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© A ABSTRACT /’ : ‘2
S .

The flow pattern'and temperature pfo?ile'have been

simulated for a very hoé-gas stream'en}Ering a cylindrical
reactor chamber which may havé coolgd walls. The simulation
[ " is a prel\minary to calculating the\trajeqtories'anq reaction
histories of particles injected at low'solid loadings into
the tail Alame of an inducfioniblasma torch. Thé numerical
solution brocedure suggested by Spalding and co-workers hqsi -
f been employed. The predictions for thé isothermaF fof% of the
mode | have been shown to agree satisfactorily with the results
of flow visualization in a cold model of the reactor, and with
both numerical and exper%ééntal results obtained by other S
workers. The flgw,of an Argon "tail flame' in the reactor
wi th cooled ualli is predicted’to be entirely different from
the corresponding isothermal flow, dde to variations of the
fluid properties. The heat transfer to the.wajl shows a.

. strong dependence on entry Reynolds number and entry tempera-'

ture of the gas.
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On a simulé I'écoulement et déduit le profi frde
température d'un courant gazeux chaud ou trés chaud pénétrant
dans un réacteur cylindrique dont les parois peuvent €tre
refroidies. Lorsqu'on injecte une faible quantité(de parti-
. cules a l'extrémité de la "flamme" d'une torche 3 plasma,
cette simulation est la premiére étape de |'etablissement d'un
modéle permettant de conﬁ;itre les trajectoires des particules
ainsi que l‘évolutio?/temporelle et spatiale d'éventuel les
réactions chimiques. On a employe la méthode d'analyse .

’ , j
numerique préconisée par Spalding et ses associes. Les

N

/
résultats obtenus dans le cas particulier d'un reacteur iso-
thermg furent comparés favorablement avec,d'une part une
14

/ -
visualisati de l1'écoulement dans un reacteur 3 temperature

. ’ /. ‘.
ambiante, .d*autre part les resultats numeriques ou experimentaux

d'autres auteurs. “ ’ J

Il a été'gonstaté numériquemen(\que I'écoulement

d'Argon de la sortie de la "flamme" de la toréhe a travers
d_,,————-—kr\réacteur a parois -refroidies est entiérement diffé}ent de
| *écoulement isotherme d'Argon 3 travers.le méme reacteur; la
di fference peut s'expliquer par les variations des propriétés

" du fluide. Le coefficient d'échange t fmiﬁue le long des
’ﬂparois varie Peaudoup avec,d'une part la valeur du nombre de

.

Reynolds caracterisant l'entrée du réacteur, d'autre part la

température d'entréee du gaz.
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—~ I. INTRODUCTION

&

A number of studies have been reported in the Iiter- g
ature on the use of plasma reactors for chémléal%production-
and for processes Eequiring thermal treatment in the metal-
lurgical, ceramic, and associated industries, Af least some
of the potential applications appear to have.a prom%sjng future
on é\comnecci$1 scale (43,21). In the Canadian context,
!}nterest in‘chemical reactions Gsing a plasma flame as the
heat source is now centered in the field of metallurgical
operdtions; .the treatment of metal ores to produce pure high
melting-point metals and refractories. Practical application
is essentially limi ted to expensive products, due to the high
installation and power costs associated wi th plasma systems.
One possible technique for heterogeneous reactions, which is
being studied by other workers in this laboratory, fs the
injection of particles at low solid-loadings into the lamiﬁar o
tail flame of an %nduction pla§ma generator. In order to cal-
culate partfcle tréjectorie§ and reaction history, the flow
pattern and temperature profile in the reactorqchamber must
be characterfzed completely. Experimental measufements are
extremely di fficult under these situations, aAﬂ very little

3 ‘"
information is avai lable in the Iltéé%ture, especially for .

laminar flows.
N kY . .
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t \he ﬁresent work presents a method for simulating
the flow Ié\ the reactor by numerical solution of the equations

of conti} ukty, mo t.i on and energy The approach $uggested by

. Gosman and co-workers (17) was employed, using ':upwlnd dif-

fer_enc'es"" to improve stability of the solutl‘ﬁr'i procedure,

B . 8
nThis is described in detai] in Chapter [1, together with the
boundary condi tions and speci/ficatlons of the‘problem.ﬂ The

computer program deve‘la)pec‘!' i$ applicable to any axi-symmetric

y 3

reactor geometry. The simulation was carried outfor a laminar

¢ Yo *
- “”

-tai] flame enieriné a cylindrical reactor with cooled walls ‘
as shownuin Fig.2.1. The geometry assumed here represents a
critical test, since the combination of a sudden expansion
f,ollewed by a sudden contraction with cooled exterior walls

";ives particulerl'y troub lesome boundary conditions.

& Numerical results are presented in Chapter 11l with
the details of the computations. The existence and unnique-

o

ness of the solutions and Ectors’infldencing the eccuraby,
converhgence and s'tabi lityfof the solution roced'u're are
dnscussed Re"sults were obtained for both hemal flow
wcth constant prbpertaes and an Argon tai l flame with a range
of reactor entry conditions. A_ was used since it is a
'cdn!non w'orking-fluid for plasma processes; a dif\éerent\ fluid

would lead to slightly different results. Some predictions

were 'als(o\carried out for isothermal flow in.a simple conduit .

expansaon to enable a comparison with the results obta«bned by

other workers, .using a di fferent fini te-differencing scheme

o
n . .
°
.

Y. “ B ve,
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The validity of the predictions for the isothermal N

form of the mode! was compared with the resultsepfgflow visu-
alization in a cold model 6f the reactor, with s rosseLs:lution
as the working fluid. The Hydrogen Bubble Method wa's used-to

, visualize the flow. The experimental apparatus and techni ques

' \‘? - - used are described’ in Chapter 1V, with a comparison between -’
:f.;j?":; the predicted and measured values of the dimensions of the
DS . \Qm)nar jet entering the reactor and the centerline velocity

o

2

" of the flow field.

Chapter' V presents the-conclusion of the work, with -

’ e recommendations for further work. X .
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I\. THEORY
2.1 INTRODUCTION y ‘
The present work is concerned with flows of very &

hot gases, such as are generated by an induction%or arc plasma’

in a chamber of the geometry shown in Fig. 2.1. 'The cross-

-

section of the chamber is circular. The incoming gas is .
admi tted into the chamber at Section AA',‘flows through* a
sudden expansion and cgntractioh, and gxit§‘at Section BB'.
The gas is chehically inert, and tﬁe chamber walls are all
water-cooled, assumed to be impermeable’and non-reacting.
The procedure for predicting the flow is bas;d upon

the coﬂservatid& laws of mass, momentué and energy, expressed
through partial differential equations'in the general form
applicable ‘to a fluid whose properties vary wlth\pogition.

In the present chapter, these equétjons are developed in
cylindrical polar coordinates for axi-syﬁmetric flows. The
equations are made dimensionless, and then cast into a fi;ite-
di fference. form which enables numerical solution by the tech-
nique developed by Gosman et al (17). In add}tion to the

di fferential equations, aléebraic equatio?s describing the
speci fication of the mathematical problem are derived from

the boundary comnditions and the thermodynamic and transport
' properties of the fluid. The present work is restricted to

laminar axi-symmetric steady flows.

e
.E L
Lhe
ST o oy
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m 2.2 BASIC EQUATIONS . CoL . . :
. \ '>45‘¢u ) !

2.2,1 The Differential Equaticns Based on the Conservation-laws
- (a) Continuity equation - The conservation of mass law gives:
D - A
. v TTP%) - 0 (2.2-1) \
where P is the density of the fluid, and V is the velocity
vector. \
The continuity equation for an axi-symmetric flow
in cylindrical polar coordinafes takég the ﬁorms(for zero
gradients in the 8-direction)} ‘ g“
o A .
o P i)+ & () = o (2.2-2)
® ~ - | )
where,'\;r and Vz are the velocity components in the fand 2
directions respectively,
/
(b) Equation of motion - The general equation of motion .
derived from the conservation law of momé“tum\jn the absence
of the gravitational force takes the form: .
P - -3 -5 (2.2-3)
where 3 is the fluid mechanic pressure, and T the viscous
stress téﬁsor, determined by, for a Newtonian fluid: :
i . ‘ - ;8
@ © - 88 Ga-ineED
* é

&
i <




.\‘ ' o
- 7.
: | . . | ~‘
é; in whith 3 is the shear viscosity of the fluid and {i' is the
. . "bulk viscosity", which is identically zero for low denAsity

monatomic gases, and generally small in dense gases (5). |In

\\ | + view of the above, the bulk viscosity'is ignored so that the

h
éﬂdenotes the rate of strain tensor, given by:

oo - aV. - o
AN . /\A.. - -—L+——-l- A
”}Z\ ij - 2 oA

- : N

and 8 is the unit tensor:

{ fluid mechanic and thermodynamic pressures are then equal.

1 00
4 ={0 1 0
o 0 1

<

¢ The three components of the equation of moAon—vn
cylindrical polar coordinates géi s teady axi-symmetric flows
take the forms:

(i) r-component:

v

» h2

Ary iwr VO e

. (\J"‘""’ P[vf F ’"-_ tv
.V

r 2

(ii) ®©-component:
e WU, . U
(o ?[Vrﬁg*ﬁ_e,-vza L ."?zg_{[,sug?(?g”

av . . v
+g![ﬁ3 : (2.2'_5)

L3
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is the velocity component in the 8-direction (i.e. .

7

A
here, V9

- the swirl velocity), and

i<
(]
ﬂ—
A o
-
)
<
-
+
o

v.

(c) Energy equation - In the absence of gravitational forces,

the general equation of_thérmal energy based on the law of

‘conservation of energy takes the form (5):

SN ’ \ /
A > /
A U - s - A -
P%t- - - v.9 - bvN - I:0¥
rate of gain rate of energy reversible rate irreversible
of internal input by ° of energy increase rate of energy

energy conduc tion by compression increase by
: L .
R .

- QR Q (2.2'7)

rate of energy
input by radiation

A
~

where‘a is the internal energy of the fluid per unit mass,

.q Is the conductive heat flux vector, and -

bR is the rate of energy loss by radiation per unit volume.

1

¢

viscous dissipation




The energy’ equation may be written ;in terms of the
fluid temperature T and heat capacity at constant pressure ép [

by using the fundamental thermodynamﬁéﬂ%eIatiqnships-as follows:

% .
1

and ,
' ) . - - - 0 ~ t
- + -
dH = & dT + (V-1 (%T)B]dp
where H and ¢ are the specific enthalpy and volume of the fluid,

respeqtivély (Vv = 1/p). Combiﬁing the above two equations

gives: ) ' :
‘ d0 = &.dT - ?(Q-Qf)dﬁ b dv *
P > 5 e r
The substantial derivative of U hence becomes; N
g:t' - & 2;' T (%2)5%% ) 3{% , (2.2-?)“
With the aid of the continuify equation, ‘; - - ﬁ(;ﬂi), the

term (gv/st) may beé transformed as fol lows:

&

, ) 1 = A
st L(F) - 'Fint = F(V'-‘D

Sggﬁtltuting this equatlon into Eq.(2.2-8) and the resultlng

>

equation into Eq.(2.2-7) ylelds | g
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An order to. proceed further, it is necessary to
assume an appropriate value for the coefficient of thermal
expéhsion of the fluid, (aclaf)ﬁ. The value used in the present
. ¢

work is)that for an ideal gas*.

- . “
: - R

with M the moleculaf'Jeight of the gas and R the gas constant.

The energy equation hence becomés:

, 3

' g ﬁsp 2? = - v.q+ %%“4 1:9V - 6R , (2.2-10)

Fourier's law gives:

1Y

K¢

1
(2.2-11)

~N

q = -kg 7
where k is the thermal conductivhityfofheheéi€laid.

The rate of energy loss by viscous dissipaatéonis
given by: -

o
-

v Y o= 103 (2.2-12)
X

7As shown in appendix B the actual values for argon deviate

from the ideal value by at most 28X over the temperature

range of interest (up to 10,0009K), but for a polyatomic gas

or mixture of gaseous components it might be necessary to -
use a different coefficient of thermal expansion,



i

where $ is known as the dissipation functlon and its form In

1

cylindrical coordlnates is (5) ’ . .
»~ 2 ~ 2 ~ 2 . An P ’ ~
: v " d _ A 3V ') 3V
= 20D + (D) + (558 ) - %(v._\!_)[g'rc + -+ 558
- v a‘\? 2 2

. 2 oV '
3 R e )
Substituting Equations (2.2-11,12) into Equation
(2.2-10) yiefgs the final form of the steady—stafe energy

~eqﬁa‘tioq:

. v ’ ° « \ \ ) 4
~ [ -— ~ LA h—h ~ ~

Pep (L) = T.0k 9T) + (L.9)B + 18 - Qg (2.2-14)

For an ‘axi-symmetric flow in cylindrical polar coordinates,

the enerdy equation takes the form:
o S - - ¢

aT , & \\\\\‘;;ﬁ‘\‘jx '

Fcp(qrﬁ+vzg) aT(rle)+i5( 35

(v R § %g-) 08 - (2.2-15)

»

) . P
Krey and Morris (26) have reported, determinations

of the radiation properties of the.gases commonly used in
plasma applicatioﬁs. including argon, nitfogen and oiygen,
For temperatures in the ringe of interest of the:-present work,

it was found that all the gases could be regarded as "optically

:
: .

\
/ ’
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thin': - i.e. there is negligible absqrption of thermal radi-
ation from an element of the gas by surrounding elements.'
Assuming that the fluid is optically thin, all the energy
radiated by the gas is absorbed by the walls; the. heat lost

by radiation may then be exptessed as (59):

{(2.2-16)

25 4, ,
n Tw ) \

6R - hnc(nth
where % is the absorption coefficient, o is the Boltzmann
constant and n is thérrefracttve index of the gas.
(d) Closure - We have now introduced all the d/fferentlal
equations derived from the conservation laws, which regresent
the foundation upon which the 6resen2 predictlon procedure

is based. these equations are

in -the followlng section,
presented in forms made dlmenslonless with reference to the

inlet conditions,

Dimensionless Equations . ( ' .

2.2.2
r
The quantities in the above equations can be made -
dimensionless with reference to the upstream dlameterrbo,

the mean veloci ty Vo and tbe inlet fluid pr?pertles ué, Po’

oo ko' to give: ‘ a



here, T and T  denote the .fluid temperatures at'the inlet

and the wall respectively. The equations (2.2-2,4,5,6,15)

become:
, h )
13- ‘ :
v SRpr V) ¢ pv,) = 0 (2.2-18)
2
av v v av
r r I : 2 =
PV - T+ Vo5gt) = - 3R Ry FRUMEEE - 5T
v aVv -
r _2- r
- o -2 - ST SR 57 (2.2-19)
/ v, V.V av v h
r | ] 3 3
PV s TR, 5 = g g aee O )
{ H (}
. 3 AVQ
3z (W33} (2.2-20)
Y av - av,  aVv
1,12
PV s+ Y, 5580 N - 3 S iR e )
Lol 2; |
+E @G- 37 y_)]} (2.2-21)a
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3T , v ALy L 12 2Ty . 3 al
PepVe 37 * V83 = merrlrdR(r WD) + 50 )
4 PRV 2R 4 v 28y 4 LB gk g (2.2-22)

rar 232

%

where Re is the Reynolds number, Pr ls the Prandt! number

and Br is the Brinkman nuﬁber. deflnjp by:
L

A

L . > . ’
Re = pODOVO/uo \ ’ (2.2-23)
< Pro= uoc ok \ ‘ . (2.2-24)
. 2 ’ "
Br = “ovo‘/ko(To-Tw? 1 (2.2-25)
and
= 12 AP |
7.y = (V) + 5 | (2.2-26)
V.2 V.2 av |2 aV. V. av
- 21—t L —2 s 2Tyt 4 L
¢ 2675 ¢ (FE) ¢ (3R ) - SR ¢ R
V. 2 2 AV 2 - av, 2
] r
s e 5B R e R+ g (2.2-2D)
" 2.2.3 The Intr I of Vortl Str F lo

Although the differential fquations presented in the
previous section contain all the background'for the problem,
fﬁey are not in every respect convenient to work with, for “
they contain differentlals of the pressure as well as tho;e
of the velocity’ components, which are all unknown. This defsct

L]

can Ep(rémedled if most of the terms Involving veloclity are .

” [
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expressed in termslef the stream 'functlon, and the ve‘rtloi'l t‘y
is introduced as a main dependent varisble t; remove the
pressure from the e:aﬁatvlons‘by combining the‘tvo};equatld.ns\
(2.2-19) and (2.2-21) into one.

The scalar dlmnsionlesc: s tream functlon vy and

vorticity w are defined by

\ ‘\

. ( ~
A - ‘ :
. = -!-ﬂ " ¢ ' {
sz A ' (2.2-28)
‘ | o
- PV, vy | (2.2-29)
av av ‘ -
' a —L . -2 \ - .
- w z " 3r (2.2-30)
These definitions lead ;o: ﬁ;\,
3
-1 ....b.t - -
R P"%’ tw.o=0 (2.2:30

.
Soa

.
M e

=

Upon the introduction of the stream function

L

equation (2. .2.20) becomes o
\ w - R

3 3“2 <
{3:=tr vdS% $+ir vgih} - K'{S'{' 3z ‘g)‘
> % 3,__(_2)1}  (2.2-32)
4(7
The equation for vortici ty is derived from the “two
equations (2.2-19) and (2.2-21) by dlfferentlatlng the first

with respect to z and the second with respect to r, and then

w

~
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" subtractirig one from the other. . In this way, the pressure T
is removed entirefy arfd Tfter the rearrangement the equa-
" tions take "the form. ‘
w& _d W _1 3 .32 (v 3 r.3; w
& ar arer az } R" {az[" ’a'z'(”‘F” *arlr 'g-r-(“ r”} .
» L\‘ . l € .\ ‘ .
o 24pv2) 4 2 N T
. o.'-r‘%;_-(fvg)+rsw-0\>., o (2233) T
' - L Py2_y
v{here‘ Sw - ¥ 4 [r vr . zar PV ) *. V pV )] .
< . ca ' -e ﬁ . [ J 4
' +'5F°r'vrz"vz§-r'(Pvr‘)+Y L(Pv 1
2 v, 2. av
22 5= - ._z. C) —2
N Re {azar[“ ( )1+ azit“ ar ]
’ . ) Y av ” v, )
Tl T Mo, 13 _.r.
ar (r g_r'(r 3z ) +2 r Az 14+ r az["‘(ar )]}
. ST e s (2.2230)
’ The energy equation (2 2-22) becomes M
. " ] ¢ :
‘ 12, a. T J >
e !'a— TS - ReFr ;;E"“'l + i) =
' /‘\ . . . ] PN *
e ° o s b Br . . b (2 ' :E
”*‘é&‘:‘ : s - F_F'.e r “" + I'QR } . 020-35) ,\é
- . , ) e o %
: J :

s
2
°

.‘ .
H
3
(-3
7
N
'
s
mﬁf&v‘;y’(—.‘éd«mﬁ“\ -
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* the form: '

A R L At T o .. T ""T:":’;’;’ cd&f/, AR
. H

: e - l7 !
v . . ’/
. B 2 .
LAV v v, 2V
where g = - ReprV, (v,,alr -2y, S-;ﬁ) + V(YR + VR
e [{"' 2901+ 52 .

’ RN

- A M2 =

+arlruv(2 55 - 3.0+ vz(g;l + )}]
ey e 2y 0 2% 25

3l u{v.( Z+ =)+ v (2 3 vV

. ‘ 'f ' R (2.2-36)

Ar}!"these four equatlons {2.2-31,32,33, 35) have a

similar structure and are found to fit a general equation of

L4

b

¥

al&lw %‘!‘T-"g';[m -§-§]} - £1b 2= (co) - &0b 'g?(C¢)] +d=0

. e Ceee.l2.2-37)
ifo is taken as the de?:endent variable, and a,b,c,d" represent

various functions. The forms of these functions' are showm In

" Table 1, This table shows clearly the .similari ties and di ffer-

ences between the Hifferential equations lt is thelr simi-.

\larnty of form which renders all the equations soluble when

4

a solution procedure has been: found for one of them. The

following section presents a nunerical solution - for the

.general equations (2.2-37).
)
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consequently, the distributions of velocity and pressure may

19 R
2.3 NUMERICAL APPROACH _
2.3.1 Introduction .

The partial differential equations presented in the
previous section are highly non-linear and coupled in various

ways. Hence, they are too complicated for an analytical

‘treatment, even under the most simplified cases, such as

isothermal creeping flow. An alternative approach lies in
numerical simulation using fini'te-difference methods. The
solution procedure is as follows:

(i) Attention is » confined to a finite number of
points distributed.throughout the flow fiéld as the nodes of
a two-dimensional grid at which values of the variables are
calcylated. The grid is so arranged that the bpupdaries of,
;:he flow field coincide with the outermost rows or columns.
The| nodes are chosen to be numerous in the regions where the
gra ie;)ts of the variables are steep, and more widely spread

where gradients are small,

)

.’
(ii) The partial differential equations are replaced

by set of si neous, algebraic finite-di fference equations

which relate the values of the variables at each node to the _

\
values which prevail at nei

(iii) The algeb

form suitable for solution by an iterative, successive-substi-

ic e\qqatlons are recast info a

tution technique. The Gauss-Seidel technique is selected for
this purpose, for 'i\t is known to yield a rapid convergence
(17,34,42). The solution will yield the distributions of the
dependent varjables w“,‘,; VO’ ¥, T thrt;ughout the flow, and

!
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There are two common ways of deriving fini te-difference

be obtained.

equations from di fferential equations:

(1) "using Taylor serie® expansions

(2) by in'tegration over finite are.as, together wi'th

‘assumptions about the distributions of the varlablgs

be tween the nodes of the grid. ' .
The first is more popular, and has been used, for example, by
Macagno and Hung (29) to predict the isothermal, laminar flow
of a Newtonian fluifi wi th uni form properties through an
axi—synmetr‘ic conduit expansion. The second method is
developed by Gosman and co-workers (17) and is chosen for
the present work because it ensures that the conservation laws
will be obeyed over arbitrarily large or small por"t{ons of the
field. It also makes-use of the upwind-di fference techniques,
developed by Cpurant et al (10), in place of the central-
differences. Xn‘unber of workers (4,6,!0) have shown that
the upwind difference form improves the stabillty of the
solution procedure greatly.

The. fol lowing sections present all the successlv?
steps which lead to the replacement of the differential equa-
tions by a set of simultaneous algebraic equations and their

successive solution procedure.

N




2.3.2 rivation o Finite-Difference Form of the General
erential Equation '

y ‘ Fig. 2-1 displays a part of the grid network, showing
a typical no/de P with eight surrounding nodes N,S,W,E,NW,NE,

SW and SE. The integration of the differential equations (2.2-37)
is performed over the area enclosed by the dotted lines which

lie mi&way between the neighbouring grid lines, as follows:

1M af3te 2B - 3o 3 azar -
S w

r

3 )

z , \ . A
"™\ ¢ {35(b 3xlcol + 2b o))} dzar + \," ), ddzdr = 0
S S w

Zw

]

ceee.(2.3-1)
With the assumption of a sui table average value

for a, which may be the value at-the centre of the rectangle

P, the first integration can be performed to give:

: ) a4 _ b - B
a'{5r5[°’°(§%)e 7,(3P) 1 dr Szw[?’“(az)n 053D 1 ¢z
. convection term
r , z,
-Br [be('g;(Ccp) )e- bw('g;(cv))w]dr - Sz [bn('g?(c:p))-_ bs(gv;(cq)))s]dz
s - *w
diffuglon term
‘rn z, / )
+ 3 \ ddzdr = 0 . (2.3-2)
s “Zy )

source term
%

1
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In order to proceed further, additional assumptions

about the 'distrlbutlonls of the variables be-tweer; the nodes of

the grid are required, The assumptions will differ according
to the nature of the terms, so that each group must be consi-

-

£ / de'red separately.

(a) Convection term: consider the first integral of the four

in the convection term, ‘which we denote by the symbol I :

(

;
n ) )
s at -
le 2.9, Srs\ Pe (z,r)e dt . (2.3-3)

If both ¢ and y are well-behaved functions, then

there ‘exists an average value of Yos Say ;e’ such that:

. rn 4
| @ (2Y) dr
, 7.~ & S"s e ~ 19-/:3-*-— (2.3-4)
T ~oe "n (28 Yne™ Vse .
AT G
g e . , _ _,
therefore:’ lg = a5 ¥ (Ve = Vse) (2.3-5)

-

To express Ee. V.o and ¥ in terms of values of

n
the variables at the nodes of the grid, three assmiptlons are

made: ) ) .
‘(1) A/ssume that @ is uniform wi thin each rectangle,
- and has the value which prevai Is at the cent're of
‘the |;ectahgle. > “

&

hY

®
&Y
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‘eq.(2.2-28), and hence to (tne-\t

24

(ii) @, takes on the ®-value possessed by the fluid
upstream of the e -face of the rectangle. Thjs is the
implication of the "upwind differences" It is
important to note that the direction of the flow
across the\e-face is connected to (at/ar)e b .

se)s in particular,
if the latter quantity is positive, the direction of
flow is from P to E, and it fol lows ;het 3 muis t

be equal to 9p- |f, however, (¥ ) is negative,

ne” ¥se
the flow is from E to P, and ., must then be equal
to of. The quanti'ty 'c in eq.(2.-'3-5) may now be

expressed by : N

v

Vel ¥
o ~ aplug{-me—20

X

n sel} "v

SRR TR
+¢p{ ne se ne

~

' N
se|}1 (2.3-6)

This form ensures that one of the two terms in ¢

will be zero, and the term which remains will be

that which represents the contribution from- then.:

node upstream of the e-face. J u _

(iii) The value of the stream function at a parti- N
cAulgr corner of the rectangle is assumed to be equal

to the average of the values on the fou!; nel ghbouring °

nodes;:
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Ve = Tligg*¥p*tiptig) ¢ (237

The other three integrals in the convection term
.may be treated in a similar way. The convection term in
eq.(2.3-2) can now be obtained by suming all four integrals.

- After rearrangement, it takes the form: "

+ - ' + -
lcond® ™ (Ag®p - Agwg) + (AW - chpw)
+(AN®p - Aymy) + (Agwp - Agwg) (2.3-8)

a < ' N
whe At = ZPrivue- + ju- ¥o) + - + Yoo
re . Ap = gllyyg- ¥sg* Wy ¥s) + lwyg~ ¥se* Wyoo¥sl]
- « 9p t
Ae = - g lCOage- ¥get Wy~ V¥g) - [wyg~ V¥sg* W ¥sl]

e « 9 " 5

- I*‘ a . ¢
Ay = - Bt Yot tnm tg) T [yt tey® Wy ¥sl)

£

u

a ' , .
Bt~ Yow® W ¥s) + Dhay = Vst % vs i)

' - ' a . . ¢
- LUE" Yt Vet W) - Des Yt Y- Wl

wh Yem W) ol vem Yt Ve Ywld -

>
- 4

|
x
-
- 4
m

-
x

i

a » - : u
Follhe Yoyt Vo= W)+ Vsem Vot Yem Wil

G1

. ap )
- g g Yoyt Ve ty) - Ihse™ Ysw* Yo twl]

'@ | . “ T (2.3:9)

>
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At may be observed that the A's can never become
negative although they may fall to zero. This is one of the -~

features which enables a convergent solution procedure to be

obtalned. In each pair, such as AE and AE, there Is alw&ys

one positive term while the other is identically zero,

v 73
(b) Diffusion term: consider the first integral in the
di ffusion -term which we denote by id: )

r { ' ?
- n ™
Iy : xr be (2=(co) )dr (2.3-10)
s - . : (ﬂ
Assuming that: be - %\(bE + bP) , (2-3"{)“ (/ﬂ),
1 S , : B b
) ‘Ce®p - Cp® ¢
and ce) o CETE PP (2.3-12)
o ¥4 ZE - ZP . t .
- ’ ' a2 \

. the above integral becomes:

B - l 0- bE + bP CE?E ~ .CP¢P rN- rs‘ (2 3-'3)
“ d— i . zE - zP . 2 L] :

The other integrals may be evaluated in a similar
way,' and the sum of all four integrals will yleld the dj Ffusion ~
term, which is: ‘ |

Yaier = Bglog®g - cpwp) + B (c @, - cpPp),

>

+ By(cy®y - Sp¥p) + Bglcg®g - cpPp) (2.3-14)
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a8
o= mﬁfﬁ

1 ,'1 27 ‘
' b + b; ry = &
| . where Bg = 3 “J . N. 3
. ZE - ZP
Yhy kb Ty - rs
w = l" * ZP - ZN . ‘
’ B = by + QB . zp— 2y }
' . ’ be + b Ze -
B, = . S l’ p. ZE " *w
P ~'Ts ~
! (c) Source teri: the final integral to be evaluated is:
. ‘\ ’
/ “. "n Ze ' ) 2
| : d dzdr : EE (2.3-16)
o sor Brs Bz - :
.(\V t ”
- : ‘ ,
\\V) > With the assumption that the quantity d is uniform
) {\_,mkxé;er the area of integration and takes on the value at point ,
_gf P, the above equation may be integrated to yield: -
v A { - ' -
T | |
\ : 2, - 2 ry - r . .
- E- W N S. -
- v lgep m dp s T %5 (2.3-17)

- -7 The integration of the general differentiél equafion
is now gompiete. By summing the terms using eqs.(2.3-8,14,17)

“we have:. ' ‘ i

“ . L [Afop - Apwg) +/(Aspp - Agmy) + (Aywp = Agay)

- ,
+ (Agep < Agus)] - [Bglogwg - cpvp) + Bylcyay - cpip)

= + Byloywy - cpop) ¥ Bgleghs - cpmp) + d

‘ | : ) ,
t

(zg-2)(ry-rg)
P‘_L,‘lo P

B
e

= 0




f. "Rearrangement ylelds:
‘ | : ,
. ) s
Pp CePp + GRy * Cy¥y * Csg + D (2.3 Ig)
where CE - (BECE + AE)/EAB 5

G = (Bycy * A/

Cy = (Bycy + Ag)/5ag

(2,3-19)

. ‘ Cs = (Bgcg + Ag)/npp

L 3 ﬂtz('n - st

P TaB

-

+ + + +
°  wtag = (Bg * By + By + Bg) cp tAp + AL+ A+ Ag

The general differential equation (2.2-37) has now

been replaced by the algebraic equation (2.3-18),-a successive ~

L
N

substitution formula which forms the core of the solutloq
procedure. However, tﬁis formwdla can now only beqapplled at k
the interior nodes of the grid, rfoi' it was derived from the)
general di fferential equation which describes the flow only :
wi thién the boundarles'. In order to complete the problem, ‘ :
addi tional substitution formulae are required for the‘nodes‘
which lie on the boundaries, and this will be presente/d.ln

section (2.4).
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2.3.3 Solution of the Set of Algebraic Equations \
Succéssive-substl tution techniques are emgloyeJ to - :

solve the set of algeta;alfx; éqm;ations for ¥, w/r, 'rVe and’{T,/

" having the general form represented by eq.(2.3-18). In/}(al

guesses for the values of the variables are substituted)into

the successive-substitution ;‘ormul‘ae (2.3-18), and new values

are computed. These values are used to generate 'guejsi'.es for

the next iteration, and the process is completed until no )

further changes result in the depéndent variables. Relaxation

factors, ap, are introduced to stabi lize and improve the speed

of convergence of the computations as fol lows:

o

| ¥p = w';,'" + ap [9p" - ‘me-h (2.3-20)

J

where the subscript m denotes. the q\th value ca lc)d'lated and
o denotes the value 9 caléulated by .using eq.(2.3-18).
The iteration will be continued until the following

condition is satisfied for all the dependent variables:

7
~

1 ' ¥
|9p - op /oy s A (2.3-21)

i
&

In which A is the convergénce criferion, and ?, represents

the reference values for the dependent variables.
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- @ 2.4 ADDITIONAL ALGEDRALC EQUATIONS . . = )

R Thls sactlon complates the mathematlcal spoclflca-
- tion of the problom by presenting the oddltlonﬂ algqbulc
equatlons which embody thé boundary condi tions of the problem.l,
and which link the varlous dependcnt variables toqether by
means of the thermodynamlc aJransport properties of the
fluld, , *

2,41 Boundary Conditions
. — ' ¢ 2 \‘ - I
Presented below is a set of boungary condi-tions L

c,\‘

‘that are encountered in pracitical circumstances, used for the

£ Y

present Investlgatlon. Other conditions are possible,

(a)

entering fluid Is Known, so that the dlstali:utlons of temper- . = =

In most cases, the condition of the

" ature, sfelocl:y; etc. m-y be specified. From these, the dis-
tributions of stream function and vorticity mey be deslired.
The present predictions are obtolﬁed for a laminar flow
I entering rthe field of ca!_culat’lon, so that the veloclity dis- ‘
tribution.at the inlet takes a pariizollc form as follows: |
- i 0 / (2.4-1) !
.and - F

V= 2vgll - (ﬁ;)zl \ L (k)

L where R, Is the radius of the inlet, 0 /2. Hence, the dimen-
. sionless velocity components are: | '

° ¥y

"
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?
V. = 0 — C (2,4-3) ;
L 2 . T
v, .= 201 - brf) . ‘(z;z.-u)
. v
Consequently, the dimenslionless vorticity is given by:
. ’/\\ N
4 = e ‘ (2.4-5)
The temperature of the entering fluid is assumed to
be Uniform, except for a thin layer adjacent to the wall,
From the definition (2.2-17),.the dimensionless temperature
takes the form: ‘ , . ] \
.E:i}{% ' . 2 '
T = | ’ (2.4-6)
. j )
With this assumption, the fluid density is cohstant at the
inlet, and the stream function can then be derived from the
velocity distribution (2.4-3,4) %o yield:
)
V- rz(l - 2r2) * (2.4-7)
where #f"iféﬁbtes the value of ¥ at the axis-of-symmetry (r=0).
‘ ) oA N
(b) At the walls: The walls:d¥e characterized by a no-slip g
condi tion: G
) V, = 0 ) (2.4-8) )
3 & ‘ .
- |
- .
' P
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and by the ¢ondi tion approbl;ibte,}b an impermeable boundary:

V = 0 = (2.4-9)
Hence the value)of the stream fm;tion is constant o;rer- the
walls. / .

The walls of the: reactor are‘ kept at constant
temperature by being water-cooled, The dimeqsionless temper-
ature then takés the value zero as defined in eq.(2.2-17).

_ The vorticity at a wall is not often known at the
start,” so tha’t the boundary condi tion for vorticity must be
deduced From the other information, which is the no-stip
condition at the wall. Gosma-n et al (17) derived a boundary
condi tion for vgrticity at the wall by assuming thatl gradients
of vorticity in the direction parallel to the wall are much

smaller than those in the normal direction, and that vorticity

’ \aﬁd densi ty vary linearly near the wall. With these assumptions,

they showed that:

_ " |
= 9, *9, (;r-)nP ) (2.4-10)

i< <

where P indicates the value at a node on the wall and NP
indicates the adjacent interior node, as shown Iin Fig.2-3.

The functions g, and g, are: l

J |
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for a wall '‘parallel to the axis-of-symmetry, and reduce to:

Bk, ¢ .

(2.4-11)

¥p - ¥np
4 g' - f t

N p rznﬁp(-g-g + %QOF)
' P op: T (2.4-12)
g, = _EtE )
2 Pp . s5a
a

for a wall normal to the axis-of-symmetry. In equation (2.4-11),
Rw denotes the distance of the wall from the axis-of-symmetry,

NP is the distance along the normal between two points P and

NP, and apP= Pyp - Pp-

(c) On_the axis-of-symmetry: Along the axl§-of-symmebry of

the flow, the stream fundtion ﬁust have a constant value and,
for convenience, this was taken as zero. This condition
expresses ‘the fact that the radial Eompongpt of velocity must
be zero at the axis, following th;\law of mass continulty,
Moreover, since the axjallveloclty is ‘finite, the

definition of stream function (2.2-:28) implies that the gradient s

. , '
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. of § with respect to r must tend to zero at the same rate as 3
{ . ]
r near the axis. It follows that the ya r distribution is -

) ) A

parabolic in the immediate vicinity of the axis. From the

symmetry requirements, it must take the form:

¥ -1, o~ Arleaet , ‘ L (2.4-13) .
where A and B are constants; for fixed/ This equation,
together wi th the definition of vorticity (2.2-30) imply that

the vorticity at the axis must be zero. On the other hand,

/ w/r is finite, and takes the form: '
- w 88 ’
= = - . (2.4-14
. (r)P Pr . )
4 ~
Assuming that equation (2.4-13) holds at the interior
nodes which are once or twice removed from a node P off the -
axis of symmetry, denoted by NP and NPl respectively, as shown
. . ,
in Fig. 2-4, the value of the constant B can be determined and .
eq.(2.4-14) becomes: -
o
(v ’ - wp)rdo - (4 - wp)/rd
w 8 NPI P’' " NPI - NP P’" NP
) = ‘PF[ ¥ 5 . )
’ P rep - r
NP T "NPI . o
‘ o ceees(2.4-15)
For reasons of“?&ntinui ty, the gradients with
I
. respect to r of temperature apd of the axial component of
: velocity, i.e. aT/ar and avllar,'must be zero at the axis. v
§ . r " A three-point quadratic approximation for the °first derivative g

yields: %
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Vp = T Ve - == Yy, wpp (2.4-16)
NP NP TNPI NP
2 2,
r '
T. = NP1 Ty (2.4-17)
P 2 2 N "’i"‘"“Tr " NPI .
, NPI NP NPt - TNP

(d) At the exit: The distributions of the variables at the
exit are not nbrmally known. Fortunately, it is recognized

4

that the exact nature of the downstream conditions has little

’

effect on the 'solutions of the equations (17,31). " In this
work, a special sort of gradient condition is applied at the
exit: the streamlnnes are taken as parallel to the duct walls,
and all fluid prppertnes are taken as uniform along stream-
lines. This implies that the radnal veloci ty and the gradient
of the dependent variables norn'\al «to the exit bogndary are
zero. A three-point quadratic approximatjon enables the

P

evaluation of the exit value, Pps from information at two nearby

nodes along the-,normanl as follows .
n 2 : n
' __"NPI - NP
% = g 7 1oy - L 70 onpy (2.4-18)

"NPI ~ NP, "NPE T NP

where subscripts NP ar;d NPl refer to the two adjacent points,
as shown in Fig.2-4, n is the normal distance from the boundary.

and op stands for Vz, v, (-'F") or T,
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2.4.2 Thermodynamic and Transport Properties of the Fluid

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

be solved for T, since it contains more than one unknown: the
temperature T and the fluid properties p, W, cp and k, which
in turn, vary w{th temperaturé. Hence, additional thermody-
namic relationships which connect the fluid propert{es with'
its temperature are required. In the present problem, large
variations of the fluid properties are°expecied throughout

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

These thermodynamic and transport relationships become much

[

.more’ 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 material at low temperatures. This problem has
been studied intensely by various workers (2,7,!2,!3,30,&0,&7),
and most of the thermodynamic and transport prépertfes of gases
at ve}y high temperatures have been computed theoretically since
direct experimental measurements'at such temperatures are not
feasible.

'Appendig A presents the data used’in the present
ﬂwork for densi ty, viscosify, thérmal enthalp aéd conductivi ty,
and heat capacity at constant presshre for Argon at temperatures
up to 15,000 °k and atmospheric préssure. Values of density
and heat capacity at constant pressure, and those of viscosity,

thermal enthalpy and conductlvit{r at temperatures below 5000°K,
) .
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were calculated theoretically by Amdur and Mason (2) using
statlstlcaf mechanics and kineilc theory combined with the
molecular beam scattering techniques. Values of density and
viscosity for Argon from 500005 to IS,OOOOK were cowputed by
Dre-1lishak et al- (13) using tabulated data for observed atomic
energy levels to calculate thé internal partition functions
for the Argon atom ;nd the flrst four Argon ions.

Lagrangian four-point-interpolation was used in the
numerical predictions to obtain the local properties of the
fluid in the flo}kfield from the tabulated data.

2.4.3 Heat Loss by Radiation

¢

.When the gas temperature is very high, the radiation
heat loss from the hot gas core to the confining walIsA;ecomes
significant.' The mechanism of heat transfer by radiation in
an absorbing, emi tting and scattering flui& is extremely compli-
cated. In section (2,2-1) iyt was shown that the radiation heat
loss may be predicted approximately by eq.(21é-16), based on
the assumptions that the fluid {s a nonQparticlpatlng medi um
so that the walls of the reactor absg?b all the energy radiated
from the enclosed gas. This requires a kqowledge\of the - .
abso;ptlon coefficient and refractive index of the fluid
throughout the temperature field. Anoth;r alternative appro;ch
lies in the experimental results. Considerable experimental

work has been reporged on the total l%ne radiation loss for.
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* with temperature so that it rapidly becomes significant at

“ﬁitrogen, Oxygen, Hydrogen and Argon piasmas. Appéndix B.
'preéents the results obtained by Krey and Morris (26) for
Argon at temperatures from 9000 to IS,OQPOK and at’atmo§bherfc
pressure., |t shows that the radiation heat ggss is negligible
at temperatures be low lO,bOOOK; but increases exponentially .

1]

higher temperatures.
2.5 CLOSURE i

In the present cﬁapter, the problem has been des-
cribed complegely through the basic differential equations
and the boundary conditions. The differential equations have
-been reduced into analogous algebraic equations, with a pro-
cedure of solving them. The next chap§§r presents ‘the numerical
solutions obtained for the systems conside}ed,Kthh the aid

of the digital'computer. ,
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111, COMPUTATIONAL PROCEDURE AND RESULTS T
\% *
3.1. - INTRODUCTION
’ N
J Solutions were obtained for laminar flows.within

the axi-symmetric conduits illustrated in Fig.%), in the
absence of swirl (i.e. Vg = 0). .The geometry shown in ngu(e
il was chosen as a possible design for a high—temperéturé

heterogeneous reactor, while the simple expansion 6f Figure

3®b was included to enable comparison with the Its of

other workers (22,29).—’Numerical'solutions were obtained for

1

two:diséinct cases. In the first, which will be called the
isothermal approach, the working fluid is at uni form tempera-
ture and has uniform thermodynamic and transport properties:
throughout the flow field. In the second, or non-isothermal
approach, the flow of a hot gas was considered, whoseppoopertées
vary with temperature ;nthence with position., The calculated
streamlines and contours of vorticity and temperature are
ﬁresented in this chapter. as functions of the ﬁeynélds number
of the entering flqw.' Results obtained for the conduit expansion
presented in Figure 3ib a’are compared with the numerical ‘solution
of-ﬁacagno & Hung (29)? Details of the computationél'procedure
are presented, together with the discussions on the existence

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

influence the convergence and accuracy of the procedure.

-
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3.2 EXISTENCE AND UNIQUENESS OF THE SOLUTION’

The problems of existence and uniqueness of sélutlons
to the'fartial Di fferential Equations of fluid flow and their
analogous Finite-Difference Equations aré far from settled
(2,3,4,38). Since the boundary conditions and equations
considered here clearly correspond to real physical situations,
heuristic reasoning suggésts that existence is not a problem:
itis nea;onable to.assume that any numerical solution which
proceeds from a physically reasonable initial condition must
exist.

The question of uniqueness of an attained numerical
solution is more worrisome,‘simply because there exist some
cases, physical and purely mathematical, in which the steady-
solutions do not/possess u;iqueans (1,38). In the present
investigation, as a means of testing tke uniqueness of the
computational solutions, different sets of initial conditions
were applied to the same flow. Were the system computationally
unstable, or non-unique, they would fail to converge to the
séme final solution. The results of these tests showgd that
the same final solution is attained; within reasonable accuracy,
for flows under precisely the same circumstances buE\ﬂhvlhg
different initial conditions. This is regarded as confirmation

|

of the uniqueness of the solution,
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K | 3.3 FACTORS WHICH MAY INFLUENCE THE STABILITY, CONVERGENCE L
| AND ACCURACY OF THE COMPUTATIONAL PROCEDURE T
4

t - s
B 4 S )
DT R A o YL Y A

..

e 3.3.1 The Influence of the Initial Conditions >

It is obvious that the closer the initial guesses
of the distributions of the variables are to the final solu-
tions, the fewer will be the iterations required to.reach the
solution., The procedure followed was to start wi th an approxi-(
mate flow pattern as the Iinitial condi tiony for the lowest
Reynolds number in th(i working range. The final solutions
were then used as tl;(‘éi:ﬁi\nitial conditi‘ons' for calculation with .

a higher Reynolds number, and so on.

o
Vi

3.3.2 The Influence of the Boundary Condi tions

///thﬁ;s been obserted that the specification of

IS

computational boundary conditions, besides affectit'wg numerical {
stabili ty, greatl/y affects the rate of convergence and accuracy

of the finite difference equation Solution (17,33,34). In
particular, it appears that when the boundary condition for

a dependent variable is in.the ;"orm of prescribed gradients

(such as for vorticity), convergence is significantly slower

’ (17). This effect results fromthe upwind-differencing scheme,

o
|

which causes errors in a given ‘initial approximation to the
> ~ final solution to be diffused andrddwdcted in the direction
of the velocity during the iterative process., When they reach

thel boundaries of the flow, the error vanishes i f the value

.

? * of the variable is specified, /On the other hand, if the boundary te

1‘
. . ’
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'/ condition is of prescribed normal gradient, a portion of the

error wi)l remain and di ffuse baclé into the interior field

during the next cycle, This may be the reason why the vorticity
equation was found t6 converge sdowly and, under some circum-
Jsbtances, diver'gence occured. There are two remedies suggested
by Gosman et al (17). The first is under-relaxation, ‘which
. wi‘ll be discussed in the next section. The second is the
removal of the wall vorticities from the substitution formula

(2.3-18) for the near-wall nodes by once-for-all algebraic

- o ‘elimjnation. Thus, for example, for an interioer node P which

> | lies adjacent to a wall node N ?ishown in Fig.3.2, the following
modi fied substitution formulae must @d for the evaluation

of vorticity, ‘'using the bdundary condition (2.4-10): -

R AMALL * Gw/r)y + Cylg)ly *+ Colwir)g + 0
e T = Claaly ”

R - -

00000(3!3-1).

The wall value, (w/r)N, ‘does not appear explicitly, for it has

been eliminated through the use of eq.(Z‘,h.-lO) .

T

-'3.3.3 The"Influence of Vorticity at the Sharp Corners

»
The #5117 vorticity is an important parameter, since =

at no-';lip boundaries vorticity is produced and advected into
the flow ff—eld.ﬂ In particular, the computational conditions

.for vorticity at the sharp corners B and C shown in Fig.3.2.

-

4

requi re special considerations. The vorticity at the exit
.ﬁ corner C presents no important problem, since it is found to
have little effect on the solutions of the flow field within

\&he condui t. However, this effect Is critical at the °ﬁrotrudln§

-

- ) »
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' . corner B. There arevseveral alternatives for the evaluation

» f
of (w/r)B,_for there is a discontinuity in vorticity at this

e

geometric sinaularity, and the no-slip wall conditions for

vorticity can be applied in a nunber of ways. Seven different

-methods ha\-’i been applied by various workers (17, 18,20, 23,29,

31,32,33,34,42), five of-which were more or less successfud

(34). Some involved rounding off the corner, whereas others

involved using upstree‘am wall values or otherwise Biasing the

\ , results toward the usual anticipation of separaé}on occuring 5
\ at the corner, However, the correct formulation is still in
" ' question’and no generally applicable results has been decided.
in the pﬂresent’ investigd(ion, three dlffere“nt me thods used by
- Macagno and Hung (20,29), by Gosman et al.(17,31) and by -

Roach and Muller (33,34) were tried. The most appropriate .L
form was selected from the results of ﬁ!\we’flo&v visualization ’
studies, presented in the next chapterlr. "1t was found that
the most reliable predictions resulted frbm the use of dis-
con’t“inuous values for vorticity at }he"corner B as suggested
by Gosman et al.(17) and Roach an&Muller (33,34). Referring
to Fig.3.2, when (w/r)B is needed in a substituthn formula '
about node (1B,JB-1) upstream of the corner, the value is
obtained from the boundary eq.(Z.k-lO),]f considering the carner

.as part of the upstream wall. When (w[r)P is required for the
‘node downstream from the &orner, (IB+I,;?JB), the value Qf (wlr)P
which is evaluated by corisidering the c%:rner as part of the

‘ exg’andéd.wall is used. This bo.undary c?ndiﬂon was found to

( 1

L X \ ' ;
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yield a slight contraction in the enterl:g jet beyond the
pro‘truding cornér for Isothermal flows at Reynolds numbers
from 40 to 100. The flow visualization study described in
Chap/ter IV indicated that the edge of the recirculation region
starting from the sharp corner is in fact very straight in the
vicinity of the corner. Hence this form of the boundary con-
dition was only used for the low Reynolds number isothermal
flows and for the non-isothermal runs. For isothermal flows
with Re > 40, the method of Gosman et al. was esed, in which
(w/r)B is not used at all for the evaluation tff" vorticity at
the downstream node (IB+I JB); instead, ("'/r)IB-H Jg was
determined from eq.(2.3- 18) wi th the stipulation that the
valye of stream function at this point is the same as that

at the?'corner B. This particular boundary condition assumes
implicitly that recirculation occurs, but this is known to be
true in isothermal flows in this range of Reynolds numbers.
At the exit corner C, the average of the vorticities obtained
from upstream and downs tream nodes was used, since the flow

round this corner is smooth and no separation occurs,.

R
AN

( fe—

3.3.4 The Influence of the Grid ¢

It is obvious that the finer the grid, the more

l, ’
/ \»e/curate is the solution. However, when the number of grid

nodes is increased, the computing time required for each cycle

_,

1f iteratcon increases roughly in proportnon and, in addition,

the number of iterations reguired for convergence usually

increases. Hence, the mesh size was kept as large as possible,

G
f._u:u“m
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compatible with thekdeslqed accuracy., Also, the use of a
variable grid spaclnd’as described below improves the accuracy |
e of the solution without increasing the number of nodes.. How-
ever, it is found that non-uniformity in the grid spacing
bétweeq the grid lines which are adjacent and parallel to ’ L
the walls may sometimes lead to divergence. This may be
averted, as suggested by Gosman et al.(17) by keeping the

ratio of the intervals between the nodes near the wall close

to unity,

s

3.4 DETAILS OF THE COMPUTATIONS

3.4.1 Grid

To minimize computing time and still cover the area
of steep gradients effectively, a nonunifo?;igrld was employed.
F(g.3.2‘shows'the grid used for the reac@idn‘chamber. The
grid nodes areYclosely-spaced in the corners of the chamber
where steep gradients of the dependent variables are expeéted,
and more yidely spaced elsewhere, The spacing of the grid
lines in the r-direction Is uniform, except near the wall and

, the axis-of-symmetry where it is made smaller. The spaciqg,
within the chamber in the z-direction is ﬁfused to increase

>

wprogressively altording to the formula

4

z, = ! tan (hf)/tan (b) (3.4-1)

~

where ll'denotes the distance from the expansion or contraction t
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of the chamber in the z-direction, £ is the length of the
section to be subdivided and f is a fraction which increases
from 0 to | in equal increments. Various values of the
constant h were used, ranging from 0.9 gé 1.3 with'increasing
Reynolds numbers. A 22 x 1l grid was employed for flows
within the abrupt conduit expansion, with a total of 232
internal grid nodes. For flows entering the reaction chamber
of Fig. 3.1a, 22 x 16 and 23 x 15 grids providing 334 internal
nodes were used. An equally-spaced rectangular grid was also

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

3.4.2 Convergence Criterion

The computations were terminated when A in equation

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

13
L3

3;4.3 Under-/Over-relaxation Factors

G
» . . -

Relaxation factor; were introduced to improve the
stability and speed of convergence. For isothermal flow,. ,
over-relaxation was used in the prediction of stream function,
in which the relaxation parameter in eﬁ. (2.3-20) took values
between 1.2 and 1.3, while the vorticity equation was under -
relaxed with a factor of 0.7 or 0.§, fof it usually oscillates
slightly. For the non-isothermal case the solutions converged
with more difficulty so under-relaxation was used for all the
dependent variables. A relaxation parameter between 0.65 and 0.75
was uséd.fof vorticity and temperature, wher;as‘stream function

required an even smaller value, which was chosen between 0.4

and 0.55.
. ‘f‘i
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@ 3.b.b. compyting Time :

o _ ; All. the computational predictions presented in this
- %héptcr were obtlalned with a digital computer |BM 360, Mode!
* 75; Each calculation for the Isothermal flow In the condult
‘expanslon requi red about two'minutes of computing time, while
the same flow in the reactor chamber required about three
minutes. For the non-isothermal flow, the computing time was
about six miputes,

A listing of Ehe program used is presented in

-Appendix C, along with typical results obtained for both

Isothermal and non-isothermal flows l)n the reactor chambear,

3.5 ASOMPUTATIONAL RESULTS

This section Is divided into two main parts. In_,

the first, results of isothermal flows in a conduit expanf?in

and in a reaction chamber are obtain-ed, assuming uniformity

In the temperature and properties of the fluld, In thev
second part, flows at high temperature entering a reaction

chamber having cooled walls are studied with a range of

: o
reactor entry conditions, .
- ) i 4 :
3.5.1 lsothermal Flows ' .

Flow patterns of an isothermal flow in an abrupt
circular conduit expansl;n having a diameter ratio of 2:1 are '
predicted for Reynolds numbers'ranglng from 10 to 100, The

. resgults are presented in Figures’ 3.3,4 and 5, in which the
| upper half consists of vorticity contours and the lower half

1 - .
3 - -
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the streamlines. Dimensionless values are given., These
figures show a captive eddy in the corner immediately following
the sudden expansion of the gauhber. It can be seen that, as
Fhe Reynolds numper increases, the eddy becomes longer: the
reattachment point gnd the ‘‘eye' of the eddy move downstrfam.
Hhe vorticity contour lines are stretched downstream by con-
vection, while the effects of diffusion eecome smaller. The,
heavy concentratian of contour lines around the sharp corner
indicates a high vorticity gradient in this region, as expected.
As Re lncreeses, these gradients become more severe.

Fig.3.6 shows the comparison between tﬁe predictions
of the present procedure and those obtai ned by Macagno and
Huhg (39), who used Taylor-series expansions for finite dif-
ferencing. The reiat{ve eddy length 5/0 and the position of
the eddy center~i, /D are shown as functions of ‘the Reynoli
number. Also presented in this figure are the experimental
values obtained by Macagno and Hung (29), determined from
photographic recorde usinglguspended al-uminum powder to
visualize the flow, and from direct observations ef the
direction in which dyed: fluid would move., The agreement of \WY
the present predictions with their experimental results is a
quite satisfactory. Although the present results and their
predictionsffit the experimental results eéually well, there
is some difference between“the two curves., This is due mainly
to the difference in the boundary conditions used. The curves

obtained are'nearly straight, showing that the relative length

\
\
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of the eddy and the relative locatioq‘of the "eyef of the eddy
are nearly }inear functions of Re in the range of Re = 20 to

Re = [10. It is worth noticing the trend'of ;he curves, both
computational and experumental, as the Reynolds number becomes
smaller and smaller., The results imply that a zone of separa-

!

tion wouid exist for creeping flow and this has also been
recognized by Kawaguti (24), M;;agno and Hung (29) reported
that 5!00 takes a value of 0.27 at Re = 0, and carried out a
calculation for a very Tow Reynolds number of 0.2 for a con-
firmation. However, this existence of an eddy at Re = 0-is
ugnore} by Roach and Muller (33) who used a dlfferent boundary
condi tion for vorticity at the corner,

A series of vorticity contours and streamlines of
an isothermal flow entering the reaction cham ‘is esen ted
in Figs. 3.7,8,9, for various Reynolds number:e:};;/T: to 100,
The reac%ion chamber has a diameter ratio of 3:1, where the
exi t” pipe diémeter Is the samelas the <inlet, and a length of
8 inlet diameters. .The flow patterns predicted are qualita-
tively similar to those obtained in the simple conduit expansion;
however, the degree of recircuiation of the flow is accentuated
st;ongly by the presence of the sudden contraction following
the sudng expansion. This is shown clearly in F}g.B.IO,
6resenting the growth of the recirculaéion region with the

Reyno lds number. The curve representing the relative length

of the eddy is nearly straight In the range Re = 10 to Re: = 50,

above which it curves upwards. The position ofithe "eye'" of {

/\

T s



c

023

Fig.3.7 VORTICITY CONTOURS AND STREAMLINES FOR |SOTHERMAL FLOW N

REACTOR CHAMBER
L 4

o - *

N

A\

- _Ros 20




Re 2 70

Fig.3.8 VORTICITY CONTOURS AND STREAMLINES FOR 1SOTHERMAL FLOW IN - —
REACTOR CHAMBER - @

' - . -
+ 2 - -
>

¢ e 3

- B ‘ ¢ A
Y 3

a ¢ h R
. a .
.

iﬂ"-&a,-e or g L e D o e Meee v - - - .-

Py




¢
P

~ @ .
e —— 0.8,
s —)é : “
— . s _g—
’ (Q\ - T
i Re 100
LT Fig.3.9 VORTICITY CONTOURS AND STREAMLINES FOR ISOTHERMAL FLOW IN
: .o REACTOR CHAMBER 3
N




R L VR 16‘1'3!"&41@‘&:‘% N "?, PO TN 2 T e
= PR > T "

o 16x 22 grid
a 13x22 grid

\ 4 i 1

i ] 1 1
20 40 60- 8 100__ 120 140 160
a RE YNOLDS NUMVBIR

Fi§.3.lo RELATIVE EDDY LENGTH AND POSITION OF EYE OF EDDY AS

FUNCTIONS OF Re FOR ISOTHERMAL FLOW IN REACTOR
CHAMBER. ’ ’

.

3
-1
R
i




61

the eddy is no longer linear as in the case of a sudden expan-
sion which Is not followed by a,squen contraction;- Instead
the curve is'concavg. Froﬁ Re = 70.5, the recirculation
region occupies the whole length of tﬁe tube, and the re-
attachment point moves along the contracting wall towards
the exit corner. ‘Neither cbrve shown In Fig.3.10 passes
through the origin, again implying that recirculation occurs
even in creeping flow, S '

It is Interesting to note that although there is
no,recirculation {n the downstream corner above the sudden
contraction of the chamben, the neéatlve values of vortfclty
on tﬁe wall of the corner implies that recirculation would
occur at much higher Reynolds numbers. The existence of such
recirculation has géen reported by Greenspan ( 18).

) The validity of these numerical predictions for the
reaction chamber will be discussed in the next chapter, where "

a comparison is made with the results 6f flow vlsual!zafion

studies, . .

3.5.2 Non-lsothermal Flo

Predictions of flow patterns and temperature distri-
butions have been obtained for an Argon tail-flame entéring
a reactor having cooled walls, The three independent parameters
of this investigation are the“entry Reynolds nuﬁber, the
temperature of' the entry flame, a;d the temperature of the .

walls of the reactor., For the range of the entry temperature

~
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of the flame investigated iIn this work (20009 to 4000°K),

\ e

radiation losses are assumed to be negligible compared to the
heat transfer by other mechanisms. This Js Justified by
experimental results reported by Krey and Morris (26).
Properties of Argon at high temperature and atmospheric pres-
sure presented .in Appendix B were used for the present pre-
dictions, sin?e Argop is a coomon working fluid in plasma
processes. The use of a different gas having different pro-
perties would lead to slightly different results.

Figures 3.11 and 13 present the flow pattern and
temperature distributﬁons‘predicted for an Argon tail flame
at 3000°K entering the reactor having the walls at 306°K,
with entry Reynolds numbers ranging from T to 100. As for
the isothermal model, a captive eddy is predicted at ‘the

~

expans ion. Although the flow pattern s qualitatively sinN lar
to that in the isothermayfcase, Fig.3.11 shows that the rapi

A
density changes in the ehtry regloqgenhance the recirculation

/)strongryand increase th -jet mass velocity. Even at a Rey-

nolds number as low as/ 1, a large éaptlve eddy is predicted in

the entrant corner, much larger than in the corresponding iso-

thermal flow. It in¢creases rapidly with the entry Reynolds

number, and already joccupies the whole length of the chamber

at Re = 5 . |(t Is /interesting to note that the separation in
both cases is indicated below thé sharp corner, even though
the same boundary condition as in isothermal flow was assumed

at the corner. A similar separation has been predicted In

-
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plane flow over a steﬁ by Roache and Muelier (33), However,
the fact that separation was predicted at‘the sharp cerner ’
for isothermal flow in this work suggests that the diéplaced
sepération point may result from thé property gradients.
Ce}talnly separation below the corner of a step orlexpansion !
has been observed or predicted quite frequently for ﬁgmpressible‘
flows (e.g. 52,58). Above Re = 5, as Re increases, the 'eye"
of the captive eddy moves rapidly downstream and is ‘locked in
thatdcorner at a point which is essentially independent éf Re
for Re=140 ; the separation and reattachment points of the
recirculat ion move towards the shoulders of the reactor; while
the flow in the central core becomes more parallel to the axis.
Above Re = 40, the dimenslonléss stream function at the eye of
the eddy decreases %ltt: increasing Re, showing that the :reclr—
culating velocities increase less rapjdly than the inlet’ flow,
this seems realistic, since the Qalls represent ‘'‘no slip"
boundaries and the eye 9? the eddy is stationary. R

" The radial profile of axial mass velocity at the
middle of the reactor is presented in Fig.3.12. It shows that“
in all cases, the axial mass velocity exhibits a maximum at -
the axis ané another max imum at some distance from the axis.
This second maximum is the consequence é6fthe rapid decay of
temperature and hence the ;apid increase in density with dist-
ance from the axis, as shown in Figs.3.13 and 14. This agrees
qualitatively with the numerical }esu]ts obtained by Swearing-

en and McEltigot for a laminar gas flow between heated parallel

R

[
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plates (41): d | uv ‘
| Figure 3.13 presents the contour plots of tempera-
ture for the same flow conditions as in Fig.3.11. A; the en-
try Reynolds pumber increases, ;he increasing effect of convec-
tion }elative to conduction causes the hot gas core to exténd

further downstream, and at the same time contract slightly.

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

qglder, especially in thé’upstream region, 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 seen that
at higher Reynolds numbers, the small region around the.eye of
the eddy gets warmer, due fo convection bx~the recirculating
fluid. b

As a result of the decrease In temperaturehof the’
gas layer .adjacent to the ‘wall when Re increases, a decf;ase
in local and oYerall rates of heat transfer to the wall Is
predicted. This is shown clearly in Figs.3.15 and 16, present-
ing the variations of thelocal heat transfer coefficient and
Nusselt number respectfv;ly along the reactor. This local heat

transfer coefficient, h is calculated from the rate of

coef’
heat transfer to the wall and the bulk-to-wall temperature dif-

ference. The local bulk temperature of the fluid is defined

PS

by:
2T R a
- Yoy w &bV, T fdrde g? &
0O O . -
v = 727 Ai;‘. 5V_fFdrdo (3:2)
¢ PV, fdr
b S P z
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and the local Nusselt number is:
{

L

Nu = h_goc D /K, " (3.5-2)

'whore D; Is the diameter of the roaétor and k is the themal

conduct ivity of the fluid evaluated at bulk temperature,
Figure 3.15 shows the dependence of the local heat

transfer coefficient on the entry Reynolds number. As Re in-

creases frbm 1 to 5, h increases, and thls corresponds to

coef
the incregse in the length of the reclrculation region (see

coe

Fig 3. H) The maximum in h f for Re -/ 1 occurs slightly
downstream of the reattachment point. Thlese find ings are in

,agreement wuth the ‘exper imental results HeporteJ by Emerson

v

¢15), Krall and Sparrow (25) and Zemanlc7( and Dougall (48) for

separated t'urbulent flows . From Re = 5, an imcrease |

itation length

reSults in a decrease in hcoef’ whereas /the reci

remains unchanged, and the maximum in hc#oef es to the down-
stream corner. In all cases), heoef exhjbits a minimum in fhe
Vregion of the upstream corner, which. Fig.3.13 shows to be a
zone of almost stagnant, cold gas. This is again in agree-
ment with Emerson's results (15). Fig}3. 16=shows ;:hé distri-
bu‘t ion of the local Nusselt number alo g th? reactor. Since
the bulk temperature of the gas increqses,/lth increas ing Re,
the resulHng increase in the thermal conductlvlty leads to a

remarkable decrease in the Nusselt number ‘w’ith Re. Both Fig~

ures 3.15 and 16 show that the effect of the ent'ry Reyno lds
N .

J
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) v
number becomes less Impoytant at higher Re.

~ The effect of the temperature of the entry\tall

. r&gme is shown fp Figs. 3.17 to 19, presenting respectively

the 'flow pattern and temperature distribution of the flow
field and the “arlations of the local Nusselt number for a |
flow atentry Re = 40 with the reactor walls at‘300°K.
Figure 3.17 shows that an._increase in the Inlet temperature
leads to a stronger recirculation. It mus t be noted that an
increase in the inlet temperature for the same entry Reynolds
number corresponds to an increase in the mass flux since the
viscpsity of the fluld increases with temperature. Hence, an
increase in the temperature of tpe entry flow would yield
&ualttatlvely similar effects to an increase In the Reynolds
number. This can be seen clearly In Figs. 3.18 and 19: the
hot gas core contracts and persists longer, and the local
Nusselt number decreases as the entry temperature increases
waevergthe heat transfer to the wall is lncreased with in-
creasing entry temperature, tpe reverse trend in the Nusselt
number resulting from.the increase in the wall-to-bulk temper-
ature difference is observed. . z
‘Similar effects are also obtained t;:\e decregse Iq
the wall" temperature, since both an increase In the\lnlet
temperature or'a decreasemis the wall temperature results in
an, increase in the inlet- to-wall temperathe diffe; ce. High-
er velocnty (due to lower density) and th’rmal*ébnd ctivity

near the wall as Tw is increased oause'the heat ¢transfer rate

and Nusselt number to,increase with T . This is shown clearly

v . : | N

%g,“;‘.
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g. N in Figs. 3.20 to éa, showing the éffect of the wall tempera-
- ture on the flow pattern and temperature distribution of the 2
flow and on the variation of tﬁe local Nusselt ;umber along
the reactor. It may also be noted that the changes in.the
flow on ralsi;g Tw are generally tending towards the: isother-

mal predictions, as should be expected.

. X 3.6. CLOSURE

The numerical procedure used in this work predicts

«
N i

flow patterns following a sudden expansion in a circular
conduit which agree quantltatlvelyAwlth previous simulations
and with available experimental data. fo; Isothermal flow

in a sudden expansion and In the reactor geometry, it Is pre- ’
. dicted that recirculation occurs even at very ulow Reynolds
number. The recirculation is very much stronger fow an Afgon
tail flame with teﬁperature in the .range of 2OOQ°K to 4000°K

entering a reactor whose walls ‘are maintained at 300%K’ to

700°K. It is also predicted that the heat transfer coeffi-

cient depends largely on the length of the'quaratibn region.

The local Nusselt number for héat transfer fo the outs ide wall

decreases as the Reynolds number or the entry temperature fis 2

i

increased, and as the wall temperature is decreased.




IV, EXPERIMENTS

-]
An R.F. induction plasma generator has Been installed

R
in this Iéporatbry, but experiments in a reactor attached to
the generator w;ye not feasible within the time-scale of the
present project. Instead, a cold model of this reactor was
used, designed to glvé épproxlmate dynamic slmilarity.\ Sugar

# solutions were used for a low range oﬁf Reynolds ﬁumbers up to
‘ 130. The recirculation region and the velocity.distributions |
at the center-line in.the chamber were measured for. compari son
» rith the nume;ica solutions obtained for isothermal F}ows.
The apparatus ?nd etho&s used for the determinagions of the;

LERY ,

flow field are now|d¥cribed in detail. ' . ,

’
s

L1 EXPERIMENTAL APPARATUS“AND TECHNIQUES

~ i"

L.1.1 Apparatus ,

’ A sketch of the apparatus used is shown in fig.hfﬂ.
The unit consists of a 65-gal. sugar-solution reservoir con-
nected to a constant head tank. From here, the sugar solution

\
[©aauue VY !

flows through a gate véﬂxe, into a ve:??cal pipe of l-in.dla.,
and through the.model, which is aligned with the axis of the
pipe. The model itself consists of a conduit of 3-in. dia.
and 8-in, long. The entry pipe is '10-feet long, énabling the
flow,.-at Reynolds numbers below 2000, to attain a fully-

- developed parabolic profile before entering :the model., This

ensures agreement with a boundary condition ysed/in 'the ,
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numerical analysis, as presented in section .(Z.h-‘;lﬂl The
oﬂtlet of thé model is another pipe of l-in.dia., connected
to a rotameters'“‘emd a globe valve which enables control of the
flow'rate. From the control valve, the solution gasses into
a second ’reservoi’r. Both the model and the ent nce and exit
pipes were constructed of clear acrylic polymer ('_'plexiglass\k").
Be tween experi‘men,tal runs, the solution was pumped back from
the lower to the upper reservoir,

The flow wi'thin the mode! was obséryed by means ‘of
the Hydrogen bubble me thod developeld~ by Geller (16). Electro-
lysis is used to generate Hydrogen bubbles to act as flow
tracers, éy p}'oper control of wo;'king conditions, very fine
Hydr'ogen bubbles could be made, to provide a visualization of
the flow patterns that could be recorde‘d photograpﬁica-lly.

In order to eliminate optical distortion due to the curvature
of the surface of the chamber anfi the ‘difference in refractive
indexes of the media, thei chamber was immersed in a rectangular
tank filled with the working solution a;wd pho tegraphed in a

direction normal to the face of the outer tank.

™

L,1.,2 Hydrogen Bubble-Method

Eléctrolysis was achieved by employing a fine wire
of 0.001-in. dia. as the cathode of a D.C. circuit. The wire
was strung across the chamber, normal to the dirdction of the

flow, by means of two needles inserted in the center of rubber

L

o E A}"g
iR
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stoppers attached to the walls, as shown in Fig.4.6. The metal
anode was inserted in the exit pipe downs tream from the model
so that it did n6t interfere with the flow. The Hydrogen
bubbles, formed at the wire, are swept off by hydrodynamic
forces and, providing they are suffitiently small, ‘follow the
~ flow. 'The electric circuit employed is shown in Fig.4-2,
Since\thq wire generating Hydrdgen bp?bles is so fine, it
scarcely disturbs the flow pat%ern. The size of the Hdebgen
bubbles formed at the wire is of the order of one-hglf of the
wire diameter (36), so that theif rise velocity is ne;llgibly
small,

The voltage required is a function of electrolyte
céncentration, the distance between electrodes, and the. geometry.
A variablgmtsrkiﬂg-voltaqf supply from about 10 to 400 volts
was used, and Sodium Sulfate was added to the solution as
electrolyte. About 0,15g/!liter of NaiSOu was sufficient in
most cases. With solutions’more vi scous than about 0.10 poise,
it was found that the Hydrogen Bubbles tended to adhere to the
wire unti)] they coalesced to form large bubbles, which then
detached. To eliminate 'this problem, surface active agents
were used: about 0,02 g/liter of Sodium Lauryl Sulfate and
1.5% of iso-propyl élcoho{&were added to the sugaf solution.

The .vol tage applied to the wire was pulsed at regular

intervals of time to generate a series of rows of Hydrogen

-

bubbles, so called "timelines', that assumed the shape of the

%EM}&TMQL  fan afe van

P
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velocity profile.in the chamber. This pulsing was accomplished
by an electric pulse generator, manufactured by Hewlet-Packard
Company, model BOO;A, that gave pulse frequencies from 0.3 Hz
to 10 MHz and bulse widths from 01, usec to 3 sec duration.

The wire was made of Platinum with 13% Rhodium,
Platinum was chosen because it does not corrode and appears
to accumulate dirt‘less rapidly (36), while platinum with
addéd rhodium is stronger qu has a better electrochemical
property than the pure met;| (28).

p Since Hydrog¢é‘is soluble in water, the bubbles
generated at the wire rapidly dissolve. The half-life of the
bubbles is very short, typically 3 sec. for the bubble 3ize
used in this work (36). To remedy this problem and provide
a compléfe visualization within the model, 6 wires were ;
inserted at different locations in the flow field. Ey using
one wire at a time as the cathode, a complete picture of ‘the

1

whole flow field was obtained.
\
4.1.3 Lighting )
— The bubbles éene}ated‘frém the wire are hardly
visible and require careful illumination. The optical
arrangement is shown in Fig.4.3. The light source consisted -
of two spotlights with 1000 W, 120 volts tungsten iodine bulbs.
The source was adjusted to give a plane 1/2 to 3/k4 in, thick
of intense light in order to prevent stray light from scatterlng

in the water, According to Tory and Haywood (44) and Schraub
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and Kline (36), the best illuminated view is obtained when,»

due to refraction, the plane of lilmlnation is approximately

110° from the viewing angle. Dark background was used and

all incident light other than the collimated sheet was mini
» mized. “ f

Photographic records were obtained with a fast film
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" 4.2 EXPERIMENTAL RESULTS AND DISCUSSIONS -

L.2.1' Qualitative Observations
:
The Hydrogen bubble rows generated from the wires,

<

one at a time, at :'egular intervals of time enabled a visual-
ization of the flow field in the reactor model. For al| Reynolds
n‘l;mbers' up to 150, an ;nnular captive eddy in the corner below
the expansion was observed. The free bo/mdary layer which
lies"between the recirculation region and the entering jet .
was rendered clearly visible, as shown in Figs.' '0-§-IZ.

An interesting aspect of the flow was observed in 7
this regiongjy)ring the early stages o'f the development of(the |
flow: ~ this is a varicose instability, similar to that reported
by gtherworlgers for pipg, jets at higher Reynolds numbers
(22,49,50). Axisymmetric waves starting from the shoulder of
the expansion.were obs.erved to grow in amplitude as they were
’propagéted along the free boundary layer. Eventuz;lly, they
becakso strong that the boundary layer was broken and rol k\z/q‘ )
back into a.succe;sion of ring’vortices, wi;ich disi_ntegrateal
as the,y.apprc'iach‘ed the reattachment point. The_gesulting flow
pattern is sketched in Fig. 4-4. However, tlvbese fluc tuations
died out q'uickly wi th time, and‘ the flow appeared smoother
and more stable, After this initial disturbance in the up-

' siream- region had died awa'y, another transient feature bécan!e,
apparent in the édownstream‘flow beyond tHe reattachment point,

A region of flow reversa I ‘was observed between the positive

veloci ty core and the wall. The disturbance was asymmetric,

1
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~

. with stronger backflow on one side of the reactor than on the
other., A sketch of a fypical velocity profile in this region
at different times is shown in Fig.4~§. A simi lar phenomenon
has beeﬁ reported by Iribarne et al (22). The depar;ure from
axi-symmetry ‘damped out gradually and finally, the! f low |

became completely stable and axi-symmetric. Atfgbﬁg point,

7

e . "
steady-~state was assumed to have been attalned,E . Iribarne

‘g

“

&

et al (22) reported that regular oscillations in the de tached
shear layer and fluctuations of the reattachment point were
present even at the steady state for a pipe jet in an abfupt
expansion, but these wére not apparent in gfeady flows in the

present experiments,

"4.,2.2 Quantitative Results and Discussions

Typicél photographs of the hydrogen bubble rows
generated from the wire§ are presentedin Fiéures k. 6-12, for
a range of entry Reynold§ numbers dp to 103. The hydrogen
bubble rows; as well as the dimensions of the\laminar jet in

the conduit are rendered clearly visible, thus enabling quan-
'
ti tative measurements.

Figures 4.13 and 14 show a comparison of the width

- ¥ oore

of the Jet within the conduit) bounded by the edge of the re-
circulation region, between the experimental measurements and
the computational predictions for flow with the same entry

Reyno“

half of the condult, where the experimental measurements are

-4 ;

‘ N -+
. BN
e - PR
’

ds number. The agregment Is satisfactory for the upstream
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IN THE REACTOR MODEL AT..;Re = 77.5
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The local space average oé the center-line.veloclty
was determined by measuring the distance Letween thé. peaks of’
the bubble rows which lie along the center line, applylng a /
space scale factor and dividing by the time between\yhe electric .
impulses. It must be noted that, at.the centerline, the radia}
veloci ty of the fluid is zero, while the r}se velocity of the -
bubE}es owing to buoyant effect and the Qelocity defect caused
by the wake behipd the wire,\discussed below, are Iq the axial |
direction. Hence, the pathlihe of tHe bubbles whicﬁ a}e origi;
nally on thé centerline would be the ;entefline itself. Figs.
L.16-20 present the dimensionless centerline velocity mea%ured
at different entry Reynolds numbers, ailong with thé computed
curve, =t is obvious that the measured values di ffer appre-
ciably from those predicted. This difference is believed to
be the resutts of one or both of the following causes. There
may be a significant.slip velocity between the bubbles and the
surrounding flufd< or the wires may disturb the /f low and cause

a velocity defect on the centerline. These are discussed

separately in the following sections. ’ o

-

-t
(a) Motion Qj,Hydrogg* bubbles ;g ative to the sgrroggdlgg !g d

As soon as the hydrogen bubbles are free from\the wire, they >

start to rise in the vertical dlrection under the actlon of
’ o

« the buoyant force. The highest entry Reynolds number that-

was investigated in the present experiments was 105. The

M AR My

bubble generating wire used was 0.001 .in. in dia., and therefore,

-

-

e
W
4
g
k)

oy
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the Reyno]d; number based on bubble diameter, assumed fbube )

of the orde; of the wire diameter at the Iarge§€, and center-

Line-velqcfty must be 0.17 or less. For such small bubbles

" in the presence Of surface active agents the terminal rise

veloci ty of iﬂe bubbles may be approxlmated by using Stokes ~

solution for solid splieres (8). The result is: ‘
vy - __(fazﬁnl 0 \B, © (b2

For bubbles of 0.001in. dia. (aé = 0.0005 in.) in sugar

Sz

<

solution with a kinematic viscosity of 18.68 centistokes,

-6

) ° .
the terminal rise velocj.ty attained will be 1.9 x 10 = cm/sec,

which is completely negligible coméare& to the surrounding '3
fluid velocity, as confirmed by other £;rkérs (9,11,16,36,4k4). R

A d

(b) Velocity defect behind the bubble generating wire - The >

‘disturbance to the overald flow pattern because of the gxisteﬁce
of the bubble generating wire i; th; factor-éhat limi ts the ’
applic;£ility;of the method'fo ;he Tow Reynold§ num;er regﬁme.’
This disturbance is shown in Flg.ﬁ.ls. where Fig.h.15a repre-
sents the velocity distribution which/would exist in the Eube
if fﬁere were.no wire present, gnd Fig.4.15b represents the
VQ}acltyadi§tribution in a plane perpendicular to the wire,
downs{;gaw;of the wire. Cleariy the Hydrogen bubbles shed by Q
the wire must be in the wake of the wire, and therefore will 2

jpdicate(f’flow'veloclty which differs from the undisturbed
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flow by the amount of the velocity defect, which decre'éses
w'i th distance downstream from the wire. ﬂ

According to Clutter and Smith ( %), the hydrogen
bubble method is mnot applicable to flow with veloci ty higher
tha ab;ut 0.6 m/sec, but below this limit is a wel l -defined
range in which the velocity -defect is very small (16,36) and
dies out quickl; in less than 70 wire diameters (36). The
present work leads to a different conclusion, although the
maximum centerline velocity encountered was only about 0. 14
m/sec, which falls in the supppesedasafe range of operation.
Probably, the reason is the use of sugar solution as working
fluid in the Presenét work, while results repor.te‘d by other
workers are based on experimenis wi th water, lﬁn the present
experiments, the disturbance of the wire, accentuated by the

presence of six wires, is so serious that its evidence is

shown cle Wt rough the photographs shown in i‘igs.hlG..lZ:
different separation zones are formed ‘between the wires, quite’
unexpectedly. Figs. 4.6 and 10 show some bubble rows which
distort as they pass the wire. The measured values of the
centerline veloci ty, presented in Figs. &4.16 and 1?, show

sharp breaks at positions where the wires were located; the
velocity shows a distinct minimun\just\behind each wire, where
the defect is Iargest: Also, for flows at low Reynolds numbers,
such as shown in Figs.4.16 and 13, obtained from the photographs
presented in Figs.4:6.8, the observed values of the downstream
centerline velocity are, surp‘risingly, hi gher than predicted.

3
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This is explained by-the observation that tfie disturbi‘ng,effegit

of the wire increases with decreasing Reynolds number. ‘A's
} shown in Figs. #-6..8, this effect makes 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 more s;;ious in the downo-
- stream flow, due to the cumulative effect of all the_ wires. |
The problem of flow over the wires is complicated

by the fact that the flow is not uniform. However, since, the

maximum Reynolds number based on the wire diameter is 0.17, the

velocity defect may be approximated by the asymptotic laminar . -
wake solution for an infinite circular cylinder. Oseen's "

fundamental solution for the outer field of a uniform flow past a

, - cylinder, given by Rosenhead (5%) and Van Dyke (55), was éhosqn'

for this purpose, using the predicted velocity as the velocity
of the approaching flow. The velocity defect on the,center'-
line is gi/ven b‘y: o \
R :
Vg = - ™ ) {-a-(%;)-[lnkx + reRxla Ko(f-’é‘-)] - einaKo(f)]}
Dt a .. (¥.2.2)

4 whc-are Y is the velocity of the approaching flow, Ko is the Bissel
function of the second kind, and R_ and Rx’,ar.e._the Reynolds a
numbers based on the wire diameter a and the distance x from "
the wire respectively. For positions close to the wires, the

§tokes expansion was used to give (8.27):*’

.
«

N - .

. ;

: ;
? . ’ a . ; ’ ’ %
3 ;

¥, ,

S v, = 9f{1 - —1_— u,,(z.s)-l(,-a_a”} . 3
. d. { 10(3‘703) a’’ 2 x2 :
%i‘ | 2N -.Ea. ¢ ...‘......(‘.2.3) h‘:ﬁ
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Special 'attentionl must be paid to the wire which genéraies .
}bubbles. Since there exists a gas sheath around this wire,

as rgporte/dﬁ\by Schraub and Kline (36), a different defect may

be expected. Hence, the effective diameter of this wire was
assumed to be of the order of 1.5 the bare‘ wire diameter. The
corrected centerline velocities 'are presented in the same graphs

in Figs. 4-15.21, ‘showing that, although scattered, they fall

close to the.predicted curves. This scahtter in the corrected
values shows tt{;t eq. (¥.2-2) over-estimates the velocity de-

fect at positions close to the wires, for & non-uniform flow,

"whereas eq.'(4.2-3)'under-estimates it.

=

. l&.3'C0;~lCLUS|0N ‘
The ‘numer ical zs\olvt'ntions for isothermal flow and the

.exper'imental resul ts have been found to agree satisfactorily

in trhe dimenlsidns of tﬁe‘j\et e'nte/ring the reactor, and th?
center]ine v!elocity of the fluid. This confirms the validity - >
of the computed solutions, with 4th’e appropriate formulation of
the boundary conditions. I?algc‘i gives a strong supportgto
the validity of the numerical solutions for non-isothermal
flow, since the former is only a siﬂ:le case of the lattér.
Howeyer, the Hydrogen Bubble Method used {s not recémnended
fo;' fufther work for flows of the type in preseﬁt work,
since the disturbing effects of the wires introduce significant
inaccuraclies in the velocity measurements. In addition to the

upper bound on the validity of this ‘technique recognized by
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V. CONCLUSIONS -

A method of simulai:i"ng the flow’)attern and temper-
ature distributions for laminar flow at high temperature
entering a reactorhas been obtained. It provides a powerful
means for investigating flows which cannot yet be determined
by measurements, and hence “for geveloping the design of high-
temperature chemical sreactors.

The predictions for the isothermal flow in a circular
conduit expansion have been found to agree’satisfnctorily with
both numerical and experimental results obtained by otner
workers. For isothermal flows in the reactor chamber, an annular
captive eddy was predicted for all Reynolds numbers investigated,
even at very low Re. The predictions are shown to agree with
experimentnl results of flow visualization in a cold model -of the
reactor. The predicted flow battérn for an Argon tall flame in

the reactor with cooled walls was found to be very different

from the corresponding isothermal flow. The recirculation was

very much stronger th an in the corresponding isothermal flow./

Local heat transfer to the wall, resulting from conduction, was

found to decrease with increasing entry Reynolds number, or in- " -

creasing inlet temperature, or decreasing wall temperature.
The computer progrm seems already to be working

very satisfactorily with a modest computing time requirement.

The range of the entry Reynolds number and the entry tempera-
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ture investigated can be extended further,' to condi tions under
which the radiation heat loss is sigﬁficant,.and(a swirl
veloci ty may be present. This is the next step for further
work. Different gases besides Argon and different reéctor
dimensions and geometrics should also be used.

The validity of the isothermal form of salutions
have been confirmed. However, the validity of the predictions
for non-isothermal flow can not be properly assessed wi thout
addi tional experimentall information. The main task for the
future is the comparis’on of the resulting predictions with
exper%mental data. Although measurements in a high-temperature
reactor are very\difficult, some can still be obtained, such
as the he;t transfer to the outside wall, the temperature of
the effluent, etc. The assumption of constant wall temperature,
used as boundary condition for the gresentedq predictions, is
somewhat artificial. A more realistic boundary condition for
temperature at the walls of the reactor will surely lead to

more successful predictions,
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NOTATION

3
o Equation 6f
& : First Mention
a coefficient in the general (2.2-37)
elliptic equation
radius of the hydrogen bubble (4.2-1 )
generated from the wire
radius of the hydrogen. bubble (4.2-2 )
generating wire
relaxation, factar . (2.3-20)
coefficients in the convection (2.3-8)
terms of the di fference
equation

a coefficient in the general = (2.2-37)
elliptic equation ; . ‘

coefficients in the diffusion -(2.3-14)
terms of the di fference T
equation

Brinkman number; based on inlet 01%2-35)
condi tions, UV 4/k (T _-T.)

a coefficient in the general (2.2-37)
elliptic equation - -

values of the coefficient ¢ - (2.3-14) ,
evaluated at the points .
E,W,N,S £

1

specific heat. at constant pressure(Z 2-8 )
of the fluid ‘

dlmens?onless specific heat at (2.2-17)
constant pressure of_the : )
fluid

specific. heat at constant pressure(z 2-17)
of the inlet fluid .

coefficients inm the ?eneral suh-:«tﬂtloﬂ8)=
stitution formu

source term in the ?eneral P (2.2-37)
elliptic equatio . :

— e vy
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: ] . SN Equation of 3
. ' ~ ) E
S¥gbo| | ' o First ;en;ion ;
D source term in the general : : k
° substi tution formula 3 (2.3-18) . ., E
D, ”diameter of the reactor chamber (3.5-1)
f ’fractuon used in eq. (3“# 1) . (3.4-1)
93,9 functions in the boundary tion
'\‘2 ) . for vorticity %///gqua ) (2.h-¥l)
2 . h ’
a constant used in eﬁ.(BuQ?l) (3.4-1) : v
coef ~heatrtransfer coefficient -
specific enthalpy of the fluid Y (2.2-8) L
thermal'conddctiVity of the fluid  (2.2<11)
nsuonless thermal conductivity .

X X2 IYT T

N of the fluid - (2.2-17)

\x
kp ) thermal conductivity of the fluid
uated at local bulk tem-
perature © (3.5-1)
. »
ko thermal conductivity of the inlet
* fluid (2.2-17)
{ ] length-of the section of the grid .
. to be subdivided (3.4-1)
Le - length of the annular captive eddy
Lc position of the ";ye" of the eddy.
. " downstream from the sydden
expansion °
pansion v A
M . molecular weight .of the gas ,
n refractive index of the gas ‘ (2,2-16)
nNp . distanée along a normal to a boundary
. surface (2.4-11) .
Nu "Nusselt number, based on local condi~
tions, h_ ¢ D; /ky, (3.5-1)
P the fluid pressure (2.2-7) »
‘ ////
) . -
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Re

(

Equation of

First Mention
/diméﬁgggziess drnamlc preisure (2.2-17).
of the fluid p/P -
Prandt] number, based on inlet (2.2-7)

condi tions, ubcpolko

rate of energy loss by radiation (2.2-7[7’p

per . unit volume

dimensionjess rate of energy loss (2.2-17)
by radiation per unit volume

radial distance in cylindrical (2.2-2)
coordinates .
dimen5|onless radial distance, (2.2-17)

r/D

~

gas constant ° \
"
dimensionless distance of a wall (2.4-11)
from the axis-of-symmetry

ratios defined by eq.(4.2-3) (4.2-2 )

Reynolds number of the inlet (2.2-22)
Fluid, pO Vo /u, .

source term in the vortlcity (2.2-33) -

equation
time _
abso1ute temperature of the fluid (2.2-8.)

reduceg temperature of the fluid, (2. 2 17)

absolute temperature of * the inlet (2 2-17)

fluid
absolute temperature of the fluid (2. 2 |7)
at the walls w:;z;,

internal energy of the fluid per (2.2-ZN) B

unit mass
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axial distance from the expansion (3.4-1 )

or contraction of the reactor

109
Equation of
First Mention
speci-fic volume of the fluid : (2.2-8 )
terminal rise velocity of the (4.2-1)
Hydrogen bubble ewing to
buoyancy . ) ) ] .
velocl ty vector . (2.2-1)
dimensionless velocity vector, (2.2-26)
vV/V ‘
=70
mean inlet veloclty (2.2-17)
components of the veloci ty (2.2-2 )
vector in z-,r- and 6- (2.2-5 )
: directions
components of the dimensionless (2.2-17)
velocity vector in z-, r- .
and 6-directions
veloci ty defect caused by the
wake: of the bubble gener-
ating wire
velocity of the flow approaching (4.2-2 )
the bubble generating wire :
‘dimensionless vorticity (2.2-30)
distance from the axis of the (4.2-2 )
 bubble generating wi re _
aiial distance in cylindrical
coordinates
e
dimensionless axial distance (2.2-17)
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Equation of ;
First Mention
Euler's conitant C(4.2-2)

rate of straizatensor

component of the rate of strain
tensor

uni t tensor

angle in cytindrical coordinates

abQSFbtton coefficient ' (2.2-16)
convergence criterion (2.3-21) )
viscosity of the. fluid (2.2-4 )

dimensionless viscosity of the (Zqé-|7)
fluid, u/uo /

4]

viscosity of the inlet fldid (2.2-17)
kinematic viscosit} of the fluid

density of the fluid. (2.2-1 )
dimensionless density of the (2.2-!?)

fluid, P/ﬁo

A

- (2.2-17)

" density of the inlet fluid
density of the hydrogen bubble’/,,LATITT/S’///’#ﬁ//ffﬂ’
/

Bol tzmann constant (2.2-16)

dependent variable of the general (2.2-37)
eltliptic equation

stress tensor (2.2-3 )

diséipation function in the - (2.2-12)
energy equation .

dimensionless dissipation function(2,.2-22) .

dimensionless function in the (2.2-35)

energy equation .
s
(z.z-za)/{ :

n

. H
]
s o 3
%,
- - , -
. . N &t B o
" 3 L L R A ST TR T S ]

dimensionless stream function
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APPENDIX A

' . PROPERTIES OF ARGON AT HIGH TEMPERATURES

I Speci fic - *

; Therma) peciti Thermal

j Density Enthalpy '“"'; a: Viscosi ty Conductivitz
ITemp  GM/CC  CAL/GM Eomstamt gy cq/gEC  CAL/CM/SEC/OK

% X105 _ 103 Resaiex _ x103 x10
. 1000 48.67 . 0.124 0.124 0.541 1.0l co
' 1500  32.40  0.186 0.124 0.708 .32 o
| 2000 24,0 0,248 0.124 ° 0.886 °  1.65 ¢
1 2500  19.45  0.310 0.124 1.05 1 1.96
3000 16.20  0.372 0.12k 1,21 2.26
| 3500  13.88  0.434 [ o0.124 1.37 2.56
| 4000  12.15  0.496 0.124 - 1.53 2.85
| 4500 10.80  0.558 . 0.124 - . 1,68, 3.:13
| ut
f 5000 9.732  0.6213  0.12k4 1.83 . 3.4)
| 5100 - 9.541  0.6341  0.12h
| 5200, 9.358  0.6468  0.124
| 5300  9.181 0.6594 0.124
' skoo  9.011 " 0.6720  0.12h4
/ 5500  8.847  0.6846  0.124 1.97 3.67 '
| se00 8.689  0.6971  0.124 ' .
| 5700  8.537  0.7096  ,0.124
| 5800 8.390 . 0.7220  0.12
5900  8.247  0.7345  O.124 -
. 6000 B.110  0.7469 '0.124 2.1, 3.94 ‘
- 6100 7,977  0.7593  O.12h - -
6200 7.848  0.7716  0.124
6300. 7.724  0.7841  0.124 :
6400  7.603  0.7965  0.124
6500 7.486  0.8089  O.124 2.25 h.20
6600  7.373  0.8215  0.125 ’
6700  7.262 _ 0.8340  0.126
6800 7.155 ' 0.8467 0.127
0.128

6900  7.051 ° 0.8594




APPEN 1d)- B

- \ " R
, Thermal Speii ﬁ;% . Thermal

Density Enthalpy Hea Viscosity Conductivit
Temp ~ GM/CC  CAL/GM ..3:2;;:%; @4/CM/SEC CALY iy SECIOK

o _x10°  __x10° OALARYK - x103 x103 |
7000 6.950 0.8723 0,129 2.38 [ WA

7100  6.851  0.8853  0.131

7200  6.756  0.8984  0.132 . .
7300 6.663  0.9117  0.134 ‘

7400  6.572  0.9252  0.136

7500  8.484  0.9389 . 0.134 2.5 4,68

7600 . 6.398  0.952k  0.137 '

7700 . 6.314  0.9662  0.139

7800  6.231  0.9803 0,143 ¥

7900  6.151  0.9947_ _ 0.1k46 |
8000  6.073. 1.010  0.]50  2.63 4.90 ~ s .
8100  5.996° 1.025 b. 155
8200 5.922 1.040 - 0.160
8300 5.848 1,057  0:165
guo0  5.776  1.073 0.171 , T
8500 5.706 - 1.09! 0.171 2.75 5.13
8600 5.637 1.108 o078 7
8700  5.569  1.126 0.185
8800  5.502  1.145 0.194 R
8900 . 5.436 1.165 * 0,203 b

r \




é. APPENDIX A (cont'd) , ‘
Lo - ;
3 N "Therma)  Pecific Thermal 5
. ﬂénsnty Enthalpy 22::cag§ Viscosity Conductivit ﬂ%
Temp ~ GM/CC  CAL/GM -S00S88R " GM/CM/(SEC .CAL/CM/SEC/ _
X x10° x103 _ cAL/@yoK _x103 x10* :
f 9000 5.372  1.186 0.213 2.87 5.35
9100 5.308 1.207 0.224
9200 5.245  1.230  0.236 . )
9300 5.183  1.255 0.248 "
9400 5.122  1.280 0.262 : )
9500 5.062  .1.307 0.270 2.98 5.56
o T 9600 5.002 i.335 0.286
‘ 9700 L .943 1.364 0.303 . , .
> . 9800  4.884  1.395 0.321 “ N
‘ 9900  4.825 1.428  —0.340
' 10000 4.768  1.463 . 0.361 3.10 5.78
10100  4.710  1.500  0.383 "
. 10200 4.653 1.540 0.406
10300 4.596  1.582 0.431)
, 10400 - 4.539 1.626 0.457
- 10500 &4.482  1.672 0.487

10600 4 425 1.722 0.517
10700 4.369  1.775 . 0.548
10800 .4.312 1.832 0.580
10900 4255 1.891 0.615

.
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APPENDIX A (cont'd)

Speci fic
Heat at
Constant

* Pressure

-

g Thermal
Denisty 'Enthalpy
Temp  GM/CC  CAL/GM
O x10°° _ xl103
1000 4.198  1.955
11100 4.142 ° 2.022
. 11200 " 4.085 2.092
11300 4.028  2.167 -
11400 3.970  2.246
11500 3.913  2.322
11600 3.855 2.7
11700 3.798  2.512
11800 3.740 2,611
11900 3.682  2.715
. 5~
12000 3.623 2.825
12100 . 3.565  2.939
12200 3.506 ' 3.059
, 12300 3.448  3.182
12600 3.389  3.314 .
. 12500  3.330  3.45)
12600 3.272 *©  3.599
12700 3.213  3.753
1280p— 3.155  3.912
12900 3.097 L.077
!
/‘_ \

CAL/GM/XK
0.650

- 0.688
0.726
0.767
0.809
0.875
0.921
0.968
1.017
1.066

1.117
1.168
1.221
1.28
1.33
1.45

*1.51

1.56
1.62
1.67

119

~ -Thermal
Viscosity conductivit
@u/at/SEL  CAL/CM/SEC/
xlO3 xth
3.33 - 6.82.
L
3.55 6.64
£
-
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o |
) o o ’Spccl fic - s
" Density El’:t{\:?::y gg::tazt Vi scosi ty @@gggéé
Temp @/CcC CAL/GM Pressure Oﬁ/CMISEC
Ok x10°  _ x103 _ CAL/GM/OK _-x103 2182
13000 3.039  4.247 1.73 3.76 7.04
|3loo 2.981 4. 422 1.78 :
‘ 13200 2.924 4,603 .83 -
13300 2.868 4,788 1.88. .-
- 13400 2.812 h.978}ﬁ§$;1.92
13500 2.757 5.173 % 2.04
13600 - 2.703  5.379  .2.08 ' e
13700 2.649  5.589 2.12 R
| 13800 2.594 5.803 , 2.16
. 13900 2.543  6.020 2.19
14000 2.492  6.240 2.8 . 3.98 7.4
) 14100 ,2.442  6.1463 2.24 o
14200 2.394  6.688 2.25 . P
. " 14300 2.347 " 6.914 - 2,27 -
, ‘ 14400  2.301  7.141 2,28 ° N
| 14500 2.256  7.367 2.26
14600 © 2.213  7.592 2.25
Y 14700 2.171 7.817 2,25 , )
14800 2.131  8.04k2 2.2k , | ‘ .
o 14900 2.092  8.265 2,23 " LT
15000 2.054 8.487 2,21 ¢ 418 7.85
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APPENDIX B | : .
TOTAL LINE RADIATION HEAT LOSS OF ARGON PLASMA '
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APPENDIX C . . , —~

COMPUTER-PROGRAM  © - ¢ .

~ 1 Program Listing )

i Typical Output for an lso;hermahFlow in the
Reactor Chamber )

i Typical Output for a Non-isithérmal Flow at
’ High Temperature in- the Reactor Chamber .
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LEVEL 216 ¢ MAY 72 ) o NS/360 FORTRAN H . 8

' COMPILER OPTICNS ~ NAME=  MAIN.OPT=02 JLINECNT=%6,51 2F=0000K
SOUNCEERCOTC ,NOL T ST DECK o LOAD, NOMAP, NOEDI T 1D o NOXREE ™

1S« 0C02 COMMON/CVPZA(23:185¢3)0GI(23415)¢G2(23:18)4V1(23:13),v2(23,19) ,
ISN 0GOS 4 COMMON/CNUMIL/NW ¢NF oNT L IE » lNcJN,lN"OJMo JA,J8,18,1C, :
1 JAN,IBM, I8P, ICN

ISN CCO& COMMON/CGRTI/ZZI23) o R{IBY2DELZI23) s DELRILIS) L IMINI15) , IMAX(LS)

ISN 0005 ) COMMON/ZCPROO/PU(23015) o ZMU(23,18) + ZK(23015),CP(23,18) ¢

ISN CO00b CUMMON/CPARAM/VT NL ¢ RE s PRe BR

IS 0CO7 CUMMIN/CCHE CK/RSDUCI) ¢ CCoNMAX, IRS(3),JRS{I) JREFVAL(3), RELAX(3)

? Q o RY 4 ¢ RSL

tse GCoa COMMON/CNAME ZANAMEC 9.7 )

1SN oYY CUMWONZCREF ZROREF  ZUUREF o CPREF , ZKREF, TI NL o TWALL

1S« 0G1 tOMMON/COATA/TEMP (190 ) PROPLI00.& ) +DEL \

ISN 001 DIMENSION AQ(23415.7)

1SN 0C12 EQUI VALENCECA(L1,1,1)4A0(10141)) =~ )
¢

ISN 0CL3 READ(S.111) ANAME

ISN OCte PR=Z MUREF * CPREF / ZKREF
C 1

Csas CUMPUTE GRID CO-ORDINATES AND SPECIFY CHAMBER OI MENSIONS ‘
ISN 0015 CAL. GRID '

. c
5’ Coape READ IN TABULATED GAS PROPERTIES AT DIFFERENT TEMPERATURES
c s
ISN 0016 DEL=100¢
1SN 0017 DO 100 Is1,61
[SN 0013 "GO  READ(L.112) TEMP(I)e(PROP(I.K).Kx1 o4)
c .
C
Cess RCAD IN INITIAL VALUES FOR VORTICITY, STREAM FUNCTION,
C TEMPEWRATURE AND MASS VELOCITY COMPONENTS
¢
ISN 0019 00 2 Kxl,S
1SN G020 DO 2 J=1.JN .
Is4 oc2l I11=1MINCJ)
ISN 0622 12=sIMAX(J) .
1SN 0023 2 READ(S¢401) (AQ(T JeK)olnliel2)
c
C
Cesnm SETT ING BOUNDARY CONDITIONS
. C \j ’ ) d\(' +
Cems F0s TEMPERATURE AND FLUID PROPERT I ES fj .
e PR
" c INET / ~
SN 0Coas oC 3L -_JII-JA“ { .
s G023 All.J eNTIx1,
SN 0026 RO(1 e J)=1, ' .
ey C027 ZMU( L e J)nle -
1S~ B, PANBRER 2R3 M . &'
1SN G029 3(0 CP(1edd=l,
c
C AT THE WALLS o B ;
ISN 0030 Talo -
IS¢ 0C3 ' CALL PPQPTV(T.“O'.Z“UIQ!K'.CW’

wkyd

7305790
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>
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% E 4
1SN 9032 00 301 =118 £
iSN 0043 All«JAWNT)nCq ol
ISN 0034 RO( 1 v JA I=ROW ‘%
ISN '¢C38 ZVUL L s JA) mZMUW ' 5
1SN 0036 ZK(1 o+ JAIR2KY e
ISN 0037 ¢ CP(1+JA)aCPY 4
1SN 0CX 00 302 IsICJIN
154 0C39 A(lsJeNT =0, ,
I15N- 0040 «0(1 +JR)ZHOW ’
ISN 0Cal ZNUl L s JBIRZNUW N
ISN 0042 ZK(1+3D)=2Kw -
ISN 003 32 CP( 1+ JH)BCPW ~
ISN COad 00 303 1IwlB8.1C
ISN GOeS A(1,JNsNT )20 »
I5N Ouae RU(T « JN)=ROW
ISN 0047 ZMUL T o IND) =ZMUW
ISN 0048 ZK{1 s IND3IKA
ISN 0049 303 CP(1JNDI=CPR
ISN Q0%0 DO 308  JuJA o INM
ISN 00S1 A(1BsJeNT)nDo . .
ISN. 0052 RO(18,J)=ROW
{SN 0053 ZNU( 1D« J) aZMUW
ISN 0054 ZK{ID e JV22KY
ISN CO0SS 30e CPLID.J)nCPW .
1SN 0056 DO 305 JwJBeJINN
{SN 0057 A({ICsJeNT12C o ‘
1SN Q088 RA(IC ¢ J)=ROW
1SN 0059 ZMU( IC e J)uZMUW
ISN 0C60 ZK(IC o S)2ZKN
ISN 0061 3 CN(1CeJ)2CPe
c i
c . 14
Cesme FOR $$ VELOCITIES'
¢ k
C LAMINAR PARASBOL IC INLET-VELOCITY DISTRIRUTIONS
ISN 0062 el DU A0S JslJAM ’
ISN C063 ’ Gl(1+J)=R0O() e J)W2en( 1 e 00 0¢R{JI*e2)
ISN OCoe 4co G2(1 « J)=0,
C o
C NU-SLIP AT THE wALLS
I1S¥ CUoS Lo 191 1atn.IcC
1SN CC66 GlLl s JN) =0,
Is9 ccCor. 11 W2( 1+ N} =00
ISV 0Co8 20 162 =118
1SN CC69 GlillsJA D=0,
18N JC70 ice G2t «JA =0,
ISy ourl DO 15,3, 1=1CoIN 1,
18% ocrq GI1( 1 e dB =0
ISN WwCT) 103 G2(1+JN)u0, ) L
ISV OCTe D0 1068  JuJA o INY
ISy 0C7% GILIR.JII=0,
ISN 0076 154 G2U19.J)%0,
{SN Q027 DO 195  JuJH o INM
1SN OC78 GULICsJ ) =0,
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L 1SN 0079 105 GZ(IC.Jdnce e - 3
. < < ' T
) C 600 KAOIAL VELOCITY AT THE AXIS-OF-SYWMETRY ANO AT THE EXIT ~
[} C - N
1S4 CC8d 00 106 1=2141IN ) ' +
1S4 ocat 195 Ga(Tsl)xd, ) . ;
1SN 282 VO 107 Ju2.,J8
1SN 0083 107 G2UINJ)=0,
, c ,
. Css®  FUF STREAM FUNCTION
c o - .
- - c IILET \ .
154 0C8e ACYe JANFIZD o '
ISN 0Cas AlLe 1 oNF)3-RO(1sJA) SRIJA)S20( 140-20003¢ JA) 827} \
ISN 0086 DO 205 J=2,JAM
-ISN 0087 205  ACLoSoNFIZRO(1:JIPREIISE2% (1,0-200%R(JISE2) +AL L, L NF) ~
C .
C ON THE AXIS-O0OF-SYMMETRY
IS~ 0068 D0 204 13241IN
1SN 0C89 204  A(1l41oNFIZAC Lo1aNF) . . .
c L
c UN THE WwALLS
1SN _0090 DO 201 I=1B.IC .
1580091 201 ACl s INGNFI=0 o0
" 1SN 0C92 00 202 [=1,.18 ,
15N 0093 202 A{l s JANFI=C a0
ISN 0C9e D0 2C3 1=IC.IN
1SN 009S - 203  A(l.JBNFInCeO - '
ISN 0096 00 206 JrJAsIN ‘ !
IS~ 0097 206 A(I Ve JeNFI =) o0 )
;3 ISN 0098 VO 2C7 J=JB G IN . .
: 1SN 0C99 2C7  A(ICeJoNFIaC o0 -
9}3 c N
Ja Ces®  FOR VORTICITY -
o= C .
- c INLET h ‘
A ISN C1C0 VO 16 Jsl.JdA A .
& 1S~ o101 16 AlleJoNWI=160 ‘
’,g’_‘;! ) g
e . Cre® SECIFY REFERENCE VALUES OF VARIABLES FOR RESIDUAL-NORMALIZAT ION
c
IS4 0102 HEFVALING)=A (T e JAGNW)
IS+ 0103 RCFVALINFI=ALL 1 NF) .
ISN uVl10a REFVALINTIZAC L o1 4NT ) ;
C .
C , :
Cew®  CALCULATE INITIAL VALUFS FOR VELDCITY COMPONENTS ANO i
- ; c 1 FLUID PROMERTIES ,
C . .
C t
ISN 0108 70 6 JuleJN . )
1SN 0106 T1=21wINGY) E
1SN 0107 12a1%Ax(d) Bﬁ /
3

®

3

.._J

(¥

[ %]
4

¢ N Ve
B \ . v e, N R P T WP PAg OV WG By W . 3

-



L b s e TR PO TR
. e TR R e R 3
; :

.
X TR . ”
.a.;‘J oK i

4

IS~ 0108 DN 6 1=l1,12 . :
o tav 0139 1r(Je GeINe CRele FQaIMIN(JY)) GO TO 7 - |
I5N 0111 IF(letdelCehANDeJa GEeJR) GO TO 7 j
IS~ 2113 CALL PRIPTYCA(L 4 JoNTIoROCT o) e ZMUC 10D ZXKET4JDsCP(TeJ))
LS4 Ollse 7 VICL o d)2GL(T o JI/ZRD(L o d)
L S ET AL o V2014 J12G2(1 43)720(1,J) - ‘
, € ) .
c , ’
ISN Cl1o VINL=RLSZMIREFLRUREF/(24%R(JA})
I5N 0iLY BR=ZMUREF YW INC o2 Z( LKREF® (44 1B4E¢07)#(TINL-TWALL)) .
. 4
) Cass WHITC PRIHLEM~SPECIFICAYION INFORMATION
C .
1SN C118 WRITE(6,601 ) b
ISV 0119 WRITC(0¢H0Z) REPR,BRIROREF ZMUREF o COREF ¢ ZKREF o T INL ¢ TWALL »
IVINL ¢ (KeRELAXIK) ¢ K=1 4 [E)es CCyINoIN
d
Cess PRINT OUT COORDINATES ANO INITIAL VALUES OF VARIABLES
1SN 0129 WRITE(6:5C1) (ZUE)olxl,eIN)
ISN 0121 WRITE(DS502) (R{JIIsI31,IN) .
1SN 0122 CAL. PRINCT \
c
[
1sv 0123 CALL SOULVE
ISN 0128 CALL PRINCT .
154 0125 CALL HEAT
IsN 0126 DU 699 Kk=leS .
ISN 0127 DO 699 J=1,JN
ISN 0128 T1=1MINCS)
ISN 0129 [2=1MAX(J)
1SN 0130 699 WRITE(7.,698) (AJ(TeJ.K)s1Inlla12) )
’ c . /
R C
e 1SN 0131 111 FORMAT(18A&) 2.
Az v ISY 0132 112 FORMAT(F10el +6C1504) .
- 1SN 0133 401 FALMAT(7EL1s 3) .
- 154 G136 §91  FORMAT(® DISTANCES IN DIRECTION=1°/(1H +8(F13,3))) o
:f:; ISv 0138 $02° FOWMAT(® DISTANCES IN DIRECTION-2°/(1H +A(F13.3))) ’
ot 15N C136 6C1  FORMAT(I41/25X ' FINITE-DIFFERENCE ITERATIVE SOLUTION 1S UNDERCONS!
LZ; 10EPATION FIM THE CASE OF?/ 285KV mommmenncacnbannemcecnameascn s op een
* demmeccccscm e e cccccncne e cema e —meae=? / /0 LAMINAR COMPRESSIMLE °
IMOT GAS FLOS I4 A PIPE #4ITH A SUDDEN ENLARGEMENT AND A SUDOEN fONY "
ORACTIUN®///% THe INITIAL INFORMATION SUPPLIED 1S°/) %
. 15N 127 6C2  FOFMAT(IOK.'bE, QEYNOLOS NUMRBER RASED ON INLET DIAMETER =°, i
1 Fue 2710K, *OR, PRANDTL NUMAER BASED ON [NLET PROPERTIES =%, .
1 R4 2730K, *Rk, DRINKMANN NUMBER R EEEEEEEE A *
119, 1 10 2/13K o "ROR=F,s HEFERENCE DENSITY FOR THE FLUID o o o o =%,
21P:1102+% GUM/CC*/ZICK,*ZMUREF, REFERENCE VISCOSITY FOR THE FLUID

2 o @ TP 120110240 GM/CM/SEC'/LIN'CPREF, REFEQE’NCE HEAT CaPACtY
Y 239 THE FLULD o ®9,10C11e2¢¢% ,CAL/GM/DEG K*/10X*IKREF, REFERE
ANCE MEAT CONDUCGTIVITY FOR THE FLULIO=',1PEL142+* CAL/CH/SEC/DEG K*'
RALZK* TiNG, INLEY TEMPERATURE OF THE FLJEID o o o 5 o =7 40PFBa 2y
HY e u KR*/Z1(Xe"TaALLe TEMPERATURE AT THE WALLS ¢ 0o ¢ @ ¢ ¢ ¢ o =t
Te"2F8e2¢* LG X*/710X,s *VINL, MEAN INLETY PFLOW RATE o ¢ ¢ 0o ¢ o 0 o

R
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. ) s Wie o & WY LCPFRe2+" CHMI/SECI/ZI0K'RELAX?'S, RELAXATION PARANETERS W, R
. @ SOKDCPENDCNT VAR TAILAS ARE®/Z 10K¢ JUVRELAR(® o 11,0 1m0 0PFSeRe s *)/ - 32
: % 10K, CCo THE CONVERGENCY CRITERION o o ¢ o o o o 8%y &
5 3 olRIl 1e2719K. 0 IN, THE NUMBER OF CIOLUMNS (Z-DINECTION) o o =%, 1
: 7 15/ 10Xe*JINe THE NUMBER DF ROWS « ¢ (R-DIRECTION) o o =ty '
! a 16/7) .
1SN 0138 T FORMATC(T(IPEL1e3)) ’
L I5v 0139 $T0D . .
i ISN Q140 END
«APTIUNS IN EAFECTS NANE® MAINoOPTaC2 LINECNT=SS8,S12ERL000K o ’
- - 5t
L *=OPTIONS "IN EFFECTs SUURCE +EDCOIC ¢ NUL I ST DECK oLLOAD ¢ NOMAD s NOE DI T, 1D o NOXREF
*STATISTICSS SOUHCE STATEMENTS = 139 ,PROGRAM SIZE = 8338 ~
ASTATISTICS® MO UDIAGNOUSTICS GENERATED
SEeess "END UF _.COMPILATION wéssow . 31K BYVES Or CORE N
v ’ . ' .
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FORTRAN IV Gl RELEASE 1.1 SLK OATA OATE = T3219 :
0co1l BLOCK DATA %
0c02 cwm:wnim.ur.m. 1€, 1IN, SN, 1NN, SN, JA, I8, 18, 1C,

JAN, JOR, 18P, ICN Y
0003 corm;ccrtunswln.cc.mx. IRSt3) ,JRS(I) .ntruun JRELAXEI) ¢
. (1] ‘oRS“vlSl %

0004 COPMON/CPARAN/VI NG (RE, PR, BR : - K
0005 COMMON/CREF /ROREF , INUREF . CPREF ¢ ZXREF , T INL, THALL }
0606 ) CORMON/CSCALE/CR ,C2, 200,202

.. c -

0007 DATA IN,INeJAJB,18,1C/719,23,606,3,20/7

0008 - DATA ROREF s INUREF JCPREF o ZKREF, TINL, THALL /1. 62€-04,1.21E-03,
1 0.124,2.26E~0443000.,300./

0009 DATA RELAX/0.7500.55¢0.75/,CC/0.001/+RSH,RSL/0.05,0.001/

0010 DATA NMAX/200/

ooll DATA NH,NFoNT,1IE/L,2:3¢3/7,REZ60./ ~
0012 DATA C1,C202L1202/0.801.0:3.8604.4/ .

o 4
0013 END

SOPTIONS IN EFFECT® uorsan.lo.Eucolc.smce.uulsr.mecu.tw.mr.mﬂ
*CPTICNS IN EFFECY® NAME = BLK OATA, LINECNTY =
*STATISTICS® NO OIAGNOSTICS GENERATED ¢
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FORTRAN 1V Gl

(11111
0co2
0003

0004
0C03

cCos
0007
0008
0CO09
ooto
0011
0012
co13
0014
0013

0016,

0017
oo1Ls
0019
co20
o021

cc22
0023
0024
0023
0026

0027
+CC28
0029

0030

coln
0032
0033

0034

0033
0036

ocy?

s\&

RELEASE 1.1 . .. GRiD.
»

C....‘.‘..”..O...‘..“.“ 0000088808000 0 000000088800 8800008

C

DATE = 73219
SUBROUY INE GRID :
COMNON/CGRID/Z(23) A1 13),DELZ123) ,0ELR(15) o IMIN(15), INAX(1S)
COMNON/CIUNBR ZNM JNF s NT o 1€ o TN, N, N4 SNN, A4 3B, 18, 1C,

AN, JBN, 18P, ICH ]

1 ) .
CORNON/CSCALE/ZCL,C2,20L1,2L02 .

OIMENSION X1(15) -

[4

SUBRCUTINE FOR CALCULATION OF GRID COORDINATES

COS30005008408 5538850003008 80 8800005860000 00000000050088800808

C

C
Coee

C

C
Ceee

C

10
C

20
C

21
C

22

C
Ceos

C

(

CALCULATE ORDINATES TN R-OIRECTION .

~
JNE=JN-1 -
JAH‘J&:{/ - -
JOn= 8= E
“R{l1)=0.

R(2)= -
R(})=0.Y23 .
JINKN= NP1 .

DO 2 J=&,JNMF
Ri{JI=R{I~1)00.12%
RUJNN)=RIJINMN)+0.063
ROIN)I=R{JNM)+0.06

CALCULATE ORDINATES IN Z-DIRECTION

INN=IN-1"
18P=18+]
ICH=IC-~1
00 10 I=d,18

‘TU1)=0,5¢(1-1)

Ti=y

00 20“ I=1,11 -

ZZ=C1eFLOAT(1)/FLOAT( TI) ‘

X1(1)=TANCZ2)/VANICLY®ZLL ,
ZUI8 +1)=2C18 )exilD) :

ZUICI=2UIBYOZLL #2L2
11=10 . ,

Tin=11-1 ~
00 21 I=1,0IN
Z2=C2¢FLOATIN)/FLOAT(TT)

X101 =TANCZZ) /TANIC2) ®ZL2

Z41C ~1)=201C )-X1(T)D

11=1C+} v

0022 I=ll,IN )
Z01)eZ(IC)*0.5%( I-IC)

CALULATE OELR'S AND DELZ®S

DELRI1)=R(2)-R(1)
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T - Geoaoa - # “""""q _,F?,.ﬁfgﬁ:n‘:};zp . J('l:;f “"
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- T

k
3 ‘ “‘%;
@ rortaan v o1 mevese 1.1 GRID OATE = 13219 02/3220
. 003% DELR(IN) =R (JN) =R (INH) %
0039 - 00 40  J=2,JNN ~
. 0040 40 DELR(J)=0.5¢(R{J+1)=R1I=1))
00el DELZ(1)=Z(2)~Z(1) |
0042 DELZ(IN) =Z(IN}=Z (INN) -
043 DO AL 1=2,INM )
ca4 a1  OELIII)=0.5¢(Z{T+1)=2t1=1)) -
C i}
. “C##e  SPECIFY IMIN'S AND INAX®S , .
: c
] 8043 00 30 L=1,JA ; . ,
] 0048 : ININ(L ) =1 : :
0047 30 IMAX(L)=IN \ .
- doas: JAl=JA+] >
0049 DO 31 L=JAl,JN . c -
0050 IMIN(L) =18 ‘
0031 31 IMAXIL)=IC - ,
< C N
0032 . RETURN ' .
0083 . - END ‘
l ®OPTIONS IN EFFECT$ NOTERM,10,EBCOIC o SOURCE ,NOLIST o NODECK » LOAD, NOMAP,NOTEST
SOPTIONS IN EFFECT® NAME = GRID o LINECNT = %6 ‘
®STATISTICS®  SOURCE STATEMENTS = $3,PROGRAN SIZE = 1758
®STATISTICS® NQ, DIAGNOSTICS GENERATED . -

®STATISTICS® NO OIAGNOSTICS THIS STEP
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FORTRAN H

v

LEVEL 2146 ( MAY 72 ) 087360 3
COMPILER OPTIINY = NAMEa MAIN.OPTa0Z LINECNT=S8,S1ZE=0QCOK ¢ -
,§DU°CE.EHCDIC.E“‘}T.DEC&o ADsNOMAP  NOEDI T, 1D« NOXREF .
1SN 0cCu2 SUHKOUTINE SOLVE .
1S4 C003 CUMMONZCVO/ZA(23415e3)4G1123,18)¢G2(RI135)3VI(23,18),V2(23,19)
I[5¢ 000a CUVMUNZENUMDR /NN JNF oNT o [E s INsINo INMGTINM, JALJB. 184 ICy
1 JAMJBN, IBP, ICN
ISN 0009% COMMUN/CGRID/ZZ(23) o R{1%5) ¢OELZI23)»DELRIIS) ¢ IMINC IS ), IMAX(1S) .
IS 5006 COMMIN/CCHECKZRSDOU(3 ) s CCoNMAX L IRSI3) 4 JRS(I D JREFVAL(3)4RELAX( D)
. 844 RS 4RSL
ISN 0007 COUMUN/ZCPOSTZIM IP e JMyJP 1L 1IN
ISN 0008, uv*nulcpaop/aO(zs.ls».zuu(zs.15).1&(23.15).CP(23.|5!
" 1SN 0009 ODIMENSION AUC23,18.7) )
ISN 0010 EQUIVALENCE(ACI+14104AQ(1,141)) \
ct--atuv«t---tttw*t-titt"!tt-a.tt-‘ttttltttt.t.ltttl‘“tt..‘t.#‘.
c THIS SUBROUTINE INITIATES AND CONTROLS THE ITERATION PROCESS
CRrUBRRIBRBE R ARPERR P ARDNERR B RS CECRS FERS RO RS EAR LN S CRARE IS BRERREPRBESS ¢
(d .
ISN 0C11 wVa (DELF+RAD s ONNP, ROP s OELRO WNP) 2= (DELF/(RADSDNNP ) 282/ (ROP/ 3¢
1 +34 $DELRO/24 ) +WNPS ( ROP/6 ¢ +DELRO/84 ) 7
. 2 (ROP/3¢ +3e%VUELRO/244 )Y
ISN 0012 wHu(DEtF.nAD.onqp.aon.DELRo.wnp)--(oe;r/ounp--z/nAo/tnopt(nAo/J.
3 -5, SONNP/244 J+DELRDE (S, 2R AD/24¢ =33 SONNP/
4 20e)) ¢ WNPE(RAD=DONNP)2(RODPE{RADS G =DNNP/
’ ] fe ) +DELRO® (RAD/84 ~DNNP/10 e ) ) /RAD/Z (ROP®
6 {RAD/3¢~5.%DNNP/248¢ ) +DELROS( S, *RAD/24,
7 «3¢ SONNP/106)) )
c ’
c e
Is4 0013 NIVER=0 B g
ISN 001 WRITE(6421) )
ISN 0015 0G » Kkwg,I1f . "1‘ s
ISN 0016 9 ASIVUIKI=0, . . \
C ) N ’
c S N o
Cesm CAUSE ONE CYCLE OF ITERATION TO 8E PERFORMED
1SN 0d17? | NITZRaNITEQ¢1 ,
1SN CO18 0DC 10 Jm2,JNM - -
IS4 Ccoly tLrIMINGId et i "
154 €320 11z I MAXTS) =1 ) ‘ ' g
1SV 0021 1FlJetQeJA) ILmIBeY ’ ,
IS4 CC23 IF(JeEUsJH) IH=IC=1
1s3_oc2s 26 00 1C I=IL.IH
1S4 0026 IMx]-)
1S9 coe? 1P=le) N
1S4 CC28 NEENEY
1S4 2029 JPx Jel
1SN 0C30 1¢ CA._. FULGN(T4J) oo )
ISN 0031 CALL BNOUMD ’
1S4 ¢C32 ASLTF(ue22), va;a.(nsoutx!.IRS(KD.JRS(K).K-I.le» ,
ISV €033 " AES K.
ISN 0034 DU 3 K=l lE -
15N €C33 lP(Aﬂb(RSDU(K)IoGToABSlRESDD RES=RSDU(R) g
14 C037 3 REOUIK ) =0, !
C . "
) v X
. .g
:
3 ]




ISN Gud3

IS¢ CCaQ

Al il

sSTATISTICSs

'
t
[ N

SSTATISTICS»

=

14

15

11

13

21

22

sOPTIONS IN EFFECTe

*0PTIONS IN cFFECT®

3

TEST IF MAXINUM NUMAER OF [TERATION REACHED
IF(NITLReGTeNMAX) 6O TO S

i

TEST IF CONVERGCNCE CRITERION SATISFIED ' e
IF(ABS(RES)+GTeCC) GO TO 1

o
T

WALL VORTICITIES ARE CALCULATED HERE

00 12 I=2,18 .
ACL o JANY)IZuHWLALL ¢ JAMNF) ~A(T e JASNFED) JRIJA) JRIJAI-RIIAM), "
RO(L o JA)tROCE ¢ JAN) =ROLTI s JA) JAC I o JANINY) )
JAI= JA¢] ' -
JBl=g48+¢1 LA
DO 18 JxJA) ¢ INMN ’
A(IBoJoNU)2uVW(ACIBP s JoNF)=A( 1B JoNF) (I, Z2(T1BP)I--2(1IB ), .
RO(IFe J)+oROLIBPLINI-RO(IB,JI) JA(IBP, I NW) )
DO 1S5 J=)B]1 ¢ JNM
A(lCoJ.NI)thUQA(lCIoJa."!—A(ICgJoNF’.R(J)QIIICD-Z(ICI’Q
AJIC e JI+ROCICH ) ~RO(IC, I) JACICM I NY) )
00 11 I=18,1C {
ACL o UNNW)suwHW(A( e IJNM JNF ) <~AL(T o IJNNE) REIN) o R(INI-RIIINM),
RO‘!QJ"’.“O(!oJN‘"‘“O(lOJN’ .A(IDJN“QW" ’ -
00 13 I=IC,IN
A‘xOJB'N....“-(‘(It-'a..w.".‘llJ'."F,Q“‘J".“(JB"R‘J"..
RO(1+J8)ROCI 2 IBON) -ROLE 4 JB) AL JBM.NW) )

s*STREAM FCUN® (13X 'VORTICITY 413X+ "TEMPERATURE® /7))

FORVATY I:ﬂIZIo"‘Al&::’I RESIOUAL FOR EACH VARIADLE?®//72XKe *NITER®, 12X
LPEL14e3¢® (*e12:%¢°:126°) D)

FORMAT(2X , T4 ¢5X 4 6(

RETURN
END N

NAMEE MAIN,OPT=02 L INECNTaS6,SIZ2E=I000K, . .

SOUKCE .EBCDIC,NOLI ST.DECK.LOAO.“MM’. NOEDIT, 1D NOXREF

SOURCE STATEMINTS = %6 .PROQRAI S$IZE = 3138

NO OIAGNUSTICS GENERATED -

1
assten END UF COMPILATION wsstes W*OVTES or Cm
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‘ :.’ {&: e ™ ..‘—: ~ © . .' T T - T v Phd - H ,:: ‘:_;‘,f_«,.i 5,’_:... ;}r}%&a_%}%;?;ﬂ}?} 23T
£ SRR S
B . . . = ,33
%:Zt“ ! o, - > ) r
o3 f \) | ! ,
f. LEVEL ‘21068 ( WAY 72 ) . 087360 ' FORTRAN W ,
b COMPILER OPTINNG ~ NAMES WATN,OPTROE L INECHT2S6,%1 2T =00V0K, ’
™o . SDUHCE o EBCOIC o NI | ST . DECK L DADS NOMAPR o NOEO] T ¢ 10 ;NOXAEP
‘e 1SN 0002 SUHKROUT INE FOEQNC 140
- I$™ OGO COPMUN/CVP/A(230 850300 GLIRIS 1800GR(234150:VI(23018).VR(2318)
1S4 cCcos CINMONITNUNIR/NY s NF o8T o Sl o IMo JNe 1M, SN, JA . I8¢ 183 ICy 3
| JAN SN, 0P, ICN
< SSN 0COS COVMON/CGRIDZZE23IDRIISIOELZC23) sDE.RI15), ININ(1S), INAX(LIS)
-~ _1%%4 G026 COVYIN/CTHECK/RSDU(3) s CCoNMAX e IRS( 30+ JPS(3) REFVAL ( 3) ,RELAX(I)
\\'/.‘ Qo RSHAHSL
1SN 0007 COMMON/CCOt F/BE » AW. INe #8 o CE« CW 4CN CS» CPP ) g
., 1SN goo8 COMMON/CPRDP/RD( 23,150 «ZMUIRI . 150 o 2%(23,15) +CPI23,15)
ISN 00609 CONMON/CPUST/ZIN G EPJus Sy ILo I .
CoSRtEREI R asseR AP IS0 SR nsNs SV SE0P SOSR 000000 CESSE LR SRS EQS SO0
. c FINITE-DIFFERENCE-EQUATION SUBRIUTINE
Coanssenrisrssrtis s8¢ Sitsnt 088 PRSI0 ¢SPES S LIS G S04 00008
: s
1SN 0010 FGIN(VELF s RAD JONNP JROP o DEL RO ) m~0ELF/ONNPSE2/RAD/ ( ROPP (RADS 3¢ ~
1 S SDNNP /280 ) ¢DELRDC(S,CNAD/2E o ~3¢ CONNPI20.))
.- TSN 0011 FG2HIHAD ¢ ONNP s ROP L DEL RO D=~ (RAD-DNNP ) $(ROPE{ RAD/6 0 ~DNNP /8, ) ¢
. . OELROS{RAD /80 ~INNP/10, ) ) /RAD/( ROPS(RAD/S e~
‘ . 3 ' . S.SDNNP/ 280 ) *DELROS(S,SRAD /200~ 3o S0NNP /10, ))
ISN 0012 FGIVIDELF s RADDNNP ROP s DEL RO ) = ~DELF/ (RAD SONNP ) 8¢ 2/ (ROP/I, -
s 4S5, SDELRG/ 2660
ISY G013 FG2V(RUPDELRO ) =~ (R0P/6 ¢ ¢tDELAG/B4 /7 (RDP7 30 ¢S50 SDELRDI R4 )
. c .
c o
© ISN 0014 . DO 1CO0 K=j.IE
ISN 001S IF(KesEUsNTANDS 1oLEL,IB) GO YO 100
C ' :
: Cess® CALCULATE SOURCE TERN - . .
ISN 0017 24 CALL SURCE(]+JeK o SOURCE)
Lt -
Csss CALCULATE DIFFUSION TER®N o i
I8¢ 0018 B CALL UCOEF(1+¢JeX) -
. C _ > 2 -
1SN 0019 . IF(KeNEoNw) GO YO 110 .
. ¢ ‘ .
Come  IMPLICIT TREATMENT OF wALL VORTICITY BOUNOARY .
. c
138 0521 Zwad, ' o
18% ¢o22 ZevsC, . . “
ISN ©C23 ‘ ZwviysC, ) “
1SN 0026 T T BFU10EGeILeANDe JeGEsJA) GO TO 300 r
. 154 gI26 IF(leEQalN) GO TJI 600
, 1SN cc2a GO TO 7CC .
- - L c -3
C T CUVDERT NODE IS ADJACENT VO A weEST wALL -
1SN 0C29 %C0 LiZeslm H
< 1S¢ CC32 COCa39e , . :
ISy 0031 JE.T=ZCIB2)=-ZL13) : :
1SN 0032 - G0 10 35S ’ .
c rr
- C Tz CUKGENT NODZE 1S ADJACENT TO AN EAST waLL , t
18y Ou3) ©Co [F(J=J3) 399,807,601 | L
. . : N - L H
ol
By
, - o
N r~n ;:z
FarERsn ; - UH
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r
ISN CO3s 6C1 LIEaxlP
N ISV ¢033 COr wadt . N
- IS4 G038 , OELT=Z(iC)=L(1CH)
‘ ~ISN CC37 555 A(LIZ u.J.Nd):FGtV(A(loJ.NF?cA(Ll’!.J-NFl.!(J).D!Lt.ﬂO(LlEU.J'.
‘7 . 1 RO e J)=ROILIEW, I}
' I$N 0C3a ZwaEG2VIRI(LIED S 3D s20C 14 J)-RACLIEW ¢ ) )
ISN GO39 ZWS URZUMUB S COEWAZ 42 ZMUILIEW +J) : ' ‘
‘ 1SN 0040 IF(JeEQe JNM) GO TO 501 )
1SN, 0082 G0 YO 969 .
ISN Co43 700 IF(JeEQe JriM} GO TO F01 > ’
. ISN CCaS IFCJeEGe { JAM) cAND [oLFe B} GO TO S02
T ISN CCa7 [F{JaNCeJBM) GO TO 999 .
ISN 0049 . IFCI-IC) 999,800,50% ) \
'd
c THt CURRENT NODE IS ADJACENT TO A NORTH WALL ~
ISN 0080 . 801 YAD=R( IN)
‘1SN 0031 OCLT=R(JIN)=R{INM) -
1SN 0052 GO TO 666 ) :
ISN 0083 502 RADzR(JA) . ‘
1SN 0034 DEL¥=R( JAD-R(JAM) . .
1SN 003 GO fo 666
ISN €056 503 RAG=R{JB)
ISN 0087 . DELT=R(IB)I-RIIBM)
ISN 0058 668  LINSEJP
1SN 0039 CANS=BN
ISN €060 A(l-LJNS-N')aFGlH(A(I JeNF)I=AL ToLINS s NF) JRAD sDEL T RGET JLINS) o
3 RO(14)=RA(T cLINS))
ISN 0061 ZHH-FGZHlRADoDELT.RO(I'LJﬂsloRO(l.Jl-ROCl.LJNSli ) I
ISN 0062 C IWMUSZIWMI ¢ CANS®ZaHEZMULT oL JNSY )
1SN CCo3 GO TO 999
c
Ce®e VORTICITY AT THE DOUNSTREAM CORNER
ISN 006a 200 ACICedRoNG)mCe S (FGIVEACTICHIMeNF)=Al IC.JNNFDRIJBD ZI1C)~ZLICHD ¢
Y RO(IC.JIB)IRO(ICH,IB)-ROCIC,IBI) ¢
2 FGIHCACIC IBMNF 1 =AL TCEJBINF J oR(JB) 4R TJIB) ~R(IDND e
3 ROCICeIBDRO(ICIBMI-ROLICIBI D) .
v 1SN GC6S IF(1.C041C) GO TO BOY
18N oce7? 2% m0eB56(FG2VIRN( IC,JB I RO(ICMJIB)-ROLIC,JBI) & ° :
J A FG2UER( JB) ¢R( JB)=R(JIBM) s RO(TCJB)+ROLTICIBNI~PO(ICoIBIDD
[347 oces 2uMURZwdy e s 2WHOZMUL IC . JB)
‘. 13N 2069 GO TJ 999
LA { ) AC1 ZVﬂtcoﬁ‘(FG?V(KO(IC.JDIoIO(lCﬂ.JBJ-RO(lCoJOlD . n :
' ' 6 razncntaa).nlJap—ncJonn.ROllc.Jl).nocxc.:enl-aotlc.Jo)))
138 Jory ™/ ZANLaZWNUIENSZaHE 2uu( 1CoJ8)
. 1S4 cov2 999  CONTINUE
] C -
c
; Cees COWPUTE CONVECTION TERMS AUI AND ZUL
' . C
" SN €073 11 AUl=Ce . : A
: 1SN 007s Zul=ge . o
' ISV 027 - 1+ (< EQenF) GO TO 140 ' ‘ , -
¢ ‘ : A
. Cese CALCULATE MNEAN MASS FLOW RATE AT & TUBES OF THE YaANK é
Lo - F} . L :N,x
'
. 2 ) X v
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138
- J :
r'd
13
T - ¢ )
. 13N @077 - 24 LeMAGHILLLILIVIELRIY)Y) 3
:‘ 1SN 0CT3 \ GUICSCDERELATT VIR oNE DAL T o JUINPI A (IPUP o NFI~AL TR M NT) ) ;
Lav 00V GMILWA=OZPS{ACL IR GNFI=Al Lo JUNFIPALTN QIR ¢NFI=AT TN JNNF) ) ' .
{Sy 0080 GMPSRIDZRBLA(IP I NF)=ALTMsIINF) tALIPININFI~AL TM JM NF)) P
> 1SN 0CAY GMéV3-OZﬂ‘(A(l°.JoNi)-k(lNoJcNFDOllIPnJF.N')~A(lN-JF€NF!! :
c’ : ‘ "y
§SN 0oa2 LFIGMTIwI2, 3,0 Lo ’ ) v
15y 00A3 ] ZUI B GM) W v "
J3v oCes 6L Y0 3 . ’ SR
. TSN 608S 7 AUL=~GMIWSACTML S, K) ’ .
1SN Oude TFIKeECeN® e ANCe (1 oEQe ILeANDsJeGEeJA)) GI YO 200 -
1S4 0034 3 IF(3M2515.6 44 AN ]
1SN 0089 - IUI=ZUl+GM2S
ISN 0090 GU TU & ~
N ISN 0091 5 AUIZAUT=-GMZ2S*A({T ¢ JMK) . '.t
1SN 0092 6 IF(GMIE}?7.9,8 / . o
‘ 1SN 0093 T AUL=ZAUT-GMIEFALIP ¢ J,.K)
ISV 009s lf(K.t_ooN'oANOQ(l.EQ.lN.ANDOJQGE.JB’. GO Y0 202
1SN 0096 GO YO 9 * “
13N 0097 °) 2UL=2ZUI+GMLE ,
1SN 0098 9 1F({GM2N)I10. 12011 . T
1SN 0092 10 AUL= KUT-GM2N*ACT ¢ JP4K )
13+ 0100 [H(KaNEsNW) GO YO 23
ISN 0102 IF(JeEQeINM) GO TO 203
1SN 0104 IF{JeFUs(JAM)sANDe LoLECIB) GO Tn 203
. '1SN 0106 1F({JeEQe( JBM)eANDe 14 GELIC) GO TO 203
v ISN 0108 : ‘GO0 TO 21 . -
19N 0109 11 ZUl® ZUT+GN2N
1SN 0110 12 GU TO (1404214230 4K . . n
y (o] -~
ISN 0111 200 UL ZUT+GMY we2w
ISN o112 60 YO 3
1SN 0113 202 LUl=ZUT¢GMYE *2w .
1SV 011 - 60O TO 9
. 1SN 0115 2U3  ZUL=ZUIEGM2NPZWH ‘
“ C - > . ©
o - . \ . .
1SV clle 21 AUI=AUT*R{ J) "2 ‘ .
, ISV 0117 © o ZULEZULeLI) eep ¢ .
N 134 0118 - GO YO 149 .
1S4 0119 23 AUL=AULISCP (] 4 J) ’ .
' . 159 0120 ZUI=ZULISCR( ] o))
~ ¥
< Lems CA_GCULATE VALUT OF THE DEPCNOFNT VARIABLE AT THE CURRENT. NODE -
- c s, .
N 1SN 0121 160 ANJMtﬂC‘CE'A(lD.J.KtoSu'Cl‘A(lH.J'K)OBSOCNOGQI.JﬂoKlO ¢
Y GSeCSeA( T4 UM )FAUT &SOURCE ¥ g\\
g 15N d122 ADNME (HF +88 +HNG 1S ) 2CPPIZUL A
1aN 5123 IFIKeEUeNE) ADNMEAINV-ZWWY
1SN 012% ALLD=A( 1 JoKk) ..
¢! 134 0126 AlL o JoK)IZANIMZAONY
159 0127 ; 2 CONTINUVE , ‘ - .
c .. -~ .
b
f é
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‘?p 1,—,‘ -
N :r‘ 0? \ + ' -
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. Cams  UNJISR/ZOVIR-PELAXKATION .
o
1SV 0120 ODIF=A(1+JeK)<A0LD -
1Sy 0129 . RSEIIF/REFVALIK) \ . ‘
teN 0139 IF(AU3U8 ) g GEeRSH) GO TO 70
1SN 0132 IFLADSIRS ) eLEePSL) GO TO 80 ¢
15N 013s HLXSRELAX(K ) =Ce3*(RS-RSL)/(RSH-RSL) ' - .
154 0133 GO TQ 4
1$N-0136 70 . RLXIRELAX(K)-0e3 + )
1SN Ll37 \ GO TO ¢
1SN 0134 40 - RLXBRELAXIK) ,
b3 [S4 0139 ¥Ppo Ally Do KISAGLODRLA®DILF s .
ISV 0140 IF(ABSIRS ) LEsARS(RSOUIK)) ) GO To*101 . N
1SN Ola2 RSOUCK ) =RS .
ISN 0143 IRS(K) =1 ' <
ISN 0144 JRSIK)=Y ~ .
< )
1SN 0145 101 $40 TO(10241C04103)eK
N Cemw CALCULATE VFLOCITY COMPONENTS . !
c .
ISN 0146 102 00 SO LxlM,lP "
ISN 0147 IF(LsEQel) GO TO 50 .
ISN 0149 IF(LeEQe1B.ANDeJoGEQJIA) GO TO 50
f 1S4 0131 IF(LeEGeICoe gNDe JeGE0JB) GO TO %) t
ISN 0183 G2(L s J)==ADF (L Js 1 ANFI/RLY)
ISN 0154 V2L o J1=G2(L +J)/Z7ROLL 4 J)
1SN D1ss 50 CONT INUE C
C - oY
1SN 0186 PU 31 LmyMeuP N
ISN 01587 IF({LeENe1a0eLeEReIN) GO TN I}~ .
ISN 0139 IF(.eEQeJACcANDs14LES IB) GO TO 31 A
ISN 0161 IF(.eEOeJB AND Ve GELIC) GO TO M i
1SN 0163 Gl(Y ol )® ADF L'l o2sNFI/ZR(L)
ISN 0lobs VI(IoL)=GIC(1+L)I/ZRACT,LL) K
ISN 016% n CONT I NVE -
. 1SN Qloé6 FlJeNEe2) GO TO 1060
ISN 0163 ti=le/lla=tR(2)/R(3))IO*2)
I3N 0169 G161 41 )23HR®GI(]42)~(BOR=~1.)6G1(L,+3)
1SN 0170 VI(I +1)2G1(T41)/73001,1)
rsn a1l GO YD 100
¢ .
Crxem  CA.CULATE DINSITY VISCOSITY, THEQMAL CONDUCTIVITY AND .
_ ¢ SPECIFIC HEAT :
1SN Ci72 1S3 CALL PFROPTY (ALl s JeNT I RO(L0J)eZMILRs)) e ZX(10J).CPLLLJI))
c ”
IS4 0173 100 CONT I NUE v e
I3.¢4 Q178 RETURN . >~
ts~N 0178 END ‘
SOPTIONS IN EFFECTe NAMEE MAIN,OPTEC2.LINECNTRS4,S12E=0000K,
) .
SOPTIONS IN FFFECT® SOURCE s EHCDTICsNILISTLDECK«L.OAD s NOMAS o NOEDI T I Dy NOXREF
*SYATISTICSS SOURCE STATEMENTS = 176 JPROGRAN SI12E-= as02
- - w
ne -
d . .
® ’ ,2“
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LEVEL 2166 ( MAY 72 )

COMPILER DATIINS -~ NAMEE  MAIN,OPTa02,LINECNTa%0,S12ZE=0000K,

1SN coo2
ISN 00¢3
ISN 0604
ISN C00S
ISN 0¢C006
ISN 0007

L4
.

1SN 00098

I{SN 0COY
ISN OC1l0
ISN 0011
ISN 0cCl2
ISN 0013
IS 0014
ISN 0019
ISN 0C16
ISN 007
ISN 0018
ISN 0019

ISN 0020
ISN 0021
ISN 0022
1SN 0Cc23
ISN 0024
ISN CC26
ISN Qo027
ISN oc28
1SN CC29
ISy 0630
£SN,,003)
ISN 0C32
1S¥ ¢C33
ISN 00234

ISN 0C3S

1SN 0036,
ISN 3037
1SN €Gc38
1358 0039

OS/36C FNRATRAN W

Jex

SIURCr+EBCDICINOLIST ¢DECK s LOADINOMAP  NOED T T o 10 ;NOXREF
SUNRIUTINE LCOEF(LyJdeK) -
COMMINZCGHINZZU2 ) oRULIB)IVDELZ(2IILVO0ELRIIS)IMINI(IS) o IMAX(LS)
CUMMUN/CDARAM/VINLLRE s PR,AR
CIMMONZCPIASTZIM o LR UMy UPLIL,, IH
CUMMON/CPROP/ZAN (2415 ) s ZMU( 23,1504 ZK(23,1%5) +CP(23,18)
COMUIN/CCOEF/BE o IWstHN o 5S, CE o CWICN LS o CPP

CRrAVSARBALU NN SE AR PP AR ERRE SNSRI S SEABIREPEREINEE T SAS N 0B 0l

C

SUNROUT INE FOR CALCULATION OF OIFFUSION COEFFICIENTS

CrEXPRIRIAINI RSN ABPWNR SANGSINSRR SR RNEBRS R NS ERES SR R AISRBO NS

Cens

*

[a N RN aNale]

GO TO(2e1 ¢5) oK
FOR VORTICITY .

BD0=R( J)ex3/RE

BBE= B8P

EITEL R

HUNRRQ(JP) $#3/RE . .
BBS=R(JM) **+3/RE

CPP=ZMULL vJ)

CEsZNU( 1P+ J)

CwsZWU(IV,J) ,

CNEZMU( L ¢ JP)
CS=ZMULT +IM)
GO 70 20 &
FO# STREAM FUNCTION

AUPRL o /(R(J)SROC T4 I)) N
BUES1e/(R(JISROCIP,JI)) A,
HBWnle/(R(JISRO( IMY))

AHN L o/ (R(JIPI*RO (T4 JP))

1F(JeE062) GO YO 3

BuS=1s/(R(JMI*RO(1,JM0)

60 TO &
BESEALZ(R{J)ERIINIIZ(RO(]+J)+RO(T . JM) )-BBP
CPiul,

CC=le

CwWzl,

Chrl

CoH=l,

60 T 20 C

FO? TEMPZRATURE
HEPRERESPR ,
BUIEZK ([« J)*R{J) /REPR
dAraZK{ 1P ¢ JYeR I I/REPR

BOWEXK( 144 J)=R(J)/REPR
OVRIK( 1+ JP )RR IP)/REPR

o TN W

S [N D

L
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~ LSN 0080 BNSRZK( Lo JM) R IMI/REPR . , .
. 1SN 0Cel} Chany, ' N
¢ 1SV 00a2 CEmsly . . )
. 1SN 0043 s Camly - A ‘ —~_ " 3
1SN Coan CNul, ! ' oo ;
¢ 1SV COaS csale -
Law _: c A :
’ Cee= PON ALL DEPENDENT VAQLIAM.ES
. c ' . .~
t 13N Coal 20 B (BIPEIIEIZ(2, sDEL2L LI RLIPI=2L1)))
ISN 0047 Ban(UIPIIIWIZ(2, sORLZLL DS Z(R)~-2L1INID)
[ * ISN COoad BNS{IONIUNP) {2 COELR(JIISLRIIPI=RTIID)
1SN 0049 BS=(HOS+3IP) /(20 SDELR{J)IS(RIJDI=RIIMID ) \ v
18N 0080 RE TUAN . )
r 1SN COS1 _&np — -
SUPTIUAS IN EFFECT» NANEx MATN.OPT202,LINECNT=S6,312E=0000K,
C *OPTIINS IN EFFECTe SOURCE « EBCOIC « NOLIST . DECKoLOADINOMAS ¢ NOEDE ¥o 10+ NOXREF
[ 3 *STATISTICS® SOURCE STATEMENTS = S0 +PROGRAM S12F = 1178
SSTATISTICS® NO ODIAGNOSTICS GENERATED A .
L ssvsss END OF COMPILATION nestet 67K BYTES OF CORE
L . :
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LEVEL Jletd { MAY 72 )

CoONPILEN OPTI(INL -

{ad COOZ
3¢ CCOD
IS¢ VU
v 0009

L SN 0000

1SN
1SN
1SN
ISN
ISv
1SN
1SN
LSN

0007
0008
0010
o011
ccl3
(Jo ] B )
Go1s
colo

oor7

colr8
col»
Lu2?
0Ccel;

15N 0022
7

1N ou2s
1SN cC2a

1SN 028
1SN S22
ISN €027
1Sy Q028
1SN CC29
ISy ¢cC30

SJIFTI NS IN FFFc(Te

08/34% PFORTRAN ™

NAVER  MAINIOPTHRO2LINECNTRS6 ,RIZFP=000CK,

BPUURCE o+ NCOIC I NODLIST 4 OCCK oL OADINOMAP ¢ NORD I T, TO JNOXREPF
SU SCUTINE PROPTY(TY RO« ZMU, 2K CP)
CnuanNIrc!ranunrr.z»un#r.cp»er.znner)vnnu.vuALL
CUNAYINZCOATAZTENI(100) s PROPLI004) OEL

DIMUNSION Y(4) s VALIA)

<
CrOUPPUBMAI v BGOSRl TR QIS N0 PPR SRR URENINRRENARAR PONESRICRNAROREtINGD
< SUOUTINE FOR CALCULATION OF OONSITY .VISCOSETY, g
C Thee IMAL CONDUCTEVITY AND SPECEIFIC HEAT AT CONSTANY PRESSURE
CrenguBans2ssauB st ann e ARt AR sesup et eaRet ROt tea e aRdRRAtlRlnene ety
C -
< 2nIP(ly1) t DENSITY GM/CC N
C PRJD(ICZ) ! VISCOSITY GM/CM/SEC
c PRICITILI) T THERMAL CONDUCTIVEITY CAL/CN/SEC/0EG K
C PRCP(L1,4) 1 SPECIFIC HEAT AT CONSTANT .PRES
c
Cese  CONVERT DIMENSIONLESS TEMPERATURE TO OIMENSIONAL ONE
C
TafTe(TINL=TWALL ) ¢TWALL ’
c
Cmes L AGRANGE INTERPOLATION FOR EQUAL INTERVALS
ITalFIX(TI/ZI00 ¢t
1F(TetUe TEMPLLITI) GO TO 60
HaT-TEMR(IT)
1F(ITelTo2) GO YO 20
00 QC0 <«K=l,a
, DO 201 wNal.e (
2C1 VALINI=RQOP (1 TeN=2,KK)
2C0 V(x<Ial=vALULI)I/ZCHEDLL) ¢3e*VAL (2)/H -J.-VAL(JII(H-DEL! .
1 CVALLAIZC 1=204DEL D) ¢ (HeDEL  EHE (H-DEL Y 2 (H-2420EL )/
2 (Ge*DELS®3)
GU TU &0 \\
¢ - ¥
2¢ 20 9N0 KKm] .4
U 801 Tsi.e
aul VALl )I=0RUP (k)
L1g+ VIRK) 2 (=VALLAI/H $34SVALL2)/IH=DEL) =3¢*VALII)/(H-2,%DEL)
. CVALIAI/ (=3, %DEL) ) *HR(H=DEL )R (=2, ¢DEL IS (H~3¢*DEL)/
s (Bee0ELN®Y) :
GO T3 4CO .
C P
oC DU 300 KK=),4
3CC VX )IePERD (1T kK )
<
Coss  MAKE FLULZ PORERTILS DIMENSIONLESS g ’
c
430 ROV {1)I/RIREF

ZMUsY (217 ZNUREF
Zurv{ )72 ET
CPaY(Q8)/COQEF
R, T JWN

END

~
- - -a

NAML R MAING A Te22,LINECNTRSASIZF=0CCCR,

%h%n.

- -
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LEVEL

ISN
IS
ISN
IS~

USN
IsN

I3N
ISN
ISN

ISN

ISN
ISN
ISN
ISN
IS~
ISN

ISV
ISN
1SN
1SN
IsN
IS~
1s~
IS
ISN

ISN

| E]
I3~
| S
13N
ISN
Isv
ISwv
IS4

ISN
Isn

21¢6 ( MAY 72

} 08/360 FORTRAN

COMPILER OPTIONS = NAME® MAINLOPT=C2 ,LINFCNT=%6,S512Ex00CCK,

902
¢col
00Ce
0C05

ooce
0007
0008
DL R
¢o10
coll
ao012

0013

0014
Co1s
Qo016
oL 7
00193
0019

0020
o021
¢022
0024
0C26
0028
0030
0031
c032

0033
00 3s

0035

Cd3o
0037
2C¢38
9040
G0a2
Cuas
00as
[+XeT ¥ 4

A SNUSCE«TICOTCNOLTGT JOECK JLOAD, NOMAS, NOFO!Y.ID.VOXN!F
SUC JUTINGE SORCE(1eJeKeSQURCE)
CO*Juu/CVPIA(ZJ-tS.‘).Gl(zl.lbt.ﬁ?(?).lS).Vl(23.!5).V2(23.IS’
CuA%UMICu*‘)Il(E"-7(15)'DELls23’tDE-9(‘SlolﬂlN(15’-‘“5!‘\5)
COMMUNZONUMEI/NA o NF oNT o TE o INoINg INMyINMo JA9JARLTIB,IC,

1 JAMLIEM, 18P, |
cu~uaw/cnnob/nn¢23.ls‘.zMU(gﬁ.:sx.zx(zs.tsx.cptza.tsr
COVMION/CHEF /KOREF ¢ ZMUREF ¢ CPREF ¢ ZKREF 4 TINL o TWALL
CUMMUON/CPARAM/VINL g REsFRoBR " .
COMMON/COOST/ZLUs TP, M, SP B o IH

DIMINSIUN DVIDZ(23415) 4OVIDR(23,15),0V2DZ(23,18),0V20R(23,19)
DIMENGION AQ(23,1%5.9)

EQUI VALENCE CACT o1¢1)+A0(1 ¢141))

CoOtSessvuyaBarspbls SUSSNSE¢RUSESI S RIBEEECsrtd s bbb ™~
C SUHROUTINE FUR CALCULATION OF SOURCE TERMS
CEPEE NS NN SRS R F IS L NBSFSAUBP SR AN OB AN E USRS PO DIE S
[
GO YO(24103) eK
C . /
C*ss%  FOR VORTICITY
[
1 DD 22 LialmM,IP
DO 21 LJ=dM, JP |
ODV2DRILIWLII=ADPILIsLI12:7)
DVIDZILT LJ)=ADF (LI sLJslb6)
21 AGCL T oLJeyB)=ZMU(LTIoLJI)S(DV2DRILT«LJII-DVIDZILTIWLI))
22 AUt 1 oJe9)=ADF(L1,Je2,8)
C
(M= 4-1
1PPp=1(Pe]
IF(IMMeLTel) [MM=x]
IF{IMMalLTo [3eANI 2 JeGTeJA) IMU=ID
IF(I1PP+GT4IN) 1PP=]IN
IF(IPPLGTICeANNL JeTe JB) 1PPxaIC
D0 23 Li=sIvv, PP
IVIDALIL ) =ADF(LIeJe246)
295 ACGIL S o JeBIELMU(LT +J)*DVIDR(LIJ)
C \
J0 28 Li=lM,IP
2% A T ede9)==20% L AQ(LT ¢ Je D) CADFIL T oJe148)4+ZMU(LTILJ)/RIJ)®
1 (DVZNA(L Lo J)=V2(L T +JIZ7(J))I/RE ~VI(LEIsJ)®
2 ADFIL1eJe2e8) ¢V2(LIGJITADF(LTodetl o)
3 +G2(LI,J)=Vv2{(L1 . S)/30Y)
SHURCFEF=ACF( L o Jdsl ¢ 9)
C

JoAv s Jraey .
JPhz goe] v
IF(IU LT il Juusy i . .
IF(JORGTGUND JPPIN .

I1F(JIPI,GToJAgANNG e LT IB) JUPP=JA
IF(IPP.GT 4 J3aANIe 14GTIC) I6P=YD
DU 33 LJsd%MeJip

IF(LJatQelallRelJoERe JN) GO TO 61
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T
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. o
I
ISV 00ey OV2OZLELII2ADP( Teldoel+7) ) Ll
- 139 0UsC CAUEL sl Je ) =ML L) *OVR0Z (Tl D) . -
1SN 0ol GO TO 3
1S4 0us2 sl uvaozcl.LJoﬁu,c
ISV CObs ACITaLIe)n0e . .
13N ui%ae J3 . CUNT INLE ,
c ' v
15N Ousy 16 OU 32 LJsumep * — .
LSN°OCY0 AQCTsLIs3)a2e ®AUF(L4LJ42:0)/RE =VI(LLJ)*ADF(T,L S0 2,8) o
) CV2LTLIINADFC L oLI el oR) o
1SN 0usY IF(LJetOel) GO TO 360 . :
1SN 0059 AQ(L oL Je9)2AQCTslde 2)=(GRC T oLJIIVILL s LJ)=2oeTMULTLI)®
- s OVRNZLELIIZREI/RILY) \
1SN 0060 GO To 32
1 15N 0061 oo FlaR{LJ*2IZ7(RELI*2)=RILI*L)) .
b SN 0062 AGELILJID)IRAQET 4L IsQ) =F 12 (G2(TsLIC1IOVIIToLICLII=eoZMULtTLIL)
1 *OV202( 1 JLJ*L)/ZRENZRELIGL)
S 2 “(1e=FIIP(G2( I, LI*2IMVI( T LISR)=2e*ZMU( T LI R)
b 3 20V20Z(1.LI42)/7RE)/RILI*2)
1SN 0063 32 CGNT INUE . .
. 1SN 0064 SOURCE=-(SOURCEADF( L1 o.Je2:9) ) ®R(J) @02 :
1SN 0C6S RETURN
% c ’
c
C#s®  FOH SYREAM FUNCTIUN
C
1S5 0066 2’ SOURCE=A({1,JsNW)RRL J) :
1SN 0087 AETUAN P
C /
. e b4
E? Ctsw  FUR TEMPERATURE .
p .
Y 1SN 0068 3 SUURCE =06
= ¢ : . -
| - I3n CO6Y RLTYKRN '
. - 18N 0C70 . )
9 t —
’ L1 ¢PTIUNS IN EFFECTe NAMES MAINGIPTRC2LINECNT=50,312E00000K,
VR . ’
: ;:_x ®OPTIONS v EFFECTe SOURCE (EICDECoNILEISTDECK JLLOAD s NOMAD , NOEDI T+ 1D o NOXPEF
., *STATISTICSe SIUACE STATEMENTS = 69 (PRUGRAW SIZE = 7916
» N +
wTATISTICSe NU OIAGNUSTICS GENULRATED _ ) o
hd sesees ENO [F COMAILATION suwese 39K BYTES OF_ CORE tq
:(/ s \ - s -
? f
L T
. . . . A
: 1
- 3
I'4
‘@ | ]
J > VR :Qé
- a ) ’ 3
T 07 Q : . P
. ) e
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iy

N
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184
I8N
184
ISN
1SN

SN
I SN
18N
13N

1SN
1SN

1SN
1SN

5N
18N

1SN
1SN
ISN
1SN

Isn
IsN
1SN

CUMBILLR LPTIUND = NN

ovol
0004
Cica
oot
0C I8

0007
0008
0309
0010

0011
oci1a2

oC13
0Ct1 s

co1ls
oCle

colr
0C1s
o019
IC20

oczl
occae
oCc2s

™~

LEVEL 2166 ( MAY 72

C
C
C
C

)

+

03/7%0 FORTAAN M

AAINIIP TeOR JLINFCNTAS0 1 7ZuCACIXK, »

' SOUHCE e T ICIHICoNULLST s OFCK s LOAD NOMAP  NOEDLI T o [0 s NOXRESF

SUINUT ING SOUND

CHMMONZCVIZAL23,18: %) GII23,180:.G2023:15)eVE(23,18),V2(23,19)
COANMON/CIRTIDZZE23)oREISIDCLZLI23)DELAII %), ININC13),. VAR (LS)

CUMMON/CPRLP/ROCI2301%) o Z2MUC 234 15) . 2K(P3,18) ,CP(23,13)
COMMUNZCNIIMARZNG o NE oNT o 180 TN IN ING INY, JA, JB, 1

JAMSINe I 0P, ICH
COAVEN GRAISaut oAl t SENs S S0 ARIt ANeRRt st dntatdatastdicete
SIMROUTINE FIR CALCULATION OF BOUNDARY VA_UFS FOR

ALL Tut OEPLNDUNT VARIABLES
CHees 18P et NOStNIINgOneERetetsttdtattensstdtesdsdaddotanne

1

CoomaafF(Ow STHEAM FUNCTION sealll o JNF)

C
Coen

2
210
C
C

v

EXIT (ASSUMING ZCRO AXRIAL GRANDIENT )

BBl e/ (le=(ZCINISLLINM)IZLZtINI=-2LN=2)))0eR)

Hels(iNt-1 o
DU 21C Ju2, g8

ALINGIoNF I2UHSALTINNG I NF)-HOL®ALIN=-2¢ JNF)

CosanafUR VORTICITYeoe ALl odsN)

C
Caes

18
C
TCene
i
10

C

C

C
Ceoa

3co
c
Cens

3¢1
c

Ex1Y

DO 1A Jw2,J0

A(INI I NW)IsHUPALIN-T o JoNUW) ~BBI CA(IN-2.J. W)

N THE AXIS=0F~SYMMETRY
VY IV I=224IN

o1Coe

3

N\

-

Al ol oNWDI2A(T o2 NUIHIR(2I/7(RIII-ALRIVIS(AL T o 2eMW DAL T I NWD)

EXIY

DU 6 J22,.9BM

Ceees 0P UR TEMPERATURE ooeAl 1 ,3JeNT)

A(INGINTI=dBOA(ING o NTI=BRISALIN=ReJoNT)

Jid THE AXIS=0F-STYMMcTRY

A4t le/Zlla=tRE2)/NR13) Ine)

RIILRE LTIV L8 IS
00 301 122.IN

A(T s L oNTIRrHEA (] o2 NT)-BBRLSA(L, JNT)

CmeonnFGn VELOCLITIES

C
Coem
C -

[ 3]

4c1
<

Ao s

ZF3) AX{AL GRADIENTS AY

Ju2,084

EXIv

GIUINGIISIRIGI(INM ) =-I9GRILIN-24,J)
VIUINGII®GLUINGSIZRD INeJ)

N
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- . . * . N R R A PR A AR T O '&‘%ﬁ&y XA ~‘.§§:" -
H s Ty RS S NP i
3 N ¥ Iy -
L - =" - -
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. ' ‘ ,
‘ . ‘Coms  ON THE AXIS OF SYMUWLTRY . .
c
USN 0024 - DU 402 I=2,IN
“ISN 0029 G1(141)3B3RGI(T,2)-BARPISGI(1,I)
154 ¢026 Q02 VI(1%1)2G1(1,1)/730(1e1)) .
c' :

. c : ’ . |
'!§v 0027 RETURN - * .
154 0028 : END - ‘ . ;

¢0OPTIUNS IN EFFECT® NAMEE  MAINDPTEI2,L INECNTRS0,SIZE=0000K,
SOPTIUNS IN EFFECT® SOUPCE <EBCOIC +NOLIST +DECK oL OAD s NOMAP sNOEDT T 10 o NOXREF
« h N N
¥STATISTICSe SOQURICE STATEMENTS = 27 +PROGRAM SIZE = 1048
*STATISTICSs NU OIAGNUSTICS GENERATED . ~
SREsss ENO OF COMPILATION ssress 67K BYTES OF CORE
B o 4 )
- - -
-
¥
\
)

' +
. i % .
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¢

4
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- Fd :
& A . - :5
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r
_ . ad
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4N e
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LEVEL

USN
ISN
I SN

ISN
1SN
I SN
(SN

ISN

1SN
[SN
LSN
ISN
1SN
tSN
ISN
1SN
1SN

1SN
1SN
1SN
ISN
ISwN
1SN
1SN
ISN
1SN
1SN
ISN
1SN
ISN

1SN

21.6 U MAy 72 )

0co2
0003
0004

0003
0006
0007
ocoa

0009

0010
0011
Q013
0015
o017
0019
0021
0023
0025

0027
0029
0030
0031
0032
o€y
0034
0035
003¢
Q037
0038
0039

Qga0

0041

9
COMPILER OPTIONS = NAMEw

057360 FORTRAN H ‘ ?

[ORF PR

MAIN,OPT=02,  INECNT2536,51ZE=0NO00K,
SUURCEoEBLDlCpNOLIST-UECK.LOAD.NONQP:NOEDIY.ID.NDXRE'

FUNCTION ADF(T,JeLXXQ)

COMMON/ZCVP/AL23,15+3),61(23,415), GZIZ?.!S’.VI(23ol5"V2(Z3.15l

COMMONACMUMBR/NW o NF yNT o TE o INy JNy ITNMy JNM, JA9 IR, 1B, EC)

JAN, JEM, (0P, ICM

{
CDV"OY/COR[U/Z'23)0R(l5,OUELI(23’QDELR(15’01”IN(15"INAX(IS’ t

CUMMONZCPOSTZIMIP UM P, IL, IH 3m
CIMENSION BENNID) ,BWSRIO),BP19),AQ123,15,9)
FUUTVALFNCE (Allolel)oAO(L,1l,1))

Ceesdes 00‘#““0#*t.*t.#‘t.'.“#‘t..‘.t“‘.0.0.0“.‘..0..0&.‘.0 ¢

C
C

THIS FUNCTION EVALUATES FIRST DERIVATIVES IN TERHS OF
CENTRAL OLFFERENCES

C‘.#“‘#ttlt‘#“.tlt"““t.‘*."ttQl‘...“..‘#“‘.'.“..‘.t.t“‘

<

Cexs

Cees

(2N a¥uNal

T Ceen

13

12

Cesen

CFUIPNyBENQyBWSR,BP ¢ XENQ,XWSR) = { [BENQ-BP ) #XWSR*®2

1 +{BP-BWSR)*XENQ**2)/
2 (XENQOXWSR® (PNEXENQOXUHSR))

DEPENUING ON THE POSITION OFf THE POINT (t,J) ,THERE ARE 5 DIFFERENT
EXPRESSINNS FOR THE DERIVATIVE
LX IMDICATES THE TYPE OF OERIVATIVE
LX=]l3 PART(AL UERIVATIVE W.R.T.
LX=2t PARTIAL DERIVATIVE W.RaT. R
AGLT»J0B) & AQ(T9dy?) 2 TEMPORARY OEPENDENT VARIABLES

PN=l. '
IF(J.EQ.1) GO TO 2 . -
1F(1.EQ.1) Ty 3
IF(1.EQ.IN)IGOYTO 5
IF{J.EQ.UN) GO TO &

IF{J.EQ.IAAND.(1.LT.1B))
IF(J.EQeJR.ANDLITILGT.IC)H)
IF(1.EQ.IR.AND.{J.GT . JA))
IFII.EQ.IC.AND.1J.GT.IBY)

" Mm]l :FOR POINIS NOT ON ANY

IFILX.EQ.1) GO TU 12
BEND{KQ)I=AR{1,J+1,KQ)
BuSRIXKQ)=AQ(],J-1,KRQ)
3P (KL )I=AC( 1 J,KQ)
XENQ=R( J¢l1)-R(4)
AnWSR=R{J)-R1J-]1)

A0 10 100
YENJIKQ)=AQITe]l,J,KC)
FWSRIKQIsAQUI~1,J,KQ)
BP(RC)=AC (T, 3,XQ)
XENGeZ(le))=20(1)
XHSR=Z(1)=2(1-1)

>0 19 100

Ms2 2

IF(LY.EQ.1)GN TO 23

GO YO &
GO . TO 4
60 70 3
Go TO %

OF THE BOUNDARIES

FOR PUINTS ON THE BOUNDARY J=|

“
Te e A

i
w4
=
V=




wives e

o L)

’\ S B i Rt it RS "“' ,;V" 7 2L ‘ ,A\. ‘-1
. 145
1SN 0043 PN=-, ’
SN 0044 BENGUKGQI=AGOTE y el KQ) ¢
[SN 0045 AWSRIKQI=AQ( T ,J42,KQ)
ISN 0046 BPUKG) WAL, JoKOQ)
(SN .0047 KENG=R(S+1}-R{J)H
1SN 0048 XWSRaK(D¢2)-R1J)
ISN 0049 G0 TO 100 - .
1SN 0C50 “IF(1.EQ.1} HO TO 31
1SN .00%2 IFUL.EG.IN) GO TO 51
ISN 0054 G0 1o 12 :
Mz3 T FOR PUINTS ON THE WALL OF Is1B8 AND THOSE ON THE INLET
ISN 0055 IF(LX.NE.1) GO TO 32 N
ISN 0057 PN=—-1, -
ISN 0058 BENOIKQ)=AQ(I+1,J4,KQ)
ISN 0059 CWSRIKQ)I=AQLT+2,4,K0) ’
ISN 0C60 BPIKQY=AD(T,J,KQ)
ISN 0061 XENQG=2(T141)-2(1)
ISN 0062 XWSR=Z(142)-2(1) .
ISN 0083 G0 70 .100
ISN 0064 IF(J.EQ.JA) GO TO 41
//Jsu\sooo G0 TO 13
, M=4 3 FOR POINTS-ON ALL WALLS PARALLEL TO THE J LINES
ISN 0067 IF{LX.EQ.1 ) GO TO 43
ISN 0069 PNa-1, .
1SN 0070 RENQEKQ)=AQ(T 4 J~1,K0)
ISN 0071 BHSRIKQI=AQ(] 4 J=~2,KQ)
ISN 0072 BPIKC)=AC(,J,KQ)
ISN 0073 XENQ=R{ J=1)-R{ J)
ISN 0074 XMSRER(J=-2)-R(J)
ISN 0075 GO ro 100v
ISN 0076 IF(1.EQ.IR) GO TO 31 g -
ISN 0078 IF{1.EG.IC) GO TU 51
ISN 0080 GO TU 12 '
M=5 t FOP PUINTS UN THE WALL OF [sIC AND THOSE ON THE EXIY

1SN Co81 IF(LX.NE.1} GO TO 52
1SN ooR) PNa=t,
ISN QO0R4 BENGIKQI=AQII-1,4J,%Q)
1SN 008S AnSTKNI=AC(T=2,J,KG)
ISN 0086 BRPIK ) =ACLT,JyKQ)
1SN 0087 KENC=Z2(1-13-2¢01)
ISN 00ns8 XWSR=Z(1=-2)-2(1)
ISN 0089 20 T 100
ISN 0090 IF1J.EQ.JP) GO Ty &)
ISN 0092 GO 3 13 .
1SN 0093 ACFaNF (BN, RENQIXNQ) JARSRIKQ) ¢BPIKG) ¢ XKENQ, XWSR) éfy ﬁ§
ISN 0094 RETURN .
1SN €095 END

\r\12
o
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VEL 2146 ( MAY 72 )

0OS/7360 FORTRAN H

COMPILER UPTIONS ~ NAVNE=x VNAIN,OPT=02 L INECNT=S8,512€=20000K

1SN CO02
1S~ G003
1SN 0CCa

1SN 0005
1SN 0C06
1SN.CO07
154 0000
ISN 0003
ISN 0010

ISN 0011
1SN 0012
1SN 0613
ISN GOls
ISN 0013
ISN 0016
ISN GOLI7?
ISN 0018
ISN 0019
1sn bo21
ISN €022
1SN 0023
ISN 0024
1SN 002%
1SN €026
1SN 0027

< 1sv 0028

1SN C029
1SN 0033
1SN €031
1SN G032
{S¥ C03s
IS~ CG3S
138 CuL37
1SN CC33
ISN G039
1SN 004}
IS~ Jue2
ISN 00a3
1SN Cas
ISN ule6
13N 02a7
IS5~ JCen
1S¢ J049
1SN G0SO
154 0C»s1
1SN 0052
1Sy JuvS53

BOURCE 4 HCOIC o NOLTISToNECK ¢ LOADNOMAP (NDEDTI T4 1D s NOXAEF
SUTRNUTINE PRINCT ]
COWINICYPZACT23:15e¢3)0G1(2T415)V,G2(23,15)VI(23:1380,V2(23.1%)
CLUY INZCNUMBAINY oNF o NT s [E ¢ INe N I NMoyNM o JA+JBIBeICy ¢

JAM,INRU, 1P, ICH ,
CUVHONICuRlDIQ(Qi)uﬂlls’.DELl(zJ,obELR!lS’o'.lN“S'o'ﬂA}(‘s’
CAQON/CPARAM/VYINLLRE PR, AR
COMMIN/CNAME ZANANE(Q,T7)
CIVUDN/CHRUP/ZRO(23e15) e Z2MUC23415) ¢ ZK(23415).CP(23.18)
DIMINSION ¥W{(23),A0(23:,15,7)

EUUIVALENCE (Al1¢1+1)04A0(16141))

Ctv‘tt--t"t"tOt..t-lt‘-‘..‘tt‘.‘Qt,‘O-....OO.“t“‘..\
AN

C

THIS SUSROUTINE OPRINTS QUY THE RESULTS

CES S0 ISR S SRR RNNERAES R ERE A ESAREECER TG RSSO E NS S SN SS00 S N

C

12

13
20

21

22

23

39

33
4l

82

43

DU 109 K=1,.7 . .
ARITEC(G:2C0) (ANANE(L . K) 4L =1+9)

w0 100 IP=1,2 ’ ’
IEMPTYY=20 .

GO TQO (11,12,13),1pP

1ED=11

60 TOo 20

IEND =22

IF(INSLTe22) 1END=IN

Gy 0o 2¢ !

ICND=I N

DO SC  JJ=1,.JN

JziNel~JJ

GU TO (21¢22023),41P

11121 MIN(Y)

IEVWPTY=IL1~1 , )
112=3%1} . .

Gu TO 30 \
111212 . ' '

1122 4AX( J)

IF(1 12eGT22) 112222

Go TQ 30

IF(1MAXCI) e To23) GJ YO SO

111223

112z MAX({ J)
[F{<ogNLoNW) GO T2 32
vl 31t I=l11.112

(1) =A(1eJeK)
Al{lsdeNm)zu( S )R )
IF(IENETY GEQl ) GO TO 33
WRITE(Ce231) JelAQ(T odeK) e Ix=111,112)

G') TO «a

G TD (@]l 82 641%), ISAPTY R

sllVe (0e30L]) Je(AQG(TIoJdeK)oI=R11,112) .

GO TO »as . \
AT (A322) JelANMTIsJeK) i=ll2,122)

U T aa .

ARITZ e a30%) JolAQ(TeJdeK)eImIll 112)

n
s

Z

o s Aﬁﬁ‘ﬁun e

%
PR

ﬁ%%g



haige §
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L

1

1K)

y

4 i),

o

= BT

S - o o s o -

¢ - R T

- ° ) N . 4 '~1n
L4 |
—t
154 G254 aa TF{CaNECYN) GO T 50 , i
Is4 99%0 QG ad I=l11.01¢2 T e =
15N 2057 -5 YITFISETIRE) T & .
13N 2053 5¢C C ONT INUE
IS4 CO59 3 GU TO (51e52:%3).10
1SN CU6O Y @hiTclee20i) (LIl .1END)
1SN CcoO61 GU T) 5eF
158 €062 32 aRITE(6¢202) (L1812, TEND) v
1S4- 0063 GO T0 S
1SN 0064 53 4LITEL202) (1. 1223, 1END)
1S4 0063 34 AnITE(6L20)) .
1SN 0066 100 C INTINUE
1SN 0067 200 FOFMI(141//35X, *THE DISTRISUTION OF ¢ ,9A8/77)
1SN 0068 201 FCAMAT (14 ,12.2X11{1PELLIL 3D
ISN 0069 202 FORMATI 140,111 /7//) . ~
1SN 0070 203 FORVAT(1HO/7/7)
1SN 0071 391 FORMAT(IA 122Ky 11Xs10(1PEL1e3))
ISN 0G72 3C2 FORMAT (14 12¢2X+22%s 9(IPELL1e3))
ISN OCT73 gc3 FORMAT (1 +1242X+33, B(IPFl11e3))
1SN 0C74 RETUAN *
ISN CO7S END . ‘
SOPTIONS IN EFFECTS NAME= MAIN.OPT302,LINECNT=54,SIZE=)000K,

sOPTIONS 1IN EFFECTs

SOURCE +EBCOICNOLI STLDECK «LOAD JNONARL NOED L T 10, NOXREF
L

esSTATISTICSe SUURCE STATEMENTS = T4 +PROGRAN SIZE = 2032 |
SSTAVISTYICS® NO DIAGNOSTICS GENERATEYD .
Sesess END OF COWPILATION ssosess . 5 63K BYTES OF CONRE
¥ A ¥
] ,
o
\
N ~
J——
- . ! *
“
k
i w -
* _)‘
\ ! R
. N v F
I~
2] N
L . {f,,afqzéi‘é&

(WANE:
-



v - - .- « - . op y.wﬁ:w‘rﬁ‘ ?ﬂ 5:\3?’1 fxrrvw P‘W

LEVEL 21e6 ( MAY 72 ) ) Ns/360 FOATRAN H
COMPILER UPTICSNS -~ NAMER MAIN,0PT=C2,L INECNTSS, SI28wD0CCK, -
' SOURCE ¢« 2HCOIC,NILTISToDECK +LOADNOMAP o« NOEDI T, 10 ,NOXRES ~
15N 0002 . SUL ROUTINE HEAT £
ISV 0Go3 ‘ GOVMONZCVPZA(23e15031,G1(23018):G2(23415),VE(23,15)eV21{23,19) .
1SN COON COMMNONZCNUMATZNT o NEJNT o TE, INs JNe INMe JNVML JA, JB, 1B, IC,
| JA N IBY, I8P, ICM ) .
‘ ISN 0C 08 COMMON/ZCGRID/ZZI231+sR(15)+DELZ(23),DELRIIS)IMIN(IS), IMAX(2S)
ISN 0GOO6 COVMON/CAQ0P/ROE 23415) ¢ ZMU(23+15) +ZK(23413) «CP{23,15)
1aN’0GO07 CUYMON/CREF/RONSF o IMUAEF .« COREF 4 ZKREF o TINL, TWALL
1SN 6Cod ; DIWINSIGN VIR(1%5) sVITR(18)
C't'#-----t--‘tt-vtot-nttttou-t.tt.t‘v--tt.tttttt‘t.tttt‘t.tttttltt )
c SUSIJUTINEG FOR CALCYLATION OF LQCAL ueav TRANSFER coerrtctzur -
C AND LOCAL NUSSEL T NUMAER \ .
c-‘t-ts--ttt-.-tnnutcnttn-totttttu.‘ttuo--t'tttttttttttottttt‘t‘..t
c . -
ISN 0009 WRITE(6.501) ’
C*es CALCULATE LOCAL near TRANSFER RATE TO rnz wALL
C *
ISN CO10 VU 500 I=[3P,IC™ .
1SN 9011 Q={ZK({Toe JNISZKREF )ISADF( [+ JNe 2o NT)#{ TINL-TWALL)
c ‘ . . . i
C*e* CALCULATE LOCAL BULK TEMPERATURE OF THE GAS.
c USING SIMPSON'S RULE FOR INTEGRATION ; .

’ ISN 0012 00 510 J=2,J4NM *

1SN o1 3 VIR(JI=GI(14J)*R(JI)I®CP(TeJ) ’

ISN 0014 510 VITR(JIRVEIRLIIRCA(T eI NTIS (TINL=-TWALL ) +THWALL)

ISN 00153 ZINTL1aVIR(2)2R(2) /72404 (VIR(2)&VIAIINIIR(R{(3I}-R(Z))/72:0 ¢
(VIR(3)43,08VIR(A4)$3,08VIR(S)+2,0*VIR(6I¢IJ0sVIR(T)g
30 0¢VIR(BISVIR(I)ISOLLP (3)23.0/8¢0 ¢+ (TOSVIR(D)e ° .
32.C0le(lOltlZ.OlVlQ(llloSZoO‘V!R(l&’*'cﬂ‘V\ﬂ(li))F
DELR (21924073540 ¢ (VlR(l!l#v&n(l‘l)‘(P(lC)-R(lSD’I!o *
VIRI14)I*(R(15)-R(14))/72¢

Ll o BN & S N o o
i
LR I VI

éE ISN 0016 ZINT2sVITR(2)8R(21/2s ¢ (VITRUZ2IGVITR(IIIS(RIII-RI2)I/2¢ &
= 5. (VITR(3)4300VITA(A)4I,oVITR(S)*2,*VITR( 6)43e8VITR(T7) ¢ I
o 3.*VITR{ZISVITR(III*OFLA(II®Io /s ¢ (Te*VITR(O) ¢ '
p= ?, 32.*VITR{ICIS1I2,VITR(IIILI24OVITRIIZ) $748VITR{L1ID IS
L= ¢ DELR(9)e24/745: ¢+ (VITRII3IeVITR(14))e(R(14)=-R(13))/2¢ + "
L 8 VITR(14T¢(R{15)-R(14))/2e
, c - . Sy
bd 1SN 0017 THULKEZINT2/ZINT) !
L I3N Go14 T3 ( TOULK~TwALL) ZCTINL-TWALL) }
c . . - )
Csms  CALCULATE THE LOCAL HEAT TRANSEERQ COEFFICIENT AND ‘ :
4 c NUSSELT NJMIER . , Iy
L , M
1SN €019 HCUSFeu/( THULK=TwALL )8 (~4.) . P8
t 1SN 0029 CALL PRUSTY{TA,RIP,ZMUB.ZKBULK ¢CPB) . ¢
1SN CCc2) LLIEBACUFF o2 8RIINDIZIZKBULK v IKREF ) : . .
1sn 0022 WELTE(6,5C2) Z(1) e TAULK¢QoHCOEF, ZNV - -
v ISN 0023 500  CONTINUE ¥
4 1SN G026 3¢t FOCEVAT(*1°//7T6. O ISTANCE FROM ENTRANCE®, T30, * BULK TEHOIRAVU!R' “Vﬁ
1Ta2, *HLAT TIANSFER KATEO (TT0, HEAY TRANSPER COEP,*y -, ol 'g

3T *NUSHSTLT NUMIEQR*/T140°(IND®,TIS*{DFG x)'.Tso.°ICtLtcO-~!l!!t0

¥

v
K

-

.....j
-
r3
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b B0 . ~ # N = ,
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L -

v ° ‘
- ./ ?

t . 3% aTH I VL CALZCMR S 2/HKC /DRG K )¢ 2/) )

. . < I8N 9023 308 FORMATI2F20020301PC2 L e 8)) ;

~ Lay 0024 WL TURN

1y co2r ‘ tAD - .

‘,' N ’ ) \, i -

X SUPTIUNS IN EFFECTS NAMES  MAINCIPTROR 4L INECNToRE,ST2ERCO00R,

: . ’

SOPTIONS [N EFFECTS SOURCE ¢ EBCDTC oNOL 1 3 T1DECK 4L OAD s NONARYNOEDT T4 10 o NOTRRER

( -gtﬁi.usrlcs.r T SQUNCE STATEVENTS = 2q JPROGRAM S1ZE = ° ) i7 g\\\ . v

r'('\ #STATISTICS NO D{Aqu"&HCSﬁQN&ﬁATED o ‘ ‘ R “

‘--,\‘ C ] wevene END UF COMPILATION #essas ) . A ’ erp‘gvrn or cong

( * |eSTATISTICS® NO - DIAGNOSTICS THIS STEP " " . - L
- . o _

~

u) i 3
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. . \
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B b o~
: FINITE-DIFFFRENCE TYERJTIVE SOLUTION IS UVNERCOMSINZRATION FOR THE CMSE OF ‘
T e
LA®ENAR v NPRLSSINL‘ FLOW 1Y A PIPE WITH A SUDDCN ENLAQ"EPE"T AND A SULDFY CONTRACTION:
~ . / ; ' *
THE INITIAL IPFCRYATION SUPPLIED IS . ] ) : : K
N s
RE, REYLCLNS ALMBER PASEN AN INLET DIAYETFR = 20.0C i ’ ) ‘
RrAfr, ~FYEREMCE CENSITY #0R THE FLUID o . o o = 1.62E-04 : .o - . -
Z*imFF, RFFERENCF VISCOSITY FOR THE FLUIND . . o =  1.21F=03 i |
NCUAX®S, RLLAXATICN PA?A~EIFRS RCR CERENDINT NARIA’LES 33 , .
4 T 2ELAR(LI= 2,70, PCLAX(D)= 1e22, - - ~ .
£c,’ THF CPYVFRGEACY CRITERINY o o o 5 o o o = 1.CO0F-01 ; -
1, - THE SUSMER OF CULU! NS (Z-GCIRECTIUN) . . = 22 . . o - ~
N THE UYLER UP ROYS (R-DIRECTION) » & 3 o 8 -16 = < . .
. - S . ~ - Q e - {
A ) ) o " 1.
DISTACFS 11 nIRECTICU-) . SN -
o. 2,890 1.000 1.325. 1.655 . 1.594 L2367 2.720 - -
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C LAPINAR COMPRESSIBLE HCT GAS FLOW [N A PIPE WITH A SUDDEN ENLARGEMENT AND A SUDGEN CONTRACTION

FINITE-OIFFERENCE ITERATIVE SOLUTION IS UNDERCONS IDERATION FOR THE CASE OF
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~2.7078=01
-5,270E-01
~T.6818=-01
-9,7708-01
=1.136€+00
~1.2308400
=1.254E¢00
«1.,2608¢00

15

-

0.0
7.750€E-03
2.736E-02
7.181€-02
7.864€6-02
2.109€-02

=1.044€-01

~2.996€6-01
~5.356E-01
~7.693E-01
~9.627E-01
=1.122€+00
~1.225E+00
~1.2538+00
~1.2608+00

0.0
2.4008-02
Te5488-02
1.6648-01
1.781¢=-01
9.902¢8-02
~5.693¢£-02

0.0
9.789€E-03
3.380€E-02
8.6036-02
9.307€-02
2.908€-02
=1.039€-01
-3.033€-01
~$.4018-01
~7.717€-01
~9.683E-01
=~1.126€+00
~1.226€+00
~1.254£+00
~1.260E+00

é

0.0 ’
2.4083E~02
T.803¢-02
‘0‘765’01
1.789%8-01
1.010€-01
~5.3718-02

~2.7698-01 ~2.734€-01

~3,2612-01
=7.682¢-01
~9.775¢8-01
=1.136£+00
~1.230£+00
~1.254£+00
~1,2608400

16

«3.237€-01
-7.610!-01
=9,7748-01
~1.137€¢00
~1.,2308+00
=1.2%4€+00
=1.2008¢00

17

°.°

l.147€-02
3.906€-02
9. T66E-02
1.058€-01
3.863E-02

0.0 .

1.293€~02
4.361€-02
1.076€-0C1
1.168E-01
L 7675"02

~9.884€-02 -9.309E-02

~3.013¢e-01
~5.390E-01
~7.709€-01
~9.704E-01
~1.128€+00

=2.981€-01
~5,371€-01
~7+.699E-01
~9.718E-C1
=1.130€+00

0.0
1.42%€~02
4.767€-02
1.163E-01
1.26%€-01
5.587€~02
-8, T49E-02
=2.948E-01
-5.3%2E-01
=T7.692€-01
=9.729E-01

51131400

<1.227€+00 ~1.2288+00 ~1.228E¢00

~1.2848+00 =1.254E+00 =1,254E+00

~1.260€+00
?

0.0
3.481€-02
9.884E-02
1. 900£-01
1.923¢-01
1.153€-01
»3.%44E-02
-2.526€~-01
-8, 044E-01
=T.9%34E-01
=9.710€-01
-1.133€¢00
-1.229€+00
=1.2%4E£+00
=1.2600€+00

18

1<

-1.260£+00
. .

0.0
6.,6308-02
1.493E-01
2439E~-01
2.5028-01
1.725€-01
3.961€-02
=1.624E-01
-4,046E~0]
-6.,697€~C1
=9.3048-01}
=1.122€400
~1.227E+CO
=1.254E+00
=1.2608+00

19

=1.260E+00
9

0.0
-7.2%526-01
~1.062€+00
=1.215€+00
-1.251€+00
=1.260E+00

20

0.0 -
1.548E-02
$.143E~02
1.241€-01
1.351€~01
6.331E-02
~8.223€-02
-2.915€-01
=5.334€-01
=7.687E~-01
-9, 738€6-01
=1.,133E+00
'lo?l.lOg:
=1.254E+00
=1.260€+0

10

o

0.0
=$.925€-01
=1.046E+00
=1.211E+00
-1.250€+00
~1.260€+00

21

' 4

°.o
1.669€-02
3.507€-02
1.31%€-01
1.430€-01
7.016€-02
=T.734E-02
~2.884E-01

=5.317€-01

~7.684E-01
=9.746E~01
=1.133£+00
=1.229€+00
=1.254£+00
~1.260€+00

1§}

-

0.0
~6.8458-01
~1.0418+00
=1.210€+00
~1.250£+00
=1.2608+00
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. " THE DISTRIBUTION-OF TEMPERATURE - A{1,J,NT)
0.0 , QoD 0.0 0.0 0.0 0.0 0.0 . 0.0 0.0
0.0 5.763E-C3 8.2526-03 9.976E-03 1.138E-02 1.260E-02 1.371E-02 1.4T1E-02 1.565€-02
0.0 1. 174E-02 1.677€-02 2.022€E-02 2.300E-02 2.541E-02 2.758E-02 2.955E-02 3.136E-02
0.0 2.039E-02 3.050€-02 3.718E~02 4.250E-02 4.711E-02 5.1206-02 S5.489E-02 5.827€-02
0.0 2.993E-02 4.441E-02 5,408E-02 6.182E-02 6.8526-02 7.450€-02 7.991E-02 8.488€-02
0.0 6.305€-02 7.813E-02 B8.801E-02 9.616€-02 1.034E-01 1.101E-01 1.163E-01 1.221E-01
6.0 1.464E-01 1.801E-01 1.636E-01 1.672E-01 1.714E-C1 1.760E-01 1,809E~01 1.,8%9€~01
0.0 2.453€-01 2,609€-01 2.655E-01 2.887E-01 2.722E-01 2.761E-01 2.802E-01 2.846E-01
0.0 3.631E-01 3.839E-01 3.929E-01 3.999E-01 4.061E-01 4.11S5E~01 4.162€-01 4.201E-01
0.0 0.0 0.0 4.941E-01 5.540E-01 5.T56E-01 5.858E-01 5.908E-C1 5.923E-01 5.9286-01 5.914E-01
Y.CoTECCO 1.000E¢CO 1.000E+00 9.862E-01 9.156E-01 B8.75SE-O1 B.4476-0) 8.2026-01 B8.DO0E-01 7.829E-01 7.680E-01
1.000€400 1.000E400 1.000E+00 9.964E-01 9.841E-01 9.6T4E~01 9.495E-01 9.314E-Cl 9.138£-01 8.969E-01 8.807€-01
1.CO0E*00 1.000E+00 1.000E+00 9.995E-01 9.966E-01 9.910E-01 9.830E-01 9.732E-C1 9.6206-01 9.498E-01 9.3686-01
1.COCESCO 1.0CCE+CO 1.000E+00 9.998E-01 9,9856-01 9.952E-01 9.899E-01 9.8256-01 9.733€-01 9.628E-01 9.511€-01
1.000€+00 1.000€+00 1.000E+00 9.999€-01 9.988E-01 9.960E-01 9.912E-01 9.843E-01 9.75%€-01 9.6526-01 9.538E-01
1 2 3 « s 6 ? L} 9 10 1
0.0 0.0 - 0.0 C.0 0.0 0.0 0.0 0.0 0.0 -
1.451€-02 1.731€-02 1.808E-02 1.884E-02 1.9726-02 2.082E-02 2.3126-02 2.743E-02 0.0
3.303€-02 3.459€-02 3.606E-02 3.747€-02 3.898E<02 4.0T26-02 4.536E-02 S5.632€6-02 0.0 .
6.1426-02 6.436E-02 6.T13E-02 6.956E-02 7T.1456-02 7.086€-02 7.406€-02 9.705€-C2 0.0,
8.9526-02 9.389E-02 9.816€-02 1.022E-01 1.066E-01 1.060E-01 9.8086-02 1.287€-01 0.0 .
1.277E-01 1.331E-01 1.384E-01 1.4356-01 1.4876-01 1.5076-01 1.419E-01 1.524E-01 0.0
1o911E-01 1.943E-01~ 2.016E-01 2.067€-01 2.116E~01 2.134E-01 2.037E-0l 2.025€~01 0.0
2.491€-01 2,935€-01 2.980€-01 3.022€-01 3.05AE-01 3.052€-01 2.896E-01 2.674E-01 0.0 .
4.2358-01 4.264€~-01 4.288E-01 4.3076-01 4.3176-01 4.27SE-01 4.024€~-01 3,434€-01 0.0 .
3.092E-C1 - 3.844£-01 5.832E-01 5.7986-01 S.758€-01 S.6726-01 S5.3426-01. 4.271€-01 0.0 0.0 0.0
T.5468-01 7.424E-01 7.311E-01 7.206E-01 7.1086~01 6.991E-01 6.869E-01 S.364E-01 3.356E-01 3.282E~01 3.233E-~-01
8.453E-01 8.305€-01 8.363E-01 8.227€-01 8.103E-01 7.981€-01 7.750E-01 6.831E-0l S.779E-01 S5.560E~01 5.451E-01
9.239€-01 9.090E-01 6.960€-01 8.8236-01 §6.6946-01 B.578E~01 6.4226-01 7,92%6~01 7.3386-01 7.092E~01 6.929€-01
9.386E-01 9.295€-01 9.120E-01 8.984€-01 8.835E-01 B8.T42E-01 8.618E-01 8.323€-01 7.919E-01  7.634E-01 7.417€-0i
9.414E-01 9.203€-01 9.151E-01 9.015€-01 8.886E-01 8.773E-01 8.65SE-01 8.399€-01 8.030€-0]1 7.737E~01 7.510E-01
12 1y 16 15 16 17 18 19 20 21 2 - '
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0.0

8. 7150€6~01
1.500€+00
1.875€¢00
1.980E+C0
2.000€+00

0.0
«2.095¢-01
=1.594¢-01
“3.0688~C2

2.56248-01

S.986£6-01

. 9.7338-01
1.309€+00
1.8298¢¢0

16848400

1.7042¢00

1.529€+:00
1e674E4CO
1.445€¢00

1.4018400

12

Voawlls a2 e

C.0

3.532€+00
3.087€+00
3.361E200
2. T17E+00

2.006E000

6.0
-2.223E-01
~1.630E-01
~3.003¢8-02

2.662¢-01

6,059€~01
9.826E~-01
1.316E+00
1.53784C0
1.470€+00
1.705€+00
1.518&+00
1.4628+00

1.437€¢00

lo"‘l‘
l?g—jyl

ooob?ooooo
0000000000

THE

3.558E+00

3.166E400
3.439E+00
2.900€+00
2.793E400

3

CISTRIBUTION OF Z-COMP., MASS VELOCITY = Gl(1,J)

0.0
~6,686€~02
-6.521€~02
-3.,109€-02

1.441€~C)

4,331E-01
8.209€-01
1.219E+CO
1.550€+00
1.567E+00
1.854E¢00
1.867E+00
2.118E+00
1.818E+00
1. 760E+00

&

0.0 # 0.0

=2.35%9€~01
~1.719£€~-01
-3.839€-02
2, T04AE~-01
6.133€~-01
9.902€~01
1.323€+00
1.5448+00
1.6T5€+00
1. TOSE+00
1.511E+00
1.651€¢00
1.430E¢00
1.3888¢00

14

-2.492€E-01
=1.770€-01
=3, 734E-02
2. T44E-0)
6.204E-01
1.329€+00
1.590E¢00

1.679€+00°

1.705€+00
1.506E+00
1.642E+00

1,425€+00
1.3848+00

13

0.0

0.0

0.0

0.0

~1.006E-01 ~1,232E~0]1 ~1.415E-01 ~1.574E-01
~8.,869E~02 -1.042E~-01 -1.169E-01 ~-1.277€-01
~2.243€E~02 -2.319€-02 ~-2.672€-02 -3.030€-02

2.045€E~01
5.028€-01
8.947€~01
1.263€+00
1.502€+00
1.555E+00
1.T08E+00
1.862E+00
1.875E+00
1.605E+00
1.953E+00

0.0
-2.63TE-01
~1.816E-01
-3.862€-02

2.7183€E-01

6.282€6-01
1.007E+00
1.335€+00
1.556E¢00
1.682€+00
1.705€+00
1.301E+00
1.634E+00

1.4228+00

" 13828400

16

2. 274E-01
$.328E-01

9.144€-01
1.267€+00
1.489€400
1.580€+00

106915000
1.613€+00
1.814E+%00
1.549€+00

1.499€+00

6

0.0
-2.729€-01
=1.790€-01
-3.591€-02
2.724€E-01
- 64234E-01
1.007E+00Q
1.339€+00
1.563E+00
1.691€¢00
1. T08€+00
1.499€+00
1.630€+00
1.4238+00
1.304E+00

17

2+386E-01
5.509€-01
9.280€-01
1.272E+00
1.490€+00
1.604E¢00
1.694E+400
1.588€4+00
1. T79E+£0
1.520€+00
1.470€+00

7

0.0
~3,28%5€E-01
-1.822€6-01
“8.496E-03

2.738€-01

8.041€E-01
9.95%3E-01
1348E+00
1.599E+00
1.749€+00

1. 754€+00

1.52%5€E+00

1.651E+00
1.443E400
1.406€+00

19

-

2.45TE-01
5.6615‘01
9.399€-01
1.279E+00
1.496E+00
1.623E+CO
1.697E+400
1.570€+00
1.750E+CO
1.498E+00
lo,~950°°

0.0
~4.248E-01
-1.933E-01
~1.486E-02

2.760E~01

5.490E-01
9.078€E-01
1.296€+00

1. 702E 00

'2.094E400
2.052E+00

1. 694E+CO

1.783%E+00

1.963€400
1.521€+00

719

0.0
=1.714E-01
-1.370&-01
~3+341E~02

2.509€~01

5.7455-01

9.502€-01

1.286E+00
1.504E+00
1.637€+00
1.700E+00
1.555E+00
1.726E+00
1.480E+00
1.433E+00

9

*

000000000

0CO0O0O0OOHODOOO

3.624E+00
2.46TE+00
2.430€E+00

2.090E+00
2.025E+00

20

0.0 0.0
=1.844E-0) ~1.969E-01
=1.451€E-01 ~1,.52%€-01
~3,591E-02 -3,769E-02

2.5%0€-01 2.587E-01

5.833E-01 5.911€-01
1.294E+00 1.302E+00
1.512€+00° 1.521E+00
1.648E+00 1.,657€+00

1. TO2E+00 _1.703E+00

1.344E+00 1.533E+00

1. TO6E+00 1.689E+00

1.466E+00 1.454E+00

1.420E+00 1.410€+00

0 1mn’

0.0 0.0

3.79T7E+Q0 13.832E+00
2.665E+00 2.719E+00
2.644E+00 2.712€+00

2,295E+00 2.3718¢0
2.229€400 2.306

21
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_ THE DISTRIBUTION OF R-=COMP, MASS VELOCITY - G2(1,4)
®
R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0,0 “3.934E-03 ~2,420E-0) =1,734E=03 =1,439E-03 ~1,260E-C3 =1,138E~03 =1.071€6~03 ~1,04618-0)
0.0 414502€=02 ~0,2266=03 ~5,.731E~03 =4,714€=03 ~4,091E=03 =3,6656-03 =3.4206-03 =3,339€-03
0.0 F4,571E~02 =2.022€-02 ~1.3916-02 ~1,145€-02 ~9.801€-03 =8,6036-03 =7,798E~03 ~7,330€~03
0.0 =5.9016-02 ~1.998€~-02 -1.980£-02 ~1.3938-02 ~1.209E=02 ~1.059E=02 =9, 471€~03% -8,693£8-03
6.0 =2,054€-02 ~3,453€-03 ~1,049€~02 ~1.196€~02 ~1.1216-02 ~1.01%€-02 =9,220€~03 -8,4808~03
0.0 1.086E=01 1,050€~02 =1.,9%58E~03 =T7.4606E-03 =B,2%8E~03 =-7,972€-03 ~7.489E~03 -6.918€~-0)
. 0.0 3.7826-01 4.5016-02 4,440€-03 =3,728E-03 =5,402€-03 ~5,6036~03 =S.416E~03 ~8,093E~03
0.0 8.329E~01 6.7T7€-02 0,972€-03 =2.415E~03 =3,898E=-03 =3,.823E-03 =3.545E~03 ~3.256€~-0)3
0.0 .0 0.0 13358400 4.82%8-02 4.933E-03 =2,.231E-03 ~2.368E-03 o~ ,599E-0 O50E~03 ~7,223%€~04
0e0_ =10209€¢00 1,9507€E=01 7.,430E~01 0.072€-02 1.669E-02 6.658E-03 &.444E-03 3.5572r6§/1273§15-03 2.608E-03
0.0 ~8,0228-01 7.790E-02 4.501E-01 7.5336-02 1.934€-02 1.0586-02 8.054E-03 6.5366-03 5.4036~03 4.5386-03
~ 08 =3.776€6-01 3.3%4E-02 2.112E-01 3.9388-02 1.076€-02 6.317€-03 S.080E-03 4,218E~-03 3.8550€=-03 2.968E~-0)
0.0 =1.840€6-01 1.251E-02 9.7008-02 1.934€~02 S5,373-03 2.9628-03 202218-03 [.76TE~03 1.450E~03 1.154€E~-03
0.0 0.0 0.0 . 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 2 3 4! s 6 7 s 9 10 11
A i
0.0 0.0 0.0 0.0 0.0 0.0 . 0.0 0.0 3,p
=1.1026=03 ~1.1026~03 ~1.2946-03 ~1,3726~03 -1,2426~03 =2.021€-03 ~1.1706-02 ~2.6626-02 #0
=3+ 3948=03 =3,537¢~03 =3.733E-03 ~3.821E-01 -3.491E-03 -S.098E-03 ~2.389E-02 -4.084E~-02 6.0
«T7e121€~03 ~T7.093C~03 =T.035E~03 -6.691€-03 ~5.163€~03 ~4,.852€-03 ~2.844E-02 -~4,2%5€E-02 0.0
8183803 =7,836€-03 =7,6218-03 -7,2756~03 ~5,7926~03 =3,001E-03 ~2.251€6~02 ~4.938E-CZ 0.0 .
=T7.304€-03 =7.4406-03 ~7,123E-03 ~6.798E~03 -5.9926-03 +4.891€-03 -2.480E-02 -6.337E-02 0.0
~5.3918~03 =5,.89%5€-03 ~%, 533603 =5,2266~C3 -$,227€~-03 -8.107€-03 -3, T42E-02 -1.128€-01 0.0
=8, 087E=03 ~4,217€~03 ~%,729€~03 -3.266E~03 -3,T7SE~-0) -1+008E-02 -5.15%€~-02 ~-1,9806-01 0.0
=2.9388~C3 ~2.572€-03 ~2.,106E~03 ~-1.625E~<03 ~2.382€-03 ~1.037€~02 ~-6.102€6-02 -3.038¢E-01 0.0
«=4,830E-04 ~2.887E~04 ~6.008E~05 2,14TE-04 -6,0646=04 ~8,231E-03 -S.TTE-02 ~3.924E-01 0.0 0.0 0.0
2.2968-03 2.0136-03 1.0106-03 1,7726-03 1,0266-03 =4.110€-03 ~3.647E-02 ~2.182E-01 -1.07SE400 -9.246E~02 -2.311E-02
3.832€~-C3 3.2%58-03 2,0178-03 2,.5138-03 1.748E-03 “Le1T72E~03 ~1.749€6~-02 ~1.016E-01 =4.710€~01 ~8.999€~02 ~-2.0%2€E-02
24976-03 2.11%6~-03 1.,81%E-03 1.5386-03 1,.037E~-03 -2,788E~06 -6.869E-03 «~3.94T€~02 ~1.877TE~0}! =3,S07E~02 -1.1STE-02
P MA2E-084 TeB838E-04 6,.569E-04 4.912E~-04 1.945E~04 ~4.891E~04 -3.651€E-03 -1.913E~-02 =8,T22E~02 ~1.865%5E~02 ~6.843E-03
0.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
' AY
12 13 14 1s 16 17 .18 BT 20 21 22




1

— o e

LY X XY X

13
1s
13

L g a1
BOeN

v

NGB YD

® ) | ® | . @
_
THE\ DISTRIBUTION OF 1-COMP, VELOCITY - V1(I,J)
<» . . "
0.0 .0 0.0 0.0 0.0 0.0 0.0 . 0.0 0.0
0.0 ~60908E-03 ~1.,0586-02 ~1.311E-02 ~1.521E-02 ~1.70T€-02 ~1.873€6-02 ~2.030E-02 ~2.182E-02
0.0 “Te029E=-03 ~9.9086E-03 =1,193E=02 -1,3858-Q2 ~1.5186E-02 -1.652E~-02 ~1.774E~02 ~1.8888~02
‘0,0 =3,5688-03 =2.7616-03 ~2.992E=03 =3.578E-0) ~4.191E=03 ~4.T75SE-03 =5.243E~-03 ~5.633£~0)
0.0 1.7686E-02 2.776E-02 3.302E-02 3.654E-02 3.939E-02 4.188E-02 4.412E-02 4,624E-02
0.0 6.689E-02 O8.597E-02 9.T7145-02 1.058E-01 1.133E-01 1.201€6-01 1.26%5E-01 1.324£-01
0.0 2.084E=01 2.413E=01 2,500E=01 2.57%E-01 2.649E-01 2.722E-01 2.793E-01 2.862£-01
0.0 3.996E-01 4.2206-01 4.283E~01 4.337E-01 4.404E-C1l 4.480€-01 4.565E-01 4.657€-01
0.0 6.TOTE=01 6.827E=01 6.8TTE~01 6.96%8-01 7T.0658~-01 7T7.162€-01 7.251€-01 7T1,337€-01
0.0 0.0 0.0 8.548€-01 9,383%~01 9.805E-01 1.010E¢00 1.029E¢00 1.040E+00 1.04TE¢00 1.0851E¢00
8.730F=01 3.532€¢00 3.558E+00 1.796C+00 1.579E¢00 1.5036¢00 1.45TE¢00 1.422E+00 1.394F+00 1.370E¢00 1.348£¢00
1.500€600 3,0876¢00 3.166E+00 1.861€400 1.639€¢00 1.566F¢00 1.517E400 1.4T4E4CO 1.435E+00 1.,401E¢00 1.368E+00
1.075€¢00 3.361€¢00 3.459E400 2.117€¢00 1.889C¢Q0 1.799E+00 1.732€+00 1.708E¢00 1.5668E+00 1.8630F¢00 1.594£400
1e980€¢00 2.77TEQ0. 2.900E400 1.818E400 1.8038¢00 1.542E000 1.506E¢00 1.475E¢0Q 1.445E+00 1.,418E¢00 1,.391E+00
2.C0CE000 2.6866E0C0 2.79%€+00 1.760E400 1.5S1E400 1.494E¢00 1.459E+00 1.429E¢00 1.402E+00 1.376E+00 1.352E£+00
e -
] 2 3 4 s 6. 1 s 9 10 11
\ N e
. , . ‘,
N - N
0.0 0.0 0.0 0.0 0.0 0.0 , 0.0 0.0 0.0
*©3.3368-02 ~2.,4928~02 ~2,6%9€-02 ~2,025€E-02 -3,0006-02 =3.13T7E-02 ~3,.,838E~-02 ~5,116€-02 0.0
-] 99T8«02 ~31100€-02 ~2.200E-02 =2.288E-02 ~2.373E-02 ~2,3676-02 -2.489E-02 ~2.850E-02 0.0
«~5,9008~03 ~8.051E~03 ~6.09TE~03 -6.061E~03 —-6.315E-03 ~S.049€-03 ~1.414E-03 ~2,8TOE-03 0,0 .
400336-02 5.0418-02 5.259E-02 S5,472ELC2 5.700E-02 $5.559€-02 $.323E-02 6.411E-02 0.0
1e3836=01  1.4406-01 1.498E=01 1.3554E-01 1.612E~01 1.614E-01 1.501E-01 1.433€-01 0.0 .
2.920E~01 2.992€-01. 3.0546-01 3.1136-0} 3.1736-01 3.184E-01 3.085E-01 2.8086E-01 0.0
4.781E~01 4&.843€-01 4.939E-01 5.0196-01 5.091E-01 S5.098E-01 4.900E-01 4.403E-01 0.0
T412€6-01" T.402E-01 .7.343E-01 7.593E-01 7.633E-01 7.6215-01 7.5066-01 _7T.122E~-C1 0.0 .
10526000 1,0528400 1.0S1E¢00 1.048FE+00 1.044E4¢00 1.0376400 1.021E+00  1.020€+00 0.0 0.0 0.0
329E¢C0 1.31TE¢00 1.294FE+00 1.2T8Ee00 1.263E+400 1.24TE+00 1,229€400 1.202E¢00 1.489E+00 1.533E+00 1.536E+00
143006400 1.314E¢00 1.288E+00 1.265E+00 1,.244E+400 1,226€400 1.217€400 1.212€+400 1.536E400 1.608E+00 1.614E+00
1.5390C0 1.527E¢00 1.49TE+00 1.468E4+00 1.442E400 1.422E400 1.416E+00 1.452E+¢C0 1.850E+00 1.955E¢00 1.965E+00
13406008 1.341E¢00 1.31TE+00 1.295E¢00 1.27SE400 1.262E¢00 1.265E¢00 1.327€400 1.699E+00 1.808E+00 1.822E+00
1.320E¢00 1.305E¢00 1.282E+00 1.261E¢00 1.243€¢00 1.231€4¢00 1.236E¢00 1.302E+00 1.666E+00 1.7T76E+00 1.791E+00
13 14 15 16 17 18 19 20 21 22
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MAXIMUM RESICUAL FOR EACHM YARIABLE

Y
YORTICITY

3.896E+C0
%3.8%6€+C0
3.108E+C0
1.981€+CO
1.344€+C0
9.242E-01
6.608E-C1
S«240€E-C1
4.6015-01
5.032€-01
4. $A48-C)
§.328¢6-C1

. 3730801

3.201€-C1
3.2316-C1
3.456€-01
1.6086E-C1
3.668£-01
3.646E-01
3.951E=C1
3. 397¢-C1
3.2338-01
3.010€-01
2.839¢-C1
2.6506-C1
2.306€6-01
2.32%¢-C1
2.1388-C1
2.112€-01
2.025€-C1
1.0958-01
1.768€-01
1.671€6-04
1.504E-C1
1.402€8-01
[.4408-01
1.435€-01
1.4538-01
1.429€-01
1.370€=C1
1.334€-C1
1.279¢8-C1
1.2056-01
lelo76=CY
1.0828-01
1.0336-01
9, 340E-C2
8.6926-C2
7.798€-02
Te2078-C2
«4438-02

4300842

P
N
-
N
~

STREAM FCN

2.549€-02 (19,12}
3,461€-02 (19,11)
3.528€E-02 (19,11}
3.364E~02 (19,11}
=3.616€E~02 { B,11)
=3,944£-02 { 7, R)
-A.150€-02 (" 8,11}
4.33CE-02 ( 9,12)
~4.484E-02 ( 9,11)
~4.6p1€-02 (10,11)
~4,722€-02 (11,11)
-4,748E-02 (12,12)
-4.807€-02 (13,12}
=4,8298-02 (14,12)
-4.863E-02 t16,12)
~4.866E-02 (17,12)
=4,756E-02 (18,11)
~4.366E-02 (18,11)
-3:760€-02 (19,11)
3.340€=-02 ( 8,12)
3.5356-02 ( 9,12)
3.677€~02 ¢ 9,12)

3.773€-02 (10,12).

3. 10,12)
3.9%96€-02 (11,12}
4.0TTE-02 (11,12)
4.224E-02 (12,12)
4,344E-02 (12,12)
4,528E-02 (13,12)
4.,6988-02 (13,129
4.765€-02 (13,12)
A TTTE=02 (14,12)
4.7548=-02 (14,12}
4,06338-02 (14,12)
4.4358-02 (14,12)
4.2068-02 (15,129
4,0008-02- (1%,12)
3.7%18-02 (19,12)
3,45¢6-02 (16+12)

3.229€-02 (16,129

2.9626-02 (16,12)

2.660€-02 (15,12}

2.3818-02 (17,12}
=2.2378-02 (12412)
-2,4358<02" (12,12)
-2.48%6-02 (13,12)
-2.6738-02 (13,12)
-2.6736-02 (13,12)
-2.7856-02 (14,12}
«2.T69E-02 (14412}
-2.7618-02 (15,12)
-2.7528-02 (15,12}

«2.6058-02 (15,12}
-2.6018-02 (17411)

TEMPERATURE

~1.454E-02 (11, 5)
1.344E-02 ( 5y 6)
1.686E-02 ( 6, 6)
1.788E-02 ( 7, 6)
1.801€-02 ( 8, T)
1.9644E-02 ( 9, T)
2.004€-02 (10, 7)
2.034E-02 (11, 8}

~2:21T7E-02 ( 6, V)

“2.467E-02 ( 7, 9)

~2.6326-02 ( 8, 9)

~2.669€-02 { 9, 9)

~2.622€-02 ( 9, 9)

-2.603€-02 (10, 9)

~2.556E-02 (1ly 9)

~2.507€-02 (12, 9)

-2.495€-02 (13, 9)

~2.4426-02 (14, 9)

~2.408€-02 (15, 9)

~2.374E-02 (17, 9)

-2.260€-02 (17, 9)

-2.033£-02 (18, 9)

~1.939€-02 (17, §)

~1.0406-02 (18, 8)

~1.7036-02 (18, 8)

-1.551€-02 (18, §)

~1.446E-02 (18, 7)

-1.336€-02 (18, 7)

T ~1e226E-02 (18, T)

~1.1226-02 (18, )
~1.0236-02 (18, 7)
-9.341€-03 (18, T)
-8.393€-03 (18, 7)
=T7.439€-03 (16, T)
~6,4866-03 (18, T)
-$.745€~-03 (16, &)
-$.2298~-03 %(16,12)
~4,827€-03 (16,12)
24,4948-03 (17,11)
4,6078-03 (12,10)
4.1428-03 (12,10)
6.141E-03 (13,10}
$,8066-03 (13,109
T7.8156-03 (14,10)
8.186€-03 (14,100
8.798€-03 (15,10}
1.0826-02 (15,10)
T+347E-03 (13,10}
1.3816-02 (16,10)
9.,9316-03 (16,11)
9.208€6-03 (17,10}
1.293~-02" 117,10}
9. TOLE=03 (17,11)
8.809¢8-03 (17411)

.
»

e e s e o e
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2.5318-03
2.35088-03

116.12)
{16412}

et

E . [ - 3.6498-03
r“-t"~——~—-———‘v'."-ea—“‘i—34———~—-%06‘3‘-03—¢4'v434—-———-3

o1 14454602 (1%, 21 ~1.490£-02 (16,12} -3 3

f 62 =1.3008-02 (20, ) ~1.266€~02 (18,120 =3, -03

| 63 “1.4888-02 (20, 2) 1.192€8-02 (12,12 =2.9806-03

) &4 =1.607€~€2 (20, 29 L1.267€-02 (12412} -2.751€-03

.95 ~1.223€-02. (20, 2) 1.274E-02 (12,12} ~2.383€E-03

. 1) =1.06428~02-{21, 2) 1.319¢-02 {13,12) =2.454E-0)

| 67 =1.4248-C2 {20, 2) 1.392€-02 (13,12) ~2.469E-03

i ' 1 =7.719€-03 (20, 2} 1.438€~02 (13,12) . - ~2.386€-03

, 69 =T7«733€-03 (20, 2) 1.488E-02 (14,12} “=227TTE~-03

70 -2.930€~-C3 (20, 2) 1.55T€-02 (14,12} =2.206€-03

| 71 -1.0778-C2 (20, 2) 1.594E-02 (14,12} =2.248E-0)

1 72 —1.088¢€-02 (20, 2) 1.596E-02 (14.12) =2+254€E-03

\ 73 =1.090€-62 120, 2!} 1.585E-02 (15,12} -2.231E-03

! T4 - =14312E-02 {20, 2) 1.586E-02 (15,12) -2.180€-03

{ 75 ~1.0348-C2 (20, 2) 1.556€-02 (15,12) -2.105€-03

t 76 =1.193€-02 (20, 2V 1.498E-02 (15,12) ~2.011E-03

i i3 -6.0228-03 (19, 2) 1.4136-02 (15,12¥ ~1.900€-03

! 78 =1.0206-02 (20, 2} 1.332€6-02 (16,12) 1.961€-03

79 -7.381€-03 (20, 2) 1.262E~-02 (18,12} 1.984€-03

. ee =1.19%€-02 (20, 2} 1.173€-02 (1:>§2) 1.927€~-03

81 6.360€~-C3 (14,10) 1.065£-02 (16,12) 2.07T7€E-03

' 82 $.942E~-03 (14,10} 9429603 (16,412} 2.119€-0)

{ 83 ~7.7078-03 (20, 2} €.433E<03 (17412) . 1«9T6E~03

§ 1] 6.0618-03 (15,10} - TeS13E-03 (17,12} 2.032€-03

' 1] 8.977¢-03 (15,10} ~6.66%96~03 (13,12) 2.064E-03

"% 6.5596~03 (13%5,10) =7.1128-03 (13,12) 1.87%E-03

1 X} ‘5.906E-C3 (15,10} ~T.418E-03 (13,12) 1.8016-03

8¢ 5.938€-03 (16,10) =T7.406E-03 (13,12) 1.844€-03

" 3.709¢-03 (14,10} =7.410E~-03 (14412} 1. 718E-03

”° S.311E<C3 (16,10} =T7.6336-03 (14,12) 1.5806-03

91 ~5.438¢-03 (20, 2) “~7.T25E-03 (14.,12) 1.367E-03

L L] 3.897E-03 (16,10} =T7+589€-03 (14,12 1.411€~-03

9 S.T678-03 (17,10) ~7.495€-03 (15412) 1.393€-03

Lo "3.5126-03 (17,10) ~T«361E-03 (15,12} 1.420€-03

» 3.039€-03 (17,10} =T7.133€-03 (15,12) 1.304€~-03

%% 2.5198=03 (17,10} ~6.0716-03 {16412) 1.2606-03

L 1) =4,1918-03 (22,4 2) ~8.753E-03 (16412) 1.176E~0)

L) =2.360€6-03 (15,10} ~6.453€6~-03 (16,12} 1.06T€-03

" =2:6688-03 (19,10) =6.076€-03 (16,12) 9.909€-04

100 ~24€4TE=C3 (15,10) =5.619E-03 (16412} 9.3256-04

10 =2+394£-03 (15,10} -$.1766~03 (17,12) 8.449¢-04

102 3+219€-03 (22, /29 -4.805€~-03 (17,12} =8.399€-04

103 =2.673E~C) (20, 2} =4.349€6-03 (17,12} -8,202€-04

104 ~2.222¢-03 (16,10} =~3.827€-03 (17,12) ~7.985€~04

108 =2.1438-03 (16,10} =3.264€-03 (17,12) =7 T70€-04

106 ~2.0318-03 (16,10) 2991803 (12,12) ~T7.4335E~04

107 . =2.3598=03 (22, 2} J.1878-03 (13,12} =7.009€-04

108 =2.790€-03 (20, 2) 3.334E-03 (13,12} =6.502€-04

109 -2,0915~03 (22, 2) 3.399€-03 (13,12} ~6.304E~04

110 =2.909€-03 (20, 2) 381€~03 (13,12} ~6.110€-04

33 ~2.5488-03 (21, 2) 3.493E-03 (14,12} ~S5.034E~04

2.732€-03 (22, 2) -3.595€-03 (14,4127 =5. 7156E-04

-3.327€~-03 (20, 2} 3.6106-03 (14,12) =5, T726E-04

=3.600€-03 (20, 2) 3.5408-03 (14,12) -5.612€~04

Le9778-03 (16, 2) 3.483E-03 (15,12} -5.420€~04

~2,5058~03 (22, 2) 3.479E-03 (15,12) =~5.161E-04

~2.447€=C) (21, ) 3.400€-03 (135,12} ~3,0938-~04

=2.467€~03 (17, 2) 3,249E-03 (15,12) =4.964€-04

1.958€-03 (135, 2) 3.036E-03 (15412} =4, T46E~0¢

-100.3!-0! (21 29 2.90‘!-03 1160129 -Q.QSI!-O4

(18,12}
3

(17, 9)
(18, 9}
(18, 9!}
(18, 9)
(18,10}
(18,11)
(18,11}
(18,11)
(18,111
(16412)
116,12)
(16,12}
{16,12)
(16,12}
116,12}
116,12}
§16,12)
(13,10}
(13,10}
(164,101}
(14,10)

(14510)
(14,10)
(15,10}

(15.10!}
(15,10}
{16010}
(16,10}
116,100
(15,11}
(16,11
(16+11)
{16+11)
(16,111}
116,11)
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~-7.7196~03 =7.296€-03
-9.95%0€~03 -8.268€~03
~5.871E~03 —4.415€~-0)3

1.457€~02 9.997€~03

1.3586~02 1.098E~02

8.66TE~03 6.9776-03
,8.128E~03 3.383E-03

0.0 0.0

‘9 10

0.0

0.0

0.0

0.0
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0.0

0.0

0.0

0.0

0.0 0.0
~9.,381€-02 -3.902€6-02
~1.42%€E~01 6.481E-03
-8.18%5€-02 2.901E-03
-4.7936-02 -1.019E-04

0.0 0.0~
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0.0
=2.455E~04
~9.053€-04
=2,548E-03
«3.734E~-03
~4.505E~-03
-5.418E-03
~6.732€~03
-6.856E-03
=3.412€-03

6.968€-03

8,620E-03
$.289€-03

.2+353E-03
0.0

M §

e

0.0
=2.696E-02

8.446E~-03

4,529€-03
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(1)

1.4
1.8
229
2.72
3.2%
3.86
4.60
S. 44
6.09
€62
7.7
T:46
T.01
8.13
Be.43
g9 ™ 2,72
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(DEG X)

2023.22
1992.93
1984,.91
1981.72
1980.10
1978.79
1978.85
1980.5%3

"1980.83

1680.48
1979.51
1977.79
1974,23
1961.87
1918,.06
1923.43

¥
2 4 CISTANCE FRCM ENTRANCE BULK TENPERATURE HEAT TRANSFER RATE
' ACAL/CHe*2/SEC)

~8.3079E-03
~=1.1420€-02
~1.37338-02
~1.587%E-02
~1.8083E-02
-2.0839€-02
-2.35146-02
-2.72%5E=02
-3.13786-02
~3.5459€-02
-3.9631E-02
~4,39C6E-02
-4,8216€-02
-5,3075€6=02
~6.03728-02

-7.01406-02°

v

HEAT TRANSFER COEF.
({CAL /CMee2/SEC/DEG K}

4.8211€-08
6. T7458E-06
8. 1504E-06 .
9.4395€-06
1.0763E-0S
1.2234E-0%
1.4005E-05
1.6218€-05
1.8668E-05
2.1100€-05
2.359TE-0S
2.56169€-05%
2.8799€-03
3.1937€-05
3.7311€-0%
4.3205E-05

-

NUSSELT NUMBER

8.4879€~-02
1.2299€~01
1.4908E-01
1.7288E-01
1.9725€E-01
2.2432E~01
2.5680€~01

2.9717€-01

3.4202€-01
3.8662€-01
4.3254E-01
4.8002E-01

5.2902E~01,

5.8960€6-01
7.0133E-01
8.1031€-01
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