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EVAPORATION CONTROL RESEARCH, 1955-58

By Roeert R. Cruse ! and G. Earn HarBECK, JR.2

ABSTRACT

One hundred fifty-two compounds and compositions of matter were screened
as potential evaporation retardants. The homologous straight-chain fatty alka-
nols are considered the best materials for retardants.

Several methods of application of the alkanols to the reservoir surface were
investigated. Although wick-type drippers for the application of liquids and
cage rafts for the application of solids appear to be the most promising methods
from an economic standpoint, both methods have serious disadvantages.

Considerable study was given to reducing biochemical oxidation of the evapo-
ration retardants. Copper in several forms was found adequate as a bacterio-
static agent but posed a potential hazard because of its toxicity. Many other
bactericides that were tested were also toxic.

Two sets of large-scale field tests have been completed and several others
are still in progress. On the larger reservoirs, the reduction of evaporation
was not more than 20 percent under the prevailing conditions and the appli-
cation procedure used.

Three major practical problems remain; namely, the effects and action of
wind on the monofilm, the effects of biochemical oxidation, and the most effec-
tive method of application. Fundamental problems remaining include the effects
of various impurities, and the composition of the best evaporation retardant;
the long-range effects of monofilms on the limnology of a reservoir, including
the transfer of oxygen and carbon dioxide; toxicological aspects of all compo-
nents of any evaporation-retardant composition, plus toxicology of any com-
position chosen for large-scale use; and further studies of the calorimetry and
thermodynamics involved in the mechanism of evaporation and its reduction
by a monofilm.

INTRODUCTION

The purpose of the present investigation was to develop a prac-
tical, safe, and effective method of treating the surface of a water
reservoir with a monomolecular chemical film to reduce losses of
water by evaporation.

This report describes investigations made in Texas during the
period 1955-58 on the use of a monomolecular film for the suppres-
sion of evaporation. The laboratory investigations were made by
Southwest Research Institute of San Antonio, Tex., under a con-

1 Southwest Research Institute.
2 U. S. Geological Survey.



2 EVAPORATION CONTROL RESEARCH, 1955-58

tract between the Institute and the Texas Board of Water En-
gineers, who acted as the contracting agency and fiscal agent for
the Southwest Water Evaporation Research Council, Inc.

Funds for that part of the investigation made by Southwest
Research Institute were contributed to the Southwest Water Evap-
oration Council by 86 different sponsors, among whom were munici-
palities, private industries—especially the private electric utilities—
consulting engineers, technical societies, individuals, and other or-
ganizations.

The evaluation of the reduction in evaporation was made by
the U. S. Geological Survey.

Technical articles from Australia in 1953 and 1955 (Mansfield,
1953, 1955) indicated the feasibility of control of evaporation from
reservoir surfaces by thin chemical films—1 molecule, or one ten-
millionth of an inch, thick. Reductions in the rate of evaporation
of 45 percent were expected. The method was an application of
the principles that were originally developed by Langmuir (1917).
A duplex film was used initially, but later, a single-component film
was applied with better results.

The work in Australia indicated that there were few, if any,
problems under field conditions there. Differing climatic condi-
tions, as well as vested public and private interests in many of the
various reservoirs, dictated that the work in Australia, promising
as it was, should be checked under conditions prevailing in Texas
and southwestern United States before the procedures could be gen-
erally recommended in this country. These circumstances resulted
in negotiations leading to a project at Southwest Research Institute
to develop and modify the Australian process for use on both public
and private reservoirs in the United States. Results obtained from
tests made in stock tanks indicated that biochemical degradation of
the materials recommended by the Australians was quite severe
under conditions in the United States. These results were confirmed
by independent investigations conducted by the Robert A. Taft
Sanitary Engineering Center, U. S. Public Health Service, Cin-
cinnati, Ohio, (Ludzack and Ettinger, 1957). Further, the wind
provided a severe problem, contrary to Australian indications.
This problem was not so pronounced on stock tanks as it was on
larger reservoirs, where on windy days the films were found only
on the downwind side of the reservoirs where they were compressed,
and extended for distances varying from 3 to 30 feet from the
shore. This phenomenon was noted when both liquid and solid
retardants were used.
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Restrictions on the use of any film-forming evaporation retardant
are severe. The material used must not only reduce the rate of
evaporation effectively, but it must be nontoxic to every beneficial
kind of animal or plant using the reservoir water; it should, for
economic reasons, be resistant to oxidation or degradation by micro-
organisms; it should not be detrimental to the biological balance
of the reservoir, including effects on transfer of oxygen and carbon
dioxide; and, as indicated by work done during this investigation,
it should be effective in both hot and cold weather. Further, the
cost of the process, including the initial cost of the material used,
must be economical.

The economics of the process were promising at first. Mansfield
(1956) estimated the cost at 2.5 cents per thousand gallons of water
saved, based on a film life of 6 weeks and an application dosage of
about 2.2 pounds per acre. This amount was found somewhat
inadequate under prevailing conditions, but, using a solid retardant
in cage rafts similar to those described by Mansfield, a dosage of
5 pounds per acre was found more satisfactory. Based on a cost
of materials at 40 cents per pound in 1957, a film life of 60 days
and a saving of 2 feet of evaporation in arid regions, the calculated
cost of water saved by the monofilm technique under conditions
in south-central Texas is about 5 cents per thousand gallons. Field
tests indicated that these cost figures would apply primarily in
areas of high evaporation, but not in areas of high humidity and
low rate of evaporation.

Two items should be mentioned in connection with these costs.
First, in a reservoir where evaporation makes the water slightly
brackish, even a 20 percent saving of the water that would other-
wise evaporate may be sufficient to render the entire reservoir usable.
The water that evaporates is pure water; hence, any that is kept
from evaporating reduces the concentration of dissolved solids in
the reservoir. Any additional evaporation reduction over that
needed to reduce the salinity level is an extra dividend in yield of
usable water.

Second, in many areas a reduction in evaporation may mean
that a reservoir will contain water for longer periods. The mere
availability of even a small amount of water may be of sufficient
economic importance that the cost of retarding evaporation is only
a secondary consideration.
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DISCUSSION OF THEORY

This work is an outgrowth of field investigations on evaporation
control begun by Mansfield (1953, 1955) in Melbourne, Australia,
in 1952. Mansfield’s work, in turn, was an application of theoretical
considerations developed by Langmuir (1917), and later applied by
Hedestrand (1924), Adam (1941, chap. 2), Langmuir and Lang-
muir (1927), Rideal (1925), Langmuir and Schaefer (1943), and
others to the reduction of evaporation of water.

Certain classes of organic compounds, having a hydrophylic
(water-attracting) portion and a hydrophobic (water-repelling)
portion in their molecular structures, possess the property of being
able to spread out on a water surface. The hydrophobic portion
of the molecule consists of a hydrocarbon structure—for this pur-
pose, preferably, a long straight-chain structure of 10 or more
carbon atoms. The hydrophylic portion is a functional group such
as a hydroxyl, carbonyl, carboxyl, amine, amide, or nitrile group.
Various hydrophylic groups, in combination with hydrophobic
groups, known to form monomolecular films are given in the follow-
ing list.

Hydrophylic groups forming monomolecular films
[Adam, 1041, p. 50]

Group Formula Group Formula
Carboxylic acid_______ —COOH Urea (substituted) —NHCONH,
Hydroxyl ___.________ —OH (below transition
Amine (on alkaline —NH, temp.)

water). Nitrile. .- - _______ —CN
Amide___..__________ —CONH, Ester. . _________ —COOR
Methyl ketone_._.____ —COCH; Aldoxime. o . __.___ —CHNOH

Through a decrease in the free energy of the associated molecules
in ‘the solid or liquid state, caused by the greater attraction of the
hydrophylic portion of the molecules for the underlying water than
the interattraction of the molecules for each other, individual mole-
cules of a compound will detach from a central source or reservoir
of the material where placed on a clean water surface. The mole-
cules will spread out radially until a barrier or shore line is reached.
If enough material is exposed at the water surface, the molecules
will continue to detach and spread out until they form a closely
packed, or compressed film, one molecule thick, covering the entire
reservoir surface. Such a film has been shown (Langmuir and
Langmuir. 1927, Langmuir and Schaefer, 1943) to have the ability
to retard the rate of evaporation of water.

The hydrophylic group used for the purpose of this application
must be nontoxic. This criterion will essentially rule out most of
the nitrogenous compounds given in the preceding list. The pres-
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ence of calcium or magnesium ions in the water of the reservoir
will essentially eliminate consideration of acids and esters; the acids
will form the calcium or magnesium salts, which will no longer
spread out to form or reform monomolecular films, and the esters
will hydrolyze to give the same effects. This leaves the hydroxyl
compounds, particularly the long straight-chain primary alkanols
as the best materials to use. These straight-chain compounds, by
nature of their chemical structure, will form the most effective evap-
oration-retardant film. (See fig. 1.) It will be noted that the

/] VAVRY

OH OH OH OH 00000000
HHHHHHHH Uncompressed Compressed
Uncompressed Compressed

B.—Straight chain secondary
A.—Straight chain primary

oo VT ko

OH OH OH OH OH OH
Uncompressed Compressed Uncompressed Compressed
C.—Branched chain primary D.—Branched chain secondary
OH OH OH OH OH
Uncompressed Compressed
£.—Tertiary

F1cURE 1.—Effects of molecular structure on compressibility of films of alkanols.

straight-chain primary structure is capable of forming a more
highly compressed film than the secondary, tertiary, or branched-
chain compounds. The effect of branching has been intensively
studied with the 17 isomeric methylstearic acids and other materials
(Weitzel, Fretzdorff, and Heller, 1951a, b).

Calculation of the effect of a monomolecular film has been done
in several ways. Basically, the effect of evaporation retardation
is described as a resistance to evaporation (Langmuir and Schaefer,
1943). 1If the evaporation of a clean, free water surface into a
vacuum is taken as one resistance unit (Mansfield, 1956), the re-
sistance of the laminar layer of water vapor and air immediately
above the surface is about 600 units. If a perfect monomolecular
film is taken as having a resistance to evaporation of 1,600 units,
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the total resistance is 2,200 units, and the reduction of evaporation
would be 1,600/2,200 or 72.7 percent. Both wind velocity and rela-
tive humidity are critical factors, which vary widely, so that the
rate of reduction of evaporation may vary from zero on a morning
with 100 percent relative humidity to more than 90 percent on a
hot, dry day with a steady wind blowing.

Anderson, Harbeck, and others (U. S. Geological Survey, 1954)
were among those who developed the energy budget method of
determining the rate of evaporation from a free water surface.
This method consists of making an accounting of all incoming
and outgoing energy; the difference is the energy utilized for evap-
oration. The application of an evaporation suppressant film does
not affect the energy received as solar or atmospheric radiation.
If evaporation is suppressed, the temperature of the water surface
must rise until the energy, no longer being used for evaporation,
is disposed of by other processes, such as back radiation and con-
duction, which will be described subsequently in detail. Thus
after a calibration period needed to determine certain physical con-
stants of a particular reservoir, the effectiveness of a film in sup-
pressing evaporation can be evaluated and the resultant rise of
water temperature computed. Temperature differentials of as much
as 8°F have been observed between two adjacent steel stock tanks,
each 10 feet in diameter, only one of which had a monomolecular
film.

Important theoretical considerations are brought up by the method
of application. Mansfield (1955) developed the 1/A criterion, which
is the ratio of length of exposed perimeter of solid particles of film-
forming material to the area of exposed water surface to be covered.
His calculations indicate a critical minimum 1/A ratio of 2X10—3
centimeter-! (0.002 centimeter of perimeter per square centimeter of
surface area) for film formation. This indicates that finely divided
solid material is preferred to large lumps of material, if a solid is
used as the film generator. The 1/A ratio does not appear to hold for
liquid materials. Likewise, the emulsion application procedure of
Dressler (written communication, January 1958) either produces
large exposed perimeter of material through formation of micropar-
ticles or is not governed strictly by the 1/A ratio of Mansfield. Mans-
field’s 1/A ratio indicates that 1 pound of flaked solid alkanol should
be used for a maximum water surface area of 35,000 square feet.

The homologous straight chain fatty alkanols that are most readily
available—those having even numbers of carbon atoms—suffer from
a major disadvantage, despite their theoretical superiority, of being
susceptible to biochemical oxidation. This oxidation not only takes
place on the film after formation, but on the reserve supply if it is
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stored on the water surface. Similar straight-chain primary alkanols
containing odd numbers of carbon atoms were not available during
the course of this investigation.

A secondary problem, apparently common to all monomolecular
evaporation retardant films, results from the film being swept off
the reservoir and piled up on shore by the action of the wind.

LABORATORY INVESTIGATIONS

The laboratory work in this program was done in two stages.
The first stage consisted of the laboratory screening of organic
chemicals deemed to have some value as evaporation-retardant ma-
terials. Emphasis was placed on commercially available materials.
Two preliminary specifications were that the molecular structure
must have the basic chemical characteristics, and it must comprise
a minimum of 10 carbon atoms. It was felt that any lesser number
of carbon atoms in the straight chain would not only be too vola-
tile, but would also provide a film too thin to be effective (Archer
and La Mer, 1954).

The second phase of the laboratory work consisted of further
evaluation, in stock tanks 10 feet in diameter, of those compounds
or mixtures showing promise in the screening program.

LABORATORY SCREENING OF ORGANIC CHEMICALS

The screening apparatus used in the laboratory, for which tech-
nical construction details are given on page 41, is shown in figure
2 and plate 1. As originally constructed, the apparatus held
eighteen 9-inch battery jar test units. The apparatus was subse-
quently modified to accommodate only 14 units; the other space was
occupied by a coil of copper tubing immersed in the insulated
trough to bring the temperature of the air up to that of the water
in the trough and test units as nearly as possible. Each test unit
consisted of a battery jar 9 inches in diameter by 12 inches deep,
fitted with a specially designed lid, an inlet for dry air, and an
automatic feed reservoir containing distilled water to replace that
evaporated by the air stream. The design of the lid was such that
with a 1j4-inch clearance between the bottom of the lid cone and
the water surface, the air velocity was constant across the entire
surface area. A manometer was placed in the incoming air line
and calibrated by means of a rotameter, in order to determine the
rate of air flow.

Air, dried by passing over silica gel, was passed over the water
surface at the rate of 12.5 liters of free air per minute. In the test
units, the compounds to be tested were applied in solid or liquid
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Fi1cURE 2.—Details of screening apparatus.

form at a dosage equivalent to 1 pound per acre of water surface.
This was a 5-milligram dose on the surface, 9 inches in diameter.
Two jars containing untreated water were used as control units in
each test bank. As the water in the jar evaporated, the water
level was maintained by automatic replenishment with water from
the reservoir. By starting at a predetermined level and refilling
the reservoirs to this level, the amount of water evaporated could
be easily determined. It was found necessary to replace the water



in the feed reservoir every 24 hours.
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9

At a trough temperature

of 30°C (86°F), the control units generally lost about 2.5 liters of
water over a test period of approximately 110 hours of continuous
Such a test period gave results reproducible to within

operation.
5 percent.

Materials screened and the results obtained are summarized in
table 1. Materials rejected as evaporation retardants due to high
water solubility are summarized in table 2.

Several samples of hexadecanol and other alkanols, several sili-
cones, and other miscellaneous materials were not screened.

TABLE 1.—Compounds screened as evaporation retardants

Sample| Test Saving in | Code No. of
No. No. Composition Trade name ev(aporatlt)m test
percent
Primary alkanols (saturated)
1 [ l-hexadecanol NF oo 1-hexadecanol, N.F____ 27.0 682—WE
2 7 Cachalot, C-50_.._.... 23.0
3 8 -Ié:i:adecanol techni- 34 7125WE No.
13 9 Ado} 52 — 36.2 | 682-WE
14 10 Adol 54 . _____.. 22.0 699—43WE, No.
-hexadecanol, 28 percent.__ Y
16 11 {l-octadecanol 70 percent__ - 54 692'5?”3' No.
1-hexadecanol, 52.5 percent
17 12 ({t _gctadmmf 1 o } 10.2 | 682-WE.
-hexadecano] percen
18 13 {1 octadecanol, 40.0 percent, } 31.8 Do.
84 15 | 1-hexadecanol, N.F..._ ... 2| 'Lorol 24 oo ... 37.8 sgg,WE No.
1-hexadecanol, 34 percent.. - 699-WE, No.
a 16 {l-octadeca.no ,’ 64.8 percent - }Dytol E46.ooooeeeee 30 4.
15 19 | 1l-octadecanol, U.S.P..__.__._____ Adol 62. ... 68 71§-SWE, No.
19 20 90 percent._........ Ado188__ .o ... 37 692—7WE, No.
110 Lheradeoan olls e Cachalot, C-52....___. 44.6 | 682-WE.
2C1e ano) percent._..__..
116 46 {{Ji:c;adAJkani)lsé 92 per(iegl: ....... }Siponol L SEETREE 31 | 699-WE
exadecanol, 6 percent Cpa- ...
120 81 oot paent o= stponol CX oo 2 Do.
odecanc percent. .
81 3 i ;tietgadecailol,gg percent.- 21 712-WE.,
odecanol, percent ..
82 4,42 1:;‘ietx'adecall:wl 3{ perceng._ 56 Do.
odecanol percent._ .
83 5 { -tetradecanol 26 percent_. 18 Do.
4 17 | 1-dodecanol, crude._ .. ._._...._. 54 Do.
5| 18,40 saturated coconut | Adol11______. 65 Do.
6 19 90 percent Cia._._. Adol12._____. 15 Do.
7 20 55 percent Cra- ... Adol 13.._ ... 60 Do.
9 21 68 percent Ciz..._. Adol 15 ... __ None Do.
11 23 }-gcggdecat;ol ________________ Adol42_ _._____. 50 Dc.
P -dodecanol, 60 percent.... - "
87 2 {%-tdetaadeca?o;,l% perc%nt_. B }Dytol L 18 Do.
odecano) percent._ _ —
83 31 ii .(tietéadecai:loéo 27 percent Dytol A—24..o—-oo. 19 Do.
odecano percent_ _
8 32 {l-tetradecanol, 19 percent 2 Do.
90 33 | 1-dodecanol, 90 percent. . 25 Do.
8 43 62 percent....__. 28 Do.
128 66 | 1-hexadecanol, 90 percent______.._ 90 percent cetyl alco- 21.5 Do.
ol.
130 68 1 90 percent._ ... Cetyl alcohol.._____.__ 43 Do.
-dodccanol, 70 percent Cyz. - - _
134 8 it 38 percont 8:'" - }smonol L2X. . oo... None | 721-WE.
-dodecano] percent Cra. . Naj
135 9 s %., Detcent O. - }Slponol L6X. oo 60.5 Do.
-hexadecano,
136 11 {l-octadecanol }50 50 - o e Cetyl-stearyl mixture.. 49 Do.
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TaBLE 1.—Compounds screened as evaporation retardants—Continued

Sample| Test Saving in | Code No. of
No. No. Composition Trade name evaporation test
(percent)
Primary alkanols (saturated)—Conti d

142 12 | 1-tetradecanol. . .o ... Myristyl alcohol ... None | 721-WE

143 14 | 1-hexadecanol ... ... ....... Cetyl alcohol, N.F.,, 1.3 Do.

extra pure-......-._.

93 17 Hydroabletyl alkanol _____._____. Abitol.. .. 10.8 Do.
142 24 | 1-letradecanol. ... Myristyl alkanol...... 14.4 Do.
143 25 | 1-hexadecanol.. Cetyl alkanol, N.F_.__ 56. 2 Do.
144 26 | l-octadecanol .. _____._____ Stearyl alkanol 57.8 Do.

85 42 | l-octadecanol, industrial grade....| Lorol 28..__._.__. 55 699-WE.

79 48 | 1-docosanol.. .. ... Adol 60 _ceeomaeo 45 Do.

80| 4o |{}-docosanal ... AdOL 67 5 Do.

84 ' 1,14 }:-)l.mxat(}leclanol, NiF Lorol24.____.___._..__ 144 712-WE

imethyl octano!

21 26 {Trlmethyl heptan Primary decanol.__... None Do.
129 67 | Fatty alkanol mixtur. Fatty alkanol mixture. None Do.
145 28 | Fatty alkanol mixtur 52,2 | 721-WE.
155 |oooooon 1-hexadecanol ®
157 |occeooae Octadecanol, from acid. . 3101-R—485-104R_ . ..._ 2.3

Primary alkanols (unsaturated)
1-hexadecanol, 35.5 percent. ......

11 17 |{1-octadecanol, 16 percent. _. Adol 42 _____..__ 25 | 682-WE

1-octadecanol, 46 percent.

115 6 | 9-octadecen.1-ol.._.___. Adol 80... ool None | 712-WE.
10 22 | 13-docosen-1-0l.._.___ 7.5 Do.
20 24 g, l%ab&octaiiecatrienol 6 Do.

-octadecenol... ...
86 61 {89 s octadecatrionoi 17T 8 Do.
Secondary alkanols (saturated)

112 51 | Methyl heptadecyl carbinol._..._ Methyl heptadecyl 34 | 609-WE.

carbinol..__.________

113 76 | 12-tricosanol_ ... ___..__.._...__. Diundecyl carbinol.... None Do.
114 79 | 18-pentatriacosanol .| Dihept: ecyl carbinol . None Do.

22 34 | 5-ethyl-2-nonanol.___.. -] Undecanol .. _..._.._. 1 | 712-WE.

23 35 | 2, 6, 8-trimethyl-4-nonan -] Trimethylnonanol. None Do.

24 36 | 7 el:hyl 2-methyl-4-undecanol. ..._| Tetradecanol. 15 Do.

25 37 | 3, 9-diethyl-6-tridecanol.._........ Heptadecanol. . 1 Do.

Nitriles
62 59 | Octadecyl nitrile. .. _ oo ... Arneel 180........_.._. None | 699-WE.
Dihydroxy and polyhydroxy compounds

12 18 | 1, 12-octadecandiol ... ... _.__._._ Adold5 ... None | 682-WE,

27 68 | 2, 5-dimethyl hexane-2, 5-diol -{ Dimethy] hexanediol.. 11 | 609-WE.

28 27 | 3, 6-dimethyl-3, 6-octanediol_..._. Dimethyl octanediol. . 16 | T12-WE.

Ethylene oxide condensation products

121 | 28,41 PolK?xyethylated tallow alkanols. 51 | 7T12-WE.

102 52 -polyoxyethylene fatty acid 18 Do.

amide, 5 mols ethylene oxide.

104 53 | Mono fatty acid ester of polyoxy- | Ethofat 60/12.. . 15 Do.

ethylene glycol.

101 25 | Polyoxyethylene-tertamine_.._.._ Ethomeen 2 ¢/18.9 None | 715~-WE,

103 26 Mono fatty acid ester of polyoxy- | Ethofat 60/15... None Do.

glene glycol, 2-mols ethylene

See footnotes at end of table.
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TaBLE 1.—Compounds screened as evaporation retardants—Continued

Sample| Test Saving in | Code No, of
No. No. Composition Trade name evaporation test
(percent)
Ketones
56 57 | Methyl pentadecyl ketone_...___. Met?yl pentadecyl 12 699-WE.
ketone,
57 58 | Methyl heptadecyl ketone___._... M;thyl heptadecy! 22 Do.
etone.
58 66 | Dioctadeeyl ketone.__._.____..____ Stearone. ... 6
54 12 | 2-undecanone_._._... Methy] nonyl ketone. . None 712-WE.
94 46 | 13-pentacosanone. . AUTONE. .. ccooeeeee
56 22 | 2-tridecanone... ... . .. ... Methylundecyl ke- None 715-WE.
124 64 | 2-hydroxy-4-methoxy-benzophene. UV absorber [ IS None | 712-WE.
131 70 | Anthraquinone......__..__._.___ Anthraquinone.__._.._ None Do.
Silicones
108 1 D-C 200 fluid, 100cks 3. 17.8 | 721-WE.
109 2 D-C200 ﬂuid 1000 cks. 17.0 Do.
132 3 20.4 Do.
133 5 yl pheny! 26.2 Do.
137 6 | Methyl silicone.._._ 10.0 Do.
146 7 | Methyl pheny! sili None Do.
156 Silicone........_-
Phenols
11 13 | 2-napthol....._.__....._.___.___. Beta-napthol.....__... 14 712-WE
105 56 | 3-N-pentadecyl phenol.._......... 3-N- ntadecyl phe- 20 D
106 56 | 5-N-pentadecyl resorcinol......... &N—pentadecyl resor- None Do.
107 19 | Pentadecane-1, 8-bis phenol......_ Cardollte 6463 20.1 Do.
Amines
59 67 | Aminopropyl tallow amine_._____ Duomeen T.........__ None | 699-WE
60 60 | Octadecylamine._._.____._.__._. Armeen 18__. . __..__. None Do.
65 9 Tenlary Ci1s—C2z amines (mix- | Primene JM-T_.___._ None | 712-WE.
ture).
66 11 Tertia;y Ci—Cis amines (mix- | Primene 81-R_.__.__.. 3 Do.
61 8 | Stearyl dimethyl amine Armeen DM-18___... 34 715-WE.
63 7 | N-coco morpholine._ N-coco morpholine...- None Do.
64 8 | N-tallow morpholin N-tallow morpholine-- None Do.
127 14 | Oleyl-N-alkylimidazo Amine O_. None Do.
125 28 | Lauryl-N-alkylimidazoline None Do.
122 62 | Stearoguanamine_ ..___..__ 6 712-WE.
128 65 | Stearyl-N-alkyl imidazoline._. Amine S_ ... ... None Do.
Acids
44 53 | Stearic acid single pressed......_. St,ea.ric dza,cid single None | 699-WE
39 70 Hydrogenated marine fatty acid, Hydrogenawd marine 12 Do.
No. fatty acld, No. 52.
40 7 H&drogensted tallow fatty acid, Hydrogenated tallow 12 Do.
57 fatty acid, No. 57.
41 72 H{Id.mgenated tallow fatty acid, | H drogenated tallow 22 Do.
58. atty acid, No. 58.
45 73 | Triple pressed stearic acid....__._ Neofat 18-58---—..--- 8 Do.
48 74 | Terephthalic acid......... -| T.P.A., technieal.._... None Do.
32 77 | Hydrogenated oleic acid...... -| Fatty acid RG._... 8 Do.
119 80 Mixed Cyo dicarboxylic acids____. TIsosebacic acid. ... 11 Do.
96 48 g—dioctadecyl carboxyamino | Di HT zwitterion. ... 14 712-WE,
acid.
98 50 | 9 (10) monohydroxystearie acid. - Monghydroxystearlc 6.5 Do.
acid.
29 1 | Oleic acid....... Emersol 210 elaine. None | 7115-WE
30 2 | Oleic acid_(low lin Emerscl 233 elaine None Do.
36 3 | Fatty acid No. 35. TFatty acid No. 3! 5 Do.
38 4 | Tallow fatty acid Fatty acid No. 42 3 Do.
92 12 | Cys dibasic acid Empol 1022. ... - None Do.
31 151 | Olele acid Sap. Gr.red ofl....... None Do.

See footnotes at end of table.
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TaBLE 1.—Compounds screened as evaporation retardants—Continued

Sample| Test Saving in | Code No. of
No. No. Composition Trade name evaporation| test
{percent)
Acids—Continued
33 16 | Coconut fatty acid Fattyacid 8D..._..... None | 715-WE.
34 17 | Corn oil fatty acid. Fatty acid No. 20. 6 Do.
35 19 | Soya ofl fatty acid- Fatty acid No. 25..... None Do.
37 20 | Cottonseed fatty acid Fatty acid No. 36.____ 14 Do.
42 21 | Fatty acid No, 86 .-.| Fatty acid No. 86 __.. None Do.
46 57 | Pulverized limestone, coated | Pulverized limestone,
with stearfc acid _.._..__..__._. P-lociinaes 6 712-WE.
47 58 | Pulverized limestone, coated | Pulverized limestone,
with stearicaeld.._....__.__..._ R, None Do.
Amides
50 61 g:}c&i aciditzimigg T Amid C............ None | 699-WE
tamide, 22 percent.
51 63 {Smmmlde i omanept.- - }Armid HT. None Do.
52 62 | Palmitamide.__.______..._ Armid 16... None Do.
53 65 | Stearamide..._....______.____ .| Armid 18_.. None Do.
97 49 | Methylene bis stearamide. . . Armowax. .. .o.coe.-o None | 712-WE
123 63 | N-tertoctyl acrylamide. ._.____.__ N-tertoctyl acrylamide None Do.
Esters
69 56 | Dimethyl terephthalate. .. DMT...... 9 699-WE,
49 75 Igfydr enated castor oil-__ Castorwax._ None Do,
117 7 ethyl ester of tallow acid: .| Methly tallowate_ None | 712-WE.
118 8 | Methyl linoleate ..._.._.._.. Methyl linoleate_._... None Do.
75 10 | Isooctyl thioglycolate ... ... Isooctyl thioglycolate. None | 716-WE,
kil 23 | Cetyl palmitate (technical)_._.._. Moby Dick rm 90_ 39 Do.
76 59 | Spermofl ... Moby Dick N.W, 45°_ 16 712-WE,
Miscellaneous
78 44 | Hydrogenated sperm wax. ....... H%wax 120 icecaeee 10 712-WE.
95 47 | N-octadecyl maleic anhydride, | HT-maleamic acld-... 23 Do.
roduct condensation.
99 51 | Dialkyltertamine stearate........ 2 HT methyl stearate. 18 Do.
70 9 | Microballoons (phenolic resin) .. .- ceoceooooomicmannns None | 715-WE
71 11 | Methyl methacrylate polymer ..{ Lucite (powder)...... None Do.
100 24 | Trimethyl-N-alkyltrimethylene | Ethoduomeen T/13 11 Do.
diamine distearate.
72 10 | N-hexadecane.__..__._..._..__.... None | 721-WE.
73 15 | Powdered polyethylene.. 14.1 Do.
74 16 | Alkyd resin polymer_..___. 4.8 Do.
138 20 | Still bottoms from Adol 10 4.1 Do.
139 21 | Still bottoms from Adol 34. None Do.
140 22 | Still bottoms from Adol 40 32.5 Do.
141 23 | Still bottoms from Adol 65. 5.6 Do.

1 This value is pro rata. The film broke up and lost its effectiveness at different times in a duplicate
set of reruns.

2 Test conducted on 10-foot tanks only.
3 Cks, centistoke.

At the time this value was determined, both tests were nearly identical.
about 70 hours. Average value at end of test (114 hours)

27 percent,

Elapsed time

TaBLE 2.—Compounds rejected as evaporation retardants

Sample Composition Trade name Lot or Appearance Reasons for rejection
No. serial No.
26 | Polyvinyl alcohol | Vinol FH 600..| 2834 _____ ‘White powder..... Did not form a film,
resin. sank to bottom of
beaker and dissolved
slowly.
-67 | Dodecyl diethylene | Amine ODT__| 55-11-178__| Viscous tanliquid | Dispersed, formed tur-
trinmine. amine odor. E d, translucent mix-
ure.
68 | Polyethoxylated veg- | Emulphor None....- Oily, yellow Dissolved—completely
etable oil. E1-719. liquid. miscible with water.
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FIELD SCREENING, USING 10-FOOT TANKS

Two corrugated stock-watering tanks, 10 feet in diameter and
2 feet deep, were buried in the ground to within 2-3 inches of the
top. Each tank was fitted with a brass stilling well set on a notched
glass plate. The test area was fenced off with 1-inch mesh chicken
wire. In operation, the tanks were thoroughly cleaned, using ace-
tone when necessary, and flushed and filled with clean water. The
material to be tested was applied by one of several methods to the
surface of one tank; the other tank was used as a control. Evap-
oration was allowed to proceed under natural conditions until the
film-forming material gave no further positive evaporation reduc-
tion effect as determined by inspection of the data obtained daily.

Generally, solid material was applied by means of a small cage
raft floating on the surface and held in place by a string or wire
stretched taut across the top of the tank. Buoyancy was main-
tained by large corks or cork rings. Liquid materials were either
applied all at once, in somewhat lesser quantities than the solid
compounds, or were applied slowly by gravity feed through a
capillary tube.

Recorded data included the level of the water, as determined by
an average of three readings of the hook gauge in the stilling
well in each tank, the surface temperature of the water in each
tank, the air temperature, the wind velocity and direction, and the
wet-bulb temperature. These data were obtained in the morning
and evening during the week, and once a day on Saturday and
Sunday. From them, the rate of evaporation under the prevailing
conditions was easily determined as was the percent reduction of
evaporation.

Test results using the 10-foot tanks are summarized in table 3.
It will be noted that until some bacteriostatic agent was utilized,
the film life was very short. This indicated that the problem of
biochemical oxidation was one to be reckoned with, contrary to
preliminary experience in Australia. Other conclusions drawn from
this phase of the work were:

1. Even in cool weather, a dry “norther” will cause considerable
evaporation. This indicates that the use of the monofilm tech-
nique is, under certain circumstances, advisable the year round.

2. A compressed film will assist in keeping a reservoir from freez-
ing over. Examination of the energy budget theory confirms
this experimentally determined phenomenon; the extra energy
not consumed in evaporation must be withdrawn from the reser-
voir before freezing can occur.

550194 O—60——2
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TaBLE 3.—Results of tests in 10—foot tanks

Reduc-
Test Evaporation Amount | Length tion of
No. retardant used (g) | of test | Type of application | evapora- Remarks
(days) tion
(percent)

1| Hexadecanol 1.8 7 | 0.8 g, broadcast; 1.0 25.9 | Amount equivalent to

(Fisher). g, in raft (alumi- 1 1b per acre broad-
num screen). cast, and 1.2 1b per
acre in reserve sup-

ply.

2 Oct2adecanol (Adol 1.8 b5 I T [s U S 24.9

3 Do;i)ecanol (Adol 1.8 7 | Broadecast.._.___.._. 4.3
11).

4 | X-69 (tallow alka- 1.8 134 { 0.8 g, broadcast; 1.0 None | Material broadcast;
nnl-ethylene g, in raft (alumi- added as a melt.
oxide condensa- num screen).
tion product;

American
Alcolac)
5 O%gdecanol (Adol 1.8 19 . [ 1 . 15.4
6| __.do.. ... ... 108. 6 9 | Raft (aluminum 11.8 | Larger raft used; film
screen). gexlzeration from raft
only.

7 | Hexadecanol 113. 4 47 | Raft (copper- 33.0 | 11.2 g cupric sulfate
(Adol 54). bronze screen). pentahydrate,

CuS04-5H20 (=0.6
ppm Cu) added to
water.

8 | Hexadecanol 50 64 (... s (¢ T 16.7 | Hexadecanol com-
(mixed brands). pounded with 1

percent cupric
stearate.

9 | Hexadecanol 50 L1 38 — Ao .. 35.0 | Hexadecanol com-
(Cetalol O). pounded with 1

percent ‘‘G-4 Di-
chlorophene”
(Sindar).

10 | Hexadecanol 50 61 |- S [ B 25.7 | Hexadecanol com-

(Lorol 24). pounded with 5 per-
cent ““Chlorhydrol”
Al;(OH); Cla,
Reheis Co., a 50
percent by weight
aqueous solution.

11 | Hexadecanol 54 19 | Liquid phase, 30.8 | Applied from canister
( Sié)onol CX) in dripper. dripper, with 0.0135-
dodecanol in. drip hole in
(Lorol 7), 15 bottom.
percent by
weight.

12 ... do. ... 122 271 ... s (I 25.6 | Canister dripper,
0.019-in. I.D. stain-
less steel drip tube
in bottom. See
under No. 11 also.

13| ....do .___.__.___ 7 8. do_ ... 28.0 | Canister dripper,
0.020-in. brass plate,
with 0.0135-in. hole,
in bottom. See
under No. 11 also.

14 | Methyl 50 7 | Raft, copper screen. . 17.7

heptadecyl
carbinol.
1 74 hours.

3. Rain will break up the film; it will re-form promptly, however,
if adequate material reserves are present.

4. During periods of high humidity, the saving in evaporation was
small. Thus in humid areas, the use of a film would probably not
be economical, but in such areas the loss by evaporation is gen-
erally of little consequence.
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5. Any compound not giving excellent results in the laboratory
screening phase was of little value in this phase of the program.

MISCELLANEOUS LABORATORY STUDIES
BACTERICIDAL AND BACTERIOSTATIC ADDITIVES

The results on the first few tests in the 10-foot tanks indicated
that some destruction of the film was taking place, or some
other phenomenon was occurring that caused the effective life of
the film to be shortened. When 0.6 ppm (parts per million)
copper as cupric sulfate pentahydrate (CuSO, . 5H,0) was added
to the water in the tanks, the effective life of the film increased
markedly (test 7). This emphasized the necessity for inclusion of
some bacteriostatic or bactericidal material either in the water or
in the film itself. The former alternative was promptly ruled out,
on both cost and safety considerations. To bring Lake Mead, for
example, to a concentration of 1 ppm of copper would require
approximately 160,000 tons of copper sulfate pentahydrate, and
there is no assurance that distribution would be sufficiently uniform
to eliminate the possibility that the water might be poisonous in
some areas. Inclusion of the bacteriostat in the film appeared to
be much more promising. Copper salts of several organic acids
were prepared, several other acids were collected for preparation
of copper salts, and samples of a few cosmetic bacteriocides not
containing copper was also obtained for testing.

The copper salts were compounded with hexadecanol or octa-
decanol by melting and cooling with stirring. Generally, 1 percent
by weight of the copper salt was incorporated into the alkanol.
The solubility of the copper salts in the hexadecanol depended upon
the acid structure. The various copper salts and their relative solu-
bility in hexadecanol and other bacteriostatic materials used in this
pase of the investigation are shown in the following lists.

Solubility of various copper salt bactericides in hexadecanol

Solubility in molten

Copper salt hezadecanol
Isosebacate__ - ____________________________.._. Fairly good.
12-hydroxystearate __ __ .. ______________________ Very good.
Gluconate. .. e Very poor.
Benzoate_ . __ _______ . ___.__. Poor.
Salieylate_ ___ o ____. Fairly good.
Sueeinate_ __ _ o l___ Do.

__.. Extremely poor.
Stearate. __ . __ _____ oo Very good.
Do.
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Compounds used as bacteriocides or bacteriocide intermediates

Name Formula
H:
Aminophenylmercaptoaceticacid. ... _________._______._. HzNQ §—C—COOH
CH;
Hydrogenated bisphenol A _.._________._.___...__.._..._.__.. HOQC—@OH
CH3
H;
Phenylmercaptoacetic acid..._ ... ... ... $—C—COOH
Sesame 011 U S P e i imememieaaae
Thiodiglyeolicacid_ ... ... _________ .. HOOCCH;—S—CH;COOH
Thiomalic acid. ... .. . HOOC—CH—CH(SH)COOH
OH 0OH

G-4 Dichlorophene. ...oo..oo..o.. .. @—cm—@
G-11 Hexachlorophene. ... ____________ .. ...
Cl1

Monothioglycerol (Thiovanol) . _____________________._........ HOCH:CHOH CH:SH
Chlorhydro! (aluminum chlorohydroxide complex)_..____...._ Al (OH);5Cly

The copper salts of the various acids were prepared by dissolving
a slight excess of copper sulfate pentahydrate (CuSO,-5H,0) in hot
distilled water, and adding the acid in the desired amount. The mix-
ture was stirred vigorously, while concentrated ammonium hydroxide
(28 percent NH;) was cautiously added. If the acid was a solid, it
was generally melted, if possible, in the hot copper sulfate solution
before adding the ammonia. This promoted a faster and more com-
plete reaction. The addition of ammonia was continued until a slight
excess was present as indicated by the formation of the deep blue
cuprammonium complex. The mixture was then allowed to cool.
The precipitated copper salt was filtered off, washed free of the
cuprammonium complex, and air dried.

During the large-scale field tests, it was found that copper stearate
tended to undergo ion exchange to calcium stearate. This latter salt
formed a hard crust on the surface of the particles of hexadecanol
and interfered with the formation of the film. Copper laurate ap-
peared to be much better from this standpoint than copper stearate;
however, the rate of formation of a film from hexadecanol com-
pounded with copper salts of fatty acids was not entirely satisfactory.
Other bactericides tested in the 10-foot tanks were G—4 Dichloro-
phene, and Chlorhydrol, an aluminum chlorohydroxide complex,

AL (OH)Cl,.
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WIND STUDIES

The effects of wind on the film constituted a recurring problem.
Although the effect of wind on the test films in the 10-foot tanks
was minor, preliminary calculations indicated that on a large
reservoir (several square miles or more), wind effects could cause
a prohibitively large consumption of evaporation retardant.

In order to make a preliminary study of the effects of wind, a
plywood superstructure was constructed for the thermostat trough
of the screening apparatus. Sliding plastic windows were placed
at about 2-foot intervals along the side of the cover. Both ends
were left open. The trough was filled as nearly as possible to the
brim; the plywood cover and the water surface thus formed a wind
tunnel. A sketch of the cover is given in figure 3. By inserting

"y plywood sides

Y
%" plywood top 1"x 2" cleat

5”x 5" plastic sliding windows

Insulated trough

FIGURE 3.—Apparatus used for determining effects of wind on a monofilm.

an anemometer through the windows, the air velocity at the par-
ticular area in the tunnel could be measured. The windows also
permitted observation of the spreading behavior of the film. A
12-inch electric fan, connected to a variable transformer and placed
at one end of the apparatus, furnished a 10 mph wind easily.
Wind velocities above this caused wave motion which resulted in
some of the water in the trough splashing out at the downwind
end.

Tests were made by placing a supply of hexadecanol at either the
downwind or upwind end of the tunnel, and timing the rate of
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spreading as observed through the windows. Usually, the front
of the newly-formed film was discernible from the presence of
small particles of hexadecanol, or by a difference in the reflection of
light from the surface. Although this procedure is highly sub-
jective, it was possible to draw two general conclusions from the
tests run:

1. Although some upwind spreading was noticed against a 10-mph
wind, it was so slow as to be impractical. It is doubtful that
complete coverage would be obtained from the downwind shore
alone on any reservoir with a surface area of more than 1 acre.

2. The film is piled up downwind when the hexadecanol is applied
at the upwind end. Recovery, on a small scale, is rapid, how-
ever. On a large scale, some recovery can be expected; shore
losses will, however, use up some of the material.

No attempt was made to vary the wind velocities, for winds of
10 mph or more are common in Texas, and it was assumed that a
wind of less velocity would offer less resistance to the spreading
of the film.

LIQUID-PHASE APPLICATION METHODS

Work on evaporation control by the East Africa High Commis-
sion on an 88-acre reservoir near Nairobi, Kenya, British East
Africa, utilized the application of hexadecanol in “illuminating
paraffin,” or kerosene (Grundy, 1957). The use of kerosene—or
any other flaimmable solvent, for that matter—on practically any
reservoir in the United States would be undesirable, if not actually
forbidden. Since liquid phase application of the evaporation re-
tardants is attended by several advantages over solid phase applica-
tion, methods of applying liquid materials were studied.

The liquid materials investigated included 15 percent hexadecanol
in commercial dodecanol, commercial dodecanols, and commercial
dodecanol in ethanol. The dodecanols used generally contained 15-
30 percent of the C;3 and Cj;3 homologs in their composition.
Lorol 7, Siponol L5X, and Adols 10, 11, and 13 were the principal
materials used. All of these, in themselves, showed at least 50
percent reduction of evaporation in the screening program. Ethanol
was used to lower the cloud point of the commercial dodecanols
so that they could still be applied in the liquid phase in cool
weather.

Canisters 3 inches in diameter and 10 inches high were used in
the initial tests. Holes were drilled in the bottoms of several
such cans, and the rate of flow measured. Holes three sixty-fourths
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and one thirty-second inch in diameter were found to be so large
as to permit the liquid material to flow in a steady stream.
A hole 0.01835-inch in diameter produced a satisfactory flow rate.

Tests were made on these canisters, and on several other dripper
applicators described below, on the 10-foot tanks. The dripper
was filled with the liquid and fastened to a rod or stake with a
ring clamp. The liquid was allowed to drip onto the water surface.
The same kind of data described on page 13 for 10-foot tank
tests was obtained. In addition, the dripper was weighed daily to
determine the weight loss (amount of liquid applied to the water
surface).

Other drippers with the following modifications were made:

A stainless steel tube, 6 inches long and with an inside diameter
of 0.019 inch, was soldered into the bottom of a canister. The
tube was extended 14 inch into the can above the bottom in order
to prevent clogging by particles of foreign matter. This dripper
proved to be quite fragile, and the tube was knocked loose several
times, despite considerable care in handling.

The bottom of a canister was cut out and replaced by a 0.020-
inch brass plate having a 0.013-inch hole drilled in the center.
The hole plugged quickly, because particles of foreign matter were
inadvertently introduced in handling and refilling.

Performance data on the above applicators are included in table
3.

CLOUD-POINT DETERMINATIONS

In making the liquid-phase application tests, it was noted that
the liquid dodecanol often solidified in the canister and drip tube
or hole. Solidification occurred generally at about 20° C, or 68° F.
As it was felt desirable to continue application at temperatures
below 68° F, means of lowering the cloud point or freezing point
of the material were studied. Several solvents were utilized for
this purpose. The cloud points of the pure commercial dodecanols
and mixtures of these with petroleum ether, Freon 11, and ethanol
were determined by Official Method Cc 6-25, of the American Oil
Chemists’ Society. Results are summarized in the table on page 20.
The variations of the cloud points of ethanol-dodecanol and hexa-
decanol-dodecanol mixtures are plotted in figures 4-6.

The government regulations pertaining to the use of ethanol
would present problems although it is possible that a dodecanol-
ethanol mixture may be considered to be a specially denatured
formula for use as an evaporation retardant.
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Cloud points of dodecanol, hexadecanol, and solvent mixtures

Composition |Percent] Cloud Composition |{Percent| Cloud Composition |Percent| Cloud
point, °F point, °F point°F
Lorol 5___._._. 100 69.8 || Ethanol_..__.__ 5 } Adol 10 _______ 100 59.0
Lorol 7__. 100 68.0 || Lorol 7. 95 Siponol L5X ___ 100 66.3
Lorol 11._.._._. 100 68.0 || Ethanol. 10 } 53.6 || Ethanol_.__.__ 15 } 39.5
Siponol CX____ 30 } 75.0 Lorol 7_. 90 Siponol L5X ___ 85 )
Lorol 11..______ 70 g Ethanol. 15 } 50.0 Freon-11 20 } 50.0
Siponol CX___. 50 } 80.6 Lorol 7_. 85 Lorol 7___. 80 g
Lorol 11__.______ 50 g Ethanol 20 } 46.4 Freon-11__ 15 } 42.0
Siponol CX.._.. 70 } 105.8 Lorol 7_. 80 Adol 10_.______ 85 g
Lorol 11_.._.._. 30 g Ethanol 25 } 43.0 Freon-11.___._. 5 } 118.4
Siponol CX___. 10 } 73.4 Lorol 7_. 75 Siponol CX_.__ 95 .
Lorol 7......... 90 . Ethanol, 30 } 2.8 Freon-11____.__ 120 } 102.2
Siponol CX___. 20 } 78.8 Lorol 7_. 70 Siponol CX___. 180 .
Lorol 7...._.... 80 g Ethanol 35 } 37.4 Freon-11__...._. 15 } 53.6
Siponol CX____ 30 } 87.0 Lorol 7 65 Adol11_________ 85 g
Lorol 7.__...._. 70 . Ethanol. 40 } 35.6 Evaportrol__.__ 100 107.6
Siponol CX ___. 40 } 03.2 Lorol 7 60 Petroleum
Lorol 7._....... 60 g Ethanol 45 } 33.8 Ether________ 5 } 61.0
Siponol CX____ 50 } 9.5 Lorol 7. 55 . Lorol 11________ 95 '
Lorol7__....__. 50 Ethanol 50 } 32,0 || Petroleum
Siponol CX___. 60 } 102.2 Lorol 7_. 50 Ether____.___ 10 } 55.0
Lorol 7__...... 40 . Adol 11__ 100 66.0 {| Lorol 11________ 90 .
Siponol CX..__ 70 } 109.0 Ethanol 15 } 4.6 Petroleum
orol 7____...._ 30 ) Adol 11__ 85 Ether._______ 5 } 62.6
Siponol CX_..__ 80 } 13 Ethanol 15 } At Torol 7.___.___. 95 :
é‘orol 717535"" 20 g %o;ol 111. 85 Pel%?;‘leum 0
ipono — 0 thanol. 15 er-_..__...
Lorol 7._..__. | mesll Keerio |l 392 Loray T | o0
1 Approximately.
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FIGURE 4.—Cloud-point temperatures for various ethanol-dodecanol (Lorol 7) mixtures.
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FIGURE 5.—Cloud-point temperatures for various hexadecanol (Siponol CX)-
dodecanol (Lorol 7) mixtures.

WICK-DISPENSHR TESTS
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