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ABSTRACT

The ordinary diffusion coefficient and the Soret (thermal
diffusion) coefficient were measured for a solution of 3.5 weight percent
sodium chloride in water; this system was selected as a reasonable binary
simulant to the multicomponent sea water system. Ordinary diffusion co-
efficients were measured, at 25° C, for pressures over the range 1 to 1000
bars; the Soret coefficient was determined at 27°C and approximately
1000 bars pressure, and compared to measured values at 1 bar pressure.

The experimental high pressure cells and techniques developed for measuring
these properties for binary salt solutions can be modified and adapted for
possible analogous measurements with multicomponent solutions.

The influence of pressure on the ordinary diffusion coefficient
in 3.5 weight percent NaCl-H,0 at 25°C was found to be negligible over
the pressure range 1 to 1000"bars. 1In view of the widely differing
diffusional behavier of the various binary salt constituents, however,
a significant pressure effect could exist for a multicomponent mixture such as sea
water. Based upon the data from low pressure experiments and a single
high pressure experiment in the Soret diffusion apparatus, the Soret co-
efficient at room temperature likewise appears to be virtually independent
of pressure up to 1000 bars. The extrapolated reversal of direction for
thermal diffusion in the NaCl-H,0 system at temperatures lower than about
7°C should, however, be investigated at high pressures for possible signi-
ficance regarding the sea water system itself.

An extensive review and analysis was made of the available lit-
erature pertaining to the viscosity and thermal conductivity of multicomponent
salt solutions, including sea water. This analysis has shown that these
properties are not too different from those of pure water, and can be pre-
dicted satisfactorily for engineering purposes by simple additivity
relationships based upon the most important salt ions present. Neither
the viscosity nor the thermal conductivity appears to exhibit any unusual
effect (relative to water) with changes in temperature, pressure, or con-
centration, and no direct relationships apparently exist between either
viscosity or thermal conductivity and the mass diffusional properties of

the individual ions.
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SECTION 1

INTRODUCTION

1.1 PRELIMINARY CONSIDERATIONS

There are a number of situations of interest to physical and
chemical oceanography where the molecular diffusion of ions in an aqueous
solution can be important. These situations include, for example, the
molecular transport phenomena that occur in the vicinity of the interface
between sea water and sea ice, between undersea instruments or vessels
and sea water*, and between the ocean bottom and sediment regions and the
surrounding sea water. Important technological problems such as the rate
of corrosion of metals by sea water and the performance of undersea
batteries are also significantly affected by molecular ionic diffusion
processes.

The two most common causes for ion diffusion in these situations
are concentration gradients and temperature gradients. The ion flux is
directly related to these two driving forces by molecular diffusion

ek
coefficients known as the ordinary ‘diffusion coefficient and the

* In the laminar boundary layer, or in the viscous sublayer of a turbulent
boundary layer where molecular processes are of significance.

*% Often called isothermal



SOret* coefficient. These coefficients, in general, depend upon con-
centration, temperature, and pressure. Their definition for binary liquid
systems (for example, salt + water), whether concentrated or dilute, has
been well established (see Section 1.3). The theoretical prediction of
these coefficients is only possible for some dilute binary systems using
previously determined property parameters which are usually measured at
temperatures near 25°C and at a pressure of one atmosphere. 'Generally, pre-
dictions for concentrated binary solutions and for multicomponent

solutions are not now possible. Therefore, it is necessary to measure
these coefficients under well defined conditions.

The molecular diffusion properties of sea water, a somewhat
concentrated multicouponent salt soclution, are not known. The binary
aqueous solution diffusion properties of its major salt constituent,
sodium chloride, arz known only for temperatures near 25°C and for a
pressure of 1 atmosphere. Even less is known about these properties for
the other salt constituents of sea water.

Since temperatures in the oceans can vary from -2% to 30°c. and
since pressure can vary with depth from 1 atmosphere to approximately 1000
atmospheres, the diffusion properties should be known within these limits
of temperature and pressure.

It is known that the diffusion properties of multicomponent salt
solutions can be much different than those of binary salt solutions. Both
the direction of diffusion and the diffusion rates can be altered depending
upon the relative concentrations of the various types of ions in the multi-
component system, Clearly, a detailed understanding of molecular diffusion
phenomena in such complex systems can only be obtained after a reasonably
good description of diffusion in the various component binary systems has

been developed.

* Named after an early investigator of thermal diffusion phenomena in
aqueous salt solutions.
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‘'he following sections first briefly outline the objectives
of the research investigation reported herein and give the equations
which exactly define the diffusion properties of interest in this
study.

1.2 OBJECTIVES OF THIS INVESTIGATION

In view of the discussion of the preceding section, it is
appropriate to consider the diffusion properties of binary systems first,
and in particular those of the sodium chloride—water system, before
attempting to study the more complex case of sea water itself. Because
sodium and chloride ions are the most predominate ions in sea water, a
3.5 percent by weight solution of NaCl-HZO is a convenient first
approximation to typical sea water (7)?A 7

On this basis, the following objectives were selectedvfor

this investigation:

(i) to measure the binary Soret coefficient and the ordinary diffusion

coefficient of the synthetic sea water, 3.5 percent by weight
sodium chloride in water, and to correlate the results with
known theoretical considerations;

(ii) to investigate the ordinary and thermal diffusion properties
of binary aqueous salt solutions other than the NaCl-Hzo system;

(iii) to develop an experimental apparatus for measuring the high
pressure thermal diffusion properties of multicomponent salt
solutions;

(iv) to determine how the experimental apparatus used to measure
the binary ordinary diffusion coefficient can be modified in
order to measure the ordinary diffusion properties of multi-
component aqueous electrolyte solutions;

(v) to relate analytical predictions to experimental results;

* Numbers in parentheses which occur in the text refer to the references
listed at the end of this report.

-3s



(vi) to review and analyze the available literature pertaining to
the viscosity and thermal conductivity of multicomponent
aqueous salt solutions, including sea water, and to relate,
where applicable, this property information to the mass
diffusion property data.

The scope of the investigation defined by these objectives
does not include measurements of the diffusion properties of multi-
component systems. An important aspect of the study will be to determine
how pressure affects the ordinary diffusion coefficient and Soret

coefficient of the sodium chloride—water system,

1.3 PHENOMENOLOGICAL DESCRIPTION

The diffusion coefficients are defined by general flux-driving
force equations of the following form (for binary systems—gaseous, two
organic liquids, or one salt in an electrically neutral solvent, VP = O,
and no differing body forces acting except for the interionic electrical
forces) (49; Eqs. 3.26 and 3.27) (50):

J2 oCDlz sz + cllexZVT (1)
or,

-*m - D A T}

Jy o = 7PDyy VY F 0¥ Y5V (2)

where D12 denotes the binary ordinary diffusion coefficient and 019 denotes
the binary Soret coefficient (symbols are defined in the nomenclature

section). The fluxes are related to species velocities by the equations:

3;N'°z[%'-"N] (3)



‘ n
- N_1 :z
A Civi (4)
i=1
*m - - M
J2 Py [vz -V ] (5)
n
- m 1 -
. pz PV, (6)
i=1

Equations 1 and 2 define the same diffusion coefficients and can be shown
to be identical.
The so-called Fick diffusion coefficient is defined by Fick's

first law (isothermal conditions)

-—lp
Ny = = Dpyek V6o (7)
where,
- -l
N, = C,v, (8)

The inadequacy of an ordinary diffusion coefficient defined in this manner
and its nonequivalence with D
literature (51).

12 have been thoroughly discussed in the

A primary objective of this investigation is to learn more about
the pressure and temperature dependence of D12 and 912 for the 3.5 weight
percent sodium chloride—water system,

The basic defining relationships take on somewhat different forms
for multicomponent ionic systems. These will be discussed in the sections
that follow.



SECTION 2

ORDINARY DIFFUSION COEFFICIENT STUDY

2.1 ANALYTICAL CONSIDERATIONS
The most elementary description of ordinary diffusion in

liquids, is given by the Stokes-Einstein relation (50, pp. 513-515),

RT
D,,= (9)
12 6m uleNo

for the diffusion of spherical particles of such a size that the solvent
(species 1) appears to the diffusing species as a continuum. This

relation predicts a temperature dependence of

Dy ~(Thi)) (10)

which is borne out by experimental results for certain systems, such as

the dilute NaCl-H20 system.

For very dilute (xz-.o), binary electrolyte solutions, the
Nernst = expression, which neglects interionic forces, has some utility.

This simple relation relates Dlg (D12 for xzq»o) to the limiting equivalent
conductivities by the equation (49),



0,0
o - |z+| + |z_| - A Al .
12 |z+| lz_' p 02 +1°.)

A more elaborate theory has been developed by Onsager and
Fuoss (52, pp.105-122, 243-255) and is more generally useful for
moderately dilute systems. This theory is inadequate for concentrated
systems, as will be seen below.

Gordon (53) has proposed a semi-empirical expression in order
to extrapolate D12 in the very dilute range to high concentrations.

Very little use has been made of Gordon's relation even though quite
sat isfactory agreement between values calculated from it for high con-
centrations and experimentally measured values has been obtained. Van
Rysselberghe (54) has proposed a similar expression.

The temperature dependence of D12 for the NaCl-H20 system at
infinite dilution is shown in Figure 2.1. The D?z values were calculated
from Eq. 11 using the limiting equivalent conductivities, k:, in (56, p. 465).
The viscosities used for the abscissa are values reported for pure water
(56, p.457). The temperature dependence predicted by Eq. 10 is followed
nearly exactly. It is apparent that the temperature dependence of D12 is
significant. For the case given in Figure 2.1, there is a three-fold
increase in D12 in going from 5% to 55°c.

All published, reliable, ordinary diffusion coefficient data
for the NaCl-HZO, MgClZ-HZO, and CaClz-HZO systems as a function of composition

and temperature at 1 atm is presented in Figures 2.2, 2.3 and 2.4.* A smooth

* The sources for the data are as follows:

DH 0-NaCl’ Harned & Hildreth (57), Vitagliano & Lyons (58), Dunlop & Gosting
2 (59), Stokes (60, O'Donnell & Gosting (61), Gordon (53), Clack (62)

DHZO_MSCIZ: Harned & Polestra (63), Oholm (64)
: Harned & Levy (65); Hall, Wishaw, & Stokes (66); Lyons & Riley (67)

D ¢
HZO-CaCI2
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FIGURE 2.1. TEMPERATURE DEPENDENCE OF THE ORDINARY
DIFFUSION COEFFICIENT FOR THE NaCl-H,0
SYSTEM AT INFINITE DILUTION (CALCULATED
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curve has been drawn through the CaClz-HZO data. The following is apparent:
(i) For the NaCl-H20 system, sufficient data is available at all

concentrations only for 25°C; the data extrapolates to the Nernst
limiting value; the Onsager-Fuoss (52, pp. 105-122, 243-255)
theory is only useful for the dilute region; and Gordon's semi-
theoretical method for predicting binary ordinary diffusion
coefficients in concentrated salt solutions yields results which
are quite close to those obtained experimentally. Gordon's
method requires system viscosity and partial molal volume data
for the temperatures and concentrations of interest. Because such
information is generally not available, this method is of limited
utility.

(i1) For the MgClZ-HZO system, v:ry little data at any temperature or
concentration is available; no effort has been made to apply
Gordon's method to this system; and the Onsager-Fuoss method
appears useful in the very dilute region.

(iii) For the CaCl -H20 system, only data at 25°¢C is available; the

2

unusual variation of D,, with concentration at this temperature

cannot be accounted foizby the Onsager-Fuoss theory; 1if a vis-

cosity correction is made, and if a correction is made for the

hydration of the dissolved salt, then the shape of the curve at

higher concentrations (including the maximum) can be predicted in

an approximate manner (66).

In Table 2.1 the various major salt constituents of a typical sea
water are listed along with the associated measured values of D12 and 912
for 25°C and 1 atm. This table gives an indication of the relative orders
of magnitude of these properties, as well as the lack of essential binary

system data. Very little diffusion data has appeared in the literature

* The data given by Oholm may not be reliable.

s 1=
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for the Mgsoa-HZO system, while none has been published for the CaSO4-H20
system at any temperature. Table 2.1 also shows the relative concentrations
of the various salt constituents of ordinary sea water. Most of the binary
D12 and 0,p are reported only for one concentration, that is 0.01 molal (gm
moles salt/1000 gm water). It is apparent that NaCl is by far the major
salt constituent, and that of the binary diffusion properties which are
known for the various salts in sea water, the D12 (and 012) of MgSOa-HZO
and the D12 of K2804-H20 are much different than the 012 for the other

salt systems (at 0.01 molal). No data indicating the effect of pressure on
D12 for any of the binary salt solutions listed in Table 2.1 has been re-

ported.

2.2 EXPERIMENTAL PROGRAM
2.2a Experimental Approach

The diaphragm cell method was selected for measuring the ordinary

diffusion coefficients because of its simplicity and accuracy (approximately
+ 5%, or better) (56, pp. 253-261) (49, pp. 75-79).

This techuique was developed originally by Northrop and Anson (91).
Improvements in the technique have been made by Gordon (92), Stokes (93)
(60)(94)(95) and Robinson (100). Measurements at temperatures other than
25°C have been made by Firth and Tyrrell (96). Certain modifications of
design have been proposed, notably those of Lewis (97) (use of electrodes
to measure differential diffusion coefficients directly), and Smith and
Storrow (98) (use of a Selsyn-transmitter for stirring). Direct sampling
during the diffusion experiment is usually not employed, though such methods
have been used (99).

Methods for reducing the data obtained from such an experiment
have been given by Barnes (101), Gordon (92), Stokes (60)(94)(95), Firth
and Tyrrell (96), Dullien and Shemilt (102)(103), Olander and coworkers
(51)(104)(105), and Robinson (100).
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The general feature of this method is that the solute-solvent
system is, at the start of the experiment, separated by a porous glass
diaphragm from pure solvent in the upper portion of a vertical, two-
compartment cell. Stirrers are situated on both surfaces of the diaphragm
so that all the solution in both the top and bottom chambers is kept at
uniform concentrations, CT’ CB' Thus, molecular diffusion takes place
only in the pores of the diaphragm. Because it is impossible to predict
the diffusion path length and cross-sectional area for such a system, it
is necessary to calibrate the cell with a solution whose ordinary diffusion
coefficient is known at the temperature of interest and preferably in a
concentration range similar to that under investigation. Reliable results
have been obtained at concentrations greater than 0.05 molal (>0.3 weight
percent NaCl in H20, for example). The ordinary diffusion coefficients
for the KCI-H2

been accurately determined, and KCl concentrations

O system at several temperatures and concentrations have

have been accurately determined by absolute methods (electrolytic
conductance and optical). For these reasons, this particular system is
useful for calibrating the cell (determining the cell constant) (94).
2.2b Equipment and Procedures

The cell used to measure ordinary diffusion coefficients was a
modification of the diaphragm cell originally developed and described by
Northrop and Anson (91) and improved by Stokes (93). This cell provides
data free from errors due to mixing at the interface, streaming of the
heavier liquid through the diaphragm, and due to stagnant layers at the
surface of the diaphragm. In addition, our modifications of the cell
permit measurement of temperature and concentration within the cell at
any time during the experiment.

In order to make ordinary diffusion coefficient measurements at

pressures up to 1000 bars (~14,700 psi) without using radioisotope tracer

-15-



techniques,* a new cell and magnetic stirring system had to be designed
which would have operating characteristics similar to the usual glass
atmospheric pressure diaphragm diffusion cells and yet be able to stand
the immense pressures. The solution developed for this study was an
ordinary diffusion bomb of the design shown in Figure 2.5. The fabricated
bomb is shown partially disassembled in Figure 2.6. K Monel was chosen

as the bomb material because of its corrosion resistance to saline
solutions (106), its nonmagnetic property, and its high tensile strength.
For the pressure range of the experiments, it was decided that unsupported
area seals would be best from the viewpoint of safety, dependability, and
ease of assembly and disassembly (107). The wall thickness of the bomb
was determined by using an average of estimates calculated from three con-
servative design relations: the Maximum Shear Equation (108), the ASME
Code Formula (109), and the Lame Formula (109).

One unique feature of this diffusion bomb design was the
inclusion of platinum electrodes attached to each of the end closure
pieces (see Figures 2.6 and 2.8) and positioned in the stirred chambers
on either side of the porous glass diaphragm. These electrodes, after
proper calibration, could be used to follow the concentration changes in
each stirred chamber during the course of the diffusion process. It was
originally planned that by obtaining such data it would be possible to
obtain the true differential diffusion coefficient directly from one
experiment without having to make a number of experiments at several
different concentrations and then treat the data in a somewhat involved
manner in order to derive the differential coefficients from the measured
integral coefficients (60)(94)(95). Originally an epoxy-type unsupported
area seal was chosen for sealing and insulating the platinum electrodes

in the closure pieces because of its apparent simplicity, high electrical

These techniques were not practical for the salt solutions being
investigated.
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resistance, and corrosion resistance (110). Problems in obtaining a
good seal between deaerated epoxy cement and the K Monel surface
required an alternative sealing method. The one finally selected was

a modification of the usual cone - pyrophyllite (a hydrous aluminum
silicate - A1203. 48102. HZO) electrical lead type of seal. A schematic
representation of this type of seal is shown in Figure 2.7.

Magnetic stirring of the two cell chambers on either side of
the porous glass diaphragm was accomplished by using epoxy and Teflon
covered magnets supported and rotated by the magnetic stirring system
shown in Figure 2.8. This system was found to be the best of several
designs which were tried.

Figure 2.8 also shows the general arrangement of the bomb in the
constant temperature bath as it appeared during the course of an experiment.
The pressuring system shown in Figure 2.9 was used to transmit, measure,
and record the desired pressure in the bomb.

It was found that the most reliable conductance measurements of
the salt solutions in the two bomb chambers were made when there was no
fluid in the constant temperature bath container. This was because there
appeared to be some extraneous and erratic capacitance effects between
the insulated leads to the platinum electrodes and the liquid bath medium
in contact with them. A Jones bridge (AC resistance bridge; accuracy:

1 part in 104; sensitivity: 1 part in 107) was used to measure the
resistance between both pairs of platinized platinum electrodes.

Temperature control in the bath (stirring was achieved by the
rotating magnetic arms shown in Figure 2.8) was maintained to within
+ 0.1% by circulating fluid maintained at a constant temperature (usually
25.0°C) through the helical coil situated along the inside wall of the
bath container.

Salt solution concentrations of the fluid in each of the chambers

were measured at the end of the experiment (after depressurizing to 1 atm,
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and removal of the solution from the bomb) by the use of a small-volume
(~2cc) conductance cell (pipette-type cell) used in conjunction with the
Jones bridge and another constant temperature bath.

The detailed procedure which was finally developed for use with
this bomb is given in Appendix A.1l

The volumes of both the top and bottom chambers and the diaphragm
pores were measured éeveral times and found to be approximately 38.8 cc,

39.1 cc, and 0.5 cc, respectively.

2.3 RESULTS
The usual measurements made in an ordinary diffusion cell
experiment are the molar concentrations of the solutions in each chamber
at the end of the experiment, the temperature, the duration of the experi-
ment, and the volumes of the top and bottom chambers as well as the
diaphragm pore volume. The integral binary ordinary diffusion coefficient
is then calculated from (51)(60)(°2)(94-96)(100-105) (assuming no volume -
change on mixing; VTz VB; VDP/V ~ 0.1), ‘
1 CBo- CTo
i, g 0 [g e 12)
f f

where the cell constant, B, is defined by

p=y {m +w '} i

and where CT is usually taken as 0 in experiments with binary aqueous
salt solutions since pure water is usually put into the top chamber at

the start of the experiment.
The integral coefficient is related to the 'true'" differential

coefficient (such as reported in Figures 2.2, 2.3, and 2.4) by an equation
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of a form such that 312 ~ D12
independent of concentration. This is the case for NaCl-H20 in the
vicinity of 3.5 weight percent salt at 25°C and 1 atm.

The cell constant B is determined by performing a diffusion

in concentration regions where D12 is

measurement in the cell with a solution whose D12 is well known (such

as KCl-H,0 at 25°C).
The actual CB :

solution originally putointo the bottom chamber but, because a pre-

2
is not the molar concentration of the salt

liminary diffusion experiment is always allowed to take place before the
actual experiment is started (in order to establish an approximately
linear concentration gradient through the diaphragm before the start of

the experiment), it must be calculated by a mole balance from,

V., + v
'c'ro] ['\1175\%':] (14)

G =C + [C
B B T B

o f f
The volume ratio was nearly equal to unity (within 0.47%) for the geometry
employed in the ordinary diffusion bomb.

The measurements made with the ordinary diffusion bomb during
the first phase of the experiments did not make use of the electrodes.*
The salt concentrations were obtained after the bomb had been brought
back to 1 atm by removing samples and making use of a small pipette con-
ductivity cell** and the Jones bridge. The concentrations measured in
this manner are reported (as qTf. and CB ') along with other pertinent
associated data in Table 2.2. The overafl duration of the experiment,

t', and the ''back-calculated" initial bottom chamber concentration (CT =
)

Cg =Cg  +C (14a)
o f

* Initially some problems were encountered with their performance.
*% Industrial Instruments, Inc.
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were used to calculate

" "
CB

- - r
D1, = (8t")! 1n [—2——] (12a)
e W

which are also tabulated in Table 2.2. The B values were determined by
making diffusion measurements with KCl-H20 solutions. The considerable

scatter in the D', data obtained for experiments run under seemingly

identical conditiins (compare the_Di2 data from Experiments ODB-28B to
ODB-35B) suggested that some random processes or effects were significantly
altering the results from one experiment to the next despite the care which
was taken to duplicate experimental conditions and techniques.

Based on these results, a second phase of experiments was per-
formed in which a systematic effort was made to uncover the exact source
of the data scatter. The results obtained from this second phase of
experiments are reported in Table 2.3 along with the experimental (and
data reduction) conditions peculiar to each experiment.

A differential error analysis of the effect of pressure on the

diaphragm cell constant, B, revealed that,

B A 1 (15)

<|!>
<<

For the porous glass disc used (Kimax borosilicate porous discs), Al/1
was estimated to be less than 0.01% in going from 1 atm to 1000 atm (1
taken to be a constant fraction of the 3iiaphragm thickness), while %#
was estimated to be less than 0.27 under the same conditions. The quantity
AV/V is best estimated by direct experimental measurement (112) but would

be expected to be at least less than 5% for these conditions. Thus changes

in B with pressure cannot account for the data scatter.
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TABLE 2.)
ORDINARY DIFPUSION SOMD EXPEADENTS — SECOND PHASE

BXPERIMENT  SALT IN AQUROUS  DURATION OF "l’ cr Y. c' "Y". "c". D1IAMRRAGH L] Bil | 3 10’ COMMENTS
Lt 1] sourrion EXPEADNENT (& ' [ ' ° ° [, 1]
ODBRS - (t_it,,) -
o't nt.htJ [-o]gn weight ] [u!gl [nl'htJ I'F}”] e
(seconds) [porccn iter) Lpercent llnrJ percen iter (cm 2) (e-zhu)

1 faCl 7,200 0.184 0.031 3.3%0 0.581 3,826 0.612 vit .- .. Preseurisation error detersination; 15
einutes to pressurise to 1000 bare, 1§ hours
st 1000 bare, 15 minutes to depressurise

2 NaCl 7,200 0.112 0.018 3.278 0.570 3. 87 0.588 vit .- - Pressurisetion arror deterwnination; 1 hour
to pressurize to 1000 bare, 1 hour to
depressurise

3 NaCl 1,200 0.9233 0.005 3.518 0.61) J.548 0.618 Vi 0.1836 1,230 Deteraination of the extent of ordinary
diffustion at 1 bar for a 2 hour period

4 Kct 84,300 0.438 0.03%9 3.049 0.416 3.407 0.47% vl 0.1836 .- Calibretion of Diaphrage VII for &

H | {4} 11,520 1.286 0.173 3.26) 0,446 4.569 0.619 Vil 0.6213 .- Calibration of Diaphregm VI1 for #;emall crack
in Disphragm probably present refore exper iment

6 NaCl 7,200 0.15% 0.02% 2.920 0.507 3.078 0.532 Vil .. .- Pressurisation ercor determination; 15
minutes to pressurise to 1000 bars, 1§ hours
at 1000 bare, 15 minutes to depressurize

7 KCl 57,74 0.108 0.014 3. 825 0.524 3.9 0.538 VIl 0.05012 .. Calibration of Disphragm V11 for @&

(] NaCl 68,400 0.622 0. 1005 3.068 0.53) 3.690 0.839% Vil 0.183¢ 1.2%6 Ordinary diffusion experiment st 1000 bars;
15 minutes to pressurize, 15 minutes to
depressurise

9 NaCl 73,320 0.459 0.078 3.33% 0.581 3.79% 0.659 V11 0.1836 1.36 Ordinary diffusion experiment st 1000 bars;
1S minutes to preswurise, 13 minutses to
depresourise

1 NeCl 73,260 0.518 0.089 3.520 0.614 4.038 0.703 vil 0.103¢ 1.345 Ordinary diffusion experiment at 1000 bars;
15 minutes to pressurire, 15 minutes to
depressurize

1 {9} 242,060 1.800 0.244 2.19) 0.297 3.9 0.5%41 1231 0.5220 .- Calibration of Diaphragm VI1 for #; fine
crack tn disphragn discovered st en! of
exper iment

12 NaCl 2,400 0.10% 0.018 .. .. .- ae Vil - e Use of top electrode pair in bowd to check
preseurisation error; bomb i{n air bath; no
stirring for 2 hours tnitially, then
pressurised to 1000 bare §n ~13 minutes,
hold st 1100 bare for ~10 minutes, and then
depresenuriszed a ~13 sinutes; in eity

retions od vith top electrodes
1n NeCl 59,78 0.34% 0.658 2.540 0.461 2.888 0.499 VIIl 0.2328 1.78 Ordinary diffusion experiment at 1000 dars;
top slecirades uveed, concentrations at e

determined with pipette coll

14 KC1 234,876 1.462 0.1178 2.912 0.397 4.3% 0.59%3 viiy  0.2s523 .. Calidbration of Disphraghe VIII for B

EXPERIMENT SALT IN AQUEOUS DURATION OF C’ C' CT C. Ct C‘ CI. C. DIAMBRAGH P .512 10’ CONENTS
NUYDER SOLUTION EXPERIMENT g £ f [ ° ° o' o' net
ORAS - (egty) soles moles] [moles moles I’nl“" 20le0] (moles] [woles .
(seconde liter. iter iter iter. . Leer. Llteer, iter iter. ce ca /sec
) Ticer] Ticer) |tieee) L1 1 i1 (e0'?) (cal/sec)

13# NaCl 57,480 0.058 0.441 0.037 0.464 0.009 0.492 .- .- viIl 0.252% 0.849 Experiment ODBRS-13 with
actual time (t_-t_) and con-
ceatrations usdd (o calculate
B,, = firet calibration curve
oPI' lpctrodes V¥ C used
(Co. :'o: 'or 8 c' ,C'
deternined by mole b‘hn?u

130 NaCl 57,480 0.038 0.441 0.0665 0.496 0.0188 0.544 .- .- Vil 0.232% 1.3% Experimsat ODBRS-13 with
actual time (tg-ty) and con-
geontrations uses {a calculate
Du = second calibration
curve of R,y olectrodes YO+
C used (C,, used for C);

C, * C' termined by mole
°
balances

15 NaCl .- 0.550 0.550 .- .- . .- 0.59% 0.5% .- .- .. Calidration of top electrodes
in bomb; concentrations
determined by pipette cell;
P = 1000 bars

16 MaCl .- 0.061 0.061 .. .- .. -- 0.033 0.033 .- .- .. Calibration of top electrodes
in bosb; concentrations
determined by pipette cell;

P = 1000 bare

Note: T - 25%




Since the molar concentrations that were measured at 1 atm
pressure in the pipette cell enter into tﬁe calculation of 512 as a
ratio (see Eqs. 12 or 12a), the effect of pressure on the C's can be
neglected over the pressure range of interest.

An analysis of random errors in the measurement of t and C's

and their effect on D,. shows that (93),

12
I sy ey

12 at £ Bg
12 _ 4t - —f1 ¢ (16)
D te Cr Cp

12 £ £

where f is a function of CT and CB and increases as te increases. This
function always had a valuefof lessfthan 1.5 for the experiments reported
here. The experiment duration could be determined to better than 0.1%
while the accuracy of the concentration measurements using the extensively
calibrated pipette conductivity cell was better than two percent.

These possible sources of error could not, therefore, account
for the magnitude of the data scatter reported in Table 2.2.

The first results reported in Table 2.3 reveal that if the
ordinary diffusion bomb is brought up to pressure and depressurized
very slowly, less nondiffusive bulk transport occurs across the diaphragm.
Repeated runs under nearly identical conditions could give nearly the same
results (Experiments ODBRS-9 and 10). The porous glass diaphragm was sus-
ceptible to cracking as was found after Experiment ODBRS-11.

The evidence thus obtained suggested that a nondiffusive bulk
transport of solution occurred during both the pressurizing and depressurizing
processes even though pressure was simultaneously tr-ansmitted to both the
top and bottom chambers of the bomb through high pressure stainless steel

capillary tubing of identical lengths (pressure drops equal).
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The use of the electrodes attached to the end closure pieces
was then initiated. Early problems encountered with these electrodes
were at least partially overcome by not using fluid in the constant temp-
erature bath (a crude constant temperature air bath was used instead),
by the use of an improved method for attaching the lead wires to the
platinum electrode wires, and by improving the operating techniques used
to obtain transient resistance values with the Jones bridge.

The calibration of the pair of electrodes in the top chamber (those
in the bottom chamber were inoperative due to a broken lead wire) is shown
in Figure 2.10 for the pressure limits of interest. The data shown graph-
ically in Figures 2.11 and 2.12 vividly show the presence of the bulk
transport effect on pressurizing and depressurizing as well as its magnitude
and randomness. In Figure 2.12, the majority of the ordinary diffusion
process occurred between to and tf. The pressurizing time, to' to to, and
the depressurizing time, tf to tf., were kept small. The concentrations at
t., were obtained using the pipette cell. C. and C. were measured in

f T T
situ with the calibrated electrodes. C andfC werd calculated according

to the scheme outlined in Appendix A.Z.BfODBRs-fg* denotes the case when
the measured top electrode pair resistances from Experiment ODBRS-13
were reduced to molar concentrations by the first calibration (see Figure 2.10),
while ODBRS** denotes the case when the second (more valid) calibration was
used.

A summary of essentially all the experimentally measured'l_)'12 and

D{Z data are shown in Figure 2.13 for the various pressures studied. As
already noted, the scatter of the sz data is considerable. If the data
from ODBRS-13 is treated in the same way as was the data obtained from

the other experiments, the 5{2 shown above the mid-scatter line would be
obtained. However if the electrode measurements from this same experiment
were employed to determine in situ concentration measurements at all times

during the experiment, then the interesting result shown in Figure 2.13
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(large lowest hexagon) is found (second calibration used — see Appendix
A.2).

Assuming the validity of the Stokes-Einstein expression (see
Eq. 9) as a first approximation, a crude estimate may be made of the
effect of pressure on 312 (or Dlz) using available conductance data
obtained at high pressure (113)(114) and either Walden's rule (u A =
constant) or a modified form of Wzlden's rule which appears to be more
valid for salt solutions (uzA = constant) (113). The results of estimates
of D12 at 1000 bars based on both of these extrapolation methods are shown
in Figure 2.13.

From these few results it may be now concluded that pressure
seems to have little effect on the D12 for nominally 3.5 weight percent
NaCl in HZO at 25°C over the range 1-1000 bars. Whether the effect is
to slightly increase or slightly decrease D12 at 1000 bars compared with
its value at 1 bar (for 25°C) remains to be determined by further experi-
mentation.

Future ordinary diffusion bomb experiments (with binary solutions)
conducted at pressures greater than 1 bar must use both top and both
electrode pairs which have teen extensively calibrated. Further, care must
be exercised that the pressure transmitting lines to the bomb are flushed
clean before each experiment. Under these conditions, 312 can be cal-
culated with confidence directly from Equation 12.

This new experimental technique (use of the ordinary diffusion
bomt) appears to offer a number of advantages over radioisotope techniques

(115-118), especially for binary salt systems where in situ concentration

measurements are possible without incurring radiation hazards.

2.4 EXTENSION TO MULTICOMPONENT SYSTEMS

The theoretical description of ion diffusion under isothermal
conditions in a multicomponent system has been presented in the literature
(55) (119-121). A basic result is that, to a good approximation, multi-

component ionic ordinary diffusion coefficients can be measured with the

-34-



- - %
diaphragm diffusion cell using Eq. 12, but interpreting D12 as D, (a

multicomponent ionic ordinary diffusion coefficient dependent, ini
general, upon temperature, pressure, and the relative concentrations of the
ions present) and interpreting the molar concentrations as ionic molar
concentrations of the species 1i.

Since conductance measurements in multicomponent salt solutions
do not yield concentration values for the individual ions, some other in
situ concentration method must be sought (such as spectrophotometry using
high pressure optical windows in the bomb walls) or displacement sampling
under pressure. For the types of salts of most abundance in sea water,
the high pressure sampling technique would probably be the most practical.
Mercury could be used as the displacing fluid. High pressure valves
could be attached to the side wall of the ordinary diffusion bomb at
points both above and below the diaphragm. The downstream side of these
valves could be pressurized to a pressure just slightly greater than the
bomb pressure before sampling would be initiated. With the stirrers
stopped, the valves could be opened and then the mercury could be injected
at the same time that a sample is withdrawn into the tubing attached to
the downstream side of the valves with the pressure on this side of the
valves being maintained constant (by increasing the volume of the system,
i.e., by creating sample volumes in the lines). After having ''trapped"
samples at high pressure under conditions such that bulk flow across the
diaphragm would be minimum, the pressure on the contained and isolated
samples could be reduced to 1 bar. 1Individual ion concentrations could

then be measured by flame photometric techniques.
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SECTION 3

SORET COEFFICIENT STUDY

3.1 ANALYTICAL CONSIDERATIONS

The phenomenon of thermal diffusion in salt solutions has been
recently reviewed by Agar (70) and Tyrrell (49). There has been no
attempt to review the binary Soret coefficient data for many of the salts

* nor to apply considerations of multicomponent effects to

in sea water,
synthetic or actual sea water (55).

The Soret coefficient of dilute and concentrated binary salt
solutions has been of interest for some time. Early work by Tanner (72)
(73)(76)(75) and more recent work by Agar and coworkers (76)(70)(77)(78)
(79)(80)(81)(82)(61, pp. 200-223), Turner and coworkers (68)(69), Chanu
and coworkers (83)(84)(85)(86), Longsworth (87) and Thomaes (88) has
consisted primarily of experimental measurements of the binary Soret
coefficient, Typs by optical or conductivity methods.

The only theoretical attempts which have been made in order

k¥
to predict binary Soret coefficients of salt solutions have been based

Von Halle (71) has given a tabular review of all binary Soret coefficient
data published before 1957.

** The theory of Bearman (89) is not applicable to salt solutions.
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on molar heat of transfer data for the individual ions at the temperatures
and concentrations of interest (49). These ionic molar heats of transfer
can be related to corresponding quantities for the infinitely dilute state.
No theoretical means are available for calculating these latter quantities.
Ionic molar heats of transfer are usually determined indirectly by measuring
the binary Soret coefficient. Thus, in effect, there are no theoretical
tools by which 999 values may be calculated.

The major salt constituents of a typical sea water and their
associated Soret coefficients for one concentration (at 25°C) are listed
in Table 2.1. From this table of values, it is apparent that significant
differences exist between the various values of G2 No data at any
temperature or composition is available for those salts for which O19 values
are not listed. Even in the case of those for which 912 values are given,
little or no reliable data exists in the literature for the temperatures
and concentrations of interest here. No data indicating the effect of

pressure in ¢ for aqueous salt solutions has been published.

Allliublished, reliable, Soret coefficient data for the NaCl-H20
and MgClz-HZO systems as a funition of composition and temperature are pre-
sented in Figures 3.1 and 3.2. Smooth curveé have been drawn through some
of the data. The following is apparent:

(i) For the NaCl-Hzo system, data at temperatures other than 25°C

is lacking; data in the 3.5 weight percent region even at 25°¢

is not available; recent data obtained by Price (79) suggests

that 012 does go through a minimum as the concentration is increased;

the only data available at a temperature other than 25°C indicates

that the temperature dependence of the Soret coefficient is appreciable.

The sources for the data are as follows: 2 (NaCl-H,0): Agar (61), pp.
200-223), Agar and Turner (78), Snowdon and Turner (68), Price (79), Chanu
(83) (85) and,. Chanu and Lenoble (83)

919 (MgClz-HZO): Payton and Turner (69), Cova (90), and Tanner (75).
19 (KCI-HZO): Longsworth (106).
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(11) For the MgCl-Hzo system, essentially no data at any temperature
is available over a large concentration range; the Soret
coefficient is slightly negative at high concentrations (salt
migrates to the hot wall); the Soret coefficient, over most
of the concentration range, is significantly different than
that of the NaCl-H20 system at the same temperature.

It is of interest to consider the temperature dependence of the
binary Soret coefficient. This is shown in Figures 3.1, 3.3, and 3.4 for
the NaCl-HZO and x01-n20 systems. Longsworth's data are almost the only
data which have been reported that consider, systematically, the temperature
dependence of 912 for a binary salt solution (in this case, KCl-HZO).
Figure 3.4 clearly shows the strong temperature dependence of 912 for both

dilute and concentrated solutions.

3.2 EXPERIMENTAL PROGRAM

3.2a Experimental Approach
After surveying the various methods available for measuring the

Soret coefficient of binary salt solutions, it was apparent that a con-
ductimetric method offered the only single technique capable of making
measurements in both dilute and concentrated solutions (optical methods

are limited to relatively concentrated solutions in which index of re-
fraction gradients are large enough to be readily measured)(87). Of the
two principal conductimetric methods (77)(78), the cell design developed

by Agar and Turner (77) seemed to offer the advantages of simplicity, and
ease in reduction of the data. 1In addition, there appeared to be fewer
assumptions and uncertainties associated with the theory of the cell
operation. Agar and Turner (77) had suggested that this cell would be
useful at higher concentrations (>0.05 molal) where convective mixing
would be expected to be less of a problem (the hot wall is always situated
on top). This technique required the use of an AC electrolytic conductivity
bridge sensitive to at least 1 part in 104, and required the temperature at
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the hot and cold walls of the cell to remain constant within 0,01°C
throughout the entire duration of the run (runs lasted 1 to 2 days).
3.2b Equipment and Procedures

The Soret cell used during these tests was a modification of
that designed andlused by Agar and Turner (77). The cell basically

consists of two jackets for heating and cooling with a chamber to contain

the solution between them. Provision is made to measure temperatures and
concentrations as.a function of time.

The unique feature of the cell used in this experimental program
is the fact that it can be used to make thermal diffusion measurements at
pressures up to 1000 bars. A simplified schematic illustration of the
cell<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>