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ABSTRACT

L

COMPUTATIONAL FLOW PREDICTION
*  IN CYCLONE CHAMBERS '

Georgios Haralampou Vatistas

¢

A theoretical prediction proc;edure has been dev'e'l oped . to ana]&ze |
thé physical processes téking place"in cyc{one chambers. For this, the
tra}sient two-dimensional (2-D) Los Alamos SOLA solution aigorithm has
been extended to include the effect; of the t'angentiali velacity component
for the flowfield which is assumed to be r;xisy(pmetric. fhe numerical '
solution procedure uti]izes a simplified form of the Marker ar)d((feﬂ
solutf,on technique focussing attention on thé steady-state case. A |
rapidly convergent algorithm is achieved by applying the m;tho;i ‘developed - | 1
by the' Imperial College group. f"or treati‘ng the outlet bohnda;'y‘ condi‘;ion.
Predictions for a cy‘c'lone‘chamber with a s‘ing1e-or a multi-set of

-

tangential inlets show that a useful characterization of their flow-

¥

~ field is now becoming available.
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_ CHAPTER 1 .
- o . INTRODUCTION RV ’
- o . L S
The main -problem of energy recOvery from so]1d wastas centers -

" upon the design of efficient combust1on chambers, wh1ch must be such,

as to cause retentwn of fuel part1c1es untﬂ they are comp]etely burnt i ;
The combustwn chambers for s01id fuel, which approach the desired
characteristics, are cyclone furnacés with vortex action to segregate

heavy, and 1ight particles. | ﬁ ‘ -~

\ A

Pr1or knowledge 4f the aerodynamc ﬂow pattern-within such

chambers is necessary for a furnace des1gner to select an opt/‘lmum g

e

<
P

configuration for an efficient, poUutwn-free furnace design.

n

Howev'er, the extreme complexity of the natural mechanism involved: a
renders the prob]gm-of setn{i*ng up a matherpatica‘] ;nod:al for the ﬂqw'
pattern more difficutt. In general, the difficulties involved ”are: ,
"a) The inability of the mathematical equatians to truly J | “
\‘\ partray the flow' phenomenon in great&;v"edsion. e
b) The failure of. the existing mathematical methods.to give - i
an exact solﬁtion.to the set of p;artiql differential .

Y

equations. . . ‘ ' -

4

Recent' development of high-speed electronic computing machines prov1des
[}
the means to so\ve these equat‘ions using numerical methods with a high -, )

degree ‘of accuracy_. The present work may be c0nsidered as a first

step towards solving multi—dimensional cyclone ¢hamber probd ems with k\ v
: - # L .

complex boundary conditions. =~ s | #

1.1. THE PHENOMENON . . . ) P

sVortex chambers are used extensively in furnace engineering and

severa] otherhigh temperature applications. In ge'neral, they. havea

-
t
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" Troyankin and B'::ﬂuev6 furtfber extended the 1nvest1‘gatio:s of their model

m ~ -

‘.part(jcﬁ‘larkpatterh“of the flow-field 6roduced. It in turn, depends-on a

, combustwn problems g‘ Tow calorific- value Yases . 1n various types of

§ effects of several design paramete/s on tbe’herodynamics of the same

experimental model. An extensive research about the turbulent flow )
: )

” \
» L4

cyhndmca] conﬁguration with a centra] ax1s outlet and circumferenhal
inlets. Entry Qf ﬂu1d through the tangentia‘l 1n1ets produces a swirling
motion inside the vortex chamber The 1n1ets may ‘be arranged near the
outlet end of the chamber or at the opposite end or both. The advantages

and main characteristics of the ¢yclone process are primarily due to the

2 ket e =

number of, design parameters, including the diameter and length of the - 4

¥

chamber, size of the outlet, size and 1ocat1on of the inlets, and also o ’
the velocity and supply rates through the 1n'lets ‘ . .

The objective of the present. work is to predict numerically the
N : >

.-

v'értex flow-field within a chamber taking into consigeration the geometric

configuration and inlet flow conditions. ’

1.2 PREVIOUS WORK - . | ~ | e .‘

The subJect of confined vortex flows found 1n Cyclone Chambers

has recewc{d considerable attention in the past twenty years owjing to the o]

great potential of such a system. _ \ 4
. . .

In a comprehensive survey article, Syred et al!, reviewed the ';

cyclone conbustors. The early exper1maata1 work of Kalisheovshevshii and
Sachev? was d1rected towards the detailed 1nvest1gation of &he ve1oc1ty
and tetnperature distributions for a horizontal cyclore furnace -Later,
Baluev and Troyankin 3 performed an outstandmg experimental study gbout

the cold aerodynafnic Structure of gas flow in a vertical. chamber.

Contmuing their investigations, the same authors“ further stud‘ied the

Structure of such flows was carried out by ,U~st1'menko- and Bukhman® .

—

. . ) - s




to include the effects of the chamber's re$istance on the flow and the

furnace's aerodynamic efficiency. Finally, an article by Tager et -al’

: '(;09 7' LA ~ ro ‘ :
C: revealed the relationship between the chamber's outlet diametgn:td its
TN ' kd v,

: overall flow pattern. The above experimental work, was accomplished

using stationary models consisting of tangéntfal inlet(s), either near

e e e et

the top or near the bottom plate of the chamber. The furnaces used were

. ' ‘ . positioned either horizontally or‘vertica11y. ' . | ;
In the érea of ;heoretical investigation, wdt;mley8 provided |

an analxtical fog;datfon éq the-study of vortex flow in short cy]indrfqal i

chambers. Most of the subseqdent theoretical work is based upon worm]ey'sb b

[

N

original adqusis. A semi-analytical investigation, for a Tiquid in a

-

- swirl chamber ‘was conducted by Koval and Michaiiov’.»

Most of the theoretical models attempted 5o far used either .

WIi T b,

short. or Tong _chambers. This is due to the fact that certain appfoxim-

- ations can be made a]lowind investigators to reduce the Navier-Stokes

-, { . >
equation in a form amenable to analyti®al -treatment. The fact that
a cyclone fupnace does not belong to either of the two, above-mentioned-
/ catkgories 1eaqs to a much more complex flow-field. Furthermore, the

; associated equqf1ons can only be solved utilizing numerical methods.

: 1.3 METHOD OF APPROACH y ’
Consideration is given i the devélopment of a primitive-variable,

e . .
finite-difference so]utioe/pr6cedure for an axisymmetric swirling flow in

‘cycione chahbers.. Thg,piesent work is developed from a previous concept™
concer%%ng the solutidn of a 2-D non7$wiqging flow using the Los A]amqs10
technique fo frea;{ng the transient case, and the Imperiai College!!?
méthog/fd?i;i;;ting the steady-state case directly. \ ’ o0
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The trans1ent two-dmensaonal Los Alamos SOLA pred1ct1on

4, 0 - vt

. techrfique has bbeen extended to include the computation of an axlsynmetmc

°

"ﬁ swirling flow. Attentwn is directed tOwards the steady-state form of *

* the flow-field. The outlet cond1t1ons have, been modified using 0
" the Impema]-c%,]ege method for rapid convergence.The principal interest
is centered upon keepmg the algorithm simple, with the apprec1at1on that
any user-oriented sophisticatibns can be ddded as required to the basic ' 1
’algor%tmla’la.‘ . '
~ Useful computational results\ on the aerodynamics of the cyclone-
chan’\’ber pe: rmance for several input conditions and configurations .
indicate that a tool for the furnace designer to predict cyclone |

flow pettern is now begoming possible.

PIRTITENNT LI, Y
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CHAPTER 2
THEORETICAL MODEL " a

Consideration is giVen to thg'deve]opmenf of a finite-differeﬁ;e
sofution procgaure for Z—D‘swirling flows in cyclone chambers. ' Chapter 2
® and 3 of the thesis present the Marker and Ce]]l(MAC) simulation and |
_‘solution tecﬂniqdes, focussing attention directly on the primitive pressure
. aﬁd velocity variaﬁ]es.' A 2-D version is described in Reference fO, upon
| which the present work is based. An Eulerian finite-difference fo:;ulation
is developed usiﬁg pressure and velocity as tﬁe main dependent variables.
In addition, the U and V ve1ocity‘components are positioned between the
nodes where pressure and tangential velocity variables are stprgd. At
each-t{me step, the time-marched expressions for U, V and W are substituted
;into the cdntinuify'equation for each cell, and the guess-and-correct

iterative process on pressure and velocity -corrections are performed until

continuity is suffic%ent]y well satisfied.

1

r

_92.1 _ THE PROBLEM
* A schematic and physical ‘dimensions of the mathematical ﬁéde]
aied to simulate the processes is illustrated iﬁ figurerl. The cyclone
-ch mbe; studied has a cy]iﬂdriqa] shape with a constant cross~sect{onal
-area, Fluid, of uniform velocity, is admitted into the chamber through

. swirling vanes which regulate the relative strength of the tangential
(NIN)’ and radial (UIN) velocity components. Inlets are located along

' the upper-and lower pefiphery of the chamber's wall. Thé outlet is locatgd
centrally on the top plate and a special restriction is arranged to
pﬁévent'f10w escap;ng from the top\jn]et dihectly to the outlet port. )

The theoret%cal model is designed to correctly simulate the_

flow with reépect to its geometric configuration, physical properties
. e .

anas
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" of the fluid and boundary conditions. "

2.2 GOVERNING EQUAT IONS

In order to arr1ve -at a model amenable to mathema%;tal treatment.

- NPT Y

some s1mp11f1cat1ons are necessary. The fluid is assumed to be incompres-

s1b1e with constant k1nemat1c viscosity v. The flow is also assumed to
be axisymetrical, therefore, all the dependant var1ab1es U V, Wand P
become only functions of x, y and t.- Commencing with the’3-D equation

of fluid motionf“and taking into consideratjon the axisymmetry.of the |,

_problem, the governing equations are then given as:

gontinuity, )
T , | o
A A5 28 AU o e
] U-mome'ntum \/ . ¥
‘ .
all | aU U _ W _ 3P 2y 13U, 3% _ U (2.2.2)
ot U Vay X 9X tv X ¥ X 3x * 3y: X2 +gx ’
‘ L]
’ V-momentum
~
Y B . .
3" 3V 3V . P ety 1 av a2y )
l[. ‘ +U +V ay -%"' AY) 5}7"" 'x— —'x—+-a-§2' + gy (2.2.3)
| W-momentum
oM aW W oW _ zw‘ T oW %W W :
— on ..
st " Uk ? ~tVgy 3y V‘g‘,(?";';"‘a—y-f-;f + 94 (2.2.4)

The coori;nate system used is shown in figure 2 To transform the above

equat1on nto a conservative form (i.e. the d1vergence of momentum flux),

for the convective members. the following procedure is applied.

i




a o

S

¢+ The convec;tive portion of the U-momentum equatidn is,

U WE . AU - . *
) - - 4 ) - : . C.
- Ua x‘vay . (2.2.2a)
, ‘:l o
By _vearranging, the above equation becomes ‘ , »L
{

2
TR TRTR TR TP TR TR e

3y o ‘

ax . ax . X 3y 3y dy X ? -

or : ' . -

I U I au 3 ITRCLA i S
. X - U 3y (UV). y X -

which can be reduced to,

3 2y . O ST FLU W2 ' Y
5% (V) * 55 (W) E3 *5] - x (2.2.2b)
W

Substituting continuity equation of (2.2.1) into expression {2.2.2b),

one obtains,

9 2y + 2 U2-w? ’
3x(.U)+ay(“V)+ X

and the U- momentum equation can be expressed as,

BU 2 . 3P -
©oa T (” (UV) P (- 3X : i
U,M 3U, 3% U , |
*“(ax Y—x+WT'3(T) t g, (2.2.5)

'If the same technique i‘s applied to the other V and y mo?nentqm equations,

their conservative form may be written as!®’'®,

V - momentum - . T~

Vv . o
v, 2 , 2y 4 UV _ 3P 3%v .1 av , 3% (2.2.6)
e Wy 0+ S Gt ot )Y
W - momentum - 7

‘ \ .
oW 9 9 UW . 3% 1 3W 32N _ M
3%t + X (WU) ‘+ 3.\( (Wv) + 2 v P+X — + —r -—z-)'*' ge (2.2.7)
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. 2.3 THE FLOW REGION AND GRID SYSTEM.
| 'Figure¢3 %hqwé”ﬁ%w the f]oQ region bﬁ a meridioqa1 plape is.
hdivided into rectangular cells. This flow region is surrounded by a
layer of fictitious cells 077314 sides to incorporate\thé boundary
conditions (B Cs). ‘ 7

A cell iﬁ"magnifigd iq’figure 4, which shows the Tocation of each
variab]ev/;z U,‘V and W. The pressure and tangential velocity are

.1odhted at the center of the ce11.‘ahd,fhe radial and axial velocities

»

positioned on the right (vertical) and top (horizont51) sides, respect-

ively. Thus normal velocities (to the wall) 1je djrectly d%,the physical
Eobndéries,of the'domain, which is deffned as the region enclosed by the
boﬁndaries, while the tangéntia]\ve]ocities and pressures are placed at
half cell intervals. Tgis arrangement greatly simpﬁifies the

application of ' boundary conditions.h

¥




" state. .The numerical method employed uses Forward-Time, Centéred;Space

=9 -

¢« ' CHAPTER 3 | | |
| SOLUTION PROCEDURE v | | )2

3.1 . THE FIN}TE DIFFERENCE EQUATION§
Mathematically, the governing equations are parabolic Qin time)
\ and a. marching solution procedurehis adapted. s
: Starting from initial field values throughout the domaiﬁ:“a time-
%@rch process is used to advance tpe flow-field towards the final stea&y—

g

(FTCS) diffeéence scheme!®. The usual one-sided, first time derivatives .

4

and‘ienter d, second space derivatives are used in representing thegg'
equatﬁons(i

However, special .techniques in computational fluid dyn
in the'representation of the convective terms are required. A‘certain
amount 5{ wpstream differencing is given to these terms (the donor cell
approachf\to‘peﬁbve the unconditioral ;;ﬁtability of the resu]?ing
a]gorifhm in case that a very smaﬁ] viscosity.is used.

Thp\f911owing are the difference equations representing the - ;

. ! . . :
.conservation q: momentum in x,y and © directions:
=

\.n 1,0 n
”1,3'\’1,}\”"{5("1,3 “Pg,g) te PO -
AR |
A\ - FUY - FUC + VISX} ‘ .
' . ﬁ Yo g ) _ . :
vi,j Vi,j + At{ 5y (Pi,j Pi,j+1) + gy FVX - FVY X
- FVC + vxsv} | (3.1.1)

A | \ .
wi.j T Ni,j - Ot { FWx + FWY + FWC - VISZ }—

N X R ‘. o \
t\ !

\




« =10 -
where; FUX FUY, FUC, FVX, FVY FVC FWX, FWY and FWC are the convective
" fluxes wh11e VISX, VISY and VISZ are the viscous fluxes (see Appendix A).
Supersceipts n and (blank) are used to denote values of time-level't and
t + At, respective1y « ) - '

If the convective terms of these equat1ons are to be eva1uated
with the central difference approximation and the viscosity is very small,
insiabi]ity will result. In order to alleviate this wiihout resorting
to a less accurate a]gor1thm, the upstream d1fférenc1ng~scheme must be

applied. That 1s, if ¢ is a general property and if the donor cell

approach is used, see figure 5, then the following conditions must be.

satisfied: _ \

2 . AR TR J

l ax 5_3_} o(ax?) if ¢, 1+1,§ + 771,
X X ’J - 2
0
(3.1:2)

3%
axT< o !

’ : ) $7 1 s
93¢ odx 3% 2y 4 i1, + Ti-1,]
x|, T8 W o (axt) if ¢, 5 < 7
\ 0 . ) )

” g
The coeff1c1ent o is a constant taking a value between zero and

' ~one, and 50 gvv1ng the desired amount of upstream dlfferenc1ng in the
convection terms!®. A value of zero gives merely central differencing ,
code which is second-order accyrate in Ax, however numerical instability
-prob1ems’arisea A value of one gives full upstream differencing which,

though introduc%n%gg;pnrgp is stable, prbvided the other stability cgiteria

are satisfied.
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Therefore, ‘ ]
adx 332
re | 2R TR o
. Xo ) Xo -
or’ ) U 2 : . ) 2 ' \/ . .
R (O TU I R I LAt B PO A ‘ |
‘ - 4Ax . ) 1
2 3
- -—4—- AXZ o o -4
B R N L AP “ /“K
= AR i+] ,j i,j 1"]sJ 1):) : ) ’k
. A ‘ . ' \ {
i
ce{lag g B - Ot ) ! “
2y,
Wy - U1+1,j)ﬂ * o) B8
B4
To assure that, . !
[ o S L
LN if " Yy oz Uiy tYiag
- X,. GAx 2
FUK = 4
' U +U
FUX 1f s Ui,J < 1+1‘j 2 i-],j
Xy + 92X
K \ 0¥ .

- equation (3.1.3)becomes :

1 - .
"FUX = ey [(UWYJ +U1’j)2 *“‘Ui,j +U1+'l.j| (Ui.j - UM,j) )

AN i ,
Uy Y e Oy ) Wiy Ui,q)} .

+ 0 {Ax?) P (3.1.4)
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Foﬂowing the same reasomng ‘and to assure thats , R

u
FUY| " Af U 2

‘ yo_gél .' \" /\1’j ‘ ) | » <
FUY =n< - \_/ N " i

141, Y,

. s U, ..
i+1,3 i-1,3
FUY ofly LOAfF Ly, < 2 2
e I ‘yo ? 4 , 1’\] ? ) '
then, ' , ) i . ‘1{
1 . ﬂ
FUY rm [(vi,j 1+1,J)(U 'i,jﬂ) +.al Vigt |
Vian,g L W20 500 - My 5+ Yia,50) ‘%
. . ‘ .
S g H U el Yy g P Y g W ”ﬁ,j?] -
- e
po , + o (Ay?) (3.1.5)

- i

The sare t'echnique is applied in order -to approximate\t—ﬁé ‘re‘st .

of the convective terms of the equation (3.1.1) and they are defined, in.

!
i
{

Appendix A. - ‘ -

3.2 PRESSURE CORREGTION EQUATIDNS ¢

i
Although equation (3.1.1) enmables one forward time-step to be&%

.accompHshed', the newly calculated velocities will not, in general, sa"stisfyv'

the continuity requirement/‘ﬁ' expressed in,central finite-difference form

”»

u \

1 . 4 1 o
3?'(Ui.j N -1.j),+*3§ (Vi,j - vi,j-1) » ‘ \
] . .
ey Uyt lag) e ? | (3.2.1)

Terms here are evaluated at time-level t + At.

This 1ncompress1b111‘ty’c2>nstr’a‘int is imposed by iteratively \

adjusting the cell pressure, That 1s, if the divergence, Div, of a cell

' | S

Y

et i e

Py
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is positive (the left side of equation (3.2.1) is positive), there "gs

a net mass-flow from that cell. This is corrected by reducing the cell

!

pressure.
in cell pressure is .necessary. °

On the other hand, if the diver‘genc.e is negative, an increase.

When the cell pressure changes from P “to P + AP the velocity

components on the four ‘faces of the cell change. The amount changed is

expressed as,’

AtAP .
. (OLD) + v

AtAP
U11,5 = Yo,y (00D - S50

. AtAP T A
Vg =Yy (o) + SR

AtAP

(o) - iy

Y51 = Ya,541

(3.2.2)

Where (OLD) means previous level of iteration. Substituting-equation’

(3.2.2) into equat'lor; (3.2.7) one obtains,

J_( ;. 4000) - HJ(ow)) ]y (vi,j(ou))

+W)7( .(0LD) + U .(OLD)) =

p
. g (AtAP . 2;3

P

) vi :-j'](

b

OLD)) ’

C

(3.2.3)

Since the 1eft side eq_uials‘ the divergence of the previous iteration

level (OLD), equation 43.2.3) becomes,’

1

AP = - Div (OLD)/ (28t (1/8x% + 1/ay2))

- -~

Div (OLD)" = (A—-é- + AtAP)"

Then the amount of correction to the pressure is:

-(3.3.4)

-~
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Pressure update iteration continues until the divergence of all the célls

are less thin some prescribed smaf1 positivelquantity €. An over-relax-
. /

ation factor w near 1.8 often is applied!® to\equation (3.2.4)

AP = - w Div (OLD) / (28t (1/8x%+ 1/8y%)) o

V)

in order to speedtup the convergenbe of the pressd}e-ﬁteration process.
A

3.3. _ BOUNDARY CONDITIONS

o

In the previous sections the fl:i;e djfference edquatians (FDE's)
approximafing the governing partial differential equations (PDE's), are
set up and solved by way of a time-glarch process applied to cells within
thsﬁf1owldomdin of i tfrest. ASingle layer of f1ct1t1gus cells are
ptaced around the flow region thus utilizing the value on the boundawy.’

Rigid wall boundariesn?re defined in such a way as to coincide

with cell boundaries. For interior normal velocity calculations, zero

normal\Valués on the rigid wall are assumed. Interior tangential

(to the wall) velocity calculations ﬁse Fhe fictitious values which are
b]aceg in the surrounding,layer of complementary computational cells.
Specification of these is after each tiée—step and after ;ach sweep of

the cells duyinj the pressure correction iteration. The tangentfal | “Q)

veloéﬁty componént ha$ a vaﬁ1shing gradient across a noLs]ip boundary,

- and this is achieYéd by setting the external values of the velocity equaT s

to the negative of their immediate associated interior values, see

-figure 6. The free-slfp bound;ry is met by settiﬁb the external tanjen-.

)

tial velocity value equal to their immediate agsociated fnterior values,
rd

as shown in figure 7.,

. Some care has to be taken in the selection of either no-slip or

. . |
free-slip boundary conditions to assure a realf;}jc picture of the flow-

]
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- can be made utilizing the elementary boundary 1a,yer3 theory. According

15 . ]

field. ‘ For an actual e X ;51»+p 'cqnqit1on ianes‘ the déevelopment

of a boundary layer, velocity increases. fror.n zerp value at the .
rigid wall t¥the free gAream value some dis;ari:e from it. The bOUncz:ry
layer thickness may be ?arge ®r small 1r3 comparison to the cell's
dimension. As it can be seen from figure 8, a smaﬂcva]_ge'of boundary

?
layer thickness & relative to the cell's dimenston, gives a bad approxima-

tion to the velocity profile and imposes an artificially large drag on

the field. An estimation of the magritude of the boundary layer thickhess

_
3 -

to simple theory!” on laminar flow, the boundary 1ayer: thickness is ~

B
expressed as v ¢
L a v
S~ g
Al
~ Where: . ' o i
L = length of the chamber . o "
R = LWy e .
. ¥ = average-axial velocity within the chambér o
If the displacement thickness &* {s expressed as P g
3 ) ‘ ]
o * z < - . , 5
: =g 0 - o r §
and .if, * *\ . - §
' 5* < %- Ay ' then the&aund‘a'ry layer is consddered to ;
( ) ?
. be "thin". . o
1f, o 6*!3%- Ay then the boundary layer is "thick". a ;
Therefore, for a coarse grid, free-slip boundary conditions;are . - .

appr;opriate for the tangential velocities., On the other hand, with &
‘f#he grid ov¥r the flow-field, or witha fine grid in the wall's

neighborhood3 no-s1ip-boundary conditions are needed.
Q ~

FY i




"the condition of continuity. Outlet boundary specification is imposed,
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. Specifications of ‘normal velocities at an outflow boundary often
pose a problem, as’ it can have a detrimeﬁta]‘ubstreém influence, @Qne
might merely impose the normal gradienﬁ of continuative condition and

set these values to their immediate upstream values as‘shoWhﬂin figure 9..

When primary interest is being -focused on the final steady-state, a

_. constant value may be added to each such extrapolated‘9a1ue. This will

v
result in a more rapid convergerce. . This.constant value is chosen so as

to make the total outlet flux equal to the total in1et“f1ux, thus satisfying

bl

only each time-step as computed via equation (3.2.1) and not after each
pass through the mé;h during the pressure iteration. h
‘ On the axis of symmetrx; the usual zero nofma} velocity and free-

slip axial velocity specifications areeapplicable; the ﬁwjrllveIAEEEB’

is given a definite 2ero value via anslip Zondition as shown in Fﬁg.10. 0

Inlet boundary conditipns are satisfied‘by 1mposing‘a zero

gradient op‘the radial apd swirl velocity components, while the axial
;elocity components are forceg to zero on the fictitiquﬂex;erior'ce1ls

. >
as shown in figure 11, !

3.4 STABILITY CONSIDERATIONS

£

Attempts to solve PDE's numerically using a finite difference
method are hot é?ways successful. The reason is that the solution to -
the FDE's may be dominated from a monoionic or ﬁséillatory e;ror.growth
which yill in no way'resemble fﬁe solution expected from{the or1gfna1 f
PDE's. To avoid this dfffiéﬁlty, stability con§1deraf{;hs and approbriate

. ) <
restrictions have to be applied on the algorithm._ Since a non-linear

theoretical stability treatment is essentially ‘non existent for the present

problem, the following simple heuristic method along with numerical

experimentation was found to give verj reasonable stability criteria.

J \ o +

o

et Dl ks St s 7

SaalA .

i i it ket o e e, FE

W > TR

JESTEIEPEE 30 L,

Y|
z«; N
e
&
k3
o




et e v . s

\]

e e -
. . v . - e e e eves 4 e e G P s o R e LU

-17 - -
The derived FDE's'. link only those cells which have common .
bou.n&ari es. A fluid particle that&propagates more than one cell for
each time step cannot be monitored by'the FDE's. The algorithms, thereva,
» fail to be stable. To ass,t\jre stability, the fluid par‘ticie must not
be allowed to cross more thanjone cell for each time step. * The worst cases

that can exist in a flow-field.are in those regions where fhe velocities -

S assume their maximum values. Thus the following two inequalities must

be satisfied,

?x> lUMAX at| and Ay> lYMAX At|
- . -
solving, for At, both inequalities, c Lt
At < TDALI— and ;t\\;<_ TV—AL[- v ‘ ) N
1 MAX MAX - :
' — i B b
Toor, ' : ' 5
i
At < min Ay

“UMAX] , WMAX" (3.4.1) : ’ . !

Assume that the PDE for the general property ¢ has the fom

E -
.gsgw_?;,,vi____“,ﬁg a_g) (3.4.2)
\
Assume further that U and V are constants, then the FOE becomes.
n ‘ n N
4’1,1 e ¢1+1 PRSP g Page1 = ¥
At ZAX . ZAy : 1
n n. n n n '
Piat,d = Pi,d +v(¢i-1,j AN
- . bx \ Ax*
' n . n 2 . ;
M R R IR . T
L
\ by
#
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[4
; 3 gy -, 288 o -7 (3.4.8
5t TUgx <V a—xg‘ (3.4.4)
where U is constant . , *

———— ey e v =

Co -8 -

'3 L3 . i ) - ' \
or, - , b
0,0 49 ] e +e” SRR R
. = i-1,] i+1,]j 1,31 1,j+1 i+1, 1,4
N At"(h WYy ¥ 5 ) Ex At
. . o
Aty .o AtV n )
ST FEx (“’m,a ¢1-1,5) * By ("’1 4T 4’1,3-1)
+ 1 -2Atv (__L_ + _1__) ¢ n . \
CAxz o Ay2 1,
For stability according to Reference 18, ' | *
1-2Atv(]+1)'>0 L
" \ax? T AyF (
_therefore,

- o
2 A2 . -, .
vAt<-;—' (-Aﬁ,-;%z-) | j// (8.4.3).

Consider the equation

Expansion in Taylor's series about the point(iAx, mt) gives the domr ¢

ST D o B ARSI b S

ctll equation . \ . . _ .
2 2 2 : *
AR AL ax vEd M 24+ olrat’) | (3.4.5)

Taking the time derivative of equation (3.44) we have,
a2 | 3% 3% o - ‘ -
3 " Uapx * VW :
= _a-_ - 92 ) a
"Uax(uax*“i‘g)*"?‘z"“ ‘4

\ ax
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Neg]écting terms higher than three
; 9% _ 2 92 ,
: -2 le | n . (3.4.6)

: ! .

(SN

.»~ Substituting equation (3.4.6) into equat%én.(3.4.5) one obtains
: NG ,

8¢ 4 4 % alUlax _ Aty? | 32 &
LR TR\ 7 )

. ®

+ 0 (Ax2, AxAt, At?)

(304.7)
R ’ . - i
If we let, . S
- alUlax _ Atu?

Ve =V L -5
Then,

gg -B_Q = -a_é_@. ' '

3t T u Y " Vero . (3.4.8)

'3

. where've is known as the‘“efféctive viscosity coefficienf".

| Since'any dfffusiqn cogfficfent "smears out" unifonﬂy‘apy
.disturbance in the general property ¢, Vo means "that Ege coefficient -
tends to concentrate any small perturbation from a un%fbrm ¢ distribution

(this is physically impossible). Therefore, for stability,

ajUjat Aty
V’+ 5. " 3 >0

'
!

For high Re’ the viscosity coefficient is numeFica11y equal to zero, then’

ol U[Ax _ AtUZ

z - 20
..
a 0a>|_-2§? .  (3.4.9)
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Therefore, equation (3 4, 9) must be sati¥fied in order to gain stabﬂ1ty.
The algorithm is stable for any inlet swirl strength equal or i
Jess than one, if all the mentioned restmctwns are followed, For inlet ’
swirl strength greater than one, the.algorithm fgs to be stablte, 1)w1ng ;

" to the fact that the tangential velocity component~dominates the radial

R
L temative Mol

momentum equation. After a great deal of numerical experimentation it

was concluded that for convergence, if S is greater than one, At must
«
satvsfy the following add}twna] inequality:

- At < mji'n ('lwl;:xl : lw‘;;'xi ) | (3:4.10) \
where wMAX can be taken as approximate]y‘
O W =S Wy ;
Therefore, to assure stal;ih'ty of the .al‘ rithm, all the above rﬁentio'ned ,
restrictions have to be met. A 'summary. f the stabﬂi_ty and convergence gg
. criteria is given as follows: ) R
Having chosen the grid size, the time increment must be restricted

in three ways, and a suitablé amount of upstream differencing must be .
effected. ,Z
(i) Since the FDE's assume fluxes only between neighbouring cells, 3
the fluid‘particles can only move through one cell in one time . :‘

step, Thus for stability, At must be less ‘than (typically . %

'equ&l to 0.25 to 0.33 times) the minimum cell transit time -

%

- - taken over all cells:

. At < min ({%—l , '%ll) . "
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v

(i1) ~ When the kinematic viscosity is non zero, momentum must not

diffuse more than approximately one cell in one time step .

for which a Tinear amalysis shows . H A

1 [AX3y
v ()

(ii1) When S is greater than one, At must be

: S Ax ' A
At < min )
’(l”MAxl e lwMAxl)

&
where HMAX =3 NIN

(iv) When the time step is so restricted, the required amount of
‘ upstrean {donor cell) differencing must be achieved by choosing
a value slightly greater than (typically 1.2 to 1.5 times)

the larger of the right hand side members of

1> o > max(Ugii , ‘Vﬁ;%)

‘where the maximum is taken over all cells.If a s chosen to be

too large, stability is being achieved at the introduction of
an unnecessarily large amount of diffusion, Tike truncation
..l

errors known as numerical smoothing..

3.5 COMPUTATIONAL PROCEDURE °

f I :
. The finite difference equations along with the boundary and _ -,

{nitial Eonditions constitute the necessary elements in synthesizing an\

algorithm which gives solutions to the given problems. )The computationa'l.,

procedure consists of the following steps:

BT TSR IO P ST R e STy 3 TR
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‘ .
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(1) Set initial”conditions, read‘ necessary constants.
(i1)  Update the ve'fdcity. - - . .
\ s ' o * Z J , 3 »
' «(iii) Set boundary conditions. - :

(iv) Correct the pressure of the velocity i'n order to satisfy

-

cell continuity.

(v) March time one time-step and retuin to step (ii).
Repeat the process until steady state is achieved.

Theopressure iteration procedure continues until the divergences of all

the cells are less than e. A1l the required 1istings for the computation

: fzrogram are given in Appendix B.
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CHAPTER 4

1

RESULTS AND DI SCUSSIONS

Fd

Two :ki nds of computations dealing with single-and multi-stable

cyclone chambers are described. For both”configurations, a computational

mesh of 10 X 10 in the x- and y- directions was overlaid bn the plane

of interest, with acell size of 0.0079 [0.026] and 0.0320 [0.105] m [ft.],

respectively. The flow fi elds were marched through the r"'équired time
¢ . 4
steps to assure steady-state conditions. The computations were performed

utilizi ng a COC Cyber 174 computer,

4,1 SINGLE-SET INLET CYCLONE FLOW " L .

Predictions were first made for a cyclone chamber with a single
set of inlets located near the base. An inlet height 0.032 m [0, YS ft.]
giving a mean m'l et flow-rate of 6.748 x 10" m/sec [0 143&,cﬁnl
en average outlet velocity of 1.280 m/sec .[4. 20 ft./sec] was used for
most .of “the predictions. The chamber has an aspect ratio (L/.D) equa] _
to 2 Profiles of the vel ocity components Wére graphed for the radial
stations T, Zp, 23 and 22, as shown in %igure 12,

First, the effects ;; the inlet swirl strength were 1nvest1gated

For the inlet, a flow-rate was kept constant at 6.748 x 1075 3/sec

[0,143 cfm] Three dlfferent inlet sww’l strengths (S), weak §= 0 'I),

5) and strong (S:1.0) were applied. The tangent151\e]oc1ty
profiles for the radial station Z, were shown for these three differ/ nt
swirl strengths‘.’ '

The tangential ve component, figure 13, resembles the |
Rankine profile with the forced portion of the vortex occuring in the

proximity of the central axis. The fluid enhances it's tangential

Z,=0.187, 0.1437, 0.687° and 0.937 where n = N2,3 and 4.
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®

velocity c‘ompbnent while moving towards the "center; and thus conserves *

it's angular momeptum. Due to the viscosity present in the f1uiq s

the tangential velocity does not evidently i'ncrease to infinity, as
in the case of the ideal inviscid fluid flow. Inséead,the velocity
attains the maximum value in the neighborhodd of the center axis, |

and then decays to zero through a forced vortex profile. The existence

of viscosity also causes the velocity to undergo a smooth vortex

made transformaf,i on, and thus manifests a dual behaviou‘r. For 1ar;e
inl'et swirl strength, a considerable velocity increase is observed
especially close to the axis of symmetry, and an abrupt ‘vortex
transition 1sltak1'ng place. The variation of the tlangen.tia'l velaocity
is more moderate for a weak swirl strength, and a distinct mi;(ed o
vortex reg‘i-on is evid:nt. : -

The effects of the irt]et flaw -rate were also tested. Inlet
velocities of 03048 n/sec. [1.0 ft/sec], 0.6036 n/sec [2.0 ft/sec],
and 0.9144 m/sec [3.9‘,ft/t‘sec] giving flow rates of 6.466 x 10-3 m® /sec
[9.137 cﬁp]frespectively were applied keeping the rest of the

parameters constant*.

The tangential and axial velocities were graphed for the radial

station Z;.

Lo

[

*Note that in order to keep’ the inlet Swirl Strength (S=hy/Up,)
[ ‘ . — .
constant, an increase of the inlet tangential velocity must

be appHedl. ' Lo
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The tangential velocities in figure 14 show that the velocity
increases proportionally with the inlet flow-rate. A sharp vortex

mode transformation is taking place for high ﬂow-r‘-ate, and a(smoot’her
profile is exhi bited by the velocity for low inlet ones. The ;ax/;mum
velocity increases proportionahy to the .iniet flow-rate, and it is taking
place always within the inner core of the vortex, Ip.th,e outer flow
region of the vortex, most of the momentum s in the x and © dire‘ctions'
since the presence of the top plate restricts the development (;f the
veioci ty in the axjal direction, as indicated in fiéure 15. As the
f]uid‘m"ovejs tow 4ds the axis of symmetry, it begins to sense the down-
stream large axial pressure gradient due to the opening in the. top p'IAte.
Therefore, the momentum from the x and 8 directions startﬁ;s’ to flow in the
axial direction, which is manifested with an increase in the v-velocity

component in that region.®

Three constant viscosity values were used;

1.858 x 10°°[2.0 x 10™*], 1.858 x 107" [2.0 X 16’3] and 1.858 x 1073
[2.0 x 107%] m%*/sec [ft?/sec] in an attempt to study the viscosity.effect;
Figure 16 shows that as the viscosity increases, the free vortex flow

is shifted towards the region close to the wall with the 1imiting case

\‘.\for the viscosity being infinity, where there is no free vortex region. '

fan other words, when vy + = , the fluid is mfating as a soh:d body.

As fluid "thins out", the forced vortex regior; is shifted towards the
center of the symmetry with the 1imiting case of the fluid of no viséosity
in.which there js no force vortﬂ:ex region. - For low viscosity, the axial
velocity has a maximum near the axi s of the chamber and then decays

@

towards the cyHﬂndricaﬂ wall,

-
i
4
\
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Figc;ure 17 shows the effect of viscosi_fj; on axial velocities
revealing that, when’the position of the axia]lveiocity is shifting
"‘towarv.:ls the wall, there is an increase in viscosity. Large viscosities
" diffuse any sharp change of the property, th9§_giving a more uniform éxi al

velocity profile across the chamber's d,ie_ame}ter &s compared with the

case of lower viscosity.

- The tangential, radial and axial velocity components are preseated

. for several radial stations, and for the same cyclone chamber arrangement, .

to disp’lay a picture of the aerodynamic pattern produced.

The tangential velocity at station Z1, as shown in figure 18,
exhibits similar characteristics as those previously discussed. Velocity
profiles for the radial stations Z, and Z; are not presented, since their
shape and magnitude are almost identical to fhat of static;n Lo At Ly
which is close to the ceﬁtral'l exit, the tangential velocity profile shown
in figure 19 appeared to start with a defined value near the cyh’ndricai

| wall and increased in magnitude as the flow moved towards the central
axis following the lﬁw of angular momentum, At a distance, R/x = 0.§75
where the exit starts, the tangential veiocity adjusts itself to the
outlet protruding wall and eventually reaches the no-slip condition at
the "throats". Once the flow reaches inside the exit port, the velocity
again icreases from zero to a maximum value resembling that of the free

vortex configuration, and then decays to zero in order to satisfy the

1

.

zero éangential velocity condition at the axis of symetry.
" Careful study of axial velocity profile at various stations as =
shown in figure 20, figure 21, figure 22-and f% gure 23 indicates that as

the f\'luu'ld moves from the bottom plate to the central exit port, there is

©
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. a.gradual shift of magnitude of axial velocity towards the center of

LY i
& the inner core region. The rad1a1 velocity generally exhiblts a much

et A B S R A R IR s -

smaller magnitudé in companson to the tangent1a1 and ax1a1 velocities
except in Station 21 near the base plate as 1n figure 24, As ﬂmd
moves towards the central ex1t magmtude of the radial velocity as w

shown in figure 25 becomes neg'l1g1b1y small,

C Y e e R ——

‘}‘.2 MULTI-SET INLET CYCLONIC FLOW ’ : M

The-second configuration deals wi‘th the same system as previously
1

S e em e m

discussed, except that inlets of one cell are now arranged near the top

and the bottom plate, see figure 26.

E =
Figure 27 shows a computer vector gr"aph af U and V velocity .

WG Wy b N

components for such configurations. Inlet velocities of UIN near the

\‘ . - . top and 2 i) near the bottom plate are appﬁed. The outlet wall

IN
protruding inwat'ds causes the fluid to@move first downwards, and after
joining the fluid coming from the bottom inlet port it is directed to
the outlet.

.Figure 28 depicts the tangeoti al velocity for two statioos,

"Iy and Z,, for the same chamber as well as conditions.

Figure 29 shows a computer vector graph of U and V ve1octty . N

Y - I N T

components for the above geometmc arrangement, but with app'l'led inlet

&

veloc1t1es of 2 UIN and UIN near the top and bottom p1ate respect1ve1y.
The ﬂutd ‘coming to the chamber from the top 1n1 et jo1 ns the rest of
the f1u1d further down towards the bottom plate in a manner. similar to
‘that of the previous arrangemefit. For this inlet condition a 10Wer

: " magnitude of the tangential velocity is observed across the length‘of

e . the cﬁ%}glber (Figure 30).
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Focusing attention on the tangential velocity:profile of
station Z; near the ex.it,l f1~§ure 31 shows the influence of the degree
of infrét,swiﬂ strength on. the tangential velocity development.
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' CONCLUSIONS ‘
A prediction procedure for axisymmetric swirling flows in -

cyclone chambers has been developed. Based on the Los Alamos 2-D SOLA
1g%as, th; transient Navier-Stokes equations of an.incompréﬁsible fluid -
are solved via their associated finite-difference equations directly .
in terms of the primitive pressure:Qelocity variables. Théttechnique
is keptésimple in order to facilitate its usage by persons with less
gxpériehcé in computational fluid dyn@nics, and boundary conditions
are siﬁple_to’speciﬁy. Thus, the code représents a\basic tool, to’
, whicﬁ‘pser oriented sopﬁistications can easily be addéd f necéssary.
“.Computations shoy the flow prediction within single-and muyti-set of

inlets cyclone chamber, indicating that an initial attemp§ to solve a. Ce

highly complex vortex flow problem has been succeésfya.'

, ¢
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The-4 terms on the right of each of the equations (3.1.1) are
. defined by: _ : \ CL
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"U ~ equation ' . , B ~
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{ 3 . 3 ' . ° ®» ) . ’ “ . ‘/‘" j
F ! (visj"[ - viyj) ‘ . - . ) 5
| g v . ‘ i
; ’ T = ] : ' . . :
FYC = gax(i=T. ﬁ [(“1;; U)Wy 4 Ve y) "
. ‘ ’ ; ’ N N\
UL i) O,y WY * el g ¢ Yy gl
‘ Vi3 7 Vi, *elby gt \a:’ 1V1__1",3‘=‘“V{,J-)]
‘ VISt = v 1w P TR N L SN Y, L)
. ‘ - Ax2 - 1+]aj 1hj i-1 :J' AyZ , 1:j+1 1)3 isj"'1 '
9 ] . ' ‘ N
* ety Y,y T Yia ,;)] n * ‘
(. - L ' '
‘—’/ﬂ |




A 1,305,5 * Mia,g) HelU gl By g N )
/ T (W + W )\-‘§|U~ ' I.(N - W, 2) |
1,5 Wi,y * Wy g )m elyopggh By g - W
: \ , , o N
P \ | ]
i P I T } ’
S ay [vi,j (5% Myge) oV gl 0y 5= Wy g |
TVt My g W) - alVy gl By - “m’]
] \
o] - ' ~
FWC = 2Rx(1T 5 [”i,j("i,j tHi,g) H U,y Moy g * Wy )
FalUpsl By =M ) F el 5l Wi - ”i'i)]
.

|- i - i |
Vist - "[sz Miar,g = gt Haan,g) oy B g = By 4 W 500)

W, .
1 . i
\+'2A"x2'(_1-—1 5 Mgy, = Wiay) - Ax_"(d_gri-l. 2] |

W
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(N ety L T Mt S A N T y-u

TUAR NUMBEER 0OF FHE 0
JLAL
Lo

nL A

el futlys I
MUNRER UL 0LV DS TONG I T ¢ -

HUMBER Ul COMPUTAT LONAL CELLS Fole hk XL puRry
EONVERGLMCE (-\(‘!’D STARLLLTY Paramb {0 Ml NG o~ Unfoitk
RETWELM D 1Y,

DELT LMk IMUIREMENT

MUYR NUMLEIR D ol T Pl FRAMIELS
C FOR STEARY STATE CUONICLT Tuns
™ LR SELECTLON PFRINY INTERMIDINTL
INLET RADIAL VELUCTTY

INLET TANGENCIN,. VELOQCITY

Lo i e e S wr S i ar i

fHar LHAOULG

FHOWETEL DS Wal UES

TNTEGER
REAL NI
[ILMENS TUN
FoWN (LS 1)
£ 1 1rat 30 0nad caan e 4 4r 0t e it otn are 000 o4 h4 b S0 9000 sk w8 S0 RS B4 s baet e oeed S0 4 b brie rebn haas 220 I awi ns et 2069 Sosn dnbe onim o1 Sra S4ms S Ssbn 4rte 2059 Sesd B Hit cnd 030 S04 st Same rve i saed KL HAA SBRR hre St E2 Sent
™ FaRAanMETLER . .SETTIMUY )
DAaTA EFSTIeGXUY»CYILy OMG
H/GE-Zs 0000 0.00100 L 7S
DZRG=1.0
™ Bk 0 ML
DELX=0, 024 , -
QELY=0.103 \ '
JIaR=g -
LLAR=8
SINT=2
JIMB=2 '
IQUT=5 |
~ PI=5, 14159
c FLUID DYsNamIoc P
NU=2 -4 L
C CONVERGE
' ALFHA=1,0 -
SMELT=0,0014
MCY[=2000
FRINTIL

CYCLEs THRI

°

TR L PFPak ks,

AMET

ARAMETERS

NCE AND ACCURAMCY FPaltaAaM E'T E K

O.

N G

FARL

H
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H
i
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i
1
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.
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i
i
:
n
L
o,
RN
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gt
e et |

[SEe

LPR=300 .
[WRITE=0
BUOUND
LN L ET

AR Y
V- E

INSTRUCTIDNS

CONDILTION
LuUG Ll niESS .

s
g

INSTRUCT IONS

UINLTL=~2.08
WLINEfL=1.,04 |
SWRA [ =WINITL/UINLTL
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RINT QO0LsULNTTLyWIND 1Ly JINT o JING» SWRAT

RFORMAT C1X % ULNITL = %, EL8.4»/ o XWINLTL = s, E14, 4/ oK -JINT = Ky12
v JINE = ko 129 /0Kk SWRAT = XeE14,44//9

LSTEF=LFR

HELGT=JBARKOEL Y

JINOML=JINL -1 ‘ ) . -,

RLARGE: ( [RAR ) XOELX '

AREA [N=2% ¢ [RAR) XLUEL X% ¢ JLNT - J?NBMI)*H&LY*FI

AREAOUT= ( (TOUT-1)KNELX ) kK2  KF [

AREACH= ( ( TRAR ) KDELX) KK2¥F [ :

AREARAT=AREAIN/AREAOUT .

{ \ VOUT=-=U LN TL¥AREARAT

b » R EYNUOLY &8 NUMIBER BASED ON CHA

" R D LamETLR A N ‘k AVERAGE CH . VELD

VCHAME=VOU TYAREAQUT/ AREACH :

REYNUM=VCHAMLXRLARGE/NU '
FREINT 9Lthah0LvNU;nhLﬁlNyAhEﬁUUT&Ahhht“yﬁhhhhﬁl;UDUTrULHhMHy
1 REYNUM

C—.-----,—-.»--—.—w--.m--—-—-....,.-.---»----.-...--..-.-.-----..-»-..-.-.-.............»-.......n.......m..m...,...«...f......m.n.....n et w400 s sere 2t 2anb hrs sme it s S00a wheh At aran St sosa S . 3
IMAX = TRAR+2 ‘ . ,

. JMAX = JRAR+YD , 3

_ IML = IXMAR+L » :
JM1 = JBAR+1 s . R
LM2= LRAR . : .
JM2 = JiAR . ~ '

—

ox
.
~t i
..<
->

JIHR= CIAAX 1) = (SINT-JINE)

THIRH=JMAX = JTHK , - ,

JTHRML=J THIR=1 - :

KL= SIELX : ' ‘ ;

RIY=1, . UELY , R

DETA=DMG/ (2 RUEL TR CRDXKR? 4 RUYXKRD)) - : N
> INITIALIS AL ON o

v .
‘ 582 faas ek ghed Loh opew (990 Sa4e Teme Tevs snse Ceed Seem YRS Tesd mems Vves wit Iavy evs bymt eer mews @ te WY s YOI serE Sese ses e s S iise Wes 0 NN Mrs Beet 460k A A€ Me S0rs % Aes SHSE VI WAYE 3 i VAW beb baet Semt G640 S0ve sase 0ed Fere Gece Febe SRR Biar Phes U SIRG Lime H4Se Sebs b b te

. : T =0 ) 12 .
g ST [TER=0 '
CYULE=O e 1 2
c GUESS INITITAL VELOCILT IES i
D0 560 I=1s[MAX ' ' :
DO 560 J=1yJMAX ‘ ) C ’ S,
UCIsd) = O,
VETsdy = 0.
WCL«d) = O.
EEO CONTINUE

, l 0BT AR SS8S 40RS b dese Lh24 trrd vuae e rees seuy Som ;e Ty Crar 49 ST YO ST SORd Gewe DESL GSMT G4 biM Sles Gire Sase FObe SMD SheD Men SHSe TH? Sees $hed 1964 Seed SHes PUNY beum Feas SONH P4NS Sert Sm Nedt bees Seat 4900 Vem) SAEN PiE witd Gt Sive O seuk Soud SO aips fem S0t wrbe Sies Bhee S008.

7 l 4SS RS Smes STIe iR G4k 40s MRS Seel SES FONI GAIE 4B SN rred Shew SraP WeTe GeeT VRN PRSI SSRE TOrE wtn Sres Srbe 16 eed & 01 AN s % raer bu b 9PN Toad RiGS SBde eSS VEAw BIBE Sban M/ TIEY $R SHU0 S080 SO SHN a4 BAM MR Wesl SEEL BME S1e6 Hee 0T SR Tres Tews Vebe See Sess Bee

SSIGN 5000 TO KRET :
GO TO 2000 ) " - . R
1000 CONTINUE :
" ITER=0
rlGgl, 0
as81GN 3000 TD KRET
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C ADVANDTED B o Vo W &
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Call MTIMESTRDELX »fLELY UL.L Ty JLI’L c‘le e G OY s NU UM Ut s W
FUsVeldy LMLy IML e ROX s KOY)

l:...,_.-._._...._......._.._............__...,-,...__—.‘.,«....-..»......—.._.—a~-.._..._..~~...-...._...-_ wne e e ronr dore e croe oo o wome go!

4

. 2000 CONTINUE

P t"‘w"ﬁ‘?{m

L’ ...-....—...-....1-........-....-._-..._‘..-.‘._.-.....m:-._a.-»o.m-.--.—~..-nu-...— e Bee KSI Bien met sowy serm 4sws Tuee snme bers Deey PO Keen Teew ese Gen Geed Seer B 140d @ 00
c

C_...............,....._..._....._........_.___.__...........................,....,..*. tee eeve ceun ol sepe seme oo some Sres sase b A eme Tiab aesn Sesa sass time ames tooe frn sorn § 00

p ¢ CENERAL BOUNDARKY CONDITIONS
C -
DO 2200 J=1sJHAX
c o
c FOUNDARY CONDITIONS ON LEFT
! UCLrd)=0,0 . '
‘ eI E-FNPN 2
WLy D)=zl (2y ) ‘o

B adstand

C BEOUNDARY - CONDITI ONS .0N R I GHT

IF (W LE,JINT AN JUGEJINE) GO TO 2200
UCIMLy HB=0.0 o

VCIMAXy )= U(IMLy D) ) ' “
WOIMAXy D) =WCIMly D) : ’

200 . CONTINUE

0o 2500 I=1yrIvax , . )

( FDUNDARY .CONDITIUNS ON TOF

]
e S SRR L e SR Bt

¢l : IFCILLELIOUTY GO TO 2400
V(TyJM1)=0,0
“UCL s JMAX) =U Oy ML)
WL s JMAX) =W (T r ULy
2400 CONTINUE ’
DOUNDARY CONDBITIONS ON BOTTOHN

o ol

O35
o otlTE

CW(Ie 10, . :
UCT»1)=UCLs2) . ] '
WLl '
2500 CONTINUE

ot At s avadde

.,
ey

v

SPECILAL BOUMNDAKY CONIDIITIONSGS

C
s
(7 e e i e e e e 2t o e . et ot e e s 1
C

S

#beme 1454 S4se bmes B)en veis et 1sih (36 CheD Irdy Sive SRSH het ese ot Seut Ge BH0e Tas Sres Sort Deet biak Shee

AL S o

oo

C EX I T THROAT WALL , B
o V(IOUT+1yJTHRM1)=0, - - s
00 2810 J=JTHRyJMAX ‘
1 UCIOUT+1rJI=0, C |
WCIOUTH1vJd=0, . : : o
VCIOUT+HLsJd =0, , , ) o

‘ ‘ i
N f - A ‘ . o y
LS Lt SASRIA LSS Yeo et AL LA b T

ol
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UvTulT»do =0, . < .
2510 CONTINUE '

G OU T L E T U ND AT COnNDITIUNS

c. COMMFPUTATION OF THE I AND OUT FIL.UXES
FLUXIN=0, . \
00 2811 J=JINRsJINT ' o
VCIMAXy J)=0, .
U(TMAX s J) = b1NIlL :
UCTMLydd= UINITL . .
W(IMAXs DD =WINTTL
FLUXIN=FLUXIN-2, kF[#Iﬂﬁﬂ*thYkDELY*U(IMivJ)

2811 CONTINUE
FLUXOUT =3, J41;9*DLL XKADRV (2 IM2)Y

: D0 o113 [=3,10UT

6113 FLUXOUT=FLUXOUTH2, %3+ 14152k (FLOATCI)~4,5 ‘KﬂLLXkY’*U(lrJHQ)
[FCITER.GT.OYGD TD 2813
VINC=(FLUXIN~FLUXOUT)Y/AREAQUT
[0 2817 I=2,I00T
V(I IML) =V Ty JM2)HVING
VT y JMAX) =V Ly JMLD
UCT v JMAX ) =U CL e ML) X ' .

2817 W(IyJIMNAX) =W Ly JML) ' -

-\:SIA CONTINUE

' oo o et sugs bme srit sewe e Ao tene Brea s e ..-....4_....mw._».--..~»-.~-._-.n-...~.~.n e Boe aoie es Sees hve Beal dee o aerd suis eeds sosu Sees sees Sim birt Seas Seen (im Seed $904 SO Sewb Seas WHS fart mas dmad akes med hen bt am

C FRESSURE I T.ERATLION AND F oy U;» V

C.u,.__.—.....-......... Hoe et come s oane emm sevs rres sesr sogfforme ued oot boum seve sese o v Gore S14n Sus trer n43 Sere SSe bure Sume oot (TR ot 0o T8°) berk ove IS4 een Aebw Sees ased THE Beme seve a4 Biod % A 4 b0 MASk ds0h POAN S00% ke o Aot 14es seve sese sent

GO TO KRET quooo> ‘ , : v
3000 O CUNYINUE - '
IF (FLG.ERQ.0) GDT04000 - .
ITER=[TER+1 . T . ‘ :
STORIT=LTER '
IFCITLRLWLT. 90006010 3050 « -
IFCCYCLELLT. 2006010 4000 . °
C TERMINATION COMOLIT ION .
- T=1E+10 : ‘
. GOTAS000. - :
0 FLG=0,0 . )
CHEOCK IF CONVERGENTC HAS RELN
R E A C HED
SUMII=
, Lo 35 00 J=25 IM1
[0 3500 1=2yIM1 :
D=ROXKCUCL s ) =UCE=1r JIIHROYK (VI s )~V ( Ty )~ 1)) 4CYLK(UCT 5 )

0

[4}]

0 G
I

. 1 4 UCI=~15d)) /(2 KOELXK, (FLOAT(I)=1+5)) ]
U IF(AEG(I/OZRO) « OF EFS SIIFLG=1.0 . .
DELF = -BETAXD |
/ORI ddsF(LsJ)+DELD P ‘ o ‘

UCTy D)=UCIs ) FDELTRROXKDELF ‘

UCI=1rJ) = UCI-Lyd) — DELTRRIDUKOGELF

V(Isd)=Y(I>J)+DELTKRIYKDELE

ViIyd=1) = V(I[yJ=1)-DELTXROYXDELF ) .

SUMD=SUMIHARS (I ‘ o S
3500 CONTINUE '

A3

C CHECKPRINTS DURINDG FRESSURE CYyclLE
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. v
IWRITE=0 ‘ - N . .
IF(ITER.LE:?) IWRITE=1
IE(CYCLE GT+30«AND.CYCLE LT MCYR) IWRITE=0
[FCTWRITE,EQ.1)60 T0 5152

c RETURN FROM FPRINTING SECTIONRN
3501 CONTINUE . N
: IWRITE=0 ‘ .
! C ,
GO TU 2000 '«[(,
4000  CONTLNUE. '
5000 UONT INUE " '
[ e e e 2 e T T
C . INTERMEDIATE FRINTING

IF(CYCLE.GE, MCYR-5) GO TR S152

WIS

i

KATA=CYLLE/LSTER
IF(hATALEQ.T) LaIfl‘LbTEF+LFR
’ IF(!\AIQ»EQ.I) {.‘0 TO \.)1‘—.' -
; ¢ - LF(CYCLE.GT.2 » G0 10 d* 71
5152 CONT ITNUE.
callL FRNT([TthTyCYCLt1UrVrWrrv1URLvJNAXr[MﬁX)
: SUMU=0.0
1 SUMVU=0.0 ' .
) SUMW=0.0 .
00 4100 1=2,IM1
D0 46100 J=2yJM1 .
SUMU=SUMU+ARS (UN(Iy ) ~UCIyd)) . T
SUMV=SUMU+ABES (UNCIyJ)-U(IsJ0)) . :
SUMW=SUMW FARS (WN(Is.J) - u(r,J\)

6100 CONTINUE
- FRINT 90

FRINT 91yU(354)yU(354) »>W(3s4) ySTORITySUMU» SUMU Y SUMW» SUMT
o G251 CONTINUE 4 .

N T 0 FRESSURE I

c- RETUER TERATTION
» CYCLE IF THESE WERE ONLY
r CHECKPRINTS
CIFCIWRITEWEQ.1)GO TO 3501
. D e e b e o i o i ot e o st ot o
Commmm ===~ REFACKAG ING _— - )
U0 6101 I=1»IMAX .
DD 4101 J=1sJMAX
UNCT» Y =U(Ls )
UNCT o )=V (Lrd)
WNCTs D=WCEydY  © 0 - o
. 6101 CONTINUE - :
C COMPUTATION OF .IN AND OUT FLUXES
FLUXIN=0Q.0 - - . ’

ey £y T T Y DR R R STy

00 4110 J=JINEsJINT
6110 FLUXTN=FLUXIN-2.XPIXIBARXDELYXDELXXUCIML )
— - FLUXOUT=3, 14159 KDELXKXKk2%V (v M1 :
! 0o 4111 I=3,I0UT ° ) -
: 4111 FLUXQUT=FLUXOUT+2.,%3. 14lq9*([*1oJ)*UELK*#’*U&I!Jhl‘
: FLUXRAT=FLUXIN/FLUXOUT
FRINT 91yU(3y4)yU(3y4) W3y 4) rSTORlTv UMU!JUHUrbUHUvSUNQ

—n—~—~~~“~'w~—”‘n-mwu—un—‘N—*wm~~‘~—~m~~——_“—”~m~—~m~~m*—“Nﬁ*ﬁ~m*~“w~~-MN*M

C allvVaNCE TIME aNDI CYCLE Ve
C-—.-.............._..__.—__..-_..._._..._._._.............'_ ~~~~~~~~~~~~ o v e s e’ ....-_'.._.................... ______________
T=T+DELT . ) e e
IF(T.GT. MCYR*UELT) GO TO 6u00 , s

CYCLE=CYELE+1 ,‘//) B
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4500 CONTINUE : . N N
S0 CONTINUE | o : R e \
(0 e e o o o e e S 5 {/
e yELocl Y TRrRAFHES N .
CALL FLOT (U-UriraarJiaX) L
C ————————————— iy e et e A "'—: *************
STOF

- wiafe e ~-'*y”’
‘ Xy ®WUMUN Yy PV XWMON ¥ Xy ¥PRESS ITER
y 90 FDHﬁAT(///4Xf*UMDNI XyBX» Vi ioK:*SUMn*//)
' lﬂX;#SUMU*;lOKy*SUMJ*vlOXy*SU WXy LO> ‘

91 FORMAT(8E14.4) : h <
100 FORMAT(1Xr8E11.%) \
ENI o
[ . R

r

o

X
i

SURRQOUTILINE TlmESTP(DELX’HELY;DEL+yPrCYL?ALPHAyGX?GYfNUyUN:UN!UNv c:)
+Us Vs IMI,IML P ROX,ROY) . : ,
C :::::.:.‘:::":::::::’::::.':::::::::::=====‘..."==:::":S===:'::.."'::::':r:::::::::“:ﬁ::::::l::‘r:’:"..::::‘:..“a
C "TH1S8 SURBRROUTINE COMPUTES THLE Un lbibrsg
C O0F THE VELOCTI TY COMFONENTS F OR
C JIME FRAMHE T +0I°T o, 4
. ’: :::::.’:::::::::::::::::::::::==:‘.."::::=;=======::=::.'::.‘:‘.:::T.‘.:::.‘:::‘:::::‘:::::::::::::::
REAL. NU ~
DIMENSTON U(t5915)vU(iSyIS)!H(!Srlﬁ)9P(15315)7UN(15915)yUN(iSviS)
+yWNC(LSy19) ®
y Q 3

, S
-

DO 1100 1 = 241M1
e (D0 1100 J = 2yuMlL L . i
FUX=C CUNCIr J) FUNCIEL e V)R CUNC Ty DY FUNCIH L5 0 +ALIHAKATS CUN (T o 1) +UNC
1140 D)X CUNCIy D =UNCIHLy ) )= CUNC =1y 1) SUNCT o ) DK CUNC D=1y ) FUNMCT 90D
2)~ALPHA*ABS(??;I~LyJ) FUNCIZ S CUNCI=Ty 10 =N (ol )/ (40T YO

'

FUY=CCONCI, D HINCIHL s D IK(UNCIy ) + UNCT o U+1)) ! .
174+ ALFHA X ABSCUNCLy DDHUNCIHL» ) ) % (UNCLsJ)Y=UNCLe 4 L))
2 (UNCTy J-1XRUNCIHLy J=1)) % (UNCIpd=~1) F UNCIvd))
S—ALFHAXARS (UNCIr J=1)4UNCIFLy =10 PR CUNCI» J=1) ~ UNCIo D))/ ¢4, %DELY)
FUC=CYLXCUNCLy I FUNCTHL I )R CUNCT » ) FUNCIHL» ) ) FCUNCL=1 5 S HUNCT v J
ADIKUNCI=Ly I HUNCL I

2+ALFHA X AHS(UN(IVJ),+~UN(I+1:J))\* EUN(IVJ)MUN(I+1yJ))'

4

JHALFHA % AES(UN(I~1s ) +UNCI J)) ¥ C(UNCI-140)~UNCEyd)))
t 4 /(BJKDELXAFLOAT(I-1) ) .
FUX=((UNCIr I3 +UN - 3 4
C S CIpJFLD R CUNCE s D FUNCLFL D) FALFHAKALS (UN Ly J) HUNY

1Dy 1) 2RCUNCTy D) =UNCIHL s ) )= CUNCI- Ly JIHUNCI=1pJE1)DREUNCI~ 1+ 0) FUNIC

e QIyJ))—ALEHQ*ABS(UN(I“lrJ)+UN(I~17J+1))*(VN(I*ird)*UN(IyJ)))/(4.*DE
o 3L.X) ‘ ) '

T NFVUYSCCUNCIY I FUNCT s J ) K CUNCT » D) FUNC Dy J+10 ) +ALFHAKALS (UN (T 5 ) +UN
/ 1CIrJH1) D KCUNCE 7 ) =UNCTp J41) ) = CUNCE s =10 FUNCT o) YK CUNCT 5 D1 ) +UNCT o J
Do 2))-ALFHAKAES (UNCIyJ=1) #UNCT s ) ) KCUNET J=1) =UN(Tyu) )/ (4. KIELY)
, ’ FuCzCYmex§N<1yJ)+UN<I,J+1)>*<UN<1pwb+vN<I+1yJ>>+(UN<[»1VJ1+UN<1~L
LrJ+1) K CUNRI=1 7 J)+UNCTp J3) +ALFHAKARS CUNCI ) FUNCL 5 JH412 ) KCUNC Ty J) =
, 2NCIH12d) ) HALFHAKARS CUNCI=1r DDAUNC (gl s JHD DX CUNCL= Ly D =UN Lo J13)
: 3/ (BMDELXK(FLOAT(L=1)~,5)) ST ,
4 UISX= NU % ((UNCI+Lrd)=2.KUNCI2d) + UNCL=d9J)) /DELXKKD4
o Y CUCUNCLr b1 =2 KUNC Iy )+ UNCIy =12 /TIEL Y3k

Y .
\ o o . ‘ : W |
' . y LN . : e
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1100 CONTINUE

[or M s N ap AN o

{
7001

7002

7003
7014

7004
47
43"
49

. CPUY= UM d RN FRING T ) POF R HAX G U e L v e WL S e

————— v s

; ' - 71 - ~
el x vl by g ~UNCL- L I O R D Nr Lk
S =UNCLe Y CUELRALUAT O -1 0 )k o

WIS = NLY k(”N(l+Lv')mﬂe$“N’l"' FoUp L1

ll'ﬂl't

RS el

;! . L R D) =0 D RUNGCE e Y b GO e by AT Y Rk

ZokuyloX CUNGLE b b= L e g 00 i 0RO R OF Ol b= Laydy
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RETURN !
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1 CONTINUE .
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