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I. INTRODUCTION 

This report presents the results of a literature survey whose 
purpose was to review, condense, and present in a useable form the 
state of the art information on nuclear weapon thermal radiation 
effects. All thermal radiation effects are emphasized herein; all 
nuclear weapon phenomena which are damaging to shipboard systems or 
personnel are considered. Thermal radiation effects on personnel; 
i.e., skin burn and eye damage, are not considered in depth. It is 
assumed that adequate warning of an imminent nuclear attack will be 
available for crew members to take cover. Thermal radiation effects 
on optical systems have not been considered because present combat 
vessels do not rely heavily on such equipment. However, more 
extensive utilization of such systems is anticipated in the future. 
Optical systems may be extremely vulnerable because they can be 
degraded at large ship to weapon distances; hence, they should be 
considered in susceptibility studies on future combat systems. 
Damage phenomena independent of thermal effects such as nuclear 
radiation, nuclear fallout, or electromagnetic pulse are considered 
only oo show where these might dominate and thereby preclude the 
consiõeration of thermal radiation effects. Nuclear weapon blast 
phenomena will be covered in detail because these can couple with 
thermal effects to drastically effect the damage done to a system. 
The response of specific military systems is not considered in the 
interest of keeping this report general. Only the unclassified 
literature has been summarized in order to produce an easily useable 
report available to a wide audience. The blast-thermal response 
of some military systems such as radar antennas has been reported in 
the classified literature. Instead, the response of simple elements 
which might be vulnerable components of a larger system is given in 
detail. Also, this report will emphasize the response of aluminum 
alloy elements. Aluminum alloys are commonly used in shipboard 
structures and are very susceptible to thermal and blast effects of 
a nuclear weapon due to their low thermal tolerance and relatively 
low mechanical strength. This report is intended to summarize 
existing knowledge into a reference that will provide a quick and 
reasonably accurate estimate as to the vulnerability of a given system 
in nuclear warfare. Additional material required for an in-depth 
analysis will be referenced as appropriate. 

The combat effectiveness of the surface fleet would be enhanced 
by providing it protection against the effects of nuclear weapon 
explosions. Although a surface ship cannot at present defend against 
a well targeted direct attack, it could be made capable of withstand¬ 
ing the effects of an attack on another, perhaps higher value, target 
ship in its vicinity. Furthermore, it may not be necessary to 
redesign ships to withstand all of the effects of nearby nuclear 
explosions. The combat capability of many ships would be improved 

1 
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by hardening vulnerable ships systems such as radar antennas or exposed 
weapon systems. The survivability of a vulnerable system is a complex 
problem because a nuclear weapon causes several damaging phenomena 
within a short period of time. A sensible approach to hardening is 
to provide protection against the dominant and practically-protectable 
effects up to a level where other, more difficult to protect against, 
effects begin to govern system response. It will be shown that thermal 
and blast, or a combination of these effects, are still damaging to 
aluminum structures at weapon to ship ranges where initial nucleai 
radiations are no longer hazardous to personnel. Thus, protection 
against thermal-blast and perhaps electromagnetic pulse effects must 
be considered for those ranges where radiation levels are no longer 
detrimental to crew survival. The concept of providing protection to 
ships for specified weapon to ship ranges and for pertinent weapon 
phenomena up to the necessary level only is termed "balanced 
hardening". 



35rÄ 
rnni‘TT . waTr "TT , ,- HPIIWil 

NSWC/WOL/TR 75-134 

II. SYMBOLS 

a - coefficient of linear thermal expansion 

al - width of plate (dimension in x-coordinate direction) 

A - absorptance 

Ac - cross-section area 

bl - length of plate (dimension in y-coordinate direction) 

B - longest length dimension of plate or beam 

C - constant (see equation (33)) 

Cd - drag coefficient 

Co - speed of sound in undisturbed sea level atmosphere 

Cp - specific heat at constant pressure 

d - dynamic pressure of nuclear weapon explosion 

dmax - peak dynamic pressure 

D - structural rigidity LelV;Í2 • (1 - u))] 

DS - slant distance from a nuclear weapon burst 

E - elastic (Young's) modulus 

Emax - maximum field strength of nuclear weapon electric field 

Et - total nuclear weapon energy which appears as prompt thermal 
radiation 

F - force developed in thermal expansion against edge restraint 

Fx - in-plane tension force per unit width in a constrained plate 

Fy - in-plane tension force per unit length in a constrained plate 

G - distance variable for nuclear weapon burst of W kt. weapon 
yield 

Gl - distance variable for nuclear weapon burst of 1 kt. weapon 
yield 

GR - ground range from a nuclear weapon burst 

h - heat transfer coefficient for convective cooling 

H - nuclear weapon thermal irradiance 

HMAX - maximum thermal irradiance 

HOB - height of burst of nuclear weapon relative to sea level 

HT - height of burst of nuclear weapon above ground level 

I - moment of inertia 

lo - initial gamma radiation dose per unit area from a 1 kt. nuclear 
weapon burst 

k - thermal conductivity 

Kb - buckling coefficient for a rectangular flat plate 
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constant (see equation (32)) 

thickness of structural element 

maximum field strength of nuclear weapon magnetic field 

thermal moment in plate or beam 

buckling load for plates 

initial neutron dose per unit area from a 1 kt. nuclear 
weapon burst 

thermal reaction force in plate or beam 

pressure pulse received from a nuclear weapon burst 

atmospheric pressure as a function of altitude 

buckling load for the beam column 

fundamental period of vibration 

positive phase duration for nuclear weapon pressure pulse 

peak overpressure 

peak overpressure as a function of altitude 

Prandtl number 

atmospheric pressure in undisturbed air at sea level 

peak reflected pressure for blast wave at normal incidence 

stagnation pressure 

heat transfer rate per unit area 

radiant exposure 

radius of circular cylinders 

radius of nuclear weapon fireball 

Reynolds number 

radius of nuclear weapon fireball flattened by interaction 
with ground 

smaller dimension of 1/2 width or 1/2 length of a flat plate 

time 

time variable for a 1 kt. nuclear weapon burst 

time for nuclear weapon blast wave to traverse thickness of 
flat plate 

time for pressure back of plate to rise to stagnation pressure 

time at which maximum irradiance of nuclear weapon thermal 
pulse occurs 

time variable for W kt„ nuclear weapon burst 

time for initial reflections of blast wave to dissipate 

time for maximum thermal moment to be developed in plates or 
beams 

A 
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tx 
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Txy 

- optical thickness 

- temperature 
- atmospheric temperature as a function of altttude 

- atmospheric transmission factor for nuclear weapon therma 

radiation 

- initial temperature 
- atmospheric temperature in undisturbed air at sea leve 

- surface temperature 

- shock front velocity of nuclear weapon blast wave 

- velocity 
- peak wind velocity of nuclear weapon blast wave 

- visibility of atmosphere 

- displacement 

- weapon yield 

- coordinate in x direction 

- coordinate in y direction 

- coordinate in z (thickness) direction 

- thermal diffusivity (K/P • Cp) 

- parameter equal to y/P/E I 

- emissivity 
- generalized coordinate (see equation (B-17 

- viscosity 

- Poisson's ratio 

- angular frequency of vibration 

- fourier transformed angular frequency 

- density 

- stephan-Boltzmann constant 

- principal stress 

_ stress in x direction 

- stress in y direction 

- shear stress 

Subscripts 

p - pressure 

th - thermal 
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III. NUCLEAR WEAPON EFFECTS 

The principal damaging phenomena of a nuclear weapon can be 
divided into three broad categories; namely, radioactivity, thermal 
and olast, and electromagnetic. Although effects of all three 
categories can occur simultaneously, they can be differentiated by 
the ship to weapon distance where their effect is dominant. Thus, 
radioactivity is likely to be the dominant concern at short distances 
and electromagnetic effects at great distances. It is at intermediate 
ranges where damage to structures caused by thermal and blast effects 
is important. Each of the three categories of weapon phenomena will 
be discussed in this section and the ship to weapon distances where 
their effects dominate will be given. 

Radioactivity from a nuclear weapon explosion consists of gamma 
rays, neutrons, beta, and alpha particles emitted in the nuclear 
reaction or by secondary nuclear processes which are caused by 
energetic particles of the reaction or by the fission product decay 
of radioactive particles. Thus, these nuclear processes causing 
radiation are occurring long after the original nuclear explosion. 
For convenience, the nuclear radiations produced are divided into 
initial and residual radiations. Initial nuclear radiations are 
arbitrarily defined as those which appear within the first minute 
of a nuclear explosion. Residual radiations occurring after the first 
minute are due to the decay of fission products or radioactive weapon 
materials. In fusion weapons these are also due to the reaction of 
high speed neutrons with weapon materials or the surrounding atmosphere. 
Residual radiations are divided into early fallout which reaches the 
ground within 24 hours and delayed fallout which arrives in small 
quantities over several weeks or months. The radioactivity of fission 
products and other effected material is continually reduced in 
intensity by radioactive decay; hence, the radiation levels of delayed 
fallout are too low to present an immediate danger to health. Early 
fallout may produce hazardous radiations consisting mainly of relatively 
large particles. However, these rapidly decay; hence, radioactivity 
decreases rapidly with time after explosion. Also, these particles 
can be washed away on ships equipped with washdown systems. It will 
be assumed herein that residual radiations represent only a minor 
threat that can be coped with by ships in a nuclear warfare environment. 

The initial nuclear radiations present an immediate danger to 
personnel within relatively short distances of a nuclear weapon 
explosion. Of the radioactive particles initially released, the 
alpha and beta particles have ranges too short to reach personnel in 
numbers large enough to be harmful. But the gamma rays and neutrons 
can travel considerable distances through air and both cause harmful 
effects on living organisms. Although the initial gamma rays and 
neutrons represent only about 3 percent of the total explosive energy 
or weapon yield, they are the most harmful and difficult to protect 
against weapon effect for short ship to weapon burst point ranges. 
For example, a shield which would reduce the intensity of gamma rays 
to 1/10 their initial value woula require approximately 15 inches of 

6 
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mi 

aluminum, 18 inchej of concrete, or over 3 feet of water. Furthermore, 
the best shield for gamma ray attenuation may not be effective for 
neutron flux attenuation, hence either two shields or a compromise 
material such as concrete must be used. 

The previous discussion showed that it is difficult to provide 
nuclear radiation protection on ships where weight is an important 
consideration. However, the distance from weapon burst to ship where 
radiation effects are harmful to personnel must be known so that the 
ship can be protected from other weapon effects beyond this range. 
The determination of initial radiation received at a point is given 
by semi-empirical laws which account for the attenuation of gamma 
rays and neutrons when they pass through the atmosphere. The dosage 
unit of received gamma ray radiation is the roentgen. By definition 
one roentgen is the quantity of gamma radiation which causes the 
formation of 2.08 x 109 ion pairs per cubic centimeter of dry air at 
standard temperature (0°C) and pressure (one atmosphere). The semi- 
empirical law for initial gamma ray dosage is the following where 
lo is the exposure in roentgens at distance D in yards from a 
one kiloton nuclear weapon explosion^. 

3.2 x 109 -D/360 ,-, V 
lo = —-5- e (1) 

D 

This equation shows that the quantity of gamma radiation decreases 
with distance according to the inverse square law. This is due to 
the spread of radiation over larger and larger areas as distance is 
increased from its source. The exponential factor accounts for 
radiation attenuation due to absorption and scattering in the atmos¬ 
phere. The average density of the air between the weapon burst point 
aid target in this formulation was 0.9 that of normal sea-level density. 
A scaling factor applied to equation (1) to account for weapon yields 
larger than one kiloton has been derived from weapon test data. This 
factor is reproduced in Figure 1 which is taken from the literature 
on nuclear weapons^. The scaling factor for gamma dosage increases 
more rapidly than weapon yield because of the sustained low density 
air resulting from the passage of the weapon shock wave. The lowered 
density results in less attenuation by absorption and scattering, 
hence an enhancement of gamma radiation occurs for large weapon yields 
which have stronger äiock waves. Equation (1) and Figure 1 do not give 
an exact prediction for received gamma radiation dose due to varia¬ 
tions in the nuclear explosive processes caused by differences in 
weapon design. The prediction is accurate within a factor of two for 

Is. Glasstone, Ed., "Effects of Nuclear Weapons", U.S. Atomic Energy 
Commission, revised edition, reprinted February 1962. 

2Ibid, p 378 
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FIG. 1 SCALING FACTOR FOR INITIAL GAMMA-RADIATION DOSE, SMALL AND LARGE WEAPON YIELDS 

weaoon yields below 100 kilotons but only within a factor °i 
for^oo^kilotons and 10 for yields above 1 megaton. Also, this ana 
vsL ?s Hied on data for aiï bursts. In surface bursts, the pre¬ 
sense of dust and debris produced by the explosion causes ^ a d 
tional attenuation of gamma radiation. It is generally as 
the initial gamma radiation dose from a surface burst will e 
ïbirds of that predicted for an air burst. The semi- empirical 
St fir initial neutron dosage is the following, where No is the 
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is the total neutron exposure in neutrons/centimeter2 at c.rsfanre 
D from a 1 kiloton nuclear weapon explosion. 

8.6 X 1018 _-D/210 (2) 
No =-ó- e 

A scalinq factor to account for larger weapon yields is to simply 
multiply equation (2) by the weapon yield, W. Thus, for a weapon 

yield of W kilotons, 

No = 8.6 »qoig .„.e-D/210 (3) 

D2 

Equation (3) also yields only an approximate result for received 
neutron dose due to differences in weapon design. Also' the number o 
neutrons emitted in a nuclear explosion depends on whether the weapon 
is a fission or fusion type weapon. Equation (3) represents a compro¬ 
mise between fission and fusion weapons and this also causes it to 
yield only approximate results. 

The initial radiation laws described above, although approximate, 
are adequate for estimating the range where radiation is likely to e 
harmful. Both of these laws must be converted to amount of radiation 
absorbed in the tissues of exposed personnel. The unit of absorbed 
radiation is the rad. One rad is the amount of absorbed radiation 
that results in the liberation of 100 ergs of energy per gram of 
absorbing material. Also, about 88 ergs of energy are liberated in 
one gram of air exposed to one roentgen of gamma radiation. It is 
generally assumed that an exposure of one roentgen gamma radiation 
will result in an absorbed dose of one rad in biological tissue. o 
other than gamma radiation, the absorbed dose in rads may Produce more 
or less damage in tissue depending on the type of radiation. The 
relative biological effectiveness of nuclear radiations is defined as 
the ratio of the absorbed dose in rads of gamma radiation which pro 
duces a given biological effect to the absorbed dose in rads of 
another type of radiation that causes the same effect. The biological 
damage done by weapon neutrons is similar to that done by weapon gamma 
rays, hence the relative biological effectiveness of weapon neutrons 
is unity. However, the relative biological effectiveness for neutrons 
can be much greater *-han one for a specific biological effect such as 
the formation of eye cataracts. The delivered dosage for neutron 
radiation, given in neutrons per square centimeter, must be converted 
to an absorbed dose expressed in rads. This was accomplished by 
considering a typical spectrum of neutron energies from a fission type 
weapon and assuming that the neutron delivers all its energy to the 
body tissue upon colliding with an atomic nucleus of this tissue. 
(For neutrons with energies greater than 200 electron volts.) e 
following conversion factor was found. 

3 Ibid, p. 581 
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i —ntiutron_ = 18 . 1C)-9 rad (41 

centimeter 

Equation (4) allows the absorbed doses for neutron and gamma radiation 
to be summed to yield the absorbed dose for initial radiation as a 
function of distance, D, from the nuclear weapon burst point. How¬ 
ever, common practice is to express absorbed radiation results in 
rems, the dose unit of biological effectiveness. The rem which 
stands for roentgen equivalent mammal is the product of the relative 
biological effectiveness and the absorbed dose in rads. Thus, ex¬ 
pressing absorbed radiation in rems accounts for the differences in 
the effectiveness of different types of radiation when absorbed by 
personnel. The initial nuclear radiations consist principally of 
gamma ravs and neutrons which both have a relative biological effect¬ 
iveness of one. Hence, for these, the absorbed dose in rems is equal 
to the absorbed dose in rads. The laws given herein for absorbed 
dose of initial radiation were used to calculate the absorbed radia¬ 
tion, in rems, for personnel located at various ranges from a nuclear 
weapon burst point. These calculations are summarized in Figure 2. 

FIG. 2 ABSORBED RADIATION DOSE FOR INITIAL NUCLEAR RADIATION 

10 
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Figure 2 shows that the absorbed flux of gamma rays and neutrons are 
rapidly attenuated by distance from the burst point. Thus, the 
initial radiation dose decreases from a devastating value of 5,000 
rems to a relatively safe value of 100 rems in about 1,000 yards for 
any weapon yield between 10 and 1000 kilotcns. In fact, the initial 
radiation dose decreasesby about a factor of two for ever” 100 yards 
increase in distance for the initial radiation doses given in Figure 
?. Thus, the fact that the analysis leading to Figure 2 may contain 
relatively large errors is not important in determining safe ranges 
for initial radiation. A comparison of the exponential terms for 
scattering and absorption shows that neutrons are attenuated much 
more readily than gamma rays, that is their "relaxation length", 210 
yards, is much less than that of gamma rays, 360 yards. The relaxa¬ 
tion length is the distance in which attenuation by a factor of 1/e 
occurs. The contribution of neutrons to the total absorbed dose is 
relatively less as distance from the burst point increases. Neutron 
flux predominates for ranges less than 1,000 yards but is only about 
10 percent of the total at 2,000 yards and is negligible beyond about 
3,000 yards. 

Information on the clinical effects of a rapidly received radia¬ 
tion dose has been gathered from a few laboratory accidents and from 
observations made on Japanese victims of nuclear warfare at the close 
of World War II. This information is summarized in Table 1. 

TABLF 1 - CLINICAL FFFECTS OF A RAPIDLY RECEIVED RADIATION DOSE 

Time to Characteristic 
Dose_Illness_Illness_Therapy 

Convalescent 
Period 

Incidence 
of Death 

Time 
to Death 

0-100 Rems Reassurance None None 

100- 

200 Rems 3 hrs . 
White Blood 
Cell Loss 

Clinical 
Surveillance 

Several 
Weeks None 

200 
600 Rems 2 hrs. 

Severe Loss Blood 
of White Blood Transfusion 1-12 
Cells Anti-Eiotics Months 0-80% 2 Months 

600 
1000 Rems 1 hr. 

Consider Bone 
Hemorrhage and Marrow 
Infection Transplant 

Years 
80-100% 2 Months 

1000 
5000 Rems 1/2 hr. 

Diarrhea, Fever Maintenance of 
Flectrolyte Electrolyte 
Imbalance Balance Years 90-100* 2 Weeks 

Over 
5000 Rems 

Convulsions, 
Tremor, 

Lethargy Sedatives Years • 0 0% 2 Days 

Ibid, p. 591 
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The information in Table 1 is considered to be reliable for humans 
up to 200 rems only. From 200-600 rems experiments performed on 
animals were used to support some observations of human reaction. 
Above 600 rems data on humans is rare and all significant conclusions 
must be made from animal reactions. It is thought that immediate 
incapacitation and future likely death will result for radiation doses 
of 1,000 rems or greater. For doses of 100 rems or less the response 
is subclinical. That is, most individuals experience no illness 
although some long lasting changes may have occurred in the blood. 
For doses between 100 and 200 rems, an individual would feel only 
slight immediate discomfort; i.e., nausea or slight vomiting, followed 
by mild symptoms two weeks xater; i.e., loss of appetite and eventual 
total recovery. For doses greater than 200 rems the radiation effects 
become increasingly serious and incapacitation is likely. When 
recovery is possible an extended convalescence is usually required. 
^'^?e^e^ore' report, a dose of 200 rems will be taken as the 
limit to which personnel can be exposed without taking casualties or 
without effecting the mission of a ship in a nuclear warfare environ¬ 
ment. It should be remembered that radiation effects are somewhat 
cumulative so that personnel receiving radiation in one engagement: 
will riot be able to stand a full 200 rems in a second encounter. 

Initial nuclear radiation can also damage electronic equipment. 
For example, integrated circuits are impaired by neutron doses of 
about 5 X 10i3 neutrons/cm2 and these fail at doses of lO1- neutrons/ 
cir/. Semi conductors are vulnerable to the ionizing effects caused 
by initial gamma rays. However, the damage to electronic equipment 
is likely to be significant only at very close ranges where initial 
radiation effects on personnel are of v.he most concern. 

Thermal radiation and air blast are the nuclear weapon effects 
which physically threaten ships systems for ranges greater than those 
shown in Figure 2 for 200 rems of initial radiation. First, thermal 
radiation and then air blast weapon output will be given for the 
intermediate ranges where they are the most important weapon effect. 
Thermal radiation from a nuclear weapon explosion rt suits from the 
very high temperatures, tens of millions of degrees, caused by the 
rapid release of energy in the nuclear reaction. These high tempera¬ 
tures cause electromagnetic radiation of short wavelength (x-rays) to 
be emitted and these heat the surrounding air to high temperatures; 
i.e., several thousand degrees. The radiation is readily absorbed 
within a few feet by the surrounding air thereby creating the fireball. 
The fireball then emits relatively long wavelength radiation in the 
ultraviolet, visiole, and near infrared spectral region which is not 
readily absorbed by the atmosphere. Since this radiation travels at 
the speed of light, 3 x 10^ m/sec, its effects begin to be felt 
immediately after the formation of the fireball. The fireball remains 
at hia¿i temperature and emits visible radiation for about one minute 
(1 megaton weapon yield) although by then the energy flux has decreased 
to a negligible value. The physical reaction of the fireball with its 
environnent causes its radiant energy to be emitted in two distinct 
pulses. The initial increase in emitted radiant energy is due to the 
increase in size of the early utages of expansion of the incandescent 
shock front. A first maxinun results when the enhancement of radiant 
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energy due to increasing are?, of the source is just offset by the 
temperature decrease of the hot gases due to expansion. The radiant 
power measured at a distance will increase again due to a decrease in 
opacity of the shock heated air surrounding the fireball. A second 
maximum results when the enhancement of power due to decreasing 
opacity is just offset by the radiative cooling of the hot gases 
which constitute the fireball. Afte* the second maximum, the radia¬ 
tive power slowly decreases as the fireball is slowly cooled by radi¬ 
ation. This sequence of events occurs only for air bursts in the 
lower atmosphere; i.e., below 100,000 feet altitude. Above 100,000 
feet there is only a single peak of thermal radiance. The first 
pulse duration is only about one percent that of the second pulse and 
it contains less than one percent of the total emitted thermal energy. 
Hence, the first pulse does not contribute to nuclear weapon thermal 
damage except for temporary or perhaps permanent damage to the eyes 
of individuals who happen to be looking in the direction of the 
explosion. It has been found that the prompt thermal radiation 
emitted in a nuclear weapon explosion plotted against time after the 
explosion can be scaled with weapon size to yield a universal rela¬ 
tionship of scaled irradiance versus scaled time. Irradiance is 
scaled by the maximum second pulse irradiance and time by the time at 
which the maximum irradiance occurs. The second pulse of scaled 
irradiance versus scaled time is shown in Figure 3. The first pulse 
was omitted due to its lack of contribution to structural damage and 
it will not be considered further. 

X 
< 
1 0.8 

X 

^ 0.6 
< 

< 
£ 0.4 

tu 
Û 

< 0.2 o 

1.0 

0. 

0 4.0 8.0 12.0 16.0 20.0 

SCALED TIME tit max 

FIG. 3 UNIVERSAL IRRADIANCE RELATIONSHIP FOR NUCLEAR WEAPON THERMAL PULSE 
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The relationship between time to maximum irradiance and weapon yield 
also depends to a lesser extent on height of burst above sea level. 
Equation (5) relates this time in seconds to weapon yield in megatons 
(1 megaton = IxlO6 tons TNT) and height of burst in miles. 

Tmax 0.82 W 
0.42 -.09-HOB 

e (5) 

This equation is valid for air bursts in the lower atmosphere; i.e., 
below altitudes of 100,000 feet. The thermal characteristics of a 
nuclear burst are altered if the fully developed fireball radius 
intersects the surface. The fully developed fireball radius in miles 
is given by equation (6) where weapon yield is also in megatons and 
height of burst is in miles^ 

R 0.41 W 
0.35 .0465 • HOB 

e (6) 

A surface burst has occurred if the radius given by equation (6) is 
less than the height of burst. In this case, the time to maximum 
irradiance is modified as given by equation (7)° 

Tmax = 0.82 (2 - 

HOB, 
RF ‘ 

W °-35 
-.09 • HOB 

e (7) 

where RF is the flattened fireball radius given by equation (8)7 

RF = 2.44 (.53 - .12 ^) • R 
(8) 

The time to maximum irradiance is important in determining the length 
of time that irradiance will be received. For example, approximately 
90 percent of the total received irradiance has arrived by 20 times 

the value of Tmax. 

The maximum irradiance can be related to the radiant exposure by 
integrating the irradiance versus time relationship expressed in 
Figure 3. The result of this integration is: 

HMAX 
QT 

2.57 • Tmax 
(9) 

5. C. Colvin and S. Martin, "Computer Program for Estimating Free- 
Field Thermal Radiation Characteristics," URS Corp. Report URS 

683-1, Dec. 1967 
6. Colvin and Martin, Op. Cit. 
7. Colvin and Martin, Op. Cit. 
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The important quantity in determining thermal damage from a 
nuclear weapon explosion is usually the total heat energy or radiant 
exposure, QT, received at a distance, DS, from the burst point. The 
radiant exposure decreases with distance fror, the burst point accordinq 
to the inverse square law due to the spread of energy over larger and 
larger areas. A certain percentage of the released energy will be 
absorbed or scattered by the atmosphere. This quantity is given by 
an atmospheric transmission factor, Tc, which is discussed later. 
Thus, the radiant exposure in terms of the heat energy liberated. Et. 
is the following. 

t'T 
Et • tc 

4tt • DS2 

(10) 

For an ordinary air burst, approximately 30-50 percent of the total 
weapon energy yield appears as prompt thermal radiation emitted from 
the fireball. This percentage is somewhat lower for a surface burst. 
In this report, the total energy appearing as prompt thermal radiatfcn, 
Et, is assumed to be 0.4 times the total weapon yield, W, for an air 
burst in the lower atmosphere. Equation (10) can be recast to yield 
the radiant exposure, QT, in units of cal/cm^ given weapon yield W 
m Pilotons and distance DS in miles. This is accomplished using the 
conversion that 1 kiloton equivalent TNT explosive energy equals 1012 
calories heat energy. The result is. 

QT 
1.229 • W • Tc 

DS 
2 

(ID 

The utilization of equation (11) depends on the evaluation of the 
transmission, Tc. This factor is governed by the following variables: 
U) state of the atmosphere, (2) presence or absence of clouds, 
(3) albedo of the surface between burst and target, and (4) height of 
burst above ground. The transmission factor is a complicated function 
oi the above variables and it has not been accurately determined how 
each vanabie or combination of variables will effect the transmission 
or thermal radiation. Instead, guidelines will be given to judge how 
each factor considered separately might effect the overall atmospheric 
transmission. The state of the atmosphere is indicated by the 
visibility^ VIS, in miles. The guidelines for judging visibility are 

Atmospheric 
State 

Very Light Medium Heavy 
Clear Clear Haze Haze Haze 

Thin 
Fog 

Light 
Fog 

Heavier 

—Tgg.... 

VIS (miles) 30 12 6 3 2 1.2 0.6 < 0.5 

8. Colvin and Martin, Op. Cit. 
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The presence of clouds are accounted for by giving a multiplication 
factor for transmission, Tc, depending on the degree of cloud 
presence. Thermal radiation must pass through the clouds for these 
factors to be valid; therefore, they are more likely to apply to air 
craft flying above the burst point than to ships sailing on the sea. 

The factors are as follows.9 

dead Light Medium Heavy Light Medium Heavy 

Presence Clear Haze_Haze_Haze_Cloud-Cloud-Çloud 

0.1 0.2 0.3 0.4 0.5 1.0 Factor 

The albedo factor is applied to cloud presence factor only as follows. 
If the surface between burst and target has high reflectance, the 
albedo factor is 1.5 times the cloud presence factor. If the surface 
has low reflectance, the albedo factor is unity. The visibility and 
the height of burst above the surface are used in the scattering and 
absorption model for thermal radiation. This model consists of two 
cases. These are (1) transmission along the surface when both the 
fireball and the target are immersed in a nearly uniform scattering 
layer, (2) transmission from a fireball which is above the scattering 
layer. The height of the scattering layer is arbitrarily taken to be 
1/4 mile above the surface. For case (1) the transmission is given 

by the following equation. 

-2 (12) Tc = e 

For case (2) the path from fireball to target is divided into two 
lengths, D1 and D2. Dl is the slant distance inside the scattering 
layer and D2 is the slant distance above the scattering layer 
(DS = Dl + D2). The transmission for path length Dl is given by 
equation (12) with DS replaced by Dl. The transmission for path 
length D2 is given in terms of the optical thickness for scattering, 

tx, as follows. 

-tx • D2/HT (13) Tc = e 

In equation (13) HT is the distance above the surface to burst in 
miles. The dimensionless optical thickness, tx, is a function of 
altitude above surface to burst. The following values were derived. 

HT (mi.) 0.25 0.35 0.50 0.70_1.0_1 • 5_2^0-3_;_0 

1073 .1179 .1294 0310 .0425 .0570 .0717 .0890 tx 

10.0 

.1403 .1520 .1570 

9 Colvin and Martin, Op. Cit. 
10 L. Elterman, "Atmospheric Attenuation Model, 1964, In the Ultra- 

violec. Visible, and Infrared Regions for Altitudes to 50 km". 
Environmental Research Papers, No. 46, AFCRL 64-740, Sep 1964. 
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The transmission for case (2) is the product of the individual trans¬ 
missions given by equation (12) for distance D1 and by equation (13) 
for distance D2. 

Equations (11), (12), and (13) were used to compute the maximum 
radiant exposure received from a nuclear weapon burst of given yield 
as a function of distance along the surface from the ourst point 
projection on the surface; i.e., the ground range. The maximum 
possible radiant exposure is delivered to a target when the fully 
developed fireball just intersects the surface. Thus, equation (fcï 
for fireball radius is used to calculate the height of burst as a 
function of weapon yield. The result of these calculations for 
weapon yields between 10 and 1,000 kilotons is given in Figure 4. 

FIG. 4 MAXIMUM RADIANT EXPOSURE AS FUNCTION OF GROUND RANGE FROM A NUCLEAR BURST 
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The radiant exposures shown in Figure 4 are for ideal conditions; 
i.e., visibility of 12 miles, no intervening clouds but low surface 
albedo. Thus, these radiant exposures are maximum values for 12 mile 
visibility and low surface albedo conditions. Also shown in Figure 4 
is the distance where 200 rems of initial radiation would be absorbed 
by personnel. This boundary represents the limit where nuclear radia¬ 
tion effects would begin to predominate and present the greater hazard 
to the ship mission. Even relatively small amounts of thermal radia¬ 
tion can be detrimental to a ship's mission. For example, 5 cal/cm 
from a short thermal pulse (low weapon yield) can cause disabling skin 
burns on exposed personnel. Clothing material may ignite for short 
pulses yielding 10-12 cal/cm2 (dark colors) and rubber or plastic 
materials may burn or melt in the 10-20 cal/cm2 range. Thus, critically 
important elements such as the radomes of radar antennas may be damaged 
at relatively low thermal irradiance levels. Higher radiant exposure 
levels can weaken or even melt aluminum structures. The temperatures 
resulting from exposing aluminum structural elements to nuclear weapon 
thermal radiation will be given in subsequent sections of this report. 

The blast wave from a nuclear weapon explosion is caused by the 
expansion of the intensely hot gases existing at extremely high 
pressures within the fireball. This high pressure wave develops within 
a fraction of a second after the nuclear reaction, rapidly expands and 
"breaks away" from the fireball, and then travels outward at high 
velocity. The maximum pressure occurs at the shock front and is termed 
the peak overpressure. This pressure drops with distance due to the 
spreading of the blast wave from the point of explosion. The shock 
front velocity and the particle velocity (peak wind velocity) behind 
the shock also drop with distance since these are driven by the over¬ 
pressure. The pressure immediately behind the blast wave decays from 
the peak overpressure in a regular manner. ’ After a short time when 
the blast wave has traveled away from the fireball, the pressure behind 
the shock drops to below that of the surrounding atmosphere. Thus, the 
passage of a nuclear weapon blast wave consists of a positive over¬ 
pressure phase followed by a negative pressure phase where a partial 
vacuum is produced and air is sucked in rather than blown away. 
Although the negative phase is somewhat longer than the positive phase, 
its peak values are much lower hence it is of much less importance in 
causing damage. The important parauneters in causing blast wave damage 
are the peak overpressure, the dynamic pressure, and the duration of 
the positive overpressure and dynamic pressure phases. If a structure 
is narrow in the direction of blast wave travel, it will usually fail 
by overpressure induced stresses exceeding the yield or ultimate 
strength of the material or it will fail by buckling. In this case, 
the peak reflected pressure which is generally several times the peak 
overpressure will govern the failure or endurance of the structure. 
However, there is the possibility that the dynamic response of large 
thin structures will depend upon the pressure pulse shape hence the 
positive overpressure duration becomes important. The blast damage to 
simple structures will be discussed in a later section of this report. 
If a structure is wide in the direction of the blast wave, the blast 
damage may depend upon the strength and duration of the dynamic pressure 
pulse. This will cause a diffraction load to be put on the structure 
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when the front surface is at higher pressure than the back surface» 
A drag loading will result due to the drag force of winds on the front 
and side surfaces. 

The magnitude of the peak overpressure depends on whether the 
blast wave is in a regular reflection or Mach reflection region. 
These regions are caused by the reflection of the wave at the earth's 
surface. The reflected wave travels through air that has been heated 
and compressed by the incident wave, hence it travels faster than the 
reflected wave. A regular reflection region is one in which there are 
two distinct waves; i.e., two distinct shocks will be felt, an incident 
shock followed by a less intense reflected shock. A Mach region 
results when the reflected wave catches and merges with the incident 
wave. The point where the incident wave, reflected wave, and fused 
wave meet is called the triple point and the fused wave below the 
triple point is called the Mach stem. Since the Mach stem is nearly 
vertical, the transient winds ?ire nearly parallel to the ground in 
the Mach reflection region. This is the region a ship in nuclear 
warfare is likely to be in because Mach fusion occurs rather quickly; 
i.e., at a surface distance approximately equal to the height of burst 
for moderate burst heights. 

The shock front velocity, the particle velocity, and the dynamic 
pressure behind the shock can all be related to the peak overpressure 
by use of the Rankine-Hugoniot equations11. 

These relationships are based on the conservation of mass, 
momentum, and energy across a shock front and provide simple formulas 
when the shock front is nearly vertical; i.e., in a Mach reflection 
region» The following equations apply to a Mach reflection region 
(or to a contact surface burst which produces a single wave). 

1. Shock front velocity, U 

U = Co (14) 

2. Particle (Peak Wind) Velocity, V 

2 
5 Co Pmax 
7 U Po (15) 

3. Peak dynamic pressure, cmax 

dmax 
2.5 Pmax^ 

(16) 7 Po + Pmax 

11A. H. Shapiro, "Compressible Fluid Flow", Ronald Press, New York 
Vo 1. 1, 195 3 
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In equations (14)-(16) Co is the sound speed and Po is the atmospheric 
pressure in the undisturbed air ahead of the chocks If the blast wave 
strikes a flat surface at normal inciaence, the peak reflected pressure 
is related to the peak overpressure by the following relationship. 

Pr = 2 Pmax 
V 7PO + 4Pmax \ 

7PÒ + Pmax 
(17) 

Equation (17) shows that the peak reflected pressure for normal 
incidence varies from two to eight times the jak overpressure depending 
on the shock strength. At other than normal incidence, the ratio of 
reflected pressure to overpressure is less. This ratio is given as a 
function of incidence angle-^. In equations (14)-(17) the ratio of 
specific heats for air is taken to be 1.4. This is an adequate value 
for undisturbed air if its temperature is not extreme. 

The previous discussion indicated that peak overpressure is 
important in determining blast damage. Therefore, its variation with 
weapon yield, height of burst, and ground range from the nuclear burst 
point will be given herein. Theoretically, a given pressure will 
occur at a distance from an explosion that is proportional to the cube 
root of the weapon yield. The cube root scaling law has been found to 
hold in nuclear weapon tests for yields up to the megaton range. This 
allows the nuclear weapon test data to be given for a one kiloton equiva¬ 
lent TNT explosion and cube root scaling can be used to get peak over¬ 
pressures for larger weapon yields. The peak overpressure versus 
height of burst and ground range are given for a one kiloton weapon 
yield. The following cube root scaling law is used to convert distances 

for a W kiloton weapon to data given for one kiloton. 

Note that G can be either the height of burst or the ground range for 
a W kiloton burst and Gi is the corresponding distance for one kiloton 
Figure 5 presents the curves of peak overpressure versus scaled height 

of burst and scaled ground range» 
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The curves for overpressure plotted ^ch^iflree 
conditions, i.e., they ere b»3ed on nuclear test data ^ 

of thermal or mechanical ^n^”=^°naW^perlrI,ental data while the 
reflection region is b^sed.ení'1^ ,y steo-shock reflection theory, 
regular reflection region is radiation and conse- 
Non-ideal surfaces are those that absorb ^nerm ^ wave 

auently produce a hot layer of air a j ef- narticles etc. quern.ly which may contain smoke, dust, particles, etc. 
arrives. This layer ^ni<;n d effects the reflection of the 
interacts with the undist^rbef. suitable conditions, an auxiliary 
blast wave with the 9£Ound. d moves ahead of the main wave 
blast wave called a precursor j-uj-i» 4-hprmal laver can cause 
for a limited distance. The precursor =nd the thermal läyer^^^ ^ 

se^surface^i^considered^to be^near-ideal^therefore^the^non-ideal 

overpressure3relationships0for nonjjdeal surfaces are given m the 

nuclear weapon effects literature. 

The peak overpressure curves given " Can pUsedwith 

the Rankine-Hugoniot r®1^tlonsbip® ^ ^¿ynamic pressure, and peak 
«ffhree additional ^ntitie^which^re 

ífrJIé^rrsHrvI^^irsfih^rrariaaerde^id^ion^r^^ 
Se SsietSeWphaS "Zllioã Sr SSShf oSlpSLSIe 

FIG. 6 POSITIVE PHASE DURATION OF 

SCALED FOR ANY WEAPON YIELD 

SCALED GROUND RANGE, FT/KT1^ 

OVERPRESSURE AND DYNAMIC PRESSURE (IN PARENTHESES), 

Colvin and Martin, Op Cit. 
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,Figure 6 sh°ws positive phase durations for both overpressure 
and dynamc pressure in tenns of the scaled height of Su?s? and 

scaled ThUS> ec>uati°" d8) is used to determine the 
spondina to th165* ln terr[ls of actual distances, G, corre- Fi^nro I íh,glV®n weaP°n yield, W. The durations shown in 

oie Mlotôn iï f°Í WeaP°n yields lar9er »an 

weaPon°yiëld 1Qf°W ^ ^ t 
t = tl w 1/3 

(19) 

The positive phase durations increase as the blast wave moves outward 

win bfusëdlnTf; The ?°SitiVe Phase duration over^elsure be.use^ in a liter section to assess the nuclear blast wave 
in Figure ^rU<:tural elements. The blast wave arrival time is shown 

FIG. 7 BLAST ARRIVAL TIME, SCALED FOR NUCLEAR BURST OF ANY WEAPON YIELD 
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Figure 7 shows the blast arrival time in terms of the scaled 
height of burst and scaled ground range. Equation (18) must be 
utilized to calculate the scaled quantities Gl in terms of actual 
quantities G which correspond to the weapon yield, W. The blast 
arrival time must also be cube root scaled for weapon yields greater 
than one kilcton as given by equation (19). Here tl from Figure 7 
represents the blast arrival time for a one kiloton weapon yield and 
t the time for W kilotons. 

The decay of overpressure with time at a given location is 
necessary in determining the pressure loading on a given structure. 
If the peak overpressure is about 5 psi, the decay of overpressure 
with time is given accurately by a simple exponential as follows. 

P(t) Pmax (1 
t > -t/PDUR 

pdUr* e 
(20) 

where POUR is the positive phase duration for overpressure. Equation (2 
is a good approximation for peak overpressures between 2 and 10 psi. A 
good approximation for peak overpressures between 10 and 50 psi results 
by substituting -2t/PDUR in the exponential term only. The decay of 
overpressure with time is accurately known . The decay of^dynamic 
pressure with time can also be represented by an exponential function^ 
The following equation accurately represents the dynamic pressure for 
a peak overpressure of 5 psi. 

d(t) = dmax 
_t_.2 -1.5 t/PDUR 
PDUR e 

(?) ) 

Equation ^21) is also a good approximation for peak overpressures 
between .? > -1 3 psi. A good approximation for dynamic pressure decay 
between - d 20 psi peak overpressure results by substituting 
_3 . t/PE o the exponential tenn. The decay of dynamic pressure 
with time . also accurately known. 

The cube root scaling laws given by equations (18) and (19) allow 
the peak overpressure, the positive phase durations of overpressure 
and dynamic pressure, and the blast arrival time to be scaled from 
data given for a one kiloton explosion. However, these relationships 
are strictly valid only for blast waves in a homogeneous atmosphere at 
standard sea level conditions. (Temperature cf 288°K and pressure of 
14.7 psi.) The scaling laws hold approximately up to about 5,000 feet 
altitude after which a correction must be made to account for changes 
in pressure and temperature with altitude. The following changes must 
be applied to the curves given in Figures 5, 6, and 7 if the nuclear 
burst occurs at an altitude greater than 5,000 feet. (1) The distance, 
G, for a W kiloton burst. 

l^Glasstone, Op. Cit., p. 125 
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= Gl • W1/3 • (ff)1/3 (22) 

where Pa is the atmospheric pressure at altitude and Po is the standard 
sea level atmospheric pressure (14.7 psi). (2) The peak overpressure, 

Pmax, from Figure 5 becomes 

PmaxA = Pmax (—) ^Po' 
(23) 

where PmaxA is the peak overpressure at altitude. (3) The klast 
arrival time, from Figure 6, or positive phase duration, from Figure 7 

becomes 

tt = tl W 1/3 ,Po, 
vPa' 

1/3 
(TO) 
'Ta' 

1/2 
(24) 

Here, Ta is the atmospheric temperature at altitude and To is the 
standard sea level temperature (288 K). 

The electromagnetic pulse emitted by a lea^weaP°;f^f are 
causes damage to sensitive electronic equipment. These effects are 
ncï of orime6concern at close-in ranges where radiation or thermal 
and blast effects may be more damaging. However, they can ^au®® , 
troublesome damage at ranges far beyond the ranges associatrd with 
radiation, blast or thermal effects. The eiectromagnetic pulse s 
hiah intensity burst of radio-frequency energy produced by the electr 
âïge and cuïrent distribution in the vicinity o£ a nuclear burst. 
tho is oroduced by electrons which are stripped from the 

puîse of current is created but this is rapidly terminated by the 
recombination of electrons with positive ions. An external electro 
magnetic pulse is emitted provided an asymmetry of the electron 

symmetricaininna entform^tmosphere/the^onizing effect^would 

eîelïio^eUrUgîSÏÎ ^atove^echanUm of eïectîomagnetic 

believe^to^^th^primary mechanis^fo/generating^an eÍectroma?neti= 
oui« in the atmosphere where a density gradient exists. Asymmetries 
Ä electron distribution arise when electron P^uction is favored 

in one direction. Thus, nuclear explosions near ^he .eartJ. sV““h_ 

rays AsyLietry effects can also be designed into the weaP°” L 
controlling11'the amount and direction of primary gamma ray radiation. 
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Three transient effects are caused by the générât’on of the 
electromagnetic pulse in a nuclear explosion. These are (1) a pulse 
of ground current that flows radially from the burst point, (2) an 
electric field, and (3) a magnetic field that propagates away from the 
current source. The electric and magnetic fields are emitted from the 
instantaneous pulse of current .n a preferred direction much like that 
which occurs from an "electric dipole" of classical electromagnetic 
theory. The strength of the electric and magnetic fields developed 
depend upon the degree of electron distribution asymmetry and the size 
of the ionized region. Although it is difficult to relate field 
strength to weapon size, the following conservative estimates were 

made for maximum strengths. 

Emax = 10 
5 volts 
meter 

(25) 

Mmax 100 
Amp. 
meter 

(26) 

The pulse duration (at the half-peak points) is typically 50 - 200 
nanoseconds. The duration generally increases with distance from the 
burst while the maximum field strength values given above decrease 

with distance. 

A somewhat different mechanism,, the field displacement mechanism, 
causes the generation of radio frequency signals when a nuclear 
explosion occurs at extremely high altitudes where Compton electrons 
are not produced in significant numbers. This mechanism is believed 
to be responsible for the very long distance propagation of an elec¬ 
tromagnetic pulse when a nuclear weapon is exploded above the atmos¬ 
phere. Here, the hot weapon debris forms a highly ionized plasma 
which expands rapidly. This plasma tends to exclude the earth's 
magnetic field from its interior hence it causes a violent distortion 
of the earth's magnetic field. The distorted field interacts with 
changed particles in the expanding plasma and with the surrounding 
ionized gases to create a disturbance propagating a "hydromagnetic 
wave." The hydromagnetic wave retains its characteristics over long 
distances (hundreds of miles) at high altitudes. An EMP is generated 
when the wave interacts with the lower, more dense, atmosphere. 

The power or energy flux of any electromagnetic wave, including 
the nuclear EMP, is the vector cross product of the electric and 
magnetic field vectors. If a nuclear weapon is detonated close to the 
earth's surface, the power of its EMP attenuates as R“^ where R is the 
radial distance from the burst point. The magnitude of the field 
strength for both the electric and the magnetic field will attenuate 
as R-2. However, for detonations above the atmosphere, the power of 
the EMP attenuates inversely as the square of the distance, i.e. as 

15 L. W. Ricketts, "Fundamentals of Nuclear Hardening of Electronic 
Equipment", John Wiley and Sons, Inc., New York, 197-. 
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r-2^ Here, the electric and magnetic field strengths will attenuate 
as R-1 hence the EMP is propagated much further in the high altitude 
explosions . 

The direct influence of EMP on a ship is via antennas which are 
designed to extract energy from incident. EM waves. Often the EMP 
contains significantly more energy than the electronic equipments con¬ 
nected to these antennas are designed to handle. Consequently, 
component damage, or system operational upset may occur. A cure for 
this problem is to keep the EMP energy out of the equipment by using 
surge arresters near the antenna, by providing attenuation, diversion, 
and circumvention techniques to the equipments themselves, and by 
disconnecting antennas at their base terminals when not in use. 

A more subtle threat is the indirect penetration of EMP. Ships 
are usually thought to be impervious to EMP because the multiplicity 
of steel hulls, decks, and bulkheads are thought to provide a series 
of attenuating shields through which EMP energy must pass to reach the 
interior compartments. However, these metal structural elements are 
penetrated in places by cables, ducts, pipes, hatches, etc. All of 
these can serve to collect and to conduct EMP energy into the ship s 
interior where it manifests itself as voltage or current surges at the 
terminating components or subsystems. Hardening against these penetra¬ 
tions requires keeping the collected energy on the exterior of the 
ship generally by enclosing exterior cables in conductor raceway, by 
good grounding of the outermost cable braid at points of penetrations, 
by full peripheral grounding at the point of penetrations of pipes, 
air ducts, and waveg\iides, and by using electrically conducting 
gasketing around hatches and doors in the weatherdecks and bulkheads. 

EMP presents a problem to a ship if the energy in the incident 
pulse causes degradation or loss of critical electronic functions of 
that ship. There are two types of system degradation that can result 
from an electrical transient, namely (1) permanent damage, and (2) 
transient upset. Transient upset refers to temporary impairment 
caused by the electrical transient. Usually the energy level for 
transient upset is much lower than that required for permanent damage. 
The trend toward miniaturization has increased the susceptibility for 
permanent damage . 

Devices which may be susceptible to permanent damage caused by 
electrical transients include high frequency transistors, integrated 
circuits, electroexplosive devices, etc. Devices, or systems which 
may be susceptible to transient upset include digital processing 
systems, memory units, control systems for guidance, etc. Potentially 
dangerous situations may also occur in the presence of explosive fuel 
vapors if an arc should happen to form. An example is that of rocket 
fuels containing premixed oxidizers. 

The effects of EMP on a system depend not only upon the energy 
collected by the system, but also upon the nature of the circuits and 
components in the system. Widespread use of digital electronic equip¬ 
ment makes consideration of transient upset more important. With 
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digital equipment, a transient may cause the device to jump to a new 
state which is totally unrelated to the initial state, and from which 
it may never return of its own accord after the transient has subsided. 

Additional information on the protection of elecl-ronic equipment 
from the EMP is given in a reference.16 

XV. THERMAL EFFECTS ON STRUCTURAL ELEMENTS 

The thermal radiation pulse of a nuclear weapon explosion travels 
ahead of its blast wave and heats any exposed ship structure or system 
in its path. The resulting temperature rise from this heating can 
cause serious problems in temperature sensitive materials. That is, 
rubber or plastic materials used on or to protect radar antennas or 
the clothing of exposed personnel will char or fail at relatively low 
levels of thermal flux. However, it is the aluminum structures on a 
ship which may be the most threatened by thermal radiation. The 
thermal threat to aluminum is due to the fact that aluminum alloys 
rapidly lose strength after a temperature of approximately 200 C has 
been reached. The loss in strength could cause a load bearing element 
in a structure to fail. If the element does not immediately fail, it 
may fail when the blast loading arrives due to its weakened state. 
Also, there is the possibility that high temperatures may induce 
thermal stresses in structural elements and these alone will cause or 

contribute to failure. 

The calculation of the temperature rise in structures cue to the 
nuclear weapon thermal pulse can be a complicated procedure The heat 
flow in a body is governed by the partial differential equation for 
heat conduction with associated boundary conditions to allow for 
heating by the thermal pulse and cooling by convection, radiation, and 
conduction at its surfaces or boundaries. For general problems, these 
equations cannot be solved in closed form? hence, a numerical solution 
depending on the usage of a digital computer is necessary. Some very 
large heat transfer computer programs have been written which allow 
rather general boundary conditions. An example of these is the TRUMP 
program.17 The main difficulty in using one of these general programs 
is the amount of effort required to define the boundary conditions in 
their input data for a specific problem. This effort can be reduced 
by writing a computer routine which contains the necessary information 
for the boundary conditions of a specific problem or class of problems. 
This was done to calculate the temperature historiés in solid or 
hollow, rotating or stationary, up to three-dimensional bodies with 
circular or rectangular cross sections. The computer routine also 
inputs the universal irradiance for the nuclear weapon thermal pulse 

Ricketts, Op. Cit. . , . , 
17 A. L. Edwards, "TRUMP: A Computer Program for Transient and Steady- 

State Temperature Distribution in Multidimensional Systems , 
Lawrence Radiation Laboratory UCRL-14754, Rev II, 1 July 1969. 
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which was gi/en in Figure 3. It permits heat losses by radiation or 
convection at the exposed surface'., or losses by conduction through 
heat sinks at its unexposed boundaries. The TRUMP program is used as 
a subroutine to compute temperatures, but the large amount of input 
data preparation is reduced to as few as seven cards. This new 
computer program was named TRIN and a report was written describing it 
in detail.18 

In many cases it is not necessary to compute the temperature rise 
in complex structures to determine if a thermal problem exists. Here, 
a most susceptible element of the structure can be isolated and 
thermal calculations made for it. Thus, a three-dimensional geometry 
with complex boundary conditions can be replaced with simpler calcula¬ 
tions made in one or two dimensions. Individual computer programs 
have been written for several of these simple structural elements. 
Each of these will solve the heat conduction equation numerically for 
heating given by the nuclear weapon thermal pulse. These programs 
will be described briefly in turn. First is the one dimensional pro¬ 
gram for flat plates.” This program computes the temperature history 
through the plate due to the nuclear weapon thermal pulse and allows 
heat removal by convection or radiation to occur at either surface. 
The plate program was used to present the temperature histories of 
plates in easy to read chart form. A dimensional analysis of the heat 
conduction equation and boundary conditions was made to ?ind the 
dimensionless temperature, time, convective cooling, and material 
property parameters that describe the plates thermal behavior. Charts 
of dimensionless temperature versus dimensionless time were derived 
for a wide range of values of a dimensionless parameter. Additional 
charts were also given for both thermally thin and thermally thick 
plates for a wide range of convective cooling conditions. These 
charts and the dimensional analysis leading to their development are 
given in the literature.20 A computer program was written to compute 
the temperature distribution histories in two-dimensional hollow or 
solid stationary cylinders.2^- This program computes the temperature 
distribution history throughout the circular cross section due to the 

MÍ Dancer and D. M. Wilson, ^TRIN: Computer Program to Calcu¬ 
late Temperature Distributions in Circular and Rectangular 
Sections Exposed to Thermal Radiation from Nuclear Weapon Explo¬ 
sions", NOLTR 72-117, 12 May 1972. 
M. L. Cohen, J. E. Koch, and R. J. Heilferty, "A Numerical Tech¬ 
nique to Determine the Thermal Histories of Two-Dimensional Solids 
Exposed to the Thermal Pulse of a Nuclear Weapon", Naval Applied 
Science Laboratory Project 940-105, Progress Report 5, 2 Jan 1968. 

20 P. Bergman, R. Heilferty, and N. Griff, "Temperature Response 
Charts for Opaque Plates Exposed to the Thermal Radiation Pulse 
from a Nuclear Detonation", Naval Applied Science Laboratory, Lab 
Project 940-105, Progress Report 10, July 1969. 

21 R. Kaufmann and R. J. Heilferty, "Equations and Computer Program 
to Calculate the Temperature Distribution and History in a Cylincfer 
Subject to Thermal Radiation from a Nuclear Weapon", Naval Applied 
Science Laboratory, Lab Project 940-105, Progress Report 8, Jul 68. 
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nuclear weapon ferroa! pulse cylinder program was also 
radiation to occur at either surface. histoi/ for cylinders exposed 

used to prepare cl,iarts o DSise A dimensionless analysis of t*}6 
to a nuclear weapon thermal , ^„ndarv conditions yielded 
governing heat conduction ®^u describe the thermal behavior, 
the dimensionless parameters th t-emoerature versus dimensionless 
Finally, the charts of âtaensronless temperature^^ din,ensionless 

time were presented for a ional problem, it was necessary 
variables. Since this 18 t anaular positions on the cylinder 
to repeat the charts for different angular po ^ ^ 
and for different ratios donner to out^ ^ dimensionless temper- 
figures were required to adequa cty.dders _ figures and the 

ature histories in the - . ^ i . development are given in the 
dimensional analysis leading the written to compute the 
literature.22 Computer programs were ^^33 and Box.beams 

temperature distribution hl®Tories thermal radiation. Dimen- 

(unpublished) . sub:1®c^e^eratÍre history charts were not prepared for 
sional analysis and tempe^ture his of simpie computer 
these structural elements. .H°Y® ®*' ute the temperature histories in 
programs were written to Y ., cylinders rotating at 6 rpm 
circular cylinders, ^adaïs) and thermally thin elements, 
(a rate typical of certain containing the dimensionless temper- 
These programs are .JLd and they merely interpolate between 
ature histories Prevlously ^1VeleSe fou? progrLs are described in 
these to sglve a given problem. These tour pr y 

a report. 

Most of the above mentioned computer that^hese 
tion and radiation heat ios®®®* £c> ^eapon pUise heating for ship- 
losses are small in „Lina these effects to be 
board applications. The equa ion in Naval situations will be 
calculated and an ^^^^Les pe? unit area are proportional to the 

fourth power^of ^fsurfac^tMure. Radiation losses are given 

by * (27) 
q = a Ts 

TT 

23 

24 

25 

to calculate the Temperature ^8“^“|nt¿"lear weapon" , Naval 
Beam Subject to Thermal ^tati ^ progress Rpt. 6, Feb 68. 
D^M^Wilson^^A^etho^of^Efficiently Calculating the 

aur.‘i:rïr. ï.îsrzs.’SSw.-r »» 
F° Kreith^1'Principles of Heat Transfer", International Textbooh 

cimplny. Scranton, PA, Second Editron, Aprrl 1965. 
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where a is the Stephan-Boltzmann constant and € is the emissivity of 
the surface. The maximum radiation loss per unit area for an 
emissivity of unity is small compared to the heat supplied by the 
nuclear thermal pulse (see Figure 4 for maximum values of radiant 
exposure). For example, radiation losses amount to only 0.1 cal/cm2 
sec at 300°C and about 0.75 cal/cm2sec at 600°C. Heat removal by 
convection is also likely to be negligible in a sea environment. Con¬ 
vection losses are given by^ 

q = h (Ts - To) (28) 

where h is the convective cooling coefficient. The evaluation of h 
will depend on whether the boundary layer flowing over the structure 
is laminar or turbulent. This is determined by the numerical value 
of the local Reynolds Number, Re, where 

Re = ■ y P-L (29) 

A boundary layer flow over a flat plate will become turbulent for a 
Renolds number of approximately 320,000.^7 The average convective 
coefficient for a plate in laminar flow is28 

h = 0.664 • K • Re 
1/2 

Pn 1/3 
(30) 

and for the turbulent flow region29 

.036 • K • Re 
h = 4/5 • Pn1/3 

(31) 

In equations (30) and (31), K is the thermal conductivity of the 
boundary layer (air) and Pn is its Prandtl number. A 50 knot wind 
blowing across a flat plate will develop a turbulent boundary layer 
about 8 inches from its leading edge. Equation (31) predicts a tur¬ 
bulent heat transfer coefficient of about .0025 caldee cir2oC for a 
plate one foot wide in turbulent flow. Thus, the rate at which heat 
is removed in turbulent flow is only about 0.75 caldee cm2 at 300°C 
and 1.50 cal/sec cm2 at 600°C. The corresponding values for laminar 
flow are approximately one-half as much. These rates of heat removal 
are small in comparison with the much higher heating rates required to 
threaten the integrity of aluminum structures. 

F. Kreith, "Principles of Heat Transfer", International Textbook 
Co., Scranton, PA, Second Edition, Apr 1965. 
H. Schlichting, "Boundary Layer Theory", Pergamon Press, New York, 
First English Edition, 1955, p. 32. 

Zd Kreith, Op. Cit. 
29 Kreith, Op. Cit. 
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A qreat deal of effort has been expended on the calculation of 
temperatures on structural elements subjected to the thermal pulse of 
a nuclear weapon explosion. The complete thermal history o~ fla . 
olaïes oï cylinders can be read off charts or easily computed from 
the simple computer programs previously described. However, the 
lara^mass of existing temperatures data can be used to isolate the 
maximum3temperature that a flat plate or a circular cylindrical 
structural element will experience. The maximum temperatu 
indicate whether the given weapon is likely to cause “ 
failure of the element by heating. It can also be used to indicate 
whether elements made of rubber, cloth, plastic, etc ^ ^nite or 
char in a given nuclear warfare environment. Methods “ ylve‘ 

fyLendri^l£iï^nt!heFrrXU?o^rpïrteeft^sthfounduthatothefdi- 

dimensionles^variablet * a Tmlx/J iÆ convective and radiative 

temperature rise. 0.39 ■ K A • QT 

a • Tmax/L2 p . Cp • L (T - Ti) = 
(32) 

a 

rn rarriipition (32' K is the proportionality factor between the dimen- 
sionless temperature and the dimensionless time and it 

temperature ^ile^ân S'fou^from Se charts as a function of the 

dimensionless parameter, a Unax/L^. Thus, ^^^“VqScp l for 
rise in flat plates is proportional to the parameter, A QT/P P » 
a aiven value of a Tmax/L^. This relationship for maximum temper¬ 
ature is qiven in Figure 8. The relationship between maximum temp¬ 
erature rise and the heating parameter, A QT/pCp L is unchanged f° 

i ^ areater than 0.20. This occurs because the plate 
is thermally thin for the nuclear thermal pulse and the given com" 
binât ion3© f Yma ter i a i properties, a, heating P^selength Tmax and 
niate thickness, L. Thus, the weapon heating acts to increase r.ne 
plate temperature uniformly without a temperature Radient fron 
T-oar The resultinq temperature is that given by a neat baianc 
equating heat absorbed by the plate to its increasein heatenergy 
as indicated by its temperature. Note that ^rn pljtes 

as'any'heat'i^received? n^f^ïl^^in! fh ^ 

maximum temperature occurs be £ol: tempe rature® i^ieache^approaihe s 
fact, the time at which maximum temperature is reacneo app 
the time to maximum irradiance, Utax, as the values of a Tmax/ 
decrease; i.e., as the plate becomes thermally-thick. 

A similar analysis can be made to determine the^maximum^emper- 

ature rise in a circular cy in er. H^AX'Rq k is a function of the 

mensionless temPe^a^^e' (^m_x/Ro2A th¿ inner to outer radius ratio, 
dimensionless variable, a, Tmax/R , 

30 Cohen, et. al.. Op. Cit. 
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FIG. 8 MAXIMUM TEMPERATURE RISE IN FLAT PLATES SUBJECTED TO THE 
NUCLEAR THERMAL PULSE. 
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Ri/Ro, and the angular location on the cylinder. This will be the 
case only if the convective and radiation losses are neglected. Pro 
ceeding in the same manner as was done for a plate, equation (9) is 
used to eliminate the maximum irradiance, and the following relation 
ship is derived for temperature rise 

(T - Ti) 
0.39 » C 

2 
a Tmax/Ro 

(1 
A • QT 

Cp Ar 

(33) 

in equation (33) C is the proportionality factor between the dimen¬ 
sionless temperature and dimensionless time and is given by charts.31 
The value of C for the maximum temperature rise can be found from 
these charts as a function of the parameter, a Tmax/Ro2, and the 
dimensionless inner radius ratio, Ri/Ro. The angular location does 
not enter into this determination since the maximum temperature al¬ 
ways occurs at the most forward point on the cylinder which is normal 
to the incoming radiation. Thus, the maximum temperature rise is 
proportional to the parameter, A QT/p Cp Ar for a given value of the 
inner radius ratio and given values of the parameter a Tmax/Ro2. 
This relationship is shown in Figures 9-12 for four inner radius 
ratios? i.e., Ri/Ro - 0.9, 0.8, 0.6, and 0.0. 

NUCLEAR THERMAL PULSE HEATING PARAMETER, A-QT/p-Cp* Ar J»C 

FIG.9 MAXIMUM TEMPERATURE RISE IN CIRCULAR CYLINDERS. Ri/Ro * 0.9 

D. M. Wilson, "The Distribution and History of Temperature in 
Circular Cylinders Exposed to the Thermal Radiation Pulse of a 
Nuclear Detonation", NOLTR 71-61, Jun 1971. 
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0 200 400 600 800 1000 

NUCLEAR THERMAL PULSE HEATING PARAMETER, A-QT/p Cp-A r ->?C 

FIG.10 MAXIMUM TEMPERATURE RISE IN CIRCULAR CYLINDERS, Ri/Ro - 0.8 

0 200 400 600 800 1000 

NUCLEAR THERMAL PULSE HEATING PARAMETER, A-QT/oCp-Ar-Pc 

FIG. 11 MAXIMUM TEMPERATURE RISE IN CIRCULAR CYLINDERS, Rt/Ro=0.6 
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FIG.12 MAXIMUM TEMPERATURE RISE IN CIRCULAR CYLINDERS. Ri/Ro - 0.0 
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In contrast with the flat plate correlation, the thermally-thin 
region for circular cylinders is very restricted in allowable values 
of time and the parameter a • Tmax/Ro . (See reference 32 for a 
specification of allowable values.) This occurs because in regions 
where the cylinders are physically thin, heat may be transferred by 
angular conduction; i.e., conduction around the circumference, an 
the temperature rise cannot be found from a heat energy balance. The 
maximum temperature rise can be found for a wide range of conditions 
by referring to Figures 9-12. Rules for interpolating or extrapo¬ 
lating these data can be found in reference 33. 

The high temperature induced by the nuclear weapon thermal 
radiation pulse can produce two detrimental effects in aluminum ^ 
structures by itself irrespective of any damage caused by the weapon's 
airblast. These are (1) a drop in mechanical strength due to high 
temperatures , which may cause failure of structural elements which 
are carrying loads or will result in a weakened state that inay fail 
at blast arrival; (2) the development of thermal stresses which in 
special cases may be large enough to cause failure before blast 
arrival. How the strength of an aluminum alloy changes upon heating 
is a complicated subject because it depends upon changes in the 
alloy's micro-structure. Furthermore, these changes in microstructure 
are also dependent on time at temperature in addition to the absolute 
temperature. A discussion of how microstructural changes effect the 
mechanical strength of aluminum upon rapid heating is given in 
Appendix A. The following rules are developed from the discussion in 
Appendix A to predict the decrease in yield strength of aluminum for 
the rapid heating given by the nuclear weapon thermal pulse. These 
will be used for all stress comparisons made in this report. If time 
spjnt at elevated temperature is less than a few seconds (the exact 
time depending on the temperature), the decrease in yield strength 
with increased temperature is proportional to the shear modulus 
decrease with temoerature. Shear modulus as a function of tempera¬ 
ture does not depend on time at temperature and is well known for 
most aluminum alloys. This relationship is given in Appendix A for 
6061-T6 aluminum. If more than a few seconds is spent at elevated 
temperature, the yield strength decreases faster with temperature and 
experimental data must be consulted. Representative data is given in 
Appendix A for some aluminum alloys and specific short times at 
temperature . 

Thermal stresses will develop in structures that have relatively 
large temperature gradients from the front to rear surfaces. In 
general, it will require a thick structure to develop the large 
thermal gradients necessary for large thermal stresses. This is in 
contrast to blast stresses which are the largest in thin elements. A 
sample calculation will be given below to show that under proper 
conditions thermal stresses can be damaging in themselves. For 

^ Wilson, NOLTR 71-61, Op. Cit. 
33 Wilson, NOLTR 72-177, Op. Cit. 
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example, consider a 6061-T6 aluminum plate that is 0.5 inches thick 
and is simply supported. This plate will be in a nuclear warfare 
environment producing the maximum radiant exposures shown in Figure 4 
as a function of weapon yield and ground range. The time to maximum 
irradiance as given by equation (5) is 0.118 seconds f°r * 
yield and 0.790 seconds for 1,000 kilotons. The use of room tempera¬ 
ture thermophysical properties for 6061-T6 aluminum allows th® 2 
dimensionless parameter a -T max/L2 to be comPu^- Thus, a • Tmax/L 
is approximately .05 for the 10 kiloton case and 0.29 for l*0™ 
kilotons. The dimensionless temperature histories f05..temperature 
through the plate can be easily found from the c£arts or the simpli¬ 
fied computer program previously discussed. These temperature 
histories are given below in Figure 13 for both weapon yields. 

Figure 13 shows that the 10 kiloton yield has a much larger 
dimensionless temperature gradient through the plate than does the 
1 000 kiloton yield. This is misleading in that the maximum tempera- 
túre gradient in the 1,000 kiloton case is much larger because the 
radiant exposure, QT, is much larger (see Figure 4). The thermal 
stresses for a 0.5 inch thick aluminum simply supported Pf^te were 
computed using the temperature histories of Figure 13. The e^tio 
used to determine the thermal stresses will be given ?;ater: 
result of these calculations are given in Figure 14 where thermal 
stress is plotted against ground range from the nuclear burst point. 

The yield strength curves shown in Figure 14 were computed from 

the data of Appendix A and the rules stated ab°v® • ' th* 4nn 
maximum temperature gradient occurs at times of M0 
second and 1.00 second for the weapon yields of 10,100 and 1,000 
kilotons, respectively. Thus, the length of time spent at elevated 
temperature is relatively short, and the yield strength 
decrease with temperature as the shear modulus decreases with temp¬ 
erature. A room temperature yield strength of 40,000 psi for 6061 T6 
aluminum was taken from reference37 and the variation of 
strength with temperature was derived from Figure A-5. The tempera 
ture for yield strength detemination was found by averaging the 
average temperature in the top 1/4 inch and the average temperature 
in the bottom 1/4 inch. Figure 14 shows that for certain condition 
of weapon yield and ground range the thermal stress in ^he plate 
exceeds the yield stress thereby causing a permanent deformation or a 
failure of the plate. It shoulC be noted the thermal stresses computed 
here are internal stresses due to uneven thermal expansion caused by 
ïhe temperature gradient through the plate. Thermalstressdueto 
thermal expansion against constrained ends will be discussed later. 
However, afew facts about thermal stress due to temperature gradients 
become clear from this example. These are (1) it takes a great deal 

T. Lyman, Editor, "Metals Handbook", American Society for Metals, 

Vol I, 8th Edition, 1961. 
35 Cohen, et. al., Op. Cit. 
36 Wilson, NOLTR 72-177, Op. Cit. 
37 Lyman, Op. Cit., p. 946. 
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FIG. 13 DIMENSIONLESS TEMPERATURE HISTORIES IN 0.5 INCii ALUMINUM PLATES AND 
WEAPON YIELD OF 10 KILOTONS (TOP) AND 1000 KILOTONS (BOTTOM). 
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FIG. 14 THERMAL STRESS IN 0.5 INCH THICK SIMPLY SUPPORTED PLATES 

of heat acting on a thick element to produce large enough thermal 
gradients to cause significant thermal stresses. (Compare Figuie 14 
and Figure 4 to determine radiant exposure levels.) (2) Large 
thermal gradients and associated thermal stresses occur early in the 
pulse heating; i.e., near the time of maximum irradiar.ee (see Figure 
13). Thus, the occurrence of large thermal stresses will not 
influence the development of blast stresses which generally occur 
much later (see Figure 7 for blast arrival times). When the blast 
wave arrives, the thermal stresses will have decayed to a small value 
because the thermal gradients are generally small. This behavior is 
exemplified in Figure 13. 

V. BLAST-THERMAL EFFECTS ON STRUCTURAL ELEMENTS 

The airblast parameters which determine the amount of blast 
damage induced in a target were discussed in an earlier section of 
this report. Blast damage is caused by the interaction of the blast 
wave with its target. It is convenient to consider two types of 
target structures; namely, diffraction structures and drag structures, 
depending on how these targets interact with the blast wave. In a 
diffraction type structure, the principal loading is due to the 

4c 
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differential in pressure between the front and rear surfaces of a 
structure. In a drag type structure, the prinicpal loading is drag 
due to the dynamic pressure of the winds accompanying the bias wave. 
The diffraction loading is usually larger in magnitude, but the drag 
loading is usually active for a mich longer time. The loadrng history 
on a simple structure subject to the airblast of a nuciear weapon 
explosion will be given and the relative importance of diffraction 

drag loading indicated. 

When an airblast wave encounters the front face of a structure, 
a reflection of the pressure wave occurs which causes° 
be magnified to several times the peak overpressure of the incident 
wave f?¿nt. (See equation (17) for the peak reflected pressure of a 
wave at normal incidence.) As the incident wave engulfs the target, 
the reflected overpressure on the front face drops rapidly to h 
overpressure produced by the blast wave without refaction plus an 
?dded drag force due to tie dynamic pressure of the wind. The over 
pressure without reflection is referred to as the "side-on" over- 
pressure and this added to the drag force due to dynamic pressure is 
equal to the stagnation pressure, Ps, on the plate; i.e.. 

Ps = P(t) + Cd • d(t) (34) 

where Cd the drag coefficient for air flow normal to a plate ^ equal 
to unity. The overpressure, P, and the dynamrc pressure, d, decay 
exponentially with time as given by equations (20) and,.(2l)- Hence, 
the stagnation pressure, Ps, also decays in an exponential, manner wi h 
time. The time when the reflected pressure decays to the stagnation 
pressure has been.measured in laboratory experiments on flat Pla^®s 
SÎS blast waves at normal incidence. The following fo^a^gf^nd 
to give a good approximation of the time for initial reflections 

dissipate-^. 

ts = 3 S . tS y (35) 

where S is the smaller of the 1/2 width or 1/2 length of the plate and 

U is the shook front velocity. It is 0°m0n.Pra0tÍ9® 
the reflected pressure decays linearly from its maximum value Pr. to 
the value of the stagnation pressure, Ps, at time, ts. Aftar tll[? ' 
the initial reflections have been dissipated and the front face load g 
decay is given by equation (34). The above pressure history describes 

the loading on an enclosed flat surface; 1 a ^ïfnd the plate 
blast wave does not influence the pressu.-e field behind the plate. 
If the plate forms one wall of a free standing structure, the blast 
wave can envelope the structure and influence the pressure fiel 
behind ïtîhJreby altering its net loading. The back pressure loading 

is assumed to begin at a time t2 which ia th®.tl^c^e|^3edife 
shock wave to travel from the front face to the back face, i.e., 

t2 = l 

^Glasstone, Op. Cit., p. 183 
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where L is the thickness of the plate. The back pressure loading is 
assumed to increase linearly from zero at time t2 to the back stag¬ 
nation pressure which results when the blast wave completely engulfs 
the structure. Back stagnation pressure is given by equation (34) 
with the stipulation that the time origin is at t2 relative to time 
for the front face loading. ^Iso, the drag coefficient. Cd, for 
the back (or sides) of a rectangular structure is 0.4. Laboratory 
experiments have also been performed to determine the time for the 
back pressure to reach its stagnation value. This is for flat 
plates . 

th = 

The net loading on an unenclosed structure such as a beam or a 
plate with exposed sides can be found by subtracting the back face 
loading from the front face loading (net diffraction load only). 
This is shown schematically in Figure 15. 

FIG. 15 DIFFRACTION LOADING ON A FLAT PLATE DUE TO NUCLEAR WEAPON AIRBLAST 

■^Glasstone, Op. Cit„, p. 184 
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This Figure shows schematically the front face loading, the rear 
face loading, and the resulting net loading on a flat structure in¬ 
teracting with a blast wave at normal incidence for relatively 
narrow plates or beams. The time t2 for the .^hock front to nego¬ 
tiate the depth dimension is negligible. With this simplification, 
the net pressures given in Figure 15 are given by the following 
equations . 

Pi = P(ts) + d (ts) - 0.75 P(tb) - 0.3 d (tb) (38) 
P2 ^ 0.6 • d (tb) 

The loading shown in Figure 15 is the loading for an enclosed 
structure (front surface loading only) or an open structure (net 
diffraction loading) . This type of loading is characterized by an 
almost instantaneous rise in pressure to the maximum reflected pres¬ 
sure, Pr, followed by a rapid decrease to much lower pressures. The 
times ts and tb are usually small compared to the positive overpres¬ 
sure duration, POUR; hence, the pressure loading approximates that 
of a suddenly applied pressure pulse. If the period of vibration of 
a structural element is also much less than the overpressure dura- 
tion, it will respond to the initial piessure pulse. That isf the 
peak stresses developed in the structure are proportional to the 
reflected pressure and are independent of the later pressure history. 
The response of structural elements to diffraction loading will be 
discussed in detail later. The drag loading on the side of a struc¬ 
ture behaves similarly to the rear surface loading shown in Figure 
15. Although drag loading begins immediately after the blast wave 
arrives at the front face, the sides are not fully loaded until the 
wave travels the distance L equal to the thickness of the plate. 
This requires a delay time equal to L/U. After the delay time, the 
drag loading curve is given by equation (34) with Cd equal to 0.4. 
Drag loads may be important on slender objects such as peles or on 
large wide object; such as buildings which may be susceptible to 
the relatively long duration load. Drag loading is generally small 
for the narrow structural elements that are diocussed later in this 

report. 

Methods have been developed to compute the stresses in simple 
elements which have been exposed to the blast and heating effects of 
a nuclear weapon explosion. The simple elements considered are rec¬ 
tangular and circular plates and beams of constant cross sectional 
area. The plates are simply supported while three type;, of euge 
support are allowed for the beam; namely, a simple support, a can~ 
tilever support, and both ends clamped. Beams and rectangular pla e^ 
with their ends constrained against axial motion were also analyzed. 
The methods of analysis and the resulting equations for stress and 
displacement are given in Appendix B. Results generated from c°m~ 
puter programs based on these equations will be considered. 

The methods of computing stress and displacements for structural 
elements in a nuclear weapon environment generally consider the 
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thermal and presaure pulses simultaneously. That is, computations 
are made while the element is heated before, during, and after the 
arrival of the blast wave. The radiant exposure may be given by 
Figure 4 which shows the maximum possible total irradiance in terms 
of ground range from the blast. However, the weapon height of 
burst may be chosen to maximize the distance to which a particular 
peak overpressure will extend. The existence of bur;t heights 
which maximize extent of peak overpressure is indicated by the 
"knees" of the peak overpressure curves shown in Figure 5. The 
total radiant exposure for the heights of burst that maximize peak 
overpressure is given in Figure 16. 

FIG. 16 NUCLEAR WEAPON RADIANT EXPOSURE WHEN EXTENT OF PEAK OVERPRESSURES 
ARE MAXIMIZED. 
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Figu: e 16 was derived by ^optimize the 

exposure versus^rouSdnf7^n?esïures Points on these curves corres- 
range of several peak overpressur ^ have the virtue that each 
pond to different heights of ^ur , rancie for some value of peak 
point corresponds to an sit- in Figure 16 are 
overpressure. Thus, the r® * heights of burst maximize peak over- 

pressure'range thaH?! the maximum possible exposures shown in 

Figure 4. 

The radiant exposures from 
from Figure 5 are use h blast-thermal problem. In 
^fr^sirti^s^thf Sr, t --St Will^^osento^imize 

SsuftS ground^range^of3^ function of peak overpressure for three 

weapon yields. 

TABLE 2 - GROUND RANGE WHEN EXTENT OF PEAK OVERPRESSURE IS MAXIMIZED. 

2 nsi 4 psi—6_£ei—8_Jiei—j^Jgai 15£Si 20_£si 30_£si 

aóYSf 3,000 1,870 1,440 1,230 1,040 850 680 480 

^OO«) 6.460 4,030 3,100 2.650 2.250 1.840 1.460 1.030 

(TS 13,920 8,680 6,680 5.720 4,810 3.970 3.150 2.230 

£ = 4-Viermal effects considers a 
The first illustration of -luin-nuin plate which is simply 

1/4 inch thick by 12.0 inch square & ' P . Fiqure 3 and the 
supported. Th%the™aitr“prîacenloading shown in Figure 15 were used 
pressure pulse for front the stress history. Compu- 
Sith the analysis of APPnndix B to.compute quas._statlc analysis to 

tations were made for Y ^vnamic analysis is necessary. The 
determine if the more implicated dynamic Y ^ nd 
peak stresses developed “e 6061-T6 aluminum^.^^ i?_ Flgurf, 16 

ranges given by the p^ec®, ^n<Ldiant exposures received on the plate in 
can be used to estimate the ra P1? ve that the quasi-static 
Figure 17. The curves shown in figure ^ g developed in the 

analysis greatly uJderest^^ionî showed that only the blast loading 
oíate. However, these calcuiatio tion of the stresses shown in 
behaves dynamically, and the dPfroro a quasi-static analysis. 
Figure 17 can m°te ^d strength of 6061-aluminum alloy was pre- 
The room temperature yield strengtn shown in Figure 17 
viously given as 40,000 psi ¡he Peak stres^ after 
occur at blast arrival times between „-.^t at elevated tempera- 
Wst. Since more than a Sfaft"rTith temperature than that 
tures, the yield stren9th d®c^e . e method. Hence, experimental 
predicted by the shear modulus de (a-6), must be consulted 
data, such as that shown m F^rJ, ^n¡[h°r ^ results given by 
for guidance in predicting yield strengtn. 
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FIG 17 DYNAMIC AND QUASI-STATIC STRESSES IN A 1/4" PLATE SUBJECT TO NUCLEAR 

WEAPON ENVIRONMENTS. 

Figure 17 are quite general. That is, plates of this size and thick¬ 
ness have relatively high natural frequencies hence exhibit dynamic 
behavior. For example, the fundamental frequency for this plate, as 
given by equation (B-ll), is 2,080 cycles/second. 

A second example will be given to illustrate the relative impor¬ 
tance of blast and thermal stresses. It was previously shown that 
thermal stresses can be large in thick members if lar/fe. , . 
gradients are developed. The present example is a 1/4-inch thick by 
12.0-inch long narrow clamped beam constructed of 6061-T6 aluminum 
alloy. Computations were made using the dynamic analysis to find the 
peak thermal stresses due to the thermal pulse acting alone, and to 
compare this to the corresponding blast-thermal stresses. Nuclear 
weapon peak overpressures and radiant exposure as a function of 
ground range were the same as those used in the first example. How¬ 
ever, the pressure pulse for this beam is taken to be that for ne 
diffraction loading shown in Figure 15. The results of these calcu¬ 
lations are shown in figure 18. 

46 

..... 



NSWC/WOL/TR 75-134 

GROUND RANGE, YARDS 

FIG. 18 BLAST-THERMAL AND THERMAL ALONE STRESS IN A 1/4" BEAM SUBJECT 
TO NUCLEAR WEAPON ENVIRONMENTS. 

Figure 18 shows that the blast-thermal stresses are much larger than 
the thermal stresses due to the heating alone. The blast thermal 
stresses shown are almost entirely due to the action of the pressure 
pulse. This is true because the peak blast-thermal stresses occur at 
the blast arrival time and here the thermal gradients are greatly 
reduced from their peak values. The peak thermal stresses shown here 
for the relatively thin beam occur near the time of maximum irradiance 
and even then are in general much lower than the peak blast-thermal 
stresses. Since the peak stresses occur at blast arrival, the 
aluminum beams must spend several seconds at relatively high tempera¬ 
tures. Hence, Figure A-2 or A-6 must be used to estimate the 
decrease in yield strength with temperature for this example. 

The analysis and resulting computer programs presented in 
Appendix B have been used in a parametric study which computed the 
stress and displacement in beams and plates exposed to nuclear weapon 
environments. Twelve loading conditions consisting of weapon yields 
of 10,100 and 1,000 kilotons and peak overpressures of 3, 5, 7 and 10 
psi were chosen. Heights of burst to maximize radiant exposure where 
used hence the maximum total irradiances shown in Figure 4 were 
realized. A variation of yield strength with temperature for 6061-T6 
aluminum alloy was chosen to represent the decrease in strength for 
time at temperature greater than a few seconds. Plates and beams of 
nine different sizes were considered. Simply supported square plates 
of length 1/4, 1/2 and 1.0 meters and thicknesses of 1/8, 1/4 and 3/8 
inches were analyzed for the twelve loading conditions. Similar 
circular plates of diameters equal to the square plate length were 
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also considered. Stress and displacement calculations were also made 
for simply-supported, cantilever and clamped beams. Beams were 1/4, 
1/2 and 1.0 meters long and 3/8, 1/2 and 5/8 inches thick. The 
computed peak thermal and peak blast-thermal stress for each of the 
above structural elements is presented in the references40 as a 
function of peak overpressure. 

In addition to showing the conditions under which the aluminum 
structural elements would yield, several general conclusions were 
drawn from the parametric study.4!- The principal results are the 
following : 

1. The stress due to pressure loading in both plates and 
beams is approximately proportional to BvL . 

2. The displacements due to pressure loading in both plates 
and beams is approximately proportional to B4/L4. 

3. The magnitude of the weapon yield has no significant 
effect on the stresses and displacements due to pressure loading. 
This result is due to sharply peaked nature of the nuclear weapon 
pressure pulse and the dynamic nature of the response of the struc¬ 
tural elements selected for this study. 

4. The displacements and stresses in simply supported 
circular and square plates are virtually identical when the diameter 
of the circular plate equals the length of the square plate. 

5. The stresses and displacements due to the thermal pulse 
acting alone are accurately described by the quasi-static analysis in 
all cases. A further study was made to determine when a dynamic 
analysis is required for thermal loading from nuclear weapon explo¬ 
sions. These results are given below. 

6. The calculation of stresses and displacements due to the 
pressure pulse requires dynamic analysis in all cases. However, a 
method based on an equivalent pressure concept was developed to relate 
dynamic calculations of stress and displacement to the more easily 
obtained quasi-static values. This method is discussed in detail in 
the literature.4^ 

The determination of whether a target responds quasi-statically 
or dynamically to the thermal pulse alone is important in estimating 
the influence of thermal effects in the blast-thermal response of 
structures. That is, much labor can be saved if thermal effects are 
quasi-static and simple calculations will indicate if thermal stresses 
will cause failure or if thermal stresses are negligible at blast 
arrival. 

Koch, J. E., "Parametric Study of Stresses and Displacements in 
Certain Structural Elements When Exposed to the Thermal and Blast 
Effects of a Nuclear Event", N. Eastern Res. Associates,No.RR-NA-12 

.n 1 June 1973 
41 Ibid 42 Koch, N. Eastern Research Associates No. RR-NA-12, Op. Cit. 
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If thermal effects are dynamic, thermal vibrations would cause 
thermal stresses and displacements to be propagated in time from when 
the maximum temperature gradients occur to the time of blast arrival. 
Then, thermal stress might be a significant portion of the total 
blast-thermal effect when combined with blast-induced stress. The 
importance of dynamic thermal effects was found by computing the 
dynamic magnification of displacement and stress in plates and beams. 
The dynamic magnification is the ratio of displacement or stress com¬ 
puted by a dynamic analysis to the corresponding value given by a 
quasi-static analysis. The dynamic magnification was found to depend 
on the variable, 0.5 Pd/tsm. Here, Pd is the fundamental period of 
vibration, Pd = , where Wi-i is the fundamental frequency of 

Wll 
vibration given by equation (B-ll) or (B-32). tsm is the time at 
which the maximum value of the thermal moment, Mt, occurs. The 
dynamic magnification for displacement in both plates and beams is 
given in the references4^,44 and is shown in Figure 19. 

FIG. 19 DYNAMIC MAGNIFICATION OF DISPLACEMENT IN PLATES AND BEAMS 

Koch, North Eastern Research Associates No. RR-NA-12, Op. Cit. 
44 Koch, J.E., "Equations, Computer Programs and Computations of Dis¬ 

placements and Stresses in Beams Having Temperature Dependent 
Material Properties When Exposed to the Thermal and Blast Effects 
of a Nuclear Event," North Eastern Research Associates No.RR-NA-13 
15 June 1973 
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_ , n c pd/tsm for t-liG 12 loading 
It was found that the values °:^r^rlc studY were 0.3 or less. 
conditions and georaetrie displacement is about 5 percent or 
Thus, dynamic magnificatio P structural elements considered 
less and the thermal response of .^h^“f^ations as high as 1.7 
is quasi-static. However, ^ 4¾ d these large displacements 
were reported for circular plates^ in^af®ccurreJce. The dynamic 

are Pr°Pa^a“d¿" ^”Ls in beams is similar to that for displacement 
magnification for stress m 
and is given in the references 

The effect of Tlemen^Tn 
ture was included in the parametri ^ coefficient of expan- 
this consideration, the Yo^ temperature for 6061-T6 aluminum alloy, 
sion were allowed to.va^YW^^n^es fSr beams were repeated to 
The dynamic and quasi-static Y . bi elastic properties. Calcu- 
derive equations whi^h incJ;^ ® subiect to the 12 loading conditions lations were repeated for beams subiectstOay reported in the 

previously give2* ^/waî found that stress computations were not 
references. Here, i corresponding constant property 
appreciably different from the correspon g ^ g nt higher 
values. The displacements were found to^^P rty calcuiations. 

than those given by the portant to include vana- 

tions'ÍrmelasticHproperties"for the weapoS conditions and structural 

elements considered in these studies. 

The previous studY cons^et^a®1d^^io^Chence inplane thermal 
strained against movemen study was made which allowed an 
forces are not developed. Anoth tber^al loads on simply supported 
initial force to represent inplan amic analysis for this problem 
or clamped rectangular pi • rePoïted in the references.48 Calcu¬ 
ls described in Appendix B and repor ence of plate geometry, 

ÄrMÄS? Äon. "i-^aíñe^S 
rnea£nactieraatWrPt!mePrn aUrstaPnäard-problem. The standard problem 

Circular Plate Exposed to 171-180, Jan 19-/2. 
Shock and vibration Bulletin, ^streslls and Displacements in 
K^hTjTF.. Exposed to the Thermal and Blast 
rtfecjS "ofTNucîeafrent!' North Lstern Research Associates 

K o c h^R Ño r th 2 É a s t e r n RasaarC^nf .^naï^is^d^sign 
Cost, T.L., Cnftin, JoR., and y^ed Flat plates Subiected 
of Thermally and MechanicaHy P t Missiie Command Technical 
to Transverse Blast Loads , u.b. army 
Report RL-72-18, May 1973. 

T5-" 
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consists of an 8.0 inch square aluminum plate, fully clamped and 
subject to a nuclear weapon pressure pulse. This pressure pulse is 
described by e .uation (2) and has a peak overpressure of 10 psi and 
a positive ph\ ;e duration of 1.0 second. Principal results of this 
parametric study are the following: 

1. The maximum stress and displacement in plates 
increases more rapidly with plate width and decreases more rapidly 
with plate thickness than would be predicted by a linear law. This 
results due to changes in plate stiffness as evident from changes in 
the fundamental frequency of vibration as width and thickness changes. 

2. Material property effects, given by changes in Young's 
Modulus and density are also non-linear. However, the changes in 
stress or displacement are less than that observed by making propor¬ 
tional changes in width or thickness. 

3. Prestressing the plate causes a dramatic decrease in 
maximum stress and displacement as prestressing is increased until 
very low values of maximum stress and displacement are realized. 
This result is true for both equal and unequal biaxial tension on 
the plate. 

4. A thermal preload causes a compressive inplane stress 
which increases rapidly as the initial temperature increment is 
increased. This effect, which can lead to buckling of the plate, is 
discussed in Appendix B. 

5. The simply supported plate with its end constrained 
against axial movement exhibits higher maximum stress and displace¬ 
ment than a corresponding clamped plate. 

6. The maximum stress and displacement is independent of 
loading time (positive phase duration) for loading times greater 
than 0.1 seconds. This relatively low value of critical loading time 
is due to the relatively high value of fundamental frequency, 300 
cyclec/sec., of the standard problem. 

A second study also described the behavior of plates having a 
hinged boundary condition. A hinged boundary is a simply supported 
plate with its ends constrained against axial motion. In this study, 
the axial force can either be due to thermal expansion or an axial 
force history can be supplied. The given axial force history can act 
in addition to blast-thermal effects supplied by a nuclear weapon. 
The analysis for this case is given in Appendix B and reported in the 
literature. y 

Koch, J.E., "Equations and Computer Program to Compute Stresses 
and Displacements in a Constrained or an Unconstrained Beam- 
Column When Exposed to the Thermal and Blast Effects of a Nuclear 
Event," North Eastern Research Associates No. RR-NA-14, 30 Jun 73. 
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VI. METHODS FOR THERMAL PROTECTION 

This report has pointed out the potential damage to ship 
systems which have been exposed to the pressure and thermal pulses of 
a nuclear weapon explosion. Thermal effects have been shown to be 
damaging in themselves and can also enhance pressure damage by 
causing materials to be in a weakened state at blast arrival. Hence, 
in many cases of protecting systems or their elements, it may be 
necessary to first consider the thermal protection requirements. 
Three basic methods of providing thermal protection against a nuclear 
weapon environment will be considered. These are, thickening or 
substitution of materials to provide additional heat sinks, applica¬ 
tion of water to carry away the excessive heat and coatings which 
reflect heat or provide insulation. 

One of the most obvious methods of preventing high temperatures 
in an element being heated is simply to make it thicker or replace 
its material with material of better thermal properties. The methods 
discussed in the section. Thermal Effects on Structural Elements, 
can be used to determine the amount of thickening or new material 
required to reduce temperatures to safe levels. Figure 8 showed the 
maximum temperature rise in flat plates exposed to the nuclear 
weapon thermal pulse. If the plate is thermally-thin after 
thickening. Figure 8 shows that the maximum temperature is directly 
proportional to the thickness. If the plate is not thermally thin, 
a less than proportional benefit is gained by thickening. The 
maximum temperature rise in circular cylinders exposed to the 
nuclear weapon thermal pulse is given in Figures 9 - 12. These 
figures show that a temperature rise reduction greater than propor¬ 
tional to a thickness increase can be realized in many cases if the 
cylinders are sufficiently thick, i.e., if the values of a-tmax/Ro 
are low enough. This occurs because of enhancement of the heat sink 
effect caused by the unexposed rear of the cylinders. The reduction 
in maximum temperature for cylinders or plates by thickening is 
easily found from Figures 8-12. Hence, these figures can be used 
to design new structural elements which will withstand the thermal 
effects of a nuclear weapon explosion. Thickening also increases 
the resistance to blast damage. The new thickness in an element can 
be a compromise between that required to reduce maximum temperatures 
and that required to increase mechanical strength. 

Thickening of structures may cause an unacceptable cost or 
weight penalty hence other thermal protection methods should be 
considered. An experimental study was conducted to determine the 
effectiveness of using water to remove the heat absorbed from 
nuclear weapon thermal radiation. Heat transfer rates were 
measured for water flowing down or sprayed onto a flat plate. In 
the water flow experiments, the plate was simultaneously heated by 
igniting a sheet of rocket propellant placed behind the plate. The 
experimental set-up and resulting heat transfer rates are given in 
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the references.It was assumed that a system could be activated to 
allow water to be flowed or sprayed onto a plate which is simultan¬ 
eously heated by the nuclear weapon's thermal pulse. Calculations 
based on the previously derived heat transfer rates were made to 
determine the effectiveness of water cooling aluminum plates of 
thicknesses between 1/8" and 1/4". The total irradiances shown in 
Figure 16 were used with an absorptance of 0.8. These calculations 
showed that flow cooling was ineffective at ranges corresponding to 
peak overpressures greater than 8 psi. Spray cooling was found to 
be effective at ranges corresponding to peak overpressures of 8 and 
10 psi but was ineffective at 15 psi. The reason that water cooling 
becomes ineffective is due to the behavior of water on a hot surface. 
Water goes through several stages from convective cooling to nucleate 
boiling to fully developed film boiling as the plate temperature 
increases. Therefore, if the maximum irradiance of the thermal 
radiation pulse is large enough, it will overwhelm the cooling effect 
of the water and allow the plate temperature to increase rapidly. 
That is, when the plate temperature exceeds the maximum allowed value 
for nucleate boiling, film boiling will begin. Film boiling is very 
inefficient in removing heat because a vapor layer forms and insu¬ 
lates the plate from the water. The important parameter in deter¬ 
mining if water cooling can be overwhelmed is the maximum nucleate 
boiling heat transfer rate. This was observed to be 10 - 15 
cal/sec-cm2 for flow cooling and 50 - 60 cal/sec-cm^ for spray 
cooling, indications are that these maximums are not very sensitive 
to increased flow rates. Therefore, nuclear weapon thermal pulses 
which have peak irradiances greater than these observed maximums are 
capable of overwhelming the cooling effect of the water. Hence, it 
was concluded that water cooling alone could be used to provide 
thermal protection up to 8 psi only. For higher peak overpressures, 
it should be used in conjunction with other thermal protective 
measures . 

The third and perhaps best method for saving weight and cost is 
thermal protection by use of coatings. Coatings can provide thermal 
protection by reflecting away much of the incoming irradiance, by 
absorbing it and subsequently releasing energy through chemical 
changes, or by simply insulating the element. All of these effects 
can be observed by measuring an effective absorptance of the coating 
system. An experimental study was initiated to measure the effective 
absorptance of paint systems presently used by the Navy and on some 
candidates to provide additional thermal protection. These tests 
consist of coating thin aluminum buttons and exposing these to a 
thermal radiation pulse produced by a carbon arc source. The carbon 
arc is designed to produce the irradiance history of a nuclear weapon 

Wilson, D.M., Katz, B.S., and Demske, D., "The Us? of Water 
Cooling for Protection Against Thermal Radiation Frcr A Nuclear 
Weapon Detonation," NOLTR 74-59, April 1974. 
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thermal pulse.51 Temperature histories were recorded by thermo¬ 
couples attached to the back face of the buttons and a simultaneous 
measurement of the incident heat transfer rate was made using a thin 
film radiometer. The effective absorbtance as a function of tempera¬ 
ture was defined from the following energy balance on the tiermally- 

thin specimens 

(39) 

In equation (39), the subscript, "h" corresponds to the temperature 
derivative during the heating cycle while "c" corresponds to this 
derivative at the same temperature in the cooling cycle. The denv^ 
ative measured under natural cooling conditions is used to subtract 
out the heat losses that occur by convection, radiation and conduc¬ 

tion while the sample .is being heated. 

The effective absorbtance for the paint systems tested are 
given in Table 3. These absorptances are preliminary results only. 

PRIMARY THICK¬ 
COATING_DESIGNATION NESS 

THICK- A ff 
UNDERCOATING NESS _Tmax 

Haze 
Gray #27 TT-E-490 

.OOS”- Mil-C-15328 
.004" Mil-C-15930 .0015" 0.65 120°C 

IR near 
Black 

.003"- Mil-C-15328 
.004" Mil-C-15730 .0015" 0.75 125°C 

Insignia 
White C-832864 

2 Coats 
.004" Primer .002" 0.35 150°C 

White C-81773 .005" 1 Coat .001" 0.35 200°C 
Primer 

Haze Gray 
over 

Intumescent 
White 

IT-E-490 .002" 

over over 

CCL-728-921 .012" 

MIL C-5541 

MIL C-15328 .0015" 0.50 150°C 

Teflon Green .004' None 0.70 450° C 

TABLE 3. AVERAGE ABSORPTANCES FOR SEVERAL COATING SYSTEMS 

51 Griff, N. and Heilferty, R.J., "Image Furnace for Low Yield Nuclear 
Weapons Effects Simulation," Naval Applied Science Laboratory, 

LP940-105, Progress Report 2, 14 Jul 1966. 
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Table 3 lists the observed absorptances averaged over the temperature 
interval from room temperature to temperature Tmax given in the table. 
For temperatures above Tmax, large changes in absorptance were 
observed which probably result from burning or chemical changes in 
the paint. The absorptances given in Table 3 show that the paint 
systems. Navy gray and IR black, highly absorb thermal radiation. 
The two white coatings have much lower absorptances hence their use 
would provide significant thermal protection. The Intumescent Coat¬ 
ing (coating #5) provides thermal protection by absorbing additional 
energy at temperatures greater than the 150°C given in the table. 
Green Teflon did not have a low effective absorptance but can stand 
a much higher temperature without degrading. It is planned to make 
a detailed analysis of the data gathered in this coating study and 
publish it in the future. 

VII. SUMMARY 

This report was written to review, unify and condense the 
existing large body of work on the effects of thermal radiation alone 
and thermal radiation as it influences nuclear weapon air blast 
response. Other nuclear weapon phenomena such as nuclear radiation 
and electromagnetic pulse were treated lightly in order to show the 
distances from a nuclear burst where each phenomena is dominant. 
Thus, the total received thermal radiation and the peak overpressures 
were given in terms of ground range and weapon yield in Figures 4, 5 
and 16 for the ranges where thermal and blast effects are likely to 
be the most damaging influances on ship survivability or performance 
of mission. The approach to summarizing existing information has 
been to review the methods of computing temperatures or stresses in 
simple structural elements. Only general results or examples to 
illustrate specific points were presented but references are given to 
obtain specific information. Some Navy systems have been analyzed 
but these have not been included in order to keep this report general 
and unclassified. 

The results in this report can be used to cive a first estimate 
of the possible effects of nuclear weapon thermal and blast on a 
military structure. In doing this, the thermal effects are easily 
estimated by finding the maximum temperature in structural elements 
from Figures 8-12. Blast thermal effects may be estimated by use 
of the examples and observations given herein or in the references or 
it may be necessary to exercise one of the reported computer programs. 
Also, the results of Appendix A can be used to estimate the mechanical 
strength of aluminum alloys which have been rapidly heated by the 
thermal pulse. 

This report has been primarily concerned with methods of com¬ 
puting the thermal and blast effects of nuclear weapons on structural 
components. The calculations have shown that these effects are 
potentially damaging to ships' systems at relatively large distances 
from a nuclear weapon burst. Experimental measurements have also 
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been made to indicate the damage caused by blast or thermal effects. 
A listing of facilities for thermal simulators is reported in the 
references. 2 Also reported is a similar listing for blast and 
shock simulators.53 Recently, efforts have been made to measure 
combined thermal-blast effects and one facility for these measure¬ 
ments is reported.54 To date, very few measurements of combined 
thermal-blast effects have been made. Also lacking is information 
on methods of providing thermal protection for critical elements of 
a ship's system. A particularly promising area where additional 
information is needed is the characteristic of coatings which can be 
applied to these elements to provide efficient thermal protection. 

A late addition to this survey is the report of the Mathe¬ 
matical Methodology Workshop, Panel N-2 of the Defense Nuclear 
Agency sponsored Technical Cooperation Program. (TTCP Panel 
N-2 Report N2:TR 3-72 issued 1 Oct. 1975). This report is a tech¬ 
nical summary of computational methods for the determination of 
nuclear blast, shock, and thermal phenomena and describes many 
computer programs available for the prediction of these nuclear 
weapon effects. 

Loop, J.D., Nebert, D.L., and Quigley, E.F., "Characteristics of 
High Intensity Facilities for Nuclear Thermal Effects Analysis of 
Tactical Systems," BRL MR2083, Dec 1970. 

53 »The Technical Cooperation Program, Panel N-2 Nuclear Blast and 
Shock Simulators*, DOD Nuclear Information and Analysis Center 
Report N2:TR 2-72, 28 Dec 72. 

54 Katz,B.S., and Connor, J.G.,Jr., "Development of the NOL Thermal 
Blast Simulator", NOL TR 72-183, 19 Jul 72. 
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Appendix A 

MECHANICAL PROPERTIES OF ALUMINUM ALLOYS AFTER RAPID HEATING 

The mechanical properties of aluminum alloys which determine 
their strength and fracture characteristics are dependent upon the 
microstructure of the matrix of crystals which comprise their 
structure. The microstructure is sensitive -to changes in temperature. 
In fact, elevated temperatures are used to induce microstructural 
changes that allow alloys of greater mechanical strength to be pro¬ 
duced. Hence, it should not be surprising that the rapid heating of 
aluminum alloy structures by a nuclear weapon's thermal pulse could 
destroy beneficial microstructures and lower the alloy s strength 
before the blast wave has time to arrive. The residual values of 
strength at blast arrival are hard to predict due to a lack of 
experimental data on this phenomenon. Also, lt11S, dlff^rnr 
extend existing data because the microstructural changes that occur 
depend on time at temperature and other factors such as temperature 
level and strain rate at which the structure is deformed. This 
section will discuss how these factors cause microstructural changes 
and will present some data on aluminum alloy strength after rapid or 
slow heating. An attempt will be made to predict the strength prop¬ 
erties of several aluminum alloys which have been heated by the 
thermal pulse of a nuclear weapon explosion. 

The dislocation theory of plastic deformation explains the 
yielding of metals under load. A dislocation is an imperfection in 
the space lattice of atoms forming the crystals of a structure. For 
example, the lattice could contain an extra plane of atoms above a 
certain line in the matrix (an edge dislocation). These dislocations 
are very mobile. The critical shear stress required to move a dislo¬ 
cation would be several orders of magnitude less than that required 
to overcome the lattice binding force. The movement of dislocations 
causes a slip process which results in the movement of entire planes 
of atoms. But the slip process of individual crystals is not 
sufficient to explain yielding in a polycrystalline substance. Here, 
the existence of grain boundaries influence the mechanical behavior 
of an aggregate of crystals which have all possible orientations. 
The grain boundaries are regions of misfit in the material, i.e., 
where crystals meet but do not allow room for other space lattices to 
develop. These regions are the plates where arrays of dislocations 
may terminate or originate. The random orientation of dislocations 
and grain boundaries contribute to the strength and ductility of 
polycrystalline materials. The widely varied orientation of crystals 
produces a homogeneous isotropic mass with characteristic gram 
boundaries. Therefore, experimental measurements can be made on a 
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representative sample with confidence that the results will apply to 
all structures made of the same material. 
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detailed discussion of the precipitations hardening process is given 
in the references,^ 

The aging process should be negligible at room temperature for 
an alloy to be useful. The choice of an elevated temperature for 
aging represents a compromise between temperature level and time at 
temperature. Figure A-l shows the room temperature yield strength 
attainable for aluminum alloy 6061 as a function of a^:ng time and 
artificial aging temperature. The data in this figure was originally 
given in a reference. 6 

DURATION OF PRECIPITATION HEAT TREATMENT, HRS. 

FIG. A-1 ARTIFICAL AGING TEMPERATURE AND TIME FOR ALUMINUM ALLOY 6061 

In general, the alloy ages the most rapidly at the higher temperatures 
but the most practical temperatures for developing maximum yield 
strength lie between 300°F and 400°F. Thus the recommended precipi¬ 
tation heat treatment for 6061-T6 alloy (a high strength condition) is 
aging for 6-10 hours at 350°F. From the data shown in Figure A-l 
it is clear that a subsequent heating of a structure composed of 
aluminum alloy 6061-T6 to 350°F for a sufficient time will cause it 
to have a lower room temperature yield strength due to overaging. If 

55 Clark, D.S., and Varney, W.R., "Physical Metallurgy for Engineers", 
Van Nostrand Co., Princeton, NJ, Second Edition, 1962 

56 Babcock, S.W., et al, "Subsequent Yield and High Heating Rate 
Properties of Two Aluminum Alloys", General Motors Corporation 
MSL 70-24, Sep 1970. 
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temperatures higher than 350°F are reached, the diffusion-controlled 
overaging process will occur much faster. When temperatures signifi¬ 
cantly above the artificial aging temperatures are reached, the loss 
in yield strength due to overaging can occur in seconds. Therefore, 
exposure of structures made of aluminum alloys to a nuclear weapons 
thermal pulse may cause a reduction in mechanical strength in the 
few seconds between the heating and the arrival of the weapon's 
blast wave. Experimental data on the mechanical strength of rapidly 
heated aluminum alloys will be presented and discussed later in this 
appendix. 

Strain hardening of aluminum alloys is possible because their 
resistance to plastic deformation increases with increasing plastic 
strain. Strain hardening occurs when a suitable aluminum alloy is 
deformed past the proportional limit (plc-.stically deformed) , for 
example by rolling. A subsequent load on such an alloy will behave 
elastically up to the point of previous maximum plastic deformation. 
Hence the alloys proportional limit and its yield strength have been 
increased by the strain hardening. Strain hardening is done by cold 
working if the deformation is done at a temperature less than the 
recrystallization temperature of the alloy. However, if the deforma¬ 
tions are applied at a temperature greater than the recrystallization 
temperature, little strain hardening occurs due to the recrvstalliza- 
tion of the alloy microstructure. Although the minimum recrystalli¬ 
zation process depends on the growing of a new grain structure which 
takes a large amount of time relative to the heating times of nuclear 
weapon thermal pulses. Therefore, a less than expected degradation 
of strength properties occurs in the relatively short time a 
structure remains at elevated temperature before blast arrival. Alsci 
fililí11111'' all°ys may be hardened by the high strain rates caused by 
the blast wave. Experimental data on the mechanical strength of 
aluminum subjected to high temperature and high strain rates will be 
presented and discussed later. 

The previous discussion indicated that the mechanical properties 
of aluminum alloys are critically dependent upon the microstructure 
of their constituent crystals and grain boundaries. Furthermore, the 
microstructure of aluminum alloys can be rapidly altered by the 
effects of temperature, time at temperature and strain rate. The 
thermal and blast characteristics of a nuclear weapon explosion can 
change the alloy's strength properties in the few seconds that the 
structure is heated and during the deformation caused by the blast 
wave. Thus, it is necessary to know how the nuclear weapon heating 
and induced strain rates effect mechanical strength before an assess¬ 
ment of damage to aluminum alloy structures in a nuclear warfare 
environment can be made. No experimental data on mechanical strength 
under these conditions exists, in fact, any data for short time at 
elevated temperature is scarce. Such data is available for only a 
few aluminum alloys and for a few strain rates. Representative 
experimental data will be presented to show how combinations of 
temperature, time at temperature and strain rate might influence the 
strength of aluminum alloys in a nuclear warfare environment. 
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An examination of experimental data shows that time at tempera¬ 
ture has a large effect on the mechanical strength of an aluminum 
alloy heated to an elevated temperature. Figure A-2 shows the 
residual yield strength at elevated temperature as a function of 
temperature and time at temperature for aluminum alloy 2014-T6. The 
data plotted was taken from 3 different sources and are not all 
comparable due to different testing methods. Data for time at 
temperature from 1/2 hour to 1000 hours57 was taken at a strain rate 
of approximately .0002 in/in/second. The data for a holding time of 
10 seconds^® was taken at a strain rate of .00005 in/in/second. The 
test conditions and strain rates of these tests are very similar 
hence the data can be directly compared. The remaining data^ was 
found by continually heating a sample up to the test temperature at 
a constant rate instead of holding the sample at test temperature as 
was previously done. It was previously stated that time above the 
artificial aging temperature is important in causing detrimental 
microstructural changes in an aluminum alloy. If the artificial 
aging temperature is assumed to be 350°F for this alloy, it would 
take 6000, 600, 6 and .06 seconds for the alloy to go from 350 F to 
500°F for the 4 temperature rise rates shown in Figure A-2. These 
times should be reduced somewhat in order to compare this data with 
previously referred to data60,61 at 500°F because time spent held at 
500°F is more effective in degrading strength than on equal time 
spent in going from 350°F to 500°F. Hence the data at 500°F for 10 
second or 1/2 hour holding times can be compared favorably with the 
data for a temperature rise of .025° F/second. A further complica¬ 
tion is that the data of one study^ was taken at a strain rate of 
10 in/in/sec. It will be shown later that this strain rate should 
be large enough to cause a slight strain hardening in an aluminum 
alloy. Figure A-2 shows that the data of this study0-3 for tempera¬ 
ture rates of .25°F/second or more does not agree with the data for 
samples held at temperature for 10 seconds. These higher temperature 
rise rates are equivalent to holding times of less than 10 seconds. 
The data shows that the strength degradation approaches a constant 
value as the time spent at elevated temperature becomes very small. 

57 Voorhees, H.R., and Freeman, J.W., "Report on the Elevated- 
Temperature Properties of Aluminum and Magnesium Alloys," ASTM 
Special Tech. Pub. No. 291, Oct 1960. 

58 Dotson, C.L., and Kattus, J.R., "Tensile Properties of Aircraft 
Structural Metals at Various Rates of Loading After Rapid Heating" 
WADC Tech. Rep. 55-199, August 1955. 

59 Babcock, S.G., et al, Gen. Motors Corp. MSL 70-24, Op. Cit. 
60 Voorhees, ASTM Special Tech. Pub. No. 291 Op. Cit. 
61 Dotson, WADC Tech. Rep. 55-199 Op. Cit. 
62 Babcock, Gen. Motors Corp. MSL 70-24 Op. Cit. 
63 Ibid. 
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The mechanical strength data for two additional aluminum alloys, 
2024-T3 and 7G75-T6, is given in the references64 for times at tem¬ 
perature of 10,100 and 1800 seconds, and strain rates between 
.00005 in/in/second and 1.0 in/in/second. Both of these alloys show 
the same trend of decreasing strength with increasing temperature 
and increasing time at temperature as that exhibited by the 2014-T6 
aluminum in Figure A-2. However the 2024-T3 alloy does retain a 
larger percentage of its room temperature strength at elevated tem¬ 
perature. An explanation of this is that the T3 condition corres¬ 
ponds to an alloy which has only been solution treated and cold 
worked, but not artificially aged. Thus it is possible that the T3 
condition can stand a degree of aging at elevated temperature before 
it begins to overage and lost strength. 

A concerted effort has been made to study the effects of 
elevated temperature and time at temperature for aluminum alloy 
6061-T6. Two test programs were conducted to extend the existing 
experimental data for holding times of 1/2 hour or greater to times 
in the microsecond range. Based on the results of these and other 
studies it was concluded65 that three domains of time at temperature 
at elevated temperature exist. A different mechanism for governing 
mechanical strength behavior was postulated for each domain. The 
first domain is the very shortest time at temperature, i.e., time of 
the order of tens of microseconds obtained by pulse heating. Th|, 
results of these experiments performed by the Sandia Corporation 
are reproduced in Figure A-3. This figure shows yield strength 
measured at room temperature after the sample had been pulse heated 
to the temperatures shown. For microsecond times at temperature, 
pulse heating produced by electron beam energy deposition was used. 
This causes one-dimensional stress wave loading in the long slender 
rod test specimen. The rod heated in this manner cannot expand 
rapidly enough to prevent the propagation of stress relief waves. 
The resulting high strain rates cause permanent microstructural 
changes that reduce the mechanical strength of the alloy. The times 
at temperature in this first domain are too short to be of interest 
for nuclear weapon thermal radiation effects from cn atmospheric 
explosion. A detailed explanation of the mechanisms reducing 
strength in this region is given in the reference67. 

The second time at temperature doman includes times ranging 
from several milliseconds to a few seconds. The results of 
experiments performed by the Physics International Company are 

64 Dotson, WADC Tech. Rep. 55-199 Op. Cit. 
65 Lipkin, J., Swearengen, J.C., and Karnes, C.H., "Mechanical 

Properties of 6061-T6 Aluirdnum After Very Rapid Heating," Sandia 
Lab. SC-RR-72 0030, Mar 1972 

66 Ibid. 
67 Ibid. 
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pIQ A.3 YIELD STRENGTH OF ALUMINUM ALLOY 6061T6 AFTER MICROSECOND PULSE HEATING 
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6Bstefanshv T , Triebes, K. and Shea.J., "Temperature-Induceã Degrada¬ 
tion of Mechanical Properties Following Instantaneous Heating, 
Air Force Weapons Lab. No. AFWL-TR-71-62. 
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FIG. A-4 RESIDUAL YIELD STRENGTH OF ALUMINUM ALLOY 6061-T6 AFTER MILLISECOND PULSE HEATING 

evident in the data. However, there was a discrepancy between these 
measurements made at Physics International and some of the handbook 
values for modulus as a function of temperature. Hence a subsequent 
measurement of elastic and shear moduli was made by the Sandia Corp. 
at time at temperature varying from several minutes to 3 hours. The 
results of these tests were reported69 and are given in Figure A-5. 
The experiments resulting in the data shown in Figures A-4 and A-5 
lead to the following 3 conclusionss (1) The measured values of 
elastic and shear modulus made independently by Sandia Corporation 
and by the Physics International Company are in good agreement; 
(2) The measured values of modulus are insensitive to time at tempera¬ 
ture at elevated temperature; (3) The measured values of shear 
modulus correlate well with the measurements of yield strength made 
by Physics International for millisecond time at temperature (compare 
Figures A-4 and A-5). Since the shear modulus is not influenced by 
the growth and spacing of precipitates, but the yield strength is, it 
follows from the correlation of modulus and yield strength in domain 
two that microstructural changes haTe not had time to occur. This is 
the explanation for the relative insensitivity of yield strength on 
time at temperature in this domain. The reason that time at tempera¬ 
ture in domaine one cause microstructural changes while those in 
domain two do not, lies in the thermal expansion of the material. 

Lipkin, Sandia Lab. SC-RR-72 0020 Op. Cit. 
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FIG. A-5 ELASTIC AND SHEAR MODULUS OF ALUMINUM ALLOY 6061-T6 AT ELEVATED TEMPERATURES 

The samples pulse heated in times at temperature of domain one could 
not expand proportional to the expansion demanded by their rapid 
temperature rise hence a high rate of strain ^as induced in the alloy. 
In domain two, the heating is slow enough to permit expansion and no 
strain-induced microstructure changes occur. 

The Sandia Corporation also conducted a series of tests to 
determine the maximum time at temperature that an elevated temperature 
point, 500°F, will be in domain two. This is the maximum time at 
500°F before diffusion-controlled microstructural changes will begin. 
The tests consisted of immersing samples for various short times in a 
500°F salt bath. These samples were subsequently tensile tested at 
room temperature. By extrapolating the data, it was concluded that 
the aluminum alloy 6061-T6 tested would not have lost any of its room 
temperature tensile strength for time at temperature less than 
3 seconds. That is, if aluminum alloy 6061-T6 is held at 500 F for 
less than 3 seconds, no microstructural changes have time to occur and 
the alloy retains its original tensile strength upon returning to 
room temperature. Of course, the yield strength while the material 
is at 500°F is reduced proportional to the shear modulus shown in 
Figure A-5 since the alloy is in domain two. 

Relatively high strain rates, approximately 500 in/in/second 
were reported for the tensile tests producing data in the second time 
at temperature domain. These rates are necessary because measurements 
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must be made very rapidly during the very short time at temperature. 
Data from these tests will apply to nuclear weapon blast damage 
because of expected high strain rates in structures loaded by the 
airblast pressure pulse. 

The third time at temperature domain is that of all time greater 
than the few seconds terminating domain two. Standard tensile test 
results are available for many aluminum alloys and time at tempera¬ 
ture of 1/2 hour to 1000 hours or more."70 The results of such tests 
for aluminum alloy 2014-T6 were shown in Figure A-2. This data 
shows the characteristic decrease in strength of all aluminum alloys 
as time at temperature is increased at elevated temperatures. The 
mechanical strength in domain three is governed by the diffusion- 
controlled growth of precipitate particles. Hence, the aluminum 
alloys get progressively weaker as particles grow larger and dislo¬ 
cation movement becomes easier as time at temperature increases. 

The tensile strength data shown in Figures A-2 and A-4 was 
taken at elevated temperatures immediately after the test specimens 
had been heated. A series of tests were conducted on three aluminum 
alloys to measure both the tensile strength at elevated temperature 
and the strength after the heated specimen return to mom tempera¬ 
ture. The test consisted of heating the alloy to a maximum tempera¬ 
ture in approximately four seconds, allowing the samples to cool to 
room temperature, then repeating the thermal cycling up to 10 times. 
Ultimate tensile strength at elevated temperature was determined by 
preloading the test specimens with estimated failure loads. The 
results of these tests are reported in the references.71 Data 
obtained for one aluminum alloy, 2024-T851, are shown in Figure A-6. 

The specimens in these tests remained above the artificial 
aging temperature of approximately 350°F for 10 seconds or more 
during the heating cycle which lasted for 25 seconds or more. Hence, 
overaging and permanent microstructural changes are expected to 
occur. This is verified by noting the (permanent) loss in strength 
shown in Figure A-fe when measurements are made at room temperature. 
The large drop in strength when measurements are made at peak temper¬ 
ature shows that elevated temperature acts to weaken the crystal 
structure and thus reduce strength. This would be the only effect 
reducing strength if the alloy were in domain two but it combines 
with the effect of overaging to reduce strength for these alloys 
which are in domain three. These tests showed a similar result for 
the two other aluminum alloys tested, 2219-T851 and 7075-T7651.72 

Aluminum alloys can be strain hardened by the application of a 
plastically deforming load and the increased strength due to strain 

Voorhees, ASTM Spec. Tech. Pub. No. 291, Op. Cit. 
71 Ferguson, R.R., "Effect of Nuclear Flash Heating on the Strength 

of Aluminum Alloys (B-l Design)," North American Rockwell 
TFD-72-984 serial No. 28, Dec 1972. 

72 ibid 
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hardening depends on the strain rate at which the alloy is deformed. 
The results of a study to determine the ultimate tensile strength of 
aluminum alloy 6061-T6 for increasing strain rate are given in the 
references73 and are shown in Figure A-7. 

The data in Figure A-7 was normalized by the room temperature 
(75°F) ultimate strength (43,800 psi) at the lowest strain rate 
tested (lx10-5 in/in/second). The tensile tests of this study were 
made after holding the test specimens at test temperature for a 
period of five minutes. Hence, these data are for time at tempera¬ 
ture domain three and weakening microstructural changes have occurred 
before testing. The data shows that strength is decreased by tem¬ 
perature and overaging effects but also strength is increased by 
strain hardening as the strain rate increases. Furthermore, the 
strain hardening strength increase is seen to approach a constant 

73 Hoge, K.G., "Influence of Strain Rate on Mechanical Properties 
of 6061-T6 Aluminum Under Uniaxial and Biaxial States of Stress," 
Experimental Mechanics, pg. 204-211, Apr 1966. 
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FIG. A-7 EFFECT OF STRAIN RATE ON ULTIMATE STRENGTH OF ALUMINUM ALLOY 6061-T6 

value dependent on temperature for strain rates greater than about 
50 in/in/second. A previously discussed study74 also studied the 
effects of strain rate on strength for aluminum alloys 2014-T6, 
2024-T3 and 7075-T6. These tests also show increases in strength 
due to strain hardening for increasing strain rates between .00005 
and 1.0 in/in/second. This data corresponds to time at temperature 
greater than 10 seconds and températures of 300°F, 450°F and 600°F. 
The results of these studies show that the strength of aluminum 
alloys is increased by increases in the rate of load application, 
i.e. strain rate, for low strain rates and time at temperatures in 
domain three. The effect of strain rate on strength for time at 
temperature domain two is not clear although the strain rates must be 
high so that the loading is applied fast enough for the alloy to be 
in domain two. 

The data reviews in this appendix indicated that complex changes 
effecting mechanical strength occur in aluminum alloys upon being 

74 Dotson, WADC Tech. Rep. 55-199, Op. Cit. 
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heated to relatively high temperature. Data does not exisb for 
aluminum alloys heated by a simulated nuclear weapon thermal pulse 
to elevated temperature and held there for a time period equal to 
the blast arrival time of the weapons blast wave. Hence, it is 
necessary to make predictions based upon the limited amount of data 
that does exist for various aluminum alloys held at elevated temp-ra¬ 
tures for short times. There are several elements to be considered 
when making an extrapolation of existing data to a nuclear weapon 
effect case. One consideration is the time at temperature for which 
an aluminum structure remains at an elevated temperature before 
blast arrival. If this time is very short, i.e. less than a few 
seconds, the aluminum alloy will be in domain two and it can be 
assumed that tensile strength at temperature is proportional to the 
shear modulus. If this time is greater than a few seconds the alloy 
will be in domain three. Here, a significant decrease of tensile 
strength with increased temperature occurs and existing data for 
ID second holding tine or for moderately rapid temperature rise 
should be used as a guide. Another consideration is the temperature 
history of the structure at blast arrival. If this temperature has 
dropped significantly from a higher value, then the data shown in 
Figure A-6 for room temperature might be used for reference. The 
last consideration is the strain rate induced by the deforming blast 
load. Since this is expected to be relatively large, the existing 
data for time at temperature domain two would be the most appropriate. 
If data for time at temperature domain three at a low strain rate is 
used, it will give a conservative result as shown by Figure A-7. 
This may be increased to account for a higher strain rate or used as 
is to keep the results within safe limits. 
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APPENDIX B 

METHODS AND EQUATIONS FOR COMPUTING BLAST-THERMAL STRESSES IN SIMPLE 
ELEMENTS 

The calculation of elastic stresses and displacements in struc¬ 
tures which are subjected to the nonuniform heating and blast pro¬ 
vided by a nuclear weapon explosion is a very complicated problem. 
Both the stress and thermal equations describing the action of the 
thermal and pressure pulses on the structure are in general non¬ 
linear partial differential equations. Thus, closed form solutions 
for either the stress or temperature acting alone will exist for 
only a mathematical model which include/ simplifying assumptions and/ 
or an idealized geometry. Because of the mathematical difficulties 
involve1, numerical analysis is usually resorted to as an aid in 
solving these problems. Furthermore, the temperature and stress 
equations are in fact coupled. That is, the stress equations are 
effected directly because of thermal expansion and indirectly through 
the temperature dependence of the elastic constants. The heat con¬ 
duction equation which governs temperature is likewise effected by 
compressive heating caused by the straining in the body. Because of 
the difficulties in obtaining a general solution for blast-thermal 
effects in structures, the first problem in computing these effects 
is in determining the necessary simplifying assumptions to make in 
building a mathematical model to represent the structural element 
being analyzed. Simplifying assumptions were made for the simple 
elements analyzed herein and mathematical analysis including computer 
programs was derived. This appendix will outline these assumptions 
and state the resulting equations. The details of the derivation of 
these equations and their associated computer programs are given in 
the references. Results computed from the programs are given in the 
main body of this report. 

A principal assumption will be made in all cases to uncouple the 
stress and temperature problems. It is assumed that the temperatures 
are uneffected by stresses and strains hence the temperature distri¬ 
bution history can be computed separately and used in subsequent 
stress computations. It will be initially assumed that elastic con¬ 
stants are independent of temperature. However an estimate of the 
effect of varying elastic constants was given in the main body of 
this report. The thermophysical properties will also be assumed 
constant in all cases. An assumption that can sometimes be made in 
stress calculations is that the loading is quasi-static. That is, if 
the thermal and mechanical loadings are applied slowly enough, the 
effects of inertia within the body may be neglected. This allows the 
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time derivative terms to be dropped from the governing equation and 
the calculations are considerably simplified. Since the nuclear 
weapon blast pressure pulse is applied rapidly, the quasi-static 
assumption does not usually hold in blast problems, hence both the 
dynamic and quasi-static socutions will be given. However, the 
quasi-static assumption does hold in many cases for thermal stresses 
developed by the nuclear weapon thermal pulse. The equations given 
in this appendix are valid for quite general thermal or pressure 
pulses. The thermal and pressure pulses for a nuclear weapon explo¬ 
sion are given in the main body o. this report. It is these which 
are incorporated into the computer programs to calculate weapon 
effects. 

1. Rectangular Plate Simply Supported on All Edges 

The classical assumptions for bending stresses in a thin plate 
are made for this simple element. These assumptions are, 

(1) Perpendiculars to the median plane in the thickness 
direction before deformation remain perpendicular after deformation, 
i.e., the shearing strains are zero at the median plane. 

(2) The normal stresses in the thickness direction are 

negligible (az = 0). 

(3) The bending stresses are zero on the median plane 

(z = L/2). 

A thin plate assumption implies that the deflections resulting from 
thermal or mechanical loading should be less than the thickness of 
the plate. It is further assumed that the plate is uniformly heated 
and pressured by the thermal and pressure pulses. Hence temperature 
is a function of time and the thickness direction (z) only and 
pressure is a function of time alone. Under the above assumptions, 
the following partial differential equation was derived7^ to describe 
the effect of a thermal-blast interaction in a rectangular plate. 

Dv4w + p-L* = P-— V2Mt (B-l) 
òt^ 1-u 

Here, D is the structural rigidity (D = EL^/12(1-p2)) and Mt is the 
thermal moment due to the temperature gradient through the plate, 
i.e., 

L/2 

Mt = a«E. f T-Z.dZ (B-2) 

-L/2 

75 Koch, J.E., and Koplik,B., "Equations to Determine Displacements 
and Stresses in Certain Structural Elements When Exposed to the 
Thermal and Blast Effects of a Nuclear Event," N. Eastern Research 
Associates No. RR-NA-9, Dec 1969. 
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where a is the coefficient of thermal expansion and E is Young’s 
Modulus. The values of temperature, T, as a function of time and 
thickness are found independently using the methods previously given 
in this report. 

dependent term, , is negligible in equation (B-l). The resulting 2 ' 

governing partial differential equation is. 

4 12 
DV W = p - -- V Mt (B-3 ) 

i-u 

The boundary conditions for a simply supported plate are, 

w = 0 

(B-4) 

on all boundary edges of the plate. The equations (B-3) and (B-4) 
are linear hence the thermal and mechanical loadings can be con¬ 
sidered separately and the principle of superposition used to combine 
the solutions. For the thermal loading acting along, p = 0 and 
equations (B-3) and (B-4) can be solved for the thermal displacement, 

wth* Tlie followin<? solution was obtained76 with the aid of Fourier 

Analysis. 

In equation (B-5), ai and b^ are the length and width of the plate. 
For the mechanical loading acting alone, Mt=0 and equations (B-3) and 
(B-4) can be solved for the mechanical displacement, Wp. Here, 
Fourier Analysis was also used to obtain the following solution.77 

mTlx nTTy 

sin al sin b]. (B-6) 

Koch, North Eastern Res. Assoc. No.-RR-NA-13, Op. Cit. 
n Koch and Koplik, North Eastern Res. Assoc. No. -RR-NA-9, Op. Cit. 
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• nmiílem of blast and thermal occurring 
Hence for the synergistic problem or di 

simultaneously, 

« - wth + wp 

(B-7) 

^B-T^and u3ingStheCresultC inCthetfollowing^generaltrelationships. 

E Z r32W 92W- 

l-U öv d 

+ p HI 

Nt a*E*T 

L(l-U) 1-P 

E*Z W 
2 
9W- 

ay = l-u 9 

Ô w o --, 

[--2 + u ^ 2j + 

Nt 
a*E«T 

(B-8) 

L(l-p) 1-P 

E-Z 9 

xy i+p ax9y 

Where Nt is the edge force due to the thermal gradient through the 

plate, i.e., 
L/2 
/ (B-9) 

Nt = a*E* T"dZ 

-L/2 

The principal stresses can be computed from the stresses given in 

equation (B-8) as follows, 

_ °x+gv + ax-Gv 

) 

+ T 
(B-10) 

xy 

The dynamic 30r¿J^a3simply1 sipporS^plati given in 
to the boundary conditions for a simp y pp infinite series 

equation (B-4). ^^^ïnr^îtion techniqües. In this case a 
expansion and integral ^ ftransfomation was employed. The 

SetaUs ofarriving at the following results are given in the 

references. ' 

78 Koch and KopUk. North Eastern Res. Assoc. No. RR-NA-9. Op. Cit, 
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(1) The natural frequencies of a free vibration are. 

UÜ mn - [if11)2 + <f)2' L a! b! 
__D_ 
P -L 

(B-11) 

(2) The Fourier transformed frequency, a'ss, is given by a 
convolution (Faltung) integral, i.e.. 

(JUSS = „ T ,nTTv .rnTT« 
uu P -L- (—) (t— 
mn a^ 

J • sin ui'mn (t-£) *d£ 

(B-12) 

(3) The resulting dynamic displacement is. 

00 
r 

w ’ a^*bi L 
n=l,3,odd m=l,3,odd 

V 
) L 

,nTTxv . /nTTy, 
uuss. sm (—“) • sin (r“) 

al D1 
(B-13) 

The dynamic displacement at any time is found by solving equations 
(B-ll) and (B-12) in turn given the thermal and mechanical loads, 
Mt(£) and P(6) up to that time. The corresponding plate stress is 
calculated by substituting the computed displacements into the stress- 
displacement equations (equations (B-8) and B-10)). 

Although the dynamic solution for a simply supported rectangular 
plate has been given in integral form, it still remains a difficult 
task to obtain numerical answers to problems. This work is allevi¬ 
ated by using numerical methods in solving the above equations. 
Thus, the temperature and pressure are given at a number of discrete 
points in time and it is assumed that values between these points can 
be found by linear interpolation. Then, the convolution integral, 
equation (B-12), can be integrated in sections corresponding to the 
piecewise linear pressure and temperature loads. The computed value 
of this integral is then used directly in equation (B-13) to find the 
dynamic displacement, and after double differentiation, in equation 
(B-8) to compute the dynamic stresses. A computer program to perform 
these computations for the temperature and pressure pulses of a 
nuclear weapon explosion is described in the references.79 

"• 1 1 ■ 
Koch, J,E., "Equations and Computer Programs to Determine the Dis¬ 
placements and Stresses in Certain Structural Elements When Exposed 
to the Thermal and Blast Effects of a Nuclear Event," North Eastern 
Research Associates No. RR-NA-11, Feb. 1970. 
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2._Rectangular Plate. Simply Supported or Clamped, and Prestressed 

by A Thermal or Mechanical Load 

An alternative approach to computing stresses in a rectangular 
plate is to solve the governing partial differential equation by 
numerical methods based on the use of finite differences. This 
approach will be outlined in solving the problem of blast stresses in 
a thin rectangular plate where an initial thermal and/or mechanical 
load may also be specified. Thus, the thermal problem in this 
approach is reduced to merely specifying an initial temperature level 
to which the plate has been heated above its thermal stress-free 
temperature. The initial elevated temperature then produces a com¬ 
pressive force in the plane of the plate since the edges are not free 
to move axially. For a uniformly heated plate v/ithout temperature 
gradients, this force per unit width is given by. 

The force, F, due to constraining the plate against axial movement 
was not developed in the previous plate analysis where the edges were 
not constrained against axial movement. However, the present analysis 
does not allow for thermal stresses that are developed by a thermal 
gradient in the thickness direction of the plate. (In the previous 
analysis, this gradient caused a thermal moment, given by equation 
(B-2), and a thermal edge force, given by equation (B-9) to be 
developed.) Since the blast usually arrives significantly later than 
the time of maximum thermal gradient for nuclear weapon effects 
problems, this limitation may not be important in studying blast- 
thermal effects. For example, Figure 13 shows that thermal gradients 
may become very much reduced with time. The following partial differ¬ 
ential equation for the prestressed rectangular plate is taken from 
the references .80 

(B-15) 

Here, Fx and Fy are the initial inplane tension forces per unit width 
in the X and y directions, respectively. The solution of equation 
(B-15) is accomplished starting with expressing all its terms in 
finite differences. By symmetry, only 1/4 of the plate was required 
for analysis. This region was divided into 16 nodal points and a 
finite difference equation derived for each nocal point. The result¬ 
ing system of equations was solved for two edge boundary conditions. 
(1) A simple support, technically a hinged end, where the displacement 

Cost and Griffin, U. S. Army Missile Command Tech. Report 

RL-72-18, Op. Cit. 
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and moment of forces vanish on the boundary. i.e. W = = 0. 
= ^2w 

ax2 ay2 
T ie simple support of this problem differs from that of the previous 
problem in that here the ends are constrained against axial movement. 
(2) A clamped, technically a built-in end, where the displacement and 

its slope are zero on the boundary, i.e., W = 
aw 
ax 

aw 
av 

= 0. The 

resulting system of finite difference equations was solved by a modal 
superposition technique. That is, the mode shapes and natural 
frequencies are computed for a free vibration and these are used to 
construct a modal matrix. The displacement is then assumed to con¬ 
sist of the product of the modal matrix and generalized coordinates, 
n. The generalized coordinates are found by substituting the assumed 
solution into the original system of equations, i.e., allowing for 
the presence of the uniform pressure on the plate. Since a diagonal 
matrix is produced by matrix manipulation, an integral solution for 
the generalized coordinates exists. This solution is valid for any 
uniform pressure loading. However, a simpler but approximate method 
has oeen devised to obtain generalized coordinates for the nuclear 
weapon blast pressure pulse. An upper bound of the displacement is 
estimated on the basis that all modal contributions reach a maximum 
value at the same time. The generalized coordinates can then be 
estimated by integrating the general solution for a single degree of 
freedom, mass-spring-dashpot oscillator subject to a time-varying 
force. The force in this case is the following exponential function 
which approximates the nuclear weapon blast pressure which is given 

in equation (20) 

P 
-2.386t/PDUR 

Pmax e (B-16) 

The generalized coordinates are found by integrating the general 
solution for the single degree of freedom system. They are computed 
by maximizing the following expression for time greater than zero. 

•ni 
Pmax 
M.uu 
i i 

2-386 . 
PDUR sin ^ 

- 2•386•t/PDUR 
uoicosojit+ju^e 

t 2 
+ U)i 

(tí-17) 

In equation (B-17), M. are the coordinates of the generalized mass 
matrix and uui are the1natural frequencies of (free) vibration. The 
displacement of the rectangular plate is found by computing the modal 
matrix for a free vibration and the generalized coordinates by 
equation (B-17). The details of making these calculations and a 
computer program to perform them are described in the previous 
referenceHere, it is claimed that the upper bound of displace¬ 
ment computed is within 15 percent of the exact solution for many 
cases when a comparison was made. An examination of equation (B-17) 

WT 
Ibid 

B-7 

—.- 



NSWC/WOL/TR 75-134 

«•how«* »-hat the qeneralized coordinates are increasingly independent 
ff the poSitive pLse duration for natural fraquanores abova about 
10 cycles/second. 

Pauation (B-ll) shows that the natural frequencies are directly 
propoSart^a’ plata thlofcnass L 

sSfficiaiuy tMoforshôrfiU^atSraï^raJanoiaa will ba high 

Xafa^t fn6 t^er^p?^ 
phase aurati ,,. ■ to the pea^ overpressure or peak 

ref lac ted°prossure. ihi¿ is the ease for “"V Sfs“eSTSat 

ïï?taïïhôug£hthasats«uc?u?asbLstnte «Ltivaly thin to ba thraatanad 

their natural frequencies of vibration are usually ig enoug 

insure a dynamic response. 

ThP stresses are calculated from equations (B-8) but omitting 

the 36 of "displacement ^he^wtabovtanaiyses^ora'sLply supposed 
rectangularSplate havi important differancas in boundary conditions 

In the^second analysis tha plate is 'saa 
stress temperature causing a compressive force to b® £ 
pcniation Ë-14 ) This force develops because the plate is not f^ee 
equation P ^ tion against its boundaries. In the first 

aSalvsis no sïch force is developed in uniformly heating the plate 
ihis Sie is free to move outward to relieve this force. 

When the in-plane compressive thermal force is allowed, 
Lists that the plate will buckle. The force required to 

buckle a rectangular plat plate with various edge restraints is given 

by the following equation. 

Ncr = 
TT .D-Kb 

(ab)2 

(B-18) 

In eauation (B-18), Kb is the buckling coefficient which depends on 
edaeLonditions and ab is the shortest of the plate edges, aL or b^ 
Thp bucklinq coefficient for various boundary conditions is given 
in the íefe?encí¡:82 If equation (B-14) for the thermal force is set 
eœ,aï to Ration (B-18) for the buckling force, the temperature rise 

which causes buckling will be obtained. This is, 

_ (B-19) 
Tb = 

TT2*Kb.L2 

12(1+u)-a*(ab) 

An examination of equation (B-20) shows that the buckling temperature 
for aluminum ie very low for thin structures. For example, the 

82Cost and Griffin, U.S. Army Missile Command Tech. Rep. RL 72-18, 
Op. Cit. 
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buckling coefficient for a simply supported plate is about 4.5 and 
the coefficient of expansion and Poisson's ratio are about 
1.9x10-5°C-Ï and 0.333, respectively. Hence, the temperature rise 
to cause buckling of a 1/8 inch thick plate, 12 inches long, computed 
from equation (B—19), is only 16nC. Although this plate buckles when 
heated only 16nC above its zero stress condition, this does not 
necessarily mean the plate has lost all of its load bearing capability. 

3. Circular Plate Simply Supported on Its Boundary 

The analysis leading to the quasi-static and dynamic response 
predictions for a rectangular plate, equations (B-l) to (B-13), was 
repeated for a circular plate. Equation (B-l) in cylindrical 
coordinates was integrated for the simply supported boundary condi¬ 
tion and expressions were derived for the quasi-static and dynamic 
stress and displacement. The details of this derivation and the 
resulting equations are given in the references.83 A computer 
program -7as written to compute these displacements and stresses in 
circular plates subjected to the thermal and pressure pulses of a 
nuclear weapon explosion. This program is also given in the 
references.8^ Here it was also indicated that results for a circular 
and rectangular plate of similar dimensions are also similar in mag¬ 
nitude. Hence, there are no features of a circular plate solution 
which are not present in the rectangular plate results. 

4. Beams on Three Types of Support 

Equations will be given to determine the quasi-static or dynamic 
displacement or stress for a beam subjected to a specially uniform 
but time dependent pressure and a time dependent temperature which is 
uniform along its length but varies with depth. In addition to a 
simply supported edge condition, a cantilever beam and a beam with 
both ends clamped will be analyzed. The classical assumptions for 
bending stresses in a thin plate will also be made here with the 
additional assumption that the normal stress in the width direction 
is also negligible (nySiO) , i.e. the beam is assumed to be narrow. 
Under these assumptions, the classical thermo-elastic equation for a 
beam of constant cross sectional area is given85 as follows: 

^4 j; ^ S^Mt 

E*1 ^ + PAC^ (*-20) 

In equation (B-20), I is the moment of inertia and Ac is the cross 
sectional area of the beam. Note that equation (B-20) is considerably 
simpler than equation (B-l) for the rectangular plate. The primary 
simplification resulted because the displacement is now a function of 

83 Koch and Koplik,ÑT 
84 Koch, North Eastern 
85 Koch and Koplik, N. 

Eastern Res. Assoc. No. RR-NA-9, Op. 
Res. Assoc. No. RR-NA-11, Op. Cit. 
Eastern Res. Assoc. No. RR-NA-9, Op. 

Cit. 

Cit. 
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(1) Both ends simply supported. 
On each end, x=0 and x=B 

W = 0 

E • I • -¾ _ Mt = 0 
(B-21) 

(2) The cantilever beam 
On the supported end, x = B, 

W = 0 

r^W 
= 0 

^x 

On the free end, x = 0. 

-E • I * 5 - Mt = 0 
Sx 

5Mt _ n 
-E • I • -- - = 0 

£x ^X 

(B-23) 

(3) Both ends clamped 
On each end, x=0 and x=B. 

W = 0 

5W = 0 
(B-24) 

?^x 

The quasi-static solution results bv assuming that the loads are 

applied slowly such that the time dependent term, 

-¾¾ , is negligible. Also, for a uniformly applied thermal load, the 

thermal moment, Mt, will not vary in the x direction. Hence the beam 

equation for the quasi-static case reduces to, 

d4W 

dx4 

P • B 

E • I 

(B-25) 

Equation (B-25, - 

?hetèeûmesïressecan be calculated by using the displacement result in 
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the following general result for thin narrow beams. 

ax -EZ 
a2w 

5x2 
a-E -T (B-26) 

The result of solving equations (B-25) and (B-26) for the quasi¬ 
static displacement and stress for beams on three types of support 
is given in the following equations. 

(1) Both ends simply supported 

W=^- (x3-2.B.X2,B3) (B-X) 
24E-I 2E - I 

(B-27) 

ax = X (B-X) Z 4- + - a-E-T 
2-1 Ac 

(2) The cantilever beam 
,2 

W = 
PX 

24E-I 
(x2-4XB+6B2) - (B-X) 

2 E • I 
(B-28) 

P , . Mh *2^ Nh 
cx =-X (B-X) Z + -- + — - a-E-T 

2-1 I Ac 

(3) Both ends clamped 

(B-x)2 
24E • I 

W = 

X = —— (6X2-6X• B+B2) Z + — - a-E-T 
12-1 Ac 

(B-29) 

The dynamic solution for the displacement of a beam of constant 
cross-sectional area and a uniform thermal load over its length 
requires the solution of the following partial differential equation. 

E • I p • Ac • P ( B- 3 0 ) 

Equation (B-30) will be solved using the modal series solution 
technique where the modes are the individual modes of a free vibra¬ 
tion. The assumed form of this solution is, 

W = ” Wn (x) -Tn (t) + 7 gi(x)-fi(t) (B-31) 
n=l i-1 

B-ll 
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In equation (B-31), Wn are the engenfunctions of the homogeneous form 
of equation (B-31), i.e., of the free vibration problem. Tn are 
found by substituting the assumed solution, equation (B-31) into the 
original equation, equation (B-30). The gi functions are chosen to 
satisfy the inhomogeneous boundary conditions while the fi functions 
represent the time dependency of the inhomogeneous conditions. 

The homogeneous solution of equation (B-30) is.easily accom¬ 
plished by assuming a solution of the form w = Wn e111^ where uu is 
the natural circular frequency. The following solutions for the 
homogeneous eigenfunctions are derived^^ for each of the three beam 
supports. Note that the boundary conditions for the homogeneous 
problem are given by equations (B-21) - (B-24) but with terms 
involving the thermal moment, Mt, equal to zero. The natural circular 
frequencies are found from the eignevalues, \n, of the homogeneous 
solution through the following relationship. 

(B-32) 

(1) Both ends simply supported 

(B-33) 
B 

Wn = sin \n*x 

(2) Cantilever beam 

>n are the roots of the equation, 

1 + cos (>n-B) -cosh (>n‘B) = 0 and 

(B-34) 
Wn = sin\^ n«x) - sinh 0 n«x) _ cos (i n-x) - cosh (\n-x) 

sin(> n*B) +sirih () n*B) cos () n-B)+cosh ()n*B) 

(3) Both ends clamped 

in are the roots of the equation 

1 - cos (>n-B)*cosh (>n*B) = 0 and 
(B-35) 

Wn = sin(^ n*x) - sinh (>n«x) _ cos (> n»x)-CQSh (in-x) 

sin(in*B) sinh (in*B) cos (> n* B) -oosh (>n*B) 

86 Koch and Koplik, N. Eastern Res. Assoc. No. RR-NA-9, Op. Cit. 
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The inhomogeneous solution proceeds using the assumed form of 
the solution, equation (B-31), to solve the governing equation, 

equation (B-30). By using the initial conditions, w= = o for all 

ïlUaÏ^Îhe-faCt th?í the modes of the free vibration are orthogonal, 
functions^Tn.reSUlt 13 deriVed in the Previous reference^7 for the 

Tn —^- [Mt(o)cos umt 
E• I «In L ,1)n 

t 

Mt (6 ) sin inn (t-£) dC | 

o 

sin urntH 
uun 

+ 
Jn 

P Ac •urn*In 

pt 
P(6)-sin inn(t-e)de 

o 
(B-36) 

wîthhîeSMÏt toUHÍ;»n' ^d0t OV?r a variable denotes a derivative 
the following defini tiens? aUXlllary functions' Kn- “<3 Jn have 

L 
i* 2 

In = J Wn *dx 

Jn = Wn*dx 

(B-37) 

Kn = g4*Wn dx 

QÏt-aqïat^°iS ^B_37^ » is the fourth of the gi functions which 

each of the0th?î£e?US conditions- The dynamic solution for 
funïtionsh?i Snd FW®3 0!.s“PP°5t is completed by choosing the 
runctionss gi and fi to satisfy the particular boundary condition«? of 
that beam support. The following result was given™ and onl? thî * 
functions g4 and f4 contribute to the solution. y 

(1) Both ends simply supported. 

Mt fy = - 
E • I 

g4 = ^ (x-B) (B-38) 

87 

88 
Ibid 
Ibid 
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(2) Cantilever beam 

Mt 
f4 = - 

E • I (B-39) 

^ x 
g4 = T- 

(3) Both ends clamped 

f4 = 0. (B-40) 

g4 = 0. 

and, in addition, Kn is also zero for the clamped ends. 

Thus, equation (B-31) with the various functions given by 

equations (B-32) - (B-40) provides the complete solution for t 
dynamic displacement for beams on 3 types of supports. 

The corresponding beam stress is gotten from the displacement 

by use of equation (B-26) . These equations for comPu^1^r 
oí dynamic displacement or stress have been programmed for solution 
by a digital computer. These computer programs are listed and 

described in the references.89 

5. Constrained or Unconstrained Beam Column 

This problem is similar to that of the previous beams in that 

these beams are also subjected to a uniform 
•*nd a time dependent temperature which is uniform along its lengtn 

bu? varies dÜpthwise. However, the beam-column «“If 
against movement in its axial (x) direction, or 1f ':f end= ' 
a prescribed time dependent axial force will be allowed. Displace 
ment and stress equations will be given for the beam-column on the 
three types of supports previously described. In fact, the denv 
tion ofyequa?LnsPfor this case will parallel that of the beams 

previously analyzed. 

The describing partial differential equation for the beam column 
using the previousIyPgiven assumptions for bending stress in a narrow 
thin beam of constant cross-sectional area is given in the 

’90 au follows. references- 

E*I ^ - F(t) + P-AO = P-B - ^ 
JX2 Sx2 At As 

(B-41) 

89 Koch and Koplik, N. Eastern Research Assoc. No. RR-NA-11, Op. Cit. 
90 Koch, North Eastern Research Assoc. No. RR-NA-14, Op. cit. 
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In Equation (B-41) , F(t) is the axial force which may be prescribed 
or may be due to constraining the ends. Equation (B—41) is similar 
to equation (B-I'O) except for the term involving the axial force. 
Also, the assumption that the thermal load is uniform in the length 
(x) direction eliminates the term involving the second derivative of 
thermal moment. Finally, it will be assumed that the time varying 
axial force, F(t), can be replaced by piecewise constant forces. 
Therefore, the solution will consist of integrating equation (B-41) 
for a constant force, F. It will be necessary to resort to numerical 
methods to include time-varying axial forces. This is accomplished 
by dividing the total time into subintervals where the axial force 
remains approximately constant. Then, the computed values of beam 
displacement and velocity at the end of one subinterval represent 
the initial values of displacement and velocity for the next sub¬ 

interval . 

If the beam-column is constrained against axial motion of its 
end points, the resulting force, F(t) must be computed. This is done 
by applying the boundary condition that the axial displacement, u, 
is zero at each end. The following equation is given to determine 
the relative displacement of the ends. F(t) is found for constrained 
ends by equating the relative displacement to zero. 

ul-uo dX + 
Nt - F 
A-E 

B ( B- 4 2 ) 

o 

Note that the displacement, W, is required in computing the axial 
force, F. Hence equation (B-42) must be solved simultaneously with 
equation (B-41). Also the problem exists of defining subintervals to 
keep F approximately constant while ul-uo approaches zero. A system¬ 
atic method of computing displacements for axial forces developed by 
constrained ends is given in the previous reference.92 

The boundary conditions given by equations (B-21) - (B-24) will 
be used for the beam column depending on the type of support» The 
beam stress is computed from the following equation when-an axial 

force is present. 

cx -EZ 
?\2W 

+ a *E *T (B-43) 

The quasi-static integration of equation (B-41) is easily 
accomplished by treating the axial force F as a constant. The follow¬ 
ing equations are derived9-^ for the three types of edge boundary 

conditions . 

yi ibid 
92 Ibid 
93 ibid 
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(1) Simple support 

W 
• I • P• B + Mtjf (cos «B-D -sin BX-sin RBcos 6X _ PBX (B-X) 

sin RB 2 F 

(B-44) 

ax = EZ (E-I-P-B + Mt) p 2 (Cos P B— 1 ) g i n PX-sin PL-cos PX P • B' 

sin PB 

+ Nt - F 

Ac 
- a *E*T 

where R is equal to 
E • I 

(2) Cantilever beam 

w = - 
~ï + ^(l-B-B Sin PB) 

2 
0 COS PB 

PB PBX 
(1- cos PX) - (PX-sin PX)4- 

FR 2 *F 

a = E.-Z [- — 

^ + -^(1-PB sin RB) pg2 p -, 
I-I- cos PX - sin RX+ 

cos RB F F -1 

(B-45) 

+ - a-E-T 
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(3) Both ends clamped 

,2 
W = 

PB { 
RB cos pb-QB-^ sin RBI, 

2.p•P «B sin RB-2+2 cos PB 
; 

p.B3 BX— Qi n PX) 
+ . L 2 

2 -F "B gB-sin BB 

(1-cos RB) (Bx_àin ^) + (1- cosRX)| 

RB-sin flB 

(B-46) 

EZ rP»B26 ^BB cos BB+BB-2 sin ^1-cos B.B_ sin gx+cos gx) 

x 2F PB sin pB-2+2 cos BB BB-sin BB 

P-B (1_ P^sin BX^ + Nt -_F _ a.E.T 

BB-sinBB Ac 

The relative axial displacement of the ends, ul-uo, can be computed 
from eauation (B-42) for each of the above edge boundary conditions. 
For^the^onstrained end case, ul-uo is zero and the resulting value 

of axial force can be computed. 

The dynamic solution of the beam-column problem requires that 
eauation (B-41) be integrated. This integration is carried out for 

aqthermal load which is uniform in the length a^g ^evi- 
constant axial force, F, in precisely the same man™^ *s waa £5. 
ouslv done for the beam with unconstrained ends. Results of this 
integration will be outlined below while details of the derivation 
mav be f¿Snd in the references.94 A modal series solution is assumed 
SaLd on tie individual modes of a free vibration. (See equation 
B-31.) The homogeneous solution is founo by neglecting the right 
hand side of equation (B-31) and assuming a solution of the form 

w = Wn eTxeiu’nt where u)n are the natural circular frequencies The 
circular frequencies are related to the eigenvalues, vn, of the 
homogenebus solution by the following relationship 

in = vn- JEI P 
PAc J ~ n2pcr 

(B-47) 

in equation (B-47), Per is the Euler or critical force for buckling 
of a beam-column. This is given by. 

94 Ibid 
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(B-48) 

The parameter Tn is related to the axial force through the following. 

F W 4- 4EI P^cw^ (B-49) 
2 El 

The homogeneous solution for the beam-column on three types of 
supports is the following 

(1) Both ends simply supported. 

nTT 
vn 

B 
(B- 50) 

Wn = sin yn x 

(2) Cantilever beam 

yn are the roots of the frequency equation. 

(B-51) 

cosh Cnx 

(3) Both ends clamped. 

vn are roots of the frequency equation 

2 2 
2yf, (1 - cos yB • coshC®) + (C -y ) sin yB'^inh CB = 0 

(B-52) 

Wn = rn Sin ynx - yn sinh Cnx + cos ynx-c0sh Cnx 

rn sin ynB - yb sinh ÇnE cos ynB-cosh CnB 

In equations (B-51) and (B-52), the roots of the frequency equation, 
yn and fn, are solved simultaneously with the following relationship 
between these roots and the parameter, t, given in equation (B-49) 

vn = ml 

Qn = m2 
(B- 53) 
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In equation (B-53), Tnl and Tn2 are the positive and negative roots 
of Tn, respectively. (See equation (B-49).) 

The inhomogeneous solution proceeds as outlined in the previous 
section, i.e., the assumed form of the solution, equation (B-31), is 
substituted into the governing equation, equation (B-41). The 
. rSW 
initial conditions for the beam-column are w=wo and — = Vo for all ^r 
X. Using the fact that the modes of the free vibration are orthogo¬ 
nal, the following result is derived for the functions, Tn. 

t 
sin oint + An | F(f)sin tun ( t-P ) dC+Bn^ Mt(6) Tn = Cn*cos amt + — 

8 o 

sin am ( t-£) dC (B-54) 

The auxiliary functions, Cn and Dn, have the following definitions. 

(B-55) 

In o 

An and Bn are mode constants. These are given in reference 22 as 
follows for the simply-supported edge condition only. 

n.TT. p -Acorn 
(B- 56) 

(nTT) .E • I 

The dynamic solution is completed by choosing the functions gi and fi 
to satisfy the particular boundary condition of the edge support. to satisfy tne particular boundary condition of the edge support. 
The following results were derived in the references Functions gi 
and fi noL specified are zero in all cases. 

95 
Koch, N. Eastern Res. Assoc. No. RR-NA-14, Op. Cit. 
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(2) Cantilever beam 

q3 = ¿ (1+H1-B) _ X3 H1 

2 1-H1•B 3 1-H1*B 

where = —^ 

2E-I 

(3) Both ends clamped. 

fi = 0 

gi = 0 

(B-58) 

(B-59) 

ÍSS^eqUatl0^S (B_47) " {B"49) when used in equation (B-31) 
Í dynamic displacement to be computed for a beam column 

a. constant axral force. The corresponding beam stress is 
computed using equation (B-43). A method has been devised to treat 
ariable axial forces by dividing the total time nto subintervals of 
pproximatexy constant axial force as previously mentioned. If the 

beam is constrained against axial movement, the resulting axial force 

exi1^ ^mP^ted.from equation (B-42) . Then, an additional problem 
exists of choosing subinterval time such that the axial forces remain 
approximateiy constant over a subinterval. Due to the complexities 
of the beam-column problem, four computer programs were written to 
compute the quasi-static and dynamic displacements, stresses and 
axial forces for the beam on simple supports only. The first two 

to°themr C^PU,te the axial force developed in the beam-column due to 
to the combined pressure and thermal pulses produced by a nuclear 

nhwnfeXPÍ0S10r1' °ne °f theSe Pr°9rams is for quasi-static and the 
DlacL5n£ dy*;am;!;c analYsis. The remaining programs compute the dis- 
and ? S^res® in a beam-column due to the combined pressure 
?oadth 1 loads1ofja nuclear weapon explosion and a specified axial 

i? añv lht îXial ?-oadcan either be that due to constraining the beam 

a£d the otwafY 1°adxn(^‘ 0ne of these Programs is for quasi-static 
0ther for dynamic conditions a listing of each of these 

programs is found m the references. 

96 
Ibid 
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