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SUMMARY AND CONCLUSIONS

This paper utilizes a simple analytic model to estimate the stress and temperature 

effects of thermal cycling on fissile-fuel breeding elements in the blankets of fusion­

fission hybrid reactors. The hybrid reactor blanket power densities of 400 watts per cubic 

centimeter assumed for the computations are characteristic of advanced hybrids operating 

in the high power ”fast-fission" mode. These power densities and their thermal and 

stress effects would have to be scaled down an order of magnitude or more to characterize 

hybrid blankets operating in the "fission-suppressed” mode. The blanket breeding element 

is assumed to be a uranium sphere in intimate contact with a thin metallic cladding of 

similar thermophysical properties, and the cladding is assumed to have a tensile strength 

of 100,000 PSI and a yield strength of 75,000 PSI, characteristic of some austenitic 

stainless steels. The outer surface of the cladding is assumed to have a constant temper­

ature equal to the bulk coolant temperature. While this assumption applies strictly to a 
coolant of very high conductivity and large extent, the temperature profile within the 

element and resultant stresses should not be too different for other coolants.

Steady-state hybrid fusion core systems (such as Mirrors), long-pulsed long-downtime 

systems (such as Tokamaks), and very short-pulsed high-frequency systems (such as ten Hertz 

laser fusion), will produce the maximum allowable cladding thermal stresses when the sphere 

radius is slightly less than one centimeter. Very short-pulsed low-frequency systems (such 

as one Hertz laser fusion), will produce near-maximum allowable cladding thermal stresses 

for 0.5 micron radius spheres, and short-pulsed low frequency systems (such as pinches), 

will produce the maximum allowable cladding thermal stresses for 0.6 mm radius spheres. 

For all cases, reduction of the sphere radius by a factor of two will reduce the thermal 

stresses by a factor of four and will alleviate the uranium thermal stress problem substan­

tially. For the latter two short-pulsed low-frequency systems, power density may have to be 

reduced or perhaps a fluid medium may have to be utilized in order to have an engineerable 
breeding blanket.
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1) INTRODUCTION
Under the present nuclear scenario, consisting mainly of LWR fissile-fuel consuming 

reactors, the bulk of the energy content in the world’s natural uranium and thorium 

reserves can not be utilized to produce power. If world-wide electricity demand growth is 

moderate to high, and if reserves of guaranteed low-cost uranium are limited, nuclear 

growth will eventually be hindered if non-breeders are still the only type of reactor 

operable. This growth constraint can be eliminated through the utilization of fissile fuel 

breeders. These advanced nuclear systems convert much of the natural uranium and thorium 

to fissile fuel, and increase the effective fissile fuel supply by about two orders 

of magnitude.
Three major types of fissile fuel breeders are viewed today as potentially feasible 

technically, although they are at different stages in their development cycle. The fast 

breeder has demonstrated technological feasibility but not yet economic feasibility, the 

accelerator breeder has demonstrated scientific feasibility but not yet technological 

feasibility, and the fusion-fission (hybrid) breeder has yet to demonstrate reactor-level 

scientific feasibility [1]. However, because of the high fissile fuel breeding potential 

of the hybrid [1], interest in the hybrid has increased substantially in the past few 

years. [2,3] .

All three breeder systems operate by generating neutrons in their respective breeder 

cores, then capturing these neutrons in a fertile blanket surrounding the core. The fast 

breeder and accelerator breeder generate neutrons in a steady-state mode. The hybrid 

generates neutrons using a fusioning plasma core, and most of the mainline fusion core 

concepts generate the neutrons in a pulsed mode. Inertially confined concepts, such as 

laser fusion, typically have nanosecond bursts of neutrons, with seconds or fractions of 

seconds between pulses. Short-pulsed magnetically-confined concepts, such as pinches, 

typically have burn times on the order of a hundred milliseconds with about ten seconds 

between pulses, while long-pulsed magnetically-confined concepts, such as tokamaks, can 

have burn times ranging from tens of seconds to tens of minutes with times between pulses 

ranging from a few seconds to a few minutes. Pulsed generation of neutrons and other 

high-energy particles by the plasma, translates into pulsed generation of heat and accompany­

ing thermal stresses in the fusion technology components near the plasma, structural 

components near the plasma, and fuel elements and accompanying components in the breeding 

blanket. In particular, heat generation in the blanket fuel elements will be large in the 
fast-fission mode, due to fissioning, capture, and other reactions caused by the fusion 

neutrons. Depending on fusion pulse amplitude, width, and frequency, and on fuel element 

geometries and material properties, these blanket fuel elements will undergo temperature 

and thermal stress excursions which may or may not be acceptable based on present experience 

with and understanding of fission fuel materials.

The objective of this paper is to describe thermal cycling effects on the hybrid 

blanket fuel elements only, for the different major fusion core concepts. It is expected 

that the thermal stress environment for the fuel elements relative to the thermal stress 

environment for the other system components will be much more severe in a hybrid than in a 

pure fusion reactor, for the following reason. "In a pure fusion reactor, most of the 

power amplification and production occurs in the plasma, and the blanket serves mainly as a 
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converter. In a hybrid, the situation is quite different. The plasma serves as a source 
of the driving neutrons and as a secondary power producer, while the blanket serves as a 
converter and primary energy amplifier. Thus, the plasma in a hybrid is not required to 

have the performance of a pure fusion reactor plasma, but the hybrid blanket is required to 

make up the difference in performance if the device is to be economical." [3]. We will 
examine constraints which pulsed operation places on system performance and fuel element 
design. Specifically, we will estimate the maximum fuel element temperature and cladding 

thermal stress increases which will arise during hybrid system operation, and we will 

discuss methods to alleviate excessive temperature and thermal stress increases. In this 

paper, we do not take into account the many factors other than cyclic thermal stresses 

which can impact fuel element material life [4] , although we do not underestimate their 
importance.

II) ANALYSIS

We assume that during the fusion pulse in the plasma core of the hybrid, neutrons 

are produced at a constant rate. These neutrons will enter the fertile blanket surround­

ing the fusion core and, in the most severe case, generate large amounts of thermal 

energy by fast fissioning and other multiplying processes in the blanket fuel elements 

nearest the plasma. Thus, we assume that during the fusion pulse, heat generation will 

occur in the blanket fuel elements at a constant rate. When the fusion period in the 

plasma terminates, we assume that heat generation in the fuel elements ceases for moderate 
and long-pulsed systems and continues for a short period in short-pulsed systems, and then 

a temperature decrease in the fuel elements occurs. The process will be repeated when 

the next burst of neutrons is initiated. We will assume that the maximum temperature 

increases and decreases occur at the center of the fuel element, and that the temperature 

at the edge of the fuel element cladding is held at a constant value (the bulk coolant 

temperature for a coolant of high thermal conductivity and infinite extent).

To simplify the computations, we assume that the blanket fuel elements are spheres of 

metallic uranium surrounded by and in very close contact with a thin metallic cladding with 

similar thermophysical material properties. We assume further that the spheres selected 

for analysis reside in the high power density portion of the blanket near the plasma, and 

that the highest fuel element temperature and cladding thermal stress swings in the blanket 

occur in this region. For this computation, we assume that the spherical fuel element is 

at some zero of temperature at the start of the first heating pulse, and its cladding 

surface is kept at this zero of temperature (the bulk coolant temperature, perhaps) for all 

time. We assume that the first power pulse is initiated at the zero of time, that the 

power pulse occurs uniformly throughout the fuel element, and that the power pulse has a 

width equal to that of the fusion power pulse except for very short pulsed systems. 

II-A) Fuel Element Temperatures

The time-varying temperature field for a sphere with constant heat generation and zero 

surface temperature is presented in Reference [5] as the sum of a simple steady-state term 

and an unsteady term represented by an infinite series. Approximating the infinite series 

by its first term, we obtain, for the temperature at the center of the sphere, the following 

expression (all equations are written in Fortran-type notation, where one asterisk denotes 

multiplication, and two asterisks denote raising to a power).

T(O,t)=TST(O)+TUS(O,t) (1).
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where
TST(0)=Ao*B**2/(6*K) (2)
TUS ( 0, t)=-2 *Ao*8**2 *EXP (-D*P i**2* 11 B**2 ) 1 ( K*P i**2 ) (3 )

and T(O,t) is the sphere center temperature at time t during the pulse, Ao is the heating 

pulse power density amplitude, B is the sphere radius, K is the sphere thermal conductivity, 

and D is the sphere diffusivity.
At a time t=INF during the pulse which is long compared to a thermal time constant of 

the sphere, the center of the sphere attains a maximum steady-state temperature T(O,INF) 

which is equal to TST(O) defined by equation 2. Another important quantity used in the 

analysis later is the temperature of the sphere center at a time during the pulse which is 

short compared to a time constant of the sphere. In this short time interval, the energy 

generated in the sphere has not begun to diffuse outward from the surface, and it remains 

in the form of internal energy. For a pulse whose length is short compared to a sphere 

time constant, the temperature throughout the bulk of the sphere is 

T(O,Z)=E/(R*CP) (4)

where Z is the length of the short pulse, E is the energy density delivered to the fuel 

element during time Z, R is the sphere density, and CP is the sphere specific heat.

The value of the sphere time constant is utilized extensively in later discussions. 

The usual method for obtaining a thermal time constant for an element is to supply a 

step change in heat flux or temperature to the element, and compute a characteristic 

time for the element to approach a new steady-state temperature. For the spherical 

fuel elements being analyzed, we supply the power pulse to the element, then examine 

the response of the system to this change by putting equations 1, 2, and 3, in a form 

appropriate for computing an e-folding time. In equation 3, at very small times, an 

error of about twenty-five percent has been introduced by neglecting the second term of 

the series (the remaining terms of the series are essentially negligible at all times), 

but at moderate times this error becomes very small. We then adjust the constants in 

the temperature expression to obtain the proper limits at the zero of time (zero) and 
at small time (equation 4) and at large time (equation 2). With these simplifications, 

we obtain the following expression for center temperature 

T(0,t)=(Ao*B**2/(6*K))*(l-EXP(-6*D*t/B**2)) (5)

which approximates the exact solution in [5] to within ten to fifteen percent over the 

range of interest.

We impose the condition that the average power density in the fuel element over a 

complete cycle is equal to the steady-state maximum allowable power density in the element, 
Aos. Thus, 

Aos*ts=Ao*tp=E (6)

where ts is the cycle time and tp is the pulse length.

Combine equations 5 and 6, to get 

T(0,t)=(Aos*ts*B**2)*(l-EXP(-6*D*t/B**2))/(6*K*tp) (7)

where the time constant of the sphere is (B**2/(6*D)). 

II-B) Fuel Cladding Thermal Stress

The fuel element is assumed to be a metal uranium sphere surrounded by, and in very 

intimate contact with, a thin metallic cladding material which is assumed to have similar 
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thermal and mechanical properties to the uranium. However, the cladding tensile strength 

and yield strength are assumed to be substantially higher than that of the uranium, to 

allow the cladding to have a much higher endurance limit, or fatigue strength, than the 

uranium, as would be the case in practice.

First, the steady-state thermal stresses in the cladding will be estimated. When the 

temperature of the sphere increases non-uniformly, a tangential stress field within the 
cladding will be established. For a sphere in intimate contact with a cladding material of 

similar thermophysical properties, the cladding stress will be the same as the stress on 

the surface of a sphere whose radius is equal to the outer cladding radius. Since the 

temperature distribution in the sphere is assumed to be axisymmetric, the stress field in 

the cladding consists of zero radial stress and axisymmetric tangential stresses. Tangential 
thermal stress on the surface of a solid sphere with an axisymmetric temperature distribution 

and zero surface temperature may be written [6]

Sc(B,t)=CTE*YM*TBAR/(1-PR) (8)

where CTE is the coefficient of thermal expansion, YM is Young’s Modulus, PR is Poisson’s 

Ratio, TBAR is the average sphere temperature, and Sc is the tangential stress.
Using the steady-state temperature distribution, from which equation 2 is derived [5], 

to compute TBAR, we find the steady-state (t=INF) cladding tangential thermal stress to 
be

Sc(B,INF)=(CTE*YM/(K*(l-PR))*(l/15)*Ao*B**2 (9)
Now, we will obtain the tangential thermal stress in the cladding at the end of a 

short pulse of length Z. We combine equations 4, 6, and 8, assume T(O,Z) from equation 4 
is equal to TBAR, to get

Sc(B,Z)=(CTE*YM/(K*(l-PR))*Aos*ts*D (10)
This cladding stress is independent of the size of the sphere, in contrast to the 

steady-state cladding stress (equation 9) which is proportional to sphere size squared. 
Ill) COMPUTATIONS AND RESULTS 

III-A) Thermal Fatigue Model

Reference [7] suggests that the dominant technology available for hybrid fuel element 

cladding is stainless steel, and this material should be considered seriously, although not 

exclusively, for near-term hybrid applications. We assume the mechanical strength properties 

of the cladding to be characteristic of some cold-worked austenitic stainless steels, with 

a nominal tensile strength of 100,000 PSI and yield strength of 75,000 PSI [8]. We follow 

Reference [8] in assuming that static design stresses will not exceed the yield strength 
of the ductile cladding material, and we assume that the amplitude of the cyclic stresses 

will be limited by the fatigue, or endurance, strength of the cladding according to the 

modified Goodman relationship, since a large number of pulses is conceivable over the fuel 

lifetime for each fusion concept considered. While a number of formulas have been derived 

to relate fatigue strengths to material properties, cycle characteristics, and type of 

stress [9], for the purposes of this paper we feel the following suggested approach is 

adequate: ”For practical purposes, therefore, there is little error in assuming for steels 

having tensile strengths up to about 181,000 PSI that the fatigue strength is half the 

ultimate tensile strength." [9]. This relationship between fatigue and tensile strength 
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holds strictly for the case of zero mean stress and completely reversed alternating stress. 

For finite mean stresses, we assume that an expression similar to the modified Goodman 

relationship [9] is valid:

SFL=SFLO*(1-(SM/SY)) (11)

where SM is the tensile mean stress, SY is the yield strength, SFLO is the fatigue limit 

at zero mean stress, and SFL is the fatigue limit with tensile mean stress SM.

This expression assumes that the maximum mean stress will be no greater than the yield 

strength, analogous to the assumption above that the design static stresses will not exceed 

the yield strength. In the present case, SFLO has a value of 50,000 PSI. 

III-B) Material Property Values
The metallic spheres and cladding are assumed to have the following thermophysical 

properties characteristic of uranium metal:

Thermal Conductivity K=0.353 watts/cm - degree C, Density R=19.3 grams/cc, 

Specific Heat CP=0.167joules/gram - degree C, Diffusivity D=0.11 square cm/sec. 

We assume a steady-state power density level of Aos=400 watts/cc, a level which is character­

istic of the power density in the hybrid blanket near the plasma in some of the advanced 

power and fuel producing hybrid designs [10],although this power density is an order of 

magnitude greater than those in some of the more recent fission-suppressed hybrid designs.

A final assumption to validate is the equating of the thermophysical properties 

of the sphere and cladding. In equations 9 and 10, both cladding thermal stress expressions 

contain the material property multiplier CTE*YM/(K*(1-PR)). This quantity was compared for 

metallic uranium, and two candidate cladding materials, 316 SS and a Long Range Ordered 

Alloy consisting of 40% Fe, 36% Ni, 23% V, and a trace of Ti. All three materials exhibit 

a remarkably similar value of about 230,000 newtons/watt-meter, and lend some validity to 

the equal thermophysical property assumption. 

III-C) Computational Results

We now examine different hybrid pulsing scenarios where the ratio of pulse parameters 

to sphere time constant delineates substantially different temperature and thermal stress 

regimes, and we estimate temperature and cladding thermal stress excursions.

Case 1) The pulse time is long, relative to the time constant, and the time between 

pulses is short, relative to the time constant. Initially, energy at low peak power 

density heats the sphere at a continuous rate. After one time constant, energy from the 
central portion of the sphere is diffusing through the surface, and the temperature distri­

bution in the sphere is starting to approach a steady-state. After a few more time constants 

(e-folding times) have passed, the center temperature reaches its steady-state value, 

T(0,INF), and the cladding stress reaches its steady-state value, Sc(B,INF), and they 

remain at these values until the end of the pulse. In between pulses, because of the short 

time, the temperature and cladding stress drops will be very small. During the next pulse, 

the steady-state condition is maintained. The cladding stress field then consists simply 

of a constant stress Sc(B,INF).

This case applies to steady-state systems such as Stellarators, EBTs, or Mirrors, 

where the time between pulses is zero. For these steady-state systems with 0.92 cm radius 

spheres, the fuel element will reach a maximum temperature of 165 degrees C greater than 
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the bulk coolant temperature and a cladding thermal stress of 75,000 PSI, and will remain 
at these temperatures and stresses.

It may be desirable to lower the steady-state sphere temperatures and stresses because 

the uranium may be overstressed due to its lower yield strength and because a safety factor 

was not employed in the stress computations. Examination of the expressions for steady-state 

temperature and steady-state cladding stress shows that these quantities can' be lowered by 
reducing average power density Aos, altering material properties, and by reducing pellet 

radius B. Depending on how power density were reduced, the system could require a larger 

plasma containment vessel, a larger blanket, or both, and system capital costs would thus 

increase substantially. Since the uranium, stainless steel and LRO alloy exhibited similar 

values for the stress material property multiplier, any realistic materials with a substan­

tially lower value of stress multiplier along with other favorable thermophysical properties 

may be difficult to obtain. Therefore, in the present case, probably the easiest way to 

reduce the temperature and stress substantially is to reduce the sphere radius B. The 
uranium fuel stress problem can be alleviated by reducing the sphere radius a factor of two 

and thereby reducing stresses in the uranium by a factor of four. Spheres with radii on 
the order of 0.5 cm should not present a fabrication problem.

Case 2) The pulse time is long, relative to the time constant, and the time between 
pulses is long, relative to the time constant, but the pulse time is still a major fraction 

of the cycle time. Initially, energy at relatively low peak power density heats the sphere 
at a continuous rate. As in the case above, after a few time constants, the center temper­

ature reaches a steady-state value, T(0,INF), and the cladding stress reaches a steady-state 

value Sc(B,INF), where they remain until the end of the pulse. In between pulses, where 

the time is long, the center temperature and the cladding stress will drop back to zero 

after a few time constants. The next cycle, then, will be a repeat of the initial cycle, 

and the system will be characterized by temperature excursions of T(0,INF) and cladding 

stress excursions of Sc(B,INF) for each cycle. For purposes of a modified Goodman diagram 

analysis, the cladding stress field consists of a mean stress 0.5*Sc(B,INF) and an alter­
nating stress 0.5*Sc(B,INF).

This case applies to long-pulsed systems such as Tokamaks, where the burn time 

could range from tens of seconds to tens of minutes, and the time between pulses could 

range from seconds to many tens of seconds. For 0.82 cm radius spheres with a time constant 

of one second, the fuel element will experience excursions from bulk coolant temperature 

to 132 degrees C greater than bulk coolant temperature and the cladding will experience 
excursions from zero stress to 60,000 PSI for each cycle. The alternating stress component 

will be about 30,000 PSI, equal to the fatigue limit predicted by the Goodman relationship 

(equation 11). As in case 1, if thermal stresses in the uranium prove troublesome, the 

sphere radius could be reduced by another factor of two, reducing thermal stresses by a 
factor of four.

Case 3) The pulse time is short, relative to the sphere time constant, and the 

time between pulses is short, relative to the time constant, but the pulse time is a minor 

fraction of the cycle time. Initially, energy at a high power density is deposited in the 

sphere, raising the bulk temperature by an amount T(0,Z) and raising the cladding stress by 
an amount Sc(B,Z) at the end of the pulse. Because the time between pulses is short, the 
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decrease in temperature and cladding stress in the sphere between pulses will be small. At 

the end of the second pulse, the bulk temperature of the sphere is increased by another 

increment of T(0,Z) and the cladding stress is increased by another increment Sc(B,Z). At 

the end of the following time between pulses, the decrease in temperature and cladding 

stress in the sphere will still be small, although it will be abo t twice as large as the 

decrease which occurred during the first time between pulses. After an e-folding time has 

passed, the temperature increases for each pulse are still T(O,Z) and the cladding stress 

increases are still Sc(B,Z), but the temperature decreases between pulses are approaching 

T(0,Z) and the cladding stress decreases between pulses are approaching Sc(B,Z). After a 

few time constants have passed, an oscillatory steady-state condition is achieved, where 

the de components of temperature at the center and cladding stresses are T(0,INF) and 

Sc(B,INF) respectively, and the peak-to-peak ac components of temperature at the center and 

cladding stresses are T(O,Z) and Sc(B,Z). The cladding stress field consists of a mean 

stress Sc(B,INF) and an alternating stress 0.5*Sc(B,Z).

This case applies to short-pulsed high-frequency systems characteristic of nominal 

inertial confinement schemes, where the plasma burn time is assumed to be a nanosecond, but 

the element heating time is about ten nanoseconds because of collisions and velocity 

spreading, and the time between pulses is about 100 milliseconds (10 Hertz). For 0.85 cm 

radius spheres, the sphere center temperature will remain at 140 degrees C above the bulk 

coolant temperature and the cladding stress will remain at 64,000 PSI allowed by the 

Goodman relationship, and the sphere will experience cladding stress excursions of about 

14,600 PSI per cycle.

One approach to reducing the ac stress, which would not affect the de stress level, 

would be to decrease cycle time if possible, since the energy input per pulse is reduced as 

the frequency is increased. The alternating stress component is unaffected by a moderate 

reduction in sphere radius for this short pulse case. The uranium fuel de stress problem 

can be alleviated in this case by reducing the sphere radius by a factor of two.

In this centimeter/millimeter range of sphere radii, reduction of the sphere radius 

reduces the steady-state stress proportional to the sphere radius squared, but does not 

affect the ac stress component. The ratio of de stress to ac stress becomes small at a 

sphere radius of about 1 mm. At this point, the cladding stress field consists solely of 

the ac component, with a mean stress of 7,300 PSI and an alternating stress of 7,300 PSI 

which is substantially less than the fatigue limit of 45,000 PSI predicted by the Goodman 

relationship.

If, in reality, very short cycle times are not practical, the problem becomes far more 

serious. For example, assume that a cycle time of one second is the minimum obtainable. 

Even if the sphere radius is decreased to about 1 mm to eliminate the steady-state cladding 

stress, the remaining ac short-pulse cladding stress will be an order of magnitude greater 

than the ac short pulse cladding stress of 14,600 PSI which was produced during the 100 

millisecond cycle discussed above, since the ac stress is proportional to the cycle time. 

In this case of one second cycle time with small steady-state cladding stress, the cladding 

stress field consists of a mean stress of 73,500 PSI and an alternating stress of 73,500 

PSI, which is unacceptable based on the Goodman relationship. To reduce these stresses 

to an acceptable level by altering sphere size, the sphere radius must be reduced by orders 
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of magnitude. Under these conditions, the sphere time constant becomes small compared 

to the length of the heating pulse, the sphere allows most of the energy supplied during 

the heating pulse to diffuse through the surface rather than heat the sphere to high 

temperatures and stresses, and the sphere attains steady-state temperatures and stresses 

during the heating pulse and reverts to zero stress and temperature during the downtime. 

To estimate the sphere radius required to bring these ac cladding stresses to acceptable 

level's, we take the ratio of steady-state cladding stress during a heating pulse (equation 

9) to short-pulse cladding stress (equation 10), and require that this ratio be sufficiently 

small to make cladding stresses acceptable. In the present case, we set this ratio 
B**2/(15*D*tp) equal to 0.1, which will reduce the ac cladding stress from a mean stress of 

73,500 PSI and an alternating stress of 73,500 PSI to an acceptable mean stress of 7,500 
PSI and alternating stress of 7,500 PSI and will alleviate the uranium thermal stress 

problem as well. For the above ratio to be equal to 0.1, the sphere radius B has to be on 
the order of half a micron. With this sphere radius, the time constant is on the order of 

two nanoseconds, which is small relative to the heating pulse length of ten nanoseconds, 

and steady-state conditions would indeed be achieved. Further reductions in sphere size 

would reduce the cladding stresses to negligible levels. Given these requirements on 

sphere size, reducing the desired power density levels may be an option worth considering.

Case 4) The pulse time is short, relative to the sphere time constant, and the 

time between pulses is long, relative to the time constant, but the pulse time is still a 
minor fraction of the cycle time. Initially, energy at a high power density is deposited 

in the sphere, raising the center temperature and the cladding stress at the end of the 

pulse by the amounts T(0,Z) and Sc(B,Z). Since the time between pulses is long, the center 

temperature will return to the zero of temperature and the cladding stress will return to 

zero at the end of the cycle, and the next cycle will be a repeat of the first cycle. 

Thus, this system is characterized by center temperature excursions of T(O,Z) and cladding 

stress excursions of Sc(B,Z) during each cycle. The cladding stress field consists of a 

mean stress 0.5*Sc(B,Z) and an alternating stress 0.5*Sc(B,Z).

This case applies to short-pulsed low-frequency systems such as pinches, where 
the burn times are about 100 milliseconds, and the time between pulses is about ten seconds. 

For 1 cm radius spheres, this system is characterized by temperature excursions from bulk 

coolant temperature to about 1240 degrees C and cladding stress excursions of about 1,460,000 

PSI, and would last about one pulse.

Small reductions in sphere radius will not affect the cladding stress level, since the 

ac cladding stress in a sphere whose time constant is large with respect to pulse time is 

independent of sphere size. As in case 3, the sphere radius must be reduced drastically, 

such that the time constant becomes a fraction of the heating pulse, and the ratio of 

steady-state cladding stress during the heating pulse (equation 9) to short-pulse cladding 

stress (equation 10) is sufficiently small to make the cladding stresses acceptable. If we 

require that the maximum cladding stress excursions in this case be no larger than the 

Goodman limit of 30,000 PSI, then the above ratio of cladding stresses, B**2/(15*D*tp), 

should be approximately 0.02. This requires a sphere radius of 0.6 mm, and produces a 

sphere time constant of 6 milliseconds, which is small relative to the heating pulse length 
of 100 milliseconds and will allow steady-state conditions to be achieved during the 
pulse.
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