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Experimental data are presented on the parameters of a vortex flow,
measured along a Ranque-Hilsch tube in adiabatic and nonadiabatic
conditions. Graphs are given showing the variation of the thickness of
the external stream, the temperature, and the heat transfer coefficient
along the tube,

In references [1--4], dealing with an experimental in-
vestigation of the internal parameters ofa vortex flow
in a Ranque-Hilsch tube, there are no data relating
to processes occurring in nonadiabatic conditions. The
vortex process, however, is most effective [5] in these
very conditions. The present paper, by way of sup-
plement to the data taken along a nozzle section [6],
now gives results of measured parameters for a vor-
tex flow along a vortex tube, both in adiabatic and in
nonadiabatic conditions.

The measurements of the internal parameters
along a conical vortex tube were made by means of
radial probes [6]. The probes were positioned by
means of a traverse mechanism in special fittings
located at five sections (I-V) along the tube, at dist-
ances of 90, 190, 290, 490 and 740 mm, respectively,
from the nozzle section (Fig. la). At these sections,
during radial traversing of the probes, measurements
were made at each point of the angle ¢ (indicating the
direction of the total velocity vector), the total pres-
sure py, the static pressure p, and the stagnation
temperature T, of the vortex stream. From the values
of pg and p at each point of the flow the total velocity
c was determined, and then, from the angle ¢, values
of the tangential and axial flow velocity components,
cr and ¢y, were computed. The measurements were
carried out with a closely constant initial pressure
Poo = 4+ 10° N/m?, for three values of u = Gx/G = 0.5,
0.8, and 1. Expansion as far as atmospheric pressure
took place.

The direction of the axial velocity component cg of
the vortex stream along the tube (Fig. 1) allows us to
determine the boundary which divides the vortex
stream into an external component Vg and an internal
component Vi, as regards axial motion. In the external
stream the vector is directed from sections I'to V,
and in the internal stream from V to I. The boundary
between the external and the internal layers is the
surface where the axial velocities are equal to zero
(cq = 0). Here reversal of the stream takes place, and
an internal layer is formed from the external layer,
with a change in the sign of the axial velocity vector.

The thickness 6 of the external annular layer of the
vortex stream depends on u. Values of 6, measured
at the five sections, are shown in Fig, 1b. The graph
shows that the thickness ¢ of the external layer in-
creases from 5 to 10.5 mm along the tube from sec-

tions I to V. The relative quantity 6/r, varies from
0.263 to 0.578. For p =1 the thickness 6 is a minimum,
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Fig. 1. Schematic of the tube (a) and
thickness of the external stream (b).
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and for the internal layers Vj a zone is formed with a
maximum area of the available cross section. This is
due to the fact that, as the internal flow advances
from sections V to I, its magnitude increases con-
tinuously, which leads to increase of the cross section
of the internal stream and to decrease of the thickness
of the external stream. The thickness of the external
stream at various sections changes to a different de-
gree, depending on the value of 1. Thus, with change
of u from 0.28 to 1, the thickness of the external
stream at the I section decreases by a factor of 1.1,
while at the V section—by a factor of 1,47, Thus, from
examination of the dependence of § on y at the differ-
ent sections, it has been established that at p = 0.3-1,
reversal of the external layers and formation of the
internal stream occurs along the whole length of the
vortex tube.

The static temperature T and the total temperature
T, of the external and internal streams in the vortex
tube are shown by graphs of the variation of ATje,
ATg, and AT along the tube (Figs. 2, 3).

The quantity ATye is the difference between the
stagnation temperature Ty of the external stream and
the initial temperature of the compressed gas Ty.
The quantities AT, and ATy are, respectively, the
difference between the static temperatures of the ex-
ternal flow Tg and the internal flow Ty, and the initial
temperature of the compressed gas Tgy. These quan-
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Fig, 2, Variation of stagnation temperature and static
temperatures along the tube (a—adiabatic; b~non-
adiabatic), for u = 0.5, pg = 4:10° N/m?,

c i i m v vV
AT AT
40 < Too
/ N MBe
30 0104

10 7 ',/\M 0035
N 1 v - 0069
=30 |—f> 0104
40 —— 3} oo
-50 ——==° L
~60 [ 9207
70 Q242

s It I L M : L L

0 2 4 6 8 Ml 12 4 15 18 20 22 24 I

Fig, 3, Variation in stagnation and static temperatures along
a nonadiabatic tube for u = 1, py, = 4+10° N/m?; a) for the
wall layers; b) axial layers; ¢) cooling water,
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tities may be referred to the initial temperature of
the compressed gas (ATye/ Ty, ATe/Tyy 2nd AT/ Tyg)-

Figure 2 gives graphs showing the variation of the
total temperature of the external stream and of the
static temperatures of the internal and external
streams as a function of reduced tube length =1/De.
Measurement of the stream temperatures was made
both in adiabatic (the vortex tube insulated), and in
nonadiabatic conditions [5].

The lowest static temperature is that of the ex-
ternal stream at the nozzle section in the discharge
of the gas from the nozzle. The maximum temperature
drop ATg = —75 deg is caused by the large velocity
which the external stream has upon discharge from
the nozzle. As the external stream advances from
sections Ito V, its static temperature increases, ATg
increases correspondingly, and AT at section V is
25 deg. The increase of static temperature of the ex-
ternal stream is due to transfer of energy to it from
the internal stream, which moves upstream and is
cooled.

For the internal stream ATj is decreased from 15
deg at section V to —34 deg. The internal stream, is-
suing through a diaphragm, is brought to rest, and
the temperature drop decreases to the value c?/2¢c.,
where c is the velocity of the stream issuing through
the diaphragm; p is the stream enthalpy. The in-
crease in stagnation temperature of the external
stream, occurring because of transfer of energy from
the internal stream, is determined by the quantity
AToe.

The sharpest variation of temperature, denoting
the most intense transfer of energy from internal
layers to external, is observed in the initial part of
the tube (up to! = 7). It is characteristic that in the
initial section of the tube ( = 0-3)" ATg for the layers
nearest the wall is less than AT; for the axial layers.
For the remaining part of the tube (I = 3—26) AT; for
the axial layers is less than ATp for the wall layers.

For a nonadiabatic vortex process more favorable
flow conditions exist, which lead finally, other con-
ditions being equal, to increase in the thermal ef-
ficiency of the vortex tube [5]. All values of the tem-
peratures (AT, ATg, ATj) for nonadiabatic conditions
are lower than the corresponding temperatures for
adiabatic conditions.

In the nonadiabatic tube energy is given up by the
external stream in the vortex interaction process. The
result of this is that, starting from section I, ATy for
nonadiabatic conditions has smaller values, and drops
to 5 deg towards section V, i.e., it decreases by
roughly 22 deg in comparison with the temperature for
adiabatic conditions.

The effect of cooling is to give a reduction in the
thermodynamic temperatures both for the external
and the internal streams. Therefore the internal
stream in a nonadiabatic tube reaches the diaphragm
with a lower temperature, which in turn leads to re-
duction in the stagnation temperature of the cold
stream. It may be seen from the graph that foru =
= 0.5, ATyx is decreased by roughly 3 deg when the
vortex process takes place in nonadiabatic conditions.
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At large values of u, a larger difference between
the values of ATyx for adiabatic and nonadiabatic con-
ditions is observed.
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Fig. 4. Variation in the heat transfer coefficient of a
vortex stream along a nonadiabatic tube withpy =

= 0.5 (1) and 0.8 (2); a—from formula (2); b—(1);
c—{(3).

When the vortex process is carried out in non-
adiabatic conditions the possibility exists (in addition
to increase in the thermal efficiency wheny < 1) of
operating in a qualitatively new regime giving cooling
of the total amount of gas brought into the tube (4 = 1).
Other conditions being equal, this leads to a consid-
erable increase in the cooling effect of the vortex tube
[5].

Figure 3 shows the variation in temperature (ATye,
ATg, AT;) of the external and internal streams along
the length I of a nonadiabatic tube operating withu = 1.
Due to transfer of energy from the external layers to
the internal layers, and from them through the wall to
the cooling water, at the exit from the vortex tube we
find that the whole stream (u = 1) is cooled by 24 deg.
For an inlet pressure of py = 6- 10° N/m?, ATy =
=~ —30 deg [5].

For i =1 there is a sharp increase in the stagnation
temperature of the external stream. Even for a cold
condition, ATy up to section I reaches 42 deg (at the
same section in the adiabatic tq_be withy = 0.5; ATy is
15° C in all), Therefore, with] = 3~5, the vortex
energy transfer effect reaches a maximum strength.
From sections I to III, the strength of the vortex effect
falls off, and ATy, begins to decrease. The variation
in static temperatures of the external and internal
streams (AT and ATj) in the range! = 10~26 has the
same character as ATye. In the range between sections
I and III an increase in ATg occurs, fcllowed by a
sharp fall to AT, = —66 deg. In the range between sec-
tions III and C, ATj decreases from 3 to —34 deg.

The heat transfer process in the nonadiabatic vor-
tex tube plays a decisive role in energy removal. On
the basis of the experimental data obtained for fields
of velocity and temperature in the adiabatic and non-
adiabatic tubes, values were determined for the coef-
ficient o of heat transfer via the vortex flow as a
function of tube length 1.

The coefficient of heat transfer «; from the vortex
flow to the tube wall was determined in twc ways.
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Using the first method a value was determined from the
test data, using the MPI (Moscow Power Institute)
formula for the case for a flat plate washed by a tur-
bulent stream of diatomic gas [7]:

Nu=0.032 Re®® (105 < Re < 2-10%. (1)

The Re number was determined from the experimental
values of velocity, measured in the nonadiabatic tube.
The physical parameters were referred to the stagna-
tion temperature of the oncoming stream, measured
at the tube wall at each section (from Ito V).

The characteristic dimension in the hydrodynamic
and thermal parameters (Re, Nu) was taken to be the
circumference of the tube at the given section (L =
= 2rr). Values of ¢, obtained from formula (1), are
shown by the broken lines in the graph of a= f{(I)

(Fig. 4}. _

Using a second method, values of oy were deter-
mined from the heat flux ¢ passing through the tube
surface included between sections I-V. From the ex-
perimental data on behavior of the stagnation temp-
erature in the adiabatic and nonadiabatic vortex tubes,
calculations were made for the heat fluxes passing
from the wall layers of the gas through the conducting
surfaces enclosed between sections I-V. From the
amount of heat q transmitted by the gas through each
elementary annular surface Fi, and from the mean
temperature difference between the gas and the cooling
water AT, the mean heat transmission coefficient for
each surface element was calculated:

K= —9 W/m®-cC. )

F AT

From the mean value Kj for a known mean value of
the coefficient of heat transfer to the cooling liquid
a9, and the calculated thermal resistance of the tube
wall, a mean coefficient of heat transfer with respect
to the air «; was calculated for each section of the sur~
face. Values of w4 obtained in this way are shown by
full lines on the graph of a; = £() (Fig. 4).

Comparison of the values of oy obtained by the two
methods shows that over the whole length of the tube
a4 calculated by the thermal method gives larger values
than those calculated by formula (1), the divergence
reaching as high as 40—45%. This is due to the fact
that formula (1) does not take into account special
features of heat transfer in turbulent vortex streams
washing a curved surface.

Calculation of the heat transfer coefficient for a
vortex turbulent stream washing a curved surface may
be made from the equation

Nu = 0.052 Pr0.-333 Re0.8, (3)

Values of oy calculated from this formula are shown
in Fig. 4.
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It may be seen from the graph that the largest value
of «; is observed in the initial cooled sectionof the vor-
tex tube, Thus, between sections I' and I, values of
@4 are roughly 1000-1100 W/m?- °C, at the section
I~1I they are about 700—900, and at the section II-V
roughly 300—400. Such a great difference between the
values of oy has the result that the largest amount of
energy in the form of heat is transferred at the initial
section of the vortex tube. In the section I-II, whose
surface is 19% of the total tube surface, up to 40—50%
of the total amount of heat removed by the water is
transferred. For u = 1 the mean value of o, averaged
over the tube length is 450~550 W/m?. °C,

NOTATION

G is the total quantity of air; Gx is the quantity of
cold air; p = Gy/C is the fraction of cold air; ¢ is the
angle made by the velocity vector; cr is the tangential
velocity; ¢, is the axial velocity; 6 is the thickness
of the external stream: r, is the radius of the cylin-
drical part of the tube; Ty is the temperature of the
compressed gas upstream of the tube; Te is the stag-
naticn temperature of the external stream; Tgy is the
stagnation temperature of the cold stream; Tg and Tj
are the static temperatures of the external and internal
stream, respectively; ATye = Toe — Too; ATox. = Tox —
= Tgo; ATe = Tg — Tgp; ATj =Tj — Tgo; I is the tube
length; Dy, is the tube diameter in the nozzle section;
I = 1/Dy is the reduced length; oyand o, are the coeffi-
cients of heat transfer from the vortex stream and to
the cooling liquid.
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