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ABSTRACT
1\ e Experimental measurements are reported, on the velocity fields and
: ~m
LR 3 w ‘turbulence parameters on a water wmodel of an argon stirred ladle. These
. N <
- ' -+ v . .
K 3 g gg\‘ velocity mcasurements are complemented by direct heat transfer measure-
: E Do .
- { ments, cbtained by studying the rate at which icc rods immersed into the
‘ ' o .
g Q system melt, at various locations. The theoretical work undertaken involv-
) R
(4]
. N ed the use of the turbulence Navier-Stokes equations in conjunction with the
- -
) 8 i k-€ model to predict the local velocity fields and the maps of the turhu-
X I |
R y . . . .
; :3 8 lence paramcters. These thecoretical predictions were in reasonahly good
;o4O
:;._ agreement with the experimentally measured velerity fields; the agrecment
i = & O
'E 2,‘ between the predicted and the measured turbulence paramcters was less por-
. 2 -
* . N . :
%dgg fect, but still satisfactory. The implications of these findings to the
22 e : . :
ajﬂ modelling of ladle metallurgical operations are discusscd. :
Pt 94 |
K] -
| > m j. INTRODUCTION .
< oats - @
ﬂg During the past decade there has been a growing interest in the develop- :
P . ‘3 -4 .
3 Ran ment and application of ladle metallurgy as a means of the finisiing treat- :
MO . '
. o0 84 ment of molten steel. Indeed soine form of a ladle metallurgy step. such as 2
- .
. 109 ) . i ,
% “'-g{ argon stirring in order to achieve homogenization has become an established
% 23 33 ; (1,4)
% e N component of the overall steelmaking seqguence, . )
ri4Q g
ijmONUL . .
RE d  Bnd] Parallel to the industrial develoments a great deal of useful research
‘:‘Ef‘ :
<, has been done on various aspects of ladle metallurgy. It is gencrally ;
"'?;r appreciated that apart from process chemistry the flvwid flow phenomera, such
,!;" .as the flow patierns and the extent of agitation play a key role in deter-
;; .t . 4
o ~/ mining the overall cffic - »f these operations. In general ladle ¢
i“;‘ )
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metallurgical systems may be agitated either by the injection of qgas
streams or by the use of an elcctromagnetic force ficld. In view of the
topic of this conference our attention will be restricted to gas bhubble
driven circulation systems only, but within this framework we shall seek
to review recent efforts aimed at the hetter understanding of the behavior

of these systems through the use of

mathematical modelling
physical modelling

plant scale cxperimentation. ) wes

In considering gas bubble driven circulation systems in general, such
as an argon stirred ladle, from the standpoiﬁﬁ'of transport bhenomena we
are faced with three groups of problems:

(i) The definition of the gross features of the circulation system,

that is the overall flow patterns and the mixing time.

(ii) The definition of hcat mass and momentum transfer between th?
.melt and the‘boundiné surfaces, i.e. problems concerned with refractory é
erosion, slag - metal rcactions and oxygen transfer from the refractory ﬁ

to the bath and finally

e v RS LTS AL GRS s

{iii) The description of the detailed structure of the turbulent flow,

. Hma d

such as the map of the turbulent cnerqgy dissipation which would be needed

]

to model dcoxidation kinetics, the coalescence of inclusion particles
; . and in general the interaction between suspended particles and the melt. !
In reviewing previous work, major advances have becen made regarding

g _ the definition of the overall flow patterns and the mixing times. through

& the use of physical modelling and the application of various turbulence

., (4-13) .

ot modcls. Indeed it may b stated with some confidence that these .problems

are well undersiood for certain geometries would be essentially a routine

task.
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As an fllustration Fig. 1 shows a plot of the mixing timec against )

the rate of encrgy dissipation (i.e. the total power input into the

system) and it is secn that most systems of mctallurgical interest may

be reasonably well rcpresented on this plot.

It should be noted that there are sound fundamental rcasons why

such an improved understanding of these systems was readily developed.

As far as the circulation of these systems is concerned in the bulk the

inertial terms represent the key factors, thus the ove}all flow field

may be rcadily modelled (either mathematically or physically) . .en if

the viscous (including the cddy phenomena) ﬁampononts are not accurately

represented. This is a key fcature of body force driven flows.

The situation is rather less satisfactory regarding the other two

problem arcas, namely fluid to wall (or slag - mctal) transport and the

definition of the fine structurc of the flow. Notwithstanding their

obvious practical importance, these aspects of the problem received very

much less attention; while attempts have been made to extend the theo-

retical treatment to the explicit representation of these phenomena this

work has to be reqarded as largely tentative at this stage, because of

the absence of hard corroborating evidence.
The pdrpose of the work to be described in

on recent rescarch addressed to these probléms.

be presented under the following three headinqgs:

(1) Mathcmatical Model hevelopment
(2) Physical Modelling and the Comparison

Measurements with Predictions

this paper is to report

The actual results will

of the
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{(3) Plant Scale Mecasurcments

2. MATHEMATICAL MODELLING

In essence the qas bubble driven circulation system represents

an axi-symmetrical turbulent recirculating €flow problem of the type
. - (58, 10-

which has been tackled by numcrous investigators, (s 10-12) One

of the main problems encountercd in previous studies was to obtain

a proper representation of the boundary between the gas bubble rich

* jet cone region and the bulk of the liquid, both in-:tcrms of

_positior and in terms of stating the proper boundary conditions for .

the veiocit& and the velocity gradients.

The following assumptions have been m;de.in-the developing
of the fluid flow equations: |

(1) The two phase region was confined to a plume, the
dimensions of which were determined experimentally, c.g. from the visual
observation of the "break through zone". (8,10

(2) The two phase region was assumeé to be homogeneous

(3) The velocity and the momentum flux were assumed to be contin-
uous across the jet cone (plume) boundary

(4) The two dimensional, turbulent Navier-Stokes equations were
used in conjunction with the k-£ model to represent the fluid flow field,
which was considered to be driven by the density difference in the two
phase region.

Assumptions (1)-(3) are illustrated in Fiqg. (2).

Within the framework of these assumptions the governing cquations take

the following form:
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equation of contunity:
3 (pru ) + 9 (pv,) = 0 (1)
or r 9z PV '

Homentum balance in the z-direction

: v
13 9. 2 op' 19 z
4 dr (CrUrUz) tazleu)) = -5z Yy s;lr"eff 3;-]
(2)
. au - 3V
] z 19 . T -
¥2 5 Weee 32 ) * £ arMege T 377 * P90
Momentum balance in the r-direction
o u_ -
13 2, , 3 - .9, 23 __r
x Br(pr Ur) + az(puruz) =% ‘r Z)r[r Yeff or ]
(3)
+ S ?251 e 2 auzl - i
9z "eff 9z 9z ueff oz r2
where
P=py T \ (4)
p=a og + ('l-a)plr r < r, (5)

It follows that for the purpose of modelling the whole domain

has becn treated as a homogenous medium, but with a spatially variable

density. Using drift flux model which allows the slip between the

buhbles and the fluid, the quantity a may be expressed as (14,.
0 -’ a(1-mu :
a=1 9 c = (6)
2n

" ru dr
o 'z

T ald

e B
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where U_ is the rising velocity of a characteristic single bubble, which

3

is estimated as 40 cm/s.

Sy oend

e

The boundary conditions for the equation of motion take the
following form:

at the axis

/ v_=0 -0 (7)

la ]

e % i e @ Pt S G i e 2 s

u, :

Fra 0; r=0 (8)
! at the walls

U =0U_ =20 . .. ©(9)

r z .

, at the free surface
: Uz =0 ; 2z=H (10)
; :
% su . :
. = =0; z=H ' (11)
; 3z '
; .
i at the orifice

; Uz = Uo ; r=0 , z=20

+ {(12)

é or uz =0 ;s r=0 , 2>0

g !

% Egs. (1-12) constitute the complete statement of the fluid flow
T ) problem excvept for the definition of effective viscosity. In the present
f case we used the well established k-¢ model for computing the turbulent
%

& . . (15,16)
& viscosity.
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3. PHYSICAL MODELLING AND THE COMPARISON OF MEASUREMENTS WITH

PREDICTIONS.

3.1 ‘The apparatus

The apparatus was so constructed to allow the convenient measure-
ment of the velocity fields and the turbulence characterxistics in a
cylindrical tank containing water, which is being ééiﬁated by ar
ascending gas bubble stream.

In essence the apparatus consisted of.;'cylindrical tank, contain-
ing water which was agitated by a gas stream, intrnduced through the
bottom of the container, via a centrally located orifice. This cylin-
drical tank was surrounded by a square tank, also filled with water,

in order to elimipate the parallaxis cffects in the optical measure-

ments.

Fig. 3 shows a schematic sketch of the apparatus, which also indicates -

the principal dimensions of the container. Fiq. 3 also shows the support-
ing and positioning assembly used for the melting of ice rods. The actual
melting rate was determined using photographic technique.

A schematic outline of the apparatus'as a whole is shown in Fig. 4,
where it is seen that the measurements of the velocities and of the
;urbulence characteristics was acéomplished through the use of a laser

anemometer. A TSI Laser ancmometer was used, employing a Spectrophysics

No. 124, He-Ne laser. The ancmometer was bperated in a dual beam mode,

B N T
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with a analysis of the forgard scattcred light.
The velocity measurements involved the use Qf esscntially standard
procedurcs commonly employed in laser anemometry. The Reynolds stresses
were obtained by taking measurcments regarding ; certain direction and

then displacing these by 45° following the relation:

1 W2 2 : . '
U, uJ =3 ‘“1 - 0] . (15)
here U'2 a U'2 o o o
whex 1 2 2 are the fluctuating velocities at +45 and -45 from
the coordinates i and j. .

The procedure for obtaining Reynolds stresses by such means is

again well documented. un

3.2 Experimental Measurements and Computed Results

In this section we shall present a selection of the experimentai
measurements and these wi%l,be comparea with the computed values of the
corresponding parameters. The material to be presented will include
information on the velocitics, on the turbulent kinetic energy and on the
Reynolds stresses.

The mean Velocity Ficeld

Figs. 5a,b show a comparison between the experimentally measured and
the theoretically predicted veloéity ficlds. It is scen that the agree-~
ment between measurements and predictions is reasonably good. It should be
noted that the use of k-€ modcl in conjunction with appropriate wall
functions will give a significantly better agrecement betwecen the measure-
ments and the predictions, especially in the near wall reqions than would
the use of sihpler computational procedures, employing a single value

of the effective viscosity. 4o
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Figs. 6a,b,c shows a comparison between predicted and the measured
absolute values of the velocity vector at threce axial positioas., It is
seen that the agreement is quite rcasonable throughout the domain.

Fig. 7 shows the computed velocity distribution in the jet cone
region, which has been normalized with respect to the maximum (ccnterliné)
velocity. It is secn.that this normalized axial velocity is essentially
independent of the axial position. The Gaussian.tybé.distribution
found seems to be‘in good agreement with the experimental measurements

(9)

of Tse-Chang et al. It is noted that mcasurements were also made of

60 which we found to be close to zero in all cases. However, as will

Fe shown subsequently Uéz # 0.

TURBULENCE CHARACTERISTICS OF THE SYSTEM

Fig. 8 shows the profiles of the rms velocity components normalized
with respect to the mean velocity in the jet cone at the corresponding
vertical position. A somewhat simplified analytical method was used
for estimating the latter quantity. (11) The turbulence appecars to be
fairly isotropic except in the vicinity of the solid surfaces (side
walls and the bottom), which is essentially in line.with expectations.

The other interesting feature of these results is the similarity exhibited.
by the plots shown ;n'Pigs. Y9a, b.

Figs. 10a,c show a comparison betwecen the epxerimentally measured

and the calculated values of the turbulent kinetic energy. The agreement

seems to be within about a factor of two in-most cases, which is not

unreasonable; but this discrepancy indicates that further study of these

phenomena would be fully justificd. This further theorctical work could

involve ~ither the adjustment of the parameters in the k-€ model or perhaps

LS

P
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3.3 HEAT TRANSFER AND PUHASE CHANGE
s . In these series of experiments we studied the rate at which ice

rods melt, upoh immersion into a gas bubble agitated water pool. The

T sl T

‘ . main motivation for this work was to obtain a better insight into the

-

effect of the velocity fields and the locgl turhbulence parameters in
the system oﬂ heat transfer between the fluid and an immersed solid
body. These types of problems are o€ course of considerable practical .
interest both regarding wall erosion and dissolutioﬁ kiﬂetic.

Fiy. 12 show typical photographs of the melting ice rods for

various values of time. .
Fig. 13, show typical plots of the position of the melting inter-

face against time, obtained within the jet cone and outside the jet

cone respectively. The near linearity of these plots indica;gs that the

time ieqnired for the attainment of steady state melting conditions was

relatively short. Figs. 14-18 show plots of the initial melting rate as a

function of position within the agitated liguid.

Figs. 14 and 15 show the radial variation in the melting rate of

o2y

two constant axial positions. It is seen that the melting rate is the

v ope

highest in the jet cone and that it decreases quite rapidly with the
radial distance from the axis of the gas jet.

.Fig. 16 summarizes the radjal variation in the melting rates at

‘:ﬁ';ﬁ:& %3;‘*1"3’*" '

&

B

various axial positions in jet cone. The maximum melting rate is seen to

occur at the center at an intermediate height; it may be shown that the

fluid velocity is the maximum at this position.,

. . ORIGINAL PAQE IS
OF POOR QUALITY
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\-) " Figs. 17 and 18 shows the axial variation of the melting rate for two

fixed radial.positions within the tank, onc near the wall and the other

in an intermediate position. Figs. 17 and 18 show a monotonous increase

PR

Ly

in the rate of melting with the distance from the bottom of the vessel. A
;<; . | sharp increase -is observed on approaching the free surface. This behavior
. is attributable to the.high level of turbulence in the vicinity of the free
surface. Fig. 17 depicting the behavior of the system at an intermediate
! ‘radial position, shows a minimum in the melting raté; corresponding to the
center of the vortex, which of course, is a guiescent portion of the vessel.

4. PLANT SCALE MEASUREMENTS

At present there are only a Limited numb;r of plant scale mcasurements
j where sufficient details are available on the system to allow a meaningful
¢ comparison hetween the measurements and the predictions. Nonetheless it is
important to cite these becausc they provide the ultimate test of the results
obtained in the mathematical and water modelling work which has been described
in the bulk of the paper.

4.1 Mixing

Mixing is the topic which has been the most extensively studied., Indeed

A

" ng?etous data are available on tracer dispersion and mixing a vessel of
(8,10,13)

~-g ¥y,

various size. Since this field is now quite well understood, we

Wit

199,
h

shall present only one, typical example, illustrating that the theoretical

predictions provide quite satisfactory answers regarding the mixing time. It

S O

should be noted that in most industrial scale systems, wherce the flow is

e

&4

reasonable turbulent, the dispersion of the tracer takes place by two

an, el
P

o i 7ag——_ i >

Lot
S
w3
&4
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mechanisms, namely bulk.convection and eddy diffusion. The actual
convective time scale is very short, in these systems, typically of the
order of a feg seconds (linecar dimensions being of the order of 1-2 m,
while the characteristic velocity being about 0.3.m/s). Thus the rate
determinine step in tracer dispersion or mixing will he eddy diffusion
between the respective streamlines with eddies of smaller time scale

/2

(Kolmogoroff eddies t=(v/C)1 ~+1s) as sketched in Fig. 19. This behavior

.

is of course consistent with the discussion presented in the introductory
section, concerning the fact that the mixing characteristics of a system

may be readily related to the total énerqy input.

4.2 pesulfurization Kinctics

Fig. 20 shows a sketch of a typical arrangement used for the desul-
furization of steel melts. (18) It is seen that a solii desulfurization
agent is-injected into the melt together with a carrier gas, through a

suitahly placed lance. The overall rate of the desulfurization reactions

depends on two factors; in addition to the obvious criteria determined by

thermodynamic equilibria.

(i) The rate at which the individual partieles react is determined

by the Kilmogoroff cddies, (19,21) which clearly depends on the local rate

~ of turbulent cnergy dissipation.

(ii) The rate at which the reactant, that is the sulfur is being
transported to the reqions where the rcaction is actually taking place.
As mentioned earlier, in connection with mixing, the rate of this transport

will be limited by eddy diffusion.
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Figs. 2la, b, shows a comparison betwecen the experimentally mcasured

and the theoretically predicted desulfurization rates, for a pilot scale

and an industrial scale system respectively. (18)

It should be remarked,
that while these two sets of curves appear to be -juite similar khe actual
reaction mechanism differed substantially in the pilot scale and in the
full scale system.

In the pilot scale operation, where the system was heavily deoxidized,
the reaction took place in the plume, while in the inddstrial scale unit
which was not strongly deoxidized, most of the desulfurization took place
at the slag metal interfgce. The very'good.;ixing which was provided by
the gas bubbles in the large scale systgm provided an adequate rate of

transport to the reactions 2onc.

4.3 Heat or mass Transfer to Immersed Surfaces

A key problem in the op.ation Qf }ad]e metallurgical operations
is the definition of the fa~tors that govern wall erosion, and hence the
lining. Relatively little modelling work has been done ip this area,
but a useful start has been made regarding the study of the rate at waich
immers.:d bodies dissolve.

Fig. 22 shows a typical experimental arrangement, used at MEFOS in
the study of the rate at which immersed graphite rods would dissolve in
6 ton i.on melts, and the gctual experimental results are given in Fig. 23
in the form of the local mass tran;fer coefficients.

The numerical values of these mass transfer coefficients would be
difficult to predict from first principles (ani the same applies to the wall

erosion rates) because the local fluxes at the solid surface will depend
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not only on the local velocitics bué also on the turbulence levels in
the system. Hoéever, a preliminary prediction may be made regarding the
numerical values of these transfer cocfficients through the appropriate
scaling of water modelling experiments, which were reported in Section 3.

Upon considering that the conditions of turbulence were 96mparab1e
in the water model system and the pildt scale experiments (indeed the
water models were desiqnéd with this objective in mInd)_the mass transfer

coefficients may be scales with the aid of' the following formula:
. <
N. = 0.388 (N_ Tu)N 100<Re<2000 Tu¥_ 13 (13)
Nu Re Pr .
The actual numerical values that one may obtain for the mass transfer °
coefficient ranged from about 0.002-0.05 cm/s which compare reasonably

well with those found in the pilot scale, hot metal studies.

6. DISCUSSION

In the paper a brief review was presented of recent work concerned
with the mathematical and physical modelling of transport phenomena in
gas bubble driven circulation systems of interest in ladle metallurgy. This
modelling work was augmented by some plant scale measurcments.

The present status of this effort may be summarized as follows:

(1) Through the statement of the two dimensional turbulent Navier-
.Stokes equations and the proper boun@aries conditions, thc use 6f the

k-€ model provides an excellent representation of the overall flow field

" and gives fairly good quidance regarding the spatial distribution of the

turbulence parameters.

(2) 1t must be realized that the k-¢ model itself cannot predict the

e o Ay et o -
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local heat or mass transfer rates, but that these quantities have to be

introduced in the form of the boundary conditions. In the absence of

other reliable information these houndary conditions have to be deduced

from scemi-empirical correlations, which however do contain the computed

velocity terms, some distance from the interface. It tollows éhat the

calculation of the local heat or mass transfer rates is neither empirical

nor entirely fundamentally bascd, but is some compkogise between these

two extremes. .

(3) Experimnnlal measurcements using water models and Lascer Velocimetry
have been very helpful in providing a riguro&% test of these models. Indeed
the above cited comparisons were based on ghese measurcments, On combining
the known velocity ficlds with the direct measurcment of the local heat
transfer rates, through the study of the rate at which ice rods melt in an
aqitated water pool valuable insight has been obtained. This work has
clearly shown that in addition to the local velocities, the local turbulence
levels also play a very important role in determining the local heat (or mass)
transfer rates.

(4) At present only a limited number of plant scale measurcments may
be cited, which may be uscd for testing the predictions based on the model.
However, the data available indicate that the combined approach using bhoth
physical and mathematical models appcars to be very powerful.

(5) Clearly a number of problems romaiﬁ unsolved and a great deal of
further work would be desirable in a number of areas, in particular:

(i) It would he desirable to obtain a better und rstanding of the

factors that govern the local heat and mass transfer rates between the hath

and the wall and the bath and o slaqg cover.

R I R N =
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(ii) It would be.helpful to apply the known sﬁatial distribution

of the turbulent kinetic encrgy to develop more comprechensive models

for deoxidation kinetics.

(i3i) And finally, while the k-€ model has proven to be quite

sapisfactory, the development of an improved model, which has a sound

theoretical basis should be a future long term goal.
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Table (1) Mecasured and Calculated Reynolds styesses pu* u' |,
for 1.62 m/s. 1- mcasured 2-computed
z/u r/R
0.90 0.80 0.70 0.60 0.441 0.28 0.14
(1) -0.9 -?7.2 -6.2 -3.2 -3.4
0.98 - -
(2) -11.1 -16.3 -9.7 -5.2 +1.7
(1) +1. 6 +0.8 -2.6 -2.7 +2.5
0.93 . ) - -
(2) ~-3.4 -6.9 -5.6 -4.8 2.7
1) +5.0 +1.3 +0.5 +0.5 +2.3
0.77 B }
(2) +3.0 +3.1 +1.7 +0.3 -0.2
(| 9 22 Tveé [Tvo.z2 +0.9 |TH0.8
0.068 -
(2) +3.0 +4.7 +3.7 +2.3 +0.8 +1.4
M Yo T vole |1 {00 |7 +0.4 |Tv0.6
0.19 - .
(2) +0.5 L+0.7 +0.5 +0.2 +0.1 +0.9
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Table 2 Measured and Calculated Reynolds stresscs BGTU: for
3.2 m/s 1l-measured 2-computed. r

r/R
/M
0.90 0.80 0.70 0.60 0.4 0.28 0.14
(1) +6.3 -7.5 ~11.4 -8.4 -3.6
0.98 - -
{(2) ~12.7 -25.1 -15.2 -2.06 +0.9
(1) +2.3 +2.5 ~7.8 -4.1 ‘+8.7
0.93 ' - -
(2) -5.7 -10.7 -8.9 -7.7 -4.4
(1) +9.9 +3.0 +1.1 +1:1 +0.1
0.77 - -
(2) +4.7 +5.4 +2.9 +0.5 ~-0.3
(1) +1.5 +4.1 +1.0 4+0.3 +2.8 +44.4
0.68 =
(2) +1.9 +7.7 +6.1 +3.8 +1.3 +1.4
{1) +1.0 +3.8 +1.4 +2.2 +1.7 -0.9
.19 . .
(2) +0.8 +1.1 +0.8 +0.3 +0.2 +0.6

-
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Fig. 1 Relationship between time required for complete
" mixing and T and rate of dissipation of energy
density i in various steel processing operations.



B "

PHOT e AT

S P B

m?é‘g'i;?*{g.ef' AN B
[ U

Oooo 1
o© °°:'5'\(°~
°
O o C)‘z)'
o (6]
o 00
o
O
O o
(o) (o}
\\o 00
(o) '() CD
o 1}
L
o oo e 3
n Co
C)o °
N
o
- | oooo
I u o O
(- ° o
- 0
o o
o0 o0
0©
00 Pd
Co, A
Qo
o

. 0+=10°

Fig. 2 Physical concept of the mathematical model.

Y — o -




— — TE T
‘ ° —

:
2

- e

ﬁ snyexedde sya 30 UO33XS uﬁmEms.um € *bta

-

le—— ww 009
| TR
ANVL - *p N WLzl - N [, YNvl
IVolMaNIIAD | N | N D 3uviios
24N or N U 3aisino
3AISNI—FZ~N o \
_ ] N 93 \ /)
% W o8 N ¥
() “ / ol® N “ .
r’rm ﬁw % ” Oooo ” \
wd O “ % \° f\x\oom 391
mw o~ w N Wh MOMO _.L\W. N )
N—R 1 w \ ” mOO "l_ ” \“
nmum . * “ W OMv.nOvo " M “
i 1N oled] N 7
“ MT\(’\I/W-.-O\\( ..\II’\'.\W “
e
- =17 < : @Z—FZDOE
101S ——€ g —
{ |l._aou
_ ONIQTOH
3vos — 1
) il v
T R LT T T T AT R o T T U ——




bt T .
E R T S B Y T T i D A P

(spon-weag-Teng) 3Iuswusbuexre Teosr3ido wa1 » bra

- e,
e

: _ | y 82£9="X
L= . Vb2l aN-oH saiskyd pipoeds /
as i . -924n0S 49507
i3 |
m : . 2-GI6 1S1 - Jajjidswoag
Mm . 606 = P wweLg =14 - . 086 1S1- 131jiys Aouanbaly
S5 6£6 !SL-su3| buijaalio)
| s£6 IS | 616y =2 ‘wwGLG =14
- su3d| buisndoy . 616 _whawmca_ buisnao4
1yb1T} pasayods
0916 19POW ISL =
s9ydiynwojoyd )
X r
.“ ~ _< A 1
J u...c i - - 7] t
z = \n»lh..-\.l\,lhll“.“ll ), S
i 2 - - - Pl
| 1 ;

e, e JTYEMNeYT g4y




7 ;”,Jr“"; Ty ":

LAE £ 2%

e
R
SRS

[P .

e ——_m

ORIGINAL PAGE IS

" OF POOR QUALITY

/

-~

T ——— \

LN “

\

0.6

03

FIG.

S ia)

025 M/S

LT



TR TR ALY

T
?‘h

R T - S
"'r'x‘-“.“i{}% ‘q‘ “{E‘ 5

v cunin et WS Aane

ORIGINAL PAGE 15
OF POOR QUAL.ITY

— e e -
/- ===\

0.60

o

0.30

R ———

Fig. 5 A comparison of the experimcntally measured and the

025 M/S

computed velocity profiles for a linear qas velocity

of 1.6 m/s at the orifice.
(b} theoretical predictions.

th) experimental measurements




Tt AAS

L :;'-'i{ﬂ&&‘:‘if e B E

R

0.2

Fig. 6a

ORIGINAL PAGE IS
OF POOR QUALITY

= Lo
N .



wor e vee ¥

LI - pas
et bl S W -

U(rn/s})

o

0.2

¥ T Y

1
i 2/H=068 -
\

1 L
0.25 050 075 10
r/R

.....




Lo e TR B g

%
-

*

Egs

A
— i

P

ORIGINAL PAGE IS
OF POOR QUALITY

04

U (m/s)

z/H=0.98 -
(c)

1 | 1

0]

Fiq. ©

025 050 075 10
r/R

The radial dependence of the absolute value of the
velocity vector - a comparison of the predictions with
measurvments at various axial positions. Experimental
measurements for an orifice velocity of 162 cm/s{A) and
320 em/s (A). Theorctical predictions for an orifice
velocity aof 162 cm/s (- . =) and 320 em/s ).
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