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ABSTRACT: Temperature distribution histories were calculated in
detail for cylinders exposed to the thermal radiation pulse from a
low altitude nuclear weapon detonation. Results are presented in
terms of dimensionless groups and charts covering a wide range of the
parameters - weapon yield, radiant exposure, cylinder wall thickness,
outer radius, and material. The temperatures are for circular
cylinders whose absorptance, thermal conductivity, density and
specific heat are constant with temperature and time. The effect of
convective cooling on maximum temperature is considered separately
and shown to be small for cylinders of practical application and was
not used in the dimensionless presentations. The dimensionless
charts of this report can be used to determine temperatures in
cylindrical structural elements exposed to the thermal radiation
pulse. This report will show what effect the changes in cylinder or
weapon parameters have on the manner in which temperature is
distributed in cylinders.

The rear half of a cylinder exposed to a nuclear weapon thermal
radiation pulse is unheated and the front half is heated in a
spatially ncn-uniform manner. Therefore, internal heat conduction
and the resultant temperature distribution histories in cylinders
are more complex than for simpler elements such as flat plates. The
influence of parameter changes on the internal heat transfer and the
resulting temperature distributions and histories will be discussed
to give insight into the selection of cylindrical elements to with-
stand a nuclear weapons attack.
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This work represents part of a continuing effort to determine
techniques to protect shipboard elements from the combined thermal
radiation and airblast of a nuclear weapon detonation. This report
presents the temperature response of homogeneous circular cylinders
due to the thermal radiation pulse of the weapon. The results of
calculations of cylinder temperatures are correlated and given in
dimensionless plots of temperature versus time.
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INTRODUCTION

The purpose of this report is to present the results of a study
on *he temperature response in circular cylinders exposed to the
thermal radiation pulse of a nuclear detonation. The main objective
of this studv was to prepare a set of charts which will allow a
quick estimate of the temperature history in these cylinders to be
made. A second objective is to analyze the temperature responses
in order to find how the temperature histories will be affected by
weapon or cylinder conditions. The findings of these studies will be
presented in the form of charts. The charts generated in this report
can be readily employed in vulnerability and design studies. Their
use will facilitate the efficient design of cylindrical structures
or equipment to withstand the thermal radiation effects from a
nuclear weapon attack. Specifically, the following data will be
presented in graphical form:

l. Temperature histories for several angular and radial
positions on the cylinder. From these, it will be possible to
obtain a complete picture of the temperature response of a
cylinder.

2. The maximum cylinder temperature in terms of basic
dimensioriless parameters which represent the combined effects of
cylinder size, thickness, material and weapon yield on temperature.

3. The individual influence of wall thickness, outer radius
size, cylinder material, weapon yield and convective cooling on
the maximum temperature realized on the cylinder.

All of these, except for material influence, will be exemplified by
giving the maximun temperature rise in a typical aluminum alloy
cylinder (6061-T6) for different values of the mentioned variables.
The influence of material on maximum temperature will be shown by
comparing the maximum temperature in aluminum with that in
stainless steel and with that in a mild steel.

4, Temperature histories for aluminum alloy cylinders where
the basic internal heat conduction patterns differ. These are
presented as an aid in predicting other than the maximum temperature
in the cylinders.

This report is organized such that the above four sets of data
can be easily located. That is, the general temperature history
charts, item (1), with instructions and examples on their use are
given in Appendices A and B. The remaining items are presented
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ana discussed in turn in the main body of this report. This
discussion will present an increasingly - detailed description of
the temperature behavior in circular cylinders which have been
exposed to the thermal radiation pulse of a nuclear weapon.

All of the temperatures given in this report were ga}culgt@d
b: means of a large computer program which uses an explicit finite
difference scheme. The use of this program is discussed later.

Thermal radiation and@ airblast effects are damage mechanisms of
primary concern at weapon to target separation distances appropriate
to vulnerability and hardening studies of shipboard and aircraft
structures and systems. The airblast pressure pulse is caused by
the very high pressures and temperatures which result when a large
amount of energy is released in a limited space. Nuclear explosions
differ from the conventional kind in that in the nuclear reaction
temperatures of several tens of millions of degrees are reached
whereas in the conventional chemical reaction, the maximum tempera-
tures are approximately 10,000°C. Hence, in the detonation of a
nuclear weapon a large portion of the weapon's energy appears as
electromagnetic radiation. Furthermore, the temperature of the air
surrounding the nuclear detonation (the fireball) remains relatively
high for a short period of time. When these temperatures cdecrease
to less than a few thousand degrees centigrade, the earth's
atmosphere is nearly transparent to much of the electromagnetic
radiation produced and it can be transmitted great distances. A
target exposed to the nuclear explosion will absorb a portion of the
incident thermal radiation and be heated by it. Since a large
amount of thermal radiation is emitted in a relatively short time,
the resulting temperatures on the target may be high enough to
cause structurai damage or the ignition of combustibles. Even if the
thermal radiation is not great enough to immediately damage the
target, the resulting temperature increase will cause a reduction
in the strength of the materials which compose the target, and may
induce significant thermal stresses as well. The oncoming blast
wave, which arrives at the target after a considerable portion of
the thermal pulse has been absorbed, will then encounter a heated
target of reduced structural strength and will therefore be more
damaging to it.

The starting point in the determination of vulnerability or
design of equipment or structural elements on a target to withstand
a nuclear attack is the determination of the expected temperature
levels. Since the fireball size is related to the weapon yield, the
thermal radiant exposure from nuclear weapons can be scaled to the
size of the weapon. Scaling the radiant heating avoids the problem
of solving the heating problem for each weapon yield. However,
prediction of the temperature history of a body undergoing transient
radiation heating is still a difficult problem. The practical way
of computing these histories is by means of numerical analysis with
the aid of a high-speed computer. Also, the principles of
dimensional analysis can be used to condense the data computed so
that the temperature histories can be readily found for a wide
choice of target material, size or geometry and weapon yield.

2
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This approach was fcllowed in a previous report (reference (1))
which presented the temperature response of plates exposed to the
thermal radiation from a nuclear detonatinn.

The report conicludes the effort to find the temperature response
of homogeneous circular cylinders exposed to the thermal pulse of a
nuclear weapon. Future work will be to correlate and condense this
large amount of temrperature data and to derive simple laws which
allow guick estimates of cylinder temperatures to be made. These
relationships can be included in future handbooks on nuclear weapon
effects.

SYMBOLS

absorptance

specific heat at constant pressure

thermal conductivity

heat transfer coefficient for convective cooling
irradiance

dimensionless irradiance {H/H)

maximum irradiance

radiant exposure

cylinder radius

dimensionless cylinder radius (r/Ro)

cylinder inner radius

dimensionless cylinder inner radius (Ri/Ro)
cylinder outer radius

time

time at which maximum irradiance of nuclear weapon thermal
pulse occurs

=3 VIR K Zowo
FoEREn R s

temperature

T* dimensionless temperature (see equation (8))

TI initial temperature

Ta temperature of surrounding air

a thermal diffusivity (k/sc)

¢ included cylinder angle, measured from the most forward point
on the cylinder

b dimensionless included cylinder angle (¢/7)

P density’

MATHEMATICAL ANALYSIS OF THE CYLINDER HEAT ING PROBLEM

The distribution and history of temperature will be computed for
a circular cylinder exposed to the radiant heating of a nuclear
weapon detonation. This will be accomplished by numerically solving
the governing partial differential equation with appropriate
boundary conditions. The analysis will be simplified by applying
the principles of dimensional analysis to normalize the governing
equations. Details of this mathematical analysis follow.
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The partial differential equation for two-dimensional (radial
and angular) heat transfer in a circular cylinder is:

k = () ,k ¥ro_ o o
r 2or Ar T2 362 T PC %t
Equation (1) applies to isotreopic, homogeneous cylinders whose
thermophysical properties are assumed constant. It represents a
heat energy rate balance where the first term represents the radial
heat conduction, the second term the angular (circumferential)

heat conduction, and the third term accounts for the heat energy
stored. The appropriate koundary conditions for the thermal
radiation heating received from a nuclear explosion are:

AT o
r = Ro ‘k(ﬁ) ={AHCOSO-h(T—T¢),¢Si~2—
] (2)
m : AL d
= h ("' = TQ)" >i‘2_
r = Ri -k(%) =0 (3)

The first boundary condition, equation (2), states that the
cylindrical surface receives and absorbs thermal radiation energy
from the nuclear fireball while simultaneously losing energy by
convection to the ambient air. The second boundary condition,
equation (3), simply states that no energy is lost or gained at the
inner surface of the cylinder.

Equations (1) to (3) will be normalized by introducing the
following dimensionless variables.

r* = r/Ro (4)
Ri*= Ri/Ro (5)
H* = H/Hp (6)
t* = t/tn (7)
T* = (T - T_)/(AHy Ro/k) (8)
o* = ¢/~ (9)

The above choices are dictated by applying the principles of
dimensional analysis to equations (1) to (3). They allow

equations (1) to (3) to be transformed such that the total number

of variables describing the transient temperature in a cylinder will
be minimized. That is, when the variaktles defined by equations (4)
to (9) are substituted into equations (1) to (3), the following
normalized equations are obtained,

e . OT* 1 2%7*  Ro®  ar+
r* rx \00 3px) Y SZreZ FexZ T gt at* (10)
4
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r* = 1 - :3: = H* cos(~e*) - hég T* (11)
ATx
r* = Ri* -5 =0 (12)

It is seen Yy comparison that equations (10) tc (12) are identical
to equations (1) to (3) except for the change of variable notation
and constant parameters. Thus, a solution of the problem
expressed by equations (10) to (12) in dimensionless variables
represents a solution to the original pro.lem given by

equations (1) to (3).

An inspection of equations (10) to (12) shows that the
non-dimensional temperature, T*, is a function of seven dimensionless
parameters, i.e.,

ot hR

. m o)

* = * * * ik * EOS
T F (ﬁ , t*, r*, Ri¥%, e*, RoZ ' )

(13)

The shape of the nuclear weapon thermal radiation pulse

(i.e., dependence of irradiance on time) has been standardized
(reference (2)), and given in Figure 1.1. Since H* is a unique
function of t*, it can be eliminated from the list of parameters in
equation (13) which uniquely specify the non-dimensional temperature.
Eliminating H*, equation (13) becomes,

OLtm hRo
T* = F (t*, r*, Ri¥*, o*, RoZ ¢ —'k—') (14)

The distribution and history of temperature in a circular
cylinder exposed to the thermal radiation of a nuclear weapon will
be computed by numerically solving equations (1) to (3).

Equation (14) will subsequently be used as the basis for correlating
and presenting the results. This equation shows that the temperature
history of a point on or inside the circular cylinder depends on the
location of the point (r*, ¢*) and the values of three basic parameters,
Ri*, at /Ro2, and hRo/k. The parameter hRo/k will be set equal to
zero (no convective cooling) in computing the temperature histories
for this report, but an indication of its effect on the maximun
cylinder temperature will be given. Dimensionless temperature
histories (T* versus t*) will be given for selected values of the
spatial variables and for selected values of the remaining basic
parameters. These selected values are given in Figure 2.1. They
represent a wide range of cylinder materials, sizes and nuclear
weapon yields. Table 1 also shcows that the ten chosen values of
at_/Ro2 correspond to values of outer radius between 2.5 and 79.8
centimeters for aluminum alloy (6061-T6) cylinders expoused to the
thermal radiation pulse of a one megaton weapon (t_ = 1.0 second).
These particular cylinders will later be used to iTiustrate the
behavior of temperature in a cylinder.

5
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ACCURACY OF THE NUMERICAL SOLUTION

The computations of this report were made by numerically
solving the problem given by equations (1) to (3). To accomplish
this, the cylinder is sub-~divided into many radial and circumferential
elements. Equation (1) in finite difference form is then solved for
each element with the boundary elements subjected to the conditions
given by equations (2) and (3). (See reference (2)). A computer
program (reference (4)) was written incorporating all of the finite
difference equations into an explicit scheme for the step by step
calculation of cylinder temperatures. Accurate solutions require
careful selection of the size of the elements composing the cylinder
and of the real time interval between successive calculations.

Since only the average temperature of each element is computed, the
elements should be chosen such that they are thermally-thin for the
amount of heat transferred to them. The choice of element size to
insure accurate results in the present work was found by studying
the effect of element size on accuracy of the solution. This was
done by varying the element size for the case of constant thermal
radiation input to a solid cylinder, a problem for which the

exact solution is known (reference (5)). Element sizes giving
accurate results for this problem were subsequently used as guides in
the initial calculations of temperature for the nuclear thermal
radiation pulse. The actual element sizes used were then easily
found from a few trial runs. It was found that if element sizes
are made too large, the elements will not be uniformly heated and
the resulting average temperatures computed will be low. Hence,
the element sizes for an accurate solution were chosen by making
the elements smaller until the calculated temperatures did not
increase.

RESULTS OF THE COMPUTATIONS

Dimensionless temperature histories and distributions for
cylinders exposed to the thermal radiaticn pulse from a nuclear
detonation were calculated for values of the spatial variables
(t*, *) and the basic dimensionless parameters (Ri*, atpy/Ro2) given
in Figure 2.1.From the data of these calculations, plots of the
dimensionless temperature versus dimensionless time for
dimensionless time up to 20.0 were prepared with the factor
rxtm/Ro2 as a parameter. These are presented in Appendix A for the
five inner radius ratios of this study. For each inner radius ratio,
there are separate figures for the six angular and the three radial
locations shown in Ffigure 2.1. Thus Appendix A presents 18 figures
for each inner radius ratio and on each of these the dimensionless
temperature history is given for the ten values of atm/Roz.
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The maximum temperatures of the cylinders can be readily
found from the large amount of data generated in this study.
These always occur at the point on the cylinder closest to the
source of radiation (e* = 0, r* = 1.0) since this point receives
the maximum heating. Figure 3.1 correlates the maximum dimensionless
temperatures with the basic parameter atp/Ro2 for the five inner
radius ratios of this report. This figure shows that the maximum
dimensionless cylinder temperatures increase with increasing values
of the parameter, atm/Roz. Thus, increasing the weapon yield
(increasing the tin2 at which the peak heating rate occurs) or the
thermal diffusivity of the cylinder material will result in larcer
dimensionless temperatures, while increasing the cylinder's outer
radius results in smaller dimensionless temperatures. But increases
in the maximum dimensionless temperature may not result in an
increase in the actual maximum temperature. This is true because
the actual temperatures are proportional to the dimensionless
temperature (T*) and the cylinder outer radius (Ro), and are
inversely proportional to the material thermal conductivity (k).
Thus, increases in the dimensicrless temperature due to increasing
the factor, o/Ro2, may be offset in the determination of the actual
temperature by the resulting decrease in the factor, Ro/k. An
important influence of cylinder thickness (variable Ri*) on actual
maximum temperature can he deduced from Figure 3.1. This is that a
cylinder is thermally-thick for sufficiently small values of the
basic parameters atm/Roz. However, as atm/Ro2 is increased, values
termed "branch points" will be reached where the cylinder ceases
being thermally-thick. It will be shown that if a cylinder is
thermally-thick, the actual maximum temperature of it is minimized.
Hence, the branch points on Figure 3.1 can be used to choose the
cylinder thickness that will minimize the maximum cylinder
temperature for a given value of atm/Roz.

The behavior of the actual maximum temperatures will be shown
by consider:ing the influence of cylinder thickness, weapon yield,
material and convective cooling coefficient in turn. That is,
figures showing the actual maximum temperatures plcoctted against
the outer radius will be presented for selected values of the wall
thickness (inner radius ratio), weapon yield, material properties
and convective cooling coefficient. The actual maximum temperatures
also depend on the material absorptance (A) and the maximum
irradiance (Hp). These are chosen arbitrarily and for convenience
to be 1.0 and 48.6 cal/cm‘-sec, respectively, for all of the
calculations presented in this report. Since these quantities
appear only in the definition of dimensionless temperature, actual
cylinder temperatures for other combinations of absorptance and
maximum irradiance can be scaled from the given values, i.e.,
new cylinder temperatures would be equal to the given temperatures
multiplied by the new values of A and/or H, and divided by
48.6 cal/cml-sec.

The influence of wall thickness on maximum temperature is
presented in Figure 4.1 for an aluminum alloy (6061-T6) cylinder
exposed to a weapon of 1 megaton yield (t = 1.0 second). Wall
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thickness in this figure is indicated by the inner radius ratio (Ri*).
Increasing the outer radius for a constant inner radius ratio results
in increasingly thicker cylinders. Thus, the cylinders shown in
Figure 4.1 become thermally-thick once an outer radius corresponding
to the branch point values of aty/Rc? are reached. The maximum
cylinder temperature can then be expected to rise rapidly, as shown
in this figure, once the cylinder leaves the thermally-thick region.

The influence of weapon yield (characterized by the time to
maximum irradiance, ty) on maximum temperature is given in Figure 4.2
for aluminum alloy cylinders having an inner radius ratio of 0.9.
Increasing the peak heating time increases the total time over which
thermal radiation is received from a nuclear weapon (see Figure 1l.1).
Since the peak heating rate is constant, the total radiant exposure
is increased accordingly. (See equation (B-1). Hence, the maximum
cylinder temperature, including the temperature for a thermally-
thick cylinder, will also be increased. Furthermore, the peak
heating time is a factor in the basic parameter, atm/Roz. Therefore,
the values of the outer radius at the branch points where cylinders
leave the thermally-thick regions are also increased for increases in
the peak heating time. These phenomena are clearly indicated in
Figure 4.2. For a cylinder of given outer radius the relative
increase in maximum cylinder temperature due to increasing the peax
heating time can be found by inspecting Figure 3.1. That is, the
relative increase in maximum dimension%ess temperature due to
increasing the basic parameter, atp/Ro“ by increasing tpy, only, is
also the relative increase in actual max:mum temperature. This is
true because the definition of the dimensionless temperature does
not contain the peak heating time.

The influence of material choice on maximum cylinder temperature
is indicated in Figurc 4.3 for cylinders having a radius ratio of 0.9
and subjected to a one megatcn weapon (tp = 1.0 second). Ir this
figure, the maximum temperatures in terms of the outer radius are
compared for cylinders of an aluminum alloy, a mild steel, and a
stainless steel (see reference (5) for the thermophysical properties
of these steels). Both the thermal conductivity and the thermal
diffusivity are decreased in comparing aluminum with mild steel and
in comparing mild steel with stainless steel. Decreasing the
diffusivity will cause the branch point to occur at a smaller outer
radius. Decreasing the conductivity will cause the actual maximum
temperatures to rise since these are inversely proportional to the
conductivity. Figure 4.3 shows both of these phenomena when the
thermal conductivity and diffusivity are decreased., However,
decreasing the conductivity usually causes the diffusivity to decrease
which results in the lower maximum dimensionless temperature for a
given outer radius and peak heating time. But the resulting decrease
in actual maximum temperature is more than accounted for in
Figure 4.3 by the increase due to the lower conductivity except for
some small values of outer radius. In summary, decreasing the
thermal conductivity will always cause an increase in the maximum
temperatures of the thermally-thick cylinders. However, the maximum
temperatures may not be increased for all values of the outer radius
if sufficiently large decreases in the thermal diffusivity result

from decreasing the conductivity.
8
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Figures 4.1 - 4.3 have shown the behavicr of maximum cylinder
temperature for selected values of wall thickness, peak heating time
or materials. If maximum temperatures for other than the selected
values are needed, they could be derived from Figure 3.1l. An
alternate methcd of obtaining new maximum cylinder temperatures would
be to modify Figures 4.1 - 4.3 by applying suitable correction
factors tc their scales. That is, that ratio of new to existing
outer radius :s found by multiplying the abscissa scale by the sqguare
root of the product of new diffusivity and peak heating time and
dividing by the product of existing diffusivity and peak heating time.
The ratio of new to existing maximum cylinder temperatures is found by
multiplying the ordinate scale by the ratio of new to existing outer
radius and the ratio of existing to new thermal conductivity. A
further modification of ‘he ordinate scale is needed if the material
absorptance or maximum irradiance rate vary from the values
previously given. Note that Figures 4.1 - 4.3 contain a common
curve for aluminum alloy cylinders of 0.9 radius ratio subjected to a
weapon having a time to maximum irradiance of 1.0 second (existing
values of a, k, and are 0.637 cm2/sec, 0.397 cal/sec-cm-°C
and 1.0 second, respectively). These curves can be used as a
standard and the axis modified on Figure 4.1 - 4.3 to find the
influence of wall thickness, peak heating time or material choice
for new conditions.

The influence of convective cooling on maximum cylinder
temperature is shown in Figure 4.4 for aluminum alloy cylinders of 0.9
inner radius ratio and subjected to a one megaton weapon
(tm = 1.0 secend). Convective cooling coefficients were chosen to
represent the maximum values which would be realized for cylinders
placed on ships at sea. Tbh~se were estimated by calculating the
coefficients on cylinders c.posed to a 50 knot air flow (reference (6)).
Figure 4.4 shows that convective cooling is not very effective in
reducing the maximum temperature experienced by cylinders of
realistic materials and dimensions. But the results of Figure 4.4
cannot be used to determine the effect of cooling for other choices
of weapon yield or cylinder material. This is true because cooling
is characterized by the basic parameter, hRo/k, instead of by the
cooling coefficient, h. However the effect of convective cooling
is largely governed by the cylinder temperature levels. Hence, cool-
ing would not be significant unless the cylinder temperatures were
much larger than those shown in Figure 4.4, i.e., much larger than
400 degrees centigrade. Therefore, it can be concluded that
convective cooling will not significantly reduce the maximum
temperatures, for cylinders used in practical applications on ships.

The previous paragraphs discussed the maximum temperature
experienced by circular cylinders but did not explain the heat
transfer phenomena causing these temperatures. However, the maximum
temperature may not be the most important temperature for cylinders
subjected to the thermal radiation pulse of a nuclear weapon. For
example, the temperature when the airblast pressure arrives or the
temperature when maximum thermal stress occurs may not be equal to the
maximum temperature. In any case, a knowledge of the manner in which
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heat is internally transferred is necessary to understanding the
behavior of the temperature history in a cylinder. Tor example,
thermally-thick cylinders will reach their maximum temperatures
shortly after the peak heating time while the temperatures of a very
thin cylinder may continue to rise long after the time of maximum
irradiance. Also, the temperature levels will be significantly
affected by angular (circumferential) heat conduction. This effect
becomes increasingly important as the cylinders are made thinner. It
causes the maximum temperatures to be lower and to occur at an
earlier time than they would for situations where angular conduction
is negligible. Therefore, a knowledge of the manner in which heat is
internally transferred is necessary for the efficient desijn of
cylindrical elements able to withstand exposure to the thermal pulse
of a nuclear weapon.

Heat transfer phenomena in circular cylinders subjected to
heating from a nuclear weapon detonation will be illustrated by
finding regions of thermally-thick and thermally-thin cylinders
in terms of the basic parameters, Ri* and atm/Roz. The regions
where angular heat conduction is significant will also be shown.
These regions will be presented as a map showing where the cylinders
are thick or thin and where angular conduction is significant.
Because the heat conduction effects continuously change with time,
the location of these regions is also time-dependent. Figures 5.1
and 5.2 show the maps fcr four values of the dimensionless time
(t/tm = 2.0, 5.0, 10.0, and 20.0). The following somewhat arbitrary
definitions were used to locate the regions shown in Figures 5.1 and
5525

l. A cylinder is thermally-thick if the back face temperature
(at r = Ri) 1is less than one percent of the surface temperature at
the most forward point on the cylinder (¢ = 09).

2. It is thermally-thin if the difference in surface and back
face temperatures at the point ¢ = 0° is less than ten percenc of the
surface temperature.

3. Angular conduction is significant if the surface temperature
90 degrees from the most forward point (¢ = 0°) is greater than five
percent of the surface temperature at the most forward point.

Figures 5.1 and 5.2 are maps showing the values of the basic
parameters, Ri* and a m/Ro?-, where various heat conduction patterns
predominate. The previous discussion of maximum cylinder temperatures
showed that these increased as the basic parameters increased provided
that the cylinders are not thermally-thick. Thus, a first-order design
criterion would be to choose cylinders near the thick cylinder line
in Figures 5.1 and 5.2 for the time when blast loading is its
maximum. The efficient design of cylindrical elements able to with-
stand combined thermal and blast effects will require a detailed
knowledge of the temperature history as a function of the basic
parameters, atp/Ro? and Ri*. It will be shown that the behavior of the
temperature history depends on the predominant internal heat transfer
mechanism as given by the regions shown in Figures 5.1 and 5.2.

This dependence will be illustrated by giving the surface

10
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temperature histories for four values of atﬁ/Ro2 (.0001, .001, .01,
and .l) which represent different internal heat transfer situations.
These are presented in Figures 6.1 - 5.4. Each figure includes
histories for inner radius ratios of 0.9, 0.8, 0.6, C.4 and 0.0 for
the surface temperature at ¢ = 0°.

Each figure also includes histories for six points on te
cylindrical surface for an inner radius ratio of 0.9. All oi these
figures were drawn for an aluminum alloy cylinder subjected to the
thermal radiation pulse of a one megaton weapon (ty = 1.0 second).
However, the choice of material and weapon yield serves only to set
the temperature scale. These figures would be similar, although the
temperature levels would be different, for other materials or v2apon
yields provided that the value of the parameter, aty/Ro2, remained
unchanged. The following discussion of Figures 6.1 - 6.4 will
illustrate the general behavior of surface temperature history in
circular cylinders subjected to the thermal radiation pulse of a
nuclear weapon detonation.

Figure 6.1 presents the temperature histories for atp/Ro2 = 0.0001.
Figures 5.1 and 5.2 show that these cylinders are thermally-thick for
inner radius ratios up to 0.9 and dimensionless times up to 20. An
exception is the dimensionless inner radius of 0.9 which leaves the
thick cylinder region after a dimensionless time of 10. However,
this departure does not significantly change its surface temperature
histories from the thick cylinder values. A further inspection of
Figures 5.1 and 5.2 shows that angular conduction is insignificant
for these and for all other thermally-thick cylinders. Hence,
the temperature histories of Figure 6.1 will apply for all values of
the basic parameters, Ri* and aty/Ro2, which are in the thick cylinder
region of Figures 5.1 and 5.2. If parameter values are chosen which
are in the thick cylinder region until a certain dimensionless time,
the temperature histories of Figure 6.1 apply up to that value of
dimensionless time only. Furthermore, Figure 6.1 could be modified
to apply to any other thermally-thick cylinder of different material
or weapon yield by simply finding the maximum temperature and using
this to modify the ordinate scale. Figure 6.1 also shows that the
surface temperature histories are approximately proportional to the
cosine of the cylinder angle, ¢ . This is true because the irradiance
received on the cylindrical surface is also proportional to this
cosine (see equation (2)) and bescause angular conduction is negligible
for all thick cylinders. It is emphasized that because angular
conduction is unimportant in thick cylinders, the temperature history
of a thick cylinder represents the minimum values of temperature a
cylinder of given material will have.

Figure 6.2 presents the temperature histories for at_/Ro? = 0.001l.
Figures 5.1 and 5.2 show that these cylinders are thermalTy-thick for
all inner radius ratios up to 0.6. However, cylinders having the
ratio of 0.9 become increasingly thinner with time. Also, angular
conduction is insignificant for all inner radius ratios considered
and for dimensionless time values up to 20. Hence, the temperature
histories of Figure 6.2 for the radius of 0.9 are representative of

11
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the non-thick cylinders for which anjular conduction is negligible.
The surface temperatur< nistories of Figure 6.2 are also propcrtional
to the cosine of the cylinder angle since angular conduction I3
negligible for these non-thick cylinders. The cylinders having a
radius ratio cf 0.9 are ncar the thick cylinder region at the time
where the maximum thick cylinder temperature would have occurred.
Hence, tne maximum . .emperature is only slightly increased and the
cylinder is thick enough to cause the temperature to decrease as the
thermal radiation pulse decreases with time (see Figure 1.1). However,
at a later time the cylinder becomes sufficiently thin so that the
surface temperature will rise even though the heating pulse is at its
low values. This behavior is characteristic of cylinders in this
region unless they become sufficiently thin before the thick cylinder
maximum temperature has occurred. In this case, the maximum
temperature may not occur until the end of the heating pulse. Thus,
cylinders which are not thick and which have negligible angular
conduction can be expected to have relatively high temperatures on
their heated surface.

Figure €.3 presents the temperature histories for atm/R02 = 0.01.
Fiqure 5.1 shows that these cylinders which have an inner radius
ratic up to 0.6 are thermally-thick for dimensionless time up to 2.0.
However, the cyiinders which have radius ratios of 0.8 and 0.9 are
not thick except for very small values of dimensionless time. Also,
angular conduction is insignificant for dimensionless time up to 5.0,
but then becomes increasingly more important as time is increased.
The increasing effect of angular conduction is evident in the surface
temperature histories of Figure 6.3 for a radius ratio of 0.9. Thus,
the temperature histories for a radius ratio of 0.8 or 0.9 are
representative of non-thick cylinders where angular conducticn becomes
important after the time where the maximum thick cylinder temperature
would have occurred. It is seen that the behavior of the temperature
history is altered by the development of angular conduction. That is,
the cylinder of radius ratio 0.9 is sufficiently thin that its
temperature at ¢ = 0° might be expected to increase continuously
throughout the exposure. However, angular conduction ultimately
becomes sufficiently important to reverse the temperature rise (and
cause a peak in the temperature history). Therefore a lower maximum
temperature is reached than would occur in the absence of anqgular
conduction. In the case of the cylinder having a radius ratio of
0.8, the first maximum in temperature is due tc the cylinder being
nearly thick at that time. But the second and larger temperature
maximum has been limited by the development of angular conduction.
The temperature histories for radius ratios up to 0.6 are
representative of cylinders which are thermally-thick at the time
when the maximum thick-cylinder temperature occurs. The temperature
history of: these cylinders is not radically altered by the later
development of angular conduction. In summary, angular conduction
is helpful in limiting the maximum temperature in these cylinders
but its effect is rather small when the angular conduction is
relatively late in developing.

12
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Figure 6.4 presents the temperature histories for atm/RO2 = 0.1.
Figure 5.1 indicates that these cylinders leave the thermally-thick
region and develop significant angular conduction at very small
values of dimensionless time. The temperature histories of Figure 6.4
are representative of those cylinders which are not thick and which
have significant angular conduction at the time when the maximum
thick cylinder temperature would have occurred (t* =~ 1.8). 1In this
figure, the initial temperature rises are governed by the thinness
of the cylinders. But the rises are reversed after a short time due
to the increasing effect of angular conduction. Angular conduction
serves to reduce the temperatures at approximately equal values of
time for all of the radius ratios shown. This happens because the
development of angular conduction is practically independent af the
radius ratio (or cylinder thickness). This behavior is indicated by
the location of the boundary (broken line) for angular conduction
in Figures 5.1 and 5.2. This independence of angular conduction,
along with the fact that these cylinders are thermally-thin for all
but small wvalues of time, causes the temperature histories in
Figure 6.4 to vary almost directly with cylinder thickness. Also,
these temperature histories would rise to much higher values if it
were not for the rapid development of angular conduction. Thus,
angular conduction is very important in limiting temperatures for
this type of cylinder. The surface temperature histories of
Figure 6.4 show that angular conduction limits temperature on the
heated surface (-90o < ¢ < +909) and results in large temperature
increases on the unheated surface.

DISCUSSION AND CONCLUSION

The primary purpose of this report was to prepare a set of
charts which will allow a quick estimate to be made of the temperature
distribution and history in a large class of cylinders. This was
accomplished by computing detailed temperature histories in terms
of the dimensionless parameters which characterize the cylinder and
the thermal radiation output of the weapon. These calculations
considered cylinders of constant thermophysical properties (k, p», and
c) but did not consider radiation cooling on the outer or inner
surfaces or convective cooling on the inner surface. However, these
restrictions do not seriocusly limit the utility of this report. The
error due to variable thermophysical properties is not large if the
temperature rise is not large. For example, alumi-um alloys which
find wide shipboard applications cannot be heated to more than a few
hundred degrees centigrade or they will rapidly lose much of their
strength. Also, these errors can be reduced by estimating the
expected temperature rises and selecting values of the thermophysical
properties midway between the initial and expected maximum temperature
values. The error due to omitting cooling is also small for most
practical shipboard applications. This is true because the cooling
mechanisms require high temperatures in order to *ransfer heat at
rates which are comparable to those of the nuclear thermal
radiation pulse.

13
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The work of this report showed that the temperature behavior
of cylinders can be described by a dimensionless temperature, T*%,
and two basic dimensionless parameters, Ri* and at_/Ro“. It was
found that the individual effects due to varying the size or
material of the cylinder, and to a lesser extent the cylinder thick-~
ness and weapon yield were difficult tc isolate from each other.
Also, it was shown that the effect of varying the basic parameters
on cylinder temperatures depended on the way in which heat is
internally transferred.

The design of a cylinder to withstand a given thermal radiation
exposure will require, in ger~ral, that the temperature history of
several candidate cylinders be considered. But the general
principles of temperature behavior in cylinders as given in this
report can be used to limit the number of candidate cylinders.

For example, if an applicatioun requires a cylinder of given size,
it is possible to determine from Figure 3.1 the approximate range
of material properties that would limit the maximum temperature to
an acceptable value. From these properties, candidate cylinders
could be selected and detailed temperature histories derived from
the figures of Appendix A. The internal heat transfer pattern can
also be used as a guide in choosing cylinders. That is, it was shown
that the thermally-thick cylinders have the minimum surface
temperatures at any time. It was also shown that the surface
temperatures increase as the cylinder becomes thinner but decrease
as the angular conduction increases. Thus Figures 5.1 and 5.2 are
schematic illustrations of hcw the surface temperature can be
expected to change as values of the basic parameters are varied.
Finally, Figures 6.1 - 6.4 indicate the relative quantitative
influence of changing the basic parameters.

14
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TABLE 1

THERMAL PROPERTIES AND QUTER RADIUS VALUES
OF 6061-T6 ALUMINUM CYLINDERS
Thermal Properties of 6061-T6 Aluminum at 200°¢
Conductivity = 0.397 cal/sec-cm-°C
Density = 2.71 gm/cm3
Specific Heat = 0.23 cal/gm-°C

Outer Radius Values of the 6061-T6 Aluminum Cylinders

2
atm/Ro RO ‘ cm)
0.10000 2.52
0.05000 3.57
0.02500 5.05
0.01000 7.98
0.00500 11 J259
0.00200 17.85
0.00100 25.24
0.00050 35.69
0.00025 50.48
0.00010 79.81
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FIG. 2.1 DIMENSIONLESS FARAMETERS AND CYLINDRICAL POSITIONS FOR
WHICH TEMPERATURE CALCULATIONS ARE MADE
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FIG. 4.1 THE EFFECT OF CYLINDER WALL THICKNESS ON THE MAXIMUM TEMPERATURE
RISE IN CYLINDERS EXPOSED TO THE THERMAL RADIATION PULSE OF
A NUCLEAR WEAPON
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APPENDIX A

DIMENSIONLESS TEMPERATURE HISTORIES

Dimensionless temperature plotted against dimensionless time
is presented in this section for selected values of the basic
dimensionless parameters, atm/R02 and Ri*, and for cylinder positions
which were giver. in Figure 2.1.The purpose of these plots is to
allow a rather complete temperature history to be obtained for a
wide range of cylinders subjected to thermal radiation from a wide
range of nuclear weapon burst conditions. Each plot consists of
dimensionless temperature versus dimensionless time for the ten
chosen values of the basic parameter, atm/Ro2. The plots are
logrithmic for both the temperature and time axes. The minimum
value of dimensionless temperature plotted is 0.001, hence curves
for some of the ten parameter values will be missing if they consist
of only lower dimensionless *temperatures. Missing curves usually
correspond to cases where the cylinders are not significantly heated
by the nuclear weapon thermal radiation pulse.

The figures of this appendix will be organized in the following
manner. Figures A.l refer to an inner radius ratio (Ri*) of 0.9.
They cecntain sub-figures for the surface, midplane and backface
dimensionless temperatures. Thus Figures A.l.l1, A.l.2, and A.l.3
refer to the surface, midplane and backface temperatures, respectively,
for the inner radius ratio of 0.9. Each of the above sub-figures
will also contain sub-figures referring to the position angles,
Third indices of 1 thru 6 will represent angles of 0°, 300, 60°, 90°,
135° and 180°, respectively (see Appendix B and Figure B.l.l for a
further explanation of the index notation). Figures 2.2, A.3, A.4
and A.5 are organized in an identical manner for in.aer radius ratios
of 0.8, 0.6, 0.4 and 0.0. Appendix B will give examples on the use
of the figures in Appendix A along with rules for the interpolation
or extrapolation of results if the basic parameters differ from those
given in the plots of Appendix A. All of the figures in Appendix A
were generated by a Calcomp Plotter.
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