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The increased reeognition over the.past fifteen'years that the petro- -
leum resources of the United States were finite and being'exhausted
at an evervincreasing rate, resulted in the current unbfecedented research
~and development'pregram to utilize other domestic energy resources. The
question has been raised, whether domesfic energy.resources such as geother-
mal can contribute to fhese U.S. energy needs which are so essential to our
‘health and economic well-being, without at the same thnebdegrading our
environment to unacceptable levels. The need for collecting and disseminating
~evaluated data on a timely basis.is obvious. |

It is the case in geothermal energy—;and understandabiy so because this
area is experiencing so rapid a growth—-that there are many gaps in what
is ebﬁmonly.termed "public knowledge' about basic and a@plied research data.
New techniques have been developed for research.thét should be widely applied
to exﬁloratien and utilization; Basic research data by engineers are needed '
for predictive modeling, thereby saving much tiﬁe an& expense; some geother-
mal resources may.not be made productive by current technology, thus indi-
cating the need for additional research; other'reseurces,may be quickly
"utilized without the need for further development work. To filivthese
information gaps by providing evaluated data is both necessary and urgent.
If the gaps are not filled, there is the penalty of unnecessary duplication
and expense in researéh and the additional expense, not often measurable
in monetary terms, that needed domestic geothermal energy resources cannot
be exploited.

" The Lawrenee Berkeiey Laboratory is sponsored by the U.S. Energy:
| Research and Development Administration to establish a National Geothermal

Information Resource (GRID) (Ref. 1). The objective of GRID is mainly



to compile and diéseminate evaluated data on geothermal science and
techhology. For this.puréose, we_have found it convenient to classify -
geothermal information into the following six major categories: (1)'
exploration, (2) utilization, (3) institutional considerations, (4)
environmentallaspects, (5) reservoir characteristics, and (6) physical
chemistry. The major émphasis of this paper is on the physical chemistry
category which contains the GRID file on geothermal basic scientific

data. For completeness, the data content of the other five categories

is also briefly discussed in the following sections.

Exploration

Geothermal resource exploration and evaluation actiVities_center
around the methodology used to locate and evaluate geothermal hydrbthermal,
geopressured, hof dry rock and magma resources covering the following
pfincipal categories: (1) geology, (2) geochemistry, (3) geophysics, (4) -
drilling, (5) hydrology, (6) land-use factors, and (7) resource assessment.

These techniques are used to: (1) locate subsurface regions which con-
tain a high temperature anomaly, and (2) estimate thé extent of the reser-
voir, its useful lifetime, and potential for use for either power produc-

tion or non-electrical applications.

Environmental

The GRID compilatibn of the environmental aspects of geothermal energy
currently covers aﬁy effects to the air, water, and land compartments of
the environment due to the exploration and utilization of geothermal energy
(e.g., subsidence, H,S). Generally, this centers on the following informa-

tion: (1) statement of the problems, (2) the effects of the environmental



quality parameters to the air, water, or 1and,:(3) methods used - for
control and abatement, (4) mechanisms and pathways of the pollutént,

(5) instrumentation for monitoring and measuring the environmental effect,

and (6) recommendations in areas where additional data are needed.

Utilization

This category contains information on the current and expected elec-
trical and non-electrical uses of geothermal energy including the following:
hot-water (brine) transport; space, process, agricultural heating; powef.
generation; biﬁary cycle poWer generation; corrosion;.erosioﬁ and écaling;

resource reservoir evaluation; brine treatment.

Institutional

Included here are the federal, state, local, organizational, legal
and regulatOry considerations in the development of geothermal energy:
land-use; exploration and production; operating regulations; industry

financial incentives; sale of geothermal power; fluid transport.

Reservoir Characterization
Reviews and evaluation of data relevant to the development and produc-
tion of wells covering: - porosity, artificial stimulation, natural recharge,

modeling, well tests and logging measurements.

Physical Chemistry

Geothermal physical chemistry, as used here, is defined as laboratory
measurements and theoretical calculations of basic scientific data on gases,
solutions, and rocks at elevated temperatures and pressures (500°C, 500 bars).

Table 1 lists typical areas where needs for basic scientific data have been



‘Table 1. Geothermal Physical Chemistry

Basic numerical data covering temperatures to 500°C and pressures to
500 bars: S ‘ :

>

Aqueous Solutions

Rocks and Minerals
Rock-Solution Interactions
Secondary Fluids

Corrosion and Scaling

= =

Other



identified (Ref. 2,3). Such data:are needed, for example, in the intelli-
gent design of geothermal power plants, and to predict and understand the
behavior which may be ﬁsed for either electrical or other.applicatibns;
(e.g., process heat). While the larger GRID compilation includes gases
and rocks, this report is limited to aqueous solutions.

In higﬁ temperature aqueous chemistry and in the geological sciences
there is a wéalth of poorly organized and evaluated experimental data.
While a number of excellent compilations of data currently are available,
they have one or both of the following shortcomings: (1) no single com-
pilation containsvail of the data needed for efficient utilization of the
U.S. geothermal potehtial, and (2) they contain data of only limited
geothermal interest, e.g., 25°C and 1 atm pressure. A major-goal of this
project is to provide from a singie source evaluated data on aqueous
solutions that are of geothermal interest with respect to physical pro-
perty, concentration, temperature, énd pressure. This goal includes
formulating the data into forms most useful to geothermal-scientisté and
engineers, e.g., tables, graphs aﬁd'aﬁalytical expreséions. |

The following is an ekample of a calculation that illustrates the
Vimportance'of using the correct physical properties of aqueous solutions
(e.g., NaCl, KC1) solutions. (See_Ref. 4 for details.) |

Consider the design of a pumping stationvdesigned to pump a geother-
mal.brine through a vertical pipe 15 cm in diameter at a flow Tate of 3 m/sec.
The brine consists of 3.5 molal NaCl aqueous solution at 150°Cbalong the
vapor saturation curve. A knowledge of.the viscosity and densify of -
the brine‘js 'needed to calculate the electric powér féquired to driﬁe
the pump. As in any calculation, one starts with a ceftain set of basic

assumptions concerning the operating parameters of the system under
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‘consideration. Because of the current 1a§k of readily available déta.on
the basic_propertiés of sodium chloride solutions, the approximation
generally made is to assume that the brine fluid is pure water instead of
3.5 molal NaCl. This approximation.leads to an error of about 20% in the
~power required to drive the pump, because at a.given flow rate, more

power 1is requifed to pump sodium chloride solutions‘than to pump pure
water. The effect becdmes larger as both the temperature and concentration
of NaCl are increased. A 3.5 molal solution was chosen bécause viscosity
data above 150°C and 3.5 molal do not currently exist. HoweVer; concen-
trations in naturally occurring geothermal brines may exceédvﬁ molal

(e.g., Salton Sea) and temperatures may exceed 300°C. The situation is
further complicated because geothermal brines generally contain‘signifiéant
amounts of calcium éhloride and potassium chloride, as well as minor amounts
of many other constituents (e.g., silica).

As shown in the example, a real saving in both time and effqrt is
achie?ed by using basic data to predict the behavior of gedthermal systems.'
With this objective in mind, a compilation of the important properties
for aqueous sodium, potassium, and calcium chloride solutions was initiated,

and the current status is described in the following sections.

Bibliographic Compilatioh

Our seléction of properties important to geothermal science and tech-
nology is based on those listed in the report on the results of the meeting
on Geothermal Chemistry (Ref. 2), and include, for example the following:
enthalpy, heat capacity, activity coefficient, osmotic coefficient, PVTX,
viscosity, thermal conductivity, and electrical conductivity. We have compiled

a bibliography of literature references to this data which currently contains
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abqut 1100 citations. This bibliography is annotated and is stored on
magnetic tape for quick retriéval. |

The bibliography covers the properties of'aqueouS'Sdlutions of sodium
chloride, potassium thloride, and calcium chloride from 1965 to January 1976.
The initial work is mostly limited to the last ten yeats; however, retrospec-
“tive iiterature searches are planned. To the extent possible, we obtain
copies of each document referenced in-the bibliography.for the follow-on
data éxtraction and data evaluation. Each document is categorized according
to geothermal property, composition, temperature;‘énd pressure.

We have found it most efficient for organ};ing our bibliography file
to input the citations into a hierarchically structured computerized data

base, as described in the following section.

Documentation File (GEODOC)
| The GRID documentation file, GEODOC, is a computer-based file which
contains descriptive cataloging and indexing rules for all GRID documents
(Ref. 5). This file (along with other GRID files)'is managed by the
Berkeley Data Base Management System (BDMS) (Ref. 6). | |
Eacﬁ record in the GEODOC fileAcontains descriptive cataloging,

abstfacting, and indexing information corresponding to a single document.
The information within a given record is subdivided into computer retriev-
able "data elements'. Table 2 lists the definition of allAthe data elements
which may appear in a GEODOC record. Some data elements, e.g., Author's
Name, can occur repeatedly within a record and an '"m" in the third column .
of Table 2 indicates that.such,multiple occurrences are allowed. “The "LBL
Tag" for gach data element is shown in the left hand column of Table 2.

These tags are used to label the data elements within a record.
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Table 2. GEODOC Data Elements

INIS
"Tag |m* Date Element Definition
008 % document short code:
—~CAT m | delineates information for one biblographic level
BL 009 i : bibliographic level indicator
PT 200 {
PS 201 |
TA 620 title augmentation
L 600 language (for non—English document)
oT 230 original title {non-English) or journal/series title
oS 231
ED 250 edition
CODEN journal CODEN
AUTHORS m delineates author-affiliation group
AU 100} m “outhor’'s name
AN - 100 author note (ed., comp., eds., comps.)
AA 100 m author’s affiliation
AC 700 ~affiliation code
CE 110 m corporate entry
CcC 710 corporate code
3] ¢] 111 academic degree
SPO m sponsor
SPC sponsor code
SCN m sponsor contract number
RN 300 report or patent number
SN 310 m secondary numbers
INT 320
PUB 402 publisher
PUP"- 401 place of publication
PUD 403 publication datle
COL 500 coliation {volume, issue, page)
N 610 note
COT 210 conference title
capP 211 conference place
COD 213 “conference date
AY : availability and price

primary title (translated into English if necessary)

unique identifier for document
type of document/biblicgraphic levels/literary indicator

primary subtitle (translated into English if necessary)

original subtitle {(non-English) or journal/series subtitle

International Standard Book Number or Patent Code

Continuéd on next paoge.
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" Table 2. GEODOC Data Elaments (Continuad)

LBL INIS
Tag Tag |m*{ n Data Element Definition
REL-REF m n delineates information for one related referancae.
RL relator
RLR relationship and reference
RSC related short code '
ABSTRACT m n delineates one abstract
ABS abstract
ABSO m abstract source
INDEX m n INDEX.1 general indexing. INDEX.2, 3,...N spllts
caQ m category/qualifier
TICC m TIC catagory
DE 800, m descriptor from thesaurus
DD 800, m data descriplor from thesaurus
ID m identifier
PD 810 m proposed descriptor
CONTROL n internal LBL data elaments
LA m ‘ local availability
BR borrow/ratuern
DCsSo m ‘descriptive catalogers initials, date and comment |
AISO m cbstractor—indexers initials, date and commont
DATA-FILE m - data file name : ‘
POT m dato descriptor for potential data |
IN m data descriptor for included date \

\

*m—This data element may have multiple entries :
*n-This data element contains no value and need not be entered on input. It
serves to delineate a group of data elements.
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' The data elemeﬁts beér éertain hierarchical relationé to éach other;
that is, some data elements are subordinate to, or conversély, are parents
of others. Figuré 1 is a diagram of the hierarchical structure. iThis
structure is also indicated in Table 2 by indehting the tag names of sub-
ordinate data elemeﬁts and placing them after their parents. The ddta
elements may be input to the system in any order except that subordiﬁate
data elements must follow the occurrence of the parent with which they
are associated.

The GEODOC cataloging rules are standardized and are modeled after
those of the»International Nuclear Information System (INIS) of the
International Atomic Energy Agenéy (Ref. 7). The data elements havev
been chosen to correspond as closely as possible to those used by INIS to -
facilitate information exchange with other data bases using INIS rulés.
See Tablé 2 where an INIS tag ié shbwn for thqse data elements whose inter-
nal format is identical to the GEODOC format.

The GRID records are permanently stored on magnetic tape; temporary
storage on disc files is also utilized for faster access than tape.
Multiple copies of the data are stored on back-up tapes to provide for
possible computer system crashes or failure of the storage medium, e.g.,
breakage of magnetic tape.

We have found that a computerized data base has humerous advantages
in the manipulation of large amounts of data. For example, selective'
retrieval and editing of bibliographic citations is made trivial‘thrbugh
the use of BDMS. Several of the data elements are keys (indexes) which
can be searched for a specific topic, e.g., Authbr's Name, thus facilitating

the generation of various quick indexes to the citations.
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|

|

|

1 [ T il 1 . i
SC TY REL -REF; ABSTRACT; INDEX; | CONTROL;
1 C ! ' - o
o HEE | ' .
1o P | o
RL RLR RSC '~ ABS ABSQO cC@ TICC DE DD ID PD LA DCSO AISO DATA-FILE .
. . . _&H....
| - ' o
BR POT IN
&
DE§"CAT,‘ s T ‘ HE 7] ) P
] R N IR
BL PT PS TA L OT OS ED CODEN CE DO RN SN INT PUB PUP PUD COL N COT COP COD av o
cCc [

AT\IEQR[S __SPO
AU AA SPC SCN

l |
AN AC
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Eséentially all the records haVe a category called "Descriptors"’
which contains key words to describe fhe data content of the article.
This enables one to retrieve all the citations that»deal with a particular
property; for example, one méy retrieve all the records that deal with
density. At the present time, searches are allowed on only one descriptorA
at a time; later we expect to have the capability of pérfonning a Boolean
search. - This will permit a file seérch with a.string of Qperations, €.8.,
to find all fhe stored citations that deal with density and sodium chloride.
solutions at 25°C and pfessures greater than 100 bars. All "Deécriptors"
used are listed in a thesaurus of controlled terms (Ref. 8). Other data
elements, e.g., OT and AA, also afe derived from controlled authority
files (Ref. 5). | | |

A printed 1list of references is available quickly after entering the
information on the keyboard. Figure 2 is an example of a typical citation
in the standard BDMS output format which indicates the'data structure.
Figure 3 is an optional output format which presents the bibliographic
citatioﬁ in a more customary form, as a convenience to users.

Besides brine data, the GRID data base system currently consists
of two other sepéfatevfiles: environmental and exploration. Each of these
files may be loaded by a monitor and searched one at a time. As work
progresses, other files differentiated by structure and content will

be added.

Aqueous Electrolyte Data

The properties for which bibliographic data on sodium chloride,
potassium chioride, and calcium chloride have been collected by GRID are

listed in Table 3. It should be remembered that these properties are not
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Figure 2

RECORD 146 I
SC = O*RLILLY 703
TY = J/7ASS
DES-CAT.1:
BL = A
PT = ROUTATIUNAL CORRELATION TIMES AND COEFFICIENTS OF VISCCSITY OF EL
ECTRULYTIC SOLUTIONSS : '
AUTHCKS} ‘
AU.1 O*REILLY,y DoCo}
AUL2 PETERSON, EeMos .
. AA = ARGONNE NATIONAL LABey ILL. (USA):
AC = 0 448 GUU USS :

"o

OES=CAT.cs
3L = S3
0T = Jo. PHYS, CHEM.} : P
PUD = 197G : '
COL = Vo T4 (17), P. 3280-32853
INDEXS , :
CQel = SOLUTICNS/MISCes
CQe2 = SOLUTIONS/VUGLUMETRICS
DEe1 = EMPIRICAL EQUATIONSS
DE«2 = APPARENT MOLAL VOLUMES
DEe3 = DIFFUSIONS
DEe4 = VISCUSITY:
DEe5 = RELAXATION TIME:
DEs6 = LOW TEMPERATURES
DEe? = STANUARD TEMPERATUKES
DEe8 = ELECTKOLYTESS
DE«9 = CESIUM CHLORIGESS
DE.10 = HEAVY WATERS
DE.11 = LITHIUM CHLORIDES:
DEe12 = MAGNESIUM CHLORIDES:
DE.13 = POTASSIUM CHLORIDES}S
DEsl% = SODIUM CHLORIDES:
PD = COPYS
CONTROL

3CS0 = JAF
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Figure 3

- 0°*REILLY 70
SOLUTIONS/MISC.
SCLUTIONS/VOLUMETRIC

TITLZ~- ROTATICNAL CORRELATION TIMES AND COEFFICIENTS
UF V1SCUSITY OF cLECTROLYTIC SOLUTIONS.

AUTHUR= O°REILLYy DeZ3PETEKRSONs teMe [ARGONNE
NATIONAL LAB.s ILL. (USA)].

REFERENCE - Je PHYSe CHEMey Ve 74 (17}, P,
3280-3285(1370) . '

OESCRIPTOKS=- =zZMPIRICAL EQUATICNSS APPARENT MCLAL
VOLUMES: OIFFUSIONS VISCOSITY; RELAXATION TIMES$
LOW TEMPERATURcY STANDARD TEMPERATURES
ELECTROLYTESS CESIUM CHLORIDESY HEAVY WATERS
LITHIUM CHLORIGES; MAGNESIUM CHLORIDESS
POTASSIUM CHLORIDESS SCOIUM CHLOKIDES.
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'Table 3. Typical Geothermal Aqueous Solution
Properties for each Concentration and Composition

- Thermodynamic Properties

Heat Capacity

Free Energy
Enthalpy

Entropy

Activity Coefficient
Osmotic Coefficient

Other

Physical Properties

Viscosity

Density

Vapor Pressure
Electrical Conductivity
Thermal Conductivity

Other
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totally independent functions, and frequéntly one property may be calculated
from another; for example, some fhermodynamic properties may be derived from
Vapor pressure measurements. .

The task of extracting and e?aluating numerical data from our stored
literature references is currently in progress. Figures 4-7 indicate some
areas where experimental measurements have been made. Each X indicates one
reference to original'experimental data that has been published. Figures 4-7
1llustrate the current status of geothermal aqueous solution data, and

show areas where additional experimental work is needed.

Typical Brine Data

While the overall compilation of evaluated brine properties includes
thoée listed above in the section on ''Bibliographic Compilation,' our current
acfivitiés center around density, heat capacity, and Viscosity. The
National Bureau of Standards, U.S. Geological Survey, U.S. Energy Research
and Development Administration, Office of Saline Water, and other organiza-
tions have been active iﬁ supporting data evaluation in areas which also
may be relevant to geothermal brine properties.. For example, see
References 2, 3, 9-12.

A recent ahd very comprehensive compilation on fhe density of sodium
chloride solutions has been published by Potter and Brown (Ref. 10). Thisv
report contains a least squares regression analysis of the available data
covering temperature to 500°C, pressures to 2000 bars, and concentrations to
7.0 molal in tabular form. A remaining task is to develop a satisfactory
equation of state to represent the data. |

Data on the variation in viscosity (and density) of vapor saturated

aqueous NaCl and KC1 solutions has been reported by Korosi and Fabuss to
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150°C and 3.5 molal concentration (Ref. 11). Measurements were made using
a Cannon master glass capillary instrument. The viscosimeters were closed
end, and pressurized with hydrogen for measurements above 75°C to avoid
liquid evaporation and boiling; At 150°C, the relative viscosity was 1.024
for a 0.1020 m NaCl solution, as compared to 1.010 for a 0.0999 m NaCl
solution at 25°C. For 3.5345 m NaCl, the relative viscosity was 1.432 at

- 25°C versus 1.571 at 150°C for a 3.6024 m solution (Ref. 11). The measured
viscosities for KC1 solutions were generally 1-10% lower than those for
‘comparable NaCl solutions at all femperatures.

A third example of brine data relevant to geothermal chemistry is the
partial evaluation of thermodyhamic»properties of vapor saturated NaCl
solutions by Silvester and Pitzer (Ref. 12). The work covers osmotic
and activity coefficient data, eﬁthalpy data, and heat capacity data on
aqueous sodium chloride solutions. The data from the various sources were
fitted to a thirteen parameter equation which reproduces the osmotic
coefficient data to * 0.005 over the composition fange 0-6M and tempera—
ture range 0-300°C, enthalpy data to * 5-10 cal/ﬁole for compositions of
0-5M at temperatures from 25-100°C, heat capacity data to * 0.5 cal/°K
for compositions of 0-2M at temperatures from 25-200°C. Tabulated
values of the total Gibbs energy, enthalpy, and heat capacity, plus
partial molal and excess thermodynamic quantities of-sodiﬁm chleride
solutions for compositions of 0-6M at 25°C interﬁals from 0-300°C are
given along with the same quantities in graphical form for Compositioﬁs

of 0-6M at temperatures of 100-350°C (Ref. 12).
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- Theoretical Modeling

Success inltheoretical modeling of electrolyte solutions leaves some-
thing to be desirgd. - Part of the problem originates from thé lack of
sufficiently reliable experimental data.at elevated températures. Most of
the modeling of electrolyte soiutions, except for infinitely dilute solu-
tions, consists of curve fitting the experimental data (generally to a
power series). Curve fitting is a viable technique for intérpolation but
not for extrapolation. For example, as‘thé temperature increases the
rate of change of a physical property may increase: markedly until a
singularity is reached_at the critical point, e.g., the heat capaﬁity of

NaCl solutions becomes infinite at the critical point. See Ref. 12.

Conclusion

Areas where future effort in basic geothermal NaCl data evaluation
might be directed include the following: (1) deVelopment of numéfical
data formats for computer storage, (2) compilétion of all the avéiiable
data into a numerical déta base listing values in an internally consistent
set of standard units (e.g., SI units), (3) evaluation of numerical data
to obtain a set of internally consistent recqmmended best vaiues, 4
development of an equation of state or similar énaiytical expression for
the relevant geothermél property, (5) generation of a set of tables
(perhaps in the sfyle of the ASME steam tables, Ref. 13) that would enable’

one to look up values of the individual properties quickly.
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