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MODELE DE RUPTURE DE GAINE DE COMBUSTIBLE

COMPARE AUX DONNEES EXPERIMENTALES PUBLIEES

par

R.L. Varty et H.E. Rosinger

RESUME

On a comparé un modèle de rupture de gaine de combustible aux

résultats d'expériences publiés au cours desquelles une gaine de combus-

tible en Zircaloy-4 avait été soumise à une rampe de température et à

une pression différentielle jusqu'à ce qu'une rupture s'ensuive. Le mo-

dèle suppose que la déformation de la gaine dépend d'un fluage constant

et qu'il existe un rapport entre une contrainte tangentielle et la tem-

pérature au moment de la rupture.

Les prédictions du modèle de rupture de la gaine concordent

assez bien avec les données expérimentales. La température de rupture

est légèrement surévaluée par le modèle. La contrainte de rupture est

surévaluée dans le cas des faibles contraintes de rupture expérimentales

mais elle est sousévaluée dans les autres cas. Les causes de ces ten-

dances sont examinées et l'énorme variation de la contrainte de rupture

dont il est fait mention dans la documentation est expliquée à l'aide de

ce modèle.
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COMPARISON OF A FUEL SHEATH FAILURE MODEL

WITH PUBLISHED EXPERIMENTAL DATA

by

R.L. Varty and H.E. Rosinger

ABSTRACT ,

A fuel sheath failure model has been compared with the published

results of experiments in which a Zircaloy-4 fuel sheath was subjected to a

temperature ramp and a differential pressure until failure occurred. The

model assumes that the deformation of the sheath is controlled by steady-

state creep and that there is a relationship between tangential stress and

temperature at the instant of failure.

The sheath failure model predictions agree reasonably well with

the experimental data. The burst temperature is slightly overpredicted by

the model. The burst strain is overpredicted for small experimental burst

strains but is underpredicted otherwise. The reasons for these trends are

discussed and the extremely wide variation in burst strain reported in the

literature is explained using the model.
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MOMBMCLATURE

a coefficient in burst-stress/burst-teaperature relationahip

A coefficient in steady-state creep rate equation

b value in burat-streaa/burst-teaperature relationship

e engineering strain

F,G,H anisotroplc factors

K coefficient in recrystallization rate equation

n exponent in steady-state creep rate equation

N number of elements

P internal pressure

Pa external pressure

Q activation energy in steady-state creep rate equation

Q r activation energy in recrystallization equation

r recrystallized fraction; radial direction

R absolute gas constant

R initial aean radius of sheath

R mean radius of sheath

t time

T teaperature

T r recrystallization teaperature

W sheath thickness

z axial direction

e true strain

a stress

9 tangential direction



Subscripts

B burst value

i element index

o initial value



1. INTRODDCTIOH

During certain types of hypothetical loss-of-coolant accidents

(LQCPs) in a nuclear reactor, fuel sheaths are subjected to high tempera-

ture and differential pressure, causing creep and possible failure of the

sheath. The diametral sheath strain at failure determines whether fuel-

element/fuel-eleaent or fuel-element/pressure-tube contact will occur.

This knowledge is essential for the thermalhydraulic analysis of a LOCA.

In addition, the time of failure provides a starting point for the

calculation of activity release from the fuel.

Historically, calculations of sheath failure hare been made using

a creep law to calculate deformation, and then assuming that failure occurs

at a predetermined strain value. Although this failure criterion has

proved useful in aaay LOCA analyses, it does not provide for the effects of

temperature and stress in determining failure.

An alternative failure criterion was developed by Neitzel and

Rosinger '. They used a singularity in the calculated strain as a

function of time to signal failure; this time was then used to calculate

burst temperature and pressure. Using an empirical correlation between

burst stress and burst temperature, they established the burst stress. The

burst stress and burst pressure were then used to deduce burst strain.

This scheme succeeded because the failure of the sheath precedes the

singularity in the strain by only a small time interval.

Erbacher et al and Cheung and Rosinger realized that calcu-

lating to the strain singularity was unnecessary and instead they

calculated only until the stress reached the value indicated by the

empirical correlation between burst stress and burst temperature. This

latter approach has been used in the present work.
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The work reported here involves a single fuel element which does

not interact mechanically with adjacent surfaces. To avoid such contact in

a CJLNDU reactor fuel channel, the diametral sheath strain must be less than

about 15?• Thus, under many accident conditions, inter-element contact

could occur before failure, and further deformation could not be predicted

using the model presented here. However, under certain transient condi-

tions, failure would occur before inter-element contact is achieved, and

the model presented here would predict the final deformation of the sheath.

In either case, it would be possible to determine whether the sheath does

contact adjacent surfaces.

The present work was intended to compare the predictions of the

sheath failure model with published results for experiments in which the

sheath is subjected to a temperature ramp and a differential pressure until

failure occurs.

2. THEORETICAL RELATIONSHIPS

2.1 S'fBRSS FIELD

The fuel sheath is modelled as a long, thin-walled cylindrical

shell subjected to an internal pressure P and an external pressure P_. The

internal pressure may vary or remain constant depending upon the experi-

mental configuration. The principal stress components are

(1a)

(1b)

(1c)°r

(P

(F

= 0

- Pfl)

w
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2W
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where 8, z and r, respectively, refer to the tangential, axial and radial

directions. Equation (1a) is derived in Appendix A. Rn is the instantan-

eous mean radius of the sheath and W is the instantaneous thickness of the

sheath; these dimensions are related to their initial values by

W = WQ/(1 + ee) (2a)

Rn s Ro ( 1 + ee ) (2b)

where efl denotes the engineering strain and the subscript 'o* indicates the

initial, undeformed state.

2.2 STEADY-STATE CREEP

Only the strain due to steady-state creep is included in the

failure criterion model. The tangential creep rate eQ is given by

d ee n

RT}* °e (3)

where e is the tangential true strain, oQ is the tangential stress, T is

the sheath temperature, A. is a pre-exponential constant, Q is the

activation energy, n is the stress exponent, and R is the gas constant

(with a value of 8.314 J.K"1.mol"1).

The values of A., Q and n are deduced from measurements of the

creep of sheaths in uniaxial tension. The equation



is fitted to these measurements, where e .is the axial creep rate, o is

the axial stress, and A , Q and n are constants. It is presently assumed

that these constants are independent of the state of anisotropy of the

material. Az, Q and n are only constant over a certain temperature range;

their known values are tabulated in Table 1. The constant A. appearing in

equation (3) is related to the constant k% appearing in equation (1) by

Ae = Cj (F+G> +H)
( n- 1 ) / 2 . (H + \ F).(F +G)"

( n + 1 ) / 2 A z (5)

where F, G and H are the anisotropic factors which account for the anis-

tropic creep of the sheath , and which satisfy F+G+H = 3/2.

The a phase is assumed to be anisotropic; representative values

of 0.934, 0.374 and 0.192 were used for F, G and H, respectively, in the

comparison made with the experimental data. The a+B and 8 phases are

isotropic, with F = G = H = 1/2.

In non-isothermal experiments, the transformation from the a phase

to the a+B phase is a non-equilibrium process, and occurs at a higher

temperature than the 1085 K equilibrium value. This effect is represented

Ta/a+B = 1085 + 1J**?8 T ; T > ° (6)

where T . +. is the transformation temperature in K and T is the heating

rate in K/s. Similar data for the a+B to 8 transformation and for T < 0

are not available.

When the sheath is heated within the a phase region, recrystal-
(jj)

lization may occur. This process is described byv

(7)
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where r la the unrecryst alii zed volume fraction, K = "\A7 x 10 a'1 and

Qr = 390 000 J.mol is the activation energy. The recrystallization rate

depends strongly on temperature, and for T < 1073 K it is negligible.

Assuming that the initial temperature T < 1073 K, then r(t=0) s 0.

Furthermore, it may be assumed that T(t=O) = 0 K. Assuming a constant

heating rate T and defining the recrystallization temperature Tp as the

temperature at which r = 1/2, one obtains

(8)

This equation is solved for T_.

The temperature dependence of the variables in the creep-rate cal-

culation is shown in Figure 1. There are four temperature ranges, which

are delineated by the recrystallization temperature, the a to a+B trans-

formation temperature and the a+B to B transformation temperature. The

values of F,G,H, A , Q and n are assumed to be constant over each tem-

perature range, with the exception of the a+B phase region for which k%, Q

and n are known only at 1166.5 K. Other points in the <*+& phase region are

obtained by interpolation, as shown in Figure 1, and as described by

Neitzel and Rosinger^ .

2.3 RELATIONSHIP BETWEEN STRESS AND TEMPERATURE AT FAILUBE

The logarithm of the burst tangential stress o.g is plotted

against the burst temperature T- in Figure 2. The points shown in Figure 2

were obtained from the experimental data base (Table 2) using the measured

burst temperature and calculating the burst tangential stress from the

measured burst strain and burst pressure using equation (1a). In fitting a

curve to this data, it was assumed that the logarithm of <*Bg varied
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linearly with Tfi and a change in slope between phases was allowed. The
curves are represented by

o 6 B = a.expC-bTB) (9)

where a and b are constant over each of three temperature ranges, as shown

in Table 3. These temperature ranges approximate the three phase regions

of Zircaloy-4. The upper limit curve shown in Figure 2 was used in the

present work to provide an upper limit on burst strain and to offset the

strain-reducing effect of circumferential temperature variations in the

experiments comprising the data base.

2.4 SHEATH FAILURE MODEL

The sheath failure model waa implemented via the BURST-1 computer

program following the flowchart shown in Figure 3- The temperature se-

quence, T(t), the pressure sequence, P(t), the external pressure, P . and

the initial sheath dimensions, WQ and RQ, are provided as inputs. The

program calculates the strain, e f t ) , and the conditions of burst, such as

burst time, tg, burst strain, eefi, burst temperature, Tg, and burst

pressure, Pn.

The program has several key features. First, the integration of

the steady-state creep rate to obtain the strain as a function of time is

performed by the fourth-order Runge-Kutta method, and the time step is

varied automatically to provide.an accurate, yet economical, calculation.

Secondly, the integration is terminated when CT9 2. a.exp(-bT) (see equation

(9)). Finally, the program does not distinguish between engineering

strain, e., and true strain, E Q; thus, these symbols are used interchange-

ably. This approximation has a negligible effect on the burst strain, eQB,

due to a cancellation of effects, although it does have a slight effect on

ee(t).
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The model also allows for a prescribed circumferential teaperature

variation which will cause the sheath to defom sore rapidly at some cir-

cumferential positions than others. One might expect this to cause the

sheath to assume a non-circular crosa-section. However, the thin-walled

sheath behaves like a membrane and therefore retains a circular shape.

The sheath is circumferentially divided into N equal-sized elements by the

model. Each element is considered independently of its neighbors and is

subjected to a prescribed temperature sequence T^t) and pressure sequence

P(t). The N elements are replaced by an ensMble of N sheaths at the

corresponding temperature and pressure. These are strained independently,

and the strain of the original sheath is taken to be the ensemble average:

1ee(t) = J- 2 eei(t) (10)
i=1

Failure occurs when oel = "B(T1) in one of the elements.

3. COMPARISON OF THE MODEL PREDICTIONS WITH EXPERIMENTAL DATA

3.1 SOURCES OF EXPERIMENTAL DATA

The sheath failure model was compared with published experimental

results for fuel sheaths that had been subjected to a temperature ramp and

a differential pressure until failure occurred. The comparison was con-

fined to temperature ramps because most published data were of this type,

and using one type of temperature sequence simplified the analysis. The

resulting data base consisted of approximately 700 points and its sources

are cited in Table 2. The burst-stress/burst-temperature relationship used

in the model was also derived from this data base.
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The data base was classified using four criteria, as shown in

Table 2. The first was whether the pressure varied during the test; the

•odel should apply equally well to both cases. However, only the initial

and burst pressures were reported for most of the variable-pressure tests,

and hence the analysis of these data requires some approximation. The

second criterion was whether the external atmosphere was oxidizing; the

model neglected the effect of oxidation. The third criterion was whether

the sheath was irradiated; the effect of irradiation is not included in

the model. The final criterion was whether fuel pellets or other internal

mechanical constraints were present; such constraints are not included in

the model.

Certain assumptions were made when the BURST-1 program was applied

to the data base. Since the initial temperatures were generally less than

600 K, and creep below this temperature is negligible, it was assumed that

the initial temperature was the same in all cases; 590 K was used. For the

variable-pressure tests, it was assumed that the pressure varied linearly

with time between the reported initial and burst pressures; this was called

the interpolation method. Since the anisotropy factors were not reported,

it was assumed that F = 0.934, G = 0.374 and H = 0.192 for the a phase and

F = G = H = 0.5 for the a+0 and 6 phases •

Circumferential temperature variation has a strong effect on burst

strain . A circumferential temperature difference of 10°C will typically

lead to a burst strain that is about one-half the burst strain that would

occur for a uniform temperature. Some authors provided an estimate of 10 C

for circumferential temperature variation, but this quantity was measured

for only a very small number of the tests included in the data base. A

uniform circumferential temperature distribution was assumed when applying

the BURST-1 program to the data base.

In addition to the inherent uncertainty in thermocouple measure-

ments, a systematic error may be introduced by the small temperature vari-

ation between the thermocouple site and the burst position since the burst
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position is determined by the presence of some perturbation, which may be a
localized hot spot. This effect was not allowed for in the comparison.

Few authors discussed details of their measurement of burst

strain. We therefore assumed that the reported burst strain was equivalent

to the maximum percentage change in the circumference of the sheath,

excluding the hole in the sheath, since this is the easiest quantity to

measure accurately.

3.2 STRAIN AHD TEMPERATURE AT FAILURE

The experimental data for burst strain versus burst temperature

are shown in Figure 4. This shows that an extremely wide range of strain

values can be obtained at any single temperature; for example, at 1075 K,

the burst strain ranges from 20K to 150$. No correlation is readily

evident between burst strain and burst temperature.

The predicted and experimental burst strains are compared in

Figure 5, where the ratio of predicted to experimental burst strain is

plotted against the experimental burst strain. The burst strain is over-

predicted for experimental burst strains less than about 70J; otherwise, it

is underpredicted. Figure 5 also shows that there is an Increased tendency

for the model to underpredict burst strains for higher heating rates.

Since a correlation exists between the predicted-to-experimental strain

ratio and the burst strain, and no correlation exists between the burst

strain and the burst temperature, it follows that no correlation exists

between the strain ratio and burst temperature. Therefore, the trend noted

above does not result from the model working better for one temperature

range than for another.
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Predicted and experimental burst temperatures are compared in

Figure 6. The burst temperatures are slightly overpredicted, but the

agreement is reasonably good.

In summary, considerable scatter is observed when comparing pre-

dicted and experimental results. A systematic disagreement exists between

the predicted and experimental burst strains, but the difference is less

than a factor of two for the majority of the data. There is reasonable

lgreement between predicted and experimental burst temperatures.

3.3 COMPARISON OF THE MODEL PREDICTIONS WITH DIFFERENT CLASSES OF

EXPERIMENTAL DATA

When the predicted and experimental burst temperatures are com-

pared for the constant-pressure tests only, as shown in Figure 7, better

agreement is obtained for all the data. This suggests that using the in-

terpolation method for the variable-pressure tests, as described in section

3.1, is questionable. This hypothesis was tested by analyzing the variable
(12)

pressure data of Chung and Kassner ' using a constant-mass method. This

method assumes that the mass of gas within the system is constant, that the

gas is ideal and that the strained section of the sheath has a uniform dia-

meter and a length of 30 mm. Figure 8 shows comparisons of burst tempera-

ture predictions obtained using the interpolation method and the constant-

mass method. The interpolation method yields the results shown by the

solid circles, which lie considerably above the line of perfect agreement.

The constant-mass method yields the results shown by the open circles,

which are scattered on either side of the line of perfect agreement. Thus

the constant-mass method provides much better agreement with experimental

burst temperatures. The methods provided equally accurate predictions of

burst strain.
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Neither an oxidizing atmosphere nor irradiation of the sheaths nor

internal constraints altered the agreement between the model and experi-

ment. If an effect was present, it was masked by the scatter of the

experimental data.

4. DISCUSSIOH

4.1 SENSITIVITY ANALYSIS OF THE MODEL

The scatter observed when the predicted and experimental burst

strains or burst temperatures are compared is much larger than the uncer-

tainties in measuring the experimental values. This may result from unmea-

sured variations in experimental conditions, the effects of which could be

calculated by the model if the variations were known. An analysis of the

sensitivity of model predictions to likely variations was conducted to test

this hypothesis.

Since the experimental data were drawn from many sources, and few

authors reported their uncertainty estimates, the sensitivity analysis was

conducted using likely variations from a single base case. This analysis

is summarized in Table 4 which gives the experimental conditions, their

likely variation, and the resulting variations in burst temperature and

burst strain predicted by the model. The overall predicted variations in

burst temperature and burst strain were taken to be the square root of the

sum of the squares of the individual variations. The burst temperature

varied from its nominal value of 1174 K by ± 23 K and the burst strain

varied from its nominal value of 73J by ± 36J. That is, strain values could

vary from 10911 to 37J just due to variations in the experimental con-

ditions. Variations of this magnitude are consistent with the results of

Hunt(6).
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We conclude that the scatter observed in comparing the predicted

and experimental values shown in Figures 5 and 6 can be explained by the

unmeasured variations in the experimental conditions whose effects could be

calculated if the variations were known.

DIFFERENCES BETWEEN THE MODEL AND THE EXPERIMENTAL DATA

Systematic differences between the predicted and experimental

values may result from the use of the upper-limit burst-stress/burst-

temperature relationship rather than the average one. These two relation-

ships are shown in Figure 2. Substituting the average relationship for the

previously used upper-limit relationship was found to lower the predicted

burst temperature slightly and to lower the predicted burst strain by a

factor of two. The latter effect is shown in Figure 9. Consequently, an

overprediction of both burst temperature and burst strain would be expected

when using the upper-limit relationship.

Several effects contribute to the systematic overprediction of

burst temperature. The first is the approximate representation of the

pressure sequence, as shown by the different results obtained for the

constant-pressure and the constant-mass methods. The second is the

tendency of the tube to fail at the hottest point rather than the point of

thermocouple attachment. The use of an upper limit burst-stress/burst-

temperature relationship provides a small additional contribution to this

trend. .

The trends suggested by Figure 5, namely the decrease in the ratio

of predicted to experimental burst strain with 'increasing experimental

burst strain and the decrease in this ratio with increased heating rate,

are not understood.



1».3 OTHER CONSIDERATIONS

The assumption of steady-state creep until failure may also

contribute to differences between prediction and experiment. A further

contribution may come from the approximate representation of the stress

field during ballooning, although this is offset to some extent by the use

of a failure criterion for the ballooned portion of the sheath.

5. CONCLUSIONS

A proposed fuel sheath failure model has been compared with

published experimental results for fuel sheaths subjected to a differential

pressure and a temperature ramp until failure occurs. The following

conclusions are drawn:

1. The burst temperature is slightly overpredicted by the

This is attributed to the approximate representation of the

pressure sequence, the position of failure differing from the

thermocouple position, and the use of an upper-limit burst-

stress/burst-teaperature relationship.

2. The burst strain is overpredicted for experimental burst strains

less than about 70%, and is underpredicted for burst strains above

70%.

3. The model could explain the large scatter in experimental burst
strains if unmeasured variations in experimental conditions were
considered.

4. The results emphasize the importance of accurately controlling or

measuring circumferential temperature variation, temperature and

pressure sequences, and anisotropic factors in any burst experi-

ment.



REFERENCES

1. R.J. Neltzel and H.B. Rosinger, "The Development of a Burst
Criterion for Zirealoy Fuel Cladding Under LOCA Conditions", Atomic
Energy of Canada Limited Report, AECL-6420 (1980).

2. F. Erbaoher, H.J. Neitxel, H. Rosinger, H. Schmidt and K. Wiehr,
"Burst Criterion of Zircaloy Fuel Claddings in a LOCA", ASTM Fifth
International Conference on Zirconium in the Nuclear Industry,
Boston (1980).

3. T. Cheung and H.E. Rosinger, "A Failure Criterion for Zircaloy Fuel
Sheath Under LOCA Conditions", 6th SMIRT Conference, Paris (1981).

4. H.E. Sills and R.A. Holt, "NIRVANA, A High-Temperature Creep Model
for Zircaloy Fuel Sheathing", Atomic Energy of Canada Limited
Report, AECL-6412 (1979).

5. T.J. Haste and J.H. Gittus, "The Effect of Hot Spots upon Swelling
of Zircaloy Cladding as Modelled by the Code CANSWEL-2", CSNI
Specialists* Meeting on Safety Aspects of Fuel Behaviour in
Off-Normal and Accident Conditions, Helsinki, Finland (1980).

6. C.E.L. Hunt, "Verification of a Mechanistic Model for the Strain
Rate of Zircaloy-4 Fuel Sheaths During Transient Heating", Atomic
Energy of Canada Limited Report, AECL-7051 (1980).

7. D.O. Hobson, M.F. Osborne and G.W. Parker, "Comparison of Rupture
Data from Irradiated Fuel Rods and Unirradiated Cladding", Nucl.
Technol. Jl, 479 (1971).

8. A.D. Emery, D.B. Scott and J.R. Stewart, "Effects of Heating Rate
and Pressure on Expansion of Zircaloy Tubing During Sudden Heating
Conditions", Nucl. Teehnol. Jl, 474 (1971).

9. D.G. Hardy, "High Temperature Expansion and Rupture Behaviour of
Zircaloy Tubing", National Topical Meeting on Water-Reactor Safety,
Salt Lake City, Utah (1973).

10. P. Morize, H. Vidal, J.M. Frenkel and R. Roulliay, "Zircaloy
Cladding Diametral Expansion During a LOCA: EDGAR programme", CSNI
Specialists' Meeting on the Behaviour of Water Reactor Fuel Elements
Under Accident Conditions, spaatind, Norway (1976).

11. C.E.L. Hunt and W.G. Newell, "The Ballooning Behaviour of Zircaloy-4
Fuel Sheaths at a Heating Rate of 0.5 C.s" ", Atomic Energy of
Canada Limited Report, AECL-6342 (1978).



- 15 -

12. H.M. Chung and T.P. Kassner, "Deformation Characteristics of
Zircaloy Cladding in Vacuum and Steam Under Transient-Heating
Conditions: Summary Report", Argonne National Laboratory Report,
NUREG/CR-0344 (1978).

13. R.H. Chapman, J.L. Crowley, A.W. Longest and E.G. Sewell, "Effects
of Creep Time and Heating Rate on Deformation of Zirealoy-4 Tubes
Tested in Steam with Internal Heaters", Oak Ridge National
Laboratory Report, NUREG/CR-0343: 0RNL/NUREG/TM-2i»5 (1978).

14. R.H. Chapman, "Multirod Burst Test Program Progress Report for
April-June 1977", Oak Ridge National Laboratory Report,
ORNL/NUREG/TM-135 (1977).

15. F.J. Erbacher, H.J. Heitzel and K. Wiehr, "Studies on Zircaloy Fuel
Clad Ballooning in a LOCA - Results of Burst Tests with Indirectly
Heated Fuel Rod Simulators", Zirconium in the Nuclear Industry, ASTM
STP 681 (1979).

16. E.H. Karb, "In-Pile Tests at Karlsruhe of LWR Fuel-Rod Behaviour
During the Heatup Phase of a LOCA", Nucl. Saf. 21, 26 (1980).

17. C.L. Mohr, "Transient Deformation Properties of Zircaloy for LOCA
Simulation", Electric Power Research Institute Report, EPRI NP-526
(1978).

18. R.A. Lorenz, D.O. Hobson and G.W. Parker, "Fuel Rod Failure Under
Loss-of-Coolant Conditions in TREAT", Nucl. Technol. 11, 502 (1971).

19. D.A. Powers and R.O. Meyer, "Cladding Swelling and Rupture Models
for LOCA Analysis", Nuclear Regulatory Commission Report, NUREG 0630
(draft) (1979).

20. E.D. Hindle, C.A. Mann and A.E. Reynolds, "Simulation of Zircaloy
Cladding Deformation Under Accident Conditions Derived from Analysis
of Data from Three Mile Islahd-2", CSNI Specialists' Meeting on
Safety Aspects of Fuel Behaviour in Off-Normal and Accident Con-
ditions, Helsinki, Finland (1980).



- 16 -

TABLEI

CONSTAHTS IN THE UHIAXIAL TEMSILE CREEP RATE LAW

Temperature

T [K]

below Tr •

Tr to Vo+B

1166.5

1248 to 1873

Strain Rate

• r -1-1
c z E s 3

all

• all

i 3 x 10~3

> 3 x 10~3

all

A r(MPa)"n.s"1]
z

9.20 x 10~9

1.94 x 101*

0.24

interpolation

7.9

Q [J.mol"1]

306 300

320 000

102 400

between a and

142 000

n Phase

10.8 a
(unrecrystallized)

5.89 a
(recrystallized)

2.33 a+B

B phases a+B

3.78 B

* T . + 8 is defined in equation (6) and T is defined in equation (8)
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TABLE 2

81BMARY OF THE EXPERIMENTAL DATA BASE

Fils

1
2
3
5
6
8
9
10
13
15
16
17
18
20
21
22
23
24
26
27
30
31
32

Variable
Pressure?

No

X
X
X
X

X

les

X

X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X

Oxygen
Ataoapbere
No

X
X
X
X
X
X

X

X

X

Tea

X

X
X
X

X

X
X
X

X
X
X
X
X
X

Irrad-
iated?
No

X
X
X
X
X
• x
X

X
X

X
X
X
X
X

X

X
X
X

X

Yes

X

X

X

X

Constraint?

No

*
X

X
X
X
X
X

Yes

*
X
X

X
X
X
X
X

X
X
X
X
X
X
X
X
X
X

X

Source

Hobson et al [7]
Emery et al [8]
Hardy [9]
Morize et al [10]
Hunt & Newell [11]
Chung & Kassner [12]
Chung & Kassner [12]
Hobson et al [7]
Chapman et al [13,14]
Erbacher et al [15]
Karb [16]
Chung & Kassner [12]
Chung & Kassner [12]
Mohr [17]
Mohr [17]
Erbacher et al [2]
Lorenz et al [18]
Powers & Meyer [19]
Powers & Meyer [19]
Powers 4 Meyer [19]
Karb [16]
Karb [16]
Hindle et al [20]

* some in both
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TABLE 3

CONSTANTS IN THE UPPER-LIMIT BURST-STRESS/BURST-TEMPERATURE RELATIONSHIP

TB[K]

873 to 1104

1104 to 1260

1260 to 1873

5

7

1

a [HPa]

.04 x 103

.15 x 107

.52 x 103

2

1

2

b I

.64

.13

.76

X

X

X

X

10-3

io-2

ID"3
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TABLE 4

PREDICTION BY THE MODEL OF VARIATION IH BURST TEMPERATURE
AMD BURST STRAIN

Condition

Circumferential temperature
variation

Temperature sequence

Pressure sequence

Initial sheath dimensions

Anisotropic factors

Square

Variation

Condition

10 ± 10 K, cosine

Max. difference from ramp
of 25 K at 5 s before burst

Drop to 1 MPa at 1 s
before burst

± 0.04 mm on wall and
outside diameter

Low: F=0.738, G=0.588,
H =0.174

High: F=G=H=0.5

root of sum of squares

TB [K]

± 10

+ 8

± 2

± 9

± 17

+ 23

eeB " ]

± 26

± 8

± 14

± 0

± 19

± 36

Base case: Initial temperature = 590 K. Heating rate = 20 K/s.
Pressure = 2.46 MPa. Outside diameter = 15.24 mm.
Inside diameter = 14.40 mm. F=0.934, G=0.374, H=0.192.
Predicted Tg = 1174 K. Predicted e e B = 73*.
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FIGURE 1: Calculation of Creep Rate Constants

(b)

3xlO~ s~ for uniaxial data

> 3xlO~3s~1 for uniaxial data
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c START

r READ INPUT
TEXTFILE

INITIALIZE
VARIABLES

CALCULATE STRAIN INCRE-
MENT USING 4TH ORDER
RUNGE- KUTTA METHOD ON

INCREMENT TIME
STRAIN

AND

PRINT BURST TIME, BURST
STRAIN, BURST TEMPERATURE
BURST PRESSURE

C FINISH

FIGURE 3: Flowchart of the Failure Model
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FIGURE 8: Comparison of Burst Temperature Predictions with the
Data from File 8 {see Table 2) using (a) Interpolation Method;
(b) Constant-Mass Method. Lines of perfect agreement are shown.
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DBBIVATIOH OP THE TAHGEHTIAL

The equation used to calculate tangential stress in this report
differs slightly from that nomally used, so a derivation of it is provided
here.

In cylindrical coordinates, the stress field is a function of r, 8

and z. If the stress field is independent of 9 and z, then the condition

for static equilibrium of the sheath is

"r " °e

Assuming that the sheath is thin walled (W«Rn|), o r will vary almost

linearly with r from ap = - AP at the inside of sheath (r:R1) to o r = 0 at

the outside of the sheath (r=R ). Thus

AP

°r S " AP + V~ t p"V (A"2)

Substitution of equation (A-2) into equation (A-1) yields

AP AP
cre = 2 — r - AP . ~ R± (A-3)

Thus

AP AP

is the average value of oe, where Rn is the mean radius and AP = P-Pa is

the net outward pressure on the sheath. Since Rffl/W>>1,

AP



- 30 -

Equation (A-A) was used in this report rather than the more

frequently used equation (A-5).
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