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Abstract—In studying the transport processes with solidification, vanous matenals such as aqueous
solutions, which are of high Prandt] number (Pr), have been used to help understand the sohdification
charactenstics of silicon or metal based matenals, which are of low Pr Influences of Pr on the buoyancy-
mduced transport phenomena are mvestigated through two-dimensional sieady-state computations for
flow 1n a square enclosure at two different vertical wall temperatures, both with and without sohdification
With a constant Rayleigh number (Ra). the momentum and heat transport charactenstics are very
msensitive to Prif Pr > 1, regardless of whether phase change appears or not. The Pr effect becomes more
noticeable as it 1s progressively reduced (rom one With respect to phase change, for cases with no
solidification, Pr eflects on all aspects of the transport process increase with Ra With solidification, more
vigorous convection induced by higher Ra, which coupled with the Stefan number effects, result in stronger
Prnfluence on maximum streamfunction and Nusselt number, but not on global enthalpy patterns It s
also found that features such as morphology of phase boundares may be more sensitive to Pr vanations
than momentum and heat transport are

1. INTRODUCTION

IT 1s WELL established that fluid flow phenomena play
a major role 1n affecting the large-scale grain structure
and the macrosegregation of solidifying materials [1-
6]. The interaction of fluid flow with a solidifying
medium 1s a complex problem with multiple charac-
teristics, notably the convection effect both in the bulk
of the melt and 1n the interdendntic region The con-
siderable practical importance of macrosegregation in
affecting the quality of solidifying matenals, including
the ones that need high and well-controlled per-
formance such as semiconductors used in computer
hardware and superalloys used 1n aerospace vehicles,
has stimulated extensive research into this field

Heat and fluid flow phenomena associated with
laminar buoyancy-induced natural convection rel-
evant to matenal processing have been extensively
studied based on the fundamental conservation laws
of the mass continuity, momentum, energy, and
species concentration. In refs. [7-10}, direct theory/
data comparisons have also been presented. In those
works, various fluids have been used, including the
aqueous solution of ammonium chionde (NH,Cl-
H,0) [7-9], aqueous solution of sodium carbonate
(Na,CO,-H,0) [10], water [8], and glycerine [8]. In
arelated experimental work, Kamotani et al. [11] used
water and silicone oils to study natural convection
without phase change. These matenals are attractive
because their thermophysical property data are rela-
uvely well established, and their low entropy of fusion
makes them solidify qualitatively like metallic alloys

to be investigated Furthermore, for a system such
as the aqueous solution of ammonium chloride, the
transparent nature of the solution and the trans-
lucency of ammonium chlonde dendrites allow ready
visual examination of the solidification process.

The physical properties of the above-mentioned
fluids are not close to the matenals commonly used
in the semiconductor or metallic alloy applications.
The Prandtl numbers (Pr) of the aqueous ammonium
chlonde, aqueous sodium carbonate, water, and
glycerine used in the aforementioned experiments are,
respectively, 9 025 [9]. 6 [10], 6.44 [8], and 8 356 x 10°
[8] The Prandtl number of the silicone o1l used by
Kamotam et a/ [11] ranged from 3.65x10? to
193 x 10*. However, the Prandtl numbers relevant to
the melt crystal growth of both the semiconductor
and metallic alloy matenals are small, ranging from
1072 to 10~ For example, the Prandt! number for
galhum-doped germanium and sihcon—germanium
crystal growth was reported to be 7 x 10~ [6]. The
Prandtl number of pure gallium studied by Gau and
Viskanta [12] 1s 0 0208. It is also known that the
titanium based superalloys have a Prandtl number of
about 10~ '. The Prandtl number of the aluminum-~
tin alloy, studied numencally by Bergman and Keller
[13],1s 149 x 10~ 2.

As surveyed by Gebhart et al [14], various empiri-
cal correlations have been proposed 1n the literature
to quantify the effect of Prandtl number on the heat
transfer charactenstics However, they were all limited
to single phase fluids and are not necessanly consistent
among one another. Here, we study the effect of
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Greek symbols
o thermal diffusivity of hquid

NOMENCLATURE
C, specific heat B thermal expansion coefficient of hiquid
D length of the domain / porosity
g gravitational acceleration v kinematic viscosity
Gr Grashof number
L latent heat of phase change
P pressure Subscnpts
Pr Prandtl number C cold
Ra  Rayleigh number H hot
St Stefan number l hiquidus phase
T temperature s solidus phase
x,y Cartesian coordinates

Other symbol
- dimensional quantity

Prandtl number on the transport process of fluid
with and without solidification It is hoped that with
more understanding of the effect of the Prandtl
number, cross references of transport charactenstics
can be drawn with more confidence among different
materials

2. NUMERICAL FORMULATION

We have utilized the two-dimensional Navier-
Stokes equations, including the mass continuity,
momentum, and energy equations, with the following
treatments

(1) Boussinesq approximation for the density
vanation,

(2) Darcy law modeling of the effect of the mushy
region between solid and hquid,

(3) enthalpy formulation instead of temperature
formulation for the energy equation

For problems with phase change, the enthalpy for-
mulation alleviates the need for explicitly tracking the
phase boundaries, but introduces extra source terms
ansing from the release of latent heat which can make
the computation more difficult to converge [15, 16].
We have developed the numerical methods capable of
accounting for the above described physical models in
the framework of the general curvilinear coordinates
[16]

In terms of the non-dimensionahzation procedure,
the length of the whole domain, D, thermal diffusivity
of the hiquid phase, a, specific heat, C,, and tem-
perature differences between the night (hot) and
left (cold) walls, (T,,— Tc). are used as the reference
physical quantities Hence, the reference velocity and
enthalpy scales are, respectively, &/D and C,(Ty— T¢)
The governing equations have been presented 1n ref.
[16] and will not be repeated here

The Rayleigh number 1s defined, with the overbar

designating the dimensional quantities, as

GB(Ty — To)D?
Ra = M )
and the Prandtl number 1s

Pr= 2)

=

where v and a are, respectively, kinematic viscosily
and thermal diffusivity, § the gravitational accel-
eration, f§ the thermal expansion coefficient of liquid,
and D the dimension of the square domain By com-
bining the Rayleigh and Prandt] numbers, the
Grashof number, Gr, emerges as

Gr= R 3
T= Pr (3)

The dimensionless parameter associated with the
phase change 1s the Stefan number, defined as

— Cp(TH —TC)

St 7

(C))

where L, C,, and T, and Tc are, respectively, latent
heat of the liquid, specific heat of the matenal, and
the boundary values of the temperature field associ-
ated with the hot and cold walls

The solution methodology [17, 18] employs a semi-
mmplicit 1terative algonthm capable of solving the
coupled equations 1n non-orthogonal curvihinear
coordinates Along with the coordinate trans-
formation, the fimte volume formulation has been
adopted 1n order to accurately honor the physical
conservation laws A combined use of the Cartesian
velocity components and contravanant velocity com-
ponents 1s derived in the numerical algorithm In the
momentum equations the Cartesian velocity com-
ponents are treated as the pnmary vanables In the
continuity (pressure correction) equation the con-
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travanant velocity components are first updated and
then the D’yakonov iteration 1s used to yeld the
corresponding values between the contravanant and
Cartesian velocity components in an efficient manner

The staggered gnd system [17] 1s employed to store
the dependent vanables The second-order central
difference schemes are used to discretize all the terms
i the governing equations except the convection
terms which are approximated by the second-order
upwind scheme.

3 RESULTS AND DISCUSSION

Both the single- and multiple-phase fluids have been
considered The steady-state solutions of the flow
within a two-dimensional square enclosure have been
computed for a wide range of Prandtl numbers, from
149x 10~ to 10° The Rayleigh number 1s vaned
from 10* to 10° The corresponding Grashof number
1s from 10 to 10° for Pr = 103, and from 6.71 x 10° to
671 x 10° for Pr =149 x 10~2. The boundary con-
ditions used are shownin Fig 1 The no-shp boundary
condition 1s prescribed for the velocity vanables along
all sides, and the constant wall temperature on two
vertical boundanes, 1e Ty=1 (¢y=1) and T =0
(¢c = 0). and adiabatic (zero normal gradient) con-
dition on both the top and bottom walls For the fluid
undergoing a solidification process, the minimum
liquidus temperature and the maximum sohidus tem-
perature are 0 6 and 0.4, respectively, to define the
boundanes of the mushy zone. This corresponds to a
Stefan number of 0 2 An initial grid system consisting
of 81 x81 nodal points was used first to yield the
solution An adaptive grid method [19] was then used
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to enhance the numerical accuracy and convergence
rates, especially for low Pr fluds As demonstrated 1n
refs [16. 19, 20], for the present type of problems.
even with an 1dealized geometry such as a square, the
adaptive grid method can be useful. All the quantities
to be presented 1n the following sections are based on
the dimensionless quantities

31 Wruthout solidification

311. Ra=10* Figure 2 compares the stream-
function contours of a single-phase fluud computed
for Ra =10* and four different Prandtl numbers.
While 2 monotonic trend can be observed for the
convection strength with respect to the Prandtl
number, the correlation between them 1s not linear.
Very small changes occur with Pr being reduced from
10° to I, the difference of the maximum stream-
functions between the two cases 15 1 5%.

As the Prandtl number 1s further lowered, the rate
of decrease of convection strength expedites The
maximum streamfunctions differ by 4.6% with Pr
decreasing from 10 to 10~ ', and 10.2% from Pr = 10°
to 149x10-° Hence, the overall impact of Prandtl
number on convection 1s very modest with five orders
of variation of Pr causing only less than 11% differ-
ences of convection strength. Quakhitatively, the shapes
of the streamlines change from a rectangular geometry
of high Pr to a circular geometry of low Pr

It 1s noted that the Grashof number of the Pr = 10°
case 15 only 10 for Ra = 10* However, with the same
Ra, the present results demonstrate that the transport
process of Pr =10 1s not dominated more by the
conduction than that of Pr=149x10"", the cor-
responding Gr of which 1s 671 x10° Hence the

no slip

aé

ay T O

lq
no slip
T =0 no slip
¢c(T¢) ou(Ty) = 1
.\
x no slip
é
iy -0

F16 1 Schematic of geometry and boundary conditions
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min=-2.03x10"5
max= 5.11

b

min=-1.58X10"5
max= 4.95

I
.—I

Pr

min=-1.63x10"3
max= 4,66

Fie 2 Effect of Prandt] numbers on streamfunction with Ra = 10* and no phase change

Rayleigh number 1s a more rehable indicator of the
relative importance of the convection effect

Figure 3 shows Lhe corresponding enthalpy con-
tours of the solutions with four different Prandtl num-
bers Very close resemblances are again observed for
all cases The contours of a high Pr fluid show more
concentration in the top left and bottom right corners
The temperature profiles along the bottom wall are
presented mn Fig 4 for the four cases Similar to the
streamfunction comparison, the profiles of Pr = 10’
and 1 are very close to each other Further lowenng
the Prandtl number causes the temperature profiles to
show more differences Hence, both the velocity and
enthalpy fields show that the Prandtl number does not

have a strong effect on the solutions with the same
Ra

A qualitative explanation of this phenomenon can
be delineated as follows At constant Ra but different
Pr, the thermal diffusivity and kinematic viscostly of
the fluid must simultaneously vary in the opposite
directions and at the same rate. Hence, for instance,
as Pr increases, the Grashol number decreases,
indicating that if the temperature field remains
unchanged, the convection effects weaken due to
higher values of kinematic viscosity A higher Pr also
means lower thermal diffusivity, which results in a
more concentrated distribution of the temperature
field ¢f the convection field remains unchanged In
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Pr = 103 Pr =1
pr = 1x10~1 Pr = 1.49x10~2

Fic 3 Effect of Prandtl numbers on enthalpy contours with Ra = 10 and no phase change
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FiG 4 Effect of Prandtl numbers on enthalpy profiles along bottom wall with Ra = 10* and no phase
change
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balance. the weakened tendency of the convection
effect and the strengthened tendency of the thermal
buoyancy effect can largely compensate each other,
causing the overall transport process to be insensitive
to the variation of Pr

312 Ra=10° Figures 5-7 depict. respectively.
the streamfunction contours, enthalpy contours, and
enthalpy profiles along the bottom wall, of Ra = 10°
and four different Prandtl numbers Compared to the
cases at Ra = 10%, the trend 1s quahtatively similar
but not quanttatively identical For Ra = 107, there
15 10% difference between the maximum stream-
functions with Pr = 10* and 1, which 1s larger than
that for Ra = 10* (1 5%). From Pr = 10°to 10~ ', the

min=-4.05x10"6
max= 11.2

W SHYY and M -H. CHEN

difference 15 29 8% for Ra = 10" and only 4 6% for
Ra = 10" A similar stalement can also be made lor
Pr=149x10"" Furthermore. at Ra = 10" the con-
vection pattern of Pr =149 x 10~ exhibits muluple
secondary and tertiary cells in the corner regions
which occupy noticeable areas. the contours in the
corner regions represent the boundares between
adjacent convection cells This feature 1s qualitatively
similar to that observed by Gresho and Upson [21]
Hence we observe a stronger impact of Prandt! num-
ber on the convection strength as the Rayleigh number
becomes higher The enthalpy contours also depict
similar responses to Pr with both Rayleigh numbers
With regard to the enthalpy profiles along the

min=-3.48x10~6
max= 10.03

Pr = 1x103

min=-1.14x10"6
max= 7.86

min=-2.43x10"1
max= 6.74

1x10-1

Pr =1.49x%1072

Fic 5 Effect of Prandtl numbers on streamfunction with Ra = 10" and no phase change
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Pr =

Pr =

1x10~1
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i

Pr =1.49x10"2

FiG 6 Eflect of Prandtl numbers on enthalpy contours with Ra = 10° and no phase change

bottom wall, Fig. 7 shows that, compared to Fig 4
of Ra = 10", stronger convection induced by higher
Rayleigh number causes sharper variations of the
enthalpy profile for all Prandt! numbers; the quan-
titative differences among solutions are greater for
Ra = 10" than for Ra = 10*

The question may arnise as with Ra = 10°, whether
the steady-state solutions exist for all Prandtl numbers?
For example, 1t was found by Gresho and Upson
[21] that with Ra = 10° and Pr = 1077, no steady-
state solution can be obtained by their finite element
formulation and modest spatial resolution (24 x 24
meshes) In the present study, we have found that
although the convergences become progressively more
difficult as Pr1s reduced, stable steady-state solutions
can be reached for all the cases reported here,
especially when aided by the adaptive grid method

There have been many correlations proposed in the

literature to relate the Nusselt number to Rayleigh
and Prandtl numbers [14] A correlation proposed by
Berkovsky and Polevikov [22] covers a very wide
range of variations of Ra and Pr Without revealing
much reasoning, Berkovsky and Polevikov gave the
following correlation to link the Nusselt number, Nu,
and the Rayleigh number as well as Prandt! number ;

Nu =0 18[Ra- Pr/(0 2+ Pr)]° 29 (5)

Earlier, Dropkin and Somerscales [23] reported a cor-
relation based on a limited number ol experimental
measurements Lo include the effect of Pr

Nu = 0069Ra’** pPro°7* 6)

Equation (5) indicates that the impact of Pr on the
heat transfer rate 1s neghgibly small1f Pr > 1. A larger
effect of Pr on the heat transfer rate can be observed
If Pr < 1. For example, with a fixed Ra. equation (5)
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FiG. 7 Effect of Prandtl numbers on enthalpy profiles along bottom wall with Ra = 10 and no phase
change

suggests that the relative changes of heat transfer rate
from 10°to 1, 10~ ', and 1 49 x 10~ 3, are, respectively,
5,27, and 54%. For large Pr, equation (6) indicates
a much stronger Prandt! number effect than equation
(5) does. As pointed out by Gebhart er al (p 754 of
ref [14]), the experiments by Dropkin and Somer-
scales (23] were not complete, small Ra was obtained

only for small Pr and large Ra only for large Pr, thus
giving a coupled Pr and Ra dependence of data

Our results agree qualitatively to equation (5) Fig-
ure 8 shows the Nusselt number vs Prandtl number
with two different Rayleigh numbers based on the
present solutions and equation (5) The Nusselt num-
bers shown 1n Fig 8 are computed based on the orig-

6.0 T
presaent work
---- correlation of Berkovsky
and Polevikov (22]
5.0
4.0
=)
=
3.0
2.0
1.0 1 L 1 1 0 ]
1073 1072 1071 109 10! 102 103
Pr

FiG 8 Nusselt number vs Prandtl number without phase change
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inal defimition

Nu = Q/[R(Ty—To) D] M
where  1s the heat transfer rate across any vertical
surface, and K the thermal conductivity In terms

of non-dimenstonal quantities, the following formula

was adopted for computation on the left wall, based
on the trapezoid rule:

e[ @ o
0 \CX/|\=o

Figure 8 indicates that both equation (5) and our
results show that the Nusselt number varies very httle
with large Pr 1t changes more as Pr becomes less than

dy.

min=-7.86x10"%

mushy

liquid
zone

1x103

max= 1.71

solid

mushy
zZone

liquad

Pr = 1x10~1
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one However, 1n our results the effect of Prandtl
number on Nusselt number 1n terms of percentage
varialion becomes stronger as Ra increases. Equation
(5). on the other hand, suggests that the relative effect
of Pron Nu remains the same for all Ra In the range
of Ra that has been computed, the effect of Rayleigh
number on the Nusselt number predicted by the
present solution appears consistent with the resulls
assembled by Kamotani et a/ [11] Caution should be
exercised to extrapolate the present findings to even
higher Ra, however, since 1t 1s shown 1n ref. [11] that
the Rayleigh number effect on Nusselt number some-
what decreases as Ra goes beyond 10° There 1s a lack
of definite information available n the literature to

min=-9.07x10~6
max= 1.93

solid

min=~2.69%x10"3
max= 1.36

1 Th t
: mushy ;
solid zone liquid

Pr =1.49x10~2

Fic 9 Effect of Prandtl numbers on streamfunction contours (solid lines) and phase boundaries (dotted
lines) with Ra = 10* and with phase change



2574

assess in detail the solutions presented here However,
with appropnate nterpolation, our solutions appear
to agree very well. in terms of both the streamfunction
and Nusselt number predicuons, to several results
reported earlier for Pr = 0.71 [19, 24-26]

32 With solidification

Next, we present the solutions of the transport pro-
cess with the inclusion of sohdification The Stefan
number 1s chosen to be 0.2 in the present study Some
streamfunction contours for cases with sohdification
have been presented m a previous paper [16] They
are included here i different arrangements to aid
our discussion We also refer to the information of
enthalpy contours 1n ref [16]

321 Ra=10* Figure 9 compares the stream-
function contours, along with the locations of
hquidus, solidus, and mushy zones (shown n dotted
lines) of the solutions with Ra = 10* and four different
Prandtl numbers. Despite the obvious differences
of convection pattern caused by solidification, the
qualitative trend of the Pr effect appears the same
as the single-phase cases. With respect to Pr = 10",
the maximum convection strength decreases mono-
tonically as Pr 1s lowered The decreases of the
maximum streamfunctions are 2 5, 13 6. and 31 3%,
for Pr=1,10"", and 1.49 x 107, respectively Com-
pared to the solutions without phase change (Fig. 2).
the monotonic trend of convection strength vs Prandt]
number remains unchanged The effect of Pr variation
on convection strength 1s substantially more with sol-
idification than without solidification 1n the low Pr
regime, 1€ as Pr <1 However, for the cases both
with and without solidification, the relative effect of
Pr on the solution 1s very himited with Pr > 1

W SHYy and M -H CHEN

The combination of Prandil and Stefan numbers
also makes the morphology of the mushy zone change
substantially at Ra = 10* As Pr vares, not only does
St exert a noticeable influence on the convection
strength. but 1t changes the qualitative features related
to the sohdification process. including the shape of
the phase boundary and the enthalpy distnbution
This difference 1n solution characteristics may nol
seem apparent based on the inspection of the wall
temperature profile and heat transfer rate alone Fig-
ure 10 compares Lhe bottom wall enthalpy profiles of
four Prandtl numbers with sohdification By com-
paring the wall enthalpy profiles with and without
phase change. as shownin Figs 4 and 7. the changes of
the charactenstics of the wall temperature distrnibution
caused by St are more pronounced than caused by
Pr

322 Ra=10" For the solutions with sohdi-
fication under identical boundary conditions and
Prandtl as well as Stefan numbers, but with Ra = 10°.
the corresponding solutions are shown in Figs 11 and
12. Farst, the higher Ra causes a stronger conveclion
effect, making the convection cell penetrate decper
into the mushy zone as compared to Ra = 10° The
enhanced convection results 1n both larger convection
cells for all Prandtl numbers and more similar shapes
among them A noticeable difference 1s for Pr = 10",
where short wavelength wiggles are observed As dis-
cussed 1n rel [16], this feature does nol appear to
be caused by the numerical techniques adopted since
these wiggles disappear with Ra = 10° where the non-
linear couplings among dependent variables are
stronger and the numerical algonithm 1s expecled to
experience more difficulties i yielding convergent and
accurate solutions

[ ] T ™ T T
Pr = 1.49x1072
oA |- -
pr = 1x10~1
Pr =1
E oaE-e b Pr = 103 -]
)
o
o
)
;E cue |- 9
AaTED -
o L A L J -
L aEND (X ] Laxien A K Yy ] 0 el
left wall X right wall

F16 10 Effect of Prandtl numbers on enthalpy profiles along bottom wall with Ra = 10" and phase change
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min=-1.68x10~5
max= 7.1

t t t
solid mushy .
zone liquid
Pr = 1x103
min=-1.80x10"6
max= 4.98

t t t
solid mushy liquaid
zone
Pr = 1x10~1
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min=-1.81x10"5
max= 6.49

mushy liquad

zone

maxw 3.83

Pr =1.49x102

FiG 11 Eflect of Prandtl numbers on streamfunction contours (solid lines) and phase boundaries (dotted
lines) with Ra = 10° and phase change

It 15 Interesting to note that, besides the wiggles of
Pr = 107, the thermal fields with Ra = [0° as shown
in the enthalpy contours in the whole domain [16],
and enthalpy profiles along the bottom wall (Fig.
12), are of closer overall agreement among different
Prandtl numbers than those with Ra = 10* (Figs. 9
and 10).

Figure 13 shows that Pr has a substantially larger
effect on Nu at higher Ra Since Nu s calculated based
on the integration of local gradients, 1t 1s the details of
the temperature distribution rather than the overall
charactenstics that affect its value Figures 11-13 dem-

onstrate that aL Ra = 10° and with phase change, Pr
variations can exert complicated influences on the
thermal fields, causing the global pattern to be more
similar while Nu (o be more different For both
Ra = 10* and 10°, there arc also substanual differ-
ences of phase boundary morphology between high
and low Pr fluids

4. SUMMARY AND CONCLUSIONS

Based on the results presented, the following sum-
mary can be made
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FiG 12 Effect of Prandtl numbers on enthalpy profiles along bottom wall with Ra = 10" and phase change

(1) With or without phase change, the transport
charactenistics are very insensitive to Pr when it 1s
large The effect of Pr becomes more pronounced
when 1t 1s lower than one

(2) As Rayleigh number increases, a stronger
impact of Prandtl number on the convection strength
can be seen, with or without solidification

(3) With regard to the thermal fields, as Ra
increases, Prandtl number does not necessarily exert
identical degrees of influence between single- and mul-
tple-phase cases For single-phase cases, Pr effects on
all aspects of the transport process increase with Ru
With solidification, stronger convection at higher Ra,
along with the Stefan number effects, result in larger

6.0
5.0 —
4.0r Ra=105 — T

5 \

Z ¥ X
3.0}k -1
2.0L E

lv.a-:Lo"—\L
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F1G 13 Nusselt number vs Prandtl number with phase change
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Pr influences on maximum streamfunction and
Nusselt number, but not on the global enthalpy
pattern

(4) Overall, 1t 1s rather interesting that by varying
Pr for five orders of magnitude, only modest differ-
ences In heat transfer rates and convection strength
have been found in all cases, with or without phase
change However, features such as morphology of
phase boundaries may be more influenced than the
transport charactenistics are It 1s concluded that for
the cases with solidification, care should be taken
in deducing the information from matenals of one
Prandtl number to the other

The present studies are only limited to the steady-
state solutions drniven by the temperature field above
There has been ample evidence that the vanation of
Prandtl number shows a substantial influence on the
values of the transitional Rayleigh number from lami-
nar to turbulent [14. 27]. It has also been clearly dem-
onstrated that with the presence of double-diffusive
convection of temperature and solute fields, the solu-
tions of different Prandtl number can be different in
qualitative patterns even with 1dentical thermal and
solutal Rayleigh number [20, 28, 29].
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W SHYY and M -H CHEN

EFFET DU NOMBRE DE PRANDTL SUR LES MECANISMES DE TRANSPORT
INDUITS PAR LE FLOTTEMENT AVEC OU SANS SOLIDIFICATION

Résumé—Dans I'etude des mecamismes de transport avec sohdificalion, quelques matériaun comme des
solutions aqueuses qui ont de grands nombres de Prandt] (Pr) ont ete utilisés pour aider a comprendre les
caractenstiques de la solidification de la silice ou des matenaux métalliques qui sont a faible Pr Linfluence
de Pr sur les phénomeénes de transport induit par le flottement est etudiee a travers deux calculs pour
I'écoulement bidimensionnel permanent, dans une cavite carree avec deux temperalures differentes des
parols verticales, avec ou sans sohdification Pour un nombre de Rayleigh constant (Ra). les caracteristiques
des transports de la quantité de mouvement et de la chaleur sont insensibles a Pr s1 Pr> 1. que le
changement de phase apparaisse ou non L effet de Pr devient plus sensible quand 1] tend progressivement
vers un Pour les cas sans solidification, les effets de Pr sur tous les aspects du mécanisme de transporl
dugmentent avec Ry Avec solidification. une convection plus vigoureuse imduite par des Ru plus eleves ct
couplee avec les effets du nombre de Stefan conduit a une influence plus forte de Pr sur la fonction de
courant maximale et sur le nombre de Nusselt, mais pas sur les configurations globales d'enthalpie On
trouve auss1 que la morphologie des frontieres des phases peut éire plus sensible aux variations de Pr que
le transport de quantite de mouvement et de chaleur

EINFLUSS DER PRANDTL-ZAHL AUF AUFTRIEBSBEDINGTE
TRANSPORTVORGANGE MIT UND OHNE ERSTARRUNG

Zusammenfassung—Es werden die Transportvorgange bei der Erstarrung verschiedener Matenahen von
hoher Prandtl-Zahl (Pry—wie z B waBrige Losung—untersucht Die gewonnenen Erkenntnisse werden
dazu verwendet, das Erstarrungsverhalten von Silizium oder von metallhalugen Matenalien (kleine Prandtl-
Zahl) verstehen zu lernen Der EinfluB der Prandtl-Zahl auf die auftriebsbedingten Transportvorgange
wird durch zweidimensionale stationare Stromungsberechnungen in emnem quadratischen Hohlraum bei
zwer unterschiedlichen Temperaturen der senkrechten Wande mut und ohne Erstarrung untersucht Bei
konstanter Rayleigh-Zahl (Ra) sind die Vorgange des Impuls- und Warmetransports fast unabhangig von
der Prandtl-Zahl, wenn diese > | 1st—dies gilt fur Falle mit und ohne Phasenanderung Der Enflufl der
Prandtl-Zahl nimmt fur Pr < 1 zu Tntt keine Erstarrung auf, so nmmt der EinfluB der Prandtl-Zahl auf
die Transportvorgange mit wachsender Rayleigh-Zahl zu Fur den Fall. daB es zu einer Erstarrung kommt,
ergibt sich bei groBerer Ra-Zahl eine starkere Konvektion, woraus sich—zusammen mit dem Emnflub der
Stefan-Zahl—ene starkere Abhangigkeit der maximalen Stromfunktion und der Nusselt Zahl von der
Prandtl-Zahl ergibt Daruberhinaus zeigt sich, dal Eigenschafien wie die Morphologie der Phasengrenze
starker von der Pr-Zahl abhangen als der Impuls- und Warmetransport

BJIMSIHUE YHUCJIA TPAHATIIA HA BbI3AAHHBIE TIOABEMHBIMHA CUJIAMHU
MPOUECCBI MEPEHOCA MPU HAJIUYHMHU U OTCYTCTBUU 3ATBEPAEBAHHA

AmpoTamms—/{ns HCceNeNOBAHHA XaPaKTEPHCTHK 3aTBEPACBAHMA MATEPHANIOB Ha OCHOBE CWIMKOHA WA
METAILIOB C HH3KHM 3HadeHHeM dYMcna Pr HCTONL3OBANNCL PaliiMMHLIE MATEpHANbl (Kak, HanmpHMep,
BOIHbLIE PACTBOPLI), [UIN KOTOPbIX XapaKTCPHh! BRICOKHe 3HavyeHus 1ucia [Mpawarns Pr Bausxue yncna
Pr Ha BbI3BaHHKIE NOTBEMHLIMA CHIIAMH ABJIEHHA MCCIICAYETCH MOCPEACTBOM ABYMEDHAIX CTALLHOHAPHAIX
PacyeTOB TEYECHNUA B KBaJPAaTHOH NOJNOCTH IS JBYX PaljIMYHBIX TEMNEPATYP BEPTHEAIbHBLIX CTEHOK KaK
NpM HaIMYKK, TaK B IPH OTCYTCTBHH 3aTBepacsanus. B ciyyae nocrosHHoro yncna Panea Ra xapakre-
PHUCTHKH NEPEHOCA MMHYJILCA M TeIIa BECbMa HE3HAYMTEJILHO 3aBHCAT OT 4YMcaa Pr npu Pr > | nesapm-
cHMO OT HammdmA ¢asosoro nepexona. Iddext uucna Pr cTaHoBHTCA Gonee 3aMeTHWIM INPH €ro
MOHOTOHHOM YOWBaHHH, Ha4HHas CO 3Havyenns enuMHMUW UTo xacaercs ¢aszoporo nepexona, ToO Npu
OTCYCTBHM 3aTBEPACBAHHA BJIMAHHE 4MCia Pr Ha BCe XapaKTEPUCTHRH MPOLIECCA MEPEHOCA YBEHYM-
BAEeTCA € pocToM uhcna Ra. INpu HaTHIHA 3aTBepOcBaHAA GoNee MHTEHCHBHAA KOHBEKLMA, O6YCIOBIIEH-
Hasl BLICOKHMH YHCJIaMH Ra B coueTaHHH C BAMAHHEM qucia Creana, NPABOAKT k YCHICHHIO BIAUAHMA
urcna Pr b Ha MakcHManbHylo GyHkuHio Toka H yucno HyccenbTa, Ho He Ha ofluee pacnipenenenne
sxTanbnAM HalineHo Takke, 9TO TakMe XapakTepHHC CBOACTBAa kak MOp(oiorHA ¢a3oBnix rpaHmy
MOTYT 32BHCETL OT N3MeHeHHH 9Hcna Pr B 6onbiueli cTeneHn, 4eM nepeHOC HMMYILCA M Tenna



