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REVIEW COMMENTS
SILICA CONTROL AND RECOVERY FROM GEOTHERMAL FLU!

Report needs a cover and title page, with DOE grant number.

Include a Table of Contents, showing mzijor sections and subheadings.
Include a standard DOE disclaimer. ‘, |
Include an acknowledgement of DOE support and grant number.
Include and Abstract for OSTI and NTIS use.

Page 2 (plus others?) was missing in draft reviewed.

References- some are cited but not listed; some are listed but not cited. Please check for
accuracy and completeness.

Several parts of the text are awkward because of the long, complex senterice structure.
This can be easily corrected with shorter, less involved sentences.

The section "Preliminary (more accurately ‘conceptual'?) Design of Pilot Scale System)
could benefit from a flow chart or schematic diagram to clarify the discussion. 3

Task 4.4, Fluid Characterization, does not seem to be specifically addressed in the report,
except for portions of the second report. Could you include some tables of resxdual fluid
compositions, particle size, and settling rates?

Task 4.7, Preliminary Evaluation of the Apphcabrhty .to Other Geothermal S ystems
would benefit from a table listing some of the other geothermal fluids reviewed, showmg
basic fluid chemistry, temperature, geothermal field, references, etc.

The report needs more quantitative chemrstry, i.e. data and formulatxons etc. expressing
the reactions taking place. Is it not well enough understood at present for this experimental
work?

The report needs to show the data used to develop the conclusions and the results in
graphic form. It should include analyses of brines, preflash and postﬂash

Were any changes observed in the basalt chips?

Several photomicrographs are presented as supporting data. More discussion of the
significance of the photormcrographs is needed.
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Silica Control and Recovery From
Geothermal Fluids
Draft Final Report

Introduction

The HGP-A geothermal well, drilled in 1976 to a total depth of
1966 m on the East Rift Zone of Kilauea Volcano, has one of the
highest bottomhole temperatures of any geothermal well that—has
been put—into commercial production. As a result of the high
temperatures, the fluids produced by the well | have higher
concentrations of silica than those in most other gecothermal fields
around the world. In 1981, a 3 MWe wellhead generator was
installed on the HGP-A well in an effort to determine whether it
was technically feasible to produce electrical power from the
sili9€:1amdlg§{j}ich fluids found in the Kilauea East Rift Zone.
This generator facility was able to produce power for |approximately
eight years with an availability factor in excess o 90%,butjg S0
showed that the high concentrations of both silica and H,S required

generator
ly acceptable

extraordinary maintenance efforts in order to allow
facitityto operatéﬂ?h an efficient and environmenta
fashion.

Operation of the facility showed that deposition of silica
scale in the well casing and piping system upstream of the
separator was relatively modest but that, after discharge from the
separator, scale deposition within the brine disposal system
constantly fouled the pipe walls and the control valves. Scale
deposition within this system required constant majintenance and
forced replacement of equipment on a far more frequent basis than
would otherwise have been necessary.

Although the higher maintenance requirements generated by
deposition within the brine system would have had a substantial
impact on the economics of power generation in this geothermal
field, the silica deposition rates found in the b%ine disposal

1)
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6) characterization of the silica bfbroduct recovered
from the brine phase;

7) evaluation of the feasibility of applying the
treatment system developed to other geothermal systems in
North America. )

Although work was conducted on all of the plan%ed subtasks, a
combination of experimental difficulties and eﬁternal events
prevented our pursuing all of the planned studies to their ultimate
conclusion. The most significant of the external circumstances was
that, during the course of our study, it became | apparent that
operation of the HGP-A geothermal well would be terminated sooner
than we had anticipated. Because this well represented our only
source of geothermal brine, a decision was made to focus on those

experiments that required a continuous stream of brine and that
would provide the most practical returns in the shortest amount of
time. Hence, a decision was made to abbreviate the basic
investigation of the kinetics of silica polymerizatipn in the brine
phase as well as the batch precipitation studies and|to concentrate
instead on the testing of continuocus treatment of hot brine. This
decision was based on the assumption that demonstration of a
successful continuous treatment system would have greater utility
to the geothermal industry than a detailed study of silica kinetics
- that could prove to be applicable primarily to gedgthermal fluids
from HGP-A and not to other wells in Hawail or to o#her geothermal
fields.
RESULTS
Silica Polymerization Studies
The silica polymerization studies were intendeq to investigate
the changes in the rate of silica polymerization in|the geothermal
brines as a function of brine pH and as a function of changes in
the concentration of various metal ions and other industrial
reagents added to the geothermal brines. The experimental plan
called for rapid chilling of brine in a heat | exchanger and
immediate addition of the reagents followed by rapid analysis of
the brine for dissolved silica using the molybda@e blue method.
The latter method was chosen because it is sensitive to dissolved

L3?)




silica only and not to silica that has polymeriz%d and remains
suspended in the fluid in a colloidal state.

“£K5

L

Preliminary experiments showed that addition of caustic to the
brine rapidly accelerated the rate of silica |precipitation;
similarly, the addition of trace quantities of iron and aluminum
appeared to further accelerate the deposition. However, these
investigations also showed that the presence of hydrogen sulfide
dissolved in the brine phase interfered with the| polymerization
effect since it competed with the silica by the formation and
precipitation of iron sulfide thereby preventing it# binding to the
silica polymer.
%ﬁfﬂﬁieu interpretation of the effect of pH on the precipitation of
silica from the geothermal fluids is that polymerization of silica,
although highly favored at low temperature&is severely impeded by —
the formation of short chain silica polymers that c?rry a very high
surface charge. Growth of the short chain polymers is controlled

by the high surface charge and hence, as the concentration of
dissolved silica falls, the polymerization rate is|retarded due to

the reducFion in the chemical poten?iﬁkro ‘the silica hydrate.
However, it has been shown (Iler,1976) that the s%rface charge of

the silica polymer is a function of pH and that,| at elevated as

well as at very 1low pH, the surface charge 1is 1lost and
polymerlzaﬁlon can proceed at a far more rapid rate.
b acceleration of polymerization by the addition of metal
ions operates on a similar basis. The surface charge of the silica
polymer is strongly negative: in the presen&e of a strong
positively charged metal ion, the silica polymer will rapidly
scavenge a metal ion, which will locally neutrallize the surface
charge and will enable additional silica hydrate.species to attach
to the polymer. The strong effect of even traqe guantities of

metal ion (5 ppm) in the presence of several hundred ppm of silica
strongly suggests that the neutralization of surfade charge enabled
not only the silica hydrate to attach to the polymer but that cross
linking of already formed polymers was the primary mode of
formation of the silica gels promoted by the metal addition.

At the conclusion of our preliminary investigations, we

(4)




attempted to do a more detailed analysis of the po
.rates using an automated analyzer that could

analyses in very short times after the addition of

brines. Unfortunately,
the fluids apparently had an adverse effect on the
and yielded silica values much lower than were
geothermal fluids.
problem by treatment of the brine phase with pero

the H,S to sulfate,

limitations on the time available to pursue this study,
t
investigation until such time as we can gain access

suspended, and ultimately were forced to

an operating geothermal well.

Low Temperature Brine Treatment System/Bench Scale T;
Because of the similarity of the objectives

subtasks, a single, continuous-treatment system was

was capable of treating both low temperature and hj

fluids (Fig. 1). This system was designed to all

reagents into hot, untreated brine, cooled brine, o

with condensate. The most significant feature of

we found that the presence

this was not successful andg,

lymer formation
provide silica
reagent to the
of sulfide in
analysis method
present in the

Although we attempted to circumvent this

ide to convert
due to the

X

we
this
to fluids from

erminate

reatment System
of these two
fabricated that
igh temperature
?w us to inject
r brine diluted

the

sisgém was
that it also allowed us to add geothermal non-condensableﬂga*es to

the fluid as a pH control reagent.
condensable pH

Our decisi

gases for control was

considerations:

base

bn to use non-
d

<

on several

1) our literature survey had indicated that ph control was a

critical factor in the strength of the
developed by the silica polymer:
2) our polymerization kinetics
surface charge effects were the major factor

formation of silica scale and silica gels fron

brines:;
3) although maintenance of a slightly acid p,
was expected to give the greatest silica stab
of too much acid, or a too strong acid, also hg
for destabilizing the silica polymers in solvu
Hence, it was apparent that the addition of a buffe
would be able to maintain the brine pH in the optim
running the risk of forcing the brine pH to too 1

resultant silica precipitation.

study indig¢

surface charge

cated that the
controlling the
v the geothermal

H in the fluids
ility, addition
ad the potential
1tion.

r or a weak acid

im range without

ow a value with

Because both caqbon dioxide and
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hydrogen sulfide form weak acids in aqueous solutiows, and because
both were readily available, pH modification usﬁng' N-C gases

appeared to provide a potentially cost effectlive means of{
controlling silica precipitation. ! ‘i‘

Other features of the brine test system included: Mjﬂ*bvoékw

1) heat exchangers to allow us to control the [temperature of
the brine and the condensate; ()

2) static Aixers w jve immediate mixing |of the brine,
condensate, and\ N-C és after addition to the system; ( )

3) a delay coil, consisting of a set of steel reinforced TFE
flexible tubes that could be connected in series and thereby allow
us to vary the retention time of the fluid in our treatment system;(

4) a flow-through sight glass that allowed us to observe the
mixed fluid and qualitatively assess the balance among the solid,
liquid, and gas phases present in the mixed fluidsj{( )

5) a filtration system that allowed us to withdraw a side-
stream of mixed fluid to quantitatively determine ts’solids load
and its tendency to foul a filtration system;

6) exposure chambers that allowed the mixed £
metal coupons, to test for corrosion potential, as
chips to determine whether the solids generated w

phase system would have a strong tendency to preci
reinjection well.

uid to contact
well as basalt
thin the mixed
itate out in a

During the fabrication and testing period of
system, a public controversy developed over the ¢ontinuation of
operations of the HGP-A geothermal facility. The|result of this
controversy was that the owner of the well was required to
terminate operations prior to the originally planned shut-down of
the facility in mid-1990. Although this prematuré ut-down forced
us to shorten our planned experiments at the facility, we were able
to conduct approximately two weeks of tests on the brine system.
Because of the short time available to us, our tesfing was limited
to treatment of the high-temperature brine with condensate and non-
condensable gases. The results of this testing, described in
detail in the attached report, can be summarized as follows:

the above test

1) addition of weakly acid condensate to the|brine phase can

A
2 |

|
|
|
|
|
|

)



substantially reduce the rate of precipitation of éilica from the
discharged fluids;

2) filtration experiments showed that minimal silica scale or
gel was formed in the liquid phas;ayhen brine and condensate were

mixed; 5ﬂ
3) addition of g;;:gases did not appreciably alter the amount
of solids precipit d although trace gquantities of sulfide
minerals were present in the filtrate;
4) the brine/condensate mixture showed minimal amounts of
silica precipitation over periods\of more than 24 hours even when
allowed to stand at ambient at::ijperature (30%) ;

5) the brine/condensateyN-C/ gases, when maintained in a
sealed, gas tight container;” showed no detectable silica
precipitation for periods of up to four months;

Prelimina Design of Pilot Scale System

The results of these experiments strongly| suggest that
treatment of the brine phase with condensate and/or non-condensable
gases can substantially reduce the rate of silica fouling of
reinjection wells and of surface piping. Although i
recombination of gases with brine in surface

is clear that
quipment will
require a substantial increase in pipeline capacity (due to the
increased frictional losses associated with twq phase flow)h —
addition of condensate to the brine phase appears to be far more
cost-effective. Our recommended design for a pilot system is,
therefore, to add condensate to the brine phase immediately after
separation of the brine from the steam phase. This approach is
‘also based on our observations at the HGP-A flacility which
indicated that the pH changes associated with boiling of the brine
phase was a key factor in the formation of silica sgale and that,
because the brine discharged from the separator was @t saturation,
boiling was occurring throughout the brine piping system. Hence,
the addition of condensate immediately after separation would have
the dual effect of adding a weak acid to the brine and would reduce
its temperature to below steam saturation and hence substantially
reduce the potential for boiling and silica scalﬂng within the
control valving systemn. Addition of the gases at the
reinjection wells will further inhibit the ~Sillica scale/gel

formation rate and may further protect the capacity of the
reinjection well.

There 1is, however, a very important caveat to the above




design. If substantial amounts of dissolved transition metal ions
(e.g. iron, copper, lead, silver, etc) are present in the brine
‘phase, the precipitation of metal ion sulfides can dgenerate a high
solids load within the reinjected fluid. Hence, an alternative
design}/ includes the capacity to inject small amounts of gas
upstream of a filtration system capable of removing the metal
sulfides prior to reinjection of the mixed fluid/gas phase. The
amount of gas addition required upstream will depend on the metals
load in the mixed phase and will have to be determined based on the
fluid compositions produced from the geothermal field.
By—-product Characterization

The by~ product characterization study was! intended to
determine the physical and chemical characteristics of the solid
material precipitated from the geothermal fluid. As the work
evolved, our objective became an effort to develop recovery methods
that would optimize the commercially valuable characteristics of

the silica. These characteristics were determined td be purity and
particle size/surface area.

In our earlier investigations, we had found |that the key
reagents in precipitating silica from solution were cpustic, for pH
control, and iron and aluminum to accelerate the polymerization
rate and to improve the characteristics of the recovered material.

- The silica precipitation experiments performed were largely
batch precipitations followed by various methods of treatment of
the recovered solids. The primary constituent of the|recovered raw
gel was water which made up more than 90% of the filtered or
centrifuged gel. The solids within the gel material ﬁﬁ%‘composed
predoninantly of silica with small amounts of calcium carbonate
formed as a result of increased fluid pH. The high water content
contained in the gel also resulted in substantial amounts of

entrained salts and trace metals derived from the br#he. Although—

yashing with distilled water removed some of the soluble salt
content of the gelff%cid washing was capable of |removing the
majority of the calcium carbonate,q;;hoagﬁlggace metals appeared to
be more tightly bound than could be removed by dilute acid(see
Table 1 belle The results of the batch experiments also showed

b




that the time delay between cooling the brine and t
flocculating agent had little effect on the amounts

P

8
T

TD Sample No. Al

ng/g
Fe-0 11.4
Fe-1 9.76
Fe-4 9.04
Fe-17.5 11.4
Al-0 11.4
Al-1 10.2
Al-4 12.7
Al-17.5 11.1
UsS-1

(acid washed) 11.4
US-1 (removed
by acid) 0.032

Fe-17.5

(acid washed) 0.716
Fe-17.5 (removed

by acid) 0.356

constituents entrained in the gel.

Table 1

Geothermal Silica

Ba
mg/g
0.873
0.401

0.234
0.512

0.43

0.341
0.316
0.295
0.138

0.34

0.048

0.465

treatment with flocculating

iron or aluminum as the cross-linking agent.

Ca
ng/g

127
97.6
59.9
110
87.8
101
70.8
65.3
7.4

48.9

10.6

99.7

agent show

Fe
mg/g

2.44
2.02
1.29
2.23

0.448
0.371
0.51

0.374
0.357

0.014

Samples expose:

Major and Trace Constituents of Precipitated

Mg
ng/g

0.144
0.122
0.072
0.102

0.131
0.142
0.096
0.125
0.255

0.073

0.049

0.005

virtually the
contaminant concentrations as those experiencing delay times of
17.5 hours of nucleation time.

he addition of
of the major

Na
/g
61.7
58.4
63.8
95.6
50
54

1.55
72.5

14.2

84.3

1.55

94.1

1 to immediate

same

Similarly, the contaminants showed
no substantial differences in concentration as a result of using

Because surface area was one of the key considerations in the
value of the recovered material, a number of variatjons on sample

recovery methods were attempted.

These included:

1) Varying times of silica nucleation prior to addition of
wdni—flocculating agent;

2) Varying the concentration of the flocculating agent;

3) Recovery followed by immediate washing
whiwater and then immediate drying;

ith distilled




4) Varying the temperature of drying;

5) Recovery followed by removal of water using a polar
—rorganic wash and then drying:

6) Recovery followed by freeze drying;

7) Recovery, followed by a polar organic wash and
—supercritical carbon dioxide drying.

The various treatment methods generally resulted in silica
having a highly variable dried surface area in the r?nge of from 50
square meters per dgram - (m’/gm) to approximately 125 m?/gm. The
exceptions to this were samples that were dried usiing the super-
critical carbon dioxide. These samples showed |a substantial

increase in surface area over those that received o#her treatments

and were air dried (Table 2). \ '
( ) St W‘/‘*ﬂ’"[
D 7
Table 2 T © 'jb(;i Lipid= 7
e
Spike Nucleation Surface Area Sbrrace Area
Addition Time (h¢) oven Dry (m79w) C&ltlcal Pt. Dryﬂm /W¢>
Al-5 mg/g 0 68.2 153, 168
Al-5 mg/q 1 1yé 90.1 342, 364
Al-5 mg/g 4 ryf 71.3 122, 177
Al-5 mg/g 16 91.6 1‘9
1

Fe-5 mg/g 0 82.1 147
Fe-5 mg/g 1 94.6 158
Fe-5 mg/g 4 100 1v2
Fe-5 mg/g 16 96.2 224
‘Fe=-3.5 mg/g 0 145, 180
Fe-3.5 mg/g 1 214
Fe-3.5 mg/g 4 363
Fe-3.5 mg/g 16 197
Unspiked 0 67.2 9%.6

The results of these studies clearly indicate| that the key
factors in the formation of high surface area solids are both the
nucleation time allowed prior to addition of flocculating agents
and the post-recovery treatment. Clearly the opti#um method of
producing high surface area product is to first de—@ater the gel
using a polar organic solvent followed by critical p#int drying of

the organic-saturated gel. }

In general, these results are very encouraging.! In our prior




discussions with commercial suppliers of silica, w# were informed
that development of a method to reliably recover| silica having
surface areas of more than 150 m’/gm would be of substantial

commercial interest and hence there appears to be| potential for

development of an industrial scale recovery process for removal of
silica from these geothermal fluids. However, it| is also clear
that more work could be done to further refine the recovery method
for the geothermal silica and to better characteriie the recovery
process in order to optimize both the character}lstlcs of the
product and to optimize the economics of the process.

Evaluate the feasibility of applving treatment s&stem to other
geothermal systems in North America

In our review of other possible geothermal systems in which
brine treatment such as that developed in Hawaii could be applied
for control or removal of silica from the geothermal fluids, we
assessed geothermal systems in the western United States, Mexico,
and Central America. The results of our experimental work
indicated that a treatment system such as that developed for the
Kilauea fluids would need to have both of he following
characteristics:

1) The silica concentrations in the geothermal~fluids must be

{éi high enough to precipitate within the power pla+t system or in
w* _, the disposal system;

© 2) The fluids generated from the geothermal system must have

-~a moderate-to-low concentration of transition|elements that

~”are reactive with hydrogen sulfides.

‘The first requirement restricts the treatment t4 those systems
in which it is econcmically feasible to modify the plant design in

order to improve operations or reduce maintenance| requirements.
The latter restriction lirmits the processes to those geothermal
fields in which rates of metal sulfide precipitation would be low
enough to allow reinjection of the(N-C) gas treated fluids.
Furthermore, the presence of high concentrations obf metal ions
would also preclude external control of fluid nucleation times that
is essential to the optimization of the Eurface area
characteristics of the recovered silica product. i

The above requirements preclude the use of‘(our treatment

NLL@/za 'Z144'c7‘ Afhzaz;wtzj..h,fz/ ‘1/5 f;mf/ <. L,eﬂif ol &///
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system at most of the geothermal systems in the western United
States. The Geysers, being a dry steam field,rhas no brine
-disposal system for treatment. Geothermal brines from the Salton
Sea field typically have high concentrations of transition metal

and, hence, would not be likely candidates for treatment with!N-C
gases containing carbon dioxide or hydrogen sulfide due to the
potential for precipitation of mnetal carbonates |and sulfides.
other geothermal fields in the western U.S., such ag Dixie Valley,
typically suffer from carbonate, rather than silica, scaling and
would again be inappropriate for our trsatment sysqem.

However, there are high—termperature geotherhal fields in
Mexico and Central America in which silica scaling ﬁas been a long
standing problemn. The most important of these that our survey
identified were Cerro Prieto, in Mexico, &and Ahuachapan in El

Salvador. The high temperature fluids producedlby both Cerro
Prieto and Ahuachapan both carry a substantial load|of silica that
precludes effective reinjection prograns at either field. The
fluid compositions at both fields also appear to have low enough
concentrations of transition metals tc allcw either fecovery-of
high surface are

ilica or treatment of the pressurized brine with

condensate and gases, and reinjection cf both back into the
reservoir. Although further on-site testing would have to be
performed to confirm the feasibility o bhrine treatment at these
systems, both appear to have a grea:t encugh need for silica
treatment to justify further investigation. ‘

S a and Conclusions

The results of the work performec under this|contract have
demonstrated that treatment of silica Eppe*s t a ed geothermal
brines with geothermal condensate andL/gnﬁﬁo dens ble gases can

substantially reduce the rate of precipitation of silica from the
agueous phase. If the sulfide-reactive metals concentration of the
brines are low enough, this approach is suggested as [the least cost
method of inhibiting silica precipitaticen from geoth#rmal fluids to
allow them to be reinjected back into the reservoir| formation.

This work has also demonstrated that recovery of high surface

area silica solids from geotherrmal Zfluids can be achieved by

|
|

|
l




precipitation of silica gels from the fluid phase followed by
treatment to remove soluble salts and water and drying using a
supercritical fluid. Although the economic feasibility of this
pfocess remains to be proven, the results of this work have
demonstrated that high surface area solids can be reliably
recovered from geothermal fluids.

Finally, an analysis of the applicability of this research to
other commercial geothermal fields has indicated that the two most
promising candidate fields in North/Central America flor application

of this technology are the Cerro Prieto field in wexico and the
Ahuachapan field in El1 Salvador.

Rererence %




A Test of Geothermal Brine pH Control by
Non—-Condensable Gas Reinjection

Final Report

Introduction

During the production lifetime of the HGP-A Wellhead Generator
Facility, the two most significant technical problems encountered
in its operation were the disposal of the high-temperature liquid
phase produced by the geothermal well and the abatement of the
non-condensable gases present in the steam phase. |Although early
geothermal installations have been able to deal with these waste
streams by surface disposal of liquid wastes and chemical treatment
of the non-condensable gases, more recent developments in water
dominated geothermal fields have applied new disposal methods that
are based on reinjection of both the liquid and gase€ous phases back
into the geothermal reservoir. The environmental advantages of
such a disposal method are evident:/’\ the |potential for
contamination of surface and shallow water supplies is eliminated,
there are no hazardous wastes that have, in some cases, been
.generated by chemical treatment of the gases, and the proportion of
the waste stream that can be disposed of is nearly 100%. However,
the chemical composition of the geothermal fluids present in Hawaii
are significantly different from those found in |[the geothermal
fields that have used gas reinjection. It was therefore considered
prudent to conduct a small scale evaluation of the gas reinjection
process using Hawaii's geothermal fluids in order to:

1) Determine optimum engineering design spec¢ifications for
full scale application of the reinjection process:;

2) Characterize the effects of gas injection OL the chemistry
of the liquid waste streams; and |

3) Evaluate the metallurgical impacts of the recombined fluid
chemistry.

2
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In order to conduct a test to meet these obj

ctives, a pilot

gas injection test stand was fabricated and installed at the HGP-A

Generator Facility. The system was designed to all
of a continuous stream of geothermal brine, steam

non-condensable gases at proportions that would c

ow recombination
condensate, and
Losely match the

composition of the
geothermal

anticipated waste stream generated by
‘at the Kilauea
The system was also designed to allow for
testing of the corrosion and deposition potential of the mixed
phase fluids. Although the duration of the ¢test using this
apparatus was limited by the forced closure of the HGP-A Generator
Facility prior to its planned shut-down date, sufficient data was
obtained to allow us to evaluate the impacts of the recombination
of the geothermal and to demonstrate that
recombination of the fluids was not only feasible, but appeared to
result in a more stable fluid, in terms of silica scale deposition,
than occurred with the brine stream alone.
Test Stand Design

The test stand was designed to allow us to evaluate. the
effects of sequentially combining the discharge brine phase from
HGP-A with steam condensate and with non-condensable gases from the
power plant condenser.

commercial generator facilities

geothermal system.

waste streams

The specific design criteria included in
. the fabrication of the test stand were as follows:
1) Continuous flow capacity of the combined fluid streams of
one cubic meter per hour (16.7 1l/min; 4.4 gpm);
2) Allow recombination of the three fluid streams at a range
of proportions and at a range of températures;

3) Permit direct observation of the effects of fluid
recombination on the dissolved solids present in the brine phase;

4) Provide direct sampling of the mixed phases;

5) Allow exposure of metallurgical and rock samples to the

mixed phase fluids;

A line diagram of the design that was arrived
in Figure 1.

at is presented
The system design is comprised of four basic units:
the brine, condensate, and non-condensable gas injlet systems, and

the mixed phase test systen. The brine inlet | consists of an

ol

(" |




insulated supply system taking brine at the plant operating
pressure (nominally 150 psig) and temperature (nominally 353°F) and

’ pa551ng 1t through a single pass, tube-in-tube heat ‘exchanger
/////~(COOLER Flg 1) and check valve into the mixed phase test system.
Although temperature and pressure were monitored| on this 1line,
because of the high temperatures and high potential for scaling,

neither flow metering nor pH measuring devices could be exposed to
the brine. The condensate inlet consisted of a feed line taken off
the condenser discharge (T = 124°F; P = 20 psig), through a
positive displacement pump, a single pass heat exchanger, a flow
control valve, and check valve, and then into the mixed phase
__— system. (::: Pressures in the 1line downstream o
displacement pump were controlled using a pump by-pass line. The
lower temperatures and pressures in the condensate line allowed us
to monitor the condensate pH and flow rate in
temperature and pressure. The non-condensable gas line drew gas
from the condenser off-gas line (T = 100°F; P = 4 psig), through a

the positive

ddition to the

moisture separator, and into a compressor. The gas was compressed
into an expansion tank and, from there, through a
flow control valve into the mixed phase line. This line was also
instrumented with pressure and flow metering devices.

heck valve and

The mixed phase line was designed to accept and mix the liquid

. and gas phases from the three inlet lines and to then allow us to
evaluate the characteristics of the mixed phase fluid. The line
consisted of a static mixer placed immediately do
condensate and brine injection points, followed

stream of the

y temperature,
pressure, pH, and flow measuring devices. The gas| injection line

entered the system immediately downstream of the liquid mixing and
monitoring equipment, and was followed by a second static mixer
element, a variable length "delay line," a view port, and a testing

manifold and a discharge line. The intended function of the
individual elements in this portion of the test| stand were as
follows:

Static Mixer: ensure that adequate contact surface area would
be generated between the gas and the liquid phases in the line;

Delay Line: allow us to vary the contact time between the
liquid and gas phases to determine the significance of possible




kinetic effects controlling the reaction of the fluids to the gas
injection;

View Port: enable us to make qualitative observations on the
degree of gas dissolution and of solids precipitation;

Testing Manifold: provide ports for sampling and for
installation of exposure chambers to test for corrosion and scaling
potential of the mixed phase fluids;

Discharge system: carry fluids to the plant discharge system
and allow for treatment of the non-condensable gases by injection

of cooling water and hydrogen sulfide abatement chemicals as
needed. i

In order to minimize the degree of corrosiFn of the test
system and to limit contamination of the geothermal fluids with
corrosion products from the test stand, the system was fabricated
of type 316 stainless steel or stainless steel reinforced teflon.
The only exceptions to this were that the condensate and the
non-condensable gas feed lines were fabricated of PVC pipe, the
view port was of heavy-walled glass tubing, and, due to cost
considerations, the non-condensable moisture separator and gas
compressor were fabricated of mild steel. 1In order to maintain
reasonable flow rates with acceptable pressure drops, all liquid
flow lines were one inch (inside) diameter pipe| except for the
delay coils which were 3/4 inch stainless steel reinforced teflon
flexible hose. In order to minimize heat loss from the fluid, all
high temperature stainless steel lines were insulated with one-inch
. thick fiber glass. A detailed list of the major items of equipment
and the manufacturers is presented in Table 1.
Test Plan

The objectives of the test were to determine the optimum
conditions for the recombination of the geothermal waste streams
prior to, or during, reinjection of the geothermal fluids, to
determine the impacts of fluid recombination on the ' fluid
chemistry, and to evaluate the metallurgical impacts of fluid
recombination of the geothermal fluids. Because the results of
this evaluation were of direct significance to the design of the
Puna Geothermal Project reinjection system, the research plan was
to begin the experimental work by testing the characteristics of a
mixed fluid having a chemical composition similar to that which
would be injected from a power plant using fluids from the Kapoho




State 1A geothermal well on the Puna Geothermal

adjacent to the HGP-A site. The test plan was tg

Venture lease
) then vary the

composition of the reinjectate over an extended range to determine

whether variations in the composition would yield
handled fluid or one that would allow more heat t
from the fluids prior to reinjection.

Although it would have extremely
artificially formulate a reinjectate fluid having
identical to KSl-a,

been

by controlling the flow ra
condensate, and non~condensable gas into the test

fluid could be produced for which <the the temperature,

concentrations of silica and hydrogen sulfide,

a more easily
o be extracted

difficult to
| a composition
ates of brine,

ystem, a mixed
the
and other key

reactive species would be nearly identical to KS1+A reinjectate.
The design parameters for the planned binary power generation
system using KS1-A fluids were calculated to yield a reinjectate
having a temperature of approximately 210°F, a silica concentration
of approximately 340 mg/kg, and a hydrogen sulfide concentration of
1000 mg/kg. Because the dissolved solids concentrations in the
brines were higher, and the proportion of brine produced was
greater in the KS1-A well than in any of the other wells drilled on

the Puna Geothermal Venture lease, lered that this

tion for fluid
the test plan also allowed for variations in
compositions to be tested in order to determine both the optimum
design parameters well the desig
gas/brine/condensate injection approach to fluid d
Evaluation of the physical and chemical respons
to mixing included assessment of the following:
Variations in pH of the mixed phases;

The extent of homogeneous (fluid phase)
silicates and sulfides:;

The extent of heterogeneous precipitation of
sulfides (onto metal and basaltic substrates);

The rate and degree of dissolution of the mix|
reinjectate liquid phase;

The corrosivity of the mixed phases on var
stainless and mild steel.

it was consid

reinjectate would represent a "worst case" situa

. disposal. However,

as as n limits of
isposal.

se of the fluids

precipitation of
silicates and
ed gas into the

ious alloys of




In order to evaluate pH changes in the fluids,
as described above,
temperature pH probes downstream of the liquid
injection and mixing points.

samples of fluid through a filtration device to

extent of homogeneous precipitation of sulfides;

was instrumented with high

A sampling port allowe

the test stand,
pressure and
and gas phase

>d us to obtain

deternine the

a pair of

exposure tanks allowed us to pass the mixed fluids through a bed of
rock chips and over a set of metal samples to determine both the

rates of heterogeneous deposition

corrosivity of the mixed fluids.
installed in the test system that were to be used t

rate and degree of dissolution of the gases in tj?
ov

The delay coil, consisting of a set of flexible,

(8
steel-reinforced teflon lines, could be connected to

us to pass the fluid through 1lengths of tubing

approximately 3 meters to approximately 20 meters

contact time of the gas and liquid from approximate

approximately 40 seconds. . Observation of th

downstream of the the various lengths of delay coi

of precipitates
A delay coil and a

and the
view port were
0 determine the
mixed phase.
enaétainless
gether to allow

ranging from
and extend the
ly 5 seconds to

mixed phase

allowed us -to

make a gross determination as to whether gas dissolution increased

substantially with the increase in contact time.
Experimental Protocol

Two experimental runs were conducted:
impacts of mixing the brine and steam condensate
second evaluated the results of mixing all three
condensate, and

non-condensable gases,

together.

the first evaluated the

treams and the
treams, brine,
Although

additional experimental runs were planned, shut-down of the HGP-A

Generator facility limited the time available and
the evaluation of different fluid compositions and

thus precluded
temperatures.

Preparation of the system for a brine/condensate mixing run

included the following procedures:

The exposure tanks used for heterogeneous pi
one with fine b
The bas

solids from the fluid were loaded:
the other with pre-weighed metal coupons.
sized to dimensions of 3 mm or less and were washe
and after loading into the exposure tank. The met

for the exposure experiments were supplied by E

Venture, and were fabricated from SAF 2205 and SS

recipitation of
asalt chips and
salt chips were
d both prior to
al coupons used
Puna Geothermal
316L alloys.




The exposure tanks were 1hstalled on the sy;tem to allow a

parallel flow of mixed fluid through both tanks for
the mixing run.

The system was then pressure tested using stea
confirm that any leaks within the system were of a m

(Because the system was fabricated of threaded

reasonably achievable.)

the duration of

m condensate to
anageable size.

stainless steel
components, a completely leak proof system was not g

onsidered to be

Start-up of the system was 1n1t1ated by. pressurizing the flow

line and establishing fluid flow through
injection system.

the pumped condensate

Condensate flow was initially set at approximately 3 gpm, at

a pressure of 150 psiqg,
by-pass system, the inlet valves,
manifold.

with condensate alone, brine was admitted into the

was gradually increased until the brine flow rat

appropriate temperature and silica concentration

phase.

sensors,

through manual manipulation of a pump
and the system discharge valve
After temperature and flow equilibrium were achieved

system and flow
e provided the
in the mixed

Although the experimental plan was to determine the brine
flow by difference between the measured condensate

and mixed flow

we encountered difficulties with the mixed-line flow
sensor and were required to use an alternate meth

od to determine

brine flow that utilized the heat balance among the brine,

condensate, and mixed phases. Because heat is

paramneter under the experimental conditions,

thi

a conservative

s presented no

. difficulty and, in some respects, was a more certain measure of the

liquid flow rates because mechanical errors are not

in performing the measurement. It should also be

a consideration
noted here that

care was required in establishing brine flow into the system in

order to balance the flow rate and pressure at a

Point where the

brine could be admitted to the system without allowing it to flash

to steamn.

both the integrity of the system - due to hammering
it was condensed in the mixed phase 1line

as
prevention of scale nucleation that is triggered
process.

Prevention of brine flashing was considT

red critical to
of the steam as
well as in the
by the boiling

During the initial start-up phase of the experiment, we found

that both the temperature and fluid flow .rates

showed a cyclic

behavior that was induced by the operating characteristics of the




plant separator level control valve: as the valve opened to
discharge brine from the separator, the pressure and brine
injection rate in our feed line fell, allowing more condensate to
be injected into the line; as the level control valve closed, the
reverse happened. Because we could not maintain a constant
pressure in the plant brine system without |risking plant
operational problems, the inlet and discharge systemn were set to
minimize the flow rate variations and the testing was continued

with temperature excursions spanning a range frat approximately
196°F (91.1°C) to 220°F (104.4°C). The brine and condensate flow
rates and the silica and chloride concentrations that correspond to
these temperatures are presented in Table 2. During this phase of
the test we also encountered a number of problems with the
condensate pump tripping its electrical supply
resﬁlt the initial test run was terminated after seven hours.
After arranging for a twenty-four hour watch over the system to
ensure that loss of condensate pressure would not allow undiluted
‘brine to pass “through the test systemcgg? test wa_ restargga\

On restarting the continuous flow test on Nkvember 26, -and
establishing as stable a flow as possible at approximately 5 gpm
and a temperature of about 210°F, flow through the system was
partially diverted to a bypass line that allowed us to observe the
. fluid through the viewport to determine whether significant
precipitation was occurring. Further evaluation of precipitation

rates were also undertaken by installing a pressurized filter
system on a side stream of the mixed phase flow. The filters
employed were 90 mm in diameter with a 0.45 micron pore size and
were allowed to pass up to 200 liters of mixed fluid to determine
the mass of precipitate present in the volume of fluid passed. The

unfiltered stream was split and allowed to flow through two
parallel lines into the exposure tanks to allow solids deposition
onto both the metal substrate and onto the basalt chips. The fluid
from the exposure tanks was then discharged through the fluid
disposal system into the brine sump.

Continuous flow through the systemtduﬁlng this phase of the
dong)
test was maintained until December 4« There were, however, two




periods during which - fluid flow conditions

substantially due to loss of power to the condensate pump.

" the interruptions the system was allowed to flow onl

were modified
During

y condensate at

a reduced pressure and flow rate, for periods of approximately 3

hours and 5 hours.durlng wh&cﬁ'tlme the pump breake;]
the systenm was brought back up to operating pressur
flow.

In anticipation of the imminent shut-down
facility, it was decided that adequate data had
after approximately eight days of brine/condensate
this phase of the experiment was terminated ¢
Immediately after completion of the test run, the co

r was reset and
e and to stable

of the HGP-A
been collected
mixed flow and
n December 4.

rrosion coupons

were retrieved and samples of the basalt chips were
the exposure tanks.

recovered from
The corrosion coupons were reweighed and

stored in plastic bags; the basalt chips were saved for later

microscopic examination.

Prior to the initiation of the second experiment, the sample
exposure tanks were rinsed and re-loaded with weighed stainless
steel coupons and with a fresh charge of basalt chiRs. On December
5, 1989 condensate and brine flow through the test system were
reestablished as described for the first experimental run. After
flow stabilization was achieved, gas injection into|the liquid flow
stream was initiated. This gas was almost
however, as it was discovered that a

being

attempt . to inject
immediately aborted,

substantial amount

of water was carried

over to the
compressor from the power plant gas ejection system.
alleviate this problem,

In order to
it was necessary to re-configure the non-
condensable gas feed system to allow the majority
be removed at the knock-out drum upstream of -
system.

of the water to
the incinerator
After this work was completed, the gas injection system
was restarted on December 7. of difficulties

encountered with gas pressure stability and injection rates into
the mixed flow line,

In spite of a number

we were able to inject gas into the liquid
phase system for a period of approximately 48 hours before failure
of the gas metering device forced us to terminate the gas injection

phase of the experiment. At the conclusion of the gas injection

e %




test, the metal coupons and samples of the basalt chlps were

A et i i

recovered from the exposure tanks. (Qver the course of thls n,y ;%1‘

‘*‘*-—-~.u__

*tggmples of filtered fluid were also recoveredﬁ'follow1ng an Y
identical protocol to that used in the fluid mixing experiment.
Results and Discussion
Even though the time available for experimental work on the
test system was severely constrained due to the premature shut-down
of the HGP-A facility, the work that was accomplished was far more k¥

successful than anticipated. The results of the brlne/ccndensate/dy ﬁﬁ@q:
p@k

non-condensable gas recombination experiments clearly demonstrate‘JY
that recombination of the three fluid streams did not generate ,< /(«
chemical changes in the mixed fluid that are considered likely to QA?
affect our ability to reinject waste fluids from Hawaii's ! 0
geothermal resource. The mixed fluid produced under the &
anticipated reinjection conditions for typical power plant design
showed only trace amounts of homogeneous precipitation of sulfide
minerals and even smaller quantities of silicate deposition. More
surprisingly, the mixed fluids showed a marked increase in
stability, with respect to silica deposition, rather than .any
indication of a decrease in stability. Silica deposition from the
mixed fluids were negligible even after aging for |several days at
ambient temperathres.

. Brine/Condensate Mixing

During the course of the brine and condensate mixing

experiment, visual observation of the fluid stregms indicated no
detectable precipitation or turbidity increase in | the mixed phase
fluids. Filter samples taken of the brine/condensate mix showed
that sample volumes of one hundred liters or more, when passed
through a 0.45 micron filter immediately after mixing, produced
virtually no visible precipitate on the filter and no indication of
an increased pressure drop across the filter. Field measurements
of the weights of the filters after passing the mixed fluids were
not detectably different from their weights taken prior to the
filtration experiments. More precise measurements taken at a later
date showed that the weight of solids deposited ranged from 11 mg
to 42 mg on a given filter. cCalculated deposition rates, based on




the amount of solid recovered and the volume of fluid passed by the
filter ranged from 0.073 mg to 0.21 mg per liter of fluid (Table

“3). Twenty liter samples of mixed fluid, after
aging periods of 24 and 72 hoursiwere re-filtered t
stability of the mixed fluids with respect to silica
The second filtration again yielded less than 10 mg

nucleation and
b determine the
precipitation.
of solids. The

visual appearance of the fluids was consistent with these findings:

samples immediately after mixing and, late;ﬂaafter
evidence of turbidity or suspended solids (Figures

aging, showed no
2 and 3).

The pH of the mixed fluids were near neutral ranging from 5.7

to 6.3 depending on the proportion of brine to condensate.

These

values suggest that the buffering capacity of the briine is adequate

to tolerate the injection of substantial amounts

of condensate

without having the pH fall to levels that are at equilibrium with

carbonic acid present in the condensate.

Analysis of the corrosion coupons indicated that there was no

scale deposition detectable and that no clear eviden

ce of corrosion

was apparent. The sample weights taken after exposdre to the mixed

fluids were, within the error limits of the balanc
the sample weights taken before exposure (Table

e, identical- to
4). Scanning

electron micrographs of the metal coupons further substantiate
these results, showing no apparent difference between the untreated
.samples and those exposed to the mixed brine condensate streams

d:&
(Figures 4 and 5)£ ‘@he samples show only very sn
scale deposition and no indication of pitting

surface corrosion. The basalt chip samples showed

or generalized
1 no detectable

difference between the exposed and unexposed sampleF when examined

under a light microscope.
Gas Mixing Experiment

Although the injection of the non-condensable
fluid stream encountered a number of operational
results of the injection experiment did enable
several issues regarding a larger scale gas inj

problems, the
us to address
ection effort.

Among the questions that were of greatest co%cern are the

following:

1) Are the non-condensable gases soluble in

he fluid phase

nall amounts of —

gases into the




at pressures normally -encountered in surface equipm ng} ¢ —
2) What are the effects of the gas injection on fluid pH: -
and 3) Will the injection of hydrogen sulfide or carbon dioxide
cause substantial amounts of precipitation of sulfide or silicate
minerals?
Observations made of the mixed gas and liquid flow stream
showed that, at the pressures of the experiment, a residual gas ]
phase remained in the flow lines at virtually all gas addition Ej'
[
rates (Figure 6). However, pH observations showed that equilibrium M&J
between the carbon dioxide and hydrogen sulfidei were rapidly/
achieved in the liquid phase. Although it was not possible to
sample the residual gases, the relatively high solubility of carbon
dioxide and hydrogen sulfide in water at these preésures and the
much lower solubility of nitrogen and hydrogen su@gest that the

residual phase was largely comprised of the latter |gases.

The pH of the mixed fluid and non-condensable |gases showed a
clear correlation between the amounts of gas inJected and the
aqueous phase pH. Moderate amounts of gas (5 qo 10 stp 1l/m)
injection yielded a drop in pH of the fluid from approximately 5.8

to 4.5. An increase in the gas injection rate to approximately.

20 stp 1/m further decreased thedfluid pH to 3.6. A&thﬁuﬁﬁ'giese -
values are lower than expectedfiéubsequent to completion of the
experiment, we discovered that significant amounts of air were
entrained in the gas stream due to air leakage into the condenser
.system. Dissassembly of the equipment showed that elemental sulfur

(as well as sulfide minerals) had been deposited in| the compressor

head and 1in the pressurized injection 1ine:2?5ggest§§§ that - |
- atmospheric oxygen entry into the condenser system oxizgd hydrogen v
sulfide to produce both elemental sulfur as well as sulfur dioxide

and sulfuric acid. The presence of atmospheric oxygen was later
confirmed when several leaks were found in the condensate hot-well

of the plant%subsequent to shut down of the facility%§evera1 days —
after the completion of this experiment. The size land location of
these leaks would have allowed substantial amounts of air to be
entrained in the non-condensable gas. Hence, the lower pH values
are believed to have been the result of the addition of the more
acidi-oxidized sulfur species. Exclusion of okygen from the




reinjected gases, as would occur with a commercial geothermal
facility, would allow the mixed fluids and non-condensable gases to
maintain a pH in the range of approximately 4 to 4.5, the pH of the
condensate.

As noted above, different volumes of gases were injected into
the flow 1line to determine both the pH effects of the gas
concentrations as well as to obtain an indication of the relative

proportion of gases present as a separate phase in |the flow line.
The results of this effort indicate t a separateée gas phase was
present at every injection rate o ases that was attempted.
The relative proportions of the gas ase changed appreciably as
the rate of gas injection was varied. Studies of |carbon dioxide
and hydrogen sulfide solubilities in aqueous phases (Kohl and v
Risenfeld, 1979) clearly show that the equilibriumxsaturation
concentrations of these gases),\under our experimental temperature
and pressure conditions,Aare substantially higher than the amounts
of gas injected into the brine condensate mixture.| This suggests
that over contact periods of 20 seconds or less, equilibrium
between the gas and the liquid phases is not achieved. This is
t,\)\(\05€ consistent with/IéTo/o;MOf carbon dioxide dissolution in
aqueous phases which show that the dissolution process for this gas
is relatively slow. Extension of the delay line from approximately
10 meters to 20 meters had no clearly detectable effect on the
relative proportion of the gas to the liquid phase,suggesting that —

gas contact times of several minutes may be required to obtain
complete dissolution at 150 psia. However, it should be noted
that, at higher pressures, the relative volume| of gas should
decrease and the rate of dissolution will increase substantially.
" Although the data obtained during this phase of the experiment
were quite limited, the implications of the results are clear. At
the pressures and temperatures of the anticfipated process
conditions for a commercial geothermal facility, mixing of thg N-C
gases with the brine/condensate stream will yield a two =phase
mixture in a surface transmission pipeline. Because of the
increased pressure losses that would result from t 1ansporting a two-;\
phase mixture over a substantial distance on the surface, it may be




advisable for the gas and 1liquid phases to be transported

separately to the reinjection well where they could be combined at
the wellhead or even downhole. If the mixed waste fluids are ..

reinjected into the formation at a depth of approxim%tely 4000 fé%?l
contact between the two phases as they move downhole into a
progressively higher pressure environment (~1500 ko 1800 psi),
should enable the non-condensable gases to completepy dissolve to
form a single phase fluid at the point of reinjection into the
formation. j

Analysis of the mixed phase fluids for precipitation of
sulfides and silicates showed only very small amogﬁts of sulfide
were precipitated from seclution. A filtration saméle volume of
100 i:mon filtration through a 0.45 micron filter, yﬁelded a slight
darkening of the filter surface. The mass of the s¢lids recovered
on the filter was approximately 77 milligrams for ? precipitation
rate of 0.769 milligrams of solid per kilogram of fluid. The mass
of solid rec red has also clearly been impacted bﬁ the mixing of
air with th gases. Energy dispersive ¥X-ray an‘lysis and X-ray
diffraction analysis of the filters showed that thejmajor component

of the solids recovered 1is elemental sulfur,widh much smaller
A

amounts of iron sulfides and silica.

Examination of the metal coupons exposed to khe mixed phase

- fluids also showed a small amount of solids deposﬂtion. The scale

was present as a fine, powdery, film that was easily removed by
gentle abrasion of the surface. The ease of remojil of the scale
suggests that the material was physically deposited on the surface
of the metal rather than chemically attached to the metal
substrate. Scanning electron micrographs of the mekal coupons show
that the thickness of the scale layer coupons was approximately 10
microns thick (Figures 7 and 8)and energy dispersive ¥-ray analysis
of the scale found predominantly sulfur with lesser amounts of iron
sulfides and other transition metal sulfides. Silicate deposition
was found to be a minor component of the solids ptesent.

The scanning electron micrographs of the me#al coupons that
were exposed to the mixed phase fluids show no detfctable evidence
of metal 1loss or corrosion:i::coupon samples 'exposed to the




. diffraction)

geothermal fluids show no detectable difference from samples that

were held as unexposed controls.

The only evidenc

of corrosion

found yas—=@Fat appears to have been sulfide embrittlement in a

stainless steel sponge used as a solids trap in one
tanks.
turnings,

was very~ flexible: after exposure
G

f the exposure

Prior to exposure, the metal, which resembled fine lathe

to the mixed

brine/condensate{z;?/gases the turnings became veryy brittle and

fragile. A simi
brine/condensate mix did not show an equivalent
character.
fabricated was 430 stainless steel.

Although the relatively small amount of scale

the mixing of the liquid and gas phases indicates

r sample of sponge that was exposed to the

alteration in

The grade of the steel from which the sponge was

deposition from
that mixing of

the liquid and gas waste streams does not generate significant

amount of solids, it is also clear that the am
deposited in this experiment may

be produced from mixing pure N-C

ses with the liquid phase.

ount of solids

substantially higher than would

As

noted above, oxygen and watef in the non-condensable discharge

allowed the formation of elemental sulfur

(and oxidized sulfur

compounds) in the compressor system that was carried over into the

mixedxfluid portion of the test stand.

for the predominance of elemental sulfur  (ident

sulfides.

This is believed to account

ified by j~ray

as well as for a significant portion of the iron
The latter are believed to have been generated by sulfur

9
and carbonic acid attack Jf the compressor and expansion tank.
This hypothesis is supported by periodic bursts of black sulfide
particulate that were observed to pass through the viewcgort on the
the

system during the gas injection experiment.

Altheugir the source of

the scale was not immediately recognizedfdsgmaisassembl of the

L
test stand we—feund-significant amounts of sulfidesdpré%gat in the

gas injection line,ané& as well as corrosion and su
in the (mild steel)
oxygen free system,

compressor head and valves(.
where compression of the
accomplished using stainless steel equipment, the

Lfur deposition
Hence, in an
-C\gas can be
\g

Todd of sulfide

minerals present in the reinjectate may be significantly lower than

indicated by the results of the mixedxphase testing

completed here.




The final observation made on the gas combination experiment
relates to the potential for silica deposition from the mixed fluid

d

phase.

N
deposition. Samples of fluid were
temperature in closed containers for a period of

after the experiment was concluded.

also prese

During this peri

As not%‘above, filter samples of the mixed fluidgitaken
immediately after the fluids were'mixed,showed no det

cctable silica
rved at room
several weeks
od of storage,

the turbidity of the mixed brine/condensate remained very low and

only gradually began to show evidence of colloidal si
by the development of a faint bluish-cast to the
stored samples of brine/condensate/

developing even after several weeks of storage.
suggests that the rate of polymerization and

lica formation

samples. The

gases showed even greater
stability with no clear evidence of .colloidal 1lig

ht ~-scattering
This result
deposition of

dissolved silica from the weakly acid geothermal fluids was much

slower than has been observed in untreated geotherm

Al fluids that

are either flashed to atmospheric pressure or rapidly cooled and

allowed to stand at neutral pH.
the experiment suggests that addition of the weakly
off-gases stabilize the dissolved silica present in
brine phase.

Conclusions and—Reeemmendations —

4 In spite of the relatively short duration of
fluid recombination experiments conducted at the H
the results obtained show that recombination of
brine, condensate,
psig and at a temperature of 200°F to 225°F should pz
difficulties. The results of the experiments sugges
design of the recombination system may entail the t
separate liquid and the gas phases to the reinjecti
order to minimize frictional pipeline losses assoc

phase transport of a mixed fluid. Theoretical and 1

Hence, the results aof this part of

acid condenser
the geothermal

the geothermal
GP-A facility,

the geothermal
and non-condensable gases at a pressure of 150

roduce no major
it that optimal
ransmission of
on wellhead in

iated with twog

aboratory data

indicate, however, that the solubility of the individual components

of the N-C gases are high enough that the gas phase will completely

dissolve at the temperature and pressure conditions that are likely

to occur in the formation around a reinjection well




The remarkable increase observed in the stabillity of silica
with respect to polymerization and precipitation in response to the
addition of steam condensate also suggest that a similar approach
could be very valuable if applied on a commercial scale. If steam
condensate can be added to the brine as soon as it is separated
from the steam phase, many of the operational proble#s encountered
in the brine handling system at the HGP-A Generator Facility
(fouling of valve stems and seats and fouling of ijow monitoring
equipment) could be avoided with a concomitant improvement in plant

reliability and reduction in maintenance costs. |

Recommendations f oxr }
Although the tests of the corrosivity of the mixed fluids
toward stainless steel coupons showed no detectable Lorrosion, the

very short duration of the test renders any conclusions from this

aspect of the test somewhat speculatlve. A%theﬁgh—ithis—reeogﬂésed

'that'ghe availability of geothermal fluids willfdelay further
corrosion and gas recombination testing until aftericompletion of
design and consﬁzyctlon of the first commercial geot ermal facility
in Hawaii, addltlonal corrosion testing of coupons having similar
metallurgy to those already exposed would enable us to confirm the
preliminary results of this experiment and woul# allow us to
conduct a broader survey of, possibly less expensivk, alloys that
. could be considered for use in future geothermalffacilities in
Hawaii. Hence we _ueuld recommend that a second series of gas
recombination and corrosion tests be conducted ove L‘a longer term

and over a broader range of fluid compositions than was possible

during the present experimental work. Such an effort could provide -

additional data on the realistic design limits of the gas injection
process and assist in the design of 1east~;cos. waste fluid
reinjection systems.




Table 1

Major Equipment Manufacturers

Item

N-C Gas Compressor

Condensate Pump

Sensing Equipment

pH Meter

pH Probe

High Temp. Liquid Flow Meter
Low Temp. Liquid Flow Meter
Gas Flow Meter

Particle Filter

Caustic Metering Pump

Cooling Water Pump

Pressure Transducers

Manufacturer

Corken |
Model D191AMOFDBA
i

Oberdorfer i
Model 9156C |

|
Omega Engineering
PHTX-92 :
PHE 5431-10
FP-5210 !
FP-5300 ﬁ
FMA-5700

Cole Parmer Inst. Supply
Model N-02927-5?

Ryan Herco *
Model A141-155

\
1
Little Giant ‘
Model TE-7—MD-HC

National Semiconductor
Model LX1430

Swagelok |

Valves and Fittings
i
i
|
Table 2 l
Range of Key Fluid Parameters During|.
Experiments

£
~

F Mixed Phase Temperature
(104.4°C)

Brine Flow
Condensate Flow
Chloride Concentration
Silica Concentration

196°F

1.48 gpm (5.6 lpm)
3.26 gpm (12.3 lpm)
3100 mg/kg
2.63 mg/kg

-

¢ (91.1°€)

4200 mg/kg
3.57 mg/kg

Fluid Mixing

220°F

\
205 gpm (7.76 lpm)
.85 gpm (10.79 lpm)




Table 3
Filter Weight Changes for Fluid Samples

Date Weight Liquid ! Ppt. Mass
Change Volume : Per Liter
(Milligrams) (Liters) J (mg/1)
11/26/89 10.7 77 . 0.139
11/28/89 35.2 ND | -
12/2/89 4.21 200 j 0.2105
12/3/89 35.2 180 0.196
12/3/89% 1.7 20 . 0.085
12/5/89 17.4 240 | 0.0725

12/8/89 76.9 100 ; 0.769

* 24 hour nucleation time

Tabkle 4 JZL )
Metal Coupons Sample Weights (wHi/#"<

Sample Weight Weight :Change
Code# Before After #n Weight
BC-R-1 77.17 77.23 P.O6
BC-BR-1 27.62 27.71 6.09
BC-BR-2 24.85 24.89 b.04
BC-F-1 12.55 12.56 6.01
BC-F-2 9.32 9.30 P.OZ
BC-F-3 7.86 7.90 .b.03
BCNC-R-1 75.70 75.86 D.16
BCNC-BF-1 31.62 31.68 b.06
BCNC-F-1 7.65 7.69 b.04
BCNC-F-2 9.80 9.82 0.02
# BC = Brine/Condensate

BCNC = Brine/Condensate/Non-Condensable Gas




Figure 7a. Scanning electron micrograph of
metal coupon sample after exposure to Brine/
Condensate/Non-condensable gas mixture.

Mag. = 100X

Figure 7b., Scanning electron micrograph of
metal coupon sample after exposere-to Brine/
Condensate/Non-condensable gas mixture.

Mag. = 1640X '
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Figure 1. Line diagram of gas reinjection test stand.




