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Abstract

This paper represents results of experimental study on the coaxial ¯ow mixing in channels with a swirled

periphery jet. These experiments were carried out in the long cylindrical tubes and in the vortex chambers with a
diaphragmed exit. The main attention was paid to the parameter distribution in the near-axial region of the ¯ow
depending on the entrance geometry and ¯ow rate characteristics. The e�ects of the swirl angle of the periphery jet,
a thickness of the edge between coaxial ¯ows, and the concurrency parameter m � rsws=r0w0 on the ¯ow

stabilization within the ®eld of centrifugal mass forces were analyzed. A character of stabilizing e�ect of the ¯ows
on the mixing processes was determined by a gas temperature change along the channel's axis and turbulence
intensity. Generalizing dependencies were obtained for a relative temperature at the axis both in the swirled and

direct ¯ows. Experimental results on the heat ¯ow mixing in vortex chambers are shown here. There are some
similarities for transfer processes in the vortex chambers and long tubes. The main di�erence is that the
diaphragmed chamber and boundary layers at the edge walls considerably e�ect the mixing. # 1999 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Gas-swirl stabilization of the ¯ow by a periphery

swirled jet is widely used in technique, and chemical

engineering to control the heat and mass transfer pro-

cesses. The jet swirl is also used for the protection of a

working surface in power installations and setups,

which deal with the high-temperature working media,

such as vortex furnaces and burners, aircraft engines,

etc. [1±3]. Swirl stabilization of plasma jets is one of

the most e�cient methods for plasma retaining in the

near-axial area in the channels of the low-temperature

generators. This methods protects the reactor's walls

from a thermal e�ect of the plasma jet [4,5].

The stabilization process is extremely sensitive to the

change of regime and geometrical parameters. Thus,

the determination of the boundaries of a stable localiz-

ation of high-temperature jets is necessary for the pre-

diction of the optimal regime parameters for

plasmatrons and plasma-chemical reactors. The main

di�culty, arising during the design of the devices with

swirl retention of plasma jets or ¯ames, is absence of a

reliable date on aerodynamics and heat and mass

transfer in these devices.

The problem under consideration is very compli-

cated. A three-dimensional character of the ¯ow is ac-
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companied by the impact of a strong ®eld of centrifu-

gal forces on the transfer processes. The ¯ow ani-

sothermic character can a�ect signi®cantly the ¯ows

mixing. This is con®rmed by investigations in this ®eld

[2,6±8].

The process of gas-dynamic stabilization of a jet in

the near-axial area can be explained using the concepts

of the stability mechanism in rotating ¯ows. Available

experimental data on the turbulence structure in rotat-

ing ¯ows [7,9,10] demonstrate and investigate areas

with a damping of the turbulent exchange. That is

why, the jet localization process, in the near-axial area,

will be a�ected by the ¯ow laminarization in a layer of

mixing under the action of the mass forces ®eld.

In general, the formation conditions of these areas

in swirled ¯ows are known now [1,7,11,12]. They fol-

low from the principle of the ¯ow stability in the ®eld

of mass forces, formulated by Raleigh. According to

this principle, the necessary conditions of the turbu-

lence damping are circulation and density distribution

over a radius @G=@ r > 0 and @r=@ r > 0. The intensi®-

cation of the turbulent transfer will occur with reverse

signs of circulation and density gradient.

We would like to notice one more important con-

dition, in¯uencing the processes of jet mixing in swirl

¯ows. The swirl of a peripheral stabilizing jet leads to

the gradient increase of the total averaged velocity.

According to the existing ideas concerning the mechan-

ism of turbulent energy generation [7,13], this factor

must lead to mixing strengthening, deteriorating the

thermal insulation of plasma jet from chamber walls.

Thus, three main factors will in¯uence the mechan-

ism of high temperature jets: the damping of the turbu-

lent transfer at the expense of centrifugal forces,

buoyancy forces, resulted from the density gradient

over a radius, and mixing intensi®cation due to the

increase of the total velocity gradient in a swirl ¯ow as

well. In works [8,11±14] experimental estimates of each

factor contribution during stabilization of jets with

di�erent density in vortex chambers were performed.

However, these data cannot be considered as

exhaustive ones, because they do not illustrate the var-

iety of swirl ¯ow interaction. The great in¯uence on

mixing processes as a whole will be caused by the ¯ow

boundedness, characteristic for the ¯ow interaction in

a vortex chamber. Boundary layers, forming at the

side and front walls, can lead to a cardinal restructur-

ing of the ¯ow. According to experimental data

[15,16], a size relation of peripheral and near-axial jets

and rim thickness, separating these jets, a�ect on the

¯ow formation.

The creation of reliable methods for calculation of

Nomenclature

cp speci®c heat capacity
D diameter of the working section
d diameter of the diaphragm edge cap or of

the main stream channel
G ¯ow rate
I0 impulse ¯ux, I0�2pr0

� r0
0 W 2

xr dr

K integral parameter, K � I0Rc=Ms

L length of the cylindrical channel
Ms moment of momentum ¯ux of the periph-

eral ¯ow, Ms�2prs

�Rc

Rc±s
WxVjr

2 dr
m injection parameter, m � rsws=r0w0

Re Reynolds number
s slot width

T temperature
t rim thickness
Tu turbulent level (%)

x longitudinal coordinate
x0 length of initial region of the central

¯ow

r radial coordinate
r0.1 coordinate of the dimensionless tempera-

ture �Tÿ Tw�=�T0 ÿ Tw� � 0:1
y transverse coordinate from wall
y ' distance from maximal value position

y0.5 coordinate of the half maximal dimension-
less velocities or temperature

Wx longitudinal velocity

Vj swirl velocity
G circulation, G � Vjr
Z dimensionless temperature, Z �

�T0 ÿ Ts�=�T01 ÿ Ts�
m dynamic viscosity
n kinematic viscosity

r density
j swirl angle
dm distance of the maximal velocity or tem-

perature from the wall
� value beyond the edge boundary layer

Subscripts
c vortex chamber

in inside conditions
m maximal value
mix value of complete mixing of co-axial jets
0 main stream, value on an axis

1 conditions at initial section
s secondary stream
w at wall
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jet development with gas-swirl stabilization meets some

principle di�culties. First of all, at present there is no

strict theory, describing the e�ect of mass forces on

turbulence. Available empirical ratios and simple the-

ories need experienced proof for the certain conditions

under consideration.

Experimental studies with a direct injection of

plasma jets into a channel are complicated by meth-

odological di�culties. The high level of temperatures

does not allow to perform ®ne parameter measure-

ments with good spatial resolution. Thus, the model

constructions, illustrating the main features of the

physical mechanism of the complex studied process,

have a great importance.

The present work is devoted to experimental model-

ing of swirl jets mixing in channels. Particularly, par-

ameters in the near-axial ¯ow area were studied

thoroughly. Two characteristic cases of jets mixing

were investigated during experiments. They are most

often realized in the various technological arrange-

ments: mixing in long cylindrical channels (Fig. 1(a))

and in swirl diaphragm chambers (Fig. 1(b)). In the

®rst case, the ¯ow is modeled inside a discharge chan-

nel of plasmatron and in the second, inside a discharge
channel of plasma reactor for various plasma-chemical

processes. The main aim of the presented cycle of ex-
perimental investigation is the revealing of the total
regularities of transfer process in these two kinds of

swirl ¯ows as well as the individual peculiarities of
structure formation of the ¯ow.

2. Mixing of co-axial swirl jets in a tube

Experimental studies were carried out in a cylindri-
cal channel with an inner diameter D � 46 mm and
length L=D � 9 caliber (Fig. 1(a)). The near-wall jet

was fed at the inlet to a working section through tan-
gential ring slit with a width s � 2 mm. It was swirled
inside the slit by spiral ribs with di�erent outlet angles

relatively the axial direction.
In some experiments we studied the in¯uence of a

rim, separating the ¯ows, on mixing of co-axial ¯ows.

The rim thickness, t changed at the expense of vari-
ation of the axial jet diameter, d, when its relative
value became t=s � 0:15, 1.5, 4 and 8.

Fig. 1. Studied schemes of mixing of co-axial swirled jets: (a) cylindrical channel, (b) diaphragm vortex chamber. 1Ðswirler; 2Ð

separation rim; 3Ðside wall; 4Ðedge cap.
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Experiments on jets heat mixing were carried out
under conditions, close to isothermal ones: one of the
¯ows (central or peripheral one) was heated 608C rela-

tively another. The main air ¯ow was fed with a vel-
ocity W0 � 30±300 m/s, the relative parameter of the
air injection through the slit was varied in a wide
range m � rsWs=r0W0 � 0:2±8. The measurement of

the ®elds of velocity components, their pulsation and
temperature was performed by microprobes. The
detailed description of measurement methods and their

errors are given in Ref. [17].
The mixing of the peripheral ring jet with the central

¯ow in a tube with high injection parameters has a jet-

like character. Pro®les of longitudinal and tangential
velocity and temperature are described by known jet
dependencies. Generalizations of measured radial dis-

tributions of longitudinal velocity and temperature,
presented in Fig. 2, con®rm the above. The line in this
®gure corresponds to calculation according to Gauss's
formula:

�Wx � �Vj � �T � exp

h
ÿ 0:693

ÿ
y 0=y0:5

�2i �1�

where �Wx � �Wx ÿW0�=�Wxm ÿW0�, �Vj � Vj=Vjm

and �T � �Tÿ T0�=�Tm ÿ T0� are dimensionless vel-

ocities and temperatures; y 0 � yÿ dm; and y0:5 is a

coordinate of the half maximal velocity or tempera-

ture. The universality of the ratio (1) was valid in all

studied range of swirl angles, distances from the inlet

and injection parameters. The only exception is a be-

havior of the longitudinal velocity component at low

injection parameters (m < 1), when near-wall processes

start to govern the in¯uence on the ¯ow. Besides these

conditions, the ¯ow development in axial direction is

a�ected by the swirl of a peripheral jet, which can

result in a signi®cant deformation of the velocity pro-

®les. In detail this problem is considered in Refs.

[17,18].

Radial distribution of a circulation channel G � Vjr,

¯ow swirl angle (j � arctg�Vj=Wx�) and moment of

momentum ¯ux as well are described by the jet regu-

larities (1). This conclusion, obtained in work [19] is

important for the development of theoretical models

on jet-like ¯ows mixing.

The temperature alteration along the axial length

is one of parameters, characterizing the intensity

of ¯ow mixing. The temperature value on an

axis is usually expressed in dimensionless form

Z � �T0 ÿ Tmix�=�T01 ÿ Tmix�, where T0 and T01 are the

¯ow temperatures on the axis in the current cross-sec-

Fig. 2. Pro®les of longitudinal velocity (a) and temperature (b) in jet boundary layer. Lines correspond to calculation by formula

(1).
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tion and in the channel inlet, Tmix � �G0Cp0T01 �
Gscps

Ts�=�G0 � Gs�cpmix
is the temperature of complete

mixing, G0, cp0 and Gs, cps
are the ¯ow rate and

speci®c heat capacity of the central and peripheral

¯ows, correspondingly.

Experimental data on temperature alteration along

the channel axis for di�erent swirl angles of the periph-

eral ¯ow with thin separation rim (t=s � 0:15) are pre-

sented in Fig. 3. Dimensionless temperature, equal to

1, corresponds to the initial region of the central jet,

and temperature, equal to 0, corresponds to the area

of complete mixing. It is obvious from the ®gure that

the length of the initial region is small for non-swirled

peripheral jet (2 caliber for m � 0:5 and 1 caliber for

m � 5). The temperature alteration at the main region
of the ¯ow depends upon the injection parameter and

swirl angle. The jets mixing is more intensive for m � 5

than for m � 0:5 as for swirled so for non-swirled jets.
The peripheral ¯ow swirl leads to a reduction of mix-

ing processes. According to Fig. 3, it can be consider-

able.

This character of T0 change along the axis is

explained by the e�ect of centrifugal forces. The swirl
of the peripheral ¯ow creates positive circulation gradi-

ent over the radius, which leads to the damping of vel-

ocity pulsation and ¯ow stabilization in the near-axial
area. This is con®rmed by the measurements of the

turbulence degree along the length in the near-axial

area. Results of these measurements are presented in
Fig. 4. The turbulence degree is determined as Tu �����������

�W 0 2
0

p
=W0 where W0 and �W

0 2
0 are the averaged and

root-mean-square velocity pulsation at the axis in the
studied cross-section. It is clear from Fig. 4 that the

swirl of the peripheral ¯ow decreases the turbulence

degree in the near-axial area. Nearly complete degener-

ation of initial turbulence is observed for low injection
parameters (m � 0:5) and swirl angles js � 58±748.
The turbulence change along the channel axis has a

complex character for high injection parameters

(m � 5). The turbulence maximum is reached in the
joining area of jets boundary layers. There is no such

extremum for the swirled peripheral ¯ow within the

length of the region.

The thickness of the separation rim, t=s, an import-
ant parameter, has in¯uence on the mixing process. At

the ®rst stage we studied the in¯uence of the rim size

on the regularity of temperature alteration along the

axis without rotation. These data are presented in Fig.
5. An increase of the rim thickness, separating two

Fig. 3. In¯uence of peripheral ¯ow swirl on the temperature along a channel axis.

Fig. 4. Turbulence degree of a jet with peripheral swirl in the

near-axial area.
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non-swirled ¯ows, promotes their mixing and, corre-
spondingly, the decrease of the length of potential ¯ow

zone in the near-axis area. Thus, the decrease of t=s
from 0.15 to 8 reduces the relative length of potential
core from 2.5 to 0.5, in so doing the temperature along

the axis decreases drastically, almost reaching the
value of complete mixing.
A change of the separation rim thickness causes a

signi®cant alteration of the pulsation pattern of the
¯ow. This can be observed in Fig. 6, where the data
on the turbulence intensity along the axis are presented
for di�erent values of t=s. If for the thin rim the turbu-

lence degree stayed nearly constant and relatively low

Tu14%, then for the thick rim (t=s � 8) it reached the
value Tu128%, and maximum in Tu distribution

shifted to the inlet cross-section with a growth of the
rim thickness.
The intensi®cation of mixing processes with a rim

thickening is caused by the formation of a swirl trace
behind the separation rim, which leads to the ad-
ditional ¯ow turbulization. This conclusion is con-

®rmed by experimental data of [20] on the mixing of
non-swirled bounded jets.
In the swirled ¯ow a temperature decrease along the

axis at a rim thickening occurs not so drastically as in

the non-swirled ¯ow (Fig. 7). The swirl of the periph-

Fig. 5. In¯uence of separation rim thickness on temperature alteration along the axis without swirl.

Fig. 6. In¯uence of separation rim thickness on turbulence intensity, when mixing non-swirled ¯ows.
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eral ¯ow leads to the intensive damping of the turbu-
lent pulsation in the near-axial area. This mixing

peculiarity of coaxial ¯ows with a swirl is shown in
Fig. 8. There you can see the turbulence alteration
along a channel length for di�erent swirl angles at the

inlet and constant rim size t=s � 4. As for the case
with a sharp rim (Fig. 4), the ¯ow turbulence degree
decreases with a raise of the swirl angle, and its maxi-
mum shifts from the initial cross-section.

Thus, an increase of the separation rim thickness
and ¯ow swirl have an alternative impact on mixing
processes and turbulence in the near-axial area.

Moreover, in some cases the in¯uence of these factors
may be commensurable and mutually compensating.
This conclusion is con®rmed by Fig. 9, where exper-

imental points for the wide rim (t=s � 4) and swirl of
the peripheral ¯ow (js � 748) are relatively close to
the data for the sharp rim and swirl absence.

Besides the view in Figs. 3, 5, 7 and 9, the tempera-
ture on the axis can be plotted in the dimensionless

form: Z � �T0 ÿ Ts�=�T01 ÿ Ts�. Value Z is similar to
the e�ciency of the near-wall gas cooling, but it also
re¯ects a change in the gas temperature along the

channel's axis.
For di�erent swirl angles of a periphery jet and

varying width of the separating edge, experimental
data on the Z parameter can be generalized by the fol-

lowing empirical dependency:

Z �
"
1� 0:1Res,Dx=

�
Re0,r

r0
D

�1:25
#ÿ0:8

�2�

where Res,Dx � rsWs�xÿ x 0�=ms; Re0,r �
�r0W0r0=m0��m0=ms�, x 0 is a length of initial region of
the central ¯ow. The relationship (2) by its structure is

similar to calculation dependencies for the e�ciency of

Fig. 7. Temperature distribution along the axis with thick rim t=s � 4 and peripheral ¯ow swirl.

Fig. 8. In¯uence of swirl angle on turbulence intensity in the near-axial area with thick separation rim.
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the near-wall gas cooling [5]. Moreover, it includes the
same determining parameters, which are used in tem-
perature calculations for the adiabatic wall in the gas
cooling.

The comparison of calculation according to this for-
mula with experimental data is presented in Fig. 10.
You can see a good correspondence between the exper-

iment and calculation.
For the case of non-swirled peripheral jet, the tem-

perature along the axis of the central ¯ow was satisfac-

torily described by the dependence similar Eq. (2), but
with an other value coe�cient in this formula

Z �
"
1� 0:25Res,Dx=

�
Re0,r

r0
D

�1:25
#ÿ0:8

�3�

3. Jets stabilization in swirl chambers

The experimental study of stabilization of near-axial
jets was carried out in a vortex chamber with a diam-
eter of Dc � 100 mm and the length of Lc � 150 mm

(Fig. 1(b)). The peripheral ¯ow of cold gas was swirled
by means of guide apparatuses, whose slits were situ-

Fig. 9. Temperature on channel axis with varying swirl angle and separation rim thickness for constant ¯ow rate of near-axial and

peripheral ¯ows.

Fig. 10. Generalization of experimental data on temperature alteration along the channel axis. 1Ðcalculation by formula (3);

2Ðcalculation by formula (2).
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ated under di�erent angles. The near-axial jet, heated

up to 1008C, was injected without swirl with di�erent

velocities along the vortex chamber axis. An air from

the chamber was ejected through a diaphragm edge
cap at the chamber outlet. The ¯ow rate ratio of the

peripheral ¯ow and near-axial jet varied in maximally

possible limits from 0 to 1. The tangential Reynolds

number at the periphery of the chamber was Rejs �
VjsRc=n � 5� 103±2� 105. The detailed description of
this setup and measurement methods are presented in

[15].

The in¯uence of the near-axial jet injection on radial
distributions of tangential and axial velocities is shown

in Fig. 11. Let us note the main peculiarities of the

vortex chamber aerodynamics in the presence of a

near-axial jet. The presence of the injected ¯ow

a�ected only in an area bounded by the diaphragm
size (r < r0). At the periphery the experimental data

with or without injection nearly coincide, as for the

circular, so for the axial velocity components. The

input of non-swirled jet to the near-axial area causes a

signi®cant deceleration of the rotation motion, and the

longitudinal velocity component at the axis increases
with a raise of injection.

Experimental studies showed that a ¯ow in the vor-
tex chamber with injection can be considered as a

quasi-one-dimensional, i.e., radial distributions of tan-

gential velocity do not change over the chamber

height, and the injection a�ects the longitudinal vel-

ocity only in the near-axial area. Thus, the main fea-
Fig. 11. Pro®les of tangential and axial velocities in a vortex

chamber with and without near-axial injection.

Fig. 12. Temperature distribution over a radius of a vortex chamber: (a) G0 � 1 g/s; (b) Rejc � 2:75� 104.
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tures of the ¯ow pattern in common vortex chambers

without injection maintain for the case of injection [7].

Temperature pro®les over the radius of the vortex

chamber for di�erent ¯ow rates of the peripheral jet

are shown in Fig. 12(a). Gas injection along the axis

without peripheral ¯ow (Gs=G0 � 0) results in a quick

jet mixing in the chamber volume, and even in initial

cross-sections the temperature does not change over
the radius. Temperature gradients in the mixing zone

increase with a growth of tangential velocity, and near-

axial jet localizes in the narrow near-axial area due to
the damping of heat transfer processes.

The ¯ow rate increase of the near-axial jet, with

steady parameters of the peripheral ¯ow, leads to more
intensive jet expansion (Fig. 12(b)).

Let us analyze the temperature distribution along

the axis of the vortex chamber for various cases of
near-axial jet interaction with the swirled peripheral

¯ow. Maximal temperature alterations over the
chamber height for various tangential Reynolds num-

bers for the periphery Rejc and constant ¯ow rate of

the near-axial jet G0 � 10ÿ3 kg/s are presented in Fig.
13. Experimental data were treated adjusting the tem-

perature of complete mixing for di�erent ¯ow rate
ratios.

It is obvious from Fig. 13, that values of relative

temperatures at the chamber axis decrease with an
increase of rotation intensity of the peripheral ¯ow. At

®rst sight, this contradicts to the impact mechanism of

centrifugal forces on the damping of the turbulent
transfer in rotating ¯ows. However, analyzing Fig.

13(a), one can see that the main temperature alteration
occurs near the chamber inlet, where the ¯ow in the

edge Rejc boundary layer can have a considerable

e�ect. Actually, higher the tangential Reynolds number
the higher gas ¯ow rate passing over the edge from the

periphery to the chamber axis in the radial direction.
The ¯ow rate of cold gas in the edge boundary layer

may be calculated using ratios from [7].

As it follows from Fig. 13(a), the temperature gradi-
ent over the length of the chamber with rotation inten-

si®cation decreases in the area beyond the edge

Fig. 13. Maximal temperature alteration over the chamber

height.

Fig. 14. Heat boundary of a jet in a vortex chamber.
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boundary layer (x=Dc > 0:15). This con®rms the weak-
ening of mixing processes in the main volume of the
chamber at the expense of mass forces.

At the next stage the experimental data of Fig.
13(a), were recalculated to the initial jet temperature.
It was equal to the temperature beyond the edge

boundary layer. Results of this treatment are presented
in Fig. 13(b). Here, the relative temperature is
�T0 ÿ Tmix�=�T �0 ÿ Tmix�, where T �0 is the gas tempera-

ture at the axis beyond the edge boundary layer. This
treatment allowed us to exclude the in¯uence of di-
lution of the jet by the edge gas ¯ow, and analyze the

impact of mass forces on turbulent mixing in the main
volume of the chamber. It is obvious that, on the con-
trary to the data in Fig. 13(a), the increase ¯ow rate in
the peripheral ¯ow leads to the stabilization of the

near-axial ¯ow and weakening of convective heat
transfer in the vortex chamber.
The generalization of experimental data on jets mix-

ing in vortex chambers was performed with a use of
various criteria. One of widely used generalizing cri-
terion is the integral parameter:

K � I0Rc

Ms

� 2pr0

�r0
0

W 2
xr dr

� Rc=

 
2prs

�Rc

Rc±s

WxVjr
2 dr

! �4�

representing the ratio of the impulse ¯ux of the near-
axial jet to the moment of momentum ¯ux of the per-
ipheral stabilizing ¯ow [4]. Calculating K parameter

according to the conditions at the chamber inlet, we
will obtain:

Kin � r0W
2
x0F0

rsWxsVjsFs

� G0Wx0

GsVjs

�5�

Experimental data on the heat parameter of a jet, cal-

culated with a use of Kin parameter, are presented in
Fig. 14. There, one can see the data for di�erent ¯ow

rate ratios and for a constant diameter of an exhaust
hole, whose boundary is marked by a dotted line in
the ®gure. It is obvious that in this form experimental

results can be generalized easily. Moreover, with a jet
heat size approximately equal to the exhaust diameter,
the jet stabilization occurs, when parameter Kin < 0:3.
This corresponds to results of [21]. Experimental
results of this work demonstrated that the regime of
the minimal jet mixing with the peripheral swirled ¯ow

in a nondiaphragm channel occurs, when K parameter
is in a range of 0:6rKinr0:15.
The experimentally determined critical value of the

swirl parameter KinR0:3, when stabilization of the

near-axial jet is achieved, is proved by calculation
analysis of [8]. While mixing very non-isothermal or
density heterogeneous ¯ows, the ratio of tangential vel-

ocity at the boundary of the near-axial jet to the longi-
tudinal velocity component Vjm=Wx0 was the most
suitable stabilization parameter. This is con®rmed by

the correlation of experimental and calculation data on
the maximal expansion of the plasma jet in the vortex
chamber, presented in Fig. 15. The jet stabilization is

obtained there at Vjm=Wx0r1. According to [15] this
regime under isothermal conditions is achieved at
Vjm=Wx0r5. This manifests a signi®cant in¯uence of
the jet heating on the damping process of turbulence

mixing in the swirl ¯ow.

4. Conclusion

According to the experimental research of the ¯ow
stabilization process in the near-axial region of the
swirled ¯ows, we can conclude the following:

1. The swirling of a peripheral jet signi®cantly weakens
its mixing with the main ¯ow. With a rise in the
swirling angle, the turbulence intensity at the chan-

nel's axis decreases. The suppression e�ects increase
with a rise of the jet injection parameter. They are
shown especially bright when the ¯ow passes

through the diaphragmed vortex chamber.
2. It was analyzed the joined e�ect of the edge width,

separating the ¯ows, and intensity of the peripheral
jet swirling. It is shown that a rise in the edge width

intensi®es mixing, and jet swirling weakens it.
Finally, varying these parameters, we can obtain
mutual exclusion of these parameter e�ect on the

mixing process.
3. It was established that the pro®les of temperature

and velocity components in the mixing layer are

similar and can be described by the known jet
dependencies.

4. For the case of the main ¯ow mixing with the

Fig. 15. Expansion regularity of the near-axial plasma jet,

T0 � 5500 K.
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swirled and not-swirled jets, a temperature change
along the axis of a channel is described by the re-

lationships similar to those for the heat e�ciency of
gas cooling at an adiabatic wall. Expression (2) for
the swirled jet di�ers from corresponding formula

(3) for the jet without swirling only by the constant
coe�cient.

5. The processes of mixing suppression in the vortex

diaphragmed chambers have some similarities with
the ¯ow in a tube with a swirled jet. The main dis-
tinctive features of ¯ow mixing in the vortex

chamber are the strong e�ect of the diaphragmed
chamber and boundary layers at the edge walls.

6. Experimental data on the heat boundary of the
near-axial ¯ow can be generalized by the use of inte-

gral parameter (4) and (5). It was determined value
(K< 0.3), when the regimes of minimum mixing in
the vortex chambers can be achieved. Under

strongly non-isothermal conditions (T0=Ts � 1), the
ratio of a circular velocity component to longitudi-
nal component at the boundary of the near-axial

¯ow is the most suitable for the description of the
¯ow stabilization boundary.
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