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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 CO,, 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 [1, 2]. 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— two-equation model does not suffice but
the stress/flux equation model [3, 4] has good per-
formance on predicting characteristics of swirling flow
and mixing [5, 6]. 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. [T} came to the conclusion that the stress model is
far superior to the k— 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 [10] and Bilger [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. [14] 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 [7). 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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Cs, €1, o, G, Co e, Co, Coy, G, Cs

C.. Gy, Con  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
U, V, W time-mean velocity components in
the x-, r-, O-directions

NOMENCLATURE

u, v, w fluctuating velocity components in

the x-, r-, f-directions
. |
x,r  coordinates ‘[
X axial distance from the nozzle tip.

Greek symbols }
& dissipation rate of k |
P density.

Subscript
! chemical species /.

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/flux 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:

¢ s i -
5 0RO+ S (7)< 0 (M
p_1é ==
= a0 Q)

1 ¢ —— ‘
=~ ripo"w”y  (3)

op 0 =5 P zo, = 3
KIZ: — = ﬁv"‘+B(W“+w’2—v ) 4)
or ar r
- oM, . oM, 16 == .
oM poMy LY o). 5
'O<U ox + or > r Or (rpv"m; ®)

The double prime (") designates the fluctuation with
respect to the Favre-averaged quantity. «”, ©” and w”
are the fluctuation of velocity components with
respect to the Favre-averaged axial, radial and tan-
gential velocity U, ¥ and W, respectively. Here (7)
and () indicate Favre average and conventional time
average, respectively. m; is the fluctuation of mass
fraction of chemical species / with respect to the Favre-
averaged mass fraction of species M,. 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.

Density-weighted time-averaged transport equa-
tions for the correlation of the velocity fluctuations

e

] u; and for the correlation of velocity and mass

fraction fluctuation u/m] can be written in a rec-
tangular coordinate system, respectively, as follows :
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where %, and u are the Favre-averaged velocity and
velocity fluctuation in direction i, respectively.
Viscous stress and mass flux, are represented by 7,
and j,,, respectively. In equations (6) and (7), terms
(D) and (VII) (convection terms) and terms (II) and
(VIID) (production terms) require no approximation.
For term (III), the molecular diffusion term (con-
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taining 1,;) and the pressure-induced diffusion term
{containing p’) are negligible with respect to the
diffusion by velocity fluctuation {3]. The contribution
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 er al. [3]
and Launder [4] for terms (III), (V), (IX) and (X),
respectively, in terms of density-weighted averaged

quantities as follows:
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Density—velocity covariance ! (= —u, #1 /p) in term
(IV) and density—concentration covariance m;
(= —mip’/p) in term (XI) are evaluated by the
following relations

u = —u'm; /p dploM, (12)
m] = —m*j~ 0/0M, (13)

where m"2 in equation (13) is evaluated by the fol-

lowing transport equation [8]
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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 [12]

T 0u] [0x, = —=2/3p6,E.  (15)

The dissipation rate of turbulent kinetic energy £ is
evaluated by the following dissipation equation [8] :
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The stress/flux equation model in the density-
weighted averaged form contains empirical constants,
which are adopted from refs. [3, 4, 8, 12, 15] as fol-
lows:

Cs=022, C,=15 C,=04, C =011,
Cie=38, Clo=—22, Cp=033 C, =145
C.=190, C;=20, C =015,

Con = 0.11, Cppy = 2.0.

Applying relations (8)—(11) and (13)-(15) to equa-
tions (6) and (7), the density-weighted correlations

Yy - 2y 1

uiy] %, uim; and m;? can be evaluated.

These cotrelations 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 (&"2, v"2, W’TE, w,

o N NN T T 7

v'w’ u'w u " my v my w m,,m}’z) and £in an axisym-
metnc cyllndrlcal coordinate system, applying the
boundary layer approximation. For simplicity, only

the transport equation of v"m], which prescribes the
species concentration, is shown below

N
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2.2. Basic equations and stress(flux 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 (7) with
(") (conventional fluctuation) and ("), respectively,

need not be solved.

3. BOUNDARY CONDITION AND
CALCULATION PROCEDURE

Boundary conditions are nceded 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
of m)? 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 U(=0), (= W) and u" (=u?)
are evaluated from the experimental values [17]. Flat

profiles are given for inlet conditions of v (= v?) and

W' (=w?). The inlet profile of " (=up) is eval-

uated from the transport equation of u"v” (=iw)
with the approximation of &/éx « ¢&/dr, V(=) and

of neglecting the diffusive transport. oW’

£"w" (=uiw) are given by the linear profile connecting
the boundary value near the wall with the zero value
on the central axis. The dissipation rate £(=¢£) is deter-
mined from the assumption of local equilibrium in the
transport equation of turbulent kinetic energy k(=£)
cmploying the relation in the k—& model. The values

(=uvw) and

of u'm] (=uit). v'm] (=Twm;), w'm] (=wni) and

mj* are zero.

The above differential equations arc solved numeri-
cally using a finite difference method based on the
procedure developed by Patankar and Spalding [16].
Seventy-four grid points are located in the radial
direction with non-uniform intervals.

4. CALCULATION RESULTS AND DISCUSSION

The cffects of swirl on the characteristics of variable
density turbulent flow and mixing in a stationary pipe
were studied experimentally in refs. [2, 7]. 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
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outer pipe
{60mm inner diameter)

nozzle flow
He or €02

turbulent swirling or
non-swirling air flow

/ nozzle

{7mm inner diameter)

FiG. 1. 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 CO,. In 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— two-equation
mode! and the stress/flux equation model, and were
compared with the above-mentioned experiments in
the flow region where the density nonuniformity is
not significant. It was revealed that the calculation
employing the stress/flux equation model can predict
the characteristic flow field and retardation of mixing
due to the swirl, whereas the k—¢ 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, 17] including
the flow region where the density nonuniformity is
significant. Two kinds of transport equations are
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 at 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 W are 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
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He and CO, experimental concentrations, which illus-
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
CO,. 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"m and tm, predominately
influence the concentration proﬁles of Case A and
Case B, respectively. The crucial difference between

r: n

the transport equations of v"m} and omy is the term
—mjdp/dr/ which is contamed in Case A and not in
Case B. The effect of the term —m{dp/dr/§ on the
concentration transport is negligible in the non-swirl-
ing flow due to the small radial pressure gradient 0p/or
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. [2].
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 CO,, 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 turbulent mixing
of He and CO, due to the swirl (Fig. 4(a)). The cal-
culation employing the conventional time-averaged
type equations {(case B), however, fails to predict the
experimental 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

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 o'm) ; at the cross
section of XD = 100 mm are mdlcated in Fig. 5. Fig-
ures 5{a) and (b) are the cases of He and CO,, respec-
tively. The marks in the figure P, R, D, (i =1, 2, 3)
indicate the terms in equation (17).

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

He, CO; mol %o
He ,CO; mol °h
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G 200 400 800
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(a) (b)

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
conventional time-averaged form.
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FiG. 5. Calculated radial profiles of the magnitude of the terms in the transport equation of
flow : (a) calculation in the case of He; (b) calculation in the case of CO,.
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(=~ e &M /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 significantly to the production of

o"mi. P, causes the concentration of He and C02 to
diffuse in the radial dxrecvon P, (=w'mWjr),
including tangential velocity W, becomes a negative

production term which reduces the magnitude of

v"m] and retards the turbulent transport due to swirl
in both cases of He and CO,.

P, (= —mjjp 8p/ory consists of the term ny
{= —n’p’[p) arising from the density fluctuation and
the radlal pressure gradient &ji/0r. P, has the opposite
sign between the cases of He and CO,.

In the case of He, Ps (= —m]/pdp]/dr) becomes a

eontive production term and has a significant effect
ii‘/&“i«i\'\( Y AR MW RELTAE Wi iis &Lz b

on the retardation of turbulent mixing. P;
(= —m]//pBp/dr) has a comparable magnitude as com-
pared with other production terms P, or P,. Contrary
to the case of He, Py (= —mj/§dp/or) becomes a
positive production term in the case of CO, and pro-
motes turbulent mixing, but its magnitude is small as

compared with other production terms P, or P,.

Thea santradietory afaet of }) hetween the cases of
EEsivg \,‘Ulil‘“u(’v&v}] VRV Ul + LEY WAL LRAW A

He and CO, is caused by the sign of m; evaluated
from equation (13), where 85/0M, becomes minus in
the case of He and plus in the case of CO,.

The reason why P; has a significant effect in the
case of He and not in the case of CO, is caused by the
magnitude of 6ﬁ/8174’,, where the absolute value of
8p/OM, is large in the case of He and not in the case
af 0N Tkn ahenly

of CO,.
related to the density ratio between the nozzle ﬁmd
(He or CO,) and surrounding fluid (air).

Other terms R, and D, (i = 1, 2, 3) show nearly the
same characteristics for the cases of Heand CO,. Thus
the calculated difference of concentration between He
and CO, in the swirling flow is caused by the pro-

tor ma(mlf’lu"h r\?‘ ARIARE, i ah-nnn‘u
A2 a080C mMagniiuGe O §p/056%, 15 S

duction term P; (= —m;/pdp/or) in the v"m] trans-
port equation of He. The significant effect of P;
(= —m;/pop/dr) in the case of He arises from the
strong density fluctuation m, (= —m’'p’/§) caused by
the mixing between highly different density fluids and

large radial pressure gradient 85/0r evaluated from
The term P ic

PR RV SHE QN & )

eauation {4) dne to the swirl velaeity
Lquation (&, 4UC 1O a8 swin vaIay.

not included in the density-unweighted conventional
time-averaged type stress/flux equation model, in
which density fluctuation is not considered.

5. CONCLUSION

Computations on variable density turbulent pipe
flow and mixing with and without swirl were con-

dAnntad in order tn invactioata the anmlicahilito AF tha
LIRATG I8 OFGOT WO IRVESUgaw il dppaladiagy o1 ual

turbulence models and to reveal the mechanism of
the swirl-induced turbulent mixing with significant
density nonhomogeneity. The present calculation
employs two stress/flux equation turbulence models
with and without considering density fluctuation
written in the density-weighted Favre-averaged form
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nd de voanwaichtad conventional hms--a\mrnmad
ana u\«unu; MAILWYUIELAL VR VAU AGS  Laiss

form. The computations were compared with the
experiments on the turbulent mixing of He or CO,
with air in swirling and non-swirling flows. The results
obtained are as follows.

(1) In the non-swirling flow, calcuiations empioying
both the Favre-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.

Thoras ig 0 gennll Aiffarencs hatvweean tha calenlated cone
& O 15 & Smiaa GIHCrene o0uwien 1A Caliati ¢on

centration of the two models. The reason is that the
effect of the term —m m{}pdp/ér, included in the Favre-

averaged v'm 7 equation is small due to the small radial
pressure gradlent in the non-swirling flow.

{2y The computatinns emnloving the siress/Pux
‘\1‘4} £ 23% VAR P“i—u‘-l\)lls’ vusyxv‘y -\As T WA

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 fo 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}[5 8/dr, which counsists of the term including the
density fluctuation and the large radial pressure gradi-

ot Arza tn Fho our i1 tha framonant anintisan A

Clll VUL W2 e DW!I} 131 LV U (J{JIBFUL 8 vquauuu Uf :’f‘;
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

Résumé—Des prédictions numériques sont comparées avec des expériences sur le mélangeage turbulent
dans un écoulement tournant a densité variable, ou He ou CO, est coaxialement injecté dans un écoulement
d’air a vortex turbulent. Le calcul utilise deux sortes de modéle a contrainte/flux: la forme de moyenne
selon Favre pondérée par la densité et la forme de moyenne habituelle non pondérée. Le calcul basé sur le
premier modeéle peut prédire le fait que le mélangeage de He est fortement retardé par le tourbillon par
rapport au cas du CO,. Par contre le dernier modéle ne le peut pas. On présente des interprétations
compréhensibles de I'interaction entre le mélangeage turbulent, la non homogénéité de la densité et le
gradient de pression induite par le tourbillon.

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

Zusammenfassung—Die turbulenten Mischungsvorginge zwischen einer turbulenten verwirbelten Luft-
strémung 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 “streB/flux™-
Gleichung verwendet: einerseits die Form mit Dichtegewichtung und Mittelwertbindung nach Favre,
andererseits die Form ohne Dichtegewichtung mit herkdmmlicher Mittelwertbindung. Die Berechnung
nach dem ersten Modell erlaubt die Vorhersage des Phidnomens, daB3 die Mischung von He im Vergleich
zu CO, aufgrund der Verwirbelung stark verzdgert ist. Das zweite Modell versagt in dieser Hinsicht.
AbschlieBend werden verstiandliche Interpretationen fiir die Wechselbeziehung zwischen turbulenter Ver-
mischung, Inhomogenitit der Dichte und durch die Verwirbelung verursachte Druckgradienten angegeben.

YUCJIEHHOE OMNPEAEJAEHHUE TYPBYJIEHTHOI'O CMEIIEHHWA B 3AKPYUYEHHOM
TEYEHUHU C TTEPEMEHHOM TJIOTHOCJIBIO B TPYEE

Ammoramas—IIpoBOOATCA CPaBHEHHE YMCIICHHBLIX PAacYeTOB C 3KCIIEPHMEHTAJILHBIMH JAHHBIMK MO Typ-
GyJEHTHOMY CMEILEHUIO B 3aKPYIEHHBIX TEUEHHAX C IEPEMEHHOM NJIOTHOCTHIO B TpyDe B Cilydasx, Koraa
B YKa3aHHOE TeuycHHMe TaHreHouanbHO BBoAATca He mmm CO,. B pacderax ucmone3yloTcs [1Ba BUIAa
MOJEJILHON 3aBHCHMOCTH MEXIy HaUPs:KCHHEM M IIOTOKOM, 4 HMEHHO, yCpeaHeHue no aspy co B3Be-
IIEHHOH TIOTHOCTBIO ¥ OOBLIYHOE YCPEAHEHHE C HEB3BEIUEHHON MIOTHOCTHIO. PacdeT Ha ocHoBe mepBoi
MoOJe/u ofHApYXW, 4To cMelienre He ABIsgeTCA CylleCTBEHHO 3aMEUICHHBIM M3-32 HAJIMMHS 3aKPYTKH
no cpaprenmio ¢ CO,, B TO BpeMs Kak BTOpas MOZE/]b HE IPHBOIHUT X TakoMy BhiBony. OBbacHseTCS
B3aHMOCBS3b MEX/y TypOYyJICHTHBIM CMELICHHEM, HEOOHOPOAHOCTHIO IJIOTHOCTH H I'PAJHEHTOM HaBlie-
HUSL, BBI3BAHHEIM 3aKPYTKOH.



