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Abstract

The process of dissolution mass transport along a vertical soluble substrate submerged in a large pool of otherwise
quiescent molten metal is studied theoretically[ Various freestream concentrations varying from zero to a near!saturation
value are considered[ A mathematical model is developed from the conservation laws and thermodynamic principles\
taking full account of the density variation in the dissolution boundary layer due to concentration di}erences\ the
in~uence of the solubility of the substrate on species transfer\ and the motion of the solid:liquid interface at the
dissolution front[ The governing equations are solved by a combined analyticalÐnumerical technique to determine the
characteristics of the dissolution boundary layer[ Based upon the numerical results\ a correlation for the average
Sherwood number is obtained[ It is found that the Sherwood number depends strongly on the saturated concentration
of the substrate at the moving dissolution front and the degree of saturation in the ambient pool[ Þ 0887 Elsevier
Science Ltd[ All rights reserved[

Nomenclature

A degree of saturation in the ambient ~uid
A0\ B0 constants de_ned for the saturated concentration
correlation\ Cs

A1\ B1 constants de_ned for the di}usion coe.cient D
b9\ b0\ b1 coe.cients de_ned by eqn "21#
C local mass fraction of the substrate in the solution
layer
C	 modi_ed local mass fraction of the substrate in the
solution layer
Cs saturated concentration at the solid:liquid interface
C	s modi_ed saturated concentration at the solid:liquid
interface
C� ambient pool concentration
D mass di}usivity of the binary system
f unknown function of h

` acceleration due to gravity
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Grx local Grashof number
GrL overall Grashof number
hm local dissolution mass transfer coe.cient
h¹m average dissolution mass transfer coe.cient
Sc Schmidt number
Sh average Sherwood number
Sh9 average Sherwood number at the limits of a : 9
and Cs : 9
Ti solid:liquid interface temperature
Tmp melting point of aluminum
u velocity component in x!direction
v velocity component in y!direction
v9 dissolution velocity de_ned by eqn "4c#
V9 modi_ed dissolution velocity de_ned by eqn "04d#
x\ y coordinate axes
Y unknown function of a and Cs[

Greek symbols
d dimensionless momentum boundary layer thickness
dc dimensionless concentration boundary layer thick!
ness
h independent similarity variable
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r local density of the ~uid
rm molten metallic solvent density
rs ~uid density at the dissolution front
rw soluble substrate wall density
r� ambient ~uid density
m dynamic viscosity of the ~uid
n kinematic viscosity of the ~uid
c functional form de_ned by eqn "17#[

Subscripts
m molten metallic solvent
s saturation state
w the soluble substrate wall
� ambient ~uid[

Superscript
n power index de_ned by eqn "18#[

0[ Introduction

The problem of dissolution of a vertical solid substrate
in a molten metallic pool is of considerable practical
importance in conjunction with the formation of alloys\
casting of metals\ corrosion of high!temperature
containers\ and safety analysis of advanced nuclear re!
actors ð0Ł[ In most cases\ the density of the substrate is
di}erent from the density of the molten pool[ As a binary
solution is formed near the dissolution front\ signi_cant
concentration!induced density gradients may develop in
a region near the solid substrate[ Under the in~uence
of gravity\ the concentration!induced density gradients
create a strong buoyancy force which causes the dissolved
material to move in the vertical direction\ thus resulting
in the development of a dissolution boundary layer[ The
boundary layer motion\ in turn\ enhances the local dis!
solution rate[

A dissolution boundary layer on a vertical substrate
exhibits many unique features ð1Ł[ First\ the boundary
layer ~ow is concentration!driven rather than tem!
perature!driven[ Second\ the ~uid density is not a con!
stant but varies locally with the concentration of the
substrate[ Although the ~uid can be treated incom!
pressible\ the density variation in the dissolution bound!
ary layer needs to be considered[ Third\ the solid:liquid
interface is not _xed in space but is moving toward the
interior of the substrate as dissolution proceeds[ Finally\
the maximum concentration of the substrate is limited by
the saturation value at the system temperature[ Thus the
species transfer is strongly in~uenced by the solubility of
the wall material[ These unique features bring about a
strong coupling of the hydrodynamic and transport
process[

Very few studies of dissolution mass transport in
liquid!metal systems have been performed in the past[

Most works conducted by previous investigators in this
area have been largely experimental\ dealing either with
the extent of dissolution subjected to given ~ow con!
ditions ð2Ð5Ł or with the composition of the alloy resulting
from the dissolution process ð6\ 7Ł[ Most recently\ the
fundamental aspects of the dissolution process and the
dependence of the mass transport on the controlling par!
ameters have been studied for a molten aluminum!steel
system by Cheung et al[ ð0Ł[ They performed a theoretical
study of the behavior of a dissolution boundary layer
on a vertical steel plate submerged in a pool of molten
aluminum\ accounting for various freestream velocities[
However\ their work was restricted to a single aluminum
alloy system\ i[e[ AlÐFe system\ with special emphasis on
the e}ect of freestream velocity[

In this study\ the characteristics of a dissolution bound!
ary layer on a vertical metallic substrate submerged in a
large pool of molten metal is investigated analytically[
The problem is formulated using generalized expressions
for the solubility and the mass di}usivity of the substrate
such that the resulting governing system can be applied
to any binary metallic systems[ In addition\ the e}ect of
ambient pool concentrations is considered[ A combined
analytical!numerical technique is employed to solve the
equations governing the dissolution mass transfer
coe.cient as a function of the controlling parameters of
the system[

1[ Mathematical model

A schematic of the physical system under consideration
is shown in Fig[ 0[ The vertical soluble substrate having
a density higher than the ambient ~uid\ is submerged in
a large pool of otherwise quiescent molten metal[ The
dissolved material "i[e[ the molten binary alloy# ~ows
downward along the plate due to the e}ect of buoyancy
as a result of concentration!induced density gradients
within the solution layer[ The system is considered iso!
thermal "i[e[ the substrate and the ~uid are at the same
temperature# during the dissolution process[ To facilitate
mathematical formulation of the problem\ the dissolution
process is treated to be steady and the dissolution front
"i[e[ solid:liquid interface# to remain vertical[ These sim!
pli_cations are deemed appropriate since the dissolution
process is usually very slow owing to very small mass
di}usivities for most binary metallic systems ð09\ 00Ł[ The
extent of wall erosion is small compared to the length of
the plate[ A two!dimensional Cartesian coordinate sys!
tem moving with the dissolution front is employed such
that the interface is always located at y � 9 "see Fig[ 0#[
In this coordinate system\ the transverse component of
the velocity at the solid surface is no longer zero but has
a value equal to the local dissolution velocity\ v9[ One
major objective of the present study is to determine the
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Fig[ 0[ A schematic of the dissolution boundary layer con!
_guration in an isothermal binary metallic system[

axial variation of v9 as a function of the system
parameters[

For an isothermal binary metallic system\ the local and
the ambient densities of the ~uid can be expressed by

r � rmð0−"0−rm:rw#CŁ−0 "0a#

r� � rmð0−"0−rm:rw#C�Ł−0 "0b#

where rm is the density of the molten metallic solvent\ rw

the density of the wall "i[e[ the soluble substrate#\ r� the
ambient ~uid density corresponding to the ambient pool
concentration C�\ and C the local mass fraction of the
substrate in the solution layer[ Without loss of generality\
rw is taken to be larger than rm[ In this study\ the metallic
solvent is taken to be aluminum[ Assuming a steady\
two!dimensional\ laminar boundary ~ow\ the continuity
equation can be written as

1

1x
"ru#¦

1

1y
"rv# � 9 "1#

where "u\ v# are the velocity components in the streamwise
and transverse directions\ "x\ y#\ respectively[ For a con!
centration!driven ~ow\ the streamwise momentum equa!
tion can be written as ð1Ł

ru
1u
1x

¦rv
1u
1y

� m
11u

1y1
¦"r−r�#` "2#

where m is the viscosity of the ~uid\ ` the acceleration due
to gravity\ and r the local density of the solution given
by eqn "0#[ From the conservation of species\ the mass
fraction is governed by the following concentration eqn
ð1Ł

u
1C
1x

¦v
1C
1y

� D
11C

1y1
"3#

where D is the mass di}usivity of the binary system[ Note
from eqn "0# that the local density is a strong function of
the local concentration[ Hence the local density variation
has to be accounted for in the continuity equation\ i[e[
eqn "1#[

The coordinate system is chosen to move with the
dissolution front such that the solid surface is always
located at y � 9[ Relative to this coordinate system\ the
initial and boundary conditions are

x � 9 or y : � ] u � 9\ C � C� "4a#

y � 9 ] u � 9\ C � Cs "4b#

v � −
D

0−Cs

1C
1y by�9

� v9 "4c#

where Cs is the saturated concentration at the solid:liquid
interface[ The term "0−Cs#−0 in the denominator of eqn
"4c# represents the induced ~ow correction for the trans!
verse component of the liquid velocity at the interface
"see Burmeister ð8Ł#[ Note that with respect to the moving
coordinate system\ the transverse velocity at the solid
surface is not zero but has a value equal to the dissolution
velocity\ v9[

The value of Cs in eqn "4b# is a function of the interface
temperature\ Ti\ which is taken to be the same as the
system temperature[ The system temperature is treated
as a parameter in this study[ Using the experimental data
for the solubility of metals in molten aluminum at high
temperatures ð09\ 00Ł and following the thermodynamic
form proposed by Liu et al[ ð01Ł\ the saturated con!
centration correlation can be obtained by data _tting
using the least squares technique as

ln Cs � A0:Ti¦B0 "5#

where Cs is in wt)\ Ti is in degrees Kelvin\ and A0\ B0

are constants[ Equation "5# is similar to the Arrhenius
equation discussed by Yeremenko et al[ ð02Ł[ The con!
stants A0 and B0 for various aluminum alloys are given
in Table 0[ For a given value of Ti\ the above expression
will be used to determine the saturated concentration at
the interface[

The di}usion coe.cient\ D\ plays an important role
in the natural convection mass transfer process under
consideration[ Thus\ it is necessary to determine D as a
function of the system temperature\ Ti[ From the exper!
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Table 0
Solubility constants and di}usion coe.cients for metals in molten aluminum over
the temperature range of 0999Ð0199 K

Solubility constants Di}usion coe.cients

Metals A0 B0 A1 B1

Iron "Fe# −6[63×092 7[78 −2[01×092 −05[21
Nickel "Ni# −5[76×092 8[24 −4[98×092 −03[31
Molybdenum "Mo# −0[21×093 01[99 −3[62×092 −04[05

imental data of Eremenko ð00Ł\ the following correlation
equation is obtained ]

ln D � A1:Ti¦B1 "6#

where D is in m1 sec−0\ Ti is in degrees Kelvin\ and A1\ B1

are constants[ In eqn "6#\ A1 is generally treated as the
activation energy of the di}usion process and B1 a fre!
quency factor ð03Ł[ The constants A1 and B1 for various
aluminum alloys are also given in Table 0[

The density\ rm\ of molten aluminum can be deter!
mined as a linear function of temperature using the
Gamma!Attenuation Technique ð04Ł ]

rm � 1264−9[122"Ti−Tmp# "7#

where rm is in kg m−2\ Ti is in degrees Kelvin\ and Tmp is
the melting point of aluminum\ i[e[ 822[4 K[ The
maximum temperature of Ti in eqn "7# is 0502 K[ The
dynamic viscosity of molten aluminum from the results
for zone!re_ned aluminum can be represented by the
equation ð09Ł ]

m � 9[0$09""619:Ti#−1[57#% "8#

where m is in Pa!s\ Ti is in degrees Kelvin[ For most
aluminum alloys ð09\ 00Ł\ the viscosity does not vary
signi_cantly with the mass fraction[ As a _rst approxi!
mation\ m is treated as a function of the system tem!
perature only[

To complete the mathematical formulation of the
problem\ various ambient pool concentrations are con!
sidered with C� being bounded between zero and the
saturated value at the interface\ and it can be simply
related to Cs by

C� � aCs "9 ¾ a ¾ 0#[ "09#

Physically\ the fraction a can be viewed as the degree of
saturation in the ambient ~uid[

2[ Analysis

The governing system\ eqns "1#Ð"4#\ can be converted
into a system of ordinary di}erential equations by invok!
ing the following similarity transformation ]

h � yGr0:3
x :z1x "00#

u �
1n

x
Gr0:1

x C	
df
dh

"01#

v �
n

z1x
Gr0:3

x C	 $h
df
dh

−2f¦
V9

C	sSc% "02#

C	 � 0−"0−rm:rw#C "03#

where h is an independent similarity variable\ Grx a local
Grashof number\ n the kinematic viscosity of the ~uid\
f "h# an unknown function of h to be determined in the
course of analysis\ C	s a modi_ed saturated concentration\
Sc the Schmidt number of the ~uid\ and V9 a dissolution
constant[ The expressions for Grx\ C	s\ Sc\ and V9 are
given respectively by

Grx �
`"0−C	s#x2

ð0−a"0−C	s#Łn1
"04a#

C	s � 0−"0−rm:rw#Cs "04b#

Sc � n:D "04c#

V9 � ðC	s−rm:rwŁ−0 dC	
dh bh�9

[ "04d#

In eqns "00#\ "02# and "04d#\ the axial variation of the
dissolution velocity given by eqn "4c# has been properly
accounted for[ The quantity V9 in equation "04d# is a true
constant[

With eqns "1# and "01#Ð"03#\ the continuity equation is
satis_ed automatically[ Equations "2# and "3# become
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d1

dh10C	
df
dh1¦02f−

V9

C	sSc1C	
d
dh0C	

df
dh1−1C	10

df
dh1

1

¦
0−C	

0−C	s

−a � 9 "05#

d1C	

dh1
¦02Scf−

V9

C	s1C	
dC	

dh
� 9[ "06#

The boundary conditions are

h � 9 ^ f "9# � 9\ f ?"9# � 9\ C	 � C	s "07a#

h : � ^ f ?"�# � 9\ C	"�# � 0−a"0−C	s# "07b#

where f ? denotes the total derivatives of f with respect to
h[ For given values of rm:rw\ Sc\ and C	s\ eqns "05# and
"06# can be integrated simultaneously using the fourth
order RungeÐKutta method with the initial conditions
given by eqn "07# to determine the distributions of f "h#
and C	"h# in the dissolution boundary layer[ Once C	"h#
and is known\ the dissolution constant can be calculated
from eqn "04d#[ Note\ however\ that the unknown quan!
tity V9 also appears in eqns "05# and "06#[ Thus\ an iter!
ative procedure must be employed in the numerical inte!
gration of these equations[ This is done by assuming an
initial trial value for V9\ and the numerical iteration is
carried out using the Secant shooting method[ The cor!
rect value of V9 is chosen such that eqn "04d# is satis_ed[
In the present numerical work\ the Secant shoot method
is found to be very e}ective in obtaining the correct value
of V9 which is independent of the initial trial value[

According to Niinomi et al[ ð5Ł and Burmeister ð8Ł\ the
local dissolution mass transfer coe.cient is de_ned by

hm �
rsv9

rsCs−r�C�

"08#

where rs is the ~uid density at the dissolution front[
Physically\ rsv9 is the mass ~ux of the substrate due to
dissolution and the quantity in the denominator rep!
resents the di}erence in the substrate concentration by
volume across the dissolution boundary layer[ In the
present case\ the ambient ~uid concentration is given by
eqn "09#[ Hence\ eqn "08# can be written as

hm � 00−
r�

rs

a1
−0 v9

Cs

� −00−
r�

rs

a1
−0 D

Cs"0−Cs#
1C
1y by�9

"19#

where eqn "4c# has been employed in obtaining the above
expression[ The value of rs is given by

rs � rmð0−"0−rm:rs#CsŁ−0[ "10#

From eqns "00#\ "03# and "04d#\ the local dissolution mass
transfer coe.cient is given by

hm � 00¦
aC	s

0−a100−
rm

rw1
V9D
0−C	s

Gr0:3
x

z1x
[ "11#

For a vertical substrate having a total length of L\ the
average dissolution mass transfer coe.cient is

h¹m �
0
L g

L

9

hm dx[ "12#

From eqns "04a# and "11#\ it can be shown that

h¹m � 00¦
aC	s

0−a100−
rm

rw1
V9D
0−C	s

1z1Gr0:3
L

2L
"13#

where GrL is the overall Grashof number de_ned as

GrL �
`"0−C	s#L2

ð0−a"0−C	s#Łn1
[ "14#

It follows that the average Sherwood number is given by

Sh �
h¹mL
D

� 00¦
aC	s

0−a 100−
rm

rw1
1z1V9Gr0:3

L

2"0−C	s#
[ "15#

Note from eqns "04#Ð"07# that V9 is a function of rm:rw\
Sc\ and C	s[ Thus\ the average Sherwood number can be
correlated in the following form

Sh �cGr0:3
L "16#

where

c � 00¦
aC	s

0−a100−
rm

rw1
1z1V9

2"0−C	s#
� c0

rm

rw

\ a\ Sc\ C	s1[
"17#

The functional form of c will be determined by cor!
relating the present numerical results[

3[ Results and discussion

Numerical calculations have been performed for three
aluminum alloys over the temperature range of 0999
K ¾ Ti ¾ 0199 K for which the value of rm:rw varies
from 9[12 to 9[2\ the Schmidt number varies approxi!
mately from 35 to 191\ the saturated concentration varies
from 9[9918 to 9[264\ and the corresponding value of C	s

varies from 9[611 to 9[887[ Typical results are given in
Table 1 for Ti � 0999 K and Table 2 for Ti � 0199 K[
For a given system temperature\ eqns "05# and "06# can
be integrated numerically using the Secant shooting
method to determine the pro_les of f "h# and C	"h#\ from
which the value of c can be calculated using eqns "04d#
and "17#[
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Table 1
Numerical results for various ambient pool concentrations in di}erent binary systems at Ti � 0999 K

Binary systems

Parameters AlÐFe AlÐNi AlÐMo

Schmidt number "Sc# 018 027 191
Density ratio "rm:rw# 9[29 9[16 9[12
Saturated concentration "Cs# 9[9204 9[008 9[9918
Modi_ed saturated concentration "C	s# 9[867 9[801 9[887

a � 9
f ý"9#:C	?"9# 9[128:9[94 9[144:9[083 9[198:9[9947
h:f ?max 9[34:9[926 9[39:9[926 9[39:9[92

a � 9[4
f ý"9#:C	?"9# 9[03:9[910 9[038:9[973 9[012:9[9913
h:f ?max 9[49:9[9146 9[49:9[9151 9[34:9[9195

a � 9[8
f ý"9#:C	?"9# 9[930:9[9917 9[932:9[900 9[925:9[99921
h:f ?max 9[54:9[9096 9[54:9[9000 9[59:9[9975

The calculated velocity pro_les for the AlÐMo\ AlÐNi\
and AlÐFe systems in the dissolution boundary layer are
shown in Fig[ 1"a#Ð"c#\ respectively\ for the case in which
the system temperature is _xed at Ti � 0999 K[ In these
_gures\ the mass fraction of the substrate in the free!
stream is treated as a parameter ranging from the baseline
value of a � 9 to the near!saturation value of a � 9[8[
The peak velocity is a monotonically decreasing function

Table 2
Numerical results for various ambient pool concentrations in di}erent binary systems at Ti � 0199 K

Binary systems

Parameters AlÐFe AlÐNi AlÐMo

Schmidt number "Sc# 48[3 34[7 60[0
Density ratio "rm:rw# 9[18 9[15 9[12
Saturated concentration "Cs# 9[003 9[264 9[9152
Modi_ed saturated concentration "C	s# 9[808 9[611 9[879

a � 9
f ý"9#:C	?"9# 9[20:9[03 9[33:9[27 9[16:9[93
h:f ?max 9[34:9[943 9[34:9[960 9[34:9[937

a � 9[4
f ý"9#:C	?"9# 9[07:9[951 9[14:9[07 9[05:9[906
h:f ?max 9[44:9[927 9[44:9[940 9[44:9[922

a � 9[8
f ý"9#:C	?"9# 9[940:9[9973 9[958:9[915 9[935:9[9911
h:f ?max 9[64:9[905 9[79:9[911 9[64:9[903

of a[ As the degree of saturation in the ambient pool is
increased from a � 9 to a � 9[8\ the peak velocity reduces
for all three aluminum alloy systems[ This result is evi!
dently due to the fact that the concentration di}erence
across the boundary layer decreases with an increasing
value of a\ thus giving rise to a smaller induced velocity[
For a given ambient pool concentration\ the peak velocity
as well as the velocity gradient at the dissolution front
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Fig[ 1[ "a# Modi_ed axial velocity pro_les for an aluminumÐmolybdenum "AlÐMo# system in the dissolution boundary layer at 0999 K
for various freestream concentrations ^ "b# modi_ed axial velocity pro_les for an aluminumÐnickel "AlÐNi# system in the dissolution
boundary layer at 0999 K for various freestream concentrations ^ "c# modi_ed axial velocity pro_les for an aluminumÐiron "AlÐFe#
system in the dissolution boundary layer at 0999 K for various freestream concentrations[

vary from one aluminum alloy system to another\ evi!
dently due to the e}ects of the Schmidt number and the
density ratio of the binary system[ This is true as long as
the system temperature\ Ti is _xed at a constant value[
The numerical results for various ambient pool con!
centrations are given in Table 1[

Figure 2"a#Ð"c# shows the distribution of C	"h# in the
dissolution boundary layer for the AlÐMo\ AlÐNi\ and
AlÐFe systems[ For all three systems\ the values of C	"h#
almost approach their asymptotic values at h � 0[ Com!
paring the velocity and concentration pro_les for each
system\ it can be seen that the location at which the
velocity peaks\ is within the concentration boundary
layer[ Physically\ this behavior is quite expected since the
~ow is induced by buoyancy due to the concentration
gradients[ The local mass fraction of the substrate

decreases from its saturated value at the dissolution front
to the ambient pool concentration at the edge of the
concentration boundary layer[ As the degree of satu!
ration in the ambient ~uid is increased\ the concentration
gradients in the boundary layer decrease\ resulting in a
smaller driving force for the ~ow[

Figures 3 and 4 show the calculated velocity and modi!
_ed concentration pro_les in the dissolution boundary
layer for the case in which the system is at a higher
temperature of Ti � 0199 K[ Due to space limitation\
results are presented only for the AlÐNi system in these
_gures[ A comparison of Figs 1"b# and 3 indicates that
the induced velocity is larger at a higher temperature[
For the case of a � 9\ the peak velocity increases by a
factor of 0[89 as the system temperature is increased
from 0999 K to 0199 K[ For the near!saturation case of
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Fig[ 2[ "a# Distribution of the modi_ed mass fraction of the AlÐMo alloy in the dissolution boundary layer at 0999 K for various
freestream concentrations ^ "b# distribution of the modi_ed mass fraction of the AlÐNi alloy in the dissolution boundary layer at 0999
K for various freestream concentrations ^ "c# distribution of the modi_ed mass fraction of the AlÐFe alloy in the dissolution boundary
layer at 0999 K for various freestream concentrations[

a � 9[8\ the peak velocity increases by a factor 0[86 as
the system temperature is increased from 0999 K to 0199
K[ The increase in the induced velocity is evidently due
to the presence of larger concentration di}erences across
the boundary layer\ as can be seen from Fig[ 4[ As the
system temperature is increased from 0999 K to 0199
K\ the saturated mass fraction of the substrate at the
dissolution front increases considerably\ resulting in a
larger buoyancy e}ect[ On the other hand\ the thickness
of the concentration boundary layer increases only mod!
erately from 9[64 to approximately 1[9\ as the saturated
concentration increases much faster with temperature
than does the mass di}usivity[ Thus the concentration
gradients increase almost by an order of magnitude
within the boundary layer as the system temperature is
changed from 0999 K to 0199 K\ giving rise to higher

local velocities[ The numerical results are given in Tables
1 and 2[ Note that d is several times larger than dc as the
Schmidt number of the ~uid is much larger than unity[

For an aluminum alloy system ð09\ 00Ł\ rm:rw is
approximately equal to some constant in this study[ From
eqns "04b# and "17#\ it can be shown that

c � $0¦
aC	s

0−a%
1z1V9

2Cs

� c"a\ Sc\ Cs#[ "18#

From eqns "16# and "18# with an anticipation of
Sh � Sc0:3\ it may be postulated that

Y �cSc0:3 � Y"a\ Cs# "29#

where Y"a\ Cs# is an unknown function of a and Cs[ A
plot of Y versus Cs is shown in Fig[ 5 for the three
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Fig[ 3[ Modi_ed axial velocity pro_les for an aluminumÐnickel
"AlÐNi# system in the dissolution boundary layer at 0199 K for
various freestream concentrations[

Fig[ 4[ Distribution of the modi_ed mass fraction of the AlÐNi
alloy in the dissolution boundary layer at 0199 K for various
freestream concentrations[

aluminum alloys for various values of a[ These numerical
data are obtained by calculating the value of V9 and thus
the value of c at various system temperatures\ cor!
responding to di}erent sets of Sc and Cs[ The _tting
equation for function Y can be written as

Y � Y"a\ Cs# � b9¦b0Cs¦b1C
1
s "20#

where b9\ b0\ and b1 are coe.cients dependent only on
the value of a\ and their corresponding values are given
in Table 3[ In view of the similarity among the various
curves in Fig[ 5\ a further analysis is done by a nor!
malization procedure[ The value of Y for di}erent alumi!

Fig[ 5[ Correlation of the numerical data for various metals in
molten aluminum[

Table 3
Correlation equation constants for various ambient pool con!
centrations

Constants
Ambient pool
concentrations b9 b0 b1

a � 9 9[536 9[221 9[089
a � 9[4 9[430 9[190 9[197
a � 9[8 9[9247 9[989 9[036

num alloy systems is divided by the coe.cient b9 at vari!
ous values of a\ and then plot against Cs for all three
aluminum systems as shown in Fig[ 6[ By correlating the
numerical data\ a parabolic curve is obtained over the
range 9[9918 ¾ Cs ¾ 9[264 where

Y:b9 � 0¦9[27Cs¦9[25C1
s [ "21#

Since b9 is only dependent on the value of a\ a reasonable
linear correlation can be done as in Fig[ 7[ The equation
is correlated as

b9 � 9[55−9[21a[ "22#

From eqns "16\ 20\ 22\ 23#\ a correlation for the average
Sherwood number can be obtained[ This is

Sh � "9[55−9[21a#"0¦9[27Cs¦9[25C1
s #Sc0:3Gr0:3

L [

"23#

The above result indicates that the average dissolution
mass transfer coe.cient for binary metallic system is
a function of both the saturated concentration of the
substrate at the solid:liquid interface and the degree of
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Fig[ 6[ Correlation of the normalized data for various metals in
molten aluminum[

Fig[ 7[ Correlation of the coe.cient b9 for di}erent values of a[

saturation in the ambient pool[ It should be noted that
at the limits of a : 9 and Cs : 9\ eqn "23# reduces to

Sh9 � 9[55Sc0:3Gr0:3
L "24#

which is identical to the classical result reported for natu!
ral convection heat transfer analogy ð05Ł[

4[ Conclusions

A physical model has been developed to describe the
process of dissolution mass transfer in an isothermal

binary metallic system[ Based upon the results of the
present study\ the following conclusions can be made[

0[ The ~ow induced by the dissolution process is a strong
function of the ambient pool concentration as well as
the system temperature[ This is due to the fact that
the solubility of the wall material given by the phase
diagram of the binary system is uniquely determined
by the system temperature[ A higher velocity is
induced as the system temperature is increased[

1[ For given ambient pool concentration and system
temperature\ the peak velocity induced in the dis!
solution boundary layer as well as the velocity gradient
in the dissolution front vary from one aluminum alloy
system to another\ evidently due to the e}ects of the
Schmidt number and the density ratio of the binary
system[

2[ The momentum boundary layer is several times
thicker than the concentration boundary layer[ This
is typical for molten metallic systems whose Schmidt
numbers are usually much larger than unity[

3[ The average Sherwood number not only depends on
the Grashof number and Schmidt number but is also
a strong function of the saturated concentration of the
substrate at the dissolution front and the degree of
saturation in the ambient pool[ Over the range of
9[9918 ¾ Cs ¾ 9[264\ the average Sherwood number
can be correlated to these four controlling parameters
in the form given by eqn "23#[

4[ The classical result reported for natural convection
heat transfer analogy ð05Ł can be obtained as a limiting
case of the present study with a : 9 and Cs : 9\ as
given by eqn "24#[

References

ð0Ł Cheung FB\ Yang BC\ Li D\ Cho DH\ Tan MJ[ E}ects of
freestream velocity and concentration on dissolution mass
transport in a steel:aluminum system[ AIChE Symposium
Series 0882^78]285Ð392[

ð1Ł Gebhart B\ Jaluria Y\ Mahajan RL\ Sammakia R[ Buoy!
ancy!Induced Flows and Transport\ Hemisphere\ New
York\ 0877\ Chap[ 5[

ð2Ł Ravoo E\ Rotte JW\ Sevenstern FW[ Theoretical and elec!
trochemical investigation of free convection mass transfer
at vertical cylinders[ Chemical Engineering Science
0869^14]0526Ð41[

ð3Ł Gairola PK\ Tiwari RK\ Ghosh A[ Rates of dissolution of
a vertical nickel cylinder in liquid aluminum under free
convection[ Metallurgical Transactions 0860^1]1012Ð5[

ð4Ł Niinomi M\ Ueda Y\ Sano M[ Dissolution of ferrous alloys
into molten aluminum[ Transactions of the Japan Institute
of Metals 0871^12]679Ð6[

ð5Ł Niinomi M\ Suzuki Y\ Ueda Y[ Dissolution of ferrous
alloys into molten pure aluminum under forced ~ow[ Trans!
actions of the Japan Institute of Metals 0873^14]318Ð28[



S[W[ Shiah et al[:Int[ J[ Heat Mass Transfer 30 "0887# 2648Ð2658 2658

ð6Ł Niinomi M\ Ueda Y[ On the alloy layers formed by the
reaction between ferrous alloys and molten aluminum[
Transactions of the Japan Institute of Metals 0871^12]698Ð
06[

ð7Ł Dybkov VI[ Interaction of 07CrÐ09Ni stainless steel with
liquid aluminum[ Journal of Materials Science
0889^14]2504Ð22[

ð8Ł Burmeister LC[ Convective Heat Transfer\ 1nd edn\ Wiley\
New York\ 0882\ p[ 195[

ð09Ł Hatch JE[ Aluminum ] Properties and Physical Metallurgy\
American Society for Metals\ Metals Park\ 0873\ pp[ 06\
15[

ð00Ł Eremenko VN\ Natanzon YaV\ Dybkov VI[ Physico!
chemical processes on the solid metalÐmolten metal inter!
face[ Soviet Materials Science "Translated from Fiziko!
Khimicheskaya Mekhanika Materialov# 0873^19]2Ð8[

ð01Ł Liu H\ Bouchard M\ Zhang L[ An experimental study of
hydrogen solubility in liquid aluminum[ Journal of
Materials Science 0884^29]3298Ð04[

ð02Ł Yeremenko VN\ Natanzon YaV\ Dybkov VI[ Interaction
of the refractory metals with liquid aluminum[ Journal of
the Less!Common Metals 0865^49]18Ð37[

ð03Ł Guminski C[ Di}usion coe.cients in liquid metals at high
dilution[ In HU Borgstedt and G Frees\ editors[ Liquid
Metal System\ Plenum Press\ New York\ 0884\ pp[ 234Ð
245[

ð04Ł Nasch PM\ Steinemann SG[ Density and thermal expansion
of molten manganese\ iron\ nickel\ copper\ aluminum and
tin by means of the gamma!ray attenuation technique[
Physics and Chemistry of Liquids 0884^18]32Ð47[

05[ Skelland AHP[ Di}usional Mass Transfer\ John Wiley\ New
York\ 0863\ p[ 013[


