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Section 1 

INTRODUCTION 

1.1 PURPOSE AND SCOPE 

Efficient military planning of both a tactical and strategic 

nature requires a certain degree of accuracy in the predictions of 

nuclear weapons effects. The optimum accuracy depends on the scenar¬ 

ios under consideration. In many instances the predictions of weapon 

effects may be uncertain because of lack of actual test data for use 

in calibrating and verifying the appropriate weapons effects models. 

A case in point involves the propagation of nuclear air blast waves 

over surfaces previously heated by thermal radiation. The presence 

of a hot air layer just above the surface, a thermal layer, causes 
1 2 

blast wave distortion, the precursor effect. ’ Surfaces that re¬ 

spond to the weapon thermal output and cause thermal layers to de¬ 

velop are classified as non-ideal in contrast to ideal surfaces over 

which no hot layer is formed.3,4 A brief summary of some of the 

variation in weapon effectiveness caused by surfaces effects is shown 

in Table 1. Changes in ground range for effects reflect themselves 

in biased probabilities of target damage and the potential for sub- 

optimal allocation of weapons. In some cases studied the upper range 

of weapons required is 200% of the nominal number due to uncertainty 
3 

in surface response in target area. 

Detailed knowledge (and reduced uncertainty) of the air blast 

effects can be obtained from calculations that require as input a 

model of the development of the thermal layer. The purpose of this 

report is to document a 1-year program conducted by Science Applica¬ 

tions, Inc. (SAI), under the sponsorship of the Defense Nuclear 

Agency (DNA) directed toward that goal. The object of the work was 

to obtain a model of thermal layer development that uses experimental 

insight, is based on physical principles, and can be extended to 

study a wide range of surface parameters. The programmatic goals and 

milestones of this development, including earlier SAI work under 

9 
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Table 1. COMPARISON OF IDEAL VERSUS 
NON-IDEAL AIR BLAST EFFECTS 

Reduced ground range, R, to obtain a given static 

pressure. For example, AR/R 'v 50^ at 15 psi for a 

scaled height of burst of 200 to 800 ft/KT1/3 

HOB for maximum static pressure near zero for non¬ 

ideal surface, for static pressures of 20 to 200 psi 

(according to EM-1) 

Increased dynamic pressure, AR/R = 50%, 150 to 15 psi 

for non-ideal case 

Increased dust loading of air - by orders of magnitude, 

pre-shock compared to ideal 

All non-ideal effects are strong functions of yield 

HOB and surface conditions (such as moisture). 

Sources: References 3, 4 and 5. 
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previous DNA contracts, are shown In Table 2. The first stage In 

this work was the Identification of basic physical mechanisms, then 

a model was developed for dry dusty soils (such as those found at 

the Nevada Test Site, NTS), and the final stage Involved data 

analysis of solar furnace Irradiation tests of a variety of soil 

types. These test results suggested the final form of a mode that 

could include a wide variety of surfaces. Thus the model, w lie 

based on physical principles, uses test data wherever possible to 

account for processes Inherently difficult to model In detail 

Reports on previous segments of this work, as well as more detalle 

background Information about the model development, are found In 

References 1 and 2. 

1.2 THE PHYSICAL DEVELOPMENT OF A THERMAL LAYER 

Thermal radiation from a nuclear explosion passes through air 

relatively unattenuated and upon striking a surface begins a rapid 

heating process. Due to the enormous energy release, this heating 1s 

extremely rapid, causing drastic Imbalances 1n the surface structures 

which lead to the phenomenon of thermal blowoff. Such physical and 

chemical reactions as boiling of free water, evolution of bound water, 

and CO, or uneven thermal expansion of grains may be responsible for 

the effects observed. The air above the surface Is heated In two ways: 

by direct contact with the surface, l.e., conduction, and later by 

convection. Also, the particles of blown-off material absorb thermal 

radiation and continue to heat. This heat Is conducted to the air as 

the particles flow through the layer. Some of the processes that take 

place are shown In Figure 1. The thermal layer development Is one of 

unstable equilibrium, and complex feedback mechanisms are probably at 

work. For Instance, the blown-off dust shields the surface, suppressing 

further blowoff. Moreover, many of the detailed processes are Inherently 

difficult to model; the amount of material blowoff 1s an example. A first 

principles them, and hydrodynamic model Is therefore nearly Impossible to 

11 
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construct. A successful model can rely on experimental data for many 

parts of the problem. The model SAI has developed accounts for the 

complexity and Instability of the development, inputting test data on the 

amount and distribution of blown-off material. A more inclusive report 

on thermal layer development is found in Reference 3. 

1.3 DEFINITION OF NON-IDEAL SURFACE 

A surface that results in the development of a thermal layer 

is classified as thermally non-ideal. In contrast, a surface that 

lacks the chemical and physical properties to initiate blowoff and 

is heat reflecting so as to suppress conduction as well is thermally 

ideal. An aluminum plate is an example of the latter. The 

authoritative compendium of surface classification is found in two 

references, EM-1 and DASA 1200 (References 4 and 5), where surfaces are 

divided into two classes, near ideal and non-ideal. This classification 

information is summarized in Table 3, which also includes comments based 

on present knowledge of surface response. While the information from 

EM-l/DASA 1200 is adequate for certain cases, it gives little guidance 

for target situations of current Interest (see Section 1.5 for examples). 

Furthermore, there is no differentiation between dust generation and air 

temperature rise. Reference 3, Volume I includes a discussion of a 

consistent geophysical soil description useful for predicting soil blow- 

off response. Information in Table 4 is taken from that work. 

An improved methodology begins with target selection and proceeds 

to geophysical description. A breakdown of key geophysical descriptors 

is given in Table 4. The last section of the table deals with upper 

horizon characteristics that dominate the type of thermal layer description 

found in EM-l/DASA 1200. However, it is Important to consider other 

factors of general and subsurface nature for a complete description. 

Illustration of this point is given in reference to an abbreviated summary 

of the results of a series of solar furnace irradiation tests on bare soil 

samples of selected non-ideal surfaces. Table 5. Differentiation of the 

14 



Table 3. SUMMARY OF INFORMATION FOR DETERMINING 
SURFACE THERMAL RESPONSE BASED ON EM-1 
AND DASA 1200 

EM-1 CATEGORIES 

Thermally near Ideal 

(Precursor unlikely; 

listed in order of 
certainty) 

EM-1 SUBCATEGOR1FS 

Hater* 

Ground covered by 
white smoke layer* 

Heat-reflecting 
concrete 

modifying comments from 
EM-1 ANO PASA 1200 COMMENTS. THIS WORK 

Calm water only, rough 
water may be non-ideal 

High albedo shields 
ground 

low thermal absorption Explosive decomposition of 
bound water may occur at 
high fluxes 

Frozen tundra, ice High heat capacity 
packed soil 

Moist soil 
sparse vegetation** 

Commercial and 
industrial areas 

As above 

Density of buildings 
prevents continuous 
thermal laver development 

Thermally non-ideal Desert <and* "Popcorning" from NTS 
surface is used as 
evidence. 

If soil excess moisture is 
driven out by thermal pulse, 
surface may become non-ideal 

NTS surface is Alluvial Playa 
not desert sand** 

(Precursor likely5 

listed in order of 
certainty) 

Coral* 

Asphalt* High heat absorption 

Surfaces with low, Outgasing of vegetation 
thick vegetation can cause thermal layer. 

If vegetation is tall, 
surface is near ideal. 

Surfaces covered with High heat absorption 
dark smoke layer* 

Dark colored rock As above 

Agricultural areas, 
residential areas 

Dry soil, 
sparse vegetatioiM* 

* Atmospheric nuclear test data support this conclusion. »-*»« 
** Surfaces of this type were studied in a program of solar furnace irradiation tests. 
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effects of air heating, dust generation, and moisture is included. Note 

the striking differences among the non-ideal surfaces studied and, in 

some cases, the site dependency observed for a given surface type. 

While the results illustrate an improvement over use of EM-l/DASA 1200 

rules-of-thumb, a systematic method for identification of non-ideal 

effects (i.e., dust, thermal rise, etc.) is required. That method is 

the thermal layer modeling that forms the bulk of this report. 

1.4 NON-1 DEAL BLAST WAVE BEHAVIOR 

The subject of air blast and, in particular, non-ideal effects 

associated with thermal layer development are discussed in a number of 

references, including EM-l/DASA 1200. (See References 1 through 5 and 

references quoted therein). The salient points are outlined here to 

provide an overview, and the reader is referred to the original works 

for further information. Non-ideal air blast occurs over thermally 

non-ideal surfaces for a specific range of weapon yields, HOB's and 

ground ranges. The following bounding parameters cover the observed 

(at NTS) regions of non-ideal effects: yield, 1-60KT; HOB, 100 to 600 

scaled feet; range, 150 to 1100 scaled feet (see Figure 6, Volume I, 

Reference 3). The properties of the non-ideal blast wave that are of 

interest are the reduced static pressure, the increased dynamic pressure, 

and the enhanced dust loading of the air behind the shock, when compared 

to an ideal wave. The purpose of a thermal layer model is to generate 

realistic initial conditions that allow calculation of non-ideal blast 

wave behavior of target structures. That the difference between ideal 

and non-ideal blast wave behavior is large can be appreciated by a 

comparison of major effects under the two conditions as was shown in 

Table 1. In summary, it apparent that large variations in weapons effects 

will occur depending on the surface nature. The desire to quantify the 

effects and reduce the overall uncertainties motivates the present work. 
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1.5 SYSTEMS INTERESTS IN NON-IDEAL SURFACES 

To illustrate the important questions that remain in non-ideal 

surface specification and to provide focus for this work, we have 

surveyed a number of current systems needs for information. Table 6 

relates these needs to our present knowledge, and illustrates 

important areas as when data are inadequate. To summarize, one 

needs a better method of judging non-ideal surface conditions for 

a wider geophysical surface set than previously encountered, for 

weapon yields both below and above those encountered in the data. 

Cover and moisture, both vegetation and precipitation, need to be 

explored. Other surface materials, such as concrete, asphalt, roofing 

material, and the like need to be studied. Thermal layer development 

and blast wave propagation in and among foiläge, trees and buildings 

should be quantified. 

1.6 TECHNICAL APPROACH 

The plan to meet the goals outlined in the preceding sections 

involves three basic steps: 

• Review and analyze existing data related to thermal 
layer development 

• Develop a thermodynamic model based on observables 

• "Cross check" the model, i.e., how well does the model 
based on soil blow-off data agree with NTS data. 

As has been argued above, a first-principles thermo- and hydro-dynamic 

model of the thermal layer development is difficult due to 

the complexity anu intractability of the problem. Thus the model 

development started from observables, and hence the first task is to 

refine these observables. Prior work had developed some thermal 

layer data from atmospheric test shots. Procedures developed during 

the first phases of this contract allowed a methodology to(be developed 
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that evaluates thermal layer temperatures from all precursor develop¬ 

ing airburst tests. Thus the first step consisted of extracting 

thermal layer temperatures from Nevada Test Site (NTS) atmospheric 

test shot data. The specific tasks performed were as follows: 

1) Review previous data on cloud radial development. 

2) Establish an empirical formulation for radial 
position as a function of time, the allowed free 
parameters being yield and HOB. 

3) Differentiate this expression to obtain radial 
velocity and compare the "global" predictions 
versus specific shots, especially Priscilla. 

4) Obtain equivalent layer temperatures from the 
shock velocity assuming the shock relationship 
and a constant y (see page 2-3) 

5) Compare these "backed out" temperatures with 
actual measured temperatures, and simulation 
results. 

The goal of this task effort is the complete specification of the 

thermal layer temperature for NTS soils and over NTS yields. It will 

still be inadequate in the following respects: 

• Extrapolation of yields greater than about 50KT 

• Use on other soil surfaces. 

To correct these inadequacies a modeling effort was undertaken. 

This effort has as its basis a large body of theoretical investiga¬ 

tions on thermal layer behavior developed under other SAI contracts 

(References 1 and 2) as well as work by other groups (References 6 

and 7). The previous work had modeled thermal layer formation 

over dry, dusty soils, but due to the parametric nature of the 

assumptions, virtually any desired layer temperature could be calcu¬ 

lated given the proper set of starting assumptions in key variables. 

In addition, significant new data were available from a 2-year series 

of solar furnace irradiation tests. These data allowed for the first 



time a close examination of thermal layer development, particularly 

from high-speed photographic films made of the tests. With this 

information, a theoretical model that avoided some of the pitfalls 

encountered earlier was built which predicts the most important 

parts of the layer development. In particular, these new efforts 

were designed to: 

• Include the new experimental data on soil blowoff 
where a direct calculation of the particular feature 
was not feasible. 

• Include in the model the physical processes observed 
to take place in the tests. 

• Adapt the calculation to take account of the "feedback" 
in the process, whereby each step is modified by the 
prior time history. 

• Avoid unnecessary dependency on arbitrary parameters 
either physical or calculational. 

A simplified flow chart of the generic method is shown in Figure 

2. Note that calculation is of an unstable, transient phenomenon, 

and the method includes the feedback of information to properly 

control the process. The model is expected to compute air heating 

and thus air temperature (using the air equation of state), particle 

dust loading, and heat lost to subsurface conduction and to heat 

reflection. This simplified diagram only touches on the main points 

and ignores others completely (i.e., the role of water in the soil). 

These points will be treated later as warranted. 

In conclusion, a methodology was set up using the best of the 

theoretical and experimental information available, to calculate 

thermal layer development (i.e., both temperature and dust loading) 

for a wide range of yields and soil types. A summary view of the 

overall program methodology is provided in Figure 3. 
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Section 2 

THERMAL LAYER TEMPERATURES FROM NTS TESTS 

2.1 METHOD 

The extraction of preshock thermal layer temperatures from NTS 

test data requires knowledge of the shock equations. In this section 

we briefly review the fundamentals of the shock equations, and show 

how the relevant data were obtained from NTS data. 

The derivation of the necessary equations of shock behavior be¬ 

gins with the assumption of Isentroplc flow of a perfect gas. We 

shall sketch here the essential steps and assumptions. Several 

excellent references texts are available for further details 

(References 8 and 9). The following laws can be stated at the 

outset (see Table 7 for symbol definitions). 

v2 
First Law of Thermodynamics h0 " h + ? 

Equation of Continuity 
U) 

K - pv 

Definition of Mach Number M = v/c 

Conservation of Linear Momentum pQ ♦ ^ v0 * P * v 
O) 

Equation of State of a Perfect Gas pV ■ RT p « pRT 

Equation for a Perfect Gas under¬ 
going Reversible Adiabatic 
(Isentroplc) Processes 

pV' ■ constant 

Enthalpy Change In a Perfect Gas Ah ■ CpAT 

2S 



Table 7. SYMBOLS USED IN SHOCK EQUATIONS 

SYMBOL 

h 

V 

u> 

A 

P 

T 

V 

P 

R 

M 

W 

C 

enthalpy per unit mass 

net velocity 

mass flow rate 

area 

pressure 

temperature 

vol unie 

density 

specific heats at constant 
pressure, volume 

gas constant 

particle velocity 

shock velocity 

sonic velocity 

26 
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Also for a Perfect Gas V VR 

sa H y 

cp = (y/y-DR 

c = 4RT x 
Sonic Velocity 

addition we must define the coordinate frame for the shock. 

r:r r -in9 Figure 4 defines the system h discontinuity :rr rrrr.:;:;..- ■«> 
relative velocity with respect to region 1. 

Under the assumptions of Isentroplc flow we may calculate, for 

a reference system of no net velocity (station fras* denoted hy 

subscript o) relative to any frame of net velocity v. 

V2 
"o ■ " ♦ 2 

v.ÆüvKT ■ ^nr^TT * V2yku0-u/Iy-TF 

This can be rewritten as 

i 

r=1+s7*1+ 

when T is the temperature of the system of net velocity v and To is 

temperature In the -^lo^rame In other.rd ^ ^ 

‘"e probe, reference frame. Thent 

rXv is the fluid particle velocity In the absence o shorts, 

and is given by the formula for the respective frames as shown In 

Figure 4 when shocks are present. 

the 

27 





If we add the assumption of the equation of state of a perfect 

gas to the requirement of isentropic flow, we can arrive at pressure 

and density relationships for the stagnation state. Writing pV = RT 

(perfect gas) and 

pVY = constant (isentropic perfect gas) 

using p = 

P - 

£ * 
Po 

JL 

Po 

1/V we obtain 

Now returning to the relationship between stagnation temperature ratio 

and net velocity, we have 

for isentropic flow of a perfect gas. 



Now let us consider the presence of a shock wave (refer to 

Figure 4). Under the assumption of Isentroplc conditions at the 

shock front, we have from the first law of thermodynamics: 

2 y, ♦ V,* ■ 2 CpT2 ♦ ■ 2 CpT0. 

Thus the stagnation temperature In region 1 and 2 Is Identical under 

these assumptions. 

Because of this fact we may write Immediately 

rl + 

1 ♦ M22 ] 

but 
plp2 

for perfect gases 

and 
T2 

ÏÏ 

Î2Ï2 
P,vl 

by the equation of continuity 

thus 

since 

ÏÏ 

ÏÏ 

M 

p2M2C2 

P1M1^ 

(SÏ 
or 

v/c, and C2 * T. 

We therefore can write 

p2 . ^ (uitiv) 
»1 

M 
(TTSy) 

1/2 

1/2 
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Let us now consider the conservation of linear momentum at the shock 

interface 

Pi V1 * P2 + t V2 

which becomes 

P, + P,V,2 = p2 ♦ P2v2' 

after using the continuity equation. Now for a perfect gas 

3 = êBI . = 2XÍ M2 
* y y y 

Substituting in the equation for momentum conservation we have 

Pi (l + yH}2) s P2 (1 + yM22) 

Î2 . (lhül) 
p, |i + riyj ■ 

Previously» we showed that» based on the first law,of thermodynamics, 

an alternative relation for the pressure ratio held. Equating the 

result of the conservation of linear momentum to* that of the first 

law of thermodynamics gives 

Mi (i + )1/2 __ ) 

/1 + Yd,2 j * I ' + ïm22 j 

1/2 

the solution of which yields: 

31 



Substitution in the above expression gives: 

Defining P2 a Pi + ûp* we obtain 

I 
y 

The above equation applies to the conditions of shock propagation in 

a perfect gas, under the assumption of the first law of thermodynamics, 

the conservation of linear momentum, and isentropic flow at the shock 

interface. 

If p^ ûp, y áre known, 

V ■ (^ “ * ’) a"d T1 • 

Thus knowledge of vr the propagation velocity of the shock in region 1, 

in addition to the knowledge of the variables stated above, yields T], 

the temperature of region 1 into which the shock is propagating, 



when the stated conditions and assumptions are valid. This method of 

temperature determination is called the overpressure method. 

Since we know these equations must hold, for each instant of time 

the above equation ought to give valid temperatures. Unfortunately, 

the body of knowledge from a series of WT reports on the various NTS 

shots indicated that the use of the overpressure method was invalid for 

extracting temperature data. We shall later present data to dispute 

this contention, however. The reason that the overpressure method 

failed to give realistic temperatures when used by the authors of 

the various WT reports written to summarize the NTS data is a mis¬ 

application of a shock angle correction. Photographic data often 

allowed viewing of the angle of the shock wave with respect to the 

ground surface above the thermal layer. However, the overpressure 

method relates to the fact the shock is normal exactly at the surface 

inside the layer — a region not seen photographically. Two other 

methods were attempted in the WT report series. One assumes sonic 

wave propagation in the thermal layer and would demand Ap -»• 0. This 

is manifestly untrue, and would yield very high temperatures if 

applied. The various WT reports generally agree on this point. A 

third method, also involving the angle of the shock fronts, is used 

in most work in the NTS series to extract temperatures. This method 

necessitates viewing the shock, a tricky experimental circumstance, 

but requires the shock angle above the layer in contrast to the first 

method. However, several shots are documented where these data were 

available and reasonable values of temperatures recorded. 

Information on Vj from a wide variety of NTS shots is not avail¬ 

able, particularly for the small increments of time and space needed 

to obtain the temperature. The instantaneous radial extent of the 

dust cloud was available because of the efforts on previous contract 

33 



work (References 1 and 2). The differentiation of the expression for 

the radial position, with respect to time, yields the Instantaneous 

velocity of the leading edge of the dust cloud along the ground sur¬ 

face. The final assumption necessary to complete the problem is that 

the Instantaneous velocity of the leading edge of the dust cloud is 

Identical to that of the leading edge of the shock. This is a rea¬ 

sonable assumption but cannot be proved Independently from first 

principles. To test the value of the equations, assumptions, and 

methods described here, we have made a calculation for a specific NTS 

shot: Plumbob-6, Priscilla, 36.6KT at 700 feet. Table 8 Illustrates 

the results of application of utilization of the results of the 

theoretical analysis. Specifically, for a ï - 1.4, air at STP, we 

obtain 

(A) 

Where M Is the Mach number of the shock entering the thermal layer. 

p Is the ambient atmospheric pressure In the layer, ipp is the maxi¬ 

mum rise of overpressure In the precursor pulse (l.e., before main 

shock front arrival), v Is the velocity of the precursor «ave enter 

Ing the thermal layer. Referring to the table and graph of tempera¬ 

tures versus ground range. Figure 5, we can now demonstrate the 

validity of the assumptions used previously: 

A) __Af chnrk and dust cloud times of arrivals and 

justified procedure.* 

* Refer to page 28, Reference 1, for more detailed discussion of 

1 

dust shock lags. 
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B) Use of Equation A to derive thermal layer temperatures 
gives excellent agreement with temperatures extracted 
from NTS data as presented in the appropriate WT reports. 
In particular, we show that use of the formula for a 
shock normal to the ground surface at the bottom of the 
thermal layer is well justified. Use of the shock angle 
as viewed above the thermal layer as was used in the WT 
reports is incorrect on the basis both of physics,* 
and on agreement with the data. Thus the shock equations 
and numerical evaluations are valid. 

C) The sensitivity of Equation A to values of v and Ap 
is not severe — we find 

if ’ 2 T and ' °-6 T ' 

Furthermore, inspection of the overpressure records for these ground 

ranges shows no particular problem existed in identifying Ap, the peak 

precursor pressure. The "noise" in the precursor region appears small 

in all records for these ground ranges. 

In conclusion, we have developed and demonstrated a method 

that will allow determination of the average thermal layer temperature 

as a function of ground range for NTS test shot Priscilla. 

2.2 RADIAL SHOCK VELOCITY FITS 

The method described in Section 2.1 requires radial shock 

velocity predictions for arbitrary HOB and yields. In order to extract 

this from NTS atmospheric shot data, fits to the extent of the dust 

cloud as a function of time are required. At the beginning of the 

present effort, prior work was reviewed for applicability. In 

* That the shock must be normal to the ground at the ground-air 
interface is required by the subsequent propagation path-radial, 
and is further required for the "clean up" process to occur. 
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Reference 1 an expression for the radial dimension R of the precursor 

dust cloud was given which has a very good fit to 29 NTS precursor 

shots In terms of HOB and yield. Fit errors were well under 10 per¬ 

cent. Pages 68 and 69 of Reference 1 display this formula. Unfor¬ 

tunately, this expression Is complicated and has several points of 

inflection between regions of validity In t, and HOB. Despite the 

difficulty of handling this expression, it was differentiated and used 

to calculate preshock thermal layer temperatures in Reference 2. Such 

temperatures were used to successfully compute post-shock air densities 

and precursor pressures. No conclusive evidence for the physical 

mechanism responsible for the temperature was apparent, however. 

As part of the present work the radial extent of the dust layer 

was reinvestigated, and an expression was developed parameterizing 

the dust location on the ground In terms of slant range S. It was 

found that 

with 

S - Sp tanh [(Vt^/a] 

Sp * slant range at precursor formation 

tp * time of precursor formation 

t = time of precursor separation 
i / 

a * 1/tanh'1 (Sp/Ss) 

ß = fitting constant 

S$ * slant range at precursor separation 

gave acceptable fits over the entire range tp to t$ rather than re¬ 

quiring different formulae for two regions within this range as had 
been the case previously. 
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Differentiation of the expression for S with respect to time, 

and projection onto the ground surface (ground range - x) yields 

1/2 
S = (x2 + hob2) with 

0.7131 

/_Je—\ 
\150 a)1/3/ 

$ = 0.650 and 

Also, we find that 

for Yucca Flats, and 

S 
çS. = 1 + 5 

(■ 
HOB 

615 u)1^3 P 

for Frenchman Flats. The fits of Ss/Sp and ß to HOB and yield were 

accomplished by a least-squares minimization technique. As a demon¬ 

stration of the fit, and illustrative of the improvement realized, 

refer to Figure 6, where the precursor shock horizontal velocity versus 

ground range Is plotted from test report data, from our previous fits, 

and from the current work. A considerable improvement Is evident. 

Note also the measured dust velocity matches fairly well; an 0.96 

correction appears to Improve the situation. 

Thus we have developed a functional form of the shock velocity 

In terms of HOB and yield. This formulation, when used 1n conjunction 

with the method developed 1n Section 2.1, allows the temperature of 

the thermal layer as a function of ground range, HOB, and yield to be 

determined. 
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2.3 TEMPERATURE OF THE THERMAL LAYER — NTS SHOTS 

Following the development of the two preceding sections, we 

have calculated the thermal layer temperature rise (T - T0) as a 

function of ground range for 12 NTS atmospheric shots for which 
precursor overpressure records were adequate. In Table 9 we present 

these data along with certain other parameters such as calculated 

shock Mach number and predicted velocity of precursor. At this 

point, we have the tools to extend this analysis to investigate the 

rise in average layer temperature correlated with peak flux and 

fluence to shock arrival. It is in the analysis of these factors 

that trends may be observed that allow generalization of the 

temperature result. These will be described in the next section. 

In summary, we have shown the average layer temperature calcula¬ 

ted from a fit to precursor velocity as a function of HOB and yield. 

These temperatures agree well with temperatures measured during the 

tests, or inferred from the shock relations for that particular shot. 

These temperature values cover a wide range of HOB, yield, and thermal 

radiation parameters. 

2.4 PARAMETERIZATION OF LAYER TEMPERATURE 

The driving force behind the formation of the pre-shock layer 

is the thermal radiation. Calculation of peak flux and fluence to 

shock arrival for each station for the 12 prime NTS shots was made 

by the SAI code PREDUM (References 1 and 2). This is listed along 

with layer temperature for the 12 prime NTS shots of Table 9. We 

also calculate Q' the fluence above threshold 



mm ....... ...—. 

Table 9. SUMMARY DATA ON NTS SHOT THERMAL LAYER 
TEMPERATURES AND RADIANT HEATING VALUES 

SHOT, AREA AND 
COHOITIOHS 

ANNIE 
YUCCA FLATS 

TURK 

HORNET 

APPLE 1 

NOTH 

BEE 

CLINAX 

DOG 

HASP PRIME 

GROUND 
RANGE 
MIL 

700 

900 

10S0 

uso 
1770 

630 

710 

840 

940 

1030 

670 

795 

1060 

1552 

2011 

608 

974 

1345 

389 

780 

0, FLUENCE TO 
SHOCK ARRIVAL 

16.3 

25.0 

28.4 

28.7 

39.3 

38.6 

32.4 

24.2 

19.6 

53.8 

29.1 

21.1 

39.1 

128.7 

91.0 

151.7 

105.8 

70.3 

77.0 

39.8 

Q THRESHOLD 
(c«1/cm?1 

5 

15 

5 

17 

5 

32 

20 

0' * Q - Qth 
(c«I/cib3) . 

11.3 

20.0 
23.4 

23.7 

34.3 

23.6 

19.4 

9.2 

4.6 

48.8 

12.1 
14.1 

34.1 

96.7 

59.0 

121.7 

85.8 

50.3 

72.0 

34.8 

4P. PEAK FLUX 
Ic-ll/c** »«Ç) 

550 

478 

344 

266 

194 

492 

365 

236 

174 

400 

337 

217 

258 

419 

256 

829 

501 

295 

662 

311 

T • T. LAYER 
TEMPERATURE 

RISE 
_f*) 

870.9 

905.1 

644.3 

577.9 

463.8 

629.5 

397.9 

199.8 

154.4 

386.1 

332.6 

174.7 

334.4 

843.6 

401.0 

1652.6 

1020.9 

430.3 

2538.8 

692.6 

T - yo* 

77.1 

45.3 

28.4 

24.4 

13.5 

26.7 

20.5 

21.7 

33.6 

/.9 

27.5 

42.6 

9.8 

8.7 

6.8 

13.6 

11.9 

8.6 

35.3 

19.9 

MET, 
FRENCHMAN FLATS 
(dastrt lint) 

750 

1000 

1500 

25.4 

36.9 

32.3 

20.4 686 

31.9 525 

27.3 176 

839.6 41.2 

972.5 30.5 

550.0 20.2 

PRISCILLA 650 

750 

850 

1050 

1350 

1650 

2000 

73.3 15 

73.0 

74.0 

76.4 

71.1 

56.9 

41.4 

58.3 1320 

58.0 1156 

59.0 1002 

61.4 712 

56.1 407 

41.9 249 

26.4 150.5 

3234.8 55.5 

2903.9 50.1 

2380.3 39.1 

1926.2 31.4 

1664.7 29.7 

912.6 21.8 

530.0 20.1 

GRABLE 675 

765 

865 

893 

921 

1170 

1419 

69.7 5 

69.2 

66.8 

65.7 

64.4 

49.2 

35.6 

64.7 1039 

64.2 814 

61.8 628 

60.7 585 

59.4 546 

44.2 308 

30.6 188 

2238.2 34.6 

1827.1 28.5 

2308.8 37.4 

2102.2 34.6 

1771.6 29.8 

934.7 21.1 

768.6 25.1 
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and the normalized layer temperature 

(T - T0)/Q' = AT/AQ. 

Note that AQ/AT has the dimensions of entropy. We will discuss this 

interpretation later. 

The values of Qth, the threshold fluence, were determined in the 

following way. If sufficient data for an individual shot were avail¬ 

able, T - T0 versus Q was plotted and the intercept Q [(T - T0) = 0] = 

Qth by definition. If insufficient data existed, the vaiue of Qth 

taken from the solar furnace test data was used (Reference 3). The 

graphical method was used in Reference 2 with a set of temperature 

data that represented fits to the previously obtained precursor 

velocity formulation. In the present work we have improved con¬ 

siderably the velocity fits as was explained above, and recalculated 
Qth. It is interesting to note that major changes in Qth occurred 

for shots Hornet and Moth. Shot Hornet's value of Qth had been 

anomalously low in Reference 2 (see graph on page 72 for example). 

The present value is considered more consistent with the general 

trend of that graph, especially when shot Driscilla is added. We 

have summarized these data in Table 10, where we have also added 

a prediction of surface roil moisture content as developed from the 

methodology developed in the SAI analysis of solar furnace test data. 

Reference 3. The expectation is that for the nighttime desert condi¬ 

tions considerable condensed water or frost may be present, while 

during the daytime the ground should have relatively low surface 

moisture content (about 2 to 6 percent) unless local weather condi¬ 

tions dictate otherwise. Reference to Table 10 shows good correlation 

of expected and inferred surface moisture values. Figure 7 shows the 

values of thermal layer temperatures obtained by three methods: shock 

angle relationship as reported in WT 1403 Reference 9, our normal 

shock methodology but calculated for the radial velocity values of 
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shot Priscilla as given in WT 1403, and our fitted estimates of temper 

atures based on 12 NTS shots using HOB and yield as free parameters. 
• 

In Figures 8, 9, and 10, we show (T - T0)/Q' versus Q', Q and 

(T - T ). Analysis of these graphs for trends has resulted in the 

following conclusions. 

Concerning all three figures: 

1) Yucca Flats data have considerable spread on a shot- 
by-shot analysis, but considerable uniformity among 
data for the same shot. 

2) There is very little spread in Frenchman Flats data, 
however the HOB of the shots are similar. 

3) Solar furnace test data show strong moisture-dependent 
blowoff effects for Yucca, and little or none for 
Frenchman. One may conclude the spread at Yucca was 
due to varying soil moisture conditions at shot time. 

4) The moisture content of soils required to match the 
observed Q thresholds for the NTS shots is corsistent 
and reasonable considering the corroborative data 

(see Table 10). 

5) Values of 50°K/(cal/cm2) for initial temperature rise 
of heated air for both Yucca and Frenchman soils were 
observed from the solar furnace tests. This value 
agrees well with the NTS data for the developed layer. 
This indicates that the subsequent volumetric heating 
closely matches the Initial (partly conductive and 
partly volumetric) heating rates. 

Concerning Figure 8: 

6) The observation that fluence is a good scaling variable 
for thermal layer data is corroborated in NTS shot data. 
This scaling had been seen previously in the solar fur¬ 
nace test analysis; however, the present work allows a 
more general statement to be made due to the larger 
range of flux, temperature, and time development of the 

layer. 
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Figure 8a. A Normalized Layer Temperature Rise Versus Peak Fluence 
(Yucca Flats Data) 
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Figure 9b. Normalized Layer Temperature Rise Versus Peak Flux 
(Frenchman's Flats Data) 
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7) The systematic trend of 

Is observed. The Implication Is that as the layer 
temperature rises, It becomes progressively harder 
to heat. This can, In turn, be attributed to a 
reduction In layer entropy at higher températures. 

8) The solar furnace data on NTS soils at low Q' agree 
well with the NTS shot values. 

Concerning Figure 1: 

g) Little conclusive evidence of the dependency of layer 
temperature on flux has beetj available up until now. 
Figure 9 indicates a slow (Q1/2) rise In layer heating 
for the same fluence. Solar furnace test data at 
lower flux do not corroborate this trend, however. 

Concerning Figure 10: 

10) A slight dependency on final layer temperature is 
noted, the rule 

can be deduced from these data. Higher final tempera¬ 
tures are reached when the rate of rise is more favor¬ 
able or higher temperatures lead to lower entropy as 
noted previously. 

11) The solar furnace data point provides excellent con¬ 
firmation of the results from shock analysis. 
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In summary, by using a relationship for a normal shock trans- 

versing a thermal layer, assuming isentropic conditions, a perfect 

gas law, and constant y* we derived general formulae for thermal 

layer average temperatures as a function of only HOB and yield 

which agree closely with values measured during the specific shot 

studied. Analysis of the layer temperature versus radiant heating 

variables shows generally good agreement with solar furnace test 

results. The question of flux dependency is not fully resolved. 

It appears that a slight upward trend of layer temperature rise 

with flux may be occurring. It may result from layer entropy de¬ 

creasing at higher heating rates due to the more violent decomposition 

taking place. Tables 11 and 12 relate the high points of the 
method and provide a summary for thermal layer temperature analysis. 
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Table 12. SUMMARY 

• A CONSISTENT METHOD FOR PREDICTING Tp 

FOR NTS SOILS HAS BEEN ESTABLISHED FROM 

12 KEY TEST RECORDS 

• THE ROLE OF MOISTURE IS UNDERSTOOD AND CAN BE 

PARAMETRICALLY HANDLED 

• THE BACKED OUT TEMPERATURES CAN BE USED TO 

CALIBRATE MORE ADVANCED MODELS, AND REPRESENT 

THE ONLY DATA AT HIGH FLUXES NOW AVAILABLE 

• EMPIRICAL DATA SCALING WITH Q' AND 0 HAVE BEEN 

ESTABLISHED. 
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Section 3 

CALCULATION OF THERMAL LAYER DEVELOPMENT FOR 
ARBITRARY INITIAL CONDITIONS 

3.1 INTRODUCTION 

As part of DNA-supported research in determining effects result¬ 

ing from nuclear burst precursors. SAI has developed a computerized 

model for determining the thennal layer characteristics that provide 

the driving forces for the precursor wave. This model is the result 

of a combination of theoretical analyses and experimental work. The 

model, which has been named DUSLAR, computes temperature distribu¬ 

tions in the air near the ground surface resulting from the inter¬ 

action of thermal radiation with reactive soils. The variety of 

physical processes that occur during the blowoff process have been 

modeled by differential and algebraic equations. These equations are 

solved simultaneously to obtain the appropriate response functions 

for the precursor model. The DUSLAR model is primarily aimed at 

computing temperature profiles near the ground surface and the dust 

mass distribution in the air, both as a function of time. 

The thermal layer model is restricted to processes that occur 

above soils. Hence, layers developed over vegetation, asphalt, and 

active surfaces other than soils cannot be treated directly by the 

present model. Furthermore, it is a one-dimensional model, that is, 

only variations in a single space dimension, height above the soil 

surface, are described. This one-dimensional approximation reduces 

the complexity of the problem and corresponds to the average condi¬ 

tions of thermal layer development. 

Briefly, the model operates as follows: First, the incident 

thermal radiation history from a nuclear burst is determined at the 

range of interest. The onset of blowoff is determined from empirical 

relationships. The soil and air heating to the time of blowoff is 
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determined from a thermal conduction model. Puffs of particles 

(the mass and size distribution given by data) are ejected from the 

soil and cause heating of the air, with consequent expansion. The air 

motion tends to keep the particles aloft which then shield underlying 
« 

soil layers. 

The brief outline of the method is described in detail in 

the next sections. Section 3.2 provides a discussion of general charac¬ 

teristics of the blowoff process. A detailed mathematical descrip¬ 

tion of the various phases of the blowoff process is given in Section 

3.3. Section 3.4 describes the computer program and some sample re¬ 

sults, while Section 3.5 provides some general observations. 

3.2 SOIL BLOWOFF CONSIDERATIONS 

The blowoff process and the subsequent formation of the dust 

layer is a very complex phenomenon. Attempting to model such a process 

necessarily involves making assumptions. The physical aspects of the 

thermal layer development, as modeled by the DUSLAR program, are gener¬ 

ally based on observations and test data taken with various soils in 

the White Sands Missile Range (WSMR) Solar Furnace (References 3 and 10). 

This section describes some general aspects of the problem. 

Blowoff of dust from the ground surface due to intense thermal 

radiation is a complex phenomenon, especially when it involves pre¬ 

dicting threshold levels and the blowoff rates. To evaluate such 

conditions requires a detailed knowledge and understanding of soils 

with respect to composition and chemical and mechanical behavior. 

Since soils can exist in a wide variety of compositions and con¬ 

ditions, it is virtually impossible to quantify the phenomena in an 

analytic sense. One has to resort to experimental data to obtain 

the necessary information about specific soil types of interest. SAI 

has done considerable experimentation to Identify physical processes 

and thresholds at which blowoff is initiated. Results of these 
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experiments are described in References 3 and 10. A considerable 

body of information exists about the behavior of soils, and 
clays in particular, as exemplified by Reference 11. The following 

paragraphs summarize information given in this reference to provide 

a qualitative insight into the physical aspects of soil and soil 

components at elevated temperatures. 

When clays are heated, the following reactions may take place: 

1) Loss of hygroscopic and hydrate water 

2) Decomposition reactions: 

- Loss of combined water 

- Decomposition of the oxy-salts 

- Oxidation processes 

- Reduction processes 

3) Reforming reactions: 

- Recrystallization 

- Recombination 

4) Liquid formation 

5) Changes on cooling. 

The degree to which these reactions occur depends on the nature of 

the clay and the extent of the heating process. Of particular 

Interest to the present problem is Item 1 above, since it has been 

postulated as the mechanism for surface dust blowoff. 

The loss of hygroscopic water is usually complete at a tempera¬ 

ture of 100 to 150#C. The amount to be liberated depends largely on 

the fineness of the grain size of the minerals in the clay, because 

the moisture is associated with the surface area of the clay particles. 

The adsorbed water layer is a variable property ranging from 7.5 to 

60 A in thickness and in all probability a definite limit cannot be 

! 
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ascribed because there is a gradual transition from this form to the 

normal liquid form. The amount of hygroscopic water retained by a 

clay is also a function of the humidity of the atmosphere. 

Hydrate water is defined as the water of crystallization 

associated with salts and cations contained in the clay. The temper¬ 

ature at which it is removed is variable, and there can be no sharp 

distinction between this form and the true combined water of typical 

clay minerals. 

Many of the minerals associated with clays contain water as an 

inherent part of their structure. As the temperature is progressively 

raised, such minerals decompose at specific temperatures with the 

evolution of water. The amount of water lost by each mineral depends 

on its crystal structure and the number of hydroxyl units contained 

in the lattice. Table 13 shows the theoretical amounts held in some 

typical hydrous clays and includes the temperature at which water is 

given off at a rapid rate. When such minerals decompose with the 
evolution of water, the solid products which remain are virtually an 

intimate mixture of the component oxides. The internal arrangement 

still has many of the characteristics of the original mineral and 

can be rehydrated to some extent, but oxide components have separate 

chemical entities. 

Because of the large energy depositions that may be encountered 

in thermal blowoff situations, the melting and vaporization character¬ 
istics of clays will be important factors. Liquid formation in clays 

begins at the temperature of the lowest eutectic point of the compo¬ 

nents in the mixture; then, with progressively increasing temperature, 

the amount of liquid phase increases rapidly. In most ceramic 
materials, little glass is produced below a temperature of 1000°C, 

unless a considerable amount of alkali is present. Thus, when heated, 

ceramic materials soften and melt over a wide temperature range and 

it is usually incorrect to ascribe a particular value as being their 
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melting point. The change of ceramic materials into vapors is seldom 

regarded as a simple physical change. It is usually one result of 

chemical decomposition such as the reduction of silica to silicon 

monoxide or silicon which are readily volatized at high temperatures, 

but are soon reoxidized and deposited as a white powder. 

The DUSLAR dust layer model is based on the authors' interpreta¬ 

tion of the available experimental data as described in References 3 

and 10 and high-speed and low-speed movies of various test runs. The 

description given below forms the basis of the mathematical models 

incorporated in DUSLAR. 

The process of the development of the thermal layer over soils is 

broken down into two distinct phases, the pre-blowoff heating phase 

and the post-blowoff phase. During the first phase the incident 

thermal radiation serves to raise the soil to increasingly higher 

temperatures. This causes heating and vaporization of the loosely 

bound waterforms in the soil, the burning of organic materials with 

low ignition points, and the decomposition of weakly bonded organics. 

These processes are generally evident by the formation of smoke 

immediately above the soil surface. It should be noted that soil is 

not fully compacted and that pores and small interstitial spaces in 

the soil grains exist and contain water that cannot readily escape 

to the atmosphere. The result is vaporization of the water and the 

resulting buildup of pressure in the interstitial spaces. A violent 

eruption, or blowoff, results once the forces that provide the bonding 

between grains and particles are overcome. These eruptions do not 

occur uniformly over the surface but are a great number of individual 

events from randomly spaced locations, like miniature erupting 

volcanos. This has been observed in the high-speed movies discussed 

above. The events are schematically diagramed in Figure 11. Once 

blowoff has been initiated, the second phase is in operation. For a 

short period after the inception of blowoff, continued irradiation 

causes the additional release of soil puffs. Each puff of particles is 
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initially quite hot when it is released by the soil but is cooled by 

the air into which it is ejected. However, during this period of 

travel, the ejected particles continue to be heated by the incoming 

radiation and hence may increase their temperature as the result from 

this absorption process. The energy transferred from the particle 

to the air occurs primarily by convection. In a large mass of par¬ 

ticles, such as found under blowoff conditions, the effects of 

radiation are accounted for by the volumetric attenuation of the radia¬ 

tion in the layer. The energy deposited in the air causes it to 

expand and hence to attain an upward velocity. This upward velocity 

will tend to drag the dust particles upward, thickening the dust 

layer. As the dust layer grows and additional soil puffs are liberated 

in the air, the soil surface underneath the dust layer may become ob¬ 

scured to the thermal radiation. The release rate of blowoff dust 

decreases gradually until finally the blowoff process ceases. De¬ 

pending on the thermal radiation history, the thermal layer may still 

grow after cessation of blowoff. 

The considerations given above show the complexity of modeling 

the thermal blowoff phenomena accurately. It is inherently not 

possible to treat the phenomena in detail. The model will thus 

necessarily be an oversimplification of the processes that take 

place but, hopefully, the important parameters have been included. 

The next sections provide details on how the various individual 

processes are modeled and how they all fit together to simulate 

the development of the thermal layer. 

3.3 MATHEMATICAL MODEL 

3.3.1 General Aspects 

The previous sections discussed the qualitative aspects of the 

physical processes of the blowoff process and the subsequent development 
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of the thermal layer. The following sections describe how these phénomé¬ 

nologies are represented by mathematical relationships. In general, 

these relationships are in the form of differential equations and alge¬ 

braic equations that cannot be solved in closed form. The model equations 

are hence solved numerically on a digital computer. Figure 12 shows 

schematically the various events in the model. As described earlier, 

the development of the thermal layer can be thought of as consisting of 

two problems, the pre-blowoff heating period and the post-blowoff dust 

generation period. The first period is modeled strictly as a heat con¬ 

duction problem in both the soil and air, and the partial differential 

equation describing it is solved numerically. Pressure perturbations 

are not affected by it. The second period is modeled by a series of 

puffs of particles of different sizes that are released from the ground 

surface. The thermal radiation impinges on top of the dust layer, 

which is formed by these puffs, through which it subsequently penetrates 

to the ground surface when the dust density in the air is not too large. 

Attenuation occurs in the dusty air, the thermal radiation being con¬ 

verted to internal energy in the dust particles. The trajectories of 

the various puffs are evaluated taking into account the relative 

velocities between the air and the particles. The dust particles heat 

up, transferring part of their energy to the air which expands and tends 

to drag the particles. The differential equations that describe all 

of these processes are solved numerically and in some instances iteratively. 

In the following sections, these equations are given along with the 

iterative procedures for solution. 

3.3.2 Pre-Bl >woff Heating 

Prior to the initiation of blowoff, the soil and the adjacent 

air layers are heated by the incident thermal radiation. This heating 

process is assumed to occur strictly by conduction. The basis for 

this assumption is that the timeframe prior to blowoff is very short, 

fractions of a second, during which forced and natural connection 

phenomena can exert little influence. In addition, experimental 
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evidence (Reference 10) shows that this Indeed Is the case. During 

the pre-blowoff period, the soil Is assumed to be dlathermanous. I.e.. 

It is semitransparent to radiation and, as such, absorbs the radiant 

heat arriving at the surface over a range of depths. The energy flux 

can then be approximated by: 

q"(z) = aM(o)e‘vlZ (1) 

Here q"0) Is the radiation flux at the surface and y is the absorption 

coefficient. Note that for an opaque solid u - -, and all radiation 

energy is absorbed at the surface z = 0 and then conducted inward. 

The one-dimensional heat conduction equation used during the pre- 

blowoff period is: 

where S = 

+ S (2) 

This equation Is highly nonlinear and not readily amenable to an 

analytic solution for the given set of parameters. That is, the fact 

that two materials, soil and air, are Involved, one of which has 
properties that vary strongly as a function of temperature, and that 
the heat source term Is both time- and space-dependent, dictates that 

a numerical solution technique be employed. For both simplicity and 

accuracy, a fully Implicit procedure has been chosen. The finite dif¬ 
ference equations given below relate to the geometry description shown 

in Figure 13. First the relationships are given for the nodes 1n air 

for which the source term is zero. Denoting with a prime the new 

temperatures, the basic finite difference equation Is given by 
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By solving the first two for Tj+^2 
and some manipulation, one gets 

and substituting in the last two 

AZÎ 
A^i AZ^ 

Vl kj 

(5) 

Similarly for k~. 
J 

Tj- TJ-l/2 
\h 1., 

2 AZj-l 

k TJ:'/2 ' TJ = k- IldLlil 
J 2^0 “j 

h. -. z 

«j ÍÍL * fid 
¥ 

(6) 

Note that for equally spaced intervals, az^ = AZj+1 = AZj_.| = az, 

and constant thermal conductivity, kj = kj_j = kj+j = k the differ¬ 

ence equation, Equation 3, reduces to 

Ti - Ti k 
(pOi = - 'p'j At AZ' 4? (Tjtl - 2 Tj + Tj' + SJ ‘7) 

which is the form usually given. 

The new temperatures, T', are found by solving the system of 

equations given by 

Aó Tj-. * Vi+ cj tj-< 
(8) 



where 

“i 1 (4Zj * ‘9 

J J 

The one-dimensional conduction process as defined for the DUSLAR 

problem is basically one for an infinite two-material space. Since 

only a finite number of nodes can be carried in the calculations, 

boundary conditions at finite distances from the two-material inter 

face have to be specified. Two options are provided in DUSLAR; an 

adiabatic boundary and a constant-temperature boundary. Consider 

first the adiabatic condition. If the last node is J, then an 

adiabatic surface at 0 + 1/2 is defined such that TJ+1 = Tj. By 

substituting this condition into Equation 8, then the coefficients 

are found to be 

A 

At 

(9) 

70 



(<Vj t 
0.1 ■ so+ -It T> 

tij ■ ‘2J + t 1 («1+ “.1.1 > • 

Similarly, for an adiabatic condition at the other end, for j 

one gets 

= 1, 

A"! = 0 

(PCp)l + kl 
At AZ^ ÁZi 

± 1_ 
+ ~ 

AZ-| AZ-j 

(10) 

(pCJl 

0, = S + -tP T 1 

fz1 = AZ-j + (AZ1 + AZ2) . 

If, however, temperatures are given as the boundary conditions, then 

these temperatures are to be substituted into Equation 8 for Tj+-| 

in the Jth equation and letting azj+1 go to zero. With some manipu¬ 

lations, the coefficients are easily derived. Similarly, at the 

other end, for the first equation, the specified temperature is 

substituted for T_1 and letting az_-| go to zero. 

The source term S. is zero for the air nodes, and given by 

Equation 11 for the soil nodes in finite difference form. 

[1 - exp (- uAZ .)l (ID 
AZ 

.i 
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The solution procedure for 

is given in Appendix A. 

the set of equations defined by Equation 8 

333 The Fireball Thermal Radiation Model 

The thermal radiation model included in DUSLAR is based on an air 

burst model consisting of empirical yield scaling laws for the fireball 

parameters and an empirical representation of the thermal pulse s ape. 

The development of this model has been documented in detail in 

References 12 and 13. The essential features of the model are summa- 

ri zed in this section. 

The fireball for airbursts is represented as follows. 

For the time prior to the first minimum, ty the fire¬ 

ball radius is taken to be constant and equal to the radius 

at first minimum, Rr For the time following the second 

maximum, t?, the fireball radius is taken to be constant 

and equal to its value at second maximum, R2- For the time 

interval between t] and t2, the fireball radius, Rf, is 

represented by: 

Rf = R2 ^1 
(t, < t < t2) (12) 

where 

In (Rg/R-j ) 

a = Trrçt^r 
Yield dependence is determined by scaling laws of the form 

given by Equation 13. 
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The thermal pulse shape is specified in the form 

(14) 

function (i.e., independent of 

0, F(l) = 1, and F(l) s 0- 

The source for the air burst model is given by Equation 15. 

max c /+/+ i (15) 
S(t) = TZl F max^ * 

4 ïïRf 

The normal flux of thermal radiation at the around surface, J(r,t), 

at ground range r and time t is given by Equation 16, where S(t) 

is the power emission rate of the fireball per unit surface area, as 

given by Equation 15. 

J(r,t) = S(t) k(p,o) 

at time t, p = r/Rf, o = h/Rf, and h is the height of burst. The 

function k(p.o) is referred to as the "fireball shape factor" and 

is the fraction of the above-ground portion of the fireball radiating 

normal to the ground surface. The model Includes the time dependence 

of the fireball height as it is affected by buoyancy, gravity, and 

drag forces. For the case of a near-surface burst, when the fireball 

Intersects the ground surface, an effective yield is defined to simu¬ 

late the fact that, in this case, most of the energy incident upon 

the ground is reradiated back into the fireball. 

p/pmax = F (t/tmax>- 

F(t/t ) is taken to be a universal 

yield) and has the properties F(0) = 
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3.3.4 The Blowoff Threshold 

The point at which the first soil particles are ejected into the 

air is defined as the blowoff threshold. This may be past the time 

at which smoke starts to evolve from the surface. Based on the 

experimental data given in Reference 10, the threshold level is de¬ 

fined in terms of fluence. For Frenchman's Flat type soils, for 

which the soil characteristics are reasonably well known, the 

threshold fluence is given by 

2 (17) Qth = 6.5 cal/cm' 

This value applies to dry soil only. 

3.3.5 The Soil Blowoff Rate 

The soil blowoff rate is expressed by an empirical relationship 

for Frenchman's Flat type soils, which is based on data from Refer¬ 

ence 10. The dust generation process is approximated by the relation 

AW _ weight loss of sample 0.00065 gm/cal. (18) 
AQ' fluence beyond threshold 

As given here, the weight loss includes water, combustion products 

(smoke), and sand particles. However, for dry Frenchman's Flat soil, 

the weight loss is primarily that of ejected soil particles. Moisture 

or change to another soil type will affect not only the total value 

but the mix of evolved particles as well. Equation 18 can be made a 

differential equation resulting in the following expression: 

1.6 X IQ'7 $ for Q > Qth = 2.7 x 105 

(19) 

for Q < Qth 

where the units are expressed in SI (m, kg, sec. Joule, °K). 
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The soil mass, W, is assumed to contain particles of different 

sizes of R, the size distribution of which can be described by the 

mixed distribution 

dW1 

"dx 
R < 0.018 cm 

R > 0.018 cm ^.Bx 
if = C2 1()l 

log(R) X 

(20) 
0.3 o 

= X + 6.908o2 
o o 

xQ = log(R) 

R = 0.002 

; based on a maximum 
( particle size of 0.1 cm. 

The mass lofted in the air is presently classified in four particle 

size classes, two above the 0.018 cm and two below. The 0.018 cm 

cutoff is such that approximately half of the total mass falls above 

it and half below it. Table 14 shows the appropriate number densities 

that can be derived with the above equations. 

3.3.6 The Motion of a Particle 

The motion of particles is described by the standard relation¬ 

ship for Newton's second law. The appropriate differential equa¬ 

tions are given by Equations 21 and 22 given the velocity and 

displacement as a function 

75 





•r-— - 

(21) 

ds 
dt 

V (22) 

of time. The drag force, Fd, and the gravitational force, Fg, are 

given by Equations 23 and 24. The drag coefficient, Cd, is discussed 

in Section 3.3.7. 

pa (V-u)IV-ul 
(23) F 2 d 

(24) F mg 
9 

where 

m 
P 

A 
c 

The equations given above apply to each particle size and to each 

puff. The particle mass is assumed to be constant. The air density 

necessary to compute the drag force depends only on the air tempera¬ 

ture. 

3.3.7 The Particle Drag Coefficient 

The magnitude of the drag coefficient of particles in dusty 

atmospheres is difficult to assess due to a great number of factors, 

some of which will be discussed here briefly. First, the shape of 

dust particles is generally expected not to be spherical, although 

this will be assumed for calculational purposes. The effect of shape 

has been investigated by a number of people, both experimentally and 

analytically. The general conclusion seems to be that in the Stokes 

regime; that is, for particle Reynolds numbers less than 1 if the 

maximum-to-minimum diameter does not exceed 4, the Stokes' law for 

spheres could be applied with little error using a radius of the 
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sphere that has the same volume. For higher Reynolds numbers, the 

problem becomes more complicated and the data more diverse. Figure 14, 

taken from Soo (Reference 14), demonstrates the range of results ob¬ 

tained by various Investigators varying from a factor of 3 above the 

standard drag curve to a factor of 100 below It. Many of the measure¬ 

ments shown In this figure were plagued by Inaccuracies of one form or 

another so that no great faith should be placed in them. The figure 

merely serves to illustrate the fact that particle drag in dusty flows 

is not a well known science. Aside from particle shape, there are 

other factors that Influence the motion of particles, such as rota¬ 

tion, fluid shear, thermophoresis, photophoresis, and pressure 

gradients. These forces are generally expected to be small compared 

to the drag force. 

For the dusty layers subjected to intense radiation and, hence, 

high temperatures, an effect that is generally not recognized may be 

quite important, although difficult to model at present because of 

lack of data. Particles that are burning or evaporating exhibit 

significant changes in their drag behavior. Figure 15, taken from 

Cadle (Reference 15), shows how the drag coefficient of evaporating 

isotane particles varies as a function of Reynolds number. As may 

be noted, the drag coefficient could be lower by a factor of 10 as 

compared with the standard drag law for solid spheres. As mentioned 

above, there are inadequate data available to model the present problem. 

The drag coefficient used in the model is a fit to the solid 

smooth sphere data. The correlation is due to Torobin and Gauvin 

(Reference 16) and is given by Equation 25. 

Cd ■ £ <1 ♦ 0.)5 Rep0-687) (25) 

This correlation is good up to a Reynolds number of 1,000, as noted 

in Table 15 where the fit is compared with the reference values 

given by Goldstein (Reference 17). 
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Figure 15. Relation Between Drag Coefficient and 
Reynolds Number for Isoctane Droplets 
and Solid Spheres. 



Table 15. VALUES OF DRAG COEFFICIENTS 



3.3.8 The Heat Transfer from a Particle 

The time-dependent heat transfer from particles is based on the 

thermally thin body or lumped mass approximation. A thin body has 

insufficient internal thermal resistance to support any significant 

temperature gradients so that the temperature throughout the body can 

be assumed uniform. A rough criterion of whether such an assumption 

is valid is given by Equation 26. 

(26) Bi 
P 

The Biot number, Bi, expresses the ratio of surface-to-internal con¬ 

ductance. This limit does not constitute a strict criterion because 

it ignores a time effect. More on this can be found in Reference 18. 

Sample calculations show that this limit cannot be satisfied for sand 

particles in air. For up to Reynolds numbers of 100, the Biot number 

varies from approximately 0.2 to 0.4. This variance was not found 

to be too significant and thus did not warrant a more detailed 

particle temperature calculation in view of other uncertainties in 

the present methodology. 

The temperature response of a particle is given by Equation 27. 

(27) 

whero 

= h <T - V 
Ap = 4nr2;Vp = fur3 

The volumetric heat generation rate is derived in Section 3.3.10. 

The heat transfer rate from particles submerged in a fluid is 

equally uncertain, as was the case with the drag coefficient dis¬ 

cussed in Section 3.3.7. Analytical results exist for a completely 



quiescent fluid, in which case pure conduction is the mechanism. With 

relative motion, solutions exist for very low Reynolds numbers, but 

as the relative velocity increases, variables such as turbulence, 

variable fluid properties, flow separation, etc., complicate the 

analysis to the point where reliable expressions can no longer be 

derived. For higher Reynolds numbers experiments are the only answer. 

The best fit for a single particle or sphere immersed in an incom¬ 

pressible fluid of infinite extent with small temperature differences 

is given by Equation 28 (Reference 19). 

Nu = h2R = 2.0 + 0.6 Re1/2 Pr1/3 (28) 
Kd 

In the absence of other data, this relationship has been used to 

determine the heat transfer rate from the particle to the air. 

3.3.9 The Air Flow Relations 

The motion of air as it is affected by changes in internal 

energy due to the heat exchange process with the dust particles is 

expressed by the Lagrangian formulations of the conservation equa¬ 

tions of mass, momentum, and energy in one space dimension. Two 

basic assumptions are made: the effect of viscosity is neglected, 

and the whole blowoff process can be considered an isobaric process. 

The derivation of the equations is given in this section. 

The one-dimensional Eulerian equations describing the conser¬ 

vation of mass, momentum, and energy, as used in DUSLAR, and 

neglecting the effects of viscosity, are given by Equations 29, 30, 

and 31, where 

(29) 

6£ 
6x 

- pg (30) 
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d/dt is the substantial or Lagrangian time derivative. The deriva¬ 

tion of these equations can be found in many texts, for example. 

Bird, Stewart, and Lightfoot (Reference 19). Equation 29 describes 

the conservation of mass. Equation 30 is Euler’s form of the equation 

of motion, that is, the effects of viscosity have been neglected. 

Equation 31 expresses conservation of internal and kinetic energy 

(E = I + 1/2 u2), and assumes that the work done by viscous forces 

can be neglected. If specific volume, V, is used instead of density, 

the conservation of mass equation can be written as 

Su I dV 
Sx ‘ V dt * 

Expanding E and pu in the energy equation, and subtracting from it 

the equation of motion results in 

dI + p|ä = Q. 

(32) 

(33) 
P dt ' ^ <5x 

Assuming next that air behaves as an ideal gas, the equation of state 

can be written as 

I T (34) PY s (ï - i ) 1 • 

Differentiating the equation of state with respect to time and com¬ 

bining it with Equations 32 and 33 leads to 

(35) 

Combining this equation with Equation 33 leads to an expression for 

the velocity 

(36) 



Combining this with Equation 32 gives a relation for specific volume 

By using Lagrangian coordinates, the process of advection is 

accurately described and equally the difference algorithm is simple. 

A Lagrangian mesh is therefore defined so that each mesh point j, 

to represent the boundary between cells, moves with the local fluid 

velocity (Figure 16). Each cell i is defined by the boundary 

points j. 

(38) 

t 

Figure 16. The Lagrangian Mesh in One Dimension 

In practice, it is most convenient to define a double mesh. Cell 

boundaries are defined on the mesh, say 1 £ j £ J, and equally the 

fluid velocities Uj, equated now with the cell boundary points x^, 

are defined on the mesh j. The intensive properties of specific 
volume and internal energy are defined as cell, rather than point 

properties and, for this definition, the centers of each cell are 

defined on a secondary mesh i, 1 < i < I. Each cell i has width 

form: 

(39) 

namely, the mass contained in each cell is constant (since the cell 

boundaries move with the fluid velocity). 
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Equations 35 and 37 are solved for each cell, after which 

Equation 39 is used to determine the cell size and Equation 36 to 

determine the velocity of the cell boundary. In the energy equation, 

the heat source term Q is broken into two components, one due to the 
heat transfer from the particles to the air and the other due to 

exchange across adjacent cell boundaries caused by turbulence. 
Hence, 

Q 
d! 
dz 

could be called a thermal eddy conductivity. 

(40) 

3.3.10 Flux Attenuation in the Dust Layer 

After the blowoff process has begun, the dusty layer shields 

the soil surface to some extent from the incoming thermal radiation. 

There are various processes that may contribute more or less to the 

extinction phenomena. The air at this point may not be simply air, 

but may be augmented by gas by-products of various decompositions 

that might be going on and a significant increase in water vapor. 

The attenuation processes in such a particle-loaded gas mixture are 

not easily quantified. In general (Reference 20), there are three 

significant mechanisms by which radiant energy interacts with a gas 

containing particles: 1) absorption by the gas; 2) absorption by 

the particles suspended in the gas; and 3) scattering by the particles. 

The importance of each of these three mechanisms depends on the 

composition, temperature and pressure of the gas; the composition, 

sizes and shapes of the particles; the particle number density; and 
the spectrum of the radiant energy. 

The attenuation of a beam of monochromatic radiant energy by 

a gas containing particles is governed by the expression 

-kT (X)x 
I (X,x) * I (X,o) e (41) 

itaia üiMáia IMéLim 



where kT(X) is the total linear attenuation coefficient for radiant 

energy of wavelength X, and x is the distance the beam traverses 

through the seeded gas. The linear attenuation coefficient for all 

three interaction processes is equal to the sum of the linear attenu¬ 

ation coefficients for each process separately, that is, 

kT(X) = k|(X) + kj(x) + kP(X) (42) 

where k9(X) is the linear attenuation coefficient due to absorption 

by the gas alone, k£(X) is the linear attenuation coefficient due to 

absorption by the particles, and kP(X) is the linear attenuation co¬ 

efficient due to scattering by the particles. As long as the particles 

are randomly oriented and the average distance between the particles 

is much greater than their effective radius, kJ(X) and kj!(X) are pro¬ 

portional to the number density of the particles. 

One may now consider the absorption of radiant energy by particle- 

seeded gases to be the sum of two independent processes; absorption by 

the gas itself and absorption due to the particles in the gas. The 

absorption coefficient of the gas, k9(X), depends only on the composi¬ 

tion, temperature, and pressure of the gas; whereas the absorption and 

scattering parameters of the particles, k^(X) and k^(X), depend on 

the composition, sizes, and shapes of the particles. Thus, k9(X) may 

usually be determined for the pure gas and k^(X) is calculated for the 

particle-seeded gas using Equation 42. However, this procedure be¬ 

comes difficult, if not impossible, when the composition of the gas 

and the sizes and shapes of the particles are changed by chemical re¬ 

actions between the particles and the gas. 

The basic mechanisms of radiant energy absorption by particle 

clouds and by gases are quite different. Since atoms and molecules 

of a gas absorb radiant energy in discrete quanta, the absorption 

coefficient of a gas may change many orders of magnitude over a wave¬ 

length interval of a few Angstroms. The familiar absorption spectra 
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of various gases attest to the wide variations of k^[(X) as X is 

changed. 

Whereas gases tend to absorb in lines and bands, the absorption 

and scattering characteristics of particle clouds vary o ly gradually 

with the wavelength of the incident radiant energy. Thus, kjj(X) and 

k^X) are smoothly varying functions of wavelength. Scattering 

enhances energy absorption in particle clouds by increasing the 

average path length traversed by the radiant energy. However, in 

any given unit volume of aerosol, the particle-gas mixture is heated 

only by absorption, not by scattering. For this reason, it is con¬ 

venient to define the absorption coefficient for the dust, ka(X), by 

k (X) = k;j(X) + kj¡(X) = k|(X) + p ya(X) (43) 
d Q Q 

Since the dust layer thickness is very small compared to its 

lateral extent, any scattering away from a given point is made up by 

incoming scattered radiation from adjacent regions. Although not 

strictly true in our present situation, because of the thermal radi¬ 

ation gradient with respect to the ground range, it is thus assumed 

that scattering can be ignored. The absorption in the gas is another 

matter. In the present formulation of DUSLAR, it is neglected since 

no good assumptions could be justified to describe the component 

gases that would be present. Hence, only absorption in the dust is 
treated. The discussion above considered the absorption and scatter¬ 

ing processes as a function of wavelength. By integrating over the 

whole wavelength spectrum, one obtains total attenuation. This 

relationship may be expressed as 

(44) 

o 
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For an ensemble of particles of differing size, the absorption co¬ 

efficient is weakly dependent on wavelength. Then this equation 

may be approximated as 

I(x) = I0 e 
4 (45) 

The linear attenuation coefficient due to absorption by the particles 

is approximated by Equation 46. 

kp = a 
EA. (46) 

where Ap is the true projected area of the particles per unit volume 

of the dust layer and E is an area efficiency factor. The cross- 

sectional area per unit volume, Ap, can be calculated from the 

particle size distribution and the particle concentration as shown 

by Equation 47. 

E 
i 

Vri 
(47) 

The area efficiency factor, E, can be determined from the formalism 

of Mie scattering for perfect spheres. For the size of the particles 

considered here the range of E is from 2.0 to 2.5. 
i 

The energy absorbed in the dust layer is assumed to be converted 

into a uniform volumetric heat source for the particles of strength 

S. It is expressed by Equation 48. 



3.3.11 Physical and Thermal Properties 

The various properties for soil and air required in the calcula¬ 

tions are summarized in this section. For soil, all properties are 

assumed to be temperature-independent since no reliable data exist 

to describe them otherwise. For air, the properties are based on 

simple curve fits to tabulated data from Reference 21. Equations 49 

through 62 summarize the relationships presently used. The units are 

all in SI (m, kg, sec. Joule, °K). 

Air density: 
3.487 X 1Q~3 p (49) 

Air kinematic viscosity: \>& = 1.638 * 10’9 T1*625 (50) 

Air thermal conductivity: k = 1.4395 x 10 2 + 4.72108 x 10 5 T (51) 
d 

Air specific heat: C = 974.0 + 0.1299 T 
pa 

(52) 

Air ratio of specific = i 49 
heats: Ya 

C| 

Atmospheric pressure: p = 9.80665 x 10 

Particle density: p = 2.54 x 10' 
P 

Particle specific heat: = 0.85 x 10' 

Soil thermal conduc¬ 
tivity: 

k = 0.276 
s 

Soil density: Ps = 1.95 x 10' 

Soil specific heat: C c = 0.85 x 10' 
ps 

(53) 

(54) 

(55) 

(56) 

(57) 

(58) 

(59) 
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Particle melting point: Tmp = 2500°C (60) 

Particle latent heat 
of fusion: 

Hsf = 2.0 X 106 (61) 

Soil absorption mean x = 0 001 (62) 
free path: 

3.3.12 Solution Procedure 

The various physical processes described in the previous sections 

are generally in the form of ordinary nonlinear differential equa¬ 

tions. The solution method presently used in DUSLAR for solving these 

simultaneous equations is based on the Runge-Kutta-Merson (RKM) tech¬ 

nique. It is basically a fourth-order Runge-Kutta integration pro¬ 

cedure, but contains an algorithm to estimate the truncation error 

after each integration step which is accurate enough for adjusting 

the time step automatically. There are many other procedures that 

could have been used, some of which are bound to be more efficient, 

but the RKM method was found to be both expedient and convenient to 

use. The formulas for this technique are given by Equation 63. 

Y?*1 = Y? + (Kl. + 4 • K4. + K5.)/2 + 0(h5) (63) 

where 

h-F.U", Y? K1 

K3. = h-F.[Xn + (h/3), yJ + (k^/2) + (<2^2), Y^ + 

(Kl2/2) + (K22/2), . . . yJe + (K1ne/2) + (K2NE/2)]/3 
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K4i = h-F.tXn + (h/2), Y" + + 

Y" + (3-Kl2/8) + (9-K32/8).yJ£ + (3-K1NE/8) + 

(9-K3ne/8)]/3 

K5i * h-Fi[Xn + h, y!J + (a-Kya) - (9-1(3,/2) + 

6-K4,.yJe + (3-K1ne/2) - (9-K3ne/2) + 

6-K4ne]/3 

0(h5) indicates that the quantity on the right side of 
Equation 63 provides an approximation to the left 
side correct to terms of order h^ as h -► 0. This 
is not used in the actual calculation. 

In the above equations, the subscript i refers to the ith differential 

equation, the superscript n refers to the previous point just calcu¬ 

lated, while n+1 is the point to be calculated. 

The advantage of this method is that an estimate of the trun¬ 

cation error, e, is given by 

e. = Kl, - (9-1(3,/2) + 4-K4, - (1(5,/2) 

which is accurate enough for automatic step-size adjustment. 

If MAX(e,) is greater than the pre-assigned accuracy, the 

interval, h, is halved and the computation for the step is begun 

again; but if MAX(e,) is less than 1/32 of the pre-assigned accuracy, 

the interval is doubled and the calculation for the next step is 

begun. This method requires five function evaluations per step. 

The actual FORTRAN subroutine was taken from Reference 22 and 

used with some slight modifications. 
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Section 4 

THE DUSLAR COMPUTER PROGRAM 

4.1 THE ORGANIZATION OF THE PROGRAM 

The DUSLAR computer program solves the equations described in 

Section 3. The program was developed on a Control Data CYBER 73-18 

and test cases were run to completion on a CDC-7600. The DUSLAR 

system consists basically of two programs, one which solves the equa¬ 

tions for the given initial conditions and which writes the results 

on a results file, and another which processes this results file and 

prints and plots selected data. The program in its present form is 

not user oriented since it requires some effort to prepare the input 

data and to analyze the printed results. 

The organization of the program in the various subroutines is 

shown in Figures 17, 18 and 19. The main program, as shown in 

Figure 17, calls three subroutines that perform certain basic func¬ 

tions; namely, set constants, initialize variables, and initiate the 

actual calculations by calling the driver. The initialization process 

is referred to here as defining the variables just prior to blowoff. 

Figure 18 shows then what computations are performed at this stage. 

The routines called by the driver are shown in Figure 19. Again, 

the functions of the various subroutines are described there. The 

PROCESS subroutine shown in this figure has also been made a separate 

program so that it can process the same results file generated during 

the earlier run and which was saved either on disk or on magnetic 

tape. 

4.2 THE INPUT/OUTPUT DATA REQUIREMENTS 

The input data to DUSLAR consists basically of quantities re¬ 

lated to the pre-blowoff condition in soil and air, the nuclear 

burst characteristics, the particle puff characteristics, post-blowoff 
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air parameters, and Integraren data. Table 16 lists the variables 

that are presently required as Input to DUSIAR and Includes sufficient 

flexibility to Investigate the effects of Important variables. Their 

function should be self-explanatory. Data are entered via the NAME- 

LIST feature of CDC FORTRAN IV. 

The present limitations of the main variables in the program are 

tabulated in Table 17. These can easily be changed by altering the 

appropriate FORTRAN dimension statements. 

4.3 PROCESSING THE RESULTS 

The results of a calculation are written on Logical Units 7 and 

8. The former contains the detailed results of every time step, 

while the latter contains a few reduced quantities of primary interest. 

Data on Unit 7 consist of particle trajectory histories, air cell 

thermodynamic variables and velocities, and dust energy deposition 

rates. Unit 8 contains the thermal flux histories at the top and 

bottom of the dust layer, the maximum particle distance from the ground 

surface and the average dust layer temperature. The data on these 

files can be processed by the DUSPRO program and presented in table 

form or, for a select number of items, be graphed by the printer. 

4.4 RESULTS OF A CALCULATION 

To demonstrate the capabilities of the present version of the 

DUSLAR program, the calculational results generated to date will be 

presented. Since the basic objective of this program was to predict 

dust layer heights and temperatures, it is necessary to define these 

parameters. 

In DUSLAR the dust layer height is defined as the highest loca¬ 

tion of any dust particle at the given point and time. The thermal 

layer temperature is defined as the mixed mean temperature of the 
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Table 17. DUSLAR PROGRAM SIZE LIMITATIONS 

^ < 10 Number of particle size classes 

n <50 Number of meshpoints in air 
m “ 

n < 200 Number of particle puffs 

3 Vp * "m 1 400 

„ < 50 Total number of conduction cells in soil and air 

^ (pre-blowoff conditions) 
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air inside the dust layer. It is obvious that other average dust 

layer heights and temperatures could be defined. However, in the 

absence of any data supporting other definitions, the one defined 

above has been incorporated in DUSLAR. 

A set of calculations was performed for shot Priscilla which has 

a height of burst of 700 ft and yield of 36.6 kt. The flux and 
fluence histories normal to the ground surface at a ground range of 

1800 ft as calculated by the model in DUSLAR are shown in Figure 20. 

Similar shapes can be generated for other yields, HOBs, and ground 

ranges. Results of a number of calculations are shown in Tables 18 

and 19. The input data for the cases are based on the best available 

information or judgments without resorting to detailed parameter 

studies for finding optimum parameter values that would fit the data. 

In Table 18, the column titled "backed out °K" is taken as the 
"experimental" data against which the temperatures are to be compared. 

The procedure used to obtain these data has been discussed in the 

earlier sections of this report. The next column shows dust layer 
average temperatures computed as if no particles could melt. These 

temperatures are consistently too high. The last column shows the 

computed average temperatures when dust particle melting is allowed. 

In addition, only one particle size was assumed. The temperatures 

thus computed do not show the same functional behavior with respect 

to the ground range as compared to the backed-out values and the 

results from the case where particles are not allowed to melt. This 
may be explained to a significant degree by the use of one particle 

size class as opposed to the four that were used in the other problem. 

This has, however, not been confirmed. Table 19 shows predicted mean 

dust layer heights at the time of shock arrival for the same cases 
analyzed in Table 18. It may be quite surprising that the thicknesses 

obtained are relatively thin layers. It may be argued that these are 

not realistic since high temperatures were observed experimentally in 

several tests at tens of feet above the ground (Figure 20). These 
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measurements, however, indicated only short bursts ot high tempeia- 

tures, possibly implying unstable temperature conditions near the 

ground surface. Hence the thin layers that are predicted may not 

be unreasonable. 

Typical time histories of the dust layer height and the average 

dust layer temperature are shown in Figures 21 and 22. The curves 

in these figures terminate at the time of shock arrival. A typical 

dust layer air temperature profile is shown in Figure 23. This pro¬ 

file shows that most of the absorption of the thermal radiation 

occurs near the center of the layer. The curve also shows a de¬ 

ficiency in the present model near the ground surface. Thermal con¬ 

duction from the ground into the air during the blowoff phase is 

presently not modeled. If it were, the temperature near the ground 

surface should be somewhere in the vicinity of 700 to 800°C. This 

effect is not expected to contribute significantly to the calculation 

of an average thermal layer temperature. 
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Section 5 

SUPPORT FOR HULL CALCULATIONS 

In addition to the work discussed above, SAI provided support 

to the DNA precursor program at the Air Force Weapons Laboratory (AFWL). 

This support was in three areas: (1) maintenance and improvement of 

the HUIL code system, (2) supporting the calculational and analysis 

activities related to the DNA precursor program, and (3) performing, 

analyzing and modeling AFWL thermal layer calculations. 

The first of these areas involved, by far, the bulk of the 

effort. The HULL code system was maintained in an operational state 

throughout almost all of the contract period. Down time was attri¬ 

butable to extensive software implementations at the AFWL Computer 

Center. In addition, the entire HULL system and its auxilliary routines 

were converted to usage on the CDC 7600. All coding modifications were 

appropriately documented on the HULL Executive Language file. Modifica¬ 

tions were made to HULL in addition to the original implementation, 

since significant software modifications were made at AFWL beyond 

those originally expected. Furthermore PULL, the graphics package in 

HULL, was modified to allow use of the FR80, delivered at the AFWL 

early in 1976. The FR80 is a sophisticated hardware device for producing 

fine resolution plots or printing on either microfiche or 16mm film. 

The effort expended in supporting the calculational and analysis 

activities consisted primarily of solving operational problems as they 

occurred, and assessing the correctness of any coding modification made 

by the AFWL. Modifications to HULL that were made as a result of this 

effort were documented in the HULL Executive Language file. 

Finally, the effort expended in the third area (i.e., performing, 

analyzing and modeling AFWL thermal layer calculations) consisted of two 

principal investigations. The first was a sensitivity analysis of the 

AFWL thermal predictor to changes in both zoning and physical input 

parameters. The second was the calculation and modeling of 10 kt burst 

detonating at 500 feet. The reporting documentation developed as a 

result of these tasks will be documented as AFWL reports. 
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Section 6 

CONCLUSIONS AND RECOMMENDATIONS 

j.l CONCLUSIONS 

The results of two aspects of precursor waves have beer, analyzed 

and presented In this report. First procedures to determine the 

thermal layer temperature from experimentally observed overpressures 

from NTS atmosphere shots have been reviewed and data reanalyzed 

"Backed out" temperatures calculated in this way ««« found to be 

reasonable when compared with dust velocity models and the ther 

layer model developed in this report. 

Second a model has been fomulated that can describe the physical 

behavior of the ground surface and the near-ground layer cte 

to intense nuclear thermal radiation. This model, named DUSLAR, 
to intense mu awaiiable from solar furnace 
based, in part, on experimental data availa 

tests and new analyses of NTS-type soils. 

Early results with the model show that it may be used as a pre¬ 

dictive technique for evaluating pre-shock thermal layer temperatures, 

insufficient parafer studies have been conducted to truly évalua e 

its limitations. Since the model is a mixture of theory and emp,r - 

cism, there are several parameters that could probably be optimized. 

Lack of tin* has prevented doing this. These parameters were chosen 

on a best-estimate basis. Comparison against expenmen a d h 

also been limited. Direct comparison against experiment, da has 

so far, not been possible because the reliability of the limited ata 

that are available is questionable. However, comparing the calcula¬ 

tions with reduced temperatures, as has been done in Sect on 4, 

appears feasible. Further analyses along these lines would be 

beneficial. 
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6.2 RECOMMENDATIONS 

A number of Improvements are possible to Increase the capa¬ 

bility of DUSLAR or to make It computationally more efficient. 

DUSLAR was developed primarily to understand the physics of the blowoff 

process. Therefore, the integration routine, described in Section 3.12, 

was used because It was readily available and proven for problems of 

the present nature. More efficient schemes exist, however, and their 

applicability should be tested. A more efficient integration routine 

and an improved procedure for writing the results onto a file that can 

be saved will improve the efficiency of the code. 

The physical description of the process can be improved in 

several ways. The code is presently limited to particles that can 

melt but that cannot evaporate. Calculational procedures can be 

extended to include evaporation, but this will increase the computa¬ 

tion time because of the additional equations that have to be solved. 

These equations involve the description of the particle radius reduc¬ 

tion and the effect of the vaporized material on the air thermodynamic 

properties. 

The DUSLAR model computes conduction into the soil only until 

initiation of blowoff. A more accurate description of the temperature 

field in the soil, and hence the initial temperature of the particles 

that are ejected into the air, requires a conduction solution with 

one moving boundary. Although simple to implement, the conduction 

model itself does require some development. The thermodynamic 

property correlations for air, as incorporated in DUSLAR, are reason¬ 

ably accurate for moderate temperature rises (up to 1000°K). Beyond 

this, increasing errors are introduced. More accurate relationships 

are a first requirement to extending the present model. 

In DUSLAR, the motion of dust particles is represented in the 

form of a series of puffs for which the motion of the center of mass 

is computed continuously. When a puff crosses a mesh boundary, the 
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particles are distributed uniformly within the particular mesh in 

order to compute the radiation attenuation through the dust layer. 

As expected, this procedure is somewhat sensitive to the mesh size 
description. An alternative puff description, one which has a finite 

width, should eliminate this sensitivity to a great extent. It requires, 

however, a more elaborate bookkeeping procedure and, hence, increased 

computation. Several other Improvements are possible, all of which 

have to do with definitions of average temperature. These are con¬ 

sidered to have only minor effects on the results. 

It may be concluded that DUSLAR shows promise as a tool for pre¬ 

dicting thermal layer temperatures. Considerable work still remains 

before it could be used on a routine basis. However, in its present 

form, it can be used for preliminary analysis of those soils for which 

the basic blowoff characteristics have been evaluated experimentally. 
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Appendix A 

SOLUTION PROCEDURE FOR SIMULTANEOUS 
LINEAR EQUATIONS 

The set of N linear equations denned by the recurrence rela¬ 

tionship 

Vi-i+ Vi+ Vi*! ■ di ^1,2-" 

where 

can be written in matrix form as: 

The tridiagonal form of the coefficient matrix allows for a very 

efficient solution algorithm. This method is a simplification of the 

Gauss elminination procedure and goes as follows: Assume that the 

solution to the above system can be written in the following form 

XK s eKXK+l + V 

Substituting this solution in the original set of equations involving 

the known constants a^, b^, c^, di gives 
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V [eK.)xK * fK.,] *Vk +cKxM '.V 

Solving this equation for gives 

* dK ' aKfK-l. 

' ' VÍM * bK 

Conparing this equation with the assumed solution gives 

aKeK-l * bK 

dK ‘ aKfK-l 

aKeK-l * 

These two expressions for eK and fK define recurrence for 
these coefficients. If e, and f, are known, then all e s and f s 

can be calculated. Since a, = 0, It follows that 

- C1 . 

bl ' 
f - -1 fl b, ' 

Thus, all e's and fs are known, «hen one value of x Is known, all 

others can be detennlned frc the assumed solution. The known 
value for x Is since eN = 0 (from c, = 0). «orking backwards. 

all other values of x can then be found. 
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