EFFICIENT DESIGN OF TALL TAPERED FEEDERS

M.J. McGuinness ! and A.J. Rob erts?

This is a report submitted for refereeing,to the proceedingsof the
2001Mathematics-In-Industry Study Group held in at the University
of South Australia, Adelaide.

Toowoomba Foundry is seekinghelp with the design of tall tapered
feeders,which supply extra molten iron to poured castings as they
cool. There is a problem with the reliability of the feeders,particu-
larly for thicker castingsof the newer spheroidal graphite irons. An
e ectiv e feederremains molten until the casting hasset. The setting
of the melt in the feederis delayed by making it large enoughto
retain its heat for longer than the casting, and by placing it close
to the thermal certre of the casting. So a larger feederis more reli-
able. But any metal remaining in the feederis recycled, and has an
assaiated energy cost. If a feederis too small, it will settoo soon,
and the casting will have unwanted holesin it that may require the
entire casting to be recycled. Sothere is a tension between making
the feedersmaller so asto minimise recycled metal, and having the
feederlarge enoughthat the casting is good.

Existing designmethods use purely conductive models of heat trans-
port. Weinvestigatethe relevanceof convection in the cooling feeder,
and set up a boundary-layer model of ow driven by density di er-
ences.We nd that corvection is a signi cant factor in the designof
a feeder,e ectiv ely maintaining constart temperature acrossit. The
height of the feederis mainly important in providing the driving force
for this ow.

1. Intro duction

Toowoomba Foundry usesboth greyiron (Gl) and spheroidalgraphite (SG)
iron when making castings. Both shrink when cooling and setting after being
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poured into moulds. Molten iron is provided to the cooling casting by feeders,
which are designedto remain hot long enoughto provide extra molten iron as
required by the shrinking casting. Problems arise primarily in the moulding
of SG iron (becomingincreasingly popular as it is stronger by weigh), when
the casting section to be fed exceedsapproximately 25 mm. Then the feeders
becomeunreliable, resulting in shrinkage porosities in the castings of around
3%, compared with 1% with GIl. In some cases,the feederis obsened not to
have remained hot for long enoughto provide molten iron to the casting. This
is apparert by observing the feeder, and seeingthat it has not piped, that is,
it has none of the holesor hollow tube e ects assaiated with having provided
molten metal to the casting. Then the casting will have holes (porosity), and
may have to be rejected asa dud (and recycled).

A popular feederdesignis the tall tapered feeder (TTF), placed near the
thermal certre of the casting, sothat the only cavities to form should then be
in the feederitself. Experiencewith Gl has led foundries to beliewe the taller
thinner design of the TTF aids the supply of molten iron by providing extra
head (pressure due to the height of the feeder). Figure (1) shaws sketches of
typical TTF and traditional feedersections.

~50mm

100-200mm

~1Camm

Figure 1: Sketches of feedersections, shaving a typical tall tapered feederand
a traditional feeder.

Figure (2) shaws a typical TTF and the upper box (cope) of the casting it
is intended to feed. The TTF is the upside-dovn funnel-shaped object at the
centre of the cope. Typical dimensionsof a feederresenoir are 4{8 cm diameter
and 10{20cm tall. Metal that remainsin the feedersand also in the channels
through which the melt is poured (the whole mould needsto be pouredin less
than 25 seconds)is waste metal. Waste metal is removed from the casting and
recycledbut this has assaiated energy costs. Another source of waste metal is
rejected castingsfrom failed feeders. The aim is to reducethe amount of waste
metal, from 40{50% to hopefully 20%, in order to reducerecycling costs. One
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way to reducethe amount of waste metal is to make the feederresenoir smaller.
Another way is to improve the reliability of the TTF. Since a simple way to
improve feederreliability is to increaseits size, there is sometension between
thesetwo requiremerts. This is particularly the casefor SG castings,which have
a failure rate of 4% to 10%, high comparedwith Gl failure rates.

Figure 2: The cope, or upper box, of a casting, showing a typical tall tapered
feederin the certre.

Current designtechniques used by Toowoomba Foundry involve a padkage
called MAGMAsoft, which usesa purely conductive model for the solidi cation
process,and models heat conduction in both the iron and the surrounding sand
mould in somedetail. Another design approad usedin conjunction with this
padkageis the conceptof thermal modulus, or volumedivided by area, of di erent
parts of the casting. The larger the modulus, the longer that part of the casting
is expectedto take to solidify. The thermal certre of the casting is the last part
to solidify, and the feederis usually placed very near the thermal certer. All
of this designis basedon conduction of heat, and cannot include the possible
e ects of the pressurehead provided by a TTF lled with molten iron, or the
possibly important e ects of convection currents within the liquid metal in a
cooling casting.

The following factors and possibleoutcomeswereoutlined in the preliminary
information provided to the Study Group.
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1.1 Possible Factors Involved

The designdeweloped in one foundry neednot work e ectiv ely in another,
sincethere are se\eral factors which are peculiar to ead foundry. For example,
the melt composition and mould variables such as mould rigidit y may vary from
foundry to foundry.

The following are someof the factors that could in uence the performance
of TTFs:

Melt composition

{ if there is lesscarbon percertage in the melt, the consequenceavill be
increasedshrinkageas there will be lessgraphite expansion;

{ melt composition also depends on the solidi cation medanism (Gl
vs. SG).

Melt temperature.

{ There will be more feedermelt required if the temperature is higher
becausethe casting melt will contract more as it cools down, and
sincethe hotter melt will have expandedthe mould more due to the
excessheat it transfers, the casting cavity will be larger.

Casting height and size of sectionto be fed.

{ The feederheight should take into accourt the height of the casting,
and the feederdiameter should be greater than the e ectiv e thickness
of the sectionto be fed.

Connection size.

{ The sizeof the connection betweenthe feederand the casting should
be large enoughto keepthe metal there in liquid form until after the
casting has set.

The size of the sprue.

{ The feederand sprue compete to feed the casting. Ingates to the
feedersand the casting from the sprue are generally made thinner so
that they freeze rst, allowing the feederto provide melt as required
by the casting.

Mould variables.
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{ If the mould is lessrigid (e.g. due to increasedsand moisture levels),
then the casting cavity will expand more during the graphite expan-
sion phaseof solidi cation and will necessitateadditional feed metal
for soundness.

1.2 Possible investigations

Investigate the medanisms of the cooling of a mould and a TTF sothey
can be better understood and parameterised.

With somemodel of the cooling, investigate minimal volume (axi-symmetric)
shapesof a feederthat can maintain hydrostatic pressureinto the mould
for a settime.

Toowoomba Foundry are at preser using a software padkage called MA G-

MAsoft which seemdo resole the feederat a relatively coarselevel. Some
higher resolution numerical solutions of the reserwir and cooling air/sand

matrix may be useful.

1.3 Outcomes for Toowoomba Foundry

To expandthe boundariesand understanding of feederdesignsothat TTFs
can be used more reliably on the thicker SG castingsgenerally made in a com-
mercial foundry. In particular,

Arriv e at an e ectiv e thermal designfor the top section of the TTF sud
that the melt in that top region remains molten for as long as possible,
thereby keepinga path openfor the atmosphericpressureto aid the feeding
processin the making of large SG castings.

To e ectiv ely calculate (or simulate) the heat corvected from all sidesof
the TTF by the air that ows between sand granules, and the radiated
heat, and heat conducted by sand granules.

2. Orders of magnitude

This section contains someorder of magnitude calculations, asa rst step
towards discovering the important medanismsin the cooling process.
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2.1 Static pressure head in the TTF

There is someindication in the literature onfeedersthat pressureheadmight
be of importance, and that ataller feederprovides more driving pressureto more
readily supply molten metal to a shrinking casting. Howewer, with a height of
about 0.1m, the extra pressureprovided is only 0.1 atmospheres,roughly 10%
more than say using a horizontal feeder. Sowe do not considerthat the static
pressureadvantage of a TTF over a regular feederis signi cant. Howewer, it
is clear that the provision of melt to the casting doesrequire someheadin the
feeder,or otherwise the casting may draw away from the top of the sand mould.

It is clearly important that the metal in the feederdoesnot setat the outside
surfaces, as this will remove the atmospheric pressuredriving the feeding of
liquid metal. In other words, if the metal at the outside of the feeder sets,
then the liquid metal inside will not be available to ow into a shrinking casting
| atmospheric contact must be maintained. This is the rst clue that a purely
conductive model is inadequateto explain how a feederworks, sincesud a model
predicts that the metal at the surfaceswill set rst. It is clear from pictures of
feedersthat have pipedcorrectly (seeFigure (3)), that there is molten metal very
near the top of the feederwhen it pipes(provides liquid metal to the casting).
With this in mind, foundries have tried changingthe detailed shapesof the tops
of feeders,for example, by inserting slots or dimples, in an attempt to keep
them hotter for longer. Such changesincreasesurfacearea, which may actually
increasecooling rates overall, but they do introduce a path for air to penetrate
deeper into the feederfrom the top, possibly facilitating accessof molten metal
to atmospheric pressure.

2.2 Heat conduction in the metal

We nd that the time scale of cooling of the TTF by conduction to an
assumedconstart temperature sand bed is of the order of minutes. In practice,
the cooling processtakeshours. Thus the heat transport through the sand bed
is the limiting factor in the cooling of the TTF. That is, basedon a conduc-
tive model of heat ow, the temperature in the casting will be almost constart
spatially, comparedto the temperature in the sand moulding.

We use a length scale of the TTF radius of r = 0:03m, density of melt
= 7000kg=m?, heat capacity of melt C = 700J=kg= K and conductivity of
K = 22W=m= K. Then the time scaleof cooling is

Cr?

2 :
K 00s

t=
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Figure 3: Photographs shawing feedersthat have piped successfully

This time scaleof 2{3 minutes is signi cantly smaller than the obsened cooling
time scaleof hours, for a typical casting and TTF. Thin castings( 1cm) are
believed to solidify in about 20 minutes, while thicker ones( 3cm) solidify in
about 1 or 2 hours.

2.3 Air ow in the sand moulding

We also nd that air ow generated by natural corvection in the sand
moulding is not a signi cant cooling medanism. Hence MAGMAsoft calcula-
tions (which ignore corvection) are expectedto be accurate, for sand moulding
temperatures.

If there is air ow through the porous sand, it has to be driven by the
atmospheric pressuredrop acrossthe height, 0:6m, of the sand mould. When
the air heatsin the sand mould it becomedessdense,and the density di erence
coulddrivea ow of air. The mostthe pressuredrop could be is oneatmosphere,
and then the pressuregradiert is simply g = 10Pa. Darcy's law then says that
the air velocity through the poroussandis

k
w=—g 2 10°% 10=2 10 °m=s;

where we have used an estimate &= 2 10 ® m2Pa s 1. Thusin a period
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of an hour the air moves7cm at most|lair 0w cannot corvect signi cant heat
away from the casting.

Note that asthe sandheatsup, the interstitial air heatsand expandsand so
is rapidly forced out by the higher generatedpressuregradients. Similarly for
water vapour and burning Berntonite and wood. This is not the medanism we
are modelling here, asit is a once-onlye ect, over in seconds.

2.4 Appro ximate rate of cooling through sand mould

The volume of a TTFis takento beV = 4 10 *m3. To cool the melt
to 1134 C, from the pouring temperature of 1400 C we needto extract energy
which is  C dT 3 10°J=kg. For this size TTF the total energyto be
extracted is thus about 10° J. To extract this in about 1:5hours we needto do
it at an averagerate of 200W.

We have not tried to calculate how much of the heat lost by the TTF is lost
through the casting. The casting is designedto cool faster than the TTF, so
that evertually heat lossto the casting could becomesigni cant. In the next
section on similarity solutions, we do calculate the rate of heat loss from the
TTF through the surrounding sand bed.

2.5 Mushy zone formation

The transition from liquid to solid doesnot occur at a single temperature,
but over a temperature range, within which the metal forms a mush that is a
mixture of solid and liquid, modelled successfullyas a porous medium with a
temperature-dependert permeability ( see,for example, (7; 2; 3)). SGiron and
grey iron solidify over di erent temperature ranges. A mush beginsto dewelop
in grey iron at 1150 C and it is completely solid at 1142 C, a range of 8 C.
Howewer, in SG iron a mush beginsto dewelop at 1170 C and it is completely
solid at 1134 C, arangeof 36 C. To get a feel for the e ects of thesedi erent
rangesof solidi cation, we have numerically simulated the conductive cooling at
a xed heat ux of an iron block.

In this simulation we assumea xed heat ux into the sand moF%JId. The heat
capacity is modelled by an expressionof the form C f1+ 226=T,= exp[ (T
Tt )*=T*g. The numerical grid is made of 50 points spreadover 3cm from the
sandat x = 0to the middle of the TTF at x = 3cm. The temperature gradiert
at x = Oissetto 1300C=m in order to get the time scaleof the cooling about
right. The results are illustrated in Figure 4.
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Figure 4. Progressof the mushy zonein a 1D conductive cooling model. The
black lines shaw the leading edge,the trailing edge,and the certre of the mushy
zoneasit progressesacrossa cooling block of metal, for Gl and SG iron.

Note in Figure 4 that the resulting mush for SG iron progressesrery quickly
acrossthe block. In about a minute the ertire block has transformed to mush.
In cortrast, grey iron takesnearly ten minutes. The reasonis that although the
sametotal latent heat is releasedupon solidifying, becauseSG iron needsmuch
lesscooling to initiate the formation of mush, the mush front movesmore quickly.
Indeed, in Carslaw and Jaeger(1) in section11.2part VI, onemethod for treating
mushy zonesis to give the liquid a thermal capacity inversely proportional to
the temperature range of solidi cation. Hence a larger temperature range of
solidi cation gives a smaller thermal capacity in the mushy zone, and a faster
freezing front speed. The freezing front speed, from the work of Carslaw and
Jaeger (1), is roughly proportional to the temperature range. Hencethe onset
of the mushy zoneis expectedto travel eight times faster for SG iron than for
Gl, in a conductive model.

Hence SG iron forms a wider mushy zonethan GI, and the leading edgeof
this mushy zone moves much faster than it doesin GIl. Oncethe mush lIs the
feeder,we expect the melt ow will slow dramatically, asit would needto travel
through what has essetially becomea porous medium, with large increases
in e ective viscosity in mushy regions. Then ow will e ectively cease,and
conductive heat losswill dominate.
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3. Similarit y analyses and convective o w

In this sectionwe considerheat o w through the sandmould in more detalil,
and use a semi-in nite model to generatea standard similarity solution. This
solution then provides a heat o w boundary condition on the walls of the TTF.
We then consider the question of convective ow in the TTF, as this is not
modelled by MA GMASoft.

3.1 Heating of the sand mould

We assumethe mould is made of dry sand at an initial temperature of
30 C, the casting is at a constart temperature of 1300 C, and heat ow is one
dimensional so that the standard similarity solution for the temperature in the
sand a distance x away from the casting after time t is (1)
0 s__ 1
C

. @ A :
T(x;t) 1300erfc p—t K QD

Inserting the approximate values = 2 10%, C = 10° and K = 0:7 for sand
gives

T(ct) 1300erfc 0:8 10319X—f : @)

Then this model predicts that the temperature gradiert in the sandat the wall
of the TTF is given by

& 1 3)

The time for the temperature in the sandto change appreciably at a distance
0.3m away from the TTF is then

@ 12 100

_C o :
t= g x> 06 10°s 18hrs: (4)

This meansthe sandtakes a long time to heat up, and transient solutions are
neededwhen consideringthe sand temperature.

The heat lossrate from a TTF of areaA is AK % 0:8 10614*—f W, which
integratesfp time to give the total heat lost from the TTF after time t as
1:6 10°A" t J. This may beequatedto the sensibleheat required to lower a vol-
umeV of liquid metal by atemperature T,whichisVC T 63 10V T.
Then the time to cool the liquid metal in the TTF through a temperature range

T is given by
t 16 v T i
A
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Volume to arearatios for cylindrical TTF's are about 0.02 m, giving a time to
cool from 1400to 1200 C for the TTF of about 4{5 minutes. This is too fast
for the TTF to be e ective. Howewer, our model ignoresthe signi cant thermal
contact between TTF and casting, and also has rather small V=A values since
the TTF hasa partly spherical shape on the lower half.

Water is obsened in practice to drip out of the mould for the rst few
minutes after pouring. We have not consideredthe possiblee ects of moisture
transport on the temperature eld about the TTF.

3.2 Liquid owin the TTF

The techniques used by Toowoomba Foundry for modelling heat ow are
thorough in all aspects except that of convective ow in the TTF asthe liquid
metal cools to the liquidus temperature where it beginsto turn to mush. We
model this ow, driven by density di erences in the cooling uid, and assume
that oncethe mushy zone has formed any corvective ow is rapidly choked o,
and thereafter the metal in the TTF e ectiv ely setsconductively from the outside
surfaces.An interesting and challenging direction for further study would beto
consider ow in the mushy zone.

The interestisin what o wsmight developinside the cooling (but still liquid)
TTF, driven by the heat lossfrom the side walls. Cooler uid near the wall is
denser,and sinks, driving cornvection. This is similar to the problem considered
by Turner (5), in which corvection is driven by wall cooling, but Turner usesa
constart temperature wall, whereaswe wish to considera speci ed heat ux at
the wall, provided above from the semi-in nite similarity solution in the sand
mould. The temperature gradiert in the metal at the wall of the feederis given
by

@ _ Ksand g 8 1011_

—p—
@ Kmetal @ sand t

The modelling described here is almost identical to work done in the 1993
MISG on strati cation in steelmaking ladles (6), and also to be found in (4).
That work also usesa constart ux boundary condition at the wall. We use
a ux that varieswith time, but this is equivalent to a constart ux condition
sincetime only enters the equationsas a parameter.

As in Turner (5) and in Sparrow and Greig (4), whenthe ow is driven by
natural corvection by wall cooling, a boundary layer is setup nearthe wall. The
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boundary layer equationsare

@ @v @w

U—+w— = —+gT 5
a a T
U— + W— =  — 6
.8 .
—+ — 0 7
a' @ (7)
where u and x are velocity and distance normal to the wall, w and z are ve-
locity and distance down the wall of the TTF, s the coe cient of thermal
expansionat constart pressure, is the kinematic viscosity, and K=C)is

the thermal di usivit y of the molten metal. A weaknessof this model is that
it approximates the wall of the TTF asa at plate, but we proceedwith this
analysisfor simplicity, with the intention of using it to inform about qualitativ e
behaviour without expecting accurate quartitativ e results.

pB_oundary conditions are that u = w = 0 at the wall wherex = 0, % q=
= tatx=0,where 8 10

A similarity variable is evidert in the nondimensionalisations
G(z=x°
y= 8@
X
which reducethe three partial di erential equationsto ordinary di erential equa-
tions in the similarity variable z=x°. An alternative approad, asin (5; 4), is to
introduce a stream function  sothat the continuity equation is automatically
satis ed,
@ @

W= —; u= —: 9
& @ )
Then we make the similarity transformations

1

T = XF (z=X°) ; w = x3W(z=x) ; (8)

- axz 5= (Gt % 5 . = azif():g T=a*2zth( ) (10)

where

_ 99.
= =

and the Grashof number basedon the height H of the TTF is

gogH* |
UL

Gr =
Then f and h satisfy the ordinary di erential equations(6)

f 004 gff00 gf@+h = 0; (11)

4 1
—fh® Z %
5 5

h00%4+ 0; (12)
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where = = 0:25 is the Prandtl number. These equations may be solved
numerically for f ©and h, asillustrated in (6), and this needsto be done only
once,sincethe only parameterleft in the equationsis the ( xed) Prandtl number,
and all other dependencieslie in the transformations. The solutions for f ©and
h are of order one, and vary appreciably when is of order one.

Then the thicknessof the boundary layer is givenby = 1with z= H = 0:1,
that is,

gl

X = % 3 103m: (13)
The velocity of the descendingmolten metal near the wall is estimated to be
w:%:z%azfo 10°ms t: (14)

This descendingmelt o ws through an annular region of area 10 3m?, hence
the velocity of the rising melt in the certral region of the feeder with area
10 2m? isw 10 =10 2 10 3m/s. Hencethe time taken to cycle the
entire cortents of the feederonce past the wall is  100s. This is comparable
to the time taken for conductive cooling of the feederestimated above, so that
corvective and conductive cooling processesare taking place on similar time-
scalesin a typical TTF. In particular, uid ow within the TTF will help to
keepit at more uniform temperatures than if there wasno ow. An estimate
of the temperature di erence that will exist over the boundary layer is given by
setting
4 2,15
o @2 (15)
g
and setting zto 0.1m,hto 1,to getT  1:6 C. That is, the slov ow in afeeder
is expectedto be rather e ective in maintaining almost constart temperatures
to within one or two C, provided the temperatures are above liquidus. Once
liquidus is readhed, signi cant temperature gradients are to be expected across
the feeder,and the outer regionswill freeze rst.

3.3 Fasto simulations

To support the above boundary layer analysis, a Fast o model was set up.
No latent heat was included (so the behaviour down to liquidus only is being
modelled), viscosity was made temperature dependent to imitate the tabulated
values available, and heat transfer from feederto sand mould was treated ap-
proximately. Solutions after one minute are showvn in gure (5).

Key ndings of this simulation are that there is down ow of melt closeto
the walls, with slover up ow in the certer, that the ow is laminar but not
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Velocities Viscosity Temperature

Figure 5: Fasto solutions for ow in a feeder, after one minute. Velocities
are represenied as lines, viscosity by colour (paler means more viscous), and
temperature by contours.

steady, the temperature in the bulk of the melt is almost constart, and there is
signi cant cooling at the bottom of the feederwhere the cooled melt descends
to. Reynolds numbersfor the ow are about 30.

4. Minim um surface area feeders are hemispherically capp ed
cylinders

This is reasonably obvious from common knowledge: spheresminimise surface
areafor a given volume, but we here may require the top of the feederis at some
height sowe stretch the feedervertically by \inserting" a cylinder at the equator
of the sphere.

The mathematical proof that spherical caps are neededfollows from the
Euler-Cauchy equations for the shape z = h(r) over radii 0 < r < a. For
simplicity assumean axisymmetric shape and then in cylindrical coordinates
the surfaceareato be minimised is

Z4 q Za
A= . 2r 1+h®dr sudthat V= . 2 rhdr

is constart. Considerthe Euler-Lagrangeequationsfor AV to deduce(though
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we should be more careful with signs)

#
ro= @ rpiiho
@ 1+ h®

Integrate, set the integration constart to zero as everything elsegoesto zeroas
r ! 0, and rearrangeto
(4= 2 r)h®=r2:

Rearranging and integrating gives

q___
h=C =2 r2;

Clearly we take the minus casefor the top of the feeder,then further work would
show 4= 2 = a? whence

| O —
h(r) = b+ a az rz;

is the hemisphericalcap to a cylinder of radius a and reaching up to height b.

5. Conclusions

1. MAGMAsoft's assumption of cooling via conduction through sandis real-
istic becauseair ow is insigni cant.

2. MAGMAsoft's assumptionof pure conduction in the melt is workable given
that the di usion time is comparableto the ow turnovertime in the TTF.
One way to modify MAGMAsoft to accommalate the cornvection results
is to allocate a very large thermal conductivity to the metal in the feeder
to ensurealmost constart temperatures inside it.

3. Taller feedershave no static pressuredrive advantage, but they will have
a dynamic advantage | corvection in the feederis driven by wall cooling,
and the corvection velocity is proportional to the 3/5 power of the height of
the feeder. This meansthat doubling the height of the feederwill increase
the ow velocities by 50%. Howewver, temperature di erences scaleas the
1/5 power of the feederheight, and henceare much lesssensitive. Changing
feederheight by a factor of two will only changethe temperature di erence
acrossthe feederby 15%.

4. Becausethe corvective ow mixes the melt, for as long as it remains
molten, the shape of the feederhas no appreciableimpact on the pattern
of cooling inside the feeder.
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(a) one designthrust is to minimize surface area to volume ratio sim-
ply to minimize the rate of heat loss and hence suggeststhe use of
hemispherically capped cylinders.

(b) Another designsuggestionis to placea deepdimple or pencil of sand
at the top of the feeder,to give air accesg€o molten metal deepinside
even after the outside edgeshave frozen. The dimple would need
to reath as deep as the thermal certre of the feeder, to have any
appreciablee ect. It should not have much e ect on ow within the
feeder,provided it is much smaller in diameter than the feedertop.

5. Cooler melt gathersin the bottom of the feeder,suggestingthat it needsa
deepishbottom and feederlines somewhathigh up on the feederto access
molten metal.

6. The possibility of an oxide skin could be chedked by trying experimerts in
a nitrogen atmosphereto seeif avoiding an oxide skin improvesreliabilit y.
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A Material prop erties

The environment is about 30 C and the melt is poured at about 1400 C. The
void fraction of the sandis perhaps = 0:42 (from 1998 MISG) and the perme-

ability of sandis such that k = = 2.4 10 ®m?=s=Pa , wherek is e ective
permeability.
T(C) | (W=m=K) | C(@=g=K)
1 0.680 676
97.9 715
99.0 0.680 800
99.1 75000
101.0 75000
101.1 810
127.0 858
200.0 0.640
280.0 961
327.0 993
400.0 0.586
527.0 1074
550.0 3800
600.0 0.590
727.0 1123
800.0 0.640
927.0 1166
1000.0 0.710
1127.0 1201
1327.0 1230
2000.0 0.730 1230

Table 1: Sand prop erties: s the calibrated coe cien t of di usivit y in sand;
c is the e ectiv e heat capacity accourting for somemoisture and the Bentonite.
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T(C | (kg=m®) | (m?=s) | K (W=m= K) | C (J=kg= K)
1 7100.0 1000 36 540
100 7074.5 36 548
200 7049.1 561
300 7023.8 35 573
400 6998.6 34 586
500 32
600 25 619
700 644
730 1000
800 703
900 720
1000 732
1100 745
1134 6880.0 1000 22 5833
1143 0.01 5833
1170 6930.0 1.6e-6 21 5833
1200 6900.0| 1.478e-6 916
1300 6860.0| 1.160e-6
1400 9.42e-7
1500 7.75e-7 30
1600 6.56e-7
1700 5.66e-7
2000 6620.0| 5.66e-7 30 916
Table 2: Metal prop erties:  density; kinematic viscosity; K conductivity;

C heat capacity.



