Mass Transfer in Liquid-Lithium Systems
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The behavior of type-304 stainless steel in a forced-convection closed-loop lithium system
was investigated over a wide range of temperatures and velocities. Fundamental information
concerning the mechanism for mass transport has been obtained by examining solution and
deposition effects along flat plates. The rate-determining process for solution is transport from
the solid to the interface, whereas deposition rates are liquid-phase controlled.

Liquid-phase mass transfer coefficients were correlated with a maximum deviation of ap-
proximately 15% by the use of von Karman's analysis of the turbulent boundary layer along
a flat plate, combined with the Chilton-Colburn empirical modification of the Schmidt group.
In contrast no adequate model is available for the prediction of solution rate constants which
must be determined experimentally. Mean values of the solution rate constants ranged from
0.154 to 0.750 x 10° cm./sec. at temperatures from 510° to 612°C. These values are on the
order of 10° smaller than corresponding liquid-phase mass transfer coefficients.

Significant theoretical developments
and quantitative data relating to liquid-
metal heat transfer are available. Com-
parable contributions for mass trans-
port phenomena, except for mercury
systems, have not been forthcoming.
Several studies have provided qualita-
tive data about the corrosive effect of
liquid alkali metals and their com-
pounds on various materials of con-
struction. Descriptive information is
available concerning thermal-gradient
mass transfer in lithium systems for
both natural and forced convection (I,
2, 3). These studies suggested general
solution as the principal over-all mech-
anism for mass transfer to the fluid
phase. Other types of corrosion have
been observed (4) which contribute
to some extent to the total transport of
material. :

Epstein (5) investigated the mass
transfer problem in dynamic-sodium
and mercury-loop systems by employ-
ing quantitative techniques. Two mech-
anisms for corrosion were considered.
The rate-determining step for solution-
limited corrosion is the transfer of mate-
rial from the metal surface to the ad-
jacent liquid boundary layer. For the
diffusion-limited mechanism the rate of
transfer of material through the liquid
boundary layer controls the process.
The principal difference between these
mechanisms is that the interfacial liquid
concentration is in equilibrinm with
the solid phase in the diffusion-limited
case, whereas it is not saturated and is
approximately equal to the average
bulk-stream concentration in solution-
limited corrosion. The mercury-iron
and sodium-iron systems are described
respectively as diffusion limited and
solution limited.

Dunn et al. (6) studied mass trans-
fer rates for metals quite soluble in
mercury’ ‘at room temperature. The
data were correlated by use of the
various dimensionless correlations ap-
plicable to the systems studied. Linton
and Sherwood (7) investigated the
solution of tubes and plates for both
laminar and turbulent flow. This in-
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vestigation represented a considerable
extension of mass transfer data to
higher values of (u/pD.), and the data
were correlated by use of conventional
dimensionless equations.

A recent study by Bennett and
Lewis (8) discusses the applicability
of boundary-layer analysis and the
more recently developed surface-re-
newal theory (9, 10). It has been
shown (11) that the laminar-sublayer
and surface-renewal models yield simi-
lar equations, and thus mass transport
may be expressed in traditional form
independent of the frame of reference
used. To test these theories, two de-
signs of apparatus were used in the
experiments by Bennett and Lewis,
and two equations were employed to
correlate the data, depending on the
method used. Although an exponent of
0.5 for the Schmidt group (as pre-
dicted by the surface-renewal theory)
was applicable to one system, this was
not considered sufficient evidence to
confirm or reject the surface-renewal

theory.

EXPERIMENTAL PROCEDURE

The apparatus employed is shown
schematically in Figure 1. Lithium was
charged to the hold tank through a sintered
stainless steel filter with 5-u pore size. The
entire system was pretreated with low-tem-
perature lithium to reduce surface films.
Type-304 stainless steel plates (1 by %
by 1/16 in.) which had previously been
electropolished to eliminate surface films
were arranged to form a continuous flat
plate parallel to the direction of flow. This
was accomplished with %-in. tubes 27-in.
long which were machined to hold ten to
twenty-five plates rigidly to form one
continuous plate. The J-in. tube together
with the inserted plates was placed inside
a %-in. tube and the assembly locked
together to hold the two tubes concentric-
ally.

Lithium flowed parallel to both sides of
the plate causing material to be trans-
ferred identically on both sides. This ar-
rangement enabled the measurement of
mass flux to and from plates 1 to 25 in.
long under invariant conditions for a given
run. The temperature and flow conditions
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were altered as desired for different runs.
Plate assemblies were varied in length
from 10 to 25 in. Two test sections were
incorporated in the system; one was placed
in the hottest and the other in the coldest
part of the system. During all runs the
low-temperature test section was main-
tained at a constant temperature, whereas
both isothermal and nonisothermal con-
ditions were established in the hot section.
As expected, material was transferred from
the plates to the liquid stream in the hot
zone and from the liquid stream to the
plates in the low-temperature section.

The lithium wused was high-purity
vacuum-distilled material reported to have
the following analysis:

Lithium analysis
Na K Ca N Fe Li

0.005% 0.01% 0.02% 0.06% 0.001% 99*%
During each run lithium was filtered con-
tinuously to reduce contamination and to
justify the assumption of a steady state
concentration  distribution; the outlet
stream from the filter was assumed to be
saturated at the filter temperature. The
filter also served to remove particulate
matter resulting from crystal growth in
the liquid stream. In addition the lithium
was filtered continuously at approximately
0.5 to 1°C. above its melting point at
the termination of each run to maintain
contamination at a low level. The absolute
magnitude and consistency of results in-
dicate that this is an effective procedure
and that catalytic effects due to oxides and
nitrides were minimized. It is concluded
that continuous filtration is probably the
single most fruitful method to obtain
consistent and reliable experimental results.

The entire system was made of type-304
stainless steel with the exception of the
fittings which were of type-316 stainless
steel. A single material was used to
eliminate dissimilar metal transfer which
would undoubtedly bias the results. A
preliminary study on static isothermal as-
semblies indicated that austenitic stainless
steels were superior to other stainless steels.
Also a statistical analysis of the results
showed no significant differences between
type-304 and the other series-300 steels
up to 500°C. Refractory metals, which are
more inert, present considerable experi-
mental difficulty because of oxidation
problems unless the entire system is oper-
ated in an inert atmosphere. Therefore
type-304 stainless steel was chosen for
this investigation, despite its complexity,
because of its practical importance in
handling lithium. Small fluxes could be
anticipated with this material, which
satisfied most assumptions made in theo-
retical investigations. The principal limita-
tion in using a complex alloy is that
several components, rather than one, are
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Fig. 1. Closed-loop mass transfer system: 1—
surge tank, 2—electromagnetic pump, 3—elec-
tromagnetic flowmeter, 4—heating section, 5—
hot sample section, 6—cooler, 7—cold sample
section, 8—filter, v —thermocouple, & —valve.

transferred simultaneously. Consequently
mean diffusivities must be used in the
calculations, but this is not a severe limita-
tion because the diffusivities of iron,
nickel, and chromium in liquid lithium are
about equal, as indicated by the Stokes-
Einstein equation.

Thermocouples positioned at various
points in the system measured the tem-
perature distribution. The temperature in
each sample section and throughout the
system was measured periodically by use
of a K-2 potentiometer and also monitored
continuously on a multipoint recorder.

An electromagnetic pump circulated the
lithium, and a calibrated electromagnetic
flowmeter measured the fluid velocity. This
type of pump is particularly convenient for
experimental work with liquid metals, since
it provides excellent velocity control and
reliable operation.

After a specified time, from 67 to 100
hr., the plates were removed, and the mass
flux was measured by weight difference.
Photomicrographic, X-ray, and chemical
analyses were employed to determine
structural changes occurring in the solid
phase and to identify the components
transferred.  Crystals were also cold
trapped upstream of the filter and analyzed
for this purpose. ’

MASS FLUX AND THE TRANSPORT
MECHANISM
Theory

In most liquid lithium mass transfer
investigations the material transported
is the containing system. Therefore the
solubility levels of interest are on the
order of parts per million. Changes in
the bulk-stream concentration around
the system can be less than 1 part/mil-
lion as in this investigation. This pre-
cludes direct measurement of concen-
tration differences by chemical means
and requires the use of a different
method. It is desirable to formulate
equations  describing the process in
terms of mass flux at the phase bound-
ary which can be measured directly.
With known fluxes concentration dis-
tributions can be deduced from the
continuity equations.

Bird (12) discusses various frames
of reference for defining fluxes and
clearly presents the relationships be-
tween them. The nature of turbulence
and its role in thermal and material
transport are described by Opfell and
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Fig. 2. Solution of flat plates in lithium (variation of mass flux
with Reynolds number).

® 612°C.
© 587°C.
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e 540°C.
o 510°C.
Sage (13). On the basis of the general
equations described in these mono-
graphs it is easily shown that
aC —
v, 530 5,123 ( rfgi) (1)
9z r or or
for steady flow of an incompressible
fluid in a constant cross-sectional area,
circular conduit. Solutions to the heat
transfer analogue of Equation (1) have
been obtained for plug, laminar, and
turbulent flow in tubes by Lévéque,
Graetz, and Latzke (I14) assuming
constant physical properties. These
solutions have been compared with ex-
perimental data with considerable suc-
cess (14, 15).

Practical problems are usually com-
plicated by large thermal gradients
and the nature of the solid phase, when
this offers appreciable resistance to
transfer. This has made it necessary to
state the continuity equation in the
simplest possible form so that it can be
integrated over the system considered.
It is desirable to examine this approach

K — ——
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for circular tubes, since the procedure
was used in this study. The macro-
scopic steady state continuity equation
for each component in the liquid
stream 1is :

N A
dz VA,

In addition local mass transfer coeffi-
cients, for steady state conditions, are
defined for each component by

Nr == k:(Cx_Ca#) (30‘)
=k. (y°C,° —~C.*)  (3b)
=k, (C,* — Cy) (8¢)

Equations (3a¢), (3b), and (8c) de-
scribe solid-phase diffusion, interfacial
chemical rates, and liquid-phase diffu-
sion, respectively. It should be noted
that 4° and C,° in Equation (3b) refer
to quantities in thermodynamic equil-
ibrium with the solid phase immedi-
ately adjacent to the liquid; this may
not be identical with the bulk solid.
Solution Phenomena Epstein (5)
suggested two distinct mechanisms for
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where

40
If analytical expressions are available
for the temperature coefficient of solu-
bility and the temperature distribution
in the system, the integral is easily
evaluated; a, and A\, are best deter-
mined by

Am = i— fa(z) dz

30

(6)

Epstein (5) simplified Equation (5)
by- assuming that (dC.°)/(dT) was
essentially constant over small tem-
perature intervals and that the temper-
ature distribution can be approximated
by a simple cosine function. Employing
these assumptions; one obtained order-
of-magnitude agreement.

Deposition Phenomena For deposi-
tion processes only k. and k; need be
examined. If k. is large, as it is shown
to be for the system investigated, the
‘interfacial liquid is assumed to be in
thermodynamic equilibrium with the
solid. Consequently the mass flux can
be written as

N, =k, (C.—C.°)= ki (C:—C.*) (7)
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Fig. 3. Deposition on fiat plates from lithium (variation of mass flux with Reynolds number).

o 490°C.
o 450°C,
o 445°C,
o 328°C.

solution phenomena in liquid-metal
systems as previously described. The
diffusion-limited mechanism controls
for single-component solids, where k.
is large and C,*® is approximately equal
to C.°. It is readily seen that these
conditions give directly
N, = kL (CL° - CL)
=k, (C.* —Cy) (8¢)

Hydrodynamic effects are most pro-
nounced for systems that can be so de-
scribed. This behavior has been ob-
served in mercury systems with iron,
tin, lead, and cadmium solutes (6, 8).
When the interfacial liquid boundary-
layer cannot be considered saturated,
several possibilities arise and have been
observed experimentally. For pure
solids the chemical-rate factor may
enter into the solution process as ob-
served with zinc in several solvents
(8). Also the solution rate may be
affected by the existence of a solid
boundary layer of reaction products re-
sulting from a chemical reaction be-
tween the solid and an impurity of the
liquid or the liquid itself. The iron-
sodium system exhibits this behavior
(5). Solution of multicomponent solid
alloys is further complicated by solid-
phase diffusion. All these effects are in-
cluded in an over-all mass transfer
coefficient frequently designated a
“solution-rate constant,” and the mass
flux is written

N, =a(C.° —Cy) (4)
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If the origin of the coordinate sys-
tem is chosen at a point in the system
where the liquid stream is saturated,
that is the outlet from the filter, the
flux distribution around the system can
be obtained directly. Differentiating
Equation (4), combining this with
Equation (2}, and integrating with the
condition N,=0 at z=0 (at the filter
outlet this condition is satisfied since

Since the transfer mechanism cannot
be observed directly, it must be de-
termined by inference. Transport in
turbulent flow parallel to a flat plate is
ideal for this purpose. This system has
been the subject of considerable theo-
retical investigation, particularly as it
relates to heat and momentum transfer.
Von Karman (16) studied the heat
transfer problem. From a heat balance
over the boundary layer, based on the
1/7 power velocity distribution law, he
derived the following relationships for
local and total fluxes respectively:

the bulk stream is saturated), one ob- P o
tains qf = 0.0285 pCp Vo 0 ;‘7—“: (8)
dC °dr PVoL 0.8
N, = 01,,.8')""’_’:( —d_;‘_ I e*dz (5) gr=0.0356 p C, 8, T (9)
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Fig. 4. Variation of mass flux with temperature.

O present data on lithium

® data of Epstein (5) on sodium
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TasLE 1. ConprTioNs FOrR SoLuTION-RATE DaTa IN Froure 4

Lithium
Type of
Nz(mg./ Tsoin., Teirters AT, specimen
sq. cm.-mo) °C. °C. °C. Time, hr. V, em./sec. dissolving
7.6 612 490° 122 100 15.5 plate
5.7 587 450* 137 100 15.5 plate
4.7 583 548¢ 35 100 40.0 plate
34 563 543 20 100 60.0 tube
3.15 556 445¢ 111 67 15.5 plate
221 541 328* 212 100 15.5 plate
0.85 510 374 136 100 15.5 plate
0.36 440%* 430 10. 100 85.0 plate
0.17 421%* 374 45 100 85.0 plate
Sodium
0.94 535 425 110 — 30
0.71 500 460 40 — 60
0.08 375 225 150 — 45

e Def.osi.tion rates were measured at these conditions and are shown in Figures 3 and 5. .
¢ Preliminary measurements were made to determine the temperature level necessary to obtain re-

lia!:ly reassurable rates.

%% Fifteen measurements on tubes were made under these conditions to test the assumption that

the solution rate is independent of geometry.

Von Kirman's analysis assumes a
stream of infinite extent, where the
main stream above the boundary layer
is undisturbed. This is approximated
by flat plates in tubes along a relatively
short length before the tube-and-plate
boundary layers interact. By analogy it
would be expected, for a given AC,,
that the total mass flux over the length
is proportional to [(V.L)/v]*® for an
isothermal system if the fluid resistance
predominates. Conversely, if the trans-
fer process is controlled by crystal
orientation or solid-phase diffusion ef-
fects, the growth of the boundary layer
should affect mass transfer to a lesser
extent and the rate is essentially inde-
pendent of the fluid velocity and di-
rectly proportional to the length of the
plate.

Experimental Results ‘
Mass-Flux Data Figures 2, 8, and
are representative mass-flux data ob-
tained in this stady. The behavior of
each individual curve in Figures 2 and
3 is independent -of the driving force,
since this is constant for a given curve.
Figure 2 shows fluxes from the plates
to the lithium stream. All runs indicate
some degree of positive curvature, and
this curvature increases with increased
flux as expected for solution-limited

transfer.

In contrast Figure 3 for fluxes to the
plates corroborates von Karman’s pre-
dicted effect of the Reynolds number.
It is seen that the total flux in this case
is linear in [(V,L)/»]°® within ex-
perimental error. This suggests a solid-
phase controlled-solution process and a
fluid mechanically controlled precipita-
tion process. Subsequent examination
of mass transfer coefficients and solu-
tion-rate constants corroborates this.

Page 142

In large measure this explains the
plugging phenomena observed in non-
isothermal closed-loop systems. Since
the precipitation process is rapid rela-
tive to the solution process, the deposi-
tion of material in the system is limited
only by the concenfration or activity
potential available.

Each point in Figure 4 is based on
twenty-five observations of solution
rates under a given set of conditions.
It is seen that the mass flux is substan-
tially linear in 1/T, despite the varia-
tion in temperature differences and
velocities shown in Table 1. This ex-
perimental result strongly suggests
that the observed solution rate, under
the range of conditions investigated,
is an exponential function of the solu-
tion temperature. This is quite reason-

able considering that a large number
of diffusion processes, reaction-velocity
constants, and solubility concentrations
can be expressed by an Arrhenius type
of equation over limited temperature
ranges. An identical result was ob-
tained for the mercury-iron system (5),
and the reasons for this were discussed
rather extensively.

Figure 4, together with the tempera-
ture distribution, can be employed to
determine the concentration distribu-
tion around the system with the con-
tinuity equation used in the form

The stream leaving the filter is as-
sumed to be saturated.

Mass Transfer Coefficients. A search
of the diffusion literature (I17) on lig-
uid metals led to the conclusion that
measured diffusivities were one to two
times those calculated with the Stokes-
Einstein equation:

DLIL K

L = 11
T 6347!’ ( )

This then provides a reasonable ap-
proximation for use in dimensionless
correlations to predict mass transfer
coeflicients.

-The atomic radii of iron, nickel, and
chromium are 1.26, 1.24, and 1.25 A.
respectively, and therefore diffusivities
of these elements in dilute solutions
should, on the basis of the Stokes-
Einstein equation, be essentially the
same. A value of 1.25 A. was used to
calculate the mean diffusivity.

Von Karman’s analysis modified for
mass transfer as a Chilton-Colbum §-
factor correlation leads to

fa = 0.0356 (Nzo,)™* (12)
or, with a slightly modified friction
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Fig. 5. Correlotion of liquid-phase mass transfer coefficients for flat plates.

Temp., °C.  Velocity, cm./sec.
s} 445 155
1] 490 15.5
o 328 155
-} 450 15.5
° 548 40.0
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Plate length,cm.  AC x 10* mg./cc.

2.54.254 1.30
2.54-254 3.63
2.54-63.5 1.17
2.54-63.5 2,00
2.54-63.5 1.38
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factor for smooth flat plates as sug-
gested by Schlichting (18), to

js = 0.0370 (Nzux)™*  (13)

The coeflicients in these relations are
mean values over the plate length.
Since the filter and cold-section
plates were maintained at the same
temperature, the equilibrium solubility
was the same in both. In addition if
the deposition process is fiuid mechani-
cally controlled, as suggested by the
previous discussion of von Kirmin’s
analysis, the interfacial concentration
at the plate is an equilibrium value
identical with the outlet concentration
of the filter. Consequently the. driving
force for deposition is equal to the in-
crease in concentration experienced by
the lithium in travelling from the filter
outlet to the plate entrance. These
values are given in Figure 5. Therefore
mass transfer coefficients were calcu-

lated by the use of

N,
AAC,

where AC, is determined with Equa-
tion (10) and measured solution rates
used.

The data falling below the solid line
in Figure 5 were all obtained at 328°C.,
whereas the data on or above the line
represent temperature between 445°
and 548°C. No consistent bias is ob-
servable in the higher-temperature data,
and the experimental error is appar-
ently small. The larger deviations from
predicted values for the 328°C. data
are probably due to error in AC,. The
temperature gradient throughout the
heat exchanger was particularly high
for the 328°C. data (8.5°C./in.) and
may have caused a significant decrease
in the concentration of the stream ap-
proaching the plates via deposition in
the exchanger. This may account for
the low experimental values of k.

k, =

(14)

e b e
. L Ve o

s
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.3 1..;

0y C‘\f 3 g,

MAX. SYSTEM TEMPERATURE (556°C)
DEPOSITION TEMPERATURE (445*C)
3 divisions = 0,002 in.

x 300

—

DEFOSITED
LAYERS

TaBLE 2. SoLUTION-RATE CONSTANTS

am X 105,

(cm./ aXx 10° AC,
sec.)® (range)*® mg./cc.
0.154 0.204-0.142 0.129
0.299 0.398-0.259 0.206
0.504 0.775-0.428 0.204
0.670 0.764-0.616 0.289
0.750 0.792-0.694 0.331

At
t, °C. system, °C. Nz, x 10°
510 136°C 6-150
541 212°C 6-154
556 111°C 6-155
587 137°C 6-160
612 122°C 6-1683

2 The mean values and ranges for solution-rate constants were based on twenty-five measurements

in all cases.

These data contrast with those ob-
tained by Linton and Sherwood (7).
For plates their results in all cases were
1.5 to twofold above the solid line in
Figure (5). These authors logically
suggest that this is attributable to the
induced roughness of the plates caused
by solution effects. This is a reasonable
conclusion as discussed extensively by
Schlichting (18).

Solution-Rate Constants. Unlike the
mass transfer coefficients discussed pre-
viously for fluxes to the solid phase,
the mechanism for solution is not
readily discernible because of its in-
herent complexity and the lack of
sufficient solubility data. Solubility
data were obtained for nickel from the
the work of Bagley and Montgomery
(19) and for iron from Sand et al.
(20). No chromium solubility data
were available. Therefore the solution-
rate constants shown in Table 1 were
calculated on the basis of these data.
It is readily seen that the absolute
magnitude of the solution rate constants
is smaller, by a factor of 10°, than
expected for diffusion-limited processes.
A simple calculation with the approxi-
mate relationship

11 1 1
= ny

Kk, (15)

MAX, SYSTEM TEMPERATURE (612°C)
DEPOSITION TEMPERATURE  (490°C)
3 divisions = 0,002 in.

x 300

Fig. 6. Photomicrographs showing deposition layer.
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shows that

1 1 1

- & e

a -ka.,
within less than 1%. Therefore the
solution-rate constant is dependent on
the solid phase and interfacial resist-
ances only.

The proper driving force to use for
solution-rate constant calculations is
the difference between the equilibrium
concentration and the bulk-stream con-
centration. This is exactly equivalent
to the difference in solubility between
the solution temperature and the filter
temperature plus the bulk-stream con-
centration increase caused by solution
between these points. These values are
given in Table 2. According to Figure
4 log N, is essentially linear in 1/T.
Therefore the solution-rate constants
should be linear in this variable. This
condition is only approximately satis-
fied. Deviations from linearity are
probably attributable to the lack of
complete solubility data.

It is clear from the behavior of the
individual solution-rate constants® that
the solution process is controlled prim-
arily by the solid phase, in contrast to
the precipitation process. Although
there is a slight tendency for these
constants to decrease with increasing
Reynold’s number, this is not nearly so
pronounced as that observed in fluid
mechanically controlled systems.

Solid-Phase Analysis. The photo-
micrographs in Figure 6 provide a
means of estimating quite accurately
the depth of deposition product layers
due to mass transfer in the low-tem-
perature section of the system. The
band above the stainless steel substrate
represents the deposition layer. It can
be seen that this layer is well deline-
ated, and no diffusion into the sub-
strate is evident. Fluxes observed by
weight differences for Figure 6a and b
were in the ratio of 1/2.83, which cor-
responds to the respective band widths
shown. The exact structure of the de-

© Tabhular material has been deposited as docu-

ment No. 6125 with the American Documenta-
tion Institute, Photoduplication Service, Library
of Congress, Washington 25, D.C., and may be
obtained for $1.25 for photoprints or for 35-mm.
microfilm.
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position products is difficult to deter-
mine, but spectrographic analysis of
crystals trapped upstream of the filter
showed that nickel was the principal
component transferred and that chro-
mium, manganese, silicon, and carbon
were present in detectable amounts.

X-ray diffracion and photomicro-
graphic analysis of the plates in the
high-temperature section of the system
where solution occurs showed trans-
formation of the austenitic structure to
a ferritic structure. Corresponding to
mass-lux rates, the degree of conver-
sion to ferrite increased rapidly with
temperature. In an inert atmosphere
the austenitic structure of type 304
stainless steel is quite stable at 600°C.;
therefore transformation to ferrite can
be attributed to the preferential loss of
nickel, which is the major stabilizing
component for austenite in type-304
stainless steel. Precipitation of chro-
mium carbide at grain boundaries,
thereby depleting the matrix of carbon,
also enhances ferrite formation.

CONCLUSIONS

1. Mass transfer coefficients in alkali
metal systems for fluxes to the solid
phase are predicted within experimen-
tal error by von Kiarman’s theoretical
analysis of thé turbulent boundary
layer for flow parallel to a flat plate,
combined with the Chilton-Colburn
empirical modification of the Schmidt
group. ’

2. The fundamental transfer mech-
anism is unaltered by the system geom-
etty. Therefore j-factor correlations
would be expected to predict mass
transfer coefficients in circular tubes.

3. Mass transfer from thé solid to
the liquid stream is controlled by solid-
phase diffusion and cannot be predicted
from correlations based on liquid-phase
diffusion.

4. No interfacial chemical resistance
was evident for mass transfer to the
solid phase. It was not possible to de-
termine the effect of interfacial resist-
ance in the solution process because of
its complexity.

- 5. Closed-loop forced-convection sys-

tems are very satisfactory for mass
transfer investigations of sparingly
soluble materials. The idealized steady
state condition can be closely ap-
proached and transient behavior studied
if desired. Isothermal and nonisother-
mal conditions are easily established
simultaneously in separate sections of
a single system. The opportunity to
study solution and deposition rates
simultaneously is particularly impor-
tant for investigating the transport
mechanism. A wide continuous range
of fluid velocities is easily obtained,
and the velocity can be controlled ex-
tremely well.
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6. Type-304 stainless steel is a suit-
able material for handling liquid lithium
up to 1,100°F. because solution mass
transfer rates are low. This condition
minimizes the tendency for equipment
failure by either corrosion or plugging.
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NOTATION

A
C

area, sq. cm.
concentration of solute, g./
ce.

heat capacity, cal./(g. °K.)
molecular diffusivity, sq.cm./
sec.

(ko/V)L(p)/ (pDo) T
reaction velocity constant,
cm./sec.

li%uid—phase mass tranfer co-
efficient, cm./sec.

= solid-phase mass transfer co-
efficient, cm./sec.
distribution constant

plate length, cm.

local mass flux, g./(sq.cm.)
(sec.)

total mass flux, g./sec.

heat flux, cal./ (sq.cm.)
(sec.)

radius, cm.

gas constant

temperature, °K.

time, sec.

Greek Letters .

« = solution rate constant, em./

sec., over-all mass transfer

coeflicient

activity coefficient

difference

temperature difference, (To-

Tw) °K.

Boltzman constant (1.38 X

10~ erg./°K.)

viscosity, g./(em.) (sec.)

kinematic viscosity, sq.cm./

sec.

= density of liguid mixture,
g./cc.

b

C:
D,

[

it

ror
(I

Zrx
I

< 2
o

T

gy

> >R
o

e = =
I

I

®

Dimensionless Groups

Nz. = Reynolds number for flat
plate, (VpL/u)

Ns. = Schmidt number (p/pD.)

Subscripts

c = cross sectional

d = mass transfer

f = final value

K = K** component

A.1.Ch.E. Journal

liquid phase

mean value

origin of coordinate system
peripheral

radial direction

solid phase

total

direction

Ll R R RN .
T O T

Superscripts
o equilibrium value
® interfacial value

i
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