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AbSTRACT 

(Distribution Limitation Statement B) 

Research has been conducted to determine the variables involved in the use of 
the sodium silicate treatment technique and in the design of a system which 
utilizes or controls these variables for the efficient control of corrosion of 
steel, galvanized steel, and copper piping exposed to hot, potable water. Test 
loops were designed and ccnstructed at nine selected sites to investigate the 
influence that temperature, flow velocity, water chemistry, and silicate formu
lation and dosage have on the effectiveness of sodium silicate as a corrosion 
inhibitor for steel, ganvanized steel, and copper piping exposed to heat (140°F 
and 180°F) in aggressive, potable water of four different composi.tions. Recom
mendations are :nade to conduct further research to determine (1) s-.ilicate 
treatment variables involved in treating low alkalinity and low hardness water; 
(2) the practicality of ernploying silicate treatment of hard water; (3) the 
effe~tiveness of zinc salts as a supplement to silicate; and (4) the corrosion 
resistance of ASTM A-268 Grade 409 stainless steel. 
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SECTION I 

INTRODUCTION 

The purpose of this investigation has been to determine 
the factors involved and to design treatment methods for obtaining 
greater effectiveness of silicate in treating hot potable waters 
of varied composition. Corrosion has been a problem in large 
central hot domestic water systems ever since their inception. 
Although properly applied silicate treatment has provided an 
acceptable solution, a complete understanding of the technology 
involved and the full effectiveness of this method of treatment 

:v1ve not been attained. Experience in the State of Illinois 
institutions (Ref. 1) had disclosed that sodium silicate 
(8 ppm added silica) treatment applied to water of blended 
hardness content of 60-90 ppm and the pH adjustment to 8.2, were 
effective in controlling the corrosion of galvanized ~teel and 
copper in corrosive waters. This study has been designed largely 
to verify this conclusion and to further investigate variables 
associated with the corrosion process involved. 

Research conducted in closed circulatory systems has not 
yielded the Bame corrosive conditions oxperienced in e.ctual hot 
water systems in which appreciable make-up water is added 
continuously to the system. Accordingly, this fact and the cost 
of the wastage of larg~ volumes of hot water were recognized as 
important in the designlng of the experimental apparatus. The 
test sites and test equipment were the1•efore generally designed 
into actual institutional hot water systems, in which the water 
and heat losses were considered a part of the cost of the opera
tion of the system and did not need to be considered. It was. 
planned to conduct tests at three Illinois state instituttons and 
at Chanute Air Force Base, Illinois. 

In addition, a research unit in which chemicals would be 
applied that might deleteriously affect a large institutional 
hot water system was necessary. This smaller un:1.t was designed 
so that results would be comparable to the large inst~tutional 
systems and the water wastage and heat lossas would be r~asonable. 
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Comparison of the results obtained with this unit and an institu
tional type test unit in the same water supply was provided at the 
Chanute Air Force Base and indicated that equivalent results could 
be obtained with both units. 

Past research indicated that the protective deposits in 
Eastern waters of low hardness and alkalinity content (10-50 ppm) 
are composed mainly of silica (Ref. 2); whereas protective 
deposits in the Midwestern waters of high hardness (approximate 
10-170 ppm) and of high alkalinity (200-400 ppm) (Ref. 3) ar•e 
composed mainly or zinc carbonate and zinc oxide. 

The influence of velocity in the normal range of 0.5-6 ft/sec 
had not been studied; also, the effect of various water q~ality 
factors (such as hardness, alkalinity, chloride, f:.ulfate, dissolved 
oxygen, pH, calcium carbonate saturation index, silica, copper, 
etc.) on the corrosion of steel, galvanized steel, and copper 
piping required further study. Primarily the concern had been 
with corrosion at 140°F (the normal temperature of dorr:estic hot 
water); however, the corrosion of 180°F water, as employed for 
dishwashing and laundry use, also required study since there was 
little information on the proper materials or practices for 
controlling corrosion at this temperature. 

The necessity of studying the available methods of determining 
the corrosivity of water at these temperatures and deciding on the 
best method was recogn+zed. In aqdition, the role of crevice and 
galvanic corrosion in this corrosion process was recognized to be 
of importance, and development of appropriate test methods was 
required. 

Past research has shown that lengthy tests of 6-24 months 
were necessary to differentiate between methods of treatment. 
This meant that few tests could !)e conducted on the planned 
systems during the 1-year test period allotted. Accordingly, 
it was decided that screening type tests should be co~ducted t8 
determine the most significant tests to run to obtain indicative 
results within the year period. 
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The design of a chemical feeding system, based on ~~perience 
in the Illinois State Institutions, was also to be provided for a 
typical Air Force installation. This is presented as Appendix VI. 

The text of this report includes a brief description of the 
test design and testing methods, a discussion of the results and 
recommendations for further research. Details of the test unit 
assembly and the testing methods used are given in Appendixes 
I-V; tables of data and illustrations are grouped at the end of 
the appendix sections. 
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SECTION II 

DESIGN OF TESTS AND METHODS OF TESTING 

Corrosion test assemblies, as shown in Figures 1 and 2, were 
located at the following test sites. 

Test site Location TemEerature (OF) 

Al' A2 Chanute Wate1"' Plant (research unit) 140, 180 

Bl' B2 Chanute Base Exchange (P22) 140, 180 

Lincoln State School Annex 

Cl Delivery to system l.40 

c2 Return from system 140 

Dl' D2 Dwight State Reformatory 140, 180 

E Pontiac Penitentiary 140 

These test sites wer~ chosen because of the different water 
qualities available at these locations and because of their prox
imity to the State Water Survey laboratory at Urbana. Specific
ally, Chanute was chosen because it was an Air Force facility 
having a hard, blended, and soft water supply for testing. The 
Lincoln supply was chosen because cf its rather high carbon 
dioxide and its reported corrosiveness to copper and galvanized 
steel. The Dwight supply was chosen because of its high chloride 
and sulfate content and its known high degree of corrosiveness 
to metals. The Pontiac supply was chosen because of its known 
corrosiveness and because of its being a surface water supply 
containing high dissolved oxygen. 

The research unit, shown in Figure 2, was located at the 
Chanute A1r Force Base Water Plant where untreated we:.2 water, 
blended water, and completely softened water were ava~lable for 
testing. This unlt was designed, as descf'lbed in Appendix I, 
to provide flow rates, water usage, and metal contact similar to 

' those in large institutional hot water systems. 

t_ 

The test units were designed to include circulatory pumps 
in order that the effect Jf constant low to high velocities 
(0.5-6,0 ft/sec) could be studled. 
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Since weight loss procedures have received the most accep
tance in corrosion rate measurement and since the laboratory had 
had the most experience with the weight loss method described in 
ASTM 02688 Method C (Ref. 4), it was decided that this method 
should be the basic method for the determination of the corrosion 
rates, as discussed in Appendix II. Need for a continuous 
instantaneous measurement, such as the linear polarization method 
described in ASTM D2776 Method B (Ref. 5), was also recognized. 
Accordingly a portable tester (Ref. 6) was constructed. This 
method was later shown to lack correlation with actual corrosion 
occurring in the piping. This is because of the distinct differ
ence in velocity and environment at the probe in the middle of the 
piping and at the scaled pipe wall. The portable tester did serve 
a useful function in indicating when the corrosion rate had 
decreased to a steady constant rate, at which time the tared 
specimens could be removed to obtain the most pertinent infor
mation on the corrosion rate. 

Since galvanized pipe had been reported to be nonuniform 
in galvanizing, the piping used for corrosion testing was tested 
for zinc content and uniformity of coating (Appendix III) .. Also 
a 24-inch length of galvanized piping was included in each run 
so that results could be compared with the results obtained with 
the shorter pipe inserts and probes required in the above test 
methu~~. 

To evaluate galvanic corrosion between copper and steel, 
test probes of these metals were installed and current measure
ments were made to determine the galvanic corrosion r~te. In 
addition, alternate 1-inch length copper and galvanized steel 
inserts were installed in place of the 4-inch inserts used in 
the ASTM 02688 method. These shorter inserts were connected 
electrically to provide good contact between the specimens and to 
ensure a more accurate galvanic corrosion rate. 

Crevice corrosion of the galvanized steel inserts was 
evaluated by exposing unpainted steel areas, as described in 
Appendix IV. 

5 
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To determine the optimum pH and the pro~er preparation of 
silicate solutions for application in water treatment, screening 
tests were conducted in the laboratory corrosion testing equip
ment (Refs. 6,7,8). These tests, described in Appendix V, revealed 
that equal results were obtained with any one of four solutions: 
namely, 0.5 or 5.0% solutions of liquid sodium silicate (41° Baume, 
28.8% s102, 9.2% Na2o, alkali-silica ratio 1:3.22); preparation 
by neutralizing the alkalinity with acid and ageing; or preparation 
by neutralizing the solution by ion exchange. These results seem 
to be verified by a recent article (Ref. 9) which has disclosed 
that activated, partially neutralized, or excessively prediluted 
sodium silicate solutions were not as effective as fresh and 
concentrated preparations in stabilizing iron solutions or in 
providing desired characteristics of surface absorpticn. Surface 
absorption characteristics (Ref. 10) are considered important in 
the inhibition of corrosion of potable waters by silicates. 
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SECTION III 

DISCUSSION OP RESULTS 

Because or the limited testing time, it aas been difficult 
to develop definite conclusions on the effectiveness of silicate 

in the different water supplies. Corrosion rates in distribution 

water piping systems are highly variable in early stages and 

decrease slowl.1., to a steady rate. The normal piping mater~.als 

emrloyed ~ust be relatively corrosion resistant because of the 

high cost of installation and replacement. 

In the Illinois State Institutions, piping specimens are 
normally exposed for at least a 24-month period in order to attain 

sufficient weight losses for significant corrosion results. 
Various techniques have been employed to speed up the results, 
namely: 

(1) Employing relatively high rate corrosive waters. 

(2) Employing polarization methods of corrosion measurement 
in order to observe when the corrosion rate had reached 
a steady 3tate. 

(3) Employing steel (the base metal or galvanized steel and 
a relatively noncorrosion-resistant metal) t0 determine 
corrosion results upon perforation of the ga:vanizing. 

(4) Employing screening corrosion tests in order to learn 
the most pertinent tests to conduct. 

After the study was completed, it was recognized that all 
water supplies studied were high in alkalinity (200-400 ppm) and 

that it would have been preferable to have included waters of 
lower alkalinity (50-200 ppm). This is planned in Pha~e II of the 
project which is now under consideration for final approval. 

In using the computer in analyzing the test resul~s when 

corrosion inhibitors were not applied, correlation values of 

0.6-0.95 were obtained for the following water quality and 
mechanical factors when related to corrosion (weight loss) test 

methods. 
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Water Quall tl Vai•iables 
EPM Chloride+ Sulfate 

Dissolved Oxygen 

Hardness (as CaCO.) 
.J 

Hydrogen Ion 

Instantaneous Calcium Carbonate 
Index (Ref. J.l) 

Velocity 

Metals 
Galvanized Steel, Steel, and 

Copper 

Steel 

Galvanized Stee:, Steel, 
Copper 

Galvanized Stee:, Steel, 
Copper 

Galvanized Stee:, Steel 

Copper 

and 

and 

These results were not unexpected since it has been known for some 

time that these variables are important in determining the 
corrosion rate of the metals studied. 

Further determination of correlation values was :.ess indica

tive when water treatment variables were included in the program. 

Analyzing the date. in groups composed of waters of si!':lilar 

analysis, velocity, and temperature revealed more information; 

however, the information desired on actual causative factors was 

often obscured by conflict!ng data. Accordingly, careful 

tabulation of the different corrosion rates obtained by weight loss 

(as total scale and corrosion products, and tight scale, 

specifically) has been provided along with the result~ of the water 

analyses, the results of inspection of the corrosion ~pecimens, 

and observations during the tests. 

It appears that the corrosion inhib:.i.tion of galv'.1.nized steel 

in silicate treated water is largely dependent on the amount and 

uniformity of the zinc and calcium carbonate scale formed on the 

metal :rnrrace. Undoubtedly galvanic corrosion 1s inV()lved between 

the zinc and the iron, as well as the intermediate zinc-1rcn alloy 

layer, since 1n1 t 1al corrosion may indicate numerous ~:mall black 
pits, ~hlch apparently do not penetrate to the steel a whereas later 

the entire surface may ac~uire a gray-black and generally ::;mooth 

appearance. S111cate-caustlc ~oda treatment ls most ~rrectlve when 

partially softened water (abo~t 50-120 ppm hardnesj) ·s e~ployed. 

The formatlcn of zinc car~on~te, zinc pyrosiltcate, ~~d cn!~!um 

c1rbnnate 0n the surface apparently provides ~he necc~sary 
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protective layer to inhibit dissolution of the zinc by carbon 

dioxide at the lower pH of the untreated water. 

Careful examination of the data reveals that liquid silicate 
is the most effective inhibitor of galvanized steel in high 

alkalinity aggressive wate~s, while less aggressive waters (perhaps 
total chloride and sulfate content below 100 ppm) might be 

adequately treated with caustic soda by raising the pH to about 8.2. 

Perhaps the role of silicate is in inittally chelating the zinc 

(iron in Eastern waters) so that a more immediate and continuous 

protective film is formed in ~itu instead of the immediate 

precipitation in the water or the development of a loosely adherent 

scale. 

Reflecting on the three reetals involved in this study of 

inhibltion by silicate, it is realized that the mechanisms of 

inhibition may be entirely different for each. Whereas galvanized 

steel may depend largely on the formation of a protective layer of 

basic zinc carbonate for ir,hibition, it is likely the :!orrosion of 
steel would be most effectively inhibited by the formation of a 

tightly adhering oxide film. Copp&r which is subject to erosion
corrosion above 3 ft/sec (or lower, at 180°F) may pos0ibly be 

inhibited at reasonable velocities by high silicate treatment or 

by the formation of a complete film of calcium carbonate. 

Pertinent data obtained at the different sites are revealed 

in Tables 1-5. Becau5e of the prescribed short test periods and 

the required long periods for development of steady-state corrosion 

rates, some of the observed results at firs~ appeared anomalous and 

could not be verified from corrosion theory and practi:!e. However, 

with recognition of the importance of bulk scale and corrosion 

~roducts in inhibiting corrosion of galvanized steel, the importance 
of determining corrosion rates without complete corrosion product 

removal and using these values along with total scale and corrosion 

products in interpretation was recognized. Along with this informa

tion, corroboration has been obtained from test obser~ations, the 

results of inspection of corrosion specimens, and the results of 

water analyses for corrosion products. 
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In studying the specific data at the different sites as 

revealed in Tables 1-5, the following observati~ns and conclusions 
were made. 

(1) Galvanized Steel 

With soft water (0-20 ppm hardness) plus added chloride and 
sulfate at sites A1 ., B1 (140°F), silicate-caustic soda treatment 

(as shown in Table 1) provided a lower corrosion rate (AB) and a 
higher amount of scale and corrosion products (D) than the 

0 untreated water te~t. At 180 F, the corrosion rate was somewhat 
similar to that at 140°F even though a greater amount of scale was 

formed. At sites c1 , c2 , definite advantage was shown in treating 

soft water (10-19 ppm hardness) with 6 ppm silicate plus caustic 
soda to pH 8. i. 

With blended hard water (63-77 ppm hardness) at sites D1 
(140°F) and D2 (180°F), the corrosion rate results did not verify 

the known advantages of silicate treatment. However, the observed 

r~duced plugging of flow meters with iron corrosion pr·:>ducts, the 
lower jron_ in the water analyses shown in Table 1, and the known 

reduced maintenance experienced at this institution by this treat
ment cf highly mineralized water provide evidence that silicate is 

effective. Greater amounts of scale and corrosion prcducts for 
the development of a protective film were recorded for the treated 

water. Therefore, it is expected that a longer test period would 
be required to show the treatment advantages., particul1rly since 

the test location was far removed from the point of treatment 
application. Also, the low corrosion rate shown for ~he untreated 

water test for the first 30 day~ of exposure confirms the fact that 
residual inhibition was being provided from past treatment with 

silicate, resulting in an untreated water test (run I) which was 
lower than should have been expected. At site E, advantage was 
shown with 5 ppm silica compared with 10 ppm at equivalent pH. 

With hard water (117-179 ppm hardness) plus added chloride and 
sulfate at sites .A.1 , B1 (140°F) and at A2, B2 (180°F), silicate 

treated water provided a lower corrosion rate than caustic soda 
treated water and formed a greater amount of apparently protective 

scale. The hard water plus chloride and sulfate at sites B1 , B2 
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treated with polyphosphate and silicate provided a low corrosion 
rate; hcw~ver, it is not considered practical to operate with this 
condition of excessive scale formation. 

In reviewing the results of these limited tests, it appears 
that waters of lower chloride and sulfate content, as c1 , c2 , E, 

were effectively treated with lower silica and caustic soda to pH 
8.0; whereas, the waters of higher chloride and sulfate required 
higher silica at an equivalent pH. 

(2) Steel -----· 
As expected, steel was shown to be seriously corroded by 

all waters studied at 140° and 180°F. It cannot be considered. 
as a suitable material for the waters studied because of its 
lack of corrosion resistance and the resulting "red w2ter" 
problems. 

Ne serious attempt has been made to correlate steel corrosion 

rates with caustic soda-silicate treatment since the fegree of 
corrosion inhibition provided by th!s treatment was insufficient 
to make the use of this material practical in the waters studied. 

(3) Copper 
In analyzing these results, it was apparent that two different 

types of corrosion were being encountered, erosion-corrosion at the 

high flows and dissolution of copper by the natural corrosive 
factors (carbon dioxide at low pH, high chloride-sulf~te, and the 

lack of a film of calcium carbonate scale) at the lower flows. 

In general, the erosion-corrosion at the high flow rates 
(3.0-5.6 ft/sec) was observed to be more serious at 180°F than 
at 140°F. Tests in which significant scale developme~t occurred, 
as hydroxyapatite at B1 , B

2 
runs I, and as calcium carbonate at 

D1 , o
2 

runs II and III, were most effective in reducing erosion
corrosion. At B1 , B2, runs II and III, considerable evidence of 
erosion-corrosion was observed because of the lack of formation of 
a protective scale of calcium carbonate. The practice of applying 
polyphosphate at the Chanute Water Plant caused tho natural scale 
forming tendency of this blended water to be inhibited. At c1 , c2 
run III, chestnut tannin, caustic soda, and silicate ~reatment 
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provided a thin continuous protective deposit whir.h reduced 

erosion-corrosion significantly. At site E, the caustic soda
silicate was found to be ineffective, likely because the treated 

water tests were conducted (Ref. 12) at somewhat higher temper
atures and flows and also because of the lack of an adequate 

calcium carbonate scale layer. 

At the low flow rates (0,5 ft/sec), similar observations were 

made, that is, tests providing significant scale development 

produced lower corrosion rates. This was a.gain illustratrj in the 

case of B1, B2 run III compared with run II, in which a pH increase 

provided by caustic soda treatment reduced the corros~on rate and 
would likely have been even more effective if the polyphosphate 

t~eatment employed at the institution had not inhibited the forma
tion of the desired calcium carbonate scale. At site E, 10 ppm 

silicate seemed to be more effective than 5 ppm silicate at a.n 

equivalent pH; however, the higher temperature and flow rate may 
have influenced this observation. Treated water having a higher 

calcium carbonate saturation index would likely have been more 
effective in reducing the corrosion rates at either the low or 

high flow rates. 

(4) Crevice Corrosion Specimens 
There was generally less crevice corrosion observed at 180°F 

than at 14o°F. 

With exception of the B1 , B2_ run I tests in whic~ excessive 

scaling occurred, no advantage in caustic soda-silicate treatment 
was indicated at temperatures of 140° and 180°F at A1 , A2 , B1 , and 
B2 sites. Also, at D1 , D2 , no treatment advantage was shown at 

140° and 180°F. 

At c1 , c2 , 10 ppm silicate treatment at pH 8.o in treatment of 

this blended hardness water provided a decrease 1n crevice 

corrosion. At E, 5 ppm silicate treatment at pH 8.2 in treatment 
of this blended hardness water also provided a decrease in crevice 

corrosion. 

This diff~rence in effectiveness of silicate-caustic soda 
treatment on crevice col'rosion may be explained by the high 
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chloride and sulfate contents of the waters generally employed 
e.t A1 ,A2 ,B1 ,B2 ,D1 ,D2 • Chloride and sulfate content it; knowr. to 
increase crevice corrosion, so a higher concentration or the use 
of more effective inhibitors would be requ,.rad for its control. 

(5) Galvanic Corrosion Specimens 

There was somewhat less galvanic corrosion observed at 180°F 
than at 14o°F. 

Reduced galvanic corrosi~n resulted from caustic soda treat
ment at B1 , B2, from 10 ppm silica plus caustic soda treatment 
(to pH 8. O) of blended hardness water at c1 , c2 and at D1 (14o°F), 
and from 5 ppm silica plus caustic soda treatment (to pH 8.2) of 
blended hardness water at site E. 

Caustic soda-silicate treatment was not effective at o2 
(180°F), where possibly the high temperature and high salt content 
may be too severe for the concentration of inhibitor employed or 
the effectiveness of the treatment applied. Also at this tempera
ture, the reversal of the zinc-iron potential may occur and affect 
the galvanic corrosion process. Increased conductivity as 
evidenced in the D1 , D2 supply is known to increase galvanic 

corrosion. 

Mi i 1 1 i i b d t B I ( .. L''0°F) n ma ga van c corros on was o serve a 1 run ~ 

in which high hardness and phosphate treatment caused excessive 
scaling. At 180°F, however, galvanic corrosion was in evidence. 
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SECTION IV 

CONCLUSION AND RECOMMENDATIONS 

1. Conclusions (for waters of 200-400 ppm alkalini~y) 
a.. For 140°F temperature systems, 4-6 ppm silica wlth pH 

adjusted to about 8. O is effective in reducing corros:l.on of water 
of approximately 10-170 ppm hardness and chloride plus sulfate 
content below 150 ppm. Higher silica (6-10 ppm) is required when 
th~ chloricle plus sulfate content is above this level. 

b. Although a longer tedt pex•iod would have been i.lesirable in 
determining the (general, pitting, concentrated (!ell, and galvanic) 
corrosion rate at 180°F, adequate inhibition is provided at the 
treatment level of 10-20 ppm silica. Because of the tendency for 
serious erosion-corrosion of c0pper to occur at this temperature, 
galvanized steel may be preferred however adequate silicate. 
treatment must be appli~d. 

c. The corrosion of steel is not effectively inh:.bi ted by 
silicate at dosage levels up to 25 ppm. 

d. The erosion-corrosion of copper is observed at- flow rates 
of 3 ft/sec or above, particularly at 180°F. A thick scale layer 
of calcium carbonate or a continuous protective film produced by 
caust1c soda-silicate-tannin treatment appears to be affective in 
reducing this corrosion. At lower flow rates, a significant scale 
layer is also most effective in reducing corrosion apparently 
caused by carbon dioxide and the chloride and sulfate content of 
untreated water. 

2. Recommendations 
a. That steel not be used in hot potable water systems with 

silicate dosage of 25 ppm or below. 

b. That further research be conducted to include the 

following: 
(1) Determination of the silicate treatment variables 

involved in treating low alkalinity (10-50 ppm) and ~ow hardness 
(10-50 ppm) waters (as on the East Coa~t). 
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(2) Determination of the practicality of em~loying 
silicate treatment of hard waters (250 ppm up) with pH adjustment 
to the 6.5-7.5 range. 

(3) Determination of the effectiveness of zinc salts 
(Ref. 13) as a supplement to silicate. 

(4) Determination or the corrosion resistance of 
ASTM A-268 Grade 409 stainless steel. 
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APPENDIX I 

DESIGN OF CORROSION TE~T ASSEMBLIES 

The corrosion test units were designed to provide three 
different flow rates of 0.5, 2.0, and 5 ft/sec in the institutional 

r.ystems at sltes B1 ,B2,c1 ,~ 2,o1 ,D2, and E. The velocities were 
controlled by installation of a circulating pump and adjustment of 
valves in the individual circuits. 

These test unit~, shown in Figure 1, are labeled to show the 
location of the ASTM testers containing steel., galvanizGd steel, 
and copper inserts, as well as galvanie and crevice type test 
inserts. The steel, galvanized steel, and galvanic probes for 

determining the corrosion rate hy linear polarization and the 
24-inch pipe specimen are also uhown. 

In designing the research unit, the central domestic hot 

water systems in the Illinois State Instituttons were studied so 
that this smaller test assembly would provide approximately the 
same corrosive conditions experienced in the state sys.terns. 
Information from these systems and for the research unit is 
summarized as follows. 

Institutions 
(X) (Y) (Z) 

Research unit 
desig~ 

System volume (gal.) 26,000 13,000 1,500 

Surface area 
of metal exposed 
(rt2) 18,000 

Ratio of surface 
area to capacity 
(ft2/gal.) 0.7 

Time required 
for system volume 
to circulate 
(avg. hrs.) 2.9 

Time required 
for replacement 
with fresh make-up 
(hrs. ) 4 • 3 

Number of times 
system volume is 
replaced daily 5,5 

-

9,000 

0.7 

2.1 

1.2 

3.3 

16 

60 

0.04 

No 
Ci:i:-cula
tion 

8.3 

2.9 

200 

40 

0.2 

3.5 

8.9 

2.7 

' 



These factors were considered of particular importanc~ in the 
I 

design of the research unit because fresh water entering the 
system contains dissolved oxygen and carbon dioxide, important 
ohemical constituents that are usually instrumental in determining 
and sustaining the corrosi~n reaction or fresh waters on metals. 

The research unit (Figure 2) was designed to limit water 
wastage because of the cost of water and heat. Flow rates of 
1.3, 4.8 and 5.9 ft/sec were obtained by employing 3/8-, 1/2-, 
and 1-inch piping specimens. Galvanized storage tanks were 
included to provide the desired ratio of surface area to capacity. 
In addition, softening, water treating and heating equipment, and 
means for controlled wastage were provided. 
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APPENDIX II 

CORROSION TEST METHODS 

Figures 3-56 show the corrosion rate results obtained by 

the polarization resistance method with steel and galvanized 

steel probes, by the galvanic method with steel and cvpper probes, 

and by weight loss methods in all the corrosion tests conducted at 

sites A-E. In examining these figures, it should be pointed out 
that soft water refers to water hardness below 20 ppm, blended 

water refers to w~ter which has been blended with hard water to 
provide hardness of 55-120 ppm, hard water refers to waters of 

140-285 ppm, and added chloride and sulfate refers to the addition 
of approximately 100 ppm of c~loride and sulfate. 

The polarization resistance or linear polarization method 
is described in ASTM D2776 and by the National Association of 
Corrosion Engineers committee T-3D-l (Ref. 14). Three similar 
steel or galvanized steel electrodes are employed, and the corrosion 

rate is measured by applying a change in potential (10 mv) between 

the test and auxiliary test electrodes and measuring the corrosion 
current between these electrodes while the third freely corroding 

electrode is employed as the reference electrode. The current flow 
is then reversed and again measured, and the average of the two 

corrosion currents is the measured corrosion rate in the system. 

The galvanic method consists of two electrodes, one ste~l 

and one copper, and includes a 200-ohm resistor in th~ circuit. 

The current flow between these t~o electrodes is cons~dered only 
as a measure of the relative corrosion rate. 

The weight loss method 11> fully described in ASTM D2688 
method C. Corrosion rates for steel obtained by this method are 

included in Figures 3-29, those for copper in Figures 9-29, and 
those for galvanized steel in Figures 30-56. To obta:n the 
corrosion rate of copper in MPY, multiply MDD result$ by 0.161. 

In this weight loss procedure, four weighings ar~ made in 

the test and cleaning procedure; namely, the original weight, 
the dry weight after removal from the environment, th~ weight 
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after removal of loose scale, and the weight after removal of all 
scale and corrosion products. Certain metals, such as galvanized 
steel, hold tenaciously to the corrosion products (zinc carbonate), 
which should possibly not be considered a corrosion loss 
&ince this corrosion product may be mainly effective in stifling 

the corrosion process. Accordingly this value (D) obtained from 
weight including tight scale minus the original weight is 
considered a more accurate evaluation of the corrosion rate of 
galvanized steel than the conventional way of removing all 

corrosion products. Another value (AB) obtained from dry weight 
on removal minus final weight after cleaning is considered 
significant because it measures the total scale and corrosion 

products covering the metal surface. These values alor.g with 
corrosion rate (E), obtained from the original weight minus the 
final weight, have important functions in the dlagnosis of this 
corrosion problem. 

Originally it was thought that the results obtained by the 
linear po:a""ization 111ethod would be the main ones employed in 
reaching the final conclusion; however, wher. the results from the 
whole project were completed., it was seen that the weight loss 
results were more indicative. Inhibition of corrosion is 
frequently attained by voluminous scale and corrosion products, 
often soft and thick. 1"he probes of the linear polarization method 
protrude into the middle of the pipe where such deposits are easily 
removed from the probes by erosion. This difference may be 
illustrated by comparing the corrosion rates obtained at the 
different flow rates by the weight loss and the polarizatior, 
methods. Reference to Figure 43, illustrating run II at site c1 , 
will show that at 90 days weight loss results of galvanized steel 
increase by 4001 from low to high flow, while polarization results 
increase by only 70%. Variations in flow at the pipe wall are more 
important in determining the corrosion rate since it is here that 

the corrosion process is occurring. '!'he flow at the pipe wall is 
known to be virtually stagnant compared with the flow at the probe 

and accordingly the difference in corrosion rate measurement 
obtained by the two test methods should not be unexpected. 
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APPENDIX III 

TESTS ON GALVANIZED PIPING 

The analysis and the determination of the uniformity of the 

zinc coating of 12- to 20-foot lengths of 1-inch schedule 40 
galvanized piping (ASTM Al20) were conducted to determine their 

suitability for use as corrosion specimens. In the first test 
(specimens 1E-9E), 4-inch lengths were taken from the ends (E) and 

the middl& (M) of 3- to 20-foot lengths; in the second test 
(specimens 12-52), 4-inch lengths were taken from the middle of the 

remaining nine pipes. 

Zinc Zinc 

s:eecimen No. oz/ft2 m:Us seecimen No. oz/f't2 mils 

lE 2.15 3.G 12 1.99 3.4 
2M 2.07 3,5 17 2.01 3,5 

3E 2.16 3.6 22 2.63 4.4 
4E 2.14 3.6 27 2.52 4.3 

5M 2.10 3,6 32 2.15 3.6 
6E 1.40 2.4 37 2.22 3.5 
7E 2.08 3,5 42 2.16 4.7 
8M 2.42 4.1 47 2.02 3.4 

9E 2.00 3.4 52 2 .46 4.2 

The test method described in the ASTM (A90) method incicated that 
one J.0-foot length represented by specimen 6E should ~e removed 

from the lot as being nonrepresentative. The res~ of the piping 
met the ASTM Al20 specifications, which call for a minimum of 
2 ounces of zinc per squere foot 1 and was therefcre used for 

preparing inserts for the ASTM D2688 method of test and for the 

24-inch length specimens. 
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APPENDIX IV 

CREVICE AND GALVANIC CORROSION TESTING 

In initial crevice corrosion tests (runs I and II), the ends 

of the short 1- and 2-inch galvanized i~serts in the ASTM testers 

were left unpainted to assimilate threads. The degree of crevice 

corrosion observed wa~ minimal in these tests; therefore it was 
concluded that this method of testing apparently did not provide 
the measure of crevice corrosion desired. 

In run III, 1/2-inch length steel ins~rts were installed 

between the 1- and 2-inch length galvanized st~el spec.imens. 

By providing this large crevice area, it seems that a :nore 

realistic value of crevice corrosion or a better evaluation of the 
galvanic corrosion occurring between galvanized steel and steel is 

provided. Since the zinc ( or galvanizing) is largely '.".'ernoved in 
the pipe threading operation, essentially a combinatio~ of a 

galvanic cell and crevice is provided in the threads. When this 

larger steel area is employed, the zinc area is probably near the 

minimum required for providing cathodic protection for steel, and 
thus a better test of galvanic or crevice corrosion is attained. 

Therefore it is planned to continue this procedure in future rans. 

Crevice corrosion rates obtained by weight loss are included 

in Table 3 and in Figures 30-56. These tests were conducted at 
the following velocities. 

Site 

Al,A2 
Bl,B2,Cl,C2,Dl,D2 

E 

Velocity (ft/sec) 

1.3 
2.0 

0.5 

For galvanic corrosion testing, four short inserts of 1-inch 

length~ of copper and galvanized steel installed alternately have 
been employed in the ASTM tester. This assemblJ• of 4-tnch overall 

length fits into the allotted 4-inch space in the plastic sleeve 
of the ASTM tester. The ends of these short inserts ~ere not 

painted in order to allow electrical contact in runs l; however, 
to assure electrical contact, two of the four inserts were 
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connected with copper- strips in runs II and III, In general, this 

change did not affect the corrosion rates appreciably, 

Galvanic corrosion rates obtained by weight loss are included 

in Table 3 and in Figures 36-56, 
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APPENDIX V 

SCREENING CORROSION TESTS 

A standard type (Refs. 4,6,8) of corrosion testing apparatus 

for total-immersion tests, which includes continuous aeration, 

velocity and pH control was employed in which steel specimens 
were exposed to a synthetic water of the following composition 

(similar to Dwight water, D1 , o2): 

Test I 

~ 
Calcium (Ca) 16 
Magnesium (Mg) 9 

2.E!!!. 
Alkalinity (CaC03) 275 
Chloride (Cl) 360 
Sulfate (so4) 240 

E.!! 
8.2 

The purpose of this test was to dete~mine whether the 

concentration, pH, and method of preparation of silicate solutions 
would affect the corrosion inhibition of steel by sili~ate. 

The solutions tested were: 

Jar 1. 

Jar 2. 

Jar 3. 

Jar 4. 

Jar 5, 

12 ppm sili~a (Si02 ) added as 5% solution 
of N brand sodiurr, silicate. 

12 ppm silica (S10 2 ) added as O. 5% s•.)lution 
of N brand sodium silicate. 

12 ppm silica (S10) added as 5% solution 
of N brand sodiu~ silicate, neutralized 
with sulfuric acid, aged 2 hours, added 
as 0.5% solution. 

12 ppm silica (S10) added as 5% solution 
of N brand sodiu~ silicate, neutralized 
with sulfuric acid, aged 2 hours, added 
as 2.5% solution. 

12 ppm silica (S10) added as 5% solution 
of N brand sodiu~ silicate, passed through 
a hydrogen exchanger, aged 2 hours, added 
as 5% solution. 

Jar 6. No treatment 

Silica con~entration was kept within 10% of specified 12 ppm 

level. Supplemental treatment was required approximately every 
10 days. The tests were conducted for 25 days and no app.;.'eciable 
diff~rcnce in corrosion rate (range of 63-77 MDD by weight loss) 

was observed between the five di.fferently prepared si~icate 
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soluti.ons. Linear polarization tests gave results approximately 

10% M.gher than weight loss results. The corrosion rate without 
treatment was 123 MDD (by weight loss), which indicated that the 

silicate treatment inhibited corrosion in all cases. 

Test II 

Test I was repeated with the treatment increased to 32 ppm 

silica in jars 1-5. This test was conducted for 24 days, but no 

appreciable difference in corrosion inhibition was observed between 

the silicate solutions. The corrosion rate was at the same level 
as in test I. Silica concentration was kept within 1C% of 

specified 32 ppm level. Supplemental treatment was required about 
e·-1ery 10 days. 

Test III 

The purpose of this test was to determine whether zinc 
sulfamate (Ref. 7) increased the inhibition provided by silicate 
treatment. 

The results of the test were as follows: 

Jar 1. 

Jar 2. 

Jar 3. 

Jar 5, 

Jar 6. 

Steel, no treatment 

Steel, 10 ppm Si0
2 

Steel, 10 ppm ?102 , 
3 ppm zinc 
sulfamate (as Zn) 

Galv. steel, no 
treatment 

Galv. steel, 
10 ppm Si02 

Galv. steel, 10 ppm 
Si02, 3 ppm zinc 
sulfamate (as Zn) 

Corrosion rate 
Linear polarization 

oH -
7,5 

8.2 

8.2 

7,5 

8.2 

8.2 

Time 
~ 76 
80 
50 

15 

3 

20 

3 

85 
23 

16 

2 

4 

4 

(MDD) 
Weight loss 
in ·days 
112 136 

50 45 
18.8 

18.0 

7.1 

5,2 

7,4 

30 

17 

7.5 

11 

5,6 

This test indicated that the silicate inhibition of the 

corrosion of steel was increased initially by the addition of zinc 
sulfamate but on longer exposure no advantage was shown. Silica 
concentration was kept within 10% of specified 10 ppm level. Zinc 

precipitated rather rapidly requiring supplemental addition of zinc 
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sulfate every 2 to 3 days to raise the zinc content from 0.5-1,0 
ppm to the specified 3 ppm level. Supplemental addition of silica 
was required every 10 days. 

This method of testing seems to be unsatisfactory for 
evaluating the small differences in the corrosion of galvanized 
steel observed with differen~ treatments. In this procedure, the 
water is changed only every two weeks and, as a result, the 
accumulation of corrosion products may limit the corrosion rate. 
Apparently the corrosion of galvanized steel should be investigated 
under continuous flowing conditions, as in a piping distribution 
system. 
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APPENDIX VI 

TYPICAL SODIUM SILICATE WATER TREATING SYSTEM 

An institutional water supply that is corr~sive at both 

cold and hot water temperatures can best be treated as the water 

is pumped from the well system or as the water enters the institu

tion through a water meter from the city water supply. If only the 
hot water requires treatment and a central domestic hot water 

heating system is located in the power plant, proportional treat
ment can be applied there. If the institution has nunerous 

domestic hot water systems in separate buildings, it will likely 
prove best to treat the entire supply regardless of the treatment 

requirements of the cold water. 

If the hardness of the supply exceeds 150 ppm, sodium zeolite 
softeners should be installed to soften the water to the 60-90 ppm 

lev~l by completely softening the desired percentage of water and 
bleuding sufficient hard water to provide 60-90 ppm hardness in the 

effluent. In waters of appreciable chloride and sulfate content 
>150-300 ppm, application of liquid sodium silicate (41° Baume, 

28.8% Si02, 9.2% Na 2o, alkali-silica ratio 1:3.22) at 6-10. ppm 
silica (Si02 ) plus caustic soda to provide pH of about 8.2 is 

recommended. 

An institution using 500,000 gallons of water per day and 
having a well supplying 500 gpm would require treatment equipment 

as follows: 

1 Electrical connection from well pump magnetic starter to 
chemical pump magnetic starter to initiate chemical pump 
operation whenever well pump operates 

1 Chemical pump starter 
1 Chemical pump of following specifications: Constant 

adjustable volume diaphragm pump of corrosion resistant 
construction to handle chemicals specified, maximum pressure 
100 psi, specified capacity of 0-3.0 gph. It should include 
electric motor and plastic tubing for introduction of 
chemical solution from vat to discharge point in water line. 

1 Chemical tank and mixer of the following specifications: 
200 gallon tank of polyethylene construction or approved 
equivalent. An electric mixer which must be sturdily 
mounted, have a separate electrical switch, and be of proper 
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corrosion resistant properties to handle chemicals 
specified. 

If metered city water rather than institutional w~ll water is 
to be treated, then an electricontact water meter and timer will 
be necessary to provide proportional chemical feed to the water 
line. Based on a maximum flow of 500 gpm, a 6-inch me·ter with 
electricontact likely will be required; however, engineering 
interpretation may be required on the type and size of water meter 
to obtain since the accuracy of the meter under low and average 
flows must be given consideration. In addition to the equipment 
specified previously, the following will be required: 

l 6-inch electricontact water meter with electricontact every 
1000 gallons 

1 Timer, electric, adjustable, 0-15 minute, for initiating 
chemical pump operation for set number of minutes each 
time it is actuated by the water meter, for turning off 
chemical pump and re-setting i~ order that the chemical 
pump operation will be actuated the next time that water 
meter contact is made. 

In placing these systems in operation, 20 gallons of the 
liquid sodium silicate and 100 pounds caustic soda would be 
dissolved and well mixed in the water (softened, preferably) in 
the 200 gallon tank. Dosage would be based on the application of 
20 gallons of liquid sodium silicate and 50 pounds of caustic soda 
per 1,000,000 gallons of water or sufficient to apply 8 ppm silica 
(Si02) and to provide~ significant pH increase. The quantity of 
caustic soda required will depend <:m the alkalinity and pH of the 
water being treated. The chemical pump would be set at 2 gph if 
the water meter and timer were not required and would be set at 
2. 7 gph if the meter and timer were required. In thi'.3 case the 
timer would be set at l¼ minutes to allow 30% of the time interval 
between meter contacts at 500 gpm flow for re-setting. 
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28 

GALVANIC 
PROBE 

7 

_i 



l_ 

s 
0 
F 
T 
E • E • 

ClilC& VA&.WI 

NIAT 
oc-P 

PEIICPfMif 
TIID 

♦ 
aCIIIIIIIII N• 

11.0IIIOIII 
SOLEIOID 

VALVE 

COHDSION TEST 
ASSIMkV 

4z 
(IIO"F) 

L_~~ 
r--------, .. 

\_DUPLEX CHDIICAL 
PUMP 

120 .. I 
GALV. 
TM& 

I gph 

COltRDSION TEST 
ASSEJIILY 

Al 
(11io•,1 

(a) Research Corrosion Test Unit 

.. ,. "" 5"CPIII av. PIPE Sl'(CINEII 
(2"' • 1/1'') (:t•" • ,,..., 

re~-·~•=====:::1•~lc=::::::::::::::::::::1~ oonn 

(1/F' CALV.) 

/'

CGUOSI• 
Ult,._ 

. (STUL) 

C 

(b) Corrosion Test Assembly 
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Figure 5, Corrosion of Steel, Site A1 Run III, Blended Hardne~0 
Plus Added Chloride, Sulfate, and 11 ppm ~111ca, pH 8.1 
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Figure 26. Corrosion 01· Steel and Copper, Site D2 Run III, 
Blended Hardness, Added 11 ppm Silica, pH 8.o 
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Figure 27. Corrosion of Steel and Copper, 
:ite E Run I, Blended Hardness 
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Fi~ure 28. Corrosion of Steel and Copper, Site~ Run II, 
Blended Hardness, Added 10 ppm Silica, pH 1.1 
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Figure 29, Corrosion of Steel and Copper, Site E Run III, 
Blended Hardness, Added 5 ppm Silica, pH 8.2 
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Figure 30, Corrosion of Galvanized Steel, Site A1 Run I, 
Soft Water Plus Added Chloride and Sulfate 
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~i~ure 11. Corrosion of Galvanized Steel, Site A1 
Run ri, Soft Water Plus Added Chloride, 

~ulfate, and 11 ppm Silica, pH 8.0 
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Figure 32. Corrosion of Galvanized Steel, Si~e A1 Run III, Blended Ha!"dness Plus Added Chlor:.ce, 
Sulfate, and 11 ppm Silica, pH &.l 
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Figure 33. Corrosion of Galvanized Steel, Site A 
Run I, Soft Water Plus Added Chloride and S~lfate 2 
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F igure 34, Corrosion of Galvanized Steel, Site A2 Run II, Soft Water Plus Added Chloride, 
Sulfate, and 20 ppm Silica, pP. 8.3 
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Figure 35, Corrosion of Galvanized Steel, Site A2 
Run III, Blended Hardness, Added 25 ppm 

Silica, and 2 ppm Tannin, pH 8.2 
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Figure 36. Corrosion of Galvanized Steel, Site e1 
Run I Hard Water Plus Added Chloride, 

0ulfate, 1~ ppm Silica, and 5 ppm Poly~husp~ate 
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Fi~ur~ 17. Corrusion of Galvanized Steel, 
Site B1 Run II, Hard Water 
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Site C1 Run I, Soft Water 

69 



r 

' 

t_ 

...... 
Q 
Q 

~ 

'"" I-

~ 
z 
0 -V'l 
0 
a: 
~ u 

20 

18 

16 

14 

12 

10 

8 

6 

4 

2 

-

LINEAR POLARIZATION METHOD 

GALVANIZED STEEL 
MPV s (0.201) MOD VELOCITY 

o 0.5 ft/sec 
A 2.0 ft/sec 
• 4.9 ft/sec 

00~--:-11_:-o--A----i..---i..-...L.--'--_,_ _ _,1.._-1._-1._--1._--1,_.....1 
20 30 40 50 60 70 80 90 100 110 120 130 

DAYS 

II GALVANIZED I CORROSION BY WEIGHT LOSS 
VELOCITY (ASTM, D 2688-C) 
ft/sec ! MOO 

I 
28 days 62 days 90days 

0.5 9.3 4.4 3.8 

I 2.0 Ii 19 14 7.9 
4.9 20 7.4 19 

AVERAGE AN-\LY~!S (ppm) 

CORROSlON DY ~E!G.1T LOSS 
{AST.'!, 0 26:33-C 1 MOD 

DAYS: 90 VELOCITY: 2.0 ft/sec 
CREVICE 

B.2 7.9 ~ 6.4 I 
l"::11 1 ":n 2·•zn 

GALVANIC I 0.2 I 11 I 0.7 j 11 l 
l "Cu l "Zn I ''Cu l "Zn 

i 
I 
I . 
I :::- I 

o I I...., I 

I 
~ I 
.. ! 
:, ' 

I~ I ' \. . 
,:., I 

F111:'...lre 43. Corrcsion of Galvanized Steel, Site ,;l Run II, 
Blended Hardness, Added 10 ppm Silica, pH 8.0 

70 

_; 



l 

20 

18 

16 

14 
..... 
8 
::E 12 .... 
...., 
I-

i 10 
! -i 
~ 
u 

6 

4 

2 

LINEAR POLARIZATION METHOD 
GALVANIZED STEEL 
MPV z (0.201) HOO 

VELOCITY 
0 0.5 ft/sec 
A z.o ft/sec 
• 4.8 ft/sec 

10 20 30 40 so 60 10 00 90 mo 11J 120 130 

GALVANIZED 
CORROSI01i BY WEIGHT LOSS 

DAYS 

CORROSION BY WE!GhT LOSS 
(ASTl-1, u 2688-C} :t.D::J 

VELOCITY (ASTM. D 2688-C) 
MOD DAYS: 98 VELOC!-;-Y: 2.) ft/sec 

CRE\/!Ci ft/sec 

0.5 

2.0 

4.8 

-27 days 

29 

411 .... 

I 
" 29 

37 

a 
.... it ,;: I 0. 0 0. 

~ i3 

n days 98 days 

16 12 
22 15 

24 20 

AVERAGE ANALYSIS (ppm) 

o.q.1s .04 2.s 1.2 10 o.o 111 21 42 

41 1 23 1 - : 11 I 
~,

1'Fc l "Zn ~.:''Fe ..: 11 20 
GALVANIC 

1 13 1 10 1 9. 4 i 24 1 
l 11Cu l"Zn l"Cu .. "Zn 
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1.0 i.oz .80 IZ 8 63 lo.o 7 43l 203 1.1 2561336 1.8 1, ./l 181 

Figure 51. 
Site 

Corrosion or Galvanized Steel, 
D2 Run I, Blended Hardness 
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LINEAR POLARIZATION METHOD 

GALVANIZED STEEL 
MPV= (0.201) MOO 

VELOCITY 
o 0. 5 ft/sec I 
A 2.0 ft/sec 
• 4.8 ft/sec 

o ~ __ _._I ___._I___.I _____________ ~ 
0 10 20 30 40 50 60 70 80 90 100 110 120 130 

DAYS 

GALVANIZED 
CORROSION BY WEIGHT LOSS 

VELOCITY (ASTM, D 2688-C) 
ft/sec MOD 

28 day~ 91 days 119 days 

0.5 46 18 9.5 
2.0 52 15 11 
4.8 49 17 14 

AVERAGE ANALYSIS (ppm) 

CORROSI0:'-1 BY I-IEIGH7 LOSS 
(ASTM, D 2639-C) rOD 

DAYS: 119 VELOCITY: 2.0 ft/sec 
CREVICE 

13 14 --.-I -9-. 1_,1 
l "Zn 

1 0.2 116 1 o.; ! 2a 1 

l"Cu l"Zn l"Cu :"Zn 

I 
I 
i 
'-! :-, -
14.1 ... 
I~ 
I L. 

f~ 
- I £ .;. ... 
8. q1s1 

-

Fi~ure 52. Corrosion of Galvanized Steel, Si~e D2 Run II, 
Blended Hardness, Added 22 ppm S111~a, pH 8.1 
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0 & 10 
0 u 

8 
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VELOCITY 

o 0.5 ft/sec 
6 2.0 ft/sec 
• 4.8 ft/sec 

LINEAR POLARIZATION METHOD 
bALVANIZED STEEL 
MPV• (0.201) MOD 

0 ':----:":----:~---:":-----"'.~~~-.L--....___.,___....___.,___,L.__,L._---J 
0 10 20 30 40 50 60 70 80 90 100 110 120 130 

1ELOCITY 
ft/sec 

0.5 
2.0 

4.8 

...... .. .... --
C 
0 .. -

IO. 1 

DAYS 

GALVANIZED 
CORROSION BY WEIGHT LOSS 

(ASTM, D 2688-C.) 
HOO 

29 days 90 days ll 9days 

37 42 ,A 
49 48 24 
62 44 29 

CORROSION BY WEIGHT LOSS 
(ASTH, 0 2688-C) M::J 

DAYS: 119 VELOCITY: 2.0 ft/sec 
CREVICE 

I 60 I 21 I 51 1 au 
","Fe l "Zn 1,;"Fe 2' Zn 

GALVANIC 
1 o.5 1 35 1 0.2 1 ::9 1 

l"Cu l"Zn l"Cu ~· Zn 

AVERAGE ANALYSIS (PPffl) I 
...... i - ,., ...... ,._ 0 I 

M "'. u 
0 .. 0 "' u oa.. u ... C I~ 
"' II- "O ., I 1:-...... u ...... "' ~ 

.. ...... ·- • - .. ti , -...... "' "' N - 0 ,., -- ~ ...... "' .. -- 0 u "' i .. 
::, u -- -- -- >. I ; u ...... -- ;I .. "' -- ~ "2 -- " "' ... -- Ill Ill _, 

N ~ 
.,. ... ~ 

... Ill C :,, ... 
I,, -- ::I~ .c .., 

2 .. ·- 0 I ... 
l a. ~ L. .. - 0 :., 

u u J C ~ ~ "' 0 ~ L. :: "' "' I Q,. 

~ C ! °' ' L. 2 - 51J 
... ... "' a'f - ~ :~Ii ;;; - c 0 c .., N a.. z 

.01 .04 10 . 7 66 0.0 lS 403 209 0.0 zn 1284 4.4 8.0:. 81 

Figure 53. Corrosion of Galvanized Steel, Site u2 Run III, 
Blended Hardness, Added 11 ppm Silica, pH 8.0 
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LINEAR POLARIZATION METHOD 
\ I \ 

24 - GALVANIZED STEEL VELOCITY 
HPY • (0.201) MOD . 

o 0. 5 ft/sec 

22 A 0. 5 ft/sec 
• 3.1 ft/sec 

2t 

111 

16 

14 

!?. r· 10 

8 \,,.-,_ 
1--

I • 
6 

I • 
4 

2 

0 
0 10 20 30 40 50 60 70 so 90 100 110 12) 130 

DAYS 

s G11LVAII I ZED CORROSION Bl WEIGHT LOS 
CORROSIOM BY WEIGHT LOSS (ASTM, D 2688-C) MOO 

t/sec VELOCITY (ASTM, D 2688-C) DAYS: 120 VELOCITY: o.s f 

I ft/sec MOO CREVICE 

30 days 90 d1y1 120 d1ys I 12 I 9.4 I 19 I 
0. 5 55 55 

l"'Zn l 1 1:n 2"Zn 
43 

~\~VMJ" 
0.5 76 64 42 I o.3 I 75 I 0. l I 52 I 
3. 1 16 32 12 l"Tu 1":n l"Cu l"Zn 

AV£11AGf A/'W.YSl5 (PP'I) 

[ - i--

I 
... 

0 

C ::I .. u 

~~ • 
~ u .. 

~ -- u • .. ~ 

' 
~ - ~ .. .. 

N - - . -- ~ St ... - J! " • . 0 u i C .. - ::, - ~ - ;:;; - :J 
,. .. ~ C ~ " !I - .. .. i i ,3 ... .. 

~ 
.. 1 ., .. ! C .! . - .. - .. ! • i j l i C I ! .. :: I.! .. ~ 

~ ::!. 
., .. !; , 

i _g l .. l .. .. ... J i - It:. ~ i c a a i u ... u .. 
) s ~J JO ll 6 S4 0.1 J 10 l.'I J J 2)6 m s., l. l •ul 

Figure 5~. Corrosion of Galvanized St~nl, 
Site E Run I, Blended Hardner:. 
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LINEAR POLARIZATION METHOD VELOCITY 

GALVANIZED STEEL o 0.5 ft/sec 
MPY = (0.201) MOD A 0.5 ft/sec 

• 3.3 ft/sec 

10 20 30 40 50 60 70 80 90 100 11(1 120 130 

VELOCITY 
ft/sec 

o.s 
0.5 

3.3 

--.. 
'"'-...... 
& 
L -

0.5 

GALVANIZED 
CORROSION BY WEIGHT LOSS 

(ASTM, D 2688-C) 
MOD 

32 days 88 days 120 days 

81 22 8.6 

72 23 4.7 

38 26 16 

DAYS 

CORROSION BY WEIGHT LOSS 
(ASTM, D 2688-C) MOD 

DAYS: 120 VELOCITY: 0.5 ft/sec 
CREVICE 

25 6.1 I ~□ 
I "Zn !"Zn 2"Zn 

GALVANIC 
I 1. 4 1 37 I o. 31 39 I 

!"Cu !"Zn !"Cu ""Zn 

AVERAGE ANALYSIS (ppm) --- ..., -- - 0 ,., "'. u 
0 ... ~ "' u ~ u "' C: --"' "O .. '"'--- u - "' - ~ 

0 

¥ "' - - • - "' ...., -- "' .. N - 0 ..., ..., j >( -- IQ -- "' -- 0 u V, 0 0 ., 
::, u -- . .,. -- ..., z >, L 
u -- -- ~ .. V, ..., ... 1l 1l if -- c:; .,, ... -- .. .. ... 

N § 
.,, 

"' ~ ... :l C > > "' L -- .,, 
~ I:! .. 2 - - t t .. Q. u L .. - 0 0 

1! u C "O .,, - 0 Q. L "' 
.,, .. 

g- - QI L l - :i:: - .. ... .,, .,, I ... 
~ i l ;;:; JI . .. c 0 Q :z: 

u N u z Q. .... 
.v .15 12 8 ss 0.1 10 25 106 51 195 492 6.8 8.: 146 

Figure 55. Corrosion of Galvanized Steel, Site E Run II, 
Blended Hardness, Added 10 ppm Silica, pE 8.1 
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LINEAR POLARIZATION METHOD 
GALVANIZED STEEL 
MPV• (0.201) MOD 

VELOCITY 

o 0.5 ft/sec 
6 O.S ft/sec 

• 3.7 ft/sec 

o.___..___...._ _ _._ ___ __.__......, _ __. ____ .___..___...__ ....... ___ _,.J 

0 10 20 30 40 so 60 70 80 90 100 • 10 120 130 

VELOCITY 
ft/sec 

0.5 

0.5 

3.7 

I 

DAYS 

GALVANIZED ,j 
CORROSION BY WEIGHT LOSS 

(ASTH, 0 2688-C) 
MOO 

31 days 88 days 119 days 

93 42 41 

85 41 I 42 
79 21 51 

CORROSION BY ~!E IGHi LOSS 
(ASTM, D 2688-C) MOD 

DAYS: 119 VELOCITY: 0. 5 ft/sec 
CREVICE 

8s 1 44 l 10 24 1 
!j"Fc l "Zn !/'Fe 2"7.n 

GALVANIC 
1 11 1 52 1 5. 4 ; 41 1 

l"Cu l"Zn l"Cu l"Zn 

AVERAGE ANALYSIS (ppm) 

...,, 
0 
u .., 
u 

0.1 .13 .04 15 9 73 o.o 9 26 87 JS 235 500 6.2 
1
8.2 lli3! 

Figure 56. Corrosion of Galvanized Steel, Site E 
Run III, Added 5 ppm Silica, pH 8.2 
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Table 1. Pertinent Data on Galvanized Steel S~ecimens 
.---....-. 

Water Anoly1l1 C'orroelon hate 211 •· Spec 111,n and 

sna Yllodty , .... Added Added Il'OII Zinc (IIDD") Depollt - rt/uc ., llatar H !10~ ll&OH pH (Fe) (Zn) r•• AB D De1crlpt1on .. 
A1 I 1,3 1111 Sott+Cl ,so11 II 0 0 7.6 0,5 o.60 20 1,5 19,l Light Drown, 

4,8 II 11,4 7.~ ratrlr conttnuoua 

5,9 

u 1,3 143 Sott+Cl ,1011 3 11 26 8,0 0,4 0,5() 24 9.2 27,7 Tan, fairly 

11,8 lb I. l 27,5 con tlnuoua 1 llttll 

5,9 any area IJIPOHd 

III 1,3 137 llandad Hard+Cl,101& 117 11 20 8.1 0,2 0.20 20 0,7 24,'I Browr,. cont lnuou1, 

•• 8 24 2.9 2~.7 1 l lent heavle• 

5,9 1ca1e 

A2 I 1,3 1711 aon«:1,1011 5 0 0 7.7 0,6 0,63 8 -4.6 111. 4 Red brown, llttlo 

11,8 7 -~·.2 12,? ,iray 111tal HpOHd 

5,9 

n 1,3 168 Soft.Cl ,1011 
II 20 26 8,3 o.~ 0,34 13 ;,9 22,4 Tan, not •• 

4,8 16 -1.9 29.~ conunuoua, 

5,9 cona ldarOlo 
plv, aapoud 

III 1.3 167 llondad Hard.Cl ,104 117 25 20 8.2 0,2 0,5() 17 4,5 35.0 Brown, contlnuoua, 

4.8 8 -14, 1 39.9 no galv. expo■ad 

5.9 

•1 I 0.5 1112 Hard.Cl ,so4 285 18 0 7:]' 1,6 0.45 9 !,2 8,o orr-v111u, 

2.0 10 -0.4 13,8 volu■lnou■, 

5,2 11 ·l.1 15,9 non-adhert n« 
II 0.5 1110 Hard 179 0 0 1.~ 0.3 0.23 3 l. 3 I.~ Tan, talrly 

2,0 8 5-5 3,0 c0ntlnuou1, 1oae 

5,6 10 . 8,7 2.2 galv, upoud 

IU 0,5 1411 Nard..C 1, so, 1110 0 23 8,0 0,5 0.,1 19 1.5 19.0 Brown, ratrly 

2,0 30 3.3 27.7 contlnuoua, 

5,6 04 7,0 19,A thicker, llttle 

plv. lllpoHd 

92 I 0.5 180 Hard+Cl,S04 266 18 0 7.8 1.2 o.)11 5 -1,8 9,2 Ott-viii to, 

2,0 15 4,5 14.6 vohalnou1, 

4,7 12 -2.5 53. 7 non adllorlng 

u 0,5 178 Hard 170 0 J 7.7 0,3 0.30 I -2. 3 4 .4 i llrovn, fairly 

2.0 I -1.8 2.l, contlnuou1, 1oae 
4.0 2 •l.l ... , galv. 9XJ)Oltd 

III 0.5 179 Hard+Cl ,SOa 145 0 23 8.o 0.4 0.16 IB 1, 3 18.-. I Red brown, hNYl ■ r 

2.0 41 3.3 39, q I oopoolt, ■OM 

4.7 40 11,2 31.' 1•1•. 11poaed 

c 1 I 0,5 133 5ott 16 0 0 7.6 0.3 0,25 16 1.4 l!,.:?, Creu-t&n, con11-

2,0 21 2.~ 18.e • dorablo «•I•. 

5,0 25 6,6 1B. 7: upoud 

u 0.5 1113 llandad HarQ 62 9.7 21 ij,0 o.o O.OII 11 -6.4 l';.C' I Tan, ('Ontlnuou•. 

2.0 ~ 1.6 7 .61 lilt!• golv. 

11.9 18 12.3 I~. 3 ••po11d 

Ill o.~ t~4 ,ort 10 5.9 )? 8,1 0.1 0.011 12 0.7 14'. "'I t llrowft I c-unUtu.1ou1, 

2.0 1~ 2.9 11&.Q no 111 v. ■ •po11d 

4 B :.,0 4.7 16.~ 

c1 I o.~ 126 Sort 19 0 0 7.7 0.1 0.28 5 l.O ~.C t.l&l'\t. or-own, t"ln, 

2.0 6 3.8 2. 1 C'Ont. tnuoue. ,1 ta 

~-6 lb l0,0 1. "t 1tart1nc (~) 

II o.~ l32 llondod 11ar1 ~ 9.1 21 T.8 c.o 0,01> 2 -0,2 1.' Ll&ftt tan. ~Oftt \ft-

1.0 9 l.) 1.,1 ........ lP\lC'll ■ r, 

~.f> ll ~-6 6.1 j 11tt11 1•1v. 

•-,.o••d 
Ill o.~ I)~ Sort 10 6 u •.1 0.1 0,()11 11 1.9 10.:: Dar• tan. ""'"· 

2.0 lb ~, 1 1".t:·IC'-"M,1ftuOul, M 

5.1> lb 1.0 
I 

1~-'fl&lv, 1•po11d 
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Table 1. Pertinent Data on Galvanized Steel 
Specimens (Continued) 

Water Analy11, CorroUon Rate ~- • Spoc: lun and sn, YeloeUy T-. Added Added Iron Zinc (NDD" Depollt - rt/aec ., Water N 110,. ll&ON pN (Pl) (Zft) p• AB D De1crlpUon 

D1 I 0,5 132 Blended !lard Tl 0 0 7.8 1,2 0,50 15 o.f. 17 ,2 ... ", contlnuov1 1 

2.0 18 -3.0 23.8 :IUI• l&lY, 
,.8 2, -5,3 :,o., •apo■ed 

II 0,5 132 Blended lard 66 22 0 8,1 0,3 0.10 12 1,8 21., Jan tan, conun-
:r.o 15 -1., 25,1 uova. no 1•1•. 
5,2 25 5,7 3',6 •-ed 

lll 0,5 131 ■1-ed !lard TT u 13 8,1 0,1 0,03 1, -3.8 25,6 Jan ten, conUn• 
2,0 18 -5.7 35,l ·.1ou1. no 1a1v, 
,.8 26 ·3,9 -7.4 HDOHd 

~I 0.5 181 Blended !lard 63 0 0 7,8 1,0 o.eo 33 •3,9 '°·2 :.ipt rH brown, 
2,0 33 -6,9 111.6 11 ICllt 1&lY. 
5,5 8 -7.6 16,7 ,apoetd 

II 0.5 181 Blended llard 70 n 0 8.1 0,2 o.60 10 -1.0 17,9 fted brown, 

2,0 1: -•.3 20,C :ontlnuou1, llt.tl• 
,.8 1• -o,6 21,2 ~lY. Hpottd 

III 0,5 181 llended Hard 66 11 13 8,0 0,1 0,04 28 -4.2 37 -~ Gold brown, 

2.0 2• -•.6 32,5 contlnuou■, no 
11.8 29 -•.o 37 .~ ,!&lw. eapoaed 

I l 0.5 1-. 111-ed Hard "' 0 0 1.1 0.5 0.30 43 -7,5 51,4 "."an, ... ni■ t 

o.5 42 •7,1 50,f 1pot1 that could 

3,1 12 -1., 14,2 dntlop Into plU 

11 0.5 1116 llen4ed Hard 55 10 26 8,1 0.5 0,15 9 -7.5 :?0.0 ""an, ■oae .-Ult 

0,5 5 -6.7 14, 7 1pot1 that could 

3,3 16 3, l 1•.~ 1•velop lnto pl ti 

III 0,5 153 111-ed Hard 73 5 18 8,2 0,1 O,Oll •1 -5.- 59.7 Tan, aort depoa 1 t 

0.5 ., 15,7 ~3.0 end protect.Ive 

3,7 51 -6.8 75.~ thin runt I and II 

In addition to ,u1cate ..,.. cau,uc 1oda trM-t, 0,2-1.• - or polypllO&p•te ""a applled oy Chlnute Weter Pltnt 
to ell IJ\Ne NM et Slte A1 ,A,,11 and 9:i. Allo 5,5 ppa polyp110&pllat1 ,... appllod to 111 ,92 run I, 7 ppa ch .. tnut 

&eMln to ", NII III and 3.5 PIIII Clleltftllt taMln to cl'c2 run III. 

At •1••2 NII I, hi.all--· ..... ., HCHIIYI ,cale tON&Uon In UM •y•t•. Chenutl eort•ntr 1y1tn Md Ooc<>N 
lnoperaUvo, 

At 11'"2 NIii II and Ill, ll&rdnN• ... lllcller Ulan , .. Ired ooc:aueo ot lnauttlcltnt 1ort1ner capacity. 

Ac<1a1leUon or corroelOft ,.......,u ln tlow MteN or D1 NM I•II and~ nm I M4• cleanlnc n1ceuory IIOl'llllly. 

Di Nn Ill and ~ ""' lI •-Ired cl..,.lltc IYlry 6o dayl, ""ll• D1 NII III IN>- no 1cc-)aUon. !:.,trlonco 
a& tllla State IM&U,\ltlon l'l&a lftd1catN \Mt cau•Uc IOda-alllcate tnataent •• applied ln rvn II! P'a1 reduced 

•Int-• 11.pltlc1111U1 ·• put t_t, yeaN. 

At I NM ti &11111 111 1 UW ~..-., , .... rat.urea &NJ r:.ow ,., •• uwn NII J un4oulbtNly lftC',....ed th«- '"i:-rrotlon rat•. 

• 120 day», uc .. t a1 ,4t ,_ III are lo:! day1, c 1,,-2 non II U ~ day• 11\<1 run III I• \18 day■ . 

•• I - &tter clNnlJII to Ml.al aurt&e• 
Al - ~tter cl..,.11111 to tlallt 1cal1 eurrace (._Un .. 1111 ln<llcat" a "llllt pin "" 1apoeurt and rHul !I rro• 

tM .. ~, or u.e 1calt aM corroelon prN\&Cta •.ac..,.1111 UMI ~nrroeloa loaa or tlM apeclMn.) 

D - ,-.u1 ,cal• and corroelon PN<Netl 
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Table 2. Pertinent Data on Copper Corrosion Spscimens 

Site V■locUy Tnp, Added Added Corrc,llon Rate Corro11on In■■rt 
Run rt/He ., Water H 8102 Na0H pH E••· " D Dt1crlptlon ..,., 

81 I 0,5 1112 Hard+cl,S04 285 l8 0 7.8 2,3 1,7 1.9 Dull, 11. r1ne 1cratch■1 
2.0 3,9 3,1 2,7 Red brown, der. rln• 

■cretrnl'I 

5,2 5,2 11.5 4,5 Red brown, 1011e ero■ lon 
corroll< n 

II 0,5 lliO ll&rd 179 0 0 7.7 8,3 7,6 0,3 Shlny, 11. rtn• IC re tchH 
2.0 17,0 16.3 0,2 Le•• ah!n.\·, al. ero■ ton 

corro■ 1cn 
5,6 22,0 21.3 0.2 L••• 1hln), con11d, ero■ lon 

corrotlcn 
III 0,5 144 Hard+Cl ,S0,1 

140 0,0 23 e.o 6,5 6,0 o.8 Dull, 11. fine 1cratch■1 
2.0 26,0 25,ll 0,2 BlotchY, r011e ero1lun 
5,6 corro■ lt>n 

42,0 42.l 0,1 Shlny, con■ ld, ero■lon 
"'"••"• 1 rn 

82 I 0.5 1110 Hard+Cl ,so4 '"'" 10 0 7.0 OJ o., 6~:~ 11ed Drown. 11. nne ■r.ratcnH 
2.0 2. 1.i Red brown 11. rln• ■cratch•• 
4,7 2,3 l. 44,l Red brown. conald. r1ne 

■crate~•·• 
II 0,5 178 Hard 170 0 0 7.7 i-1 i·o o.6 Shlny 

2,0 2 .o 2 .o 0.3 Le•• ah1ri.~·, ■oee 1ro■lon 
corros.1on 

4.o 42,0 41,9 0,4 Rough, ~oa■ ld. erodon 
corro11on 

III 0.5 179 Hard+Cl ,so4 145 0 23 8.o 7.1 6.7 o.8 Dull 
2.0 ~-0 311,3 0,2 Dull,•"· ero■1on corro■ lon 
11.7 .o 55.5 0,3 Sl. lu■ ~er, c-ld, 

••-tftA 

c1 I 0,5 1,, ::iort 10 u 0 '·" 11.c, b,9 1.0 Ila~ brown. auu, U . nn■ 
■cretcn"• 

2.0 11.0 9,9 o.8 Sl. lu■ te•, ■119■ ■ro■ lon 

corro■ 1 '" 
5.0 28,0 27.2 0.5 Sl. lh1ny, con■ ld, ■ro■lon ' corro, lcn 

II 0.5 1113 Blended Hard 62 9,7 21 8.o 8.1 7,9 l. 7 Sl. lu■ ee-, 11, rtn■ 
•~rate hit■ 

2.0 13.0 12.6 1.11 Sl. lu■ :ec, 11. ero■ lon 
corro■ 1on 

4,9 L7.0 16,4 1.4 Sl. tarnl•h■d, 11. ■ro■ lon 
corro~ ton 

111 0.5 11111 sort 10 5.9 31 8.1 6.7 6.5 0.1 Shlny. • l. rtne IC re tchH 
2,0 11.0 11,0 0.5 Shlny, 101'1■ ero■ lon corro■ lon 
4,8 13,0 13.0 0.5 Shlny, coiald. ■ro■ lon 

...... •-•t }ft 

c2 I 0.5 1&0 Soft 19 0 0 1., a '·" 1. -, 1N1l, ••· nne ■cratcne• 
2.0 7.9 1.4 Dull, ■o~e ■ro1lon corro■ lon 
5.6 u.o 11.0 o.6 °'111, conlld. ero■ lon 

corro•~on 
II ~ , 132 llanded Hard 56 9.7 21 7.8 i.l i-1 o.8 Dull, ll. rtne ■Cl'9tche■ 

2:0 8. l .o o.6 Dull,,,~, eroelon corro■ lon 
5.G 13.0 1),2 o.6 0,,11, co~•ld. eroalon 

corro11 >n 

III o.~ 135 Sort 10 5,9 37 8.1 ,. 7 3,11 10.i Slllny, 11. tine IC1'9tClle■ 
2.0 4.2 3.9 1~. Shlny, 10,.. ero■ lon 

corroo !-1ft 
5,6 6,8 6.6 10.7 lhlny, ac .. •ro■ lon 

corro• ! >n 
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Table 2. 

Slte Velocity 
Run ft/HC 

Pertinent Data on Copper Corrosion Specimens 
(Continued) 

T .. p. Added Mded corroalon Rate" Corroalon Inaert ., 'ilater H S102 NaOH pH r.•• AB D Dr■crlptlon• .. 

D1 I 0,5 132 Blended Hard 71 0 0 7.8 14,0 0,4 111,6 Dar~ 
2,0 !i:g 6,7 9,4 Dark, ao,,, eroalon corroalon 
4,8 6,4 10,9 Surface ~l•l•h••• a011e 

66 8,1 
eroalon corroalon 

u 0,5 132 Blinded Hare.I :n 0 3,4 1,1 4,4 Dull, def. nn, acratch .. 
2,0 3,7 1,4 4,5 Dull, def, tlne 1cratchH 
5,2 4.0 2,1 4.1 Surface b .... 1111ea, def. 

nn, 1c,-atchH 
UI 0,5 132 Blinded Hard 77 1l 13 8,1 3,2 0,3 4.6 111111, der. nne 1cratch11 

2,0 3,i -4.a 11,6 Dull, a:. ero11on corroalon 
4,8 3, -3. 11.2 Surface b! .. 111111, 11. 

- ---•-- ----"'1.4:ftA 

'7 I 0,5 1111 Blended Hard 63 0 0 7:S 10.0 7,8 8,6 Brown 
2.0 15,0 11,7 9.0 B1 .. 1111ed 1urrace 
5.5 17,0 13,7 9.2 Bl•lahld aw-face, u. 

eroalon corroalon 
u 0,5 181 Blended Hard 70 22 0 8,1 5,1 1,4 6,o Red brown 

2.0 9,1 -0,7 10.6 Dull,•-· eroelon corroalon 
4,8 13,0 -1.3 1a:i 

Dull, al. eroalon corroalon 
III 0,5 181 Blinded Hard 66 11 13 6,0 5,6 1.1 Brown filr, 

2,0 10.0 -0.l 10.6 Brown ru,,, al, eroalon 
corroelon 

4.6 13,0 .1,8 14,6' Brown ru.-, •- ernUon ------~ ... -
r: I 0,5 , ... Blended Hard 5'I 0 0 17 ,7 3,ij 2.7 1,2 Sl. luatcr 

0.5 li,6 3,4 1,7 Dull, e:, r1ne 1cratche1 
3.1 5,l 3,9 1,7 Dull, 1:, rlne 1cratch11 

II 0,5 J.46 Blinded Hard 55 10 26 8,1 3,5 3.1 0.8 Spotted, •l. nne ICrltChH 
0,5 4,l 3,7 0,7 D11coloren, 11, fine 

■cratch•• 
3,3 8.1 1,9 0,8 Spotted, toae eroalon 

corroal~n 
HI 0,5 153 Blended Hard 73 5 18 8.2 10.0 9,5 0,7 Sl. luao:e-, al, rlne 

ecretch,•a 
0,5 12.0 11,2 0,9 Sl. luat, ... , al, rlne 

acratcn,,1 
3,7 12.0 11.6 0,7 Rouch, conllder. eroalon 

corroalon 

T .. perature, water anely111 data and 1pec1men de1crlptlon la the, ... ror •ll r1ow1 or c~• run, 

In addltlon to alllcate and cau■ tlc lode treat.aent 0,2-1.4 Pll"' or 1odl1111 polypho1ph&t1 wa1 applied 
Dy cnanut1 \,later Plant to A1,A2,B1,B.1 rune I-III. A.I.lo 'i.5 PPII polypl\Oaph&to .... app!l~d to 81,B;? 
run I, 2 PP"' che1tnut taMln to A;? run Ill and 3,5 ppa cheatnut t&Mln to c1,c2 run II~. 

• 120 da,v1, except A1,A2 run• Ill are 102 day1, c1,c2 run II 11 90 day• and run III !, 9ll daya. 
•• [ .. Arter elean1nc t.o Mt&l aurrac• 

Al - After clMnlnc to tlght 1cale surrace {Negative ,,.lue lndlcat11 • w•lcht galn on expoaure 
and reaultl rroa ~lie w.tpt or tn• acah and eorroalon product• ucHdln& t11• corroa1o" loll 
or the 1pecl••n.) 

D - Total acale and corroalon product• 
••• ,1ne loncltudlnal 1cratche1 wlll De de1lg11ated ·•••snt" (aDDrev. al.) r1ne ,e,..tch•• and definite 

('IDDre.,laUon or.) nne 1eratcheaJro1ton eorroalon wl'.I D• graded aaant, aoae ~,.1 con1lderaole, 

lndlcetln, lntf'ffllng 1erlo~•n••·· 
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Slte 
R\ln 

Al I 
II 
III 

A2 I 
II 
III 

Bl I 
II 
III 

82 I 
II 
III 

Cl I 
II 
III 

c2 I 
II 
III 

D1 I 
II 
III 

02 I 
II 
III 

E I 
II 
III 

Table 3. Pertinent Data on Crevice and Galvanic 
Corrosion Specimens 

ca:vanlc Corrosion 
Crevice Corroalon Average 

Average c.o~per-Galvanl&ed 
Te111P, Added Added Oalvanl&ed 120 Day• 120 Day• 
•r Water Hardneu s102 llaOH pH E •• AB D F'. AB D 

141 sort+cl ,so4 4 0 0 7,6 19,4 4,8 15,4 -- -- --
143 Sort+cl ,S04 3 11 26 6,o 23,3 6,2 29,2 -- -- --
137 Blended Hard+cl,S04 117 11 20 8.1 42,0 8.2 42.6 -- -- --
174 sort+cl ,so4 5 0 0 7.7 9.9 0.3 15,2 -- -- .. 
168 Sott+cl ,so4 4 20 26 8,3 24,3 5,7 36.l .. .. --
167 Blended Hard+cl,S04 117 25 20 8.2 28.8 •3,4 55,7 -- .. --
142 Hari+cl,S04 285 18 0 7.8 6.o +0,1 9,7 7.8 -0.3 10.0 
140 Hard+cl,S04 179 0 0 1.1 8,9 6,6 2,9 15.4 13.6 ?,4 
144 Hard+cl ,so4 140 0 23 8.o 32,5 9,3 24,6 1e.8 7.1 12.6 
180 Hard+cl ,S04 266 18 0 7.8 6.7 0,3 37,7 9.8 11.6 35.7 
178 Hard+cl ,so4 170 0 0 7.7 2,3 0,3 3,9 !7.0 14,3 2.8 
179 Hard+Cl,S04 145 0 23 8.o 22,9 3,0 25,6 JC.II 5.3 211.8 

133 Sort 16 0 0 7.6 18.5 2.5 16.8 12.6 1.3 ll.7 
143 Blended Hard 62 10 21 8,0 7,5 2.l 6.5 ~.8 0.9 5.9 
144 sort 10 6 37 8.1 20,f:' 3,6 19.0 :~ ,9 7.0 9.9 
126 sort 19 0 0 7.7 19.5 2,9 17.0 :c .6 1,3 9.4 
132 Blended Hard ' " 10 21 7.6 6.6 o.6 7.1 ~ .1 2,8 3,8 
135 sort 10 6 37 8, l 16.7 4,0 16.2 1t ,4 4.0 ll.5 
132 Blended Hard 71 0 0 7.8 10.7 2,7 15.9 34,8 24.5 42.9 
132 Blended Hard 66 22 0 !I. l 21,5 2.2 29.5 51.5 38,3 17.4 
132 Blended llard n 11 13 6.1 41.2 5.5 57.8 2c ,l l.O 47.5 
181 Blended Hard 63 0 0 7.8 9.6 -2. I 111.5 7,6 -3.3 15.5 
!Ill Blended Hard 70 22 0 8.1 16.2 -0.7 20.3 11.0 o.6 l7 .l 

181 Blended Hard 66 1l 13 a.o 32.3 -1.3 45,l l~ .7 -4.0 26.4 
144 BleNled Hard 54 0 0 7.7 13.3 -2.5 7.0 31.7 7,6 38.o 
146 Blended Hard 55 lO 26 8.1 14.2 l.9 l7 .5 10.6 7.6 21.3 
153 Bl ended Hard 73 ; 16 8.2 37,0 -11.8 55,4 2, .4 l.4 30,0 

• 120 deys, except Al'A2 runs III are 102 daya, c1,c_, nin II la 90 daya and n,n III ta <lli daya. 

•• E - Arter cleanlnc to ■etal aurrace 
AB· Arter cleanln,: to ttght scale aurrace (Negative valur lnd1catea a weight ga1n on expoaure 

and reaulta rroa the 11elght or the acale and corroalon products uceedln,: the rc•rollon loaa 

or the a pee lmen.) 
n • Total scale and corroalon products 
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Table 4. Analyses of Deposits on Galvanized Steel Specimens 

Coapolltlon A1-I-l A1-II-l A1-III-2 A2-III-l B1-I-2 B1-III-2 B2-I-2 B2-II-2 92-III-2 c 1 ·I-2 

• Lo11 on lgnltion 22,5 17,9 23,l 11,3 18.6 20,3 14,3 19,4 21.5 22.9 

• Copper oxide (CuO) 0.87 0,28 o.o6 0.20 0,16 0,19 0,07 1.4( 0,40 0,79 

• Iron oxide (re2o3) 1,31 1.88 2.16 3,83 1.39 3,10 1.24 4.17 '.6i 

• Zlnc oxide (ZnO) 74,0 64,2 67,4 21.6 37,5 67.0 14.8 66.5 66.6 71.6 

• Calci1111 oxide (Ca0) 0.18 o.06 o.60 0.62 14,6 0,89 36,7 0.70 0.90 0,45 

• 14a&nea11111 oxide 
(MIO) 0.13 0,54 0,83 19,30 l.90 0,77 3,13 2,4(' 1.07 0.34 

• Alimina (A12o3) 0,9 1.3 0,5 1.5 0,3 1.3 0,7 0,7 

• Carbon dioxlde 
(CO2) 6.7 5.0 6,1 2.1 4.1 7.2 5,2 5,5 7.5 8.o 

• Sulfate (S04) 1.5 o.4 1.2 1.0 0.0 0.0 o.8 1.5 

• Phosphorus ,entoxide 
(P205) 0.12 0,16 0.25 0.02 18.8 0,19 14.9 2.43 0,23 o.04 

• Slllca (S102) 1.66 14.3 6.07 40.9 l,07 1.62 0.35 1.26 3,05 1.30 

COIIPO•ltlon c1-I-3 c2-III•3 o1-I-2 o1-II-2 o1-III-2 ~-I-2 o2~II-2 o2-III-2 1 E-I-2 E-II-2 E-III-3 
I 

I 
• Lo•• on l.gn!tton 23.8 23.5 25.1 19,5 22.7 20,4 17.7 22.3 ,22.9 21.3 21.2 ' • copper oxide (CuO) 0.92 3,30 0.19 0,07 0.11 0.11 0.27 0.13 2.20 2.110 1.57 

• Iron oxide (Fe2o3) l.36 2.77 2,05 3.26 1.56 2.11 5.30 5,34 I 

' 2.48 2.00 2.15 

• Zinc oxide (ZnO) 73,8 71.8 65.0 57.4 59,2 611.2 57.9 46.5 67.7 63.3 66.4 

• Calclua oxide (C10) 0.16 0.62 o.116 0,92 4.53 4.52 2.53 7.67 
i 

0.36 0.35 \l.27 

• Nagneelua oxide 
o.41 0.96 0.54 0.1" (MIO) 0.19 0.21 1.33 1.57 J.5:' I 0.12 0.73 

• Al11alna (Al~03) o.6 1.4 1.2 3,5 2.6 1.6 2.9 0.3 o.il 

• carbon dioaide ' (CO2) 6.5 8.7 B.8 6.5 9.2 1.3 7,3 9.2 ' 7.2 5 ,Ii 7'.4 

I • Sulrate (S04 ) 1.6 2.3 o.6 0.7 Lil 1.5 0.J 1.2 O. l 0.ll 
I 

• P1101pt.orua r,entoalde 
I 

<•2°5> 0.01 0.02 0.00 o.oo 0.00 0.00 0.00 o.oo 0.10 0.0) o.o .. 

1' Sll lca (St02) l.14 1.111 1.111 9,&; 5.">7 11.61 10.11 11.2 0.211 2."11 7.' '. 
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Table 5. Summary of Test Conditions and Results 

(a) Water Composition, Treatment and Corrosion Test Variables 

Alkalinity (aa CaC0
3

) 305 357 33A 349 348 367 341 31.2 367 247 

Chloride (Cl) 112 131 109 112 102 96 104 4 95 19 

Sulfate (S04 ) 1o6 111 911 911 105 85 103 Al 51 

Di~aolved oxygen 1.8 2,7 1,7 o.B 4.o 5.7 2.1 3.6 2.A 2.0 

' 
Carbon dioxide (CO2) 

(rr0111 Alkalinity, pH) 11 5 4 4 fl 5 11 :3 7 10 

Added alllea (S102) o.o ll 11 25 18 o.o 18 o.o 0.0 o.c 

Added cauatlc loda 
(Na0H) 0 26 '20 20 0 23 0 0 23 0 

Added polyphol. (!'04) 0 0 0 0 5.5 0 5.5 0 0 0 

Added tannln 0 0 0 2.0 (\ 0 0 C 0 0 

Temp. 1111 143 137 167 142 144 1Ao ,"8 178 133 

Flow rt/sec l. l. .7 l. 2.0 2.0 2.0 2.0 2.0 2.0 

(b) Hypothetical Combinations of Deposits 
on Galvanized Steel Specimens 

ll&Slc zlne carbonate 
7f<. 31 (4ZnO.C02.4H20)• 67.3 36.7 59,2 16.1 4l.2 67.3 20.l ;;;,;_2 70.3 

Zinc oxide (ZnO)• 20.3 0.2 10.8 o.o 7.1 13.3 0.0 31.0 10.9 , l .Q 

a .. 1c zinc 
pyrosilicate hydrate 
(Zn4(0H) 2.s12o7 .¾o)• 5.2 47.6 16.7 12.11 3.7 '.).3 o.o o.o 5.0 2.6 

i Calcium carbonate 
(Caco3) o.o o.o 0.5 l.l 0.0 1.1 30.5 1.0 l. l 0.4 

• Hydro•Y•rtlte 
(C•1o(P04 6(0H)2) o.~ 0.1 o.6 0.0 26.3 o.5 35.0 1.3 0.5 C .. 

~ lfacneaium phOsphate 
11.l ()¥3(P04)2l o.o 0.2 o.o o.o o.o o.o 0.9 0.0 o.,, 

Magneslua silicate 0.31 (MgSi03) l. ! 2.1 4'i.:? o.o l. Cl o.6 2.2 2.7 o.-

C :::fnealua hydroxide 
(Mc OM) 2 ) :),0 0.0 0.0 0.0 0.0 c.o 4.2 1.1 o.c 

• Ct1pi,er o:slde (CuO) o.o 0.3 0.1 0.2 0.2 o.:.> C. l I.II "·' C'.· 

l 
'.I Fe rrlc oxl.d• (F•203} '-'l_: :1 .2 3 ,. 

~ ·" ).l l.2 -- 11.2 l. ~ .-
C ~lur.\na (Al 2o3) ,:, • I l. J O.', .. ., 0.3 -- -- j_ o.- ,. 

••t•r. orpnlr 
(1.1,-ccount-4 tori 10,6 '· ~ -~ _,! . t, ... , 1, -1 . ' . ~.: , ... - ... _:.,_~.- .. ' .. ,,. ___ "_ 

• ~:, •-ra. 41n,-.euon 
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rrable 5. Summary of Test Ccnditions and Results (Continued) 

(a) Water Composition, Treatment and Corrosion Test Variables 
(Continued) 

ar nes~ 

Alkalinity (as CaC03) 

Chlorlde (Cl) 

Sulfate (so4) 

Dissolved oxygen 

Carbon dioxide (CO) 
(from Alkalinity,2pH) 

Added silica (Si02) 

Added cautitic soda 
(Na0H) 

Added polyphos. (!'04) 

Addetl tannin 

Temp, 

Flow ft/sec 

247 

19 

51 

'2.0 

10 

o.o 

0 

0 

0 

133 

.o 

284 264 ,281 

20 431 39C 

42 207 201 

0.5 6.3 6.1 

4 6 3 

6.0 o.o 22 

37 0 0 

0 0 0 

3.5 0 C 

135 13'2 132 

5.6 '2.0 2.0 

'277 '256 '279 '277 

363 434 395 403 

223 203 202 209 

6.8 1.8 3.5 4.4 

3 7 4 5 

11 o.o 22 11 

13 0 0 13 

0 0 0 0 

,) 0 0 0 

132 161 18! 181 

'2.0 '2.0 2.0 2.C' 

(b) Hypothetical Combinations of Deposit3 
on Galvanized Steel Specimens (Continued) 

B8S1C zinc carbonate 
(4Zn0,C02.4H20)• 64.3 83,3 84.3 58,2 56.2 37.l 53.2 32. J 

Zinc oxide (ZnO)• ,:4. l 8.9 o.o o.c 6.6 29.5 0.0 6.-:-

Basic zinc 
pyrosilicate hydrate 
(Zn4(0H)2.s1207.H20)• 2.9 l.9 3.9 lR.6 14,4 9.; 24.0 20.6 

• Cale 1t1m carbonate 
o.& 8.1 (Caco3) 0.1 l.:) l.6 8.1 4.5 13.7 

• Hydroxya)atit~ 
(Ca1o(P04 6\0H}_,) o.o 0.1 0.0 o.o o.o o.o o.o o.o 

• Magnesiua phosphate 
(Mg3(P04)2l o.o o.o 0,0 o.o o.o o.o o.o o.o 

Magnesium silicate 
(MgS10

3
) 0.5 1.0 0.5 3-3 2.4 l.3 3,Q B.r\ 

• Mafne&i\1111 hyd~oxide 
(Mg Cii) 2) o.o o.o 0,0 o.o o.o o.o 0,0 0,0 

• Copper oxide (CuO) O.".l 3,3 0,2 '),l 0.1 0.1 0.3 o.: 

• Ferric oxide (Fe2o3) l.4 2,8 2 .1 3,3 1.6 2.1 5.3 <,. 3 

• Alumina (A1 2o3) 0.61 1.4 : . 2 3.5 2.6 1.6 2.Q .. 

Wc.ter, organic, 
12. 71 IJ.'2 Q.2 2.1:\ /unaccounted for) 10,• 6,4 7,4 7 '· 

• n x-ray a1nract10n 

91 

236 

30 

121 

5.7 

7 

o.o 

0 

0 

0 

144 

o. 

70.3 

15.7 

0.2 

o.4 

0,? 

o.o 

'). 1 

o.r, 

2.? 

2." 

0.1 

l l. ~ 

l go; 

'25 

106 

6.11 

2 

10 

26 

0 

0 

146 

0.5 

52. 

19. 

5. 

o. 

o. 

(I, 

l. 

o. 

~-
'l. 

o . 

... . 

i! 

c; 

7 

0 

0 

4 

235 

'26 
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153 
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