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Thermal Sensing for Characterizing 
the Contents of Waste 

I Storage Drums 
Temperature differences were found to be sufficient for discriminating 
among drums filled largely with aqueous solutions, organic solutions, 
and clay materials (or empty). 

T HE ULTIMATE OBJECTIVE of this study was to de- 
termine if and how remote sensing can be ap- 

plied to characterize the contents of liquid chemical 
waste storage drums. The development of an op- 
erational remote sensing method for characterizing 
the types of chemicals that will be encountered in 
a particular drum storage area would provide the 
field investigation team with the means for col- 
lecting valuable beforehand information. 

This effort began with the observation by image 

ferences in the thermal inertia of the drum contents 
can lead to detectable differences in the skin tem- 
perature of the drums. Thus, post-sunset, airborne 
thermal remote sensing could potentially provide 
some level of discrimination among chemical 
storage drums. More precisely, discrimination 
should be possible among steel drums filled largely 
with (1) aqueous solvents, (2) organic solvents, or 
(3) clay packing materials. The response of a drum 
filled with clay packing materials should be similar 
to that of an empty drum. 

The objective of the work described here was to 

ABSTRACT: Field tests assessed the feasibility of using thermal remote sensing to 
discriminate among liquid storage drums on the basis of the thermal inertia of 
their contents. Radiometric and contact temperatures of eight 55-gallon steel drums 
were monitored from afternoon to late-night on two occasions. The drums were 
black and white and either empty, hawfilled with water, or completelyfi1led with 
water or acetone. Radiometric measurements were made with a radiometer (8 to 
14 ~ m ) ,  hand-held above the drum top. 

Temperature dijferences were found to be sufficient for discriminating among 
drums filled largely with aqueous solutions, organic solutions, and clay materials 
(or empty). Temperature dgferences could also be used for distinguishing leaking 
drums from full drums containing the same liquid. In either case, temperature 
discrimination is best during overcast periods with rapidly changing air temper- 
ature (post-sunset). 

analysts at the Environmental Protection Agency's 
Environmental Photographic Interpretation Center 
that the tones of several drums in two drum storage 
areas appeared anomalous on airborne thermal im- 
agery. These drums were subsequently found to 
contain quart jars of picric acid packed in vermicu- 
lite (F. Wolle, personal communication). Based on 
these findings, a theoretical analysis of thermal re- 
mote sensing for drum characterization was under- 
taken by Philipson et al. (1981). They found that, 
when the air temperature is changing rapidly, dif- 
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verify the theoretical findings. This was accom- 
plished through controlled ground-level testing 
with experimental drums and a hand-held infrared 
radiometer. 

THEORETICAL BACKGROUND 

Observations of radiometric temperature differ- 
ences among storage drums containing different 
chemicals suggested the hypothesis that the differ- 
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ences were due to differences in the thermal inertia 
of the stored chemicals. This would imply that, 
under the appropriate conditions, discrimination 
among selected types of chemicals could be made 
remotely. 

To test this hypothesis, a simple mathematical 
model was developed to predict the temperature 
response of the storage drums (Philipson et al . ,  
1981). The model was intended only to assess the 
feasibility of using the remotely sensed drum tem- 
perature as an indicator of the drum content. No 
attempt was made to describe the complete heat 
transfer problem; rather, several simplifying as- 
sumptions were made: (1) the drums would be full 
of liquid chemicals (not partially filled), (2) the tem- 
perature of the drum would be the same as that of 
the liquid chemicals and that the liquid would be 
well mixed (uniform temperature), (3) the primary 
heat transfer mechanisms would be radiation and 
conduction (windless conditions), and (4) the driving 
force would be a sinusoidally varying air tempera- 
ture (radiative heating by the sun would be ig- 
nored). 

These assumptions allow an analytical solution to 
the heat transfer equation (Krieth, 1965). At the 
same time, these assumptions should yield conser- 
vative estimates of the actual temperature differ- 
ences that might be encountered. 

The final form of the transfer equation is 

where T = instantaneous drum temperature 
("'7, 

T, = mean air temperature ("C), 
o = frequency of the temperature varia- 

tion (0.20/hr), 
t = time (hours), 
6 = phase difference (lag time) between 

the air temperature and the drum 
temperature, and 

T' = maximum drum temperature ("C). 

Predictions of this model are illustrated in Figure 
1. In general, the temperature of the drums always 
lags the air temperature. Further, the greater the 
thermal inertia of the stored liquid, the greater the 
lag and the smaller the deviation of the drum tem- 
perature from the mean air temperature. The pre- 
dicted temperature difference between drums con- 
taining aqueous solutions and drums containing or- 
ganic solutions arises because water has a greater 
thermal inertia than the organic solvent (Varagaftik, 
1975) and, thus, responds more slowly to tempera- 
ture changes. Although the predicted difference is 
rather small (0.5"C for the range of 5-15"C, Figure 
l), it is within the detection range of existing remote 
thermal imaging systems. 

FIELD STUDY DESIGN 

Having demonstrated the theoretical plausibility 
that the observed drum temperatures could be re- 
lated to the drum contents, a field experiment was 
designed. The temperatures of several 55-gallon 
storage drums were monitored through the cooling 
period from late afternoon to late night to determine 
if the predicted temperature difference would 
occur, if it would be great enough to be detected 
remotely, and if it would be consistent enough to 
be used for distinguishing drums according to their 
contents. 

Drum characteristics other than the drum content 
will also have an effect on the surface temperature 
of a storage drum. The most important of these are 
the surface characteristics (color, roughness, rust, 
and wetness). Because the color of the drums was 
the easiest factor to control and the most likely to 
affect the radiative heating and cooling of the drum 
surface, the drums were paired and painted* either 
black (B) or white (W): black to maximize and white 
to minimize the radiative heating during the day. 

Eight 55-gallon drums were used: two drums (lB, 

* Glidden, latex paint. 
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TRERWL RESPONSE CURVES FOR SBLECTED 
VALUES OF DENSITY AND SPECIFIC HEAP. 

FIG. 1. Theoretical predictions of the 
thermal response of 55-gallon drums filled 
with fluids with different densities (p) and spe- 
cific heats (c). T' represents the amplitude of 
the air temperature variation (+5OC). The 
phase difference between the air temperature 
and the drum temperature is given in radians 
and hours. (after Philipson et al., 1981.) 
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TABLE 1. CONTACT TEMPERATURES OF WATER AND ACETONE FILLED WHITE AND BLACK STEEL DRUMS, 3-4 NOVEMBER 1982 

Contact Temperatures (OC) 

Avg. 
Time 

White Drums Black Drums 

Water Water 
Avg. Air 

Temp (OC) Acetone Full Half Empty Acetone Full Half Empty 

Weather conditions (continue until reported change): 
' cloudy, slight breeze 

cloudy, humid, littletno breeze 
foggy, humid, littlelno breeze 
foggy, light precipitation 

1W) were filled with a typical organic solvent, ace- 
tone; two drums (lB, 1W) were filled with water; 
two drums (lB, 1W) were half filled with water; and 
two drums (lB, 1W) were left empty. Because of 
cost considerations and the emphasis on feasibility, 
test drums were not replicated. Rather, the use of 
paired black and white drums was intended to give 
a representative range of temperatures for each 
case. 

The eight drums were placed in a circle, spaced 
at intervals of approximately three metres. The ar- 
rangement and spacing of the drums was intended 
to keep the drums as close to one another as possible 
(i.e., within the same microclimate), while mini- 
mizing drum interactions. 

An infrared radiometer sensitive in the 8 to 14 
micrometre region (Barnes Precision Radiation 
Thermometer, PRT-5) was used to monitor the ra- 
diometric temperature of the different drums over 
two afternoon-post sunset periods. Measurements 
were made with the radiometer hand-held imme- 
diately above (approximately 0.1 metre), and aimed 
vertically down on, the drum top. The contact tem- 
peratures of the drums and the ambient tempera- 
ture were also monitored with a "Tele-Thermom- 
eter" (Yellow Springs Instrument Co., Inc., model 
42SC). 

RESULTS AND DISCUSSION 

Two field tests were run. In each, the contact 
temperature and radiometric temperature of the 

eight drums and the ambient air temperature were 
monitored from mid-afternoon to late night. These 
data along with the general weather conditions are 
reported in Tables 1 through 4 and Figures 2 
through 4. A complete set of measurements (all 
eight drums and ancillary measurements) took from 
10 to 20 minutes, with each drum being monitored 
sequentially; only the average time is reported. 

TEST #I 
During the first test, 3-4 November 1982, the air 

temperature dropped 5.6"C over the %hour moni- 
toring period (Tables 1 and 2, Figures 2 and 3). 
There was little or no breeze during the study, and 
the weather was overcast or foggy-conditions 
which would suggest that radiative cooling would 
be the dominant mechanism behind any tempera- 
ture differences (matching the model assumptions). 
Data collections was terminated shortly after mid- 
night because of rainfall. 

Figures 2 and 3 illustrate the range of tempera- 
tures of the white and black drums. The black 
drums were generally warmer than the white 
drums, presumably because of more efficient radia- 
tive heating during the day. The temperature dif- 
ference was greatest at the beginning of the moni- 
toring period and decreased with time. The large 
initial temperature difference between the different 
colored drums was probably due to radiative heating 
which, even under overcast skies, would be greatest 
during daylight hours. More significantly, the tem- 



Avg. 
Time 

Radiometric Temperatures (OC) 

White Drums Black Drums 

Water Water 
Avg. Air 

Temp ("C) Acetone Full Half Empty Acetone Full Half Empty 

19.8 19.7 18.9 18.7 18.9 21.4 21.7 21.0 20.2 
19.6 19.8 19.6 19.1 19.0 22.1 22.2 21.4 20.5 
19.2 19.5 19.4 18.9 18.8 21.9 21.8 21.3 20.2 
18.5 18.2 18.5 17.7 17.4 21.4 21.2 20.4 19.2 
17.4 18.0 18.3 17.1 16.5 19.1 19.6 18.4 17.1 
17.2 17.5 18.0 16.6 15.6 18.6 19.1 17.1 16.8 
17.2 18.3 18.5 17.5 17.0 18.7 19.5 18.3 16.9 
17.0 17.5 18.0 17.0 16.4 18.0 19.2 17.9 16.1 
16.6 17.5 18.0 17.0 16.0 18.0 19.3 17.6 16.0 
16.4 17.4 18.0 16.9 16.0 18.0 19.0 17.5 16.0 
16.2 17.3 17.7 16.5 15.8 17.5 18.9 17.4 15.8 
15.3 17.1 17.5 16.3 15.2 16.8 18.6 17.0 15.4 
15.3 16.9 17.5 16.6 15.5 17.2 18.7 17.4 15.8 
15.4 16.2 16.4 15.6 14.8 16.2 17.7 15.9 14.8 
14.8 16.7 17.0 16.3 15.2 16.5 18.1 16.7 15.3 
14.2 15.8 16.5 15.5 14.8 15.6 17.4 16.3 15.0 

Weather conditions (continue until reported change): ' cloudy, slight breeze 
cloudy, humid, littlelno breeze 
foggy, humid, littlelno breeze 
foggy, light precipitation 

TABLE 3. CONTACT TEMPERATURES OF WATER AND ACETONE FILLED WHITE AND BLACK STEEL DRUMS, 

-- 

8-9 NOVEMBER 1982 

Contact Temperatures (OC) - 
White Drums Black Drums 

Water Water 

Acetone Full Half Empty Acetone Full Half Empty 
Avg. Avg. Air 
Time Temp ("C) 

Weather conditions (continue until reported change): ' overcast, breezy 
clearing, breezy 
cloudy, windy 
clearing, windy 
clear, breezy 
clear, littlelno breeze 
increasing clouds, littlelno breeze 
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Avg. 
Time 

- 

Radiometric Temperatures (OC) 

White Drums Black Drums 

Water 
Avg. Air 

Temp ("C) Acetone Full Half Empty 

- 15.0 13.9 14.0 11.5 
- 14.5 14.0 14.0 12.3 

13.9 14.3 13.9 14.0 13.0 
13.6 14.1 13.5 13.4 13.0 
13.2 13.8 13.5 13.4 13.2 
13.1 13.7 12.0 11.6 11.0 
12.2 12.2 11.0 10.0 10.3 
11.2 12.3 10.4 7.3 6.3 
11.3 12.8 11.3 11.0 10.7 
11.1 12.1 11.9 11.4 11.4 
9.2 8.0 8.7 7.5 5.3 
8.1 7.1 6.7 4.9 3.7 
6.9 1.5 3.6 -2.2 -4.3 
6.1 2.5 2.3 -1.7 -3.1 
5.0 -0.3 0.6 -4.4 -5.6 
4.5 - 1.7 -0.4 -4.7 -7.9 
4.9 1.5 3.7 1.0 -4.7 

Water 

Acetone Full Half 

Weather conditions (continue until reported change): ' overcast, breezy 
clearing, breezy 
cloudy, windy 
clearing, windy 
clear, breezy 
clear, littletno breeze ' increasing clouds, littletno breeze 

peratures of the black water-filled and black ace- 
tone-filled drums are most similar at the beginning 
of the monitoring period, as are the temperatures 
of the corresponding white drums. This implies that 

ler-filled drums 
20 - 

18 - 
*C 

I6 - 

the color of the drums is more significant than the 
drum content during the daylight hours. It is prob- 
able that the initial temperatures are due to radia- 
tive heating and are representative of only the drum 
surface. This would be consistent with the rapid 
drop in temperature experienced by all drums be- 
tween 1515 and 1650 hrs (i.e., heat loss from the 
warmer skin layer). 

2 2 

Water-tilled drums 

16 

FIG. 2.  Contact temperatures of 55-gallon storage 14 1 
drums, 3-4 November 1982. The range of values for each 1600 1800 2000 2200 2400 

category is defined by the contact temperature of the black TIME (hours1 

and white drums. The black drums are usually warmer FIG. 3. Radiometric temperatures of 55-gdon drums, 3- 
than the white drums. 4 November 1982. 



-18- not all filled to the same level (or completely 
empty). Alternatively, if one were not concerned 

14 about the spec& contents of the drums but knew 
that the drums should be full or nearly full with the 
same liquid chemical, one might rely on tempera- 
ture difference to detect the presence of leaking 

I2 
drums. 

Two positive results are apparent in Figures 2 and 
3 that were not apparent from the theoretical de- 

10 velopment: (1) the optimal temperature difference 
for drums differing only in their contents was often 
greater than 1°C-substantially greater than the 

( I  conservative prediction, and (2) this temperature 
difference was maintained for several hours. Dis- 
crimination among the drums according to their 

c contents would have been possible on this night for 
a rather long period of time. 

atrr-tullcd drums 

4 
TEST #2 

The second test, conducted on 8-9 November 
1982, provides a striking contrast to the first. The 

2 drop in the air temperature (approximately 10°C in 
10 hrs.) is nearly double that during the first tests 
(Tables 3 and 4, Figure 4). Had conditions been 

o otherwise similar to the first test, the large change 
in temperature would probably have enhanced the 
discrimination among these drums; however, cloud 

Acetone- tilled dr 

-2 
cover varied widely over the study period. Condi- 
tions ranged from completely overcast at the begin- 
ning of the experiment to very clear for about four 
hours and returning to very cloudy at the end of the 

-4 experiment. Because the emissivity of the air can 
range from about 0.7 under clear skies to almost 1.0 
for overcast skies, one would expect a net radiative 

-6 loss from painted drums (emissivity - 0.9) under 
clear skies and a net gain with overcast conditions. 
Notably, it is during the period of clear skies that 

- 8 the drums were cooled and their surface tempera- 
tures dropped well below the air temperature for 
most of the evening. As a result, not only were the 

TIME (hours1 water-filled and acetone-filled drums d s c u l t  to dis- 
FIG. 4. Radiometric temperatures of 55-gallon drums, 8- criminate, but the acetone-filled drums were 
9 November 1982. slightly warmer than the water-filled drums for al- 

most half of the test period. 
It is probable that the observed drum tempera- 

At dusk, after the rapid cooling period, the tem- tures were largely due to radiative cooling. This 
perature ranges are smaller for each pair (B and W) would account for the similar temperatures during 
of drums. Moreover, the temperature ranges for most of the study period. It would also be consistent 
each of the three pairs shown in Figure 3 are dis- with the relatively sudden increase in drum tem- 
tinct: The water-filled drums are the warmest peratures and the distinct difference in tempera- 
(slowest to cool), the acetone-filled drums are dis- tures between the acetone-filled and water-filled 
tinctly cooler, and the empty drums are both the drums when the clouds returned after midnight. 
coldest and the most similar to the air temperature. When the emissivity of the air became more similar 
As expected, the half-filled water drums (not shown) to that of the painted drum surface (under clouds), 
had temperatures midway between the water-filled radiative loss from the drum was reduced, and the 
and the empty drums. This is precisely what one surface temperatures of the drums began to ap- 
would predict if the liquid in the drum is indeed proach the ambient air temperature, driven by the 
moderating the drum temperature; however, it is internal temperatures of their contents. 
also indicative of the difficulties that will arise in The temperature response of the empty drums 
discriminating among the storage drums if they are was greater than the response of any of the other 
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drums for the entire test period. This is reasonable 
because there was nothing to moderate the tem- 
perature change. As with the earlier test, the tem- 
peratures of the half-filled drums usually fell 
midway between the water-filled and the empty 
drums. 

Based on the results of a theoretical study and 
two field tests, the feasibility of using thermal re- 
mote sensing to discriminate liquid chemical storage 
drums on the basis of their contents has been dem- 

I onstrated. Under the proper conditions-post- 
sunset observations, rapid change in air tempera- 
ture, and overcast skies-the temperature differ- 
ences among drums filled largely with (1) aqueous 
solutions, (2) organic solutions, and (3) clay materials 
(or empty) will be significant and consistent. The 
thermal response of a drum partially filled with an 
aqueous solution can be expected to be similar to a 
drum filled with an organic solution. Alternatively, 
if one were not concerned about the specific con- 
tents of the drums but knew that the drums should 
be full or nearly full with the same liquid chemical, 
one could rely on temperature differences to detect 
the presence of leaking drums. 

Factors other than drum contents contribute to 
the temperature response of the drum: drum ori- 
entation (upright, tilted, lying down), surface con- 
dition (roughness, rust, color, wetness), and factors 

affecting drum interactions (isolated, close-packed, 
or stacked drums). Only one factor, color, was taken 
into account in these field tests. The results indi- 
cated that, under the conditions cited above, the 
temperature differences due to the drum contents 
were generally greater than the differences due to 
the drum color. 
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Vision Laboratory, through the EPA'S Environmental 
Photographic Interpretation Center. 
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CALL FOR PAPERS 

The First Atlantic Canada Symposium on 
Remote Sensing and Geographic Information Systems 

Lawrencetown, Nova Scotia, Canada 
16-1 7 August 1985 

Through this two-day forum-sponsored by the Maritime Remote Sensing Committee and the Nova 
Scotia Land Survey Institute-scientists, engineers, managers, planners, technologists, and students can 
gather to exchange ideas, techniques, and methods used in project work, to help resolve research, de- 
velopment, and operational problems, and to present new challenges. Technical session papers, poster 
papers, and exhibits are to include a variety of disciplines such as forestry, ice, geology, land use, water 
resources, agriculture, oceans, engineering, etc. A special invitation is made to university, college, and 
technical students to provide them an audience for their work. Posters will be on display for the duration 
of the Symposium. Papers are to be 2- to 3-page summaries. Camera-ready papers are to be included with 
abstracts in the Symposium Proceedings. 

Those who wish to present papers should submit abstracts by 15 April 1985 to 

Nova Scotia Land Survey Institute 
P.O. Box 10 
Lawrencetown, Annapolis County, Nova Scotia BOS 1MO 
Canada 
Tele. (902) 584-2226 


