet. Less oxygen

is shown at the hot valve than ianigb 9, which is according to prediction (5).
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rhis sligﬁt excess of oxygen is in faet not significant from a statistical
viewpoint, | | |

The analyses on the control flask consisted of only four:points and had
a rather high deviation and so they‘were combined with the coid air analyses
shown in ?igs. 9, 11 aﬁd 12 to get 2 reliable mean and sﬁandatd deviation of
the tests. This appears to be justified physically, due to the fact that
the small percentage (less than 5%) of the gas 1éaving at the hot end and
the hot spot did not show a change in concentration large enough to alter
appreeiabiy the composition of the 95% fraction, The assumption was made that
the air from the compressor remained constant in composition.

The results shown were analyzed mathematieally by Mre. Palmiter under
Dr, &, 8, Householder's supervision; By an analjsis of variance, Mrs, Palmiter
found thaﬁ there is less than one chance in a hundred that thé results shoﬁn
at the hoﬁ end in Figs, 9 and 10 were due to random errors. Some other
methods of analysis inﬂicate an even smeller chance than this;

br. Harold €, Urey called attehﬁion to the Admitte& fact’that such
analysis does not rule out the possibility of syStematic error. However,
inasmuch as the bottleé of gas analyzed by ¥r, Trauger”s group bore no
labels inﬁicating the grouping of the tests, which night have‘unconseiously
influenced the results, and the results do support the theory of operation
previously arrived at by tempersture measurements, it seems probable that
the results are qualitistively valid.

Other tests have been made at K-25, using tanks of axygen and helium,
which apparently showed some separation bub which were somewhat inecnsisteﬁt.
Some of the inconsistencies were of such a nature that they may only be
explainedﬁby assuming rather lerge iandcm srrurs in analysis or by assuming

that the gas coming from the tanks varied in composition as a function of
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rabe of flqwar Other in@onsisten@iés might_be due to a differenge’in behavior
of diatomiz and monatomie gases Iin a Hilsch tube. This is conceivable;
based upén cceurrence in the tube of expansions and QOmpressions with large
temperature changes, |

Considering the resulils shown in Fig, 10 it is seen that, if the gas
coming {rom the cold end is assume& to have come 31l of the &ay from the
hot-end ﬁarrier back past the jet, it starts thé return with‘20,79% oxygen and
leaves with 20.91% oxmygen. Looking at the action this way it is seen that the
enhancement obtained is given by ’ |

100 - 20,79
20,75 =

[RSOUE ¢ Seo .10  SPUUORN = 1 L0 3 .

100 -~ 20,91

et

20.91

Presumably, useful enhascements of this order of magnitude might be
obtained by mersly supplying the counter-flowing gas from an exbernal
source somewhat as done in Fig. 7. Even without modifications, greater
enphancements than any shown should be possible by proper adjustment of jeﬁ
angle, valve location and sige of barriers and, possibly, higher pressure.
The markéd difference between the resulis obtained in Figs, 9 and 12 may
indicate that the enhancements shown constiiutermereiy a small difference;
between ﬁwo or more large eompeting effects, To make a device in which the
centrifuging effect and the diffusion effect cocperate for the entire length
of the devieeg it is‘ne@assary to eliminate the counterflew of the inner and
ocuter stfeam and to lose the rsgenérative effe@ﬁ due to this counterfloweg
This iz probably net an important loss as the high soncentration of thellight
fraction:which may exist at the "hot spot® in the inmer stream is inaccessible.

The device illustrsted in Fig, 13 combines the separation effect of tﬁe

centrifugal fovece with the separation effect of the diffusion of the fastest
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moving particles from the jet stream. If the proposed theory of the Hilsch

tube ies walid, enhancements much larger then any shown in these four tests |

may be obtained.
In addition to persons already mentioned, the authors are indebted to

Harbtin Kuna, René Boloméy, 4, T, Grefig and E, C, Johnson for their

assisbance in gas analyses. We wish to thank C. K. Beck for enabling us to

have analyses done ab K;25.
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