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Preface

This testimony is submitted at the request of the State Geothermal Task

Force for presentation at the April 29, 1977, hearing in San Diego, California.

The subject matter enclosed is an overview of the status of the Geothermal
Development Program at the Lawrence Livermore Laboratory and sponsored by

the U. S. Energy Research and Development Administration. Consequently, the
testimony is necessarily limited to our area of expertise, and relates
specifically to section I.C. of the topical guidelines issued by the Taskforce
as an enclosure (OPR:SJB:4-6~77) to the letter of invitation. This section

is titled Status of Geothermal Development and Technology: Conversion
Technology .
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Background

At the Lawrence Livermore Laboratory (LLL), interest in geothermal energy
started in the early 1960's as part of the Plowshare Program and because of
associated work in the Earth Sciences. In 1972, LLL established programs to
develop new non-nuclear energy technologies in response to urgent national
needs to develop alternate energy supplies to achieve energy independence
in the 1980's. As part of this effort, the LLL Geothermal Development Program
began in the latter half of CY1973 for development of Advanced Technologies
with specific application to the high-temperature, high salinity (HT/HS)
resource in the Imperial Valley of California. The program is currently
supported by the U. S. Energy Research and Development Administration (ERDA).

This program consists generally of development of advanced conversion systems,
with strong emphasis on a system approach to find solutions of the problems of
scale formation, corrosion/erosion of materials, spent brine disposal and solids
handling, and development of reliable, efficient energy conversion systems with
emphasis on development of the Total Flow concept.

Much of this work haé general applicability to other resource utilization
concepts and possibly to other resource areas. Consequently, in late CY1975,
LLL established - by ERDA request - an Industrial Support Program to provide
technical assistance to joint ERDA/industry projects to utilize the HT/HS
resources in the Imperial Valley, California. The LLL program is now in

transition from emphasis on applied research to one of development of and
involvement with field programs.

Project Rationale

A key element in the rapid commercialization.of geothermal energy is the

early development of the hydrothermal resources. They are abundant, their
exploitation represents the next technological step, and systems developed for
hydrothermal utilization will 1ikely find application to other potentially larger

resources such as the geopressured and hot, dry rock forms.

epnenzd o SFNEE
DISTRIBUTION OF THIS Uouerae i g UG IRETED



Of particular significance are the identified hydrothermal resources in
the Salton Trough geologic province. In this region there are six identified
known geothermal resources areas (KGRA) in the U. S. territory alone (Figure 1).
The entire region is, perhaps, the best known and characterized water-dominated
hydrothermal resource in the North American Continent. Among the six U. S.
KGRA's, the Salton Sea Geothermal Field (SSGF) in the Salton Sea KGRA (SSKGRA)
is the best known - 23 wells have been drilled and produced, geophysical data
have been gathered, and considerable private funds have already been invested
in terms of capital for wells and costs of lease holdings. Hence, in terms of
setting priorities for accelerating development of geothermal energy, the Salton
Trough resources appear to be prime candidates with the SSGF Teading as potentially
the largest recoverable energy source.

According to the U.S. Geological Survey, Circular 726, published in 1975,
the SSKGRA is the highest temperature, third largest, and capable of producing
83,600 MWe-yrs of electric energy. This is 10% of the total of the large high
temperature hydrothermal resources in the U.S. However, the two largest (Long
Valley and Coso Hot Springs) are undrilled, and estimates of their energy
productivity are, by comparison, more speculative. If these two are dropped
from the list of candidates for early development, then the SSKGRA could provide
up to 17:: of the recoverable energy from the total U. S. hydrothermal resources.
Further, it is estimated that over half of the recoverable energy- from the Salton
Trough resides in the SSKGRA.

It should be recognized that these estimates, 1ike all estimates, are
speculative at this time. However, the order of magnitude is generally accepted
as representative of the resource potential. There are many site specific factors
such as presence of dissolved solids, available condensing temperatures, system
conversion efficiencies, and costs which will influence the ultimate. energy
production. In summary, the reasons for interest in the SSKGRA are:

® Resource is best known, and located close to majof West Coast Toad
centers.

e Has the potential for producing 83,600 MWe-yrs of electric energy.

e Highest temperature {300C) resource; hence, potentially lowest
energy costs. ‘
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¢ R&D and new technologies are needed for utilization due to presence
of high content of dissolved solids, as much as 30% by weight in
some areas.

This latter point is especially important since it provides one of the
main reasons for LLL involvement. Probably over 90% of this region is already
under private lease, but one of the major barriers preventing rapid development
is the serious technical difficulties posed by the presence of large quantities
of total dissolved solids (TDS). An example of the amounts and complexity of
the TDS are shown in Figure 2. Scale formation and control, corrosion, solids
handling and control, efficient reliable conversion methods, and spent brine
disposal are all problems compounded by the presence of high temperature and
high TDS and the resultant constraints on choices of conversion systems for
utilization of this important resource.

Objectives

The LLL Geothermal Energy Program s directed specifically toward solution
of these problems unique to the SSKGRA. Hence, the basic objective of the program
is to carry out the research and development necessary to produce the needed
advanced technologies, and to reduce the technical risks sufficiently to encourage
and accelerate commercial development. Hence, the program is structured to
include strong industrial involvement through technology transfer and joint
ventures in time to stimulate commercialization in the 1980's. To accomplish this,
the program consists of two basic activities (Figure 3).

1. Technology Development

This consists of an interdisciplinary approach to develop efficient,
reliable, brine tolerant conversion systems uniquely designed for
utilization of the high temperature brines of the SSKGRA where the

TDS may be as high as 30% by weight. ‘The emphasis is on development

of the Total Flow conversion system coupled with solution of the problems
of scale formation, corrosion/erosion, and brine management.
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2. Industrial Support

The purpose is to provide technical assistance to joint ERDA/industry
geothermal utilization programs to develop the SSKGRA. Emphasis is on
applying the expertise and results in the technology development activity
to provide technical support, as needed, to help solve operational
problems, and to carry out complementary applied research to broaden
opportunities for solution of potential problems. Current involvement
consists of working with the San Diego Gas and Electric Co./ERDA flash/
binary project. A summary of some of the activities are shown in Figure 4.
Program Status

A. Technology Development

" The three basic conversion methods are shown schematically in Figure 5.
The Total Flow System (TFS), in principle, consists of expanding the total
wellhead brine-steam mixture directly through a mixed phase expander to sub-
atmospheric condensing conditions for maximum energy extraction to drive an
electric generator. Based on fundamental thermodynamic principles, a direct
expansion from wellhead to sink condition has the potential for conversion of
the greatest fraction of the available energy. For example, regardliess of the
number of stages of separations used in the Flashed Steam System, there will
always be some useful energy discarded with the separated liquid in the last
flask-stage. The fourth method consists of combinations of the first three basic
methods. ’
a single example is not shown.

Hence, the term hybrid system.
One example is the flash/binary system curréently

Since several combinations are possible

under ‘test by the joint ERDA/San Diego Gas and Electric Company project. Another

example will be discussed later.

Although the Total Flow concept is simple, and is the most direct means
of geothermal energy conversion, it will require development of efficient,
reliable machines for two-phase expansion of the wellhead fluid. If successfully
developed, however, it has the potential for the highest electrical energy
This will result in a correspdnding :

In addition,

output per unit mass of wellhead fluid.
reduction in number of wells and, hence, initial capital costs.
because of inherent design simplicity, there are increased opportunitites for
solution of the serious scaling and chemistry problems associated with high
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TDS brines, and perhaps more importantly, reduction in capital costs of
conversion systems.

Recognized at the start as a high risk activity, but with this potentially
high payoff, four problem areas can be identified: (Figure 6)

® the chemistry of the brine with regard to scale and solids
formation and disposal of cooled fluid

¢ the materials required for successful performance of the conversion
system in the brine environment '

e the energy conversion system

® establish economic feasibility and transfer of technology to industry
to accelerate commercialization

The LLL Geothermal Program is an interdisciplinary effort consisting of
conversion engineerjng, brine chemistry and materials, and earth sciences to
provide an integrated approach to resolve these technical issues.
program strategy is shown in Figure 7.

The basic
Thus far, development and testing of
conversion devices hqs been purposely limited to laboratory work while scale
control and materials work has been primarily carried out in the field using
real brines. As shown, the plan is to join these two activities to produce

a 2 MW prototype brine tolerant machine for field testing. Note that we plan
strong industrial involvement as a start toward early technology transfer. If
tests are successful, the next step would be the fielding of a pilot sized plant
(probably about 10 MWe). At this point, LLL involvement would decline to a role
of industrial support and finally phase out as commercialization proceeds. The
following describes the work done to date in the two separate areas of brine
chemistry and materials and conversion engineering.



1. Brine Chemistry and Materials Developments

With the exception of conversion engineering activities, the majority
of the work is performed in the field using real brines for test and
evaluation of scale control methods, materials for conversion systems, and
solids and spent brine disposal techniques. Consequently, the results of
this field test program will find broad application to all candidate systems
for utilization of the HT/HS brines. For this reason, the current results

are particularly significant.

Figure 8 shows a sample of the type of scaling that occurs when the
HT/HS brines experience a temperature drop typical of that which would occur
in a conversion device. The scale consists largely of silica interspersed
with concentrations of heavy metal sulfides. There are several approaches
to solving this problem: periodic cleaning, boundary layer treatment, and
chemical modification of the brine. The approach we have se]ectéd to pursue
is brine modification by acidification. Since it is known that acidification

inhibits silica precipitation and also helps inhibit formation of the. sulfides,

addition of acid to the brine prior to the temperature drop through.a
conversion system should prevent scale deposition. The ‘important unknowns
are the effects of other elements, temperature, and the amount and type of
acid needed. In order to investigate the feasibility of this approach,

we are operating a test station (Figure 9), designed to test and evaluate
acidification of the brine output from the well Magmamax #1 located at the
San Diego Gas and Electric Company Geothermal Loop Experimental Facility
near Niland, California. The LLL test station is used to test brine
modification methods and evaluate materials resistance to erosion and
corrosion. ‘

During the last year we have established that scale deposition can be
eliminated by acidification. Dropping the pH from 5.6 at the wellhead to
4.5 and below by addition of between 100-200 ppm of hydrochloric acid
completely eliminates scaling in nozzles expanding brine from about 200°C
to atmospheric conditions. Figure 10 shows one example of sectioned
nozzles (made from Teflon) subjected to unmodified and modified brine. The
control nozzle as shown, scaled rapidly at a rate of about .03 mm/hr while
the other test nozzle subjected to.acidified brine remained scale free.
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Other test nozzles of titanium alloy (Ti-6A-4V) also remained clean with

no signs of corrosion or erosion over the test period. A pre]iminary cost
analysis shows that acidification by HC1 costs about 1-2 mils per 100 1bs.

of brine. This would be roughly equivalent to 1-2 miis/KW-hr added cost to
the production of electric energy. These experiments are very encouraging
and indicate that brine modification for scale control is technically feasible
and appears also to be economically feasible.

It is also worth noting that acidification prevented scaling in the tubing
leading up to the nozzles. Figure 11 shows sectioned tubing subjected to
modified and unmodified brine. The tube carrying modified brine remained
scale free. We are planning additional experiments to evaluate the effective-
ness of acidification for keeping brine heat exchanger tubes from scaling,
and hence, as a means for broadening the applicability of the Binary Cycle
concept for utilization of those HT/HS brine reservoirs which may contain
large amounts of non-condensable gases. In addition we will also evaluate
acidification effectiveness on a small scale double flash system.

Another beneficial result of acidification is shown in Figure 12.
Experimental evidence now exists that acidification delays the formation
of and stabilizes the colloidal suspénsion of silica in the cooled brine.
The bottle on the left is a sample of cooled unmodified brine showing a
cloudy suspension of particulate solids. The other sample is of cooled

. acidified brine. The clarity of the fluid indicates that acidification has

delayed the productionof susﬁended solids. The important implication is that
acidification has the potential for preventing plugging of reinjection wells
by normally dccurring suspended solids over long-term operation of a power
plant.

Concurrent field tests of turbine blade materials subjected to high
velocity acidified brine streams exiting from the test nozzles indicate
that titanium alloys, particularly Ti-6A1-4V, are corrosion/erosion
resistant. Figures 13 and 14 shows, respectively, a scaled model turbine
blade subject to unmodified brine, and a scale free blade subject to
modified brine. The Tatter also exhibited no signs of corrosion or erosion.
Although the test durations were generally less than 100-hours, the results
are encouraging since they indicate that the titanium alloys are promising
corrosion/erosion resistant materials for Total Flow turbine applications.
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Corrosion rate tests have been run on iron based alloys for general
power plant use. The results (Figure 15) indicate that alloying with
chromium and molybdenum can reduce the corrosion rate significantly.
The relative cost index shows that the costs of raw materials would,
however, increase as expected.

An alternative approach being investigated is the use of prescaling
a small amount prior to acidification. Essentially, this amounts to
purposely-allowing a thin layer of scale for form on plant piping and
brine handling equipment to act as a protective coating. Figure 16 shows
some preliminary measurements on corrosion rate on iron specimens before

and after acidification.

As shown, the corrosion rate can be reduced by prescaling. Yet another
alternate approach is the use of liners in the brine handling piping.

Further work needs to be done to more precisely evaluate these approaches,
but all the work done to date indicates that long-term utilization of the.

HT/HS brines may be possible. Scale control by acidification is technically
feasible and appears to be economically feasible as well, we have identified
promising corrosion/erosion resistant materials for turbine applications,

and there appears to be promising approaches to reducing corrosion to
acceptable 1imits in the balance of a plant. In addition, acidification is

a possible means of reducing suspended solids production in the cooled brine
and thereby a means to insuring the viability of long-term reinjection. These
conclusions are based on the limited field tests completed to date, and may
change as more data is gathered. Additional field tests are planned to explore,
in more detail, acidification and materials response under a wider range of
conditions to further verify these initial results or to define 1imits of
applicability.

2. Total Flow Expander Development

The potential performance of a Total Flow process is shown in Figure 17.
It should be emphasized here that this comparison is based only on thermo-
dynamic considerations, and the assumptions used for the respective engine
efficiencies of the systems shown. To gain the full performance advantage

shown, Total Flow expanders should have engine efficiencies of 70% - a
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performance as yet unrealized. Even if this 70%kgoa1 cannot be reached,
the Total Flow concept remains promising because of its simplicity, and
hence potentially lower capital costs. It should also be noted that

Figure 17 illustrates comparison of processes, not machines. It is

not yet known if the same Total Flow expander can work at 70% efficiency
over the working fluid temperature/enthalpy range shown. It may be that
different expanders will be needed at the lower temperature range than that
at the higher range. At this time, more research and testing of candidate
expanders over all working fluid conditions needs to be completed before
this basic question can be answered.

In order to gain the full advantages for the Total Flow process, it is
also necessary to extract the maximum available energy from the wellhead
product by expansion to as low a backpressure as possible. " It can be
shown that 40% of the useful work is obtained by expansion below atmospheric
pressure to a typical sink condition of 49°C (3.5" Hg). Volume expansion
ratios of the fluid range from about 300 (for 300°C fluids) to about 70
(for the 177°C fluids). Consequently, the Total Flow expander must be
capable of complete expansion to recover the available energy, and must also
be able to accommodate Targe volume flow rates as well. In addition to
these physical and thermodynamic requirements, candidate expanders must be
able to withstand the presence of significant quantities of dissclved solids.
Precipitation of these solids during expansion can cause rapid formation
of scale, and the corrosive and erosive actions of the brines will be‘major
problems. These will likely require design simplicity, particularly with
respect to minimizing the number of moving parts and contacting surfaces,
ease of maintenance, and long-term reljability. A single stage expander
is most desirable, but staging may be workable in some cases. Figure 18
1ists the basic classes of expanders which we have considered for use in
the Total Flow process.

Based on our present understanding of all requirements to utilize the
HT/HS brines, and particularly the need for inherently simple, compact
machines, pure impulse devices have significant advantages. Because of
geometric considerations the axial flow machine currently appears as a

‘promising configuration for the Total Flow application. Figure 19 is a

simplified view of an axial flow impulse turbine, and also illustrates
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the basic elements of other impulse machines. Expansion of the two-phase
wellhead product through a converging-diverging nozzle converts the brine
thermal energy at high wellhead pressures at 2 to kinetic energy in the
form of a high velocity fluid stream at the backpressure 3'. The nozzle
"velocity coefficient, n, is the ratio of actual velocity output to the ideal
velocity from an isentropic expansion from 2-3. The wheel efficiency, e
is a measure of the ability of the wheel to convert the fluid kinetic energy
to shaft work.

fluid friction, entrance and exit losses,

It is a complex function of blading geometry, turbulence,
The turbine
engine efficiency, e then will be nz e, as noted. The factor n2 represents

fanning losses, etc.

the nozzle efficiency, or its ability to convert thermal energy into kinetic
energy. The wheel efficiency, e, represents the ability of the turbine rotor
to efficiently transfer the momentum of the high velocity fluid stream exiting
from the nozzle to produce shaft work. When viewed in this manner, it is
clear that the basic problem of designing an efficient Total Flow impulse
turbine is twofold: development of efficient nozzles for expansion of two
phase fluids, and development of efficient blading for momentum transfer.
Considerable work has already been completed in the Taboratory to develop
and test nozzles and to test blade configurations. We have achievéd.the

necessary nozzle efficiencies and the next step is to develop a technique

for water droplet reduction from the present range of about 6 microns to

less than 2 microns. This is necessary for efficient transfer of momentum

through the blades.

We have recently completed laboratory tests of a Total Flow impulse
turbine system. A single stage, axial flow, impulse turbine (Figure 20)
has been designed and tested at reduced output, since only a single nozzle
was used - about 5% admission. A single nozzle was used for the machine

because of limited flowrate capabilities of the test facility.

In order to simplify construction, shorten development time, and to minimize
costs, the rotor was designed with integral blades and was fabricated from
a 7075-T6 aluminum forging. Aluminum was chosen for jts high strength-to-
weight ratio and machinability. An electroless nickel plating was applied
The plated
It was designed to have sufficient
life only for the laboratory testing program.

to the blade surfaces for water droplet erosion protection.
rotor is not intended for brine exposure.
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The operating conditions used for the performance testing were selected
to be representative of the thermodynamic conditions of well outputs from
the reservoirs of the SSKGRA (Figure 21). The basic purpose of the test
was to provide operating performance data to verify analytical methods for
design of a full admission machine and for predicting the effects of droplet
size on performance. Figure 22 shows the comparison of the test data with
the prediction for siﬁgle nozzle performance. Excellent agreement was
obtained, and the analytical model can now be used to estimate the performance
of a full-admission machine. As shown, the existing design performance lies
between 38% to 48%. Most significant, however, is the conclusion that the
original research goal of 70% engine efficiency remains credible, and is
achievable if water droplet sizes can be reduced to less than 1 micron. The
power output with a single nozzle was equivalent to 33 KW, the full admission
machine would produce about 1400 KW; and based on this test data, an

advanced design would produce about 2300 KW.

A useful manner of viewing system effectiveness is to express the
performance in terms of the resource utilization rate (water rate). This
is the number of pounds of wellhead fluid to produce a kilowatt hour of
electric energy, (i.e., 1b/KW-hr). Figure 23 lists the performance potential
of the Total Flow process as tested, and compared with the calculated
performance for the Flashed Steam System operating over the same set of
inlet and‘exit thermodynamic conditions. Note that all systems are compared
on a gross output basis - i.e., exclusive of plant parasitic loads. As
shown, the Total Flow impulse turbineis already thermodynamically competitive
with a single flash system, but an advanced design has the potential for
significant improvements. There are two important implications. First,

a decrease in water rate allows a corresponding decrease in number of wells,
which in turn, decreases the capital investment for well costs. Second, the
simpler Total Flow system offers the additional potential for reduced costs

of the conversion equipment.

3. Hybrid Systems

It is recognized, however, that because of the wide variation of
reservoir and site specific conditions, it is unlikely that any one concept

or system will find general application. Instead, the future will probably
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see several different conversion systems, each tailored to the specific
Consequently, combination of the basic concepts of
flashed steam, binary cycle, and Total Flow will also be needed.

zite conditions.

Specifically, we are investigating the use of Total Flow expanders in
combination with the double flash system (Figure 24) to produce a greater
net power output. Some preliminary calculations, and some initial component
tests, ‘indicate that it may be possible to increase the gross power output
by about 15%.
next year, if support is continued, we should have sufficient data to draw
more definitive conclusions.

This work is only in the initial stages; but by this time

- Commercialization and Technology Transfer Plans

As noted earlier, the HT/HS reservoirs of the Salton Sea Geothermal Field,
are a targe energy resource, but not yet commercially useful because of the
The LLL
program is specifically directed toward solution of these problems by carrying

technical problems largely associated with the chemistry of the brine.

out the necessary applied research, and to develop and field test smali-scale
prototype advanced conversion systems. The basic purpose is to prove technical
feasibility by gathering sufficient supporting data to encourage industrial
participation as a start toward commercialization of the concepts. This

involves several elements.

The first is transfer of information as it is developed through publications,
participation in technical conferences, hosting industrial visitors to LLL .to
see our work, and through LLL hosted program reviews. We publish, Tor wide
diciribution, about 30 publications per year. Attached is a list of publications
released during FY77 to illustrate the breadth and type of information flow. ‘
Note the inclusion of papers recently accepted for presentation at the upcdming
meeting of the Geothermal Resources Council. In addition, we host, on the average,
about two industrial visitors per week for informal briefings and site visits.
Recently, we held our first large program review on December 14, 15,.16, 1976,
during which about 80 representatives of industry attended to hear detailed
technical briefings on the program status and results.

participation in the program were encouraged.

Their comments and
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The second is directed participation of industry through subcontracts to
help with the program by carrying out technical and economic studies, design and
fabrication of components for test, and involvement in our field test activities.
During FY76, we spent approximately 17% of our budget in outside procurements
of this type. This activity is a form of technology transfer in the sense
that industrial suppliers become directly aware of some of the advanced concepts

under development. This activity will continue throughout the program.

The third will be the involvement of industrial partners to take on the
design, fabrication, and field testing of the smali-scale prototype advanced
systems. We are currently starting preliminary discussions with turbine
manufacturers and engineering firms to lay out plans for design and development
of a 2 M brine tolerant systme for field testing.
our FY77 tests, this first step toward transferring the technology to industry
will begin in FY78.

2 MW system might be fielded by FY80.

Depending on the results of

Industrial development schedules indicateAthat a complete

The fourth, and most important, element is the final step toward
commercialization. If field tests of the 2 MW prototype are successful, the
option of proceeding with a 10 MW size pilot plant is opened. This, of course,
should be primarily an industrial acitivity with the LLL role diminished to one
of technical support and assistance. Successful pilot plant operation should

then lead to full commercialization by the industrial sector.

Summar

A summary of the major program results are Tisted below:

e Designed and operated a Geothermal Test Facility at LLL to simulate the
This facility
is used to test expander components, develop methods for measurement and

thermodynamic conditions of any hydrothermal well output.

characterizing two-phase flow, and is available for testing of Total
Flow expanders with outputs up to about T00 KW.
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on the impulse turbine as the conversion element.

e Developed and tested a single stage Total Flow impulse turbine system
The results indicate that
the existing design is capable of working at 38-48% engine efficiency.

with subatmospheric condensing conditions.

Analysis of the performance also indicates that the original research
goal of 70% engine efficiency remains credible and may be achievable.
In our opinion, this moves the Total Flow concept from a far-out to a
near-term technology.

® Designed and operated a Geothermal Field Test Station for brine chemistry
and materials studies under field conditions at Magmamax No. 1.

® Established technical and the potential economic feasibility of scale
control by acidification of the HT/HS.brines.

' Established that brine acidification can stabilize the colloidal
suspension of solids in cooled brine, preventing particulate precipitation.
This has important implications regarding long-term viability of reinjection
without plugging the formation.

e Identified and field tested promising corrosion/erosion resistant alloys
for use in conversion systems, and specifically that titanium alloys are
promising corrosion/erosion resistant turbine blade materials.

® Established and developed techniques for brine samp]ing, brine
‘characterization, scale surveillance, and field tests of materials.

® Developed analytical techniques for advanced two-phase turbine design,
two-phase flow, brine chemistry modeling, and multi-well reservoir
modeling for production/injection reservoir management.

These results are encouraging, and lead to the conclusion that the Total

Flow process will emerge as a reality in some form for utilization of water
dominated resources.

Figure 25 is one possible conceptual configuration based
The above results indicate that

this method, as originally conceived, is moving from the conceptual stage toward
reality.
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Publications Released in FY76T and FY77

"Investigation of Heat Exchanger Flow Arrangement on Performance and
Cost in g Geothermal Binary Cycle", W. H. Giedt, June 1976. (Presented
at the Eleventh Intersociety Energy Conversion Engineering Conf., State
Line, Nevada, Sept. 12-17, 1976. .

"Helical-Rotor Expander Applications for Geothermal Energy Conversion”,
P. A. House, UCRL-52043, April 1976.

“Calcylation of Two-Phase Dispersed Droplet-In-Vapor Flows Including

Normal Shock Waves", W. Comfort, T. Alger, W. Gi9dt,.C. Crowe, UCRL-78426,
July 1976. Also presented at the Winter Annual Meeting of ASME, Dec. 5-10,

1976.

"performance Test of a Bladeless Turbine for Geothermal Applications",
R. Steidel and H. Weiss, UCID-17068, March 1976.

”Modu]arJS-Mw Geothermal Power Plant Design Considerations and Guidelines",
Rogers Engineering Company, UCRL-13635, May 1976.

"The LLL Geothermal Industrial Support Program in Chemistry and Materials
for FY76T and FY77", R. Quong, UCID-17209, July 1976. )

"Comments of the Use of 316L Stainless Steel C]addipg at the Geothermal
Niland Test Facility", A. Goldberg, UCID-17113, April 1976.

"Geotherma) Materijal Studies", A. Goldberg, UCID-17261-76-1, March 1976.
"Geothermal Material Studies", A. Goldberg,_.UCID-17261-76-2, June 1976.
“Geothermal Material Studies", A. Goldberg, UCID-17261-76-3, Sept. 1976.

"The Economics of Geothermal Heat as an Alternate Fuel”, D. Towse,
UCRL-77031, Revision 1, June 1976.

“Preliminary Interpretation of Resistivity and Seismic Refraction Data from
the Salton Sea Geothermal Field", P. W. Kasameyer, UCRL-52115, Sept. 1976.

"Thermal Depletion of a Geothermal Reservoir with Both Fracture and Pore
and Pore Permeability”, P. W. Kasameyer and R. C. Schroeder, QCRL-77323,
August 1976. Submitted for publication in Journal of Geophysical Research

- “"Reservoir Engineering Report for the Magma/SDG&E Geotherma) Experimental

Site Near the Salton Sea, California", R. C. Schroeder, UCRL-52094,

~July 1976.

"Scaling Characteristics in the Geothermal Loop Experimental Facility at
Niland, California", R. Quong, UCRL~52162, November 1876. :
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NOTICE

“This report was prepared as an account of work
sponsored by the United States Government,
Neither the United States nor the United States
Energy Research & Development Administration,
nor any of their employees, nor any of their
contractors, subcontractors, or their employees,
makes any warranty, express or implied, or

assumes any legal liability or responsibility for the

accuracy, completeness or usefulness of any
information, apparatus, product or process
disclosed, or represents that its use would not
infringe privately-owned rights.’

“Reference to a company or product
name does not imply approval or
recommendation of the product by
the University of California or the U.S.
Energy Research & Development
Administration to the exclusion of
others that may be suitable.”
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SALTON TROUGH GEOTHERMAL PROVINCE
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FIGURE 2

TYPICAL BRINE COMPOSITIONS FOR THE SALTON SEA GEOTHEB@AL FIELD
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THE LLL GEOTHERMAL PROGRAM CONSISTS OF:

I. Development of advanced technologies for hydro-

thermal systems:

o Total flow concept
® Hybrid systems

1. Industrial support program:

©  Technical support to specific joint ERDA/
industry projects

© Applied research on potential problem areas

© Hybrid systems

FIg., 3

INDUSTRIAL SUPPORT PROGRAM

o |nvolvement with and technical assistance to joint
ERDA/SDGE project near Niland
@ Working in field and lab to help with:
Brine characterization
Effluent handling
Plant operational surveillance for scale control
and materials evaluation
Data handling
Reservoir production and reinjection strategies
© Opportunities to directly apply results of R&D
produced on base program

FIG. 4
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METHODS FOR ELECTRIC POWER GENERATION FROM GEOTHERMAL -

“ HOT WATER DEPOSITS
The Flashed Steam System | The Binary Cycle System | The Total Flow System| Hybrid Systems
! S Mixed
team Vapor cycle Vapor phase
| /turbine / expander

4
turbine

Separator
Heat »
T
exch. = H, Modified
Cooling : .| baro.
condenser

Baro- -
water

condenser
Spent

brine at T
¢4

Downhole pump

FIG. 5

@

KEY ISSUES

© Control of scaling
ment of suitable energy conversion methods

© Develop

for:
-— Increased efficiencies
— Utilization of HT/HS brines

— Application to other resources

© Materials development for:
— Erosion/corrosion resistant turbine

— Low cost plant components
© Brine disposal strategy — injection:

A

® Commercial applications
— Economic feasibility
— Transfer of technology

FIG. 6
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Industrial
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Fig. 13 - Simulated Turbine Blade Subjected to Flow Fig. 14 -
of Unmodified Brine. Note Scale Formation.
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Simulated Turbine Blade Subjected to Flow
of Acidified Brine. No Scale Formation.
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CORROSION RATE, MPY

MAGMAMAX WELL NO.1
ACIDIFIED BRINE
90-100°C
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TINME, HOURS

FIG, 16 EFFECT OF pH OF EFFLUENT BRINE ON

CORROSION RATES OF MILD STEEL
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CLASSES OF EXPANDERS FOR TOTAL FLOW APPLICATIONS
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1. Impulse/reaction machines

Axial flow — Curtis/Rateau steam turbine

Radial inflow — Francis turbine and multiple disc drag turbine

Radial outflow — rotating nozzle (pure reaction). Hero's turbine
multiple disc turbine — bladeless impulse-or reaction drag turbine.

2. Positive displacement machines

Helical screw expander
Rotating oscillating vane machine

3. Impulse machines

Tangential flow — Pelton wheel, Re-entry turbine
Axial flow — Delaval, Curtis turbine

Fig. 18

Kouaidryy3 auLbuz %6/ - ysetd albuls

F-;

uR3SAS weals payseld ayl YiiM

1daduo) MO| 4 [BI0L JO UOSLARWO) DOUBUUOIABY P3IB[NI|R) - /7| 84nBLy






Fig- 21 ‘Test conditions

Fluid state at nozzle entrance

P0 = 2.53 MPa (367 psia)

Xo = quality = 14%

T, = 224°% (43¢° F)

h0 = 1.2 MI/kg (526 BTU/1bm)

m = 0.59 kg/s (1.31 lbm/s)

Exhaust pressure and temperature

Pe = 0.0137 MPa (2 psia)

- o
T, = 126°F
he = 421.8 Btu/Tbm
Xg = 32%

Power Input
m(hQ - he) = 144 kNt

-39-

Engine efficiency — percent

80 x T T T T
RESEARCH GOAL
: — - 2415
Advanced design r \W
70 - full admission
D<lu Cp=0.94 @
- 2208
60 |-
50 -
ACHIEVABLE TODAY - =i 1587
Full admission- r i
droplets impact - ———,
blades, D » 2.2 u L ~d
40— CT = 0.94
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‘T 33
20 © Single nozzle test
results and simula-
tion bounds
D22.3um
CT = .83
10+~ Vis = 697.7 m/s
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Blade speed ratio = Uy

FIG. 22 Total Flow Impulse Turbine Test Results and
Performance Evaluation
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FIGURE 23 ,
ESTIMATED PERFORMANCE COMPARISONS FOR GROSS ELECTRICAL OUTPUT

‘ WATER RATE SPECIFIC OUTPUT
[. TOTAL FLOW IMPULSE TURBINE SYSTEM —_— B
LB/KW-HR WATT-HR/LB
o EXISTING DESIGN - FULL ADMISSION 86-68 ' 12-25
(38%-48% ENGINE EFFICIENCY) '
o ADVANCED DESIGN-- FULL ADMISSION 47 21
(70% ENGINE EFFICIENCY) '
II. FLASHED STEAM SYSTEM
o OSINGLE FLASH (757 ENGINE EFFICIENCY) 70 14
o DOUBLE FLASH (75% ENGINE EFFICIENCY BOTH STAGES) 56 18

NOTES: -

1. CALCULATIONS BASED ON THERMODYNAMIC PROPERTIES OF PURE WATER.
2. FOR PRESENCE OF DISSOLVED SOLIDS: REDUCE ENERGY OUTPUT BY 0.85% FOR EVERY 1% TDS.
3. CALCULATIONS BASED ON TEST CONDITIONS: INLET 367 PSIA, 14% QUALITY, EXIT 2 PSIA, (126°F)

THE REACTION TURBINE EXPANDS LIQUID FROM THE HIGH

PRESSURE SEPARATOR AND EXHAUSTS INTO THE Low PRESSURE
SEPARATOR - . . &

Advanced flashed
steam system
Condenser
(120°F)

Wellheads (2 0@ steam)

Injection

FIGURE 24






[~

Technical Information Department
LLAWRENCE LIVERMORE L ABORATORY

University of California | Livermore, California | 94550



