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PREFACE

Appreciation and thanks are given to Dr. T. Mobley and Mr. H. Murphy of the
Air Force -Weapons Laboratory for their technical advice.

Portions of Section V of this report were developed concurrently with an
article, "Potential Crew Hazard: Due to Radiocactive Cloud Penetration," which
was submitted for publication. Yhis article has been accepted and will be

7 published in"a future issue of Aernspace Medicine.
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SECTION I
INTRODUCTION

In the event of a nuclear war, strategic aircraft are subject to accidental
or deliberate penetration of the late time (10 minutes or longer after detona-
tion) radioactive dust cloucs generated by surface detonations of large-yield
nuclear weaprns. Because of the presence of numerous clouds from enemy first-
strike attacks, the majority of cloud penetrations will occur during the | ‘gh-
altituge, Continental United States (CONUS) exit phase of the strategic mis:cion.

Penetrations of radiocactive clouds by manned aj~craft pose potential hazards
to the mission of the aircraft in three ways. First, the crew of the aircraft
is susceptible to ionizing radiation and to direct contact with the radiocactive
particles, Second, the electronic equipment can be degraded by ionizing radia-
tion. Third, the dust ingested by the engines could cause erosion of the com-
pressor blades and/or other degradation.

Consider first the crew. They are subject to ionizing doses from immersion
in the “infinite"*radiating cloud, from dust accumulations on the aircraft
exterior, from the dust accumulated in the cockpit, and from dust accumulations

. elsewhere in the aircraft. Dust accumulations in the interior of the aircraft
are due to the ingestion of large amounts of air to cool heavy-duty electronics
equipment and to provide cockpit pressurization and air conditioning. Because
of the continucus ingestion of outside, contaminated air, the crew is also
subjected to direct contact with the radicactive dust and to inhalation of the
dust suspended in the air. All of the factors above are potential crew-disabling
hazards. Each must be thoroughly investigated to determine the seriousness of
its impact on crew performance and to determine corrective actions required to
minimize this impact.

Because outside air is used to cool electronic equipment, radioactive dust
could be introduced into the innermost parts of the electronics. Although the
amount of dust accumulated in any one Line Replaceahle Unit (LRU) or "black box"
is relatively small, the doses accumulated by susceptitle piece parts could be
quite large because of the nearness of the dust to piece parts vequiring cooling,

*'Infinite" implies a spherica’ radius such that the majority of phctons emitted
outside the sphere are absorbed b the atmosphere, i.e., about 3000 meters,
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i.e., as near as 1 centimeter. Therefore, ionizing dose is a potential cause
of degradation and must be investigated. (In today's electronics, the piece
parts are mounted on printed circuit cards which are not cooled directly by +he
air. The air flows through sealed plenum chambers and carries away heat in the
wall, generated bv high-power devices. There is no direct contact between the
piece parts and the dust, and only ionizing gamma radiation is of concern.)

The potential problems caused by ingestion of the dust into the engine will
be addressed only to the extent that the amount and size distrib.tion of the
dust will be determined. This information could be used by engine design and
test engineers vo determine whether or not a problem exists. Detailed investi-
gation of the <ffects of the ingested dust on engine purformance is not within
the scope of this report.

The first stage of the investigation contained in this report is the deter-
mination of the clrud characteristics of interest and the formulation of simple
engineering model: which approximate the behavior of the cloud with time. Filter
design criteria are then discussed. (These are the inputs needed by a designer
to design and locate the filter in the aircraft.) Techniques necessary to select
a set of filter design criteria are presented. Next a detailed examination of
the cockpit dust accumulation, the effects of the cockpit dust on the crew, and
the application of the filter selection techniques to choose the optimum cockpit
filter are presented., A similar examination dealing with the electronics LRUs
is then presented.

In the detailed analyses, maximum effort was expended to make the results
general and applicable to any mission, threat, aircraft, and electronics equip-
ment. The results are generally presented in nondimensional form where the non-
dimensionalizing constants are functicns of the mission, threat, etc. However,
the calculations of the dust and dose accumulations in the cockpit depend on
specific cockpit size and geometry. Therefore, these results are presented for
a four to six man cockpit, representative of a manned bomber, transport, tanker,
and other large aircraft. If cockpits or cabins cannot be reasonably represented
by this model, the analysis must be reaccomplished with a more suitable model.
For example, the model and results for the cockpit presented herein may not be
adequately representative of fighter cockpits, or large pressurized cargo areas
of transnorts.
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SECTION II
SYNOPSIS OF CLOUD CHARACTERISTICS

1. DUST DENSITY FOR BASELINE THREATS

To analyze the problems associated wit" an aircraft penetrating the high-
altitude, dusty, radioactive clouds associated with surface detonations of
nuciear weapons, cne must first postulate a reasonable threat. In this work,
the starting point is the results obtained by Whitaxer (raf. 1), who postula..d
two separate situations. The first was a single surface burst of a 4-megaton
nuclear weapon. The second was mas.ive simultaneous surface detonations of four
hundred 5-megaton weapons distributed uniformly over a 200 x 200-kilometer
surface. The first threai may be iikened to an attack on a single hard target.
The second may be likened to a first strike attack on USAF missile fields.
Based on output of complex dust computer codes and his years of study of
nuclear dust clouds, Whitaker determinec dust densities of the cloud as a func-
tion of time and the spatial extent of the clouds associated with the above
threats.

Several factors should be understood at the onset whirh bear directly on the
relation of the dust environment to specific missien and threat dependent
variables, First, surface bursts maximize the dust environments and for this
reason they are emphasized here. Second, attention is restricted to the dust
envi -onments at late times, i.e., aircraft cloud entry 10 minutes or more after
the ourst. This restriction is primarily based on the practical consideration
that at early times the aircraft crew would be more concerned with the immediate
hazerds of encountering large solid particles (centimeter to meter range) and in
interactions with severe burst-induced turbuience. Third, at these late times
the major part of the burst-induced turbulence has subsided, very large particles
have fallen out, and the temperature of the cloud is relatively close to ambient.
Therefore, the 10-minute point marks the end of hydrodynamic motion and the
beginning of a phase which may be considered pure fallout in a comparatively
static atmosphere. The dust cloud is generally localized around the burst point
and has a relatively hcmogeneous spatial density distribution as a result of
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prior mixing. Finally, the effects of any spatial density gradients which exist
within the cloud are assumed to be of little importance to the aircraft hecause
integral effects {(e.q., total mass collected and associated doses), rather than
instantaneous effects, are more important in this analysis.

According to Whitaker, at 10 minutes after detonation, the cloud size* has
stabilized. For a zero wind situation, tne cloud size based on Whitaker's work
and Glasstone (ref. 2) can be approximated by

R = 5.7W0.4 (1

where R is the cloud radius fer t > 10 minutes after detonation in kilometers
and W is the yield of the weapon in megatons.

The dust density obtained by Whitaker for the single 4-megaton detonation
can be approximated for times less than 10 hours after detonation by the
expression

pg(t) = 4.33 x 10“9(t'1-6 + 1,3]t-o.3) @)

where pq s the dust density in grams (dust) per cw® and t is in hours after
detonation.

The dust density corresponding to the multiburst case can be approximated
for times less than 10 hours after detonation by the expression

pg(t) = 1.73 x 1077 (£1+6 + 1,31¢70.3) )

It is noted that the above dust density functions are based on the result of
detailed calculations by comprehensive computer codes which include fallout as a
parameter.

In general, the dust density is a function of the number, type, yield,
height of burst, time of detonatiocn, spatial distribution, etc., of the weapons
as well as environmental factors such as the composition of the earth's surface
under the burst points and the atmospheric conditions in the vicinity of the
burst points. In this analysis, worst-case factors have been chosen to arrive

*Cloud is assumed cylindrical.
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at the distributions above. These assumptions include zero wind, representative
soil conditions, dry temperate atmosphere, and 1 megaton of dust aloft per
megaton yield at 17 minutes after detonation. The densities above were obtained
based on these assumptions.

2. DUST DENSITY FOR A GENERAL THREAT

The dust densities #bove are based on specific threats. To support a general
analysis addressing other threats, a general dust density is required. To
realize this objective, a weapon loading factor, Lf, was originated. This factor
is defined as

_ TOTAL MEGATONS OF WEAPON(S) (4)
AREA OF DUST CLOUD IN km?

iris factor is an indication of the intensity of the attack and is related to
the dust density because of the assumption that 1 megaton of dust is aloft at
10 minutes after detonation per megaton of yield.

Consider now the single, 4-megaton weapon detonation as a baseline load
factor, L. .
fo

4
Ly = — (5)
f0 nR2
where
R = 5.7(4)0.% (6)
Therefore,
L, = 0.0125 ML (7
0 km2

The general dust density can be expressed in the form
Ly
pglt) = o4 {t) (8)
f0 (]

or, using equations (2) and (7), this expression reduces to
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= - -1, -0,
pg(t) = 3.86 x 1076 L (t72+6 + 1.31¢=0 3) (9)

As a check of this expression, consider the multiburst situation. The
weapon loading factor is

] (10)
Le = 0.0 ;”;’2— (1)
The dust density is
og(t) = 3.46 x 105 (0.05) (£71+6 + 1.31¢-0.3) (12)
or
pg(t) = 1.73 x 1077 (£1+6 + 1,31 ¢-0.3) (13)

which is identical to the result previously obtained by Whitaker.

The dust density for any given threat then can be determined by first calcu-
lation of the weapon loading factor and substituting into the general expression.
It is emphasized again that this entire development is pertinent only for surface
detonations and megaton size weapons.

3. DUST CLOUD ACTIVITY

Now that the dust density is determined, the specific activity must be
investigated. It is assumed that fission fragments are generated at a rate of
3 x 1026 fission fragments per megaton (i.e., 100 percent fission yield) and are
uniformly distributed over the same volume as the dust cloud at 10 minutes afier
detonation (ref. 2). Using the average decay relation of radioactive debris
from Glasstone (ref. 2) and Whitaker's 10-minute result, the following relation
is obtained.

. 12 ¢-1.2 ___Pphotons
A(t) = 4,22 x 1012 ¢ Four-gram{dusty (14

where t is in hours after detonation.
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It is noted that since the yield is assumed to be 100 percent fission,
neutron activation of surface materials is not a significant factor in the
cloud radioactivity. 1If a significant portion of the yield is fusion, then
fewer fission products will be generated. However, because of the higher
energy neutrons released from the fusion process, neutron activation of surface
materials can be significant. Therefore, in general, the cloud's radioactivity
is not a simple function of the yield as is assumed in this work, but is guite
complex. However, the 100 percent fission yield assumption should yield
results which provide an upper bound on the actual results.
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SECTION IIl
COMPARISON OF DUST CLOUD MODEL RESULTS

1. DUST CLOUD MODELS

The expressions for the dust densities and specific activities developed in
the previous section ifere used in the development of three cloud models, which
approximate the actual <loud behavior. These cloud models were used in a perfect
filter* analysis of an aircraft environmental control system. In this section,
the various cloud models developed will be discussed briefly, and the results of
the perfect filter analysis for each mode! will be compared. Based on this com-
parison, one dust cloud mode! will be chosen as the baseline model to be used in
the subsequert detailed analyses.

The first dust cloud model developed was the Uniform Fallout Model, described
in detail in appendix A. This model is a first-order approximation to the actual
dust cloud. It takes fallout into account, but in a rather simple fashion. The
dust cloud in this model may be considered to consist of dust particles uniform
in size and activity. Therefore, the governing equations are relatively simple
and easy to use, but are not functions of particle size. An obvious disadvantage
to this model then is that it wouid not furnish the filter designer a trapped
mass distribution as a function of particle size. Because of the lack of particle
size dependency, the results may also not be realistic.

The second model developed was the Improved Fallout Model (appnndix B). In
this model, particle size was taken into account both in the relation for the
dust density and the specific activity. The density distribution was obtained
through the consideration of a number-distribution function based on a typical
s0il at the burst point. The activity as a function of particle size was assumed
to be proportional to the particle volume for very small particies and to the

*A perfect filter is defined to be a filter which traps, or collects, all dust
particles which enter the environmental control system, regardless of the size
of the particles.
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particie surface area for larger particles. This assumption is based on the
consideration that small particles are predominately condensed bomb debris,
whereas larger particles are composed of an inert ¢ re of soil covered with a
surface coating of weapon debris. The specific activity (particle activity/
particle mass) is a function of particle size and time after de*onation (to
account for the radioactive decay of the fission fragments). Fallout is
modeled after Stokes Law which states that for small particles, tr2 Tallout
velocity is proportional to the square of the particle size. This model is a
great deal more representative of the actual cloud behavior but is still a
homogeneous cloud model, i.e., no variation in cloud parameters with altitude
or range from the point of detonation.

The third and last model developed (appendix C) was the Zero Fallout Model.
Tiv's model represents a limit case where there is no fallout and is useful in
this report only as an extreme worst-case standard of comparison. The only
time dependence in this model is the radicactive decay of the fission products.
The dust density and the mass rate of flow to the filter are constant during
cloud penetration. The use of this crude model in a penetration analysis would
lead to gross overdesign of the filter and is presented only as a limit case
and as a standard of comparison.

It is noted that the detailed results from all cloud models in appendixes
A through C are nondimensional. The nondimensionalizing constants, K, through
Ky (defined in equation (A-44)) take into account specific threat, aircraft,
mission profile, distance from source (when applicable), and photon energy.

It is also noted that the aircraft is assumed to enter the cloud at some
cloud entry time, TI, and exit the cloud at a time, TF <re TF = TI + al, and
AT is the penetration duration.

2. PERFECT FILTER RESULTS

A major objective of this report is to provide results which can be used to
set aircraft filtration requirements. Because of the necessity to provide
adequate protection to the crew and electronic equipment, and the cost and weight
restraints on any aircraft filter design, the fiiter must provide protection
against any reasonable worst-case cloud penetration, but must not be grossly
overdesigned. The cloud model then must be capable of supporting the design
criteria selection and must produce realistic results.
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The two models which will be investigated as candidates to support the
penetration analyses are the Uniform Fallout Model and the Improved Fallout
Model. It is apparent at first glance that the Zero Fallout Model would predict
results leading to gross overdesign of the f:lter and is not a candidate.

Consider the dust mass trapped by a perfect filter during penetrations of
¢louds modeled by the two candidates. The total mass trapped as a function of
time is identical. However, the Improved Fallout Model has the capability also
of predicting the particle size distribution of the trapped mass. This added
capability is significant and would provide a designer with more information to
aid in the filter design.

The most significant differences in the two candidate models are in the dose
and dose rate predictions. Figures 1 and 2 depict the cloud immersion dose
rates and doses respectively as a function of time for the two candidate models
with the Zero Fallout Model results shown as a standard. The Uniform Fallout
Model dose rate decreases with time at early times at a significantly higher
rate than the Improved Fallout Model. This difference is caused by the differ-
ences in the cloud models. The particle sizes and associated activities in the
Uniform Fallout Model are all equal. Therefore, fallout equally affects the
dust density and the cioud activity. The dust density and the specific activity
of the dust in the Improved Fallout Model are dependent on the particle size.
The larger particles are less radioactive per unit mass than the small ones.
Early fallout is associated with the large particles which have relatively lower
activities. The smaller, more radioactive particles remain aloft. Therefore,
the dose rate decrease with time in the early phases of the cloud is less,
although the overall dust density behavior with time is identical. At later
times, the Uniform Fallout Model dose rates results tend to level out, while the
Improved Model results tend to decrease at a greater rate. This difference
again is attributable to the same model parameter differences. In the Improved
Fallout Model, the smaller, more radigactive particles are now falling out of
the cloud taking with them relatively greater amounts of the radioactive debris.

The cloud immersion doses for TI = 10 minutes as depicted in figure 2 also
reflect major differences, as would be expected since the dose is merely an
integral over time of the dose rate. The Improved Fallout Mcdel dose results
are considerably larger in value, because the smaller, more radioactive particles
remain aloft and cause mcre dose to be accumulated for a given mass of dust.
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The doses, for TI = 10 minutes and AT = 120 minutes, due to the trapped
filter duse are depicted in figure 3. In this case also, the doses predicted
using the Improved Fallout Model are higher than those predicted by the Uniform
Fallout Model. This again is directly attributable to the presence of the
smaller particles which are trapped.

In summary, the total masses collected by a perfect filter are the same in
hoth models. The cloud dust density as a function of time is also the same.
The Improved Fallout Model provides additional information about the size dis-
tribution of the trapped mass. The dose rates and the doses predicted by the
Improved Fallout Model are larger than those predicted by the Uniform Fallout
Model, but are still significantly lower than the limiting results from the
Zero Fallout Model.

3. SELECTION OF MODEL FOR ANALYSIS

The Improved Fallout Model is crosen to support the aircraft penetration
analyses for the following reasons:

a. More detailed results may be obtained, i.e., trapped mass and filter
dose as functions of particle size.

b. The model more closely approximates the actual cloud behavior.

c. The dose results predicted by the use of the Uniform Fallout Model are
not conservative, and could result in underdesign of the filter, which could
compromise the aircraft mission.

In view of these considerations, all further analyses will be based on the
Improved Fallout Model of the radiocactive dust clouds.
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SECTION 1V
FILTER DESIGN COn>IDERATIONS

The primary purpose of filters in the environmental control system (ECS) of
an aircraft during a general war mission is to minimize the jonizing dose
accumulated by the crew and 2lectronic equipment during radioactive cloud pene-
trations. This section presents (1) the filter criteria required by a designer
to design a filter and position it in the aircraft; (2) the procedures necessary
to arrive at this set of criteria by a planner; and (3) the procedure for adapt-
ing the perfect filter model presented in appendix B to a real filter. In
general, the protection required by the crew differs from that required by the
electronic equipment. Therefure, the filter design criteria would differ.

1. DISCUSSION OF POINT DESIGN CRITERIA

The starting point of a filter design criteria selection process is an
operational analysis based on aircraft basing plans, mission routings, mission
profiles, time lines, threats, etc. The end result of this analysis would be
the determination of a Point Design Condition, which effectively means the
fixing of the parameters TI, TF, Les and aircraft altitude. (For a given
analysis, the aircraft parameters of interest would also be known.) One major
constraint is placed or this result. The cloud immersion ionizing dose accu-
mulated for the Point Design Condition must not exceed the susceptibility
threshold levels of the crew and electronics. Filters cannot alleviate these
doses, and if they are exceeded, the mission is in jeopardy. In fact, there
must be some margin between the cloud immersion dose and the susceptibility
thresholds to give some flexibility in the filter criteria choice. For example,
if no margin is aliowed, the filter effectiveness and the filter location
required to provide the necessary protection may be completely unrealistic and
unattainable.

If the Point Design Condition is not realistic in view of the above limita-
tion, then an iteration is necessary, with constraints on sone of the operational

variables, so that an acceptable Point Design Condition is obtained. This report
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will not dwell any further upon the selection of the Point Design Condition
because it is out of the scope of this work. From this point on, it is assumed
that the Point Design Condition is a known input. The remaining criteria selec-
tion process, however, will be examined in detail.

2. FILTER DESIGN CRITERIA

To design a filter and locate it in an aircraft, a designer must be provided
the following criteria:

a. Filter trapping efficiency.
b. Total mass of dust trapped by the filter.
c. Mass distribution of the trapped dust as a function of particie size,

d. Minimum separation distances from the filter to the crew and electronic
equipment.

The filter trapping efficiency is defined as

_  dust of radius r trapped in the filter
FE(r) = Total dust of radius r entering the filter (s)

A1l the dust which is not trapped by the filter could enter the cockpit or the
plenum chambers of the electronic equipment and become a source of radicactivity
which could adversely affect the mission completion capability of the aircraft.

The total mass of dust trapped is required for filter sizing, while the mass
distribution is required to support the possible necessity to stage the filter,
For example, the filter may be a two-stage design. The first stage may trap
Jarge particles and the second stage may trap small ones. The minimum spacing
criteria would provide the designer with the input necessary to develop an
envelope of satisfactory filter locations. This envelope would be coordinated
with other designers to determine filter locations consistent with other
functional requirements.

Selection of the filter criteria is based exclusively upon the marginal
jonizing dose which may be accumulated by the crew and the electronic equipment
due to all sources except cloud immersion. The differences between the cloud
immersion dose (which in the proper units, i.e., rads(tissue) or rads(Si), is
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equally applicable to both the crew and the electromics) and the susceptibility
thresholds of the crew and electronics are the basis for the filter design
criteria selection.

Based on available information, the effective dose for a 10-percent incidence
of vomiting (ED;q) in man is about 70 rads(tissue) mid-epigastric dose (ref. 3).
This dose converts to about 100 rads(tissue) incident dose which i< appropriate
to the work at hand. Above this level, nausea, vomiting, and other performance
degrading responses appear in an increasing number of irradiated humans. The
electronic equipment susceptibility thresholds are equipment dependent. For
existing equipment, the values are the thresholds of damage/upset of the equip-
ment to ionizing dose and are obtained through an assessment of the equipment.
Much equipment presently under development has a total ioniring dose requirement
laid upon it by the responsible Program Office. This requirement may be used as
the susceptibility threshold in this case. Otherwise, more detailed analysis of
the equipment must be accomplished.

At this point, it is assumed that the Point Design Condition, which yields
the cloud immersion dose, Dc' and the crew and equipment susceptibility threshold
doses (D¢g and Dgg) are known. The marginal crew dose, Dcm’ and the marginal
equipment dose, Dcm‘ are

Dem = Ues = D¢ (16)

Dem = Des = D¢ an

These doses are the constraints placed on the crew and the electronic equip-
ment filter criteria selection process. In other words, the total dose due to
the trapped dust in the filters, the dust accumulated in the cockpit and avionics
equipment, and the dust on the aircraft exterior must not exceed the marginal
dose levels,

A1l crew doses from equipment not open-cycle, air-cooled, or equipment more
than several meters from the crew may be neglected in the crew filter criteria
selection. In general, for today's streamlined, high-speed aircraft, the amount
of dust accumulated on the aircraft exterior is minimal and may be neglected.
Because of the generally lower vulnerability of the equipment than the crew, the
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only significant dose to consider in the equipment filter criteria selection is
that due to dust trapped in its own interior. This dust would accumulate
primarily in the cooling plenum chamber, which may be only centimeters away from
the susceptible devices being cooled. Unless the equipment is located immediately
adjacent to a filter with a relatively large amount of trapped dust, the plenum
chamber dose wiil far exceed all other sources. For crew members, the only sig-
nificant dose contributions that will be considered here are the doses due to
cloud immersicn, the dust trapped in the filters, and dust deposited in the cock-
pit. For electronics, the only significant dose contributiuns are due to dust
deposited in equipment which are cooled by an open-cycle conling system and
possibly due to dust deposited in nearby filters.

3. REAL FILTERS VERSUS PEZRFECT FILTERS

The analysis presented in appendix B is based on the use of a perfect filter
in the envircnmental control system. A perfect filter is defined as one which
traps all dust entering the filter regardless of particle size, i.e., FE(r) =
1.0. The results of this perfect filter analysis were used in the previous sec-
tion to compare results of the different cloud models, As will be shown later,
these results are also very useful in a real filter analysis. Of course, no real
filter can trap all input dust particles.

Modification of the perfect filter analysis to make it suitable for a real
filter is straightforward. Start with the equations for the mass rate of flow
of dust and the mass of dust from appendix 3 (i.e., equations B-27, B-28, and
B-29) and rewrite them to include the filter trapping efficiency.

M (r,t)
Lkz—- = 9,9 x 102 FE(r) r70-5 0.7 < r < R{t) (18)
Mo (r,t)
T = 3.9 x 1072 FE(r) r-0°5(t-t;) 0.7u < r < R(t) (19)
2
M (r,t)
S = 9.9 X 1072 FE(v ) 1 0+5(tn-ty)  R(E) < v <R(ty)  (20)
2

where t,i 2toct, and r = R{tn).
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From this point, the technique used to determine expressions for the mass }
and dose accumulated in the filter is identical %o that used in appendix 8
(where effectively the filter efficiency (FE) was 1) except that the factor 1
FE(r) must be included in all operations upon the equations. For any given
FE(r) the same technique, which consists of a mixture of analytical and numerical
integration, is used to obtain mass/dose results for the dust trapped in the
filter.

For simpie filter efficiency functions, a simpler graphical technique to
obtai this result is appropriate. This technique involves using the perfect . i
filte results of appendix B. For example, if

FE(r) = 0 0.lu<r <10p (21)

"

FE(r) = 1.0 r 2 10y

use the perfect filter mass/dose distributions for r > 10u, which shows the
mass/dose accumulated for a given TI, and AT, as a function of particle radius.
The total mass/dose is obtained from the cumulative results by subtracting the
value at 10p from the value at 10%u. More detailed examples are presented in
reference 4.
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SECTION V
COCKPIT ANALYSIS

1. POTENTIAL CREW HAZARDS FROM COCKPIT DUST

In section IV, a general procedure which led to the determination of the
filter design criteria was described. One of the key elements in the selection
of the filter criteria was the dose due to the dust not trapped by the environ-
wental control system (ECS) filter. This dust enters the cockpit and is a
potential hazard to the crew. This section presents in detail the determination
of the ionizing crew dose resulting from the dust entering the cockpit. In
addition, the effects on the crew due to inhalation of the airborne particles
and to skin contact with these particles are investigated. For the purposes of
illustration, a Point Design Condition and a set of aircraft parameters will be
assumed and the appropriate filter criteria will be selected. The assumed
conditions were chosen deliberately not only to show how the criteria can be
obtained, but also to represent a realistic set of conditions for today's cargo
or bomber aircraft so that this example may be directly applicable to the
majority of filter criteria selections in the Air Force today.

There are essentially four concerns associated with the dust particles which
are passed by the filter. The first is the consequence of the airborne cust in
the cockpit. It is a source of jonizing dose. The second concern is the dust
which settles out in the cockpit. It is also a source of ionizing dose. The
third is the consequence of crew inhalation of the airborne dust particles. The
fourth concern is the direct contact of the radicactive dust particles with the
skin of the crew. To scope the problems associated with cockpit ingested dust,
zero filtration is assumed for the cockpit ECS.

2. DUST SUSPENDID IN COCKPIT AIR

The dust suspended in the air in the cockpit will be examined first. This
ionizing dose source is assumed to be pertinent only during the actual penetra-
tion. The air flow through the cockpit is assumed to be sufficient to ensure
that the dust density inside is the same as that outside, corrected by the cock-

pit pressurization factor, o__ / It is also assumed that the dust is

o_.
acp’"a
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uniformly suspended and that the cockpit can be approximated by a sphere of 1
meter radius. The dose rale at the center of the sphere then due to the
suspended dust is

P -u'b
1000 #4(ot) Alrt) 1 - FE()} J%ee Y4ob7db,

= 23)
sD 2 (
4 4;11b1

or

acp

CP,ep Pqlrst) A(r{t) {1 - FE(r)} [] _e-100u'} (20)

Dgp(rst)

(L]

a

Since u' is approximately 10-5 cm-1, the factor in the brackets is very
small and results in a very small do§e rate. GEecause 1-MeV photons are assumed,
the constant C = 4.88 x 10710 Eﬁ%%é%%%%ﬁp The dose was calculated for the worst
case, i.e., TI = 10 minutes, AT = 2 hours, and FE = U, and found to be on the
order of 1 rad{tissue). Therefore, this source of ionizing dose is negligible

in comparison to the other sources.
3. DUST ACCUMULATED IN COCKPIT

The second source of ionizing radiation is due to the dust particles which
settle out in the cockpit and remain in the cockpit throughout the mission. 1In
addition, those particles which settle on the crew members' clothing and nearby
surfaces, because of their nearness and the 1/d? nature of the phenomenon, can
contribute substantially to the total ionizing dose to the crew members. Thus,
it is important to determine the amount of dust settled out in the vockpit. to
determine its distribution relative to the crew member, and to dete:mine its
contribution to the total jonizing dose accumulated by the crew.

To obtain meaningful vresults, the actua? cockpii, which is geometrically
very complex, must be approximated by a model which is more tractable to analysis.
The cockpit is modeled by a square box with inlet ducts on one side and outlet
ducts ‘on the opposite side. The inlet and outlet velocities are assumed to be
uniform and on the order of the uniform velocity of air across the box. It is
also assumed that no settling occurs in the ducting between the filter and the
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inlet duct to the cockpit. From a mass flow continuity equation and cockpit
dimension consideration, we can calculate a horizontal velocity of the air
flowing through the cockpit. Neglecting any slippage of the dust with respect
to the air, the horizontal velocity of the dust is identical to that of the

air mass. This horizontal velocity of the dust through the cockpit can be
written as

T o A, 600 (25)
H pacp cp

where

pacp air density inside the cockpit

A

ep cross-sectional flow area of the cockpit

Superimposed on the dust particles is the previously introduced settling

velocity, Vg (appendix B, equation (B-2)), which is a function of particle size.

The time required for a dust particle to cross the cockpit is

T= (26)
Wy
where L is the length of the cockpit in thc direction of the flow. ODuring this
same time a particle will fall a distance of
VS L
X = Vst = -V;— (27)

If a particie has a settling velocity VS such that its vertical distance of
fall, x, is equal to or greater than the cockpit height h, then it will be
collected in the cockpit. Defining a critical settling velocity, V , as

V= %VH (28)

any particle wi*h a se.tling velocity, VS' greater than or equal to Vg will be
collected.
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Since it wa¢ assumed that the initial spatial distribution of particles is
uniform in the vertical direction, the probability of a particle with VS < Vg
settling in the cockpit will be a linear function of its settiing veiocity. For

example, if a particle has VS = 1/2 Vé, it will only fall a distance x = h/2 in

the time it takes the particles to move through the cockpit. Thus, the particles

with this settling velocity which are initially in the lower half of the cockpit
will be collected and those in the upper half will not have sufficient residence
time to reach the cockpit floor.

Defining Ps(r) as the probability of a particle settling yields

Ps(r) =1 for Vg 2.V, (29)

v
Pg(r) = = for Vg < Vg (30)
Vs

This probability can be related to particle size r in microns, because VS is
related to particle size through Stokes Law.

Associated with the critical settling velocity, Vé, is a critical particle
size, Res given. by

T 1/2 h 1/2
Re=lomr) o (31)
c \ . ep Pep .

and the related probabilities of a particle settling in the cockpit can be
given by

Ps(r) = 1.0 for r z.RC (32)
86.4 V
Ps(r) = ———————JL——JL-— for r <R, (33)
hm A f

where the cockpit volume is given by ch =L Acp' It is noted here that the
actual cockpit volume should be used in this expression, if it is known. The
cockpit height can be chosen as the maximum height if more conservative results
are wanted, or the effective height, which is the actual volume divided by the
horizontai cross-section area of the cockpit.
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It is noted that Ps(r) is a "filter efficiency" of the cockpit. Therefore,
the equations for the mass rate and mass of the dust accumulating in the
cockpit can be expressed in the following manner:

Meplrst)

X = 9,9 x 1072 [1-FE(r)] Ps(r)r'°'5 Thxr 2 R(t) (34)
2

Mep(rst)

—LK-—- = 9.9 x 10-2[1-FE{r)] Ps(r)r-°-5(t-t,-) Tu < r < R(t) (35)
2

L A

Mop(rst)
K2

= 9.9 x 10°2[1-FE(rq)] Pg(rn)r,"0-5(ty-ti) R(t) <r, <R(ti) (36)

where ﬁcp(r,t) is the rate at which the dust settles in the cockpit, M, (r,t) is
the mass of dust accumulated in the cockpit, and [1 - FE{r)] accounts for the

dust collected by the air conditioning in-line filter. A more expanded develop-
ment of the equations for mass deposition in the cockpit is found in appendix D.

Calculation of the dose ratec and doses for this situation is not as
straightforward as the calculation associated with the dust trapped in the
filter. The dust settles out uniformly over the entire cockpit and is not
concentrated at a single point, Therefore, to obtain dose results, some sim-
plifying assumptions are made. Any one crew member would be subject to varying
amounts of dose from each dust particle, depending upon its distance from the
crew member.

From a crew dose contribution viewpoint, the effectiveness of an element of
mass, m;, Tocated some distance s, from the crew member is proportional to

mi/siz. A relative dose effectiveness, ED' is defined for any mass distribution
as
2: JH_
S.2 m,
ED = i M,’ = L 2 (37)
t i Mt S5
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If the entire mass, Mt’ were located at a distance of 1 meter from the crew
member, ED would be one. Thus, to apply the results (at 1 meter) to other
situations, multiply them by the relative dose effectiveness, ED, determined for
the dust distributicn of interest.

[ In this work, the spatial dust distribution assumes that 98 percent of the
| dust is located at an effective distance of 1 meter (the approximate distance
from the critical mid-epigastric region of the seated crew member to the cockpit
floor or to equipment consoles) and that 2 percent of the dust is located at an
effective distance of 10 centimeters (to account for the dust deposited on
clothing and nearby surfaces).* These percentages were estimated from horizontal
surface area considerations in a typical four-man cockpit and result in a rela-
tive dose effectiveness of about three. This value has been used in the cockpit
dose calculations in this report. (The cockpit dose results for other dust
distribution models can be obtained by dividing the calculated dose (at 1 meter}
by three, and multiplying by the relative dose effectiveness for the dust dis-
tribution of interest.) A complete mathematical development of the cockpit dose
I is presented in appendix D. Note that the dose ecuations are developed based on
; the assumption that no filter at all is installed. Therefore, all the dust
enters the cockpit and FE(r) = 0. This cac~ s called the imperfect filter
L analysis and is a limit case, just as the perfect filter analysis of appendix
B was a 1imit case in the other extreme. It will be shown later in this
} section that these two 1imit cases can be used to great advantage in the filter
criteria selection process and in an evaluation of existing filters.

} ) For the purposes of illustration, it is assumed that the cockpit effective
height is 2 meters, the cockpit volume is 1.83 x 107 cm3, and the mass rate of

' flow of air to the cockpit is 1.24 x 106 grams per hour. These parameters should

. be representative of the cockpit for a crew of four to six for most existing
bomber and cargo type aircraft. The values of these parameters must be known

*This rather crude distribution was used because it is impossible a priori with
no knowledge of the specific cockpit geometry and equipment location to determine
the exact distribution. This distribution, however, should be a reasonable
representation (on the conservative side, deliberately). The equipment in
military aircraft is arranged on consoles within easy reach of the crew. Dust
accumulations on these surfaces are probably 1 meter or less from the crew
member.
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or assumed in order to calculate the critical radius of the dust particles. For
these values Rc = 20u. The cockpit temperature is assumed to be 75°F, the cock-
pit altitude to be 10,000 feet, and the aircraft altitude to be 30,000 feet.

The calculations of the dust mass distribution were made according to the
equations in appendix D, and the results are presented in figures D1 through D9.
Each curve provides, for a particular cloud entry time, the dust mass distribu-
tion function as a function of particle size for various penetration durations,
i.e., 2, 5, 10, 15, 30, 60, and 120 minutes. The entry times presented range
from 10 minutes to 5 hours.

The results show that for r > Rc = 20u, all particles are collected and, in
this range of r, the results are identical to the perfect filter results. For
r < 20n, there is a markad difference, demonstrating the fact that small particles
tend to be carried through and out of the cockpit without settling out.

The next series of figures (appendix D, figures D10 through D18) displays the
cumulative dust mass collected in the cockpit. The cumulative mass is defined as
the contribution to the cockpit mass attributable to all particles of size less
than or equal to r. These figures present this cumulative mass as a function of
particle size for a particular cloud-entry time and with penetration duration as
a parameter. The same ranges of entry times and penetration durations are used.
Observe that since the small particles tend to be carried out of the cockpit
with the air, the cumulative mass is small for small particles. The effect of
fallout can also be observed, particularly at late times, because the Tlines of
constant penetration become horizontal in the larger particle size range,
indicating that no particles of these sizes are present.

The cumulative mass evaluated at r = 10,000 microns is equal to the total
mass deposited in the cockpit for any given TI and aT. Figure D19 depicts this
total mass accumulation as a function of time after cloud entry. A comparison
of figure D10 and the perfect filter results for the same TI given by figure B33
(adjusted by the same Kz, equation 59) shows that an appreciable number of small
particles are not retained in the cockpit. This difference is entirely due to
the fact that the smaller particles are ejected from the cockpit with the air.

Since the smaller particles have higher specific activities, and the cockpit
is Tess efficient in collecting these "hottest" particles, one might expect that
the cockpit dose for a given TI and aT would be less than the perfect filter
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dose (at 1 meter). However, the filter dust represents a localized source of
radioactivity, whereas the settled dust in the cockpit is distributed over
horizontal surfaces within the cockpit and on the crew members. Because of the
nearness of some of these particles to the crew member, the particies effective-
ness from a dose standpoint is greatly enhanced. Therefore, it is difficult to
state a priori which dose would be greater.

The cockpit dose results, which are obtained from analytical/numerical
integration of the equations developed in appendix D, are presented in three
series of graphs. The cloud entry times and the penetration durations were
deliberately chosen to coincide with those values used in the perfect filter
analysis in appendix B. The first series of figures (figures D20 through 028;
presents the cockpit dust dose distribution as a function of particle size for
a particular cloud-entry time and with penetration duration as a parameter,

The second series (figures D29 through D37) presents the cumulative cockpit
dose, i.e., the cumulative dose due to all particles which have the size r or
less, as a function of r for a particular cloud entry time and with penetration
duration as a parameter. The third series (figures D38 through D46) presents
the total cockpit dose due to all the dust mass which has settled in the cockpit
as a function of penetration duration for a particular clouu entry time. The
pertinent results may be scaled to miscion lengths other than the one presented
by techniques identical to the ones discussed in appendix B.

It is apparent from these results that the ionizing dose from dust accumu-
lated in the cockpit for the no-filter case is significant and must be accounted
for in any survivability or vulnerability study.

4. INHALATION OF AIRBORNE DUST IN COCKPIT

The above discussion investigated the ionizing dose which the crew member
would accumulate from the dust ingested into the cockpit. This dose is a result
of gamma radiation only. The next concern deals with the inhalation of the
airborne dust particles. Most modern aircraft have a requirement for a "shirt-
sleeve" cockpit environment. A shirt-sleeve environment means that the crew
member would be comfortable in the cockpit with normal flight clothing. Tempera-
ture and pressure are maintained such that no special equipment or clothing is
required for crew comfort. For the purposes of this work, it is assumed that
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no gloves are worn and that the crew member is breathing cockpit air. Therefore,
during penetration of the cloud, the crew member will inhale the airborne dust
and retain some portion of it in his body. This retained dust is a source of
gamma and beta radiation.

The total dust accumulated in the respiratory system of a crew member by
breathing air which is contaminated with dust will now be estimated. From
reference 5, the fraction of particles of radius r accumulated in the nasal and
pulmonary regions may be approximated by the following relations.

NA(r)

-9.241 + 9,585 r1/2 - 52,52 r1/3 4 52,57 rl/% (38)

PT(r)

8.785e-1-4T - 18,65e-2" + 10.48e72-7" (39)

The above functions are "filter efficiencies" of the nasal cavity and the
pulmonary tract, respectively. For a man at rest,

‘ Inhaled volume/time = (respiration/min)(tidal volume) (40;
i
i cm?
L IV = (15)(1000) S (41)
v = 250 SO°
IV = 250 sec (42)
} ) The total mass of dust inhaled per second is
. . o
} Di(r,t) = IV o (r,t) B (43)
d Pa
|
' Therefore,
N P
0I(r,t) = J 1V o (r,t) =2 4gt (44)
d o4

The total dust trapped in the nasal and ihe pulmonary tracts then as a
function of size is
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. D
DIy(r) =[ W oy(r,t) -DEaE NA(r)dt Nasal (45)
DIP(r) =_[ v od(r.t) 30532 PT(r)dt Pulmonary (46)

Here, assume that the crew ionizing dose due to suspended particles in the
respi.atory system is negligible and that the only potential dose contributor
is the dust trapped in the body. The "effective" whole body dose (due to gamma
radiation) associated with the dust trapped in the nasal and pulmonary tracts
can be approximated by the equations

DI, (r,t) A(r,t)dtdr
N
D, = (47
N 'r[ { 4nd,? )
DI (r,t) A(r,t)dtdr
P ’
D, = (48
P [ [ 4nd 2 )

where DN and Dp are the equivalent doses associated with the nasal cavity and
the pulmonary tract and dk and d5 are effective distances from these dust
accumulations to the epigastric region. These doses are determined in this
manner because there is eviderce to suggest that radiation impinging the epi-
gastric region causes nausea and other symptoms which tend to cause performance
degradation on a short term basis (ref. 3). The doses calculated previously
were incident doses. The incident dose is related to the mid-body and whole-
body dose by the relation

Whole-body dose = 0.667 x Incident dose (49)
Performing the indicated operations for the worst case, i.e., TI = 10 minutes

and AT = 120 minutes, yields a total equivalent incident ionizing dose of 0.357
rad(tissue). This dose is negligible in relation to the other doses.
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The inhaled and retained dust also produces physiological damage to the
tissue of the respiratory system. This damage is due to the beta particles
associated with the contaminated dust retained in the body. The alpha particie
emission associated with the fission products rapidly decreases with time after
detonation so that even at 10 minutes after detonation, the alpha particle
emission is negligible. For this first cut approximation, it is assumed that
the gamma ray is the result of a disintegration of a fission product. This
same disintegration produces a beta particle, which in the previous discussions
was neglected because it is so rapidly absorbed by the atmosphere. For this
analysis, however, the beta is quite important because the radiocactive material
is in direct contact with tissue and can cause damage to the tissue. The
specific activity derived in appendix 8 and in section II then is appropriate
to this situation

AB(t) = (4.22 x 1012)¢-1-2 (50)
where AB is in beta particles per hour-gram{dust). In terms of particle size

AB(r,t) = 11.83 A, t-1e2 0.1u r 220u {51)

236.55 A, tTie2
r

= A
Aglr,t) 20 sr<l0, (52)

where Al is defined in appendix A.

In discussing tissue damage due to beta radiation, different units are used,
i.e., the microcurie. Since each beta particle is assumed to be the result of

a disintegration,
A (3#%6)_
C, = 8 (53)

B (3.7 x 1010)(10-6)

with the unit equation

£
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disintegrations _ _hnur
hour-gram{dust} seconds
CB = (54)
disintegrations/second curie
curie microcurie

where CB has the units of microcuries per gram of dust, and 3.7 x 10'0
disintegrations/second is the standard definition of a curie. Therefore,

N Ce(r,t) = 3,75 x 105 t-1-2 0.1y < r < 20 (55)

7.49 x 106 t-1.2

Calr,t) = -

20y < r < 104 (56)

The total number of microcuries associated with the dust which is inhaled
and retained by a crew member can now be determined.

$ Although there is a relatively small amount of information available in the
literature about humans inhaling radioactive material either as a result of
exposure to fallout or as a result of incidents involving other radicactive
material, the conclusions whicn can be drawn from this information are limited.
The reason for this limitation is that little was known and/or recorded about
the precise amount inhaled, the activities of the inhaled material, etc..
Therefore, for the purposes of this analysis, the human data are of little

* . value as a standard for comparison.

Because of the impreciseness associated with human data, other areas were

} explored and it was found that some excellent experimental work has been dene
by the Lovelace Foundation, Albuquerque, New Mexico (ref. 5). Carefully con-
trolled experiments to determine the effects on dogs of inhalation of various
radioactive aerosals have been conducted. All of the experiments were tightly
controlled. The dogs were observed closeiy, and the physiological effects were
noted by professionals. Therefore, these experiments are valuable to the
present work. The dog used was the Beagle, which is smaller than a man and, of
course, is not identical. However, the results were presented in terms of
Initial Lung Burdens (ILB) of radioactive material, which has units of micro-
curie/kg (body weight). The body weight of a warm-blooded mammal is representa-
L tive of its vital Tung capacity because the lungs furnish oxygen to tissue, and




T g ———

AFWL-TR-73-82

the more tissue to be supplied, the larger the lungs reguired. Therefore, it is
assumed that the Initial Lung Burden which can be calculated for a crew member
is correlateable (at least approximately) to the Beagle results and some
conclusions can be drawn about the effect of the inhaled dust on the human.

The Beagle study of most significance here is the one (ref. 6) wherein a
radioactive isotope in fused clay was inhaled. The isotope has a relatively
short half life, and is a beta emitter. These properties, as well as the fact
that fused clay was used as a carrier, are similar to the properties of the
radioactive particles generated by surface detonations of nuclear weapons. The
Initial Lung Burdens of the dogs varied from 80 to 5200 uCi/kg and the associated
Tung doses from 1200 to 55,000 rads. The clinical signs observed in the dogs
that died were those typical of severe pulmonary injury and included progressive
increases in the respiratory rate, abnormal lung sounds, terminal cyanosis of
mucous membranes and increased density of the lungs on radiograph examination.

Although the nature of the clinical signs did not differ markedly, the time
of onset of the symptoms and the times of death varied considerably with the
Initial Lung Burden. The dogs with high ILBs can be classified into three
groups. The first group of four dogs had ILBs of 2600 to 5200 uCi/kg and lung
doses of 32,000 to 55,000 rads(tissue). Symptoms were first observed at 7 to
10 days after exposure with deaths at 7.5 to 47 days after exposure. The second
group of 18 dogs had ILBs of 850 to 2400 uCi/kg and lung doses of 11,000 to
29,000 rads{tissue). Symptoms were first observed at 3 to 4 weeks after
exposure with a median survival time of 85 days after exposure. The third group
of 17 dogs had ILBs of 590 to 760 uCi/kg and lung doses of 7300 to 9400 rads.
Initial symptoms were observed at 6 to 8 weeks with a median survival time of
185 days after exposure. Dogs with ILBs of 80 to 460 uCi/kg and lung dosas of
990 to 5700 rads(tissue) showed no detectable clinical symptoms up to 735 days
after inhalation exposure. In this experiment, no potential pe:-formance
degradation was assessed. Only clinical observations were made.

In order to compare ILBs for the human case to the above experiment, one
must calculate the total microcuries trapped in the lungs of a crew member, and
divide by a body weight. The total amount of microcuries, Cu, associated with
the dust trapped in the pulmonary system is
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o [{ (10) oy(rot) ‘%:Epr(r) C,(r, t)dtdr (57)

Assume that an average crew member's body weight is 80 kg. Therefore, the
crew member's Initial Lung Burden, ILch, in uCi/kg, is

1B, = g4 (58)

Performing the calculation yields (for a TI of 10 minutes, a aT of 120
minutes, the same mission, and aircraft parameters used previously) an extremely
worst case ILB for the crew member of 325 uCi/kg. This level is relatively
benign when compared to the Beagle levels above. Therefore, hecause this level
is low, it can be predicted with reasonable confidence that a crew member would
experience little or no performance degradation over the duration of the mission
due to physiological damage caused by the inhaled dust. (Although long-term
effects may be significant, here only the time associated with "bombs on target"
is pertinent.)

As noted above, the actual physical damage should not cause performance
degradation on a short-term basis. However, the psychological effects could be
significant. An individual's performance could be degraded because of the
emotional reaction to the awareness of the potential hazard of inhalation of
the particles. Therefore, it is recommended that a warning system be incor-
porated in the aircraft to notify the crew that the aircraft is in a radioactive
cloud. {Note that a warning system, and not a dosimeter, is recommended. The
dosimeter readings themselves could cause psychological problems.) Upon
initiation of the warning, the crew would don oxygen masks with 100 percent
oxygen for the duration of the penetration. This simple precautionary action
would reduce the possibility of inhalation of the particles and alleviate the
uneasiness associated with the inhaling of the radioactive particles. This
precautionary measure is recommended even if a cockpit ECS filter is installed
because no filter can completely remove all the dust particles suspended in the
ingested air,
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5. EXPOSURE OF BARE SKIN TO THE RADIOACTIVE DUST

Because of the large number of variables associated with this potential
hazard, precise calculations of the s“in dose are impossible. For example, the
crew member is constantly in motion, may wipe hands on clothing, and may or may
not be perspiring. A1l these factors and more affect the results of a skin dose
calclation. However, an upper bound for the dose may be estimated. This upper
bound consists of estimating the skin dose by assuming ali of the dust which
would settle on that piece of skin is retained on the skin for some period of
time. Bare skin is also assumed, i.e., no clothing covering the skin at the
point of exposure.

Probably the main region of concern in the skin would be the dermis, or
corium. (It is protected by the outer layer of skin, the epidermis, which varies
from 0.07 to 0.12 mm over most of the body.) The corium is 2 to 4 mm thick and
contains numerous nerve endings (ref. 7). Beta-radiation penetrating thz corium
could cause damage which would be sensed by the nerve endings and could result in
severe pain to the crew member. Since the epidermis is about 0.1 mm thick, it
absorbs all beta particles with energies 1ess than about 200 weV and, therefore,
provides some degree of protection to the sensitive corium, Beta particles
whose energies range between 200 keV and 700 keV are absorbed in the corium,
and beta particles with energies in excess of 700 keV pass through the corium.
(Assuming that the skin has the same properties as water, the graphs in refer-
ence 8 were used as the basis for these statements.) As a worst case, it is
assumed that all the beta particles emitted by the radicactive dust which settle
onto the skin possess energies in excess of 700 keV. Although this assumption
is somewhat conservative, study of the energi s of beta particles emitted by
typical deca 'ng fission products indicate that the majority of the beta
particles arc quite energetic. Therefore, this assumption is not totally
unrealistic.

From reference 7 it is ncted that the energy loss of a beta particie
impinging on any substance is appioximately 2 MeV/gm/em?. Therefore, the
conversion constant from beta particles per centimeter? to rads (tissue),
CS' is
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MeV -¢ ergs
c - -_ZEEZ7- 1.6 x 10 ME%—
5 100 eg%— / rads(tissue)

3.2 x 10-8 rads(tissue) (59)

c
S g/cm?

If it is now assumed that each photon generated by a disintegration is
accompanied by a beta particie, then

ere A

Alr,t) = A (r,t) (60)

is the specific activity of the radioactive dust in s/gm(dust)-hour and

A(r,t) is defined in section II. It is now assumed that the dust settles out on
the exposed skin in a uniform manner and that half of the beta particles
releaced by the layer of disintegrating fission products penetrate the skin in

a normal direction. The other half escapes in the opposite direction and is not
of concern. The approximate skin dose then is

Dg(r,t) =[ st(r,t) dt (61)

c £) A (r,t
D(r,t) = f 3 CP(r ) Rglnat) (62)

It is noted that this expression differs only by a constant from the dose
from dust accumulated in the cockpit, i.e., equation {21). In other words

where

Dg(rst)  Dop(rat)

; (63)
K3 K3
" c Al l-l?‘- ﬂi
3
4nd?
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af 24
pa(Z)(S) Acp

Cs Ay

where the factor of 2 in the denominator of K; accounts for the assumption that
only half of the beta particles penetrate the skin, the factor of 3 is associated
with the assumed cockpit dust distribution and is not appropriate for the skin
dose calculation. The factor Aép is the area of the horizontal portion of the
cockpit, and a; and A, are constants.

Performing the indicated operations yields the relation
Ds(r,t) = 15.0 Dcp(r,t) (64}

Therefore, the skin dose results may be obtained frum figures D-20 through D-47
simply by multiplying these results 'y 15.0. Note that the skin dose results
are quite significant even for rather short penetration durations.

The severity, time of appearance, and duration of skin response as a function
of radiation depends on a complex interaction of many factors, e.g., dose rate,
anatomical 1egion exposed, area of skin irradiated, presence of other irritants
(e.qg., clothing chafing the irradiated area), energy of impinging beta particles,
and depth of penetration into the skin (see reference 3 for a more detailed
discussion). However, for the case assumed above, i.e., beta particles with
energies in excess of 700 keV, the surface dose required to produce recognizable
transepidermal injury is about 2000 rads(tissue).* Therefore, unprotected skin
in acockpit which is supplied with unfiltered air during cloud penetrations of
relatively short durations could be a performance crippling factor. Some degree
of protection would be afforded the crew member by wearing gloves and a helmet
during the mission. However, reliance on protective clothing alone would violate
the cockpit "shirt-sleeve" environment requirement.

*This is the dose required for 50 percent of the human population to experien-e
visible skir damage. The human susceptibility threshold is probably lower,
j.e., on the order of 800 to 1000 rads (tissue).
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6. EXAMPLE COCKPIT FILTER SELECTION

In the filter criteria selection process, the perfect filter results of
appendix B are used. To use these results, the nondimensionalizing constants,
K, through K, must be determined. The altitude, the aircraft characteristics,
i.e., cockpit size, mass flow rates of air to the cockpit, etc., have been
assumed earlier in this section. Now assume that the threat corresponds to the
massive multiburst situation, so that Le is fixed.

The pertinent constants (equations (A-44)) then are determined to be

, = 480,76 dn{dust) (65)
K, = 7.878 radsgt:ssue} (66)
, = 12.724 [ads(tissue) (67)

In the following discussion, the values obtained for the perfect filter
cases are the values read off the ordinate of the particular graph multiplied
by the pertinent constant.

o=
H

o
t

Now that a cockpit deposition model has been developed, and the primary
short-term concern associated with the dust which enters the cockpit has been
determined to be the ionizing crew dose from the nearby dust accumulations,
filter design criteria can be chosen. This selection procedure is based solely
upon the necessity to protect the crew from excessive accumulation of ionizing
dose.

It is assumed for the purpose of this exercise that the Point Design Condi-
tion has been fixed and leads to the case of TI = 30 minutes and AT = 10 minutes.
From the cloud immersion dose results (figure B-61), the cloud immersion dose is
47 rads(tissue). Since it was stated earlier that the ED10 for vomiting was
100 rads(tissue) incident, there is a margin of 53 rads. In other words, the
total crew dose from the cockpit dust and the filter dust must not exceed 53
rads. It is assumed that all other sources of ionizing dose due to cloud
penetration are vanishingly small.

55




r'f ———

AFWL-TR-73-82

To alleviate all potential hazards from the cockpit dust, 23 rads{tissue)
are chosen as the marginal cockpit dust dose, and 30 rads(tissue) as the mar-
ginal filter dose. Going to figure D31 and choosing 4T = 10 minutes, it is
found that the 23 rads(tissue) 1imit corresponds to a particle size of 18
microns. Therefore, the filter trapping efficiency must be

FE(r) = 1.0 r > 18 (68)

FE(r) = 0.0 r < 18y (69)

Now go to fiqure B35, which is the perfect filter dose (at 1 meter). The
dose for TI = 30 minutes and AT = 10 minutes is 71 rads(tissue). However, the
particles smaller than 18 microns are passed. The dose associated with particles
18 micron and smaller is 35 rads. Therefore, the total filter dose is 71 - 35 =
36 rads(tissue) at 1 meter. Therefore, to attenuate this dose to the marginal
30 rads(tissue), the filter must be located at a distance greater than 1 neter
from the crew member. The distance, d, corresponding to the 30 rads(tissue) is

3% .3 (70)
d2

d =1.2m (71)

Therefore, the filter must be located at least 1.2 meters away from the nearest
crew member.

The only remaining part of the design criteria needed is the total mass,
and its distribution with size, trapped by the filter. To obtain this informa-
tion go to figures B7 and B16. From figure B7 the mass distribution is obtained
by recalling that all particles less than 18 microns are passed. The remainder
of the particles ave trapped. Therefore, the mass distribution is represented
by the AT = 10 minute curve with the distribution function below 18 microns set
identically to zero. The total mass trapped by the filter can be obtained from
figure B16. Read the mass collected for the AT = 10 minute curve corresponding
to r = 10,000u, which is 326 grams. Subtract from this value the mass corre-
sponding to r = 18y, which is 72 arams. The result, 254 gm, is the total mass
accumulated by the filter.
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Therefore, it is apparent that given the Point Design Condition, which is
based on an operational analysis, it is quite straightforward to choose filter
design criteria which provides the crew necessary protectinn from the radio-
active dust. This design criteria may be specified to a designer, who can design
the filter and locate it in the aircraft without any knowledge of nuclear surviv-
ability/vulnerability (S/V) or nuclear environments,

This method may also be used to evaluate existing filters. The only differ-
ence would be that the trapping efficiency is now fixed and the associated
cockpit dose is not variable, but also fixed. The filter dose then fixes the
minimum distance to the crew. The filter mass as dictated by the filter
efficiency can be determined and compared to the capacity of the existing filter.
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SECTION VI
ELECTRONIC EQUIPMENT FILTER ANALYSIS

1. GENERAL CONSIDERATION

In the previous section, a detailed analysis was presented which resulted
in design criteria for the cockpit environmental control system filter. Earlier
it was stated that separate filters would probably be required for the cockpit
and the electronic equipment because of different filtration requirements.
Therefore, it is necessary now to investigate the electronic equipment protec-
tion requirements and to select an appropriate set of filter design criteria.

In one respect, the electronic equipment analysis is simpler than the cock-
pit analysis. There are no biological considerations other than ensuring that
the crew does not accumulate excessive dose from the dust trapped in each line
replaceable unit (LRU)(a self-contained "black box"). Generally, the amount of
dust trapped is relatively small and the LRUs are located in equipment bays
considerable distances away from the aircrew. Therefore, the effects on the
crew geierally are negligible. However, in another respect, the analysis is
more complex. Each LRU in the aircraft has a potentially different power
requirement and dissipation. Therefore, each could require a different amount
of cooling air and each could have a different plenum chamher geometry. There-
fore, the analysis must consider each LRU independently. The filter design
criteria then would be that necessary to provide the protection required by the
most susceptable LRU.

2. PRELIMINARY ANALYTICAL CONSIDERATIONS

Since the number of LRUs in a modern aircraft is quite large, some initial
considerations to reduce the number to be analyzed are in order. First, only
those LRUs which are mission critical need be considered. Line replaceable
units are mission critical if their operations are necessary to the successful
completion of the mission. Second, only those LRUs which are air cooled by
open cycle flow techniques must be considered. Much of the equipment,* such as

*Only cloud immersion doses are pertinent to these '.RUs.
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controls and displays, and other low heat dissipation LRUs, do not require
special cooling. Other LRUs are cooled by a closed cycle, or a reqenerative ¢
cooling technique. This type of cooling technique reuses the same working
fluid, air, Freon, etc. This fluid is forced through the LRUs, through a heat j
exchanger to remove excess heat, and then back through the LRUs. Therefore, \
little or no outside air is introduced into the LRUs. The open cycle cooling

technique uses engine bleed air, cools it, forces it through the LRUs, and then

ejects it overboard. Therefore, there is a continuous flow of outside air J
through the LRUs which results in dust deposition in the plenum chamber. Third,
only those LRUs using components which are susceptible to total ionizing doses A

nead be considered. For example, those LRUs based on vacuum tube technology
will not be affected by total dose accumulations. Only the latest state-of-the-
art semiconductor components such as metal oxide semiconductors (MOS) devices
are susceptible.

3. LINE REPLACEABLE UNIT ANALYSIS

After the list of LRUs requiring analysis has been reduced to a minimum, the
remaining LRUs must be analyzed. The first step in this analysis is the develop-
ment of a dust deposition model for the LRU plenum chamber. The basic mechanism
of deposition is the same for the LRU as it was for the cockpit. Therefore, the
same model will be used. The critical particle size, Rc (defined in equation
(31)) isof particular importance. This parameter is a function of the plenum
chamber geometry and the mass rate of flow of the cooling air. Both these
variables could vary from LRU to LRL and must be considered in each LRU analysis.

The approach taken at this point is to obtain general results which can be
applied to any specific LRU. Recall that in the cockpit analysis a representa-
tive example was presented as an illustration. The critical particle size was
20 microns. The LRU critical particle size, however, may vary considerably from
LRU to LRU. Therefore, the LRU critical particle size is an important parameter
in the general results.

To be precise, the same type graphical results presented in the cockpit
deposition analysis should be presented here for each and every critical particle
size. However, presentation of these results would require thousands of graphs.
Therefore, another approach will be investigated. In the cockpit analysis, the
margin between the crew susceptibility threshold and the immersion dose was tens
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of rads(tissue). Here the margin between the LRU susceptibility and the immer-
sion dose is generally thousands of rads(Si). (It should be noted that rads(Si)
= 0.922 rad(tissue) for the assumed 1 meV photons.) In this analysis, extreme
precision and accuracy are not so critical. Therefore, a simplified approach
will be described which yields general, slightly conservative results, and which
can be simply applied to any LRU.

The equations which were developed in appendiy. D for the cockpit are appro-
priate to this analysis if the cockpit critical particle size of 20 microns is
replaced by the general parameter Rc and all of the constants are divided by 3
to account for the magnification factor, ED, used earlier in the cockpit analysis.
For any given Rc these equations were analytically/numerically integrated using
the Air Force Weapons Laboratory (AFWL) CDC 6600. The results of interest in
this simplified approach are the total mass of dust collected in the LRU and the
total dose, at 1 meter, associated with the total mass which accumulates over
the mission. In other words, in this analysis the distributions of the mass and
dose with respect to particle size are not of interest. The total mass collected
can be used to determine the volume taken up by the dust in the plenum chamber
to support plenum chamber clogging investigations. The total dose will be used
to establish the total dose incident on susceptible piece parts in the LRU.

It is apparent that the integration of the equations for each Rc yields a
single data point. Numerous values of Rc must be chosen so that the results are
comprehensive enough to support general LRU analysis. These operations have
been performed and the results are presented in figures 4 through 21. Each
figure represents a single different cloud entry time and each curve on each
figure represents a single different penetration duration. The ordinate is the
nondimensional mass or dose used in appendix B and the abscissa is the critical
particle size. The dose curves are 30-hours-after-detonation cases. The doses
for other times can be obtained by use of the time scaling factor discussed in
appendix B. It is noted that each point on these curves corresponds to the area
under mass and dose distributions similar to those presented in the cockpit
analysis section.

The doses, at-1-meter, are now available. However, these doses were deter-
mined based on an assumed point source of radioactivity. The dust which settles
out in a plenum chamber is not a point source., It is distributed as a planar
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source. Therefore, the point source results must be modified to take this
difference into account. A plenum chamber model will be introduced which
simplifies the complex plenum chamber geometry, and from which a correction
factor can be devised. It is assumed that the dust trapped is uniformly
distributed aver a circular area, equal to the plenum chamber area. Tts radius
is Y centimeters. The susceptible piece part is located a distance of Z centi-
meters above the center of the plane. If the activity of the dust is A photons/

cm?-sec. and only a distance attenuation is appropriate, the dose rate ﬁpp at
the piece part is

Y A2rYdY { 3
D ~ ———————— A Y
Bop fo , ( )2 7 ;1/2 ’In[] + (7)]{ (72)

,/ZZ + Y2

2
‘s
: A v\

For a point source located directly beneath the piece part, the dose rate is

2
. AflY
Dop ~ 7 (T) (73)
The correction factor to convert point source results to planar source results is

YZ
~'ln-Z—

o 2

For any LRU, then, the first step is to determine the critical particle size,
and the pertinent nondimensionalizing constant. From the figures presented
earlier, a dose at 1 meter is obtained. This dose is converted to the dose
(still point source) at the piece part by multiplying by the factor 104722 ,

(74)
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This dose is then multiplied by the correction factor shown previousliy. This
dose, then, is the dose which is accumulated by the piece part of a particular
LRU for a given TI, AT, etc. This dose determination is done for all the
potentially susceptible piece parts of the LRU in question. This dose for each
mission-critical piece part is added to the immersion dose,k and all other dnges
(including any possible dose resulting from exposure to prompt radiation during
the mission). This total dose is compared to the total dose susceptibility
threshold of the piecc part (which is assumed known). If the dose level is
below the susceptibility threshold for each mission-critical piece part, then
the LRU is not vulnerable and no filter is required to protect the LRU from
total dose effects from the accumulated dose. If this result exceeds the
threshold susceptibility for any one mission-critical piece part, the LRU is
vulnerable and protection is required in the form of a filter.

This analysis is repeated for each mission-critical LRU. The most vulnerable
of the LRUs will drive the filter selection. At this point, the difference or
margin between the susceptibility threshold level and the accumulated dose level
is known and is the key element in the filter criteria selection. This margin
is related to the amount of dust which must be trapped by a filter. Since in
this analysis mass and dust distributions are not available, the approach used
in the cockpit filter criteria selection is not appropriate. A different
procedure will be used.

If the curves depicting the mass and dose distribution with particle size
for the cockpit analysis are recalled, it is apparent that the LRU and cockpit
act as perfect fiiters for particles whose sizes are iarger than the critical
particle size, Rc' Therefore, the perfect filter results of appendix B with
the appropriate constant (the constant in this case must be based on the mass
rate of flow of air to the LRU), can be used to determine the necessary filter
trapping efficiency. The procedure is to convert the dose margin to point
source {at-1-meter) results by gqoing through the conversion procedure described
above in reverse. The result will be subtracted from the dose result on the
pertinent accumulated dose curve at the 10,000-micron point on the ordinate.
This result corresponds to some particle size. The filter must trap all particles
larger than this size to provide the required protection. This fixes the filter
efficiency.
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The trapping efficiency of the filter is now known. The dust mass and the
dust mass distribution of the filter now can be found from the perfect filter
results of appendix B in the same manner as was done in the cockpit analysis
section. Note that the nondimensional constant in this case must be based on
the total mass rate of flow of the cooling air through the filter to the entire
electronic equipment payload, not just to the single LRU.

3. EXAMPLE LINE REPLACEABLE UNIT ANALYSIS

An example LRU will now be considered as an illustration to clarify the
technique. A case of T! = 30 minutes, AT = 30 minutes will be considered. It
is assumed that the LRU of interest is the critical one in the aircraft, based
on preliminary analysis of the type described previously. This example was
chosen to represent a typical LRU of one of today's aircraft. Its physical
configuration is presented in figure 22. It is assumed that it requires a mass
rate of flow of 2 1bm (air)/minute. Thus from equation (A-44), K; = 0.305,
where 2 1bm (air)/minute (converted to grams/hour) replaces haf in the K,
equation, and the LRU dimensions replace the cockpit dimensions. The constant
has been multiplied by 0.922 to convert it to rads(Si). Applying the LRU
parameters to equation (31), the critical particle size, Rc is 36u. From
figure 15, the dose for 36u at 1 meter from a point source is 30.5 rads(Si).
For this LRU, Z = 2 cmand Y = 8 cm, Therefore, the dose from figure 15 is
multiplied by the factor 104/Z2 to correct for the difference in at-1-meter and
actual distance calculations. Next multiply by the correction factor, C.F. =
0.1733 (equation (68)) to account for the fact that it is a distributed source
and not a point source. The total dose then which impinges on the susceptible
component is 1320 rads{Si). It is assumed that the piece p-rt has a suscepti-
bility threshold of 820 rads(Si). Therefore, the margin of 500 rads(Si) must
be collected by the filter.

Now to determine the filter requirements, divide the margin dose of 500
rads(Si) by the two correctio: factors above, resulting in an at-l1-meter point
source dose of 1.15 rads(Si). If this is now divided by Kj, the result is 3.77,
which has been converted back to rads(tissue) and then nondimensionalized. This
value can now be used directly on the perfect filter graphs in appendix B. In
this case, go to figures B-35 and B-44. The value, on the figures at r = 10,000
microns for aT = 30 minutes, is 24. Subtracting, 24 - 3.77, results in a level
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of 20.23. On figure B-35 for AT = 30 minutes, this level occurs at a particle
size of 60 microns. Therefore, the filter efficiency must be 1 for particles

60 microns or larger, i.e., the filter must trap all particles larger than 60
microns. The filter dust distribution then can be obtained from figure B-7,
using a K2 based on the total mass rate of flow required for all electronics.
Only the portion of the distribution above 60 microns is pertinent. The remain-
der is passed by the filter. The total dust mass in the filter can be obtained
from figure B-16, the dose distribution from figure B-26 and the total dose
accumulated in the filter from figure B-35 in a similar manner.

4. FILTER LOCATION

There is one remaining aspect of the pr ‘J1em which must be considered in
this section. How close to the filter (either the electronic equipment or the
cockpit filter) may susceptible electronic equipment be located? The answer to
this question would delineate a "forbidden region" in the volume adjacent to the
filter in which no susceptible electronics may be located. This volume would be
a strong function of the equipment susceptibility and how much dose it accumulates
from other sources.

Consider now a filter which has trapped a considerable amount of dust during
the cloud penetration. The filter dose at-1-meter assuming a point source of
radiation is known from previous considerations. However, for nearby electronic
equipment, the dust distribution does not "look 1ike" a point source, but rather
a distributed source, because the filier element is assumed to be a plane per-
pendicular to the flow through the filter. Therefore, a correction factor
similar to the one developed previously for the LRU plenum chamber is needed.

(It is noted that the geometry chosen here is only applicable for a planar-element
filter. Some filters have other geometries, e.g., cylindrical filter elements,
and must be considered separately, but in a similar manner.)

This geometry is indicated in figure 23 with the appropriate distances
shown., The piece part is located at the point PP. The filter element is
represented by the circle of radius d, which has a uniform dust distribution
and specific activity A in photons/cm2-sec. The differential area pdpde is
located at point DA, The dose rate at the piece part is
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) d
b = 2.]. ./. A _pdodp (75)
PP o “o 4ug?
where
g2 = (a + d)2 - 2p(a + d) cose + p? (76)

Performing the indicated operations, ﬁpp is obtained

: _ A a+d)?

Oop = 7 In éTE'i—%HT . (77)
Tor the dose rate at the piece part due to the distributed dust. If all the
dose were concentrated at the center of the filter element, the dose rate at
the piece part would be
d2

b < A__d° 78
Opp T 0 (78)

>

Therefore, the correction factor for this situation is

crt-fard? g (ard) (79)
d? a(a + 2d)

The dose results from the previous work must first be corrected for the
actual distance from the filter element to the piece part location, or any loca-
tion of interest, and then corrected by the correction factor above. Using this
procedure, contours of constant dose, or isorads,may be determined. The equip-
ment must not be located such that its threshold susceptibility is exceeded,
i.e., inside the pertinent isorad. Generally, this forbidden region is rela-
tively small, i.e., on the order of inches away from the filter, because of the
rapid fall-off of dose rate with distance away from the filter and the relatively
high thresholds »f the equipment. However, this forbidden region must be a
consideration in equipment and filter location planning.

The determination of the distance which the filter must be located away from

the crew is much simpier. &enerally, this distance is at least a meter or greater

and at this distance the point source approximation is reasonably accurate. Only
very near the filter must the correction factor above be used.
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SECTION VII
MISCELLANEOUS CONSIDERATIONS

The major thrust of this work ic toward the protection required by the crew
and the electronic equipment from the contaminated dust ingested into the air-
craft via the environmental control system. These problems were addressed in
detail in the preceding sections. This section will briefly address the aircraft
engines and the dose due to dust accurulated on the aircraft exterior.

1. ENGINE INGESTION OF DUST

The air flow through the engines is much larger than the air flow to the
environmental control system. Therefore, much greater masses of dust will be
ingested. However, because the engine interior is streamlined to offer low
flow resistance, little of the ingested dust will be accumuiated. There is no
problem of the engine being a source of radiation due to trapped dust, The
only significant potential problem is that the large amounts of dust ingested
could erode the compressor-and-turbine rotor and stator blades, and cause
unacceptable damage.

It is beyond the scope of this work to investigate any potential damage
caused by the dust. A1l that will be done is to present the technique of
determining the total mass and the mass distribution with particle size of the
dust ingested by the engines during the cloud penetrations. It is hoped that
this information could be used by engine design and test engineers to ensure
that the mission completion capability of the engine is not compromised by
cloud penetrations.

Since the engine traps little or no dust, all of the dust which is ingested
flows through and out of the engine. Recall that the perfect filter analysis in
appendix s determined all of the dust which entered the filter and it was
assumed to trap it all. Therefore, the perfect filter results of appendix P
are pertinent to the engine. However, in this case, the results merely show
what has passed through the engine during the penetration and not what was
trapped.
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The total mass ingested by the engine during a penetration can be obtained
by figure B-23 of appendix B with the constant (Kl) based on the total mass rate
of flow of air through the engine. The mass distribution of the dust as a func-
tion of particle size can be obtained from figures B-5 through B-22.

2. DUST ACCUMULATED ON THE AIRCRAFT EXTERIOR

The dose due to the mass of dust trapped on the aircraft exterior is
addressed briefly in appendix A. Generally, this dose is relatively small and
will not affect either the crew or the electronic equipment. The primary
interest to date in this dust is related to the recovery of the aircraft by
maintenance personnel after a mission involving a penetration of a radicactive
dust cloud. Washing the aircraft and other decontamination techniques should
minimize the hazard due to external dust accumulations. However, the main
problem in recovery will be changing the filters and LRUs with open-cycle
conling. These problems should be addressed and recovery techniques
formulated to minimize the hazard to ground crews.
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SECTION VIII
CONCLUSIONS

The purpose of this report was to investigate the penetratior of & radio-
active cloud by a manned aircraft. The concerns associated with such a penetra-
tion are three: the crew, the electronic equipment, and the engines. If any of
the thre . exnerience significant performance degradation, the strategic mission
of the aircraft could be in jeopardy. Because detailed quantitative results are
extremely system dependent, specific conclusions about the effects of cloud
penetration on crew members, electronics, and engines cannot be drawn. However,
some general observations can be made.

1. The cloud immersion dose is accumulated equaily by the crew and the
electronic equipment during cloud penetration. The only feasible action to
reduce this dose is to avoid the ¢loud. Shielding to attenuate this cloud
immersion radiation is impractical because of the great weight of material
required to provide any appreciable attenuation.

2. In addition to the cloud immersion dose, the crew could be subjected to
potentially severe hazards associated with the dust ingested into the cockpit
by the environmental control system (ECS). Although these hazards, particularly
the ionizing dose accumuiations from dust accumulated in the cockpit and skin
burns from the beta radiation associated with the radicactive dust, can be
reduced considerably by the installation of a suitable filter in the ECS.

3. Although precise filter criteria for the cockpit ECS filter are the end
product of a detailed analysis and are system and threat dependent, study of the
cockpit dose results in appendix U reve.ls that filters which trap all particles
in excess of 6 to 8 microns in radius would provide good protection to the crew.
This capability is well within the present state of the art in filter de: gn.

4. Although the ionizing dose accumulated by piece parts in electronic
equipment is system and threat dependent, it is observed that the critical
particle size, Rc’ for typical plenum chamber geometrics and mass flow rates
of cooling air, is relatively large, i.e., 50 microns or larger. Eecause fall-
out rapidly depletes the cloud of large particles and the plenum chambers of
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representative line replaceable units trap relatively large particles, the
amount of dust accumulated in the plenum chambers is relatively small. There-
fore, the piece-part ionizing dose accumulation is probably relatively low.
Therefore, alleviation of this potential mission crippler should be relatively
straightforward.

This report has shown that cloud penetration by manned aircraft could result
in unacceptable performance degradation. Strategic aircraft should be subjected
to detailed analyses tu determine potential vulnerabilities and the corrective
actions necessary to reduce these vulnerabilities.
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APPENDIX A
UNIFORM FALLOUT MODEL

This appendix develops a preliminary model using the cloud dust density and
specific activity functions which were presented in section II. The relation-
shtus from section Il are independent of particle size. This model may be viewed
as a first order approximation. Because particle size is not a consideration,
the dust cloud effectively may be modeled by a cloud consisting of dust particles
which are uniform in size and activity. This model does take fallout into
account, but in a rather simplified fashion,

For the purposes of this development, the dust density and specific activity
functions are written in the form developed directly by curve fitting Whitaker's
data (section II).

pg(t) = a;(t™ + bt™) (A-1)
A(t) = Ajt™h (A-2)
where

a; = 3.46 x 1076 Le gms (dust)/cm?

g =1.2

m=1,6

n=0.3

b=1.313

A, = 4.22 x 1012 W&%%
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1. DUST INGESTION BY THE ENGINES

The mass rate of flow of air through the engines is given by hae grams (air)

per hour and is constant for a given engine and flight condition of the aircraft.

The air drawn through the engines contains dust in the ratio pd(t)/pa grams
of dust per gram of air. The mass rate of flow of dust through the engines
Me(t) in grams per hour is given by the relation

. . oo,(t) a } )
f(t) = S - 28 ‘(t'“+bt") tost st (A-3)

all other t (A-4)

L}
o

Mg (t)

For some purposes, such as considerations of the effect of engine lifetime
after dust ingestion, one may be interested in the total mass of dust ingested
by the engines during a cloud penetration. This can be obtained by integration
of the above equation.

Me(t) =0 t < t1 (A-5)
mo_a, |t 1. gt (t““ - t."">
_ae 11 i
Me(t) ) % m-1 tb T-n bttty (A-6)
h a Ft 1=m tfl-m [t -0y 1-n)
. _ae i f i .
Mo (t) = . l_ e A e t2tg (A-7)

2. DUST ACCUMULATION IN AIR CONDITIONING FILTERS

Also of concern to this analysis is the mass of dust collected by a perfect
filter in the bleed air 1ine from thie engines which supplied air to the crew
compartment/electronics. The accumulation of radioactive dust in the filter is
a source of radiation which contributes to the dose received by the aircrew
members and electronic equipment.
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If one assumes that the trapped dust is a point source of radioactivity and
neglects any shielding, one can calculate the dose rate and dose at some distance,
d, centimeters, from the filter. This distance represents the distance to the
crewmember/electronic equipment from the filter.

The mass of dust (Mp(t)) trapped by the filter can be calculated, assuming
100 percent filter trapping efficiency, in a manner similar to the one used
above, This relation is given by the following:

Me(t) = 0 tt, (A-8)
ﬁ,' a t -m tx-m tl-n -t 1-n
L B L) G tstet,  (A-9)
a
mo.oa, |t 1Mo g oM PR LI 1-n
Me(e) = i3t tate (A-10)
a

The product Mf(t) A{t) is the effective source strength of the filter trapped
dust. The dose rate measured at a distance d centimeters away from the source is

[+ Mf(t) A(t)
4nd?

be(t) = (A-11)

where C is a conversion factor with units of rads(tissue) centimeter2/photon.
The dose rate due to the dust trapped in the filter then is given by

De(t) = 0 t st (A-12)
CA m.a, ft ™. ¢t (t"" -t "")
& - 1 af i i ") i
Dg(t) P = +b = t ty st sty (A-13)
a
CA ma, [t !™- ¢t H"“-t"")
A = 1 "af i |- f f i - -
Be(t) = PaFr. p——+ b = t 2t (A-14)
a
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The total dos: accumulated by time t due to the filter dust is obtained by
integration of the dose rate.

Df(t) =0 tety (A15)

1-m 2-m-2 2-m-£
ty t -4

- 1-2 1=
Delt) = Ka[ =TT (t;1 -t TR

) b(tz-n-!t ; tiz-n-z) ) b ti1-n (t-m . "1-w)]

(T-n)(2-n-2)} ~(t-n){2-1)
ty st < te (A-16)

1-m 2-m-% . 2=m-2

t t
i 1-2 1-2 f i
m=T)(&-T) (ti -t ) * m-T)(m¥2-2)

De(t) = K

2-n-% 2-n-% 1-n 1-2 1-4
g™ - 12 ) b e (17 - gy )
“{T-n}(2-n-2] (T-n){2-1]

+

. [(til-m -t bty - tf“)] (8 - )

m-1 T-n 2-1
tzte (A-17)
where
CA m, a,
)" _1 af 1 (A-18)
4rd? Pa
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3. DOSE DUE TO CLOUD RADIOACTIVITY

Another primary source of dose to the crew results from the integrated
effect of the dose from the radioactive debris surrounding the aircraft as it
passes through the cloud. It is assumed that the cloud is an infinite, home-
geneous mixture with a distributed source of radiation of strength given by the
product of the dust density, and the specific activity A(t). For simplicity,
consider the aircraft to be adequately represented by a sphere of radius R
centimeters and neglect any shielding effect of aircraft structure. For any
source point at a distance d > R from the center of the sphere, the rate at
which photons are emitted from a volume element dV is given by Pq A{t) dv.
Since the source is assumed isotropic in nature 94 A(t) dV/4nd2 is the fluence
at the center of the sphere from the volume element. One must also account for
atmospheric attenuation of these photons which requires a factor of exp
%(u'/oa)oad where u'/p, is the mass attenuation coefficient for the photons
of interest. To convert from photons per centimeter? to dose units use the
conversion constant C, which is a function of the energy level of the photons.
The total dose rate due to all volume elements is given by

@

/' c od(t) A(t) e-(ll?’“)pd 4rd2 dd

B (t) = (A-19)
R 4qd?
or
. C o4(t) Alt) |
B () = —d " 7 u'R (A-20)
c It
since
u~ 1075, R ~ 102 cm, ande'”lR~ 1
therefore,
. C py(t) Alt)
D (t) = ~—————— (A-21)
c W
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Subst:tuting, the equation becomes

. _¢ -1 -m -n
Blt) = Ehy €7y [fmene™]  gerat (a-22) '.
f)c(t) =0 all other t (A-23)

The total dose accumulated at time, t, is given by !

hd
Dc(t) = [ Dc(t) dt

1

Performing the indicated integration
Dc('c) =0 t <t, {A-24)
_c 1 1-(m+2) 1-(m#e)
Delt) =-TA, ai[m—m (5 - gl

O t1-(n+z))] tistet,  (A-25)

c o | mrE-T

L
:
. A ay
L D (t) = c__li[ 1 (t11~(m+z) _ tf"('“""))
}

* ETE‘-T (til-(nﬂ) - tfl-(nﬂ))] t 2 te (A-26)

- 4. DOSE DUE TO EXTERNAL ACCUMULATION OF DUST

If radioactive dust is accumulated on the skin of the aircraft or in
crevices and discontinuities caused by joints in the external structure, it
would also contribute to the radiation dose received by the crew/electronic

’ equipment.

’ Since the dose from this source would be inversely proportional to the square

| of the distance from the source point to the crew member/electronic equipment, it J
\ would appear reasonable to consider only the dust accumulated in the near vicin-
~ ity of the crew member/electronic equipment. For example, in determining the

dose to the pilot, one would restrict his attention to the accumulation of dust 1

in the cockpit/crew station area.
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If one could reasonably estimate the amount of dust accumulated in the
pilot's vicinity as G grams at an effective distance of d centimeters one could .
estimate the dose due to the source.* To be conservative one might assume that ‘
all of this dust was accumulated at the time of entry, t;s into the radiation )
cloud and remained there during the remairder of the mission.

Then the dose rate at position R from this source would be given by

ba (t) = GCA(t) (A-27)
e 4nd?
1
or
. GCAx -1 A-28)
= tat -
Paelt) e =N (
The integrated dose then is
D,e(t) = 0 t sty (A-29)
© GCAl (t1'2+1 t-1+1) (h-30)
D, (t) = we— T txt -
ae g2 L - i

This area has been investigated experimentally and analytically by several
researchers. No attempt will be made here to correlate the experimental find-
ings with this rather crude first cut analysis. Future effort in this area is
needed. However, in this work this dose is much less critical than the filter
and cloud doses, and has been presented briefly only for the purposes of
conpleteness.

5. TOTAL DOSE
The total radiation dose due to penetration of the cloud then is the sum of

individual doses.

*ps a "first cut" at the accumulation of dust on the aircraft exterior, one
could measure or estimate the volume of all the cracks, cravices, etc., and the
volume of surface accumulation, which would be a function of the boundary layer
thickness. If then the dust density in the cracks, etc., is known or assumed,
a total mass can be approximated.
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DT(t) = Df(t) + Dc(t) + Dae(t) (A-31)

6. SPECIFIC RESULTS

Substituting the values for the cloud parameters, i.e., m, n, £, and b, into
the equations developed previously, and grouping the remaining constants, the

7 ) following equations are obtained.
ﬁ—ziii)= t716 + 1,313 ¢0.3 ti st ety (A-32)
/
:‘ Miifit) ;7 GojGt'O.s) , 1,313 (97 - £07) Getet, (A33)
/
Mel/(:(:) N (ti-o.so...stf-o.e) , 10_31}2 (tf°-7 ] ti0~7) brt, (o)
/
. I'J_f;((_’2= ['ol(; (ti_o.e . t-c.s) + l_h_217§ (t°-7 - t1°°7)] g=1.2
3 : tistet  (A-35)

0,(t)
LRI B -0.6 _ 4 -0.6) 4 1.313 4 0.7 _ 4 0.7)] ¢-1.2 -
—_— [70_ (ti te ) + 5T (tf t ) t tat, (A-36)

KS
D(t)
2 -6.25 ti'°'8 +2.083 t~9-8 + 3,751 t0+5 + 9,379 ti°-7 t-0.2
K"ﬁ
- 8.33 ti-°-3 t-0-2 - 13,13 ¢,0.° tyctet. (A3))
h
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D.(t)
- 6.25 £,-0+8 4 13.13 £,0°5 - 6.25 t,~0-8 - 13,13 £,0.5
i f f ]
K3
+ (9.379 £,0-7 + 8,333 £,70+€ - 8.333 ;706 - 9.379 £607) £70-2
t2te (A-38)
b(t
c( ) - (t-l.G +1.313 t-o.a) g-1.2 ti <t i.tf (A-39)
Ky
D (t)
AR | -1.8 ~1,8 1.313 -0,5 -1,5
—TE - R = R R )
4
L Dc(t) 1 -1,8 -1.8 1.313 “0.5 ~0.5
* K'='|_.'§<t1 ~ b )*—n—, (t,- -t ) tate (A-41)
4
i
D (t)
t e s tat, (A-42)
KS
D, (t) ) ‘
y € -5 (670 - 170 tat, {A-43)
K 1 J i
S
]
where

K = Mae 31 gm(dust)
i p r

a
K = r;‘af 2 gmédust)
2 Pa r
K. = CA Maf 35  rads(tissue)
P and? o, hr
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Kk = -1 % rads(tissue)
4 v “hr
u
GCA
K = ___l._£29§£%%25521 (A-44)
4nd?

Note that the expression for the amount of dust ingested into the engine is
functionally identical to the expression for the amount of dust trapped by the
perfect filter. The only difierence is in the constant, i.e., K  corresponds to
the dust ingested by the engines and K, to the dust trapped by the filter.
Therefore, these two equations were combined in equations A-32 through A-34.

7. GRAPHICAL RESULTS

These equations are all completely analytical and easy to solve for any
given set of input parameters. Representative vesults have been obtained and
are shown in figures Al through A10. The ordinate in each case is the inde-
pendent variable of interest nondimensionalized by the pertinent constant, i.e.,
These results then are general. For a specific aircraft,
ofile, the constants can be determined and the specific

Figure Al depicts the mass rate of flow of the dust to the engines or the
filter. Fallout of the dust in the cloud is reflected in this figure through
the decrease with time of the mass rate of flow of the dust. For a no-fallout
situation, the mass rate of flow of dust would be constant. Therefore, fallout
is a significant factor in this development. Figure A2 depicts the total mass
ingested by the engines/trapped by the filter for two cloud entry times (TI),
10 minutes and 60 minutes after detonation. The total mass ingested/trapped as
a result of a particular penetration duration (aT) is read from the ordinate at
an exit time of TF = TI + AT, for the curve corresponding \o the proper TI.

Figures A3 and A4 depict the dose rates (at 1 meter) due to the dust
trapped in the filter. Figure A3 corresponds to a T! of 10 minutes and figure
A4 a TI of 60 minutes. Each figure depicts a family of curves corresponding to
penetration durations of 2, 5, 10, 15, 30, 45, 60, 120, 300, and 600 minutes.

The rapid decrease in the dose rates with time is due to two factors, the fc:lout
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of the dust particles from the cloud, and the decrease in photon emission due to
the normal decay procnss. Note that the dose rate does not go io zero after
exit from the cloud because the dust trapped in the filter remains in the filter
after cloud exit and is a source of ionizing dose.

Figures A5 and A6 depict the ionizing dose (at 1 meter) due to the dust
trapped in the filter for cloud entry times of 10 and 60 minutes after detona-
tion, respectively. The curves in the figure correspond ic the same penetration
durations given previously. Note that the dose rate and “ose results are
presented for a distance from the filter of 1 meter. These results can be
related to other distances by multiplying the results by the factor (1 meter)?/
(distance in meters)2. Figure A7 depicts the dose rate due to the aircraft
being immersed in the cloud. (The crew and all aircraft components are exposed
equally to the photons emitted from the cloud, because the shielding provided
by the aircraft is negligible.)

Figure A8 depicts the dose accumulated by the crew due to cloud immersion
for TIs of 10 and 60 minutes after detonation. The dose accumulation is read
by choosing the curve corresponding to the Tl of interest, determining the cloud
exit time, TF = TI + AT, and reading the dose from the ordinate. Figure A9
depicts the dose rate (at 1 meter) per gram of dust accumulated on the aircraft
exterior. Figure A1Q0 depicts the dose (at 1 meter) per gram of dust accumulated
on the aircraft exterior for TIs of 10 and 60 minutes after detonation.

This model is simple, easy to use, and its associated equations are completely
analytical. For any given set of input parameters, i.e., Ks, TI, and 4T, results
can be obtained with only a slide rule. However, this model does not realistic-
ally represent the actual radioactive dust environment and its behavior with the
time and may not yield realistic results.
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APPENDIX B
IMPROVED FALLOUT MODEL

In the previous appendix, a first cut, simple dust cloud model was Jeveloped.
Because this model does not account for dependence of the results on particle
size, the predicted results will not support additional detailed analyses. The
lack of particle size dependence, in particular, handicaps the filter crapping
analysis. For these ::.-<ons, it was decided to develop a more realistic model.
This model and its predictec results will be investigated to determine if its
more realistic results (compared to the Uniform Fallout Model) offset the added
compiexity of the model and associated equations. Although the equations asso-
ciated with this approach appear to be rather complicated, in reality, they are
relatively simple and straightforward. Relatively simple numerical techniques
are employed to solve them using only a minute or so of computer time, rather
than the hours required for the complex dust environment codes.

It is well known that very small particlies, i.e., r < 1y, tend tc iain
suspended in the atmosphere almost indefinitely (ref. 9). One method .. ultimate
removal is by their being used as precipitation centers for water vapor and fall-
ing out with rain or other precipitation. The point is that they do nct fall
out, at least over the time period of interest. The seitliny veloci.; of very
small particles is expressed in Stokes {raf. 10) as

= 5 2 -
Vo= 1.2 x10%p r? (8-1)
where VS is the settling velocity in cm/sec, Pp is the density of the particle
in gm/cm3 and re the particle radius in centimeters. Substituting in the value
of °r for a representative soil, o = 2 gm/em’ and converting the radius to
microns, then

Vg = 0.028 r2 (B-2)

where r is the particle radius in microns. The equation was derived with the
assumption that the Reynold's Number based on the particle diameter and settling

1Nz
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velocity was very small, i.e.,

2 x radius x VS
Re = —_— << 1 (B-3) K
air
where Vaip is the viscosity of air. The relation is very accurate for the range
of particle radius from 1 micron to 50 microns (ref. 9). Although Stoke's Law
was derived for Re << 1, it has been found experimentally that there is good
agreement between the theory and experiment up to RE ~ 1, where divergence
begins, but agreement is still adequate up to RE ~ 10 (ref. 11). Therefore, the A
settling velocity concept is reasonably accurate up to a particle radius of about
103;.* Based on review of available literature, the initial particle size
distribution was assumed to be

foarp e (B-4)

with cutoffs at r = 0.1y at the Tower end and r = 10,000u at the upper end.

These cutoffs were based on intuiticn sharpened by study of available information.
The upper limit was suggested by Whitaker's work (ref. 1) and the lower based on
consideration of possible condensatiun patterns after a detonation. The assump-
tion is made that

flr) = N p3-8 (B-5)

where f{r) is the total number of particles with radius r in a cubic centimeter,
and N is the constant of porportionality. Then the mass per cubic centimeter of
all the particles with radius r is

pd(r) =) . p % ard Nt
cm? r

pq(r) = % o Nar 05 {B-6)

*ATthough this concept breaks down for particle sizes greater than 103y, equation
(B-2) was used in the numerical integrations used to calculate the results in
this appendix. Therefore, the results associated with particle sizes in excess
of 1000u are somewhat inaccurate. /
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where op is the density of each solid particle (assumed to be 2 gm/cm3) and Py
is the standard dust density distribution (equation (3) in section II).

It has been shown that the larger particles tend to fall out faster than the
small particles (ref. 9). It is assumed that all particles with the largest
radius fall out before any of the next smaller radius. This is referred to as
the "nibbling mouse" assumption, because the only change to the number distribu-
tion or the density with time is the disappearing end point. The end point can
be envisioned to be in thc process of hcing eaten by a mouse nibbling the curve
at a "rate,” R(t). Figures B} and B2 show the number distribution and the
density with cutoffs noted. These curves were obtained by fixing the constants
involved in the following way. The following relation is forced to hold.

R(t)
p4lt) 6/1 pylr) dr (87)

where Py is defined by equation (3) in section II. Note that the time dependence
of the density distribution with r enters only through the upper limit of the
integral. The value of R{t) at 10 minutes (or 0.167 hour) is defined to be 10"
microns. The above relation evaluated at 10 minutes after detonation fixes the
value of the constant N. Therefore,

1}

fr,t) = 1.2 x 1010 a, po3e5 0.1 <r <R(t) (B-8)
pa(ryt) = 9.9 x 1072 3, r%5=9.9x 102k r %5 0.1 <r <R(t) (B-9)
d i 7

where K, = a, gm(dust)/cm3, a nondimensionalizing constant. Recall that

R(t)
pg(t) = 9.9 x 1072 ay f r0e5 dp
0.1
ar
pglt) = 0.2 a, [R(t)"'5 - 0.316] (B-10)

To determine R(t) note that equation (B-10) must hold for all t. Therefore,

14
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-1,6 ~0. 1
a, (tF + 13136799 < 0.2 4, [R(e)'72 - 0.316] (8-11)
which results in

- - 2
R(t) = [5.04 (e f s 133 ¢ %) + 0.316] (8-12)

The density distribution function is completely defined as a function of
particle size and time; the specific activity must now be determined. It appears
reasonable to assume that the activity of the smaller particles is proportional
to the entire particle mass which is predominately condensed bomb debris, and
that of larger particles is proportional to the mass of the surface coating on
the particle which is condensed bomb debris. If this assumption is made then the
specific activity per particle is given by
~rd 0.1 <rc<s (B-13)

Apart1c1e

A ~r2 s <r <104 (B-14)

particle

where & is the somewhat arbitrary boundary (assumed from hereon to be 20y)
separating the region where particles are assumed to be composed entirely of
condensed debris and the region where particles are assumed to be coated with
bomb debris.

Relating the activity to the mass of each particle, then

1.2 0.1 <r<s (B-15)

1l
-
[ad

A(r,t) =

Alr,t) = rtogte? 8 <r < tO4 (B-16)

1
-+

Making use of the condition that at r = ¢,

A(r,t) = Alr,t) + (B-17)
r-+3 r-+3

This results in the relation

£, =6 (8-18)

N5
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To evaluate the constant, one other condition is needed. The condition
chosen was based on the physical situation. It is assumed that the 1C minute
conditions in all the fallout models considered are identical. Therefore, the
total number of fission fragments, the photons per unit area of an immersed
body, and the dose rates for both cases are equal at 10 minutes after detonation.
For the Uniform Fallout Model,

Belt) = L oq(t) A(t) (8-19)

For the Improved Fallout Model

8 R(t)
D (t) = —C-[ f o4(r) Alr,t) dr + f pgl(r) Alr,t) dr (8-20)
" Lon 8

and it was assumed that

D_(0.167) =D_ (0.167) (B-21)
improved uniform

Performing the necessary operations and simplifying, the folluwiag is obtained.

99,684
£, 5= = 11.83 A, (8-22)
240+ - 0.01 6 - 0.316

¢

i

f,

§a 236.55 A1 (8-23)
where A is defined in appendix A and & = 20u. Therefore,

Alr,t)

.83 A t77 0.1 <r < 20m (B-24)

236.55 A, t7'"2

- 20u < v £ 104 (B-25)

"

A(r,t)

Note that the specific activity is applicable from r = 0.1 to r = 10* for all
t. The "nibbling mouse" is not applied to the activity because the activity is
per gm of dust.
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The cloud parameters are now defined and using the same assumptions mentioned
earlier, i.e., zero wind, evc., the mass rate, mass dose rate, and dose calcula-
tions performed earlier are repeated using the newiy derived cloud characteris-
tics, which are now particle size dependent.

The mass trapped in the filter as a function of time and particle size is
determined assuming that all the dus: is trapped by the filter.

.

Y Maf
Mf(ryt) = _O:: Dd(r:t) (8-26)
or
Mo(r,t)
—f—K—- = 9.946 x 1072 r 04 0.7w < r < R(t) (8-27)

2
where K, is the same as defined in equation (A~44) in appendix A.

The total mass trapped is the integral over time of the above relation.

Mf(r’t) -2 -0,5
——* 9.946 x 107" r™ 7 (t - t5) 0.1y £ r 2 R(t) (B-28)
2
Me(r,t)
fi -2 _ -0,5
—g— = 9.946 x 107" r (tn - ty) R(t) <r, <R(t;)  (B-29)

2

where t. <t <t, and = R(tp). Equation (B-29) is handled with numerical

techniques fgr plotting purposes.

This combination of analytical and numerical techniques is necessary because
of the "nibbling mouse." Figure B3 is representative of the mass rate of flow
of dust into the filter, Mf(r,t). Note that it is a simple prism with the
"nibbling mouse" eating away at the edge. Figure B4 is a representation of the
mass of dust collected in the filter. This three-dimensional figure is consid-
erably more complex than the previous figure. "Slices” of three-dimensional
figure B4 for varicus {(t;. t¢) sets are presented in figures B5 through B13.

This ﬂf(r,t) equation set can b¢ integrated over r and then evaluated at tf
to give an equation set, which represents the cumulative mass {(CMg) as a
functicn of r, for some (ti, tg).
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M (r)
f— = 0.1989 (ro-s - 0.3162) (te-t;) 0.1 <r <R(te) (8-30)
CMf(r) N 0.5
—F— = 0.1989 [R(t)**® - 0.3162] (t5-t)
2
R(t{) .
+9.946 x 1072 é%; | rn_ 'S(tn-t1)A r R(tf) < T R(ty) (B-31)
f

Note that the second equation must be integrated numerically. These results are
presented in figures B14 through B22. Figure B23 presents the total mass
collected by the filter as a function of time after weapon detonation for the
TIs of interest. The total mass results in this figure are identical to the
results in figure A2 in appendix A.

These results may be used to directly determine the total mass (and its size
distribution) ingested by the engine in the same manner as discussed in the
Uniform Fallouf iindel Analysis.

Now conside: the dose rate and dose which are associated with the dust
trapped in the fiiter. This dust acts as a source of photons which could affect
the crew/electronic equipment. The dose rate can be written as

; c
Delr,t) = Py Me(r,t) A(r,t) (8-32)

Substituting, the following set of equations is obtained.

ti <tz tf
Delrat) . .
= 1076 #7%5 (2 - gy) €712 0.1 <r <20 (B-33)
3
Do(r,t) - -
f = 2382 ¢ 10 (g - ty) 7102 20 < r < R(t) (B-34)
3
Dy(r,t)
f -1.5 ~1.2
aan 23.52 r, (th - tj) t R(t) < r, < R(ty) (8-3¢)
18
—_— . K _ . e .

L‘L .




AFWL-TR~73-82

t = tf i
Be(r,t)
fo— = 1076 £ (1 - 1) 02 01 <r <20 (B-36) )
3 |
‘.
Delr,t)
f g = 23.52 P (b - tg) £7102 20 s v <R(tg)  (8-37)
‘ D(r,t)
r, _ 1.
= 23.82 0 7% (g - t) 717 R(tp) vy <R(t)  (8-38) |
3
!
| From these, the dose distribution as a function of size r for a (tj, tf) set
can be obtained by integrating over t. The distribution can be determined at
any time after detonation, The time of most interest here is the time of mission
* completion (Tpe). The complete set of equations for Tne > tg and R(tf) > 20u is
0.1 <r <20
|
[ Dglr)
f - -0.5 0.8 0.8 -0.2 - R
) K" 5.88 r [1.25 (tf -t ) +Toe (t4 tf)J (8-39)
20 < r < R(tf)
by
De(r)
f _ -1.,5 - 0.8 0.8 -0.2 N
X n7.6r [1.25 ('cf -t ) * Toe (t5 - tf)] (B-40)
R(tf) < r, < R(t{)
De(r)
f - -1,8 0.8 , 0.8 “0.2 . _
AL L (AR T I Ml ta)] (8-41)
where o = R(t,) and ty et < tf. /
119
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If R{tf) < 20u, then the above set of equations becomes

0.1 <r < R(tg)

Dg(r)

K

= 5.8 r 0" [1.25 (6% - %) + 1 700 (ty - tf)} (B-42)

R(tf) < r 220

Dg(r)
K

. 0.5 0.8 0.8
—= 5.8, [1.2s (£, - £,%) + 7,

20 < r < R(ty)

De(r :
f _ -1,5 0.8 0,8
AP ST g [1.25 (8,07 - £,0%) + 1

K3 n

0 (- )] (8-40)

These equations are plotted in figures B24 through B32.

Integrating this set over r gives a cumulative-dose-as-a-~function-of-r set
of equations. Note that again numerical integration must be used in parts of
the evaluation. For R(t¢) z 20y,

0.1 <rc?0

—

P (r)

1
K3

= .76 [1.25 (600 - £.°48) + 102 (ty-tp)] (+°%-0.316)  (B-05)
20 < r < R{tg)

cnfz(r) cnf‘_(m)

. L 0.8 _ . 0.8
i e R [1.25 (i £,°%)
100 (ti-tf)] [0.2236 - r'°'5] (B-46)
120
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n
€0, (r) D, (R(tf) R{t4)
fz . sz 7) T [r2s (£,°° - &)
3 3 R(ts)
0.2 =1.5
*Te (ti-tn)] ry T ar (8-47)

where o= R{t,) and ty st <t

If R(tf) < 20u, the preceding set of equations becomes

0.1 < r < R(t¢)

CDf (r)
1 0.8 0.8 -0.2 o 0.5 )
= 176 (125 (£,°% - ¢,7%) + T, %% (titg) (+"°-0.316) (B-de)
R(tf) 2 r 220
chz(r) CDfl(R(tf) s 5.8 % [1 25 (t 0.8 _ 4 o.a)
K3 K3 R(tf) n 1
-0. -0.5
s 02 (ti-tn)] 0% ar (B-49)
20u < r < R{t{)
CDf (r) CDf (20) R(t1)
> e+ 117.6 1.25 (¢ °° - ¢,%%)
Ka K3 ¢ 5 ‘ n i
+ Tmc'o‘2 (ti'tn)] rn'l's ar (B-50)

where o= R{ty) and tist <t These equations are plotted in figures 833
through B41 in semilog scaling for better accuracy at the higher dose Tevels and
figures B42 through B50 in log-log scaling for better accuracy for the lower

dose levels.
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Another useful set of equations can be determined by taking equations (B-33)
through (B-38) and integrating out the size dependence to obtain the dose as a
function of time. Again a numerical technique must be used, and Ty s R(tp)
with ti st <te. For t, <t < teand if R(t) > 20u

D. (t)
f
1 - ~0.5 0.8 = 0.8 =-0.2
— (101.46 - 235.27 R(£)70%)(0.25 ¢°+% - 1.25 £,°+% + £.470-?)
R(t{)
~ ~0.2 -0.2 -1.5
+ 117.1 (1;i -t )zR%t) n (th-tg) ar (B-51)
if R(t) < 200
0 (t)
i
2 - “ 0.5 0.8 0.8 -0,2
" (1176 R(t)%*® - 3.7185) (0.25 £°+% - 1.25 ¢,%°% + £,t™*:%)
: [«
+ (6,702 - t70%) 15,88 2 v 05 (taety) o
1 n
R(t)
R(t;)
+ 7.6 25 r 70 (tg-ty) o (B-52)
20

For times after t., i.e., t > t., the equations become, for R(tf) > 20u,

D.(t) . .
= (6707 - £702) [(te - ) (10146 - 235.27 R(tg) ")
3
R(t{) D (tg)
-1.5 1 P
+ 7.6 ; TS (g - ty) ar| ¢~ (B-53)
R{ts) 3

If R(tf) < 20p, this set of equations becomes

D.(t) - -
Ak (0% - ¢ ) (e - t1) (11.76 R(t¢)**S - 3.7185)
3 20
4 5.882 U ©F (ty - t5) or
R{tg)
R(ti) s Df (te)
s 7.6 2 v, 70 (b - ty) ae| + —E— (B-54)
20 3
122
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The filter dose as a function of time is plotted for several TI and TF
combinations in figures BS1 through B59.

The dose rate in a cloud is

be(rot) = £oo4(r,t) A(r,t) (-55)
u
or
B (r,t) _ -
< — =117 r 0.5 ¢=1.2 0.lu<r <20 (B-56)
1y
D (r,t)
L= 23ser ¢S 2 20 <r < R(t) (8-57)
4
Integrating over r
b (t)
c . -1.2 -0.5 R
g - 47,054 ¢ (0.4314 - R(t)™°"%) (B-58)

The dose then is

t
D.(t)
C _ -0,2 -0,2 -0,5 . ~1.2 _
%= 47.054 { 2.157 ('c,i -t ) - E : R(t) t at (B-59)

4 t'i

The dose rate and the dose are presented in figures B60 and B61.

In all these relations the summation symbol indicates numerical integration,
and the integral symbol analytical integration. Extensive checks of the
numerical techniques used were made to ensure veasonable accuracy. Comparing
figures B33 and BS51, it is seen that the two different approaches yield results
at t = 30 hours very close in value, i.e., to about 1 percent.

It is noted again that these results are applicable for the 100-percent
efficient filter.
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GRAPHICAL RESULTS

The equations associated with this model are considerably more complex than
those associated with the simpler Uniform Fallout Model, and dictate the use of
numerical techniques to obtain numerical results. Therefore, extensive graphical
results are presented to support accurate interpolation. This model is more
realistic than the Uniform Fallout Model, but could be further refined by inclu-
sion of the dependence of the dust density on altitude as a function of time and
the use of a better, more mathematically precise number distribution, i.e.,
refine the "nibbling mouse" assumption. The above refinements might provide
more accurate results, but the increase in accuracy would probably not be
significant.

The graphical results themselves will now be discussed to illustrate their
use. Recall that the filter used in this development was a perfect filter. It
collects all ingested dust particles for the penetration Al. When the aircraft
exits the cloud at TF = TI + AT, no more particles are collected. The trapped
mass distribution results are shown in figures B5 through B13. Each graph
presents the dust mass collected by the filter as a function of particle size
for a particular TI and with penetration duration, AT, as a parameter. Each
graph considers aATs of 2, 5, 10, 15, 30, 60, 120, and 300 minutes. These fig-
ures are for cloud entry times ranging from 10 minutes to 5 hours after weapon
detonation, which should cover the range or interest for most analyses. Particle
size distributions range from 0.1 micron to 10,000 microns radius. A comparison
of figure B5 for a cloud entry time of 10 minutes with figure B13 for a cloud
entry time of 5 hours shows the appreciable effect of fallout on the results.

At TI = 10 minutes a sizable portion of the ...ss consists of particles with

r > 10 microns; whereas, for Tl = 5 hours all of these particles have fallen out
prior to aircraft entry, and thus no particles in this size range are collected
by the filter.

The second series of perfect filter graphs, figures B14 through B22, presents
the cumulative mass collected by the filter for a particular TI, as a func .n
of particle size and in terms of the same range of parameters AT. Cumuletive
mass CMf(r), means the dust mass collected by the filter represented by dust
particles which have sizes less than or equal to r. If Mf(r) represents the dust
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mass distribution function for the filter as a function of particle size r for
a TI, aT case, then

.
CH(r) = { Me(r) dr (8-60)

Figures B14 through B22 present these results for cloud entry times ranging
from 10 minutes to 5 hours. To further clarify the meaning of these figures,
consider for a moment figure B14. This figure gives the cumulative mass collected
by the filter as a function of particle size for a cloud entry time of 71 = 10
minutes. For illustration purposes select a penetration duration of aT = 30
minutes, then focus on the question of how much dust will be collected whick has
particle sizes ranging up to 50 microns. Entering the abscissa at 50 microns and
moving up to the curve corresponding to AT = 30 minutes, a result of 0.67 K2
grams is obtained from the ordinate. Similarly 2.2 K, grams of dust particles
with sizes up to 500 microns have been collected by the perfect filter for the
the same entry time of 10 minutes and penetration duration of 30 minutes.

The cumulative mass collected for particle sizes up to 10,000 microns repre-
sents the total mass collected by the filter since this represents the upper
limit of particle sizes considered in the analysis. Figure B23 presents the
total mass collected by the perfect filter as a function of time after weapon
detonation with cloud entry time as a parameter. Results for cloud entry times
of 10, 18, 30, 45, 60, 90, 120, 180, and 300 minutes are included in this figure.
As an example of the utility of this figure consider the following: How many
grams of dust would be collected by a perfect filter in the aircraft environmental
control system if it entered the cloud at TI = 30 minutes and exited the cloud
after a penetration duration aT = 30 minutes? In this example, note that the
aircraft exits the cloud at TF = TI + AT = 60 minutes = 1 hour after weapon
detonation. Enter the abscissa at TF = 1 hour and move up to the parametric
curve for TI = 30 minutes and read from the ordinate the fact that 1.6 K, grams
of dust have been collected by the filter. The total mass of dust collected is
an extremely strong function of cloud entry time, which again :itests to the
fact that fallout effects are significant in the analysis.

Curves pertaining to the filter dust mass distribution function, cumulative
mass, and total mass collected by the filter are in themselves useful from a
filter design standpoint. .lowever, another major factor must be considered.
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The dust particles collected by the filter are a source of radicactivity which

is carried with the aircraft and contributes dose to the crew/electronics in the
vicinity of the filter. Dose calculations from this source have been made and
are based upon several assumptions. The filter is assumed to be a point source
of radioactivity emitting gamma rays with an average energy of 1 MeV. The
resultant dose calculated corresponds toa dose “at-1-meter" so that a simple
correction factor of (1 meter/d meters)2 can be applied to the results to correct
for actual separation disiance of crew/electronics from the filter.

The product of the mass distribution function and the specific activity
distribution function is involved in the filter dose calculations. In addition,
after the afrcraft exits from the cloud, the dust previously collected continues
to contribute to the dose until the mission is completed. Thus, to present the
results, a particular time after weapon detonation must be selected as a base-
line, and in this work the dese data are presented at a time of 30 hours after
weapon detonation. These results can be scaled to other times, as will be
demonstrated.

Figures 824 through B32 present the resultant perfect filter dose distribu-
tion function as a furnction of particle size and with penetration duration as a
parameter for a particular cloud entry time, TI. The penetration durations
presented on each figure are 2, 5, 10, 15, 30, 60, 120, and 300 minutes, and
each separate curve presents results for a particular cloud entry time in the
range from 10 minutes to 5 hours. Again the effects of fallout can be easily
observed by a comparison of early and late cloud entry data, for there is no
dose contribution from large particlz: sizes for late cloud entry time. Although
not as noticeable, it can be also observed that the exponential radicactive decay
law has been included in the analysis, figures B33 through B50.

The next series of figures presents data on the cumulative filter dose at 30
hours after weapon detonation as a function of particle size. Figures B33
through B41 use semi-log scaling and figures B42 through B50 use log-log scaling.
These sets of graphs depict the same data and both are presented to facilitate
the accurate interpretation of the numerical values. The term cumulative filter
dose is defined as that portion of the total dose attributable to all particles
collected which have sizes less than or equal to r. These figures present this
cumulative dose for cloud entry times from 10 minutes to 5 hours, and in each
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figure results are presented over the range of penetration durations of 2, 5,
10, 15, 30, 60, and 120 minutes. As an example of the use of these curves
consider the following question: For a cloud entry time of 10 minutes and a
peretration duration of 15 minutes, how much of the "at-1-meter" filter dose
collected during the 30 hours after weapon detonation is attributable to parti-
cles with particle sizes of 10 microns radius or less? In figure B33 enter the
abscissa at 10 microns, move up to the parametric curve for a 15-minute penetra-
tion duration, and read the filter dose of 6.5 K, rads(tissue). The dose
attributabie to all particles for these same conditions is 19 K, rads(tissue) so
that the particles with size of 10 microns or less contribute approximately
one~-third of the total dose. From figure 841, for later entry times, i.e., 5
hours, and for the same 15-minute penetration duration, the smaller particles
with r < 10 microns contribute 1.8 K; rads(tissue) out of 2.7 K, rads(tissue).
Figures B51 through B59, for the perfect filter case, provide the total dose
"at-1-meter" due to »11 particles collected by the Filter as a function of time
after weapon detonation and with penetration duration as a parameter. In these
figures 1esults are presented for penetration durations vanging from 2 minutes
to 120 minutes, and each figure is for a particular entry time in the range from
10 minutes to 5 hours. For the baseline case of TI = 30 minutes and aT = 30
minutes, note from figure B53 that 24 K, rads{tissue) wouid be accumulated by a
crew member located "at-1-meter" from the filter at 30 hours after weapon
detonation due to dust collected by the filter.

This set of figures, figures B51 through B59, for the perfect filter case
also provides the basis for scaling the previous dose results (i.e., figures
B24 through B50) which were presented at 30 hours after weapon detonation to
earlier times. A time-scaling factor (TSF) can be obtained from this series of
curves and used to scale the 30-hour results to the particular time of interest.
The time-scaling factor is defined as

- D(t -61;
TSF = E;Tgb SUrS (B-61;
whioe D(t) is the filter dose at time t after detonation (tg <t < 30 hours),

and Df(30 hours) is the filter dose at t = 30 hours. Both doses are obtained
from the appropriate figure (figures B51 through B59) for a particular case

127

s




AFWL-TR-73-82

of interest (defined by a particular Tl and AT}, To obtain the filter dust dose
distribution function or the cumulative filter dose at some time other than 30

hours, multiply the ordinate of the appropriate figure by the time-scaling factor.

To further clarify the use of ihe time-scaling factor, consider the following
example. Assume that the aircraft 1ifts off at midnight and at 0600 it enters a
radioactive dust cloud resulting from the baseline massive multiburst dust envi-
ronment. Assume further that the weapons were detonated at 0530. Thus, the
aircraft cloud entry time is 30 minutes after detonation. Assume also that at
0630 the aircraft exits the cloud. Thus, the penetration duration aT = 30 min-
utes and cloud exit time is TF = TI + AT = 60 minutes after weapon detonation.
Assume finally that the aircraft completes its mission and lands at a base at
1200 hours. The landing time corresponds to a time of t = 6.5 hours after weapon
detonation. From figure B53, Df(30 hours) - 24 K, rads(tissue) and Df(t) =
Df(6.5 hours) = 16 K, rads(tissue). The 16 K, rads(tissue) is the filter dose
(at-1-meter) which would be accumulated by the crew. The time-scaling function
(TSF} is 16 K /24 K, = 0.67. The 6.5-hour dose distribution as a function of
particle size and the 6.5-hour cumulative dose as a function of particle size
are obtained by scaling the 30-hour results in figures 826, B35, and B44 by the
time-scale factor, 0.67.

Since crew response to radiation is dependent upon the dose rate as well as
the dose received, figures B62 through B70 are included. These filter dust
rate graphs are nondimensionalized by K3 and are given for the same TI, AT cases
as the filter dust dose graphs.

Also of interest is the specific activity distribution function, equations
(B-24) and (B-25), which is shown graphically in figure B71.
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163

Locoo

PN




r—— —

AFWL-TR-73-82

—120—
AT = PENETRATICN DURATION (min)
55 J
50 R
45 J
W ]
n
n
B (0
, g » v 4
n
r4
1]
o 4
0
n & 4
b
3 ~
hooa 30 4
Y [a}
a
15 4
1 15 .
10
5 ]
2
0 1 1 1 L ]
- n w
- - N v o N wn 0 N [=] n u ™
- o 2 [+
- 2 i
PARTICLE RROJUS {MICRONS) -
Figure B36. Cumulative Filter Dose at 30 Hours, TI = 45 Minutes
164
3
" - o — | L e - PR




AFWL-TR-73-82

55 T L] T 1 T 1 T T T T T T T T
AT = PENETRATION DURATION (min) 120
0 - -
W+ ]
w b ]
L I .
w
).
z
G 60
n ~
b4
w
i
[a]
m
X
\ -
W
8 30
]
15 1
i
10
5
2
1 1 1 1
- ~ w
: ' - ~ w (-] ~N w [=] ~n w o o~ " B
- [<] Q o
: g 8
PRRTICLE RAOIUS (MICRONS) -

Figure B37. Cumulative Filter Dose at 30 Hours, TI = 1 Hour

i




AFWL-TR-73-82 i

uS - T L T T 1 T T T T 4 T T T — 1 ‘
AT = PENETRATION DURATION (min) 120 )
!
3
w . ‘
ST B
.’
. R
)
n
1l
_t
Z
£ 60 ]
Us]
i
I
o
m
X
w -
V[)
8 30
15
10 —1
2 i
i 1 1 1 14
- N w
’ - ~n i =] ~n w [~] " w Q 4] w (=]
= o o [ 3
= e 8 1
PRATICLE RROIUS (MICAONS) -
Figure B38. Cumulative Filter Dose at 30 Hours, TI = 1.5 Hours /

166

-l




AFWL-TR-73-82

(DIMENSIONLESS)

COSE / K3

T T T 4 T T 1 T T T

AT = PENETRATION DURATTON (min)

120

30

15

10

PARTICLE RRDIUS (MICRONS)

Figure B39. Cumulative Filter Dose at 30 Hours, TI = 2 Hours

167

1000

L300c

~
‘h;,‘u shamad pra—




AFWL-TR-73-82

{DIMENSICONLESS)

00SE / K3

x T

Figure B40.

AT = PENETRATION DURATION

T T T ¥ T

T T
{min)

30

15

10

-

PRATICLE ARDIUS

Cumulative Filter Dose at 30 Hours, TI = 3 Hours

168

(MICAONS)

1000

[Yajelo]e}




AFWL-TR-73-82
2 H T T T T T T T T T T T T
AT = PENETRATION DURATION (min)
8.5 120
1.5 b
6.5
5 r
13.75 |
o
oSy
.
Z
2 ust
w
9 60
z
2
m
X
AN
wl
n
[s]
Q2
30
15
10
5
2
i 1 Il 1 1 1
- L} w
' e ~n ("] -] ~N w Q L] w [~} N Q
- 2 8 8
- [
PRATICLE AROIUS (MICRONS) -
Figure B41, Cumulative Filter Dose at 30 Hours, TI = 5 Hours
169
— . € . e D el




T

AFWL-TR-73-82
16 T T
S
2 |
0 r
S .
~ 2 o
n
n
i
J o1
3]
2 5
I
=
2
~ 2
¢ a
~
w .05
0
n
[
.02
.01
006

AT = PENETRATION DURATION (min)

ool -l

.

- n w

i 4 ] b L 1 1 1 1
tad o~ U2 B N w 8 N w N wn

Figure B42.

PARTICLE RADIUS  (MICRONS)

Cumulative Filter Dose at 30 Hours, TI = 10 Minutes

170

1000
10000




|

AFWL-TR-73-82

(OIMENSIONLESS]

O0SE / K3

T T T T 1 T T RS 1 i 1T -1 ‘7
120
L 60 J
30
15
L 10 3
5
I : !
- // ’ 7
.5 e
AT = PENETRATION DURATION (min)
2 -
A B
.05 E
.2 B
. J
.05 E
R B
]
.00t 1 § i 1 1 i 1 i 1 1 1 . A L J
- on wn
. - N w o N wn o n u o on ['d jol
- o o [}
- =4 8
PARTICLE RADIUS (MICRONS) - J
Figure B43. Cumulative Filter Dose at 30 Hours, TI = 18 Minutes
1
1
m
{




AFWL-TR-73-82

190 —

T T T T T T ¥ T R T T T H
120
3 4
60
30
2 .
10 10
5 5 =
- 2 2 £
)
0
w
Jdod 4
J é
; 9
z ® .
' ]
T
o
i 2 B
AT = PENETRATION DURATION (min)
¢ o ]
L w (13 R
7]
3]
=}
R 1
}
.01 B
f
005 4
w2 1
! 001 1 | I ) 1 1 1 | I S L L
- n w
* ' - N ut o LW ] w o 4] [:] o hi wn o
2 g g g
- ©
- PRATICLE RADTUS  (MICRONS) .

Figure B44.

.
\
f

Cumulative Filter Dose at 30 Hours, TI = 30 Hinutes

172




! AFWL -TR-73-82

-

(DIMENSIONLESS)

OUSE / K3
&

120

60

30

15

10

AT = PENETRATION DURATION (min)

-
$-
-
-
F

Figure B45.

- n w 2] ~N w Q N ('
- =]

Lo0o

PRRYICLE RADIUS  [MICRONS)

Cumulative Filter Dose at 30 Hours, TI = 45 Minutes

173

10000

. -
- L
—— D e __,_,“,__.—LL‘-‘—“J




(ODIMENSIONLESS)

DOSE / K3

Figure B46, Cumulative Filter Dose at 30 Hours, TI = 1 Hour

174

T T T 1 T 71 T 4 T L
k 120 3

60
30 3
15 3

10

5
-

2
AT = PENETRATION DURATION (min)
.05 1
® ]
|
i\ 1
0 R

oot d 1 1 - A L L H 1 1 .

- 3] 7]
: Bl L] w E ~n un g ~N g N
= g
PARTICLE FADIUS (MICRONS)

10000




.

AFWL-TR-73-82

S0

2

10

N

2
0

n !
W
3
z
8
-
0
z
w
T
o
m
<
N
w
0
0
o

p— .

F—r T T T T T T T —T—1 150 -1 - «':
60
30 1
15
i 10
s |
i 2
st |
2t |
Bl { |
! AT = PENETRATION DURATION (min)
05 |
.2 k |
.0 |
s | |
14 |
o b—e— 1 T W1 Y Y |
TN n
- ~N w -] n w c ~ vy o ~ » o
2 5 8 g
2 g g
PRATICLE RADIUS (MICRANS) =
Figure B47., Cumulative Filter Dose at 30 Hours, TI = 1.5 Hours
175
¢




AFWL-TR-73-82

(DIMENSIDONLESS)

DOSE / K3

¥ T LS T T T 1 L T T T T
120
k 60 3
! 30 .
| 15
10
F 5
L
2
4
4
U5 AT = PENETRATION DURATION (min) i
.02 4
.01 _
.6 4
Kt i3 ﬂ
oot L N UV NS NNV NN S S|
- ™~ w
’ - N wooQ N w o og oW w o og o g
= S 2
PARTICLE RAGIUS (MICRONS) -
Figure B48., <Cumulative Filter Dose at 30 Hours, TI = 2 Hours
176
- B | e e o




R o

AFWL-TR-73-82

S0

(OIMENSIONLESS)
o

m
f AT = PENETRATION DURATION (min)
.05 -
w
I
3]
2
W02 B
{
.a E
. e
.o
I
'Om | 1 l L A 1 | s 0 S | 1 i 1 i
- o~ w
* - N v =] 4] w =] ] v o N w o
- o =] (=]
- 2 8
PARTICLE RADIUS (MICRONS) - )
Figure B49. Cumulative Filter Dose at 30 Hours, TI = 3 Hours
177 ]
L
— o= o 44444444444444444JAAA:AAAAAAAAAAAAAA:jI“

30

15
10




-—

(OIMENSIONLESS)

;=3

20

r— -

AFWL-TR-73-82

178

% —_—r T T T )3 —1= T T F 3 120~ =
i
b —— 60 ———]
B // 30—
/
/ 15
" 10 3
r //// /// 5 4
e
5k
2 1
2 F .
| / /
B g
/ / /I
.0 AT = PENETRATION DURATION (min) -
Q2 / 4
0 { .
B |
.0 4
s /S ISR SO S WO ST SN WU N S S EENUY DU SR
~ N wr
' ’ ' ~ w oo~ woon N w ° N o)
= S 8 §
PRRTICLE ARDIUS (MICRONS) -
Figure B50, Cumulative Filter Dese at 30 Hours, TI = 5 Hours

L.




(CIMENSIONLESS)

DOSE /7 ~3

AFWL-TR-73-82

N T T T T T T ; T T T T
AT ~ PENETRATION DURATION (min)
120~ |
8 r ]
0 - 4
60 | ]
{
60— |
1
/30”"'—'1
15—‘—"“:
e 10T
-5
2

L L L

e »~ = @ ® B L z 2 &8 § K A & & 7
. TIME (HBURS RFTER NETONATION)
Figure :51. Filter Dose as a Function of Time, TI = 10 Minutes
179
- — PRI BN




AFWL-TR-73-82
LU T T T T T T LB T T T
5 ; AT = PENETRA"ION DURATION (min) ]
120
m F / J
65 | p
80 + 4
5 1
o /
n L
‘ oo / h
e
i Z 60
» 2 ¥ - // p
! n
* g
‘ owl ]
Q
JS_ -
m
X
N £ 4
% ‘~”_’~___,__»——30-“““‘1
(5] %5 - // / ‘
G
/
b
| /./H____,.,—lewﬁ
| ———————————10 q
i
5 -
e -sz—..__—-—_—\.
! L t 1 1 [E | 1 L
L A A A N T B B

Figure B52.

TIHE {HOURS RFTER DETONAT.ON)

Filter Dose as a Function of Time, TI = 18 Minutes

180




{(OIMENSIONLESS)

K3

N

ouss

AFWL-TR-73-82

[l R S S S T T T T | s R S T
T = PENETRATION DURATION (min) /1
® ’ & 120 4
@l
S5 |
S0 ]
g5+ ]
40 L 60,,—”i
|
'
3%+ N
|+ ]
%+ |
30—
at // ]
o1 §
) /___,/”—’dp#
///,//’/ 10— §
MM,M——— —_—
,-;.—5 3
—2
i ) | 1 1 1 4 1 | s
© ~ E] @ o o o z b e 1 Q z 0 ® g

TIHE (HBUR.  'ER DETONRTION)

figure B53. Filter Dose as a Function of Time, TI = 30 Minutes

181

L




AFWL-TR-73-82

(DIME;:SIONLESS:

ODSFE 7 A3

0 /A S fE A Sy St AR SRS St Retuiae R RN SR R S

LFa o

\e

/

120

AT = PENETRATION DURATION (min) 7

-
B

[
|81
19
20
22

TIME (HOURS RFTER DETONRTION)

Figure B54. Filter Dose as a Function of Time, TI = 45 Minutes

182

-

AL




AFWL-TR-73-82

(OIMENSIONLESS)

0QSE 7/ K3

B T T T T T

AT = PENETRATION DURATION (min) /120

30

& ~» ¥ e ® 5 o Z & =2 2 X % A
TIKE (HAURS RAFTER DETONATION)
Figure B55. Filter Dose as a Function of Time, TI = 1 Hour

183




ﬁ"’ ———
AFWL-TR-73-82 '
i
us -1 1 T T 1 T T T H T R T T ¥ i
120/ |
AT = PENETRATION DURATION (min) . !
w 4 ,
K- 4
1
R p
'
2]
w
-1
2
I 5]
13 —~ 5
| o
w
z
! )
, ™
j 20
m
A 4
L AN
BBt
O
2 5
b 0+
f
5 k
0
e N~z w B 2 Z 2 =2 R N & K & B
TIME (HOURS RFTER DETONRTION) i
Figure B56. Filter Dose as & Function of Time, TI = 1.5 Hours
7
184
L




——

g

AFWL-TR-73-82

(DIMENSION ESS)

DOSE / K3

w0

N5+

5

asl

251

AT = PENETRATION DURATION (min)

Figure B57.

TIME (HOYRS AFTER DETONRTION)

Filter Dose as a Function of Time, TI =

185

2 Hours




"

J—

AFWL-TR-73-82

(OIMENSIONLESS)

DOSE 7/ r3

2

2 r

Figure B58.

i

AT = PENETRATION DURATION (min)

-

TIME (HAURS AFTER DETGNATION)

186

22

Filter Dose as a Function of Time, TI

2
26

3 Hours




v

a I T T T T T ; T ™ .
Kl
8.5k / J{
i
1.5 F AT = PENETRATION DURATION (min) 120 4 -
5.5+ ]
5 F J 4
L3 4
;m;
v oes it 4
J
r4
E’ .5+ -
73]
&
L owor /
o 60
8.5 d
m
X
o 15t 4
w
B ex}
B & ]
5L 30/‘/J4
L
3% .
25 t+ 15— ]
10
L5+ 4
ey
0 L 1 1 1 | i i
(=] [Ad > 4 [ =] L) ¥ © [ o [\ ] > © o o
- - - - - [ n N ~ N m
TIME (HAURS RFTER DETONRTION) 1
Figure B59. Filter Dose as a Function of Time, TI = 5 Hours
/
187




! AFWL~TR-73-82

o L T T 1 T LEM T T 7T
m r
7 -
q -
i
(9]
W
4 2 F
4
]
=
)
4
u
%
- 10 b
c
s T
x
~
w
- ] -
aT
g
w
'
[a}
]
2 -
1k
gk
y 1 L 1 ll 1 1 1 1 1. 1 i
w
- (3] l': > o -; w
- - N " £ @

Figure B60.

TIME (HOUAS AFTER DETONRTION)

Cloud Immersion Dose Rate

188

~..




AFWL-TR-73-82

106
1 r
u e
2 -
= 0 r
w
2]
w T r
)
Z
o
—
7]
z 4 F
@
z
a
2 -
k]
X
AN
Wt
0
Q
1
y k-
2k
.1

T B T LI H T T T T T T T T

TI = CLOUD ENTRY TIME (min) 4

_— ]

S
=
@

10 18 30 45 60 90 120 3

4

i i J —L IJI L i 1 .

~ L] Ed 0 & w
- - L] m - w0 o

Lo

CLOUD EXIT 1IME ( HBURS AFTER DETONRTION )

Figure B61. Cloud mmersion Dose

189




r‘"

AFWL-TR-73-82

T T T T T 1 T T 1 T T T
10 |
7 ' PENETRATION DURATION (min)
. ‘
0
I
w
-
‘ 5 1
" z
b 3
| o
4 60
m
X
N
w .2 30
-
T
T
{~ o 1 \ 15
0
‘ o
: m 10
J
N
5\
‘m \ 1
R [T P S i | ) 1 I i 1\
S o s e s o 3 2z = = 3 g8 3

TIME UHOURS RFTER OETONRTION)

Figure B62. Filter Dust Dose Rate, TI = 10 Minutes

190

L.




T

ST Yy 3

AFWL-TR-73-82

4 T = PENETRATION DURATION (min)

(OIMENSIONLESS)

0O0SE ARTE / K3

TIME (HOURS RFTER DETONRTION)

Figure B63. Filter Dust Dose Rate, TI = 18 Minutes

1%




~

AFW..-TR-73-82

10 1

1 F J

[ S J

2 F 4
w

;z: at |

;IZ; \

$ af ]
<

2T 30, i
AN

w \ \
b
@

C gy ~15 4
w

§ ol lo\

N E

5\.\

-

®} \\ -

2
o i 1 | ) D 1 1.1 1 i A 1 I 1
® ~ ¥ @ & g o I =2 & % X % £ % 8
TINE {JBURS RFTER DETONRTION)
Figure B64. Filter Dust Dose Rate, TI = 30 Minutes
192
i, —_ .._A.._ St - ashe

-



p——T

AFWL-TR-73-82

LI T R T L 1 T L] T i L 1 1 L
T A T = PENETRATION DURATION (min)-
' 4
2 F 4
8o :
u
%’ Itk ]
g \
w
z LI 4
g — ]
m
X 2 F 4
AN
E \
14
T .l J
w .
g Ry \-.
KR 4
5\
®t 4
\2
0l 1 L 1 3 4 1 1 1 S T 1 14\1\
o ~n > ] - o n > -] L] -] ~n E4 0 » o
- - — - - I3 ™ ~ ~ m
TIME (HOURS AFTER OETONRTION)
Figure 65, Filter Dust Dose Rate, TI = 45 Minutes
193
. - -
——— - K _ s - il

-1




—

AFWL-TR-73-82
lu T T L 1 L] T T L ¥ T
7
& T = PENETRATION DURATION (m'ln)T
[ 4
F d
w
=) 7 i
8
UZ) \
¥ oar )
E ~_|
m
X 2+ 1
AN
.u-J \
E ol ]
u 154
g8 ¥r T
10\\J
NF §
et 4
T~
ot | I S | —1 1 A 1 -l 1 S N A "
e = v 2 2 2T =2 & R 8 % & 8 5
TIME (HOURS AFTER DETONATION)
Figure B66. Filter Dust Dose Rate, TI = 1 Hour
194
— g, X - me - i, b ol

-




h..'_-. — —
AFWL-TR-73-82
7 T T 1 L] L T T 1 T T 1 1 T T
A T = PENETRATION DURATION (min)
« ]
2 - -
1 r 4
o 120
wooa 1
§ \
' 2 at 60 B
w
b
3
m 2t 0 4
X
N
’ w \
i s 15 J
, T
) ‘“ 10 |
g ' L \ \
o
N \\\\\\\\\\\\
mE \\ s \ 3
R \ \
2\
.l]l O R - R I W | I*)}__I___
® &~ ® ®© & 5 @n =z ®w & B 4§ I K & 8

TIME (HBURS AFTER DETONATION)

Figure B67. Filter Dust Dose Rate, TI = 1.5 Hours




e

(DIMENSIONLESS)

OO0SE RATE / K3

A1

A T = PENETRATION DURATION (min)

NS

Figure BES8.

]
o

TIME (HOURS AFTER DETONATION)

'

Filter Dust Dose Rate, TI = 2 Hours

196

-



P’"i-l R w——r

AFKL~TR-73-82

T T

DOSE RATE / K3 [OIMENSIONLESS]
. . . - N - ~
54 -] =1 - = -~
L T T ¥ L] A T T
>
-t
/ "
-
m
=
/ / 5
[
- [ o Fd
o [N
o w o o 3
—
o
=z
/ -
=
=
py
—
o
=z
3
E)
1 1 1 1 1 - 1

TIME (HOURS RFTER DETONRTION)

Figure B69. Filter Dust Dose Rate, TI = 3 Hours

197

e K e -

26
28

30




AFWL-TR-73-82

(DIMENSIONLESS]

DOSE RATE / K3

L T T T

T

T

1.5 A T = PENETRATION DURATION (min)
1
.8
O 120
A
.3 60
2 F \\\ \\\\\\\\\\\\\\\\\ B
a5k \\\\ \\\\ 30 ™
.
.1 -
.08 15 b
.06 4
10
W \
.@
5
A4 \-
fut
2
'm [l 1 1 D T 1 1 1 2 A I | 1
&~ 7 e o 2 8 2z 2 = 8 § Z 8 %

TIME (HOURS RAFTER DETANRTION)

Figure B70, Filter Dust Dose Rate, TI = 5 Hours

198

|




m_.

AFWL-TR-73-

1.0E+15

(FH ~» GM-HR-MICRON}
B
G

ACTIVITY LEVEL
o

1.06+10

R -
82
7 L T T T L T T = T T T T
LT = TIME AFTER WEAPON DETONATION (min) ‘l
10 I
5 18 J
30 4
L. us
L — 60 /
90 J
E 120
— 180
— 300
L
L
L
L. A 1 i 1 i 4 A 1 [ 1 L 1N 1 . I
- ~N w
) bl o~ n 3 ~n n [=] 4 w g ~N [T o
e 8 §
PRRTICLE SIZE  (MICRONS) -
Figure B71, Specific Activity Distribution Function
199
— K e - i




Vvvﬁ___
2z

AFWL-TR-73-82

APPENDIX C
ZERQO FALLOUT MODEL

This appendix presents an investigation of the 1imiting case of a cloud
with no fallout., This case is useful because it yields results which are a
worst case and which act as a standard of comparison for other cloud models
which include fallout. It serves as a check on results of other models to
ensure that the general trends and qualitative results are reasonable and
realistic.

This Timiting case is achieved by "freezing" the 10-minute dust density
distribution presented in appendix A, equation (A-1), for all time, i.e., no
later fallout is allowed.

pylt) = a; [t”"s +1.313 t’°'3] (c-1)
= 3, [067 1% 4 131 (01677 (c-2)
= 19.83 a, (c-3)

The same approach used in appendix A yields the relationships below. Note
that the only time dependence allowed is that associated with the radioactive
decay of the fission products.

d
&L= 0.8 tpststy  (C-8)

My ()
_le;——= 19.83 (t - ty) ' tp sttt (C-5)
1/2
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My (1)

f e/f
= 19.83 (tg - t3)
1/2 (te i

be(t)
f -1.
w198 (t - ) ¢ b2

b(t)
-{(3—= 19.83 (tg - t) t°1°2

_ 0.8 -0,2 0.8
-R-a—--z4.79(t +at 705t )

C e

D (t)
f - 0.8 0.3 -0.2
" 123,98 ("% - £,°°2 - 0.8(tg-13) t70+2)

b (t)
C - -1,2
-—r“—- 19.83 t

: D.(t)

' fel _ -0,2 -0.,2

b s s ()

? 0.(t)

) -0.2 =-0.2
+— = 99.15 (6,702 - ¢,70%)

where K, K,, K;, and K, are defined in appendix A, equation (A-44),

(C-6)

{c-7)

{c-8)

(c-9)

(¢-10)

(c-11)

(c-12)

(c-33)

] Figures C1 through C7 present representative graphic solutions of these
i dosc rate, dose, and mass equatfons. Figure C1 depicts the total mass of dust

trapped by the filter during a penetration of indefinite duration for TIs of

% 10 minutes and 1 hour after detonation. Note that the results are represented
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by a simple linear function. There is no fallout to decrease the dust pickup
with time. Figures C2 and C3 depict the filter dose rate as a function of time.
The decrease with time is much les$ apparent here because of the zero fallout
assunption. The only decrease is caused by radioactive decay. Figures C4 and

C5 depict the filter dose as a function of time. The entry times for the figures
are self explanatory and the penetration durations are the same as were presented
in appendix A. Figure C6 depicts the dose rate due to immersion in the cloud.
Note that the time dependence is strictly due to radiocactive decay. Figure C7
depicts the cloud immersion dose for TIs of 10 and 60 minutes after detonation.
Detailed explanations on the use of similar graphs were presented in appendixes

A and B.

With some physical reasoning and heuristic argument, this model could be
likened to the cloud resulting from an atmospheric burst. An atmospheric burst
does not generate the cloud of dust as does a surface detonation. The fission
fragments and neutron activated weapons debris are distributed throughout similar
volumes, but there is 1ittle or no fallout. The bomb debris consists of con-
densed particles in the submicron to micron range and tends to remain suspended
in the atmosphere. Therefore, this Zero Fallout or "limit case" is similar to
an atmospheric burst and should yield similar dose and dose rate results,
because in efther case the total number of fission fragments are the same and in
both cases they remain suspended for extremely long times in the atmosphere.

The dose rates and doses are functions of time only through the decay of the
fission products.

For an atmospheric detonation, the immersion dose determined from this moda2l
is directly applicable. The filter dust mass and dose, however, cannot be so
simply determined. In fact, because of the very small particle sizes involved,
very little of this radioactive material would be trapped in the aircraft.

Most would remain suspended in the air and would be ejected from the aircraft
with the air. Therefore, if this model is used to represent the penetration of
a cloud generated by an atmospheric detonation, only the cloud immersion dose
results of all the results in the above equations would be pertinent.
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APPENDIX D
COCKPIT MASS AND DOSE MATHEMATICAL DEVELOPMENT

The cockpit mathematical development in this appendix will assume that
FE(r) = 0. Rc is the critical size and Ps(r) is the probability of settling
as determined by the work in section V. The starting point for this develop-
ment is ﬂcp(r,t), the mass rate of flow to the cockpit (settled out). 1In
general,

Mep(rat) = Me(r,t) Po(r) (0-1)
In particular,
lsrx Rc
M (r,t) 1.5
B = 9.946 x 1072 r— (p-2)
2 R 2
[4
Rc < r 2R(t)
Moprat)

-J’-R— = 9.946 x 1072 p~0+5 (D-3)
2

These equations can be integrated as has been done in earlier sections and
Mcp(r), CMcp(r). and Mcp(t) can be written. Again numerical techniques and
integration must be used in some cases, and r, = R(tp) anu ty 21, £t
when R(tf) » Rc
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o2 ple5

9,946 x 10 F(tf- ti) 1 _<_T_<_RC
c
M (r) -2 _-0.5
—%—-— = 19,946 x 1072 r™ 9> (tf - t;) R =1 < R(tf)
2
Em x 10727, 7%0% (tn - t) R(te) < v < R(ty)  (D-4)
If R(tf) < Res then these equations become
—_ oo pleS
9.946 x 107 —5— (tf - tj) 1 s r < R(tf)
R
c
M__(r) -2
c _19.946 x 10 ~ 1,5 i
» —%— = r—————R"z——— f‘n (tn - t~|) R(tf) _<_rn S_Rc
. c
946 x 1072 1705 (tn - t4) R, < v, <R()  (D-5)
;[ Integrating the cockpit mass distribution equations above over r, the
, cumulative mass equations are obtained. For R(tf) > R,
TxrsR,
H oM (r)
: r -2
cpl . 3.978 x 10 (tf - ti)(f‘z's - (0-6)
b h R
¢
Roxr < R(te)
M, () ™1 (Re)
—‘%——= 0.1989 (t¢ - ti)(r°°5 - Rc°-5) v (0-7)
2 2
n
. , -
—— . F 8 o - P L

-1
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R{ts) < ry < R(ty)

r
oM () oM (R(te) n
Cﬁa = cn{é, ) +9.946 x 1072 :E: rn'O'S {tn - t{) ar
z 2 R{tf)
For R(tf) < R_, these become
T sr < R{tg)
M () (te - t3)
P = 3,978 x 1072 e (00 L )
2 R
R(tf) < v, <R,
rn )
Mep2(r) 9,006 x 1072 > (e ) ar s M, I(R\tf—)l
KZ R 2 R(t ) n 1 K2
¢ f
Rc sr, s R(t;)
M a(r) M, (Re) "
ep3tl! _ Wepaife -2 0.5
f— = S+ 0986 x 10 20 (- ) ar
¢

(0-8)

(0-9)

(D-10)

(0-11)

The time function relations also yield two sets of equations. For R(t) > Rc,

Mep (£)

—-ﬁ——= (t - ti)(0.1989 R(£)?*5 - 3,978 x 1072 Rc"2 - 0.1591 Rc°'5)
2

R ti)
+ 9,986 x 1072 0% (tn - ) ar
R(t)

When R(t) < RC’
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M. (L)
= 2978 x 107 R (4 - 1) (r(e)?** - 1)
e 3
-2 -2 .5
+9.946 x 10 LRc q%) 't (tn - ty) ar
R(ty)
D N (D-13)
RC

The cockpit mass equations are plotted in figures D1 through D19.

The development of the dose equations follows a similar technique, except in
these equations there are two breakpoints, Re and 20u, which Rit) must be allowed
to progress through. In addition, provision is made for Rc to be less than,
greater than, or equal to 20u. The basic development stems from the filter aase
rates of appendix B multiplied by the cockpit efficiency function of section V,
i.e.,

Deplrst) = Belr,t) Po(r) (0-14)

The conditions noted above lead to the necessity of writing a set of equations
for each set of conditions in each of the Dc (r), CDc (r), and the 0. (t)
functions. These will be stated below with Tittle explanation other than the
conditions to which the equations apply. Againr, = R(tp), where t, sty 2 te
as before.

The cockpit dose as a function of r will be stated first. For convenience,
- 0,8 0.8 ~0.2
Tet T(t) = 1.25(t%+% - £,°+%) + 7 "0Z (t; - t). When R_ 220,

213




7.625 ples T(tf)
R

[¢]

32,9 10.5 1(tg)
RC

352.9 r~1° T(tg)

EEZ.Q T

145 1(ty)

20n < R(tg) <R,
i el -

17.645 1.5
| Tit)

Re

352.2 P05 T(t)
(M | fe

352.9 0.5
==, T(tp)

RC
Eiz.g o t® Tltn)

R(tf) < 20p < Rc

]—7*6'422"1‘5 T(tf)
RC

17.645 | 1.5
1.6 v P T(ty)

D (r) Re

352.9 . 0.5
==z "n T(tn)

Re

Ez.g rn‘1-5 T{tn)
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20 <

R(tf)

20 <

R(tf)

—y

R{tf)

20

A
-

A
n
o

A

r < R(t¢)

[

ry £ R(t5) (D-15)

A
-
A
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o

A
-
A
x
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1f Rc < 20u, the following set is generated.

R, < 20 < R(t¢f)

[

R, < R(tg) <20

S SRS

‘17.625 ples T(ts)
Re

0,5

17.645 r T(tf)

352.9 v~ 1+° T{tg)

352.9 r 13

352.9 1, Tltn)

‘17&625 P15 T(tg)

c

17.645 r~°+% T(tg)

17.645 1 ~°*° T(tn)

[

52.9 rn‘l's T(tp)

17.625 P8 T(ts)
Rc
17.645

2
RC

1.5
- T(ty)

17.645 v 7°*° T(ty)

-1,5
352.9 r, 7 *° T(ty)
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R(tf)

R(tf)

20

—_

R(t¢)

20

(p-18)

(p-19)

[
-
[ 1)
n
o

R(%{) (D-20)
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To completely define .ae cumulative dose function the foregoing equations
must be integrated over r resulting in several conditional sets of equations
as before. When Rc >, 20,

20 < RC < R(tf)

o, (r)
CEK1 . 1.058 058 T(te) (k2°5 - 1) Terz20 (p-21)
3 R.Z
C

2(r) e 1(zo)

i < 235 27 T(tg) (r1-5 - 89.443) 20 <r <R (0-22)
epalt)  CDpa(Re) 0.5
“_L"— —‘%—— +705.8 T(t¢) ( -r 0 ) R, <7 < R(tf) (D-23)
r
co_ . (r) R(tf) n )
b - °P3( 7) +352.9 ;/_: R ((S Y
3 Ky R(tf) n
R(tf) < v, < R(tj)(0-24)
20 < R(tf) = Re
CDcp1r) _ 7,058 2.5 .
—f—- —F—T(tf) CARME ) 1<r<20 (D-25)
3

c

,(20)
__P____ e + 2527 1(ge) (r1e% - 89.443) 20 < v < R(ty) (D-26)

C
CDepalr) Oy, (R(ER)) n
“epst’’ _ “Tep2\T:f) | 352.9 ; T(tn) Ar
Ky K3 Re 2 R(%y) "

r <R (D-27)

R(tF) < vy < R,

7

{r) €D (Rc)

r
n

_EE_‘*__ _C{____ Z rn'1-5 T(ty) ar R, < ry < R(t5)(0-28)
C

-

216

-



AFWL-TR-73-82

R(tf) <20 <R,

NG
—%-—- LO%8 7(tg) (% - 1) 1 <r < R(te) (0-29)
3 R2
(o
D (1) ) &
c’[zz cplK ), 17.64;5 2 rnl.s T(ty)ar
3 3 R R(tg)
¢ R(ts) <ty <20 (D-30)
¢ .lr)  CD_,,(20) i
r
S . Eho s 352.9 r 05 T(tp)ar 20<r <R (D-31)
. n 1] C
3 3 Rc 20
¢b . (r) cD_ 3(Re) r
pull -
sptt C . e S 350.9 ZU: LS r(tg)ar R <r < R(ty)(D-32)
K3 K3 R *n ¢
C
‘The last set of equations results when Rc < 20.
Re <20 < R(tf)
¢o_ . {(r)
__CE:(__= .7_'_0_52’_8_‘[(1;1.-) (r2*® - 1) T<r <R, (D-33)
3 R
[
co_ . {r) cD. (R}
cp2 . epltc 0.5 _ p 0:5 i
K e+ 3529 Tte) (v - R%) R, xr <20 (D-34)

€D, 4(r) €D (20)

S PE_—+ 705.8 T(tg) (0.2236 - r 08 26 <r < R(ts (D-35)
3 3 -
(r) ) S
e, (r R
CP; - °P3 )+ 3529 i r, 7% T(tg)ar
3 K R(tf)
R(te) <1y < R(t;)(D-36)
217




T ——
AFWL-TR-73-82

R, < R(tg) <20

co_ . (r)
L = L0 p(pe) (r205 1 1) TxrsR  (D-37)
3 R ¢
[od
cD 2(?‘) ch l(Rc)
C{S = °§3 +35.20 T(ts) (r®% - R ") R, <r 2 R(ts) (D-38)
co_,(r) ¢co__(R(ts
ops T QE( ) +17.645 Z % T(ty)ar
3 3 R(ts)
R(tf) < n <20 (D-39)
r
¢_.(r) €D .(20) s
cﬂ cp3 -1,5 -
7 R - 352.9 :./_;, P T(tn)ar 20 < v, <R(t{)(D-40)
R(tf) = RC < 20
COgpilr) 3, 058
—p - T(te) ( - 1) ] < R(ts) (D-41)
b £
3 R
C
r
. (r) ¢ (Rite) "
cp2 - cp}(( ) + 17. 625 Z 1.5 T(tn)AY'
Ea i) R R(ts) "
R(tf) < " _<_RC (D~42)
€0 4{r) €D {(Re) L
i . TR 417,645 25 v T0® T(tglar R, <7, <20 (D-43)
B 3 ) n C n
r
¢ __.(r) €D__.(20 A
cpu - _cp3 1.5 s Y (D~
& e+ 352.9 2 ra Tt Tltp)ar 20 < v, < R(t{)(D-44)

To complete the cockpit dose development, the dose as a function of time
must be determined. This development again results in sets of conditional
cquations with some numerical integration. For convenience, let TT(t) =

0.25 £%°% - 1.25 £,0°8 ¢ £, 772 | For t, <t <t
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20 <R, < R(t)
D_..(t) - - -
—C%l——= (4201.535 R 2+ 799.907 R, 0.5 _ 705.8 R(t) °'5) TT(t)
3
R(t{)
v 3529 {8,708 - £70F) P75 (b - ty)ar (D-45)
n R(t)
- 20 < R(t) <R,
D, (t) -
2 - g " (4201.535 + 94.107 R(t)’ *) Tr(e)
3
RC
-0.2 -0.2 -2 0.5
' +352.9 (t t R (tn - ti)ar
('I ) C '%) n
R(ty)
+ ZR: 1 (- ty)er (D-46)
C
| R(t) <20 <R,
D___(t)
b« cp3 _ -2 2.5
—%3——- 7.088 R, (R(£)2% - 1) TT(8)
I
-0.2 -0,2 -2 1.5
+ (5,7%% - ¢ 7.645 R 2 2, v (ty - ti)ar
(1 ) (4 R(t) n n 1
RC
+ 3529 R72 2 v, 0% (tg - todar
20
R(ti)
+352,9 25 10 (g - tyder (D-47)
R
C
For the region where t > tf,
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20 <R, < R(tf)

(D-48)

¢ Cf, =0.2  .=0.2 -2 -0.5
R G ) |(a201.535 R "% + 799.907 R
R(t3)
- 705.8 R(t)™""%) (tg - t§) + 352.9 2 ot (b - tyar
f
+ EEE%ﬁEﬁl
3
20 < R(tg) < Rc
P (0% - 02 (s201.535 + 94107 R(tg)**)R.7Z) (kg - t4)
K f : . f c i

Re R(t1)

+ 352.9 RC'ZZ 2% (tg - ty)ar + ‘2R: rat (tn - i),
C

R(tf)

D_(t)
[ _ -0.2 -2 - ts
_%3_- (es7° ) |7.058 R, (R(te)*-® - 1) (& - &)
20 Re
+17.645 R 2 3 rn - ty)ar + 352.9 Rc-zzrn"
R(tf) 20
R(ti)
(tf)
+35292 e -t-;)Ar+c'3(

3

Finally, when Rc <20, and t; < t gtf.
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Rc <20 < R(t)

D (t) .
cp ' . (315.634 - 28.232 R °*5 - 7,068 R "2 - 705.8 R(t)™°*%) TT(2)
3 [+ C

R(ti}

-0.2 -0.2 -1,5 E
+352,9 (t,” """ -t rotY (ty - ty)ar
(1 ) R(%) n n
Re <R(t) <20
D, .(t) -
- (35.29 R(£)%*S - 7.068 R_™Z - 28.232 Rc°’5) TT(t)
3
20

-0.5
Z Ty (ty - tj)ar

N £702) |17.645 &

R(ti)
+ 3529 2 ry e (g - tyler
20

R(t) < Re 2 20

e ——ter

0

—%3—-= 7.058 R, (R(1)%+% - 1) TT(t)
Re
+ (ti'“ - t'°‘2) 17.645 R R%) rlt% (ty - ti)ar

20 .
+17.645 3 r 77 (b - tylar
R

R(t:)

+352.9 2 r 1% (ty - ti)ar
20 "

When t > tf,
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R. <20 <R(tf)

DcE(") = {t,702 - £70+2) (315.634 - 28.232 R "*° - 7.258 R
3

- 705.8 R(te)™"%) (tf - t9)

R(ti)
- Depu{te)
+ 3529 ;%f) T (tn - tdar| _CP.Ea_- (D-54)

R, 2 R(t¢) < 20

——ee e et

(tf-o 2 _ t-o.z) (35_29 R(tg)*® - 7.058 Rc'2

1

20

- 28.232 Rc°'5) (tf - t§) + 17.645 2 rn'°'5 (tn - ti)ar
R(tf)
R(t{)
Dops(te)

+ 352.9 ; P (- ty)ar |+ R (D-55)
0 3

R(te) < R, < 20

D (t)
¢ =0 2 _ ,=0.2 -2 2,5 _ .
_Fl’(a_._ (¢, £70-2) 17.088 R " (R(ts) 1) (t - tg)
RC
+17.645 R > R
R(tf)

20
17665 25 v 700 (ty - t)ar
R

C
R(ti) D (te)
+352.9 2 ra % (g - tydar |+ <P (D-56)
20 3
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The dose equations are plotted in figures D20 through D46. The cockpit
dose rate equations are plotted in figures D47 through D55.

This completes the mathematical development of the mass and dose equation
sets for the cockpit model.
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