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EXECUTIVE SUMMARY

Shell-and-tube heat exchangers will likely represent some of the
most costly components of geothermal binary (organic Rankine) cycle and future
geothermal steam power plants. These exchangers will be used as condensers in
most future geothermal steam power plants, as secondary working substance
vaporizers and condensers in binary plants, and for numerous other ancillary

services in both types of plants,

The costly nature of these shell-and-tube exchangers is due to:
1) the large size requirements compared to conventional fossil-fired power
plants, 2) the requirements for corrosion resistant alloys to resist the gen-—
erally aggressive waters utilized, and 3) the frequent requirement for an

extremely high level of integrity.

The large size is important from a corrosion standpoint because the
probable time to failure by pitting decreases exponentially with increased
surtace area, Thus, large components will fail more rapidly by pitting than
smaller ones, Additionally, thin tube walls are desired for high heat

transfer, but thin walls also reduce the time to corrosion related failure.

Despite the limited amount of corrosion data available from geo—
thermal power plant heat exchangers and test simulations, some conclusions can
be reached. At the resources of near—term interest for binary power plant
development—~—East Mesa, Heber, Raft River-—uniform corrosion rates on the
order of 3-7 mpy (mil/yr) can be expected for carbon steel. However, even
under conditions which appear to rigorously exclude oxygen, carbon steel pit—
ting rates of up to 46 mpy have been observed. Some or all of these geofluids
can cause pitting of carbon steel even in the absence of oxygen. In addition,
both uniform corrosion and pitting of carbon steel heat exchanger tubes are
greatly accelerated by even traces of oxygen introduced during shutdown. The
rigorous and complete exclusion of oxygen from large heat exchangers at all

times, whether or not the system is operating, appears to present tremendous
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practical problems, For these reasons, it is concluded that carbon steel will
not be viable in many cases as a geothermal power plant heat exchanger tube

material unless frequent retubing is planned.

It appears therefore that heat exchanger tube alloys capable of
resisting both normal operating conditions and aerated geofluid are likely to
be required. Currently the prime candidates appear to be Allegheny-Ludlum
Alloys 29-4 and 29-4C (29Cr-4Mo ferritic stainless steels) and TiCode 12 (a
titanium alloy). Other alloys such as SeaCure 26-3 and E-brite 26-1 have not
been tested under conditions simulating geothermal binary evaporator service,
but may also be shown to be of some usefulness after testing, Selection be-
tween the 29Cr-4Mo alloys and the titanium alloy is likely to be dictated by
economic factors since their corrosion performance is likely to be comparable

under most conditions.

The experience to date has indicated three major foulants of geo-
fluid/working fluid heat exchangers: corrosion products, calcium carbonate,
and silica. Experience at Heber has shown that fhe fouling of carbon steel
tubes (which corrode in Heber geofluid) was three to five times greater than
the fouling of titanium tubes (which do not corrode in this environment). Use

of highly corrosion resistant tubing is clearly a key tg fouling control.

At East Mesa and Heber calcium carbonate scaling is a major concern,
It has been shown that maintaining geofluid pressure to keep the carbon
dioxide in solution prevents significant deposition of calcium carbonate,
Available data indicate that if the geofluid pressure is maintained, then heat

exchanger operation with annual cleaning is feasible.

Silica fouling can occur when geofluid from high temperature
resources is cooled below the silica saturation temperature. In cases where
this occurs fouling is more rapid. In addition, silica scale is particularly

difficult to remove.
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The condensers and ancillary cooling loop heat exchangers of
geothermal binary power plants face severe materials problems since most
plants will be located in arid or semi-arid regions where vigorous competition
for water-use rights is likely. These plants are likely to be forced to use
poor quality water for cooling water make-up. Water treatments designed to
protect carbon steel have not been satisfactory because the system is made
inherently sensitive to control upsets which would force several-week-long
shutdowns for cleaning and repassivation of the condenser. Fouling control

has also not been demonstrated,

Based on experience to date, highly alloyed ferritic stainless
steels (such as Allegheny-Ludlum 29-4, 29-4-2, and 29-4C, and SeaCure 26-3)

and titanium appear to be prime candidates for this application,

Shell-and-tube heat exchangers in the cooling loop of geothermal
steam power plants are also subject to corrosion, and Type 304 stainless steel
has shown to be problematical as tubing in this service. The corrosivity of
the geothermal steam condensate/cooling water is increased by action of sul-
fide oxidizing bacteria and chemical additives such as ferric ion and hydrogen
peroxide added for primary or secondary abatement of hydrogen sulfide. Type
316 may have adequate pitting resistance, but stress corrosion cracking may
also be a factor, particularly if high temperature steam is vented to the con-
denser during turbine trips. The highly alloyed ferritic stainless steels

discussed above may be desirable and cost effective.
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1.0 INTRODUCTION

Shell-and—-tube heat exchangers—both working fluid vaporizers and
condensers——will represent the most costly components of most geother—
mal binary power plants. In addition, hydrogen sulfide abatement technology
at The Geyers requires that some current and all future units operate with
surface contact condensers., The same constraint is likely in flashed-steam
plants at other sites as well. At The Geysers, these condensers are shell-and-
tube. Because of the huge heat rejection loads of geothermal plants, these
shell-and—-tube condensers are quite large. Finally, regardless of the power
cycle and type of condenser used, all geothermal power plants employ a number
of ancillary heat exchangers in the cooling water loop to allow for heat
rejection from lubricating oil, generator coolant (hydrogen), and possibly
other service streams. In geothermal steam power plants, materials problems
will be exacerbated by chemicals such as ferric sulfate and hydrogen peroxide
added for hydrogen sulfide abatement. These chemicals increase corrosivity.
Many geothermal binary plants will have to use very poor quality cooling

water, leading to severe materials constraints to avoid corrosion,

The shell—and-tube heat exchangers used in geothermal power plants
have a number of inherent characteristics which make them particularly suscep-
tible to corrosion failure. The first of these factors is size. For example,
the tubes of the isobutane vaporizers at the Magma Binary Power Plant (East
Mesa) have a mean surface area of 25,325 ft2, or 2,025 ft2/GMW (gross mega—
watt). The tubes of the shell-and—tube condenser of the Raft River Binary
Power Plant have a total surface area of approximately 57,000 ft?, or 7,600
ft2/GMW. This large size is important from a corrosion standpoint because the
probable time to failure by pitting—if this corrosion mode occurs—-decreases
exponentially with increasing area. This means that large components will
fail much more rapidly by pitting than will smaller omes, all other factors

being equal.



The second major factor contributing to the corrosion vulnerability
of geothemmal power plant heat exchangers is the thinness of the tube walls,

The thinnest possible walls are desired to maximize heat transfer.

\ The third factor contributing to vilnerability is the minimum accep-
table integrity of the heat exchangers., Some leakage is probably acceptable
in shell-and-tube surface condensers in geothermal éteam»(Rankine and flashed-
steam cycle) power plahts, since Such»leakage_wbuld impair hydrogen sulfide
ibafement, but'wouldvnot endénger'plant equipgent.‘ On the other hand, the
working substance (probably light hyd:bcarbon) vaporiiefs and condensers of a
gedthénmal binary plant, as well as the generator hydrogen coolers of large
power planfs, require complete leak-tight integrity to p:bvent release of
gaseoﬁs--and 'potentii_ily flammable or explosive-—working substance, The high
degree of leak-tight integrity of both‘the binary cycle vaporizer and conden-
ser is also important to prevent corrosive geothermal fluid from contacting .
binary loop compotients which are not intended for such eiposure. Radian has
analyzed several binary loop component failures which were due~—at least in
part--to such cohtamination. These are discussed in a separate publication,

the e 0 _Mate e n _Guide e r_Geotherma nergy Utilizag~

tion Svstems [Smith and Ellis 1983].

Thus, the fact that geothermal power plant heat exchangers are
likely to be shell-and-tube devices with extremely large surface areas of thin
| walled tubing, requiring virtually nil cross—leakage, makes them a major
materials selection problem, as well as a potential cause of forced outage and
prolonged shut—down. This explains why carbon steel will in many c#ses not be
‘viable as a gedthenmal power plant heat exchaﬁger tﬁbe material unless fre—

quent retubing is planned.
Fouling (deposition) in the heat exchangers will also have a signifi-

cant impact on plant design and economics. Current experience indicates that

matetialvselection is 6ne factor determining the fouling tendencies of geo—




thermal binary heat exchangers. Also, selection of antifouling measures (such
as maintaining dissolved carbon dioxide pressure) may significantly alter

materials performances, requiring alternate materials selections,

1.1 Scope

This topical report is a review of experience gained to date in the
corrosion and fouling of heat exchangers used in geothermal power plants,
This report considers only the geofluid or cooling water side-—usually the
tubeside~~of these heat exchangers., With one exception, all of the tests
described involved actual heat exchangers, and all we;e conducted using actual

geothemmal fluids rather than synthetic laboratory solutions.

The broader subject of geothermal materials selection has been con—
sidered in depth by Radian in three major reports for the Department of

Energy. These reports are:

< Materials Selection Guidelines For Geothermal Energy
Utilization Systems, NTIS Pub. Code DOE/RA/27026-1,
January 1981,

] Addendum to Materials Selection Guidelines For Geothermal
Energy Utilization Systems, NTIS Pub. Code
DOE/RA/27026~2, May 1983,

(] Corrosion Reference For Geothermal Downhole Materials
Selection, NTIS Pub, Code DOE/SF/11503-1, March 1983,

The first two documents are concermed primarily with corrosion of
above ground components, while the third pertains to geothermal wells and the

components which are used downhole.
1,2 rview
Heat exchangers for hot geofluid/working substance vaporizers'for

binary power plants are considered in Sections 2, 3, and 4, A brief describ—

tion of the physical test apparatus and the geofluid chemistry for each of the



several heat exchanger tests is presented in Section 2. Section 3 summarizes
the fouling data developed from these tests, in most cases presenting a mathe-
matical expression for the increase in fouling factor with time, Section 4
explores the materials performance data developed from these same tests, This
organizational approach serves to concentrate the results into two distinct

sections, undiluted by discussions of test method.

Section 5 considers the performance of shell-and—tube heat exchan—
gers used as condensers and ancillary coolers in the power plant heat rejec-—

tion system,



2.0 GEOFLUID HEAT EXCHANGER TEST CONDITIONS

This section presents a brief description of the physical apparatus
and operating conditions for a number of geofluid heat exchanger experiences
at five resources: FEast hesa, Heber, and Salton Sea (California), and
Svartsengi and Hveragerdi (Iceland). The fouling results are presented in

Section 3 and the corrosion results are in Section 4.
2.1 East Mesa

Three experiences at East Mesa are considered, a scale model test of
geofluid/hydrocarbon evaporators and condensers, a corrosion test of two
highly alloyed ferritic stainless steels, and two years of operating experi-

ence at the Magma Power Company’s 10MW binary plant.

The two tests were performed using geofluid produced by a downwell
pump from well Mesa 6-2, while the Magma plant was supplied with pumped pres~
surized geofluid from five wells, Calcium carbonate scaling is a major pro-
blem at this resource if the geofluid is allowed to flash, evolving carbon
dioxide. Therefore, the geofluid pressure was maintained above the gas break-
out pressure throughout the tests to prevent calcium carbonate precipitation.
Table 2-1 presents a summary of the corrosive and scaling chemistry of the

unflashed Mesa 6-2 geofluid and of the Magma Power Plant geofluid supply.

2.1.1 Supercritical Heat Exchanger Field Test (SHEFT)

In order to obtain performance data to support design of a large (50
MW) geothermal binary power plant, a 1:100 scale model test loop was con—
structed at the DOE Geothermal Test Facility (GTF) at East Mesa, and tests
were conducted from June 1980 through March 1981. The primary objective of
the testing was measurement of supercritical performance of geofluid/hydrocar—
bon heat exchangers with three secondary working fluids: commercial iso-

butane, 90/10 isobutane/isopentane, and 80/20 isobutane/isopentane.



TABLE 2-1, CHEMISTRY OF MESA 6-2 GEOFLUID AND THE GEOFLUID SUPPLY OF THE
MAGMA 10MW BINARY POWER PLANT

Concentration (ppm except pH)
Component Mesa 6-28 Magma

pH 6.15 5.2-5.9
Chloride 2150 3680-6270
Sulfate 113 68-86
Bicarbonate 580 216-367
Carbon Dioxide (Total) 2230 1580-2090
Hydrogen Sulfide 0.91 0.7-1.6
Ammonia <0.,02 14-23
Silica 209 201-278
Calcium 16 20-81
Magnesium 1.3 0.3-2.9

8F11is and Anliker 1982

bShannon et al 1981



The test loop is shown schematically in Figure 2-1, The unit con-
sisted of three fluid loops: geofluid, hydrocarbon, and cooling water. The
three loops were interconnected through the primary geofluid/hydrocarbon heat
exchanger train and condenser/subcooler train. The heat load was rejected to
the atmosphere through a wet cooling tower. The high pressure (heater) por-
tion of the hydrocarbon loop was separated from the low-pressure (condenser)

portion by an expansion valve in lieu of a turbine.

The primary geofluid/hydrocarbon heat exchanger train comsisted of
six exchangers, both sides in series, with brine in the tubes and hydrocarbon
in the shells. The primary heat exchangers are labeled B-1 through B-6 in
Figure 2-1, Table 2-2 lists the main features of the exchangers. Exchangers
B-1 through B-5 were identical; exchanger B~6 had double-segmented baffles

with all other specifications as listed in Table 2-2,

Unflashed pressurized brine entered B~-6, B-5, or B-4 depending on
the operation of the inlet valving. The exchangers B-4 through B-6 spanned
the near—-critical region, The brine valving connecting these exchangers to
the brine supply allowed the temperature-pressure profile of the heating curve
to be adjusted so that data would be more readily obtained throughout the near—
critical region. Spent brine exited B~1 then flowed to the GTF silencer where

it was flashed to the atmosphere.

Superheated hydrocarbon exited B~6, flowed through the pressure—
reducing valve, then entered the condenser. The condenser was a two—pass unit
with vertical pass lanes and external valving that allowed the tube bundle to
be halved. Table 2-2 also lists the main features of the condenser. The con-
densed hydrocarbon was further cooled by the subcooler to about 120°F, then
entered the hydrocarbon feed pump, P-1, where it was pressurized to supercri-
tical pressure and discharged into B-1 to be heated upon passage to the exit
of B~6, Cooling water for the condenser/subcooler was supplied by the GTF
cooling tower [Silvester and Doyle 1982],
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Figure 2~1., Schematic Diagram of the Supercritical Heat Exchanger
Field Test (SHEFY) Facility [Silvester and Doyle 1982]



TABLE 2-2. SHEFT HEAT EXCHANGER DETAILS

Hydrocarbon Heaters

No. of tubes per exchanger:
No. of passes:

Tube length:

Tube size:

Tube material:

Tube pitch:

Shell I.D,:

Baffle spacing:

Baffle cut:

Area per exchanger:
Number of exchangers:

Nominal dia. shell side nozzles:
Nominal dia. tube side mozzles:

Shell:

Exchangers:

Flow orientation:
Baffle cut:

Cross flow area:
Net window area:

Exchanger:

Flow orientation:
Baffles:

Center baffle cut:
Outer baffles cut:
Cross flow area:

Outer net window area:
Tnner net window area:

Condenser

No. of tubes:
No. of passes:
Tube length:
Tube size:
Tube material:
Tube pitch:
Shell I.D.:
Baffles:

62

1 shell side, 1 tube side
24 ft

3/4 in 0.D., 16 BVG

carbon steel (SA-214)

15/16 in., triangular array
8.625 in.

12 in.

horizontal cut segmental baffles,

13/16 in. from center line

292 ft2

6

6 in.

3 in.

TEM A Type E

B-1 through B-5

30°

13/16 in. from center line
20.3 sq. in.

11.8 sq. in.

B-6

60°

Vertical cut double segmental
2~11/32 in, from center line
1-13/32 in. from center line
20.3 sq. in.

10.6 sq. in.

9.9 sq. in,

332

1 shell side, 1 tube sidea
24 ft

3/4 in. 0.D., 14 BWG
carbon steel (SA-214)

15/16 in., triangular array
22 in,

supports

85ide by side

Source: Silvester and Doyle 1982



All hesat exchaiigeirs and piping were chemically cleaned prior to
testing, and the hydrocarbon working substance was continuously filtered to

remove particulates larger than 0.5 micrometer in size.

2,1.2 Simulated Heat Exchanger Tube Corrosion Test

Specimens of two metals, Allegheny-Ludlum Alloy 29-4 and 29-4C, were
exposed at the GTF under conditions simulating flow in a geothermal heat A
exchanger tube [Ellis and Anliker 1982], The chemistry of the geofluid used,
as determined during the test, is given in Table 2-1, The specimens were .
short lengths of welded tubing., They were electrically isolated and supported
by machined Teflon sleeves. The bores of the specimens and the sleeves formed
a smooth tube; the exterior surfaces of the specimens were completely covered
by the sleeves. *Strings" of 18 specimens, nine of each alloy, were inserted
into flanged steel pipe holders and compressed between the flanges. These
flanges connected to the geofluid supply and discharge. The test apparatus
- was so designed that the interior surface was exposed to flowing geofluid at
. 1,2 to 5.4 ft/sec while the exterior surface was exposed to the stagnant geo-—
. fluid which became trapped in.the tight crevices between the specimens and the
Teflon sleeves. Nine specimens of each alloy were exposed to each of two
separate enviromments, This number of specimens allowed a statistical evalu-

ation of resultant corrosion data,

One section of specimens was exposed to 349.5°F geofluid for 1032.25
hours, There were two shutdown periods, one of 15 minutes and one of 45
hours, During the 45-hour shutdown the section was isolated by valves. The
other section, exposed to 349,5°F geofluid, was also subjected to 12 simulated
shutdown cycles. The average cycle consisted of 25.4 hours exposure to flow-
ing geofluid, followed by a 4.2-hour pressurized cooldown period, followed by
56.2 hours in which the chamber was open to the air and the specimens were

partially filled with geofluid.

Table 2-3 presents a summary of the physical test conditions,
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TABLE 2-~3. PHYSICAL CORROSION TEST CONDITIONS DURING
THE SIMULATED HEAT EXCHANGER

Velocity (fps)

Temp. Pressure Flow Through Coupons
Environment (°F) (psi) (gpm) 29-4 29-4C
Continuous Flow Test min 330 247 3.49 1.9 1.2
1032.25 hrs max 350 b 375c 10.02 5.4 3.5
avg 349.5 293 6.6 3.5 2.3
Cyclic Exposure Test
Per Cycle®
Flow = 25.4 hrs min 330 247 3.49 1.9 1.2
: max 350 375 10.02 5.4 3.5
avg 349.5 293 6.8d 3.6 2.4
Cooldown = 4,2 hrs Chamber cooled under pressure to near ambient
temperature,
Open = 56.2 hrs Chamber opened to air. Geofluid partially filled

the tubular corrosion specimens.

aTypical cycle. Twelve such cycles occurred, with some variation in length in
each of the stages,

b85 data points.
°81 data points,
d34 data points.

Source: Ellis and Anliker 1982
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2.1.3 Magma 10MW Geothermal Binary Plant

Figure 2-2 is a flowchart for Magma Electric Company’s 10 MW(e) geo—
thermal binary plant at East Mesa, CA, In this binary design, geofluid at
about 350°F is pumped from the wells to the plant using downhole centrifugal
pumps., The heat from the geofluid is transferred to isobutane which is
heated, vaporized, and superheated in shell-and-tube heat exchangers. The
superheated isobutane passes thrqugh a knockout drum and is supplied at 350°F

and 500 psia through a "y* connection to the two tandem-mounted turbines.

After the expanded isobutane leaves the turbines, residual heat is
transferred to &2 propane loop which powers a turbogenerator designed to pro-
vide the parasitic load for operating the plant, The isobutane is then con-
densed to liquid in shell-and-tube condensers which are cooled with treated
water from a large spray pond.system. The cooled isobutane is représsurized

by a boiler feed pump and returned to the heat exchangers for reheating.

The heat exchangers are indicated as six heaters, two boilers, and
two superheaters in the flowchart of Figure 2-2, Fach heat exchanger con—
tained 109 carbon steel tubes that were 77 feet long and originally had 0.035
inch (nominal) walls, The 1 3/16 inch diameter tubes were bundled and sup—
ported in the exchﬁngers by a unique design which incorporated deformed short
tubes shaped to fit within each cluster of seven tubes as spacers. These
spacers were held in place by the clamping action of a strap around each
cluster. The exchanger tube bundle was made up by interlacing the tube
clusters along their length as well as laterally across the tube bank [Dambly
1978]1.

In all heat exchangers, the isobutane was on the tube side, and the

geothermal fluid was on the shell side. The geothermal fluid entered heat
exchanger 10 at 350°F and exited heat exchanger 1 at 167° to 176°F,

12
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[Ellis and Anliker 1982]



The plant started operation in November 1979, and shut down in
November 1981 for retubing of the heat exchangers., During this period, the
plant wis operated about 50 percent of the time, During periods of shutdown,
the heat exchangers were drained, but geothermal fluid was not completely
removed from the bottom of the shells., Additionally, the exchangers were left
open to the air for days at a time. Tubes from the bottom regions of three
exchangers were immersed in geothermal fluid during shutdowns, while the upper

regions were exposed to refluxing geothermal vapors [Anliker and Ellis 1982].

2.2 Heber

Two separate heat exchanger performance tests have been executed at
Heber, using essentially the same equipment in each test, The first test was
actually a series of short-term tests in 1974 and 1975, henceforth identified
as the "Heber 560hr tests" [Lombard 1975]. The second test was a longer term
(actuaily 2023hr) test beginning late in 1976, designated as the *Heber 2000hr
test" [Holt 1978].

Both of these tests used the same Reat‘Exchanget Test Unit (HETU),
designed and constructed by the Ben Holt Company. The HETU consisted of four
twenty—foot long heat exchangers in series, Each heat exchanger contained
four tuBes 0.75 inch in diameter with 16 BWG tube walls (nominal thickness
0.065 inch). Geofluid flowed tubeside.

Heat was extracted from the geofluid by distilled water treated with
corrosion inhibitors circulating in a closed loop. Heat was rejected from the
distilled water loop via another heat exchanger serviced with evaporatively

cooled irrigation water,

During the 560hr tests, each of the four heat exchangers were tubed
with the same metal, Three different alloys——carbon steel, 90/10 cupronickel
(CA 706), and titanium——were tested at geofluid velocities of 5, 10, and 15
ft/sec. Geofluid for these tests was provided by a downwell pump in Nowlin
No. 1 well. Pressure was maintained at 195 psig to prevent any flashing or

breakout of dissolved carbon dioxide,
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During the 2000hr tests, heat exchangers E-1 and E-3 were equipped
with ASTM A-179 carbon steel tubes, while exchangers E-2 and E-4 were tubed
with ASTM B-338 titanium, During this test, geofluid was produced from Nowlin
No. 1 by natural flow. Flow volumes were reduced so that the production pres-
sure would remain above the carbon dioxide breakout pressure, keeping all
carbon dioxide in solution, This limited the geofluid velocity to 5 fps.
Carbon dioxide was not vented from the system during the test. To the best
knowledge of the 2000hr test operator, carbon dioxide evolution did not occur
{Holt 1982],

During the 560hr tests, the geofluid TDS was 14,500 ppm. No other
data were reported. Table 2-4 presents a summary of corrosion and scaling

chemistry data from an analysis made on 19 January 1977 during the 2000hr
test,

2.3 Salton Sesa

This test was conducted 17-21 June 1973 using geofluid from Magmamax
No. 1 well in the Salton Sea resource. The purpose of the test was to deter-—
mine heat transfer degradation in heat exchangers serviced with hot Salton Sea
geofluid as proposed in the initial plans for the Geothermal Loop Experimental
Facility (GLEF) [Felsinger 1973].

The heat exchanger used in this test consisted of a ten—foot long, 4-
inch diameter steel shell equipped with flanges for connection to the geofluid
line, The two tubes were 9.5 ft long, 1 inch OD titanium secured in the tube-
sheets by swagelok fittings with Teflon ferrules, Heat was exchanged to dis-

tilled water in a closed loop.

Prior to entering the heat exchanger, the geofluid was flashed to a
pressure and temperature of 150 psig and 375°F, and the steam fraction was
separated. Table 2-5 is a representative analysis of flashed Magmamax No, 1
geofluid, though the conditions under which the samples were collected are not

necessarily those operative during the heat exchanger test,
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TABLE 2-4, CHEMISTRY OF NOWLIN NO,

HEBER 2000HR TEST

1 GEOFLUID AS MEASURED DURING THE

Concentration (ppm except pH)

Component
pH (field) 5.5-5.6
Chloride 7700
Sulfate 75
Bicarbonate 40
Carbon Dioxide (Total) 180
Hydrogen Sulfide <2
Ammonia 9.2
Silica 253
Calcium 840
Magnesium 0.6
TDS 13,900

Source: Shannon 1978
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TABLE 2-5, REPRESENTATIVE CHEMISTRY OF FLASHED GEOFLUID FROM
MAGMAMAX NO, 1
Component Concentration (ppm except p;;= ””””” -
pH 6.1
Chloride 120,374
Sulfate 10
Bicarbonate -
Carbon Dioxide (Total) 4472
Hydrogen Sulfide 16
Ammonia 558
Silica 426
Calcium 23,090
Magnesium 108
TDS 203,406
Source: Ellis and Conover 1981
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2.4 ' a ; a vers ela

In otder to evaluate the pattern of deposition in géothermal heat
exchangers'in Iceland, some field trials were carried out using simulated heat
exchanger tubes, These studies are of potential interest since conditions may
reflect cold end conditions in some geothermal power plants, Fouling studies
were caried out at Svartsengi and Hveragerdi, both situated in the southwest
of Iceland. At Hveragerdi the geothermal fluid is of rain water origin but at
Svartsengi the fluid originates from sea water [Bott and Gudmundsson 1978; "
1979; Gudmundsson 1979].

The heat exchanger used consisted of a 78.75 inch length of 0.50
inch OD Type 316 stainless steel tubing. 59.0 inches of this length were
enclosed in a stainless steel water jacket and the entire unit was insulated,
The assembly was oriented vertically during the tests. Geofluid flow was

tubeside, with countercurrent cooling water flow in the jacket.

The geofluid used in the Svartsengi tests was derived from a well
with a base temperature of 414°F, The two—phase flow was separated at atmos—

pheric pressure in a cyclonic separator, A small portion of the separated

:liquid at 195°F was supplied to the test heat exchanger, The heat exchanger

was located close to the wellhead so that the separated water, supersaturated

with silica, passed through the heat exchanger seconds after separation,

At Hveragerdi, the geothermal water was taken from the district
heating mains, The mains are provided with geothermal water separated at
atmospheric pressure from two—phase flow produced from two wells about 0.3 mi
from town, The resource temperature is about 392°F, The separated geothermal
water at 177°F arrived at the experimental heat exchangers about 20-30 minutes
after separation. Table 2~6 provides data on the chemistries of the geo~

thermal water supplied to the test heat exchangers at each site.
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TABLE 2-6, COMPOSITIONS OF GEOTHERMAL WATERS USED IN THE ICELANDIC
HEAT EXCHANGER TRIALS

-

Concentration (ppm except pH)

Component Svartsengi : Hveragerdi
pH 7.5 9.46
Chloride 16,125 126
Sulfate 37.6 54.9
Bicarbonate —_— ' ——
Carbon Dioxide (Total) 19.3 119
Hydrogen Sulfide 0.1 4.7
Ammonia — —
Silica 581 305
Calcium 1227 3.2
Magnesium 5.9 0.3
DS 29,642 _—

~=- data not available

Source: Gudmundsson 1979
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3.0 FOULING OF POWER PLANT GEOFLUID HEAT EXCHANGERS

This section considers the results of fouling tests at a number of
geothermal locations., A brief description of each of these tests was pre-
sented in Section 2. This section is divided into two principal parts. Sec—
tion 2.1 presents a summary of fouling factor data from all of the fouling

factor tests, while Section 2.2 presents more detail for each test.

3.1 Overview of Fouling Factor Data

The fouling factor is defined by:

=1L _ 1
R U eq 3.1

£
=
o
"
o
I
[

fouling factor in (hr)(ft2)(°F)/Btu

f
Uf = heat transfer coefficient of fouled heat exchanger in
Btu/(hr) (£t2) (°F)
Uc = heat transfer coefficient of clean heat exchanger

In the report of the Heber 560hr Tests [Lombard 1975] it was shown
that the plots of the logarithm of the fouling factor were linear with respect

to the logarithm of elapsed time (t) or

1n Rf = Inb+nilint eq 3.2

and that the correlation coefficient was extremely high (>0.99) (the square of
the correlation coefficient represents the fraction of scatter in Rf which is
accounted for by scatter in t), and a correlation coefficient of + 1.0 repre-
sents perfect correlation. This close correlation, indicating little un-
accounted for scatter in the data, was demonstrated whether or not the decay

in heat transfer coefficient itself was linear with time.
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The above equation is of course the logarithmic form of the power

curve equation, which expressed in terms of Rf and t, has the form
eq 3.3

The Heber 2000hr study [Holt 1978] produced algorithms for predic-—
ting the heat transfer coefficient with passage of time, as discussed in Sec-
tion 2.2, These algorithms were used to generate 14 synthetic heat transfer
coefficients at 25 day intervals. These synthetic data were then fitted to
equation 3.2 with a correlation coefficient of >0.96. The report of this
study did not present an expression for the composite heat transfer coeffi-
cient of the four separate stages. A composite was created from a weighted
average of the predicted heat transfer coefficients of the individual stages.
These coefficients were weighted in proportion to the contribution of each
stage to the total heat transfer when clean (unfouled). Twenty synthetic
points 25 days apart were computed and fitted to equation 3.2 with a correla-—

tion coefficient of 0.98.

In the case of the Salton Sea fouling data, published experimental
values [Felsinger 1973] of the heat transfer coefficient with increased test
duration were converted to Rf values and fitted to equation 3.2, again with a

correlation coefficient of >0.98,

Thus, it appears that the power curve expression of equation 3.3 is
a good descriptor of the time dependence of the fouling factor in each of the

14 cases in which this analytical approach was tried.

Table 3-1 presents a summary of the results of this fouling factor
analysis for the available field trial data. This table indicates the trial
heat exchanger inlet and outlet temperatures, fluid velocity, and test dura-
tion. Also presented are the power curve relationships between fouling factor
and elapsed time, as well as the projected time required to reach a fouling

factor of 0.002 (hr)(ft2)(°F)/Btu, a common design value recommended by the
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1 X4

OVERVIEW OF POWERPLANT GEOFLUID HEAT EXCHANGER

FOULING EXPERIENCE

Resource Heat Exchanger Fouling Data
Approx. Fouling Factor (Rf) Hours
Geofluid Temp. Fluid Test As Function of Required Calcu-

Test Temp. Chemistry  Stage Tube Inlet Outlet Velocity Duration Time (t) [in hrs] to Reach 1lation Key in
Identification (°F) re Table or Pass Material (°F) (°F) (ft/sec) (hrs) Foulant (hr) (°F) (£t3)/Btu Rf=0.002 Method Fig. 3-1
Heber 560hr ~356 2-4 Compos- Steel 357 150 5 425 Iron R = 1.53x10 "¢**°* 1.09x10* 1
Test® ite of 357 150 10 320 Oxide R, = 2.18x10 ‘t°*’* 1.3x10* 1

four 357 150 20 320 R, = 5.94x10 *¢*°** 6.7x10° 1 I
stages
Compos- Titanium 357 150 5 425 Iron and R = 1.1x10 "¢**°*  1.21x10° 1 L
ite of 357 150 10 320 Copper R, ~ 8.34x10 't°°** 4.72x10° 1 H
four 357 150 20 320 from R, = 5.50x10 *t°°** 2.58x10° 1 J
stages Upstream

Compunts
Compos- CA706 357 150 [ 200 Copper R, = 1.07x10 *t°*** 2.78x10° 1 E
ite of 357 150 10 178 Corrosion R, = 1.63x10 *t°*** 2.25x10* 1 N
four 357 150 20 178 Products R = 1.07x10 *¢°**? 2.45x10° 1 F
stages

(Continued)
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TABLE 3-1, OVERVIEW OF POWERPLANT GEOFLUID HEAT EXCHANGER FOULING EXPERIENCE (Continued)

Resource Heat Exchanger Fouling Data
Approx. Fouling Pactor (Rf) Hours
Geofluid Temp., Fluid Test As Function of Required Calcu-

Test Temp, Chemistry  Stage Tube Inlet Outlet Velocity Duration Time (t) [in hrs] to Reech 1lation Key in
Identification (°F) re Table or Pass Material (°F) (°F) (ft/sec) (bxs) Fonlant (hr) (°F) (£t2)/Btu Rf=0.002 Method Fig. 3-1
Heber 2000hr  ~356 24 First Steel 350 235 5 2034 Corrosion n£=1.4sx1o"t°'“ 1.17x107 2 R
Testb Products

and
Minerals
Second Titanium 235 180 5 2034 Antimony nf=1.58x10"t°‘“ 3.47x10° 2 s
Sulfide
Third Steel 180 145 5 2034 Corrosion nf=s.97x1o"‘c°"‘ 4.18x10° 2 0
Products
and
Minerals
Fourth Titanium 145 130 5 2034 Antimony nf=1.12x1o"t°'" 7.86x10* 2 P
Sulfide
Compos- 350 130 5 2034 nf=4.ssx1o"‘t°"° 2.93x10° 2 Q
ite

(Continued)
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TABLE 3-1,

OVERVIEW OF POWERPLANT GEOFLUID EXCHANGER FOULING EXPERIENCE (Continued)

Resource

Heat Exchanger

Fouling Dats

Approx. Fouling Factor (Rf) Hours
Geofluid Temp. Fluid Test As Function of Required Calcu-

Test Temp. Chemistry  Stage Tube Inlet Outlet Velocity Duration Time (t) [in hrs] to Reach 1lation Key in
Identification (°F) re Table or Pass Material (°F) (°F) (ft/sec) (hrs) Foulant (hr) (°F) (£t3)/Btu Rf=0.002 Method Fig. 3-1
East Mesa 350 2-1 Six Steel 340 150 ~4 1172 None No statistically significant change in heat
Test® stages Reported transfer coefficient detected during the Test
Salton Sea 2-5 Single Titanium 375 342 5 1400 Silica R = 2.54x10 "¢*°°* 7.sx10" 3 A

d
Test
Svartsengi 415 2-6 Single Type 316 195 163 4.6 791 Silica R = 7.09x10 't 2.82x10° 4 ]
(Iceland) Test® Single Type 316 196 156 4.0 766 Silica R, = 4.26x10 "t 4.69x10°
Hveragerdi 392 2-6 Single Type 316 177 154 4.5 2035 Silica Rf=1.szx1o"(t—6so) 1.75x10° 4
(Iceland) Test° Single Type 316 176 144 2.3 2035 Silica R =2.27x10 *(t-650) 1.53x10°

Calculation Methods:

1., Curve fitting of published values of Fouling Factor after differemt service periods

2. Curve fitting of Rf values based on published algorithms for prediction of heat transfer coefficient with time

3. Curve fitting of Rf

4, Published relationship of Rf as a function of service period

*Lombard 1975

PHo1t 1978

°Silvester and Doyle 1982

9Felsinger 1973

®Bott and Gudmundsson 1978; 1979; Gudmundsson 1979

values calculated from published fouled heat transfer coefficients



Tubular Heat Exchanger Manufacturers’ Association (TEMA) [Fischer et_al
1975]. However, some caution should be used in extrapolating the results of
short tests to predict fouling factors after exposures more than an order of

magnitude longer than the actual test period.

Figure 3-1 presents the same time dependence of fouling factor data

in graphical form, and the same caviat applies regarding extrapolation,

At Heber and East Mesa, the primary expected mineral deposition is
calcium carbonate., However, simply lowering the temperature cannot precipi-
tate this compound, An increase in pH, resulting from evolution of carbon
dioxide from solution, is required. In the tests at these resources (which
are presented in Table 3-1), the geofluid supply was operated at sufficient
pressure to prevent carbon dioxide evolution., The three tests showed no sig-
nificant deposition of calcium carbonate, demonstrating that preventing
"flashing" of the geofluid will indeed prevent calcium carbonate fouling of

binary power plant heat exchangers at these resources.

Also worthy of note in these results are the difference in fouling
between carbon steel and cupronickel tubes which corrode, and titanium tubéQV'
which are highly corrosion resistant, The data show that carbon steel and
cupronickel can be expected to foul much more rapidly than an inert alloy. A
significant portion of the deposits on carbon steel were found to be corrosion

products,

The limited available data indicate that in the cases where calcium
carbonate is the major potential foulant, maintenance of pressure to keep the
carbon dioxide in solution will probably allow operation with only annual
cleaning, Scaling is likely to be a more severe problem at resources where
silica is the major foulant, Deposition rates appear greater and the scale is

more difficult to remove.
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Figure 3-1. Time Dependence of Fouling Factor for a Number of

Geothermal Heat Exchangers (Table 3-1 presents the test
conditions and the equations used to generate this
figure).



3.2 Results of Individual Trials

3.2.1 . Heber 560hr Tests

These tests showed an essentially linear decrease in Uf with time
for steel, titanium, and CA 706 (90/10 cupronickel) when the geofluid velocity
was 5 fps. The overall heat transfer for the four stages of heat exchanger

were fitted to the following equation [Lombard 1975]:

Ut = Uc ~-mt eq 3.4
where: Ut = the heat transfer equation at time t
c - as previously defined
= elapsed time in hours
m = rate of change of heat transfer coefficient

with the following values for steel, titanium, and cupronickel:

Metal Bu/ (5 $52) COF) Btu/(he2)(££2) (9F)
Carbon Steel 591 0,045
Titanium 529 0.061
CA 706 615 0.295

The decrease of the heat transfer coefficient with time was non-
linear at 10 and 20 fps for all three metals with the rate of decrease slowing
and apparently becoming linear after an initial pericd of more rapid fouling.
Lombard [1975] found that for elapsed times greater than the time required for

linear degradation of heat transfer to begin (t ), the fouled heat

linear
transfer coefficient could be predicted by:
Ut = Ut . - m(t - tlinear) eq 3.5
linear
with the following values for m, U , and t_. for geofluid
tlinear linear

velocities of 10 and 20 fps:
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U

Geofluid t t
Velocity Tube linear linear m
(fps) Metal (hrs) Btu/(hr) (£t2) (°F) Btu/(hr2) (£t2) (°F)

10 Carbon Steel 71 840 0.232
10 Titanium 100 640 0.113
10 CA 706 74 805 0.408
20 Carbon Steel 111 990 0.421
20 Titanium 138 715 0.286
20 CA 706 106 906 1.026

After 324 hrs of operation at 10 fps and with inlet and outlet tem-
peratures of 353°F and 250°F, the titanium tubes showed a film 0.6-0.7 mils
thick (1 mil = 0,001 inch). Fnergy dispersive X~ray spectroscopy showed that
the film on the titanium contained about 8 wt percent iron, as well as traces

of sulfur, silicon, calcium, copper, magnesium and aluminum,

After similar exposure, the carbon steel tubes were found to have
deposits 0.9 mils thick, These deposits were found to be predominantly ircn

oxide, derived from corrosion of the carbon steel substrate,

The CA 706 tubes fouled much more rapidly, with a scale thickness
3-4 mils after only 200 hrs of operation at the above conditions, This scale

was reported to be mostly copper oxide corrosion products.

3.2.2 Heber 2000hr Test

As discussed previcusly, the four heat exchangers in this test were
designated E-1 through E-4. These units had unfouled heat transfer coeffi-
cients (Uc) of 890, 639, 741, and 553 Btu/(hr)(ft2)(°F), respectively. These
coefficients were used with experimental data to calculate equations which
best describe the change in heat transfer coefficient as a function of time,
A number of different curves were fitted [Holt 1978]. The best fit was given

by curves of the form:
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Y = X(AX + B) ’ eq 3.6

with the specific results listed below:

Unit Equation
E-1 U, = X/(0.00184 X - 0.0363) eq 3.7
E-2 Ut = X/(0,0019 X - 0.0268) eq 3.8
E-3 ‘ U, = X/(0.0028 X - 0.1203) eq 3.9
E-4 Ut = X/(0.0027 X - 0.0881) eq 3.10
where: Ut = heat transfer coefficient at time t in
Btu/(hr) (£t2) (°F)
X = (n + 86) days

Holt [1978] used these equations to calculate the values of R, after
365 days. Holt also projected the fouling factors for each heat exchanger
stage in the previous Heber test (Section 3.2.1), assuming that fouling was

linear with respect to time, The results are presented below:

365 Day Fouling Factor

Heat Geofluid Temp. (hr) (ft2)(°F)/Btu
Exchanger Range (°F) eq 3.7-10 560bhr test
E-1 350-235 0.000576 0.0001
E-2 235-180 0.000280 0.0011
E-3 180-145 0.001182 0.0011
E-4 145-130 0.000679 0.0033

Note that carbon steel tubes were used in each heat exchanger in the 560hr
test, while the tubes of E-2 and E-4 were titanium in the 2000hr test. The
steel tubes show good agreement in calculated fouling factors [Holt 1978].
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Table 3-2 presents a summary of energy dispersive spectroscopy ana—
lytical results from the scale deposits in the various tubes. These analyses
indicate that the deposits on the titanium tubes were primarily antimony sul-
fide, though there also were likely to be a significant amount of oxides or
carbonates of some metal. Conspicuous by its absence is calcium, demonstrat-—

ing that maintaining adequate pressure can mitigate calcium carbonate scaling.

In the steel tubes, the primary detected element was iron, and it is
deduced that the principal deposit was iron oxide and/or irom carbonate corro—
sion products. Some silica precipitation was also evident, but again calcium

is conspicuous by its reported absence [Holt 1978].

3.2.3 Salton Sea Test

This test showed that a geofluid heat exchanger at the Salton Sea
resource would lose 60 percent of its heat transfer capacity and fall below a
"design" fouling factor of 0.0035 (hr)(ft2)(°F)/Btu in less than 92 hrs of
steady-state operation. The degradation in heat transfer was linear through-
out the test. Linear regression of the published data [Felsinger 1973], shows

the following relationship:

U, = 445-2.8t eq 3.11

where Ut and t have been previously defined.

The scale formed was predominantly silica. Hourly thermal shocking

did not serve to retard scale deposition.

3.2.4 Tests at Svartsengi and Hveragerdi

The published reports of these tests [Bott and Gudmundsson 1978;
1979; Gudmundsson 1979] do not provide data on the rate of degradation of heat

transfer coefficient with time. Rather, the time dependence of the fouling
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TABLE 3-2. ANALYSIS OF SCALE SCRAPED FROM TUBE WALL

Scale
Heat Thickness Constituent Element (wt%) a
Exchanger (mils) s Zn Si Fe Cu Ni Cr As Sb Other
Steel Tubes
E~-1 b
Inlet 2.0 5.8 2.1 13.2 34.9 1.1 0.5 0.4 9.0 1.0 30.3
Outlet 3.7 8.6 — 14.0 37.4 0.9 0.4 0.2 — —— 38.4
E-3 b
Inlet 1.9 4.9 4.8 16.2 30.9 0.2 0.3 0.3 nd 2.0 51.3
Outlet 4.3 6.7 — 10.5 24.4 3.0 1.2 2.8 0.5 — 50.0
Titanium Tubes
E-2
Inlet® 0.2 21,4 — 11.3 3.8 1.3 —=— =  ~— 15.4 46.8
Outlet® 0.5 202 -— 3.4 0.8 1.0 — -— 3.9 48.2 22.5
E-4 b b
Inlet 0.5 19.0 1.7 1.6 0.8 2.6 — 0.2 2.5 55.0 17.9
Outlet 0.9 12.7 — 0.4 —_— 0.5 —— —_— 2.5 41,2 42.8

——-— Data not available or none detected

®Value obtained by difference, representing elements with atomic number less than nine (fluorine),
which are not detectable by the analytic technique used.

bNot detected in all samples

®Insufficient material obtained for bulk analysis. The reported results are from in—situ surface
analyses,

Source: Holt 1978



factor itself was published, and is set forth in Table 3-1 for each of the

four tests.

The results from Hveragerdi are interesting because the deposits
formed a ripple pattern on the inside of the tube, and it was concluded that

this pattern resulted from mass-transport phenomena.

Initially, this ripple pattern caunsed enhanced heat transfer, pro-
ducing negative fouling factors. Fouling resistance reached a minimum at
about 300 hrs of operation. At 650 hrs of operation the enhancement in heat
transfer due to roughness became equal to the reduction due to deposition, and
linear increase in the fouling factor began and continued throughout the rest
of the test. At Svartsingi, there was mno detected period of enhanced heat

transfer.

At Svartsengi and Hveragerdi, the principal foulant was silica

scale.
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4.0 CORROSION OF POWER PLANT GEOFLUID HEAT EXCHANGERS

The amount of quantitative documented corrosion experience from
actual or simulated geofluid/hydrocarbon heat exchangers is quite limited
largely because of two factors, First, few tests of such actual or simulated
heat exchangers have been performed, and second, because most of the tests
which have been done had measurement of fouling as their major or sole objec—
tive. This small data base can be supplemented however, with the large amount
of compiled corrosion test data taken under conditions which do not involve
heat transfer [Ellis and Conover 1981]. However, cantion must be used in
applying this data since corrosion is often intensified under heat transfer
conditions, due to increased mass transport and thinning of the boundary

layer.

Despite the limited data, some conclusions can be reached. At the
resources of near-term interest for binary power plant development——-East Mesa,
Heber, Raft River——uniform corrosion rates on the order of 3-7 mpy (mil/yr)
can be expected for carbon steel. In addition, even under conditions which
appear to rigorously exclude oxygen, carbon steel pitting rates of up to 46
mpy have been reported, though other tests show little or no pitting. Some or
all of these geofluids can cause pitting of carbon steel even in the absence

of oxygen.

Both uniform corrosion and pitting of carbon steel heat exchanger
tubes are also greatly accelerated by even traces of oxygen introduced during
shutdowns. The rigorous and complete exclusion of oxygen from heat exchangers
at all times, whether or not the system is operating, appears to present tre-

mendous practical problems for a large power plant.

It appears therefore that heat exchanger tube alloys capable of
resisting both normal operating conditions and aerated geofluid are likely to
be required. Currently the prime candidates appear to be Allegheny-Ludlum
Alloys 29-4 and 29-4C (29Cr—-4Mo ferritic stainless steels) and TiCode 12 (a
titanium alloy). Other alloys such as SeaCure 26-3 and E~brite 26-1 have not
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been tested under conditions simulating geothermal binary evaporator service,
but may also be shown to be of some usefulness after testing. Selection
between the 29Cr—4Mo alloys ah&}fhe fifanium alloy’iéliiielykfo be dictated by
economic factors since their corrosion performance is likely to be comparable

under most conditions,
4.1 Heber

At the end of 560hr tests, pits'3 mils deep were measured in the
carbon steel tubes [Lombard 1975]. Though it is risky to extrapolate pit
depths into linear penetration rates (since pit penetration rate may not be
linear), the annualized penetration rate was calculated to be about 45 mpy.
The presence of irom oxide as the major deposit constituent indicates ongoing
corrosion. However, the average measured wall thickness of 66 mils exceeds
the nominal thickness of 16BWG, the tube specification. Therefore, a corro—

sion rate based on post—exposure wall thickness cannot be calculated.

The titanium tubes showed no evidence of corrosion, while CA706 (90/
10 cupronickel) tubes showed significant (but unquantified) corrosion after
200 hrs. This corrosion was reported to be more severe than the carbon steel

after 560 hrs [Lombard 1975].

An independent laboratory analysis of carbon steel tube samples from
the 2000hr test concluded that there was evidence of pit growth, but that the
propagation rate was probably not greater than 0.3 mpy [Holt 1978], which
equates to a depth of only 0.07 mils at the end of the test, This is
extremely slight corrosion, and whether or not it constitutes pitting or

uniform corrosion is debatable,

The 2000hr test appears to have been designed primarily to measure
much-needed heat exchanger fouling factors. In addition, an estimate of the
corrosion rate was made by determining the mass of iron in the scale at two
points on the carbon steel heat exchanger tubing and attributing this iron to

the corrosion of the steel tubing. Thus, the amount of iron corroded from the
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tubing was equated to the amount of irom in the scale. This method neces—
sarily assumes that the scale measured for the estimate represents all of the
scale formed at the locations selected for corrosion rate measurements [Holt

1978].

However, stereomicroscopic examination of the scale deposits later
used in the corrosion rate estimates showed these scales to be porous; com—
posed of plates with ridges; mechanically brittle; and easily broken or
crumbled. The examiration showed that pieces of the scale had "flaked” or

"chunked" away and that new deposits were growing on the fracture surfaces.

The regrowth of new deposits on the fractures in the scale demon—
strates that the "chunking" or “flaking" off occurred during the test, not
after the tubes were removed, and clearly establishes that pieces of the scale
were broken away from the deposit and carried away by the geofluid. There—
fore, the mass of iron present in the scale cannot represent the total amount
of iron corroded from the tube at that site, and the corrosion rate (0.3 mpy)
estimated by this method must be low by some unknown but potentially signifi-

cant factor.

Several other data can be used to bracket the probable carbon steel
corrosion rate at Heber, Concurrently with the 2000hr test, a 42-day (approx-
imately 1000br) coupon (weight-loss) corrosion test was performed in the
geofluid supply line a short distance upstream of the HETU [Syrett et al
1977; Underhill 1982]. ASTM-type coupons of steel were used and weight-loss

from the coupons without removal of the scale deposits was equivalent to a

corrosion rate of approximately 2.7 mpy. This represents a minimum corrosion

rate, as removal of the scale would have shown a more accurate——and greater——

weight loss, and thus a higher corrosion rate.

Corrosion tests were also performed according to ASTM practices at
East Mesa well 6-1 in 1977. The unflashed brine used in this test was com—
parable in terms of carbon steel corrosivity chemistry to the Heber case. The

measured corrosion rate for carbon steel was around six mpy [Shannom 1977].
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Long—term (109 day) corrosion tests were also performed at Raft
River, whose carbon steel corrosivity chemistry is milder than that of Heber
or Bast Mesa. Twelve carbon steel coupons showed corrosion rates of 1.2-3.4
mpy. Eleven of the 12 coupons also experienced pitting with an average pene~
tration rate of 18 mpy and a maximum of 43 mpy. These tests were performed
with the careful exclusion of oxygen, making oxygen attack an unlikely explan-

ation for the serious pitting [Miller 1977].

Thus, it seems reasonable that a lower bound for the "uniform" cor—
rosion of carbon steel at Heber is around three mpy, while tests at a quite
similar resource suggest that a "uniform" corrosion rate of around six mpy is
likely. This result is close to the eight mpy estimate derived by Fluor's
independent consultant [Meiran 1982] for design of the SDG&E 50MW binary
plant.

If it occurs, pitting—rather than "uniform" corrosion-—is the cor-
rosion mode which determines the useful life of thin-walled components such as
heat exchanger tubing. The issue of pitting resistance is unresolved. The
carbon steel tubes in the 2000hr tests were reported to have pit penetration
of about 0.3 mpy [Holt 1978], which equates to a depth of ~0.07 mils at the
end of the test. However, the earlier 560hr pumped geofluid HETU test at
Heber showed pits about three mils deep for an annualized rate of 46 mpy, and
as stated previously, tests at Raft River showed comparable attack. Since the
latter test carefully excluded air, it does not seem that all such pitting
attack can be attributed to air inleakage during upsets., Some, or all, of

these geofluids can cause pitting of carbon steel in the absence of oxygen.
4.2 East Mesa

Magma Power Company'’s 10MW Plant

As discussed in Section 2, the Magma Plant has ten heat exchangers

in its hydrocarbon evaporation system. These exchangers, with carbon steel



tubes, receive 350°F geofluid at the inlet of the first heat exchanger, and
exhaust 167°F fluid at the end of the train.

Plant operation began in November 1979 and continued for about two
years, at which time the tubes in the geofluid/hydrocarbon heat exchangers had
failed by pitting. During the first two years of operation, the plant was
operative about 50 percent of the time. During shutdown periods, the heat
exchangers were drained, but geofluid was not completely removed from the bot-
toms of the shells (the fluid was shellside contrary to common practice).
Additionally, the exchangers were left open to the air for days at a time.
Tubes from the lower regions were immersed in geofluid durimg shutdowns, while
those in upper regions were exposed to refluxing geothermal vapors and

moisture [Anliker and Ellis 1982].

After 15 months of operation, a number of ultrasonic measurements of
tube wall thickness were made [Shannon et al 1981]. Twenty—eight of 29
reported tube wall thicknesses were statistically evaluated (by Radian) to
determine the average remaining thickness (one point was excluded as it was
the site of mechanical wear). The average remaining wall thickness was
26.8+1.2 mils (95 percent confidence interval). The maximum and minimum

values were 30 and 20 mils respectively [Smith and Ellis 1983].

Assuming that the actual original wall thickmess was the nominal 35§
mils, then the average thickness loss was 7.0-9.4 mils after 15 months, for an
approximate corrosion rate of 5.6-7.5 mpy. These estimates probably represent
an "averaging" of metal thickness in pits and unpitted areas, since most pits
were probably smaller in area than the ultrasonic probe area. Four of the

measurements indicated pits up to 20 mils deep.

After failure at the end of two years, some of the carbon steel
tubes were subjected to failure analysis [Anliker and Ellis 1982]. All tube
sections analyzed were coated on interior and exterior surfaces with a tena-
cious dark deposit 3 to 6 mils thick, Covering this deposit was a reddish—
brown powdery deposit several mils thick. The reddish-brown deposits from the
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interior and exterior of several tubes were analyzed separately by energy
dispersive X-ray spectroscopy for elemental identification and by X-ray dif-
fraction for compound identification. They were all determined to be the same

iron oxide/sulfide/carbonate scale.

The tubes had suffered from three corrosion mechanisms: "uniform"
corrosion, crevice corrosion, and pitting. Wall thickness was estimated by
averaging over 200 optical metallograph readings from unpitted areas. Uni-
form corrosion appeared to be about 2-5 mpy, assuming that the initial tube
wall was 35 mils., Since some of the post—exposure wall thickness measurements
exceeded 35 mils, the original wall was obviously greater than 35 mils.
Therefore, the actual corrosion rate was greater than 2-5 mpy. Crevice corro-
sion to a depth of 4 mils appeared where spacers and bands contacted the

tubes; it had not caused any perforations.

Pitting of tubes was determined to have caused the failure of the

. heat exchangers. There was about one perforated pit for each two linear feet
of exchanger tubing. Exposure to oxygen allowed to enter during downtimes and
to carbon dioxide during normal operation were apparently the major causes of

_ the pitting, Much of the damage likely occurred during shutdown periods.

Simulated Heat Exchanger Tube Corrosion Test

This test was designed to compare the performance of two alloys,
Allegheny-Ludlum 29-4 and 29-4C under flow conditions simulating a geofluid/
hydrocarbon heat exchanger. The test conditions were discussed in some detail

in Section 2.

One section of specimens was exposed to 349.5°F geofluid for 1032.25
hours, There were two shutdown periods, one of 15 minutes and one of 45
hours. During the 45~hour shutdown the section was isolated by valves, The

other section was subjected to 12 simulated shutdown cycles, the average cycle
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consisting of 25.4 hours exposure to 349.5°F geofluid flow, a 4.2-hour pres—
surized cooldown period, then 56.2 hours in which the chamber was open to the

air and the coupons were partially filled with geofluid.

Upon completion of the test, all 36 specimens were covered by tena—
cious deposits, determined by energy dispersive spectroscopy to be iron with a
trace of calcium, indicating that the deposits were mostly iron oxides, It
was concluded that these deposits came from elsewhere in the system. FExami-
nation of resultant weight—~loss data showed no statistically significant
weight—loss during the test. Even if the worst case were assumed-—that the
coupon with the greatest weight—loss (an Alloy 29-4 coupon) lost all of its
weight from the interior surface-—then the calculated corrosion rate would be

only 0.045 mpy.

Stereomicroscopic, metallographic, and scanning electron microscopic
examination showed no evidence of pitting, crevice corrosion, stress corrosion
cracking, or preferential attack of the base metal, the weld metal or the heat-—
affected zone. There was no statistically significant difference between the
performances of the two alloys., These test results support the selection of
either alloy as highly suitable for geofluid/hydrocarbon heat exchangers when
this or similar geofluid is used. The chromium and molybdenum contents of the
alloys indicate that they probably could withstand a higher chloride concen-—
tration, However, much longer exposure than this test, perhaps even years

duration, would be required to completely verify the corrosion performances of
these alloys [Ellis and Anliker 19821.
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5.0 CONDENSERS AND ANCILLARY HEAT EXCHANGERS

The heat rejection system of any geothermal power plant--with the
exception of atmospheric backpressure discharge steam systems——contains one or
more large condensers which condense the working substance, either steam or
organic vapor. The heat rejection system also includes a variety of smaller
heat exchangers which provide cooling fér service streams such as lubrication

0il and hydrogen for large generators.

Almost all geothermal steam plants operational today, whether the
steam is derived form a vapor—dominated resource or by flashing from a liquid-
dominated resource, used direct contact condensers to provide vacuum at the
turbine exhaust [Ellis and Conover 1981]. However, all domestic geothermal
steam plants commissioned since 1980 have had surface contact condensers as a
part of their hydrogen sulfide abatement system [DiPippo 1980], and it is
likely that most if not all future plants will be so equipped.

Some leakage of steam condenser tubes may be acceptable. Though it
would degrade turbine efficiency by increasing exhaust backpressure and would
also impair the hydrogen sulfide abatement process, a small leakage would

probably not force a plant outage.

Most near—term geothermal binary plants will also have surface con—
tact condensers. The materials problems facing these condensers are also more
severe since little if any leakage of working substance can be tolerated. In
addition these plants will not have available as cooling water makeup the
large quantities of high quality condensate produced by geothermal steam
plants, leading to use of poorer quality water and increased corrosion and

fouling potential.
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5.1 - Geothermal Steam Power Plants

Plants with steam condensate available for cooling water make-up
have an abundant supply of good quality water for this purpose. The quality
of the water circulated through the condensers will be dependent on the cycles
of concentration in the cooling tower operation, and on the amounts of dust,
fumes, insects, and other atmospheric pollutants washed from the air that
passes through the cooling towers. Table 5-1 presents a sampling of cooling
water chemistries from four geothermal steam power plants. These analyses are
probably typical of the ranges of cooling water chemistry which are likely to

be encountered at such plants,

At Cerro Prieto there was extensive corrosion on the water—-side of
the original aluminum 0il cooler tubes of Units 1 and 2 and after fifteen days
operation, a large percentage were perforated and all showed signs of pitting.
The o0il cooler tubes were replaced with Type 304, After several months, pit-
ting of some of these tubes was also observed. The primary cause appears to
be occlusion cell corrosion and corrosion by microorganisms during periods of
shut down. Current practice calls for draining and careful drying of the oil
coolers during shut down, Later units were tubed with titanium [Ellis and

Conover 1981].

Originally the tubes of the hydrogen cooler were also aluminum.
Like the o0il cooler tubes they were-severely attacked after 15 days of oper-
ation, but due to their thicker walls, none were perforated. These tubes were
replaced with titanium which showed no signs of corrosion in four years of

operation [El1lis and Conover 1981].

The surface condensers at The Geysers are tubed with Type 304 stain-—
less steel. Definitive data on the corrosion performance of these tubes are
not available. However, prior experience with stainless steels in cooling
systems at The Geysers indicates that pitting and crevice corrosion may be a

problem. Long—term (more than 550 day) corrosion tests in circulating cooling

44



TABLE 5-1. EXAMPLES OF COOLING WATER CHEMISTRY FROM GEOTHERMAL POWER PLANTS
USING STEAM CONDENSATE WITHOUT HYDROGEN SULFIDE ABATEMENT AS

COOLING WATER MAKE-UP

(ppm except pH)

The Cerro

Geysers, Prieto, Larderello, Ahuachapan,

California  Mexico Italy El Salvador
pH ~7 ~7 6.7-7.8 6.8-8.4
Total Alkalinity (as CaCOi) 482 - —— 15-205
Sulfate 229 -= 50-300 122-168
Chloride 1.0 50-60 1-75 21-52
Sulfide ~1 - - -
Ammonia 53-339 — 190-310 —
Silica 1.5 — Trace 1.7-3.6
Calcium <1 - 2-4 2.5-7.1
Magnesium {1 - 0.2-0.5 0.1-0.3
TDS at 220°F 111 - 500-800 -

—— data not available,

Source: Fllis and Conover 1981
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water at this site showed that Type 304 was subject to some pitting, at an
annualized rate of 1.1 mpy, as well as crevice corrosion. Type 316 showed no

localized corrosion.

The corrosivity of the cooling water at The Geysers is increased
because ppm concentrations of ferric ion are added to catalyze the oxidation
of sulfide in the condensate. This is the principal method of hydrogen sul-
fide abatement in Units 1-12, which have direct contact condensers. Though
the later units have surface contact condensers and Stretford Process systems
for hydrogen sulfide removal, some hydrogen sulfide remains in the condensate
and enters the cooling water stream. Therefore, some ferric ion is also added
to the cooling water of the units with surface contact condensers. With the
addition of about 30 ppm ferric ion, the pitting corrosion rate for Type 304
increased almost ten—fold, for an annualized rate of 9.3 mpy. The rate of
penetration increased with time., Again, Type 316 did not show pitting [Ellis
and Conover 1981].

The onset of pitting and crevice corrosion of stainless steels in
aerated waters is a function of the chromium and molybdenum content of the
alloy and the chloride content and temperature of the water., Increases of
chromium and molybdenum increase the threshold temperature above that at which
pitting or crevice corrosion occurs. Increasing chloride content lowers the
threshold temperature. In the range 4 to 8, pH probably has little effect on
the threshold temperature, although an acidic pH favors more numerous pits

with more rapid penetration rates,

Once pitting conditions have been obtained, initiation typically
occurs within hours. Once this has occurred, an auntocatalytic process (pit—
ting) is established and in many cases will be self-sustaining even when pro-—
cess conditions moderate. For this reason, the upper limits of temperature
and chloride to which a component will be exposed are of particular interest.

Pit penetration rates are extremely difficult to predict, since they may
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increase or decrease with time, and corrosion allowances cannot be reliably
defined. Especially for thin walled components, such as heat exchanger tubes,

a go/no—go pitting criteria may be prudent for material selection,

The threshold temperature for localized corrosion of Type 304 and
Type 316 as a function of chloride concentration was explored by Efird and
Moller [1978]. Figure 5~1 shows the results of their work. Localized corro~
sion may initiate if the upper limits of cooling water chloride and tempera-—
ture are above the diagonal lines, but are not likely to initiate if all oper-
ating conditions lie below these lines. This figure indicates the conditions
which may initiate pitting or crevice corrosion, but does not predict the

severity of attack.

Another potential concern with austenitic (AISI 300 series) stain-
less steels is chloride stress corrosion cracking (chloride~SCC). The phenom-
enon is a function of pH, chloride concentration, oxygen concentration, and
temperature., Figure 5-2 shows the threshold temperature for chloride—SCC of
Type 304L stressed near the yield point as a function of chloride concentra-
tion in air—-saturated sodium chloride brine. It indicates that the threshold
temperature for chloride—SCC of Type 304L at yield stress is greater than
140°F. However, tests at Wairakei [Ellis and Conover 1981] set the threshold
for Type 304 under plastic stress at 121°F, Type 316 with its increased
molybdenum content will have a higher chloride—SCC threshold temperature than
Type 304, while Type 317LM is resistant to chloride—~SCC in the wick test, a
relatively severe test [Ellis and Conover 1981].

If Type 304 and Type 316 are judged not to have sufficient probable
corrosion resistance, 2 variety of "super ferritic" stainless steels are com—
mercially available as alternatives. These include Allegheny-Ludlum Alloys 29-
4, 29-4-2, and 29-4C, as well as SeaCure 26-3. These alloys are highly resis~
tant to chloride~SCC. Because of their increased chromium and molybdenum (the

first two numbers in the designation reflect the percent Cr and Mo), they are
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much more resistant to localized corrosion than are Type 304 and Type 316.
They contain little or no nickel, and as of 1982 their cost was competitive

with Type 304, Titanium would provide another excellent alternative.

5.2 Geothermal Binary Plants

Geothermal binary plants, and others which do not have access to
large amounts of steam condensate for cooling water make-up, will have to use
whatever water is available for cooling water. Most such plants will be lo-
cated in arid and semiarid regions, where vigorous competition for water—use
rights is likely. Therefore these plants are likely to be forced to use poor
quality water for cooling. In some cases, such as Raft River, it was neces—

sary to use treated cooled geothermal fluid for this purpose.

The Raft River binary plant is a 5 MWe (net) dual boiling cycle geo—
thermal power plant intended to demonstrate the feasibility of the binary ‘
cycle for intermediate temperature resources, The plant was initially
intended to be a simple thermal loop with an expansion deviceyﬁimuldting a
turbine. During the design phase the plant was modified to incorporate a dual

entry turbogenerator.

The power cycle is dual boiling with isobutane as the working fluid.
Geofluid at 290°F enters a series of four shell and tube heat exchangers. In
one pair, isobutane is preheated, vaporized at 240°F and 381.6‘psia. then
routed to the high pressure inlet of the turbine. Jn the other two heat
exchangers——supplied with geofluid from the first'pair—-isbbntane‘is'pre-
heated, vaporized at 180°F and 203.0 psia, then routed to the low pressure
inlet of the turbine. ' ‘ ’

The isobutane from the turbines is condensed in a single 57,000 ft3

carbon steel tubed condenser. The cooling water system was designed to use

about 350 gpm surface water for make—up [Suciu and Miller 1980). Partway =
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through construction of the plant, after the major carbon steel components had
been delivered, it became necessary to use cooled geothermal water for cooling

tower make-up.

Since this water contains about 700-1000 ppm chloride, 65 ppm sul-
fate, 60-120 ppm calcium and 140-155 ppm SiOz, significant water treatment
problems were encountered when the cooling water was aerated and concentrated
in cooling tower operation. The initial water treatment system was designed
to use dolomitic lime (58 wt percent Ca(OH)2 and 37 wt percent Mg0) to remove
silica and a chromate-zinc system for corrosion control. In addition, a Crane~
Cochrane UNIPAC I chemical destruct unit, using sulfuric acid, sodium bisul-
fite, and lime, was to be used to remove chromium and zinc from the blowdown
water prior to its discharge. The initial make—up system was intended to
reduce the incoming silica level to 10-15 ppm to provide make-up required for
ten cycles of concentration. The system could treat 346 gpm of make—up water

and 32 gpm of blowdown water.

Jar tests on the precipitation of silica from Raft River geothermal
water showed that reduction of silica did not occur to the extent predicted.
It was concluded that the data upon which the 5 MW(e) water treatment system
had been designed counld not be extrapolated to predict precipitation of silica
from geothermal water; therefore, several other chemicals were tested to

determine their ability to precipitate silica,

In addition, coupon corrosion tests showed that though the chromate
corrosion inhibitor, at levels of about 400 ppm chromate (as Cr’¢), controlled
the "uniform" corrosion of carbon steel to about 1-2 mpy, serious pitting at
about 1-2 mils/weék did occur [Suciu and Miller 1980]. An extreme value
analysis showed that the worst pits in the condenser would be 5.4 to 7.7 mils
deep after one week [Ellis 1980]. Since the condenser tube walls were only 85
mils thick, no level of chromate could suppress pitting in the aerated 10,000

ppm chloride recirculating cooling water, and a serious problem existed.
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A water treatment development program to control the silica in the
make~up water, and to develop a chromate-free phosphate—based treatment system
to control the pitting corrosion of the carbon steel condenser tubes, was
undertaken, The final result of this effort was the treatment program sum—

marized in Table 5-2.

The condenser was cleaned and passivated in July 1980 with the solu-
tions indicated in Table 5-2. Phosphoric acid was used. Inspection after the
second of two attempts showed a generally good film with a few rust spots,

The condenser was placed in wet lay-up, filled with passivating solution, from
August into October 1980. In October the passivating solution was circulated
for one week, then drained. Inspection showed a good film with healing of the
rust spots noted in August. The condenser was dried and kept under nitrogen

blanket [Suciu and Wikoff 1981] until plant start—up in the fall of 1982.

Not long after the plant start—up, an upset lowered the cooling
water pH to 4. A rise in the iron content of the cooling water indicated that
the passivation layer had been destroyed. Two attempts were required to
repassivate the condenser. The plant then operated from mid-Januvary to mid-
June 1982. Calculations based on the iron content of the condenser inlet and
outlet streams indicated a corrosion of 2-4 mpy, assuming only uniform corro-
sion, No tube samples were obtained after the plant was shut down in June, so
the ability of the treatment program to control pitting of the carbon steel
tubes cannot be verified [Suciu 1983].

It is clear, however, that the treatment program is not an ideal
solution. The chemical requirements are large and therefore costly, and the
system is made inherently sensitive to control upsets which would force sev—

eral-week—long shutdowns for cleaning and repassivation of the condenser.
EG&G [Suciu and Wikoff 1982] also tested a number of alloys to

determine their corrosion resistance in high-saline aserated water such as that

found in evaporative cooling systems which use geofluid for makeup. Because
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TABIF 5-2. SUMMARY OF FINAL WATFR TREATMENT FOR THE
RAFT RIVER COOLING WATFR LOOP
Average
Daily
Nominal Dose Consumption
Constituent/Additive {ppm) (1bs)?® Function/Comments
Yarm Lime Softener
Magnesium chloride 455 1871 o Silica removal, treated water contains 4-5 ppm
silica
Lime 320 1330 o pH control, softener pH must be 10.2 minimum
Soda ash 230 936 o Calcium removal, treated water total hardness
= 20-30 ppm as CaCOs;
Polyelectrolyte 2 9.8 o Settling agent
Sulfuric acid (96%) 300 1231 o Post acidification to prevent plugging of
sand/anthracite filters. Effluent water pH
7.1-7.6
Cooling Water Treatment
Phosphate 40 + 5 44 o Cathodic corrosion inhibitor
Zinc sulfate 3 4.6 o Cathodic corrosion inhibitor
Betz 562-C 100 38 o Copper corrosion inhibitor
Betz 2020 150 60 o Dispersant
Betz 426 100 38 o Dispersant
Betz C-30 and 508 o Biocides shot fed 0.5 pint twice/wk
o pH range 6.8-7.4
Blowdown Treatment
Ferrous sulfate 28 78 o Phosphate removal
Lime 150 55 o pH adjustment to precipitate metals and
phosphate
Polyelectrolyte 2 0.9 o Settling agent
Precleaning and Passivation
Step 1: 5 wt% caustic, 1 wt% TSP o Degreasing

(trisodium phosphate),

surfactant

Step 2: 21 wt% phosphoric scid

o Removal of scale and corrosion products

or 7.5 wt% hydrochloric

acid, double inhibited

Step 3: 3 wt% Nalprep 331

o Form protective gamma iron oxide film

"Based on nominal make-up and blow—down rates of 346 and 32 gpm,

Source: Suciu and Wikoff 1981.
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the geofluid is concentrated 2 to 10 times in such systems, Raft River geo—
thermal water was softened with warm lime and magnesium chloride, then spiked

with varying amounts of sodium chloride for these tests.

In preliminary tests, coupons of the various metals were exposed in
aerated spinner jars for about 30 days at a constant temperature of 95°F, The
pH was maintained at 6.8 to 7.2. Chloride concentration was varied from
10,000 to 200,000 ppm. Results of these preliminary trials are reported else~-
where [Smith and Ellis 1983].

Those metals which showed good corrosion resistance in the spinnef
tests and which were considered moderately priced were tested further in pilot
cooling tower tests. The test units were designed to simulate actual oper-
ating conditions., The cooling water circulation rate was maintained at 5§ fps
on the shell side of a shell-and—tube heat exchanger; geothermal water cooled
to 140°F flowed on the tube side. Flow was controlled so that the heat
exchanger effluent was maintained at 95°F, The chemistry of the circulating

water is given in Table 5-3. The results are given in Table 5-4.

The materials and their uses as recommended by Suciu and Wikoff
[1982] at the conclusion of these tests are given below (the corrosion allow-

ance used in the tube life estimate was not reported):

° Ferritic stainless steels (such as SeaCure 26-3 and the
29Cr-4Mo alloys) used for condenser tubing have an
expected life of 47 to 70 years.

) The cupronickel alloys used as condenser tubing material
in high—salinity water have an expected life of 22 to 40
years, The use of a copper inhibitor may be required.

* Although several austenitic stainless steels and nickel-
based alloys exhibited good corrosion resistance, prelimi-
nary cost comparisons indicate that these metals are more
expensive than the ferritic materials,

e Carbon steel is adequate for shell material if those por—

tions exposed to the brine (water boxes) are organmically
coated or clad with a corrosion-resistant material.
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TABLE 5-3. TYPICAL ANALYSIS OF THE CIRCULATING WATER
IN PILOT COOLING TOWER CORROSION TESTS

Component Concentration
pH 6.8 to 7.2
Temperature (°F) 75 to 95

Chemical Species (ppm):

Chloride 35,000
Fluoride 23
Sulfate 3,500
Sodium 15,000
Calcium as Calcium Carbonate 100
Magnesium as Calcium Carbonate 20
Silicate (total) 100

Additiv_g_ga (ppm) :

Betz 2020 75
Betz 426 40

Bets 562-C 50

8Betz 2020 and 426 are dispersants. Betz 562-C is a copper corrosion
inhibitor used to prevent dissolution of the spray nozzles and floats.

Source: Suciu and Wikoff 1982
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TABLE 5-4. RESULTS OF THE PILOT COOLING TOWER TESTS
AT RAFT RIVER, ID

Test
Duration Corrosion Rate
Alloy (months) {mpy) Comment s

Seacure 26-3 10 0.17 No pitting or crevice
corrosion., No evident
change in surface.

70/30 Cupronickel 10 0.19 No pitting or crevice
corrosion. No evident
change in surface,

90/10 Cupronickel 4 0.30 Dealloying and pitting
(depth not quantified),

Admiralty Brass 6 0.25 Dealloying

Carbon Steel 4 4.0 Crevice and pitting
corrosion, Pits >0.25 in,
dia. and >30 mils deep.

12 Cr Stainless 6 1,76 Crevice and pitting

Steel corrosion. Pits >0.25 in,
dia., and >50 mils deep.

Allegheny 6X 4 0.60 Pitting corrosion
(scattered pits 0.25 in,
dia. and 16 mils deep).

Allegheny—Ludlum 4 0.29 No pitting or crevice

29~-4C€C corrosion, No evident
change in surface,

Monel 400 4 0.63 Pitting corrosion
scattered, pits visible
with low magnification
(no depth data)

7-Al Bronze 4 1.08 Severe general corrosion

Ferralium 255 2 0.49 No pitting or crevice

corrosion, No evident
change in surface.

Source: Suciu and Wikoff 1982
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® Carbon steel piping should be coated or else replaced with
plastic pipe.

Despite their good performance in this test, considerable caution
should be used in applying the results to cupronickels at other sites. The
Raft River geofluid contains less than 1 ppm hydrogen sulfide or ammonia. At
locations where the make-up water contains significant amounts of these
species-—or where they may enter the cooling water via absorption from the
atmosphere in the cooling towers, the performance of cupronickels may be much
worse. For example, seawater heat exchanger experience has shown that hydro-
gen sulfide concentrations of only 7 ppb can cause severe pitting of these

alloys [Ellis and Conover 1981].

Fven where surface water is used for cooling water make—up, problems
vith water treatment have occurred in geothermal operations. During geofluid/
hydrocarbon evaporator tests at East Mesa (described in Section 2) the hydro-
carbon condensers were cooled with treated surface water in a cooling tower
system. The make—up water had a TDS of 1400 ppm [Silvester and Doyle 1982],
and is presumed to have come from a nearly Imperial Irrigation District (IID)
canal., Table 5-5 is a typical analysis of that water, which originates from

the Colorado River. The number of cycles of concentration are not known.

The make-~up water was treated by the addition of 600 ppm phospho—
nates and addition of sulfuric acid to maintain pH 7. Scaling of the
condenser/subcooler was a continual problem. The condenser was designed to
operate at high condensing pressures (~245 psia), and high condensing tempera—
tures (~200°F). This was done to reduce the head requirements of the hydro-
carbon recirculation pump. Since the higher condensing pressure means a
higher condensing temperature, a smaller condenser could be built for the ori-
ginal heat load. However, this resulted in high tube wall temperatures and
concomitantly a larger temperature rise (~30°F) in the cooling water than is
common practice (~10-159F), These factors exacerbated the fouling problem
since most chemical treatments are designed for cooler water temperatures

[Silvester and Doyle 1982] and adequate control of scaling was never obtained.
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TABLE 5-5. TYPICAL IID IRRIGATION WATER CHEMISTRY

Component Concentration (ppm except pH)

pH (field) 8.2
Chlorxide 200
Sulfate 335
. Bicarbonate 140
» Carbon Dioxide (Total) 16 .4
Hydroge:} Sulfide ——
Ammonia 0.03
Silica —
 Calcium 102
__/l/hgn.esinm 22
4. TDS 1052

S_ource : Fluor 1981
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Measurements of the fouling factor (Rf) as a function of time were
made during 198 hrs of testing, During this time, three differemt hydrocar—
bons——commercial isobutane, nominal 90/10 isobutane/isopentane, and nominal
80/20 isobutane/isopentane——were circulated on the hydrocarbon side. From the

composite data, it was found that:

~5
Rf = 0.0005 + 1.03x10 t eq 5.1

where Rf fouling factor in (hr)(ft2)(°F)/Btu
t

elapsed time in hours,

The correlation coefficient was >.99 indicating extremely good fit of the
above equation to the data. This indicates that with the water treatment
used, a design fouling factor of 0.002(hr)(ft2)(°F)/ Btu would be reached in
only about 145 hours. After one year the fouling factor would be about
0.091(hr) (£ft?) (°F)/Btu.
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