(r.f"'\
\/- % g‘:’ ‘_“ " ‘ 1'
/, SRS ]
5 ‘ %h‘ Reports Control Symbol
ASL-CR-80-0143-] Bmw@ © 0SD-1366
¥

" { ASL-NUST: A TACTICAL BATTLEFIELD NUST CLOUD AND PROPAGATION CODE
b o |  VOLUME 1 - MODEL FORMILATIONS
|
E D e 1980
2 v o)
3, &
P -
4 Prepared by
F James H, Thompson
{ General Electric-TEMPO
H 816 State Street
;ﬁ , Santa Barbara, CA 93102
; 1
f '
= ™=
g Under Contract: NAANO7-76-C-0143 _ e
X ! Contract Monitor: Melvin G. Heaps L

' >-’
O US Army Electronics Research and Development Command
- ATMOSPHERIC SCIENCES LABORATORY
. © khite Sands Missile Range, NM 88002
o
(-
E
o= 80 8 5 083




oy |

Z @
e

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




e A TR LT e =

NOTICES

Disclaimers

The findings in this report are not to be construed as an
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PREFACE

Several efforts to model the general problem of battlefield obscuration,
and specifically that of battlefield dust, have been carried out at and
under the auspices of the Atmospheric Sciences Laboratory (ASL) over the
past two years. One such effort is documented here; namely, the
development of a general research computer code to simulate the effects
of artillery produced dust on the transmission of electromagnetic
energy. The purpose of this code is to assist the modeler in the
interpretation of past- test data, and to aid in the methodology and
structure of future tests. As {is always the case with an on-going
effort, this report represents a snapshot in time of a dynamically
evolving code. It 1s necessary to modify the code as the year
progresses, and elements of this effort will finally be incorporated
into the Electro-Optics Systems Atmospheric Effects Library (EO-SAEL).

Melvin G. Heaps
US Army Atmospheric Sciences Laboratory
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SECTION 1
. INTRODUCTION

A wide variety of electro-optical (E-O) sensors are employed in
the modern tactical battlefield environment. Dust clouds are generated
when tactical munitions.detonate at or below the ground surface. These
dust clouds can be a major source of degradation for the battlefield

performance of the E-O sensors.

In Reference 1, our previous report, we began the task of modeling
the munition dust clouds and the propagation of E-O signals through the

clouds. Under the present contract we have

e Continued the dust cloud model development

e Written a computer program, ASL-DUST, incorporating the
models developed for the dust clouds and the propagation
of E-O0 signals through the clouds

e Validated the models by comparing model predictions with

experimental test data.

This volume presents the new dust cloud model developments and the
comparisons with test data. Volume 2 (Reference 2) is the User's

Manual for the ASL-DUST computer code.

-
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SECTION 2
NEW AND IMPROVED DUST CLOUD MODELS

In (liis section we continue the modeling effort begun in Reference

1. The new and improved dust cloud models include

e Fractionization, that is, mixing of particles among the
different size groups

e A base cloud model; this is the ground level, nonrising
base surge dust region

e Time delays before horizontal transport of the main and
base clouds due to wind transport

e A vertical profile for the mean wind speed

e An improved fallout model for the main dust cloud.

FRACTIONIZATION

We divide thc particle size distribution into a number of size
groups. The rise, wind transport, diffusion, and fallout of each size
group are calculated separately. In the preliminary model we assumed
that aill particles of a given size group remained within their volume;
we assumed nonmixing of particles from one size group volume to another.
At later times, differential fallout would produce an absolute separa-
tion in the cloud, with the lightest particles at the top of the cloud
and the heaviest particles at the bottom. In a real dust cloud we
would expect to find, on the average, lighter particles at the top and
heavier particles at the bottom, but not the perfect separatio of the

preliminary model.

There are many processes in the rising duct cloud that tei. (o
mix the different size particles, especially the lighter particles
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among the heavier particles. Turbulence, the circulating air flow

fields of the rising cloud, nonuniformity of the flow fields over the

volume of the size group, and adhesion of smaller particles to each

other and to the larger particles will all produce mixing. Since

heavier particles are less affected by the mixing processes than |
lighter particles, we expect mixing to be more efficient as the |

particle size decreases.

We formulate the following simple model to simulate the particle
fractionization. We assume that a fraction of the particles of a
given size group is mixed among all larger size groups. Thus. a
fractionized size group will consist of a mixture of particles from
itself and from all smaller size groups. We take a constant fraction
of the mass from each size group and distribute this mass among all

larger size groups in proportion to the mass fractions of the heavier

groups.
Let
Fz = fraction of the mass of a size group that is mixed among
the heavier size groups
FMi = mass fraction of the unmixed size group i (mass of
particles in size group i before mixing divided by
total mass of all particles)
My = propagatiun mass coefficient (for extinction, absorp-
tion, scatter, or backscatter) for unmixed size group I
. 2. =]
i (em”™ g 7)
n - )
Rri = :E:FMJ = sum of the mass fractions of all size groups
j=i+l larger than i. Note that FTi is only defined l

for i between 1 and n-1, where n is the total

number of size groups.

The mass contributed to size group j(j > i) from size group i after
mixing is

-
_ Mi :
Amij = MFMiFz FTi g , 1<1i<n-1 (1)




where M is the total mass of all particles (g). The total mass in
size group j after mixing is the mass of size group j that is not
contributed to larger groups plus the sum of all mass contributions

to group j from size groups smaller than j:

{MFMI (1-F)

‘l,

A.j

A Mi

i-1 F
MF e
JFMij f MFMsz éﬁ FTi

where

M; mass in size group j after mixing (g)

1-F j<n
z
(3)
1 j=n

The factor Sj represents the fraction of unmixed size group j left
after contributing mass to larger groups. The last group (j =n) has

no larger groups and thus does not contribute mass.

After mixing, each size group has a different mass and (except
for size group 1) a different group propagation mass coefficient. The

mass .raction of size group j aftcr mixing is

’

M.

S | |
T T (4)

The group propagation mass coefficicent after mixing is

My j=1

j'l E
Mi

F,.S.u. + F _F 2: —_— :
Mj JuJ Mj z 5 FTi u1

~

’

Fy;j

We assume that the rise, transport, and diffusion of each :=i:¢

group is still given by the models developed for the unmixed size
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groups. Hence the cloud location and shape are not changed; only
the population of particles within the cloud is mixed. The amount of
mixing is controlled by the mixing fraction Fz. For the present we

take

A value of one-half allows a moderate amount of mixing. With this
value model predictions of electro-optical transmissions through dust

clouds are in good agreement with measured test results.

BASE CLOUD

Figure 1 is an artist's sketch of the dust regions produced by a
munition impacting the ground. In Referenc: 1 we developed models for
the main cloud dust region. In this report we will develop models for
the base cloud dust region. That part of the stem due to fallout from
the main cloud is included in the main cloud models. But no separate

geometric stem region is currently modeled.

When a munition detonates at or below the ground surface, a quan-
tity of soil is ejected into the air from the resultant crater. A
region of rising, circulating air flow is set up by the shock wave and
the buoyant rise of the hzated air. Part of the ejected soil is en-
trained into the rising flow fields and forms the main dust cloud.
Part of the soil ejecta is thrown to the side and is not entrained.
Also, the explosion-produced shock will scour some additional dust
from the ground surface. The base cloud dust region represents that

portion of the lofted dust whi h is nonrising.

We assume that the initial base cloud forms instantaneously at
burst time, like the main cloud. We use the same spheroidal geometry
and Gaussian mass distribution as in the main cloud model, and we
scale the initial radii of the base cloud in terms of the initial

radii of the main cloud. Let

RT = initial horizontal radius of the main cloud along the




MAIN CLOUD

BASE CLOUD — STEM

Figure 1. Munition-produced dust regions.

artillery shell track direction (m)
Rp = ipitiul horizontal rvadius of the me.n cloud in the
direction perpendicular to the shell track (m)

Rv = initial vertical radius of the main cloud (m).

We expect the initial vertical dimension of the base cloud to be
about the same as the main cloud, but expect the dimensions to the

side to be larger due to the ejecta thrown sidewavs. We take

Rpr = ByRy (62)

RBP = BMRP (6b)

I3 RBV = Rv , (6c)
where RBT’ RBP’ RBV are the corresponding base cloud radii in the

shell track, cross track, and vertical directions. B, is a constant

M
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multiplying factor. Considering the base cloud formation mechanisms,

we would expect B, to be in the range of about 2 to 4. We obtain the

M
best agreement between model and test results by choosing

BM = 3.

We assume the base cloud has the same dust and carbon composition
as the main cloud, and thus we use the same size groups. At burst
time all size groups occupy the same volume. After burst time the
groups begin falling out of the cloud, and the wind transports them
horizontally. Let the wind be along the positive (horizontal) X-
axis, Z is positive upward, and Y is in the cross-wind direction.
Then the coordinates of the centroid of the smallest, essentially

massless particles are

Xco(t) = Vw At (7a)
Yco(t) =0 (7b)
Zco(t) g RBV :
where
VW = mean wind velocity at altitude Z__ (m s-l)
At = length »f time the wind has been transporting the base

cloud horizontally (s).

Since the hase cloud is nonrising, the Z coordinate of the massless

particles remains at the initial position.

For the centroid coordinates of the finite mass size groups, we

use the same fallout and transport models as the main cloud:

C.V.\ C.At C |
1 1'wWy 72 1=
Xci(t) Xco(t) = Z:T [Qn{(l + Cz )e = E—; Vw’ - CzAt] (8a)

n
o

Y . ()

ci (8b)

Z_.(t)

- Zco(t) - VtiAt (8¢)




where

xci(t) = X coordinate of the centroid of the ith size group (m)

v = terminal fall velocity under gravity of the ith size

ti -1
group (m s )

and C1 and C2 arc the same main cloud constants as before.

Hewever, the diffusion of the base cloud differs from that of the
main cloud. During the rise phase the main cloud diffusion is driven
by the buoyant rise velocity and only later is controlled by atmospheric
diffusion processes. Since the base cloud is nonrising, its diffusion
is atmospherically controlled from the beginning. Table 1, with data
taken from Reference 3, shows the scaling factors for angular lateral
spread and vertical spread due to atmospheric diffusion as a function
of the atmospheric Pasquill stability category. The relations between

the scaling factors and the particulate Gaussian standard deviations

are
4.30Y(km)
e(rad) =i —-")-(—(-lz—m—)——— (9)
o, (km) = aX(km)® (10)
where
X = downwind distance
T m s )t
- T 1000 (km)
t = time since release (s)
© = angular lateral spread (rad)
oy = Gaussian standard deviation for mass density in *° Y
(horizontal cross wind) direction (km)
o, = Gaussian standard deviation in the Z (vertical) direction (km)

\ 16




TABLE 1. ATMOSPHERIC DIFFUSION SCALING FACTORS

Pasquill Stability 0
Category (deg) . 5
A 60 0.140 0.90
B 45 0.080 0.85
C 30 0.056 0.80
D 20 0.038 0.76
E 15 0.023 0.73
F 10 0.012 0.67

a,s = scaling factors.

Rewriting the scaling formulas in terms of radii (r=2.150) and

converting distance units to meters, we have

8 (deg) th
r,(t) = 55796y ™ (@)
r ) = 215@10° [Tt n (12)

These radii relations are for a point source. For our case of instan-
taneous finite source, we take the diffusion relations for the smallest

particles to be

Rxo(t) = Rx(o) + ry(t) m (13)
Ryo(t) = Ry(o) + ry(t) (14)
R, (1) = ®RYS0) + of ) (15)

where Rx(o), Ry(o), and Rz(o) are the initial base cloud radii in

the x, y, and z directions, respectively.

For the finite mass size groups, we assume the same relation as

for the main cloud, namely

17
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2

2 dRo
* . a .
o (16V. )1/2
t1
+ 1
VZ
W

where Ro is the radius of the zero diameter particle group and Ri is
the radius of the ith size group. Differentiating and rearranging,

the equations for the radii for size group i become

]
E -}

X0
R (t) (17)

"
>
(o]

(18)

R . (t)

R, (t)
Rzi(t) ; s/2(zs-1)
16V_.
ti
=+ 1
=2

VW

The total dust and carbon mass lofted into the base cloud is only

(19)

a small fraction of that in the main cloud. Typical estimates of the
base cloud mass are about 5 to 10 percent of the main cloud mass.
Many electro-optical sensor sight paths in the battlefield are within
the first 2 or 3 meters above the ground. The nonrising base cloud
can produce significant attenuation effects on these low-altitude
sight paths. The lighter particles in the main cloud rapidi - rise
above these low sight paths. Thus even though the main cloud hus a

much larger mass, at later times the attenuation effects from ti

base cloud are often dominant,




TIME DELAYS

A shock wave is produced in the air by the explosion of a muni-
tion. We have scaled the initial radius of the dust cloud to the re-
gion of strong shock effects. The strong-shock-induced air flow
fields and the ejected dust particles will disrupt the smooth, mean
wind airflow. It will take a finite time before the mean wind flow
is reestablished within the cloud volume. Thus there is a finite
time delay before the dust cloud is transported horizontally by the

mean wind.

We define a characteristic time of

=]

(S
t.=o s, (20)
C

where Dc is the characteristic distance and Ve is the characteristic
velocity. For the base cloud we take the characteristic distance to
be the diameter of the strong shock region along the wind track

direction,
DC = 2RTw m 5 (21)

and we take the characteristic velocity to be the mean wind velocity

at the altitude of the base cloud centroid,

v, m s-l c {22)
The time delay should be proportional to the characteristic time. A
proportionality factor of 2 gives the best fit to the Dugway transmis-
sion test data of Reference 4. The time delay for the base cloud is
then

t.n, = 2t

DB c (23)

B ]
VW
The characteristic distance for the main cloud is the same, but

we take the characteristic velocity as

ns! | (24)

19




where

Vim

mean wind speed at a characteristic main cloud altitude
of 10 meters (m s_l)

VR

The main cloud time delay is

initial buoyant rise velocity of the main cloud (m s-l).

4R
R P L (25)

a4 c S
o2 2
\/(;wm =J5R
VERTICAL WIND PROFILE
The mean wind spced model utilizes the following two assumptions.

The direction of the wind does not change with altitude. The wind

speed as a function of altitude has the form

p
_ _ 7 W
@ - Tep(E) (26)
2
R
where

V(Z) = mean wind specd at alvitwde Z (o s-l)
V(ZR) = mean wind speed at reference altitude ZR {m s_l)
Pw = power law exponent of the vertical wind profile.

The current model for horizontal transport of the dust clouds is
very simple. After the time delays the lightest particles in the
clouds are fransported horizontally with a constant velocity. For
the base cloud, the constant norizontal velocity is the mean wind
speed at the altitude «f the base cloud centroid. The main cloud
rises over a rany <f zltitudes. We choose the mean wind speed at

10 meters as the main cloud horizontal transport velocity.

MAIN CLOUD FALLOUT
In the fallout model of Reference 1, we assumed the altituc. of

the centroid of size group i was given by

2y (8) =2  (t) - Vot mo (27)

20
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where
Zci(t) = altitude of centroid of size group i at time t (m)
Zco(t) = altitude of centroid of massless particles (altitude
of ideal buoyant cloud) (m)
VTi = terminal fall velocity under gravity of size group i

m s ).

This formulation implicitly assumes that the size group experiences
the full upward flow of the buoyant rise. But as the larger particles
fall below the buoyant cloud, the upward flow velocities experienced
by the particles decrease. Hence the particles will fall faster than

our simple formulation.

As a first-order correction to allow larger particles to fall

faster, we reformulate the fallout to be

Vri
Zci (t) = Zco(o) + [Zco(t) -Zco(o)] l-min(v—-, 1) -VTit m

RO
(28)
where
Zco(o) = initial altitude of buoyant cloud (m)
VRO = initial rise velocity of buoyant cloud (m s-l).

This formulation assumes that the particles experience only a fraction
of the upward flow velocity. The larger the particle terminal velocity
is, the smaller the fraction. The smallest particles with essentially
zero terminal fall velocity experience the full cloud upward flow
velocity, while the large particles with terminal fall velocities

equal to or greater than the initial rise velocity do not experience

any of the upward flow velocity.

Be—————




SECTION 3
COMPARISONS WITH TEST DATA

INTRODUCTION

All of the models developed in this report and Reference 1 have
been incorporated into a munition dust cloud and propagation computer
code called ASL-DUST. In this section we assess the validity of the
models in ASL-DUST by comparing the code results with experimental
test data. In Reference 1 we compared the model results for the main
cloud vertical and lateral dimensions as a function of time with the
test results from Dugway (Reference 4) and Fort Sill (Reference 5). In
éhis report wc compare the model size and altitude predictions with
the more recent DIRT-1 test results (References 6 through 11). But
our primary goal is to compare thc end product of the code with the
test results. That is, we want to compare the code predictions for
electro-optical propagation through the clouds with the actual measured
results. This propagation compariscn is the ultimate validity test for
a munitions dust code. We compare code results with the infrared trans-
mission data from Dugway and with the visible, infrared, and milli-
meter transmission data from DIRT-1. We do not have sufficient test
site data for Fort Sill to make code predictions to compare with the

transmission data.

MODEL COMPARISONS WITH DIRT-1 TEST DATA
Site Geometry

DIRT-1 was a coordinated program to produce information c¢: direct
use to the E-O sensor and obscuration modeling communities. ! igure 2,
taken from Reference 6, shows the test site layout. The path 'cu:th

from the north site to the south site is 2 kilometers. The test area,

where explosives were detonated and artillery shells impacted, is 100

22
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SOURCE: REFERENCE 6

ol
Figure 2. Detailed layout of DIRT-1 test site.
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by 300 meters. Tabie 2, also from Reference 6, gives the event schedule.
The explosives for the events using three TNT charges or three static
projectiles were placed on a line perpendicular to the site center-

line, one explosion on the centerline and one on each side 15 meters

away.

We place our model coordinate system with origin at the ground sur-
face at the midpoint of the site centerline with the Y axis along the
centerline pointing north, the X axis perpendicular to the centerline,
and the Z axis vertical. The centerliine (and Y axis) lies 14.88° west
of north. Table 3 shows the transmitter-receiver coordinates assumed
for the model. Fach set of coordinates defines a sight path, which ex-
tends from the transmitter to the receiver. These coordinates were

calculated from the sight path data given in Reteicnce 6.

Crater Scaling Factors

Two critical parameters required by any dust obscuration model are
the amount and type of matcrial lofted into the air by a munition det-
onation. The amount of mat:rial can be related to the size of the ap-
parent crater left in the soil by the explcsion. The model assumes
that the scaling relatior between the volume of the apparent crater

and the yield of the munition is

. owle111 3
VA = bACw m R (29)
where
VA = volume of apparent crater (ms)
SAC = apparent crater volume scaling factor (ms(lb TNT)-I'lll)
W = total munition yield (1b TNT).

The scaling factor depends on the type of soil, type of munition, and
depth of burst. In Reference 1 we wresented illustrations - o the
scaling factor as a scaled function of depth of burst for se... | dif-

ferent soil types.

The data gathered in DIRT-1 were the most complete of any munition

dust test series to that date. An extensive crater measurement program




TABLE 2. EVENT SCHEDULE FOR DIRT-1

Date
(Oct Time Stze
1978) (MOT) Event (1b) Comaents
2 0707 A-1 3 Three 1-1b TNT charges
2 0718:30 A-2 45 Three 15-1b TNT charges
2 0729 A-3 90 Three 30-1b TNT charges
2 0739:50 A-4 90 Three 30-1b TNT charges
3 o710 B-1 45 Three 15-1b TNT charges
3 0723 B-2 45 Three 15-1b TNT charges i
3 0731 B8-3 90 Three 30-1b TNT charges
3 0741:10 8-4 90 Three 30-1b TNT charges |
3 0751:20 B-5 180 Three 60-1b TNT charges
3 0801:25 B-6 180 Three 60-1b TNT charges
3 0815 8-7 360 Three 120-1b TNT charges
3 0828:25 8-8 360 Three 120-1b TNT charges
5 0712-50 c-1 2100 One hundred and forty 15-1b charges
6 0717:25 D-1 36 Twelve 3-1b TNT charges
6 0730:40 D-2 72 Twelve 6-1b TNT charges
6 0748:55 0-3 144 Twelve 12-1b TNT charges
6 0807 0-4 288 Twelve 24-1b TNT charges
10 0900 Cc-2 2100 One hundred and forty 15-1b TNT charges
n 0747:40 E-1 45 Three 155-mm projectiles (TNT), static
n 0757:10 €-2 45 Three 155-mm projectiles (TNT), static
n 0821:45 E-3 180 Twelve 155-mm projectiles (TNT), static
n 0829:05 £-4 180 Twelve 155-mm projectiles (TNT), static
12 0737:10 F-1 60 Four 155-mm projectiles fired simultaneously
12 0748:10 F-2 180 Twelve 155-mm projectiles, rapid fire
12 0805:3% F-3 180 Twelve 155-mm projectiles, rapid fire
12 0823:10 F-4 120 Eight 155-mm projectiles, rapid fire
' 13 0738:10 F-5 120 Eight 155-mm projectiles, rapid fire
13 0753:35 F-6 120 Eight 155-mm projectiles, rapid fire
13 0808:20 F-7 120 Fight 155-mm projectiles, rapid fire
13 0826:15 F-8 45 Three 155-mm projectiles fired simultaneously
14 0739:50 £-5 45 Three 155-mm projectiles, 2-ft deep, static, 30°
14 0756:00 £-6 45 Three 155-mm projectiles, 2-ft deep, static, 30°
14 0808:45 E-7 45 ) Three 155-mm projectiles, 1-ft deep, static, 30°
14 0823:55 E-8 45 Three 155-mm projectiles, l-ft deep, static, 30°
14 0836:10 €-9 45 Three 155-mm projectiles, surface, static, 30°
14 0846:10 E-10 45 Three 155-mm projectiles, sirface, static, 30°
14 1056 G- - Diesel oil, rubber, gasoline fire
14 1105:30* G-1 - Diesel oil, rubber, gasoline fire
14 1108:50* G-1 - Diesel oil, rubber, gasoline fire
14 1111:05* G-1 - Diesel oil, rubber, gasoline fire
14 1113:55* G-1 - Diesel oil, rubber, gasoline fire
14 1116:40* G- - Diesel oil, rubber, gasoline fire
4 1119 G-1 - Diesel oil, rubber, gasoline fire
14 1122:55* G-1 - Diesel ofl, rubber, gasoline fire
14 1125:15* 6-1 = Diesel oil, rubber, gasoline fire
14 1127:15* G-1 - Diesel oil, rubber, gasoline fire
4 1129:35* G-1 - Diesel oil, rubber, gasoline fire
LU 1132:45* G-1 - Diesel oil, rubber, gasoline fire
«Command for range cameras on; helicopter approximately 10 to 15 seconds from smoke cloud.

SOURCE: REFERENCE 6




TABLE 3. MODEL TRANSMITTER-RECEIVER COORDINATES (meters)

Transmitter Receiver
Instrument 1 '
X Y z X Y z
SRI ruby lidar, 0.69 um 11.4 | -1000 3.2} -9.7]11000] 4.66
ASL CO2 lidar, 10.6 um 12.3]-1000}3.2] -10.7 | 1000 | 3.2

NRL fi ter transmissometer, | 1.2 | -100C 1} 1.7 1.2}11000 | 1.7
0.55 -m and 10.35 um

ASL millimeter trans- -5.9| -10001 2.9 9.1]100012.9
missometer, 94 GHz and
140 GHz

was carried out. Table 4 shows the average depth and average diameter
of the apparent craters. These data weve taken from Reference 7. If
we assume that the apparent crater profile is a section of a sphere,

then the volume of the apparent crater is

2
- _md (3D 2 3
i e d ) m 5 (30)
where
d = apparent crater depth (m)

apparent crater diameter (m).

Knowing the apparent crater volume and the event yield, we can solve

for the apparent crater volume scaling factor. The scaling factor,

_ 3 -1.111
Sc = T m° (1b TNT) , (31)

is also given in Table 4. We take these scaling factor values as the

inputs to the dust model.

Particle Size Distributions
The attenuation due to dust particles at a point along the sight
path is determined by the dust mass density at the point, the complex
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TABLE 4. APPARENT CRATER DIMENSIONS AND SCALING FACTORS
: Scaling Factor
Bvent |y (b vr | dem) | o(m) Spc (m01b Tr]~1-111,
Al 1 0.27 0.85 0.0869
A2 15 0.53 1.78 0.0353
A3 30 0.65 2.23 0.0327
A4 30 0.60 2.23 0.0293
Bl 15 0.49 1.43 0.0225
B2 15 0.54 1.40 0.0246
B3 30 0.59 1.98 0.0233
B4 30 0.62 1.85 0.0219
B5 60 0.86 3.02 0.0361
B6 €0 0.95 3.88 0.0642
B7 120 1.02 3.67 0.0291
B8 120 0.96 3.87 0.0299
Cl 15 0.57 1.66 0.0352
C2 15 0.55 1.76 0.0373
D1 0.38 1.03 0.0552
D2 0.43 1.15 0.0362
D3 12 0.52 1.49 0.0333
D4 24 0.57 2.00 0.0290
El =15 (155 mm 0.49 1.52 0.0250
shell)
E2 0.49 1.40 0.0117
E3 0.52 1.40 0.0234
E4 0.52 1.44 0.0245
ES 0.74 2.77 0.120
E6 0.75 2.59 0.109
E7 0.66 2.36 0.0785
E8 0.66 2.26 0.0726
E9 0.50 1.79 0.0343
E10 0.34 1.65 0.0190
Fo 0.37 | 1.44 0.0162
aAverage values for events F1-F8.
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index of refraction of the dust particles, and the dust particle size
distribution. Due to dust particle fallout and diffusion, the particle
size distribution varies as a function of position within the cloud and
time after burst. By following the various size groups as a function of
time, the model can calculate the particle size distribution at a point
provided the size distribution of the initial particles lofted is known.
At prcsent there is .o adequate method of predicting the initial lofted
particlc size distribution from the standird physical soil measurements.
More munition tests In different soil types are needed before a general

size distribution model can be formulated with any confidence.

One standard soil procedure is to use sieve and hydrometer analysis
on bulk soil samples to determine the soil grain distribution. In this
analysis ull of the grains are separated from cach other before measure-
ment. Figure 3, reproduced from Reference 7, shows a cumulative grain
mass distribution for the DIRT-1 soil. Figure 4 shows this data replot-
ted on log-log paper. Also shown on this figure arc the cumulative
masscs calculated from threc standard number size probability distribu-
tions, two power laws and one log-normal. We sec that a reasonable fit
to the soil grain size distribution would be a nower law distribution
with exporent p = 3.65 for grains up to a diameter of 60 microns joined
to a log-normal distribution (am = 7.1 microns, ~ = 2.65) for particles

greater than 60 microns.

Can we use the measured soil grain size distribution as the model
initial lofted dust particle distribution? We can if the explosion
dynamics simply separate and loft the <n situ soil grains. However,
if in the cratering and lofting processes some grains are fractured
and/or remain stuck together, then the lofted initial size distribution

will differ from the soil grain distribution.

An experiment to measure the actual particle size distril tions
within the explosively produced dust clouds was fielded in DI« ..
This experiment consisted of three particulate spectrometers moui.t«.J

on an airborne platform; the platform was suspended beneath a helicop-

ter, which maneuvered it through the dust clouds at various altitudes
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and times after burst. Figure 5 (from Reference 6) shows the particle
size distribution measured at 10.6 meters above ground level about 2
minutes after completion of an eighkt-round barrage of 155-mm super-
quick point detonating projectiles (event F6). Note that this figure
shows the number size distribution, in contrast to Figures 3 and 4

which show mass cumulative probabilities.

On the log-log graph of Figure 5 a power law distribution plots as
a straight line. Fitting a straight line through the data points gives
a power law exponent of. about 3.4. This value is intermediate between
the power law fits to the soil grain data of exponents 3.65 for grains
less than 40 microns in diameter and 3.2 for grains bigger than 40

microns.

Integrating the size distribution and normalizing, we have the
cumulative probahility size distribution shown in Figure 6 plotted on
lognormal probability paper. The cumulative distribution from any
lognormal size probability distribution plots on this probability paper
as a straight line. The fit to the data shown in Figure 6 is a
lognormal size probability distribution with

am 3.1 um

S=2.34

The airborne particle data was taken about 2 minutes after burst.
Fallout would have reduced the airborne populations of dust particles
larger than about 50 to 100 microns. But airborne particles less than
about 10 microns should have been virtually unaffected by fallout at
this time. The airborne data show relatively less small particles
than the soil grain data. Assuming both sets of data are accurate,
the difference suggests that not all of the smaller soil grains are

being separated during the cratering and lofting dynamics.

Because of the fallout, the airborne data are of limited use in

predicting the initial size distribution of particles greater than

about 50 to 100 microns in diameter. Using the code, we input a number
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Figure 6. Airborne cumulative size distribution.

of size distributions for the larger particles and compared the pre-
dicted transmissions with test data. The log-normal fit to the larger
particles in the grain size data, in Figure 4, produces a reasonable
fit to the data. For the model we assume a bimodal dust distribution.
We take mode A, the small particles, to have the log-normal fit to the
airborne data, and take mode B, the larger particles, to have the log-

normal fit to the soil grain data. Thus




Mode A: a = 3.1 um
S = 2.34 .
Mode B: a = 7.1 um | !
S =2.65 . i

Meterological Conditions

The wind is often the most important parameter in determining the
strength an. duration of degradation of the electro-optical signals in
a dusty environment. The wind can blow a dust cloud into or out of a
sensor sight path. The stronger the wind, the faster the atmospheric

diffusion will disperse the dust cloud.

In DIRT-1 two mectcorological data collection sites were employed,
one at each end of the 2 km optical path (see Figure 2). At the south
site the wind direction and speed were measured at 1, 2, and 4 meters
above ground level. At the north site only the 2 mecter winds were
recorded. The wind data were averaged for both a 5-minute and a 10-
minvte period starting at the beginning of each test event. The winds
during all test events were light and extremely variable. The wind
data given in Reference 6 show that the average wind direction at one
sitc sometimes changed direction by more than 45 degreces from one 10-
minute averaging period to the nc.t. Moreover, the wind direction at
the two ends of the sight path at the same time werc almost uncorrelated,

often being 180 degrees out of phase.

For the dust model we need to specify the mean wind speed at a
reference altitude, the exponent of the vertical profile, and the wind
direction. We take 2 meters as the reference altitude, and use the 10-
minute averaged speed at 2 meters at the south site as the mean wind
speed. The wind direction at the midpoint of the sight path is diffi-
cult to estimate because of the extreme variability. We make a first
estimate by averaging the north and south site directions. We “inen
modify the direction to produce the best agreement between model and

test transmission results. For each event we calculate an aveirage




vertical profile exponent using the south site 1-, 2-, and 4-meter
data. We then average all exponents to come up with one average ex-
ponent of 0.19, which we use for all events. Table 5 shows the mean

wind speeds and directions chosen for the dust model inputs.

Other Model Parameters

From the soil measurements of Reference 7, we take the average
moisture fraction of the soil to be 8.4 percent and the average in situ
soil density to be 1.6 g cm-s. Table 6 shows the indices of refrac-
tion used in the model. The visible and infrared values are the values
recommended in Reference 6, the carbon values are from Reference 12, and
the millimeter values were chosen to provide agreement between model and

test transmission results.

At its present stage of development, ASL-DUST does not include
multiple-burst interactions. Although the model allows up to 10
bursts, the size, position, and internal mass distribution of each
dust cloud are calculated independently of all other clouds. The
total propagation effect is simply taken as the sum of the individual
effects. If the dust clouds from the multiple bursts are separated
sufficiently so there is little mutual overlap, noninteraction is a
good assumption. However, if the multiple bursts are spaced close
enough in time and space, then the rising dust clouds will intersect;
the air flow fields will interact and rearrange to form one larger
merged cloud from the individual clouds. The single merged cloud will
have different transport, diffusion, and propagation properties than

the sum of the individual clouds.

All of the DIRT-1 test events were multiple bursts. For all but
the smallest yields, the individual clouds rapidly merged to form a
single cloud. For the smallest yields we input the individual bursts.
For the other yields we simulate the single merged cloud in the model
by the following method. We input only a single charge at the center
of the multi-charge layout; the yield of the single charge is the sum

of the individual yields. When the individual clouds first merge, the




TABLE 5. ' MEAN WIND SPEED AND AZIMUTH

Mean Wind Speed Wind '

Event (m s'l) (mph) Aﬂren;gh :
Bl 1.3 3 70
B2 1.8 4 50
B3 3.6 8 65
B4 1.8 4 60
B5 1.8 4 22
B6 2.2 5 70
B7 1.8 4 26
B8 1.8 4 26
El 1.3 3 32
E2 0.9 2 17
E5 iy S 3 295
E6 0.9 2 5
E7 1.3 3 240
E8 2.3 3 267
E9 2.2 9 237
El0 1.8 4 22
Notes: Mean wind speed measured at

2 m above ground.

Model azimuth measured from

Y axis.

Model azimuth = true azimuth

+14.88°.
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TABLE 6. COMPLEX INDICES OF REFRACTION

Wavelength or Material
Frequency Dust Carbon
0.55 um 1.525 - i 0.005 1.53 - i 0.005
10.6 um 1.65 -10.14 1.65 - 1 0.14
94 GHz 1.45 -1 0.033 2 -1l

merged single cloud is larger than the cloud from an equivalent single
burst. Also the rise rate of the merged cloud is smaller than the
equivalent single-burst cloud. We roughly account for both of these
effects in the model by increasing the entrainment factor, a, from

its nominal value of 1 to a value of 2. This increased a factor will
cause the equivalent single cloud to entrain ambient air more rapidly.
The increased entrainment will cause the cloud to grow more rapidly in

size and to rise at a slower rate, thereby more closely simulating the
behavior of the merged cloud.

In general, the other model parameters not mentioned were set at
the model default values.

Size and Altituce Comparisons

When Reference 1 was prepared; only the Fort Sill and Dugway test
data were available; we did not have any cloud altitude test data to
compare against the model predictions. The DIRT-1 test data does in-
clude cloud altitude; Figures 7 through 13*% show the ASL-DUST model
comparisons with the test data for the B-series of events. The test
data shown are for the centroid of the whole main cloud. The model
data shown are for the centroid of the size group of the smallest

particles. Until fallout becomes significant at iater times, these

two centroids should be approximately equal. At later times we expect

the whole cloud centroid to fall below the smallest particles centroid.

*Figures 7 through 55 are on pages 45 through 84.

.




In general the intermediate and later time comparisons are as expected;
the two centroids are approximately equal, and then the test data cen-
troid falls below the model centroid. 1In the first few seconds the
test data centroid is higher than the model centroid. The model alti-
tude is that of a buoyantly rising cloud. However, for about the first
second, the cloud rise is controlled by the shock-induced air flow
fields. These predominantly upward flowing fields carry the cloud up-
ward one or two cloud diameters. The shock-induced rise torces die
away and the buoyant r.se force controls the rise history thereafter.
This first-second nonbuoyant rise regime should be scalable from the
shock and initial cloud dimensions. A model for this effect will be

added to ASL-DUST at a later date.

Figure 14 shows the cloud geometry of event B7 with the model pre-
dictions superimposed. This event is threce 120-1b charges in a line
15 meters apart. The early time cloud is thus wider than the cloud from a
single 360-1b charge. In the model we simulate this three-charge event
with a single 360-1b charge with an enhanced entrainment coefficient.
The geometry comparisons show the expected early time~ difference, but
the comparisons are quite good from about 10 seconds on. The compari-
sons at 20 seconds illustrate the differences in the two centroids.
The model centroid and geometry are a good fit to tac upper cloud,
where we expect the smuller particles to reside. In the model, the
lower part of the cloud is accounted for by the fallout of the larger

size groups.

Attenuation Comparisons

The DIRT-1 B-series of events is particularly valuable for model
comparisons. The events have a fairly large yield range, from three
15-1b charges to three 120-1b charges. Test data were taken on crater
size, cloud size and altitude, and cloud attenuation at visiblc, infra-
red, and millimeter wavelengths. All these test data provide a good
test for any dust cloud model. The wide range of wavelengths in the

attenuation measurements provide both early and late time comparisons
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as well as the spectral sensitivity comparisons. The significant milli-
mecter attenuation generally lasts less than about 10¢ seconds; the vis-
ible and infrared attenuation can last for hundreds of seconds. Thus
the millimeter data provide a data base for validation of the early
time model, while the visible and infrared data provide a late time

data base.

Figures 15 through 25 show the data (Reference 8) and model compar-
isons at 94 GHz for events B4 through B8, and events ES5 through E10
For the B series the chart recorder time constant was 400 ms, and for
the E series it was changed to 40 ms. For the B series, the maximum
magnitude of the model attenuation predictions and the time history
are quite similar to the measured tecst data. Because of the model as-
sumption that the initial clcud forms instantaneously at burst time,
the model attenuation peaks at burst time and declines thereafter.
The real cloud takes a finite time to form and build up to maximum at-
tenuation. The figures show that the test data attenuation reaches a
maximum about 1.5 seconds after burst time for the B series and slightly
less than a second for the E series. Part of the delay is artificial
and is due to the chart recorder time constant, and part is real and
is due to the cloud formation physics. The real part of the delay is
probably about one-half to three-quarters of a second. We could im-
prove the agreement between model and data in the first second after
burst by replacing the model instantaneous cloud formation with a finite
formation tire. At present this level of detail is not considered
necessary. If at a later time some E-O system is sensitive to these

first-second details, then the model improvement can be implemented.

In the E series of tests, note the prominent spikes in the test
data. The shorter time constant of the E series allows these scintilla-
tions to be resolved. Dust clouds are turbulent and the spatial dis-
tribution of the lofted dust is inhomogeneous. The model predictions

are for the mean attenuation; there the agreement is quite reasonable.

The E series of tests is a good illustration of the importance of

the initial cloud dust mass loading and also verifies the ASL-DUST




model of this important parameter. In our model we assume the initial
lofted dust mass is proportional to the soil mass that was in the ap-

parent crater volume left by the explosion:

i Fc1~1"c(1‘FHzo)VA g

L
where
ML = total mass of dust grains lofted (g)
FCM = fraction of mass in apparent crater that is lofted
g bulk density of ir situ soil (g cm-s)

FH20 = soil moisture fraction by weight
VA = volume of apparent crater (cm3).

The only model input parameters that change from event to event in
the E series are the apparent crater volume and the wind speed and
direction. But the winds are so light that they have essentially no
effect upon the calculated attenuation during the few seconds of sig-
nificant attenuation. Hence all model differences from event to event
are due to the changing crater volumes. These F events were all
static detonations oi three 155-mm projectiles, tilted at 30 degrees.
In events E5 and F6 the projectiles were buried 2 feet deep; in E7 and
E8 they were 1 foot deep; and in E9 and E10 they were at the surface.
As cxpercted, the apparent crater volume increascd with burial depth.
Assuming the apparent crater was a segment of a sphere, the average
crater volumes were 2.3 m3 for E5 and E6, 1.5 m3 for E7 and E8, and
0.54 m3 for E9 and E10. Both the calculated and observed attenuations

decreasc with decreasing crater volumes.

Figures 26 through 35 show the data (Reference 11) and the model
predictions for the NRL measured transmissicns at visible (0.55 um)
and infrared (10.35 um) wavelengths for events Bl through B8 and El
and E2. An interesting phenomenon is exhibited by the data and mir-
rored by the model predictions. In passing through particnlate
regions, normally the longer wavelength signal experiences lcss at-

tenuation (more transmission) than the shorter wavelength signal. But
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both model and data show an inversion of this normal relationship on
the recovering signal; the infrared is attenuated more¢ than the visi-
ble. This rather unexpected result is due to the dust particle size

distribution.

Figure 36 shows the Mie extinction efficiencies for the visible
and infrared wavelengths as a function of dust particle diameter.
For particles less than about 5 microns in diameter, the visible wave-
length has a higher extinction than the infrared. But for particles
in the size range from 5 to about 50 microns (in the region of the
infrared extinction peak), the infrared has a higher extinction. For
larger particles, both wavelengths approach the large particle extinc-

tion limit of 2; the extinctions are essentially equal.

Thus the relative visible/infrared extinction depends on the par-
ticulate size distribution. The carbon particles in the dust cloud
are modeled as a log-normal size distribution with a mean diameter of
0.5 microns and standard deviation parameter of 2. For these small
particles, the visible is considerably more attenuated than the infra-
red. And indeed the attenuations measured in the oil fire event (where
we expect carbon to be a major particle constituent) confirmed the
predicted attenuation behavior. But for dust clouds, carbon is normally
a minor constituent. The spectral dependence of the dust clouds is a
function of time. At very early times when many large particles are
still aloft, we would expect the visible/infrared attenuations to be
approximately equal. As fallout diminishes the larger particles, the
size distribution of the particles aloft shifts toward the smaller
particles. The dust particle size distributions measured and assumed
for the model have a significant fraction of particles in the 5 to 50 um
inversion region. Thus after a short fallout time, inversion occurs;
the infrared is attenuated more by the dust particles aloft than the
visible. If we were to wait long enough, fallout would shift the
particle size distribution far enough so that another inversion would

occur and the visible would ve «attenuated more.
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The spectral dependence of the dust cloud is not only a function of
time, but is also a function of position within the cloud. Smaller
particles tend to rise to the top of the cloud and the larger particles
sink to the bottom of the cloud. Thus while a sight path through the
top of the cloud might show the normal visible/infrared'dependence, a
sight path near the bottom could simultaneously exhibit the inverted
dependence. The advantage in using the ASL-DUST method of many size
groups and an ecxact Mie calculation is that the model automatically
calculetss the snectral dependerce both as a function of time and posi-
tion within the cloud. Simpler models using an average mass extinc-

tion coeificient cannot model these spatial and temporal dependencies.

In these visible/infrared model transmission comparisons, the
wind plays & rajor role, in contrast to the comparisons at millimeter
wavelengths. The recovery time of the signal is determined primarily
by the wind blowing the cloud out of the sight path. The speed of the
recovery is determined partly by the wind and partly by the model mass
distribution and uiffusion. The visible/infrarcd spectral dependence
is determined by the initial assumed particle sire distribution and
fallout mechanisms. In general the comparisons are quite good. A
rcal dust cloud is a lumpy, bump)y thing and the rcal wind is not steady
in direction. In events B5 and B7 the signal cssentially rccovers and
then another piece of dust cloud is blown by the sight path. In event
B5, we chose the model wind direction so the model transmission was
intermediate between the two cloud pieces. In B7 we chose to match
the primary recovery. In event B8, the test data show that the B8 dust
cloud was initially blown away from the line of sight, and about 8
minutes later the wind blew the B8 cl:.d or ancther cloud back through

the line of sight.

MCOEL COMPARISONS WITH DUGWAY TEST DPATA

Tn November and December of 1977 six dust cloud tests werc : .nducted

£y

at the Dugway Proving Ground. Dust clouds were generated using static

‘e

TNT charges to simulate the detonation of high-explosive munitions




rounds. Table 7 shows the trial number, the munition simulated, and
the amount of TNT used. In the previous report, Reference 1, we com-
pared the initial dust cloud size and the time histories of the cloud
width and hcight with the model predictions. Now we will compare the
measured transmission at 3.4 um with che model predictions.

TABLE 7. LIST OF EXPLOSIVES AND SIMULATED
ROUNDS FOR DUGWAY TESTS

Trial Number ‘Simulated Round Weight of TNT (1b)
DPG-002-D1 81-mm mortar 3.5
DPG-002-D2 4.2-inch mortar 5.0
DPG-002-D3 105-mm tank HEP 6.75
DPG-002-D4 120-mm mortar 8.0
DPG-002-D5 155-mm artillery projectile 15.0
DPG-002-D6 8-inch artillery projectile 35.0

In the DIRT-1 test series, the static fiiings were centered about
the line of sight. In the Dugway tests, the dust cloud was generated
to one side of the lines of sight and the prevailing wind blew the
cloud through the sight paths. Figure 37 shows the three sight paths
and detonation points. D6 is on the opposite side of the site because
of a shift in the wind direction. The DIRT-1 comparisons serve as a
test of the model predictions for the cloud behavior near the forma-
tion point. The Dugway series will test the model predictions for the

cloud parameters after wind transport over the ground.

The dust particle size distributions and the crater volumes were
not measured in the Dugway tests. We will assume the Dugway soil to
be similar to the DIRT-1 soil and use the DIRT-1 size distributions
and crater scaling factors. We use the Dugway measured meteorology

parameters of wind directions, wind profile power exponent, and
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Pasquill stability factor. We choose an average wind speed which cor-
responds with the arrival of the dust cloud at the most distant sight

path. Table 8 shows the model input parameters.

TABLE 8. MODEL INPUT PARAMETERS FOR DUGWAY TESTS

Trial Number

Input Parameter
D1 D2 D3 D4 D5 D6

Yield (1b TNT) ‘ 8.5 5.0 |6.75}8.0 |15 35

Crater volume scaling
21
factor m [1b TNT}"3- 11y ] 0.064 | 0.06 | 0.06| 0.04 | 0.04 | 0.032

Wind speed at 8 meters

altitude (m s'l) 2.2 4.0 |5.0 4.7 }6.5 |4.7

Wind azimuth (deg) 208 204 |171 | 175 {157 | 344

Wind vertical nrofile

power exponent 0.06 | 0.0810.09]0.0710.150.16
Pasquill stability factor C D D D D C

Note: Model azimuth = true azimuth - 145°.

Figures 38 through 55 show the data (Reference 4) and the model
comparisons. Any individual dust cloud has a very irregular structure.
The model cloud has a very regular structure which supposedly repre-
sents the average of a large number of real clouds. So our model pre-
dictions can be expected to vary about the measured data but to agree
on the average. For D1 the model cloud is early in reaching row O but
is late in reaching row M; for both rows the width of the clov! and
the minimum transmission agree approximately with the data. Thce other
tests show variations between model and data, but on the average the

comparisons are quite reasonable.
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