
NSF GA-32589X I

CHARACTERISTICS OF CARBON BLACK

DUST AS A LARGE-SCALE

TROPOSPHERIC HEAT SOURCE

BY

WILLIAM M. FRANK

PROJECT LEADER: WILLIAM M. GRAY

Atmospheric Science
PAPER NO.

195

DEPARTMENT OF ATMOSPHERIC SCIENCE
COLORADO STATE UNIVERSITY
FORT COLLINS, COLORADO



CHARACTERISTICS OF CARBON BLACK DUST AS A

LARGE-SCALE TROPOSPHERIC HEAT SOURCE

by

William M. Frank

Preparation of this report

has been financially supported by

the National Science Foundation

Principal Investigator: William M. Gray

Department of Atmospheric Science

Colorado State University

Fort Collins, Colorado

January 1973

Atmospheric Science Paper No. 195



ABSTRACT

This paper evaluates the radiation properties of clouds consisting

of carbon black particles in aerosol form spread artificially in the

atmosphere to absorb solar radiation and hence to create an atmo-

spheric heat source for possible large-scale weather modification.

Properties of carbon black are discussed. A method for estimating

absorption of solar radiation by clouds developed by Korb and Moller

(1962) is applied to study solar absorption and scattering of carbon

black dust clouds. The very high energy gain to weight and cost is

discussed. The economics of dispersal is also touched on.
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I. INTRODUCTION

The potential use of carbon black dust as an atmospheric heat

source has been known for years. The amount of solar energy which

can be absorbed by carbon black and transmitted to the air in one day

is about 6000 times greater than the amount of heat obtainable by

burning a similar mass of coal, making carbon an attractive energy

source for weather modification. To date, research on this subject

has been concerned primarily with fog and natural cloud dissipation by

using large carbon dust concentrations in relatively small areas to

evaporate clouds (Downie and Smith 1958, Fenn and Oser 1962, Fenn

1964, Smith et al. 1959, VanStraten et ale 1958, Wexler 1958). The

application of this approach has been limited by the large amounts of

heat required to evaporate meaningful amounts of moisture and the

reduced solar radiation available inside the cloud. Such problems

are to be expected when attempting weather modification through

"brute force" techniques, where one operates directly against the

very high energy levels needed for evaporation (i. e., 600 call gram).

This paper is concerned with the potential use of carbon black as

a clear air heat source by spreading particles over a large area in

order to trigger beneficial mesoscale or synoptic scale flow changes.

The radiation properties of carbon clouds of large horizontal extent

compared to their vertical depth are studied incorporating the effects

of water vapor and planetary surface albedo. Quantitative results are

obtained for several cloud models.
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Previous Carbon Black Experiments. Several experiments using

carbon black as a heat source to dissipate fog and small cumulus

clouds and to form small clouds in clear air have been performed.

A) The Naval Research Laboratory (1958) seeded 8 cumulus clouds

with 1-1/2 lbs to 6lbs of carbon black in July, 1958. All of the clouds

dissipated to some extent, but observation and instrumentation capa-

bilities were insufficient to establish a definite causal relationship.

In addition, clear air at the approximate level of existing cumulus

cloud bases was seeded on 5 runs during the same series of tests.

Small clouds were observed to form in all cases. Once again it was

impossible to establish definite causal relationships. The overall

feeling of the test group was that the carbon black did seem to help

dissipate existing clouds and form small ones in clear air but the na-

tural variability of cumulus clouds and the inadequacy of monitoring

techniques prohibited any conclusive results.

Laboratory tests by the Naval Research Laboratory in 1958 showed

that carbon black did increase dissipation rates of artificially created

fogs in cloud chambers which were subjected to heat lamps. How-

ever, neither the dissipation mechanism nor the radiative properties

of carbon black were quantitatively well established.

B) The Geophysics Research Directorate ma~e 18 runs seeding

small clouds and clear air in October, 1958-April, 1959. Carbon

amounts from 1-1/2 lbs to 5lbs per mission were used. Observed re-

sults were less successful than those observed earlier by the Naval
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Research Laboratory. A few clouds dissipated# but others did not.

Clear air seeding produced no obvious results although a few small

clouds occasionally formed in the test areas. The test personnel con-

eluded that no definite effects of carbon black on clouds could be sub-

stantiated through the test results.

In general# these early experiments with carbon black suffered

from three major shortcomings. The existing knowledge of the radia-

tive properties of carbon black was entirely inadequate to provide

realistic estimates of the energy processes occurring in the atmosphere.

The amounts of carbon used were much too small. Small scale at-

mospheric circulation effects could easily dissipate any heat absorb-

ed and overpower the effects of the heat accumulation. Finally#

adequate observation and instrumentation capabilities to enable con-

clusive analysis of field test results were not available. Neverthe-

less# g seems unlikely that all of the observed results can be attributed-- -- -- ----- ---- -- - -----
to natural causes. These and other early efforts have supplied data

for planning future experiments using carbon black for weather modi-

fication.



II. RADIATIVE PROPERTIES OF CARBON BLACK DUST IN

THE ATMOSPHERE

Carbon Black. Carbon black dust consists of fine spherical parti-

cles composed of 95-99% pure carbon, the remainder being made up

of volatile materials. It is formed by the controlled incomplete com-

bustion of fossil fuels (usually natural gas) according to a variety of

processes depending upon the size and purity of the particles desired.

Carbon black is commercially available in sizes from. 011J. to .251J.

in diameter. The uniformity of size of any class of particles is gen-

erally good. Most carbon blacks can be obtained in quantity for about

$.07 per pound. They are used presently as a coloring pigment and

as a rubber reinforcing agent for auto tires (Cabot, Inc., 1949).

The density of the carbon particles is about 2.0 g/ cm3 while the

packing densities of the larger particles range from about 0.3 to 0.6

g/ cm 3• Small particles tend to clump together during packing and

storage forming irregularly shaped particles about an order of mag-

nitude larger in diameter than the original particies. It is felt that

this problem can be overcome using present technology and that the

particles can be dispersed discretely into the atmosphere. Once the

particles have been so dispersed, later agglomeration in the air is

negligible due to the relatively small particle sizes and low particle

concentrations that are proposed for use. The high radiation absorp-

tivity, and low heat capacity (about. 125 cal/gOC) of carbon black

make it an ideal agent for interception of solar radiation and transfer

4
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of this heat to the surroundings by conduction. These properties are

discussed in more detail later.

Radiation Characteristics of Carbon Black. The absorption (o-A)'

scattering «(JS) and extinction «(JE) cross sections of spherical carbon

particles (complex refractive index 1.59 -.66 i) were computed by

Fenn (1962, 1964) according to Mie scattering theory. These coeffi-

cients are defined as the ratios between the equivalent areas with

which particles absorb. scatter. and extinct light and the actual geo-

metric cross section. They are functions of the refractive index of

carbon, particle size and the wave length of the affected light. The

coefficients are related as shown in equation (1).

(JE = (JA + (JS = extinction cross section (1)

Values of these cross sections for carbon black particles are plot-

27rr- -x.- in figure 1. Note

that the absorption cross section is considerably larger than one for

values of a larger than one. Carbon black is commercially avail-

able, and the particles so obtained are virtually all spherical and of

relatively uniform size and composition. The relevance of the Mie

scattering theory to light interference by carbon particles therefore

seems to be reasonable. The practical problems of distributing small

carbon particles in an aerosol are discussed later. They have been

considered in general form and are not felt to be of major proportions.
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Figure 1. Extinction (u
E

), absorption (uA), and scattering (uS)

cross sections of spherical carbon particles as functions

of size parameter (a ).

Characteristics of the Carbon Cloud. For this study each carbon

dust cloud was assumed to be composed of uniform carbon particles.

The clouds are of large horizontal extent compared to their thickness,

and each cloud or cloud layer was assumed to be homogeneous. Water

vapor contents of the clouds were assigned according to standard at-

mospheric concentrations depending upon cloud height. All water

vapor was assumed to be uncondensed.

The above assumptions were made for convenience of computation.

Real situation variations from these assumed values are not felt to be

large enough to appreciably alter the results to be shown. Any of the
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assumptions can be varied to meet individual case refinement as

desired.

Determination of Optimum Particle Size. For economic reasons

it is desirable to maximize the amount of radiation absorbed by the

carbon particles per unit mass. To do this the optimum particle size

must be determined. Since the cloud is of relatively large horizontal

extent compared to its height. much of the forward scattered incident

radiation will be absorbed due to increased optical path length. Hence.

we wish to maximize the extinction coefficient of the cloud per unit

mass. rather than the absorption coefficient.

The extinction coefficient of a cloud is given by:

2
= N. 1Tr • (J

E (2)

where N = number of particles per cm 3

r = radius of particles

= extinction cross section (a function of a as deter-
mined from Mie scattering theory).

Let the volume of a single carbon particle = VP = ~ 1T r;

Let the total mass of carbon particles = M = V P
c T c

where Pc = density of carbon black (""2 gm/ cm 3)

VT = total volume of particles

N =
Pc

(3)
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3 Mc 1
KE = "4 Pc r aE •

(4)

27T r
The size parameter (a ) is defined: a - ~

length of radiation. Hence

aX.r = and2n-

For a given mass of carbon per unit volume:

where X. is the wave-

(5)

(6)

37T Mc
= constant.

2 Pc X.

Hence:

K =
O"E

(const. ),. (7)E a

is plotted in figure 2. The maximum value of from this

graph will give us maximum value of KE for any given mass per unit

volume. Solving graphically KE is a maximum at approximately

a = 1. O.

Although sunlight has an intensity peak at X. = • 5f.1 • to maximize

the extinction across the entire solar spectrum we shall use the median

value of solar wave length which is approximately: r- ~. 72f.1. This

gives an optimum radius of:



r =

9

= (1.0) (X-)
21T

(8)

r = .11 micron (~).

For simplicity we shall us e particles of r = • 11-1 for the remainder of

this study. Note from the gradual slope of the O"E curve in figure 2
a

that light extinction per unit mass of carbon is not highly sensitive to

particle size changes. Size quality control should not be ~ crucial

problem.

3.0 EXTINCTION CROSS SECTION

OF CARBON PARTICLES

LO

a = 21Tr
A

Figure 2.

L5 2.0 2.5
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Division of the Solar Spectrum. To average the general trans-

mission function, the solar spectrum must be divided into finite bands,

and average values of the extinction coefficient and optical depth must

be determined for each band. These parameters vary rather smoothly

with changing wave length. However, water vapor absorption is quite

irregular with respect to wave length. It is therefore desirable to

choose bands such that each of the absorption bands of water vapor

coincide with one of the defined spectral bands. In the spectral bands

with no water vapor absorption, water vapor absorption will be zero,

and in the bands which coincide with water vapor bands, average values

may be determined. (The solar constant value used is 1. 95 ly/min.)

The spectral divisions used, the water vapor absorption bands, and

the sqlar irradiance (radiant flux incident on a unit area) of each band

at the top of the atmosphere are shown in Table 1. Also shown are the

values of the absorption (0' ), scattering (0' ), and extinction (O'E) crossa s

sections and the absorption quantity (KA). Absorption quantity is de-

fined as the ratio of the absorbed light to absorbed plus scattered light

as shown in equation (7).

KA = absorptipn c%efficient + P WKW (9)o car on
extincti0f; cotfficient + PWKWo car on

where '

Pw = density water vapor

I\v = absorption coefficient of water vapor,
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TABLE 1

DIVISION OF SOLAR SPECTRUM

Incidient AbsorptionWavelength Water Solar Energy Abs. Scatt. Ext. QuantityBand (ll.:\) Vapor ca1 KARegion (microns) Band cm2min °A Os °E

1 .28 - .42 .220 1.55 1.03 2.58 .60
2 .42 - .50 .232 1.50 .78 2.28 .66

3 .50 - .60 .270 1.42 .60 2.02 .70
4 .60 - .70 .228 1.30 .44 1.74 .75
5 .70 - .74 (.72~) .077 1.20 .33 1.53 .79
6 .74 - .79 .089 1.15 .27 1.42 .81
7 .79 - .84 .8~ .075 1.08 .22 1.30 .84
8 .84 - .86 .030 1.03 .20 1.23 .84
9 .86 - .98 •94~ .143 .95 .15 1.10 .89

,
10 .98 - 1.05 .069 .87 .10 .97 .90

11 1.05 - 1.22 1.13~ .138 .77 .07 .84 .92
12 1.22 - 1.61 1.40~ .181 .62 .02 .64 .98
13 1.61 - 2.10 1.87~ .099 .46 0 .46 1.00
14 2.10 - 2.20 .013 .38 0 .38 1.00

15 2.20 - 3.00 2.7~ .052 .31 0 .31 1.00
16 3.00 - 3.80 3.2~ .020 .22 0 .22 1.00
17 3.80 - 4.50 .008 .19 0 .19 1.00
18 4.50 - 10.00 6.3~ .012 .14 0 .14 1.00

Total: 1.95

Median: 1.20 .33 1.53
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Method for Solving the Equation of Radiative Transfer Through a

Cloud. A method developed by Korb and Moller (1962) was used to

solve the general equation of radiative transfer through a cloud (as

developed by Chandrasekhar, 1960). The radiation field was broken

up into 2 + 27T fluxes; one directed upward, one downward, and 27T

fluxes in the horizontal plane. This breaks the general transfer equa-

tion down into a series of linear differential equations which give

absorption, transmission, and reflection of radiation as percentages

of total incident radiation. These equations are shown in appendix I

for the cases where surface albedo is zero and where surface albedo

is non zero.

The absorption, reflection, and transmission were determined for

each given zenith angle and optical depth for a narrow spectral band,

and the results were summed for all spectral bands to give total values

for given zenith angle and optical depth. Nine zenith angles from 00 to

800 at 100 intervals were chosen. For simplicity, calculations of

daily absorption assumed a 12 hour day with the sun directly overhead

at noon. The total absorption and transmission per day for each opti-

cal depth was obtained by time averaging the values over the 10 hour

40 minute period with zenith angles less than 800 in computation steps

of 100 zenith angle change (40 minutes). Water vapor absorption with-

in the cloud was also included in the computations.

The above radiation model was run assuming no surface reflection

and also for various surface albedos by introducing an upward diffuse
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radiation field using mean values of the scattering function components.

Intensity of the upward scattered field varied with albedo and the amount

of light initially transmitted through the cloud.

Solar irradiances at the top of each cloud were reduced using cal-

culations by Dave and Furukawa (1966) to account for ozone (03) ab-

sorption and molecular scattering above 11km. Molecular scattering

within the cloud was not considered. Absorption by molecular oxygen

(02) and carbon dioxide (C02) is insignificant for the purposes of these

calculations and was not taken into account. Effects of natural tropo-

spheric aerosols were not considered in these calculationsl but they

are discussed later.

For each cloud configuration studiedl the total absorption of solar

radiation by carbon and water vapor was calculated. The absorption

of the equivalent volume at the same altitude due to water vapor alone

was then calculated. It was assumed that water vapor in the air around

the test cloud would absorb radiation at the rate of the carbon-free air.

Since the evaluation of carbon black as a heat source was the object of

the studYI the net effectiveness of the carbon is the difference between

the total solar radiation absorbed by the carbon cloud and the radiation

that would be absorbed without the carbon cloud. It was expected that
I

the carbon and water vapor cloud together would absorb less than the

sum of the absorptions of a carbon only cloud and a water vapor only

cloud due to the redundancy of the absorption characteristics of the

two substances at longer wave lengths. This proved to be the case,

but the loss in efficiency was very small.



III. RESULTS

Absorption in the Tropical Atmosphere. It is felt that the tropical

atmosphere presents the best opportunities for beneficial large scale

weather modification. Particular interest is centered on carbon

black dust seeding into the tropical boundary layer (1013 mb-950 mb).

Absorptions were first computed for clouds containing 4.0 cm and

5.0 cm of precipitable water vapor-(ppw)-(but no carbon) to simulate

clear air absorption in the tropical atmosphere. These are the a-

mounts of water vapor found above 950mb and 1013mb respectively

in a mean tropical cloud cluster. The amounts of solar radiation ab-

sorbed per day in clear tropical conditions are shown in Table 2. It

is noteworthy that the 5.0 cm ppw atmosphere absorbs only about 5%

more radiation per day than does the 4.0 cm ppw atmosphere. This

also indicates that 95%of the solar radiation absorbed daily by the

5.0 cm ppw atmosphere is absorbed by the portion of that atmosphere

containing the uppermost 4.0 cm. Since so little solar radiation

(about 9lyJday) is absorbed by the lowest 1cm of ppw, no significant

redundancy in absorption by water vapor and carbon would occur in a

carbon dust cloud dispersed between 1013mb and 950mb in the tropics.

Therefore, such a carbon dust cloud can be treated as a dry cloud to

a reasonably high degree of accuracy.

Calculations of absorption by a dry carbon cloud in the tropical

boundary layer (1013-950 mb) were made using the reduced values of

solar energy incident at the 950mb level to approximate the effects

14
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TABLE 2

SHORT WAVE ABSORPTION BY CLEAN AIR TROPICAL
ATMOSPHERE

em precipitable water

Absorption:
(ly/day)

4.00

153

TABLE 3

5.03

162

SHORT WAVE ABSORPTION BY CARBON DUST CLOUDS OF
VARIOUS CONCENTRATIONS IN THE TROPICAL BOUNDARY

LAYER (1013-950 mb)

Percent Area 0 9% 18% 26% 35% 53% 70%Coverage:

Concentration 0 5,000 10,000 15,000 20,000 30,000 40,000(particles/cm3) :

Net Absorption: 0 111 198 268 325 412 473by Carbon (ly/day)
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of water vapor, ozone, and molecular scattering. A surface albedo

of 10%was assumed. Results are shown in Table 3, and net absorp-

tion as a function of carbon concentration is shown in figure 3. An

increasing loss of efficiency of absorption per unit mass occurs at

increasing densities as progressively less solar radiation penetrates

to the lower levels of carbon, especially at high zenith angles. There-

fore, from an economic point of view it is desirable to cover large

areas with low concentrations if the magnitude of heat gain to carbon

dust expended are to be maximized. A carbon particle concentration

of 10, 000 particles / cm3 represents 18%horizontal area coverage for

this cloud model. This would require only 45kg of carbon black dust

per square kilometer of horizontal cloud area.

Absorption by Carbon Dust in the Mid-Latitude Standard Atmosphere.

Computations of daily absorption were made for a cloud extending from

sea level to 11km containing 2.8 cm ppw, the approximate mid-latitude

standard atmospheric water vapor content, and carbon particle con-

centrations from zero to 2000particles/ cm3• It was assumed that

such a cloud model might be used to intensify existing broadscale cir-

culations. Total absorptions and net usable absorptions (total ab-

sorption minus natural clear air water vapor absorption) per day are

shown in Table 4. These absorptions are plotted as functions of cloud

density in figure 4. Absorption in langleys per minute rates are plotted

as a function of zenith angle for each particle concentration in figure

5. This shows the relative effects of decreasing incident solar
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NET ABSORPTION BY DRY CARBON CLOUD.
TROPICAL ATMOSPHERE

CLOUD HEIGHT= 0-550m (I013-950mbl

0 5 10 15 20 25 30 35 40
CARBON PARTICLES Iem3

I

0 10 20 30 40 50 60 70
PERCENT AREA COVERAGE

Figure 3.

radiation and increasing optical path length with zenith angle change.

It can readily be seen that when dealing with large concentrations of

carbon dust, efficiency is considerably lower at zenith angles greater

than 600
, which comprises roughly a third of the 12 hour day. Opera-

tions requiring large concentrations of carbon black for intense local

heating would be most economical during the mid-day hours, while

those requiring only moderate concentrations (N < 500particles/ cm3)

would be efficient throughout the entire solar day.

Influence of Water Vapor Absorption. To obtain an estimate of the

magnitude of the efficiency loss due to the redundant absorption tend-

encies of carbon and water vapor at higher wave lengths, absorption
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TABLE 4

ABSORPTION BY CARBON DUST CLOUD

Cloud Depth 0-11km
Area Coverage
Partic1es/cm3

Total
Absorbed
by Cloud

Absorbed by
Water Vapor
in Clear Air

Net Usable
Absorbed

0%
o

134 1y

134 1y

o

9%
250

247 1y

134 1y

113 1y

18%
500

337 1y

134 1y

203 1y

26%
750

409 ly

134 1y

275 1y

35%
1000

469 1y

134 ly

335 ly

53%
1500

561 1y

13411y

427 1y

70%
2000

627 1y

134 1y

493 1y

N partic1es/cm3

C = % area Coverage of Carbon

by carbon cloud with no water vapor-net usable absorbed)

1y lost by
competing
with water
vapor

(absorption

o 10 1y 20 1y 30 1y 37 ly 50 ly 61 ly

800 ABSORPTION OF SOLAR RADIATION BY CARBON PARTICLES
CLOUD HEIGHT = 0 -II Km

ALBEDO = 0

~
600

~
z 4000
i=
Q..

~
UJ
CD
ct 200

TOTAL ABSORPTION
(Carbon alld __ ..,..,1
NET USABLE AISORPTION

(Total Ails. - AIIlI.of CIM,
Surround"" Air I

0 400 800 1200 1600 2000
•CAR8~ PAR-r:ICLES ~ Crra3

0 10 20 30 40 50 60 70
PERCENT AREA COVERAGE

Figure 4.
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1.4 ABSORPTION vs ZENITH ANGLE

CLOUD HEIGHT = 0 -II Km

ALBEDO = 0
N=2000 (70% coverage)

N= 0 (water vapor only)

8020 40 60
ZENITH ANGLE (deg.)

Figure 5.

o

.2

1.0

1.2

.4

zo
t-o..a::o
~ N= 250 (9% coveraoe)
<{

values of a 0-11 km carbon cloud were calculated assuming water vapor

content to be zero. The results are plotted in figure 6 along with the

total and net usable absorption potential for the mid-latitude model.

The absorption loss increases with particle concentration. and the

ratio of lost absorption to net usable absorption increases slightly. The
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EFFECT OF WATER VAPOR ON NET ABSORPTION
OF SOLAR RADIATION BY CARBON CLOUD

CLOUD HEIGHT = 0-11 Km
ALBEDO = 0

TOTAL ABSORPTION
(Carbon and Water Vapor)

DRY ABSORPTION (Carbon Only)

NET USABLE ABSORPTION
(Totol AbI. - Abs. of Clear

SurrClUtldill9Air)

lost absorption ranges from 0% to about 12%of net usable absorption

for the densities tested.

Heating of Air by Carbon. It is necessary to develop the heat bud-

get of carbon particles in air to show that virtually all of the solar

radiation absorbed is used to heat the air. Consider the case of a car-

bon cloud in the tropical boundary layer (1013-950 mb) with a carbon

particle concentration of N = 5000 particles/ cm 3 (9% area coverage).

Assume a mean molecular weight of air of M = 29 g/mole and a mean
o . 0

layer temperature of T = 22 C (295 K). The net absorption by theo

carbon in the layer determined from Table 3 is 111ly/640 min. The

total carbon mass in a cloud column of 550 m with a cross section of

1 2.cm 1S:
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Mass . =(N per Volume) (Volume column) (Volume particle)carbon
(p carbon) (10)

-3 4 3 4 -15 3 3Mass = (5000 cm ) (5. 5 x 10 cm ) (-3 1T x 10 cm )(2.0g/cm )carbon

-6
Mass carbon = 2.4 x 10 g

= energy absorbed per unit time

D.h
Dot

111 cal= ------......-----(2~4 x 10-0 g) (640 min) = 7. 2 x 104 call g min

D.h
Dot = Ccarbon

DoT
Dot (11)

where C b = specific heat carboncar on

Ccarbon
.125 cal

= ----OK g

47.2xl0 cal
g min

.125 cal DoT
= ----OKg Dot

DoT
Dot = 5.8 x 105 °K/min = rate of temperature increase of particles

if no heat were removed.

Since the rate of heat accumulation by the carbon particles is so

large, it is reasonable to assume that the particles quickly reach

equilibrium with respect to heat transfer with their environments.

The equilibrium heat budget of a single carbon particle can be

written:
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ABS = E + Ro 0
(12)

where ABS = mean rate of energy absorption per unit surface
area of carbon particles

E
o

R
o

= rate of heat conduction from particles to air per
unit surface area

= radiation emitted by a carbon particle per unit
surface area.

Particle Geometry Considerations:

2 -9 2Surface area (1 particle) = 41T r = 1. 26x 10 cm

This cloud model has N = 5000 particles/cm3 and,
4z = 5.5x10 cm

2Number particles per 1cm area of a cloud of 550m depth
is,

N. h = 2.75x108particles.

2Surface Area of particles in this 1cm area cloud column
is:

2 2Total Surface Area b = N. h' 41T r =.35 cmcar on

Ab t" . 1 lIllysorp Ion In co umn = 4
3.8x10 sec

-3 /= 2. 9 x 10 ly s ec

ABS
-3= 2.9x10 cal/sec

2.35 cm

-3 2= 8.3x10 cal/cm sec,
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Because the surface area to mass of the particles is so large, the rate

of heat transfer per unit surface area is very small.

Conductive Energy Transfer From Particles:

E = conductive energy transfer. This can be written (Dushman,
o

1949),

E = v. 2K • a (T - T )o s 0
(13)

where
2

v = number of air molecules striking one em surface
carbon per second

-23 0K = 1.38 x 10 joules/ K (Boltzmann's constant)

a = accommodation coefficient of carbon black

T = temperature of surface of carbon particless
T = ambient temperature (2950K).

o

From Dushman's (1949) analysis of the rate at which molecules strike

a surface:

v =
(3.5xl022)(p )

mm
(MT )1/2

o

(14)

where P = 710mm = atmospheric pressure in mm of Hmm g
M = mol. wt. air = 29g/mole

T = 2950K
o

2.5xl025v = 93
23 2= 2. 7x 10 molecules/em see

EO = (2.7 x 10
23

/cm2sec) (2) (1.38 x 10-23joules/oK)

( 4~2 calfjoule) (a )(T s - 295oK) (15)
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E = (1.8)a (T -2950K)cal/cm2sec.o s (16)

The accomodation coefficient (a ) of carbon black in air should

closely approximate that of a blackened plate, as published in Dushman

(1949). Therefore, it is reasonable to assume that the approximate

value of a will be: 0.9 < a < 1.0.

Treating the carbon particles as gray body absorbers and emiters,

the long wave energy radiated by the carbon particles may be expre ss-

ed:

R = Ecr T 4o s (17)

where E = emissivity of carbon particles -12 20
cr = Stefan Boltzmann Constant = 1. 35x 10 cal/cm Ksec.

The wavelength of maximum emission (X. ) can be computed fromm

Wien's displacement law:

X.
m (18)

Assuming that T does not differ greatly from T ,the approx-s 0

imate value of X.m is:

X.
m = 9.8 f-l.
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By definition, the absorption cross section (0'A) of carbon particles

equals the absorptivity of the particles. For values of 0'A less than

I, the absorption cross section approximately equals the emissivity

(E). The mean absorption cross section (0'ABS) is the value of the

absorption cross section corresponding to A = 9.8 fJ. and can bem

determined from figure 1:

E = 0'ABS

-12 2 0 4R = (.05) (1. 35x 10 call cm sec K)( T )
o s

-14= (6.8xl0 cal
2 0 4cm sec K

) T 4s .

The energy budget of the carbon particles in terms of particle surface

area can now be written:

ABS = E + Ro 0

-3 28.3xl0 callcm sec =

where 0.9< a < 1. O.

o 0 2(1. 8) (a ) (T - 295 K) Kcall cm sec +s
-14 2 0 4 4(6.8xl0 calJcm sec K) (T ) (19)s

At the initial state of carbon dispersal (T = T = 2950K):s 0
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E = 0o

R
o

-14 4 2 -3
= (6.8x10 )(295) cal/cm sec=.52x10

2
call cm sec.

At equilibrium R is relatively unchanged from its initial state value.
o

Therefore, T can be estimated from equation (19) as
s

T = (T + 4.8 x 10-3)oK
s 0

= 295.005 oK

E -3 I 2
= 7. 8 x lOcal cm sec

0

R -3 I 2
= .52 x 10 cal cm see

0

and E
0 ""= 15.

R
0

It is clear that most of the heat absorbed by the carbon is conduct-

ed to the air (94%), while only 6% is emitted as longwave radiation.

At higher altitudes higher carbon dust absorption efficienees and lower
E

ambient air temperatures result in still larger ratios of RO
• There-

o
fore, it is reasonable to assume that most of the solar radiation ab-

sorb~d by carbon black ~ transferred to the surrounding air ~s heat.

In addition, much of the longwave radiation emitted by the carbon par-

ticles will be reabsorbed by other carbon particles and by water vapor

within the dust cloud, especially for moist clouds in the tropical
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boundary layer model discussed above. To fully account for all this

reabsorption, the long wave radiant flux divergence of the entire cloud

must be calculated.

Long Wave Radiation Loss. To develop a complete heat budget of

a carbon black cloud, it is necessary to consider the loss of absorbed

radiation due to vertical long wave radiant flux divergence. Korb and

Moller (1962) calculated values of long wave flux divergence of various

carbon clouds for a 24 hour day. They considered CO2 and water

vapor to be selective absorbers and the carbon particles to be gray

absorbers. Standard mid-latitude atmospheric values of water vapor

concentrations (figure 7) were used. Results are shown in Table 5.

The difference between flux loss from a cloud consisting of carbon,

water vapor and CO2 and a similarly dimensional cloud consisting only

of water vapor and CO2 represents the loss of effective heating by the

carbon black. In the most extreme case, the 1-6 K cloud with a car-m

bon concentration of 1xl04 particles per cm3, the effective loss is

only 10.3 ly which represents only about 1-2% of the total solar ra-

diation absorbed in one day.by such a cloud. At very high altitudes

(the 10-11 K cloud) there is a slight relative gain of long wave ra-m

diation by the cloud. Thus, long wave flux should not have a significant

effect on the net radiative energy gain of carbon seeded air. It is

assumed, therefore, that virtually all radiation absorbed by the cloud

will be directly converted into heat within the absorption layer.
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Figure 7.
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Influence of Surface Albedo. The effects of varying surface albedo

upon total daily absorption were taken into account by applying the

upward diffuse radiation field described earlier to the mid-latitude

cloud model. The effects are the same for the tropical boundary lay-

er cloud. Computations were made for surface albedo values (A )s

of 0%, 10%, 20%, 30% and 50%. Total and net usable absorption

values are shown in Table 6, gains in absorption due to surface albedo

are shown in Table 7, and the net absorption values are plotted as

functions of particle concentration in figure 8. The increase in net

absorption due to surface albedo is greatest between concentrations
. 3

of about 500 and 1500 particles/cm peaking at about 1000 particles/
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NET ABSORPTION FOR VARIOUS SURFACE ALBEDOS

CLOUO HEIGHT = 0-11 Km
500

400

100

o
I

o
I

10

500

I

20

1000 1500
CARBON PARTICLES /cm3

I I I

30 40 50
PERCENT AREA COVERAGE

Figure 8.

I

60

2000

I

70

3cm (35%area coverage). It decreases with higher concentrations due

to greater initial interception of light and hence lower reflected values.

Even with a 50%surface albedo increase net absorption is changed

by only 15% or less. Therefore. although the effec1s upon absorption

are not negligible. they are low enough to be safely neglected in many

situations without greatly affecting results.

Absorption Distribution in the Vertical. For application of this

study to actual operations. it is necessary to know how the absorbed

radiation is distributed vertically through the cloud. To obtain an

approximation of this a 4 km thick cloud was divided into four direct-

lyadjacent 1km thick layer clouds. For each carbon particle concen-

tration. each cloud layer was computed. the top layer first. the top

plus the second cloud next. and so forth. By simple subtraction the
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TABLE 6

ABSORPTION CALCULATED INCLUDING SURFACE ALBEDOS
Albedo (As) = 0

C = 0% 9% 18% 26% 35% 53% 70%
0 250 500 750 1000 1500 2000

TOTAL 134 1y 247 469 627ABS. 337 409 561

W. VAPOR 134ABS.

NET
ABS. a 113 203 275 335 427 493

As 10%
C = 0% 9% 18% 26% 35% 53% 70%
N = 0 250 500 750 1000 1500 2000

TOTAL 140 259 352 426 487 578 642ABS.

W. VAPOR 140ABS.

NET 0 119 212 286 347 438 502ABS.

As = 20%
C = 0% 9% 18% 26% 35% 53% 70%
N = 0 250 500 750 1000 1500 2000

TOTAL 145 271 368 443 504 594 663ABS.

W. VAPOR 145ABS.

NET 0 126 223 298 359 449 518ABS.
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TABLE 6 (cant)

ABSORPTION CALCULATED INCLUDING SURFACE ALBEDOS

As = 30%
C = 0% 9% 18% 26% 35% 53% 70%
N = 0 250 500 750 1000 1500 2000

TOTAL 151 283 383 460 522 611 671ABS.

W. VAPOR 151ABS

NET 0 132 232 309 371 460 520ABS.

As = 50%
C = 0% 9% 18% 26% 35% 53% 70%
N = 0 250 500 750 1000 1500 2000

TOTAL 162 308 414 498 551 643 699ABS.

W. VAPOR 162ABS

NET 0 146 252 336 396 483 539ABS.

amount of solar radiation absorbed in each layer was determined for

this homogeneous cloud model. This cloud (cloud Model #2) was. 10-

cated between 200 mb and 100mb. For simplicity and with previous

demonstration of its small effect~ water vapor absorption was neglected.

Surface albedo was also neglected. In this calculation the upward

diffuse radiation field would have been reduced below values in the pre-

vious cloud model due to water vapor absorption of both the downward

transmitted and the upward reflected radiation. Absorptions in each

layer are shown in Table 8. Total absorption is greatest in the upper

layer and decreases in each succeeding layer as the amount of light in-

cident at the top of each layer becomes less. As particle concentrations



33

TABLE 7

GAIN IN NET USABLE ABSORPTION DUE TO SURFACE ALBEDO
(ly/10hr4Omin)

C 0% 9% 18% 26% 35% 53% 70%
Albedo N 0 250 500 750 1000 1500 2000

0 0

10 0 6 9 11 12 11 9

20 0 13 20 23 24 22 25

30 0 19 29 34 36 33 27

50 0 33 44 61 61 56 44

increase, the percentage of absorbed light which is absorbed in the

upper layer increases sharply. Therefore, if vertically homogeneous

heating is required, the particles must be distributed with lowest con-

centrations at the top increasing to the heaviest concentrations at the

bottom of the cloud.

Particle Size Distribution in the Vertical. It was felt that due to

relatively high extinction of light in the shorter wavelengths, the light

incident upon lower layers of a carbon cloud would exhibit longer median

wavelengths than would light incident upon upper layers. A significant

increase in median wavelength would indicate that larger particles

would be required to maintain optimum absorption per unit mass as de-

termined from figure 2. The four layer cloud model from 200mb to

100mb was used to evaluate this effect. For each of 3 different carbon

particle concentrations, light incident upon the top of each layer was
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TABLE8

3 10hr4Omin) LAYERABSORPTION(1y/cm ), IN EACHCLOUD

C(%) 50% 126% 252%

Cloud Levels N(Part) 4000 10,000 20,000
cm3

1. 171 349 528

2. 126 179 168

3. 96 164 69

4. 75 64 34

TOTAL (100-200 mb) 468 696 799

estimated by subtracting previously absorbed light from initial incident

light intensities for each spectral region. The median wavelength of

light incident upon each layer was calculated.

Results for carbon particle concentrations of 4,000, 10,000, and

20,000 particles/cm3 are shown in Tables 9, 10 and 11, respectively.

The expected increase in wavelengths of solar light at lower levels does

occur. In the most extreme case (N = 20, 000 particles/cm3) the in-

crease in wavelength of incident light from the highest to the lowest of

the 4 layers was 76%, but this is a higher concentration of carbon than

would probably be used in most types of applications. For the two

lower concentrations wavelengths varied only 14% (N = 4,000 particles/

cm3) and 39% (N = 10,000 particles/cm3). In the lower parts of the

troposphere, water vapor absorption in the longer wavelengths would

reduce the amounts of the wavelength increases. From figure 3 it was

determined that maximum absorption per unit mass would occur at
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TABLE 9

INTENSITIES AND MEDIAN WAVELENGTHS OF INCIDENT SOLAR RADIATION ON
SUCCESSIVE LAYERS OF A CARBON CLOUD (N = 4,000 PARTICLES/cm3)

(Cloud Height = 200-100 mb) (Zenith Angle = 00)

Wave Incident Intensities (ly/min)
Spectral Length Layer 1 Layer 2 Layer 3 Layer 4Region

(11 )

1. .28-.42 .213 .165 .129 .100

2• •42-.50 .231 .183 .144 .114

3• •50-.60 .263 .212 .171 .138

4 • •60-.70 .227 .187 .155 .128

5• •70-.74 .077 .065 .055 .046

6• •74-.79 .089 .076 .064 .055

7• •79-.84 .075 .065 .056 .048

8 • •84-.86 .030 .026 .023 .020

9• •86-.98 .143 .126 .110 .097

10 • •98-1.05 .069 .061 .055 .049

11• 1.05-1. 22 •138 .125 .113 .102
12 • 1.22-1.61 •181 .167 .154 .143

13• 1.61-2.10 .099 •093 .088 .083

14. 2.10-2.20 .013 .012 .012 .011
15 • 2.20-3.00 •052 .050 .048 .046
16. 3.00-3.80 .020 .019 .019 .018

17 • 3.80-4.50 .008 •008 .008 .007

18 4.50-10.00 .012 .012 .012 .011

Median Wavelength = A = .7211 A = .7811 A = .8211
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TABLE 10

INTENSITIES AND MEDIAN WAVELENGTHS OF INCIDENT SOLAR RADIATION ON
SUCCESSIVE LAYERS OF A CARBON CLOUD (N = 10,000 PARTICLES/cm3)

(Cloud Height 200-100 mb) (z = 0°)

Incident Intensities (ly/min)
Spectral
Region

1•

2•

3•

4.
5•

6•

7•

8•

9•

10•

11•

12•

13•

14.

15•

16•

17•

18•

Wave
Length

(~)

•28-.42

.42-.50

.50-.60

.60-.70

•70-.74

•74-.79

.79-.84

•84-.86

•86-.98

.98-1.05

1.05-L22

1.22-1.61

1.61-2.10

2.10-2.20

2.20-3.00

3.00-3.80

3.80-4.50

4.50-10.00

Layer 1

.213

.231

.263

.227

.077

.089

.075

.030

.143

•069

.138

•181

.099

.013

.052

.020

.008

.012

Layer 2

.113

.129

•154

•141

.050

.059

•052

.021

.104

.052

•107

.148

•086

.012

.047

•019

.008

.011

Layer 3

.062

.072

.091

.088

.033

.040

.035

.015

.075

.039

.083

.122

.074

.010

•043

.017

.007

.011

Layer 4

.035

•041

.055

.055

.022

.027

.024

.010

.054

.029

.064

.100

.064

.009

.039

.016

•007

•011

Median Wavelengths = T = .72~ 1" = 1.0011
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TABLE 11

INTENSITIES AND MEDIAN WAVELENGTHS OF INCIDENT SOLAR RADIATION ON
SUCCESSIVE LAYERS OF A CARBON CLOUD (N = 20 000 particles), cm3

(Cloud Height 200-100 mb) (z = 0°)

Spectral
Region

Wave
Lengths
(~)

Incident Intensities (ly/min)
Layer 1 Layer 2 Layer 3 Layer 4

1•

2•

3•

4.

5•

6•

7•

8•

9 •

10•

11•

12•

13 •

14•

15•

16 •

17•

18•

.28-.42

.42-.50

.50-.60

.60-.70

.70-.74

.74-.79

.79-.84

•84-.89

.89-.98

.98-1.05

1.05-1. 22

1.22-1. 61

1.61-2.10

2.10-2.20

2.20-3.00

3.00-3.80

3.80-4.50

4.50-10.00

.213

.231

.263

.227

.077

.089

.075

.030

•143

.069

.138

.181

•099

.013

.052

.020

.008

.012

•062

.072

.091

.088

.033

.040

.035

.015

.075

.039

.083

.122

.074

•010

.043

.017

.007

•011

.022

.026

.034

.035

.014

.018

.017

.007

.040

• 022

.050

•082

.056

.008

.035

•015

.006

.010

.012

•012

•015

•016

•007

•008

•008

.004

.021

.012

•030

.055

.042

.006

•029

.013

•006

.009

Median Wavelengths = A = .72~ A = .90~ A = 1.10~ A =1.27~
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Hence, a 39% increase in wavelength would

require a 39%increase in particle radius to maintain optimum absorp-

tion efficiency. Since initial optimum particle size was determined to

be about r = • llf.L, the optimum particles in the bottom layer of the

. 3model cloud would be about r = .13f,L for N = 4,000 partIcles/em

and r = .15f.L for N = 10,000 particles/cm3• Particle size variations

of these magnitudes do not have a significant effect upon total cloud

absorption values.

In addition lower overall light intensities in the lower layers make

the importance of having particles of optimum size less in lower layers

than in higher layers. Therefore, for carbon particle concentrations

likely to be used in weather modification work, uniform particle sizes

can be used without appreciable loss of absorption efficiency per unit

mass.

Atmospheric Residence Times. It is desirable to know approxi-

mately how long dispersed carbon particles are likely to remain in the

atmosphere. The principal removal mechanisms are rainout (particles

becoming attached to raindrops during the condensation process) and

washout (particles which are captured by raindrops during precipitation).

Gravitational fallout may also affect clumps of particles should they

coagulate to form particles with radii greater than 1f.L. but this is not

likely to be a significant factor. Martel (1970) estimates that natural

atmospheric particles in middle latitudes have residence times of

around 6 days in the lower and middle and 14-21 days in the upper
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troposphere. Natural aerosol particles range from about .01 fJ. to

100 fJ. in size with the greatest number of particles being concentrated

in the size range from. 01fJ. to. 1fJ.. Carbon particles of • 1fJ. radius

should not differ greatly from the mean atmospheric particles with

respect to size. Although carbon particles differ in composition from

most natural atmospheric aerosols, they should have aerodynamic

properties similar to those of other basically inert particles. There-

fore, an assumption that carbon particles dispersed in the low or mid-

dle tropical troposphere would have mean residence times of but 3 to

8 days seems reasonable. This indicates that carbon dispersed in an

area with low ventilation (such as a closed circulation) could act as a

heat source for more than one day. However, carbon dispersed in the

tropical boundary layer would likely dissipate much faster due to the

high levels of convective activity found there.

Major Findings. Computations of daily absorption of solar radia-

tion by several configurations of carbon clouds were performed. Car-

bon black was shown to be a highly efficient absorber of short wave ra-

dia tion.

The optimum particle size for absorption of solar radiation was

determined to be r = • 11 fJ., but this exact radius is not extremely

critical.

Absorption per unit mass of carbon decreases with increasing car-

bon concentrations due to the screening out of radiation in the upper

layers of the cloud. This effect greatly reduces absorption efficiency

at carbon horizontal area coverages greater than about 25%.
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Clouds with low concentrations of carbon are relatively efficient

absorbers throughout the solar day, while high density clouds are effi-

cient absorbers per unit mass only when the solar zenith angle is small.

Redundant absorption tendencies of carbon and water vapor cause

some loss of efficiency in carbon cloud absorption compared to absorp-

tion of the clear surrounding air. However, this effect is relatively

small (0-12% loss) in most of the cloud configurations tested. This

efficiency loss is negligable for carbon clouds in the tropical boundary

layer 0

The longwave radiation loss of a carbon cloud is not significantly

greater than the longwave radiation loss by an equivalent clear air mass.

Therefore, longwave flux divergence should not cause a heat loss by

the carbon cloud relative to the surrounding air.

Virtually 100%of the solar radiation absorbed by the carbon parti-

cles is transmitted as heat to the surrounding air.

Decreasing surface albedos can increase the absorption of carbon

clouds, but the net gain is relatively small (a cloud over a 50%albedo

surface absorbs only 10-15% more radiation than a cloud over a 0%

albedo surface).

In a vertically homogeneous cloud most of the absorption occurs in

the upper layers of the cloud. To obtain uniform vertical absorption

the carbon must be distributed with concentrations increasing towards

the bottom of the cloud.
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Although the median wavelengths of radiation incident on the lowest

layers of the clouds are greater than that of incident solar radiation at

the cloud tops, the wavelength shifts are not great enough to require

the use of larger carbon particles in the lower cloud layers to main-

tian maximum absorption efficiency.

Carbon particles dispersed in the troposphere should exhibit re-

sidence times of approximately 3-8 days. This would indicate that

it may be possible to obtain heat for more than one day in cases where

the carbon cloud is located in areas of weak ventilation.



IV. CONCLUSIONS

Carbon Black as an Atmospheric Heat Source. The characteristic

of carbon black which makes it attractive as an atmospheric heat

source is the extraordinarily large amount of solar radiation per unit

mass of carbon which can be absorbed and hence transmitted to the

air. One gram of carbon can absorb more than 40 million calories of

solar radiation in a single day. On the other hand coal, currently the

cheapest of conventional combustable fuels, provides only about 7,000

cal per gram. The relative costs of heat available from carbon black

and coal are shown in Table 12. The cost of coal heat is no less than

200 times greater than the cost of carbon heat. This figure becomes

even higher if multiple day use of carbon is considered.

It is important to realize the amount of air temperature increase

which is possible using carbon black. For example, in the tropical

boundary layer (1013 - 950mb), one C-5A aircraft carrying -1 x 105

Kg of carbon black could disperse a cloud covering over 4000 square

kilometers and extending from sea level to 950mb with a horizontal

area coverage of 9%. This cloud could provide enough heat to increase

the temperature of the air within the seeded boundaries by about SoC

per 10 hours. Table 13 shows several cloud configurations which

could be dispersed from one U. S. Air Force C-5A aircraft (Lock-

heed-Georgia Co., 1966) together with possible cloud heating rates.

Among energy sources normally used by man only nuclear energy

compares with carbon black as a source of energy per unit mass, and

42
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TABLE 12

RELATIVE COSTS OF COAL HEAT AND CARBON BLACK HEAT

Fuel Cost (dollar/kg)

Coal $.006

Carbon Black $.15

Ratio
(Carbon Black) 25

Coal 1

cal Heat per ( cal )Heat(kg ) Unit Cost dollar

106 cal 9 cal7 x 1.2xlOkg dollar

4 x 1010 cal 2.7 x lOll calkg dollar

6000 200
'" '" 11

no known substance compares as a source of heat per unit cost. A

20 Kiloton nuclear explosion produces about the same amount of thermal

energy that 1,000 kg of carbon black produces in 10 hours. The carbon

is not consumed during the heat generation process, and if atmospheric

conditions are chosen carefully, residence times of at least several

days are possible with resulting increases in efficiency. The major

expense to be expected when attempting to utilize carbon black as an

atmospheric heat source is the cost of air dispersal. Preliminary

cost analysis (below) indicates that the cost of air dispersal of large

amounts of carbon black from aircraft, such as the U. S. Air Force

C-5A, would be 2-3 times the price of the carbon black itself. Even

so, the available heat per unit cost is very large.

Preliminary Cost Analysis of Air Dispersal of Carbon Black Par-

ticles. It is assumed that the amount of carbon black Which is to be

dispersed will be greater than 1x 105kg. This minimum amount is

approximately the amount of carbon black which might be dispersed by
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TABLE 13

TYPICAL TROPICAL BOUNDARY LAYER CARBON DUST INDUCED HEATING RATES

Total carbon mass = 1x105 kg (1 C-5A full load)
Cloud Height = 0.55 km
Cloud Configuration: Circular (radius r)

Net Heat
% Absorbed Temperature

Area ( ca1 ) Change
Area Coverage cm210hrs. (OC/10hrs. )

7200km2 5% 60 4
4000km2 9% 110 8
2000km2 18% 200 13
1500km2 26% 270 18
1000km2 35% 325 22

680km2 53% 410 27
510km2 70% 470 31

one C-5A during one mission. The C-5A is the most economical air-

craft in service at the present time with respect to pay-Ioad-miles

per unit cost. The cost of dispersal, therefore, will approximately

equal the cost of operating a C-5A for 1 mission.

Based on atmospheric diffusion estimates by Turner (1969), par-

tides dispersed from a C-5A can be assumed to diffuse at least 1km

in distance from the flight path in a few minutes to an hour. Flying

at 400 knots a C-5A could disperse a carbon dust cloud of 1000km2

horizontal area per flight hour. For many of the large scale weather

modification cloud dust models envisaged, optimum carbon concen-

trations from about 5% to 20%horizontal area coverage are. desirable.
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Choosing a representative horizontal area coverage of 12%, a C -SA

2
flying at 400 knots could cover an area of about 4, 000 km with a car-

bon cloud of that density in a 3 hour period. Allowing a total of 2-3

hours for flight time to and from the seeding area, an approximate

standard mission of 8-10 hours duration may be determined. It is

assumed, therefore, that the cost of dispersal will be roughly the cost

of operating a C-5A for 8-10 hours. This standard mission assumes

that the carbon cloud is to be concentrated in a relatively shallow ver-

tical layer (0 - 2km) such as the boundary layer cloud for possible

tropical storm modification. A thick carbon cloud, such as one en-

compassing the entire vertical extent of the tropopause, would require

much more flight time and higher costs.

It is assumed that weather modification experiments and operations

of the magnitude considered here would be government sponsored at

least in the initial stages. Due to the varied and fluctuating funding

procedures utilized by the government at this time, it is impossible

to determine total actual costs before an administrative organization

has been established. The figures below are based on March 1972

price levels as supplied by the Air Force Flight Test Center, Edwards

AFB, California.
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C-5A Operating Costs ($ dollars/hr) , I

Consumables:

Support:

Crew:

TOTAL

$1000 - $2000

$1000 - $2000

$100

$2100 - $4100

The best guess is that total operating costs would be approximately

$3,000/hr. For one 8-hour mission:

C -5A Operating Costs (8hrs): $25,000

51x 10 kg carbon black $0. 15/kg: 15,000

TOTAL $40,000

Neglecting project expenses and hardware development costs, the

cost of seeding clear air with 1x 105kg of carbon black would average

approximately $40,000. This figure could vary downward by nearly a

factor of 2 if the operation was carried out within the operating struc-

ture of the Department of Defense or upward by a similar amount if

the project was carried out by an organization with a less favorable

inventory structure.
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APPENDIX I.
Equations for absorption, reflection, and transmission of incident solar

radiation, derived by Korb and Moeller(4) from Chandrasehkar's equation

of radiative transfer.

A) for albedo = O.

Transmission = To

Reflection = Ro

Absorption = Ao

Zenith angle = g

To

1

2 cosz
[

(-M+N) [e-(secz-l:E:F)t_e-(secz+IE:FAJ+(M+N)

(9) IE'F t P -m t
P e (Q)e

(AI)

M+N+ e-(secz)t (1 + )
2cosz

Ro

1

2cosz [ (A2)

A
o 1 - To - R

o (A3)

K absorption Quantitya

Where:

F (a. + B )
o 0

(A4)

(A5)

G = (a. - B ) (l-K )z z A (A6)

(A 7)



K=EH-G secz

L = FG - H secz

M = K
2see z - EF

N
L

2see z - EF

P = m+ F

Q = m- F

51

(AS)

(A9)

(A 10 )

(A 11 )

(A 12 )

(A 13 )

t optical depth = h 2
f (oE Nnr + Pw ~) dh
o

N = number partic1es/cm3

r = radius particle = .1~

P = density waterW

(A 14)

K = absorption quantity of water vapor
W

a, S, yare scattering coefficients and depend upon the zenith angle of
the sun. Values used are:

00 100 200 300 400

a .325 .320 .313 .305 .295

S .108 .111 .115 .119 .124
y .567 .569 .572 .576 .581

B) For albedo :f 0

T = TransmittedT

R.r= Reflected

A.r == Absorbed

T
0

TT where
1 - q1

.282

.129

.589

.265

.140

.595

.244

.152

.604

.218

.165

.617

.184

.184

.632

(A 1 5 )
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q = As [ (N'-M') (Q/P _ P/Q)e-t + (M'-N') (e-t!EF_e+tlE'F)
1 2 (Q/P)et/EF _ (p/Q) e -t IEF

-(N' -M') ]

where

(A 16)

(A 1 7)

As

2

(N'-M') [e-(t-IRF t)_e-(t+tlE'F)J + (M'+N') (P/Q - Q/P)
[~ (A18)

(~) etlEF _ (~) e-tlEF

+ e-t(2+M'+N')]

G' (A 1 9)

H' - -
(ex + B) (l-KA) + l-YgO(l-KA) (A 20)

K' = EH' - G'

L' = FG' - H'

M' K'=--l-EF

N' L'
=--l-EF

A = albedo expressed as a percentages

ex = .275

B = .135 mean scattering coefficients

Y = .590

(A 21 )

(A 2 2)

(A 2 3 )

(A 24)
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