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PURFOSE

The 1988 released version of FLOW-3D contained a simple
model for representing solidification and melting phenomena. The
essential feature of this model was a capability for driving the
fluld veloclity in a computational cell to zero when the cell
temperature 1s below the solidification temperature.
Implementation of this feature in the code was asccomplished
through a drag ferce proportional to velority and having »
temperature-dependent coefficient. A transition from no drag to
infinite drag was introduced as the temperature T fell from the
limit of all liquid, T=TL1, to the 1imit of a1l so0lid, T=T81. I+t
was a requirement of the model that the "liguidusg" temperature,
TL1, be greater than the "solidus" temperature, T2,

Amajor deficiency of this model is that i% does not account
for latent heat associated with the phase transition. We have
now implemented a ceode modification that accounts for latent heat
and allows for different values of specifio heat and thermal
conductivity in the two vhases. The new model zlso distinguishes
porous media drag from "solidification drag" so that
solidification/melting phenonena can be included as an additional
effect in porous nmedia flow. :

In this note the new model is described and illustrated with
several examples. Assumptions and limitations of the model are
first explained in the next section, followed by a description of
the new input parameters needed for ite proper use. The last
section contains gample calculational results that show how the
new model may he coupled with a variety of other capabilities in-
FLOW-3D. One exmmple iz a2 comparison with experimental data and
serves as a velidation check on the new model.



ASSUMPTIONS AND LIMITATIONS

——

The solidification/melting model is baged on several
agssumptions that must be clearly understood if it i8 %o be usged
correctly. One assumption is that only f£fluid "one™ (i.e., the
fluid with volume fraction ¥) can undergo a phase transition.
All FLOW-3D options, including the cne-fluid free surface aase,
the incompresaible two-fluid cace, or the one compressible and
one incompressible fluid case can be uzed in connection with the
new model. In all cases, however, it ig only the incompressible
"F-£fluid" that underpgoes a phase transition.

A Becond basic assumption is that there is only one
temperature associated with each computational mesh cell.
Because the drag force used to keep sclidified material at rest
depends on temperature, this assumption also implies that in two-
fiuwid problems no fluld of type 1 or 2 can Tlow in a cell if its
temperature is below the solidus temperature and the cell
containg pome nuwmber 1 fluid. Requiring seclidified material to
be at rest additionally means that the model cannot handle
gituations involving moving chunks of =olid.

A further assumption is that the specific heat of the sonlid
phage mugt be equal te or greater than the speecifie heat of the
liguid phase. ™his is physiecally realistiec for any normal
material will have more atomic and molecular degrees of freedon
for storing energy in a solid state than in a liguid shate.
Finally, the latent heat of fusion cannot he zero when there ia a
nonzero transition temvperature range, i.e, when TL1 is greater
than T31. 1If this restriction were not imposed, it would be
posgible to have the entire range of temperatures from T81 to TIA
agsoclated with a single internal energy.

In the new medel it im permissible to set T and T8 equal
80 Tthat tThe phage transition occcurs discontinuously at this
tenperature. When initializing a problem, however, if TL1 is
equal to T31 and the initial temperature iz also equal to 781,
the code will assign an internal energy tc the fluid as though it
woere 211l liguid at the melt temperaturas.



INPUT PARAMETERS FOR THE NEW MODEL

There are five new input parameters in Namelist YPUT needed
to use the new solidification/melting model:

Parameter Default Definition
T 0.0 Solidugs temperature (100% solid).
TLi 31 Liguidus temperature {100% 1iquid).
CV31 V1 gpecific heat for 50114 phase of fluid
nunber 1.
CLHTY 0.0 Latent heat of fusion for fluid number 1.
THCSY THC1 Thermal conductivity for 2o0lid phasge of

fluid number 1.

To activate the model it is only neceszary to set TS to a
nonzero value. HNote that this is different from the 1988 code
where IDRG was set equal to % 1o initiate the golidification
process. Actually, IDRG=3 will still work provided the remaining
parameters have been properly get, but in this case ADRG and BDRG
no longer control the temperature-dependent drsg because porous
media and solidification processes are now digstinguished from one
ancther,

In any case, the minimum input necessgary to use the new
nodel is a nonzero value of T31. If none of the remaining
parameters defined above are set in the input file, then = phase
transition will occur at temperature T=T51 with zero latent heat
and with the 501id specific heat and thermal conductivity values
egqual to their liquid-bhame values.

ILLUSTRATIVE EXAKPLES

We illustrate this new capability with a simple natural
convection problem defined in nondimensional units. A ecubical
cavity with edze length 1.0 iIs constructed with insulated walls
on ite front, back, top and bottom egideg. The left wall is given
2 constant temperature of 1.0, while the right wall ig agsigned a
congtant temperature of 0,0, The heat tranefer coefficient for
both of these walls is 20. Gravity sacte downwards (parallel) to



the heated and c¢oled walls with magnitude =-T.1F+4. Pluid in the
cavity hag a nominal density of 1.0, & thermal exvansion
coefficient of 0.01, a molecular viscosity of 0.71 and a thermal
conduetivity of 1.0. These parameters correspond 4o a Rayleigh
number for natural convection of 1000.

Ho Phase Change

In the abhsence of phase change, liquid in the cavity will
develop a clockwise, two—dimensional, natural cireulation between
the specified temperature walls that eventually reaches a sgteady
state. Pigure 1 shows the flow veloecity field and temperature
contours at t=0.1, which is nearly, but not quite, at steady
state conditiong. A relatively small 10 by 10 cell mesh was used
for this demonstration problem.

HSolidification Teat

To investigate the effects of adding a phase change we next
set the solidus and liquidus ftemperatures eguzal to 0.3% {i.s.,
TS1=TL1=0.33), the latent heat to CLHT1=0.2, and the solid phase
parameters CVS51=1.2 and THCS1=1.2. With an initial temperature
in the cavity of 0.5 the computed results at £=0.1 are those
shown in Fig. 2. Here it is evident that the fluid has
solidified in the three mesh cells =2t the right zide of the
cavity. Referring to the temperature contours it is verified
that this is the region where T is less than the solidus
temperature.

Figare 3 contains the temperature histories computed at the
lower left and lower right corners of the cavity. The lower left
corner shows a monotonic temperature increase. The lower right
corner, on the pther hand, exhibits a monotonic deorease with o
tenperature pletean at the solidification temperature T=0.3%3.
This platesu indicates the presence of latent heat that must be
removed before the material can further cool. The change in
cooling rate around 1$=0.02 results from a change in the relsative
influence of natural convection and conduction procesaes.

Melting Test

A repeat of the last problem, but with an inftial
temperature of T=0.25, which is below solidus temperature, shows
that melting can be modeled as well as gsolidification. In this



cage, Fig. 4, the melting Tront has propagated further across the
cavity from the hot wall than the freezing front propagated from
the cold wall in the previous example. Given gncugh time hoth
calculations will, of course, converge to the same steady state.
The differences observed at +t=0.1 are a consequence of uging an
initial +temperature cloger to the fusion temperature in the
melting case than in the freezing case (0.08 degrees versus 0.12
degrees).

Two—-Fluid Test

To show how +the new model might be used in a2 two-fluid
gituation, a horizontal interface was defined midway in the
cavity with the top fluid (fluid number 2) having a lower density
of 0.9, but octherwige the same physical properties as the lower
fluid. Starting with an initisl temperature of T=0.5 the
calculated flow at t=0.1 is shown in Pig. 5. Here it is only
fluid 1 below the interfsce that solidifies nesar the cold
boundary. Separate convection cells are generated ahove and
below the interface beczuze the interface density is too largze to
be significantly displaced by the relatively weak +thermal
buoyancy.

Experimental Data Comparison

A more demanding test of the new solldification/melting
model is to make comparisons with eXxperimental dats. Locating
sultable data, however, ig often diffiouls rarticularly when
Phase changes are involved. Fortunately, there exist rublished
data for an ideal test problem. The data, obtained by Gau and
Vigkanta [1], concerns the propagation of a melting front through
a frozen mass of gallium.

The experimental arrangement is quite similar to the two-
dimensional cavity problems already congidered. A rectangular
reglon 8.89 cm wide and 6.35 ap high is filled with gallium at
28.3° C. The top, bottom, front and back sides of the region are
insulated. The right side is held at the initial temperature,
while the left side is held at a temperature of 38° ¢. Zinece the
melting temperature of gallium is 29.78° €, the metal begins to
melt along the left wall, anf with %tige natural convection sets
in enhancing the transport of heat to the melt front. WNatural
convection, which is important in this problem, causes the melt
front to develop = strong two-dimensional shape. 8Since the front
can be experimentally measured, and because 14ts locatian and
shape depend on hoth conduction and tonveection, it is s good



feature to use for comparison with computations.

The data of Gau and Viskanta has previously been uged for
comparigon with a computational model used by Erent, at al [2].
IFor the present test we have used the same physical parameters
unged by these amuthors, which in CH3 units are:

Dengity £.095
Melt temperature 29.,78° ¢
Latent heat 8.02FE+8
Thermel expansicn coefficient 1.2E-4
Specific heat %.816E+6
Thermal conduchivity 3.2F+6

The reference temperature for buoyancy is the same ag the melt
temperature. No mushy zone is needed for pure gallium so0 the
liguidus and solidus temperatures are a2lgo equal fto the melt
temperature. Conduction et the left and right walls is assumed
to be perfect, which makes the wall heat ftransfer coefficients
gqual to the ligquld fthermal conductivity divided by one half the
megh cell asize in the horizmontal direction (in others words, pure
conduction with wall temperatures specified at the cell edge).

The mesh congisted of 30 cells in the horizontal (X)
direction, 20 cella in the vertical (Z) direction and 1 cell in
the ¥ directicn (for & two-dimensicnal representation). The mesh
cells were a1l of equal size. This is somewhat amaller than the
mesh used in Ref. 2, but inspection of +the dats suggested that
Thizs would be gufficient.

Velority and temperature contours st selected times are
displayed in Fig. 6. The location of the solid/liguid boundary
is clearly evident in the velocity plots. As time proceeds the
inereased heat transfer at the top of +the cavity by natural
convection is8 cbvious. It should al=zgo be noted in this
conneation that the largest temperature gradients are locasted at
the top of the melt front and at the foot of the heated wall
where cold fluild iz returning t¢ e reheated.

Te define the melt front location we followed a procedure
analogoug toc that used by Brent, et al, which was to identify the
front with the location of internal energy midway between 211
liquid and all solid states. In faet, referring to Fig. 7, which
ghows the contours of internal energy per unit veolume midway into
the calculation, we see that there ig little variation in energy
axcept at the melt front. Therefore, almest any energy value in



the melt zone would provide a good eatimate of the liquid/solid
interface location. This cloge packing of ensrgy contours isg a
consequence of the large latent heat of gallium.

A comparisen of the computed melt front location with the
experimental data and with the computational results given in
Ref. 2 is ghown in Fig. 8 (this is figure 9 from Ref. 2 with the
FLOW-3D results plotted as dots). We see that FPLOW-3D gives
regults in exeellent agreement with the experimental data. In
most places the offset between FLOW-3D predictions and data is
less than the width of one computational cell (see lower right
corner for the mesh cell size).

For this computation we elected to use the purely explicit
heat transfer caleulation option in PLOW-3D. OQur motivation for
doing this was tc be sure of an accurate scolution sven if s
longer compututional time was required. In retrospect, however,
we discovered that the maximum sftable time-gbep limit for flunid
advection 1is very closge to the time-step 1limit for heat
conduction so that the iImplicit heat transfer option would not
have reduced the computational time. This finding emphasizes the
importance of natural ceonvection in this example. The total
computational time on a MicroVAX II computer to reach a problen
time of Z0 minutes was 57.48 hours.

Since this CPU time seems somewhat larger than that reported
in Ref. 2 (direct comparigone cannot be made because different
computers ware used), it may be useful to consider the reasons
why this is the case. In Ref. 2 a fully implicit computational
procedure was used to sclve all the governing eauations. The
implicit seclution procedure requires iterations within each time
step that are roughly comparable with our explicit time steps.
Based on the reported average number of iterations (4%) and time-
step size of 10 sec, the effective explicit time-step size used
in Ref. 2 was Q0.2% sec. This value is about three times the
stable limit for explicit conduction and about 4.6 times the
limit for explicit convection. In general, in time-dependent
problems implicit methods tend to loge accuracy as the explicit
stability limits are exceeded. Thig losgs of accuraecy does not
sgem particularly apparent in the results of Bren%, et al, and we
believe this i3 because of the large latent heat. Having to
remove the latent heat takes time, which slowa down the tranaient
evolution of the melt front. In effect, the presence of a large
latent heat allows the flow to adjust fto quasl-steady conditicons
during the melting of each new set of computational =zones. Such
CPU savings, uwnforfunately, may not be posaible in other problems
involving smaller latent heats, larger temperature differences or
free surfaces, which must he evolved in a2 more explicit way.



Another reason for an increasged computational time in FLOW-
3D may be our use of a three-dimensional code for this two-
dimensgional problem, which adds some computational overhead. In
any case, conaidering the difficultly of physical problem and the
accuracy of the results the conmputational effort is gquite
reasconable.

REFERENCESD -
1. Gan, C. and Viskanta, R., "Melting and Solidification of =a
?ure ?etal ona Vertical Wall," J. Heat Transfer 108, 174
1986).

2. Brent, A.D., Voller, V.E., and Reid, K.J., "Enfthalpy-
Poreosity Technique for Modeling Convection-Diffusion Phase
Change: Application to the Melting of a Pure Metal," Num.
Heat Transfer 13, 297 (1988).



YELQCITY VECTORS
b = A ATEAEDY

i
!
vl |
Bk
l
i

B2t
T
- S
L e _—— e e — —_— -
LY
o o,z LA L b.og 1.
x

FLUID TEHPERAIURE CONTOURS

(LCNa 5.295E-07  L0W CONTOURa . FEST-a2)
CHIGHa W 4T1E-01 HIGH COHTOLRE % OFRE-BL)

L
H

LA
Bad
L
e, e
L

ks Jonre e s | [Re—

LRl LI Lo LAl BB

2

Fig. 1. Nétural Convection without phase change at t=0.1,

YELOCITY WECTARS

—— = 2,25E+300

3.

LN

~ R — -
o, el
X
—
LA LR a.40 LAY Galid L

Fig. 2. &plidificatlon from

ELUIN TCHFERATURE CORTCURS

Lot € 4@iFeni  LOW COMPOWR= 1, 33GL-41)
SHIGH 3, 656L-01 HIGH COMTOUR« 9, 139E-01)

h

right bourdary at t=0G.1.

45



AT CELL t 2, 2, &)

TEHFERATURE

AT GELL

i, 2 @

LT

L

&2

¥

* 42

*om— pg e e P
TIHE

Temperature histories for .seolidification test at
and lower right corner

{left)

E [
g
B
°":.a= b o.;am_E .07 o.89
Fig., 3.
lower left corner
(right).
YELOCITY WECTORS
e » 1. PELHE0]
(B2 P - .
NI -
A
ol 1] ] Vo
b
" e l l\ _ i l
Ly j ’{
'; Yoo s
i e e— 7’
&, Ga2a e.: II.I-G 1:..“
Fig. 4.

D .

L. bty

0.y

0. 0

By

LR

FLUln TEMPIRATURE COMTOURS

LR T.PLTE-Q2

LW COMTOLRe 7, 39ER-42)
(HIGH= 3, JS2E-01 MISH CONTDURe W 80BE=a1}

T

Melting from left boundary at t=0.1.

o




YWILOGLTYT WECTORS FLULE [EMMERATUHRE COHTOURS

fil= T FFTE-CE LW CDNITOWR- 4, BAZE-02)
(e 9. 909E-30 MIGH RQuTOUR= 9. 0dE-21 3

o (o - : : il / T g ?

r —— = §.BRE-ULY

LSS [ ’

[RTEY

n ‘

& 2 h‘\ \
.
—_— ‘,
T T -
b1 o
+ b 'l Fi I }
[N LN ] LR LA LELL) 100 L 4.0 L] L LN i
X X

Fig. 5. Twe-Tluid test with sclidification cccurring at
right boundary in lower fluid. Tine is 0.1.

CLoum P APSE-SL  LEW CMROUC & 5O}
CHIRY- 3 7MRECL MECH COMIAM- 2, 1208t}

B ey e 1 + n S
P e memayprtm o e m e
170
LR R
- + P
ran - ,‘l 14
Y - - - H :
1M - v LB L
i L

- e

—a 1, TR0

TLes T ANIErid LM LOSEQUes T, DHLE-742
CREGAs . TREALDL FlH COWTRA- 37 HEAL)

' 1 [T .Ff
a7 +-Tir
2l ER
H -
1w Lean
rul il /
AlTWa Z_ENAERDE LOW CGRIO e T_£330200)
UNICHa 3, PcEal  HICH S04 2E4 3, TTT45LY
] I _// I
T L
’ o
b
" “ [
L 214 ’ /
. el & ||-. .
L) L e Y Toa . o FAT) E TR 3,30 P
L4 X .

Fig. 6. Velocity ficlds and temperature contours computed
for cemparison with def, 1., Times, from top to
bottom, zre 300, 600 and 1200 seconds.



EWERGY COHTOURS

{LOW= &, S91E+403  LOW CONTOUR= 9. 145E+080
{HIGH= 5,7GEE+05 HIGH COMTOME= 5, 511F+09)

[Nt H
& JET
RS2
L }
1,509
Q, [l L
L
LA ) 1.73 .85 T2z F.i1 .50

Fig. 7. Energy Contours computed at 1% min.

m——— Humerlcal &
- — -— Exporimentaf {Gav and Viskanla}

Fig. 8. Comparison _of computed melt front with
cxperimental data. (From Fig. 9 of Rel. 2.)
Pots irndicate FLOW-3D preszlts.

12



