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A method of finding the effect of atmospheric liquid water on the
sh;ck wave from an air-burst atomic bomb is presented, The importance
of the drop size distribution is emphasized. Using an approach which
underestimates the effect, the results show that the effect should not

be neglected. Recommendations for future work are made,

PREFACE

The work contained herein was principally accomplished during a
period of active duty with AFSWP at Sandia Base ending in August, 1951,
The author wishes to thank his present employer, the Los Alﬁmos Scientific
Laboratory, for clerical and drafting assistance in the preparation of the
manuscript, and permission to issue it as a Los Alamos Report,

Several people have given considerable help in the preparation of
this work., I should like to thank the following for their important help:
Dr., Frederick Reines and John W, Bond, Jr, , Los Alamos Laboratory, and

Drs, C, E, Buell and Thomas B, Cook of Sandia Corporation,
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(Some otﬁers are defined in the text)

initial radius of drop before passing-through the shock wave
final radius of drop, after being subjected to both fracture and
evaporation -

radius of largest drop after fracture, at R, (this drop is then
also the largest which could be evaporated at that point)

radius of drop, after being subjected to fracture by the shock
wind, and before being evaporated

radius of largest drop which can be evaporated by a given shock
wave

radius of the largest drop just stable in a given air stream.

It vill be called the “eritical size"

- gurface tension of water

constant

total energy extracted from the shock wave

energy extrected from the shock wave inside g

energy extracted from the shock wave outside R,

differential frequency of initial drop radii (Ref 1)(aufm Kampe )

latent heat of vaporization

. shock overpressure

liquid water content of the air in g/m+3

radius of complete evaporation i.e., radius inside which all
water drops are evaporated, It is determined by the point of
intersection of the curve for the size to which all drops are

reduced by fracture and, the curve of the radius of the largest

00 ..
. -

drop which can be eyapo*ated By the' sﬁock wave. .. __.
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radius from the origin of ;he§s§ock

e ose -]O -:o :.. )
Reynolds number = Za B A
Ha

time of duration of the positive phase of the shock wave

total time or upper limit of t

shock over-temperature or (T-T,) where T is temperature after
the shock front in the positive phase and T, is previous ambient
temperature

yield of bomb in kilotons equivalent

shock wind velocity

average proportion of evaporation from x= 0 to x (or oo0)
S v ag
b
R/R,
ambient density of the air

air viscosity
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1. Introduction and Swfmary -

This paper is a status report on work which had been done as of

August 1, 1951, and has been written so that that work would be available
to other research workers,

The problem considered is the loss of energy (and overpressurs)
of an atomic bomb when exploded in an atmosphere which contains ligquid
water in the formm of rain, fog, or cloud,

Although this should be considered a preliminary report,*it is
clear from the results that atmospheric liquid water will be of importance
in planning atomic missions, Under an extreme condition of liquid water
content, a 100 kt. yield weapon could have a loss of area of 4O% at the
10 psi level,

The methods used will be discussed in detaill and several recommen-
dations will be made as to necessary future work,

The main recormendation is that if liquid water in any form (rain,
cloud, or fog) has a good chance of occurring at the strike time, the

‘planned height of burst should be lowered by several hundred feet, for

an airburst bomb set to maximize 6 - 12 psi.

2, History
W, G. Penney in LA-721 furnished the first discussion of this prob-

lem in a preliminary fashion. Subsequently,e’he made a more complete
study, Thie study included experimental as well as theoretical evidence.
However, his study cannot be used for a practical answer to the prob-

lem of airburst bombs, because it applies to a surface burst only}

The method has been previousl; ciscussad by the present ~author; see
UNEINY MW
i ae

Richard L, Moore, Phys. Rev, £3, 890(A), '1?9'512 _ ﬁﬂ’ %@?‘HED
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and furthermore, did §b§ éoé?ide} {he ‘inportant effect of the droplet
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size distribution.

3. Development of E,/E,

The procedure used to attack this problem consists of finding a
radius (R,) inside vhich all liquid water is evaporated and computing the
energy lost (Z,) inside this radius, Through an equation which relates
the energy (E,) lost outside this radius to E,, the total energy lost
E oo, may be obtained. In this process a number of physical assumptions
must be made, The philosophy was adopted that where an arbitrary choice
of a particular assunption must be mace, it would be made so that the
final results would be as conservative as possible, In other words, the
effect of arbitrariness would always be in the direction of minimizing
the energy loss, and thus the final result will be in the nature of a
lower limit.,

The physical nature of this problem may be summarized as follows:

1. There is a fog or rain present which has drops of various

radii (ay). For fog (or clouds) these drops have a frequency
distribution f(ay) such that f(ay)day is the proportion of
drops whose radii lie between a4y and a4 + day, The frequency
distribution of raindrop sizes will not be needed,

2. The shock wind (of the shock wave) breaks up those drops of

water which are bigger than the critical size ay to size ag.
3. The drops which are too small to break up, and the broken drops

are evaporated under the positive phase of the shock wave be-

cause of the increase in temperature, Some are evaporated com=

pletely, others oriy Eaiﬁiaii§.§'..

by a.
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L. The heat nébes aru to effec° ihls evaporailon is lost to the

.
o.- e 4 2o ver -o

positive phase thus draining energy out of 1t and reducing the
overpressure,
5. Condensation occurs in the negative phase, but due to the nature
of the shock, the feedback of energy is taken to be negligible
per the arguments of Penney.6
Four main topics must therefore be developed to solve this problem:
a. The frequency distribution of drop sizes,
b. The "radius of the largest drop stable in a suddenly applied
air stream',
c. The equation of evaporation of the drops in the positive phase.
d. The variation of the shock properties with time and distance,

a. The frequency distribution of the size of the water drops in

rain, fog, or cloud, is important due to the fact, which will be demon-
strated, that drops of different size will be affected differently by the
shock passage, Therefore, one cannol use an average drop size to obtain
correct results, The total effect must be obtaining by averaging the
effect over all drop-sizcs with the proper relative weight given to the
drops of larger mass.

The symbol f(a;) denotes the distribution function of the drop sizes.
Its dimension is (microns)™> where the radius of the drops is given in
microns, i,e., f(aj) 4 a3 gives thé fractional number of the drops which
havgoradiivbetween a; and a4 + 4 ay. Furthermore, it is implicit that
/[/f(ai)dai =1,
° The water-drop frequency distribution for clouds has been given by

many authors to a greater or lesser precision.9 However, we have used the

data of auf Kampe1 for our utudles. ,He.gig@s frequency distribution curves

s
e

e LILASSIED
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of drop diameters for s%&%;éi %;bé%.éf.c%%?ds.*
A large body of 1i€e£;€u;e ;ﬁaég.t;;t rain-drop radii are about
5/10 mm or greater, It will be shown that all drops will be broken to
a much smaller size by the shock wind (see Sec, b below)., Therefore,
the original frequency distribution does not matter and will not be needed
for rain,

b, The radius of the larpest drop stsble in & suddenly spplied alr

stream is given by Eq. (1.2) which was derived by Hinze.3 He gives a

method of determining a4 which 1s the best available in current literature,

although the constant W, is not yet precisely determined:

Wa)b
;(re‘)"z (1.2)
au
Penney6 developed the basis for an estimate of the radius of the

largest drop stable in a suddenly applied air stream (shock wind) as

[at = 107 sz] .

His derivation was similar to that of Hinze, He stated in a longhand
note that expsrimental verification had been obtained, Further details
are not avallable to the present writer.

Following Hinze's appfoach, we note that the liquid drop is subject
to two important pressurest The dynamic air velocity pressure Ja;u2
and the surface tension pressure b/a, By combining these opposing forces

5 3

in é.dimensionless ratio, one obtains Weber's number W, = ,sz?aifb.

These curves have normalized to unity and unlike Ref, 9, the radius

R vt s,

T ASSIFIFD'
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Splitting of the drop ochrs 1f,

N, is zreltsr than a critical value, which

°
... - *se S00 o0

must be determined experimentally. In the remainder of this paper we shall
use W, as the symbol for this critical value of Weber's number, The radius
of the drops, which are Just stable in a suddenly applied air stream{df a
specified density and velocity, will be given by Eq., (1.2), and the symbol
for this radius will be a.

Eq. (1.2) which was derived theoretically, has been verified by ex-
periment in which Weber's number was observed to be a constant, It should
be noted that the only assumption made in the derivation, which does not
strictly hold in our application, is that the Reynolds' number (Be) is
%arge, say equal to 1000, Our values of Re are ordinarily smaller, at
least in the neighborhood of R, the radius of complete evaporation, At
this important point,,a drop with a radius of 2Qy has a Re of 100, By
neglecting the effect of the Reynolds' number, we may have obtained an
incorrect value for ay at this point., Also the experimental data which
Hingze used to obtain the value of 6 for Wa was not sufficiently precise
to fix the value of W to better than 25%. For these two reasons, the
value of a might vary as much as 508,

The curve of the variation of a; as a functlon of Pg has been plotted
on Fig, 6,1, Three different curves are displayed:

1. ay, which was computed using Hinze's value for W, of 6.0.

2. 1. &y which is 4LO% greater than a; to 1llustrate the effect

of increasing Wy by that amount,

3. &4(P) which is the value computed from Penney's relation, and

~ which is seen to be about 60% of ay.

The influence of these variations in a; on the final results will
be studied in Sec. 6, It will.be seer *that it is slight. -

- :. -l?.. : -
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occur? It is well known that the duration of the shock wind is of the
order of a tenth of a second for atomic bombs., An estimate of the time
of bréakup is given by Hinze as tb':'(ai/u)(JDb[Jo;)l/z. Taking P, as
1.8 psi, (certainly a conservative value!) and a; as 10u, then /°, is

1.2 x' 1072, Frisl, uis 3 x 10° em/sec and ty, = 107° gec, If ay were
100u, t, would be 10™4 sec, a short time indeed compared to the duratlon
of the shock wind of the positive phase, Thus, the breakup of the drops
will be completed long before the shock wind has passed, or even dropped

appreciably below the peak velocity,

c. - Discussion of the evaporation equation. The problem of the
radius of a drop as a function of time under the influence of evaporation

has been studied for the case of drops at rest by several authora.a

The evaporation equation discuased by Houghton2 is used here as:

-2ada = c¢;Tgdt (1.1)

The determination of the constant in this squation will be given later in
this paper, in Sec. 6. The relation given here assumes that the drops
are at rest and that the drop radii are comparable to the mean free path
of the molecules of the environmental air,

The case where the droplets are not stationary, but exposed to moving
air of different velocities, has been studied by Gunn and Kinzerh where
it is stated that,

"In working out a descriptive theory of the evapo}ation from a freely-
falling spherical drop, it 1s necessary to solve the problem of the trans-
port of heat and vapor from the drop when it is exposed to moving air of

different velocites, Since fhe ddtails >f 3ir flow about a drop are gen-

erally unknown, approximations of the kind ﬁ}ually adopted in the problems

APPROVED
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of aerodynamics are ampldyed. }nwever, tlé “physical basis for the theory
has been carefully preserved and it should be directly applicable to actual
raindrops falling into a known enviromment.

"Equilibrium evaporation-rates are calculated by two independent
processes, The first, based on the fact that the ﬁass of water evaporated
is prbportional to the heat transferred to the drop, depends only upon
the laws of hgat transfer; the second is concerned directly with the trans-
fer of vapor outward from the drop under the influence of vapor-density
gradients. The resulting equations must be compatible since they deal
with the same evaporation and they may be combined to yleld the psychro-
metric equation for a freely falling drop. This auxiliary equation ex-
presgses the equilibrium temperature of the drop in terms of its size and
the physical properties of the enviromment,

"In calculating the rate of transport of vapor or heat, it is noted
that the radial gradients surrounding the drop when it 1s at rest have
finite values out to distances large compared to the radius of the drop;
but when the drop is falling freely, the vapor and cooled air at its sur-
face are continually replaced by environmental air, The net effect of

*increasing ventilation is to shrink the boundary of the envirommental air
closer and closer around the drop, thus augmenting the surface gradients
of vapor density and temperature and the rates of transport of vapor and
heat, The movement of air near the drop must be examined in order to
evaluate the effective gradients at the surface and the dependence of
these gradients upon the veloecity, A quasi-transient state may now be
considered in which the vapor or heat is allowed to diffuss into succes-
sive packets of fresh environmental air as each packet comes within the

zone of duffusion around the Qlup for_a calculable period of time. This

Sl R4S [FIED
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period of effective contact :nliét:;.pﬁfax:i;afé: the diameter of the drop
divided by the velocity og'végtiiat{gﬁf"B§:summing up the transport to
all packets of air making cqntact, the total exchanged heat or vapor may
be estimated and used to determine the egquilibrium evaporation-rate and
temperature of the drop.”

The experimental data of these writers (see Figs. 5, 6, and 7 of

Ref. L) confirms Eq, (1,1) with

Ty = (2k/L)(T - Ty) or ¢ = (2K/L)a

where aTy = (T -T,)

and Ts = gvertemperature in the shock wave
T = actual temperature of the air
T, = actual temperature of the drop

=
i

coefficient of heat conduction for air,

The temperature of the drop T, will be the "Wet Bulb" temperature
of the air, and may be obtained from psychrometric tables, T 1s the-
temperature of the air in the positive phase of the shock wave, The re-

.}a£ion between T and T, may be seen from Appendix VI. The value of & has
geen studied as a function of various assumptions as to the initlal same
bient temperature and relative humidity. - The conclusion is that a value
of 6/10 for a is the most conservative cholce,

For simplicity the discussion to the presant point has ignored the
increased evaporation due to the rather high ventilatlon of the drop im=
posed initially by the shock wvind, Kinzer and Gunn derived an equation
which considered the increased ventilation of drops due to relative motion,
induced in their case, by gravity. This equation (Eq. (29), Ref. 4) may |
be expressed in our terminsloRy #st °1° °°

[ - w 9
=® sve ose ecw .
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Fig. 3.1
Curve shows dependence of F on square root of Reynolds number,

as given by Gunn and Kinger®,
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~2ada/at = (K/LWT,(1Y £a/sr)
where a/s! ¥ ol |
The added quantity Fa/s! is the correction factor for increased
ventilation, and in the physicai situation under coneidration a and s'
are radii which are approximately equal. F is a dimensionless number to
be determined experimentally, and is thereby similar to the Weber and
Reynolds numbers, Fig, 3.1 (derived from Fig, 7 of Ref, 4) shows F as
a function of Reynolds' number, |
To study the effect that ventilation has on evaporation, let us
assume that a 1s 10u, a typical value, and that the shock wind is 100
ft/sec, This wind is assoclated with a peak overpressure of 1.8 psij; it
is therefore clear that any effect obtalned with this low value of over-
pressure will apply a fortiori to higher values of overpressure, In this
discussion, the acceleration of the particles to the velocity of tﬁe alr
stream has been neglected; justification for this will be seen presently,
Using the above values for the ventilation effect, it is found that
. Re is about 45, and thus Rel/2 1s about 6.7. Fig. 3.1 shows that F
- \must be about 1, and that it is well above the hump in the curve which
Kyccurs at about Rel/2 = 3, If this value of F is used in the preceding
/;. équation, the result indicates that the radius of the drop which can be
3 \¥vaporated is increased by a factor of (2)3‘/2 - 1 or 4Of, This effect is
$£ some extent (not readily computable) negated by the decrease in vent-
A

\dlation due to the acceleration of the drop, The overpressure region

\

;

j//y?ere this effect is most important is from about 3 to 10 psi free air
3
,’ ( éverpressure, and it is precisely here that the situation is not clear

| cut, However, in line with the previously expressed philosophy that the

7
s
/

effect wlll be underestimated wherewer it ds” 1ereaayxy to make an

== =_;= %‘7. o e --
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arbitrary choice becausefbf ﬁaEk of'iuiozmation, it is ultra-conservative

to use the nonuventilated case.
It has been shown that for a rather small droplet at a relatively
small shock wind, the Reymolds' number 1is large enough initially to make

an appfed;qbleAdifference in the radius of the drop which can be evhpo~

ratedsﬁégéﬁﬁé of the ventilation of the drop, The importance of this point

is seen when it 1e considered that a difference of 4O% in the radius im-
plies that the mass evaporated is 2,7 times the original, and the corres-
ponding increase in energy loss to the shock wave will occur,

At 'a point of higher overpressure, and using larger drop radii, the
Reynolds' number will be larger, and thus the evaporation greater, at
least initially. In any event, any evaporation of liquid water droﬁs ob-
tained by the use of the relation for stationary drops will be too small
and thue conservative from our point of view,

d. YVarlation of shock vroperties. In order to know the interaction
of the shock wave and waterdrops, it is necessary to know the properties
of the shock,

The properties were obtained from Ref, 7 and Ref, 8 assuming an

infinite homogeneous atmosphere. The particular properties neceded have

been evaluated empirically in the range of 1 to 10 psi free air overpres-

Bure,

Three properties are needed: the impulse in ft. 1b, sec.; the

" gquare of the meterial velocity (shock wind) times the density; and the

velation of overtemperature (T ) and overpressure (P;), The mathematical

statement of thse properties and their derived value is shown in Fig, 3.2,

)

The impulse distance curve is glven by Fig, 3.3 and was based on

eve ove ®&8

" Fig, 8 (Bef, 8). The coordinates ars Amsulse rulzipiizd by IOBX(W)'1/3

ST FE AR
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VARIATION OF SHOCK PROPERTIES

" “NMATERIAL VELOCITY B =53 .
- 2SQUARED, TIMES DENSITY a R®

- OVERTEMPERATURE T
VS. OVERPRESSURE | S
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vs. A = R(w)"l/ 3 where W ;is_ yi.elid in k::iotiofx equivalent, Equation 2,1
represented by the stre.ight: 15:1'3 -ia :.gc;;:i wi.‘it to the data in the region
under consideration where the value of cy is 8.4 X 10° (%5)2/ 3 with I is
in psi sec and R in £,

For determination of a, (Eq. 1.2) it is necessary to know the quan-
tity uzfa as a function of R, Fig. 3.4 shows a log-log plot of relative
values of uzfa vs, R as determined from Refs, 7 and 8., This relation
assumes a 20 kt, yield bomb, Fg has been plotted vs. R for reference,

A slope of -2.9 on the line for u? §a leads to Iq. (2.2), The value
of eg will not be needed but a; will be computed as a function of over-
pressure (Fig, 6.1).

To find Eq, (2.3) Fig. 3.5 was plotted from data of Ref, 8, Although
the slope of the best fitting line on log-log paper is 9/10, Eq, (2.3)
(Fig. 3,2) with c, = 59C/pei 1s a reasonably goocd approximation from 1 to
10 psi, and especially so in the region of 0-3 psi which is of importance,
It should be noted that the curve for Tj is used for the range O to 10 psi
instead of 1 to 10 psi as are the others. The reason for this is that Tg
must be averaged in time over the entire duration of the positive phase,

at a given point,

L. Eguation of bnergy Loss

The total energy extracted from a spherical shock wave by water

drops in the atmosphere may be defined as E,. E, 1s the energy lost ine

side Ry; E, is the energy lost outside Rae
v N
Then E, = /lm’quLvdR = E, + By (3.1)

s O - aee @ wee see

a® Ee2® S68 Sev see
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v @ L ¢ e ® @
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(3.2)

(3.3)

The relation 3.3 may be used to obtain the total energy lost, To
do this we must obtain the variation of v with x, Let ¥ be a funetion of
845 8, 83,4+ 84 is'the initial radius of the drops, a3, 1s the radius
after passing through the shock front, and furthermore, 845 1s equal to

the smaller of 8, or aj. V is the proportion of the mass of the drops

which is evaporated at a given value of x, dv is defined as the proportion

of the mass (or volume, since the density of water is one) of the drops

of water, which have radii a; to a; + day, which is evaporated,

3.3
[('8;1-?‘)—331] X Eai)B £(ay) dai:[
Then dv = s

o
3 ,
[(ai) f(ai) da,
o]
o

3 - 3

Let /(ai) f(ay) day (ay)
° s wws vO

: I
b )
] -
[l
" (AN
E ;
a
W 1
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&
u
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)
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We now integrate and éb?

-1 3 - 3 P P
v [32:)3] {Bto) — | (a)3 £(s,) day = [(aiﬂ (A+B+C) (4.1)
(ay4) | ’
0

The above integral has been separated into three separate integrals
of value A, B, and C respectively to correspond to three distinct regions

of integration, denoted by Region I, II, and III respectively. The reason

for the division into the separate regions is that 8y has different rules
of behavior depending upon the drop size, and so does a,

The condition which defines Region I is that a, the drop radius

after evaporation, is always zero, and that the shock wind does not break

up the original drops into smaller drops. In other words, they are all

less than the critical size ay., This statement implies that ajg equals

84.

To find the upper limit to this region, let us consider the equation
of evaporation (1,1)

1

-2ada = ¢ T, dt

At the present, it will not be necessary to determine the actual

value of ¢ because it will be absorbed in the value of (ac)ch.
From Bq. (2.3): Tg = ¢, Pge

Therefore: =2a da = ey ch PB dt.

Integration of this equation and use of Zg. (2.1) yields:

(8)° - (@)% = (ag)® = (@)% m e [ Ty at = eyope /R . (42)

Since in Region I, a = O, then

= (ai)z = clczcl:: === :-=’ ":‘ .;i . (h'B)

YRR LS
XN

(ay4)°
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When R is equal {o: I'i;., %f'-lome.ri:.b;:_:r"défgnition, (ais)2 = (at)2 = (a.B)2 =

(ac)2. And it follows 1h;£.(ais"2 ;s(ac)z = ¢y¢65¢, /R

Or c¢jcpe, = (ac)ch .

This value of the constants may be substituted in Eq., (4.3) to give
an alternate form of (4.3)

(83)° = (ag,)° = (8,)° Ro/R = (a,)% ()™ (4.3)

This equation defines the upper limit for the integral of Eq., (4.1) over

Region I as x1 a3 = ayq = a,(x)” 1/2 The lower 1limit is zero, of course,
a "
Thus A = (ai)3 f(ai) da, (5.1)

o}

Region II sterts where Region I leaves off, As a consequence the

lower 1limit is the same as the upper limit of Hepion I, Furthermore,

a;, = a; 1s still a condition, From Eq. (4.2) we now obtain that:

(a)? = [(ais)z - (a)® x"1] " [(ai>2 - (a)? x'1] 7 ()

This relation may be substituted in Eq. (4.1) to give B, However, the

upper limit of Region II is not yet determined, We define that limit as
the place where ag = 85 = a4.
From Eq. (1.2) we know that ag = (Wg)b/( £,u°)

Substituting in Eq, (2.2), we find that
a_t = (we) b (cB)"l R2'9

Now by definition, at R = R,, a; = a, = ajgq and therefore ,

2.9
a_.c = (we) b RC /03.

Substituting this equation in Eq, (1.2) and the condition that at

\

the upper limit a, = a;, gives the resylt that
_:20: == ': %é.. :iaé
8 7 8 X T T (4.5)
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Substituting (L.4) in u; (L 1) and puts.ng in the proper limits we find

il
vadad Hl

that! ’_:

] ( {1 - (9' /81)2 x-l; .5] (51)3 f(ai) dai (502)

In Region III a44 = 84 = 8¢ 29 and Eq, (4.4) may be used to

obtain the value for a (note that aj no longer equals ajg) to give

e
1.5
C = / [ - {1 - (s /ai,s):3 "1} J (ay)® £(ay) 6oy (4.7)
acﬁtg
Or
0 1.5\
c nf[ -{1-(::)'6'? J (9‘1)3 £(ay) day (5.3)

.8, x2¢9

Combining Egs. (5.1), (5.2), and (5.3) and inserting (4.1) into
(3.3), the expression for E,/E, is foung*to bes
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The application of Eq. 3l;§) Péyéugﬁ,éq. (4.6) to Region III tacitly

-----

Ane mOS Smm 80
et > et 2 .

assumes that each drop of radius ay will be broken into exactly an integral
number of drops of radius ay, each of which will evaporate according to

the given rule., This is not exactly true, for there will nearly always

be a residue of drops less than a4 in radius, and as a consequence they
should.bé considered as Region I or II drops. However, the difflculty of
expressing this mathematically and getting an answer with a mi i of
labor, leads one to treat all the water in the drops in Reglon 1II as
evaporating dnder the same law as ay. This is another assumption which
tends to underestimate the total loss of energy, in accord with our basic

philosophy of underestimating this effect,

5. Methods of Computation
In application of the shock properties to the problem of interaction

with the atmosphere, it was tacitly assumed that they do not change under
the influence of the evaporation of the water drops. This assumption is
difficult to justify, In actuallity, the present method does not depend
upon it., There are two separate phases of this problem. The first is
the absolute values of the shock properties at Ro; the second is their
rate of vatiation from there out to the limit of integration, xj.

With regard to the first, the value of R, can be obtained experi-
mentally. Some data are already available, i.e., Penney's study and the
data in Appendix V from the Greenhouse test,which indicate that the esti-
mates of this paper are not too large. The experimental value of R, will
contain the effect on the shock wave due to the liquid water present, and

the value of E, will not be in as great an error as it otherwise might

™ -
= - »e s

be due to the mistaken estimate ofi.B,. o2 2°* *°

- = -= @
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In estimating the vajue of j'JofE‘.c '(::j.1> 1), the shock properties are

- - - -
ssz =as &%

assumed, for simplicity, to have the same rate of change they would have
without the presence of the liquid water content. There are two reasons
why it is felt that this approximation does not introduce a large error,
First, a computation was made under conditions which should show
up the difference due to the wrong rate of change, These computations
are given in Table 7.2 and 7,3, The computation using the method devel-
oped in this paper is #4 of Table 7,2, x is 1.59; the fractional loss in
energy is .35. To make a proper comparison, one should find the change in
the slope and use it to integrate over the range of x from 1 to 1.59.
However, the change in slope is not known to the present writer, so a
simpler procedure was devised., It consisted of applylng the equation for
Eo/Ec in five successive steps of small intervals, At the end of each
step the shock wave properties were found from consideration of the energy
lost in that step., These new properties were then used to find Eg/E; at
the end of the next step., See Table 7.3 for these computations,
If the original equation for Eo/F¢ were greatly in error because
the effect of the liquid water on the rate of change of Pg was ignored,
this procedure should lead to a significant difference between the two
methods of computation. There was no difference., The fractional loss

was .35 for the first case and ,348 for the second, These results glve
confidence in the nethod for x3.5- 1.5,

The second reason why this assumption should not introduce a large
error is due to the nature of atmospheric cloud formations., In the most
probable case, where these energy losses could occur, there will be a

cloud layer between the point of bomb-burst and the target, and a space

-

of more or less clear alr between the bomb and the cloud, and less prob-

a ses @ . e

ably, between the cloud and thé_éréun%. ?oé cdiﬁenience, the computation

295‘;—:5 T
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of the energy loss is made in twu sfeﬁ?. zTée computation is first made

s_F _ZC s5s see® e®

of the energy loss to theebointiwhere the cloud ends, assuning the cloud
extends into the point of bomb burst, This computation is corrected by
subtracting the energy not lost because of the clear air space, Thus, |
only the actual cloud thickness attenuates the shock wave. In most prac-
tical cases the energy loss will be only slightly overestimated because
of the neglect of the variation of the rate of change of the shock prop-
erties in the cloud.

a. Lvaluation of Integrals
The integrals for EO/E° were numorically evaluated by personnel

of Division }613 of Sandia Corporation: Mr, C, Hassel and Mrs, Sutherland,
The procedures used will be discussed by them in a separate report, The.
data on the frequency distribution of ajy obtained from aufm Kampe were
normalized to yleld:
flay) dag = 1

These values of f£(ay) were then used in Eq, (6.0) to evaluate it
for four types of clouds: stratus, stratocumulus, nimbostratus and cumulus
congestus, The values of xy were 1.5, 2,0, and 3.0, a, was used as 8,
12, 16, and Zﬂ-* The results are shown in Figs, 5.1 and 5,2. Smooth
curves have been used to connect the points. The upper limit for E,/E,
is clearly defined as the complete evaporation of all liquid water out to
¥y, the limit of the integration, From the geometry, it follows that the
upper limit for E /L, is (x) -1,

b. Procedure of Computations

'The computation of the energy loss for a particular yleld of

¥ Some cloud forms were not evaluated ror é1l Valyes of a,. Whenever

[\ )

- .= - ==
-

E,/E, was near the theoretical 1linit, fﬁrbﬁgf %Em%ﬁtations were omitted,

?’r === Ese :-. : : ".'

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

I — ® v &
- = = - s Y ) s
- - - v * 9 v v 8 0
- =% L] wae @ @ -

o9 ®ep weow woo =08 ..7

bomb and & specific height of Burst and Westiier situation is made in

several steps, The first s;ep is a basic one which can be used for more
complicated situations by appropriate modification., The purpose bshind
it was to estimate what order of magnitude the masximum effect of cloud
might be, If that effect were negligibly small, no further effort would
have to be expended on the problem, Therefore, it was declded to make
the following assumptions for the basic computation, These assumptions
are in addition to the ones already made for the computation of ED/EC:*

1. The yield is 100 kt TNT equivalent, The bomb is exploded at a
height to maximize the 10 psi level, The energy loss at the 10 psi circle
was of prime interest, and therefore, computed,

2, A large liquid water content of q = 1 g/m3 was assumed for con-
venience, All the liquid water out to the 10 psi circle on the ground
was assumed to be evaporated, in order to get an upper limit,

3, The cloud (fog) was considered to extend from the ground to the
burst height, This assumption was used only to simplify computational
procedure, Computations will be discussed later which utilize more prob-
able cloud distributions,

4. In this step and the remaining steps, the energy loss at a
point on the ground was computed assuming that the blast energy which

arrived at that point had traveled along an essentially straight line

* It should be noted that some assumptions had to be made in lieu of

better information, Some of these are not wholly defensible, but they
were believed to be the best at the time. Since the method does not de-

pend upon these assuptions, the purpose of this paper - to demonstrate

the method used - is fulfilled,-"s ">
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5. Two assumptions were used ;c;r the energy of the blast wave, In
1951, when this study was made, that figure had not yet been precisely
determined:
a) 87% of yleld energy.8
b) 55% of yleld energy.’

Discussion of the results considering these two conflicting figures
for blast energy will be given for each specific situation considered,

c. Basic Data

1. From LA~743R the height which maximizes 10 psi for a 1 kt,
yleld, is 1000 ft, and the 10 psi point on the ground is 1650 ft from
ground zero, Multiplying by (100)1/3 = 4,65 to obtain figures for 100 kt,
yield, a height of 4650 ft and a distance of 7,660 ft are obtained.,

2. Energy in blast wave of 100 kt. yield bomb is 8.75 x 10-3 cal-
ories (87% of yleld energy).

3, The volume (V) of a sphere of radius R meters is

Vo= o R3/3 m .

L. The energy lost from a shock wave due to evaporation of q grams
of 1iqu;d water per m3, whose latent heat of vaporization is L cal/g is
gLV calories,

5. The distance from the point of detonation to the 10 psi circle
on the ground is 8950 ft (2730 m), and will be denoted as Ryp.

L (47/3)RD = 5.12 x 10%2 cal.

This assumption neglects Mach reflection and flow of energy from one

part of the shock wave to another., See Appendix IV for a discussion of

[ ] "ow @ o e ows
this assumption, *: oz :\ﬁ
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F, fraction of energy ldéi is Egifé.dfueﬁérgy lost to the energy in

LI - L4 L] L] o =
- ewe . » ®ee OO o0

the blast wave,

F is 58.5% for the case where it is assumed that 87% of the energy
goes into the blast wave, and 92,5% for the case where 55% of the energy
goes into the blast wave,

This energy loss is certainly significant, although it is not pre-
suned to be correct, because the water will not all be evaporated, The
conclusion that the effect can not be ignored a priori is justified by
the results of this computation, and further refinement must be made to
determine the losses to a better approximation,

d. Use of Eo/Eg Curves

For the computation of the energy loss in any specific case,
where complete evaporation of all the liquid water was not assumed, the
computations in (c¢) were used to obtain the absolute or relative value
of the energy loss in the following manner, The energy lost inside R,
was obtained by using the ratios of g/1, and (Rc/R10)3 times 58.5%., This
fipure gives the percent energy loss inside R,. Then EO/Ec was computed,
Two figures were obtained for this, each corresponding to the upper and
lower limit obtained for Re (to be discussed in Sec. 6). The total per=
cent energy loss was obtained by multiplying [ o (Eo)™Ll + 1] times the
percent loss in R,.

Once the percent energy loss at a given point had been determined,
then the overpressure which would arrive at that point was determined
from LA-7L3R by assuming & bomb of appropfiate reduced energy at the
given height, E

Thus a 58.5% energy loss for the 100 kt, bomb of the previous ex~
anmple would mean & 41.5 kt. boqb.aqra_heigﬁq;of:h,650 ft. This bomb would
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give an overpressure at 7,660:#; %réﬁ gﬁ%uéa éeéo of 6.2 psi instead of
10 psi. The computations follzw;.. T

(hl.S)l/3 = 3.45; 4650 (3.45)7L = 1350! for reduced burst height

7660 (3.45)"% = 2220' for reduced distance out, Thus scaling to & 1 kt,
vield bomb at 1350 ft height gives 6,2 psi at 2220 ft from ground zero,
Note again that this is an upper limit computation as explained in Sec. ¢
above,

The computations in Table 7.1 which are plotted on Fig, 7.1 were
made to show the maximum effect possible of a q of 1 g/hB. A1l 1iquid
water from burst point out to the point of computation was considered to
be evaporated, Thus the maximum effect of this amount of water is shown
in Fig. 7.1, However, the theory developed in this paper has been applied
in Table 7.2, which is plotted on Fig, 7.2. This result has been found
assuning a R, of 4800 ft, and a q of 1 gm/hB. Before discussing these
results, it is necessary to evaluate R, and some constants whose values

have not been neetied in the discussion heretofore.

6. Evaluation of R,

In order to evaluate Rc, certain constants must be determined which
have been unnecessary for the development of the theory to this point.
Table 6.1 shows these constants, the equation in which they oécur, and a
reference to the literature. a; according to Hinze's theory, is plotted
vs, Py in Fig, 6.1. ay being a function of Py only, it will not change
for various ylelds, except as P, changes. ag, however, is a function of

yield as well as Py (see Eq. (4.3)) and has been plotted on Fig, 6,1
according to the theory of this paper (curves labeled 'ag(M)'), and accord-

ing to Penney's theories (curves lu>eled ¥5(©))." The 'M' curves are

] - ©
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100 kt
~o~ 20kt

as (P)

20kt

: L4 0 = '2“ . a
3 c :J..‘.
o B Rei py = 106 PSI R
a
= a, according to Hinze ™ ° %%z
—> a —
o a— . - -—— 14 q, .
— -— @; according to Penney & = (-lg)z
S
| 1
20 15 10 5 o
Fig 6,1 Diagram for determination of R . PSI
Symbol a, is the radius of the largest drop left after the passage of shock wind, ag is.the. radiul of. the largest drop

which can be evaporated

:ggording to Perney's wob{

the comlponding overpressure of a given yield airburst atoﬂc bowb,
e 85(M) are from the derivation of this paper, R is the point of intcruct.ion
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essentially of the same famii?=a€:téé 'P' Juryes but are displaced upward
by a constant percentage, Therefore, our basic philosophy of underesti.-
mating the effect, required that the 'P' curves be used to determine R,,

These Penney determined by showing that:
T

j (Tg = T) dt = 5/12 (g)7~

0

where ¢s is the peak overtemperature, and 7 the duration. ﬂgand T were
determined from (7) and (8)., It is believed that there is quite good
agreement between the 'M' curves and the 'P' curves considering the number
of approximations made in deriving them. The slopes of the curves are
essentially the same when 100 kt, M and P, and 20 kt, M and P are compared,
Therefore, the expression (4.2) should be valid, no matter which curve is
used to evaluate a, and Ry, By using the 'P' curves, one underestimates
Ry, which seems reasonable in view of the large loss of energy found with
a small Rp, and thus one underestimates the energy loss. As far as ag

is concerned, the Wy number of 6 is probably correct only to t 40%.
Assuming i; to be + 4O%, R, corresponds to 11.5 psi for a 100 kt. yield
(or a distance of 4300 ft) and ay corresponds to 1éu.,

This Ry, then, ie only about 5% smaller than the smallest R, (4280)
which will be used, The increase in size of a, from 15,51, which was
used, to 1éu in this case, would no doubt compensate, as far as energy
loss is concerned, for the decrease of R,, If the M curve for 100 kt.
were used, R, would correspond to about 10.5 psi, and a, would be approx-
imately 17,54, Rg would be 4280 (the smallest value) but ag would be

larger, thus increasing the effective loss of energy., Similar reasoning

Y .o .

holds for a 20 kt. yield, SERERIRS
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TRELY €1 707 17 %
NUMERICAL VALUES AND DIMENSIONS ‘GF CONSTANTS USED
Symbol Egq, No, Value Dimensions References
e 1 1.12 x 107 em® sec™t(%)™! 2
. 2
¢ 2.1 8.4 x 10"‘3(5%) /3 (psi)(sec ft) 8
c3 2,2 This value is not used, a8y is expressed as a
function of overpressure., See Fig, 6,1
, 2.3 5 o¢ (psi)t Ref.8 and Fig.3.6
b 1.2 72 dynes/cm Handbook of
Meteorology
We 1,2 6 none 3
£, 1.2 1.23 ke/m> Handbook of
Meteorology
K (p7) 5,57 x 10~° cal em™lsec™l(°C)  Handbook of
Meteorology
L (p16) 600 cal(gm)™t Handbook of
Physics
2/3
c1e0¢, L.2 L7 x 104'(2%) em® £t
39
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Penney,6 on page 8 stated in & holographin note that a, = %22" had
s ez = oeo® G8S o8 8
been experimentally verified. If this is correct, then the Penney curve

for a, 1s the correct one, This is the dashed curve on Fig, 6,1. 1In this

case, R, would correspond to about 5300 ft (7.6 pei) for 100 kt.,

4
’

8¢ = lhobps for 20 kt, Ry = 2950 ft (8.6 psi) and a; = 1l.4u, Thus, R,
Vis only slightly larger than our maximum values of 5200 and 2900 for thg
respective yields. In order to continue to be on the conservative side,
the value of ay derived in this paper will be used,

Inasmuch as it will be shtown that the energy loss is not & very sen-
sitive function* of R,, 1f a, varies in the opposite direction, it is ob—
vious that one need not worry too much in this paper about tieing down
R, more accurately than it has been for the case of fog and clouds.

If, as in Sec. 3¢, the values for a; should be inereased by up to
LOZ due to the ventilation factor, then in the case of a 20 kt, yield us-
ing the M curves, R, would correspond to approximately 9 psi overpressure
and' a, equals 154, This variation would increase the energy loss although
not by 40% (probably in the order of 10 to 20%).

7. Helght of Burst vs, Overpressure Curves

This section applies the theory to the case of a 100 kt, airburst
bomb, The original burst-height curves of LA-743R have been plotted for
the 100 kt, yleld directly and will be compared with the curves modified
by evaporation of fog drops.

As a check on the theory, and an indication of the upper limit,
Fig, 7.1 was computed with the assunptioqﬁhat all the liquid water is

evaporated from the burst point to the chosen point on the ground., The

ee eoos ©8
- - -
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-

[N N

® ¥ r"“g mas nes .

For fog and clouds.,
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O N

ST AE  RA TABLE 7.1
S ee TeS fea 2 2%t COMPUTATION FOR FIG, 7.1
Computation - vo ses res sme gre oo * 3
number Height(ft) *.Distsrce eS =" R(ft) R/Ro (R.Ro)” = n
1 3500 e gooomtt et 8740 93
2 5000 9000 10300 1.16 1.57
3 , 3000 9000 9500 1.06 1.2
IN LOo00 6500 7650 0,855 .63
5 5000 6500 8210 0,915 i
6 1,650 © 5000 6800 0.76 NN
7 2500 6500 6950 0.78  W472
8 3050 5750 6510 0,728 .385
9 5500 5500 7800 0.872 . b6
10 5500 7000 8850 0.99 97
TABLE 7.2
COMPUTATION®** FOR FIG. 7.2
o RR Bo/Bg
1 3500 8000 .57 1,82 4.60
2 5000 9000 .912 2,1, 8.40
3 3000 9000 .70 1.97 6.45
L 4,000 6500 365 1.59 2.85
5 5000 6500 b7 1.7 3.75
6 4,650 5000 «258 1.42 no
7 2500 6500 273 .44 change
8 3050 5750 +225 1.35 discernible
9 5500 5500 385 1,62 2,95
10 5500 7000 . 565 1.84 4,80
TABLE 7.3
CHECK COMPUTATION
R n m R/RQ EQZEE ﬂi
1 1,800 156 .092 1.00 0. 1.0
21 ‘ 5500 w231 149 1,20 .68 . 1,72
30 6200 +330 193 - 1.38 1.40 2,50
L' 6900 459 269 1.62 3.10 L3
51 7650 .63 .368 1.85 L8 6.1
¥ Ro = 8950 ft 30,3%5.2.
- ‘
Ry = 4800 ft R, = free alr distance from LA-7,3R for 22 kt yiel
q=1 for P,
Pg = 9.2 .' . Rc= correciad radius of completed evapOration
Cloud type: Stratus -, fe .(2—-)3 wse ﬁc' from previous oomputation
L, = L5 e e e -

' Wl
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3 e me———— %-' .o ;.. u;. ;-. ;..
1= ,585n = 1-m) 100 h/k-. o = Tttt
0.57 3.5 1000 2280 6.5
0.912 not applicable
0,70 3.1 970 2900 3.8
0.365 © 40 1000 1625 10
0. 447 3,72 13,40 1750 6.8
0.258 he2 1100 1190 11.0
0,273 L6 600 1560 8.9
0.225 Le26 715 1350 12,0
0.385 3.94 1400 1400 742
0.565 3.51 1570 1990 5,0
x> z_ _mg 3\/ (1-mz)100=k h/k d/k
5.85 .96 55 3.65 960 2190
10,0 oGl ) 2.41 2075 3740
8.0 «93 . 665 3.21 935 2800
L.0 .96 «35 L.05 990 1600
L.9 .97 432 3.84 1300 1690
no
change
discernible
410 «965 «373 3.98 1380 1380
6.10 <95 oS54 3.58 1540 1960
Eo/Eg *+ 1 Fractional Effective
= X loss fr. O to R Yield = Y Pg ac
1.0 0.92 90.8 9.5 1
978 132 86.8 9,6 14
. 960 «185 8l.5 9.7 14
954 «256 Thoy 9.7 AVA
.951 348
'e;‘ -?2; -Eu E-o E.:
;J: 32r ~ o
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: 5}")'3 —— NORMAL ATMOSPHERE S-‘l--'i
LI ——LIQUID WATER PRESENT R
. o--oc? I 7 ,‘ sapuce
* el alb 120 7/ / / )’ AL
PLOTTING MODEL %@ |o.o| N,
a = COMPUTATION NUMBER . / 6.0
| — b- OVERPRESSURE WITH LIQUID WATER PRESENT
C= OVERPRESSURE WITH NORMAL ATMOSPHERE
0 ) 2 3 4 5 6 7 8 9 10
DISTANCE FROM GROUND ZERO
Fig 7.1 Overpressure as a Function of (THOUSAND FEET)

Burst height and distance from ground zero. It is assumed that there is 1 gndl3 of 1iquid water present, and that
it is completely evaporated. The energy yleld is assumed to be 100 kt equivalent, Normsl curves from LA 7L3R
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T 5 10.0 S—JJ<"Tio \ Jso
< Percent. of un areal if fog 8[nd ~ \\ 0l6.2
Overzrs Peremn 20 SN\ N
i -t 2} NS RV
I. 8 ke N Moo [N
:(2...4 12 66 \\ 12.0 (
fuk} \ ' | oyest O
-T... ! / 8 / /
fl-- ) ;‘ua 0o =L / / il 7 : v
"5 —— NORMAL ATMOSPHERE '/ Y 9.5 / /
@ —— LIQUID WATER PRESENT L// v 2/ s
ol — alb — |20/|0 o i/ 7
PLOTTING MODEL %2 /8o [ /
Q= COMPUTATION NUMBER | / 6.0
||—  b=OVERPRESSURE WITH LIQUID WATER PRESENT :
C=O0VERPRESSURE WITH NORMAL ATMOSPHERE
I R
) | 2 3 4 5 6 7 8 9 10

DISTANCE FROM GROUND ZERO
(THOUSAND FEET)

Fig 7.2 Cverpressure as a function of burst heieht and distahe® from ground zero., It is assumed that qe=1 zm/m‘.’;
R, = k800 ft; a = 15 p. Yield: 100 kb Normal curves from La 7h3R,
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amount of liquid water is asmumg d. t; an.r_*.t.p"b? 1 gm/m This computation
clearly does not depend upon the theory previously developed (which will
be the case in Fig, 7.2). Since Fig, 7.1 is meant for comparison and
serves only as an upper limit, its details are not too important and should
not be given great weight,

Fig, 7.2 shows the effect of.fog (or stratus cloud) with q = 1 on/m° 3
R, = 4800 ft and ap = 15u. The fog, as before, is assumed to extend uni-
formly from the earth's surface to the burst height, but all drops are
not completely evaporated,

The computations which are included in Tables 7.1 and 7,2 corres-
ponding to Figs., 7.1 and 7.2 were made as follows:

1. The energy loss outside R, was evaluated from Fig. 5.1, for
R, = 4800 £t and a, = 15z for strotus clouds,

2. The fraction of maximum energy lost (z) is found by E,/E, + 1 = 2,

3, m= (8950) (0.585) and is the fraction of energy lost from O
to R if all liquid water were cvaporated assuming that 58,5% is the frac-
tional energy lost from O to 8950 ft,

L. (l-mz) 100 gives the apparent yield of the bomb,

5., From this yield, the scaling laws, and LA-7,3R, the expected
overpressure is determined at each point.

Considering only 8 psi overpressure at the surface and above, which
is the region where the assumptions fit the best, Fig. 7.2 shows that:
(1) The optimum burst height for 10 psi overpressure is reduced from 4,600
ft to approximately 3600 ft; (2) Greatef changes of overpressure occur

for heights of burst above 4000 ft than for below; (3) The burst height

is no longer so critical for the maximum, i,e., the knee is flattened out;
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and the burst heisht 1s plam_.e‘dé?,;'qups;', &s. 60%, The amount is 66%
for 12 psi and 46% for 8 psi, -

A comparison of Figs. 7.1 and 7.2 shows that the 12 and 10 psi lines
chanpe but little from 7,1 to 7.2. The bigger changes occur farther out,
This is because the evaporation is complete out to the 10 - 12 psi region
in Fip, 7.1 and almost so in Fig, 7.2,

It is clear, from these figures and {rom the percent of maximum area
obtained, that if the burst height is planned to maximize 10 psi over-
pressure in a cloudless atmosphere and fog occurs, a large loss will be
realized, However, if a lower burst-height, i.s., 3600 ft, were utilized,
the loss would no£ be nearly as great, The area in this instance would
be 71,% of the maximunmobtainable in a clear atmosphere.

It may slso be noted that since the "sharpness" of the curve is re-
duced considerably, if fog or stratus has a fair chance of occurring, a
lower burst height should always be chosen, for if the weather is clear,
the lower burst will not lose an appfeciable amount of area, but if fog
is present, the area will be maximized.

Additional charts of this type should be made assuning the various

types of weather situations and various liquid water content as has been

done for 10 psi (only) in Sec. 9.

8. Atmospheric iater Content

In order to determine what type of atmospheric models to assume,
several (Refs. 9 = 11) studies have been made by Hq, Air Weather Service,

Andrews Air Force Base,

Ref., 9 gives a quick sumnary of some of the work which has been

done on drop slze frequancy*?iﬁﬁr@buﬁébﬁ?} Ahd liquid water content of
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TABLE 8.1

HECOMMENDED VALUES OF METEOROLOGICAL FACTORS FOR CONSIDERATION
IN THE DESIGN OF AIRCKAFT ICE-PREVENTION EQUIPMENT

Air temp. Liquid water Mean effective Pressure
Class Item (°F) content diameter altitude® Remarks
(g/m3) (microns) (ft)
I-¥ Instantan- 1 32 5.0 25 18,000 to 20,000 Horizontal extent: 1/2 mile
eous Maximum Duration at 180 mph: 10 sec.
Characteristic: Very high
a0 . liquid water content, , ..
'I-'ﬁ"fn'stant,an- 6 32 1.0 20 10,000 to 20,000
,- gous Normal teeirs veie
"": E}AJI!&.W.I B e 5 R AW 5 P -w-——:
1o I} Tntermit— 1 32 2.5 20 10,000 to 15,000 Horizonatal extent: ..3 qu.l ‘.‘..
oo tent Maximum 16 - 32 1.3 30 8,000 to 15,000 Duration at 180 mp! 180 n_nm" 1 mim iees”
~Ja. YITH 21 32 .L., 50 8,%0 to 15,000 Cha.racteristic. High’::llquim e
i, kol s AIVUE D 1 e v e L e W ALl AT, Sl ALt A (o 50 Bl o T s ¢ water content e ’
IT-N Intermit-
tent normal 26 32 .8 20 8,000 to 12,000
III-M Comtin- 31 32 .8 15 Horigontal extent and duration:
uous Mascinmm 36 32 .5 25 continuous
' N} 32 <e15 40 3,000 to 20,000 Characteristic: Moderate to
e i i s e — low liquid water content for
III-N Contin- an indefinite period of time
uous Normal 46 32 .3 15
Iv-M Horizontal extent: 100 miles
50 25 15 1000 0 to 5,000 —
Freezing Rain ? 30 min,

# Altitudes according to aircraft barcmetrieppddimeieTerR PUBLI C RELEASE

Duration at 180 gggz
Characteristic: Very large

drops at near-freezing
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A complete diééﬁ;;igqbié.ggﬁond the scope of this paper.

*
the atmosphere,

However, excerpts have been made of pertinent data,

Ref. 12, which is not mentioned in (9), has in its Table I "Recom~
mended Values of Meteorological Factors for Consideration in the Design
of Aircraft Ice-Frevention Equipment", |

Table 8,1 presents excerpts from Table I, It must be remembered
that these values apply only at 32°F. Theory and other measurements show,
furthermore, that at higher temperatures and lower altitudes, a higher
liquid water content is probable, The measurements of Nyberg9 show data
consistent with Ref, 12, In his data, the liquid water content ranges

with visibility as follows:

Mean Value of g Vigibility
0,60 g/m 30-90 meters
0.3 " 200-300 "
0.30 " 500 "
0.,2L " 700 "
0.15 * 800 "

Since the other data of (12) gave neither temperature or visibility
at time of observations, it is difficult to determine the complete sig-
nificance of their observations for the present problem.

From Nyberg's data and Ref, 9, one can be justified in associating

¥ Several errors were noted in this paper: (1) Page L, line 21 the mean
effective diameter is the megn volume diameter where»a is the diameter of

the drops.

_ . 3 3¢ :1-
) ff(a)da

)
‘(2) page 7: See COrrectlon in fp;iﬁ 1350 Jovrnaw of Meteorology;

(3) page

7: Table of Average Drop Radius ‘was copied incorrectly.
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FREQUENCY OF LOW CLOUDS AND FOG AT REPRESENTATIVE RUSSIAN CITIES |

c

IT

e———

1.
2.

3.

Moscow
Kharkov
Stalingrad

#

TIE s 07:00 13100

WEATHER TYPES™" A B A B
W55 17,26 | 3u.8% 0 12,1%
53.4% 19.2%§ 55,78  11,1%
10,8% 22,8% 12,48 29.8%

Mr, C., N, Charles of Sandia Corp, kindly pointed out an error in this

table in draft form and supplied the correct data,

¥

43¢

Time is local standard,

Weather types:

A = Less than 5/8 mile visibility and/or 1000 ft ceiling (or less).

B=5/8 11/, mile visibility and/or 1000 ft to 2000 ft ceiling,
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g with visibility according to hij t abl€ anl 1f there is a dense cloud,
say that q is of the order ;f 5716 g£7;5:'agé thus estimate the liquld
water content from visibility and ceiling observations.

If the frequency of low clouds and restrictions to visibility (fog,
rain, etc.) is known, one may justifiably infer at least a rough idea of
the frequency of high liquid water content,

From Ref, 10, Table 8.2 has been prepared to give an idea of the
prevalence of conditions at various representative locations in the USSR,
favorable to a high value of q. For condition A, visibility less than
5/8 mile and/or a ceiling of 1000 ft or less, it is estimated that q ranges
between 2/10 and 1 gn/m>, For condition B, it will range around 1/10 or
less at the surface up to 6/10 to 1 gm/m3 in the cloud. A mean surface
temperature of between 20° and BOOF has been assumed,

The high percent of observations of conditions A and/or B shown is
prima facie evidence that there will be a good probability of losing
energy to evaporation of fog and cloud in the winter over the USSR, For
example, in Moscow in January at 07:00 LST, a frequency of 53.4% of con-
dition A means that there is a high probability of loss of energy to
liquid water for an atomic bomb delivered at this time of day - at random,

It is obvious that if a strike should be planned for a day when cloud

cover gives maximum protection to the attackers, there is also the maxi-

mum probability of loss of energy from the shock wave,
Further studies of weather conditions conducive to large values of
q were being conducted by Hq, AWS and a report on these studies should

now be available for use in further analysis of this problem,
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T T ep——
9. Realistic Atmospheric Models and “heir Zffects on Apparent Yield
- -
Previous computations ha¥Ve,” for sinplicity, assumed that the clouds

extended from the burst height throughout the lower atmosphere. The weak-
ness of this assumption is recognized and several models of the liguid
water content distribution in the atmosphere have been adopted as being
more realistic in that they are more frequently observed than the first
assumption, but do not interpose undue difficulties of computation,

Four types of atmospheric models will be assumed as shown below:

Height
Type No, Clou e Base Tops
I Fog 0 2500 ft
I Stratus 1000 2500 for 100 kt yleld
2000 for 20 kt yield
IIX Fog 0 1500
iv Fog 0 500

Computations will be made for each of these types of 2/10, 5/10,
and 1 gn of liquid water per m3,

In order to investigate the influence of the fact that R, is not
precisely known, (see Sec. 6), a further refinement is added in that for
each case the computatio#s will be made for three sets of values of Rc

and 8., 8s below, for 100 kt, yleld.

R 8
a) 1,280 15,50
b) 4,800 15u
c) 5200 Thu

and for 20 kt, yleld

»
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a) 2350 12.6u
b) 2500 12,0u
c) 2600 11.6u

The reasons for this choice of values are discussed in Sec., 6. An

example of the computation follows:

Type Weather: II
Yield: 100 kt. 2
Geometryt 08 = L650; OP = £950 \
H' ~H
H' & = 25003 J'& = 1000 //, /////////W
Lol ! b
H1J! = 1500; OJ' = 3650  J' J
&% - (e’ - L .
0dy3 o 1365043
& = (&) - (.786)° = w9
oJ = (,786)(8950)t = 7030!
, 3
R, 8, OJ/Rc Eo/Ec X~ =1 2y 24 ﬁ".&
a) 4280 15.5 1.8, 2,2 2.3 U 36 2
b) 4800 15 | 1.7 1.6 1.65 .97 37.5 22
c) 5200 1L 1,35 3.13 3.5 .98 38 22
B,y
Zl = EC (for OJ)
“13
E, L
P
52 = E (for w)o.---......‘lsince Rcza{
3413
By = Energy lost or; pafh HJ ' _- , :

oo ..a")?" e : T LT
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e TARLE 9.1

PERCENT LOSS OF ENERGY FOR REALISTIC ATMOSPHERE MODELS

Bomb yleld 100 kt at 4650 ft 20 kt at 2700 ft

and height
‘Weather Liquid water content Liquid water content
type an/m> gm/m
2/10 5/10 1 2/10 5/10 1
1 a 9.6% 24% L8% 10% 25
b 9.8 24 L9 10 25
c 10. 25 50 10 26
II a Le2 10.5 2 2.6 7 13
b 4e2 11 22 2.8 7 14
c L2 11 22 2.8 7 14
111 a 6.0 15 30 9.2 23 L6
b 6.2 15 31 9.2 23 " 46
c A 16 32 9.4 23 L7
Iv a 1.6 L 8 Lol 11
b 1.8 L5 9 Loy 11
c 2.0 5 10 L6 11,5 23

. v =
N

s® cem swe ses oes
53
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aude

. 6,3 :
By = Eop (”l @) - <

Nava
P
S
X
A
0 h\LD
A )

- 58.5_[z1 (49) - () (.10)] - 35 (58.5)

EOP = Energy lost assuming complete evaporation

Using the above computational procedure, and assuming that 87% of
the bomb yield goes into blast energy, the percent loss of energy is given
in Table 9,1 for various conditions,

By subtracting figures for type IV weather from the corresponding
figures for type I or IlI, one can obtain, if desired, an additional esti-
mate of loss for the cases of:

a) Stratus cloud base, 500 ft tops 2500

b) Stratus cloud base, 500 ft tops 1500
To see the difference that changing the assumption that 87% of the energy
goes into blast effects to the one, which 1s probably of greater validity,
(that 55% of the energy goes into blast effects), each of the figurss in
Table G.1 should be multiplied by 1,57. This, of course, makes some of
them very large indeed and, in fact, it is doubtful if all other assump-
tions hold good in these cases., However, it is clear that:

a) Varying R, and a4 in accord;with the limits previously assigned
has 1little influence on the loss of energy observed (the com-
parison of a, b, and ¢ shows no significant difference),

b) In many of the atmospheric cases, such as III, Table 9.1, (with
5/10 gm/m3 liquid water content with 20 kt. yield) the percent
loss in energy (which is 23% on one assumption of magnitude of
the total blast energy and i36%" on-the, ?ther) is sipnificantly
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¢) To minimize the locg of .e:fxergf'_ t:o: _fxfuid water in the atmosphere,
until further studies have been made, it is recommended that
the desired burst height of a bomb of given y;eld be reduced
by 700 to 800 ft for a 100 kt. bomb when maximizing 10 psi and

appropriate values for other yields and desired overpressure.

10. Effect of Rain

The case of railn is essentially simpler than that of fog or cloud,
for the size of the drops is much greater, Therefore, in Eq. (6) the
first two integrals involving a4 are zero, since f(ai) is zero over their

range. Thus since:

4

0
f<ai)3 £(a;) day = (a3)°
(o)
(6.0) becomes x
| E, = 3/ X [-(1-:{'6'8)1'5} dx . (7.0)
EC
x= 1

This may be evaluated with x; = 2 as _EEQC. = ,978 .,

It may easily be shown that the major contribution to this integral occurs
with %3 £ 1.5. This means that the total energy loss will be

Ey = (1+ .978) E, = 1.978 E,. For the case of the 10 psi circle and

800.3
R, = 4800 for 100 kt. yleld, the energy loss (E;) will be 1,978 (895_) Ee

where Eq 1s loss if all water out to a radius of 8650 ft 1is evaporated.
B, = 58% for q = 1 gm/mB.
Since q in a heavy rain goukc bz as‘;hfcgh de 5 gm/m3 , one could

ew . seoe e hd
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observe an energy loss of 53}5.;) %;8f3*:lf3iil assumptions made held
true, Obviously they would not, However, these figures are given to ine-
dicate that the effect would not be a minor one,

Thus, every effort should be made to avoid dropping a bomb of large
yield in a rain storm. As shown in Sec. 6, R, increases more than pro-
portionally to scaling laws for atomic explosions of larger yield, There-

fore, work should be done to determine accurately Rc** under rain con-

ditions, so that a more accurate prediction may be made,

1l. Summary and Recommendations

Using a method of computation developed in the text, the energy
lost by a spherical blast wave outside the radius of complete evaporation
has been found, as a function of radius §f complete evaporation, cloud
type and yleld of bomb (through Pg and a,).

In nearly every instance, the assumptions which were made tended to
underestimate the effect upon the blast wave, However, this effect was
found to be considerable, depending, of course, upon the particular con-
fipguration of bomb and weather conditions,

The effect in rain was found to be great enough so that avolding
such a situation in combat missions is strongly indicated (sec, 10).

Other recommendations (most of which are in the text) ares

These figures are computed on the basis of 87% of yleld going into blast
energy. I1f the figure of 55% is true, then the percentage loss would be,

respectively, 27% for 1 /m> and an impossible 138% for 5 gm/m.
¥ If in the case of 100 kt, R, is varled from 4280 to 5200, the energy
loss varies from .71 to 1 to 1,27} wFerd én3¥gy joss with R, = 4800 is taken

as mityc ®se wew woe .E).’ ese =o
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fog or stratus has_a good probsbllity (order of 25¢ or more)

- vew w

1f

of occurring at strike time, the planned burst height should be
lowered by an appropriate amount to avoid large losses in the
area of a given overpressure (Secs, 7 and 9).

Curves of Eo/Ec should be recomputed using recently published
data on drop-size distribution,

Using these curves for Ey/E, (or the ones in the text), compu-
tation of 6, 8, 10, 12, and 14 psi overpressure should be made
similar to those for 10 psi in Sec, 9 and using curves of over-
pressure vs., burst height from LA-1046,

Analysis of a report on weather conditions leading to large
values of "g" made by Hq. Air Weather Service should be applied
to this problenm,

A suitable experimental program should be planned so that Rg
may be verified further under actual atomic bomb (not scaled)
conditions,

Use other methods to refine computations, such as the appli-
cation of the work of W, R, Lane, Ind. fng., Chem, 43, 1312-17
(June 1951), to the determination of Wg.

See recommendation in Appendix V,
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DIFFEREICES BSTWEEN THE PRESENT STUDY AND THAT OF W, G, PENNEY

The fundamental differences between Penney's study: BR/MOS 1/48

and this report are:

1)

2)

3)

L)

Recognition of the influence of the frequency distribution of
drop size of clouds and fog. W. G, FPenney assumed that all
drops were greater than ay. dssentially, he obtained an ex-
pression similar to 7.0 for both rain and fog and thus under-
estimated the effect considerably by neglect of the other two
terms of Eq. (6.0).

Use of Eq. (1.2) for "radius of largest drop stable in an air-
stream", The paper from which this was obtained was not avail-
able to WGP, He used (PS)2 ap = 107%, which is not a bad approx-
imation to the Hinze relation.

Use of a different set of shock wave parameters, U, S,”data on
atomic bomb shock waves, presumably was not available to him,
both because of security restrictions and because of the reports
which have been published recently.

Penney's study assumed a bomb burst at the surface; thié report

uged air burst bombs,

sutgee
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APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

- @ w
[

b
)
[

oe
L X X)
¢e

LEN (R W]
LI (]
LN (]

“s APPRUDIX JIge 8

EFFECT ON THERMAL RADIATION

It is appropriate at this time to mention in light of Ref, 14 (which
emphasizes the number of primary fires which could be started by thermal
radiation) that the effect of clouds on thermal radiation (and vice versa)
is to reflect nearly all of it back from the face of the cloud, Thils
effect is exactly the same as the solar albedo which has been measured
from many clouds and found in accordance with theory,* to be approximately

ag follows:

Thickness of Clouds 60 meters 100 meters 1000 meters
Reflection 65% 72% 92%
Transmission 32% 22% 2%
Absorption 3% 6% 6%

These figures imply that if the bomb is above the cloud, no thermal
radiation will hit the target, but if it is below it, the radiatlon at
the target will be considerably enhanced by reflection from the lower sur-
face of the cloud,

This effect, plus the effect on the blast wave, leads ocne to say
qualitatively that the worst weather situation to use an atomic bomb 1s
when there is fog from the ground extending to about 2000 ft, while the

best might be below a cloud whose base 1s 2000 £t to 2500 ft,

See The Handbook of Meteorology. .ee eee
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"PATH LENGTH" OF THZ SHOCK THROUGH LIQUID WATER

There are t wo naive ways in which the path length of the shock wave
through‘liquid water may be approached. The first method assumes that
the blast energy which arrives at a unit area at P! originates in the solid
angle at O which is subtended by the unit area, The blast energy then
passes through a segment of a sphere with a radius of OP', It is clear
that the ratio of the energy lost in this segment of the sphere to the
incident energy i1s the same as the ratio of the energy lost'in a sphere
of radius OP to the total energy of the blast wave, LThis method would
give the average energy lost at point P!, except for the fact of Mach
reflection, and the energy which is fed through the Mach Stem mechanism

from several points between # and P' toward P,

0
\NH\\\
P! \F
Z TTT?TrTrT T

The second method is to take a cone of revolution OP' about O# and

compare the blast energy going into this cone with the energy required to

evaporate all liquid water inside the cone,

TABLE V-1
Let OP = 8950  ZP 0O 2000 4000 6000 7000
08 = 4650  OP' 4560 4960  6LLO 7590 8520
& w oan o2 . .86
L X ] .-él... [ X X J ,.. -e
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Fig. IV-1 shows the }rcgnt of en&?gﬁ ioss at any point on the ground
at a distance from ground Q;ro of EP': .%;;.curve on Fig, IV-1 marked
"spherical model" is the percent energy lost, assuming complete evaporation
with 1 gm/ni3 of liquid water present, The computations were made assuming
that each unit solid angle (1) <§hich is the fractional part of the total
solid angle of %> has incident energy of 1% times the total energy
(E,). Furthermore, no energy is fed into or out of this solid angle. The
energy lost to evaporation of liquid water in this solid angle is then"éé
times the total energy lost () or the percent of energy lost in this

unit solld angle is:’

L

;ﬂj (200) = 100 (g%) = percent energy lost
= Bt

L

It may easily be shown that the conical volume is the fraction
1/2 (Eﬁﬁ-—ji;) ( .)2 of the spherical volume considered above, Its curve
(conical model, Fig. IV-1) is obtained by multiplying the above fraétion
times the percent energy lost for thé corresponding spherical model. It
turns out that the conical model at point P' gives the same answer as the
average of the spherical model from & to P'. It is clear that if one is
interested in the energy loss at 7600 ft from ground zero, using the mean
via the conical model will give an estimate which is much too low, and
therefore, the conical model should not be used.

In order to consider the effect of the Mach Stem, consider Fig. IV-2,
If this theory is used, then it is clear that the difference between OQ
and OP 1s negligible, and thus the path length throﬁgh liquid water is

approximately the same. %
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Another way of approaching tF? prbb em,.ﬁnd the most conservativo
way possible, is to consider that EQ isfthe éistance of the limit of regu-
lar reflection., All energy then going into  POQ will contribute to
the overpressure at P, From LA-7,3R, 8Q = 1250 ft and P = 1650 ft for a
1 kt, yleld or g§ = .76, Thus,

oQ = ’\/702)2 + (76)%(8P)?

= 7,00 ft

(& - L%y’ - 5

The factor (.57) is the ratio of the volume of the sphere with
radius 0Q to the volume of the sphere with radius OP, If the arithmeti-
cal average is used, the energy lost at P will be ,79 tiﬁes the energy
loss computed on the basis of the spherical model., Thus, .79 is the lower
1imit to the correction factor due to different path lengths of the energy
through liquid water. however, the above assumption of "average" is
certainly not a reasonable one and overestimates the effect of different
path lengths, Since this "wild" assumption only makes a decrease of 21%,
it is safe to assume, in view of all other uncertainties, that this effect

can be neglected,

nweae

Ll
e
[ RIS ]

>

APPROVED FOR PUBLI C RELEASE



a)

b)

APPROVED FOR PUBLI C RELEASE
YPT  EEE e e :

C*FIG, 1v-2

O
R I
R,
. Y
d _
e
V4
Z Q p :

is the triple point,

i‘s the point on the ground from which the energy in the reflected
shock R at point Ry (which is a small distance along R fram Y), comes,
Using the acoustic approximation, < RGP = £ 0U8. (It is conservative
to take this approximation, as 1t will give a larger value of QP than
shock wave theory for in shock wave theory £ K,QP < 008.)

For overpressure at P = 10 psl from a 100 kt. yield bomb at a height
of burst of 4650 ft, the Mach stem has a height of 37 £t (LA-743R),
Thus, if triangle OQ8 ie similar to triangle YQP then x is difference
in path length through liquid water,

IP . BQ - b4 YP - -
= %Q*—)Z%%a gp_xeﬁ(ﬁf’ x) x o 61t
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R, AS DET::,RMIILD FROM GREENHOUSE MOVIES

In program 3,33 of the Greenhouse test, a motion picture camera
photographed the reaction of an Air Force structure, This camera 302 A (2)
was located”® so that its field of view faced obliquely toward ground zero,
Fig. V-1 shows the location and the geometry involved,

From still enlargements of the film taken, it is clear that a small
cloud in the upper right corner disappeared (Figs. V-4 to 8) presumably
due to the action of the positive phase of the shock. The angle may be
determined to be 4LO° to the tangent. If one takes a line in that direc-
tion, the point nearest to ground zero is at a distance of 5400 ft.

Based on this distance (as a conservative calculation) upon taking
the "effective yield" as 75 kt. and scaling from (Ref, 7), the following
is obtained:

Oﬁserved time of complete evaporation 3.9 sec
Computed time of arrival of positive phase 2,5 sec

Computed time of positive phase 1.0 = 3,5 sec

Thus, 3.5 sec would be the time of arrival of the negative phase compared
with observed complete evaporation at 3.9 sec, The agreement here is
very good considering the rough approximations made, for the following
errors could easily have occurred:

1., The distance of the cloud is in fact greater than 5,400 ft, thus

giving a lategéhne of arrival of the posltive phase,

See Draft of Structures Photography, Program 3, E, G and G, 17 May 1951,
pp 31, 32; 036 (1951). e. esw ® L]
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2. The "effective" yie::L;i :f.s ;les.s; .tlge:zp 37.';. kt, thus giving a later
time of arrival,
In any event, it is interesting to compare the R, obtained from compu-
tations (Sec, 6), with the R, obtained from this experiment,
1. R, from this experiment 2 5400 ft (for a 75 kt. yield)

2, R from calculation <4800 ft (for a 100 kt. yield)

Thus, the computations of R¢ for a 100 kt. yield bomb were very con-;
servative indeed and they by no means over-estimate the amount of water
evaporated,

| Further studies and interpretation of the enclosed pictures should
be made to determine more definitely the conditions thch prevailed at
the time of the test,

¥ oA 75 kt. yleld bomb on the surface ig very roughly equivalent to a

100 kt. free air burst bomb, -°. I I
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V-2, 100th frame after zero
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V-3, 120th frame after zero
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V-4, 130th frame after zero
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V-5, 135th frame after zero
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V-6, 140Oth frame after zero
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V-7, 1l45th frame after zero
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v-8, 150th frame after zero
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V-10, 160th frame after zero
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THE WET-BULB TEMPERATURE DEPRESSION

L X IN ]
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The value of a, the relative depression of the wet-bulb temper-
ature is important because the size of drops which may be‘evaporated
depends upon it, through equation (1.1) (see Sect. 3c¢). Penney and
thé present writer have used 0.6 as a reasonable approximation to the

. * .
value of a. Recently, however, Hartmann has used the value of 0.86.

#This appendix was prepared in April, 195k

#G, K, Hartmann, "The Effect of Rain or Fog on Air Blast," NAVORD
‘Report 29hl, 1 Aug. 53.

The §urpose of this appendix 1is to examine critically all assurmptions
made in obtaining the value of a.
Hartmann, in Sect. 21, derives the following equatlon which
may be used to finda = (P -8) (4 )d :
B - #t0 = TER 49) = Alg-v)
The meaning of the symbols is as follows:

1ﬁra— = saturated vapor pressure at the droplet surface at
temperature To+2”, in mm Hg.

Te original ambient temperature.
e increase of wet-bulb temperature above T,.

' 4 compression ratio at a given overpressure in the shock.
Pre = VApOr pressure in the air before shock, in mm Hg.

coefficient of conductivity for alr,
latent heat of vaporization for water.
diffusion coefficient.

molecular weight of water, = 18,

gas constant

constant

snock overtemperature.
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A is .5k at Ty= 2989K, as computed by Hartmann, He then assumed

that the original relative humidity in the presence of clouds was 66%,

This enabled him to ottain a as a function of 59' through the use’ of

psychrometric tables. Forzyzoetwean 53 &rd }Q° C, the value obtained

for @ was approximatelv .gét_ coe =
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He states that the vilues; 'n'xarz £ 0 hfe sensitive to the assump-

tion made as to the initial relative humidity, but does not justify his'
unusual choice of 66% relative humidity. Furthermore, he does not
mention that the values of a are also sensitive to the assumption as
to the initial temperature. He haé_chosen a rather high ambiant
temperature of 77°E, which 1s certainly not representative of atmospheric
conditions under which one might expect this type of woépon to be
used,
| We have studied the relati;an between? and 2™ when more reasonable
assumptions are made as to the initial conditions and find that the
value of 0,6 used by Penney and the present writer is both more con-
servative and moi‘e riearly correcto’ |

IAn our procedure,' the equation given above was separated into

functions of? and 75' alone with the following results:
-f..__ }7'9 (J»fnw‘ﬁ‘f)) @ § <0

The values of @ and § have been plotted on Fig, VI-1 as a
function of % and CP . To obtain the value of (@ - 27°), one'
choses a value of CP , and finds the corre'spohding value of § N
The equal value of @ is found from the graph, and the corresponding
value of 2% is read off.

Fig VI-1 is based on the sa‘nvue assumptions which Hartmann made,
namgly,' an amblient temperature of 77°F.o The curve }; is based on
an assumed initial relative humldity of 66%. The curve @;fn an

initial relative humidity of 100%,
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50°C, corresponding to an overpressure of about O to 10 psi. This

comes about because in regions of higher overbressure, }or atomic bombs,
the drops will be completely evaporated no matter whether a is o6 or ;9.
Furthermore, ég§h drop while evaporatiéé, eventually goes through this
region .of overpressure and temperature 3s the shock moves by,

One table'oﬁ Fig'Vi-l ah;g’represiatative value of a obtained
in the region of 2 i_#B psi. The values of a agree, ﬁithin the precision
of the present mathod, with the values obtained by Hartmann for 19'1933
than 10°, The value of a for higher valuss of v and<¥> is of academic
interest onlybfbr thigbproblem. As we have mentioned aboye, whit counts
is the value‘of a in the region of 0- 10 psi. These values of a were
obtalned considering that the initial relative humidity is 66%, This,
according to oﬁr philosoply, is not a conservative assumption. Further-
more, it 1s not a plausible one either. Except in very special circum-
stanoes,-it is well known that the relative humidity in the air in
" clouds is 100%, and sometimes, 1t is greateri -

Therefore, the values of & obtained from the assumption of 106%
relative humidity before shock are more conservative and more likely,
Using the curve labolled—_é we find a value of approximately 0,66,

Now let us see, what effect there may be in assuming a lower, and
consequently, more likély ambient temperatufe, Fig, VI-2 has bpen derived

on the basis of a 5°C (L1°F) initial temperature, and 100% relative

| "humidity. As may be seen from the table on Fig VI.2, these assumptions."
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What value of @ should now be used? Considering the result at
ambient temperatures of 77° and bloF, with the most plausible assumption
that the initial relative humidity is 100%, the value of 0.6 is a

much better figure than 0,86, Furthermore, 0.6 is none too conservative,
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Fig VI-1 Oraph for evalration of «. T is assumed 7 °F,
Relative humiditz 66% for § e

, loa.r.d 100% for
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Computation from Fig VI-1: '
a, Assumingf = i
@ e a-(@9-6)F)1
=m - Oo6 1.06
15 + 1,2 92
20 iuS .82
25 ) 00 '083
30 5.5 .82
35 7.l .80
Lo 8.6 18
b. Assumingé‘- _Z.

(v (24 a
10 3.5 65
15 5-5 063
20 6.8 .66
25 8.4 .66
30 10,0 66
Lo 12,2 070
Computation from Fig VI.2

@ P .

S 2.1 052
10 ko6 Sk
20.5 10.0 051
32,3 15 53
38.0 17 55
Lo 17,7 .56
L5 19.4 +57
50 21,2 58

Fig VI8 Computation of a,
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