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INTRODUCTION This paper summarizes results of 
recent analyses performed by Battelle-Northwest 
in EPRI project RP 653-3: Computer Simulation 
of Scaling in Geothermal Systems. The results 
reported here are drawn primarily from case 
evaluations performed over the 12 months since 
the preceding EPRI Geothermal Symposium held in 
Monterey in June 1979. 

The present project is a continuation of a pre- 
vious project designated RP 653-1. The ulti- 
mate objective of research performed in this 
project is to develop analytical tools (com- 
puter codes) and the supporting thermophysical 
and chemical data base that can be used to pre- 
dict scaling and corrosion in geothermal power 
generating systems. The primary codes 
developed in the project and the functions of 
each are as follows: 

EQUILIB--provides chemical equilibrium 
computations for a brine as a function of 
thermodynamic state 

FLOSCAL--provides kinetics of deposition 
and corrosion processes for specified 
flow geometry and conditions 

PLANT--provides a steady-state geothermal 
power plant model with provision for 
sca l e  spec i f i ca t ions  a t  key po in t s  

GEOSCALE--an executive routine that calls 
the other codes to generate a time- 
dependent geothermal power plant model 

In addition to the above, a new code entitled 
WELL has been developed for modeling flow in a 
flashing well. WELL was developed by adapting 
and merging well routines developed independ- 
ently in FLOSCAL and PLANT. 

Most of the essential elements of the codes 
developed in the previous project were func- 
tioning satisfactorily at the end of that work. 
However, the codes were at that time essen- 
tially untested and were known to be deficient 
in a,number of ways. It was thus apparent that 
the codes were not yet ready to be released for 
general use by industry. The present project 
was initiated to provide a period of applica- 
tions, testing, and refinement. 
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In addition to the code applications task, 
there have been a number of other activities 
that will ultimately facilitate the use of the 
codes. One of the first tasks undertaken in 
the present work was to prepare a standardized 
Input/Output document (1). The principal 
function of this document is to provide a com- 
plete and organized specification of the data 
required for input by the code operator. In 
addition, the 1/0 document provides a summary 
explanation of the type of output provided. 
This document has been completed and is now 
available for general use in preparation of 
cases for analysis. 

Another aspect of the current work also 
relates to code dissemination. Preliminary 
steps in this direction were taken with the 
presentation of a workshop in November 1979 
held at BNW in Richland. A proceedings of the 
workshop has been prepared ( 2 )  that will be 
published and distributed by EPRI in the near 
future. 

One of the primary tasks that remainsin com- 
pletion of the present project is the com- 
pletion of user manuals for the codes. A 
WELL code manual has been written and is 
being edited and revised. The original 
manuals prepared for EQUILIB and FLOSCAL in 
Rp 653-1 w i l l  be revised and updated to re- 
flect improvements developed in the present 
work and to provide up-dated test cases and 
examples. The completed manuals should be 
available by late 1980 or early 1981. 

RESULTS OF CASE EVALUATIONS The work in the 
present project has been primarily directed at 
application, testing, and refinement of the 
codes by applying them to prediction of scal- 
ing in actual geothermal systems. The work 
has been organized by cases where each case 
represents a specific facility or class of 
test data to be simulated. The cases com- 
pleted, in progress, and planned for comple- 
tion in CY 80 are summarized in Table 1. 
Summaries of the results of the first four 
cases were presented at the 1979 Symposium (3). 
Cases 5-8 are summarized in the present paper. 
The other case analyses were still in progress 
at the time this paper was written. 
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Heber 2000 hr Heat Exchanger Tests 

Cerro Prieto Flashing Wells 

Kizildere Flashing Flow Tests 

RGI East Mesa Flash Tests 

Power System Equipment Module Tests 

SCE Flash Plant at Heber 

Flashing Flow in Porous Media 

Coury H S Removal System 

BACA Flash Plant, New Mexico 

GLEF Experiments 

2 

Table 1 Summary of Cases Evaluated 

completed, o in progress 

In the process of performing the case evalu- 
ations, the codes and, particularly, the 
data base have evolved somewhat from one case 
to the next, due to improvements made along the 
way. The biggest changes have been in the data 
base. The simulations of the PSEMT and SCE 
plant were done with data derived primarily 
f r o m  the Helqeson-69 data ( 4  ) ,  with a f e w  ad- 
ditions and improvements. The Porous Medium 
Flash and Coury Heat Exchanger simulations were 
performed with a hybrid data base that used 
elements of the Helgeson-69 data and new data 
denoted Helgeson-78 ( 5  ) ,  plus several other 
improvements derived from various sources. It 
is thought that this latter data base is more 
nearly correct; however, there are still some 
apparent anomalies that have not been entirely 
removed. Improvement of the data base is a 
task that will probably never be completely 
finished. 

1. Power System Equipment Module Tests (PSEMT) 
The Power System Equipment Module Test (PSEMT) 
program was a study of heat exchanger perform- 
ance under conditions representative of geo- 
thermal power plant operation. The project was 
sponsored by EPRI. The prime contractor and 
operator of the facility was Colley Enqineers 
and Constructors. The PSEMT facility was lo- 
cated on the site of the 10 MW geothermal power 
plant operated by the Imperial Magma Company at 
the East Mesa geothermal field near Holtville, 
CA . 

Description of the Test Facility 
schematic of the PSEMT facility is given in 
Figure 1. Hot brine was provided from one or 
more of the Magma wells, and the cooled brine 
was returned to the Magma system for reinjec- 
tion. The brine was maintained in liquid phase 
at a13 times. Energy extracted from the brine 
heated the isobutane coolant to above its crit- 
ical point, from which it was subsequently ex- 
panded, condensed, and recycled. The entire 
heat load was rejected to the surroundings in 
a cooling tower. 

A simplified 

During the testing phase the performance of 
the heat exchanger was monitored as a function 
of time. Performance parameters monitored in- 
cluded 

overall and surface heat transfer coef- 
ficients for both brine and hydrocarbon 
sides and 

rates and distribution of scale deposi- 
tion and corrosion. 

Results of the experiments were not available 
for comparison with the computations at the 
time this paper was prepared. 

Brine Characterization Brine property data 
and compositions for the Magma wells were 
established from the results of several sample 
analyses. These included brine samples taken 
by the PSEMT staff and analyzed for aqueous 
concentrations by GHT Laboratories. Samples 
were also taken and analyzed by Battelle. 
These data were combined with that obtained 
by the PSEMT staff to characterize the brine. 
These results are given in the first column of 
Table 2. 

Concentration (moles/kg brine) 

Material 

K+ 

Na.' 
++ 

Ca 

Mg++ 
++ Fe 
+3 Fe 

Si 
+3 

+5 
As 

As 
_- s 

-_ 
s04 

c03 

c1- 

H+ 

"3 

-_ 

H2 ( a )  

- 
B a 0 3  

++ 
Sr 

Table 2 

Sample 

.6691 x 

.1277 

.8882 x 

.2962 

.6924 x 
-- 

.4175 x 

. 5 3 ~  

-- 

.4695 I O - ~  

.8557 x 

.3849 x 10-1 

.1217 

(pH = 5.72) 

-- 
-8560 x 

.8196 x 

.7943 

After Mineral 
Equilibration 

.6691 x 

.1242 

.4636 x 

.2962 

.4166 

.8638 x 

.3482 x 

-5311 

.1558 x 

.4695 x 

.8557 x 

.3807 x 10-1 

.1217 

.7815 x 

.6836 x 

.8559 x 

.8196 x 

Brine Composition Used as Input for 
FLOSCAL Simulations 
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This average brine specification should nor- 
mallybe a suitable starting point for FLOSCAL 
simulation of scale deposition. Unfortunately, 
inaccuracies in the data base frequently result 
in predictions of lower levels of selected 
materials in the brine at saturation than are 
observed experimentally. Hence, using the 
"average" brine would start the flowstream with 
excessive supersaturations that would result in 
excessive precipitations. The following 
EQUILIB sequence was, therefore, run to gen- 
erate a brine compatible with the data base. 

1. Aqueous equilibration of the measured 
brine composition at 37Oc 

2. Raising the sample to reservoir temperature 
(182.2OC) under closed conditions for 
gases, but sulfide/sulfate ratio held 
constant 

3. Mineral equilibration at reservoir 
temperature 

This procedure resulted in precipitation of 
small amounts of calcite and quartz, and a 
large amount of Minnesotaite Fe SI 0 (OH)2 
at 182.2OC. 
possibly at equilibrium with these materials 
at reservoir conditions. The iron concentra- 
tion in solution was reduced by three orders of 
magnitude, indicatkng a probable data base 
input data anomaly. The brine specifications 
that resulted from this procedure and were sub- 
sequently used as input for the FLOSCAL compu- 
tations are summarized in the second column of 
Table 3. 

This indicates thaz t3elgrine was 

Results of the FLOSCAL Simulation A FLOSCAL 
simulation was set up to follow the brine flow 
through the series of six heat exchangers. A 
summary of the important input parameters used 
in the simulations is given in Table 3. The 
assumed brine temperature profile and pressures 
were specified in the input. The pressures 
were arbitrarily specified at values sufficient 
to keep the brine subcooled. 

Assumed Operating Conditions 

Brine Supply Temperature 182.2OC 
Brine Supply Pressure 24.8 Bar 
Brine Flowrate 10.87 kg/sec 
Brine Outlet Temperature 73.9OC 

Assumed Geometry 

No. of H.X. Modules 6 
No. of Tubes/Bundle 62 
Total Tube Length 45.15 m 
Tube Hydraulic Diameter .01575 m 
Flow X. S. Area/Bundle .01276 m2 
Material Carbon Steel 

Table 3 Summary of FLOSCAL Input Parameters 
and Geometry Specifications 

The primary results of the FLOSCAL simulations 
of the PSEMT facility are summarized in Fig- 
ures 2 and 3. Salient results and observa- 
tions drawn from these simulations are as 
follows: 

1. 

2. 

3 .  

4. 

5. 

6. 

Figure 2 shows the minerals predicted to 
exceed saturation as a function of tem- 
perature and location in the heat ex- 
changer. The number of predicted pre- 
cipitates is relatively small. 

In Figure 3 it is shown that corrosion 
as FeS2 was predicted to occur at a cor- 
rosion product formation rate ranging from 
0.1 mm per year at entry to 0.014 mm per 
year at exit. 

The predictions showed that the FeS2 solu- 
bility limits were exceeded in the three 
lower temperature (brine side) heat ex- 
changers. However, the small quantity of 
iron present (due to excessive depletion 
of iron in the EQUILIB initialization 
sequence) and currently used rate con- 
stants resulted in predictions of infini- 
tesimal amounts of FeS2 precipitate. 

The net rate of mineral precipitation was 
negligible compared with the predicted 
accumulation rate of corrosion products. 
The brine quickly dropped below saturation 
with respect to Witherite BaC03, after 
heat exchanger entry. Quartz solubility 
was exceeded, but the amorphous silica 
solubility was not. Slow deposition 
kinetics prevented significant quartz 
deposition. 

The brine was saturated with respect to 
Minnesotaite Fe Si4010(OH) at the inlet 
but rapidly fel? below saturation in the 
heat exchanger. This was probably due at 
least in part to the apparently excessive 
depletion of iron as Fe Si 0 10(OH)2 in the 
EQUILIB sequence. 

Brine pH dropped from 6.1 at the hot end 
to about 5.7 at the low temperature end. 

2 

Conclusions Drawn from the PSEMT Simulation 
A suspected inaccuracy of the data base caused 
anomalous iron l o s s  in equilibration at reser- 
voir conditions. It seems to be important to 
improve on iron equilibrium constants. It is 
of interest whether Minnesotaite is a plaus- 
ible candidate for removal of some of the iron 
in flashing situations. 

The FeS2 precipitation may have been under- 
predicted by the code, due to an excessive 
activation energy and to the small amount of 
iron left in the brine after reservoir equili- 
bration. 
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No evidence was found of precipitation problems 
of any significance from the Magma East Mesa 
brine in binary plants. Corrosion is far more 
important. 

BRIM 
SUPPLY 

k - WRRHUE R k - WRRHUE R 

- 
CWLlNG WAER LOOP 

FIGURF, 1 Schematic of the PSEMT Facility 

MINERALS EXCEEDING SATURATION 
IN THE PSEMT SIMULATION 
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FIGURE 2 Map of Minerals Precipitated by 
PSEMT 
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2. SCE Heber Flash Plant Simulations were per- 
formed of a 50 MWe flashed steam geothermal 
power plant that has been proposed by the 
Southern California-Edison Company (SCE) for 
construction at a site near Heber, CA. A sim- 
plified schematic of the facility modeled is 
given in Figure 4. The simulations were per- 
formed using the EQUILIB, WELL and FLOSCAL 
computer codes. 

C 

Two computational sequences were performed to 
simulate potential design and operational 
alternatives to illustrate the effect of vary- 
ing brine quality on scaling in the plant. 
Although the analysis was primarily concerned 
with scale that may be expected in the plant, 
consideration was also given to scaling that 
would occur in the wells and transmission 
lines for the two simulated operating condi- 
tions. 

Description of the Proposed Plant 
geothermal power plant would be a two-stage 
flashed steam design with a net electrical 
output of 50 MW. Brine will be provided by 
Chevron from a number of wells with a nominal 
reservoir temperature of about 182OC. Two- 
phase brine will be provided to the plant with 
a quality of less than 8% at a pressure of 
about 4.1 bar (60 psia). 

The proposed 

The first flash/separator vessel will function 
primarily as a separator with only slight ad- 
ditional pressure drop and flashing. The 
brine extracted from the separator will be 
flashed again to 16 psia in the second flash 
vessel. The steam from the two flash vessels 
will be expanded in two stages in a "conven- 
tional" low pressure turbine generator, con- 
densed, combined with the spent brine from the 
second flash vessel and reinjected. 

Brine Specifications Brine data were not 
available for the specific wells that will be 
used to supply the plant. It was, therefore, 
necessary to hypothesize a model brine which 
could be assumed to be representative of an 
actual Heber brine. For this purpose the 
Nowlin #1 (6) well was selected as being 
"typical" of wells that might be used. Essen- 
tially the same data were used in establishing 
a model brine used in prior simulations of the 
2000 hr heat exchanger tests at Heber. ( 6 )  

The resulting model brine specifications at 
the sample temperature of 25 C are summarized 
in the first column of Table 4. These data 
constitute the starting point for back- 
calculation of the brine to the simulated res- 
ervoir conditions. The significant changes 
that occurred due to mineral equilibration at 
well bottom conditions are summarized in the 
second column of Table 4. The other species 
concentrations were essentially unaltered. 

0 

FIGURE 3 Predicted Corrosion in PSEMT 
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a. Aqueous Species in Solution (Moles/kg Brine) 

Element 

A1 

K 

Na 

Ca 

M9 

Fe 

Mn 

Pb 

Zn 

cu 

Si 

As 

s04 

c03 
c1 

H 

"3 

B03 

F 

Ba 

Sr 

Sb 

(pH) 

Sample 

.259 

.831 x 

.187 

.229 x 10-1 

.E23 x 

.895 x 

.728 

.NO 

.780 

.422 x 10-2 

.280 

.629 x 

.614 x 

.409 x 

.227 

,316 x 

-587 

.lo5 

.313 

-434 

.287 

.740 x 

(5.50) 

b. Brine Gas Analyses 

After Mineral 
Equilibration 

-841 x 

.126 

.436 x 

.lo5 

.253 x 

.345 x 

(5.38) 

Partial Pressure 
- Gas (Bars) 

H2 .0039 

HC1 0 

c02 .579  

s2 0 

O2 0 

H2° .0317 

H2 .0154 
NH 0 3 

Table 4 Heber Brine and Gas Analyses Used 
in Simulation of the SCE Plant 

Computational Sequence 
ical dimensions and other data used in the sim- 
ulations is provided in Table 5 and in Figure 4. 
Flow rates, pipe diameters, and flash vessel 
dimensions were provided by SCE. 
in the plant were not generally specified so 

A summary of the phys- 

Pipe lengths 

Design or Operating 
Parameter Description Metric Units 

Geothermal Wells: 

Reservoir Temperature 182OC 

Number of Wells 

Well Diameter 

Calc. Depth of Flash 

Total Brine Flowrate 

Wellhead Pressure 

Wellhead Quality 

Brine Transmission Pipe: 

Diameter 

Total Length 

Plant Brine Lines 
(2 Parallel Systems): 

Diameter 

Length 

Inlet Pressure 

Inlet Quality 

.46 m 

280 m 
6 3.66 x 10 kq/ 
hr 

5.5 bar 

1.22 m 

164 m 

.91 m 

48 m 

4.1 bar 

First Flash/Separator Vessel: 

Outside Shell Diameter 30.5 m 

Inside Pipe Diameter .81 m 

Overall Length 6 m  

Inlet Pressure 3.86 bar 

Internal Pressure 3.79 bar 

Second Flash Vessel: 

Inlet Pipe Diameter 

Inlet Pipe Length 

Outside Shell Diameter 
Inside Pipe Diameter 

Overall Length 

Inlet Pressure 

Exit Pressure 

.61 m 

32 m 

3.66 m 

1.07 m 

6 m  

3.51 bar 

1.10 bar 

TABLE 5 Summary of Primary Design and 
Operating Specifications for the 
SCE-Heber Geothermal Plant 

that the values chosen were somewhat arbitrary. 

Establishing the brine chemistry at the inlet 
to the plant involved the following steps: 

1) After inserting all species at concentra- 
tions determined from the sample data, 
Table 4, EQUILIB was used to perform a 
charge balance for the brine at 25OC using 
Na' as the charge variable. 
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An equilibrium reservoir chemistry was then 
generated using EQUILIB by requesting min- 
eral equilibrium at reservoir conditions. 

The WELL code was used to establish tem- 
perature, pressure, and quality profiles in 
the well, determining the location of the 
onset of flashing. 

These profiles and reservoir chemistry from 
EQUILIB were used as input to a FLOSCAL 
simulation of the well. This established 
wellhead chemistry and quality for an im- 
posed 80 psia wellhead pressure. 

The pressure was then dropped from 5.5 bar 
(80 psia) to 4.1 bar (60 psia) over 164 m 
(500 ft) of brine collection pipe (48" diam). 
The pressure, temperature, quality, and 
scaling rates were computed in the pipe up 
to the plant inlet. 

The brine chemistry predicted by FLOSCAL 
at the end of the 164 m (500 ft) pipe was 
used as input for simulating fluid con- 
ditions and scaling rates in the actual 
SCE plant piping and flash vessels. 

Flowstream simulations were run using FLOSCAL 
to predict thermal and fluid mechanical con- 
ditions and the rates of mineral scaling and 
corrosion throughout the entire brine flow path 
from the reservoir to the outlet of the second 
flash vessel. 

A simulation was run first of the nominal 
design with flashing wells. The results of 
this simulation indicated very little scale 
would form in the plant. A second simulation 
was then run where it was assumed that the 
wells were pumped to a pressure sufficient to 
deliver the brine to the plant in a compressed 
liquid state. In this case the initial flash- 
ing occurred at the inlet to the first flash/ 
separator vessel where the vessel pressure and 
subsequent conditions were assumed to be the 
same as in the initial simulation. This simu- 
lation was essentially a "worst case" calcula- 
tion of the potential effect of reducing the 
quality of the brine received by the plant by 
reducing the degree of upstream flashing. 

Summary of Results The primary results of the 
simulations are presented in Figures 5 and 6. 
Some observations drawn from these and other 
results of the simulations may be summarized 
as follows. 

For the nominal design conditions 
(Figure 5) flashing was predicted to occur 
in the well with the maximum rate of cal- 
cite deposition (about l mm/wk). 

Additional calcite scaling was predicted 
to occur at a diminishing rate throughout 
the remainder of the well and transmission 

lines, in the first flash vessel (.011 mm/ 
wk) and in the pipe connecting the first 
and second flash vessels (.017 mm/wk). 

No additional calcite scale was predicted 
to occur in the second flash vessel for 
the proposed operating conditions. 

For the second computational sequence 
(Figure 6) the brine was delivered to 
the plant in a compressed state with no 
flashing and, therefore, no calcite scal- 
ing predicted in the wells or transmission 
lines. However, the rate of calcite 
scaling was increased to .18 mm/wk in the 
first flash vessel. 

The scaling rate in the .6 m (24 inch) 
pipe increased to about - 3 2  mm/wk. A s  in 
the first case, calcite scaling was not 
predicted to occur in the second flash 
vessel. 

The predicted rate of scale deposition 
due to the precipitation of other min- 
erals (primarily metal sulfides and 
quartz) was insignificant compared to the 
rate of deposition of calcite. 

Scale formation due to corrosion was pre- 
dicted to occur at low to moderate rates 
throughout the system for both simula- 
tions. At locations preceding the flash, 
the predicted corrosion species was 
pyrite FeS2 whereas, following the onset 
of flashing, the predicted corrosion 
species was magnetite Fe304. The maximum 
predicted rate of corrosion (about .3 mm/ 
yr of steel) occurred in the well immedi- 
ately downstream of the flash. 

Conclusions Drawn from the Heber Plant Simula- 
tion The principal conclusions that can be 
drawn from these simulations may be summarized 
as follows: 

- 

The most serious calcite scaling and cor- 
rosion problems can be expected to occur 
immediately downstream of the initial 
flash, wherever that might be. 

In the first case calcite scaling in the 
first flash vessel was predicted to be 
moderate but probably sufficient to re- 
quire some level of scale mitigation or 
maintenance measures. 

For the second case where initial flash- 
ing occurred in the first vessel, sub- 
stantial scaling can be expected in the 
flashing orifice or valve, in the in- 
terior of the first flash vessel, and in 
the pipe connecting the first to the 
second flash vessel. Substantial scale 
mitigation or maintenance measures would 
probably be required. 
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Based on the predictions, scaling is not 
expected to be a problem in the second 
flash vessel for either operation simu- 
lated. 

Although corrosion was predicted to occur 
throughout the system, the rates were suf- 
ficiently low that no major problems re- 
lated to corrosion should be anticipated. 

WLLLMAO 

5 . 5 %  VAP 

4 
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FIGURE 4 Schematic of the Heber Plant 
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FIGURE 5 Predicted Scale Distribution for 
SCE Plant with Flashing Wells 
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FIGURE 6 Predicted Scale Distribution for 
SCE Plant with Pumped Wells 

3. Simulation of Scaling Due to Flashing Flow 
in a Porous Medium A simulation was performed 
of an experiment conducted by Republic Geo- 
thermal Inc. (RGI) (7) in which flowing brine 
was flashed in a porous medium due to fric- 
tional pressure drop. The WELL and FLOSCAL 
codes were first used to generate profiles of 
velocity, quality, temperature, and pressure 
through 3.3 cm of sand, through which the 
brine flowed because of a 7 bar pressure drop 
to atmospheric pressure. FLOSCAL then pre- 
dicted calcium carbonate deposition to occur 
in the sand formation, in good agreement with 
experiment. 

Description of the Test Facility The experi- 
mental configuration is shown in Figure 7. 
The porous medium consisted of granular mate- 
rial in a test cartridge with a perforated 
bottom. The pressure in the subcooled liquid 
above the gragular material was maintained at 
8 to 10 kg/cm ( %lo atm) during runs whose 
duration was on the order of 2 to 5 hours. 

The mass deposited was determined from weigh- 
ings of the cartridges before and after the 
runs, and also from the upstream and down- 
stream brine calcium analyses. The distribu- 
tions of CaCO were determined by infusing 
epoxy into the granular media, sectioning, and 
examining under a microscope. 

A number of runs were performed in which size 
of granular material, permeability, roundness, 
composition, uniformity, and run duration were 
varied. The present study simulated a single 
run designated Sand No. 3 Cartridge 13 (3-13). 
This run used sand as the porous medium, with 
a median grain size 0.28 mm and a distribution 
of sizes from 0.14 mm to 0.59 mm. Run dura- 
tion was 3.73 hours, during which 620 kg of 
fluid was transmitted. The granular medium 
was of 3.3 cm extent in the flow direction and 
47.7 cm3 volume, so the avera e cross-sectional 
area was 47.7/3.3 or 14.45 a n 9  and the average 
cup diameter about 4.29 cm. As shown in Fig- 
ure 7, the cup cross-section tapered slightly 
toward its perforated bottom. Stated bed 
porosity was 0.35. 

3 

Brine Characterization Chemical analysis re- 
ports ( 7 )  were supplied by RGI on samples 
cooled without flash from well 56-30. The 
analysis was performed by Vetter Research with 
supplementary measurements of calcium and bi- 
carbonate ion concentrations made by RGI. 

The analyses were also supplemented by analyses 
from J. C. Watson and 0. J. Vetter performed 
under a U . S .  Department of Energy, Division of 
Geothermal Energy Study (8). 

A brine description for input to the EQUILIB 
or FLOSCAL codes was obtained by averaging the 
values reported on the RGI data sheets for 
most variables. The input values are 
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summarized in the first column of Table 6. 

a. Sample and Equilibrated Species Concentra- 
tion (moles/kg Brine) 

Changes 
after Mineral 

Species Sample Equilibration 

K+ .1189 x 

Na .2588 x 10-1 

Ca .1472 x 

Fe 

+ 

.1656 +2 

Si 

S 
-2 

St6 

C 

c1 

Hf 

"3 
F 

B 

Sr 

.132 x 

.215 x loW2 .2385 x 

,1560 

.1874 x 

.1723 x 10-1 

-1509 x 10-1 

.6125 x lov6 

~ 1 3 6  

. ~ Z U  

.4622 .756 

.3839 x 

b. Minerals Precipitated at Reservoir Con- 
ditions (moles/kg Brine) 

, -  

Minerals Amount Rejected 

0.237 x Quartz Si0 

strontianite SrC03 0.207 x 

Goethite HFe02 or 0.1655 x 
FeO (OH) 

2 

Table 6 Brine Description for East Mesa 
Well 56-30 

An EQUILIB run was performed with brine infor- 
mation from Table 6 to generate an equilibrium 
brine at 158.3OC reservoir temperature. Min- 
eral equilibration was requested, with brine 
pH held fixed at 6.48 and redox state calcu- 
lated to be consistent with the input sulfide/ 
sulfate ratio. 

The resulting concentrations of species pre- 
cipitated are given in the second column of 
Table 6. Minerals precipitated in coming to a 
complete equilibrium at reservoir temperature 
were quartz, strontianite, and goethite. The 
strontianite SrCO precipitation reduced the 
strontium content 45% from the input value, 
though the change in the total aqueous carbon 
was negligible. This probably indicates that 
the brine was in equilibrium with strontianite 
in the reservoir. 

3 

In this simulation, as in several others, the 
iron content of the brine at reservoir 

conditions was reduced dramatically by precip- 
itation (in this case, of goethite FeO(0H)). 
This may indicate inaccurate or missing data 
in the data base and/or input data. Although 
these iron concentration considerations are 
important in systems in which iron sulfides, 
silicates, and corrosion are the dominant sur- 
face degradation effects, they are not impor- 
tant for the effects calculated in the present 
porous medium flash simulation. 

The quantity of silica removed due to deposi- 
tion of quartz was insignificant. All other 
species concentrations were essentially un- 
changed. 

Fluid Dynamics and Scaling Simulations To Set 
appropriate boundary conditions for the fluid 
dynamics solution it was reasoned that the 
brine pressure at exit from the granular 
medium cup bottom was either very near atmos- 
pheric, or was at some higher value determined 
by a choked flow condition. The solution pro- 
cedure consisted of iteratively determining an 
"effective" hydraulic diameter that satisfied 
the specified boundary conditions and resulted 
in one or the other of these conditions. 

A two-stage approach was employed in the 
FLOSCAL simulation: 

1. Iteratively determine brine transmission 
characteristics of the porous medium to 
match specified boundary conditions. 

2. Simulate full chemistry deposition kinetics 
in the two-phase region of the flow, using 
the calculated flow distribution from 
Step 1. 

The first stage employed an NaCl brine of total 
molality equivalent to the actual brine. The 
second stage used the "best estimate" repre- 
sentation of the well 56-30 brine and a twenty 
node flowstream representation. A summary of 
the input variables used in the flowstream 
simulation is given in Table 7. 

pH at start 

Pressure at start 

Temperature at start 

Mass flow rate 

Quality at start 

Hydraulic diameter 

Cross sectional flow area 

Roughness parameter 

6.48 

5.953 bars 

158.02OC 

0.04617 kg/sec 

0 

7.6031 x m 
-4 2 5.059 x 10 m 

0 

/-- 

Table 7 FLOSCAL Input for Simulation of Scale 
Deposition Kinetics in the Last l.lcm 
of Granular Medium in RGI Experiment 
Sand #3 Cartridge 13 
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d Figure 8 shows plots of the computed pressure, 
temperature, quality and velocity as a function 
of distance from the entry face for the run 
whose input hydraulic diameter gave the exit 
pressure closest to atmospheric. The onset of 
flash occurred at approximately 2.2 cm into the 
granular medium from the front face or 1.1 cm 
from the rear face. The quality rose to about 
11% at brine exit. The linear velocity rose 
rapidly as the brine quality increased. An 
exit interstitial velocity of about 17 meters/ 
sec is shown, but changing the hydraulic 
diameter slightly can alter this value 
dramatically. 

The sensitivity of calculated exit pressure 
and velocity to hydraulic diameter is shown 
by the following list of cases and results 
with the NaCl brine and the same mass flow 
rate. 

Exit Exit 

(meters ) (bars) (m/sec) 
Hydraullc Diam Pressure Velocity 

7.6031 x 1.0095 17.0 

7.6008 x 0.9397 18.9 

7.5938 x 0.7116 27.0 

A somewhat lower hydraulic diameter will lead 
to sonic exit velocity (%EO m/sec), but an 
exit pressure below atmospheric makes this un- 
physical for this particular experiment. 

The effective hydraulic diameter determined 
in this simulation seems rather small, being 
only 1/30 of the mean particle diameter, 
0.28 mm. It should be noted, however, that 
the stated end points of the size distribu- 
tion of the sand were 0.14 mm and 0.59 nun. 
The smaller particles should wedge between 
larger ones, creating limiting constrictions 
much smaller than the mean particle size. 

The most important scale prediction is that 
of calcium carbonate (labeled calcite), shown 
in Figure 9. The deposition rate is plotted 
in grams of CaCo3 per unit of geometrical 
(rather than pore or particle) volume. The 
peak deposition rate was predicted at about 
0.8 cm ahead of the granular medium exit face, 
compared with 0.3 cm observed. The calculated 
deposition shut off in the last millimeter 
from the exit, as did also the observed de- 
posit. Predicted and observed deposition 
onset were both at about 1.1 cm from the exit 
face. 

A peak deposition rate of 11.7 gm/cm per day 
can be read from Figure 9. Using a density 

3 

of 2.71 qm/cm3 for calcium carbonate, one cal- 
culates that this rate would fill the spaces 
in a 35% porosity medium in 1.95 hours. The 
actual experiment ran 3.73 hours, during which 
the transmissibility of the cartridge dropped 
from 49.3 qm/sec per kg/cm2 pressure difference 
to 16.3 qm/sec per kg/cm2. 
of the pore space had probably filled at the 
plane of peak deposition. 

The total mass deposition predicted by FLOSCAL 
was 7.958 grams of CaCO deposit during the 3 .  3.73 hour run. The experimentally determined 
weight gain of the cartridge was 2.3 grams, while 
the deposit deduced on a chemical basis was 
3.44 grams. 

Thus, a major part 

One additional qualitative aspect of the pre- 
dicted scale deposition phenomena is of interest. 
The calculated calcite and aragonite saturation 
indices predicted that the brine would become 
calcite-supersaturated first, with aragonite 
supersaturation occurring about 0.6 nun later. 
The first deposit observed in the cartridges was 
calcite, followed by a region of predominantly 
aragonite deposition nearer the exit face. The 
physical system shows no return to calcite depo- 
sition as the deposition rate slacks off, con- 
trary to what the calculation predicted. It 
would thus appear that FLOSCAL does not always 
correctly distinguish between aragonite and 
calcite as the CaC03 deposition mineral. 

Conclusions Drawn from the Porous Media Flashing 
Simulation This simulation supports optimism 
for the development of a satisfactory calcium 
carbonate deposition model and predictive capa- 
bility for geothermal brines. The existing 
model was applied in a new Reynolds number 
region, and it functioned tolerably well. In- 
sights for model improvement are accumulating 
from the diverse brine flash cases that have 
been modeled. Three areas for potential im- 
provement on the calcium carbonate deposition 
model are emerging: 

1. 

2. 

3. 

C02 dissolution and vaporization should be 
incorporated into the fluid dynamics calcu- 
lation. This should be done to model forma- 
tion of a C02-rich vapor phase at higher 
pressures than the water saturation pressure 

The molecular and ion transport sub-models 
should be improved in a) Reynolds number 
dependence, and b) representation of entry 
length and other localized flow phenomena. 

The effects of slow conversion between unhy- 
drated CO2 and H2C03 should be taken into 
account. EQUILIB currently treats both 
forms as H2CO3. 
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Figure 7 Schematic of Porous Plug 
Experiment 

4. Upstream H,S Removal System Simulations were 
performed of the upstream H S removal process 
that is being investigated 2y Coury and Associates, 
Inc. for EPRI. Input steam conditions and var- 
iable quantities of H2S, NH3, and CO were used 
in the simulations that are represengative of The 
Geysers field. The effects of redox state and pH 
were also investigated. 
the calculations was the H2S removal efficiency 
as a function of input steam gas content and the 
final condenser quality. 

C 

The primary output of 

Experimental Facility and Tests 
removal process is shown schematically in Fiq- 

The upstream H2S 

ure10. The inlet geothermal steam is mostly con- 
densed on the shell side of a heat exchanger. A 
small fraction of the inlet steam flow, referred 
to as the vent fraction, is withdrawn and sent to 
an auxiliary waste gas treatment facility. The 
condensate is revaporized upon passing through the 
tube side of the heat exchanger, as shown in Fig- 
ure10. The steam contained in the vent gas is, of 
course, lost for useful purposes. 

Experiments are being performed on a prototype 
system at The Geysers geothermal field. However, 
experimental results were not yet available for 
comparison with results of the current simulation. 

Input Description and Model 
performed using EQUILIB in successive equilibra- 
tions with varying quality. To simplify this 
process, a fictitious flowstream comprising six 
flowstream segments was described in FLOSCAL input. 
Temperature and quality were specified at each 
segment. 
fied to be zero, and quantities of H2S, C02 and 
NH present in solution were specified there. At 
the other five nodes, temperature was specified 
at a constant value (35O0F) typical of the entry 
side of the heat exchanger for The Geyser’s field. 
The quality was specified at2, 5, 10, 75 and 98%, 
respectively, at subsequent nodes. The resulting 
equilibrium partitions of H S, NH3, ?nd CO 2 between 
liquid and vapor phases at ghese qualities were then 
calculated by the code. If the condensation/gas 
absorption process may be assumed to approach a true 
equilibrium process and if the resulting vapor can 
be efficiently separated from the condensate, then 
the computed fraction of total sulfur as H2S in the 
vapor phase is the fraction that should be removed. 

The computations were 

The quality at the first node was speci- 

3 0 I 2 
FIWISTREAM OISlANCt l t m l  

Figure 8 Predicted Conditions in 
Flashing Porous Plug 

The reported calculations were made with what is be- 
lieved to be the best available equilibrium data for 
H S solubilities (9 ) .  However, additional calcula- 
tions were also made with data derived from NBS cir- 
cular 500, original source of H S data used in EQUILIB. 

2 

2 

The main series of calculations featured all combina- 
tions of the H S, NH3, and C02 concentrations shown 
in Table 8. T6e assumed temperature for condensation 
was 350°F (177OC). 

0 0 2  0 4  O b  0 8  I O  I ?  
FLOWSTREAM D l S l A N C E  I cml  

Figure 9 Predicted Scale Distribution 
in Porous Plug 

Results of the Simulation Values of the calculated 
fraction of the total sulfur present as vapor phase 
H S (i.e., in the vent gas) are presented in 
Table 9 and in Fiqures 11 and 12 .  From these re- 
sults, it can be seen that the parameter that most 

2 
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Species Concentrations, ppm by mass 

115 230 460 

50 170 300 
H2 

“3 

c02 3000 8000 

Table 8 Concentrations in Total Flow Used in 
the H S Removal System Simulation 2 

affects the H S removal efficiency in this process 
is the condenser quality (or gas vent fraction). 
However, the effect of ammonia on H S removal was 
also found to be significant. 

For condensation of 98% of the incoming gas flow 
(2% vent), the fraction of the total sulfur re- 
maining as vapor phase H S is shown in Table 9 to 2 vary from 68 to 78%. Condensation of 90% of the 
incoming mass flow left 86 to 93% of the total 
sulfur in the vapor phase for rejection to the H S 
treatment plant. The assumed fraction of total 
flow rejected as gas to the cleanup plant was 
thus found to be critical to the H S removal ef- 
ficiency. This is also evident in Figurell. The 
fraction of total flow vented is also crucial to 
the energy penalty inherent in this process. An 
attempt to minimize the energy penalty by mini- 
mizing the amount of rejected gas would result in 
lower H S removal efficiency. Thus, compromise 
operating conditions would have to be found. 

The trends in the H S removal performance with 
NH concentration are shown in Figure 12. Am- 3. monia present tends to reduce H S removal effi- 
ciency. 
depend very strongly on the amount of H S present. 
The presence of CO was found to have relatively 
little effect on tie H ~ S  removal efficiency. 

Some additional observations relevant to the 
findings of this study may be summarized as 
follows: 

2 

2 

2 

2 .  

2 

2 

However, the removal elf iciency does not 

2 

The predicted H S removal fraction was rela- 
tively insensitive to H S concentration in 
the inlet steam. However, the H S removal 
efficiency was found to be sensi?ive to the 
thermodynamic equilibrium relations employed 
for H S liquid/H S gas and H S liquid/HS- 2. 2 liquii. 
present study predict significantly less 
effective H S removal than do values from 
NBS Circular 500. However, calculations 
based on the Circular 500 data were in good 
agreement with those reported by Coury. 

Predicted H S removal efficiency decreased 
with increasing pH of the condensate. This 
occurred largely because increasing the pH 
increased the fraction of HS- in the liquid. 
Ammonia in the liquid increased pH and thus 
reduced H S removal fraction. CO present 
improved A2S  removal very slightly, primarily 
by slightly lowering the pH. The improvement 
in H S removal performance from reducing the 
pH became negligible after the pH dropped 
below about 5. 

2 
2 

Equilibrium relations used in the 

2 

2. 

2 

2 

Conclusions Drawn from the H S Removal System 
Simulation 
H S removal technique were not generally very en- 
couraging. The calculations indicate that 
achievement of an acceptable level of H S removal 
may require excessive vent gas rates an2 the 
accompanying reduction in cycle thermal effi- 
ciency. However, the predicted H S removal effi- 
ciency was shown to be very sensigive to the equi- 
librium data used for H S. In addition, kinetic 
effects that might be relevant to the process were 
not considered. Thus, these results should prob- 
ably be treated as tentative, pending experimental 
verification. 

The results of tze simulation of the 

2 

2 

Vapor Composition Fraction of Total Sulfur in Vapor Phase H2S 
Case ppm by weight 15% 10% 5% 2% 
- co Quality Quality Quality Quality H S  -2- NH -3 No. -2 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

50 
170 
300 
50 
170 
300 
50 
170 
300 
50 
170 
300 
50 
170 
300 
50 
170 
300 

115 
115 
115 
230 
230 
230 
460 
460 
460 
115 
115 
115 
230 
230 
230 
460 
460 
460 

300 
300 
300 
3000 
3000 
3000 
3000 
3000 
3000 
8000 
8000 
8000 
8000 
8000 
8000 
8000 
8000 
8000 

0.931 
0.906 
0.890 
0.943 
0.924 
0.910 
0.951 
0.936 
0.925 
0.930 
0.911 
0.899 
0.941 
0.925 
0.915 
0.947 
0.934 
0.925 

0.914 
0.885 
0.864 
0.925 
0.900 
0.883 
0.933 
0.912 
0.898 
0.916 
0.893 
0.878 
0.924 
0.905 
0.892 
0.930 
0.914 
0.902 

0.866 
0.826 
0.798 
0.876 
0.840 
0.815 
0.884 
0.854 
0.833 
0.874 
0.845 
0.824 
0.880 
0.853 
0.834 
0.885 
0.861 
0.844 

0.755 
0.702 
0.667 
0.764 
0.716 
0.683 
0.773 
0.732 
0.703 
0.770 
0.732 
0.706 
0.774 
0.739 
0.714 
0.779 
0.746 
0.723 

Table 9 Summary of Results for the H S Removal System Simulation 2 
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Figure 10 Schematic of the H a s  Removal System 

--- Ipm wm C02 

- m w m c q  

I I I 
5 IO 15 

US R U t C l i O .  S 
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Figure 12 Predicted H2S Removal Efficiency 
as a Function of Concentration 
NR3 and H2S 

SUMMARY The results presented in this paper C 
illustrate applications of the EPRI geothermal 
scaling codes to simulation of scaling in 
systems varying widely in physical scale, 
governing phenomena and function. The appli- 
cations and primary findings were as follows: 

1. PSEMT Simulation of a single-phase brine/ 
hydrocarbon heat exchanger. Major scale was 
iron sulfide corrosion with minor amounts of 
other metal sulfides. 

2. Heber Plant Simulation of brine path 
components including wells, collection/trans- 
mission lines, steam separator and flash 
vessel. Major scale was calcite primarily in 
wells and lines. Very little scale was pre- 
dicted to form in the plant for normal oper- 
ating condition. 

3 .  Porous Media Simulation of laboratory 
scale experiments of flashing flow of brine 
in a porous plug made of sand. Predictions of 
calcite scale quantity and location were in 
good agreement with experimental results. 

4. H S Removal System Simulation of a con- 
dense:/reboiler used to extract gases from 
geothermal steam. Predictions showed H S 

removal efficiency to be most dependent on 
vent gas removal rate and to a lesser degree 
on NH content. 

Although very few experimental results were 
available for comparison with the simulations, 
the results were generally plausible and in- 
formative. For the porous media case, agree- 
ment with experiment was considered good. The 
results of the cases evaluated to date give 
confidence that the codes function as intended 
in a wide range of applications, and that the 
results are, in general, qualitatively cor- 
rect. The best quantitative accuracy has 
been obtained for predictions that result 
primarily in calcite scaling. The prediction 
of sulfide scale has been less successful. It 
is suspected that the accuracy of the pre- 
dictions is currently limited by inaccuracies 
or omissions of data in the chemical data base 
A s  the codes are more widely used, the com- 
pleteness and accuracy of the data base will 
doubtless be improved. 
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