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ABSTRACT 

Besides the obvious corrosive scales and bio-fouling films formed on 

surfaces exposed to sea water, mineralogic scales such as carbonates, phos

phates, silicates, and oxides may form on critical metallic and non-metallic 

components in the water circulatory system of an Ocean Thermal Energy Con

version (OTEC) plant. Such minerals may precipitate or replace previous 

compounds due to (1) physical-chemical changes in the circulating sea 

water caused by plant operations and (2) nucleation and crystallization 

sites on exposed surfaces of the plant not found in open ocean sea water. 

Mineralogic scale is formed similar to boiler scale and pipe scale found 

in fresh water municipal water systems and to mineralized stones and 

deposits in organisms such as kidney stones and calculus on teeth. As 

sea water contains about 3.5% dissolved material, the problem of mineralogic 

scale formation potentially is more serious in oceanic operations than 

for fresh water systems. Specifically most mineralogic scales being non

metallic have low thermal conduction properties and their formation would 

degrade the efficiency of heat transfer on heat exchange surfaces. Also 

these scales are harder than bio-fouling films and would be more diffi-

cult to clean using conventional methods. Several techniques for the pre

vention or cleaning such scales are available although their efficacy on 

systems the size of OTEC is unknown at present. 

- ··- , .. _ .. 
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INTRODUCTION 

The following discussion is intended to be only a 

brief overview of the potential problems caused by the 

formation of mineralogic scales built up during the oper
ations of an OTEC plant. The author is in no sense an 

expert on ·scale or scale formation. However, because of 
his geologic and oceanographic experience and his long 
professional association with hydraulic and sanitary 
engineers, he may possess a comprehensive view of the· 
problem, which is useful to identify' broad concerns at 

this preliminary stage of OTEC's development. Once more 
specific engineering design criteria and operating tech

nologies are accepted then more precise questions can be 
posed and analysed by experts in the various disciplines 

which treat scale formation. Accordingly this paper will 

provide only prudent guesses as to the potential problems 
and possible solutions to mineralogic scale formation. 
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DEFINITION OF MINERALOGIC SCALE 

Scale may be defined as any foreign material depos

ited on functioning surfaces that impedes the efficiency 

or reduces the working life of some useful part or oper

ation. Technically, adherent solids are called scales, 

whereas, loose material formed are called sludge (Hamer 

and others, 1961, p. 172). Scale deposits may be formed 

.. - --.... __ ,.... 

as the result of either organic or inorganic processes or 

combination of the two. A completely organic scale would 

be a bacterial or algal film, with a purely organic com
position, coating a surface. An example of a pure inorg

anic scale would be a calcium sulphate deposit precipi

tated on the walls of boiler tubes due to local saturation 

caused by the temperature gradient between the boiler 

fluid and the outside walls. However, organic processes 

can change local physical chemical condition, such as pH, 

producing local precipitation of inorganic material. Also, 

organisms can produce inorganic material as stiffeners or 

structures (bones, shells, etc.) whose physical properties 

and chemical composition are essentially identical with 

inorganically produced minerals. To avoid the dilemma of 
deciding the functional origin of the particular scale, 

in this paper, the focus will be on the product and its 

potential effect on the operations of an OTEC plant. Thus 

mineralogic scale is used here as all scales with a non

organic composition isostructural and isochemical with 
recognized minerals. Furthermore, scales due to electro
chemical processes such as corrosion will not be discussed 

as that subject is treated elsewhere. The advantage of 

identifying scale by its mineralogy is that the physical 

properties of individual minerals, such as hardness, 

crystal habit, etc., can be found conveniently in standard 

mineralogy texts and tables. 



Page 4 

MECHANISM OF FORMATION 

Scale formation may be passive or active. 

Passive seale is formed by chemical reactions 

taking place in the environmental media (sea water) on 

the plant surface. In essence passive scale will form 
whether the plant is operating or not, so is a function 
of the material utilized. Active scale is formed as a 
result of changes in the local environment produced by 
plant operations such as pumping (potentially changing 
pressure, temperature, flow velocities, etc.) or heat 
exchange (changing temperature). 

The formation of specific mineralogic scale is 
governed by physical-electro-chemical processes of 
which the following are probably the most significant: 

saturation, replacement, nucleation,· scavaging, plating, 
and templ at ing. The factors that govern the state 

of saturation are ionic concentrition, temperature, 

pressure, and for many substances pH and Eh. If the fluid 

bathing the working surface is saturated with respect to 

various compounds in solution, ideally precipitation 

should occur spontaneously in the fluid. However actual 

precipitation can not be predicted from the knowled~e of 
the bulk properties of the fluid and individual equil

ibrium constants. Actual precipitation is governed by 
kinetics (Nielsen, 1964) which may or may not be known, 

particularly in such a complex liquid such as sea water. 
All that classic state of saturation studies can indicate 

is the tendancy of either precipitation or dissolution to 
occur. Unfortunately surfaces are attractive sites for 
precipitation as they are (1) convenient attachment found
at ions for crystal growth, and ( 2) generally at different 

temperatures from the fluid (p·articularly in heat ex

changers) causing local temperature gradients which en

hances saturation in various compounds. 
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Once certain scales form on surfaces, their adherence 

and hardness (thus the ability to remove them) may be mod

ified by replacement reactions. In replacement the crystal

lography and chemistry of a pre-existing mineral is changed 

by the exchange of ions between the crystal and the fluid. 
A reaction·nf concern for OTEC is the replacement of phos-

phate ions for carbonate ions in pre-existing calcium car

bonate scale, producing calcium phosphatic scale. Such 
reaction is likely if phosphate rich sea water is brought from depth. 

This replacement reaction occurs naturally in the forma-

tion of phosphatic nodules by replacement of calcium car

bonate in areas of natural upwelling (Ames, 1959; Emery and 
Atlas, Dietz, 1950). The resultant change in hardness of the 

scale is shown by comparing chalk (CaC03) with teeth (cal

cium phosphate). 
Production of condensation nucleii during operations 

also may enhance scale formation. Sludge rather than ad

herent scale is a more likely product. The nucleii spalling 
off surfaces (corrosion products, erosion products, bio

genic shells or tests from films, etc.) become attachment 

areas for precipitation, and particularly in supersaturated 

solutions often trigger flash precipitation. 

Scavenging, especially of metallic ions, may occur 

chiefly on surfaces exposed to oxidizing conditions. 

Goldberg (1954) has proposed this mechanism to explain the 

inclusion of metallic ions in oceanic ferro-manganese crusts 
and nodules. In essence, the water flowing over hydrated 

oxides of iron and manganese converts the surface into an 
electrode, which attracts metal ions from sea water. 

The ions then move into a favorable position in the 

crystallographic lattice of the oxide. The original ferro

manganese crust results from precipitation of iron and 

manganese as oxides on surfaces in oxidized sea water sim-
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ilar to the formation of desert varnish on land. Rates 

of growth on pre~existing metal surfaces are high. For 
example, a shell casing dredged up off Southern Calif
ornia had a growth rate on the order of millimeters per 
year (Goldberg and Arrhenius, 1958,p.l99). 

Plating is a process akin to scavenging except that 
the charge may develop directly on the working surface. 
In plating, major ions are attracted to the surface 
which form precipitation sites for compounds such as cal
cium carbonate. A charged surface may be implanted to 
produce scale as a corrosion preventive (Castle, 1951) or 
naturally a charge may develop on a working surface due to 
fluid flow past the surface. 

Minerals also can be formed by organic templating. 
Unlike electro-chemical plating where opposite charges 
attract, in templating an organic or mineral organic 
structure provides both the proper charge and geometric 
configuration for selection of specifically charged and 
sized ions. Such a process permits apatite to be selected 
as tooth material and secondarily as calculus between ex
isting teeth. This mechanism may play a role 
in the formation of other calculi such as urinary bladder 
stones analysed by Prien and Frondel.(l947)~ Scale form

ation by templating is likely to occur as a secondary 
effect of organic film formation in a sea water system. 
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PREVIOUSLY IDENTIFIED SCALES 

Previous knowledge of mineralogic scale formation 

is based on experience gained from municipal water systems 

(Hamer and others, 1961) and marine boilers and evapor

ators (Latham, 1958). In addition, possible analogs of 
scale formation in an OTEC system may be found in 

natural systems, particularly those involving sea water 

or in organisms whose bodily fluids approximate the com

position of sea water (Vinogradov, 1953). Such analogs 

would include deposits from (1) mineralized springs, (2) 

evaporite basins, and (3) as organic internal stones, such 

as urinary and dental calculi. In neither case, the indus

trial or the natural, is the experience absolutely applic

able to OTEC. For example, municipal water systems use 

fresh water, whereas the pumped fluid in an OTEC system is 

sea water. Although marine boilers use sea water they 

function at elevated temperatures whereas OTEC heat ex

changers operates at essentially ambient sea water temp

eratures. Finally the materials used in an OTEC plant 

are unlikely to be "natural'' materials and definitely are 

not alive. However, use of such previous examples gives 

some idea of the physical-chemical limits of scale form

ation and may focus on potential problems which may be 

avoided by effective design strategies. 

Table 1 lists previously identified scale forming 

minerals based chiefly on fresh water experience. Unfort

unately the variety of minerals found on the list precludes 

any simple avoidance system. Many of the minerals listed, 

on one hand, form due to high temperature gradients found 

in steam boilers. Such temperature are unlikely to be 

encountered in OTEC-type heat exchangers. On the other 

hand, as shown in Table 2 the composition of fresh water 

is so dilute, except for silicon and iron, compared with 
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Major 
Cation 

Calcium 

Magnesium 

Page 1 of 3 

Table 1 

KNOWN SCALE-FOR~HNG ~1INERALS 

t·1i nera 1 
Name Formula 

BOILER SCALEa 

Portl andite 

Calcite 

Anhydrite 

Hydroxyapatite 

Crestmorite 

Hill ebrandi te 

Wo 11 as tonite 

Xonotlite 

Brucite 

Periclase 

Hydromagnesite 

Hydrotalcite 

Chrysotile 

Sepiolite 

t1g Hydroxyphosphate 

Ca(OH) 2 
CaC03 

Caso4 

Ca 5(P04)3(0H) 

Ca 5H2(s; 3o9)2 • 4H20 + Ca5(P04,s;o4,so4)3(F,O) 

Ca2(Si04) • H
2
0 

CaSi03 

Ca6{0H) 2s; 6o17 

Mg(OH) 2 

MgO 

Mg5(0H(C03)2J • 4H20 

Mg6A1 2[0H16co3] • 4H20 

Mg6(0H) 8(s; 4o10 ) 

Mg2, 5[(H20) 2 (0H)(Si 4)10)] • 2H20 

Mg3(P04)2 • Mg(OH) 2 
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Major 
Cation 

Silicon 

Iron 

Copper 

Calcium 

Calcium 

Page 2 of 3 

Table 1 (continued) 

Mi nera 1 
Name Formula 

BOILER SCALEa 

Acmi te 

Analcime 

Cancrinite 

Sodal ite · 

Pectolite 

Hematite 

Goethite 

.A.tacami te 

Chalcopyrite 

Na, Fe(Si 206) 

Na(a1Si 206) • H20 

(Na 2Ca)
4
[co3(H20)(AlSi04)6J 

Na8[cl 2(A1Si04)6J 

CaNaH(Si03)3 

Fe2o3 
FeO(OH) 

Cu2(0H) 3Cl 

CuFeS2 

DENTAL CALCULib 

Carbonate Apatite 

URINARY CALCULic 

~lhewe 11 i te 

Heddellite 

Carbonate Apatite 

Hydroxyl Apatite 

Cac2o4 • H20 

Cac2o4 • 2H20 

Ca5(P04, C030H) 3(0H) 

Ca5(P04)3(0H) 
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Page 3 of 3 

t·1agnes i urn Struvite MgNH4P04 • 6H20 

FEqRO-t1ANGA~ESE CRUSTSd 

Iron 

~1anganese 

Goethite 

S -Birnessite 

Sodium Birnesite 

Manganous Manganite 

Todorokite 

Psilomelane 

Woodruffite 

Kryptomelane 

aFrom Clark (1948, p.362-363) 

bFrom Shafer and Hinde (1974) 

FeO(OH) 

Mn 7o13 • SH20 

Na4Mn14o27 • 9H20 

4Mn02,Mn(OH) 2 • 2H20 

Mgt1n6o12 • 3H20 

( Ba, H2o) 2t~n 5o 1 0 

2(Zn,Mn) • 5Mn02 • 4H20 

Kt1n8o16 

cFrom Prien and Frondel (1947m p.957) 

dFrom von Heimendahl and others (1976, p.70) 

All mineral formulae standardized ala Struntz (1957) 
.. 
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Table 2 

Cm1PARISON OF THE COMPOSITION OF 
"AVERAGE RIVER HATER HITH 35 °/oo SEA WATER 

Element Average 0 35 loo 
Ion or Rivera Sea Waterb 
Compound (Parts oer Million) (Parts per Million) 

Cl 7.8 19,000 

Na 6.3 10,500 

~1g 4.1 • 1 ,300 

so4 11.2. 2,650 

K 2.3 380 

Ca 15 400 

HC03 58.4 140 

Si 13. 1 6 

Fe .67 .02 - . 002. 

aFrom Livingston (1963, p.G41) 

bFrom Sverdrup and others (1942, p.l76) 
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sea water that the increased concentrations may more 

than compensate for the lower temperatures, especialiy 
as most minerals are less soluble with decreasing temp
erature. Also, because ·of the greater variety of ions 
found in sea water compared with fresh water more 

exotic minerals may form on OTEC surfaces. With-
out precise design specifications for flow rates, pipe 
composition and configuration, intake and discharge 
depths, etc., for OTEC systems it is impossible to ac
curately predict the composition, amount, and location 
of mineralogic scale formation. 

As Table 1 shows a vast majority of the minerals 

found as scale are non-metallic and as such would reduce 

the efficiency of any heat exchanger surface. A compar
ison of thermal conductivities among some of the common 
metals and potential scale forming minerals in Table 3 
shows how great the reduction is. Thermal conductivity 
data are not available for the majority of minerals 
listed in Table 1. However, non-metallic minerals cer
tainly would have thermal conductivity values on the order 
of those listed in Table 3 or at a minimum of 10 times less 
than metals. 
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Metals 

Aluminum 

Copper 

Iron 

Nickel 

Zinc 

Minerals 

\Anhydrite: 

Ca 1 cite: 

Gypsum: 

Hematite: 

Quartz: 

Table 3 

THERMAL CONDUCTIVITIES OF SOME METALS 
AND 

CaS04 
CaC03 
CaS04 
Fe2o3 
Si02 

SCALE FORMING MINERALSa 

H20 

Temperature 
of 

Measurement (°C) 
Thermal Conductivities 

(lo-3 cal/cm sec °C) 

538 

96 

180 

174 

280 

13.4 

10.8 to 12.9 

3.1 

25 

17.3 to 32.5 

aC1ark, S.P. (1966, p.460-482). 
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POSTULATED SCALE FORMATION 
FOR OTEC SYSTEMS USING 

BULK PROPERTIES OF SEA WATER 

Given the range of conditions underwhich an OTEC plant will operate, 

that is temperature: 30° to 50°C; pressure 100 to 1 atmospheres; 

salinity 34 to 38 °/00 ; pH: 7.6 to 8.3; and Eh: generally oxidizing; 

and the ionic composition of sea water (see Sverdrup and others, 

1942) only the carbonates, calcite and aragonite, are near or above 

saturation. Carbonate chemistry is discussed in a companion paper by_ 

Morse and others (1977). Deposition of carbonates are most likely 

in the evaporator system as surface tropical waters are supersaturated 

and somewhat less likely in the condenser system. Calcium phosphatic 

minerals {apatite to collophane) may replace eventually pre-existing 

carbonates deposited in the condenser system or even precipitate from 

solution (Atlas and Pytkowicz, 1977) due to artificial upwel~ling of 

phosphate rich water from depth. Such replacement or precipitation 

is less likely in the evarpoators because surface sea water is depleted 

in phosphates due to concentration in organisms. Sulfates, a trouble

some problem in steam boilers, are unlikely:to form in OTEC pipes 

because of the low working temperatures, unless the evaporator fluid 

is heated to above 40°C (see Hamer and others, 1961, p.431-435). 

Hydrated calcium sulfate-gypsum is the most likely sulfate scale 

formed. Sulfides could form in anerobic (anoxic) sections, through 

the agency of sulfate reducing bacteria, particularly in the condenser 

if the cooling water is drawn from the oxygen minimum zone, with addi

tional oxygen reduction in the pipe due to decay of entrained organisms. 

Sulfide deposition locally is possible also in the evaporator if the 

entrained dead organic matter is permitted to adhere to heat exchanger 

surfaces. 
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Fortunately the biomass entrained in the cold water pipe 
should be much less than in the evaporator intake system 

where ambient oxygen valves should be larger. -Oxides 

particularly ferro-manganese complex mixtures will be de

posited on exterior and possibly interior surfaces exposed 

to flow of oxygenated waters. Lower oxygen values in the 

pipes due to decaying entrained organisms would tend to 

inhibit oxide formation on interior pipe surfaces. Oxide 

deposition on exterior surfaces would occur on both con

crete or metallic structures although the rate of depos

ition would be greater on metallic surfaces. Formation 

of silicates, because of the low levels of silica main

tained in sea water due to utilization by organisms 

probably will not be a problem particularly in the evap

orators. However, as silica increases in concentration 
with depth (Sverdrup and others, 1942, p.245) silicates 

are most likely to be deposited in the condenser. 
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AVOIDANCE OF SCALE 
Based on experience, chiefly in fresh 

water, great success in avoiding scale formation has been 
achieved by pretreating the fluid which comes in contact 
with the working surfaces (Hamer and others, 1961). Pre
treatment includes (1) pre-precipitation of critical 
ions by addit~on of chemicals which reduces the state of 
saturation of scale forming minerals, or coagulates po
tential scale into removable sludge; (2) filtration to 
remove unsettled pre-precipitation floes which could be 
condensation nucleii in the process stream or be depos
ited on the working surfaces; (3) ion-exchange (water
softening) removal of selected ions and their replacement 
with more soluble ions; (4) evaporation to precipitation 
with periodic blow-down which converts the f~ed fluid to 
one of low concentrations; (5) reduction of pH by acid or 
ferric chloride which generally increases the solubility; 
and (6) addition of a surface active agent which modify 
the crystal habit or inhibits crystallization of scale 
forming minerals. 

For OTEC systems because of the large volumes of water 
flowing by the heat exchangers only methods (5) pH reduc
tion and (6) addition of surface active agent seem at 
first glance feasible pre-treatment strategies. Effective 
quantities of pH reducers required are given in Table 4. 
As brought out at the 1977 Seattle OTEC conference acid 
addition is likely to be prohibitively expensive. Also 
the usefulness of pH reduction must be tempered by the 
environmental effects of dumping low pH water into the 
ocean. Of the three compounds listed in Table 4 HCl and 
sodium bisulfate probably have the least residual long
term toxicity due to the high concentration of such ions 
in sea water and the buffer capacity of the ambient ocean. 
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Table 4 

pH REDUCT! ON a 

Reagent 

HCt plus 
a corrosive inhibitor 

Sodium Bisulfate 

Ferric Chloride 

Effective Addition 
for Scale Prevention 
Pounds/Ton of 
Seawater Treated 

0.32 

0.53 

0.225 - 0.51 

a , 
From Hamer and others (1961, p.l54). 
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Large amounts of iron from ferric chloride add~tions 
potentially may have more impact on the local water chem
istry as iron is in low concentrations in sea water and l 

. ' 
is readily utilized by organisms. The addition of low 
pH water to the environment may be analoguus to the in
troduction of acidic fluids to sea water from natural 
submarine volc~nic sources (see examples in White and 
Waring, 1963, p. K-23). Reduction of the ambient pH 
would have positive bio-fouling properties the effect 
of pH modification on sea water chemistry is shown in 
Fig. 1 (Edmond, 1970) which diagrams the concentration 

of major inorganic species in sea water as a function of 
pH. Such a diagram used in conjunction with information 
on the equilibrium constants for potential scale forming 
minerals would be useful in estimation of states of sat
uration produced by pH modification. The most attractive 
scale prevention scheme is the use of surface active 
agents because of the small concentrations of material 
used. A list of those agents previously used are given 
in Table 5. Some of these compounds such as polyphosphates 
act like a reverse template by coating specific ions so 
they cannot combine to form a scale-forming precipitate. 
Others, such as the sodium salt of methane disulphonic 

acid in doses as low as 20-30 parts per million modify 
the crystal habit of Mg(OH) 2 scale so that it does not 
adhere to the working surface long and flakes off after 

reaching a critical thickness (Harner and others, 196l,p. 
154). The environmental effects of surface active agents 

( . 

are not known for operations the size of OTEC. Surface 
active agents possibly could produce physiological ef~ 
fects on organic processes across membranes if used in 
large amounts even at low concentrations. 
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Figure l 

pll 

pH 

. Bjcrrum plot for sea water showing the inorganic protolytcs occurring in total con· 
centrations greater than JQ- 6 

M. \'alucs fur concentrations and thermodynamic constants arc 
gil'cn in Table I. The horizontal lines repro:scnting concentrations in n:gions where variation 
with pi! is small arc omiltcd in :~ccordancc with Stu.l:l'< ( 1\159) sal'e in the case of magnesium 
where the precipitation of Mg (OH)z is illustrated. The representation fur spc.:ies of acids other 
than carbnnk, boric an,j phusphori..: is only di:1gr:unatic owing to unccnairllics in the constants. 
lh:sc uncertainties do not signilkantly allcct the arguments concerning the treatment of At. 

From Edmond (1970, p. 741) 

\.) 

"' 0 
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--

Reagent 

HCt plus 

Table 5 

pH REDUCTIONa 

Effective Addition 
for Scale Prevention 
Pounds/Ton of 
Seawater Treated 

0.32 
a corrosive inhibitor 

Sodium Bisulfate 

Ferric Chloride 

0.53 

0.225 - 0.51 

aFrom Hamer and others (1961, p.154). 
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In summary, although chemical pre~treatment of the 
feed sea water could prevent various types of scale form~ 

ation, the large volumes of sea water used require such 
large quantities of chemicals at probably considerable 
cost to preclude all but limited amounts of pre-treatment. 

A simpler and more fundamental way to avoid or reduce 
scale formation is by proper design strategies. In gen
eral solubilities are increased by mixing, preventing 

local concentration gradients. Thus the geometry of the 
flow system in a section, where scale may be a problem, 
should include graceful curves and avoid angular bends 

which could cause dead spot in the flow. Accordingly 
vane type heat exchangers, although they increase the ex
changable surface area, also are prime surfaces for scale 
formation, particularly at the base·of the vane. The nat
ural analog of this type of scale formation is shown in 
the location of calculi on teeth. 

Bubbles due to depressuration in the condenser could 
act as precipitation nuclei and bubble formation on the 
walls of the heat exchangers may degrade the thermal con~ 

ductivity of the system and enhance scale formation 
(Matthews, 1Y48, p.S7). Bubble traps before the heat ex~ 
changers may mitigate the problem; although the best solu~ 
tion is to design the system so that the dissolved gases 
in sea water stay in solution for the indicated pressure 
drop by adjusting the distance between the cold water in~ 
take and condenser. 

Both organic and inorganic particles in the ambient 
water plus corrosion ang cleaning debris also could act 
as precipitation nucleii. This may be a more severe pro
blem in the evaporator as near surface water above the 

top of the pycnocline are likely to be more turbid than 
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deep water. The larger flow volume probably prohibit the 
use of screens fine enough to remove most of the particles. 
However, it might be feasible to place coarse screens and 
an expansion chamber with an easily drainabl~ or flusable 
sediment trap just ahead of the heat exchanger sections. 
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REMOVAL OF SCALE 

Once scale has formed removal is difficult without removal 

of the affected portion from the working stream. Chemical methods, 

such as acid treatment of the fluid are effective if used before the 

scale builds up. Unfortunately, due to kinetics (Nancollas and Reddy, 

1974) precipitation of many materials is easier than to re-dissolve 

them, es~ecially if the scale formation has proceeded to the replace

ment stage or additional minerals with different saturation states 

and kinetics has deposited on the pre-existing scale. Increasing 

the chemical dosage, such as usi .. g more acid, may solve the scale 

problem but disproportionately increase the environment problem 

in the effluent. Because of the hardness of mineralogic scale, 

mechanical techniques designed for the removal of organic films 

may not ~e effective against adherent scale. The use of more abrasive 

te:hnique~ have the disadvantage of potentially abrading the surface 

as well as removing the scale. 

Electrical methods have been used on a small scale in scale 

removal (Castle, 1951). Initially the formation of scale, such as 

calcium carbonate, is promoted by plating at the appropriate current 

density. Then the polarity of the surface is reversed periodically 

such that the scale is repelled from the surface and flakes off. 

Whether the proper charge density can be maintained is questionable 

economically on large surface areas such as found on OTEC systems. 

Also, during the plating step the thermal efficiency of the heat 

exchanger will be degraded. Due to the complex ionic composition of 

sea water, continual maintainence of a surface charge which would 

prevent formation of calcium carbonate scale, probably would enhance 

formation of some other mineralogic scale. 
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SUMMARY OF FINDINGS 
I. Mineralogic scale is part of the overall problem of 
degradation of the working capacities of surfaces by nat

ural processes acting in sea water. As such mineralogic 
scale should be considered in the context of a continuum 
ranging from purely organic films to inorganic solid scales 
forming on surfaces of OTEC plants. 

II. Mineralogic scale may be a very serious problem in 
open ocean tropical sites because of the physical-chemical 
changes encountered during OTEC operations. In fact, min
eralogic scale may be more of a problem than bio-fouling 
particularly in open-ocean site with low biologic seed 
populations. 

III. Avoidance_and early removal of mineralogic scale is 
preferable to removal after significant accumulation be
cause of the hardness of scale and the unfavorable kinetics 
of re-solution. Avoidance can be enhanced by design strat
egies which minimize precipitatjon sites. Continuous or 
semi-continuous mechanical removal schemes seems environ~ 

mental preferable to extensive use of dissolving chemicals. 

I 
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RECOMMENDATIONS FOR FURTHER STUDIES/ACTION 
A. All pipe/heat exchanger designs should be examined for 

optimum flow geometries to avoid dead spots. 

B. Bio-fouling avoidance/removal schemes should be in-

vestigated for possible subtle enhancement of mineral 

scale formation. 

C. State of saturation information should be calculated 

for potential scale forming minerals as a function of 

flow strategies (that is depth of intake versus depth 

of discharge including any mixing). 

D. Monitoring schemes at test sites should include para

meters useful for kinetic and state of saturation cal

culations. 

E. During pilot plant tests of the flow of sea water 

through heat exchangers, chemical/mineralogical analyses 

of film/scale material should be made as well as bio

logical analyses; preferably as a function of cross

section to determine the time-thickness hierarchy of 
scale formation. 



Page 25 

REFERENCES 
(Including Additional Papers of Interest) 

Anon. 1953. Scales, deposits, pitting and corrosion with their analyses 

and the analyses of the waters that caused them. Housman and Thompson, 

London, 192 pp. 

Anon. 1954. Scale and Corrosion Control, Water Quality and Treatment. 

Amer. Wtr. Wks. Assoc., New York, 289-309. 

Ames, L.L. 1959. The genesis of carbonate apatites. Econ. Geol. 54:819-841 

Atlas, E. and R.M. Pytkowica. 1977. Solubility behavior of apatite in 

sea water. Limnology & Oceanography. 22:290-300. 

Baldwin-Lima-IIamilton Corp. 1966. Scale Control for Saline 

Water Conversion Plants. Office of Saline Water Prog. Rept. 186. 

de Boer, R.B. 1977. Influence of Seed Crystals on the Precip

itation of Calcite and Aragonite. Am. Jour. Sci.277:28-60. 

Castle, E.S., 1951. Electrical Control of Marine Fouling: Indust. 

and Eng. Chern. 43:901-904. 

Clark, L.M. 1948. The identification of Minerals in Boiler 

Deposits: Examples of Hydrothermal Synthesis in Boilers. Min. 

Mag. 28:359-366. 

Clark, S.P. 1966. Thermal Conductivity, ~andbook of Physical 

Constants, Geol. Soc. America Mem. 97, 460-482. 

Dart, F.J. and P.D. Fulcy. 1972. Silicate as Fe, Mn Deposit

ional Systems. Jour. Amer. Wtr. Wks. Assoc. 64:244-249 



Page 26 

Dietz, R.S., K.O. Emery, and F.P. Shepard, 1942. Phosphorite Deposits 

on the Sea Floor off Southern California. Bull. Geol. Soc. America. 

53:815-848. 

Emery, K. 0. and R.F. Dietz. 1950. Sub-marine phosphorite deposits 

off California and Mexico. Calif. Jour. Mines and Geol. 46:7-15.' 

Edmonds, J., 1970. High Precision Determination of Titration 

Alkalinity and Total Carbon Dioxide Content of Sea Water 

by Potentiometric Titration: Deep-Sea Res. 17:737-750. 

Goldberg, E.D. 1954. Marine Geochemistry I. Chemical Scavengers 

of the Sea. Jour. Geol. 62:249-265. 

Goldberg, E.D. and G.O.S. Arrhenius. 1958. Chemistry of 

Pacific Pelagic Sediments. Geochim. et Cosmochim. Acta. 

13:153-212. 

Grohmann, A. 1972. Computing Aggressivity Properties of Mixed 

Waters. Jour. Amcr. Wtr. Wks. Assoc. 64:250-259. 

Hamer, P., J. Jackson, and E.F. Thurston. 1961. Industrial 

Water Treatment Practice. Butterworths, London. 514 pp. 

Langelier, W.F. 1936. The Analytic Control of Anti-Corrosion 

Water Treatment. Jour. Amer. Wtr. Wks. Assoc. 28:1500. 

Langelier, W.F. 1954. Mechanism and Control of Scale Formation 

in Sea Water Distillation. Jour. Amer. Wtr. Wks. Assoc. 46:461. 

Latham, R.F. 1958. Boiler Water Treatment, Introduction to 

Marine Engineering, U.S. Naval Institute Press, Anapolis, 

Maryland. 



,. 

Page 27 

REFERENCES (continued) 

Livingstone, D.A. 1963. Chemical Composition of Rivers and 

Lakes, Data of Geochemistry. U.S. Geol. Surv. Prof. Paper 

440-G. 64 pp. 

Matthews, F.J. 1948. Boiler Feed Water Treatment. Hutchinson's, 

London. 207 pp. 

Morse, J.W., J. deKamel and H.L. Craig. 1977. Saturation State of 

seawater with respect to calcium carbonate and its possibel signifi

cance for scale formation in OTEC heat exchangers. OTEC Biofouling 

Symposium. Seattle, Oct. 1977. 

Nancollas, G.H. and M.M. Reddy. 1974. The Kinetics of Crystal

lization of Scale Forming Minerals. Soc. Petroleum Eng. Jour. 

14:117-126. 

Nielsen, A.E. 1964. Kinetics of Precipitation. Pergamon, 

Oxford, England. 151 pp. 

Olson, L.L. and C.J. Twardowski. 1975. Feco3 vs Fe(OH) 3 Pre

cipitation in Water Treatment Plants. Jour. Amer. Wtr. Wks. 

Assoc. 64:150-153. 

Powell, S.T., H.E. rBacon, and J.R. Lill. 1945. Corrosion Pre

vention by Controlled Calcium Carbonate Scale: Indust. Eng. 

Chern. 37:842. 



Page 28 

REFERENCES (continued) 

Prien, E.J. and C. Frondel. 1947. Studies in Urolithiasis: 

I The Composition of Urinary Calculi. Jour. Urology 57: 7 

949-991. 

Rainstrick. B. 1949. The Influence of Foreign Ions on Crystal 

Growth From Solution. I The Stabilization of the Supersat-

uration of Calcium Carbonate Solutions by ions Possessing 

0-P-0-P-0 Chains. Discovery. Faraday Soc. No 5, 234. 

Shafer, W.G. and M.K. Hinde. 1974. A Textbook of Oral Patho-

logy. Saunders, Philadelphia. 709-711 

Skinner, H.C.W., B.J. Skinner, and M. Rubin. 1963. Age and 

Accumulation Rate of Dolomite-Bearing Carbonate Sediments in 

South Australia. Science. 139:335-336. 

Steinbruchel. A.B. 1970. Current and Projected Technology of 

Flash-Type. Sea-Water Desalination Plants, Nuclear Desalin

ation. Elsevier, Amsterdam. 525-534. 

Struntz, H. 1957. Mineralogishe Tabellen. Akademische Verlag, 

Leipsig, 448 pp. 

Stumm. W. 1956. Calcium Carbonate peposition at Iron Surfaces. s 

Jour. Amer. Wtr. Wks. Assoc. 48:300. 

Sverdrup, H.J., M.L. Johnson, and R.F. Fleming. 1942. The 

Oceans. Prentice-Hall, Englewood Cliffs, New Jersey. 1042 pp. 



.. 

.. 

Page 29 

REFERENCES (continued) 

Thomas, J.F. and R.R. Trussel. 1970. Computer Applications 

to Water Conditions Calculations. Jour. Amer. Wtr. Wks. 

Assoc. 62:245 . 

Tooms, J.S., C.P. Summerhayes, and D.S. Cronan. 1969. Geo

chemistry of Marine Phosphate and Manganese Deposits. 

Oceanogr. Mar. Biol. 7:49-100. 

Vinogradov, A.P., 1953, The Elementary Chemical Composition of 

Marine Organisms: Sears Foundation Memoir II. 647 p. 
\ 

V.on Heimendahl, G.L. Hubred, D.W. Fuerstenau, and G. Thomas. 1976. A 

Transmission electron microscope study of deep-sea
1 
manganese nodules. 

Deep-Sea Res. 23:69-79. 

White, D.G. and G.A. Waring, 1963. Volcanic Emanations. In Data of 

Geochemistry. Fleischer (ed). U.S. Geol. Surv. Prof. Paper 440-K. 

29 p . 



• 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable . 



~ 

--: 

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

-............... 




