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NOMENCLATURE

a = Specific availability, ft. - Ibf. per lb.

A = Total availability, ft. - Ibf.

c = Velocity of sound, ft, /sec.

CO. P. = Coefficient of performance

Or
c = Specific heat of constant pressure, BTU per Ibm. R

c = Specific heat of constant volume, BTU per Ibm. R

D_ _ d_ y

D9 ~ " dr

h = Specific enthalpy, BTU/lbm.

J = Mechanical equivalent of heat, 778.26 ft. - Ibf. per BTU

C - V ,-,
,

k = Ratio of Specific heat -^
V ^

M = Mach number

p = Pressure, Ibf. per sq. in ab.

q = Velocity in hodograph plane, ft. /sec.

R = Gas constant, ft, - Ibf. per Ibm. R
'

\..-

r = Radial distance, ft.

s = Specific entrophy, BTU per Ibm R

T = Temperature, R -
'

t = Static temperature, R ,

u = q cos 9 = r^ = — t!) = ft. per sec. .
-

ey p y ^
. : iv,.

V = q sin = r-^ =— \b = ft. per sec.
ax p X

u,v,w = Velocity components in x,y,z, plane, ft. per sec,

W = Total rate of flow, Ibm. per sec.

x,y,2 = Coordinate axis

z = Direction of tube axis ^
'



Ill

a = Velocity angle in hodograph plane

2
r = Circulation, ft per sec.

2
e = Eddy diffusivity, ft per sec,

T) = Efficiency

9 = Time, sec.

p,
= Cold fraction ratio of mass rate of cold flow to the total mass rate

flow

2
V = Kinematic viscosity, ft per sec,

3
p = Density, Ibm per ft.

T = Turbulent shear stress;

_ dv V
^

2- pe (.- ) Dissipation function, Ibf. per sec. ft,
dr r

"^ '

2
(p

= Potenti. function, ft. per sec,

2
^ = Stream function, ft, per sec.

^1' = T^ ft. per sec.
q oq

_ ?sAb -1
11 - —t: sec.
^^ ^^

SUBSCRIPTS

= Stagnation condition

1 = State of gas supplied to the vortex tube

2 = State at end of reversible adiabatic expansion from 1 to p

b = Body being cooled at fixed temperature

c = State of cold gas leaving cold tube

d = Dead state environmental temperature and pressure

f = Free stream conditions .. •
: ,

j = State of jet issuing from the nozzle

m = Manifold condition

s = Static condition.

t = total condition.



INTRODUCTION -' ,_

The Vortex, Ililsch, or Ranque tube, as it is called in different

names, is a remarkably simple device which produces hot and cold gas

streams simultaneously from a source of compressed air. It is a cylin-

drical tube in which a stream of compressed gas enters tangentially and

separates into two streams of gases at different temperatures. The hot

stream leaves through the periphery at one end and the cold stream leaves

through the center of the other end (Figure 4). The phenomenon is known

as "Ranque - Hilsch effect," which occurs when a gas expands in a centri-

fugal field, as the one observed in cyclonic seperators. George Joseph

Ranque [ll] *, a French metallurgist invented this device, and later

filed for a French patent docket in 1931. He also filed for a similar

patent in the United States of America in 1932, which was issued in 1934

[34] . Even though Ranque did not actually give any name to his device,

it came to be known as vortex tube or Ranque or Hilsch tube in the literature.

There are two basic designs of the Vortex tube in practice, namely,

uniflow and counterflow. As these names suggest, in the uniflow design

the cold and hot streams flow in the same direction, whereas in the counter

flow the hot and cold streams flow in the opposite directions. (Figure 2

and 3) The isometric illustration of counter flow vortex tube is shown in

Figure 4. .

Ranque also described a refrigerating unit having its own compressor

driven by an electric motor. The air from the atmosphere is sucked into

the rotor, compressed and passed through an uniflow vortex tube without cooling^

"'Numbers in parentheses refer to references at the end of the report.
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where it is separated into two streams, viz hot and cold air. The hot

air is discharged into the atmosphere and the cold air is used for refri-

geration. Because of its low efficiency the vortex tube has limited

applications as a refrigerator.

The invention of Ranque virtually remained unused for more than a

decade. In the year 1945, Rudolf Hilsch, physicist in the University of

Erlangen, Germany [l6j made detailed investigation on the mechanism of

the vortex tube and he is rightly known as the rediscoverer of vortex

tube. However, this device gained wide publicity and popularity with

Milton's publication under the title "Maxwellian Demon at Work" [27] .

It may be necessary to explain the principle involved in the separation

of hot and cold streams of gas in a greater detail with the aid of analytical

and experimental data. An assessment of the efficiency of the vortex tube,

applying basic and nonbasic criteria, will be helpful in applications of

the vortex tube for various purposes.

-*«



MECHANISM OF THE VORTEX TUBE ^•-
,

Several theories have been proposed to explain the working mechanism

of the vortex tube since its invention by Ranque in the year 1931. According

to Ranque [34] , the principle of working the apparatus involves the

separation of hot and cold fluids from a current of a compressible fluid

under pressure by causing the fluid to flow with a gyratory helical motion

along a surface of revolution, and dividing the said fluid into two coaxial

sheets moving along each other. This movement results in the compression of

the outer sheet by the inner sheet, and by the action of the centrifugal

force. A rise in the temperature of the outer sheet and a fall in the

temperature of the inner sheet are caused, Kilsch [16] could not agree with

tbis explanation of Ranque on the phenomenon of vortex tube. He felt that

this device is not suitable to adopt for a domestic refrigerating unit,

because of its low efficiency, but can be applied to produce large scale

cooling of mines and liquification of gases. "
'

Milton's article on vortex tube, "Maxwellian Demon at Work" [27] aroused

the interest of engineers and scientists in the theory and application of

the principle of the vortex tub£. Rudkin [9] suggested that as the gas is

spinning rapidly about the axis of the tube, the gas near the wall is com-

pressed more than the gas in the center. Molecules of the gas having less

than average kenetic energy would be unable to penetrate the zone of highly

compressed air and v;ould be forced toward the center of the tube.

Roebuck, [9] observed that under the conditions of rapid rotation there

is a large pressure gradient in the radially inward direction. This causes

some of the gas in the outer layer to move radially inward, and the work



done by the gas as it expands toward the center, increases the angular

velocity of the outer layer. Also, a part of this expansion is used to do

work to overcome the effect of friction between the inner and outer layers.

The gas that reaches the central layer has smaller kinetic energy.

Armand Foa [*5] believed that when the valve at the end of hot floiv

tube of a counter flow vortex tube is fully opened, the air which is

injected peripherally with high velocity is subjected to centrifugal force.

Therefore, a ring of gas is formed under pressure at the inlet section with

a hollow central core under a partial vacuum, resulting in the suction of

atmospheric air into the apparatus from the cold tube. The external ring of

gas will move toward the periphery of the hot tube from where it escapes.

Some air from the periphery moves through the cold tube orifice. Because of

the partial vacuum at the nozzle core zone, air is sucked in again, which

expands, becomes cool, and comes in contact with the out-going air through

the orifice, which in turn, is cooled. This process is repeated over and

over until an equilibrium is reached between the temperatures of the air

seeping in and the air escaping through the orifice. But the experiments

of Hartnett and Eckert [l3] and Lay [23] showed that there is a partial

vacuum inside the hot tube,

Taylor [9] explained the theory of mechanism of the vortex tube through

thermodynamics. The compressed gas, which is initially at a pressure p, and

a temperature T , expands through a nozzle to a pressure P- and a velocity

V , The expansion from p, to P, is irreversible. The kinetic energy of mass

motion of the gas issuing from the jet is -^ per unit mass. So there is a

corresponding decrease in internal energy of the air.

^p ^^1 - ^J^ = T -
.

(1)

where c = specific heat of constant pressure.



The jet issuing tangentially from the nozzle at the periphery of the

tube spirals towards the center forming a miniature tornado. Due to the high

velocity of the jet, there is an appreciable centrifugation. This is the

reason for the suction near the cold tube orifice. Cooling through Joul-

Thomson effect, as previously thought of, is not correct, because it has

been observed that hydrogen at room temperature is cooled although its

Joule-Thomson coefficient is negative. Some of the gas at the periphery

expands because of the inwardly directed pressure gradient and moves toward

the center, loosing both velocity and temperature. The temperature of the

gas remaining at the periphery goes up due to the loss of kinetic energy

of the inwardly moving gas 2nd the transfer of this kinetic energy loss

to the outer layers. Thus, Taylor explains the energy separation as

super position of the two effects. '
,.

In succeeding chapters the theories on the vortex tube are presented

which are based on the latest experimental and analytical data,

ANAiyTICAL STUDY

In the steady flow of a fluid without viscosity and heat conductivity

there is obviously no possibility for any energy transfer from one stream

tube to another, since the pressure forces can deliver no work. Consequently,

the total energy, or in the case of gases, the total temperature remains

constant vtfith respect to time. Even though there is no energy flow through

the tube wall, the total temperature of one layer of the gas may be different

than the total temperature of the adjacent layers in fluids with viscosity

and conductivity. For instance, in the boundary layer on an insulated flat

plate in a high velocity gas flow, the gas near the wall will have a lower

total temperature (lower total energy) than the oncoming free stream;



while the flow away from the wall will be at a higher total temperature

than the free stream. Many other rectilinear motions exhibit such an energy

separation. Study of the energy separation between the layers in the vortex

tube, with the help of rectilinear motions, may give better understanding of

the phenomenon.

Flow in the vortex tube has been observed by many engineers and

scientists as a spiral flow. Assuming a spiral and axial flows. Lay [24]

explains the flow pattern through the hodograph equation,

^
'^ + q (1 - M^) 1,1.

- ^^ - "2^

qq ^ q
q^.. + q (1 - m"^) 1,1.^ + (1 -^ in ^)^^ = (2)

For spiral flow in a plane the solution of the above equation is the com-

bination of the solutions of vortex and sink flow. That is,

R =,^=JS=4 (4)

+ r'

~ (p cos a ^ r sin a ,_v

2" c
^^' '^0 C c

_ (p sin g r cos a

^0 (p/p^) if-)
2n c^(^)

_ m Si no j- cos a f,s

y-aTT : ^— — ^^^

For three dimensional flow the velocity potential becomes,

(P + W t
J'

'-,"' •*:'-.'•

Deissler and Perlmutter [8] assumed a turbulent vortex with axial

and radial flov\,'s. The dimensionless velocity is obtained from the compres-

sible Navier-Stokes equation. The velocity distribution is in fair agreement

with the experimental results. Assuming uniform axial mass velocity,



the calculated magnitudes of the individual terms in the momentum equation,

reveal the fact that the inertial force (due to tangential velocity) is

positive throughout the section, and the shear force is zero at the axis,

goes to a negative maximum, and comes back to zero. The inertial force

tends to accelerate the particle, in the flow, in order to maintain constant

angular momentum, while the shear forces tend to slow it down.

The energy equation and its individual terms are calculated to find out

the real cause of the energy separation. Considering incompressible flow,

the energy equation can be written as,

« Dt _ „ Id
I

dt, , . ' " \ , .

d V
^

where O is the dissipation function and equal to, p e (— - —) . So,

„ Dt _ Id, dtx , ,dv Vv

p % oe - p % ^ F d? ^^ d?^ " P ^ ^d7 - F^

dr

2

where

P ^v D9
~ ^^^® °^ change of internal energy per unit volume.

P c e — —
• (r ^) = rate of heat transfer into the element by

conduction.

2
/dV Vv , , ,. .

p e (^ - —i - turbulent dissipation.

Deissler and Perlmutter [8] have also given the magnitudes of various terras

in the case of uniform and axial flow. The static temperature change is

positive for all radial positions, which shows that there is no energy separa-

tion for an incompressible flow.

If the flow is compressible the energy equation [8] for perfect gas

can be written as,

2
^ ^ i^ v-._ld, dtv 1 d ,X(\z dosPC„i;^(t-:^)=--T-(rec e-T^)--r- (P^^ ^)'^ p DO 2c^ r dr ^^ p dr r dr a dr

+ 7 fp (r \^) (8)
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where,

p c ttq (t - -^ ) = rate of change of total temperature of

^
. a fluid element,

(r pc t —) = turbulent heat transfer into the fluid
r dr ^ p dr

element by temperature gradients,

- —— (-^ -r-) = turbulent heat transfer in the fluid
r dr p dr

element by pressure gradients (by

' expansion and contraction of eddies).

—
-r- (r V T) '. = turbulent shear work done on the element,

r dr

The calculated values of each of the above terms in dimensionless form

for uniform axial mass flow are given by the authors [SJ . The contribution

is the total temperature change with respect to time by turbulent conduction

due to temperature gradients and to pressure gradients are individually very

large, especially near the center of the vortex where they completely cancel

each other. That is to say, the conduction of heat into the core region by

temperature gradients is the same as that of the heat conduction by pressure

gradients (by expansion and contraction of eddies). Therefore, the energy

separation is due to shear work. Comparing Figure 3 and Figure 13 [O] , it

is evident that the positive shear work corresponds to inviscid velocity

profile (v <^ ~) . As the fluid element moves to smaller radii, the viscous

or turbulent effects cause the velocity profile to depart from the inviscid

flow. In that region the shear work done on the element becomes negative

due to the slowing down tendency of the turbulent viscosity and the total

temperature drops, thus the energy separation is dependent on the tangential

velocity profile. The total effect is that the fluid in the core region
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does shear work on the fluid in the outer region as it expands while

traveling toward the center. Thus, the energy is transferred from the

core region to the annular region with a total temperature separation. Very

small additional energy transfer is effected by the expansion and contrac-

tion of eddies in the radial pressure gradients.

EXPERIMENTAL INVESTIGATION

A perusal of the literature on the vortex tube indicates that many

authors have carried out different types of experimental investigations.

The curiosity of knowing the phenomenon made them study the tube thoroughly.

Some investigators have modified the apparatus to obtain the maximum tempera-

ture difference between the inlet temperature and the temperature of cold

flow stream. , , .

MacGee [26] conducted experiments to investigate the fluid action on

the counter flow vortex tube with different inlet nozzles. His observations

on flow patterns reveal that the larger the number of nozzles, the better

the flow is centered. When colored water is injected into the tube, and

when the flow of air is high, it is observed that the water formed a spiral

moving in the direction of the hot end of the tube. No appreciable noise is

noticed. This gives the clue that the energy separation is taking place only

in the hot tube. At low flow rates of air, the injected water spreads

uniformly over the inner surface of the tube wall, and a low pitched whistle

will be heard. As the hot end of the tube is progressively closed, the

whistle increases in pitch,

Eckert and Hartnett [10 & 13] made a thorough experimental investiga-

tion on a three-inch counterflow vortex tube. Figure 5 and Figure 6 show
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the details of their apparatus. The measured flow conditions at various

locations in the tube are plotted in Figure 7, 12, and 12a. The flow

pattern observed in a five-inch diameter vortex tube is shown in Figure 14.

Lay [23] conducted systematic experimental study on a two-inch diameter

uniflow vortex tube. The results are shown in Figure 8, 9, and 11. His

observations on the flow of gas after injecting water are similar to those

of MacGee. i. -

The two experimental results of Eckert and Hartnett [10 & 13] and

Lay [23] are in close agreement as to the velocity, pressure, and tempera-

ture distributions, which confirm the fact that energy separation is taking

place only in the hot tube. The axial velocity distribution in both cases

are shown in Figure 7 and 9. The predominant axial velocities are concen-

trated in a small annular region near the wall of the vortex tube. The

axial velocities fall off sharply toward the center of the tube and a reverse

flow occurs in the central portion. In the case of the counter flow vortex

tube, the cold stream is at the central portion of the tube and the direction

of flow is opposite to that of hot streams. Partly it can be said that the

.'reverse flow' is the cause for the cold air to flow in the reverse direction.

The temperature distribution indicates that the minimum temperatures are

near the axis with the axial flow in the same direction as that of hot gas

stream. So uniflow vortex tube obtains the minimum temperatures of the cold

gas stream.

The reverse axial flow in the tube extends in an annular space through-

out the full length of the tube, the inner radius of this annulus is approxi-

mately 20 per cent of the tube radius while the outer radius of the annulus

is 40 per cent of the tube radius. The type of axial flow existing in the

vortex tube (in the hot tube) is shown in Figure 9. The position of maximum
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deviation takes place at an intermediate plane between nozzle and exit

planes. The increase of inlet pressure makes the plane of maximum devia-

tion of reverse flow to move away from the nozzle plane. The total tem-

perature decreases rapidly with decrease in radius near the nozzle plane.

As the flow moves away, the total temperature tends to become constant

across the tube. The total temperatures in the reverse flow region, when

compared with the maximum temperatures, are fairly low near the nozzle plane

and approach the value of the hot end temperature away from the nozzle plane.

The reverse flow is in between the cold core and the hot annulusin the tube.

It appears that the energy is transferred through this zone. For maximum

energy separation, the reverse flow length should be such that the static

and total temperatures are equal at the end of this length. Scheper [39]

in his theory on the vortex tube has explained a method to calculate the

tube length. Figure 15 is a reproduction of the model used by Scheper.

Figure 8 shows the maximum temperature, pressure, and velocity in the axial

direction. The maximum temperatures and minimum temperatures are both

approaching the same limit as the flow moves away from the nozzle plane.

To get maximum temperature difference between the cold and hot streams of

gas, a proper length of hot tube has to be chosen. It is seen that reverse

flow mixes the flow of hot and cold streams, which are in the same direction

and this mixing tends to limit the temperature difference between the hot

and cold streams.

The characteristics of Fisher's [20, 21, & 22] , SS-8 (S/S inch tube

diameter) vortex tube are presented in Figures 16, 17, 18, 19, and 20. •

Figure 16 shows the maximum and minimum temperatures obtained with differ-

ent hot tube lengths. With 13 inches of hot tube, at 100 psig inlet pressure,

a minimum temperature of -30 F is obtained. Figure 17 shows the total hot
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and cold flow variations and temperatures of the streams for a 100 psig

inlet pressure. Figure 18 shows the operation characteristics of Fisher's

SS-8 vortex tube. It is obvious that for a given geometry the increase

of inlet pressure lowers the minimum temperature, which is however, limited

to a certain minimum value. "Die increase of inlet pressure beyond this

range does not result in further reduction in the temperature of the cold

stream. The temperature depression at different cold flow rates, p. with

different inlet pressures in the same vortex tube, are measured and pre-

sented in Figure 19. From the minimum temperature curve in Figure 20, it

is evident that the orifice dimension is an important parameter in design-

ing a vortex tube. The minimum temperature is obtained when the orifice

diameter is approximately 0.17 inches, and the maximum temperature is

obtained when the orifice, diameter is approximately 0.225 inches. The

orifice diameter chosen for minimum cold stream will not give maximum

temperature of the hot stream and vice versa. .
'.

The phenomenon of energy separation can be summarized as follows.

The flow in the vortex tube is highly turbulent with a spiral flow pattern.

The pressure, temperature, and velocity profiles are of spiral pattern, the

center being at the axis of the tube. For energy separation, the fluid must

be compressible. A part of the fluid from the inner periphery of the tube

follows a spiral path, whose center is on the axis of the tube, passes through

the hot-flow region, reverse-flow region, and cold-flow region as mentioned

previously, and reaches the core region. Since the velocity profile is

inviscid near the wall, the shear (turbulent shear) work done on the element

near the wall is positive and hence the element gets heated up.. Near the

core region (including reverse and cold flows regions) the velocity profile

is no longer inviscid and the shear work (turbulent shear work) done on the
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element is negative, due to the slowing down tendency of the turbulent

viscosity, therefore, the element cools down. The effect is that the fluid

in the core region does shear work on the fluid in the outer region through

turbulent mechanism, resulting in the total temperature separation. Counter

flow always tends to minimize the separation by conducting heat from the

outer layer to the inner core, thus making the difference between maximum

and minimum total temperatures smaller as the distance from the nozzle plane

increases. Savion and Ragsdale [37] , working on temperature and pressure

measurements in a confined vortex tube, observed that considerable energy

separation can take place in a vortex contained between two flat disks with-

out any attached tube. The flow emerged from an opening at the center with

a diameter of the order of the plate spacing. Most of the energy separation

takes place near the opening.

Hartnett and Eckert [13] reported an interesting result. They compared

the maximum difference in total temperatures encountered at 20 psig inlet

pressure in the 3-inch counter flow vortex tube with the difference in total

temperature encountered in a boundary layer on a flat plate in a flow with a

velocity equal to the maximum velocity in the tube, and obtained the same

energy separation in both cases. ^ ' ',/

.

*-.

VORTEX TUBE EFFICIENCY

The vortex tube process of heating or cooling is irreversible. Even

if the wall is at adiabatic conditions the entropy change is positive, due

to irreversibilities. The hot gas from the tube is not used in a refri-

geration device. But the hot gas contains a good amount of thermodynamic

availability due to its temperature and pressure. There is usually no way

to use these availabilities directly in the application. If additional
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equipment is added to recover the availability of these hot gases, the

simplicity of the vortex tube would be lost.

In the domestic refrigerator, the heat is pumped out from the body

at a constant temperature. Ihe Carnot refrigerator is taken in these

studies as an ideal machine, and the compression machine is taken as a prac-

tical machine, for the purpose of comparison with the domestic refrigerator.

The vortex tube, in which there is only a simple stream of cold gas, is not

suitable for this purpose, and its use as a refrigerator, as previously

stated, is limited because of high irreversibility and low efficiency.

The use of vortex tube as an air conditioner requires an isothermal

compressor and an adiabatic expander. By the use of a simple compressor

machine, the efficiency of the vortex tube is only about one-half.

Considering the basic and non-basic criteria the efficiency of the

vortex tube can be analyzed in detail. Fulton [11] states,

"If a machine which is ideal for one purpose is used as a
criterion for a machine serving the other purpose, the criterion
is not basic. "

Non-basic Criteria - '

Carnot criterion - The coefficient of performance for the vortex tube is

defined as equal to the heat taken out of the cold gas divided by the work of

reversible isothermal compression.

\i. 3 c (T- - T )

CO. P. = 2 i c

—

^^j

R Tj In h '"'•'-'.
Pc

where p^ and T^ are the pressure and temperature of the supplied gas, P and
c

T^ are the pressure and temperature of the cold gas leaving the tube, c is

the specific heat at the constant pressure,. R is the gas constant and '^l
' is

the cold fraction defined by ratio of mass rate of cold flow to the total
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mass rate flow. The coefficient of performance according to Fisher

Governor's 122] data is 10.12 per cent and it is obtained at 0.4 \i, 50 psig

inlet pressure and 74 inlet temperature. ' '

The coefficient of performance of a Carnot refrigerator working be-
T

tween T and T, is equal to ;^;—
;^f;
— . I

, I c *

* A

Dividing equation (9) by the Carnot coefficient of performance,

'.
p. J c (T, - T )^

Efficiency (Carnot) = (10)

R T, T in Pi
1 c

Pc

Dividing the numerator and denominator by TT ,^
T 2 1T

li J c (1 - —•)

Efficiency (Carnot) = '!
^—

ru ^— (11)

1 *^c .

Let Tp be the temperature that would be reached in a reversible adia-

batic expansion from P., T, to P , then

1
Pj . rT.

k

k-1

(12)

Taking the logarithm on both sides,

^1 k "^l
In p^=r\ ln:=i (13)

For a perfect gas,

- r — —
p V J

C - C = T •

'
•

^ (14)

and

c r
'

^= k •

; . : (15)
V '.'''';'.
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Combining equations (14) and (15),

J C
J,

Substituting equations (13) and (16) in equation (11),

T 2
;

( 1 - 7p)
Efficiency (Carnot) = p. t^ f— . (17)

c , 1

Fulton obtained [ll] a maximum efficiency of 2.8% at 11 atmosphere inlet

pressure with Hilsch's data. Initially it was believed that the efficiency

of the vortex tube would be over 10 per cent. With Fisher Governor's data

at 50 psig inlet pressure, 74*^F inlet temperature and 0.4 n, an efficiency

of 1.012 per cent is obtained.

Criterion for refrigeration at fixed temperature - Let cold air be

used to remove heat from a body at a fixed temperature, say T, . Then, cold

air can be used from T^ up to T . So, the efficiency becomes,

li JC (T - T ) (T - T, )

Efficiency (fixed temperature) = ^ 2 £ i ±. (iq)
R T, Z In Pi

The efficiency becomes zero if the body temperature T. is equal to T , This

implies that the cold air is not utilized. Under no circumstances is T
b

equal to T^, to make the efficiency zero, as the Carnot work in zero for this

condition. The efficiency expected is only about one-half.

Turbine Criterion: Consider that a vortex tube is compared with a rever-

sible adiabatic turbine producing the same amount of cold gas [iw at the

same temperature T^, at the expense of turbine work. This turbine pressure



34

ratio will be smaller than the vortex tube. The compressor used for this

purpose will have to handle only the flow jilV instead of VJ. The turbine

efficiency then is the ratio of the work of the turbine's compressor to

the work of the vortex tube compressor, which is,

^1
J C In TT^-

P ' ^

Turbine Efficiency =
jj, 5

R In pi

In
Y"

= n ^ (19)

In -^r-

2

The efficiency in this criterion is about 13 per cent at 11 atmospheres

with 0.7 fraction of cold air as can be seen with Hilsch's data [ 11 § 16J .

Fisher Governor data [22] at 0.4 p., with 50 psig inlet pressure and 74°F inlet

temperature, gives a turbine efficiency of 10.62 per cent.

Hilsch's criterion: - Fulton [11] reported that the efficiency given

by Hilsch is nothing but the coefficient of performance, and he checked this

statement with the graphs given by Hilsch.

Basic criterion: - -'

The basic criterion requires that the vortex tube be compared with a

reversible producer of a cold gas, the latter being a reversible isothermal

compressor followed by a reversible adiabatic expander. Under the light of

the availability concept, this can be discussed as follows:

The availability of a system is defined as the minimum amount of work

required to bring the system from the dead state to the given state. In

other words, it is the maximum amount of work that can be obtained in reducing
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•'''' '

the given system to the dead state.

Under steady flow conditions, in the absence of change in electri-

city, magnetism, capillarity, gravitational position and velocity, avail-

ability is given by,

'
a = J [Ch - h^) - T^ (s - s^)] (20)

in which the subscript, d, refers to dead state, namely the environment at

P^ (Keenan 19 )

.

For a perfect gas, " '
,

(h - h.) = C (T - T.) (21)dp d ',

>

s - s , = C In I - 7 In ^ (22)
d p T , J P ,

Substituting the values of equations (21) and (22) in the equation (20)

and simplifying, the expression for availability becomes,

*^ d d d

Considering small temperature drops, the pressure drop is very small, so the

p p
ratio p— IS nearly equal to unity, and so the logarithm of ^ may be neglected

d ^d

:
d d

T T
Further, expanding the term in ^ for 2 <— <0

d
; d

2 "^

T T IT IT
In 4- = (^ - 1) - i

(^T- - 1) -^ ^ (^ - 1) (25)
^d ^d '^

-^d
"^ ^d
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Substituting in equation (24) the availability for small temperature

drops is , . ,
.

a„ = J C^ T

,

T P Q

2 "^
-1

^ (Y-
- 1) - I (f-

- 1)^ + • '

J (26)

d c

Defining the efficiency of the vortex tube, as a producer of cold gas,

as equal to the ratio of the work required by a reversible machine producing

the same amount of cold gas at the same temperature and work required by the

vortex tube using a reversible isothermal compressor.

A W a

Efficiency = -^ = jjpr
^1 "^1 ^1

- _c - _c_c
^27)

_ ^c
. - - ^i

—
1

T T
c , , c— -^ - In ~

— 1" F
C

Fulton [ll] evaluated the efficiency curves for various pressures based on

Ililsch's data [l6] ,and obtained efficiencies in the neighborhood of one

per cent. lie also mentioned that the efficiency may reach two per cent for

large vortex tubes. If a means is found to use the hot gas to produce work

the efficiency ranges between 10 and 20 per cent.
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APPUCATIONS OF THE VORTEX TUBE

Ranque might have thought of using vortex tube as a domestic refri-

gerating unit. He also devised a unit v/hich had its own compressor. He

did not perhaps notice some drawbacks in the cycle. It had low efficiency,

which he later realized, and abandoned the idea of building the unit

altogether. But its simplicity and easy operation caused many engineers

to make use of the phenomenon. The result is the vortex tube thermometer,

the cooler and other special applications. They are discussed below in

detail.

If a large quantity of compressed air is available, it is very easy

to get cooling and heating with this apparatus. Fisher Governor Company

designed and improved a vortex tube for various laboratory and industrial

uses, such as a temporary and convenient source of refrigeration, for cool-

ing electronic equipment, for junction points h pyrometers and for cooling

small die blocks. It is capable of producing sub-zero temperatures and high

temperatures in excess of 250 F. .

Vortex tube cooling device: - An improved vortex tube cooler is shown in

Figure 21, Blatt and Trush [4] designed this for the first time, and studied

its effect on hot bodies. This differs from the conventional vortex tube

in not having the cold air outlet. The comparison between the cooler and

conventional vortex tube xvith turbine analogy is clearly shown in Figure 22.

The diffuser portion at the gas exit recovers most of the kinetic energy

in the outer region of the tube, thus increasing the exhaust pressure.

The differences in the method of operation have the effect that the

decrease in the stagnation temperature from the inlet of the nozzle to the

central region is in a much higher percentage of the isentropic static
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temperature drop between inlet snd exliaust pressure than that obtained in

the conventional vortex tube. In some cases the measured temperature drop

is even less than this isentropic temperature drop.

According to Blatt and Trusch 14} the maximum temperature drop is

recovered at the axis in the range of Z = 1-1. 5d, where Z = distance from

the edge of the cooler and d = pipe diameter of the cooler. Using a vaned

diffuser they obtained a final temperature of - 108 F with an absolute

pressure of 4.8 psia at the center of the cooler. The air enters the cooler

at a pressure of 45 psia and a temperature of 70 F. Further investigation

has to be performed to find out the phenomenon for choking at flow rates that

are less "than that corresponding to an Mach number of unity over the cross

section." The air flows only in the outer region of the pipe. There is less

turbulence in the tube, so the energy separation, as explained previously,

will not take place. Thus, no temperature drop can be obtained.

Vortex tube air craft cooler for supersonic craft: - Figure 23 shows a pro-

posed set-up of vortex tube as a cooler for equipment in a supersonic air-

craft. The equipment was devised and studied by engineers of the Heat Transfer

Laboratories of the Ilallicrafters Company [44] . They used the vortex tube

phenomenon to separate cold and hot streams in a compressed air shock.

Equipment to be cooled will be housed in a "POD" attached to the aircraft.

The inlet of the "POD" is similar to that of a ram jet engine. A shock

stands at the entrance as shown in Figure 23. The air after the shock expands

in the vortex tube. With an ambient air temperature of 60 F, the stagnated

tube inlet air temperature of an aircraft at Mach 2, sea level, is 450 F.

According to Ilallicrafter [44] , the Maxwell-Boltzmann distribution of air

molecule velocities under these conditions shows that 65 per cent of the
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air molecules accepted by the tube have a mean velocity corresponding to an

air temperature of 13I°F. Under ideal conditions, when the total flow of air

is 1.56 Ibm per minute at 475°F, 1,00 Ibm per minute of cold air is produced

at 131°F.

In spite of the low efficiency of the unit its simplicity promises

sufficient savings in space, weight, power, and cost over mechanical types of

refrigerating equipments, and is a good device to be used in modern aircrafts.

Vortex tube as a centrifuge: - The tangential velocities in the vortex tube

are soniCo One may feel like using the vortex tube as a centrifuge. After

careful study of the vortex tube, one may realize that these high velocities

are over a limited range. The tangential component of velocity increases

with decrease in radius. This can be seen in Figures 11 and 12b, According

to Corr [7] the centrifugal acceleration is approximately one million times

greater than gravity for a. velocity of 100 fps at the wall of 7" vortex tube,

and at such a high velocity it is expected that there would be separation

of water particles from water vapor. But Norton, as reported by Corr, analyzed

some samples of hot and cold streams with the mass spectrograph and could

not find such separation of water particles. The reason for this is that

the flow in the vortex tube is one having highly turbulent mixing [8] . Thus,

no centrifuging effect is here.

Vortex tube thermometer:; - The first vortex tube thermometer was designed

and studied by the Cornell Aeronotics laboratory [2J . Figure 25 shows the

thermal sensor with a vortex tube used as a thermometer to measure the free

stream air temperature. The principle involved is as follows:

Let the nozzle of the vortex tube point in the direction of motion of

airplane such that the air is forced through the nozzle. If the aircraft
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is flying at Mach number, M, the stagnation temperature, T,, is related to

M and the free stream temperature, T„, by the following equation:

T^ = T^, (1 +^ llh
"

(29)

A thermocouple located at the entrance of the nozzle v;ould read the stag-

nation temperature, T , for unity recovery factor. Therefore, to compensate

for the aerodynamic heating of the stagnation probe, the thermocouple is

located in the cold portion. Then the temperature read by the thermocouple

will be the true air temperature. Figure 26 is the set-up for the test simu-

lation. The actual scale model of the equipment is shown in Figure 26. This

design has been tested and proved to be fairly successful for sonic and

supersonic speeds [2] .

Vortex Tube Heater: - In the preceeding pages, the utilization of the cold

gas stream for cooling purpose has been discussed. The hot gas is not used

in any of these apparatus, A Vortex Tube Heater can be used to heat the base

of a supersonic aircraft, increase the base pressure, and in turn, reduce

the base pressure drag on the air foil. Bouyer and Carter [6J reported that

in supersonic aircraft burning fuel at the base of an air foil requires less

total fuel to overcome drag, then is required when fuel is used only in the

engines. After thorough experimentation it can be found that hot air from

the vortex tube can be used for this purpose. Fairly cool gases from the

later stages of the main turbo engine may be expanded in a vortex tube. The

hot gases coming from the tube are utilized for heating the base, and the

cool gases are circulated over the hot tube to prevent it from melting.

Another use of the Vortex Tube Heater is to obtain higher propellent

temperatures in a nuclear rocket than could be obtained by the nuclear reactor
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alone, which is limited in temperature by the reactor materials. The walls

of the vortex tube could be cooled by the cold stream to prevent them from

melting, and this cold stream could be reheated in the reactor.

SUMMARY AND SUGGESTIONS

The flow in the vortex tube is spiral and highly turbulent. There is

a reverse axial flow between hot and cold spiral flows in the tube. Energy

separation in the tube is due to turbulent shear work done on the element

which is positive on the outer layers and negative on the inner layers.

The reduction in the energy separation is due to tlie extended reverse flow

away from the nozzle plane.

The efficiency of the vortex tube have been discussed ivith basic and

non-basic criteria to show the real efficiency of the instrument. Appli-

cations of hot air and cold air were discussed in detail.

There is need for further work before the vortex tube could be used for

supersonic aircrafts and rockets in this space age. The reverse flow effect

also has to be analyzed more thoroughly.
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The vortex tube, as invented by Ranque, is a simple device without

any moving parts. Compressed air enters the tube tangentially through a

simple nozzle. Cold air is recovered from one end of the tube at the

central region and hot air from the periphery of the other end.

In this report an attempt has been made to discuss various theories

on the vortex tube that have been put forth by several investigators, and

the mechanism of energy separation has been explained in all its aspects.

The experimental results available are made use of in support of the con-

clusions drawn. The energy separation is due to turbulent shear work

done on or by a fluid element in a compressible vortex. The efficiency

of the vortex tube is compared ivith the basic and nonbasic criteria. The

various uses and applications of vortex tube are discussed.


