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A BSTRACT 

,---s-. , 
The flow pattern'and 'temperature pro'fi le have been 

simulated for a vèry ho~ -ga5 stre~m' en~ring a cylindrical , 
reac tor c which maoy have cooled walls. The simu'lation 

is a prel minar.y to ealculating the trajectories 'and reaction . . 

histories 0 partic'Ies injected at low'solid loadings into 

, 

\ 

., .....,\ 

the ta i 1 ~ lame of an i nduc ti on ~ lasma torch. The nume r i ca 1 

solutiofl procedure suggested by Spalding and co-workers hélS'v -
, 1 

been employed. The predictions for the isotherfT19r form of the 

mode 1 have been shown to agree satisfactori Iy with the results 

of flow visua.lizat-ion in a cold mode 1 of the reacto~, and wi th . ' , 
~ , (0 .co 

both numerical and experimental results obtained by other 

workers. The flow ,of an Argon litai 1 flame" in the feactor , -
with cooled walls is predicted ta be entire'ly different from .. 
the corresponding isothermal flow, -dlle to variations "Of the 

fluid properties.. The heat transfer to the ~J 1 shows a, .. 
strong dependence on entry Reynolds number and entry tempera-

ture of the gas. 
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RESUME 

• 

On a simulé l'écoulement et dédui t le prod F{de 
tempërature d'un courant gazeux chaud ou très chaud pénétrant 

dans un réac teur èy 1 indri que don t les paroi s peuven 8 tre 

re f ro id i es. Lorsqu'on injecte une fai ble quanti té. de parti-' 

cu les a l'extréml té de la .. f lanme" d Lune torche à plasma, 

ce tte si mu lati on es t la premi ére étape de l'é tab li ise"",n t d' un 

modèle permettant de con~aitre les trajectoires des particules 

ainsi que l'évolutior temporelle et spatiale d'éventuelles 

r~ctions chimiques. On a employé la méthode d'analyse 

nl.l1lerique préconisée par Spalding et ses associés. les 
, / 

fesuftats obtenus dàns le cas particulier d'un reacteur iso-

ther~ furent comparés favorablement avec/d'une part une 

~ 
/' 

visualisati de l'écoulement dans un reacteur à temperature ... 
, 1 , 

ambiante,. autre part les resul tats nuneriques ou experimentaux 

d'autres auteurs. 

Il a ~té~ ~onstaté m.l11ériqueme~ que, l'écoulement 

d'Argon de la ~sottie de la Uf lanme" de la torche ~ travers 
.' 

~ réacteur à parois -refroidies est entiérement di fférent de 
, 

l'écoulement isotherme d'Argon à travers .Ie même réacteur; la 
" , 

di fférence peut s'expliquer par les va(.ati.ons des propriétés 

du fluide. Le coefficient d'é~hange t~'rmique le long des ( . 

"parois varie bea~oup -avec/d'une part la valeur du nombre de 
1 . , 

Reynolds caracterisant l'entrée du r~a~teur, d'autre part la 

tem~rature d'entrée du gez. 
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1. INTRODUCTION 

A nunber of studies'have been reported in the nter­

ature on the use of plasma reactors for chemlcal î-production 

and for processes requiring thermal treattnent in the metal­

lurgical, ceramic, and associated industries. kt least sorne 

of the potential applications appear to hav~,.a promi'sing future 
. -, ...... "-

on a' comnerci,a 1 sca le (43.21). In the Canadian cpntext, 

)riterest in''Chemical reactions {Js;ng a plasma flame as the 

heat source is now eentered in the field of metal.lur'gical 
~ . 

ope ralt i ons; ,the treatment of metal ores t9 produce pure high 

nielt'ing-point metals ~nd refractories. Practical application 

i s essentialJy limi ted to expensive products, due to the high 
1 

i ns ta' la ti on and power cos ts assoc i a ted wi th plasma sys tems. 

One possible technique for heterogeneous reactions, which is 

being studied by other workers 0 in thi s laboratory, is the 

injection of p~rtieles at low solid-Joad1ngs into the laminar 

ta i 1 f lame of an indue ti on p la~ma generator. 1 n order to ca J-
. ' 

culate partie le tra)ectorles antf reaction history, the flow 

pattern and teniperature profi le in the reactor chamber must 
.. 

be charactérized completely. Experimental me.suféments' are 
\ 

l,ex treme J y di ffi cu 1 t unc;le r these 5 i tua t ions" ariFi v~ry 'i tt le 

informati'on is avai Jable in the IIt/r~ture, especiall,y for 

lamlnëtr flows. 
" \.. 

. , 
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G :z\e . .jiresent wor~ presents a method for slmul.atlng 

th~ flOW Ih;the reac,tor by nt.tnerlcal solution of tJl-= equatlo'ns 

o~ conti~:y, mot.l~n and en~r9Y. The app~~aeh $~;'~sted by 
"f " ,; .. ... ' 

o Gosman an~ co-workers (17) was employed, uslng f~upwlnd dif-
, . 

fer~nc'e~" to improve stàblli ty of thé solutPo.n .p~ocedure. 
• ~ v ~ 

This i~ described ifl, detai 1 in ~hapter fi. tog~ther wl th th~ 

boundary conditions and specifications of the'problem. The 
, J 

computer progr.am deve,toped' l'~ applicable to any axl-symnietrlc 

reactor geometry. The simulation was carried ou.trfor~ a laminar 
~ _ t' \1 1 N 'f' 

... tai' f!ame entedng a,cylindrical reactor with coole<l walls 
v 

as shown in Fig.2. 1. The geometry assl.M1led here represents a 

cri tical test. since the combinatlon of a sudden expansion 
o 

{pllowe..d by a sudden contractf'on wi th cooled exterlor wal1s 
./' 

" 'gi ves pa r tic u lar l'y troub lesome bounda ry condl t i on,s. 

Nl6I1e r j'ca 1 resu 1 ts are presen ted in Chapter ,lit wl th 

the detalls 6f the computations. The existence and unlque-

ness 9f t~ 
L 

convergènce 

discussed. 

solutioQs and factors inflùencing the accuracy, 

an,d 5 ta bl Il tyr;f the ~o lu t 1 on'" rocedu're are 

Results. we"'e obtained for bp'th \,6thef1nal {low 
,- ~ . 

wi th ~onst,ant properties and an Argon tai 1 flame. wi th a range 

of reactor entry condi tions. A.F9f was used slnce 1 t Is a 

COf1111on working-fluid for plasma p/rgcesses; 'a dlfjeren~ fluld 
, 0 0 

\ 

would lead to sli9ht1y di fferent results. Som( .. predlctlofts " 

wq re 'a 1 s~ car r i ed out 'for i sotherma l 'f IOw f "",a s Imp le condutt .. 

-,~~ 

. "~ 

expan~ion to enable a comparison witt- t.he results obtMned by "'f 

'. 

other workers, ,using , dl fferent f,lnf te-dl fferenclng scheme. 

l,' \ 
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h, 

The va Ji dl ty of "the predictions for the i sot~rma 1 

form of the mode 1 was coinpared wi th the resul tSJt!lf low vi su! 

alization !n a cold model àf the rea~tor, with -~\:ro'se~lution 
as the ~rkin9 fluid. The Hydrogen Bubble Method wa's used-to . . 
vlsualize the fJow. Th€'experimental ap~ratus and t~~hnique~ 

used a re de sc r i bed' in Chapte r 1 V, wi th ~. campa ri 50"' be tween ..;' 

the predicted.and me~s~red.vaJues of the dimensions of the 

~nar jet entering the reactor and the centerline velocity 

of the flow field. 

Chapter V presents the'conclusion of the work, with 

recommendations for further work. ~ 

\, 
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THEORY 

2. 1 1 "TRODUeT ION 

The present work i s concerned wi,th fl~s of very \, 

hot gases, such as· are generated t,y an i,nduction-\or arc plasma' 
- 1 

in a chamber of ~he geometry shown i~ Fi g. 2. 1. 'The cross-

section of the chamber is ci rcular. The incoming gas i s . 

admi tted i nto the chamber a t 'Secti on AA r, f lows throughA a' .' 
. ~ 

sudden expansion and contraction, and exits at Section BBI. 
" .. 1 

• q 

The gas is chemically inert, and the chall1ber walls are ail 

water-coo,led, assuned to be impermeable and non'-reacting. 

The procedure for predicting the flow is based upon 
... 

the conservatidri laws of mass, momentum and ene~gy, expressed 

through partial differential equations in the general form 

applicable 'to a fluid whose properties vary with\position. 
\ 

ln the present chapter, these èquations are deve~oped in 

cylindrical polar coordinates for axi-symmetric f\OWS. The 

equations are made dimensionless, and then cast into a fini te­

difference.fonm which enables ~umerical solution by the tech­

nique developed by Gosman ~ Ji (17). In addition to the 

differential equations, algebraic equations describing the 
) 

speci fication of the mathematical problem;~are derived from 

the boundarY,coadition~ and the thermodynamic an~ transport 

; properties of the fluid. The present work is restrfcted to 

laminar axi-synwnetric steady flows. 
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2.2 BASJC E~A!IONS . 
, 

.. 
\ ' :. ~J ) .. 

2.2. 1 The Di fferenti al 1 S Egua t·i ,ôn, Based on the Conserva~ion'Laws 

(a) Continuit~ egua ti on - The conservat i on of mass law gl ves: 

- o (2.2-1) 

A 

where p is the density of the fluid, and V is the velocity 

vec tor. 

The continuity equation for an axi-sy~tric flow 

in cylindricaf polar coordinates takes the form (for zero 
1 

gradients in the 9-direction)}. Î' 
; ~ 

(2.2-2) 

where . V r and V z a re the ve loc i ty componen ts 1 n the ~ and z 
directions respectively. 

( b) Equation of motion - The general equation of motion 
j , 

derived from the conservation law of mome~ln the' absence 

of the gravitational force takes the form: 

_" -- VP - V.l (2.2-3) 

where p is the fluid mechanlc pressure, and ~ the vlscous 
= 

stress tensor, determined by, for a ~ fJuid: 

• G A '+ (~ G .' ~I >!(v.i> -'r -- • 

• 
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" ri" 
in w~lth ~ is the shear viscosity of the flul~ and O' Is 

~ 

Il bu J k vi scos i ty". whi ch '1 s i dent Ica l1y zerC? for low 'dens 1 ty 

monatomic gases, and generaJJ, small (n dense gases (5). In 
, 

vi~w pf the above, t~ bulk viscosity is ignored 50 that the 

flutd mechanic and thermodynamic pressures are then equal. 
, . 

1 
!,dengtes the rate of str~ln tensor, given by: 

1 ,-
Il .. 

IJ 

. 
and 6 1 s. the uni t tensor: -

1 
" 

The three components of the equatJ.on 'of mo 

cylindrical polar coordinates 

take the forms: 

. 
steady axl-s mmetrlc flows 

, . 
(i) r-component: 

(2. Z-lt) 

(ii) 9-component: 

) 
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(2.2-6) 

( 
he re, V 9 i s the, ~e loci ty componen tin' the 9-d 1 rec t ion (1. e. -. 

" 
,the swirl veloelty). and 

- ,.. 
v.Y.. 

(c) Energyeguation - ln the absence q,f gravltational forces, 
" 

the general equation of. thermal energy based on the lawof 

"conservation of ene~gy takes the form (5): 

,. 
A - ,. 
p v.y. • 

reverst ble rate Irreversible 
rate o'f energy 

LI: ", 1; ; 
" . 

\ 

\ 

',' 

1 

\ . 
1 

\ 1 

t 
rate of gain 
of i;nterna 1 
energy 

rate of energy 
input" by . 
conduction 

of energy Increase 
by compression 1 nc rease by 1 

yJscous dissIpation 

,. 

A. 

- QR 
rate of energy 
Input ~y radiation 

(2.2-7) 

whe re' U 1 s the 1 n te rna 1 energy. of the fi ul d per un 1 t mass, 

. q Is the conductlve heat flux vector, and' -
QR 1 s the rate 'of energy 10ss by radfatlon per uni t vol\.IM. 

.. 
'. 

1 

l~ l ' 

... ".' ""J 
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'The energy' equati on ""~ be wri tten.,Ji n terms of the 

fluid temp~rature T and ,heat capaci ty et constant pressure êp 
.' ".\> < " 

• l by us i ng the fundal!lE!n ta 1 the rmodynan1l:ç re la t i onsh i ps ·as 'fo Ilows: 
... ..... ' 

and 

,., ,., ,.. 
U - H - P v 
~ c 

... 
,.. ".. 

where H and v are the specifie enthalpy and volume of the fluid .. 
respe~tively (v • Ilf). Combining the above two equations 

gi ves: 

,. 
dU 

. .. " 
The substantial derivative ôf U hence becomesf 

(2.2-8)~ 
" 

" 
Wi th the al d of the con ti nut ty equa ti on, ~ - - p (v.iL the 

term (,v/st) may bè transformed as follows: 

... 
l 't'" -n!J! -rJ2 ,t 

, 
> 

1 -" 1 (v.Y,) 

S~tltuting thts equatfon _ tn,t9' Eq.(2.2-8) and the ,resulttng 

! 

" eq~tion Into Eq.(2.2-7) ylel~s: " 
f-
I 

• 

.' \ 
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(2. ~-g) , 

r \ 
?In o'rder ta.. prQCeed further, i t i s necessary to 

,', assune an appropriate value for the coefficient of thermal . ,. ,. 
expansion of the flufl~, (av/a!)p' The value used in the present 

* H 
work is )that for an ideal gas . 

wi th M th~ mo 'ecu 'ar' ~ i ght of the gas ana'R the gas constant. 

The energy e:quation hence becomès': 

. 
(2.2-10) 

Fourier's law ~ives: , -

'" - ,. 
- k v T 

Il{ ". 

where k is the thermal conductl._t,rofh*hélelald. 

The rate of energy loss by viscous dis$ipa.t60nfs 

gi ven by,: 

" 

T:VV - - ~ a . - (2.2-12) 

* As shawn ln appendlx B the actual values for argon' devJ.te 
from the 1 dea 1 va lue by at most 28% over the tempèr~ure 
range of Interest'(up to 10,OooPK), but for a polyatomic ga5 
or mixture of gaseous componen~s ft,might be necessary to 
use a dlfferent coefficient of thermal-expansion. 

. , 

\ 

! ' 
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where t6 Is 1<nown as the dissipation function and 1 ts form ln 

eylindrlcal eoordJna'tes is (5): 

a • 
av 2 V 2 

2(T) + (r) + 

~ 2 A ~ ~ 

av 2' A àV V ~~ V 
(~) ] - j<'V.ï)(T + r + ~] 

A A 2 aV 2 

+ t~ + :;r) +.[~) 
z 

, . 
" Substituting Eq~tlons (2.2-11,12) Into Equation 

(2.2-10) yield~ the 'flnàl form of the steady-state energy 
, . ( 

equation: , , 

, \ 

pCp(i.v)f • v.(k vI) + (i.v)p + ~ a - QR \.:- j4l 

" 

For an 'axl-symmetric flow in cylindrlcal polar coordinates, 

the energy equation takes the form: 
Ç) 

(2.2-15) 

Krey and Mor ri 5 (26) have r:eporte~ determinat-lons 

of the radiation properties of the.gases commonly us~d in 
, ' 

plasma app li cati ons, i ne 1 udi n9 argon, ni trogen and oxygen: 
, 1 r.. • 

For temperatures .In the range of interest of t~"present work. 

• 

It was found that ail the gases could be r,ega~ded as "optlcally 

.. l 
.' 

( 

r 

. ;&'tiI 
'~ 

<" 
" , 

,,j - -

.. 
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thlnll: ' i.e. there fs neglfglble ~bsQfPtlon of thermal radI-
o 

atlon from an element of the gas by surroundlng elaments. 

Assunin~ that the f1uid is optlcally thln, ail the'energy 

radiated by the gas 15 absorbed by the wells; the. heat lost 

~ by radiation may then be exptessed as (S"): 

• (2.2-16) 
\ 

where ~ is the absorption coefficient, cr 5s the Bolt~nn 
{'-

constant and n ls the' refractlve index of the gas. 

,/ 
~ 

(d) Closure - We have now introduced ail the crIfferentlal 

equations derlved:from the conservation laws, whlch re~resent' 

the foundatlon upon which the presenl prediction procedure , 
''\. is based. In -the followlng section, these equations are 

presented ln forms made dlmenslonless wlth reference to the , , 

inlet conditions • 
. ' 

2.2.2 Olmtnslonless 'EqUitlons 
J 

The quanti tles in the ab9ve ~q""tlons can be made -

dimensionless with reference to the upstream dfameterr Do' 

the mean velocf ty Vo and the Inlet ffuld propertles ~o' Po' 

CpÔ' ko' to glve: 

, ' 

. , 

- --i 

" 
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,. ') ,. 
r r z z - ~ - 1Ç ~ ,. ,.. 

". ". :.a... f - L ~ - lL cp k • k - 1Ç Po / 1J0 
C ,.po ... 

°9 ;r ~ 
,., 

V - Vs - V;; Vz - P • 7::z r 
,.0 ,. 0 PoVo 

T T.T, 
QR 

QR 
• - roCPoVo{fo·fwl/Do fo· w 

...•• (2.2-17) 

here, T and T denote the ,fluld temperatures at'the Inlèt, o w 
and the wall respectively. The equations (2.2-2,4,5,6,15) 

becorne: 

(2.2-18) 

V 2 av 
l + v r)_ 

r z az 

(2.2-19) 

av v v aV 
"J v .::..:.i + .:r.:.i + V .:..:i} • r' r ~r r z ~z 

, JI a 3 ~ I~ 
Re l" ir(1J r ~ r. ) 1 

r . ,.. , 

(2.2-20) 

~ + l' {1 a av" ~ • az ~', r ir(r 1J(~r + ~z )] 

L ~V 2 
+ az [IJ (2 ~ ,. 3' v ·l) ] J (2.2-2I}a 

, 
1 

,-,:~ 

1 ~~ 

\.,. 

1 , 

f • 
J 

'i 
-\ 

~ 
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RC (V .li + v lll-_ 
1 P r ar ~az' 

, 
where Re i s the Reynolds number, Pr I,s 

and Br f 5 the Bri ~kman n~be r, de f f ne~ 
\ 

r .. , 
/ \ -Re • PoDo Vo/',Joo 

~ 

Pr - 'rJ.ocpo/ko 
'~ 

Br' - ',Jo V 2/k (T - T ) o 0, 0 0 w 

and 

l L( rV ) 
?JV , 

v.y.. - +~ 
J' ar r az 

the Prandtl n'umber 

by: 
. , 

(2.2-23) 

(2.2-24) 

(2.2-26) 

q.",;.~ 
, :~, 

-. 

t-'i 
,>f 
• 
1 
~ , 

'., 

- av 2 " V 2 
2~rr) + <-f> av \2 2 _ aV, ~ ~ 

+ (af>\, ) - J( v.ï> [rr + r az 1 

V 2 aV ~V 2 
a ( 9 [~ + ---1:1 + (rrr;::-)l + ~r ~z 

aVQ 2. 
+ (~1 (2.2-27) 

'2.2.3 The Introduction of VortlcJty. w •• nd Stream Fynctlon.t 
, 

A Ithough the di ffeTten tt al equa tJ,ons presen ted 1 n the .. 
previous sectlon co~taln ail the background for the probl.m, 

tt'iey are not in every respect conv.nient t9 'work wl th, for 

they cOlitaln di fferentlalS' of the pressure as weil as those 

of the velocityOcomponents, whlch are ail unknown. This d.fe~t 
" 

, I( 

can b~ oremedled 1 f most of the terms Involvlng velocl ty are 

\ " -_ t 

" 

l 

. , 
',\ 

" 

~ 
"~ 

\ 
' ~~ 

\~ 
':]1 
,;~ 
~ , 
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" 

expressed ln tetms of the s'tream funetton, and t~ vo~tlc:J1 ty 

fs fntroduCed as a main ,dependent vartable to ~emove t~~ 
, r 

r 0 " .. .... 

pressure from the ~~tfons by eomblnfng the't~eqU8tfons 

( 2. 2 - 19) 'and (2. 2 - 21) 1 n to one. , 
:1 0 

~The s~aJar dlmenslonless stream funetlon • and 

vortlel ty w are deflned by: 

Y' ", 

PVz • l li \ . r ~r 

w • 

- III 
r ~z 

j., ~ ~ ... ~~ 

aV 
--' ar 

These definitions lead to: 

( 

\ ' 

. (2.2-28) 

(2.2-29 ) 

(~. 2-30) 

! 

Upon the fntroducti.on of th" s~ream functlon, 
;- '" 

equation (2.2 .. 20) beçomes . " 

equations (2.2-19) and (2.2-21) by dlfferentlatlng the 'Irst 

wl th ,respec t ta z and the second wl th respe,c t to r •• nd' then 

, " 

.' 
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" , subtracti rig one from the other. 0 1 n thi 5 \le Y , the pr~ssure . .., , 

i 5 rem:..:ed entl r.e·T~~·rfd'··rfte.r the, rearrangement~ . the equa-

ti ons take 'the form: . , -

.. ~ • ~ fl 

. r2{.L[!!'h'1 - L[!!ll]l .' 1 JL[r"3 ~~)1 + L[r3b<~ ~')1} 
3Z r ar ar r az j Re laz az r ar 3r r • n . 

.. t' \ 

o ~ 
1 

(2.2-33) ., 

where 
\ -' 

~ 1 J 
'+ . L[. f." V V' :" 

3r r r z 
V ~"(pV .)' + V -a 1 V )] 
t\Za r r . r .i'Z" r. r 

.,' 

• J 

• 0 

." 0 

' ••••• (2.2"-14) , 

. . 

T~e ene,rgy equa t ion (2. 2:22.~ becomes: v 

- " 

,J , 

, , .. Br olt + Q RePr .~ r R 

) 

/ 0\_ 

/ . 
. . 

" / 
" A< 
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. ' ,j 

where t . - , : a y v 2 a v aV 7 • a V, '1 

Re Dr[Y' (V'.:...-L. - ~ + AI .:...L), + Y (y -- + V )'4i , r r~ r r "'-' z èlz z ra r z3z J 
l ' • (~ 

,f . ~ . 

o • 

.. ' .•• .;'~. ( ~. 2-36) 
,~ \ ·r 

~ ! ) , ~AtJj"thèse, ,four equatfQns {2.2-31 ,32,33,35) have a 

simi lar structure and 'are found to fi t a genera 1 equa~ion of j 

• 
.. the form: ' 

• .•.... -L2. 2-37) 
.T 

lfI 

1 f q> i s take.r as the dependen t va ri ab le, and a, b,c,d" represent . 

varlous functioRs. The forms of thèse functlons' are shawn ln ' 
( ~ 

. Table l. This table shows c learly the ,simi lari tles and dl ffer-
" . 

_ r 

ences between thetcfifferential equations.' It' fs thelr slml-. 
, . i ' • 

\: lari ty of for~ whl c!, ren.ders a Il the eq~tf~ns 5~luble when 
, 

a solution procedure has. been' fow.d for OIJe of tttem. The J 

" 
followlng sectf~n presents a nunerical soJutfon·fQr the 

<genera J equa tJ ons (2.2-37). 
M 1 

.. 

. 
( 
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2.3 HUMER 1 CAL ',APPROACH 

2. 3: 1 1 n t roduc t ion 
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lhe pa r ti,a 1 di ffe ren tl al equa t Ions presen ted in the 

previous section are hlghly non-linear and coupled in various 

ways. Hence, theyare too coroplicated for an analytical , 
'treatment, even under the most simplified cases, such as 

isothermal creeping flow. An alternative approach lies in 

nlM11e r i ca 1 simu 1 a t i on us i ng fi n i 'te -di fference methods. The 

solution procedure is as follows: 

( i ) A t ten t i on i s ) con fi ned to a fin; te n lII1be r 0 f 

pOint)i stributed,throUgho~t the flow field as the nodes of 

a two- imensiona 1 gri d at whièh va lues of the variables are 
\ 

; . 
calcl,ilated. The grld is so arranged that the .~aries of, 

the f low fie Id coi ne ide wi th the outermos t rro,ws or co 1 lII1ns. 

The nodes are chosen to be ",.merous in the re'gions where the 

ients of the variables are steep, and more widely spread 

where gradients are sma Il. 

(ii) The partial differential equations are replaced , 

set .,...o..L.aO~nêous, a 1gebralc fini te .. di fference equatlons 

re la-te the of the varia61es at each node to the '--
\ 

va 1 ues whl ch preval 1 bo~r i ng nodes. 

(IIi) ic e~tions are recast into a 

form sul table for by an i te'ratl ve, successlve-substl-

tution technique. The Gauss-Seidel technique is selected for 

thls purpose, for Oit is known to yfeld a rapfd convergence 

(17,3'+.'+2). The solution .wl Il yJeld the distributions of the 
1 

dependent variables W,,' VS' ., T throughout the flow, and 
]1 

,consequently. the dl.strlbutlons of velocl ty • .,d pressure ._Y 

l 

, 

J 

# 
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be obta 1 ned. 

There are two CommoR ways of derlving ffnfte-dtfference 

equations from di fferentlal equatlons: 

(1) 'using Taylor s~rle~ expa'nsions . 
(2) by Integration over fini te areas, together wll:h 

'as5l111ptions about the distributions of the variables 

be tween the nodes of the gr id. 

The first is more popular, and has been used, for example, by 
..-

Hacagno and Hung (29) to predict the IsôthermaJ, laminar flow 

of a Newton i an fi ui d wi th un i form p roperti es through an 

axi-symmetric conduit expansion. The second method is 

developed by Gosman and co-workers (17) and is chosen for 

the present ~rk because i t ensures that the conservation lawS' 

wi 11 be obeyed over arbi trari ly la rge or sma Il port~ons of the 

field. It also makes'use of the upwlnd-dffference techniques, 

deveJoped by Clurant II jJ. (10), ln place of the central-

di fferences. n."",ber of workers (4,6, 10) have shawn that 

the upwind dï'fference form improves tt}e stabl11 t.v of the 

solution procedure greatly. 

The, fol Jowlng sections present àll the successJve 

steps whlch lead to the replaceme~t of the dlfferentlal eque­

tions bya set of slmultaneous algebralc equatfons and thelr 

successive solution procedure: 

? 
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2.3.2 e-Dt fferen e of the Gener 1 

Fig. 2-1 displays a part .lof the grid net~rJc, shoW'tng 
. / . 

a typi ca "1 node P wf th ei ght surroundf"g nodes N, S, W, E, HW, NE, 

SWand Si. The integration of the differentia1 equations (2.2-31) 
• 

i 5 performed over' the area enc losed by the dotted 11nes whl ch 

lie midway between the neighbourlng ~rid lines, as follows: 

••••• (2.3-1) 

Wi th the asswnptlon of a sui table ~rage value 

for a, which may be the value atc,the centre of the rectangle 

P, the first fntegratiol\ can be performed 

r ze 
n 'll 

- q»w(~) ] dr - ~ [q,n(*) ap{~ (<Pe(3r) 
rs e w ~, n 

convection term 

dl ffuslon term 

"6 r z 
n e 

+) ~ d dzdr - 0 
t 5 'zw 

source tenn 
\, 

to gl ve: 

. .il 
q)s( 3Z) 1 dz} 

" 5 

) 
'" 

( 2.3-2) 

---
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ln order to proceed further, addl t r ona" assunptlons 
o -

about the 'dlstrl~utlonls of the variables between the nodes of 

the gri d are requl red. The aSsOO1pttons wi" dl ffer. accordl n9 

to the na ture of the terms, 50 that each group must be consf-
1 

• dered separa te 1 y. 

f 

(a), 
\ 

Convection tarro: conslder the fi rst ~n tegra 1 of the four 

1 n the conyec t i on term, which we deno te by the symbo 1 1 c : 

r 
n 41 

: - a ~ t1>e (~r) dt 
P r s' e 

(2.3-3) 

If bath cp and, are well-behav~d functl~ns, then 
" 

there 'exlsts an ~verage 'Jalue of CPe' say CPe' "such that: 

cp ... 
e 

therefore: ' 

r ~ 
, ,- n .ai 

~r «pe(ar) dr _ s e . , 
r 

, \ n (*) dr 
. r {} e 

s 

(2.3-4) 

(2.3-5') 

-
To express 'Pe , 'nt! and • se 1 n tenns of va 1 ues' of 

the variables at the nodes of the., grid, three assl.InPtlons are 

made: " 

"( 1 ) AssllR8 that cp fs un f form wf th t n each rectangle, 
~ 

1 

1 and has the value whl ch p~eva ils a): the centre of 

the rectang le. ') 

-".--~ 
~~ ,t,. 

• 

, 

o , 

1 
i 
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(i 1) q>è takes on the cp-va lue possessed by the fluld 

upstream of the e-face of the rectangle. 'Th's 15 the 

impllcati on of the "upwfnd di fferences". 1 t i s 

important to note that the di ~ection of the flow 

across the e-face fs connected to (at,3r)e by 

'eq.(2.2-28), and hence to (tne -'1se ); in particular, 
. 

if the ,latter quanti ty f s posi ti ve, the di rection of 

f low 1 s from P to E~ and i t fo 1 lows ~hat CPe must 

be equaJ to 'Pp. If, however, Ctne - t se > fs negative, 

the Ilow Is from E to P, and,q>e must then be equal 
, -

to 'PE. The quantity le ln eq.(2.~-5) may now be 

expressed by 

( 2.3-6) 

Thi s fOTm ensures that one of the two tenns in t' 

wl Il be zero, and the term whf ch rema f ns wi 1 1 be 

that whl ch represents the contrl butfon from' Ilher,.; 

n~de upstream of the e-face. 
. 

(1 i i) The va lue of the streltm function at a parti-

culer corner of the rectangle 15 essl.I1Ied to be equal 

, . 

to the average of the values on the four nelghbOurfng r 

riodes: 
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The 0 the r th ree in tegra 15 in the convec t 1 on te rm 

,may be treated in a si mi 1ar way. The convect~,on term 1 n . 
eq.(2.3-2) can now be obtained by suirning ail four Integrais. , 
After rearràngemen~. i t takes the forQ1: - , 

.condL • ,(A~'Pp - AÈCPE) ... (A~ ~ AW'Pw) 
+C~:q>p - À;CPN) + lA;CPp - AS'Ps) (2.3-8) 

where , 

, 
a . 

• - ufrc.NW- .SW+ tN- .S) - 'tNW- .SW+ .N- .s11 

ap 
AN • r[( tHc tw+.~· .wl + 'f tHE" t NW+ tc tW/J . 

, 1 

A+ 
ap , ~ 

I.SE- .SW+ tE- .w"l] . • 'r«·SE- tSW+ tE'" .W) + S 

A-
ap 

.SW+ t E- .W} '.SE- .SW+ t E- ·w1 1 • -- 1r ( ·SE- -S 

l 

•.••. ( 2.3-9) 
~ .-

• < r""" .. 

~ 
.. --, 

\~ , r . -, 
~ ,; . 

" 

.. ' 

: 
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,1 t may be obse rved tha t the A' s ca" neve r become 
, ..."., •• ., 

negatlve, al though they may fa Il 'to zero. Th 1 sis Ot1e 0 f the " 

features whlèh enables a , 
obta i ned. 1 n each pa i r, 

one posi tive term whi le 

convergent solution procedure to be 
+ • '~ / 

soch as AE a!ld AE' ,there 15 a I~ys 

the other -, s 'dentica Ily zero. 

, . 
( b) 01 flusl on term: 

p 

() 

conslder the fi rst )ntegra.l ln the 
, 

diffusion 'term whlch we denote by 'd: 

AsslI11ing that: 

1 

and 

1 ... 

S)( ccp} 
. az 

the above Integral becomes: 

- . 
• 

• 
cE~E - ~p<Pp 

zE ,.' zp 

(2~3-IO) 

(2.3- 12) 
1 

The other Integrais may be evaluated ln a slm1)ar 
1 

" 

way, and the sum of ail four Integrais will yleld the CUffuslon 
-

te rm, wh 1 chi s : 

~f ':i 

BE(CEt4>E cp«pp) Bw(c.t4>w cpcpp) • 
.'1 

'dlff • + 
, - - Â 

,> 
: \ 

, .. 
+ BN(!=N~ - cp«pp) + BS(cS«PS . cp'Pp) '(2.3 .. 11t) 

~ • 
• 

" -' , .. 
~ . ' 

'1 

\" '" , 
;. J'L"',, 

" !S ., .. ' 
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le bE + b' rH .- rS 
where BE - r. 

4 zE - zp 

Bw 
~bw't bp, rH - rS 

- 4 .' z~3ZW 

BN 
bN + bp zr aw - 4 ; 

rH - rp 

BS 
bS + b

p 
" zE -zw - 4 rp - 'rs ~\ 

(c) Source terih: the final Integral to be evaluated i!?: .. 
r z 

} 

. ) 
,1 • (2.3-16)" 

" . . ç"'- J 
>J j / 

1 sor - \ n , e d dzdr 
.)r

s 
.}zw 

With t~"'Ptlon that the ~uantny d is uni f"rm 

area of integratlon and takes on the value àt point 

: 

(, .... -. "ove r the 
AJ_ "'''''', \ 

( 
'1 

, :_'" J 

p_~ ~he above, equation may be !ntegrated to vie Id: ; . , 

., 1 
\ 

, 

• 1 sor (2.3-17) 

a.",. ,. . 

The integratio~ of the- general di f,ferential equatio" 
.-

i s JlOW ~omp le te. By 5 ",!,,"i n9 the te rms usi n9 eqs. ( 2.3-8, 14,) 7) 

""We ha ve : , 

- 0 , 
, " 

- ; 
,/ ~ ." .. " ~ 

, 

.f -

• • 
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Rearrangement ylelds: 

where 

,./ 

and 

'Pp - CElpE + \w<Pw + CNlpN + Cs~s + 0 
,} 

Cs -', (Bsc S + As)h:AB 

o • ( Z E - ~) ( r N - r ) 
dp - • 4 S /}':AB 
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(2.3-18) 
Q 

(2.3-19) 

The genera 1 dl fferentia 1 equatlcon, (2 • .2-~7) h&s now 

been rep laced by the al gebra 1 c equat Ion (2.3- t8), <-8 successl ve 

substitution formula whlch forms the core of the solution 

procedure. However, thls formula can now only be applled at 
~ 

the Interlor nodes of the grfd, for It was ~erlved 'rom the 
J 

general differentlal eq'uatlon which descrlbes the flow only 

wl thkl the boundarles. In order to complete the problem, 

addl tlona 1 substi tutlon formulae are requf re~ for the nodes 
, . 

wh 1 ch Il e on the bounda ries, and th f 5 wl Il be prese" ted 1 n 

sec t 1 on (2."). 

. , 

l 
<l 

" 

, .. 
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- . 
2.3.3 Solution -of the Set of Algebralç Equations , 

S~c~ssive-substitutfon techniques aTe entP.IOyeJ to~c 
1 

solve the set of alge~~ equatlons for ., w/r, rVe andjT,/ 

. haVi n9 the genèra 1 form represe-nted by eq. (2.3- 18). 1 n, ~~ 1 
n > 'J 
V ,t 1 

guesses,for the values of the variables are substituted Into 
J 

the successive-substitution fonmulae (2.3-18), and new values . , 
are computed. These va lues are used to generate guesses for 

the next iteration, and the process is completed untf-J n~ .. 

, 

further changes rèsult' in the depèndent variables. Relaxation 

factors, aR' are introduced to stabi I~ze and improve the speed 

of convergence of the computati ons as fo Ilows: 
() 

m m-I m m-I 
q>p • q>p + a R [cpp - <:Pp " (2.3-20) 

where the subscript m denote~, the mth value ca,d'ated and 

cp denotes the value cp cai~ulated by .using eq.(2.3-18). 

The i teration wi 11 be continued"untf 1 the followlng 

condi tion is satisfied for ail the dependent variables: 

,... 

·(2.3-21) 

, . 
rn whlch A is the convergence crlterlon, and CPo represents 

the reference values for the dependent variables. 

"s. 

" 4 

, ' 

" 
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2.4 6POIJ10ML ALiEIMI' EQUATIONS 
~ . 

Th.s sectlonocompletes the ~thematlc.1 speclflea· 
r 1) ~ ft 

tlon,or the problem by presentlng ~he 'addltlonat al~br'lc 

-equat!ons whlch em~dy thè bou~~ry condl tlon, of the problem. 
\ ~ 'II ~, _ • 

and whlch Ilnk the varlous dependent variables together by 
. , /" 

thermoctYnamlc a~ran$~rt· propert'es of the means of the , '. 
.., .... 

·f1ulcl· 

2.4. 1 Bo.und.rv Condl tI ons 
" 

Presented below 'Is a set of bourftlary condl.tlons l 

~that are encountered In·'pr.c~lc.' cl rcuns ta'nces , u"sed for the 

pre se n tin ve 5 t i 911 t 1 on • O,ther condl t' ons are PQss 1 b le. 
/ 

(a) ~-a:.:::Do.~~: ln most cases, the condition of the 
• 0 

enterlng fluld 15 known, 50 that the dl5t.,J.butions of temper-

ature, Y~loclty~ etc. ~y be speclfled. From the.e, the dis­

tributions of. stream 'unetlon and vortlcl<~y ~y be des' red. 
, 

The pr~sent predictions are obtalned 'Or a lamlnar flow 

entérlng the field of ca~.culat·'on, 50 that the veloclty dis­

tribution .at the Inlet takes a parltbollc form as follows: 

""'-~ 
,. \ 
Vr 

.-. 0 1 ( 2.4-1) 
.' and 

~ 

~ ,. .. 
(r ) 2] Yz • 2Vo[ 1 . ( 2.4-2) 1Ç 

wher~ ,Ro 15 the rad' us of the 1 nie t. 0
0

/2. Henc;e. the dlmen-

slonless veloclty components are: 

(> ,~ 

, . 
( 

, 

i 0 , ' 
~ "'~1_ ... _'!:-..... ~ D . " 

1 .:-
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V • 0 ,. 

.( 2. ,.-,.) 
t. 

{' 

Con5equent)y, the dlmen510nless yortlcl~ 15 glven 

/~ 

"' - 16' (2. "-Sr 

The temperature of the enterlng fluld 15 assumed to 

be fin; form, except for a thln layer adjacent 'to the wall. 

From the deffnltlon (2.2-17),·the dlmen510nless temperature 

takes the form: , 

T - (2. "-6) 

.. 
Wi th thls asslM1'Iptlon, the 'fluld densl t~ is cohstant at the 

in let, and the stream functron can ttten be d~rlved fran the . ' -
o velocl YI distribution (2.4-3,4) lIto yle,ld: 

1 ~ 

• • (2. "-7) 

\ 

by: 

~here ~d-êtÎbtes the value of • at t,!1e 8xl.s-of.synnetry (r-O). 

,
i o. , 
\ . . \ 

(b) At the .lls: The wa"'s~;â~e characterlzed by • no-slip 

condl tlon: 

• 0 
• 

." . " 

'~ 
--"~ 
• ~ .tl 

, 

" 
; 

."" 
," 
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1 

and by 
1 ; 

the çondi tlon 
1 

c 

approp,t;.i _te JI' an Impermeable bo ... dary: 

1 

(2.4-9) 

.) 
Hence the va lue of the stre ... f..-tçtfon f ~ constant over· the 

walls. 

The walls of the reactor are kept at ~onstant 
1 

temperature by belng water-cooled. The dimensionless temper­

ature then takes the value zero as deflned in eq.(2.2-17). 

The vorti city a t a wa Il i s not often known at the 
1 

start," 50 that ~he boundary condi tion for vortici ty !'1ust be . 
deduced from the other information, whlch is the nQ-sJip 

condition at the wall. Gosman et.!! (17) derlved a boundary 
n i 

condition for vorticity at the wall by asslIIIlng that gradients 

of vorti city in the di recti on pa ra Ile J' to the wa Il are much 

smaller than those in the normal dlrecti()n, and that vorticrty 
• 

.; ,and densl ty vary· linearly near the wall. Wfth these assumptlons, 

they showed tlJat: 

o 

• g) + g2 (~) 
NP 

(2.4-10) , 

where P Indicates the value at a node on the wall and NP 

Indicates the adjacent Interlor node, as shawn ln Flg.2-3 • 
• 

The f&a'\ctlons gl and 92 are: 

) 

" . 
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. WALL 

G,id lin. normal to th. wall 

Fig.2.3 NOMENCLATURE FOR THE SUBSTITUTION 
FO~ULAE FOR THE WALLS 

, 

l' 
n. 
J,NPI IJ' 

~ ~N~ . 

. . 
. . "" 

1 / ~GrJd IIne normal 
~ 1 to the -boundary 

• 

Np. 

!NP 

. 
p 

, 

.. 
, 

, 
, 

.~ • x". of., mm et r y or 

exit boundary , 

Fig.2.4 NOMENCLATURE fOR THE SUBSTITUTION 
1 FORMULAE FOR THE AIl S-GF -SYMMETRY 

4ND FOR THE EX 1 T lI)UNDARY 

, 

" 

i . 
l 

t \':-I;i; 

A ~}~ 
-i. 

... .,~ r_~'~' ':': .. , ..... ';P ~ .. ~t~a ... ~_ .r..;~~~ 
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- R ' 
"~pRW[rp('f - h ~NP) + op (k ,RW - la- "NP)] 

(2.4-11) 
R "NP R nNP 

(Rw -, "NP) (fp( tt -T) + ~p (tt .- 10')] 

tt..tr;t} -h "NP) + Af'C1t; '\. - k"NP)] 

for a wall 'parallel to the axi s-of-synmetry, ànd reduce to: 

• 

(2.4-12) 

for a wall norlT{al to the axis-of-synmet-ry. In equation (2.4-11), 
1 

Rw denotes the di ~tanee of t~e wa 11 from the axt s-~f-symnetry, 

nNP ts the distance alon9 the normal betwee~ two points P and 

NP, and ~('. PNP - pp. 

. 
(c) On the axi s-of-syrrmetry: A long the axi s -of-symne try of 

the flow, the stream funètion must have a constant value and, . 

for eonvenience, this was taken as zero. T~Is condition 

expresses 'the fact 'that the radial component of velocf ty must " . be zero at the axis, followlng the law of mass contlnulty. 
, 

Horeover, sinee the a~a 1 velocfty 1 s 'fini te, the 

deflnltion of stream funetlon (2.2~28) Implles that the gradient 

1 

, ' , J 

') 



'" 

35 

of • wl th re spec t to r ~us.t tend to ze ro a t the same ra te as 

r near the axis. It follows that the t",r distribution 1$ 

parabollc ln the immediate vicinity of the axis. From the 

synwnetry requ; rements, i t must take the form: 

j (2.4-13) ., 

where A and B are constants, for fi xed 1"( Thi s equation, 

together with the definition of vorticJty (2.2-30) JmpJy that 

the vortici ty at the ax; s must be zero. On the othèr hand, 

w/r ;s fini te, and takes the form: 
, . 

88 -r,; (2-.4-14) 

Assuning that equation (2.4-13) holds at the interior 

nodes which are once or twice removed from anode P oW the ~ 

axis of symmetry, denoted by NP'and NPI respectively, as shown . . 
in Fig. 2-4, the value of the constant B can be determined and 

eq.(2.4-.4) becomes: 

( !!) _ 8 _{ ....::. N.:.:,P..:..I __ • .:...P )_I_r.:.p~p:...:I:...-:-_{_ • .:..:..N P:...--_ • ....::p_)_/...:,r ~~P 
r p"( 2 2 ' ] 

r NP rNPI 
' . 

. • • • • ( 2.4-15) 

For reasons of~ ti nui ty, the gradi en ts wl t~ 
respect to r of temperature a!,d of the axla 1 component of ~ 

ve'oci ty, I,.e. aT/ar and aVz/ar,. 'must be zero at the axl s. 

A three-poi nt quadratl c approximati on for the I>fl rst der.' vatl ve 

yields: 

1 
. '~ 

'e 
.J 

" , 
')' 
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2 vz,NPI (2.~-16) 
r;NP 

(2.4-17) 

-(d), At the exit: The distributi,ons of the variables at the 
1 

exi tare not nbrma Il y kn9W1l. Fortunately, i t'is recognized 
" 

that the exact nature of the downstream cqndi tions has 1 i ttle 

effect on the 'solutions of the eq~tions (17,31). ; ln this 

work, a special 'sort of gradient condition is a,pplied at the 

exit: the streamJines'are taken as parallel to the duct walls, 

and ail fluid pr9,perties are taken as uniform along stream­

lines. This implies 'that the radial velocity and the gradient 

of the dependent variab1es norma l 'rto .the exi t boundary are 

zero. A three-poi n ~ quadra ti c approximation enab les the 

'" 

, 

evaluation of th~ exi t value, <:Pp' from information at two nearby 
, " 

, 

nodes a long the',norma 1 as fo Ilows 

• 
1 2 n

NPI 
[ 2 2 ] q>NP -
nNPI .. nNP e 

',~2 ( NP 

nNPI - n~p 
q)NPI (2.4-18) 

where subscri'pts NP and NP' refe': to the two adjàcent points, 

as shawn in Ffg.2-lt. n is the normal distance from the boundary . . 
and ~P stands for Yz ' ., (,) or T. 
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1 . 
2.4.2 Thermodynamic and T,ransport Properties of the Flui~, 

· At this stage, the energy equation (2.2-35) cannot , , 

be solved for J, since it contains more than one unknown: the 
1 

temperature T and t~e f~uid properties r, ~, cp and k, which 
, 

in turn, vary with temperature. Hence, additional thermody~ 
. 

namic relationships which connect the, fluid properties with 

its temperature are reqùired. In t~e present problem, large 
-

variations of the fluid properties are'expected throughout 

the flow field, as a result of the steep temperature gradients. 

These thermodynamic and transport relationships become much 

,morè' complex at high temperatures, especially when thermal 
, 

dissociation and ionization occur. Properties of hot gases, 

specifically plasmas, are fundamentally different from those 

of the same materia1 at 10w temJ,>eratures. This problem has 

been studied intensely by vari?us workers (1,7,12,13,30,40,47), 
\ 

and most of the thermodynamic and transport proper,ties of gases 

at very high temperatures .have been computed theoretically since 

direct experimental measurements at such temperatures are not 

feas i b le. 

'Appendix A presents the data used in the present 

work for dens"; ty, v; scos I"ty, th~tma, 1 entha IP\ a~d conduc tl vi ty, 

and heat capaci ty at constant pressure for Argon at temperatures 

up to 15,000 ~ and atmospheric pressure. Values of density 

and heat capacity at constant pressure, and those of vi scosi ty, 

thermal enthalpy and conductivity at temperatures beJow 5000~, 
<S 

• 

. !3;t 
" .' 

• 
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were calculated theoretlcally ~y Amdur and Hason (2) uslng 

statistical mechanlcs and klnetic theory comblned wlth the 

molecular beam scatterlng techniques. Va lues of densl i:y and '" 

vlsCQslty for Argon from 50000 K to 15,OOO~ were computed by , . . 
(\, Ore-Ilishak ~ Il- (13) uslng tabulated data for observed atomic 

energy levels to calculate the Internai partition functions 

• 

for the Argon atom and the flrst four Argon ions. 
, 
Lagrangien four-pol nt-Interpolation was used in the 

numerlcal predlc\ions to obt~in the local properties of the 

fluld in the flO~ field From the tabulated data., 

... 
2.~.3 Heat Loss bv Radiation 

,When the gas temperature is very hlgh, the radiation 

heat Joss From the hot gas core to the confinlng walls -becomes 

signlficant. The mec han 1 sm of heat transfer by radiation in 

an absorbing. emitting and scatterJng flufd is extremely campli­

cated. In section (2.2-1) ~t was shown that the radiation heat 

loss may be predicted approximately by eq.(2~2-16), based on 
, ,. . 

the assumptions that the fluid is a non-participatlng medium 

50 that the wa II s of the reac tor absàb a Il the energy radi ated 
.... ~ 

From the enclosed gas. This requlres a knowledge of the 

absorption coefficient and refractlv~ Index of the fluld 

througho~t the temperature field. Another alternative approach 

ltes in the experi men ta 1 results. ConsiderablJ! experlmental " 

work has been repor/~ed on the tota 1 li ne radiati on 1055 for­
r 

, . 
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!titrogen, Oxygen, Hydrogen and Argon pla~mas. Appendlx B 

presents the results obtained by Krey and Morris (26) for 

39 
1 

" Argon at temperatures from 9000 to 15,OOO~ and a( a tmos'phe rlc . ) 

pressure. 1 t shows -that the radiation heat I~ss is neglfgible 

at, temperatures be low 10, OOO~.- but -'ncreaseS' exponentJa 1 Iy 

with tempera~ure so that it rapidly becomes significant at 
- .. 

higher temperatures. 

2.5 CLOSURE 

ln the present chapter, the problem has been des­

cribed completely through the basic differential equations 
J 

and the boundary condi tions. The di fferentiat equations have 

cbeen reduced into ana~ogous algebraic equat'ï'ons, with a pro" 

cedure of solving them. The next chapter presents ·the nun-erical 

-' solutions obtained for the systems considered, w;.,th the- aid 

of the digital computer. 

.' 

.1 .. } \ 

.,' 

1 < 
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III. COMPUTATIONAl PROCEDURE AND RESULTS 

\ 
3.,1 .. INTRODUCT ION 

• 

.J Solutions were obtained for lamlnar f\.lows,withfn 

the axi -synme tr i c condui ts i Il us tra ted in Fi g.l J, in the 
\ 

40 

absence of swirr (i .e. va· 0) •. The geometry shown in Figure 

1. was chosen as a possi b le desi gn for a hi gh-temperature' , 
heterogeneous reactor, whi le the 5imple expansion f Fig.ure 

llbwas included to enable comparison with the 

other workers (22,29). ) Nl.I11erical' solutions we for 
\ -

two.distinct cases. ln the fi rst, 'which wi Il be ca lIed the 

i sotherma 1 approach, the Worki.og f lui dis a t un i rorm tempera­

ture and has uni form thermodynamic and transport properties' 

throughout the f low fi el d. 1 n tfie second, or non - i sotherma J 

approach, the flow of a hOl gas was considered, whosepp~pperties 

va ry wi N1 tempera ture and _ hence wi th pos i t ion. The ca Ic u la ted 

streamlines and contours of vorticity and temperature are 

presented in this chapter. as functions of the Reynolds number 

of the entering fJ~w. Results obtâined for the conduit expansion 

presented in Figure~tb are compared with the m.nerical"solution 

" of'Macagno &. Hoog (29). Detai 15 of the computational procedure 

are presented, together with the discussions on the ~xistence 

and uniqueness of the solution, and the factors which' may \ 
" 

influence the convergence and accuracy'of the procedur~. 

. ~ 

\. " , .. " 

... 
Il 

.; 
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3.2 EXISTENCE AND UNIQUENESS OF THE SOLUTION' 

• 
The problems of existence and uni~ueness of solutIons 

to the Partial Di ffeTential Equations of fluid flowand thei r 

anaJogous fini te-Di fference Equations aré far from settled 

(2,3,4,38). Since the boundary conditions and equatiol1s 

considered here clearly correspond to real physical situations, 

heuristic reasoning suggésts that existence is not" a problem: 

i t i s lieasonab le to -assl.lTle tha t any nume r i ca 1 so 1 uti on whi ch 

proceeds from a physica Ily reasonable ini tia 1 condi tion must 

exi st. 

The ques ti on of \.Il i queness of an a tta i ned numer i c'a 1 , / 

" solution is more worrisome, simply because there exist some 

cases, physical and purely~~the~tical, in w~ich the steady· 
" . 

so 1 ut i ons do not,lJ)ossess un i queness (1,38). 1 n the presen t 

investigation, as a means of testing the uniqlieness of the 

computational solutions, different sets of initial conditions 

were app 1 i ed to the sélme f low. We re 'the sys tem computati ona Ily 

unstable, or non-unique, they would fai 1 to converge to the 

same final solution. The results of these tests showed that 

t~ame final solution is attaine~ wlthin reasonable accuracy, 

for flows under precisel,y the sjame circl.l1lstan~es buVavlng 

different initial conditions. i'Thls is regarded as'conflrmatlon 

of the uniqueness of the solution. 

r 

• ..~! 

.. 
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3.3 FACTORS WHICH HAY ."FLUENCE THE STA'BILITY. CONVERGENCE 

t 

AND ACCURACY OF THE COMPUTATIOMAL PI!>CEDURE 
4 

3.3.1 The Influence of the Initial Conditions 

1 t is obvious that the closer the i-nit,ial guesses 

of the distributions of the variabJes are to the final sotu" 

tions, the fewer wi Il be the Iterations required tO.reach the 

solution. The procedure followed was to st.rt wi th an approxi-
> 

mate flow pattern as the ini tia 1 condi tion, for the lowest 

Reynolds number in the working range. The final solutions 
• ,1if1,'>, 

were then used as th~f,.Jini tial condi tions for calculation wi th 
" 

a higher Reynolds number. and 50 on. 

/ , 

3.3.2 The Influence of the Boundary Conditions 

______ ------------------------.t--has been obser~ed that the speci fica tion of 
, 1 

computa t i ona 1 bounda ry cond i t ions, bes i des a ffec t i n9 nume r i ca 1 

stabi lit y, greatly affects the rate of convergence and accuracy 
, , 

of- the fini te difference equation Solution (17,33,34). In 

particutar, i t appears that when the boundary condi tion for 
<; 

a dependent variable is in >.the form of prescribed gradients 

(such as for vortici'ty), convergence is significantly slower 

( 17). Thi s effec t resul ts fromthe upwi nd-di fferent: i ng scheme; 

which causes errors in ,a given 'ini tial approximation tQ the 
. \ 

final solution to be diffusedt.n~n.d8dcted Jn the direction 

of' the veloci ty during the i teratlve process. When theV reach 

the boundaries of the flow,' the error vanishes if the value 
1 

. ' 

~ 
1 

of the variable is specified.)n the other'hand. if the boun~ry l". 

/ 
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condi ti on i s of prescrf bed norma 1 ~radient, <'8 portion of the 

error will remain and diffuse back into the interior field 

,~ • 

- ~ 

during the next cyc le. Thl.s may be the reason why th~ vortici ty 'J 

equation was ~ound to Gonverge, s"o.M~ and, under sorne circum-
. . ' 

Sotances, di vergence occured. There are t~ remedi eS' sugges ted 

q'by Gosman !U., st!. ,( 17) . Ttte fi rs t i s under - re laxa ti on, 'whi ch 

wi Il be discussed in the next section. The second is the 

reJllOva 1 of the wa r 1 'vQ[tici ties from the substi tution ~ormula 
, 

(2.3-18) for the near-wall nodes by once-for-all 81gebralc 
,. 

'elim;nation. Thu~, for example," for an interior no de P which 

lies a-djacent to a wall node N ~shown in F,ig.3.2, the follo~in9 

mod J fi ed 5 ubs tJ tut i on fo rmu J ae mU~~~d for the '".va 1 ua t1 on 

of vorticity, ·usi.ng the boundary condition, (2.4-10): 

- C€(w/rl'E + ,Cw(w/r~l + "CN(91)N + CS(w/r)S t- 0 
1 - CN( 92 N ; , 
~ ',$1 é , 

- 1 

••••• ( 3.3 - 1 ). 

The waJ~ value, (w/r)N' "does not appear explicitly, for it has 

been eliminated through the use of eq.(2,,.4"·JO); 

$É • 
The Influence of Vortiçity at the Sbarp Corners 

The "'ri" vorticity is an important parameter, since .... 

at ~o-~ J i P boundari es vorti city i s produced and advec ted i nto 

the f low f j·e Id. 1 n pa r ti cu la r, the computa t iona 1 condl ti ons 

,for vortici ty at the sharp corners Band C shown in Fig.3.2. 

requi re special consideretions. The vortici ty at the exi t 
, 

corner C presents no important problem. since it is found to e 

, . 
have Jiule effect on the solutions of the flow field wi,th'n 

.-

~e çondui t. However, this effect Is cri tlcel et the 'protrucUnÎ ,r, . . 



corner B. There ar severai alternatives for the evaluatlon . ' 

of (w/r)a,·for thel"e is a discontinuity in vort.'city et this 

geometric sJn~uJari ty, and the rio-slip wall condi tions for 

vortici ty can be applied in a nunber of ways. Seven dl ffèrent 

-methods have been applied 'by various worker,s (17,18,20,23,29, 
........ 

31,32,33,34,42), five of-which were more or Jess successflN 

(34). Some involved- rounding off the corner, wher-eas others 
r • 

i nvo J ved us i ng ups trèam WB 11 va 1 ues or otherwi se bi as i ng the 

.,.;;s, 
v _ ~ 

'. 
" 

. :~ 
1 . 

• 

J res,ults toward the usual anticipation jf separatIon occuring 

at the corner. However, the correccformulation is st; Il in 

, 1) 

-, 
question 'and no generally applicable results has been decided. 

ln the ~resent' investi~ai'iont three dl ffere"nt methods used by 

Macagno ~nd Hung (20,29) t by ~sman et al. ( 17,31) and by ,. 

Roach and Muller (33,34) were tr'ied. ,The most appropriate 

form was select~d from the results of ~e' floW visualization 
, , \ 

s tudi es t pr-esented in the next chapter: ... 1 t ~s found that' 

the most reliable predictions resulted; trben the use of dfs-
'. 

con'tinuous values for vortici ty at Jhe' corner B as suggested 

by Go6ma{l et al. (17) and ROach anl"Hu 11er (33,34). Referri ng '_', e : 
to FJ g. 3.2, whef) (w l r) Bis needed in a subs ti tuti on formula 

about node (IB,JB-I) upstream of the corner, the value ,is 
1 

obtafned from the boundary eq.(2.4-IO),: considerlng the cQurner 

- as par t of the ups tream WB 1 J. When (w/r) pis requi red for the 

oode downstream from the torner, (IB+I,~B). the value of (w/r)p 
1 

~hich ls evaluated 'by conslderlng the cfrner as part of the 

expaAded wa Iii s used ~ Th 1 s bounda ry c~nd 1 tl on was fou"d to 
~ , . \ 

1 

c 
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'6 
yi.eld a sllght contraction in thé enterlng jet beyond the 

protrudi ng cornRr for 1 sotherma 1 flows at Reynolds nunbers 

from 40 to 100. The flow vlsuallzation study descrlbed in 

Chapter IV indicated that the edge of the recrrculatlon region 

starti,ng from the sharp corner is ln fact very straight in the 

viclnlty of the corner. Hence thls form of the boundary con­

dition was or'lly used for the low Reynolds n~ber isothermal 
\ 

flows and for the non-Isothermal runs. For isothermal flows 
\ 

Q 
wi th Re 4: 40, the me thod of Gosman et al. was used, 1 n whl ch 

(w/r)B is not used at ail for the evaluation of'vorticity at 

the downstream node (IB+I,JB); instead, (w/r)I8+J JB was 
-. ' 

de te rm 1 ned f rom eq. ( 2.3 - 18) wl th the st i pu 1 a tian tha t the 

Val\ of stream function at this point is the same as that 

at the~corner B. This particular boundary candi tian assunes 

Implicitly that recirculation occurs, but this Is known to be 

true in isothermal flows ln tnis range of Reynolds nunbers. 

At the exit corner C, the average of the vortlcities obtained 

from upstream and downstream nodes was used, slnce ihe fJow 

round this corne~~is smooth and no separati on occurs .. . " (y-
I ~ " 
1 

-, -...... 

3.3.4 The Influence of the Grid 

~curate 
1 t i s obvious that the finer the grid, the more 

i s the sol ut 1 on. Howeve r, when the nunbe r of gr rd -
nodes i s Increased, the computing time requi red for each cyc le 

, "-

df Iteration Increases roughly in proportion, and, in addition, 

the nll11ber of i terations ~ul red for convergence usually 

fncreases. Henc., the mesh size was kept as large as possible, 
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compatible wlth the deslred accuracy. Also, the use of a 
l " • variable grld spaclng as descrlbed beJow fmproves the accuracy 

of the solution wlthout Increaslng the nunber of nodes., How­

ever, 1 t 1 s found that non-uni forml ty ln the grld spaclng 

between the grid IInes whlch are adjacent and paraJ lei to 

the walls may sometlmes lead to divergence. This may be 

averted, as suggested by Gosman et al.( 17) by keeplng the 

ratio of the intervals between the nodes near the wall close 

to un i ty. 

3.4 DETA'l LS OF THE COMPUTAT IONS 

3.4. t Grid 

To mlnimize cornputlng tlme ~nd stiJl cover the area 
.r' 

of steep gradients effectively, a nonunl fo'rm~-grld was employed. 
.. . 

FIg.3.2 shows the grid uosed for the reacf-Ion chamber. The 

gr id nodes are~ Jose J y -spaced J n the corners of the chamber 

wher;e steep gradients of the dependent variables are expected, 

and more wideJy spaced elsewhere. The spacing of the grfd 
, 

lines in the r-dl rection Is unlform, except near the wall and 

the axi 5 -of -synme try where i t 1 s made sma 11er. The spac 1 ~ 

wlthin the chamber ln the z-dlrectlon 15
1 
~aused to increase 

" 
\progressively a~ording to the formula 

l tan (hf) /tan (h) (3.4-1) 

where zi denotes the distance from the expansion or con'tractlon 

'. 
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, 
of the chamber in the z-direction, t is the length of the 

section to be subdivided and f is a fraction which increases 

fram 0 to 1 in equal Increments. Various values of the 

} constant h were used, ranging from 0.9 to 1.3 with< increasing 

Reynolds numbers. A 22 x Il grid was employed for flows 

within the abrupt conduit expansion, with a total of 232 

internaI grid nodes. For flows entering the reaction chamber 

of,Fig. 3.la, 22 x 16 and 23 x 15 grids providing 334 internai 

nodes were used. An equally-spaced rectangular grid was also 

employed in a few cases, to give a consistency check. 

.. 3.4.2 Convergence Cr i terJon 

The cOmputati~ns were terminated when ~ in equation 

(2.3-17) was less than 0.001 for ail dependent variables. 

3.4.3 Under-/Over-relaxation Factors 
.. 

Relaxation factors were introduced to improve the 

stabi 1 ity and speed of convergence. For isothermal flow,- ) 

over-relaxation was used in the prediction of stream function, 

in which the relaxation parameter in eq. (2.3-20) took values 
J '" 

_,~ bet~een 1.2 and 1.3, whi le the vorticity equation was under­

relaxed with a factor of 0.7 or 0.6, for it usually oscillates 

slightly. For the non-isothermel case the solutions converged 

with more difficulty so under-relaxatlon was used fo, ail the 

dependent variables. A relaxation parameter between, 0.65 and 0.15 
- 1 

was used ,for vorticlty and temperature, whereas stream function 

required an even smalJer value, whlch was chosen between 0.4 

and 0.55. 
/ 

/ ./ 

," 

" 
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,.~.~. Compytlnq T' me 
. Ail. the computatlona' predictions presented ln thls 

~h~Pter ~re ob~alned wlth a digital computer IBM "360, Mode 1 

75. Each calcu'itlon for the 1 sotherme 1 flow ln the conduit 

expansion requl red about two"~lnutes of computlng tlme, whl le 

the same fJow ln the reactor chamber requlred about three 

minutes. For the non-Isothermel flow, the computlng tlme wes 

about six minutes. 

A JI 5 t 1 ng of the program used 1 s p resen ted 1 fl 

. Appendl x C, a long wl th typl ca 1 resul ts obtal ned for both 

1 50 the rma 1 and non - Iso the rma 1 fi ows 1 n the reac to r chamba r • 

3.5 -ÀOMPUTATIONAL RESULTS 
; 

Th 15 sec t Ion 1 s div 1 ded 1 n to two ma 1 n pa r ts. 1 ~ 

the flrst, results of Isothermel flows ln a conduit expansion 

,and ln a reaction chamber are obtaln":ed, assU11lng unlformlty 

Jn the temperature and propertles of the fluld. In the\.' 

second part" f lows at h,lgh temperature enterl ng a reactlon 

chamber having cooled walls are studled wlth a range of 

reactor entry conditions. 

3.5. 1 1 50 the rmll FI OWs 

Flow patterns of an Isotherme' flow ln an abrupt 

clrcular conduit expansion havlng a-dlameter ratio of 2: 1 are 

predlcted for Reynolds numbers ranglng from 10 to 100. The 

results are presented ln Figures 3.3,\ and 5, ln whlch the (J ' . 
'- . , 

upper half conslsts of vortlclty contours and the 'ower half , 
~ 

.cl 
li 
'-t 
" 

.J 
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the streamllnes. O~menslonless values are givén. These 

figures shoW a captive eddy in the corner immediately followlng 

the sudden expansion of the C~ber. It can be seen that, as 

the Reynolds nll11~r increases, tJle ~ddy becomes I,onger: the 

reattachment point ~nd the "eyel! of the ,eddy move downstrfam. 

lAe vortici ty contour IInes are stre,tc~ed downstream by con­

vection. whi le the effects of di ffusion become smaller. The, 

heavy concentration of contour lines around the sharp corner 

indicates a high vort!"çjty gradient in "this region, as expected . 
. 

As Re fncreases, these gradients become more severe. 

Fig.3.6 shows the comparison between the predictions 

of the present procedure and those obtained by Macagno and 

Huhg (39), who us~d Taylor-~eries expansions for ftntte dif-
-' 

ferencing. The relative eddy length ~D and the position of 
o " 

the eddy center~c/Dq aire shown as fun~tiO,~~ of ,the Reyn~'~s 

ntMnbef. Also presented ln this figure are ,the experimental 

values obtained by Macagno,and Hung (29), determlned from . , 
" , 

photographie records using/~uspended al~uminum powder to 

visualfze the flow, and from direct observations of the 

direction in whlch dyed, fluld would move. The agrèement of ~ 
the present predictions with their experJmental results is 

qui te satisfactor,y. Although the pre.sent results and thel r 
predictions ~fi t the experimenta' resul ts equa Ily we1..1, there 

, 
ts sorne difference betweerr1the two curves. Thts Js due malnly 

to the difference in the boundary conditions used. The curves 

obtained are nearly stralght, showlng that the relative leQgth 
\ 

\ 
" 
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of the eddy and the re lati v~ locati on of the "eye" of the eddy 
, . 

are near Iy IInear functions of Re in the range of Re - 20 to 

Re - 110. It Is worth noticing the trend of the curves, both 

computational and experimental, as the R~ynolds number becomes" 

smaller and smaller. The results imply that a zone of separa­

tion would exist for creeping flow and this has also been 

recogni zed by Kawaguti (24). Macagno and Hung (29) reported 

that LJDo takes a value of 0.21 at Re • 0, and carried out: a 
<> 

calculation for a very low Reynolds number of 0.2 for a con-

f j r:ma t i on. Howeve r, th i s ex i 5 tence of an eddy a t Re - 0 \'i 5 

ignored by Roach and Muller (33) who used a different boundary 

condition for vorticity at the corner. 

A series" of vortici ty contours and streamlines of 

an i50 tHe rma1 flow entering the reaction cham~esented 

in Figs. 3.7,8,9, for various Reynolds nLlllbers from JO th 100. 
'~ 

The reaction chamber has a diameter ratio of 3: 1, where the 

exit~pipe diameter is the same as the'inlet, and a length of 

8 in'Iet diameters . .The flow P.8tterns predicted are quali ta­

tively simi lar to those obtalned in the simple conduIt expansionj 

however, the degree of recirculation of thé Flow fs accentuated 

strongly by the presence of the sudden contraction following 

the sudden expansion. This is shown clearly in Fig.3.10, 

presenting the growth of the recirculation règlon wlth the 
-, 

Reynolds number. The curve representing the relatIve length 

of' the eddy is nearly stralgfit ln the range Re - JO to Re' - 50, 

above which i t curves upwards. The posl tlon of the "eye lt of 

/ -
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the e~dy t s no longer Ilnear as Jn the case of a sudden expan­

sion whl ch 1 s not fo Il owed by a. sudden con trac t f ôn;, .1 ns tead 

the curve is 'concave. From Re • 19.5, the reclrculatlon 

reglon occuples the who le length' of the tube, and the re­

attachment point mo~es slong the contractlng wa' 1 towards 

the exit corner. Nelther curve shown ln Flg.3.IO passes 
1 

through the orlgln, 8ga'n Implylng that reclrculatl~ occurs 

even in creeplng flow. _. 
It 15 fnterestlng to note that although there ls 

no, reci rC,ulation ln the downstream corner above the sudden 

contraction of the chambe,lJ, the negatlve values of vortlcl ty 

on the wa Il of the corner Imp'lies that reclrculatlon would 

occur at much hi gher Reynolds nll1lber5. The exi stence of such 
l 

reci rculation has been reported by Greenspan (18). 

The validity of these numerJcal predictions for the· 

reactlon chamber wl Il be dlscussed in the next chapter, where 

a camparrson Is made with the results ôl flow vlsuallzatlon 

s tud i es. .. 

3.5.2 Non-Isothermo' Flow 

Predictions of flow patterns and temparature distri­

butions have been obtafned for an Argon tarl-flame entering 

a reactor havlrtg coo'Jed walls. The three Independant parameters 
, 

of this investigation are the-entry Reynolds number, the , 

temperature of' the entry flame, and the temperature of the , 

wa Il s of the reac tor. For the range of th& an try tempera ture 

• 
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of the flame invest 19ated ln th I~ work (2000oK to 4000oK} , 
, .... 

radiation losses are assumed ta be negllglble complred to the 

helt transfer by other mechanlsms. This 15 Justlffed by 
\ 

experimental results reported by Krey and Horrls (26). 

Properties of Argon at hlgh temperature and atmospherlc pres­

sure presented .Jn Append lx B were used for the present pre­

dictions, sin?e Argo~ is a common worK.ing fluld ln plasma 

processes. The use of a different gas having dlfferent pra-
l 

perties would lead to sI Ightlv different results. 

Figures 3.11 and 13 present the flow pattern and 
, 

temperature distribut(ons predlcted for an Argon tail flame 

at 30000 K entering the reactor having the walls at 300oK, 

with entry Reynolds numbers ranglng from 1 to 100. As for 

the isothermal model, ,a captive eddy ,is,predlcted at (t.he 

expansion. Although the flow pattern is quaI rtatrvely si~r 
to that in the isothermali case, Fig.3.11 shows that the r.pf~ 

/ ~ 
den~ity changes ln the e' try re9lo~ enh.nce the reclrculation 

, )strongly and incre~se th -Jet mass ve loc ity. Even at a Rey-

no1ds number IS low IS 1,1 large captive eddy fs predfcted in 
{J 

the entrant corner, m ch larger th.n in the correspondJng iso-

thermal flow. It in reases rapldly wlth the entry Reynolds 

number, and already occuples the whole length of the chamber 

at Re - 5. It fs interesting 'to note that the separation ln 

both cases is indicated below thé shârp corner, even though 

the same baundary condition as in Isotherme 1 flow was asiumed 
.", 

at the corner. A 5 lm ilar separat ion has been pred Icted ln 
-.. 
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plane flow over a step by Roache IInd Huelle,r (33). However, 

the fact that sep.ra~lon WIIS pr~dlcted lit the sharp cerne~ 

for Isothennal flow ln thls work .suggests that the dlspl.ced 

separatIon poInt may result from thé property gradIents. 

Certalnly separation below the corner of a step or expansIon f 

~ 

has been observed or pr~d Icted qu Ite frequent ly for ~ompress lb le _, 

f'lows (e.g. 52,5!4). Above Re • 5, as Re Increases, the "eyeU 

o,f the capt ive eddy moves rap Idly downstream a!'ld 15' locked in 
..J 

that corner at a poInt whlch is essentlally Independent of Re 

for Re - 40; the separati on and reattachment po ints of the 

reclrculatlon move towards the shoulders of the reactdr;.whfle 

the flow in the central core beoomes more paraI leI to the axis. 

Above Re • 40, the dimenslonless stream functlon at the eye of 

the eddy de~reases lit~ increaslng Re, showing that the recfr­

culating velocities Increase less rapJdly than the InletO flow, 

th is seems rea lIst ic, 5 'nce", the ~a 11 s represent "no sI ip" 

boundaries and the eye of the eddy is stationary. 

The radial profile of axIal mass veloclty at the 

mlddle of the reactor ès presented in Fig.3.12. ft shows that 

in aIl cases, the axllll mass velocfty exhlblts a maximum at 
/ 

the axis and IInother maxImum at some d'stance from the axIs • . 
This second maxImum is the consequence _fthe rapid decay of 

. 
temperature and hence the rapid increllse ln density ~Ith dist-

ance from the aais, as shown, in Figs.3.13 and 14. This agrees 

quaI itat ively with the numerlcal resu,lts obtillned' by Swearing­

en and McEt Igo,t for a laminar glls flow between heated parlillei 

r 
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Figure 3.13 presents the contour plots of. tempera­

ture for the same flow conditions as f~ Fig~3.11. As the en-
/ 

try Reynolds number increases, the increasing effect of convec-
• f 

tion relative to conduction causes the hot gas core to extend 

further downstream, an~ at ~he seme time contract sllghtly • 

. On the other hand, the gas layer adjacent to the wall gets 
, 

~lder, especiaTly in the'upstream reglon, as shown in Figs. 

3.13 and 14, the latter showing the radial temperature profile 

at the middle of the reactor. In Fig.3.13 it can be seén that 

at higher Reynolds numbers, the small reglon around the"eye of 

the eddy gets warmer, due ta convection by the recirculatlng 

fluide 
, 

As a result of the decrease ln ~perature of the' 

gas layer ,adJacent to the-wall when Re Incre.ses, a decrease 
\ , 

ln local and overall rates of heat transfer to the wallis 
" 

predicted. This is shown clearly in Flgs.3.15 and 16, present­

ing the variations of thelocal heat trans'fer_coefficient and 
. , 

Nusselt number respectlvely along the reactor. This local heat 

transfer coefficie~t, hcoef ' is calcul~~ed from the rate of 

heat transfer to the wall and the bulk-to~.l' temperature dlf­

ference. The local bulk temperature of ~he fluid 15 deffned 

by: 

f ~ 
(3.5-2 ) 
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and the local Nusselt number Is: 

Nu • (3.5-2) 

where 0 1 is -.the d fameter of the reaëtor and '<t, fs the thenna 1 

conducthdty of the fluld evaluated at bulk j:emperature. 

F i gu re 3. 1 5 shows the dependence 0 f the 1 oca 1 heat 

transfer coeffldent on the entrv Reynolds nUmber. As Re in-
r 

cr~a,ses frbm 1 to 5, hcoe~f Incre.ses, and th ls corresponds tt> 
1 

the in~r~'se fn ,the len~th of the recfrculatfon r~glon (see 
, , 

~ a' 

F Ig.3. 11). The max Imum fn hcoef for Re. -fI Occurs sI fghtly 

downst ream of the reattachment po Int. Th~se fl~ Ings are ln 
, • 1 

l ' ' 

,agreement w i th the 'exper fment'al resu 1 ts ~éportect: by Emerlon 

(--15), Krall and Sparrow (25) a~d zemanfci an~ Do'ugall (48) for 

separated turbulent flows. From Re - 5'1 an '.fllcrease f 
1 1 

results in a decrease in h' "f' whereas Ithe recl , . coe .'. len'gth " 

rema ins uncbanged, an~ the max Imum ln h40ef es to the down-

stream corner., ln a11 .c~ses', hcoef exh\~b'ts a m'tnlmum ln the 

vregion of the upstream corner, whfch· F '9.3.13 shows to be a 

zone of almost stagnant, cold gas. This fs IIgaln fn ilgree~ 

ment with Emerson's results (15). Fig 3.J6, shows thé dlstri-
\ 

bu~ ion 0 f the 10ca l' N usse 1 t number a 10 9 th, reactor. S fnce 

the bulk temperature of the gas increllses/~Jth Increas Ing Re, 
" l ' 

,the resu n ing fncrease ln the thènna 1 i conduct fv fty leads to a 
. \ \ 

remarkable decrease in the Nusselt numbe ... \w_'t~··IRe •. 80th fig,.. 

ures 3.15 and 16 show that the effect of the. entry Reynolds 
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number becantes less Impo,tant at h Igher Re. 

~ The effect of the temperature of the entry ta Il 
(J 

"~me 15 shown 1 n FI gs • 3.17 to 19, present 1 ng respectlvely 

the \ flow pattern and temperature dt'strlbut Ion of the flow 

field and the v.arfatlons of the local Nusselt number for a 
• 

flow atentry Re • 40 wlth the reactor walls at,3000K. ' 

Figure 3.17 shows that an,lncrease ln the Inlet tempèrature 
1 ," 

leads to a stronger reclrculatlon. It must be noted that an 

increase ln the Inlet temperature for the same entry Reynolds 
-

number corresponds to an Increase ln the mass flux slnce the 

visc~sity of the fJuld Increases wlth temperature. Hence, an 

increase in the temperatu~e of the entry flow would yleld 
-quai i,tatJvel y slmi lar effects to an Increàse ln the Reynolds 

number. This can bt: seen clearly ln Flgs. 3.18 and 19: the 

hot gas core contracts and perslsts longer, and the local 

"'" NU$selt number decreases as the entry temperature increases. 
~ .... c' 

fbwever the heat transfer to the\wall Is Increllsed wlth In-
, 

creasing entry temperature~ th~ reverse trend I~, the Nusselt 

number,resultlng from:'the Increase in the wall-to-bulk temper­

ature difference Is observed. 
~. ~ 

'Simllar effects are also obtained for'~ decre~se in 
"-

the wall'tdmperature, slnce both an Increase ln th~ inlet 
, \ ' 

temperatur,e or' a decr.ea-se~ the. wa Il ~emperature re u 1 ts ln 

an,increase 'in the inlet-to-wall temperat~re dlffe; ce. Hlgh-
'l . ,/ 

e,r velocity (due to 10wer .. d~n~'lty) end th,rmal -éonct ct;lvlty 

~ear the wall as Tw is increased oaus~-fhe heat.~n5fer rate 

and Nusselt, number to,increase wlth Tw• This Is shown clearly 
~ '~ 

" 
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ln Flgs. 3.20 to 22, showlng the effect of the will t~pera-

ture on the flow pattern Ind temperlture dIstrIbution of the 

flow and on the vlrlatron of the local Nu~selt number along 

the reactor. 1 t may .150 be noted that the change,s in, the 

flow on ralsing Tw are general1y tendlng towlrds the' Isother­

mal predfctlons, as should be expecte~. 

3.6. ClOSURE 
i 

The numerlcal procedure used ln thls work predlcts 

flow pa"tterns followlng a sudden expansion ln. circular 
,-~ , 

conduit which agree quantltativelv wlth prevlous simulations 

and with avaifable experimental data. ' For Jsothermal flow 

~ """'.7':' 
',4 

in a sudden expans Ion and ln the reactor geomet ry, ,1 t Is p re- if " 

~ 

dicted that recirculat'on oceurs even It very low Reynolds 

number. The reclrcul.tlon 15 very much stronger fa. an Argon 
. 0 0 tafl flame wfth temperature in thé ,r_nge of 2000 K ta 4000 K 

, " 

enter ing a reactor whose wa 11 s'are ma"fnta ined at 3000 K' to 

100oK. It is also predfcted that the heat transfer coefff-
. 

cient depend largelyon the length of the 'separatfon reg ion. 
, , 

The local N sselt number for heat transfer to the outslde wall 

decreases s the Reynolds number or the entry temperature (s 
, f 

(ncrease , and as the wall t~er,ature is dec~e8~ed. 

. .. 
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1 v. EXPER 1 HENTS 

, . 
An R.F. Induc1:lon pla!ima gene~ator has !seen Installed 

J n thl s H~bora tory, but expe r Iment~ 1 na· reac tor a ttac'hed to 

the generator we,re not feasl ble wi thln the tlme-scale of the 

present project. Instead, a cold model of thls reactor was 

used, desl gned to glv~ ~pp'roximate dynamic slmi lari ty. Sugar 
\ 

1 solutions were used for a low range o,f Reynolds numbers up to 

130. The recirculation region and the veloclty,dlstrlnutlons 

at the center-I ine in .the ch8!"ber were measured foro compa~'1 son 

wlth the nllTlerica soluti,ons ,obtained for Isothermal flows. 
} 

The apparatus and ethods used for the determlnations of the 1 
,r • \ 

flow fie 1 d are now d~c r i bed inde ta 1 1 • 

4.1 E~PERIMENTAL APPARATUS AND TECHNIQUES 
i 

4.1.1 Apparatus 

A sketch of the apparatus used 1 s shown ln fi g.4:"1. 

The unit conslsts of a 65-gal. suga,r,-solutlon reservolr con­

nected to a constant hea,d tank. From here, the sugar solution 
0--... \"'-' 

flows through agate va\lve, into a vert,cal pipe of I-in.dia., 
-~' ~ 

and through t~e"model, whlch Is allgned with the axis of the' 

pipe. The .mode'l itself consists of a conduit of 3-ln. dia. 

and 8-in. long. The entry ptpe 1 s 1 10-feet lon9, enabllng the 

flow,"at Reynolds numbers below 2000, to attaln a fully-
,'" 

'developed parabolfc ,profi le before entering"the model. This 
... l , 

ensures agreement wl th a boundary condl tlon t,lsedJln the • 
t 
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mme r 1 ca 1 ana 1 ys 1 s, as presen ted in sec t J'on (2. 4~' J(l). The 

~tlet of the mode 1 is anothe-r pipe of 1-ln.dia., connected 
1 

- to a rotameter--and a _globe valve which enables control of th,~ 

flow rate. From the control valve, the 

a second reservoir. 80th the model and .. 
pi'p,es were c~nstructed of c lear aerylic 

SOlutio~~sses into 

the en t nce and exi t , 

po lymer (t~p lexi glass\lI). 

Between experimen,tal runs, the solution was pll1lped back from 

the k>we r to the uppe r rese rvo i r. 

The fi ow w'i 'th in the mode J was obseryed by means 'of 

the Hydrogen bubble method develope,d by Geller (16). Electro­

Iysi s is used to !lE!nerate Hydrogen bubbles to act as flow 

tracers. Sy proper con~rol of working condftion-s, very fine . 
Hydrogen bubbles could be made, to pro,vide a visUà1ization of 

the f'low patterns that could be reeorded photographiea,lly. 

ln order to eJiminate' optical distortion due t~ the eurvature 

of the surface of the ehamber and the di fference ln refractive 
. , 

Indexes of the media, the chamber was immersed in a réctangular 
\ . \ 

tank fi lied with the working solution and photegraphed in a 

dl rection norma 1 to the face of the outer tank, • 
• 

4.1.2 Hydrogen Bubble-Hethod 
, 

Electrolysis was aehieved by employlng a fine wi re 

of O.OOI-in. dia. as the cathode of a D.C. èlrcuit. The wire 
.. ,~, 

• -,"? 

was strung across the chamber, normal to the, dl ré'cttch of the 

flow, by means of two needles Jnserted ln the center,of rubber 

Q 
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stoppers attached to the walls, as shown in Fig.4.'6. The metal 

anode was inserted ln the exl t pipe downstream from thé model., 

50 that it dld\n~~ Interfere wtth the flow. The Hydr-ogen 

bubbles, 'formed at the wl re, are swept of,f by hydrodynamic 

forces and, providtr:'g they are suffièiently small, (follow the 

flow. \ The electrfc ci rcui t employed is shown in Fig.4-2. 

Si nce, the. w i re gene ra t i ng Hyd rogen b~~b 1 e 5 1 s 50 fine, i t 
o ~ 

scarcely disturbs the flow pattern. The size of the Hydrogen 

bubbles formed at the wire is of the order of one-ha If of the 
, 

wire diameter (36), 50 that their rise velocity. is negligibly 

sma 1 1 • 

The vo~tage required 15 a func;tion of electr~l.yte 

concentration, the distance between eJectrodes, and the.,geometry. 

A variabl~rki~g-Volta; supply from about 10 to 400 volts 

was used, and ~odi\.l11 Sulfate was added t~ the solution as 

electrolyte. About O. 15gll! ter of NaiS04 was sufficient in 

mos t cases. Wi th sol ut Ions more vi scous than about O. 10 poi se, 

it was found that the Hydrogen bubbles tended to adhere to the 

wl re unti 1 they coa lesced to form large bubbles, which then 

detached. To eqminate 'this problem, surface active agents 

were used: about 0.02 gl1iterof Sodh.m Lauryl Sulfate and 
. 

1.5% of iso-propyl alcohol were added to the sugar solution. 
/- . 

The ,vol tage applled to the wire was pulsed at regular 

in te rva 15 0 f tl me to genera te a se ri es of rows of Hydrogen 

bubbles, so called "timellnes", that àss~d the shape of the 

<1 
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velocity profi le.in the chamber. This pulsing was accompllshed 
;:. 

by an electric pulse generator, manufactured by Hewlet-Packard .. 

Company, mode 1 8005A, tha t gave pu 1 se frequenc i es From 0.3 Hz 

to 10 MHz and pulse wid.ths from 01. jJ.sec to 3 sec duration. 

The wire was made of Platinun with 13% Rhodiln. 

Platinum was chosen because it does not corrode ana appears 

to accumulate dirt less rapidly (36), while platinum with 

added rhodium is stronger and has a better electrochemical 
/ 

Ir 

property than the pure meta 1 (28). 

Since Hydrogln'is soluble in w~ter, the bubbles 

generated at the wire rapidly di~solve. The half-life of the 

bubbles is very short, typically 3 sec. for the bubble ~ize 

used in this work (36). To remedy this problem and provide 

a compllte visualization within the model, 6 wires were , 
1 

inserted at di fferent locatio~s in the flow field. ày usyn g 

one wi re at a time as the cathode, a complete picture of "the 

whole flow field was obtained. 

4. 1 • 3 Li gh tin 9 

~ The bubbles gene'rated fr~ the wire are hardly 

visible and require careful illumination. The optical 

~rrangement is shown in Fig.4.3. The light source consisted 

of two spotlights wi th 1000 W, 120 volts tungsten iodine bulbs. 

The source was adJusted to give a plane 1/2 to 3/4 in. thlck 
. 

of intense Il ght in order to prevent stray 1 i ght From scatterl "9 

in the water. According to Tory and Haywood ( 44) and Schraub 
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and~ KJln~ (36), the best i Ilunlnated vlew is obtalned 
, ~ . 

due to refractlon, the plane of tlhnlnation Is app.roxhnately; " ~ . 
1100 from the viewlng angle. Dark bac~ground '-as used and 

aIl incident IIght other than the co'limated sheet was mini ~ 

• mi zed. 

(400 ASA). 

(1 

", 

o 

Photographi c records Were ott ta i ned wl t.4 a fas t ft lm 
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4.2 EXPERIMENTAL RESULTS AND DISCUSSIONS 

4.2.1 Oua li tative Observations 

The Hydrogen bubb le rows genera ted Irom the wi res, 

one at a time, at regular intervals of time enabled a visua f-
'" 

i za ti on of the f low fi e Id in the reac tor mode 1. For a Il Reyno Ids 

num6ers~up to 150, an annular captive eddy in the corner below 
• 

the ex:pansion was observed. The free ~'undary layer which 
" " 

1 ieçbetween the recirculation region and the entering jet 

was rendered clearly visible, as shown in Figs. 4-6-12. 

An interesting aspect of the tlow was observed in Î 

this region~ring the ear'ly stages of the devefopment of~t:he . 
flow:· this is a varicose instability, simiiar to that reported 

by ?therwor~ers for pip~ jets at higher'~eynolds numbers 

(22,49,50). Axi symnetric waves starting From the shoulder of 

the expansion were observed to grow in amplitude as they were 

Eventually, they ~ p ropaga ted a long the f,ree bounda ry layer. 
~ 

became so strong that the boundary layer 
/ 

...as ,broken and ra 1 ~d 
, , 

\ 
back into a.succession of ring vortices, which ctisi,ntegrated, 

_as they.approached the reattachment point.· The,resulting flow 

pattern is sketched in fig. 4-4. However, these fluctuations 
. 

died out quickly wi th time, and the flow appeared smoother : .. ...., 
1 

and more stable. After this ini tiaJ disturbance in the up-, 
, 

strea~' region had die~ a~y, another transient feature became. 
~ 

apparent in the downstream' f low beyond tlte reattachment poi nt. 

A ~e~i on of f low reversa t- :.s observed be been the po5
i
i ti ve 

veloci ty core and the wal" The disturbance was asymmetr:ic. 

" 
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with stronger backflow on one side of the reactor than on the 

other. A sketehof a {ypical velocity profile in this region 
t ' ... 

at cH fferent times i 5 shown in Fi'g.lf-S. A sim; lar phenomenon 

has been reported by Iribarne ~ sl (22). The departure From 

axi -symmetry~damped out graduai Iy and final Iy, th~~flow 

At'; tb i~s po i nt, 
f- , 

been a t ta i ned ~ " 1 r:t ba rne "-9 

1 (~ ~ .. ! 

became completely stable and axi -symmetric. 
/ 

steady-state was assumed to have 

tl al (22) repOrted that reguJar osei J Jations in the detached 

shear layer and fll.\,ctuations of the, reattachment point ~re 

present even at the steady st~te for a pipe jet in an abrupt 

." 

, 

expan sion, bu t the se we re no t a ppa ren tin s teady f 1,9ws 

present experiments. 

'the I( " \ in" >= '--~] 
-- -=-~ 

·4.2.2 Quanti tative Resul'ts and Discussions 

Typical photographs of the hydrogen bubble rows 
. . 

generated from the wlres are presentedin Fig~res 4:6-12, for 
-

a range of ent,ry Reynolds nllTlbers up to 103. The hydrogeJ') 

bubble rows; aS wei 1 as the dimensions of the\laminar jèt in 

the condui·t are rendered clearly visible, thus enabling quan-
1 

ti tative m,easurements. 

Figures 4.13 and 14 show a comparison of the width 
.#'\ 'fJ~~_ " 

of the j.et ,wi th"'n the condul t,l bounded by the edge of the re-

circulation region, ~tween the experimental measurements and' 

the computational predictions for flow wlth the same entry 
, . 

Reyno I~s nl.l11ber. The agre~n t 1 s satî sfactory for the upstream 
t. 

',:' ha 1 f of the condul t" where the expe r,i men ta 1 measurements ,re 
:~ " 

','" obtalnable. 

- ' 
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'Figure 4.6 

PHOTOGRAPH OF HYDROGEN BUBBLE ROWS FOR FLOW 

IN THE REACTOR HODEL AT Re • 34.8 
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Figure 4.7 

PHOTOGRAPH OF HYDROGEN BUBBLE ROWS FOR FLOW 

') 1 N THE REACTOR MaDEL AT Re • 34.8 
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FI gure ".9 
PHOTOGRAPH OF HYDRoGEN BUBBlE 'ROWS FdR FLOW 

IN THE REACTOR MODEl AT Re • 6~.55 
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fi gure lt.-IO 

PtllT?GRAPH OF HYO~GEN BUB8LE ROWS FOR FLOW 

IN THE REACTOR MODEL AT Re • 77.5 
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PtlllOGRAPH OF HYOII)GEN BUB'LE RO~' FOR FLOW 
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Ffgure 4.12 

PHOTOGRAPH OF HYORO~N BUBBLE ROWS FOR" FLOW 

1 N THE REACTOR MaDEL AT Re • 103.7,6 
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The loca' space avera,ge of the 

was determined, by measuring the distance 

.i ' 

... 96 

center-.II ne· ve loci ty 

be tweel'\. thE!. peaks of 
\ .. ; 

the bubble..,rows which lie alon9. the center line, apP'lylng a 

space scale factor and dividing by the time between)the electrlc 

;mpu~ses. It ~st be noted that, atcJhe cen~erline, the radiai 

veloci ty of the fluid is zero, whi le the ~Ise vetoctty of the 

bub~s owing to buoyant effect and the velocity defect caused 

by'the wake behi~d the Wire,~diSCUSS~d below, are 1~ the, axial. 

direction. Hence, the pathli e of the bubbles which are origi-
, ' , 

na 1 Iy on the center J i ne would bè the çente r Ilne i tse 1 f. Fi gs. 

4.16-20 present the dimensionless centerllne veloclty mea$ure4 
1 ,. 

at di fferen~ entry Reyno Ids nl.mbers, along wl th the computed 

curve . .,J.lt is obvious that the measured values differ appre­

ci ab 1 y from those predi c ted. Thi s di fference i s be lIeved to 

be the resllt t-s of one or both of the fo J lowi ng causes. The re 

may be a slgnificant.slip velocity between the bubbles a,nd the 
, r 

surrounding flu1~ or the wlres may disturb the/flow and cause 
, ( 

a veloci ty defect on the center line.' These are discussed " 

separately in the fol Lowing sections. 

...J 

{a~ Motion of Hydrogen bubbles t!i"t!ve to the surroyndllig fluld 
1 

As 500n as the hydrogen bubble$ are free from,the wlre, they 

start to rise in the vertical direction under the action of 

"the buoyant force. The highest entry Reynolds nU1'lber that­

was investigated in the present experiments W8~ 105. The 

bubble generating \lIire used was 0.001 ,In. ln dia., lInd ther.fore, 
/ 

~ .. _--------- ./ 
.' 

" .~ 

" , .~ 
d 
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" 9,' , 
the Reynoids m.mber based on bubble diameter, assuned t6 be 

o,f the ordeT C?f the wi re 4iameter, at the largest', and center-
. 

Une-velos;i ty must be 0.17 or less. For such small bubbles 

i,n the presence of surface a~tive a.gents, the terminal rlse 

veloci ty of ~e bubb"les may b~ appr~ximat~d by using ~tokes 
solution for so 1 id splie res (8) . The resu 1 t i s i 

~ ~ 

2( P - r B)' 2 r (4.2-1) • , 
f 

v
B gu " aB 

". 

For bubbles of 0.001 in. dia. (aa. 0.0005 in.) in sugar . " " 

solution with a kinerriatic viscosity of 18.68 c'entistokes, . ,.' " ' {\ -6 " 
the terminalarise velocJ.ty attalned will be 1.9 x 10 cm/sec, 

1 

which ,is completely negligible comPared to the surroundtn9 
1 

fluid veloci ty, as confi rmed by other ~rk~rs (9,1'1,16,36,44). 

(b) Velocity defect behind the bubble qener,t(ng wire - The 

disturbance to ~he overal-l flow pattern because Qf the existence 

of the!' bubble generating wire is the factor·that Itmits the 

applicabi li ty~of the rnethod to the 10w Reynold!i nunber regfme.' 
• 1. > 

This dist~rbance is shawn in Ftg.~. 15, where Flg.4.15a repr~-

s~nts, the~ ve loc t ty di str i butl on whl ch l'WOU Id exi 5 t t n the tube 

if fhere ~re.no wlre present, and Flg.4.15b represents the 
l " 

v~'I.OcI ty di!itrlbutlon ln a plane perpendlcular to. the wlre, 
'. 

downs{ reem' ,of the wl re. 
~ .. \ .. CJear Iy th)e Hydrogen bubb les shed by 

the wi re mus t be 1 n the wake of the wl re, .nd therefore will 
,ro(,,: . 

indicate a-'flow veloclty whlch dlfft}rs from thé undlsturbed . , 

1 v 
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flow by the amount of the velbcity defect. which decre~ses 
" 

wl th dl stance downstre...,. from the wi re. 

Accordi ng to Clutter and Sm i th ( 9!)., the hyd rogen 

bubb le method i s fnot appl icable to flow wi th ve loci ty hi gher 

tha~ a~ut 0~6 m/sec. but be I~ thi 5 IImi t rs a we li-defi ned " 

range in' which the velocity 'defect is very small (16.36) and 

dies out quickly in tess than 70 wi re diameters (36). The 

present work leads to a different conclusion. although the 

maximlMll centerline velocity encountered NaS only about 0.1" 

rn/sec .. which falls in the supJ)C)8edJsafe range of operaUon. 

Probably. the reason i s the use of sugar solution as working 

fluid in the presen,t work, whi 'e results repor.ted by other 
, ' 

workers are based on experiments wi th water. 1 n the present 

experiments, the disturbance of the wire. accentuated by the 

pr ence of six wlres. i 5 50 seri ous tha t 1 ts ,evi dence i 5 
, 

rough the photographs ShoWl in Fi gs. 416 .. 12: 
. 

di fferent separation zones are formed between the wi res. qui te ! 

unexpectedly. f'igs. 4.6 and lO show some bubble rows which 

di s tor t as they pass the wi re. The measured .lia 1 ues of the 

centerline veloci ty, presented in Figs. ".16 and l'. show 

sharp breaks at positions where the wires were located; the , 
veloci ty shows a distinct minimlill Just behind each wi re, where ... 

the defect is largest. Aiso. for flows at low Reynolds numbers. 

such as shown in Figs .... 16 and l'. obtàined from the, photographs 

presented i t. Fi 9S. ",~_8. the observed '{a '-ues of the downstream: 

centerline veloci ty are. surprisingly. higher than predicted. 

, . 

1 

1 
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This is explalned byl.-the observat'ion that the disturbi,ng~effe~t 

of the wire increases with decreasing Reynolds n,umber. As 

shown in Figs. 4-6 •• 8, this effect IMkes the separation region 

persist longer, hence narrows the width of the core jet and 

consequently increases the velocity there. Obviously, this dis-
\,-

turbing effect' would become more and nore serious in the down-, 

stream flow" due to the cUlIlJlatlve effect of ail the wires. 

The problem of flow over thf! wires es complicated 

by the fact that the flow is not unifonn. However, since. the 

maximum/Reynolds number based on the wire diameter is 0.17, the 

veloc i ty defect may be approximated by the asymptotic l-aminar 

wake solution for an tnfinite circlliar cyl inder. Oseen's 

fundamental solution for the outer field'of a uniform flow' past a 
, 

cylinder, given by Ro~enhea~ (54) and Van Dyke (55), ""as chosen' 

for thi 5 purpose, using the pfedicte~ veloci ty as the veloçi ty 

of the approaching flow. 

1 i ne i s 9 ~ve~ by: 

, ' 

The velocity defect on the ,center-

" 

where \9 i's the velocity of the approaching flow, Ko Is the 8iss~1 

function of t~ second kind, and Ra and R~/.r.e.~he Reynolds 

numbers based on the wire diameter a and the distance x From ~ 

the wlre respectlvely. For positioriS close to the wires, the . 
~tokes expansion was used to give (8.27):f: 

1 
[ln (~), ~ f (1 -

, , 

...... 
• 
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Specia , 'attention 

1 
, 

must be pald ta, the wire whfch generates 

1 bUbbl~s. Since :here exists agas sheath around this wire, 

as reported by Schraub and KI i ne (36), a d i ff~rent defect may 
, /"""""" 

> , 

be expected. Hence, the effective diameter o~ this wire was 

assumea to be ,of ,the order .of 1.5 the bare wire diameter. The 
~ 

, 

corrected centerJ ine veloclties are presented in the ,same graphs 
. 

in Figs. 4-15.21, 'showill9 that, aJthough scattered, they fall 

close ta ther~redicted curves. This scatter in the corrected 

values shows that eq. (4.2-2) over-estVmates the velocity de-. 
fect at positions close to thé wires, for a non-uniform flow, 

whereas eq. (4.2-3)'under-estimates lt . 

. 4.3' CONCLUS 1 ON 
• , \ 

The ;numerical/solutions fo~ isothermal flow and the , , 

.exper'imental results ha,ve been found to agree satisfactorily 
, 

in the ,dimensions of the jet e'ntering the reactor, and the 
. " / , 

cente'rl ine veloc;ity of the fluid. This confirms the val idity \ 
, 1. • _ • 1 1'.7" 

of the computed solutions, with th~ appropriate formul~tion 'of 
." 

1 . ~ 

th~ boundary conditions. It a'~o gives a strong support to 

t~e' val idity of the numerical solutions for non-isothermal 

flow, sfnce 'the former is only~ a si~le case '~f the',lattér. 

Ho~e~e,r, the Hydrogen Bubble Method used ~ not rec~~~ed 

for fUf''ther work for flows of the type ln ~ present work, 

si'nce'the disturbing effects of the wlres introduce slgnlficant 

inaccuracles in the veJocity measurements. In addition to the 

upper bound on the validi tY"of thls "technique recognized by 

1 

• 

, 

,'" ~ 

" _ ~ri 

.~ 
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other authors, a Jower llmi t appears to exl st Qor~espondtng 
J 

to'the wfre Reynolds n\l11ber at whlch 'dis<turbance tO" the flow 
• , 

becomes signiflcant. 
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v. CONCLUSIONS 

A method of silll.llating the flow~ttern and temper­

ature distributions for laminar flow at high temperature 

en~ering a reactorhas been obtained. It provides a powerful 

means for investfgating flows whlch cannot yet be determfned 

by measurements, and hence for ~evelQping the design of high­

temperature chemi ca 1 trreactors. 

The predictions for the is'othermal flow in a circular . 

conduit expansion have been found to agree'satisfactorily with 

both numerlcal and exper,imental results obtained by other 

workers. For isothermal flows in the reactor chamber, an annular 

captive eddy was predicted for aIl Reynolds numbers investigated, 
, 

even at very low Re. The' predictions are shown to agree with 

experimental results of .flow vJsuallzatlon in a cold mode 1 'of the 
\ 

reactor. The predicted flow Patt~r,.. for an Argon tall fJame .in 

the reactor with cooled walls was found to be very different 

From the corresponding isothetmal flow. The recirculatlon was 
, ~ 

very much stronger th an ln the corr.esponding isothermal flow. 

Local heat transfer to the wall, resultlng f~~ conduction, was 
, 

tound to decrease with increasing entry Rey,nolds number, or in- -' 

creàsing inlet temperature, or decreaslng wall temperature. ' 

The computer, progranne seems already to' be working 
\ , . 

very satisfactorlly wlth a modest computlng tlme lr~lrement. 

The range of the entry Reynolds ~r and the entry t...,.ra- " 

, 
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t.ure .i nvesti gated can be extended further. to condi ti ons ... der 
, 

whiëh the radiation heat loss is significant,.and,a swirl 

ve loci ty may- be preSent. Thi sis the next step fOr further 

work. Different gases besides Argon and differ~nt reactor 

dimensions and geometrics should also be used. 

The validity of the isothermaJ formof solutions 

have been,confirmed. However, the validity of the predictions 

for non-i sotherma 1 flow can not be proper Iy assessed wi thout 

addi tional experimental information. The main task for the 
, 

future is the comparison of the resulting predictions with 

experimental data. Although measurements in a high-temperaturè 

reac tor are very di ffi cu 1 t, sorne can s ti ~ 1 be obta i ned. such 
\ 

~ 

as the heat transfer to the outside wall, the _temperature of 

the effluent. etc. The assunption of constant wall ~emperature, 

used-8s boundary condition for the ~resented,predictions, is 

~omewhat art; fici~l. A more realistic boWldary condi tion for 

temperature at the Mails of the reactor wi Il surely lead to 

more successful predictions. 
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NOTATION 

4t 
Equation 6f 

fi rst Mention 

a coefficient in the general 
e IIi pt i c. eq ua t i on 

radius of the hydrogen bubble 
gene ra ted from the wi re 

rad i us of the hydrogen, bubb le 
generating wire 

rela~tion. factQr : 

coeffi c ~en ts in the convec t i on 
te rms of the dl fference 
equation 

a coefficient in the genera 1 
e Iii p tic e qua t i on ( 

coefficients in the diffusion 
terms of the di fferente . 
equa ti on 

.0 

Brinkman nll11ber; .base~ on inlet 
conditiors, ~oVo !ko{To·Tw> 

" 
a coefficient i,n the general 

é IIi pt i c equa t ton 

values of the coefficient c 
evaluated at the points 
E,W,N,S 1 

(2.2-37) 

(4.2-I,) 

(4.2-2 ) 

(2.3-20t 

( 2.3 -8' ) 

(2.2-37) 

.' (2.3-14) . , 

(/2-35) 

(2.2-37) 

(2.3-14) 

~ 
specifie heatJ at constant pressure(2.2-8 ) 

of the fluid " 

dl mens'i on less spec if i c hea t a t 
constant pressure of~the 
fruid 

specific,heat at constah~ pressure(2.2-17) 
of the inlet f~ui4 

. , 
coefficients ln the general Sùb~tltaLJ •• 8» 

sti t\Jtion formula 

source term 1 n the genera 1 
e all1 pUc equat 1 Qn 

1 • 

.-

(2.2-37) 

• l,." 
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1 
l ' ~\ 

s~uree term ln tfie general 
substitution formula J (2.3-18) " 

~ 

diameter of the reactor chamber 

fraction used in eq.(3~4-1) 

functions ir:'! t,ne boundary ~tion 
for vor ti city.,../' . 

... ' 

a constant used' in eq.(l.~il) 

,heat transfe-r èoefficient 

sp~c;f;c enthalpy of the fluid 

thermal 'conductivity df the fluid 

nsion less, therma 1 cond,...ctivl ty 
of the fluid 

conductivi ty of' the ,fluid 
...." .......... ua ted a t loca 1 bu 1 k tem­
peratur~ 

• • 
therma 1 conducti vi ty of the in let 

fluid 

, 

(3.5-1) 

·(3.4 .. 1) 

( 2.4-)0 

(3.4-1) 

'J ( 2.2-8) 

(2.2~1J) 

(2.2-17) C\ 

(3 • ..5-1), 

(2.2-17) 

length'of the section of the grld , .. 
to be s ubd i vi ded ( 3 . 4- J.) 

, :!l 
,"~ 
, . 

" . i 
.~ 
i 

" 
'i 

Le length. of the annular capti ve eddy 

M ,. 

n 

nNP 

Nu 

A " 

p 

, 
pas i tJ on of the "eye" of the eddy. 

downstream from the sydden 
expansi on 1 

molecular wei ght .of the gas 
y ( 

refractive Index of the gas (2.2-16) 

di s tanl~ a long a norma 1 to" a boundary 
surface (~.4-ll) 

, Nusse ft nunber, based on loca 1 condi'-
tlons, hcoef Di Ikb (3.5-1) 

the fi ut d pressure (2.2-7) 
/~ 

/ 

\ 

~ " '. 
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~~ess dynamlc pressure 

Equation of 
FI rS't Mention 

~---- - of the flu d, p/PoYoZ 
, , 

Prandt 1 n~, based on in let 
conditions, ~ocp Iko 

o 

( 2. 2-17). 

(2.2-7 ) 

rate of energy 1055 by radiation (2.'2-70)0-
pe r ,'un i t vo 1 wne 

dimensionJess rate of energy Joss (2.2 .. 17) 
by radiation per unit volume 

1 

radial distance in cylindrical 
coordinates 

dlmensionless radiai distance, 
~/D o , , 

gas constant 1 

"(1 

dlmensionless distance of a wall 
from the axls-of-symmetry 

ratios deflned by eq.(4.2-3) 

." Reynolds m.mberof the inlet 
fluid, roOoYo/~o -' 

1 

source term in the vortici ty 
equation 

tlme 

(2.2-2 ) 

(2.2 ... 17) 

" 
(2.4-11 ) 

( 4. 2-2 ) , 

t2.2-22) 

abso'lute temperature of the fluid (2.2-8") 
• 

reduced tem~rature of the fluid, (2.2-17) 
(T - TW}(To - TW> , . 

absolute temperature of'the inlet (2.2-17) 
fi ui d . '. 

, ' 

absolute temperature of t~ fluid (2.2-17) 
et the wa Ils .,~; 

, 

internai energy of the fJuld per 
uni t mass 

(2.2-7J" 
, ... 

• 

• 

" 

'. ' .. ..r. , _~. ".t ,. ~ , ....... ';'1". • _ -!" :~_ .... 
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( , 

Equation of 
FI r s t MentIon 

speer-fIc voltne of the fluld' 

term'1naJ rlse velocJty of the 
~ydrogen bubble ewing t~ 
buoyancy , <, " 

ve IOC f ty vec to'r , 

dimensionless velocity vectar, 
V/V ... 0 

mesn inlet veJoclty 

components of the velocity 
vector in Z-, r- and 9-
dl recti~ns 

_ ,-H-'(, \ • 

components of the dlmens Ion Jess 
ve loci t Y vec to r 1 n Z:, r ... 
and 9-directions 

ve loc i ty defec t caused by the 
wake' of the bubble gener­
ating wl re 

velocityof the flow approaching 
the bubble generatlngwlre 

'dlmenslonless vorticity 

distance from the axis of the 
, bubbJé generatlng wt re 

axial distance in cylindrical 
co~rd 1 na tes 

(2.2-8 ) 

(4.2-1 ) 

(2.2-1 ) 

(2.2-26) 

(2.2-17) 

(2.2-2 ) 
( 2.2-5 ) 

(2.2-17) 
, 

(4.2-2 ) 

(2.2-30) 

( 4. 2-2 ) 

., 

e 
dlmensfonless axial distance (2.2-17) 

(, 

axial distance from the expansion (3.4-1 ) 
or contractiqn of the reactor 

1 • 

., 
->j 

-;, 

"' ~, 

.~ 
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P 
f 

ro 
PB 
0 

cp . 
,. -a 

il 

t 

t" 

Euler's constant 

rate of stral~ tensor 

component of the rate of strain 
tensor 

uni t tensor 

angle ln cy~indrtcaJ coordlnates 

ab~rpt1on coeff~c ient 

convergence criterion 

,viscosi ty of theo fJuid 

dimensionJess viscosity of .the 
fJuid, ~/~o 

fi 

visco"sity of the '"nJet fluld 

kinematic viscosi ty of the fl~id 

dens i t}' of the fI ul d. 

dimensionless density of the 
fJuid, flfo 

densityof the inlet fluid 

densityof the hydrogen bubble 
~ 
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Equation of 
Fi rst Mention 

( 4.2-2 ) 

(2.2-16) 

(2.3-21) 
1 

(2. ~4 ) 

( 2.~- 1 7) 

(2.2-17) 

(2.2-1 ) 
. 

(2.2-17) 

. (2.2-17) 

• - 1 ) 

Boltzmann constant (2.2-16) 

dependent variable of the general (2.2-37) 
~/ elliptic equation 

-'"' .. 1 , 

stress tensor 

dis ~ 1 pa t ion' func t 1 on i n the 
e!,e r gy equa t i on 

(2.2-3 ) 

-(2.2-12) 

dimension less dt ssipation fooctlon( 2.2-22) • 

dimenslonless functlon in the 
energy equatton 

dlmenslonless stream function 

(2.2-35) 

( 2. 2-2//{----
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- , ÂPPENDIX A 
1 

, i 
" PRO PERT 1 ES OF ARGON AT HIGH TEMPERATURES 

1 

11\ Specifie p 

1 The rma 1 
~t 'àt 1 Thermal 

1 Denslty Entha Ipy Vfsc.oslty Condue ti vi t~ 
: Temp GM/CC CAL/GM etDft~ta,U GM/CH/SEC CAL/CH/SEC/ K 

~œ"sura 
1 oK )(,105 xl03 eAbJ,gr;1!!S -x 103 xl04 
: ----

1000 48.67 o. 124 o. 124 0.541 1. 01 
1 1500 32.40 0.186 0.124 0.708 

~ 

,,1 .32 

2000 24. J) 0.248 o. 124 0.886 
ÇJ 

1.65 Q 

, 
1 2500 19.45 0.310 0, 124 1.05 1.96 , 

3000 16.20 0.372 O. 124 1. 21 2.26 

3500 13.88 0.434 O. 124 1. 37 2.56 

4000 12.15 0.496 O. 124 1. 53 2.85 

4500 10.80 0.558 ' o. 124 ~ 1.68 J 3.,13 
:l .... 

5000 9.132 0.6213 o. 124 1.83 3.41 

5100 " 9.541 0.6341 O. 124 

5200( 9.358 0.6468 o. 124 

1 5300 9. 181 0.6594 o. 124 
, 1 

5400 9.01 J o 0.6720 o. 124 
1 , 
1 

8.847 0.6846 0.124 3.67 ./ 5500 1.97 .-
5~00 8.689 0.6971 0.124 

5700 8.537 0.7096 10. 124 

5800 8.390 0.7220 O. 124 

5900 8.247 0.7345 o. 124 
" , 

, , 
6000 8. 110 0.7469 '0.124 2. 1 l , 3.94 

" 
6100 7.977 0.7593 O. 124 

6200 7.,848 0.7716 O. 124 

6300. 7.724' 0.7841 o. 124 ~ 

,. 6400 7.603 0.7965 O. 124 

6500 7.486 0.8089 o. 124 2.25 ".20 
66'00 7.373 0.8215 O. 125 

6700 7.262 0.8340 o. 126 

'e 6800 7. 155 1 0.8467 o. 127 

6900 7.051 
, 

0.8594 o. 128 



r
·-:.:-,;."~ 

,.,,)f. 1 " 

. , 
rl~ 

, 

, ' 

. 
Denslty 

Temp .. .l <iM/CC 
OK "xI05 

7000 
7100 
7200 
7300 
7400 
7500 
7600 
7700 
7800 
7900 

8000 
8100 
8200 
8300 

') -
8400 
8500 
8600 
8700 
8800 
8900 . 

6.950 
6.85 i 
6.756 
6.663 
6.572 
8.484 

, 6.398 
.' 

6.314 
6.23 1 

6. '5 1 

6.0730 
5.996' 
5.922 

, . 
5.848 
5.776 
5.706 
5.637 
5.569 
5.502 
5.436 

.. 

APPENDI X A (c,"t'dl' 

\ Specifie 
Therma 1 ~t 'at 
En·tha tpy ~MtaQt' Vi seosi ty 

CAL/GH ,,_t, .. s,~\IIr~ GM/CH/SEC 
xl 03 ~~w.<?J<. .. xl 03 

0.8723 0.129 .2.38 ' 
0.8853 0.13 t 
0.8984 0.132 
o . ~'I 17 o. 1 34 
0.9252 0.136 
0.9389 .0.134 2.51 
o . 9-S 24 o. 137 
0.9662 Q.139 
0.9803 (}.143 
0.9947 '<9.146 

1 .010 
1.025 
J.040 
1.057 
1 • 07~ 

. 1.091 
1 • 108 
J • 126 
1 • 145 
1 • 165 

O. J50 
b.155 

~ o. 160 
0; 165 
O. 171 
O. 171 
0.178 
O. 185 
o. 194 

" 0.203 

2.63 

2.75 

1 0 

',""< 

fl7 

Thertna 1 
Co"pucti vi ty . 
CA LI CHI ~EC IOK 

xl03 

4.44 . \ 

.. 

4.68 

, 1 

" 4.90 " 

5.'13 

1 

• 

.. 
" 

o ~ 

" 



-p-~ fA4!"""""""""''f'~' .,....., "''',.,.,.. • .. ~. ~" ~"""'!I.'~---' .... ~ - ~ 

.,. .. "". 
r ' 

~t~ 

, 



",,*., \' 
'. 

3 , ~ 

\ 

1 

• 1 

• 

Temp 

~ 
1 JOOO 

• 
Deni st Y 

94/CC 
X 1057

' 

1 
,.. 198 

11100 ,.. 142 
~ 

1 1200 .,.. 085 

11300 4.028 
11400 3.970 
11500 3.913 
11600 3.855 
11700 3.798 
11800 3. 7ltO 
11900 3.682 

" " 

, 

APPENDIX A (cont'd) 

Therma 1 Speci fic 
'E 1 Heat at n tha py Con stan t Yi scos i tl 

CAl/GM . Pressure QI/CH/SE 
xl03 CAl/GM/~ ___ x::.;.IO-.l_ 

1.955 0.650 ~.33 

2.022 ' 0.688 
"'2.092 O. 726 

2.167 0.767 
2.246 0.809 
2.322 0.,875 
2.417 0.921 
2.512 0.968 
2.611 1.017 
2.715 1.066 

~' ' 

12000 3.623 2.~25 1. 117 
1. 168 
1.221 
1.28 
1.33 

1.'6 

3.55 
12100. 3.565 2.939 
12200 3.506' 
12300 3.448 
121too 3 .389 
12500 3.330 
12609 3~272 

12700 3.213-
128~ 3.155, 
12900 3.097 

3.059 
3.18Z 

3.31" ~ 

3."51 
3.599 
3.753 

3.912 
It.077 

. 1.51 
1.56 
1.62 

, 1.67 

-.. , ... - - -.-. 

-Thenna 1 
cOnductivi tl 
CALlot/SEC/OK 

~I~" 
. 6.82, 

6.6" 

J 

r 
• 
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APPENDIX A (coat'dl 
; 

--

, ~ Therms j ,: 'Spec if) ç , 

Temp 
~ 

. ~ 1 tfeat at Density ~lItha PY CQnstant Viscosity 
GH/CC CAL/GM Pressure GM/CM/SEC 
xl05 xl03 CAl/GH/~ ~x103 

" 

130~0 

13~00 

13ioo 
13300 
13400 

13500 

3.039 
2.981 

2.924 
2.868 
2.812 
2.757 

, 13600 '> 2.703 

13700 2.649 
13800 2.594 
13900 2.543 

4.247 1.73· 
4: 422 1. 78 
4.603 1'.83 
4.788 1.88 , 
4.978 ~ '. 1 ~92 
5. 173 '<~!;1J'- 2. 04 

5.379 .2. 08 
5.589 2. 12 
5.803!, 2. ,16 
6. 020 2. 19 

3.76 

" 

. 

~11jH~ 
- :Mi- . 

7.04 

, 

\ '.~ 

3.98 7.44 14000 2.492 
J 4100 " 2. 442 

6.240 
6.463 
6.688 

2.2ÇJ 
2.24 
2.25 
2.27 
2.28 ' 
2.26 
2.25 
2.25 
2.24 
2.23· . 
2.21 \,' 

~_~-~- -~Jf 

14200 2.3'4 
14300 2.347 
14400 _ 2.30 1 
14500 2.256 
1 4600' 2 . 2 1 3 
14700 2.17.1 
14800 2. 131 
14900 2.092 

15000 2.054 

1 

'6.914 
7. 141 , 
7.367 
7.592 
7 .• 817 
8.042 
8.265 
8. 4~37 

• 
, 4.18 7.85 

• l' 
" < , , 

1 
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APPENDIX B 

TOTAL LI Nf RADIATION HEAt LOSS OF AROON PLASMA 
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(Krey, R.U. and MorrIs. J,.C., .. Exper t men ta 1 Total and Total 
./ Llne RadiatIon of Nltrogen, OxV.n and Argon Plasmas Il. , 

Physlcs of flul,ds. Vol.13, 11tS]·( 1910) L 
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APPENDI XC, 

èoMPUIE,i't1ll GRAM 
,/ . 

Program li stl n9 

~ 1 1'" '22 

II' .. Typl ca 1 Output for an 1 sotherma\F low 1 n the 
Reactor Cham&er 

i i i Typi ca' Output for a Non-Isi:thérma 1 Flow a t 
High Temperature 1 n: the Rea tor C ..... ber 

_ ". l 

1 
, 

" 

• 

. , 
i' "- ~ ".... '-, 1 :J,'.n.~~ 



~r-~.t"T_~~~Tr :tr-. I..,:::-... 'l! ,#<1:~!'t .. .,,- ., 
> . '-. - '.{ 1 :~ç.J"''''~ ..t _~ ,"~ 

" v ... ~~ 0( " .. ~ ........ '" l' ,\, , J.- .. ~ : î " 'i_ ~ , 

'" 1 

123 

"6 

\.fVeL 21.6- C I14AY .,Z ) 1]5/360 FORlA ... H 
t,; ~ 

r: 

~ '. 
7905790 

~ 

" .. 
~.~,~ 

1 St4 OC02 
ISt" QeOl 

1 SI'4 ceo. 
1 SN \lOOt. 
1 $!'01 COOb 
1 s~ OC07 

1 S ... Ci(08 

, 
CO'-PILER OPTlC"S - ~A"'~-. MAI"hOPT-02 .\.INECNT-1\6,SI ZP-OOOCK, 

SOUhCE,~RCOIC,"OLIST.O~C~.LOAD,NO~AP.NDEDIT.lo.~OXAe~ 
eQ""o~I'CYP.lA C23 .IS,1,. GI (23 .15t.G2 Cl3,15" VI e 23.UU .val 13.IS' 
eO\nhJ ... "CMU~:5·I/ ... w ,NF .~T .IE. 1 N,.IN, 1 ,. ... J .... ,JA, Ja.III,IC. 

1 JAN,.IBN,IIJP.ICM 
CQI4\101llI'CGofl.J;'ZC 2ll. NC HU .OELZU1. ,oaRe IS) ,ININI Us. .1 ...... 5. 
CO"'IotO!'ofI'CPNOD;'I'U( 2:1,15, .lMUe 2l •• S •• ZI((23 .15' ,CPC 2l,IS» 
CIJ"''''ùr4l'C~AAAN;'V t ....... RE. PA, BR 
CO~"")III"CCHECI(;'RSOUC 3 t, CC .N"'AX. IRS C 3' ,JPS Cl' .QPFY ALe:", RELAXe;, • 

•• ~!> ••• ASL 

1 S ... 

~O~ 1 S.,. oca 
151'4 001 
1 S ... OCI2 C 

IS" OCIl 

CO/ol ... O"'I'C~A"t' 'A~"-'EC 9 • ." 
CO~~O~CREF'RnqEF.Z~UREF,CPRf~.Z~A~~,TINL,TWALL 

tlJ"' ... O .... "COATA'TEII4PC. 00' ,PROPlroo, ••• DEL \ 
o II4E NSI O~ AQ (23',15. 7' 
EUUIYALENCE(AC1,1,1 '.Aoel,l,U' 

~~AO( 5.111' ANANe: 

15" OC .. 

1 S,.. 0015 

." 
15 ... 0016 
1 S." 0017 
IS'" OOld 

1 S'II 0019 
IS.,. C.020 
IS." OC'21 

lS'" 0022 
IS-. 0023 

C 
c ..... 

<:~o 
C , 
c •• • , 
C 

2 
C , 
c ... • 
c 
c .. •• c 
c 

HO 
C 
C 

PR=ZMUHEF·CPREF'ZKqEF 
.) 

cmlPUTE GRIO CO-ORDINAlES AND SP~CI"" CHA~BI!'R DIMENSIONS 
CAL~ GRIO 

Rf:AO IN TABULATEO' GAS PPOP~RnE5 AT OIFFeQENT TEM~RATUA~S 

DEL- 100. 
DO 100 lal,61 
'H.A'>C ~.1l2) T~~P( 1 •• ePRQP( I,I("K-I,.' 

RCAi> IN INITIAL VALUES FOR YORTICITY, STREAM FUNCTlON, 
TEI4Pe..,,,TURE ANO "'''55 VELOC 1 TV CO .. POttI!:NTS 

DO 2 K-I. ~ 
00 2 J a l • .IN 
11=1". Ne JI 
12-I .. AI((J' 

~ 

PEAOCS,4Cl' ("QII,J,K',I-II,I2» 

snT l ",e. aO\lNo"AY COfllOl TI ON 5 
("-1 

Fll; tC~PERATu ... E ..... 0 FLUIO PAOPERT 1 ES 

INLE T 
0':: 1,"" -/-1 • .lA" 
" 1 1 • J • NT ) -1 .. 
HOU.J)al. 

' .. lI( 1 • .1'-', 
Z"l l, .I)al. 
CP( l , .1 t -l, 

AT THE WALLS 
T-r. 
'''LL ~pPTY CT .RO. ,Zll4Uthr"w .CPW, 

" , 

. " 

.~ 

.\. ... - ,~s À~~Pi!'h.- ~+' ~<"'I, 



• 

:. 
7905791 

l'" 0032 
15'1 00.13 
'SN OOl_ 
IS'" <rOC35 
IS'" 0016 
15'" 00.S7 
liN OC1II 
u, .. OC3'J 
1 ~~., 00'0 
IS,.. OC., 
'SN 00.2 
ISN 00-1 
15"01 CO •• 
• S,., GC.S 
15... 0\1.6 
ISN 00 • ., 
'SN 00.8 
15,.. 00.9 
IS'" 0050 
UN 0051 
1$ .... 0052 
1$'" 0053 
• SN 005" 
15 ... C055 
1 S, .. 0056 
':iN 0051 
15'"' 0058 
lSN 0059 
ISN 0060 
1 SN 0061 

UN 0062 
15" OO~3 
1 S ... 0(6_ 

IS", C065 
IS'IoI CCtlf) 
1:'" CCu1, 
1 S .. 0('08 
15'1 CC69 
as... JG 70 

as .. 0"'" 
15" O{,.,~ 
liN ",ell 
u .. OC ,. 
15'1 OC'7!J 
1 S ... 0076 
lSl't oc.n 
U'I 00'" 

.1 C.l 

.103 

Je.. 

Jc.~ 
C 
C C··· 
C 
C ... 
"CO 
C 

00 JO, 1-' .Ie 
ACI,.IA.NT'-C. 

, IotO( l ,.JA a-ROw 
ll4lJC 1 • .J •• -l~UW 
ll(,C 1 • J. , -lIC.W 
CP' 1 • JA. -CP .. 
00 102 I-IC.IN 
"",.Iot.NT'a". 
kllC 1 • .lA ,-liow 
ll4UC I.JU'-Zf.lUW 
ll(C I,JrU-ll(" 
CPC 1 • JH. -CP. 
00 JOl 1-IB.le 
ACI. J ... NT taO • 
RUC 1. Jt4' ... OW 
ZMUC 1 • .JN' aZMUW 
.!KC I.JN,::alKIit 
CPC 1. J ..... CP .. 
00 JO" J-J" • .JN'4 
Il ( 1 B • .J. NT) aO. 
ROC 1 a. J. -ROW 
iMUC lil • .J'-ZMUW 
lK( Ht. .J'.ZKW 
CPC 10 • .J,-CP. 
DO JQ 5 J.J8 • .JNM 
AClC •• I.Nf'-C. 
ROC IC • .J .-AO. 
ZMUC IC • .J).ZMU" 
iKC IC • .I'-ZKW 
CPC IC • .J).cr. 

Fll"l '55 VELOCUIES', 

Ji. 

L~""N~P PAP.dOl'C INLeT-VrLOCUY 
Où 4CO .J.l • .JAM 

il 
1/ 

01 S," 1 'lUt' IOMS 

G1Cl • .J)_AO(1 • .J'*2.-CI.C--.0-RCJ.--Z, 
G2Cl • .J. -O. 

C "'U-SLIP AT 'HE: .~LLS 

IH 

ICl 

III 

le. 

un 101 I-In.le 
<>1(.,1 • .J"'-0. 
'-2C I.JN)-O. 
.>0 le, 1-1.18 
GU I • .JA )-0. 
Ci2C 1 • .JAI-O, 
DU 1 !)~~ 1 al C • 1 N 

(at( I.",U-O. 
CilCI.Jn,-o. 
DO 10. .JaJA • .J ...... 
G lt II\ •• U-O. 
Ciè!l 19 • .J .-0. 
no 1'.) 5 J.J" • .J ..... 
~1CIÇ • .J.·O. 

\ 



• 

-l-
:.. 

r' .... ; 
"r;'1' • 
"_4 

ISM 

15,. 
l'.i .. 
ISN 
IS,.. 

15 ... 
15,.. 
IS ... 

-ISN 

OON 

CU) 
0('''' 
,)taz 
OOSl 

-
oce. 
oces 
ooe6 
ooe7 

IS~ ooe8 
1 s ... oce~ 

15", .",0090 
1 SN 009a 

, IS" OC92 
1 s. ... OC9'3 
1 SN OCi9. 
IS", 0095 
15 ... 0096 
1 5 ... oe97 
ISN 0098 
1 SN OC99 

IS ... cleo 
1 S." 0101 

1 S • OIOZ 
IS .. 0103 
15 ... UIO. 

IS~ 0105 
IS~ 0106 
1 SN 0107 

·"'''''''''2 l'~ , ~. , , J .... 

105 
C 
e 
e 

00 lOb ,-1.1 ... 
\i.H ( ,1 '-3. 
ua 107 Jui.,J" 
G2( IH.J)-O. 

( 

Fil" ST~E4M FUNeT IDI'f 
~' 

""ET 

';" \ ~ 
- .> 

• 

// 
~/ , 

TH!" AJC 1 S-Ofl'-SYMNETRY 

~Ct • .IA,NF."O. _ 
A( 1. l,NF, .-RUC 1. JA' .QC .lA' •• 2.' hO-2.a.~1 ,JI. , •• /, 
011 20~ J-2.,JAM 

l05 
e 

AC l ,.I.NF' aRO' 1. J).q (J ,..,., 1.0-2. 0 tAC .1' •• 2' tA C , • , ... , 

C ON THE AUS-QF-Sv....e:TRV 
OU 204 1:II2.IN 

204 
e 
e 

20t 

20Z 

203 

206 

2e7 
e 

AC l , , ,NF, .. A ( , , 1 • NF , 

ON THE .ALL C; 

00 ZOI ... IS.le 
ACI,JN.""'-O .0 
i)() 20 2 1"1 • 1 ft 
" 1 • .lA ,NF •• C.O 
JU 2C3 .-ac.a ... 
AC .,.Itt.,.F)·C.t' 
00 20() J-"A.JN 
A(lrt .... NF.-J.O 
00 207 J-.IS • .I,. 
AIIC • .J,NF'.C .0 

~.'" "IJ~ YOPTfClTV • 
C 
e IfIoLëT 

110 16 J-l. JI. 
1 h " (1 .... Nw ... , 6. 0 
C 
c 

, , 

c... S&>=C rF'f' "fFt:-U:NC'! "ALUE" OF VAftIAttt..ES 10R JlfSIOUAL-Noq"ALUATIOH 
C 

c 
e 

~t:I-V"L(N ••• " (I.JA ..... '." 
qCFYAL(,..' taAt 1,I.NF t 
~cn'At...C~T .... , 1,1 • .,.T , 

C •• - CALCULATt INI T IAL YAL\.IFS FOq VI!LDel" CO .. ItDNI!NTS AND" 
e FLUII,) "~:Jf'lfPTtES 
C 
C 

')0 b J-I.JN 
1l-1'41"'(J' 
12-a .. A. (J' 

t~~~ 
- ~ 

,', 
,~ 
~ 

~ .... j 

, 
~ 

1 

. ' 

, J 't 
-< , 

.... ~ 

.. ~ ~ '_7\ ~ "- \. '1 ~ ~ ~, - ... "J,!_~ .. kt1.h~-{ ~,~r\.~t~~ '\, ~ 



, 

iL", :. 

1 s ... OHi8 
l~,.. OlC9 
1:."1 011" 
,~ ... ~1l3 
LS .. 011. 

.IS" GII~ 

15 ... CUa 
l:ifll oi I? 

lS:-t CII6 
IS ... 0119 

151\1 0123 
15'" 0121 
15 ... 0122 

15" 012 :J 
15 ... 012. 
15 ... 0125 

I!»'" 0126 
IS"" 0127 
1 SN 0128 
15 ... 0129 
1 S ... OUO 

IS,.. 0131 
1 S" 0132 
lS ... 01,3:J 
1 S .. 01 J. 
IS" 0135 
15.,. Cl36 

01 

1 
~ 

C 
C 

c 

Dil b 1-11.12 
It-eJ • .:a.JN.Ou.I.F.Q.l-e' .. ' .... GO TO 7 
IF(I.~a.IC.A"'O.J.GE.JB' GO TO 7 
C~l L PIJ.)PTV( AC 1 • .1 .HT, .ROC I.J', Z'4UC ,.JJ.ZI(C 1. J) .CPt r • .I. , 
y l( 1 •• ,. aG l , 1 • .1 1/ lot rJCI • J , 
Y2( 1 • .1 'Zoro,.> , 1 • .1) l''' OC l, J' 

c... I4IJI TC PR<lHL!;'4-SPECIf"ICATf1JN r""FOA"'ATION 
c 

C 

C •• • 

C 
C 

e»foI9 

C 
C 
111 
112 
• ùl 
5')1 
502 ' 
()~ 1 

.. Al T'::,6.601 • " 
~PITC(o,~Oé. A~.PA.BA.AOAEF.ZMUAFF.CPREF.zK~eF.TINL.TWALL. 

IVINL.(~.~ELAX(K).K· •• IE'.CC,IN.JN 

PMINT OUT COOADINATES AND INITIAL YALUES OF VAPIA8LES 
WRITEC6.~Cl' (ZCI,.I-I.IN. 
WRITElo.502' (R(J,.Jal.J,.,' 
CAL_ PRI ... CT 

CALL SULVE 
CALL PAINCT 
CAl.. L. Ht-' AT 
00 h9c;. "-1.5 
00 6~Q .1=1 • .IN 

Ils 1 1141 NC J' 
12=IM~"(J) 

WAITe::(7.698. 

FOR .. "T, 18A.' 
FOPaot"TCF10.I,.elS ••• 

Fnf. " " T' le 1 1 • :3 • 

, .. 
i 

FO~"AT" OISTA""ces IN DIAECTION-I"(IH ,SCFll.3,.t 
r-O~"ATC' DI5T"NCtS 1,.. OIRECTION-Z"ClH ."CFU.3'" 
FO~~AT(lil/25X.·FI~ITf-OI~FEAEHCE ITERATIV! SOLUTION 1 S UNOEACONsr 

1 ()t:~A TI liN FrfIIr Tlie CAse OF" 25 ••• ------------'----------------11'-,.--­
l------------------------------.---------·,,· LANINAA cO~PArSSI~! • 
JltIIT .. ,,~ FLm. 1" A PiPe: ~ITH A SU:)O~N !NLARGE ... !NT A.., A SUOO!N r.ONT 
.QA~rl~~·II'I'· THe INITIAL I~OA~A'ION SUOPLI!D IS'" 
rÙ""'AT(1:)".·"'t. qEYNOLOS ,,,,, .. l'tEA ".SEO n ... INLET OIAMe:TEA .'. 

1 F"~~I'IO ••• pq~ pqANOTL NUMA!R ftAlrO ON IHL!T PAOPPAT,eS .', 
l ,-<\ • .:'/1(1(. • ..... OAI""''''A'''N "tUllllaeq •••••••••••••• 

, ~ 

t IP. 1 1. '~.II~ •• 'C;-O~:F, NEFEAf!NC! D!'IISITY '-OA THE f"'l.UIO ••••• 1, ,~~ 
lIP':ll.2,' C;"'CC'I'IOIC,'Z*JMEF, Ae:f"'eA!Nc.! VISCOSI'" FOR THI! ... LUtO ' .. ,~ 
2 ...... ·.PCll.2 •• GMI'CM'~EC.'13J(,.CPRE ... REFERENCIE HeAT CAPACn .,~ 
J'( = J ~ Tri!. r LU 1'> ..' , lOC!I .. 2.' ,CAl.I'GM'OeG K"I or,' ZI(A!F. AEP't!A! ~~ 
"Nef HI:: A T CONOU(tT 1 YI TY ,.OA THe .f't..1J1 O.' ,IPI! Il. z.· CAL'C",YC'OI!Q Kt' 1") 
·v,::I(.·Tl .... ~. IN..ET TEMOEAATUAt: Of"' THE ''''.110 •••••• -.op,.e.a. .\~ 
f)' .)t.'- ~'/HJI(,·T.ALl.. Te"P!RAT\IA! AT THI! .A~l.S ••••••••• t, " 

7. r :JFd.;>.' rCG I("'OIC. 'VI"IL.. .!t\,., IHLI!T "LOW AATf ••••••••• ., 
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• 

f .tl 
1:1 

\:j 
o 

, \,\ 

(, 
• 

.. ~,;~ ... 

15111 0138 
U~ 0139 
IS~ Q)40 

.~PT IlJfIoS IN 

-OPTIONS "IN 

6\111 

f~"'t::Ch 

EFFECT-

. , " 
'. 

111. 

M" •••• 1" ,(,,',..8.2,' CfIVSIC."OX •• A ..... X •• S. At!L~JCATI"N PAil."'''' "4 
.,aOk ')CPt~:lCNTt ,,"toc UltLI!' ARE" 'Ill, ,,'R'LAXC·.I l,' , ••• OP, ••••••• " ... 
~ 101l,'ec, THE CONVIE_OINC., CAnEAroN •••••••• ', 
o'~=1'.2"~.·.~. TH! NU~EA Ofl C~LU~~S IZ-OI~~CT'ON •••• '. 
f I~I IOX.'JN, THe NU"'.A 0,.. Ao.tS •• CA-O.tlECTIONt ...... 
" 1(>/') 

.. P .. ""Al'C7C1Pt:lhl'. ~ 
STO;) 
E~;) 

,SOU"CE r" ATt:.Më!NTS • 139 .PAOGAAM SIZE • 5338 

*ST"tI5TICS. NO UIAGNOSTICS GENERAf~O 

.•••••• 'END OF _COMPILAT 1 O~ •••••• ~'K 8YTES Ofl COtitl ... 

. / 

~ . 
t,: ~ .. N-~';" .. ~J\.-.,,_, ___ "_,_,,.-,, ..... ,, 



, ' 

• 
,) 118 

FOItTItA" IV ca RELEASE t.l ........ ,. ..TE - lU,. 

'Ai 
~l 
·tO t 

" :-.... -
T::" ... 
.-_. 

• t .,:- ,; r . ,'.j 
.. -, . .j 
0' 

0001 
OC02 

000], 

0004 
0005 
0006 

. 
0007 
oooe 
0009 
0010 
0011 
001Z 

001] 

o 

c 

'C 

DATA JN.IN.JA.~.II.IC/I'.ZJ ••••• J.ZOI 
DATA ROREF.ZMUREF.C"EF.zaREF.tIMl.TMAL~/l.~.1.21f-OJ. 

1 O.124.l.Z6E-04.JOOO •• 300.1 
DATA RElAX/O.75.0.55.0.75/.CC/O.OOl/.ItSH.RSL/O,05.0.0011 
OAT A ..... X/2001 
O.TA NW.NF.NT.IE/1.Z.].J/.RE/60.1 
DATA Cl.CZ.Zll.ZLlIO.I.1.0.J.6.4.41 

EIID 

*OPTIONS IN EFFECT. NOTER".IO.E8(DIC.SOURCE.NQlIST.ROOECI..L~.~P • .aTE$, 
.CPTICNS IN EFFECT. MAME. ILl. DATA. llMECMT • 56 
.STAliSTICS. NO aIAGNeS"CS GeRER.TED 
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'vI 

" 

,.;' 

' .. 1-.:" J
::::: 

t ~~ ~ 

/ '-
. . 

.. J....,l-~s~ ... 'b...-~}.: 



~~--> . , 
ff:~, . 
f:J ..... 
\' .. • 

" ! 

. , 129 

fO,,'''A'' IV Cl IEl.EaS! .. 1.l. .. CIUo . oA'E - 1'2" 

1 •• , 

?' r:-i' 

CCol 
oeoz 
000) 

ooCM 
oeo' 

CC06 
0001 
OOCM 
OC" 
0010 i1l 
0011 ~ 
OOlZ 
COll 
001>\ 
001' 
0016..« 

0011 
0011 
0019 
C020 
OOZI 

1 '. , 
.~ , 

'(. 
COZZ 
00Z3 
0024 
00Z5 
0026 

0027 
• 1 

1 ~C02' 
j' . ,002. 
, 00)0 

COll 
0032 

Il 003) , ,., 
• 

00'4 
00J5 
OOJ6 

OCJ., 

suaROU' fltE , ... .0 
C~~OM/C~IO'Z'~" •• 'I".DELICZ' •• DELIC1' ••• MINC1~ •• I"A.1l" 
tO~"ON/C~BRIMW.N'.NT.le •• N.JN.INR.JMM.JA.J •• I ••• C. 

1 JA~J.~ ••• '.IC~ 
C~~/CSCALE/C1.CZ.Zl.l,lLl 
O .... ENSlO,.. Xln" . 

C ........................ , ••••••••••••••••••••• •••• •• • •••••• 
C . SUIUtCUTINE FOI CAlCÙl.ATlON Of CRIO COOROI"ATI5 
C ••••••••••••• • •••••••••• ••••••• •• •••••••••••••••••••• •••••• 
C 
C 
C... CALCULATE OROINATES 'N It-O,aft'IOM 
C 

Z 

10 
C 

ZO 
C 

Zl 
C 

22 
C c··· C 

{ 

'-' 

CAlCUlATE ORO IN. TES .N ~-O'RECTIOM 
." .. -IN-I' 
IIP-18+'1 
IC .. -IC-l 
00 10 1 ... 1.11 

• li 1)-0.5.U-U 

'11--1 
00 20t. I-Itll 
ll-Cl.FLOATCI,/Fl.Oa'ltl. 
X1CI'-'ANIII"TAN.Cl'.,LI 
lClI +II-Z"I '+.111' 

ZIIC'-II."+Zll+llZ 
11-10 
""-11-1 
00 21 1-1,11" 
II-C2.FLOA, •• ,/Floa'lll. 
Xlll'-'ANIZl"TAN.CZ'·,lZ 
IClC -II-ICIC '-XIIII 

1I-IC+1 
00'21 I-II,IN 
11,'.,CIC'+O.,·.I-IC' 

CAUILATE onlt's AllIO DEll'S 

OEllt.l.· ... Z.-ItCl' 

'-

" 

e-, ----~----~--__ ----~~ ... !l ..... ",~ ~ 

J . .I}~;i 
•• .1'. 

- ~ 
.. 1..41.. .. 

,_f ~ .. "_~~ , ....... ,. ,_ ~. ,.,,;. __ ~ ._:_~/~..,,~~ 



• 

1,0{ " 

OATE • 1'219 02""10 ~~ 
~ 
~~ 00'" 003. 

0040 
0041 
0042 
Q04' 
OC44 

.04' 
0046 
0041 
6041' 
004. 
00'0 
oO,t 

oo,a 
00" 

40 

41 
C 

·C". 
C 

30 

31 
C 

1 

OELRCJN'-RCJN,-RCJNM' 
DO 't0 J-2.JNII 
OElRfJ'-O.5.CRCJ+l'-RCJ-l.' 
OEllfl,-Z(2'-Zel' 
DElle IN' -l C IN'-Z C lM'" 
DO 4t 1-2,IN .. 
OElZCI,-O.!t'ZCt+l)-lCI-l" 

$PECIFY I"IN'S AND tll'X'S 

00 30 L-l,JA 
.... NCU-l 
IMUll )-IN 
JAI-JA+l -" 
DO 11 L-JAltJN 
IMINfU-IB 
I"AXCU-IC 

RETURN 
END 

. J 

\ , 

.OP'IONS lM EFFEC'. NOTERM.IO,EBCDlc,SOURee.NOLIST,MODEeK,LOAD,NOMAP,NOTEST 

.OPTIONS IN EFFEeu 'NAME • GRIO ,LlNEeNT • . ~6 . 
• STUfST les. SOURCE STATEMENTS • 53,PROGR"" sue '- 11'' . 
• STATlSTles. Net DIAGNOSTICS GENERATEO .. 

• STATIST tes. NO DIAGNOSTICS THIS STEP 
\ 

/ 
/" g' 

•• '1 



I,e 

• 

.. :}/ '~i; ·>·:t,'~:f:,1f!~~r:~f4~r~~~~~1j 
~ ",~'t:l , 

131 

, 
CO"'PILeR OPT'~~~ - N~~F~ NAIN.OP~!;LINCCNr.56.$IZE.OO~OK., ' 

1 5'1 00U2 
1'1. COOl 
1 S" 000 .. 

IS,.. 0005 
IS·" 'j006 

-ISN 0001-
IS,.. 0006, 
IS,.. OOO'l 

I~"" 01110 

1 SN oeil 

1 S .... OOtz 

'S'. 0013 ", 
ISI" 001_ 
1 SN 0015 
IS'" 0016 

IS" 0017 
IS,.,. 0018 
1::; 4 COI'" 
1 i • COZO 
IS" 0021 
IS4 CC2l 
1 S .. 0025 

_JS" OG26 
lS .. CO.l7 
15" tc.la 
'li .. ':029 
IS"" OCJù 
IS'" 0031 
1 S" "J2 
1 S'" C.03.J 
IS ... 003_ 
15"" CCJ~ 
1 ~' .. COl7 

~S~VQCê.F.HCDIC.... T.DEc<.~D.NO~AP.NOEOIT.lo.NQXRE~ 
SUtik OUT 1 N~ SOl.Y~ , 
CO .... "O ... /CY"/ .. e 23.15.1» • GI e Z 'h l51.G2 ( l.1 '5" V 1 (23.1 SI. VI' 23, un 
CU~~UN/CN~Oq'~.HF,~T.IE.IN.JH.INN. NM.JA,JB.IS.ac. 

1 JAM.Je .... 18P.léM 
CO~MLlN/CG~ 1 oIze 231. Re 15t .OELle 21 "l' DELAC 15' .1 M INC l5" INA. CI!U 
C{)"'''''l'''/CCIiÈCI('R~DUe 1', CC.NMAX .IRS( '''JAS Cl "AEFVAL (3)>. AeLAxe 3' 

4, A~ .... f4SL 
CO~~ù ... /CPOST'I~.IP.J .... JP.IL.IH 
CU~~ON/CPROP'Roe23.IS),Z"'U(23.IS'.ZK(23,IS).CPCZ3.15' 
Olro.'ENSIOIli .. ueZ3,ls.7' ,r 

I:.QUI YAl.ENCEC ACl.I ,lltAOCl el • .", " 

C·**· •.. ~·····.·.*·.·· •• • •.• •··•••••· •• ••• ••• ••·• •••.••••••••••••• 
C THIS SUB~OUTINF. INITIATES A~O C~NT~S THE ITERATION PROCESS 
C ••••• •••• •••••••• • ••••• • ••••••••• • ••••• ••• •••• • •••••••••••••••••• 
1: 

C 
C 

~ 

c 
C 

"..,.,-,ç-
• V 110 (DELF ,Iua ,QNNP. RQP. OELRO.WNP. --eOELP/(AAO'.DNNP' •• Z,(RQP,3. 

1 .S •• O~LRO/2 •• )\WNP.(ROP'6.+0ELRO' •• " 
2 CROP,3.+,._ueLRO,._.,r 
WH.COflF.QA~.ONNP.R~p,DeLRO.WNP).-(O!LP/ONNP •• I'AAD'(RQP.(RAO". 

J '-s •• ONHP' 2-. HDELltO. cs •• " ÀO'I_. -3 •• DN .. '" 
• 20.'. + WNP.CRAO-DNNP'*(AOP*,AA0I6.-D-eNP' 
5 ft.I+DELRO.CRAo,a.-ONNP'IO.'.fRAo,eROP* 
6 (RAO/3.-5 •• 0NNP/._.'.OELAO.C5 •• AAO'Z_. 
7 -3 •• 0HNP'IO.,., 

Nil :w-o 
tlif.llTEC6.21) 
DG ~ ~ .IE 
RS)U(I('·O. 

C... CAUSE ONE CYCLE OF ITERATION TO SE PERFDAMEO 
"1 T::A .... ITEIH 1 
00 1 0 J-2 • J ... '" 
1 L" 1 NI NC"'" 
IH%I~A)(èJ.-1 
If(J.tO.JAl IL~le+1 

IFCJ.Eu.JHt IH-IC-l 
00 1 C 1 a J L , 1 H 
1114% 1 -1 
1 pz 1 + 1 

J "' .. J-I 
JPa J +1 

, 
) 

le (A __ ~~~Q"'CI.J) 

3 
C 

C ALI.. ~nVNO 

K~~FC~.i2),NIT~q.CQSOUeK».IA.CK'.JRSCK'.K.I.lf. 
~(~~C. 

Dû 3 Kal.lf . 
1~(A~~C~SOUCI(»).GT.AeSCRES'» AES •• SOU(K' 
~r,,)\J( 1( taO. 

, ".ilt'.' 



,J 

--
.-
-_ ..1 

~ ~<." 

~,,;~--- ,,~ 

ISN .. ".13 

1 S. CC'U 

.-

15 .. OC"2 
15" OC"3 

ISN 00." 
ISN 00.5 
15 ... 00"6 
15 .. 00"7 

15" 00"8 
15,.. 0049 

15 .. 0050 
IS .. 0051 

IS~ 0052 
IS .. 0053 

C·· .. 
c~ 

C 
C 
C 
C·"· 
:iC 
C 
C· 

" --

TEST IF .Axl-U~ ~~~EA ~ ITERATION AEACHeO 
Ir'~I'L~.~T."'.A •• ~a TO • 

TE~T IF CONVCRCC"'CF. CRITEAION !ATISFIEO 
IFc,aSCRESt.CT.CC' GO TO' 1 , 

'"" 

, 

1 

,-
e... WALL VORTICIT~ES A~E CALCULATEO NERe 
C 

-5 

12 

1" 

15 

Il 

1.1 

DO • 2 1-2. 1 B _ 
ACI.~A.NW' •• HW(AII.~A.,~'-A(I.~A.NF'.RCJA'.R(JA'-A(~AM'. 

2 AOCI.JA'.ROII.~A~'-ROCI.~A'.AII.JA •• HW" 
.JA'.~A+' 
.J8 ..... 8+1 
DO'" ~-,JA .... l'oI~ 
ACIB • .J.NW'.wVWIAII8P.J.NF'-Alle.~.NF,.~IJ'.Zlle~'-ZII.'. 

3 ROII~.J'.ROII8P.,J'-AO(18.J'.A'I.P • .J.NW" 
00 15 .J.~BI.~N" 

ACIC • .J.N •••• V.'A(IC •• J.NF.-ACIC~.J.NF •• AIJ'.ZIIC'-ZI.C.'. 
" A~(IC.J'.ROIIC~.~à~oc.c.J'.AIIC •• J.NW.' 

DO Il I-IB.IC , 
ACI • .JN.NW'-WH.CACI.JHM .NFI-ACI~~N.NF'.~CJN'.RCJN'-R'JNM •• 

1 AOCI.JN'.ROII.~~.-RO'I.~N'.A'I.JN •• NW.' 
DO 13 1-le.IN r 

ACI • .JK.N.'.WHWCA'I.~B •• NF'-A ••• ~a.NFt.RCJ.'.A(~a'-R.~e.1. 
5 RO'J.~e'.ROCI.~8~.-AO'I.~el.AII.J8M.NW" . ' . . 

.... 

IS~ COS" 

15 .. 0055 

C 
21 

22 

FO"~AT'I"1'2 ••• M~~" ReS'~L FOR EACH YAAI.BLE·"2X.'NI~A· •• ax 
1 .·STRE"" FCN' .13., ·YOAnC'TY·.13JC.·TI!MPI!.ATUIW'~". 
"~I4ATC2 •• I".5 •• 6It 14.3." 1 •• 12.·.·.la.·' ',11 
RETUQN IS ... 0056 

1 S'" OO!)7 E..o 

_OPTIONS IN EFFECT* 

*S'''TlSTICS· 31. 

-STATISTICS. ~ù DIAGNOSTICS G~hêgATêO 

...... END OF eOM~ILATIO~ •••••• 

.. ___ ~r~ __ ~ 

f 
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LIVEt.. 

::" .;' 

~ ... aslll 0002 
IS.,. ~Q~~ 
13" CCO. 

ISN OO~5 _ .... -..e. (00'6 

1 s. ... 0007 
• 0 

ISN oeoa 
15 ... 0009 

15,. 0010 

IS .. 0011 

ISN OO'Z 

IS~ 'O~13 

ISN '001. 
15,. OOlS 

15'" 0017 

15 .. GOla 

15 .. 0019 

~ 
:! .- Ji .. O':'ZI L..J 

IS" t~Z2 
ISIit 0(,2.1 
ISN OOZ. 
1 S •• CiJ26 
1 SN COZ" . 

IS~ OU9 
;.. IS. c,e .JO 

I.~ '0031 
aSIit 0032 

15 .. 0",]] 

• -., ,-.... ' '" - 1> ~ -

'. ' 

• 

7;! • 

CO~ILP-~ OPTIO~5 - NAMf.. ~.'~.~T .... LINeC~Y .... ~I~ .. O~OK. 
SOUkCE .• ~8CDIC.NnL'ST.oeC«.Loa~WO-AP.ND!O.T.'O,.a.ReP 

5~WOU11 ... ~ F~QMC •• ~t 
COfot""""CYP'''CZ.J.I S." .GI'.J. ,at.G'laJ.IS, .V" aJ.ltll .Ylc.~ .... t 
C~-.ON'CNUM~.'NW.NP.MT.' •• IM.~".I ... ~~;JA.~.~I •• 'C. 

1 ..... ."d ........ IC .. 
C~MO~CG.IO'ZC~3 •• RCIS •• Oe&.ZIZ~.f~.II •••••• N ••••• I.A.I.S. 
CO"""JJlVCc' .. EC"""SDUU' .CC.MlfAlh' •• ' ~"""S';J •• &'VAI.. C 3 •• ACUXI J' 

•• ~~.QSI.. 
C~MO",CCot~'8E.A_.~.~.CE.CW.CN.CS.CPP 

c~-a~CP.OP'.OC23.ISJ.Z.u'.3.ISI.i.'23.15'.C_"J.'" 
CO~~Oh'CPU5"I •• IP·J"·~11L;.I" • 

C •• ·* •••• ··••••• ••••• ··• ............................... ~ .. .. 
C FJh"~-olppc~ENCe~OUATION ~~TINe ' 
c •• • ••• •• •••••••• • •• ~ ......................... ~ ........... . 
c 

C 
C 

C 
c ••• 
24 
t; 

c ••• 
C 

(. 

C··. 
c 

C 
C 
~co 

c 
C 
oCO 

FGIH'UELP.RAO.DN~.RoP.aeLRO.--oeL'~~.Z'.AD'C~(RA~3e-
1 5 •• ~'Z_.' .DrLRO ••••••• O.,. •• -J.*ONNP'ao ••• 
'G2HCW~.OhNP.ROP.DeLRO •• -C.~NP •• C.O .. CRAO'6.~,. ••• 

~ ~LAa-C.AD' .. -~~'10 •• ,,.À~(~CRAD"3.-
J , 5.*0 ... '2_ ••• 00LI'O.C ...... D', •• -~.-oNNP'IO. Il 
FGIVCOELP.RAO.DNNP.AOP.DELAO'·-oeL"I.Ao~ ••• a'.~'J. ~ 

• +S..DeLAOi"2 •• ' 
FCKV'R"P.D~LRO'.-CtlOP'6.-oILRC" ••• , •• O»'le+ •• -oa • ." •••• 

00 .. co "-I.II! 
IFCK.EQ.N'.ANO~I.LE.le. GO TG 100 

CALCUL.TE ~OURC~ TER. 
~LL SDAC~CI .... K.SDUAce. 

CAL'CuLATE OIFIf\ISION TER. 
CA&..L akOE~C 1 • .1.1( 1 

IF'K.~.~I GO TB 1.0 
, 

11F4.1~1T TREATNI!'.T :JIll _A&.L VOATICIT't .au.".., 
z •• ). 
z .... ·o. 
zw"u·c. 
IFCI.EO.IL.A'O' ... GE • .I •• GO TO 510 
IF'I.~Q.IH' GO T~ 600 
GO 1'0 'PC" 

J~ C""D~~' .. aol! IS .0.l.ACE~1' TO " ".T "ALL 
LI:: •• '''' 
COi: •• .,. , 
~~_'.ZCI8oJ-l.I~. 

c." 10 S5S 

TH: (Uf<lië'" MOO~ .. AD~AU'" TG ... PST .ALL 
IFCJ-.ldl ~~ • .o~.601 

\ 

, 

~i:·J~~. ;;~.~~ ~)~~~îi.\ijil;îl 



1 
.~ 1 

~ ~; 

* k 
" 

;,. .... 
'. 

i" 
~~ 

• , 

, 

,. 

, , 

IS~ C03. 
IS-. 1103$ 
15 .. G030 

-J5 ... CC.3 7 

15 ... OC34 
ISN G03.., 
15:11 00.0 
IS .... C04~ 
JS';' ('043 
15,.. CC.S 
15,.. CC47 
ISN 00.9 

'5,. 00&0 
'ISN 00&1 
ISN 0052 , 
ISN 0053 
IS~ 0054 
1 S,.. 0055 
1 S~ CO~6 
ISN 0057 
ISN 0058 
15,.. 0059 
15,.. C060 

IS~ 0061 
1 SN 0062 
15 .... OC63 

1 S,.. 006. 

as ... 0':65 

IS~ OC67 
j 

t:I~ 0068 
IS~ 0069 
IS-. '" 70 

U". J07' 
... , 

1 S'" C,072 

UN C07" 
15 ... 007. 
as ... Ol75 

• 

• 

601 L IE •• U;) 
Car If-dt: 
~~Lral(tC.-l(ICM' . 

5~5 _'LI~ •• ~.N~J.FG1V('(I.~.NF1-ACLI!W.~.NF,.~,~,.O!LT.ROCLI~w.~t. 
1 ~O(I.J,-~O(LIEW.~" 

Z •• ~G2V(q~(Lle~~J •• ~~'I.~.-ROCLle •• ~" 
ZW·U.lWWU+COEW·~4·Z~UCLIEw.J' 
rF(J.E~.~N~. GO TQ 501 
GO Ta fl99 

700 IFCJ.EO.J ...... GO Ta !JOI 
IF(~.EO.'JAM'.ANO.I.LF.IB. GO TO 502 
rFCJ.~~.JaM. GO TO 999 

c 
C 
501 

50~ 

503 

.. 
666 

c 

IFCI-tC. ~99.800.501 
. 

r~c CUA~NT .,.ODE 15 ADJACENT TO A NOA~" WALL 
..(AoaAC .IN' 
OCLT=RC~'-R'JN~' 
GO Ta 666 
~A~:SP( .lA' 
D~L'=~(JA'-~(JAM' 
GO ,ta 666 
~AO".AC JB. 
DElT.qCJ8'-AC~BM) 
Ll",s.JP 

\ 

CONS-ilN 
A(I.LJNS.N_'-FG1H(A(I.~.NF'-AC1,LJNS,NF'.RAD.oeLT,~.LJ"S'. 

] qO(I,J.-~O(I.LJNS'1 

ZWH-FG2H,R~O.DELT.qO'I.LJNS'.AOC1.J'-ROCI.LJN ••• 
l.~U.l.~J.CQ~S.Z~H*Z~UCI.LJNSr ' 
GO Tf) 999 

c ••• YORTICITY ~T THE OOwNSfAeAM CORNER , 
~oo ACI:.JA.~ ••• C.5*C~GIYCACIC •• J~.N~I-4CIC.J~.MP •• ~CJ."ZCIC'-&CIC ••• 

"CI 

99~ 

C 
C 
C.·. 
C 
lie 

c 
C··· 

1 ROC.c.Je'.Aoc.CM .... \-.. OCIC ..... ' • 
2 ~G1HCAtIC.J ... ~'-ACICiJI.~'.ACJ.' ... CJ •• --CJe.J. 
:1 AOI IC ...... "oc IC.Jtt •• -ItOC Ic.Ji. H ' 
IFel.co.IC. G~ TO 801 
Zw .O.&.CFG2YCRnCIC.~It •• AOC1C •• J8.-AOC1C.JB.' • 

~ FG2~CRCJ8 •• ~(J8.-RCJ8.'.QO(IC.J ••• AOCIC.J .. '-.aCIC.J.'., 
l_~U.l.~U.~=·ZWH·Z~CIC.J8' 

GO T.l ~9~ 
lw~.C,~.C·"G?VCA~C IC." .. II. ,"OClc".J8.,-ROClc.Je., • '" 

6 "(i2"'C~C JO, .AC J8~-ACJ"'" .ROC 1 C ,.1_ .... Ol.IC.J."''''ItOCIC. J'. U 
l "'" v.l.~u+a"'.l.H.Z"'" IC."", ':' 
(C'f'Io T 1 !\Iut: 

AUI.'. 
lul-e. 
1" C <.fO .... ,., 'GO Ta '40 

...j.Ii< ".:, • 

::~'~ 
,·it. 

- ',";.l. 
{:1~ ~ 

-r 

,'" , :o,fl 
, "'i:; 

• ~~ '-.1 

." ! 
~ .' -.. 
-~ 



~:'~;;;'~~':: ,";'~' 
t .... 7' ~ '9 1. 

'. ' 

~ ~. 

~ r ., 
l't' 

~ ,(. 
~ . '. " ;~ J 

l' 
1 iN 001' 
15 .... OC7tt 
I..;,i 001~ 
U~ 0080 
IS ..... OCRI 

IS'" 0082 
1 S ". OOIU 
Jii Ot6" 

", SN (JOS5 
15 .... OVl!o 
lS" 00-11\ 
IS.,. OO/j'J) 
, S.N 0090 
15101 0091 
as.,. 0092 

•• 15 .... 0093 
lSi 009. 
15111 0096 
IS'" 0097 
15 .... 0096 
lSIII 009~ 

15" 0100 
as,.,. 0102 
1 S ..... 01'>" 

'. SIII 
0106 

ISN OIOS 
1 !t'li 01 O~ 

~ 
15-. 0110 

• SN 01 tl .... 15.,. 0112 ... 
J 5·" 01 fl .... -, .... 
I~" 011--" IS ..... OIlS 

~I .... 
~ .- 1 S"I <illb 

15"1 0117 

" 
1 Si 011 e 
l $ ... 011 '-1 

1 ~ .. " 0120 

IS'I Clll 

Ici'" JU2 
1 ~'I ûllJ 
IS." o li!!) 

'1 Si 0126 

IS" Oall , 

• 

.... 1 ~ft '. ~. 

----r--- -

/ 
)/~·l.~C".·~CLl(I)~~~~H'J" ~ 

135. 

1i"'1 i!".O~R.C A (" JP ...... ,-AC 1. J ...... P. +A C IP • .lP ..... ,-AC • p." .. , ..... , 
G loti _ "-{'llh C A« l ,J",,..F, - AC 1 • J ......... + A' 1 ....... IlI ....... t -A ( 1 ........... " • 
GN;>S".'bZ'U( A( IP I J."'''' '-At IM.J.NF".'" ...... ~,N') .. AC 1 Mt"'''.N'' • 
G"'c! ...... .oz .. - (AC lP. J. NF I·A( I ... JI Nf" +A IIP .... p .... , '-AC ' ...... P.N .. " 

C' 
If-CGNI.'2 • ..J.1 
lUI-GNl-
GU Ta J 

1 AUI--~MIW.A(IM~J.K' 

l.,. 

IF«.LU.~ •• ANL.(I.CQ.ll.ANU.J.GE.J~" G~ '0 100 
l 

5 
tJ 
7 

1 Fe ~~2S t.!\. ~.­
lUI-ZUI+GN25 
GO TUf. 
~UI=AUI-GN2S.A«I,JN,K' 

1 F ( G"'I E » 7 , 9 , 6 
AU13AVI-4N1E.AClP,J.K' 
1 f( 1(. ~.o. III W • A NO. CI. e Q. 1 H. "N O. J. Gif • .J 8» • 
GO Ta 9 

~ lUl~ZUI+G~lE 

9 IfeGN2N'\~.12.11 
10 AUI-tUI-GN2N.ACI,JP.K. 

,Ho(.~r.N.' GO TCl 21 
IF(.J.fO • .J"'M. GQ Ta 20J 
Ifl.J.F.U.«,JAN .. ~",o.I.LE.18' GO Til 203 
IFC.J.ro.C.lB ... ,.ANO.I.GE'éIC' GO Ta 203 

, GO Ta ~I ' 

II lUI- ZUI+GN2N 
1 .! Gù' a Cl "-0 ,21 • ~ l , • K 
C 
200 

20J 
l. 
C 
il 

c 

lvt-ZUI+G"'1 W.Z" 
Gü Ta l 
tUI-lUI+GN1E*Zw 
GO Ta ~ 
lUl-lÜI.~N2~.ZWH 

~UJ.AUI.R,,J~."2 

lUI-lUI''''l.J) •• ~ 
GO Ta 1-0 
AlIl."uh'''' I.J, 
lUI.~O"'PC J .J) 

GO Ta aoa . 

l.... CA~C.ut.AH VALUt: J~ TIiE DEPCNOFNT VAAl AN .. fi" AT T~ CURlteNT· ",ooe 
c:' \ 
1 _J ~~~h~(\C.C~. I.e ID, J ,1( "'.-Cw"'( I .. ,.J ,1( H8N-C,,*U l, JP.K' + 

li (iS'c.."S.,. ( f. J'" ,1( H.VI+SOUACP ~ ~ 

'. ÀO~.'4· (ljf'+O" .... t ... tS ,-CPP.ZUI ~ 1 

1 F« <. t: U,,,jf' AO ... "' .... :> .. II4-' ..... 
"'I.JLO-A(I.,J,K' , • 
AC 1 • ,J~I(I."IIIJ"'.ON-' 
C!l ... T I ... VE .. 

L 

, : 
_ .,"': .. .\1 ... 

A , 

, 



" 

" . 

~ e " , , 
"J: 

l' 

./ 

'"-r 
;-
~ -... 
::::1 ia", 
"%1 -, _ ... , 

t......A 

:'. 

" . 

lS" oua 
1 $" O~~ 
Iii,.. 01"30 
IS'" alJ2 
li ... ola. 
'ts .. OIJJ 
15 ... ·0136 
1$"; \'1 J7 
1$oN 013~ 
IS" I)IJ~ 

1 ~ .. 0140 
lSN 0142 
ISN 01" ) 
15'" 01." 

IS,", 0145 

" 
ISN 01"6 
IS,.. OloU 
ISN 01"9 
15 .. 015\ 
IS,.. 01~J 
1 SN :15" 
1 $'" 1~5 

1 S'" 01!.St!I 

15'" OI~7 
ISN (,.59 

ISN 0161 
IS .... 0163 
ISN Olb" 
l5N OI~5 

" 
IS,.. O)b6 
'SN 016:1 
I.:iN 0169 
15" 0170 
ISN CHI 

15 .... C172 

15·" O17j 
l.:i.' <HU 
u ... 0175 

C··· 
C 

70 

c 

• 

, , 

olr-AC a.J,I(.":"Ol.P 
R S".) 1 F l'''E:FV_ L (10 

'~(Au3(~S).GE.R$ri) ~O TO 70 
1,.(A(lSCRS •• LC.PSl.. GO TO 80 
WL)(~~~LAlC ('k • -o. 3* CRS-ASL' , (ASH-ASL ) 1 

GO TO 4:" 
~L)( .. RELAX CK' -0.3 
GO ro .0 
~LX~RF.LA)(CKJ "-

A (l, .J~,K' uA OLO+RL j( *0 IF '. '-'_ 
IreAHSCMS'.LE.AR5CASOUCK'" GO TO 101 
~S.HJ( K' a~S 
II.ISCK)-1 
J~SIK'·J 

, 

101 (t0 TOClC2,ICO,103t.K 
C ••• CA~CULATE VFLOCITY COMPQNENTS 
C 

50 
C 

li 

00 50 l.-IM,IP 
IFCL.EO.l' GO TO 50 
IFCL.eO.IB.ANO.J.GE.JA' GO TO 50 
IFCL.~~.IC •• NO.J.GE • .J8' GO TO 53 
G2C ~ • .J '''-''OF CL,J ,1.NF 'l'RC.J' 
YZeL,J)aG2CL.J./RO(L.J) 
COIliT INue 

;;., 
pu JI L-JM • .JP 
1 .. ( L. • E O. 1 • 0 ~ .l.. ~ .) • .J N' GO Tf) 31 ' , 
IF(_.EO.JA.ANOol.L~,.JIU GO TO 31 
IFC_.EO.JB.ANO.I'.Gë.IC' GO TO !Il 
GI(I.L). ADF(I.l.,2.~F)'A(L) 
Yl(I.L.-G1Il.l.)I'RO(I.L' 
CONT INWE 

~F~J.~E.2. GO TO 100 
~tH .1.I'(l.-C~C2'I'R(3' '.*2' 

, 

Gl fI .1 )-aHR*GI C 1.2 ,-(a8R-1. '-Ga( 1.3' 
., 1 ( 1 • 1) l&G 1 C 1 .1 .l'~O( 1 • 1 , 
<;0 TO 100 

CA.CULATE O~NSITY.V1SCOSITY. THEqM4L CO"OUCTIV~Y AND 
SPe C J FIC HE AT 
CAI.L' PfOOPTV 1 A( 1. J, NT) .poe 1 • .1,. ZI4U".J •• Z1lt( 1 ... hCPI 1 ... " 

CONT 1 NUE.: 
~~ tu", .... 
e"lo 

• I)PT 10""5 1 N t::FFf:C T* 

.oprl~,,"s IN ~FFECT. 

..0-2 

1 '·'05 ~:~ 3 

.r"'''1 ' ." " 

1:/ 
'" 

... .. '" , 
~~~ 
~~ 
..,,: 

,-' 



.... :: .. -..... . ' " . 
...-.;,..{ .. ; 

• L~V~L 21.6 ( ~AV 7~ , 

/ 
r 

~ 

~ 
1> 

~ 

'" !J 
• ~ ." -C -

-.EI .... 
.;:.:: 
",- , 

'--1 

.., ('\'~ ï ).' ï 
1 JliJ'.J . .'J 

CO~PILé.R n02Tln"s - N~~=. IIUI .... OPT.02.LINI!CNT.S6.S1.lE.0000IC. 

15 ... 0002 
IS~ 00L3 
IS~ OCO. 
15 ... COOS 
IS~ 000<1 
1 5 lit 000' 

-

ISN oooe 

IS,.. OOO'i 
15'" OC10 
ISN 0011 
15 ... 0012 
15'" 0013 
ISIi 00'" 
UN OOIS 
aSN 0(16 
ISIi 0011 
lS ... 0019 
1 SN 0019 

ISN 0020 
15 ... 0021 
1$'" 0022 
ISN 0023 
15 .... 002_ 
1 SN CC26 
15 .... 0027 
ISN oe28 
aSN O(Z9 
IS" 0030 

ts'''.'Ji0O~ 
1 SN OC32 
15"4 0031 
lS ... OO~4 

15'" OC3S 

UN OQ36/ 
15N :Je.J' 
l5!\o1 C038 
IS,'" OO.3~ 

S JUI~Ct-.• E I)CD 1 C. NOL 1 S_T, Olel< .LOAD.NONAP. NOf!O 1 T .10 ."01C"I~ 
s U~I~ ·)UTI ... t~ t'COI::F el, .1,1( ) 

C l1I'Io4"NI'CGI/I ')1' le ~ 1" ~ e l!U ,DELZ C 23 I.,DELAC 15l .1 M IHC 1 ~u • INAl( C, IS. 
C u\4\1IJ'I/C 0A~ 4 \tl'V J "L.!:lE • J'lA."~ 
CJIA'4/,}"II'CPJ$T/IM .IP,JM. ,JP,IL. IH 
Cl''''''''l''Vc ... RnpI'Rf1 C.!~., 5 l ,lNUC 23. l ~I ,lI( C 23. ,S, • CPUl. I~U 
COM\4~Nl'éCOër/R~.Jw.~N.bS.CE.CW.CN.CS.CPP 

c ..... • ..... •• .... ••• .. •• .... • •• ••••• •••••• • ••• • ........ ••• ........ ... 
C SU~~OUTI~~ rOR CALCULATION O~ DIFFUSION COEFFICIENTS 

C.·····.··················.···.·.············· ••• • ••• • ....... 
C 

C 

GO TO(2.1~ •• 1( 

Fil" VOPTI C 1 TV 

DO"·~CJt·.J,..AE 

BBE·lep 
~f"\",at)['p 

HUN·~CJP' •• 3I'AE 
BOS-RC,,""··3I'Rf! 
CPP·Z~UCI.JI 

CE:aZMUCIP.JI 
C Wc Z 14U C 114. J , 
CNaZNUC1.JP, 
C S"ll4ù CI. J lt4 , 

GO TO 20 

C... FO~ ST~cA~ FùNCTION 
C 
2 qIJP.t.I'CACJ,.AOC I.J.' 

~UE·I.I'(A(J •• AO(IP.J) 
HBW.'.I'ClfCJ •• ROC IN.JII 
~HN·I.I'(~CJ~.·qO(I ... P'i 
IFeJ.~Q.z. GO TO J 
DUS·I~I'(ACJ~I·kOCI.J~~I 

<00 TO c. 
69~·~.l'eR'JI.A( ..... I'I'CPO(I.J'+RnCI.J~)I-88P 

.. CP~ .1, 
CC-l. 

C 

C"'''' • 
CN·I. 
C:,a 1. 
<'0 T'l ~O 

C... FO~ T(MP;RATU~E 

C 
5 .. e:P"'.~f·PR 1 

C 
C 

, 

tttP. lI( el. J 1. Ri J, l'AI!P~ 
~~r.L~(IP.J'.H(,J.I'~CPR 

a~~·ll(I~.J'·~C .. )I'REP~ 
~O~·lI(CI ... p'·AC .. p'/qEPR •

'.\..!:. ~ 
~. . 

. ' . 



r
·~·'··''''-,.,.--...;;"'\ ~"",< ... 

.,. ;;~t ~ l' • 

< ~ 
", . 

t. 

C ... __ , . 
C 

C 

[ 

r. 
[ 

t, 

t 

~ 

l 

r-

I 

t 

t 

t 
. 

t 

L 

L ' • 

IS~ 

1 S" 
IS-. 
IS-. 
1 $~ 
1 Si 

• 
IS~ 
IS~ 

IS~ 

15'" 
IS ... 
IS~ 

00.0 
OÇ_l 
co.a 
00-3 
to-. 
'0.5 

CO •• 
00. ? 
CO •• 
0049 
0050 
0051 

-, , ~ 
'._,~ i",!o.- .- . , 

-'oJoO • ~r::!"t ~:;I~~~:)~-_~~"'~~c';_I· :'_ 

B~S·'~CI.~M •• ~C~N.,M!PA 
Cr·~.' • 
CE al. v- • 

1 

. 

, . 

• e .,-t, 
e"-l. 
es,l!'} , 

, . --.. 

lh .. - ( OilPH 11"; .I(,~ eDeLU 1 1 il C le IP '-U 1 .,» 
a •• ( UiPu ..... U(~. eOt!'-U 1 I.e ICI' -ZCl~.'» 
8"..' o')DNUJ"P.'ca, .00LRC .... CMe~p.-IHJU» 
tJS-' 8IJS+3 'lP.,~ ~o • .,e'-tRc .. ». e RC ~. -lU ..... , » 
RElU"'N 
eND -

-....... r 

I\IANE- MAUhOPTa 02.L 1 .. CNTaS6 .SUE-OCOOK, 

, 

" 

",~'J;'«~1 -:_": ~ < • ',,;~ )'~t~~ 
. . ... .' ~ . 
'38 ~,,~: 

..! 

~~5 

SOURCil!:. EBCO 1 e • NOL Il T .JM!~K,LOÀO. Na...a, NOBOI T ,10,"'."1:'" 

SOURCE STAn"I!:'oITS • 50 ,PÀOGRAM SIZE • ..? 
*STATI5T1CS. NO DU(i~05T les G~NI!:AATEO ~J 

...... ENO ~ COMPILA'IO~ * ••••• .?K eYTES OP ~ 

( 

o 

. "(Î'!~Pi'·S 
' ...J \ .. 



• 

• 

, 
,~ 

- , .... --:. .-
L ... 

. - , 

1 ...... \lOO.l 
l:a .. (COl 
1 li .. o~u. 
I~ ... oDe, 

• , 

1 $N 0006 

ISN 000., 
aSN (\008 
aSN 0010 
1 SIII 0011 
IS~ CO 1.1 
• SN COI_ 
15"4 GOl5 
ISN COl6 

J~SN 001., 

I~N cOla 
1 ... (>0'" 
as ... '-1J2l 
1 s'~ OCot 1; 

,.; .. 0022 
i 

I~N ol",Z.s 
IS ... ((2-

IS .. C.025 
1 SN ~~~I) 

1 S'" C,U., 
I~ ... 0028 
1 S" (C29 
15,. C'C :JO 

co~ ILl 'f 

c 

• 

ut)1'I''''h· ""_lA,,. ""o\I .... 'lPT.OI.LINI!C ... T."'.furpr.OOOclC. 
lIJ\lU~'C, t "co 1 C, ""m.I$T. otCt< ,LOAD, ~OMAP. NOrD If. 10 .IIIOJCAI' 

,,"Ut ~(,UTlNf l.r.O~Tven,Ao,.rMU.ZK.CP. • 
C ,)'>4 "11/11/C" .~!.fo IRttP.· ft. Z"'UR"" • ('PA!!,'" • ZI(AI!" hl NI.., t'WAU. 
e li" 'AI'nUCQ A fil 1 f C I-~" 00 ) ,PAO"C '00.,,) • ()!'L 
., 1 \IL ~s 10'" y C ••• V ALe •• 

c···.········.·····.··.·.··.·.·.,.·.·· ••••• · .••• · •••••••..•.•.•••••••. 
< SU'~f)UTI,,~ l''Oq CAL(ULAflO ... OP' OaNSlTv.~rscnSITY • 
c Tt'H"~l C:JNI)UCTI~ITY A""O SPEClftlC H'-At' At' CDIIIS"'''''' PAI!StURI! 

c~ ••• ···~··.· •• •••••••• •• ••• •• ••• ••• ••• ••• • •• • ••••••• • •••••••••••••••• 
c -~ 

C pUJPC 1,1. DENS 1 fV ON/CC \, 
( f'~JoCl~l' VlbCOSJTY GN~C~/SI!C 
C P~'PCl.:" rMt'fU4AI. CONDUCTIVIT'f' CAL/Cflt/Sfll:C/Of!O K 
C Pk(,PCI.4, SPt'!CIPIC HtAT Ar C~SUNT IP~I!!Ia 
c 
C •• ' CO"lVtHU OIMI!.NSIONL!SS TI!"'Pt!RATUql! TO OtMf!NSIOHAI. ONE 
C 

T. r T* C TI .... t.·rWALL • +TWALL 
c c... L A(ôRANC.~ INrI!RPIl&..AfI àN fWOR !QUAI. INT~RVALS 

• TaU'lICe r .1100 "1 

lei 
zeo 

lr(r .. t:u.Tf'fltI'Clf •• GO TO 60 
H • T - r E IIIP C 1 f • 
• rI lT.l , •• U IiD Til 20 
(lO .i~0 0<.1C,., •• 
DO 201 ",.1.. , 
VALIN •• P~()PCIT • .,,-Z.ICI(. " 
V C ... O at -"Al. Cl JI C tH!)!:L. .. 3 •• V~L C 2J1H - 3 •• YALC :5 tiC H-DI!L i" " 

, ."AI.U ',C "i-a.-OeL' l '1 .. +0t.1. UH.(to4-DEL '.CH-I •• OIU." "-
2 C6 •• 0EL'.U '\ 

GU ro -ou 
1 

( 

le DO ~"O ~C.I •• 
llutSOt •• , •• 

~,"l "_LCI'aC"foI""PCI.tC.C' 
"e c v C "'tC. J.c ·VAL Cl .,'" ", •• V ALe 2 I/CH-DEI.. ·3. *VAL (, "C H-f. 'OEI.' 

• ."AI.C4./(~·' •• oeL".H.(H-)!L •• C~-2 •• DEL'.~~-3 •• D'L.' 

C 
tiC 
He 
c 

C~.'OEL··" 
GO fil 4CO 

0,) lOO 1(,"'.' •• 
V (" 0( ... p",:>~ C 1 f ,1("" 

c·.. ",a."'ê "'lut? \)'~ù~YATtt S OI"'EN51C'lNl.!SI 
( l 
4)0 q.l.VCIII-'~'''E'' 

.!"'JaYI2 )'Z",V l 4EF 
l .... yC ,UII ..... Er 
(r>aV( •• /COQfF 

-'t.TJtoi .. 

E""J 

r 

" , 

~ • -------------------- ---------------------------~--.. -._----.... 
" '15~~7 

J UJ 1 



• 

~ 
" 

:-:;. 1 

~' 
;;;;- , 

r.-
~' 
--; 

ISN \)COZ 
IS .. C"O] 
15'" IJOO. 
15'"' OC05 

15 ... 00C6 
IS"f .0007 
1 SN' 0008 
1 sr.'- OOO~ 
ISN (lOlO 
15." GOII 
ISN 0012 

15 ... 0013 

ISN 001. 
15,., GOIS 
ISN 0016 
ISN 0(,17 

15'4 OOU 
15,., 0019 

IS'4 0020 
IS,.. 0021 
IS ... C022 
15"" OOZ. 
IS'" OCl6 
IS ... DOlS 
IS'" 0010 
IS" 0031 
IS'" 003l 

li'" OOJl 
13'" OOJ. 

CIJ",PILE" 

05/363 FowfP~N H 

U;)T Ill'" S - NA"'f.. MA 1 .... OPT-CZ ,L 1 Nf'CNr"!i6, S Ize -0 oeOK. 
À snu:" Cf ,r: Jc.)f C. NOL l!i T .OEC< .LO.\O, NO-..AP, NQf'O 1 T, I!) .... OXREfII 

SUt'''JUTI'IIt SORCC( I.J,t<.SOUJ,fCtO , 
CO~~~~/CVP~AeZJ.f5.~',Gl(2J.I~ •• G2e23,1~',Y'C23.J5).~2(ll,IS' 
CI; <4 ... u ... "c~~ t JI le 2 , ) .:le 15) • Of.L l~ l' • Of_ R ( 15' • 1 Ml Nt U te 1104 Al( Il S, 
C\)"I"'lJ ... /CNUNHQ/"'~.~F .... T.lf.IN.JN.'N ... ,JN .... JÀ.J", tO.IC. 

1 J"M.JG~.I~P.I~ 
C.O"'M~""CP~~'fWC :!3'., 'H .lMUC 2 ., ~ t • lI( (23. \ 5' . CPC 23. Hl) 
C()V~')""C"I:F ,kO"l:.F .Z"'U~EF .cr fF. lKREF. TI NL. rWALL 
CUM~O ... 'CPARAM/V',.,L.J,fE.PA.8~ • 
CO"l",O""CQOS TIl '4. lP. J14. JP. IL. IH 
DI~~N~IU ... ~~J01(23.'5t.OYJOq(2J.15'.OV20ZC2J.I&',OV20~(23.15' 
:>1"~""jIOI\l AO(2].I~.9' 

EOUI VM..t:NCE CAC 1.1.1' .AQ".t .1.' 
C •••• ••••••••••••• •• ••••••••••• •• • •• ••••• •••• ••••• 
C SUHqOUTINE FUR CALCULAT ION flF SOURCE H~RMS 

c.·.· .. ·······.··········_···.············· •• · •• •• 
C 

GO TUC2.1.J •• K. 
c 
C... FOP VORTI C 1 TV 

C 
00 22 LlaIM.IP 
00 21 LJaJII4.JP 
OV20ACLI.LJ'·AOPCLI.LJ.2.7' 
OV1DLCLt.L.J,-ADF(Ll.LJ.l.6' 

li AOC~I.LJ.d'aLMUCLI.LJJ.(OV2DACLI.LJ'-OVJOL(LI.LJ" 

22 Aufl.I.J.9'-AOFCLI.J.2.CU 
C 

1 ~~'= 1 4-1 
IPP:: (PH 
IFCI",,-.c.LT.I. 1M'4al 
IFCIIl4~ftLTol~.A~).J.GT.JA' IMM-IB 
IFCIPP.GT.I"" IPP-I ... 
IFC,PP.GT.lc.ANn.J.r.T.JB' IPP-IC 
':>0 25 LI=I"--.IPP 
~Vl)4C~I.J,aAOF(LI.J.2.6' 

.l-; ACCL I.J.8'-LMUCLI.J'.OVIORCLI.J' , 
;)('1 24 LI=I .... I" 

2. A~C_I.J.Q)=-~$·(AQ(LI.J.9'~AOFCLI.J.I.8'+ZMU(LI.J,/RCJ'. 

1 COV2nqCLI.J'-V2CLJtJ"q(J't,'A~ -YI(LI.J,. 
Z AOF(LI.J.2 •• , +Y2CLI •. H.AOF~LI.J.l •• , 
.J +G2CLI • ..I'''YlCLI.J,/tlCJ, 

ISN 0035 snuIJCF=l'rF'C I.J,I.Q) 

1 !» .. CIlJo 
1$'11 00J7 
I!. .. ,;)<.,38 

1 i'l 1l0.0 
15"4 00.2 
1 S'I c.a. 
1 $ .. 00-0 
1 S.. 0':'.' 

( 

J'A":: JVI-l 
..I P fl=.J::>+1 
11"(.1\4 4.LT ... t 1 ..1" .... 1 

IFC.l0P<~T.j~, J~P.JN 

IF(JP~.G'.JA.AN~.I.LT.IB. JPP-JA 
InJPp.(.T.J3.AN,).I.GT.IC. JPpsJ'l 
DU j.J LJ- J\OI~. JP~ 

If(L.J.La.l.II~.LJ.~I).JN' GO TO 61 

" 

'e ____ 1 ___________ -..,...-__ ~~ 
- '1 J~: :J '). Cl 

... ",..."\,,J...,J 

' ... 



0-

F. 
;~ . .-
&._...J 

• 

• 

~ •. 

15 .. 0"", -1 
U ... O~&e 
as", c,)O~1 

15-f O~&:t 

IS ... COU 
UN ut~ .. 

as.., OU&~ 
1 Sli' oca"6 

UN 0,,5 ,-
15"1 OO!).,) 

UN 0060 
1 SN 0061 
l'SN 0061 

15,'1 0063 
15'1 006. 
ISN 0065 

UN 0066 
15 ... 006' 

ISN OO~8 

UN C06~ 
lS~ 0''0 

• 'lPT 1 ~I\IS IN 

-IlPlIONS l,,. 

~I 

J.J 
C 
,16 

l2 

C 
C 

C··· 
C 
i 

C 
'Y~ 

C·.-C 
J 
C 

EFprEC T-

t:Ffrt::C.U 

• , . 

I)Y;>lllt t .L'J'.I\.) .. ( '.LJ., • ." 
~u, 1 • L .1 ... , -""lU ca. LJ) -0'12011 r ',l J, 
GU TO 33 
uvaOlC I.LJ.~" 
A&:(I,LJ.",-('. 
CUfIlT a NUP. 

!)ù l2 LJ • .A~.,J" 
A,UI.LJ,~'-~.-AlJ~C •• LJ.I.e • .IA(: -Vlcr.lJ •• AO .. CI"L.I.I.I' 

, +y?(I.LJ'-Anprcl.lJ.1t'" 
IF(LJ.~o.l' GO TO lhO 
AOC 1 .l.J. '1' -AQC 1 • \..1. 1 t - C Ga C 1 .L" ,.y, C 1 .LJ' -2 •• IMUC r • Loi'. 

!S OVIDLCr.l.J'.IAI!"~Cl'" "-
GO TO 32 

-", 

rl-MCL"+2"(~CLJ.2'-AIl.J+'" 
AQCI.LJ.9'-Aocr.LJ'~'-"I.IGall.l.J.".V'CI.LJ."-••• 'MUCI.LJ." 

1 -OV2Ul( l ,LJt,' lAI!' IRIL" ... '" 
1 -C 1. -pr, '.CGal I.LJ.auvlC t .LJ •• '-I.tl.UI l.lJt •• 
l -ovaou 1 .lJ+U/AI! "ACl" •• ' , 
CÇNTINU~ • 
5C\UQCE-- (SOURCIHAOF C 1 .. .1,2. Q, , -ACJ ••• , 
At:TURN 

SOUI~C!.A( I.J.NW '-"1.1' 
~I::'URN 

"'Ut- TEMPERATUAt: 

SU~RCC·O. 

1 

"'A~F. M~IN.JPT-02.LIN!CNT.56.SIZE.OOOOK. 

SOURC!.EJtOI~.N~LtST.O!CK.LOAO.NONAD.NOI!DIT.ID.NOX~E' 

7916 

• ..... •• F 't.) t,Il C o""p 1 L Il r IlN ...... . S9K "fT!!1 0 .. ,_ cnttl • 

"'. 

(' , 

~ 

1 



-.-

• 

.. I~ 

e '-IVPoL. 11.6 , IUY 1.! • 

, 
1 

wl 
" ... 
":'J .... 
:-

, . . , 
f .-
1 

L 

, 
k e 

7 ~ OS:~ il 

1 ~'. Ovoz 
1.'1 OOOJ 
IS. c,'~" 
,s", OOlli 
1 !iN OGjo 

lSN 0001 
15"1 oooa 
as ... O\l1l9 
UN 0010 

IS;o.t 0011 
UN OCU 

UN OCIl 
UN OCI. 

u~ 0015 
U'<I oeu 

Uti C~l1 
1 !..~ OClet 
UN 0019 
UN ;)020 

I$~ OC21 
as ... (lC2il 
ISN .)ClJ 

CUI4PI Lt.~ l,..,a, 1 ()~~ - .... \101:._ .. " ..... I)P'.OI.LI .. rC'II'.IS6.M n:-e?c('tt •• 
lIlU04Cr.. r:: 'C.UC ...... S,.OtrCIC..LO~O.~O"AP.""'O'T •• C,."O'"P 

S,,..~f)Uf 'Ne! .lClU"'U 
C,'M'ltO"'t/CVi~I'''U.,.1 S • ..,. GI Il J.IS "(il cas., s •• V, CI'. un. VIC ".1 S' 
C(\~U~/C~~I)/ZCll'.AC'S •• O~Ll'~J,.BeLACI1 •• I~I~CIS,.I~ .. CI&. 
C,·M",O .. ICPhtP/ACH al.I", •• ZIII\,. 2J •• s •• .lIU IIJ.111 .cP(, 1. ~ 5' 
CO ...... UNI'C ... "'''' .. I'N'' • ..,. .... r • II!. IN. " .... l''~' " ..... JA • .Je .Ié. 1 C. 

1 .I" ... .I~~ •• ftP.IC .. 
~ ..•.••..•...• ., .... ~ ....•.....•.........•.......•••••••. 
C SIINHlUl l'II! .. 'lM CALCUL. fION M tlOUltOAqy Y":.'ws "OR 

c··.··.·······.···.····.··.·.··.······.·········· ••• • ••.• 
c: 
c 
c ••••• ro~ ~rH~A_ fUNCflO'll •••• CI • .J.NP. 
C 

C··· EXI' CASSU~I .. G ZCRO A.IAL. GRAIUE .. ,. 
OO ••• I'II.-CUC IN'.t( ,"''' •• 'CZUH.-ZC ... -1 ...... . 
,tU, • on-I • 

2 OU 2 te ,J.2 • .JI' 
llO AC1~.J.NF.·~ft.ACINM • .J.~'-K81.ACIN-2.~."P. 
C 
c 
c ••••• ,up Yn~lICITY ••• ~èl • .J ..... 
C 

Id 
C 

flUT 

OU l_~ ""2 • .10 
A'I~.J.N ••• ~~~A(IN-I • .J .... J-B.I.~CIN-2 • .J.~1 

llO llJ lal.l .. 

\ 

't ••• 
III 
10 A(J ••• N.'."'1.2 ...... CAC2.'CA.3.-QC2 •••• C •••• a.NW.-ACI.3.MW" 
C 
C 
C ••••• ~OR 'f"PE~ATUqE ••• A.I.J.NT' 
C 

1(0 
C 

C··· 

~XIT 

00 .,e;) J-l • .J8" 
~CI".J.~f.·dO·ACI~ • .I ... T.-B~.·ACIN-2 • .J."'. 

I.Jr4 tH~ AlCJ!;-OF-<;" .... cl' .. ., 
~~~-l.I'(I.-CAC~'/~C~ •• ··11 
Il It~ 1 .~ .. if- 1. 

00 .01 '.Z.IN 
~~l ~(I ••• N').~r~._(I.l.NT.-ftaR'.ACI.].N'. 
C 

\ (· •••• Fe .. veLOCITIE:S 
C 
C... lF~l .K'AL G~A'IEN'S AT I!.IT 
C· 

•• 
• Cl 
C 

II) _Ill "-2 • .18 .. 
G.CI .... .J'.~R·G'CI .. M • .J.-~'.GICIN-J • .J. 
y.CI .... J •• r,.(IN.J.~~CIH • .J. 

......... 

/ 

~.. ':. 

, 
) 

'. 



"S ... ooa. • '1 SN 002$ 
1 S .• ~"26 

-IS~ 0027 
) 

IS" .0028 

.OPTrU~5 1 .. 

• OPTllJhS ... 

-c··· c • 

.02 
c' 
C 

Ef'Fè.C-J* 

EFFECT • 

'.1" THE AXIS Of! SV .... TAV 

lhJ 400l .1 -:il. IN 
Gt'l.l'.Bqp·G'C'.2.-8~P'.GICI.3. 
V 1 ( .. ,.' 1 , -Cio 1 ( 1 .1 ., ~O( 1 • 1 1 

AF.TURN 
eN~ 

SOUPCé.~BCOIC.~LIST.DECK.LOAD."OMA-.NOEOJT.IOtNOXR!P , , 
27 .PAOGAAM 51l~ • 10.8' 

- (, 

•••••• ENO OF COt4plLAT Ill'" •••••• 671t 8VT1!S OP COM " 

' . ..... .. -
t~ 

. ~;:: 

~ ~ t ~ 
t:! ..... 

~ 

~ 

~l 
t 

L ", 

l 

L- e 
r .., , ..... i'r ..... i "-

") 
.. : ,_ '.. "', 1 ! • 

.. 

, 

" 

~ 

" , 
. , 

~ :-. 
'.' 

.,-

" . 

'" i' 
1 
• 

l' 

, . 
, 

>~ 
-~ 
l! 

-~~ 

- ,J 

, ~j 

t~ 
:''l'''l, 



( 

( 

( 

< 
( 

( 

( 

( 

( 

( 

t 

( 

r. 

t 

~ 

.. 

1 S~ OC02 
1 S~ 0003 
1 S~ 000,. 

IS~ 0005 
1 S~ 0006 
1 SH 0001 
ISN OOOA 

1 S~ OOo't 

1 SN 0010 
1 SN 0011 
1 SN 0011 
1 SN 0015 
I~ 0011 
ISN 0019 
ISN 0021 
1 SN 0013 
1 SN 0025 

ISN 0021 
1 SN 0019 
1 SN ()O~O 

1 S~ 0011 
1 S"4 0031 
1 Sot otH 
IS"4 003,. 
ISN 0015 
1 SI'4 00'6 
ISI'4 oon 
ISN 0018 
1 $1'4 0039 
1 SN (Ul40 

ISN n041 

'" 
OS/160 FORTRAN H 

ç, 
COMPilER oprlo~s - ~A~r.. ~41~,OPT.02,tINECNT-~b.$rZe-oooo" 

SIJU~CE,eOtDrC,~OLIST,lJEÇK.lO~D.NO"AP,NOeOIT.IO.NOXRE' 
fUNC'ln~ AnFCI,J,lX,KQ, . 
CO~~O~/CVP/AI2).lS,~.,G1IZ1,15 •• G212'.1,.,VlI21,15',VZIZ1,151 
C()"'M(INK~llIMI\A/NW, ~F, NT, 1 e, IN, JN, INH, JNM, JA, JR, "hIC, 

1 JAM,J~M,16P,ICM 
CO~~O~'C~Rlullll)',~(15t,vell(23"DelR(lS"IMINI1S"IMAX115' 
cIJ"'''1n .... 't:POSTIIM, IP,JM,JP, Il. IH ~ .. 
CIME~~ION 6E~QI~),ftWSRlq),8PI9"AOC2),15,9) 
HIUIVAlF'ICF. IAfltl.lt,AOfl,ltlP \.. 

C.····.···································~··········· .... ~ .... eTuIS FUNtTION F.VAlUATES.fIRST OERIVATlVE'Ç IN JERKS OF 
C CFNrRAl JIFFEKENCES 

c.····.····························~·····.············ •.•......•. DFCPN,8F.NQ,8WSR,8P,XENO,XWSA)·CIRENQ-8P'.XWSR •• Z 
1 +cep-8w~R1.xeNQ.'2" 
2 (XeNQ.XWSR.CPN.l~NQ+XWSR') 

C 

. . . 

OEPENUING ON THE POSITION OF THE POtNT CI,Jl ,THERE ARE 5 DIFFERE"' 
EXPRESSIONS FOR 'HE DERIVATIVE 

C 

C··· C 
1 
13 

Il 

c 

lX l'miCHES THE TYPE OF OERIVATIVE 
LX-l: PARTIAL OERIVATIVE ".R.T. l 
lX-2t PARTIAL DERIVATIVE W.R.f. R 

A~(I.J.A' & A~fl.J,? 1 fEMPORARY DEPENDENT VARIABLES 

PN-1. 
r F ( J. EQ. l' GO JO 2 
Ifll.EQ.uœ,m3 
IF(I.EQ.INtG~TO ~ 
IFeJ.EO.JN' ~o TO 4 
IFfJ.EQ.JA.ANO.fl.LT.18') 
IF(J.EQ.JA.A~O.CI.GT.IC" 
IFCI.EQ.18.A~O.(J.GT.JA'. 
IFII.EQ.lt.AND.fJ.GT~J8J' 

GO TO 4 
CO,TO 4 
GO TO ) 
GO TO 5 

"-1 ~FOR POINrs NOT ON A~Y O~ THE BOUNDARIES 

IFflx.EQ.l' GO TU 12 
~EN1CKQ •• AOCt,J+I,~QI 
R"SRC~Q)-AQ(I.J-ltKQ' 
~~C~~I·'ÇCt,J,KQI 
l(E~O.~f HI '-~(JI 
~"SR.RI J,-IUJ-lI 
~o tn 100 
~EN~IKOI-AQII.l,J.KCI 
~~S~IKQ'.AQCI-l,J,~QI 
~P(K~'.A~(I,JtKQ' 

x~NQ·lfl·l'-l(I' 
l(~SlhlCI)-l(I-11 

',0 TO 100 

C". ~.2: fOR POINTS ON THE eOUNDARY J-l 
c 
'- IFClt.EQ.IIGO Tn 23 

e 
~-----------------------,. - 1 1 1) 

_.) 
~"'r..~ 

j
'''-

" 
<-. )\,~ 

, ~< 'J..' 

")~b:; 



1_5 

• ISH 0041 21 P'I·-l. 
I$~ 0044 ., t "le.; C J( C. , - A Q ( ( • J H , K Q , 
UN OOlt5 ~kSR(KQ'~AO(I,J.2.KO' 
(SN 0046 ~?IKO'·AQCI,J,~O' 
(SN ,0041 ICPH."P (J+ll-R (JI 
1 S~ 0048 )(WC;I\~I((~t2'-MCJ' 
(S~ 0049 fiO ro 100 
1 SN OCsO 21 ·'FCI.EO.1I ~o lO II 
1 SN _OU'i2 IFCI.f:-Q.fN' GO ru ~l 
1 SN' OO~4 GO ro 12 

C 

C.·· "-3 1 FOA PUfNTS O~ THE WALL OF '-(8 AND THOse O~ THE INter 
c 

\. !SN 00')., l IfCLX.NE.l' GO lO 11 
ISN 0057 H P"4--I. 
ISN 0058 8F.NOCKQ'-AQI'+I,J,KQ, 
'SN 0059 èWSRCKQ}.~QCI+2,J,KQ) " 
ISN oe60 8PCKO'-AQJI,J,KQ, 
ISN 0061 )( E "4Q .. z, li· 1 , -l , 1 , 
UN 0062 XIoISR-ZC 1+2'-l( Il 
(SN 0061 GO 10,100 
ISN 0064 32 Ir-'J.EQ.JA, GO TO ftl 

~066 GO TO 13 
C 
C ••• Malt 1 FOR POl NTS -ON. A~l WALlS PARAllEl TO THE J llNES 
C 

1 SN 0067 It IFCUC.EQ.l , GO TO 41 
(SN 0069 41 PN--l. 
rSN 0070 AENQ'KQ'-AQII,J-l,KO' 
( SN 0071 AWSR(KQ'.AOCI,J-2,KQ' 
ISN 0012 8P(KC,-AO'I,J,KQ, 

~ ISN oon XENQ-"'. J-1 '-RI J' 
~ 1 SN 0014 ,(WS'hM (J-2 '-R C J' .... 
",. (SN 0015 GO ro 100" 
~ ISN 0076 ft3 IFCI.EQ.IR' GO TO 31 

1 -, (SN 0078 If cr .E(,J.IC' GO Ta 51 

~i 
(SN 0080 GO TU 12 

-A, C .... 
WAll OF 1-" AND THOSE ON lHE', EX fT , _-.. 1 C ••• "'-5 t FOP POINTS ûN THE 

.~ , 
C • ....J 

1 S~ COU 5 ' IF'lX.NE.I' ~o TO 52 
(S~ 001'3 51 PNa-l. 
(SN 00"4 6l~~(KQ'.ACCI-l,J,~Qf 
, S~ 0085 ~~S'fK~'·ACCI-2,J,KC' 
(SN 0086 AP(K~)·A~(I,J,KQJ 

(SN 0087 tO,a-l (1-1 '-lC l' 
1 SN 00'18 '(wS~.l( J-21-le l' 

',,~ 1 SN oon ~O 10 100 
IS~ ~090 52 IF'J.E~.JP' GU Tu "1 
1 SN d092 GO r (J 1" 

r C ( IS~ 00'13 100 Ar,F.nf (P ... ,P.f~Q(~Q) ,i\WSIUIUH ,8PIK" ,XE'NQ,XWSR' 
(SN 0094 ~HU.{'I , ISN C095 f.~40 

II-



• 
1 

1 

\., 
'" "---I~ .-
~I 

t 

~1 
I-, ... ,: 
L..-:_ • 

.. 

e 
ïOÛSQ1S , v J' t· 

1 SIOt COU 
15"1 CiOO) 
.5 ... OGC4 

15 ... OJ05 
l:i"ll 0006 
15", .. C007 
1 5'; OOoeS 
ISN OOO~ 
1 S~ 0(,10 

ISIII 0011 
SN 0012 
5 ... OGll 
S"II Ci014 
S" OOIS 
S" 0016 
5111 GOl7 
5 .. oOla 
S" ...pOl 9 
SNI 4021 
S" (022 
5"11 002' 
5,.. 0024 
5 .. 0025 
5 .. 0026 
S'" 0027 

)5'1 0028 
15'11 0029 
15'11 0033 
IS .. C031 

15'" (;032 
15'1 0034 
lS ... CC3~ 

.i'4 0(,37 
5'1 CCi3a 
s,... (,,)39 

S ... 004' 
S ... .)':'.2 
S ... 00.3 
S'II O~ •• 
S ... w('46 
S ... 0:).7 
S .. :;,c.tt 
Sol ù04~ 

S'" 0050 
S'. OC!»I 
S ... O;~l 
S'I J,,~l 

.. 
CO.ILE~ UPflfJI'fS - NA"'Ea "'''IN,DPT.02,LINI!CNr-56,SIZe-OOOOK. 

~DUACe.~~CaIC,NOLIST.QEC~,LOAO.~D~AP.NO!O'T,rO,NOa"p 

'iU'10Un .... E' PU"MC T " 
Cf) ."'1""CYP'A( 23.15,1', Gl C2.,,15' .G2 C2!, 1 5 l ,YIC 13,151. vaca3.IS' 
.:V~" l~'C",uMa~'''III,NF ... T .IE. 1", .IN. 1 .... ,-,HM ... A • .la.la,IC. ' 

1 JA ... Jft~.lftP.IC" 
C(Jf·II4~N'C .. A 10'Z,' ~ 1) .A( 1 -S l ,OEL~C2U ,'OELRC 15', HUNC 1 ~U.I"~( ISI 
en .. 1401.'CPo\lô"",Y1 HL,RE ,Pft.8A 
C~M~~~'''''AME'~A ... e(Q.7' 
C.~"IIf);.'C~RUP'RO' 23.15' .Z....,( 23,1 St • ZKC2l, 15 t .CPC23. 15' 
DI~:NSIO~ _C23t.O\QC~).I5,7' 

êùUIVALf~CC CACI.l,I •• AQCl,l •• '. 
c ••• •• ••••• • •••••••• • ••• • •••••••••• ·~ •• • ••••••••••••••• , 
C TtlJ5 SUSROuTI"E PIUNTS OUT THE AESULrs ' 

C.·.·.····.········· •. ·•· .•. •• ••.• ··•••·•• ••••••••••••• 
C 

Il 

12 

DU 1 00 K.: 1 • 7 
~RITEC6.2GO) CANANECL.K •• L-I.9' 
&>0 100 Ipa. ,2 
IE'4I»TYJLO 
GO TO (tt .12.13. , IP 
lEl~>=ll 

GO Ta 20 
IrpU:022 
IFCIN.LT,22.IEND-IN 
GO ro 20 

Il I&:-.o-IN 
20 DO SC JJ-I,"N 

.I=J"I.l-J.I 
GU ro (2,.~2.2J,.IP 

21 11l:a 1 MI NC J. 
IE\OPTYa r 11-1 
112a 11 
Gl) ro ::sc 

22 IU-I2 
112-I""'X( J' 
IFCI 12.GT~22. 112-22 

GU TO .JO 
23 I~CI~AX(J).LT.2]t GQ TO 50 

11I=2J 
lJ?apI"XCJ' 

j" 1 f«. "L.~ •• '"0 T'l 32 
Uù JI 1-111,112 
~(J ',..AC I.J,K) 

H "CI.J .... "" .. IIo(II .. qCJt 
~? lF(IL~~fV.~é.l' GU Tù 31 

w~ 1 Tf. ( f- .2':l1 t J. ( "Q( r • J.K •• 1-111 • 1 12. 

3" Gr, T.l ( ..... 2.41J.I~'AlPTY 
41 jII~lft:Ct>.J\.lt ... CAQCI .... K •• t.1I1.1121 

GO ro •• 
.2 .10' '1;.(".3:2. ".C A.J( 1 .... K ••• ;.III.112t 

~u f ,1 •• 

.3 4fNIT::C·_.Jv~t ".CAQU,J.!'KI,I-1I1.112' 
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~. c 
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R. ;;~ .~~ 

~ 
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r· 
,. . 
• 
i> 

~ 

1 $1" C?~ .. 
1 !»." t)?~o 

IS.,. ;)057 
,1 ~". "u~d 
1 St •• Cil,.., 
IS~ 0,",60 
IS ... C061 
I~~ C~62 

15ft- 0063 
lSN 006. 

15'" 0"65 
153 0066 
15 0067 
ISN 006d 
ISN ~069 
ISN 0070 
15,. 0071 
ISN 0072 
15,. oc 73 
ISN OC 7.-
1 SN 0075 

.OPJ IONS IN 

•• 
.!» 
~, 

5 
~I 

5~ 

"i.J 

a" 
.00 
2('0 
201 
202 
2(') 
3,)1 

leZ 
~CiJ 

EFFECJ. 

IF(oC..N(:.~.' Gr) TI) 50 
~O.~ 1-111.lll 
,CI.J.",· .. 'I' 
C(iNf ItIidIE 
Gll fO '51 .!5.l.!U' .IP 
."'1 't:CL.~O~ 1 
Gll TO 5_" 
.~lfEC6.202. 

G~ JD ~" 

'I.I.I.IEN,. 

, I.I-.Z.IE,.,. 

4~lrEC~.~O~' CI.I.23.IE~' 
_t"If((fu203. 
C· .... flMJE 

. Tl!" 

Fof~' .. , .. I"3!U •• THE OISTAleuTIO-t OP' '.9,.4"" \. 
FeR"AT C ..... 12.ZX.'" 1 ~1I. 3 •• 
FOQ"ATI .... O.lltll"'. 
F QJlVAT' IHO'" t 
F .... -eATC 1 ... 12.21(" Il •• 1 OClPEII.311 
FORMAl"'ot .12 .2 •• ~2.. ., IPEII.:1t1 
FORIUT' 1" .12.2 •• 3)X. SIlPEll.3,. 
REJUofN 
END 

.OPTIONS IN EFFECT. SOURCE .EBCOle.NOLI ST.DECK.LOM).NO .. AD .• NOEOI T.IO.NOXRE" 
l 

~CE 5rATL~NTS • 74 • PIIOGAAM SI ze • . 2032 

• STATISTICS. Ne DI~GNOSTICS G~NEAATE~ 

'. 

•••••• END OF CO~IL"l'ION •••••• 631( eyftS CW CGIta 

'.' 79Ô58'11 

l. , . :.. 
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148 

Lev~~ 21.6 C ~AV 7l , 

CO~PILr:R U~.TJ:;·4S - N."E1k "",,, .... OPT.CZ.LINEC'iTwS9,!"I!WOOCC<, 

I~III 0002 
IS .. 0003 
IS,. COO'-" 

15111 0' OS 
1:;,.. O~OC) 

1 ",.,. 0007 
IS .. OCOd 

1 SN 0009 

'SN COIO 
ISN lJoll 

ISN 0012 
1 S~ 0013 
1 SN 001-
1 SN 0015 

ISN Oùl6 

1 SN 00'" 
l:alol Collet 

15'" '019 
15"01 002'> 
1 SN C'21 
15"" 0022 
ISN l'02.J 
15 ... ~OZ. 

~, 
,.' 

5,)UIlCE. ~ ;jCIlI C. NOl. 1 ST .DECI( ,LOAD,"OMAP. MltDI T. IO,NOJCRe" 
SUI~OUTJIlfI::. Hf AT 
<al"~(J,VCW""A' 2 J. 1 5, J" GI UJ. IS Je <iZ( 2:1 ,15 »eV 1 C 23, 15', vtta3, J!J. 
C O"''''ON''CNU .. q~ " .. " .".,. .,..T • 1 f!, l'ilf • .IN. 1 NM • .INIIo1, "A • .lB. 18,1 e, 

1 .I4 .... JH'4. lAPe IC'" 
CO\ll .. aNI'CG~ IJI'ZC 2.' lo'H 15 J .DEL.lC 23' ,DELPC 15'.1 MINC 15', ,MAIe (IS; f 
C oY ... o",n:~qO"'AOC ~,.15' • ZMUC 23,1'5' .ZK( 23,15' ,CP(Zl. 15 J fi 
C ü"''''ONI'C~E''/ROQEF .Z"-UIlEf" .• CPAE". ZltREF, T INL, TWALL ;V 

\ UI"~""SfO'" VIRr .. U .VITR( HU " 
C •• ~'*·*··.· ••• ·.'.~·~ •••• * •••• • •••• ••••• ••••• • •••••••••• ~ ••••••••• 
C su ... =fJUTI PlI:;: FOR CALCVLAT IOtf Of" "LOCAL "EAT TRANSFEA COl!f"f"ICIE'tf " 
C 4NO L()(.4L NUSSEL T NUMftER \. • 
C ••• ·.-•••••••• •• •••• ••• •••••••••••• • •••••••••••••••••••••••••••••• 
C . 

wPI TE(6.501' 
C... CA ... CULATE ,LOCAL HEAT TRANSFt!R A~,TE TO THt! WALl. 
C 

00 500 1-ldP,IC'" 
Q: C Z 1« 1. J N'. ZKR(!F '.ADF C 1. J N, 2.NT).~ TI NL-TWAI.L·' 

C .. 
C... CALCULATE LOCAL BULK TeMPEAATUR~ OP THE GAS. 
C USING SI"",PSON'S RULE FOR INTEG~ATION 
C 

510 

C 

C 

SOO 
SC- 1 

00 510 .1-2 • .IN" 
V.~CJ'&GI C I.J •• RC.I'.CPC 1.". 
V J TH ( .1 ,-" 1 .. C J.* ( AC", J, NT). CT INL -T WALL a +'V'LL • 
ll~Tl.VI~C2'.A(211'2.0.(VIA(2'.V.R(l'.*(A'3t-AC21"2.0 + 

1 (VI AC l )+3.0 .VI IH" J +3.0.VIAC 5'+Z.O*VIAC .... i.O.VIAC·'" 

". , . 

.l 3. O."IAC lU .. vur 9U.00.."U)*".0,,,.0 + ('P.o-VIRC9). ' 
,. 32. Ct" iq( 1 OI+U.O." l'lC' Il. :ShC*V1AC, 2 •• ".O.VI ACilH fi 
• l)f~AUt.Z.O"U.o + CYIACllJ+V1AU." •• "f14'-ACI3Ulfl •• 
4 VIRU.teCIU n.-qn.) "Z.· . 
ll ... T~'V1TR(2,.q(2"2. + CV1TR(2'.Y1T_C3".CAC3'-AC2"'Z •• 

~" C"ITP(3'.3 •• VtT~C.)·3 •• Vl'A(').2.*VI'RC6).3 •• VI'AC7J. 
Ct 3.*VITRCt),+YtTRC9"'OFLACl •• 3.,. •• + ''P •• VITRe.,'. 
1, 32. eV UAC 1 C )+U. -VI TIU' 'H~2t.VI TAC 1% 1.7,*"ITlltll lU. J' 

ti DELliU9t.Z.,._5,' + CYtTAhl •• VlTAU.".CA'ClU-AU3U/I •• 
8 V1TR(141"~'t5,-q(I."1'2 • 

TU~~~·1INT2'll ... T, 
Tù a ( f~UL<-T.ALL"CTINL-T.4LL' 

" 

, . • 

: 

l ' 

-------------------------------.------------------------------------------~~~------~ 
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-'.101'-01 -,.' •• I-Ot -,.21'E-Ol -,.',0E-Ol -'.'6"-01 -'.'371-01 -'.0 •• 1-01 -4.0461-01 0.0 

• 10 ~ 11 

, 

-'.6'21-01 -1.6'11-01 -1.6.0E-Ol -7.6'11-01 -1.6.21-01 -?610E-Ol -7."4E-Ol ~6.6'11-Cl 0.0 0.0 0.0 
-t."II-OI -'.7''''01 -'.76"-01 -9.7101-01 - •• 7751-01 ".7741-01 -'.7101-01 -'.3041-01 -7.2'21-01 -6.'2,e-01 -6.14'1-01 
-1.114'.00 -1.~'tl+00 -1.1'6.+00 -1.1'61+00 -1.1'6'+00 -1.1'71+00 -1.1"'+00 -1.1121+00 -1.062'.00 -1.046'.00 -1.0411+00 
-1.21,'tOO -1.22.t+00 -1.'2.'+00 -1.2101+00 -1.2101+00 -1.2101+00 -1.22.'+00 -1.221l+CO -1.21'1+00 -1.2111+00 -1.2101+00 
-I.I,.I.CO -1.1'41+00 -1."41+00 -1.2'.'+00 -1.1'4'+00 -1.2'41+00 -1.2541+00 -1~254!+00 -1.2511+00 -1.250t+00 -1.z~oe+oo 
-1.""+00 -1.1601+00 -1.2601+00 -1.2601tOO -1.1601+00 -l.2.0,tOO -1.2'0'+00 -1.260'tOO -1.2601+00 -l.260'+00 -1."01+00 
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4 
1 
2 
1 -

0.0 
t'.CDCf.CO 
1.000'.00 
I.COOf.OO 
1.COCttCO 
1.000hOO 

l 

0.0 
l.oOCheo 
1.000f+OO 
1.000HOO 
1.OCCftCO 
l.oo0e.oo 

Z 

G.o 
0.0 

.0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.000E-00 
1.000e-oo 
1.000'+00 
1.oOOetOO 
1.OOOE+00 

3 

O.c 0.0 0.0 
1."11-02 1.7Jll-02 1.10IE-02 
'.1011-02 1.4"e-02 J.606E-OZ 
6.1421-02 •• 4l6E-Ol '.111~-02 
•• t"I-O, 9."91-02 9.'16E-O~ 
1.2111-01 1."J'-OI 1.~'4f-01 
1.'111-01 1."'1-01- l.016E-01 
1.'911-01 1.91'1-01 2.9'Of-OI 
4.21"-01 4.264!-01 4.lIIE-01 
,. '921-0 1 - S •• '4E-OI S.81ZE-Ol 
1.5461-01 7.4l4f-Ol 7.311E-Ol 
••• 5JE-Ol 1.'051-01 '.J.JE-Ol 
9. 21S1-01 '.O"f-Ol '."OE-Ol 
•• "'1-01 ,.Z"I-OI '.110e-01 
•• 4141-01 9.2"1-01 4.151(-01 

Il 11 14 ' 

=~71'h.~~,u;.: ~ , "" , .!'i 

~ 

0.0 
5. 761E-C~ 
1.11'4E-02 
2.0'jCJE-02 
2. 94J1E-02 
6.105f-02 
1 .. 464oE-01 
Z.4'3("';01 
3~'611E-C l 
4.'41E-Ol 
9.66Zf-Ol 
9 •• 64E-Ol 
9. 995f-Ol 
, •• nE-Ql 
9 •••• E-Ol 

4 

0.0 
1.IIU-OZ 
3. lUE-02 
6."6E-02 
I.OlZE-th 
1.4J5E-Cl 
2.0UE-OI 
1.0UE-OI 
4.l0U-OI 
~. 79'1-01 
7.Z06E-Ol 
I.IllE-Ol 
I.un-Ol 
•••• 41-01 
9.0151-01 

15 

0.0 
8.l5U-O) 
1.677E-OZ 
1.0'jOE-02 
4.,.,.lÊ-02 
7. aUE-OZ 
1.60lE-OI 
Z.609E-Ol 
3.U9E-OI 
S.S40e-Ol 
9.-156f-Ol 
9.84lE~OI 
9.966E-Ol 
q.9UE-Ol 
9.'UE-Ol 

5 

0.0 
l.tllE-Ol 
J.II98E"'OZ 
1.145f1-02 
I.066E-Ol 
1.4'H-OI 
I.lue-Ol 
3.051!-01 
4.111f-Ol 
5.7!IIE-Ol 
7.108'-01 
l.l01f-OI 
.... 4f-Ol 
•• n51-01 
1.1'61-01 

16 

0.0 
9.976E-03 
2.02~f-02 

3.118e-02 
5.40eE-02 
a.a01E-OZ 
1.636E-Ol 
Z.6HE-OI 
3.929E-Ol 
5.l5f1E-Ol 
1.755E-OI 
9.674f-Ol 
9.910e-Ol 
q.qSU-Ol 
'.960E-Ol 

6 

0.0 
z.oa2E-02 
4.07ZE-Ol 
1.086E-02 
1.060E-01 
1.507E-Ol 
Z.134E-Ol 
,.0'lE-OI 
".USE-Ol 
'.672E-Ol 
6.9.1E-01 
1.911E-Ol 
1.5T'~Ol 
1."421-01 
l.lTU-OI 

Il 

0.0 
1.118E-OZ 
2.300f-02 
4.ZS0E-02 
6.182E:-02 
9.616E-02 
1.672E-QI 
2.687f-Ol 
3.999E-Ol 
S.I5SE-Ol 
8."·HE-Ol 
9.495E-OI 
9.11 )of)E'-O 1 
9.S9'E-Ol 
9.t'lU-Ol 

7 

0.0 
z. HZE-02 
4.n6E-Ol 
1.,.06E-02 
9.80aE-OZ 
1.419E-Ol 
2.037E-Ol 
2.Sq6E-Ol 
4.024E-Ol 
5.l42f-Ol, 
6.669E-Ol 
7.l50e-01 
1.4221-01 
1.6l1E-01 
'.'5tE-CI 

11 

\ 

" 

0.0 
1.260E-02 
Z.541E-OZ 
4.71 le-OZ 
6.8S2E-02 
I.03~E-OI 
1.714E-01 
2.1ZU-OI 
4.06IE-Ol 
5.908E-Cl 
a.Z02E-Ol 
9.314E-Ol 
9.732E-Cl 
•• use-CI 
9.84lE-01 

., 

0.0 
2.141E-OZ 
S.UlE-OZ 
9. lOSE-Cl 
1.281E-Ol 
1.524E-Ol 
Z.02"-01 
l.6l4E-OI 
'.414E-Ol 
4.2nE-01 
5. 364E-Ol 
6..8nE-Cl 
7.92'E-Ol 
l.lUE-Ol 
l.l9tE-01 
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"" 

0.0 " 
1.3"nE-02 
'2.75I1E-OZ 
5.l20e-OZ 
7.450E-02 
1.10lE-01 
1.760E-'01 
2.76IE-01 
".USE-Ol 
5.928E-Ol 
a.OOOE-OI 
9.138E-Ol 
9.620E-Ol 
9.7)3E-Ol 
9.1SSE-01 

9 

0.0 
0.0 
°0.0 , 
0.0-, 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
1.Io11f-02 
2.955f-02 
5. 48'ge-02 
'1 .~9lE-02 
l .. l63E-Ol 
1.809E-Ol 
2.802E-Ol 
".UZE-Ol 
S.928E-Ol 
7.829E-Ol 
8.969E-Ql 
9.49BE-ch 
ct.6l1E-Ol 
9.6S2E..-Ol 

10 

0.0 0.0 
3.356E-01 3.Z82E-Ol 
5.779E-Ol 5.5.0E-Ol 
7.338(-01 7.092E-Ol 
1.91'E-Ol" 7.6J4e-Ol 
1.030E-Ol 7.7171-01 
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0.0 
1.565E-02 
3.136f-OZ 
5.lllE-02 
1.488E-02 
1.221E-01 
1.859E-Ol 
2. 846E-Ol 
".201E-Ol 
5.914e-Ol 
7.6110E-Ol 
8.80Ye-OI 
9. 368e-Ol 
9.511E-Ol 
CJ.S38E-OI 
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THE DISTaleUllON OF l-CO"'. ~ASS VElOCITY - G1CI,J) 

]-

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 -6.6B6E·02 -1.006f·Ol -1.l12E-Ol -1.4l5E-Ol -l.574E-01 -1.714E-01 -1.844E-01 -1.969(-01 
0.0 -6.5Z1E-02 -1.169E-02 -1.042E-Ol -1.169E-Ol -1.277E-Ol -1.170E-Ol -1.451~-01 -1.525E-Ol 
0.0 -3.109E-OZ -Z.Z43E-OZ -Z.319E-02 -Z.672E-02 -'.Oloe-oz -3~41e-oz -l.S9IE-OZ -'.769E-02 
0.0 1.441E-Cl 2.045E-Ol ·Z.214E-Ol 2. '386E-Ol 2.457E-Ol 
0.0 4. Hlf-Ol ~.02'E·01 5.328E-01 5.509E-Ol 5.64If-CI 

.,.0.0 1.20ge-Ol 8.941E-Ol •• ~E-Ol '.UOE-Ol 9.39ge-01 
0.0 1.Z19hCO 1.26*+00 1.Z6 E+OO I.Z72E+00 1.279E+OO 
0.0 1.550E+00 1.502E+OO 1.4 9E+00 1.490E+00 1.1t96E+OO 

0.0 C.G . 0.0 1.561hOO l.55U+OO 1. 80E+00 1.60o\E+00 1.623E+CO 
l.fMf-Ol ,.un+oo 3. 558E+00- 1.154E+OO 1.10BE+OO 1.691.E+00 1.694E+OO 1.6t7E+OO 1.5001+00 1.017E+00 1.166E+00 1.16'1E+00 1.66U+OO 1.613E+00 1.58IE+00 1.570E+OO 
1 •• 1~1+00 ~. 16U+OO 1.459E+00 2. ll1E+OO 1.175E+OO 1.1H4r.OO 1.779E+.Q0 1.750E+CO 
1."Of+00 l.711E+OO l.900E+00 1.11IhOO 1.605E+00 1.549E+00 1.5Z0e+00 1.49IE+OO 
1.0001+00 1."'E.OO 2. nn+oo 1.160hOO 1."'hOO 1.~'9E+OO 1.~70E+OO 1.~~CfE+OO 

1 

1 2 l 4 , 6 7 1 

,. .f 

O.Q 0.0 0.0 ~ 0.0 0.0 0.0 0.0 
-1.09,.-01 -1.1Zlf-01 -2.'5.E-OI -2.4921-01 -Z.637E-OI -'.729E-Ol -l.2S'E-01 -~.24SE-Ol 
-l.,~e-ol -1 •• ,.f-Ol -1.7l.e·Ol -l.110f-01 -1.116E-OI -1.1~OE-01 -1.12lE-01 -J.931E-Ol 
-'.l'I'-Cl -' ••• '(-02 -1.B).e-02 -'.15\E-02 -'.1'2E-OZ -'.'9IE-OZ -1.~96E-03 -1.~'6E·02 

2.6l4f-Ol 2.6611-01 1,704E-Ol 2.144E-Ol 2.713E-Ol 2.124e-Ol 2.llIE-Ol 2.760e-Ol 
5.'16'-01 6.05'1-01 6.1llE-01 6.2041-01 6.212E-OI ·6.234E-Ol 6.041E-Ol 5.490E-Ol 

, •• "'f-OI •• 11.,.01 '.'02E-OI 9.97If-01 1.007E+00 1.007E+Oq 9.951e-Ol 9.01IE-Ol 
1.10"+00 1.11"+00 1.12'~+OO I.J2'E+00 1.31~E+00 1.119E+OO l.l4IE+00 1.296e+00 
l."tEteO 1."lE.CO 1.'441+00 1.550efOO 1.556E+OO l.5.JetOO 1.,'9E+00 1.702E+OO 
1.664'+00 1.6101+00 1.61'E+~O 1.619E+00· 1.6BZE+OO 1.69lE+OO 1.749E+OO 'Z.0'4E+OO 
1.'04!+00 1.10"+00 ~.105f+OO 1.705E+00 1.705E+00 1.108E+00 1.754e+00 2.052e+oo 
1.5'5'+00 1."11+00 1.'IIE.OO 1.506E+00 1.'01'.00 1.4991+00 1.5251+00 1.6941+CO 
1.6141+CO 1.6'21+00 1.651,.00 1;642E+00 1.6341+00 1.610E+00 1.6511+00 1.7851+00 
1.44".00 1.4JlltOO 1.410e+OO 1.42.e+00 1.422etOO 1.4231+00 \.44,e+OO 1.563E+OO 
1.4011.00 1.1'4~ 1."1'+00 1.114'+00· 1.'12!+OO 1."41+00 1.4061+00 1~521E~OO 

Il Il 14 15 16 11 II f l' 

- l 

2.509E-Ol 
5.7'tSf-Ol 
9.502E-01 
1.286E+OO 
1.501tE+OO 
1.637E+00 
1.700E+OO 
1.555E+00 
1.726HOO 
1.480e+oo 
1.433E+OO 

9 

...... 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
o.e 
0.0 
l.624hOO 
2.4671+00 
2.410E+00 
2.0eJOE+OO 
2.025E+00 

zo 

2.550e-OI Z.'8n-OI 
5.81lE-OI 5.911e·Ol 
9.S9lE-QI 9.676e-Ol 
1.294E+00 1.302E+00 
1.512E+OO- 1.521E+00 
1.648E+00 1.657f+OO 
1. 702E+OO ,.-l-.10n+OO 
1.544E+op 1.531E+00 
1.706E+OO 
1.466E+00 
1.~ZOE+OO 

t.o 

J 

0.0 
3.797E,OO 
2.665e+00 
2.644E+00 
2.2'U+OO 
"'2.229E+00 
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'1.689E+00 
h454E+00 
1.410E+OO 
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2.3n!~~ 
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THf DISTRleUTION 0' R-C~'. "ASS VELotlTV - G2CI,JI 

• 
0.0 0.0 0.0 0.0 0.0 O~O 0.0 0.0 0.0 

: 14 
'U 
Il 
il 
10 • • J 

0.0 
cr. ° 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

-3.9341-0' -2.428'-0' -1.134'-0' -1.41'E-0' -1.260E-Cl -1.11se-Ol -1.071E-Ol -1.061E-01 
~1.'02E-OZ -1.Z26f-0) - •• l)IE-O) -4.114E-0) -4.091E-O) -).66'E-O) -).4201-01 -,.),tE-O' 
~4."1E-02 -1.OllE-02 -l."lE-OI -1.14'f-02 -'.8011-0] -8.601E-O] -1.19'E-0] -l."Of-Ol 
-'.'01E-02 -1."'E-02 -1.'8Sf-OZ -1.'.3E-02 -1.20"-02 -1.05.e-02 -9.4711-01 -'.6'\1-01 
-2.054'-02 -\.451'-01 -1.04'E-02 -1.,96E-02 -1.121'-C2 -1.015E-Ol -9.220E-03 -1.410E-Ol ~ 

t 0.0 
, 0.0_ 

0.0 
-1."tetOO 

0.0 
t.'01f-Ol 
1. "Of-02 
'.U4'-02 
1.251'-0Z-
0.0 

1.086'-01 1 •• 50E-02 -1 •• ,eE-Ol -7.466E-01 -J.25'E-O) -7.971f-Ol -1.4"E-Ol -6.'18E-0] 
1.782E-Ol 4.'0If-02 4.44DE-Ol -1.128f-Ol -'.402E-01 -5.601E-Ol -'.4~E-Ol -'.091E-Ol 
8.12'E-Ol 6.117f-02 6.'12E-Ol -2;41"-01 -'.l'6E-Cl -'.IllE-O) -1.'46~-01 -).256E-O' 
1.'3"+00 •• 125f-02 4.""-01 -2.231E-03 -2.16IE-0' ~.599Er:1:ffi-0 050E-Ol -7.223E-04 
7.410E-Ol '.'72'-02 1.66"-02 •• 6'8E-Ol 4.444f-Ol 3."1 , 2. '-01 2.60SE-Ol 
4.501f-Ol 7.'3Jf-02 1.9'6f-02 1.0'.E-02 '.0'4!-OJ 6."6 -01 '.401f-OJ 4.,18f-01 
2.11ZE-Ol ' •• 3If-02 1.076E-02 6.311E-03 '.O'OE-O' 4.21IE-03 1.550E-Ol 2.'6IE-03 
•• 70If-02 1."4f-01 '.371f-03 2."2E-Ol 2.221f-Cl r.767E-0~ 1.4501-03 1.154E-01 

.. 0.0 
1- - 0.0 
, 0.0 
l 0.0 

-'.0211-01 
-,.11.f-Ol 
-1.1401-01 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

" ,. 
11 

" li 
10 • • 7 

; 
• ,1 a , 

~ 

l ., , 4 , , 6 1 • 9 10 -

0.0 0.0 0.0 0.0 0.0 0.0 . 0.0 0.0 q.p 
-1.1011-0' -1 ••• 21-01 -1.1'41~0' -1.172f-0) -1.1421-0J -2.021E-Ol -1.110E-Ol -2.662E-02 ~O 
·'.'941-01 -'.S]71-0] -1.1"'-41 -1.121E-Ol -'.4'11-01 -'.098E-03 -Z.319E-0%'-4.0841-02 6.0 
·1.IZI1-01 -7.0'5e-0, -7.0351-03 -6.691'-03 -5.165'-01 -4.ISZ'-03 -Z.144E-OZ -4.2S5E-02 0.0 
-'.11,..01 -7.1"'-01 -1.6211-01 -1.275E-01 -'.192E-Ol -1.001E-Ol -2.2'lE-02 -4.938E-C2 0.0 ~ 
-1.9041-01 -1.4401-0' ·1.1"E-0, -6.1'IE~01 -'.992E-Ol ~.8'lE-Ol -2.480E-02 -6.117E-02 0.0 
-6."11-01 -5."'f-~ -~S11E-01 -'.ll6'-Cl -,.227E-Ol -1.l0lE-Ol -1.742E-02 -1.128E-Ol 0.0 
-4 ••• Jf-OJ -4.217E-01 -Y.72tE-0] -].266E-01 -1.77'E-0] -l.OOIE-OZ -'.15'E-02 -1.910E-01 0.0 

11 ' 

-Z."I"Cl -2.572E-OI -'.1061-01 -1.62'E-0] -'.lIZE-01 -1.037E-02 -6.102E-02 -'.035E-Ol 0.0 
-4.'JI~. -J."T~04 -6.001'-0' 2.147f-04 -6.0641-04 -'.211E-Ol -'.11"-01 -,.924E-Ol 0.0 0.0 0.0 
1.' ..... ' I.OI'I~' l.elOf-O) 1.'12E-0) 1.026f-01 -4.1101-01 -1.641f-02 -2~182E-OI -1.01,e.00 -9.246e-Ol -2.111f-02 
, •• ,II-el 1.",!-0, 1.811'-0' 2.'I]E-0' 1.141E-01 -1.172E-Ol -1.14'E-02 -1.016E-Ol -4.710E-01 -6.'99E-02 -2.052E-02 
•• 4911-0' Z.ll'e-o, 1.11SE-0] 1.'31'-OJ 1.01TE-OJ -Z.7'IE-04 -6.869E-03 -3.9471-02 -1.a77e-Ol -1.507E-02 -1.15TE-02 
9.4421-04 7.111'-04 6.5691-04 4.912E-04 1.'4~q4 -4.1911-04 -3.6S1E-Ol -1.911E-02 -8.722E-02 -1.165E-02 -6.143E-01 
0.0 C.O 0.0 0.0 0.0 ~ 0.0 0.0 0.0 0.0 0.0 0.0 
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l-COM~. VELOCITY - Vlll,J. 

oQ 

0.0 
0.0 
0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 
9OIE-Ol -1.0"1-01 -1.JIIE-OZ -1.5lIE-OZ -1.701E-Cl -1.171E-02 -2.030E-OZ -1.l.Zf-Ol 

-1.01.9f-0' -9.906f-0' -l.l.,e-oz -1.'6'f-~ -1.5161-02 -1.~5ZE-0% -1.114E-02 -1 •••• '-02 
'0.0 -).'6'~-01 -1.161f-0) -Z.9'ZE-Ol -1.'7eE-ol -4.191(-01 -4.755(-0) -5.'~'e-o, -5.6"1-0' 
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THE CIST.IIuTI~ OF ~TICIT' - A(I.~.NW' 

~.115E-02 -1.517E-Ol -2.506E-Ol 
~.10~E-Ol -1.448E-Cl -Z.Z6~-01 
3.941E-02 -1.219E-Ol -1.775E-Ol 

-1.696f-02 -1.8)8E-02 1.152E-Ol 
-Z.300E-OI 1.293E-OI' 2.461E-01 
-4.711E-Ol 5.0~3E-OI 6.ISlf-01 
-1.112E.00 1.912E.00 1.9Z4E+00 
-1.5'6f+00 ~.Zllf+OO 4.276e+00 

-3.294E-OI -3.9.1E-Ol -4.6~lE-Cl -5.149E-Ol 
-Z.8lIE-Ol -3.118E-Ol -3.141E-Ol -4.266E-Ol 
-2.04IE-Ol -2.296E-ol -2.S~9E-Ol -2.8S6E-Ol 

1.0001+00 
•• COCE+CO 
4.000f+CO 
2.0001+00 
1.0001-01 
0.0 

.-4.287E~Ol 4.801~+CO 5.13IE+00 
6.110(+01 5.529E+OI 1.00IÉ+Ol 1.269E+OI 
1.05.e+Ol 2.202t+01 1.244t+Ol 2.715f+01 
1.')2E+Ol 7.4271+00 ~.952f+OO '.0011+00 
1.101f+0l;, 1.491e.00 6.454E+00 5. 66lE+OO' 
'.4111-00 4.134f+00 1.ct42f+00 1.111E+00 

2.19lE-02 
3.043E-Ol 
7.nlf-01 
1.9361:+00 
•• 2501+00 
6.4011+00 
1.320E+01 
2.4741.01 
9.1nE+00 
5.1461+00 
1."lE+OO 
0.0 

4.211E-02 5.606E-02 6.966E-02 
3.54Ie-Ol 4.015E-OI 4.525E-OI 
1.023E-Ol 8."8E-Ol 9.781E-ol 
1.966E+CO 2.021E+'0 1.105e+oo 
4.254f+00 4.291E.CO 4.380E+OO 
6.191E+00 1.l1lE+OO 7.66~E+OO 
1.334(+01 1.13iE+Ol ~.313E+~1 
2.229f.Ol 2.016E+01 ~.125E+Ql 
1.023e+Ol 1.076f+Ol 1.097E+01 
5.213E+OO ,.2151+00 5.216(+00 
2.029E+00 2.021E+00 2.011E+OO 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 

1 2 

- •••• 5f-OI -'.721e-OI 
-'.45'1-01 -7.152E-Ol 
,-1 • .,41-01 -1 •• 4.1-0.1 

~ 1.4~E-OI 1. 711E-01 
.JOt6f-01 '.5"1-01 
I~Z4'f+OO 1.'12E+00 
2.4411+00 2.514'+00 
'4. not.oo 4.105E+00 
•• UDf-OO· 1.201hoo 
1.115e+CI 1.2011.01 
1.44Je+01 '1.'.1,.01 
1 •• , .... ' 1.011E+Ol 
'.12'I+CO '.lOtI+OO 
2.04".CO 1.0 •• ,.00 
0.0 0.0 
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-1.01'f+00 -1.16'E+OO -1.Z41f+OO -I.602E+OO -Z.9'3E+00 -5.296E+00 -J.4S3E-02 
-1.1IJE-Ol -I.~OE-Ol -t.'11E-01 -1.166E+00 -1.21'E+00 -6.717E-01 6.941E-02 
-l.'I'E-OI -1.1J9I-OI -J.2'IE-Ol -2.2641-01 -1.193E-02 3.93JI-Ol -1.461E-01 

2.201E-01 Z.10Zf-01 ~ •• O'f-Ol 4.6'0E-0l 7.091e-01 1.146E~CO -1.919E+00 
6.1911-01 '.6)6~01 6.150E-ol ,6.0961-01 1.16IE-Ol 1.111E+OO -Z.61~E+00 
1.1841+00 1.4511tOO 1.41St+00 1.1921+00 9.5'6E-Ol 1.75oe+CO -2.I04E+00 
2.51Ie+oo 2 .... E'OO 2~145E+00 2.759E+00 2.161E+00 2.06ZE+CO -Z.75ZE+00 
4;161!+OO 4.t94f+eo 4.905f.00 5.01)E+00 5.251E+00 2.762E+00 -2.415E+00 
•• 224(+00 1.221É+ao 1.16,etOO l.964E.oO 1.51IE+00 1.45Ie+01 -6.049E+00 
1.1IZE+Ol 1.165f+01 1.150E+Ol 1.1241+01 9.123E+00 1.641E+Ol 6.876E+Ol 
t.334e.Ol I.Z95e.Ol 1.~5E.Ol I.Z56E+Ol 1.199E+01· 4.Z9IE+OO -1.447E+OO 
'.'21(+00 •• 75IE+00 '.6041+00 '.5'lE+00 1.025E+Ol 1.17IE+01 1.911E~01 
5.102e+oO '.I04E+oo 5.125E+OO 5.221(+00 5~644E+00 6.450E+00 1.015E+00 
2.13SE.00 Z.18JE.OO 2.Z46E+OO Z.414E+OO Z."'E+OO 3.931f+00 4.71Z~00 
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1 14 
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1 10 

0.0 0.0 ~.O 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 3.I'IE-03 6.253E-03 1.029E-03 9.554E-03 1.104E-02 1.259E-02 1.456E-02 1.69l1-02 

• 1 -
7 
6 

'.. , .. 
1 
1 
l' 

0.0 1.5'6E-OZ Z.471f-OZ 3.093(-OZ 1.61IE-OZ 4.1ZeE-CZ 4.664(-02 ~.332E-02 6.104E-02 
0.0 5.440E·02 1.0_4!-02 ~.'09E-02 1.10IE-Ql 1.Z41E-Ol 1.311E-01 1.547e-01' 1,72IE-Ol 
O.Q 9.149f-O' 1.'.'E-01 1.494E-Ol 1.614E-Ol 1.152E-Ol 2.017E-Ol 7.255E-Ol 2.411e-àl 
0.0 1.11Ie-Ol 1.'82f-Ol 1.'51E-Ol 1.T17r~Ol 1 •••• E-Ol '.071f-Ol 2.190f-Ol '.514E-Ol 
0.0 7."'E-02 7.104'-02 1.511E-Ol 9.693E-02 1.105E-Ol 1.259E-Ol 1~44IE-Gl 1.642E-Ol 
0.0 -6.IZIE-02 -7~IIIE-OZ -'.329!-01 -6.126E-02 -5.169E-02 -3.160E-02 -2.149E-02 -1.663E-Ol 
0.0 -2.99IE-Ol -l.139E-01 -3.016E-Ol -2.9Uf-01 -2.I"E-,01 -.2.7ME-OI -l'.65ZE-Ol -2.555E-Ol 

c.o 'c.o 0.0 -'.469!-01 -'.~97E-Ol -S.5.ee-Ol -S.5'5E-Ol -5.413E-Ol ~5.44IE-Ol -5.416E-Ol -5.31IE-Ol 
- t.15tJl+OO -6.61.'-0-1 :".l61E-Ol -7. "lE-Ol -1.14tf-Ol -7.9171.-01 -7.996E-Ol -1.045E-or -8.09lE-01 ,.1'-131E-Ol -1.l.6U-OI 
-1.'0".00 -'.741'-01 -9.710E-Ol -1.032!.00 -1.0441.00 -1.047e+00 -1.049~OO -1.051E+00 -1.053E.00 -1.0561+0cr-l.05IE.00 
-1.24.E.OO -1.1"'+00 -1.111e.oO -1.201E.00 -1.205E.00 -1.206E+00 -1.207E+OO -1.207E.CO ~1.20AE+OO -1.209E+00 -t.210(+00 
-1.25.,.00 -1.'46'+00 -1.'46E.00 -1.249E+00 -1.250E+00 -1.250e.00 -1.2501+00 -l.~OE+OO -1.250'+00 -1.210E+00 -1.250E+OO 
~1.2601.00 -1.2'Of.00 -1.26oe.00 -1.l60E+CO -1.'60e+00 -1.260e+00 -1.260E+00 -1.'60E+00 -1.260e+00 -1.260E+00 -1.2601.00 

1 z '3 4 5 6 • .J , 
., • 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

9 10 11 

14 1.'241-0Z 2.1661-02 2.3I6E-OZ Z.55~E-02 2.749E-02 3.~29E-02 5.56IE-02 1.5A6E-02 0.0 
n 6.1"1-02 7.5441-02 •• UOE·O'Z 1.76U-OZ 9.,nE-O' 1. 149E-Ol 1.5~OE-Ol 1.8nE-01 0.0 
12 I •• 14f-Ol 2.010e-Ol 2.110e-01 '.220E-OI 2.1JOE-Ol 2."9É-Ol 2.91Ie-Ol 3. 19'E-Ol 0.0 
II 2.'60f-Ol 2.,07E-Ol 2.915E-Ol 2.9t5!-01 1.04~01 1.172E-Ol 3.414E-Ol 3.654E-Ol' 0.0 
la 2 ••• ,1-01 2.121E-Ol 2."4E-Ol 1.025E-Ol 1.0941-01 J.14\E-Ol 3.219E-Ol 1.318E-Ol 0.0 
• 1.1"1-01, 1.9041-01 2.00IE-Ol 2.093E-Ol 2.203e-Ol 2.350f-Ol 2.52Jf-Ol 2.626E-Ol 0.0 
1 2.Z16E-Ol 1~0"E-O' 1.~90E-O' 2.4tlE-OZ 1.451E-02 5.543E-02 1.017E-Ol 1.467E-Ol Q.O 
l -,.U.,-o1 -'.43'1-01 -,.",,-or -2.'5IE-Ol -'2.Z'6~01 -Z.14U-C)1 -1.629E-Ol -1.028E-Cl 0.0 
• . -'."If-Ol -t.J!1t-el -'.34IE-Ol -5.JJ5!-01 -5.J071-01 -5.2~lE-Ol -5.051E-Ol -'.695E-Ol 0.0 ~o 0.0 
S '-1.11'1-01 -1.19 ... 01 -1.209E-01 -1.215E-Ol -a.211EeOI -'.1'~~01 -1.l11e-01'-1.945e-of -7.689E-0 -1 53E-Ol -1.403E-Ol 
4' -1."".00 -1.0611+00 -1.061E+00 -1.062(.00 -1.062E+00 -1.061E+00 -1.05Ie+oo -1.04ge.po -1.029E 0 -1. 29E+00 -1.011E+00 
, -1.1101+00 -1.21ot+CO -1.2101.00 -1.21Ie+00 -1.211E.00 -1.210e+00 -1.209E+00 -1.207E+00 -1.2021+00 -1.202e+00 -1.202E+00 

- ,t. "J -1.JHI+OO -1."OhOO -1.250hOO -1.250E.OO -1.25,0E+00 -1."0!+00 -1.250E+00 -1.2491+00 -1.24éE+00 .-1.248E+00 -1.Z4U+OO 
1 -1.260'.00 -1.2601+00 -&.260e.~0 -1.260'+00 -1.26Of+OO -1.2601+00 -1.260~.00 -1.260e+00 -1.260f+00 -1.260e+oo -1.260'+00 
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T~E CISTRI8UTIDN OF lEMP!RATURE - A(I,J,NT) 

" 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1 14 0.0 4."2f~0' f.,9.0E-Ol 7. 145!-03 •• 235E-03 9.35U-Ol 1.05I1E-02 1.206~-02 l.3ItE-OZ 11 0.0 •••• OE-Ol 1.210F-02 1.457E-02 '1.674E-OZ 1.194E-02 Z.11'E-02 2.41ge-02 2. 766E-02 lU 0.0 1.560e-OZ Z.15I'-02 2.601e-02 Z.997e-02 l • 39 2 e:;-p 2 l.UOe-02 4.214e-OZ 4.noe-02 lU 0.0 1.UJE-Cl 2.6~6!-Ol 1.26TE-Ol 3.I29E-02 4.393E-_2 4. cUIlE:-02 5.619E-02 6.ZUE-02 
1 10 0.0 1.960E-Ol 2,9461-02 3.752E-02 4.516E-02 5.1m""02 6. 164E-02' 7.040e-02 1.I57E-Ol • 0.0 2.9"'!-02 4."t{:02 ',.190f"02 6.nu-oZ 1.,'07E-Ol ft.960e-02 1.006E-Ol 1.lOn-G1 ~ • 0.0 1.401E-Ol 1.41 01 1.49IE-OI 1.534E-Ol 1.SUE-OI 1.66ze-01 1.7sse-01 1.846E-01 l 0.0 '.Utf-Ol Z.71'f-Ol 2. 842f-01 2.l9tf-01 2.'6f1E-QI ~.049E-Ol J.141E-Ol 3.220E-01 , - 0.0 , c.o 0.0 4.1UE-Ol 4.1U!-01 4.944!-01 5.080E-Ol '.l1tE-CH S.229E-Ol '.2,.e-Ol '.265E-Ol , 1. 00 Oh 00 1.0001+00 I.oooe.oo •• 670f-01 '.25If-OI •••• Ie-Ol •• nOE-Ol '.2I4E-Ol 8.016E-Ol 7.164E~1 7. 564f-Ol 

4 I.OOOhOO 1.0001+00 1.0001+0d 9.'?JE-Ol '.'OU-Ol '.'OQf-OI '.'6IE-OI •• '09E-Ol 9.320E-Ol '.JOn-OI '.'llE-OI 1 J I.COOhOO 1.0001+00 I.oooe.oo '.991E-Ol '.9161-01 9. 962!-01 9.92U-Ol 9.a6GE-Cl 9.l6IE-01 9.642E-Ol 9.511E-Ol .. Z t,.OOOhOO 1.0001+00 1.000hOO 9.9.9E-Ol •• ""-01 t.caue-Ol 9.~4f-Ol '.926E-Ol 9.862f-Ol 9.764E-Ol 9.U4E-Ol 
1 1 1'.000'.00 t.ooo,.oo 1.00OE+OO 1.000UOO '.,nE-Ol t.CJ.oe-01 9.nU-Ol, ' •• lIE-OI 9.179E-Ol 9.lIlE-Ol 9.6aU-01 
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! 1 ~ .2 3 4 , 6 l 1 9 10 11 
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1 ~ 
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t Il 0.0 o.oJ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1'4 1.1"1-02 1.1 I-az l.n6t-oZ 2-. 173E-02 2.J76E-OZ Z.618E-OZ Z.9Ne-02 3.490E-02 0.0 

~ ~ li '.U'I-OI '.""1-01 , •• J)E-Ol 4.176!-02 4. 54ze-02 5.0U!-02 5. 743f:-,02 6.n4E-Ol 0.0 
.• 11 '.,.,.-oz '.1'4(-02 6. 340E-02 6.759E-OZ 7.20o\f-Ol 7 •• ue-02 9.099f~02 1.077E-01 0.0 
Il '.9161-02 7.4.0f-02 7. 97'E-02 1. 111E-02 '.6961-02 9.U2E-Ol 1.0'0!-01 f.40U-Ol 0.0 

,'10 '.1141-02 t.IOU-OZ '.619E-OZ 1.OO9f-01 1.04'!-01 1.0661-01 l.UU-DI 1.5ue-Ol 0.0 f • 1.1"1-01 1.2171-01 1.119f-01 1.332f-Ol 1.366E-Ol 1.314E-Ol 1.40ee-Ol 1.674f-Ol 0.0 

1 1.'11e-Ol 1..9141-01 I.OZU-Ol 2.054f-Ol 2.066f-Ol 2.042E-Ol 1.991e-OI 2.026E-Ol 0.0 ,.Inl-O1 l.nOI-OI '."H-Ol '.1691-0l '.'''1-01 '.UU-Ol '.02ZE~Ql 2.9'lE-Ol 0.0 • '.'6'1-01 '.UU-Ol '.24lE-01 '.2201-01 '·~rl-Ol ,.onf-Ql ... 'tSE-Ol ".080E-Ol 0.0 0.0 0.0 , '7.4-' __ 01 "·'1'1-01 1.Z)4E-OI 7.1'UE-Ol 7. 70E-Ol 6.9'U-Ol 6.5'lE-Ol· ,.allE-CI 4.6l,e-Ol 4.510e-Ol 4.50U-Ol 

" 1.1."'" 1 •• 01-01 a."lE-Ol 1.46?!-OI 1.3I4E-Ol 1.29U-ol •• 1"ZE-OI '1.160e-Ol 7.502E-Ol '1.25"e-Ol 7.051E-Ol , t.401l-01 ".'Oft-Ol t.nIE-OI t. USE-Cl '.0161-01 '.Ol4E-Ol 1. 920f-0 1 1.761E-Ol a.603E-01 a.467E-Ol 1. 121E-Ol 
2 ,. tMl-O 1 '.4"'1-0 9.401!-Ol 9.1J4E-Ol '.2101-01 '.206E-Ol 9.nU-Ol 9.0HE-CI'- '.:$13E-Ol 1.'7llE-OI '.651É-Ol ., ,.,. ... 01 '.50'11-01 •• 4'4E-01 9.J6If-OI •• JO,E-G1 '.24l!-ol '.l75E-Ol '.Ollf-Ol a.97U-OI 1.843E-ol '.112E-Ol 
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THI CIST.I~UTION 0' Z-GOMP. MASS VELOelTY - Gl(I,Jt 

0.0 
,0.0 -

ct-.CJ 0.0 0.0 0.0 0:0 ~ 'Oi 
-'.4271-02 -1.3241-01 -1.65IE-OI -1.941E-Ol -2.2~E-Ol -2 5041-01 
-1.6441-01 -2.4111-01 -).OO)E-Ol -'.445E-Ol -1."~01 -~. é-Ol 
-2 ••• ,E-Ol -'.'32f-Ol -'.7'IE-OL~4.700E-Ol -4.604E-01 -,. E-Ol 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

-2.1141-01 -2.0'.E-OI -2.061E-Ol -2.166e-el -l.3al!-Ol -2.4511-01 
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