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ABSTRACT -

Aerial 8-14 Micron Imagery Applied to Mapping Thermal
Effect Mixing Boundaries. (August 1970)
Norman Gray Foster, B.M.E., North Carolina State College;
| M.S., Texas A&M University

Directed by: Dr. John W. Rouse, Jr,

An experiment was performed which appears to have
some significance toward remotely monitoring thermal
effect mixing boundaries within industrial coolant
waters. .The investigation was limited to determining
water temperatures and calculating a steady-sta;e energy
balance of a fossil-fueled power plant effluent both
from airborne imagery and from grourd observations, and
the comparison of the two calculations. The results
enhance the practical applications of remote imagery
to aquatic ecology studies.

Airborné 8-14 micron wavelength imagery was ob-
tained over discrete locations along heated water ef-
‘fluent canals, ¢oincident with subsurface water tem-
perature measurements at the same locations. Water

temperature and calculated heat ex&hange between the
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canal water and the atﬁosphere were compared, using
ground measurement§ and photo-interpreted measurements
from the airborﬁe data.

Results show that gross\éhotointerpretation tegh-
niques can delineate water éemperaéures within five

percent.
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CHAPTER 1

INTRODUCTION

1.1 Summary

The literature records that the addition of thermal
energy to natural water bodies results in positive changes
to the water ecology and may produce contaminated prod-
ucts to man. Many ecologists consider temperature the
primary control of life on earth. Heating of the rivers,
estuaries, and lake waters due to industrial cooling is
thought'to threaten aquatic speciles, as they cannot ad-i
just to abnormally abrupt changes. Water above 93 de-
grees Fahrenheit is believed unhabitable for f£ishes
natural to this country. It is anticipated that this
limit may be exceeded in many U.S. rivers.

" The principal confributor of this waste heat is the
electric power industry. Presently about 60 trillion
gallons of water are used annually in the United States

for industrial cooling, of which about 40 trillion are

The citations on the following pages follow the
style of the Proceedings of IEEE.




used by the electric power industry. Thermal electric
plants heat coolant water 12~13 degrees Fahrenheit.
Nuclear-fired plants require 60 percent more coolant than
the fossil facilities, and are estimated to require .dis-
Qosalhof 20 trillion BTU's per day by the year 2000.
Should the electric automobile or other battery powered
public transportation be exploited within the next 30
years, this figure could increase significantly. Even
without consideration of such trénsportation, nuclear
genérating facilities will reqﬁiré, by the year 2000,
Bne;tﬁird of the daily fresh-water run-off in the United
States--an increase of 240 percent over today's quantity.

" Few gros$ studies have ‘been”conducted concerning
the effects of thermal addition to water, however, the
known physical changes to the water by thermal addition
is.causing an ever-increasing public concern over the
ménagémeht‘of natural water bodies for industrial heat
sinks. Beneficial uses of the waste heat, such as the
evaporating of seawater in desalination plants, and sea-
farming, ﬁavé not advanced to the degree of ‘economic
feasibility.

Increased public concern of this thermal effect may



well result in an increased need for data collection.
Presently, the secondary effects are capable of being
monitored with instruments recording within the visible
portion of the spectrum. Primary the&mal patterns are
usually recorded within the 8-14 micron wavelength re-
gion because of minimum errors due to atmospheric con-
tribution.

It is considered that the recording of thermal ef-
fect in water requires verification by field work and a
broad overview of the water surface that is best achieved
from aerial 8-14 micron imagery. It is also considered
by those investigating the monitoring of thermal effect
that a more positive method for differentiation of the
boundaries of mixing zone should become available for
use. This research was designed to test the application
of an airborn technique for this purpose.

Presently there is sparse application of airborne
thermal imagery to the delineation of the thermal mixing
zones in natural water bodies. The question of what the
patterns on the imagery actually represent relative to
the subsurface thermal conditions is yet to be answered.

Wind ‘across the water surface could move warm water over



the surface of an area where the environment of the
bottom ecology is cold water, and vice versa. Emissivi-
ties of the water surfaces may vary due to many physical
changes which conceivably could result in thermal imagery
not representative of the subsurface conditions. How-
ever, as with any form of data gathering, there are opti-
mum and less optimum conditions that govern the specific
technique to be used. It appears then that thermal
imagery could be obtained when conditions of weather,
tide, and surface heat flow are near optimum, and that
the results could represent the subsurface water condi-
tions to a gross degree that would be acceptable to the
ecologist. |

The experiment associated with this research is an
attempt to gain information that would result in increased
confidence and use of thermal imagery by those investi~
gators concerned with monitoring the effects of indus-
trial coolant water. The experiment was confined to
interpreting aerial 8-14 micron imagery of the effluents
from a fossil-fueled electric generating plant, located

on a somewhat typical water body, relative to the energy



exchange also calculated from subsurface thermic infor-

mation.

Results of the research show that the interpreta-
tion of airborne thermal imagery is ih agreement with
the ground measurements within 5 percent. The study
also concludes that a simila& controlled experiment
should be conducted in the same general area to further
establish the synoptic photo intérpretation technique

for zone differentiation over a large natural bay.

1.2 Scope of the Thermal Effect Problem

Cold-blooded aquatic animals can adapt to the slow
seasonal temperature changes;‘but are very sensitive to
thermal shock or abrupt temperature differences. The
ecologists are, therefore, very concerned about the addi-
.tion of heat to natural waters by man's activities, which
COuld'cénceivably threaten aquatic life within the next
thirty years (5).

The calefaction of U.S. wéters by electric power
plants. is certain to iﬁcreése as the power industry meets
the rising’nafional demand for electricity.” The generat-

ing capacity of power planfs in the contipental U.S. is



estimated to.have been 315,000 megawatts at the end of
1969 and is ;%pected to reach 576,000 megawatts by 1980.
Nearly 1.5 billion megawatt-hours of electric power was
produced in 1969; the Edison Institute forecast an out-
put close to three billion megawatt-hours in 1980 and
between six and ten billion megawatt-hours by the year
2000 (48).

The average daily natural runoff of water in the
continental U.S. is about 1.2 trillion gallons. About
10 percent of this amount is used for cooling the con-.
densers in power plants. These plants, both fossil
fueled and nuciear,.are rapidly growing in number. A
forecast shows that more than 200 billion gallons of
cooling water daily will bé reqiired by 1980, and 600
billion gallons, or 50 percent of all the available fresh-
water runoff, by the year 2000 (36) (1) (35) (48). What
has aroused ecologists is the ninefold expansion of
electric power production that is in prospect with the
increasing construction of large generating plants fueled
by nuclear fuel. They release about 60 percent more

energy than the fossil-fuel plants, and this energy is

released as heat to condenser cooling water. During



1968 the Atomic Energy Commission reported that there
were: |
Military power plants and specialized facilities
15 opérational nuclear power plarnts

31 power plants under .construction

42 power plants under review or awaiting
licensing decisions

14 power plants on order for which permits have
not yet been applied

100 additional licensed nuclear reactors and
facilities

An éstimatg is that Ey the year 2000 the electric power
indﬁstry will require the disposal of about 20 million
BTU's per day in this country.

Thermal cooling is a largely non-consumptive use of
watér; mbst-of the surface water used for cooling returns
to the lake ot étreamvfrom which‘it came, carrying with
it the heat gcquired in the course of its use. The
Fedefal Watér Pollution Control Administration has de-
clared that waters above 93 degrees Fahrenheit are
essentially uninhabitable for fishes natural to this
codntfy; Many southern U.8. rivers already reach a

temperature -of 90 degrees or more in the summer through



natural heating alone. The waste heat from a single
power plant of 1000 megawatts may raise the témperature
of a river carrying a flow of 3000 cubic feet per second
by as much as ten degrees, and a number of industries

and power plants could likely be constructed on the banks

of a single river (47).

1.3 Effects of Warming Natural Waters -

Information in the open liter;ture is very sparse
concerning the effects of warming natural water bodies,
Definite cases of detrimental effects are not available,
however due to increasing public interest many ecolo-
gists are monitoring heated effluents for possible
changes. The—electric power industry finances many of
these studies.

_ The géneral effects from the heating of water are
known. * The warming of water increases its capacity to
maintain certain elements in solution. Some finfish and
shellfish are natural concentrators of certain of these
elements, and it follows that some of the edible marine

life living in heated coolant water discharge areas may



either become more nutritious, or possibly bgcome unfit
for huﬁan.coﬁsumption.

The- addition:of hedt has definite effects on the
physical characteristics of water and cquld-affect the
subsequent uses of the water. The heating of water ac-
celerates biological activity which in turn speeds re-~
moval of dissolved-oxygen, nutrient chemicals, and other
substances which are required for normal aerobic life
processes. If biologicél processes continue until the
dissoi&ed oxﬁgeﬁ is.diminished, organisms in bottom mud
may‘stimulate Ehermogeﬁesié, adding more heat to the
water. Thrdugh this pfocéss, the initial addition of
thermal energy -to- water .could conceivably result in con-

tamination (29) (37).

1.4 ©Purpose of the Study

‘Little research has been expended toward putting
the hot water to ﬁse for the economy; it appears, how-
‘ever, that-public pressures are leadirig to increased
.étudies aﬁd,pbésible near;time applications for this
vast -amount of energy.’ |

The question concerning what should be done about
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the thermal ﬁrobiem has not yet been answered. Unless

the population is stabilized, demand for electric power
will continue to increase and more waste heat will be-

come available. Meanwhile, to avoid possible damage to
our aquatic life, plans for thermal plants should hinge
on ecological studies that map existing conditions and

predict areas of special vulnerability.

The waste heat from thermal plants could conceiv-
ably be put to profitable use. Most of the ideas ad-
vanced so fai have pfoben impracticél. One of the most
promising uses would be to use the energy to evaporate
sea~water in desalination operations; énother would be
to use the heat in a controlled manner for sea-farming
operations. The growing season of certain marine life
could be extended in warm water and growth rate could be
promoted because-of the heat speeding of body processes.
There are tests being conducted in Scotland that show
certain fish can be raised to market size faster in
nuclear plant seawater effluent than in natural ocean
water. Other possible uses for thermal energy to benefit

the -economy -could include (4&):
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1. Heated public swimming areas

2, Water farming

3. 1Ice-free areas for waterfowl wintering

4, De-icing of inland waterways

5. Water quality improvement

6. 1Industrial and domestic uses, such as hydronic
heating of homes and offices, and systems for
keeping streets and highways free of ice and
snow

At the
be reléased
where it is
syste&. I1f

natives are

moment, however, most of the waste heat must
diréctly into the environment. No matter

released it will have some effect on the eco-
it must be added to the water, several alter-

i
available, the choice of which should depend

on the ecological nature of the receiving body of water.

A discharge method producing least harm to one body of

water might

produce more harm to another (4).

1.5 Scope of this Thesis

Chapter I of this thesis was devoted to introducing

the subject

of thermal effect. The scope of the thermal

effect problem was reviewed, and the general effects

caused by warming natural waters were discussed. Chapter
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1 also addredsed the question of th study the thermal
problem. |
Chapter II is a survey of the open literature con-
cerning the thermal effect in natural water bodies. It
contains a listing of available remote instruments that
are presently used, a discussion of the role of photo
interpretation concerning thermal studies, and brief
outlines of the major étudies now being conducted.
':Chaéter III is a description of the experimént con-
ducted during this research. The experiment is summar-
ized, the general site where the experiment was performed
is reviewed, and the specific test area is discussed in
detail. The ground truth equipment and the aireraft
overflight—and sensor are also reviewed. |
Chapter 1V is dévoted to the results of the experi-
ment. The airborne data is displayed and reviewed, and
the data reduction procedures are explained.
" Chapter 'V contains conclusions drawn from the data,
and the research is summarized. Recommendations for

further research are also included,



13

CHAPTER II

BACKGROUND

2.1 Remote Instruments Used for Thermal Studies

For thermal studies, there are several remote sen-
sing instruments usable by the photo interpreter. A
listing would include the following that record in the
visible, infrared, and microwave portions of the spec-~

trum:

Visible: Metric cameras
Panoramic cameras
Multiband synoptic cameras
Ultra-high resolution cameras
Multiband imagers

Infrared: Near infrared cameras
Infrared imagers
Multiband infrared imagers
Infrared radiometers

- Other possible instruments:
Infrared spectrometers
Radar imagers
Passive microwave imagers
~Passive microwave radiometers

Although camera syStems are more common and have

the advantage of high resolution and economy, they are
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confined to be used during fair, sunny weather. In the
past several years much progress has been made in de-
veloping thermal infrared sensing and its application
to the mapping of surface phenomenon. Infrared radiation
is generated by dynamic movements of the atoms and mole-
cules within any material whose temperature is above ab-
solute zefo, consequently, practically everything in
man's surroundings, and man himself, radiates energy in
the infrared portion of the electromagnetic spectrum,
The generally accepted infrared spectrum lies between
thé wavelengths of 0.72 and 1000 microns (23) (28).
Infrared instruments suitable for monitoring heated
coolant water are passive systems which have a very short
time-constant to respond to small temperature changes in
the water mass, and to the forward motion of the aircraft.
If possible, the instrument should permit indication of
boundary zones between heated and cool waters. The tem-
perature résponse of the instrument should include the
spectral region extending from 9.3 microns to 10.8
microns which corresponds to the critical temperature
range.

Presently, remote surface temperature measurements
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-of objects can be made with a fair degree of accuracy,

from the air using various types of available infrared
sensﬁrs. One type of aerial infrared semsor reportedly
has an accuracy of .006 degree Centigrade from an alti-
tude of several thousand feet (29); imaging systems now

in practical use, however, do not have this capability,

2.2 Photointerpretation doncerning Thermal Studies

' ﬁeihaﬁs in no other way than.photographic interpre-
tation can a vast area be studied so rapidiy. Labdratory
arid field analysis methods cannot be replaced with photo-
‘graphic interpretétion techhiques,'howeﬁer they can be
greatly assisted and the specific areas requiring detail
effort can more quickly be identified and isolated. ' The
associated reduction in field work saves time and money
£hat can be applied‘tg confirming léboratory aﬁalyéié,r
and‘for solving the problems that may exist (19) .

Photographic analysis of water quality requires
application of infﬁrmatibn concetrning the selective spec-

tral energy absorption, tfansmission, and reflection

properties of the watér body being examined. Minor
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tonal differences in the recorded images may indicate
éignificant differences in wate£ quality (19).

Multispectral aerial photography can be manipulated
to‘enﬁance; by raaical color &ifferences, minute changes
in the spectral reflectance of Waté¥.- Thermal activities
are usually indicated in .the différéncés of the images
obtained, therefore aquatic patterns can sometimes be
. studied .and evaluated using this technique (26).

‘Infréred sensed data provides subplemehtal informa-
tién to'Ehat obtained Byiéeriél phofography and may be
used Eolbbfaiﬁ,iﬁformation at nigﬁt“or at other times
When;ééfiél photography cannot be taken.. The ipterpré-
ter;'ﬁbweﬁer;"mustifaké'into-conéideratibn'the environ-
mental conditions that pfevailed during the time the
infrared. imagery was obtained. (23).

‘Several Problems have bgén’entouhtered by the photo-
interpreter in studies of therﬁal effect in natural water
Bodies. A need has'been voiced for better differentia-
tion 6f the boundéries of ﬁixing’éones (39j, which is the
objec?ﬁof:fhg experimenf éQSOEiéted with this‘researbh.
Studies indicate tﬁatasome‘of the méét commonly used

éngiﬂeering‘formulas forfforecastiﬁg diffusion and
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dispersion of substances into flowing water may be in
error by a factor of 6 to 10 if applied to natural
streams (40). Photographic techniques are about the only
methods available for detérmining such boundaries (29).

There are many more physical processes involved in
produging infrared images than there are in producing
photographs made in the visible reflected light region.
All of these processes must be considered when analyzing
the imagery. Anélysis.of IR imagery is complex and quan-
titat;ﬁe information about many of the processes must be
available before analysis can be accomplished. With
some knowledge of the physical processes involved, and
correlative information, mich can be extracted by the
interpreter from imagery made in a single broad-wave-
length band, even though no‘ground truth data is avail-
able. The interpretation of infrared imagery is a field
full of potential value and is expanding as multi-channel
imagery becomes more and more common (24).

"Heat, at the levels present in heated cooland water,
or’ in the receiving discharge areas, cannot be recorded
using convent}dnal photography. The temperature from

about "80:-degrees to 120 Fahrenhéit consists of energy
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which peaks in éhe range from about 9.3 to 10.8 microns
in wavelength. This is the deep infrared region and is
well beyond that which can be photographically recorded
with cameras. Photographic imégery can be quite success-
fully recorded in the spectral region extending from the
ultraviolet to the near infraréd, the upper limit being
at apprbximately 1.5 microns.

1f one is to analyze thermal patterns in photogréphs,
one must then aﬁalyze secondarytinfofmatidh. That is,
study the bhangé in the image as induced by physical
changés caused by heat rather than actually.picturing
‘the heat itself. A photographic mbnitoring system is
preferred because of ;he.adﬁanced state of the art of
photointerpretation. ﬁse of image-forming infrared
sensors, while offering several significant advantages,
including discrete picéuriné of heated water masses,
aléo"offers some disédvantages. Most of the systems
currently in use exhibit éonsideréble geometric distor-
tion and fésolution well below that obtained in photog-
rapﬁy. Studies t& date éuﬁbort the hypothesis that many
thermal boundaries may be delinéated by recording the

significant secondary characteristics (29).



19

Many modern remote sensing techqidués and studies
are concernedqwith the development of high speed data
‘collection aﬁd agalysis b§ automatic means. Such systems
are not yet readily available. The state-of-the-art
instruments that are évailéble for use produce images
in forms common to natural surroundings. These pictures
mugt then be interpfeted by people, It appears that the'
image-interpieterfwili have a place in, the economy for
é long time, énd'his ;Bility to extract real and perti-
‘nént iﬁfarﬁéfion:from data will help solve many of the

problems man is créating for himself.

2.3 Current Thermal Studies

Many current studies have been conducted concerning
remote sénsing of the fhermal environment and its asso-
ciated effects.” Some of these are as follows.

:-'Thérmal infrared mapping along the Michigan shore
has shown a complex pattern of thermal surface grédients
in the lake. The changes' in temperature also produce
changes in algae éontent (&5): |

Tﬁé-U.g.‘Céglogicai Sﬁrvey=(USGS) has an estuarine

remote sensing program to determine the feasibility of .
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using remote sensors for studying estuaries from air-
craft or spacecraft platforms. One of the estuaries
being studied is in the Delaware River. Preliminary
‘remote sensed data of this estuary indicate that surface
thermal variations of as small as one degree Centigrade
and spatial variations as small as 100 feet can be de-
tected by aircraft-mounted imaging systems. These are
the most subtle contrasts that have been readily de-
téctéd. fLargef phenomena have been aetécted that have
éréaﬁgf;thermal contrasts. One such is. the thermal ef-
%Iﬁéﬁts frbm.eléctficuﬁoﬁer;genérating plants which may
ha%e spétfél dimensions of one-half mile and thermal '
contrasts of up'tﬁ ted'Centigradé dééreeé. It appears
thgt'the general circulation’ of some estuaries and bays
could be monitored from spacepraft during some ‘seasons
of "the year‘wheﬁ thermal or color contrasts are present
(42).

. Aqothér%USGS'stﬁdy‘éoncérns heated effluents. Ther-
mal‘charécte;istics-of bodies. of water are used to iden-
tify surface current’ patterns -and distribﬁtién of heéted
effiuent from pﬁwer‘plantsf uThérmal-i@agery‘iS‘a stand-

ard technique used in thése studies:. Evaluation of
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thermal imagery obtained for this study is not complete,
however, the following generalizations have been made.
(1) Temperatures measured with a radiometer at 500 feet
of elevation were one to two degrees cooler than surface
temperature, (2) Differences in radiometric quantities
of water and marsh plant communities may be correlated
with gray tone on the ‘imagery (44).

A study of Biscayne Bay has been conducted by
Mahlon G. Kelly with data collected before and after a
thermonuclear power plant become operational at Turkey
Point., Although there are not many man-made effects in
the portion of Biscayne Bay studied, changes due to man's
activities were evident in the data. This is in relation
to the natural distribution of bottom cover. Aerial
studies of these effects proved to be of considerable

interest to local workers and agencies (34).
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CHAPTER III

THE EXPERIMENT

3.1 Summary

An experiment was performea which appears to have
some significance toward remotély monitoring thermal
mixing boundaries within industrial coolant waters. The
investigation ﬁas limited to determining an energy bal-
ance of a fossil-fueled pb@er plant effluent both from
airborne imagery and from gfound 6bservations, and the
comparison of the two mefhods. The results enhance the
practicai applications of remote imagery to aquatic
ecology studies.

In applying airborne thermal imagery to the deline-
‘ation of mixing zones, two steps are considered: first,
evaluating the gross'differences that may exist between
using airborhe imagery and ground data for eneréy bal-
ance determinations of a reasonably controlled water
body, and secondly the evaluation of gross differences
that may exist between using airborne imagery and sub-

surface thermic data for depicting the subsurface mixing
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zones in natural water bodies. The experiment described
herein was intended to accomplish the first of these
steps; the results serve to document the gross adequacy
of the airborne technique, and the physical conditions
that may constrain the use of thermal imagery for this
purpose.

The experiment utilized the capabilities within the
NASA Earth Resources Program at the Manned Spacecraft
Center, Houston, Téxas. The prime airborne sensor used
for recording the imagery was a calibrated thermal infra-
red detecting set designated as an RS-14. The RS-14 is
mounted in the fb?ﬁard underneath side of an Orion NP3-A
aircraft,‘which is also equipped with other sensors and
sﬁpportiﬁg equipment. ‘

The water selected for study is contained within two
éaﬁals, each approximately four miles in length, which
tfansport'efflueqt from a power plant to a brackish
natural water lake.' During overflight of the RS-14
scanner, ground tempeéature measurements of the canal
‘water at 1ocations'ﬁutuall§ available to both methods

of data collection were recorded. Air and ground
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photography were also recorded during the actual experi-

ment for documentary purposes.
3.2 The Site

3.2.1 General surroundings

The area around Clear Lake, Texas, is an ideal loca-
tion for conducting thermal effect studies in natural
waters. The latitude of the area is near that of other
southern rivers and estuaries thaf may be affected more
by the ever-increasing industrial cooling problem. Also
due to latitude, there is a low tide range in the area
which allows the physical contribution of the tide to be
more e;sily evaluated. ﬁottom ecology in the area is of
great importance due to the multi-million dollar shrimp,
oyster, crab, and finfish industry which is sensitive to
water temperature behavior. The physical characteristics
of Clear Lake-Galveston/Trinity Bay are very similar to
other bay areas of industrial, economic, and private im-
portance along the coast of California, Texas, Louisiana,

Mississippi, and Florida. Additionally, industrial
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plants and their effluents, in the Clgar Lake area, are
also typical of those in other bay areas.

The Clear Lake area began a rapid growth in 1961
and presently more than 55,000 people live and work in
the area., More than eighty aerospace firms are in the
area, and a large industrial complex known as Bayport'
;s well underway there. Bayport now contains fifteen ‘
chemical companies located on 8750 acres, and its own
man-made seapoft. Figure 3-1 is a high—altitude photo~
graph of the Clear Lake area which shows the natural
lake and.man-made improvements around the lake., Figure

3-2 is an interpretive key to this photograph and will

be réferred to several times during the remaining text.
3.2.2 Test area

A medium-sized fossil-fueled power plant is located .
near the west end of Clear Lake, as shown in Figure 3-2.
The plant is composed of three boilers, or steam genera-
tors; three alternators; and three condensers, or heat
exéﬁangers, where the used steam is condemsed back to

water,



Figure 3-1. Aerial view of test area,

This is a view of Clear Lake, Texas, and the surround-
ing area. Galveston Bay is at the bottom, Clear Lake is
at the bottom center, NASA is immediately above Clear
Lake, the local power plant is in the upper-left section
of the picture, and the two heated water effluent canals
flow from the power plant to locations on either side of
the lake. Figure 3-2 is a detailed interpretive key to
this photograph.

This picture was recorded at 60,000 feet from an
RB57-F aircraft using a 9 inch format Zeiss metric camera
having a 12 inch focal length lens. The scale is

1:60,000.






Figure 3-2. Graphic illustration of test area.

This is a detailed interpretive key to the photograph
in Figure 3-1. The numbers along the canals are those of
the ground truth station where subsurface water tempera-
tures were recorded during the experiment. Some of the
subsequent figures are detail photographs of these sta-

tions.
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Two of the boilers and their associated alternators
are capable of producing 115 megawaéts of electrical
power each, and. the third unit can produce 350 megawatts.
It is not‘uncommon for all three of these units to pro=
duce at their réted capaciéies on hot summer days when-
the humidity is high and residential air conditioners in
the Clear Lake area are also functioning at their rated
capacities., The power generating units Apefate on a con-
ventional cjcle'with subcritical steam. Petroleum fuel
is burned in the boilers where water is'converted to
séeam at moderate pressures. The steam is‘ﬁiped to tur-
bines. where the thermal ehérgy from the petroleum is ex-
tracted afd converted to mechanical energy, or turning
thé shafts of the'tu;bines. The shafts of the turbines
are cbhnected'fb alternators that produce electrical
power for the local area:

-After the steam passeé through the turbines, it is
still steam but of much lower pressure and temperature.
This steam is to .be reclaimed in the power-generating
cycle, so it is péSSgd through a condenser where it is
cooled and'tran%fofmeQ‘td”Water. The water i§ then’

pumped -back ifito the boilers and the thermodynamic cycle
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begins again. The condensers are coéled by pumping
natural water through them. The Watef is extracted from
a small intake canal' that conneécts the planf with Clear
Creek, indicated in Figure 3-2. After the water is uged
to cool and condense the steam, the water is higher in
temperature than before,

The heated water flows from the three condensers
into a small mixing pond, then divides into two canals.

A schematic of tﬁis flow is shown in Figure 3-3. One of
these canals flbws'initially northward. Theé canal is
fort& feet wide; five feet deep, and flows for a distance
of 20,000 feet to where the water drops over a cataract,
then into Clear Lake. The second canal flows initially
southward from thg power plant, and is 70 feet wide, five
feet deep, and 21,000 feet in-length.

Five locations along the North Canal were used as
stations for determining ground truth temperaturé infor-
mation during the experiment, and four along the South
Canal.- - These specific locations were chosen because they
were mutually accessible by automobile and from the air;

they each were constrictions in the canal that created



Figure 3-3. Schematic of flow through power plant.

This is a schematic of the water flow thirough the
electric power generating plant, and of the physical lay-
out of the plant itself. Figure 3-12 is a pictorial view
of this schematic.

'Cool water flows from Clear Creek through an intake
canal, and is pumped through the three condensers of the
three generating units. The heated effluent water divides
into the two north and south canals that carry the water

into Clear lLake.
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violent mixing of the heated waters; and they were spaced
reasonable distances apart along the length of the canal.
It was necessary that the locations where tempera-
tures were to be recorded be readily accessible. The
airborne measurements were planned to be conducted with-
in a time span of one hour, therefore the ground measure-
ments to colncide with the airborne measurements must of
necessity be conducted as quickly as feasible., Prior to
the experiment a versatile helicopter, shown in Figure
3-4, was used in surveying the canals from the air and
in selectiﬁg the locations along the ;anals that would
be mutual to air and ground transportation. Afterwards
these locations were each studied on the ground for
several days before the specific ground truth locations
were finally fixed. The method of ground study used was
to record subsurface water temperatures on a grid in the
cross-section of the most violent flow. This flow was
usually where the water emerged from concrete culverts
that were underneath roadways, as illustrated in Figure
3-5. If the water .was mixed sufficiently so that the
temperature of the entire cross-sectional flow did not

very more than one-tenth degree Fahrenheit, the location



Figure 3-4. Survey helicoﬁter.

Numerous trips were made around the lengths of the
two qanals before fiﬁalizing the locations of the spe-
cific ground truth data stations. However, not until the
'versa£ility afforded by using a helicopter to surve§ the
. most likely areas could the final decisions be made. |

The loégtions were to be mutually accessible from
the ground and from a low-flying heavy aircraft, and to

be areas of violent mixing of the canal water,






Figure 3-5. Typical ground station flow schematic.

This is a schematic showing the typical flow of canal
water from concrete culverts under a roadway. Restric-
tions in the canals such as these caused mixing of the
water and seemed to equalize the temperatures across the
cross-section exiting from the culverts.

The dot pattern is representative of the grid used
when determining the subsurface water temperature.

Figure 3-9 is a pictorial representation of this

schematic.
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was considered acceptable to obtain representative sub-
surface temperatures.

Also prior to the experiment, the sequence of re-
cording the ground measurements was established. It was
preferred that the temperatures be recorded at stations
beginning at the power plant and progressing along the
canals, with the flow of the water, to the end of the
canals. This was not feasible, however, since one canal
flowed north and the other south, and only one water
temperature measuring instrument was to be used. The
measuring sequence adopted was to begin at the end of
the North Canal where the heated water entered Clear
Lake, and record temperatures progressively at stations
along the North Canal, to the power plant, then along
the South Canal to the end where the heated water also
entered Clear Lake. Rehearsing this sequence several
times prior to the overflight resulted in a method of
obtaining the water temperatures during a minimum elapsed
time period. The specific ground locations were final-
ized and numbered in the order that they would be used
during the experiment, with Station 1 being the outfall

of the North Canal and Station 10, the last one, being
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the outfall of the South Canal. Figure 3-2 also denotes
the locations of these ten ground truth stations.

Stations No. 1 and 2 are pictures in Figure 3-6.
Station No. 1 is below the cataract where the North Canal
terminates at Clear Lake. Station No. 2 is above the
cataract, at the outflow of the three culverts shown at
the far left center of the picture.

Station No. 3 is shown near the top of Figure 3-7.
It is located at the main gate of the Manned Spacecraft
Center, where the canal water flows from culverts under-
neath the roadway. Station No. 4 is shown in Figures
3-8 and 3-9. The heated water at this location flows
between a drainage canal and the four-lane El Camino Real
in Clear Lake City. Although the culverts can be seen
in the aerial view of Figure 3-8, Figure 3-9 is a close-
up picture that better indicates the type of construc-
tion along the canals.

Station No. 5 is shown in Figure 3-10, and Figure
3-11 is a photograph from Station No. 5 showing the typi-
cal environment along the banks of the canals. Station
No. 5 is where the heated water of the North Canal exits

from culverts below NASA Road One. The violent mixing



Figure 3-6. Ground truth Stations No.l and No. 2.

This is a view looking east of ground truth stations
No. 1 and No. 2. Station No. 1 is below the cataract,
known as the '"Dragon's Teeth," where the heated effluent
of the north canal enters Clear Lake. Station No. 2 is
at the discharge of the culverts shown at center-left on
the photograph. These stations are on federal-property
at the Manned Spacecraft Center. Trees in the fore-
ground are part of a pecan orchard that once belongedito
the West Ranch. The object in the lower right corner is

part of the helicopter structure.
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Figure 3-7. Ground truth Station No. 3.

This is a view looking west containing ground truth

Station No. 3. Station No. 3 is at the single bridge

across the North Canal shown near the top of the picture,

The main gate to NASA is immediately to the left of the
bridge, and some of the parking lots of NASA are shown
on the right side of the picture. The four lane road
is NASA 1, and the complex of buildings on the left
house aerospace companies. The North Canal is flowing

in the direction from top to bottom of the picture.






Figure 3-8. Ground truth Station No. 4.

This is a helicopter view from 500 feet elevation
looking west at ground truth Station No. 4. Station 4
is located on the immediate near side of the culverts
between the roadway and the drainage ditch. The North
Canal flows eastward here, from upper left to bottom
right in the picture. The four-lane road is E1l Camino
Real, the main entrance to Clear Lake City located off
the right of the picture. The round structure at right

is the Junior Achievement building in Clear Lake City.







Figure 3-9. Close-up view of Station No. 4.

This is a view looking west at ground truth Station {
No. 4. Flow here is to the east, and the station is at
the exits of the culverts. Figure 3-5 represents a typi-

cal station like this one.






Figure 3-10. Ground truth Station No. 5.

Ground truth Station No. 5 is shown here. The top
picture indicates the violent action of the flowing
water, and the bottom shows a typical water temperature
measurement being obtained. Station No. 5 is located
where the North Canal crosses NASA Road 1, at the exit
of the culverts. In the bottom picture, the flow is

from left to right.






Figure 3-11. Effluent canal at Station No. 5.

This is a view looking north from Station No. 5, on
the North Canal. Water at the bottom of the picture has
exited from culverts beneath NASA Road 1, and is flowing
northward. The healthy and abundant vegetation evident
in this view is typical along the canals.

The canal turns east, to the right, at the far end

of this view, and continues to Station No. 4.







53

action of the water is evident in both figures. Figure
3-10 also shows a typical temperature measurement being
obtained.

Stations No. 6 and 7 are at the power plant. Sta-
tion No. 6 is the heated effluent as it emerges from the
plant, as shown in Figure 3-12, and Station No. 7 is the
intake to the power plant as shown in Figure 3-13. Sta-
tions No. 1 through No. 6 have progressed counter to the
flow of the North Canal, however Stations No. 8, 9, and
10 progress along with the flow of the South Canal.

Downstream of the power plant along the South Canal
at two locations the heated effluent flows underneath
Clear Creek and under a drainage ditch. One of these
locations, where the South Canal passes below the drain-
age ditch is shown in Figure 3-14. This location is also
evident on the high-altitude photograph of Figure 3-1.
Farther downstream is Station No. 8, shown in Figure 3-15,
where the heated water flows beneath a bridge. At this
station small fish may be seen living in the heated water,
and near the canal crayfish shellfish seem to thrive.

Figure 3-15 is also typical of Station No. 9, being

downstream along the South Canal from Station No. 8.




Figure 3-12. Aerial view of canals at power plant.

This is an aerial view looking west of the coolant
water emerging from the power plant. The intake canal
can also be seen at center-left in the picture. The
metal structures at the termination of the intake canal
are shown close-up in Figure 3-13, being the pumps that
force the water through the condensers and into the
canals.

The heated water emerges from the plant at two
locations, the left source after cooling the condensers
of the two 115 megawatt units and the right source
after cooling the condenser of the 350 megawatt unit.
Both sources mix together, as shown in the foreground

of the picture, then the heated water divides and flows

partly into the North Canal, bottom right of the picture,

and into the South Canal, bottom left of the picture.
The flow schematic of Figure 3-3 also illustrates this

picture.
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Figure 3-13. Grount truth Station No. 7.

Both of these views are of Station No. 7. The top
view shows the termination of the intake canal between
Clear Creek and the power plant. The large vertical
pumps raise the water and force it through the three
condensers of the power plant. The top view is of Sta-
tion No. 7, and is the location where water enters the
power plant.

The bottom picture is a close-up view of the pumps
that move the coolant water from the intake canal through

the power plant.







Figure 3-14. South Canal underpass of drainage ditch.

This is an aerial view looking north-east of the
South Canal as it passes under the drainage ditch. The
South Canal passes under other waters twice between the
power plant and Station No. 8. The South Canal water is
flowing from left to right in this picture, and the
drainage water is flowing from bottom toward the top of

the picture.
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Figure 3-15. Ground truth Station No. 8.

This is a view of ground truth Station No. 8, where
the South Canal flows under road FM-2094 near League
City. This view is also very similar to Station No. 9,
where the canal flows under the same road near the city

of Kemah.
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Station No. 9 is also underneath road FM-2094 as is
Station No. 8.

The last ground truth station, No. 10, is located
where the South Canal enters Clear Lake below another
cataract. Figure 3-16 is an aerial view of this station,
and also shows Clear Lake. Station No. 10 is at the
bridge across the South Canal shown in the picture of
Figure 3-16. Figure 3-17 is a close-up of the bridge
and of a fisherman. This location and the location where
the North Canal enters Clear Lake are the two most promi-

nent fishing areas for residents of the Clear Lake area.

3.2.3 Ground truth equipment

Due to the rapid flow of the heated water in the
canals, it was found during preliminary temperature
soundings that only one subsurface water temperature was
required at each ground sampling location. Since the
water temperature dropped only about two degrees during
the four miles of travel between the power plant and the
lake, it was decided necessary that the subsurface water
temperature measuring instrument must be accurate to one-

tenth of a degree Fahrenheit.
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Figure 3-16. Ground truth Station 10.

This is an aerial view looking south of ground truth
Station No. 10, on the South Canal. The station is lo-
cated below the cataract at the bridge, where the canal
water enters Clear Lake. Clear Lake is evident across
the top of the picture, and private residences may be
noted bordering the warmed water area. Fishing and crab-
bing are very good at this location, and also near Sta-

tion No. 1 where the North Canal enters Clear Lake.






Figure 3-17. Close-up view of Station No. 10.

This is a close-up view of the specific location of
Station No. 10, where the South Canal water mixes with
Clear Lake water. A fisherman is visible near the far
end of the bridge.

The heated effluent water contains much food material

for the fish, and they seem to thrive in the warm areas.
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The Instrumentation Division of NASA designed, fab-
ricated, and calibrated a thermistor and bridge circuit
device for measuring the water temperature. It was
mounted on an eight feet long surf rod for convenience,
with the thermistor probe extending about eight feet on
a flexible cable from the end of the rod. The resulting
thermometer was very portable, and has a response time
of about fifteen seconds. Figure 3-10 is a photograph
of the instrument being used.  Figure 3-19 is a schem-
atic of the circuitry. The calibration device used was
a model 2800A MYDBC Digital Quartz thermometer using a
model 2850A Hewlett-Packard probe, serial 545/12,
National Bureau of Standards traceable. Figure 3-18
shows the relation between temperature and the three

resistance ranges of the ground truth instrument.

3.3 The Flight

The air and ground data gathering operation was con-
ducted on June 22, 1970. The RS-14 infrared scanner was
operated over the canals by NASA, who was primarily in-

terested in verifying the capabilities of the instrument.



Figure 3-18. Properties of.thermigtor.

This is a plot of temperatures vs, resistance values

of the ground truth instrument.
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Figure 3-19., Schematic of ground truth instrument.

This is a schematic of the ground truth temperature

measuring instrument.
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This was the first time the scanner was used to image a
temperature range near 100 degrees Fahrenheit.

The aircraft crew brought the scammer to operating
level while the‘aircraft was on the ramp at Ellington
Air Force Base., A 105.12 degree Fahrenheit blackbody
‘'was placéd beneath the aircraft within view of the
scanner optics and the infrared radiation emitted was
recorded és a temperature reférence on the RS-14 film.

The scheduled take-off of the aircraft was 0900,
howevef the actual takefoff was 1004. The 0900 time was
estabiished so thét,the water in thé canals would have a
uniform teﬁpefa&ure gradient,'resultiﬁg from a somewhat
uniform power load that is usual of the early morning
hours.” Ihe power plant began a-gradual increase in its
load at 1000, and the déta'were expected to show an
associated temperature rise of the canal water near the
power ﬁlant.

‘Prior to the flight, the power company volunteered
to.maintain a constant flow through their condensers be-
tween: the hoﬁrs Pf-0900 and 1100, This was dope and the
flow throughoﬁt the mission was maintained at 400,000

.gallons per minute.
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Temperatures of the canal water were recorded in
sequence beginning with Station No. 1 and ending with
Station No. 10, as planned. The first measurement was
at 0914 and the last at 1055,

The aircraft and scanner was over the heated efflu-
ent canals and -began the first of eleven flight lines at
1034, The lines had been established to include all the
ground data stations, and are shown in Figure 3-20. The
lines were flown at an altitude of 1300 feet aund a speed
of 150 knots, which were the minimum values that would
result in contiguous line scanning of the terrain below-
the aircraft. The RS-14 scanner compensates for roll of
the aircraft up to eight degrees, and should this limit
be exceeded the film data would show some distortion, so
the flight lines and turns were flown with a minimum qf
aircraft roll. This requirement increases the turn radii
and flight time. During the flight the scanner func-
tioned properly, and five metric mapping cameras were
"also operated over the canals for documentary purposes.

The sky was partly cloudy and some ground haze
existed just prior to the flight; however, the haze left

the test area and the clouds parted to allow very



Figure 3-20. Map of flight lines,

The eleven flight lines are shown on this illustra-

tion, and their relation to the ten ground data stations,
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acceptable conditions for airborne remote senéing opera-
tions. Should the take-off time have been an hour ear-
lier as planned, the ground haze would most likely have .
been sufficient to greatly affect the infrared imagery.
Figure 3-21 is an aerial view across the Manned Space-~
craft Center, (Clear Lake, and both canals, that shows
the magnitude of the ground haze that existed during -

the overflight.

3.4 The Airborné Sensor.

3.4.1 ' General

The total energy emitted by an object is a function
of both thermodynamic temperature and emissivity and is

expressed by the .Stefan-Boltzmann Law:

W = KET

Where: W is the total radiant emittance, in
watts per square centimeter,.

K is the Stefan-Boltzmann constant,
5.673 x 1012 wates per square centimeter.

E is the dimensionless emissivity factor.

T is absolute or thermodynamic tempera-
ture in degrees Kelvin. ‘



Figure 3-12, Aerial view of ground haze.

This aerial view across the Manned Spacecraft Center
and both canals shows the magnitude of the ground haze

that prevailed the morning of the overflight.
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As infrared energy passes through the atmosphere,
some energy is lost through atmospheric scattering and
absorption. The amount lost depends on the radiation
wavelength and the condition of the atmosphere. Atmos-
pheric humidity, temperature, and pressure, as well as
foreign particles in the atmosphere such as haze, smoke,
water, and ice also affect infrared transmission. In-
frared energy may be detected by ''detectors' that are
transducers that convert the energy to electrical signals
which are amplified and processed to produce a presen-

tation of the detected radiation.

3.4.2 Simplified block diagram description

A simplified block diagram of RS-14 system is shown
in Figure 3-22 and the scanner optical system is shown
in Figure 3-23. The transverse scanning motion of the
modified Cassegrain optical system is provided by rotat-
ing a rectangular scan mirror about an axis parallel to
the aircraft axis. Each side of the four-sided scan
mirror is approximately 4 by 1.30 inches. The mirror is
driven by a motor at 1000 rpm to generate 67 scans per

second. Optionally, the scan drive system may be



Figure 3-22, Diagram of infrared scanner.

This is a block diagram of the RS-14 scanner system.
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Figure 3-23. Infrared scanner optics.

This is a ray diagram of the RS-14 optics.
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converted to operate at 3000 rpm (200 scans per second).
This rotating element scans a total field of view of 80
degrees éentered about the aircraft ground track.

" Flat relay mirrors reflect the radiation to the
primary focusing element, an ellipsoidal mirror. This
mi?ror, with a secondary (spherical) mirro? produces a
40-inch effective focal length optical system to this
point. This image now becomes a virtual object which
is reiﬁééeduby the relay léﬁs‘to prbduce:an effective
sys?eﬁ.%océl'len%th'of 10 inches, Qitﬁ'an unobscure@j
gbl;ecéing aperture of approximately 5.8 square inches
and an opticai resolution'éapability of 1.0 and 3.0
millirédéns (MR). The-secondary mirror's position is’
fixed and does riot need to be moved (focused) for any
altitudes above' ‘500 feet.

The detectors convert incident infrared energy to
acceptable:electfical'signals only ‘when they'are éboled
éo a very low temperature. |

The RS-14 is a passive infrared and ultraviolet
imaging system that scans thé ground area gloﬁg the
aircraft flight path and produces a rectilinear photo-

graphic . £film map of thé earth térrain., During this
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stﬁdy the -ultraviolet capability of the system was not
used,

The system is passive in that it detects and re-
cord; variations in radiant energy emitted from earth
terrain, TInformation receiveq by the system i5 con-
verted to video intelligence and pracessed through the
system electronics. The video intelligence is converted
to light energy and displayed to the system operator,
and is recorded on photographic f£ilm in the form of a
continuous strip. The video intelligence is also re-
corded on magnetic tape and can be reconvertéed to film
strip if desired.

'The optical system of the RS-14 gathers and focuses
incoming radiation on two mercury-doped germanium de-~
tectors that are cryogenically cooled and respond to
energy in the 8 and 14 micron region of the electro~
magnetic speétrum. |

| The-cryogenic cooling unit maintains the detectors
at 26 degrees Kelvin or less to énsure good detector
sensitivity and low noise at infrared frequencies. The
twé germanium detectors have different size abertures

in order to provide flexibility in the selection of
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maximum spatial resolution or maximum thermal resolution
of the incoﬁing energy as recorded on the airborne f£ilm.
The electrical signal from the detector selected
for use is processed and supplied to a magnetic tape
recorder, [The signal is displayed as an intensity-
modulated trace on a five-inch cathode-ray tube in the ‘
film recorder unit and exposes a strip of film whose
travel is controlled by the ratio of aircraft velocity'
to-aircraft height as established by the system operator
on the control panel. The RS-14 compensates for air-
craft roll, and the film shows a high-resolution recti-
linear map of the infrared characteristics of the mapped
terrain. This condition is provided by a cryogenic re-
frigerator or cooler in which the detectors are mounted,
The detectors are single crystal, extrinsic, photocon-
ductive devices that are composed of mercury-doped ger-
manium. They are bulk absorbers of energy ranging from
8 to 14 microns in wavelength. A metal box with a small
apertufe (cold shield) surrounds the ugeful field of
view. The sensitive areas of the detectors are located
near the focal poiﬁt'of the scanner optic system. The

relay lenses previously mentioned are used in place of
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a cooler "window" to seal off the cooler's vacuum jacket

from the atmosphere.

3.4.3 Technical characteristics

.The RS-14 was manufactured by the Texas Instruments

Company for NASA to the following sbecifications:

Characteristic

Ambient Temperature

. Limitations

Altitude Limitations
Input Power Requirements
AC voltage
AC power
DC voltage

Lateral Scan Angle

Scan Rate

Iristantaneous Field of View

Noise Equivalent Temp. (NET)

Velocity to HeightARatio

Detectors

Detector cooling

Specification

-54 to +55 Centigrade
50,000 feet

115 VAC, e phase, 400 Hertz
3200 wva
28 vde

40 degrees either side
of nadir

66.7 per second (3 mil)
200 per second (1 mil)

1 milliradian
3 milliradian

Less than 0.5 ¢ for IMR
Less than 0.3 ¢ for 3MR

0.02 to 0.2 radians/sec

Mercury-doped germanium
at IMR and 3MR

Closed cycle‘heiium, 24K



Stabilization

Recording Format
Recording Film
Bandwidth

Angular Resolution

Roll + 8 degrees

2.8 inches of Video,
1 inch Auxiliary data

350 feet, 5 inches wide,
8)-2498

315 K Hz

IMR =
3MR = 35 K Hz
IMR and 3MR

88
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CHAPTER IV

RESULTS

4.1 Summary -

The MSC photographic laboratory processed the film
exposed during the flight on Juge 22, The negatives
were reviewed by the aircraft instrument operator and
engineers, and were considered acceptable., The RS-14
and camera systems had operated within design limits dur-
ing the overflights.

Visual observation of the RS-14 imagery of the
canal water showed that approximately four levels-of-gray
were evident between the hot ﬁater emerging from the
power plant at Station No. 6, and the heated canal water
as it left the canals and entered Clear Lake at Stations
No. 10:™. By visually comparing the contrast levels of
the canal waters %itﬁ any two known ground wéter tem-
peratures, a quick temperature quantity could be estab-
lished for any location along the canals.

Fogf KA-62 multiband cameras having image motion

compensation and uéing panchromatic film and an RC-8
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metric camera using color-shifted infrared film had been
used during.the flight, and the film from each camera
had also exposed properly.

The transparent copies of the RS-14 film had slightly
more contrast than the original film, Fherefore it was
decided that. the o;iginal flight negative would be used
for obfaining isoéensity tracings of the ground truth
station locations. These tracings would be representa-
tive of ﬁater temperature as extrapolééed from a straight
line function between the‘high temperature preflight
¢alibration source and the instrument housing temperaéﬁre,
both as imaged on the film along with the ground scene.
Positive prints of the camera negatives, and of the RS-14
original negatives, were representative of the flight
negatives, and were qseq in this report for documentation
purposes.

Appendix A contains prints of the RS-14 data as
obtained during each flight line. Appendix B contains
black énd white infrared and Appendix C contains color
infrared photographs of the ground data stations as re-
corded during_the data runs of the scanner, The thermal

imagery is described within this chapter.
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4,2 Ground Truth

Table 4-1 is a listing of the ground truth tempera-
ture data recorded during the overflight of the RS-~14.
The datd shows the ground truth station number, the local
time that the temperature was recorded, the highest and
lowest readiﬁgs on the the;miétor resistor, the resistor
séale, and the temperature of the water at thét station.

The flow through the power plant was maintained at
400,000 gallons per minute dﬁring the experiment. The
canals have side slopes of 2:1 and flat bottoms to mini-
mize erosion of the banks. The North Canal is 40 feet
wide at the water level during maximum flow, and- the
South’ Canal is 70 feet'ﬁide. To maintain equal and mini-
" mum water velocities in the two canals, flow in each
canal is considered to be proportional to cross-sectional
areas of each cadnal, The North Candl has 150 square feet
of cross-section and the South Canal has 300 square feet,
‘therefore for this study one-third, orA133,000 gallons
pér minﬁte are‘éonsidered to flow in the North Canal and
266,000 in the South Canal.

The heat liberated to the water  as it flows through
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GROUND TRUTH DATA
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Station Time

Thermistor Scale Temperature

Location Zulu High  Low Fahrenheit
1 1412 080 076 2 92.5
2 1421 058 ‘056 . 2 92.8
3 1342- 962 958 1 93.9
4 _ 1439 896 891 1 94.8
5 1444 874 868 1 95.2

6 1500 560 555 1 99.8-
7 - 1510 712 . 710 2 55.2
é 1543 o 060 058 2 92.7
9 -~ 1549 055 . 047 _2' 92.9
10 1555 940 935 1 94.2

This table shows the subsurface water temperature

at each of the ground data statioms.
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the condensers of the power plant varies with the elec-
trical load being generated, therefore it is possible

for canal water downstream from the plant to be warmer
than canal water nearer to the plant. During this study
water temperature measurements were recorded at discrete
locations along the canals and straight-line temperature
gradients were assumed between the ground stations. Heat
liberated from the water between the ground stations was

calculated using the steady-state relations:

Heat Lost = (W) (C) (Ta-Tb)
Where: W = water flow in pounds per unit time
C = specific heat of water

Ta-Tb = temperature difference between stations

As a typical calculation, the heat lost from the
canal water, using ground data, between stations No. 1

and 2 was

i

Heat Lost = (W) (C) (Ta-Tb)

(133,000) (8.33) (1) (92.8-92,5)

1

334,000 BTU's per minute
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Although a detailed thermal energy balance of these
‘canals would involve more study and calculations, this
approximation.was considered adequate for the purpose of
this research, Table 4-2 shows the results of these
heat calculations between each data station along the

canals, as obtained using ground water temperatures.

4.2 Airborne Data

Three methods were used to extract temperatures‘

from the RS-14 data film, described as follows:

4.3.1 Method 1: Photointerpretation of the film

Along the edge of the imaged scene the RS-14 pro-
duces a 10-step density strip, each step one inch in
length and one-fourth inch wide. This step-wedge is
prod&ced completely independent of any operator settings
or signal intensity from the ground, and is repeated
continuously throughout the length of the film, The
10-step wedge is visible on the prints of the RS-14 data
film in this report. This wedge serves as a visual ref-
erence for gray levels..

The calibration blackbody that was held within view



TABLE 4-2

95

HEAT EXCHANGE USING GROUND DATA

Between Ta Th Heat Liberated
Stations Fahrenheit BTU's per Min.
1-2 92.8 92.5 + 332,400
2-3 93.9 92.8 + 1,218,800
3-4 94.8 93.9 + 997,200
4-5 95.2 94.8 + 443,200
5-6 99.8 95.2 + 5,096,800
6-8 99.8 92.7 +14,733,600 .
8-9 92.7 92.9 - 443,200
9-10 92.9 94.2 -'é,sso,soo

This table shows heat flow from the canal water
between the ground stations, using subsurface tempera-
tures as recorded in the canal water during the over-

flight.
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of the scanner optics prior to the flight produced an
image approximately one-half inch wide on the RS-14 data
film, shown in Figure 4-1, rebresenfing a éray level of
103.55 degrees Fahrenheit. When the data film is viewed
over a lighted table, the film density ﬁroduced by this
blackbody visually corresponds to the density of step-
wedge number 10, therefore gray levels in the imaged
scene corresponding to step-wedge 10 were considered to
‘be 103.55 Fahrenheit or higher. Since the canal water
could not feasibly be higher than 105 degrees Fahrenheit,
this gray level established an upper limit for photo-
interpreting temperatures from the data film.

Along one edge of the RS-14 data film there is also
a continuous strip approximately one-fourth inch wide
that is a density recording of the scanner housing tem-
perature. This housing is a heavy casting having a
unity-emissivity coating, and having a thermistor
mounted within the area viewed during each scan of the
RS-14 mirror. The temperatﬁre of this thermistor is
recorded by the operator at the beginning and end of

each flight line. Once at a given altitude the scanner



Figure 4-1. Preflight calibration image.

This is a picture of the RS-14 ddta film showing
the thermal image of the preflight calibration black-

body.
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housing temperature quickly stabilizes and appears to
maintain a near-constant value.

The gray level of this strip represents the housing
temperature that prevailed during that particular flight
line, and can be visually compared to the gray level of
one of the step wedges. This procedure establishes a
lower limit for photointerpreting temperatures directly
from the data film and the step wedges between the high
and low limits can represent discrete ground apparent
temperatures.

At each of the ten ground truth stations as imaged
on the data film a visual comparison was made to a gray
level on the step-wedge, and the associated temperature
as interpreted by this method was recorded. Table 4-3
shows the gray-level step-wedge number that most nearly
compares with the gray level of the imaged canal water
at the ground stations, the step levels and associated
temperatures of each ground station using a straight line

relation between the two calibration temperatures.




TABLE 4-3
METHOD 1: PHOTOINTERPRETATION OF THE FILM

———— e

Flight Step Housing Housing Pre-Cal. Pre-Cal. Station
Station Line Wedge Step Temp. Step Temp. Temp.
1 16-A 3. 7 96.8 10 103.55 89.0
2 16-A .5 7 96.8 10 103.55 86.8
3 L7 .0 7 96,35 10 103.55 86.8
4 16-B >0 7 96.8 10 103,55 92.4
5 14 3 7 95.9 10 103.55 892.2
6 19-B L 6.5 97.25 10 103.55 95.4
7 19-B ; 7 97.25 10 103.35 85.8
8 13 4.0 7 95.0 10 103.55 86.4
9 11 3.5 b [ 94.55 10 103.35 90.7
10 18 DD 7 96.8 10 103.55 89.0

This table shows the ground station water temperature using Method 1, as
depicted by comparing step-wedge gray levels with both the imaged canal water
and the imaged calibration sources. The low calibration gray level and temper-
ature was the imaged scanner housing, and the high calibration source was the
blackbody imaged preflight.

00T
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4.3.2 Method 2: Photointerpretation using ground truth

The second method used was to select a warm and a
cool ground station temperature, and visually compare the
gray level images of these two temperatures with the ten-
step. Again, a straight-line division of temperatures
as represented by the ten-step wedge was established,
and the temperatures of the remaining eight ground sta-
tions were interpreted from visual comparisons of the
gray levels as recorded on the RS-14 data film. The
image of the inlet water at Station No. 7 was used as
the cool gray level and the water at Station No. 6 was
used as the warm gray level. Table 4-4 shows the ground

station water temperatures using this method.

4.3.3 Method 3: Machine use

The third method was to use a microdensitometer to
analyze the RS-14 film densities. The instrument was
calibrated to divide levels of gray into eight distinct
steps. The most dense of these represented the tempera-
ture of the 105.12 degrees Fahrenheit internal calibra-

tion course and the lest dense represented 89 degrees




| TABLE 4-4
METHOD 2: PHOTOINTERPRETATION USING GROUND TRUTH

Flight Step Ground Ground Ground Ground Station
Station Line Wedge Lo-Cal Lo-Cal Hi-Cal Hi-Cal Temp
Step Temp Step Temp
1 16-A E 1.5 85.2 i 99.8 92.6
2 16-A 24 1.9 85.2 s e 99.8 89.0
3 17 3.0 ! B 85.2 D 99.8 90.9
4 16-B 5.0 1.5 85.2 3D 99.8 98.0
| 5 14 953 k.3 85.2 s [ 99.8 99.8
6 19-B 5.3 1.9 85.2 u T 99.8 99.8
| 7 19-B 1:3 LsD 85.2 e i 99.8 852
8 i3 4.0 15 85.2 b Bk 99.8 94 .4
9 1l 5 1.5 832 Biad 99.8 92.6
10 18 Fod 1.5 85.2 3D 99.8 92.6

This table shows the canal water temperatures as established using Method 2.
The temperatures were determined using a straight line function of the gray
levels imaged from two known ground water locations.

[y
o
N
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Fahrenheit. The two reference points used were the gray
level images of the internal calibration blackbody and
the RS-14 housing.

Isodensity tracings of the water at each ground
station as imaged on the RS-14 data film were made, and
the predominant temperature of the water at this station
was recorded. These tracings were made with a 10 micron
spot width, and a magnification of 10 times the ori-
ginally imaged ground station scene. The tracing lines
were spaced 500 microns apart.

Figure 4-2 is an isodensity tracing of Station No.
9, and a schematic of the tracing showing the specific
location where the temperatures were recorded in the
canal water. This figure is shown as being typical of
all the tracings. Figure 4-3 is a print of the thermal
imagery as recorded of Station No. 9. Ground truth mea-
surements of Station No. 9 established the actual sub-
surface water temperature as 92.9° Fahrenheit, whereas
the isodensity tracing established the radiometric tem-
perature of the station at 92° Fahrenheit. These tem-

peratures are shown in Table 4-5.



Figure 4-2., 1Isodensity of Station No. 9.

This is an isodensity tracing of Station No. 9 and
a graphic representation of the imaged scene. The

tracing is magnified ten times the actual RS-14 image.
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Figure 4-3. Thermal imagery of Stations No. 9 and No. 10.

This is a print of the thermal imagery as recorded

over ground truth Stations No. 9 and No. 10.
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TABLE 4-5
METHOD 3: MACHINE USE
Flight Station
Station Line Temp
1 16-A 92
2 16-A 94
3 17 95
4 16-B 94
2 14 9%
6 19-B 98
7 19-B 87
8 13 94
9 11 92
10 18 94

This table shows the ground station water tempera-
tures as defined by comparing the imaged water gray-
level to a straight line function between two gray
levels of calibration sources.
source, also imaged on the film, corresponded to 105.12
degrees Fahrenheit, and the low source was the scanner
housing. Gray-level comparisons were accomplished

using a microdensitometer.

The high calibration
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The machine used to determine the ground station
tempér;tures was a Double-Beam Recording Microdensi-
tometer, Mark IITI C9, Serial 1014, mady by Joyce, Loebl
and Company, Limited, Electron House, Princeway, Team
Valley Gateshead-on-the Tyne II, England. The elec-
tronics were a Tech/OPS Isodonisitracer model 608,

Serial 17.

4.4 Evaluation

" Temperatures of coolant water effluent from a power
plant have been derived using three methods of inter- ‘
preting aerial 8-14 micron thermal imagery. These tem-
peratures are shown in Table 4-6, ‘along with the subsué-
face temperatures of the effluent as recorded on the
ground. Table 4-7 shows the errors in percent between
the photointerpreted water temperatures and the mea-
sured subsurface temperatures. It is evident from these
values that even gross interpretation of thermal imagery
can depict water temperatures within about five percent,
and the more refiﬁed interpretation methods within about
two-and-a-half percent.

Specific quantities are not defined in the open
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TABLE 4-6
COMPARISON OF TEMPERATURES

Ground Method Method - Method
Station Method 1 2 3
1 92.5 89.0 92,6 92
2 92.8 86.8 1 89.0 94
3. 93.9 86.8 90.9 95
4 - 94.8 92.4 98.0 94
5 95.2 92.2 99.8 94
6 99,8 95.4 99,8 98
7 85.2 85.8 © 85.2 87
8 92,7 86.4 . 944 9%
-9 92.9 90.7 92.6 92

10 94.2 89.0 92.6 94

This table shows the subsurface water temperatures
measured on the ground and the interpreted station tem-
peratures using each of the three photographic methods.
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TABLE 4-7
TEMPERATURE ERRORS FROM GROUND MEASUREMENTS (%)

Method Method Method
Station 1 .2 3
1 -3.78 +0.11 -0.54
2 ‘ -6.46 -4.10 +1.29
3 -7.57 -3.20 +1.17
A ~2.53 +3.38 ~0.84
5 -3.15  +4.84 -1.26
6 -4.41 ! 0.00 -1.81
7 +0.70 0.00 +2.11
8 $-6.79 +1.83 +1.40
9 =237 . .=0.32 -0.97
10 , -5.52 ~-1.70 -0,21
Averages 4.23% 2.447, | 1.16%

This table shows the errors, in percent, between
the measured ground temperatures and the interpreted
temperatures,
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literature of tﬁérmal mapping temperature accuracies
desired for synoptic aerial subsurface temperature mea-
surements, however the amount of erro;-encountéred here
is comparable to that involved in measuring. water cur-
rent flown and compositions. Results of remote temper-
ature measuring using methods one and two may be ob-
tained quickly without the aid of digital data reduction
techniques, and it appears that the associated errors
would be tolerated by the ecologist concerned with
monitoring gross changes in mixing zones.

Table 4-8 .shows the calculated steady-state heat
valﬁes that would be exchanged between the water and
atmosphere should the canals be considered as constant:
flowing thermal conductors insulated on all sides ex-
cept the top water surface, These heat values are
directly proportional to the station temperatures.
Although the interpreted station temperatures from the
airborne methods aré close to the measured subsurface
temperatures, the differences are additive when cal-
culating heat flow. This table shows errors of 26 per-

cent between using gross photointerpreted temperatures



TABLE 4-8

CALCULATED HEAT (BTU's PER MINUTE)

Between

Stations - Ground Method Method 1 Method 2 Method 3
1-2 + 332,400 - 2,326,800 - 3,988,800 + 2,216,000
2—3 + 1,218,800 0 + 2,105,200 + 1,108,000
3-4 + 997,200 + 6,204,800 + 7,866,800 - 1,108,000
4-5 + 443, 200 - 221,600 + 1,994,400 0
5-6 + 5,096,800 + 3,545,600 0 + 4,432,000
6-8 + 14,733,600 + 19,914,000 + 11,966,400 + 8,864,000
8-9 - 443,200 - 9,528,800 + 3,988,800 + 4,432,000
9-10 - 2,880,800 + 3,767,200 0 - 4,432,000

Net Lost + 19,498,000 + 14,354,400 + 23,932,800 + 15,512,000

-26% +23% -20%

Errors from Ground Measurements

This table shows the calculated heéat flow between the canal water and the
atmosphere, assuming steady-state conditions, and the errors that can accumulate.

€11
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and ground measurements, and of 20 percent between using

machine-interpreted temperatures and ground measurements.
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CHAPTER V

CONCLUSIONS

5:1 Sumfnarz

The open literature records very few cases of cali-
brated thermal imagery being applied directly to yield
" better understanding of thermal effect in natural water
bodies. There appears to be a reluctance on the part of
some ecologists to rely upon the unnatural appearance of
line-scanned imagery, however there are numerous cases’
where the ecblogist has relied upon natural-appearing
photography of seconda%y effects.
| Thermal imagery is not' as abundant as photography,
but it does display the thermal situation. The experi-
ment herein was a first step toward showing direct
. application-of high-altitude 8-14 micron imagery, and
was- designed to display the realism that does exist -
between thermal imagery éray levels and temperatures

existing in imaged water,



116

5.2 Recommendations

The next logical step toward delineation of thermal
mixing boundaries by remote-sensed thermal imagery seems
to be the conducting of an experiment in a large natural
bay where a direct correlation is established between
the subsurface temperature pattern and the water sur-
face as imaged from a reasonable altitude. The thermal
imagery in Appendix A of flight lines 11 and 16-A show
thermal mixing zones in Clear Lake. Whether the sub-
surface mixing zones were at the locations imaged by
the scanner is not known, however.

"Galveston Bay appears to be an ideal location for
conducting such a study. This bay is similar to other
southern bays in physical characteristics, water ecoiogy,
and relation to the economy. Water movement in and out
of the bay is not violent and subsurface mixing zones
should be somewhat stable. Such an experiment should
help greatly to establish direct quantitative applica-
tions of 8-14 micron tﬁermal imagery to water ecology

studies.
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The REMOTE SENSING CENTER was established by authority of the Board of Directors of
the Texas A&M University System on February 27, 1968 The CENTER is a consortium of four
colleges of the University; Agriculture, Engineering, Geosciences, agnd Science. This unique
organization concentrates on the development and ufilizetion of remote sensing techniques and

technology for a broad range of applications fo the betterment of mankind.






