DIFFUSION OF INERTTAL PARTICLES IN A TURBULENT GAS JET

T. A. Girshovich and V. A. Leonov UDC 532.517.4

An algorithm is proposed and a mathematical experiment is performed on the diffu-
sion of high-density particles in a turbulent gas jet. The problem is solved with
the impurity particle action on the carrier phase characteristics taken into ac-
count.

As is known, high-density particle diffusion in a turbulent jet differs in principle from
gas impurity diffusion [1, 2], as is expressed by the fact that the impurity particle concen-
tration profiles in the jet are significantly narrower than the carrier phase velocity pro-
files while the gas impurity concentration profile is broader than the velocity profile.

Investigation of inertial particle diffusion in a turbulent jet flow field is of con-
siderable scientific and practical interest and since it is quite difficult to realize a
direct physical experiment on particle diffusion at this time, execution of a mathematical
experiment merits attention. Such an experiment is performed in [3-5] under assumptions about
the passive role of the impurity in the jet and Stokes particle flow, which is valid for very
small initial impurity concentrations and low Reynolds numbers of the particle flow.

~ The formulation and results of a mathematical experiment performed within the framework
of the Prandtl turbulence model according to a scheme analogous to [3] but with changes in the
carrier phase characteristics under the action of the impurites taken into account, are con-
sidered below. Moreover, the particle drag in this experiment was determined by the general
formula [6] that is valid in a broad range of Reynolds number variation.

The solution of the problem is sought in a Lagrange formulation with subsequent statis-
tical estimates of totals of a large number of realizations, i.e., transists of the very
same particle from its location at the nozzle exit to a given section. It is considered that
the particle moves under the effect of turbulent moles and a large number of random succes-
sive particle displacements is realized together with such moles during each realization.
Motion occurs in one mole either during its "lifetime" or the time of mole intersection by a
particle if the difference in their velocities is large. A new mole with its own character-
istics captures the particle during this time. The particle with the new mole are incident
at a new point and so on until the section in which we are interested is reached.

The motion trajectory is evolved during the successive integration of the particle motion
equation over the extent of its displacement with each gas mole.

The particle equation of motion has the form

aVp —-C pg(ngVp)IVg—Vp|
dt ¥ 2

Fp. (1)

The particle drag coefficient in the gas steam Cy was determined from the formula [6]

© 4,3 24 (2)
C,=1032+ =+ ,
¥ +'l/Re Re
where Re = p,|V,—Vyldp/ig
Making the natural assumption for jet flow that the transverse velocity in the jet is
much less than the longitudinal velocity, and making the velocity dimensionless by means of
the initial gas velocity, and the time by means of (ro/ugo), we obtain the following particle

motion equations
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The instantaneous gas velocities are determined as the sum of the average and the fluc-
tuating components

Ug = Ug + Ug, Ug=Uy+ Vg ‘ (8)

Considering the profiles of the relative average longitudinal gas velocities similar in
the jet, we use the Schlichting formula for their description. The transverse average gas
velocity components are found from solutions of the appropriate continuity equations. In the
jet core we have for the average velocity components according to the gas velocity

=0. (9)

The fluctuating gas velocities u} and v are determined as random variables normally dis-
tributed with zero mathematizal expectation and variance equal to the r.m.s. value of the

fluctuating veiocity Vug2, determined with influence of the inertial impurity on the tur-
bulent structure taken into account according to the G. N. Abramovich—T. A. Girshovich model

(71
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The r.m.s. fluctuation velocity of a pure gas is here determined in conformity with the Prandtl
turbulence theory from the formula

du
Viug® =5,

where %, is the mixing path that is considered constant and proportional to its width in the

(11)

’

given jet section, ul is the relative gas velocity fluctuation u!l = u! — u' determined by the
formula g p
[ | 20, N (1 4 )2
In —= =— - u NV ( ,) —, (12)
[u.ol [tgo + (1 4 2%) wpo —u_ |

where N = 18 ug/psdp; and uﬁo is the particle initial velocity in the mole whose magnitude

lies in an interval between zero and uéo depending on the relaxation time [8].

The average characteristics of a two-phase jet must be determined many times during one
realization and in a large number of realizations when performing a mathematical experiment.
To reduce the volume of calculational work, the jet characteristics computed earlier for the
initial, transition, and main sections were approximated for each specific case by two param-
eters, the distance from the nozzle exit and the initial impurity concentration.
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Fig. 1 Fig. 2

Fig. 1. Axial velocity and boundary of a jet with bronze par-
ticles of 8500 g/m® density, 45 um diameter for an initial 1.0
kg/kg impurity concentration. Experiment: 1) gas axial veloc-
ity; 2) jet boundary at half the gas velocity; 3) jet boundary
at half the impurity concentration. Computation: 4, 5, 6)
axial gas velocities; jet boundary at half the gas velocity and
half the concentration calculated by the proposed integral
method; 7, 8, 9) the same by the method of [12].

Fig. 2. Variance of the particle transverse displacement: 1, 3)
initial impurity concentration xs = 03 2, 4) % =1, 0; 1, 2)
obtained when using the general law for particle drag in a gas
stream; 3, 4) for Stokes particle flow.

The jet characteristics were determined by using the integral method developed for the
initial and main sections of two-phase jets [7, 9, 10] and supplemented by a computation of
the jet transition section. The axial parameters in the transition section between the
" initial and main sections in pure gas jets can be considered constant with a certain approxi-
mation and equal to their initial values [11]. However, it must be noted that the transition
section in pure gas jets is comparatively short and the drop of the axial parameters, as com-
pared with the initial, is barely noticeable therein. As the initial impurity concentration
grows in two-phase jets, the jetlong range, and therefore, the transition section length grows
and can be quite large, and consequently, the drop of the axial parameters with distance from
the jet exit should be noticeable.

Since conversion of the velocity and concentration profiles from the initial section
profiles to main section profiles occurs in the transition section, then it is logical to
give formulas for the velocity and concentration in the transition section in the form of
superposition of these profiles

u‘:fn = [1 =7 ()] Fru () + ¥ () Fae (), (13)
= (L= B O] Fn (1) + B ) Fae (). - as)

m

Here f[iu, fix are the Schlichting expressions for the gas velocity and impurity concentration
profiles in the initial section

fru = 2(1 —m)*2 — (1 —1u)?, frw = 2(1 —1,)%? — (1 — )%, (15)

and fa fox in the main section

(16)

fou = (1 =3P, [y = (1 —0i/2p,
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Fig. 3. Axial particle and gas velocities for different
values of the initial dynamic nonequilibrium: 1-3, 7-9)
particle velocity; 4-6, 10) gas velocity; 1, 4, 7) Upg =
35 m/sec; uy = 25 m/sec; 2, 5, 8) upo = 35 m/sec; 3, 6,

9) upe = 35 m/sec; ug, = 45 m/sec; 10) gas velocity cal-
culated by using the integral method for dynamically equi-
librium efflux of a two-phase mixture.

Fig. 4. Comparison of computed and experimental data by pro-
files of the average longitudinal velocity and concentration
of the particles. Experiment: 1) particle velocity; 2) gas
velocity; 4) particle mass concentration. Computation: 3)
particle velocity; 5) particle mass concentration.

v(x), B(x) are the deformation functions that were given in the form of third-degree poly-
nomials whose coefficients were determined from the conditions of a smooth transition of the

initial section velocity and concentration profiles into the corresponding main section pro-
files. These formulas have the form

— s \2 —xs \2 17
v(x)=3<-——-_" "'13—) —2(———-_" "1_),. an
Xy — ¥i- Xeu—¥i
Ty .A 2 gy \3
B9 =3 () —2 (Y (18)
xtu—*Xi xn,c“—x\i

The abscisses of the transition section ends in the gas velocity and the impurity con-
centration were determined by a linear continuation of the initial section boundary to the
initial sections of the main sections in the velocity and concentration [11].

The computed axial velocities and the jet boundaries are compared to test data [2] and
results of numerical integration of the motion and continuity equations [12] are compared
in Fig. 1. It is seen that the computation by the proposed integral method that takes ac-
count of the change in the axial parameters in the transition section permits a satisfactory
description of the average two-phase jet characteristics. It must be noted that the computa-
tion method described above was developed under the assumption of equality of the average
particle and gas velocities. However, as will be shown below, the tests indicate that non-
equilibrium of the flow has slight influence on the gas phase characteristics.

-In conformity with the Prandtl theory, it is considered that the gas velocity fluctuation
components u;, and vy are equal and that the instantaneous mean velocity of a gas mole is con-
served during its "lifetime". The particle motion equations (3) and (4) can be integrated
numerically under the following initial conditions
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up = up,-, Up = vp,- for == ti' (19)

Here up; and vpj are the particle velocities incident in the (k + 1)-th mole at the beginning
of its "lifetime".

As was noted above, the time of particle interaction with a turbulent mole is deter-
mined as the minimal of the "lifetime" of a given mole and the time of particle residency in
the mole if the difference between the mole and particle velocities is large:

Ly

! or T= —— 2% (20)

T = : L .
§% u;'2 —+- 2U§'2 Ymax fug —up|

The computation is performed in the following order. The initial particle coordinates
and velocities, the initial gas velocity, and the initial impurity concentration are given at
the nozzle exit. A certain time after the start the particle moves in the core of a constant
gas velocity, then it drops into the mixing zone where the first turbulent mole is entrained,
it moves with it for a time T and is incident at the point (xp, yp) having the velocity u
and v,. It is assumed that a new mole is formed at this point, in which the particle wilE‘
move during the following time interval and so on. Passing the initial section the particle
is incident in the transition and then in the main section constantly performing disordered
random motion.

The particle velocity components and its coordinates are determined at each of the N
realizations at given fixed times ty. Then the mean quantities (pd, Ypdy YR upy, <Ulds <vpd,

<U§k over the number of particles (the number of realizations) are determined at these same
times. The variance of the particle transverse displacement

N N )
igl i (D) (21)
N

Dt =

and the particle diffusion coefficient
' d
Dp=0,5 i (D ()] (22)

can afterwards be determined.

The r.m.s. deviation of the quantities uy, and v,, i.e., uj and v}, can be calculated
p P P P
analogously to (21).

For confidence in the estimates the number N should be sufficiently large. The prelimi-
nary computations show that the number N must be chosen within limits from 200 and higher
depending on up to what distance from the nozzle exit the characteristics are estimated.

The time ty is a parameter that can be eliminated and the following dependence can be
obtained

Yp =1 (xp)s up="F(*p, Yp), Vp= [(Xp, ¥p), Dp=1{(xp, yp)- (23)

The influence of the initial impurity concentration on the change in the variance of the
transverse particle displacement with distance from the nozzle is shown in Fig. 2. Computa-
tions are performed for the particles utilized in tests [3] with a 2000 kg/m® density and
20 ym size. The graphs clearly show that the impurity concentration exerts a noticeable
influence on the variance of the transverse particle displacement, which confirms the neces-
sity for taking account of the action of the inertial impurity on the jet characteristics
in the numerical experiment. The graphs also show the significant difference in the deter-
mination of the variance when calculating the particle drag coefficient by the general formula
and by the Stokes formula utilized in computations [3-5].

Presented in Fig. 3 is a comparison of the computed values of the axial velocities of
bronze particles of 8500 kg/m® density and 45 um diameter for an initial impurity concentra-
tion 1.0 with the experimental data described in [2] for different values of the initial
dynamic nonequilibrium. The points here correspond to the experimental data and the lines
to the computed results.
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Fig. 5. Dependence of the analog of
the Schmidt number on the Stokes num-
ber: 1) ugy = 49 m/sec; dp = 16.5 um;
wnoo= 0,13 2) ugo = 52 m/sec; dp = 34
pmg %= = 0.05; 3) ugo = 54.5 m/sec;
dp = 48.7 um; xm'= 0,34,

Having been given different initial particle locations on the nozzle exit; the distribu-
tions of the appropriate particle velocities, concentration, diffusion coefficient and Schmidt
number can be obtained at given jet sections.

The particle concentration profiles can here be determined by statistical estimates of
the particle distribution density in the jet sections under consideration. The estimates are
performed for Nn realizations, where N is the number of particles escaping from the fixed
point and n is the number of points on the nozzle exit from which the particles escaped. The
radius of the given jet transverse section is divided into m intervals. Then the frequencies
n; of particle incidence in each of the m elementary rings are determined. The variance

m

D=0o"= ¥ y?P;. (24)

f==l

is calculated from this data by means of the formula in [13]. Here yi is the mean radius of
the ring element, and Pj = nj/Nn is the frequency of particle incidence in the -th ring.

Taking account of the bell-shaped form of the concentration profile, it can be considered
that the particle concentration distribution in the jet transverse section is described by a
Gauss curve with the mathematical expectation zero and the variance o2 found from a mathemat-
ical experiment by means of (24) P

LI

e — ;
Cs. C, *P ( 20§ ) (25)

Taking into account that the relative magnitude of the particle longitudinal velocity
can be approximated by a Gauss curve

“p = exp (—— r: >, (26)
Upm 20y
we obtain the expression
C 1 1 1 Upy
m _ 1 , 27
CO 2 ( 0';2; + 03 ) upm

from the conditions of conservation of the impurity flow rate in the jet transverse section
for the axial mass concentration, from which we find for the relative discharge concentra-
tion

Ky Co  Up 2

A @

Km Cm Upm _i( 1 1 )

It has been found that the computed profile of the relative longitudinal velocity of
glass balls with 2990 kg/m® density and 50 um diameter are in completely satisfactory agree-
ment with the experimental data presented in [14] for an 0.32 initial concentration in the
section x/r, = 40. However, an estimation of the velocity and concentration profiles for
bronze particles [2] according to the scheme proposed above showed that the profiles are
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narrower than the experimental. This discrepancy can be a result of the fact that not all
the factors acting in the physical experiment were taken into account in the numerical inves-
tigations, for example, the particle rotation, or other effects inherent to the given tests.

Taking account of particle rotation with an angular velocity equal to the local vorticity
of the stream showed that particle dissipation increased hardly noticeably under this as-
sumption.

Taking account of the structural features of the apparatus shaping the mixture flow from
the tube [15] in which the flow mode was given by using two-phase mixture suction from periph-
eral jet domains, we inserted the initial particle transverse velocity into the computation.
From symmetry considerations it can here be considered that the transverse velocity depends
on the distance to the axis and, as in [6], the expression for the transverse velocity would
be taken in the form

(29)

Computed and test profiles of the average longitudinal velocity and concentration of
bronze particles [2] of 45 ym diameter are compared in Fig. 4 in the x/r, =20 jet section for an
initial impurity concentration 1.0 and a value 0.05 for X in (29). The comparisons were
performed for the equilibrium case of two-phase jet efflux at an initial 35 m/sec velocity.
The graphs indicate satisfactory agreement between the computed and test data.

The change in the computed value of the analog of the Schmidt number

Vor
VL T S (30)
ln Dp -‘/U’gz
as the Stokes number grows is shown in Fig. 5.
The computation was performed in the section x/r, = 50 for n, = 0.22 and % = 0. It

is seen that as the Stokes number grows, i.e., as the particle inertia grows, the analog of
the Schmidt number grows as should have been expected. The quantity a determined by the
method of [8, 9] for the corundum particles used in the tests [1] is shown by points in this
same graph.

The graph shows that the method proposed in [8, 9] permits a quite satisfactory estima-
tion of the magnitude of the analog of the Schmidt number that must be known to obtain the
impurity distribution in the jet transverse sections.

The comparison shown above between the results of the mathematical and physical experi-
ments indicates that the algorithm described and the corresponding program of the mathematical
experiment permit computation of the average and fluctuating particle velocities, the particle
concentration profile in a two-phase jet, the diffusion coefficient, the tangential stresses
(within the framework of the Prandtl theory of turbulence). These data together with the
method described above for computing the average two-phase jet characteristics can be utilized
in organizing the working processes of many technical units with a two-phase working body
(thermal engines, chemical reactors, furnaces, etc.).

NOTATION

X, y, coordinate axes; x, along the jet axis; y, perpendicular to x; V, total instan-
taneous velocity; u,v, longitudinal and transverse velocity components, m, mass, t, time, p,
density, F, area of the middle, d, diameter, r, radius;xg, impurity discharge concentration;
¢, impurity mass concentration; p, v, dynamic and kinematic viscosities; n, dimensionless
coordinate; n = y/§, 8§ jet half-width. Subscripts: 0, initial value; g, gas; p, particle;
m, value on the jet axis; I, jet initial section; t, jet transition section; T, turbulent;
and s, impurity substance.
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UTILIZATION OF MODEL PASSIVE IMPURITY CONCENTRATION
DISTRIBUTION FUNCTIONS TO COMPUTE TURBULENT FLOW RADIATION

Yu. V. Khodyko, A. I. Bril', and 0. B. Zhdanovich UDC 536.3:532.517.4

The adequacy of different semi-empirical methods of taking account of passive
impurity concentration fluctuations is investigated for numerical modelling of
radiating turbulent flows on the basis of comparisons between computed and mea-
sured energetic brightness fields.

The rise in the accuracy of computations of energetic brightness fields of turbulent
heated gas flows is associated with the solution of the problem of the influence of temper-
ature and concentration fluctuations on the optical characteristics of a medium. The contribu-
tion of turbulent fluctuations to IR radiation of a heated gas jet was investigated in [1].
Since the range of temperature variation in the jet was not large (approximately 300-700 K),
the fluctuation characteristics of the temperature field were considered similar to the fluc-
tuation characteristics of the passive impurity concentration field. An analogous approach
is used in the present research also. It was shown in [1] that satisfactory agreement be-
tween the experimental and computed data is achieved when using probability density functions
(PDF) in which the appearance of intermittency in the jet is taken into account in a model
fashion. In recent years, intermittency in jet type flows has been investigated quite inten-
sively both theoretically and experimentally [2]. A number of PDF models has been proposed
for passive impurity concentration with the intermittency taken into account [2-5]. The
purpose of this paper is to confirm the possibility of utilizing such PDF to compute the radia-
tion. Moreover, the influence of temperature and concentration fluctuations on the radiation
is studied as a function of the initial turbulence level in the stream.

The measurements and computations were preformed for an axisymmetric subsonic heated jet.
A description of the experimental installation and the method of measuring the gas dynamic
parameters and the spectrum characteristics are presented in [1, 6].

The jet efflux conditions were changed by using different reducers for an unchanged mode
of combustion chamber operation. Three modes were realized: mode 1 without the reducer (jet
initial section radius R, = 15 cm, initial efflux velocity u, = 13 m/sec), mode 2 with two

Physics Institute, Belorussian Academy of Sciences, Minsk. Translated from Inzhenerno-

Fizicheskii Zhurnal, Vol. 57, No. 3, pp. 375-382, September, 1989. Original article submitted
April 20, 1988.

0022-0841/89/5703-1005$12.50 © 1990 Plenum Publishing Corporation 1005



