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4 . ABSTRACT

&ﬁieAwork is aimed at the modelling of flows as applied

to,steei—ﬁeking prpcesees; The three dimensional, steady-

~ stdte equations of motion for incompressible tarbulent flow
have been numerically integrated. The numerical procedure

isﬁbased on ‘the SIMPLE algorithm of Patankar and Spalding.

’[i]‘ The governlng equatlons were solved by means of the’

"

* control lntegral volume method. The turbulence was modelled

-

,uSLng two transport equatlons to estlmate the local effective .

v:.scos:.ty .

-
v ol

. The recifculatory flows in gas-agitated reactors with

(
.

centered and off-centered gas jets andé in T-shaped tﬁqdishes

- Y .
were considered The flow in ladles is buoyancy-driven; and*

‘the £low in. tundlshes is forced—convectlve. The off-centered
jet is mld-way between the center line and the s;de wall.

Tpe prediction is extended tp“include a 150~ton, full-scale
industrial ladle.- A T-shaped tundish with eneninlet andltwo
., P . \

outlet nozzles’is also considereﬁ The flow predlctlon for

f

the T-shaped tundlsh is based on a water model of reduced

scale. The overall\agreement between the meputed values

and the available data ls\satlsfactory.
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4
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equation
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a - : LCHAPTER 1 ~

e ... INTRODUCTION \

1.1 THE PROBLEM AND- ITS PRACTICAL RELEVANCE '@ -

:In‘most g%ntlnueus—castlng machlnes, various ladle-

tundlsh systems (Flg. 1) are used. ThlS thesis investi-

-

gates the hvdrodvnamlcs of the’ gas- stlrred ladles and the
- - shaped tundlshx A better understandlng of the fluid
fIOW‘in-these components ma§ Yead tpAthe 1mprovement of .
the design.of the_metalluréical.operatibhs and the quality -
of the final\proouct; : - - \
‘_ iadle;ﬁetallurgical ooerationsfinvolve the lnjection.
_of reaetants} sheh‘as aeoxidizers, desulphuriring agents,
or the alloyih§ additions, lnto ladles cqntalnlng -molten

steel whlch is belng(agltated elther by an electromagnetlc

force or by an 1n3ected gas stream One of the most: lm—
portant appllcatlon is the argon stlrred.ladle, where a
stream of- argon bubbles is lnjected 1nto a metal bath to

promote homdgehlzatlon,and deoxidation of-the steel.

- The stlrrlng of the steel results in unlfor?rtempera—

tures durlng teemlng. This 1is nartlcularlv lmportant for

contlnuous castlng. Stlrrlng also makes for. lower teemlng

: temperatures for some. grades of steel DOSSlble. Stlrrlng

-



the steel in the ladle improves precision in déetermining -
- . - X -

heat: composition; therefore, the addition of expensive

alloyving elements can be closgly controlled. . ' -

»

- The amount of dlssolved gas can also be greatlv reduced
by chemical reactlons as. for example the” removal of orvgen
by usrng sucn deow1dlzers as® alumlnum, manganeSe, or s;llcon.
Those deoxldlzers react wmth the otvgen in steeI consequentlv,.

4

oxides are formed. ThlS method has  the dlsadvantage of

leavin§‘small,part1clés of ox161;ed products like alumlna
or silica in the metal. ImpuritieS‘in the form, or oxidés,

sulfldes,,and silicates may be present" in metals erther Jin-

~ ~

solutlon or as separate partlcles called 1nclu510ns. Such

I3

v

1mpur1t1es generallg lmpalr +he propertles of,theametal vr

alloy. _ . oL . .7 : N

. The performance of the tqndish isuessential,'because L

the circulation generated in it-not only‘causesfinclnsions~

to float to the surface of the molten steel ‘But also

-
'

supplles a constant unlform flow to the mold. Slnce tundlsh -

teeming has these advantages over dlrect teemlng,‘varlous

~

tundlsh de51gns have been developed "from water-model tests. .

A T-shaped tundlsh w1th baffles and two pourlng nozzles 341
was des;gned as an alternatlve to. the trough—shaoed tundlsh

.to promote a flow that proceeds up to the’ surface andtjmm'mm:m

€ -

down dlrectly above the nozzles.' Segregatlon of lnclu51ons
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takes place on the free surface. Tundish powder_ié used
- to absorb 1nclusmons and then form a laver of slag. In the

case_of alumina, clusters of alumina are formed. ‘The slag

. ‘

’ ~

can be easily skimmed Jff.
’ ' : R - "

The difference betweer the temperature of. the llquld

-

_ metal and the temperature of the metal at the beglnnlng of

v o sglldiﬁlcatlon is-called superheat:. " The var;atxon.ot the
. superheat in the tundish'duriné the contipuous—casting .
ﬁrocese affects the solidification speed’ of the metal
ih‘the'mold."if the superheat is too’low} blocking of the
) teemihgraozéle_couid occur:"If’the'superheat ie too high,

2 -

. .an ‘increase of the formation of. internal cracks and axial

~

porosity c¢an be observéd. Hence, a small variation-of the

o teeming temperature is desired.

- 1.2 OUTLINE-OF ‘THE PRESENT CONTRIBUTION

; N - \
-

' The purpose of this work " is to obtain a_ greatexr insight

T 1nto the flu;d—flow phenomena, and the heat and mass transfex

, -

Ln bubble stlrred and forced convect;on systems. A three4

-

dlmen51onal model was developed to lnvestlgate the three~

A

dlmen51onal turbulent flow in gas- stxrred ladles and. tundishes.
The three—d;mensxonal model developed can handle both rectan-

o gular and cyllndrlcal coordlnates. It is built with variable

mesh size.” - - .



In this“study, the two-egﬁation model of turbulence ‘is
used. Local'turbuleht viscosity 1s determined from-the

- solutlon of transport' equatlons for the klnetlc energv of

turbulence and’ the energy dlSSlDatlon rate. The' numerlcal

.

‘ procedure develeped is based on the-SIMPLE algordithm with

N

hybrid central and upwind differentiating scheme by Patankar

-ahd;Spalding'[l]. o 3 e . - .

The flow-ih the gas-stirred,ladlee and T-Shaped tqndishes
has'beeﬁ.predicted Predicted results of the flow 1n ladles
were compared wrth the avallable data ﬁxntequummﬁﬂ.wmxx'mxbl

,llqg.' Full-scaled runs with lndustrlal speCLflcatlons were -
alsc. tested. A vessel w:.than off—centered gas jet was also
studied. The flow predlctlon for the T-shaped tundlsh which

has one inlet and two outlet .nozzles is 'based ‘on a reduced-

-

v

scale water model. The‘agreement between the computed values

and the available data .is satisfactory. .

1.3 LAYOUT OF THE TEESIS® ’

’

v

The main body of the thesis cons;sts of six chapters.

a brlef review of the related llterature on mathematlcal

A

turbulence models ls.presented in Chapter 2. Chapter 3

.deals w1th ‘the mathematlcal modelling where the exact and

C o

ﬁlnal forms of the governlng equatlons.oi motion are presented.

{

In Chapter 4, the numerical methods and prediction methods
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marizes the results of the study and provides some recom- .
m ions for future work. - ’ - .
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are discusséd.- Chapter 5 presents the inveétightioq of.

gas-stirred ladles-and a T—shaped tundish. éhapten‘s éum-
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| T . CHAPTER 2 .
< T N
< SURVEY OF LITERATURE

-~ '

N 2.1 NUMERICAL METHODS  ° °

Numerical methods for theé solutien of the equatiens

4

governing fluid flow have been extensively developed. One

h? ) ofiﬁhe early successful numerical methods for the solution

_}kbﬁﬁthese‘gquations is the.two-digensional boundary laver
2 piecedure of Patankar and Spalding [2{ {31. Shortly after,
another twofdiﬁensional proqedure\for "géheral flow", i.e.,
- flow in which recircﬁlation ma&Aoccur, was devised by

Gosman et al [4]. Other ﬁwof-énd three-dimensional methods

for steady and unsteady flows have also been reported bv Earlow

g + &nd welch (51, Amsden and Harlow [6] and many- others.’

A method for the calculation of two-dimensional -

-

This~was.léter revised by Patankar and Spalding [1] who
éerivga a proéedure éalled SIMPLE (see Chapter 4}, ané.made
~ it applicable -to two- and threeédimensional generai flow.
B ZSIMPLE.has:so far géen one of éhé most éopular ﬁrocedures
.fof;calcuiétiﬂg géneral flows, and has been applied in

various* flow conditipns. " Pratap and Spalding [8] described

a numerical brqcedure which made use of the SIMPLB’algorithﬁ

S oS L

_boundary-layer flowsxwas~reported by Gosman and Spalding [7].
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for the caloulatlon of partlallv parabollc flow srtuatlons. -

Based on the smmllar:numerlcal procedure, Majumgar et al 191, -

oredicted two-dimEnsiOnal flows in gas-agitated react%rs.

"\ -

Later on, Markatos et ’al [10} applled the same technlque to -

-

‘predict turbulent flows around bodles of lrregular shapes. ..

Again, Pollard and Spaldlng~[ll] predrcted a three-drmeoglonal,

- ~

turbulent parabollc flow fieXd ln a flow»spllttrng T-junct;onu‘

-~ P

based on a similar numerical procedhre.~ Patankar (123} . =

-

‘- *

"summarlzed this numerlcal procedure in detall .ané showed hows -

~ — ~

-

it can have other aﬁpllcatlons such as in a steam-generator.

- ‘
= . -~

Revised versions of the SIMPLE algorithm in various «

> ' o -

applications-can be found in*Rodi and S¥ivatsa [13] and .

- 1

Serge-Eldin and Spaldlng [143~ Rodl and Srlvatsa [13]

extenoed the partlallv parabollg procedure of Pratan ana

< -

Spaldlng [81 to flows where local reverse-flow reglons

-~ - ——-

occur by treatlng these reglons as belng elllptlc.' Serge—

S ( -
R

Eldin and Spalding [14] described a n&merlcal-predrctlon

r

which handled the cycllc boundary condltlons efflClentlv

-t

in can-combustor probléms. Variods - problems related to -
& - . <

the prediction of ‘turbulent: £low ueing.a two-equation model .

-

~~were reviewed by Launder .and Sﬁélﬂing-flSI{ Spalding [16]
has reviewed the central dlfference scheme.A'He iiso has

shown that the upwrﬁd dlfference scheme of formukatlng v

> e

differential expressions, in problems rnvolVLng transport

AR
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by simultaheous cthectipg and diffusion, is superior to - ~

the central difference scheme,-when the local-Peclet number
v B . . !
-of the grid is 1arge. However, a combination of the

- ~ - ] M

central dlfference scheme and the upwrnd difference scheme,

1

l.e. a2 hvbrld scheine, ls-somewhat nore accurate than the upwind

- difference sdheme; Recently, Leschzxner {17] examlnedjthe.
lperformance of.three,steadyfbtdte,_finite;difference schemes,
namely,.(r) the hybrid centrei/upyind; (i1) the hybrid eeutral/
skeQ;uPWind anu (iii).the quadratic,'upStreéh—weiéhted.differ— -

.encing schemes. A .revised version of the SIMPLE algorithm -

exists for variouys special flow conditions, yet it 1is believed'
~ A}

that “the orlglnal SIMPLE is Stlll one of the most pooular

. -

procedures in the. fielgd, of numerical Dredlctlon of the tur-

v

bulent flow. . - o . ) .

2.2 TURBULENCE MODELS ' . . ' T

-~ . ‘ M , - .

. . ) _ .
There has béen extensive.research into the nature of

- -

turbulence and its approximete mathematical representation.

v - '

In the early work of Prandtl [18], turbulence stresses
have been related to velocity gradients through a prescribed
length-scaie distribution; i.e., scales representing typical-

sizes of the turbulent eddies.. Since then research on
. turbulence phenomena has led to methods quobtainingrtue

turbulence stresses from one or two equations of characteristic
- . v . -
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‘variables of the turbulence field. Ahong such models are:

i
-

the 6ne7différentia;#eduation models of\ Prandtl [18],

Bradshaw [2D]; and the two—différenﬁial-eguatidn models of
ﬁplmogorovhiél], Harlow and Nakavama [22], épalding {231, "
~ Jones and Launder [241, Laundef and Spalding. [25]. .Other

mére complicated moéels, like the Reyﬁolds stress model of

~ -

" turbulende, havé been investigated by Hanjalic’ and Launder

Ve

[261. - .

[N

Prandtl [19] and Kolmogorov [21] proposed that the -

~

:‘iéurbulent viscosityv should be proportional to the square

[

root of the turbulence kinetic_energy and a length scale

. representative of the energy-containing eddﬁfs.

’,
- - -

; : .
.. Van Driest [27] suggested that the effective viscosity

| is given-by the sum of the laminar and turbulent.viécosity;~

N -

i.e.,. L. -

~

= 218U,
) Hegg = Miam . 0% I3y
o S _-ﬁ‘,‘_tv'?l/Zbl'/Z . -
where g = ky [1 - exp( . —3)1 - " y .-
. A+ u « = ..
§ A+f 26.0 . - . 3

- : : . +

-Patankar and Spalding [2] showed that the Prandtl
.mixing-length hypotheésis could be used to- provide accurate
predictions for a wide variety of boundary-léyer flows. They .

used algebraic wall functions for,this'region. " The wall

[y



functions were based on a modification to the Van Driest [i?l

pfoposal.‘ The§ éroposed that the mixing length 2 is‘nmdified

bv Gisco§ity according to the formula: .
. < 11

g = k¥{l - exp[~- (3) y/vA+]}

where T 1is the local shear stress. The turbulent viscosity -

is then obtained fromkthe mixing~length relation:

_ 23U . . .
ny = 08 55l Wy | _

and the Prandtl'g turbulent number is assumed to be

1

- B
t - _XZ__ :

Shortly after, a ﬁodel‘similar to the mixing;length model was
adopted by Harlow and Nakayama [22], -and Spaldiné [231 wherein
qon&ective tranggpré equations are sclved for. two scélar
pgoperties of turbqlence;'namely, turbulent kinetic energy
and‘its_dissipation raée. Later on, Jones and Launder [24]
pféposed another form of the two-eqﬁation model for regioﬁs
where the Reynold's number is low. In recent years, the

: two~equation model has been widely used and reported satis-

factory by authors mentioned in the previous subsection.

2.3 Tf‘IE EFFECTIVE VISCOSITY MODEL

In "effective viscosity"” models, the turbulent diffusional

fluxes are expressed in terms of "effective diffusivities”
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(or "exchange coefficients"; e.g., turbulent viscosity and

-turbulent diffusivity Ft) multiplying éradients of mean

~

properties. Accorxding to Prandtl [18], the general relation

of My and local properties of turbulence is-

= C R AR
u L P

t

-

-The effective viscosity is obtained from

.

ueff = ulam +

CHe

2.4 THE K-c¢ MODEL )

Kelmogorov [21] and Prandtl tlQ] proposed that V' is

equivalent to the square root of the kinetic energy of tur-

-

s

bulence, K. Hence the time-mean rate of dissipa%éfn of
turbulence energy is related to K and 2 through

o U e = K3/22—l

The essence of the K-e¢ model is that the turbulence can be
described through'two transport eguations; i.e.,ihe K equation

and the € equation (Chou, [28]; Harlow and Nakayama, [22];

Jones and Launder, [24]). Thus, in terms of X and &,
<
ut - ?u P 3

In this study, the K-t equations have be%n'modelled in the
form intrecduced by Launder and Spalding [15] as described

in Chapter 3. ~



<

2.5 LADLB-TU&DISH.SYSTEM IN CONTINUOUS-CASTING

* In recent yéars, metallurgical reséarch hés aimed to
improvg the design of vafious metallurgical components: In
ladle metallurgy, the removal of unwanted elements ZS, si, P,
‘0, C,_H,‘N) from iron and steel improved overall product'
quality. Close quality control of incl&sions, dissolved
gas contents, etc. has been achieved. Most ladles use gas
injected through a submerged lance, plug, or nozzle to4stir
the contents of the ladle. This injected gas prom&tes
temperature and chemical hpmogenéitiéé and, through the
geperatiOn of turbuleﬂce, a2l inclusion aggloﬁeratiog an& ’
float-outT TheA&ésence.of'compoéition and temperature
’control in ladle;éﬁﬁdish systems were discussed by Widdowson
[29]. The existing methods of ladle-flushing, ladle injectién,‘
and vacuum-degassing were also'Summarized.f Guthrié [30] gave
predictions of the tapping operation - pouring molten steel
fxom one vessel to anothexr - in ladle'metéilgrgy.J.Some'in-'
plant experience and researcﬁ were présented by fhe Iron &'1
Steel Institute [31l]; Leclerc et'al-[32]; Relaﬁder et al [33];
Whitake and Palmer [34]; Grip et al [35]. Leclerc et al
explained how various=par€mg£ers, such as casting témperatuye,
casting speed, stream proteétion between ladle and tundish,

design of tundish, and the shape of submerged nozzles affect

continuous casting of plates and sheets. Relander et al have
y ) .

-



shown the progreésAof the developmeﬁtal work Ongvariéﬁs_
nozzle shapes{in a tundigh. “On the basis of i@—p;ggg‘;;ué;eé'. -
at\Atlas-Steel,1Whitaker aﬂd Palmer conclﬁded'thétgthe stir- -
ri#g éf molten steel in the ladle gives ve}y ﬁnif§;mutémp~..'
eratures andJa low raﬁe of temperature variation durihg

teeming. Stirfing the steel in the ladle also- improves ?ré—

cision in determining heat composition.

-~

-~

A common technique used to observe flow phenomena, is :
water-modelling. Usually-a scale factor .of one-third or

cne-fourth is used for metallurgical process modelling because

>

performing experimental wb;k for a 100-.to 400-ton stee%;

' réactor is time- and monev-consuming. Hlinka [36] had ex-
amined the use of water models<ana related scaling prdblemé

iﬁ ladle-tundish-mold system. Other water models reﬁorted

were ;hoée‘by Robertson and Sheridan [37],-Hlinka.and Miller -
[381;. Rébeftson and Sheridan.inQesfigéted various nozzle |
designs in a triangular tﬁndish. Hlinka and Miller compared
the temperature of both ladle and tundish in the 7~l/2 —-ton
meit shop heat* with a one-sixth scale water model during
ﬁeeﬁiﬁg. They also g;ve'a mathematical proof that hot water

A batch of molten steel heated up in the furnance before
being poured intc the ladle.
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- contaiped.in acrylic plastic can be.used to model steel

contained.in refractory vessels, if certain scaling’require-
ments are fulfilled. - . o . "\

-~

-Mathematiéal models are oﬁtén‘used to predict the flow -

Y

‘and temperature distributions=in ladle—tun&ish-mold évstems.
éalcudean and Guthrfe [39} [40] 1nvest1§ated the ladle tap-.
- Ping operation.- Issa and Goéman [41) also studled turbulent
two-phase flow in stirred vessel; équipped with a centrél

axisymmetric impeller.. Heat losses in a ladle and tundish

'were considered by Alberny and Leclercqg [42]. - Szekely and

Ygdbya I43j; Brimacombe et al {[44] examinéd flow and temp~
erature field in the upper region qf the liguid pool in the
molé region. Solldlflcathn and coollng of cast roll was
‘examlned by Spencer et al [451;- Stanek and Szekelv (463 .
Asai and Szekely [47]: Mlzlkar [(48]; Perkins’ ‘and Irvind [49]
lnvestlgated solldlflcatlon and veloc1tv profiles in a slab
mold . Velocity fields in an 1nduct1vely stirred ladle were
reported by Szekely et al [50] [s1]. El-Kaddah and Szekely
[52] calculated the rate of deshlﬁhﬁrizatioﬁ in ladle metal-
lurgicél operation. Development of horizonﬁal coﬂtinuous
qasting was analyzed by Miyashita et al [55]. Most of fhe
mathematical préaictions by all these researchers were com-

pared with experimental data from water-modelling. Reasonqblé

agreement betﬁeen the two was reported.



In recent vears, gas stlrred reactors have been play- .

lng an’ lncreaSLnglv emoortant role in’ metallurglcal ooerat-'

ions. Gas stm:rlng 1nduces motlon in the fluld thus enhanc—-

\

ing chemlcal reactlon, 1mprov1ng orec151on ln determlnlng

heat gompos;tlon and m;nlmlzlng;temperatpre-heterogenextles.
A number of hyvdrodynamic studies ‘have been'defformed to gain <
a better understandlng of the fluid flow ohenomena in the

gas-stlrr;ng.procees.~ Early etperlmental studles were malnlv

N -

,tbaéed'oh'reduced-écale water models. For example, Szekely

et al [54] attempted two-dimensional waterJQOdelling.of_ad

argon-stirred ladieif In their'mathemetical'ﬁodei, the gas

jet core was modelled as a'solid.wall-moving upward at constant

velocity. The K-W two-equation model of turbulence was’used
to predlct the flow fleid. Reasonable agreement was found

between the pred:.ct:.on and the experm\ental veloc:.tv fleld.

. f -
’ . , . et o \ .

_Another two-dimensioﬂal matﬁematioal’model-whichAwas

:based on a bdoyaﬁcy—driyen flow was first presented by Deb -

ﬁof'et al [55] and mofe’recently by’Szekely et al .[56]. 1In

both models, the average void fraction ;ﬂ a horizontal~plane'

was.galcolated.by'using the- inlet gas flow rate to estimate

-

the plume velocity. The plume was modelled as a vertical
cvlinder. Both slip and non-sllp conditions (see Chdnter 4)
" were tested. For the slip condltlon, the gas was ‘assumed to

move with a velocity, wslip’ relative.to the surrounding



'llmlted. Most recentlv, Salcudean et al [58] descrlbed a

~

liquid. Patankar and Spalding's El] numerlcal method was,

Y A}

used. A constant effectlve v1sc051ty, suggested bv Pun and

Spalding [57] for cpnfined jets,lwas used in both.wo;ks.

Manv industrial appllcatlons such as off- centered gas—

4jett1ng in ladle metallurgv lnvolve three dlmen51onal flows.

‘However, the llterature on lnvestlgatlons of thlS nature is

three dlmen51onal mathematlcal -model whlch used a flnlte

’,

dlfference technlque based on the MAC Los Alamos method

» Centered, off-centered cvllndrlcal and conlcal jets with |

-

-slip and.non-slip conditions were studied. _Agaln,'aMconstant :

.effective viscosity sih;iarfto the one suggested by Pun and

2

Spaldin‘g' [57] ‘was used.

~

The three—d1mensmonal mathematlcal model used -in: thls

‘studv is based on the K-¢ two—equatloh defe:entLal‘model

\

of turbulence (Saleudean et al [58]}. Flow patternsvand

turbulence'characteristies were derived for centered and

off—centered gas jets. The energy equation for analyzing

the heat flow characterxstlcs was solved Plume voids were

.

estimated’ for both slip and‘non-sllp conditions. The plume’

is modelled as a vertical cylinder- Predictions are com-

. pared with available data. The author understands that there

are no exlstlng mathematlcal models in the llterature which

descrlbe the three-dimensional flow ln tundlshes. In this

. . -

-



hheéis, compuﬁationé are carried out to investigate the.-

£Flow in a T-shaped tundLsh."The cohpuﬁaﬁional method and

t : 4 -

: program developed and applled to lnvestlgate argon—séurrlng

and the ﬁlow in the tundlsh can be: adapted to- other tbree-.7

'dlmen51onal flows (e g. flow in the mold durlng contlnuous-

. - . T
castlng). - . . . .
. ’ . . . . .
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© CHAPTER 3

@

MATHEMATICAL FORMULATION N ' S

3.1 INTRODUCTION .t ‘ .

-

This chapter presents the mathematical foundation
on which the present study is based. The prediction .of
all turbulent flows requires the formulation of fhe

governing equations in the form of a closed -set. NN

~

Section 3.2 presents the time-dependent equations

¢

of motion and energy, while Section 3.3 presents’ the

time—averéged form. In Section 3.4, the unknown fluxes

[y

~
are determlned by mean of a turbulence model. ' Sections

3.5 and 3.6 summarlze the complete set of eguations in-
“standard form. Section 3.7 gives the béuﬁdary-conditiohs

«

of the flows considered in this study.’

3.2 GENERAL EQUATION T

The basic conservation eguations which govern natural
and forced chvection, are those for mass, momentum, and

energy. They may be expressed in Cartesian tensor notation

as follows:

Mass conservation: 3p 3 _ ’
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. Momentum conservation‘(qu direction i, i=1,2,3)%: R

Energy conservatian: , :C,'- -' L
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3.3 TIME-AVERAGED EQUATEON - '+ - ° - ‘ p
* - - . - . . . N . . :. .

The instantaneous value ¢ of any variable can be’ decomposed -

into a time-average- (ar mean) compOnehtlE and a fiuc;nating; t.

component ¢'. For steady flow,a'is expressed as: L

¢ .

. l‘ t"A - A A ‘ : : ... : 3 : .'.-
Lim £f ¢ dt - . _ B - -
£t - 0 - Lo - : . <

I

)

\l}

B
1l
ad!
Y
°
L)

¢. may stand for any of thé:variéblesph Ui,_P, h and T.

Therefqre, ig_steady-state fiow, after time-averaging, the

.'- - R . : * © -
governing equations become : Al

oy

for continuity:

"aX—(QU-) = 0 . (49

*Capitaltletters in equations below stand for average quantities.
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£ ¢ N T h < ¢ 7 S
. . for momentum: . = -\
-8 . . 3 ~ - _'aP ‘a N
N AT jf”‘rl ;)T s Bl tesy ()
for energy: o LT i -
’ - R T 3T ¢ oL ;
Cos j T, PR = gy (C eught o icp VS, s T (g
". .‘.'; » 3 . = j.'_ ° 2 J el .
~. - “ o > ‘
. 3.4 THE K-¢ EFFECTIVE-VISCOSITY MODEL :
- For the tlme-average equatloﬁ,hnew-unknown terms such
»  as the Reynolds stresses (- gu u pu.u.) and’ the turbulent heag
d—_—xg— .
flux (- pujh )} arise. Hn.nze [60] suggested that .
\-’ ) . 3 . ‘ '_A Pl
. - puiuj' = ut(g— -r-l) - > (7)
-~ 3¢ * )
- 0 - i S - '
. folo} uj r¢,t axj ) ; (8)
Prandtl {18] suggested
S R >
' g ut = CupV L
) The effective viscosity is obtained from
BN Peff T Plam T Me
o -whexe ¥y am and My are the laminar and turbulent
- viscosities respectively.

»?
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Kolmoé'o::'qv [21] and Prandtl [19] proposed ~ '
= 1/2,-% | ~ -
ut - CL[DK L ‘v - h_—
(K = kinetic energy:o_f tur'guienqe); }4 R
. Chou T128], Harlow and Makayama [2?_1.4-a?dr30nes PUP LI .
o T L N
Launder- [24] proposed .o f - e
N S R -

-
- .

(e '= E'—'mé-—mea}i rate of dissipation of turbulence energy)

to vield: < 7 D . .l .
S 2 - ": "o . N d ~ - ~

My T C PK/e e e : (9)

The modelled form of K-¢, equations by Lauwmder and A

Spalding [15], neglecting“.the.\puoyafncy. effect, 4s-._

|
-~ - . .

5y . v, .
e (pUjK) . . ‘0., . -
3 - 3 i K °73 .

||
|
0
o
'—h
o}
.
J
T
[} 3 .
2
Q
2
"
O
m
(@]
o)
|
A
|.J
"-9

1Y
'

o
uf: .

oV

I

i

(@]

J J oo J _€ ] -
W -‘ .‘ . . v -
I b S .TIIC v
I = convection by mearf mdtion .: - PO

II ‘iggieratiozi by turbulence stresses acting.on

mean flow ) - L5 -

',
)
L
'
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¢

. o

III = diffusive transport L o . S

¢ . ~ .
IV = viscous dissipation L .\*~//A’A
r - ‘e > . . -

- .

Cyr CQ,,OK,‘OS; gD are empiriéal functions (a.s:sumed‘~
. ’ L]

to be.const§ﬁt at high Reynolds numbers). T .

t

-

’ - - - -~
. 13
- - .
s

3.5 EQUATIONS: TO BE SOLVED FOR STEADY FLOW .

2 .

«

- ' < ~. R R .
The following consé;vat;on:equations can be applied to

.~

-
-t -

both Cartesian and cylindrical coordinates. For tylindrical -

-

" coordinates, § is set to 1; for Cartesian coordinates, § -is -

¢

1 -

set to 0 and r is replaced by 1. ‘Alsoc, .38 is replaced by 3x .

- =

anﬁ'ar by 3y. The conservation of momentum equations are

derived ‘from the Navier-Stokes equatio The velocities

-4

and pressures aré expressed-as mean and fluctpatiﬁg qpmpbpeqss.
After the,time-avq:aginé step (see,Section‘3.3) aﬁdithe're—;"
arranéémeﬁt;o# the convectivé‘pérms (see Agpendix-Af, the
momentum equa?ions can‘bg‘obtained in éhe fézm‘eﬁpresgéd in

-
L

this section: . A R : ‘

Continuityv equation: ‘ . -

-
~ - - )

3(o¥) -1 3(pU) . 3(oW) . .oV _
. or . r 38 8z T

-t

-~
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Momentum egquatioens:

a6

Radial: -
.19 ) 13 ol : 12 ' av
T ap TPV + 2 gg (PUV) g0V~ o apleee Tox
_ i i_( - 3V) ‘3 ( 3“7) - ( -ﬁ) L3 (
= T 38 ‘Meff THE eff 3z 3z \Heff 3T Tt 3r
. ! 2u v N
_ 13 Pogs 83U _ T "eff " - .pU°
S EICTNS LRI —== A
P . ¢ - _ i , '
Tap v ee =0 . .
Axial- V4 ’ - -
13 1 3 13 AW
T T FAVW + 3 ae‘PUW) * 3;”“‘?” -t 3t Mefs T3r)
13 W , 2 We 13 3V -
-7 ae(“eff 580 = 2 37 (Mege 32) © T 35 FHess 32 -
13  3U,- . P C B ’
“ T 55Mers 530 * 5z T P9, 7O
Angular: - ‘
1l 3 e 13" ] - 13 . 9U,.
T -g';(rQUV) + T —G-(DUU) + -—(DUW) p E(ueff rBr)
13 3y CIA T 3u, _ Feff 3w )
T 36 ‘Meff Tag . T Iz ueff 3z, ~ ¢ 363z
1 13V U OV 3 »eff
- ; (u ff,r(f 36 § )) +.°° T rae( r 5" + 02V))
5 eff 30 WV U, 3P . B ) )
et T ot ras TP =0

~(14)

(151}



Energy eduation:

3 13 3 13 Meff 3T
E(IDV_T) + "f-'é-e—(pUT) + .-3—Z-(DWT) -7 'E-)?(O‘_-'rH) R
eff .
13 Meff 3T ., & ,Meff 3T .
- = (= ) - == =) +S_=20 (16}
r 36 oeff raf cz,ceff a;_ h )
u u .
where eff - % + EE - -
) eff t "

N\ _ i )
13 \\J'a __ _1'3_Heff 3K
z 'ﬁ(rDVK) vy (pUR) + (PWK) - Br( or r-a—r)
13 Meff 3k .. & Meff 3K 3 - . | .
- (SRR (== ) - G + peC. =0 - {17y
r o8 O rag 3z Oy 39z \fff X D
s 2032+ (@Y 4 AU 4 oYy ELLA LA
where~ G = 2[{32) M (ar) + (555 +_6r) ].ﬁ (“r M az)
3U . AW 2 3V, 38U - Uy, :
* (37t =) (38 ¥ 37 P

13 13 3 1 3 Meff 3¢
z gw(roVE) +Z e(oUe) + gg(oWe) - = 5;(—3;— «r)
15 Heff se - 3 Meff se, . € €2
" TS, zee taElo_ 320, CiMess®k * Cp g =0 . (18)

The thermal -buoyancy has been neglected in this study
since the thermal buoyancy effec;s are negligible when
compared to denszty varlatlon effects due to gaseous inflow.

If AT is assumed to be 10°C and o = 0.05, then for water,

PSEAT . 4.04
cpg

-
LY
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3.6 °GENERAL FORM OF EQUATIONS

-~ L4

_All eduations (U,-V,” W, K,

t

t

e, T) can be .summarized by

.25

" a single transport equation of the‘form@
13 SN N ’ Cray
. T .3_1‘._‘(er¢), + = -B-—(UD¢) z(.WD’?) ,
. conﬁec;ion terms:
. \ L -
S LlBpdey L 12 20, 2 b T ey
T r 3r (r¢rar * r e(r¢ rae) + (r ® Bz) * S¢ ' f19)
- - . . . -
diffusion terms _ source
, . Co term .
Table'l Definition of ¢, T, and écb of equation (19) "
.Coﬁservaﬁion L@ ‘T s
" of - _a v )
' mass 1[0, ¢
momentum W u_ g .8 -aﬂ 13 v
in axial i eff Bz(ueff 82) .. 3r (ru eff az}
direction . . )
N ‘+ .].'. 3_( R 3_U) 3_P
T 36 “eff 3z 8z
momentﬁmy V| ' 3;. oW, 13 LS
in radial . eff 5z Mets 3¢ F T 3T TMegs 3T
direction 132 : s U 2u .
po s € 3
T3 (r“eff ar(r)) T
2u 2 o
: CoPers ¥ ute
r ] r ar
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Table 1 -(continued)

26

Conservation | ¢ r. S¢
of e
momentum | s Borg ) i_(ueff BW) .
in angular | et 3z <« - 39
direction ' .o
. 3 1oVt LUy,
] T awless TR 3w - )
. " UV 3 Meff 3U
, - Sp— + EEE(—;—f(gg + 82v))
eff( 8V _u, _ 3P
3T ~ree T . Tde
- N )
energy T oy L _t Sh .

. o -
kinetic & u /c G,, - peC S
_energy . . eff’ 'K { K . D _

. . . . N '-1 e
dissipation € | M_o/0 =(C. G, - C,pe)

. rate eff’ "¢ K 1K 2
. wheré
- 2A 2 eV, 2
Cf_‘x Hoeg { 2[( ) + ( ) * (T+ o—) 1 + ( + =)
U L W 2 3U _ .U
Gzt o) (rae * 3z T 8P ;

Definition of ¢, I, and S¢ of equation (19) is summarized

in Table 1. The constants in the turbulence model are assigned

the values shown in Table 2 (Launder and Spalding {15]).



Table 2

Constants in the Turbulence Model
"<y .G Cu : CD‘ - Og 9. S
1.44 | 1.92 0.09 | 1.0 1.0 1.3 0.9

Assumg'zt-ions for K-¢ models [60]

N

a) Reynolds rnumbers of turbulence Ret are assumed to

. be;suffiéiently large so that molecular transport mav be

neglected.

Re, = pV'2/u = pK*/ue

b) Based on a), the small scales of turbulence which

are responsible for the destruction of turbulence are assumed

to be isotropic. -

au.

€ = Vv (=) (
- 5%, 3%,
Xy %y

su.
1)

X,
i

ou.
B

If Ret is high, viscous dissipation takes place .in
the smallest eddies in which distribution of energy is

isotropic so that the above equation reduces-to -

£

Sui 2
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3.7 TREATMENT OF NEAR-WALL REGIONS , .

The neéar-wall regions have two major characteristics

that distinguish them from the central region of the flow[61]=

a) éﬁeeé non-linear gradients in flow properties, and
b) levels of turbulence Reynolds number sufficiently

low for 'molecular viscosity to influence the productioh,'

- -

desﬁrﬁction, and diffusion of turbulence energy, so that

.local isotropy of small-scale turbulence nc longer prevails.

-

‘Hence the basic turbulence model becomes inapplicable

-~

in these regions, and an alternative representation must

be found.

Wall-function methods are commonly used. They are based
on the fact that for most wall flows both mean and turbulence
quantities are nearly universal functions of the dimension-

less distance along a normal to the wall, gﬁiﬁs defined as

y = pU y/u

Exéeriments show that in all steady wall flows,
- the thin fluid lav@r close to the wall can be sub-divided
into three maih regions based on y+: the viscous layer

(y+ <= 5) where viscous forces dominate; followed by the
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buffermlayer (5 <.y+ ?'30) which is a transition regiop in
which the flow is neithgr completely dominated by viscous
effects nor completely turbulent; and the;inertial sublayef

(y+ > 30) wheré the flow i1s assumed to be éompletely turbuient,

but sufficienﬁly close to the wall so that the shear stress

is approximately uniform.

In many engineering calculaticns, t@e buffer laver is
disposed of by éssuming that the viscoué sublaver extends
to y+ = 11.63, geyond which point the flow is taken to be
fully turbulent. This implies that the low Ret region covers

the range 0 < y* < 11.63.

In this study, the wall is taken to Be bcth smooth and
impermeable. Pfevious works (Ideriah, [€61]) have shown that
the shear stress in this thin layer is uniform. Thus, from a
one-dimensiondl analysis, assuming zero streamwisé pressure
gxadiént, the mémentum equation for the flow paféllel to the
wall reduces\t9'

30 T _ W

Ve 3y P o

where v, = eddy kinematic viscosity

In the wall region, distances from the wall are often

. . . . +
measured in terms ¢f the non-dimensional distance vy :

+_U':y ) )

v
- V

-



By assuming & =« vy and V' = U_
_ e . N T

the expression ut'= CupVﬂR ’
becomes v, = xvU . . - : . -
t T : . ; .
Then the momentum equation can be written as o -
3U.~_ 2 ; ) ' Tet ’
KyU, Era Ve ) S
130 _ T
Kyﬁ—a-};_ 1
T ,
+ ) . X
+
KY al.::l -
+
3y

+ -
where U = g
- UT - -

After inteé;ation, the momentum equation becomes

ct.
[
I

1 + - ‘
< ln v. + constant

+
Al

or U° = = 1n(EYy") . : (20)

The log-law constants x and E have the numerical values of

approximately 0.4 and 0.9 for a smooth wall (Launder and

Spalding [15]).

FOR K EQUATION

" In the inertial sublayer, both convection and diffusion



of- K are neglible, thus e

.production rate ¢f K

1
.y
’.‘4
m .
)]
P-h

)
o))
et
$as
o.

B
H
3
0.

m
o

~ ~

den W= a2 - T -

K = - cu“l/2 e R

Since shear s$tress is approximately uniform in the wall

region (y' < 200)

- v o= . . . . Co

‘ pu Tw . . i i
vty — 2
or --.puv = pU_

O

. | .
Fo (21)

“1/2 e gTl/2 p

then K = C
- ' 33 . T 5}

(

~

WALL SHEAR STRESS ('W)

Since shear stress is approximately uniform in the wall

g + .
regicn, U may be approximated as

+ U/rwp
U = —‘t_ . -
w .
whére ., = - puv = pCul/2 K

. . + . .
Substitute the above expression for U in equation (20), to

obtain . .

¢ .
- R . ' N
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U/Twp _ ; 1n(E +) ) ¢
-rw ' y v .
then T1_ = xU/Tp / [ ln(Ey")
= exc M4 1% v/ [ 1nEy) 1 (22)
: S
FOR € EQUATION )
U
. 33U _ T, . 2
Slgce N Ry ~and puv —‘QUT . -
2. ) N ) _ aU ‘ -
substitute'in e = - uv(- 3;)
u 3
to get € ® —— ‘
g -
but * U_° =_cul/2 K then ¢ = cu:'l/4 32/ (xy) (23}

3

" FOR HEAT TRANSPORT EQUATION (SCALAR)

- ~
1

For one-dimensional flow in the inertial sublaVer,
.qg = I‘tCP a—y—

where g" = energy flux

dividing both sides by the wall heat £lux g " , then

. o Ty oaet
- a_ - _= =
- * 3
¢£>°\\ n Y
wﬁere T+ oU‘TCP(TW -7




Sty
b 9%t %
then ‘Ft 13 + _
==
) oy

R S S S
- + )
3y KyU. K yUt K ,y+
integrating this equation gives .
+ e - + . T :
T = _——1ny + const : B (24)

where "éqns;" is the integrétion constant which is a
Ffunction of the Prandtl number..

. i + R - . .--“, iy )
The expression for T is often re-written [61l], [62] as &

+ ot
T __Gt(U + p)

where p = 9.24(3-)0°75
c
tw
Therr the wall heat flux can be written as
, _ 1/4 ,1/2
© . QCP(TW T)Cu K
qw -

(25)

T +
Ty [ < In(Ey )+p ]

3.8 OTEER BOUNDARY CONDITION

The problems iﬁvestigated include the following types

of baoundaries:
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«

1) wall boundaries, where the boundary values or their

fluxes are préscribed; e.g. . .

:at ya;l, U=V =W=K=¢ = =0; T= Twall

~2) .Entry boundaries, where the boundary values or

their flﬁxéé ére érescribed; e.g.

U.= v =1O POW = Winlet K = Kinlet ’
- F ?”;inlet i7 Magf T Meff i T = Tinlet

inlet

3)-§Doynstfeam exit Eqﬁndariés, where the gradients

N aré'assuﬁgd to be zero; e.g.

Applying the mass consexrvation equation results in:

CF I R ToueteeT LT FisRig Tinter
Therefore, one can assume
o1 - ;
W. . = W.. + [ (2 W,.A.. ).
13 ij I A.. ij""i3 “inlet
outlet outlet 1ioutlet
. -1 Wi5P15 doutlet!
U =V =0

outlet outlet



' ~ CHAPTER 4 I

THE ‘SOLUTION PROCEDURE o -

4.1 FORMATION OF THE FINITE-DIFEFERENCE EQUATION

- =
P

The transformation of the partial-differential eguations
into algebraic forms can be accomplished through vafidhs. ‘
approaches. In this study, the “mzz?bhintegration"sapéréacp
is used (Gosman et al [4];2Ro;che:[63]). | ' .

4.1.1 THE GRID ARRANGEMENT ~ ~ - g

As shown in Fig. 2 and Fig. 3, the contréi:volumésv

surround the storage lqcations at which the discrete values
‘ p ,
of the flow variébles are located. These values represent
averages over.the respective control VPlumes. V%Fiables
(P, T, X, €r Uoggr p) aretétored at the grid node;, while
the velocities U; V and W ére.stéied mid-way between the
grid nodes. Variables U, V and W are located 5e£wee$ the
pressures which drive them. Moreover, the velocities are
)

located where they are needed for the calculation of the

convective fluxes of scalar flow wvariables.

/ J
4.2 INTEGRATION OF THE PARTIAL DIFFERENTIAL EQUATIONS,

Using the "micro-integral" technique,.the general

form of equations is written as: b —
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" o " : T T 36

Al

o4 13 3 '
T ar(er¢) + v '-g(DU@) + 'é—z(pw¢) - 3T 6 Tt
-, B S e, as =0 (26)
/ L : x |
- It can be integrated over the control volume shown in- S
Fig. 3, thus * . . _ ; .
13 3¢ *1l3 30\ .
S ==[r(pvée. - T, =2} + S 55(pU¢ - T, ==5) ~ °
J(y:/;on r ar ) 4 3r ' r 38 O raf .
Z(owo - T, 22 -5, ) awor) =0 So@n

¢ 3z ¢ | x

Since the Divergence theorem states that

/ff <— f)d(VOL) /f £, d(A) -3 =1,2,3
VOL °'

component of function in direction j

: j
Aj = area perpendicular to direction j -
then ‘equation (27) becomes

{

1 "_ 36 _ 1 _ 36 .
ffn’shz Lz =Ty magle = 2009 = Ty 1387w 1 Pasny
) ~—-—7;-———— . -
, € . w
+ J{/”ewhl { ;(rpV¢ rI‘¢ Br)n r(rpV¢ rr¢ ar)S ] d(Aewhﬁ)
. r F
) . n N . s
$ ad:
+ - —_— - — - ———
ffnsew [ (pW¢ I'¢ az)h (pW¢ 1‘¢ = ] d(Ansew)

Fy

Fh .
- f/:[ S, d(voL) = 0 : (28)
~* « VOL . . * \.
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4.2.1 EXPRESSIONS FOR THE FLUX TERM, F

t

U
For a steady, one-dimensional situation in which only
' the convective and diffusive terms are present (Ideriah [61];

Patankar [12]), the goveiningAequation is
2_tous). = (1 ; ‘ (29)
IxX ' !

also-+the continuity equation becomes

-=—{pU} = 0 or pU = Constant

The above governing eguation can be solved exactlw, if T

. ~

is taken to be constant, with boundary conditions at
X=.O‘¢=¢’0 . v
x=L ¢ = ¢

After integration, equation (29) becomes

2U + + comst_ &Y = ln(%g 4 + Const.)
I 2 I T 1 .
pU pU -
T (=—x + Const_ =—/) T *
= — e - |-
ol i T ‘ 27T Constl o0

By using the two boundary conditions, the &xact solution

can be obtained:

= s88 _
oo (@Y O m9)7F % T % i
b= [ 20 e T 1 o0 + ¢0 — U
e FIL _ 1 eI _
¢ - ¢0 e(%H)x 1
or = {30)
o1 %9 2% ‘
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* ~ % _ expl(Pe) (x/L)] -1 (31)
@L- ¢0‘ exp(Pe) - 1 . . .
where Pe = E%E -

Pe is the Peclet number (ratio of the strengths of convection

and diffusion).

Now consider the egquation with

= - 13
Fe = J[)r(oU¢ e A (32)

The exact solution above can be used as a profile between
points p and E, which replace ¢0 & ¢L : the distance'(ﬁxe)

then replaces L; i.e.,

o - ¢ exp (Pe) [x/(8x) 1 -1
o ¢P B exp(Pe) - L (33)
E 'p
where .Pe = (oU)e(ﬁx)e/Fe
The derivative of ¢ with respect to x is
& - (o = 5 ) BE o (Pe) [x/(8x) ] |
ax ) E p’ (8x) R : (34)
Substituting egquations (33) and (34) into equation (32)
“vields
(pU) (0 = 9.)
- e P E
Fo t sxp(Pe) = 1 + (pU)e¢p ] Ae (35)
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)
or Fe = (DU)eAe [((L + fe)ap - fe¢E]

where fe =1/ [exp(Pe) - 1)

Next, the total flux term Fe is expressed in terms of
the nodal values for the variables. For the east boundary,
Fe = peUeAe [(1 + fe)zbp - fe¢E (36)

where -fe =1/ [exngee) = 13
(
Pee = peUe(Gx)pE / Fe

Po = (oE + op) ( 2
Ty = (1"E + rp) / 2
Ae = °ns°hg
Since
< ,
_& =1+xl =1+ 22
e -1 e -1 ’ e -1
and
B © B x2n
x _ 1. z n+l "n . .
e S5 R 2R 1 for == < x <
e -1
where B = Bernoulli numbers .
2
. =1 = L = 1
e-g- By = g 3, = 37 3; 5 32
.1 _ 5 _ 691
3 = 30 Bs = g¢ Bg = 3730 ©tc-



R PO N G
then X =1+;{-[l-5x+ . Zn) | ]
et -1 n=1 ni s
Con+l 2n
o (-1)" B x
s1+i-2+% ¢ n
X ¢ X1 (2n) !
_ 1 2 1 _ 1 3 e
=l XXt
negligble
Thus < L - %
e’ -1 X
1 1 1
and £f = = - =
e Pe 2
ePe -1 e £
£o A
\
1 .
£ =
e ePg -1
-2
| 0 2 Pe
]
!
N -1
Figure 4
Function of fe versus Pe
T '

40

(37)
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The validity of equation (37) is then examined.

A}

In Fig. 4, if (Pe)e-> 2 -fe =0
(Pe) < =2 £ = =1 ' . -
e e T
L1 _ 1 3
l(Pe)e[ <2 5,752 :
Let ae = peUeAefe
Ce = DeUeAe
De = reAe / prE

(Pe)e'= Ce / D

then equation (36) begomes Fe = ae(¢>p - dE) + Ce¢p

1 1
De =7 C¢ 15 CeI < Dg
where a .= 0 E CcC >0D
€ e’ 2 e e -
-c Lc <-0p
e 2 e e
_ 1 _1
or a, = max([E-Cel,De) > Co (38.a)

‘This procedure represents the hybrid-central difference
numerical scheme (See Patankar & Spalding ([1l]; Ideriah [61];

Patankar [12]).

Similarly, by following the above procedure, expressions

b b i -
for Fw’ Fn, Fs' Fur By can be derived; e.g.



for Fw, the boundary conditions for ecuation

- can be replaced by:

-the resulting flux term can 'be obtained:

Fw = pWUWAW ! fw¢w +

¢b'=

where

also-

¢‘i‘?’

fw

4, = 0

P

exp(Pew)

1\5 £,)0, ]

exp(pe_)-T Pe = OWUYGXDW
w

a (o - ¢p) + cw¢p

max([% Cwl' Dw + % Cw

a (6, = oy) + Coog

as(¢s - ¢p) + Csép

ah(¢- - ¢H) + Ch¢p

apg(e, - ¢p) + C£¢p

max([% cnl, D —%cn

max([%- CSI, D) + % Cg

ma.x([%— ch[, D) —;-ch

max(|% Cll’ DE) + % C,

Then by substituting the above

42

(38.b)

(38.c)

equations intc the conser-

vation equation for the control volume; i.e.

F
e

-F¥ + F_ -F +F -
w n S

h

F

L

I

S. d(voL)
vor °
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vields: ¢p [(ae +a + a, f ag + ay + al) + (Ce - Cw + Cn

= Cg ¥ Gy Gl = Ay * Ay a0yt agg

+ b ¥+ a2¢L) - J[/)fVOL S¢ d(VOL) = 0 (39)

In-a control volume, € _+ C_+ C_+C_+ C_+C, =0
e w n s h L2

"~

to fulfill continuity conditions.

a, + S d(voL) = 0 (40)
* J(/)fVOL ¢ '

where i = n,s,e,w,h, 2

Then g ai¢i - ¢

HM

|

4.2.2 EXPRESSIONS FOR THE SOURCE TERM

In the general form of equations, there are source terms
for all variables (i.e., U, V, W, K, €, T). They can be put
in the form

S, d(VOL) = Sp(¢_) + Su (41)
VoL ¢. P >

For U
U
Sp = - & eff
r2
su = 2|¥ arsz + =( Loy ets v & YOk, o
T Flg ATLZ T TlMerr TR T w 86 T ‘Peff BB
H
n VOL , 1 AW, \h VOL . .. “eff AU, n
- SO g 3 * Elerr 1) n az o T S & U
H
eff AV,;e _ pUV
L Gt v-O B D= (42)
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For Vv -
24 -
Sp = - 5_._-e..f—f -
r= ,
— olS 1 n VoL . 1 e VOL
Su = Pl 888z + T e )]s a3t T Tess Ar)] 28
h VOL oU? . Peff AU e
+ e 5 g 1ot S - 205 )1 .
1 Meff AU :
=3 )I | (43)
""" For W
Sp =0 -
_ o JAW. R VoL 1 AU, e VOL
Su = PIh a8ar + (ueff Az) |2 Az + r(.ueff Az) ]w AS
1 AV, 1n VOL _
+ ;(ueff o A_z-) ls AT ' (44)
For X
2 .
o = CuCDp KP(YOL)
p —3 -
He
{45)
Su = G {(VOL) .
For ¢
pE
Sp = - C2 T (VOL)
P
“(46)
ut Ge
Su = Cl —R_E(VOL)
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For T
Sp = O -
Su = 0

Then, the integrated transport equations become

T - T =
Lajé; —o, L2 +8o,*+Su=0
L i

or ¢D(X a; - Sp)y = ¢ ai¢i + Su (47)
<1 i

4.3 THE SOLUTION OF THE FINITE-DIFFERENCE EQUATION

4.3.1 INTRODUCTION

The solution procedure used in this study was the
"quess-correct” procedure. Since the egquations are non-
linear and inter-linked, the algebraic egquations of all
vg;iables were sqlved simultaneously. The line iteration
method was used and was carried out by sweeping through all
three directions. Values of the previous iteration were
used as the new "guess" values until the solution converged.
The solution procedure was developed based on the SIMPLE

algorithm of Patankar and Spalding [1].
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4.3.2 THE ITERATION METHOD

- A grid line is chosen (e.g. in the y:direction) while
the neighboring lines (i.e., in theAx— ana z-direction} are
known from their values of the previous iteration. The ¢
values in the chosen line-can be solved by the Tridiagonal .
Matrix Algorithm (TDMA, see Appendix B). Then the procedure
is repeated in one sweep for all lines inAthé y-directioﬁ.

One or more sweeps in other directions (i.e., x- and z-

direction) could fcllow, if desired.

The convergence of the line iteration method is fast,
because the information from the end bocundaries of the line
is transmitted at once to the interior of the domain. By
al}ernating the line directions, one can quickly bring the
information from all boundaries to the interior.

-,

4.4 THE PRESSURE CORRECTION EQUATION

The steady-state continuity eguation is given as

13 ) 13 3 _ -
T -a—i:(rpv) + 7 va—e'(pU) + E(DW) =0 (48)

The integration of the continuity equaticn for the

typical control volume shown in Fig. 2 gives

1 1 1 1
;(pUA)e - ;(pUA)w + ;(?pVA)n ;(rpVA)s + (pWA)h

- (pWA), =0 (49)
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x . - *
If p is the guessed pressure, then the correct pressure
X . * .
is obtgined from p = p + p' where p' is the pressure cor-
rection.
Consider the x-momentum algebraic equation,. .
.\
- =T P -7D '
(z a; Sp)Ue £au, + b + (-p ‘E)Ae (50} -
1 , i
. * * x % ~—
Now, using the guess values, P , U , V , W
x - * i * * :
(£ a; - Sp)U, =L a; U, +b+ (P, -Pplag . (51)
i . o i =
Subtract equation (51) from (50) to yield
5 * T ] * - p_t | 2
(E a; - Sp)(Ue - Ue ) = z ai(Ui - U ) o+ (Pp - Pg )Ae (52)

*x *
assuming U; = Ui and- Ue = Ue + Ue'

T — [ Tyt
Then, (; ai Sp)Ue = (Pp PE ) Ae

— T t
_or U =10 + de(Pp PE } (53)

where de = Ae / (E a, - Sp) .

Equation (53) is called the velocity-correction formula

for Ue. Other formulas are :

*
U, = Uw + dw(PW - Pp )

-
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-— | I t
Un = Un + dn(Pp PN )
*
— | ]
U, = U, + dS(PS Pp ).
*
= . ' o T
Uy =0y + dh(Pp Py") _

— t 1
U, =0, +d,(P, Pp )

Substituting all the velocity correction formulas in

equation (49) yvields

(z ai)Pp' =z aiPi‘ + C (55)
1 =
where ag = oedeAe
Ay = Sty
aN = pndnAn
qg ~ osdsAs
2g = Pp%hth
ap, = pedehy : .
* * * * *
C= (U A), - (U R + (VA — (oV AV + (W B)p
- (WAl (56)

Note that for the pressure-correction equation (55},

the source term Su=C ; Sp =20



.4.5 THE 'SIMPLE'ALGORITHM

-
-

‘ The procedure used. to solve the pressure-linked momentum

equations is the SIMPLE algorithm which stands for Semi-

Implicit Method for Pressure-Linked Equations. The important

steps in the operation are:

)
.4

%*
l)//g:eSS“tﬁz’g;essure field P

2}
3)
4)

5)

7)

8)

. i . R * *
Solve  the momentum equations to obtain U , V , W

- . .
Solve the P' (pressure correction) equation

Update the pressure (P) by édding P' to P

. Update U, V, W from their guessed values using the

velocity-correction formulas (see Section 4.4)
Solve other ¢ equatidns (e.g., femperatu:e, K, ¢€)

Calculate new fluid and turbulence properties
' - (?f

(€-9.r Pr Bogs) ’ | | i

. .
Use the new corrected pressure as 2 newly guessed

* .
pressure P , return to Step 2, and repeat the whole

proceduﬁe until a converged solution has been ach-

ieved.’ -
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4.6 NUMERICAL STABILITY
4.6.1 UNDERRELAXATION
Underrelaxation is used to avoid divergence in the
iteration solutlon of stronglv nonlxnear equations. It
'slows down the changes of the solution from iteration to
iteration. For the x-momentum equation,
T - e T .
(7 2 Sp)UP z aiUi + Su ‘ (57)
. .l l 4+
Z a.U. + Su
; 11
U = . (58)
P L a;, - Sp .

i

Manipulating equation (58}, vields
Z a, U + Su
* Y ! *
o= % * 7 a, -5 p’
i

where. the contents of the parentheses represent the
change in Up produced by the current iteration. ‘This change

can be reduced by the introduction of a relaxation factor v,

s0 that
T a.U. + Su
* ;L 1 . *
U_=0U_" + - U
=% T Yo = p’
i
(£ a. - Sp) (Z a. - Sp)
il - il *
or U, = I a0, '+ su+ (1 <v) U (59}
. When the solution converges after a number of iterations,

. *
Up becomes equal to Ub . This implies that the converged
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values of Up do satisfy the original equations.

4.6.2 FALSE SOURCE TERM

As described by Patankar [12], there are two rules con-
%

berning the values of the coefficients in equaticn (47); i.e.,
\ -

(?ai - Sp) ¢p = §(§i¢i) + Su

where ¥ = n, s, ¢, w, h, ¢

-

The rules are

{i) 'Al‘l coefficiehts ({:ai - Sp and vne(_ighbouring coefficiénts
i
‘ai) must- always be positive,
(i1) wWhen the source term is linearized as § = Su + Sp¢o,
the coefficient Sp must always be less than or equal
* to zero.
Bv exaﬁining the equations in Section 4.2.1 and 4.2.2, it can
be seén that the coefficients (ai) are alwayvs greater than or
equal to zero and Sp is always smaller than or egqual to zero.
However, numerical instability may arise when all the coef-
ficients (ai and Sp) are zerof Under this condition, the

tridiagonal matrix (see Appendix B) would become singular,

since Zai - Sp = 0 in equation (47).
i

Therefore, a false mass source is introduced, such that

-[//VOL Sra1se G(VOL) = (S)) 6 + (Su)g (60)
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where ' ' ~
(Sp). = - LC. : .
f M i l . '
su). = (L C.)o_
( u)f = (; i)¢p
i . ) .
‘E Ci = max (0.0, annAn - pSVsAS + peUeAe - pwaAw

- o
T PRt T PRy
Then the general algebraic eguation (47) becomes

{ ? a; = Sp - (Sp)g 1 ¢, = Etai¢i +Su+ (Swg . (61)

In this way, the case of all coefficients being zero can be

eliminated. Also, the false source terms have no effect, on

. ' . *
the final solution, since ¢p = ¢p and £ Ci = 0,

when that solution is obtained.

4.6.3 CONVERGENCE

In the SIMPLE algorithm, convergence is considered *

achieved when the total divergence (R,) is less than a chosen

o)
value, for all equations. Total divergence is defined as

z (c0nveétion + diffusion + source)
R =allijk
b . J¢
reference
T (L a_ - Splp - L (a_¢_) - Su
_all ijk m ™ m mom
R¢J = T (62)
¢reference
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1

where m=n, s, €, w, h, 2%
_“J¢ ° is the reference flux for variable ¢.
reference _
‘e.g. Ty = I pWA
reference inlet

4.7 COMPUTATIONAL METHODS FOR THE GAS-AGITATED LADLE

This sgqtion describes the methoas of computation as-
sociated with the ladle predictions. The physical models
for both centered and off-centered gas-stirred ladles are
also described. The assumptions made with respect to the
gas-liduid interaction are presented and the initial+ and
'bquhdary conditions are l}sted. Some comments on the develop-

ment of the %@xee—&imehsional computer program are made.

4.7.1 DESCRIPTIO& OF THE PHYSICAL MODEL.FOR BOTH CENTERED

AND OFF-CENTERED, GAS-STIRRED MADLES

A schematic diagram to show the ladle arrangement in the
metallurgical process is shown in Fig. 5a. The ladle is as——
sumed to have a cylindrical shape. For centered-jetting,
the gas plug is located at the center of the bottom plate és

shown in Fig. 5b. For off-centered jetting, the gas plug is

located on the bottom plate half-way between the center line

+ "Initial condition®" is used in the present work for the
~ assignment of the parameter value at the start of the comp-
utation.
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Al

~

and the side wall as shown in Fig. Sc. Argon gas 1is injected
through a submerged lance,‘plug, or nozzle to stir the liguid
~metal in the ladle. The gas flow induces motion in the fluig,
thus enhancing chemical reactions, and minimizing temperature
heterogeneities. ' A gas-ligquid mixture column with cylindfical
shape and a radius of Rc is assumed. The walls are assumed

to bg rigid and impermeable. The top surface is assumed to

be a.f:ee surface. The moltenwgteel level in the ladle remains

the same- during the gas-stirred process.

Computations were carried out for different geometries
and gas flow rates for both laboratory and industrial scales.
The pﬂysical and thermal properties for the three distinct
ladles that -are analyzéd in this study are listed in Table 3.
The propertiés listed for vessel 1 are those adopted by Deb
Roy et al, which are also identical to the conditions des-
cribed in Szekely's experiments [54]. The conditions listed
for vessel 2 shown in Table 3 are identical t¢ those described
in Guthrie's experiments [64]. Vessel 1 and vessel 2 are
water models which are used to examine the behavior of the
mathematical model developed.  Vessel 3 is a 150-ton steel
ladle in which the flow pattern in the full-scaled ladle can

be analyzed. . N



-

Table 3 Physical and thermal properties data for the three

vessels studied .

Vessel #1 Vessel &2 Vessel 43
diameter 0.6 ' 0.5 3.0
{m) :
depth of fluid | 0.6 0.45 2.7
(m) '
R B -4 a2
gas flow rate 2.052 x 10 4.30 x 10 5.937 x 10
(m3/s) : Y :
nozzle diameter | 12.7 2.16 ' 13
{mm)
Y liquid water water | steel
 1iquid density | 995 | 995 7,500
(kg/m?) {
y 0.655 x 107> | 0.655 x 10> | 5.0 x 1073
lam ° :
(kg/m~-s)
Pr 4,34 4.34 0.08¢%




4.7.2 ASSUMPTIONS MADE FOR THE BUCYANCY CALCULATION

To evaluate the éénsity variation in the two-phase region,
void fractions are calculated for both non-slip and slip-coﬁ—
ditions. The term "slip" can be defined as slipping between
the gas bubbles and their surrounding fluid. For non-slip
conditions, the general expression to evaluate the void fract-
ion (a) is:

v
Q

fAWdA
0

When slip is considered between the phases, the following

Q =

¢

expression is used:
_'ﬁ Vq
¢ =7z
fo (W Wgy;o) dA

is the relative velocity between the gas phase and the

s/wliqui

wslip

g) is generally

liquid phasel The slip ratio (Wga

determined from empirical -correlations for two-phase flow
since it depends on the flow pattern, pressure, voids, etc. .

In this work, a slip velocity (W ) of 0.4 m/s is assumed.

slip
The calculation of the void in the mixture column in a given
cell is carried out in two different ways based on the follow-
ing assumptions:

1. An average void fraction is calculated for a horizontal

Pplane with the expression:
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= —'/’mi/’gc r W(z) dar de
0 0 )
This void fraction is used in the computation for all
cells in the mixture column of that particular horizontal
plane.
2. A local void fraction is calculated for:-each cell in the
mixture cclumn with the expression:

Avg (el r)
T T W(B8,r,2) OLrAB

a{8,r,z)

This expression is based on the assumption of uniform

distribution of the gas flow .in the mixture column.

In the gas-liquid mixture column, the local density is
estimated as

_ _ =
p(6,r,z}) = [1 a(e,r,Z)]oliq + g(s,r,Z)og r < R,

Since p and o 1s generally small (e.g..a < 0.2),

g *° Piiq
one may assume that

p({8,x,z) = [1 - °(e'r72)]pliq T < R,

Deb Roy et al (1978) suggested a value of 0.24 for the ratio
of RC/R' The value of RC/R depends on the gas flow rate,
pressure, flow pattern, etc.. In this study, a value of

0.25 is chosen for RC/R to allow for comparison of the pre-

. sent data with former results.
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4.7.3 INITIAL AND BOUNDARY CONDITIONS
S

Theé initial conditions at the beginning of the comput-

ation and the boundary conditions imposed are:

(i) Initial conditions

The fluid velocities and all the turbulence parameters

of the flow in the ladle are 4initially prescribed as follows:

U{8,r,z) = V{8, xr,z) = W(6,xr,z) = O‘

K(8,%,2) = Kijipigy = 0-05 (Wypopenp)?

€(8,7,2) = 550501 = Op (Kipiea1)¥/2 7 (0.01 R)
Megg (8 T2) = Byan * C e (Rynsesa1)*/Cinieial
T(8:T,2) = Typyeia1(?)

p(8,1,2) = o750 . r € R
p(6,xr,z) = (1 - a)oliq + *Pg r < R,

The fluid in the ladle is initially stratified with a higher
temperature -at the top. For the non—sli? condition, the
initial axial velocities (W) in the mixture column are assigned
a small positive value to avoid dividing_vg by zero at the

beginning of the computation.

(ii) Boundary conditions at the walls

The f£luid velocities and turbulence parameters at the 7

fictitious wall cells are prescribed as:



(i11) Boundarv conditions at the free surface

The fluid velocities and turbulence parameters at the
fictitious free surface cells are prescribed as:
W=0

du _ é&v _ dK _ de _ 4T _
dz dz dz dz dz dz

(no shear is transmitted through the free surface)

(iv) Treatment of near-wall regions

In the near-wall region, the wall-function method is
emplofed as described in Section 3.7. Both the mean and the
turbulence quantities are expressed as a function of the di-
mensionless distance (y+) normal to the wall. In the near-
wall region, both convection and diffusion cf the turbulence
kinetic energy are negligible and therefore, the production

rate of the turbulence kinetic energy is equal to 1ts dis-
sipation rate.

(v} Boundarv conditions in angular direction

At the €6-boundary, the conditions are as follows:

¢(l,xr,z) = 6 (NX-1,r,2)
¢ (NX,r,z}) = ¢(2,r,2)

where ¢ = U,V,W,K,e,T,o,ueff

The grid cells (l,r,z) and (NX,r,z) are fictitious bound-

ary cells.
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4.7.4 PROGRAMMING DETAILS OF FLOW PREDICTIONS IN A LADLE

The computer ?rogram developed has cover 8,000 lines.
In the compﬁter pfogram, a three—dimensionél, cvlindrical
coordinate system (8,xr,2) was used as well as a coarse uni-
form grid of 12x10x10 in the 2z-, x- and G%direction. A
memery region of 350K was taken up to compile this program.
To achieve convergence, about 100 iterations were executed.

)

4.8 COMPUTATIONAL METHODS FOR THE PHYSICAL MCDEL OF THE

T-SHAPED TUNDISE ) -

The physical model of the T-shaped tundish is described
in this section. The initial and boundary conditions applied
to the model are stated. Computational details with respect.

to the execution of the computer program are alsc discussed.

4.8.1 DESCRIPTION OF THE PHYSICAL MODEL OF THE T-SHAPED

TUNDISH

A schematic diagram of the water model used to predict
the flow in the T-shaped tundish, is shown in Fig. 6. Since
the flow s symmetrical, only half of the. tundish is modelled,
as shown in Fiét 7. To siﬁplify the analysis, both the inlet
and the outlet nozzles are assumed to be rectangular in shape

and identical in size. Velocity: gradients at the nozzles

are zero. The walls are assumed to be rigid and impermeable.



The coﬁstant wall- temperatures are lower than the inlet fluid
temperature by 10°C. The top surface is assumed to be a free
surface. The fluid depth in the tundish is constant since
the iﬁlet flow rate is equal to the outlet flow rate.

, .
The physical and thermal properties of the water model

which simulates‘§§; flow in the T—Shaped tundish, are shown

in Table 4. The pfoperties-listed are similar to those adopted
bg Heaslip [65]. A similar experimental water modei has also
been built by Guthrie et al to study the flow in the‘T-shaped.
tundish. However, the experimental daﬁa.available for.the

comparison of the behavior between the experimental water

models and the present mathematical model, are limited.

4.8.2 INITIAL AND BOUNDARY CONDITIONS

The initial and boundary conditions are:-
7

(i) Initial conditions

The fluid velocities and all turbulence parameters of
the flow in the tundish are initially prescribed as follows:
W (at inlet nozzle) = 0.5 m/s

W (at outlet nozzle) = 0.25 m/s

W (otherwise) = U(x,v,z) = Vix,v,z) =0
_ = 2
K(x,¥,2) = Kjpip5a1 = 0-05 (Wyo9.4)
: _ _ 3/2
€(X,¥s2) = €inie3a1 = CpXynjejar) 7/ (0.0 R)



Table 4 Physical and thermal properties data for

the  T-shaped tundish {refer to Fig. 6)

Provmertv

length
width
. depth

nozzle size

inlet flow velocity

£luid

fluid density
ulam

Pr

Tinlet

Twall

,

Data

0.48 m

0.32 m

0.15 m

0.02 m x 0.02 m
0.5 m/s -
liquid water

995 kg/ﬁ3

0.655 x 10> kg/m-s

62
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a2

ueff(x,y,z) = Miam *t Cuo‘(K. Y=/

initial
T(jy,Z) = Tual1®
p (/' Ile) = pliq

The £luid in the tundish is assumed to be initially at .

S
initial

a constant temperature equal to the wall temperature. Since
the' total inlet area is only half of tﬁe total outlet area,
the outlet veiocity is prescribed as half of the inlet velo-

city. The-fluid density is kept constant for all nodes.

{ii) Boundarv conditions at the walls

The f£luid velocities and all turbulence parameters at

~ the fictitious wall cells are prescribed as:
. ‘ W,:_V.= U '= K=1¢ = .
l T = Tha11 . : ' .

(11g Boundary conditions at the free surface

-

The fluid velocities (U and V) and all the turbulence
- pardmeters at the fictitious free surface cells are prescribed
as: Lot

. w = "'0

.d£=§_‘{=§§=d__€_=d_.ll=d__ueff=0
dz dz dz dz" dz . dz

t J
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- {iv) Treatment of near wall regions

~ In the near-wall region, the wall-function method is

v

emploved as described in Section 3.7 and Section 4.7.3 (iv).

(v) Boundarv conditions at the nozzles

At the nozzles,

winlet = 0.5 m/s
_ 1
Woutlet -2 Winlet
uv=v=20 .
du )

4.8.3 PROGRAMMING DETAILS OF FLOW PREDICTIONS IN A'TUNDiSH.
. o ’ - .
- Various compwtational details reguired for the flow
p:g&ictions‘in'tﬁe tundish which are different from the flow
pfedictions in the ladle are gxplaiped here. The’grid arrange-

ment is similar to that for the‘flow.prediqtion in the ladle,

. - 0
except that the Cartesian coordinates (x,y,z) are used rather
: F 2]

than the cylindrical coordinates. A variable grid of 20x26x12 °.

" is used& in x-, y- and z-direction. A memory région of -1000K

was taken up to compile the ?rogram. To achieve convergence,

about 205\iterations were executed.
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4.9 SUMMARY OF THE COMPUTER PROGRAM-

L. .

A flow chart of the computational procedure for the three-

dimensional model developed is shown in Fig. 8. The detailed

steps ©f the computation are as follows:

(1)

(2)

(4)

(5)

s

Information such as the grid size, ladle or tundish di-
mensions, fluid properties (i.e. H1am? uliq' Prandtl
numbers atc.), control parameters, tvpe of cocordinate

system used, etc. is input through-'block data.
The grid arrangement is then set up with the given grid
size. A variable me@h size or:a hgorm mesh size-.can

be specified, and the ;ofrespondin weight factor is

calculated.

The cell dimensions,: cell areas and cell volumes for the

U-cells, V-cells, W-cells and grid cells are calculated.

Thé ¢ variable fields (¢ = U, V, W, K, €, T, p, M g;)
. ;’ M
are initialized. . 4

For the U~momentum equation;\zkg following procedure

is .followed. The coeff;cients, a s are set up for all

cells in the.doﬁaiﬂ. Subsequently, the source terms,

~
o~

Su, Sp are calculated. Special boundary conditions are

imposed for the wall, the symmetry line and the free
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input data
- feg. grid size
£luid prop.
monitors, etc.
.
set up
id -’
arrangement

Figure 8 A flow chart for the

RS computer program developed
calculate '

cell .
dimensicn ' -

¥
initialize .
J,vV,w,K,e”2,P, | N
PPN e
field, alsc i=l

> L4
lensemble coef,
for ¢; eqm.
¢;=0,V,W,P' ,K,c,T
i=1,2,3,4,5,6,7
1 *
calculate

source term
for ¢; ecn. ‘ et

I . .

solve the impose
next ¢; eqn., |, boundary
. i=mi+ld conditions

& » 'L
solve matrix
for ¢i eqn.
calculate

residuals

update
¢y field
i-l/213I4I5I61?

y
calculate i
and update
flu;d Prop.
eqg. uefflo

print and
plot the
solution

convergence
reached




(6)

(7)

(8)

- {9)

<

surfaéq. The set of algebraic equations at the differenﬁ
grid nodes, constitﬁtes a system of simultaneous algebraic
equatians, the solution of which is obtained by perform-
ing sucessive line-iterations in the three coordinate
directiocns. The algebraic equations at all U—qells along

a given U-cell line are solved simultaneously for the

values along that line, while the neighbouring values -

along the other U;cells lines are fixed at their pre-
vious iteration values. Aloﬁg the line in the z-, r-
and 6-direction, theé set of algebraic equations yieldst
a tridiagonal matrix of coefficients, the solution of

which is obtained rapidly by means of the tridiagonal

matrix algorithm (see Appen&ix B).

OCther variables (i.e. V,W,P!',X,e,T) are solved sucessive-
ly with the same procedure described in Step 5. The

sequence of solution for these variables is chosen accord-

TS

ing to their relative influence on each other.

~

Values of the variables U, Vv, W, P', X, ¢, T for the

current iteraticon are updated.

Fluid properties (i.e. o, 0o, ueff) are calculated and

updated based on the updated, dependent variables.
o .

The results are printed after a desired number of iter-

ations. The velocity profiles, K-distribution, and length
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scale distribution are plotted for different, chosen
planes. The Eteratiéhﬁprocedure continues, with a new
iteration being initiated and the procedure from Step S
to Step 9 being repeated, until the rélétive total di-
vergence (see Section 4.6.3) for all the variables ‘

{({i.e. U, V, W, P', K, €, T) is lgss than SXI0_3ortxmilfiE

number of iterations exceeds  the prescribed maximum

value.

(10) Before the termination of the execution, the results

are printed (and plotted).
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CHAPTER 5

————

RESULTS AND DISCUSSION

5.1 GENERAL

Computational predictions for both the gas-agitated
ladle and the T-shaped tundish are presented in this chapter.
First, the predictions of the .ladle with centered gas-jet;
ting are presented and discussed. Then, the comparison of
the éredictions from the water model and the full-scale
model is presented. The effect of off-centered gas-jetting
in a full-scale model is analyzeé next. Lastly, the numerical

predictions of the T-shaped tundish are studied.

A.numerical study of flow and heat transfer in a gas-
agitated ladle is carried out. To examine how well the.model
/

behaves, velocity predictions for the small-scale runs were

compared with Szekely's [54] and Guthrie's [64] experimental

data for the water models of the same scale. Reasonably
]

good agreement betggfn the computations and the water models

has been attained.

5.2 COMPUTATIONAL PREDICTIONS FOR CENTERED GAS-STIRRED LADLE

In this section, predictions .for velocity and turbulence

’
s
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properties are studied for the three centered, gas-stirred '
vessels. Both slip and non-slip conditions are tested. éﬁ\\P
sli§ velocity of 0.4 m/s is considered for all three vessels.
For.the two water models (i.e. vessel 1 and vessel 2), pfe-‘

dictions are compared with the experimental results. For all

three vessels, the ratio RC/R is takgn toc be 0.25. b

For vessel 1 with slip condition, the velociﬁy profile
is shown in Fig. 9. Generally, high veloéity is observed in
the mixture column, since the flow is buovancy-driven by a
lower density in the mixture column. Recirculation is cbserved.
The cente;\of the vortex appears near the top corner. Recir-
culation promotes downward flow near the side wall. Fig. iO
illustrates the turbulence kinetic energy dist;ipution. The
maximpqlK value is 0.014 m%®/s?, and the ratio Kmax/(wmax)z
is I2.9%. The maximum K value is located near the Upper re-
gion of the.mixture column surface, since the velocity gradient
is high is this region. On the other hand, values of K are
small at the center line becau;g the velocity gradient
there is low. The u-distribution, which is shown in Fig. 11,
is similar to the K-distribution. The upper region of the

mixture column surface has a high turbulent viscosity. The

ratio u is 1.513. The length scale distribution is

max/ulam
shown in Fig. 12. The maximum length scale is located near

the center of the vortex, whereas the length scale near the wall
' ) [

«
-
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is-small. The ratio 2 /R is 0.6748.
' max

The same model of vessel 1 with non—slip'condition was
tested. Fig. 13 represents the velocity profile of centered
bubbling with non-slip condition. The overall velocity is
‘higher in the non-slip condition than that in the slip con-

L/aition,.as shown in‘Fig.S. A higher turbulence effect resuits
since a higher recirculation rate promotes higher wvelocity
gradients in the entire domain. However; the general flow
pattern and turbulence proper£ies.distributi§ns are similar
in both slip and non-slip conditions. The avefage plumé-'

velocity in the mixture column cf the ﬁon—slib-condition.is

0.332 m/s, whereas in the slip condition it is 0.224 m/s.

The assumption of the average void fraction rather than
the uniform gas concentration was also tested. Fig. 14 shows
the velocity profile of centered bubbling, non-slip with the
average void fraction calculated at every horizontal level.
In the mixture column of the average void run, veloci;i@g“’

4
. . . g .
,qlose to the center line were a little higher than in the

uniform gas distribution run (Fig. 13), whereas the velocitieg\\
near the column surface of the average void ‘run were lower. \\\
The small wvariation of the plume velocity, however, did not

affect the rate of recirculation, since the velocities out-

side the mixture column for both runs are similar.

’
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To demonstrate how recirculation affects the temperature
distribution field, a test run of vessel 1 with non-slip con-
dition was executed with a laver of slag on the top surface.
This laver of slag would act as a top wall. The slag temp-
erature was higher than-the bottom wall- temperature by a
difference of AT, and both temperature were fixed. The side‘
wall was insulated. Initially the fluid had a uniform thermal
stratification. At convergence, the temperature distribution

was uniform between T +_0.66AT and T

A
bottom + 0.67AT.

bottom

To examine the validity of the present model, the pre-.
dicted velocity distributions were compared not only with
Szekely's experimental data, but also with preéictéd resﬁlts
from a model developed based on the Los Alamos MAC method
(Salcudean. et a2l [58]). The measured velocity distribution
by Szekely et al [54] of vessel 1 1is presented in Fig. 1l5a.
Salcudean's et al predicted results [58], which are based on
the Los Alamos hAC method, are illustrated in Fig. 15b. The
Los Alamos model is for transient flow and was run until
steady-state was reached. General agreement Setweén measure-
ments and predictions in Fig. 9, 13, 14, isa, 15b can be

noted, since the general flow patterns are very similar.

{

Test cases of vessel 2 with both slip and non-slip
conditions were run, and the-velocity distributions are

shown in Fig. 16 for slip conditions, .and in Fig. 17 for
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non-slip conditions. Again, the overall velocity -in the
non-slip conditions is about 20% h;ghet than that of the

slip conditions. When the velocity distributions are com-
pared with Guthrie's [64] measurements (Fig. 18), reasonably
gocd agreement can be found. By looking at the axial vélocity
component versus radial distagce in various Z/K ratio (Fig. .
19), good agreement between the measurements and preaictions

can be found. -

S.3 FULL-SCALE AND OFF-CENTERED JETTING PREDICTION

. A

The predicted velcocity distributions and'turbulenqe
characteristics distributions for a steel ladle with both
centered and off-centered jetting are commented upon and
cdﬁpared with the water model. The velocity distribution

. .

~of the full-scale run for a 150-ton, cénteréd-jetting steel
vessel with slip condition is presen;ed in Fig. 20. The
velocities in vessel 3 are larger than the velocities in
vessel 1, since the column height and the density difference
between the liguid and the gas have been increased. The
maximum velocity is 1.58 m/s which is more than four times
that in the water model vessel. Average plume velocity is
1.08 m/s for slip condition. The general flow pattern is’
similar to that of the water model prediction. The vortex

center is close to the top and the side wall, because of

»



74

larger fluid entrainment. The turbulent kinetic energy -~
distribution for vessel .3 is shown in Fig.2l. The maximum
tﬁrbulent kinetic energy has increased seventeen times com-
vared to that in vessel 1, since the maximum velocity in the
. steel vessel has increased more than four timesacomparéd-to
that in the water model. The ratio X __ /(W__ )* is 0.10,
which is comparable to the same ratio in the water model
(reduced scale) which is 0.13. The maximum effective vis-
cosity of vessel 3 (shown in Fig. 22) is 157 N-s/mz,;which
is abocut one hundred and thirty times thaﬁ of vessel 1.
Again, the up-distributions for both vessel 1 and vessel 3
are very similar. The length scale distribution is shown in
Fig. 23. Thg ratioc RmaX/R is 0.6212 which i1s a little smaller

than the one in vessel 1.

The off-centered jetting is often practiced »in the
steel industry. It 1s worthwhile to examine how the off-
centéred gas jets affect the flow. A schematic diagram of
Aﬁhe'veséel with off-centered jetting is shown in ng. 24.
The gas plug is located midway between the center zéneaand
the left wall. Fig. 25a and 25b illustrate the velocity
distributions of vessel 1 with off-centered jetting and slip
condition. Fig. 25a illustrates the predicted results from
the éresent medel and Fig. égb the results from the Los

Alamos model [58]. Good agreement“betwéén.éhe two models

2
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can be observed. The velocity distribution of vessel 3
with non-siip, off-centered jet is presented in Fig. 26. A
strong redirculétion can be observed near the top center
.region of the vé§sel. Two small vortices are found near the
left side-wall. The average plume velocity is 1.04 m/s, and
it is 14% lower than that in the centered-Bubbling model.
The maximum velocity is 1.48 m/s which is again 14% lower
than that in the centered-bubbliﬁg rnodel. In the—mixture.
column (Fig.26), velocities cloée to the left wall are
higher than the velocities c¢lose to the center line. This
is due to the =symmetry of the plume; less fluid is

entrained in the left side of tHe vessel than in the right

side, therefore 1less redistribution of momentum occurs.

The kinetic energy of turbulence distribution is showﬁ
in Fig. 27. Again, the maximum value is found near the ﬁix—
ture column surface and the free surface.b The K values near
the center portion of the mixture column are small. Generally,
the kinetic energy of turbulence in the right-hand part of
the vessel shown in Fig. 27 is less than 10% of the.maximum
K value. The maximum K value is evaluated at 0.43 m?/s?
thch is seventeen times higher than that in the centered-
bubbling vessel. This can be explained since the velocity
gradieﬁﬁ in this region is higher than that in the co?rspoﬁding

region in the centered-bubbling model. One side of the mixture

G



'coluﬁn is close to the wall and the fluid entrainmenf becomes
small. The effective viéc?sity distribution is shown in Fig. 28
and 29 . Simil#% to the K distribution, the maximum value

is loéated in the outer zone of the mixture column surface

neér thefree surface, and the p value in the centerrportion

of the mixture célumn is small.” Generally, turbulehée.is

~ higher near the free surface than near the side walls and

\ is

bottom wall. u is 225 N-s/m*® and the ratio u

max max/ulam

45,000. These values indiéa;e +hat the turbulence effect
is significant. The maximum degree of turbulence is about
40% higher than that in the centé}eé—bubbling. The length
scale distribution is shown in Pig{ 30. The maximum length
scale is located below the center of rec1rculatlon near the
-upper center region. The ratio i /R is 0. 772 whlch ls

about 25% higher than that in the centered—bubbllng model.

5.4 COMPUTATIONAL PREDICTIONS FOR A T-SHAPED.TUNDISH

~
<

Velocity and turbulence properties prediction§ for the
T-shaped tundish are analvzed. A few comparisons of the
'predlctlons w1th the experlmental flow directions are studled.
These flow dlrectlons are obtained from Chushao Xu of McGill
University who recently built\a water model similar to Heaslip's
[65]. The velocity directians of the predictions in the

Y

g

horizontal cuts near the top and bottom planes and the vertical

™



" cuts near the inlet and oulet orifices &Fig. 31 through 357
coincide with the experimental directions (Fig. 36a and 36b).
Velocites are much higher near the two orifices. ‘&he ratio
of the average recirculatory speed to the inlet velocity is
in the order of 10~2. on examining thé flow patterns, it is
noticed tha£ h@st-inlet fluid.cﬁénges direction by 180°

after hitting the bottom wall. Some of this upward flowing
fluid hits the top free suréace and then flows downward to
the éxit orifice. This path enchances inclusions to float
on the free éurfaée'and join“the laver of slag. The_temp-. .
erature distribution in the tundish was examined. The
inlet temperature was kept 16° (AT) higher than the wall
temperature. All the walls Qere kept at a constant temp-
erature. _The temperature distribution predictions (Fig. 37
through 40) show that the inlet fluid was cooled by tﬁé wall
such that outlet temperature was 0.05AT higher than the wall
temperature. With these predictions, the ladle outlet temp-
erature, the tundish inlet flow rate, and the tundish wall
temperature could be adjusted éarefully to control the temp-

erature of molten steel going into_thé mold.

The turbulence parameters shown in Fig. 41 through 43
determine the degree of turbulence in the tundish. A high
turbulent kinetic energy was found in the inlet region since

the velocity gradient is high in this region. 'For the same



reason, a relatively high level of turbulence kinetic energy
was found in the outlet region. In most oﬁfthé wall regions
and corners, the effective viscosity was éompa;able to laminar

viscosity. . X L

. Some of tﬁe fluid doés leave‘the tunaish in a short path .
Qiéhout being recirculated (this isialso known as sport-cir-
vcuitiné) Short-circu