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PREFACE

This report was originally prepared as a technical note to documenf
the work performed in a specific contract activity as soon as the work
was completed. The technical editing was limited in order to meet the
objective of tirﬂély reporting. The report was issued for USAEC-ANL
use only, and the intent was to update and consolidate the information
from all technical notes in a comprehensive phase report before final
publication for pu.blic distribution at the end of Phase II.

This plan was changed when the contract was terminated in October
1970 for the convenience of the government. Instead, a final summary
report will be prepared, and the previously issued technical notes will
be published as formal topical reports. In accordance with the modified
plan, this technical note is being published in its original form without
further editing or modification except for minor technical corrections
and changes in the title and date of issue. Even without updating and
technical editing, the report provides detailed information that should

be helpful in evaluating and resolving LMFBR safety questions in related

areas.

M. W. Croft
Lynchburg, Virginia
November 15, 1970
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1. INTRODUCTION

Babcock & Wilcox is perfdrming work on the Accident Analysis
and Safety System Design Study under ANL Contract No. 31-109-38-
2339, Various utility compan1es are participating in the work on a
cost-sharing basis, under separate agreements with B&W. The study
is being conducted primarily to gain a better understanding of how safety
requirements affect the design of large, liquid-metal, breeder reactors.
The objective will be met by analyzing accidents that determine the de-
sign basis of the protective systems and safety features and developing
conceptual designs for these protective systems and engineered safety
features. The reference design' of B&W's 1000-MWe Follow-On Study
is the basis for the Study.

The accurate analysis of accidents generally requires as precise
a definition of the initiating events as is possible, since even relatively
small uncertainties in the definition of initiating conditions could lead
to large uncertainties in the accident analyses. Activities 210 and 211
of the Study involve the definition of such initiating conditions. Several
broad categories of initiating conditions were identified from the mal-
function survey performed during Phase I. 2 Briefly, these categories

are as follows:

1. Accident-initiating conditions arising from primary
coolant system abnormalities.

2. Accident~initiating conditions arising from secondary
coolant loop abnormalities.

3. Accident-initiating conditions arising from reactivity *-
insertions, ‘

Studies involving.the flrst two categories have been com@leted _The .

models, methods calculatmns, and results of these stud1es are d1s—'

cussed in this report,.



The phenomena associated with certain types of accidents some-
. times make it difficult to define the interface between initiating condi-
tions and accident conditions. In these studies, a given transient was
treated as an initiating event until irreversible damage occurred (such
as cladding failure). The consequences of irreversible damage will
then be investigated under Activity 220, Accident Analysis and DBA
Selection,
Two broad categories of full-power initiating conditions have been
investigated: “ '
1. Flow abnormalities in the primary system.
2. Flow abnormalities in the secondary system.
Flow blockages have been excluded from these investigations, since
blockage events will be investigated under Activity 220, Accident Anal-
yses. Appropriate sensitivity studies were performed for each of the
two broad cétegories; the results are discussed in detaii in section 3.
Several primary loop abnormalities have been studied:
. Complete loss of six primary pumps.

1
2. Complete loss of two primary pumps.
3. 'Double-ended break in a 28-inch primary pipe.

Several other events rl;light have been studied, but each of them results
in less severe transients than do the events listed.

‘ Only one secondary loop malfunction was studied—the complete and
instantaneous loss of access to the heat sink. This event bounds the
severity of identifiable eventé. The results of these calculations are

as folléiws :

1. No fuel melting occurred for any transient in which the

control system functioned by the fourth-level of protection.
2.. No sodium boiling occurred for any protected transient.

3. No cladding temperatures in excess of 1420 F occurred .

_for any transient.
"From these results, ore can conclude that:

1. No irreversible damage results from identifiable mal-

functions-unless partial failure of the protection system is postulated.

2. Flow abnormalities at power may be eliminated from the

category of events potentially leading to gross damage.
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2. SUMMARY OF RESULTS

Two bfoad categories of initiating conditions with the reactor at
power have been investigated: flow abnormalities arising in the pri-

" mary loop and abnormalities arising in the secondary loop. The TART?
computer program with point kinetics and multiregion thermal model
was used to study these transient conditions., In addition, the analog
computer model was used to investigate certain phenomena relating to
abnormalities of the secondary loop. The following abnormalities of
the primary loop were investigated:

1. Complete loss of six primary pumps.

2. Complete loss of two primary pumps.

3. Double-ended break in a 28-inch primary pipe.

A number of other abnormalities, such as a hole in the inlet plenum
shield tank might have been studied, but in every case these events ob-
viously give rise to less severe transients than do the events listed
above. Hence, the events listed above provide an upper bound for the
severity of identifiable flow abnormalities in the primary loop. Flow
blockages, both local and general, were excluded from this investiga-
tion because blockage accidents will be investigated under Activity 220,
Accident Analysis. ;

Similarly, in the secondary loop a number of malfunctions, such
as turbine trip, steam generator failure, etc., could influence condi-
tions in the primary system; however, all of these events are less se-
vere than the complete, instantaneous loss of access to the heat sink,
As a consequence,, instantaneous loss of the heat sink was the only event
investigated under seéondary loop abnormalities, Appropriate senéi-
tivity studies were performed for each of the two broad categories in-
vestigated. These studies are discussed in detail in section 3.

The results of these calculations indicate that no fuel melting or

cladding failure occurs for any transient so long as the protective system



functions normally., As to flow abnormalities in the primary loop, three
levels of protection may be by passed before failure thresholds are ap-
proached. If one postulates such partial failure of the protection sys-
tem and a rapid flow decay, then high cladding temperatures occur in
the hot pin. These temperatures are probably sufficient to cause some
cladding failure. _

On the basis of these studies it can be concluded that no irrever-
sible damage results from identifiable flow abnormalities unless partial
failure of the protection system is postulated. At least three levels of
protection must fail (three simultaneous faults) before even limited clad-
ding failure can occur. Thus, the probability that flow abnormalities

at full power will lead to gross core damage is extremely small.



3, DESCRIPTION OF WORK

3.1, Objective

These studies were undertaken to provide data and initial con-
ditions for Activity 220, Accident Analysis and DBA Selection., In
addition, information on the relative importance of various core péra-
meters may be useful in designing the protective systems. The work
performed under Activities 210 and 211 is based on information gener-
ated during Phase I of the Study, particularly the malfunction catalog |
and fault trees., The various aspects of primary and secondary loop
abnormalities are discussed in detail in this section. '

The technical approach to the entire problem of analyzing initiat-
ing conditions is discussed. The methods, models, and calculations
for primary and secondary system abnormalities are reviewed in de-
tail. Finally, the results of the calculations, including sensitivity stud-
ies, are presented. The impact of the results on the Study is discussed °

in section 4.

3.2, Technical Approach

The conditions arising from faults in the primary or secondary
coolant systems can be analyzed in several ways. The approach used
here emphasizes the analysis of identifiable accidents. In certain cases,
however, it has been expedient to postulate an accident representing an
upper bound on the severity of credible accidents. For example, con-
sider malfunctions arising in the selcondary loop. No malfunction can
be identified whose impact on the reacté)r core is more severe than com-
plete and instantaneous loss of access to the heat sink (secondary loop).-
Hence, if the analysis of loss-of-heat sink indicates that the core can
be protected, there is no point in analyzing other secondary loop mal-
functions. This scheme works well for certain types of accidents and

substantially reduces the computing time required. However, this



method cannot and should not be applied generally, so that the causal
sequence leading to the abnormalities must be defined for most of the
analyses,

In order to define the causal sequence, the Phase I fault trees and
malfunction survey were reviewéd. These malfunctions were then ana-
lyzed to assess the conditions arising from them. The conditions, in
turn, were used as input to various dynamic computer codes, and the
core respbnse was observed. The most sensitive and/or uncertain
parameters were varied in order to evaluate the effect of such uncer-
tainties on the response of the reactor.

The transients arising from the various malfunctions or faults
were recorded for selected parameters, such as fuel temperature,
cladding temperature, power level, coolant temperature, and the time-
dependeﬁt values of the reactivity coefficients. These monitored vari-
ables were used to evaluate the time and extent of cladding failures, if
any. The failure criteria for the various failure mechanisms are pre-
sented in the appendix. The course of the transient beyond significant .
fuel failure is more properly the subject of Activity 220, Accident Anal-

ysis, and is discussed in the report.

3.3. Methods and Analytical Models

The results and the reliability of safety analyses are likely to be
quite sensitive to the models and analytical methods used. Therefore,
the methods and models used in this segment of Activity 210 are dis-

cussed in some detail.

3.3.1. Flow Coastdown Model

A digital computer program, FLODN, was written to
describe more accurately the flow transients arising from either com-
plete or partial loss of pumping power. FLODN solves the LMFBR pri-
mary pump and system hydraulic equations for the case of loss of elec-
tric power to any number of pumps. FLODN is similar to the flow
coastdown model in the TART code, but contains some improvements,
The static fluid moment operating-against the pump is included, back-
ward impeller rotation and backflow through an inactive pump is allowed,

. and the fluid inertia terms are included.
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The pump-speed equation, neglecting rotational friction

and windage losses, is taken to be

ég_:v _ 550(5)‘1136) —E}pj(vv—-ﬁ?) _ flw, AP, W) (1)
where I is tﬁe pump inertia, g is the gravitational constant, w is the
pump speed (radius/second), HPe is the electric power supplied to the
pump, p is the fluid density, W is the flow rate through the pump, and

P is the pressure rise across the pump. The second term on the right
represents the dynamic fluid torque, and the third term represents the
static fluid torque. These two terms give the total brake torque on the

pump and can be defined as
Brake torque = [T/ZJ w? (2)
4 :

where the [T/wz] term can be determined using the pump affinity laws
and the pump-performance data supplied by the manufacturer.

' This term can be expressed as a function of[%]for the
pump; thus, if the flow through the pump and the pump speed are known,
then the total brake torque can be found. Also, the pressure rise across

the pump can be found from the similar characteristic function of

AP/, versus W/
AZ w| . These two characteristic functions for a typical
centrifugal pump are shown in Figure 1, where[A%z], [T/wz]- and[w/w]are

all normalized to the standard operating point. It should be noted that
for an inactive pump, the (HPe) term is set to zero, since by definition
no power is supplied to an inactive pump.

The hydraulic equations for the primary system are given
by continuity of mass and momentum. The pressure rise across a pump
must be equal to the system's pressure drops, which are taken to be the

drop in the inlet pipes, the drop across the core, and the drop across the

. intermediate heat exchangers (IHX), That is, for an active pump,

AP? = AP? . 4+ AP + AP, (3)
p inlet core ihx



and for an inactive pump,

in in
APp = AP et T APore T SPinx (4)

The pressure drops in the inlet pipes are given by

AP + -

k
i} 1|WIW 1 (l—'.) dw
inlet k, W? 144g \A /; 4t (5)

where W is the flow through either an active or an inactive pump. The

pressure deop across the core is given as

AP = k2
core

1 (L dWe
Wclwc * 144g(A'>2 —dt (6)

By continuity of mass, the flow through the core is given

as the sum of the flows through the active pumps; i.e,,

W, = NaWo ot NinWin’ (7)

where Na is the number of active pumps and Nin is the number of in-
active pumps. Note that Win may be negative in the case of backflow
through an inactive pump, but equation 7 still holds, since the backflow
through an inactive pump must be supplied by the active pumps. The

pressure drop across all the IHXs is given similarly as

1 (L) dWx ' (8)
APinx = ks W W l* 144g \A/, dt :

where Wx is the flow through a single IHX, However, in the pot-type
LMFBR system, this pressure drop must be equal to the differential
head due to the elevation difference between the inner (core) and outer

(pot) vessels. This head is given as

ot
i g 1 1 - '
AH = Ho+ (l44gc)<ACr +-Ap ) f [WC(T) wax(T)] dr (9)
o
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where AH is in psig, Acr is the cross-sectional area of the inner (core)

vessel, Ap is the area of the outer (pot) vessel, and Nx is the number
of IHXs,
The foregoing equations can be written as a system of
10 first-order differential equations with four additional relationships
given by the pump's characteristic functions. In FLODN the differen-
tial equations are solved using Euler's method, which is rather ineffi-
cient relative to truncation error but is straightforward to program.
The characteristic functions are given in FLODN as in-
put tables, and a linear interpretation table look-up routine is used to
determine [A%Z]and[T/wz]as functions of[%]for both active and inactive
pumps. No stability problems have been encountered with FLODN, and
running times on the CDC-6600 are only a few seconds for typical prob-

lems.,

'3.3.2. Fuel Pin Representation ‘

The two fuel pin representations used in the TART pro-

gram during the flow abnormality studies are briefly discussed below.

3.3.2.1., Nonrestructured Representation

The first pin model assumed no fuel densifi-
cation effects and no central void. The fuel pin was divided into five
nodes of equal radius and nine axial segments. The seven central éxial
segments represented the core region; the two end segments represented
the upper and lower axial blankets, respectively. Axial conduction was

neglected. The conductivity function used in this representation was

- 4 -
Kfuel = 1.7666 X 10 * + O.277778/(Tji 32) (10)

where T is the temperatur'e in the radial node j at a specific axial loca-
tion i. This fepresen,tation was found to disagree significantly with
TAMPA* for end-gf-cycle conditions; specifically, the model produced
higher fuel temperatures higher than were predicted bjr TAMPA. As

a result, a.more sophisticated representation was adapted for end-of-

cycle conditions.



|

3.3.2.2. Restructured Representation

The EOC pin was modeled using nine axial
segments with 10 radial nodes. Again, axial conduction was neglected.
A central void of 0.003-foot radius was assumed. The conductivity
function was taken from the TAMPA code. By these means the effect
of fuel densification in the EOC pin was approximated. The results
agreed quite well with the conditions predicted by TAMPA; the center-
line temperatures agreed to within 50 F.

The conductivity function used in TART is pre-
sented graphically in Figure 2. It should be noted that no true discon-
tinuities were assumed and that the function has a finite slope every-
where. This differs from the TAMPA approach. This approximation

to the TAMPA function was made to improve convergence in TART,

3.3.3. Protection System Model

The protection system contains 25 rods, of which seven
are safety rods and are thus out of the core during operation. The re-
maining 18 rods, used as shim rods throughout the cycle, may be in~
‘serted at various positions at various fimes. The distribution of rods

among the five TART regions is as follows:

No. of rods Reactivity available
Region (configuration) for scram
1 1 (all out) 0.00335
2 3 (half-in) 0.0042
3 (all out) 0.0084
3 2 (half~in) 0.0028
4 (all out) 0.0112
4 2 (half-in) ) 0.0028
4 (all out) 0.0112
5 6 (all out) 0.0168

This distribution represents the rod configuration at some point early

in life and thus approximates the minimum worth available at scram.
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The worth of the central safety rod was assumed to be $0.92 and that of
all other rods to be worth $0.77. The rod worth curve, percentage
worth versus percentage insertion, is presented in Figure 3,

The scram set points for the core instrumentation were
2621 MW for the power monitor (107% power) and 1139 F for the bulk
outlet temperature monitor. The bulk outlet temperature thermocouple
was located just above the upper axial blanket outlet in the outlet plenum.
A 5-second time constant was assumed for this thermocouple.

The s‘cram delay time for the system (300 ms) is defined
as the elapsed time between the detection of an out-of-limit condition
and the first motion of the rods. The normal rod speed for shim motion
is 15 in. /min; the scram speed of 0.7g is backed up by a secondary

motor-driven 30 in. /s.

3.3.4. Pipe Break Model

The model describing the flow tx;ansient following a double-
ended break in a 28-inch primary pipe is quite simple and rests upon
the approximation that the flow rate following the break will eventually
approach the asymptotic equilibrium flow for five pumps at a pressure
differential characteristic of the core only. The double-ended break is
assumed to occur at the inlet nozzle. Figure 4 shows the flow rate as a
function of differential pressure for five and six operating pumps and
for the core and the core plus inlet nozzle, The asymptotic equilibrium
flow for five pumps and ‘the core, exclusive of the inlet nozzle, is 20,000
lbm/s. The normal core flow with six pumps operating is 25,738 lbm/s.
The nature of the transient between the two equilibrium flow conditions
is not known from this analysis, It was assumed that the new equilibrium
flow is reached 0.010 second after the break occurs. The transient flow

was assumed to follow the relation

flow(t) = flow (0) - <_t.)»’/2 Aflow ‘ (11)

At
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where

flow(t) = time-dependent flow,
flow(0) = initial flow,

t = 0.01 s,
Aflow = 5738 lbm/s.

The flow transient corresponding to this relation is presented in Figure 5,

3.4. Description of Calculations

This section describes the calculations performed in this segment
of Activity 210; pertinent input variables, initial conditions, and assump-

tions are discussed for each of the three major accident categories,

3.4.1. Flow Coastdown Calculations

One of the most serious malfunctions possible in a re-
actor core is the interruption of adequate cooling, which may arise from
a number of faults such as loss of pumping power, loss of system in-
tegrity (due to pipe or vessel rupture), or blockage of flow channels.
The latter category of initiating events, blockage of flow channels, is
excluded from this study because flow blockages will be investigated
under Activity 220, Accident Analysis and DBA selection. A loss of
.pumping power has a high probability of occurring during the operating
lifetime of the plant, so that it is very important to be able to predict
the behavior of the reactor system during loss of pumping power tran-

sients,

3.4.1.1. Scope of-Calculations

A number of variables strongly influence the
nature of the flow transient arising from a loss of pumping power. The
two variables having the greatest effect on the transient are (1) the num-
ber of disabled pumps and (2) the pump's moment of inertia. In prin-
ciple, it is possible to lose power to any number of pumps; however,
in B&W's reference design the loss of power to three, four or five pumps
is highly improbable, at least in the sense that multiple simuitaneous

faults are required.
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The six B&W primary pumps are distributed
among four nonvital busses, so that at no time will more than two primary
pumps draw power from a single bus. This means that the failure of a
single bus can effect two primary pumps at most. The simultaneous failure
of more than one bus is considered incredible for any event other than the
loss of off-site power. In the event that off-site power is lost, all six pri-
mary pumps will coast down simultaneously. Since this flow transient is
more severe than the transient arising from the loss of three to five pumps,
and since the loss of six pumps or two pumps is the most probable failure
mode, only six-pump and two-pump coastdowns were investigated. The

six-pump coastdown bounds the severity of credible coastdown accidents.

3.4,1,2, Reference Calculations

The flow coastdown calculations were per-
formed with the TART computer code, The reactor was represented
by nine axial and seven radial regions; the seven central axial regions
represent the active core, while the first and last axial regions repre-
sent the lower and upper axial blankets, Of the seven radial regions,
one represents the hot pin, one represents the peak (or maximum pow-
ered pin), and one represents the radial blanket; the remaining regions
represent the remainder of the active core.

The nominal reactivity coefficients, nuclear

parameters and sodium worth distribution are as follows:

Doppler coefficient <T %) - 0.00533

. . _ dk
Sodium density coefficient (p E) 0.0253

. . s 6K
Axial expansion coefficient R R - 0.532

. : . . 1 6L

Linear expansion coefficient L ET 0.0000104
Pets 0.00364
¢ (s) 0.29 x 107°
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Two pump inertias were considered in these
investigations: the reference design inertia of 15,000 1b-£%," and an in-
ertia of 6000 1b-ft2, The flow transients were calculated by the digital
code FLODN. The transient resulting from the loss of six primary
pumps with a pump inertia of 15,000 1b-ft? is shown in Figure 6. The
transients for the loss of six primary pumps and two primary pumps,
each with pump inertias of 6000 1b-ft?, are presented in Figures 7 and
8.

Two series of calculations were performed for
the flow coastdown accident, The first used the nonrestructured fuel
pin model; later, many of these calculations were rerun using the re-

structured fuel pin model,

3.4.1.3. Results

The results for the reference accident—the
accident in which all systems function in their most probable mode—are
presented in Figures 9,10, and 11 for six pump, 15,000; six pump, 6000;
and two pump, 6000. The loss of pumping power was detected in these
cases, and a scram with a 300 ms delay was produced. Figure 9 is a
power trace for the loss of six primary pumps with pump inertias of
15,000 1b-ft?; Figure 10 is a power trace resulting from the loss of six
pumps with pump inertias of 6000 1b-ft?; Figure 11 presents the power
transient arising from the loss of two primary pumps, each with a pump
inertia of 6000 1b-ft?. The restructured fuel pin model was used in all
cases. It is readily seen that the power (and temperature) transients
arising from these reference accidents are of no significance from the

safety standpoint.

3.4.1.4. Sensitivity Studies

A number of parameters may influence the
course of the coastdown transients. Because of uncertainties in many
of these parameters it was necessary to investigate the influence of
the most sensitive or uncertain parameters on the response of the re-

actor. The parameters investigated are as follows:
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1. The reactivity coefficients,

2. The fuel pin model.

3. The control system parameters, in particular
the rod worths and the delay time.

4, Partial failure of the protection system.

5. Pump inertia,

The reactivity coefficients, pump inertias,
and fuel pin model were varied independently. In order to assess the
'relative importance of the various parameters, the transient was al-
lowed to develop until terminated by a scram initiated by either the
power monitor or the bulk outlet temperature monitor. This arrange-
ment is equivalent to bypassing the first three levels of protection:

(1) the pump electric power monitors, (2) the flow monitors, and (3).
the power to flow. ratio monitors. Any of inese three detectors will
produce a scram much earlier than either the power monitor or the
bulk outlet temperature monitor. The use of this analytical scheme in
no way implies that one would ever expect three simultaneous faults in
the protection system;. it is merely expedient from a calculational point
of view because it allows enough time for the effect of each parameter
to become evident,

The following values of the reactivity coeffi-
cients were used in the sensitivity studies with delayed scram: (1)
nominal values, (2) 0.5 nominal Doppler with all other coefficients nom-
inal, and (3) zero axial expansion coefficient with all other coefficients
nominal, and (4) 1.5 times the sodium density coefficient with all other
coefficients nominal. The calculations were performed for pump inertias
of 15,000 and 6000 lb-ft? with the nonrestructured fuel pin model. The
power traces for a 15,000 1b-ft? pump inertia and parameters of reac-.
tivity coefficients are presented in Figure 12. The corresponding max-
imum cladding temperatures are presented in Figure 13. Since these
calculations included no hot pin, the t'erX}peratures presented are for
the peak or maximum powered pin. The same variables are plotted for
a 6000 1b-ft? pump inertia in Figures 14 and 15.

The most important aspect of these results is
that, in general, any ''worsening'' of the reactivity coefficients, that is,
increasing of positive coefficients or decreasing of negative coefficients,

leads to a more rapid than nominal power rise. This power rise in turn




leads to an earlier than nominal scram and a consequent lowering of the
integrated power (and hence the maximum temperatures) for the tran-
sient. One can see that increasing the sodium-density coefficient has
the most pronounced effect on reactor dynamics.

From Figure 15 it can be seen that the max-
imum cladding temperatures continue to rise after scram. This effect
is produced by the rapid decay of coolant flow for the 6000 lb-ft* pump
inertia, so that after about 7 seconds the flow is essentially stagnant.
Since the calculation does not include the pickup of flow from the pony
motors, this is equivalent to decay heating in stagnant sodium. Use of
the pony motors would reduce the cladding temperatures to an accept-
able level.

Figures 19-A and 20-A of the appendix indi~
cate that some pin damage may occur at cladding temperature of 1300
F, as it does in the steady state. Any failures are expected to occur
principally in damaged or defective pins and are not expected to be
violent. The consequences of these limited failures will be investigated
in Activity 220, Accident Analysis.

Some of the calculations described above were
repeated using the restructured fuel pin model and a hot pin represen-
tation in TART. Hot pin factors of 1.10 for power and 1.13 for channel
enthalpy rise were applied to the peak pin in order to arrive at a con-
sistent hot pin representation. As before, the scram was delayed until
either the bulk outlet temperature monitor or the power monitor pro-
duced a scram signal.

Figure 16 presents the power traces for a
15,000 1b-ft? pump inertia with parameters of reactivity coeffi¢ients.
Figures 17 and 18 show the centerline fuel and maximum cladding tem-
peratures for the hot pin. As in the previous cases, no fuel melting
occurs although relatively high cladciing temperatures occur. Figures
19, 20, and 21 present the same information for a coastdown with 6000
1b-ft* pump inertia. Again, the cladding temperatures are somewhat
high. The effect of the pony motors has been neglected in Figure 21,
but if they were taken into account, a single maximum would have oc-

curred in the cladding temperature trace. It can be seen that the .



improved heat transfer characteristics of the restructured fuel pin model.
lead to early scram relative to the nonrestructured model.

The effect of varying certain of the protection
system's parameters on the excess integrated energy in a flow coast-
down transient were investigated. Here, excess integrated energy is
defined as that generated above the energy that would have been gener-
ated had the reactor remained in steady=-state operation. The two para-
meters varied were the scram delay time and the total reactivity worth
at scram. The base case was the restructured, 6000 1b-ft? flow coast-
down. The scram delay times were varied from 150 to 500 ms. The
total reactivity worths were reduced to 0.25 nominal. The results, in
terms of excess integrated energy as a function of magnitudes of the
parameters, are presented in Figures 22 and 23.

The excess integrated energy exhibits a weak
dependence on the total reactivity worth available at scram over the
range of the variables investigated and a strong dependence on scram
delay time. As to terminating flow coastdown transients, one can thus
conclude that there is little incentive to increase the scram reactivity.
However, there may be some incentive to reduce the scram delay.

Consideration of Figures 14-, 19-, and Z.O-A
of the appendix indicates that some failures may occur among damaged
or defective pins, but in the absence of molten fuel they are not ex-
pected to be violent. If the protective system performs as designed,
then no failures are expected.

Selected cases from among all the foregoing
analyses were performed with the protection system completely inop-
erable. Predictably, the transient so induced quickly leads to gross
fuel melting, sodium voiding, and cladding failure. Whilé complete
failure of the protective system is deemed incredible, certain of these
cases may be analyzed further under Activity 220.

The scram mechanisms were deactivated to
study the loss of two primary pumps. The power trace produced by
this event is displayed in Figure 24. The maximum centerline fuel
temperature rise was 150 F, and the maximum cladding temperature
rise was 152 F. A new equilibrium power level of 2542 MWt was

reached in 3.13 seconds.



3.4.2. Pipe Break Accident

The accident considered here is a double-ended break in
a 28-inch primary pipe. The break is assumed to occur at the inlet
nozzle and to be complete in 0.01 second. The reactor was represented
by seven radial regions and nine axial regions. The fuel pin model was
the restructured model. All coefficients were assumed to be nominal,
and the scram mechanisms were deactivated. The power trace is dis-
played in Figure 25.

The results of this event are quite similar to those for
the loss of two pumps, since the equilibrium flows are nearly equal.
The equilibrium power of 2538 MWt was reached in 1.5 seconds. The
maximum fuel and cladding temperatures were 4237 and 1295 F, respec-
tively., It is evident that this transient is acceptable from a safety
standpoint even without a scram. No sensitivity studies were per-

formed.

3,4,3, Loss-of-Heat Sink Accident

Many malfunctions of the secondary system could affect
the primary system. Since the only couplings between the primary and
secondary systermns are the iﬁterm‘ediate heat exchangers, any second-
ary system malfunction will be felt by the primary system through the
IHXs. The most severe condition that.can arise is the complete and
instantaneous loss of access to the secondary loop. Consequently, this

.is the only malfunction studied here.

3.4.3.1. Results

Since this accident is hypothetical in the sense
that it is non-mechanistic but bounds the severity of all mechanistic
malfunctions, the investigations assumed the form of a parametric
study. The TART computer code was used, and the loss of access to
the secondary loop was simulated by setting the heat transfer coeffi-
cient in each IHX to zero. The reactor was divided into six thermal-
hydraulic regions. The hot pin was not included and the nonrestructured
fuel pin model was used. The reactivity coefficients were set at their
nominal value except for the axial expansion coefficient. Calculations

were made with and withcut axial expansion reactivity coefficients and




with various degrees of coolant channeling in the vessel (defined by a

channeling coefficient, a, equal to the ratio of effective mixing volume

-to the total available volume). Two values of the axial expansion coeffi-

cient have been investigated—the nominal value and zero—and all
calculations were terminated at 120 seconds real time. Values ofa
ranging from 0.25 to 1.0 were also considered. All protective functions
we.ré bypassed-in order to determine the time available to shut down and
activate the emergency decay heat removal system.

The effect of coolant channeling in the reactor
inlet plenum on core power is illustrated in Figure 26. Values of the
channeling coefficient a vary from 1 (perfect mixing) to 0.25 (equiva-
lent to perfect mixing in one-quarter of the available volume); the
nominal value of the axial expansidn coefficient was used in these cal-
culations. In every case, the power is slowly varying over the duration
of the calculation. In only one case, a = 0.25, does coolant boiling
occur. ‘

The fraction of molten fuel as a function of
time after loss of the secondary loops is displayed in Figure 27 for
parameters of the channeling coefficient. For the case of perfect mix-

ing, the molten fraction was not significant-even at 120 seconds.

The bulk coolant outlet temperature and the
coolant outlet temperature of the hottest channel as a function of time
are presented in Figure 28 as parameters of the channeling coefficient.
In all these calculations, a voiding inception temperature corresponding
to 92 F superheat was assumed.

Figui'es 29 and 30 display the temperatures in
the cladding and fuel as a function of time after a loss of heat sink for
various values of a. Figure 31, which shows the power trace with and
without axial expansion feedback, indicates that feedback is significant
in reducing the power rise. ‘k

From the various curves it is obvious that for
a bulk outlet temperature scram set point of 1139 F, scram will be pro-
duced before any fuel melting occurs even for a = 0.25. In addition,
the cladding temperature rise will be minor if a bulk outlet scram is

produced.
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From these results, it can be seen that the time
available to scram and activate the decay heat removal system is ample.
This, in effect, removes secondary loop malfunctions from the category

of potential DBAs,
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Figure 1. Pump Characteristics Curve
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Figure 5. Flow Transient Following Pipe Break
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Figure 7. Pump Inertia Flow Decay (6000 1b-ft?
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Figure 8.
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Figure 10. Power Trace — Nominal Coastdown, 6000 1b-ft?
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Figure 11. Power Trace — Nominal Two-Pump Coastdown,
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Figure 12. Power Traces — Six-Pump Flow Coastdown
(15,000 1b-ft? Pump Inertia — No Central Void)
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Figure 13. Cladding Temperature — Six-Pump Flow Coast-
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Figure 14. Power Traces — Six-Pump Flow Coastdown
(6000 1b-£t? Pump Inertia — No Central Void)
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Figure 15. Cladding Temperature — Six-Pump Flow Coast-
down (6000 1b-ft? Pump Inertia — No
Central Void) '
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‘Centerline Fuel Temperature, F

Figﬁre 17. Centerline Fuel Temperature — Six-Pump Flow
Coastdown (15,000 lb-ft? Pump Inertia — Hot Pin)
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Maximum Cladding Surface Temperature, F

Figure 18. Cladding Temperature — Six-Pump Flow Coast-
down (15,000 1b-ft? Pump Inertia — Hot Pin)
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Figure 20. Centerline Fuel Temperature — Six-Pump Flow
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Figure 22. Reactor Response Vs Scram Delay — Six-Pump
Flow Coastdown (6000 lb-ft? Pump Inertia)
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Figure 24. Power Trace — Two-Pump Coastdown (6000 1b-ft2
Pump Inertia — No Scram)
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Reactor Power, MW

Figure 25. Power Trace — Double-Ended Pipe Break
' (Transient Time = 0.01 s)
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Figure 29. Cladding Temperatures — Loss of Heat Sink
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} ‘ Figure 30. Maximum Fuel Temperatures — Loss of Heat Sink
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Figure 31. Effect of Axial Expansion Feedback, Perfect
Mixing in Inlet Plenum -
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4, EVALUATION

The ultimate goal of the Accident Analysis and Safety System De-
sign Study is the selection of a design basis accident and a conceptual
design for protective systems and safety features. To this end, certain
malfunctions affecting coolant flow have been investigated. The results
indicate that the condition arising from definable malfunctions with the
reactor at power will not lead to irreversivle damage of the fuel, core,
or components unless at least partial failure of the protection system
is postulated. In most instances, at least three independent, simul-
taneous failures are required before irreversible damage occurs; this
means, of course, that such events are extremely unlikely. The im-
plication for the Study is that flow abnormalities are effectively re-
moved from the category of initiating conditions likely to lead to a se-
rious accident or a DBA, ‘

Although failure of the protection system is deemed incredible,
certain accidents arising from failure of the protection system coupled
with flow abnormalities will be investigated under Activity 220, Acci-

dent Analysis.
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Foreword

One of the principal considerations in the analysis of reactor tran-
sients is the state of the fuel pin, It is important for the analyst to be
able to predict, at least in an approximate fashion, the time and mode
of fuel pin failure, should such occur, since the failure of substantial
numbers of fuel pins can materially alter the course of the transient,

The consequences of fuel pin failure could compound the problems
associated with large reactor transients. In certain transients, the
potential exists for a release of molten fuel to the coolant channels;
therefore, it is important to be able to predict cladding behavior in
transient conditions. Also, there is some question about the possibility
of pin failure propagation for certain failure modes.

This appendix presents some preliminary analytical considerations
of cladding failure and failure states., The results are intended to be
used as an analytical tool to augment the analyses typically performed
in a safety evaluation.

One may conclude (tentatively in the case of some failure mecha-
nisms) that the causes of failure are: '(1) melting and (2) overstressing
and excessive deformation of the cladding due to fuel expansion or gas
pressure. Of course overstressing and melting could occur simultan-
eously.

Little consideration of the failure mechanism of melting should be
required in this evaluation. The causes of melting can be traced to
two events: (1) sodium boiling and the consequent vapor blanketing or
(2) molten fuel and cladding contact. Vapor blanketing of the fuel pin
effectively removes the heat '"'sink'' of the pin. Melting of the cladding
as a result of contact between molten fuel and cladding would indubi-
tably be accompanied by sodium boiling for normal reactor flows, but
we have listed molten fuel and cladding contact as the initiating failure
mechanism. The second failure mechanism mentioned above is dis-
cussed in the following section. .

The mechanism of fuel thermal expansion is examined as a possible
cause of cladding rupture during abnormal reactor operating conditions.
Although we considered only the effects of (1) very rapid power tran-
sients and (2) relatively slow power transients, the range of variables

for the latter case is broad enough to allow use of the results for flow
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coastdown accidents. Failures resulting from this mechanism may be
important relative to the initiation of (1) sodium boiling (solid-fuel and
sodium contact), (2) gas release, or (3) flow blockage. Possible failure

propagation may then affect the course of the accident.




v

1. Gas Pressure Failure Mechanism

1.1, Fission Gas

In attempting to determine the states of incipient failure for
fuel pins due to gas p'ressure, the important parameters are: the (1)
amount of gas (moles), (2) gas temperature and (3) gas volume. Con-
tributing to the amount of gas are the initial charge gas, vent perform-
ance, gas release upon fuel melting, and fuel vaporization., Here we
will assume.that the effects of the initial charge gas are negligible and
that the vent passes a negligible amount of fission gas or fuel .vapor dur-
ing a transient. ‘

‘During steady-state operation, some fraction of the fission gas
formed is retained in the fuel. Thus, upon melting of the fuel during an
abnormal operating condition (for these purposes, an increase in power),
the fuel may release this stored fission gas. The amount of fission gas
released from the molten fuel is a function of the amount stored and the
solubility of the gas in the liquid fuel. We will assume negligible solu-
bility of the gas in the liquid fuel, so that any stored gas becomes avail-
able upon melting of the fuel. -

There is some uncertainty in determining the amount of stored
fission gas held in the fuel, but some evidence indicates that the fraction
of stored fission gas depends on fuel density, surface area, temperature,
stoichiometry, burnup, and fission rate. For simplication, we shall
consider the fission gas release fraction (1.0 minus the stored fraction)
as a function of temperature only. Two release fraction models are

-used:
1. 1.00, T > 3400°F

.50, 3400 > T > 2700°F
.04, 2700°F > T

2. 1.0, T>2700°F
.04, 2700°F > T

where T is the steady-state, operating fuel temperature in degrees

Fahrenheit. Model 1 is very similar to the release fraction values



used by Hanson and Field.! The difference, however, lies in the temp-
erature values, which correspond to columnar and equiaxed grain for-
mation temperatures, taken as 3400 and 2700 F, respectively. The
values in 2, above, give good agreement with release fractions mea-
sured for pellet fuels at greater than 6 atom % 2 burnup .

In Figure A-1, a section of a fuel pin, the dashed lines corres-
pond to molten fuel contours- that would reasonably result from a very
rapid power increase. The following parameters are pertinent to this

pin configuration:

Smeared fuel density of 85%.

. Peak power of 12.9 kw/ft at 100% core power.
Uniform cladding temperature of 1050 F.

. Inner cladding radius of 0.130 inch.

[ IR "SR OV B oS I

. Gap conductance of 1500 Btu/ft?-h-°F.(For determination
of initial temperature distributions).

In calculating the molten fuel boundaries, the following as-

sumptions were made:

1. No heat transfer to the cladding.

2. Constant radial temperature gradients at a given axial
location.

3. Constant fuel specific heat,

4, Fuel latent heat of vaporization equivalent to a temp-
erature rise of 1240 F. |

5. Fuel melt tempeArature of 5000 F.

6. Constant axial power peaking factor.

The molten fuel bournidaries were used in calculating the fuel
mass melted as a function of the fraction of the fuel pin's inner radius
melted at the core's midplane. The fuel density distribution was taken
into account where the columnar grain density was taken as 0.99 of the
theoretical. The equiaxed grain density between operating isotherms
of 2700 and 3400 F was taken as 0.98 of theoretical. The axial distri-
bution of stored fission gases was assumed to be identical to the axial
power shape. | ‘

Fi:gure A-2 shows the amount of fission gas released uponthe

melting of fuel in a transient. The burnup designations pertain to the
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peak fuel burnup in the hot pin. The moles of gas were determined by

the relationship

21 . . -
N - {Bu) (2.678 X 10 Aflssmns/MWd) X Yfg X M{(1-RF) (A-1)

v
where
n = number of g-moles,
Bu = burnup (MWd/g),

Y, = fission gas yield (atoms/fission),

M = mass of molten fuel (g),
RF = release fraction for steady state,

A_ = Avagadro's number (atoms/g-mole).

Given the mass of fission gas, the volume and temperature distribution
can be calculated if the fission gas pressure is known. We have assumed
that the released fission gas is at the fuel melting temperature of
5000 F. The determination of gas volume is dependent upon void size,
porosity of the fuel melted, and volumetric expansion of fuel, as well
as the extent of cladding deformation.

| Figure A-3 shows the gas volume as a function of the fraction
of fuel radius melted at the core's midplane. This curve was obtained
under the assumption that the volumetric fuel expansion upon melting is
0.096. No account of unmelted fuel porosity or fuel thermal expansion
was taken. These two effects oppose each other, and the porosity effect
is likely to be dominant. The effects of fuel swelling on the available
volume were not accounted for.

To simplify the determination of cladding stresses resulting
from fission gas pressure, the gas volume with no cladding deformation
was taken as 0.05 inch.? From Figure A-2 it can be seen that no apprecia-
ble gas release occurs below a fractional melt radius of 0.60. From Fig-
ure A-3, then, we see that 0:05 inch is a reasonable choice of gas volume

for melt radii ranging from 0.60 to 1.00 of the inner cladding radius.



Figure A-4 gives the gas pressure and the cladding hoop

stress as functions of gas mass and gas volume. The gas pressure is

taken as
p = c-%z (A-2)
where _ .
4 p = pressure (psi),

C = 0.497 (psi X in?®/°R)/(atm X cm’ /"K‘),

n = number of g-moles,

R = universal gas constant = 82.06 (atm X cm?/g-moles °K),

T = temperature = 5460 °R,

V = gas volume (in3).

The hoop stress is calculated by the thin-cylinder relationship

o = P(/t)
where o = cladding stress (psi),
P = gas pressure (psi),
r = innerbladding radius = 0,130 in.,
t = cladding thickness = 0.010 in.

The scale shown in Figure A-4, which shows the cladding circumferential
deformation corresponding to certain values of gas volume, is for the
case of uniform deformation over the active fuel length. For the case
examined, this length is 34.7 inches.

A calculation of the cladding deformation required to pre-~
vent rupture is possible if information on the ultimate cladding strength
is available. Tensile test data for unirradiated 304 SS has been used as

shown in Figure A-5° The lack of materials property data forces us to

neglect any effects of fluence and the rate of loading on the ultimate
strength.
The ultimate strength values in Figure A-6 were used to

calculate the required values of cladding strain (radial or circumferential)



as a function of cladding temperature and fission gas mass. The gas

volume may be expressed as

V = 0.05 + 0.07369 AD/D (A-3)

where V = volume (in.?) and AD/D = cladding strain (%). Solving for the
cladding strain and expressing the gas volume in terms of the mass of
gas and cladding stress (accounting for the correspondence between

stress and gas pressure) gives

AD 1 223.11 n X 103 (A-4)

- 0.05

where AD/D and n are as defined previously and o, is the ultimate

cladding strength.
Figure A-6 shows two possible cladding ductility limits.

The upper shaded area represents the ductility limits for a fluence

4

of 1.7 X 1022 nvt at the various cladding temperatures.” The lower

ductility limit (indicated by the lower shaded area) is arbitrarily placed
to some extent. We have utilized this limit in the succeeding analyses
as the high burnup cladding ductility limit. The semiquantitative justi-

fication for this limit is as follows:

1. Transient tests of fuel pins of =70, 000 MWd/
tonne burnup have indicated 1% cladding def-
ormation as the point of incipient failure.!

2. The maximum average cladding temperatures
(calculated) for these tests were slightly in
excess of 1200 F.

3. We therefore selected 1% deformation at 1200 F
" as a reasonable limit for high-burnup pins and
reduced the ductility for the other temperatures
shown by proportional amounts (1/5) from the
upper ductility limit.

This lower limit of ductility was considered representative

of burnups ranging from 50,000 to 150,000 MWd/tonne one. This limit,



therefore, effectively limits the amount of fission gas that may be re-
leased before failure. Noting the allowable fission gas mass and the
relationship between gas release and the fraction of fuel radius melted
(see Figure A-2), the curves of Figure A-7 result. This figure shows the
calculated molten fuel radius at the midplane for which cladding failure
should occur. The dashed lines represent steady-state fission gas re-
lease rates that might reasonably be expected at low burnups, as dis-
cussed previously. The solid lines are more representative of high
burnup gas release. We therefore have shown a ''faired-in'' broken line
.which may be a truer relationship of molten radius at failure versus
burnup.

The failure states in Figure A-7 have been calculated for a
particular set of thermal conditions; i.e., rapid power rise, no heat
transfer to cladding, etc. To translate these results into usable re-
sults under other conditions, Figure A-8 is presented. From this
figure, which shows the fraction of pin fuel melted as a function of the
fraction of radius melted, one may obtain an equivalent melt radius for
use-in Figuré A-7. Of course, the slower the transient, the more error
obtained in this equivalent radius value, since the molten fuel boundaries
change for a given fraction of the radius (at the core midplane) melted

(see Figure A-1).

1.2. Gaseous Fuel

Considerable uncertainty exists in determining the vapor
pressure of the molten fuel. Figure A-9 shows possible values of vapor
pressure as given by Osborn and Sherer.5 The difference in the vapor
pressure determinations has been attributed to thé formation of the more
volatile U,04 vapor. These are equilibrium values, of course, and the
gaseous fuel pressure is expected to be somewhat lower (iepending on
the rate of fuel tevrbnperature rise and the. gas volume available. : _

) If we assume no significant fuel movement away from the core
 midplane upon fuel melting, we can calculate the maximum central fuel
'temperatures in a fuel pin in a manner identical to that used in the pre-
ceding section. We will again assume a rapid power rise in which heat
transfer from the fuel is negligible. Assuming a constant shape of the

radial temperature profile (except in the fuel area in which the heat of



fusion is being supplied), we can calculate the maximum temperature in
the hot pin as a function of molten fuel radius. Figure A-10 illustrates the
result. (All the figures are based on the hot pin of 0.130-inch inner
cladding radiﬁs.) Figures A-9 and A-10 may be combined to show the
gaseous fuel pressure as a function of melt radius as is shown in Figure
A-11. Using the ultimate stress information from Figure A-5, we obtain
Figure A-12, which shows the melt fractional radius (at the core's mid-
plane) at which failure should occur as a function of cladding temperature.
The limitations of Figure A-5 apply here; that is, irradiation and loading

rate effects have been neglected.

2. Conclusions

Cladding failure may occur by melting in the event of a loss of flow
(and subsequent sodium boiling) or by contact with molten fuel. The
conditions under which cladding is expected to fail due to fission gas
pressure are presented in Figure A-7. A number of assumptions f,or
materials behavior are inherent in this figure. These are primarily
values of ductility and ultimate strength. Assuming sufficient cladding
ductility, this failure mechanism is not operative at low burnup values
(before molten fuel and cladding contact occurs). Calculations show

that this value of low burnup is about 6000 MWd/tonne.

Figure A-12 shows the incipient failure states for the gaseous fuel
mechanism. Assumptions about the cladding's ultimate strength were

made in obtaining this figure.

3. Fuel Thermal Expansion Mechanism

During a reactor power increase from some given quasi-steady
condition, the fuel and cladding _temperé.tures will increase, The two
" bodies (fuel and cladding) will generally experience different rates of
temperature increase depending on the magnitude of the power ramp
and the core coolant flow rate and inlet temperature. The stainless
steel cladding has a slightly higher coefficient of thermal expansion than
does the fuel, but the fuel is likely to undergo much larger temperature
increases in a transient (assuming that the cladding remains in contact
with the sodium coolant). One would therefore expect that certain com-

binations of initial pellet—cladding gap (or initial cladding strain), fuel
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temperature rise,.and cladding temperature rise would result in
mechanical interaction of the fuel and cladding and plastic deformation of

the cladding and/or fuel. The failure state for the fuel pin has been deter-
mined by calculating the maximum allowable rate o£ fuel temperature

rise as a function of cladding temperature and the maximum fuel melt
temperature's isotherm radius. Failure is assumed not to occur if clad-
ing exerts enough pressure on the fuel to balance the thermal expansion

by plastic fuel deformation (creep). The analytical approach follows.

Assumptions made for the mechanics analysis are: '

1.. -The fuel structure that is assumed to be of importance
consists only of the fuel that is below the melt temperature. In other
"words, fuel that has absorbed any fraction of its heat of fusion cannot
contribute to loading the cladding. This, of course, assumes negligible

internal void hydrostatic pressure.

2. The portion of the fuel below the fuel melt temperature

is treated as a thick plastic cylinder.

3. The cladding is considered to be a thin cylinder; i.e.,

the hoop stress does not vary with the radial location.

4. Strain rates are considered in terms of engineering

strain and not true strain rates.
5. The strain history of the fuel is neglected.

6. The effects of fuel grain size on the fuel creep rate is

neglected.

7. The relationship between the intensity of the strain rate
and the intensity of the stress for plastic deformation is assumed to be
identical to the strain rate and stress relationship for uniaxial creep

tests.

8. Axial fuel temperature gradients are neglected. Actually,
for the uncracked fuel column, cooler portions of fuel will tend to re-

strain axially adjacent hotter portions of fuel (shear stresses are set

up).
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Assumptions for the fuel temperature calculations are as follows:

A. Fast Transients

1. Heat transfer to the cladding is negligible. This is a good
assumption for the initial thermal effects of a step change in linear

power to q' equal to 10,0 q'o (where q(') is the initial 100% power level).

2. Negligible time (or alternatively, negligible fuel thermal

conductivity) for any appreciable radial heat transfer in the fuel.
3. Constant fuel specific heat up to the fuel melting temperature.

4. The fuel melting process does not significantly affect the

slope of the radial temperature profile.

B. Slow Transients

1. Constant fuel effective thermal conductivity up to the melt

temperature.

2. The fuel specific heat produces a negligible fuel temperature

lag in a power transient.

3. Constant fhiid heat transfer coefficient, constant cladding
thermal conductivity, constant fuel—cladding gap conductance, and

negligible cladding specific heat.
4. No axial fuel movement.
In the analysis, only the hot pin was considered. The 100% power
operating condition was taken to be:

Linear power, - kW/ft 12.9
Max ;:entral fuel temp F, 4000
Central void radius, in. 0.34

Fuel surface temp F, 1470
The '100%'-‘power temperature profile for the hot pin, as determined by

the computer code TAMPA, was fit by a second-degree polynomial

T(r) = 3680 + 1.8667 X 106 (r) — 27.452 X 10* (r)*. . (A-5)
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The temperatures for fast and slow transients become

T(r) = 3680 + 1.8667 X 106 (r) — 27.452 X 10* (r?) + ATrise’ (A-6)

and

— : 4 - 4.2y V! _
T(r) = {[3680 + 1.8667 X 10*(r) — 27.452 X 10*(r )] 800}q fal + T . (A7)

h ' . . .
where ATrise is the temperature rise for a fast transient,

q'/q' is the normalized power (normalized with respect to
initial power),

T.

inlet is the core inlet temperatur:z (F).

The fuel expansion may be calculated by assuming that it is deter-
mined by either the average fuel temperature rise or the fuel surface
temperature rise of the fuels surface. An assumption is required for
the pertinent temperature determining this expansion in the absence of
a detailed calculation of the thermal strain and stress distributions in

the fuel. The coefficient of fuel thermal expansion (a) is taken ast

a=6.797 X 10= + 1.448 X 10=9(T)(in./in. °C) (A-8)

where T is the fuel temperature in degrees centigrade. Using this
coefficient of expansion, we can determine the fractional fuel expansions
for fast or slow transients. Figure A-13 shows fuel expansion as a function
of the average temperature rise of unmelted fuel. We consider only

the unmelted fuel, since it has been assumed that the fuel beyond the

melt temperature isotherm is the only structurally significant portion.
There is a unique relationship between the average temperature rise and
the maximum radius of the melt temperature isotherm for a given initial
temperature profile; the values of these radii are shown in Figure A-13.
Also, the effects of two fuel melt temperatures are shown. These tem-

peratures correspond to 0 and 140,000 MWd/tonne fuel burnup.



Figure A-14 shows the calculated fractional fuel expansion for a
slow transient. The figure is based on the assumption that the average
temperature rise is the pertinent temperature. Core inlet temperature’s
of 800 and 1200 F are shown for comparison.

The creep strain rate of the fuel is a function of the fuel temperature
(this is discussed in detail later). In order to calculate fuel stress
distributions, we have determined the radial temperature distributions
for fast and slow transients as shown in Figures A.— 15 and A-16. These
terﬁperatures have been normalized relative to the melt temperature.
For the case of the lowered fuel melting temperature resulting from the
effects of irradiation, it is assumed that the significant thermal effect
is the ratio of the temperature to the melt temperature and not solely the
effect of the absolute temperature of the fuel.

Wolf and Kaufman present data for the creep rate of UO, at various
levels of temperature and stress.® Their data indicates that the steady-

state creep rate (e ss)- can be represented by a function of the form

€., = Aoexp (=Q/RT) + A, " exp (-Q,/RT) (A-9)
where A}, A,, Q,,Q, ., and n are constants, o is the stress, R is the
universal gas constant, and T is the absolute temperature. If we neglect
the first term in A-9 and use Wolf and. Kaufman's creep data at 1430 and
1800 C, we can determine A, and Q, assuming n = 4.8. We then obtain

the relationship

€ g 1.588 x 10~® (1/h-psi4'8)(cr)4°8 exp(—=9100/RT). (A-10)

A plastic analysis of the fuel allows us to determine the cladding
pressure that must be exerted on the fuel to cause it to strain plastically
at a given rate. If this strain rate is sufficient to counteract the rate
of fuel thermal expansion, then the cladding strain rate may be taken
as zero (neglecting cladding creep). Taking the fuel as a cylindrical
annulus, the creep rates due to fuel stresses are as follows:

e.6=1/2(1—-3b'2/r2)0,A’i‘, | N (A-11)
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1/2 (1 + 3b%/r2) aAT. (A-12)

Me
i

€ = —aAT. (A-13)

The subscripts 6, r, and z refer to the cylindrical coordinate directions,
b is the outside fuel radius, r is the radius, and a AT is the rate of fuel
thermal expansion.

Following Zudans’ plastic analysis of thick-walled cylinders,

we obtain the intensity of the strain rate (e*):

. . 1/2 ‘
e* = aAT [3(b*/r‘) + 1] . (A-14)
We can obtain a relationship between the radial and tangential fuel
stresses by employing the definition of the stress intensity and the
equation for the axial strain rate in terms of the fuel stresses (crZ #£0; 3

the fuel is axially restrained). We obtain

oy =0, = —% (o#): ~¢ /e 12 (A-15)

’

which when substituted into the equation of equilibrium,

Ty = 0.~ r(dGr/dr) = 0, (A-16)

6

gives

: 1/2
do_/dr = - l/r x% (%) - é:("*) . (A-17)

Zudans assumes that the relationship between the intensity of stress
and the intensity of strain rate is identical to that for the stress and strain
rate for uniaxial loading. If we make the same assumption, i.e., if '

4.8

¢ = 1.588 X 1078 (o%) exp (-91000/RT), (A-18)
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then we can determine the distribution of the radial stress in the fuel.

Rewriting the equation for the radial stress gradient, we obtain

' 1/2
dr 't "~ N3 [(Ae — Q/RT) (Ae —=Q/RT) 1/n|
where again the intensity of strain rate is a function of geometry, or
1/2 s
&+ = aaT (30470 1] '_ (A-20) .

as given previously.

Now the temperature is a function of the fuel radius as shown in
Figures A-15 and A-16. Using the'temf)erature values in these figures,
the radial stress distributions in the fuel are calculated by numerical
integration of A-19. The radial fuel stress at the inside surface of the
fuel cylinder was assumed to be negligible. Figures A-17 and A-18 show
the resultant tangential stress of the cladding as determined by equating
the pressures on the fuel and the cladding at the interface and using the

thin-walled cylinder relationship,

0 - (P)t(r) . (A-21)
cladding

Knowledge of this cladding stress allows us to calculate the maximum
permissible cladding temperature for given values of the cladding's
ultimate strength. This calculation of maximum cladding temperature
would apply only when the cladding strain was at the maximum permis-
sible value (the maximum ductility). . Likewise, we may calculate the
all‘owabie rate of fuel -temperature rise for a given cladding temperature.
Figure A-19 gives. the values of the cladding's ultimate strength as a

function of cladding temperature.?




To determine the conditions at which the cladding's ductility limit
is reached, we must know:
1. Thermal expansion (or initial and final
temperature) of the cladding.
2. Thermal expansion of the fuel.

Initial fuel-cladding gap or cladding strain.

The cladding strain (¢) resulting from a power transient can be ex-
pressed by '

€ = (CI.AT)fuel - (aAT)Cladding - (d/D), . (A-22)

or

€ = (O'AT)fuel - (aAT) (A-23)

cladding Y

where A-22 is for the case of an initial unit diametral gap (d/D), and
A-23is for an initial cladding strain (eo). In either case, the (G'AT)fuel
is the diametral fuel unit expansion, and (cl.AT)Cladding is the diametral
cladding unit expansion. The difference between the fuel OD and the
mean cladding radius is neglected. Let us examine the case where no
fuel-cladding gap exists and no initial cladding strain exists.(we then
exclude any effects of creep strain that ‘rnight occur during normal
operation); in other words,.the fuel and the cladding are just touching.
Figure A-20 shows the fuel unit expansion that will produce a given
cladding strain depending on the temperature of the cladding. (The
initial cladding temperature is taken at 1050 F). The shaded area
represents the aésumed ductility limit of the cladding, which varies with
temperature.

Since the cladding stress required to cause a sﬁfficient plastic fuel
strain rate is given in terms of the maximum melt temperature isotherm
in Figures A-17 or A-18, we should translate the fuel unit expansions in
Figure A-8 to values of the melt temperature isotherm radius. This is
done in Figure A-21, which expres‘ses the information in Figures A-13
and A-14 in a more useful manner.

Figures A-22 and A-23 show the allowable rate of fuel temperature

rise as functions of cladding temperature and the maximum radius of the
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melt temperature isotherm for fast- and slow-power transients, respec-

tively. The solid lines were plotted utilizing the information shown in
Figures A-17, A-18, and A-19. The shaded areas are the actual limiting
conditions, since these account for the fuel thermal expansion, cladding
thermal expansion, and cladding ductility as obtained from the information
in Figures A-20 and A-21. Two shaded areas are shown in the left
portion of Figure A-20. The lower shaded area pertains to the case in
which fuel thermal expansion is determined by the average fuel tem-
perature rise, and the upper area to that in which expansion is deter-
mined by the temperature rise of the fuel's surface. All other shaded
areas of Figures A-22 and A-23 pertain to the case in which fuel ex-
pansion is determined by the average fuel temperature rise.

The broken lines shown in the two parts of Figure A-11 represent
the paths of slow transients in terms of cladding temperature and the
maximum radius of the melt temperature isotherm. The abscissas of
the rate of fuel temperature rise have no meaning in connnection with
these lines (paths) except where they intercept the shaded areas. At the
point(s) of interception, the abscissa indicates the maximum allowable
rate of fuel temperature rise. The lines or paths of the slow power
transients were established by considering the relationship between the
linear power of the pin and the maximum radius of the melt temperature
isotherm. This relationship is determined by the equation for the tem-
perature profile for a slow transient, which was given earlier. Figure
A-24 is a plot of the relationship between the pin's normalized linear
power (normalized relative to the pretransient power) and the maximum
radius of the melt temperature isotherm.

A number of limitations are inherent in the data of Figures A-10 and

A-11. The primary ones are as follows:

1. The temperature profiles for a given maximum radius
of the melt temperature isotherm are those given in Figures A-15 and
A-16. These temperature profiles will represent the actual cases for:

a. Very large step changes in power or very
short times for fast transients.

b. Very small rates of power increase or
very short times for slow transients.
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2. The grain size of the fuel must be less than 50 microns

or thereabout. In a fuel pin, the columnar grains may be about 50 X 103

microns.
3. The creep data used were for unirradiated UQO,.
4. Cladding creep deformations are not accounted for.

3, Discussion and Conclusions

Figures A-22 and A-23 represent the results of the investigation of
the effects of the failure mechanism for fuel thermal expansion. Although
several rather limiting assumptions have been made in developing these
results, we can still make some valid conclusions about the mechanism.

As mentioned previously, fhe two shaded areas on the left of
Figure A-22 indicate the limiting rate of fuel temperature rise for
(1) fuel expansion being a function of the average fuel temperature rise
(lower shaded portion), and (2) fuel expansion being a function of the
rise in the fuel's surface temperature (upper shaded portion). These
two possibilities are presented since we have not considered the thermalr
stresses and certain subsequent plastic deformatic;n and/or fracture of
the fuel. The greater yield and creep strength of the outer fuel portio‘ns,
which are of relatively low temperature, would tend to restrain the high-
~ternperat:ure inner fuel. Since the fuel deformation rates increase
exponentially with temperature, it seems reasonable to assume that the
net fuel growth will be determined in a transient by something less than
the average temperature change.

The calculated allowable rate of fuel temperature rise is dependent
upon the cladding's ductility. This is because a change in fuel expansion
from, say, 1%to 2% is accompanied by movement of the maximum
radius of the melt temperature isotherm (and consequently the width
of the structurally significant fuel annulus) as well as by increased fuel
plasticity resulting from increased fuel temperatures.

This sensitivity to the cladding's ductility is well illustrated by the
shape of the shaded areas, indicating the limiting fuel temperature rise
rates. The ductility curve displays.a minimum (as shown in Figure A-20)
at a temperature of approximately 1200 F. Likewise, the shaded portions
of Figures A-10 and A-11 display minimums in the allowable rate of fuel

temperature rise at cladding temperatures of 1200 F. From a strength
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standpoint, one would expect a continuously decreasing allowable rate

of fuel temperature rise with increasing cladding temperatures; however,
the increase in ductility of the cladding beyond 1200 F requires higher
fuel temperatures to maintain the cladding's deformation limit and re-
sults in a smaller, more plastic fuel annulus.

The results shown in Figure A-22 indicate that fuel with a melt
temperature of 4450 F does net pose as severe a limitation on the
allowable rate of fuel temperature rise as does the 5070 F melt tem-
perature. If we consider the fuel expansion to depend on the average
temperature rise (the lower shaded area for the 5070 F melt case and
the sole shaded area shown for the 4450 F melt case), then the figure
shows that at a cladding temperature of 1200 F, the two failure states

are as follows:

5070 F 4450 F
Melt Temp
isotherm radius, in. 0.04 0.085
Allowable rate of fuel—10°
temperature rise, 10°
* Fls : 10°

The difference is primarily due to this: in the 4450 F case, a smaller
fuel temperature increase is required to reach the melting temperature
at any given fuel radius. Consequently, the fuel has not e);panded nearly
as much in this case as in the 5070 F case.

| Looking now at Figure A-23, we see that for a slow transient in
which the core inlet temperature remains at the initial value of 800 F,.
the cladding apparently is in danger of rupturing as it approaches 1200 F
and a value of the maximum radius of the melt temperature isotherm of
0.08 inch. From Figure A-24, these conditions correspond to an in-
crease in power by a factor of 1.65. No cladding failure is indicated for
a slow transient during which the core inlet temperature has increased
by 400 F (800 to 1200 F) because the cladding's thermal expansion re-
sults in insufficient cladding strain to reach the ductility limit.

For the case of the 800 F inlet temperature, again, cladding rupture

occurs for quite low values of the rate of fuel temperature rise when

the cladding's ductility limit is reached. In safety analyses we can




generally say that the fuel has such strength that the cladding will rupture
at any time in the slow transient when the cladding's ductility limit is
reached (provided that the fuel temperature is rising; i.e., that the
transient is not ''turned around'). This points out the importance of
determining thermal expansion of the fuel and values for the ductility

of the cladding.

As in other mechanisms of failure, the initial temperature pro-
files play a significant role. Figure A-22 is applicable only to the case
in which the initial temperature profile corresponds to that for the hot
pin operating at 100% power. If a fast transient were to be initiated at
some initially lower power, then the fuel temperatures would be signi-
ficantly higher for any given value of the radius of the melt temperature
isotherm. This would result in a more plastic fuel condition, which
would tend to allow a higher rate of fuel temperature rise before the
cladding failed. The thermal expansion of the fuel, however, would be
greater than that shown in Figures A-13 and A-14.

Figures A-22 and A-23 are based on certain values of the cladding's
ductility. We have considered primarily the effects of irradiation damage
in determining these values. The ductility of the cladding is also affected
by the extent of creep and fatigue damage in the cladding. Creep damage
would probably further decrease the ductility by a very small amount
corresponding to whatever safety margin was acceptable at the fuel
pin's end-of-life condition. This value could be determined if sufficient
materials data were available and if the design of the fuel pin properly
accounted for the stress and strain history of the cladding. At this
time, however, we do not know what this ductility margin might be.

The effects of fatigue are different from those of the creep phenomenon,
for fatigue damage is statistical in nature. The fatigue effect causes
pins to suffer varying degrees of damage, so that we must treat the
problefn in terms of detei'mining a certain proportion of pins that are
likely to fail under certain conditions® Indeed, in considering the dis-
tribution of 'fatigue damage, ' we may say that a certain small pro-
portion of pins is likely to fail even under normal conditions. Ina
transient, then, a small number of pins will probably fail even before
the cladding deforms to the ductility limit as determined by tensile or

creep tests. This means that even though the results of Figures A-22

A-21



and A-23 might be used for determining gross numbers of fuel pin

failures in a power transient, there undoubtedly would be increasing
numbers of failures as the transient progressed from the initial condi-

tions.
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Figure A-1.

Molten Boundaries for Hot Pin Subjected to
Rapid Power Increase (Isotherms Shown
Correspond to 100% Power Level — Maxi-
mum Linear Power of 12.9 kW /ft)
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Figure A-2.

Fuel Melting
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Figure A-3. Available Gas Volume per Pin With No Cladding
Deformation (No Account Taken for Unmelted
Fuel Porosity and Thermal Expansion — Clad-
ding ID 0.260 Inch, Active Fuel Length 34.7 Inch)
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Figure A-4. Gas Pressure and Cladding Hoop Stress for
Various Values of Gas Volume and Mass
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Cladding Ultimate Strength, psi X 1073

Figure A-5. Cladding Ultimate Strength — Variation With
Temperature
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Figure A-6. Cladding Strain for Various Values of Fission
Gas Mass and Cladding Temperatures
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Figure A-7. Molten Radii at Which Failure Will Occur as a
Result of Fission Gas Pressure
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Figure A-8. Relationship'Between Fractional Radius Melted
and Total Pin Fuel Fraction Melted
(Excluding Axial Blankets)
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Fuel Vapor Pressure {atm)

Figure A-9. UO, Vapor Pressure
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Maximum Central Fuel Temperature, F

Figure A-10. Maximum Central Fuel Temperature as a
Function of Molten Fuel Radius
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Fuel Vapor Pressure, psi

Figure A-11. Gaseous Fuel Pressure as a Function of

Molten Fuel Radius
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Figure A-12. Cladding Incipient Failure States Accounting for
Gaseous Fuel Pressure
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Fractional Fuel Expansion (aAT)
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Figure A-13. Unrestrained Fuel Expansion for Fast Power
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Fractional Fuel Expansion, aAT
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Figure A-14. Unrestrained Fuel Expansion for a Slow Power
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Figure A-15.

Beyond the Melt Temperature Isotherm —
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Figure A-16.

Beyond the Melt Temperature Isotherm
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Figure A-17. Cladding Hoop Stress Required to Limit Fuel
Thermal Expansion for Fast Transient
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Figure A-18. Cladding Hoop Stress Required to Limit Fuel
Thermal Expansion for a Slow Transient
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Figure A-19. Cladding Ultimate Strength Variation With
Temperature
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Figure A-20. Allowable Fuel Expansion Accounting for Clad-
ding Thermal Expansion — Hot Pin, Initial
Cladding Temperature of 1050 F
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Figure A-21.

Thermal Expansion of Fuel Beyond the Melt
Temperature Isotherm — Hot Pin
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Figure A-22. Allowable Rate of Temperature Rise for Fuel
Without Cladding Rupture in a Fast Transient
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Figure A-23. Allowable Rate of Temperature Rise for Fuel
Without Cladding Rupture in a Slow Transient
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Figure A-24. Relationship Between The Fuel Pin Linear Power
and Radius of Melt Temperature Isotherm for a
Slow Transient
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