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Abstract-Numerical predictions are compared with experiments on turbulent mixing in variable density 
swirling flows, where He or CO, is coaxially injected in turbulent swirling air flows in a pipe. The calculation 
employs two kinds of stress/flux equation model, i.e. the density-weighted Favre-averaged form and the 
density-unweighted conventional-averaged form. The calculation based on the former model can predict 
the phenomenon that the mixing of He is strongly retarded due to swirl than that of C02, whereas the 
latter model fails to predict this. Comprehensible interpretations of the interrelation between turbulent 

mixing, density non-homogeneity and swirl-induced pressure gradient are presented. 

1. INTRODUCTION 

NUMERICAL calculation of turbulent swirling flow is 
of considerable importance for predicting flow, mix- 
ing and combustion in many furnaces and combustors 
with swirl. Swirling flow has been used to stabilize the 
flame and to obtain rapid combustion. The counter 
effect of the swirl, however, has been reported in the 
study of turbulent swirling flow in a circular tube with 
and without combustion [l, 21. Turbulent mixing is 
retarded when swirl is introduced to the surrounding 
air flow in a confined tube. 

The understanding of the effects of the swirl on 
the turbulent transport induced by the interaction of 
turbulence, swirl-induced pressure gradient and den- 
sity nonhomogeneity is essential to control the mixing 
and combustion in swirling flows. It is also important 
to establish the prediction procedure of variable den- 
sity turbulent swirling flow and mixing. 

The previous reports by the authors pointed out 
that the k--E two-equation model does not suffice but 
the stress/flux equation model [3, 41 has good per- 
formance on predicting characteristics of swirling flow 
and mixing [5, 61. Superiority of the stress/flux equa- 
tion model has been demonstrated in predicting lami- 
narization phenomena [6] and the retardation of tur- 
bulent mixing [5] due to swirl. In the computation 
related to isothermal expanding swirling flow, Weber 
et al. [7] came to the conclusion that the stress model is 
far superior to the k-e model. The stress/flux equation 
model has been found to be an effectual tool for the 
prediction of complex turbulent swirling flow and 
mixing. 

In practical furnaces and combustors, density non- 
homogeneity is caused by turbulent mixing and com- 
bustion. In the case of computations of turbulent 
flows which take the density fluctuation into con- 
sideration, turbulence models written in density- 
weighted time-averaged (Favre-averaged) form are 

much simpler than those in density-unweighted form 
[8]. Turbulence models with variable density and 
combustion are proposed and reported. These are illus- 
trated in the reviews of Jones [8], Jones and Whitelaw 
[9], Libby and Williams [lo] and Bilger [l 11. Van- 
dromme and Kollmann developed a density-weighted 
full second-order closure turbulence model and cal- 
culated free shear flows with mixing of gases with 
highly different density [12]. Janicka [13] and Dibble 
et al. [ 141 presented a second-order closure model for 
predicting diffusion flames. However, there have been 
no reports of applying the stress/flux equation model 
to turbulent swirling flow and mixing with significant 
density nonuniformity. 

In the present study, computations are conducted 
on turbulent mixing in variable-density swirling flows 
in a stationary pipe. The constitution of the two types 
of stress/flux equation model, with and without con- 
sidering density fluctuation, are illustrated in the first 
place. These models are employed in calculations and 
compared with experimental results of the turbulent 
mixing of helium (He) or carbon dioxide (CO,) with 
air, with and without swirl 171. Applicability of the 
turbulence models to the swirling and non-swirling 
flows are elucidated. Comprehensible interpretations 
of the interrelation between suppression and/or pro- 
motion of turbulent mixing, density nonhomogeneity 
and swirl-induced pressure gradient are presented. 

2. BASIC EQUATIONS AND STRESS/FLUX 

EQUATION MODEL 

The calculation is based on time-averaged con- 
servation equations of mass, momentum and chemical 
species and transport equations of Reynolds stresses 
and turbulent fluxes of chemical species in an axisym- 
metric coordinate system, with and without swirl. 
Two types of time-averaged forms, density-weighted 
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NOMENCLATURE 

es. Cl, C?, C‘, c,,, c;,, czc. c, ,, c,,, c, i. 

c,.. C,,, C,, constants in stress/flux 
equation model 

D, diffusion term in scalar-flux equation 
model 

k turbulent kinetic energy 

M,, m, time-mean and fluctuating mass 
fraction of He or CO, 

P pressure 

p, production term in scalar-flux equation 
model 

R pressure scrambling term in stress/flux 
equation model 

CJ, V, W time-mean velocity components in 
the x-, Y-, &directions 

II, I‘, It’ fluctuating velocity components in 

the x-, r-, B-directions 
.Y, r coordinates 
X axial distance from the nozzle tip. 

Greek symbols 
i: dissipation rate of k 

P density. 

Subscript 
I chemical species 1. 

Superscripts 

density-unweighted time averaging 
density-weighted time averaging. 

and density-unweighted forms, are employed in the 
calculations. These are presented in the following sec- 
tions. 

2.1. Basic equations and stress/&x equation model in 

density-weighted Favre-averaged,form 

Conservation equations of mass, momentum and 
chemical species in density-weighted Favre-averaged 

form are shown in an axisymmetric cylindrical coor- 
dinate system applying the boundary layer approxi- 
mation as follows : 

Density-weighted time-averaged transport equa- 

tions for the correlation of the velocity fluctuations 
- 
u:‘u; and for the correlation of velocity and mass 

fraction fluctuation uyrny can be written in a rec- 

tangular coordinate system, respectively, as follows : 

The double prime (“) designates the fluctuation with 
respect to the Favre-averaged quantity. u”, ~1” and W” 

are the fluctuation of velocity components with 
respect to the Favre-averaged axial, radial and tan- 
gential velocity 0, P and I%, respectively. Here (-) 
and (-) indicate Favre average and conventional time 
average, respectively. m;’ is the fluctuation of mass 
fraction of chemical species I with respect to the Favre- 
averaged mass fraction of species 2,. Transport of 
momentum or species by turbulent motion, rep- 
resented by correlations between fluctuating velocities 
or fluctuating mass fraction and velocity in equations 
(2)<5) is evaluated by the stress/flux equation model 
in the Favre-averaged form. 

(X) (XI) (XII, 
where ii, and u:’ are the Favre-averaged velocity and 
velocity fluctuation in direction i, respectively. 

Viscous stress and mass flux, are represented by r,, 
and j,,k, respectively. In equations (6) and (7), terms 
(I) and (VII) (convection terms) and terms (II) and 
(VIII) (production terms) require no approximation. 
For term (III), the molecular diffusion term (con- 
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taining z,) and the pressure-induced diffusion term 
~contai~ng p’) are negligible with respect to the 
diffusion by velocity fluctuation f3]. The cont~bution 
of the pressure fluctuation in term (IX) to the diffusion 
of species is negligible as compared with the third- 
order correlation [4]. The dissipative correlation term 
(XII) is zero with the assumption of isotropy of fine 
scale motion [4]. 

The remaining terms need to be approximated or 
modelled in terms of calculable flow properties. The 
turbulence models employed in the present cal- 
culations are rewritten from the constant density ver- 
sion of Daly and Harlow [15], Launder et al. [3] 
and Launder [4] for terms (III), (V), (IX) and (X), 
respectively, in terms of density-weighted averaged 
quantities as follows : 

> 

6C, + 4 
-116, 

-7 dii, 

P”’ uk G- 

(8) 

(9) 

x 

Density-velocity covariance z (= - u:p’/p) in term 

(IV) __ and density-concentration covariance mj’ 

(= -m;p’/p) in term (XI) are evaluated by the 
following relations : 

rn; = - m;‘2/ji f a~~a~~ (13) 

where rnj” ’ = m equation (13) is evaluated by the fol- 
lowing transport equation [S] : 

Term {VI) in equation (6) has a character of dissi- 
pation, which can be written assuming the locally 
isotropic nature of the dissipative process as [ 121 

-r&&#?& - rjl;&:j&& = -2/3$&g. (15) 

The dissipation rate of turbulent kinetic energy I is 
evaluated by the following dissipation equation [8] : 

The stress/flux equation model in the density- 
weighted averaged form contains empirical constants, 
which are adopted from refs. 13, 4, 8, 12, 151 as fol- 
lows : 

c, = 0.22, c, = 1.5, c, = 0.4, c, = 0.11, 

c,, = 3.8, c;, = -2.2, c2c = 0.33, c,, = 1.45, 

c,, = 1.90, c,, = 2.0, c, = 0.15, 

c,, = 0.11, C,, = 2.0. 

Applying relations (8)-(11) and (13)-(15) to equa- 
tions (6) and (7), the density-weighted correlations 
=I) ZZZZZZZ Z&U;, i?, ui m, and my’ can be evaluated. 

These correlations should be transformed in the 
axisymmetric cylindrical coordinate form in order to 
apply them to the calculation of flow and mixing in a 
circular pipe. The present calculation solves transport 

equations of ten correlations (7, 7, 7, = a“D” ) 
-- 
d‘w”, d’w”, u”m/, v”m;, w”mj’, rny2) andFin an axisym- 
metric cylindrical coordinate system, applying the 
boundary layer approximation. For simplicity, only 

the transport equation of v”mj’, which prescribes the 
species concentration, is shown below 

1E-B BP 
-2C, 7 i (wn2v”m;‘+ v”w” wq) 

+2c _lE ;",a= =aw’Jm; 

‘r I ( ___ 
=zz==zz 

__ -u”W” 

ar 
> 

. 

ar 
(17) 
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2.2. Basic equations and stress&.x equation model in 
density-unweighted conventional time-averaged,form 

Basic equations and the stress/flux equation model 
in the density-unweighted conventional time-averaged 
form can be obtained by replacing (“) and (~ ) with 

(‘) (conventional fluctuation) and (), respectively. 
and by eliminating the terms including density hut- 

tuation, u:l and nz;‘. The transport equation for nz;’ 
need not be solved. 

3. BOUNDARY CONDITION AND 

CALCULATION PROCEDURE 

Boundary conditions are needed on the axis, near 
the wall region and at the inlet region. The present 
calculation employs the same conditions for the 
dependent variables in the density-weighted and 

density-unweighted equations, respectively. The 
boundary conditions near the wall and on the axis are 

the same as those mentioned in ref. [5]. The gradient 
=ZZZZZ 

of my’ is zero on the axis and near the wall. 
Inlet conditions of calculations are determined on 

the cross section of the nozzle tip. Inlet conditions for 
the turbulent surrounding air are given as follows. 

The inlet profiles of I/( = o), J%‘( = @‘) and u”? (=u’) 

are evaluated from the experimental values [ 171. Flat 

profiles are given for inlet conditions of 21”~ (= Pi) and 

11.“’ (= w). The inlet profile of ~“1,” (=uz?) is eval- 

uated from the transport equation of u”?“’ (=zZ) 
with the approximation of i./?x. K I?/&, p( = B) and 

of neglecting the diffusive transport. L~“M.” (= 1%:) and 

U”W” ( = UFC) are given by the linear profile connecting 
the boundary value near the wall with the zero value 
on the central axis. The dissipation rate E( = (2 is dctcr- 

mined from the assumption of local equilibrium in the 
transport equation of turbulent kinetic energy z( = L) 
employing the relation in the k-8 model. The values 

of u”$ ( = urn;). P”W$ ( =Fm,). w”m;’ (= ~fil;) and 

m, - are zero. 
The above differential equations arc solved numeri- 

cally using a finite difference method based on the 
procedure developed by Patankar and Spalding [ 161. 
Seventy-four grid points arc located in the radial 
direction with non-uniform intervals. 

4. CALCULATION RESULTS AND DISCUSSION 

The effects of swirl on the characteristics of variable 

density turbulent flow and mixing in a stationary pipe 
were studied experimentally in refs. [2, 71. The flow 

configuration is shown in Fig. 1. Turbulent swirling 
or non-swirling air flow was formed in a pipe of 60 
mm i.d. and He or CO,, whose density is lighter or 
heavier than air. respectively, was coaxially injected 
from a round tube nozzle of 7 mm i.d. installed at the 
central axis. Radial profiles of axial and tangential 
velocity components are measured by a laser Doppler 
velocimeter (LDV) or a hot-wire probe. The con- 
centration profiles of He and CO, were measured 

FK. I. Turbulent swirling flow configuration of calculation. 

along the central axis. The concentration of He and 
CO, was analyzed by a gas chromatograph after gas 
sampling by a probe. It was noted that (1) the density 
non-homogeneity induced by He or CO, with air has 
a small influence on the time-mean velocity in both 
cases, with and without swirl, and (2) the characteristic 
difference of turbulent mixing is observed in the swirl- 
ing flow condition, where the mixing of He is more 
strongly retarded than that of COL. Jn the non-swirl- 
ing flow condition, however, the characteristic differ- 
ence is not observed between the cases of He and CO,. 

In the previous paper [5], numerical calculations 
were carried out employing the k-i: two-equation 
model and the stress/flux equation model, and were 
compared with the above-mentioned experiments in 
the ffow region where the density nonuniformity is 
not significant. It was revealed that the calculation 
employing the stress/flux equation model can predict 
the characteristic how field and retardation of mixing 
due to the swirl, whereas the k-c two-equation model 
fails to predict this. in the present study, numerical 
computation is conducted and compared with the 
above-mentioned experiments in refs. [2, 171 including 
the flow region where the density nonuniformity is 
significant. Two kinds of transport equations arc 
employed. One is the density-weighted Favre-aver- 
aged form and the other is the density-unweighted 
conventional time-averaged form. Hereafter, the cal- 
culation employing the conservation equations and 
the stress/flux equation model in the density-weighted 
time-averaged form is called Case A and that in the 
density-unweighted time-averaged form is called Case 

B. 
In Fig. 2, the calculated velocity profiles al the cross 

section 300 mm downstream from the nozzle tip are 
compared with the experimental results [17] in the 
case of the swirling flow condition with He injected 
from the nozzle. The radial profiles of axial velocity 
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FIG. 2. Comparison of calculated and experimental radial 
profiles of axial and tangential velocity: (a) axial velocity 

profile ; (b) tangential velocity profile. 

U and tangential velocity Ware shown in Figs. 2(a) 
and (b), respectively. Plotted points in Fig. 2 are 
experimental values by Yamada [17] and solid lines 
are the calculations. The distance from the central axis 
is denoted by R. 

The measured axial velocity shows a depressed pro- 
file near the central axis, whereas the calculation 
estimates the velocity a little larger than the ex- 
periment alone. The overall agreement between the 
experimental and calculated axial velocity profiles, 
however, seems to be fairly good. 

The measured tangential velocity shows a solid- 
rotational profile near the central axis and a free vor- 
tex profile at the outer region. The calculation can 
predict the experimental tendency. 

In the case of CO,, the characteristics between mea- 
sured and predicted velocity profiles (U and w) show 
almost the same tendency presented in the case of He 
(Fig. 2). 

In Fig. 3, the experimental and calculated profiles of 
He and CO, concentration along the central axis are 
compared in the non-swirling flow condition. Plotted 
points in Fig. 3 are experimental values from ref. [2]. 
The distance from the nozzle tip is denoted by X. 
The lines in Figs. 3(a) and (b) are the predicted ones 
employing the Favre-averaged type equations (Case 
A) and the conventional time-averaged ones (Case B), 
respectively. There is no noticeable difference between 

He and CO2 experimental concentrations, which ilhts- 
trates that the mixing characteristic of the lighter gas 
with air is the same with that of the heavier gas with air 
in the non-swirling flow. The calculations employing 
both the Favre-averaged type stress/flux equation 
model (Fig. 3(a)) and the conventional time-averaged 
one (Fig. 3(b)) can predict this experimental tendency 
of nearly the same concentration profiles of He and 
C02. In addition, the calculated profiles of Case A 
(Fig. 3(a)) and Case B (Fig. 3(b)) become similar for 

both cases of He and CO,. v”na;’ and vlmy predominately 
influence the concentration profiles of Case A and 
Case B, respectively. The crucial difference between 

the transport equations of v-ml and ~lfli is the term 
-m;ap/&/ji which is contained in Case A and not in 
Case B. The effect of the term -m;ap/ar/p on the 
concentration transport is negligible in the non-swirl- 
ing flow due to the smal’t radial pressure gradient &i/r% 
which is evaluated from equation (4). 

In Fig. 4, the experimental and calculated concen- 
tration profiles of He and CO, along the central axis 
are compared in the swirling flow condition. Plotted 
points in Fig. 4 are experimental values from ref. 121. 
The lines in Figs. 4(a) and (b) are the predicted 
ones employing the Favre-averaged type equations 
(Case A) and conventional time-averaged ones (Case 
B), respectively. The experimental results show that 
the concentration of He on the downstream axis is 
higher than that of COz, which indicates the turbulent 
mixing of low density gas in the central core with 
surrounding air is strongly retarded in the swirling 
flow than that of the high density gas. The calculation 
employing the Favre-averaged type equations (Case 
A) can predict well the experimental tendency, the 
characteristic difference between the t~bulent mixing 
of He and CO2 due to the swirl (Fig. 4(a)). The cal- 
culation employing the conventional time-averaged 
type equations (case B), however, fails to predict the 
expe~men~l results (Fig. 4(b)). The calculated con- 
centration of He and CO, along the central axis shows 
nearly the same profile in Case B. Thus, the com- 
putation of Case A which takes the density fluctuation 
into account can predict the phenomenon that the 
mixing of He with air is significantly more suppressed 
than that of CO,. 

The success of the computation employing the 
Favre-averaged equations is considered to be caused 
by the fact that the radial turbulent transport of He 
is estimated smaller than that of CO,. 

This phenomenon can be investigated by com- 
paring the characteristics of the terms in the transport 

z=zz=zz 
equation of turbulent radial flux of species v”m; in 
cases of He and CO,. The radial profile of the terms 

in the transport equation (17) of v”m; at the cross 
section of XD = 100 mm are indicated in Fig. 5. Fig- 
ures 5(a) and (b) are the cases of He and COz, respec- 
tively. The marks in the figure P,, R,, D, (i = I, 2, 3) 
indicate the terms in equation (I 7). 

Pi (i = 1, 2, 3) are the production terms. P, 
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x mm x mm 

(a) (b) 

FIG. 3. Comparison of calculated and experimental concentration of He and CO* along the central axis 
in non-swirling flow condition : (a) predictions applying Favre-averaged form ; (b) predictions applying 

conventional time-averaged form 

I / * 

200 KG 600 

x mm 

(a) 

! i 

FIG. 4. Comparison of calculated and experimental concentration of He and CO, along the central 
axis in swirling flow condition : (a) predictions applying Favre-averaged form; (b) predictions applying 

conventi~~nal time-averaged form. 
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FIG. 5. Calculated radial profiles of the magnitude of the terms in the transport equation of ?;“m;’ in swirling 
flow : (a) calculation in the case of He ; (b) calculation in the case of CO,. 
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(=- 7 &%‘$@r) is exclusively concerned with the rad- 
ial gradients of time-mean concentrations of He and 
CO, and becomes positive in both cases of He and 
CO,. P, contributes si~~~ntly to the production of 

m. P, causes the concentration of He and CO* to 

diffuse in the radial direction Pz (= w”m;@‘/r), 
including tangential velocity @, becomes a negative 
production term which reduces the magnitude of 
_I 
v”m;’ and retards the turbulent transport due to swirl 
in both cases of He and CO,. 

P, & -~~~~~~~r) consists of the term Z 
(= -m’p’/i)) arising from the density Auctuation and 
the radial pressure gradient @/I%. P3 has the opposite 
sign between the cases of He and COz. 

In the case of He, P3 f= -i~/~~~/~r) becomes a 
negative production term and has a significant effect 
on the retardation of turbulent mixing. P, 
(= - ~]~@/lr) has a comparable magnitude as com- 
pared with other production terms P, or Pz. Contrary -,.- 
to the case of He, P3 (= -rn~/~~~/~r) becomes a 
positive production term in the case of COz and pro- 
motes turbulent mixing, but its magnitude is small as 
compared with other pr~uction terms Pr or P1. 

The contradictory effect of P3 between the cases of 

He and CO2 is caused by the sign of 3 evaluated 
from equation (13): where ap/aiii, becomes minus in 
the case of He and plus in the case of COz. 

The reason why P, has a si~ificant effect in the 
case of He and not in the case of CO? is caused by the 
magnitude of @/a&,, where the absolute value of 
@//a&[ is large in the case of He and not in the case 
of CO,. The absolute ma~tude of ~~/a~~ is strongly 
related to the density ratio between the nozzle fluid 
(He or CO,) and surrounding fluid (air). 

Other terms Rj and Di (i = 1,2,3) show nearly the 
same characte~stic~ for the cases of He and C02. Thus 
the calculated difference of concentration between He 
and CO, in the swirling flow is caused by the pro- 

-zzzzzzz 
duction term P, ( = -m;ipa&%+) in the v”ml trans- 
port equation of He. The si~ni~~nt effect of P, 
(= -~~~~~~~r) in the case of He arises from the 
strong density fluctuation $! (= - m’p’j@) caused by 
the mixing between highly different density fluids and 
large radial pressure gradient &$Gr evaluated from 
equation (4) due to the swirl velocity. The term P3 is 
not included in the density-unweighted conventional 
time-averaged type stress/flux equation model, in 
which density R uctuation is not considered. 

5, CONCLUSION 

Computations on variable density turbulent pipe 
flow and mixing with and without swirl were con- 
ducted in order to investigate the appli~~l~ty of the 
turbulence models and to reveal the mechanism of 
the swirl-induced turbulent mixing with significant 
density nonhomogeneity. The present calculation 
employs two stressing equation turbulence models 
with and without considering density fluctuation 
written in the density-weighted Favre-averaged form 

and density-unweighted conventional time-averaged 
form. The computations were compared with the 
experiments on the turbulent mixing of He or CO2 

with air in swirling and non-swirling flows. The results 
obtained are as follows. 

(1) In the non-swirling flow, calculations employing 
both the I”avre-averaged and the conventional-aver- 
aged stress flux equation models can predict the exper- 
imental mixing characteristics where the con- 
centration profiles of He and CO, are nearly the same. 
There is a small difference between the calculated con- 
centration of the two models. The reason is that the 
effect of the term -$/@$/t%, included in the Favre- 

Z=ZZZ= 
averaged v”mj’ equation is small due to the small radial 
pressure gradient in the non-s~rling flow. 

(2) The computations employing the stress/flux 
equation model in the density-weighted Favre-aver- 
aged form can predict the characteristic difference of 
the turbulent mixing of He or CO, with air. The 
mixing of He is more strongly retarded than that 
of CO*. The computation employing the stress/flux 
equation model in density-unweighted conventional 
time-averaged form, however, fails to predict the 
phenomena. The success of the prediction applying 
the density-weighted stress/flux equation model 
comes from the inclusion of the production term 
-m;‘&iafl/&, which consists of the term including the 
density fluctuation and the large radial pressure gradi- 

?=== ent due to the swirl in the transport equation of v m;. 

This production term plays an important role on the 
turbulent transport of species in variable-density tur- 
bulent swirling flows. 
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PREDICTION NUMERIQUE DU MELANGEAGE TURBULENT DANS UN 
ECOULEMENT TOURNANT DANS UN TUBE AVEC DENSITE VARIABLE 

RBsumk-Des predictions numeriques sont comparees avec des experiences sur le melangeage turbulent 
dans un tcoulement tournant a densite variable, ou He ou CO? est coaxialement inject& dans un ecoulement 
d’air a vortex turbulent. Le calcul utilise deux sortes de modele a contrainte/flux: la forme de moyenne 
selon Favre pondtree par la densite et la forme de moyenne habituelle non pond&e. Le calcul base sur le 
premier modele peut predire le fait que le melangeage de He est fortement retard& par le tourbillon par 
rapport au cas du CO>. Par contre le dernier modele ne le peut pas. On presente des interpretations 
comprehensibles de l’interaction entre le melangeage turbulent, la non homogeneite de la densite et le 

gradient de pression induite par le tourbillon. 

NUMERISCHE BERECHNUNG DER TURBULENTEN MISCHUNG IN EINER 
VERWIRBELTEN ROHRSTRijMUNG MIT VARIABLER DICHTE 

Zusammenfassung-Die turbulenten Mischungsvorgange zwischen einer turbulenten verwirbelten Luft- 
stromung in einem Rohr und einer axialen Einblasung von He oder CO, werden numerisch berechnet und 
mit Versuchsdaten verglichen. Bei den Berechnungen werden zwei unterschiedliche Arten der “streD/flux”- 
Gleichung verwendet: einerseits die Form mit Dichtegewichtung und Mittelwertbindung nach Favre, 
andererseits die Form ohne Dichtegewichtung mit herkijmmlicher Mittelwertbindung. Die Berechnung 
nach dem ersten Model1 erlaubt die Vorhersage des Phanomens, da13 die Mischung von He im Vergleich 
zu CO, aufgrund der Verwirbelung stark verziigert ist. Das zweite Model1 versagt in dieser Hinsicht. 
Abschliegend werden verstandliche Interpretationen fur die Wechselbeziehung zwischen turbulenter Ver- 
mischung, Inhomogenitlt der Dichte und durch die Verwirbelung verursdchte Druckgradienten angegeben. 

4MCJIEHHOE OHPEAE.REHHE TYPBYJIEHTHOFO CMEBJEHHR B 3AKPYYEHHOM 
TEYEHHM C IIEPEMEHHOH IIJIOTHOCJIbIQ B TPY6E 

.‘iB,,OTZiR,l,n-npOBOJ@lTCK CpaBHeHHe YHC.“eHHbIX paC’IeTOB C 3KCnepHMeHTaJIbHbIMH .QaHHbIMlc II0 Typ- 

6yJIeHTHOMy cbfememim B 3aKp~embrx TeveHHKx c nepeMemoii IlJiOTHOCTblO B Tpy6e B cnyrarx, KOrIIa 

B yKa3aHHoe Tevemie TaHremvianbHo BBOAKTCK He BJIH CO,. B pacserax ncnonbsymrcn nsa awa 
MOneJIbHOii 3aBHCHMOCTH Memay HaIIpKxeHHeM H IIOTOKOM, a HMeHHO, y’+nHeHHe I,0 @Bpy CO B3Be- 

UIeHHOir MOTHOCTbIO H o6bIsaoe yCpeJJ”eHHe C HeB3BemeHHOti ~JlOTHOCTbH). PaCYeT Ha OCHOBe WpBOii 

MOneJlH o6napynoin, ST0 CMWP3iHe He KBJIfleTCK CylueCTBeHHO 3aMeJUTeHHbIM M3-3a HaJlWiHI1 3aKpyTKU 

no CpaBHeHHm C CO,, B TO BpeMK KaK BTOpaK MOneJlb He DpHBOAEiT R TaKOMy BbIBOJIy. 06WICHKeTCK 

B3aAMOCBR3b Memy Typ6yJIeHTHbIM CMeUIeHWeM, HeOAHOpOLUIOCTbH) IIJIOTHOCTII A IJXUWEHTOM AaBJIe- 

HRR, BbI3BaHHbIM 3aKpyTKOi-i. 


