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COMMIX-SA-l: A THREE-DIMENSIONAL 
THERMOHYDRODYNAMIC COMPUTER PROGRAM 

FOR SOL~ APPLICATIONS 

by 

W. T. Sha, E. I. H. Lin (Principal Investigators), 
R. C. Schmitt, K .. V. Liu, J. R. Hull, 

J. J. Or.as, Jr., and H. M. Domanus 

ABSTRACT 

COMMIX-SA-l is a three-dimensional, transient, single­
phase, compressible-flow, component computer program for ther-

. mohydrodynamic analy.sis. It was developed for solar applica­
tions in general, and for analysis of thermae line storage· 
tanks in particular. The conservation equations (in cylindri­
cal coordinates) for mass, momentum, and energy ·are solved as 
an initiai-boundary-value problem. The detailed numerical­
solution procedure based on a modified ICE (Implicit 
Continuous-Fluid Eulerian) technique is described. A method 
for treating the singularity problem arising at the origin of 
a 'cylindrical-coordinate ·system is presented. In addition, 
the thermal interactions between. fluid and structures (tank; 
walls, baffles, etc.) are explicitly accounted ·for. Finally, 
the COMMIX-SA-l code structure is delineated, and an input 
description and sample problems are presented. 

I. INTRODUCTION· 

Successful utilization of solar energy hinges on developing ~rficient 
methods of energy :collection and storage. Heat--storage components play an 
important role in solar heating, .cooling, agriculture applications, desalini­
zation, process-heat systems .and electricity _generation. Owing to the inter­
mittent and diurnal nature of solar insolation, and to the often-encountered 
pha~e lag between energy collection and demand,· storage components such as 
thermocline tanks, rock beds, and ·salt-gradient solar ponds are .required to 
stor~ the collected thermal energy. The thermal-.energy storage efficiency! 
varies from one storage component to the next:, depending on design of the 
compc:ment and fluid-flow and heat-transfer processes that· occur within it. In 
order to improve storage design and hence system performance, the thermohydro­
dynamic responses of the storage components must be understood in detail. 
This requires analyses of storage behavior using an appropriate detailed ther­
mohydrodynamic model. 
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The computer code described in this report was developed in response to 
this need. The computer code is designated COMMIX-SA-l, an acronym derived 
from COMponent MIXing-~olar Applications-!st version. Although its analytical 
framework is general and suitable for treatment of a variety of storage com­
ponents, COMMIX-SA-l confines its attention to the analysis of heat-storage 
water tanks with cylindrical geometries, since these are the most commonly 
used in solar domestic hot-water and space-heating applications at present. 
Before the development of COMMIX-SA-l, the analytical models available for 
analyzing water tanks were mostly one-dimensional (i.e., they treated only one 
space dimension, as in Refs. 2-4, among others) and at best two-dimensional. 5 
The applicability of these models is limited, since three-dimensional effects 
are often important, especially when storage tanks possess advanced dP.sign 
featurea. The shortcomings ot the one-dimensional models are particularly 
serious in that these models fail even to account for the effects of tank 
height-to-diameter rati.o and inlet/outlet flow rate. This must not be con­
strued, however, to mean that one-dimensional models are utterly useless; , 
their uti.lity lies in their simplicity and ease of application, provided that 
the one-dimensional assumption is approximately true. For the purpose of un­
derstanding the thermohydrodynamic behavior inside a storage component, and 
for the sake o~ identifying and evaluating more advanced storage design, how­
ever, a rigorous, flexible, three-dimensional model must be relied upon. 

In fact, when the development of COMMIX-SA-l was first undertaken in 
FY 1978, the primary objective was to develop a three-dimensional model for 
investigating flow stratification in thermocline storage tanks. 6 Subsequently, 
through parametric studies uRine COMMIX-SA-l, the objective was broadened to 
include the study of improved storage-tank designs that give high charge and 
discharge efficiencies. 7 Recently, the general RnR1ytical framework of co~~IX­
SA-1 was further extended for applications to rock beds and salt~gr~dient solar 
ponds. Additional developrnP.nt of specifin physical 111utlels fot 1.·uck beds anrl 
salt-gradient solar ponds is necessary, but the basic framework of COMMIX-SA-l 
is fully used. Work in these latter areas will be reported later. For now, we 
shall restrict our attention to an analysis of cylindrical watt!r Lanks. 

Development of a rigorous, three-dimensional, thennohydrodynamic computer 
code is by no means trivial. Fortunately, previous experience and expertise 
existed at ANL-CT (i.e.,_ Argonne National Laboratory Components Technology 
Division) from developing the THI3D8 and COMMIX-1 (Ref. 9) codes. In particu­
lar, the devP.lnpmental work on COMMIX-SA-l bcrtefited'greatly from an earlier 
version of COMMIX-I; it also benefited from the effor't made toward the devel­
opment of COMMIX-IHx,lO i.e., the implementation of cylindrical-coordinate 
terms. Without these earlier efforts, more manpower and time would have been 
required to complete COMMIX-SA-l. . 
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The purposes .of this report are to: 

1. Detail the mathematical formulation underlying the COMMIX-SA-l code; 
. i.e., present in full the governing partial differential equations, their cor­
responding finite-difference approximations, the numerical-solution techniques, 
the· initial and boundary conditions, and other auxiliary relations. 

2. Describe the structure of COMMIX-SA-l. 

3. Provide a set of user input instructions. 

4 .. Present some sample analyses and results. 

Together with some relevant discussions on various aspects, we hope to 
provide needed information about the theoretical and numerical background, and 
about how one can actually use the computer code to solve practical problems. 

II. ,GOVERNING EQUATIONS 

The time-dependent, three-dimensional conservation equations of mass, mo­
mentum, and energy governing the fluid-flow and heat-transfer processes can be 
expressed in integral form. Within a control volume V and enclosing surface S, 
we have the following equations: 

Continuity: 

:t f fJ p dV = - tf pq • dS. 
v s 

(1) 

Momentum: 

Here. p is the density of the fluid, t is the time, q is the velocity vector, 
p is the pressure, X is the body force per unit mass (or specifically gravita­
tional acceleration), R. is the resistance force (such as caused by baffles), 
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...... 
i is the appropriate length scale associated with R, a is the v1scous stress 
tensor, I is the identity matrix, h is the enthalpy, T is the temperature, K is 
the effective thermal conductivity (it may include eddy conductivity due to 

'turbulence), Q is the rate of heat production or remo~al v1a heat source or 
sink, and~ is the viscous dissipation'= a • (V • q). 

A. Relations in Cylindrical Coordinates 

For problems dealing with cylindrical tanks, it is convenient to solve the 
problem in cylindrical coordinates r, 6, z for the radial, circumferential., and 
axial coordinates, respectively, with conjugate velocity coordinates u, v, w. 
If the divergence theorem is applied to Eq$, 1-3, thP.y can.be reduced to par­
tial differential equations in the following forms: 

Continuity Equation: 

~P . 1 a · 1 a a 
-- + ---(pru) +- --(pv) + --(pw) = 0. 
at r ar r a6 az 

Momentum Equations: 

r Component of Momentum: 

2 pv ~(pu) + _!. ~(rpu2 ) + _!. ~(puv) + ~(puw) ---
at r ar r a6 ' az r 

Rr 1 a · 1 aar6 °66 aarz 
+- -(ra ) + ··- "' ----- + --

ir r ()r rr .t' ae r az . 

6 Component of;Momentum: 

1 3066 30ez 
+--- + --. 

r aA 3z 

z Component of Momentum: 

ap 
-- + pgr 

ar 

a 1a 1a a 2 --( pw) + - --(rpuw) + - --( pvw) + --(pw ) = 
at r ar r a6 az 

. ap 
--- + pgz 

az 

Rz 1 a 
. - -- +- --(ra ) 

i r ar zr 
z 

1 aa 
6 

aa z zz 
+ - ---- + ---. 

r a6 az 

(4) 

(5) 

(6) 

(7) 
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Energy Equation: 

a · 1 a 1. a a · ap 
-(ph) +- -(rpuh) + - -( pvh) + -( pwh) = - + 
at r ar r aa az at 

ap . v ap ap 
u-- +-- + w-

ar r aa az 

1 a ~ aT) +-- Kr-
r ar ar 

1 a ~ aT) a ~ aT) . +-- K- +- K- + Q + ~. 
2 aa aa az az r .· 

(8) 

Here R6 Ra, ·and Rz are components of the resistance force R ·with corresponding 
.lengths 1r,·~a• and 1z· 

The components of the viscous/stress tensor in cylindrical coordinates are 

0 zz 

0 ra 

0 az 

0 zr 

and 

'iJ • 

The 

= 

= 

~ 

q 

( 
au 2 ~) 

~ 2a;- 3v • q , 

[ (
1 av u) 

~ 2--+-
r aa r 

2 
- -'i/ 

3 

(~ 2 q)' - -V ~ az 3 

0 ar cv ~-
ar 

·~· + _.!. au), 
r r aa 

0za ~(av + _.!. aw), 
az r aa 

cw + ~). 0 rz = ~-
ar az ' 

·1 a 1 av aw 
=- -(ru) +-- + -. -.·; 

r ar r a a az 

viscous dissipation function l.S given by 

1 ( 1 aw av )
2 

1 ( a . )
2 

1 ] + + - + -2 ... uz + aawr - 3 .. ( 'iJ • ' q) 2 • .2 -;as az a 

B. Integral Treatment of Singularities 

(9) 

,(10). 

(11) 

(12) 

(13) 

(14) 

05) 

In several terms of the partial differential equations 4-8, singularities 
are found al9ng the axis of the cylindrical-coordinate system (i.e., r = 0), as 
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is evident from the presence of the 1/r and 1/r2 terms.. Especially when solved 
via finite difference, the singularity problem is manifested through terms that 
appear difficult to evaluate ~t or near the axis or origin. 

Several different methods have been devised to either bypass or deal with 
the singularity problem, e.g., one that assumes a fictitious rod with radius 
<<1 at the center of the cylinder together with vani~hing normal velocity or 
velocity gradient on the rod surface, one that use~ ~uadratic extrapolation at 
the center, and the method of Kee and McKillop, 11 which uses squa~e cor{trol­
volume and rectangular-coordinate equations at the center. As pointed out in 
Ref. 12, these methods are too cumbersome or fail to account for the case in 
which significant crossflow occurs at the center. 

The method that evolved during the development of COMMIX-SA-l originated 
frnm th~s~ ob&4irvati.ons: 

1. The singularity problem is a mathematical rather than a physical one. 
Namely, the physical flow field does not contain any singularity, but the sin­
gularities arise from the peculiarity of the cylindrical-coordinate system. 

2. The difficult terms mentioned. above came into being via direct 
finite-differencing of the partial.differential equations 4-8, having in mind 
primarily a typical six-sided computation cell (or control volume). But the 
control volumes around the origin degenerate to five-sided ones. 

3. The flow v.Plndty <R.t th~ origin u not well defined in the otaggcrcd 
mesh system under consideration, and much of the difficulty encountered has to 
do with its evaluation. 

Tho firot .obocrvation auggc.sts that th~r~ .. uighL L~ a HaLuLal ur: saLlsfac= 
tory solution to the problem, be'cause the physical situation demands it. The 
second observation sugge.sts concentrating on the five-sided control volumes, 
and perhaps starting, not from the partial differential equations, but from in­
tegral forms of. the conservation equations. The third observation points out 
that flow velocity at the origin must be unambiguously computed, because it 
e~ists in nonaxisymmetric cases and is needed in evaluating the related terms. 
Within a selected control volume, we then seek to satisfy the conservation 
equations in the integral form given by Eqs. 1-3. In terms of these integrals, 
the axis .does not contribute singularities in the sense of the type of physical 
problems under consideration. 

Programming for the computation will -account for three ranges: 

1. Flow field away from r = 0. 
' 

2. Flow field near r = 0. I. 

3. Flow field at. r = 0. 
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III. FINITE-DIFFERENCE EQUATIONS AND SOLUTION SCHEME 

A. Finite-difference Equations (r > 0) (i > 1) 

The finite-difference approximations to the governing partial differen­
tial equations 4-8 are· obtained by using essentially the ICE (_!,mplicit 
_.£ontinuous-fluid Eulerian) techniquel3 in a staggered grid system. A typical 
computation cell is shown in Fig. 1; ·computational nodes for pressure, den­
sity, ·enthalpy; and temperature are located at cell center (i,j,k) and those 
for velocities u, v, and w at centers of cell surfaces (i ± l/2,j,k), (i,j ± 
1/2,k) and (i,j,k ± 1/2), respectively. (The grid system is call.ed staggered 
because there are four different sets of control volumes: one control volume . . 
for pressure, density, enthalpy, and temperature, and one control volume each 
for u, v, and w.) The re1ations among nodal points, nodal lines, and the defi­
nitions of coordinates and coordinate-increments are illustrated for a typical 
Kth polar plane in Fig. 2. The result.ing finite-difference equations are as 
follows. 

v. ··1 k . 
'.tl 2• PI,"J.k 

--+---..J Pi,j,k 
hl,j,k 

Tl,j,k 

Fig. 1. A Typical Computation Cell in a 
Staggered Cylindrical-coordinate· 
Grid System 

1. The Continuity Equation 

Dn+ 1 _· 1 ( n+ 1 n . ) 
i, j, k - hl Pi, j, k - Pj., j, k 

he (i,j,k)lh compulolion cell 

Fig. 2. Definitions of Coordinates and 
Coordinate Increments in the 
Kth Polar Pl,ane 



14 

1 [ n+1 + <pv>i J.+(112) k r.f1a. , , 
. 1 J 

< >n+1 
pv i,j-{112) ,k 

1 [ n+1 n+l J + ~ (pw>i,j,k+(112) - <pw>i,j,k-(112) ' 
k 

(16) 

where the angular brackets· < > denote partial-donor-cell differencing of the 
enclosed quantity as discussed below, !1t denotes time increment, and D denotes 
mass re.sidue in a given computation cell. The mass residue is to be reduced 
by iteration to a small quantity as specified by the convergence criteria 
(discussed later). The superscript n over a quantity means that the quantity 
is to be evaluated using values of the pertinent variables for the nth, or 
"old," or "previous," time step; the superscript n + 1 over a quantity means 
that evaluation of the quantity is tn hP ma~e using the (n + 1)st. step, Lht:! 

"current·," or the "latest" values of the pertinent variables. 

< >n+l 
pur i+{ll2), j, k ) n+1 ] 

~r Pi+1 J. k ' '· , 
(17) 

where 

· ( n+l ] + n+l l1t 
~r =a S1gn ui+(112),j,k aui+(ll2),j,k !1r. ("I ) 

1+ 1 2 

"· • n+l 
\.pV.I i, j+{ll2), k = n·t·1 l ( 1 ) n+l ( I ) n+l ] vi,j+(ll2),k 1 2 + ~8 Pi,j,k + l 2 - ~9 Pi,j+l,k · (18) 

where· 

lit 
1:' = • ( n+1 · ] + avn+1 · . 
~e a s 1gn v1.,J.+(112),k ~ 1· J.+(l/2) k ' 

' . ' ril19 j~(il2) 

and 

< >n+l 
pw i,j,k-(112) (19) 

where 

= · ( n+1 ] n+1 ~z a s1gn wi,j,k-(112) + Bwi,j',k-(112) 
Azk-012) 

All other convective flux terms occurring in Eq. 16 and subsequent equations 
are to be evaluated in a similar manner. 

In the equations for ~r•. E;a, and E;z above, a and B are input parameters, 
by· means of which one can control the degree of.donor-cell'differencing 
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desired. In general, 0 <: a < 1/2 and 0 < a <: 1/2. As is well kown, a = a = 0 
gives the standard central differencing scheme, and a = 1/2 with a = 0 gives 
the upwind differencing or pure donor-cell differencing scheme. In practice, 
the upwind differencing option is more frequently used ·as it provides for 
greater numerical stability. 

2. The Momentum Equations 

In the finite-difference approximations to the full Navier-Stokes 
equations as given in Sec. II, V • q = 0, corresponding to incompressibility, 
is assumed in evaluating.the viscous terms. This is done primarily'because of 
the negligible effect of the term anticipated in the range of COMMIX-SA-l 
applications. The addition of the v • q term, when found necessary, can be 
easily implemented. The finite-difference representations of Eqs. 5-7 are 
given as follows. 

a. The r-momentum equation 

( n · n/ ) n+l 
P· (1/2) . + t.tB fl. u. (1/2) . k ~+ ,J,k r r 1+. ,J, 

where 

t.t n+l n+l 
--..,....---(P. 1 . - P .. k), 
t.ri+(l/2) ~+ ,J,k ~.J, 

(pu)n 
i+(l/2),j,k 

n 
n · t.tAr n n ( pu) . - -- + t.tD u 
i+(l/2),j,k !l.r i+(l/2),j,k i+(l/2),j,k 

t.t 2 n 2· n 
+ ( < pu r > . . - < pu r > _ . ) 

ri+(l/2)6ri+(l/2) ~.J,k i+l,j,k 

t.t n n · 
+ [ < r:mv) - <p uv > . . ] 

ri+(l/2)66j i+(l/2),j-(l/2),k . ~+(l/2),J+(l/2),k 

t.t n n · 
+ -[ (puw> - (puw> . ] 

t.zk i+(l/2),j,k-(l/2) . i+(l/2),j,k+(l/2) 

· t.t · 2 n n . n r 

(20) 

+ ( pv ) + t.t lJ ( V ) , 
q+(l/2) i+(l/2),.i,k i+(l/2),j,k r i.+(l/2),j,k (21) 
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1 n · · 1 n n 
+ --- (arr)i+0/2),j,k- 2r [(aee)i+0/2)_,j+{l/2),k + (aee)i+0/2),j-{l/2),k] 

r i+{l/2) i+0/2) 

1 .n n 

+ r ~e [(are)i+(1/2),j+(1/2),k- (are)i+(1/2),j-(1/2),k] 
.i+{l/2) j 

1 n 

+ ~[(arz)i+(1/2),j,k+(1/2) - (arz)~+(1/2),j,k-(1/2)), 
k 

(22) 

where, for '1.1 
n 

- lJi,i,(J.I:l),j,k, 

1 n 

JJ (arr)i+l,j,k 
2 n n 

6ri+1 [
0
i+(3j2),j,k-

0
i+(112),j,k], 

1 n 2 n n 
~( 0rr)i,j,k = 6ri[ 0 i+(112),j,k- 0 i-(112),j,k], 

1 n 2 n n 
-(o· ). (112) · • . ..... (u. 1 · - u. · k), 
JJ rr 1. + ,J , k · 6r i + (1 1 2) 1. + , J , k 1., J , 

i( n 2 n ·· n 

~ 0ee)i+(112)~j+(11Z),k = ~i+( 1 1 2 )aej[vi+(112),j+1,k ~ vi+(112),j,k] · 

n 
0 i+(ll2),j+(112),k. 

+-----'----__;___ 
ri+(112) 

1 n i n n 
-(a ). (112) · ·c I) = [v .. (112) · - v. ( 1.2) · 1 ] 
jJ ee l.+ ,J- 1 2 ,k ri+(ll2}6ej-(ll2) l.+ ,J,k ].- 1 ,J- ,k 

n 
0i+(1l~),j-(l/2),k 

+---'-------
ri+OI2) 
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r ~e [u~+(ll2),j+l,k 
i + (1 I 2) j + (1 I 2 ) 

1 

+ 6r [v~+l,j+(ll2),k 
i+(ll2) 

1 
v~,j+(ll2),k] - -r------. ~~+(ll2),j+(ll2),k' 

i+Cll2) 

1 n 

~( 0re)i+(ll2),j-(ll2),k = 
1 

r 66 [u~+(ll2),j,k 
i+Cll2) j-(112) 

u~+( 112) :j-1 ,_k] 

1 
+-----

6r 
i+(ll2) 

1 
[v~+l,j-(ll2),k- v~,j-(ll2),k] - -r------~~+(ll2),j-(ll2),k' 

i+Cll2) 

1 

- Az [~~+(ll2),j,k+l 
k+(l/2) 

1 
+ 6r [w~+l,j,k+(ll2)- w~,j,k+(ll2)]' 

i+(ll2) 

1 n 
~( 0rz)i+(ll2),j,k-(ll2) = 

1 

6z .ru~+(l/2),j,k- u~+(ll2),j,k-l] 
k-(112) 

1 
+ [w~ · ( I ) - wnl.,].,k-(112)]' Ar 1+l,],k- 1 2 

i+(ll2) 

and A¥ and B¥ are associated with the resistant force Rr as appearing 1n Eq, 5; 
their evaluations in the context of impermeable and perforated baffles are de­
tailed in Sec. III.C.2. The length scale R-r, unless otherwise warranted, will 
be replaced by Ari+(l/ 2). The term involving nj\·c 112 ),j,k in Eq. 21 does not 
follow directly from Eq. 5, but is introduced on the .basis of a consistency 
argument that mass residue remaining in a computation cell entails a corrP.­
sponding residual mass flux. It is also introduced as an expedient ntimerical 
instrument to facilitate convergence. In the actual coding of COMMIX-SA-l, an 
option is provided to allow the user to include or not include this term in the 

0 
calculation. 

Convective terms are evaluated by partial donor-cell differenc­
ing in a manner. similar to that prescribed by Eqs. 17-19. As a further exam­
ple, we note that, in Eq. 21, the velocity components u, v, and w, .which are 
defined on the ~ell surfaces, ar~ lo convect pu either into'or out of the cell 
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in question, depending on whether u, v, and ware ·directed into or out of the 
cell. Thus, 

<puv>i+(l/2),j-(l/2),k = v~+(l/2),j-(l/2),k[(l/ 2 + ~e)(pu)i+(l/2),j-l,k 

(23) 

where 

. [ n ] n fit 
~8 =.a s 1 gn Vi+(l/2),j-(l/2),k + 6Vi+(l/2),j-(l/2),k ' 

. ri+(l/2)fi8 j-(l/2) 

a and a being as discussed previously. 

In the 8- and z-momenttml equat'ions, and in the energy equation, 
which are to follow, u, v, and w will convect pv, pw, and ph, respectively, 
either into or out of a cell, depending on whether their directions are point­
ing into or out of the cell. Thus the evaluation of the convective terms in 
these equations will be done similarly and will not be repeatedly explained. 
Of course, quantities such as vi+(l/ 2 ),j-(l/ 2 ),k in Eq. 23 must be determined by 

interpolating the neighboring nodal quantities vi,j-(l/ 2 ),k and vi+l,j-(l/ 2 ),k' 
·and in_ a variable-mesh setting this .is typically accomplished in the following 
manner: 

n n 
firivi+l,j-(l/2),k + firi+lvi,j~(l/2),k 

firi + firi+l 

where the definitions of the coordinate increments and the locations of the 
computational nodes are illustrated in Figs. 2 and 1,. respectively. 

where 

b. The 8-momentum Equation 

r n -n; ] n+l ( )n + n -Pi,j+(l/2),k + fitHe 1e.vi,j+(l/2),k"" pv i,j+(l/2),k 8tpi,j+.(l/2),k8e 

- fit (p~+\ - n+l ) 
. 1 J+l k Pi,J",k ' 

rifi8j+(l/2) ' ' 

0 fitAn 
n . e. 

= ( pv) i, j + (1 I 2) , k -:- -R.- + 
nn n 

~t.i,j+(l/2),kvi,j+(l/2),k 
e 

fit n . · n · ] 
+ r fir [ <pruv> i-(1/2) ,j+Oi2) ,k - (pruv\+(1/2) ,j+(l/2) ,k 

i i 

(24) 
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~t n n 
+ -[ (pvw) - (pvw> . ] 

~zk i,j+(l/2) ,k-(1/2) i,j+(l/2) ,k+(l/2) · 

~t n n n 
- =-:.(puv) + ~tlJ · · (v ) 
. ri i,j+(1/2),k i,j+(1/2),k e i,j+(1/2),k' 

(25) 

and 

n ( n ' 1 [( t 
lJi,j+(1/2),k ve)i,j+(1/2),k = ~ri aer i+(1/2),j+(1/2),k 

1 1 n · n 
+- [(a). "1k-(aee). .k] 

ri Mj+(l/2) ee 1,J+ , 1,J, 

1 n n 

+ ~zk[(ae)i,j+(l/2),k+(l/2).- (aez)i,j+(l/2),k-0/2)], 
(2 6) 

where, for lJ n 
- lli,j+(l/2) ,k' 

1 n 1 n n 

~(ae)i+(l/2),j+(1/2),k = ~ri+(l/ 2)[vi+1,j+(l/2),k- vi,j+(l/2),k] 

1 [ n + . u -
~i+( 1 ; 2 )~ej+( 1 ; 2 ) i+(1/2),j+1,k 

n . . 

ui+(l/2) ,j ,kJ 

1 n 
----v 
ri+( 1/Z) i+(1/2),j+(1/2),k' 

1 n 1 n · n 
-(a ) = ----[ v · - v · ] 
lJ' er i-(1/2),j+(1/2),k ~ri-(1/2) i,j+(1/2),k i~1,j+(1/2),k 
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+ ri-(1/2)~8j+.(1/2)[u:-(1/2),j+1,k - u n ] 
i-(1/2) ,j ,k 

1 n 

ri-( 1/ 2 ) vi-(1/2),j+(1/2),k 

1 n 1 n n 

~( 08r)i,j+1,k = 6ri[vi+(1/2),j+1,k- vi-(1/2),j+1,k] 

n 1 n 1 [ n +u . -
riM j+1 i,j+(3/2) ,k ui,j+(l/2) ,kJ -- v. . , 

ri l.,J+1,k 

1 )n 1 n n . 1 [ n . """l 0" "' -[ "v - V ' J + 1..1 • • 
11 Ar i,j,k Ari i,jl(l/2),k i,j-(1/:L),k riMi l.,J+0/2),k 

n 
- u ] 

i,j-(1/2) ,k 
1 n 

- -v 
ri i,j,k' 

n 
1 n 2 n 11 2ul.· J"+l k 
~a ) =------1[v - v ] - ' ' 
~ 88 i,j+1,k ri8j+1 i,j+(3/2),k i,j+(1/2),k ri 

1. n 2 n n 
~l 088Ji,j,k = r 68 [vi,j+(1/2),k- vi,j-(1/2),k] 

i j 

1 
Az [v~,J+(1/2),k+1 

k+(1/2) 

1 l 11 n ] 
+ r M w i, j + 1 , k+ (1 /2) - w i, j , k+ ( 1 I?) ' 

i j+(1/2) . . . 

and 

2u0 

i, j, k 

r 
~ 

n . ] 
vi,j+(l/2) ,k 

1 ( )n . = 
~ 0 8z i,j+(1/2),k-(1/2) 

1 
6z [v~,j+(1/2),k ~ ~~,j+(1/2),k-1] 

k-(1/2) 

. 1· [n . n ] + · ·W - W . 
ri8ej+( 1/ 2) i,j+1,k-(1/2) i,j,k-(1/2) · 
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The quantities A~ and B~ are associated with the resistant force 
Ra as appearing in Eq. 6; their evaluations in the context of impermeable and 
perforated baffles will be detailed in Sec. III.C.2. The length scale ~A• un~ 

less otherwise warranted, will be replaced by ri68i+(l/ 2 ). The comments made 
earlier on the term involving the mass residue D in Eq. 21 apply here as well. 

The z-momentum Equation 

[ n Bnl J n+l _ -( )n · n 
Pi,j,k+(ll2) + 6t z ~z wi,j,k+(ll2) - pw i,],k+(ll2) + 6tPi,j,k+(ll2)gz 

6t · n+l · n+l ) 
-------"--(P .. k 1 - p .. k ' 
6z 1,J, + 1,J, 

k+( 1/2) 

where 

(pw)i,j ,k+(ll2) (pw)i,j,k+(ll2) 

6tAn 
z 

---+ 
~ 

o" n 6t i,j,k+(ll2)wi,j,k+(ll2) 

6t n 
+ r.

6
r.[<pruw>i-(ll2)i,j,k+(ll2)- <pruw>~+(ll2),j,k+(ll2)] 

1 1 

6t 
+ --[<pvw>~,j-(ll2),k+(ll2)- <pvw>~,j+(ll2),k+(ll2.)] 

r 69. 
1 J 

(27) 

[ 2 n 2 J n ( )n. 
+ -

6
-z------ <pw >i~j,k- <pw >i,j,k+1 + 6t~i,j,k+(112) Vz i,j,k~(112)' 

k+(ll2) 
(28) 

and 

~~.j,k+(ll2)(vz)~,j,k+(ll2) = 6: [( 0zr)~+(ll2),j,k+(ll2)- ( 0zr)~-(112),j,k+(ll2)] 
i 

l 
+-1-[(o )n + (o )~. J + [(o )~. (I) (11) 2r zr i,j,k+1 zr 1,J,k r 68. za 1,J+ 1 2 ,k+ 2 

1 i J 

1 
- ( 0 z e )"1 •• J. - ( 1 I 2) .~. + ( 1 I 2) J + ----[ ( 0 t · k 1 - ( 0 ) ~ • k J ' - - r. !J.z 7.?. 1 , J , + . z z ...• J • _. 

k+(112) 
(29) 
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where, for ll n 
- lli,j,k+(ll2)' 

1 . 

,~ 0 zr) ~+( 112), j, k+( 112) 

1 
= ~r [w~+1,j,k+(112) - w~,j,k+(112)] 

i+OI2) 

1 

+ ~ z [ u ~ + < 1 I 2) , j , k+ 1 - u ~ + (1 I 2) , j , k] ' 
k+012) 

1 
= ~r [w~,j,k+(112) w~-1, j, k+(ll2)] 

i-(1/2) 

1 
+ tu [ u ~- (1 I 2) , i. ~+ l - u ~-< 1 I 2) , j , k] ' 

k+(ll2) 

1 r 0' ) n - 1 r wn - wn ] + __ l __ [ u n 
~ zr i,j,k+1-~ i+(112),j,k+1 i-(112),j,k+1 ~z i,j,k+(312) 

~ k+1 

- u ~, j , k+ 0 I 2)] ' 

~ CT ) ~ • = ~ r/\,. 1 I 2 ) · k - w~ -( 1 I 2) , J• , k] + ll zr 1,J,k ~r. ··~ , ,J, 
1. 

- u ~, j , k- 0 I 2)] ' 

1 

~z 
k 

[ u~,j ,k+(lh). 

~ 0 
ze) ~, j + ( 1 I 2) , k+ ( 1 I 2) 

1 
r. ~e [w~,j+1,k+(ll2) --w~,j~k+(112)] 
~ i j+(ll2) 

1 
+ ------1 n n ) 

vi,l(ll2),k+1- vi,j+(ll?)k' f::.z 
. k+(ll2) 

~0 ze)~,j-(ll2) ,k+(ll2) = 
1 

r ~e [w~,j,k+(112) 
i j-(112) 

w~,j-1,k+(112)] 

1 
+ [ v~ · ( 112) · 1 ~ z ~. J- 'k+ v~,j-(112) ,k~' 

k+(ll2) 
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- w .!.(o )n 
ll zz i,j ,k+l 

= 2 [ wn . 
Azk+l i,j,k+(3/2) 

n. ] 

. i,j,k+ll2) ' 

and 

.!{ 0 ) = ~ wn - wn ] . 
lJ zz i,j,k Azk. i,j,k+(ll2) i,j,k-(112) 

Again the quant1t1es A~ and B~ are asso.ciated with the resistant force Rz in 
Eq. 7, and details for their evaluations are given in Sec. III.C.2. Also, the 
length scale Jl.z will be approximated by Azk+(l/ 2 ), unless otherwise warranted. 

3. The Energy Equation 

In the finite-difference approximation to the energy equation, Eq. 8, 
the viscous dissipation function ~ is omitted, as its effects are deemed neg~ 
ligible in the anticipated range of COMMIX-SA-l applications. It can, how-
ever, be added easily in the coding if future usage of the code so requires. The 
finite-difference energy equation is given as follows: 

n+l 
(ph). . k 

1,], 

n n+l n 
(ph) .. k + AtD .. kh .. k 1,], 1,], 1,], 

At [ n n n+l n n n+l 
+ < p h ru > . . - < p h ru > . ] 

riAri 1-012) ,] ,k 1+012) ,j ,k 

At [ n n n+l n n n+l 
+ (ph v > -(ph v >. ] 

riASj i,j-(ll2),k 1,j+(ll2),k 

At [ n n n+l · 
+ --(ph w > 

Azk i,j,k-(112) 
n n n+l ] n+l n 

(ph w >i,j,k+(ll2) + (pi,j,k- pi,j,k) 

At [ n+l + (pur) 
riAri . i+(ll2),j,k 

. >n+l ] < ur 
p i-(1/2) ]. k 

·' ' 

At [ n+l · n+l · · 
+ <pv>. . - <pv> · ] 

riASj · 1,J+(ll2),k i,j-(ll2),k 

At n+l · n+l · 
+ -[ <pw) ( I ) - <pw). . ( I ) ] Azk i,j,k+ 1 2 l,J,k- 1 2 
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n+1 
8tp· . k 1 1 

+ 1 'J' (Cur)~+ . - (ur)n+ · ] 
ri8ri 1-(1/2),J,k i+(1/2),j,k 

n+1 
- v ] 

i,j+(l/2) ,k 

n+1 
8tpi,j,k n+1 . n+1 . 

+ · [w - w ] 
8zk i,j,k-(1/2) i,j,k+(1/2) 

T~ · - TQ • J n 1,J,k 1-1,J,k 
- K r 

i-(1/2),j,k i-(1/2) 6ri-(1/2) 

~ 
Tr:'- • 1 k - y;t . 8t Kn 1,J+, 1,J,k 

\+---
r~88. i,j+(1/2),k 88j+( 1/ 2 ) 

1 J 

6t n · i,j,k+1 1,J,k 
[ 

y;t - Tr:'- • 
+-- K . 

hzk i,j,k+(1/2) 8zk+(1/ 2 ) 

T~ · ,, - T~ · k l] - Kn 1 ' J ' !\ l ' J ' -
i,j,k-(1/2) 8zk-(l/Z) _ 

.n+l 
+ ~tQ 

i,j 'k 
(30) 

Note that.!;o. when compressibility is neglected in considering v1scous 
effects, s1nce V • q = 0, viscous-stress terms in Eqs. 5-7 reduce to, 

r Component: 

lJ V = lJ f.!._ ( _!:. .!._ ru) 
r [ar r 3r 
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e -Component: 

ll V · .= lJ[!.._ ·( ..!. .?.__ rv) 
·8 . ar r ar 

. . 

and 

z Component: 

Hence, when away from r = 0, simplification of Eqs. 22, 26~ and 29 1.s feasi­
ble, and we have·, in finite-difference form, . . 

(v r~· ( 1 ) = 
1 

{· 
1 

[un (. I ) . - u~ (112) · -kJ r 1.+ 1 2 ,j.,k ~ri+_( 1 IZ). ~ri+l i+ 3 2 ,j ,k 1.+ . ,] ,, 

1 [ n · n · J}· 
- ~ri ui+0/2) ,j ,k - ui-{1/2) ,j ,k 

n 

+ ----·-=-1----(u~ 1 .. k -· u~ . k) - ui+(l/2) ,j,k 
ri+(ll2)~ri+(ll2) 1.+ ,], I.,J, [ ] 2 

· r i+(l/2) 

1 · -{· 1 [ n n ] 
+ -[----J--::2::-A-e- ~e • ( 1IZ) Ui+( 112) ,j+1 ,k - Ui+( 112) ,j ,k 

ri+(112) u j J+ . 

+ _1_{ 1 [ ll l1 ··]· 

~zk. ~zk+(IIZ) ui+(II2)~j,k+l - ui+(ll2),j,k 

~z 1 
[uni..+(112) J •. k- uni..+(.l/2),_]·_.k~lJ}·. 

k-(112) . ' , ' 

[ · 
2 

]2M [v~+OI2),j+(lf2)·,k- v~+(ll2,),j-(ll2),k]; 
· r i+OI2) j · 

( )"· 1{ 1 [n · ·n J 
ve i,j+0/2),k .= tlri ~ri+(ll2) vi+1,j+OI2),k- vi,j+OI2),k 

(22a) · 
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1 [ n n + v - v ] 
ri6ri i+(l/2),j+(l/2),k i-(l/2),j+(l/2),k 

+ 1 { l'[n n' . ] 
r2 66 . 66j+l vi,j+(3/2),k- vi,j+(l/2),k 

i j+(l/2) 

1 [ n n } 
- Mj vi,j+0/2),k- vi,j-0/2),k] · 

n 
2 vi,j+(l/2),k 

+ . (u~ · 1 k - u~ · k) -
r 26e . 1 'J+ ' 1 'J' r~ 

i -- · j+ 0 I 2 > 1 

1 [ n n · -~ 
- 6zk-(l/2) vi,j+{l/2.),k- vi,j+(IJz),k-I]f. 

(26a) 

and 

( )n = _I_{ 1 [wn _ n 
Vz i,j,k+(l/2) 6ri 6ri+(l/ 2) i+l,j,k+(l/2) wi,j,k+(l/2)] 

These simplifications are not applicable for i = 1 and r = 0. 



.27 

. 4. . Comput:at ions near r = 0 

In the finite-difference app.roximations Eqs. 16, 20-22, and 24-30, 
the singularity problem is manife~ted through terms that appear difficult to 
evalu~te at or near the· origin--for example, the te~ (pur>i~t 112 ),j,k 1n 

Eq. 16 for i · = 1; the term (pu2r>i j k 1n Eq. 21 for i = 1; the terms 
n n · ' ' · ·n. n n+l 

ui-(l/ 2 ) J. k and ui J. k 1n Eq. 22 for l. = 1; the terms (p-n ru. >i-(1!2 ) · k' 
n+l'' ''n+l n . . . ,J, 

(pur>i-(l/ 2 ),j,k~ (ur)i-(lJ2),j,k and Ti-l,j,k 1n Eq. 30, agal.n for 1.= 1; 

etc. Thus, within the framework of the staggered mesh system used in conjunc­
tion .with the· ICE technique, attention is focused on the p-,· u- .• v-, and w­
control volumes around the center as shown in Fig. 3. Note that these degen­
erate control volmnes fit in ·the cylindrical staggered grid naturally, leaving 
no region in the flow domain where the balance of mass, momentum, or energy 
may not be ensured. Within these control volumes, we then seek to satisfy .the 
co~servation ·equations, particularly in integral forms. · 

U-CONTROL 
VOLUME 

V-CONTROL 
VOLUME Fig. 3 

TYPICAL 

CENTER 

Staggered' Grid and Degeaerate Control 

_Volumes in Cylindrical-coordinate System 

NOTE: W-CONTR.OL VOLUME IS SHIFTED 
AXIALLY FROM P-CONTROL 
VOLUME BY ONE-HAlf· AXIAL 
.MESH. SPACING. 

P-CONTROL 
VOLUME 

TYPICAL 

When Eqs. r-3 are expanded, in accordance with the ICE technique, 
for the degent:!r;att! five-sided control volumes shown in Fi.g. 3, and when the 
resulting finite-difference equations are recast in the forms of Eqs. 1'6, 20-
22, and 24-30, we obtain the foUowing for i = 1, wh.ence all quantities with 

. subscript i-(1/2) drop out. 

a. Continuity Equation for i = 1 

n+ 1 1 ( n+ 1 n ) 1 .[ n+l · . ] 
.D. =- P. . - P. . + . (pur>. (1/2) . k 

1,j,k t.t 'l,J,k I.,J,lt rit.ri · 1.+ ,J, 

+ 1. [ < >n+l 
r.t.e. pv i,j+(1/2),k 

l. J . . . 
< >n+ 1 . ] 

pv i, j-(1/2) ,k 

· 1 [ n+l · · . n+1 . ] 
+ t.zk <IJw>i,j, k+( 1/2) - (pw>i, j, k-(1/2) 

(31) 

\ 
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b. The r-momentum Equation fori= 1. (This equation remains the 
same as given by Eqs. 20-22, since it does not contain i- (112) terms.) 

where 

and 

[ n + AtBnln ]un+l = -( )n A n p u "' pu . . + utp. . g 
i+(112),j,k r r i+(112),j,k 1+(112),J,k 1+(112),J,k r 

f:J.t n+1 n+1 
- t:J.ri+(112)(P~+1~j,k- Pr,j,k), 

n n 
( pu) . ( / ) . = ( pu) . ( I ) . 

n n 

. 1+ 1 2_ ,,,k t+ 1 2 ,J,k t:J.tD. ( I ) . u. ( I ) . 1+ 1 2 ,J,k 1+ 1 2 ;J,k 

~ . 
f:J.L 2 n Z n 

+ - ---- ( <pu r>. . - <pu r) - ) 
ri+(ll 2)t:J.ri+(ll 2) :, 1,J ,k . i+1 ,j ,k 

f:J.t n n 
+ · · (<puv> - (puv> · ] 

ri+( 112)t:J.ej i+(112),j-(112),k i+(112),j+(112),k 

f:J.t [ n n + - (puw> - (puw> ] 
. t:J.zk i+(112),j,k~(ll2) i+(11Z),j,k+(112) 

+ . f:J.t (.pv 2 t . + f:J.t lJ ~ • ( V ) ~ • 
ri+(11~ i+(112),j,k 1+(112),J,k r 1+(112),J,k, 

n ( )n . 1 . [(o )n ~ - ( t ] 
lli+(ll2),j,k Vr i+(ll2),j,k = 6ri+( 1l 2) rr i+1,J,k · 0 rr i,j,~ 

1 n 1 · n 
+ ---( 0 ) - [ ( 0 ) 

ri+( 112) rr i+(ll2),j,k 2ri+( 112) e& i+(112),j+(ll2),k 

( )n ] + 1 · [(o )n . · 
+ 

0
ee i+(ll2),j-(ll2),k ri+(112)t:J.ej .. re i+(112),j+(ll?),k 

n l n · 
-(a) - ]+-[(o)' 

re i+(1/2),j-(ll2),k f:J.~k rz i+(1/2),j,k+(l/2) 

(32) 

(33) 

c. The a-momentum Equation for i = 1. Because of zero area at 
i- (1/2), Eqs. 24-26 reduce to 

[ n Bnl ] n+1 _ ( )n n 
Pi,j+(l/2) ,k + f:J.t e R.e vi,j+(l/2) ,k - pv i,j+(ll2) ,k+ f:J.tpi,j+(ll2) ,kge 

n+1 · 
P .. k)' 
1,], 

"(35) 
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where 

(pv)~ . ( I ) = (pv)~ . ( I ) 1,]+ 1 2 ,k 1,]+ 1 2 ,k 

~tA0 
- __ 8 + ~tDn vn 

t 8 i,j+(112),k i,j+(112),k 

~t n 
+ [ -<pruv> ] 

ri~ri . i+(112),j+(112),k 

· ~t (< · 2>n . 2 n . ) 
+ pv . . - (pv > .. 

riMj+01 2) 1,J,k 1,J+1,.k 

M[ n · . n ·.. J 
+ -- (pvw) - (pvw> 

~zk i,j+(112),k-(112) i,j+(112),k+(112) 

~t n n n 
- -( puv) ( I ) + ~t ( v ) . . ( I ) ll . . < I ) . ri · i,j+ 1 2 ,k 8 1,J+ 1 2 ,k 1,J+ 1 2 ,k 

and 

n ( )" . · 1 (. )n 
lli,j+(ll2) ,kv 8 i,j+(ll2) ,k = &i 0 8r i+OI2) ,j+(112) ,k 

( 

i -

+ (a a r) i, j + 1 , k + Coer ) i, j, k ~ . 1 [ (a ) n . _ ( ) n J 
Ae ee · · 1 k aee · · k ri · rp1 j+(ll2 ) · 1,J+ , ' 1,J, 

1 n n 

+ ~zk[(o8z)i,j+(ll2);k+(ll2)- (aez)i,j+(ll2),k-(li2)J ... 

d. The z~omentum Equation tor. i = 1. 
(112), Eqs. 27-29 reduce to 

Because of zero area at 

(36) 

(37) 

[ n n
1 

J n+1 --n n 
Pi,j,k+(ll2) + ~tBz 1z wi,j,k~(ll2) = (pw)i,j,k+(ll2) + ~tpi,j,k+(II2)gz 

~t ( n+l 
~zk+(ll 2 ) pi~j,k+1 

n+l 
p. . k)' 1,J, 

(38) 

where 

(pw) 1~ • = (pw)~ . . · - ~tA~ + MD0 · w0 

1,J,k+(112). 1,J,k+(112) tz i,j,k+(112) i,j,k+(112) 

~t ' n 
+ [ -<pruw> J 

ri6ri i+(112),j,k+012) 

~t [ n. n · J + (pvw) · - (pvw> 
riMj . i,j.:..OI2) ,k+OI2) i,j+,OI2) ,k+(l/2) 
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· ( )n n 
+ !1t v z i,j,k+(l/2)lli,j,k+(l/2) (39) 

and 

n ( )n _ ~ )n + (ozr)i,j,k+(l/2)+(azrJr,j,(k-(l/2) 
~i,j,k+(l/2) Vz i,j,k+(l/2)- 6ri 0 zr i+(l/2),j,k+(l/2) 2ri 

+ ri~e }(o zS) ~,j+(l/2) ,~+(1/2) - (a zO) ~.j-(1/2) ,k+0/2)] 

1 n n 
+ [(o ) .. 1-(Q ) .. ]. 

61lk+0/2) ;t.;t. J.,j,k .. , .. zz l,J,k . (40) 

e .. Energy Equation fori= 1. Equation 30 reduces to 

n+1 
(ph) ... k 1,,J' 

n · n+1 n t1t n n n+1 
=(ph) .. k + 6tD .. kh .. k + [-<ph ru > ] 

1,J, 1,J, 1,J, rit1ri . i+(l/2),j,k 

6t [ n n n+1 n n n+l 
+ (ph v > -<ph v >. . ] 

rit1ej . i,j-(1/2),k 1,J+(l/2),k 

fit [ n n n+l n n n+l . 
+ 6zk <ph w )i,j,k-(1/2)- (ph w· >i,j,k+(l/2)] 

( 
n+1 

+ p .• k 
1,], 

6t n+1 n+1 · . 
+ · · [<pv> - <pv>1.,J'-(1./2.),k] ril1ej i,j+(1/2),k 

l1 t [ . n+ 1 . n+ 1 ] + -··· - <pw>. . - <pw) 
6zk 1,J,k+(l/2) · i,j,k-(1/2) 

n ·11 u+ 1 · 
AtPi,},k(. ( )n+1 ] !1tpi,j,k( n+1 

+ - ur + ---- v. . ( I ) -
rit1ri i+(1/2),j,k ril19j 1,J- 1 2 ,k 

n+1 
MPi,j,k ··n+1 · n+1 

+ 6zk [wi,j,k-(1/2) - wi,j~k+(1/2)] 

n+1 
v i,j+(l/2) ,kJ 
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~ 
. · T~ • .... T~ • . 

+ l1t Kn l.,J+l,k · · l.,J,k 

r~/1e. i,j+(l/2),k !1ej+(l/2) 
l. J 

T~ • .,. T~ • ] 
K~ . . l.,J,k I.,J-l,k 
l.,J-(l/2),k !1ej-(l/2 ) 

+ ~ K~ . l.,J, + .. l.,J,k 
[ 

T~.kl-~' 
. l1zk l.,J,k+0/2) l1zk+0/2 ) 

n 
- Ki,j,k-0/2) 

T~ • - T~ • 
l.,],k l.,J,k-1 

l1zk~0/2) 

•n+l 
+ MQ. ; k' . l.,J, 

(41) 

Note that Eqs. 37 and 40 were t;>btained.with ~heaid of Fig. 4, 
and the components of the stress teqsor are rel~ted to the velocity gradients 
through the standard 'constitutive equations for Newtonian fluid with the Stokes 
hypothesis. The determination qf flow velocity at the center requir!:'!s calcula­
tion of it·s. two components, conveniently cho11en here as perpendicular ones ux 
and uy, as s~own in Fig~ 3 for the cylindrical control volume. The stress com­
pon~nts a.cting on the surfaces of this ~ontrol volume are shown in Fig. 5. By 
applying Eq. 2 to this control volume for bqth the x and y directioq~, we ob­
tain. the. fol19wing two momentum ~qua~ ions, fro~ which u·x and uy can be 
determ~ned. 

CTzr ..,.. -CT. 

- 'f_Z , ~CTt Z 
'r· 

rl:iB v. 
Fig. 4. Control Volu.me for v or p w~thStress 

C<?mponents Shown on surfac~s; 1 = 1 

y 

OZr I 

J. ,, as, 

Fig. 5. Controi '{olume for ux aud Liy at Center· 
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f. The ux-momentum Equation for r = 0. From Eq. 2, in reference to 
Fig. 5, we get 

Pn . (u )n+1 
. 'O,O,k X O,O,k 

en 
= (pu ) + l1tp0 g - ..M_ \ 

x O,O,k 
1 

O,O,k x 1rr1 ~ 1 (42) 

n+1 p cos a !16, 
1, j, k 

where 

(pux)O 0 k = (pux)no 0 k + l1tDno 0 k(u )no 0 k ,, ,, ,, x,, 

< n n+1 n+l 
p u . u cos ~)1 j k68 

, ' 

en 
- ·-f1t \ < n n+1 n+1 

L • p u v SHI 
1rr 1 6 

1 

a> . ~a 
. 1,]jlt 

~t [ n n n+1 n n n+1 J ( )n+1 
- l1zk <p uxw >o,O,k+(l/2) - <p ui'cw >o,O,k-(1/2) + l1t vx O;O,k 

(43) 

and 

' 

( t+1 1 
en 

( t+1 1 
en 

n+1 
vx 0 0 k --- I 0 rr 1,j,k cos a l16 +-L (ar0)1,j,k sin e /\8 

' , 1Tr1 
e1 1Tr1 e 

1 

1 
en 

[(arz)~;;,j,k+(1/2) - (arz)~;;,j,k-(1/2)Jcos a 66 + I 21T l1zk 
61 

a 
1 n 

[ ( t+1 ( )n+l. ] . e + I (44) 
21Tf1Zk 

0 6z 1/2,i,k+(1/2) - 0 ez 1/2tj~k-(1/2) S
1 n e f1 " 

91 

g. The uy-momPntum Equation for t· - 0. Simj.larly, the y compo­
nent, as defined, is given by Fig. 2 as 

n (. )n+1 p u ' 
O,O,k y O,O,k 

n+1 ' 
p • sin e M, 1,],k 

{45) 
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where 

(puy)O,O,k = (puy)~,O,k + ~tD~ 0 k(u )~ 0 k , , y , , 

~t 
en 

< n n+l n+l I p u u sin e>I . kM 
'lrrt el 

, J , 

en 
< 

n n+l n+l ~t n n n+l I p u v cos e>l,j,k~e- ---(<p.u w >0 0 k+(l/ 2) 
el ~zk y , , 

n n n+l ] ( )n+l 
- <p uyw >o,O,k-(1/2) + ~t Yy O,O,k~ (46) 

and 

1 

(v t+l -_I_ 
y O,O,k 

.n . 
· n+l 

L ( 0 rr) 1 J. k 
e ' ' 1 

sine M cos eM 

1 
+--- (47) 

In Eqs. 42-47, e 1 + ••• +en= 2'11". Note that, except for 
Eqs. 42-47, which require a modest amount of additional coding, very little 
coding effort is needed to incorporate the modifications into Eqs. 16, 20-22, 
and 24-30 to resolve the singularity problem; the modifications can be easily 
identified by comparing these equations with Eqs. 31-41. What these formula­
tions have achieved to a large measure is that they justify the elimination of 
most of ·the difficult terms mentioned at the beginning of this section. Of 
course, they also provide for the recipes to correctly evaluate the viscous 
terms in connection with the degenerate five-sided control volumes, and to 
determine unambiguously the flow velocity at the origin of a cylindrical­
coordinate.system; w0 0 k and T0 0 k are given by averages of values at i = 1. 

' ' ' ' . . The stresses at r = 0 can be computed. 1n an analogous manner when needed. 
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5. The Pressure-correction Equation 

The accuracy of the computed pressure field determines that of the 
·computed velocities and, in turn, the magnitude of the mass residue (or mass 

imbalance) in each computation cell. The mass residue D as defined by Eq. 16 
must be minimized by successively adjusting the pressure field. This is accom­
plished by means of the Newton-Raphson scheme with a relaxation parameter w: 

; 

A~n+l = -wnn+1 i,j,k I ann+l 
LlP. . k . . k ' 

1,], 1,], ~ n+l 
aP· • k 1,], 

n+l p .. 
i,j,k 

"' ~pn.+l. + A~n+1 
k Llp. • k. 

1,], 1,], 

(48) 

(49) 

The tilde (~) over pressure p here indicates that the pressure field 
is being corrected within the same (n + 1)st timP. step, and that p represents 
the latest iterative value of p available before the correction a~ sp~cified by 
Eqs. 48 and 49. 

To ·derive a relation for an/ap, Eqs. 20, 24, and 27 are first substi­
tuted in Eq. 16, and the partial derivatives then computed. The result is 

n+l · 
ani' j ' k - ].__ 

api.l+~ tJ.t 
1,],k 

a n+1 
Pi,j,k 

api.l+ ~ 
1,],k 
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1 
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I J ·+ 

(B:)i-(1/2) ,j, k 

ri!J.6j-(l/2) 1. + 
I J 

(B:h,j-(1/2) ,k 

1 
+-----

!J.Zk-0/2) 1 + 

where 

1 

At [ I , 

ri!J.ei ~i!J.6j+(l/2) 

At [ I 
+ !J.zk !J.zk+(1/2) 

(B~)i,j+(l/2),k = (At/p~,j+(l/2),k](B~/te)i,j+(l/2),k' 

(B:)i,j,k+(1/2) = (tJ.t/p~,j,k+(l/2)](B~/tz)i,j,k+(1/2)' 

etc. 

1 

1 + (B:) i, j+(l /2), k 

1 .-

1 + (B;)i,j,k+(l/2) 

.(50) 

(51) 
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Bp, 1r, ... , etc., are as defined earlier~ related to the resistant 
forces such as arising from baffles. In the absence of such forces, the .r:i_~ht­
hand sides of Eqs. 51 vanish; and further, if uniform mesh is used, Eq. 50 
reduces to 

n+l n+1 
ani,j,k 1 api,j, k I 1 I 

(52) -- + 2l!t + + 
apiJ.+~ fit apn+l (fir. )2 (r.M.)2 (liz )2 

l.,J,k i' j 'k l. l. J k 

Note that for the degenerate five-sided control volumes next to the 
singul~r point r = 0, an/ap is derived from Eq. 31, and the result is the same 
as Eq. 50, except with the term involving index i - (1/2) dropped. The same 
remark also applies to the computatiqn cell that is next to a solid boundary, 
where the mass-~mbalance equation takes a form similar to -Eq. 31. 

B. Solution Procedure 

1. The Modified ICE Scheme 

The solution procedure of a well-defined problem follows essentially 
the ICE scheme.l3 Typically, after reading input and'completing initializa­
tion, COMMIX-SA-l enters the time-step loop. First, energy equation 30 is 
solved to obtain enthalpy, and temperature and density are computed using the 
equation of state (i.e., water properties, Sec. III.C). Note that during the 
very first time step, this computational step ensures that all field variables 
(i.e., p, h, and T) are thermodynamically compatible; during subsequent time 
steps, however, solving the energy equation at this point is equivalent to 
solving it at the end of the previous time step. Next, the explicit terms in 
the momentum equations are evaluated, using Eqs. 21, 22, 25, 26, 28, ?nd 29; 
these terms are denoted as (pu)n, (pv)n, and (p~)n, which combine the convec­
tive and viscous terms, and whose values will remain unchanged throughout all 
the iterations within the given time step. 

At this point, the iteration process starts, the objective being 
calculation of an acceptably accurate pressure field, which in turn will yield 
an acceptably accurate velocity field, wh~ch, finally, will reduce all the cell 
mass residues to an acceptable level. This acceptable level is determined by 
the convergence criteria, which are controlled by the users through input of 
two parameters (see Sec. III.B.3). Specifically, as COMMIX-SA-l enters the 
iteration loop (which is embedded in the time-step loop), the mass residue of a 
cell is first computed using Eq. 16. Immediately following this, the pressure 
in that cell is corrected. by using Eqs. 37 and 39, and the velocity components 
entering or leaving this cell are computed by using Eqs. 20, 24, and 27. This 
completes the adjustment in this cell, and the same operation is repeated for 
the next cell and all the rest within the flow domain of interest. 

Velocities stored in the fictitious boundary cells are updated as 
needed after each complete sweep according to the appropriate boundary condi­
tions. (See Sec. IV for more detail.) A complete sweep of all computational 
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cells defines an iteration. At the end of an iteration, a check is made to see 
if any of the cell mass residues exceeded the specified maximum. If so, the 
next iteration is performed; but if not (i.e., if none of the cell mass resi­
dues exceeded. the specified maximum), we say the iteration has converged. 
Usually, the iteration process would continue until either convergence is 
reached or the number of iterations is equal to the maximum allowed by the 
user. (The user must, of course, exercise good judgment in specifying the 
allowable maximum number of iterations in order to obtain meaningful results.) 

Note that during the iterations described above, the latest values 
for all the variables must be used where n + 1 appears as the superscript in 
the finite-difference equations. Also, the relaxation parameter w, Eq. 37, 
must be assigned a value between 1 and 2, i.e., 1 < w < ·2, because the itera­
tive method described above is the successive overrelaxation (SOR) technique. 

I 

With respect to the convergence rate, experience has shown the SOR 
technique to be superior to the Jacobi and Gauss-Seidel techniques. These 
techniques are compared in Appendix C. COMMIX-SA-l offers all three as op­
tions. In addition,. COMMIX-SA-l offers another option, which, under certain 
circumstances, affords an even better convergence rate than the SOR technique. 
This technique performs the pressure correction and velocity updating only in 
cells in which the computed mass residue exceeds the prescribed maximum. This 
is unlike the SOR, Jacobi, and Gauss-Seidel techniques, which perform the pres­
sure. correction and velocity updating in all cells during each iteration. In 
practice, COMMIX-SA-l uses a cell index IMASS to signal whether continuity is 
satisfied in each cell. During the first iteration in a given time step, each 
cell is assigned IMASS = 9, so that mass residue is computed for each cell. If 
the computed mass residue for a cell turns out to be less than what the conver­
gence criterion requites, then COMMIX-SA-l immediately sets IMASS = 0 for that. 
cell. For cells whose computed mass residues exceed the criterion, COMMIX-SA-l 
sets IMASS = 9 for those. cells and their immediate neighboring cells. Thus, 
during the subsequent iterations, mass residue is computed only for cells with 
index IMASS = 9, and the pressure is corrected and velocities updated only for 
cells in which the newly computed mass residues still exceed the criterion. 
Obviously, in situations in which the flow field changes only locally from one 
time step to the next, this technique can speed up. the iteration process con­
siderably. Indeed, when stratification is well maintained in the 'thermal stor­
age, this technique has been shown to reduce the computation by nearly sixfold 
over the SOR tcchniqut'!. 

The above description of the solution procedure indicates that the 
energy equation is solved outside the iteration loop. In practice, however, 
COMMIX-SA-l also allows stronger coupling of the energy equation with other 
conservation equations; namely, options are provided in the code to include the 
energy-equation calculations at every Nth iteration (N being a user input pa­
rameter, ranging from 1 to the maximum number of iterations allowed in a given 
time step). 
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Upon exit from. the iteration loop, COMMIX-SA-l proceeds to the next 
time step and repeats the time-step loop operations as described above. Time 
advancement would continue until the end of a transient event, or until a 
steady state is obtained if such is the objective of the calculation. In most 
of the problems concerning solar applications, however, transient calculations 
are required. 

2. Flow Diagram 

The solution procedure as described in Sec. 1 above is summarized in 
a computational flow diagram (Fig. 6). This diagram is intended only to convey 
the ~omputational logic and important computational steps. Readers are re­
ferred to the coding itself for details, additional options, etc. 

3. Convergence Criterion 

The criterion used in determining whether the pressure-velocity iter­
ation converges is given in terms of mass residue. Convergence is considered to 
be reached if the absolute value of the computed mass residue in all the compu­
tation cells is less than 

. ( { n [lui+0/2),j,kl + lui-0/2),j,kl 
D = E Max p 

conv 1 .. k i,j ,k 2f:lr· 
1,], 1 

+ 
lv~,j+(l/2),kl + lvi,j-(l/2),kl 

2rill9j 

I wi, j, k+0/2) I 
+ 

In other words, convergence 1s reached if and only if 

ID1~+~ I< D for all i, j, k. 1, J, k · conv 

+ lwtj,k-0/2)1.]}+ E). 
2llzk . 2 

(53) 

In Eq. 53, £ 1 and £ 2 are user-input parameters. Their proper magni­
tudes depend on the magnitude of the velocity field, as is clear from Eq. 53 .. 
Commonly used values are £ 1 = 10-3 and £ 2 = 10-6, But the user is advised to 
perform a number of experimentations to determine values best suited for the 
prob~ems under consideration. 

C. Physical sxstem and Parameters 

1. Properties of Water 

The water-properties package as used in COMMIX-SA-l is the result of 
cumulative effort by many individuals in performing experiments, curve fitting, 
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Fig. 6. A Simplified Flow Chart for COMMIX-SA-l Execution 



39 

and computer coding. The works of Keenan et al., 14 Jordan,lS the Brookhaven 
National Laboratory thermal-hydraulics group, and others have contributed di­
rectly or indirectly to this final product. The package consists of a collec­
tion of subroutines and function subprogram~ that evaluate the thermophysical 
properties of water. Appendix B contains some plots of these properties for 
the temperature range 0~100°C, which is of interest with sensible heat-storage 
tanks. 

2. A Hydraulic Model for Impermeable and Perforated Baffles 

The presence of baffles in a flow field alters the flow pattern, in­
fluences the extent of turbulent mixing, and affects the heat-transfer process. 

, I 

In the design of heat-storage tanks, where thermal stratification is to be pre-
served or enhanced, baffles, if properly placed, can have a significant benefi­
cial impact. In COMMIX-SA-l, baff~es are represented by nonlinear velocity­
dependent resistant forces, wh1ch are incorporated in the momentum equations, 
e.g., Rr, R 8, and Rz ~n Eqs. 4, 5, and 6, respectively. Specifically, these 
resistant forces take the form 

R (l/2)fplulu, 
r 

(54) 

R
8 

= (l/2)fplvlv, (55) 

and 

R = (l/2)fplwlw, 
z 

(56) 

where f represents the friction factor associated with the baffle plates. In 
the finite-difference representations of the momentum equations, the resistant 
forces 54-56 are linearized in the following sense: 

\ 

n+l An Bn n+l R = + 
r r r u , (57) 

Rn+l = An + Bn n+l 
e e e v , (58) 

and 

Rn+l = An + 'Rn n+l 
z z zw , (59) 

where, as before, the superscripts n and n ~ 1 indicate previous and current 
time steps, respectively, and where the·A's and B's are defined as follows. 
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For impermeable baffles, 

and (60) · 

Bn Bn Bn 1 . . b ( 25) = = =a arge pos1t1ve'num er say 10 . r e z 

For perforated baffles, 

\ ' . 

(61) 

and 

1 
The friction factor f 1s given byl'+ 

or (62) 

where t is the baffle-plate thickness, d is the perforated-hole diameter, f 0 
and f 0 .• 8 are functions of the porosity (a), and Aa and Abare correction factors 
dependent upon' a and t/d. (For details of these correlations, see Ref. 16.) 

Note that for impermeable baffles, the B' s in COMMIX-SA-l are assigned 
an arbitrarily large number, e.g., 1025, the consequence of which is that the 
calculated velocities practically vanish where the impermeable baffles are lo­
cated. For perforated baffles, Eqs. 61 lead to reduced velocities depending on 
the perforation parameters. Of course, when no baffles are present, the A's and 
B's are simply zeros. 
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3. Thermal Interactions between FluLd and Structures 

a. Baffle Heat-transfer Model. The thermal conductivity of baffles 
is accounted for in the energy equation. Namely, in Eq. 30, the appropriate K's 
will be substituted by suitable values for the baffles. Thus, the effects of 
conducting, "low-conducting," and "nonconducting" baffles can be readily com­
pared. 7 Also, baffles of both finite and infinitesimal thicknesses can be 
easily simulated~ For baffles with finite thicknesses, several computation 
cells may be arranged to span the thicknesses, if desired. For baffles of suf­
ficiently small thicknesses, the computation cell surfaces are usually made 
coincident with the baffles, and except for "low-con~ucting" or "nonconducting" 
baffles, the thermal effect of thin baffles may be conveniently ignored. 

b. Tank-wall Heat-transfer Model. The following model accounts for 
the convective heat transfer between the storage-tank wall and the contained 
fluid, as well as for the heat loss from the wall to the ambient. Usually, the 
wall thickness, d, is sinall, as is the temperature variation within the wall. 
Hence we choose to deal with the mean wall temperature, Tw(t). In other words, 
we neglect heat conduction within' the wall so that our attention is confined to 
the heat exchange between the fluid and the wall, and between the wall and its 
surrounding environment. Such a simplification will greatly facilitate computa­
tion and reduce the computer storage requirement while still allowing the essen­
tial physical processes to be represented. 

We consider a wall element having a volume V and heat-transfer 
area A with the fluid on one side and the surrounding environment on the other. 
The energy balance for this wall element can be written 

where 

and 

dT 
c v~ Pw w dt = -h-A(T - T ) - h A(T - T ) r- w f a w a ' 

Pw = density of wall, 

c = specific heat of wall, 
w 

Tf = flu iti tP.mperature, 

T = ambient temperature, 
a 

hf = fluid-side heat-transfer coefficient, 

h = ambient heat-transfer coefficient. 
a 

(63) 
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In general, Tf, Ta, hf, ·and ha are functions of time; hf is 
given byl7 

(64) 

where 

L = tank depth, 

kf = thermal conductivity of fluid, 

Nu = Nusselt number,_ 

Pr = Prandtl numb,er, 

and 

ReL = Reynolds number based on tank depth. 

We determine ha by tank-insulation thickness and thermal proper­
ties as well as the ambient conditions. 

and 

T a 
= 

Defining 

p c v ww 
h A' 

a 

we can rewrite Eq. 63 as 

'l'f Ta 
-+-. 
Tf Ta 

With the initial condition taken to be 

.T (0) = T 
0
·, 

w w 

Eq. R h8~ th~ solution 

T (t) 
w 

= exp[- t (_L + !_)dt •l {ft (Tf + Ta\exp [t '(-L· + -L)dt"] dt' 
0 Tf Ta J .0 Tf T~ 0 Tf Ta 

(65) 

(66) 

(67) 

(68) 

+ T~. 
(69) 
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If Tw(t 1 ) is the wall temperature at t = t 1 , then at t = t 1 + 6t, the wall 
temperature is given by 

(70) 

provided that Tf, Ta, Tf, arid Ta can be treated as constant_s during the time 
interval 6t. 

where 

and 

Bi 

Bi 

Equation 70 can also be written as 

+ rf(t 1 )Bif + ra(t 1)Bia{l 

Bif + Bia 
exp[ -(Bi + Bi )a6t/d

2
]}, 

f a 

d = V/A = wall thickness, 

a= k /(p_C ) = thermal diffusivity of wall, 
W ·W W 

= 
f 

= a 

hfd/kw. = fluid-side Biot modulus, 

h d/k = ambient-side Biot modulus, a w 

kw = thermal conductivity-of wall. 

The dimensionless nun her a6t/d2 in Eq. 71 is sometimes referred to as the 
Fourier modulus . 

I 

(71) 

In the COMMIX-SA-l calculations, Eq. 70 or 71 is invoked. at each 
time step to update temperatures in the fictitious boundary cells when the 
option to cons~der effect of· tank-wall heat capacity is used (see Sec. IV). In 

ad(Hti.on, t~€' t.otal heat loss (Ht) from the otoragc tank to the ambient is 
computed according to · 

(72) 

for any given time interval· t 2 _ t 1 : 

.) 
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IV. INITIAL AND BOUNDARY CONDITIONS 

A. Initial Conditions 

Initial conditions for pressure, temperature, and the three velocity com­
ponents are specified through input for the whole flow domain (default value is 
zero). Initial values for density and enthalpy are computed from equations of 
state, using the initial values for pressure and temperature. Since initial 

. I 

conditions can greatly affect computational efficiency, they should be speci-
fied judiciously. To reduce input effort, COMMIX-SA-l automatically performs a 
pressure initialization to account for hydrostatic head in the presence of the 
gravitational field. A restarting option is provided in COMMIX-SA-l. In this 
case, the initial conditions are the values ot the state variables at the pre­
vious iteration before the restarting. 

B. Boundary Conditions 

1. Grouped Fictitious Boundary Cells 

Fictitious boundary cells (FBC's) are a lay~r of computation cells 
outside of and adjacent to the flow d.omain of interest that are used to facili­
tate treatment of boundary conditions. They have been used previously, e.g., 
in the KACHINA code,l8 and have afforded some computational conven1ences. 
COMMIX-SA-l, in anticipation of complex boundary conditions arising from prac­
tical applications, takes a further step to group the FBC's according to types 
of boundary conditions. Since updating of variables in the FBC's occurs in 
every iteration, such grouping has realized a substantial saving in computation 
time. 

Grouping of. FBC 1 s in COMMIX-SA-l is· precCilded by a cCilrtain ordCilring 
(or numbering) of all the computation cells. At the outset of a computational 
run, COMMIX-SA-l constructs a three-dimensional array MS(I,J,K) which maps all 
the three-tuples (I,J,K) into integers MS. 

'lhe number-assigning process normally starts with interior cells 
(i.e., !=Omputation cells within the flow domain), in increasing order of I, 
then J, then K, and continues on to cover all the FBC's. Upon completion of 
the process, each cell will have two identifications, i.e., (I,J,K) and MS, 
_which are one~to-one· correspondent. (The one-to-one correspondence does not 
apply where the flow domain has a concave corner, i.e., where the FBC has more 
than one adjacent interior cell. In this case, additional arrays are created 
to accommodate the additional neighbors. The details for dealing with this 
situation can be found;in subroutines GEOM and CONCAV.) 

The (I,J,K) system has the distinct advantage that a given cell 
(I,J,K) can readily identify its neighbors; namely, cells (I± 1,J,K), (I,J ± 
1,K) and (I,J,K ± 1). Computational sweeps during iterations in COMMIX-SA-l go 
by the (I,J,K) system. On the other hand, the one-dimensional MS system has 
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advantages in connection with storage and with grouping of the FBC's. The ef­
ficient boundary-condition updating technique of COMMIX-SA-l relies on the MS 
system. 

After the MS(I,J,K) array is constructed, and the adjacent interior 
cell of each FBC identified, the MS numbers of FRC.'s having the same type of 
boundary conditions are gathered together to form a group, a running index 
being also assigned to keep track of the group members. When variables stored 
in the FBC's must be updated (e.g., when velocities in the FBC's are to be up­
dated in each iteration), COMMIX-SA-l sweeps through the FBC's group by group, 
updating only the group members that require it, and leaving the others un­
altered. An example is provided in the following to further explain this 
method. 

56 57 58 

50 51 52 

44 45 46 47 

39 40 41 

33 34 35 

26 27 28 29 

20 21 22 23 

14 15 16 

8 9 10 

N 

10 .., 
I= I 2 3 4 5 6 7 8 

Shaded cells ore fictitious boundary cells 
Numbers in cells ore MS· numbers 
Adiabatic boundaries: AB, BC,EF, and GH 
Constant temperature boundaries: CD,DE,FG,ond HA 
Solid walland no-slip boundaries: AB,BD,DE, and FH 
Constant flow boundary: AH 
i)u/i)x • 0 boundary: EF 

Fig. 7. An Example Illustrating COMMIX-SA-l 
Numbering Schemes and Grouping of 
Fictitious Boundary Cells 

As shown in Fig. 7, a two-dimensional 
flow domain is surrounded by solid walls, 
which are no-slip boundaries; inflow is at 
constant velocity and temperature, and the 
outflow velocity and temperature are to 
be determined by the specified au/ax = 0 
and adiabatic conditions, respectively. 
Boundaries AB, BC, and GH are heavily 
insulated; hence, adiabatic conditions 
are assigned. Boundaries CD, DE, and FG 
are in direct contact with ambient, 
which is at constant temperature. A 
2-D flow problem is chosen here merely 
for the convenience of illustration. 
In Fig. 7, the FBC's are shown shaded, 
and the numbers in the cells represent 
their MS numbers, which are established 
by the procedure just described. The 
(I,J)-MS correspondences in this case 
are MS(4,3) = 14, MS(9,6) = 47, etc. 
Grouping of the FBC's is as stated in 
Fig. 7. For example, the group for 
adiabatic conditions consists of 
cells 67, 68, 69, 70, 71, 72, 73, 75, 
77, 78, 79, 80, 92, and 94, and the 
group -for constant temperature consists 
of cells 74, 76, 81-91, 93, and 95-100. 
When updating of variables in FBC's is 

required, temperatures in the FBC's of the adiabatic group will be set equal to 
those in the corresponding adjacent interior cells (see Sec. IV.B.3 below), and 
no changes need to be made on temperatures for the constant-temperature group, 
as they will remain as initialized. 
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The advantages of using grouped FBC's in treating boundary conditions 
are summarized as follows: 

a. The governing finite-difference equations can be coded, regard­
less of boundary conditions. Furthermore, new types of boundary conditions 
can easily be added without aff_ecting the governing finite-difference equations. 

b. The variables in the FBC's are properly updated. Therefore, 
when they are referenced in the finite-difference equations during computation, 

I 

the desired boundary conditions are automaticaliy satisfied without any testing 
of boundary-condition type. 

c. Grouping of FBC's and'uptlating by groups reduce computation time 
substantially. In fact, many groups of FBC's need not even be updated through··· 
out the solution process, e.g., the constant-temperature group mentioned above. 

2. Velocity-boundary Conditions 

COMMIX-SA-l provides for options to treat the following types of 
velocity-boundary conditions. 

a. Free-slip Boundary. The boundary exerts no dr,ag on the flow. 
It can also represent an axis or plane of symmetry. The velocities along the 
boundary are to equal those in the adjacent interior cells (AIC's). Hence, one 
or two of the following apply (depending on information ~upplied at program 
input, which. is used in FBC's grouping): 

UFBC ""- U AIC' 

VFBC • VAIC' 

or 

Note that the 6r, 66, and Az dimensions of the FBC's must eq~al those of their 
corresponding AIC's. 

b. No-slip Boundary. 
and flow velocity at the boundary 
following apply: 

UFBC = -UAIC' 

or 

The boundary exerts resistance on the flow, 
is equal to -zero. one or two of the 
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c. Zero Normal-velocity-gradient Boundary. This type of boundary 
condition is usually used to determine the velocity at the outflow boundary, 
where transverse flow is not significant. Some velocities are located at cell 
surfaces, and since ui+(l/l),j,k is stored at (i,j,k), wi,j,k-(l/l) is stored­
at (i ,j, k - 1), etc., the velocities to be determined may or may_ not be stored 
in FBC's. However, the normal velocity at the boundary is set equal to that at 
the adjacent interior node (AIN); i.e., 

or 

VB VAIN' 

or 

See Fig. 8 for an illustration. 

Outflow Boundary 
Fig. 8 

Zero Normal-velocity-gradient 
Boundary Condition 

d. Transient Velocity Boundary. When the normal velocity at the 
boundary is a given function of time f(t) (specified at program input), COMMIX­
SA-l sets 

UB = f( t), 

or 

VB = f( t), 

or 

w = B f( t), 

whichever is applicable. Note that different functions' are allowed at dif­
ferent locations.- Again, UB, VB, and WB may or may not be stored in FBC's. 
Also note that although constant velocity boundary is a spe~ial case of this, it 
is advantageous, in treating such a case, to let the boundary velocity remain 
constant as initialized, so that no boundary-condition updating is needed. 

/' 
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e. Boundary Velocity Determined by Local Mass Balance. When out­
flow velocity needs to be determined where velocities in the perpendicular 
directions are not negligible (Fig. 9), a zero normal-velocity-gradient bound­

ary condition is not suitable. Under such circum­
stances, the outflow velocity (UB in Fig. 9) may be 

r-+-+--t-,_..... .... outflow Boundary determined by local mass balance, i.e., by invoking 
Ua the continuity equation 16 for the cell in question. 

Boundary-velocity updating by this method is more 
time-consuming than for the other boundary types de­
scribed above. The user is advised to ·ascertain the 
suitability of this method by numerical experimentation. 

Fig. 9. Velocity at Outflow 
Boundary Determined 
by Local Mass Balam.:e 

f. Boundary Velocity Determined by Global Mass 
Balance. An alternative to the local-mass-balance 
method io one of global maoo balance. As shown in 

Fig. 10, the inlet velocity Uin is prescribed, and the outflow velocity UB LS 

determined by the continuity relation that both UB and Uin must satisfy. Another 
option is also available in COMMIX-SA-l, and that is: When applicable, UB and Uin 
can be both specified through input as constant or time-dependent velqcities. 

Fig. 10 

Velocity at Outflow Boundary 
·Determined by Global Mass 
Balance 

" " 

' 

/ / 

if 

- -
v 
v -r-

;//,1', 

3. Temperature-boundary Conditions 

Outflow Boundary 

Ua 

UIN I KNOWN) 

The following options for temperature-boundary conditions are pro­
vided for in COMMIX-SA-l. 

a. Constant-temperature Boundary. Temperatures stored in the FBC's 
r'emain constant as initialized, and no FBC updating is necessary for this type 
of boundary condition. 

b. Adiabatic Boundary. When no heat tlux is allowed Uu:ough the 
------------------~ boundary (e.g.' when the boundary is ideally insulated), temperature, enthalpy, 

and density in the FBC's are set equal to those in the corresponding AIC's: 

TFBC = TAIC' 

hFBC = hAIC' 

and 

PFBC = PAre· 
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c. Transient Temperature Boundary. When the· boundary temperature 
is a specified. function of time g(t) (different functions are allowed for dif­
ferent locations), temperatures in the FBC's are set according to 

TFBC = g(t) • 

and.enthalpies and densities in the FBC's are computed using the updated tem­
peratures and the initialized pressures. 

d. Constant-heat-flux Boundary. When a constant heat flux q is 
specified at the boundary, temperatures in the related FBC's are computed by 

TFBC = TAlC + qo/K, 

where a positive q indicates heat flux. directed into the flow domain; o is 
equal to or, r~e. or ~z. depending on whether the boundary surface is perpen­
dicul.ar to the r, 9, or z axis; and K represents the best estimate of local 
thermal conductivity. Again, enthalpies and densities in the FBC's are cal­
culated via the equations of· state by using the updated temperatures and the 
initialized pressures. 

With transient heat-flux boundaries, q will be specified as a 
funct.ion of time, but the updating procedure remains: the same as described 
above. 

e. Boundary with Heat Capacity. The wall heat-transfer model de­
scribed in Sec. III. C. 3. b is used to compute the wall temperature and the fluid­
side heat-transfer coefficient. Heat gain or loss to the AIC and ambient are 
computed by hf(Tw- Tf)dA and ha(Tw- Ta)dA, respeCtively. (See Sec. III.C.3.h 

:for notation.) Heat gain or loss at the AIC so computed is· then treated as the 
heat. source in the energy equation.· Consequent-ly, temperature, enthalpy, and 
density in the FBC's are set equal to those iri the AIC's. 
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V. CODE STRUCTURE 

COMMIX-SA-l was written for the IBM 360 and 370 series. However, care has 
been taken to facilitate its adaptation to other computing machines. The code 
uses·a modular structure, with each subroutine constructed to perform certain 
well-defined -task(s). Having been coded with practical applications in mind, 
COMMIX-SA-l possesses a great degree of generality and flexibility, allowing 
for easy changes and modifications to be made by future users. Each subroutine 
in the code contains COMMON blocks, which consist of variables whose dimensions 
can be adjusted by the users to suit the sizes of problems· on hand. The 
subroutines (or function subprograms) are listed below with brief remarks 
indicating their functions. 

Subruutin_e ~ame 

MAIN 

INPUT 
ICNEW 

GEOM 
CONCAV 

BCFIEL 
BCFLOW 
BCFLOK 

UMOM 
VMbM 
WMOM 

MASS CO 
DELP 

NEWVEL 
CENVEL 
REGBAL 

ENERGY 

CUTOFF 

RESIST 

Commanding routine 

Input 
Initialization 

Geomet~y and boundary 
Conditions set up 

Remarlto 

Boundary Conditions Updating 

Temperature, enthalpy, and density 
Velocities 
Velocity by local mau balance 

Momentum Equations 

u: momentum 
v: momentum 
w: momentum 

Continuity Equation 

Mass residue 
Derivatives of mass residue with respect to pressure 

Velocity Evaluation 

Cell-surface velocities 
Center velocity 
Regional mass-balance option 

Energy equation 

Convergence criteria 

Baffle resistance 



CPL 
. VISCL 

THCL 
HLIQ 
TLIQ 
DROLPH 
ROLIQ 
POLY 
SNDS 
s 

GETF 
FITIT 
ICSSCU 

LIS TIN 
OUTPUT 
PLANE 
TABLES 

ARIN 
CLEAR 
FIN! 
RSET 
WRITRS · 

} 
} 
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Water Properties 

Specific heat 
Vis.cosity 
Conductivity 
Enthalpy 
Temperature 
Derivative of density with respect to pressure 
Density 
Auxiliary 
Auxiliary 
Auxiliary 

Function Fitting and Interpolation 

Output 

Utility 
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VI. INPUT DESCRIPTION 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• • • • • • • • • • 
COI!!IIX-SA 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

• • • • 
A Three-Diliensional Thermohydt:odynamic Computer Program 

for Solar Applications 
• • • • • • • • • • 
* • •• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
"' "' • • • • • • • • • • • • .. "' • • • • • • • • • • • • • • • • • • • 

developed by 

Analytical !lodelbg Section 
coaponents TechnologJ Division 

Argonne National Laboratory 

under sponsorship of 

Systems Development Division 
Office of Solar Applications 

Office of Assistant Secretary 
conservation and Solar Applications 

United States Department of Energy 

contact 

J. R. Bull 
~. l;. SChll itt 
i. T. Sha 

at 

phone 

312-972-8580 
J14!-!:1'14!-59H' 
312-972-5910 

Building 308 . 
Argonne National Laboratory 
9700 South cass Avenue 
Argonne, Illinois 60439 

Version 4.0 October 7, 1980 
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* * • * • • • • • "' • • 
* * * * * * * • • • • 

* * .. • 
* • * • • • • • • • • • 
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• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
Subroutines appear either in alphabetical order or the 
following semi-logical order: 

Subroutine 

MAIN 

CUTOFF 

INPUT ICNEll 

RESIST 

GEOI! CONCAV 

BCFIEL BCF!.OW 

U!OM VII OM 

MASS CO DELP 

NEWVEL CENVEL 

ENERGY 

CPL VISCL 
HLIQ TLIQ 
ROLIQ POLY 
s 

GETF FITIT 

LISTIN OUTPUT 
TABLES 

!PIN CLEAR 
RSET iRITRS 

BC'FLOK 

WKOI! 

REGBAL 

THCL 
DBOLPH 
SliDS 

' ICSSCU 

PtA NP. 

F!NI 

Reaark 

·controlling routine· 

Convergence criteria 

Input and initialization 

Computes baffle r~sistance 

.Set up geometry 

Boundary conditions 

Momentum equation 

continuity equation 

Velocity evaluation 

Energy equation 

water properties 

Transient function 

Output 

Miscellaneous utility routines 

• • • • • • • • • • • • • • • • • • • • • * * * * * * • • • • • • • • 

( 
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•••••••••••••••••• * ••••• * .••••••• * •• 

I 

J 

K 

Storage for the problem size dependent variables is allocat~d 
in four of the CO!!OH blocks. The miminum diaensions are 
defined by the following variables: 

The number of cells (rings) in the radial direction 
including fictitious boundary cells. 
The number of cells (sectors) in the circumferential 
direction including fictitious boundary cells. 
The number of cells in the axial·direction including tvo 
layers of fictitious boundary cells. 

lJK 
IBC 

I*J*K. . 
The user can a~sign the total number of fictitious 
boundary cells 'for the problem. Upon completion of 
initializetiou th~ ~xact value required is printed. 

HB 01 
HBD2 

The number of fictitious boundary cells (or adjacent 
interior cells) in ea9h boundary-condition group. 

0 

HBF5 

Without a precise calulation, the user can assign 
conservatively the total number of fictitious boundary 
cells for tl!e problem. Upon completion of initialization 
the exact valu~s required will be printed. 

COMMON /IARliAY/ !S(I,J,f{) 1 !FIELD( IJK) ,IFLOWO( IJK) 1 

1 IFLOWV( IJK) ,IPLOWW ( IJK) ,IT (100) ,NIT (100) 1 

2 !fDT (100) ,NT'PIOT ( 50) ,ISTPF (50), 
3 NTHPB ( 50) ,NEND ( 25) ,NLAST ( 25) ,IS ( 15) ,IP ( 15) 1 

4 Jll ( 15),JP ( 15) 1 1{1! (15),I<'P (15),I.B (MBC), 
5 LBD1 (NBD1} ,tB".T2 (NBD2) ,LBD3 (NBD3) ,LB04 (HBD4) ,LBV1 (NEV1), 
6 1BV2 (NBV2) ,1BV3 (NBVl) ~LBV4 (NBV4) ,LBW1 (NBW1) ,LBW2 (NBW2) 1 

7 LBW3 (NBW3) ILBW4 (NBW4) ,LBP1 (NBF1) ,LBF2 (NBF2) ,LBF3 (NBF.3) I 

8 JBD2 (NB02) ,JBV2 (lBV2) 1 JBW2 (NBW2),LBU5I(NBU5) ,LBU5J(BB05) 1 

9 t9U5K(NBD5) 1 LBV5I(NBV~ ,LBVSJ(NBV5) ,LBVSK(NBVS) ,LBW5I(NBW5l, 
A LBW5J(N.BW5) ,LBW5K(NBW5) ,LBf16 (NBU6) ,LBV6 (NBV6) ,LBW6 (NBW6), 
B LBF4 (H8F4) ,LBF5 (NBFS),IA!NU 

COMMON /FLOW I 
1 DL ( IJK), Vr' ( IJK) ,WL ( IJK), 
2 DLBP ( IJK) 1 VLDP ( IJK) 1 WLFP · ( IJK) 1 

3 AXTX. ( IJK) ,AY'J'Y ( IJK) ,AZTZ ( IJK), 
4 BXTX ( IJl) ,BYTl' ( IJK) ,BZ'l'Z . ( IJK) ,FLEND 

COMMON /FUL 0 I P ( !JK) 1 PT ( IJK) 1 

1 HL ( IJK), HLT ( IJK) ·,QDOT ( IJK) 1 

2 TL· ( IJK) ,BOl .( IJK) ,FOLT ( IJK) rllKL ( IJ.K) 1 

3 DL ( IJK) ,THl ( IJK) ,BBETA ( !JK) ,TWALL(NBFS) 1 FIEND 
CO!!!!ON /BVEC/ THE'.!'! . ( J) ,DY ( J) ,DZ ( K) ,DX ( I) 1 

1 X ( I) ,.DT (100) ,CVVEL ( 15) rCHF ( 4) ,TPRN'l' ( 50), 
2 TVAL ( 50) ,FVU ( 50) ~ICOEF ( 50) ,CC0l!:l"(50,3) ,DU (NBP5) 1 

3 TCHP (HBF1), DXYZ (NBF1) , UOOX ( l{) , UOOY ( K) , IiOO ( K) , 
4 BOOOX ( K),BOOOY ( K),WOO ( K),DXYZ1(NBF5),RVEEHD 

• • • • * • • • • * • • * • • • • • • • • * * • • • * * • * * • • • * 
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•••••••••••••••••••••••••••••••••••• 
The input data for CC!!IX-SA consists of three parts: 

RESTART FLAG 
This parameter must be in column q. 

Hl!ELIST /STUFF/ 
This namelist contains input parameters. 

SUPPLEMENTARY ARRAY INITIAliZATION CARDS 
These cards allow for initialization of arrays. It contains 
two groups of cards, each terminated by a card containing 
'END' in columns 1-3. 

• • • • • • • • • • • • • • * • * • • • • * • • • • * • * * * • •· * • 

• • • • * • * * * * * * * • * .• * * * * * • * • * * * * * * • * • * * 

IPFES 

NO 

!CORD 

IBlR 

JBAB 

KBAR 

IT (1) 

Default valuPs are indicated either by an asterisk 
or a value in parentheses after. the variable description. 

• • • * * * * • • * • • * * 
* RESTART FLAG * 
* •• * ••• * * * * * *·* 

0--New c~se with no restart written (*) • 
1--New case with restart writtec to tape 16.· 
2--Restart of previous run read from tape 15 with 

no restart written. 
3--Restart of previous run read from tape 15 with 

The restart option uses two Argonne systam routines 
called TLEFr and LOCF. TLEFT returns the amount of 
time left in the current run in units of 0.01 seconds. 
LOCF.rPturns the absolute address of the variable 
passed as theJ argument. Minor modifications are / 
probably necessary to implement this on ~ther systems. 

•••••• 

* * * * * •.•• * * * * •• 
* NA!ELIST /STUFF/ * • • • • • • • • • • • * * • 

SPACE AND TI!E GEO!!TPY • ••••• 
2--Two dimensional analysi. CR-Z PLAN!). 
3--Three dimensioral analysis. 
1--CYLINDRICAL·COORDINATE SYSTE~ 
2--RECTANGOLAR COORDINATE SYSTEM 
NOTB:JF RECTANGULAR COORDINATES AB~ USED, SET 

. XMIN.GE.DX(1) l'ND ISEC.EQ.1 
The ·number of computational cells (rings) in the radial 
direction within the flow do•ain. 
The number of computational cells (sectors) in the 
circumferential direction within the flow domain. 
Ths number of computational cells in the.axial direction 
within the flow domain. 
The nu•ber of iterations for ti11e step 1 _through 
ti11e ste~ HIT(1). 



IT (I) 

BIT (I) 
DT (1) 

DT (I) 

RDT (I) 
IFNBG 
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The nuaber of iterations for time step HIT(I-1)+1 
through time step BIT(I). 
The last time step with IT(I) iterations per step. 
The time step size for steps 1 through NDT(1) in 
seconds. 
The time step size for steps RDT(I-1)+1 through 
time step NDT(I) in seconds. 
The last time step with a time step size of DT(I). 
0--Ener~v equation not solved. 

1 1--Energy equation solved at beginning of time step 
loop. 

2--Energy eauation solved at end of time stap loop. 
-N--Enerqv equation solved every Nth iteration • 

•••••• OUTPUT •••••• 
Array output is done in Subroutine OUTPUT which is called 
once after initialization and according to the ~rray TPRNT. 

T~NNT(1) >U.U--TPRRT can contain up to 50 values of time at 
which OUTPUT is called. 

ISTPR 

HTHPR 

s 

vv 

p 

LL 

IF PLOT 

=0.0--0UTPUT is called after initialization and before 
termination. 

<0.0--0UTPUT is called every TPRNT(1) seconds. 
NOTE. To obtain output every time step, set 
TPRNT(1) such that ABS(TPRNT(1)) is less thaD the 
time step size. 

The arrays which are printed out at the calls t~ OUTPUT 
are coded into the values of ISTPR and NTHPR. 

Up to 5~ coded values which specify the arr~ys to be 
printed in the first call to OUTPUT~ 
Up to 50 coded values which specify the arr~ys tn be 
printed after the f!+.st call to OUTPUT. 

,· 
Each value of ISTPR and NTHPR is a signed five digit 
integer of the form 'SVVP.LL' which is coded according 
to the following rules: 

+ Only the pl~ne· specifie~ by •vvPL~~ is printed. 
NOTE. Plus ·is assumed and need not be specified. 
All planes (LL) between 'VVPLL' and the next 'VVPLl' 
specified in ISTPR or NTHPR are printed. 

01--DL is prin~ed. 02--UL is printed. 
03-wVt is printed. 04--WL is printed. 
~5--P is printed. 0~--TL is printed. 
07--HL is printed. 08--ROL is printed. 
~9-~THL is printed. 10--IFIELD is printed. 
11--IPL.OWU io prillt.ecla 12·· IrLOWV i:J -printed. 
13--IfLOWW is ~rinted. 
1--An I plane is printed. 
2--A J plane is printed. 
3--A , plane is printed. 
Specific plane to be printed. Tf 5 is +, only one 
plane is indicated. If s is -, the 'LL' values in 
the curr~nt And next values of ISTPR or NTHPB indicate 
the range of planes to be printed. · 

-1--No plot tape is written (*). 
. o--Only the first and last time steps are written 

to the plot tape on tape 76. 
&--Every Rth time step is written to the plot tape on 

tape 76. 



TVAL 

, FVAL 

57 

•••••• TRANSIENT DRIVING FUNCTIONS •••••• 
All transient d~iving functions are input into the 
following three variables, Each function is defined by 
a user specified set of points. cubic spline fit 
coefficients are the!) -genera ted in subroutine FITIT. 
Fifty eguaily. space~ values are printed to allow the 
user to check the adequacy of th• input distribution. 
Ten to fifteen values with points concentrated ~t rapidly 
chang~ng Y values shoul4 be adequate. . . 

The independent variable (X values) for the transient 
functions. 
The dependent variable (Y values) for the transient 
functions. The first value of the second function 
imme~iat•ly follows the last value of the first 
function. The same pattern must be followed for all 
subsequent functions. The endpoints, or beyond, of 
the ranqe of values used in the transient functions 
must be input as the fitting routine does not 
extrapolate. Discontinuities are indicated by 
specifying the same X c~ordinate twice with the same 
or different Y coordinate values. 

NERD (N) The number of points in the Nth transient function. 

****** RUN TIME CRITERIA •••••• 
The convective flux calculation is programmed in a form. 
that combines both centered and donor-cell properties 

.depending on the values of AO and BO. Both values must 
be between 0.0 and 0~5. 

AO , 
BO 
TORBC 
TORBV 
EPS1 
EPS2 
GX 
GY 
GZ 
THEl'AZ 

O!!EGA 
ITRS(('!! 

NT 
T 
!liNT 

IFR!B 

When 10=0.5 and BO=O.O, the donor-cell approach· is used. 
When &0=0.0 and BO=O.O, central differencing is used. 

A parameter used in convective flux differencing (0.5). 
A parameter used in convective flux differencing (0.0). 
Turbulen4: con ducti vi t y, w /m-K (0. 0) • 
Turculent viscosity, kg/m-s (0.0). 
Convergence criteria parameter {0.0001). 
Convergence criteria parameter (0.000001). 
Gravitational constant in R direction, m/s**2 (0.0) •' 
Gravitational constant in THETA direction, m/s**2 (0.0). 
Gravit13tional constant in z direction, m/s**2 (-9. 8). 
Angle between gravity vector and axis of cylinder 
(OR Z-AXIS) IN DFGBEES (0. 0) 
Onder or over relaxation factor (1.5). 
0--SOR iteration scheme 
1--local mass imtalance correction scbeae 
2--Jacobi iteration scheme 
(see subroutine ~ASSCO) 
Time step number (1) • 
Time in seconds· (0.0). 
The maximum number of time steps ·allowed in thi~ run 
(1 00) • 
0--Do not perform a regional mass balance calculation. 
1~-Perform a regional mass balance calculation. 
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JBBLO • the I, J, and K index limits within which the ·regional 
JRBBI • mass balance calculation is perforaed 
KBBl-0. * 
KRBHI * 
CVVEL Constant value velocities, m/s. see l"low variable 

ISEC 

X !IN 

CHF (N) 

markers typ~ -(100+n). · 
This par~meter is set according to the degree of 
symmetry present in the problem und~r study. ISEC is 
used inside the program to control calculation of center 
v~locities. Four valu~s are defined. 
0--1 full circular cyiinder is analyzed. T~e center 

velocities UODX and 900Y are coaputed (*t • 
1--A sector (not half of a cylinder) is ar.atyzed. The 

center velocities uoox and UOOY are zero. 
NOTE: WHEN RECTANGULAR COORDINATES ARE USED, SET 

!SEC. EQ. 1 
2--Half nf a ~ir~nlAr ~y\j~d~r iv analy%ed. The contor 

v~lociti9E 0001 &Dd·OOOY a~a ~oro. 
-2--Balf of a circular cylinder is analyzed. The center 

VQlocities OOOX are non ~sro and the center 
velocities UOO! are zero. 

The radius of the inner cylindrical boundary. This value 
is zero when analyzing aD entire cylindrical flow domain 
with no c~ntral hole. It is a positive val~e when an 
annular tlow domain is being analyzed. 
NOTE: WHEN RECTUJGUtAR COORDINATES ARE USED, SET 

X~IN.GE.DX(1) . 
Constant heat flux in the flow domain throulh the N th 
surface, J/ID**2-s. The follovirg surface correspondence 
applies: · 
1--Inrner surface 2--outer surface 
3--Top surface 4--Bottom surface 

To facilitate treatment of boundary conditions a layer of 
fictitious boundary cells surrounding the flow domain is 
employed. Input or tbe variables ox, DY, DZ, IFLD, IPtn, 
IFLV, and IP~W must be specified with consideration of these 
fictitious cells. 

DX(I) The si~es of computational cells in th~ B-direction, m. 
The size of a fictitious cell, if one is present, must 
be equal to that of the adjacent interior cell. 

DY(J) The sizes of computational cells in the THETA-direction, 
m. 

DZ(Kt · The sizes of cbmputational cells in the z-direction, m. 
BAPB Baffle resistance parameter (1.0E+25) kq/m**3. 

Note that this parameter is irrelevant in cases 
where no taffles are present. 

IBAF 0--No p~rforated baffles present in flow domain (•). 
1--P~~fu~¥t~u Laffles preccnt in fl~v dom~in. 

BIDL .0.0--The effect of mass residue is not considared in the 
momentum and energy equations. 

1.0--The effect of mass residue is considered in the 
momentum and enerqy equations. 

ICOHPB 1--Print out information after each iteration. 
0--Do not print information after each iteration (*). 



TUB 
BA!B 
iTBIC 
TDEP 

59 

The follovinq four parameters are used with the tank vall 
·heat capacity mo~el. 

Ambient temperature, deg c. 
Ambiert heat transfer coefficient, (W/m**2-deg c.) 
Thickness of tank vall, m. 
Tank depth, m. 

T!!E&D Termination of this job begins at JOBTI!E-TI!P&D 
seconds where JOBTI~E is the time specified for the 
job on the JOB card. 

KEY 

• * * * * * * * * * * * * * 
* SOPPLF.!ENTARY ARRAY * 
* INITIALiiATION CARDS * 
* * * * * * * * * * * * * * 

This section of input allows the variables listed below 
to be initialized. It must contain tvo groups ~f ca~ds 
each group followed by a card containing 'END ' in columns 
one through four. The first group must contain the 
initialization of the field variable marker, IFLD. .Jf no 
initialization is required (eg., restart cases) onl~ the 
'END ' card iE ~e~uired. The second group must contain 
initialization for all variables except IFLD and must also 
be followed by an 'END ' card. 

Variable KEY vari::~.ble 

IPLD - Pield variable marker. 
IFLV - V velocity marker. 

IPLU - U velocity aar~er. 
IFLi - W velocity marker. 
VL - V velocity (m/s). UL - o velocity (m/s) • 

WL - w velocity (m/s). P -Pressure (N/m**2)~ 
HL - Enthalpy (J/kg) • 
ROL - Density (kq/m**3). 

TL -Temperature (deg C). 
THL - Void fraction ('). 

A suffix ofT on these·variables indicates updated values for 
TIIIE=N+ 1. No suffix indicates old variables at TIIIE=tf 

A4 
F10.3 
6I4 

All input cards in tb is set are of the follovinq format; 

K.EY 
RVAL 
I1,I2 
J1,J2 
K1, K2 

~ariable name key from table above. 
Value to be stored. 
I index limits. 
J index limits. 
({ index limits. 

The field variable marker, IPLD, conv~ys inform~tion about 
the cells. The following are acceptable cell types: 

(see subroutine BCFLOi for associated variables) 

-7--Fictitious boundary cell with vall heat capacity. 
-6--Fictitious boundary cell with adiabatic condition. 
-.5--Ficti tious boundary cell vi th const·ant heat flu:. 
-4--Fictitious boundary cell with CONSTA&T temperature. 
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-(3~0+&)--Pictitious boundary cell with transient temperature 
whose values are obtained from the Nth transient 
function 

whose values are obtained from the Nth transient 
function. 

-2--To+.ally outside the domain of interest. 
-1--0utsid~ but adjacen,t to the flow domain boundary 

(fictitious boundary cell) • 
1--Inside and adjacent to the flow domain boundary 

(adjacent interior cell) • 
2--Totally inside the domain of interest. 

· 5--Cell filled vith·a conducting baffle. 

Plow variable markers (velocity markers IPLU, IPLV, and 
IPLW) provide the means for defining boundary condition 
typeo. Th~ followiuy 4~~ ~cceptable boundary condition 
types: 

-(200+&)--Transient velocity with· valu~s obtained from the 
Nth transient function. 

-(100+N)--Constant value velocity with value obtained from 
CVVU (N). 

-4--FreP slip vall. 
-3--Velocity derivative equal to 0.0. 
-1--Ro flow boundary. No velocity calculation is 

performed. This can be used to indic~te solid valls 
or surfaces outside the domain of interest. 

o--No slip vall. 
1--Free flow surface. 
2--Velocitv is computed by doing a local mass talance. 
3--Nonconducting solid baffle. 
4--Velocity is computed by doing a global mass balance. 
5--conducting solid baffle. 
6--conducting perforated baffle. 

IFLO is used to define the boundary condition type of 
surfaces between cell (I,J,K) and ~e11 (I+1,J,K). 
IFLV is used to define the boundary condition type of 
surfaces ~etween cell (I,J,K) and cell (I,J+1,K). 
IFLW is used to define the boundary condition type of 
surface~ b~tween cell (I,J,K) and cell (I,J,l•l) • 

. To specify free slip or no slip boundary c.ondition 
the type must be enter•d into the (I+1,J,K) or (I,J+1,K), 
or (I,J,K+1) lut:ation ot lFLU, U'LV, or IFLW. For all . 
other hot~J'Idary conditions, the type most bl!! .ent~red iut.c.~ t:he 
(I,J,K) location. 

• • • • • • • • • • • • • • • • • • • • • • • • • • * • * * * • * • • 
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VII. SAMPLE PROBLEMS 

Two sample problems are presented to illustrate how to use COMMIX-SA~!, 
what sort of problems it can analyze, and what kind of results one can expect 
from it. Both problems concern heat discharge from a cylindrical storage tank; 
however, different geometries and flow conditions cause quite different flow 
and thermal behavior. 

A. Heat Discharge from a Simple Cylindrical Storage Tank6 

A cylindrical heat-storage water tank, 1 m in diameter and 2 m high, was 
considered. The tank was isothermal at 57.2°C. Throughout the demand cycle, 
hot water was drawn out ·from the top of the tank and cold water at 15.6°C was 
pumped in near the bottom of the tank. Figure 11 shows the elevation and top 
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BOUNDARY 
CELL 
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~~ ~~ ~~ ~~ ~~ ~~ -.-

1-l ~..; 
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, ... /; 

~ ~~ ~~ ~~ fat% ~fa% 

TO LOAD LOOP 

_j__ 
t.Z 

T 
'- t.r 

FROM LOAD LOOP 

Fig. 11. Storage-tank Geometry and Finite­
difference Grid Layout 

view of the tank along with the finite­
difference grid layout. Five radial, 
12 circumferential, and 10 axial divi­
sions were used for this tank; hence, 
6r = o:l m, 68 = 30°, and 6z = 0.2 m. 
The fictitious boundary cells (shown 
shaded in Fig. 11) were used to facili­
tate treatment of boundary conditions. 
The inlet velocity of the cold makeup 
water was taken to be 1 m/s. 

Figure 12 shows the calculated 
temperature profile at four different 
times during the transient. This figure 
indicates that the cold lower portion of 
the tank is separated from the hot upper 
portion by a thermocline (i.e., a region 
of steep temperature gradient), and that 
the thermocline moves upwards with 
slowly increasing thickness as time 
progresses. The thermocline thickness 
varies from o·. 3 to o·. 4 m, approximately' 
~n the early stage of the demand event 
as shown in Fig. 12. 

The three-d imens i.onal nature of the 
temperature field in the storage tank is 
illustrated by Figs. 13 and 14, which 
show the temperature distributions at 
selected heights across Sections A-A and 

B-B (see Fig. 11), respectively, at time t = 10.7 s. Section A-A is the verti­
cal plane that contains the tank axis and the inlet and outlet ports; Sec­
tion B-B is perpendicular to Section A-A. Entering horizontally from the in.let 
port, the stream of cold water progressed through the center of the tank and 
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impinged on the opposite wall. Thereupon both an upward motion and a circum­
ferential diversion were generated. (See Fig. 15 for the flow pattern in Sec­
tion A-A.) This resulted in a temperature depression in the vicinity of the 
walls (Figs. 13 and 14), as well as along the path that the cold Stream tra­
versed (Fig. 14). The top part of the tank was virtually unaffected (at t = 
10.7 s), but in the lower part a temperature differential of as great as 3o•c 
on the same horizontal plane existed, and this occurred within an extended 
depth of the storage tank (Figs. 13 and 14). 
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COMMIX-SA PREDICTION OF 
FLOW F"IELD IN STORAGE TANK 

Fig. 15 . Flow Pattern across Sec­
tion A-A at t = 10.7 s; 

Yin = 1 m/s 

This example shows that the three-dimensional effect can be important in a 
cylindrical storage tank. It also shows that large inertia force (high inlet 
velocity) contributes to extended mixing (which reduces stratification). 

A list of the input file and a portion of the computer output follows. 

B. Heat Discharge from a VCCB Tank7 

In this example, veLL.i.cal cuncenLric cylindrical baffles (VCC.I:S 1 s) are 
installed in a cylindrical heat-storage water tank, which has a height-to­
diameter ratio of 4.0 (see Fig. 16). During heat discharge, hot water flows 
out at the top of the tank as shown, and cold water is pumped in through an 
inlet flow distributor at the bottom of the tank. Because of the symmetry in 
the geometry and flow field, a 15° sector is used in this simulation, the cor­
responding finite-difference grid layout being shown in Fig. 17, with ~r (from 
center out) = 9*0.0267(m), ~8 = 3*15°, ~ (from bottom up) = 2*0.06, 0.1 , 
0.136, 7*0.16, 0.136, 0.1, 2*0.06(m). The VCCB's are located between the third 
and fourth cells, and again between the fourth and fifth cells. They are as­
sumed to be made of nonconducting materials and serve to restrict the mixing 
region and guide the fluid flow in a way that enhances stratification. The 
tank has a volume of 64.84 gal (0.245 m3), and the flow rate is 2.085 gpm 
(1.315 x 10-4 m3/s). The evolution of the temperature profile in the tank 
during heat discharge is shown in Fig. 18. A list of input file and a portion 
of the computer output for the analys is of this case also follow. 
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1 
&STUFF 

ND=3, IE·AR=5,JBAR= 12 ,KBAR=10 ,XMIN=O. 0 ,RIDL=O .0, 

\. 
Ol~GA=1.7,GX=O.O,GY=O.O,GZ=-9.8, 
ISTPR=1305,2305,3305,4305,5201,6201,6302,7201,7302,8201,8302, 
9105,10302,10306,11104,11306,12104,12306,13104,13306, 
NTHPR=1201,1310,2201,2310,3201,3310,4201,4310, 

-.._ 5201,5310,6201,6310,8201,8310 
DX=6*0.1,DY=12*30.,DZ=12*.2• 

. EPS1= 1. OE-5, EPS2= 1. OE-7 ,BO=O. 0 ,AO.=O .5, 
TURBV=O. 0, TURBC=O ,"0, 
IFNRG=•10,IFPLOT=-1, 
HAXNT=5,T=O.O,TPRNT=-0.005,. 

'I NDT=20~S00,10000,DT=.001,.01,.015, 
NIT=20,50,10000,IT=150,100,30,THETAZ=O.O, 
CHF=o.o.o.o,o.o.o.o, 
CVVEL11J=-1.0,CVVELI21=1.0,HT=1 ,ISEC=O, 
ICOHPR=il, TlttEND= 15.0 ,BAFR= 1. OE+25, IFRHB=O, 

&END 
IFLD -1.0 1 6 1 12 1 12 
IFLD 1.0 1 5 1 12 2 11 
IFLD 2.0 1 4 1 12 3 10 
IFLD -6.0 6 6 1 12 1 12 
IFLD -6.0 1 5 .1 12 1 1 
IFLD -6.0 1 5 1 12 12 12 
IFLD -4.0 6 6 1 1 2 2 
END 
IFLU . -1.0 1 6 1 12 1 12 
IFLU 1.0 1 4 1 12 2 11 
IFLU 0.0 1 4 1 '12 1 1 "' IFLU 0.0 1 4 1 12 12 12 VI 

IFLU -101.0 5 5 1 1 2 2 
< IFLU -102.0 5 5 1 1 11 11 

IFLV -1.~ 1 6 1 12 1 12 
IFLV 1.0 .1 5 1 12 2 11 
IFLV 0.0 1 5 1 12' 1 1 
IFLV 0.0 1 5 1 12 12 12 
IFLV 0.0 6 6 1 12 2 11 
IFLH -1.0 1 6 1 12 1 12 
IFLH 1.1t 1 5 1. 12 2 10 
IFLH 0."!) 6 6 1 12 1 12 
THL 1.0 1 6 1 12 1 12 .. p 101325.0 1 6 '1 12 1 12 
Tl 57.2 1 6 1 12 1 12 
TL .15.b 6 6 1 1 2 2 
END 

:HSII,.t,KI 

656 657 658 659 660 0 
651 652 653 654 655 0 
646 647 648 649 650 0 
641 642 643 644 645 0 
635 637 638 639 6'•0 0 
631 632- 633 634 635 0 
626 627 628 629 630 0 
621 622 623 624 625 0 



616 617 
611 612 
606 • 607 
601 602 

56 57 
51 52 
46 47 
41 42 
36 37 
31 32 
26 27 
21 22 
16 17 
11 12 
6 7 
1 2 

116 117 
111 112 
106 107 
101 102: 
96 97 
91 92 
86 87 
81 82 
76 77 
71 72 
66 67 
61 62 

176 m 
171 172 
166 167 
161 162 
156 157 
151 152.· 
146 147 
141 142. 
136 137 
131 132: 
126 127 
121 122 

613 619 · E20 
6~3 ·614 E·15 
6t8 609 E-10 
6(3 604 605 

sa 59 60 
!i3 54 5S 
~ 49 50 
.. 3 44 45 
:>8 39 40 
:i3 34 35 
:!8 29 30 
23 24 25-
18 19 20' 
13 14 15 
8 9 10 
3 4 s 

118 119 120 
113 114 '115 
1il8 109 '110 
1D3 1114 . '105 
518. 99 100 
93 ·94 95 
88 . 89 9D 
83 84 85 
78 79 80 . 
73 74 75 
168 69 70 
63 64 65 

'78 179 180 
'73 174 175 
'6.8 169 170 
'63 164 165 
:58 159 160' 
153 ;54 155 
'148 149 150 
'143 144 145 
138 139 140 
133 134 135 
128 129 130 
123 124 125 

0 
0 
0 
0 

672 
671 
670 
669 
668 
667 
666 
665 
664 
663 

. 662 
661 

684 
683 
682 
681 
680 
679 
678 
677 
676 
675 
674 
673 

696 
695 
694 
693 
692 
69t 
690 
689 
688 
687 
686 
685 

236 23~ 238 239 240 708 
231 232 233 234 235 707 
226 221 228 229 . 230 706 
221 222 223 224 2i5 705 

"' "' 



216 217 218 219 220 704 
211 212 213 214 215 703 
206 207 208 209 210 702 
201 202 203 204 205 701 
•196 197 198 199 200 700 
191 192 193 ·194 195 699 
186 187 -188 189 190 698 
181 182 183 184 185 697 

296 297 298 299 300 720 
291 292 293 . 294 295 719 
286 287 288 289 290 718 
281 282 283 284 285 717 
276 277 278 279 - 280 716 
271 272 273 274 275 715 
266 267 268 269 270 714 
261 262 263 264 265 713 
256 257 258 259 260 712 
251 252 253 254 255 711 
246 247 248 249 250 710 
241 242 243 244 245 709 

356 357 358 359 360 732 
0\ 351 352 353 354 355 731 '-I 

346 347 348 349 350 730 
341 342 343 344 345 729 
336 337 338 339 340 728 
331 332 333 334 335 727 
326 327 328 329 330 726 
321 322 323 324 325 725 
316 317 318 319 320 724 
311 312 313 . 314 315 723 
306 307 . 308 309 310 722 
301 302 303 304 305 721 

---... 
416 417 418 419 420 744 
411 412 413 414 415 743 
406 407 408 409 410 742 
401 402 403 404 405 741 
396 397 398 399 400 740 
391 392 393 394 395 739 
386 387 388 389 390 738 
381 382 333 384 385 737 
376 377 378 379 380 736 
371 372 373 374 375 735 
366 367 368 369 370 734 
361 362 363 364 365 733 



476 477 471! 479 480 756 
471 472 4n 474 475 755 
466 467 461! 469 470 754 
461 462 46:! 464 465 753 
456 457 451! 459• 460 752 
451 452 45~ 454 455 751 
446 447 448 449 450 750 
441 442 443 444 445 749 
436 437 438 439 440 748 
431 432 ·433 434 435 747 
426 427 428 429 430 746 
421 422 423i 424 425 745 

536 537 538. 539 540 768 
531 532 533 534 535 767 
526 527 528 529 530 766 
521 522 . 523 524 525 765 
516 517 518 519 520 764 
511 512 513 514 515 763 
506 507 508 509 510 762 
501 502 503 504 505 761 
496 497 ~98 499 500 760 . 
491 492 ·~93 494 495 759. 
486 487 488 489 490 758 
481 482 483 484 '485 757 

0\ 
CXl 

596 597 598 599 600 780 
591 592 593 594 595 779 
586 587 588 589 590 778 
581 582 583 584 585 777 
576 577 578 579 580 776 
571 572 573 574 575 775 
566 567 568 569 570 774 
561 562 563 564 565 773 
556 557 558 559 560 772 
551 552 553 554 555 771 
546 547 548 549 550 770 
541 542 543 544 545 769 

836 837 838 839 840 0 
831 832 833 834 835 0 
826 827 828 . 829 830 0 
821 822 823 824 825 0 
816 817 818 819 820 0 
811 '- 812 an 814 815 0 
806 807 303 809 810 0 
801 802 lro3 804 805 0 
796 797 798 799 800 0 
791 792 793 794 795 0 
786 787 788 789 790 0 
781 782 783 784 785 0 



/ 

COM110N BLOCK DIMENSIONS 

NBU1 -
NBV1 -
NBW1 -
NBF1 -

0 
0 
0 
0 

NBU2 -
NBV2 -
NBW2 -
NBF2 -

NBU3 -
NBV3 -
NBH3 -
NBF3 -

0 
0 
0 
0 

NBU4 - 96 
NBV4 - 240 
NBI~4 - 120 
NBF4 - 239 

NBU5 -
NBV5 -
NBHS -
NBF5 -

0 
0 
0 
0 

tlBU6 - 0 
NBV6 - 0 
NBW6 - 0 
NBC - 240 

) 

\ 

"' \.0 



/ 

·············~············· * 11-IT:ALIZATION cm1PLETED * ............................. 

**********•********* BEGINNING OF OUTPUT F~~ STE? 0 AT 0.0 SECONDS *************•****~* 

RESIDUAL MASS lkg/rnn3-sl DL 

K= 5 
I--> 2 3 4 5 6 

J 
12 0.0 0.0 0.0 o.-o 0.0 0.0 
11 0.0 0.0 o.o 0 • .0 0.0 0.0 
10 o.o 0.0 0.0 0.11 0.0 0.0 
9 o.o 0.0 0.0 0.0 0.0 o.o 
8 0.0 0.0 0.0 0.0 0.0 0.0 
7 J.O f' 0.0 0.0 0.0 0.0 G.O 
6 :a.o 0.0 O.G 0.0 0.0 0.0 
5 !1.0 0.0 0.0 0.0 0.0 0.0 
4 a.o 0.0 0.0 0.0 0.0 0.0 
3 J.O 0.0 0.0 0.0 0~0 0.0 
2 a.o 0.0 o.o 0.0 0~0 0.0 
1 1].0 o.o o.o 0.0 0~0 0.0 

U COMPOit:Hl OF VELOCITY lrnlsl UL -...J 
0 

K= 5 
I--> 2 3 ~ 5 6 

J 
12 0.0 l.lt 0.0 0.0 o.o o.o 
11 0.0 J.O 0.0 0.0 0.0 0.0 
10 0.0 ~.0 0.0 0.0 0.0 0.0 
9. 0.0 ).0 0.0 0.0 0.0 0.0 
8 0.0 ).0 0.0 0.0 0.0 0.0 
7 0.0 ).0 0.0 0.0 0.0 0.0 
6 0.0 ~.0 0.0 0.!1 0.0 0.0 
5 0.0 • J.O 0.0 0.!1 0.0 0.0 
4 0.0 J.O 0.0 . O.D 0.0 0.0 
3 0.0 •).0 0.0 O.i) 0.0 0.0 
2 o.o ~.0 0.0 0.0 0.0 0.0 
1 t.O >1.0 0.0 O.l 0.0 0.0 

UOOX= 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 
UOOY= Oc.O 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.0 0.0 0.0 

V COMPON~HT OF YELDCITY lrnlsl Vl 

. K= 5 
I--> 2 3 ·i 5 6 

J 
12 11.0 ::J.O 0.0 O.l 0.0 0.0 
11 8.0 a.o 0.0 O.•J 0.0 0.0 
10 e.o 111.0 0.0 0.!) 0.0 0.0 
9 1.0 13.0 0.0 0.~ 0.0 0.0 



8 0.0 . 0.0 0.0 0.0 0.0 0.0 
7 0.0 0.0 0.0 0.0 0.0 0.0 
6 11.0 0.0 0.0 o.o 0.0 0.0 
5 . 1.0 0.0 0.0 0.0 o.o. 0.0 
4 ... o 0.0 0.0 0.0 0.0 0.0 
3 0.0 • 0.0 0.0 0.0 0.0 0.0 
2 0.0 0.0 0.0 0.0 0.0 0.0 
1 0.0 0.0 0.0 0.0 0.0 0.0 

W COMPONENT OF VELOCITY !rn/sl Wl 

K= 5 
I--> 2 3 4 5 6 

J 
12 1.0 0.0 . J.O 0.0 0.0 0.0 
11 1.0 0.0 J.O o.o 0.0 0.0 

. 10 CI.O 0.0 J.O 0.0 0.0 0.0 
9 0.0 0.0 •).0 o.o 0.0 0.0 
8 0.0 o·:o ).0 0.0 0.0 0.0 
7 0.0 o:o •).0 0.0 0.0 0.0 
6 0.0 0.0 •).0 o.o 0.0 0.0 
5 0.0 0.0 1).0 0.0 0.0 o.o 
4 o.o 0.0 0.0 0.0 0.0 0.0 
3 0.0 0.0 0.0 o.o 0.0 0.0 
2 o.o 0.0 0.0 0.0 0.0 0.0 
1 0.0 0.0 0.0 0.0 0.0 0.0 . 

WOO= 0.0 0.0 0.0 . 0.0 0.0 o.o 0.0 0.0 0.0 0.0 0.0 0~0 
"-.1 
~ 

PRESSURE fPASCAll p 

J= 1 
I--> 2 3 4 5 6 

K 
12 801:82.7 80082.7 80832.7 80082.7 80082.7 80082.7 
11 821:13.8 82013.8 82013.8 82013.8 82013.8 . 82013.8 
10 83Cj44.9 83944.9 83~44.9 ·83944.9 83944.9 83944.9 
9 8SS76.1 85876.1 85876.1 85876.1 . 85876.1 85876.1 
8 87807.2 87807.2 871307.2 87807.2 87807.2 87807.2 
7 89733.3 89738.3 89738.3 89738.3 89738.3 89738.3 
6 91669.4 91669.4 91669.4 91669.4 91669.4 91669.4 
5 93600.5 93600.5 . 93600.5 93600.5 ·93500.5 93600.5 
4 95~31.6 95531.6 95531.6 95531.6 95531.6 95531.6 
3 97462.8 97462.8 97<162.8 97462.8 97462.8 97462.8 
2 99~93.9 99393.9 99393.9 99393.9 99393.9 99393.9 
1 ·101325.0 101325.0 101325.0 101325.0 101325.0 80082.7 

TEMPERATURE ldeg Cl Tl 

J= 1 
I--> 2 3 4 5 6 

K 
12 57.2000 57.2000 57.2000 57.2000 57.2000 57.2000 
11 57.2000 57.2000 57.2000 57.2000 57.2000 57.2000 
10 57.2000 57.2000 57.2000 57.2000 57.2000 57.2000 



9 57.2000 57.2000 
8 57.2000 57.2000 
7 57.2000 57 .2000< 
6 57.2000 57.2000 
5 57.2000 57.2000 
4 57.2000 57.2000 
3 57.2000 57 .2000' 
2 57.2000 57.2000 
1 57.2000 57.200B 

TANK WALL TEtiPERATURE 
0.0 

TOTAL HEAT LOSS FROM TANK = 

J 

K= 2 
I--> 2 

12 57 ~2000 57.2000 
11 57.2000 57.2000 
10 57.2000 57.2000 
9 57.2000 57.2000 
8 57.2000 57.2000 
7 57.2000 57.2000 
6 57.2000 57.2000 
5 57 ~2000 57.2000 
4 57.2000 57.2000 
3 57.2000 57.2000 
2 57~2000 57.2000 
1 57 ~2000 57.2000 

TANK WALL IEMPERATUR~ 
0.0 

TOTAL HEAT LOSS FROM TANK = 

K 

J= 1 
I--> 2 

57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 

57.2000 
57.2000 
57.2000 
57.2000 
57 .~:000 
57.2000 
57.2000 
57.2000 
57.2000 

57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 

0.0 JOULE 

57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
15.6000 
57.2000 

TEMPERATURE !deg Cl TL 

3 

57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.20.00 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 

57.2000 
57.2000 
57.2000 
57.2000-
57.2000 
57.2000 
57.200(: 
57.200(1 
57.2000 
57 .200(• 
57.200( 
57.200( 

.5 

57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57 .~:000 
57.;:QOO 
57.~000 
57.2000 
57.2000 

0.0 ~OULE 

EHTHALPY 1:/kgl HL 

3 

6 

57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57 .'2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
15.6000 

6 

12 2.~~90+05 2.3890+05 ~.3890+05 2.3890+(5 2.38~0+05 0.0 
11 2.~90+05 2.3890+05 ~.3890+05 2.389D+C5 2.38,0+05 2.3890+05 
10 2.~~90+05 2.3890+0.5 ~.3890+05 2.389D+C5 2.38~0+05 2.3890+05 
9 2.~90+05 2.3390+05 ~.3890+05 2.339D+C5 2.3890+05 2.3390+05 
8 2.3390+05 2.3890+05 ~.3890+05 2.389D+G5 2.3890+05 2.3890+05 
7 2.3'~0+05 2.3890+05 .~.3890+05 2.3890+05 2.3390+05 2.3890+05 
6 2.~~0+05 2.3890+03 2.3890+05 2.389D+G5 2.3S~+05 2.3890+05 
5 2.~390+05 2.3890+05 2.3890+05 2.389D+C5 2.389U+05 2.3890+05 
4 2.~~90+05 2.3890+05 1.3890+05 2.389D+G5 2.3890+05 2.3890+05 
3 2.~~90+05 2.3890+05 2.3890+05 2.389D+G5 2.3890+05 2.3390+05 
2 2.~~90+05 2.3890+05 .~.3890+05 2.3890+05 2.38'ID+05 6.5250+04 
1 2.~390+05 2.3890+05 2.3890+05 2.389D+05 2.38'ID+05 0.0 

EHTHALPY (J/kgl HL 



J 

K= 2 
.I--> 2 3 4 5 6 

12 2.389D+05 2.389D+05 2.389D+05 2.389D+05 2.389D+05 2.389D+05 
11 2.389D+05 2.389D+05 2.389D+05 2.3890+05 2.3890+05 2.3890+05 
10 2.3890+05 2.3890+05 2.3890+05 2 .. 3890+05 2.3890+05 2.3890+05 
9 2.3390+05 2.3890+05 2.389D+05 2.3890+05 2.3890+05 2.3890+05 
8 2.389D+05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 
7 ·. 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.3390+05 
6 2.389D+05 2.3890+05 2.389D+05 2.389D+05 2.3890+05 2.389D+05 
5 2.3890+05 2.3890+05 ~339D+05 2.3890+05 2.3890+05 2.3890+05 
4 2.3890+05 2.3890+05 ~389D+05 2.389D+05 2.3890+05 2.3890+05 
3 2.3890+05 2.389D+05 ~3890+05 2.3890+05 2.3890+05 2.3890+05 
2 2.389D+05 2.389D+05 ~389D+05 2.389D+05 2.3890+05 2.3890+05 

. ' 2.389D+05 2.3890+05 ~3890+05 2.389D+05 2.3890+05 6.525D+04 

DENSITY lkgltn11113) ROI,. 

J= 1 
I--> 2 3 4 5 6· 

r: 
12 985.2593 985.2593 985.2593 985.2593 985.2593 0.0 
11 . 985.2593 985.2593 985.2593 985.2593 985.2593 985.2593 
11 985.2601 985.2601 9~5.2601 985.2601 985.2601 985.2601 
9 985.2609 985.2609 985.2609 935.2609 985.2609 985.2609 
8 985.2618 985.2618 985.2618 985.2618 985.2618 985.2618 
7 985.2626 985.2626 9g5.2626 985.2626 985.2626 985.2626 
6 985.2634 985.2634 9~5.2634 985.2634 985.2634 985.2634 
5 985.2642 985.2642 9a5.2642 985.2642 985.2642 985.2642 
4 . 985.2651 985.2651 9<>5.2651 985.2651 985.2651 985.2651 
3 985.2659 985.2659 . 9<>5.2659 985.2659 985.2659 985.2659 
2 985.2667 985.2667 9l;5.2667 985.2667 985.2667 998.5035 
1 985.2667 985.2667 9&5.2667 985.2667 985.2667 0.0 

ROO= 0.0 0.0 0.1 o.o o.o 0.0 0.0 

DENSITY !kgltnll113) ROL 

K= 2 
I--> 2 3 4 5 6 

J 
12 985.2667 985.2667 9E.5.2667 985.2667 985.2667 985.2667 
11 985.2667 985.2667 9&5.2667 985.2667 985.2667 985.2667 
1C· 985.2667 985.2667 9t-5.2667 985.2667 985.2667 985.2667 
9 985.2667 985.2667 9S5.2667 985.2667 985.2667 985.2667 
a. 985.2667 985.2667 9E:5.2667 985.2667 985.2667 985.2667 
7 985.2667 985.2667 91:.5.2667 985.2667 985.2667 985.2667 
6 985.2667 .985.2667 9E-5.2667 985.2667 985.2667 985.2667 
!i· 985.2667 985.2667 9E5.2667 985.2667 985.2667 985.2667 
4 985.2667 985.2667 -91:5.2667 985.2667 985.2667 985.2667 
.3 985.2667 985.2667 9E5.2667 985.2667 985.2667 985.2667 
2 985.2667 985.2667 91:-5.2667 985.2667 985.2667 985.2667 
1 985.2667 985.2667 985.2667 985.2667 985.2667 998.5035 

ROo= li.o 0.0 0.~ 0.0 o.o 0.0 0.0 

-... 

-...) 

w 

o.o o.o 0.0 o.o 0.0 

0.0 0.0 0.0 o.o 0.0 

( 

' 



CELL VOID FRACTION THL 

I= s 
K--> 2 3 4 5 6 7 8 9 10 11 12 

J 
12 1.~000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0)00 1.0000 1.0000 1.0000' 
11 1. MOO 1.:1000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0)00 1.0000 1.0000 1.0000 
10 1.0000 1.)000 1.0000 1. 0000 1.0000 1.0000 1.0000 1.0000 1.0:}!)0 1.0000 1.0000 1.0000 
9 1.0000 1.)000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1 .01JOO 1.0000 1.0000 1.0000 
8 1.0000 1. )000. 1.0000 ( .1.0000 1.0000 1.0000 1.0000 1.0000 ' 1.0000 1.0000 1.0000 1.0000 
7 1.0000 1.JOOO 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
6 1. 0000 1.JOOO 1.0000 1.00!)0 1. 0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
5 1.0000 1.)000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000. 1.0000 1.0000 1.0000 
4 1.0000 1.3000 1.0000 1.0000 1. 0000 1.0000 1.0000 1.0000 1. 0000 1.0000 1.0000 1.0000 
3 ·1.0000 .. 1 • .JOOO 1.0000 1.00~0 1.0000 1.0000 1.0000 1.0000 1. oeoo 1.0000 1.0000 1.0000 
2 1.0000 1.~000 1.0000 1.00)0 1.00DO 1.0000 1.0000 1.0000 1.0100 1.0000 1.0000 1.0000 
1 1.1000 1.•3000 1.0000 1.00~0 1.0000 1.0000 . 1.0000 1.0000 1.0100 1.0000 1.0000 1.0000 

FIELD· VARIABLE HARJ<ER !FIELD 

K= 2 

I 2 3 4 5 6 
J 

12 1 " 1 1 -6 
11 1 1 i . 1 1 -6 r 
10 1 . 1 1 . 1 1 -6 
9 1 1 1 1 1 -6 
8 1 1 1 1 1 -6 

-....! 7 1 1 1 1 1 -6 .p. 
6 1 1 1 1 ·1 -6 
5 1 1 1 1 1 -6 
4 1 1 1 1 1 -6 
3 1 1 1 1 1 -6 
2 . 1 1 1 1 1 -6 
1 1 1 1 1 1 -4 

FIELD VARIAbLE HARKER I FIELD 

K= 6 

I 2 3 4 5 6 
J 

12 2 2 2 2 1 -6 
11 2 2 2 2 1 -6 
10 2 2 2 2 1 -6 
9 2 2 2 2 1 -6 
8 2 2 2 2 1 -6 
7 2 2 2 2 1 -6 
6 2 2 2 2 1 -6 
5 2 2: 2: 2 1 -6 
4 2 '2: 2: 2 1 -6 
3 2 2 2 2 1 -6 
2 2 2 2 2 ·1 -6 
1 2 2 2 2 1 -6 



U VELOCITY FLOW VARIABLE MARKER IFLOHU 

I= 4 

K 2 3 4 5 6 7 8 9 10 11 12 
J 

12 0 1 1 1 1 1 1 1 1 0 
11 0 1 1 1 1 1 1 1 1 0 
10 0 1 1 1 1 1 1 1 1 0 
9 0 1 1 1 1 1 1 1 1 0 
8 0 1 1 1 1 1 1 1 1 0. 
7 0 1 1 1 1 1 1 1 1 0 
6 0 1 1 1 1 1 1 1 1 0 
5 0 1 1 1 1 1 1 1 1 0 
4 0 1 1 1 1 1 1 1 1 0 
3 0 1 1 1 1 1 1 1 1 0 
2. 0 1 1 1 1 1 1 1 1 0 
1 0 1 1 1 1 1 1 1 1 0 

U VELOCITY FLOW VARIABLE MARKER IFLOWU 

K= 6 

I .1 2 3 4 5 6 
J 

12 1 1 1 -1 -1 
11 1 1 1 -1 -1 
10 1 1 1 -1 -1 

......, 

9 1' 1 1 -1 -1 lJ1 

8 1 1 1 -1 -1 
7. 1 1 1 -1 . -1 
6 1 1 1 -1 -1 
5 1 1 1 -1 -1 
4 1 1 1 -1 -1 
3 1 1 1 -1 -1 
2 1 1 1 -1 -1 
1 1 1 ' 1 -:1 -1 

V VELOCITY FLOW VARIABLE MARKER IFLOWV 

. != 4 

K 1 ' 2 3 4 5 6 7 8 9 10 11 12 
J 

12 0 1 1 1 1 1 r 1 1 1 1 0 
11 0 1 1 1 1 1 1 1 1 1 1 0 
10 0 1 1 1 1 1 1 1 1 1 1 0 
9 0 1 1 1 1 1 1 1 1 1 1 0 
8 0 ' 1 1 1 1 1 1 1 1 1 1 0 
7 0 1 1 1 1 1 1 1 1 1 1 0 
6 0 1 1 1 1 1 1 1 1 1 1 0 
5 0 1 1 1 1 1 1 1 1 1 1 0 
4 0 1 1 1 1 1 1 1 1 1 1 0 
3 0 1 1 1 1 1 1 1 1 1 . 1 0 



2 0 < 1 1 1 f 1 1 0 i 

1 0 'j 1 1 1 t 1 1 0 

V VELOCITY ·fLOW VA~I~BLE HARKER IFLOWV ' 
K= 6 

I .. 3 4 5 6> .,_. 
J 

12 1 1 1 1 1 01 
11 1 1 1 1 1 01 
10 1 1 1 1 1 0' 
9 1 1 1 1 1 0 
8 1 1 1 1 1 0 
7 1 1 1 1 1 0 
6 1 1 1 1 1 0 
5 1 1 1 1 1 0 
~ 1 1 1 1 1 0 
3 1 1 1 1 . 1 0 
z 1 1 1 1 1 0 
1 1 1 1 1 1 0 

H VELOCITY FLOW VA!IABLE HARKER I FLOW~ 

I= 4 
"'-J 

K 2 3 4 5 6 7 8 9 1D 11 12 "' J 
12 -1 1l 1 1 1 1 1 1 1 1 --1 -1 
11 -1 1i 1 1 1 1 .1 1 1 1 -1 -1 
10 -1 1: 1 1 1 1 1 1 1 1 -1 -1 
9 -1 1 1 . 1 1 1 1 . 1 1 1 -1 -1 
8 -1 1 1 1 1 1 1 1 1 1 -1 -1 
7 -1 1 1 1 1 1 . 1 1 . 1 1 -1 -1 
6 -1 1 1 1 1 1 1 1 1 ' -1 ··1 
5 -1 1 1 1 1 1 1. 1 1 ' -1 -1 
4 -1 1 1 1 1 1 1 1 1 I -1 -1 
3 -1 1 1 1 1 1 1 1 1 I -1 ·1 
2 -1 1 1 1 1 1 1- 1 1. 1 -1 -1 
1 -1 1 1 1 1 1 1 1 1 1 -1 ·1 

H VELOCITY FLO~ VAFIABLE HARKER IFLONW 

K= 6 

I 2 3 4 5 6 
J 

12 1 1 0 
11 1 1 0 
10 1 1 0 
9 1 1 0 
8 1 1 0 
7 1 1 0 
(j 1 1 0 



5 
4 
3 
2 
1 

1 
1 
1. 
1 
1 

1 0 
1 0 
1' 0 
1 0 
1 0 

··~················· EHO OF OUTPUT FOR STEP 0 AT 0.0 

STEP: r., r: 0.001. or: 0.001. ITERATIONS: 150, DLHAX 5.200+00 AT I 1. 1. 21. 
STEP: 2. T: 0.002. or: 0.001. ITER A liONS: 150, DLHAX 5.32D+OO AT ( 1. 1. 21. 
STEP: 3,, r: 0.003, or: 0.001. ITERATIONS: 150, OLHAX 1.300+00 AT ( 1, 1, 21. 
STEP: 4, r: o.oo4, or: 0.001. ITER A liONS: 150, DLHAX 2.370-01 AT I 1, 1. 21. 
STEP: 5, r: o.oo5, or: 0.001, ITERATIONS: 150, Dlt!AX 4 .• 500-01 AT ( 1, 1,' 21. 

******************** HAXIHUM TIHE STEP !HAXNTI REACHED. ******************** 

***** RESTART TAPE WRITTEN AFTER TIHE STEP 

DCONV: 4.930-02 1.350+03 
OCQHV: 1.070-01 1.380+03 
OCONV: 1.080-01 3.380+02 
OCotlV: 1.070-01 6. 170+01 
DCONV: 1.070-01 1.17D+02 

5 ...... 

***•**************** BEGINNI~~ OF OUTPUT FOR STEP 5 AT 0.0050 SECONDS ********•••*****•*** 

RESIDUAL MASS !kgl'rn••3-sl OL 

J= ~ 
I--> 2 3 4 5 6 

~ 
12 0.0 0.0 0.0 0.0 0.0 0.0 
11 0.4273 0.2863 0.1787 0. 1491 o. 1369 0.0 
10 0.4069 0.3002 0.1921 o. 1624 0.0920 '0.0 
9 0.4095 0.3015 o. 1929 0.1632 0.0924 0.0 
8 0:4120 0.3033 0.1940 0.1639 0.0929 0.0 
7 0.4162 0.3061 0.1955 0.1650 0.0934 0.0 
6' 0.4198 0.3089 0.1972 o. 1664 0.0941 0.0 
5 0.4225 0.3108 0.1986 0.1676 0.0948 0.0 
4 0.4250 0.3126 o. 1996 0.1685 0.0953 0.0 
3 0.4272 0.3141 0.2005 0.1691 0.0956 0.0 
2 0.4504 0.3014 0.1874 0.1560 0.1430 0.0 
1 0.0 0.0 o.o o.o o.o 0.0 

RESIDUAL MASS I kg/rnww3-s I OL 

K= 10 
I--> 2 3 4 5 6 

J 
12 0.0788 0.3006 0.1924 0.1626 0. 0921 o.o 
11 0.1256 0.3002 0.1924 0.1626 0.0921 0.0 

. io 0.210.7 0.3005 0.1922 0.1627 0.0922 0.0 
9 il.1226 0.3009. 0.1926 0.1627 0.0921 0.0 
8 a. 1460 0.3007 0.1925 0.,1630 0 .092'• 0.0 

330.17 
305.14 
280.32 
255.14 
230.59 

·' 



7 0.2075 0.3004 0 •. 1920 0.1622 0.0920 0.0 
6 0.1730 0.3001 0.1919 0.1622 0.0917 0.0 
5 0.1978 0.3007 0 •. 1922 0.1625 0.0920 0.0 
4 0.2573 0.3006 0.1922 0.1626 0.0921 0.0 

. 3 0.2702 0.3005 0 •. 1923 0.1626 0.0921 0.0 
2 0.3211 0.3003 0 •. 1923 0.1626 0.0920 0.0 
1 0.4069 0.3002 0 •. 1921 0.1624 . 0.0920 0.0 

U COHPOHEHT Of VELOCITY lrn/s, Ul 

J= 1 
6 I--> 2 3 4 5 

.K 
12 -0.1205 -0.2028 -0.3451 -0.5868 0.0 0.0 
11 0.1205 0.2028 0.3451 0.5868 1.0000 -o.o 
10 O.OS54 0.0877 0.1065 0.0976 0.0 0.0 
9 0.0304 0.0343 0.0335 . 0.0231 0.0 0.0 
8. 0.0129 0.0131 0.0113 0.0069 0.0 0.0 
7. 0.0036 0.0035. 0.0029 0;0016 0.0 0.0 
6 -O.Oil34 -0.0033 -0.0027 -0.0016 0.0 0.0 

. 5 -0.0127 -0.0129 -0.0111 -0.0067 0.0 0.0 
4 -0.0300 -0.0338 -0.0327 -0.0222 0.0 0.0 
3 -o.o.s51 -0.0869 -0.1044 -0.0917 0.0 o.o 
2 -0.1218 -0.2062 -0.3528 -0.5019 -1.0000 0.0 
1 0.1218 0.2062 0.3528 0.5019 . 0.0 0.0 

UOOX= 0.0717 -0.0717 -0.0453 -0.0239 -0.0110 -0.0031 0.0032 0.0111 0.11241 0.0456 0.0716 -0.0716 
UOOY= · 0.0192 -0.0192 -0.0121 -0.0064 -0.0029 -0.0008 0.0009 0.0030 0.!&065 0.0122 0.0192 -0.0192 

...... 
00 

U COKPON:NT OF .VELOCITY lrn/s, UL 

K= 10 
I--> 1 2 3 4 5 6 

J 
12 O.OH9 0.0493 . 0.!1418 .... 0.3242 0.0 0.0 • 11 0.0193 0.0132 0.!1069 O.\'l021 0.0 0.0 
10 -0.0052 -0.0072 -0.0067 -0.>)041 0.0 0.0 
9 -0.0215 -0.0172 -0.0118 -0.9060 0.0 0.0 
8 -0.0304 . -0.0215 -0.0137 -0.'0066 0.0 D.O. 
7 -0.0332 -0.0228 -0.0141 -0.\:1067 0.0 0.0 
6 -0.0304 -0.0215 -0.0137 -0.0066 0.0 0.0 
5 -0.0215 -0.0172 -0.11118 -0.0060 0.0 o:o 
4 -0.0052 -0.0072 -0.0067 -0.0041 0.0 0.0 
3 0.0193 0.0132 0.11069 0.0021 0.0 0.0 
2 0.0479 0.0493 O.ll418 0.0242 0.0 0.0 
1 0.0554 0.0877 0.1065 0.0976 0.0 0.0 

UOOX= 0.0717 -0.0717 -0.0453 -0.0239 -0 .;O 110 -0.0031 0.0032 0.0111 0.1241 0.0456 0.0716 -0.0716 
UOOY= 0.0192 -0.0192 -0.0121 -0.006'i -0~0029 -0.0008 0.0009 0.0030 O.IC65 0.0122 0.0192 -0.0192 

V COMPONENT OF VELOCITY hn/s) Vl 

J= 1 
I--> 2 .5 4 5 6 

K 
12 0.0283 0.0595 0.1208 0.2270 0.4003 0.0 



11 -!1.0283 -0.0595 -o. 1208 -0.2270 -0.4003 0.4003 
10 -).0161 -0.0276 -0.0459 -0.0682 ·-0.0842 0.0842 
9 -].0078 -0.0111 -0.0155 -0.0195 -0.0209 0.0209 
8 -].0034 -0.0043 -0.0052 -0.0059 -0.0058 0.0058 
7 -1.0009 -0.0011 -0.0013 -0.0014 -0.0013 0.0013 
6 •).0009 0.0011 '0. 0012 0.0013 0.0013 -0.0013 
5 0.0033 0.0042 0.0051 0.0058 0.0057 -0.0057 
4 0.0077 0.0110 0.0153 0.0192 0.0203 -0.0203 
3 0:0160 0.0276 0.0458 0.0675 . 0.0815 -0.0815 
2 0.0286 0.0608 0.1241 0.2336 0.3864 -0.3864 
1 -0.0286 ·-0.06.08 -o.1241 -0.2336 -0.3864 0.0. 

V COMPONENT OF VELOCITY (rn/sl VL 

K= 10 
I--> 2 3 4 5 6 

J 
12 1.0161 0.0276 0.0459 0.0682 0.0842 -o .08't2 
11 1.0391 0.0495 0.0573 0.0600 0.0561 -0.0561 
10 11.0469 0.0468 0.0437 0.0387 0.0327 -0.0327 
9 0.0419 0.0347 3.0285 0.0231 0.0188 -0.0188 
8 0.0282 0.0207 ~.0157 0.0123 0.0098 -0.0098 
7 0.0099 0.0068 0.0050 0.0038 0.0030 -0.0030 
6 -0.0099 -0.0068 -0.0050 -o. oo38 -0.0030 0.0030 
5 -0.0282 -0.0207 -0.0157 -0.0123 -0.0098 0.0098 
4 -0.0419 -0.0347 -0.0285 -0.0231 -0.0188 0.0188 
3 -0.0469 -0.0468 -(1.(1437 -0.0387 -0.0327 0.0327 
2 -0.0391 -0.0495 -8.0573 -0.0600 -0.0561 0.0561 ...... 
1 -0.0161 -0.0276 -8.0459 -0.0682 -0.0842 0.0842 \0 

W COMPONENT OF VELOCITY lrn/sl WL 

J= 1 
I--> 2 3 4 5 6 

K 
12 0.0 0.0 o.o o.o 0.0 0.0 
11 0.0 0.0 0.0 0.0 o.o 0.0 
10 0.0491 0.0766 o. 1343 o·.2539 0.4993 -0.4993 
9 0.0647 0.0822 G. 1089 0.1454 o. 1827 -0.1827 
.8 (}.0675 0.0762 G.0868 0.0979 0.1060 -0.1060 
7 0.0674_ 0.0721 0.0769 0.0812 0.0838 -0.0838 
6 0.0672 0.0708 0.0742 0.0769 0.0785 -0.0785 
5 0.0674 0.07211 0.0767 0.0809 0.0835 -0.0835 
4 0.0674 0.0760 0.0865 0.0973 0. 1051 -0.1051 
3 0.0647 0.0822 0.1088 0.1446 0.1792 -0.1792 
2 0.0496 . 0.0778 0.1374 0.2613 0.4807 -0.4807 
1 0.0 0.0 0.0 0.0 o.o 0.0 

WOO= 0.~ 0.0416 0.0588 0.0643 0.0658 0.0661 0.0659 0.0644 0.0589 0.0415 0.0 0.0 

W COMPONENT OF VELOCITY (m/sl WL 

K= 10 
:--> 2 3 4 5 6 

J 



12 
11 
10 
9 ' 

0.0475' 
O.O<l41 
O.O'i06 
0.0377 
0.0358 
0.0352 
0.0358 
o.o:m 
0.0406 
O.M41 
0.0475 
0.0491 

8 
7 
6 
5 
4 
3 
2 
1 

WOO= 0.0 

J= 1 
I·-> 

K 
1 

12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

J 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

80082.7 
83944.7 
85607.3 
87035.7 
88283.5 
89418.5 
90515.4 
91651.7 
92903.6 
94344.2 
96033.2 

101325.0 

K= 10 
I--> 

E5606.3 
85603.7 
85600.3 
85596.6 
85594.0 
85592.8 
85593.8 
85596.4 
85599 •. 9 
85603.3 
85606.0 
85607.3 

J= 1 
I--> 

r 

0.0641 0.0852 0.108~ 0.1275 . -0.1275 
0.0491 0.0522 0.053€ 0.0537 -0.0537 
0.0386 0.0362 0.0341 0.0329 -0.0329 
0. 0324 . 0. 0287 0 .026~ 0. 0253 -0.0253 
0.0292, 0.0254 0.0232 0.0222 -0.0222 
0.0283 0.0244 0.022~ 0.0214 -0.0214 
0.0292 0.0254 0.0232 0.0222 -0.0222 
0.0324 0.0287 0.02b4 0.0253 -0.0253 
0.0386 0.0362 0.03~1 0.0329 -0.0329 
0.0491 0.0522 0.0535 0.0537 -0.0537 
0.0641 0.0852 0.10&~ 0.1275 -0.1275 
0.0766 0.1343 0.2539 0.4993 -0.4993 

·o.0416 c.o588 o.o64l a.o658 o.o661 o.o659 

2 

80082.7 
83960.1 
85622.2 
87047.0 
88290.5 
89421.1 
90513.4 
91644.1 
92889.3 
94327.7 
96042.2 

101325.0 

2 

85620.5 
85612.6 
85602.1 
85591.9 
85584.7 
85532.0 
85584.4 
85591.4 
85601.3 
85611.6 
85619.1 
85622.2 

2 

PRESSURE !PASCALI P 

3 

.80082.7 
83956.9 
85633.7 
87057.4 
88297.2 
89424.0 
~0512.0 
~1636.7 
n872.3 
'94302.7 
'96079.6 

101325.0 

4 

800!i2.7 
838!:1.; 
856::i7 .2 
870ti5.~ 
88312.5 
89426.3 
90510.9~ 
91629.8 
92850.5 
94239.3 
96150.1 
1013~.1l 

5 6 

80082.7 80082.7 
83568.8 - 82013.8 
85633.9 83944.9 
87069.4 85876.1 
88305.8 87807.2 
89428.1 89738.3 
90510.7 91669.4 
91625.4 93600.5 
92826.5 95531.6 
94031.0 97462.8 
96206.5 99393.9 

101325.0 80082.7 

PRESSURE ( FASCALI P 

3 

85631.9 
85619.9 
85603.3 
85587.8 
85577.1 
85573.2 
85576.9 
85587.2 
85602.4 
85618.6 
85630.3 
85633.7 

4 

85640.~ 
856~.~ 
856(4.2 
85.5::-5.1 
355;2. 1 
8550.!: 
355;1.a 
85SE-4.5 
856C3.~ 
856C:4.0 
856~-8.7 
856::-7.2 

5 

85646.0 
85628.9 
85505.3 
85584.2 
85570.1 
85565.1 
85569.8 
85583.6 
85604.3 
85627.6 
85644.2 
.85633.9 

6 

83944.9 
83944.9 
83944.9 
83944.9 
83944.9 
83944.9 
83944.9 . 
83944.9 
83944.9 
83944.9 
83944.9 
83944.9 

TEHPERAlURE (deg CJ Tl 

3 5 6 

0.0644 O.IPJ89 +0.0415 o.o 0.0 

00 
0 



K 
12 57.1996 57.1995 57.1996 57. 1997 57.1997 57.2000 
11 57.1996 57.1995 57.1996 57.1997 57.1997 57.1997 
10 57.1996 57.1996 57.1998 57.1999 57.2001 57.2001 
9 57.1996 57.1996 57.1998 57.1999 57.2000 57.2000 
8 57.1996 57.1996 57.1998 57.1999 57.2000 57.2000 
7 57.1996 57.1996 57 .• 1998 57.1999 57.2000 57.2000 
6 57.1996 57.1996 57.1998 57.1999 57.2000 57.2000 
5 57.1996 57.1996 57.1998 57.1998 57.2000 57.2000 
If 57.1996 57.1996 57.1998 57.1998 . 57.1999 57.1999 
3 57.1996 57.1997 57.1999 57.1998 57.1885 57.1885 
2 57.1995 57.1998 57.2000 57.1688 51f.9201 15.6000 
1 57.1995 57.1998 57.2000 57.1688 54.9201 57.2000 

TANK WALL TEMPERATURE 
0.0 

TOTAL HEAT LOSS FROM TANK = 0.0 JOULE 

TEMPERATURE !deg Cl TL 

K= 10 
I--> 2 3 4 5 .6 

J 
12 57.1997 57.2001 57.2000 57.2000 57.2001 57.2001 
11 57.1997 57.1999 57.1999 57.1999 57.2000 57.2000 
10 57.1997 57.1999 57.1999 57.1999 57.2000 57.2000 
9 57.1995 57.1999 57.1999 57.1999 57.2000 57.2000 
I· 57.1997 57.1999 57.1999 57.1999 57.2000 57.2000 
"! 57.1997 57.1999 57.1999 57.1999 57.2000 57.2000 00 

' 57.1996· 57.1999 57.1999 57.1999 57.2000 57.2000 ..... 
s 57.1997 57.1999 57.1999 57.1999 57.2000 57.2000 
4 57.1997 57.1999 57.1999 57.1999 57.2000 57.2000 
~ 57.1996 57.1999 57. 1999 57.1999 57.2000 57.2000 
2 57.1997 57.1998 57.1999 57.1999 57.2000 57.2000 
1 57.1996 57.1996 .57.1998 57.1999 57.2001 57.2001 

TAHK WALL TEMPERATURE 
0.0 

TOTAL HEAT LOSS FROM TANK = 0.0 JOULE 

DENSITY I kg/rnu3 I ROL 

J= 1 
\ I--> 2 3 4 5 6 

K 
12 985.2602 985.2603 935.2602 985.2601 985.2600 0.0 
11 985.2602 985.2603 985.2602 985.2601 985.2600 985.2600 
10 985.2609 985.2610 985.2609 985.2608 . 985.2608 985.2608 
9 985.2616 985.2616 985.2615 985.2615 985.2614 985.2614. 
8 985.2621 985.2621 985.2620 985.2620 985.2619 985.2619 
7 985.2626 985.2626 985.2625 985.2625 985.2624 985.2624 
6 985.2631 985.2631 9&5.2630 985.2630 985.2629 985.2629 
s 985.2635 985.2636 9f.5.2635 985.2635 985.2634 985.2634 
4 985.2642 985.2641 985.2640 985.2640 985.2640 985.2640 
3 985.2648 985.2647 9E-5.2646 985.2646 985.2679 985.2679 
2: 985.2655 985.2654 91:5.2653 985.2745 986.1480 998.5035 
1 985.2655 985.2654 985.2653 985.2745 '>ll6. 1480 0.0 

ROO= 985.2655 985.2655 985.2648 985.2641 .. 985.2636 985.2631 985.2626 985.2621 985.2615 .985.2609 985.2602 985.2602 



J 

K= 10 
I--> 2 3 

DENSITY lkg/tnll*~l ROL 

4 5 6 

12 985.~609' 985.2607 985.2608 985.2608 985'.2E08 985.2608 
11 985. <609 985.2608 985.2608 985.2608 985:.2E08 985.2608 
10 985.2609 985.2608 985.2608 985.2608 985.2E08 985.2608 
9 985.2610 985.2608 985.2608 985.2603 985.2(;08 985.2608 
8 985.2609 985.2608 985.2608 985.2608 985.2607 985.2607 
7 985.2609 985.2608 985.2608 985.2603 985.2607 985.2607 
6 985.2610 985.26()8 985.2608 985.2~~8 985.2607 985.2607 
5 985.2609 985.2608 985.2608 985.2608 985.2608 985.2608 

. 4 985.2609 985.2608 985.2608 985.2608 985.2608 985.2608 
3 985.2609 985.2608 985.2608 985.2608 985.2608 985.2608 
2 985.2609 985.2608 985.2608 985.2608 985.2608 985.2608 

. 1 985.2609 985.2610 985.2609 985.2608 985.2608 985.2608 
ROO= 985.2655 985.2655 985.2648 985.2641 985.2636 985.2631 985.2626 985.2621 985.~615 985.2609 985.2602 985.2602 

******************** 

. 
' 

END OF OUTPUT FOR STEP 5 AT 0.0050 SECONDS *************•****** 

( 

00 
N 



tiSIT ,j,KJ 

0 0 
105 106 

0 0 

0 
&STUFF 
N0=3;IBAR=3,JBAR:1,KBAR=13,~1IN=O.O,RIDL=O.O, 
Ot1EGA=1.8 ,:;x=O. 0 ,GY=O. 0 ,GZ=-9.8, 
ISTPR=1202,2202,3202,4202,5202,6202,7202,8202,9202, 
10202.11202,12202,13202, 
NTHPR=1202,2202,3202,4202,5202,6202,8202, 
DX=9M0.0267, 
DY=3• 15.0 ,!JZ=2•0. 06.,0, 1,0.136, 7110.16,0.136 ,0.1,2•0 .06, 
EPS1=1.0E-4,EPS2=1.0E-6,BO=O.O,A0=0.5, 
TURBV=O.O,TURBC=O.O, 
TPRNT=-0.0~9,IFNRG=1,IFPLOT=-1, 
MAXNT=10,NOT=20,40,50,10000,DT=0.01,0.05,0.1,0.2,T=O.O, 
NIT=20,10~.300,400,50000,IT=200,100,30,30,30,THETAZ=O.O, 
~HF=o.o,o.o,o.o,o.o, 
CVVEL11J=-D.00163,CVVEL121=0.006514,NT=1,ISEC=1, 
ICONPR=O,TIMEND=15.0,BAFR=1.E+25,IFRMB=O, 

&END 
IFLD -1.0 1 9 1 
IFLD 1.0 1 } 2 
IFLD -6.0 9 2 
IFLD -6.0 1 8 1 
IFLD -6.0 1 8 3 
IFLD ~6.0 1 8 2 
!FLO -6.0 1 8 2 
IFLD -4.0 9 9 2 
END 
!FLU -1.0 1 9 1 
!FLU 1.0 1 7 2 
IFLU 0;0 1 7 2 
IFLU 0.0 1 7 2 
IFLU -4.0 1 7 1 
IFLU -4.0 1 7 3 
IFLU -101.0 8 8 2 
IFLU 3.0 3 3 2 
IFLU 3.0 4 4 2 
IFLV -1.0 1 9 1 
IFLV 1.0 1 8 2 
IFlf.l -1.0 1 9 1 
IFlf.l 1.0 1 8 2 
IFLH 0.0 9 9 2 
Iflf.l -4.0 1 8 1 
IFLH -4.0 1 8 3 
IFLf.l -3.0 1 3 2 
THL 1.0 1 9 1 
p 101325.0; 1 9 1 
TL 57.2 1 9 1 
Tl 15.6 9 9 2 
END 

0 0 0 0 0 0 
107 108 109 110 .111 112 

0 0 0 0 0 0 

3 
2 
2 
1 
3 
2 
2 
2 

3 
2 
2 
2 
1 
3 
2 
2 
2 
3 
2 
3 
2 
2 
1 
3 
2 
3 
3 
3 
2 

. 1 
2 
1 
1 
1 ,. 

15 
2 

1 
2 
1 

15 
2 
2 
2 
3 
2 
1 
2 
1 
2 
1 
2 
2 

14 
1 
1 
1 
2 

0 
0 
0 

15 
14 
15 
15 
15 ,. 
15 
2 

15 
14 
1 

15 
14 

. 14 
2 

14 
13 
15 
14 
15 
13 
15 
13 
13 
14 
15 
15 
15 
2 

00 
w 

~ 



( 

122 123 124 125 126 127 
1 2 l 4 5 6 

113 114 113 116 1~7 118 

128 129 
7 8 

119 120 

0 
121 

0 

139 140 14~ 142 143 144 
9 10 1" 12 13 14 

130 131 13, 133 134 135 

145 1~6 
15 16 

136 1:!7 

0 
138 

0 

155 157 158 159 150 
17 18 191 20 21 

147 148 1491 150 . 151 

161 162 163 0 
22 23 2'!t 155 

152 153 15:t 0 

173 174 175· 176 1:'1 178 179 
25 26 21 28 z·~ 30 31 

164 165 166 167 163 169 170 

190 191 392 193 
33 34 35 36 

18 t 182 183 184 

207 208 
41 42 

198 199 

209 210 
43 44 

200 201 

194 195 196 
37 38 39 

185 186 187 

211 212 213 
4.5 46 47 

202 203 204 

1~0 0 
32 172 

111 0 

11J7 
40 

188 

0 
189 

0 

214 0 
48 206 

205 0. 

224 225 226 
49 50 51 

215 216 217 

227 22&· 229 230 231 0 
52 51 54 55 55 223 

218 219 220 221 222 0 

241 242 2·U 244 24~ 246 247 248 0 
57 58 59 60 61 62 63 6~ 240 

232 233 2.54 235 236 237 238 239 0 

258 259 j 260 261 262 263 264 265 0 
65 66 67 68 69 70 71 7';: 257 



249 250 251 252 253 254 

275 276 277 278 279 280 
73 74 75 76 77 78 

266 267 268 269 270 271 

292 
81 

233 

293 . 294 295 
82 ,83 84 

284 285 286 

296 297 
85 36 

287 288 

255 

281 
79 

272 

298 
87 

289 

256 

282 
80 

273 

299 
88 

290 

309 
89 

300 

310 . 311 
90 . 91 

301 302 

312 . 313 314 
92 . 93 94 

303 304 305 

315 316 
95 96 

306 307 

326 ,327 328 329 330 331 332 333 
97 98 99. 100 101 102 103 104 

317 318 319 320 321 322 323 '324 

0 0 0. 0. 0 0 0 0 
33'1 .335 . 336 337 338 339 340 . 341 

0 0 0 o· 0 . 0 0 0 

COHHON.BLOCK DIMENSIONS 

NBU1 - 182 NBU2 - 0 NBU3 - 0 
NBV1 - 0 NBV2 - 0 NBV3 - 0 
NBH1 - 192 NBH2 - 3 NBH3 - 0 
NBF1 - 0 NBF2 - 1 NBF3 - 0 

0 

0 
274 

0 

0 
291 

0 

0 
308 

0 

0 
325 

0 

0 
0. 
0 

NBU4 -
NBV4 -
NBH4 -
NBF4 ;_ 

14 
0 

13 
236 

00 v.· 

NBU5 - 0 NBU6 - 0 
NBV5 - 0 NBV6 - 0 
NBU5 - 0 NOH6 :.. 0 
NBF5 - 0 NBC - 237 





J: 2 
I--> 2 3 4 5 6 7 8 9 

K 
15 0.0 0.0 c.o 0.0 0.0 o.o 0.0 0;0 0.0 
14 0.0 0.0 ~.0 o.o o,o o.o o .. o 0.0 0.0 
13 0.0 o.o c.o o.o 0.0 0.0 0.0 0.0 0.0 
12 0.0 .0.0 c.o o.o o.o o.o 0.0 0.0 0.0 
11 0.0 o.o c.o 0.0 0.0 0.0 0.0 0.0 0.0 
10 0.0 0.0 c.o 0.0 0.0 0.0 0.0 0.0 0.0 
9 0.0 0.0 c.o 0.0 o.o 0.0 0.0 0.0 0.0 
8 0.0 0.0 C'.O o.o . o.o 0.0 0.0 0.0 0.0 
7 0.0 0.0 !'1.0 o.o 0.0 0.0 0.0 0.0 . 0.0 
6 0.0 0.0 o.o o.o 0.0 o.o 0.0 0.0 0.0 
5 0.0 o.o 0.0 0.0 o.o 0 .o . 0.0 0.0 0.0 
4 0.0 0.0 0.0 o.o 0.0 0.0. 0.0 0.0 0.0 
3 0.0 0.0 o.o o.o o.o o .. o 0.0 o.o 0.0 
2 0.0 o.o C•.O 0.0 0.0 0.0 0.0 ·o.o 0.0 
1 0.0 0.0 o.o . Q.O o.o o.o 0.0 0.0 0.0 

W COMPONENT OF VELOCITY ( 11\/'s·J Wl 

J: 2 
I--> 2 3 4 5 6 7 8 9 

K 
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1ft 0.0 o.o o.o 0.0 0.0 0.0 0.0 0.0 0.0 
13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 
12 o.o 0.0 o.o 0.0 o.o 0.0 0.0 0.0 0.0 --..1 

•• 11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
10 0.0 0.0 0.0 0.0 . 0.0 0.0 0.0 0.0 0.0 
9 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 0.0 
8 0.0 0.0 f.I.O 0.0 0.0 0.0 0.0 0.0 0.0 
7 0.0 o.o 1.0 0.0 0.0 o.o 0.0 0.0 0.0 
6 0.0 0.0 1.0 o,o 0.0 0.0 0.0 0.0 0.0 \. 

5. 0.0 0.0 1.0 0.0 0.0 o.o 0.0 0.0 0.0 
4 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 
3 0.0 0.0 1.0 o.o o.o o.o o.o 0.0 0.0 
2 0.0 o.o 1.0 o.o o.o 0.0 0.0 0.0 0.0 
1 0.0 0.0 1.0 o.o 0.0 Q.O 0.0 0.0 0.0 

woa= o·.o 0.0 0.0 0.0 0.0 0.0 0.0 . 0.0 0.0 0.0 0.0 o.o 
WOO: 0.0 0.0 0.0. 

PRESSURE I PASCAL) p 

J: 2 
I--> 2 3 4 5 6 7 8 9 

K \.. 

15 84215.3 84215.3" 84215.3 .84215.3 84215.3 84215.3 84215.3 84215.3 84215.3 
14 84794.6 84794.6 84:r94.6 84794.6 84794.6 84794.6 84794.6 84794.6 84794.6 
13 85567. 1 85567.1 85567.1 85567. 1 85567.1 85567. 1 85567.1 85567.1 85567. 1 
12 86706.4 86706.4 86106.4 86706.4 86706.4 86706.4 86706.4. 8()706.4 86706.4 
11 88135.5 88135.5 88135.5 88135.5 88135.5 as 135.5 88135.5 88135.5 88135.5 
10 89680.3 89680;3 89680.3 89680.3 89680.3 89680.3 89680.3 89680.3 89680.3 
9 91225.2 91225.2 91225.2 91225.2 91225.2 91225.2 91225.2 91225.2 91225.2 
8 92770.1 92770.1 92770.1 92770.1 9277.0. 1 92770.1 92770.1 92770.1 92770.1 



• 

7 
6 
5 
4 
3 
2 
1 

K 

94315.0 
953~9.9 
974~4.3 
988~3. 9i 
99973.2 

100745.7 
101325.0 

J= 2 
I--> 

94315.0 
9.5859.9 
97404.8 
98833.9 
99973.2 

100745.7 
101325.0 

.2 

15 57.2000 57.2000 
14 57.2000 57.2000 
13 57.200C 57.2000 
12 57.zoorr 57.2ooo 
11 57.200() 57.2000 
10 57 .200C 57.2000 
9 57 ;200( 57.2000 

. 8 57.200( 57.2000 
7 57.2000 57 .200() 
6 57.2000 57 .2000· 
5 57 .2ooa 57 :2ooo 
4 57.2000 57.2000 
l 57.2000 57.2000 
2 57.2000 57.2000 
1 57 •. ;:·ooo 57.2000 

TAHK WALL TEtiPBATURE 
0.0 

94315.0 
95859.9 
97404.8 
98833.9 
99973.2 

100745.7 
101325.0 

9431!:.0 
95359.9 
9740~.8 
98333.9' 
99973.2 

100745 .. 7 
101325.0 

94315.0 
95859.9 
97404.8 
98833.9 
99973.2 

100745.7 
101325.0 

94315.0 
95859.9 
97404.8 
98833.9 
99973.2 

100745.7 
101325.0 

TEHPERATU~E ldeg Cl TL 

3 

57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 

' 57.2000 
57.2000 
57.2000 
57.2000 
57.2000 

4 

57.2000 
57.2800 
57.2100 
57.2100 
57.2GOO 
57.2000 
57.2000 
57 .2Co00 
57.2COO 
57.2(00 
57.2(00 
57.2(00 
57.2COO 
57.2000 
57.20011 

5 

57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 

6 . 
57.20oo' 
57.2000 
57.2000 
57 .. 2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 

TOTAL HEAT lOSS FROM TANK = 0.0 . JCULE 

K 

J=. 2 
I--> 2 3 

ENTHALPY IJikgJ HL 

4 5 6 

94315.0 
95859.9 
97404.8 
98833.9 
99973.2 

100745.7 
101325.0 

7 

57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 

7 

94315.0 
9.5859.9 
97404.8 
98833.9 
99973.2 

100745.7 
101325.0 

8 

57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 

8 

94315.0 
95-~59. 9 
9H04.8 
9M33.9 
99?73.2 

100 .. 45.7 
S4215.3 

9 

57.2000 
57.2000 
57.2000 
57.2000 
51.21100 
57.2000 
57.2000 
57.2000 
57.2000 
57.2000 
.57.2000 
57'.2000 
!57.2000 
15.6000 
57.2000 

9 

15 2.389~+05 2.3890+05 2.3890+05 2.3890•05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 0.0 
14 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.38'90+05 
13 2.38'?il+05 2.3890+0:· 2.3890+05 2.3890 .. 05· 2.3390+05 2.3890+05 2.3890•05 2.3890+05 2.~0+05 
12 2.38~0+05 2.3890+0!: 2.3890+05 2.3890-05 2.3890+05 2.3890+05 2.3390+05 2.3890+05 2.3890+05 
11 2.38S0+05 2.3890+05 2.3890+05 2.3890-05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.3390>05 
10 2.38~0+05 2.3890+05 2.3890+05 2.3890-05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 
9 2.38~D+O~ 2.3890+05 2.3890+05 2.3390~05 2.3890+05 2.3890+05 2.-3890+05 2.3890+05 2.3890+05 
a 2.38~D+O~ 2.3890+05 2.3890+05 2.389o~o5 2.3890+05 2.389o+o5 2.3890+05 2.3890+05 2.38ao+05 
7 2.389111+0: 2.3890+05 2.3890+05 2.3890+05 2.3390+05 2.3890+05 2.3890+05 2.3390+05 2.3-330+05 
6 2.389m+o: 2.3890+05 2.3890+05 2.~9Dt·05 2.3890+05 2.3890+05 2.3390+05 2.3890+05 2.3330+05 
5 2.3899+0: 2.3890+05 2.3890+05 2.339Dt05 2.3890+05 2.3890+05 2.3390t05 2.3890+05 2.3330•05 
4 2.3890+0~ 2.3890+05 2.3890+05 2.3890t05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2-3330+05 
3 2.3390+0!: 2.3390+05 2.3890+05 2.3890t05 2.3390+05 2.3890+05 2.3890+05 2.3890+05 2.3810+05 
2 2.3890+05 2.3890+05· 2.3890+05 2.3890405 2.3890+05 2.3890+05 2.3390+05 2.3890+05 6.5250+04 
1 2.3890+05 2.3890+05·2.3890+05 2.3890•05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 0.0 

DENSITY (kg/~**31 ROL 

00 
00 



J= 2 
I--> 2 3 4 5 6 7 8 9 

K 
15 985.2605 985.2605 985.2605 985.2605 985.2605 985.2605 985.2605 985.2605 0.0 
14 985.2605 985.2605 985.2605 985.2605 985.2605 985.2605 985.2605 985.2605 985.2605 
13 985.2608 985.2603 985.2608 985.2608 985.2608 985.2608 985.2608 985.2608 985.2608 
12 985.2613 985:2613 985.2613 985.2613 985.2613 985.2613 985.2613 985.2613 985.2613 
11 985.2619 985:2619 9S!L2619 985.2619 985.2619 985.2619 985.2619 985.2619 985.2619 
10 985.2626 985.2626 985.2626 985.2626 985.2626 985.2626 985.2626 935.2626 985.2626 
9 985.2632 985.2632 985.2632 985.2632 985.2632 985.2632 935.2632 91l5.2632 985.2632 
8 935.2639 985.2639 985.2639 985.2639 985.2639 985.2639 985.2639 985.2639 985.2639 
7 985.2645 985.2645 985.2645 985.26't5 985.2645 985.2645 985.2645 985.2645 985.2645 
6 985.2652 985.2652 985.2652 985.2652 985.2652 985.2652 985.2652 985.2652 985.2652 
5 985.2659 985.2659 985.2659 985.2659 985.2659 985.2659 985.2659 935.2659 985.2659 
4 985.2665' 985.2665 985.2665 985.2665 985.2665 985.2665 985.2665 985.2665 985.2665 
3 985.2670 985.2670 985.2670 985.2670 985.2670 985.2670 985.2670 985.2670 935.2670 
2 985.2673 985.2673 985.2673 985.2673 ·985.2673 985.2673 935.2673 985.2673 998.5041 
1 985.2673 985.2673 985.2673 985.2673 985.2673 985.2673 985.2673 985.2673 0.0 

ROD= 0.0 0.0 0.0 0.0 o.o o.o 0.0 0.0 0.0 0.0 0.0 0,0 
ROD= 0.0 0.0 0.0 

CELL VOID FRACTION THL 

J= 2 
I--> 2 3 4 5 6 7 8 9 ) 

K 
15 1.0000 1.0000 ·.oooo 1.0000 1.0000 1.0000 1.000il . 1.0000 1.0000 00 14 1.0000 1.0000 ·;.oooo 1. 000.0 1.0000 1.0000 1.0000 1.0000 1.0000 \0 
13 1.0000 1.0000 ~.0000 1.0000 1.0000 1.0000 1. 0000 1.0000 1.0000 
12 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
11 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
10 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
9 1.0000 1.0000 1.0000 1:oooo 1.0000 1.0000 1.0000 1.0000 1.0000 
8 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1. 0000 1.0000 
7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
6 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000. 1.0000 1.0000 
5 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
4 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
3 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
2 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
1 1.0000 1.0000 1.0000 1.0000 1. 0000 1.0000 1.0000 1.0000 1.0000 

FIELD VARIABLE MARKER !FIELD 

J= 2 

1 2 3 4 5 6 7 8 9 
K 

15 -6 .. 6 -6 -6 -6 ..,6 -6 -6 0 
14 1 1 1 1 1 1 1 1 -6 
13 1 1 1 1 1 1 1 1 -6 
12 1 1 1 1 1 1 1 1 -6 
11 1 1 1 1 1 1 1 1 -6 
10 1 1 1 1 1 1 1 1 -6 
9 1 1 1 1 1 1 1 1 -6 



8 1 1 1 1 1 1 1 1 ·6 
7 1 1 1 1 1 1 1 1 ·6 
6 1 1 1 1 1 1 1 1 ·6 
5 1 1 1 1 1 '1 1 1 ·6 
4 1 1 1 . 1 1 1 1 1 -6 
3 1 1 1 1 1 1 1 1 -;6 
2 1 1 1 1 1 1 1 1 -4. 
1 . -6 -6 -6 -6 -6 -s -6 -6 rG 

U VELOCITY FLOW V,\Rl!ABLE HARKER IFLOWU 

J= 2 

I 1' 2 3 4 5 ' 7 8 ~ 
K 

15 0 D 0 0 0 II 0 -1 J 
14 1 1 3 1 1 'I 1 -1 . _, 
13 1 1 3 3 1 1 1 -1 -~ 
12 1 , 3 3 1 1 , . -1 -D 
11 1 , 3 3 , ·~ 1 -1 . -1 
10 1 t 3 3 1 •' 1 -1 -I 
9 1 t 3 3 1 1 -1 -I 
8 1 ~ 3 3 1 1 -1 -I 
7 1 I 3 3 1 1 -1 -I 
6 1 I 3 3 1 1 -1 -I 
5 1 1 3 3 1 1 -1 -1 
4 1 1 3 3 1 1 1 -1 -1 
3 1 1 3 3 1 1 1 -1 -·· \0 

2 1 1 1 3 1 1 1-101 0 

1 0 a 0 0 0 0 0 -1 f4 

V VELOClTY FtOH V~IABLE HARKER_ IFLOWV 

J= 2 

I 2 3 4 5 6- 7 & 9 
K 

15 -1 -1 -1 -1 -1 -1 -1 -1 a 
14 1 1 1 1 1 1 1 1 -1 
13 1 1 1 1 t 1 1 '1 -1 
12 1 1 1 1 1 1 1 1 -11 
11 1 1 1 1 1 1 1 1 -11 
10 1 I 1 1 1 1 1 1 -11 
9 1 ~ . t 1 1 1 1 1 -1 
8 1 II I 1 1 1 1 1 -1 
7 1 I I 1 1 1 1 1 -1 
6 1 1 1 1 1 1 1 1 -1 
5 1 1 1 1 1 1 1 1 -1 
4 1 1 1 1 1 1 1 1 -1 
3 1 1 1 1 1 1 1 1 -1 
2 1 1 1 1 1 1 1 T -1 . 
1 -1 -1 -1 -1 -1 -1 -1 -1 0 

W VELOCI7Y FLO'~ VAFIABLE HARKER IFLOml 



J= 2 

I 2 3 4 5 6 7 8 9 
K 

15 -1 -1 -1 -1 -1 -1 -1 -1 0 
14 -3 -3 -3 -1 -1 -1 -1 -1 0 

' 13 1 1 1 1 1 1 1 1 0 
12 . 1 1 1 1 ; 1 1 1 0 
11 1 1 1 1 1 1 1 1 o· 
10 1 1 1 1 1 1 1 1 0 
9 1 1 1 1 1 1 1 1 0 
a 1 1 1 1 1 1 1 1 0 
7 1 1 1 1 1 1 1 1 0 
E 1 1 1 1 1 1 1 1 0 
5 1 1 1 1 1 1 1 1 0 
lj. 1 1 1 1 1 1 1 1 0 
3 1 1 1 1 1 1 1 1 0 
2 1 . 1 1 1 1 1 1 1 0 
1 -1 -1 -1 -1 -1 -1 -1 -1 0 

···~················ Etlll OF OUTPUT FOR STEP 0 AT 0.0 SECONDS ******************** 

STEP: 1, r: 0.010, or: 1:1.010. ITERATIONS: 200, DLMAX:-9.000+00 AT I 6, 2. 21. DCONV: 3.010-03-4.050+02 114.69 
STEP: 2. r: 0.020, or: ~.010, ITERATIONS: 200, DLMAX:-7.950+00 AT ( 6, 2,131. DCONV: 6.330-03-4.520+02 111.97 
STEP: 3, r: o.o3o, or: 0.010, ITERATIONS: 200, DLMAX:-7.200+00 AT I 6, 2. 31. DCONV: 6.250-03-4.460+02 109.27 
STEP: 4, r: o.o4o, or: 0.010, ITERATIONS: 200, DLMAX:-6.460+00 AT I 7,' 2. 31. DCONV: 6.260-03-4.150+02 106.62 1.0 STEP: !?· r: 0.050, DT: 0.010, ITERATIONS: 200, DLMAX:-5.750+00 AT I .6, 2,131. DCONV: 6~260-03-3.770+02 103.83 1-' 
STEP: 6, r: o.o6o, or: 0.010, ITERATIONS: 200, DLMAX:-5.090+00 AT I 6, 2,131. DCONV: 6.710-03-3.390+02 101.11 
STEP: 1, r: o.o7o. or: 0.010, ITERATIONS: 200, DLMAX:-4.500+00 AT I 1, 2,,21. DCONV: 8.080-03-3.020+02 98.39 
STEP: s, r: o.o8o, or: 0.010, ITER A TiilNS: 200, DLMAX:-4.05D+OO.AT I 1, 2, 21. DCONV: 9.360-03-2.670+02 95.70 
STEP: 9, r: o.o9o, or: 0.010, ITERATIONS: 200, DLMAX:-3.610+00 AT I 1, 2, 21. DCOHV: 1.050-02-2.350+02 92.86 
STEP: 10. r: 0.100, or: 0.010, ITERATIONS: 200, DLMAX:-3. 190+00 AT I 1, 2, 21. DCOHV: 1.160-02-2.050+02 90.17 

.................... HAXIMUM TIME sTEP IHAXHTI REACHED. ******************** 

***~**************** BEGI~ING OF OUTPUT FOR STEP 10 AT 0.1000 SECOHDS **"***************** 

RESIDUAL HASS !kg/mu3-sl Dl 

J= 2 
I--> 2 3 4 5 6 7 8 9 

K 
15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
14 -1.9099 -1.9064 -0.8400 -1.7642 -2.9336 -2.9327 -2.9321 -1.4763 0.0 
u -2.0304 -2.0267 -0.8936 -0.2050 -1.7199 -2.9324 -2.9322 -1.4771 0.0 
12 -2.1247 -2.1208 -0.8955 -0.1101 -1.6232 -2.8345 -2.8345 -1.3807 0.0 
11 -2.2844 -2.2804 -0.9490 -0.0304 -1.5911 -2.8008 -2.8007 -1.3490 0.0 
10 -2.4575 -2.4533 -1.0194 -0.0779 -1.5853 -2.7930 -2.7930 -1.3438 0.0 
9 -2.6111 -2.6068 -1.0832 -0.0785 -1.5325 -2.7882 -2.7882 -1.3415 0.0 
s -2.7420 -2.7376 -1. 1377 -0.0791 -1.5798 -2.7834 -2.7835 -1 ;3392 0.0 
7 -2.8498 -2.8454 -1. 1825 -0.0797 -1.5773 -:2.7790 -2.7791 -1.3371 0.0 



6 -2.9342 -2.9299 -· .2177 -C.OS03 -1.5750 -2.7750 -:2.7751 -1.~352 0.0 
5 -2.9987 -2.9945 -· .2466 -G.OM2 -1.5762 -2.7747 -2.7749 -1.~367 O.C• 
4 -3 •. 0669 -3.0628 -~ .2938 -G.1i68 -1.6043 -2.8018 -2.8019 -1.~50 o.c• 
3 -3.1857 -3.1815 -1.4035 -0.2201 -1.6973 -2.&942 -2.8944 -1.4582 o.c 
2 -3.1893 -3.1850 -:!.1803 -1.4t63 -1.6956 -2.8922 -2.8923 -2.8923 o.c 
1 o.o 0.0 (.0 0.0 0.0 0.0 0.0 0.0 0.0 

U COMP~E~T OF VELOCITY (rn/sl UL 

J= 2 
I..:-> 2 3 4 5 6 7 8 9' 

K 
15 0.~000 0.0000 lt.DDOO 0.0022 o·.oo13 0.0007 0.0003 0.0 0.0 
14 - -O.•JOOO -0.0000 -0.0000 -0.00122 -0.0013 -0.0007 -0.0003 0.0 0.0 
13 -o~oooo -0.0000 -0.0000 -0.0000 ' -0.0001 -0.0001 -0.0001 0.0 0.0 
12 -0.0000 -0.0000- -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 0.0 o .. o 
11 -0.0000 -0.0000 -0.0000 -O.OODO -0.0000 -0.0000 -0.0000 0.0 0.0 
10 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0000 0.0 0.0 
9 -0.0000 -0.0000 -0.0000 -0.00;)0 -0.0000 -0.0000 -0.0000 0.0 0.0 
8 -0.11000 -0.0000 -0.0000 -o .. oo·Jo -0.0000 -0.0000 -0.0000 0.0 0.0 
7 -0.11000 -0.0000 -O.ODDD -0. DO•JO -D.ODDO -0.0000 -0.0000 0.0 0.0 
6 -o.aooo -0.0000 -0.0000 -0 .OO·JO -0.0000 -0.0000 -0.0000 0.0 0.0 
5 -0.0000 -O.OOO'J -0.0000 -0.00•)0 -0.0000 -0.0000 -0.0000 0.0 0.0 
4 -0.0000 -0.0000 -0,0000 -0.0!100 -0.0000 -0.0000 -0.0000 0.0 0.0 
3 -0.0001 -0.0001 -0.0000 -0.0000 -0.0001 -0.0001 -0.0001 0.0 0.0 
2 -0.0009 -0.0018 -0.0029 -0.001!0 -0.0004 -0.0007 -0.0011 -0.01:16 0.'0 
1 0.0009 0.0018 0.0029 0.0010 0.0004 0.0007 0.0011 0.0 O.D \.0 UOOX= ·0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 N 

UOOX= 0.0 0.0 0.0 
UOOY= 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ' 0.0 
uoov: 0.(1 0.0 0.0 

V COMPONENT OF VELOCITY (rn/s l VL 

J=. 2 
I--> t 2 ·3 4 5 6 7 8 9 

K 
15 O.lt 0.0 0.0 0.0 0.0 0.0 0.0 0.0 lJ.O 
14 0.0 o.o 0.0 O.lJ 0.0 0.0 0.0 0.0 J.O 
13 0.0 0.0 0.0 O.J D.D 0.0 0.0 0.0 ).Ill 
12 0.0 0.0 0.0 0.) 0.0 0.0 0.0 0.0 .).1 
11 o.o 0.0 O.D 0.) 0.0 0.0 0.0 0.0 'l.l 
10 0.0 0.0 0.0 0 ,f) 0.0 0.0 0.0 0.0 0.0 
9 0.0 0.0 0.~ O.;J 0.0 0.0 0.0 0.0 e.o 
8 0.0 0.0 0.~ 0.0 0.0 0.0 0.0 0.0 1.(1 
7 0.0 O.D D.J o.e 0.0 0.0 0.0 0.0 1.(• 
6 0.0 0.0 O.l 0.111 0.0 0.0 0.0 0.0 1.(1 
5 0.0 0.0 0.•3 o.l 0.0 0.0 0.0 0.0 1.(' 
4 0.0 0.0 O.•J 0.1 0.0 0.0 0.0 0.0 !1.( 
3 0.0 0.0 0.0 0.1 0.0 0.0 0.0 o.o O.!i 
2 0.0 0.0 0.0 o .• 0.0 0.0 0.0 . 0.0 0.0 
1 0.0 0.0 ().1 0.0 0.0 0.0 0.0 0.0 c•.o 

W CO~PONENT OF VELOCITY (tn/sl WL 



J= 2 
I--> 2 3 4 5 6 7 8 9 

K 
15 0.0 0.0 0.0 0.0 0.0 o.o 0.0 0.0 0.0 
14 0.0040 0.0040 0.0040 0.0 0.0 0.0 0.0 0.0 0.0 
13 0.0040 0.0040 0.0040 -0.0056 0.0013 0.0009 0.0007 0.0006 -0.0006 

,12 0.0041 0.0041 0.0041 -0.0056 0.0009 0.0009 0.0008 0.0008 -0.0008 
11 0.0041 0.0041 • 0.0041 -,0.0056 0.0009 0.0009 0.0009 0.0009 -0.0009 
10 0.0041 0.0041 0.0041 -0.0056 0.0009 0.0009 0.0009 0.0009 -0.0009 
9 0.0041 0.0041 0.0041 -0.0056 0.0010 0.0009 0.0009 0.0009 -0.0009 
8 0.0042 0.0042 0.0042 -0.0056 0.0010 0.0010 0.0010 0.0010 -0.0010 
7. 0.0042 0.0042 0.0042 -0.0056 0.0010 0.0010 0.0010 0.0010 -0.0010 
6 0.0042 0.0042 0.0042 -0.0056 0.0011 0.0011 0.0011 0.0010 . -0.0010 
5 0.0042 0.0042 1.0042 -0.0056 0.0011 0.0011 0.0011 0.0011 -0.0011 
4 0.0043 0.0043 11.0043 -0.0056 0.0011' 0.0011 0.0011 0.0011 -0.0011 
3 0.0043 0.0043 1.0043 -0.0056 0.0011 0.0011 0.0011 0.0012 -0.0012 
2 0.0038 0.0040 I. 0046. -0.0056 0.0009 0.0010 0.0012 0.0015. -0.0015 
1 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 o.o 

lo:OG= . 0.0 0.0035 0.01139 0.0039 0.0039 0.0039 0.0038 0.0038 0.0038 0.0037 0.0037 0.0037 
WOO= 0.0037 0.0037 0.0 

PRESSURE I PASCALI p 

J= 2. 
I--> 2 3 4 5 6 7 8 9 

\ K 
f5 84215.3 84215.3 84215.3 84215.3 84215.3 84215.3 84215.3 84215.3 84215.3 
t4 85280.4 85280.4 85280.4 85424.3 85424.8 85425.0 85425.2 85425.2 84794.6 1.0 

13 86056.1 86056.1 861)56.1 86192.9 86198.0 86198.0 86198.1 86198.1 85567.1 w 
12 87200.3 87200.3 87200.3 87326.7 87338.2 87338.2 87338.1 87338.1 86706.4 
11 88635.3 88635.3 88635.3 88748.8 88768.1 88768.0 88768.0 88768.0 . 88135.5 
10 90186.7 90186.7 90T86.6 90286.1 90313.8 90313.8 90313.8 90313.7 8?680.3. 
9 91737.9 91737.9 91737.9 91823.5 91859.4 91859.4 91859.4 91859.4 91225.2 
8 93289.2 93289.2 93289.2 93360.8 93405.0 93404.9 93404.9 93404.9 92770.1 
7 94840.3 94840.3 94340.3 94898.1 94950.4 94950.4 94950.4 94950.4 94315.0 
6 96391.5 96391.4 96591.4 96435.5 96495.8 96495.7 96495.7 96495.7 .95859.9 
5 97942.5 97942.5 97942.5 97972.8 98041.0 98041.0 98041.0 98041.0 97404.8 
4 99377.2. 99377.1 99377.1 99394.8 99470.3 99470.3 99470.3 99470.2 98833.9 
3 100520.9· 100520.9 100;20.9 100528.6 100609.8 100609.8 . 100609.8 100609.8 99973.2 
2 101296 .o· 101296.2 101296.6 101297.3 101382.3 101382.3 101332.3 101382.3 100745.7 
1 101325.0 101325.0 101325.0 101325.0 101325.0 101325.0 101325.0 101325.0 84215.3 

TEMPERATURE (deg Cl TL 

J= 2 
I--> 2· 3 4 5 6 7 8 9 

K 
15 57.2113 57.204{) 57.1952 57.2140 57.2038 57.2032 57.2029 57.1880 57.2000 
14 57.2113 57.2040 57.1952 57.2140 57.2038 57.2032 57.2029 57.1880 57.1880 
13 57.2131 57.2053 57.1960 57.2005 57.2158 57.2055 57.2051 57.1902 57.1902 
12 57.2140 57.2056 '57. 1955 57.2001 57.2154 57.2051 57.2048 57.1898 57.1898 
11 57.2152 57.2060 57.1951 57.2000 57.2154 57.2050 57.2047 57.1897 57.1897 
10 57.2164 57.2065 57.1947 57.2000 57.2153 57.2050 57.2046 57.1896 57.1896 
9 57.2175 57.2069 57.1943 57.2000 57.2154 57.2050 57.2047 57.1896 57.1896 
8 57.2185 57.2074 57.1940 57.2000 57.2154 57.2050 . 57.2047 57.1896 57.1896 

_..._ 



7 57.2195 57.2077 57.1937 57.2\100 57.2154 57.2050 57.2047 57'. 1896 ;;·. 18S'6 
6 57.2203 57.2081 57.1934 57.2000 57.2154 57.2050 57.2047 57.1896 5i. 18S6 
5 57.2210 57.2084 57.1932 57.2000 57.2154 57.2050 57.2046 57.1896 51. 18}6 
4 57.2216 . 5:' .2085 57.1929 57.1999 57.2153 57.2049 57.2046 57.1895 57.18S:5 
3 57.2219 5:'.2086 57.1927 57.1998 57.2152 57.2048 57.2044 57.1892 37.1892 
2 57.2239 5:'.2106 57.2079 57.1938 57.2174 57.2070 57.2063 56.9697 15.6000 
1 57.2239 5:'.2106 57.2079 57.1938 57.2174 57.2070 57.2063 56.9697 - 57.2000 

TANK WALL TEMPERATUP.E 
0.0 

TOTAL HEA< LOSS FROH TANK = 0.0 JOULE 

DENSITY lkg/rnu3) ROL 

J= 2 
I--> 2 3 ~ 5 6 7 8 9 

K 
15 985.2556 985.2589 985.2628 . 985.2543 985.2590 985.2592 985.2594 985.2562 o.o 
14 985.2556 985.2589 985.2628 985.2543 91;5.2590 985.2592 985.2594 985.2~62 ~85.2662 
13 985.2552 985.2586 985.2628 9S5.2608 985.2538 985.2586 985.2587 985.2?55 985:2655 
12 985.2553 985.259D 985.2635 985.2615 985.25{15 985.2592 985.2594 985.2o62 985.2662 
11 985.2554 985.2594 985.2643 985.2621 985.;:551 935.2599 985.2600 985.2669 985.2669 
10 985.2555 985-.2599 985.2651 985.2628 985.2558 985.2605 985.2607. 985.2676 985.2676 
9 985.2556 985-.2603 985.2659 985.2635 985.2564 985.2612 985.2613 985.2682 985.2682 
8 985.2558 985.2608 985.2668 985.2641 985.2571 985.2618 985.2620 985.2689 985.268Ci 
7 985.2561 985.2613 985.2676 985.264S 985.2578 985.2625 985.2627 . 985.2696 ~85.2696 
6 985-.2564 985.2618 985.2683 985.2654 985.2584 985.2632 985.2633 985.2702 983..2702 
5 985...2567 985.2624 985.2691 985.2661' 985.2.591 985.2638 985.2640 985.2709 '385..2709 
4 985.2571 985.2629 985.2698 985.2667 985.2597 985.2645 985.2646 985.2715 985.2715 \0 

3 985.2574 985.2633 985.2704 985.2'673 985.2603 985.2650 985.2652 985.:!721 985.2721 ~ 

I 2 985.2568 985.2628 985.2640 985.27G3 985.2596 985.2643 985.2646 985.3667 ~9&.5041 
./ 1 985.2563 985.2628 985.2640 985.2703 985.2596 985.2643 985.2646 985.3f67 e.o 

ROO= 985.2568 985.2568 985.2574 985.2571 985.2567 9S5.2564 985.2561 985.2558 985.2556·!85.2555- 985.2554 985.2553 
ROO= 985.2552 985.2556 985.2556 

•••••••••••••••••••• END OF OUTPUT FOR STEP 10 AT 0.1000 SECONDS ******•************* 
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VIII. CONCLUDING REMARKS 

The mathematical formulation underlying the COMMIX-SA-l code has been de­
tailed. COMMIX-SA-l solves the three-dimensional, time-dependent conservation 
equations of continuity, momentum, and energy in cylindrical coordinates by a 
modified ICE finit~-difference technique. The finite-difference equations have 
been presented, along with a hydraulic model to treat impermeable and perfo­
rated baffles, and a model that accounts for thermal interaction between fluid 
and structures (e.g., baffles and wall). The singularity problem encountered 
at the origin of the cylindrical-coordinate system has been discussed, and an 
integral treatment of the problem that deals with degenerate control volumes 
surrounding the origin has been described. The integral treatment resolves the 
singularity problem rigorously and efficiently, requiring little additional 
core storage and computer running time. The numerical-solution procedure based 
on the successive-overrelaxation (SOR) method has also been delineated, the SOR 
method being shown to be superior to other point-relaxation methods as regards 
'computational efficiency. Treatment of the various boundary conditions as 
outlined has been greatly facilitated by the use of grouped fictitious boundary 
cells. 

The code structure and input format have been described, and two sample 
problems presented, to aid users in setting up new problems. As stated ear­
lier, COMMIX-SA-l has been developed with the original objective of analyzing 
thermal-stratification phenomena in thermocline storage tanks. Subsequent ap­
plication has, however, revealed its worth as a versatile design tool. Fur­
thermore, the code is structured in modular format arid is a suitable basis for 
f~rther extension, which includes the ongoing modeling of rock beds and salt­
gradient solar ponds. Future improvements on COMMIX-SA~! are anticipated in 
the area of computational accuracy and efficiency. Such improvements will be 
reported in the near future, as will the work on rock beds and salt-gradient 
solar ponds. 

I 

The work presented in this report represents the close cooperation between 
the United States Nuclear Regulatory Commission (USNRC) and agencies within the 
United States Department of Energy (USDOE), since COMMIX-SA-l code is a spin­
off of the COMMIX-I (Ref. 9) and COMMIX-IHXlO codes. The COMMIX-I code is spon­
sored by the Reactor Safety Research Division of USNRC (Contract No. A2045), 
and the COMMIX-IHX code was developed under the auspices of the Reactor Research 
and Technology Division of USDOE. 
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APPENDIX A 

A Simple Eddy-diffusivity Turbulence Model 

An advanced turbulence model has been developed at ANL-CT, i.e., the 
three-equation (k-~g, or turbulence kinetic energy--dissipation rate of turbu­
lence kinetic energy--scalar energy) continuum model. 19 The model has also 
been implemented in COMMIX-IHxlO and is currently under study. However, in the 
range of applications anticipated for COMMIX-SA-l, particularly in the strati­
fied heat-storage area (where stratification requires, small flow velocity), 
turbulent effects are not considered important. Therefore, little effort has 
been spent on turbulence modeling within COMMIX-SA-l. Nevertheless, a simple 
eddy-viscosity-turbulence model has been used to serve as a rough guide when­
ever and wherever needed. Basically, the effective viscosity ·ll as occurring 
,in Eqs. 9-15 and the effective thermal conductivity as occurring in Eq. 8 are 

1 regarded as consisting of two parts: the laminar .<~nci tm:bulent parts; i.e., 

(A.l) 

and 

(A.2) 

where llt and K1 are provided by the water-property package and llt and Kt are 
coded in COMMIX-SA-l as input variables TURBV and TURBC, respectively. We can 
estimate llt according to9 

where 

and 

llt = 0. 007C lJpUmaxt, 

rl Remax > 2000 

ell = ~-l(O.OOlRemax - 1) for 1000 < Remax 

Remax < 1000 

Uman = max(u,v,w). 

Remax • max ( Re r , Re e, Re z ) , 

t = max( !J.r, r !J.9, !J.z). 

Once lJt is known, Kt can be estimated from 

c lJ 
p t --, 

Prt 

(A. 3) 

( 2000} 

(A.4) 
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where Prt is the turbulent Prandtl n~ber, whose estimate requires an appropri­
ate experimental correlation. 

For future applications or future extensi~ns of COMMIX-SA-l, the advanced 
.turbulence modell9 will be implemented as warranted. 
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APPENDIX B 

Thermophysical Properties of Water 

As mentioned in Sec. II.D, the water-properties package as used in COMMIX­
SA-l is the result of a curnrnulative effort by many individuals. Since the 
curve fitting on which the package is based was performed over a large pressure 
range, it is of interest to see how accurate the package is for the rather nar­
row range (p = 1-2 bars, and T = 0-100°C) that concerns solar sensible heat­
storage applications. 

In the following plots of density (Fig. B.l), viscosity (Fig. B.2), spe­
cific heat (Fig. B.3), and conductivity (Fig. B.4), the calculated results from 
the package are presented as solid curves. These are compared with data points 
available from Keenan et al. ,14 Eckert and DrakP.,20 and Schlichting.21 As can 
be seen from the figures, the maximum deviation is 0.4% for density, 0.4% for 
specific heat, 1.5% for conductivity, and negligible for viRC.Mi.ty. These cQm­
parisons should lend confidence to the package being used and provide for con­
venient graphical references. For.convenience, plots for kinematic viscosity 
(Fig. B.S), thermal diffusivity (Fig. B.6), and Prandtl number (Fig. B.7) are 
also included. 
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.Fig. B.l. Density of Water as a Function of Temperature. Conversion factor: 1 atm = 0.1 MPa. 
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Fig. 8.2. Viscosity of Water· as a Function of Temperature. Conversion factor: 1 atm = 0.1 MPa. 
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Fig. 6.4. Thermal Conductivity of Water as a Function of Temperature. 
Conversion factor: 1 atm = 0.1 MPa. 
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Fig. B.6. Thermal Diffusivity of Water .is a Function of Temperature. 
Conversion factor: 1 atm = 0.1 MPa. 
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APPENDIX C 

A Modified Successive Overrelaxation Iteration Scheme 

The point Jacobi iterative method originally used in conjunction with the 
ICE finite-difference algorithm in the COMMIX-SA-l code was demonstrated to 
possess relatively poor convergence properties. Through a sequence of numeri­
cal studies, the point successive overrelaxation (SOR) iterative method was 
shown to converge significantly faster than does the Jacobi method. A near­
optimum overrelaxation parameter was determined for storage-tank geometry that 
is to be used in a sequence of parametric studies with baffled tanks. Further, 
a modified SOR method was devised and demonstrated to be superior to the usual 
SOR method with a near-optimum relaxation pArameter, The re8ults ~re summa­
rized below. 

Formally, afl~r the governing PDE 1 s are finite-differenced, a system of 
linear algebraic equations results: 

AX=:= k, (C.l) 

where X represents the unknown ·pressure vector, k ·represents the vector with 
known components that have been explicitly evaluated by the momentum' and con­
tinuity equations, and A is a square matrix having as its entries the deriva­
tives of the cell residual masses with respect to pressure. Due to the use of 
donor-cell differencing in the continuity equation, some of the entries in 
matrix A may change values from one iteration to the next, 

The matrix A can be decomposed as 

A=li-E-F, (C.2) 

where D is a diagonal matrix consisting of the diagonal entries of A, and E and 
F are, respectively, the strictly lower and upper triangular matrices whose 
entries are the negative~ of the entries of A respe~tively below and above the 
main diagonal. 

The point Jacobi iterative method can then be written as 

Xn+l = D-l(E )Xn D-lk 0 + F + , n > , (C.3) 

a procedu,re to calculate the (n + l)th iteratives from the nth iteratives of 
the unknown vector X. 

On the other hand, the point successive relaxation·method 1.s prescribed by 

(C.4) 
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where I is the identity matrix, L :: .. o-lE, U:: n-:-lF, and w is the relaxation 
parameter. For the method to work, it is required that 0 < w < 2. With w < 1, 
the method is termed "underrelaxation" ;. with w > 1, "overrelaxa~ion"; and· with 
w = 1, "Gauss-Seidel.". 

In practice, with the Jacobi method, COMMIX-SA-l would calculate first the 
residual masses for all cells, then pressure corrections for all cells,, and 
then velocities for all cells, within one iteration. With the SOR method, 
COMMIX-SA-l calculates, instead, the residual mass for one cell, the pressure 
correction for the same cell, and velocities associated with the ~cell, and 
then moves on to the next cell; whil~ performing the same sequence. of calcula­
tions in the next cell, SOR makes use of the newly calculated pressure and 
velocities associated with the previ~us cell. In cylindrical geometry, the 
order of sweeping is usually first in I (r direction), then in J (8 direction), 
and then inK (z direction), for both the Jacobi and SOR methods. 

However, although the matrix A is diagonally dominant, in cylindrical 
coordinates the values of its diagonal entries vary substantially. Related to 
this, it was also observed that residual masses always assume the largest 
values in the first ring 'aro~n~ the center (i.e., I.= 1). Both observations 
can be explained if the finite-differenced continuity equation is examined, and 
the inherent nonuniformity of the r~8 mesh spacing borne_ in mind. A modified 
SOR method then emerged: Sweep first in J (8 direction); repeat the J sweep 
once or twice for I= 1; then sweep in I (r direction); then sweep inK 
(z direction)'. This is a simple modification, yet it achieves a better rate of 
convergence as can be seen from the following results. 

Figure C.l is a plot of the absolute value of the max1mum residual mass, 
IDmaxl, versus the number of iterations, as obtained from several cylindrical­
storage-tank heat-discharge runs. Based on information presented in this 
figure, the following conclusions are drawn: 

1. The SOR method affords a distinctly better rate of convergence than 
·do the Gauss-Seidel and Jacuui methods. 

2. The empirically determined optimal value for the overrelaxation 
factor w for the tank geometry and ·the range of parameters in question is near 
1. 8. 

3. The modifiP.rl SOR method proves to be noticeably better than the usual 
SOR method and is hence worth recommending.· 

4. To achieve the same order of accuracy, the Jacobi method needs 4.7-
6.5 times more iteration than the modified SOR method. 

5. The convergence criteria as shown in Fig. C.l were calculated based 
on the maximum velocity in the flow field and _some arbitrarily assigned param­
eters. The fact that most curves in Fig. C.l level off after about 200 itera­
tions indicates that truncation error is li~ely a determining factor. Therefore, 
it seems a more reasonable convergence criterion should be based on the trunca­
tion error. 
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Fig. C.l.. Convergence Properties of Various Point-relaxation Methous 

All the cases presented in Fig. C.l were c~1~uted with the uniform time 
step size 6t = 0.001 s. To Qce if the 'use of different time-step sizes would 
alter the above conclusions, additional cases were run with ~t equal to 0.01, 
0.1, and 0.45 s, respectively. The results are presented in Fig. C.2, and.it 
is clear that the effects of time-liltep oiz:e are ul::!gligible. These results also 
point out that it is not necessary to start off a tr~noicn~ r~l~u!ation with a 
v~ry omall tiwe step; in tact, almost any time step meeting the stability 
requirements can do equally as well as a very small time step, as far as accu­
racy is concerned. 
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