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INTRODUCTION
Marine problems are of national importance• At the present time, the U# S* Government is stimulating interest in marine activities in many areas. Examples of problems receiving attention are shore erosion, harbor protection, sea-water intrusion of the fresh-water table, navigation, underwater transportation, oceanographic exploration, hydrofoil ships, nuclear-powered vessels, iceberg movements, seafood, pollution control, etc* One program which has gained national and international interest is that of the Office of Saline Water to develop methods of converting sea or brackish water to fresh water.
For highly saline waters, such as sea water and brines from salt wells, many today favor distillation processes as the most economical method of producing potable water* Processes which can make use of waste heat (often available at shore-based steam plants, at refineries, and at chemical plants) are particularly attractive.
Some of the thermal processes under investigation by the Office of Saline Water include conventional distillation, distillation using Yapor-compression multi-stage flash evaporators, distillation with vapor reheat, distillation without the use of metallic heating surfaces, vapor compression using forced circulation, etc.
This increased activity in the utilization of sea water involves the use of a variety of equipment and focuses attention on the need for knowledge of the behavior of metals and other materials in marine service.
Before choosing metals or other materials of construction for distillation plants handling sea water, many factors have to be considered. Among these are the intial cost of materials, the efficiency of the materials in the intended design, the lifetime of these materials as influenced by corrosion and by other factors, and the amount of servicing required to keep the intended design operational.
The chemistry of sea water is complex and much more information needs to be developed. Many materials behave unpredict- ably in sea water, particularly when incorporated into actual designs. This report is concerned primarily with the corrosion behavior of metals and other materials in sea water, in diluted sea water, and in brackish waters. Corrosion and scaling problems as a result of heating saline waters are given particular attention.
Information presented was obtained from (1) a review of pertinent corrosion literature, (2) consultations with experts in
the field of corrosion, (3) reports of marine corrosion research, presented at meetings of The Sea Horse Institute (directed by The International Nickel Company) at Wrightsville Beach, North Carolina, (私）manufacturers1 technical publications, and (5) Battelle*s own marine experience.
CORROSIVITY OF SALINE WATER
The Nature of Corrosion
Aqueous corrosion is known to be electrochemical in nature* A simplified concept of the corrosion mechanism proposes anodic and cathodic areas on the metal surfaces. At the anodes, the atoms of the metal release electrons, become positively charged ions, and enter the solution. The electrons pass through the metal to the cathodic area where they discharge a positive ion, often hydrogen. Thus the process involves a flow of electrons through the metal and a flow of charged ions through the solution or electrolyte. The electrical currents which cause corrosion are modified by polarization at the electrodest by the formation of passivating films, by scale formation, by local variations in concentration of soluble materials in the electrolyte, and by a number of other complicating effects.
The following paragraphs outline the major factors which influence corrosion reactions. Since their inter-relationship is quite complicated, it can be seen that no use of them can be considered 6〇lely in analyzing a given situation^ However, they are discussed individually for clarity*
Natural sea water differs from synthetic sea water’ from the corrosion standpoint, mainly because of the effects of the living organisms present in the ocean. For this reason, it is most desirable to use natural sea water in conducting corrosion experiments at normal temperatures* Howevert since the organisms are killed by heat in the distillation process, their effect is not important in corrosion at elevated temperatures.
Much useful information has been developed from work done in the laboratory with saline solutions made up to simulate sea water with respect to its inorganic constituents. Hachs^^has, for example, carried out some very interesting experiments concerning the corrosion of iron in sodium chloride solutions. Such experiments provide information which has a direct and useful bearing on natural sea-water corrosion problems.
Corrosive Ions in Sea Water
The chloride ion is probably the most deleterious ionic constituent occurring in sea water in large quantities* Its corrosive nature comes from the fact that it readily penetrates passive protective films and thus enhances the corrosion reactions.
In addition to chloride ions, the anions found to the greatest extent in sea water are sulfate« bromide9 fluoride, and bicarbonate. Lyman and Abel(2)list a typical analysis for the major constituents of a sample of•North Pacific Ocean water# Their data, tabulated below, also include the major cations present*
	Cations
	per cent
	Anions
	per cent

	Na+
	1.056
	ci-
	1*898

	
	0.127
	scv
	0.265

	Ca++
	0.040
	HCO3-
	0.0X4

	K+
	0.038
	Br_
	0.0065

	Sr—
	0.001
	F 一
	0*0001

	Sum:
	1.262
	Sum:
	2.184

	
	
	undissociated)
	.003


Grand Total:	5•缽谷9 per cent
Natural processes, operating both at the surface and at great depths, result in a continuous circulation of ocean water, so that the relative proportions of dissolved salts are virtually the same everywhere, although the total salt content (salinity) may show appreciable variations with geography•
The halogen ions, other than chloride, are present only in small amounts, and their corrosive effects in sea water are probably masked by the very high chloride content.
Other corrosion experience would suggest that the sulfate also contributes much less to the corrosion by sea water than the chloride.
The presence of bicarbonate ions in water can help promote corrosion attack on many metals.
Tt should be mentioned that the vE of sea water normally
Since corrosion is dependent on electrolytic processes, it is greatly influenced by the conductivity of the solution. Sea water is a good electrolyte, so it is not surprising that it is corrosive# Figure l〇)shows that the resistivity of sea water is relatively low at normal temperatures. However, it can also be seen that as the water is diluted (as might occur near rivers), the resistivity is markedly increased. Accordingly, the corrosion might be expected to be somewhat less in the vicinity of rivers. Actually, the effect of varying the salinity is inter-related with some of the other variables, as far as corrosion is concerned. For example', concentrating sea water (as in a multiple-effect distillation process) reduces the oxygen solubility.
For steel and for the temperatures involved in a typical process, it is found that the rate of attack becomes less as the brine becomes more concentrated. The role of oxygen is discussed more completely later.
It is interesting to note that resistivity for sea water in the normal range of salinity is not greatly affected by temperature (see the lower curve in Figure 2)* On the other hand, a solution of only 1*84 parts/thousand (0/00) salinity decreases almost one half in resistivity as the temperature is increased from 32. to 77 F,
Oxygen and Temperature
Of the environmental factors, oxygen ranks high in degree of importance. It affects corrosion reactions by depolarizing cathodic areas, by oxidizing ferrous compounds, and by changing cell potentials.
An increase in temperature normally can be expected to speed a chemical reaction so that corrosion could be expected to accelerate as the temperature is increased. Since oxygen content and temperature are related, the individual effect of each is difficult to differentiate.
According to Speller(4)， when steel is heated in ordinary water at a constant oxygen content the corrosion rate increases with temperature in the range 100 to 3〇〇 F, If the oxygen is allowed to reach its normal saturation level, the corrosion reaches a maximum at about 175 F and decreases with increasing temperature above that point because of the decrease in oxygen solubility. The oxygen level in sea water can vary from low to relatively high concentrations (0 to 12 ppm)(为）• For example, photosynthesis in green plants in the water tends to increase the amount of oxygen in solution. Wave action and spray formation tends to maintain the water near the surface approximately saturated with oxygen. On the other hand, the activities of bacteria in polluted water may result in lower oxygen content and an increase in carbon dioxide and, at the same time, cause the presence of hydrogen sulfide. The surface water at the tropics, because of the elevated temperature, may have only half as much oxygen present as for Arctic waters.
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FIGURE 2.
CHANGE IN RESISTIVITY WITH TEMPERATURE AND SALINITY FOR SEA WATER
No systematic investigation has been made correlating corrosion with the oxygen content of sea water. However, several research workers have reported results in this area for steel in salt solutions and the general conclusions can probably be applied to sea water.
The corrosion behavior of iron and the oxygen solubility as a function of the salinity of the solution at 75 as reported by Hache(l), is illustrated in Figure 3. It is to be seen that sodium chloride does not affect the solubility of oxygen in water until a concentration of almost 10 g/liter (about 1 per cent) is reached* From that point on, the oxygen solubility decreases with increased salt content and approaches 1 ppm at 360 g NaCl/liter.
The curves also show that a corresponding decrease in corrosion rate follows the decrease in oxygen content.
The oxygen solubility in chloride solutions and the corresponding corrosion rate of a steel coupon as studied in another laboratory(5)are shov/n in Figure 知. It can be seen, as was just pointed out, that the dissolved oxygon content is significantly decreased by an increase in salinity* In general, the values are slightly lower than those presented in Figure 3.
The corrosion rate of steel (in this short-time test) reached a maxinura in about 1 per cent of codium chloride. This corresponds to the highest oxygen concentration studied. At higher salt contents, the reduced oxygen content of the solution resulted in a reduction in the rate of attack* This reduction varied directly with the oxygen content.
Figure 5 shows the effect of temperature on the corrosion of iron by air-saturated and partially deaerated solutions containing 3〇 g/liter of sodium chloride• As might be expected, the corrosion increased with an increase in temperature. At the lower temperature studied, the aerated solution contained about four times as much oxy- gen as the partially deaerated solution and was about three times as corrosive• At about l4〇 F in this open system, the oxygen contents were about the same and the corrosion rates were identical. A similar temperature dependence had been, reported earlier by Palmaer^).
At ordinary temperatures, practical experience has shown that steel will resist saline waters if essentially all of the oxygen is removed. Not much quantitative information is available about the behavior of steel in saline waters at elevated temperatures free from oxygen* However, some related experience seems to be significant•
In certain oil-field secondary-recovery operations, brines (some containing the same salts as in sea water) are pumped to the surface and reintroduced at another point into the formation. Experience has shown that these brinesf which may be at temperatures of 200 F or above, can be handled in steel equipment such as pumps, valvest piping, and other fittings. Satisfactory lifetime is experienced if no oxygen is allowed to mix with the brine solution in this closed system. Slight air leakage can be compensated for by
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cases, it is desirable to add a small amount of a corrosion inhibitor to the brine*
At The Sea Horse Institute, it has been observed that steel immersed in sea water at the 86 to 9〇 F summer temperatures corrodes at about 5〇 per cent faster rate than at the 4〇 to ^5 F winter temperatures.
The effect of temperature on the corrosion of brass has been studied. For example, red brass and Naval brass are com- pared in a 10.8 per cent sodium chloride solution, see Figure 6、	•
Both materials Bhow higher rates of attack with increase in temperature. The Naval brass (6〇Cu-392n-ISn), which shows the highest rates of the two materials, is not presently considered a preferred metal of construction for saline v/aters. Although not given in the reference, one would expect dezincification attack on the Naval brass in heated chloride solutions.
Admiralty brass is a widely used metal in brackish water and sea water. It shows, in another experiment, greatly accelerated deposit attack as the temperature is increased (see Figure 7)• A 3 per cent sodium chloride solution was used as the corrodent, and cotton wads were placed on the metal surface to simulate deposits.
It should be noted that the corrosion for the above metals is much different from that for steel in that there is no indication of a decrease in corrosion rate at elevated temperatures as oxygen is lost from solution.
Velocity
Oxygen-saturated sea water at the surface of the metal tends to increase the over-all corrosion reaction in most cases. However, in a few instances, oxygen is necessary to promote the formation of desired protective films. If a critical velocity of flowing s©a water is exceeded, the protective film may be eroded away. For example, the inlet ends of condenser tubes are frequently attacked (see Figure 10). Jet tests have been devised for ranking the susceptibility of metals to such impingement atta,cl£. The maximum velocity for useful corrosion resistance is low for copper (2 to 3 ft/second); higher for aluminum, cupro nickels, and aluminum bronzes; relatively high for stainless steels and Hastel- loy C; and highest for titanium (20 to 5〇 ft/second)♦
Cavitation is caused by the repeated pounding on the metal, resulting from the rapid collapso of vapor bubbles in the water* Where there is violent flow of the water, such as that of a ship propeller at high speeds, the pressure at some area on the metal surface may be reduced so that localized boiling forms bubbles of vapor. At another site, vihen these bubbles suddenly collapse, the resultant hammering may in time cause a layer at the surface to fail by repeated compression, allowing pieces of metal to flake off. The active metal exposed may, in turn, be rapidly attacked by exposure to the sea v/ater. It has been found difficult to develop a laboratory test that will accurately simulate cavitation attack as it occurs in actual marine service.
Heat Transfer
With heat being transferred through the metal surface, there is a boundary film of sea water next to the metal surface which may be much hotter and, therefore, different in composition and behavior from the bulk solution. Scale, because of reduced solubility in this film, can be expected to deposit on the metal and interfere with the corrosion attack.
Stress
Some metals, particularly the stainless steels, are very susceptible to stress corrosion and corrosion fatigue in sea water. It is generally good practice to minimize surface tensile (residual or design) stresses in metals exposed to corrosive saline waters*
Water
flow


FIGURE ia INLET IMPINGEMENT ATTACK DUE TO EXCESSIVE TURBULENCE
When two metals of different potentials are galvanically coupled, the accieleration of the attack on the less noble metal of the two is observed frequently. It is well known that a small area of an anodic metal coupled to a large area of a second metal that is cathodic can be particularly dangerous. The reverse (namely, a small cathode coupled to an anode that is large in area), while not the most desirable situation, often proves satisfactory in service, A useful guide to help in predicting unfavorable combinations is the galvanic series of metals in sea water^c).
PROBLEMS ASSOCIATED WITH HEATING SEA WATER
As sea water is heated, a series of chemical changes take place which greatly alters its corrosivity to a metal such as steel. The discussion will first review briefly the scaling problem, then touch on other changes which affect corrosivity as sea water is heated.
V/hen a heated metal surface is brought into contact with brackish water or with sea water, the calcium and magnesium compounds will tend to precipitate• As the mineral scale grows in thickness, it tends to insulate the metal from the water, thereby impeding the flow of heat. This, in turn, is often accompanied by an increase in the temperature of the metal. The marine distillation industry has been plagued for many years with the sea-water scaling problem, and many investigations have been conducted.
Research on the chemistry and the mechanism of scale formation has indicated that two conditions are important for the formation of sea-water scale:
1. The scale-forming constituents in the solution must be supersaturated. In the example just referred to, supersaturation tends to occur in the thin film of solution next to the surface of the hot metal. In laboratory demonstrations at Ann Arbor(8)， the W.
L. Badger staff have shown that there is an induction period (sometimes of six or more hours) before the first scale nodule is precipitated from a supersaturated solution onto a cleaned copper surface .
2* Supersaturated constituents in solution need not have a metal surface for scale deposition* Suitably selected solids, suspended in solution, may also provide sites for nucleation of scale.
The formation and precipitation of the scaling deposits takea place primarily by the following simplified mechanism and ±e enhanced by the fact thfet the salts exhibit inverse solubility curves. First, it must be pointed out that the bicarbonate ion in the sea water is basically responsible for the low-temperature deposits (100 to 25〇 F)* This is true because as the sea water is heated and evaporated, the bicarbonate ions break up into carbonate iona, water, and gaseous carbon dioxide* A certain amount of the carbon dioxide is continuously lost• A condition is soon reached on the heated surface where the solubility product for calcium carbonate is exceeded and a layer of this compound is formed. Thia reaotion predominates in the temperature range of 1^0 to l8〇 F in an evaporator under dynamic conditions*
The second scaling constituent is formed because hydrolysis of the sodium carbonate in the sea water is continuously taking place. Heating promotes this reaction and thus an accumulation of sodium hydroxide or hydroxyl ions tends to occur* Soon there are sufficient hydroxyl ions present to combine with the magnesium ions already in solution and magnesium hydroxide is precipitated* Accordingly f heavy deposits of magnesium hydroxide are normally found at temperatures of l8〇 F and above. Figure 11 shows the relative amounts of magnesium hydroxide and calcium carbonate deposited at three temperatures(9)# It should be noted that a relatively constant amount of calcium sulfate was deposited at all temperatures.
When water temperatures (under pressure) of the order of 310 F to 325 F are reached, th^ scale becomes increasingly high in calcium sulfate because this material is less soluble at the elevated temperatures. Of the three types of depositt the sulfate is the most difficult to remove. Until an effective scale treatment is developed for calcium sulfate, a maximum of about 3〇〇 F is suggested for sea-water diatillation-plant designs.
Partridge and Whit10^studied calcium sulfate solubility in water* Apparently, hemihydrate is twice as soluble at about 29〇 F as anhydrite. As one Increases the temperature of seat 冒 the scale is mainly gypsiun at about 29〇 F, is hemlhjdrate at 315 F, and is anhydrite at about 330 F# Experience suggests that the gypsum is the least troublesome of the calcium sulfato scales to remove.
In a multi-effect evaporatort the sea water increases in aalini获 with each temperature increase* However, it has been foundin the lower temperature ranges that calcium sulfate does not reach saturation until sea water has been concentrated severalfold. Thus9 conditions can be found irhere distilled water can be produced and calcium sulfate depoaition be held to a minimum#
 (
Galvanic Couples
)
Sxperiment8 have shown that adding acid or certain acid salts to the incoming sea water greatly reduces the tendency to form calcium carbonate acale and magnesium hydroxide scale. From a corrosion standpoint9 it nornally is desirable to have a protective thin film of scale form on the metal, especially if the scaile ia bard «tnd impenetrable* Experienco has oho冒n that this raineral soal«
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9
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ALE COMPOSITION FROM BOILING SEA WA

affords considerable protection to metals, such as steel and cast iron, from the corrosive sea water.
The various methods for controlling scale formation from saline waters need to be examined from the corrosion viewpoint These include such chemical treatments aa (1) acid or acid salt additions to prevent calcium and magnesium compounds from forming, or (2) seeding to encourage the above compounds to form in solution away from the metal surfaces, or (3) the use of organic materials such as starch to cause a scale to form which is readily removed at scheduled intervals by mechanical means, such as thermal shook.
The addition of mineral acids (e.g., HC1) or of organic acids (evg., citric) would be expected to be accompanied by an increase in the corrosivity of the saline water• An acid salt addition, such as ferric chloride(D, or sodium bisulfate would also be expected to increase the corrosivity of sea water.
Seeding methods would not be expected to cause any marked increase in corrosion.
Since the early days of steam boilers, a variety of organic materials have been tried in boilers to prevent scale formation. In more recent y^ars, these compounds also have been tried in sea water. Some e?. imples include starches, tannins, sodium alginateThis type of addition probably has little influence on the corrosion attack of the metal by hot sea water.
Two proprietary treatments were mentioned in discussions of tMe scaling problem; one is called ^Hagevap1*). This treatment cosis about 2*7 cents per 1000 gallons of product when used at 3*8-ppm feed* The Hagevap treatment has been used on a land-based submerged-tube evaporator operating in the Persian Gulf; it has prevented scale formation during a year of operation* The boiling temperature of the sea water is limited to a maximum of about 200 F.
The feedwater treatment that has been adopted at Morro Bay, California, consists of various concentrations of Nalco Starch D-1557(巧）• For the past two years, the above starch treatment has been modified by adding Nalco 71NA antifoaming agent* These chemicals are mixed with fresh water and fed into the makeup line to the first-effect shell by means of a proportioning pump# The cost of this chemical treatment is 2*5 cents per 1000 gallons of distillate.
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According to a short news release(I。， Dow Chemical Company (at Freeport) proposes to control calcium sulfate scale by partial ion-exchange softening.

PERFORMANCE OF M£TALS IN SALINE WATER
Steel
Compared to other metals, steel is one of the least expensive material of construction and is the basic material of construction for many sea-water plants. Even though steel may be attacked in sea-water service as a distillation unit, its low initial cost may result in lower over-all costs if good design and good corrosion- control practices are followed.
The rate of attack for steel under immersed conditions in clean sea water at ambient temperatures is fairly uniform and averages about 5 mils per year. General at tack, v/hen it occurs, continues at a fairly uniform rate even with an accumulation of corrosion products or marine growth.
Often, however, steel is subject to pitting attack by sea water. The pitting attack on bare steel is frequently reported to be about 10 to 15 mils per year. The presence of mill scale on the steel — especially when it covers a large portion of the exposed area 一 significantly increases the rate of pitting, and penetrations of about 20 mils per year, or more, can be expected* This is a result of the mill scale serving as large cathodes to the small, bare anodic areas. Pitting attack often tapers off with continued exposure.
A recent paper(工7)gives the results of an 8-year exposure of structural steels to tropical sea v/ater* It was found that small additions of copper to mild steel did not alter the corrosion rate. Steels containing 2 and 5 per cent nickel were definitely inferior to mild steel on the basis of both general and local attack. Steels containing 3 and 5 per cent chromium were more resistant than aild steel for the first three years, but then corroded significantly more than mild steel during the remaining five years. The amount of pitting also was greater for the chrome steels during the latter period* For complete immersion, mild steel is preferred. In other experimentsconducted in the polluted waters of San Diego Harbor, California, the rate of pitting for mild steel was found to be as high as 6〇 mils per year.
Welded copper-bearing oteol, 5/8 inch thick, is used for the shells of the evaporators in operation at the Morro Bay station of the Pacific Gas and Electric Company. These evaporators have a 228 F steam supply, and the brine temperature to the first stage is 190 F. In the vapor phase, the steel evaporator shells are showing corrosion where condensation occurs. The evaporator condenser shells show most corrosion where the third-effect vapor line enters. Condensation with oxygen and carbon dioxide takes place at this point.


It is estimated that at the baffle the wastage was 10 to 15 per cent in about five years. Where the steel is brine covered, it is holding up well.
In connection with the pilot-plant operation of the Long-Tube Vertical Evaporator at Wrightsville Beach(19), tubes and test spools were exposed to temperatures up to 25〇 F and in seawater brines up to four times normal salinity. Test-spool results of three selected runs are reported as follows:
Corrosion Rate, ipy
Firat Run	Third Run	Fourth Run
Test-Spool	(30 Days)	(♦ Days)	(6k Days)
	Metax
	Vapor
	Liquid
	Vapor
	Liquid
	Vapor
	Liquid

	Steel
	.027
	.oai
	• 062
	.〇3〇
	• 〇57
	• OVf

	Cast iron
	.016
	.030
	.016
	.031
	.021
	.032


On third run, results were calculated for 1? days' evaporating time for the vapor samples, and on 28•缽 days for the liquid samples.
The exposed tube samples, for the most part, showed lower rates of attack than did the identical materials tested ae spools. This was explained by the fact that the test spools were exposed under relatively stagnant conditions. They conclude with the following：
•*The moderate amount of corrosion observed in the steel samples and steel tubes was encouraging to the point that steel cannot be discarded as a material of construction for heating surfaces in the LTV-type evaporator system. From the accumulated data and observation of the materials of construction used in the evaporator and tube equipment, it may be concluded that steel can be used as a material for the construction of the major portions of the evaporators, pumps， piping, and perhaps heating equipment* • •
•，As a broad, general conclusion, it ie highly probable that steel will turn out to be the best all-around material for economical operation. • •'*
The report also states:	"Of the less-expensive non-
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ferrous alloys, admiralty metal, copper, aluminum brass, and 90-10 cupro-nickel are entirely satisfactory on the basia of corrosion results
Protective Coatings* When heat transfer through the metal Is not involved, a protective coating often is the best method of preventing steel corrosion. The choice of a protective coating must be guided, among other factors, by the maximum intended water temperature. Steel has been protected by widely different protective coatings and linings, such as epoxy tar, vinyl, and rubber* Normally, some temperatures between l6〇 and 25〇 F would be considered a good safe maximum for the best of the organic-type coatings* Metal linings, such as Monel, also are used to protect steel# Concrete has been used in sorae special cases,
A variety of protective coatings is available for steel in sea-water service. For such applications as hulls of shipst normal practice is to apply compatible antifouling paint over the corrosion- resistant primer-coating system. Figure 12-b shov/s panels which have resisted fouling for a year or more, compared with adjacent panels where the experimental coating does not prevent fouling*
Cathodic Protection, Steel can be protected by cathodic current, supplied either from sacrificial anodes or from an external direct-current source. The method is effective for completely immersed steel (that is, for surfaces on structures below the low-tide level)• Current consumption can be greatly reduced by applying a suitable paint system to the steel before it is immersed in sea water (see Figure 12-a). Such a paint system should be alkali resistant.
Current demands tend to increase with increasing sea-water velocity and temperature♦ Cathodic protection does not appear to be used in applications with hot sea water. Information is needed to establish the potential value of cathodic protection in sea-water installations at temperatures above, say, 100 F.
Scale Formation. One method of controlling the corrosion of steel is to allow scale to form from the water.
On the Gulf Coast, a steel heat exchanger in refinery service held up well under the following conditions* The process streams, to be cooled, varied from 3〇〇 to 600 F, The brackish-water temperature was l8〇 F* The good results were attributed to a protective mineral scale. Another unit operating with 120 F water did not form scale, and the rate of corrosion was considerably higher.
 (
Methods of Protection
)
 (
Methods of Protection
)
For sea water or for brackish water, the thickness of the protective scale must be carefully controlled to prevent restrictions to water flow and to heat transfer. Normally, the water is treated to prevent scale formation and to increase the efficiency of heat transfer* One type of treatment is to lower the pH with acid or with an acid salt such as ferric chloride. This, in turn, will make the sea water more corrosive to the steel*

N-7〇l〇8
(a) Effect of Cathodic Protection on Paint Systems

N-7〇l〇9
(b) Antifouling Paint Studies
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FIGURE 12. EXPERIMENTS AT BATTELLE»S DAYTONA BEACH MARINE STATION
Deaeration. F# C# Standiford	has stated that by the use
of a deaerator to remove the oxygen in the sea water, it will be possible to use eteel up to 25〇 F, Others believe that slightly lower temperatures (, 220 F) will be the maximum serviceable temperature • This method is by far the most practical way of reducing seawater attack. After treating the incoming sea water in a deaerator, oxygen scavengers such as sodiura sulfite or hydrazine(21)may be used. The maximum temperature at which this combined treatment will provide effective reduction in the rate of corrosion to steel is not yet known.
Other. Recent British experienced^^t using boiler water to which aea water"had been added, suggests that corrosion resistance can be improved by first chromizing the boiler tubes. No pitting was observed on these tubes* Unfortunately, some of the chromized tubes showed failures euch ae splits on being expanded into the tube sheets. The British also found some evidence that the degree of pitting is decreased by increasing the copper content of seamless tubes to about 0.2 per cent.
Another observation by the British authors is the danger of corrosion of otoel equipment used in saline waters during shut-down periods# During continuous operation, attended equipment can be better controlled than v/hen left unattended during idle periods. If chloride-containing water i6 allowed to remain in a boiler, there is a high risk of pitting attack. There are many methods already worked out for the preservation of steel equipment during idle periods.
Cast Iron
Many years of service have been obtained from heavy-walled cast iron pipe and oast iron equipment in eea-water service• Initially, the iron phase in cast iron is readily attacked at rates similar to mild steel. Normally, the layer of graphite left with the corrosion product is dense and compact, and the corrosion tends to be stifled* However, if this reoidual layer is porous, further corrosion nay be accelerated by the galvanic action between the graphite layer and the iron beneath. The attack then approaches a rate similar to that found for the pitting of mild steel*
Wrought Iron
Wrought iron has found considerable application in marine- based atruotures and in piping* While wrought iron, according to some sources, appears to be more resistant than mild steel to general and localized corrosion by sea water, there is no general acceptance of this material by operators of marine plant6. Advantage is sometimes taken of its directional physical properties where corrosion roaietance also is needed. It sh-ould be mentioned that for the same initial cost a much thicker wall can be purchased in a cast iron or a steel pipe than for one of wrought iron. Until directly comparable engineering data are developed in the economic use of wrought iron versus steel or cast iron in sea-water plants, many experienced marine operators hesitate to specify wrought iron in place of other less-expensive ferrous materials*
It should be pointed out that an older form of wrought iron, as produced in England, contained slag layers• These layers, when suitably oriented, were found in some corrosion environments to prevent pitting attack from progressing deep into the metal*
While this behavior accounts for the longer lifetime of the ancient form of the material, it does not follow (according to marine specialists) that the modern fibrous form of wrought iron will greatly outlast steel in identical sea-water service.
British wrought-iron boiler tubes^3)have given exceptionally long life in marine fire-tube boilers. These boilers use water to which sea water is intentionally added, A complex magnesium and calcium silicate scale is believed responsible for the long lifetime* The silicate is derived, in part, from the slag.
Aluminum and Its Alloys
In marine service, aluminum has already had considerable success in environments involving atmospheric exposure, such as the superstructure of ships of all sizes. It also is being used in structures and assemblies immersed in sea water.
For aluminum and its alloys, oxygen is found to be essential in sea water for good corrosion behavior* Apparently, without oxygen to repair breaks in the protective oxide film， the metal is attacked rapidly. Other variables which affect the performance of aluminum must be considered also. For example, aluminum alloys are susceptible to pitting. Often the pits are very deep; however, the corrosion usually slows down with time. Pitting can be caused by deposits and by heavy metal ions such as copper plating out from solution and forming local cathodes.
Pitting and localized attack can be minimized by cladding the aluminum alloy with the proper grade of aluminum or aluminum- zinc alloy. The objective is to select a cladding that is slightly anodic to the base metal in sea water. Experience has shown that the attack will not penetrate into the base metal until most of the cladding has been consumed by corrosion. It is of interest to note that the aluainum usually chosen for cladding is both more corrosion resistant and slightly anodic to the base alloy* The fact that a metal is more anodic than an adjacent one in the galvanic aeries for sea water does not necessarily imply it will corrode at a higher rate when exposed uncoupled.


Alloys such as 3〇〇3 (1.2Hn), 5〇56 (5Mg)f or 6〇6l (l.OSi- 0.6si) are known to be more resistant to sea water than the copper- bearing alloys such as ZOZk (4*3Cu)-
Galvanic corrosion often is the cause of failure in aluminuni alloy designs# Aluminum, for sea-v/ater service, gives best results if it is not coupled to other metals*
Aluminum can be cathodically protected, but caution.must be employed. If there is too much alkali developed as a result of too high a cathodic current, the aluminum will be attacked.
Aluminum can be employed in hot sea wa七er as a resistant material of construction. Experiments by the U* S* Army, Engineering Research and Development Laboratories, and by investigators at other sites, indicate that, with proper corrosion-control practices, aluminum can be used for the construction of an entire plant to process sea water* The sea water entering the plant should be free of all metallic ions, especially copper or nickel. It is essential, in such a plant， that no copper-base alloys be used at all, and that galvanic couples to most other metals be avoided.
In an aluminum-constructed distillation unit, local attack may occur at crevices such as those formed by a flange with a gasket. Recommended practice is to place such joints in the vapor phase, where differential aeration cells will not be operative•
As with aluminum in sea water at ambient temperatures, best results are obtained if aluminum-clad alloy construction is used.
There are reports of aluminum clad heat exchangers giving up to 10 years of service in sea water under favorable conditions.
Another example of the successful application of aluminum is in tankers. Steel-pipe heating coils, norcally used at the bottom of oil compartments in ship tankers, suffer corrosion resulting fron the alternating conveyance of sea water and crude oil of high sulfur content. In England, recent use has been made of aluminum-alloy heating coils. These are reported(2lf)to give equal or better results in all respects to a mild-steel steam system. Aluminum has higher rates of heat transfer and also there is a saving in weight and freedom from corrosion. The cost of the aluminum-alloy installation is said to be only slightly more than that for mild steel. It should be pointed out that aluminum is resistant to sulfur-contaminated crude as v/ell as to sulfides and to sea water.
Copper
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28
)
 (
#
)
Experimentors studying distillation processes, in which a very low thermal gradient and good conductivity across the metal wall are required for success, would like to use copper(25,26,2?). Unfortunately, the corrosion resistance to sea water does not appear favorable. In the rotor type of still, for example, the high velocity of sea water over the copper surfaces needed for efficient heat transfer also tends to promote rapid attack. Protective sea scale cannot be permitted because the reduced conductivity would adversely affect the design criteria.
Ordinary copper is not recommended for sea-water plants if the water velocities are much greater than, say, 2 ft/second. It remains to be demonstrated whether copper can be employed In contact with completely deaerated sea water at much higher velocities.
Experiments using a copper rotor with completely deaerated and heated sea water will soon be in progress at the Richmond Marine Laboratory of the University of California. Staff members at this site believe that copper may be a useful material of construction for hot sea water under these carefully controlled conditions.
Brasses and Bronzes
There is a wide range of copper-base alloys that have given good service in sea water. Admiralty brass (7〇Cu-29Zn-lSn) plus a small addition of arsenic, has found wide use as condenser tubes in marine-based plants using sea water for cooling purposes. While it is not so resistant as the cupro nickels, it often seems to be preferred because of the lower initial cost.
Another alloy that is widely used in cooling-water service is aluminum brass (76Cu-22Zn-2Al). The aluminum content improves the resistance to velocity and impingement* This alloy, however, seems to be more susceptible to pitting than some of the other copper alloys in stagnant sea water.
Silicon bronze is suitable for shell material, but not suitable for tube sheets subject to high velocity.
According to information received from the Tin Research Institute^S}^ tin-bronze condenser tubes (e.g., 9〇Cu-10Sn) are made to a limited extent in England. They are used only for special duty, namely< when the cooling water contains sufficient entrained sand and thus making erosion a serious cause of metal loss, or when the water is acid. Undoubtedly, their cost has restricted the wider use of these resistant alloys.
Research is in progress at the British Nonferrous Metals Research Association with brasses containing more than k per cent tin and with the zinc set at a maximum to provide for a single-phase alloy* in the laboratory test, these brasses have given good promise in polluted waters and in resisting impingement attack— the corrosion being uniform. These alloys were first mentioned publicly in a discussion by H. S» Campbell
When either aluminum brass (76Cu-22Zn-2Al) or Admiralty brass (7〇Cu-29Zn-lSn) are used as condenser tube materials, an inhibitor such &s arsenic should be added to the metal to prevent dezinc— ification. It is known that there is a greater tendency to dezinc- ification with increased temperature.
In the tabulation below(”，the inhibition of dezincifica- tion by arsenic in brasses is shown. These tests were conducted in corrosive well water at 176 F for 120 days. Although not given in
the reference, in all likelihood the water is contaminated with chlorides* It is predicted that tests in hot sea water would show a similar benefit for arsenic as an inhibitor*
	Alloy
	Weight
Loss,
ipy
	Depth of Dezincificationf ipy

	Aluminum brass
	• 00A
	0.46(a)

	Arsenical aluminum brass
	• 002 斗
	Slight trace

	Admiralty brass
	♦ 0030
	0.15([footnoteRef:2] [2: 	Method of determination not reported by supplier,] 


	Arsenical Admiralty brass
	.00^0
	Trace


(a) Plug type.
The Standard Oil Company of New Jerseystudied the problem of the effect of metal temperature on the rate of attack in sea water. In one experiment, Admiralty brass single-tub© heat exchangers were made up and operated at metal temperatures up to 200R The incoming se.^ water was maintained at either 110 or 120 F* The experiment ran about 100 days. After the test, a comparison of the surface appearance of the Admiralty tubes v/as made by metallographic sectioning. Very little difference in the depth of attack was found with increase in temperature. There was a slight tendency for the surface roughness to increase with temperature.
Many refinery operators are of the opinion that corrosion failures of brass condenser tubes are more frequent during the hot season of the year. At some sites, warm-weather conditions coincide with longer production runs, higher plant through-put, higher salinity, higher cooling-water velocities, as well as warmer water supply for cooling purposes. In view of these variables, some corrosion specialists are not fully convinced that the greater frequency of failures in warm weather can be ascribed solely to temperature*
In condenser-tube service, if the water velocity is too low, air bubbles tend to form in the tubes as the water is being heated. These air (or gas) bubbles have been reported to initiate pitting. Once started, the pitting continues long after the bubbles disappear. This is just another example of the indirect effect of higher temperatures on corrosion.
Bruce(15)reports that aluminura^brass tubes (1-inch 0D, 16 BWG) are holding up well after five years in sea-water evaporator service in the Morro Bay, California, installation. These tubes are being used with rolled Naval brass tube sheets and with bronze float- ing-head covers.
Dual construction , using copper-base alloys in contact with staialess steel has been found unsatisfactory for sea-water serviceIn this use, the copper provides a large cathode, which
greatly increases the rate of attack of anodic sites on the stainless steel*
Cupro Nickels
At the present time, most marine operators agree that the cupro nickels are among the most useful materials of construction for sea-water plants. Since World War II, the use of a 9〇Cu-10Ni alloy modified with about	has become well established* The lower
nickel content results in a cost advantage over the 7〇Cu-3〇Ni alloy. Alloys containing 7〇Cu-5〇Ni or 8〇Cu-20Nif each with added iron, are preferred by some designers to withstand more severe conditions* The cupro nickels are widely accepted as the best available alloys for condenser tubes.
For service in erosive conditions, a special copper-nickel alloy (3〇Ni-2Fe-2Mn) is useful and is normally preferred to bronze. In brackish waters, Admiralty brass is generally used if the total dissolved-solids content is below 2000 ppm. At higher dissolved- solids content, aluminum brass or the cupro nickels are favored. Cupro-nickel alloys are preferred to brasses in polluted waters. A useful survey of British practice is provided by P. T# Gilbert^^).
For service at higher temperatures,, the copper-nickel alloys are much preferred over other copper "base alloys.
Sea water, heated under pressure to 325 F, was allowed to contact three grades of cupro-nickel alloys for 5^ days at a velocity of 0*5 ft/second. The results(^), shown below, indicate that these materials are resistant to sea water at this temperature.
	Cupro-Nickel Composition, per cent Alloy Cu Ni Fe Zn
	(a)
Mn
	Depth of Corrosion, ipy

	90-10
	89.06
	9.8^
	0.71
	0.20
	0.19
	0.0010(b )

	90-10
	87.85
	10.07
	1.7
	(c)
	0.24
	0.0015((a) [footnoteRef:3] [footnoteRef:4] [3: 	No pitting.]  [4: 	Not reported.
Dynamic corrosion tests at 55〇 F have been conducted by Lancasterin natural sea water. Specimens were rotated at a peripheral velocity of 10 ft/second while under a bending stress of one-third the tensile strength of the material. In these studies, it was found that the copper-nickel alloys were unsatisfactory because of excessive weight losses from erosion.] 


	70-30
	68.61
	30.32
	0.48
	0
	0.51
	o.ooo6(b)





Tests were conducted^^ at the U» S* Naval Engineering Experiment Station, Annapolist Maryland, on the performance of materials in high-temperature sea water, as follows:
Flat specimens, 2 to 2-l/^f inch long by 5/3 inch wide, were prepared from stock, 1/8 and l/l6 inch thick, and placed in electrically heated pressure vessels lined with 1^-8 stainless steel. The vessels were filled with l8〇0 ml sea water, and sealed after the air had been expelled.
The corrosion of eight specimens of 7〇-3〇 and 9〇-l〇 copper-nickel alloys v/as slight after days in natural sea water at 4^0 F under pressure; the surface etching was visible only with the aid of a binocular microscope* Corrosion rates, calculated from the weight losses, were only 0,14 to 0*2? rails penetration per year.
Four specimens of 7〇-3〇 alloy containing 0#^f6Fe and two samples of 9〇-l〇 alloy containing l*79Fe lost 0.27 to 0.29 mg/cm2.
For handling hot sea water, there has been some favorable experience with cupro-nickel pumps-
Cupro-nickel tubes of 7〇-3〇 and tube sheets of 9〇-l〇 are holding up well in evaporator service at the Morro Bay plant, Unit No. 2(工5). This service, however, is not considered severe enough to justify the expense of using cupro nickel*
From the viewpoint of corrosion in hot saline water, a helpful article was written by Turnbull(36)• Corrosion experiments were conducted in a four-effect evaporator. Experience has shown that 9〇-l〇 cupro-nickel heat exchanger tubes, at both high and low iron levels, and at velocities of to 5 ft/eecond, failed in less than two years by corrosion in hot, neutral, sodium chloride brines. These brines contained sodium, calcium, and magnesium chlorides and suspended crystals of calcium sulfate and sodium chloride*
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A plot of the results of copper and copper-nickel alloys ia given in Figure 13* Between 100 and l8〇 F, there is a slight increase in the rate of attack. At the upper end of the temperature range, from l8〇 to 225 F, there is a tendency for the rates to increase more rapidly* Also of interest is the difference in rat© of attack between copper and Monel. With alloys of increasing nickel content, there is a very significant tendency for improved resistance to corrosion.

0	100	125	150	175	200	225
Temperature, F
FIGURE 13. CORROSION OF COPPER-NICKEL ALLOYS AFTER EXPOSURE TO NEUTRAL SALT BRINE FOR 185 DAYS IN A FOUR-EFFECT EVAPORATOR


Adapted from Reference 36
Monel
Extensive use has been found for Monel in handling sea water* It has given excellent service in heat exchangers, piping, sheathing to protect steel at the half-tide zone, valves, pump impellers, and fittings in general.
Monel shafts, such as the harder K Monel, are resistant to corrosion fatigue in sea-water service* Marine operators, in general, consider Monel to be one of the best all-around metals for handling sea water*
For distillation units and other hot sea-water applications, Monel can be expected to hav-e a higher order of resistance than cupro nickels* For example. Monel has been used in fabricating distillation units. In one type(9)， a Monel heat exchanger "basket" can be made to flex in order that the sea-water scale will drop off, thus restoring thermal efficiency* This service is considered much too severe for most metals*
Liiaited studies have been conducted on Monel in natural sea water at temperatures of and 69〇	37) # Although some of
those tetots were of short duration, Monel showed a rather heavy deposit of corrosion products. In view of this, it would appear that temperatures of 35〇 F are beyond the useful range for Monel.
Stainless Steels
In special circumstances, under carefully controlled conditions, some grades of stainless steel have given good service in sea water. Most authorities, however, strongly recommend caution in the use of stainless steel for service in sea water.
In heat exchanger service, stainless steels can be used at much higher velocities than for most common metals. Nevertheless, there is the ever-present possibility that stress-corrosion cracking may take place. This becomes much more likely as the metal temperature is raised. Any site at which both high stress and high chloride concentrations occur are particularly prone to this type of failure.
Stainless steel also is susceptible to crevice corrosion and deposit attack. Differential aeration cells, formed between stagnant and well-aerated areas on the metal surface, may promote rapid attack*
In general, Type 316， which contains molybdenum, is more resistant to the initiation of pits. However, once a pit is started, the rate of penetration may be of the same order as for molybdenum- free grades.
Since the process side in a heat exchanger may demand stainless steel, as in the case of a marine-based chemical plant that has been forced to use sea water for cooling purposes, it is necessary to consider measures for obtaining optimum service* First, the cooling v/ater should be free from solids which could deposit on the tubes. Next, the velocity should not be allowed to drop much below 5 ft/second. Crevice areas and stagnant areas should be minimized or eliminated by design. Finally, residual and service stresses should be held to the lowest possible levels* Under such carefully controlled conditions, stainless steel could give good service.
Stainless steel pump impellers are giving excellent service in sea water. The same may be said for stainless steel ship propellers now in use on some coastal vessels. In all cases, it is essential that the stainless steel items not be left in stagnant sea water for long periods between runs•
Stainless steel generally withstands polluted sea water and polluted brackish water better than do the copper-base alloys. At a West Coast power plant, substituting an austenitic stainless screen for silicon-bronze trash racks has resulted in at least four times the service life. Normally, stainless steel screens are not recommended for use in sea v/ater because of the crevices involved (where the wires cross each other). This alteration of the usual corrosion mechanism presumably is related to the hydrogen sulfide content of the polluted sea water and needs further study.
Titanium
Unlike other metals, titanium normally does not pit, is not susceptible to stress corrosion, is free from local corrosion under fouling organisms, is free from impingement and cavitation attack at velocities which attack copper-base alloys^ and is not susceptible to sulfide attack in contaminated sea water* Experiments with water velocities at 20 to 5〇 ft/second show no attack on titanium.
Titanium and its alloys are said to be less susceptible to mineral scaling in sea water than most other metals* (The corrosion products on a metal, such as steel, probably help to anchor sea-scale deposits.) Even though the thermal conductivity is low, the over-all efficiency, taking full advantage of the very hifjh velocities permitted, can be greater than presently used material in sea-water applications involving high rates of heat transfer*
Titanium cannot be coupled^^Ho most other metals in sea water, because of the greatly increased rate of attack on the other metal in the system (see Figure 1^). If the ratio of the "other metal" to titanium is 1:10, steel—instead of corroding at 5 mils per year—corrodes at the rate of 28*5 inches per year.
The effect is greatly reduced or eliminated if the :atio of the other metal to titanium is 10:1 (see right-hand side of Figure
At extremely high sea-water temperatures, titanium shows -little or no attack. A surface-protective film appears to be formed as indicated by discoloration^ There is no indication cf local attack
J09>-」0>0.co!loJI9ua)Q.</)a)Mocl


FIGURE 14. BEHAVIOR OF METAl-TO-TITANIUM GALVANIC COUPLES FOR 2500 HOURS IN AERATED SEA WATER
Adopted from Reference 38

such as pitting on titanium after exposure to sea water at temperatures of up to 69〇 F(57). 〇n the basis of these data， it was concluded that titanium is the preferred material of construction for such extreme service conditions.
Special Alloys
Hastelloy C compares favorably with titanium in its resistance to attack in sea water at both low and high temperatures* Little or no attack has been observed at temperatures up to 69〇 Fv37).
At the present time, Hastelloy C is being used by Freeport Sulfur at the hottest points in their system used to heat sea water to 32$ F under pressure for the Frasch process. It is understood that service performance has been very satisfactory.
Inconel is another nickel-base alloy which exhibits good resistance to sea water. Sea-water fog tests on stressed specimens exposed over the temperature range 125 to ^00 F have failed to indicate any susceptibility to stress cracking〇9). Under similar conditions, Type 3〇^+ stainless steel rapidly cracked.
In other tests(33)， inconel has shown promise of being resistant to sea water at	F*
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Tables 1 through 3 summarize the application and performance of metals in hot sea-water service.
	
	
	Hot Salt Brine(a)
	
	Hot Sea
	Water
	

	
	
	(e.fr* * Evaporators)
	(Dynunic
	Tests), Penetration Depth, ipy

	
	Behavior^ 、 Remarks
	At 325 F(b)
	At 35〇 F(c)
	At 55〇 F(c)
	At 69〇 F⑷

	Material
	
	(5^ Davs)
	(30 Davs)
	(15 Days)
	(145 Hr)

	Copper(f) () Admiralty Brass' ,
	NF .
	1 Velocity and aera-
	
	
	
	

	
	NF
	> tion increases
	轉
	•
	•
	•

	Aluminum Brass(f)
	NF
	J attack
	-
	•
	-
	•

	9〇Cu-10Ki-0.5Fe
	續
	
	0.0010
	
	NF
NF
	

	9〇Cu-10Ni-1.5Fe(f> 7〇Cu-3〇Ni-0.5Fe(f)
	E
E
	
	0.0015
0.0006
	0.019(g)
	
	-

	Nickel
	E
	For neutral or alkaline brines
	-
	-
	-
	-

	Monel⑴
	E
	Most favored
	-
	0.051⑷
	•
	.015

	Inconel
	G, P
	NF in stagnant
	-
	0.000l8(h)
	-
	•

	AISI
	G 1
	L NF in stagnant
	•
	0.105(H) 0.0001 彳' 0,00005⑴
	NF
	

	AISI 3^7
	G J
	1 conditions
	-
	
	NF
	

	AISI 316
	G
	Corrosion at welds
	-
	
	NF
	-

	Carpenter 20
	G
	NF in stagnant
	
	WG⑴
	NF
	■

	Hastelloy C
	E
	All temps, and pH 2.5 to 12.0
	-
	WG, E
	E
	.0015

	Titanium
	-
	Should be excellent
	-
	WG, E
	E
	WG, E

	Aluminum
	P, NF
	Some alloys may be good
	-
	-
	麵
	-

	Cast Iron Ni-Resist
	G
G
	Brine should be kept deaerated
	-
	-
	-
	-

	Steel
	G.處
	
	
	
		r 了丨了 r
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TABLE 1. SELECTED MATERIALS FOR POSSIBLE SERVICE IN HOT SALINE WATERS
)
 (
Footnotes to Table 1:
)
 (
Footnotes to Table 1:
)

(a) Sodium chloride brine. See Reference 40; also some information taken froa
correspondence with specialists in leading salt companies.
(b) See tabulation on page 31 of this report for details of the test.
(c) See Reference 3^.
(d) See Reference 37«
(e) Nomenclature:	B = excellent, G = good, P = pitting attack, NF = not favored,
-s no information, WG = weight gain.
(f) Brines with hydrogen sulfide present will attack these materials.
(g) Considerable corrosion products.
(h) Slight contact corrosion*
(i) Susceptible to stress-corrosion cracking if test period i5 extended.
TABLE 2. MATERIALS USED IN HOT SEA-WATER COMPONENTS
	Item
	
	Material
	Remarks

	Centrifugal Pump Ditto
ii
ii
ii
" Type ’• Type
	7〇Cu-3〇Ki-〇.5Fe
9〇Cu-10Ki-1.5Fe
Monel
Carpenter 20 Bronze
316 Stainless 316 Stainless
	Used for casing and impeller Ditto u
II
Used in hot brackish water
Excellent for impeller
Shaft failed by stress corrosion

	Valve
	
	
	M Bronze(a)
	Valve body must be insulated from steel piping; good at 19〇 F

	
	Evaporators, Heaters, and Other Heat Exchangers; Steel Shell; 19〇 F (Sea Water Plus Carbon Dioxide)

	Tubing
n
ii
n
	
	
	?6Cu-22Zn-2Al
9〇Cu-10Al
Admiralty + As 9〇Cu-10Ni-l，5Fe
	Poor service
Poor service; cracks found in tubing
Failed in 3-1/2 years Very good performance

	Tubing
Tubing
	(b)
Sheet(b)
	?6Cu-22Zn-2Al + As Aluminum Bronze + Fe
	Brines up to 220 F and 57$〇〇〇 ppm chloride

	Shell
	
	
	Steel
	Good performance reported in some cases; sea scale protective

	Shell
	
	
	9〇Cu-10Ni-0.5Fe
	Considered excellent; largely eliminates galvanic couple, as with steel shell


(a) Porosity in casting successfully corrected by impregnating
with phenol-formaldehyde resin.
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(b) Proposed construetion.
TABLE 3. MATERIALS OF CONSTRUCTION, DISTILLATION UNITS AT MORRO BAY, CALIFORNIA
	
	Material
	Used

	Item
	Unit Number 1
	Unit Number 2

	Evaporators:

	Shell
(a)
First-effect tubes
	Cu-bearing steel
	Cu-bearing steel

	
	Al brass and As
	7〇Cu-3〇Ni-0.5Fe

	Floating head
	Cast bronze SB 61
	Cast bronze SB 6l

	Tube sheets
	Rolled liaval brass
	9〇Cu-10Ni-1.5Fe

	Support plates
	Rolled Kaval brass
	tolled Naval brass

	Vapor separator
	Steel plate
	Steel plate

	Condensers:

	Shell
	Steel plate
	Steel plate

	V/ater box and cover
	Cast iron
	Oast iron

	Baffles
	Steel plate
	Rolled Naval brass

	Tube sheets
	Soiled Naval brass
	Rolled Naval brass

	Tube supports
	Steel plate
	Rolled Naval brass

	Tube，〉
	Al brass and As
	7〇Cu-3〇Ni

	Hot well
	Steel plate
	Steel plate

	Drain Coolers:

	Shell
	Seamless steel pipe
	Seamless steel pipe

	Shell cover, channel
	Cast iron
	Cast bronze SB 6l

	Tube sheets
	Rolled Naval braes
	Rolled Naval brass

	Baffles
	Steel
	Steel

	Tubes
	Al brass
	Al brass


(a) 1-inch OD, 16 BWG.
(b) 0.75-inch OD, l8 BWG.
DISCUSSION^ CONCLUSIONS« AND RECOMMENDATIONS
The selection of suitable metals to construct the plants is of prime importance to the success of the distillation programs of the Office of Saline Water.
For the corrosion of metals in 6ea water at elevated temperatures there is, unfortunatelyf a paucity of good experimental data. Even less information seems to be available on the actual performance of metals in hot sea-water service. Some of the same variables that affect corrosion at ordinary temperatures are believed to influence the corrosion behavior in heated saline waters.
Various examples have been given in natural and in salt water, indicating that the rate of attack is increased by raising the temperature.
The several types of attack associated with higher velocity (such as erosion-corrosion, impingement, and cavitation) probably also would operate in hot sea water, but not necessarily to the same degree. The chemical characteristics of the sea water or brackish water also must be studied in order to establish the effect of heating on the corrosion*
In general, higher teraperatures are associated • xth more local attack such as pitting. If scale or deposits interfere with hoat flow, local hot spots may develop. Bubbles of gas, forming at local sites, may promote corrosion pitting.
Slowly formed protective films on metal surfaces in contact with sea water at ambient temperatures may be quite different from those that occur in hot sea water.
In sea water, each metal and each type of environment must be considered individually. To isolate the effect of temperature, the sea water must be maintained in a state of equilibrium as it is heated. It will be necessary to treat it by chemical additions and to pressurize the system. For example, if the presence of the dissolved oxygen and carbon dioxide is desired in hot sea water for an experiment, the pressure of the system will have to be increased and an oxygen/carbon dioxide atmosphere provided. Otherwise, these gases will leave the solution as it is heated， reducing the corrosivity of the water to metals such as steel. As already explained, if the carbon dioxide leaves the solution, scale will precipitate, which,if formed on the metal， prevents corrosive attack.


Information in the report suggests that steel can be used economically in plants employing completely deaerated sea water or brackish water up to 220 to 25〇 F. It is possible, by a suitable chemical treatment combined with deaeration, that steel could be used at a somewhat higher range of temperatures.
Aluminum-clad aluminum alloys also show promise for hot sea water where it is not convenient nor desirable to employ deaeration. The upper limits for aluminum appear to be lower than for steel. More precise information is needed to establish how much oxygen is necessary to promote the formation and repair of the protective oxide film in hot sea water.
Copper is not considered as being satisfactory for hot seawater service. However, if it can be demonstrated that corrosion resistance to saline waters is improved by complete deaeration, this may revive interest in the use of copper in distillation units using a high velocity of flow, such as the several types of rotating stills.
For copper alloys, the order of merit in hot sea water is not clearly established. The upper temperature limit needs to be established, for each of the main copper-base alloys, below which the alloy can be expected to have useful service life.
Metals such as Monel, Inconel, Hastelloy CT and titanium may have application for special components in a hot sea-water system, in spite of their moderately high cost. A design study of a high- capacity plant using sea water should be mad© to establish the economics of using these materials if the initial investment is amortized over, say, 3〇 years.
This study of available information has emphasized the fact that (1) corrosion data for saline waters are very widely scattered»
(2) much of the information on hot sea water concerns scale control with little attention given to the corrosion problem, (3) basic information for metals in hot brackish water and sea water needs to be developed, particularly for carbon ©teel, copper, copper alloys, and aluminum•
It is indicated that three types of corrosion programs should be inaugurated to develop the information needed for efficient design and use of metals in sea-water plants* namely:
1« A basic research program to investigate the mechanism of corrosion for carbon steel, copperT aluminum, and a few selected alloys in heated saline water. The hot water would be controlled so that the individual corrosion effects of temperature, salinity, oxygen, velocity, pH, etc•t could be established for each important metal• This research would have the objective of indicating the range of usefulness for each variable* It would guide the planning of engineering studies for a specific plant.
2. A coordinated program of corrosion testing in hot sea water. In this program steel, aluminum* copper alloys, etc.t would be evaluated in hot sea water under conditions in which factors such as heat transfer, scaling, and velocity were controlled to slightly more severe conditions than thos#» required in proposed service in new distillation plants. One objective of this program would be to obtain critically needed data to
assist designers in making (a) suitable corrosior： allowance and (b) provision for corrcsiori control. This program would help in planning and construction of distillation plants th&t are to last 20 years or longer.
3* The third corrosion program that v/ould be helpful is to collect information jiovy being developed at a. variety of brackish and sea-water plants in many parts of the world and correlate the aata-, Actual service information, where proper records of inspections and evaluations are kept» is also cf great value in the planning of new construction- Trouble- s〇ne points, if recognized and understood from a study of present design failures, could be avoided or kept to a rainiicum*
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