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COMMIX-SA-1: A THREE-DIMENSIONAL
THERMOHYDRODYNAMIC COMPUTER PROGRAM
FOR SOLAR APPLICATIONS

by

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

ABSTRACT

COMMIX-SA-1 is a three-dimensional, transient, single-

phase, compressible-flow, .component computer program for ther-
.mohydrodynamic analysis. It was developed for solar applica-
tions in general, and for analysis of thermocline storage-
tanks in particular. The conservation equations (in cylindri-
cal coordinates) for mass, momentum, and energy are solved as

an initial-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-1 code structure is delineated, and an 1input

. description and sample problems are presented. '

I. INTRODUCTION®

Successful utilization of solar energy hinges on developing efficient
methods of energy collection and storage. Heat- storage components play an
important role in solar heating, cooling, agriculture applications, desalini-
zation, pfocess-heat systems and electricity generatlpn. Owing to the inter-
mittent and diurnal nature of solar insolation, and to the often-encountered
phase lag between energy collection and demand, storage components such as
thermocline tanks, rock beds, and salt-gradient solar ponds are réquired to
'storg the collected thermal energy. The thermal-energy storage efficiency!
varies from one storage component to the next, depending on design of the
component and fluid-flow and heat-transfer processes that occur within it. In
order to improve storage design and hence system per formance, the thermohydro-
" dynamic responses of the storage components must be understood in detail.

This requires analyses of storage behavior u31ng an appropriate detailed ther-
mohydrodynamic model. '



The computer code described in this report was developed in response to

~ this need. The computer code is designated COMMIX-SA-1, an acfonym derived
from COMponent MIXing-Solar Applications-lst version. Although its analytical
framework is general and suitable for treatment of a variety of storage com-
ponents, COMMIX-SA-1 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-1, 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.®
The applicability of these models is limited, since three-dimensional effects
are often important, especially when storage tanks possess advanced design
featurca. The sliurtcomings ot the one-~dimensional models are particularly
serious in that these models fail even to account for the effects of tank
height-to-diameter ratio and inlet/outlet flow rate. This tust not be con-
strued, however, to mean that one-dimensional models are utterly useless;
their utility lies in their simplicity and ease of application, provided that -
the one-dimensional assumption is approximately true. TFor the purpose of un-
~derstanding the thermohydrodynamic behavior inside a storage component, and
for the sake of identifying and evaluating more advanced storage design, how-
ever, a rigoroﬁs, 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.® Subsequently,
through parametric studies using COMMIX-SA-1, the objective was broadened to
include the study of improved storage-tank designs that give high charge and
discharge efficiencies.’ Recently, the general analytical framcwork of COMMIX-
. SA-1 was further extended for applications to rock beds and salli=gradient solar
ponds. Additional development of spacific physical wudels for rock beds and
salt-gradient solar ponds is necessary, but the basic framework of COMMIX-SA-1
is fully used. Work in these latter areas will be reported later. For now, we
shall restrict our attention to an apalysis.of cylindrical water Lanks.

Devclopment of a rigorous, three-dimensional, thermohydrodynamic 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 THI3D® and COMMIX-1 (Ref. 9) codes. In particu-
lar, the developmental work on COMMIX-8SA-1 benefited greatly from an earlier
version of COMMIX-1; it also benefited from the effort made toward the devel-
opment of COMMIX-IHX,10 i.e., the implementation of cylindrical-coordinate
terms. Without these earlier efforts, more manpower and time would have been
required to complete COMMIX-SA-1.



The purposes .of this report are to:
1.

Detail the mathematical formulation underlying the COMMIX-SA-1 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-1.
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:

3 - .
— [[] o dv=-ff pq - as.
%ty . S

, (1
Momentum: .

3 -
— dav
" Iéf.oq

~ff pa(a - d8) + [[f pR aV - [[[ S av + {f (5 - pD) .+ dB.
' v v !t S
' (2)

Enetgy:

2 fffohav=-ff ond a8 + 2 [[fpave ffpd-dd

ot s . ot v S |

- Jff p(V o Qav + [[f Vv « (RVT)AV + [[[ (Q + &)dvV. (3)
\' \' \'

Here p is the density of the fluid, t is the time, a 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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£ 1is the appropriate length scale associated with.ﬁ, O is the viscous 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 removal via heat source or
sink, and & is the viscous dissipation’=g s+ (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 Eqs. 1-3, they can be reduced to par-
tial differential equations in the following forms:

Continuity Equation!

%, 1

] 1 3 P
! *+ _ — L = .
. ar(pru) " ae(pv) az(pw) 0. , 4)

Momentum Equations:

r Component of Momentum:

2
3 123 2 132 9 pv ap
—(pu) + - —(r + = —(puv) + —(puw) = —— = - — +
ot P r ar( e ) r 99 P oz pu r or Per
Re 19 1 %99 Y99 9,
- =t = ——(ro ) + - moee— + . (5)
zr r dr r 90 r dz .
6 Component of . Momentum:
) 19 13, o2y, 0 puv . 1 3p
—(ov) + = —(rpuv) + — —={pv?) * —(pwv) + — = -
at(p ) r dr o r ae(p ) Jz e r. r a0
- R : 90 90 A
6 1 3,4 1 °%0 0z
+ -—+ — —(r‘0o + — + . (6)
PEo % 2 ar( or) r a8 3z
0 . r .
z Component of Momentum:
9 19 13 9 , 9y _ " 9p
—(pw) + — —(rpuw) + = —(pvw) + —(pw°) = - — +
at F r o ¥ r 20 " az(p ) 2z ‘Bz
R 30 o0 ‘ ' o
z 13 1 z0 zz .
-2+ - + . 7
T %) YT o 2z ™

Z ~
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Energy Equation:

§ 1 1 3 ) ~
3—(ph) +-—-3—(rpuh) + — —(pvh) +-2—(pwh) =%, u—aB ML) w—EB
ot r 3r r 36 9z at » or r 36 3z
1 T\ 1. T T .
+._.3_ KFE_ + __.jL.KE_ + 3—-K3— +Q + o. (8)
r 9r\ Or L2 38\ a6 dz\ 3z / , :

Here Ry, Rg, and R, are components of the resistance force R with corresponding
lengths 2., -%g, and &,.

, The components of the viscous.stress tensor in cylindrical coordinates are

Jdu 2 -
= u(2Z - Ly ) (9)
Orr “( TEEENR A '
13v u 2 g :
= 2 —_—— 4 -_ _V . s (10)
%00 “[ (r 20 r) 3 q] o :
ow 2 i
= y{2— - Zv « 3}, : - . (11)
0‘ZZ u( 3z 3 q) - .
av. v 1 3du ‘ ' ' '
- S A A Ll TR . (12
, v 1 dw ‘ : '
= = _t - — s o 13)
%6z = %20 "(az r ae) ‘ ¢
oW du .
R B S
and
L1 1 v 3w
Vegq=——(ru) + — — + —.~
‘ r 3r r 36 0z
The viscous dissipation function is given by
[(3\1)2 '(1 v | u)z '(aw)z 1/av v 1 auy’
o= 2ul[—) +([=—+=) + [—]) + _.<__.- — _._f_)
: or r 3@ r 9z 2\9r r r 36
1/1 9w BV) 1 (au Bw) 1 - 2]
t-l==rt—) tol=+ =) -=(v Q. : (15)
.2 ( r 296 3z 2\ 3z or 3 d ‘ .
B. Integral Treatment of Singularities

In several terms of the partial differential equations 4-8, singularities
are found along the axis of the cylindrical-coordinate system (i.e., r = 0), as



12

1

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 at 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
<<l at the center of the cylinder together with vanishing normal velocity or
velocity gradient on the rod surface, one that uses quadratic extrapolation at
the center, and the method of Kee and McKillop,l} which uses square control-
volume and rectangular-coordinate equations at the cernter. 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-1l originated
fram these observations:

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 uvelnrity at the origin is not well defined in the gstaggcred
mesh system under consideration, and much of the difficulty encountered has to
do with its evaluation. o ‘

Tho firot .obocrvation suggests that there wmight Le a nalural vr satisface
tory solution to the problem, because the physical situation demands it. The
second observation suggests 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
exists 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 = O.
2. Flow field'near r = 0. o

3. Flow field at r = 0.
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III. FINITE-DIFFERENCE EQUATIONS AND SOLUTION SCH‘EME

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

The finite—différence approximations to the governing partial differen—
tial equations 4-8 are obtained by using essentially the ICE (Imp11c1t
Continuous-fluid Eylerlan) technlque13 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 * 1/2,j,k), (i,j *
1/2,k) and (i,j,k * 1/2), respectively. (The grid system is called 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 relations 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 resulting finite-difference equations are as
follows. '

The (i,j,k)th computation cell

Pk
PiLik
Pk
Tilk
Fig. 1, A Typical Computation Cell in a Fig. 2. Definitions of Coordinates and
Staggered Cylindrical~coordinate * Coordinate Increments in the
Grid System . ] _Kth Polar Plane
1. The Continuity Equation
n+1 ='1 n+l1 -
Pi (o375, = #F,5,%)

’J:k At

1
+

n+l - n+l
[<n"r>i+(1/z),j,k. fp“r>i=(1/2>,1,k]

riAri
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1 n+l n+l
riABj[<pv>i’j+(1/Z):k @vTli-/2),k

2L ¢ pwontl n+l '
Y [<°w>i,j,k+(1/2) - <°w>i,j,k-(1/2)]’ A (16)
k

where the angular brackets < > denote partial-donor-cell differencing of the
enclosed quantity as discussed below, At denotes time increment, and D denotes
mass residue 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 to he made using the (n + 1)st step, Lle
"current," or the "latest" values of the pertinent variables.

n+l = n+l n+l ‘ - n+l
<Pur>ili1/2), 5,k = Tis(1/2)%5+1/2), 5,6l (172 + €075 o + (1/2 - £.)0341 5,1
' ' L an
where

At: .
i+(1/2)

_ . n+l n+l .
e, = o sien[ufi(1/2),5,6) * B¥EKQ/D) 50 B

v} J+(1/2) k= 2t§+(1/2),kl(1/2 * Ee)°2+§ k 4 (1/2 - 5e)°2j§+1,k]- (18)

where:
Eg = a sign[v] 1 +(1/2) kj + BV +(1/2) k'___;ég——‘—'
and
Wi k-/2) = Mg/ (172 + g, )p?+§ k-1 * (12 - )°?+§ K a9
where -
. ’ Azk (1/2)

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

In the equations for ., &g, and £, above, o and B are input parameters,
by means of which one can control the degree of donor-cell differencing
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desired. 1In general, 0< a<€1/2 and O < B < 1/2. As is well kown, a = B8 = 0
gives the standard central differencing scheme, and a = 1/2 with B = 0 gives
the upwind differencing or pure donor-cell differencing scheme. In practice,
the upwind differencing optionis more frequently used as it provides for
greater numerical stability. o

2. The Momentum Equations

In the finite-difference approximations to the full Navier-Stokes
equations as given in Sec. II, V - a = (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-1
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 - n n
(Piecr/2), 5,0 * BB/ 8 Joiha/2), 5,0 = OV5e1/2), 5,k * A50Te(1/2), 5, K5

At n+l n+l

- —(p. .. =P, . ) A (20)
Arii(1/2) 141,35k i,j,k _
where
; n
’ ’ AtAl
TV TR R A TYC V2 S I S 1+(1/2),5,% i+(1/2),3,k
t 2 2’
+ A (<pu o0 - <pu >l )
Ti+(1/2)8%i+(1/2) i,j,k i+1,j,k
At n ’ n :
+ ————[<pnv> ] - <{puv> . ]
ri+(1/2)A486; i+(1/2),3-(1/2) ,x T e(1/2),3+(1/2) ,k
At n
+-———[<puw>, . - <puw> ) , ]
Azy i+(1/2),3,k-(1/2) - i4(1/2),5,k+(1/2)

At 2.n ‘ n A n ¢
—(ov ), .t Atu (V). e ,
ris(1/2) i+(1/2),3.k i+(1/2),3,k° r i+(1/2),5,k (21)
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and

' 1
u2+(1/2)’j,k(V,)?f(l/z),j,k = AT [(arr 2+l,j,k - (Urr)g,j,k]
i+(1/2) -

1 n . 1

n n
* r (“rr)i+(1/2).j,k - 2r [("ee)i+(1/2).,j+(1/2),k * (°ee)i+(1/2),j-(1/2),k]
i+(1/2) i+(1/2)

1

+

[(°re)2+(1/2) j - (o49)} j ]
. A8 ,j+(1/2) ,k re/i+(1/2),j-(1/2) ,k
Ci+(1/2) ;

1 n

— n
e [ordivcrr, g 0c1r2) = Cradivsny, 5, 6-c1/2)): (22)
k

. - n
where, for y = ”ii(l/l),j,k,

1 ( )n 2 [ n n ]
= | O . . = —lu, : . - u, .
wooorrtidl, ik Arg .t i4(3/2),5,k i+(1/2),3,k"°

(o )n _ 2 [un _ un ]
ptorr’ij,k o Ar:t o i+(1/2),j,k 0 i-(1/2),j,k°

1 n - 2 n . n
( -

. . . ] O L U . u, .,
u rr)1+(1/2),J,k 'Ari+(1/2) i+l,3,k 1,3,k

’

-l(o )n ‘ . 2 n B _.n ]
w087 i4(1/2),3+(1/2) K Ti,()/9)80;50 i+(1/2), 541,k | Vis(1/2),5,k

) | |
. Yi+(1/2),3+(1/2) ,k
Ti+(1/2) ,

i{; )n = | 2 rvn - ;n ‘ ]

W 007i+(1/2),5-(1/2D)k  Tiy(1/)805-(1/2) PH(1/2),5,k 0 Ti=(1/2),5-1,k

| Se1/2),5-01/2) &
Ti+(1/2)

b
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{o,)7 - - -l )
peore’is(1/2),j+(1/2) ko A6 L7i+4(1/2),j+1,k i+(1/2),j,k
i+(1/2)  j+(1/2)
+ _____l___[vn _ n ] - | 1 n ) .
ar - S iL3+1/2),k T Vi) 6 T T Tie(1/2),5+(1/2) )k
i+(1/2) i+(1/2)
1 n 1

—(0_.)- . = [u} A T > ]
r9/i+(1/2),3-(1/2) ,k . t7i+(1/2),3,k i+(1/2),j-1,k

u A6
i+(1/2)  j-(1/2)
+__.l__._[vn _vn A]_ l n
Ar i+l,j"‘(1/2),k i,j-(l/Z),k r i+(1/2),j—(1/2),k’
i+(1/2) o | i+(1/2)
(o, ); s s~ e
He2)in1/2),5,0072) T /) 500 T M2 5,0
- ' ’ k+(1/2)
Ar i+1,3,k+(1/2) i,5,k+(1/2)1>
i+(1/2)

1( )" - ;___i____{ n _ g0 ]
T2 i4(1/2),5,%-(1/2) T Yie(172),3,k T i4(1/2) 5, k-1
k-(1/2)

+__1___[ n - n ]
Ar Yi+l,3,k=(1/2) T Yi,3,k~(1/2)1°
i+(1/2) ‘

and A} and B} are associated with the resistant force R, as appearing in Eq, 5;
their evaluations in the context of impermeable and perforated baffles are de-
tailed in Sec. III.C.2. The length scale £, unless otherwise warranted, will
be replaced by ATi4(1/2)" The term involving D?*(l/z),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 corre-
sponding residual mass flux. It is also introduced as an expedient numerical
instrument to facilitate convergence. In the actual coding of COMMIX-SA-1, an
option is provided to allow the user toainclude or not include this term in the

calculation.

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

ouv>Ti(1/2),35-(1/2) ,k = Vi+(1/2),5-(1/2) k[ (1/2 + Eg)(pu)Tu(1/2) 51,k

+ (1/2 - Ee)(pu)2+(l/2)’j’k], ) ’ (23)
where

At

Tie(1/2)885-(1/2)

Eg = o sign[vi,(1/2) 5-(1/2) k) * BVi+(1/2),5-(1/2) ,k

a and B being as discussed previously. . N

In the 8- and z-momentum equations, and in the energy equation,
wh1ch 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.

0f course, quantities such as vl+(1/2)’J (1/2),k in Eq. 23 must bc determined by

n
interpolating the neighboring nodal quantities Vi, i-(1/2),k and v1+1,J (172),k°

"and in a variable-mesh setting this is typically accompllshed in the follow1ng
manner:

n n
o Ariviel,5-(1/2),k ¥ 8Ti41Vi, j=(1/2),k
Via(1/2),5-(1/2) 51 '

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

b. The 6-momentum Equation

= 0 .50 n+l - n l n
[03,5+(1/72),k * BEBR/2e V3 Su(1/2) ,k = (PVIT, 54(1/2) 1 * ALY, 54(1/2), K86
At ' : :
_ n+1 _ o0+l : ,
AL TN e
j+(1/2)

where

]

AtAn

n R n

VI, 5o/ 6 = OV sequray e T AR ,J+<1/z) K'1,4(1/2),k
0 .

At < st - < . >0 ' ' | ]
T At [<pruv i-(1/2),5+(172) k= SPTW?i4(1/2),5+(1/2) ,k
i i

+
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P (0 SIS

Ti8034(1/2) i,j,k “i,3+1,k
+ t [( vw>n -< vw>n ' ]

Azt O 1,i+(1/2),k=(1/2) T PTL,4(1/2) ke (1/2) )

oun)] + Beu; v)o | (25)
- u . . , . i i
T O ) e T 3e1/2) 6 07 1, §4(1/2) K |

and

W (v.)] = {(c )
i,3+(1/2),k* 671,3+(1/2) ,k  Ar;'" or’i+(1/2),j+(1/2),k

1

n 1 n ’ n
- (oer)i—(l/Z),j+(1/2),k] * ;;[(oer)i,j+1,k + (Oer)i,j,k]
1 1 n © on
" 8654(1/2) %0001, 5+1,k - Cogdi, 10
1 n _ ' n
Azk[(oez)i,j+(l/2),k+(1/2) (Gez)i,j+(1/2),k-(1/2)]’

+ (26)

h = .
where, for y u1,3+(l/2),k’_

i{ )n - , 1 Vn _ vn- ]
. %or i+(1/2),3+(1/2) ,k . AT;4(1/2) i+1,3+(1/2) ,k i,3+(1/2),k

1 n n

+ u, . - u, L ]
T 4(1/2)285+(1/2) i+(1/2),3j+1,k i+(1/2),j,k

l .
Ti+(1/2) i0(1/2),3+(1/2) K’
i( )n = ___.1___ Vn . _ Vn ) ]
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) Ti(1/2)80 (1) (/2,3 Lk im(1/2),5,k

1 v \
ri_(1/2) i-(1/2),3+(1/2),k

&

g
u- or

1 n n
) ‘

= -v
i,j+1,k Ari[vi+(1/2),j+1,k i—(1/2),j+1,k]

1 n n 1 n
+ ——Ju -u, |, -—v, . s
LSLLEFS] i,3+(3/2),k 1,J+(1/2),k] r; i,j+l,k

== T —— v - , —|u
peoArtiLjk Argc i,31(1/2),k 1,3-€1/2),k riA8; " i,j+(1/2),k

- ] - 1 n |
-1/, 1 i,k :
1 n 2 ! 20} 1k
n L s )
o = ——] -V - —_—
Z( Be)i,j+1,k ;8.4 Vi,j+(3/2),k i,j+(l/2),k] oorg ’
2un
1- n 2 n n i:j,k
;{°ee)i,j,k - r.Ae-[Vi,j+(1/2),k T V-1, T :
. i 3 i
i( )n '=___1__[vn ' - 3 vn . ]
1 00z/1,3+(1/2) ,k+(1/2) T 5 i,3+(1/2),k+1 i,5+(1/2) ,k
k+(1/2) '
S (1/2) ~ ¥ (1)7)]
i,3+1,k+( i,j,k+(1/2))>
A sy T .
and
1 n - 1 n n
';(°ez)i,j+(1/z),k-(1/z) "1V, 51/2) kT VA, §4(1/2) kel
k-(1/2)
. 1 n n ]

T80 5a(1/2) a3*Lk(1/2) T 1,3,k=(1/2)
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The quantities Ag and Bg are assoclated with the resistant force
Rg 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 24, un-
less otherwise warranted, will be replaced by riA6i+(1/2). The comments made
earlier on the term involving the mass residue D in Eq. 21 apply here as well.

The z-momentum Equation

n n n+l - 7Ton . : n
o3, 5, ke1/2) * 2875 0 S ey = O, a1/ * A0RE 5 ke (17208
At f n+i' n+l
TP 5 ) (27)
k+(1/2)
where
S AtAZ
n - n -z n n
W) 5 e (1/2) = P 5 ke (1/2) AP e 1/, 5,k (1/2)
' z
At
+ <pruwd? .. - n ,
e 12y, 5,001/ T T Ha(1/2) 5, k(1 /)]
i
At
+ ——[<ovw>] . - o '
r A® [ PV S, 5-(1/2) k+ (1/2) <°vw>1,3+(1/2),k+(1/2)]
it 4
At .
2. n 2 a n. .
e (0w 50 ™ 25 5] * 00 ey ()i 50200
k+(1/2) -

(28)

and

n n - l n n .
45,5001/ V1 5 e/2) T 51 00a )iy, 72) T (aedicqrra) g, k1729
) : i

i

1 n n n
¥ };‘[(°zr)i,j,k+1 * (°zr)i,j,k] plry ({0,601 50(1/2) kv (1/2)
i i j
- )n ] + 1 N\ _ n '
(°ze 1,j-(1/2),k+(1/2) Az [(°zz)i,j,k+1 (°zz)i,j,k]’
k+(1/2)

(29)
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Where for p = u i,3,k+(1/2)°

(o, )" L )
" 1+(l/2),J,k+(l/2) e i+1,3,k+(1/2) ~ "i,3,k+(1/2)
i+(1/2)
1 n | n '
* X;““““{“i+(1/z),j,k+1 - ui+(1/2),j,k]’
k+(1/2)
1 1
~o,.)} = ———{w} - v ]
poozr’i=(1/2),3,k+(1/2) 4, i,j,k+(1/2) i-1,3j,k+(1/2)
i-(1/2)
l_ [ n n
iy YE-(1/2) il T Yie(12), 5,0
k+(1/2) ' ‘
l(d )n =L[wn - W ]+ 1 [n .
Tz gLkl p ie(1/2), 5,k T Nim(1/2) 5, kel T T AT V5, k4 (3/2)
i : k+l .
. ]
Ui, 3,ke(1/2)°
1 n = 1 n _ . n ' 1 n . . .
;("zr)i,j,k T ar ik(1/2),5,k Yi(1/2),5.0d * bz, Loi, 5 /2
1 . <
- ] ,
%i,5,k-(1/2)1
o0 R S - ]
202071, 5+(1/2),k+(1/2) [ pp Vi, il ke (1/2) TV, 3, k4(1/2)
i §+(1/2)
1 n n '
. Vi, (/2,00 T Vi,j+(l/2)k]‘
. k+(1/2)
1 1 n a
;{°ze) i,j-(1/2),k+(1/2) ;7;5""“‘{W1,j,k+(1/2) B wi,j—l,k+(1/2)]
i j-(1/2) |

1 | n n ’
* [Vi,j-(l/z),k+1," Vi,j-(1/2),kg’

Az
k+(1/2) -
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o, )0 e Tl ]
poozz i,j,k+l Az i,3,k+(3/2)  i,j,k+1/2)° 7

and

1 \ _ 2 n n
o ). . = vl - ].
wozz'i, i,k Az i,j,k+(1/2) i,3,k-(1/2)

Again the quantities A and BY are assqciatedAWith the resistant force R, in
Eq. 7, and details for their evaluations are given in Sec. III.C.2. Also, the

‘length scale Zz will be approximated by Azk+(1/2), 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-1 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:

' 1 n n+l n
)™ = ()T .+ aeD?T R"
P15,k PV K i,j,k 1,73,k

+1
- <pnhnrun >

?5i-(1/2).5 .k 4 (1/2) 5,10

At n n n+l n 0 n+l
[Kph'v >, -<phv > ]
r; A8 i,j-(1/2) ,k i, j+(1/2),k

At nn ﬁ+l ‘ : nn o+l h+1 n
]+ (p )

<p'h > - P
Azk[ PRT Ty -1/2) T i,j,k+(1/2) i,k i.d,

At +1 L +1
[<pur>? . - <pur>? .
r;Ar; T i+(1/2),5,k i-(1/2),3;k

]

2 f’ St ™ ]
\pv/ . - . .
r;40; NPV v(/2) kP 5-(1/2) ,k

At n+l n+l -
+ —[<pw> - <pw> »
Azk[ PO 5k (172) T P55 e(1/2)]
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BEPL, 5, kp gy )0l - @ty
+ N [(ur)i_(l/Z))j;k (ur i+(l/2)!j’k]

AtP; 3.k, n+l n+l
v, -v, . ]
r;AB: i,3-(1/2),k i,j+(1/2),k

n+l . . .
i,j,k[wn+ . _ wn+1 4 ]
Azy i,j,k-(1/2) i,j5,k+(1/2)

Atp

n ' n
At | n Tisl, ik = Ti,3,k

.| K
rijAr; i+(1/2),j,kri+(1/’2) Ari"'(_l/Z)

+

] 1)
n Ti:jsk - Ti—l,j,k

Y-/, 5 05 11/ ATi_(1/2)

n
At | n Ti 5+41,x ~ T?,j,k

—K, .
rgAej i,j+(1/2),k Aej+(l/2)

\"'

n I
n Ti,5,« =~ Ti,3-1,k

Ki,j—(l/z),k A83-(1/2)

i

n

T3 1,3,k

At Kn ' i,3,k+l
Azk i,j,k+(1/2) Azk+(1/2)

-T

+

n . N N
n Tisj)k Tiojok_l =
-K . + AtQ. . .
1,J,k-(1/2) Azk-(l/Z) J 1,J,k

+1

(30)

Note that when compressibility is neglected in considering viscous
effects, since V « q = 0, viscous-stress terms in Eqs, 5-7 reduce to,

r Component:

13 (13 1 3%2u _ 2 v, 3Zu| -
Wruhhﬁﬁq+?s¥'?ﬁ+w2’
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* 8 Component:

uv = uﬂég; i{ Em.rv }.l__ 2V +-2—.22.+ ;_li »
8 dr \ r ar : ]
and
z Component:
‘ ) [ 1 3 / ow) 1 2w azw]
w =y|l— —|r — )+ — — +—1.
z r or or r2 592 322 _

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

1
8T 4(1/2)

(v, )2 = (L qum R PR,

r 1+(1/2),J1k ; Ari+1L 1+(3/2)9J’k 1+(1/2):J’k '
_ 1 [un '_ un ' T
Ar L Ti+(1/2),5,k i-(1/2),3,k

. n
1 {un N un -) _'ui+(l/2),j,k
\'.._ »-. . .
ri+(1/2)Ari+(1/2) i+l,j,k 1,7,k

)
5[ri+(1/2,)] x

1 . 1 ron '
+ 3 . L‘uo_+(1/2) .’+1 k u.+(1/2) . k]
(£ 34172y )05 B8se(172) 1 23+l i+(1/2),3,

n n

1 ’ ,
- Aej__('l_/_z_)[ui+(l/2.),j,k~- ui+(1/.2),j-l,k]}

+

1 1 [u“ ' - j
Az, ) Azk+(1/2) i+(1/2),3,k+1 i+(1/2),j,k

"—_}"———{Un I e ]‘
Bz _(1/2) i+(1/2),3,k  i+(1/2),j,k-1'|"

2

n ; _ . ) N
[Vie1/2), 541722,k ™ Vis(1/2),5-(172) 13 (222)

’ 2
[rieqasay] 085

(V)% jec1/2) s = B { {1 5o/ " e/ )
871,73+ K Ati Ari+(1/2) 1+1,] s 1,J+ s

_; 1 [ n _ ]
B (17 B3/ T i1, 4 (1/2) K
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1

+ ———[v" . -V - ]
r;Ar; - i4(1/2),3+(1/2) ,k i-(1/2),3+(1/2) ,k
' - — v} 312y " Vi, 4172 1)
2 IR UYY i,3#(3/2) ,k  i,j+(1/2),k
T8y & M |

__j;{vn _ vn ]
AB:" i,3+(1/2),k i,3-(1/2),k

J
2 - Vi se(1/2) .k ’
+ ;———————————(u? . -y, ) - = -
'I'ZAO i,j+l,k i,j,k 1.2
i 3+(1/2) i

NULED) SUURE S . PR ]
bz \Bzia(r/) - D ICL/2) k4l T, 5(1/2) 0k

-1 o ve ]} -~ (26a)

Bzg—(1/2) " 1,3+(1/2) &k  i,+(1/2) k-1

and

(v,) - = ¥ ]
z/1,3,k+(1/2) Ar; | Atie(1/2) i+l, j,k+(1/2) i,3,k+(1/2)

[ ]
Bri(iyy b3k (1/2) TV (12

1 [w? - Wt ‘ ]
T AT Yie(1/2),5,0+(1/2) i-(1/2),3,%+(1/2)

+ 1 ) 1 [wn _ wn . . . ]
e2pp. LA054(1/g)  b» 3L k#(1/2) T, §,k(1/2)
i3 . _ ,

7 -l ]
865_(1/2) Yi,i,k+(1/2) T Vi, j-1,k+(1/2)

+ ] 1 [WI'.Hl . - w‘? ]
' Azk+(1/2) Azy 4 i,3,k+(3/2) i, j,k+(1/2)
7 1 1n ﬁ . _
B A_zk[wi,j-,k+(1/z) B "’i.j,k-(u.z).]}- | (29a)

These simplifications are not applicable for i =1 and r = 0.
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.4, ., .Computations near r = 0

In the finite-difference approximatidns Eqs. 16, 20-22, and 24-30,
the singularity problem is manifested through terms that appear difficult to
" evaluate at or near the origin--for example, the term <pur>?j%1/2) 3,k

: ’ : IR E

Eq. 16 for i = 1; the term <pu2r>2 3,k in Eq. 21 for i = 1; the terms
3’ 3

N ¢ ) n ;. o 1. ™ n_ nt+l
ui-(l/%),j,k and Ui i,k in Eq. 22 for 1 = 1; the terms (p?h ru >i-(1/2),j,k’

n+] D+l n < : 3 LR T
<pur>i_(1/2),j’k, (“r)i—(ljz),j,k and Ti—l,j,k in Eq. 30, again for i = 1;

in

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 volumes 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
coﬁservation'equations, particularly in integral forms. '

. U-CONTROL
. VOLUME

v-CONTROL )
VOLUME Fig. 3

—TYPICAL Staggered Grid and Degenerate Control
// _center - -Volumes in Cylindrical-coordinate System

P-CONTROL
VOLUME
NOTE: W-CONTROL VOLUME IS SHIFTED —

. AXIALLY FROM P-CONTROL

VOLUME BY ONE-HALF. AXIAL
MESH . SPACING.

TYPICAL

. ¢
CENTER )

When Eqs. 1-3 are expanded, in accordance with the ICE technique,
for the degenefate-five—sided coitrol volumes shown in Fig. 3, and when the
resulting finite-difference équations are recast in the forms of Eqs. 16, 20-
22, and 24-30, we obtain the following for i = 1, whence all quantities with
,subécript i-(1/2) drop out. '

a. Continuity Equation for 1 =1

n+l 1 , n+l n 1 . n+l . .
D = - + | <pur> . .
i,j,k At(pi’j,k pi,j,k riAri[ e 1+(1/2),j,k]
1. n+l T . antl
+ riAej[<pv>i,j+(l/2),k OV i-(1/2) k]
-;-;l—[épw>9+% o ~ <pw>?+1 | .] : | (31)
A _ i,j,k+(1/2)

7 1,j,k—(1/g)
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b. The r-momentum Equation for i = 1. (This equation remains the
same as given by Eqs. 20-22, since it does not contain i - (1/2) terms.)

n

n + AtB"/g n+l = + Ato"
[P5172), 3,k M 50T P, g 8 Pi+(1/2),5,k5r
At n+l n+l
T EEe D Pitl ik T Pa gLk 2)
where
n
(pu)] (ou)" e e "
= u -
Piriae TUier2),5,6 T ey 1+(1/2),3,k i+(1/2) 3,1k
- o
+ - <pu I>? . . — <pu r)? o)
Ti+(1/2)8%i4(1/2) ETS i1,k
At n n .
+ ———< > -« S ,
ri+(1/2)Aej[ P ie1/2),5-(1/2) 0 T P i+(l/2),j+(1/2),k]
At n n
+ —|< > - <puwd> .
Azk[ PN e(1/2),5,k=(1/2) ~ P i+(;/2),j,k+(1/2)]
+__;_§g___(ﬁv2)n e an” (vv)n
ri+(1/2) P i+(1/2),j,k i+(1/2),5,k" ©’i+(1/2),j,k, (33)
and '

n n - 1 noo n
ui+(l/2),j,k(vr)i+(l/2),j,k Ari+(1/2)[(°rr)1+1,j,k : (orr)i,j,k]

1 n 1 ' \n

’ ri+(1/z)(ofr)i+(1/2>ri»k ) 2ri+(1/z>[(°69)i+<1/2>,j+<l/2),k
: n 3 » 1 T :
* (686)i+(1/2),j-(1/2),k] ¥ ri+(1/2)AejL(°re i+(1/2),3+01/2) ,k

(0 ) g R { R
ro’i+(1/2),j-(1/2),k Az " rz’i+(1/2),3,k+(1/2)
- (orz)is(1/2),5,x=C1/2) 1

: ¢c. The 6-momentum Equation for i = 1. Because of zero area at
i = (1/2), Eqs. 24-26 reduce to

n n;, 1.0+l = n . n
[0, 541/2) 1 * AtBelze]vi,jf(l/Z),k (V)i 54(1/2),k* BRI, 54(1/2),KB0

At n+l n+l
-\ P. . - P, .
riAej+(1/2) pl,Jfl,k 1,3,

. Js (35)
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where
AtAl ‘
(ov)7 = ()7 - ——>+ D] v
RN T V2 DI S W PV ISR 1,§+(1/2) )k 1,3+(1/2) )k
At n
+ —[ =< >
riAri[, Pre i+(1/2),j+(1/2)’k]
. t ) ) 2
R (T R P S
Ti8854(1/2) i,i,k 1,341,k
At n ' - noo
+ <pvw> = <pvw>
bl P4, 54172 -172) T O 1720 e 1/2))
At n n " :
- — + AtV : ‘ 36
P4 e 1/2) Wodi, seur2) i1, 5001722 o
and

W (v.)" . =L ) ,
i,j+(1/2),k*"671,j+(1/2),k  Arj‘ er’/i+(1/2),3+(1/2) ,k

. (oae)i,je1,k * (o0r)i, 5,60 1 ) a . n
+ + —{ (o). . = (o). . ]
: r;. : riA9j+(1/2) -~ 06 1,J+1,ki 8671,3,k
1 n n .
¥ ZZ;[(°ez)i,j+(1/z);k+<1/z) - (°ez)i,j+(1/z),k;(1/z)]i 7

. d. The z-momentum Equation for.i.= 1. Because of zero area at
i - (1/2), Eqs. 27-29 reduce to ' '

n n n+l - n : n
[P3, 5,kec1/2) * BB % 15 5 k) = PV g k1) ARG 5 ke 1/ 2R

(38)

At n+l n+l
—A_——p-'- k+1 P. . ))‘
Zr+(1/2) 123> 1,3,k

where

W5 (1/2) . (pw)i,j,k+(l/2) T, A3k (1/2) 1, §, ke (1/2)

At [ ; >n ]
riArgt O i4(1/2),5,k4(1/2)

+.

At n

riABj[<9vw>i,j*(1/2),k¥(l/2) B

+

n
OV, e(1/2),k8(1/2)]
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L G TR 7 o U
Az (1/2) 1,3,k 1,3,k+l

. n n
+ At(Vz)i’j,k+(1/2)“i,j,k+(1/2) ' o (39)

and

n
n n _ 1 ( n (ozr)ilj,k+(1/2)+(°zr)?,j,(k-(l/2)
ui,j,k+(1/2)(vz)i,j,k+(l/2) - Ar; ozr)i+(l/2),j,k+(l/2) * 2r;

1 n n
* ?;KE;{(°ze)i,j+(1/2),g+(1/2) ) (°ze)i,j-(1/2),k+(1/2)]
1 n n
* boyki(172) ozz i,j,k!}. (qiz) ]

i3,k (40)

e..  Energy Equation for i = 1. Equation 30 reduces to

n+l

n+l +1 n At
>, . ]
i+(1/2),3,k

n ‘N
h). .. = h). . + AtD. . ,h. . +
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]
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Atpi,j,k["n+1 n+l

bz i,i,k=(1/2) wi,j;k+(1/2)]

n n
L r Tie1,5,k ~ Ti,5,x
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o no - T .
+ At |yn T,k T T 5k

n _ on

- Kn .Ti’j’k . Ti)j_lsk ‘

n -
+ A_t_ Kr.l . Ti’j.,k"'l . T;’jsk
Azk | i,j,k+(1/2) Azk+(1/2)
n Tk k- ;I 'n+1
- K s ) )Js + AtQ 41)

i,3,k=(1/2) Az yk*

k- (1/2)

Note that Eqs. 37 and 40 were obtained with the.aid of Fig. 4,
and the components of the stress tensor are related to the velocity gradients
through the standard constitutive equations for Newtonian fluid with the Stokes
hypothesis. The determination of flow velocity at the center requires calcula-
tion of its two components, conveniently chosen here as perpendicular ones uy
and uy, as shown in Fig, 3 for the cylindrical control volume. The stress com—
ponents acting on the surfaces of this control volume are shown in Fig. 5. By
applying Eq. 2 to this control volume for both the x and y directions, we ob-
tain the following two momentum equations, from which uy and uy can'be
determined. '

k-Jz; L 0;,‘ obr .
| \\\\4\5_*’_1¢,J//’/J
Fig. 4. Control Volume for v or p wi_th.S_tress Fig. 5. Control Volume for uy and uy at Center

Components Shown on Surfaces; { = 1



32

in reference to

f. The ux-momentum Equation for r = 0. From Eq. 2,
Fig. 5, we get :
1 At °n 1
n (w2 = + Atp" .- n+ cos 6 A8
,?o,o,k( 0,0,k = P Jo 0,6 * 2500 0,18k mr) g P1,i.k '
1 (42)
where
= n + AtD? n
(pux)o,o,k (pux)0,0,k 0,0,k(ux 0,0,k
N
o, 0_ _
At n n+l n+l . . At n n+1 u+1 ; . .
- — : L v B, A
— g <p 9 u cos B)l,j,kAe T g sin 1,3,k G
1 1
_ At n_n_n+l D n_n+l n+l
KE;[<° “ 20,0,k+(1/2) ~ A ,0,k-(1/2)1 * 2t (Ve )o, 0,k
43)
and
en 6
n+l 1 Zn+l n+l
(o,o,k =7y L (opp)1 5,5 cos 0 20+ “"2 CRIINELERT
;] - T
1 l
1 n n+l n+l
Znhz, L [(op 172, 5, 60172) = (9e2) 172, §,6-(172) 108 © 28
1
0
n
(44)

1 n+l
* Znhz, ) [(062)1/2,1,k+(1/2)
; 8 .

. 8. The uy-momentum Equation for r = 0.

- (00.)772
%92/1/2,3,%k-(1/2

)]sin 9 AO.

Similarly, the y compo-

nent, as defined, is given by Fig. 2 as

8
S n .
n n+l - n At n+l o -
= , - A : 45
°0,0,k(%Jo,0,% = (P9 )o, 0,1 * 2%00, 0,18y wT g Pp,j,k oin 0 40, (45)

1
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where

- n n n
(puy)o 0,6 = (P05 0.k * Aty o (9500, 0,k

)

At n
- ———-Z <pnun+lun+l sin 6>, . _.A®
Tr] § 1,7,k
"1
At n+1 n+l At n n n+l
- < v cos B>, . AB -—[<puw D 4
ﬂrl gl I’J’k Azk[ p y O,O’k+(1/2)
n n n+l n+l .
rugw 0 0k=(1/2) ] * 2t (Y5)0 0,10 . (46)
and
n+l 1 n ©yn+l 1 e n+l :
(Vy)O,O,k = ;;I ! (orf)l,j,k sin 6 A8 + ;:I g (ore)l;j,k cos 8 AB
1 1
R | - |
n+l n+l : .
* 2nAz gl[(orz)l/Z,j,k+(1/2) ("rz)1/z,j,k-(1/z)]sm 6 46
1 en ’
4 n+l’ n+l :
Y Tnae 91[(°ez)1/2,j,k+(1/2) (o ez)l/Z,J,k (1/2)]C°s 6-26.  (47)

In Eqs. 42-47, B, + ... + 6= 2n. Note that, except for
Eqs. 42-47, which require a modest amount of additional coding, Vvery 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 récipes 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; wo 0,k and TO 0,k are given by averages of values at i = 1.
The stresses at r = 0’ can be computed in 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:

3Dr'l+1’ k -
aptl = _ppntl 7L, 1NK (48)
1,3,k 1’Jsk apg-#]:
. i,],k
n+l  _ ~n+l | ~ntl ~
Pi e T P, g,k Y AP gk (49)

The tilde (~) vver pressure p here indicates that the pressure field
is being corrected within the same (n + 1)st time step, and that § represents

the latest iterative value of p available before the correction as specified by
Eqs. 48 and 49. :

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

apB+l pitl .
1,1,k =_1_ Pi,j,k + At Li+(1/2) 1
n+l At n+l r; Ar; | Ar; 4 * . ‘
LEEN" YT, LA AT/ 1+ (BD)iL (1725, x
r1-(1/2) ) 1 At [ 1 - B |
+ C+

AYi—(1/2) 1 + (B

* { AO s A8 *
Peli-(1/2),3,k rlA»J Tilf%j+(1/2) 1 + (B

8)i,3+(1/2) ,k

1 . 1 At [ 1 B
+ +

ridbj-(1/2) 1 + (Bg)i,j-(llz):k

1,5,k+(1/2)

Az | 82+(1/2) 1+ (87)

1 1 o
) | I (50)
Aze=(1/2) 1+ (B7);  1(1/2) |

where
* _ n N ‘ h
(Br)i+(1/2),j,k = [At/pi+(1/2),j,k](B?/zr)i+(1/2),j,k’
* _ n n,, »
(3¢)i,5ec1/2),1c = (8705 5ec1/2), 1) Bo )i 5o /)00 L

_* N n n .
(B, 5,0 = 1805 s 1B 2)1 5 kear2)

etc.
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B}, 2y, ..., etc., are as defined earlier, related to the resistant
forces such as arising from baffles. 1In the absence of such forces, the right-
hand sides of Eqs. 51 vanish; and further, if uniform mesh is used, Eq. 50
reduces to

st MR
__ii%LE =.§E _Eii%ik + 2At ! S+ 1 - b1 7 (52)
apn apn A 6 A

P P (ar. )2 (r.a J-) (a2 )

Note that for the degenerate five-sided control volumes next to the
singular point r = 0, 3D/3p 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 computation cell that is next to a solid boundary,
where the mass-imbalance 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-1 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, and 29;
these terms are denoted as (pu)n, TSGTh, and TEGTh, 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, which, 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-l1 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 1is
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 < @ <2, because the itera-
. tive method described above is the successive overrelaxation (SOR) techniqug.

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-1 offers all three as op-
tions. In addition, COMMIX-SA-1 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~1 uses a cell index IMASS to signal whether continuity 1is
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 requires, then COMMIX-SA-1 immediately sets IMASS = 0 for that
cell, For cells whose computed mass residues exceed the criterion, COMMIX-SA-1
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 tcchnique. ‘

The above description of the solution procedure indicates that the
energy equation is solved outside the iteration loop. In practice, however,
COMMIX-SA-1 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-1 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 computational 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 n
luie(1/2),3,x! *+ luwi-(1/2),j,k!
i:j:k 2Ari

= M
Dconv e1 . ?X e
i,],k
n o} n n
Ivi,s+C1/2) k) + 1vi 5-172) 6l 1wi, 5, ker/2) | + 1wi, 5, k=(1/72) ]
+ .
2rjABj 2Azy : | 2

In other words, convergénce is reached if and only if

'Dgtﬁ,k b for all i, j, k.

In Eq. 53, €, and €, 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 €; = 1073 and €y = 1076, But the user is advised to
perform a number of experimentations to determine values best suited for the
problems under consideration.

c. Physical System and Parameters

1. Properties of Water

The water-properties package as used in COMMIX-SA-1 is the result of
cumulative effort by many individuals in performing experiments, curve fitting,
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and computer coding. The works of Keenan et al.,l* Jordan,l5 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 subprograms 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.
In the design of heat-storage tanks, where thermal strat1f1cat1on is to be pre-
served or enhanced, baffles, if properly placed, can have a significant benefi-
cial impact. In COMMIX-SA-1, baffles are represented by nonlinear velocity-
dependent resistant forces, which are incorporated in the momentum equations,
e.g., Ry, Rg, and R, %n Eqs. 4, 5, and -6, respectively. Specifically, these
resistant forces take the form

R, = (1/2)fpluly, | (54

Ry = (1/Dfplvlv, (55)
and

R_= (1/2)folwlw, ©(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 Rinearized in the following sense:

R‘r”'l =4+ B‘;u“'*l, | ' (57)

Rg” = Ag + Bgvn+l, ‘ | (58)
and

RZ*l = AT+ R:wn+1, - - ‘ (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,

\
n = n = n =
Al = Ay = A =0,
and ( ) : ' > (60)
B® = B" = B" = a large positive number (sa 1025) '
r e . z - g p y . )
For perforated bafflés,
n_ . n, n, n T‘
Ar = —(1/2)fp lu lu,
AR = —(/DE" IV IV,
Ay = -1/ W W, ‘
B: = fp |u"l, p _ (61)
Bg = fpnlvnl,
and N ' \
n_ _n, n
Bz = fp |w |. ‘ )
The friction factor f is given byl
f = foka if t/d < 0.8;
or , (62)
f=f Ab if t/d > 0.8,

0.0

where t is the baffle-plate thickness, d is the perforated-hole diameter, £,
and f, o are functions of the porosity (a), and A, and Ap are 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-1 are assigned
an arbitrarily large number, e.g., 1023, 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 Fluid 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.” 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-conducting" 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 small, 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 enviromment. 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

T
pc Vo = -h A(T - T.) - hA(T - T, ‘ (63)

w w dt

where

p._ = dénsity of wall,

c, " specifif heat of wall,
Tf = fluid temperature, )
Ta = ambieqt temperature,
h; = fluid—sideqheat—transfer coefficient,
and
h = ambient heat-transfer coefficient.
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In general, Tg, T,, hg, and h, are functions of time; hg is

a?
given byl7
' k¢ 1/3_ 1/2 k¢ '
he = Nu =L = 0.664Pr / ReL/ =5, Br > 0.5, | (64)
where
L = tank depth,

=
1]

£ thermal conductivity of fluid,

"

Nu
Pr

Nusselt number,

Prandtl number,

and
Re; = Reynolds number based on tank depth.

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

Defining
P Co,V .
T = 2% (65)

and

T = e : ' . (66)

we can rewrite Eq. 63 as

dr T T , :
vo(L L T = £, 2. ‘ (67)
dt Tf g/ W Tf Ta , )

With the initial condition taken to be

T (0) =T ., : . (68)
w w0 )

Eq. 8 has the solution

T T\ ' ‘
T (t) = exp|- ft 1—'-+—l—dt:' ft —f-+—aexp ft 1—'+—l—-dt:" dt' + T
w 0 T T, ‘0 T T 0 T T, w0

(69)
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If Ty(t)) is the wall temperature at t = t,, then at t = t, + At, the wall
temperature is given by

'fw(t14+ At) = Tﬁ(tlJexp[—<%— + l_)At]

£ Ta
' T(t ),T +T(f )‘rv ‘ | :
, _£1’"a al"1/*f 1 - exp (1 +.l;>At , (70)
. + 1 T T '
f a. : £ a

provided that Tg¢, T,, Tf, and T, can be treated as constants during the time
interval At. "

Equation 70 can also be written as

T (¢, + at) = T (t Jexp[-(Bi, + Bi_)aat/d’]

{

Tg(t;)Big + T (t,)Bi

af . . . 2
+ l - exp|{~(Bi_+ Bi )aAt/d (71)
Bip + Bi, v p{-(Bi, Jese/dat]lh G
where
d = V/A = wall thickness,
a = kw/(pwcw) = thermal diffusivity of wall,
Bif = hfd/kw = fluid-side Biot modulus, .
Bi_ = h_d/k_= ambient~side Biot modulus,
a aw
and
k, = thermal conductivity of wall.

The dimensionless number aAt/d2? in Eq. 71 is sometimes referred to as the
Fourier modulus. : ' - ;

A In the COMMIX-SA-1 calculations, Eq. 70 or 71 is invokedlat each
time step to update temperatures in the fictitious boundary cells when the
option to consider effect of tank-wall heat capacity is used (see Sec. IV). In
addition, the total heat loss (Hy) from thc otorage tank to the ambient is

computed according to b
_tg. ‘ ' o .
Hy = jtl P hg(T, - T,)dA dt ' ‘ (72)
& ‘ _ .

for any giﬁep t ime interval't2 - tlf
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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 in}tial
conditions can greatly affect computational efficiency, they should be speci-
fied judiciously. To reduce input effort, COMMIX-SA-1 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-1. 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 layer of computation cells
outside of and adjacent to the flow domain 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 conveniences.
COMMIX-SA-1, 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
t 1me.

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

'The numBer-assigning process normally starts with interior cells
(i.e., computation cells within the flow domain), in increasing order of I,
then J, then K, and continues on to cover all the FBC's. Upbn'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 cdrrespondencé does not
apply where the flow domain has a concave corner, i.e., where the FBC has more
than one adjacent interior cell. 1In 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,J3,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-1 go
by the (I1,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-1 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 FRBC'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-1 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.
2 o As shown in Fig. 7, a two-dimensional
o 61162163 | 64|65 |66 - flow domain is surrounded by solid walls,
_ — which are no-slip boundaries; inflow is at
- 5515657138159 60 - constant velocity and temperature, and the
4 4915051 152]53 |54 out flow velocity and temperature are to
o 43|a4|a5]4a6|a7 |48 be determined by the specified Ju/dx = 0
° 37138139 40|41 | 42 and adi?batic conditiong, respectiYely.
et Boundaries AB, BC, and GH are heavily
~ 3113213313435 36 insulated; hence, adiabatic conditions
© 25(26(27|28}29]|30 are assigned. Boundaries CD, DE, and FG
RS 19120121 [22]23]24 woEe  gre in direct contact with ambient,
which is at constant temperature. A
i3|1afis|iefi17|18 .
- 2-D flow problem is chosen here merely
" 7i8tp9qlopinje - for the convenience of illustration.
o~ 112(314|5]|6s6 In Fig. 7, the FBC's are shown shaded,
_YB A and the numbers in the cells represent
. va their MS numbers, which are established
=1 2 3 4 5 6 7 8 by the procedure just described. The

(1,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

Shaded cells are tictitious boundary cells

Numbers in cells are MS-numbers

Adiabatic boundoaries: AB, BC,EF, and GH
Constant temperature boundaries: CD,DE,FG,and HA

Solid wall and no-slip boundaries: AB,BD,DE, and FH
Constant flow boundory: AH
du/dx = O boundary: EF

Fig. 7. An Example Illustrating COMMIX-SA-1
Numbering Schemes and Grouping of
Fictitious Boundary Cells

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.



46

The advantages of ﬁsing grouped FBC's in treating boundary conditions

are summarized as follows:

a. The govefning finite-difference equations can be coded, regard-
less of boundary conditions. Furthermore, new types of boundary conditions
can easily be added without affecting 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,
the desired boundary conditions are automatically satisfied without any testing
of boundary-condition type.

. c.. Grouping of FBC's and updating by groups reduce computation time:
substantially. 1In 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-1 provides for options to treat the following types of
velocity-boundary conditions.

a. Free-slip Boundary. The boundary exerts no drag 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 supplied at program
~input, which is used in FBC's grouping):

Uppc = Yalc:

Veee ™ Vaice

or

YrBc = YaIc* {
Note that the Ar, A®, and Az dimensions of the FBC's must equal those of their
corresponding AIC's.

b. No-slip Boundary. The boundary exerts resistance on the flow,'
and flow velocity at the boundary is equal to -zero. OUné or two of the
following apply: ' *

Uppc = “Uaic:

Veee = “Varcs

or

FBC = ~WAIC*
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c. Zero Normal-velocity—gfadient 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
sur faces, and since Uie(1/2) Kk 1S stored at (i,j,k), wi,j,k—(l/Z) is stored

- 23,k .
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.,

Ug = Uarns
or

Vg = VaIn
or

W, =

s = WaIn:

See Fig. 8 for an i1llustration.

Wa ’
[ | Fcz
T Outfiow Boundary .
Fig. 8
/ - .
y v w ¥ Set Wg=Wy 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-1 sets ,

Ug = £(t), .
or
vg = £(t),
¢
or
wg = £(t),

whichever is applicable; ‘Note that different functions'are allowed at dif-
ferent locations. Again, Ug, Vg, and Wy may or may not be stored in FBC's.

Also note that although constant velocity boundary is a special 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.

N
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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-

Ll L Lk stances, the outflow velocity (Ug in Fig. 9) may be
’ 4 1. 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-

f { - scribed above. The user is advised to -ascertain the
suitability of this method by numerical experimentation,

NN N\

Fig. 9. Velocity at Outflow
Boundary Determined f. Boundary Velocity Determined by Global Mass
by Local Mass Balance Balance. An alternative to the local-mass-balance
method is onec of global maos balance:. As shown in
Fig. 10, the inlet velocity Uj, is prescribed, and the outflow velocity Ug is
determined by the continuity relation that both Ug and Uj, must satisfy. Another
option is also available in COMMIX-SA-1, and that is: When applicable, Ug and Uj,
can be both specified through input as constant or time-dependent velocities.

L L Ll
K A s -Outflow Boundary
s A -1 Ua
Fig. 10 j ., :
Velocity at Outflow Boundary / f
Determined by Global Mass L
Balance ) : %
% =1~ Uin (known)
/ /7 7

3. Temperature-boundary Conditions

‘ The following options for temperature-boundary conditions are pro-
vided for in COMMIX-SA-1.

}

.

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

b. Adiabatic Boundary. When no heat tlux is allowed through 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:

Tepe = Tazc:

hppe = harcs

and

PFBC = PAIC®



49

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

Tppe = &(t),

and .enthalpies and densities in the FBC's are computed u51ng the updated tem-
peratures and.the initialized pressures.

d. Constant-heat-flux Boundary. When a constant heat flux q is
spec1f1ed at the boundary, temperatures in the related FBC's are computed by

TFBC Tprc * a8/,

where a positive q indicates heat flux directed into the flow domain; § is
equal to 8r, rA8, or Az, depending on whether the boundary surface is perpen- .
dicular to the r, 8, 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
function 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 he(T, - Tg)dA and h (T, - T a)dA, respectively. (See Sec. III.C.3.b
for notation.) Heat gain or loss at the AIC so computed is then treated as the
heat. source in the energy equation. Consequently, temperature, enthalpy, and
density in the FBC's are set equal to those in the AIC's.
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V. CODE STRUCTURE

COMMIX~SA~-1 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-1 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. '

Subrouutine Name Ramarlo
MAIN Comﬁanding routine
~ INPUT Input ‘
ICNEW Initialization
GEOM Geometry and boundary
CONCAV - Conditions set up

Boundary Conditions Updating

BCFIEL Temperature, enthalpy, and density

, BCFLOW Velocities
BCFLOK Velocity by local mass balance

Momentum Equations

UMOM u: momentum
VMOM v: momentum
WMOM w: momentum

Continuity Equation

MASSCO Mass residue
DELP . Derivatives of mass residue with respect to pressure

Velocity Evaluation

NEWVEL Cell-surface velocities
CENVEL ©  Center velocity .
REGBAL Regional mass—-balance option
ENERGY ' Energy equation

CUTOFF Convergence criteria

RESIST Baffle resistance



cPL
. VISCL
THCL
HLIQ
TLIQ
DROLPH
ROLIQ
POLY
SNDS

S

GETF
FITIT
ICSSCU

LISTIN
OUTPUT
PLANE

TABLES

ARIN
CLEAR
FINI
RSET

" WRITRS -
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Water Properties

Specific heat

Viscosity

Conduct ivity

Enthalpy

Temperature

Derivative of density with respect to pressure
Density

Auxiliary

Auxiliary

Auxiliary

Function Fitting and Interpolation

Output

ﬁtility
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® k ¥ ¥ ¥ %X % %k ¥ %k £ & ¥ & % ¥ % ¥ ¥ & & & * ¥ k¥ &k k ¥k ¥ ¥ ¥ % ¥ %k %

Subroutines appear eitber in alphabetical order or the
following semi-logical order:

. Subroutine - i Remark

" MAIN . ~ ‘Controllipg routine-
CUTOFF Convergence criteria -
INPUT  ICNEW 7 Input and initialization
RESIST A . Computes baffle resistance
GEOM  CONCAV ' Set up geometry
BCFIEL BCFLOW BCPLOK " Boundary conditions
oMoM vMOH wMoN Momentue eguation
MASSCO DELP  continuity equation -
NEWVEL CENVEL REGBAL Velocity evaluation
ENERGY : Energy equation
CPL VISCL THCL ' Water properties
HLIQ TLIQ DROLPH :
ROLIQ POLY SNDS
S .
GETF  PITIT  ICSSCU - Transient function
LISTIN OUTPUT PILANER . Output
TABLES
ARIN CLEAR  FINT . Miscellaneous utility routines
RSET WRITRS :

£ % k & % & & %k &k k & & ¥ &k & & %k & & ¥ % &k %k k & k k %k & k k &k & & %
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*##**###**#*****#*#****#;]l**##*##*#

Storage for the problem size dependent variables is allocated

in four of the COMMON blocks. The miminum dimensions are
defined by the following variables:

I The number of cells (rings) in the radial direction
including fictitious boundary cells.,

J The number of cells (sectors) in the circumferential
direction including fictitious boundary cells.

K The number of cells in the axial direction including two
layers of fictitious boundary cells, |

IJK I*J*K, '

NBC The user can assign the total number of fictitious
boundary cells for the problem. Upon complation of
initializativu the exact value required is printed.

NBO1 The number of fictitious boundary cells (or adjacent

NBU2 interior cells) ip each boundary-condition group.

. Without a precise calulation, the user can assign

. conservatively the total number of fictitious boundary

. cells for the problem, Upon completion of initialization
NBF5 the exact values required will be printed.

COMHON /IARKAY/ MS(I,J,K), IFIELD( IJK),IFLORU( IJK),

IFLOWV( IJK),IFLOWW( IJK),IT (100) ,NIT  (100),

FDT  (100) ,NTPLOT ( 50) ,ISTPR (50),

NTHPR ( 50) ,NEND ( 25) ,NLAST ( 25),IM ( 15),IP (15),
Ju ( 15),JP ( 15) ,KNM (15) ,KP (15) ,IB (MBC) ,

LBU1 (NBU1) ,LB"2 (NBU2),LBU3 (NBU3),LBU4 (nsuu),Lav1 (NBY 1),

IBV2 (NBV2),L8Y3 (NBV3),LBV4 (NBVY4),LBW1 (NBW1) ,LBW2 (NBW2),

LBW3 (NBW3) ,LBHU4 (NBWU) ,LBF1 (NBF1),LBF2 (NBF2),LBF3 (NBF3),

JBU2 (uauz),aavz (quz),szz (NBW2) . LBUSI (NBUS) , LBUS (NROS) ,

1.BUS5K (NBUS) ,LBVSI(NBV5) ,LBV5J (NBV5) , LBVSK (NBV5) ,LBWEI (NBW5) ,
LBNSJ (NBWS) ,LBWSK (NBW5) ,LBU& (NBU6),LBV6 (NBV6) ,LBW6 (NBWG),
LBF4 (NBF4) ,LBFS (NBPS),lAEND

COMMON /FLOW /

1 UL ( IJK),VL ( IJR) WL ( 13K),

2 ULRP ( IJK),VLOP ( IJK),WLFP -( IJK),

3 AXTX ( IJK),AYTY ( IJK),AZTZ ( IJK),

4 BXTX ( TJK),BYTY ( 1JK),B2TZ. { IJK),FLEND

COMMON /FIELD / , P ( 1JK),PT ( 1JK),

1 BL ( IJK) ,HLT ( IJK),QDOT ( IJK),

2 TL ( 138),ROL  ( 1JK) ,ROLT ( IJK),RKL  ( IJK),

3 DL ( 1JK),THL  ( 1JK),RBETA ( IJK),TWALL(NBF5), PIEND
COMMON /RVEC/ THETA ( J),DY J) D2 ( K),DX ( 1),

1
F]
3
4

(
X ( I),DT (100) ,CVVEL ( 15) ,CHF  ( 4),TPRNT ( 50),
TVAL ( 50),FVAL ( 50),YCOEF ( 50),CCOEF(50,3) ,DAA (NBP5),
TCHF (NBF1),DXYZ (NBF1),000X ( K),000Y ( K),E00 ( K),
RUOOX ( K),RUOOY ( K),¥00 ( K),DXYZ1(NBF5),RVEEND

**##**:*t.******#**#*#*********4*#*#*

.
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¥ % % % % ¥ % % % % %x ¥ ¥ ¥ ¥ % ¥k ¥ %k ¥ x %k % ¥k ¥ % % % ¥ % k ¥ ¥ ¥ *

The input data for CCHMMIX-SA cobsists of three parts:

RESTART FLAG
This paraneter must be in column 4.

NAMELIST /STOFF/
This namelist contains 1nput 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,

* % % ¥k ¥ % k% %X ¥ %k % ¥k %k Xk %k ¥ ¥k ¥k * % ¥ X% % X ¥k ¥ % %k ¥k ¥ ¥ %X ¥k ¥ ¥

* %k % % % % %X ¥ % %k %k ¥ ¥ % %k 'k % %k k % k X ¥ %k ¥k % ¥ % ¥ % ¥ *k ¥ %k *

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

)

* %k %k ¥k % % % % % % ¥k %k ¥ X

* RESTART FLAG *
Sk ok ok k Kk kK &k %k %X %k k %k Kk %k

IFRES 0--New case with no restart written (¥).
: 1--New case with restart writter to tape 16.°

2--Restart of previous run read from tape 15 Hlth
no restart written,

3--Restart of previous run read from tape 15 with
The restart option uses two Argonne system routines
called TLEFT and LOCF. TLEFT returns the amount of
time left in the current run in units of 0.01 seconds.
‘LOCF returns the absolute address of the variable
passed as the’ argument. Minor modifications are y
probably necessary to implement this on other systens.

X %k % % & * %k & ¥ %k %k & * X

* NAMELIST /STUFF/ *
% k & k X Kk Kk % ¥ ¥ ¥ % X

bbbt SPACE AND TIME GEOMETPY *hEkEX
ND - 2--Tvo dimersional analysi. (R-2Z PLANE),
3--Three dimensioral analysis. '
ICORD 1--CYLINDRICAL COORDIWNATE SYSTEM

2--RECTANGULAR COORDINATE SYSTEM
NOTE:IF RECTANGULAR COORDINATES ARE USED, SET
XMIN.GE.DX(1) a¥D ISEC.EQ.1

. IBAR . The 'number of computational cells (rings) in the radial
direction within the flow domain,
JBAR The number of computational cells (sectors) in the
: circunferential direction within the flow domain. 4 .
KBAR Ths nuaber of computational cells in the axxal direction'
: vithin the flov domain.
IT (1) The number of iterations for time step 1 through

tipe step NIT(Y).,
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IT(I) The number of iterations for time step NIT(I-1) +1
through time step NIT(I).
NIT (I) The last time step witbh IT(I) iterations per step.
DT (1) The time step size for steps 1 through NDT(1) in
. seconds,
DT (1) The time step size for steps NDT(I-1)+1 through
time step NDT(I) in seconds.
NDT (I) The last time step with a time step size of DT(I).
IFNRG 0~--Enerqv equation not solved. (
1--Enerqy equation solved at beginning of time step
loop.

2--Enerqy equation solved at end of time stap loop.
-N~--Enerqgy equatiop solved every Nth iteration.

kAR ‘OUTPUT EREXXE

Array output is done in Subroutine OUTPUT which is called
once after initialization and according to the array TPRNT.
TPRNT (1) >U.U--TPRRT can contain up to 50 values of time at
whick OUTPUT is called. .
=0.,0--OUTPUT is called after initialization and before
termination.
<0.0--OUTPUT is called every TPRNT (1) seconds,
NOTE. To obtain output every time step, set
TPRNT(1) such that ABS(TPRNT (1)) is less than the
time step size, ’ :

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

ISTPR Up to 59 coded values which specify the arrays to be
printed in the first call to OUTPUT.
NTHPR Up to S50 coded values which specify the arrays to bhe

prinrted after the first call to QUTPUT.

Each value af ISTPR and NTHPR is a signed five digit
integer of the form 'SVVPLL! which is coded according
to the following rules: ‘

S + Only the plane specified by ¢VVPLLY is printed,
NOTE, Plus is assumed ard need not be specified.
- All planes (LL) between 'VVPLL' and the next 'VVPLI!?
specified in ISTPR or NTHPR are printed.

vv 91--DL is printed. 02--0L is printed.
03==V1 is printed. 04--wl, is printed.
05--P is printed. 06--TL is printed.
07-~-HL is printed. 08--ROL is printed.
99--THL is printed. 10--IFIELD is printed.

11--IPLOWU io printed, 12 IFLOWV is printed,
13--1FLORW is printed. :

P : 1--An I plane is printed,
2--2A J plane is printed,

' 3--A K plane is printed.

LL Specific plane to be printed. If S is +, only one
plane is indicated. If S is -, the 'LL' values in
the current and pext values of ISTPR or NTHPR indicate
the range of planes to be printed. ’

IFPLOT -1-=-Ko plot tape is written (*).
. 0--Only the first and last time steps are written
-to the plot tape on tape 76,
N-~-Every Nth time step is written to the plot tape on
tape 76.
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L b dd L TRANSIENT DRIVING FUNCTIORS' EREEK

All transient driving functions are input -into the
following three variables, Each function is defined by

a user specified set of points., Cubic spline fit
coefficients are ther .generated in subroutine FITIT.

Fifty equally spaced values are printed to allow the

user to check the adequacy of the input distribution..

Ten to fifteen values with points concentrated at rapidly
changlng Y values should be adequate.

TVAL ' The 1ndependent ‘variable (X values) for the transient
. functions,
~ FVAL The dependent variable (Y values) for the transient

functions, The first value of the second function
inmeAiately follows the last value of the first
function., The same pattern must be followed for all
subsequent functions. The endpoirnts, or beyond, of
the range of values used in the transient functions
nust be input as the fitting routine does not
extrapolate., Discontinuities are indicated by
specifying the same X coordinate twice with the same

. or different Y coordinate values.,.

'NEND (N) The number of points in the Nth transient fuanction.

RkkkE " RUN TIKE CRITERIA Aok
A\ . -
The convective flux calculation is programmed in a form
that combines both centered and donor-cell properties
.depending on the values of A0 and BO. Both values nmust
be between 0.0 and 0.5.

When A0=0.5 ard BO=0.0, the dopor-cell approach is used.
When 40=0.0 and BO=0,0, central differencing is used.

AO . A parameter used in convective flux differeancing (0.5).
BO A parameter used in convective flux differencing (0.0).
TURBC Turbulent conductivity, W/m-K (0.0).
TURBV Turbulent viscosity, kgs/m-s (0.0). .
EPS? Convergerce criteria parameter (0.0001).
EPS2 Convergence criteria parameter (0.000001).
GX Gravitational constant in R direction, m/s**2 (0.0)."
GY Gravitational constant in THETA direction, am/s**2 (0.0).
G2 Gravitational constant in Z direction, m/s*#*2 (-9.8).
THETAZ Angle between gravity vector and axis of cyllnder

: (OR Z-AXIS) IN DFGREES (0.0)
OMEGA Under or over relaxation factor (1.5).
ITRSKH 0--SOR iteration scheme

1--local mass imtalance correction scheae
2--Jacobi iteration scheme
(see subroutine MASSCO)

NT Tinme step number (1).

T Time ip seconds (0.0).

MAXNT The maximum number of time steps ‘alloved in this run

: - (100).

IFRMB 0--Do not perform a regional mass balance calculation.

1--Perform a regional mass balance calculation,
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JRBLO * the I, J, and K ipdex limits within which the regional
JRBHI * pass balance calculation is perforamed

KRB1.O. *
KRBHI *
CVVEL

ISEC

X8IN

CHF (N)

Constant value velocities, m/s. See Flow variable
markers type - (100+n), T
This parameter is set accordiug to the degree of
synpetry present in the problem under study. ISEC is
used inside the program to control calculation of center
velocities. Four values are defined.
0--A full circular cylinder is analyzed. The cernter
velocities UOCX and UOOY are computed (*).
1--A sector (not half of a cylinder) is aralyzed., The
center velocities UO0OX and UOOY are zero,
WOTE: WHEN RECTANGULAR COORDINATES ARE USED, SET
ISEC.EQ.1
2--Half of a airenlar cylinder is analyzed. The center
velocities UOOX and UCOY aro gero. .
-2--Half of a circular cylinder is analyzed. The center
velocities U0OX are non gzero and the center
velocities U00Y are zero. :
The radius of the innmer cylindrical boundary. This value
is zero wben analyzing ap entire cylindrical flow domain
with no central hole. It is a positive value whep an
annular f£lovw domain is being analyzed.
NOTE: WHEN RECTANGULAR COORDINATES ARE USED, SET
XMIN.GE.DX (1)
Constant heat flux in the flov domain throujh the N th
surface, J/p¥*2-s. The followirg surface correspondence

applies:
t--Inrper surface 2--0Outer surface
3--Top surface 4--Bottom surface

To facilitate treatment of boundéry conditions a layer of
fictitious boundary cells surrounding the flow domain is
eoployed. Input of the variables DX, DY, DZ, IFLD, IFLI,

IFL

Vv, and IPLVW must be specified with cunslideration of these

’fictitious cells.

DX (I)

DY (J)
DZ (K)
BAFR
IBAF

RIDL 0.

1.

ICONPR

The sizes of computational cells in the R-direction, m.

The size of a fictitious cell, if one is present, must

be equal to that of the adjacent interior cell.

The sizes of computational cells in the THETA-direction,

.

The sizes of computational cells 1n the Z-direction, m,

Baffle resistance parameter (1.0E+25) kg/m**3,

Note that this parameter is irrelevant in cases

vhere no raffles are present, ‘

0--No perforated baffles present in flow domain (*).

{-=-Pewilfurated baffles preccnt in flow domaii,

0--The =ffect of mass residue is pot considered in the
momentum and energy equations. -

0-~-The effect of mass residue is considered in the
momentum and energy equations.

1--Print out information after each iteration.

0--Do not print information after each iteration (*).
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. The following four parameters are used with the tank wall
‘heat cqpacity model, :

TAHNB
HAMB
WTHIC
TDEP.

TTMEND

(]
e}
[
Qo
]

IFLV -
oL -
WL -
HL -

L

o

[
!

Ambient temperature, deg C.
Ambiert heat transfer coefficient, (W/m*#*2-deg C.)
Thickness of tank wall, m.

Tank depth, m.

Termination of this job begins at

JOBTIME-TIMEND

seconds wbere JOBTIME is the time specified for the
job on the JOB card.

* % k ¥ % % & ¥ ¥ % % k %

" *  SUPPLFMENTARY ARRAY

*  INITIALIZATION CARDS
%X %k %k % %X * % ¥k % k% X % %

* * *

This section of input allows the variables listed below
It must contain two groups of cards
each group followed by a card containing 'END ' in columns
The first group must contain the .
initializationr of the field variable marker, IFLD. If no
initialization is required (eg., restart cases) only the
uired. The second group must contain
initialization for all variables except IFLD and must also

to be initialized.,

one through four,

'END ' card if req
be followed by an

variable

*END ' card.

KEY

Pield variable marker. IFLU
V velocity marker., IFLW

U velocity (m/s).
W velocity (a/s).
Enthalpy (J/kg).

Density (kg/m**3)

L
P
vOTL
. THL

Variable

0 velocity marker,
W velocity marker.
Vv velocity (m/s).
Pressure (N/m**2),
- Temperature (deg C).
Void fraction (%).

A suffix of T on these variables indicates updated values for
+1. V¥o suffix indicates old variables at TIME=N

TIME=N

All input cards in this set are of the following format;

AU
F10.3
614

KEY Variable name key from table above.

RVAL Value
I1,I2 I inde

to Lbe stored.
X linmits.

J1,J2 J index limits.
K1,K2 K index limits.

" The field variable marker, IFLD, cobpveys information about
the cells. The following are acceptable cell types:
(see subroutine BCFLOW for associated

-7--Pictitious
-6--Fictitious
-5-~=Fictitious
-4j--FPictitious

boundary cell
boundary cell
boundary cell
bourdary cell

with
with
vith
with

variables)

vall beat capacity.
adiabatic condition.
constant heat flux.
CONSTANT temperature,



60

-(300+N)--FPictitious boundary cell with transient temperature
vbhose values are obtained from the Nth tramsient
function

vhose values are obtained from the Nth transient
function.
~-2--Totally outside the domain of interest.
-1--Outside but adjacent to the flow domain boundary
(fictitious boundary cell). :
1--Ipside and adjacent to the flow domain boundary
(adjacent interior cell).
2--Totally inside the domain cf interest.
- 5=-Cell filled with a conducting baffle.

Plow variable markers (velocity markers IFLU, IPLV, and
IFLW) provide the means for defining boundary condition
typeo. The followiuy arw dveeptable boundaty condition
types: .

- (200+N)--Transient velocity with values obtained from the
Nth transient function.
= (100+N)--Constant value velocity with value obtained from
CVVEL(N).
-4~--Free slip vall.
-3--Velocity derivative equal to 0.0.
~1--No flow boundary. No velocity calculationm is
performed. This can be used to indicate solid walls
. or surfaces outside the domain of interest.
0--No slip wall.
1--Free flov surface,
2--Velocity is computed by doing a local mass talance.
. 3--Nonconducting solid baffle,
Y--velocity is computed by doing a global mass balance,
S--Conducting solid baffle.
6--Conducting perforated baffle.

IFLU is used to define the boundary condition type of
surfaces between cell (I,J,K) and cell (I+1,J,K).

IFLV is used to define the boundary condition type of
surfaces between cell (I,J,K) and cell (I,J+1,K).

IFLW is used to defire the boundary condition type of
surfaces between cell (I,J,.K) and cell (I,J,R+1).

_To specify free slip or po slip boundary condition

the type must be entered into the (I+1,J,K) or (I,J+1,K),
or (I,J,K+1) location of IFLU, IFLV, or IFLW. For all
aother bnnndary conditions, the type must he entered inte the
(I,J,K) location.

**##***#‘#**##*****##*********'ﬂl*###
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VII. SAMPLE PROBLEMS

Two sample problems are presented to illustrate how to use COMMIX-SA-1,
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 Tank®

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

' view of the tank along with the finite-
%"\ , difference grid layout. Five radial,
12 circumferential, and 10 axial divi-
N sions were used for this tank; hence,
B Ar = 0.1 m, A6 = 30°, and Az = 0.2 m.
The fictitious boundary cells (shown
shaded in Fig. 11) were used to facili-~
tate treatment of boundary conditions.
FICTITIONS The inlet velocity of the cold makeup

BOUNDARY ) water was taken to be 1 m/s.
CELL 8= . ‘ '

rp____lm.___qﬂ Figure 12 shows the calculated

temperature profile at four different

V, P
- /' / Z . times during the transient. This figure
~P] 7O LOAD LOOP indicates that the cold lower portion of
7 the tank is separated from the hot upper
: Zi portion by a thermocline (i.e., a region
7 i of steep temperature gradient), and that

7 Az " the thermocline moves upwards with

~ B Za slowly increasing thickness as time

Wi progresses. The thermocline thickness
% g - Ar varies from 0.3 to 0.4 m, approximately,

7 7 - in the early stage of the demand event

as shown in Fig. 12.
’/_ ] FROM LOAD LOOP

2447 %77'4}//% The three-~dimensional nature of the

temperature field in the storage tank is
Fig. 11. Storage-tank Geometry and Finite- illustrated by Figs. 13 and 14, which
: difference Grid Layout : 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 inlet
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 30°C
on the same horizontal plane existed, and this occurred within an extended
depth of the storage tank (Figs. 13 and 14).

2.0

€
- 1.2 - Fig. 192
: e
Y ] Temperature Profile at Tank Centerline.
= 0.8 | 6XlZXlZg'nd,Ar= 0.1 m, A = 30°
S Az=0.2m, Vip= 1.0 m/s, Tip = 15.6°C,
1 Tg = 57.2°C. ' .
0.4 — )
0 .
20 30 40 50 60
TEMPERATURE °C ’
[ IANK TANK__|
WALL ¢ WALL
80— T T .
M | OUTLET
40 N O
0 -
40. ; h=17m
V]
o C —T -
Fig. 13 s 40 /—' heidm ]
a ]
&
Temperature Distribution across E 0 B T ]
Sertion A=A att = 10,75 w40 T e — ]
3 L he0Tm
0
B h=03m
40 + , . — ]
o
= h=0lm
o . "] ver
0 1 J - | | | 1

0.5 0 0.5

S
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_ TANK TANK
WALL ¢ WALL
80 i | T F 1 0! : /
40 e Ng e v 2
a h=19m [
0 By ey ol & ; ’ /
40_ h=l.7m- "..~"ttt
= A
0
Eo-_ h=13m 7 | SO S T U W
=
& = 2
§40/“‘\_ 1‘.5\\\\\5
e i h=07 m ‘
0 \ L U T T SN
- h=03m | \
: el
B b s -
40 h=0lm —
m
o Bt T e |
0.5 0 05 -
COMMIX-SA PREDICTION OF
r (m) FLOW FIELD IN STORAGE TANK
Fig. 14. Temperature Distribution across Fig. 15. Flow Pattern across Sec-
Section B-B att = 10.7 s tion A-A att = 10.7s;

Vin =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 Tank’

In this example, verlical concentric cylindrical baffles (VCCB'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 Ar (from
center out) = 9%0.0267(m), A8 = 3*¥15°, Az (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-
suned 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 107" 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 analysis of this case also follow.
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&STUFF
ND=3,IEAR=5, JBAR=12,KBAR=10,XMIN=0,0,RIDL=0.0,
CN 0ltEGA=1.7,6X=0.0,6Y=0.0,62=-9.8,

18TPR=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=6x0.1,0Y=12%30.,02=12%.2, .

"EPS1=1.0€-5,EPS2=1.0E-7,B0=0. 0 A0=0. 5.
TURBV=0.0,TURBC=0.0,
IFNRG=-10,IFPLOT=~1,

HAXNT=5,7=0.0, TPRNT=-0.005, .

EF I NDOT=20,500, 10000,D7=.001,.01,.015, L
NIT=20,50,10000,1T=150,100,30,THETAZ=0.0,
CHF=0.°u0-0)0-070.0'

CVVEL( 1)=-1,0,CVVEL(2)=1.0,NT=1,ISEC=0,
ICONPR=3, TIMEND= 15 0,BAFR=1.0E+25, IFRMB=0,

LEND
IFLD  -1.0 1 6 1 12 1 12
IFD 1.0 1 5 112 2 1
IFLD 2.0 1 6 1 1 3 10
IFLD  -6.0 6 6 1 12 1 112
IFLD  -6.0 1 5 112 1 1
IFLD  -6.0 1 5 1 12 2 ©
IFLD  -4.0 6 6 1 1 2 2
END
IFLU  -1.0 1 6 1 12 1 12
IFLU 1.0 1 6 1 12 2 11
IFU 0.0 1 4 1492 1 1
IFLU 0.0 1 4 1 12 122 12
IFLU -101.0 5 5 1 1 2 2
CIFLY -102.0 5 5 1 11 1

. IV -1.0 1 6 1 12 1 12
IFLV 1.9 1 5 112 2 11
IV 00 1 5 1.12 1 1
IFLV 0.0 1-5 1 12 122 12
IFLV 0.0 6 6 1 12 2 1
IFLH  -1.0 1 6 1 12 1 12

_ IFtH 1B 15 112 2 10
IFLH 0.9 6 6 1 127 1 12
THL 1.0 1 6 112 1 12
P 101325.0 1 6 112 1 12
T 57.2 1 6 11 1 R
L 158 6 6 1 1 2 2
END

MS(T,.,K)

656 657 658 659 660
651 652 653 654 655
646 647 648 649 650
641 642 643 644 695
635 637 638 639 640
631 632 633 634 635
626 627 628 629 630
621 622 623 624 625

oODooCcLOOO

S9



236
231
226
221

617
612
607
602

22z

618
[

603

6(3

223

619

609

604

179
176
169
164
59

| 454

149
144
139
134
129
124

239
234

229 -

224

€20

€15
€10

605

180

240
235
230
225

oo

672
671
670
669
668
667
666
665
664
663

- 662

661

684
683
682
631

679
678
677

- 676

675
674
673

696
695
694
693
692
691
690
639

687
686
685

708
707
706
705

99



216
211
206
201
*196

186
181

296
291
286
281
276
271
266
261
256
251
266
241

217
212
207
202
197
192
187
182

297
292
287
282
277
272
267
262
257
252
247
242

357
352
347
342
337
332
327
322

377

312

307 -

302

218

213
208
203
198
193

183

298
293

283
278
273
268
263

253
248
263

418
413
408
403

398"

393

378
373
368
363

219
214
209
20%
199
194
189

184

299
296

289
284

279 -

274
269
264
259
254
249
264

359
354
349
344
339
334
329
324
319

- 314

309
304

220
215
210
205
200
195
190
185

300
295
290
285
280
275
270
265
260
255
250
245

360
355
350
345
340
335
330
325

315
310
305

704
703
702
701
700
699
698
697

720
719
718
717
716
715
71
713
712
71
710
709

732
731
730
729
728
727
726
725

723
722

721

74%
743
742
741
740
739

737
736
735
734
733

N
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476
471
466
461
456
451
446
461
436
431
426
421

536
531
526
521
516
51
506
501
496
491
486
481

596
591
586

576
571
. 566
561
556
551
546
541

836
831
826
821
816
an
806
801
796
791
786
781

477
472
467
662
457
452
447
442
437
432
427
422

537
532
527

522 -

517
512
507
502
497
492
487
482

837

782

479
474
469
464
459

449

444

439
434
429
424

539
534

524
519
514
509
504
499
494
489
484

839
834

. 829

824
819
314
809
804
799
794
789

784

480
475
470
6635
460

450
445
440
435
430
425

540
535
530
525
520
515
510
505
500
495
490

‘485

840
835
830
825
820
815
810
805
800
795

785

756

755

. 754

753
752
751
750
749

7647
746
745

768
767
766
765
764
763
762
761

760 °
759 °

157

780
779

"~ 778

777
776
775
774
773
772
771
770
769

OO0 OOOOO0OO

89



COHMON BLOCK DIMENSIONS

NBU1 - 0 NBU2
NBV1T - 0 NBV2
NBW1 - 0 NBW2
NBF1 - 0 NBF2

_-O D

NBU3
NBV3
NBW3
NBF3

oo O

NBU4
NBV4
NBW4
NBF &

96
240
120
239

NBUS -
NBVS -
NBH5 -
NBF5 -

[—X-X-N—J

HBU6
NBV6
NBH6
MBC

[—X-F-X-}

69
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8 0.0
7 0.0
6 8.0
9 - 8.0
% 0.0
3 0.0
2 0.0
1 6.0
K= 5§
I--> 1
J
12 8.0
1 9.0
10 0.0
9 9.0
8 9.0
7 0.0
6 0.0
5 0.0
4 0.0
3 0.0
2 0.0
1 0.0
KHOO= 0.0
J= 1
I--> 1
K .
12 80(82.7
1" 82013.8
10 . 83544.9
9 85876.1
8 87807.2
7 89733.3
6 91€69.4
5 93600.5
4 95£31.6
3 97462.8
2 99393.9
1 101325.0
J= 1
. I--> 1
K
12 57.2000
" 57.2000
10 57.2000

L

[-X-X-X—_¥-N-¥-¥-J
« ® o o e s+ & »
[-X-X-X-—_F-X_N_N-]

Yo

e e s .0l e e
[-X-—J-N¥-X-N_—N_RX-X-JN_J¥_-X-J N

.
00000000000

2

80082.7
82013.8
83944.9
85876.1
878907.2
89738.3
91669 .4
93600.5
95531.6
976462.8
99393.9
101325.0

2

57.2000
57.2000
57.2000

0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0.
0.0 0.0 - 0.0
0.0 8.0 0.9
0.0 0.0 0.0
0.0 0.0 0.0
H COMPONENT OF VELOCITY

3 % 5

.J.0 0.9 0.0
).0 0.0 8.0
).0 0.0 0.0
J.0 0.0 0.0
J.0 0.0 0.0
2.0 0.0 0.0
2.0 0.0 0.0
n.0 0.0 0.0
0.0 0.0 0.0
3.0 0.0 0.0
7.0 6.0 0.0
3.0 0.0 0.0

0.0 . 0.0 0.0 0.0
PRESSURE  (PASCAL)

3 4 5
806832.7 80082.7 80082.7
82013.8 82013.8 82013.8
83944.9 8394%4.9 83944.9
85376.1 85876.1 . 85876.1
87807.2 87807.2 87807.2
89738.3 89738.3 89738.3
91669.4 91669.4 91669.4
.93600.5 93600.5 -93500.5
95531.6 95531.6 95531.6
97462.8 97462.8 97462.8
99393.9 99393.9 99393.9
101325.0 101325.0 101325.0

TEMPERATURE (deg C)

3 4 5
57.2000 57.2000 57.2000
57.2000 57.2000 57.2000
57.2000 57.2000 57.2000

e v 8 e e s e @
oocoocoooe

(n/s)

v

[~X-F-Y-X-—N-—N-_F-X-N_N_N_-}
s . * s s s e & o =
COOOOOOoOOOOOD [~

.

3
80082.7

-82013.8

83944.9
85876 .1
87807.2
29738.3
91669.4
93600.5
95531.6
97462.8
99393.9
80082.7

18

6

57.2000
57.2000
57.2000

WL

TL



=S NHRHNDNOO

57.2000
57.2000
57.2000
57.2000
57.20900
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

TANK WALL TEHMPERATURE
0.0

TOTAL HEAT LOSS FROM TANK

= 2
I--> 1

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

—

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

© TANK HWALL TEMPERATURE

TOTAL HEAT LOSS FROM TANK =

\

NI

AN UDINANOOO

I--> 1

2

2.339D+05 2.3390+05
2.3390+05 2.339D+03
2.329D+05 2.339D+05
2.329D+05 2.3390+05
2.339D+05 2.339D+05
2.339D+05 2.3390+05
2.3290+05 2.3390+05
2.33290+05 2.339D+05
2.339D0+05 2.3390+03
2.339D+05 2.339D+05
2.329D+05 2.3890+05

2.339D+05 2.3890+05

57.2000 57.2000 57.2000  57.2000
57.2000 57.2000 57.2000 57.2000
57.2000 57.2008 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 57.z000 57.2000 57.2000
57.2000 57.2000 57.2000  15.6000
57.2000 57.2000 57.2000 57.2000
= 0.0 JOULE .
TEMPERATURE (deg C)  TL
3 G 5 6
57.2000 57.2000 57.2000 57.2000
57.2000 57.z000 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 57.2000 57.2000  57.2000
57.2000 57.200C 57.2000  57.2000
57.2000 57.200¢ 57.2000  57.2000
57.2000 57.200C 57.2000 57.2000
57.2000 57.Z00C 57.2000 57.2000
57.2000 57.200C 57.2000 57.2000
57.2000 57.200C 57.2000  15.6000
0.6 .OULE
ENTHALPY (/kg) KL
3 4 i 6
2.3890+405 2.3890+(5 2.3350+05 0.0
2.3890+405 2.3850+C5 2.3850+05 2.3890+05
3.3890+05 2.389D+C5 2.3850+05 2.3890+05
2.3890+05 2.3390+(5 2.3350+05 2.3390405
2.3890405 2.389D+G5 2.3850+05 2,3390405
2.3890+05 2.389D+C5 2.339D+05 2.3890+405
2.3890+05 2.389D+C5 2.3550+05 2.3390405
2.3890+05 2.3890+C5 2.3850+05 2.3890+05
2.3890+05 2.385D+G5 2.385D+05 2.389D+05
2.3890+05 2.3850+G5 2.3850+05 2.3590+05
2.3890+05 2.389D+G5 2.3860+05 6.5250+04
2.3890+05 2.3890+C5 2.385D+05 0.0

ENTHALPY

tJd/kg)

HL

[44



K= 2 ‘
I==> 1 2 3 4 5 6

J

12 2.3890+05 2.389D+05 2.389D+05 2.389D+05 2.389D+05 2.3890+05

n 2.3890+05 2.3890+05 2.3890+05 2.389D+05 2.3890+05 2.389D+05

10 2.389D+05 2.389D+05 2.3890+05 2.3890+05 2.389D+05 2.3390+05
9 2.339D0+05 2.3890+05 2.339D+05 2.3590+05 2.3890+05 2.3590+05
2.3350+05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.3890+05

+ 2.3890+05 2.3890+05 2.389D+05 2.389D+05 2.3890+05 2.3390+05
2.3890+05 2.3890+05 2.339D+05 2.38%0+05 2.3890+05 2.389D+05
2.3890+05 2.38390+05 2.3350+05 2.3850+05 2.389D+05 2.3890+05
2.3890+05 2.3890+05 2.3890+05 2.3850+05 2.3390+05 2.3890+05
2.3890+05 2.3890+05 2.389D+05 2.3390+05 2.389D+05 2.3890+05
2.3890+05 2.3890+05 2.3390+05 2.3890+05 2.389D+05 2.3890+05
2.3890+05 2.3890+05 2.3890+05 2.3890+05 2.3890+05 6.5250+04

s P\ ST O~ 00

DENSITY (Kg/mw#3) ROL

J= 1 . -
I--> 1 2 3 % 5 6.

12 985.2593 985.2593 985.2593 985.2593 985.2593 0.0
11 - 985.2593 $85.2593 935.2593 985.2593 985.2593 985.2593
10 985.2601 985.2601 935.2601 985.2601 985.2601 985.2601
9 985.2609 985.2609 985.2609 985.2609 985.2609 985.2609
8 -985.2618 985.2618 985.2618 985.2618 985.2618 985.2618
7 985,2626 985.2626 935.2626 985.2626 985.2626 985.20626
6 985.2634 985.2634 935.2634¢ 985.263%4 985.2634 985.2634%
5  985.,2642 985.2642 935.2642 985.2642 985.2642 985.2642
4 985.2651 985.2651 985.2651 985.2651 985.2651 985.2651
3 985.2659 985.265% - 985.2659 985.2659 985.2659 985.2659
2 985.2667 985.2667 985.2667 985.2667 985.2667 998.5035
1 985.2667 985.2667 985.2667 985.2667 985.2667 0.0
ROO= 0.0 0.0 - 0.9 0.0 0.0 0.0 0.0

DENSITY (kg/mnx3) ROL

K= 2 . . . .
I--> 1 2 3 4 5 6
12 985.2667 985.2667 9£5.2667 985.2667 985.2667 985.2667
11 985.2667 985.2667 9£5.2667 985.2667 985.2667 985.2667
10 985.2667 985.2667 9£5.2667 985.2667 985.2667 985.2667
9 985.2667 985.2667 985.2667 985.2667 985.2667 985.2667
985.2667 985.2667 9&5.2667 985.2667 985.2667 985.2667
985.2667 985.2667 9£5.2667 985.2667 985.2667 985.2667
985.2667 985.2667 9£5.2667 985.2667 985.2667 985.2667
985.2667 985.2667 9£5.2667 985.2667 985.2667 985.2667
985.2667 985.2667 9E&5.2667 985.2667 985.2667 985.2667
985.2667 985.2667 9£5.2667 985.2667 985.2667 985.2667
985.2667 985.2667 985.2667 985.2667 985.2667 985.2667
985.2667 985.2667 9€5.2667 985.2667 985.2667 9$8.5035
= 0.0 0.0 0.C 0.0 0.0 0.0 0.0

8dmhammqm
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_« ULV == PN DO 000

- NN O

I= 5
K-->

1

1.3000
1.3000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

‘1,0000

=
n
(-]

NN NDNNNONNNNON =

b d o o b b b ah sad b md b e

1.0000
1.9000

n

P P o R N R N ]

RROARMAONNNNNNNN N

(2]

P e N N L= )

SRNNNNNNNNNNNN W

2

1.9000
1.2000
1.3000
1.3000

1.000

1.J000
1.2000
1.000
1.3000

. 1.3000

1.4000
1.2000

- b b kb h b D b b b b LN
b d b ad b o b oD wd b b -

PPN S
GGG ¥ |

CELL VOID FRACTION

3

1.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

- d eeh wd d b b ed b

.0000
1.0000

.0000 -

1
1
1
1
1.
1
1
1
1

A

.0000
.6000
.0000
.0000
0000 .
.0000
.0000
.0000
.0090

1.0020

1.
1.

0030
0030

PR N NN (U T
@ 2 o« 3 v e e
[—4
(=4
(=]
o

FIELD- VARIABLE MARKER

.FIELD VARIAELE MARKER

THL

6

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

B Y Yo A QSR W N 'y

IFIELD

IFIELD

7

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.00900
.0030
.0000

b ek d d wh mh ad e D b

-1.0000

8

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
1.0000

— ek b b cah mh D b b

9

1.0200
1.0200
1.0290
1.0000
1.0000
1.000D
1.0000
1.0000 -
1.0000
1.0800
1.0000
1.0800

10

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.6000
.0000
1.0000

B o i Yl S Gy Qs Yy

[ e QU QRN S S Y Y

1

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

.0000
.0000

.0000

12

1.0000 -
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

YL
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STEP:
STEP:
STEP:
STEP:
STEP:

EIEIEDEIE I IE D630 I 36 36 36 36 36 34 3¢ 3¢ 3¢

MeteetoHuaGo0onpaee BEGINNING OF QUTPUT FOR STEP

12
10

Lo Il DA OSSO0 0

i T
T
3. T
G, T:
5 T:

.
H
.
:

= 1

I--> 1 2
0.0 0.0
0.4273 0.2863
0.4069 0.3002
0.4095 0.3015
0.4120 0.3033
0.4162 0.3061
0.4198 0.3089
0.4225 0.3108
0.4250 0.3126
0.4272 0.3141
0.4504 0.3014
0.0 0.0

K= 10

I--> 1 2
0.0738 0.3006
0.1256 0.3002
D.2107 0.3005
9.1226 0.3009.

0.3007

7.1460

0.001, OT:
0.002, OT:
0.003, OT:
0.004, DT:
0.005, DT:

oooed

OO OOOOOOS’
s s e e e o 8 o . .
-
el
wn
v

0.001, ITERATIONS:
0.001, ITERATIONS:
0.001, ITERATIONS:
0.001, ITERATIONS:
0.001, ITERATIONS:

END OF QUTPUT FOR STEP

0 AT

150, OLMAX:
150, DLMAX:
150, DLMAX:
150, DLMAX:
150, DLMAX:

HAXIHUM-TINE STEP (MAXNT) REACHED.

0.0

D626 36 3636 36 36 36 3636 2 2 36 36 3¢ 3¢ 3 3¢ 3 W

GECONDS 633636 3 36 36 36 96 36 16 3¢ 36 3636 36 96 36 3¢ 6

1, 1, 2). DCONV: 6.930-02 1.35D+03
1, 1, 2). DCONV: 1.070-01 1.38D+03
1, 1, 2). OCONV: 1.08D-01 3.38D+02
1, 1, 2). DCOHvV: 1.070-01 6.170+01
1, 1,°2). DCONV: 1.070-01 1.17D+02

wuxns RESTART TAPE HﬁITTEN AFTER TIME STEP 5 wxunn

S AT - 0.0050 SECONDS 26363633613 3 3 136366 36 4 3.2

RESIDUAL MASS (kg/m¥»3-s)

RESIDUAL MASS (kg/m¥%3-s)

3

.1924
. 1924
.1922
. 1926
0.1925

Y-8

4

0.1626
0.1626
0.1627
0.1627
0.1630

. 1369
.0920
.0924%
.0929
.0934
L0941
.0948
.0953
.0956
.1430

[N -N-R-N-F-¥-_¥_-¥-¥_¥.)
. .

5

0.0921
0.0921
0.0922
0.0921
0.092%

[ X~ N-E—-Y-N-N-R-N-N- .Y ]

coocoo
.

e s e o a s ¢ & s &
COO0DOOCOOODOO o

o« & o w
ooo0oo (-]

DL

oL

LL



0.2075 8.3006 0..1920 0.1622 0.0920

7 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 COMPONENT OF VELOCITY (m/s) UL
J= 1 o
I--> 1 2 3 4 5 6
- K .
12 -0.1205 -0.2028 -0.3451 -0.5868 0.0 0.0
11 0.1205  0.2028  0.3¢51  0.5868  1.0000 ~0.0
10 0.055¢  0.0877  0.1065 0.0976 0.0 0.0 .
9 .0.0306  0.0363  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  -0.093¢ -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 -0.0851 -0.0869 -0.1046 ~0.0917 0.0 0.0
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

UooOX=  0.0717 -0.0717 -0.0453 -0.0239 -0.0110 -0.0031 0.0032 0.0111 0.9261 0.0456 0.0716 -0.0716
yooy= - 0.0192 -0.0192 -0.0121 -0.006% -0.0029 -0.0008 0.0009 90.0030 ©0.9065 0.0122 0.0192 -0.0192

U COMPONENT OF VELOCITY (w/s) UL

N

K= 10 - . .

I--> 1 2 3 4 5 6
J
12 0.0%79 0.0493 0.9418 - 0.9262 0.0 0.0
11 0.0193 0.0132 0.0069 0.9021 0.0 0.0
10 -0.0052 -0.0072 -0.0067 -0.9041 0.0 0.0
9 -0.0215 -0.0172 -0.0118 -0.9060 0.0 0.0 b
8 -0.0304 --0.0215 -0.D0137 -0.2066 0.0 0.0
7 -0.0332 -0.0228 -0.D141  -0.9067 0.0 0.0
6 -0.0304¢ -0.0215 -0.D0137 -0.0066 0.0 0.0
5 -0.0215 -0.0172 -0.2118 -0.060 0.0 0.0
4 -0.0052 -0.0072 -0.0067 -0.9041 0.0 0.0
3 0.0193 0.0132 0.9069 0.0021 0.9 0.0
2 0.0%79 0.0493 0.9418 0.0242 6.0 0.0
1 0.0554 0.0377 0.1065 0.0976 0.0 0.0

usox=  0.0717 -0.0717 -0.0453 -0.0239 -0.0110 -0.0031 0.0032 0.0111 0.6241 0.0456 0.0716 -0.0716
uooy=  0.0192 -0.0192 -0.0121 -0.006% -0.0029 -0.0008 0.0009 ©.003¢C 0.6C65 0.0122 0.0192 -0.0192

V COMFONENT OF VELOCITY (m/s) Vi

J= 1 '
I--> 1 2 3 $ 5 6

K . .
12 0.0283 ~ 0.0595 0.1208 0.2270 0.4003 0.0

87



11 -0.0283 -0.0555 -0.1208 -0.2270 -0.4003 0.4003
10 -3.0161 -0.0276 -0.0459 -0.0682 --0.0842 ~ 0.08642
9 -).0078 -0.0111 -0.0155 ~-0.0195 -0.0209 0.0209
8 -).003¢ -0.0043 -0.0052 ~0.0059 ~0.0058 0.0058 N
7 -3.0009 -0.0011 -0.0013 -0.001% -0.0013 0.0013
6 7.0009 0.0011 0.0012 0.0013 0.0013 -0.0013
5 1.0033 6.0042 0.0051 0.0053 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 3.0286 0.0608 0.1241 0.2336 0.3864 -0.3864
1 -0.0286 '-0.0608 -0.1241 -0.2336 -0.3864% 6.0 .
V COMPONENT OF VELOCITY (m/s) VL
K= 10
I--> 1 2 3 4 5 6
J .
12 8.0161 0.0276 0.0459 0.0682 0.0842 -0.0842
11 8.0391 0.0495 0.0573 0.0600 0.0561 ~-0.0561
10 8.0469 0.0468 9.0437 0.0387 0.0327 -0.0327
9 0.0419 0.0347 ° 3.0285 0.0231 0.0188 -0.0188
8 6.0282 0.0207 2.0157 0.0123 0.0098 -0.0098
7 0.0099 0.0068 9.0050 0.0038 0.0030 -0.0030
6 _-0.0099 -0.0068 -9.0050 -0.0038 -0.0030 0.0030
5 -¢.0282 -0.0207 -9.0157 -0.0123 -0.0098 0.0093
4 -€.0419 -0.0347 -0.0285 -0.0231 -0.0188 0.0188
3 -€.0469 -0.0468 -0¢.0437 -0.0387 -0.0327 0.0327
2 -€.0391 -0.0495 -€.0573 -0.0600 -0.0561 0.0561
1 -€.0161 -0.0276 -8.0459 -0.0682 ~0.0842 0.0842
W COMPONENT OF VELOCITY (m/s) WL
= 1 .
CI--> 1 2 3 4 5 6
K
12 0.0 0.0 6.0 0.0 0.0 0.0
11 0.0 0.0 c.0 0.0 6.0 - 0.0
10 0.0491 0.0766 0.1343 0.2539 0.4993 -0.4993
9 0.0647 0.0822 G. 1089 6. 1454 0.1827 -0.1827
8 0.0675 0.0762 ¢.0368 0.0979 0.1060 -0.1060
7 0.06764_ 0.0721 G.0769 0.0812 0.0838 -0.0833
6 0.0672 0.0708 0.0742 0.0769 0.0785 -0.0785
5 0.067¢ - 0.072¢ 4.0767 0.0309 0.0835 -0.0835
4 0.067% 0.0760 (.0365 0.0973 0.1051 -0.1051
3 0.0647 0.0822 0.1083 0. 1446 0.1792 -0.1792
2 0.0496 0.0778 0.1374 0.2613 0.4807 -0.4307
1 0.0 0.0 6.0 0.0 0.0 0.0 :
HoO= 0.9 0.041% 0.0538 0.0643 0.0658 0.0661 0.0659 0.0644 0.0589 0.0415 0.0

W COMPONENT OF VELOCITY (m/s) HL

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

6L



- R N 2]

x

- NN DUTAN 0

=2NwWs,m
8

.0441
.0406

.0358
.0352
.0358
.0377
.0406
.0441
.0475
.0491

DE-X-X-X--X-X-X-X-X-¥-¥-)

u
A —
(-]

J= 1
I--> 1

80082.7
83944.7
85607.3

K= 10
I--> 1

85606.3
85603.7
85600.3
85596.6
85594.0
85592.8
85593.8
85596.4
85599.9
85603.3
85606.0
85607.3

= 1
I--> 1

.0475°

.0377

.0641
.0491
.0386
.0324
.0292,
.0283
.0292
.032¢4
.0386
.0491
.0641
0.0766
0.0416

[—X-—X-X_N-N-_N_J¥-X_J¥-§-)

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

0.0643 0.0658 0.0661 0.0659 ©0.0644 0.0539 0.0415 0.0

0.0852 0.1034 0.1275
0.0522 0.053¢ 0.0537
0.0362 0.0341 0.0329
. 0.0287 0.0264 0.0253
0.0254 0.0252 0.0222
0.024% 0.0222 0.0214
0.0254% 0.0252 0.0222
0.0287 0.0264 0.0253
0.0362 0.0341 0.0329
0.0522 0.0535 0.0537
6.0852  0.1084 0.1275
0.1343 0.2539 0.4993
€.0583
PRESSURE (PASCAL)

3 4 5
80082.7 800%2.7 80082.7
83956.9 83881.% 83568.8 -
85633.7 85637.2 85633.9
87057.4 87065.% 87069.4
88297.2 83382.5 83305.8
89424.0 89426.3 89428.1
90512.0 90510.9- 90510.7
91636.7 91629.8 91625.4
92872.3 92850.5 92826.5
94302.7  94239.3  94031.0
96079.6 96150.1  96206.5
101325.0 101325.C¢ $01325.0

PRESSURE (FASCAL)

3 4 5
85631.9 85640.4 85646.0
85619.9 85625.4 85628.9
85603.3 85604.2 85605.3
85587.8 855&5.1 85584.2
85577.1 855:2.1 .85570.1
85573.2 855€7.5 .85565.1
85576.9 855:1.8 85559.8
85587.2 855¢4.5  85583.6
85602.4 856(3.1 .85604.3
85618.6 856c4.0 85627.6
85630.3 85638.7 85644%.2
85633.7 85627.2 85633.9

TEMPERATURE (deg C)

3 G 5

© -0.1275
-0.0537
-0.0329
-0.0253
-0.0222
-0.0214
-0.0222
-0.0253
-0.0329
-0.0537

-0.1275 .

-0.4993

6 .

80082.7
82013.8
83944.9
85876.1
87807.2
89738.3
91669.4
93600.5
95531.6
97462.8
99393.9
80082.7

/

6

83944.
83944.
83944.
83944.
83944.
83944.
83944,
83944.
83944,
83944.
83944%.
83%944.

Tt

U-1V-R-RV-TV. RV RV RV RV R. V. RV ]

0.0

08



12 57.1996 57.1995 57.1996 57.1997 57.1997 57.2000
n 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
57.1996 57.1996 57.1998 57.1999 57.20080 57.2000
57.1996 57.1996 57.1998 57.1999 57.2000 57.2000
57.1996 57.1996 57.1998 57.1999 57.2000 57.2000
57.1996 57.1996 57.1998 57.1999 57.2000 57.2000
L1996 57.1996 57.1998 57.1998 57.2000 57.2000
57.1996 57.1996 57.1998 57.1998 = 57.1999  57.1999
57.1996 57.1997 57.1999 57.1998 57.1885 57.1885
57.1995 57.1998 57.2000 57.1688 54.9201 15.6000
57.1995 57.1998 57.2000 57.1688 54.9201 57.2000
TANK HALL TEMPERATURE :

A N WHDUTRA N0
L
~

0.0
TOTAL HEAT LOSS FROM TANK = 0.0 JOULE

TEMPERATURE (deg C) TL

=10

I--> 1 2 3 4 5 .6
J .
12 57.1997 57.2001 57.2000 57.2000 57.2001 57.2001
1 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
8- 57.1997 57.1999 57.1999 57.1999 57.2000 57.2000
7 57.1997 57.1999 57.1999% 57.1999 57.2000 57.2000
6 57.1996- 57.1999 57.1999 57.1999 57.2000 57.2000
5 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
3 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

TANK HALL TEMPERATURE
0.0
TOTAL HEAT LOSS FROM TANK = 0.0 JOULE

DENSITY (Kg/m#x3) ROL

J= 1
I--> 1 2 -3 4 5 6
K . .
12 985.2602 985.2603 985.2602 985.2601 985.2600 6.0
1" 985.2602 985.2603 985.2602 985.2601 985.2600 985.2600
10 985.2609 985.2610 935.2609 985.2608 - 985.2608 985.2608
985.2616 985.2616 985.2615 985.2615 985.2614 985.2614 -
985.2621 985.2621 985.2620 985.2620 985.2619 985.2619
985.2626 985.2626 985.2625 985.2625 985.2624 985.2624
685.2631 985.2631 9£5.2630 985.2630 985.2629 985.2629 /
985.2635 985.2636 985.2635 985.2635 985.2634 985.2634
985.2642 935.26%1 985.2640 985.2640 985.2640 985.2640
985.2648 985.2647 985.2646 985.2646 9$85.2679 985.2679
985.2655 985.2656 9£5.2653 985.2745 986.1480 998 5035
985.2655 985.2654 985.2653 985.2745 586.1480 0.0
= 985.2655 985.2655 985.2648 985.2641.985.2636 985.2631 985.2626 985.2621 985.2615 985.2609 985.2602 985.2602

O-wa-buw\Nm\a

18



DENSITY (Kg-/mu»3} ROL

I--> 1 2 3 4 5 6

J

2 9385.2609 985.2607 935.2608 935.2608 985.2€08 985.2608
1 985.2609 985.2608 935.2608 985.2608 985.2€08 985.2608
0 985.2609 985.2608 985.2608 985.2608 985.2€08 985.2608
9 985.2610 985.2608 $85.2608 985.2603 985.2608 985.2608
8 935.2609 985.2608 985.2608 985.2608 985.2G07 985.2607
7 985.2609 985.2608 985.2608 985.2603 985.2607 985.2607
6 985.2610 985.2608 985.2608 985.2608 985.2607 985.2607
5 985.2609 985.2608 9$85.2608 9$35.2608 985.2608 985.2608
4 985.2609 985.2608 985.2608 $85.2608 985.2608 985.2608
3 985.2609 985.2608 985.2608 985.2608 985.2608 985.2608
2 985.2609 985.2608 985.2608 685.2608 985.2608 985.2608
1 985.2609 985.2610 935.2609 985.2608 935.2608 985.2608
O

FHIHIII NN TIIN NN END OF OUTPUT FOR STEP 5 AT 0.0050 SECONDS *n:xmmnu“n“!u

z8



HS(T,J,K)

0 0
105 106

0 0

0
&STUFF
ND=3,IBAR=8, JBAR=1,KBAR=13,XMIN=0.0,RIDL=0.0,
OMEGA=1.8,5X=0,0,6Y=0.0,62=-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=9%0.0267,
DY=3%15.0,02=2#0.06,0,1,0.136,7%0.16,0.136,0.1,2%0.06,
EPS1=1.0E-4,EP52=1.0E-6,80=0.0,A0=0.5,
TURBV=0.0, TURBC=0.0,
TPRNT=-0.039, IFNRG=1, IFPLOT=~1,
MAXNT=10,NDT=20,40,50, 10000,07=0.01,0.05,0.1,0.2,7=0.0,
N1T=20,100:,300,400,50000,1T=200, 100,30,30,30, THETAZ=0.0,
CHF=0.0,0.0,0.0,0.0,
CVVEL(1)=-D0.00163,CVVEL(2)=0.006514,NT=1,ISEC=1,
ICONPR=0, TIMEND=15.0,BAFR=1.E+25,IFRMB=0, .

SEND

IFlD  -1.0 1-9 1 3 115
IFLD 1.0 1 8 2 2 2 %
IFLD  -6.0 9 ¢ 2 2 1 15
IFLD  -6.0 1.8 1 1 115
IFLD 6.0 18 3 3 1 1
IFLD 6.0 1t 8 2 2 + t+
IFLD  ~6.0 1 8 2.2 15 15
IFLD  -6.0 9 9 2 2 2 2
END

IFLU  -1.0 1.9 1 3 115
IFLU 1.0 1. 7 2 2 2 1
IFLU 0.0 1 7 2 2 1 1
IFLU 0.0 1 7 2 2 15 15
IFLU -6.0 1 7 1 1 2 1%
IFLU -6.0 1 7 3 3 2 1%
IFLU -101.0 8 8 2 2 2 2
IFLU 3.0 3 3 2 2 314
IFLU 3.0 - & & 2 2 2 13
IFLV  -1.0 1 91 3 115
IFLV 1.0 1 8 2 2 2 1%
IFLH  -1.0 1.9 1 3 115
IFLH 1.0 1 8 2 2 2 13
IFLH 0.0 9 9 2 2 1 15
IFLH  -6.0 1 8 1.1 2 13
IFLH 4.0 1 8 3 3 2 13
IFLR  ~3.0 1 3 2 2 1% 1
HU 1.0 1 9 1 3 115
P 1013250 1 9 1 3 1 15
T 5.2 1 9 1 3 1 1B
T 15,6 9 9 2 2 2 2
END

£8



122
1
113

139
130

156
147

173
164

190
181
207
198

224
215

241
232

258
65

123
114

140
131

157
148

174
165

191
182

208

199

225
216

242
58
233

259
66

12%
3
115

14+
13z

158
19
149

175
27

166

192
183

209
200

226
217

233

234

260

67

125

116

142
133

159

150 |

176
167

193
184

210
201

227

218

264
235

261

68

126
5
117

143
134

150
151

177
2
163

154
185

21
202

28
219

245
236

262
69

127
6
118

144
135

161
22
15

178
169
195
186

212
203

229
220

246
237

263
70

128
7
19

145
136

162
153

179
170

196
187

213
204

230
22%

247
238

264

129
8
120

214
48.
205

23
222

257

v8



249

275
266

292
233

309
300,

326
317

336

250

276
267

293
284

310

251

277
268

294

285

S n

301

327
318

-335

- 336

302

328
319

252

278
269

- 295
286

312 -

303

329
100
320

337

COMHON. BLOCK DIMENSIONS

NBU1
NBV1
NBH1
NBF1

182

g .

192

0

NBU2 -

NBV2 -
NBH2 -
NBF2 -

304

253

279
276

296
287

313

330
101
321

- OO

254

280
271

297
288

314
305

3
102
322

339

NBU3

NBV3
NBH3
NBF3

255

281
272

298
289

315
306

332

103 |

323

340

256

282
273

299
290

316
307

333
104

324

: 341

-2 -X-X—1

325

(-2 - ¥~

NBUS
NBV4
NBH%
NBF4

LIRS B B §

14

13
236

NBUS
NBVS
NBHS5
NBF5

oo

NBU6
NBV6
NBHS
MBC

NoOoOoOoOo

¢8



GECONDS 969636 1 3636 3.3 330 3636 36 3 96 36 3.5 1636
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PRI IINIIN KNI N NN AN

% INITIALYZATION COMPLETED »

JIETEM I MEIEIEN R 136362 3 30 M I NN
(kg/m¥#3-g)
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7 94315.0 94315.0 94315.0 9431£.0 94315.0
6 95359.9  95859.9 95859.9 95359.9  95859.9
5 97654.8  97404.8 97404.8 97404.8  97404.8
4 98833.9 98833.9 98833.9 98333.9° 93833.9
3 99973.2  99973.2 99973.2 99973.2 99973.2
2 100745.7 100745.7 100745.7 100745.7 100745.7
1 101325.0 101325.0 101325.0 101325.0 101325.0
TEMPERATURE (deg C)
= 2
I--> 1 .2 3 4 5
K
15 57.2000 57.200¢ 57.2000 57.2000 57.2000
14 57.2000 57.2006 57.2000 57.2000 57.2000
13 57.200¢ 57.2000 57.2000 57.2800 57.2000
12 57.200¢ 57.2060 57.2000 .57.2000 57.2000
11 57.200¢ 57.2000 57.2000 57.2800 57.2000
10 57.200¢C 57.2000 57.2000 57.2000 57.2000
9 57.200¢ 57.2000 57.2000 57.2000 57.2000
8 57.200C 57.2000 57.2000 57.2C00 . 57.2000
7 57.200C 57.2000 57.2000 57.2(00 57.2000
) 57.2000 57.20600 57.2000 57.2C00 57.2000
5 57.2000  57.2000 . 57.2000 57.2600 57.2000
4 57.2000 57.2000° 57.2000 57.2000 57.2000
3 §7.2000 57.2000 57.2000 57.2C00 57.2000
2 57.2000 57.2000 57.2000 57.2000 57.2000
1 57.2000 57.2000 57.2000 57.2000 57.2000

TANK WALL TEMPERATURE
0.0
TOTAL HEAT L0SS FROM TANK =

J=. 2
I--> 1 2

0.0

* JCULE

ENTHALPY  [J/kg) HL

3

4

5

94315.0 94315.0 94315.0 94315.0
95859.9 95859.9 95859.9  95359.9
97404.8 97404.8 97404.8 97304.8
98833.9 98833.9 98833.9 93333.9
99973.2  99973.2 99973.2 99973.2
100745.7 100745.7 100745.7 100745.7

101325.0 101

TL

6

325.0 101325.0 B84215.3

7 8 9

57.2000 57.2000 57.2000 57.2000
57.2000 57.2000 57.2000 57.2000
57.2060 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
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 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 57.2000 15.6000
57.2000 57.2000 57.2000 57.2000

6

15 2.3897+05 2.389D+05 2.3890+05 2.3890+05 2.389D+05 2.389D+05 2.
14 2.3893+05 2.3890+05 2.389D+05 2.3890+05 2.389D+05 2.389D+05 2.
13 2.38%D+05 2.3890+05 2.3890+05 2.389D0+05 2.339D+05 2.3890+05 2.
12 2.3850+05 2.3890+05 2.389D+05 2.389D-05 2.3890+05 2.3890+05 2.
1" 2.385D+05 2.3890+05 2.3890+05 2.3899-05 2.389D+05
10 2.3850+05 2.3890+05 2.3890+05 2.3890-05 2.3890+05

S, NS NN

DENSITY

2.3850+05 2.389D+05 2.389D+05 2.3890:05 2.389D+05
2.385D+05 2.3890+05 2.389D+05 2.389D+05 2.339D+05
2.3890+05 2.389D+05 2.3890+05 2.3890405 2.
2.3850+05 2.339D+05 2.3850+05 2.3890405 2.
2.3398+05 2.3890+05 2.389D+05 2.339D405 2.
2.3390+05 2.339D+05 2.3890405 2,3390405 2.3389D+05
2.3390+405 2.339D+05 2.3890+05 2.389D405 2.
2.339D+05 2.389D+05 2.3890+05 2.389D405 2.3890+05 2.3890+05 2.
2.3890+05 2.385D+05 2.389D+05 2.3890+05 2.3890+05 2.3890+05 2.

(kg/nxx3)

2.3890+05 2.
2.3890+05 2.
2.3890+05 2.
2.3890+05 2.

3890405 2.3890+05 2.
3850+05 2.389D+05 2.
3890+05 2,.38%0+05 2.

2.389D0+05 2.

339D+05 2.389D+05 2.

ROL

7 8 9

3890+05 2.389D+05 0.0

389D+05 2.3890+05 2.389D+05
3890+05 2.389D+05 2.3890+05
339p+05 2.3839D+05 2.389D+05
3899+05 2.339D+05 2.3890+05
3890+05 2.389D+05 2.3890+05

3890405 2.3890+05 2.339D+405

3850405 2.389D+05 2.3830+05
3390405 2.3398+05 2.3330+05
3390405 2.3850+05 2.3330+05
3390405 2.3890+05 2.3330+05

3390405 2.3890+05 2.3830+05 .

3890405 2.3890+05 2.3330+05
3390+05 2.3890+05 6.525D+04
3850+05 2.3890+05 0.0

88



J= 2

I--> 1
K
15 985.2605
14 985.2605
13 985.2608
12 985.26 13
1" 985.2619
10 985.2626
9 985.2632
8 985.2639
7 985.26645
6 985.2652
5 985.2659
% 985.2665
3 985.2670
2 985.2673
1 . 985.2673
ROO= 0.0
ROO= 0.0
= 2
I--> 1
K
15 1.0000
1% - 1.0000
13 1.0000
12 1.0000
1 1.0000
10 1.00060
9 1.0000
8 1.0600
7 1.0000
6 1.0000
5 1.0000
4 1.0000
3 1.0000
2 1.0000
1 1.0000
J= 2
I 1 2
K
15 -6 -6 -
14 1 1
13 1 1
12 1 1
1" 1 1
101
|

- b b b b b O (7]

2

985.2605
985.2605

985.2608

985:2613
985.2619
985.2626
985.2632
985.2639
985.2645
985.2652
985.2659
985.2665
985.2670
985.2673
985.2673
0.0

0.0

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0008
.0006
.0000
.0000

PSR QAT P U R QI N I S QT AT e

b ad wh b b b OV £

-t d b b b OV W

PRFQET NI gy - A )

3

985.2605
985.2605
985.2608
985.2613
985.2619
932.2626
985.2632
98%.2639
985 .2645
98E.2652
985.2659
985.2665
985.2670
985.2673
985.2673

.0

.0 0.

6

985.2605
985.2605
985.2608
985.2613
985.2619
985.2626
985.2632
985.2639
985.2645
985.2652
985.2659
985.2665
985.2670
985.2673
985.2673
0 . 0.0

5

985.2605 985
985.2605 985
985.2608 985
985.2613 985
985.2619 985
985.2626 985
985.2632 985
985.2639 985
985.2645 985
985.2652 985
985.2659 985
985.2665 985
985.2670 985

-985.2673 985

985.2673 985
0.9

CELL VOID FRACTION THL

3

©.0000
%.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0060
.0000
.0000
.0000
.0000
.0000

T S S R S QL S S Y ¥

FIELD

[ S W WY - A ~

b b b ad = —h OV o0

G

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

VARIABLE

-6
-6
-6
-6
-6
-6

5

1.0000 1
1.0000 1
1.0000
1.0000
1.0090
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

[P QPSS T QIS QT T QT (T Qi P Y

6

.2605
.2605
.2608
.2613
.2619
.2626
.2632
.2639
.2645
.2652
.2659
.2665
-2670
.2673
.2673

0.0

6

.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000

MARKER IFIELD

7

985.2605
985.2605
985.2608
985.2613
985.2619
985.2626
985.2632
985.2639
985.2645
985.2652
985.2659
985.2665
985.2670
935.2673
985.2673
0.0

1.0000

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

1.0000

1.0000
1.0000
1.0000
1.0000
1.0000

8

985.2605
985.2605

.1985.2608

985.2613
985.2619
935.2626
985.2632
985.2639
985.2645
985.2652
985.2659
985.2665
985.2670
985.2673
985.2673
0.0

9

0.0
985.2605
985.2608
985.2613
985.2619
985.2626
985.2632
985.2639
985.2645
985.2652
985.2659
985.2665
935.2670
998.5041

0.0

0.0

1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.6000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.0

68
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B e O e e e R e

3 & 5
1 -1 21
3 -1 1
T 11
1 1 1
1t 1 1
111
1 -1 1
1 1 1
I
111
1 1 1
1 1t 1
1 1 1
1 1 1
1 -1

FE 36 36 3- 26 D 2B 36 263 36 36 IE 36 3¢ 3¢ 26 3¢ 3¢

STEP:
STEP:
STEP:
STEP:
STEP:
STEP:
STEP:
STEP:
STEP:
STEP:

y T2

0.010, OT:
0.020, DT:
0.030, OT:
0.048, DT:
0.050, DT:
0.060, DT:
0.070, DT:
0.080, DT:
0.090, DT:
0.100, OT:

6 7 8 9
-1 -1 -1 0
-t -1 -t 0

11 1 0

1T 1t 1 0

1 1 1 0

1 1 1 0

1 1t 1 0

11 1 0

i1 1t 0

1 1 1 0

11 10

1 1 1 0

T 1 10

1t 1t 1 0
-1 <1 -1 0

.010,

OO O
« e v e * e @
o
—
o
-

!
ITERATIONS:
ITERATIONS:
ITERATIONS:
ITERATIONS:
ITERATIONS:
ITERATIONS:
ITERATIONS:
ITERATIONS:
ITERATIONS:
ITERATIONS:

ENE OF OUTPUT FOR STEP

200,
200,
200,
200,
200,
200,
200,
200,
200,
200,

0 AT 0.0 GECONDS 1636363633 33536 336 3 3 23636 336 2

DLMAX:~9,00D+00 AT
DLMAX:~7.95D+00 AT
DLMAX:-7.20D+00 AT
DLMAX:~6.66D+00 AT
DLMAX:-5.75D0+00 AT
DLMAX:-5.090+00 AT
DLMAX:-4.500+00 AT
DLMAX:-4,.05D+00. AT
DLMAX:~3.61D+00 AT
DLMAX: =3, 19D+00 AT

o o~ o~ o~
o
-

2, 2). DCONV: 3.01D-03-6.05D+02
2,13). DCONV: 6.33D-03-6.520+02
2, 3). DCONV: 6.250-03-6.460+02

"2, 3). DCONV: 6.26D0~03-4%.15D0+02

2,13). DCONV: 6.26D-03-3.77D+02
2,13). DCONV: 6.71D-03-3.390+02
2,.2). DCONV: 8.08D-03-3.02D+02
2, 2). DCONV: 9.36D-03-2.670+02
2, 2). DCONV: 1.050-02-2.350+02
2, 2). DCONV: 1.16D-02-2.050+02

630065 6606 3 M6 6 06 06 36 5636 36 34 30 3¢ HAXIMUM TIME STEP (MAXNT) REACHED. 636966 96 36 36 3 D638 36 2636 36 96 36 36 26 3 4

3 NNRIIER kw4 % BEGINNING OF OUTPUT FOR STEP

J= 2

I-->

1

0.0
-1.9099
-2.030%
-2.12647
-2.284%
-2.4575
~2.6111
-2.7420
-2.8498

2

0.0
-1.9064
-2.0267
-2.1208
-2.280%
-2.4533
-2.6068
-2.7376
-2.8654

10 AT
RESIDUAL MASS (kg/m¥x3-s) oL

3 4 5 6 7

0.0 0.0 0.0 0.0 6.0
-0.8400 -1.7662 -2.9336 -2.9327 -2.9321%
-0.8936 -0.2050 ~1.7199 -2.932¢ -2.9322
~0.8955 -0.1101 -1.6232 -2.8345 -2.8345
-0.9490 -0.0304 -1.5911 -2.8008 -2.8007
-1.0194 -0.0779 -1.5853 -2.7930 -2.7930
-1.0832 -0.0785 -1.5825 -2.7882 -2.7882
-1.1377  -0.0791 -1.5798 -2.783¢ -2.7835
-1.1825 -0.0797 -1.5773 -2.7790 -2.779

0.7000 SECONDS 5353653365 3 5 343 336 365 336 ¢

8

9.0
-1.4763
-1.4771
-1.3807
~1.3490
-1.3438
-1.3415
-1.3392
<1.3371-

BN -X-A—-X-~X—X~N— Ny )
e e s e 4 v e s o
OO0 OOOO 0

116.69
111.97
109.27
106.62
103.83
101.11
98.39
95.70
92.86
96.17

16



6 -2.9342
5 -2.9987
4 ~3.0669
3 -3.1857
2 -3.1893
1 0.0
J= 2
I--> 1
K - .
15 0.3000
% . -0.9000
13 -0.0000
12 -0.0000
1 -0.0000
10 -0.0000
9 -0.0009
8 -0.6000
7 -0.0000
6 -0.0000
5 -0.0000
4 -0.0000
3 -0.0001
2 -0.0009
1 0.0009
ucox=  -0.0
uoox= 0.¢
ugoy=  0.¢
yooy= 0.¢
=2
I--> 1
K
15 0.0
1% 0.0
13 0.0
12 0.0
1" 0.0
10 0.0
9 0.0
8 0.0
7 0.0
6 0.0
5 6.0
% 0.0
3 0.0
2 0.0
1 0.0

-2.

9299

-2.9945

-3.
-3.
-3.

0.

0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

OCOoO0OODOO0OOO0O0OoOOLOO
e * & 8 2 e 8 2 8 s 0 ¢ s e o
XX -X-X-R-X-_N_N_-RF_X-§-¥_N_¥.] N

0628
1815
1850
0 .

2

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0009
0000
0001
0018

-©.2177  -(.0803  -1.5750
-+.2666 -G.0862 -1.5762
-1.2938  -C.1168 -1.6043
-1.4035 -€.2201 -1.6973
-3.1803  -1.4663  -1.6956
C.0 0.0 0.0
U COMFOMENT OF VELOCITY
3 & 5
0.0000 ~ 0.0022 ~ 0.0013
-0.0000 -0.0022 -0.0013
-0.0000  -0.0000 . -0.0001
-0.0000  -0.0000  -0.0000
-0.0000 -0.0000  -0.0000
-0.0000 -0.0000  -0.0000
-0.0000  -0.0030  -0.0000
-0.0000  -0.0090  -0.0000
-0.0000 -0.0030  -0.0000
-0.0000 -0.0030  -0.0000
-0.0000 -0.0090  -0.0000
-0.0000 -0.0090  -0.0000
-0.0000 -0.0000 -0.0001
-0.0029  -0.0080  -0,0004
0.0029  0.00800  0.000%
0.0 0.9 0.0 0.9
0.0
0.9 0.0 . 0.0 0.9
0.0 -
V COMPONENT OF VELOCITY
3 4 5
0.0 0.0 0.0
0.0 0.9 0.0
0.0 0. 0.0
0.0 0.) 0.0
0.0 0.3 0.0
0.9 0.9 0.0
0. 0.9 0.0
0. 0.9 0.0
0. 0.9 0.0
0. 0.9 0.0
0.9 0.0 0.0
0.9 0.9 0.0
0.9 0.8 0.0
0.9 0.9 0.0
¢.9 0.0 0.0

H COMPONENT OF VELOCITY

-2.
-2.
-2.
-2.
-2.

0.

7750
7747
8018
8942
8922
0

(m/s)

OO0 O0O0OOOLOOO

© 4 s % e s s s 8w s s e e
OCOO0OODOLOOOOCOOO o

.0007
-0.
~0.
~0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
.0000
-0.
-0.

9.

0007
0001
0000
0000
0000
0000
0000
0000
0000
0000

0001
0007
0007

9.0
0.0

(m/s)

(m/s)

=2.
-2.
-2.
8944
.8923
0.

-2
-2

7751
7749
8019

¢

uL

0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

0.

L

HL

COOOODOOO0COODOOOOO
e v e 4 s e e e e s 2 e s w .
COO0OO00OQOLOOOOOO -4

0003
0003
0001
0000
0000
0000
0000
0000
0000
0000
0000
0000
0001
9011
0011

6.0

0.0

-1.2352
~1.2367
-1.2650
-1.4582
-2.8923
6.0

.
O OO0 ODOOOO [+

OO0 O0OODANOOOOOO
« o e v e v e e s 4 e

- X-X-F_N_N_JF_R-_¥_¥-J-¥-N. ¥}
. e e e v 6 e s e s e . .
OO0 OODOOOoOOOOO -]

XN -X-N—-N_F-R-—N-YoN~ N~ NN N-]
- N

OO0 oO
¢« e e s e
eammnoo

9
.0
N
.0
0
.0
.0
.0
.0
.0
.0
.0
.0
.0
0
0
a.G 0.0 - 0.0
0.0 0.0 ' 0.0
4
9
3.0
2.0 -
).8
J.0
0.8
9.0
R.0
8.0
0.0
0.0
0.C
8.C
0.6
6.a
c.q *

[4°)



-l—.‘-i—l—b—.
NURPNONOOVO RN WATIR

b~ =
Q0O -
T8

K
15
%
13
12
1
10

9

8

7

6

5

P

3

2

1

= 2
I--> 1

.0040
.0040
.0041
.0041
.0041
.0041

F OO0 O0O00O0ODOOOOOO
e e v o o+ o
[~4
(=3
F-3
n

J= 2.
I--> 1

84215.3
85280.4
86056.1
87200.3
83635.3
. 90186.7
91737.9
93289.2
94840.3
96391.5
97942.5
99377.2 .

00000000000 O
s e e ® o s 4 v e e e e
(=4
(=]
£
N

2

84215.3
85280.4
86056.1
87200.3
88635.3
90186.7
91737.9
93289.2
94840.3
96391.4
97942.5
99377.1

100520.9 - 100520.9
101296.0° 101296.2 101296.6 101297.3
101325.0 101325.0 101325.0

J 2
I--> 1

57.2113

57.2113

57.2131
57.2140
57.2152
57.2164
57.2175
57.2185

2 .

57.2040
57.2040
57.2053
57.2056
57.2060
57.2065
57.2069
57.2074

6

3 5 6 7 3
0.0 0.0 0.0 0.0 0.0 0.0
0.0040 0.0 0.0 0.0 0.0 0.0
0.0040 -0.0056  0.0013  0.0009  0.0007  0.0006
0.0041 -0.0056  0.0009  0.0009  0.0008  0.0008
- 0.0041 -0.0056  0.0009  0.0009  0.0009  0.0009
0.0041 -0.0056  0.0009  0.0009  0.0009  0.0009
0.0041 -0.0056  0.0010  0.0009  0.0009  0.0009
0.0062 -0.0056  0.0010  0.0010  0.0010  0.0010
0.0042 ~0.0056  0.0010  0.0010  0.0010  0.0010
0.0042 -0.0056  0.0011  0.0011  0.0011  0.0010
8.0042 -0.0056  0.0011  0.0011  0.0011  0.0011
0.0043 -0.0056  0.0011°  0.0011  0.0011  0.0011
8.0043 -0.0056  0.0011 ~ 0.0011  0.0011  0.0012
9.0046° -0.0056  0.0009  0.0010  0.0012  0.0015
9.0 0.0 0.0 0.0 0.0 0.0
0.063 0.0039 0.0039 0.0039 0.0038 0.0038 0.0038
0
PRESSURE (PASCAL) P
3 4 5 6 7 8
84215.3 86215.3 84215.3 864215.3 84215.3 84215.3
85280.4  85624.3 85424.3 85425.0 85425.2 85425.2
86056.1 86192.9 86198.0 86193.0 86193.1 861981
87200.3 8732%.7 87338.2 87338.2 87338.1 87338.1
88535.3 85748.8 B88768.1 88768.0 B83768.0 88763.0
90786.6 90286.1 90313.8 90313.8 90313.8 90313.7
91737.9 91823.5 91859.¢ 91859.4 91359.4 91859.4
93289.2 93360.8 93405.0 93404.9 93404.9  93404.9
94340.3  94898.1 94950.4 94950.¢ 94950.%  94950.4
96391.4 96435.5 96495.8 96495.7 96495.7 964%5.7
9739642.5 97972.8 98041.0 938041.0 98041.0 98041.0
99377.1 99394.8 99470.3 99470.3 99470.3  99470.2
100520.9 100528.6 100609.8 100609.8 . 100609.8 100609.8
101332.3 101382.3 101352.3 101382.3
101325.0 101325.0 101325.0 101325.0 101325.0
TEMPERATURE (deg C) TL
3 4 5 6 7 8
57,1952 57.2140 57.2038 57.2032 57.2029 57,1880
57.1952 57.2140 57.2038 57.2032 57.2029  57.1880
57.1960 57.2005 57.2158 57.2055 57.2051 57.1902
57.1955 57.2001 57.2156 57.2051 57.2048 57.1858
57.1951 57.2000 57.2154 57.2050 57.2047 57.1897
57.1947 57.2000 57.2153 57.2050 57.2046 57.1896
57.1943 57.2000 57.2154¢ 57.2050 57.2047  57.1896
57.1940 57.2000 57.2156  57.2050 . 57.2047 57.1896

0.
0.
-0.
-0.
-0.
-0.
-0.
-0.
0.
-0.
-0.
-0.
-0.
-0.
0.
0.

0

0

0005
0008
0009
0009
0009
0010
0010
0010
0011
0011
0012
0015
0

0037

84215.3

0.0037

0.0037

€6



52.2195
572.2203
57.2210
57.2216
57.2219
57.2239
57.2239

=N NN

57,2077
57.2081
57.2084
- 57,2085
57.2086
57.2106

.2106

TANK WALL TEMPERATURE
0.0

TOTAL HEAT LOSS FROM TANK

J= 2
I--> 1
K
15 98E.2556
14 985.2556
13 985.2552
12 985.2553
1" 985.255%
10 985.2555
9 985.2556
8 985.2558
7 985.2561
6 985.256%
5 985.2567
4 985.2571
3 985.257%
2 985.2568
1 985.2563

ROO= 985.2568 985.2568 985.2574 985.2571 $85.2567 985.2564% 985.2561 985.2558 985.2556-

2

985.258%
985.2589
985.2586
985.2590
985.259%
985.2599
985.2603
985.2603
985.2613
985.2618
985.262%
985.2629%
985.2633
985.2628
935.2628

57.1937
57.1934
57.1932
57.1929
57.1927
57.2079
57.2079

DENSITY

3

985.2628
985.2628
985.2628
585.2635
985.2643
985.2651
985.2659
985.2668
985.2676
985.2683
985.2691
985.2698
985.2704
985.2640
985.2640

ROO= 985.2552 985.2556 985.2556

FE 34 3633636 38 36 38 36 36 32 4 36 336 36 3 3

57.2300
57.2300
57.2000
57.1999
57.1998
57.1938
57.1938

57.2154%
57.2154
57.215%
57.2153
57.2152
57.217%
57.2174

0.0 JOULE

4

.985.2543
985.2543
985.2608
985.2615
985.2621
985.2628
985.2635
985.2641
985.2648
985.265%

985.2661"

985.2667
985.2673
985.2763
985.2703

(Kg/mws3) R

5

985.2590
955.2590
985.2538
985.2545
985.2551
985.2558
985.256%
985.2571
9385.2578
985.2584
985.2591
985.2597
985.2603
985.2596
985.2596

END OF QUTPUT FOR STEP 10 AT

57.2050
57.2050
57.2050
57.2049
57.2048
57.2070
57.2070

oL

6

985.2592
985.2592
985.2586
985.2592
935.2599
985.2605
985.2612
985.2618
985.2625
985.2632
985.2638
985.2645
985.2650
985.2643
985.2643

57.2047
57.2047
57.2046
57.2046
57.204%
57.2063
57.2063

7

985.2594
985.259%
985.2587

983.2594

985.2600

985.2607

985.2613
985.2620
985.2627
985.2633
985.2640
985.2646
985.2652
985.2646
985.2646

57.1896
57.1896
57.1896
57.1895
57.189%2
56.9697

56.9697 -

8

985.2562
985.2562
985.2555
985.2562
985.2669
985.2676
985.2682
985.2689

' 985.2696

985.2702
985.2709
985.2715
985.2721
985.3667
985.3€67

57.1856
57.1856
3%.1856
37.1855
57.1892
15.6000
57.2000

9

0.0
985.2662
9852655
983.2662
985.2669
985.2676
985.2682
535.268%
385.2696
3852702
985.2709
985.2715
$85.272%
99&.3041

e. :
985.2555 985.2554 985.2553

0.1000 SECONDS 5665533 IERMHIRINK NN

%6
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VIII. CONCLUDING REMARKS

The mathematical formulation underlying the COMMIX-SA-1 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 finite-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 and is a suitable basis for
further extension, which includes the ongoing modeling of rock beds and salt-
gradient solar ponds. Future improvements on COMMIX-SA-1 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. '

The work presented in this report represents the close cooperation bet%een
the United States Nuclear Regulatory Commission (USNRC) and agencies within the
United States Department of Energy (USDOE), since COMMIX-SA-1 code is a spin-
off of the COMMIX-1 (Ref. 9) and COMMIX-IHX19 codes. The COMMIX-1 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-e-g, or turbulence kinetic energy--dissipation rate of turbu-
lence kinetic energy--scalar energy) continuum model. !9 The model has also
been implemented in COMMIX-IHX !0 and is currently under study. However, in the
range of applications anticipated for COMMIX-SA-1, 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 'y as occurring
in Eqs. 9-15 and the effective thermal conductivity as occurring in Eq. 8 are

/regarded as consisting of two parts: the laminar and rurbulent parts; i.e.,

A

BT ougt o _ (A.1)
and

K = Ky + K, (A.2)
where ug and Ky are provided by the water-property package and uy and K. are

coded in COMMIX-SA-1 as input variables TURBV and TURBC, respectively. We can
estimate p; according to?

we = o.oo7cupumaxz, ' | | (A.3)
where
0.1 N Re .. > 2000
C,=40.1(0.00lRe ., - 1] for 1000 < Re, .. < 2000
0 Reyay < 1000 .
U ny = max(u,v.w),
Remax ™ max(Rer,Ree,Rez),
and
i = max(Ar,rAB,Az).

Once py is known, K can be estimated from

K, = , ' ' (A.4)
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where Prt is the turbulent Prandtl number, whose estimate requires an appropri-
‘ate experimental correlation. ‘

For future applications or future extensions of COMMIX-SA-1, the advanced
turbulence modell? will be implemented as warranted.

v
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APPENDIX B

Thermophysical Properties of Water

As mentioned in Sec. I1I.D, the water-properties package as used in COMMIX-
SA-1 is the result of a cummulative 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 froim Keenan et al.,l" Eckert and Drake, 20 and Schlichting.2l 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 viscosity. These com-
parisons should lend confidence to the package being used and provide for con-
venient graphical references. For convenience, plots for kinematic viscosity
(Fig. B.5), thermal diffusivity (Fig. B.6), and Prandtl number (Fig. B.7) are
also included. ' : ' .

pressure = 1 atm.

oA
o
8% =~ A= L e e
B ! O R T T T S R R
ol . T 5= g-t-pr b
| 9 [ | i I I 1 i
o o N e T T
| K | I i | [ I |
| i 1 [ | | I I [
I R e R e
Mo [ | i i I I i [
X 2 L L R o I
3 b e e Bt Sl ol B B el il bl
N7 T R by |
2 R T S N S T B TR SRS [
=N : I : o T [ T C T T T f
£ 9 ] - Cb L !
P 3 Y T < (I DUR S
0 e | - == i T
§71 ' LEGEND R R T, !
5 o lo=gomIx-sA-1 |, 00 o
CTm T o- Schlichting i e
o | : A= E;kert & Droke l | | | | 1 | 1
S o ¢ = Keenan et al, e e 1 _ L
S : _ ' r | : ! 7 | T |
I — Ut T 1 L) o Lo
o r " AT I TTr T ST T T T T T T
> ! I ! i f
S L I B B
S ] I ] I | ] ] [ | I
T — T ST T T
0 10 20 . 30 40 / 50 60 70

temperature (c)

Fig. B.1. Density of Water as a Function of Temperature. Conversion factor:- 1 atm = 0.1 MPa,



99

FrO-ra- T 7T -
L T T O e O
I R A R N Y A A
AN N SR U AR S A S I E BN NN DU
I T e N N
R N A O U e AN IR N D
[ O T I N N R N N e
L L ) 1 1 1 1 J_ L
I N e S
[<J5S) N
l— b - — 4 — >3 -
[ T I €O (.
AC-2  »
s I S| SH200 -+
| I I %Xctn I
D—.0 O
I—t+——1f WE=26C¢ i i
. X Cx 0
e Mo SRR f_ ]
FER i R e aTT
o [ ]
[ I I DO <o f_ !
- _|_||_|_JJ - T T T
1 o o
0
C
3
0]
[)]
o
C
Q.
] I I I
TTQ o “ T T * I =~ “ -
0°0081 0°00SI 0°Q0kI 0°Q0ZT 0°000T 0°008 0°009 0°00v0°002

(0es-u/By go-301)A11s00sA

rs

temperature(c)

0.1 MPa.

1 atm

|
A i i -
!

£ 4
- r=—7-=-r -
o | | ! _
IIIIIIII - - — — - — —
- | [l | | |
< | |
||||| PV UL ENL
o [ |, i | |
S [
> | )
X .
% | [ 5 —
g L_J| T8
[ .2 2
Q. _ _ meJmWoo 2
Bl B S POL RS
| O—.2C D
L2030
— ]z XD
Qo002
H . QW<
- H [ |
! Do«

0°0Scy 0 ogeh 0-o1ey 0°061% 0°041%  0°0S1%
(¥-B%/r)108y 01 4100ds

\

Fig. B.2. Viscosity of Water-as a Function of Temperature, Conversion factor:

t.emperaturelc)

Fig. 8.3.' Specific Heat of Water as a Fu'nc;tion of Temperature.

0.1 MPa,

1 atm

Conversion factor:



100

.

press ure =

1 aotm.

o
rFraO8F - T 7T KA FITTTIT T re
T Y T T T Y Y S HO Y SO SR S B B
e T I Y Y Y R R Ty N i H H
AN I ' WO Dt N AU S U AN S SO N (NN N N P
1 [ e e T e T e ©
P Ly L1 L /SN S NN IS S DU R AN S B
[ I N
L 4L d_ L b4 11t L le

«©
(. [T T e, |

-
|- — =4~ —_ol3 A
[ I B B L ca |- I
Dn.b -
- R FO2900 40
[ [ I | m%X O+ C |
1=t F4-F-4- WE36E b -
_J1Z L£X Q0
[ I 8588 I
r A ra-r . -3
L LU U R I Dodo r;
[ Iy - -y
_Il_ IIIIIII _II_l_II_I.._vI_II_I_Il_lfw
T ] ] _ ]
| R N
T I [ “. I J_r I .ﬁ !
L oL - L_1_1 J_L__L__1__1_lLo
| | [} -
[ R T T R B N
[ R Y N P Sy el o e S P I
[ T N R N I T
oA — ==t == 4 ~ F—=—+F ==+ — =+ -3
. I ] ]
T T T L
It e e e e Uit il
T T O T T T _ L
CFO - T~ TIm 7"~ B~ & - —~7—-~-7-IR
oo e N oty
iTrTOT T T T T |m|.4.._ -7 % - 4 i
LI ISR N U A T S I AN N, S AU IS =
(1 PO T T T I R T B "z./ “ I __ 1 -
b Lo b o N
Lo ﬁ. _.Mf!_ ._, I
[ R SN NRE DU N R R N 1 I d
I T T T T T T o1 9 o
00 890 990 ¥3°0 29'0 09°C 830 95°0 HS°O

(M-08s-w/r)R11A119npucs qowdsyy

temperaturelc)
Fig. B.4. Thermal Conductivity of Water as a Function of Temperature.

0.1 MPa.

1 atm

Conversion factor:

= 1 otm,

pressure

ra=-ra—- T 71785~
1 1 | | | | | H |
T T L I O Sy R R MY R |
ML R N N U AT SN IO E I N N R
| | | | | ] | ! | |
S T T |t U S VU U DY I O |
| ! | | | roa | | |
| S NN (U NN (NN NV S IR
| . [ | ml.w |
| — L - H —_—CceD [
] It [ e as] |
Dnﬂ.l.. -
FHA—+ -l ZFUgo0. — -
[ D LlxCao C |
—.30 0
I=Fr-1— 1 WwZ=2o0cC ~ -
. JZ X0 :
| 1 | 1 mcm_mvw |
L [ | L
| | | | Oo0 490 |
e R e
I
. |
]
|
|

b1
(089S /ZxxW

8'Z ¥'0
30-301; Az1s00s1A 01j0weuy

2’0

o
(o]
—

'Cemperoture(c]

Fig. B.5. Kinematic Viscosity of Water as a Function of Temperature.,

1 atm = 0.1 MPa.

Conversion factor:



1101

1
100

(98s/gxxw 90-301)R11A18n 4 47p Jowdeyy

o e e — —
_ [ ]
_L_1__le
| | | @
I
: N
2
M - o
0 — - T
— L O T
I CO
.3 W L
N O T
(=
X978 o
=5a6cC T
SLxo
O 0G0 o :
onux =
< [} ﬁ
- DoO4qo -~ 193
o]
—
[
)
-G
i I R O
[0)]
7]
)]
C
Q
e R T
_A
|
L
r T Bl
FANI] a91°0 5% 1] 1o

temperaturelc)

r- - T - 7T "7T1IT - T1T-r
| | | ! { : | [ | |
IIIIII (N U O U S
| [} | | | | [ | | ]
[ B _ 1 [ |
. | | { :“, i __l | | | I
)
a m | |
5 Lo_lo o S S S T
= o ~@CD lo
& -4 =55,
R I Wz.d.t&e TI_ILI
Lo ST e b
[ X 0« C
S F—l-—d-| ©Z23T0 F—1—--
o W=2¢C
s | | | Lmnw.kﬂ.% | [
k=) =+ =t DLW il i et
nnn“m‘m. e | ] oo I I
g S ;m -~ - ooqo EF—— -
« . .
w» ™ —
23
= ]
g o
&
=E S
uw o o
C ~ 9]
=7 9
S 38 a
% 8
& 8
Ao
ek
=t
g9
Qo o
L 0
(SIS
©
m
)
-t
fr,
{
|
0%l gcl 0'C1. 08 " p'g 0% g'¢ " .00

Jagqunu q3puoud

temperaturelc)

Fig. B.7. Prandtl Number of Water as a4 Function of Temperature.

0.1 MPa.

1 atm

-Conversion factor:



102

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-1 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 paramaeter. The results are summa-
rized below. (

Formally, after the governing PDE's are finite-differenced, a system of
linear algebraic equations results: ‘

AX = Kk, (c.1)

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=1n-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 negatives of the entries of A respectively below and above the
main diagonal.

The point Jacobi iterative method can then be written as

x®™*1 = p"l(E + F)X™ + D1k, n > 0, (c.3)

~a procedure to calculate the (n + 1)th iteratives from the nth iteratives of
the unknown vector X.

On the other hand, the point succ¢essive relaxation method is prescribed by

o= (1 - W7 - wI o+ w]xT

+ oI - o)D"k, 0> o0, (c.4)
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where I is the identity matrix, L = D"!E, U = D7!F, and w is the relaxation
parameter. For the method to work, it is required that 0 < w < 2. With o < 1,
the method is termed "underrelaxation'; with w > 1, "overrelaxation'"; and with
w =1, "Gauss-Seidel." ' -

In practice, with the Jacobi method, COMMIX-SA-1 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 methéd,
COMMIX-SA-1 calculates, instead, the residual mass for one cell, the pressure
correction for the same cell, and velocities associated with the same cell, and
then moves on to the next cell; while performing the same sequendg—zf calcula~
tions in the next cell, SOR makes use of the newly calculated pressure and
velocities associated with the previous cell. In cylindrical geometry, the
order of sweeping is usually first in I (r direction), then in J (6 direction),
and then in K (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'aroﬁnd 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 rA® mesh spacing borne in mind. A modified
SOR method then emerged: Sweep first in J (6 direction); repeat the J sweep
once or twice for I = 1; then sweep in I (r direction); then sweep in K
(z direction). This is a simple modlfication, 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 maximum 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 diétinctly better rate of convergence than -
'do the Gauss-Seidel and Jacubi 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 modified 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.l1 level off after about 200 itera-
tions indicates that truncation error is likely 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.1. Convergence Propertics of Various Point-relaxation Methods

All the cases presented in Fig. C.l were cumputed with the uniform time
step size At = 0.001 s, To nce if the use of different time-~step sizes would
alter the above conclusions, additional cases were run with At 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—-step oize are uegligible. These results also
point out that it is not necessary to start off a tranoicnt raluculation with a
very omall tiwme 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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