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Abstract-Radiative heat transfer between a plane source and au aerosol is investigated through the Monte 
Carlo method. Thermal energy is transferred from a long rectangular source to monodisperse natural fog 
models. The analysis is only for radiative transport and does not include convection which would be coupled 
in a complete analysis. Direct energy transfer to the droplets of the aerosol is investigated for values of 
extinction coefficient of 10 km-’ and 80 km-‘, absorption coefficient to extinction coeffkient ratios of 0.4 
and 05, and scattering functions of the strong forward and isotropic types. Monochromatic radiation at a 
wave length of 10 I( is used and multiple independent scattering is included. The numerical results are 
illustrated m a manner which expresses the spatial distribution of radiative interactions and exposes the 

implications of this mode of energy exchange as a means of fog dispersal over airport runways. 

Probability distribution functions 

F, y coordinate for point of source 
emission ; 

F W-i’ polar angle of source emission 
measured from a translated rec- 
tangular axis system ; 

%~ azimuthal angle of source emission 
measured from a translated rec- 
tangular axis system ; 

Fs free path length of energy bundle ; 
F abst discrete fraction of interactions that 

are absorptions ; 
F scat, discrete fraction of interactions that 

are scatterings ; 
F ‘t(I)’ polar angle of isotropic scattering 

measured from a translated rec- 

azimuthal angle of isotropic scatter- 
ing measured from a translated 
rectangular axis system ; 
polar angle of anisotropic scattering 
measured from a translated-ro- 
tated rectangular scattering axis 
system; 
azimuthal angle of anisotropic scat- 
tering measured from a translated- 
rotated rectangular scattering axis 
system ; 
polar angle of strong forward scat- 
tering model measured from a 
translated-rotatedrectangularscat- 
tering axis system. 

tangular axis system ; Other nomenclature 
Y, y coordinate of point of source 

* Present address: Mechanical Engiueering Department, emission (L) ; 
Michigan Technological University, Houghton, Michigan w, 
49931. 

half width of long rectangular 
source (L) ; 
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% polar angle measured from trans- 
lated rectangular axis system [rad] ; 

II/v azimuthal angle measured from 
translated rectangular axis system 

[radl ; 
s, energy bundle path length along 

direction of motion (L) ; 

B*, volume extinction coefficient or 
optical density (L- ‘) ; 

M.F.P., mean free path of energy bundle 

(L) ; 
abs/ext, ratio of absorption coefficient to 

extinction coefficient ; 

fi, total solid angle [sr] ; 
f ok) normalized intensity distribution ; 

? s5 polar angle measured from trans- 
lated-rotated rectangular scatter- 
ing axis system [rad] ; 

*s, azimuthal angle measured from 
translated-rotated rectangular axis 
system [rad] ; 

do, differential solid angle [sr]. 

INTRODUCTION 

THE DISPWSAL of fog from airport runways, in 
support of commercial airline operations, is 
increasingly attractive for economic reasons due 
to accretion in the number of flights and pro- 
grammed future growth in payload per flight. 
While specialized fog seeding techniques are 
applicable to the dissipation of certain fog types, 
thermal dissipation continues to be of interest 
due to its applicability to all fog types. Thermal 
dissipation utilizing the radiative mode of heat 
transfer is inherently attractive because of its 
unique ability to transfer heat directly to fog 
droplets at some distance from the source [ 11. 

A partial review of fog dispersal systems and 
fog characteristics should prove helpful in 
establishing a perspective for the material which 
follows. Thermal dissipation of fog over airport 
runways was effected during World War II for 
military aircraft operating in England. These 
systems, as well as others closely related to them, 
employed lines of open flame burners, oriented 
in an appropriate manner parallel to the runway, 

to transfer thermal energy to the surrounding 
fog. This type of system is often referred to as a 
FIDO (Fog Investigation and Dispersal Opera- 
tion) system. Permanent or mobile systems of 
the FIDO type have supported commercial 
and/or military operations in the United States. 
Their operation has been satisfactory in a 
limited way ; however, heavy fog or fog com- 
bined with a strong cross wind has not been 
satisfactorily dispersed [2]. 

While all types of fog are amenable to thermal 
dissipation in principle, other dispersion tech- 
niques have been found well suited to certain 
fog types. Fog can be classified, in an over- 
simplified way, as ice fog, cold fog or warm fog. 
Ice fog is an aerosol in which the particles are 
ice crystals and is found at very low tempera- 
tures, perhaps 3&50 degrees below zero Fahren- 
heit [3]. Thermal dissipation is the only tech- 
nique currently applicable to this fog type. Cold 
fog is somewhat unique though not uncommon. 
This type of fog contains liquid droplets at a 
temperature below their freezing point and is 
sometimes called super-cooled fog. This un- 
stable condition has led to successful dissipation 
of this particular fog type by seeding the fog 
bank from low flying aircraft or ground gen- 
erators [ 1,4]. A partial list of the seeding agents 
used might include dry ice, silver iodide and 
liquefied petroleum gas. These seeding agents 
produce ice crystals of sufficient size to separate 
from the fog under the influence of gravity. Warm 
fog is stable in that the liquid droplets exist 
above their freezing point temperature. Until 
recently the dissipation of this type of fog was 
dependent on thermal systems. Currently large 
scale experiments, which seed the warm fog with 
nuclei which cause preferential growth by ab- 
sorbing water vapor from the air with subsequent 
fog droplet evaporation, show promise [5-71. 

Because of their general applicability as well 
as their versatile adaptability to a variety of 
physical implementations, the thermal dissipa- 
tion systems continue to be of interest. As men- 
tioned earlier, the radiative mode of heat transfer 
allows heat to be transferred directly to fog 
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droplets located at some distance from the 
source. There are certain wavelength intervals 
which are transparent for the suspending med- 
ium, the atmosphere, but which act as “windows” 
through which heat can be transferred to the 
water droplets[8]. The numerical results of this 
paper are based on warm fog models. The 
radiant energy absorbed by a droplet is the 
mechanism by which evaporation, or thermal 
dissipation, of the fog takes place. The con- 
tinuous absorption spectrum of the liquid water 
droplets is sympathetic to this “window” 
interval type of direct transfer. The coupled 
problem of the radiation energy at wavelengths 
outside the “window”, which is absorbed by the 
water vapor and carbon dioxide in the atmos- 
phere with subsequent temperature and relative 
humidity changes in the suspending medium, 
is not considered explicitly in this paper. 

The preceding discussion of fog dispersal 
provides a practical background for the theoret- 
ical development described in this work. The 
problem defined and the analysis presented is 
only for the radiative transport, or the direct 
transfer of energy from the source to the fog 
droplets. A complete analysis of energy transfer 
would require the coupling of both radiative 
and convective transport. Convective heating, 
were it included, could be expected to assist in 
fog dissipation. In addition. the time dependent 
character of the physical and optical properties 
of the aerosol during dissipation would be 
essential to a complete analysis of the energy 
transport for any particular source-aerosol 

model. The analysis in this work does not 
purport to develop this transient aspect of the 
problem. The contribution intended is to pro- 
vide a useful and practical analytical approach 
to the instantaneous rate of radiative heat trans- 
fer for a source-aerosol model having practical 
implications. Extension of the method to other 
source-aerosol models is possible. 

PHYSICAL MODEL 

In this paper the runway itself is heated to a 
moderate temperature, comparable to that which 
might exist on a desert air strip on a summer day, 
to act as the source of radiant energy. This large 
isothermal source at a moderate temperature 
represents a departure from previous work. 
Since a runway is very long compared to its 
width, it might be tempting to assume an 
infinite length. It can be shown that such an 
assumption is appropriate over most of the 
runway length. Infinite length, coupled with an 
isothermal runway, leads to a uniform rate of 
radiative exchange with longitudinal position. 
That is, any plane perpendicular to the longi- 
tudinal axis of the runway would exhibit the 
same radial distribution of radiative exchange 
as any other similar plane at some other longi- 
tudinal position. The previous arguments and 
assumptions do not eliminate the requirement 
that the three dimensional extent be used as the 
proper physical model; however, it does allow 
the three dimensional distribution of radiative 
exchange to be folded into a typical two dimen- 
sional radial plot. Figure 1 gives explicit form 

Centererd reference coordinoie 

Long rectangular source 

FIG. 1. Physical model and reference coordinate system for 

system 

long rectangular source. 



348 GORDON L. SCOFIELD and TOM J. LOVE 

to the source geometry and the centered ref- 
erence coordinate system The Y-Z plane in this 
illustration will serve to establish the radial 
dis~ibution of radiative exchange. 

Since absorptions of radiative energy are 
related to the dissipation of fog by evaporation, 
the distribution of absorptions in the surround- 
ing aerosol is requisite to the determination of 
local rates of dispersal. For this reason, the 
surrounding aerosol should be divided into two 
regions, one inside an accounting shell where 
practical contributions are made to fog dissipa- 
tion, and one outside the accounting shell where 
it is assumed that practical contributions are 
negli~ble. The physic shape of this boundary 
condition is somewhat arbitrary. The half 
cylinder shown in Fig. 1 has been selected for 
this paper. For reasons which will be developed 
later in the paper, a subdivision of the space 
inside the accounting shell will be helpful to 
analysis. The particular subdivision selected for 
this work is shown in the positive quadrant of 
the Y-Z plane in Fig. 2. A matrix notation is 
used to note the ray number and radial incre- 
ment of the subject subspace volume as indicated 
in Fig. 2. 

Radial increment 

FIG. 2. Subdivision of a~unti~ envelope cross section 
into sixty subspam. 

AEROSOL MODEL 

fog models. Reasonable limits of liquid water 
content and droplet number density are main- 
tained on the basis of published empirical 
studies [I, 111. 

A correlated set of physical and optical Optical properties are a function of wave- 
properties, consistent with those representative length, droplet size, droplet number density 
of natural fog, is essential to the structure of and relative index of refraction. The optical 
specific problems for numerical analysis. There properties of specific interest are the extinction 
can be no question that fog is a polydis~rsion coefficient, the ratio of absorption coefficient to 
and most investigators agree that it has a uni- extinction coefficient, and the angular distribu- 
modal size distribution of droplets [9]. Due to tion of scattered radiation. Since the “window” 
the shape of the typical size distribution curve, of direct heat transfer to the water droplets in 
it is impossible to have a common mean radius the atmosphere extends from about 75 to 135 
with which to express such parameters as drop- p in wavelength, a monochromatic model at a 
let circumference, cross sectional area, and wavelength of 10 p is assumed to characterize 
volume [lo]. Because of analytical difficulties the radiation throughout the “window” interval. 
posed by polydispersions, monodispersions in Because the problem is thus converted to a 
which droplets are all of the same size have quasi-monochromatic case, for convenience, 
been used for many investigations, including the usual frequency or wavelength subscripts 
this work. The droplet sixes chosen for the for optical properties will not be carried. Values 
monodisperse fog models of this paper reflect of volume extinction coefficient were chosen to 
the droplet sizes of greatest population in represent a wide range of expected visibility 
actual fog and thus should provide reasonable [12, 133. The ratio of absorption coefficient to 
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extirmtion coefficient was ~~bli~~ from pub- 
lished data on the complimentary parameter 
often called albedo [ 14, 151. The scattered 
intensity distribution is available through pub- 
lished information based on the application of 
Mie theory or the collection of empirical data 
[ 14, 161. The distribution of scattered intensity 
is similar for either approach and shows a very 
strong forward scattering tendency with a very 
weak back scattered component [ 14, 173. A 
scattering dis~ibution which is a reasonable 
model of this strong forward scattering tendency 
was chosen for this paper. In addition, the often 
used assumption of isotropic scattering is 
investigated for comparative purposes. 

ANALYTICAL MODEL 

The radiant energy streaming from the source 
will produce interactions, absorptions and 
multiple anisotropic or multiple isotropic scat- 
terings, in the surrounding aerosol. In this work 
radiant energy is characterized by a large number 
of discrete energy bundles being released from 
the source to penetrate into the aerosol along 
paths governed by appropriate probability 
distributions. The Monte Carlo method makes 
it possible to synthesize a probable history for 
each energy bundle from source emission 
through a sequence of free paths and interactions 
until a history terminating event takes place. A 
large number of such histories is required to 
assure an accurate representation of the radia- 
tive transfer. In the example problem used in 
this paper only two events can cause the 
ter~nation of a history, namely, an escape 
from the accounting shell or an absorption. 
Since an escape takes the bundle of energy to a 
spatial location where it is assumed that no 
practical contribution to the problem is possible, 
this type of termination is recorded as an escape 
and a new energy bundle history is initiated. The 
base plane, contiguous with the source, is 
considered an integral part of the accounting 
shell. When the terminating event is an absorp- 
tion within the accounting shell, it is relevant to 
ask where the absorption with its transfer of 

energy took place. For abso~tion interactions 
within the accounting shell it would be possible 
to register individual coordinates for each such 
absorption. Meaningful evaluation of the spatial 
distribution of such absorptions would be 
difficult. For this reason, a finite subdivision of 
the accounting shell is indicated. While such 
subdivision is to some extent arbitrary, each 
subspace must be small enough to argue in favor 
of uniform properties and parameters within it 
but large enough to provide statistical informa- 
tion in which confidence is satisfactory. 

The Monte Carlo method used to implement 
the appropriate statistical analytical model 
requires that each event in the history of a 
bundle of energy must have a known probability 
distribution function, This distribution function 
is a monotonic increasing function defined over 
the range of possible outcomes, discrete or 
continuous, of a given event and takes on all 
values from zero to unity [HI. By equating this 
distribution function to a large sequence of 
random numbers, uniformly distributed from 
0 to 1, the appropriate ~equen~y for each pos- 
sible outcome of the event is generated. The 
digital computer is well suited to conduct 
experiments in which random numbers, uni- 
formly distributed from 0 to 1, are equated to 
the probability distribution function, and, fur- 
ther, it can be programmed to provide efhc- 
iently an ahnost limitless supply of the requisite 
random numbers. While the random numbers 
produced in this manner are actually pseudo- 
random numbers, they will be called random 
numbers in this paper. 

The distribution functions must be established 
for all events in a history, such as the point of 
emission, direction of emission, length of free 
path to the point of interaction, type of inter- 
action, and continuing free paths between 
scattering interactions until a history terminat- 
ing event takes place. In general, the distribution 
functions can be derived from known physical 
principles, either analytical or empirical in 
nature, or from carefully constructed hypotheses 
119, 201. The statistical model, and the sub- 
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sequent answers it produces, is no better than the 
distribution functions constructed and the con- 
vergence of the numerical results to stable 
event frequencies. Each problem will require 
some trial and error regarding the number of 
histories required to establish acceptable con- 
fidence in the statistical frequencies generated 
[Zl, 221. 

Each history is started by the release of a 
bundle of energy from the source. The coordin- 
ates of the point of emission and the direction 
of the emission are the initial considerations for 
the history. The coordinates are a function of 
the shape of the source, in this paper a long 
rectangle, the type of coordinate system used 
to define the shape analytically, rectangular in 
this work, and the temperature distribution. 
The practical implications of fog dissipation 
suggest a probable goal of a black diffuse 
isothermal source. This particular temperature 
distribution means that each small area on the 
source will release the same number of bundles 
of energy as any other area of similar size at an 
arbitrary location on the source. 

In the event that the rectangular source is 
very long compared to its width, the assumption 
of an infinite length can be made. By placing the 
origin of the rectangular coordinate system at 
the center of this source model, it is possible to 
take advantage of the symmetry that results. 
Under these circumstances it can be shown that 
a line source model extending from the center 
of the source to its edge along the positive 
extension of the Y axis (Fig. 1) is a satisfactory 
model. While emission must take place from an 
area, the line source model produces equivalent 
interaction distribution with a small saving in 
computer time. A line source model of this type 
would be satisfactory over most of the emitting 
length of a heated airport runway. The appro- 
priate probability distribution function for such 
a model is given by 

F, = y, 
W 

(1) 

where w represents one half the width of the 
runway and y is the coordinate of the point of 
emission, both dimensions being measured in 
a common system of units. 

The direction of emission for a diffuse surface 
such as that assumed for this study follows the 
cosine law. The direction can be determined in 
spherical coordinates measured from a set of 
translated rectangular coordinates brought to 
the point of emission. The polar angle, ‘1, is 
measured from the positive extension of the 2, 
axis, while the azimuthal angle, $, is measured 
counterclockwise from the positive extension 
of the X, axis. The t subscript indicates a trans- 
lated rectangular coordinate system. The appro- 
priate probabili~ distribution functions for the 
selection of these two angles are 

and 

F,, = cos2 rj, (2) 

F, = i- 
2rr’ 

(3) 

where the angles are measured in radians. 
Now that the point of emission and the 

direction of emission are known, it is necessary 
to determine the length of the free path that will 
be traveled in this direction before an interaction 
is encountered. Using the volume extinction 
coefficient at the quasi-monochromatic wave- 
length of IO p established for the example 
problem leads to a distribution function for free 
path length of 

F, = exp( - fi$), (4) 

where /_I, is the volume extinction coefficient and 
s is the free path length in compatible units. 

The mean free path (M.F.P.) of an energy 
bundle between emission and an interaction. 
or between interactions can be expressed as 

M.F.P. = ;. 
0 

(5) 

At the end of each free path an interaction 
takes place and must be either a scattering or an 
absorption. Since extinction coefficient is the 
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sum of scattering coefficient and absorption 
coefficient, the sum of the ratios of absorption 
and scattering coefficients to extinction coeffic- 
ient is unity. The individual ratios tell the 
proportion of extinction interactions that are 
absorptions or scatterings. If the ratio of absorp- 
tion coefficient to extinction coefficient is called 
abs/ext, the appropriate distribution functions 
for this discrete choice can be written as the 
inequalities 

and 

0 G Fabs g abs/ext, (6) 

abs/ext < F,,,, < 1. (7) 

Extinction as a result of absorption is 
characterized by an energy bundle being cap- 
tured by a particle of the aerosol. The energy in 
the bundle that is captured is transformed into 
some form of internal energy for the particle. 
The history of the energy bundle is terminated 
at the point of absorption, the spatial location 
documented in terms of the subspace of the 
accounting envelope, see Fig. 2, within which it 
has occurred, and the statistical solution is 
continued by returning to the source to initiate 
the release of another energy bundle. In this 
work the aerosol is natural fog, and as a result, 
the internal energy transformation of the ab- 
sorbed energy might result in a small portion of 
the droplet being evaporated. Experiments 
with a narrow beam of radiation, as compared 
to the field of radiation provided in this study, 
indicate the complexities of relating absorbed 
energy to droplet evaporation [23]. In this work 
it is assumed that all absorbed energy is con- 
verted to evaporation of the droplet. Thus, local 
absorption rate can be converted to local 
evaporation rate. Although this oversimplifies 
the actual phenomena, the results obtained will 
have a high degree of usefulness for comparative 
purposes. Experimental work with a field of 
radiation would be essential in order to produce 
more definitive results for inclusion in the 
analytical model of this paper. 

In the event the interaction is determined to 

be a scattering, a rather more complicated 
analysis is required. Some background is in 
order as a starting point [24, 251. Coherent 
scattering, the condition that the scattered and 
incident radiation are of the same wavelength, 
is assumed, and polarization effects are neglected 
due to their suppression by diffuse emission and 
multiple reflections. Since the droplets are 
separated by more than three radii, independent 
scattering is considered to exist although multiple 
independent scatterings for each bundle of 
energy are considered when appropriate. 

The complexities of scattering analysis often 
lead to the simplifying assumption of isotropic 
scattering. The validity of this assumption is 
tested in the comparative numerical data of this 
paper. The appropriate distribution functions 
for the polar and azimuthal angles of the iso- 
tropically scattered energy bundle are 

and 

F ‘I(I) = - fcoq + 3, (8) 

where q is the polar angle and $ is the azimuthal 
angle, measured in radians as previously indi- 
cated from an appropriate translated rectangular 
system of axes with origin at the point of the 
scattering. The equally likely direction of scat- 
tered intensity for isotropic scattering allows 
the use of a translated axis system as the basis 
for analytical work. 

Actually, the Eulerian approach, involving the 
incoming energy being coincident with the 2, 
axis, with the incoming and outgoing energy 
being in the 2,--x plane, is the usual way of 
treating scattering phenomena. The s subscript 
refers to the translated and rotated scattering 
axis system. In the case of anisotropic scattering, 
such a translated-rotated axis system is required 
with subsequent transformation of spatial in- 
formation back to the initial reference cartesian 
coordinate system, shown in Fig. 1. The distri- 
bution of scattered intensity for the anisotropic 
case can be obtained by application of Mie theory 
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or by appealing to empirical data where avail- 
able. In either case the application of the Monte 
Carlo method is enhanced by the use of normal- 
ized intensity distribution. By definition, this 
distribution is such that 

where f(~~) is the normalized intensity, dw is the 
differential solid angle, and B indicates integra- 
tion over all solid angles. Expansion of the 
differential solid angle in terms of the polar and 
azimuthal angles in the scattering coordinate 
system and separation of this integrand into the 
appropriate statistically independent probability 
distribution functions for these angles leads to 

F - 
‘8 P(q,) sin r tl 

s.(r) - 7 ’ dvs, (11) 

and 

(12) 

where Q is the scattering polar angle and $, is 
the equally likely azimuthal angle, both meas- 
ured in radians in the scattering coordinate 
system. 

The preceding equation for the distribution 
of the polar scattering angle is not explicit in the 
form shown, and it is usually necessary to 
resort to some approximating device to evaluate 
the integral for increasing values of the polar 
angle. In this work the integrand was plotted and 
graphically integrated for increasing values of 
polar angle within its range. The resulting 
probability distribution curve can be fitted, 
within discrete ranges of the distribution func- 
tion, with simple ~analytical expressions well 
adapted to the Monte Carlo method. The 
appropriate analytical expression from this 
sequence can be called up on the basis of the 
random number selected to characterize the 
distribution function. 

Although the method just discussed was 
implemented for a number of example source- 
aerosol models, a somewhat simpler approach 
was found to produce comparable interaction 
distribution [26]. This approach features a 
simple exponential distribution function which 
is somewhat more strongly forward scattering 
but bears a close resemblence to the theoretical 
and empirical distribution functions for natural 
fog. The strong forward scattering distribution 
function for polar scattering angle is 

F 
13.5q, 

bcFj = 1 - exp - ~ c ) , (13) 
Z 

where qs is the polar angle measured in radians 
from the positive extension of the 2, axis in the 
scattering coordinate system. 

The only remaining event that has not been 
discussed in some detail is that involving escape 
of the energy bundle from the accounting shell. 
The end of each free path connotes either a 
scattering, an absorption, or an escape. Since 
the end of each free path is the point of the next 
interaction, this point can be determined in the 
appropriate coordinate system and then trans- 
formed into coordinates of the fixed reference 
coordinate system centered in the source as 
shown in Fig. 1. Since the location of the 
boundary of the accounting shell is known with 
reference to this same coordinate system the 
test for an escape is straight forward. 

NUMERICAL RESULTS 

The digital computer is ideally suited to make 
the simple but extensive series of calculations 
and decisions required to obtain results having 
statistical meaning. In order to give numerical 
structure to the example problem, various 
dimensions and properties must be assigned to 
the source-aerosol model. 

The isothermal source is assumed black and 
diffuse at a temperature of 600”R or 333°K. 
It is 50 m wide and 2500 m long. The radius 
of the accounting shell is 125 m. The portion 
of the total emitted energy that streams through 
the wavelength interval between 7.5 and 135 
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p is approximately 40 per cent. The highest 
efficiency, about 41 per cent, of energy transport 
through this interval is achieved at a source 
temperature of about 670”R or 372°K. 

Natural fog models, at a temperature of 
50°F (1oOC) have been chosen to represent 
“light” and “heavy” fog. Two values of volume 
extinction coefficient, sometimes called optical 
density, were chosen for illustration in this 
paper. The optically thinner case of extinction 
coefficient is taken as 10 km-’ and represents 
a “light” fog with a visibility of approximately 
the length of a football field. The optically 
thicker case has an extinction coefficient of 
80 km- ’ and represents a “heavy” fog with a 
visibility of the order of magnitude of two 
standard size automobile lengths. 

The parameters which might be calculated 
for comparative purposes are numerous. In this 
paper the local instantaneous rate of heat transfer 
per unit volume, based on the initial properties 
of the aerosol, can be determined by means of 
an energy balance between the source and the 
subspaces of the accounting shell. This energy 
balance is achieved by calculating the rate of 
energy release from a typical sample of the 
source, in the appropriate wavelength interval 
for direct transfer to the droplets, and assigning 
an equal discrete portion of this energy to each 
of the characteristic energy bundles released 
from the source. The number of such energy 
bundles absorbed in each subspace of the 
accounting shell has been cataloged during 
the application of the Monte Carlo method to 
the analytical model. Each energy bundle 
represents a rate of energy release and/or 
energy absorbed. With a homogeneous aerosol 
regardless of droplet movement, the mass of 
liquid in each subspace is fixed. Knowledge 
of the rate of energy absorption can easily be 
transformed to the time required, at this 
instantaneous rate and for a homogeneous 
aerosol, to accumulate sufficient energy to be 
equal to the latent heat of vaporization for the 
mass of liquid in a given subspace. Since this 
time is associated with a number of assumptions 

which would not hold true in the actual time 
dependent transfer of energy, it is referred to 
in this work as the pseudo-evaporation time. 
Although this pseudo-evaporation time does 
not give a true picture of the rate of dispersion 
of a natural fog, it does provide a parameter 
for comparing the effect of changes in the ratio 
of absorption coefficient to extinction coef- 
ficient and in the type of scattering function 
used to characterize the homogeneous aerosol. 

Standard aerosol model properties, con- 
sidered reasonable values for natural fog, and 
common to all illustrated comparisons are 
represented by the abs/ext ratio of O-4 and a 
strong forward scattering function. Figures 3 
and 4 depict the spatial locations, in a radial 
plot, of the lines of equal rate of radiative 
energy transfer per unit volume(pseudo-evapora- 
tion times in parentheses) for extinction co- 
efficients of 10 and 80 km- ’ respectively. 
In these illustrations the standard aerosol 
properties are used. 

82k” 
Droplet dius- 6p 

0 25 50 75 loo 125 

Distance from axiol centerline of source, m 

FIG. 3. Locations of equal radiative heat transfer rate per 
unit volume (equal pseudoevaporation time) for a long 
rectangular source. 54997 histories; 25000 abscwptions; 
36623 scatterings ; anisotropic scattering (F); optical density, 

1OG km-’ ; absorption/extinction, 0.4. 
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Drcplel mdius-IOp 

0 25 5b 7; Id0 125 

Distance from axial centerline of saurce, m 

FIG. 4. Locations of equal radiative heat transfer rate per 
unit volume (equal pseudo-evaporation time) for a long 
rectangular source. 50921 histories; 50000 absorptions; 
74922 scatterings; anisotropic scattering (F); optical den- 

sity, 80.0 km-‘; ab~~tionlex~ction, 0.4. 

Figures 5 and 6 provide a comparative study, 
illustrated in a rectangular plot to provide good 
line separation, of the spatial distribution of 
radiative exchange for two values of the ratio 
of absorption coefficient to extinction coefficient. 
The lines depicting equal rate of radiative 
energy transfer per unit volume (equal pseudo- 
evaporation time) for the abs/ext ratio of O-4 
are the same as those shown on Figs. 3 and 4 
for comparable extinction coefficients with the 
strong forward sitting function. 

Figures 7 and 8 represent the comparison 
between strong forward anisotropic scattering 
and isotropic scattering. The ratio of absorption 
coefficient to extinction coefficient is 0.4 for 
both figures, and the data for the strong forward 
scattering aerosol is the same as that found 
on Figs. 3 and 4 for comparable extinction 
coefficients. 

Insight into the meaning of these comparative 
illustrations is enhanced by the knowledge 
that the mean free path of a given energy 

0.0170 Btu/min-m3 

(7.5 mm) 

0.0340 Btulmio-ma 

(3.75 minf 

25 
I/, , ,, /, ,I 
0 30 60 90 

Angle above horlrontol, deg 

FIG. 5. Comparative locations of lines of equal radiative 
heat transfer rate per unit volume (equal pseudoevapora- 
tion time). Rectangular source; optical density, 10 km-‘; 
auisotropic scattering (Ff; mean free path, 100 m; 

~ abs/ext, 0.4; ------ absjext. 0.5. 

0.0631 Btu/min-m3 

(15 min) 

0.1261 Btulmiwm3 

(7.5 mini 

0.2523 Btu/mte-m 3 

(375mkl 

I E t, ) , , , , , I g 
0 30 60 90 

Angle above hatlontul, deg 

FIG. 6. Comparative locations of lines of equal radiative 
heat transfer rate per unit volume (equal pseudoevapora- 
tion time). Rectangular source; optical density, 80 km-’ ; 
anisotropic scattering (t;3; mean free path, 12-5 m; 

____ abs/ext, O-4; - - - - - abs/ext, O-5. 



HEAT TRANSFER FROM AN AIRPORT RUNWAY 355 

125 
- An~~~lrnp~c scottering (F) 

----- lsotroplc scaltering U) 
Rectangular *ource 

_ Opbcol density - IO km-1 
Meon free path- 100 m 

- Abrorpllon/exfinctlon-0.4 

C 

C 

I.0085 Btu/min-m3 

(15 min) 

10170 Btu/mh-rn’ 

(7.5 min) 

.0340 Blu/min-m3 

(3.75 min) 

Angle above horizontal, deg 

FIG. 7. Comparative locations of lines of equal radiative 
heat transfer rate per unit volume (equal pseudoevapora- 

tion time). 

E 501 I 

0.0631 Btu/min-m3 

(15 min) 

0.1261 Btu/mm-m3 
(7.5 min) 

0.2523 Btu/rncn 3 

(375 min) 

iti 
f 0 30 60 90 

I% Angle c&e horizonfal, deq 

FIG. 8. Comparative locations of lines of equal radiative 
heat transfer rate per unit volume (equal pseudoevapora- 
tion time). Rectangular source; optical density, 80 km-‘; 
absorption/extinction, 0.4; ~ an&tropic scattering 

(F); -----isotropic scattering (I). 

bundle is equal to the reciprccal of the volume 
extinction coefficient or optlcal density. For 
this reason, the optically thinner cases with 
long mean free paths show different comparative 
trends than the optically thicker cases with 
short mean free paths. 

For example, heat transfer to droplets near 
the source for the optically thinner case is 
erlhanced by the higher abs/ext ratio because 
a higher percentage of the interactions close 
to the source are absorptions. However, when 
the optical density is increased and the mean 
free path becomes short, this increase in the 
abs/ext ratio is detrimental to heat transfer at 
some distance from the source because fewer 
energy bundles penetrate to distances that 
exceed the mean free path. 

In the case of isotropic scattering, the extinc- 
tion coefficient of the aerosol again becomes 
important. In the optically thinner case, the 
tendency of isotropic scattering to return energy 
bundles in a backward direction as often as 
they continue in a forward direction is bene- 
ficial to dissipation or evaporation close to the 
source because escape to extended distances 
from the source is less likely. On the other 
hand when the optically thicker case is studied, 
it becomes important for a large number of 
energy bundles to penetrate to greater depths 
into the aerosol in order to effect heat transfer 
at greater distances from the source. In this 
instance isotropic scattering is detrimental in 
comparison to strong forward scattering. 

CONCLUSION 

Radiative heat transfer from a plane area 
source to a surrounding aerosol can be deter- 
mined eff’ciently by means of a statistical 
analytical model and application of the Monte 
Carlo model. Although this paper has con- 
centrated on a particular source-aerosol model, 
the analytical method is well suited to other 
models of this general type [26]. The finite 
nature of the source, as well as the multiple 
independent scatterings involved, led to the 
decision to use this analytical method. 
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Because the long rectangular example source 
was considered to represent an airport runway, 
it is not possible to increase the exchange of 
energy by elevating the source temperature 
above modest levels compatible with aircraft 
operations. However, the use of this source as 
a primary thermal dissipation system, coupled 
with either additional thermal devices or seeding 
techniques to provide emergency or temporary 
assistance in severe cases, could be of some 
interest. In addition to the contribution made to 
fog dissipation, the use of a heated runway for 
drying or for ice and snow removal would 
represent a related potential benefit. 

The numerical data illustrated in the paper 
indicates the importance of the ratio of absorp- 
tion coefficient to extinction coefficient on the 
spatial distribution of radiative energy exchange. 
Changes in this parameter might be effected by 
seeding the aerosol with appropriate agents. 
Isotropic scattering is shown to be a simplifying 
assumption of doubtful value for this source- 
aerosol model. 

While it would be unrealistic to make explicit 
statements of the cost of dissipating fog over an 
airport runway on the basis of this work, the 
implications of the numerical results reported 
here are significant. Using an energy cost of 
1 cent per kWh and assuming all direct radiative 
energy transfer to the droplets is converted to 
evaporation, a comparable opening can be 
achieved for a cost significantly below that 
reported for FIDO systems with a “typical” 
fog under calm conditions [Z] . Candor demands 
that this comp~ison be considered as indicative 
of the significance of the radiative transport 
rather than as a critical evaluation of FIDO 
systems. Important considerations not included 
in this work are the actual mechanism of 
droplet evaporation, the coupled transport due 
to convection, and the time dependent character 
of the optical and physical properties of the 
aerosol. While a cross wind would not affect 
the rate of radiative energy transfer, it would 
affect the dissipation of the fog. Mild cross 
winds, ones which would keep a droplet in a 

favorable spatial envelope for radiative heat 
transfer, could be accommodated by this source- 
aerosol model. The source could be rearranged 
as strips on either side of the runway to change 
the shape of the radiative exchange envelope 
in order to accommodate somewhat larger 
components of wind normal to the runway. 
Large scale experiments are indicated as a 
means for obtaining data from which real- 
time fog dissipation analysis, using a field of 
radiation, can become a reasonable goal. 
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ANALYSE DU TRANSPORT DE CHALEUR PAR RAYONNEMENT VERS 
DU BROUILLARD A PARTIR DUNE PISTE CHAUFFEE D’AEROPORT 

Rckm&---Le transport de chaleur par rayonnement entre une source plane et un aerosol est emdie a 
l’aide de la methode de Monte Carlo. L’energie thermique est transportb a partir dune longue source 
rectangulaire a des mod&s de brouillards naturels monodisperses. L’analyse est seulement valable pour le 
transport par rayonnement et ne comprend pas la convection qui serait couplt?e dans une analyse complete. 
Le transport direct d’energie aux gouttelettes de l’aerosol est ttudie pour des valeurs du coefficient d’ex- 
tinction de IO km-’ et 80 km-‘, des rapports du coeficient d’absorption au coefficient d’extinction de 
0,4 et 45, et des for&ions de dispersion du type fort vets l’avant et isotropes Un rayonnement mono- 
chromatique a une longueur d’onde de 10 microns est employe et l’on tier& compte de multiples diffusions 
independantes. 

Les resultats numeriques sont illust& dune man&e qui exprime la distribution spatiale des interactions 
de rayonnement et expose l’implication du mode d’tchange d’energie comme moyen de disperser le brouil- 

lard sur les pistes d’aeroport. 

ANALYSE DES WARMEUBERGANGES DURCH STRAHLUNG VON EINER BEHEIZTEN 
FLUGHAFENPISTE AN NEBEL. 

Zu~mmenfa~un~-or Strahlun~w~~et~ns~~ zwischen einer ebenen Flache und einem Aerosol 
wird nach der Monte Carlo Methode untersucht Die Warmeenergie wird von einer langen rechteckigen 
Fllche an Modelle fur einfach streuenden, nattirlichen NebeI tibertragen. Die Berechnung gilt nur fur 
den Wlrmetransport durch Strahlung und schliesst die Konvektion, die bei einer vollstiindigen Berechnung 
mit der Strahlung gekoppelt ware, nicht mit ein. Der direkte Wlrmetransport an die Tropfen des Nebels 
wird berechnet fur Werte des Extinktionskoeffizienten von 10 km-’ und 80 km-‘, ftir Verhaltnisse des 
Absorptionskoefhzienten zum Extinktionskoefftzieten von 0,4 und 0,5 und ftlr Streufunktionen des 
direkten, isotropen Typs Monochromatische Strahlung der Wellenliinge 10 um wird venvendet, mehrfache 
~abh~ngi~ Streuung wird ~~~ksichti~ Die numerischen Ergebmsse werden so dargestellt, dass die 
dumliche Verteilung der Wirking der Strahlung zum Ausdruck kommt und dass Folrrerunnen hinsichtlich 
dieser Art des Wlrmeaustausches als Mittel ftirdie Nebelauflosung tiber Flugbafenposten gezogen werden 

konnen. 
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~Y~~CTbI~ n~P~HOC TERRA OT HArP~TO~ B3~ET~O-~OCA~O~HO~ 
~OPO~~~ K TYMAHY 

AHaoTaqnsr-&ieToEoM MOHTe-KapzO mcxe~yeTcfi ~~y%iCm@ TenxOO6MeH MemAy moCKim 
HCTOqHElKOM H a3pO8OJIeM. 'I'emosa~ 3HeplWX IIePeHOCMTCH OT AJIPIHHOI'O IIpRMOyl'OJIbHO~O 
IlCTOYHElKa K MOHOAHCnepCHbIM eCTeTCTBeHHbIM MOReJIbHbIM CpeAaM TyMaHa. Bbxwcn~eTcsi 

TO~bKO~y~IlCTbI~~e~OHOC~HeyY~T~BaeTCrlKOHBeK~~R.~OJIHbI~aHaJIM8AOJIH(eHBKJIH)Y~Tb 
B ce6n KaK JIyWCTbItIIepeHOC,TaK II KOHBeKI@iIO. IiZCCJIeJQ'eTCRHeIIOCpenCTBeHHbIti nepeHOC 
3HeplYll K KanJIFIM aapO3OJIR npIl 8HaqeHHFiX KO3@i$~IJMeIiTa 3aTyXaHKFI OT 10 KM-l HO 
80 KM-I, npH OTHOIUeHElRX KO3@&iIJHeHTOB nOl'JfOIlJeHIWi ET 3aTyXaHIlJ3 0,4 II 0,5 II AJIR 
(PYHKl@i paCCeflHMfl H30TpO~HOI'O TEIIIa. k'iCiIOJIb3yeTCH MOHOXpOMaTHYeCKOe M3JIyqeHlie Ha 
.qnane BOJIHU (10~); ~~MB~~IIT~~MMH~P~K~~TH~~H~~~BE~cHM~~ paccefmfe. MJIJII~~T~F~~~WJT~J~ 
YEiCJreHHbIe pe3yJIbTaTbI, KOTOpLSe OTpa=aIOT EIpOCTpaHCTBeHHOe p%IIpeReJleHMe JIyWCTbZX 
B3a~MO~e~CTB~~ II IlOKa3bIBalOT, 9TO 3HeprOO6MeH MOmHO ElClIOJib3OBaTb AJIFI paCC&?HIlR 

TyMaHa HaB8~eTHO-~OCa~O~~X AOpO?KKaX. 


