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'Introductlon t

The research and development of both geothermal energy and of battery
V/systems requ1res crit1cally evaluated data on the thermodynam1c and transport
propertjes of aqueous electrolytes to elevated temperatures and pressures
(Ref l) In th1s paper we descr1be the bibliographic and numer1cal data

,comp1lat1on and cr1t1cal evaluat1on work on aqueous energy data at the

;,,,Lawrence Berkeley Laboratory The b1bl1ography contains a l1st1ng of world-

,ﬁw1de publ1cat1ons mainly cover1ng ba51c electrolyte propertles stored on
magnet1c ‘tapes for ease of retr1eval This f1le 1s managed by the Berkeley
Database Management System (SDMS) wh1ch 1ndexes information via data elements
used as key terms. Tables of data are generated from experlmental values

vconta1ned 1n the relevant publ1cations, currently, the data tabulat1on covers

| ,,the energy propert1es of aqueous NaCl solut1ons The flle on cr1t1cally

evaluated data is developed from documented exper1mental values and/or calcu-
»lated values.v L , Y o _ ’
‘ In th1s paper, the folTOW1ng def1n1t10ns apply (Ref 2 16)

_.Bibljography: An index to formal and 1nformal publ1cat1ons
-7 containing information on a selected subject.

" compilation: Systematic collection anditran5criptionioffréf S
e information on a selected subject with collat1on
- and. re—organizat1on for optimal- presentation to -

- users. .

- Evaluation: Crlt1cal appra1sal of all avallable 1nformat1on
S “compiled on a selected subject and derivation of
consistent best or preferred values with the1r
’ '“uncerta1nties. o ‘

" Fact Data: e Evaluated 1nformat1on that is non—numer1cal in -
,character

While the larger work covers selected bas1c propert1es of aqueous

electrolytes, this report is lim1ted to data on the viscosity, dens1ty,



thermal conductivity, heat capactiy ond enthalpy of NaCl solutions. 'More
detailed information on these properties of NaCl solutions is obtained from
‘v”Visc051ty of Aqueous NaCi Solutions From 0°C to 150°C“ (Ref 3),
»"Establishment of A Computer Database on Geothermal Properties of Aqueous
NaCl, KC1 and CaClz Solutions" (Ref 4), "The Volumetric Properties of
Aqueous Sodium Chloride Solutions From 0° to 500°C at Pressures up to

_2000 Bars Based on A Regre551on of Available Data in the Literature" (Ref 5),
V"Thermal Conduct1v1ty of Aqueous NaC] So]utions" (Ref. 6), and “Thermodynamics
of Electrolytes 8. High Temperature Properties, Inc]uding Enthalpy and Heat
Capac1ty, With Application to Sodium Chloride" (Ref. 15)

Aqueous Electrolyte Database

The aqueous electrolyte database (AED) contains,over;iobd records
corering main]y publications for the time span 1929-1978 on the'foiiowing
‘major basic properties: viscosity, density, enthalpy, thermal conductivity,
solubility, electric conductivity, free energy and activity.' While a number
of electrolytes are covered, the records large]y-pertaio to NaCl, KC1, and
CaCl;. The descriptive cataloguing and indexing procedures used to encode
and store the bibliographic records are those of the International Nuclear
Information System (INIS) (Ref. 7). Typical bibiiographic records in a
condensed output format are shown in Figure 1.

The bib]iographic citations_in Fig. 1 contain information on the
dotumentsjinciuding author, author}offiiiatiOn,.title of the document,
journal or other reference source and descriptors. The descriptors are
“taken from a thesaurus of controlled vacabulary terms, and together with
other selected data elements provide-for aauuhberﬁof indexes, e.g., author,

author affiliation, subject, journaifand descriptOr frequency count, which



are mach1ne-generated via our adaptatwon of BDMS (Ref 7) An examp]e of
these 1ndexes is the author-t1t1e-record number 1ndex shown 1n F1gure 2
As can be seen, the 1ndex samp]e conta1ns the author name, t1t1es of all
pub11cations by the author 1n the database and record numbers of a]l
citations 11sted 1n the database. »., | '"7~ - - "l

:,- In summary, the AED f11e conta1ns 1ndexed and annotated references |
to basic propert1es, ma1n1y cover1ng the t1me span from 1929 to 1978 1
Records are added to the file on a cont1nu1ng bas1s to 1nc1ude both recent
;and retrospect1ve data.r The BDMS management system provides the bas1s for
data retr1eva1 and a var1ety of mach1ne-generated 1ndexes to the documents

:contalned 1n the database

,Numer1cal Values Databank B L

This databank conta1ns experimenta1 values for the transport and

' ,f,thermodynamic properties of aqueous electrolytes The data is internal]y

A,ycons1stent 1n terms of parameters Standard International (SI) units are
,“iﬁlarger emp]oyed Where necessary, numer1ca1 values extracted from the
1iterature are converted, for examp]e. to mola] concentrat1on, degrees h
;u.celsius and 12C atom1c weight basis The f11e currently contains va]ues

,hfor NaCl solut1ons to e1evated temperatures and pressures on viscos1ty,

_;dens1ty, heat capac1ty, enthalpy and thermal conduct1v1ty A reference to
‘_‘the source of the data 1s 1nc1uded for each value, using an author short
Lcode mnemon1c compr1sed of theflast name of the first—named author together
with the ]ast two d1g1ts of the year of pub11cat1on mIf necessary, a letter

is added after the digits when there 1s more than one pub11catvon 1n the

- same. year for the same author, or for authors of the same name. o



Correlation Equation and Smoothed Data

}:' Correlations equations are developed for use in interpolating the
experimental values over a w1de range of concentrations, temperatures and .
pressures, They may be based on theoretical or empirical considerations
W1th the basic idea to reproduce the experimental data as closely as
' poss1ble. Correlation equations are used to generate tables of smoothed
-values and for machine computation. R - ' '

Viscosity of NaCl Solutions

7 A comprehensive search of the published literature for NaCl Visc051ty
-data was made covering the time span from 1929 to. 1977 All available
copies of the original publications were assembled u51ng the‘fOllOWing‘main
sources for literature references: The U.S. Department ofiEnergy"Technical
Information Center s RECON System which includes the following databases:
Energy Data Base, Water Resources Abstracts and Engineering Index (COMPENDEX),
Chemical Abstracts; the International Critical Tables; and relevant Journals
and reports. A substantial amount of new data on viscosity was made available
by Kestin and co-workers (Ref. 8, 9).

The data selected for correlation from a larger 1ist were the reported

'eXperimental values and did not include either smoothedaor calculated data.
All data were converted where necessary to the 12¢ scale of atomic ‘weights,
to the g/cm3 basis for density, to centipoise for viscosity, from molar to

Vymolal concentrations, and from relative to absolute viscosity values. The

L

'needed water viscosity data were taken from the results of the Eighth
International Conference on the Properties of Steam (Ref 10).

The follOW1ng empirical equation developed from this data was found



" convenient forfi“terp°]ati°ﬁ,t° 30 MPa and 15b?é§

n=cytcy exp(a1T) + c3 exp(azm) + ¢y exp(asT + aym) (1) |
- where
n = viscosity, cp
T = temperature, °C
m = concentration, molality
¢y = 0.0495166 . ap = -0.06653081
€2 =0.6034658 . . . . @2 F 0. 1447269 o
'-C3A= 0.09703832 :,,“‘313?",'0-02‘062,4:55 o

Figure 3 compares the experimental viscosity data versus ‘that calcu]ated
from Equation (i) for temperatures to 150°C and pressures to 30 MPa, at all
hconcentrations Data may be interpolated with Equation (1) to a standard -
Y‘Zdeviation of 1. 3% over the entire temperature, pressure and concentration :
7 Yrange ' S S R S R TENICR ; :

| Thermai Conduct1v1ty of NaCl So]utions

The availabie experimentai data on the therma] conductivity of aqueous
} :NaCI soiutions to elevated temperatures and pressures is not large Recent
fwork pub]ished by Yusufova, Pepinov,wNitolaev and Guseinov (Ref 6) provides
:additionai data to 330°C Their regre551on equation reproduces their data .

to 2% and is of the folioWing form



_l; . - -
—P— =1 - (2.3434 x 1073 - 7.924 x 10787 + 3.924 x 10787)s +
' Hzo | \ . . | : ;.; . ] 2 2' (2)
(1.06 x 1075 - 2 x 10757 + 1.2 x 1071%7%)s
where
S = NaCl concentration, % by weight
Ap = Thermal Conductivity of NaCl Solutions

- M,0 = Thermal Conductivity of Water

T = Temperature, °C

The equation applies over the range 20°C‘to 330°C, and at concentrations
between 5%w (.9m) and 25%w (5.7m) NaCl.

Additional infonmétion on thermal conductivity of NaCl solutions is
contained in Reference 6; data ongthe}therma1<conductivity of water is
contained in Thermophysical Properties of Matter, Vol. VII, Thermal

Conductivity (Ref.{]?).

Density of NaCl Solutions

Density data have been compiled to temperatures of 770°C and to
pressures of 2700 bars-(270:MPa) for selected NaCl solutions. ngr’1300
data values are currently contained in this AED file.

A series of pub]icationé issued as preliminary steam tables containing
density and volumetric data for NaCl solutions is pnonided by)fhévU.S.'
Geological SurQey (Ref. 5, 1], 12). _Tne'USGS repnrt éU]]etin 1412-C
contains extensive fables ofsmoothgd dénsity dafn édvering‘temperatures to
500°C, pressures to 2000 bans = (200 MPa);'and concentration of

NaCl solutions to 8.0 molal (extrapolated).



A correlation expression was developed for the spec1fic volume of
aqueous NaC1 solutions to 150°C, pressures to 350 kg/cm2 (34 3 MPa), and
'concentrations to 25% (5.7m). - The mathematical expression developed
reproduces the data to 0.15% = (Ref. 13). E
' i.Enthalpy and Heat Capacity of NaCl Solutions

,The_aqueous_electrolyte data banks contain over 850 tabulated enthalpy
':ualues for‘aquebusisodiumichloride’solutions.” Over‘500 of these data values
‘represent'neaSUred:experimental'enthaloy changes. The'remaining'data'are
smoOthed'or‘derivedhdata.based on”eXtrapolated standard state enthalpies
lattinfinite'dilution 'The‘data hasebeen'converted to a common set of units
nd 1s available 1n the form of ‘tables, punched cards or magnetic tape.-
The extraction of data on ‘the heat capacity of NaCl solutions has begun and .
" is expected to be available in the last quarter of '1978. |
Figures 4a and 4b show the extent of the available enthalpy data.
“As can be seen in figure 4a, ‘the data lies largely.in the vapor saturation
- region below the critioal ooint’for water.' Saturated vapor pressure curves
| plotted for several conoentrations was Calculated using thefmethod and
- equations suggested by Haas (Ref. 12). ThevconCentration saturation 1imit
r-shown in figure 4b was calculated using the fitted correlation equation
given by Potter et al.'(Ref.,l4) for NaCl solutions between 0 and 800°C:
Wt. percent NaCl=(26.2183+ 0}0072T + 0;000106T2) + 0.05 weight‘peroent NaCl
—SilveSter and Pitzer (Ref. 15) fit much of the available thermodynamic

"~ data on NaCl solutions‘to a 13 parameter equation,_'The computer'code that



‘uses this equation to generate smOothed ya1ue$ for the thermodynamic
functiehS'was added to our databa§e.: It is expected that the smoothed
correlated values for enthalpy and heat capacity of aqdeous‘NaC] solutions
based qh‘this equation will be used in the final tabulation of the gqueou;

electrolyte database for NaCl.

Summary and. Conclusions

~ In summary, a data center containing bibiidgraphic and numerica] data
hasfbeen established to provide evaluated basic energy data on aqueous
electrolyte solutions to e]evated'temberaiures aﬁd‘pbessures. Eva]uated
data originate from documented experimehtal values from which arcqfrelatfon
expression useful in interpolation and machine ca]qyiation‘iSdeveloped.
Tables of smoothed values are generated from the correlation expreSsipn,
‘The data -are obtained from various sources including cooperative exchanges

with other data centers}
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Figures

‘\

Figure 1. Exampfe printout}from'equeeus electrolyte database.

Figure 2. Typical prwntout of author 1ndex .

‘Figure 3. Plot of the measured experimental values for NaCl v1scosity
compared with those ca]cu]ated from the correlation as:given
by Equat1on 1. ' .

Figure 4. Distribution of available data on the enthalpy of NaCl solutions.
(a) The preseure-temperature‘surface showing vapor saturation

pressures for lines of constant composition (0, and 6.0m).

(b) The temperature concentration surface showing the saturation

concentrat1on limit as: a funct1on of temperature (solid line).
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