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ABSTRACT

A two dimensional numeriecal model for the simulation of sodium
~boiling transient was developed using the two fluid set of conservation
equations, A semiimplicit numerical differencing scheme capable of
handling the problems associated with the ill-posedness implied by the
complex characteristic roots of the two fluid problem was used,
which took advantage of the dumping effect of the exchange terus,

Of particular interest in the development of the model was the
identification of the numerical problem caused by the strong disparity
between the axial and radial dimensions of fuel assemblies. A solution
to this problem was found which used the particular geometry of fuel
assemblies to accelerate the convergence of the iterative technique
used in the model,

The most important feature of the model was its ability to -
simulate severe conditions of sodlum boiling, in particular flow
reversal which was shown in the tests performed with the model,

Three qodium boiling experiments were simulated with the model,
with good agreement between the experimental results and the model
predictions.
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w7 Assistant Professor of Nuclear anlneeling
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I INTRODUCTTON

The growing public concern about the nuclear indugtry places an
increasingly large emphésis on the safety aspects of nuclear reactor
design. In particular, commercial size liquid metal cooled fast
bree&er reacéors (LMFBR) with its large amount of plutonium fuel,
combined with its inherent safety problems, namely the potentially
positive void coefficient of reactivity, and the high chemical
r;activity of the liquid.metai coolant with air and watef,‘must be

designed, constructed and operated with large safety margins to assure

that the public risk will be acceptably low.

In order to accomplish the stringent requirements of safety,
designers must have a thorough undérstanding of the phenomena occurring
in all possible reactor situations and the adequate analytical tools to

correctly predict the reactor behavior in all possible situations.

‘The objective of this work is to provide an analytical model
capable of predicting the transient sodium bbiling in LMFBR fuel
assemblies under realisgic coﬁditions. In order to situate the model
proposed in this work in the broad field of sodium boiling a review of
~ LMFBR safety analysis and a general descriptioun of the accidents of
principal concern will be preéented, followed by a review of the

present status of analytical models currently available.
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1.1 IMFBR Safety Aualysis

The U, S, Fast Breeder Reactor Safety Prograu abproach is to
provide four levels of pfotection, which are aimed at reducing both
the probability and conéequences of a Core Disruptive Accident
(CDA)[1]. These levels of protection are referred to as Lines of
Assﬁrance (LéA). Figure 1,1 illustrates the possible accident paths

for a potential core disruptive accident,

. The first line of'assurance aims at reducing the probébiliiy of
occurrénce of a serious accidenf. The eméhasis-is placed on quality
assurance, inservice inspecti&n and monitoring at tﬁe levél ofl
construction and operation, and ét fhe 1evé1 of design on providing a
multilevel‘redundant plant‘protection system, which can quickly respond
to faults and place the reactor in a safe shutdown condition without

damagé to the core(l,2].

The second line of assuraﬁce assumes that in spite of the measures
taken in the first line, low. probability but mechanistically possible
events involving failure of the first iine systems will occur{l].

The strategy in Fhis'line is fo provide the reactor design with
features which make the system respond inherently to acciaents in a way
vhich tends to maintain reactivity control and coolability, containing

the damage to a limited number of fuel assemblies.
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The third and fourth lines of assurance aim at limiting the
consequences of a serious accident, It is assumed that the first two
lines have failed and two subsequent events form a potentiél sequence
leading to core disrupt;oﬁ and release of radicactivity to the
environment, The objective of these last lines is to make the
consequences of a core disruption accident sufficiently limited by
the ﬁlant containment capability which combined with the low
probability of occurrence of the failure of the first and second limes

of assurance makes the risk to the public acceptably small{l,2].

Some of the issues concerning the possible accident paths are
still unresolved as are some of the phenomena involved in very low

probability events,

In order‘tb assess the importance éf sodium boiling and two phase
flow in the general picture of LMFBR safety analysig we reproduce from
a;compilation of the state of the art in sodium boiling by Hinkle [2]
figures 1.2 through 1,6 illustrating the path of the most serious of
the postulated accidents considered in LMFBR safety analysis. 1In all
theseyaccidents, the occurrence ofvsddium boiling and the stability
of two phase flow assume a crucial role in determining the path, speed
of events and final consequences. .In tablehl.l, also reproduced from
reference [2], the technical issues which must be resolved related to .

sodium boiling are presented.
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1.2 Characteristics of Numerical Models for Sodium Boiling

In the following paragraphs the most important characterstics of
numerical models relevant to LMFBR fuel assembly fluido-dynamic
analysis will be discussed, along with a comparison of the

capabilities of the models presently available and the one proposed in

this work,

1.2,1 Dimensionality

It 1s'a weil recognized fact’ that a non-flat radial temperature
profile exists with steady~state conditions, as well as at the énset
of boiling in loss of flow transients [3]. Calculafions made for

.single phase flow with the COBRA III-C code [4] showed that a
temperature difference as high és 450°F may exist between the central
and beripheral channels in é typical FFIF fuel assembly (Figure 1.7),
Obviously this‘femperatpre profile will force boiling to start in the
centfal part of the'fue1 assembly and progress afterwards in the
direction of the periphery. During this process, while part of the
fuel assembly is under boiling, and the fuel pins in this region may
eventually be suffering some ﬁamage, the periphery of the fuel .

assemblj still maintains its coolability.

<
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Here is a multidimensional effect the timing of which has a
direct effect on the amount of damage resultant from the accident,
Also, since this radial Incoherence 1s an inherent design feature of
all fuel as§emblies, the radial void incoherence is expected to occur

in every boiling transient,

Although this effect can be well represented by a two dimensional
model, covering most of the transients of concern to LMFBR safefy
apalysis, two cases present a non-radial symmetry, thus requiring a
full three dimensional model for their representation,'naﬁely the
traﬁsienfs with a non-unform power profile and an asyumetrical flow

blaockage.,

Considering:tﬁe limited ﬁumber'of cases requiring a'tﬂree
dimensional model compared to thése which can be analyzed with an
axial~radial‘representation, and also considering the necessarilj
larger computational fime required by a threeAdimensional model, it

seems clear that a two dimensional model has definitive advantages.

As for the present situation in computational modeling, the only
ekisting numerical model which can claim success in applications to
sodium boiling is the 645 code, which is a one dimensional code [5]. -
Other codes such as the HEV-2D [6), COMMIX [7), BACHUS [8], to mention
only a few of them, have encountéred éome difficulties in representing
sodium bbiling up to the point of flow reversal. Therefore a new code

with two dimensional capability seems to be well situated;



26

1.2,2 Boundary Conditions: Pressure Vs, Inlet Velocity

The boundary conditions applied to the problem‘are stfongly
related to the numerical.éclutions used in the model, In this way,
the marching technique,‘where the solution of the fluido-dynamic
équations is ?btained successively in planes along the direction of
the main flow, can only operate with inlet velocity boundary condition,
whereas the simultaneous pressure matrix inversion can work with both

kinds of boundary conditions,

The advaﬁtages of the maréhing technique are its numerical
stability for érbitrary large time steps combinéd wigh its relatively.
quick aﬁd straightforward numerical procedure, Its linitations lie
in the assumptions necessary to the validity of the marching method;
it requires that the flow be predoﬁinantly in one direction and always
in thét direction, making it impossible‘to analyze any kind of flow
reversal, Aléo‘certain tfanspbrt termé'in the t?ansverse momentﬁm |
equations are ignored, whgreas there are some doubts on the validity

of these assumptions [9].

The simultéyeous pressure matrix inversion method avoids the
limitations of the marching technique at the price of usiﬁg a smaller
time step and a more laborious numerical solution. In this method,
the solution of the fluido—dyﬁamic equations is performed, at each

time step, simultaneously for all mesh cells of the problem. 1In

o
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general, this simultaneaus solution can be reduced to a pressure
matrix inversion. In this way, upstream propagatioﬁs can be
accounted for, and flow féversal transients can in be in principle
analyzed, The method d;es not impose any limitation on the number
of conservation equations, therefore the choice of any model, from

homogeneous equilibrium to the full two-fluid model is allowed.

The disadvantages of the method are that because of the large
nimber of unknowns involved in the matrix inversion, a fuliy implicit
differencing scheme becomes practically impossible, and a
semi-implicit method, with its consequent limitatién in time step size,

becomes practically the only option.

Another problem with this method arises when used in conjunction
with & multidimensional model., When the conservati&n equations are
reduced to a pressure prqblem,lthe resﬁltant pressure matrix becomes
only marginally diagonally dominant, the diagonal dominance being
provided only by the compressibility terms, which in some cases may be
very small, In’these s;tuatiqns the usual techniques of maﬁrix
inyersion fail ﬁq produce a solution in a reasonable computational
time, and special procedures must be introduced. Indeed, the ability
of the model proposed in this work to produce results in a reasonable
~amount of computational time awes much to the special technique .

devised for this matrix inversion which is presenied in section 2.4,

€7N57”L”K¢HF’TGQUF&SENERﬁfTM~&MiﬂﬂﬂﬁAFfﬁg

L L P.E. N, §



28

1.2.3 Two Fluid Model

In the early years of two phase flow modeling, much attention has
been gilven to the homogeneous equilibrium model, This model describes
the two phase flow in terms of average quantities, such as the density
and velocity., In this way, these quantitles are defined to represent

an homogeneous mixture of the two phases {(or two fluids).

There are situations‘during reactor core transients where the
aSsumptions required for this modeling depart from reality, namely when
either phase does not sﬁéy close to saturation conditions and more
importantly when the phase velocities differ substantially, Attempts
to circumvent these limitations were made with the introduction of
semi-empirical correlations to describe the unequal phase velocities,
the so~called siip correlations, and to allow non-saturation
conditions. - Because of the semi—empirical nature of these
correlations? their accuracy is limited to the range of variables for

which they were developed, and thelr generalization is restricted,

A new approach to overcome the limitatilons of the homogeneoﬁs
equilibrium model was attempted with the drift flux model, This model
stays in between the homogenecous equilibrium and two-fluid models ‘in
terms of the number of conservatién equations employed. Although some
variations on the particular set of equations coﬁposing the médel
exist, iﬁ general the drift flux model represents the two phase flow

with a set of three mixture conservation equations plus two equations
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for one of the pairs mass~momentum, mass~energy or energy-momentum for

one of the phases.

In this model the sophistication in_the.dlrection of being closer
to first principles is increased over the howogeneous mixture model,
and so are the complications and size of the numerical solution

‘technique. Indeed, there are some doubts ébout the'computationai time

advantage of the drift flux model over the two-fluid model,

. The two-fluid model represents the fluid flow with two complete,
separate sets of consevation equations, treating individually the
‘pioperties of both phases;' Its clear advantage is that no assumgtion
is made on the relationship between the properties of the two phases,
and the most general situations can in principle be represented. The
model réquireé constitutive expressions for the interaction between
‘phases, namely the exchange of mass, momentum and énéfgy. Unlike the
slip‘correlation this comstitutive expressions do not depend on
circumstantial conditions of the particular flow situation, but §n the

physical principles of the transport phenomena involved,

. Much work has towge done 1n the field of the constitutive
relations required by the‘two fluid model, and the work presented_hére
cannot claim to represent éccufatély the two phase flow phenomena |
without first solving the problems present in this area. Nonetheless,
the model presented here can serve as a valuable tool in develoéing and

testing the much needed constitutive relations for sodium two phase
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flow; This subject will be readdressed in chapter 5, when the
recommendations for future devélopments related to this model will be

presented.

A final word has to be said about the controversial issue of the
complex characteristic roots of the two fluid model, and its
consequences to the stability of its numerical solution. Although this,
subject will be adaressed at length in section 2.5,.f0r the moment it
is sufficient to point out the inadequacy of using the techniques of
p;rtial differential equations and numefical analysis developed for
linear systems in analyzing the thermo-~fluido dynamic equations, which
are non-linear. Therefore, any conclusion on well-posedness of éhe two
fluid model and the staﬁility of its numerical solution has to be draﬁn
from an anlysis which takes into account all the characteristics of
the'model, in particular the damping effect of the interphase exchange

terms,

The discussion of the porous body versus the subchannel approach
is deliberately omitted here, It is our belief that this issue does not
play aﬁy important role in the numerical treatment of reactor fluid
floﬁ. Indeed, it is possible to extend the porous body model to the
Iiwmit of very small mesh cells or lump together>subchannels to form
larger ones, The two concepts overlap completely and no relevant
distinction between them can be made in the numerical aspects of code

development,



31

II. THE CONSERVATION EQUATIONS AND THE NUMERICAL METHOD

2.1 The Mass, Momentum and Energy Equations Averaged over

a Control Volume.

In this chapter the derivation of the differential and
difference form of the conservation equations will be given. First
all assumptions built into the model will be detailed, providing a
clear picture of its limitations and range of validity. Secondly, the
vprecise meaning of each term in the set of equationa will be established.
As will be seen later, this is particularly important with terms
descrlbing the geometry of the interacting cells.

For the sake of compactness, and to avoid being monoténous,
de;aiis will be given for the equatioﬁs‘of the vépof phase,,mentioniﬁg
‘only the final form of the equations of the liquid phase., This will
cause no lack of understanding, since the two fluid model is completely

symmetric with respect to the liquid and vapor phases.

2.1.1 The Mass Equation

The mass equation has the form:

[ [ -] [
- ap dv + ap U dA + - ./. ap U dA =
gt v A vz A A v vr
z+ r+ r-

]
<"'ﬁ

(Se - Sc) av (2.1)



‘The density as well as its first time derivative are assumed independent
of position within the volume occupied by each phase separately and
the void fraction is also assumed independent of position within the

control volume. It follows that:

fo.pvdv==<pv>f»ocdv=<pv><a>"‘v (2.2)
h'4 . v .
) 'j;anUvdA=<avav>A | (2.2)
S - = (< - > . .
L. (S, = 8) dV = (<5 >=<5_ >V (2.3)

We substitute these equations into our original mass equation, and

we get

r— 3
> < = < > - < >
v v vr A v v vr >A 'Se Sc (2.5)
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In the above equation we have intrnduced the areas Az and
Ar bounding our control volume. The axial cross sectional area Az
poses no problem, since in the particular geometry of fuel assemblies
of interest for LMFRER it is a constant throughou£ the axial length.
For the radial cross sectional area however the same is not true.
Here we héve a highly position dependent area, not only in the macro
'scale, i.e., from one control volume to another, but also in the
pafticular‘position with réspect to the fuel pin rows chosen for this
area. |

So far this position can be chosenlarbitrarély. Later it
will be seen thét for the averaged radial velocities in the momentum
eéuations to Be compatible with those in the mass and energy equations
we'must'impose a precise value for this radial cross sectional area.
The choice 6f this position is postponed until we have developed the
momentum equations. .

Finally it can Ee easily inferred that the liquid mass

equation will undergo the same steps and present a similar form:

A
2 : : z
3t [(lf<°‘>),p£]+v [<(1”.°‘)p2“xz,>‘§z+~

‘ ‘ A _ :
- - R - -
<(l-a)p U, 2y + g <Cl-0a)p U >
= . T+
- _ : : ' .
v <(1l-~-a) Py UEr >Ar— = < sc > - < Se > : (2.6)
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2.1.2 The Momentum Equations

Following the same procedure used with the mass equation, the

momentum equations in a control volume form are:

Axial Direction

N\

% [ et [-]
T a.pv Uvz dv -+ o pv I.Ivz dA + - Q pvuvzuvrdA
v A A . A A
z+ A rt r-
~£ P.K.ndA ==‘-{yfvsz~£upvgdv+£Mvzdv (2.7)
v W

Radial Direction

? f f f J’ ' 2
= [an, U, v+ ap U U da+ f ap, U aa
v A A A A
z+ Z T+ )

" ~ . .
Av A.W v ~

To obtain the momentum equations in non-comnservative form

the mass equation (2.1) muitiplied by‘iuvz > and < Uvr > 1is subtracted

?’“’J ST UG DE SFEGQUISAS ENERGETIIAS T [ IUCLEARTE
v
t I P. E. N

PRSI



from equations 2.7 and 2.8 respectively:

2 ccuod fonare] [ ani,
™ vavavde <Uvz>at (ugjvd\I%-A avavsz

2+ g Ay A
-< U >f —f o p U dA-—f Pk.ndA=
va vr
A A
T+ r- v
a-f fvsz—-gfapvdv+flvlvzdv~<uvz>f(Se-sc)dv (2.9)
Aw v » v v

2 f " v o 3 ' Ji -
3t o pV Uvr dv < Uvr > 5t f o pv dv + , f o pv Uvz Uvr dA
v v A AL

. _ ' 2
<y > - dA + f - f dA
Uvr .{ .!; o Py Uvz A & o, Uvr:

et Y- T+ Pp-

..;<U'>f -f apU.dA—fPr.ndA=
vr A S v ovr A
’ Ar+ r- v ’

-

“_4 £ dA+f M AV - <y > f(se,-sc)dv (2.10)
W v v .
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With the previously stated assumption of position independence
of the density and its time derivative the first pair of terms in both

equations become:

_B_J' . - < _Q_.f 4V =
2t vavavde <Uvz>at vapvdv

BUvz aapv
=‘[’[apv ot + (Uvz~<Uvz>) at]dv

m<a><pv>%§E<Uvz>v ‘ (2.11)

and

a2 | 2 f - 3
at vavavrdV <_Uvr>3t »vapvdv <“xpv>.3t<uvr>v.

v
(2.12}
Next consider the convective terms. We define:
_ 2 . -1 '
k-1 2-
<uvz>Az [{apvuvsz:].[lxavavsz]. (2.13)
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Assume Uvz is position independent in each axial cross

(2.15)

(2.16)

sectional area Az’ Also assume that Uvz and Uvr are axilally variablé

in such a way that:

[ ]

1
< > = = <
Uvz 2 (< Uvz >A + Uvz >A )
. z+ Z-
<y > w'l (<vu > + < U ' > )
‘ vr 2" vr A, vr A
z+ -

(2.17)

(2.18)

or in other words, that these velocities have a linear axial variation.

The axial convective terms in both momentum equatious become:

Az+ Z~

f -f ap U2 dA - <U >f - ap U _dA
v vz . va v vz

A A : A

zt+ zZ-

vz A

=<q><p ><yU > [< U > - <y >
, v A4 - vz Az—

(2.19)
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=< > <\pv > < Uvz > [< Uvr >A - < Uvr >A ] Az (2.20)
, z+ -

Using the same procedure to the r-convective terms, we define:

: : ' -1
. 2 .
< Uvr >a [f op, Uvr dA] . [f ap, Uvr dA] (2.21)
T A A
_ r T
- - [f -1
< UVz >Ar Ar o pV Uvr UVz dA] K (4 o pv Uvr dA] : (2.22)
. - :

Following the same procedure taken with the terms averaged
over Az, we must find an expression relating the properties averaged
over the radlial area and over the entire control volume. The linear

variation of Uvz from Ar~ to A_, can be assumed without imposing

T+
simplifications beyond the level that has been used up till now. The
same 1s also true when 1t is assumed that Uvr is constant over each

radial area Ar’ But due to the particular geoﬁetry of fuel assemblies

under consideration, it will noﬁ be realistic to make a linear variation
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of Uvr assumption for any arbitrary radial area, since due to the
presence of fuel pins,. this radial area varies drastically with radial

position. Instead, Ar+ and Ar~ must be chosen such that:

1 ) .
<U_ > 2(<Uvr> +<U ) (2.23)

>
vr Ay vr A

Introduce the quantities U?(r) and A:(r):

*

< U&r >Ar(r> . Ar(r) = U?(r) A; . - (2.24)

where A?'. x is the average linarly radial dependent area. . This is
equivalent to smearing the fuel pins over the fuel assembly to produce
an equivalent homogeneous porous body. The critefion to find A? is

to require the integral of A: . ¥ over one unit cell be equal'to the

volume occupied by the fluid:

K '[rk+'€ ' ‘ (rk+ 5)2 - rg} .
Vcell = J .A¥ . T dr = A? [- (2.25)
k .

V3

where £ =p .5
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k
The volume VCell is:

k 2 V3 2k + 1
Veetr = (P 5~ A ) (73

) Az

where Api

other structural materials present

n includes the transverse area of fuel pin wire wrap and

.

Lo Y3
2% kp 5
From equation (2.25) we get:
| _ V3 Apin

We now can make the more acceptable assumption that < Uvr >A A%(r)
, U -
= U?(r) A*r». r = constant. It follows:

L/ -1 :[
<y >m—>" fau av==[dr
vr <>V ¥ vr A2 Ar Uvr dA

1 J[ + Toe
= = <U _> A(x) dr
v . vr Ar b o

(r, - )
v

= U:(r*) . A? N L (2.27)

FRETINHO DE L L ROUSAS ENERLL TN 0 8 L FAR Ty
1 ’ LPE N da
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where r* is any value between r_ and r,.- Let us choose r* such that

J & — = ' ‘
A;fr (r+ r)=1VY (2.28)

but from equation 2.25 we have:

/*
m * = A%
v J Ar r dr Ar

so it follows

LJ

rk = (2.29)
2
Substituting for r¥ in equation 2.27 we have
: = Uk f{rk : : - ]
< Uvr > Ur(r ) | (2.30)

but since we assumed U? is a linear function of r this is equivalent

to
UK (r,) + Uk(r_)

< pvr > f " (2.31)

Going back to equation 2.24 we have:

< U >u=-]=[<U > A” + <0 > Ar'] (2.32)
v 2 VE A Ax ¢ VE el Ak ¢ '
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Finally, the desired criterion for clicosing the radial -
cross sectional area such that the averaging procedures taken with

the mass, energy and momentum equations be compatible follows immediately

if r+ and r—~ are chosen to satisfy:

A = - A% r+

. and A = A% 1~ {(2.33)

then the desired equation 2.23 is obtained

with these considerations, after a few algebraic steps, the r cohvective

terms in the momentum equations become:

-!;'“-l( avaszv dA"<U f f dA==
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| ' ‘ A, +A '
<a><p, ><U > (< U, >Ar+ <U, . >Ar-) (__}j 1_‘_-:-_) (2.35)
: 2

The remaining terms of the momentum equations are obtained by

simple averages:

~

>

f P.k.ndA=aA <a>(<1>> - <P ) (2.36)
A z Az+ Az~ .
v
~ ~ Ar++Ar- |
fv.P.r.ndA=(--~—:-"—~)<u>(<P>A -<P>A ) (2.37)
A 2 A & 3 r—

- - 2T 2 v
vavrd‘_’ <Uvr>l‘; (S, =80 av=x >V
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Where the terms M' include both the momentum exchange
between phases due to friction and mass exchange. These terms will
be analysed in detail'in'Chapter 3, when discussing the constitutive
equations.

Equations 2.9.and 2.10 can now be rewriten as:

A
3 z
<a > < pv > [Bt < Uﬁz > 4 v < Uvz > (< Uvz >Az+ < Uvz >A ) ) +

Ar++Ar—-
+( 2V )<Uvr>(<vvz>A —<Uvz>A )] -
. r+ -

Az » :
--—‘-]— <<3;:~(<P>A -<P>A )
zt+ zZ~-
I3 e e— - - ] ’ .
A <fvz> <a><p >g <Mvz> . (2.38)
<a > < > -2- < U > 4-f§5 < U > [« > - < U +
pv ot vr v vz vr Az—l- vr A )
Ar+ + A _
+ < U > G U > -< U > )] -
\'
2 vr vy Ar+ vr Ar-
Ar"’h—iv'A
— = — == ————— — ~'
57 <o > 6 P >A <‘P >A ) v < f > < Hvr >
T+ r—
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Similarly for the liquid phase:

. A
: 1 -9 . z
1-<a> 2 —Z < > -
a @ )<pz>[at<uzz"+v v, (<U£z>A <Y )+
zt+ A
A, +A_ _
< s{< - -
+( 2v ) U,Q,r( Y2 2a <%z’ )}
T+ r-
A

=~§-<fu>-(1-<a>)<p2>g-—<M;Lz> (2.40)

‘ A
3 z ( ‘
1~-<a?>]< > ——— & > - -
( ) ) [at Ve 275 < U ? ‘< Uer >AI

A, FA_
- < > + |-
Uer Ar~) ( 2V )< U.v,r>(< Uge 7

(Ar++Ar__),( ’ '
-l e 1~<a>)(<P> -< P> )a
2V ! Ay A

A
= - - 1] "
7 <1fgr > - < M,Qr > _ (2.41)
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2.1.3 The Energy Equations
Again we start by writing the energy conservation equation

in control volume form:

d 2 f _ ’ 1 2
ﬁfapv(ev+%uv)dv+ f ap, U, (e + % U )+
v Aok Ao

Ar+ r-

- f Pz dv (2.42)
v

Before proceding with the averaging process, some algebraic
manipulations will be made in order to eliminate the kinetic energy
terms. Subtract from equation 2.42 equations 2.9 multiplied by < Uvz >

and 2.10 multiplied by < Uvr >, and rearranging the result it follows

-——atfapvevdv+ oavavzevdA+ qpvvvrevdA+
v A A A A
z+ = t+ b o



8 .
> - < >

ot « P Uvz Uvr ot & pv u r] v +
U2 < U > U2 - < > U U } dA +

v vz vz vr vZ vr

2 2

< > - < > =

Uv vz vz Uvr U&r Uvr ] da

dV-—f[‘<U >SM +<yU > M ]dv
vz ve vr Vr‘

(2.43)

We will turn our attention to the terms involving the

kinetic energy. To avoid the trouble of carrying over the whole

expression, we will call:

l[ﬁapv sﬁuV-.<UVZ

>3

ot

9

o pv U -<U >—ap U ] dv = 1E

vz vr dt v vr
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aap 2 ‘
+ v [%U~<U >U_-<U >Uvr]}dv (2.44)

It must be assumed that the spatial variation of Uvz and
Uvr around their mean values are small or in other words, if Uvz is

written as:

Uvz (z , ) =< Uvz >+ e(z , 1)

then
<U2 >=-]:f[<u >+ e(z r)]de=<U >2+}‘f52( r) dv
vZ \' \£ * vz \4 2
v v

1l [ .2 _ 2
The requirement that'§ €  dV be small compared to < Uvz >,
would lead to:

<v? > <y 2 (2.45)

2

if we recall that U2 = U+ U2 » equation 2.44 ﬁecomes:
v vz vr N ,



lE= v < g > < Py > L

3 3
- < > — < > - < > = < > +
Uvz at Uvz Uv U r }

and in view.of equation 2.45 this becomes:

. 2 2 9. f 2.46
1E 1/2 (< Uvz>+< Uvr >) X VapvdV ( )

the convective terms of the kinetic energy equation, which will be called

2E and 3E are:

z‘Eaf —f dAc p [u i vP-<u >1v® -<u_>u U]
v vZ v VZ Ve vr vZ Vr

Az+ Az—
(2.47)
’ '1 2 2
3E = - dAap U ¥ U -<U >0 U _ -<U_>10
v vr v vz vZ Vvr vr vr
A A . _ _
r+ r- ‘
(2.48)
DPefine:
2 . 2 =f. 2 f
<0, >, < U, Ppet <UL > ep, U, U, dA// op, U, da
z b4 z A A
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and equatilons 2.47 and 2.48 become:

2
2E [ !§.< Uv >A =< U&z > < Uvz >A
zt z+

TS U > U, A ;].f ap, U, da -
: Z Az+

vz vz A
z~ z-
- < Uvr > < Uvr >A .] o pv Uvz dA
z==A
z-—-
3E = [55 < U2 >A - < N > < U . >A -
T+ v Ve Ay
-<U . ><0U > j]j' cap U dA -
vz vz Ar+ A v Vk
o+
- L < p2 s - : ] -
[ ‘Uv Ar_ R > S Uvr A

- < qu > < Uvz >A ] j. ap U dA

» LETTVUTO DE PRGOS A S ENETD SN R

ILFOE £l

(2.49)
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and from cquations 2.17, 2,18 and 2.23 23 get:

[ f
2E ’5[fuvz?A < Uz A +<Uvr>Az+ vrA]A @ P, Uy 34

3E =~ % [< Uvr >A < U‘vr >A + o< Uvz >A < Uvz >A ][ f @ pvu\n:'dA
r+ r- Ar + A

In view of the previous assumption that deviation of the velocities

from thelr averages are small we get

< U > <U > ® < U2 > ete, and 1t follows
vz A vz A vz
z+ A
2E=—%<U—2>f -f @0 U _ dA (2.51)
v v vz
A A .
z+ zZ-
3E =~ % <U2>f -[ ap U _ dA {2.52)
v v vr '
A A
T+ r-

Combining the terms 1E, 2E and 3E, -and recalling equation 2.1, we have:

IE+2E+3E=- Y% (<S5 >-%8§ > <U> > (2.53)
. e C v

We proceed by noting that some terms in equation 2.43 will

vanish uppon the performance of the integrals. These terms are:
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L]

: - .| av = . (2.54
[apvguvz <Uvz>apvg,]v 0 (2.54)

?

~

[Pvn.Uv—Pn.k<Uvz>~Pn.r<Uvr>]dA=0 (2.55)

> - . ’ .
l; [Uv . fv - < Uvz > fvz - < Uvr>fvr] dA = 0 . {2.56)
- .

The next step would be to define average properties and
obtain the final form of the energy equation. Since this procedure
is completely similar to that used for the mass equation, only the

resultant energy equations are presented here:

A
9 z
o > o —— > - >
at[< N Py 7< & >] * V[_:a °v & Uvz Az+ * Py S Uvz Az_]

-

R W 2 L WL
1+ | 2l
=<Q >-<P>2 _.qg > ‘ (2.57)
Qv Dt JAY '

where the energy exchange between phases has been grouped under the

term Q.Q.v'



For the liquid phase the mergy equation is:

A
2 - N I - - (1~
At [(l <a> ) <pz><e£—] + 7 [((l a)pz e, UQ?AZ+ <(1 a)p2 e, U22>A2_

Aer ' A

Pyl -a) e e U2y o zm<KA =) pge, U >,

T+ v ) T~

=< Q >+<P>-—'£+<Qv> ) (2.58)
A Dt v :
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2.2 The Finite Difference Fquations

Having established the properly averaged differential equa-
tions, the next step is to approximate the conservation equations'by
a set of algebraic equations suitable for the numerical solution.

Before chooging any particularischeme, it is appropriate to discuss
in general terms the various applicable finite différenge approaches
and identifybthe kind of problems we expect to solve with our model.

For the spacial discretization very little can be said in
general: the idea to be followed is that one can find the best spacial
differen.iation to suit a particular time disaretization.

- There are three broad categories concerning the time level at
which the varilables are to be evaluated: fully implicit, fully explicit
and semi-implicit (or semi-explicit). Associated with each of these
categories there is a stability criterion which will relaée the time
step size with the characteristié roots of the set of equations.
| A fuily4implicit method is the one in which éll spaclal deriva-
tives, as well as all the exchange terms are évaluated at the new time
level. With this time discretization it is possible 1n‘genera1 to find
a spacial arrangement which makes the whole method unconditionally stable,
thus enabliﬁg the problem to be solved with a time step as large (or as
small) as desired. As an exemple, a one dimensional mass equation in this
scheme is:

n+l ntl _ n n nt+l nt+l

i Py %1 Pvi + Cao, Uv)i+35 - (o pv'Uv)i--lg n+l

At ‘ T Az




Note that the convective terms are cvaluated at different
“ Jocations than the othef terms.
Since they are evalu;ted at the nev time level, they are
unknown, which means the solution at one particular cell is coupled
to the solution at its neighbors, thus réquiring the numerical solution

to be made simultaneously in all locations and all variables. This

poses a very complex matrix inversion problem, using relatively large

‘computational times.

On the other side is the fully explicit method, in which the
shbacial derivatives and the exchange terms are evaluated at the old

time level. The mass equation would look like:

n+l n n L n
(a0 )y | (@p)y L (@ p, Ui (@ p, U, o

At Az

We can see in this case the terms which are evaluated at
locations other than the cell 1 are in the old time level, and so they
are known. The solution at each cell is indépendent of its neighbors
and the numerical solution of the set of equations will be relatively
simple. The penalty for that simple solution is that the stability
criterion for this category is severe, requiring in general very small
time step sizes. Typically it would require that a pressure‘or tgmé
perature perturbation travel no farther than one mesh space in one fime

step, or in mathematical words it would require:

Az
c

At <
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where ¢ is a sonic speed{ Typical values are on the order of 10_2 to
10-1 m for the mesh spacing and 103 m/sec for the sonic speed. Thus,
we can expect to be 1imited to time step sizes of the order of 10;4 or
10“5 seconds with this method.

In between these two extremes, the semi implicit methods
are those in which some terms are treated implicitly while others

explicitly. If liquid convection 1is treated explicitly, the time step

restriction for this class of schemes is the convective limit

At < 22
v

where v is the phase'velocity;
The general idea behind this category is to devise a parti-
cular balance_between implicit and explicit terms which would make
the solution of the particular set of equations simple coﬁpared to that
of the fully implicit method, coﬁbined with a less restrictive stability-
criterion compared to the fully explicit method. |
Here a very large number of possibilities exist, and a general
-analysis would prove to pe of little value since what might be the best
solution for a particular problem may not be a good one for another.
Thus, instead of a general study of semi-implicit methods we
will just analyse the particular scheme used in our model and show thev
motivation for its choice. One important consideration for this choice
‘1s the time scale of the phénomena to be analysed with the model.
| - A typical loss of flow‘two-phase transient lasts from onset
of boiling to flow reversal for about one second. Therefore a sufficient

detailed description of this transient requires that the solution scheme
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produces information with a time interval of about 10—1 to 10—2 second.
In this kind of transient we can expect to have axial velocities on the
order of 10 meter per second. "Thus using a axial mesh spacing on the
ordexr of 10—1 meter, the convective limit Az/v characteristic of the
semi~implicit method will be of the samec order of magnitude of the
time iInterval in which we want information, and a metﬁod with such time
~step limitation would fit perfectly our purpose. |

Much longer simulations can be expected in the case of natural
convection decay heat removal., But in this class of phenomena the phase
velocities would be much smaller, and again in this case, a time step
restriction connected to the phase velocity is of the same order of
magnitude of the required'information interval.

Therefore, with the semi~implicit method we take advantage of
a simpler solution of the fluid flow equations, with smaller number of
operations performed per time step without increasing the number of time
steps required to cover the whole transient.

After this brief outline of the general features of numerical
methods, we proceed with a detailed description of the particular scheme
adopted for the model, explaining how this particularly fits our set of
equations and insures the stability of the method.

We start by dividing the fuel assembly to be simulated into
a two dimensional r - z grid. To allow flexibility of application and
a more efficient allocation of time and memory space, this division is
made to accept variable mesh spacing in both directions, with the sole

restriction that at each radial or axial level the mesh spacing corre-



- sponding to that direction remains the same for all cells in that level.
With this restriction, eich cell, except the boundaries cells, will
have only one neighbor at each of its four sides. Figure 2.1 shows
é'typical arrangement of cells.

All unknowns of the problem, with the exception of the ve-
locities, are evaluated at the center of the mesh cglls, wﬁile the
velocities are evaluated at thé faces of these cells. Figure 2.2
shows a typical mesh cell where this is illustrated. This figure also
shows the subscript convention used in the difference equations. In
this convention subscripts i nnd j indicate position in the center of
a'cell along the axial and radial axis respectively, while subscripts
i+% and j + % dindicates position atthe faces of the cells corres-
ponding to the z and r directions respectively.

Superscripts are used to indicate the time level in which the
variables are evaluated, Supefsqriﬁt n indicates evaluation at the old
Fime level, thus corresponding to a known quantity, and n + 1 indicates
a variable in the new time level, to be determined in this step. The
exchapge terms, which are in general function of both new and old time
variables do not carry any superscript. They will be discussed at length
in Chapter 3.

With these conventions established, the difference form of the
mass and energy equations, which are differentiated about the center of

the mesh cells are:
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Vapor Mas S

n+l o+l n n [ n n n+1) _ ('n n n+1)
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n n ,n+l) : ( n n n+1) = -
+ (A /V o Py Uyr i,i+% A /V Py Uyr -k Se = S, :
, (2.2.1)

Vapor Energy:

( n+l n+l en+1 _mn mn n) ( non n Un+1)
o Py v & Py /1,9 + & Py & Yyz fitl,d
At : bz,

U

( n on n n+l) .
o Py &y vz Ji~1s 4

nonon n+1)‘
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Azi
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Lig uid Mass:

[(1~an+1)pn+l - (1__qn)pn} [(L—an) pz; UE:]‘J' - [(1—-0:“);:; Ur;:l}
% Plia | d14t, 3 e

At K Az

’j_’_

. _ n) n n+J]
‘+ [A.I_/V (1 o Joy Uy

(2.2.3)

Liquid Energy:

(=" - (= 4] [p S,

At AZ:L

___‘ _n\n n ntl __n)nnn—l-l
[(1 a )pz e Uy ]Mz j + [Ar/v (1 o Jog e Up
»

Lo

n\n n _n+l’] n
- [A.r/V (l-—a )pz e U,Q,r 145 + P:Lj-{ A

[(1—~a“) ngl ]1+ - F(l-—ocn) u;‘:l]i_%

N 5,9

ir

Bzy T 1,1+

n ntl ) » |
- [Ar/V (1-a )Uzr ]1 j‘%} = sz.. Q,Q,v (2.2.4)
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Some varidbles in the above equations are used in a location
other than the place wherxe they are primarely defined (see figure 2.2.2).
For instance, the void fraction g, which is a cel;—centered quantity,
appears in the convective terms of all four equations located in the
ﬁell‘s faces., So in order to make these equations completely determined
we must est;blish a rule to transport the value of these variables from
the center to the faces of the cells. In our model we have used a rela-
tionship known as donor-cell differencing. Later on, in section 2.4
we will see that this scheme has an important effect on the stability
of the method. To illustrate how this technidue works, let a geuneral

variable X stand for any cell centered quantity such as q, pv, pz, e,

e . The face centered value X

2 ‘ 145 will be given by:

if. Uzi+% 20

i

X4 iU

S | (2.2.5)
2i+Y <0

In the above rule we have used the axial direction as an
example., A similar rule is used to dislocate the variables in the
radial direction. The final ambiguity to be removed is.in the evalua-
tion of the void fréction. Though it is obvious which of the phase
velocities we should use to evaluate the densities and internal
energies, this choice is not clear when we refer to the wvoid fractiog,.
which appears in both the liquid and vapor equations. To remove this.
ambiguity we state that the velocity to be used in the decision of
equation 2.2.5 is the one corresponding to the equation in which the

variable will appear. Thus for the vapbr equations the void fraction
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wlll be caléulated using the vapor velocity in equation 2.2.5, while
for the liquid equation, the liquid velocity will serve in the decision.

As a final remark, we note that the donor cell rule is ;sed
only to locate quantities at time level n, never at time level ntl,
thus the velocity used in the decision is always a known quantity.
Further more, the rule of equation 2.2.5 places a cell centered variable
% In the cell's face where the velocity used in the decision is defined,
so that we will never have ambigulty in this décision.

We now turn our attention to the momentum equations. Here
a difference with respect to the mass and energy equations should be
noted since the velocities are primarely defined at the faces of the
mesh cells, Let those faces be the reference points for the differencing

of the momentum equations.

Then the vapor momentum equations are:

(gt - o3,) (8 %)

‘ n v Va4 Z Vi,
@0 4435, 5 [ + U +
’ At vz 14,3 Az

A Ut n+l mHl
+ " ( r vz )i-i-lﬁ,j] + ol (P1+1,3 - Py ) +
vr i+, 3 Ar i+Hs, 4 Az s
i

n : .
+ (ap, i¥s,3 87 (szv M ) (2.2.6)

1+,



n+l n . n
Cap, )ip i Uvr)i.ﬂ‘/z L D 4, Uor) 1, 54
v’ iHs,] { vz 1,j+s +
At’ Z %aJ1 Az
nt1. n+l
+ " (Ar Uvr):u.,j-t‘ + 0 (Pi,j-H. ij ) -
jHs
== Moy P M)y, gy (2.2.7)
And the liquid momentum equations:
nt+l n
n Woz = Up)iny, g (4, Uzz)i s, 4
(l-—a)pz . + UZ 1+, § +
i+4,3 At _ “ Az
nt+l n+1
. o (A VD145 ] b ety Zwr,g t PP
er i+s,j Ax 1+s,3 Az
i+
n
i+s, 3
a (Un+1 Un ) '( Un ) :
[(1'-009 ] [ LIy o fo arli gty
i, 34 At b2 1,3+ Az
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i n n+1 n+l
u® (Ar v r).:i,j+l§ ] + (1", ) (Pi,j+1 Pi,j) -
er 1,3+ AT 1343 Ar
| ¥
T (Mﬁrx - szi)i,j+% (2.2.9)

Again In the momentum equations some varlables are used at
a location different from where they were primarily defined. The
question is how are these quantities evaluated? First, consider the
vdid fraction o and the densities Py and Pyr Contrary to the mass
and energy equations, these quantities do not appear in the momentum
equation as difference terms. Thus, they do not influence the stabil-
ity of the method the way they.did inyeqﬁations 2.2.1 through 2.2.4,

and we can use a simple averaging rule such as:

X - Xi+l Azi+1 * Xi Azi

it
82y T A2

(2.2.10)

whe;e X stands for the void fraction a and the two densities oy and Py
A similar rule is used to transfer the variables to the faceé 34 in
the radial directionm, witﬁ Ar replacing AZ. |

We next consider the velocities appearing in our momentum

equations. First we look at the velocities Uvr 14, 3° Ulr 14,4

Uvz 1,45’ Uzz 1,45’ Figuré 2.3 shows as an example Fhe position of
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Figure 2.3 Different Positions for the Radial Velocity
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UVr 14, 3 compared with the location where Uvr is primarily defined.

Again these velocities do not gppear as difference terms and asimple

averaging procedure can be used without compromising the stability of

the method, Thué we define:

= 1 ‘
Uyz 1,34 & [Uvz iH4, 3 + U, 1-%,3 * Uy iHs, jH *

s 1-15,j+1] (2.2.11)
Uor i3 % l?%r i,jPs * U 1,3~% * Uyr 141, 3+ *
+U__ i+!5,344s:| (2.2.12)

and a similar pailr of relationships fér the_liquid phase.

Finally those velocities appearing in the difference terms
must be evaiuated. Here a simple averaging procedure would lead ﬁo
a differencing scheme unstable. Therefore these velocities are evaluated
‘ﬁith the donor cell technique. In this way, the expressions for.the

difference terms are:

UVZ i+3/ 2 » j - UVZ i""l’ﬁ ) j 1if U 0
: AZ vz 1i+43,]
AU . i+1 .
( z vz ) - ‘ (2.2.13)
82 i3 . U
vz i+, vz 1-%,1 if U , > 0
Az vz i+ -~

i
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u -
vz iHs, j+l Uvz i+, ] if U
At ‘ vxY i'*',’i’j <' 0
(Ar UVZ) P> : )
=) (2.2.14)
U -
vz i+%,3 UVZ 1+s,j-1 if
. Uvr i+s, 3
3%
u U
' | vr L41,0¢ e 1,3+ 1f U
g | iy vz 1,3t
( Zz VI =2
AZ
" U u - (2.2.15)
vr 1,385 vr i-1, 3+% if U
AZi“;s vVZ isj’*’lﬁ 2' 0
u | -
vr 1,3+3/2 Yy 1,343 if U
A Arj+l vY 13j+l’§
(r yr
T
=) (2.2.16)

U -
vr 1,3+ Uvr i,i-% if U
Atj vY i Iy j+‘l’§
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where the mesh spacings ,21+% and rj+% appearing in the above

expressions are defined as:

Az + Az
i+l i
Az . = AL 7T (2.2.17)
1% ;
. Ar + Ar
+1 :
Ar = it 3 (2.2.18)
I+ ;

and similar expressions apply to the liquid phase.

With those rules the differencing scheme for ;he fluid
filow conéervation_equations is completed. To éomplete the set of
algebraic equations we need only to specify the relationships for the
exchange terms and the equations of state. These will be discussed
in Chapter 3. We now turn our attention to the numerical solutiom

of the set of algebraic equations, e€quations 2.2.1 through 2.2.4 and

2.2.6 through 2.2.9.

E IRETITUTO CF PELCU SASENERT TH2Aag g oo F;'ARES]
! I P.E. N
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2.3 The Numerical Scheme

In the above difference equations all variables evaluated at
the time level n were determine in the previous time level, thus in the
present level ntl they are known quantities., The préblem is to extract
from that set of equations the variables at time level n+l. A quick
look at those\equations reveal they are non linear, complicate equations,
and - a numerical iterative technique is practically the only option for
their solution.

The equations of state represent unique relationships of the
densities and internal energies for a given pair'pf pressuie and tempera-
ture. We will replace these densities and internal energles by the liquid
and vafor temperatures as primary variables, thus reducing the number of
unknqwn to eight, namely the void fraction, the pressure, the vapor and
liquid temperatdreé gnd the four velocity éomponents.

The technique used in the solution of algebraic equation is a
multidimensional extension of the Newton iterative solution of algebraic
équations. Let us first define a vector whose components are’the unknowns

of the problem. Then:

nt+l
b U r’ Uzz’Uzr] (20301)

Xa[a,P,Tv,T,u ;

va

and the equations 2.2.1 through 2.2.4 and 2.2.6 through 2.2.9 can.be

written in abreviidted form as:’

Fp (X) =0 , p=1, ... 8 : ' (2.3.2)
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Now suppose that at a certain iteration k we have come up with
ani approximate solution of 2.3.2 Xk. Since this is not the exact solu-
tion, the left hand side of 2.3.2 Fp(x?ﬁis not neceésarely equal to zero,

Then, let us make a Taylor expansion of F(X) around the point Xk:

8 70F
F (xk“') = F (xk)+ 3 (——~P—) . (xk”' - x5 ) (2.3.3)
P P g=l ‘dx /X 1 1
q . ,
k+1

If X is required to be the solution of equation 2.3.2 it

follows:
8 BFp S o .

p> (~——-— ) (x‘;“ - x§)= - Fp(xk), P=1, ... 8 (2.3.4)

q=1 axq xk ]

With equation 2.3.4 the iteratlve procedure is defined. Note
that this set of equations 1s now linear in the unknowns qu = xs*l - xq

If equation 213.4 are written explicitly, it follows:

k
[_fzh.a,s.]da.,.[.q‘iiﬁz_.az] P s - 2 e, -
At do At opP oP i3 At GTV BTV v
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(00,)

(w0y)

8 S i+!5 i,.!é y
-2 —TE - 1751 sy +

o7 6T2,+ Azi 6Uvz 1+, 3 Azi 61v7 1~15,4

k
+ (ch/v@cpv)i L (ax/v ap )i,j—-!s U 440 F
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At ]5a+[°‘ TR TR Y: 5p | SPyy *
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At My ETV BTV GTV v 8T £
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D

- [(Ar/V a)i,;i-lg (Pij + (pv e, )i,j'-!ﬁ),] GUvr' 1,3-% ° ~ F

(2.3.6)
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[(l~a)p!']i~%j U, 14,3 * [Ar/V (l—a)pz] 114 U, 1,44

k
- [Ar/V (l‘*G)pz ]i j ’ SUVr i,j"’lz' F3 (203:7)
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- [(Ar/V (l—a))
i

P + = - K
( 137 @ &z)i,j-!z)J5 Uor 1,35~ " ¥y

3j"}§
(2.3.8)
(apv) 1+, 1 M ' M
+ LN SenniCL AR
2 T 2, g 2
at 83U, ou,,
o+ .c_'_ii_lili (s P 6P..) = - Fk (2.3.9)
by, LS 13 5 2e3.2
1+
(1-a)p] |
[ 11+!z,j+aMsL]8U s M .
At oV, , 1% Tte i3 T BT ° vz 14,3
B (1~a v ) . . k . . A .
its
+ .....___..__..!.J_... - = - y,
AZi+% (s P1+1,j $ Pij) | F6 _ (2.3.10).
[(apv)i,j-*-ls +A3MV}SU . . M ‘0 L,
vr 1,3+ r 1,343
At‘ auvr auzr. 4
o, . ’
-4, 3Hs - JU
+ . . (s Pi,j+l 8 Pij) , F7 (2.3.11)
jt )
(-ade, . oM '
i»J""li 2 ) A
+ s U +—= 3§ U e ¥
At 3u r 1,3+ U vr 1,344
S r vr
1-a . .
( i 4-;5) k
+ ——-—-——’-J-—-—-~ P B e
T (8P 44q = 8Py Fy (2.3.12)
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Note that the last four of the above equations depend only
on pressures and the four velocity components., Grouping equations

2.3.9 and 2.3.10 in a pair and again 2.3.11 and 2.3.12 we can without

difficulty isolate the veloclty components in the left hand side:

§ U, 11,5 = Yoz 14,3 (s Piv1,3 " 8 Pij) + £ e (2.3.13)
8 Uz 14,5 = Vaz avg,g O Paaa,y 78 Byt E, | (2.3.14)
§ Uvr i,jHs = w&y i,j+s (s Pi,j+1 -6 Pij) + fuvr (2.3.15)
S Upr a,948 ™ War 1,50 @ Py g = 8 Pyy) * £ (2.3.16)
where the coefficients W are given by:
W - - [_g,. ((1—a)°z 2 )+ (-o) - M ] .
vz 10 , az ac Uy, az Wyz ~ 14,3
[\ At + U ) (At + U )" oU au - (2.3.17)
iz v Lz vz = iHs, §

and similar expressions for the other component velocities.
Now, with equation 2.3.13 through 2.3.16 we can eliminate
all velocities in equations 2.3.5 through 2.3.8. Rearranging these

equations, they can be written in the matrice form:
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(2.3.18)

The expressions for the coefficients a's and b's are not

We will return to them and show representatiﬁes

6f them when we discuss the diagonal dominance of the pressure problem

and the limiting case of only one phase present.

2.3.18 into an upper triangular matrix, this equation becomes:

If we transform the matrix of the coefficients a in equation
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B ! ! ! ‘.] - 1 g ! e v rer ! i ¥ 1 —.f'.:
120 3313 234 Sa b1 14 8Py 1,51 1
¥ 1 . f'

0 1 ay ay, 8T, 58y 41 5

x + x =

L N . f'

0 0 1 a, ) ‘. 8Py 441 3
b' .."....b' P f'
¢ 0 o 1 | 6P | | P41 44, P,y R

i,]
(2.3.19)

The last line of the above equation is an expression lnvolving
o;ly pressures, Since this expression relates the pressure at a cell
(i,j) to its four neighbors' pressure, this equation must be solved
simultaneously for all mesh cells. Thevsolution of this pressur;
problem is the subject éf section 2,4,

It is important to‘point out that this solution technique
reduces the inversion of a matrix with dimgnsions 8N by 8N, with N
being the number of mesh cells, to the inversion of a matrix of dimen-
sions N byAN by perforuming for each mesh cell the inversion of two
2 by 2 matrices and one 4 by 4 matrix.

Before the closing of this section, it is appropriate‘to make
three comments. The first one coucerns the limiting case of single
phase flow. The transformation of equation 2,3,186 into equatiomn 2.3.19
requires that all diagonal elemenis of matrix of the coefficients a
be non-zero. We will explore how those coefficients behave 55 the void

fraction assumes the values @ = 0 and o = 1, and the mass exchange rate

S = O.
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First let us consider the casec o = 0. If we look back into
equation 2.3.5 we can see that in the first line of equation 2.3.18 all

11

1’ all those coefficients

coefficients blq’ as weil'as all alq’ with the exception of a have

a factor ¢ on them. Therefore, except for a,

are zero. 1If we look into equation 2.2.1 we see that the right hand
side of 2.3.5 is also zero, and the first line of 2.3.18 corresponds

to the equation:
k

Py
At So. = 0

.

Now, consider equation 2.3.6. It is seen that without the
presence of vapor this equation 1s trivial, and éll coefficients an
and b2q in second line of 2.3.18 are zero, But in this case, a trivial
equation would cause us a problem, since an element of the diagonal
of the matrix of coefficients a in 2.3.18 would be zero, thus inval-
idating the triangularization of this matrix., To avoid this préblem,

we 1mpose that the interphase heat exchange term be in the form:

n+l o+l
Qy =B (T, " =T,

with the coefficient h belng non-zero even if one of the phases is not
present. In this way, equation 2.3.6 reduces to:

ky

h 3T, - h 3T t

k
2 h (Tv -T

which implies the model will force the vapor temperature to be equal
| to the liquid temperature wheﬁ we have one of the phases absent.
If we repeat this analysis for the vapor single phase flow,

it is easy to see that we wii% reach the same conclusions. Therefore
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we can be confident that the matrix of coefficients a in 2.3.18 does
not have a diagonal element equal to zero and the triangularization of

this matrix is always possible.

One last juestion in'this subject concerns the inversion of
the submatrices of the velocity components, If we look into equation
2.3.17 we will see that the absence of one phase would lead to a divi-
slon b& zero. We again avoid this problem by imposing the interphase
momentum exchange term to be in the form:

ntl n+l

Mﬁv = K (Ul - Uv )

agaln with the coefficient X belng non-zero eQen if one of‘the phases
is not present. As for the energy equation, this will force the vapor
velocity to be equal ot the liquid velocity when one of the phasés
1s not presenp.

The second question we would like to diséuss concerns the
. diagonal dominance of the pressure problem. The sclution of this
problem requires that the diagonal element ;f the pressure problem
matrix be greater or equal to the sum of the absolute value of the
elements in the line corresponding to that diagonal element. In terms

of the coefficients of equation 2.3.19 this translate to:

Ib[:ll+ib‘:2‘+lbz}3l+|b;‘[‘lf_l

An exact proof that this condition 1is satisfied would require
a prohibitive amount of algebraic work. So instead of trying to

follow this line, we will present cnly a partial view, which can bring
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some understanding to this problem. Then, let us consider the elements
of the first two lines of the matrix of the coefficients b in equation
2.3.18. We evaluate these coefficients with the help of equations

2.3.5, 2.3.6, 2.3.13 and 2.3.15. We get the expressions:

ap

b, =|— W )

11 (A& vz 1-%, 3
Axr

b,, == op W )

12 ( v v vr 1,5-%

va 1"'!513
[Ar
bos = |70 (p_e +P)W ]
22 LV v vr 1,444
[Ar
bo, = |=—a (p. e +P) VW ]
23 LV v v VI, 1,5+

b =[-—~ (p. e +P)W]
24 Az v v V2l i, g

From the expression for the value of the coefficients W, equa-

“tion 2.3.17 we can see that all these coefficients p_aré negative.
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Now consider the coefficients of the central pressure,

eoefficients a14 and a24

we used before we get:

in equation 2.3.,18. From the same equations

ap
e & v _ 38
214 = 2t TP p = (byy tByp t byt Dy,)
o aev pr 9

+b,, +b,, +b

— —y _ 29 _
e (b 22 ¥ B3+ byy)

21
Let us examine in detail each of these coefficients. ’The way
eauation 2.2.1 was written the mass e#change rate S is positive when we
have evaporation. It is easy to see that an increment in pressure will
produce a decrease in the rate of evaporation, so the term 3S/3P is
negative. -The other term making a1; is ﬁﬁe vapor éompressiﬁiliﬁy,'Qﬁich

is a positive quantity. Therefbrg we conclude:

3 > [ oy L+l byy [+ by [+ ]y,

Consider next the coefficient aza.A The first term in a5
is aev/BP, which is a very small quantity. Indeed the equation of state
used in our model puts a zero in this derivative, The other term
pr/BP we have already iﬁvestigated and seen it is a positive quantity.
Finally we have the terﬁ 8Qv/8P. The heat transfers equations used in
the model havé only one term in the heat exchange-fate dependent on the

pressure, representing the heat transferred due to evaporation or con-

densation. In this way BQV/QP has the same sign as 9S5/3P, which we saw
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before is a negative quantity. We thus conclude again:

8y > Py | T Pop | Flbas || By

We omit here a similar analysié of the coefﬁicients appearing
in the liquid equations. The general form of them is the sgme, on
following a similar reascning we would reach the same conclusions
as we did for the vapor equatiomns.

Now, since the pressure problem equation (the last line of
equation 2.3.19) was obtained as a linear combination of equations
whose coefficient of the central pressure exceeds the sum of the
absolute value of the coeffi;ients of the neighboring pressures,- this
pressure problem equation also has this 'same property, which shows us
the pressure problem matrix 1is diagbnal‘dominént.

Finally there is the question of the boundary conditions.

We start with the radial direction. At thé fuel assembly centerline
there 1s simply the zero radial flow condition at r = 0. This is
accomplished by just putting a zero in the terms Uri,% appearing in the '
divergent differences. At the other radial boundary, corresﬁonding to
the fuel assembly hexcan there is also a zero flow bpundary condition,
whiéh is translated in the model by setting the radial velocities at

that boundary equal to zefo. Note that since these velocities aré ‘
identically zero, there is no need to evaluate the momentum equations

at these nodes J+%, thus there will be only J-I radial momentum equations’

at each level i. Besides the flow conditions at this boundary,
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there is also a thermal boundary condition, taking into account the
heat transferred between the fluid and the structure, represented in
the code by the hex can.model. This model will be‘fully analysed in
Chapter 3.

For the axial direction more complicated conditions appear.
To explain this refer to figure 2.% It can be seen in that figure
that two fic?itious cells were added to the actual fuel assembly. -In
these cells the conditions determining a particular problem must be
specified. Thus the user of the model needs to specify as a function
‘qf time, an outlet pressure in cells 1 = I + 1 and inlet pressure, vapor
énd liquid temperatures and the void fraction in cells i = 0, For the
momentum equations in cells i =k and 1 = I + % the following condi-

tions are imposed

U-%]j=1 %,j
Unearz,5 = Vs, g
Finally, to completely determine the particular problem to

be studied, the.user also needs to»specify the fuel pin heat generation

rate as a function of time.
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2.4 The Pressure Problem

80 far, we have.collapsed the eight conservation equatioms,
the equation of state and'thé equations governing the exchange terms
into a single equation (i.e. one for each mesh cell),'involving the
pressure in the cell itself and its neighbours. Because of this coupling
between cells, those equafions must be solved simultaneously. Since

this matrix inversion rests inside an iterative process, which is to

.

be repeated for each time step, it 1s clear that the overall efficiency
of the model is strongly dependent on the way this pressure problem
sqlution is done. | —
The approach to.the problem was to take‘édvantage of two
particular characteristics of the case at hand. The first one is the
fact that most of the elements of the matrix are zeros, the non-zeros
being only the glements on five diagonals. The second one has to do
with the fact that LMFBR fuel assemb}ies have one of its dimensioﬁs,
the axial one, much larger than the other. This has a surprisingly
strong effect on the time required for the matrix {inversion, as explained
in the following paragraphs. |

The large number of zeros in the matrix was used to our
advantage by adopfing én iterative solution known as block-tri-diagonal,

which is an extension of the Causs-Siedel iterative technique (see Ref. ).

Recalling the pressure equation, for each mesh cell we have:

AijPij~l + BijPi—lj + cijpij + pijPi+lj + EijPij+1 = Rij (2.4.1)
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To perform the kth iteration in the cells at level 1, we
pass to the right-hand side of the equation the terms contaluning the

pressure at the bottom and tope of cell (i,]).

k k k k k-1
Aij?1j~l + Cij?ij + EijPij+l Rij - Bij?i-lj - DijPiflj (2.4.2)
Note that the term in P takes the value obtained at i1teration

i~1]
k.  This 1s a known quantity since it was obtained in the previous step of

éhe calculation, when this procedure was applied for the cells at level
i-1. |

With thi§ manipulation, we ended with only three unknowﬁs in
the equation, and we now can use the tridiagonal matrix inversion technique
(Ref. 42 ) which gives the exact. solution of equation 2.4.2 for all values .
of j, with a vefy few operations.

This.procedure is repeated for all values of the subscript i,
and the pass over all cells_is'repeated again until the desired convergence
is obtained.

The second characteristic which was taken into consideration
influences the number of pésses requifed to attain couvergence.

An iterative solution sets arbitrary initial values for the
unknowns, and'by recaiculating these unknoﬁns with the approprilate set
of equations aims to reduce the error contained in the previous Value éf'
the unknowns. The smallef the‘errqr carried from one pass to the other,
the‘fewer the number of passes necessary to meet the required convergence

criterion,
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- In the technique used in the model, thé nev value obtained
for the pressure will have an error because in the right-hand side
of equation 2.4.2 thelvalues of the pressure are not the exact solution
of the problem, but for eac{ level 1, the values of the pressure will
have the correct relationship between themselves, since the tri-diagonal
technique will give the exact solucioﬁ for a given right-hand side.
If we could make our scheme in such a way as to minimize the influence
of the error carried into the righﬁ~hand side of equation 2.4.2, we

would have the iterations converging quickly. The difference in dimen-

sions for the axial and radial directions provides this way.

When a fuel assembly is divided into mesh cells, the radial
dimension of these mesh.Cells will be a few pitches in length, or for
usual LMFBR fuel assemblies, this dimension will be of the order of
one centimeter. On the other hand, typically a fuel assembly is a few
meters in 1ength,‘and iﬁ order to keép the number of cells at a minimum,
to shorten the time required for the calculations, we expect the axial
dimension of a mesh cell to be of the order of tens of centimenter.

In this situation, the pressure at radially neighbouring
cells must have a very close value, or in other words, a small increment
- In the pressure in one cell would be propagated to its radial neighbours
glmost in full. On the other hand, for the axial direction this pro-
pagation of error would not be so strong, since the larger distance
between cells would acf in the sense of atenuating the propaga#idn.

We wlll try next to express the previous statement in mathe-

matical terms. To avoid the formidable algebraic complication of
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working with the full set of two fluid equations, we will use a sim-

plified model, keeping only the parts relevant to this analysis.

We will consider only the mass and momentum equations for

a single phase. We also put all explicit terms, which are not relevant
Then the conservation equa-

to this problem into a generic term R".

tions become:

3 e
4 W, = . 1 -
it UWU 4 SR = -k (2.4.4)
t P ,
and the equation of state:
1 .
5P cz ﬁZ.A.S)

with ¢ being the sonic speed,

Applying the differentiating scheme to these equations we get:
ntl

n+l n n+l nkl n+1 '
Py P13 + (el )i+%j (pU, )1~%j+ (eU, %j445“ (o0 )ij—%ao
czAt Az br
' V (2-4-6)
+1 n ‘ o+l n+l : :
(Un - U) P - P
z z 1 1-+14 1] nil, . n
i3 + =
X 1+H;j pi+%j e + kz Uzi+%j R.z (2.4.7)
+1  .n n%l n+l :
™ - oM P - P
r r . 1 i+1j 11 ntl _ .n
, i34 + ' Be RV TR (2.4.8)

ae P+

L
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We isolate U:+1 and U:+l in equations 2.4.7 and 2.4.8:

n+l 1 At 1, n+l n+l

Ly = —_— et
(W, i biey b2 Thcee Fag " Pt X (2.4.9)
n+l = At 1 n+l ' ontl n
(U )13+ B iyes b2 AL (Byy = Pygan) TRy (2.4.10)

It is possible now to eliminate the velocities in equation

2.4.6 to get an expression involving the pressure alone. If this:
equation is put in the form of equation 2.4.1 we then have the

" expression for the coefficients of the pressure problem matrix:

Ay = ~GP 1+krAt (2.4.11a)
At 2 1
By = %2 1+k_At (2.4.11b)
Cyy = ~Ayy = Byy = Dyy = Eyy + 5 (2.4.11c)
ij 1] i3 i3 - ™3 7 2 .
L A2 1
Dij = -2 1+k At (2.4.114d)
By = -0 T (2.4.11e)

13 -GY 1+k At

The first point to be considered in these equations is the

coefficient Cij in equation 2.4.1lc: Note that Cij exceeds the sum of
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the absolute values of the other coefficients by the factor l/c?.
In the numerical analysis language this means that the matrix of
the coefficients is di&gonal dominant, and it guarantees that the
numerical inversion of this matrix will converge. vLater on, when
discussing the equationé'of state, we will insist that the equation
~for the density of boéh phases reflect some sort of compressibility,
or in other words, that the derivative of the deunsity with respect
to the pres;ure be always a real positive number. Looking at equa-
tion 2.4.11lc it can be seen that this requirement guarantees the
~Piagonal dominance of the pressure problem matrix.

We now compare the coefficients A

ij

all similar to the palr of coefficients Dij and Eij

been established before, Az is ten or more times larger than Ar,

and Bij {(which are in

): As it has

which means Bij will be one hundred or more times smaller than Aij'
If we go back to equatién 2.4,2 it can be seen that in the proposed
scheme the errors contained in the pressure terms in the right~hand
side will be multiplied by a coefficlent which is Very small compared
to the coefficients in the 1éft—hand side; therefore, the influence
of fhese errors will be minimized, and the convergence of the scheme
will be drastically im?roved.
In the comparison we have just made, the friction terms

E;%KE were neglected. This was done first because their influences

are small, being the product kAt not a large number compared to one.
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Second, their influence is in the direction to enhance the disparity

between the coefficients Aij and Bij' Clearly in all situations of

practical interest the axial yelocity will be two or three orders
of magnitude larger than the radial velocity, which means the axial
friction factor kz will be larger than 1ts radial counterpart.
Finally, to illustrgte this point we ran a case with
mesh cells whose dimensions were Az = 30 cm and Ar'= 1 cm, with
the proposed scheme and with one which did the same procedure but
exchanged the z axis by the r axis. In the first case we attained'

a convergence criterion of 10‘“6 in less that 10 iterations. While with

the second scheme the same convergence criterion could not be attained

in ten thousand iterations.

ﬁ R g ey, P * B e o s+ e
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2.5 Stability Analysis of the Numerical Method.

This chapter would not be complete'witbout a study on the
stability of the numerical method, and in the following paragraphs we
will attempt to fulfi}l.this requirement. We want to emphasize at this~
point that the following analysis is not rigorous in the mathematical
sense, nor is it a definitive proof of the two fluid model stability.
Because the tools of numerical analysis known to date were developed
for systems of linear equations, they cannot be applied to the non-
“+linear thermohydraulic.equations without a few assumptions and sim-

plifications, made to fit into the limitations of our tools. Even
with this "local-linear" treatment of the system of equations, some-
times the algebraic complicatibn of the study imposed a few approxi;
mations in order that we could have an intelligible conclusion,
| Nonetheless, this analysis gives-a picture, if not rigorous, at least
sufficiently clear for the understanding of the s;ability problems
of the two-fluid model.

We will be following in this study a line developed by
Stewart/ 51 / in whiéh the stabilizing effects of the exchange‘
terms are identifiled.

The first simplification made in this analysis was to reduce
the full set of eight equations ﬁhich make the twd»dimensional, two-
fluid.problem to a syétem‘of only four equations, by taking the
momentum equations in only one direction and uneglecting the energy
eduations. Physicglly tﬁis situafion'corrésponds'to a one~dimensional,

isothermal flow.
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As we'shall see later, we will be solving in this study,
determinants and algebfaic equations whose order is equal to the,
number of equatiouns in our mohel. It is easy to understand that
the algebraic difficulty of working with eighth order determinants
and equations would be large enough to make it nearly impossible
to visualize any kind of conclusion.

We will not be loosing the desired degree of generalization
with these simplifications, since the momentum equations are exact;y
the same for both directions, and the energy equations are differen-
siated in all similar to thé mass equations. Therefore, all the
characteristics of the eight~equation model will be represented in
‘this analysis and the simplified system of equations will be, from
the numerical point of. view, analogous to the full two-fluid model. -

We then write down the fluid-dynamic equations as:

3 3 , |

3t ®y Tz op U, = 5 . (2.5.1)

3

36 (madp, + - (1-a)p, U, = -5 ' (2.5.2)

- ey 20, 0p |

apv[?ﬁ? T e ey T k(Uz”Uv) . (2.5.3)
3U U

} Y% oy BB e
(1 “)"g[at + Ul Bz] + (1-a) Py k(uV Ul) . (2.5.4)



*

and the cquations of state:

2oy

oP

In the canonical form the above equations would appear as:

A

3X
ot

1
2
c
v

1
2
%

+ B

with

3X
R 1
oz

£(X)

T
X = [(!, P, U‘V’ USZ.]

gro—e

Py

2
aUv/cv

(1~a)Uz/c2

[}

(1-a)

(2.5.5)

(2.5.6)

(2.5.7)

(2.5.8)

(2.5.9)

(2.5.10)
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With this formalism the characteristic roots of the system

can be found, which are solutions of the equation:
det[B - AA] = O (2.5.11)

The reduction of this characteristic determinant results in .

the algebraic equation:

ap,  (1-a)p ‘
>+ —5 @ -0 w02 =0

Cy % (2.5.12)

apy (U0 2+ (@-edp (0 -07 -

Since we are interested only in the ﬁualitative aspect
of the roots of this equation, rather than its precise value, we
| ‘will make some approximations, in order to get a solution of 2.5.12
which are representative of the true value. We note that for the
cases of practical interest the liquid density is much higher than
the vapor density. Then it is reasonable to negléct the terms in

Py and two real roots are obtained, which are approximately:

A=U *e¢ _ (2.5.13)

.0On ‘the other hand, with this model we intend to study only
sub-sonic flow, hence both Uv and Uz are much smaller than the sénic
velocities. Then, if the terms in 1/c3 and 1/c§ are neglected, the two

other roots become:
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2
U + U ie(U ~U ) :
R st 3 £, (2.5.14)
1+€ 1+e
with
2. (d-edey - (2.5.15)
C!Oz ’

It can be seen thatvwhenever the phase velocities are
different, the system will have two complex characteristic roots.
‘This meané the system of equations is not hyperbolic and consequently
not well posed as an initial value problem. WNonetheless, with this
conclusion it can only be said that the two-fluid problem failéd to
meet a sufficient condition, but it cannot be concluded that the
problem is necessarily unstable. The previous analysis did not take
into consideration the important stabilizing effect of the interphase
exchange terms, and as we shall see later.on, these terms ave respon-
sible for the stability of the two-fluid models.

To verify this effect, we will proceed with the Von Neumann

analysis of the numerical scheme. The difference equations cofrespon~

ding to equations 2.5.1 through 2.5.6 are:

oLn-l-1~n+1 _ an n n Un+1 n n n+l

n
P a.p [P Ot._ ) - U 1
1 vi - ivi, J3vivits AzJ 1vi-lvi-hs _ o (2.5.16)
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n+l nkl n, n n n+1 n n n+l

At Az ’ ‘
. (2.5.17)
n+l n n n
alph rUvj+% Uvj+% + (Uvj+% - UVJ“%)] +
jrvit At vits bz
(Pn+1 - Pn+1)
n' 41 i n+l n+1
T by Uy ~ Uy (2.5.18)
nt+l i n n
U - U (¢)] - U )
: n o Lyt~ "44Hs n 24+ 23-%
(e ogy g T Uagv iz I+
1 ntl
(Bly - P )
n, 4+l ntl nﬁl

The convective terms in tﬂe mass and momentum equations
involve donor cell differenciatiné, so the above equations are written
for both Uv and Uz positive. To apply the Vpn Neumann method these
equations must first be linearized. We thus expand theAdifferences
in terms of differences of the four basic variables individually,
and treat the coefficient of these differences as constant. For
simplicity we will neglect the liquid compressibility, so that we
can substitute the difference terms in pressure by terms involving the
vapor density alone and treat this variable as a basic one. If we
recall the Von Neumann methéd, the error of anyvvafiable at a given

time and location is expressed as:
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ntr n ,r is0
= € e
Exj+s ij
where .

6 = n/m 1s the wave number.
Applying this formalism to equations 2.5.16 through 2.5.19 it
follows:

p ap aU
o n Vier_1yeD Vi =16, 1n -if, n
VAt(E”l)epvj + At(g l)eaj + Az (1-e )€€Uvj+% Az (1 -e )e j

vav -18, n : | :
pR n (1-a)p£ -~i0, .1 p% L2, =10, n
- 'A’E(g"l)eaj + =5 (1-e )ge:mj‘*;i —(1-e")e €og = 0 (2..5.21)
(E 12 n U -10, n aci ‘iﬂ n n n
ap, I UVJ—% & (e ey, gigd TRz (87 TRy = KB (e~ Sygay)
. (2.5.22)
U (1- a)C
‘ ‘ € 1 n =16, n v 18 -
n n ‘
= ke (eyo43; ~ Sugges) (2.5.23)

Rearranging these equations and putting them into matrix form

it follows:

AxE=0
with

E = [epv, €y EUV’ £

and
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[ At 1
o (E~1+7 ) p, (E-140 ) 320,10 0
0 —o. (E=1+T,) 0 At ayp. 10
J AR ) Az 2
A =

2Az o
£C Ati@ 0 pv(€~l+Uv)+€va : ~£va

2Az :
£C 718 | 0 ~Ep K po (E-1+0,)+Ep K

Where we have abbreviated
i

\ At —
ﬁv UvAz(lwe )
w y At-sify
Uy = Uaatlme )
B =2 sin /2
C
vat
Cm e 2 sin 6/2
k= k At/pz
2 (1'--a)pv
g" = ———0u
ap,

In order for the errors in the basic variables not to grow
geometrically, the absolute value of the eigenvalues § of the amplificatio1
‘matrix /A must be all less than one. To find these eigenvalues we solve the
equation det[A] = 0. After reducing this determinant we end up with the

algebraic equation
5202[(E~1+ﬁ +2£K)(g-1+ﬁ )sz + f£~1+ﬁ ) (E-1+U +2€K) +

+ (€~1+U ) (E-1+0,) [4E-1+T +€K)(£ ~14T g HExe /pl) - (€% p /Pyl = 0
(2.5.24)

Pl TET O U PR S s BN L s AR
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e
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Thé next step in the analysié would be to find the roots
of this characteristic equation and see if their values would be less
than one. But the expressions for the exact solution of the quartic
equation are so complicated that it would be almost impossible to
draw any conclusion from them. Instead we prefer to make some approx-
imations which would give reasonably good values fcr the roots we are
searching, but with the advantage of simple expressions which can
give a clear visualization of them.

Since we want to emphasize the importance of the interphase
exchange terms, we will first evaluate the chéracteristic roots of
:2.5.24 with the momentum exchange coefficient k set to zero, and
‘afterwards compare the results of this‘analysis with those obtained

with a positive real non-zero value of k.

With k set to zero, equation 2.5.24 reduces to

2.2 . .
gheltE-140) % + (214071 + (514032 (51402 = 0 (2.5.25)

First consider the high frequéncy behavior. As has been
[
said before, the model uses the time step size At equal to the con-

vective limit: At = min (Az/Uv, Azlvﬁ)

Also notice that the phase velocities are small compared

to the vapor sonic velocity. Thus Cv At/Az >> 1 and for small m,
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Ci >> 1. It follows that equation 2.5,25 will have two roots of

magnitude approximately & = * 1/Cm, which are smaller than ocone.

The other two roots appfoximately satisfy:

or
~ ~

) 1~ Ul(l + ieUV/U

)
£ = b3

(2.5.26)
1+t ie

In the complex plane this is represented by a circle of

radius U2At/Az,,tquching the point one, tilted by an angle + arctan
(e Uv/UQ) and back through an angle # arctan €. Clearly, with small
m, points on this circle will not be outside the unit circle if the

limit is satisfied:

UzAt
<1 (2.5.27)
Az T '
and
U At :
Y <1 ' (2.5.28)
Az

we then conclude that even without momentum exchange the
high frequency modes will not grow geometrically if the convective
limit is observed. |

Now let ﬁs turn t6 the low frequency modes. As m - m,.

C,*0) and in the limit the roots of 2.5.25 will be:
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and

"
[
H
(=

£ = ©(2.5.30)

Then, let us say that for m large but finite the roots of
2.5.25 are:

E.= 1 - U1+ 8 (2.5.31)

We can evaluate this perturbation § by substituting

2.5.31 into 2.5.25, and neglecting ﬁhe terms of order higher than

62. The resulting quadratic equation will be{

2 .
: (U -0)
[1+€2” v R ]62
: 2
Cc
Cm

2 2, 2, 2
- 2e%(1-0,) (@ -V,)8 - &2 (1-U)* (@ -0,)% = 0
© (2.5.32)

and the roots of this equation’are:

e2te) 1-0 -0, /c2

2

553 (2.5.33)
l+e —<Uv~vz) /Cm

§ = (l"UR)(vv'Ul)[

and again using the fact that (Uv —'Uz) / Cv<< 1 we can write the

expression for the characteristic root & as:

'. (vv”ng‘)e(sii)
£ (1-0) [1- — 1 (2.5.34)
' 1+¢
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Since Il - ;£|and '1 + (ﬁv ~.G£)| are of the same order
of magunitude for some value of € one root £ may lie outside the unit
circle. Therefore, without the momentum exchange term k, the low
frequency modes will grow geometrically and the method would be
unstable. ﬁonetheless, with very few spacial mesh cells, i.e., with
" small m the\model may have a well behaved solution even without the
momentum exchange term.

We now return to equation 2.5.24 to verify the effect of
the momentum exchange term. For the high frequency modes, the same
oonsiderations are made as in the previous anélysis with k equal to
zero and it is clear that the roots will be of the'same4form, only

’multiplied by a factor which is approximately 1/(1-+x). Since in
ihat analysis we concluded that the characteristic rcots were less
than one invmagnitﬁde, we can gxtend with confidence this'result
to the present case and conclude that for small values of m the model
will present a well behaved solution.

To study the low frequency behavior again consider the
limiting case as m +.w and then introduce a perturbatioh of order 1/m.

Then, for m + « equation 2.5.24 becomes:

(€~1+f1v)(§~1+ﬁ£)x§(5—l+ﬁv+il<) (a-1+ﬁz+‘c:»: o&/og).~aznzpv/pgl = 0
(2.5.35) *

and the roots of this equation are:
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£ = 1-7, (2.5.36a)
£ = 1, | (2.5.36b)
£ '—:\[(l—ﬁv) (1-0,)  (2.5.36¢)
| '\lcl—ﬁ ) (1-T,)
v £
. £ T 570, (2.5.36d)

Recall that when the difference equations 2.5.16 - 2.5.19
were formed a donor cell scheme was used, which guarantees the reduced

~ -~

velocities Uv and U, are always positive, so all four characteristic

L
roots in 2.5.36 are always reai positive and strictly less than one.

As done before we will investigate the effect of a perturba-
tion § in those roots, which stan&s for a large but. finite value of m.
It is clear from the expressions of quations 2.5.36 that 1if we analyze
the effect of the perturbation in one of the first two values of £, the
conclusion obtained in this.way will stand for all the other three
roots.

We then substitute'i =] - Ev + &§ into equation 2,.5.24 and
keep only the first order terms in 8. This will give a first order

equation, and the single root of this equation gives an expression for

£ as:

£ = (1-U)—= | (2.5.37)
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which is strictly less than unity. To get this result we have

assumed:
by 10y = Uyl << oy (2.5.38)

This condition establishes a minimum value for the momentum
exchange coefficient, in order to avoid exponentially growing modes.
Stewart / 51 / showed that the condition in 2.5.38 implies that
the wave length mAz will not have a growing mode 1f it is larger
than a certain multiple of the radius of an individual bubble or
droplet.

To summarize, in this section we have seen that although
the two-fluid formulation have at least two ccmplex characteristic
roots, this does not imply that a well behaved solution cannot be
achieved. With the Von‘Neumann stability analysié we have shown
that the numerical scheme used in our model, with a donor cell differ-
encing will have non-~growing high frequéncy modes for any value of
the momentum exchange coefficient, and for the low frequency modes
a well behaved solution requires a minimum value for k, expressed

in 2.5.38.
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III. THE CONSTITUTIVE -EQUATIONS AND FUNCTIONS OF STATE

3.1 The Sodium Functions of State and Transport Properties.

The basic source for the sodium properties is a compilation
by Golden and Tokar / 46 /, dated 1966. This source has been
used extensively since then in sodium technology with great succeés.
Although a recent compilation by the Argonne National Laboratory / 15/
“has cbme to our knowledge, but not yet published, we decided to stay
'with that of Golden and Tckar on the basis of its wide u;e and |
acceptance. A comparison between the new compilation and the one
Aused by us showed a wider range of validity in terms of temperatures
and pressure in favor of the new cne, but no significant-disagreement
between them.

A few modifications wefe made in the original expressions
-to satisfy program requirements, and a}l properties were converted
to 5 T units, To help a quiék reference to these properties we list

them in table 3.1, with the correspondence to usual units.

3.1.1 Saturétioanemperature

From the several correlétions for the saturation temperature
listed in / 46 /, the one which showed the best agreement in the
most important range of temperatures 870 - 1100°C (1600 —~ 2000°F) is

the one from Makansi et al, which 1s valid in the range 620 - 1150“C.

“
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Table 3.1

Units Used in this Work and the Correspondent Usual Ones

Property ST Units Equal to

Temperature °K °C + 273.15

Pressure Pa 14.05 x 107> 1bf/in’
Density kg/m3 0.06243 lbm/ft3
’Internal Energy J/kg 4,2992 x l(Zl-'4 ﬁTU/lbm
Viscosity : kg/m-sec 0.672 1bm/ft sec

Thermal Conductivity W/m °K : 0.5778 BTU/hr ft o.F
Specific Heat - J/kg °K 2.3884 x 10~4 BTU/1bm °F

Surface Tension © N/m
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The expression dis;

a
Tsa’t () b~ 1lnP

with
a=1,2020 x 10
b = 21.9358
valid for

4.8 x 10° < P < 6.6 x 10°

3.1.2 Vapor Density

For the vapor density the expression which gives the density
at saturation conditions was used and a perfect gas behaviour in the

superheated zone was assumed:

T (P)
2 sat
Py (BT)=( v, + rv,P + rvz? )

1 T

with
rv_ = 1.605 x 107
rv, = 2.510 x 1078
v, = 3.230 x 10713
valid for
4 6

3.4 x 10 <P <2,3x10
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3.1.3 Liquid Density

From all correlations we have reviewcd for‘the liquid
density none showed a pressure dependence, This can be explained
because the compressibility effect for the liquid phase is very
small, usually smaller than the éccuracy of the expressions them~
selves. Therefore it is reasonable, 1if one 1s interested ounly in
the absolute value of that property, to neglect the liquid compressi~
bility. But as seen in chapter 2, the model requires not only the

*value of the properties but also their derivatives with fespect to
pressure and temperature. It is clear from the physical point of
view that however small, a liquid compressibility exists (otherwise‘
the sonic speed would be infinity).

The estimate of liquid compressibility does not have -
to be very accurate, since as said before its effect is smaller
thaﬁ the accuracy of the equation of state. Therefore, a simple

_expression will satisfy the program réquifements. With this idea in

mind, the approximation was used:

c

constant OP constant
temperature entropy

where C 1s the speed of sound.
A constant sonic speed was taken, equal to 2,100 m/sec, which
corresponds to a temperature of approximatly 900°C, and the expression

for the liquid den%ity becomes:
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: ' 2 3

pR‘(P,T) ”rzo+r21T+r22T +r£3T +r2.4P
with '

rlo = 1.0116 x 103

re, = - 0.2205

re, = - 1.9224 x 1072

re, = 5.6377 x 107°

re, = 2.26 x 1077
which 1s valid in the range
. s 100 < T < 1370°C -

3.1.4 Internal Energies

The source of sodium properties gives only the expressions
for the enthalpies. Therefore the internal energies were derived as
e=nh-~- P/lp

For the liquid enthalpy the following expression has been

used:
h (T) = ht + he, T + he 72 4 ne. T3
2 o 1 2 3

with:

he_ = - 6.7507 x 104

he, = 1.6201 x 103

he, = - 0.41672

hty = 1.5427 x 107

valid in the range
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100 < T < 1500°C
The vapor eﬁthalpy is dérived from the liquid expression.
Again a perfect gas behavior is assumed for the vapor phase, in which
the enthalpy of the super heated vapor is equal to that of saturated

vapor at the same temperature. It follows:

hv (T) = hg (T) + hvo + hv, T

1
with
hv_ = 5.089 x 10°
hv, = -1.043 x 10°

valid for 600° < T < 1200°C

3.1.5 Transport Properties

Following a list of thé transport propertiles used in the

model, again from reference / 46 / is presented

Liquid Thermal Conductivity

T2

T+ CR

KE(T) = C£° + 021

2
with

ce < 1.0969 x 10%

Co. = - 6.4494 x 1072

1
Ca, = 1.1727 x 107?

valid for

100 < T <. 1370°C
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Vapor Thermal Conductivity

_ 2
KV (1) = Cvd + Cv1 T + Cv2 T
with
Cv_ = - 3.2349 x 1072
‘v, = 1.5167 x 107
Cv, = - 5.4376 x 107°
for
700 < T < 5000°C
Liquid Viscosity
vzl
(1) = exp[vzo + T + v22 n T]
with
vzo = - 5,732
vzl = 508.7
vzz = - 0.4925
for

100 < T < 1370°C

Vapor Viscosity

nV(T) = Vv + v, T

with

vy, = 1.261 x 107°

vvy = 6.085 x 1072
“for

700 < T < 5000°C
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Liquid Specific lleat

- 2
sz (T) = szo + szl T + szz T
with )
C e = 1.6301 x 103
po
Pl
C &, = 4.6281 x 10°*
p 2
for
100 < T < 1500°C
Vapor Specific Heat
2
va (1) va°'+ val T + va2 T
with
Cv = 0.5871 x 103
p o
val = -~ 0,83344
Cv, = 4.6281 x 10™%
P 2
for

600 < T < 1200°C

Surface Tension

o(T) = sto + stl T

with
st = 0.18
1)
-4
stl = ~1.0 x 10

in the range

100 < T < 1370°C
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Finally we observed that the vapor Prandtl number showed

a very smooth variation with temperature. Thus in order to save

computation time a quadratic expression for the Prandtl aumber was

fited
2
\ Prv (T) pv, + pvy (T - PVZ)‘
with
pv, = 0.759%
pv, = 0.810 x 10—6
| PV, = 844.4
’ where the range of validity for this expression is taken

as the smallest of the ranges of the properties composing this

dimensionless number:

600 < T < 1200°C
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3.2 Mass Exchange Rate

It has been stated in Chapter 2 that the interphase exchange
terms play a key role in the stability of the Two-Fluid Model. 0f all
exchange terms, the mass exchange rate is the most critical one to the-
code stab@lity. Because of the large difference in densities between
the liquid and vapor phases for the usual range of pressures encountered
in sodium technology, a small amounﬁ of mass transferred between phases
corresponds to a very large voluﬁe change, and cénsequently large |
pressure and velocity variations.

| In particular for this model, whefe the solution of the
fluid dynamic equations is reduced to a pressure problem, these large
pressure varilations must be handled with extreme care., To insure the
code stability, a choice is to be made of an adequate model for the
mass exchange rate and its most strongly varying terms ére to be
implicitly treated.

In general, the mass exchange rate 8 will be a function of
the void fraction, pressure, temperatures and velocities, evaluated
both at the old and new time levels, If the solutionAtechnique of
chapter 2 is recalled, the derivatives of S with respect to the proper-
ties_at the new time value are requirgd, therefore the mass exchange
rate is to be a continuous, differenciable function in these variables.

The mass exbhange model used in the code 1s derivéd fromifhe
principles of the kinetic-theory, in which the net mass flux j crossing

an imaginary plane between phéses is given by:'



*
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s - [T
\/ZWR

where

Pv. P2
i,

J = mass flux (mass per unit time per unit area)

M = molecular weight

R = universal gas constant

P and T = absolute pressure and temperature for both phases.

(3.2.1)

For small differences in pressure and temperature, the

above expression can be reduced to:

g o= [ B AR
21k /T L P

the Clayperon equation

st.r.) . Pee
dT sat T v

fg

_A'.f.]
2T
s

is used to eliminate AP in equation 3.2.2 leading to:

P 78
27M P Veg

hfg = difference in

where

Vfg = difference %n
and where.the simplification w

v

enthalpy
specific

as made:

_ P
RT/M

_1)_ar
2 ;TB

between phases

volume between phases

(3.2.2)

(3.2.3)

(3.2.4)



118

For the particular casc of sodium, a few more simplifications in

equation 3.2,4 can be made. TFirst note that pfl >> pv, thus:

21 1 1
Vig "o b, b
. v %+ v
second, for the actual values of hfg’ P and vfg if follows
h
fzg %
. P vfg
Therefore equation 3.2.4 becomes:
92 h |
R fg AT
. 3 =\/271-1«1 3 /T - B2
_ ‘ & .

The above equation was obtained with the assumpﬁions
of ideal conditions embodied in the kinetic theory. Although
this model's predictions are in good agreement with experimental
data for evaporation, large discrepancies appear when condensagion
is considered. Silver and Simpson /41 / suggesteé a correction

factor, which modifies equation 3.2.5 - for condensétion:

% p
j = 2o R Pv 'fg _ar
c 2-o0\/2mM P 7@2

(3.2.6)

Figﬁpe 3.1 reproduced from reference 41shows the value
of 0 as a function of pressure. From this figure; it can be seen
that for the range of pressures expected to be encountered in

- LMFBR safety analysis, the Qalue of g 1s relatively small, thus

the simplification can be made:

o- 20
' 2 -0

= g



€onden$atian Coefficient ©

0,01

Figure

119

L B k3 §

-
2 xnnluul ] lJlllll‘ LJLlll!‘
0,001 0,01 9,1 1,0
Pressure (bar)
3.1 Condensation Coefficient as a Function

of Pressure

(From Reference 41)




120

Considering also the small variation of ¢ with the pressure,
and the uncertainties involved in obtaining this coefficlent, a
reasonable approximation is to take a constant value for o. Thus,

for the pressure equal to one atmosphere the value of ¢ is:
o =0.005

The next factor to be evaluated iﬁ the mass exchange rate 1s
the specific area between phases. Wilson /11/proposed a model which
takes ipto account three flow regimes - bubbly, anular flow and dry.out.
'For the bubbly regime, with void fraction leés than 0.6, he assumes the
bubbles forming in the middle of each subcﬁannel, packed on top of
each other, (Figure 3.2) With this assumption, the expression for the

specific area becomes:

<
]
e

\/ M a<0.6 (3.2.7)
2/3 (P/D)° - 1 :

where
D = fuel pin diameter

P/D = pitch to diameter ratio

Although thig model predicts reasonable values for the
specific area at high values of the quality, fbr small void fractions
this model would postulate the;existénce of unreasonalby small vapor
bubbles, thus overestimating the specific area. To cdrrect this

we introduced a minimum value for the bubble radius, so that for

3 i : o i FARTS
INSTITUVO [SREEEN S SR B . Lou B HUCLEARE
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small void fractions the model would be pictured as in Figure 3.3.

The expression for the specific area becomes:

A
v @ <a (3.2.8)

‘'where .

r .2
() .
D

/3 @/ - /2

o =
m

wloo

were o was chosen so that the two expressioﬁs of equations 3.2.7

‘and 3.2.8 be continuous at dm’ and im is the minimum bubble radius,

which was taken in our model equal to 6 x 10 -4 m.

For the anular flow, all the liquid is assumed to be
flowing in a cirecular annulus around the fuel rods, and the expression

for the specific area becomes:

A_4 2/3 1_(p/D)% o
v J - (3.209)

PV 23 e/my? -m? 243 @i - x

for 0.6 < o < 0.957

Finally in the dryout regime a partial contact of the vapor

with the fuel pin walls is assumed, and the expression for the area

becomes:



. ety e 8 BT vee ']

A _4 [32/341(1’/!))2 i T o :l[lw-a]
V DVl (2 /3 @/my? - m? 2 /3 @/m)? - ) L1~ .957

. (3:2.10)

for a > 0.957

where the dryout transition point were taken from the work by
Autruffe /50/ analysing the KFK experiments [/ 52/.

Note that the transition from bubbly to annulaxr flow
presents a discontinuity in the specific area, whose magnitude is
a function of the pitch to diameter ratio. The transition at
o = 0.6 was choosen to minimize this discontinuity for the usual
pitch to diameter ratio of 1.25. Finally note that in the 1imiting_
case a = 0 or o = 1 the interphase area is obviously zero. This |
would prevent the initiation of boiling or condensation. To over-
come this difficulty a "seed" void fraction is introduced to account

for the initiation of phase transition. In this way o is substituted

in equations 3.2.8 and 3.2.10 by a which is defined as:

« 4f o> 107%
a k-1

107415 < 107

a if, a < ,9993
a -

Q
v

.9999 1f a > .9999



1215

Now the question of determining which térms are to be
évaluated at the new or old Eime level can be addressed. The specific
area must be evaluated at the old time level since the discontinuity
in the transition from bubbly to annulgr flow makes it Impossible to
obtain the derivative of thé mass exchange rate.

Both the enthalpy of vaporization hfg and the vapor density
does not show a marked dependence on the primary variables pressure
and temperatures, therefore they can also be evaluated at the old
time level.

’ ' On the other hand, thé temperatuieszuuipressure.appearing
in the expression of the mass flux have a very important dependence,
thus they must be taken at the new time value.

Following 1s a summary of the equations used for the mass

exchange rate:

§ =8, - Sc . ’ (3.2.11)
' ‘ Ter n+l
T - T —
Se = LI /._.13.. rpihfg Ty~ %00 “’] (3.2.12)
CVaoam L7754 L Ts
R -pz an —0:3 - Tv) o n+l 4
Se = A(l-a) o \[— |_vhig| |—= (3.2.13)
27 L p [ TS
where 0 if T <T |
L2 s
1.0 if T >7T
2 — s
0 if ‘1‘v > Ts
o, = (3.2.15)
v — 8
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A= e for a <o (3.2.16)
Y m :
m -
| r 2 T
o = %(-—é‘l ) 5 (3.2.17)
n /3 (P/D)° - n/2
4 .3 T O :
- a <a < 0.6 (3.2.18)
D\/ 2/3 (/D) - © m
2 . ]
4 2¥3 w (P/D) T
D 2 z - 2 (3.2019)
2Y3 (P/D)° - 1) 2/3 (/D) - w
0.6 < a < 0.957
~ 1]
aﬁ\/[zfé”n (P/n)2 | ) T a ‘J'l'l-a 1
DV 25 @2 - m? 273 @/y? - 1)1 - .951]
' .2.20
a> 0.957 G )
1074 1f a <10
o if 1004 <o <.9999 (3.2.21)
.9999 if a > 49999
= § X 10'.-4 m
= 361.30 J/kg °K
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3.3 Momentum Exchange

In this section we identify two kinds of momentum transfer'in the
fluids dynamic equations. One represents the interaction of the fluid
with the fuel bins and fuel assembly structure, and the second one ac-
counts for the momentum exchange between the phases themselves. Fur-
thermore, because the fuel assembly geometry presénts a very marked
difference in the flow path for the axial and radial directions, we
will have a different set of correlations for each direction.

Starting with the axial direction, a set of correlations developed
by Autruffe/ 50 / analyzing the KFK experiments/ 52 / is used.
The experiments were a series of steady state, single tube tests for
several mass flow rates and qualities. Studying the pressure &rop in

the unheated zone (thus with no change in quality) the follow-

ing correlations were proposed.

Liquid wall friction: axial direction

0. 18 20, n atl
vz = Gop Re (U, [T Ut ac<a - (3D
= [0.18 (1-0) % ¥l
B . IZDH pﬂluzzl(l_a y)] U, ey (3.3.2)
with
(1~a) Ju, |D ‘
Reg =— =8 (3.3.3)

2
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free volume in tube bank
H exposed surface area of tubes

%4ry = 0.957

Vapor wall friction: axial direction

vz dry
0.2 2 L
F,, = Gy Rev "Tep I’Uvzj] v a > ey (3.3.4)
with ' ]
ap (U D
Re = —L vz R ’ ‘ ' (3.3.5)
v N,
Interphase momentum exchange: axial direction
n n+l
with
R =23 g oy |[(1-a3(1+75(1-a))1'95 (3.3.7)
z ZDH o vz Lz T
Wilson/ 11 J introduced another term in the expression for

the interphase momentum exchange, taking into account the momentum
transport associated with the interphase mass exchange. In this form-

ulation, the equation for the momentum exchange becomes:

)n+1

) (3.3.8)

n .
Mz {Kz + 8) (ubz - U

where § is the mass exchange rate.
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We alsc introduced in the above set of equations a term to repre-—
sent a localized pressure drop, thus enabling the model to simulate
fuel pin spacers or blockages. The expression., which adds up to the

liquid wall friction is:

s, = [k [u, 1 utt (3.3.9)
L KL Lz Lz . e

where KL is an input parameter.

If for the axial direction momentum exchange we could find in the
literature 2 number of sodium experiments, for the radial direction
.Lthis abundance of data does not exist, But if we look into the dimen-
sionless numbers involved in the momentum exchange models, we note the
absence of the Prandtl number. Indeed, this number represents the
energy transfer associated with momentum transport, and does not in-
fluence the pure momentum transfer we are Interested here. Siqce of
all dimensionless numbers involved in transport processes the Prandtl
number is the only one which differenciates sodiu@ from the other
usuallyvencountered fluids, we can expect to have good results if we
use for our sodium momentum exchange a model developed for another
fluid.

For the wall friction two correlations widely accepted in heat
exchanges and boiler technology, were considered. One is by Kays
and London/ 48 /and the other by Gunter and Shaw/ 49 /.
Both correlations present approximately the same value for the fric-
tion factor, thus we made o#r choice in favor of the second one be~
cause its formulation is more conveniently adapted to our code. The

a

correlations adopted are:
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Liquid wall friection: radial direction

fzr Um n m n+l

For = {55; plug 11 (W) - (3.3.10)
where

180 ,

flr i‘é""" Relr £ 202.5
fr
(3.3.11)
. 145

1.92 Relr Regr > 202.5

pﬁ]u?r|DH 3 2
Rezr = ni“——“ (3.3.12)

and U?r is the radial velocity at the point of maximum flow constric-

is the same as for

tion between rods, and the hydraulic diameter DH

the axial direction.
For the vapor wall friction and interphase momentum exchaﬁge we
found very little in the literature. Therefore we proposed a formula-

tion for these terms consistent with the one used for the other terms.

Vapor wall friction: radial direction

F = 0 ' a €0
vr - | dry (3.3.13)
F = fzg ‘4Um I]n (Un+1)n+1 a>a
vr ZDHp vr vr dry
with

180

£ . Re . Re € 202.5 |
| (3.3.14)
1.92 Re™ 143 Re > 202.5°
TTvr
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- with

pvlum lD '
Re - vr' H

- n (3.3.15)

and here again, U?r is the vapor radial velocity at the point of

maximum constriction between the fuel pins.

Interphase momentum exéhange: radial direction

' +1
M_ = Krn(u?r - Ugr)n (3.3.16)
with
. 95
K_ = .._....,"2-1)3}11 v W - 0G| [(1-0) (1475(1-0))] (3.3.17)

To evaluate the velocities at the point of minimum transverse
flow area we recall Chapter Two, where the primary radial velocities
were defined as being the volume average velocities in the cell. One

of the assumptions made in the derivations of that chapter was:
Ur(r)Ar(r) = constant

Thus the average velocity in the cell is:
[ Fretl

1
v

<Ur> v v Ur(r}dv

m
U

v G T )

‘Ur(r)Ar‘r)dr

<g > =
Ur

or

™ = v <y > (3.3.18)
T Am(r -1 ) L o
r ktl k
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3.4  Energy Fxchange

As done for the momentum exchange, here again we divide the
energy interactions into two parts, the energy exchange between
phases and the heat esxchange between fluid and fuel pins and
structural materials, For the lateer, we identify three subdivi-
sions, the fuel pin heat conduction, the convective heat transfer
between the fuel pin wallé and the fluid, and finally the fuel

asgsembly structure model,

3.4.1 Fuel Pin Heat Conductien

A single rod in each volumeé (node) ig selected to represent
the fuel pin heat conduction, which is assumed to be tharmally
equivalent to any other rod in that c¢ell. Axial heat conduction

18 neglected, &0 that the radial heat conduction equation 1s}

”“paﬁ - ar(rKac) # g . . (3.4.1)

For the time being all material properties are assumed to be
known quantities and we proceed Eo analyze the solution of equation
3.4.1, later in sectien 3.4.2 these material properties are dig-
cussed.

The fuel and the clad are new divided into mesh cells, the numbér
of these cells being aa input parameter, We only impose that all mesh
spacings 1in the sameé region, whether fuel or clad, be of the same

size, but mesh spacings may be different in different reglons, One

R, , R )
{',«45 DT T 0 D DR U S ENRILT L B DL ARTS g
. :

1}
| R A RO R SR S Jeamttol e A R R e e s e £
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cell is assumed for the gap. Fuel temperatures are located at the

boundaries of mesh cells, represented by the subscript k. Fuel pin
properties are evaludted in the center of mesh celld, and are rep=

resented with the subscript k+s. If we integrate equatién 3.4.1

between the center of two adjacent cells we get:

Tt - B
f {rpCp Yl ( K )]dr = j q"'rdr (3.4.2)
Ti-ds ="
Using the approximation:
2 2 2 _ 2
r - r L
o kit k k 4 4
and
Ty I
Jr rpCp szdr = <pCp>k-3;* (3.4.4)
k-
Also in equation 3.4.2 we have:
I E-rK ]dr = [rK ]
-k T ey
T - T T, - T
k+1 k : "k k-1 :
= (rK) — == - (1K) s (3.4.5)

Finally, the right hand side of equation 3.4.2 becomess?

r 2 2 2 2
kts T - T r, - T
k+ -
J q"'rdr = 12 k qﬁlg k 3 kb qzlx , (3.4.6)
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and the difference equation corresponding to equation 3.4.2 becomes:

Tn+l Tn n
n, k "k kK n+l _  n+l K n+l ol
CC ) T G Tl ~ Tk ) T G T Ti?)
2 2 2 2 n
T - ¥ r =-r
ks 'k q", + k k=¥ (3.4.7)

2 ks 2 ety

There are four locations where equation 3.4.7 must be modified
to accomodate boundary conditions., For the center of the fuel pin,
equation 3.4.1 is integrated from r = 1:';i =0tor = fl%’ and the re~

sulting equatidn is:
n+l n 2

T ~ T n r
.._.!:_........_...._.1: - I.IS. n+l - n+l = ____1-_;_2 "y
@C > ae ) - G Ty ) =3 9 (3.4.8)
with rZ% |
Yy
<pCp>l 5 (pCP)l}i (3.4.9)

For the clad outside surface we obtain the difference equation

by integrating equation 3.4.1 from r = tor = L outside fuel

Tys
pin radius, and introducing the clad surface heat flux q'. We obtain

~ the equation:

Tn+1 - Tn n
N N rK n+l n+l
< 0. . | A2 - "
PCNT ae ) Gn(Ty  — Ty-p) + 9y
2 2
T -~ T
N N-%

7 Gy ' (3.4.10)
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I‘2 - 1‘2 n
S

o — -1011
pN 2 (pcp{N—% (3.4.11)

The general expression for the heat flux ¢" (later in section

3.5 the correlations for the heat flux will be discussed in detail)

is:
TR ntl o+l n, o+l n+l n . utrl - i+l
q hE(Tw Tz ) + hv('l.'w Iv ) + hNB(Tw TS )]
(3.4.12)
where

Tw = '1‘N = poutside clad temperature

TL’ Tv, Ts = 1iqui§, vapor and saturation temperatures

hz, hv, hNB = heat transfer coefficients

Finally for the two equations involving gap properties the

k “ .
term Ar is replaced by hGAP’ the gap conductance.

Returning to equation 3.4.7 mote that a fully implicit differ~
entiating séheme was used in this equation. This difference equation
can be shown to be unconditionally stable. In this way we ensure
that a time step determined by the fluld equations stabllity does not
cause any stability problem for the heat conduction problem.
| Equation 3.4.7 couples the temperature at a cell k with {its
neighbors k+l and k-l,vthus the temperature for all cells must'bé
solved simultaneously. We incorporate an efficient technique to
save computational time for this solution. This technique, proposed
by Reed and Stewart / 21 / is a modification of the tridiagonal

matrix inversion.



In matrix form, thé set of equations 3.4.7

11 %12
821 %22
0 a3,
s 0
0
0 0

where the coefficients a's and £'s depend only on the
the power density and material properties. All these

evaluated at the old time step, therefore they do not
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The usual tridiagonal solution for this equation replaces the

matrix of coefficients a's (which we will call by the capital letter

A) by a product:
A=¢CxB
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‘and'

[ by, b, 0 0.0 ]
O by By 0.0
oy
é é ,g PN-1,N-1 PN-1,N
0 0 0 0 by

In order for this factorization to be true, we must require:

b = a

11 11

b

212 7 @

12

' = a b -
“psp-1 p,p-l/ p-1,p-1

L~

b - b
pp  °pp ~ Sp.p-1 "p~1,p

bp,p+l T %, ptl

Now define a vector X such that:
F=¢CxX
where F is the vector of coefficients £'s in equation 3.4.13., This

factorization requires:

n=§
x = f

- ¢ X
P P p,p~1p-1

In this way; equation 3.4.13 becomes:

BxT-=X ’ ' A (3.4.14)

where B is an upper triangular matrix, and once we have gotten the

value of-T;+§, all other temperatures are easily obtained by backward
, . .

substitution.
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The important chdracteristic of all these operations is that

they are performed only on explicit terms. Thus this procedure must
be carried only once, at the, beginning of the new time step.

| The last line of equation 3.4.14 is the one used to determine
the clad outside wall temperature. This is the only equation which
involves implicit temperatures in the right hand side. If we recall
‘equations 3.5.10 and 3.4.12, we can write this equation for the wall |

temperature, isolating the implicit terms:

n+1 n
bNNTNN = fN + h

n_n+l n o+l n .n+l
2‘1‘1 + thv + hNBTs (3.4.15)

Then, after any Newton iteration k we use equation 3.4.15 to
~calculate the new wall temperature TNN’ without the need for calculat-
ing all the other temperatures, and only after the Newton iterétion
has converged we retu?n to equation (3.4.14) to calculate the fuel

temperatures.

3.4.2 Fuel Pin Material Properties:

For the clad heat capacity and thermal conductivity the proper-
ties of stainless steel are Incorporated in the code. From reference

/ 53 / the following expressions were selected:

+a, T+ aT? (3.4.16)

Cletad “ 20 F 2T + 2,

Kclad = bo + blT , (3.4.17)

(p = a



with
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Two axially different zones are implemented in the code to repre-

the fuel itself. One with the properties of Plutonium-Uranium

oxides to represent the active core regilon, and the second one to

simulate the fission gas upper plenum.

L4

From reference / 21 / the following expressions were selected

to represent the fuel region:

with

2 3
(pCp)FUEL = (ao + alT + azT + a3T Y 4 + O.OQSBPu)-Bd (3.4.18)
2
4

X=2.74-58x10 T

epu = fraction of PuO2 in the mixed oxide fuel

0, = fraction of theoretical density

a, = 1.81 x 106

a, = 3.72 x 103

a, = -2.51

= 6.59 x 104

b, = 10.8

b, = ~8.84 x 1073

b, = 2.25 x 1076
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The fission gas plenum is simulated with a zero heat capacity.
The gap heat capacity is also assumed to be zero. For its

conductance the following expression was incorperated, from refer-

ence / 5 [:

Boap = ho + By , ' (3.4.20)
with

b= (T2 + TO(T, 4+ T )1.70 x 1075 (3.4.21)

T £ ¢ £ /™" f
and

-4 :

h, = g8 1&22 x10 " 4061 x 1077 + 1.8 x 10° (3.4.22)
with

cg = 15. x 294%
where

dg = gap thickness
dil = fraction of helium in gap composition.

TE and Tc = gutside fuel pellet and inside clad temperature

3.4.3 Convective Heat Transfer Coefficient

It has been mentioned in the previocus section the expression

for the heat transfer between the fluid and the fuel pins as:

n+1 n+1

ntl n+1 nt+l n+l) & hNB(T s

= hl(T - TR ) + h' (T )

This expression is an extension of the cofrelations proposed by

Chen / 23 / for non-metallic coolants. Although this correlation
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has not been verified by comparison with experimental data, we
anticipate good agreement wish experiments, based on the great
success the assumptions of micro and macro-convective heat transfer
mechanism has encountered for non-metallic coolants. Nevertheless,
only an exteﬁsive experimental program could give a definitive con~
firmation of this model.

The conditions for validity of the correlation are stable,
vertical, axial convective flow of saturated liquid, with wetted
heat transfer surface. These conditions are in general encountered

’

in convective boiling in annular or mist-annular flow. The model

is based on the postulate that there are two mechanisms contributing
to the total heat transfer, and these mechanisms interact with each_
other. The macro-convective mechanism is associated with overall
flow heat transfer, and the micro-convective mechanism is assoclated

with bubble growth in the annular liquid film.

The expression for the micro-convective heat transfer coefficient

is:
Ki7905259i49AP'755f AT .24
B .5 .29 h_p
8] n£ B2 v

where Sf the suppression factor defined as:

AT, .99

¢ = (&p)
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From that figure, we extract the correlation for Sf:

and the two phase Reynolds number is defined as:

143

ATe = effective superheat for bubble growth in annular liquid

H]

AT

ture

Ap

ture

.

difference between wall temperature and saturation tempera-

difference between pressureyat the wall and liquid tempera-

Figure 3.4 shows the dependence of S on the Reynolds number.

S, ={(1+ .42 Re

4

0.1

ReTP

1.
TP

.7
TP

14,-1

)

8

Ny,

-1

L ple2s P Uly

ReT

32.5 < ReTP £ 70

Re

p S 32.5

> 70

TP

(3.4.24)

(3.4.25)

where F is the Reynolds number factor; shown in Figure 3.5. The

analytical expression from this figure is:

and

F = 2.35(.213

F=1.0

1

+~i——-

tt

)

.736

xtt

¥

Xtt is the Martinelli parameter:

9
Xee © ('l':'&) (

pV
Py

X

.nﬂ
Ny

?1

< 10,

3 10.

(3.4.26)

(3.4.27)
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For the macroscopic heat transfer coefficient, Manahen / 11 /

proposed a modified form of the Lyon-Martinelli equation:

.375 ' '
hg = F hﬁsp : (3.4.28)

whre F 1s the same Reynolds number factor used for the microscopic
heat tranfer coefficient and hzsp is the liquid single phase heat
transfer coefficient. The CHAD correlation was used for this single

phase heat transfer coefficlent:

k
hQsp - Nu B&
. H
with
4,5R ~ Pe £ 150
Nu = 3 (3.4.29)
R Pe’ Pe > 150
with
R = ~16.15 + 24.96(P/d) — 8.55(P/d)> (3.4.30)

and Pe is the Perclet number = RePr
Finally, for the wvapor single phase heat transfef coefficient

the Dittus-Boelter correlation is used

k
.8, .4 51 (3.4.31)

k= 0.023 Re Pr’
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3.4.4 Fuel Assembly Structure Models

For the structural materials in fuel asscmbly two elements are
considered: the wire wrap and the fuel assembly hex can.
| The wire wrap is ﬁbdéled by assuming it has the same temperature
| as the outside clad éurface. In this way, a thin layer of stainless
’ steel, corresponding to the wire wrap heat capacity is added to the
heat capacity of the last cell of the clad in the fuel pin model.
Presently the model considers the fuel assembly hex can as an
, adiabatic boundary condition, modeling only the effect of ity heat
capacity in transients, although the model was'designed to accomodate

~changes which would consider a heat sink outside the hex can.

The equation used to model the hex can heat capacity is:

Tn+1 - 0
c c n,. .n+l n+1 n,n+l n+l
(o) (“S—gr—) + Wp(Tp = T KT - T )
whare
hz, hv’ hNB are the heat transfer coefficients discussed

in the previous section;
Tc, Tz, Tv’ Ts are the hex can, liquid, vapor and saturation

temperatures.

3.4.5 Interphase Heat Exchange

0f all models presented in this section, the interphase heat

exchange 1is the least developed. Whereas other constitutive equations,
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like those for the momentun exchange or fuel pin heat transfer, are
applied to all models of two phase flow, the interphase heat exchange
constitutive equation.has its only application in the two-fluid model,
which has been given attention only in recent years.

Thus, because of tﬁe lack of experimental data, we had to rely
on a purely theoretical basis to produce a correlation for this ex-
change term.

Two mechanisms can be identified in which heat is transferred
between phases. One represents the enthalpy transported by the mass

, €xchange between phases, and the other accounts for the convective
heat transfer. Then, we propose the following expression for this

exchange term:

n+lhn+1 - g hn+l + HA(T

- n+1 _ n+l
v e vs c is

3 Tv ) (3.4.33)

where
Se = evaporation rate
Sc = condensation rate
%{9 = enthalpy for the saturated vapor
hls = enthalpy for the saturated liquid
H = overall heat transfer coefficient

A = interfacial area _

For the interfacial area, the same model developed for the mass
exchange rate is used, and the expressions to evaluate this inter-

facial area can be found in equations 3.2.7 to 3.2.10.



147

In general, the overall heat transfer coefficient H can be
written as:
Nu K

Py

"B = L

where
Kl = liquid thermal conductivity
D, = hydraulic diamter

Nu = Nusselt number

A great deal of unéertainty is embodied in the Nusselt number
used in this model, which cannot be resolved without a consistent
set of experimental data on the heat exchange between phases.

Therefore, we tentatively recommend the value Nu = 100.
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CHAPTER 4

FExperimental Tests Simulation

The models and methods presented in the two previous chapters

were assembled into a computer program named NATOF-2D,

In order to evaluate the model results, as well as to test the

»

program capabilities, three tests were simulated with NATOF-2D.

The first experiment simulated was the SLSF P3A test which was
used to evaluate the performance of the constitutive equations and to

determine the sensibility of the code to these equations.,

Next the W-l1 experiment was simulated, a test which has been
~completed recently. Finally a steady-state experiment, the GR19

was analyzed.

4,1 The P3A Expefiment

The Sodium Loop Safety -Facility P3A Experiment was an in-pile test
performed in the Engineering Test Reactor in the period July 16, 1977
to September 11, 1977. The experiment was made with a 37-pin bundle

simulating an FFIR unprotected loss of flow accident, The test bundle
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was irradiated for 26 full power says prior to the final experiment.
The subassembly power was 1240 KWwith a mass flow rate of 9.2 lbm/sec

(4.173 Kg/sec).

Coolant boiling was detected at 8.8 seconds inﬁo the test,
Inlet flow reversal occurred at 10 seconds, fbllowed by inlet flow and
temperature oscillations, Non-condensable gas passing through the
bundle exit flow meter at‘10.8 seconds was indicative of clad failure,
Table 4.1‘summarizes the design and steady-~state operational data for

the test,

Steady-state measurements made prior to the test indicated the
existence of a discrepancy between the actual thermocouple readings
and their expected values., A Eemperature gradient in the radial
direction was observed which did not agree with the predicted values,
This discrepancy was attributed to a non-uniform radial power
distribution in the bundle, due to a non-uniform neutronic flux
across the test bundle, Therefore a radial power distribution was
assumed in the numerical simulation of the test, Table 4.2 shows

the assumed radial ﬁower profile [39].

An inlet pressure décay was imposed to simulate the loss of flow

transient, The expression used was:

Piy(bar) = 1.7187 + 7.4380 exp(-.21t)



Table 4.3 shows the timing of events for the NATOF-2D predictions,

along with the experimental results and the valves obtained with

SOBOIL code [10].

Following a series of figures showing the results cbtained with

- NATOF~-2D is presented.

Figure 4,2 shows the inlet mass flow rate as a function of time.
The flow oscillations observed in the test were also predicted by
NATOF-2D. Figure 4.3 shows the curve for the mass flow rate obtained

from the experimental data,

Figures 4,4 and 4.5 show the temperature evolution at the top of
the heated zone for the central and the edge channels respectively.
Here again the oscillations after the flow reversal encountered in the

- experiment are also observed,

Figures 4,6 and 4,7 show the axial’temperaturé profile at the
central channel and the radial temperature profile at the top of the
heatéd zone for different times, In this last figure cnce can observe
an increase in the radial temperature gradient up to the time 9.0
seconds. This is attributed to the effect of the duct wall heat
capacity. After 9.0 seconds the boiling in the central channels
creates a strong radial flow, with the effect of reducing again the

radial temperature gradient.
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Finally figure 4.8 shows the void fraction maps for the three

radial channels,

From the numerical ﬁethod point of view, the most encouraging
result was the ability of the model to represent the transient beyond
the point of flbw reversal without numerical instability, a flow
condition which has challenged the sodium two phase flow modeling

for years.
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Table 4.1:  SLSF~P3A Test Bundle Data

Number of Pins
Fuel Pellet QD (m)
Clad oD (m)
Glad ID (m)
Wire Wrap 0D (m)
inner pins
outer pins
Flat to Flat (m)
Duct Wall Thickness (m)
Length of Fuel
Inlet to Bottom of Fuel (m)
Top of Fuel to End Cap (m)
Wire Wrap Lead (m)

Fill Gas

Fuel

Ceometry
(British Units)

37 | .1945 in

4,94 x1073
5.842x 1073 «230 in
5.080 x 1073 ©,200 in
1.422 x 1073 .056 in
S 7.11 x 107 .028 in
4,501 x 1072 - 1,772 in
3,048 x 107° .12 in
| ‘ 36.0 in
1.857 x 107} 7.31 in
5.334 210.0  in
3,048 x 10! 12,0 in

Helfum, 1 atm at 20°C with xenon
tag gas

Uranium-Plutonium mixed oxide,
Pu 257 of total mass



Table 4,1 continued

Thermo-Hydraulics

Inlet Temperature (°C)

Outlet Temperature at Steady State (°C)
Bundle Power (kw)
Test Bundle Fléw (Kg/sec)
Pressure at Top of Heated Zone (atm)
Cover Gas Pressure . (atm)
Net Pump Head . {(atm)

Numerics of Simulation

Number of Axial Mesh Cells

Number of Radial Mesh Cells

422
658
1240
4,173
4.27
.957

7.619

792°F

1216°F

9,20 1lbm/sec

62.7 psia
14.1 psia

112 psi

10
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Assumed Non-Uniform Radial Power
Distribution in P3A Test Bundle

Pin Number* ‘ Power Factor
1 .90
2 .95
3 1.07
4 ' 1.156

*see figure 4,1 for Pin Number location



Table 4.3

Event Sequence Times (Seconds) of the P3A Experiment

NATOF-2D SOBOIL Experiment
Boiling Inception 8.9 8.9 8.8

Inlet Flow Reversal 10.08 9.9 10.15
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Channel #1

Channel #2

Figure 4,1

Pin Numbér Location
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4,2 One Dimensional Analysis of the P3A Experiment

In order to determine the importance of the two dimensional
characteristic of NATOF-2D, a comparison'of the results presented in
the previous section was made with a one dimensional analysis of the

same test,

NATOF-2D was modified to allow a one dimenslonal representation’
of the fuel assembly, and the P3A test was reanalyzed under the same

”
conditions.

Figure 4.9 shows the inlet masé flow rate as a function of time,
figure 4,10 the temperature evolution at the top of the heated zome an
and figure 4,11 the axial-temperature profile for this one dimensional
analysis. Finally figure 4.12 shows the inlet mass flow rate for

both one and two dimensional representations in the boiling period.

These‘figures show tﬁo interesting results, The onset of boiling
occurred at 9.2 seconds for the one dimensional analysis, a delay of
0.3 seconds with respect to the two dimensional case. This can be
explained by the fact that in the 1D case, both the central and the
edge channels are represented by a single average temperature which:is
less than the maximum fluid temperature encountered iu the central
channel, and it takes longer for the average temperature to reach the

saturation conditions,



165

The second result which differed from the two dimcasional
representation was the time of flow reversal, which occurred at
9.8 seconds; 0.28 seconqs before the 2D resulﬁ. Thié is explained
by the fact that while voiding is taking place in the central channels,
the edge channel which is relatively colder maintains a substantial
liquid flow for a longer £ime, thus providing a path for an upwards
liquid flow., This effect is lost with the one dimensional

representation,



166

01

SWTL °Sp 938y MO[d SSEBW Q1 — Vid

(0°s) aNIL

16°% @andTd

—

S

001

(%) 31V MO1d SSYR



Ol

2w *SA @injeaadwa], Q[ — VEd

(°9s) FWIL

101 eansrd

167

AANLVEAAWIL 114

TENLVHIAWEL NOIIVANLVS

JUNLVEAdWIL dviD

009

008

(00) FANIVAAIRAL

0001

00c¢I



168

-

INOZ JaLvdH FACHV JONVISIA
9° £ 0

S9]TJj01d 2anjeasdwa] -1(I~VEd S11°Y mpswwu

£

3 LY [}

o00%

003

o8

0001

FAWAL

(Do) HIALVY



16Y

21vy MOTJ SSBW (7 PuU®B ([ U33M3ag uOSTIRAWO) :VEd :ZI°Yy 2InsTg
(o9s) AWIL
9°01 2°01 01 0°01 8°6 9°6 76 2°6 0°6

T 1 Y T T T =T T op° -~
- QN.'

N N 0°0

ac -10e°

U
at
" o ov°

(%) 3IVY MOTd SSYR



170

4.2 Wl -~ SLS¥ Test

The W1 experiment is a test recently conducted under the direction
of the Hanford Engineering Development Laboratory,., Although the test

has been completed, their results are not yet made public,

The test’ was divided In two parts. The first one aimed at
determining the fuel pin heat released characteristiecs during a loss of
pipe integrity accident, This part of the test does not involve

bdiling.

‘The second part of the test was directed to determine stable
boiling and recovery limits as a function of fuel pin power. This part
is the object of the numerical simulation presented in this section.

Table 4.4 shows the relevant design data for the test [36], [38].

A series of flow transients were performed with several values of
bundle power and flow decrease, Figure 4,12 is the graph of a typical
Boiling Window Test flow transient, Table 4.5 shows the bundle power

and percentage of full flow for each of the tests,

Following é,series of figures present the results of the NAfOF—ZD
simulation of the tests, For each case analyzed a figure shows the
evolution in time of the saturation temperature, clad and fluid
temperatures for the central éhannel and the fluid temperature for the
edge channel. For sequences 6a, 7a”, 7b*, 3 and 4 the axial

temperature profile for the central channel is also shown. Finally
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for the cases where substantial voiding occurred, namely sequences 7a”,
7b7 and 4 a figure showing the void maps for the three channels is also

presented.

In genéral the results obtained for the high power tests -
(14.4 kw/ft) seem to present values which agree with the predictions of
the test plan (Table 4.5). On the other hand, for the lower power (and
longer) tests, NATOF-2D predicted boiling conditions wmore severe than
the expected in the test plan. One possible explanation for this
discrepancy 1s an overestimating of the gap coﬁductance by NATOF-2D,

but of course an analysis of the results will be conclusive only when

the test results are made avallable,

As an extension of the test, a '217~pin bundle simulaﬁion was
performed under the same conditions of test sequence 7b”, The
simulation was made with five radial mesh cells and the same geometric
and fuel pin désign parameters as the ones used for the W1 test. The
results are presented in.figures 4.31 through 4,33, Coﬁparing these
figures with the correspondent figures for the 19-pin test, figures

4,23 through 4,25, the following conclusions can be drawn:

7 The onset of boiling occurred at approximately the same

time.

T The flow reversal occurred earlier and the voiding of the

subassembly were much sharper for the 217-pin bundle,
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These results confifm what was exbccted, since the onset of
boiling occurs in the central channel and is not influenced by thg size
of the subassembly. The second conclusion was also expected, since in
a large fuel assembly, tﬁe edge channel which is submitted to a smaller
heat flux and also has the hexcan wall as a heat sink, occupies a
fraction of the total flow are; which is much smaller than the

correspondent edge channel for a 19~pin bundle.
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Wl Tedt Bundle Data

Number of Pins

Fue; Pellet OD (m)
Clad 0D (m)
Clad D (m)
Wire Wrap OD {(m)

inner pins

outer pins
Flat to Flat (m)
Duct Wall Thickness (m)
Length of Fuel (m)
Inlet to Bottom of Fuel (ﬁ)
Top of Fuel to End of Pins (m)
Wire Wrap Lead (m)

F111 Gas

Fuel

Geometry

19
4,94 % 1073 .1945 in
5,842 x 107} 230 in
5.030 x 1073 .200 in
1.422x 1077 056 in
7.11x 107" .028 in
3,26 x 1072 1.283 1n
1.016 x 10~* .040 in
L9144 36.0 in
279 © 11 4n
1,27 50 in
3048 12,0 in

Helium-Neon (10%), 25 psia
at 68°F .

Uranium-Plutonium mixed oxide,
Pu 25% of total mass.,



174

Table 4.4 coentinued

Thermo-Hydraulics

Inlet Temperature (°C) 388 732°F

Test Bundle Flo& (kg/sec) 1.95 4,29 1lbm/sec
' Cover Gas Pressure (atm) . 1.18 ‘ 17 psia

Inlet Pressure (atm) 6.42 . 91.8 psia

Numerics of Simulation

Number of Axial Mesh Cells: 12

Nunber of Radial Mesh Cells 3
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TABLE 4.5

Boiling Window Matrix for the Wl Experiment

.

Fuel Bundle Power = 348 kw
Peak Pin Power = 7.5 kw/ft

Percentage of

Full Flow- Atz
Approach to Boiliﬁg 29 5.0

- Incipient Boiling
Normal frocedure 24 5.0
Fallback Procedure.A 24 7.0
Fallback Procedure B 22 4.5

Fuel Bundle Power = 532 kw
Pealk Pin Power = 11,1 kw/ft

Percentage of

Full Flow Atz

Approach to Boilling ' 42 5.0
Incipient Boiling

" Normal Procedure 35 4,0

Fallback Procedure A 35 _6.0

Fallback Procedure B 33 . 3.0

Test Sequence

2a .

2b

Test Sequence

4a

4b
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Fuel Bundle Power = 662 kw
Peak Pin Power = 14.4 kw/ft

Approach to Boiling
’Incipient Boiling

Normal Procedure
Fallback Procedure A

Fallback Procedure B

Dryout or Fuel Pin Failufe
Normal Procedure A
Normal Procedure B
Fallback Procedure A
Fallback Procedure B
Fallback Procedure C

Fallback Procedure D

Percentage of
Full Flow

53

45
45
43

42
40
© 42

40

40

38

!D
[nd
N

2.0

3.0

5.0
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4.3 The GR19 Experiment

As a final test of NATOF-2D the GR19 Experiment was simulated,
This is a 19-pin, electrically heated, steady-state test performed on
the CFNa loop, France, The test was analyzed with the BACCHUS code

[35], and their results are presented here for comparison.

Table 4.6 presents the significant design data of the test. Table
4,7 shows the mass flow rate for the different tests performed, along

with the measured maximum temperature and the NATOF-2D results,

Figures 4,32 through 4.34 show the axial temperature profile for
these values of the mass flow rate., Figures 4,35 and 4,36 show the
quality contours obtained for the values 0,265 and 0.260 kg/sec of

the mass flow rate, along with the results of the BACCHUS code.

One interesting feature encountered in this simulation was a
stable oscillation of the void fraction for the mass flow rate around
the value .320 kg/sec, with the void fraction ranging from 10 to 50%,

indicating the presence of a slug flow,
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TABLE 4.6

Design'Daﬁa for the GR19 Experiment

Number of Pins

19
Clad OD (m) . 8.65x 103
_ Heated Length (m) 0.6
Downstream Unheated Length (m) 0.494
?pstream Unheated Lengtp (m) 0.12
Wire Wrap OD (m) 1.28 x 10~3
Flat to Flat (m). 4,58 x 102
Inlet Temperature (°C) 400
Saturatioa Temperature at the Top of Heated Zone (°C) 920
Power (kw) 170

(axially uniform)
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TABLE 4.7

Mass Flow Rate
And Temperatures for the GR19 Experiment

FLOW Thax (°c) (:ﬁggéjg%)
(kg/sec) . (MEASURED) e
.606 693 694
476 766 768
405 | 825 827
350 890 892
.329 , 918 920(Boiling)
311 923 921
.293 926 921
$277 926 ' 922
<265 ‘ _ | 926 . ' 925

»260 944 927
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CHAPTER 5

CONCLUSTIONS AND RECOMMENDATIONS

5.1 Conclusiocn

A two dimensicnal computer code for the simulation of sodium
boiling transients was developed using the two fluid model of conserva-
tion equations. A semi-implicit numerical differencing scheme, capable
‘of handling the problems associated with the ill-posedness implied by
thg complex characteristic roots of the two fluid model was usad, which
took advantage of the dumping effect of the exchange terms. The stability
of the methed was demonstrated thecretically in Section 2.5 and also by
the practical results cbtained with the model, shown in Chapter 4. The‘
stability of the model impecses an upper limit on the time step size,

which is related to the mesh spacing the phase velocity by the expression

At'<1nax [Az/uz, Ar/ur]

Of particular interest in the development of the model was the
identification of the numerical problem used by the strong disparity
bpetween the axial and radial dimensions of fuel assemblies used in the
current design of‘Liduid Metal Fast Breeder Reactors. A solution to‘this
problem was found, which used the particular geometry of fuel assomblies
to its advantage, reducing drastically the computation time,

Most of the constitutive equations incorporated in the model were

o
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obtained through previous work. In general, adequate models were

found for most equations,fbut for a fev of them no satisfactory
correlations could be produced. These models involve areas of the
sodium technology not yet fully understood, and a substantial effort of
development must be done.in these areas. These models are identified
and discussed in the recommendations'of this work.

The models and methods of this work were incorporated into the
computer program called NATOF-2D. With this program three series of
experiments were simulated in order to demonstrate the model capabili-
ties. The results of this simulation, which were presentéd.in Chapter 4
showed good agreement with the experimental results obtained in the tests.
One important capability demonstrated in these simulations was the
ability of the model to represent the most severe boiling conditions,

including flow reversal.

5.2 Recommendations

A word of éaution must be said to tﬂe eventual users of NATOF-2D.
The purpose of this work was to develop a’numerical framework capable
of solving the set of conservétion equations of fluid flow under severe
conditions of transient sodium boiling. In this way, most of the ef-
fort put into the work was dedicated to developing aud organizing the
numerical methods and models for solving this set of-equations.

‘Of course the system of equations of fluid flow is not closed un-
less the comstitutive relations describing the interactiop of the fluids

with the structural components and with themselves is provided, and a
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-set of constitutive equations were incérporated into NATOF-2D.

Some judgment was exexcised in order to select constitutive
equations representative of the sodium beahvior, especially those
characterizing the explosive.volume change associated with sodim boil-
ing at low pressure. This part of the code development was treated
as complimentary to the numerical model construction. Therefore, the
constitutive models may not be as realistic as the correct representa-
tion of sodium boiling in LMFBR fuel assemblies would require, and the
overall resulté of simulations with NATOF-2D may be improved by the |

. eventual improvement of some of the constitutive models incorporated in
the code. Thus, tﬁis word of caution.

| The relatively superficial treatment of the constitutive models is
not incidental. Only recently did the interest in LMFBR safety reach
the point vwhere extensive investigation of sodium boiling became justi-.
fied, and a substantial amount of research is vet to be done. Therefore,
the present status of knowiedge of the physical phenomena associated
with sodium boiling does not lead iﬁmediately to significantly accurate
models of the constitutive equations involved in sodium boiling. The
task of developing these models'is not a simple one, requiring a con-
siderable effort in theoretical analysis and experimental work, well be-
yond the scope of a one person thesis.

But if NATOQOF-2D cannét cléim to be a complete analytical model for
sodium boiling siﬁulation, because of the uncertainties céﬁtained in
the constitutive models, it is an invaluable tool for the development
of these models, where they can be implemented and tested against

experimental results.
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One of the most important benefits which NATOF-2D can provide to
the development of sodium boiling is to identify, by the execution
of sensitivity analysis, those constitutive models which affect most of
the overall results, thus.directing the research effort of sodium boil-
ing to the directions which will lead to more fruitful results.

From the experience we had with NATOF-2D calculations, by far the
most important model affecting the end results of sodium boiling simula-
tion is the one for the interphase mass exchange rate (which unfortu-
nately is the-one that showed the widest disagreement between authors).
Therefore, we recommend as a first step in the continuatipn of the work
presented here that a substantial effort be madé in developing a depend-
able model for the interphase mass exchange rate. -

0f the same magnitude in importance is the two phase heat transfer
coefficients. .Here again the presently available models are few and
incomplete. Thus a theoretical and ekperimental work in tﬁis area is
recommended, in order to acquire a'thorough understanding of the sodium
boiling curve.

Another aréa which could be the object of future investigation is
the one related to the interphase heat transfer. Although the direct
effect of this exchange term on the overall results is not very marked,
the relativeiy simplé model incorporated in NATOF-2D could be replaced
by a more refined one. The close relationship between this exchange
term and the two previously ﬁentioned would make this model a nétural

by product of the development.of the above-mentioned ones.
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APPENDIX A = NATOF-2D INPUT DATA MANUAL

In this section the user suppliéd information necessary to operate
NATOF-2D is presented. Before showing the description of the input
cards, it is useful to lreview the array structure of the code. Figure
A.1 shows an example of a full assembly and the corresponding cell

\ . . 'l . s - -
arrangement in a r-z plane. Quantities appearing in this figure are:

NI = number of mesh cells in the axial direction. It includes
two fictitious half-cells in the top and bottom of fuel
assembly.

NJ = number of mesh cells in the radial direction.

All dimensioned variables appear in the program with only one
index, therefore a single number identifies each cell in full assembly.
fhe cells are numbered from bottom to top and radially from center
to hex caﬁ.

Figure A.2 shows a cross section of the fuel assembly indicating
the numbering of the fuel pins. Fuel pin rows are numbered from center
to hex can, and the boundary between cells is indicated by the row
number where this boundary lies.

Figure A.3 shows schematically the cell arrangement for the fuel
pin heat conduction. The quantities describing this cell arrangement

are:

NCF = number of mesh cells in fuel.

NCLD = number of mesh cells in clad.
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Figure Al. Cell Arrangement in the R-Z Plane
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NCF Cells

1 Cell

NCLD Cells

fFigure A3. Cell Arrangement for Fuel Pin Heat Conduction
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A single cell is assumed by the code for the gap between fuel
and clad.
Following is a presentation of the sequence of cards in the

input data. Following the list of variables, in parenthesis, is

the corresponding format for these variables.

1. General Description of the Problem

1st CARD: NI, NJ, NCF, NCLD (415)

NI number of mesh cells in axial direction

I

NJ number of mesh cells in radial direction

ft

NCF = number of mesh cells in fuel

NCLD = number of mesh cells in clad
2nd CARD: NSET, TSET (I5, E15.4)

This card contains information which controls the pfinted output.
the code will prin§ NSET times the flow map, with a time interval
TSET. This card can be rgpeated up to 49 times, so that fhe time
‘interval between prints can be varied to reflect the desired de-
gree of information at eaéh time. Following these cards; a caxd
containing only zeros in the position corresponding to NSET must

be placed, to indicate the end of this subset.
3rd CARD: ITM, IGAUSS, DIMAX, EPS1, EPS2 (2110, 3E15.9)

IT™ = maximum number of iterations in the Newton iterative

solution.
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IGAUSS = maximum number of iterations in the pressure problem
solution.

DTMAX = maximum value for the time step increment.

EPS1.

convergence criterion for the Newton iteration.

EPS2

convergence criterion for the pressure problem.
EPS1 and EPS2 are criteria on the absolute value of the pres-

sure. ' Their unit is N/m2.

2. Boundary Conditions

The next group of cards contains information governing the
boundary conditions of the problem as a function of time. The simu-
lation time is divided in up to 50 segments in which different func-
tions can be prescribédAfor the boundéry conditions. For a generic.
time segment L, the formulas used by the program for the boundaryl
condition are: |

X = (th(L)*DTIME + Xz(L))*exp(OB'D((L)-*DTIME) + X5 (L)

where:

DTIME = TIME -~ TB(L-1)
L = Index of current time segment
TB(L) = Time at the end of segment L

X;s Xys X3, OMX = Input parameters
and X stands for:

PNB

Pressure at the bottom of fuel assembly (N/mz)

PNT

Pressure at the top of fuel assembly (N/mz)'



ALB = Void fraction at the inlet of fuel assembly.
TVB = Vapor temperature at inlet (°K).

TLB = Liquid teméerature at inlet (°K).

HNW = Power density in fuel pins (W/mB)

In order to save time, the code has an option to eliminate
the exponential part in the formula to calculate the boundary
condition. Thus, whenever the logical parameter LP is

.TRUE., the boundary conditions are calculated as:

X = Xl(L)*DTIME + X, (L)

1st CARD: LP, TB (11, F15.5)

2nd CARD: PNB1, PND2, PNB3, OMP (4F15.9)

3rd CARD: PNT1, PNT2, PNT3, OMT (4E15.9)

4th CARD: ALBl, ALB2, ALB3, OMA (4E15.9)

5th CARD: TVBl, TVB2, TVB3, OMV (4E15.9)
6th CARD: TLB1, TLB2, TLB3, OML (4E15.9)

7th CARD: ﬁNBl, HNB2, HNB3, OMH (4E15.9)

This group of seven cards can be repeated for as much as the
number of segments desired. To indicate the end of this sub-
set, a card containing only a 'F' in the first position must

be placed following the data.
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3. Geometric Description of the Problem

1st CARD: NROW, PITCH, D, E (15, 3E15.9)

NROW' = Number of rows of fuel pins in fuel assembly.
PITCH = Distance between fuel pin centerlines (m). .

D = Fuel pin'diameter (m).

]

E Minimum distance between fuel pin surface and hex can

I

wall (m).

(see Figure A.2)
2nd CARD: N(J), J = 1, 20 (2014)

N(J) is the row number where the boundary between cell J
and cell J + 1 lies.

(see Figure A.2)
3rd CARD: LDATA, DZ(K) (L1, 5E15.9)

In this group of cards the axial mesh spacing DZ are written
sequentially from 1 to NI, five per card. The logical para-
meter LDATA must have a .TRUE. value in each card where bZ

is written. Fol}owing this group of cards, a card containing -
an 'F'.in the first position must be plaéed to indicate the

end of this set of data.
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4th CARD: LDATA, CAN(K) (L1, 5E15.9)

The same arrange@ent of the previous group of cards.
CAN = Heat capacity of the hex can per unit area, for each

axial mesh cell (J/m2°K). There must be one value for each

axial mesh cell.

5th CARD: LDATA, SHAPE(K) (L1, 5E15.9)

The same arrangement as the previous group of cards.
SHAPE = Power density shape in fuel assembly. There must

be one value of SHAPE for each mesh cell in fuel assembly.
6th CARD: LDATA, SPPD(K) (L1, 5E15.9)

The same arrangement as the previous group of cards.

SPPD = Spacer pressure drop. There must be one value of
SPPD for each mesh cell in fuel assembly. The ccde will
treat the spacer pressure drop as: -

2
Ap = SPPD* «Q-I‘ZL

7th CARD: LDATA, PPP(K) (L1, 5E15.9)

_ The same arrangement as the previous group of cards.
PPP = Radial power profile inside fuel pin. There must be
one value of PPP for each fuel pin mesh cell, including gap

and clad (i.e., there is NCF + 1 + NCLD values).



N
o
i

The power density at each fuel'pin mesh cell will be the
product of the power density specified in the boundary con-
ditions, multiplied by the value of SHAPE for the corresponding
fuel assembly mesh cell, multiplied by the value of PPP for

the correspohding fuel pin wmesh cell.
8th CARD: AD, APU, DIL (3E15.9)

AD

it

Fraction of theoretical density of fuel.

[}

APU Fraction of plutonium in full.

DIL = Fraction of helium in gap composition.
*9th CARD: LPLMM(I), I'= 1, NI (3912)

LPLNM is an integer which indicates the axial composition
of fuel pin. LPLNM = 0 indicates gas composition (for upper

plenum). LPLNM = 1 indicates mixed oxide U,Pu0 There must.

2°

be one value of LPLNM for egch axial node.
10th CARD: RADR, THC, THG (3E15.9)

RADR = Fuel pin outside radius (m).

THC

it

Clad thickness (m).

THG

1}

Gap thickness (m).

4, Initial Conditions

1st CARD: LSS, TINIT (L1, E15.9)

LSS is a logical parameter to indicate steady-state or

transient problem.
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LFALSE. indicates transient problem.

-~
w
n

it

[

wn

wm
1t

.TRUE. indicates steady-state problem.

In case LSS is ,TRUE., the remaining initial condition input

data resume to the next card:
2nd CARD: PIN, POUT, TIN, TAV (4E15.9)

PIN = Pressure at fuel assembly inlet (N/mz)

POUT = Pressure at fuel assembly outlet (N/mz)

]

TIN = Inlet liquid temperature (°K)

il

TAV = An estimate of the average temperature in fuel

assembly (°K)
In case LSS = .FALSE., the next cards follow:

2nd CARD: KO, TV, TL, P. ALFA (15, 4E15.9)

3rd CARD: KO, UVZ, ULZ, UVR, ULR (I5, 4E15.9)

KO is the cell number. It appears in both cards to put a
check in the input data. Each pair of cards correspond to
the same mesh cell. The group is to be repeated for as many

as the number of mesh cells.

1

TV = Vapor temperature (°K)

I

TL = Liquid temperature (°K)
P = Pressure

ALFA = Void fraction

UVZ = Axial vapor velocity (m/sec)
UVR = Radial vapor velocity (m/sec)
ULR = Radial liquid velocity (m/sec)
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4th CARD: LDATA, TR(K) (L1, 5E15.9)

The same arrangeﬁent as the group of cards for DZ.

TR = Fuel pin temperature (°K).

This array must contain one value for each fuel pin mesh
cell, The valueé of TR are. ordered as:

TR(1) = Fuel centerline temperature at cell number 1.
TR(NCF + 1 + NCLD) = Surface clad temperature at cell
 number 1.

TR(NCF + 1 + NCLD + 1) = Fuel centerline temperature at

cell number 2.

etc.

5th CARD: LDATA, TCAN(K) (L1, 5E15.9)

The same arrangement as the previous group of cards.
TCAN = Hex can initial temperature (°K).

There must be one value of TCAN for each axial node.
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APPENDIX B

NATOF — 2D Programming Information

When NATOF-2D was programmed, it was recognized that the field of
sodium boiling is presently the subject of a large effort of research,
and therefore it can be expected that in the future.this résearch will
produce better correlations for the constitutive laws governing the
sodium two—phase flow. 1In order to make changes in the program as easy
as possible, NATOF-2D was programmed with its subroutines in a modular
structure, particularly the parfs of the program dealing with the

constitutive laws.

In this way, the programmer working on modificétion of one
particular subroutine does not have to worry about the rest of the
progfam, provided the expressions introduced in that subroutine meet
the requirements of consistency of the derivatives with respect to new

time variables, which were discussed in chapter 2,

Following is a description of NATOF-2D subroutines, their
functions and structure. The . reader is referred to figure Bl, which

shows the structure of NATOF-2D,



HEAD

ERRMES SAVER TMSTEP READ1 READZ
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THXCN THEXCNO FTP BC DONOR
WS FPIN ONESTP FPROP
FUEL
COEFF POWER
GAP
e
oo CLAD
CONDT GAUSIE HEXCAN HTCF NONEQ STATE

Figure Bl. NATOF-2D Subroutine Structure
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The main program's only function is to allocate memory storage
space for the dimensioned arrays and transfer the control of the

program to subroutine HEAD,

N

All arrays whose dimensions are a function of the number of mesh
cells are placed within a single array CRBI. Individual arrays
are located by pointers which determine the first element of
each array. These pointers are grouped into the integer array

M, and the correlation of the pointer to the variable is as

following:
M(1) o= P = New time, pressure, cell centered
M(2) = PO = 01d time, ﬁressure, cell centered
M(3) = TV = Vapor témperature, new time, cell centered
M{4) = TVO = Vapor temperature, old time, cell centered
M(5) = TL = Liquid temperature, new time, cell centered
M(6) = TLO = Liquid temperature; old time, cell centered
M(7) = ALFAN = Void fraction, new time, cell centered
M(8) = ALFAO = Void.fraction,,old‘time, cell centered

" M(9) = ALFAZ = Void fraction, axial face centered
M(10) = ALFAR = Void fraction radial face centered
M(11) = RHOV = Vépor density, cell centered
M(12) = RHOL = Liquid‘density, cell centered



M(13)
M(14)
M(15)
M(16)
M(17)
M(18)
M(19)
M(20)
M(21)
M(22)

M(23)
M(24)
M(25)
- M(26)
M(27)
M(28)
M(29)
M(30)

M(31)

M(32)

RHOVZ

RHOLZ

RHOVR

RHOLR

EV

UVZN

ULZN

UVRN

. ULRN

uvzo

ULZO

UVRO

ULRO

UVYRZ

ULRZ
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Vapor density, axial face centered

" Liquid density, axial face centered

‘Vapor density, radial face centered

Liquid density, radial face centered

Vapor internal energy, cell centered

Liquid internal energy, cell centered

Vapor internal energy, axial face centered
Liquid internal energy, axial face centered
Vapor intermal energf, radial face centered
Liquid internal energy, radial face centered

Axial vapor velocity, new time, axial face
centered

Axial liquid velocity, new time, axial face
centered -

Radial vapor velocity, new time, radial face
centered

Radial liquid velocity, new time, radial face
centered

Axial vapor velocity, old time, axial face
centered

Axial liquid velocity, old time, axial face
centered .

-Radial vapor velocity, old time, radial face

centered _ .

Radial liquid velocity, old time, radial face
centered

Radial vapor velocity, axial face centered

Radial liquid velocity, axial face centered




M(33)
M(34)
M(35)
M(63)
M(64)
M(65)
M(66)
M(67)
M(68)

M(69)

M(70)
M(71)
M(72)
M(73)

M(80)

M(81)

M(82)
M(83)
. M(90)

M(91)

i

fi

to

to

I

]

UVZR
ULZR
M(62)
DH
DHR
DV
Qst
TS
W

DTW

BCOWV
HCONL
HNB
M(79)
TR
DIR
TWO
M(89)

SPPD

TCAN

[

i

Axial vapor velocity, radial face centered
Axial‘liquid velocity, radial race centered
Implicit terms for the conservation equations
Axial flow hydréulic diameter

Radial flow hydraulic diameter

Fuel pin specific surface area
Maximum~-to-average radial velocity coefficient |
Saturation temperature, new time
Fuel pin wall temperature, new time

Increment in heat transfer for unit increment
-in TW

Vapor heat transfer coefficient
Macroscopic liquid heat transfer coefficient

Microscopic liquid heat transfer coefficient

Coefficients for the pressure problem

Fuel pin temperature

Auxiliary array for fuel pin heat conduction
Fuel pin wall temperature,.old time
Auxiliary arrays

Localized pressure drop coefficienct

Hex can temperature

The storage space required by the array ORBI is given in double

precision storage word by the formula:

{135+ 2(NCF + NCLD) INI.NJ
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HEAD: -— Defines the pointers of array ORBI
— Controls the duration of the run
- Controls the printouts

READ 1: — Reads arrays' dimensions

READ 2: — Reads all other information
— Writes in FILEO7 the input data for a restart
— Calculate parameters which will remain constant
throughout the problem

SS: — Performs an initial guess for the steady-state problem

TMSTEP: -~ Advances one time step

— Controls convergence of the Newton iteration

—— Controls time step size, The time step is always
kept below the connective limit. If an instability
occurs during the run, such as non-counvergence of
the iterative procedures or a variable outside
range of validity, TMSTEP reduces the time step
size by a factor of ten and the vun is resumed, If
the difficulty is removed, the time step will be
increased slowly towards the convective limit again.
If after three time step reductions the instability
still persists, an error message will be printed and
the execution terminated.

DONOR: — Transfers all centered quantities to face centered
positions
-—— (Calculates explicit terms in momentum equation

WS: — Calculates explicit terms for mass and energy
equations
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ONESTP: Performs one step of Newton iteration
Calculates new values of implicit variables

Checks variables against range of validity

FL

COEFF: —- Calculates momentum exchange coefficients
BC: -~ Calculates boundary conditions as a function of time
HTCF: — Calculates heat transfer coefficients

STATE: — Calculates sodium thermodynamic properties and its
derivatives, The code stability imposes two
requirements on the expressions for the sodium
functions of state: the expressions for the
densities must account for the pressure dependence
which corresponds to a real, positive, finite
sonic speed,

The expressions for the property derivatives with
respect to mew time variables must be the analytic
or numerical derivative of the expressions of
the properties (but not approximated expressions).

NONEQ: - Calculates the mass and energy exchange rates and its
derivatives., The same requirement applied to the
derivatives of the properties in STATE also applies
here,

CONDT:  —— Calculates the heat transfer between fluid and fuel
pin and its derivatives. The requirement concerning
the derivatives described above also applies here.

HEXCAN: - Calculates the heat transfer between fluid and hexcan
walls, and its derivatives., The requirement
concerning the derivatives described above also
applies here, '



et
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FPROP: — Finds the fuel pin transport properties

FUEL: — Transport properties of fuel

GAP: -~ Transport properties of gap

CLAD: -~ Transport properties of c}ad

FPIN: — Solves first part of heat conduction in fuel pin
FIP: - Solves second part of heat conduction in fuel pin
THXCN: — Solves the first part of hexcan heat conduction

THXCNO: -— Solves the second part of hexcan heat conduction

POWER: -~ Calculates the power density as a function of time

GAUSIE: — Solves the pressure problem

' ERRMES: ~—— Prints error messages

SAVER: —— Saves fluid flow variables at the end of run for
eventual restart
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Functions

CONDL  — Liquid thermal conductivity as function of temperature
CONDV  —- Vapor thermal conductivity as function of temperature
CPL ~— Liquid specific héat as function of temperature

HFG — Enthalpy of vaporization as function of pressure

PRL — Liquid Prandtl number as function of temperature

PRV ~- Vapor Prandtl number as function of temperature

SAT — Saturation temperature as function of preésure

DTSDP - Pressure dérivative of saturation temperature as

function of pressure
SURTEN - Surface tension as function of temperature
VISCV. — Vapor viscosity as function of temperature

VISCL  ~- Liquid viscosity as function of temperature
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APPENDIX C

NATOF —- 2D I/0 EXAMPLES

Fortran unit numbers for the data files are as follows:
' 5 is the standard input unit

6 is for the printed output

7 is the dump file to restart

After a successful run, the program creates in file 7 an input
data set corresponding to an initial value problem starting at the
time the last run was finiéhed. This is particularly useful in
generating a transient problem input data set, which requires a
substantial amount of information for the initial conditions, 1In
this way, a steady-state problem, which requirec a gelatively small
amount of information, produces in file 7 the input data for the
transient problem. The user must only change the cards which
describe the boundary conditions, to represent the desired

transient conditions, and the desired sequence of printouts,

Following is an example of the input data set for a steady state
problem, a transient problem, and an example of the printed output.
These examples were taken from the 217-pin simulation described in

section 4.

“
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S'ITEZ\DY-«STATE INPUT DATA SET

EXAMPLE



12 5 4 2

20.150000000D+01

€0.0000000000+00 T :

8 5000.100000000D+000.1000000000-010.100000000D-03

T 4.40C00
0.000C00000D+000.6757500000+060.0000000000+000.000000000D0+00
0.000000000D+000.27760000CD+0G0.NCO000000D+CC0.000000000D+00
0.0000000000+000.000000000D+000.000000000D+0200.0000000000+00
¢.000000000D+000.6611400000+030,0000000000+000.0000000000+00  °
0.000000000D+000.6611400000+030.0000000000+000.0000000000+00
0.0000000000+000.2445086860+100.000000000D+000.00000C000D+00
T 0.00000

90.726440000D-020 .5842000000~-020.7112000000D~-03

5 7 8 9 0 0 0 (] 0 0 C 0 0 0 0 0 0 0 0
T0.1828000000+000.182900000D+000, 182300000D+000.,1829000000+000..1829000000+0¢C
T0.1829000005+000.1822C00000+000.182900000D+0G60.182000000D+000.1623000000+00
.T0.182800000D+000.182900000D+000.,.000000000D+000.000000000D+000.0000000000+00
FC.0000000000+000.600000000D+000.000000000D+C00.000000000D+000.000000000D+00
T0.8500000000+040.850000000D+040.B500000000+040.8500000000+040.850000000D+04
T0.85000000CD+010.850000000D+040.000C000C0D+000,000000000D+000.0000000000+00
T0.0000000C00+000.000000000D+000.000000000D+C00.0000000000+000.0000000000+00
F0.000CC0000D+000.000000000D+000.000G000000+C00.000000C00D+000.000000000D+00
T0.0000CC000D+000.0000000000+000.6774030000+C00.8387C20000+4000.100000200D+01
T0.8387020000+000.6774035C0D+000.,0000000000+000,0005000000+000.0000000000+00
T0.0C0000000D+000.0000000000+000.00000000C0+000,0000000000+000.6774030000+00
T0.8387020000+000.1000000000+010,8387020000+000.6771030000+000.000000000D+00
T0.0000000000+000.000000000D+000, 000000000D+0¢0.000000000D+000,000000000D+00
T0.0000C0000D+0Q0C.677403000D+000,8387020000+000.1000000000+4010.8387020000+00
*Y0.677403000D+000.0600000000+006.0000000000+C00.0000000060+000.0000000000+00
T0.000200000D+020.02¢000000D+000,000000000D+CQ0.677403000D+000,8387020000+400
TO,1000C00000+010.838702000D+000.6774C3C000+000.002000C000D+000.000000000D+00
Y0, 0000000000+000.000000000D+000,0000000000+000.C0C000000D+000.000000000D+00
T0.6774030000+000.8387020000+4000, 1000000000+010.833702008D+000.6774030000+00
- :

FO.00C0000000+000.000000G000+000,0000000000+000.0000000000+000.000000000D+00
T0.0C0000000D+000.6100C0C00C+020.C00000000D0+C00.0C00000000+000.0000000005+00
T0.0CCO00000D+000.000000000D+000.0000000600D+000.00006C00000+000.00000000C00+00
T0.000000000D+000.00000C000D+000,000000000D+000.610000000D+020.000060000CD+00
T0.0000000000+00C.000C00000D+000.000036000D+C00.000000000D+000.000000000D+00
TC.00C000000D+000.000000000D+003.000CG000CCD+C0OU,.0000000000+0C0.000000000D+00
Y0.G610000000D+020.0000000000+000.00C0000CC0+000.000000000D+000.C000C0000D+00
Y0.0000000000+000.000000C00D+0CD.0000000000+000.000000000D+000.000000000D+00
T0.000000000D+000.0000000000+000.8100000C0D+025,0000000000+000.0000000000+C0
0. 0000000000+000.000C000000D+000.,0000000000+000.0000000000+000,0000000000+00
T0.0000000000+000,000000000D+500.060000000D+000.000000000D+000.6690000000+02

6ET



T -

T

F0.0C0000000D+000.000C000000+000.000000000D+200.000000000D+000.0000000000+00

T0.100000C00D+010.1000000000+010.1000000000+010.1000000000+010.0C00C0000D+00

T0.0C000000CD+000.0000000000+000.0000000000+000.000000000D+000.0000000000+00

FO.000000000D+000.000000000D+000.000000000D+000.000000000D+000.0000000000+00

¢.95340000000+000.2500000C0D+000.9000000000+00

1 1111111100000 00000038006000900020 0 00000000.00
2921000000+020.381000000D-030.6000000000~04 -

TO 000000000D+00

0.6757500000+060.277600000D+060.6611400000+030.900000000D+03
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TRANSIENT INPUT DATA SET

EXAMPLE



12 5 4 2
350.100000000D+00
00.000C00000D+00 :

8 10000.100000000D+000.100000000D-010.100000000D~03

T 0.50000

~.822080000D0+060.6757500000+060.0000C0C000D+C00.000000000D+00
-.1808000000+060.2776000000+060.0000000000+002.000000000D+00
0.000000000D+C00.000000000D+000.00000000Q0+000.000000000D0+00
0.000000200D+000.6611400000+030.000000000D+000.0000000000+00
0.00000C000D+000.6611400000+030,000000000D+000.000000000D+00
0.00000C000D+000.244508688D+100.000000000D0+000.00000600000+00

T 3.5
0.000000000D+000.2684710C00D+06
0.0C0000C00D+000.187200C00D+06
0.000000000D+000.000000CCCD+00
0.00C000000D+000.6611400000+03
0.0000000000+000.6511400000+03
0.000600000D+000.2445086880+10
T . 4.0
0.806340000D+060.2725G0000D+06
0.1768000000+080.189200000D+08
0.000000000D+000.000000000D+00
G.0000C00000D+000.6611400000+03
0.000000000D+000.661140000D+03
~.4645665100+100.244508688D+10
Y 9.0
0.000000000D+000.6757500000+038
C.000000000D+00C.2776C00C00+086
0.0000000000+000.000000000D+00
0.0000002000+000,.066811400000+03
0.0000300000+000.6611400000+03
0.0000000000+000.,122254330D+09
T 0.00000

90.726430000D0-020.5842000000~020.7112000C00~03

5 7 8 9 0 o] o

0 0 0 0 0 0 0 0 0 (o) ]

Y0. 1825C00000+000.182500000D+00C. 18290600 0D+000.1829000000+000.132500000D+CC
T0.182900000D+000.182800000D+000.1825050000+000.18290500CD+000.382800000D+0C
T0.1829000000+000.182800000D+000.G000000000+0G0.0C0000000D+000.000000000D+00
FC.00000000600+000.000000000D+000.0000000000+000.0000000000+C00.0000000000+00
T0.8500000000+0450.850000000D+C40.8500C0000D+040.830C0000002+040.,.8350000000C+04
T0.8500000000+040.8500000C0D+040.C0000C0000D+000.0000000000+000.000000C000+00
T0.00000000CD+000.000000C00D+000.0000000000+000.0CC0CO000D+000.0000060000D+00
FO.0000000C00+00G.000000C00D+000.00Q0000000+000.00002C00004000,0000000000+C0
Y0.000000C00D+000.50C0C00000+000.87745200C0+000,.8387020000+000.,100000000D+01
TQ.8387020000+000.677403C00D+000,0000000000+000.000000000D+000.0000600000+00



T0.000000000D+000.000000000D+000.0000000000+000.000000000D+000.677403900D+00
T0.838702000D0+000.100000000D+010.8387020000+000.6774030000+000.0000000000D+00
T0.000000000D+0C0.00C00000CD+000.000000000D+000.0000000000+000.0000000C00+00
T0.Q00CGC00000D+000.6774030000+000.8387020000+000.1000C00005+010.8387020000+00
T0.677403000D+000.00000000CD+000.0000000000+000.000000000D+000.000000000D+00C
T0.00COC00OCOD+000.000000002D+000, 000000000D+000.677403000D+000.838702000D+0C0
TO.1000C0000D+010.8387020C00+000.677403000D+C00.0000000000+000.000000000D0+00
TO.C00CC0000D+000.0000000000+000.00000000CD+C00.000000C000D+000.0000000000+00
T0.6775030000+000.8387020C00+000.10000000CD+C10.838702000D+000.6774030000+00
T0.00000C000D+000.0060000000+000.000000000D+000.,00000C0000+000.000000000D+00
FO.0000000000+000.000000000D+000.000C00000D+C00.000000000D+000.0000000000+00
T0.0C0000000D0+900.6100000000+020.000000000D+000,0000000000+000.000000000D+00
Y0.00000C00C0D+00Q0.0000000000+000.0000000000+000.0000000000+000.0000000000+C0
T0.000000000D+000.000000000D+000.00000000CD+C00.610000000D+020.00000000C0+00
T0.000000000D+000.000000000D+000.000000000D+000.000000000D+000.00000C000D+00
T0.000000006D+000.000000CCOD+000.000000C000+000.C00000000D+000,000000000D+00
TC.6100000000+020.00000000CD+000.0000CQ0005+000.0C0000000D+000,0000000C0D+00
T0.000000000D+000.000000000D+000.002000C000+CG00.000000000D+080.0000000000+00
T0.0000C00COD+000.00CC00000D+000.6100000000+020,000000000D+000.00000C0000+00
T0.000Q00000D+0D0.00000000CD+000.000000000D+C00.0G0000000D+000.0000000000+00
T0.000000000D+000.000000000D+000.000000000D+0060.000000000D+000.869000000D+02
T0.0000000000+00C.000000000D+000C.000000000D+000.000000000D+000.0000000000+00
T¢.0000000000+000.0000000000D+000.00000000CD+C00.000000000604000.00000C000D+00
FO.0000000COD+000.00000CCO0D+000.0000000000+000.0000000060+000.0000000000+00
TO.10000000CD+010.1000000000+010.10006000000+010.100000000D40156.0020000000+00
TC.000000C000+000.000000000D+38C6.0000000000+000.0000000005+000.000000000D+00
FO.0000000000+000.000000G00D+000.0000G00000+000,0000C0000D+000., OOOGOOOOUD+OO
'£.9540000000+000.2500000000+000.5000000000+00
1111111 1100000000000 000D200000G00009806G60000
0.282100Cc00D~-£20.3810000C00~030.600000000D0-04
FO.0200000000+0C
10.6611400000+030. 66!14GOOOD+030 67575000 00+060.0000000000+00
10.6453642800+010,.56433642800+610.C0000000300+4000.000000000D400
20.6611399760+030.6611399760+030.457953351D+080.00000000CD+00
20.645364280D+010 ,.64353642800+010,944392050D0~030.9443520500-03
30.7090181949D+030.709018194D+030.440294810D+060.00C000000D+00
30.544028454D+010.6440284540+010.524381194D0-030.,6243811540~-03
40.7688165550+030 .76881698550+030.422317532D+060.0000000C0D+00
40.651813703D+010.6518137040+010.360111839D-030.36011.1639D-03
50.840812692D+030.8406128¢3D0+030.404311805D+060,0000600000+00
50.8662503C53D+010.6625030530+010.268282802D-030.,2682898020~03
60.9010463910+030.8010483910+030.3860787610+086C.6005000000+00
60.676132297D+010.687561322970+010.124816471D-030, 124316471003
70.849832204D+030 .945882204D+030.367828564D+060.000000000D+00
~ 70.683248670D+010.6882486700+010.257044809D~040.,2567044805D~04

.



80.5498821460+4030.949882146D+030.349355177D+060.,000000000D+00
80.698495222D+010.6984952220+01~,248258543D~-03-,2482585430~02
80.9498821350+030.949882135D+030.33141314G60+060.0000000000+00
80.6988537890+010.6883859783D0+01-.2917327070-04-,991732707D~0C4
100.949882148D+030.9498821480+030.3134740290+050.000000000D0+00
100.6980075330+010.693007538D0+01-.357622335D-04~.357622335D-04
110.9498821210+030.9498821210+030.29553649460+060.0000000G600+00Q
110.695063111D+010.6990631110+01-.8213268330~05~-.82132068830~05

© 120.949882121D+030.9493821210+030.2776000000+060.,0000000000+00

120.699078638D0+010.689078638D+010.000000000D+000.000000000D+00

130.661140000D+030.66114C0000+030.67575C000D+060.0000000000+00

130.64540352G60+010.645403526D0+010.0003000000+0C0.00C000000D+00
140,651139276D+030.661139978D+030.457944348D+060.000000020D+00

140.5454035250+010.6454035260+010.1340875920-020.134087592D-02

150.7090054300+030.7090054300+030.4402E66984D+060.0006000000D+00

150.64419387730+010.6441997730+010.9282518480~030.9238251843D0-03

160.7G8786303D+030.768786808D+030.422313640D+060.0000000000+00

160.65198384930+010.65189842930+010.5488213100-030.5488213100-03 .
170.840563281D+030.8405632810+030.4043090930+060.000000000D+00
170.662673574D+010 .6626725740+010.4274593150~030.4274593150-03
180.9C0987733D+030.500987733D+030.386077651D+050.,000000000D+00
180.676253771D0+010 .6762587710+010.215717403D~030.215717403D-03
190.949814287D+030.9458142E870+030.367828379D+050.000000C00D+00
190.6883249536D+010.688324985D0+010.945914321D0-040.9459143210-04
200.98498142770+030.949814277D+030.349357575D+060.0000000000+00
200.63984760070+010.6984760070+01~.3560414870~03~,.356041467D~03
210.9498142350+030.9498142850+030.331413255D+060.000000000D+00
210.6988120600+010.6988120600+01~.149952101D~03~.1499521010-03
220.€498143040+030 .8498143040+030.31347431G50+060.00000C0C0D+00
220.6989516890+010.693551889D+01~.597175017D-04~.5971750170~-04
230,9498142730+030.9498142790+030.2955365540+050.000000000D+00
230.56°920280570+010.6990280570+01~,1820373490~04~.182037343D~04
240.949814279D0+036C .3488142790+030.2776000000+060.00C000000D+00
240.69905358480+C10.6980538480+010.000C000C0D+000.0600C0C00D+00
250.661140000D+030.6611400000+030.5757500000+C60.0C00000008+00
250.6454178450+010.645417845D+010.0000000C0D+000.C000¢0000D+00
260.65611399760+030.6611399760+030.457935325D+060.000000000D+00
260.545417845D+010.6454178450+010.1559750870~020.1559790870-02
270.709007651D+4030.7090076510+030.4402812980+060.000000000D+00
270.6441626880+010 .64416096880+014.108493207D-020.,1084942070~02
280.768792581D+(30.7687929810+030.4223106280+080.0000600000+00
280.6519567610+010.6519587610+010.5388187860~030.638818788D-03
290.8405729810+030.8405722B10+030.404306936D+060.000000000D+00
290.562642196D+010.6626421660+010.5040137530-030.504012753D-03
360.901000145D+030.9010001450+030.3860766820+050.000000000D+00



245

00+000000000070004+0000000000° 040 +UVPBYSTSESS® 0410+QVBYSTSHSS 0TS
00+Q000000000°C20+0GE190ET TP " 0E040TLLGLITLYL 0C0+QTLLOLELY L 02S
CO+GCo000000C " C00+C0Q0000000°QL04+CELEIPEEPS® 0404CGBL51LFEBYS70LS
CO+Q00C0 00000 0504+30CBTLTOY Y 0E0+QSCEIVE669° 0EC+CSTIESPIB69701LS
Q0+G000000000°00C+30C00000C2 0 04+COBV0LEIVS " D10+Q0ELOLELIPS™COS
00+Q0000000CC " 000+0GLEITBLSY 0E0+(0LE66E L1499 0E0+0ALEBEL LIRS 008
QC+Q000000000°000+G000000000°0L0+COSYQLESIVPE" 010+T05P0LEIVS 06D
CO+GOCO0000G0 " CAC+C00008LELE 0E0+CGO00CYri 182" 0E0+Q0000P LT 06Y
Q0+C00QC00000°000+G0000C0000°Q10+AVICOB5858" 010+Cr 086369708
C0+CO0CT 00000 CB0+C000009LLE 0E0+0ILIPTSSFS " 0EO+GLELTTI6V6708Y
VO-QUSL83614E " ~00-GV ELEOSILE ~10+0LSTLL6B69 01L0+0LGTETGB6970LY
00+G000000000°000+QL839CG56T " 0C0+QLIEILTREPE" 0C0+CLEILTIELE " 0LY
PO~00922VOTIE " ~b0-C0GLCYOTLE =1 0+03iCIRTBBEY" 0L 0+ALZTIBTEBLEI 09D
C0+C000000000°090+00GLYLPELIE OEO+ATSLYEOBLG " 0EO+0CGIPEISEE 09
£0-Q098ZY IPLOZ -E0-A0CTY L 02 ~10+QZEHEYSB69 7 010+0CELGESSBEI 0SY
00+30000000007090+0C 320G P LEL 0L0+0BI68ESEPS ™ CCV+0563268596167 05y
€0~G1506E519V " ~€0~QL S0REGI QP ~10+C35EB9CE83° 01 0+08BEPBOEBE3 00D
00+00000000G0°030+0NL209CHFE QEQO+UVEBY LLEYE " OEQ+QLTEYLILEVS OVY
€0-COLBESLLLL 0E0~ACLBEGLLLLE0LO+QTZ0288EB83 010+020988T8B3°0EY
00+0000000000°080+409Z9LTBLOE"CECH+AGLIEGERSYB  CEO+AGLIEBEBGPE 0EY
£0~09CL9821P6C " 0E0-0DCL981IP5ET°0L0+055080C9L9° 010+CHP0E0TALOT0TY
00+Q000000000°0230+AY 165L098L"0C0+0888600106° 0EQ+GBEBE600106°02Y
£0~0LLEQOEGLS 0E0~CQLLEOOESLG CLO+QLLIBLLOZCO QIO+ I6LISC9 0Ly -
00+Q00000000C 020+CRECSOEY 0P 0L0+QYSS0BS0OL8 " 0E0+UFBS08500B 01Y
£0-0cBZSS032L°0E0-0EBZGS0STL 01 0+065EELB159" 010+U6GEETH1L59° 000
00+Q000000000°080+AZETEOETLY " 0CO+ULIEBLELBIL  OCO+ULEBLGLERL 00V
20-069189p¥ 2L 020-C6318IYPTL 0LO0+ALYPOL VPP 010+ALY PO IP DI 06E
C0+000000C000°090+05039.LZ0V b 0E0+CGGEES0060L " 0CO+AGBEEQ060L06€E
20-0vZOELBLL GTO~AYTBOEQ6LL LO+06P68CYSYY T 010+06VE8EVYGHF3°08E
00+3J000000000° 0904049 0BZELSY OC0+USLEGELL93" 0E0+J9LB6E1199708E
g0+C0CC000500°000+A000000000°010406PEBTPEYI " 010+0GYEBIYEYS°0LE
Q0+0C00000000"090+00C005LSLO 0L0+Q0000PLLIOT9" 0E0+C00007L199°0LE
00+0000000000°000+3000000000°010+00L8L50665° 010+Q0LELS0869°03¢E
Q0+C000008000°CO0+QC00009LLC OL0+0LLBLIBEYE " OCO+ULLBLEBEY6°08E
v0-Qon9LSrLeE ~v0-~d3801GYLTT ~10+0IC6LC0669° 010+0LTHIE0669°0GE
00+0000000000°090+3SZ99ESGHT 0CE0+QILBLTEEYE " 0EQ+0) LBLEBEYS5 0GE
v0-091CeVesiL " ~-r0~091EEPSBIL ~10+0723£96869° 010+0TCIEI6869°0VE
00+0000000000° 09040095 LYES IE 0C0+CI1I6LTEEHE6 " 00+ I5LZ8606°0VE
£0-0Q0LEBSLLL ~E0-0G0IEBSLLL ~10+0PZPC0EB6Y° 010+ TYS02869°0EE
00+0000000000°030+Ar LGP IV ILEE 0E0+QTSBLTBLGYG " 0E0+QTU6LTIBG6YE  0EE
£0-09659LL6IV ~E0-006G0LLG LY ~10+0BE6EHES69" 010+0CEBELPBEST0CE
Q0+000000C000 " 030+AL LEBSEEYE QC0+QYEQRTEEYE " 0EQ+APE0BTBEYVE - 0CE
E0~CO6VE615LEL"0E0-006P6LGLTE 010+066210E889 " 0L0+0C6CY0EBB89°01LE
00+3000000000°030+0966LTBLIC " 0CQ+UGLERTBEYS T DEQ+IBTEBTBEYE 0IE
€0-010925C9520€0-01002GCIST 0L0+CEPTOETILY " 010+GEPTOETCILI " 00E



T0.
10.

530.803998842D0+030.803998842D+030.404303690D+060.
530.569825826D+010 .56968858260+010.0000000000+000.
540.851601173D+030.8516011730+030.386075215D+060,
540.531428449D+010.581493449D4+010.CC0000020D+0CO,
550.8900217C5D+030.850031705D+030.367827221D+40850.
550.5208007380+010.53908007880+010.000000CC0D+000.
560.890031690D+030.890031650D+036.349361852D+060.
560.598279362D+010.598279362D+010.0000C00000+000.
+570.8900316940+030.890031694D0+030.331415520D+060.
570.59G65191130+010.5965191130+010.00006C0C0D+000.

580.8500316990+030.8900316990+030.3134743550+C60
580.535728576D+010.5957<956760+010.000000000D+000

600.8500

0000000000+00
00060 0000D+00
0005000000D-+00
000000060D+00
000000000D+00
00000 0000D+00
000000000D+00
0000000000+00
0000000000+00
000000000D+00 -

.000000000D+00
.000000000D+00
590.890031688D+030.69C031668D+030.2955367640+0650.
590.5953801750+010.5953801750+010.00000C0000+000.
31683D+030.8500316880+030.2776000000+060,

000000000D+00
0coCo000CD+0D
0o00000C00+00

B00.595241215D+010.5952412150+010.000000030C0+C00.0000000030+00
6511399760+030.651 135976D+030.6611393760+030.661139576D+030.6611399760+03

6611399750+030

1384934673+030.1193051370+040.,887162285D+C30.

.65% 139976D+030.

5611399760+030.17753928220+040.1699453580+04
13430+030.7395505180+03

monnn
(0Ll

7185453670+030.2264075250+040.2202262500+C20.1904080120+040.,1439685213D+04
9B96325600+030.8351443200+030.68071247830+030.7809242050+030.2702254020+404
2624964660+040.2350724600+040, 175835324D+040.11042231960+040,9202487470+03

can

2868405330+030
1650300750+040

1004390230+040
949882145D+030

. 9493882146D+0 39
.9493821350+030
.949832148D+030
. 9459823
.894983821210+030
.6611329762+030
.G611328760+030
. 148491 0470+0430

2148D+030

718531732D0+030
989601252D+030

.6556845570+030.
L112258557D+940.

.2238100930+040.216193092D+040.

.9817594010+030.
.9498821460+030.
.949882135D+030.
.949882135D+030.
.9498821480+030.
.9438321480+030.
.9498821210+030.
.66113%3760+030C.
-GG1133976D+030.
-1183032840+4C40.
.2294019580+040.
.8351125610+4030.

T0.2624903310+040.235084620D+040.
T0.888789671D+030.685563356950+030.2495072330+040.242043368D+040.215137401D0+04
T0.165020046D+040.112240299D+040.9681618770+030.940142441D+030.9140118620+03

T0.2237392260+0450.21€186303D+040. 192044307D+040.15345849080+040.1128383¢

2459155380+040.2420582560+040.2151479770+04
9G88224687D+020.9402051510+030.214074572D+403
1820561230+040.1534948560+040.,1128931540+04
060654249D+030,9498321460+030.94953214E0+03
0498821460+030.94943821460+030.9498521450+03
$49882135D+030.94a43821350+030.94948821350+03
G498821350+030.549082135D0+030.9498821480+03
9490821450+030.94203821430+030.849882148D+03
U488821210+030.9493821210+030.9498821210+03
949882121D+030,949382121D+030.94958821215+03
G611399760+630.6641399760+030.66113990760+03
G51139976D+020.177:899300+040.1699425690+04
g871483750+030,762267718D+030,7396366930+03
2202203550+040.190a017370+040.143960338D+04
807023425D0+030.738096283560+030.270219726D+04
1758263929D+040.$104518122D+040.920197885D+03

0+C4

¥0.100432175D+030.581690925D+030.3505857730+030.945814277D+030.6453142770+02
T0.6492142770+030.949814277D+030.3498142770+030.54963122770+030.9493142770+03
Y0,5493142770+030.0498142850+030.9496142385D+030.9458142850+030.945814285D+03
T0,5492142850+030.56498142350+030.,9498242850+030.9493142830+030.,949814304D0+43



T0.943814304D+030.949814304D+030.949814304D0+030.940314304D0+030.942812304D0+03
T0.8498143040+020.9498143040+030.949814279D+030,9498314279D+030.9415814279D+03
Y0.949814279D0+030.943814279D0+030.9498142790+(20.9483142790+030.9493142790+03
T0.6611399760+030.661135976D4030.6511339760+¢30.56611399760+030.661139976D0+03
TO.E611399760+030.661 139376GD+030.661139976D+030.1776504460+040.1699430530+04
T0.148321472D+040.119303609D+040.8871520066D0+030.7622701120+030.7396392880+03
TO.718534136D+030.22940308CD+040,2202215710+040.1904030220+C40.,1439613370+04
T0.989507666D+030.8351193660+030.807099849D+030.780969270D+030.270220841D0+04
T0.262491536D+040.235066159D0+040,1758281510+0450.1104191180+040.920207874D+03
T0.88357959659D+030.855643684D0+030.249808909D+040.,2420511610+040.2151395340+04
T0.1650220690+040.1122315610+040.668174625D+030.9401550389D+030.9140245100+03
T0.2236801488D0+040.2156189153D+040., 1920467680+040.1534869770+4040.1128877410+04
T0.1004336000+040.9817051780+030.960606C0270+030.9493828094D+030.9450328094D+03
T0.940828094D+030.845828C940+030.5498280540+020.9293280940+030.94953828034D+03
TC.248828094D+030.9498279620+030.9498279562D0+030.94982795620+030.9498279620+03
T0.9498279620+030,9408272620+030.9498279620+030.049827952D+030.8458279160+03
T0.949827016D+020.9458279160+030,9498278160+030.9493279150+030.949827916D+03
T0.9498279160+030.84982791580+030.949827371D+030.9490278710+4030.9428278710+03
T0.9498278710+030.349827671C+030.9498278710+030.9498278710+030.9458278710+03
T0.6611399780+020.661 1399760+030.6611399760+030.6511299760+030.65611399760+C3
T0.661132976D+020.66113%59760+030.681135976D+030.1776903420+040.1699434410+04
T0.1464318040+040.1193038G40+040.8871539340+030.7622719220+4030.73396411570+03
T0.7185360050+4030.2294039880+040.2202225180+040.1904040320+040.1439621210+04
T0.98G612704D+030.8351244310+030.8071048950+030.7609743160+030.2702217160+04
70.2624924820+040.235067368D+040.175829527D+040.110419500D+040.9202157120+03
T0.8865074870+030.85568515220+4030.2469102230+G40.2420525670+040.2151412080+04
T0.165023657D+040.112242552D+040, 2681845520+030.940165015D+030.9340344360+03
70.2 3803277D+040.216191012D+040.192048714D+040.15338361SD+030.1228888660+04
T0.1004347270+040.981716650D+030.9600611298D+030.9497148240+030.0487148240+03
T0.949714824D+030.949714524D+030.649714824D+030.9497148240+030.9497148240+03
T0.849714824D+030.8435G528963D+030.8496589680+(20.9296589680+0320.94965856380+0C3
T0.94965232680+030.9496589685D+030.9496589680+030.943458968D0+030.9496341520+03
T0.94568341520+030.8426341520+0302.,92496341520+030.9436G3415204030.94982341520+03
T0.9495347520+030.9496341520+030,949624131D0+030.94906241210+4+030.9496224121D+03
T0.94G66241310+030.5496241310+030.945624131D0+030.9490624131D+030.9496241310+C3
T0.65611393760+030.661139976D+030.6611399760+C30.651135976D+030.6611389760+03
13.6611369760+030,6611398760+030.6611398760+030.1754865580+040.1678237330+04
T0. 1466561790+040.1178977410+040.876B04866D+030.751511989D0+030.723281163D0+03
T0.7081760130+030.2252210538D+046,215821163D+040.1857748910+040.1404096330+04%
T0.9666391340+020.8121746980+030.7841551620+030.7530245830+030.2657531750+04
T0.257657755D+010.2288¢80810+040,1680768420+040.10558838780+040.8818190160+02
TC.8484105040+030.8172548290+030.2427507560+040.22439585300+040.2061644600+04
T0.1568735960+040.107947044D+040.6:171287270+030.88971071910+030.868287856120+03
T0.2135271690+040.2055870760+040. 1812424100+040.1446357340+040,1067770180+04
70.9431261330+030.92043953680+030.8953802170+030.8900316500+030.83003¢6280D+03



3

T0.8900316900+030.890031690D+030.890031690D+030.8900316900+030.8900316900+03
T0.890031690D+030.890031694D+030.8900316940+030.890031694D+030.8900316940+03
T0.890031694D+030.890031694D+030.890031694D+030.8900316940+030.8900316990+03
TO.89003169SD+030.850031559D0+030.890031693D0+030.830031699D+030.8900316990+03
T0.8900316990+030.890031699D0+030.8900316880+030.8900316880+030.890031688D+03
T0.8300316880+030.8300316880+030.,8900316880+030.8900316280+030.8900316880+03
T0.890031688D+030.890031688D+030.8900376838D+030.8900316850+030.890031688D+03
F . .
TO.B661139976D+030.661 139976D+030.699646325D+030.747216772D+030.8039988420+03
TO.B51601173D+030.8900317050+030.8900316800+030.890031694D+030.89003169590+03
70.8900316880+030.850031588D+030.890031690D+030.890031694D+030.890031€930+03
F .
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flow map at time = 1.5007 sec.

number of time steps = ‘ 162
number of jterations = 770
time step size = 0.1454D-02 sec.

inlet mass flow rate = 0.2682570+01 hkg/sec {nlet onthalpy flow =~ 0.234219D0+07 watt
outlet mass fiow rate = 0.914200D+01 kg/sec outlet enthalpy flow = 0.1310790+08 watt
total heat transfered = 0.272580D+07 watt

channal number 1

iz B vold v t1 tsat twall uvz ulz - uvr uir .

(bar) ' wmmwmmwe—{ Jogree celsiug)mem———— . (m/sec) {m/sec) {m/sec) - {m/sec;
12 1.8720 0.0%0782 851,598 851.558 1005.330 845.091 3.43381 3.37281 0.00000 o.cogfo
11 1.8492 0,030783 851.558 £51.598 957,036 849.09% 3.80309 3.52908 0.01375 0.0137
10 1.9053 0.120591 §77.58¢ 877.S79 956.123 §76.620  10.80335 8.29518  =0.04234  =0.04234
g 2.0838 0.778999 897.775 857.773 967.46% 895.309 24.55758 8.75392 -0,80572 -0.72020
8 2.2962 0.983274 980.388 980.388 980.0356 925.166 34.95135 5.32153 0.97598 0.23945
7 2.3966. 0.9397B0 ©87.087 987.087 985.655 $070.378 3.46065 0.50722 0.40586 0.40327
& 2.4354 0.010680 989.274 989.274 987.774 ©97.784 0.85252 0.83565 C.06171 O-QG?rO.
5 2.4638 0.000000 886.795 886.795 989.308 £98.459 0.89817 0.89817 0.,00957 0.C0957
4 2.4990 0.00000C 717.602 . 717.602 991.196 725.899 0.86429 0.86429 0.06200 0.0029
3 2.5366 0.000000 559,583 559.583 993.184 567,597 0.81454 0.81454 0.00031 0.CC031
2 2.5758 0.000000 388.000 388.090 99%5.231 388.000 6.81165 ¢.81165 -G.00020 -0.00020
1 2.6471 0.000000 388.000 388.000 1138.947 388.000 0.81165 0.81165 0.00000 0.o0CCQ

channel number 2

iz p void v t tsat twall uvz utz uvr ule

(bar) ~o—meese—{degree celsiys)emerm-—— (m/sec) (m/sec) {m/sec) (m/sec)
12 1.8722 0.013694 . 850.518 B850.618 1005.330 848.367 3.37639 3.30393 0.0000¢ 0.00C00
11 1.9180 0.913694 850.618 B50.618 . $56.9556 848.367 3.67583 3.82623 0.00991 0.00920
10 1.9052 0.181033 B75.160 875.158 956.112 874.532  12.36248 8.03308 -0.17664 -0.17538
9 2.1451 0.990050 963.998 963.999 971.209 888.852 41.74311 6.83830 1,28744 1.21714
8 2.2468 0.942923 ©74.842 974.842  977.205 $24.135 28.65856 §.20831 0.17670 0.16872
7 2.3659 0.941946 = 9©85.34!% 985,341 583.657 1056.445 T7.71611 0.77429 0.91289 o.egz;?
& 2.4288 0.000272 $85.840 965.940 OE7.414 994.873 0.98653 0.98567 0,05649 0.05849
5 2.4630 0.000000 885.85G6 ©885.686 ©89.268 §97.504 0.93448 0.93446 0.00790 - 0.007¢0
4 2.4989 0.000000 717.325  717.325 881.187 726.660 0.87301 0.8730% 0.00144 .00144
3 2.5366 0.000000 555.447 559.447 993.$83 567.473 0.81773 0.81773 0.00015 0.0VO;S
2 2.5758 0.000000 383.006 288.000 995.233 388.000 0.81128 ¢.81125 ~0.,00050 =0.,00050

06T
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f{z

12
11

2.6471¢

p
(bar)

1.8720
1.9174
1.9146
2.1012
2.2408
2.3347
2.4283
-2.4627
2.4588
2.5366
2.5758
2.6471%

p
{bar)

1.8720
1.8169
1.819%9
2.0887
2,238
‘2.3097
2.425%0
2.4626
2.4588
2.5366
2.5758
2.6471

p
{bar}

1.8728
1.9168

0.000000

void

0.008569
0.008960
0.103637
0.825045
0.983656
0.937245
0.000089

0.000000
0.000000°

0.0006000

0.000000.

0.000000

void

0.002559
0.00285¢9
0.021862
6.164075
0.587239
0.9319¢8
0.000007
0.000000
0.000000
0.000000
0.000000
0.C0000C0

void

0.000327
0.000327

388.000 388.000 1138.947 388.000
channel numbgn 3

tv t1 tsat Ctwatl
mmmemen=-(degree celsiug)mw——w==—-

850.006 - 850.006 . 1005.330 ©847.885
850.0086 850.006 956.916 847.885
871.035 871.034 956.734 g71.663
889.776 889.775 968.551 00G.600
§77.425 977.4256 976.855  924.390
983.685 $83.685 982.215 $047.662
984.672 984.672 987.277 993.807
885.371 §85.371 289.251 897.267
717.242 717.242 991.183  726.593
£59.346 659,346 §93.182 567.384
388.000 388.000 995,234 388.000
388.000 388.000 1138.947 388.000

channel numbenr 4

tv tr tsat twall
«.----—---.—( degr\ee ce 1 s i US)......-----

843.195 843.195 1005.330 842.154
843.135 §43.185 956.883 842.154
£590.868 850.868 957.078 854.831
850.842 850.840 967.783 848.647
576.981 $76.98% 976,449 918.343
984,770 g8%.770 980,801 1048.771
£83.910 983.910 987.207 993.180
885.240 885.249 989.243 897.164
717.213 717.213 991,182 726.570
£59.321 559.321 ©93.182 567.360
388.000 388.000 995.23€ 388.000
388.000 388.000 1138.947 388.000

channel number S

tv Ct tsat twall

0.81125

uvz
(m/sec)

3.31343
3.71564
9.99655
22.08457
34.67865
4.36154
1.05234
0.94554
6.87624
6.82035
0.81083
©.81083

- UvZ
{m/sec)

3.07388°

3.16124
7.19584
$1.37246
32.79285
&,75434
1.09089
0.95099
0.87750
0.82085
0.81020
0.8102¢

tcan

~{docreo celzius)

713.043 713.042 1005,320 705.701%
713.043 713,043 858.861 709.70¢

713.043
713.043

0.81125

ulz
(m/sec)

3.26321
3.73243
7.42375
7.60331
5.82414
1.16028
1.05201
0.84564

0.87624

0.82035

0.81083

0.81083

ulz
{m/sec)

3.05353

3.15590
6.58415
8.19370
5.62849
1.59874
1.0%8087
0.95099
0.87760
©.82085
0.81020
0.81020

uvz
{m/sec)

2.29313
1.75293

0.00000

uvnr
{m/sec)

0.000C0
2.0151¢
-0,16207
0.54027
0,72068
1.11469
Q,04€85
0,00587
G.00104
0.000C8
-0.00073
0.00000

uve
{m/sec)

0.00000

6.014783
-0,05237
-0.03159

§.459814

1.00805

0.02652

0.00315

0.00058
=0.0000¢
-0.,00088

0.00000

ulz
{m/sec)

2.291867
1.758221%

0.00000

0.C01C4
0.CC003
~0.00073
0.C028C0

ulr
{m/sec)

0.00000
0.0147E
~0.05237
~0.031%0
1.408462
1.00252
0.026%2
0.0C315
0.0C058
-0.00C01
~-0Q.00028

0.00C00

16¢
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1.92114
2.0910
2.2099
2.2842
2.4244
2,4625
2.4988
2.53686
2.5759
2.6471

0.002g28
0.029919
0.328978
0.215748
0.000000
0.000000
0.000000
0.000000
0.000000
¢.000000

741.112
803.379
856.129
862.126
783.632
710.987
§03.494
488.709
388.000
388.000

741,112
803.879
855.136
862.123
783.632
710.987
603.494

T 489.709

388.000
388.000

957.157
267.923

975.053

879.923
987.179
989.240
ggt.161¢
993.182
995.238
1138.947

735.525
785.314
846.926
867.617
793.138
724.489
614.38%
508.341
308.000

 388.000

741.112
803.879
856.136

. B41.491

767.650
700.308
£985.840
494.512
388.000
388.000

4.04090
8.19941
6.59102
2.56718
0.86239
0.71430
0.66470
0.63937
0.67691
0.67691

3.87783
7.51813
5.76549
1.85150
0.86239
0.71430
0.86470
0.63937
0.67691
0.6769%



fiow map at time = 2.0013 sec.

number of time steps = 2695
number of tterations = 1138
time step size = 0.3378D-02 sec.

intet mass flow rate = =,271222D+01 kg/sec
outlet mass flow rate = 0,.754283D+01 kg/sec
total heat transfered = =.562540D+06 watt

channel number

intet enthalpy flow = =~,2482360+07 watt
outlet enthalpy flow = 0.1090990+08 watt

1

iz & void T tv t tsat twall
{(par) cemeamees{degree celsiug)emem————
12 1.8720 0.303258 861.964 861.9863  1005.330 860.980
11 1.5383 0.303258 861.984 861.963 925.841 860.980
10 -1.8744 0.994372 945.344 $45.344 554,065 884.862
] 1.8967 0.970861 956.143 8958.144 655,553 86%.346
8 1.9247 0.97308% 858,142 358.142 957.3%4 918.024
7 1.8402 0.971530 959.403 959.403 958.410 1102.302
. 8 '1.9438 0.877325 859.852% 85¢.525 958.64% 1055.607
) 1.9863 0.275728 551.461 961 .461 g961.380 65,323
4 2.1552 0.003745% £06.048 206.046 571.812 603.191%
3 2.3318 0.000153 £37.440 &37.440 982.050 534,452
2 2.5118 0.000005 424,457 {434,457 851.872 £17.601
1 2.647v 0.000000 388.000 '388.000 1138.847 417.601%

chanriel numbor 2

{2 o] void tv t1 tsat twall
{bar) T mmmmeseee{degree celsiug)me——m- -
12 1.8726 0.267247 B85%.178  §55.177 1005.330 859.008
t1 1.5528 0.267247 855,176 859.177 930.932 859.009
10 1.8534 0.983174 914.524 944.524 S5%.8657 383,012
S 1.8781 0.961546 954,645 854 .645 954.318 878.283
e 1.91087 - 0.8684696 957.154 257.164 §956.473 ©23.430
7 1.9230¢ 0.273085% S58.282 953.282 957.287 $493.1€0
5 1.9263 0.98033% 958.40% §958.405% 957.487 $0485.437
S 1.9771 0.120750 a50.833 980,883 960,737 Q84,2214
4 2.1552 - 06.,003012 302.565 833.565 971.80% 801,283
3 2.3316 6.000176 538.337 638,337 982.037 533.€63
2 2.91¢8 0.000005 424.03% 424.035 $91.876 4£17.296

uvz
{(m/sec)

C.51501%
15.50110
27.85684
22.69634
16.03301

6.95722

1.96098
-0.53808
~0.898Q7
~0.88206
-0.84238
~0.,84238

uvz
{m/sec}

- 2.07273
15.03800
27.192886
21.72918
13.99242
G.96458
€.78303
=0 ,35509
~3.B84814
-3 .86065
-0.64150

ulz
{m/sec)

3.07887
§.88634
3.5:727
3.38400
2.50611
1.05196
-2.71013
~1.36656
~0.24945
~0.88490
~0.84243
~0.8B4243

ulz
{m/sec)

3.82092
9.07103
3.4253%
3.35%560
2.38723
1.07855
=2.064147
-1.16214
-0.,8938%
-3.86327
-G.84154

_ouvr
{m/sec}

c.00C00C
-0.14508
1.07253
0.32808
0.27615
0,33247
0.37385
g.12127
0,00318
6.00252
-~0.00068
0.,00000

QVP
{m/sec)

0.00000
-0.,25991
1.60127
¢.433385
0.42054
0.56712
0.77521¢
~0,06259
¢.C0015
S 0.084200
-0,00216

ulr
{m/3e2C}
0.00CCC
~-0.16462
1.05714

2135

2
5
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iz

12
11

2.6471

o
{bar)

1.8720
t.5650
1.8382
1.8646
1.8976
1.90886
1.9089
1.9822

2.1553°

2.3315
2.5120
2.647%

p
{bar)

{1.8720
1.575%
1.7882
1.6619
t.8882
1.898t1
1.8962
1.9827
2.1853
2.3314
2.512%
2.8471

p
{bapr)

1.8720

1.5793

0.000000

void

0.194987
0.194987
0.992186
0.952474
0.855072
0.972566
0.981059
0.235475
0.002785
0.000164
0.000004
0.000000

void

0.057287
0.057287
0.464318
$.952944
0.875778
0.973212
0.983523
0.091832
0.002370
0.0001 31
0.000003
0.000000

void

0.003825
0.603825

388.000

847.012
847.012
8937.570
953.507
955.987
957.333
g57.346
961.237
802.564
635.795
423.787
388.000

v

388.000 1138.947 417.296
channel rumber '3

1 tsat twall

——--(degree celsius)=ee=====

- 847.011 . 1005.330 849.999

847.01¢ 931.873 §49.999
937.571 S51.627 873.235
953.507 953.433 B75.425
955.987 855.609 $29.787
857.333 956.34C 1083.821
957.346 958.360 1046.766
961.237 ° 961.115 965.307
802.564 971.816 §00.549
635.795 $82.032 §33.262
423.787 $91.883 417.115
388,000 1138.947 417.115

channel number . 4

t) tsat twall

wemmmmne—(degree celsiug)esm—mme=

826.273
825.273
845.903
835.220
927.424
956.G609
956.620
$48.708
801.584
835.521
423.420
388.000

tv

826.273 1005.330 830.661
828.273 632.71% 830.661
845.859 $48.20% 841.528
835.219 953.233 860.605
827.424 654.991 g926.111
956.609 955.648 1074.430
8956.620 955.518 1045.606
248.708 961.145 957.131
801.594 971.822 799.919
635.521 882.028 §33.080
423.420 $91.890 £16.859
388.000 1138.947 416.859

channel numbsre 5

1 tsat .otwall

763.69%
763.699

-0.84150C

uvz
(m/sec)

1.93011
13.82187
31.75979
19.54338
10.60926

2.22223

1.842864
~0.35914
~0.813883
-0.84754
-C.84187
-0.84167

uvz
{m/sec)

2.56785
§.94701
9.54023
11.26089
7.08710
-2.40832
~0.37324
-0.58589
~0.80536
-0 .84035
-G .84098
-0.840%8

tcan

{degree colsius)

763.699 1005.330 783.066
763.699 832.972 753.066

763.699
763.€659

=0.84154

ulz
{m/sec)

3.94404
8.91571
3.99577
3.28950
2.26209
0.93558
~-2.38606
-1.06574
-0.86247
~0.84897
-0.84170
-0.84170

ulz
{m/sec)

3.32214

8.60545
5.16638
3.5106¢9
2.663816
0.77884
-2.258686
~-0.98588
~0.84113
-0.84221
-0.84100
-0.84100

uvz
{m/sec)

$.16509
8.99345

0.00000

uvr
{m/sec)

0.00000

-+ 3,29808

2.07276
0.14674
0.42229
0.63869
0.95529
0.92240

~0.00133
0.00135

~0.00321
0.00¢00

uvnr
{(m/sec)

0.0000¢
-0.14279
0.03636
C.24238
0.16310
0.64798
1.18517
~-0.01629
~0.00068
0,00045
-0.,00438
0.00000

ulz
{m/sec)

1.25295
6.85619

0.00000

ulr
(m/sec)

0.00000
-0.227¢
1.95726
14020
.402285
. 50224
05163
02241
~0.00133
0.00138
-0.00321
0.00000

QOC Q00

uilr
(m/sec)

0.C0000
-0.14277
0.03632
0.238C89
0.16226
0.6137
1.173879
-0.01628
~0.,00068
0.00045
~0.00438
©0.0C000

3=

v
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1.7879
1.8577
1.8855
1.8880
1.87686
1.8834
2.15854
2.3314
2.5122
2.6471

0.0204860
0.105617
0.083630
0.308404
0.318565
0.007083
0.000247
0.000007
0.000000
0.000000

§23.341
859.689
877.018
892.240
847.592
750.548
634.591

526.730 .

400.187
388.000

823.341
859.6868
877.017

892.239 .

847.590
750.548
634.590
526.75C
400.197
388.000

948,180
952.946
954.806
954.977
954,213
961.195
971.823
982.029
991.897
1135.947

g16.611
853.058
872.255
859.516
$56.880
760.944
643.339
$33.441
399.065
399.065

823.341
859.688
877.017
879.397
815.256
727.796
618.204

513.420 -

394.352

394.352

6.65369
5.871€5
4.81453
1.421585
-1.69625
~0.84139
~0.82661
~0.81987
~0.616086
-0.61608

6.37594
5.69386
4.76605
1.66511
-2.11925
-0.88960
-0.82885
-0.81982
-0.616086
-0.61608
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COMPILATION LISTING OF NATOF (>user_dir_dir>B0IL>Granziera>NATOF.fortran)

Compiled by: Multics Néw Fortran Compiler, Release 6

A ]

Compiled ont: 04/29/30 1304.9 edt Tue
Options: table card relocatable map

10

Main Program
MAIN PROGRAM

THE MAIN PROGRAM HAS THE ONLY FUNCTION OF ALOCATING
- POSITIONS IN THE MEMORY FOR THE VARIABLES.

THE COMAND 'DIMENSION ORBI(XXXX)' ALOCATES MEMORY FOR
ALL THE VARIABLES.FOR EACH PROBLEM, THE USER SHOULD
SUPLY ITS DIMENSION,WHICH VALUE 1S CALCULAYED AS :

XXXX = (131 + 2%(NCF + NCLD))*NI*NJ
WITH ¢
N! = NUMBER OF AXIAL MESH POINTS

NuJ = NUMBER OF RADIAL MESH POINTS-

IMPLICIT REAL*8 (A-H,0-Z)

DIMENSION ORBI(12000)
NORBI = 12000

DO 10 IT = 1,NORBI
ORBI(I1I) = 0.00

CALL HEAD{ORBI NORBI)
sYQP

END



Block Data‘

BLOCK DATA

COMMON /NUMBER/ ZERO,ONE,BIG,SMALL

REAL*8 ZER0/0.DO/,ONE/1.D0/,B1G/1.D+07/,SMALL/1.D-08/
END



OO0 00000

Subroutine head

SUBROUTINE HEAD({ORBI,NORBI)

IMPLICIT REAL¥8 (A-H,0-2Z)

COMMON /BCX/ ULO '

COMMON /NUMBER/ ZERQ,ONE,BIG,SMALL

COMMON /ERROR/ IERR

COMMON /RHEA/ TSET(40),TSHSETY(40),DTMAX,DTM1

COMMON /REA/ NN,NP,NB,NW,NTR,NPIN,NPM1,NSET(40) ,NSHSET{40) °
COMMON /D1I#/ DZ(40),0Z1(40),DR0(40),0R1{40),DR2{40),0DR3(40),
- DRA(40) NI NJ,NIMT, NIM2,NUMT NNI,NNJ,NNJU
COMMON /CNTRL/ EPSY,EPS2,RES,IT1,172,173,ITM1,ITMZ, IGAUSS
CQMMON /TEMPO/ TIME,DT,DTG,DTLS,NDY

COMMON /PNTR1/ K{(100),M(100)

DIMENSION ORBI{NDRBI)

THE MATRIX M CONTAINS POINTERS TG THE MATRIX ORBI
WHICH CORRESPOND TO THE FIRST ELEMENT OF THE VARIABLE
DIMENSIONED ARAYS IN THE FOLLOWING EQUIVALENCE @

P ' M( 2)

M{ 1) = = PO

M{ 3) = TV M{ 4) = TVO

M{ 5) = TL M{ &} = TLO

M{ 7) = ALFAR M{ 8) = ALFAD

M{ 9) = ALFAZ -~ 1A(10) = ALFAR
M(11) = RHOV . M(12) = RHOL
M(13) = RHCOVZ M(14) = RROLZ
M{15} = RHOVR M(16) = RHOLR
M{17) = HV M(18) = HL
M(19) = HVZ M(20) = HLZ
M{21) = HVR M(22) = HLR
M{23) = UVZN - (241 = ULIN
M(25) = UVRN M(28) = ULRN
M(27) = UVZO M{28) = ULZD
M{28) = UVRO M{30) = ULRD
M(31) = UVRZ M(32) = ULRZ
M(33) = UVZR M(34) = uLZR
M(35) = FUVZN M(36) = FULZN
M{37) = FUVRN M{38) = FULRN
M{28) = W(K{ 1)) {80} = W{X{ 2})
M(41) = W{K{ 3)) M{42) = W(K( 4))
M(43) = W{K{ B)) M{44) = W{(K( 8))
M{4B) = W(¥{ 7)) - M{48) = W{K{ 8))
M(47) = W{K{ 9)) M(48) = W(K(10))
M(49) = W{K{11)) M(50) = W{K(12)}
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121
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133 .

134
135
136
137
138
139
140
141
142

143

144
145

164

aOoOn

103

104

#* K X *®

CALL READZ(ORBI(M{1)),0RBI(M(3)),0RBI(M(5)),0RBI(M(7)),
ORBI(M(23)),0RBI(M(24)),0RBI(M(25)),0RBI{M(26)),
DRBI(M(63)),0RBI(M{65)),0RBI (M{6G) )y ORBI(M(B0)),
ORBI(M(81)),TINIT ORBI(M(68)),0RBI{M(50)),0RBI(M(91)),
NP,NTR,NPIN,NPM1, NN,NCAN)

DC 104 KO = 1,NN

KL = KO - 1

DO 103 L = 1,67

K(L) = M{L) + KL

ORBI(K{67)) = SAT(ORBI(K(1)))
ORBI(K(2)) = ORBI(K(1})
ORBI (K(4)) = CRBI(K(3))

ORBI{K(B)) = ORBI{K(5))
ORBI(X(8)) = ORBI{K(7))
DRBI (K(30)}}) = ORBI(K{26))
ORBI (K(27}} = ORBI(K(23))
ORBI{K{28)) = ORBI{K(24))
ORBI (K{29)) = CRBI{K{25)}
CONT INUE

NPRI = 0

TPRI = TINIT + TSET(1)

TSHPRI = TINIT + TSHSET{1)

LSH = 1

L= 1

NTS = 0

NIT = ©

TIME = TINIT
LPRI = 0
LSHPRI = ¢
CONT INUE

NOT = O

112 = 0

CALL TMSTEP(ORBI ,NORBI,
NN,NP,NB,NW,NTR, NPIN,NPMY  NCAN)

NIY
NTS

NIT « IT3
NTS + 1

[ 1}

1F(I1ERR.NE.O) GO TO 7
IF(TIME.LY.TPRL) GO TO 1
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210

212
213
214
215
218
217
218
219
220

221 .

222
223
224
225
226
227
228
229
. 230
231
232
233
234
235
236
237
238
239

220 |

241
242
243
244
24

246
247
248
249
250
251
252
253
254

Lo
[ 2
oo oK & 0ou R

=

3

AA*RV2UVXDRA(J)

(ONE = AA)*RL*UL¥DR4( V)
EV 4 PP/RV

EL + PP/RL

[}

EMI + FMVJ + FMLUJ
FHI + FMVUsHV + FMLJ*HL

ORBI (M(3)+KE=1)
ORBI(M(5)+KE=1)
ORBI{M(1)+KE=1)
ORBI(M(7)+KE=2)
ORBI(M{23)+KE=-1)
ORBI(M(24)+KE~1)
ORBI(M{11)+KE=1)
ORBI (M(12)+KE=1)
ORBI(M(17)+KE=1)
ORBI (M{18)+KE=~1)

FMVY = AAXRV¥UVXDR4{J) .
FMLY = (ONE = AA)+RL*UL¥DR4(J)

HY =
HL =

FME
FHE

DQ
Kp
KO
QT

1]

non

EV. + PP/RV
EL + PP/RL

FME + FMVY + FMLY
FHE 4 FMVJ¥HV + FMLJ»HL

I = 1, NIM2

KP + 1

(d=1)*NI + 1

QT + DRBI(M(85)+XP=1)+ORBI(M(65)Y+KD)*DZ(I+1)sDRA()

CONT INUE

WRITE(6,200) TIME

WRITE(S,201) NTS,NIT,DT
WRITE(S,202) FMI,FHI,FME,FHE,QY
BO 10 J = 1,NuMt

WRITE(G,203) J
WRITE(6,204)

OC 10 I = 1,NI

R =

NI - I 4%

KO = (J=1)¥NI + KI
KP = KO = 2%J + 1

£9¢



255
2586
257
258
259
260
261
262
263
264
265
266

267

268

269
279
274
272
273
274
275
275
277

283
264

290

297
298
299

c

IF(KI.EQ.1) KP
IF(KI.EQ.NI)KP

KPP + 1
KP = 1

Hou

PP = ORBI{M{1)})+K0-1)}/1.D+05

TVP = ORBI(M(3)+KO~1) = 273.14
TLP = ORBI(M(5)+KO=1) = 273.14
TSP = ORBI(M(67)+K0-1) = 273,14
TWP = ORBI(M(68}+KP~1) = 273.14
AP = ORBI(M(7)+K3-1)

UVZ = ORBI(M{23)+K0-1)

ULZ = ORBI(M{24)+KO=1)

UVR = ORBI(M(25)+K0=1)

ULR = ORBI{M(26)+KO=1}

WRITE(E,205) KI,PP,AP,TVP,TLP,TSP,TWP,
® UvZ ,ULZ,UVR,ULR
10 CONTINUE

J = NJ

WRITE(6,203) d
WRITE(6,206)

DO 11 I = 1,NI
KI = NI = Y +1

¥0 = (J=1)*NI + KI

KP = KO = 2%d + 1
IF(KI.EQ.1} KP = KP + 1
IF(KL1.EQ.NI)KP = KP = 1

PP = ORBI(M(1)+KO=1)/1.0+0S

TVP = QRBI(M{3}+KO=1) =~ 273.14
TLP = ORBI{M(S)+KO~1) = 272.14
TSP = DRBI{M{B7)+KO=1) = 273.14
TWP = ORBI(M(BB)+KP=1} = 273.14
TCP = ORBI(M(91)+KI=1) = 273.14
AP = ORBI(M{7)+KO-1)

UVZ = ORBI{(M{23)+K0~1)

ULZ = ORBI(M{24}+KO-1)

WRITE(6,207) KI,PR,AP,TVP,TLP,TSP,TWP,TCP,
% uvz,utz
11 CONT INUE

IF{15RR.MNE.O) GO 7D 8



300
301
302
303
304
305
‘306
307
308
309
310
311
312

Le X e
A

314
315
3186
317
.318
318
220
321
322

GO T0 2
206 FORMAT(1X,'12%,5X,'P',10X,'VOID®,7X, ' TV} ,BX, ' TL',7X, *TSAT',

* 5X, 'TWALL',7X, 'TCAN', 6X,'UVZ', 09X, 'ULZ'/
* €X, ' (BAR) ', 18X, ‘=~ i (DEGREE CELSIUS)',
% b s s e e e e o e e e '-2(SX,'(M/SEC)')/)

207 FORMAT(1X,12,2X,79.4,2X,F8.6,5{2X,F8.3),2(2X,F10.5))
200 FORMAT{1H1,1CX, ' FLOW MAP AT TIME = ',Fi0.4,' SEC.'/)

201 FORMAT(1X, 'NUMBER OF TIME STEPS = *,110/
® 1X, "NUMBER OF ITERATIONS = ',I110/
* 1X,'TIME STERP SIZE = 'D10.4,' SEC.'/)

202 FORMAT(1X,'INLEY MASS FLOW RAYE = ',D12.6,' KG/SEC!',
* 6X, 'INLET ENTHALPY FLOW = ‘,012.6,' WATT'/
* 1X,'CUTLEY MASS FLOW RATE = ',D12.6,' KG/SEC',
* 6X, 'CUTLET ENTHALPY FLOW = *,Di2.6,' WATT'/
* 1X,'TOYAL HEAT TRANSFERED = *,D12.8,' WATT/)

203 FORMAT{1HO,40X, 'CHANNEL NUMBER ',1S5/)
204 FORMAT({1X,'IZ',S5X,'P', 10X, 'VOID’, 7%, TV ,8X, ' TL',7X, 'TSAT',

* SR, STWALLY,7X, 'UVZ,9X, 'ULZ! 90X, 'UYR' ,9X, *ULR "/
* - - BX,'(BAR) !, 19X, =~ ~—=~(DEGREE CELSIUS)~=—wwm=w=t,
* 4(5X, {M/SECY') /)

205 FORMAT(1X,12,2X,F9.4,2X,F8.6,4(2X,F8.3),4(2X,F10.5))

END



323
324
325%
3286
327
328
329
330
331
332
333
334 €
335
336
337
338
339
340
341
342
343
324
345
3486
347
348
349
350
351
352
353
354
355 €
356 C
357
358
359
360
351
362
363
364

365 ¢

o~

Subroutine readt

SUBROUTINE READ1 e

IMPLICIT REAL*8 (A-H,0-2)

COMMON /RHEA/ TSET(40) TSHSET(dO) DTYMAX, DTM1

COMMON /REA/ NN,NP,NB NW,NTR,NPIN,NOMY NSET(40).NSHSET(40)
COMMON /01M/ 02(40).DZ1(40),DRO(40).DR1(40).DR2(40).DR3(4Q).
* DR4(40) NI NU,NIMI NIM2,NUMT NNI, NNJ,NNJY
COMMON /GRVTY/ GZ,GR

COMMON /JCNTRL/ EPS1 EPS2,RES,1T1,172,173,1TM1,1TM2, 1GAUSS
COMMON /GAUSS/ NZ,NR,NZM1 .

COMMON /TEMPO/ -TIME,DT.DTQ,DTLS,NDY

CCMMON /ICONST/ NCF,NCC,NG

- READ(5,118) NI, NJ,NCF,NCLD
IRITE{7,118)NI,NJ,NCF,NCLD
NN = NI#*NJ

NP = (NI ~ 2)sNJ
NB =, 21%NN
= 24%NN
NNJ = NN ~ NI
NNJJ = NNJ = NI
NNI = NN - NJ
= NJ
NZ = NI - 2
O NZMY = NZ - 1§
NG = NCF + 1
NCC = NG + 1
NPIN = NCC + NCLD
= NPIN =
NTR = NPINsNP

L =1

1 CONTINUE
READ(S5,121) NBET(L},TSET(L).
WRITE(7,121)INSET{L},TSET(L)
L= L+ 1
IF{L.GY.50) GO TO 2
IF(NSET(L~1)) 2,2,1%

2 CONTINUE

sl

99¢



366
367
368
369
370
371
372
373
374
375
376
377
378

379 -

380

it8
119
120
121

GZ = 9.80865
GR = 0.00

READ(5,119) ITMt1,IGAUSS,DTMAX,EPSY,EPS2
WRITE(7,119)ITM1,IGAUSS,DTMAX EPST,EPS2
DT = DTMAX

1TM2 = 1TM1 -
FORMAT(41S)
FORMAT(2110,3D15.9)
FORMAT(2015.9)
FORMAT(15,015.9)
RETURN

END



381
382
383
384
385
386
.387
3es8
389
380
391
352
363

394 .

395
396
397
358
399
400
401
402

. 403

404
405
406
407
ang
409
410

411
412
413
414
415
416
417
418
419
420
421
422
423

SUBROU
&

*
IMPLIC
LOGICA
COMMON
COMMON

& % R ¥ %

COMMON
COMMON

Lo

COMMON
CONMON
COMMON
COMMON
COMMON
CONMMON
COMMCN
COMMON
COMMON
DIMENS

DIMENSI

Fa0
FA1
FA2
FA3
FBC
FB1
FB2

g 4 ow o Houn

CAQ
CA1
ca2
CA3
Ceo
<t

L HoH oHoN

. Subroutine ‘read2

TINE READ2(P,TV,TL,ALFA,UVZ,ULZ,UVR, ULR DH, DV,
QSI,TR,DTR, TINIT,TW,SPPD, TCAN
NP,NTR, npzn NPM1 ,NN,NCAN)

IT REAL*S (A—H,O-Z)

L LP,LDATA,LSS

/NUMBER/ ZERO,ONE,BIG,SMALL

/BCOND/ TB(51),PNB1(51),PNB2(51), PNB3(51),0MP(51),
PNT1{51),PNT2(51),PNT3(51),0MT(51),ALB1(51),
ALB2(51),ALB2{51),04A(54),TVB1(51),TVB2(51),
TVB3(51) . OMV(51),TLB1(51),TLB2(51),TLB3(51),
OML{51) HNW1(51) ,HNW2(51) ,HNW3(51),CMH(51),
LMAX,LP(51)

/PSHAPE/ SHAPE(100)

/DIM/ DZ{40),021(40),DRO{40),DR1(40),DR2(40),0R3{40),

DRA (40 NI, NJ,NIMt /NIM2 ,NJMT,NNI, NNJ,NNJJ

/PINO/ RODR{20),VP(20),VM{20),RADR,PPP(20)

/GCONST/ DIL,RADFU,RAOCL

/CCONST/ CAO,CA1,CA2,CA3,CBO,CBY,CB2,CB3

/FCONSY/ FAQ,FAt,FA2,FA3,FB0,FBY,FB2,AD,APU,LPLNM(40)

JICONST/ NCF,NCC,NG

/BD/ D4,POD2

/POVERD/ R

/HXCN/ ACDV

/STST/ TAFP,LSS

ION P{NN},TV(NN) ,TL{NN),ALFA{NNY,UVZ(NN) ,ULZ(NN),

UVR(NN) ,ULR{NN),DH{NN)},DV(NN),QSI{NN),TR(NTR),
DYR{NTR),TW{NP),SPPD{NN}, TCAN(NCAN)
ON RAD(20),KIN{B),N{20)}

1.81D0406
3.720+403
-2.5100
6.590-04
10.8D0
-8.84D-03
2.25D0-06

4.28D+086
3.75D0+02
~7.450~03
ZERD
16.27
ZERQ

89¢
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425
426
427
428
429
430
431
432
433
434

OO0

435 .

436
437
438
439
440
441
442

443

444
445
44

447
448
449
450
4s1
452
453
454
455
455
457
458
459
460
451
462
463
464
465
566
4567
468

[¢]

CB2 = ZERQ
€83 = ZERO

T8(1) = ZERQ
L= 2

CONT INUE

READ(5,1001) LP{L),TB{L)
WRITE(7,1001)LP{L),TB(L)
IF(TB(L).LE.TB{L-1)) GO TO 3

READ (5,1002) PNB1(L),PNB2(L),PNB3(L),OMP (L)
READ(5,1002) PNT1({L),ANT2(L),PNT3(L),OMT (L}
READ{S,1002) ALBTI(L),ALB2{L),ALB3(L),0MA(L)
READ(5,1002) TVB1({L),TVvB2(L),TVB3(L), oMV (L)
READ(5,1002) TLB1(L),TLB2{(L),TLB3(L), oML (L)
READ(5,1002) HNW1 (L) ,HNW2{L) ,HNW3(L),OMH (L)

VRITE(7,1002)PNBT(L),PNB2(L) ,PNB3(L),OMP (L)
WRITE(7,1002)PNTT(L),PNT2(L),PNTI(L),OMT(L)
WRITE(7,1002)ALBY (L), ALB2(L) ,ALB3{L),OMA(L)
WRITE(7,1002)TVB1(L),TVB2{L) ,TV33(L),OMV(L)
WRITE(7,1002)TLB1(L),TLB2(L),TLB3(L), oML (L)
WRITE{7,1002)HNWT{L) ,HNW2{L) ,HNW3(L},OMH (L)

L= ¢ + 1
IF(L.GYT.51) GO YO 3
GJ 1O 2
CONT INUE
LMAX = L
DO 4 KO =
QSI(KO) =
CONT INUE

i,NN :
(4.4D/(PITCH = D)) ¥»2

READ(5,1003) NROW,PITCH,D,E
WRITE(7,1003)NROW,PITCH,D,E

POVD = PITCH/D

pPOD2 POVD*POVD

04 = 4./D

R = =16.15 + 24.96%POVD ~ 8.55«POVD*POVD

nou

READ{5,1004) (N(J).,J=1,12)
WRITE(7,1004)({N{uJ),d=1,19)
KRES = 0



469

504
505
506
507
508
508
510
511
512
513

105

205,

305

5058

o2

106

206

306

CONT INUE

READ(5,1005) LDATA,(XIN(K),K=1,5)
WRITE(7,10053LDATA, (XIN{K),K=1,5)
1IF(.NOT.LDATA) GO TO 205

D0 105 ! = 1,5

KO = KRES + I

IF(KD.GT.NI) GO 70 5

DZ(KO) = XIN(I)

CONT INUE

KRES = KRES + 5

GO T0 S -

CONT INUE

KRES = 3#%NI

CONT INUE

READ(5,1005) LDATA,{XIN(K),K=1,5)
WRITE(7,5005)LDATA, (XIN(K),K=1,5)
IF(.NOT.LDATA) GD TO 505

DO 405 1 = 1,5

KO = KRES + I

YF(KO.GT.NCAN} GO TO 305

TCAN(KQ) = XIN(I)

CONT INUE

KRES = KRES + 5

GO TO 305

CONT INUE

KRES = O

CONT INUE

READ (5,1005) LDATA, (XIN(K),K=1,5}
WRITE(7,1005)LOATA, (XIN(K) K=1,5)
IF{.NOT.LDATA) GO TO 206

DO 1066 1 = 1,5

KO = KRES + I

IF(KO.GT.NN)} CO 70 6

SHAPE(KQ) = XIN(I)

CONT INUE

KRES = KRES + S

GO 70 &

CONT INUE

KRES = 3

CONT INUE

READ (5,1005) LDATA,(XIN{K)},K=1,5)
WRITE{7,1005) LOATA, (XIN(K) ,K=1,5)
IF(.NQOT.LOATA) GO YO 508 :

DO 406 L = 1,5

0le



514
5185
516
517
518
519
520
521
522
523
524
525
52

527

541

542
543
544
545
546
547
548
549
550
551

552
553
554
555
556
557
558

406

505

KO = KRES + I
IF(KO.GT.NN) GO TO 306
SPPD(KC) = XIN(I)

CONT INUE

KRES = KRES + 5

GC TO 306

CONT INUE

DZ1(1) DZ(%)

DO 71 2,NI .

Dz21(1) = (DZ(1) + DZ(1-1))}/2.0D0
CONT INUE

" u

Al = DSQRT(3.00)/2.00
A2 = 3.1415927/4.00
W= PITCH - D

X = (PITCH*PITCH*A1 = (D*D + wWaW)®A2)/42/D
XI = 4.00/X

1, NdMt

D08 U =

DO 8 I = 1,NI

KO = (J=1)*Nl + I
DR(KD) = X

DV(KO) = XI

CONT INUE

DO & J = 2,NJMt

NAYT = N(J) = 1
N42 = N(J=1) = 1
DN4 = N41%N41 ~ NA2¥N42

DR4{J) = DNA*X*A2%D*3.00

NX & N(¢) = N{(J~1)

NX1 = 24N4t

NX2 = (2%N42 + NX)NX

DNX1 = NX1

DR1(J) = DNX1/NX2/PITCH/At
DR2(J) = 2.DOXN32/NX2/PITCH/A1
DRO(J) = PITCH¥AT%NX

CONT INUE

DN& = (N{1) = $y#(N(1) = 1)

DR4( %) = DN4¥X*A2%D%3,DO



559 C . :
560 DRY{1) = 2.D0/PITCH/AL/{N(1}~-1) : *
561 . - DR2(1) = 0.DO
562 DRO({1) = PITCH»At*(N(1)=1)
563 C o
564 Bi = (N(NJM1) + NROW -~ 2)
585 82 = (NROW = N{NJM1))
566 B3 = (NROW =~ 1)
567 C - '
568 XX = B1%82/2.D0 + B3/2.D0 + 1.00/6.D0
569 PT = B3%PITCH + (D/2.D0. + E)/A1 + A2+DeXX*4.00
570 - ‘AC = (B1*PITCH + (D/2.D0 + E)/A1)«(B2%PITCH*AY + D/2.D0 4 E)#
571 % 0.500 =~ A2+(D*D + E¥E) XX
572 Y = 4.D0*AC/PT
573 PP = A2%DxXX%4.00
574 YY = PP/AC
575 ARM = (ONE = A2/A1»{D%D + wvw)/(PITCHthTCH))s
576 e {N{NJM1) = 1)*PITCH
577 C
578 DR1(NJ) = ZERO
79 DR2Z(NJY = ARM/AC
530 DRO(NJ) = B2¥PITCH + D/2.D00 + E
581 . DRA(NJ) = AC*6.00
582 ACOV = (B3*PITCH + (D/2.00 + E)/A{1)/AC
583 C
554 DO 16 I = 1,NI
585 KO = NUMt*NI + I
555 , DH{KQ) =~
587 DV(KO) = YY ,
588 10 CONTINUE
589 €
590 DRI(NJ} = DRO(NJ)
591 DO 11 J = 1,NJUM1
592 DR3(J) = (DRO{J) + DRO(J+1)}/2.00
593 $1 CONTINUE
504 KRES = ¢
59% 12 CONT INUE
596 READ (5,1005) LDATA,{XIN(K),K=1,5)
597 WRITE(7,1005)LDATA, {XIN(K),K=1,5)
508 IF(.NOT.LDATA) GO TC 212
599 Do 192 I = 1,5
800 KO = KRES + I
GOt IF(KO.GT.NPIN) GO TO 12
€02 PPP(KD) w XIN(I)

603 112 CONTINUE



604 KRES = KRES + 5

605 GO TO 12 : R
606 212 CONTINUE

607 €

608 -READ(5,1006) AD,APU,DIL:

609 READ (5,1007) (LPLNM(K)},K = 1,39)

610 READ(5,1008) RADR,THC, THG

611 C

812 WRITE(7,1006)AD, APU,DIL :
612 WRITE(7.1007) (LPLNM(K) ,K = 1,39) : .
614 WRITE(7,1008)RADR, THC, THG

615 €

616 RADFU = RADR ~ THG = THC

617 . RADCL = RADFU + THG

618 NCLD = NPIN - NCC

819 DRF = RADFU/NCF

620 DRC = THC/NCLD

§21 TAFP = RADFU*RADFU/D

622 C

623 RAD( 1) = ZERD

624 PO 14 K = 1,NCF

625 RAD(K+1} = RAD(K) + ORF

626 14 CONTINUE

627 RAD{NG+1) = RAD(NG) + THG

628 DO 15 K = NCC,NPM1

629 RAD(K+1) = RAD{K) + DRC

630 15 CONTINUE

631 DO 16 K = 1,NPM{

832 IF(K.EQ.NG) RODR(K) = (RAD(K+1) + RAD{KX))/2.D0
633 IF(K.NE.NG)Y RODR{K) = {RAD(K+1)+RAD(K))/{RAD(K+1)=RAD{K)}/2.D0
634 16 CONT INUE

635 C

636 VM{1) = ZERD

637 VP(1) = DRF+*DRF/8.DO

638 RM = (RADR + RAD{NPM1))/2.DC

538 - VM(NPIN) = (RADR*RADR'+ W¥W/&.D0- RM¥RM)/2.D0
640 VP{NPIN) = ZERD

541 DI 17 K = 2,NPM1

842 RP = (RAD(K+1) + RAD{K))/2.0C

643 RM = (RAD(K) + RAD{K~1))/2.0¢

644 VR(K) = (RP*RP =RAD(K)*RAD(K})/2.D0

545 VIMIKY = (RAD{K)*RAD(K) = RM%RM)/2.00

646 17 CONTINUE

647 €

648 © READ(5,1008) LSS,TINIY



649 TB(1) = ZERO o
650 IF (LSS) GO TO 19 .
651 DO 1 KO = 1,NN
652 READ (5,1000) KCHECK,TV(KO),TL(KD),P(KD),ALFA(KO)
653 READ (5,1000) KCHECK,UVZ(KD),ULZ(KO),UVR(KQ),ULR(KO)
854 IF(KCHECK.EQ.KO)GO TO 1
655 IERR = 4
656 RETURN
657 1 CONT INUE
658 KRES = 0 o
€59 13 CONTINUE -
660 READ (5,1005) LDATA, (XIN(K),K=1,5)
651 IF(.NOT.LDATA) GO TO 213
662 DO 113 I = 1,5
663 KO = KRES + I
664 IF(KO.GT.NTR) GO TO 13
665 TR{KO) = XIN(I)
666 ~ 113 CONTINUE
867 KRES = KRES + 5
668 GO 1O 13
669 213 CONTINUE
670 €
. 671 KRES = 0
872 313 CONTINUE
673 READ(5,1005) LDATA,(XIN(K),K=1,5)
€74 1F{.NOT.LDATA) GO TC 513
1675 DO 413 I = 1,5
676 KQ = KRES + I
677 K3 = KO + 2+NI
€78 IF(KO.GT.NI) GO TO 313
679 TCAN(KO) = XIN(I)’
680 TCAN (K3) = XIN{I)
681, 413 CONTINUE
682 KRES = KRES + 5
€83 GO TO 313
684 513 CONTINUE
685 C ‘
686 DO 18 I = 1,NIM2
687 DO 18 J = 1,NJ
688 KP = (J=1)*NIM2 + I
659 KT = KP*NPIN
690 TW(KP) = TR(KT)
691 1S CONTINUE
692 RETURN

6§93 19 CONTINUE



N

694 READ(5,1010) PIN,POUT,TIN,TAV . *

695 QPP = HNW2(2)*RADFUXRADFU/RADR/2.D

696 CALL SS (PIN,POUY,TIN,TAV,QPP,P,TV,TL,UVZ,ULZ,UVR,ULR,ALFA,
697 * TW,TR,DTR,DH, DV NN, NP NTR,NPIN, NPM1)

698 RETURN

699 €

700 1000 FORMAT(IS,4D15.9)
701 1001 FORMAT(L1,F15.5)
702 1002 FORMAT(4D15.9)
703 1003 FORMATY(I5,3015.8)
704 1004 FORMAT(1914)

705 . 1005 FORMAT(L1,S015.9)
706 1006 FCRMAT{3D15.9)
767 1007 FORMAT(3912)

708 1008 FORMAT({3D15.9)
769 3009 FORMAT(L1,D15.9)
710 1010 FORMAT(4C15.9)
711 END :

LT



712
713
714
715
716
717
718
719
720
721
722
723
724
72%
728
727
728
729
73
731
732
733
734
735
736
737
738
738
740
741
742
743
744
745
7486
747
748
749

750.

751
752
753
754

e Xe X X212

Subroutine SS,

SUBROUTINE SS(PIN,POUT,TIN,TAV,Q,P,TV,TL,UVZ,ULZ,UVR,ULR,ALFA,
* TW,TR,DTR,DH,DV,NN, hP qu NPIN,NPM1)

'MPL'CIT REAL*8 (A~H,0-Z)

COMMON /NUMBER/ ZERO,ONE,BI1G,SMALL

COMMON /DIM/ DZ(40),DZ1(40), DhD(dO) DR1(40),D0R2(40),DR3(40),
* DRA(40) NI NJ /NIMI ,NIM2,NIMT ,NNI ,NNJ,NNJU

COMMON /PSHAPE/ SHAPE(!OO)

COMMON /GRVTY/ GZ,GR

DIMENSION pnop(a,a)

DIMENSION P{NN),TV(NN),TL{NN) ,UVZ(NN) ULZ{NN) UVR(NN) ULR(NN},
¥ o . ALFA(NN) , TW{NP) , TR(NTR) ,DTR(NTR),OH{NN),DV (NN)

SUBROUTINE §S PUTS AN INITIAL GUESS IN THE VARIABLES
TV,TL,P,UVZ,ULZ,UVR,ULR,ALFA AND TR, IN ORDER TO
ACCELEPATE THE CDNVERGENCE 7O THE STEADY STATE PROBLEM,

H = ZERC

DO 1 I = 2,NI

Ho= KW+ 021(1)

CONT INUE

DP. = (PIN - POUT)Y/H

CALL STATE (TAV,TAY,PIN,PROP,0)

RHO = PROP{(1,2)
DPG = DP ~ RHO*GZ
A = (RHO*DH(2)/VISCL{TAV))%s 2%DH(2)/RHO/.100
X = ONE/1.800

V = {(A*DPG)**X
DO 2 J = 1 ,NJMY
DO 2 I = 1,NI

KO = {J~- 1)*NI + 1
ULZ(KO) = V
UVZ(KO) = V
ULR(KO) = ZERD
UVR{KQ) = ZERQD
ALFA(KO) = ZERD
CONT INUE

A = (RHO*DR{NNJ+2)/VISCL{TAV) )%, 2¢DR{NNJ*2}/RHO/.$DO
"V = (A*DPG)*¥X



755 D03 1 = 1,NI

756 X0 = NNJ + I .
757 ULZ(KB) = ¥
758 UVZ(KG) = V
759 ULR(KO) = ZERO
750 UVR{ KD) = ZERO
761 ALFA (KO) = ZERO
762 3 CONTINUE
753 €
764 TL(1) = TIN
765 TV{1) = TIN
768 P(1) = PIN
767 DO 4 J = 1,NJ
768 KO = J*NI = NIM1
769 TL{KO) = TIN
770 TV(KO) = TIN
771 P(KO) = RIN
772 €
773 DO 4 I = 2,NI
774 KG = (J=1)sNI + 1
775 P(KO)Y = P(KD=-1) = DP#+DZ1(1)
776 UXX = ULZ(KO)
777 IF(UXX.EQ.ZERO) UXX = ONE
778 TL(KO) = TL(XO=1) + Q#SHAPE(KD)*DV(KO)*DZ1(1)/RHO/UXX/
779 / CPL(TL{KO~1)) :
780 TV(KO) = TL(KO)
781 4 CONT INUE
782 C :
783 DT = .100
794 C :
785 DO 7 J = 1,NS
786 DO 7 I = 2,NIMt
787 KO = (J=1)*NI + I
788 KP = KO + 1 = u%2
789 KT = (KP=1)%NPIN + 1
790 KR = KP*NPIN
791 C
792 TW(KP) = TL{KD)
793 TS = SAT(P(KO)) :
794 CALL HTCF {PF(KO),TV(XO),TL(KO) ,ALFA(KO),PROP(1,1),
735 " PROP(1,2),FPROP(1,3),PROP(1,4),DH{KO), TS, TW(KP),
796 % HCONV ,HCONL ,HNB, UVZ (KQ) ,ULZ(KO})
787 C
798 DO & K = 1,NPIN

739 KTR = (KP=1)*NPIN + K



800
801
802
803
804
805

806

807
808
809
810
811

812

813
814

815 .

8186
817

TR(KTR) = TW(KP) .

5 CONTINUE
6 CONTINUE

16

L

TTR = TR(KT)

CALL FPROP(TR{KT),NPIN,NPM1,1)

CALL FPIN (TV(KQ}.,TL(KO).TS, TW{KP),DTW, HCONV,HCONL, HNB,
TR(KT),DTR(KT),DT,NPIN,NPMI,KC)

TR{KR) = TW(KP)

DO 16 KK = 1,NPM1

KS = KR - KK

TR(KS) = TR(KS) = DTR(KS)*TR(KS+1)
CONT INUE

YTR = DABS{TTR = TR{KT))/OT
IF(TTR.GT.ONE) GO TO 6

CONT INUE

RETURN

END

s,

YA



818
819
820
821
822
823
824
825
826
827
g28
829
830
831

832

333
834
835
826
837

838
839
g40
gat
842
843
§44
845
848
847
848
849
850
851
852
853
854
855
856
557
g8
859
860

ao

o0OaO

100

101
i02
103

%

SUBROUTINE TMSTEP(G,NC,

Subroutine tmstep

. NN, NP, NB,NW,NTR,NPIN,NPN1,NCAN)

IMPLICIT REAL®8 (A-H,0-2Z)
COMMON
COMMON
COMMON
COMMON
COMMON

/ERROR/ I1ERR

COMMON

COMMON /PNTR1/K{100),M(100)

DIMENSIGN O{NO)

DTLS = DT

TMS = ZERD

IERR = §

DO 100 J = §,NJ

DO 100 1 = 2,NI

KO = (J=~1)#NI + I - 1

K23 = KO + M(23)

K24 = KO + M{24)

K25 = KO + M(25)

JG' = d

YSVZ = DABS{O{K23)/DZ1(1))
YSLZ = DABS{O(K24})/DZ1(1})
TSVR = DABS(O{K25)/DR3(J))

THMS = DMAX1(TSVZ,TSLZ,TSVR,TMS)
COMT INUE

IF(TMS) 101,101,102

DT = DTMAX :

GO TO 163

DY = 0.S500/THS

DY = DMINi{DTMAX,DT,2.0%DTLS)

CONT INUVE
172 = ¢
NDT = @

/NUMBER/ ZERO,ONE,BIG,SMALL

/RHEA/ TSET(40),YSHSEY(40),DTMAX, DTM1

/CNTRL/ EPS1,EPS2,RES,IT1,172,1T3,1TM1, ITM2, 1GAUSS

/DIM/ DZ(40),0Z1(40),DRO(40),DR1(40),D0R2{40),DR3(40),
DR4A(40) NI ,NJ,NIMI ,NIM2,NUMT ,NNI,NNJ,NNJJ

/TEMPO/ TIME,DT,DTO,DTLS,NDT



861
862
863
864
865
€66
8G7
863
869
870
871
872
873
874
875%
876
877
878
879
880
831
882
833
884
885
886
887
§388
889
8a0
291

905

104

# X X K ¥ F & & ®

TIME = TIME+DT

DO 104 K3 = 1,NN

KL = KO - 1

K68 = M(68) + KL

K82. = M(82) + KL .

0(K82) = Q(K68)

CONT INUE

CALL DONOR{O(M( 1)),0(M{ 2)),0(M( 3)}),0(M( 4}),0(M( S
oM 6)),am( 7)) ,0(m( 8)),0(M( 9)),0(m(10
O(M(11)),0(M(12}),0(M(13)),0(M(14)),0(M(15
O(M(16)),0(M(i7)),0(M(18)),0(M(19)),0(M(20
C{M(21)),0(M(22)),0({M(23)),0(M(24)),0(M(25
0(M{26)),0(M(27)),0(M(28)),0(M(29)),0{M(30
O(M(31)),0(M(32)),0(M(33)}),0({M{34}),0(M(41
O(M{42)),0(M(47)),0(M(48)),0(M(52)),0(M(53
C(M(58)),0(M(S9)),0(M(73)),0(M(86)),0(M(87

o(M(88)),0(M(83)) NN ,NP)

1 CONT INUE
CALL BC(O(M( 1)),0(M( 3)),0(M( 5)),0(M{ 7)),TIME,

&«

E K X ¥ F X H %

D(M(24)) ,NN,NI NIM1)

CALL wWS(o(M( 2)),0(M( 4)),0(m( 6)),0({M({ 8)),0(M( 9

1001
100%

)
O(M(10)),0(M{11}),0(M(12)),0(M{13)),0(M(14)),
O(M(15)),0(M(16)}),0(M{17)),0(m{(18)),0(M(27)),
o(M{28)),0(M(29)),C{M(30)),0(M(38)),0(M(40)},
Q(M(43)),0(M(44}3),0(M(45)),0(M{46)),0(M{(427)),
O(M(48)),0(M(49)),0(M(50})),0(M(51)),

O(M(54)),0(M(55)),0{M{58)),0(M(57)).0(M(58)),
O(M(59}),0(M(6C))},0(m(61})),0{M(62)),0(M(E3)),

- 0(M{65)),0(M(66)),0(M(30)),NN)

I
J

2,NIM1
1,NJ

nu

= {(J-1)*NI + I = 1
= KO + 1 =Js¥2

= KP#NPIN .
= M{ 1) + KO
= M{ 3) + KO
= M{ B} + KO
= M( 7) + KO
= M{11) + KO
= M(12) ¥+ KO
= M{17) + KO



906 K18 = M(18) + KD

907 K23 = M(23) + KO *

908 K24 = M(24) + KO

909 K63 = M{63) + KO

910 K67 = M(67) + KO

511 KS8 = M(88) + KP

912 KE9 = M{69) + KP

513 K70 = M(70) + KP

914 K71 = M(71) + KP

915 K72 = M(72) + KP .

916 KEO. =.1M(80) + KT

917 . K81 = M{81) + KT

S1e KF = KO+ 1 -

818 ¢

520 UV .= (C(X23) + O{X23 + 1))/2.00

921 UL = {O(K24) + O(K24 + 1))/2.00

922 C ’

923 CALL RTYCF (O(XC01),0(K03),0(K05),0(K07),0(K11),0{K12),

924 * O(K17),0(K18),0(KG63).0({K87),0(X68),0(K70),

925 ¥ ‘O{K71),0(K72),Uv,UL)

$26 CALL FPROP{D{XBO),NPIN,NPM1, 1)

927 CALL FPIN (O(K03),.0{K05),0(K67),0(K68),0(KES),0(K7C),

928 * O(K71),0(K72),0(K80),0({KB1),DT ,NPIN NPM1 KF}

929 1001 CONTINUE

330 C

931 CALL THXCN{O(M(3}),0(M(5)),C(M(70)),0(M(71)),0(M(91}),
932 # DT,NN,NL;NJ,NCAN,NIMI,NIM2)

933 €

$3+ IF{IERR.NE.C) RETURN

935 112 = ©

9386 2 CONTINUE

Q37 IT2 = 17241

938 CALL ONESTP(D(M{ 1)),0(M{ 2)),0(M{ 3)), o(n( 5)),0(M( 7)),

939 * (M{ BY), O(M({ 9)).0(M(10)),0(mM(11)}),0(M(12)),
940 * O(M{17)),0(M(18)), O(M(iQ)},O(M(QO)) o(M(21}),
941 " OIM{22)),0({M(23)),0(M({248)),0(M(25)),0(M(28)),
942 * O(M(35)),0(M(38)),0(M(37)).0(M(38)),0(M(32)}),

943 * O(M{63)),0(M(67)}),0(M(C8)),0(M(59)),0(M(70)),
ga4 ® O(M{71)),0{M(72)),C(M(T73}),0(M(74)).,0(M(75)},
45 * O(M(76)),6{M(77)),0(M(78)),0(M{79)),0({M(83)),
848 ¥ O(H(E4)),0(M(B5)),0(M(87)),0(M(88)),0(M(89)),
847 » OiM{9Y3),DT,NN,NB, NP, NV, NCAN)

94 IF(IERR.NE.D) GC TO S .

948 1I7{RES.GT.EPS1) GD TO 4

950 . IT3 = IT3 + 172



895

CALL FTP(O(M( 3)),0(M({ 5)),0(M(67)),0(M(68)),0(M(70)),
* O(M(71)),0(M(72)),0{M(80}),0(M(8B1)),0(M(85)),
* NI,NJ,NN,NP NTR,NPM1,NIM2,NPIN)

CALL THXCNO{O(M{9S1)),NCAN,NI)

RETURN

IF(IT2.LT.ITM2) GO TQ 2

CONT INUE ‘

NDT = NDT+1

IT3 =IT3+1IT2

1IT2 = 0

TIME = TIME-DT

DTO = DT

DT = DT#0.1

IF(DT.LT.1.D-07) IERR = 21

TIME = TIME+DY

DO 6 KO = 1,NN

KL = KO = 1

KO = M( 1) % KL
K02 = M({ 2) + KL
KO3 = M{ 3) + KL
K04 = M( 4) + KL
KOS = M{ 5) + KL
K06 = M({ B) + KL
K07 = M({ 7) + KL
K08 = M({ 8) + XKL
K23 = M(23) + KL
K24 = M{24} + KL
K25 = M(25) + KL
K26 ‘= M{28) + KL
K27 = M{27) + KL
K28 = M{28) + KL
K29 = M(29) + KL
K30 = M{30) + KL
K73 = M(73) + KL
KG8 = M(63) + KL
K82 = M(82) + KL
0(K03) = Q(K04)
0(KOS5) = O(KOB)
0(K07) = 0(KO8)
0(K23) = O(K27)
0(K24) = 0(K28)
CO(K25) = 0(K29)
0(K26) = O(K30)
O{KO1) = O(X02)

8¢



996
Qg7
ges
989
1000
1001
1002
1003
1004
1005
1006

*
%

0(K73) = ZERO

0(K88)

.6 CONTINUE

0(K82) . .

CALL FTR(O(M{ 3)).,0(M({ 5)).0(M(67)),0(M(B8)),0(M(70)]),

O{M(71)),0(M(72)),C{(M(8T)).0(M(81)}),0(M(85)),
NI, NJ,NN,NF NTR,NPM{ ,NIM2,NPIN)

IF(IERR.GT.20) RETURN

IF(NDT.GT.3) RETURN

IERR =
GC 70t
END

0

£ 8¢



1007
1008
1009
1010
1011
1012
1013
1014
1015

10186 .

1017
1018
1019
1020

1021

1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
103¢
1040
1041
1032
1043
1044
1C45
1046
1047
1048
$049

Subroutine donor
SUBROUTINE DONOR(P,PO,TV,TVO,TL,TLO,ALFAN,ALFAD,ALFAZ,ALFAR,
RHOV, RHDL,RHOVZ RHOLZ , RHOVR, RHOLR,
HY,HL ,HVZ,HLZ ,HVR,HLR,UVZN,
ULZN, UVRN ULRN,UVZO, ULZO UVRO, ULRO
UVRZ,ULRZ,UVZR,ULZR,WZT ,WZ2,
wz7, wza WR1 ,WRZ,WR7,WRE,DPN,AVZD,ALZD,
AVRD,ALRD.NN.NP)
IMPLICIT REAL*8 (A-H,Q-Z)
COMMON /NUMBER/ ZERO,ONE,B1G,SMALL
COMMON / GRVTY/ GZ,GR
CONMMON /DIM/ DZ(40),DZ1(40),DRO(40),DR1{40),DR2{40),DR3{40),
* DRA{ACY NI, NJ,NIMI NIM2,NJMT, NNI,NNY, NN JU
COMMON /TEMPD/ TIME,DT,DTQ,DTLS,NOT
DIMENSION P{NN},PO(NN),TV(NN), TVG(NN).TL(NN),TLG(NN),ALFAN(NN},
A;FAG(NN),ALFAZ(NN),ALFAQ(NN),RHOV(NN),RHOL(NN),
RHOVZ (NN), RHOLZ (MN ), RHOVE(NN), RHOLR{NN),
HV(NN) ,HL{NN) ,HVZ [ NN),HLZ (NN}, HVR{NN) ,HLR{NN),
UVZN(NN) ,ULZN(NN), UVRN(NN),ULRN{NN) ,UVZO(NN),
ULZO(NN) ,UVRO{NN}, ULRO(NN) ,UVRZ(NN) ,ULRZ(NN]},
UVZR(NN) ,ULZR(NN), WZ1 (NH) WZ2{ NN} ,WZ7(NN), WZB(NN},
. WRT{NNY WR2(NN),WR7(NN) ,WRS(NN),DPN{NN),
AVZD{NN) ,ALZD{NN}, AVRD(NN) ALRD(NN)
DIMENSION PROP{3,4),5(5,2)

* % oK ¥ X

®* Ko KX K ¥ F

IFLAG = O

DTR = DT/DTLS

DO 107 X0 = 1,NN

CALL STATE (TV(KD),TL{XO),P(X0),PROP,IFLAG)

IF(ALFAN(KO).GT.1.D-08) GO TO 100
ALFAN(KO) = ZERO
TV(KG) = TL(KQ)

100 CONTINUE

TVO{KQ) = TV(KOD)

TLO(KO) = TL(KD)

PO(KO) = P{XQ) .

RHOV (KO) = PROP{1,1)
RHOL (KO) = PROP(1,2)
HY(KQ) = PROP(1,3)
HL{KO) = PROP(1,4)
ALFAD({KO) = ALFAN{KO)

IF(DABS{UVRN{KO)).LY.$.D~10) UVRN(KD) = ZERD

s
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1050 IF(DABS(ULRN(KO)).LT.1.D~10) ULRN(KO) = ZERO

1051 UVZO (KOQ) = UVIN(KO)

1052 ~ UVRO(KO) = UVRN(KOD) *
1053 ULZO (KO) = ULZIN(KO)

1054 ULRO (KO) = ULRN(KO)

1055 101 CONTINUE

1056 DO 1101 J = 1,NJ

1057 DO 1101 L = 2,NIMt

1058 KO = {(Jd=1)*NI + 1

1059 KP = {J=1)¥NIM1 ~ ¢ + I

1060 1101 DPN(KP) = P{KO) =~.PO(KQ)

1661 DO 2101 I = 2,NI

1062 11 =1 -1 :

1063 . 00 210t J = 1,NJdMt

1054 Jd = J 4+ 1

1065 KO = (J = 1)*NI + I

1066 KI = KO - 1

1067 - ©KJd o= KO o+ NI

1068 €

1069 DZM = DZ(I} + DZ(Il}

1070 DRM = DRO(J) + DRO(JJ)

1071 C .

1072 ALFAZ(KO) = (ALFAC{KO)*DZ(I) + ALFAD(KI)*DZ{IIl))/DZM
1073 RHOVZ(KD) = (RHOV{KO)*DZ({I) + RHOV{K1)+D2(I1))/DzM
1074 RHOLZ(KO) = (RHOL{KQ)*DZ(l) + RHOL(KI)*DZ{Il})/DZM
1075 €

10786 ALFAR(KG) = {ALFAD(KO)*DRO(uJ) + ALFAC{KJ)%DRO(JJ))/DRM
1077 RHOVR(KO) = (RHOV(KO}*DRO{J) + RHOV{KJ}%DRO(JJ))/DRM
1078 RHOLR{KQ) = (RHOL{XQ)*DRO(J) + RHOL(KO}*DRO{JuJ))/DRM
1079 2101 CONTINUE

1080 € N

1081 DO 3101 J = 1,NJ

1082 KO = (J = 1)*NI + 1

1083 ALFAZ({KG) = ALFAO({KO)

1084 RHOVZ(KQ) = RHOV(KO)

1685 RHOLZ(KO) = RHOL(KO)

1086 3101 CONTINUE

1087 €

1088 DO 4101 I = 2,NI

1089 KO = NNJ + !

1090 11 = 1 -

1091 KI = KO -1

1092 : DZM = DZ{I) + DZ{lY)

1093 C

1094 ALFAZ{KO) = (ALFAD(KC)*DZ(I) + ALFAQ(K1)sDZ(I11))/DZM



1095
1096
1097
1098
1099

1100

1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111

1112
1112
1114
1115
1118
1117
1118
1119
1120
1121

1122
1123
1124
1125
1126
1127
1128
1129
1130
1131

1132
1133
1134
1135
1136
1127
1138
1139

4101

—~

(RHOV(KO)*DZ{I) « RHOV(K!)»DZ(11))/DZM

RHOVZ{KO) =

RHOLZ(KO) = (RHOL(KQ)*DZ(I) + RHOL(KI)}+DZ(II1))/DzM

CONT INUE

DO 102 J = 2,NJUM1

DO 102 I = 2,NIM1

KO = (J=1)*NI+I

UVRZ (KO) = {UVRO(KO)+UVRO(KQ~1)+UVRO(KO-NI)+UVRO(KO~1-NI)}/4.

ULRZ (KO) = (ULRO(KO)+ULRO(KO=1}+ULRO{KO~NI)+ULRO(KO-1~NI)}/4.

UVZR(KO) = (UVZO(KO)+UVZO(KO+1)+UVZO(KO+NII+UVZO{KO+T1+NI)) /4.

ULZR(KO) = (ULZO(KO)+ULZO(KO+1)+ULZO(KO+NI)+ULZO(KO+1+NI)) /4.
KD = 0

IF(UVZO(KQ) .GE.ZERD) KD = =3
KN KO+KD
I +KD

i

i0

HVZ(KO) = HV(KN)
AVZD (KO) = ALFAG(KN)

WZ1{KO) = ALFAD(KN)*RHOV(KN)

WZ7(KO) = (UVZO[KN+1)-UVZO(KN))}/DZ{I0)+*UV20(KQ)
KD = 0

IF{ULZO(KO).GE.ZERQ) KD = =1

I0 = L+KD

KN = KDO+KD

HLZ(KO) = HL(KN)
ALZD (KO} = ONE - ALFAQ(KN)

WZ2(KO) = (ONE~ALFAC(KN))*RHOL(KN)

WZB({KO) = (ULZO(KN+1)=ULZO(KN))/DZ(i0)*ULZO(KO)
XD = NI

IF(UVRO(KO).GE.ZERG) KD = 0

U8 = J + KD/NI

KN = KO + KD

HVR(KQ) = HV(KXN)

AVRD (KO) = ALFAC(KN)

WRY{KO) = ALFAD{KN}=RHOV({KN)

WR7(KO) = (UVRO(KN)=UVRO(KN=NI)Y)/DRO({JO}*UVRO(KD)
IF(J.EQ.NJMI) WR7(KC) = —UVRO(KN-NI)*UVRC(XO)/DRO(uD)

KD = NI
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1185
1186
1187
1188
1189
1150
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1208
207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229

G OG0 OO0

DO 103 KO = NI, NN,NI

KD .= O

IF(UVZO(KQ).GE.ZERD) KD = ~1
KN = KQ+KD

I0 = NI+XD

HVZ(KQ) = HV(KN)
AVZD (KQ) = ALFAO(XN)

WZ1(X0) = ALFAD(KN)*RHOV (KN}

WZ7(KQ) = {(UVZO{KN+1}~UVZO(KN})/DZ{10)%«UVZO(KD)+GZ)*
ALFAZ (KO)»RHOVZ{KQ)

KD = ¢

IF{(ULZO{KO).GE.ZERQ) KD = ~1

KN = KO+KD

I0 = NI+KD

HLZ(KQ) = HL{KN)

ALZD (KO) = ONE = ALFAD(KN)

WZ2{KO) = (ONE-ALFAO{KN})*RHOL(KN)

WZB(KO) = ({ULZO(KN+1)-ULZO(KN))/DZ(10)%ULZO(KO)+GZ)*
(ONE-ALFAZ(KO))*RHOLZ(KO)

103 CONT INUE

THE CENTERLINE CELLS

DO 110 KO = 2,NIMY

UVRZ (KO) = (UVRO(KO)+UVRO(KO-1))/4.

ULRZ (KB) = (ULRO(KOY+ULRO(KC~1}))/4.

UVZR {KQO) = (UVZO(KO)+UVZO(KO+1)+UVZO(KO+NI)+UVZO(KD+i+NI))/4.
ULZR{KB) = {ULZO(KO)+ULZO{KO+Y )+ULZO(KO+NIJ+ULZO{KO+1+NI)) /4.
KD = 0 .

1F(UVZO(KO).GE.ZERD) KD = =1

KN = KO+KD

I0 = KO +KD

HVZ(KO) = HV{KN)
AVZD (KO) = ALFAQ(KN)

. WZ1{KO) = ALFAQ(KN)*RHOV({XN)

88z



1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241

1242
1243
1244
1245
1246
1247
1248
1249
1250
1251

1252

1254
1255
1256
1257
1258
1259
12560
1261
1262
1263
1264
1265
1266
1287
1268
1269
1270
1271
1272
1273
1274

(¢ R ¢]

—

WZ7(KO) = {UVZO(KN+1}-UVZO(KN))/DZ(10)»UVZO(KO)

KD = © .
IF{ULZO(KO).GE.ZERG) KD = =9

I0 = KO + KD

KN = KO+KD

HLZ(KO) = HL{KN)
ALZD(KO) = ONE - ALFAC(KN)

WZ2(KO) = (ONE-ALFAQ{KN))*RHOL{KN) ~
WZB(KO) = (ULZO(KN+1)-ULZO(KN))/DZ({I0)*ULZO(KO)
‘KD = 0O

104

105
¥

106

IF(UVZR(KO).GE.ZERO) KD = =1

KN = KO + KD

10 = KO + KO + 1

WR7({XO) = (UVRO(KN+1)~UVRG(KN))*UVZR(KO)/DZ1(I0)

KD = 0

IF{ULZR(KG).GE.ZERD) KD = =1

KN = KO + KD

I0 = KO + KD + 1°

WRB(KOQ) = (ULRO(KN+1)=ULRO{KN))*ULZR(KO)/DZ1(10)

IF{UVRO(KO)}104,105,105
KN = KO+NI
Jo = 2

HYR(KO) = HV({KN)

AVRD(KQ) = ALFAQ{KN)

WR1(KO) = ALFAD{KN)*RHOV(KN)

WRT{KO) = ({UVRO{KN) —~ UVRO(KX0)I/DRO(LO)“UVRC{KO)+
WR7 (KO)+GR}*ALFAR(KO) *RHOVR{ K0O)

GO TO 108
HVR(KO) = HV{KO)
AVRD (KO) = ALFAQ(XO)

WRT(KO) = ALFAS({KC)*RKOV(XQA)

WR7(KO) = (UVRO(KO)/ORC(1)*UVRO({KO)+WRT(KO}+GR)+* -
ALFAR{KO)*RHOVR{KO)

CONT INUE

IF(ULRO{KO)) 107,108,108

68¢



1275
1276
1277
1278
1279
1230
1281

1282
1283
1284
1285

1286 .

1287
1288
1289
1290
1291

1292
1293
1294
1295
1286
1257
1228
1299
1300
1301

1302
1303
1304
1308
1306
1307
1308
1309
1310
1311

1312
1313
1314
1315
1316
1317
1318
1319

107 KN = KO+NI .
Jo = 2 . *
c
HLR(KO) = HL(KN)
ALRD(KO) = ONE = ALFAQ(KN)
WR2(KO) = (ONE-ALFAO(KN))*RHOL{KN}
WRB(KO) = ({ULRO(KN) = ULRO(KO))/DRO(JO)*ULRO(KO)+
+ WRS({KO)+GR) ¥ (ONE~ALFAR{KO) )% RHOLR(KQ)
c
c A .
GO TO 109
108 HUR(KO) = HL{XO)
ALRD(KD) = ONE =~ ALFAQ(KO}
RHOLR{KQ} = RHOL{KO)
WR2(KC) = (ONE-ALFAQ(KOD))*RHOLR(KO) :
WRB(KQ) = (ULRG(KD)/DRG(1)*ULRD{KC)+WRB{KO)}+GR)*WR2(KOD)
¢ A )
c v _
109 CONTINUE
[& )
1F(UVRZ(KO)) 1108,2108,2108
1108 WZ7(X0) = (WZ7(KO) + UVZO{KO+NI)*UVRZ(KO)/DR3(1) +
+ GZ)*ALFAZ(KO)*RHOVZ(KQ)
"GO TO 3108
2108 WZ7(K0O) = (WZ7(KO) + UVZO(KO)*UVRZ(KO)/DR2{1) +
+ : GZ)*ALFAZ(KQ)*RHOVZ(KQ)
c : .
31068 CONT INUE
IF(ULRZ(KO)) 4108,5108,5108
4108 WZB(KO) = (W2B(KO) + ULZO{KO+NI)*ULRZ{KO)/DR3(1) +
+ GZ)* (ONE=ALFAZ (KO )} )*RHOLZ{X0)
GO TD 6108 -
5108 WZB(KO) = (WZB{KO) + ULZ20(KU)+ULRZ(KD)/DR3(1) +
+ GZ)* (ONE~ALFAZ{KO})*RHOLZ{KO)
6108 CONTINUE :
c
¢
110 CONTINUE
c
c THE WALL CELLS
c
D2 111 I = 2,NIMY
KO = NNJ+I
c
. UVRZ (KO) = (UVRO(KO=NI)}+UVRO(KO~1~NI}}/4. -



1320 ULRZ (KO) = (ULRO(KO=NI)+ULRO(KO=1=NI)}/4.
1321 € : ,

1322 KD = 0

1323 IF{UVZO(KO).GE.ZERQ) KD = =1

1324 KN = KO+KD

1325 10 = 1 +KD

1328 €

1327 “HVZ{ KO} = HV(KN)

1328 AVZD (KQ) = ALFAO{KN)

1329 WZ1(KO) = ALFAQ(KNY®RHOV(KN)

1330 WZ7(KO) = (UVZO(KN+1)~UVZO(KN))/DZ(10)+UVZO(KQ)
1331 € ' :
1332 KD = 0 ,

1333 . IF(ULZO(KO).GE.ZERQ)Y KD = =1

1334 10 = I+KD

1335 KN = KO+KD

1336 - HLZ(KO) = HL(KN)

1337 ALZD(X0) = CONE = ALFAQ(KN)

1338 W22(KO) = (ONE-ALFAQ{KN))*RHOL(KN)

1339 WZ8(KOQ) = (ULZO(KN+1)~ULZO(KN))/DZ(10)*ULZO(KQ)
1340 C '

1341 C y

1242 IF(UVRZ(KQ)) 1110,2110,2110

1343 1110 WZ7(KO) = {WZ7{KD) ~ UVZO(KO)*UVRZ(KO)/DR3(3) +
1344 + GZ)*ALFAZ(KO)*RHOVZ(KO)

1345 GO YO 3110

1346 2110 WZ7(KD) = (WZ7(KD) + (UVZOD(KO)-UVZO{KO-NI))*UVRZ{KD)/DR3{2) +
1347 + GZ)*ALFAZ{KO)*RHOVZ(XO)

1348 ¢

1249 3110 CONTINUE

1350 IF(ULRZ(KO)) 4110,5110,5110 :
1351 4110 WZIB(KQ) = (WZB(KD) ~ ULZO(KO}*ULRZ(XC)/DR3(3) +
1352 + GZ)* {CNE=ALFAZ(KO0))*RHOLZ(KD)

1353 GO TO 8110 :

1354 5110 WZB(KO)} = (WZ8(KO) +(ULZO(KC)~ULZO(KO-NI))ULRZ{KO)/DR3(3) +
1355 + GZ)*(ONE=ALFAZ{KO))%«RHOLZ(KO)

1356 6110 CONTINUE

1357 €

1358 111 CONTINUE

1359 RETURN

1360 END



Subroutine ws

1361 SUBROUTINE WS(PO,TVD,TLO,ALFAD,ALFAZ, ALEAR,RHOV,

1362 w . RHGL,RHOVZ,RHCLZ, RHOVR, RHO LR, HV, HL,

1363 # UVZO0,ULZC,UVRA ,ULRC,

1364 % JEV,WEL,WZ3.WZ&.WZS,WZG,WZ7.WZB.WZQ.‘
1265 * W210,WZ11,WR3, WRA,WRS,WRG, WR7 ,WRE,WRS,
1366 ® WRi0,WR11,DH,DV,QSI,SPPD,NN)

1367 IMPLICIT REAL*8 (A-H,0-Z)

1368 COMMON /DIM/ DZ(40)},DZ1(40),DRO(40),DR1(40),DR2(40),DR3(40),
1369 * DRA(40) NI, NJ,NINI NIM2,NJMT,NNI,NNJ,NNJUJ
1370 COMMON /TEMPO/ TIME,DT,DTO,DTLS NDT

1371 COMMON /NUMBER/ ZERO,ONE,BIG,SMALL

1372 DIMENSION PO(NN),TVO(NN),TLO(NN),ALFAQ{NN) ALFAZ(NN),
1373 ¥ ALFAR{NN),RHOV(NN) ,RHOL{NN),RHOVZ(NN),RHOLZ(NN),
1374 ¥ RHOVR{ NN} ,RHOLR{NN) RV (RN} ,HL{NN) ,UVZO(NN),
1375 ¥ ULZO(NN) ,UVRO(NN) , ULRO(NN) ,WEV {NN) ,WEL(NN),
1376 * WZ3{NN} ,WZA(NN),WZ5(NN),WZ6(NN) WZT(NN) ,WZB(NN),
1377 * WZQ(NN)  WZ1O(NN) ,WZ11(NN) ,WRI(NN) ,WRA(NN),
1378 * WRE(NN) WRG{NN) ,WR7(NN), WRB(NN) WRO(NN) ,WR1O0(NN),
1379 ¥ WRTT(INN) ,DH{NN) , DV (NN),OST{NN) ,SPPD{NN)

1380 C

1381 C

1382 ¢

1383 € SUBROUTINE WS COMPLETE THE EVALUATION OF THE

1384 C EXPLICIT TERMS INVOLVED IN THE SOLUTION OF

1385 ¢ THE PROBLEM STATED WITH SUBROUTINE DONOR.

1386 ¢ HERE ARE SET THE TERMS CONTAINING THE TIME

1387 C INCREMENT DT.IT IS WRITTEN SEPARATELY FROM

1398 ¢ SUSROUTINE DONCR. IN ORDER TO ALLDW A CHANGE

1389 ¢ IN THE VALUE OF DT WHEN THE PROBLRM DOES NOT

1390 ¢ CONVERGE WITH THE PREVIOQUS DT.

1391 € {SEE MEXT COMENT IN THIS SUBROUTINE.)

1392 C _

1393 €

1394 ¢

1395 DG 5 JG = 1,Ny

1296 DO 5 10 = 2,NI

1397 KO = {(JO~1)%NI+IO

1398 ¢

1369 WWZ1 = ALFAZ(KO)*RROVZ(KQ)

1500 WWZ2 = [ONE = ALFAZ(KO))*RHOLZ(X0)

1401 WWRT = ALFAR{KO)#*RHOVR (KO}

1402 WWR2 = {ONE - ALFAR(KQ))}*RHOLR(KO)
1403 €

67



1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1420
1430
1431
1432
1433
1434
1435
14286
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448

OOOOOaOO0O0 O

* * K&

CALL COEFF(TVO(KO),TLO(KO),UVvZO(KO),UVRO(KO),ULZO(KQ),ULRO(KO),

WEV( XO)
WEL( KO)

IF(NDT.NE.O) GO TO 1

. ALFAZ (KO) ,ALFAR(KQ),RHOVZ{KO) ,RHOVR(KG),
RHOLZ (KO) ,RHOLR(KO) ,DH(KQ) ,DV{KO),QSI(KO),
SPPD(KO),WWZ1,WWZ2,WWR1,WWR2,
FVZ,FLZ,FVR,FLR,C1Z,C1R)

= ~(RHDV(KD)*HV(KO)+PD(KO))sALFAD(KD)/DT
= =(RHOL (KD)*HL(KO)+PO(KD) )% (ONE-ALFAO(KO))/DT

SINCE THE PROGRAM ALLOWS A CHANGE IN THE VALUE
OF THE TIME INCREMENT DT,EVEN IF THE TIME STEP
IS NOT COMPLITED,WE PUT A CHECK HERE TO XNOW
IF SUCH A CHANGE DID OCCUR (IN THIS CASE NDT
WOULD BE DIFFERENT THAN ZERO) IN CASE THE TEST
BE TRUE,WE SUBTRACT THE TYERMS WHICH HAVE THE
OLD DT AND ADD THEM BACK WITH THE NEW VALUE

CF

WZ4 (%0)
WZG( KO)
WRA( K0)
WRE ( KO)

WZ3( X0)
WZ5 ( KO)
WR3( KO}
WRS ( KO}

W27 ( KO)
WZ8( X0)
WRT ( KO)
WRB( KQ)
GO TO 2

DT.

CiZ
c12
CtR
CIR

w8 uw

Wz4(KO)
WZ6(KO)
WR4 (KO)
WRSE (KD )

w8 ou

WZT(KO)
WZB(KO)
WR7(KO)
WRB({KO )

fon oo

44+ 4+ +

ALFAZ{KO)¥RHOVZ (KDO)/DT + FV2
(QNE-ALFAZ(KQ))*RHOLZ(KQ) /DT + FLZ
ALFAR(KQ)*RHOVR(KDO) /DT + FVR
{ONE~-ALFAR{KO))+RHGLR(KD)/DT + FLR

UVZO(KO) /DT*ALFAZ (KO }*RHOVZ (KO)
ULZO(KD) /O0Y» [ONE~ALFAZ(KO) ) *»RHOLZ (KO}
UVRO(KO) /DT#ALFAR(KO ) *RHOVR (KD}
ULRG({KO) /DT# (ONE~ALFAR(KQ) Y*RROLR{KQ)

DYC = UNE/DTC - ONE/DT

W27 (KA)
WZ8{ KO)
WR7 ( KO)
WRE( KO)
WZ3( KO)

oo

UVZO(KO) *ALFAZ(KO) *RHOVZ(KO)*DTC + WZ7{XKQ)
ULZO(KD)*(ONE-ALFAZ(KO) ) #RHOLZ (KO)*DTC + WZ8(KQ)
UVRO{KO)*ALFAR(KT) *RHOVR(KQ)*DTC + WR7(KQ)
"ULRO(KO)* (ONE=-ALFAR(KGQ) )»RHOLR (KO)#DTC + WRS(KQ)
WZ3(KO} = ALFAZ(KO)+RHOVZ(KO}=DTC



1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1418
1420
1421
1422
1423
1424
1425

1428
1427
1428

1429
1430
1431
1432
1433
1434
1435
1136
1437
1438
1439
1440
1441
1442

443
1444
1445
1446
1447
1448

OnNOOOOOO0O0O0 O

* ¥ &£ &£

IF(NDT.NE.O) GO TO 1

CALL COEFF{TVO(KO),TLO(KO},UVZO(KD) ,UVRO(KO),ULZO(KO) ,ULRO(KO),
ALFAZ(KO),ALFAR(KO),RHOVZ (KD) , RHOVRY{KO),

WEV{ KQ)
WEL( KO)

RHOLZ (KO}

;RHOLR(KO) ,DH(KD),DV{K0),QSI(KO) .

SPPD(KO),WWZ1,WWZ2,WWRY, WWRZ,
FVZ,FLZ,FVR,FLR,C1Z,C1R]}

u#

~{RHQV (KQ)*HV (KO)+PO(KOD) ) xALFAQ(KQ) /DT
~{RHOL{KO)*HL(KO)+PO(KO))*{ONE~ALFAO(KO))/DY

SINCE THE PROGRAM ALLOWS A CHANGE IN THE VALUE
OF THE TIME INCREMENT DT,EVEN IF THE TIME STEP
1S NOT COMPLITED,WE PUT A CHECK HERE TCO KNOW
IF SUCH A CHANGE DID OCCUR (IN THIS CASE NDT
WOULD BE DIFFERENT THAN ZERD) IN CASE THE TEST
BE TRUE,WE SUBTRACT THE TERMS WHICH HAVE THE
OLD DT AND ADD THEM BACK WITH THE NEW VALUE

OF

WZ4( KO)
WZG( KO}
WRA( KQ)
WRB ( KO)

WZ3( KO)
WZ5{ KO}
WR3 (KQ)
WRS( KO)

WZ7(KO)
WZB{ KO)
WR7( KO)
WRB( KG)
GO YO 2

bT.

ciz
ct2
C1R
CiR

" a uu

WZ4(Ka)
WZE(KO})
WR4 (KO}
WRE(KQ)

G # 0 u

i

WZ7(KO)
V2B (KO)
WRT{XD)
WRB(KO)

LI O 4

4+

ALFAZ{KO)*RHOVZ(KO) /DT + FVvZ
{ONE~ALFAZ{KC))*RHOLZ(KD) /DT + FLZ
ALFAR(KO)*RHOVR(KO)/DT + FVR
{ONE-ALFAR(KD))#RHOLR(KO) /DT + FLR

UVZO(KO) /DT%ALFAZ (KO ) *RHOVZ (KD)
ULZO(KO) /DT* (ONE-ALFAZ(KO))*RHOLZ(KO)
UVRO(KO) /DT*ALFAR({KO ) *RHOVR (KO)
ULRO(KO) /DT* (ONE-ALFAR(KO) ) *RHOLR(KO)

DYC = ONE/DTQ =~ ONE/DT

WZ7(KO)
WZ8{ KO)
WRT( KQ)
WRS( KQ)
WZ3( KQ)

6 uu

UVZO({KO)*ALFAZ(KO) +RHOVZIKO)*0OTE + WZ7(KQ)
ULZO(KO)*{ONE~ALFAZ (KO} )+RHOLZ (KO)*DTC + wzs(KO)
UVRO(KO) *ALFAR{KQ) +RHOVR(KO)*DTC + WRT(KQ)
ULRO(KD) #« {ONE-ALFAR(KD) }*RROLR{KOJ¥DTC + WRB(KO)
W2Z3(KO) ~ ALFAZ({KQ)*RHGVZ{KO}*ODTC



1449 S W25(K0O) = WZS(KD) = (ONE-ALFAZ(KO))+RHOLZ(KOQ)*DTC
1450 WR3(KO) = WR3(KO) =~ ALFAR(KO)+*RHOVR(KO)}*DTC .
1451 WRS{KO) = WRS{KO) - (ONE~-ALFAR(KO))+*RHOLR(KO)~DTC
1452 C

1453 2 IF(WZ3(XC).GT.SMALL) GO TO 3

1484 €

1455 ¢

1456 C THIS TESY IS DONE TO CHECK THE PRESENCE OF
1457 C VAPQR IN THE CELL AT THE PRESENT TIME STEP.
1458 C IN CASE THERE IS NO VAPOR NOR EVAPORATION
1459 ¢ (WZ3 = ZERO),THE VAPOR MOMENTUM EQUATION
1460 C BECOMES TRIVIAL AND THE LIQUID EQUATION

1461 C STANDS ALONE.

1462 C '

1463 WZ11 {KO) = ZERO

1464 WZ9{KQ) = ZERD .

1465 WZ10 (KO) = ~({ONE-ALFAZ(KQ))/DZ1(10)/WZ5{K0D)

14886 G0 10 5 : :

1457 C .

1468 3 IF(WZS5(KO).GT.SMALL) GO TC 4

1469 C

1470 C

1471 C THIS TEST IS DCONE TO CHECK THE PRESENCE OF
1372 C LIQUID IN THE CELL AT THE PRESENT TIME STEP.
1473 C IN CASE THERE IS NOU LIQUID NOR CONDENSATION
1474 C "(WZ5 = ZERD),THE LIQUID MOMENTUM EQUATION
1475 C SECOMES TRIVIAL AND YHE VAPOR EQUATION

1476 C STANDS "ALONE,

1477 C

1478 € :

1479 WZ11 (KO) = ZERO

1480 WZ10 (KO) = ZERO

1481 WZS{KO) = =ALFAZ(HD)/DZ21(10)/wW23{KO)

1482 G3 TO 5 ‘

1483 ¢

14284 4 WZ11(KO) = WIB(KO)Y*WZS(KO}-WZA(KD)*WZGE(KO)

1485 WZ10(KO) = ~(ALFAZ(KO)*WZB(KO)+(ONE~ALFAZ{KO))I*WZ3{KO})/
1438 / DZ1{I0)/WZI1{KDQ)

1487 WZO({KO) = =(ALFAZ{KO)*WZS5{KO)+(ONE=-ALFAZ(KO))}=*W24(K0))/
1488 / DZY{10)/WZ1I(KOYy

1489 C '

1450 5 CONT INUE

1491 C

1492 C

1453 € THE SAME TEST WHICH WAS DONE FOR THE

562



1494
1495
1496
1497
1468
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
13512
1513
1514
1515
1516
1517
1518
1519
1520
1521

1522 -

i523
1524
1525
1526
1527

s XeEeNoNoRoRoNONe N #]

(¢]

j2ls}
DO
KO

f# W o

Z-DIRECTION (SEE COMENTS ABOVE) IS
DONE HERE FOR THE R~DIRECTION.NODTE
THAT SINCE THE MOMENTUM EQUATIONS ARE
EVALUATED AT DIFFERENT LOCATIONS FOR
EACH DIRECTION,IT IS PCSSIBLE THAY
ONE PHASE IS ABSENT IN ONE DIRECTION
EQUATIONS AND PRESENT IN THE OTHER
DIRECTION EQUATIONS.

J0 = 1,NUMt
10 = 2,NIMT
(JC=1)*NI + 10

IF{WR3(KO).GT.SMALL) GQ TO 6
WR1¢ (KO)Y = ZERD
WRI(KG) = ZERO

WR10 (KQ) ~(ONE-ALFAR(KD))/DR3(J0O) /WRS(KO)

GO TO 8 .
6 IF(WRS{KO).GT.SMALL) GO 1O 7

WR11 (KO) = ZERD

WR10 {(KQ) = ZERO

WRI({KO) = =ALFAR(KO)/DR3I(JOY/WRI(KD)

GO TO 8
7 WRI1{KO) = WRI(KO)*WRG(KO) = WR4A(KD)+WRS(KD)

WRI10{KD) = ={ALFAR{KO)*WRG{KO}+{ONE=ALFAR(KD))}*WR3{K0))/
/ DR3(UD)/WR11(KO)

WRI({KO) = =(ALFAR(KO)*WRS(KO)+{ONE-ALFAR(KO))*WR4(KO))/
/ DR3(JOY/WRTT{KC)
8 CONT INUE

RETURN .

END



1528
1529
1530
1521
1532
1533
1534
1535
1538
1537
1538
1539
1540
1541
1532
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
558
1557
1558
1559
1560
1561
1562
1563
1584
1565
1568
1567
1568
1569
1570

oo 0O 0

aoa o

Subroutine onestp

SUBROUTINE ONESTP(PN,PO,TVN, TLN,ALFAN,ALFAD, ALFAZ ALFAR,
RHOV, RHOL . KV, KL, HVZ \HL 2. HVR, HLR,
UVZN,ULZN, UVRN, ULRN,
FUVZN, FULZN, FUVRN, FULRN,W,DV, TS,
TW,DTW,HCONV,HCONL ,HNB . DPN, A1 ,A2,A3,
. A4,YP,B,BETA,GAMMA,AVZD,ALZD,AVRD,
ALRD,TCAN, DT NN ,NB,NP, NW,NCAN)

L IR 2 2K 2F 1

IMPLICIT REAL¥8 (A-H,0-Z)

COMMON /NUMBER/ ZERQ,ONE,BIG,SMALL

COMMON /ERROR/ IERR

COMMON /DIM/ DZ(40),DZ1{40),DRO(40),DR1(40),0R2(40),DR3(40),
* DR4(40) ,N1,NJ,NIM1,NIM2,NUM1 ,NNT,NNJ,NNJJ

DIMENSION EPSLON(S),RES(9)

DIMENSION PN(NN),PO{NN),TVN{NN),TLN(NN),ALFAN{NN},ALFAQ{NN),
ALFAZ(NN),ALFAR(NN) ,RHOV(NI{) ,RHOLINN) ,HV{NN} ,HL(NN},
HVZ(NN),HLZ(NN) ,HVR{NN) ,HLR(NN),

UVZN{ A N) ULZN{NN), UVRN{NNY ,ULRN{NN),
FUVZN{NN), FULZN(NN) ,FUVRN(NN), FULRN(NN),
W(Nw),DV(NN).TS(NN).TW(NN).DTW(NN),

HCONV(NN) ,HCONL(NN) ,HNB(NN),DPN{NN),

AT(NN) ,AZ(NN) ,AS(NN),AS(NN),YP(NN),B(NB),
BETA(NN) ,GAMMA(NN) ,AVZD(NN) ,ALZD(NN} ,AVRD(NN),
ALRO(NN),TCAN(NCAN)

® % ®& & % K ¥ X ¥

DIMENSION A(65),F(9),PROP(3,4),5(5,2),0(4.2).K(30),M(30)
IFLAG = 1 '

THE MOMENTUM EQUATIONS {Z-DIRECTION)} AT THE BOYTON

MM = NNJ + 2
DO 4 KO = 2 ,MM,NI
DO 1 L = 1,27

K(LY = {L=1)%NN + KO

IF(W(K(5)).GT.SMALL) GO TO 2

ONLY LIQUID PRESENT IN THE CELL

L6¢



1571 C

1572 VO1 = (ONE-ALFAZ(K0))/D21(2)

1573 VO5 = W(K(7)) .

1574 ¢

1575 FUVZN(KQ) = ZERG

1576 FULZN(KQ) = ~(W{K(7))*ULZN(XO) + (PN{KO)=PN(KO=1))*vOl +
1577 + W{K(10)))/Vvo0S

1578 W(X(11)) = ZERD

1579 W(K{12)) = -V01/V05

1580 GO 70 4 .
1581 €

1532 2 IF(W(K(7)).GY.SMALL) GO 7O 3

1583 € :

1584 ¢

1585 C ONLY VAPDOR PRESENT IN THE CELL

1586 ¢

1587 V02 = ALFAZ(KO)/DZ1{2)

1588 VO3 = W(K(5))

1589 € A

1590 FUVZN{KQO) = ={W(K{B))*UVIN(KQ) + (PN(KO)~PN{KO-1))*V02 +
1551 + TW(K{9)))/Vo3

1502 FULZN(KO) = ZERD -

1593 W(K{11)) = =-v02/V03

1534 W{K(12)) = ZERD

1535 . GO YO 4

1596 € '

1597 € BOTH PHASES PRESENT IN THE CELL

1588 ¢ : .

1559 3 CONTINUE

1660 VO1 = (CNE-ALFAZ(XQ))/DZ1(2)

1601 V02 = ALFAZ(KO)/DZ1(2)

1602 VO3 = W(K(5)})

1603 V04 = WIK(6)}

1604 . V0S5 = W(K(7))

1605 VOS5 = W(K(8))

1ETH V07 = V04xV06 - VD3I¥VDDS

w07 C

1658 FUB) = W(K(3))%UVIN(KO) = 4{K{6))sULZN(KO) + (PN(KQ)=PN(KOQ~1))=
1609 ® V02 + W(K{9))

1610 F(B) = W{K{T))*ULZN(KQ) ~ W{K(B})*UVZN(KQ) + (PN(KGQ)-PN{KO=1))%
1611 * VOt + W{K{10})

1612 C

1613 W{K{$1)Y=(VOS*V02+V03%VO1}/VOT

1614 W(K(12))=(VOB*V02+VO3xVO01)/V0T7

1615 FUVZN(KQ)=(F(5)+VCS+F(8}*V04)/V07

86Z



—

1616
1617
1618
1619
1520
1621
1622
1623
1624
1625

1626

1627
162

1629
1630
1631
1632

1633

1634
1635
1636
1637
1638
1639
1640
1641

- 1642

1613
1644
1845
1646
1647
1648

1649

1650
1651
1652
1653
1634
1655
1655
1687
1658
1659
1660

[eNeXe]

(]

*

L]

FULZN(KO)=(F(5)%VOGE+F{6)*V03)/V07
CONT INUE

THE CENTRAL CELLS

A{4) = ZERD
A(12)= ZERO
A{20)= ZERD
A(28)= ZERD
DO 122 KO = 2,NIMY

D0 5 L=t1,27 .

K(L) = {L-1}+NN+KO

KM=KO+1

KP = KQ - 1

CALL STATE {TVUN(KO),TLN{KO),PN{KO),PROP, IFLAG)

CALL NONEQUALFAQ(KO),ALFAN(KO),YVN(KO), TLN(KQ),PN(KO),
RHOV{KQ) ,RHCL(KQ) ,TS(KD},S,IFLAG)

CALL CONDT (TUN(KQ),TLN(KC),PN{KO),ALFAQ{KO),TS(KD),TW(KP),
DTW({KP) ,HCONV(KP ) ,HCONL(KP},HNB(KP),DV(KO),Q,KD3)

CALL IPHTC (HIF,ALFAN(KO})

VO1=ALFAQ({KD) /DT

V02= {ONE-ALFAO(KO)) /DT
VO3=ALFAN(KO) /DT

V04= (ONE-ALFAN(KOD)) /DT
VO5=5(1,1)

VO6=5(2,1)

V07=5(3,1)

v08=5(4,1)

V09=5(5,1)
V10=W(K{3}+1)/DZ(KO)
V11=W(K{3))}/DZ{KO)
V12=W(K(14))*DR1(1)

V14=V(K(4)+1)/DZ (KO}
VI15=W(K{4))/DZ(KO)}
Vig=W{K{i5))*DR1(1)

V182HVZ{KM)*V10 + PO(KO)*AVZD(KM)/DZ(KQ}
V19=HVZ(KO)}*V11 + PO(KO)/DZ{KQ)*AVZD(KO)
V20=HVR{K0)*Vi2 + PC{KO)*DR1 (1)*AVRD(KO)

V22=HLZ{KM)»V14 + PO(KO)*ALZD(KM)/DZ (KO}
V23=HLZ{KG)*V1S + PO(KO)*ALZD(KO)/DZ (KO}
V24=HLR{KO)*V16 + PO(KO)*ALRD(KO)*DR1(1)



1661
1662
1663
1664
1665
1866

1667 -

1668
1669
1670
1671

OO0

1672 .

1673
1674
1675
1676
1677
1678

1679

1680
1681
1€82
1633
16843
1685
1686
1687
1688
1638
1650
1661
16392
1693
1634
1695
1636
1697
1698
1699
1700
1701
1702
1703
1704
1705

*

*
+

+

*
&+

*

]

o

*

V26= (T
V27=V0

T vV28=vo

V29
v30
V3t
V32

H U n

F(1) =

F(2) =

F(3) =
£(4) =

F(5) =
F(6) =
F(7) =
F(8)

L

A1)
A(9)
A(17)
A{25)

('}

A(2) =
A{10}=

A(18)=
A(26)

A(3)
A{11)
A{19)=

VN(KO)=TLN(KOQ))+HIF .
3%PROP(1,1) :
4+PROP(1,2)

VO1*RHOV(KO)

VO2«RHOL(KO)

HV (KO )*V29

HL(KO)*V30

THE RESIDUALS OF CONSERVATION EQUATIONS

V27 ~V29 +UVZN(KM)*V10 =UVZN{KO}*V11 + UVRN{KO)*

Vi2 -Vos

PROP(1,3)%V27 ~ V31 +UVZN(KM}+Vig -

UVZN(KO}«V19 + UVARN(KO)*V20 - S{1,2) - Q(1,1) +
PO{KO)*(V03 - VvO1)

V28 - V30 + ULZN(KM)*V14 '= ULZN(KC)¥VI5 +

ULRN(KO)*V16 +V05 . .

PROP(1,4)%V28 ~ V32 + ULIN(KM)#V22 -

ULZN(KO)*V23 + ULRN(KO)*Vv24 + S(1,2) ~ Q(1,2) +

PO(KO)* (V04 - V02)

W(K(5)+3)*UVZN(KM) =W {K(B)+1)*ULZN{KM) + (PN(KM)=PN{KO))»
ALFAZ{KN) /0Z1(KM) + W(K{9)+1)

W{K(T7)+1)¥ULZN(KM) =W({K(8)+1)*UVZN(KM) + (PN(KM)~PN(KQ))*
(ONE~ALFAZ{KM))/DZ1(KM) + W(K{10)+1)

W{K{16))*UVRN(KO) = W(K{17)}%ULRN(KC) + {PN(KO+NT)=PN(KD))®
ALFAR(KO)/DR3(1) + W{K(20))

W{K(1B))*ULRN{KD) = W(K{19))sUVRN(KB) + (PN(KO+NI)~PN{KO))™
(ONE-ALFAR{KO))/DR3(1) + W(K(21))"

PROP(1,1) /DY -~ VOS o
{PROP(1,3)%PROP(1,1) + PO(KD))/OT ~ S$(5.2)
= ~PROP(1,2)/07 + V08
= =(PROP(1,4)*PROP{1,2) + PO(KQO))/DT + S(5,2)

PROP(2,1)%V03=V06 .
(PROP(1,1)*PROP(2,3)+PROP(1,3)«PROP(2,1))%V03 =
Q{2,1) = s(2,2)

VoG

= §{2,2) - Q(2,2)

=z =V07
= -~ 5(3,2)
PROP{2,2)=V04+VOT7

00¢



1706 A{27 )=(PROP(1,2)*PROP(2,4)+PROP(1,4)%PROP(2,2))%VQ4 ~

1707 - Q(3,2) + s(3,2)
1708 €
1709 €
1710 A{4) = ZERD
1711 A(12) = ZERC
1712 A(20) = ZERO
713 A(28) = ZERO
1714 €
1715 A(S) = W(K(11))=Vvit-
1716 A(13) = W(K(11))*Vv19
1717 A{21) = W(K{12})*Vi5
1718 A(29) = W(K(12))*Vv23
1719 €
1720 A7) = W{K{1i1)+1)*Vio
1721 A(15) = W{K{11)+1)*ViB
1722 CA(23) = W(K(12)+1)%V14
1723 A(31) = W(K(12)+1)*Vv22
1724 A(B) = W(K(22))*Vi2
1725 A(168) = W(K(22))*v20
1726 A{24) = W(K{23))*Vi6
1727 A{32) = W(K(23))*v24
1728 ¢
1729 A(B)Y=PROP(3,1)%V03~-VG8=~A(S)-A(T)~A(B)
1730 A{14)=(PROP(1,1)*PROP(3,3)+PROP(1,3)%PROP(3,1))*V03~
-1731 - $(4,2) ~ A{13) = A{15) = A(18B)
1732 A(22)=PROP(3,2)*V04+V08-A(21)~A(23)-A(24)
1733 A(30)=(PROP(1,2)%PROP(3,4)+PROP(1,4)*PROP(3,2))*v04 - Q{4,2)
1734 * + S$(4,2) -~ A{29) -~ A(31) - A(32)
1735 €
1736 IF(W{K(S)+1}.GT.SMALL) GO TO &
1737 FUVZN{XM) = ZERO
1738 FULZN(KM) = ~F(B6)/W{K(T)+1)
1739 GO0 TO 8
1740 6 IF(W{K(7)+1).GT.SMALL) GO TO 7
1741 FUVZN(AM) = =F{SI/MN(K{B)+1)
1742 FULZN(KM} = ZERC
1743 G0 10 8
1744 7 CONTINUE
1745 FUVZN(KM) = =(W{K(7i+135F(5)+W(K(B)+1)»F(8))/W{K(13)+1}
1746 FULZN(KM) = ={W({K{B)+1)»F(S)+W{K(B)+1)*F(6))/W(K(13)+1)
1747 8 CONT INUE
1748 . IF(W{K(16)).GT.SMALL) GQ TG ¢
1749 CFUVRN(KD) = ZERC

1750 . FULRN(KO) = =F(8)/UW(XK(12))



1751

1752
1753
1754
1755
1756
1757
1758
1759
1760
1761

1762
1763
1764
1765
1766
1787
1768
1769
1779
1771

1772
1773
1774
1775
1776
1777
1778
1779
1730
1731

1782
1783
1784
1785
1786
1787
1788
1789
1750
1791

17¢2
1793
1794

OO0

OO0 O

1785

10

11

i3

14

15

GO 70 11

CONT INUE .
IF(W(K(18)).6T.SMALL) GO TO 10

FUVRN(KO) = =F(7)/W(K(16))

FULRN(KO) = ZERO

GO TO 11

CONT INUE

FUVRN(KO)=={W(K(18))xF(7)+W(K(17))*F(8))/W(K(24))
FULRN(KO)==(W(K{19))»F(7)}+W{K(18))*F(B))/W(K(24))
CONT INUE "

F{1)==F(1)=FUVZN(KM)*V10+FUVZN(KD)*V11=FUVRN(KO)%V12
F(2)==F(2)-FUVZN(KM)*VIB+FUVZN(KD)+V19=FUVRN(KO)*V20
F{3)==F{3)}=FULZN(KM)*V 144 FULZN(KO)+VI5S=-FULRN(KO)*V1G
F(4)==F(4)~FULZN (KM)*V22+FULZN(KD)+V23-FULRN{KO)+V24

DO 111 L = 1,27

K{L) = L*NN + KO
IX2 = 1 :
DO 12 IX1 = 8,24,8

CAUX = A(IXT+1)}/A(1)

IX2 = IX2 + 1
F(IX2) = F(IX2) = F(1)*AUX
D3 12 IX3 = 2,8

IX4 = IX1 + IX3

A(IX4) = A{IX&) - A(IX3)*AUX

DO 13 L = 1,7
B(K(L)) = =A(L+1)/A(1)
B(KO) = F(1)/A(1)

IF(DABS(A{10)).GT.SMALL) GO TO 186
ONLY LIQUID IN THE CELL

B(K{8}) = ZERO

B(X(9)) = ONE

DO 14 L = 16,14

B(K{L)) = ZERO

B(K/15)) = F(4)/A(27)

DO 15 L = 16,20

B(X{ L)) = =A(L+12)/A(27)

AUX = A{18)/A{27)

<0%"



1796 AUP = A(22) - A(30)*AUX

1797 A1(KP) = (A{20) = A(28)*AUX) /AUP
1798 - A2(KP) = {A{21) = A(289)*AUX)/AUP
1799 A3(KP) = (A(23) = A(31)*AUX)/AUP
1800 AG(KP)Y = {A(24) = A(32)%AUX)/AUP
1301 YP(KP) = (F(3) = F{4)%AUX)/AUP
1802 GO 70 22

1503 ¢

1804 16 CONTINUE

1805 IF(DABS(A(27)).GT.SMALL) GO YO {8
1806 C

1807 C ONLY VAPOR IN THE CELL
1808 C ,

i809 B{K(8)) = F(2)/A(10)

18190 B(K(15)) = B(K(8))

1811 - B(K(S)) = ZERD

1812 PO 17 L = 10,14

1813 B(K(L)) = =A(L+2)/A(10)

1814 LL= L+ 6

1815 17 B(K{LL))} = B(XK(L))

1816 C

1817 AUX = A(1B)/A(10)

1818 AUP = A(22) - A(14)=AUX

1819 AT(KP) = (A{20) = A(12)*AUX)/AauP
1820 A2(KP) = (A(21) = A(13)*AUX)/aUP
1821 AS(KP) = (A(23) = A(1B)*AUX}/AUP
1822 AA(KP) = (A(24) = A(16)%AUX) /AUP
1823 YP(KP) = (F(3) = F(2)*AUX)/AUP
1824 GO TO 22

1825 C

1826 C BOTH PHASES PRESENT

1827 C

1828 18 CONTINUE

1829 B{K{(8)) = F{2)/A(10)

1830 DO 18 L = 92,14 ,

1831 19 B{K(L)) = -A(L+2)/A(10)

1€32 C

1833 IX2 = 2

1834 . DO 20 IX1 = 18,26,8

1835 AUX = A(IX1)/A(10)

1836 IX2 = IX2 + 1

1837 FIX2) = F(IXZ2) = F{2)*AUX

1838 DI 20 IX3 = 1,8

1839 IX3 = IX1 + IX3

1840 CIXS = IX3 4+ 10



1841 20 A(IX4) = A(IX4) = A{IX5)#AUX

1842 C
1843 C
1844 B(K(15)) = F(3)/A(19)
1845 DO 21 L = 16,20
1546 21 B{K(L)) = =A(L+4)/A(19)
1847 ¢ o
1848 AUX = A(27)/A(19)
1849 AUP = A[30) = A(22)%AUX
1850 AT(KP) = (A(28) = A(20)*AUX)/aAUP
1651 A2(KP) = (A(29) =~ A{21)*AUX)/AUP
1852 A3(KP) = (A{31) = A(23)*AUX)/AuP
1853 AG(KP) = (A(32) = A(24)*AUX)/AUP
1854 . YP(KP) = (F(4) =~ F(3)xAUX)/AUP
1855 C
1856 22 CONTINUE
1857 °C
1858 poT = D"BS(A1(KP)) - DABS(AQ(KP)) + DABS{A3(KP)) +DABS(A4(KP))
1859 1IF(DDT.GT. ONE) GO TO 58
1860 C
1861 122 CONTINUE
. 1862 C ,
1863 C CUT OF THE BOUNDARIES
1864 C
1865 DO 46 J=NI,NNJ,NI
18686 JO=J /NI+1 _
1867 DO 46 I=2,NIM?
1858 KO=1-d
1969 KM = %0 + 1
1870 KP = KO =1 = g/N1#2
1871 DO 23 L=1,27
1872 23 K(L) = (L=1)sNN+KO
1873 10=1+1
1874 C
1875 CALL STATE{TYVN{KD),TLN(KG),PN{KO},PROP,IFLAG)
1876 CALL NONEQUALFAQ(HD),ALFAN(KD),TVN(KO),TLN(KO),PN(KO),
1877 ¥ RHOV{KO) ,RHOL{KO) ,TS{K0D),S,IFLAG)
1878 CALL CONDT({TVN(KQ),TLN(KO),PN{KQ),ALFAD(KO),TS{KD),TW{KP),
1879 * DTW{KP),HCONV{KP) ,HCONL{KP) ,KNB(KP),DV(KD).Q,KQ)
1880 CALL IPHTC{HIF,ALFAN{KOD))
1881 C
1852 . V01 = ALFAO{X0)/DT
1883 V02 = (ONE-ALFAQ{K8))}/DTY
1884 VO3 = ALFAN(KD)/DT
= (ONE=ALFAN(KG}))/DT

188% Vo4
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1931
1932
1933
1934
1935
1936
1937
1938
1939
1840
1941

c

1642 .

1943
1944
1945
1946
1947
1548
1849
1950
1951
1552
1653
1854
1955
1956
1957
1958
1958
1260
1961
1962
1963
1284
1965
1566
1967
1968
1969
1870

1971

1972
1973
1974

1975 |

c
C
c

24

25

IF(J.LT.NNJ) GO TO 24 ‘ .
CALL HEXCAN(TCAN(I),TCAN{NI+1),TUN{KO),TLN(KO) HCONV(KP), -
HCONL{KP),QVC,QLC,DQCOTV,DQCDTL)

F(2) = F{2) + QUC
F(4) = F(4) + QLC
F(7) = ZERO

F(8) = ZERO

GO TO 25

CONT INUE -

F(7) = W(K(16))*UVRN(KO) =W(K(17))*ULRN{KXO) + (PN(KO+NI)=PN{KO))*
ALFAR(KO) /DR3(UD) + W(K(20))

F{B) = W(K({18))*ULRN{KO} = W(K({19))*UVRN(KO) + (PN(KO+NI)~PN(XQ))¥®
(ONE~ALFAR(KD) ) /DR3(JO) + W(K{21))

CONT INUE

A{1)=PROP(1,1)/DT = V09
A(2)=PROP(2,1)*V03-V0&
A(3)==V07

A(4) =W(K(22)-NI)*Vi3

A(9)=(PROP(1,3)*PROP(1,1) + PO(KD)}/DT = S(5,2)

A(10)=(PROP(1,1)*PROP(2,3)+PROP(1,3)%PROP(2,1))sV03 -
Q(2.1) - s(2,2)

A{i1)= - S(3,2)

A(12)=W(K(22)-NT j*V21

A(17)=~PROP(1,2)/DT + VOS
A(18})=V06
A{19)}=PROP(2,2):V044V07
A(20)=W(K(23)=NI)*V17

A(25) = —=(PROP(1,4)*PROP(1,2) + PO(KO)}/DT + S(5,2)
A(26)= S(2,2)
A(27)={PROP(1,2)*PROP(2,4)+PROP(1,4)%PROP(2,2))*V04 -

Q(3,2) + $(3,2)
A(28)=W(K{23)=NI)*V25

A(B) = WIK{11))*vit
A(13) = w(X(11))rVig
A(21) = W{K(12))*V15
A(29) = W(K(12))%V23
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2021 IF(JO.EQ.NJ) GG TO 31

2022 IF(W{K{16)).GT.SMALL) GO TO 29

2023 FUVRN(KO) = ZERO

2024 FULRN(KG) = =F(8)/W{K(18))

2025 GO 70 31

2026 29 CONTINUE"

2¢27 IF(W(K(18)).GT.SMALL) GO TO 30

2028 FUVRN(KO) = =F(7)/W(K{18))

2029 FULRN{KQ) = ZERO

2030 GO TO 31

2031 30 CONTINUE

2032 FUVRN(KO) == (W(K{18))%F{7)+W{K(17))*F(8))/W(K(24))
2033 FULRN(KO) == {W(K{19))*F{7)+W({K(16))*F(8))/W(K(24))
2034 31 CONTINUE

2035 €

2038 F(1)==F(t)Y~FUVZN(KM)*V10+FUVZN({KO)*V1{=FUVRN{KO)%V12
2037 + + FUVRAN(KO-NI)*V13

2638 F(2)==F(2)=FUVIN(KM)*V18+FUVZN(KO)*V19-FUVRN(KD)*V20
2039 + + FUVRN{KO-NI)*V21

2040 F(3)==F(3)-FULZN(KM)*V14+FULZN(KO)*Vi5~-FULRN(KD)}*»Vi6
2041 + + FULRN{KO-NI)*Vi7

2042 F(4)=—F(4)~ FULZN(KM)*V°2+FULZN(K0)*V23-FULRN(KO)#V24
2043 + + FULRN({KO=NI)}*V2S

2044 C

2045 C

2046 €

2047 DO, 32 L = 1,27

2048 32 K(L) = L¥NN + KO

2049 1X2 = 1

2ce oC 33 IX1 = 8,24,8

2051 AUX = A(IX1+1)/A(1)

2052 IX2 = IX2 + 1

2053 F(IX2) = F{IX2) « F(1)+AUX

2054 DO 33 IX3 = 2,8

2055 IX4 = IX1 + IX3

2056 33 A{IX4) = A(IX4) = A{IX3)*AUX

2087 DO 34 L = 1,7

20358 34 B(K(L)) = =A{L+1}/A{1}

2059 ~ B{KO) = F(1)/A(1)

2060 €

2061 IF(DABS{A(30)).GT.SMALL)} GO YO 37

2062 C

2053 ¢ ONLY LIQUID IN THE CELL

2064 €

2085 B(X(8)) = ZERD



2066
2087
2068
2069
2070
2071
2¢72
2073
2074
2075
2076

2077 .

2078
2079
20E0
2081
2082
2083
2084

2085,

2088
2087
.2088
2089
2090
2091
2092
2083
2094
2095
2096
2097
2098
2099
2100
2101
2102
2103
2104
2105
2106
2107
2103
2109
2110

OO0

a0

35

36

37

38

B(K(9)) = ONE
PO 35 L = 10,14
B(K({L)) = ZERO

B(K{15)} = F(4)/A(27)
DO 36 L = 16,20

B{K(L)) = =A(L+12)/A(27)

AUX = A(19)/A(27)

AUP = A{22) - A(30)*AUX

AT(KP) = (A(20) = A(28)*AUX)/AUP
A2(KP) = (A{21) ~ A(29)*AUX)/auP
A3(KP) = (A(23) = A(31)%AUX)/AUP
A4A(KP) 3 (A(24) — A(32)*AUX)/AUP
YP(KP) = (F(2) = F(4)%AUX)/AUP
GO TO 43

CONT INUE

IF(DABS{A(27)}).GT.SMALL) GO TO 39

ONLY VAPCR- IN THE CELL

B(K(8)) = F(2)/A({10)
B{K(15)) = B(K(8))"
B(K(9)) = ZERC

D0 38 L = 10,14

B{K(L)) = —-A(L+2)/A(10)
tL = L+ 6

BIK(LL)) = B{K(L))

AUX = A(18)/A(10)

AUP = A{22) =~ A(14)*AUX

CAT(KPY = (A(20) ~ A{12)*AUX)}/AUP
A2(KP) = (A(21) = A{13)*AUX)/AUP
A3(KP) = (A(23) =~ A{1S)*AUX)/auUP
AA(KP) = [A{24) - A{16)%AURX) /AUP
YP(KP) = {F{(3) = F{2)xAUX)/AUP
GO TO 43

39

40

BOTH PHASES PRESENT

CONT INUE

B(K(8)) = F{2)/A(10)

DO 40 L = 9,14

B(K(L)) = =A(L+2)/A(10)



2111

2112
2113
2114
2115
2116
2117
2118
2119
2120
2121

2122
2123
2124
2128
2126
2127
2128
2129
2130
2131

2132
2133
2134

2135 C

2136
2137
2138
2139
2140
2141

2142
2143
2144
2145
2146
2147
2148
2149
2150
2151

2182
2153
2154
2355

O O

QOO

OO0

IX2 = 2
DO 41 IX1 = 18,26,8 .
AUX = A(IX1)/A(10)
IX2 = IX2 + 1
FIIX2) = F{IX2) = F(2)*AUX
DO 41 IX3 = 1,6
IX4 = IX1 + IX3
IX5 = IX3 + 10
41 A(IX4) = A(IX4) = A(IXS)*AUX

B(K(15)) = F(3)/A(19)

DO 42 L = 16,20
42 B{K{L)) = ~A(L+4)/A(19)
AUX A(27)/A4(19)

| S}

AUP = A(30) = A{22)%AUX

AT(KP) = (A(28) - A(20)%AUX)/AUP
A2(KP) = (A{29) = A(21)%AUX)/aup
AZ(KP) = (A(31) = A{23)*AUX)/AUP
A4(KPY = (A(32) = A(24)*AUX)/AUP
YP{KP) =

{F(4) = F(3)*xAUX)/AUP
43 CONT INUE '

DOT = DABS(A1(KP)) + DABS(A2(KP)) + DABS(A3(KP)) +DABS(A4(KP))
IF(DDT.GY.ONE) GO TO 58

46 CONTINUE

CALL GAUSIE{AY1,A2,A3,A4,YP,0PN,BETA,GAMMA,NN)

CELL (2,1)
CKO = 2
KP = KO - 1
KQ = XP + NImM2
DO 47 L = 1,27
M(L) = (L=1)}%NN + KO
47 K(L) = L¥xNN+KO

BDTL = B{(K(15)) + .
+ B{K(18))*DPN(KP) + B(K{19))«DPN{KO) < B(K{20))%DPRN(KQ)
DTV = B{K(B)) + B(K{9))+*DTL +

01¢



- —

2156
2157
2158
2159
2160
2161
2162
2163
2164

"2165

2166
2167
21868
2169
2170
2171

2172
2173
2174
2175
2176
2177
2178
2179
2180
2181
2182
2133
2184
2185
2186
2187
2188
2189
2190
21¢1

2162
2193
2194
2195
2198
2197
2198
2189
2200

[ X e Xy}

+ “B(K(12))*DPN(KP) + B(K(13))*DPN(KQ) +
+ B(K(14))*DPN(KQ) ,

DAL = B(KO) + B{K(1))*DTV + B(K(2))*DTL +
+ B{K{5))*DPN{KP) + B(K(G))*DPN{KO) +
+ B{K(7))}*DPN(KQ)

PN{(KO) = PN(KDO) + OPN(KP)

IF(PN(KO).LT.1.D+04) GO TO 59
IF(PN(K0).GT.4.D+07) GQ TO 60
TLN(KO) = TLN(KO) + DTL
TUN(KO) = TVN(KQ) +.0TV
ALFAN(XQ) = ALFAN(KO) + DAL
TX = SAT(PN{KO))

DTS = TX = TS{KD)

TS(KO) = TX
TW{KP)Y = TW{KP) + {HCONV{KB)+DYV + HCONL (KP)*DTL +
+ HNB(KP)*OTS)»DTW(KP)

UVZN (KO} = W{M(11))*DPN(KP) < FUVZN(KXO) + UVZN(KD)

ULZN(KO) = W(M(12})%DPN{KP) .+ FULZN(KO) + ULZIN(KD)

UVRN (KO) = W{M(22))=(DPN(KQ)=-DPN(KP)) + FUVRN(KD) + UVRN(KO)
ULRN (KO) = W(M(23))*(DPN(KQ)~DPN(KP)) + FULRN{KD) + ULRN(KD)
UVZN(1) = UVZN(KO)

ULZN (1) = ULZN(KO)

CELLS (I,1) , I=3,0NI-2

D0 49 1 = 3,NIM2

KO = 1

KP = KO - 1

KM = KO

KQ = KP + NIm2

KR = KP - 1

DO 48 L = 1,27

M(L) = {L-1)xhN + KD

48 K(L) = L*NN+KO

DYL = B(K(15)) + B(K(17))*DPN(KR) +

+ B(K{18))*DPN(KP) + B(K({19))+DPN(XKM) + B(K{20))*DPN(KQ}
DTV = B{K(3}) + B{X(9))«DTL =+

+ B{K(T1})*DPN(KR) + B(K(12))«DPN(KP) + B(K(13))*DPN(KM) +
+ S{K{14))+DPN{%Q)

DAL = B{KO) + B{K{1))*DTY + 8{K(2))*»DTL +
+ B{K{4)}+DPN(KR]) + B(K(5))=DPN(KP) + B(K(6))*OPN(KM} +



o000

49

B{K(7))*DPN(KQ)
PN(KO) = PN(KO) + DPN(KP)
IF(PN(KO).LT.1.D+04) GO TO 59
IF(PN(X0).GT.4.D+07) GO TO 60
TLN(KO) = TLN{KG) + DTL
TUN(KD) = TVN(KO) + DTV
ALFAN(KO) = ALFAN(KO) + DAL
TX = SAT{PN(KO)) '
DTS = TX = TS(X0)

!

TS(KO) = TX .
TH(KP) = TW{KP) + (HCONV(KP)*DYV + HCONL(KP)¥DTL +
HNB(KP)}*DTS)*DTW(KP)
UVZN(KO) = W{M(11))%*{DPN(KP}=DPN(KR)) + FUVZN(KO) + UVZIN(KO)
ULZN (KO) = W{M({12))*(DPN(KP)~DPN(KR)} + FULZN(KO) + ULZN(KQ)}
UVRN (KG) = W{M{22))*({DPN(KQ)~DCPN(KP)) + FUVRN{KOD) + UYRN(KO)
ULRN{KQ) = W{M(23))*{DPN{KQ)=DPN(KP)) + FULRN(KO) + ULRN(KO)
CONT INUE
CELL (NIM1,1)
KO = NIM1
TKP = KO -
KQ = KP + NIM2
KR = KP - 1
DO 148 L = 1,27
M(L) = {L~1)%NN + KO
K{L} = L*NN+KO ,

148

DTL = B(K(3I5)) + B(K(17))*DPN(KR) +

+ B(K(18))*DPN(KP) + B(K(20))%DPN(KQ)
DTV = B(K(B)) + B(K(9))*DTL +
+ B(K(11))*DPN(KR) + B(K(12))«DPN(KP) +
« B(K(14))*DPN(KQ)
DAL = B(KO) + B(K(1))*DTV + B(K(2))+DTL +
+ B(K(4))*DPN{KR) + 8(K(5))*DPN(KP) +
+ B(K(7))*DPN{KQ)

PN{KDO) = PN{XO) + DPN(XP)
IF(PN(XO).LT.1.D+04) GO TO 59
IF(PN(KQ).GT.4.D0+07) GO TO 60
TLN(KO) = TLN{(KO) + DTL
TUN(KO) = TUN(KO) + DTV

CALFAN(KO) = ALFAN(KO)} + DAL



2246
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2248
2249
2250
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2252
2253
2234
2255
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2257
2258
2259
2260
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2282
2263
2264
265
22€6
2287
2268
2269
2270
2271
2272
2273
2274
2275
22786
2277
2278
2279
2280
2231
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2233
2284
2285
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2287
2288
2289
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(¢ X4 )

50

+

TX = SAT(PN(KO))

DTS = TX - TS(KO) .
TS(KO) = TX
TW(KPY = TW(KP) + (HCONV(KP)«DTV 3+ HCONL{KP)*DTL +

' HNB(KP) *DTS5) *DTW(KP)
UVZN (KO) = W(M{(11))*(DPN(KP)=DPN(KR)) <+ FUVZN(KO) + UVIN(KO)
ULZN(KO) = W{M(12))*(DPN(KP)~DPN(KR}) & FULZN(KD) + ULZN(KO)
UVRN (KO) = W(M{22)}%(OPN(KQ)~DPN(KP))} + FUVRN(KO) + UVRN(KO)
ULRN (KO} = WI{M(23))*(DPN(KXQ)=-DPN(KP)) + FULRN(XDO) + ULRN(XD)

CELLS {2,d) , ¢ = 2,NJ~-1

DO S1 J = NI,NNJJ,NI

KO = J+2 .

KP = KO - 1 - 2%J/NI
KM = KP + 1

KQ = KP + NIN2

KR = KP - 1

KS = KP -~ NIM2

DO 50 L = 1,27

M{L) = (L 1)*hN + KO
K(L) = L

*NN+KO

DTL = B(K{i5)) + B{K(16)}*0OPN(KS) +
B{K(1B))*DEN(KE) + B(K(19))+DPN{KM} + B(K(20))*DPN(KQ)
DTV = B(K(8)) + B{K(9))*DTL + B(XK(10))*DPN(KS) +
B(K{12))}#DPN(KP) + 8’K(13))4DPN(VM) +
B(K{14) }y*DPN(KQ)
DAL = B(KO) + B{K{1)}#DTV + B{K(2))+DTL + B{K(3))*DPN(KS) +
B(K(5))*DPN(KP) + B(K(e))-opu(xm) +
B(K{7))*DPN(KQ}
PN{KD} = PN{KD) + DPN{XP)
IF(PN(KC}.LT.1.D+04) 50 70 59
.07.4.0+07) GO TO 60

IF(PN(XO)
TLN(KO) =
TVN(KO) =
ALFAN{KO)

TLN(KO) + DTL
TVN{KD)} + DTV
= ALFAN(KO) + DAL

TX = SAT{PN{XO))
DTS = TX = YS{KQ)

TS(XKQ0) =

-~

TX

TW{KP) = TW(KP) + (HCONV(KP)%DTV + HCONL(KP)*DTL +



2291 + . HNB(KP)*DTS)*DTW(KP) .
2292 C

2293 ¢

2294 UVZN(KO) = W(M{(11)})}*OPN(KP) <+ FUVZN(KD) + UVZN(KO)

2295 ULZN(KQ) = W{M(12))*DPN{KP) + FULZN(KOC! + ULZN(KC)

2296 UVRN (KO} = W{M{22))»{DPN(KQ)~DPN(KP)) + FUVRN(KD) + UVRN(KO}
2297 ULRN (KO) = W{M(23))*(DPN(XQ)-DPN{KP)) + FULRN(KO) + ULRN{KO)
2298 UVZIN (KO-1) = UVZN(KO)

2289 ULZN (KB=1) = ULZN(KO)

2300 51 CONTINUE -

2301 C

2302 C CELLS (I,d) ., I=3,NI-2 , J=2,NJ=t

2303 C .

2304 DO 53 J = NI,NNJJ,NI

2305 DO 53 I = 3,NIM2

2306 . KO = I+d |

2307 KP = KO « 1 = 2%J/NI

2308 KM = KP + 1

2369 KQ = KP +NIM2

2310 KR = KP = 1

2311 KS = KP - NIM2

2312 DO 52 L = 1,27

2313 M{L) = (L=1)*NN + KO

2314 52 K(L) = LxNN+KO

2315 €

2316 ¢ :

2317 DYL = B{K{15)}) + B{XK(18))*DPN{KS) + B{K(I17))*DPN{KR) +

2318 + B(K({18))*DPN(KP) + B(K(19))«DPN{KM) + B{K{20))*DPN(KQ)
2318 DTV = B{K(8)) + B{K(9)}*DTL + B(K(10))*DPN{KS) +

2320 + B(K{11))*DPN(KR} + B(K{12))%DPN{KP) + B(K{13))*DPN(KM) +
2321 + BL{K{14))*DCPN{KQ)

2322 DAL = B{KO)} + B(K{1))%DTY + B(K{2))*DTL + B{K(3))I*DPN(KS) +
2323 + . B{K{4})*DPN{KR) + B{K{S))*DPN{KP)} + B(K{G))~DPN(KM) +
2324 + B(X{7))*DPN(KQ)

2325 PN(KO} = PN{(KD) + DPN{KP)

2326 IF(PN{KO).LT.Y.D+03) GO TO 59

2327 IF(PN(KO).GY.4.0+07) GO TO 60

2328 TLN(KO) = TLN{KO) + DTL

2329 TUN{ KDY = TVYN({XO) + DTV

2330 ALFAN{KO) = ALFAN(KO)} + DAL

2331 TX = SAT{BN{KO}}

2332 : DTS = ¥YX - TS{KD)

2333 TS{KO) = TX

2334 CTW({KP) = TW(KP) + {HCONV{KP)»DYV + RHCONL(KP)sDTL +

2335 + HNB(KPY*DTS) ¥ DTW(KP)



o

2336
2337
2338
2339
2340
234¢Y
2342
2343
2344
2345
2346

OO

23437 .

2348
2349
2350
2351

2352

2353

2354

2355
2356
2357
2358
2359
2360
2361
23G2
23G3
2364
2365
2365
2387
2368
2369
2370
2371
2372
2373
2374
2375
2376
2377
2378

2379

2380

c
c

vz
ULz
UVR
ULR
53 CON

Do
I s
KO
KP
KQ
KR
KS
[3]0]
ML
152 K(L

oTL

PR {
1F(
1F(
TLN
TVN
ALF
TS
0TS
T5(
TwW(
L4

uvz
ULZ

-

N(KO) = W(M{11))%(DPN(KP)=DPN(KR)) <+ FUVZIN({KD) + UVIN(KO)
N(KQO) = W{M{12))%=(DPN(KP)=DPN(XR)) + FULZN({KO) + ULZN(KD)
N{KO) = W(M(22))%(DPN(KQ)-DPN(KP}) + FUVRN(KO) + UVRN(KO)
N(KO) = W{M(23))*{DPN{KQ)~DPN{KP)} + FULRN(KO) + ULRN{KD)
T INUE

CELLS (NIM1,d) , J=2,NJd~-1
153 ¢ = NI,NNUJJ,NI

NIM1
= I+d
= KO - 1 = 2%J/NI
= KP +NIM2
= KP - 1
= KP -~ NIM2.

152 L = 1,27
) = (L-1)*NN + KO
) = L¥NN+KO

= B(K(15)) + B(K(168))*DPN(KS) 4 B(K(17))%DPN{KR) +
B(K(1B))*DPN(KP) + B{K(20)})+DPN(KQ)

= B(K(8)) + B(K(9))*DTL + B{K(10))*DPN(KS) +
B{K({11))+DPN(KR) + B(K(12))+DPN(KP) +
B(K(14) J*DPN(KQ)

= B(KC) + B(K(1))*DTV + B{K(2))+DTL + B(K(3))*DPN{KS) +

B{K(Q))¥DPN(KR) + B(X(5))%DPN(KP) +
B{K(7))}*DPN(KQ)
K0) = PN(XD) + DPN(KP)
PN{KO).LT.1.D+04) GO 10 59
PN{KO).GT.4.D+07) GC TO &0
(K0) = TLN(KO) + DTL
(KO) = TVN(KO) + DTV .
AN(KO) = ALFAN(KO) + DAL
= SAT(PN(KD))
= TX = TS{KQ)
K0y = TX .
KPY = TW(KP) + (HCONV(KP)«DTV <+ HCONL{XP)*DTL +
HNB(KP) *DTS)*DTW(KP )

N(KQ) = W(M(11))x
N(KO) = w(R{12))*

{DPN(KP)~DPN(KR)) '+ FUVZN(KO) + UVZN(KO)
(OPN(KP)=DPN{KR)) + FULZN(KO) + ULZN(KO)



2381
2352
2383
2384
2385
2386
2387
2388
22389
2390
2391
2392
2393
2304
2395
2325
2397 €
2398 C
2399
2400
2401
2402
2403
2404
2405
2406
2407
2408
2409
2410
2411
2412
2413
2414
2415
2616
2417
2418 C
2418 €
2420
2421
2422
2423
| 2424
2425 €

[eNeNe)

153

WIM(22))*{DPN(KQ)~DPN{KP)) + FUVRN(KO) + UVRN(KD)

UVRN (KO)
W(M(23) )« (DPN(KQ)=DPN(KP)) ¢ FULRN(KO) + ULRN(KO)

ULRN (KO)
CONT INUE

CELLS (I,Nu) . I=3,NI-y

5171 = 3,NIM1

I + NNY

KO + 1 = 2x%NJ . °
KP + 1

KP + NIM2

x
o
L1 L S O Y T 54 ]

DO 54 L = 1,27
= (L=1)*NN + KO
K{L) = L*NN+KO

DTL = B(K{15)) + B(K{16))*DPN(KS) + B(K(17))*DPN(KR) +
+ © B(K(18))*DPN(KP) + B(K(19))~DPN(KM)
DTV = B(X{B)) + B{K(9))*DTL + B(K(10})«DPN(KS) +
+ B(K{11) ) *DPN(KR) + B(K{12))*DPN(KP) + B{K(13))*DPN(KM)
DAL = B(KO) + B{K(1))Y*DTV + B(K(2))+DTL + B(K{3))*DPN(KS) +
+ B{K(4))*DPN(KR) + B(K{S5))*DPN(KP) + B(K(B))*DPN(KM)
PN(KD) = PN{KO) + DPN(KP)
IF{PN(KC).LT.1.D+04) GO T0 59
IF(PN{KO).GT.4.D+07) GO TQ 50
TLN(KQO) = TLN(KD) + DTL
TUN(KQO) = TVN{XO) + DTV
ALFAN(KO) = ALFAN(KO) + DAL
TX = SAT{PN(KO})}
DTS = TX - TS(KO)
TS(KO) = TX
TW(KP) = TW(KP) + (HCONV(KP)+DTV + HCONL(KP)*DTL +
+ HNB(XP)«DTS)*DTW(KP)
TCAN(I)Y = TCAN(1) + TCAN(NI + I}« (WHCONV(KP)*DTV +
+ HCOMNL (KP}*DTL)

W(M(11))%(DPN(KP)~DEN(KR)) + FUVZN(KO) + UVZN(KO)
(M(1 )% (DPN(KP)~DPN(KR)) + FULZN(KO) + ULZN(KO)

UVZN (XQ)
ULZN (KQ)
UVRN (KC)
)
E

ULRN (KO

§5 CONTINU
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2473
2372 C
2473 €
2474
2475
2376
2477
2478
2479
2480
2481
2482 .
2483
2484
2485
2486
2487
2488
2483
2420
2491
2492
2493
24354
2485
2496
2487
2498
24998
2500
2501
2502

257

2257

357
58
59

€0

HCONL(KP)*DTL)

UVZN (KO) = W(M(11))%DPN(XP)
ULZN(KO) = W(M(12))*DPN(KP)
UVRN (KO) = ZERC

ULRN (KO) = ZERO.

UVZN (KO=1) = UVZN(KO)

ULZN (KO=1} = ULZN(KO)

DO 357 KO = 1,NN
IF(ALFAN(KO)}.GE.ZERQ) GO TO 257
IF(ALFAN(XO).LT.=1.D=05) IERR =
ALFAN(KO) = ZERO

CONT INUE

IF(ALFAN(KO).LE.ONE} GO TO 2257
IF(ALFAN(KD).GT.1.00001) IERR =
ALFAN({K3) = ONE

CONT INUE :
IF{TVN(KO).LT.4.0+02)
IF(TVN(KD).GT.3.D+03)
IF(TLN{KO).LT.4.D+02)
IF{TLN{KO).GT.3.D+03)
CONT INUE

RETURN
1ERR =
RETURN
1ERR =
RETURN
IERR =
RETURN
END

I1ERR
IERR
IERR
IERR

14
15
16
17

nounoHon

2
12
i3

+ FUVZN(KO) + UVZN(KD)
+ FULZN(KQ) + ULZN(KOQ)

w



2506
2507
2508
2509
2510
2511
2512
2513
2514
2515
2516
2517
2518
2519
2520
2521
2522
2523
2524
2525
2s2

2527

oA
252

2529
2530
2531
2532
2533
2534
2535
2536
2537
2538
2539
2540
2541
2542
2543
2544
2545

ODOO00OCO0

Subroutine coeff

SUBROUTINE COEFF(TV,TL,UVZ,UVR,ULZ,ULR,ALFAZ,ALFAR,
RHOVZ ,RHOVR ,RHOLZ, RHOLR,DH,DV,QSI,

SPPD,WZ1,WZ2,WR?
FRLR,C1Z,C1R)

IMPLICIT REAL*8 (A-H,0-Z)

COMMON /NUMBER/ ZERQO,ONE,BIG,SMALL

,WR2,FRVZ,FRLZ,FRVR,

DATA TWO,PTWO,ADRY,CADRY/2.D0,.2D0,.95700,0.04300/

A
VL =

AUVZ
AUVR
AULZ
AULR

REVZ
RELZ
REVR
RELR

FVZ
FLZ
FVR
FLR

FRVZ

FRVR.

FRLZ
FRLR
XI =
XR =

HoHoaou

SUBRCUTINE COEFF CALCULATYES
COEFFICIENTS.

Ci. ARE THE INTERPHASE MOMEN
FOR THE TWQ DIRECTICNS,

FR..
AND DIRECTIOCNS.

viscv (TV)
VISCL (TL)

CABS (UvZ)
DABS (UVR)
DABS (ULZ)
0ABS (ULR)

#ouuwu

WZ1*AUVZ#DH/VV +SMALL
RHOLZ*AULZ*DH/VL + SMALL
WRT*AUVR*QSI*DH/VV + SMALL
WR2*AULR=QSI=DH/VL 4+ S3SMALL

LU (I O

0.180D0/REVZ**PTWO + SPPD+DH
G.180D0/RELZ**PTHWO + SPPD*DH
PTWG/REVR**PTWC
PTWO/RELR**PTWO

{(ALFAZ

oo

RHOLZ*AULZ*FLZ/ TWO/DH
=180.%VL/{(DH*DH)*QSI
(ONE = ALFAZ)/CADRY
{ONE = ALFAR)/CADRY

IF(ALFAZ.GT.ADRY} GC TO 4

FRVZ
XZ =

= ZEROQ
ONE

THE MOMENTUM EXCHANGE

TUuM EXCHANGE COEFFICIENTS

ARE THE WALL FRICTION COEFFICI&NTS FCR BOTH PHASES

~ ADRY)/CADRY*RHOVZ*AUVZ+FVZ/TWO/DH
(ALFAR = ADRY)/CADRY*180.%VvV/{DH«DH)*QS1



25486
2547
2548
2549
2550
2551
2552
2553
2554
2585
2556
2557
2558
2559
2560

2562
2563

)

&

-

CONT INUE

IF(ALFAR.GT.ADRY) GO 70 2 *
FRVR = ZERO

XR = ONE

CONT INUE

FRLZ#XZ
FRLR*XR .

FRLZ
FRLR

{1}

X = (ONE + (ONE-ALFAZ)*75.00)%*,95+4,31

ClZ = ((ONE = ALFAZ)*DABS(UVZ = ULZ)*RHOVZ/TWO +

VL/DH)*X/DH

C1R = ({ONE = ALFAR)*DABS(UVR = ULR)*RHOVR/TWO +
VL/OH)*X%GSI%QS1/0H

RETURN

END

0cg



Subroutine bce

2564 SUBROUTINE BC(P,TV,TL,ALFA,TIME,UL NN,NI,NIMI)"®

2565 IMPLICIT REAL*8 (A-H,0-Z)

25686 LOGICAL LP

2567 COMMON /BCX/ ULC

2568 COMMON /BCOND/ TB(S51),PNB1{(51),PNB2{51),PNB3(51),0MP(51),
2569 * PNT1(51),PNT2(51),FNT3(51),0MT(51),ALB1(51),
2570 * ALB2(51) ,ALB3(51),0MA(51),TVBI(51),TVB2(51),
2571 * TVB3(S1),0MV(S1),TLB1(S51),TLB2(51),TLB3(51),.
2572 * . OML(51),ANUT(S51),HNW2(51) ,HNW3(51),0MH(51),
2573 . * . LMAX,LP(51) '

2574 " DIMENSION P{NN), TV{NN),TL(NN),ALFA(NN)

2575 ¢

2576 C .

2877 L =2

2578 1 CONTINUE

2579 IF(TIME.LE.TB(L)) GO YO 2

2580 L= Lo+ 1

2581 IF{L.GT.LMAX) RETURN

2582 GO TO 1

‘2583 2 CONT INUE :

2584 DTIME = TIME - TB{L-{)

2585 C

2586 : PNB = PNBI(L)*DTIME + PNB2(L)

2587 PNT = PNTI1(L)*DTIME + PNT2(L)}

2588 ALS = ALB1(L)*DTIME + ALB2(L)

2589 TV = TVBI(L)*DTIME + TVB2({L)

2590 TLB = TLBI(L)*DTIME + TLB2(L)

2591 € :

2592 IF(LP(LY) GO 70 3

2593 € .

2504 PNB = DEXP(OMP(L)*DTIME)+*PNB + PNB3(L)

2595 ONT = DEXP{CMT{L)*DTIME)»PNT 4+ PNT3(L)

2596 ALB = DEXP(OMA(L)*DTIME)*ALE + ALB3(L)

2597 ) TVB = DEXP{OMV(L)*DTIME)*TVB + TVB3(L)

2538 TLB = DEXP(CML{L)=*DTIME)}*TLB + TLB3(L)

2599 €

2600 3 CONTINUE

2601 DO 4 J = NI.NN,NI

2502 KO = J = NIMY

2603 £

2604 P(KD) = PNB

2605 P{J4) = PNT

2606 ALFA(KQ) = ALB



2607
2508
2609
2610
2611

TV(KO) = TVB

TL(KDO) = TLB
4 CONTINUE

RETURN

END



Function visc!

2612 FUNCTION VISCL(T) .

2613 IMPLICIT REAL%B (A-H,0-2)

2614 C .

2615 C FUNCTION VISCL RETURNS THE SODIUM LIQUID VISCOSITY
2816 C IN (KG/M/SEC),AS A FUNCTION OF THE TEMPERATURE
2617 C IN DEGREE CELSIUS

2618 C

2619 TK = T R

2620 VISCL = DEXP(5C0B.07/TK -~ S.7316 ~ .4925+DLOG(TK)})

2621 RETURN B )

2622 - - END



2623
2624
2625
2626
2627
2628
2629
2630
2631

[z Xz NeNeKe]

2632 .

2633

Function viscv
.
FUNCTION VISCV(T)
IMPLICIT REAL*8 (A-KH,0-Z)

FUNCTION VISCV RETURNS THE SODIUM VAPQR VISCOSITY
IN (KG/M/SEC),AS A FUNCTION OF THE TEMPERATURE
IN DEGREE CELSIUS

T = T
VISCV = 6,085D-09%TK + 1.26%1D-05
RETURN

END



2634
25635
2636
2637
2638
2639
2640
2641
2642
2643
2644

[¢XeNeReNe]

2645 .

Function surten

FUNCTION SURTEN (T) .
IMPLICLIT REAL*8 (A-H,0-Z) :

FUNCTION SURTEN RETURNS YHE SURFACE TENSION OF LIQUID
SODIUM IN NEWTON/METER
CORRELATION FROM GOLDEN AND TOKAR,

TC = T - 273.14

SURTEN = 2.0670-0Ct = 1.00-04x7C
IF{SURTEN.LT.0.00) "SURTEN = 0.D0
RETURN

END

A



2646
2647
2648 C
2649
2850
2651

FUNCTION SAT{P)
IMPLICIT REAL*3 (A~H,0-Z)

SAT = 12020./(21.9358 -~ DLOG(P))
RETURN . :
END

Function sat

a9ze



2652
2653
2654
2655
2656

12657

268
2659
2660

OO0

2661 .

Function dtsdp

FUNCTION DTSDP(P)
IMPLICIT REAL*8 (A-H,0-2)

CALCULATES THE DERIVATIVE OF YHE SATURATION
TEMPERTURE WITH RESPECY TO YHE PRESSURE

X = 21.3358 - DLOG(P)
DTSDP = 12020./(X*X#*P)
RETURN B

END



2662
2663
2664
2665
2666 C
2667
2668
2669
2670
2671
2672

FUNCTION CONDL(T)

Function candi

IMPLICIT REAL*8 (A-H,0-2)
DATA A1,A2,A3,X1,X2,X3 /54.306,-1.878D~02,2.0914D~-06,1.8D0,
¥

1F X1%T - X2

T2 TF*TF

C = At + A2%TF + AJ%T2
CONDL = C*X3

RETURN

END

459.6700,1.730700/

3

5
o



Function condv

2673 FUNCTION CONDV(T)

2674 IMPLICIT REAL¥8 (A~H,0-Z)

2675 DATA A1,A2,A3,X1,X2,X3 /16.39D0-04,3.977D~05,~-5.697D~-09,
2676 * 1.800,459,6700,1.7307D0/

2877 C

2678 TF = X1%T = X2

2679 T2 = TF*TF

2680 C = Al + A2«TF + A3%T2

2681 CONDV = X3x%C -

2682 RETURN

2683 END



2684
2685
2686
2087
2688
2689
2680
2691
2€92

2593 .

2694

¥

FUNCT
IMPLI
DATA

-
e
nonu

CPL =
RETUR
END

Function cq!

ION CPL(T)

CIT REAL*8 (A-H,0-2Z)

A1,A2,A3,X1,X2 /.38935200,1.10593D-04,3.411780~08,
1.800,4.18690+03/

T*X1

TR*TR

Al = A2*TR + A3*T2
X2xCP

N

0¢¢



Function pev

2685 FUNCTION PRV(T)

2696 IMPY IOIT R mE fem Do

3837 &

26938 TX = T = 844.1

2699 PRV = .75G6D0 + .B10D=06%TX#TX
2700 RETURN :

2701 END



2702
2703
2704 C
2705
2706
2707

FUNCTION PRL(T)
IMPLICIT REAL*8 (A-H,0-2)

PRL = CPL{T)*VISCL(T)/CONDL(T)
RETURN
END

fFunction prl

[

1o



Function hfg

2708 FUNCTION HFG(P)

2709 IMPLICIT REAL*¥8 (A-H,0-Z)
2710 €

2711 T = SAT(P)

2712 HFG = 5.089D0+06 = 1.0430+03*7Y
2713 RETURN

2714 END
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Subroutine htcf

SUBROUTINE HTYCF (p,rv.TL.ALFA.RHOV.RHOL.Hv.HL.oﬁ,Ts.TW.
HCONV ,HCONL ,HNB, UV, UL)

IMPLICIT REAL¥8 (A-H,0-2)

COMMON /NUMBER/ ZERO,CNE,BIG,SMALL

COMMON /POVERD/ R

HCONV = ZERD
HCONL = ZERO
HNB = ZERD -
VV = VISCV{TV)
VL = VISCL(TL}
PV = PRV(TV)
PL = PRL{TL)
CV = CONDV(TV)
CL = CONDL(TL)
AUV = DABS(ULV)
AUL = DABS(UL)
SIG = SURTEN(TL)
COMPUTE QUALITY
GY = ALFA*RHOV=AUV
GL = (ONE-ALFA)*RHOL®*AUL
G = GV + GL
IF{(UV-UL)*UL.LE.ZERDC) GO TO %
X = GV/G
GC T0O 2
CONT INUE
X = ALFA*RHOV/(ALFARHOV + (ONE=ALFA)*RHOL)
CONT INUE

SINGLE PHASE : DITTUS~BOELTER CORRELATION (VAPOR)

IF(ALFA.LE.0.96) GO TO 23

REV = RHOV»AUV¥DH/VV .

HCONV = 0.023%REV**0.B*PV%%0Q  4»CV/DH
RETURN

CONT INUE

SINGLE PHASE ¢ SCAAD CORRELAYION (LIQUID) -
REL = RHOL®AUL*DH/VL



2758 PEL "= REL%PL

2759 IF(PEL.LE.150.) GO TO 4

2760 HCONL = PEL%%0,3%R¥CL/DH

2761 GO TO0 S

2762 4 CONT INUE

3763 HCONL = 4.5%R*CL/DH

27864 S CONTINUE

2765 C . .

2766 C TWO PHASES :© CHEN CORRELATICN

2767 € U

2768 XTTI = (X/(ONE-X))*%0,9%(RHOL/RHOV)»%Q. 5% {(VV/VL)sx0. 1
2789 F = (XTTI + .213)%%0,736%2.35D0

2770 IF{F.LT.ONE) RETURN

2771 HCONL = Fx%0.375%HCONL

2772 €

2773 IF(TW.LE.TL) GO TC 7

2774 €

2775 . FX = ONE

2776 GX = G :

2777 IF{TL.LT.TS) GO 10 7

2778 IF(XTTI.GT.0.1) FX = F

2779 GX = GL

2780 & CONTINUE

2781 REL = GX*DH/VL

2782 RETP = REL*FX¥*%1,25%1,0~04

2783 S = 0.1D0

2784 IF(REYP.LT.70.DC.AND.RETP.GE.32.500) S = ONE/
2785 / {ONE + RETP*%0.78%0.42D0)

2736 C ,

2797 IF(RETP.LY,.32.5D0) S = ONE/(ONE + .12D0%RETP**»{ .14}
2788 ¢

2789 HS = 1.22D-03%S+DSQRT{CL*CPL{TL)/SI1G)/PL**%.29%
27990 % RHOL»x . 2S% { CPL{TL)*RHOL /RHDV/HFG(P) Y #+.24
2731 C

2792 PWALL = DEXP(21.9358D0 ~ 12020.D0/TW)

2793 2 = DABS{PWALL - P)

2794 €

2795 HNB = HS#*{TW = TS)%%,24%Z2%% .75

2798 7 CONTINUE

2797 ‘ IF(ALFA.LE.0.88) RETURN

2798 C

2799 FAL = 12.D0 = 12.5DO*ALFA

28900 FAL = FAL®FAL®FAL

2801 REV = RHOV+AUV#DH/VV

2802 " HCV = 0.,023%{REV¥REV#PV)#%03.,4:sCV/DH
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HCCNL = HCONL*FAL + HCV
HNB = ZERO

RETURN

END
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SUBROUTINE IPHTC (HIF,ALFA)
IMPLICIY REAL*B (A~H,0-2)
COMMON /NUMBER/ ZERQ,ONE,BIG,SMALL

HIF =
RETURN
END

5.0+08

Subroutine‘ iphtc

AR



Subroutine state

-

2814 SUBROUTINE STATE (TV,TL,P,PROP,IFLAG)

2815 IMPLICIT REAL*8 (A-H,0-2)

2816 COVMMON /ERROR/ 1ERR

2817 COMMON /NUMBER/ ZERO,ONE,BIG,SMALL

2818 DIMENSICON PROP(3,4)

2819 DATA RVO,RV1,RV2,RV22 /1.605D-02,2.51D-06,~3.230-13,-6.46D0~13/
2820 DATA RLO,RLY,RL2,RL3,RLP,RL22,RL33 /1.0116GD+03,-0,2205, .
2821 1 ~1.8224D-05,5.6377D-09, 2.260-07,~3.84480~05,

2822 2 1.69131D-08/

2823 DATA EVO,EV1,EV2,EV3,EV22,EV33 /5.0215D+06,5.8714D+02,
2824 1 ~,41672,1.542720-04,~.83344,4.62816D~04/

2825 DATA ELO,EL1,EL2,EL3,FL22,EL33 /-5.75075D404,1.630140+03,
2825 1 -.41672,1.542720-04,~.83344,4.628160-04/

2827 C .

2828 C ALL PROPERTIES IN SI UNITS

26829 ¢ PROPERTIES BASED IN

2830 C GOLDEN,G.H. AND TOKAR,J.V., -

2831 C THERMOPHYSICAL PROPERTIES OF SODIUM, ANL~7323

2832 C WITH THE ADDITION OF PRESSURE DEPENDENCE IN THE’
2833 C LIQUID DENSITY. .

2834 C THIS ADDITION WAS MADE BECAUSE THE NUMERICAL
2835 C STABILITY OF THE MODEL REQUIRES A NON ZERO,

2836 C POSITIVE VALUE OF THE PRESSURE DERIVATIVE OF

2837 C THE DENSITY .

2838 C

2839 ¢ ALSO A REQUIREMENY FOR THE NUMERICAL CONVERGENCE
2840 C IS THE DERIVATIVES OF PROPERTIES WITH RESPECT TO
2R4% C TEMPERATURE AND PRESSURE BEING THE MATHEMATICAL
2842 C DERIVATIVES OF THE EXPRESSIONS FOR THE PROPERTIES
2843 C .o

2844 ¢

2845 15 = SAT{P)

2846 X1 = {RV2xP + RVI1)*P &+ RVO

2847 PROP(1,1) = X1*TS/TV

2848 PROP(1,2) = ({RL3*TL 4+ RL2)*TL + RL1)3TL + RLO + RLPxP
2843 PROP (1,3} = ((EV3I*TV + EV2)*TV + EV1)%TV + EVO = P/PRAP(1,1)
2830 PROP(1,4) = ({EL3*TL + EL2)+TL + EL1)sTL + ELO

2251 ¢ )

2852 PROP(2,1) = ~PROP(1,1)/TV

2863 PROP (2,2} = (RL33*TL ¢ RL22}sTL 4 RS

2854 PROP(2,3) = (EVI2*TV + EV22)4TY ¢ EVY

2355 PROP(2,8) = (EL3I3*TL + EL22)*TL & EL1

2856 C

9ee
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2860

2861 |

2862

PROP (3,1)
PROP (3,2)
PROP (3,3)
PROP (3,4)
RETURN

- END

6"

(X15DTSDP(P} + (RV22%P + RVi)¥TS)/TV,

RLP
(P/PROP(1,1)*PROP({3,1)
ZERO

= ONE)/PROP(1,1)
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Subroutine noneq

SUBROUTINE NONEQ(ALFAQ,ALFA,TV,TL,P,RHOV,RHOL,TS,S, IFLAG)
IMPLICIT REAL%B (A=H,0-Z)

COMMON /ERROR/ IERR

COMMON /NUMBER/ ZERO,ONE,BIG,SMALL

COMMON /PO/ D4,POD2

DIMENSION S(5,2)

DATA
DATA
DATA
DATA
DATA

AX =

AN,RGAS /1.33333330+07,.144690+03/,HALF /0.5DC/
PI,SR3,CADRY,ADRY /3.141592654,3.464101616,0.043,0.957/
HO,HY /5.089D+06,~.1042D+04/

RNU /€.D+03/

HLO, KLY ,HL2,HL3 /~6.75075D+04,1.630140+03,

C=-.41872D0,1.542720-04/

SUBROUTINE NONEQ CALCULATES THE MASS AND EN:RGY EXCHANGE RATES
AND. ITS CERIVATIVES.

AN = 4/3%N, N = 1.0D+07 BUBLES/CUBIC METER

RGAS = SQUARE ROOT OF GAS CONSTANT FOR SODIUM OVER 2%PI

POD2 = PITCH TO DIAMETER RATIO SQUARED

S(1, ) = EXCHANGE RATE S( »1) = MASS
S(2, ) = D/DTV S( .2) = ENERGY
S{(3, ) = D/DTL

s(4, } = D/DP

S(5, } = D/DALFA
ALFAD

IF(ALFAQ.LT.1.D-04) AX = 1.D-04
IF(ALFAD.GT.0.9998) AX = 0.9999

TS =
HLG
X =

AM =

SAT(P)
H1*TS + KO

ONE/(SR3*P0OD2 =~ PI)

1.20-07+«PI*X*D4xD4

IF{ALFAQ0.GT.0.6) GO TO 10

AX =

J.#PIxAXEX

GO TC 20
CONT INUE

Y =

ONE

IF(AX.GT.ADRY) ¥ = (ONE = AX)/CADRY

XK =
XX =

1.8/(SR3%POD2%X = 0.6)
(SR3#POD2%X = AX)¥X¥Y¥PIsXK

o%e
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2951 C .

2952 ¢ DERIVATIVES

2953 €

2954 S(2,2) = S(2,1)%HL = U

2935 S(3,2) = S(3,1)%HV + U

2956 S(4,2) = DSEVAPXHV + SE*DHVDP = DSCOND$HL = SC*DHLDP
2957 5(5,2) = =~CE¥DTL¥HV = CC*DTV*HL

2958 RETURN '

2959 END
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Subroutine condt

SUBROUTINE CONDT(TV,TL,P,ALFA,YS,TW,0TW,

*

HCONV ,HCONL ,HNB,DV,Q,KQ)

IMPLICIT REAL%8 (A~H,0-2Z)

LOGICAL LSS

COMMON /STST/ TAFP,LSS

CONMON /ERROR/ IERR

COMMON /NUMBER/ ZERO,ONE,BIG,SMALL
DIMENSION Q(4,2)

Q(1,1)
Q(1,2)
Q(2,1)
Q{2,2)
0(3,1)
Q(3,2)
Q(4,1)
Q(4,2}
RETURN
END

RN oo

{(TWw ~ TY)*HCONV*DV

({TW = TL)*HCONL + {TW = TS)*HNB)+DV
(DTW+HCONV = 1)%*HCONVsDV

ZERO

ZERD :
({HCONL + HNB)*DTW ~ 1)%KCONL¥DV

ZERO ]
( (HCONL + HNB)*DTW = 1)sHNB*DV«DYSDP(P)

R



Subroutine hexgcan

2979 SUBROUTINE HEXCAN(TCAN,DTC,TV,TL,HCONV,HCONL,QV,QL,
2980 » DQDTV,DODTL)

2581 IMPLICIT REAL¥8 (A-H,0-2)

2982 COMMON /NUMBER/ ZERO,ONE,BIG,SMALL

2983 COMMON /HXCN/ ACOV

2984 C : .

2985 € SUBROUTINE HEXCAN CALCULATES THE HEAT TRANSFERED TO
2986 C THE HEXCAN AND:ITS DERIVATIVES.

2987 C

2968 QV = ACOVHHCONV#* (TV = TCAN)

2989 QL = ACOVHCOML#(TL = TCAN)

2990 DQDTV = ACOV*HCONV*(ONE = DTC*HCONV)

2991 DQDTL = ACOVHHCONL*{CNE = DTG¢HCONL)

2592 RETURN .

2993 ~ END
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Subrcutine fprop

SUBROUTINE FPROP{TRN,NPIN,NPM1,1)
IMPLICIT REALx8 (A~-H,0~2)

COMMON /NUMBER/ ZERO,ONE,BIG,SMALL
COMMON /PIN1/ CPIN{20),ROCP{20)
COMMON /ICONSY/ NCF,NCC,NG )
DIMENSION TRN{NPIN)

FUEL PROPERTIES
DO 1 K = {,NCF
T = {TRN(K+1) + TRN(K))/2.D0
CALL FUEL (T,K,I)
CONT INUE -
CLAD PROPERTIES

DO 2 K = NCC,NPM

T = (TRN(K+1) + TRN{K))}/2.00

CALL CLAD (T,K)
CONT INUE

GAP CONDUCTIVITY

T = (TRN(NG¥1} + TRN(NG))/2.D0D
CALL GAP (T,TRN(NG),TRN{NG+1),NG)
RETURN ‘
END

Eiuate) t

Y
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3036

Subroutine fue!l

SUBROUTINE FUEL (T,K,I) .
IMPLICIT REAL*S (A-H,0-2)
COMMON /NUMSER/ ZERO,ONE,BIG, SMALL
COMMON 7PIN1/ CPIN(20),ROCP(20)
COMMON /FCONST/ A0,A1,A2,A3,
BO,B1,82,A0, APU, LPLNM(40)

T2 T*T
T3 T%T2
X = 2.74D0 ~ 5.8D-04%7T

CPIN(K) = (BO + B1%T + B2%T2)s(ONE = (ONE = AD}*X)

ROCP(K) = (A0 + A1%T 4+ A2%T2 + A3%73)%AD*(ONE + 0.045%APU)
IF(LPLNM(1).£Q.0) ROCP{K) = 1.D+04

RETURN

END
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Subroutine clad
L]
SUBROUTINE CLAD (T,XK}
IMPLICIT REAL+8 (A-H,0-2)
COMMON /NUMBER/ ZERG,GNE,BIG,SMALL
COMMON /PIN1/ CPIN(20),ROCP(20)
COMMON /CCONST/ AO0,A1,A2,A3,80,8B1,82,8B3

T2
T3

T*T
T*T2

. CPIN(K) = BO + B1*T + B2xT2 4 B3+73

ROCP (K} = AQ + A1¥T + AZ%T2 + A3+T3
RETURN
END

Lve
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Subroutine gap

SUBROUTINE GAP (T,TF,TC,NG)
IMPLICIT REAL*8 (A~H,0-Z)

COMMON /NUMBER/ ZERO,ONE,BIG,SMALL
COMMON /PIN1/ CPIN(20),RCCP(20)
COMMON /GCONST/ DIL,RADFU,RADCL

DATA
DATA
CATA

DGAP
CG =

ESB,HMIN /1.7D-08,3.705D+03/
c1,C2 /2.00,1.5D+01/ :
G1,G2,G3 /1.320-04,0.61D-04,1.8D+03/

CONDUéTIDN HEAT TRANSFER

= RADCL ~ RADFU
C2++DILxCY

HG = ONE/({DGAP + G1)}/CG + G2) + G3
RADIATION HEAT TRANSFER

HR = (TF*TF + TC*TC)*(TF + TC)+ESB

HGAP = HG + HR :

TF{HGAP.LT.HMIN) HGAP = HMIN

ROCP (NG) = ZERO

CPIN(NG) = HGAP

RETURN

END

-

8%t



Subroutine fpin

3076 SUBROUTINE FPIN(TV,TL,TS,TW,OTW,HCONV,HCONL,HNB, "
3077 * TR,CTR,DYT,NPIN, /NPT ,KD)
378 IMPLICIT REAL+¥8 (A-RH,0-2Z)
3079 LOGICAL LSS
3080 COMMON /NUMBER/ ZERQ,ONE,BIG,SMALL
3081 COMMON /PINO/ RODR(20),VP(20),VM(20),RADR,PPP(20)
3082 COMMON /PIN1/ CPIN(20),ROCP(20)
3083 COMMON /STST/ TAFP,LSS .
3cea DIMENSION A1{20),A2{20),A3(20),81(20)
36085 DIMENSION TR{NPIN),DTR(NPIN)
30€6 C
3087 . CALL POWER(HEAT,KD)
3088 C
3089 DTI = ONE/DT
3080 -, IF(LSS) DTI = ZEROD
3091 C
3092 A1(1) = ZERO
3033 A2(1) = RODR(1)+CPIN(1) + VP(1)*ROCP(1)+DTI
3054 B1(1) = VP(1)*HEAT*PPP(1) + VP{1)}*ROCP(1)*TR(1)*DTL
3035 DOt K = 2,KNPM1 .
© 3096 AMt = K = 1
3097 A1(K) = =RODR{KM1)*CPIN(KM1)
3098 A2{¥) = ~A1{K) + RODR{K)*CPIN(K) + (VP(X)*ROCP(K) +
3099 + UM (K)*ROCP (KM1))*DTI
3100 B1(K) = VP(K)*HEAT*PPP(K) + VM{K)*HEAT+PPP(KM1) +
3101 + (VP{K)*ROCP(K) + VM(K)*ROCP(XMt) }*TR(K)*DTZ
3102 1 CONTINUE
3103 C
3104 AT(NPIN) = ~RODR{NPMI)}*CPIN(NPMt)
3105 A2(NPIN) = =A1{NPIN) + VM(NFIN)}*ROCP(NPM1)*DTI +

3106 + RADR= (HCONV + HCONL + HNB)

3107 BI(NPIN) = VN(NPIN)*ROCP(NFM1)=TR(NPIN)}*DYI +
3108 + RADR* (HCONV*TYV + HCONL*TL + HNB*TS) +
3109 + VM{NPIN)*HEAT*PPP (NPM1)

3110 C

3111 AY(NPIN+1) = ZERO

3112 €

3113 A2(1) = ONE/A2(1)

3114 A3(1) = A1{2)*A2(1)

3115 Bi(1) = Bi{1)*a2{14)

3116 ¢

3117 DO 2 K = 2,NPIN

3118 KM = K - 1



3119
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3122
3123
3124
3125
3126
© 3127
3128
3129
3130
3131

A2(K) = ONE/(A2(K) = A1(K)*A3(KM1))
A3(K) = AT(K+1)*A2(K)

B1(K) = (BI(K) = A1{K)+B1(KM1))*A2(K)
CONT INUE

TW = B1{NPIN)

DTW = A2(NPIN)*RADR
DD 3 K = 1,NPM1
TR(K) = B1(K)
DTR{K) = A3(K)

CONT INUE

RETURN

END

0s¢
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Subrouti ne ftp

SUBROUTINE FTP(TV.TL,TS,TW.HCONV.HCDNL.HNB.TR,DTR,QPP,
* NI NJ,NN,NP,NTR,NPM? NIM2 NPIN)

IMPLICIT REAL*8 (A-H,0-2)
COMMON /NUMBER/ ZERQ,ONE,BIG,SMALL

DIMENSION TR(NTR),DTR{NTR},TW(NP)},TS{NN),TV{NN),TL(NN),

* HCONV (NP} ,HCONL(NP ) ,HNB{NP) , QPP (NN)
TWMAX = ZERO .

TRMAX = ZERQ

DO 3 I = 1,NIM2

DO 3 J = 1,NJ

KO = (J=1)*NI + I + 1

KP = (J=1)*NIM2 + I

KR = KP*NPIN

TR(KR) = TW(KP)
DO 1 KK = 1,NPMt
KTR = KR = KK

TR{KTR) = TR{KTR) = DTR{KTR)*TR{KTR+1)
IF(TRMAX,.GT.TR(KTR)) GO TO 1

TRMAX = TR(KTR)

KTRMAX = KTR

1 CONTINUE

IF(TWMAX.GT.TW(KP)) GO TO 2
TWMAX = TW{KP}

KTWMAX = KO

CONT INUE

QPP(KP) = HCONV{KP)%(TW(KP) =~ TV(KO))} + HCONL(KP)w
* (TW(KP)~=TL(KO)) + HNB(KP)=*(TW(KP)~=TS{KD))
3 CONT INUE

RETURN
END
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Subroutine thxcn

SUBROUTINE THXCN(TV.TL,HCONV,HCONL.TCAN*DT.NN.NI.NJ,NCAN,
* NIMt,NIM2)

IMPLICIT REAL*8 (A~H,0-2)

LOGICAL LSS

COMMON /NUMBER/ ZEROD,ONE,BIG,SMALL

COMMON /STSY/ TAFP,LSS

DIMENSION TV{NN),TL{NN) ,HCONV(NN) HCONL{NN),TCAN(NCAN)

SUBROUTINE THkCN PERFORMS YHE FIRT CALCULATION OF THE
HEXCAN TEMPERATURE.

DT! = ONE/DT
IF(LSS) 0TI = ZEROD

DO 10 I = 2,NIM1

KO = (NJ=1)*NI + 1

KP = (NJ=1)*NIM2 + I -~ 1
K2 = NI + I

K3 = K2 + NI

K4 = K3 + NI

TCAN (K2} = DNE/(TCAN{K45*DT! + HCONV(KP) + HCONL{XP))
TCAN(I) = (TCAN{K4)*TCAN(K3)«DTI + HCONV(KP)*TV(KD) =+
+ HCONL{KP)Y*TL{KO) ) *TCAN(K2)

10 CONTINUE

RETURN
END '
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Subroutine thxen0

3197 SUBROUTINE THXCNO(TCAN ,NCAN,NI)

3198 IMPLICIT REAL#8 (A-H,0-2)

3199 DIMENSION TCAN{NCAN)

3200 C

3201 C SUBROUTINE THXCNO TRANSFERS THE NEW VALUE OF THE HEXCAN
3202 C "TEMPERATURE TO THE OLD HEXCAN TEMPERATURE ARRAY.
3203 C .

.3204 TCAN{1) = TCAN(2) .

3205 TCAN (NI} = TCAN(NI-1}

3206 DO 10 I = 1,NI

3207 . K3 = 2«NI + I

3208 TJCAN(K3) = TCAN(I)

3209 10 CONTINUE

3210 RETURN

3211 END

£6e
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3216
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3219
3220
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3223
3224
3225
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3236
3237
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Subroutine power

SUBROUTINE POWER (HEAT,KO)

IMPLICIT REAL*8 (A=H,0~2)

LOGICAL LP

COMMON /ERROR/ IERR

CONMON /NUMBER/ ZERO,ONE,BIG,SMALL

COMMON /PSHAPE/ SHAPE(100)

COMMON /TEMPO/ TIME,DT,DTO,DTLS.NDT

COMMON /BCOND/ TB(51),PNBI(51),PNB2(51), PNB3(51),0MP (51) .

PNT1(51),PNT2(51), PNT3(51),0MT(51), ALB1(51),
ALB2(51),ALB3(51),0MA(51),TVB1(51),TVB2(51),
TVB3(5i),0MV(51),TLO1(51),TLB2(51),TLB3(51),
OML(51) ,HNW1(51) ,HNW2(51) , HNWS(S\) OMH(51),
LMAX,LP(51)

L= 2

CONT INUE

IF(TIME.LE.TB{L)) GO 7O 2

L= L +1

IF(L.GT.LMAX) RETURN

GO TO 1

CONT INUE

DTIME = TIME = YB(L~1)

HEAT = HNWI({L)*DTIME + HNW2(L)

IF(LP(L)) GO TO 3

HEAT = DCDS(OMH(L;*DTIME)*H‘AT + ANW3(L)
CONT INUE

HEAT = SHAPE(KO)=+HEAT

RETURN

END

Hee



Subroutine gausie

3242 SUBROUTINE GAUSIE (A1,A2,A3,A4,F,X,BETA, GAMMA,NC)
3243 IMPLICIT REAL*8 (A~H,0-2)

3244 _COMMON /NUMEER/ ZERO,ONE,BIG,SMALL

3245 COMMON /GAUSS/ NZ,NR,NZM1

3246 CCMMCON /ERROR/ IERR :
3247 COMMON /CNTRL/ EPS1,EPS2,RES,ITY,172,17T3,1ITMT1,ITM2, ITRMAX
3248 DIMENSION A1{NC),A2(NC),A3(NC),A4(NC),F(NC),X{(NC),
3249 * BETA(NC),GAMMA(NC)

3250 € . '

3251 ITR = ¢

3252 1 CONTINUE

3253 ¢ :

3254 C NEW SCLUTION AT THE BOTTON

3255 C

3256 . 1= 1 .

3257 GAMMA(1) = F(I) = AS(1)*X(I+1)

3258 BETA(1) = ONE

3259 C

3260 - DO 2 J = 2,NR

3261 K= (Jd=1)=xNZ + 1

" 3282 Kt = K - NZ

3263 C

3264 BETA(J) = ONE = A1{K)*A4(K1)/BETA(J~1)

.3265 GAMMA(J) = (F(K)=A3(K)*X(K+1) = A1{K)+*GANMMA(J~1))/BETA(J)
32686 2 CONT INUE ,

3267 C :

3268 K = (NR=1)*NZ + I

3269 CONV = DABS(X(K) = GAMMA{NR})}

3270 X{K} = GAMMA(NR)

3271 DO 3'J = 2,NR

3272 K= NR = d + 1

3273 KX = (K~1)%NZ + 1

3274 XA = GAMMA({K) = A4(KX)*X{KX+NZ)/BETA(K)

3275 DX = DABS(X(KX) = XA}

3278 IF{DX.GT.CONV) CONV = DX

3277 X(KX) = XA

3278 3 CONTINUE

3279 ¢C

3280 C NEW SOLUTION QUT OF THE BOUNDARIES

3281 C )

3282 DD 6 I = 2,NZMt , .

3283 C

3284 GAMMA{1) = F{I) = A2{1)=X{I-1) =~ A3{I)eX{I+1)
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12

XA = GAMMA(K) = A4(KX)*X(KX+NZ)/BETA(K)
DX = DABS({X(KX) = XA)

IF(DX.GT.CONV) CONV = DX .
X(KX) = XA o

CONT INUE

CONVERGENCE TESY

IF(CONV = EPS2) 11,11,9
IF(ITR - ITRMAX) 1,10,10
IERR = | .
CONT INUE

RES = ZERO

DO 12 L = 1,NC

XX = DABS{X(L))
IF(XX.GT.RES) RES = XX
CONT INUE

RETURN

END



3349
3350
3351
3352
3353
3354
3355
3356
3357
3358
335¢
3360
3361
3352
3363

3366

3368
3369
3370
3371
3372
3373
3374
3375
3378
3377
3378
3379
3380
3381
3z3g2

3283

3385
3386
3387
3388
3389
3330
3391

OO0 0

o

100
101
102
103
104

21
22
23
24
28
26

27

50

—~

Subroutine errmes

SUBROUTINE ERRMES(TIME)

SUBROUTINE ERRMES PRINYS THE ERROR MESSAGES
WHENEVER THE EXECUTION OF THE PRCGRAM HAS
BEEN TERMINATED DUE TO NUMERICAL ERRORS SUCH
AS INSTABILITY,VARIABLES OUT OF RANGE ETC,

IMPLICIT REAL*8 {A=-H,0-2)
COMMON /ERROR/ IERR

WRITE(6,1100)

IF(IERR

TIME

2) 1,2,100

IF(IERR - 4) 3,4,101

IF(IERR 225
IF(IERR 24)
IF{(IERR = 26)
IF(IERR =~ 28B)

WRITE(6,1001)
GO YO 200
WRITE(6,1002)
GO TO 200
WRITE(6,1002)
GO TO 200
WRITE(S,1004)
GO TO 200
WRITE(G,1021)
GO TO 200
WRITE(S,1022)
GG TO 200
WRITE(6,1023)
GO TO 200
WRITE(G,1024)
GO TO 200
WRITE(G,1025)
GO TO 200
WRITE(6,1026)
60 TO 206
WRITE(S,1027)
GO TO 200
WRITE(E,1050)

21,22,102
23,24,103
25,26,104
27,50,50

86t



3392
3393
3394
3395
3396
32327
3398
3399
3400
3401
3402
3403
3404
3405
3406
3407
3308
3409
3410
3411
3412
2413
3414
3415
3416
917
3418
341¢
3420
3421
3422
3423
3424
3425
3426

c

200 CONTINUE
WRITE(6,1101)
1100 FORMAT(1H1,35(' »')//10X,"EXECUTION TERMINATED ON ERROR',
*' CONDITION AT TIME ',F10.4//)
1001 FORMAT(1X,'THE PRESSURE MATRIX INVERSION DOES NOT CONVERGE'/
* 1X, "IN THE MAXIMUM NUMBER OF ITERATIONS ALLOWED'//
* iX,'ERROR CONDITION NUMBER = 1'/)
1002 FORMATY(1X,'THE PRESSURE MATRIX IS NOT DIAGONAL DOMINANT'//
* 1X, 'ERROR CONDITION NUNMBER = 2'/)
1003 FORMAT(1X, 'THE VOID FRACTION 70OOK A VALUE EITHER LOWER THAN'/
% 1X,'ZERQO OR GREATER THAN ONE'// .
* 1X, "ERROR CONDITION NUMBER = 3'/)
1004 FORMAT(1X,'THE INITIAL CONDITIONS INPUT DATA 1S NOT IN THE'/
* 1%, 'PROPER URDER'//
* 1X,'ERROR CONDITION NUMBER = 4'/) .
1021 FORMAT(1X,'THE TIME STEP SIZE TOOK A VALUE TOO SMALL'/
* 1%, 'ERROR CONDITION MUMBER = 21%/) :
1022 FORMAT(1X,'THE PRESSURE TOCK A VALUE TOQ SMALL'/
* 1X, 'ERRUOR CONDITION NUMBER = 22'/)
1023 FORMAT{1X,'THE PRESSURE TCOK A VALUE TOO HIGH'/
* 1X,'ERROR CONDITION NUMBER = 23'/)
1024 FORMAT{1X,'THE VAPDR TEMPERATURE TDOK A VALUE TDO SMALL'/
* 1X, 'ERROR CONDITION NUWV3BER = 24°'/)
1025 FORMAT(1X,'THE VAPOR TEMPERAYURE YODK A VALUE YOO HIGH'/
* 1X, 'ERROR CONDITION NUMBIR = 25'/)
1026 FORMAT(1X, 'THE LIQUID TEMPERAYURE YOOK A VALUE TOO SMALLY/
® 1X,'ERROR CONDITION NUMBER = 26'/)
1027 FORMAT(1X,'THE LIQUID TEMPERATURE TDOX A VALUE YDO HIGH'/
* 1X,'ERROR CONDITION NUMBER = 271/)
1050 FORMAT(1X,'A QUIT SIGNAL WAS ISSUED B8Y THE TERMINAL OPERATOR'/
* 1X,'ERROR CONDITION NUMBER = 50'/)
1101 FORMAT($X,35(' «')}
RETURN
“END
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3429

3430
3431
3432
3433
3434
3435

3436 .

3437
3438
3439
344

3441

3442
3443
3344
3445
3446
- 3447
3448
3449
3450
3451
3452
3453
3454
3455
3456
3457
3458
3459
3460
3451
3462
3463
3454
3485
3466
3367
3438
3469

Subroutine saver

SUBROUTINE SAVER(P,TV,TL,ALFA,UVZ,ULZ,UVR,ULR,TR,TCAN,
" TIME,NTR,NN NCAN,N{)
IMPLICIT REAL¥8 (A-H,0-Z)

LOGICAL LDATA

DIMENSION P(NN),TV{(NN),TL{(NN),ALFA(NN) ,UVZ(NN), , ULZ(NN),
* UVR(NN),TCAN({NCAN) , TR{NTR),ULR(NN)
DIMENSION XOUT(5)

LDATA = .FALSE.

WRITE(7,103) LDATA,TIME

DO 1 KO = 1,NN

WRITE(7, 100) KO, TV(KO) ,TL{KO),P(KQ), ALFA(KO)
WRITE(7,100) KO,UVZ{KO),ULZ{KO),UVR(KO), ULR(KO)
CONT INUE

LDATA = .TRUE.

KRES = 0

CONT INUE

DO 3 K = 1,5

KM = KRES + K

IF{KM.GT.NTR) GO YC &

xour(K) = TR{KM)

ONT INUE

hRITE(? 101) LDATA, (xour(KL) KL=1,5)

KRES = KRES + 5

GO TO 2

CONT INUE

WRITE{7,101) LDATA,{XQUT(KL),KL=1,5)

LDATA = ,FALSE.

WRITE(7,102) LDATA

LDATA = .TRUE.

KRES = 2xNI

K3 = 3#NI

CONT INUE

DO 6 K = 1,5

KM = KRES + K

IF{KM.GT.K3) GG .TO 7

XOUT (K) = TCAN(KM)

CONT INUE

WRITE(7,101) LDATA,{XQUT(KL),KL=1,5)

KRES = KRES + 5

GO TO0 S

CONT INUE

"WRITE(7,101) LDATA,{(XCUT(KL) ,Kist,5)

LDATA = .FALSE,



3470
3471
3472
3473
3474
3475
35476

100
101
102
103

WRITE(7,102) LDATA
FORMAT(15,4015.9)
FORMAT(L1,5D15.9)
FORMAT(L1)
FORMAT(L1,D15.9)
RETURN

END
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