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An experimental investigation has been made of flow friction and heat
and mass transfer inside cylindrical tubes with exit sections without
diaphragms and various degrees of swirl of one- and two-phase flows.
A comparative analysis of the results obtained has been made. The
most suitable operating conditions from the energy standpoint have
been established for vortex heat and mass transfer equipment.

Experimental equipment and test method., A de-
tailed account of this question has been given in [1, 2].
In order to obtain more general relationships, tests
have since been performed with tubes of various sizes,
and with varying degrees of swirl of the stream result-
ing from the use of swirl generators of various sizes
with various numbers of tangential slits (see the table),

In the course of the experiments, besides calcula-
tion of mass flow rates of air and water, static pres-
sure was measured both along the tube and at the en-
trance to the swirl generator in a section of the feed
nozzle distant not less than five hydraulic diameters
from the nearest rim of a tangential slit, in order to
avoid appreciable local disturbances. Because of these
considerations the total length of the nozzle was 25-30
hydraulic diameters. To obtain average values, the
Pressure in each section was measured at several
points located uniformly along the perimeter. The
excess pressure of the air supply to the vortex did
not exceed 5 - 10* N/m?, The tests spanned the range
of Re numbers from 3 . 102 to 5 « 10°,

Wall temperature was measured with chromel-
kopel thermocouples at 2—3 points in each of 4—7 sec-
tions, depending on the tube size. Their readings
were compared with those of a special thermocouple
whose sensing head was embedded in the wall and
whose leads had isothermal sections flush-mounted
in grooves in the inner tube wall and fastened with a
heat-resisting insulating cement made of tale chloride
in waterglass, as well as with the readings of radia-
tion and optical pyrometers in conditions where the
temperature of the hottest end of the tube reached
600-900° C. We were thus able to assess the errors
in temperature measurement ariging from local dis-
turbance of the flow by the hot thermocouples and
from extraction of heat by the thermocouple leads.

In fabricating the thermocouples, thin wire of di~-
ameter 0,2~0,25 mm was mainly used; the sections
of the wires near the hot junctions were carefully heat-
insulated, depending on the temperature conditions
and the tube diameter, with asbestos-glass wool or
porcelain fiber; special attention was given to secur-
ing uniform size of the hot junctions and to locating
them close to the wall, the installation being reckoned
complete only when identical readings were obtained
from all the thermocouples located at one section.

Because of these precautions, the difference of tem-
peratures measured by the various methods did not
exceed 15—-20%, of the temperature head in the most
unfavorable conditions, and during the investigation
of mass transfer, because of the lower temperature
level of the whole system, the readings of the two
types of thermocouples practically coincided, Owing
to the excessive technical difficulties (installation and
suitable sealing), the thermocouples with the head em-
bedded in the wall and the isothermal section were
used only in isolated cases to estimate the errors.
Reduction of flow friction data. The simplified
model of a swirling gas stream is a hollow rotating
jet with a central core that is very weak in the kine-
matic and dynamic sense [3-~7]. As it proceeds along
the tube, the jet becomes gradually thicker because
of attenuation of the swirl by friction forces. For an
ideal stream swirling in a tube without diaphragms,
according to a method described in [8] relating to cen-
trifugal injectors, the following relations may be ob-

tained:
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Here & =L, + 0+ is the theoretical value of the re-
sistance coefficient of a vortex tube, indicating the
magnitude of the total head on the scale of the inlet
velocity head and expended in creating the axial ¢,
and tangential ¢; components of velocity head, and
the centrifugal pressure ¢,,, where
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In the last expression, the law of distribution of
centrifugal pressure over jet thickness in the form

L=G—tgpyC—y (5)

was obtained from the equation of equilibrium of the
swirling stream under conditions of potential distri-
bution of tangential velocity, when the excess pres-
sure at the inner edge of the stream is zero. The geo-
metrical characteristic A in the relations presented
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Fig. 1. Variation of the parameters
of an isothermal swirling stream
along a tube for the case A, = 0.43:
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(the points are experimental data);
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Fig. 2. Variation of the friction resistance ratio

for swirling and axial streams as a function of

geometrical characteristics: 1) with I/D = 10;
2) 20; 3) 40; 4) 50,
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is defined as the ratio of the areas of the cross sec-
tion of the tube and the longitudinal section of the jet,
i.e., i

A, = F.JF,. 6)

For an ideal stream the quantity Fy coincides with
the total section area of the tangential slits. For a
real stream it varies along the tube. Representing
the geometrical characteristic in the form (6) permits
its use in the study of the laws of attenuation of a real
stream.

In actual conditions attenuation of the swirl leads
to change of the jet parameters along the tube. There-
fore, for a viscous and nonisothermal stream, by di-
viding it into axial and tangential components, we can
write the over-all resistance coefficient of a vortex
tube with respect to the inlet velocity as follows:

o= Po/(Vowi/28) = Loy = Tna + Lat + i + Lo (1)

Here g, is the theoretical resistance coefficient of

the vortex tube, aceording to [2], for the inlet sec~
! >3
1 Ay vwadx,
sone Dn, = i | a0l
tion; L \ D

5 is the portion of the re-
UelWo ¥

ra

sistance coefficient due to friction of the axial flow

[N .
1 oy,
component; Gy =——5 | is the same for the
X D,
o
, 2wy [ O v,
tangential component; (i, = 5 P 1 ) is the por-
Wy 0 /

tion of the resistance coefficient due to acceleration
as a result of the axial component being nonisother-
2&!‘;3;Q v
mal; §; = |-+
Uy

o

— 1 ) is the same for the tangen-

tial component.

By analogy with ordinary nonswirling flow, the last
two terms have been represented in the form of twice
the difference of the change due to heating in the ve-
locity heads at the exit section [9]. In using (7), the
exit velocity head is referred to the losses, but the
inlet, outlet, and jet expansion losses, due o redis-
tribution of the velocity field, will be included in the
friction resistance coefficients.

The nature of the variation of the stream parame-~
ters along the tube, required for the calculations ac-
cording to (7), was determined by means of a semi-
empirical method involving visual observation of the
change of pitch of the jet, followed by calculation of
all the remaining flow parameters (4, o, A, 1gp, w,/w,
w/w,, Dy Dy, , ete.) with the aid of Egs. (1)—(6) for
any section and conditions, taken in dimensionless
form for the sake of generality.

Visualization of the flow, mainly local, was ac~
complished in glass tubes by injecting very thin jets
of water, or, in the case of large swirl velocities,
jets of smoke, through special apertures, using hol~
low needles. We note that for the initial section of
the tube, where attenuation is not as yet so strongly
apparent, the measured values of the pitch Sg in the
whole range of variation of A from 0.4 to 24 were
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very close to the theoretical values according to (3),
independent of the Re number,

The values of the friction resistance coefficients
q and A were determined using experimentally ob-~
tained graphs of static pressure variation along the
wall, Here the assumption was made that the static
pregsure at any section is the sum of the centrifugal
pressure, determined from (5) with y = h, and the
drop due to flow friction at the tube wall, The numeri-
cal values of A, and M were evaluated in each case by
assuming Ay = 4cf = Ay, Calculations of this kind were
done for all the conditions investigated.

Figure 1 shows the relevant curves for Aqy = 0,43
as an example, The nature of the change of pitch along
the tube is alsoc shown there, in addition to the varia-
tion of the remaining components of the resistance
coefficient (tg, &, and £y). It should ke noted that
over most of the tube length A, remains less than for
an axial stream with the same relative roughness.

It was established, using an axial stream, that the
relative roughness of the tubes investigated, includ-
ing the glass tubes, lies in the range 0,0008-0.003,
for which the mean value of A in the turbulent region
is approximately 0,03, The sharp increase of Ay in
the initial section is related with the effect of some
decrease of pitch in comparison with s, and there-
fore, of some contraction of the swirling jet imme-
diately after it enters the tube, this contraction being
characteristic for the range of variation of A, from
0.4 to roughly 2, i.e., for a relatively wide jet.*
With increase of A, the discontinuity in Ay at the
tube entrance gradually decreases, but its mean valie
for the whole tube increases smoothly at large Ay,
approaching the axial flow value for a given roughness.

In the given stage of the investigations, embracing
a comparatively narrow range of variation of A, we
did not pursue a detailed study of the influence of this
parameter on the hydrodynamic characteristics of a
swirling stream. It is enough fo remark that increase
of roughness accelerates attenuation of the vortex, on
the one hand, thus promoting decreased friction re-
sistance, while, on the other hand, it increases Aq
and M, causing greater resistance, These two oppos~
ing factors almost compensate one another, The re-
sult is, therefore, that the resultant value of the frie-
tion resistance in the test range of & and Re in ques-
tion is practically independent of these parameters.
Moreover, no noticeable variation of friction resis-
tance was observed, and this agrees with theory, with-
in the investigated range of variation of slit length,
width, and number for AT, = const. From the view-
point of initial losses, however, the most favorable
condition should be that where the slit length, or the
total length of several slits, is equal to the pitch of
the jet, for in that case the thickness of the latter will
equal the thickness of the slit, and its entrance will

*The phenomenon is similar to common cases of con-
traction of a non-swirling jet (discharge from an ori-
fice, flow over weirs, dams, etc, [10}).
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not be accompanied by an appreciable alteration of
cross section, and hence of velocity profile.
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Fig. 3, Variation of Nusselt number ratio

for swirling and axial streams as a func-

tion of the geometrical characteristic: 1, 2,

3, and 4) heat transfer with [ /D of 10, 20,

40, and 50, respectively; 5, 6, 7, and 8)

mass transfer with 1 /D of 10, 20, 40, and
" 50, respectively.

The most general results of the investigations are
shown in Fig. 2, It is not difficult to establish that the
predominant part of the loss of head due to flow fric-
tion occurs in the initial section of the tube, this be-
coming more distinct with increase of A, The curve
of friction resistance as a function of A, passes
through a maximum, due to the increasing role of the
streams, These graphs allow one to determine the
friction resistance, and, in addition, by using (7),
the total resistance for any vortex tubes in the inves-
tigated range of I/D and Ay.

The laws of variation of friction resistance coeffi-
cient with water injection, i.e., for two-phase flow,
remain qualitatively the same as for single-phase
flow. Two-phase flow is accompanied by formation
of a liquid film on the inner wall of the tube, at mod-
erate specific water flow rates, not exceeding 500—
600 kg/m - hr, which occur in the overwhelming ma-
jority of mass transfer equipment of the film type and
were obtained in the present tests. In practical calcu-
lations it is possible toneglect the comparatively small
variation of resistance coefficient resulting from the
diverse influence of many factors (variation of physical
parameters due to the presence of the film, expendi-
ture of power in swirling the liquid ejected by —~_.e ac-
tion of the latter at low gas flow rates, efc.).

It should be noted that at appreciable velocities of
a swirling stream, the two-phase regime is accom-
panied by uniform fluctuations of pressure, and by the
appearance of annular waves [11] on the surface of the
rotating liquid film.

Heat transfer data. In the heat transfer investiga-
tions the initial and final sections of the tube, of two
calibers total length, which, as calibration tests
showed, are appreciably influenced by the end losses,
were not taken into account in the calculations. The
residual working section had the dimensions shown in
the table.
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Analysis of the differential equations describing
the ‘process shows that the presence of centrifugal
forces does not lead to the appearance of new simi-
larity criteria [12, 13], except for the group AT,
which is the geometrical characteristic of the swirl-
ing stream, Therefore the generalized test data for
constant values of AT, have been dealt with in the
form of the dependence Nug = f(Re). Analysis of
these relations shows that all points relating to iden-
tical values of A, and I/D lie, in the turbulent re-
gion, on a single straight line, parallel to that for
the ordinary axial stream, In the transition region,
the sharp fall in heat transfer typical for an internal
problem is not observed, which is due, in all proba-
bility, to the stabilizing influence of the centrifugal
forces, as well as to the fact that the swirling stream
is a superposition of two flows—axial and tangential
—differing appreciably as regards the location of the
region in question., ’

The degree of variation of heat transfer in the tur-
bulent region is very fully presented in Fig. 3. It may
be seen that the swirl of the stream can actually be
intensified by heat transfer, but its rate of growth
with increase of AT, decreases, since the relatively
thin jets corresponding to large values of AT, inten-
sify the heat transfer in the initial section more
strongly, and at the same time are attenuated more
rapidly,

There is an interesting qualitative similarity be-
tween the graphs of relative growth of friction resis-
tance and heat transfer in vortex tubes, indicating
that it is possible to use the hydrodynamic analogy
for analygis of flows as complex as the swirling
stream. A certain quantitative lag in the rate of in-
crease of friction at small Ay, and, on the other
hand, a small lead at large Ap,, are due in all prob-
ability to the growing influence of the centrifugal forc—
es in intensifying heat transfer. We note that here,
in contrast with the method usually adopted (see [14])
for comparison, the friction resistance of the entire
tube is used, not the friction coefficient, a matter
which is not at variance with the premises on which
the hydrodynamic theory of heat transfer is based.

Calculation shows that, for identical values of the
mean wall temperature ty and heat flux q, a swirling
stream may effect a considerable economy in the pow-
er expended in compressing the gas, As an example,
Fig. 4 shows several graphs of the ratio of this power
for axial and swirling streams as a function of Ary.
The air mass flow rate to attain the given tw and ¢
was determined by simultaneous solution of the heat
balance and heat transfer equations. The influence of
the initial section for the axial stream was calculated
according to [14]. The power required to drive the
air was assumed proportional in both cases to the
product of its volume flow rate and the total head at
the tube entrance. The latter was determined for the
swirling stream by means of (7). In this treatment
the velocity head at the tube exit is also included in
the total head developed by the compressor.

The graphs presented show that the greatest gain
in power is achieved at comparatively small stream
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Fig. 4. Dependence of the ratio of power ex-~
pended in compressing the air in axial and
swirling motion on the geometrical charac-
teristic for tubes with /D = 20: a) for heat
transfer [1) at ¢ = 67 mm, g = 75 kW/m?
and ty, = 500° C; 2) 67, 75, and 250, respec-
tively; 3) 15.6, 150, and 500; 4) 15,6, 150,
and 250; 5) 15.6, 75, and 250}; b) for mass
transfer with gy = 100-200 kg/m - hr [6) at
¢ =67 mm, gg=11.5 kg/m® . hr, ug="75
kW/m? and ty = 60° C; 7) 15.6, 11.5, 75,
and 60, respectively; 8) 15.6, 23, 150, and
60; 9)15.6, 11.5, 75, and 40].
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Dimensions (in mm) of Vortex Tubes and Number of Slits in Vortex

Generators
@ 15.6 @ 22,4 @ 10 @ 67 @ 202
I'D =10, 20, 40, 50 10, 20, 40, 50 ¢, 20, 40 10, 20 10
aXbxn aXxbxn aXxbxn aXbxn Jaxbxnl axbxn aXbXn
0.8x10x1 2x40x2 |1.2x40%1 4x40%1 | 6x75%1} 2.5 73x1 | 10x190%1
0.8:X10%x2 2x50x1 §1.2x40%2 4x40%2 | 6752 2.5x73~2 | 10x190Xx2
[.2x10x1 2x50x%2 2% 19% 1 4x45%1 | 8x43x 1] 4x72x1 | 20x186Xx2
1.2xX10X2 | 2.8%26: 1 2x19x2 4x45%2 | 8x43x 2] 4xX72x2 | 20X 186X 1
1.2x25x1 | 2.8x26X4 2x40x1 4x45x4 |20x80x% 1 8x70x1 | 70x 160X 1
1.2X25%2 426X 1 2X 40X 2 8x30%1 j20x80X2] 8X70x2 | 70x160x2
2x19x1 4x26% 2 4X 2B X1 8§x30%x2 —_ 10x70x1 -
2%x19x2 6x30x1 4x26x2 8x44x1 — 10X70X2 —
2%x26x 1 6x30x2 4x26X3 8x44x2 — 10X70%x3 -
2X26%x2 8x30x1 4x26x47] 11x42x1 — 10x 135x 1 —
2x40x1 8x30x2 4xX40% 21| 11X42x2 — 10 135% 2 —

*Both slits on the one side,

swirl in the Aty range roughly from 0.4 to 4, The

gain increases with increase of tube diameter and

heat flux, and with decrease of mean wall tempera-
ture, and is quite appreciable in absolute value. For
the same expenditure of power, the swirling stream
will achieve more intense heat transfer, but because
of the more rapid increase of power than of heat trans-
fer as the gas flow rate increases, the gain under this
method of comparison will be considerably less than
the values of Fig. 4 would indicate.

Mass transfer data. The mass transfer investiga-
tion was conducted at the surface of the water film,
the thin, continuous layer covering the inner surface
of a vortex tube heated from the outside. The thermal
power was increased up to the limit of the electric
heaters and reached 200 kW/m? in individual cases.

The mass transfer test data were correlated in
terms of similarity criteria in the form of the rela-
tion [1]

Nupg = f(Re, pB/prM)' ®)

With this treatment, within the limits of accuracy
of the experiments, estimated to be of the order of
15--20%, the dependence of the degree of intensifica-
tion of mass transfer on AT, proves to be qualitative-
ly similar to the heat transfer process. The numeri-
cal results for the lower limit of liguid flow rate, 100-
200 kg/m - hr, starting with which continuous films
were created, taking into account evaporation over
the whole internal surface under all the conditions in-
vestigated, are shown in Fig. 3 by the broken curves
5~-8, obtained by appropriate mathematical reduction
of the test data,* Further increase of the liquid mass
flow rate leads to reduced mass transfer, Thus, at
the highest liquid flow rate, equal to 500-600 kg/m x
x hr, the mass transfer coefficient decreases by 20~
25% on the average. The chief cause of the lesser in-
tensification of mass transfer in comparison with heat
transfer, as the liquid flow rate increases, is the mo-
tion of the film under the influence of the gas jet,

*For convenience of correlation, it was assumed
‘that at large mass flux values, the mass transfer equa-
tion for axial flow [15] must also depend on the param-
eter pg/prym to the power 0.33,

leading to reduction of their relative velocity, and
therefore to reduction in the mass transfer coefficient.
Figure 4 shows several curves relating to the mass
transfer case, and a comparisor was made for con-
stant values of mean temperature of film tp and evap-
orating liquid stream gg. The air flow rate to attain
the given tp and gg was calculated by simultaneous
solution of the equations of mass balance and mass
transfer. The power required to compress the air
was determined in a manner similar to the heat trans-
fer case. It may be seen that from the energy view-
point the most appropriate region of variation of Ay
remains roughly within the same limits as for heat
transfer. Here the degree of gain increases with in-
crease of tube diameter and of heat and mass flux,
and with reduction of mean film temperature,

NOTATION

R, D, I, and Fop—radius, diameter, length, and cross-sectional
area of tube; a, b, and n—width, length, and number of tangential
slits: ¢ = Fg/Fp, h=H/R, s = S/R, AT, and B-effective cross-section
coefficient, relative thickness, relative pitch, geometric characteristic,
and angle of inclination of switling jet; Dy~ = 4F /U, F and U-hydraulic
diameter, cross-sectional area, and wetted perimeter of flow compo-
nents; ¥, v, and w—specific weight, volume, and mean mass velocity
of air; A—relative roughness; Py—total pressure at swirler inlet; Re~
Reynolds number, based on tube diameter and gas flow rate; A— fric-
tion resistance coefficient; {—resistance coefficients and total resis-
tance component scaled to inlet velocity head; Nu and Nup—Nusselt
thermal .and diffusion numbers; t,, and tp— mean integral wall and
film temperature along tube; q and qg—heat flux, and the portion of
it expended on evaporation of the liquid; qg—mass flux; pg and pry
—total pressure of gas mixture, and logarithmic mean inert gas pres-
sure at film surface and in flow; N—power expended in compressing
air; x—path length of swirling jet; y—thickness coordinare of jet cal-
culated from its inner edge; subscripts 0, k, and F—parameters in the
initial and final sections and at the wall; a, t, r, and c~parameters
of the axial, tangential, and radial flow components, and of the static
pressure; g—test-derived parameters of swirling stream.
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