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Preface to the Second Edition

Engineers, chemists, and other technicians having the temerity to write
books, are seldom able to satisfy the demands of academics. Most of us,
however, find that we can live with their scorn, especially if our efforts are
well received by those to whom they are directed. The enthusiastic recep-
tion with which the first edition of my book on cooling water treatment
was received by the industrial community has encouraged me to undertake
its revision, herewith presented.

Approximately one-third of this revised edition is new or expanded
material. New topics include the reuse of cooling water, the recovery of
chromate, the pros and cons of automatic blowdown controllers, and the
benefits of side-stream filtration. Calculations have been included for sol-
ubilities of slightly soluble salts, the concentration of chemicals introduced
by incremental addition, and the performance of side-stream filters. An
exceptionally promising new microbicide containing bromine is discussed,
as is the proper method for applying stabilized chlorine dioxide. In addi-
tion, 40 numerical problems have been added in an appendix that will
enable the reader to check his comprehension of the quantitative aspects
of cooling water treatment.

Topics that have been extensively revised and expanded include chemi-
cal treatments, chemical cleaning, and the deoiling and passivation of new
cooling systems. Also revised, are the discussions of corrosion measure-
ment, passivation and pretreatment, cooling tower maintenance, electro-
chemical devices, pH control, and environmental considerations related to
water treatment. Finally, a large number of chemicals used or proposed
for treating cooling water have been classified with respect to their func-
tions and relative performance; an estimate has also been made of the
performance to be expected of 14 chromate and nonchromate programs.

As usual, the views expressed in this book relating to methods of treat-
ing cooling water are my own, and no other individual or organization is in
any way responsible for them. My wife, Dolores, has provided her custo-
mary assistance during the preparation of this work for publication.

Richmond, California James W. McCoy
November 18, 1982



In Chapt. V several complete treatment programs are evaluated,
and suggestions are given for purchasing chemicals, estimating
costs, and controlling water systems. Chapt VI includes routine and
emergency operating procedures, methods of chemical cleaning,
and safety suggestions. Finally, Chapt. VII contains methods for de-
termining selected minerals and gases that are useful for routine
chemical control of cooling systems; a detailed procedure is also
provided for making viable plate counts to check the efficacy
of microbiocides.

I presume that no one has any quarrel with the dictum that if
it is possible to discuss a subject quantitatively it is desirable to
do so. Accordingly, the principles of physical chemistry are used
as the basis for my interpretation of water treating procedures.
Furthermore, exact equations have been derived to express the
depletion of treating chemicals, the concentration of minerals
added in the makeup water, and the degree of hydrolysis of
polyphosphates.

Throughout the book I have given specific operating condi-
tions and procedures for treatments with which I have had per-
sonal experience. Without exception these are my own views of
how these programs should be managed, and no other person,
organization, or Company is responsible for them, nor indeed for
anything else in this book. Moreover, the specific information
given here is for the purpose of illustrating principles, and does
not necessarily constitute a do-it-yourself handbook. Obviously
it will not be possible to follow exactly every procedure given
because of special operating conditions, local environmental
regulations, or lack of facilities.

Acknowledgements are tedious to the reader so I will limit
these to three of the many people who (one way or another)
have improved my understanding of water treatment. My col-

league, Mr. Robert E. Kreider, is specially competent in the

field of wastewater management, and he has made many con-
tributions to this book. I know no more able mathematician
than Mr. L. J. Painter, who has been of great help with the math-
ematical portion of this account. Over a number of years it has
been my privilege to have participated in many informative dis-
cussions on various aspects of water treatment with Dr. Charles



Preface

The increasing urgency to conserve water and reduce thermal
pollution has produced in recent years an enormous demand
for new cooling towers. Thus, the current annual market is esti-
mated at more than sixty million dollars, and it is expected to
increase to about eighty million dollars by 1980*. Concomitant-
ly, the market for water treating chemicals is expanding, and with
it an interest in the principles of cooling water treatment. This
book has been prepared for the benefit of chemists and engineers
charged with the responsibility for selecting or administering
water treatment programs, who would like to improve their un-
derstanding of the principles upon which the treatment of cool-
ing water is based.

The literature of water treatment, unlike that of most other
branches of applied chemistry, tends to be amorphous with a
generality verging on the inscrutable. It would be fatuous to
claim expertise in all of the subjects germane to treating water,
namely, chemistry, engineering, mathematics, and microbiology,
but I believe there is a need for a comprehensive, detailed account
of cooling water treatment. This book is an attempt, insofar as
I understand the subject, to fulfill that need.

Chapt. I contains a description of the structure and opera-
tion of open recirculating cooling water systesm, including the
development of mathematical relationships among operating
variables in these systems. In Chapt. II various types of corro-
sion and corrosion inhibitors are discussed, while in Chapt. III
the closely related subject of scaling and fouling in aqueous
cooling systems is considered.

More nonsense circulates about the microbiology of cooling
water than any other aspect of water treatment. Chapt. IV, there-
fore, is an attempt to show the reader how to use microbiocides
rationally, how to evaluate their effects, and how to avoid wast-
ing these expensive chemicals.

*Gene Smith, “Boom in Cooling Towers”, The New York Times, Sunday, Feb. 20, 1972.



F. Hinz; in a field sometimes reminiscent of the medicine show
his professionalism is always most refreshing. Finally, I wish to
thank my wife, Dolores, for her now expert help with proof-
reading.

James W. McCoy

San Francisco
February 1974
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CHAPTER 1

Principles of Open Recirculating

Cooling Water Systems

The mechanical operation of a recirculating cooling system with a tower
will first be described to establish a background for discussing the chemical
treatment of cooling water, and also to derive some exact mathematical
expressions for the processes. For purposes of discussion the existence of
a cooling system is assumed, and some of the principles upon which its
operation is based are considered.

I.1 THE COOLING TOWER

Fig. 1.1 is a schematic drawing of a counterflow evaporative cooling
tower with induced draft provided by one, or several fans. The system is
put into operation by filling it with ¥ gallons of fresh water. A supply of
water, S, is pumped from the basin through a heat exchanger, C, cooling
some process, and being itself warmed. The warm water return, R, is
pumped to the plenum at the top of the cooling tower, and distributed
uniformly over the cross-sectional area through an assembly of nozzles.

The interior of the structure contains splash packing, or fill material,
constructed of slats stacked in decks and spaced in staggered rows. Water
splashes from row to row, breaking into droplets, at the rate of 2-4 gpm/ft?.
This rate is called the “water loading” of the tower. Film packing is also
used, which exposes water to air in thin films over the surface of the fill.
Fill is made of wood, cellulose sheets, molded polystyrene, or asbestos
sheets. It is essential that the fill material wets well, otherwise water forms
in rivulets instead of droplets.

The most efficient and economical cooling tower is one with mechanical

1



2 THE CHEMICAL TREATMENT OF COOLING WATER

draft as depicted in Fig. I.1, in which air, 4, is drawn in through louvers
just above the basin, and then upward counterflow to the descending rain
of water. The velocity of the air is 300-700 fpm.

Fig. I.1 Recirculating cooling system with cooling tower

(A) Air; (B) Blowdown; (C) Heat exchange; (D) Drift or windage loss; (E)
Evaporation; (M) Make up; (R) Return water; (S) Supply water; (V) Volume
of system.

Two kinds of heat transfer occur within the tower between warm water
and air. Some of the liquid changes to vapor with the absorption of heat.
This energy, called the latent heat of vaporization, is that necessary to over-
come the attractive forces between molecules in the liquid state. This heat,
about 1000 Btu/lb, is abstracted from the liquid water remaining, and
lowers its temperature. Absorption of latent heat accounts for 75-80 per-
cent of the heat transferred in cooling towers. As long as the wet-bulb
temperature, which is a measure of the heat content of the atmospheric
air, is lower than the water temperature heat is transferred from the water
to the air, raising its temperature and lowering that of the water. This is
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called sensible heat; it accounts for the remaining 20-25 percent of heat
transferred.

The stream of air and water vapor containing entrained droplets, is
drawn upward through the tower by the fans, and passes through a “drift
eliminator”—an arrangement of baffles that produces sudden changes of
direction of the stream. Water droplets are thus separated from the vapor
stream, and fall with the bulk of the water into the basin. Water vapor, E,
and air pass out through the fan stack to the atmosphere. A small amount
of liquid water, D, is blown out of the tower by wind. This is called drift
or windage loss; in a well-designed tower it amounts to 0.1-0.2 percent of
the recirculation rate.

For reasons to be developed later, a volume of water, B, is continuously
withdrawn from the system, and another volume of fresh water, M, is
added to the basin to maintain the total volume of water, ¥, constant. It
will be readily apparent that

M=E+B+D (1-1)

1.2 VARIABLES AFFECTING PERFORMANCE
a. Heat Transfer in the Tower

The rate at which heat is transferred in a cooling tower depends upon
four factors: (1) the area of the water surface in contact with air; (2) the
relative velocity of air and water; (3) the time of contact between air and

water; (4) the difference between the wet-bulb temperature of the inlet
air, 4, and the temperature of the returned water, R. Item (1) depends

upon the construction of the fill; (2) can be controlled within limits by
regulating the speed of the fans; (3) is a function of (2) and the height of
the tower; (4) is fixed by climate.

The wet bulb temperature can be measured with a sling psychrometer.
The bulb of a thermometer is encased in wicking saturated with water, and
the thermometer in a suitable holder is whirled through the air for about
two minutes. If the air is not saturated, water evaporates from the wick
cooling the bulb, and the wet-bulb temperature is indicated by the ther-
mometer. The drier the air the greater the difference between the wet-bulb
temperature, and the temperature of the air as measured by an ordinary
thermometer. At 100 percent relative humidity the two temperatures are
equal.
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Under ideal conditions, when a stream of unsaturated air passes over a
wetted surface water evaporates saturating the air and lowering the tem-
perature of the remaining water. When the water becomes cooler than the
air, sensible heat flows from the air to the water, eventually reaching equi-
librium at the wet-bulb temperature, where the loss of heat from the water
by evaporation is equal to the sensible heat passing from the air to the
water. Thus, as water falls through a cooling tower, the latent heat of
vaporization and the sensible heat approach each other so that in an infi-
nitely high structure the temperature of the bulk water would be equal to
the wet-bulb temperature of the entering air. In a finite tower, however,
it isimpossible to achieve zero approach, because not all of the water falling
through the structure can contact fresh cool air.

One measure of the efficiency of a cooling tower is its approach, which
is the difference between the temperature of the cooled water in the basin
of the tower and the wet-bulb temperature of the atmosphere. The design
approach determines in large measure the cost of constructing a cooling
tower. A tower with a 5°F approach, for example, costs 60-70 percent
more than one with a 10°F approach under the same heat load. A 5°F
approach would require a tower perhaps 35-40 ft high, whereas a 10°F
approach could be obtained in a tower around 25 ft high. The average
design approach in industrial cooling towers is 8-15°F.

A second measure of performance is the cooling range, which is the dif-
ference between the temperature of the supply water, S, and the return
water, R. The cooling range in most industrial towers is 15-30°F. The
amount of heat rejected by a cooling tower can be calculated from the
cooling range and the recirculation rate. The latter is usually indicated, in
gallons per minute, on a water meter. One British thermal unit is the
amount of heat required to raise the temperature of one pound of water
one degree Fahrenheit. Therefore:

Heat duty, Btu/h = gpm X 60 min/h X 8.34 Ib/gal X A¢°F

gpm X 500 X At d1-2)

Il

The total heat theory of Merkel() satisfactorily explains the transfer of
heat from water to air in a counterflow evaporative cooling tower. Total
heat (enthalpy) includes the sensible heats of air and water vapor plus the
latent heat of vaporization of water. Merkel’s theory states that the total
heat transfer occurring at any particular location in a cooling tower is pro-
portional to the difference between the enthalpy of the air at that location,
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and that of saturated air at the temperature of the water at the same loca-
tion in the cooling tower. This statement is more concisely expressed by
Merkel’s equation.

Ldt = Gdh = KadV (h' —h) (1-3)

where:

L ‘= water flow rate (Ib/h)

t = bulk water temperature (°F)

G = air flow rate (Ib dry air/h)

K = heat transfer coefficient

a = area of contact between air and water (ft‘l)

V = active tower volume (ft*/ft? plan area)

h = enthalpy of moist air (Btu/Ib)

h' = enthalpy of moist air at bulk water temperature (Btu/Ib)

To calculate the total heat transfer it is necessary to integrate Merkel’s
equation.

Kav |7 ar o
L h' —h
51
ha
KaV dh 15)
G n W —h )
where
t; = temperature of warm water entering (°F)
t, = temperature of cold water in basin (°F)
h, = enthalpy of cool air entering (Btu/lb)
h, = enthalpy of warm air leaving (Btu/1b)

The process of evaporative cooling in an infinitesimal volume may be
depicted in terms of differentials, as follows:

L Gdh
Lot
av
1

Ldt G
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Water falling through a vertical element (dV) continuously encounters
cooler air and approaches the inlet air’s wet-bulb temperature as a limit.
Air rising through the vertical element continuously moves toward warmer
water and approaches the temperature of the returned water as a limit. If
the initial temperature of the water is higher than the wet-bulb tempera-
ture, the water will cool toward that temperature by convective transfer of
sensible heat; if below the wet-bulb temperature, the water will warm
toward that temperature.

Eq. (I-5) shows that water is cooled at a rate proportional to the differ-
ence in total heat per pound between saturated air at the temperature of
the water, and that of the atmosphere. Woods and Betts) have devised
an arithmetical method for integrating the equation, an otherwise time-
consuming task.

Still another important characteristic of a cooling tower’s performance
is L/G, the liquid-gas mass transfer ratio.

L/G = (water, lb/h)/ (air, Ib/h)

In open recirculating towers with mechanical draft, L/G is 0.75-1.50.

The reader interested in a more detailed account of heat transfer theory
and methods of calculation should refer to the book by Stanford and
Hill.®)

b. Heat Transfer Within the Cooling System

The process represented by C in Fig. 1.1 is one in which a hot fluid is
cooled by water, which is itself heated without any loss of exchanged heat.
Industrial heat exchangers consist of a number of tubes enclosed in a shell.
Exchangers with cooling water in the tubes, and hot product in the shell are
the most satisfactory. Fouling often occurs if water is circulated through
the shell, because the velocity of the water stream is lower in this design.
Tubes are much easier to clean than the shell. The latter contains fixed
internal baffles to produce turbulent flow that make it difficult, if not im-
possible, to clean the inside of the shell effectively. Matters are also so
arranged that the pressure of the product being cooled is higher than that
of the water, so that water cannot leak into the hot product, and damage
equipment.
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Fig. 1.2 Simple water-cooled heat exchanger—(P) Hot product to be cooled;
(W) Cooling water; (¢1) Temperature of cold water; (¢,) Temperature of
warmed water; (T';) Temperature of hot product; (7,) Temperature of cooled
product

Fig. 1.2 illustrates the cooling process in a single-pass, counterflow heat
exchanger consisting of a single tube in a shell, an arrangement similar to a
Liebig condenser. The transfer of heat from P to W is described approxi-
mately by Eq. (I-6):

U = AHp/At,,A (1-6)

where:
U = net effective overall heat transfer coefficient (Btu/°F-h-ft?)
AH = difference in enthalpy of P at T; and T, (Btu/Ib)
p = flow rate of product (Ib/h)
A = area of heat transfer surface (ft?)
At,, = the average of the temperature differences at both ends of
the exchanger (°F)

(Ty —t))+ (T2 — 1)
2

Aty, =

Here it is assumed that the temperature of the fluid in the shell falls
continuously and uniformly from T, to T, while that of the water inside
the tube rises similarly from #; to #,. With this assumption it is permissible
to use the average of the terminal differences for the mean temperature
difference. In more complicated heat exchangers, however, it is necessary
to use the log mean temperature difference, and when calculating the value
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for multipass exchangers correction factors also must be applied to (Af),,.

(Aty — (At)max—(At)min _ T —'tl_)—(Tl — 1)
ke [(At)max] (T, —11)
loge |——— loge | —=
(ADmin (T, —12)

Jacob and Hawkins® have given a derivation of the log mean tempera-
ture difference, and Nagle®®) describes a method for calculating the value
for various kinds of heat exchangers.

In a water-tube exchanger U is likely to decrease gradually because of
accumulating deposits, or because of scale forming on the tubes. Referring
to Fig. 1.2, the effect of these events on the heat transfer coefficient can
be predicted qualitatively. If a thin layer of insulating scale forms on either
side of the tube T, risesand ¢, falls as less heat passes from P to W through
the insulating layer. Thus, AH decreases, and as both ¢, and T, are unaf-
fected by conditions within the exchanger, A¢,, increases. The net result
is that the heat transfer coefficient becomes smaller.

If the flow of water is slowed by deposits, ¢, and T, both rise. In this
event, however, At,, may increase and AH may decrease by such small
amounts that the effect on U may not be significant.

The reciprocal of the heat transfer coefficient is called the “fouling re-
sistance;” this number multiplied by one thousand is the “fouling factor.”
Except in unusual circumstances the effect of fouling resistances can never
be exactly known, as fouling within an actual heat exchanger is seldom

uniform, and also the net effect is a combination of conditions on both
sides of the heat transfer surface.

1.3 RELATIONSHIPS AMONG OPERATING VARIABLES

Fig. I.1 shows that an amount of water, £, evaporates continuously
from the system, depleting the total volume, V. Make-up water, M, must
be added continuously to replace that lost by evaporation. It can readily
be seen that as this process continues salts in the make up increase in con-
centration in the recirculating water. Because of considerations explained
later in Chapter V, a certain maximum value is selected for the concentration
of total dissolved solids in the recirculating water. When this concentra-
tion has been reached a valve in the return line is opened allowing a certain
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Bispora, 91 of random water samples, 125,
Bis(tributyltin)-oxide, 107, 221~ 149, 150-152
222 Calcium hardness, 64, 66-68, 70,
attack of thiol groups by, 107 71,227-230
spraying of cooling towers with, determination of, 227-230
221-222 effect of phosphate on, 228-
Black water, 91,169 229 ‘
Blowdown, 9, 10, 11, 16, 57, 72, Calcium hypochlorite, 94
119, 172-174,175 Calcium phosphate, 40, 48, 55, 62-
calculation of, 175 68, 125, 136, 139, 209
control of, 172-174 effect of polyacrylate on, 139,
Boiler blowdown, 128 16§
as cooling system make up, 128 fouling by, 166, 209
Breakpoint chlorination, 95 solubility of, 40, 48, 50-51, 62~
1-Bromo-3-chloro-5,5-dimethylhy- 68
dantoin, 99-103 effect of pH on, 40, 62-68,
application of, as a microbicide, 136
103 solubility product of, 50, 62
dosage of, as a microbicide, 103  Calcium phosphonate, 70
form of, 103 Calcium sulfate,48,50,69,71,125-
hydrolysis of, 99-100 127,138,142
effect of pH on, 101-102 from deterioration of cement ba-
hypobromous acid from, 99, sins, 126

100 prevention of scaling by, 71, 138
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scaling, 142

solubility of, 48, 50, 125-127

solubility product of, 50, 127
Capsule, 86, 88, 89, 114
Carbonic acid, 34, 35, 237-238

Carboxymethylcellulose, 77, 149
preparation of, 77

Carotenes, 90

Cathode, 21, 24, 25,26,27,32,37
polarization curve of, 33
relative area of, 25, 26

Cathodic depolarization, 27,28, 84
by Desulfovibrio, 84

Cathodic polarization, 140
in low-chromate treatments, 140

Cation exchange, 126

Cell partitions, 83

Cellulose, 91

Cell wall, 86

Cement, 203
composition of, 203
effect of pH on, 203

Cetylpyridinium chloride, 108
Ceylon moss, 112
Charged particles, 73-75
Chelate, 53, 54, 107
corrosion by, 130
Chelonate, 53,55-56,70, 107
Chemical cleaning, 169, 209-216
in the presence of copper, 214~
216
Chloramines, 119
toxicity of, to game fish, 119
Chloramine-T, 94,98
Chlorella, 120
in biological oxidation ponds,
120
Chlorinator, 96, 193-194
maintenance of, 96
sizing of, 193-194
Chlorine, 92,93-96,118,119, 191-
194,249-251
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application of, 193

attack of cellulose by, 92, 118,
192,193

corrosion by, in the presence of
phosphonate, 137~138, 192

cost of, 118,119

demand, 95,119

determination of, 249~251

disadvantages of, 95-96, 118

dosage of, 118

effect of, on algae, 95

effect of, on lignin, 119

effect of, on pH, 192

effect of, on protoplasm, 94

effect of organic material on,
94-95

effect of reducing agents on, 94-
95

free available, 193, 250

hydrolysis, 95, 191

in waste water, 119,128
oxidation potential of, 94
penetrating power of, 116, 192-
193
reaction of, with ammonia, 95,
128,192
reaction of, with hydrocarbons,
94
reaction of, with 2-mercaptoben-
zothiazole, 133, 192
reaction of, with
groups, 95
residual, 95
total residual, 193, 249-250
toxicity of, to organisms, 94,95
effect of pH on, 94,95
effect of temperature on, 94
Chlorine demand, 95, 128
effect of ammonia on, 95, 128
Chlorine dioxide, 96-97, 98
advantages of, over chlorine, 96,
98

sulfhydryl
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application of, as a microbicide,
96-98
dosage of, as a microbicide, 98
effect of pH on, 96
stabilized solution of, 96-97
Chlorococcus humicola, 89
1 - Chloro -5,5-dimethylhydantoin,
99
Chloromethylenebisthiocyanate,
223
toxicity of, to fish, 223
Chlorophenols, 92-93, 108-109,
116,119,120, 131,221-222,223
acclimatization of bacteria to,
109
application of, 116
cost of, 119
dosage of, 116
effect of organic material on, 109
enhancement of, by anionic sur-
factants, 109
mechanism of toxic effect of,
108-109
resistance of spores to, 109
toxicity of, to fish, 109, 119,
120,131,223
use of, in cooling towers, 109,
221-222
Chlorophycophyta, 82, 89
Chlorophyll, 83, 90
Chromate, 37-39,42, 88,111, 128,
130, 131,133,135-140, 142-143,
167, 168,202-203,204-206, 217,
223,224,230-234

advantages of, 141

anodic polarization by, 38

as anodic inhibitor, 37-39, 135~
140

as corrosion inhibitor in waste
water, 131

determination of, 230-234

dosage of, 167,168
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calculation of, 167,168
effectiveness of, 133, 135-140,
153
effect of low pH on, 202-203
effect of, on algal reproduction,
141
effect of sulfur dioxide on, 204~
206
environmental effects of, 141-
142
high concentrations of, 137
in systems containing copper,
steel, and aluminum, 39
low level, 140, 141-142
optimum pH for corrosion inhibi-
tion by, 38
precipitation of, 139
protective films of, 217
thickness of, 217
reaction of, with ferrous ion,37-
38,135,143
reduction of, by carbamates, 111
reduction of, by hydrogen sul-
fide, 128, 130, 143, 204-206
reduction of, by phenolic water,
141
reduction of, by sulfite, 128,
130, 141, 143
removal of, 142-145, 224
by anion exchange, 142~143
by lime-soda softening, 142~
143
by precipitation, 143,224
electrolytic, 143-144
toxicity of,42, 88, 141, 223
to fish, 141,223
to microorganisms, 43, 88,
141
with zinc ion, 37, 135-142

Chromatic adaptation, 89
Chromate-zinc, 135, 140-141
application of, 135
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low level, 140-141
aminomethylenephosphonate
with, 140
orthophosphate with, 140
pH control with, 140-141

recommended concentrations of,
135
Chromate-zinc-phosphonate, 137-
139
application of, 137-139
effect of chlorination with, 137~
138
function of zinc in, 137
recommended concentrations of,
137-138
Chromate-zinc-polyacrylate, 139-
140, 166-168
application of, 139-140, 166~
168
recommended concentrations of,
139
Chromate-zinc-polyphosphate, 118,
128,135-137
application of, 135-137
example of results with, 151,
152
performance of, in waste water,
128
pitting with, 136
recommended concentrations of,
136
Chromic hydroxide, 130, 141, 204~
205
characteristics of, 130, 205
sludge, 141, 205

Clostridium, 82

Clostridium nigrificans, 84
Coagulation, 126

Coliform bacteria, 113

Colloidal solutions, 72, 74~75, 153
Colpidium, 120

Computer simulation, 131
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Concentration rate, 11-14,176-179
effect of blowdown on, 13, 14
15,176-179
effect of incremental additions
on, 17-19
Coniothyrium, 91
Contact corrosion, 26
Cooling range, 4, 10, 174,219
Cooling systems, 1-19, 54
heat transfer in, 6~8
once-through, 54
open recirculating, 1-19
Cooling towers, 1-6, 19, 77, 82, 83,
85,91-92,96,148,168-171,174,
198-200, 201, 218-222
algae in, 82, 83,91-92
effect of, 83,91-92
brown rot in, 91,92

b

counterflow evaporative, 4

damage to, by alkaline water,
148

damage to, by chlorine, 193

degradation of, by cellulolytic
bacteria, 85

design of, 19

dissipation of chlorine in, 96

examination of, for microorgan-
isms, 113

fungi in, 82,91-92,221

effect of, 83,91-92,221

heat transfer in, 2-6, 174

life expectancy of, 92

mass transfer ratio in, 6

mechanical operation of, 198-
200

mud in basins of, 201

operation of, 1-6

packing in, 1,219-220

performance and maintenance of,
3-6,14,218-222

pretreatment of lumber for, 92,
169
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redwood, 169

soft rot in, 82, 83,91,92
spraying of, 221-222
start-up of, 168-171

white rot in, 82, 83,91, 92
wood fibers from, 77

corrosion of, by phosphonates,
70

corrosion of, by polyphospho-
nates, 133

determination of, 234-236

dosage of, as a microbicide, 107

effect of chromate on, 39

Cooling water, 30, 31, 37, 49, 70,
77-79, 82-121, 124-195, 202-
204,204-206,237, 240

effect of, on steel, 26, 107
effect of polyphosphates on, 39

acid leaks into, 202-204
addition of chemicals to, 174-
186
analysis of, 160
buffer capacity of, 103
changing treatments of, 166~168
degradation of phosphonates in,
70
effect of ammonia in, 85
foaming of, 168,171,210
hydrocarbons in, 206
make up, 124-127, 160
chemical analyses of, 125,
160, 194-195
microorganisms in, 82-121
pH of, 37,116, 172-174,237
effect of storage on, 116,240
reducing agents in, 204-206
side-stream filtration of, 49,77-
79
solubility of oxygen in, 30
suspended solids in, 31
temperature of, 30
treatment of, 124-195
velocity of, 30,31

Copper, 21, 22,26-27,39, 70, 107,
131,133,137, 214-216,234-236
as a microbicide, 26
chelate of, with glycine, 107
chemical cleaning in the presence
of,214-216
concentration cells with, 26-27

oxidation potentials of, 22
protection of, 137

reaction of, with ammonia, 131
toxicity of, to algae, 107
toxicity of, to bacteria, 107

Copper alloys, 37, 41, 42, 70, 77,

124,131,132,137,139,192
corrosion of, 37,41, 70, 77
by aminomethylenephospho-
nate, 41, 70, 192
by polyacrylate, 77
damage to, by ammonia, 128,
131
protection of, by corrosion in-
hibitors, 132, 137, 139
protection of, by organic chemi-
cals, 42, 77

Copper citrate, 107
Corrosion, 21-45, 128, 130, 131,

132,135-149,153,169,171-172
by chelants, 130
by Desulfovibrio, 84, 114
by hydrogen sulfide, 23, 28
by sulfides, 23
control of, 36-45
coupons, 25, 29-32
effect of crevice corrosion on,
30
insoluble material on, 31
racks for, 29
installation of, 30
water rate through, 29-31
crevice, 26, 30
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current, 21,26, 126
effect of dissolved solids on,
126
effect of dissolved solids on, 21
effect of pH on, 24-25
effect of temperature on, 21, 34
general, 169
inhibitors, 25, 30, 37-43, 124,
132, 133, 135-149, 153, 169,
171-172, 185-186
anodic, 37-39, 133,135
inorganic oxidizing agents
as, 37-39
cathodic, 39-41,133,135
effectiveness of, 133, 135-

149, 153

effect of debris on, 169

effect of low concentrations
of, 32

evaluation of, 33

nonchromate, 42-43, 128,
142, 144-149, 150-151,

153, 185-186
organic chemicals as, 42-43,
171-172
effect of pHon, 171
mechanism of, 42
polar groups in, 42
protection of copper by,

42
protective films of, 171~

172
measurement of, 29

by coupons, 29-32
by electrical methods, 32-33
by rotating rods, 29
mechanism of, 21-25
microbiological, 27-29
of copper alloys, by ammonia,
128,131
of iron, 24-25
rates, 25, 36-37
classification of, 36~37
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effect of dissolved solids on,
130
examples of, 150
types of, 25-29
under fouling deposits, 45, 167
Corrosion ratio, 125,136
of random water samples, 125,
136
Corrosivity, 29-36,131-132,172
assessment of, by computer simu-
lation, 131-132
effect of chloride and sulfate on,
36
measurement of, 29-36
Crenothrix, 85
Crevice corrosion, 26, 30
on coupons, 30
Crystal growth, 49-52, 67, 69-71,
137

effect of alkalinity on, 67
effect of phosphonates on, 69-71
inhibition of, 51, 52, 68, 70
kinetics of, 49, 51, 68, 137
Cupronickel alloys, 44, 70, 77, 198
corrosion of, by phosphonates,
70
corrosion of, by polyacrylate, 77
Cuprous oxide films, 30, 42, 144
Cyanophycophyta, 82, 89
Cyanuric acid, 99
Cyanuric trichloride, 99
Cycles of concentration, 9, 10, 12,
13,14,17,61,119, 128,150
calculated from calcium hard-
ness, 150
effect of, on organic inhibitor
films, 43
effect of silica on, 126, 128
in polyphosphate-treated sys-
tems, 61
Cytochrome dehydrogenase, 105
Cytochrome oxidase, 87



INDEX

Cytochromes, 87, 104
Cytoplasm, 86, 89
Cytoplasmic membrane, 86, 88,
107,108,109, 110
destruction of, by surfactants,
108,109,110
permeability of, in bacteria, 88
to uncharged molecules, 107

Denickelification, 44
Depletion rate, 14,16-17,175-176,
179-185, 195
calculation of, 16~17, 175-176,
179-185
Deposits, 8, 38, 48, 49, 52-79, 83
control of, 52-79
corrosion under, 45
dispersing of, 71-77
microbiological, 49, 83
of ferric ferrocyanide, 38
Desulfovibrio, 82, 84, 88, 95, 104
acclimatization of, to chlorine,

5

cl?aracteristics of, 84

corrosion rate of, in steel, 84

growth of, in basin mud, 84

metabolism of, 84

metabolism of crude petroleum

by, 88
respiration of, 88
susceptibility of, to methylene-
bisthiocyanate, 104
Desulfovibrio desulfuricans, 27-28,
88,256-257

anaerobic respiration of, 88

corrosion of iron by, 27-28

effect of chromate on, 28, 88

qualitative test for, 256-257
Dextrose, 112
1,3 -Dichloro - 5,5 - dimethylhydan-

toin, 99, 118, 223
cost of, 119
toxicity of, to fish, 223
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2,3-Dichloronaphthoquinone, 111
Differential concentration cells, 26~
27,28-29
Differential staining, 85
Dimethylamides, 105
Dimethyleneglycoimonoethyl ether,
105
Dimethylformamide, 105
Dispersants, 49, 71-77, 132, 134,
166
effectiveness of, 134
natural, 77
synthetic, 75-77
Dissociation constants, 63, 70, 95,
100, 104,107, 147, 237,246
of ammonium hydroxide, 246
of carbonic acid, 237
of copper-glycine chelonate, 107
of copper phosphonate, 70
of ferric thiocyanate, 104
of ferric thiocyanate complex,
104
of ferrocyanide, 147
of hypobromous acid, 100
of hypochlorous acid, 100
of phosphoric acid, 63
Dodecylguanidine  hydrochloride,
98,108,117,119,120,187, 189~
190, 191,210, 220, 223, 242
affinity of, for wood, 108,117
biodegradability of, 108, 120
clearing of fill by, 220
cost of, 119
dispersing effect of, on inorganic
particulates, 108, 189-190,242
dosage of, as a microbicide, 117,
187,210
dosage of, as a surfactant, 98
effect of, on fish gills, 120
effect of, on microbiological
films, 98,220
precipitation of, in dirty cooling
systems, 117, 191
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toxicity of, to fish, 120,223

Dodecyl sodium sulfate, 108
Drift, 3,10
Drift eliminators, 3, 83, 221

EDTA, 23,53, 166

on-stream cleaning with, 166
Electrochemical cell, 27, 126

effect of dissolved solids on, 126
Electrochemical coupling, 21, 26
Electrochemical series, 22
Electrokinetic potential, 74
Endospore, 84
Enterobacteriaceae, 82
Enthalpy, 4, 7
Enzyme poisons, 103-108, 188
Enzymes, 28,29, 84, 87, 90, 91, 95,

104

antibiotic, 90

digestive, 87, 91

extracellular, 29, 87, 90

respiratory, 84, 87,95, 104
Escherichia coli, 97,114
Ethylenebisthiocyanate, 104
Eubacteriales, 82,130
Euglena, 120

in biological oxidation ponds,

120
Euglenophycophyta, 82
Evaporation, 8, 9, 10, 11, 12, 16,
131

Extractives, 91, 169, 171

in wood, 91,169, 171

Facultative anaerobes, 28
Ferric ferrocyanide, 38, 147

fouling by, 38, 147

solubility product of, 38
Ferric hydroxide, 71, 85, 202-203
Ferric pentapolyphosphate, 55
Ferric phosphate, 38, 39, 48, 55,

62,68,166,170
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as anodic inhibitor, 39
effect of pH on precipitation of,
38,55
formed by passivation, 170
fouling by, 166
Ferrocyanide, 38, 39, 52, 96, 119,
133, 147-148,192, 223
as anodic corrosion inhibitor, 38,
147
effectiveness of, 133, 147
dissociation constant of, 147
effect of chlorine on, 38-39, 96,
119,192
optimum pH for corrosion inhibi-
tion by, 38
sensitivity of, to pH, 38
toxicity of, to fish, 223
with polyphosphate and zinc,
147-148
Ferrocyanide~zinc-polyphosphate,
147-148
application of, 147-148
limitations on calcium hardness
with, 147, 148
microbiological control with, 147
phosphate fouling with, 147
recommended  concentrations
with, 148
sensitivity of, to pH, 147
Fill, 1,3,77,219-220
composition of, 1
fouling of, by algae, 83
Munters, 220
soft rot in, 92

First transition series, 42
Flade potential, 38
Flagella, 89
Flash rusting, 30
Flavobacterium, 82, 83, 114-115,
120
in biological oxidation ponds,
120
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yellow colonies of, 83, 114-115
Formation constants, 55, 71
of copper hydroxyethylidenedi-
phosphonate, 71
of ferric pentapolyphosphate, 55
Fouling, 48-79, 128,130
by phosphates, 55, 56-68
by reduction products of chro-
mate, 128, 130
by zinc hydroxide, 137
effect of flow rate on, 49
in compressor jackets, 49
removal of, by filtration, 77-79
Fouling factor, 8
Fouling resistance, 8
Free radicals, 105
Fungi, 82-83, 89, 91-92, 96, 221~
222
attack of cooling towers by, 221-
222
cellulolytic, 91
classification and structure of,
91
metabolism and growth of, 91-
92
optimum temperature for, 91
tolerance of, to wood preserva-
tives, 92
toxicity of extractives to, 91-92
effect of chlorine on, 96

Fungi Imperfecti, 91

Gallionella, 85

General etch attack, 25, 31
Generation time, 88-89
Geometric progressions, 18, 19
Glycine, 107

Gouy layer, 73, 74

Graham’s salt, 54

Gram stain, 85
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Heat, 2-3,4-8, 10
latent, 2,4
sensible, 2-3,4, 10
transfer, 4-8
Heat exchangers, 6-8, 30, 31, 33-
34,44,49,126,169, 201
air-bumping of, 49
backflushing of, 49, 201
carbon steel, 44
galvanizing of, 44
chemical cleaning of, 169
design of, 6, 7
flow rate through, 30, 31
fouling of, 6
multipass, 8
passivation of, 169
preparation of, 169
protective coatings in, 44
scaling of, 8, 126
by silicates, 126
skin temperatures in, 26, 30,
136
test, 33-34
heat flux in, 34
tubesheets in, 30
tubing in, 44

Heat transfer coefficients, 7, 8, 126,
207-209
calculation of, 207-209
effect of silicate scale on, 126
Heat transfer equipment, 30, 41,49,
83,169, 210-216
chemical cleaning of, 210-216
effect of scale on, 49
microbiological debris in, 83
pH at surface of, 41
Heavy metals, 107-108
as microbicides, 107-108
attack of proteins by, 107
toxicity of, to fish, 108
Helmholtz double layer, 74
Henderson’s equation, 238



292

Hexametaphosphate, 39, 54, 167,
168, 223
toxicity of, to fish, 223

Hot wall effect, 30
Hydrogen, 24, 84, 143,212
evolution of, 24
in electrolytic reduction of chro-
mate, 143
overvoltage, 212
polarization by, 24
use of, by Desulfovibrio, 84
Hydrogenase, 28, 84
Hydrogen cyanide, 204
reaction of, with ferrous ion, 204
Hydrogen sulfide, 23, 28, 84, 88,
94,106, 120, 126, 128,202, 204~
206,209
in biological oxidation ponds,
120
in cooling water, 202, 204-206,
209
in process water, 126
in stripped water, 128
oxidation of, by oxygen, 28
produced by Desulfovibrio, 84,
88
reaction of, with acrolein, 106
reaction of, with iron, 28
reduction of chlorine by, 94, 96
reduction of chromate by, 128
Hydrolase, 87
Hydroquinone, 105
Hydroxyapatite, 50, 51
Hydroxyethylidenediphosphonate,
70, 71, 133, 134, 139, 142, 146,
240,251
as dispersant, 134, 240
as scale inhibitor, 71, 139
optimum pH for, 139
degradation of, on clay surfaces,
70
determination of, 251-254
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effective concentration of, 148
effect of, on copper alloys, 133
effect of, on lime-soda softening,
142
in nonchromate treatments, 146,
148
Hypobromous acid, 99-101
dissociation constant of, 100
effect of alkalinity on, 100-101
effect of pH on dissociation of,
100-101
Hypochlorous acid, 94,95,98, 191,
192
dissociation constant of, 95, 100
effect of alkalinity on, 95, 100~
101,191
effect of pH on dissociation of,
95,100-101, 192

Iminodiacetates, 53
Inhibitor films, 26, 30, 32, 33, 38,
39,42-43, 68, 139, 169
anodic, 38
cathodic, 39-41
effect of polyacrylate on, 139
effect of water velocity on, 30,
33
of cuprous oxide, 30, 42
of ferric ferrocyanide, 38
sensitivity of, to pH, 38
of ferric phosphate, 39
of organic compounds, 42-43
sensitivity of, 42-43
of zinc phosphate, 40, 41, 68
effect of pH on, 41
In-service cleaning, 166, 209-210
Insulating gaskets, 21, 30
Iron, 22, 24-25, 26, 27-28, 38,
240-242
corrosion of, 24-25,27-28, 37
by anaerobic bacteria, 27-28
determination of, 240-242
effect of chromate on, 39
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effect of copper on, 26
Flade potential on, 38
oxidation potentials of, 22, 25

Langelier’s Index, 35, 125, 149
of random water samples, 125,
150-152
Latent heat of vaporization, 2
Leucine, 107
Lewis acids, 53
Lewis bases, 53
Lignins, 91,96,119, 148,192
as corrosion inhibitors, 148
effect of chlorine on, 119, 192
Ligninsulfonate, 77, 133, 134, 149,
223
as corrosion inhibitor, 133, 149
as dispersant, 134
toxicity of, to fish, 223
Lime-soda softening, 142
effect of, on chromate/zinc ratio,
142
effect of phosphonates on, 142
effect of polyacrylates on, 142
effect of polyphosphates on, 142
removal of phosphate by, 142
removal of silicate by, 142
removal of zinc by, 142
separation of chromate by, 142
Local action cells, 26, 36

Log mean temperature difference,
7-8,208
calculation of, 208
derivation of, 8,208
Loss on ignition, 38

Magnesium phosphate, 48
Magnesium silicate, 48, 127, 148

Make up, 8,9, 10,11, 12, 28,57,

77,94,126,127-132,150,161
calculation of rate of, 161
clarification of, 126
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cold process lime softening of,
126
external treatment of, 126
reused water as, 127-132
salt water as, 44, 128
waste water as, 127-132
Median Tolerance Limit, 120
determination of, 120
2-Mercaptobenzothiazole, 42, 43,
77,133,139,144,150,223, 254~
256
as copper corrosion inhibitor,
133,139,144
determination of, 254-256
formula of, 43, 254
oxidation of, by chlorine, 133,
144
toxicity of, to marine life, 144,
223
Mercury, 107, 108
attack of thiol groups by, 107
Merkel’s equation, 5
Methylenebisthiocyanate, 103-105,
116-118,119,187,189, 191,223
acclimatization of microorgan-
isms to, 104
application of, 116-118
as a microbicide, 103-105
cost of, 119
dosage of, 105, 116, 117, 187,
189
effect of ferric ion on, 104
effect of particulates on, 105
effect of pH on, 104
formulation of, 104, 116, 191
mechanism of toxic effect of,
103-104
solubility of, 104-105
toxicity of, to fish, 120, 223
Microbicides, 26,92-115,119, 126,
164, 187,188-194
acrolein as, 105-107, 118,120
alternation of, 189
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1-bromo-3-chloro-5,5-dimethyl-
hydantoin as, 99

chlorine dioxide as, 96-97,98

chlorophenols as, 108, 109,116,
119

consumption of, in organic treat-
ments, 43

continuous treatment with, 111

copper as, 26

dodecylguanidine hydrochloride
as, 98

dosage of, 111,119, 189-191

effect of dissolved solids on, 126

effects of, 93

evaluation of, 111~115

heavy metals as, 107-108

methylenebisthiocyanate as,103-
105

oxidizing agents as, 93-103
performance of, 187, 188
effect of weather on, 187
pricing of, 164
quaternary ammonium salts as,
109-110,116,118,119,120
toxicity of, 93, 188,223

Microbiological debris, 72, 77, 94,
98, 124, 126, 130-131, 210, 220
dispersing of, 72,210
effect of chlorine on, 94
effect of, on flow rate, 77
in cooling systems, 98, 124, 165,
166
in fill, 220
in heat exchangers, 130-131
in natural waters, 126
removal of, by filtration, 77

Microorganisms, 41, 72, 82-12i,
128, 186-194
adherent, in cooling systems, 97
control of, 111-121, 128, 186-
194
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control of, innonchromate treat-
ment, 128
dispersing of, 72
effect of phenol on, 128
in cooling systems, 82-121
inhibition of, by zinc, 41
Microspora , 84
Mill scale, 26, 29, 169
removal of, 29, 169
Mist eliminators, 3, 83, 221
Molybdate, 37
Monel, 44
Monoethanolamine, 95, 127
in process water, 127
reaction of, with chlorine, 95
Mucoids, 114
Munters fill, 220
effect of pH on, 220

Naval rolled brass, 44
in salt water service, 45-46
N<hloroisopropylamine, 99
N-<chlorosuccinimide, 99
N - dodecylbenzyl - N,N,N -triethyl
ammonium chloride, 109, 223
toxicity of, to fish, 223
Newton’s method of approxima-
tion, 263-265
Nickel, 22
oxidation potentials of, 22
Nitrification, 85
Nitrobacter, 85
Nitrocystis, 85
Nitrogen trichloride, 99
Nitrosification, 85
Nitrosomonas, 85
Nobel metals, 21
Nonchemical water treatment, 152~
154
efficacy of, 152
electrostatic, 153
evaluation of, 154-155
magnetic, 153
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Nonchromate treatments, 42-43,
128,142,144-149,150-151,153,
185-186
automatic controllers for, 185-
186

mechanism of, 42

microbiological control with,
150-151

use of, in cooling water, 144-
149,153

use of, in waste water, 128

Nonoxidizing biocides, 111

NTA, 23,53, 166
on-stream cleaning with, 166

0il, 134, 148,165, 168-171
effect of, on natural polymers,
148
emulsification of, 134, 169-171,
211
removal of, from new cooling
systems, 165, 168-171
Open circuit potential, 32
Orthophosphate, 56,57, 63,66, 67,
68,90, 133, 142, 228-229
as corrosion inhibitor, 133
in algal growth, 90
interference of, in calcium hard-
ness, 228-229
precipitation of, by lime-soda,
142
Orthotolidine, 99, 118, 250
reaction of, with chlorine, 250
Overvoltage, 25, 212
hydrogen, 212
oxygen, 25
Oxidation potentials,22,23,24,25,
28,37,94
effect of complexing agents on,
23
effect of pH on, 22, 23, 24, 25
Oxydiacetates, 53
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Oxydisuccinates, 53
Oxygen, 24-25, 26-27, 30, 43, 88,
90, 120
concentration cells, 26-27, 28,
30
depolarization by, 24
diffusion of, 24, 30
effect of temperature on, 30
overvoltage, 25
passivation of metal by, 43
production of, by algae, 90
reduction of, by hydrogen sul-
fide, 28
solubility of, in cooling water,
30
effect of detergents on, 120
toxicity of, to Desulfovibrio, 88
Ozone, 103

Packing, 1,219-220
Paramecium, 120
Passivation, 37,43, 169, 170, 217
adsorption theory of, 43
by borate, 39
by chromate, 169, 217
by phosphate, 43, 169
films, composition of, 170,217
films, rate of formation of, 217
films, thickness of, 217
Peniophora mollis, 91
Pentachlorophenol, 221, 223
spraying cooling towers with,
221
toxicity of, to fish, 223
Peroxides, 105
pH, 22-25, 32, 34-35, 38, 40-41,
62-68, 172-174, 236-240
adjustment of, with sulfuric acid,
28,128,132
control of scaling by, 124
calculation of, 236-238
control of, 172-174
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effect of, in cooling water, 237

effect of, on calcium phosphate,
62-68

effect of, on inhibitor films, 38

effect of, on zinc phosphate, 40-
41

effect of storing samples on, 116

measurement of, 236-240

of saturation, 34-35, 36,125

Phenol, 128

effect of, on microorganisms,

128

Phenylarsine oxide, 102
Phenylmercuric acetate, 107
Phosphate esters, 53, 68, 70, 71,
133,134,251
as antiprecipitants, 133
as dispersants, 134
hydrolysis of, 68, 133
Phosphonates, 52, 53, 69-71, 72,
133,134,142,251-254
as dispersants, 134, 251
biological oxidation of, 70
determination of, 251-254
effect of, on copper alloys, 70,
77,133
effect of, on lime-soda softening,
142
in nonchromate treatments, 146,
147, 148
with condensed silicates, 148

Photoautotrophes, 90
Photosynthesis, 90
Phylum Thallophyta, 82
Pitting, 26, 29, 31, 32, 33, 41, 45,
85,107,135,136,137,138
by chromate, 38, 135
by copper ions, 26, 107, 137
by iron-bacteria, 85
caused by debris, 169
factor, 32
mechanism of, 26
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of corrosion coupons, 29,31,32
of titanium, by chloride, 45
of zinc and aluminum, 138
tendency, 33
with zinc and polyphosphate, 41,
136
Polarization, 24, 32-33, 39
by hydrogen, 24
cathodic, by polyphosphate, 39
linear, 32
resistance, 32-33
Polyacrolein, 105
Polyacrylamide, 75, 76, 95,96,97,
119,134,192
as dispersant, 134
flocculation of bacteria by, 97

hydrolyzed, 76, 77
reaction of, with chlorine, 96,
119,192

Polyacrylate, 52, 53, 71, 76, 128,
133,134,139, 142, 143-144
as dispersant, 76, 134
as flocculant, 143-144
as scale inhibitor, 71
dosage of, 168
calculation of, 168
effect of, on calcium phosphate,
139
effect of, on copper alloys, 77,
133
effect of, on lime-soda softening,
142
flocculation of bacteria by, 97
in nonchromate treatments, 146,
147
precipitation of, by calcium, 139
toxicity of, to fish, 223
Polyethyleneimine, 76,97, 149
flocculation of bacteria by, 97
Polyphosphate, 38, 39, 41, 53-68,
70, 71, 72, 133, 134, 136, 147-
148, 167-168, 242-245
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adsorption of, on rust and scale,
39
as corrosion inhibitor, 133
as dispersant, 134, 167
as scale inhibitor, 39, 53-68, 71,
133
cathodic polarization by, 39
determination of, 242-245
dispersing of iron by, 167
dosage of, 167-168
calculation of, 167
effect of, on lime-soda softening,
142
glass, 136, 167
hydrolysis of, 39, 41, 56-62,
133,242,243
with zinc, 41
optimum pH for, 41
with zinc and ferrocyanide, 38,
147-148 :
Polyphosphate - phosphonate-poly-
acrylate, 147
application of, 147
inapplicability of, to copper al-
loys, 147
recommended
147
Polyphosphate - zinc - phosphonate,
146-147
application of, 146-147
inapplicability of, to copper al-
loys, 146
recommended
147

Poria monticola, 91

Poria nigrescans, 91

Poria oleraceae, 91

Poria sequoiae, 91

Potassium berlinate, 38

Precipitation, 49-52

Pretreatment of cooling systems, 43,
165-172

concentrations,

concentrations,
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by chromate and phosphate, 43,
165-172
effect of omission of, 43, 169
Propionaldehyde, 106
Protoplast, 86
Protozoa, 120
Prussian blue, 38, 147
Pseudomonas, 82, 83, 84, 86, 87,
88,95,116,120
aerobic respiration of, 87
characteristics of, 84
colonies of, on plate count agar,
113
in biological oxidation ponds,
120
nutritional requirements of, 88
sensitivity of, to chlorine, 95
slime from, 86
species of, in cooling water, 82,
83
tolerance of, to quaternary am-
monium salts, 116
Pseudomonas aeruginosa, 28
Pseudomonodaeae, 82

Quaternary ammonium salts, 109-
110,116,118,119, 120,223
acclimatization of Pseudomonas
to, 110,118
effect of pHon, 118
chemistry of, 109
cost of, 119
dosage of, as a microbicide, 110
effect of anions on toxicity of,
110
effect of cations on toxicity of,
109-110
effect of, on microorganisms,
109-110
effect of organic material on,
110,116
toxicity of, to fish, 120,223
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Rate control agents, 70
Recirculation rate, 4, 174
Redwood, 169

Relative humidity, 3, 10
Rotifers, 120

Sacrificial anodes, 44, 143
iron, 44, 143
Salt water, 128
Sand filters, 142
Saprophytes, 91
Sarcina, 85
Saturation pH, 34-35,36,125,149,
150-152
of random water samples, 125,
149, 150-152
Scale, 8, 33, 34, 35, 38, 48-79,
125-127, 132, 209, 211
calcium carbonate, 35, 48, 52,
209
calcium sulfate, 71, 125-127
control of, 51,71, 132
effect of, on flow rate, 49
effect of pH on, 124
ferric phosphate, 38, 166
magnesium silicate, 127
silicate, 126
dissolution of, 211
water-formed, 48
Schizomycetes, 83
Sedimentation, 126
Sequestrants, 52, 53, 55
Sequoia sempervirens, 91
Side-stream filtration, 49, 77-79
backwashing in, 79
cationic polyelectrolytes in, 79
efficiency of, 79
rates of, 78-79
removal of silt by, 77, 78
specifications for, 79
Silica, 126, 128
limitation of, 126, 128
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Silicates, 133, 142, 148
effectiveness of, as corrosion in-
hibitor, 133, 148
precipitation of, in lime-soda
softening, 142
Silt, 77, 82, 83, 124,126, 132
dispersing of, 132, 139
filtration of, 77
in natural waters, 126
microorganisms in, 82, 83
Slime, bacterial, 83,86, 94,97, 117,
209
adherence of, 97
composition of, 86
consistency of, 83, 97
effect of, 83
effect of chlorine on, 209
effect of, on chlorine, 94
in cooling tower basins, 117

Slime layer, 86, 89
Sling psychrometer, 3
Sodium dioctylsulfosuccinate, 77,
118-119,134,171
as an oil emulsifier, 134,171
as a wetting agent, 77
precipitation of, by quaternary
ammonium salts, 118-119
Sodium nitrite, 39, 133
as corrosion inhibitor, 133
Sodium sulfate, 28
Sodium tetraborate, 39
Solubility, 48, 49, 50-51, 62-68,
101-102, 104-105, 169-170
calculation of, 50-51
effect of temperature on, 48
of 1-bromo-3-chloro-5,5-dimeth-
ylhydantoin, 101-102
of calcium phosphate,40,50-51,
62-68
of calcium sulfate, 48, 50
of ferric ferrocyanide, 38
of hydroxyapatite, 50-51
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of methylenebisthiocyanate,104-
105
of small particles, 49
of zinc hydroxide, 169-170
effect of pH on, 170
of zinc phosphate, 40-41
Solubility product, 36, 40, 41, 48,
62,127,169-170,172, 240
of calcium phosphate, 40, 50, 62
of calcium sulfate, 50, 127
of ferric ferrocyanide, 38
of ferric hydroxide, 55, 240
of hydroxyapatite, 50
of zinc hydroxide, 169-170
of zinc phosphate, 40-41
Spirillum , 84
Spirogyra, 120
in biological oxidation ponds,
120
Sporovibrio, 84
Stability index, 35, 125, 150
of random water samples, 125,
150
Steelhead trout, 141
algae as food source for, 141
toxicity of chromate to, 141
toxicity of zinc to, 141
Stemphylium,91
Stern layer, 73, 74
Stickiebacks, 141
toxicity of chromate to, 141

Stokes’ law, 72-73, 75
Stripped water, 128
Stysanus, 91
Sulfate-reducing bacteria, 27-28,
201, 222,256-257
control of, in waste water, 128
in basin mud, 201
qualitative test for, 222, 256~
257
susceptibility of, to dithiocarba-
mate, 110

299

Sulfhydryl groups, 95, 106, 107
Sulfuric acid, 28, 128, 132, 167,
172-174,199, 236
dilution troughs for, 173
for adjusting pH, 132, 167, 172~
174,236
calculation of dosage of, 173~
174

Sunfish, 141

toxicity of chromate to, 141
Surface active agents, 70, 72, 132
Surface modifiers, 70

Tannins, 77, 133, 148
Thiobacillus, 105
Thiourea, 214-216
Threshold effect, 52, 68
Thyroxine, 94
Titanium, 45
pitting of, by chloride, 45
Tolyltriazole, 42, 43, 133, 139, 144
as copper corrosion inhibitor,
133,139,144
formula of, 43
formulation of, 42, 144
Total phosphate, 57, 61, 63, 67
Toxicant evaluation, 115
1,3,5-triazine-4,6-diketo-2-dithio-
ammonium phosphamate, 149
determination of, 251-254
Trichlorocyanidine, 99
Trichlorocyanuric acid, 99
Trichloro - s-triazine-2,4,6-(1H,3H,
5H)-trione, 99
Trichurus, 91
Tricyanogen chloride, 99
Triglycollamic acid, 166
Triiodothyronine, 94
Triose phosphate dehydrogenase,
95
Tryptone, 112
Tuberculation, 25, 26, 27



300 THE CHEMICAL TREATMENT OF COOLING WATER

Tungstate, 37
Turbidity, 126, 139

with polyacrylate, 139

Ulothrix, 120

Valine, 107
Viable plate count, 111-115, 116,
186-188,195,257-261
agar for, 112
bacterial colonjesin, 113,186
classification of, 114-115
effect of cycles of concentration
on, 187
effect of storing on, 116
effect of weather on, 187
frequency of, 195
procedure for,112-115,257-261
sampling for, 112,115
weaknesses in procedure for,
113
Vibrio, 84
Volutin, 86

Waste water, 119, 120, 127-136
chemicals in, 119
toxicity of, to fish, 119
discharge of, 119
make up for cooling systems,
127-132
solubility of oxygen in, 120
effect of detergents on, 120
Water blasting, 203,216-218
polymers in, 217-218
safety in, 218
Water treating chemicals, 115-159,
161-164,166-168,174-185
bidding for, 157, 160, 161
calculation of dosages of, 161-
164,174-185
changing of, in cooling systems,
166-168

characteristics of, 160
consumption of, 163
effect of blowdown rate on,
165
continuous feeding of, 181-185
pumps for, 181-185
evaluation of bids for, 158~159
form of, 158
inventory of, 158-159
labeling of, 158
packaging of, 158
pricing of, 158-159, 161
proposals for, 156
purchasing of, 155-159
safe handling of, 224-225
slug feeding of, 178-181

Wet-bulb temperature, 2, 3, 4, 6,

174,219

Windage, 3
Wood preservatives, 221

Yeast extract, 112
Yeasts, 85

Zine, 22, 36,37, 38, 40-41, 68, 70,

135-140, 141, 142, 146-148, 224
as cathodic corrosion inhibitor,
40-41, 68
effectiveness of, 133
effect of copper on, 26
in nonchromate treatments, 144,
146-148
oxidation potentials of, 22
precipitation of, by hydrogen
sulfide, 204
precipitation of, in lime-soda
softening, 142
precipitation of, in secondary
waste treatment, 141
removal of, by ion exchange,
224
toxicity of, to algae, 141
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toxicity of, to fish, 223 solubility product of, 169-170
toxici
ol)iilty of, to steelhead trout, Zine phosphate, 40-41, 68

i i y polarity of, 40
w:xt;}ce iliul;%methylenephospho solubility of, 40-41, 68

optimum pH for, 41 effect of pH on, 40-41

with chromate, 37, 135-140
with ferrocyanide and polyphos-
phate, 38 Zinc sulfate, 136
Zinc hydroxide, 137, 169-170 solubility of, in chromate solu-
fouling by, 137 tions, 136

Zinc polyphosphate, 41



