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Re: Atmospheric Dispersal of Contamination from Thule Crash
of 21 January 1968.

Ref: 1. TWX to USAEC ALO From SAC Disaster Control Team
Thule 0281805 Z January 1968.

2. TWX to RUCSCDT/SAC Disaster Control Team Thule 
from USAEC, Hugh Kay, ALOO P292595 Z Jan. 1968.

The following is an analysis of the atmospheric transport and 
dispersal of plutonium from the four weapons carried by the B»52 
that crashed off Thule, Greenland, about 2040 Z (1640 local time) 
on 21 January 1968. The analysis attempts to give as comprehensive 
treatment as is possible using the information available to the 
authors, however, there are gaps in the information which must 
temper confidence in the analysis.

Before proceeding it seems in order to review the kind of 
information necessary to perform a reasonably accurate analysis 
of the type attempted here. In this way the reader will have some 
references with which to gauge the magnitude of the deficiencies 
in this specific analysis. The information required is listed in 
Appendix I. The current understanding of the information is listed 
below.

I-A-l. 4 weapons - all destroyed - all plutonium dispersed.

2. No other HE aboard.

3» 245 K lbs of JP-4 total - distributed between residual 
fire and immediate flare up.

4. 2 seconds duration for flare up. poEARCHIVES

5*-10 to 20 minutes residual fire bum.
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I-B-l.

2.

I-C-l.

2.

5-

4.

II-A-1.

2.

5-

4.

B-l.

2.

No estimate of activity in air.

2.1 to 2.5 Kg °n ground (Appendix II).

Unknown particle size distribution of aerosol.

Accident occurred at approximately 2040 Z, 21 Jan. 1968.

7 - 7 miles west of runway end on North Star Bay.,
Thule air base.

Aircraft on southerly heading when crash on ice occurred. 
High explosive in four weapons apparently detonated along 
with some quantity of JP-4 on board (this is inferred from 
observed cloud rise of 850 meters. 355 meters is likely 
height based on weapon HE alone) .

Blackened area extends due south of impact point apparently 
caused by sprayed jet fuel (1800 ft. long - 400 ft. wide). 
The ice melted by the fire contains activity frozen in 
apparently from airplane and weapon fragments.

Cloud height by radar observation « 85O meters.

Width to 800 meters.

Depth « 800 meters.

No other description.

No information on cloud motion after 2 minutes.

III-A-1. No information on wind at crash site.

2. No information of winds aloft at crash site.- 

3» 2040 Z accident time.
4. No information on cloud cover. DOE ARCHIVES

5. Snow and ice, smooth with occasional drifts.

/4t
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Routine weather observation at Thule at 1800 Z is 
' available and is contained in Appendix III>.

At crash time the ground
level observation at Thule was 7 knots (5.6 m/sec) from 
110°.

2. Cloud cover unknown - probably clear.

5. Precipitation in area unknown - probably none.

4. Topographic map in Appendix IV.

5. No other atmospheric soundings in crash site vicinity. 
Additional data is coming from Thule via Maj. Bullard at 
Thule and Maj. Aukerman at DAS A F.C., ABQ.

Analysis

The analysis of the information given above will be performed 
in four sections. They are: 1. definition of the source term for 
transport and diffusion analysis; 2. analysis of the local meteoro
logical situation at and around accident time; J. calculation of 
the transport and dispersal of the plutonium aerosol using Difout 
code and information derived in 1 and 2; and 4. presentation of 
conclusions regarding the probable location of the aerosol deposited.

Source Definition. The report of Dr. W. Langham and the TWX’s from 
Thule from the time of the accident until now indicate that apparently 
all the weapon*s HE detonated when the aircraft struck the ice. t
Detonation of the HE and some amount of the 250 K lbs apparently ^

shredded the airplane into pieces ranging from desk top size to 
thimble size and smaller. The fact that the pieces were heavily ^ 
contaminated with plutonium is evidence that the weapons probably 
were inside the aircraft when detonated. The presence of plutonium 
on aircraft debris means that the entire mass of the nuclide was not 
aerosolized for transport by the wind. The amount of aerosol in the 
source must be reduced by the amount of plutonium on the ground.
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The actual size spectrum of this aerosol is unknown so some 
reasonable estimate must be made. Measurements of a plutonium 
aerosol produced by simulating the accidental explosion of nuclear 
weapons were made as part of the Roller Coaster experiments held 
in Nevada in 196?. The size spectrum produced by one of the experi
ments ^ termed Clean Slate 1, is shown in Figure 1. This is the 
result of detonating nine weapons positioned on low stands on a 
concrete pad. Other weapon accident simulations were performed 
with the weapons in earth covered bunkers, a situation deemed less 
applicable to this situation.

The cloud produced at Thule by the detonation of the weapon's 
high explosive and fuel was, by radar observation, observed to be 
about 85O meters high and about 800 meters thick (telecon Thule to 
Aukerman, DASA, ABQ., 8 Feb. I968). This cloud is taken to be the 
source of the aerosol which is transported by the wind, diffused by 
atmospheric turbulence and is the source of downwind contamination 
on the ground as the falling aerosol particles are deposited.
However, an additional uncertainty must be considered; the distri
bution of the radioactive aerosol with height in the cloud. Many 
possibilities exist, but only three will be treated here. They are:
1. activity distributed uniformly with height; 2. activity dis
tributed with height as observed in the Clean Slate 1 event of 
Roller Coaster; 3. activity distributed with height as observed 
in the Clean Slate 2 event of Roller Coaster. The Clean Slate 1 
distribution is characterized by most of the aerosol mass concentrated 
in the upper part of the cloud (75# of the total aerosol mass is in 
the upper 1/4 of the cloud). The Clean Slate 2 distribution has the 
highest concentration near ground level and decreasing with height 
until a minimum is reached at somewhat less than 2/3 the cloud height^ 
then concentration increases again until another maximum is achieved 
at above the 3/4 height level. It is thought that these three possi
ble activity-height profiles would represent most situations fairly
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closely. The effect of assuming any one on the deposit pattern 
can be gauged by looking at th| results of the transport and 
diffusion calculation./ Th^l*description of activity-size and 

activity-height distributions and the cloud size and height com
pletes the description of the source term necessary for the trans
port and diffusion calculation.

Meteorological Situation. The meteorological information described 
above and contained in Appendix 5 allows some fairly significant 
conclusions to be made. The observation of 1800 Z, plotted on Fig. 2, 
and supposedly similar observation at OOZ indicate a very stable air 
mass extending from ground level to above 827 meters, a less stable 
layer above to about 2170 meters followed by near neutral (but stable) 
layers above that. The gradient Richardson number /d9

Ri &
T

dz

(■/
in the first 827 meters varies from 500 to an excess of 50,000 and
the Froude number pu2 is 0.015* In the less stable layer above

gL Ap

(827“2170 m) the Richardson number is about 500 and the Froude number 
is O.O505. Normally Richardson numbers greater than 1 are considered 
to characterize very stable atmospheric conditions with minimal 
turbulence generation. Froude numbers smaller than 0.1 (but greater 
than 0)imply that inertial forces on an air mass are insignificant 
compared to stabilizing bouyancy forces. This implies strong inhibi
tion of vertical motions in the atmosphere. Values of the magnitude 
observed here can only mean strongly damped vertical turbulence, 
relatively small horizontal turbulence, and a horizontal,nearIj^C^* 

laminar,airflow. The consequence of the last item is that air will 
flow around an obstacle in its path, rather than rise above it.
Thus it can be concluded that below the heights of the islands in 
and the surroundings of North/Bay, the air flow will be over the ice 
through the inter-is land gaps and between the islands and the mainland. 
(See map. Figure 3).

iH1
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On Figure 3 the wind vectors measured at Thule are shown with 
their origin at the location of the crash site. While it is an 
assumption that the same winds prevailed at the accident site, 
there is no reason to expect them to be much different. In fact, 
the directions below 500 meters in height are reasonable in light 
of the conclusion above regarding channelling of flow in the island 
gaps. As height increases the wind vector backs from the topography 
dominated westward drainage flow to the southward flow aloft. It 
should be noted, however, that the observed cloud was only 85O meters 
in height, therefore only winds below that level could affect the 
location of particles deposited on the ground.

Cloud Transport Calculations. Cloud transport was calculated using 
a computer code termed DIFOUT which is described in detail in 
Appendix 5* Basically the model applies the generalized Gaussian 
plume calculation technique to vertical segments of an instantane
ously created aerosol cloud. Vertical segmentation allows for 
accommodation of changes in transport vector and aerosol concen
tration with cloud height. The aerosol mass in each segment is 
broken up into fractions, each with a characteristic diameter (to 
match the postulated activity-size distribution) and fall rate. 
Deposition and airborne dosage is provided as program output. The 
code is limited to horizontally constant winds and flat planes, i.e., 
no topographic effects are modeled. This is a disadvantage in this 
situation since topography changes the wind field in the horizontal 
and portions of the cloud pass over topographic features. DOE ARCHIVE*

Figures 4, 5# a^d 6 show the calculated aerosol deposit as
suming that the terrain was flat and that the vertical wind profile 
observed at 1800 Z at Thule was in effect. The patterns shown in 
the three figures are for uniform activity height; CS1 activity 
height (most aerosol at top) and CS2 activity height (most aerosol 
at the base of the cloud), respectively. • The pattern show the effect 
of the differing activity height profiles. Although there are dif
ferences between the results they have the same general characteristics;
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that is, that the aerosol in the lower portion of the cloud caused 
deposit on an azimuth of 265 * 5 degrees and that caused by the 
upper portion of the cloud appeared on an azimuth of approximately 
240° ± 5 degrees. It must be reemphasized that these results are 
for deposit on a flat plane. Therefore, isopleths shown over 
Wolstenholme Island must be considered suspect and must be realigned 
to approximate the effects of the topography and the very pronounced 
channelling effects of the inter-island and island-mainland gaps.

As a first attempt at accounting for terrain effects a calcu
lation was made of the aerosol flux through a surface at a height of 
550 meters (approximately the elevation of the islands and the nearby 
mainland). Using this calculation, the azimuth at which deposit will 
accumulate at an altitude of 550 meters is obtained. Where the 
deposit pattern coincides with a land mass of altitude 500 meters is 
easily seen by referring to Figure J. The coincidence between the 
isopleths and land with altitude & 500 meters occurrs on Wolstenholme 
Island where an area defined by the 1000 ft contour is intersected 
by the 10 , 10 and 10° jig/m /Kg isopleths. This area is expected 
to be contaminated to the extent indicated by the isopleths and lower 
altitudes on the island to a lesser extent.

Accounting for the channelling of the low level flow through 
the strait between Wolstenholme Island and Cape Atholl or Saunders 
Island can only be accomplished qualitatively since no detailed infor
mation on the low level winds are available. POE ARCHIVES

By shifting isopleths on Figure 5 to account for the postulated 
low level flows and to approach the winds aloft when the cloud 
reached open sea. Figure 8 was obtained. Figure 8 also attempts to 
account for the deposit on Wolstenholme Island in an approximate 
manner.~ Figure 8, therefore, is an attempt to factor the realities 
of the topography and weather situation into the aerosol dispersion 
analysis. The attempt was made only for the Clean Slate 1 activity 
height profile since it produced the largest deposits on Wolstenholme

/6f(p0
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Island. The same analysis could be done for the uniform and CS2 
distribution but results would be similar.

Conclusion: Based on the information available at this time it 
appears that deposition patterns of the aerosol produced by the 
accident are to be found on open ice west and southwest of the 
crash site and on Wolstenholme Island. No contaminent is calculated 
to deposit on Cape Atholl. Deposit on the island may be as high 
as 1 to 10 micrograms per square meter per kilogram of aerosol 
produced. This analysis does not take into consideration any re
location of the contaminent after its deposit immediately after 
the accident. High winds in subsequent periods may have resus
pended the aerosol and shifted the actual deposit patterns.
In sufficient information about the subsequent weather, surface 
properties, etc. precludes any treatment of the resuspension 
problem here.

/<f7
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Appendix I

Information Required to Perform Analysis of Atmospheric 
Transport and Diffusion of a Radioactive Nuclide.

It is the purpose of this appendix to indicate the type of 
information required to make an analysis of the transport and 
diffusion of a plutonium nuclide produced during non-nuclear 
explosion or burning of a plutonium bearing weapon.

On explosion or disruption of the weapon case the radioactive 
aerosol is entrained in the hot gases resulting from combustion or 
explosion of the weapon's high explosive, other high explosive, air
craft or rocket fuel, and other flammable material. Ordinarily the 
aerosol is carried aloft early in the resulting conflagration by 
the hot gases from the initial detonation. The height size and 
shape of this initial cloud of radioactive aerosol is the starting 
point for any calculation of subsequent transport and dispersal.
Lacking information on the cloud at early times, its size and shape 
must be calculated by reference to empirical relations relating 
cloud rise to energy release. Because of limited data samples and 
dependence of the data on the details of the experiments, these 
relations contain some uncertainty. A photograph, a radar obser
vation, the testimony of a trained observer or eye-witness accounts 
may be (with possible exception of the last) superior to empirical 
prediction of cloud height and shape. This is especially true when, 
as in the Thule accident, an unknown quantity of fuel could partici
pate in the initial detonation making prediction of energy release 
going into early time cloud rise difficult. pOEARCHIVES

The aerosol of radioactive material in the cloud has several 
agents acting upon it: First, each particle falls with a terminal 
velocity proportional to its size; second, the portion of the cloud 
at any height is transported by the wind according to its speed and 
direction at that height; and last, the aerosol cloud diffuses due 
to random variation of the wind in all coordinate directions (atmos
pheric turbulence). All three of these effects are accounted for
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in the transport and diffusion model DIFOUT, in use at Sandia.
However, to compute these effects, an estimate of the aerosol 
size distribution, a measurement of wind speed and direction from 
the ground to cloud top at the explosion site and an estimate or 
measurement of atmospheric turbulence are required.

Lacking the correct aerosol characteristics, estimates can 
be made from Roller Coaster or other weapon accident experiments; 
or actual accidents and other data sources. Since measurement of 
the source aerosol will probably be lacking in any accident, using 
an aerosol spectrum based on other experiments will be necessary 
in most cases.

Without measurements of the wind vector with height, prediction 
of cloud trajectory and areas of deposit and inhalation hazard are 
impossible except in a most qualitative way. It is, therefore, an 
important piece of data, but, again, is generally not available at 
the accident site. Acceptable information would be an immediate 
estimate of wind direction and speed at ground level at the accident 
site and a wind and temperature measurement over the height of the 
cloud at the nearest weather station or regular observation point. 
However, an attempt should be made to obtain an observation of wind 
and temperature with height at the accident site and at downwind 
points as soon as is possible after the accident. poEARCHIVES

To estimate the effects of turbulent diffusion, measurements 
of the variance of wind speed, direction and elevation angle at the 
accident are required. However, it is not likely that these measure
ments will be available, because rather specialized instrumentation 
is required. An acceptable estimate of turbulence can be generated 
from the following observations at the crash site; 1. Ground cover 
(snow, sand, grass, etc.) and local topography descriptions, 2. 
time of day, J. wind speed, 4. cloud cover, 5* temperature.
These elements can be factored into the Pasquill-Gifford method for 
predicting atmospheric stability and diffusive spread of aerosol 
clouds and will provide reasonable estimates of the dispersive
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properties of the atmosphere at the crash site. Other important 
factors affecting the calculation of aerosol transport in a qualita
tive manner are changes in wind direction or speed, changes in ground 
surface characteristics (water to land, smooth to rough, vegetation 
type, etc.) and other outstanding topographic features of the 
accident site. This sort of information can be obtained from nearby 
weather observations at or after the time of the accident and from 
a good large scale topographic map of the 100 Km surrounding the 
accident site.

In summary, the following information is necessary to produce 
an acceptable estimate of the dispersal pattern and hazard from a 
weapon accident. Note that as less and less of the necessary data 
and detail are available the dispersal and hazard estimates become 
more and more approximate.

I. Accident Description.
A. General

1. Number and type of nuclear weapons involved.
a. number without loss of radioactive material
b. number burned
c. number detonated

2. Other high explosive involved
a. amount burned
b. amount detonated

J. Other flamables (fuel, oils, etc.)
a. amount involved in initial conflagration
b. amount in residual fire

4. Duration of initial high order explosion and conflagration
5. Duration of residual fire.

B. — Specific (if available)
1. Estimated radioactive material in air (mass, or percent).
2. Estimated mass accounted for on ground, on debris, etc.
5* Size spectrum of airborne plutonium.

C. Other specifics
. 1. Time of accident.

2. Site of accident (with map, if available)
l
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J. Description of accident. 
4. Other pertinent details.

II. Cloud (if observed)
A. At time of accident (within 2 minutes)

1. Height
2. Width
3. Description of shape (picture, sketch, radar 

observation, etc.).
B. After 2 minutes.

1. Height, width, shape, etc.
2. Direction and speed of travel of upper, middle and 

lower portions of cloud.

III. Wind-Transport and Diffusion
A. At or near accident site as soon as possible after accident

1. Wind speed and direction and temperature at surface 
(measurement or estimate - specify which). Time-trace 
record of any or all of these if available.

2. Wind speed and direction and temperature with height.
3. Time of day.
4. Cloud cover.
5. Ground cover (snow, sand, vegetation, etc.).

B. Within 100 Km of accident site, before and after accident
1. Wind speed direction and temperature with height at 

regular weather observation stations.
2. Cloud cover.
3. Precipitation areas.
4. Large scale topographic map. Scale of 1 = 250*000 or less.
5. Special wind and temperature observation with height at

and downwind of accident site. POE ARCHIVES

It is recommended that the general outline given above be the 
basis of"one facet of the investigation of any weapons accident. 
Perhaps it could be put in checklist form for the attention of one 
member of the SAC disaster safety team investigating any accident.

IbC
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Perhaps a person trained in making atmospheric transport and dif
fusion estimates should be a part of the disaster team or be one 
of an immediate followup group at the accident site. Experience 
in Thule and Palomares has indicated that attention to the data 
gathering necessary for a prediction of the extent of atmospheric 
transport and diffusion has been neglected until long after the 
accident. Thus making the prediction job much more difficult.

f b (



Appendix III

Weather Observation at Thule AB 1800 Z 21 January 1968

Time after
release Height % Direction Speed

(Min) (Meters) (Degrees) (Meters/set

0 0 090 3.1
1 250 070 2
2 510 050 3
5 800 020 3
4 1080 010 4
5 1570 360 4
6 I65O 360 4
7 1920 350 3
8 2200 340 3
9 2500 340 4

10 2810 330 3
11 3100 320 3
12 3400 290 3
13 3710 270 4
14 4040 270 . 7
15 4320 260 7
16 4620 250 6

17 17 4930 240 7
18 5250 240 9
19 5550 240 10
20 5830 240 11

Pressure Height Temperature Humidity^
(millibars) (meters) (°c) (*)
1005.1 0 -30.0 60
1000.0 53 -28.1 60

950 420 -22.1 58
900
800

827 -19.8 53
1698 -22.0 36

750 2170 -22.4 34
700 2671 -26.9 33
650 3190 -30.7 32
600
550

$$ -32.3 
. -35.0 .

30
27 IGls
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. DI UT: AN AT>10SPHERIC TRANS RT 
AND DIFFUSION MODEL

R. E. Luna
Sandia Corporation 

Albuquerque, New Mexico 87115

Presented at USAEC Meteorological 
Information Conference, Chalk River, 
Ontario, September 11-15* 1967*

. ABSTRACT

In conjunction with Roller Coaster, a joint US-UK project 
conducted at the Nevada Test Site in 195^* a computer program
med model for prediction of the atmospheric transport and 
diffusion of aerosols was developed. The program is a melding 
of a U.S. code describing gravitational fallout of a log
normal size distribution of particles in a vertically varying 
wind field and a U.K. code describing the. dispersion of a 
particle cloud by atmospheric turbulence.

At its inception the aerosol cloud is approximated by a 
series of cylindrical layers in the vertical direction charac
terized by a source strength, lateral diameter and thickness, 
and a distribution of aerosol mass with particle diameter. In 
turn, each layer is composed of several line source elements of 
equi-size particles to conform to the aerosol mass-diameter 
distribution for the layer. Each element descends at its 
gravitational fall rate and is transported by the mean vector^^'^ 
wind while expanding by the action of turbulent diffusion. ^ 
Deposition and/or airborne dosage is calculated on a specified 
circular grid of range and azimuths whose origin is at the cloud’s 
initial position. Various input and output options are described

best available copy
I i !
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which permit great flexibility in program use either in 
prediction of the dispersal from a given cloud or in the 
determination of the input necessary to produce a given 
result.

An illustrative problem involving prediction of aerosol 
dosage at ground level from a possible SNAP system failure 
during a launch abort is provided.

Background

The model is the result of a joint U.S.-UK effort to develop 
an atmospheric transport and diffusion model for aerosol dis
persal calculation as part of Operation Roller Coaster. The 
model combined the desirable features of a previous model pre
dicting transport and gravitational settling of airborne parti
cles with a feature that permitted the ensemble of particles 
to spread by the action of atmospheric turbulence. The melding 
of the two concepts was performed by staff members of AWRE, 
Aldermaston^ England, with the advice of Sandia Corporation 
staff members. The general features of this early version of 
the model were presented as a portion of a paper given at an 
A.M.S. meeting in Salt Lake City in October, 1954. (1) During 
subsequent use of the model at Sandia, certain features of the 
program were streamlined and routines to add flexibility in 
inputting information were programmed. The resulting computer 
code, termed DIFOUT, is currently being used with the CDC 2600 
computer at Sandia but can be easily adopted for use on other

B'achines • doearchwes
Currently, the program is being used to perform analyses 

of the possible hazards from dispersal of radioactive nuclides 
in the atmosphere resulting from a near ground failure of a 
SNAP system or the accidental non-nuclear detonation of a weapon 
during transport or storage.



Program Concept

The basic concept of the program is the so-called elevated 
tilting plume model for transport and diffusion of airborne 
particulate. That is, the cloud from a continuous elevated 
monodisperse aerosol point source is assumed to descend at a 
terminal velocity characteristic of its particles and is simul
taneously transported by the mean wind transport vector and 
spread out by the fluctuation velocities normal to the mean 
wind direction. At the location where the particles reach 
ground level an air concentration and deposit rate are calculated. 
The equation describing this type of source is identical to that 
for an instantaneous source if the source term and other para
meters are interpreted properly. Thus, the model can be used 
for either instantaneous or continuous sources. Because the 
major use of the model has been in the prediction of dispersal 
from instantaneous clouds, the nomenclature relevant to this 
type of source will be used in this paper.

Program Operation

The aerosol cloud forming the source is assumed initially 
to be vertical and no longer rising because of buoyancy effects. 
The stabilized cloud is broken into individual elements of 
monodisperse aerosol whose subsequent history can be described 
by the tilting plume model. To divide the cloud into elements 
suitable for use with the above model, the cloud is divided 
into layers; each layer being made up of a number of elements'^ 
composed of monodisperse aerosol particles. Therefore by regu
lating the quantity of aerosol in each mass element of each cloud 
layer both the original distribution of aerosol with height (mass- 
height distribution) and the distribution of aerosol with particle 
size (mass-size distribution) can be approximated. Besides per
mitting approximation of the mass-height distribution, dividing
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the cloud into layers also permits each layer to be transported 
along a mean wind vector averaged between the layer's height 
and the ground. Thus dispersal effects resulting from wind 
speed and direction changes in the vertical can be approximated.

After the subdivision of the original cloud into many mass 
elements, the contribution from each mass element to the dosage 
and deposit at ground level is calculated for points on a 
polar coordinate grid centered at the initial location of the 
stabilized cloud. The radial and the azimuthal densities of the 
output data points is specified by the user to suit his own 
needs.

The above is a general outline of model operation; in the 
following sections more detail is provided on the actual ex
pressions used in evaluating the diffusion from the source and 
their limitations.

Equation of Transport and Diffusion. Each mass element of each 
later in the stabilized cloud is assumed to be approximated by 
an instantaneous, finite length, zero thickness, line source 
located upwind of the cloud's actual position. During the 
transport from the source's initial position to the actual 
stabilized cloud layer location, the zero width line source 
expands by lateral turbulent diffusion to a size approximating 
the observed diameter of the cloud layer. The source contains 
a total amount, q, of aerosolized particles of diameter, d, and 
calculated fall rate, f. The line source segment begins at 
height b and ends at height t, thus its length and thickness of 
the layer it approximates is t-b and its centroid is at height, 
h = (t+b)/2. Between the height, h, and ground level a mean 
transport-speed U and azimuth is calculated from input winds 
which describes the mean direction and speed of movement of the 
centroid of the line source during its descent. The dosage from 
such a line source is given by the following expression (2):
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Here x(xiyjz) is the dosage at height z above ground level (z=0) 
and at a distance x (measured along the ground) from the initial 
source location in the direction of the azimuth, 0. The distance 
y is measured perpendicular to the azimuth line 0. Thus the 
coordinate system is tied to the direction of motion of each 
line source; the x direction is downwind along 0, z is vertical, 
and y is in the transverse direction.

The quantities a and o are measures of the diffusive growthy z . # #
of the aerosol cloud. They are defined by the equation of diffusion 
from a instantaneous point source, which is of the form:

X(x,y,z;h) q
&rOyOzU

exp
2

y exp

UK
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Integration of this expression for values of h, between b and t 
will give an expression similar to equation 1. The important 
feature is that the spread of an aerosol from a point source is 
described by a Gaussion distribution in the lateral and vertical 
direction and that the measure of the dispersion of the distri
bution is given by o and a • Even though these terms appear in

y z
the line source equation they are defined by the equation for 
diffusion of a point source. Although the expressions for calcu
lating the quantities Oy and az will be considered in greater 
detail later, it is only necessary now to indicate that Oy and 
o_ grow with time or distance traveled at a rate largely deter- 
mined by the characteristics of atmospheric turbulence.
Therefore they determine of the dependence of x with downwind 
distance x.

The quantity a in equation 1 is the reflection coefficient 
which is used to describe the behavior of the aerosol particles 
in the vicinity of the ground plane, z = 0. As the ensemble of 
particles descends at its terminal velocity and spreads by 
turbulent diffusion, particles will pass through the plane 
z=0 and continue to larger negative values of z. This is 
equivalent to the deposit of the aerosol since it is no longer 
available to contribute to the dosage in the positive half space. 
This case corresponds to a = 0. If it is postulated that all 
particles are reflected at the surface, a is set equal to 1.
This value of a produces an equivalent source at the conjugat^P’ 
point in the lov/er half space which produces a dosage pattern 
equivalent to that produced by the upper source but symetrical 
about the plane z = 0. Thus the total mass of aerosol in each

/c



half space remains constant. The immediate effect of setting 
a *= 1 is to double the dosage at z = 0 due to the effect of the 
reflected aerosol. Using other values for a between 0 and 1 
permits accounting for various amounts of reflection if the 
quantity of non deposited aerosol is known. More details on 
the selection and usage of the reflection coefficient is given 
in the following section dealing with deposition calculation.

Calculation of Deposition. The best method of calculating the 
amount of material deposited on the ground from an aerosol 
release is subject to some question. The uncertainty appears 
to arise because of a lack of understanding of the details of 
the deposition process. The most common method of accounting, 
for deposition is through the so-called deposition velocity,
V , which is defined in either of two ways (3). That is

O

V s Rate of Deposition on a Surface 
g " Concentration at the Surface

V = Deposition on a Surface 
g ^ Dosage at the Surface

The value of Vg in either instance is thought to be a function of 
wind speed, particle fall speed, surface characteristics and 
turbulence characteristics. The units of Vg is that of velocity, 
hence the name; but its measurement as an observable velocity for 
particles encountering a surface has not been demonstrated. 
Nevertheless the concept of a deposition velocity is attractive 
because one need only multiply it with the dosage x to arrive 
at the deposit, D.

D T)Oifc

This method of calculation does produce some difficulty when 
used in association with expressions given by equation 1, 2 or 
other similar forms, because the reflection term a must be



varied with range, x, to satisfy the requirements that mass he 
conserved. Following Csanady (4,5) an expression for a(x) is 
obtained as follows:

o(x,z=0) = 1 -

g

hu + n 
Tx + 2

for a point source at height h and with

c2 « Kx
i-n 1 2

(4)

(5)

He also suggests that should be equal to f and also that the 
relation, equation (4) is valid for

.25 > Vg/u > .01

Using a linear dependence of a with x, i.e., n = 0, the following 
expression for a results from equation 4:

hu - V^x (6)
a (x,z=0) = ujtttA

g

Forms 4 and 6 for values of V = constant are both included in
g

the computer code as well as the selection of a = 0, a = 1, or 
an intermediate value as indicated earlier. Selection of ct = 1 
precludes any possibility of deposit while a = 0 requires that 
(from Eq. 4) ^

hu + § (f- (7)

for o_ given by equation (5), 02 z
v = ilH 
g X

: t

(8)

n(



values of (inconstant are calculated by multiplying the expressions 7 
8 by the quantity (l-a)/(l+a) which has the proper limits for 
a « 1 and a = 0. However, the meaning of such intermediate
values of the reflection coefficient is unclear.
• ■»—

Turbulent Dispersion Relations. Tne quantity which describes 
the degree of diffusion which has taken place are the standard 
deviations and o_ appearing in equation 1. These parameters 
contain the dependence on distance and on the state of turbulence 
in the atmosphere. The relation given by Smith and Hay (6) is 
used for calculation of a's in both component directions.
Although Smith and Hay’s paper treated only homogeneous isotropic 
turbulence, it is assumed that the relations describe turbulent 
diffusion in any component direction. Using the subscript p to 
refer to the x or y component, then

p
Op * 2/5 3p ip x where ip is the intensity

of turbulence t

0 is the ratio of Lagrangian to Eulerian scales of turbulence

BP - (WP *

and x is the downwind distance.

Subsequent analytical work by Wandel and Kofoed-Hansen (7) 
showed fhat 0 could be expressed in terms of the intensity of 

‘ turbulence.

v



Thus by combining the expressions, the dependence of Op on x 
and i is found to be

£ i x
9 p

• - This general dependence of with x has been verified 
experimentally for instantaneous sources (8) and found to hold 
for a wide variation of x’s and Op's, particularly for the y 
component and when is from 1 to 10 times the local turbulence 
scale length. For larger ratios of Cy to scale length, the 
dependence of Gy * Xn decreases from n = 1 to n « 0.8 or 0.75*
For the vertical component, departure from linear dependence on 
x is observed to occur sooner, presumably because of vertical 
stability conditions or smaller length scales in the vertical. 
However, without detailed knowledge of the turbulence scales 
acting the assumption of linear cloud expansion used in the 
program is probably an acceptable estimate of the actual growth 
process, particularly at distances less than 10 Kin.

When a better analytic representation or working empirical 
relations is available or a new relation is to be tested, an 
open subroutine in the program is available for the computation 
of op. \ ■

Because a falling particle experience a different turbulence 
spectrum than one with zero fall-speed, a correction must be made 
to the values of Op calculated above for non settling particles. 
Denoting Gp as the actual standard deviation of the distribution 
and Op£_0 that for a non-settling particle, the correction 
given by Pasquill and Thomas (9) is

n
Zr

°pf=o
u‘

u2+3p2f2

where n is 1/4 for a continuous plume and varies from 1/2 to 
1/4 for an instantaneous source depending on the time since 
release and the size of the puff in relation to the turbulence
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scales. For the problems considered at Sandia, the length and 
time scales are such that n is normally set equal to 1/^1.

All the above relations pertain to particles which are 
assumed to follow the velocity fluctuations of the air exactly. 
This, of course, is an assumption of some magnitude but not 
unwarranted, for particles smaller than about 250 microns at 
density 2 follow the velocity fluctuations on an atmospheric 
scale very closely. They do not follow the small scale fluctu
ation velocities, but such motions do not contribute greatly to 
atmospheric diffusion of particle clouds. Because particles 
larger than 250 microns have sufficiently high fall rates to 
not remain airborne very long v;hen released at reasonable 
heights, and since Sandia has generally not been interested in 
dispersal predictions at very short ranges (<100 meters), no 
attempt is made to account for inertia effects, in the diffusive 
spread of particulate.

Mean Wind and Turbulence Intensity Calculation. Normally there 
is speed and direction change of the wind with height and hori
zontal position in the atmosphere and with time. In this model 
it is assumed that change in the wind with time and horizontal 
position are zero, but that wind change in the vertical can 
occur. The effect of this wind vector shear is two-fold. First, 
and most obvious, is that each small vertical increment of the 
cloud will move along some specified azimuth which will be the 
line of maximum dosage for the material originating in that cloud 
element. Thus concentrations at ground level are reduced ov^q^aBCH* 
that which would be registered if no wind direction shear were 
present and the concentration at a point were the resultant of the 
contributions from each cloud element. The second effect is that 
of enhanced lateral diffusion produced by the interaction of the
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vertical diffusive flow with wind direction shear to produce 
a lateral diffusion of material, Accounting for this 
increased lateral diffusion is not attempted in the current 
model, although effort is being made to arrive at a practical
method for taking the effect into account.

0

Accounting for the effects of large wind velocity shears 
is accomplished by breaking the cloud, assumed to be a vertical 
instantaneous or continuous line source, into many smaller 
segments over which wind direction doesn't vary appreciably. 
This procedure accounts approximately for the differences in 
speed and direction of the sources at various heights. The 
transport vector for each layer is found by the so-called 
"hodograph" technique. It is assumed that when'a particle 
arrives at ground level that it has transported by an amount 
proportional to the vector sum of all the winds from the ground 
to the release height. That is, if u(h) is the vector wind, 
then

o

where R is the radius vector from the origin to the point at 
ground level where a particle of fall rate f would land ir 
released at height, H. In practice, due to the non availability 
of a continuous vertical profile of wind speed and direction 
measurements, the integral must be treated in an approximate 
manner as a summation and interpolation schemes between measure
ments must be used. DOE ARCHIVES

If values for the horizontal and vertical intensities of 
turbulence are available at the heights where the winds are 
measured, a mean value for each acting over the distance from
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z=o to z-H is evaluated in a manner similar to that given above 
for the mean winds. The fact that variation of wind velocity 
and intensity of turbulence are permitted only in the vertical 
direction limits the applicatioii of this model to length scales 

• in which this assumption is acceptable.

Particle Fall Rate. The gravitational fall rates which are used 
in the model are calculated from the empirical formulas of 
Davies (10) which relate the terminal velocity to Reynolds number, 
air viscosity, particle density and the Cunningham slip factor.

Particle Size Distribution. The mass of aerosol which makes up 
the source in any study of a real occurrence is almost always 
made up of an aggregation of various sized particles. To permit 
the modeling of this kind of source, two options for entering 
mass-diameter distributions are included in the program. The 
manual mode of entering mass-size distributions into the model 
permits approximating any desired distribution. A more useful 
feature is a selectable computational routine that automatically 
enters any distribution which can be approximated by up to 5 
piecewise log-normal line segments on a log-probability plot. 
Specifying the geometric standard deviation, mass median diameter, 
and particle diameter upper and lower limits for each segment 
completely specifys the desired distribution. The distribution 
is then divided into a specified number of fractions and the mass 
in each fraction is computed.

POE ARCHIVES

Co-Ordinate System. The values for the dosage or de
position are given in a polar coordinate system with the 
initial source location at its center. The model defines the 
included angle in which non-zero concentrations are expected
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and produces a tabulation of the desired output at the radii 
and angular density specified by the user. In addition, it is 
possible to shift the source location with respect to the grid 
as might be necessary to simulate an experiment where the 
stabilized cloud was not at the origin of the established 
sampling grid.

Cloud Specification. The input of information delineating the 
height, shape, and mass-height distribution is accomplished by 
dividing the cloud vertically into layers and specifying the 
thickness and diameter of each layer and the amount of aerosol 
mass it contains. To facilitate the latter input, the program 
will automatically allocate a given total mass of aerosol among 
the layers depending on (1) layer diameter squared, or (2) a 
relative amount of aerosol mass specified for each layer, or 
(5) a specified mass per unit layer thickness. Also available 
is an option for scaling any given cloud to a new height with 
proportional changes in other parameters without input of an 
entirely new set of cloud specifications.

Sample Calculation

The program was used for the prediction of dov/nwind air 
dosages of a dispersal of a radioactive nuclide resulting from 

. a postulated launch pad abort of a satellite system powered by 
an isotopic power generator. Since the degree of association 
of the isotope fuel with the burning rocket fuel was unknown 
and the height and shape of the source cloud was essentially 
unknown, calculations for several source configurations and p 
cloud heights were performed in an attempt to bracket the 
situation which might occur. The conditions of the postulated 
abort were as given below.

m
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1. Meteorology
height (meters) speed (m/sec) iz

' 10 2 .2*1 .20
1500 5 .22 .18
5000 6 .17 .14
6000 12 .10 .08

2. Kiss-Size Distribution

a. distribution HMD = 0.1 micron (|i)
b. geometric s.d. = 1.85
c. particle density = 9*2 g/cm^

d. particle size range from 1.3 x 10 n
divided into 20 mass fractions

5- Cloud Specifications (dosage calculated for all sources)
A. Ground Level Source

1. Cone shaped,base diameter 100 meters, height 50 meters
2. Cone shaped,base diameter lOo meters, height 100 meters 

B Line source from ground level, 40 meters in diameter
1. to height of 575 meters
2. to height of 750 meters 
5. to height of 1500 meters

to height of 5000 meters 
. C. Elevated Source - JOO meters in diameter

1. center at ^00 meters - height 50 meters
2. center at -400 meters - height 100 meters
5. center at 400 meters - height 200 meters
4. center at 4^0 meters - height 400 meters

to 7.6 x 10~V

Figure 1 shov/s the results for the various source configurations 
chosen. The dependence of dosage on range for each of the sources
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is shown clearly as is the fact that beyonc. a certain range 
any source looks like a point source. These curves indicated 
the order of magnitude of the dosage to be expected from a 
pad abort, should one occur. Moreover, if information on the cx 

pected source configuration become available, a better repre
sentation of the dose distance curve might be synthesized by 
summing the contribution of the cloud pieces depicted in 
Figure 1. While the illustrative example is quite simple, 
it should be understood that obtaining a solution for a much 
more complicated problem is not much more difficult.

Conclusion

The program is most useful because of the simplicity and 
flexibility of input coupled with its ability to handle complex 
source configurations in a vertically varying wind field. While 
the distance range of application is limited to about 10 Km, 
this limit is consistent with the other relations used in the 
program. However, the usefulness of the program for problems 
such as pad abort contamination estimates or other short to 
medium range diffusion ana transport problems is well established.

pOE ARCHIVES

! I 171



-X7-

Refe rc^nces

1. Church, H. W. and Thomas, D.M.C., "Experimental and Theoretical 
Dispersion of Explosively Released Radioactive Particles", 
presented at The National Conference on Micromsteorology of

• The American Meteorological Society, Salt Lake City, Utah,
IJ-16. October, 196*1.

2. Pasquill, F., Atmospheric Diffusion, Van Nostrand Company,
Ltd., London, 1952.

5. Chamberlin, A.C., "Aspects of Travel and Deposition of 
Aerosol and Vapor Clouds", AERE Report AERE-HP/R-lPol,
17 September 1953•

Jl. Csanady. G. T., "Dispersal of Dust Particles from Elevated 
Sources", Australian J. of Phys., 8, pp 5*!5"50> 1955*

5. Csanady. G. T., "Dispersal of Dust Particles from Elevated 
Sources", Australian J. of Phys., 10, pp 559"55*J, 1957»

6. Smith, F. B. and Hay, J. S., "The Expansion of Clusters 
of Particles in the Atmosphere", Quart. J. Royal Mat.
Soc., 82, PP 82-101, 1961.

7- Wandel, C. F. and Kofoed-Hansen, 0., "On the Eulerian- 
Lagrangian Transform in the Statistical Theory of 
Turbulence", J. of Geo. Res., 67, pp 3039“9*!» 1962.

8. Slade, D. H., "Summary of Measurements of Dispersion from 
Quasi-Instantaneous Sources", Nuclear Safety, 1, 
pp 225-229, 1566.

9* Thomas, D.M.C., "Comment on Turbulent Diffusion of Heavy 
Particles in the Atmosphere", J. of Atmos. Sci., 21, 
pp 322-3, 1961.

10. Davies, C. N., "Definitive Equations for the Fluid Resistance 
of Spheres", Proc. Phys. Soc., ^7, Part 4, pp 259"70, 19*15•

DOE ARCHIVES

/sro



MAXIMUM GROUND LEVEL ACTIVITY VS RANGE

50M x 100M 
CONE SOURCE 
AT GROUND LEVEL

800M HIGH

« » i i»111

DISTANCE FROM RELEASE POi

\ /%!
/4- °

4 '


