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Abstract In this work, based on the complete Naai¢okes equations, numerical simulation of a compressible
gas in flat channels of constant cross section is performed. For the convenience of solving the system of equations,
the procedure of "dimensionless" coardies and physical parameters was carried out, and the coordinate
transformation transforming the rectangular computational domain into a square one, as well as the coordinate
transformations that ensure the finidiéfference grid thickening in areas withe sharpest change in the flow
parameters, both in the inlet part and at the channel wall.

On the basis of the developed calculation algorithm, the influence of théesan of coaxial jets on mixing
and propagation in a limited flat channel was numerically studied.

Numerically identified and analyzed, what are the ratios of the height of the inlet slots, and the initial data on
the temperature, velocity and pressure of the wake jets, which in the initial sections of the channel are observed (not
observed) the recirdation zone.
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Introduction velocities and geometries, as well as other parameters

Theadvent of modern highpeed computing tools in channels of constant and variable cresstions, are
make it possible to consider the numerical simulation in many cases difficult and analytical solutions are not
of complex jet flows by solving exact equations always possible, therefore, to solve such problems,

expressing conservation laws. mathematical modeling methods usingumerical
Of great practical interest is the study of the methods.
influence of the initial data and the geometry of coaxial Such flows in the channels can be accompanied

jets on mixing and propagation in a limited flat by separations, motion of waves in the jet contact zone,
channel, since such flows are used in the creation of recirculation zones and other complex processes that
mixing and furnace devices, internal combustion cannot be solved by the parabolized Na3&ykes
engines, chemical and ajbs industries. equations, although the solution of which is much
Field experimental studies of the mixing of simpler than integrating the original Navigtokes
coaxial gas jets with different pressures, temperatures, equations. Numerical modeling of viscous gas flows
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based on the complete Nawvi®tokes equations is To ™Y 1o ™MY To ™Y
difficult, however, it gives exact solutions to the above ) T % R p
flow cases [13].
The purpose of the work is to investigate the Relationship of total specific energy with internal

effects of the nomesign of cocurrent flows on their
mixing and propagation in flat channels on the basis of
an effective computational algorithm for solving the

and kinetic energy:
o "6"Y -0 1 8 C

complete NaviefStokes equations for a viscogas, State equation:

and the littlestudied region of parameters is of n ""8 o

particular interest, when a recirculation flow zone is Expression for effective viscosity:

formed as a result of the interaction of jets. Few ot th T
experimental studies of turbulent mixing of gas jets _

with different densities were studied i B], where* -laminar,' -turbulent viscosity, ¥-vector of

concurrent flows in a channel of constant cross section conservative variables;OQw,w,w & are flow
in the presence of recirculation zones and the vectors thatlook like:
conditions for the formation of recirculation zones 2 O N
were studied in a number of worksi [2], but the w, ' O 7" 6~ 7p &
relations areas (heights) of the cross sectand Yoy o " i T z N
pressure of flows at the inlet to the channel. ' o0 o O 0
Numerous works are devoted to modeling and u & v
numerical studies of internal flows and mixing of flows o Il
in channels based on approximate and complete H—— &
NavierStokes equations [1,2,41F]. It is known that a . P aE L &
complete picture of the flow can be obtained with O =—, — :No e
compkx internal flows, the numerical solution of the o I O
complete NavieStokes equations when modeling 9 O Ny
two-dimensional flows of a viscous compressible fluid. u U
A more detailed review of methods and schemes for
solving the NavieiStokes equations is given in F18 m >
21], and for calculating internal flows, an excellent 0 0 5
systematic review is given in [1, 17]. o p 1 . o
Below, we describe the results of a numerical @ MY  ———=u o by
study of the influence of the nedesign of coaxial
flows on the mixing and propagation parameters of 1 n
flows in a channel of constant cross section based on u " U
the full NavierStokes equations, with the cress I 0l
sectional areas of the flows at the inlet having different i v o
finite ratios. e o 11 T, i
Problem statements.Given a flat channel of ~ @ MY i p o
length L height 2f 0. The flow diagram is shown in fig. en 4 &0 n
1. Suppose the channel and the flow are symmetrical
about the OX axis, the QY axis coincides with the inlet u " u
section of the channel, and thegin of coordinates is
located on the axis of symmetry. At the entrance to the o
channel there are two jets hearwall and Il- central , 1 -0 i
(main), re_sp_ectively, with their physical and geometric o WY | — I Y R
characteristics. YOQe 11 M
It was said above that the main goal of this work Ty
is the numerical study of the mixing and flow of u
turbulent gas jets in a channel of constant cross section, o n 01
in the presence of specific factors, such as the " G
occurrence of recirculation zones and shock waves NS P o T
particular. In these cases, it is necessary to use the full w YO v M
£t Oo daj @alidjls 5§ 1O W ¢ ¢, Up
To describe the flow, twdimensional complete i % T
nonstationary NaviefStokes equations are used, in a '
vectorconservative form [223]

h8
n

h
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Lt > 0 0d
o o ¥ .
11 v I} @ T[q' o o - - -
s e 11 T, L 6 oh mO Oh *H "M Ah
w Y ol P by 5 3 vmet w Yh ¢
Hap & &0 " 6 oh mO OH *“H "M nh
11 _ 1 5 3 VMEY  ® ph X
u U 6 M mOo O/ ‘H "M nh
0Man p8 W
whered ho h T pd 3
. ‘ 8" ”8 Fl'j ‘ én H‘S ﬁ I: Oijgi T[I‘O O m‘,
1P -« ~ ~
U ” ; ” ” ” I’*_, T[H ‘ h"Y "Yh U a*) p (L)
VA TR Vo "o Tw'o
gt ‘ "0 L oo man T8 m
E‘J’l' o f : p
The system of equations-@), for the convenience W pf}, .
of the numerical solution, is written in a dimensionless rotrn 1o S ir_ rm=. 1o ﬁ
form for the channel in a reduced square form,andby 1T &1 @ ! ® 1 Tw Ta
introducing the function F(y) it allows to condense the OMET ® p8 pop

design points near the wall in the gigal plane while
maintaining a constant step in the design plane and the
function (i(x) crowding calculated points in the inlet
part of the channel [22].

Dimensionless quantities are associated with
dimensional relationships in the form

Conditions (511) subscripts 1, 2) -respectively
refers to the parameters of the real, central jet and
onthewall,” HOK AT 'AROH hrespectively, are
calculated for a given temperatiidi'yY and pressure

N o 6 N 0 N ﬁj oj thg ngl and central jet. The numerical values
o Em ?{1’) é—r}\ é—rp Tn " HOH ROH are calculated by setting the

f boundary conditions_on the wall in terms of
nr ——n ol "YOPA 1 AhOK H hY are some initial values
0 of the required parameters. All of the above notation is

o ” o~ " generally accepted3,22], and as usual, they w

pr —Nr —nNYy —m coordinates, as well as dimensionless variables, are
— — written without an overline.
The given boundary conditions at the inlet
@ T correspond to the stepwise assignment of

homogeneous gas flows in the inlet section of the
channel. The flow is symmetrical with respect todhe
axis, therefore, forthe values mandnm w pthe
flow symmetry conditions are set. As the boundary
conditions at the channel output@t p relations are
used that correspond to linear extrapolation of the
desiredbli FOvariables over the internal nodes of the
computational grid. The boundary conditions on the
wallatd 0 ando 0 interms of velocities were set
' to stationary conditions of stickingg T and
impermeability?  mhand atd o6 in the case of

ey
o} TI’D EF]YQ QO T 8 v

Index 2 denotes the values of the parameters of the
central jet at the channel inlet. The transition from a
rectangular channel to a square one was carried out by
transforming the coordinates: ¢ff0 , d= w

Boundary and initial conditions. The solution of
the problem posed is found for stationary boundary
conditions and, starting from the problem statement
can have the following form:

8) (;u;] sr(]etting"Y .of th? wall temperaturd) are found from
L T the equation of state.
0o oh mO Oh f - m‘ n h ~ Solution method. For the numerical solution of
L T U Q? gt ® Yh the system of equations-4) with boundary conditions
6 oh O Of f h1 n h, ~ (5-11), an effective implicit BeasdvVarming finite
L . ., utmEY o ph difference scheme was used for the numerical
o m mo Of H m, Bl ‘h, integration of the NavieBtokes equations in the form
. LMew p8 of conservation lawfor a compressible gas [23]. This
W Pd, e e scheme and algorithm is ndameractive and retains a
6 mi O ©OH H m nh . conservative form, which is important for studying
. . L et w ph internal flows with a recirculation zone. In addition, the
o m mo Ooh *H " m nh results of calculations [22, 23] show that the scheme
L Meaw p8 hassufficient computational stability and accuracy for
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Courant numbers greater than one. When solving calculation results are presented in the form of graphs
equation (1), a onstep finitedifference scheme was  in Figs. 2.

used in the form [23] The results of options -~
- ] ® h_, 30 h, same temperatures of the jet and cocurfent® =
Y p | ?()3Y p [ ?(‘)Y 300s (* p aswellasat =300s and* =700
I . s ( ¢® o owith the rest constant parameters,
p I Y shows that in the second variant there are recirculation
P . . zones (reverse currents) in the initial sections of the
I c J] 30 30 h pg channel. At the same temperatures of the jet and
concurrent, this is not observed. Increasing the
where oY 7Y Y and Y= UnzO are temperatte of the jet promotes the development of the
solutions of the partial differential equation (1). The flow. In both cases, in the initial sections of the
calculations were carried outdit1 and—=0.5, which channel, the axial value of the longitudinal velocity
means that scheme (12) will be thieger of the first increases, and decreases with distance from the

second order oficcuracy. In addition, the delta form  channel exit. This can be explained by thet taat an
retains the advantageous property of a stationary state, increase in temperatgre leads to.an ac'cgl_eratlon'of the
if it exists, to be independent of the time step size [23]. flow and a c_iecrease in pressure in the |n|t|al_sect|ons. _
To obtain a numerical solution, it is necessary to Options .3 and -4 diff
setthe initial tim@® 0 of the gasdynamic quantities, ~ Ones by the pressure of the jet and daily flow, which
for example, as from condition (5). At the beginning of ~aré respectively equal to 4 atm and 1 atm. In these
the calculation, at the boundaries and in all internal OPtions, similar flow patterns are also observed, an

nodes, the viscosity was set depending on temperature increase in the initial values of temperature and
in the form' ‘¢t {8¥® .Onthewallatpressure Pressure to a jet of 4 atm leads to a sharp increase in

the axial values of the longitudinal velocity in the
initial sections of the channel, and when moving away
since the constancy of P is assumed only across the from the channel exit, to its rapid drop. Such patterns
sublayer adjacent to the wall with a thickness equal to were not observed in [11, 12].

0 0, a much less stringent conditien TTis set,

Q. On fig. 2 shows the transverse distributions of

As a method for numerically solving the problem, temperature and pressure at various distances from the
we used the algorithm described in [22] , where the channel exit (———-o0pt i 0 AR--—--- oion
spatial derivatives were approximated by the second = . 4) . I't can b edaemparatueedndher e t
order of accurac ( @ ,pwE pressure move away from the inlet section of the

The effective turbulent viscosity is calculated channel, they equalize along the cross section and tend
using an algebraic model in the form to a uniform value. The axial value of temperature and

pressure is also given here. It can be seen from the
t AT MO 28 @ —h (13) graph that the axial valuear the mouth of the slot first

falls, in the recirculation zone it increases, and as the
distance from the nozzle exit, the temperature
decreases and tends to a constant value.

On fig. 36 show the results of the calculation for
the case when the flow velocity is set to essentially
subsonic along the central slot, and along the peripheral

herecis the empirical turbulence constant, b(x) = is the
conditional width of the mixing region;

Steadystate solutions are considered obtained if
the conditions are met at all grid points

am (,ay_yh - pT slot - sonic and supersonic. On fig. Figured 3how
h h the transverse and axial distributsonof the

longitudinal velocity and pressure , respectively, for
optionsO v AT @ ¢. Figure 3 shows the transverse
) distributions of the longitudinal velocity at different
Results of a numerical study.To study the  gistances of the channel, as well as the axial change in
patterns of propagation of cocurrent flows with 4 longitudinal velocity aty | @ (solid line),
different pressures in a channel of constant cross 'Yj =0,26 (dotted line). As follows from the graphs,
section, a channel was chosen, as in [11]. with ,q'\ye move away from the channel exit, the velocity
gepmetrlc data: D= 188 mmq: 0.94 mm- half- _ profile gradually smoothest out, the maximum velocity
height), L= 1.4 m. Calculations assumed that both air 5,6 tends to the jet axis, while taking on a parabolic
flows, heat capacity at constant pressure and heat form, the axial velocity value in the irali sections

capacity at constant volume are constBnt= Pr=0,7. increases, and decreases as we move away from the
The main calculations were carried out under the beginning of the section.
condition on the wall along T in the forh™W & Tt On fig. 4 shows the transverse distribution and

The calculations performed for various initial — 5yiq pressure change at slot ratig§ = 0,5 and
data and their variants are shown in the table. The main 'Yj =0,26 (solid and dotted lines respec,:tively). As

whereUis a small number, taken as options, equal to
0.0001.
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can be seen from the graphs, with a small slot ratio, the be explained by the fact that in the reverse flow zones,
transverse pressure distribution equalizes faster, and i.e. at the boundary of the mixing of two jets, the jet

the axial value drops rapidly. This is obvious, since the
flow flowing out of the smaller slot loses its
momentum faster and equalizes with tloev flowing
out of the larger slot. On fig. 5 and fig. Figure 6 shows
the transverse distributions of the longitudinal velocity,
pressure, as well as the axial change in velocity,
temperature and pressure at the slot fatio = 0,26,
while the more heated gas is supplied through the
central slot (option

Here it can be noted that the transverse
distributions of the velocity and pressure profiles are
similar to other cases, when the axial change in velocity
in the initial sections increases rapidly, and with
distance from the beginning it gradually decrezesed
tends to a constant value. This is explained by the fact
that when mixing two viscous flows, where the speed
of the larger one involves a flow with a lower speed, it
thereby leads to an acceleration of the flow with a
lower speed at the initial seatis of the channel. The
axial value of pressure increases in the initial sections,

moving at a speed of aboutind supersonic involves a

jet moving at subsonic speed. In this case, a jet with a
high speed loses part of iteeitia due to deceleration,
and a subsonic jet accelerataaturally, in the mixing
region, a decrease in the value of the jet velocity
occurs, due to which a decrease in speed leads to an
increase in pressure, and an increase in speed vice
versa, which thereby leads to to a harmonious change

7il transverse presee.

Numerical results showed that even at pressure
ratio0 j 0 =1, but at high temperature ratiosY]{ "Y
=2.3333), a recirculation zone is also observed in the
initial sections (option . 14, Fig. 8). On fig. Figure 8
shows the axial changes in the longitudinal velocity
along the channel, as well as its transverse distributions
in different sections of the annel. As follows from
the graph, the axial value of the longitudinal velocity
in the initial sections decreases, and as it moves away,
it increases and tends to its constant value.

From the profiles of the transverse distributions of

while the temperature decreases. This is due to the fact the longitudinal velocity, given in different sections of

that, at the mixing boundary, the deceleration of the

the channel, it follows that in the inlet sections near the

flow at a high speed leads to an increase in the pressurechannel wall, reverse current lines are traced, and as

value, and the temperature drops, transferring heat

from a more to a less heated flow.
Variants . 8 and

of the central jet and low pressure ratios of the jet and

cocurrent flow @ j 0 =1), as well as two values of

in the mixing region, abrupt changes in the velocity and

9 1

they move away, they extend dampass to a fully
developed flow.

at a heated

Conclusion

The paper presents the results of a numerical study
of the influence of the nedesign ofcoaxial jets on

temperatur e

temperature profiles are not observed, and also in both mixing and propagation in a limited flat channel
cases the core and high temperature are maintained obtained by numerical solution of the nstationary

until the end of the channel.

The resul ts of
noticeable flow recirculation zones are traced in the
initial sections, and when moving away, the transverse
distribution of the longitudinal velocity passes to a
parabolic profile. AtF 0.03, 0.07, 0.2, 0.4, the height
of the recirculation zone occupies, respectively, 0f64
0.4p , 0.35 0,10 of the channel section, and
reaches half the channel length.

On fig. 7 shows the transverse distributions of the
longitudinal velocity

( DQopti on-—-—-~ddt;i opA—-12;
option 13), as wel |
longitudinal velocity with different values of
temperature and pressure. In all three variants, a
recirculation zone is observed in the initial sections of

full Navier-Stokes equations by the method of implicit

v ar i a n tfinite’spaced sthe@mess opartcdlar, thé following

regularities were revealed:

- at different initial pressures and large ratios of
jet velocities and temperatures, a recirculation zone is
observed in the initial sections of the channel;

- at high ratios of initial pressure (4:1) and jet
temperature, it leads to a sharp increas¢hé axial
values of the longitudinal velocity in the initial sections
of the channel,

- if the central jet is essentially subsonic and wall
mounted sonic or supersonic, in the initial sections

a theretisme reciggWatiosn zone ard|withea smallfratiotofh e

slots, the pressure distribution levels out faster, and the
axial value drops rapidly;
- at small ratios of velocity and heated temperature

the channels; reverse currents. At constant parametersof the central jet and at small ratios of pressure of the

e ,* ,e e _anincrease in the temperature of the
main jet, respectively, leads to an expansion of the

jet and concurrer(td j 0 =1), no sharp changes in the
velocity and temperature profiles are observed, and the

reverse flow region, and in these zones the transverse core and high temperature persist until the end of this
pressure change is harmonious. This phenomenon canchannel.
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Fig 1. Scheme of the flow.
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Fig. 2. Transverse changes in temperature and pressure at different distances from the inlet section of the
channel, as well as their axial changes along the channek——-o pt i on ONo Bt i on Ne 4.
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Fig 3. Transverse and axial distributions of longitudinal velocity:
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Fig 4. Transverse and axial pressure distributions:
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01 0 1 nu
Fig 7. Transverse and axial change in longitudinal speed:
t -option. Ne -ddtion Ne—13i®pgti on Ne. 13.
Haxig l_
1 0.5 —
0 -0.1 0 0.5 xu

Fig 8. Transverse profiles of the longitudinal velocity in different sections of the channel, as well as its axial

change along theldchannel : opti on
Table 1.

N 01 = uy/ 1y P2 = Ry/fo 3 =L/fo 0= T/ Ty ps = P/P;
1 72.4636 0,5 14.8936 1 2
2 72.4636 0,5 14.8936 2.3333 2
3 72.4636 0,5 14.8936 1 4
4 72.4636 0,5 14.8936 2.3333 4
5 0.02222 0,26 14.8936 1 2
6 0.02222 0,5 14.8936 1 2
7 0.02222 0,26 14.8936 1,6666 2
8 0.02222 0,26 14.8936 2,3333 1
9 0.02222 0,5 14.8936 2.3333 1
10 45,0725 0,26 14.8936 1 2
11 45,0725 0.5 14.8936 1 2
12 45,0725 0.5 14.8936 0.4286 2
13 45,0725 0.5 14.8936 1.6666 2
14 45,0725 0.5 14.8936 2.3333 1
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