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Preface

This report concludes Project B-002-TEX of the Texas A&M
University Water Resources Institute. Some of the research has
been published. Reprints of future publications on this project
will be supplied to OWRR as soon as they are available.
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gestions on the project and to Dr. J. R. Runkles, who has fur-

nished much advice and assistance.
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Abstract

Extensive greenhouse experiments were conducted to evaluate
chemicals not previously studied extensively for their potential as
evaporation suppressants. Included in the studies were crude oil,
anionics, cationics, nonionics, silicones, polysaccharide-gum mix-
tures, oil-Tatex mixtures, fatty alcohols, and reflectance materials.
0f these compounds, only crude oil and crude oii-cationic mixtures
were effective in suppressing soil water evaporation significantly
when applied to smooth 0lton loam wet soil surfaces. The cationics
apparently acted as a bond between the cation exchange capacity of
the soil. Rates of crude 0il studies were 473 1/ha (50 gal/acre} to
9460 1/ha (1000 gal/acre}. In some cases the crude oil affected
emergence of tomatoes and onions, but did not affect the emergence
of cucumbers.,

More extensive studies were conducted in controlled environ-
ment facilities to determine the mechanisms of suppression by crude
01l and to delineate the influence of various soil surfaces and en-
vironmental parameters on the effectiveness of the crude oil-treated
surfaces. Rates studied included 946, 2038, and 4730 1/ha (100, 300,
and 500 gal/acre). Two mechanisms of suppression are apparently in-
volved when crude oil is applied to a smooth wet soil surface. Im-
mediately following application, the mechanism is the same as that
when 01l is applied to a free water surface. Following this an
increase in evaporation occurs, but the rate is much less than that

from an untreated soil surface indicating the formation of a



xi

barrier which slows down the movement of Tiquid water to the soil
surface.

The crude oil was most effective on smooth wet soil surfaces
and least effective on rough dry surfaces. Crude oil-treated sur-
faces were effective against wind speeds up to 6.5 m/sec (15 mph)
for 3-4 days at rates as low as 946 1/ha (100 gal/acre). As soil
temperature was increased from 10° C. to 38° C., crude oil-treated
surfaces were less effective in suppressing evaporation due to the
increased vapor pressure of the soil water. Varying the light in-
tensity from 0.15 to 0.60 Langleys/min did not influence the evapo-
ration from crude oil surfaces in the controlled environment cham-
ber. This is not surprising since it is net radiation, not solar
radiation, which is a part of the energy balance. As was expected,
the evaporation losses increased as the vapor pressure deficit of
the air was increased from both the untreated and crude oil-treated
surfaces.

Field studies to evaluate the practical potential of crude oil
in the field were disappointing. Crude o0il was sprayed at the rate
of 2838 1/ha (300 gal/acre) and floated at rates of 473 to 1892 1/ha
(50 to 200 gal/acre) on the surface of irrigation water to apply it
to soil surfaces in cotton during the growing season. A savings of
moisture due to the application of crude 01l was noted. However,
there was no consistent increase in the yield of cotton.

Crude oil appears to be an effective evaporation suppressant

when applied to a smooth wet soil surface. Further, it is most



effective immediately after water applications when the soil water
evaporation rate is the highest, and the most economical material
reported to date ($3 - $18 per acre or $.06 a gallon for material).
However, the application of crude oil to a smooth wet soil surface
immediately following water applications is a major problem.

During the field studies, it was noted that rain failed to pene-
trate the crude 071 surface when the land was sloping. This finding
is being investigated in another project on the use of crude oil as

an aid in water harvesting.



CHAPTER 1

INTRODUCTION

The magnitude and importance of evaporation of soil water in
arid and semi-arid areas is well known. Studies indicate that up to
99 percent of the precipitation in the Great Plains region may be
lost from soil water evaporation (5).

Since the process is irreversible and invisible, it is diffi-
cult to investigate. Consequently, the physical processes and
mechanisms of evaporation suppression by the various techniques are
not completely understood. The soil and atmospheric parameters
which influence evaporation are all varying at the same time in the
field. Consequently, it is difficult to examine the separate in-
fluences of each variable on evaporation. Scientists use controlled
environment facilities to overcome this difficulty and thereby save
time in field testing suppressants by delineating the conditions
under which particular suppressants will be effective.

Materials which will suppress soil water evaporation and are
economical to use are currently not available except for relatively
small acreages of high value crops. Since evaporation is a major
consumer of water in the Southern High Plains of Texas during
periods immediately following rainfall and irrigations, it was
deemed worthwhile to undertake a study of possible new approaches
to suppressing soil water evaporation. The study was divided into
three phases: (1) Greenhouse studies to evaluate a large number

of compounds and materials not previously investigated as to their



potential as evaporation suppressants, (2) Studies in a con-
trolled environment of the more promising compounds and materials
from the greenhouse studies to delineate the mechanisms of sup-
pression and the soil and aerial environment conditions under
which they would suppress evaporation and (3) Field studies to
evaluate the more promising materials from the controlled environ-
ment studies,

During the initial screening of potential evaporation suppres-
sants, it was found that crude oil was effective in suppressing
evaporation of water from soil. Since this fact had not been pre-
viously reported, deviations were made from the initial proposal
so that the phenomena could be investigated in more detail. It is
the purpose of this report to present the results of these investi-

gations.



CHAPTER I1

GREENHOUSE STUDIES

Most greenhouse studies are rather empirical in nature in that
environmental conditions are not usually well controlled or in many
cases even recorded. However, such studies can be used to investi-
gate major differences due to a treatment. The reasons for major
differences can then be studied in more detail under controlled con-
ditions. Using the greenhouse to experiment with major parameters,
one can make better use of the facilities involved in the controlled
environment. For these reasons, it was decided to undertake a series
of greenhouse experiments to screen various materials which had re-
ceived Tittle testing to determine their potential as soil water
evaporation suppressants. It is the purpose of this section of the

report to present the results of these experiments.

Methods and Materials

Black polyethylene containers, 20 centimeters in diameter and
18 centimeters tall, were filled with soil from the 0-15 centimeter
surface layer of an 0lton loam soil to a bulk density of approxi-
mately 1.35. Soil in the containers was saturated by allowing the
containers to stand in water for 4 hours. The containers were then
covered with polyethylene and allowed to drain. Evaporation was de-
termined by weighing the pots periodically following the application
of the treatments of the different experiments indicated in Tables 1,

2 and 4-9,



The temperature in the greenhouse varied from 15.6° to 30.0° C.
{(60-85° F.) and the relative humidity from 30 to 60 percent. No
attempt was made to correlate the atmospheric and soil conditions
with soil water evaporation and plant growth.

At the end of the second experiment, the moisture content of the
surface. layer and the Tower layer of soil in each pot was determined
gravimetrically. Estimates of soil strength were made by determing
the amount of pressure required to push a penetrometer 2.5 cm into
the surface of the treatments. Three penetrometer measurements were

made in each pot.



Results and Discussion
Experiment 1 - Evaluation of Crude Qil, Surface Active Chemicals,
Silicones, Latex, and Polysaccharide-gum Mixtures

as Evaporation Suppressants.

A1l treatments in Experiment 1 are listed in Table 1. Cumula-
tive evaporation loss for the crude oil-treated containers are shown
in Figure 1. A1l treatments which contained crude oil had slower
initial rates of evaporation. There was 1ittle difference during
the first 8 days between the 1419 and 4730 1/ha of crude oil in de-
creasing evaporation. This suggests that crude oil rates less than
1419 1/ha may decrease evaporation. The addition of an anionic at
the rate of 90 kg/ha to the 1419 1/ha rate of crude oil further de-
creased the rate of evaporation. Since no positive results were ob-
tained when the anionic was added alone (Figure 2), it appeared that
the anionic served as a penetrating agent for the oil. However, this
was not a closely controlled test and further testing was necessary
before any statements could be made concerning the crude oil-anionic
mixtures. Data for the cumulative evaporation data of all treatments
are located in Table A-1 of the Appendix. It can be readily seen
that the only materials which significantly decreased soil water
evaporation were those discussed above. Polyethylene oxides are
water soluble nonionics which may form films that will not absorb
moisture at humidities less than 80 percent. The materials were in-
cluded in this study to see if solutions of the material would form
a film on the soil surface which would decrease evaporation. How-
ever, none of the materials or mixtures of the materials decreased

evaporation.



Table 1. Treatments evaluated in Greenhouse Experiment 1.

Treatment Rate Per Hectare
A - Crude 0i1/ 1419 1
B - Crude o1l 4730 1
C - Crude oi1 and anionic?/ 1419 1 and 90 kg
D - Control none
E - Polyethylene oxide (Type I)§/ 45 kg
F - Polyethylene oxide {Type I} 180 kg
G - Polyethylene oxide (Type II)E/ 45 kg
H - Polyethylene oxide {Type II) 180 kg
I - Polyethylene oxide (Type I11)¥/ 45 kg
J - Polyethylene oxide {Type III) 180 kg

(applied as a powder)

K « Control none
L - Silicone (Type 1)&/ 45 kg
M - Silicone (Type I) 180 kg
N - Silicone (Type 11)Z/ 45 kg
0 - Silicone {Type II) 180 kg
p

- Polyethylene oxide (Type I) &
Silicone (Type I)

Q - Polyethylene oxide (Type I) &
Silicone (Type II)

R - Polyethylene oxide (Type I) &
Pseudo-plastic polysaccharide

S - Polysaccharide-gum Mixturesgj

T - Polysaccharide-qgum Mixture &
Silicone (Type I)

U - Polysaccharide-gum Mixture &
Silicone (Type II)

- Oil-latex Mixturegj

Anionic

- Hexadecano]lg/

- Control

= G E O
1

45 kg and 45 kg
45 kg and 45 kg

45 kg and 45 kg
45 kg

45 kg and 45 kg

45 kg and 45 kg
1182 1

30 kg

180 kg

none

Footnotes on next page



Table 1. Treatments evaluated in Greenhouse Experiment 1.

(Footnotes)

Crude oil from the Anton-Irish o0il field courtesy of Service
Pipe Line Co., Lubbock, Texas.

Petm:qps (alkylnapthalene sulfonate) manufactured by Petro
Chemicals Co., 1825 East Spring Street, Long Beach, California.

Polyox WSR N-80 manufactured by Union Carbide Corporation,
Chemicals and Plastics Development Division, New York, N. Y.

Polyox WSR 35 manufactured by Union Carbide Corporation,
Chemicals and Plastics Development Division, New York, N. Y.

Polyox Coagulant manufactured by Union Carbide Corporation,
Chemicals and Plastics Development Division, New York, N. Y.

Silicone R-20 manufactured by Union Carbide Corporation,
Silicones Division, New York, N. Y.

Silicone R-28 manufactured by Union Carbide Corporation,
Silicones Division, New York, N. Y.

Dacagin manufactured by Diamond Alkali Corporation, Cleveland,
Ohio.

Unisol 91 manufactured by the International Synthetic Rubber
Co. Ltd., Brunswick House, Brunswick Place, Southhampton,
England.

Hexadecanol, practical grade, J. T. Baker Chemical Co.,
Phillipsburg, New Jersey.
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Figure 1. Cumulative evaporation from Olton loam soil treated
with crude oil.
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Figure 2. Cumulative evaporation from Olton loam soil treated with
crude oil, an anionic, and crude oil-anionic mixture.
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Myers ( 9) has reported that silicones make soil surfaces water
repellent in his water harvest studies. They were included in this
study to see if they would make water surfaces water repellent and
reduce evaporation. However, none of the materials or mixtures of
the materials were effective in reducing evaporation.

Polysaccharide~-gum mixtures are inert spray gel agents that are
used to reduce physical spray drift. The materials were used in this
study to see if they would aid other compounds in reducing evaporation.
The materials did not aid in decreasing the evaporation rate.

0il1-latex mixtures have been used throughout the world in vege-
tation establishment in sandy soils. It is thought that one of the
reasons they were effective is their ability to suppress evaporation.
However, the mixture did not suppress evaporation in this study.

Fatty alcohols and surfactants have been reported by Law (7)
and others to suppress evaporation from sand and sandy Toam soils.
They were not effective in suppressing evaporation from the loam soil
used in this study. As indicated by Law, the materials are less ef-
fective as the clay content is increased. It is probable that evap-
oration suppression with these soils would require higher rates of

the fatty alcohols and surfactants.
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Experiment 2 - Further Evaluation of Crude 0il1 and Surface Active
Chemicals as Evaporation Suppressants.

In Experiment 1, the major decrease in soil water evaporation
occurred in containers treated with crude 0il. Some further suppres-
sion was obtained when a surface active chemical (anionic) was added
to the crude oil. It was, therefore, decided to undertake a study
involving the crude ¢il and the three major groups of surface active
agents; anionics, cationics, and nonionics, to see if further suppres-
sion of evaporation could be obtained by mixing the materials with
crude oil.

The various mixtures used are shown in Table 2. Cumulative evap-
oration curves of the treatments treated with crude oil and surface
active chemicals separately are shown in Figure 3, There was in-
creased suppression due to crude oil as the rate of crude oil appli-
cation was increased. Only the cationic of the surface active chemi-
cals was effective in decreasing evaporation where it was used alone.
O0f the mixtures of surface active agents and crude o0il, only the
crude oil-cationic mixture decreased evaporation over crude oil alone
(Figure 4). The evaporation loss of the crude oil-anionic loss was
about the same as crude 0il alone while the loss from the crude oil-
anionic mixture was greater than the crude oil alone. Mixtures of
the cationic with 473 1/ha of crude oil were not as effective as
mixtures of the cationic with 1419 1/ha of crude 0il in further de-
creasing evaporation. (Table A-2, Appendix)

To further delineate some of the differences between the treat-

ments, the moisture content of the surface 15 cm Tayer and the volume
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Table 2, Treatments evaluated in Greenhouse Experiment 2.

Treatment Rate Per Hectare

A - Control

B - Crude 0i1V/ 473 1

C - Crude oil 1419 1

D Anionicg/ 90 kg

E - Crude oil + anionic 473 1 + 90 kg

F - Crude 0il + anionic 1419 1 + 90 kg

G Cationicé/ 711

H - Crude oil + cationic 473 1+ 71 1

I - Crude o0il + cationic 1419 T + 71 1

J - Nonionic¥ 711

K - Crude 0il + nonionic 4731 + 71 1

I - Crude o0il + nonionic 1419 1 + 71 1

1/ Crude oi1 from the clear fork formation in the Anton-
Irish oil field courtesy of Service Pipe Line Co.,
Lubbock, Texas.

2/ Petro(g)s (alkyInapthalene sulfonate) manufactured by
Petro Chemicals Co., 1825 East Spring Street, Long
Beach, California.

3/ Hyamine 3500 (n-alkyl dimethyl benzyl ammonium chloride)
manufactured by Rohm and Haas Company, Independence
Mall West, Philadelphia, Pennsylvania.

&

Tergitol Nonionic TMN (Trimethyl nonyl ether of poly-
ethylene glycol) manufactured by Union Carbide Chemi-
cals Co., New York, N. Y.
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below the surface were determined. Estimates of the soil strength of
the surface 15 ¢cm were made by determining the amount of pressure re-
quired to push the penetrometer 15 c¢cm into the surface of each pot in
3 locations. The data obtained from these experiments were rather
erratic (Tables 3 and 4). There was a trend, however, for the con-
tainers which had the highest moisture contents and lowest penetrom-

eter values to have low evaporation rates.



Table 3. Moisture content of the different soil Tayers from pots
treated with various evaporation suppressants in Green-

house Experiment 2.

Percent Moisture

Treatment Per Hectare SE;;gge tg;gi
1419 1 crude oil + 71 1 cationic 25.37 23.65
1419 1 crude oil + 18 kg anionic 16.13 16.69
1419 1 crude oil + 14 1 cationic 15.38 19.48
71 1 nonionic 7.61 16.16
473 1 crude o0il + 90 kg anionic 7.40 18.11
473 1 crude o0il + 18 kg anionic 7.32 16.15
473 1 crude oil + 14 1 cationic 6.38 17.45
473 1 crude o0il + 71 1 nonionic 5.51 16.45
473 1 crude oil + 71 1 cationic 5.32 15.01
71 1 cationic 5.26 17.14
473 1 crude oil + 71 1 nonionic 5.22 17.15
473 1 crude oil + 14 1 nonionic 4.98 19.44
473 1 crude oil 4.63 18.65
90 kg anionic 4.52 16.06
1419 1 crude oil + 90 kg anionic 4.35 15.97
1419 1 crude oil + 14 1 nonionic 4.24 15.81
Control 4.10 16.31

473 1 crude oil

DATA NOT AVAILABLE




Table 4. Penetrometer readings of soils treated with various
evaporation suppressants in Greenhouse Experiment 2.

Treatment Per Hectare

Average Pgnetrometer
Reading™ (g/cm?)

1418 1 crude 0il + 71 1 cationic
1419 1 crude 0il + 18 kg anionic
1419 1 crude oil + 14 1 cationic
71 1 nonionic

473 1 crude oil + 90 kg anionic
473 1 crude oil + 18 kg anionic
473 1 crude oil + 14 1 cationic
1419 1 crude oil + 71 1 nonionic
473 1 crude o0il + 71 1 cationic
71 1 cationic

473 1 crude oil + 71 1 nonionic
473 1 crude oil + 14 1 nonionic
1419 1 crude oil

90 kg anionic

1419 1 crude oil + 90 kg anionic
Control

1419 1 crude oil + 14 1 nonionic

473 1 crude oil

129
308
392
545
584
640
674
697
715
738
750
761
794
844
1090
1119
1190
DATA NOT AVAILABLE

Each value is an average of 6 measurements.
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Experiment 3 - Evaluation of Crude 0il and Crude 0il-Cationic
Mixtures as Evaporation Suppressants.

From the previous 2 experiments it was found that crude oil was
an effective evaporation suppressant. Further, in the second experi-
ment a mixture of crude 0il and a cationic was more effective than
crude oil alone. Since there are a large number of different
cationics manufactured by the different commercial firms, an experi-
ment was undertaken to determine the effect of different crude oil-
cationic mixtures on soil water evaporation.

Treatments used in the experiment are indicated in Table 5. Data
for all treatments of this experiment are located in Table A-3, Appen-
dix. There was some evaporation suppression in the treatments using
cationics alone. (Figure 5). The suppression was much greater, how-
ever, when the cationics were mixed with crude oil. (Figure 6}. The
most effective evaporation suppression occurred in containers treated
with a mixture of crude oil and Hyamine 3500. Mixtures of crude oil,
plus Hyamine 1622, Hyamine X-400 and Hyamine 2389 were intermediate in
effectiveness. A mixture of crude o0il and Polymer X-150 was the least
effective. Crude oil alone was not as effective in suppressing evap-
oration as it was in previous experiments. There was some difficulty
in obtaining uniform surfaces in the crude o0il treatments due to the
heterogenity of the material. This may have decreased the effective-
ness of these treatments compared to similar treatments in the pre-
vious 2 experiments.

The increased effectiveness of the cationic-crude oil mixture
over crude oil alone was probably due to the chemical nature of the

cationic. Cationics are surface active agents which have a structure



Table 5. Treatments evaluated in Greenhouse Experiment 3.

Treatment Rate Per Hectare
A - Polymer X-1501/2/ 24 1
B - Polymer X-150 + crude o0il¥ 24 1 and 2838 1
C - Hyamine 3500%/ 47 1
D - Hyamine 3500 + crude oil 47 1 and 2838 1
E - Hyamine 2389%/ 47 1
F - Hyamine 2389 + crude oil 47 1 and 2838 1
G - Hyamine 1622% 47 1
H - Hyamine 1622 + crude oil 47 1 and 2838 1
I - Hyamine X-400%/ 47 1
J - Hyamine X-400 + crude oil 47 1 and 2838 1
K - Crude oil 2838 1
. - Control none
Y Brand names are used for convenience and do not in any way
indicate the endorsement of the products.
¢/ Manufactured by Union Carbide Corp., New York, N. Y.
3/ Crude oil from the Anton-Irish field courtesy of Service Pipe
Line Co., Lubbock, Texas.
4/

Manufactured by Rhom & Haas Co., Philadelphia, Pa.



20

3.5
3.0
2.5
=
2
S
- 2.0
[
5
g -
-
! Treatment Rate/Hectare
2
5 1.5 e Control
d *
E O Polymer X-150 24 1
=
< O Hyamine 3500 47 1
1.0}~ B Hyamine 2389 47 1
A  Hyamine 1622 47 1
A Hyamine X-400 47 1
0.5
|1t|l||g||11:nl1|u|1
0 5 10 15 20
Time (Days)
Figure 5. Cumulative evaporation from Olton Toam soil treated with

cationics.

*
Brand names are used only for ease of identification and

do not in any way indicate endorsement of products.



21

Rate
Treatment (1iters/hectare)
3.5 ¢ - Control 0
O - Crude oil 2838
o - Polymer X-150 24
+ ¢rude oil 2838
O - Hyamine 3500 47
+ crude oil 2838
3.0 m - Hyamine 2389 a7
+ crude oil 2838
A - Hyamine 1622 47
A - Hyamine X-400
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[ |4J
20

Time (Days)

Figure 6. Cumulative evaporation from OTton loam soil treated
with crude oil, cationics and mixtures of crude oil
and cationics.
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which is both hydrophobic and hydrophyllic in nature. The hydro-
phyllic "tail" has a positive charge while the hydrophobic "tail" is
attracted to organic compounds. Cationics could thus serve to bond
the crude oil to the soil in that the positive charge would be at-
tracted to the cation exchange capacity of the soil and the hydro-
phy1Tic "tail" would be attracted to the crude o0il by van der Waals'
forces. Such a bond would cause crude oil to be more effective as

an evaporation suppressant than crude oil alone.
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Experiment 4 - A Comparison of Evaporation Suppression by Crude
0il-Cationic Mixtures and Fatty Alcohol.

Previous studies by Law ( 7) and OTsen (30) have shown that long
chain fatty alcohols suppress soil water evaporation when mixed with
the soil surface. No studies have been reported of the effects of a
surface film of fatty alcohols on liquid or vapor transfer to the
soil surface. An experiment was, therefore, conducted to see if such
a film could be formed which could be compared with the suppression
obtained when crude 0il is applied to the smoothed soil surface.

Treatments used in the experiments are listed in Table 6. There
was 1ittle suppression due to the application of the cationic, hexa-
decanol, or carbon tetrachloride, the solvent used for hexadecanol
efther alone or in mixtures except at the highest concentrations
(Table A-4, Appendix}. A comparison of the cumulative evaporation
(Figure 7) curves shows that both the crude oil and crude oil-
cationic mixtures were much more effective in suppressing soil water
evaporation than the highest rate of hexadecanol used.

The mechanism of suppression by hexadecanol and crude oil ap-
parently differ. Suppression by crude oil is highest during the
first few days of evaporation and then decreases. Suppression by
hexadecanol is rather constant throughout the drying cycle. This
indicates that crude o0il undergoes a chemical change during the e-
vaporation cycle and a variation in the evaporation rate occurs.
Suppression by hexadecanol is due to a change in the physical pro-
perties of the soil at the time of application and the evaporation

rate is relatively constant throughout a particular drying cycle.



Table 6. Treatments evaluated in Greenhouse Experiment 4.

Treatment Rate Per Hectare
A - Control None
B ~ Control None
C - Crude oil + Hyamine 3500/ 2838 1 + 47 1
D - Crude oil + Hyamine 3500 2838 1 + 47 1
E - Crude 0112/ 2838 1
F - Hexadecanol + CCT, 270 kg + 284 1
G - Hexadecanol + Hyamine 3500 270 kg + 47 1
H - CCl, 284 1
I - CCl, + Hyamine 3500 284 1 + 47 1
J - Hexadecanol + CCT4 135 kg + 142 1
K - Hexadecanol + Hyamine 3500 135 kg + 24 1
L - Hexadecanol + CC]4 540 kg + 568 1
M - Hexadecanol + CCT4 +

Hyamine 3500 540 kg + 568 1 + 95 1
N - Hexadecanol + CC14 67 kg + 71 1
0 - Hexadecanol + CC14 +

Hyamine 3500 67 kg + 709 1 + 12 1
1 Manufactured by Rhom & Haas Co., Philadelphia, Pennsylvania.
2/

Crude oil from the Anton-Irish field courtesy of Service Pipe
Line Co., Lubbock, Texas.
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Experiment 5 - Evaluation of Reflectance Material and Crude 0il-
Cationic Mixtures as Evaporation Suppressants.

Gerard ( 4) reported that light colored reflectance materials
which decrease the amount of radiation absorbed by the soil surface
may also decrease evaporation. Since crude oil creates a black sur-
face which absorbs a large amount of radiation, it was decided to
undertake an experiment to see if decreasing the reflectance of the
surface using kaolinite would affect the evaporation suppression of
crude oil-treated surfaces.

Treatments used in the experiment are shown in Table 7. Kaoli-
nite alone decreased the cumulative evaporation after the 4th day of
the experiment (Figure 8). The crude oil and crude oil-cationic
mixtures were both very effective in suppressing evaporation. When
kaolinite was added to the crude oil-treated surface at a rate high
enough to change the reflectance of the surface (20,400 kg/ha), the
effectiveness of the crude oil-treated surface was decreased as indi-
cated by the higher cumulative evaporation losses. This was probably
due to the crude oil reacting with the kaolinite rather than the soil
to form a barrier to decrease evaporation losses. Similar results
were obtained when kaolinite was added to the surface treated with
the crude oil-cationic mixture. (Table A-5, Appendix). As with pre-
vious experiments, only a small amount of suppression was obtained

when the cationic alone was added to the sc¢il surfaces.



Table 7. Treatments evaluated in Greenhouse Experiment 5.

Treatment Rate Per Hectare
A - Control
B - Crude oil 2838 1
C - Crude oil + cationic 2838 1 + 47 1
D - Kaolinite 20,400 kg
E - Crude oil + kaolinite 2838 1 + 20,400 kg
F - Crude oil + cationic +
kaolinite 2838 1 + 47 1 + 20,400 kg
G - Kaolinite + cationic 20,400 kg + 47 1

H - Cationic 47 1
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Experiment 6 - Influence of Crude 0il1 and Crude 0i1-Surface Active
Agent-Water Mixtures on Evaporation, Seedling Emer-
gence and Soil Temperature.

In previous greenhouse experiments, containers treated with the
various treatments were smoothed following water additions before
treatments were applied. Under field conditions this may not be
feasible. An experiment was conducted to determine if solutions con-
taining crude oil plus surface-active agents added to the irrigation
water would suppress evaporation. This technique could have impor-
tant field application. The surface active agents were used pri-
marily to make a solution of oil and water.

Also included in the same experiment were treatments which were
seeded to various crops. The purposes of these treatments were to
determine if (1) crude 011 and crude oil-surface active agent mix-
tures would affect seedling emergence and (2) to evaluate the treat-
ments'effectiveness in conserving soil water. These treatments were
subirrigated by allowing the containers to stand in water and the
treatments were applied after the containers became wet on the sur-
face. Such conditions exist in the field when crops are furrow irri-
gated for seed germination and emergence. Soil temperature was
measured at the 2.5 cm depth at 4 p.m. each day.

Crops and treatments of the experiment are shown in Table 8.
There was some effect on evaporation due to adding crude oil plus
cationic and nonionic with the water. (Figure 9). The containers
with the crude oil plus cationic lost Tess due to evaporation during

the first 10-11 days of the experiment while the containers with
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Table 8. Treatments evaluated in Greenhouse Experiment 6.

Treatment Rate Per Hectare

A - Control

B - Control

C - Watered with crude oil + anionic 2838 1 + 18 kg

D -~ Watered with anionic 18 kg

E - Watered with crude oil + cationic 2838 1 + 142 1

F - Watered with cationic 142 1

G - Watered with crude oil + nonionic 2838 1 + 142 1

H - Watered with nonionic 142 1

I - Tomatoes planted 1/2" deep in smooth
dry soil & subirrigated

J - Tomatoes planted 1/2" deep in smooth
dry soil & sprayed with 2838 1 crude oil

K - Tomatoes planted & sprayed with water
containing 2838 1 crude oil +
142 1 cationic
L - Tomatoes planted & sprayed with water
containing 2838 1 crude oil +
142 1 cationic +
2838 1 water
M - Onions planted and treated as
Treatment J

N - Onions planted and treated as
Treatment K

0 - Onions planted and treated as
Treatment L

P - Onions planted and treated as
Treatment M

Q - Cucumbers planted and treated as
Treatment J

Continued



Table 8. (Continued)
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Treatment Rate Per Hectare

R - Cucumbers planted and treated as
Treatment K

S - Cucumbers planted and treated as
Treatment L

T - Cucumbers planted and treated as
Treatment M

U - Control until sprayed with crude
0oil on 8th day of study 2838 1

V¥ - Control until 8th day of study
when planted with cotton and
sprayed with crude oil 2838 1

W - Control until 8th day of study
when sprayed with crude oil and
cationic 2838 1 + 142 1

X - Control until 8th day of study
when planted with cotton and
sprayed with crude oil and
cationic 2838 1 + 142 1
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Figure 9. Cumulative evaporation from Olton loam soil treated
with crude oil, cationic, and nonionic.
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nonionic lost less after the first 12 days of the experiment. None
of the other treatments affected evaporation to any extent. (Table
A-6, Appendix).

There was less evaporation loss from some of the containers
seeded to tomatoes, onions, and cucumbers that were treated with
crude 0il and mixtures of crude oil, cationic and water (Figures 10,
11, 12). Also, the average temperature prior to plant emergence of
these crops was less. There was no increase in emergence due to
these treatments. As a matter of fact, the treatment consisting of
crude oil alone decreased the germination of the tomatoes and onions
almost 50 percent. The treatment of crude oil plus cationic also de-
creased the germination of tomatoes over 50 percent. When water was
added to the mixture, germination was not affected on any of the
treatments. The germination of the cucumbers was the same regardless

of treatment.
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cationic mixtures.
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Experiment 7 - Influence of Crude 0il and Crude 0il1-Carbon Black
Mixtures on Evaporation, Seedling Emergence and
Soil Temperature.

The results from Experiment 6 indicated that adding crude oil
plus surface active chemicals and water had no major effect on soil
water evaporation or seed germination. In Experiment 5, a reflec-
tance material, kaolinite, aiso had 1ittle effect on soil water
evaporation. Since neither oil in the water nor reflectance materials
effected evaporation, it was decided to conduct an experiment to see
if spraying crude oil and crude oil-cationic mixtures on a dry soil
surface would influence soil water evaporation and seed germination.

This experiment differed from previous experiments. In pre-
vious experiments plastic containers were used and the surface of the
treatments was 2.5 cm from the top of the containers. In these ex-
periments the ceramic containers were filled to the surface and sub-
irrigated to simulate a crop being irrigated for emergence. The
evaporation data are thus higher, but relative differences between
treatments were the same. Soil temperature was measured at 4 p.m.
on selected days.

Treatment rates for Experiment 7 are shown in Table 9. Crude
0i1 rates were not effective in suppressing evaporation below the
concentration at the 4730 1/ha rate (Figure 13). As would be ex-
pected, the 9460 1/ha rate was more effective in suppressing evapo-
ration than the 4730 1/ha rate. There was no definite relationship

between treatment and plant emergence,
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Table 9. Treatments evaluated in Greenhouse Experiment 7.
Treatment Rate Per Hectare

A - Control None

B - Carbon black 18 kg

€ - Crude oil 946 1

D - Crude oil + carbon black 946 1 + 18 kg
E -« Crude oil 2838 1

F - Crude 0il + carbon black 2838 1 + 18 kg
G - Crude oil 4730 1

H - Crude oil + carbon black 4730 1 + 18 kg
I - Crude oil 9460 1

J - Crude o1l + carbon black 9460 1 + 18 kg
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Figure 13. Cumulative evaporation and carrot emergence data
from Olton loam soil treated with crude o0il.



40

Carbon black alone decreased evaporation to a certain extent.
(Figure 14). There was also a slight decrease in evaporation due to
adding carbon black to crude oil.

In previous experiments, suppression was obtained with 2838 1/ha
while 4730 1/ha were required in this experiment. This is probably
due to the larger amount of surface area of the dry surface at the
time of spraying in these experiments compared to smooth wet soil

surfaces of Experiments 1-5.



41

Number of
5 0 Treatment Rate/Hectare Plants at 12 Days
+ - Control 0 38
o - Carbon black 18 kg 44
@ - Crude oil 4730 1 49
6.0
5.0
=
=
o
e 4.0F
X}
E
Qo
(=1
g
[FE]
[}
= 3.0 /
1]
=
= Number of
e Rate/ Plants at
Treatment Hectare 12 days
2.0 O- Crude oil 4730 1
Carbon black 18 kg 43
A - Crude oil 9460 1 41
A - Crude oil 9460 1
1.0+ Carbon black 18 kg 34
. F 3
A
Tl e b b d

0 5 10 15 20
Time (Days)

Figure 14. Cumulative evaporation and carrot emergence data from
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CHAPTER 111

CONTROLLED ENVIRONMENT STUDIES

Results from greenhouse studies showed crude oil to be effective
in suppressing soil water evaporation in every test. The tests, how-
ever, were exploratory in nature. Conditions were not controlled to
the point that inferences could be made concerning the mechanisms of
suppression or the soil and atmospheric conditions under which the
crude 01l would be most effective. With proper control of the en-
vironment, it is possible to delineate the separate influences of at-
mospheric conditions (light, temperature, wind and relative humidity)
and soil conditions (temperature, crude oil treatments) on the evap-
oration of water from soils. It was, therefore, decided to further
evaluate the most promising evaporation suppressant, crude oil, under
more controlled conditions. In order to evaluate the most important
parameters, it was necessary to use 2 sets of controlled environment
facilities. One facility consisted of wind tunnels located in a con-
trolled temperature room. The temperature was controlled to +1.5° C.
No attempt was made to control the humidity although it did not vary
more than 4% during the experiment.

The other facility was a custom built-controlled environment
chamber. In this facility it was possible to control temperature,
(soil and air) light intensity, and relative humidity. A description
of the facilities is located in sections concerned with experiments

in each of the 2 facilities.
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The same soil and containers were used in all studies. The
0-15 cm layer of an Olton loam soil was sieved through a 2.00 mm
screen and packed into containers, 25 cm tall x 15 cm wide x 20 ¢m
long, to a bulk density of 1.4. Water was added to the containers so
that the moisture content equaled the water content at -0.1 bar suc-
tion (35% by wt.}. After a drying cycle, the soil was rewatered to
the same moisture content. Also included in some of the experiments
were containers filled with water. The temperature was 26 #1° C. and
the retative humidity was 30 5% to produce an average vapor pres-
sure deficit of 22 mbs for all experiments in the controlled tem-
perature room. Conditions were varied in the controlled environ-
ment chamber so as to evaluate the influence of the different para-
meters. Containers were weighed at the time of treatment and
periodically thereafter until the end of the experiment to deter-

mine evaporation losses.
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Controlled Temperature Room Studies

Many studies have shown that wind speed is one of the most im-
portant parameters influencing evapotranspiration and soil water
evaporation in the Great Plains region (11) {12). Without consider-
able expense, it would not have been possible to incorporate facili-
ties to determine the influences of different wind speeds on soil
water evaporation in the same facilities for control of light in-
tensity, air temperature and relative humidity, and soil temperature.
It was, therefore, necessary to undertake these tests in separate
facilities. A description of the facilities and the results obtained
follow.

Methods and Materials

The wind tunnels were located in a controlled temperature room
in which the temperature was controlled to x1.5° C. A hygrothermo-
graph was stationed in the room to monitor both temperature and re-
lative humidity. Although the humidity was not controlled, it did
not vary more than 4% during the experiments.

The wind tunnels were constructed of 2 blowers powered by a
1/2 hp. electric motor. (Figure 15). Each of the 2 blowers had
2 openings which were 9 1/2" x 10 1/2". Each opening was modified
as indicated in Figure 15 to accomodate 2 containers. Since there
was a total of 4 openings, a total of 8 containers could be studied
at one time.

Different wind speeds were obtained by adjusting the amount of

air entering the blowers. The tunnels were lined with Mylar to
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reduce friction. The wind speed was determined at various points
with a hot wire anemometer within the tunnels to assure that only
laminer flow was occurring.

The containers and soil used are described in the introduction.
Three different experiments were conducted in the controlled tempera-
ture room. They were (1) a comparison of different surface treatments
on evaporation, (2) the influence of wind speeds on evaporation and
(3) the mechanisms of evaporation suppression by crude oil. The re-

sults from these experiments follow.
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Results and Discussion

Experiment 1 - Influence of Different Soil Surface Treatments on
Soil Water Evaporation.

In the first experiment the influence of different surface treat-
ments on soil water evaporation was evaluated. Treatments applied in
the experiment are listed in Table 10. A comparison of the untreated
smooth wet soil surface and water (Figure 16) shows that the evapora-
tion is equal from both surfaces for the first 12 days. Following
this period, the evaporation loss from the water becomes greater.
These curves are typical of those obtained by other workers {3) (7)
(10).

The losses were approximately the same during the first 12 days
from both the crude oil-treated water and soil surfaces. Following
this period the evaporation from the soil surface became greater.
These data indicate that after the 12-day period, the oil film was
continugus and intact on the water surface causing the evaporation
to remain low. The crude oil film, however, began to break down

enabling an increase in evaporation to occur.

The data obtained give further evidence that the amount of sur-
face area and the moisture content of the surface have a direct in-
fluence on the effectiveness of crude oil as an evaporation suppres-
sant. The smooth wet soil surface had the least surface area and
the highest moisture content and the crude oil was most effective on
this surface. The subirrigated rough surface was intermediate in
moisture content and surface area and the crude oil was intermediate

in its effectiveness as an evaporation suppressant. The rough dry



48

*
Table 10. Treatments evaluated in Controlled Temperature Room -
Experiment 1.

Treatment Crude 071 Rate
Number Treatments (liters/hectare)

1 Smoothed wet surface

2 Smoothed wet surface + crude 0il 4730

3 Subirrigated rough surface

4 Subirrigated rough surface + crude oil 4730

5 Rough dry surface

6 Rough dry surface + crude oil 4730

7 Water

8 Water + crude oil 4730

Data from treatments located in Table A-7, Appendix.
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surface had the Teast water and the most surface area and the crude
0il was not effective as an evaporation suppressant. (Figure 17).

It should be noted that the evaporation loss after 22 days was
greater from the crude oil-treated surface than from the rough dry
soil surface. This shows the effectiveness of a rough dry soil sur-
face as an evaporation suppressant. Although these surfaces are
difficult to establish immediately following moisture additions, they
can play a major role in conserving moisture over a long period be-
cause the moisture loss occurs only by vapor diffusion. These data
suggest that the establishment of such a layer as soon as possible
after moisture additions could aid in soil water conservation. How-
ever, such barriers could be a hazard in the Great Plains area due to
the high wind velocities unless some crop residue is present to keep

the barrier in place.
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Experiment 2 - Influence of Wind on Evaporation from Crude 0il-
Treated Surfaces.

In the previous experiments, the major suppression of soil water
evaporation occurred from crude oil applications when they were ap-
plied to smooth wet surfaces. An experiment was undertaken to evau-
ate the influence of wind speed on evaporation from surfaces receiv-
ing such treatments. Treatments evaluated included crude oil at
rates of 0, 946, 2838, and 4730 1/ha at wind speeds of <0.4, 1.6,
3.3, and 6.5 m/sec.

The major increases in evaporation due to wind from the un-
treated containers occurred the first 3 days of the evaporation
period (Figure 18). (ver 50 percent of the water lost during the
evaporation period from the containers receiving wind was lost during
this period. Thirty-five percent of the water lost from containers
receiving a wind speed of 6.5 m/sec was lost during the first day of
the evaporation period. Less than 5 percent was lost during the same
period from the containers receiving little or no wind.

Crude oil was very effective in suppressing evaporation during
the first few days of the evaporation period (Figure 19}. Buring the
first 4 days less than 0.30 cm was lost regardless of wind speed or
concentration. Following this period, however, the evaporation
losses were related to wind speed and concentration. For instance,
4730 1/ha at 6.5 m/sec were required to get the evaporation suppres-
sion of 946 1/ha at the lowest wind speed for a 12 day-period (curves
and 6, Figure 19). The influence of crude oil concentration on evap-

oration suppression was much more pronounced at 6.5 m/sec (Figure 19)
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than at wind speeds <0.4 m/sec. The difference in evaporation be-
tween the 2838 and 4730 1/ha rate at wind speeds <0.4 m/sec (curves 7
and 8, Figure 19) is much less than the difference between the same
rate at 6.5 m/sec (curves 3 and 4, Figure 19). Other data from the
wind tunnel studies is located in Table A-8, Appendix.

These data indicate that only a small amount of wind is re-
quired to have a major effect on soil water evaporation (Figure 18),
and that any modification which would keep wind speeds low immedi-
ately after rainfall or irrigations would have a major influence in
decreasing soil water evaporation losses. Crude oil is effective
during the 4-5 day period when most of these losses occur, but
currently is impractical to apply. Plant residue management both
when the crop is growing and during the period when the crop is not
growing offer the best possibilities of decreasing evaporation losses
due to wind removing the water vapor immediately after moisture

additions.
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Experiment 3 - Mechanisms of Evaporation Suppression from Applying
Crude 071 to Smooth Wet Soil Surfaces.,

To delineate the mechanisms of suppression due to the addition
of crude oil to smooth wet soil surfaces, a separate experiment was
undertaken using replicated treatments of crude oil rates of 0 and
2838 1/ha on both smooth wet soil surfaces and water surfaces. Bowers
and Hanks (3) reported a decrease in evaporation with dioctadecyl-
dimethyl-ammonium chloride (DDAC) but the compound also decreased in-
filtration. In view of these findings, an experiment was also con-
ducted to see if the crude oil film influenced water movement into
the soil. Soil was packed and treated as described above into poly-
vinylchloride (PVC) containers. The containers were constructed so
that the water outflow could be determined from the central 7.5 cm
diameter core of each container. The volume of outflow from the
central core was determined at 1-hour intervals under a 1 cm constant
head of water. After the outflow rate became constant, the columns
were removed, drained and treated with crude oil at the rate of
2838 1/ha, and the outflow determined again at different evaporation
rates.

Soil moisture retention data were obtained with a pressure plate
on the soil and soil treated with crude oil at the rate of 5 percent
by weight. This was the equivalent of treating a .375 cm surface
layer of soil with 2838 1/ha of crude oil,

Crude oil used in the experiment was the same as that used in
previous studies. It was from the Clear Fork formation of the Anton

Irish oil1 field in Lubbock County, Texas. The oil is known as a
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"napthenic crude" and contains both paraffin and asphaltic compounds
with usually more of the latter compound present. A typical frac-
tionation of the crude is as shown in Table 11. The sample used in
the experiment had a specific gravity of 0.86.

Typical cumulative evaporation curves, which were obtained from
untreated soil and soil treated with crude oil, are indicated in
Figure 20. Good repeatability was obtained between replications ex-
cept with the oil~treated soil near the end of the experiment. The
crude oil used in the experiment was not very homogeneous so there was
probably some difference in the surfaces, which caused the difference
between replications in the amount of water evaporated.

The data in the rate curves in Figure 21 are rather scattered.
However, the different stages of drying in the treatments can be dis-
tinguished. The untreated soil was characterized by the 3 stages of
drying described by Lemon ( 8): (1) the high-rate stage where the
conduction of water to the soil surface is sufficient to maintain the
surface in a wet condition, (2) the 1st falling-rate stage, which
lasted only a short period, during which the resistance to movement
of Tiquid water increased and (3) the 2nd falling-rate stage, which
lasted for a long period of time at a Tow rate and was probably con-
trolled by vapor diffusion.

The crude oil-treated soil was characterized by 5 stages of dry-
ing: (1) a short period, relatively constant low-rate stage, (2) a
"rising" stage, which lasted for a short period, (3) a constant high-
rate period of long duration, (4) a falling stage of very short dura-

tion followed by (5) a low-rate period.



Table 11. Typical fractionation of crude oil used in soil
water evaporation suppression experiments.

Component Percent
Gasoline 11.68
Gasoline + naptha 31.07
Kerosene 5.41
Gasoline + oil 19.11
Residium 31.73

Distillation loss 1.00
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The initial evaporation from the oil-treated surface was com-
pared with the evaporation of a water surface with a continuous o0il
film (Figure 22). It appears that the suppression due to crude oil
during the earlier stages of drying is the same type suppression that
occurs when oil is spread on a free water surface and prevents vapor
transfer from the water surface. During this period, the oil-treated
soil surface was shiny in appearance indicating that a film of oil
existed which had not reacted with the soil surface.

Following this constant stage of drying, the o0il reacted with
the soil surface and the surface appearance changed from shiny to
dull. Area measurements were made of the amount of dull surface and
a relationship was found to exist between the amount of dull surface
and the cumulative evaporation during the rising stage of drying
(Figure 23). As the dull surface area increased, soil water evapo-
ration increased. Apparently as the surface dried, it became more
porous, and the water that was under the 0il surface was freer to
evaporate. The evaporation rate increased until the surface was
dry and the 2nd constant stage of drying from the oil-treated sur-
face occurred.

A comparison of the cumulative evaporation of the 2nd constant
stage of drying with the cumulative evaporation of the high-rate
stage of drying from the untreated soil is given in Figure 24. The
slopes of the regression equations approach 1 indicating that the ac-
cumulation is constant with respect to time. Therefore, the major
difference between the two curves is the rate of accumulation. Evap-

oration from the crude oil-treated soil amounted to approximately
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0.16 cm/day while evaporation from the untreated soil amounted to
about 0.31 cm/day during this stage. Approximately the same amount
of water was lost from both the treated and untreated columns. Evap-
oration during this stage occurred for about 26 days from the oil-
treated soil and for about 13 days from the untreated soil. During
this period the rate of conduction of water to the soil surface was
probably maintained at a constant rate in both cases. The rate of
evaporation from the crude oil-treated surface, however, was only
43 percent of the rate from the untreated surface. This indicates
that a barrier was formed when the crude o0il reacted with the soil,
This barrier, in turn, slowed down the rate of conduction of liquid
water to the soil surface, and resulted in decreased evaporation.

The soil moisture retention data present further evidence for
this thesis. Crude 0il significantly influenced the amount of water
retained at suctions less than 1 bar (Table 12). The data suggest
that the reaction between crude oil and soil produced a barrier of
low water retention which would slow down the rate of conduction of
liquid to the soil surface. The data points lying on the upper right
of the curves represent the falling stages of drying from the 2
treatments. As previously indicated from the rate curves, (Figure
21), these stages were only a few days in duration.

Following the short falling stages, the Tonger low-rate stages
of evaporation occurred. Figure 25 shows the cumulative curves ob-
tained during this period. The curve from the untreated soil has a

slope of 0.804, which is less than one, implying that the rate is



Table 12. Moisture retention data of crude oil treated
(5% by weight) and untreated 0l1ton loam soil.
Pressure % Moisture
Applied Crude 011
(Bars) Untreated Treated
1/10 35.5 15.2
1/3 24.2 13.8
1 14.4 12.3
3 12.5 12.5
15 10.6 10.6

66
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decreasing with time. During this stage of drying, evaporation losses
occur by vapor diffusion. The slope of the curve from the crude o1l
treatment approaches one, implying that the rate is constant

(0.06 cm/day) with respect to time. However, the curve is beginning
to break at the upper end. If the experiment had been continued, the
slope of the curve would probably have approached that of the un-
treated soil. It can be readily seen that the crude oil treatment
had no major effect on evaporation during this stage of drying.

As previously indicated, Bowers and Hanks (3) found that the in-
filtration rate was decreased when DDAC was applied to the soil. The
outflow data obtained under constant head of 1 cm before and after
0il1 treatment are indicated in Table 13 for samples with different
rates of drying. There was no major change in outflow rate due to
the presence of the oil film. Thus, water movement through the oil
film under a pressure head is not affected.

Both mechanisms of suppression discussed here have also been
attributed to the fatty alcohols in previous studies. Law (7)
postulated that the suppression due to fatty alcohols in sands was
the same as that from a free water surface, while that from soil
(Amarillo fine sandy loam) was due to changes in capillary conduc-
tivity. Olsen et al. (10) attributed the change in evaporation rate
due to hexadecanol in a Weld loam soil to a change in capillary con-
ductivity. In both cases, however, the material was mixed with the
soil. In the present studies the material was sprayed only on the

smoothed wet surface.
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Table 13. Rate of outflow from columns of Olton loam soil before and
after treatment with crude oil (2838 1/ha) at various evap-
oration rates.

Outflow rate

Evaporation Qutflow rate Qutflow rate after crude oil

rate before treatment after treatment layer removed
(cm/dy ) {cm/hr) (cm/hr) (cm/hr}
0.03 1.35 1.22 1.48
0.11 1.25 1.15 1.25
0.16 1.18 1.17 1.18
0.18 1.21 1.18 1.24
0.24 1.33 1.27 1.29
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Controlled Environment Chamber Studies
It was not possible to evaluate separately the influence of
light intensity, air temperature and humidity, and soil temperature
on soil water evaporation in the controlled temperature room. It
was, therefore, necessary to obtain a controlled environment chamber
modified with water baths to evaluate these parameters. A descrip-

tion of the facilities and results follow.

Methods and Materials
Surplus coolers were modified to contain 8 containers of soil as
described in the wind tunnel studies. Each cooler could be varied
from 4o - 38o i]o C. by using chilled water and heaters.
These were located in a custom built controlled environment
chamber (Series 5000) constructed by Scientific Systems, 9020 South
Choctaw, Baton Rouge, La. 70815. The chamber had the ability to con-

trol the following parameters at the levels indicated.

Parameter Level
Light Intensity 0 - 0.8 Langley/min + 1%
Humidi ty 10 - 100% + 3%
Temperature 4° - 38° t 1° C.

Initially, there was considerable trouble obtaining and main-
taining the wide range of conditions in the chamber. It was a pro-
totype and there were many factors the company failed to consider.

Although the company personnel were most cooperative in modifying
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the chamber as needed, the initiation of the experiments was delayed

about 18 months.
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Results and Discussion
Experiment 1 - Influence of Soil Temperature on Evaporation

As soil temperature was increased from 10 - 38o C., the amount
of water lost to evaporation from the untreated containers increased
(Figure 26). This is not surprising as vapor pressure increases with
temperature and more vapor transfer occurs.

The crude oil was much more effective as an evaporation suppres-
sant at the Tower temperatures (Figures 27 to 29). The amount of
water lost after 28 days from the 10, 24, and 38° C. soil temperature
levels was 0.60, 0.98, and 4.93 cm respectively from surfaces treated
with 4730 1/ha of crude oil, Crude o0il at the rate of 946 1/ha was
more effective at 10° C. (Figure 27) than 2838 1/ha at 24 C. (Fig-
ure 28). At 28" C. (Figure 28) 946 1/ha of crude oil was almost as
effective as 946 1/ha at 38° C. (Figure 29). These data are what
would be expected in light of the previous experiment of the mech-
anisms of suppression due to crude oil. The crude oil Tayer does not
impede vapor flow to the soil surface. Therefore, as vapor pressure
increased with increasing soil temperature, more vapor moved from the
soil to the surface through the crude oil Tayer and was lost to evap-
oration.

These data indicate that crude oil would be most effective in
suppressing evaporation during the winter months when the soil tem-
perature is low. However, water applications were not necessary
during the winter months during the course of the experiment and
the potential of the material as a suppressant could not be evaluated
during this period. (A1l data in this experiment are located in Table

A-9, Appendix)
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Figure 26. Cumulative evaporation from Olton loam soil at different soil
temperatures. (Chamber temperature 24.0° C., relative
humidity 50%)
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Figure 28. Cumulative evaporation from Olton Toam soil at a temperature of
24 .0° C. (Chamber temperature 24.0° C., relative humidity 50%)
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Figure 29. Cumulative evaporation from O1ton loam soil at a temperature of
38.0° C. (Chamber temperature 24.0° C., relative humidity 50%)
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Experiment 2 - Influence of Light Intensity on Evaporation.

Light intensity was evaluated at 2 different temperatures and
relative humidities. It was first evaluated at an air temperature
of 38° C. and relative humidity of 22%. Light levels of 0.15, 0.30,
and 0.60 Langleys/min were used. The data obtained indicated an in-
verse relationship between the amount of 1ight and total evaporation
loss after 36 days (Figure 30).

It may have been possible that the high air temperature coupled
with the high light intensity created a surface barrier very quickly
through which only vapor movement occurred. Liquid movement may have
occurred for a longer period of time in the Tight and heavy shade
treatments contributing to a much larger evaporation loss.

The crude oil treatments were effective in reducing soil water
evaporation for only a short period of time during the experiment.
At the 946 1/ha rate of crude oil, suppression occurred for only
3 - 4 days (Table A-10, Appendix). At the end of the 36-day evapo-
ration period, the evaporation loss was equal or greater than the
untreated containers.

The 2838 1/ha rates of crude oil were effective 4 - 11 days.

In general, the effectiveness increased with shading (Table A-10,
Appendix). This further suggested that light intensity and surface
temperature were related to evaporation losses from the crude oil-
treated surfaces. As light intensity was decreased, the black sur-
face may have absorbed less radiation and was, therefore, cooler,
creating a lower vapor pressure in the soil profile resulting in

less evaporation loss.
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The same trend did not hold, however, for the 4730 1/ha rate of
crude oil (Figure 31). In general, there was less evaporation loss
in the containers under the light shade. As mentioned in previous
studies, the crude ofl used in these studies was quite variable, and
it may have been possible that some of the containers at the high
rates received a larger portion of non-volatile materials which pre-
vented a trend from being established between a parameter and the
treated surfaces.

Since the data from the shading studies was quite variable when
the study was conducted at 38° C., it was decided to conduct the same
Tight intensity study at a lTower temperature (10° C.} and a humidity
of 50% so as to decrease temperature influences on the treatments.
A1l the data obtained from this part of the experiment is tocated in
Table A-11 of the Appendix.

At a Tower air temperature, different light intensities did not
influence the evaporation loss from a bare soil (Figure 32). It ap-
pears, therefore, that it is the net radiation resulting from light
intensity that influences soil water evaporation--not solar radiation.
This is not surprising when one considers that solar radiation is not
a part of the energy balance equation (13).

Shading did, however, influence the amount of water lost to evap-
oration from the crude oil-treated containers. An inverse relation-
ship existed between the amount of water lost to evaporation and the
amount of light received (Figure 33). This relationship is similar

to that obtained for untreated containers from the experiment



Crude o0il rate
(liters/hectare) (langleys/minute)

80

Light intensity

Cumulative Evaporation (cm)

Time (Days)

e - 2838 0.60

o- 2838 0.30

A - 2838 0.15

A - 4730 0.60

m- 4730 0.30

O- 4730 0.15
| Ao 1 | |
10 20 30 40 50

Figure 31. Cumulative evaporation from crude oil treated Olton loam soil

receiving different Tight intensities.

38.0° C., relative humidity 22%)

(Chamber temperature



8]

7.0 Light intensity
(Tangleys/minute)}
e - 0.60
o - 0.30
6.0+ e - 0.15

Cumulative Evaporation (cm)

I i | | |
0 10 20 30 40 50
Time (Days)

Figure 32. Cumulative gvaporation from OTton loam soil receiving
different 1ight intensities. (Chamber temperature 10° C.,
relative humidity 50%)




82

7.0~
Crude 0il rate Light intensity
(liters/hectare) ({langleys/minute)
* - 0 0
6.0~ o - 946 0.60
A - 946 0.30
A - 946 0.15
5.0+
% //.
s Y
5 4.0 A A
-
% A
-
L
[4}]
o
5 3.0
[(»]
S
5
(4]
2.0+
o’
(] 7 /
1.0+
ocoad® | | i l L
0 10 20 30 4Q 50

Time (Days}

Figure 33. Cumulative evaporation from crude oil treated Olton loam
soil receiving different light intensities. (Chamber tem-
perature 10° C., relative humidity 50%)



83

conducted at 38° C. (Figure 30) This further suggests that incident
radiation may contribute either to surface drying which would increase
the amount of time that Tosses to vapor diffusion rather than liquid
losses would occur. Also, wider temperature differentials between the
surface and the soil below the surface could be created in the treat-
ments with a high light intensity than with a low light intensity,
which would decrease vapor losses.

The concentration influence of the various rates of crude oil
are shown in Figure 34 for the heavy shade. As would be expected,
evaporation decreased as concentration increased. Similar trends

were observed for the other light intensities (Figure 31).
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Experiment 3 - Influence of Vapor Pressure Deficit on Evaporation.

The influence of vapor pressure deficits, a measure of the
"dryness" of the atmosphere, on evaporation from treated and un-
treated containers was also evaluated. Vapor pressure deficits of
7.5, 13.5, and 22.1 mb were established in the controlled environ-
ment chamber at different times. At 22.1 mb, 4730 1/ha of crude
oil was effective in suppressing evaporation for 5-6 days (Fig-
ure 35). At the end of the evaporation period, however, the crude
oil-treated surface had Tost more than the untreated surface. This
was probably due to the combination of a dark surface on the crude
oil-treated container which would cause a high surface temperature
and a high chamber temperature. This would tend to cause a high
vapor pressure in the water in the containers and high vapor diffu-
sion,

At the Tower vapor pressure deficits, the temperatures were
lower and the crude oil surface was much more effective in suppres-
sing evaporation. At a vapor pressure deficit of 13.5 mb, however,
more water was evaporated from the untreated container than at
either 7.5 or 22,1 mb. It may be possible that capillary continu-
ity was maintained for a longer period than at 22.1 mb causing more
water to be lost than at the higher vapor pressure deficit. On the
other hand, less water was lost from the containers at 7.5 mb vapor
pressure deficit due to the lower water vapor pressure although

capillary continuity was maintained.
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CHAPTER IV

FIELD STUDIES
From the greenhouse and controlled environment studies, it ap-
peared that crude oil was the only material which had potential as
an evaporation suppressant. For the material to be an asset to the
economy of the area, it would have to show crop yield increases with
resultant increases in net income from the savings of soil moisture.
Field studies were, therefore, conducted using cotton, the highest

value crop planted on a large acreage in the area.

Methods and Materials

A1l of the experiments were conducted on an Olton Toam on the
Lubbock Station. The crude oil from the Anton-Irish oil field was
used in all the experiments. Two different techniques of applica-
tion were used: (1) The crude oil was sprayed on the soil surface
with a hand sprayer follewing rains or irrigations and {(2) the crude
0il was floated on the surface of the irrigation water during irri-
gation. The rates, times, and methods of application during the
3-year period are shown in Table 14. Cotton was studied under dry-
land conditions in 1968 and under irrigation following the addition
of 5.0-7.5 cm of irrigation water in 1969 and 1970. Moisture data
was procured during the 1968 cropping season with the gamma atten-
uation probe. Temperature data were procured with a thermocouple

recorder.
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Results and Discussion

The yield data from the 3-year study is shown in Table 14, No
increases in yield of cotton occurred from any of the sprayed treat-
ments during the 3-year period. The data shown in Figures 36 and 37
show that increases in the maximum air and soil temperature occurred
in the crude oil-treated plots. Soil moisture was also higher in
the crude oil-treated plots (Figure 38). It was apparent that soil
water extraction was reduced by the crude oil applications. Possible
reasons for this are (1)} the oil may have toxic material, (2) the oil
may have produced a thermal regime less desirable for plant growth
and (3) the oil may have produced a thermal regime which induced the
water to be stored in the lower soil horizons.

The data from the controlled environment experiments indicated
that crude o0il1 was most effective in suppressing evaporation when
the soil and air temperature was 24° C. and below. This suggests
that it would be most effective in saving water during winter and
spring irrigations. However, as previously mentioned, such irriga-
tions have not been necessary at the Lubbock Station the past 3 years.
It was therefore not possible to evaluate the potential of crude oil
applications in suppressing evaporation during this period.

It was observed that water from rainfall failed to penetrate
the crude oil-treated surfaces to any extent in sloping areas. This
presented the possibility that crude oil1 could be an aid in harvest-
ing water from soil surfaces. This potential is currently being in-

vestigated in another project.
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Table 14. Yield data from Crude 011 Field Experiments.
Rate Cotton Yield
Year Method Time 1/ha kg/ha lint
1968 Sprayed on surface July 14 2838 297
Sprayed on surface Aug. 2 2838 339
Untreated 312
1969 Sprayed on surface July 11 2838 598
Untreated 568
Floated Aug. 15 473 560
Untreated 457
1970 Sprayed on surface Aug. 12 2838 363
Untreated 402
Floated Aug. 5 1892 370
Untreated 392
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CHAPTER V
SUMMARY AND CONCLUSIONS

Chemicals which will cause major decreases in soil water evapo-
ration are not in widespread use because of expense and application
problems. It was, therefore, deemed worthwhile to screen materials
not previously studied for their potential as evaporation suppres-
sants. Extensive greenhouse tests were conducted to screen, qualita-
tively, materials for their potential as evaporation suppressants.

In the initijal screening, crude oil, anionics, nonionics, silicones,
polysaccharide~gum mixtures, cil-Tatex mixtures and fatty alcohols
were applied to smooth wet Olton loam soil surfaces. Crude oil was
effective up to 8 days at a rate of 1419 1/ha (150 gal/acre). The
inclusion of an anionic at the rate of 90 kg/ha (100 1b/acre) fur-
ther decreased evaporation when added to the above mentioned crude
0il rate suggesting that surface active chemicals may be an aid in
evaporation suppression by crude oil.

None of the other materials were effective in decreasing evapo-
ration.  Further studies were conducted with mixtures of surface
active chemicals (anionics, cationics, nonionics) and crude oil
showed that mixtures of crude oil at rates of 2838 1/ha (300 gal/acre)
(5.0-12.5 percent by volume) and cationics were consistently more ef-
fective in suppressing evaporation than the same rate of crude oil
alone. In a study involving different types of cationics (1.6 per-
cent by volume) mixed with crude oil1 (2838 1/ha or 300 gal/acre), a
difference was found to exist between cationics. The cationics
which were quaternary ammonium compounds were the most effective in

aiding crude oil to suppress evaporation. Cationics are compounds
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which are both hydrophobic and hydrophyllic in nature. The hydro-
phyllic portion of the compounds has a positive charge. It appears
that the hydrophobic portion of the cationic compound is attracted
to the crude oil and the hydrophyllic portion is attracted to the
cation exchange capacity of the soil. Such a bond between the crude
oil and the soil would make crude oil more effective as an evapora-
tion suppressant.

The suppression by crude oil was compared to that of a film of
hexadecanol. Differences in suppression between the materials was
apparent. The crude oil was most effective early and decreased in
effectiveness with time while hexadecanol was constant in its effec-
tiveness throughout the evaporation period. This indicates that the
suppression due to crude oil changes due to a change in the charac-
teristics of the crude oil surface while the suppression due to
hexadecanol is due to the change in soil characteristics at the
time of application.

The addition of a reflectance material to the crude oil-treated
surface decreased the effectiveness of the crude oil. The kaolinite
used as reflectance material reacted with the crude oil and prevented
the oil from reacting with the soil.

Under field conditions, it may be impractical to apply crude oil
to smooth wet soil surfaces. Other approaches were therefore attempted
to apply the crude oil. In one experiment, crude 0il at a rate of
2838 1/ha (300 gal/acre) and surface active agent (5 percent by

volume) were mixed with the water used to irrigate the containers
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seeded to cucumbers, tomatoes, and onions. This simulated irrigating
to obtain emergence of the crops. There were no major decreases in
evaporation losses or increases in seedling germination from such
treatments. There was some decrease in the germination of the onions
and tomatoes in containers treated with crude oil.

In another experiment, dry soil surfaces were sprayed and the
containers were watered from the bottom to simulate irrigating rows
of planted crops to obtain seedling emergence. At crude oil rates
of 4730 1/ha (500 gal/acre) there was some evaporation suppression
but no increases in seedling emergence.

The greenhouse studies showed that crude oil rates of 1419-
2838 1/ha (150-300 gal/acre) were effective in suppressing evapo-
ration when applied to smooth wet soil surfaces and at rates of
4730 1/ha (500 gal/acre) when applied to dry soil surfaces prior
to adding water. However, the conditions were not controlled so
that inferences could be made concerning the mechanisms of suppres-
sion or the influences of various atmospheric variables. Therefore,
other investigations were made of different rates in controlled en-
vironment facilities. From these studies, further evidence of the
importance of the smooth wet soil surface was obtained. The order
of effectiveness of crude oil {4730 1/ha or 500 gal/acre) on the
surfaces investigated was smooth wet soil surface > subirrigated
wet surface > dry rough surface. Crude oil was effective during
the first few days of the evaporation cycle as in previous experi-

ments and decreased in effectiveness with time. The soil with the
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dry rough surface had the most water at the end of the 22-day dry-
ing cycle. However, such surfaces are difficult to obtain and main-
tain due to the high wind velocities of the Texas High Plains.

Since the crude oil applications applied to smooth wet soil
surfaces were most effective in suppressing soil water evaporation,

a detailed study of the mechanisms of suppression from such treat-
ments was made. During the first few days of the drying cycle, the
mechanism is the same that suppresses evaporation when an oil Tlayer
is spread on a water surface. Turbulent transfer of the vapor from
the Tiquid at the soil surface to the atmosphere is affected. This
is one of the major potentials presented by Lemon (8) to suppress
evaporation. Following the first few days of the evaporation period,
an increase in evaporation occurred until a constant evaporation rate
was reached. However, the rate was not as high as that from an un-
treated soil. This indicates that a change in the soil surface oc-
curred which decreased the capillary continuity.

The existence of two mechanisms of suppression by one material
is a unique finding. Studies of mulches of gravel by Adams (1) and
plant residue by Bond and Willis (2) show that such mulches decrease
the rate of evaporation immediately after water additions in propor-
tion to the amount present. Studies of various organics including
dioctadecyl-dimethyl-ammonium chloride (DDAC) by Bowers and Hanks (3),
tallow alcohols by Kolp et al. (6), and fatty alcohols by Olsen et
al. (9) show that a diffusion barrier is produced when the materials

are mixed with the soil surface. This barrier also decreases the
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rate of evaporation following water additions.

Both of the mechanisms of evaporation suppression described for
crude oil have been attributed to fatty alcohols in previous studies
by Law (7). He postulated that the suppression due to fatty alcohols
in sands was the same as that from a free water surface while that
from soil was due to a change in capillary conductivity. In both
cases the material was mixed with the soil. In these studies crude
01l was sprayed only on the smoothed wet soil surface,

The major parameters which were investigated as to their in-
fluence on evaporation from crude oil-treated surfaces were wind,
soil temperature, 1ight intensity and vapor pressure deficit.

Crude oil was very effective in suppressing evaporation the
first 3-4 days of a drying cycle at rates as low as 946 1/ha (100
gal/acre} at wind velocities as high as 6.5 m/sec (15 mph). It was
apparent that very little wind was required to cause major increases
in evaporation following this period from the crude oil surface.
From untreated surfaces receiving wind speeds >1.6 m/sec (4 mph),

50 percent of the water lost to evaporation during the 25-40 day
drying cycles was lost during the first 3 days.

As soil temperature was increased from 10° to 34° C., soil
water evaporation from untreated containers also increased due to
an increase in vapor pressure of the soil water. Crude oil was also
less effective in suppressing evaporation at the higher soil tempera-
tures. This is due to the fact that the crude oil barrier does not
impede vapor 1o0sses.

Different light intensities had no major effect on soil water
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evaporation. This is not surprising since it is the net radiation

resulting from 1ight intensity - not 1ight intensity per se - that

influences evaporation losses. Since the soil and air temperatures
were controlled independent of light intensity, there was no effect
from the net radiation which resulted from the different 1ight in-

tensities.

Varying the vapor pressure deficit affected evaporation as ex-
pected. As the deficit was increased the loss to evaporation also
increased.

Field studies were undertaken to evaluate the practical poten-
tial of crude oil applications in crops. Crude o0il was applied to
the soil surface in cotton by spraying it on the soil surface at the
rate of 2838 1/ha {300 gal/acre) following rainfall and irrigations.
Although increases in soil moisture were observed in plots due to
crude oil applications, no increases in cotton lint yield were ob-
served. For some reason, the cotton was not able to use the water
saved by the crude 0il as an evaporation suppressant. When crude
011 was floated on the water surface at the rate of 473 1/ha (50
gal/acre), an increase in yield was observed in 1969 but no yield
increase was observed in 1970.

Results from the controlied environment studies indicate that
crude o1l may suppress evaporation best during the winter months.
However, no water additions were necessary at Lubbock during the
3-year period of the study and this potential could not be evaluated.

It was observed that rainfall failed to penetrate crude oil-
treated surfaces on sloping land. This finding is being investigated

in another project on the use of crude oil as an aid in water harvest-

ing.
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Table A-8. Cumulative evaporation {cm.)from Controlled Temperature
Room Experiment 2.
WIND SPEED ~ <0.4 m/sec
Crude 0il Rate (1/ha)

Days 946 2838 4730 0
1 0.04 0.02 0.02 0.29
2 0.04 0.02 0.04 0.72
3 0.08 0.04 0.08 1.01
4 0.15 0.08 0.13 1.33
5 0.23 0.12 0.16 1.67
6 0.36 0.19 0.23 1.97
7 0.52 0.30 0.33 2.34
8 0.72 0.40 0.42 2.68
9 0.92 .52 0.52 3.03

10 1.13 0.68 0.65 3.37
11 1.34 0.82 0.76 3.69
12 1.60 0.97 0.89 3.99
13 1.84 1.15 1.02 4.27
14 2.07 1.29 1.14 4.53
15 2.31 1.46 1.27 4.71
16 2.56 1.64 1.39 4,88
17 2.76 1.80 1.53 5.01
18 2.98 1.96 1.64 5.11
19 3.19 2.13 1.79 5.21
20 3.42 2.32 1.94 5.29
21 3.67 2.52 2.10 5.36
22 3.90 2.69 2.24 5.45
23 4.17 2.87 2.39 5.57
24 4.31 3.04 2.53 5.61
25 4,48 3.18 2.65 £.68
26 4.62 3.35 2. 77 5.72
27 4.77 3.53 2.93 5.77
28 4.94 3.73 3.07 5.81
29 5.06 3.90 3.21 5.85
30 5.17 4.04 3.33 5.89
3] 5.28 4,20 3.44 5.94
32 5.37 4,36 3.56 5.98
33 5.44 4 .50 3.63 6.00
34 5.52 4.68 3.74 6.05
35 5.61 4.81 3.83 6.09

Continued
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TabTe A-8. (Continued)
WIND SPEED - <0.4 m/sec
Crude 0i1 Rate (1/ha)

Days 946 2838 4730 0
36 5.67 4,95 3.90 6.13
37 5.72 5.06 3.99 6.16
38 5.79 5.18 4,06 6.20
39 5.84 5.27 4.14 6.23
41 5.93 5,37 4.29 6.27
43 6.02 5.44 4.44 6.30
44 6.07 5.50 4.50 6.34
45 6.12 5.57 4.60 6.39
46 6.17 5.62 4.68 6.42
47 6.22 5.69 4,76 6.47
48 6.27 5.76 4.84 6.51
49 6.29 79 4,90 6.54
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Table A-8. (Continued)

WIND SPEED -- 1.6 m/sec
Crude 011 Rate (1/ha)

Days 946 2838 4730 0
1 0.03 0.06 0.04 1.42
2 0.12 0.16 0.07 2.69
3 0.26 0.33 0.23 3.87
4 0.48 0.59 0.41 4.42
5 0.76 0.93 0.65 4.73
6 1.10 1.32 0.94 4.95
7 1.51 1.77 1.33 5.13
8 2.03 2.30 1.78 5.32
9 2.43 2.84 2.34 5.45

10 3.09 3.30 2.92 5.62
11 3.77 3.64 3.13 5.74
12 4.23 3.98 3.42 5.84
13 4.70 4,33 3.83 5.97
14 4.94 4.69 4,22 6.06
15 5.13 5.05 4.62 6.18
16 5.28 5.26 .04 6.25
17 5,38 5.39 5.25 6.32
18 5.50 5.53 5.44 6.40
19 5.64 5.65 5.59 6.48
20 5.71 5.75 5.74 6.56
21 5.81 5.86 5.83 6.62
27 5.90 5.93 5.92 6.69
23 5.99 6.02 6.00 6.73
24 6.06 6.08 6.09 6.80
25 6.14 6.16 6.18 6.88
26 6.24 6.24 6.26 6.93
27 6.30 6.44 6.31 6.99
28 6.39 6.52 6.40 7.06
29 6.47 6.60 6.49 7.13
30 6.54 6.66 6.56 7.18
31 6.60 6.72 6.61 7.23
32 6.68 6.78 6.69 7.28
33 6.72 6.82 6.73 7.32
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Table A-8. {Continued)
WIND SPEED - 3.3 m/sec
Crude 0il Rate {1/ha)

Days 946 2838 4730 4]
1 0.07 0.07 0.03 1.83
2 0.18 0.17 0.12 3.50
3 0.32 0.28 0.18 4,38
4 0.50 0.46 0.34 4,84
5 0.70 0.68 0.51 5.10
6 0.91 0.95 0.72 5.32
7 1.17 1.29 0.99 5.51
8 1.52 1.70 1.33 5.68
9 1.90 2.16 1.70 5.80

10 2.32 2.67 2.15 5.92
11 2.72 3.19 2.59 6.01
12 3.14 3.76 3.11 6.08
13 3.65 4.40 3.74 6.19
14 4.21 4.91 4.38 6.29
15 4,68 5.21 4,86 6.37
16 5.10 5.41 5.30 6.43
17 5.45 5.59 5.57 6.50
18 5.77 5.73 5.77 6.59
19 5.94 5.88 5.97 6.66
20 6.10 6.01 6.15 6.73
21 6.22 6.10 6.29 6.81
22 6.34 6.19 6.39 6.86
23 6.44 6.27 6.45 6.91
24 6.54 6.38 6.58 7.00
25 6.63 6.44 6.66 7.05
26 6.71 6.53 6.74 7.12
27 6.79 6.59 6.80 7.17
28 6.90 65.69 6.89 7.25
29 6.99 6.76 6.96 7.30
30 7.03 6.80 7.00 7.34
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(Continued)

Table A-8.

6.5 m/sec
Crude 0i1 Rate {1/ha)

WIND SPEED

4730

2838

946

Days

-----
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