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The present article considers the RANS simulation results on the interaction between a turbu-
lent axis-symetrical jet and a co-flow of incompressible media (Schmidt number Sc = 1000) in
a jet mixer. RANS modeling was made with the intent to predict flow phenomena in a co-axial
jet mixer. Two different mixing regimes were analysed with and without a recirculation zone
near a mixer wall. Verification of known and developed mixing models was based on comparing
them with the available experimental data and LES results. Analysis of the numerical results was
the evidence that the decay of the averaged mixture fraction and its variance by the developed
RANS mixing model, considering the low-Reynolds number effects (the mechanical-to-scalar
time ratio R and the turbulent Schmidt number Sc_ in the transfer equation for the variance o as

a function of Re[), is similar to the one by LES and from experiment.
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1. INTRODUCTION

At present, the problems of heat and mass transfer enhancement
in a flow of different media have been the focus for constant at-
tention of researchers in many countries [1-4]. This has been mo-
tivated by a necessity to solve a diversity of engineering tasks on
technological processes encountered in power engineering, me-
chanical engineering, chemical and petroleum industries. Many
of them cannot proceed without the mixing phenomenon [I,
2]. Fast and complete mixing of various fluids is often considered
to be one of the factors governing the phenomena in combustion
devices, engines, chemical reactors, burners, heat exchangers, and
pumps. Geometrical parameters and mass flowrates as well as the
thermal-physical properties of substances to be transferred pre-
determine the rate of mixing and its specific features.

In order to understand or model flows and processes,
one has to predict the impact of various factors on the mix-
ing of substances. In this article, special attention is paid to
the influence of turbulence on flow dynamics and mixing.

The influence of turbulence on mixing is observed on all
turbulence length and time scales of flow dynamics [1, 2]. On
the one hand, the large-scale motion controls the rate of
spreading of substances in the flow field. Information on this
macromixing can be provided from the averaged substance
concentration. On the other hand, when one considers mix-
ing on the molecular level, the microscales are to be taken into
account. A knowledge of micromixing requires detailed infor-
mation on the statistics of concentration fluctuations.

A profound understanding of the physical mechanisms of
mixing is possible only when the occurring phenomena are be-
ing analysed with the use of both the available experimental data

and different mathematical models. The deepest insight into this
understanding can be achieved invoking Computational Fluid
Dynamics (CFD). Theoretical analysis of turbulent flows widely
uses the approaches including mathematical models for statisti-
cal turbulence parameters with different closing. Among them
are the RANS (Reynolds Averaged Navier-Stokes) [1, 3, 4] and
the LES (Large Eddy Simulation) models [5] which adopt two
averaging methods, i. e. the spatial averaging for LES and the
time one for RANS. Unlike direct numerical simulation of tur-
bulent flows [6], these approaches require less computer time
and allow getting information on averaged turbulence charac-
teristics depending on the initial mixing flow conditions.

In the past decades, numerous models for mixing in turbulent
flows were developed [1-5]. The difference between these models lies
in the manner how the macromixing and micromixing are related
to the turbulence. The existing models do not always provide accu-
rate computations of scalar fields, e. g., the averaged concentration
field in the turbulent flow. This means that we are not yet able to
model correctly macromixing and micromixing in the turbulent
flow. This is so for several reasons. One of the reasons is the lack
of a fundamental understanding of mixing in the turbulent flow.
Another reason is the lack of experimental and numerical data on
turbulent mixing for different geometries used for the validation of
mathematical models [1-4]. The proposed suitable models are
validated by verifying the results obtained by these models,
and then the correct model assumptions can be chosen. The
experimental measurements and numerical simulations used
for this purpose have earlier been extended mainly to mixing
in homogeneous turbulent flows [1, 3, 4, 7]. Turbulent mixing
in shear flows is being extensively investigated at present as in
many applications turbulence is inhomogeneous, and thus
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data on mixing in turbulent shear flows are of particular
interest [1-4, 8]. A jet flow is one of the most widespread types
of shear flows in feasible problems. The turbulent jet mixing is of
significance in solving the problem on obtaining a uniform distri-
bution of transferred substances and a homogeneous mixture in
injection facilities where jets develop [2]. A distinctive feature of
the results of the present article is investigation of the impact of
turbulence on the mixing of incompressible viscous fluids in con-
fined jet flows [8]. The objective of this article is to develop math-
ematical tools based on the CFD modelling of turbulent confined
jets of incompressible viscous media and to elucidate the main
factors governing the mixing of media to be transferred within
different flow regimes as required by the inlet hydrodynamic and
geometrical parameters of an axis-symmetrical jet mixer.

2. SPECIFIC FEATURES OF TURBULENT MIXING
IN JET MIXER

It is known [9] that in the axis-symmetrical mixer two topologi-
cally different flow regimes are possible: 1) when a recirculation
zone develops near the channel walls (r-mode); 2) when such
a zone does not develop (j-mode). Its development can be ex-
plained by a simple model for a jet interacting with co-flow. A jet
issuing from the inner tube injects some co-flow fluid amount
that is proportional to velocity difference in the jet and in the
flow. If the jet volume injected by the jet per unit time is larger
than the fluid flowrate in the co-flow, then the flow pattern is
reversed, the co-flow separates at the mixer walls, and the re-
circulation zone develops. Simple estimates by this model yield
the inequality 1+ Q < D/d, whose compliance means that the
mixer flow is accompanied by developing a recirculation zone.
The experimental findings support the validity of this rule (see,
e.g.,[8-11]).

In [8], it is shown that the recirculation zone near the cylin-
drical channel walls brings about a difference in the turbulent
characteristics decay and affects the mixing rate of the passive
admixture to be transferred by the flow. For the ratios of flow-
rates (Q = 1.3 and 5) and diameters (D/d = 5), a homogeneous
mixture in the -mode is formed by four diameters earlier than
in the j-mode [8]. For Q =1.3, a recirculation zone develops
starting with the distance x/D > 0.1, its center is located between
the cross-sections 2.1 < x/D < 2.6,and the boundary of its decay
lies immediately behind the cross-section x/D = 3.1. The influ-
ence of the developed recirculation zone on the mixing may be
analysed by calculating the radius-averaged mixture fraction f_ .
Just the macromixing rate for both mixing regimes can be first
estimated by varying the normalized mixture fraction value f,
along the mixer (Fig.1) where in the initial cross-section the
quantity f,=ffor both regimes is the same, f =1/(Q + 1) is
the value of f at complete mixing. Fig. I shows a similar mix-
ing only at a small distance (x/D < 0.6). Downstream, the mac-
romixing occurs much faster in the r-mode regime and is close
to the completion stage, starting with x/D = 3.1 (f,, approaches
its asymptotic value f, = 1), whereas in the j-mode regime such a
state is seen only at x/D = 9.1.

The quantity 7, is responsible for the jet transverse size and
within the j-mode regime points to a probable position of the
mixing layer formed at the jet and co-flow interface. Within

the r-mode regime, the integral parameter r, already does not
convey the information exclusively on the transverse size of the
turbulent jet since the jet and co-flow interaction is affected by
the recirculation zone near the mixer walls. This fact illustrates
both a sharp growth of r. for x/D < 2.1 and the obtaining of the
asymptotic value of 0.5 (Fig. 1), thus indicating a considerable
admixture content over the entire mixer cross-section. Such spe-
cific features of the recirculation zone influence the turbulent
characteristic variations and must be taken into account when
constructing effective statistical models. That is why in this ar-
ticle RANS mixing models were developed and verified with an
intent to predict flow phenomena in a coaxial jet mixer.

—— fN,—D— rjinther-mode
—— f,—0— rjinthej-mode

OIIIIIIIIII
012 3 456 7 8 9xD

Fig.1. Integral parameters f,and I for both mixing regimes where,
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(the quantities r and r.are dimensionalized to D)

3. TURBULENT MIXING MODELLING

3.1. Velocity field modelling

3.1.1. The continuity equation and the Reynolds averaged
Navier-Stokes (RANS) equations

The continuity and the Reynolds averaged Navier-Stokes

(RANS) equations are
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Here uu is the turbulent stress tensor. In the majority of
engineering models for turbulent flows, this tensor is assigned
using the Boussinesq hypothesis [4]. In this case, the transfer
equations for turbulent characteristics are closed by determin-
ing unknown correlations through averaged flow parameters.
The Boussinesq hypothesis enables writing the turbulent stress
tensor through the deformation rate tensor of the averaged ve-
locity invoking the turbulent viscosity v, by analogy with the
molecular viscosity v.

3.1.2.Turbulence model
Turbulence is characterized by two parameters — turbulence ki-
netic energy k and its dissipation rate ¢. The standard k—& model
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is adopted for their predicting. In this model, assuming devel-
oped local-isotropic turbulence, the Kolmogorov-Prandtl for-
mulav,= C k*/ eis used to determine the turbulent viscosity v,.
Here C_is a model constant.

In many engineering predictions of turbulent flows, the
standard values of the empirical constants Cp, 0,0,C ,C, [4]
are chosen for the standard k-¢ model by comparing the pre-
dicted results and the available experimental data on a wall jet
and a mixing layer of an incompressible fluid. It is known [12]
that for axis-symmetrical free jets the standard turbulence k-¢
model with such a set of constants yields an overestimated result
on the rate of jet expansion and decay. Therefore, to improve the
accuracy of such a model, one uses the equation for the dissi-
pation rate ¢ modified by adding a term based on the concept
of eddy stretching. A somewhat different approach is associated
with varying the constants C , and C, in the terms of the equa-
tion responsible for the amplification and attenuation of kinetic
energy dissipation [12]. As the ratio C_ / C,, is increased, the ex-
pansion rate of a round jet decreases. Increasing only C, also
delays the decay of the jet which in this case occupies the elon-
gated and narrowed flow regions. In [13], the C and C,, choice
depends on the jet velocity decay and the expansion radius [14]:

el R (ou, |ouuf)”
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Here R is the jet expansion radius, U__is the axial averaged ve-
locity. Assuming the linear x dependence of R; and the inverse x
dependence of U__[15] allows taking Cu =0. 06 and C = 1.87.

In [16], a set of the constants invoked into the free turbu-
lent jet study is adopted to verify the turbulence k-& model for
a round turbulent jet when mixed with the co-flow bounded by
the cylindrical channel walls. The predictions of the longitudinal
component of the averaged velocity U and the kinetic energy k
by the standard k—& model with different sets of constants show
that k-& model modification with C =0.06 and C, =1.87 is
the best among the considered ones from the viewpoint of the
accuracy of predicting the kinetic energy k for both mixing re-
gimes. In this case, for the j-mode regime, the variations of this
turbulent parameter are in a rather complete agreement with
the experimental data [8].

oU,
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3.2. Passive admixture mixing modelling

To analyse the mixing process in the jet mixer, the variations of
the first two statistical moments — the averaged value f and the
variance of the mixture fraction - are considered. The averaged
value f is a characteristic of large-scale transfer of substances
dissolved in the fluid - a rate of attaining macromixing. The
mixing up to molecular scales (fine-grained mixing — micro-
mixing) is determined by the fluctuation decay of transferred
substance concentration in the flow and is associated with vary-
ing the mixture fraction variance 62 due to the scalar dissipation
rate €.

The equations for f and 6 in the mixing model are usu-
ally written on the gradient diffusion assumption similar to the
Boussinesq hypothesis for velocity parameters [4]. This assump-
tion predetermines the turbulent scalar flux vector through an
averaged scalar value when the turbulent diffusivity D, identi-
cal to the molecular one is introduced. The value D, is expressed

in terms of the turbulent viscosity v, and the turbulent Schmidt
number Sc, (D,= v,/ Sc)). So, the transfer equations for f and o2
are obtalned in the form
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Here, Sc_is the turbulent Schmidt number in the equation for
the variance, which is in its sense similar to S, in the equation
for the averaged mixture fraction.

As for the equation for % one should know how to deter-
mine the scalar dissipation rate &. For this purpose,a widespread
model for €, is the algebraic one based on varying the mechani-
cal-to-scalar time ratio R = t,/ T, between time scales of turbu-
lent fluctuations of the velocity T, = k / € and the concentration
T, = 6’/ g, (scalar mixing time) [4]. Here &, = 6*/ 1,= R 6%/1,.

3.2.1. Mixing models

In modern studies of axis-symmetrical round jets, the turbulent
Schmidt numbers Sc, and Sc_ are assumed to be constant and
equal to 0.7. Assuming that R is constant (usually R = 2) enables
one to write a widespread mixing model at R = 2, Sc, = Sc_= 0.7
[4] (hereinafter MM1) valid for a fully developed scalar spec-
trum, i. e. the mixing is suggested to occur on all length and time
scales. Moreover, dissipation should be at equilibrium with the
generation of concentration fluctuations on large scales. Also,
the velocity and concentration fluctuations should be generated
in a similar manner and depend on the same physical mecha-
nisms. Such dynamic properties are realized mainly for gas
flows. Therefore, the MM1 has found wide use in the fluid with
the molecular Schmidt numbers of the order of unity. However,
itis known [17] that in the general case for a defined value of Sc
the mechanical-to-scalar time ratio R is the function of a local
Reynolds number Re, calculated through a rms velocity fluc-
tuation u'=~2k/3 and a turbulence length scale [. Therefore,
at Sc >> 1, the MM overestimates the micromixing rate. R as
a function of Re, is determined by the energy scalar spectrum
form [17]. In turbulent incompressible fluid flows with high Sc
numbers (in our case at Sc = 1000), the dissipation and genera-
tion of concentration fluctuations are determined by their varia-
tions at three stages characteristic of inertia-convective, viscous-
convective, and viscous-diffusive ranges of the energy scalar
spectrum.

The work [3] contains the Corrsin model for the scalar dis-
sipation time scale that takes into account the presence of the vis-
cous-convective range and permits writing R=(2+ 1/ Sc¢) / (3 +
+Re,;?In Sc) as a function of both Sc and Re,. The multi-time-
scale f -c” model [3] represents a model constructed with regard
to the specific features of fluid mixing with high Sc.In our work, R
is determined by its polynomial Re, dependence valid for fluid with
Sc =1000 and involving the low-Reynolds-number effects in the

6
mixing model [17]: R = za,, (10g(Re,))n where a, = 0.4093,

n=0

a,=0.6015,a,=0.5851,a, = 0.09472,a,= - 0.3903,a, = 0.1461,
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a, = - 0.01604. Hereinafter, such a model at fixed Sc, = Sc_= 0.7
is named the MM2.
As our further computations have shown, to analyse the
f variations throughout the flow it is quite enough to assume
the constant value of the turbulent Schmidt number Sc, = 0.7
that has been used in the RANS modelling. The low-Reynolds-
number effects are especially reflected in the variations of o2
being a characteristic of a small-scale transfer of substances in
the flow field. Taking into account R as a function of Re, makes
it necessary to consider the local Sc_ variations in the equation
for variance. Similarity theory shows that the unknown depend-
ence on k, €,67% T, T, can be written involving two dimensionless
parameters [e. g., 18]:

v,E5 v, 1 keg 1,
232,
Sc,(67)¢

= Sc, %’ €07 Ty

As a result, the turbulent diffusion in the 6* equation can be
written as v,/ Sc_ = et’; G (R), where G (R) is an unknown R
dependence. Out of possible means of assigning G (R), consider

G(R)=C, C =CsC,R (Cqis the model constant) that follows

S
from the /t,t; assumption as a mixed time scale of diffusion
energy [19]. Then, the regard to the definition for v = C k*/ &
allows writing the dependence for sc_ = % — where, as
C,CitieR Cy
our further computations have shown, Cs ~ 1/ Sc, Hereinafter,
the mixing model with Sc,= 0.7, the polynomial Re, dependence

of Rand Sc_ = R/ C_is named the MM3.

3.3.Boundary conditions and model realization

RANS modelling was performed, assuming the axis-symmet-
rical steady incompressible fluid flow in the jet mixer. Because
of the symmetry condition, a 2D rectangular domain 0.6 m
long (12 mixer diameters) and 0.025 m wide (a half mixer dia-
meter) was considered in the longitudinal direction from the
jet exit and in the radial direction from the mixer axis. In the
initial section of the computational domain (plane of jet issu-
ing), the initial profiles were determined for all desired func-
tions. It is known that for developed turbulent flow in a tube
with a diameter d, the longitudinal velocity profile is described
by the power law U=U__ (1 -2r/d)""and the radial velocity
equals 0, where U is the maximum value of the longitudinal
velocity in the cross-section (usually on the tube axis). In [15],
the value of 7 is equal to 7. An alternative method of assigning
the initial profiles is associated with their estimation from the
available experimental distributions. In the present work, the
modelling was performed when both the power-law profile and
the constant longitudinal velocity were predetermined at the jet
exit. From the available experimental data [8], the longitudinal
velocity profile was developed at the co-flow entrance. The radial
velocity was equal to zero.

The profiles of the turbulent characteristics of the jet and
the co-flow were found from the relations for the kinetic energy
k =1.5Tu*U *and for its dissipation rate ¢ = C ** k**/ | The tur-
bulence intensity Tu = u'/ U was estimated as Tu = 0.16 Re, """,
The initial length scale of the turbulence / was assigned by the re-
lation [ = 0.07D,, where D,, is the hydraulic diameter, based on
which the Reynolds number Re,, was calculated. For the jet issu-

ing D,, = d and for the co-flow incoming D,, = D - d. According
to the definition, the averaged value f is equal to 1 at the jet exit
and takes the value 0 at the co-flow entrance, and the variance 6*
equals zero. At the symmetry axis, the axial boundary conditions
are set for unknown functions. At the walls, the velocity no-slip
condition is set, and the fluxes of the functions f, G2 are equal
to zero. The equations for the k—& model are valid for the devel-
oped locally isotropic turbulence. Near the wall, the boundary
layer exists, for which this assumption is violated, i.e. Re, << 1.
Therefore, the wall function method involving the wall logarith-
mic law was applied for assigning turbulent characteristics near
the wall.

Computations were made on a non-uniform 800 x 60 space
grid with the cells crowded together near the jet exit, the flow
axis, and in the wall region. The transfer equations for desired
functions were solved by FLUENT 6.2 with a second-order dis-
cretisation scheme and refining the pressure by the SIMPLE al-
gorithm of Patankar and Spalding. A number of iterations were
determined by reaching the accuracy of 10~ for all functions.
For realization of the mixing models, the FLUENT UDS module
was used.

4. RESULTS

The mixture fraction f served as the parameter of the passive
admixture mixing and was determined as the ratio of the local
concentration ¢ of the passive admixture dissolved in the jet
to its concentration ¢, at the jet exit in the initial cross-section
of the mixer: f= c/c,. Then f=1 at the jet exit and f=0 at the
co-flow entrance in the initial mixer cross section. Figure 2 il-
lustrates the variations of the averaged value of the mixture
fraction f, = f (x,0) along the mixer axis for the two mixing
regimes obtained using different turbulence models in compari-
son with experiment [8].

As follows from Fig. 2, the region of the constant-concentra-
tion admixture is seen near the turbulent jet exit up to x/D =1
for both mixing regimes. However, the results obtained by dif-
ferent RANS models and the LES model with DGM SGS [20]
overestimate the length of this region as much as twice. Then
an intensive mixing occurs, which is followed by the formation
of a homogeneous mixture. This is seen in attaining f, of the
asymptotic quantity f, (complete mixing) in the predictions by
all models. Within the 7-mode (Fig. 2, b) such attainment by all
models is observed at some advanced rate as compared to the
experimental data, and is approximately by four diameters ear-
lier than within the j-mode (Fig.2,a). The f, prediction along
the mixer axis by the standard k-& model with C,=0.06 and
C_, = 1.87 with the power-law velocity profile at the turbulent
]et exit yields the results identical to the predictions by the
Reynolds stress model and by LES with the DMM SGS model for
both mixing regimes [20] (Fig. 2).

Figure 3 presents variations of the relative variance o/ f,
of the mixture fraction. The numerical results obtained using
different mixing models are compared with the available ex-
periment [8] and the predictions by LES with two SGS mod-
els - DMM and DGM [20].

For the considered mixing regimes, MM1 and MM2 yield
the values of ¢ variations along the mixer axis (Fig. 3) over-
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Experiment [8],
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Fig. 2. Averaged mixture fraction along the mixer axis for two mixing regimes (a — j-mode, b — r-mode): 7 — standard k—& model with (u =0.06and C,=1.87; 2~ k—& model
[20]; 3 — SST k= model [20]; 4 — Reynolds stress model [20]; 5 — LES model with DMM SGS and 6 — LES model with DGM SGS [20]
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Fig. 3. Variance o along the mixer axis for two regimes (a — j-mode, b — r-mode): 7 — LES with DGM, 2 — LES with DMM [20], 3 — MM1, 4 — MM2, 5 — MM3
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Fig. 4. Mixture fraction distributions within j-mode (a) and r-mode (b)

estimated with reference to experiment and LES. Yet in this
case, the general tendency remains: first the level of relative
fluctuations increases due to both the dynamic mixing of the
jet and the fluid entrained from the co-flow at the expense of

2 0.3

large-scale convective transfer and turbulent diffusion (mac-
romixing), and then the fluctuation decays due to the intensive
dissipation process. At the same time, the regard to the low-
Reynolds effects in the MM3 causes the variance variations
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Fig. 5. Averaged mixture fraction f (a—c) and its variance o (d—f) over the mixer cross-section at different distances from the jet exit in the -mode. Notations of computation

results are as in Fig. 2 for f andasin Fig. 3 foro

to be consistent with experiment and LES with the DMM SGS
model for the j-mode and provides a more qualitative agree-
ment within the r-mode.

The f distributions obtained by the standard k-& model
with C =0.06 and C, = 1.87 and the transfer equation for the
averaged mixture fraction f (Fig. 4 a,b) demonstrate a qualita-
tive difference in the structure of admixture transfer for two
mixing regimes, which appears because of a recirculation zone
developing within the 7-mode regime. The f distribution points
to the fact that starting from the distance x/D > 0.6, a recircu-
lation zone appears and the passive admixture concentration
near the mixer walls increases. This fact is seen in the form of

the profile f (x, 7) over the mixer cross-section (Fig.5 a,b).

The backflow transfer of the passive admixture along the mixer
walls in the direction opposite to the jet motion increases the
passive admixture concentration in this region. Hence f grows.
Downstream, the f profile expands faster than against the aver-
aged velocity profile [8, 16]. As a result, a nearly quasi-homoge-
neous composition of a mixture is formed over the mixer cross-
section already at x/D > 3.1 (Fig. 5 ¢,f) and much earlier than
a uniform distribution of the averaged velocity (x/D > 5.1) [8,
16]. Based on the results presented in Fig. 5, analysis of the pro-
files of the averaged mixture fraction and its rms fluctuations
indicates that the recirculation zone starts behind x/D = 0.1,
decays to x/D = 5.1,and its center is located within the distance
range 2.1 < x/D < 2.6.
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Fig. 6. Averaged mixture fraction f (a—c) and its variance ¢ (d—1) over the mixer cross-section at different distances from the jet exit in the j-mode. Notations as in Fig. 5

In the absence of the recirculation zone within the j-mode,
the mixing proceeds more slowly. As shown in [8], the quasi-
uniform distribution of the admixture starts only at x/D = 9.1.
The f profile (Fig. 6 a—c) expands much faster than the averaged
velocity one [4, 10]. The reason can be only a high intermittence
level in the shear layer at the jet boundary. The o/f, _profiles
(Fig. 6 d-f) are also wider about their maximum values as com-
pared to those of the velocity fluctuations, and expand much
faster than the latter [8, 16]. The values of the mixture fraction
variance in the macromixing region (x/D >5.1) are close to
those of the velocity fluctuations, whereas at x/D = 9.1, as shown
in [8], they are almost three times larger than those obtained in
the r-mode mixing regime.

Figures 5 and 6 compare the profile of the averaged value
f (x,r) with the calculation results obtained by different com-

putational approaches. All models other than LES with the DGM
SGS model [20], show a similar agreement with experiment [8].
A difference is present in the description of the backflow region
for which the k-¢ model with C =0.06 and C, = 1.87 and LES
with the DMM SGS model [20] yield a result more consistent
with experiment [8].

The profile change of the variance o (Figs. 5, 6 d-f) obtained
by the mixing models illustrates the overestimated values of the
intensity of scalar fluctuations in comparison with the available
experimental data [8]. Nevertheless, both the LES [20] and the
RANS models suggest that the position of the local maxima of
the profile at the jet and co-flow interface within both regimes
(Fig. 5 d-f,6 d-f) is identical to the one found in experiment [8].
Similarly to the result on the o decay (Fig. 3), the MM1 and the
MM2 give a worse prediction of this quantity than against the
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MM3 and LES with the DMM SGS model [20]. Analysis of the
transfer equation for the variance 6* in both models indicates
that the difference first of results from the used approximations
of the scalar dissipation rate with regard to the low-Reynolds
number effects. In the MM1, the time scale of the scalar dissi-
pation rate is determined by the energy of only the developed
inertia-convective part of the spectrum, whereas in the MM2
and in the MM3 also by the viscous-diffusive mixing rate.

5. CONCLUSIONS

The RANS modelling of mixing of a turbulent jet with a co-flow
of incompressible viscous media (Schmidt number Sc = 1000)
in an axis-symmetrical jet mixer is made employing the stand-
ard turbulence k—¢ model and different mixing models.

To solve the problem of the passive admixture transfer in an
axis-symmetrical mixer, two mixing regimes — with and without
a recirculation zone near the mixer wall - are considered. Such
specificity of the presence of two regimes makes a qualitative dif-
ference in the flow structure, which is evident from the fact that
developing the recirculation zone near the mixer wall requires
less time for a complete mixing. The result obtained in the pre-
sent study is supported by the analysis of the predicted averaged
mixture fraction and its variance both along the mixer axis and
in the mixer cross-sections at different distances from the turbu-
lent jet issue in comparison with LES [20] and experiment [8].

The averaged mixture fraction calculated by the standard
turbulence k-& model with the constants C = 0.06, C,=1.87
and the power-law velocity profile at the turbulent jet exit yields
the result similar to the one predicted by the Reynolds stress
model and by LES for both mixing regimes [20]. However, the
widespread mixing model with R =2 overestimates the mix-
ture fraction variance with respect to experiment and LES. The
obtained numerical results have shown that the changes in the
averaged mixture fraction and its variance observed by the de-
veloped RANS mixing model considering the low-Reynolds
number effects (the mechanical-to-scalar time ratio R and the
turbulent Schmidt number Sc_ in the transfer equation for the
variance G as a function of Re ) are similar to the ones obtained
by LES with the DMM SGS model [20] and to experimental data
(8].

Further studies will involve the development of LES and
RANS models to account for the unsteady phenomena in con-
fined jet flows with chemical reacting.
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KLAMPAUS NESUSPAUDZIAMO SKYSCIO APRIBOTOS
SROVES TURBULENTINIO SUSIMAISYMO SKAITINIS
MODELIAVIMAS

Santrauka
Straipsnyje pateikiami aSinés srovés ir pasrovio nesuspaudziamo skys-
¢io srauto modeliavimo asiniame mai$ytuve RANS metodu rezultatai.
Analizuojami du skirtingi maiSymosi rezimai - kai susiformuoja recir-
kuliaciné zona prie maisytuvo sieneliy ir kai jos néra. Palyginti mode-
liavimo ir eksperimentiniai rezultatai.

Raktazodziai: srovinis mai$ytuvas, turbulentinis mai§ymas, apri-
botoji srove, misinio koeficientas

Amnppeii Yopupii

YIMCIEHHOE MOJE/IIPOBAHME TYPBYJIEHTHOI'O
CMEIIEHMSI OTPAHMYEHHOM CTPYU
HECKVIMAEMOM BA3KOV JKUTKOCTU

Peswme
IIpencrapnensl pesynbTatel RANS MopenpoBanus B3auMopieiicTBIA
TypOYIEHTHOI 0CECMMETPUYHON CTPYM M CITYTHOTO TOTOKA HEC)KMU-
maemoit xugkocty (dncio Immpra Sc~ 1000) B ocecnMMeTpuaHOM
CTPyItHOM cMecuTene. JIBa pasMMUHBIX PEXNMA CMENIeHNSA aHaI-
3MPOBANNCH — ¢ 00pa30BaHNEM PELMPKY/IALNOHHOM 30HBI Y CTEHOK
cMecurend 1 6e3 Hee. Bepudukanys 13BeCTHBIX 1 Pa3pabOTaHHbIX B
paboTe Mojjereil CMeIIeHNsA OCHOBaHa Ha CPaBHEHMM C MMEIOLUMICA
9KCIIePUMEHTANbHBIMI Pe3ybTaTaMi U JAHHBIMI, HOMTYYeHHBIMU C
MOMOIIbI0 MeTOIa KpyIHbIX Buxpeit (LES). Pesynbrarsl mokasasmm, 410
M3MEHEHNUE OCPeJHEHHOTO 3Ha4eHNA K03 QUIMEHTa CMeCH U €ro JIuc-
Hepcuy, MONy4YeHHOe C TIPMBJIeYeHeM Pa3paboTaHHOIT MOfeNN CMe-
IIEHNA C y4eTOM CYLIeCTBOBAHMA 00/1acTeil IOTOKA C HUSKUMU TYp-
GynentHpiMu uncamu PeitHombiica Re, (oTHOmEeHME TypOymeHTHBIX
MacIITab0B BpeMEHN Iy/IbCALMIT CKOPOCTU U KOHIIEHTPAIu R 11 Typ-
6ynentHoe uycno lImuara AT GyHKIVAMM uncia PeitHombica
Re ), 1010610 LES jaHHBIM 11 9KCTIEPMMEHTATbHBIM Pe3y/TbTaTaM.
KimroueBble croBa: CTPYIHBI CMeCUTeNb, TYPOYNIEHTHOE CMellle-
HIIe, OTPaHIYeHHAS CTPY, CIy THBII IIOTOK, K03 QUIIMEHT CMecy



