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1. INTRODUCTION

A redirected scope of work under contract BDR-341 was
agreed upon between Battelle Northwest Laboratories and
the General Electric Company in February 1969 to support
the new open lattice, vertical reference core concept de-
scribed in BNWL-955 FFTF Reference Concept Summary
Description (January 1969). The new scope of work con-
siged of four diverse engineering tasks to be completed in
" the period of February through June 1969. These other
tasks are reported in the following documents.

® GEAP-10056
Conceptual Design Study of Dynamic Sealing Tech-
niques Applicable to the Fast Flux Test Facility Control
Rod Drive Mechanism; R. W. Lockhart and
P. M. Tschamper (July 1969).

e GEAP-10058
Conceptual Design Study of Axial Fuel Cooling Hard-
ware for the Fast Flux Test Facility Fuel Examination
Facility; J. H. Germer (July 1969).

e GEAP-10057
Design Considerations for the Operation of the Fast
Flux Test Facility With Fuel Fission Gas Emission;
W. R. Gee (July 1969).

The objective of this work was to evaluate the con-
sequences of a hypothetical, instantaneous loss-of-flow
accident to a fast flux test facility driver fuel assembly. The
circumstances under which the accident could propagate to
the adjacent fuel assemblies was of principal concern. An
attempt was made to estimate the earliest times at which
propagation mechanisms could become credible and relate
these times to the instrumentation response requirements.
The influence of design parameters, such as fuel duct wall
thickness, on the probability of propagation was
investigated.

This analysis concerns only the hypothetical situation
where there is total and instantaneous loss of flow to the
fuel assembly. This is taken as representing an unrealistic
extreme case of the family of partial and local flow
blockage accidents.

While instructive in providing a bound on the accident con-
sequences, a realistic appraisal of assumed non-
instantaneous and less than complete flow blockage
situations should be considered in subsequent work in
support of FFTF design. For these more credible
situations, where accident consequences might influence

core and system design, operating conditions, instru-
mentation and engineered safeguards requirements, the con-
sequences of the accident will be much less severe than the
results given in this report.

This analysis has attempted to predict the consequences of
the instantaneous loss of flow using rational, but conserva-
tive assumptions. The fast breeder industry state-of-the-art
for accident analysis was the basis for beginning this study.
The lack of a model to describe the molten fuel-sodium
interaction required development of the models described
in this report to permit a reasonable analysis of this hypo-
thetical accident to proceed. Beyond the point in the
accident when significant fuel slumping occurs, the
numerical analysis could not profitably be continued due to
the lack of a fuel slumping and a molten fuel fragmentation
model.

Following a description of the accident in this section and a
summary discussion of the accident consequences and con-
clusions in Section 2, there is a general discussion of this
hypothetical accident arranged in the following groupings;

FUEL FAILURE EFFECTS treats the
core thermal transient and initial fuel pin
rupture.

SECTION 3

SECTION 4 COOLANT THERMAL-HYDRAULICS

treats the coolant displacement and tem-
peratures in voiding and reentry.

MOLTEN FUEL-SODIUM INTER-
ACTION proposes a model to describe
the interaction of liquid sodium and hot
core materials (steel and mixed oxide).

SECTION 5

SECTION 6 DUCT RESPONSE evaluates the partition
of energy and treats the effect on the
duct of the pressures and impulses
expected from this accident.

SECTION 7 FAILURE PROPAGATION treats the
effects of mechanical and thermal tran-
sients imposed on the adjacent fuel
assemblies by the blocked assembly.

DESIGN AND DEVELOPMENT
RECOMMENDATIONS treats the impli-
cations to design and development
derived from this study.

SECTION 8
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ACCIDENT DESCRIPTION AND ASSUMPTIONS

The accident condition analyzed was the hypothetical,
instantaneous total loss of flow of coolant to an FFTF
driver fuel assembly. Loss of flow is assumed caused by an
object in the main coolant stream becoming lodged over or
in the fuel assembly inlet structure. No scram action is
assumed to terminate the consequences of this accident.
Reactivity and the resultant power changes due to voiding
or fuel movement in the blocked assembly have been
neglected. Coolant pressure in the reactor core inlet and
outlet plenums is assumed unchanged by the flow blockage
to a single fuel assembly.

The fuel assembly geometry used in the analysis was that
given in BNWL-955 “FFTF Reference Concept Summary
Description™ January 1969. A fuel assembly at the core
center was assumed operating at a peak fuel linear power of
14 kW/ft and sodium outlet temperature of 1100°F. Figure
1.1 summarizes the data pertinent to this study. ‘

A key assumption is that the pressure at the sodium-cover
gas interface is atmospheric. This results in a coolant sat-
uration temperature of about 1700°F.

R
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SODIUM SURFACE, 14.7 psia
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2. SUMMARY

2.1 SUMMARY OF ACCIDENT CONSEQUENCES

The complete loss of flow through an FFTF fuel sub-
assembly results in a thermal transient of the fuel, clad, and
sodium in that subassembly. The resulting chain of events
as determined by the conservative analyses given in this
report will be summarized qualitatively in this section to
give the reader some perspective on the significant features
of this hypothetical accident. The principal features of the
transient in the blocked fuel subassembly are (times are
given as the delay following the flow blockage):

® Blocked subassembly fuel temperatures increasing at ~
1000°F/sec.

® Coolant boiling near the midpoint of the blocked
subassembly fuel region at about 0.75 second.

® Rapid expulsion of the liquid sodium in the top half of
the fuel region by sodium vaporization at the center of
the fuel region.

® Evaporation of the liquid sodium in the lower half of
the fuel region. limited by. the thermal transient-
complete dryout at about 2.5 scconds.

® Clad melting beginnirig at about 1.3 seconds.
® Fuel melting beginning at about 3 seconds.

® Liquid sodium reentry possible near the channel wall
after fuel region dryout at about 2.5 seconds.

® Rapid heating of the sodium on contact with the hot
fuel pins may result in generation of an acoustic pressure
wave capable of rupturing a low ductility, overheated
duct. ' o

° Severalgeentry cycles of sodium contacting the hot fuel
region materiul may produce sufficient pressure pulses
to damage and possibly mpture the adjacent fuel
assemblies. '

® (lad and fuel melting and slumping will contact sodium
below the fuel region in the 4 to 6 seconds range.

® Expulsion of the molten clad and fuel may occur on
contact with sodium.

¢ Melt through to the adjacent duct begins in the 10 to 15
seconds range.

A more detailed description of these processes follows.

First Phase of the Accident

After the initiating event, a hypothetical total blockage of
the inlet of the fuel assembly. the sodium, steel, and fuel in

* that assembly experience a severe thermal transient. With
-negligible removal of heat, the power generated in the fuel

is absorbed in sensible heat temperature increase and in
latent hat. 'I'he axial power profile results in a transient
twice as fast at the mid-point of the fuel region as at its
ends. Between 0.5 and 1.0 second following blockage,
depending on fuel burnup and sodium superheat, the
coolant near the direct center will boil. The expected super-
heat is not sufficient to pressurize the duct to greater than
the inlet plenum pressure. The pressurization due to sudium
boiling is relieved by expansion upwards into the reflector
and plenum region, working against the over-pressure of
about 23 psia.

The accepted models of sodium boiling and expulsion in-
dicate a single bubble will form and eject the liquid
between the duct center and exit. This “slug™ flow regime
lasts for a period from 0.1 to 0.2 second while the heated
liquid which was in the top half of the core region of the
duct is expelled and cooled rapidly in the reflector and
plenum region. The presence of the reflector and plenum
steel at an original temperature of 1100°F acts as a
condenser or heat sink for the ejected sodium liquid and
vapor. ’

- When the upper slug is voided, a small amount of liquid just

below center (which is still superheated with respect to the
ambient over-pressure of 23 psia) flashes to a two phase
mixture and is expelled tu the plenum region. This process
continues briefly to eliminatc the superheated liquid. The
bottom few inches of liquid in the fuel region, being sub-
cooled, continues a temperature increase limited by the
local power generation rate. The liquid-vapor interface then
moves downward in the fuel region, the liquid being boiled
off and condensed in the upper plenum region. The lower
power level and lower initial temperatures at the fuel inlet
region result in the boiling temperature being reached at

. about 2.5 seconds after flow blockage.

Sodium in either liquid, two-phase or vapor form is
expelled from the heated region during the time interval of
0.75 to 2.5 seconds following blockage.
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The upper liquid level is forced continually upward to
expose “‘cold™ steel and absorb the energy of the expelled
sodium. The upper liquid interface is at a pressure of ~ 23
psia to balance the static head of liquid above the core. This
energy transport into the plenum region effectively buffers
the liquid from the nuclear heated region, establishing a
region of steel above 1700°F. This effectively prevents the
upper liquid slug from penetrating to the hot core, since
penetration results in rapid sodium vaporization and pres-
surization of the core. The interface probably “chugs” in
some fashion, between the heated and cooled regions.

The concern of this study is with possible flow regimes
which permit sudden contact of liquid sodium and the over-
heated fuel assembly materials. The initial voiding and fuel
region dryout (up to 2.5 seconds after blockage) does not

involve such a condition. Once the fuel region has been -

boiled dry, the concern is for a re-«ntry of liquid into this
region. The results of this study support the conclusion that
slug flow re-entry is not credible. However, comparison of
these accident conditions with BWR spray cooling tests
suggest another flow regime where local re-entry is credible.
Previous tests and analysis are limited to geometries with no
radial variations, permitting only one dimensional analysis
in the axial direction. The real tube bundle geometry is
three dimensional, characterized by the edge flow channels
and the cold duct wall. Under these conditions, BWR tests
exhibit a flow regime characterized by a downward flow of
a liquid film on the duct wall, vaporization by radiation
from the hot pins, and upward flow of the vapor. The
analogy with this flow blockage accident occurs when the
core is dry and the pressure gradient between the core and
plenum is relieved. Sodium could flow down the unheated
duct wall as liquid, evaporate by radiation or on contact
with the heated fuel pins and flow upward as vapor to be
recondensed in the plenum.

The possibity exits for a falling film to suddenly make
contact with the fuel rods over a significant length. The
coolant temperature is characterized by the duct wall tem-
perature with which it is in contact. Because of the slow
thermal response of the duct wall, its average temperature
increases much more slowly than other components, even
in the presence of sodium vapor at ~ 1700°F. The sudden
contact of cold sodium (<-1700°F.) and hot fuel pins >
2000°F) might lead to rapid energy transfer at about 2.5
seconds after blockage.

A conservative model of the thermal and thermodynamic
interaction of sodium and hot core materials was developed
to study this phenomenon. This model indicates that the
thermal energy transferred rapidly to the sodium from hot
steel or fuel may be partitioned into three modes:

® sensible heat of the liquid below the saturation
temperature

® inertial pressures from expansion of sodium vapor
against the liquid head.

® an acoustic wave caused by compression of the sodium
when heated faster than a sonic wave can relieve the
expansion.

The model assumes the maximum conversion of energy to
work on thermodynamic grounds and could be substan-
tially pessimistic. The pressures predicted with this model
for both the acoustic and inertial energy waves are suf-
ficiently high to result in damage to structural members.
The assumed flow regime, with a “solid” liquid film
between the outer row of pins and the duct wall, leads to
direct transmission of the pressures of interaction to the
duct. The acoustic energy was found to be the dominant
energy form from the interaction of sodium and hot core
materials. Further analysis showed that the energy of the
acoustic wave would be partitioned upon striking the duct
wall, with about 20% being absorbed and 80% reflected. A
negligible amount is transmitted. The duct wall is given an
almost nstantaneous velocity by the impulse of the
acoustic wave. This energy is absorbed as strain energy of
deflection in the duct.

The ability of the duct to absorb this energy was studied
for both unirradiated and irradiated materials. The stainless
steel ductility was found to be the key parameter
determining the duct response. An unirradiated duct easily
absorbed the incident energy wave without rupture and
with negligible deflection. An irradiated duct, particularly
when heated, as in this hypothetical transient, suffers local
material strains in the corner of the hexagon which exceed
the minimum expected ductility of stainless steel at 50,000
MWd/te. Under these conditions of sodium film re-entry
after core dryout, the interaction of sodium and clad might
generate acoustic pressures sufficient to rupture an over-
heated, irradiated duct. The same impulse would not be
expected to rupture a duct at normal operating conditions.
However, a repeating reentry is probable, each of which
might result in generation of successively higher energy
waves as the hypothetical transient proceeds. This
hammering action might accumulate duct wall strain energy
to the rupture point for the cold adjacent ducts.

Second Phase of the Accident

Continuation of the temperature transient beyond clad and
fuel melting will result in slumping. Clad will meit and
slump to the lower fuel regions freezing on the unmelted
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clad and spacer wires, causing a melting wave to progress
downward, filling most of the available free volume. The
edge fuel pins should remain substantially cooler due to the
duct wall and sodium film on the wall. Pressures from 2 to
4 seconds should not be much greater than 23.4 psia ambi-
ent. When molten clad reaches the core inlet plane it will
contact sodium.

With a removable flow blockage at the duct inlet any
molten core material-sodium interaction at the core inlet
would probably generate vapor pressures great enough to
remove the plug, permitting downward ejection of the
trapped liquid sodium and forcing the dispersed core

material upward. The weight of the core material is not-

sufficient to move downward against the sodium pressure
gradient of about 60 psi (100U lb force over duct cross
section).

The interaction of hot pins and a falling sodium film is

characterized by relatively high sodium temperatures and’

the availability of vapor space within the bundle for expan-
sion following interaction. At the core inlet when core
slumping occurs a significant amount of highly subcooled
liquid would be present and a violent expulsion of the
molten steel might follow. The state-of-the-art prevents any
definitive quantitative statement about either molten fuel
or clad fragmentation or the mechanical energy resulting
from the interaction with cold sodium.,

Third Phase of the Accident

Continuation of the thermal transient beyond clad and fuel
slumping ‘might result in fuel contact on the duct wall. The
time domain when duct melt-through might occur is fully
described in Section 7. Assuming the molten fuel and
clad are not lost from the core region.by gravity or
hydraulic forces, propagation of the fault to the adjacent
assemblies might occur by melt-through of the two-
intervening duct walls in the range from 10 to 15 seconds
after blockage.

2.2 RFSIILTS

The objective of this study was to evaluate the con-
sequences of a hypothetical total instantaneous flow
blockage to an FFTF fuel duct. One consequence would be
the propagation of the fault to the adjacent fuel assemblies.
Propagation in this sense is defined as damage done to the
adjacent assemblies leading to loss of coolant flow in an
adjacent assembly and a consequent fuel meltdown. The
principal damage mechanism leading to propagation is the
sudden heating of liquid sodium upon contact with hot or
molten core materials. The preceding qualitative description

of the accident consequences reflects the conservative
analysis performed in order to determine the earliest times
when propagation might occur. The end result of this study
is a comparison of the possible energy generated due to
contact of liquid sodium with hot core materials and the
energy loads causing rupture of the hexagonal ducts. The
important assumptions leading to this comparison are:

® duct temperature calculations following sodium
expulsion assumed an insulated duct with temperature
- relaxing to the sodium saturation temperature.

® clad and fuel were not cooled by expelled sodium.

®a coherent film of sodium was assumed to fall hetween
the duct wall and the adjacent row of fuel pins and
suddenly make intimate contact.

® the thermodynamic upper limit on the available work
from the sudden heating of the sodium was assumed.

® on contact of the sodium and cladding, film blanketing
occurs when the dynamic pressure drops below the
interface saturation pressure.

® duct response to the pressure pulse was assumed equal
to the response under static pressure conditions.

® no strain concentration factor nor thermal stress
influences on duct rupture energies.

These assumptions lead to the result shown in Figure 2-1.
The energy loading causing rupture of the duct is shown for
times following flow blockage. The increasing temperatures
of the duct cause decreased strength and ductility (as
shown in Figure A-18) and result in reductions in the
energy absorption that would cawe duct rupturc. The
heated duct can absorb only about 3 in-lbs per inch of
length at 2.5 seconds after blockage when the first
interaction vf sudium and ¢ofe can credibly occur.

The duct temperatuie al this lime is between 1500 and
1600°F, far above temperaturcs where test data ou
ductility of irradiated materials 15 available.

The adjacent duct, being relatively unaffected by the
thermal transient of the blocked assembly, is capable of
absorbing much more energy per unit length because of its
lower temperature. Energy absorption at rupture for the
adjacent duct is 55 in-Ib/in of length assuming that it has
been subjected to a fluence of 2 X 10?2 above 1 MeV and
has an assumed ductility of 1%. (The ductility expected
under these conditions is 4 to 5%.)



LIQUID VAPOR

)

Ib/in.

)

-L.
ENERGY (in.

PN T
!
~_ ! 20x102 vt ENERGY ABSORPTION CAPABILITY
~} ' OF ADJACENT DUCT {1% DUCTILITY)
DR LN
“ \ ll ENERGY ABSORPTION CAPABILITY
9 L OF IRRADIATED DUCT (OVERHEATED)
~—

| 1 x ]022 nvt }
l 2 x 102 ot AVAILABLE ENERGY FROM INTERACTION
|

| 3 x ]022 nvt

) (CLAD INTERACTION, CORE CENTER)

1

!

i (CLAD INTERACTION, TOP OF CORE)

I

I

| l . 1 | B
0.8 1.2 1.6 2.0 2.4 2.6
TIME (sec) GD9-173

Figure 2-1.  Energy Absorption in Duct Wall versus Time after Flow Blockage

6S00T-dVID



GEAP-10059

The available energy from interaction of sodium and hot
clad is also shown on Figure 2-1 for comparison. The lower
curve assumes contact at the top of the core before clad
melting has occurred. At 2.5 seconds the available energy is
seen to exceed the energy absorption capability of the
blocked duct but to be well within than that of the
adjacent duct. The top curve (shown for reference) is the
energy available if the sodium could contact the molten
clad at the mid-point of the fuel region. However, no
reasonable mechanism was postulated which would permit
sodium to penetrate this deep into the core center before
being vaporized by the lower temperature fuel above the
centerline.

The available energies from interaction of sodium with
molten fuel or clad under the assumed model show a maxi-
mum of about 11 in.-lb,/in.? of contact area. Pulses of this
magnitude applied tv the duct wall result in energy absorp-
tions of about 33 in.lbg/in. of duct length. This is well
within the expected capabilities of the cold adjacent ducts.
Because of the hypothetical nature of the accident, the
conservative nature of this analysis and the uncertainties of
materials properties, it is not judged reasonable to speculate
on whether these conditions lead to significant mechanical
damage to the adjacent ducts.

2.3 CONCLUSIONS

This analysis concerns only the hypothetical situation
where there is total and instantaneaus loss of flow to the
fuel assesubly. This is taken as representing an unrealistic
extreme case of the family of partial and local flow
blockagc accidents.

While instructive in providing a bound on the accident con-
sequences, a realistic appraisal of assumed noninstantaneous
and less than complete flow blockage situations should be
considered in subsequent work in support of FFTF
design. For these more credible situations, where
accident consequences ‘might influence core and system
design, operating conditions, instrumentation and engi-
neered safeguards requirements, the consequences of the
accident will be much less severe than the results given in
this report.

The current state of the art prevents an accurate deter-
mination of the consequences of the hypothesized flow
blockage accident. The results of this preliminary con-
scrvative study indicate that the pressure pulses generated
by interaction of hot core materials and liquid sodium are
of the same order of magnitude as those required to rupture
u duct that las low ducdlizy’ (05 to l',’/r‘;) assnciated with
end-of-life burnup. It does not appear that the adjacent
ducts will be severely damaged by the initial pressure pulsc
originating from the duct in which the total blockage has
.occurred.

The interaction between hot core materials and liquid
sodium that could produce these pressure pulses might
occur as early as 2 to 3 seconds after total flow blockage
occurred. The time required for detection and remedial
action (reactor scram) to arrest the progress of this hypo-
thetical accident is about 3 seconds.

Considering the uncertainty of failure mode mcchanisms,
duct defvrmation analysis, material ductility, end the hypo-
thetical nature of the assumed accident, corc design changes
(such as increased duct wall thickness) are not
rccommended.

3. FUEL FAILURE EFFECTS

3.1 THERMAL TRANSIENT

This section is concerned with the thermal response of the
hottest fuel bundle following a complete tlow blockage.
The analysis is divided into three parts.

® the fuel, clad, and coolant associated with the hottest
pin,

® the spacer wite associated with the hottest fuel pin,

® the channel wall associated with the hottest bundle.

Most of the analysis was done with the computer code
Transient Heat Transfer - Version D, THTD (Ref.1). It was
used because of the following capabilities:

Two dimensional conduction and conveetion.

Variable properties.

Variable internal heat generation.

Material phase change with accounting for heat of phase
change and different material propertics after phase
change.

The major deficiency of THTD for this analysis is a fixed
fuel-to-clad gap and thus a constant interface or gap heat
transfer coefficient. The computer code FORE-II (Ref. 2)
was ‘used to estimate the effect of a continuously variable

&p-
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A reference case was established from which the effect of
parameter changes could be measured. This reference case
has the following design conditions:

Peak linear power ........... (... . ..... 14 kW/ft
Pin pitch-to-diameterratio . .................... 1.24
Bundlepower ........................... 7100 kW
Coolant inlet temperature .................... 740°F
Coolant exit temperature . ..  ........ 1100°F
Coolant liquid superheat . .  ............... 0°F
Fuel-to-clad gap heat

transfer coefficient .. ............. 1500 Btu/hft* °F

Clad does not slump.
3.1.1 FUEL, CLAD AND COOLANT

The thermal history of the fuel, clad and coolant associated
with the hottest pin was determined as a function of liquid
superheat, fuel-to-clad gap heat transfer coefficient and clad
slumping. In particular, the effect of these parameters on
three critical times was noted. These are the initiation times
for coolant boiling, clad melting and fuel melting.

The pin was represented by the 36°segment consisting of
90 nodes as shown in Figure 3-1. Node numbers ending in 0
through 4 are equal volume fuel nodes. The clad is
represented by nodes ending in 5 through 7. The 5-series
nodes are zero volume nodes and indicate the surface tem-
perature on the inside surface of the clad. The clad volume
is distributed equally between the 6 and 7 series nodes. The
coolant behavior is represented by a 0.0001 inch film with
node numbers ending in 8 and by bulk coolant nodes end-

ing in 9. The saturation temperature of the film was set -

30°F higher than the saturation temperature of the bulk
coolant. This allowed the film to “remain” after the bulk
coolant vaporized. In addition, the heat of vaporization of
the bulk coolant was reduced to model the actual thermal
energy required to void a node volume. Each node has a
height of 4 inches.

Results

Figure 3-2 shows the pre-accident, steady-state temperature
distribution for a bundle flow rate of 22.4 X 10* Ibm/hr.
The term ‘“‘node series” refers to the column of nodes
shown in Figure 3-1, while the value of X indicates the axial
position.

When a fluid exists in the liquid state at a temperature
higher than the saturation temperature at its associated
pressure, it is defined as a superheated liquid. The
difference between its temperature and the saturation tem-
perature is called the liquid superheat. The amount of

superheat for a specific accident is dependent on many vari-
ables including the rate of heating, the coolant purity, and
the clad roughness. Superheat, then is a parameter whose
value might effect the temperature history. The effect of
superheat on the bulk coolant temperature at node 409, the
first node to vaporize, is shown in Figure 3-3. About 0.45
second is required for the coolant to reach 400 degrees of
calculated superheat. Because the coolant is assumed to
remain in the liquid phase during superheating, coolant
temperatures do not increase as rapidly with higher super-
heats. Thus the initiation times for both coolant vaporiza-
tion and clad melting are delayed. ’

The flow of thermal energy from the fuel to the clad and
coolant is controlled by the fuel-to-clad gap and its
associated interface contact heat transfer coefficient. In
reality, there is a circular relationship between the relative
thermal expansion rates of the fuel and clad, the contact
heat transfer coefficient, and the temperatures in the fuel
and clad which must be physically satisfied. Two THTD
runs were made with constant gap coefficients of 1500 and
150 Btu/h-ft*-°F. The resulting fuel to clad gaps were cal-
culated and are shown in Figure 3-4. Also shown on Figure
34 is the gap calculated by FORE-Il in which the gap
coefficient is functionally dependent upon the fuel-to-clad
gap. FORE-II predicts an initial maximum gap coefficient
of 1847 Btu/h-ft*>-°F and at 1.2 seconds, a mimmum gap
coefficient of 337 Btu/h-ft>-°F. Figure 3-4 shows that a gap
coefficient of 150 Btu/h-ft>-°F could not be maintained
because the resulting temperatures would cause a zero fuel-
to-clad gap and therefore, a higher gap coefficient. Figure
3-5 shows the resulting mid-plane temperature Because
FORE-II does not account for material phase changes, the
results shown for the variable gap coefficient are valid only
to the initiation of coolant boiling at 0.74 seconds. For the
reference case, the first coolant node vaporizes at 0.55
seconds and clad melting begins at 1.3 seconds.

Clad temperatures as a function of time are shown in Figure
3-6. Temperatures to the right of the vertical 2550°F line
on this figure represent vaporized coolant and are represent-
ative of the temperatures the molten clad would have if
it remained in place after melting. The times for clad melt-
ing are shown in Figure 3-7. It could be postulated that the
molten clad would flow down the pin and the coolant
vapor would contact the fuel surface. This phenomenon
was modeled with THTD by replacing the clad properties
with coolant properties after clad melting. The effect of
this clad stumping is shown in Figure 3-8. Clad slumping has
a significant effect on the time required to reach the initia-
tion- of fuel melting. Fuel melting at the outside surface of
the fuel begins 1.5 seconds earlier when the coolant vapor is
in direct contact with the fuel.
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Radial temperature profiles as a function of time for the
reference case are shown in Figure 3-9. Table 3-1 sum-
marizes the initiation times for coolant vaporization, clad
melting and fuel melting for the various cases considered.

Table 3-1
SUMMARY OF EVENT TIMES
Begin Begin Begin Fuel
Coolant Clad Fuel Melt
Case Boil Melt Melt Through
1 0.54 1.33 3.3 727
2 0.64 1.35 - -
3 0.99 1.44 - -
4 1.50 275 2.45 6.19
5 0.54 1.33 3.00 5.31
6 U.74 - - =
Case No. Superheat Gap Coefficient Clad
1 0° 1500 Remains
2 100° 1500 Remains
3 400° 1500 Remains
4 0° 150 Remains
5 0° 1500 Lost
6 0° Variable Remains

3.1.2 SPACER WIRE

Transient temperatures in the spacer wire were also
computed by THTD for the % pin segment shown in Figure
3-10. The spacer wire was represented by nodes 100-103,
200-203, and 300-302. The remainder of the outer four
nodes represent the coolant. The temperatures of the spacer
wire. clad and coolant are shown in Figure 3-11 for the
reference case accident. The spacer wire temperatures
shown are the average of nodes 101. 102. 201. 202. 301.
and 302. The coolant temperatures are from the circum-
ferential node series 401. 501, ..., 901. Clad temperatures
are at the clad-coolant interface. The pre-accident tempera-
tures (t=0) show that the clad temperatures under the
spacer are higher than the clad exposed to the coolant.
Also, the spacer wire is hotter than the bulk coolant. After
0.5 seconds of blocked flow, the clad temperatures under
the spacer are cooler than the clad exposed to the coolant,
and the spacer wire is cooler than the bulk coolant. This
indicates that the spacer wire causes a local hot spot prior
to the accident and acts as a heat sink during most of the
accident. This is due to the differences in the thermal
diffusivity of the clad, spacer wire, and coolant. The
coolant was assumed to be'in the liquid phase throughout
these calculations.

.18-

3.1.3 CHANNEL WALL

In order to determine the mechanical response of the
channel wall, the channel wall temperatures must be
known. A section through adjacent channel walls including
one fuel pin was used for a THTD analysis. It is shown in
Figure 3-12.

Steady-state temperatures were calculated based on a
coolant flow velocity of 31 ft/sec. Curves A. B, and C of
Figure 3-13 show the channel wall and two coolant tem-
peratures for the flow blockage accident. The coolant was
kept in the liquid phase. Curve D shows the coolant tem-
peratures at the center of the fuel bundle assuming coolant
vaporization does not oeeur. Carves A and D are indicative
of the radial temperature gradient acrass the fuel hundle,
however, the temperature difference is also due to a slight
difference in the flow areas between the models ugsed in
part 1 - fuel, clad, and coolant—and part 3 - channel wall.

The effect of coolant voiding was determined by assuming
the tlow area to be totally filied with saturated ¢oolant at 1
second. Node 403, was allowed to relax to the saturation
temperature. The resulting temperatures are shown by
curve E. ’

Circumferential profiles are shown i Figure 3-14 Of
particular interest is the gradient causcd by the thermal
inertia of the wall. Temperatures 1 the channel wall were
determined from the centroidal temperatures of node 403

and its adjacent nodes. These temperatures are shown in
Figure 3-15.

3.2 CLAD RUPTURE TIME

The time at which the clad ruptures is dependent upon the
fission gas released prior to the flow blockage and the gas
temperature. Three modcs of fission gas release were

[

considered: /

1. total release of available gas prior to the ‘accident

2. release of gas from fucl experiencing columnar grain
growth prior to the accident with the release of the
remaining available fission gas as the fuel melts

3. no release prior to the accident with all available fis-
sion gas released as the fuel melts.

Rupture was assumed to occur when the hoop stress
equaled the ultimate strength.

The available fission gas was calculated for a reference
exposure of 50,000 MWd/t and a fission gas generation rate
of 0.23 gas atoms/fission.

4]
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MWd by,
X fuel density | —
t £t3

21X 1074

ex pOSlll‘e (

Fission density=

= (50 X 10%) X (580.6)/2.1 X 107'¢
= 1.38 X 10?! fissions/in.?
= 2.265 X 10?? fissions/in.?

and the fuel volume is 1.17 in®
available fission gas is

, the number of moles of

fission

0.2
(2 265 X 1072 223 gas stoms’ at°“"’> X

) X (117 1n3)X(

in¥ fission

( mole )-001021 les of fissi
6.023 X 1023 gas atoms =Y. . moies o1 Nssion gas,

Assuming a perfect gas relationship, the pressure increase
due to the release of all available fission gas is

p = NRT/V
(0.01021 moles) X (0 08206
mole’

)(294 11°K)

)
¢ (L.357in?) (0.016387 ,——3)
-1n

= 10.985 atmn.

For mode 1, total release, the release fraction,

Xrelease =1

and for mode 3, no prior release, the release fraction,
Xreleasé = the clad melt.fractlon.

For mode 2, columnar release, the pressure increase is given

by,

T+460
Ap =(35.88 + 125.59 X .0ce) X

530

The effect on the pin internal pressure due to the amount
of fission gas relcased prior to the accident is shown in
Figure 3-16. The fission gas plenum temperature was
assumed to be the same as the exit coolant temperature for
the reference case. The fuel melt fractdons used to deter-
mine curves B and C of Flgure 3-16 are given in Figure
317.

Figure 3-18 shows the time at which the hoop stress based
on Figures 3-16 and 3-17 equals the ultimate strength.
Exposures of 50 and 100,000 MWd/t are considered. The
failure times are summarized in Table 3-2. In each case,
failure occurs after the initiation of coolant boiling at zero
superheat, Due to the rapid decrease of the ultimate
strength with temperature, changes in the plenum temper-
ature will have little effect on the failure timcs. The results
presented in Figure 3-18 and Table 3-2 represent a lower
buund vn fuilure time,

= 161.47 psi Table 3.2
CLAD FAILURE TIMES
at 70°F for 50,000 MWd/t. FOR THE REFERENCE CASE
For a specific release fraction and fission gas plenum tem- TIME TO FAILURE, sec
perature, the pressure increase is : ] EXPOSURE, MWd/t
T+460 Release Mechanism 50,000 100,000
Ao = 16174 y ( _ Total . . ....... 078 0.59
P- Krelease) X | 53 ) Columnar . . . . ... 106 093
REFERENCES

1.  Skirvin, 8.C., User’s Manual for the THTD Computer
Program ( Transwnt Heat Transfer - Version D), June

23,1966, (PO No. 036-926052-T0602).

2. Fox,].N., Lawler, B.E., and Buts, H.R., FOREI - A
. Computational Program for the Analysis of Steady-
State and Transient Reactor Performance, September

1966, (GEAP-5723).
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4. COOLANT THERMAL-HYDRAULICS

4.1 INTRODUCTION

This section is concerned with predicting the probable
behavior of the sodium coolant during the hypothesized
loss-of-coolant accident. The principle objective is an
estimation of the range of sodium temperatures and
velocities when interaction might occur between hot fuel
and/or clad and sodium. The two phases of the accident
progression used to characterize the coolant thermal-
hydraulics are:

® Initial duct voiding and evaporation of liquid sodium
(dryout)
® Sodium reentry from above the enriched fuel region.

The current understanding of the phenomenon of coolant
thermal-hydraulics is well represented by reference 1.

The main interest in the past has been with power tran-
sients. The velocity of initial voiding was important in order
to determine reactivity feedback associated with the initial
voiding. This aspect of initial voiding has been studied
thoroughly and appears adequately described for this loss
of flow accident. The consequences of a hypothetical loss-
of-flow accident are not dependent on more precise ana-
lytical tools to predict the initial duct voiding rate. The
reference further notes the lack of understanding of the
following areas of interest to the loss-of-flow accident:

® Two-phase choking flow
# Void collapse
® Molten fuel - coolant interastion.

No tools are available to study the combined effects of
sodium voiding, reentry and hot or molten material-sodium
interaction. The individual phenomenon which contribute
to an understanding of the sodium behavior following flow
blockage are discussed in the following subsections.

4.2 INITIAL VOIDING AND DRYOUT

The object of this subsection is to describe the sodium
temperatures and displacements during the initial ‘boiling
excursion. The characteristic times associated with the
initial voiding and dryout are estimated in order to establish
the initial conditions for the subsequent sodium reentry
into the core. The principle parameters influencing the
initial voiding and dryout are:

® Liguid superheat

® Sodium film thickness on the cladding
® Fission gas

® Type of flow blockagc.

Liquid Superheat

The maximum liquid superheat expected to be attained
before the onset of boiling following complete flow
blockage should be less than 240°F according to Chen'’s
model (Ref. 2) (see Appendix B). The vapor pressure at
this superheat is about 66 psi, less than the inlet plenum
pressure. ~

The assumption of a continuing flow blockage due to an
inlet obstruction seems credible as the initial vapor pressure
would not be sufficient to dislodge a blockage. The test
data confirming Chen’s model was generated under flow
hlockage conditions aimilar ta the FFTI loss-of-flow
accident, lending confidence that the model might
adequately predict the maximum snperheat to he expected.

Two other influences which are important to the potential
superheat are entrained gas bubbles and the flow
velocity (Ref. 3). Very minute gas bubbles in the system
would virtually eliminate superheat. Recent unpublished
experiments at BNL also apparently show a marked
decrease in superheat as the velocity of the sodium
is increased from zero to 1 to 2 fps. This becomes signifi-
cant for the more realistic accident conditions of partial
flow blockage (locally or for an entire assembly).

Film Thickness

The importance of a liqud flm remaining on the heatcd
surface was recognized when early exprriments exhibited
higher voiding rates than predicted from heat transfer con-
siderations. The effect of residual liquid on the cladding is
to cause an inertia and friction limited voiding condition
that permits ready calculation of the voiding rate using
Newton’s second law when combined with the single
bubble voiding hypothesis and liquid superheat. The details
of this analysis are given in Appendix F. The results of
applying this simplified analysis to the initial voiding are
ghown in Figurc 4-1, assuming the pressure acting on the

~ liquid slug is constant and equal to the vapor pressure at the

‘indicated superheat. Only at superheats above 370°F does

the pressure exceed the inlet plenum pressure and result in

- downward expulsion as well as upward expulsion.

The slug velocities at the core exit are typically 10 fps and
40 fps for superheats of 50 and 400°F respectively. The
liquid film thickness remaining on the heated surfaces has
been correlated with the laminar sub-layer thickness by D.
Smidt, et al. (Ref. 4) For the FFTF pin bundle and

assuming no influence of the wire wraps, the laminar sub-

" layer thickness was calculated (Ref. 5) and compared to the
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expected surface roughnesses in Figure 4-2. The roughness
of supplied cladding is specified to be 32 rms on the PA-10
program and is generally observed to be about 25 rms (Ref.
6). Stainless steel subjected to flowing sodium corrosion
tests (1000 hours at 1300°F) exhibits surface roughnesses
in the range of 0.1 to 0.2 mil (Ref. 7) and a roughness of
0.1 mil might be expected even at the lower temperatures
but longer times characteristic of FFTF.

The comparison shown in Figure 4-2 shows that the surface
is “rough” for velocities greater than 4 fps even with
smooth cladding. The turbulence created by the wire wrap
spacers should further decrease the laminar sub-layer
thickness. The film thickness remaining after voiding should
then be characterized by the clad roughness rather than the
laminar sub-layer thickness. The presence of the liquid film
is said to provide an almost constant driving force for slug
¢jection because of the high ratio of liquid to vapor
densities. Figure 4-3 shows the film thickness versus satura-
tion temperature at which the liquid film would just fill the
voided channel with vapor. For rough surfaces, the film
would easily fill the void and provide the driving force for
slug ejection, but for a smooth boundary, a superheat of
greater than 200°¥ could suffer a pressure decrease because
of insufficient liquid to fill the voided space. The evapora-
tion from the surface of the liquid filling the lower part of
the duct would then determine the degree of pressurc
decrease. The wire wraps will cause more liquid to remain
in the core, perhaps sufficient to provide an initial constant
pressure pulse equal to the liquid saturation pressure.
However, the spacer wire transient temperatures discussed
in Section 3 will be about 50°F cooler than the clad tem-
perature during the loss-of-flow accident, and any liqnid
film on the wire would evaporate later and at lower pres-
surc than that on the cladding.

Two other factors that significantly affect the initial
voiding rates are the core temperature profiles and the
presence of the cold channel wall. Both result in cold
surfaces being exposed by the growing vapor bubble, lead-
ing to pressure gradients which limit the voiding driving
pressure. The next subsection considers the heat transport
by the liquid slug being ejected from the top half of the
core.

4.3 HEAT TRANSFER IN THE CORE AND PLENUM,
LIQUID SODIUM

Available transient heat transfer tools do not permit the
simultaneous solution of clad and sodium heat transfer
when coolant vaporization occurs. The development of the
“slug™ model at ANL (Ref. 3) will permit the study of the
liquid film and slug flow effects. This program should be
available in 1969. For this study, the heat transfer and flow

conditions were studied separately, permitting only limited
parameter studies to be completed.

The principal interest in this transient heat transfer analysis
are the time response characteristics of the core and plenum
components as well as the coolant. When axial coolant
movements occur, the transient heat transfer is closely
described as a rapid or step change in surface temperature.
The time response of the coolant, clad, spacer, reflector,
was calculated for the following conditions:

Geometry:
Pin diameter,d,in. . . . . . ., ., . . . .. 0.23
Clad thickness, t,in. . . . . . . . . .. .. 0.014
Wire diameter,d in. . ., . . . . . . . . .. 0.056
Coolant flow area/pin,in® . . . . . . . . .. 0.0268

. Properties:
Steel conductivity, Btw/h-ft °F . . . . . . . . . . 13
.. Sodium conductivity, Btu/h-ft °F . . . . . . . . 30
© Steel specific heat, Btu/lb°F . . . . . . . . .. 0.14
Sodium specific heat, Btu/lb°F . . . . . . . . . 0.30
Sodium heat of vaporization, Btu/lb 1675 (21800°F)
Steel density, Ib/ft> . . . . . . . . . ... .. 480
Sodium density, Ib/ft> . . . . . ... ... .. 50

-32-

These conditions yield the following heat capacities per
unit length, Btu/ft-"F:

Sodium . . . . . ... ... .. ... 28X107°
Clad . ... ... ... ....... 4.33X 1073
Spacerwire . . . . .. . . .. .. .. 115X 1073
Reflector . . . . . . . . . . .. ... 19.3X 107

For FFTF conditions these values yield the ratio of steel to
sodium heat capacity within the fuel duct:

. . clad plus spacer
Heat capacity rativ ———=———— = 195

liquid sodium

reflector plus spacer

Heat capacity ratio = 7.32

sodium

These ratios indicate that in thc cxchange of sensible heat
during voiding, the sodium temperature changes will at least
double the steel temperature changes.

The sensible heat equivalence of the liquid film remaining
after slug type voiding is a variable of interest in deter-
mining the time required for evaporation. For the expected
0.1 mil thick sodium layer, the latent heat capacity is 0.04
Btu/ft. This is equivalent to a change in clad temperature of
9.5°F. This indicates that the liquid film prcsent should be
rapidly evaporated with minor effect on the transient clad
temperature. At the time of voiding, the transient analysis

s
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of Section 3 indicates that the heat flux to the sodium is
about 200,000 Btu/h-ft*>. The continuation of this heat
flux into the liquid film would evaporate a layer 0.1 mil
thick in about one millisecond, supporting the contention
of a voiding model at initially constant pressure.

The time response of the core structural components for a
step change in surface temperature and no interfacial
resistance (infinite Biot modulus) was calculated from
Kreith (Ref. 7) and is shown in Figure 4-4. This figure
demonstrates that the sodium responds the fastest and the
duct the slowest, as expected. The fast response of the
sodium together with its lower heat capacity indicates that
the sodium will tend to follow closely the steel temperature
during voiding and reentry.

Several transient heat transfer cases were studied to charac-
terize the reflector and plenum temperatures following
voiding and reentry. The computer code “NAAC” (Ref. 9)
was used. because of its simplified input allowing rapid
turnaround. These cases, detailed in Appendix C, show that
the sensible heat carried into the plenum region during
voiding quickly raises the steel temperatures at the core exit
to near the sodium boiling temperatures (1600 to 1800°F),
while the temperatures rapidly decrease above the core-
plenum interface.

Figure 4-5 shows the plenum temperatures and associated
saturation pressures immediately following slug ejection of
the sodium in the top half of the core at 400°F superheat.
The pressure is seen to decrease rapidly above the core
reflector interface, whether due to the local clad tempera-
ture or the temperature of the lower end of the liquid slug.
The saturation pressure corresponding to the average clad
temperature exposed to the vapor bubble also decreases
rapidly above the core. The presence of this “condenser”
results in rapid vapor condensation and decrease in the local
pressure causing voiding of the liquid slug. This causes the
slug to be driven only part way through the plenum before
the velocity decreases to zero.

The following section discusses the next phase of voiding
when two-phase flow dominates.

4.4 TWO-PHASE FLOW CONSIDERATIONS

Following the voiding of the top half of the core under slug
flow conditions, it appears that a two-phase flow regime
will follow as described by Le Gonidec, et al. (Ref. 11) and
Fauske (Ref. 12). Superheated liquid will be present for a
-certain length of core as noted in the transient heat transfer

results of Section 3. Vaporization at the liquid-vapor inter-
face will cause a dispersed two-phase flow region between
the interface and the reflector-plenum “condenser™. The

limit on the voiding rate may be due to two-phase choking,

probably at the core-plenum reflector interface (Ref. 11).
However, Fauske (Ref. 3) indicates a heat transfer limit at
the interface may also be applicable, based on experiments
with Freon IL.

The two-phase quality which may be produced at the inter-
face due to flashing of the superheated liquid is found by
equating the heat of vaporization to a change in sensible
heat of the liquid. At the system pressure of 23 psia, a
change of 50°F in sodium temperature results in a 1%
quality mixture and a factor of 15 increase in volume.
Qualities between 1 and 4% could be expected immediately
following the initial slug expulsion. The limiting flow rates
under these conditions are shown in Figure 4-6 after
Fauske (Ref. 13). Clearly the flow rates will be lower than
the normal liquid flows under design conditions. If choked
flow occurs near the liquid-vapor interface at these low
qualities, the time to expel the liquid from the lower half of
the core is shown in Figure 4-7 and is less than 0.1 sec for
the expected qualities. Examination of the temperature
profiles below the core centerline reveals that the elevation
at which the boiling temperature is reached decreases with
time rather slowly. The bottom of the core reaches 1710°F,
the boiling point, at 2.5 seconds after the flow blockage.
Since voiding initiates at about 0.75 second the two-phase
choked flow can exist at the liquid vapor interface only
until the liquid superheat has been relieved. Subsequent
voiding will be limited by the temperature transient at the
liquid-vapor interface.

Several other conditions influence the rate of voiding, for
which no adequate description is available. Above the
liquid-vapor interface, continued vaporization will occur
because of heat transfer from the hot clad to the two-phase
mixture. The effect is an increase in quality, decrease in
critical flow rate and significant cooling of the clad.

Within the reflector-plenum region, condensation will tend
to maintain a low pressure while the core is continuing at a
high saturation pressure. The pressure gradient during this
phase of the voiding becomes too complex for hand calcu-
lation and' requires an integrated heat transfer two-phase
flow calculation.

During the later portions of voiding, the quality may
approach 100% on pure vapor flow. These high quality

. conditions are more amenable to calculation, and were

studied briefly.



-98-

Q/OO RATIO OF HEAT TRANSFERRED AT TIME t TO HEAT TRANSFERRED AT t

o(EQUILIBRIUM)

1.0

0.9

0.8

0.7
0.6

0.5

0.4

B. = o
— i

SODIUM
(NQ CCNVECTICN)
t=0.03 in.

NO SURFACE RESISTANCE

SPACER

CLAD
t=0.004in.

REFLECTOR
ROD
d=0.230 in.

DUCT WALL
t=0.140 in.

Figure 44.

10 100
TiME (msec)

Heated Transjerred; Sudden Change in Environmental Temperature

GD9-176

6S001-dVdD



GEAP-10059

2100
2000 = 400°F SUPERHEAT
(NO HEAT TRANSFER IN CORE)
1900 |~
. T ——
1800 — 100
1700 1= SODIUM TAG END | 90
TEMPERATURE
1600 - 80
™
= 1500 [~ 170 T
& &
g w
- }
w1400 | CLAD —e60 @
< TEMPERATURE W
o a
1300 — 50
1200 — 40
1100 o —30
S— Ne——— SATURATION
SATURAL'O"F‘/ PRESSURE OF THE
R R T | b= N\  AVvERAGE ClAD
ESS'LT’E",(‘APERA TEMPERATURE IN
- — 20
TURE \ \ VAPOR BUBBLE -
SATURAH%N———-——-\ \ \
PRESSURE OF
CLAD AT LIQ- Y- \ N\ —10
UID-VAPOR 1\ \
INTERFACE ¢_ . \ -
| L~ | |~ 0
0 1 2 3 4 5

HEIGHT ABOVE CORE CENTER LINE (ft)
GD9-5¢9

Figure 4-5.  Vapor Bubble Pressures and Clad, Sodium Temperatures F ollowing Voiding



GEAP-10059

10*
—
-
— PRESSURE (psia)
150
. 95
NORMAL FLOW RATE
Io3 | 50
N': B
o B -
Q
$ L
o = 234
V)
102 | 1 1
0 0.01 0.02 0.03

QUALITY X

Figure 4-6.  Critical Flow Rate in Two-Phase Sodium

. -38-

GD9-175



VOIDING TIMES (msec)

GEAP-10059

103 L
VAPOR
102k
INORMAL FLOW RATE
NO PHASE
X=0.03
X=0.01
10 | ' | ]
0 50 T00
PRESSURE (psi)
GD9-60

Figure 47. © Voiding Times of Core Below Center under Choked Flow



GEAP-10059

4.5 VAPOR FLOW AND HEAT TRANSFER
CONDITIONS

Considering the kinetic theory of gases and the small
pin-to-pin spacing in fast reactors, Peppler, et al. (Ref. 10)
report that the time constant for pin-to-pin sodium vapor
transport is about 4 X 107 seconds. The vapor should be
in equilibrium with the liquid film in the radial direction.
This permits analysis of the vapor flow regimes assuming a
. one-dimensional model of axial variations of temperature.
This “heat pipe” regime is then analogous to a condenser
problem with a condenser (the reflector and plenum) length
to diameter ratio of ~400. When vapor flow dominates,
evapuration from the hot surfaces and condensation on the
colder surfaces leads to axial vapor transport tending to
equalize the temperatures and pressures within the sodium
vapor bubble.

The limiting rates of vaporization and condensation are
shown from kinetic theory to be extremely high for only
small differences in liquid and vapor pressures. Figure 4-8
shows the rates of change of film thickness and heat fluxes
required under pure vapor conditions. Transient heat
transfer between the vapor and clad will not permit
sustained high heat fluxes, prohibiting a large pressure
difference from developing between a vapor and a wetted
wall.

The evaporation and condensation rates are not specifically
limited by the sodium phase change phenomenon. Heat
flux requirements are much too high to sustain phase
change at constant liquid temperatures. The limiting phase
change parameter is the steel conductivity for both evapora-
tion and condensation.

Given a change in pressure, a film of sodium will assume a
temperature near saturation at that pressure and be
evaporated (condensed) by the heat flowing from (to) the
steel. A temperature wave proceeds back into the steel to
supply (absorb) the phase change energy. The time constant
of the clad is quite fast, ~5 ms, and for thin sodium films
(0.1 mil) the energy requirements are small (10°F change in
clad temperature).

After determining that the local radial mass transport rates
were apparently determined by heat transfer with the steel,
the axial transport of the vapor from the core to the
plenum was studied. Figure 4-9 shows the pressure drop
due to axial vapor flow through the tube bundle and the
critical flow rates. These critical flow rates were used to
calculate the time to void the bottom half of the core in

pure vapor flow shown on Figure 4-7. The core temperature .

transient is slow enough to permit even vapor flow during
voiding at low pressures. Flow rates during these last stages

.40-

of voiding will be determined by the thermal transient near
the core inlet.

The three regimes of initial core voiding (sub-cooled,
nucleate, or film boiling or pure liquid or vapor flow) result
in significant axial transport of energy which have not been
accounted for in this study for lack of an adequate
numerical tool. Qualitatively, the core temperature profile,
which is peaked severely under zero flow conditions, may
in fact be smoothed markedly by the cooling of the
expelled sodium. Clad melting at the center could be
delayed until after the core is dry (~2.5 seconds after
blockage). The cooling rates depend on the initial super-
heat, the stability of the sodium expulsion process, and the
heat transfer regimes,

To proceed further in this study, the core temperature tran-
sient was assumed undisturhed by the axial heat transport
due to voiding, establishing the earliest times when hot clad
and fuel material wonld be available for interaction with
cold sodium. It is recognized that this conservative assump-
tion may predict grossly incorrect cladding temperatures
following core voiding.

4.6 EFFECT OF FISSION GAS RELEASE

Irradiated sealed fuel pins at 50,000 MWd/te are expected
to fail at between 0.75 and 1.0 second after flow blockage.
The primary stress due to fission gas exceeds the material
strength in the range from 1900°T 10 2000°F. This is the
same range as the predicted boiling temperalures, indicating
that bursting of irradiatcd pins and voiding will eccur

" nearly simultaneously in this hypothetical accident.

Unirradiated or low burnup pins should not fail until after
voiding has occurred. The release of stored fission gas at the
core centerline could potentially cause a more rapid ejec-
tion of the top liquid slug. Sodium boiling will cease until
the core pressure is again below the saturation level. From
the results of the single pin fission gas release given in
Section 7, this delay could be of the order of from 0.2 to
0.3 second. After this pressure blowdown time, sodium
hoiling will commence again, driving the fiscion gas upward
and out of the fuel assembly.

The reduced sodium condensation on cold surfaces due to
the presence of the noncondensible gases is probably more
important than this delay in voiding the bottom half of the
core. This effect will partially insulate the duct wall and
could significantly reduce the duct heat-up rate assumed in
Section 3. In addition, the reduced condensation rate
ghould result in a higher liquid level in the plenum region.
More “‘condenser” area must be exposed to absorb the heat
transported by sodium two-phase or vapor flow.
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The conservative assumption that there is no delay in the
heating of the clad or duct due to the presence of the
fission gas was made. Development of an overall accident
code should include provisions to account for the presence
of fission gases.

These remarks concerning the initial core voiding and
dryout have been based on several conservative
assumptions:

® Neglect the axial heat transport due to core voiding.
© Neglect the presence of fission gases.
® Complete and permanent flow blockage at the inlet.

With the assumptions, it is seen that the core is not dry
until about 2.5 seconds after blockage. The first two
assumptions will not change this dryout time significantly,
but will affect the duct, core and plenum temperature
distributions following boiling. The more probable type of
accidents involving only partial blockage of flow will always
be dominated by two-phase flow regimes because of the
continued flow of sodium. The core would never “dry out™
and would not be concerned with coolant reentry from the
top as in this hypothetical accident analysis.

4.7 SODIUM REENTRY

Following core dryout, the possibility exists for a slug flow
reentry of sodium into the hot core. A short study was
made of voiding and reentry in slug flow for the FFTF
geometry. Pressure variations with length above the core
center line were estimated from the thermal transients
discussed in Appendix C. The results of this study of
voiding and reentry are detailed in Appendix D.

The results given in Appendixes Cand D show that sodium
voiding and reentry velocities in slug flow are limited by the
frictional and orifice pressure drop above the core. The

result is a dampened system in which slug flow “chuggihg”
gradually dies out.

As an example of the calculated reentry behavior an initial
superheat of 400°F was assumed to show the effect of
voiding out both the top and bottom of the core. Pressures
acting on the sodium slug were assumed equal to the satura-
tion pressure of the cladding at the liquid vapor interface.
Pressures were not changed on subsequent reenteries.

Figure 4-10 shows the velocity and displacement of the
liquid-vapor interface as a function of time after boiling
starts. Reentry of the liquid slug front proceeds approxi-
mately four inches into the enriched fuel region of the core
before expulsion starts again. The key assumption for this
model is wetting of the hot clad by the sodium, which
quickly produces sufficient vapor to pressurize the core.
This model also assumes the liquid film in the core has
evaporated during the 0.15 second period when the liquid
slug is out of the core. This appears reasonable based upon
an expected film thickness of 0.1 mil.

Considering the most likely superheat and voiding pattern
for the blocked flow accident, slug flow reentry might be
credible at about 2.5 seconds after blockage. Because of the
high core temperatures at this time, the assumption of good
contact between sodium and hot clad results in essentially
zero slug penetration, as shown in Figure 4-11. For this
case, the pressure in the reflector and plenum region was
assumed to be 4 psi in order to show slug penetration of the
core. It is apparent that slug flow will not result in sodium
reentry into a hot core. .

The coolant thermal-hydraulics study was not continued
beyond the slug flow reentry stage because of the lack of a
coupled heat transfer, two-phase flow numerical solution.
The analysis given in this section has been conservative in
the sense of trying to identify the earliest credible times
when cold sodium could interact with hot core materials.
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5. MOLTEN FUEL - SODIUM INTERACTION

The analysis presented in this section is an attempt to define the upper limit to the energy which may be converted to work .
during the interaction between hot core materials and the sodium conlant. A great many acoumptions have been made.
However, they have all been selected to provide conservative results. Subsequent work in this area, to refine the model,
should result in less conservative values.

5.1 SUMMARY OF MOLTEN FUEL-SODIUM INTERACTION APPROACH

In analyzing this accident, it is assumed that heating of the core material is accomplished in the absence of coolant and that
the hot core materials and coolant are suddenly brought into intimate contact. The liquid hammer effect associated with the
deceleration of the coolant is not considered. Immediately upon contact, heat is transferred from the hot core malterial to the
coolant. The rate at which this energy is transferred depends upon the thermal propcrties of the components and the initial
temperature difference. Initially, assuming no contact resistance, the rate of heat transfer will be very high and the resulting
temperature gradients very steep. Because of this, the heat affected zone will he narrow and, except for extromoly omall “hot
particles”, treating the system as a one dimensional, semi-infinite solid with constant initial temperatures appears reasonable.

The assumption that the contact resistance is zero, i.e., the coolant immediately wets the hot core material, yields very
conservative results. It has not yet been demonstrated that this condition could not exist given the proper circumstances. It
appears that this should be a local effect and gross energy transfer under these conditions is highly unlikely. Becausc of this,
the heat transfer area will be treated as a parameter and judgment and subsequent experimental evidence can be applied to
yield realistic gross results, as discussed in Section 6.

The thermal energy transferred to the coolant can be converted to mechanical energy through two mechanisms. The first of
these is the increase in kinetic and potential energy of a thin layer of liquid coolant resulting from the rapid heating of the
coolant adjacent to the interface. This energy pulse is very short and is strongly dependent upon the acoustic behavior
(compressibility) of the coolant. The energy associated with this pulse is referred to as “acoustic energy” and because of its
short duration, is expected to behave in a manner similar to a shock wave. The second mechanism is related to the vapor
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expansion which will result as the initial pressure wave travels away from the interface and the local pressure falls below
saturation for the local temperature. The rate of vapor expansion is strongly dependent upon the flow channel geometry and
the local temperature gradients. However, it will be orders of magnitude slower than in the case of the acoustic wave. For the
vapor to expand, the volume of coolant between the superheated fluid and a free surface, must be set in motion. This motion
is inertia limited and the energy available from the vapor expansion is referred to as “inertial energy.” A

In both cases, work is a path function and cannot be evaluated without a knowledge of the exact process. However, an upper
limit to the quantity of work can be determined by investigating the change in entropy and internal energy of the coolant
between its initial and final stages (both entropy and internal energy are point functions and do not depend upon the
process). This is the approach used to determine the maximum work potential in this analysis.

The work which may be obtained from the expanding coolant is limited by the total heat added during the heat transfer
process. This implies that some cut-off mechanism exists which will limit the amount of energy associated with each pulse.
The cut-off mechanism chosen for this analysis is the formation of a vapor blanket between the hot core material and
coolant. This vapor is assumed to form when the interface pressure drops below saturation. The formation of this vapor phase
severely restricts the rate at which heat can be added to the expanding liquid. The reader is referred to reference 1, plate
XII for evidence of this vapor formation. Alternately, the energy added below a minimum pressure will be incapable of
performing work on the surrounding structure and, therefore, only the energy added above a minimum threshold pressure is
effective in performing work.

The exact shape of the pressure pulse is unknown, but the average pressure behind the pressure front can be obtained. As long
as the pressure wave retains the classical pressure wave shape (and there is no reason to believe this should be different), the
pressure at the interface will be less than the average pressure (Figure 5-1). Using the average pressure as the interface pressure
will result in a conservative estimate of the amount of energy transferred.

The acoustic and inertial energies calculated by this method represent the maximum energy which can be converted to work
under ideal conditions for a system operating between the given limits. The actual amount of energy available to do work will
be less than this by the degree of irreversibility of the process. ’

5.2 CONCLUSIONS
A number of preliminary conclusions can be drawn from the work in this section. These include:

® The energy which can be converted to work 'by the coolant will be significantly less than that calculated by the other
techniques presently being used (Table 5-1).

® The acoustic pulse (shockwave) has the potential for delivering considerably more energy to the structure than is possible
with the inertial pulse (expanding vapor). The reason for this is that the severe temperature gradients result in relatively
small quantities of coolant being heated to temperatures greater than saturation during periods of high local pressure. This
is not to say that the shock wave will necessarily deliver this greater amount of energy. However, .the potential is clearly
indicated. (Table 5-1.) ‘

® The potential for transferring energy to the coolant is greater for the case of a clad-coolant system than for a fuel-coolant
system because of the higher cladding thermal conductivity.

5.3 THE HEAT TRANSFER PROCESS

The heat transfer analysis begins by considering a one dimensional semi-infinite solid with the initial temperature in the fuel
region (X<0) equal to T, and the initial temperature in the coolant region (X>0)equal to T . -
o . 0
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Table 5-1
COMPARISON OF DIFFERENT CALCULATIONAL METHODS
FOR A REPRESENTATIVE INTERACTION

This Analysis Hicks & Menzies® Chemical Explosion
(Fuel Sphere Radius = 0.0016 in.) (Sodium Bubble Radius)
0°F Superheat 250°F Superheat R =~ 0.0016 in.
Peak
Acoustic ’
Prcssure . . 1,015 atm 1,015 atm 520 atm 100,000 atm
Peak
Secondary
_ Pressure . . 33 atm 33 atm 520 atm 7,500 atm
Acoustic
Encrgy . . . 160 in.lb/gm Fuel 290 in.db/gm Fuel 2710 in.db/gm Fuel 17,700 in.-lb/gm TNT
Inertial
Energy . . . 14in.lb/gm Fuel 25 in.-lb/gm Fuel 2710 in.-lb/gm Fuel 14,150 in.-lb/gm TNT
Initial
Time
Scale . . . . 4.6X107 sec 1.5 X 1076 sec T ~107% sec ~ 10™ sec

It is necessary to set up solutions to the energy equations of the type(3)

T, = A +Baf X x <0
2V/at

T2=A2+B261'f- X>0

2V azt

These solutions satisfy the differential equations for heat conduction in their respective regions. The constants A;, By, Ao,
By are chosen to satisfy the initial and boundary conditions. 7

The former give

Ay *+ By =

1
=3
vy

[
=

A2+B2_

The latter give

By ky () = -By Ky ()7
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Where a = Thermal Diffusivity and k = Thermal Conductivity.

Solving these equations and substituting into the original equations gives

(Tp - T, ) [1 Kol erf( 1X] )] + T, ' (1)
o () kF/\/;FT 2\/;}; o

Tp

- X '
T = &(Tp -T rf + T 2
¢ ( Fo co) [e c(2‘/a—c?):| ‘o . @
where ' . N

kF/V aF.
kF/V ap + kc/\/ a,

The coolant temperature, T, is thus defined in time and space as a function of the initial temperature and thermal properties.

Equation 2 can be solved for the fuel-coolant interface temperature by setting X = 0.

T.

interface @ (TF ° - Tc

o) Pl ®

From this it can be seen that the interface temperature is constant for all t>0.

Equation 2 can also be manipulated to yield the average coolant temperature between the fuel-coolant interface and a point a
distance X from this interface.

o(T T . S
( F, - c0) 2Va t
erfc(e)de

Tovg = X 2 + T, . . ‘ 4

de

Two other useful relationships can be developed by observing that

erfc( X )—>0as( X >—*4.
2Va°t> 2\/act

The thickness of the “heated coolant” layer at any time

[17% 2]
t

is given by
XFﬂm = 8v act ) (5)

“t”

The velocity of propagation of the “heated front” at time

dx 4 .
& -y
" / £ - ©

is given by
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5.4 WORK POTENTIAL

Equations one through six define the thermal behavior of the coolant as long as the contact coefficient between the fuel and
coolant is infinite. For most practical cases, the interface temperature (Equation 3) is-above the saturation temperature for
the ambient pressure, P_,. However, because the velocity of propagation of a pressure wave in the sodium is not infinite, the
local pressure will be greater than P, until the pressure wave reaches the coolant boundary. The average local pressure can be
estimated as follows:

( dp) @VAT),
aT/y @v/aT)p

-p . @vBD
Pavg ~ Poo = (TAvg - Tco)

(9v/aP)
)
P = X7 -
A T o (Tavg Tco) + P @)
Where l(a_v) = Thermal Expansion Coeff. (8)
v\aT

—%— (—g—vp-) = Compressibility (a)
The rapid increase in coolant temperature, near the fuel, is expected to result in the formation of a pressure wave. Initially,
the propagation velocity of the “heated front”, Equation 6, is greater than the “sonic velocity” in the coolant. This results in
the formation of a very high local pressure. Eventually, the shock wave velocity will exceed the “heated front” velocity and
the local pressure will decrease. When the pressure at the fuel-coolant interface drops below saturation, voiding is initiated
and heat transfer to the coolant severely reduced.

For the purpose of this analysis, it is assumed that following voiding, no heat is transferred into the coolant nor is any heat
allowed to flow down the very steep temperature gradient in the coolant. Also, it is assumed that the pressure everywhere
ahead of the shock front is equal to P, while the pressure everywhere behind the shock front is equal to P,/ (where Py

a fanetion of time). Roth of these assumptions are felt to be conservative (i.e., result in a high estimate of energy input to ﬁle
coolant.) The latter may be overly conservative and deserves some further analysns, (Figure 5-1).

5.5 ACOUSTICENERGY

From the first law of thermodynamics, the work d'w, done when a system performs any infinitesimal process. reversible or
irreversible, between two equilibrium states, is ,

dw = —du + d'q

That is, the energy converted to work is equal to the heat provided by reservoirs with which the system is in contact and
which gives up a quantity of heat d'q, minus the increase in the internal energy of the system.

The quantitics d'w and d'q are inexact differentials, which is another way of saying, that w and q are not properties of the
system and that the integrals of d'w and d'q cannot be expressed as the difference between two quantities which depend only
on the end puints of the path of integration.
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The expression for the maximum amount of work that can be obtained when a system undergocs a process between two
equilibrium states can now be derived. In this case, it is assumed that the system (the coolant) exchanges energy with a single

reservoir (the fuel) at the interface temperature. (T, .. £, 00)-

From the principle of increase of entropy, the sum of the increase of entropy of the system, ds, and that of the surroundings,
dso , is equal to or greater than zero.

ds + ds0 =0

LY

Since d'q represents heat flowing out of the reservoir, the entropy change of the reservoir is

dso = - _.._d_(l__
T.
interface
as—— 99 =9
Tinl;urfncc
Tinterface 98 2 d'q

Therefore, from the first law:

dws T ds - du ®)

interface

Where the quantities u and s (internal energy and entropy respectively) are properties of the system and T a

interface 'S
constant.

Since entropy is a property of the system, the change in entropy of the coolant will depend only upon the end points. The
average temperature of the coolant behind the shock front, at the time the local pressure reaches saturation, can be obtained
from Equation 4. The same final conditions (temperature and pressure) will be obtained if sufficient heat were added to
increase the temperature of the coolant behind the shock front by (T
change is therefore:

.o
ds = CvT

avg'T c0) in a constant volume process. The entropy

The internal energy change “du” is also a property of the system. The increase in internal energy at the end of the constant
volume heat addition is:

duy = (%;-)v aT.

The coolant is in a compressed state and a portion of this energy can be converted to useful work in the shock wave. The
change in internal energy for an isentropic expansion is given by:

(g_;)v dT + (g_lvl)Tdv

d112

dar = (ﬂ) dv

ov /g
g = (22) ae (%) (Z) o

-52-



.

.- GEAP-10059

The total increase in internal energy is, therefore, given by:

du = duj + duy
: - (du qu\ (3T\ du
; du = (=) dT + | (&) (= dv + (Z2) d
(aT)v ,[(aT)v(av)s] ' (av)T '
Substituting
c -c c -
du = cvdT‘+ ¢ |- L dv + L v-p dv
L £
p Y P
du = ¢, dT - pdv Btu/lbm

Equation 8, therefore, becomes:

d'w £ Tiperface 98-¢,dT + pdv
Integrating:
v
i ¥ £ Tinterface Cv ¥ (Tavg / Tco) - % (Tavg - Tco) * f 2 pdv
| -1
. p_.-P
£ T at @
W = Tipterface v (Tavg / Tco) - % (Tavg = Tco) 2 Av
Poat ~ Poo
¥ £ Tinterface Cv & (Tavg / Tco) — O (Tavg - Tco) * % (Péat'P”) ©)
X Since pressure is a function of the temperature, Equation 9 can be written as:
Pa,r
i B ®)}__ (Pa P (Pa)Btu
; w £ Titerface O 2 —_"I\'c_ v (_ﬁ' +'2(77;'5 o/ Ibm (10)
: o

Where P = saturation pressure - P, (Ib/ft?)

B = _1. _6_v) 1/°F (Coefficient of Thermal Expansion)
‘l _ 1fov 2 o

3 a = Z|==| ft*/Ib (Compressibility)

: v \0P/p

T = Temperature "R
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The work calculated above results in the acceleration of the coolant in a very thin layer adjacent to the fuel. Initially, this
disturbance propagates at velocities greater than the sonic velocity in the coolant. Since the coolant is not able to
accommodate this expansion instantaneously, high local pressures are generated. The high pressures associated with this
compression are relieved by an intensive pressure wave and an outward motion of the coolant. The resulting steep fronted
wave is described as the “shock wave.”

5.6 INERTIAL ENERGY

As the shock wave travels away from the fuel-coolant interface, the local pressure is reduced. When the initial coolant
temperature is high enough, this reduction in pressure will result in partial vaporization of the coolant.

It has been assumed that heat transfer into the coolant is interrupted at the onset of vaporization, therefore, the maximum
heat available to vaporize the coolant is equal to the coolant internal energy in excess of the internal energy at saturation:

Suhstitnting

S BT _ .
d'q c, dT + (—a p) dv
' Alavg>T
: € t)
¢ = ¢ I:T(an>Tsat)_ Tsat} + (___a_sa_ - p) Av; Btu/lbm

" The amount of coolant that can be vaporized by the addition of this amount of heat is given by:

X = 4

By

The work performed by the expanding vapor is given by:

v B
w =ngdv
i

Since internal energy is a property of the system and q is equal to Au, this equation may be replaced by:

w

(%o~ V)" (¢~ Yg)

wo = ufo'ug .

In this case, it can be seen that the work depends only upon the end status and not the path. In other words, any process
between the same end points will result in the same quantity of work being performed. If it is assumed that the process con-
sists of a change from the initial liquid state to one of a liquid at P, and T

followed by vaporization at P, (with no
work being performed in the liquid phase) the work is:

saturation’

w = P (vg - vf)Pw
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For a quality x:

P°° . X(Vg-Vf)Pco B
w o= — St : (11)
778 lbm :

5.7 RESULTS

Several cases were investigated in which the initial temperatures, superheat and material properties were varied. The results of
this investigation are presented in Figures 5-2 through 5-5.

Figure 5-2 illustrates the effect of coolant superheat on the quantity of energy which can be converted to work by the
expanding liquid. As the superheat increases, the time required for vapor formation increases and as a result, a larger quantity
of heat is added to the coolant. It is important to notice that the average pressure behind the shock front (at the time vapor
formation begins) is quite low for high values of superheat. This implies that a large portion of the energy is avallable at very
low pressure and may not be capable of performing work on the structure.

Figure 5-3 demonstrates the effect of varying initial coolant temperature. As can be seen, a reduction in the initial coolant
temperature results in an increase in the energy available to do work. Here again, the final average pressure is very low for low
initial coolant temperatures and it is doubtful that the acoustic energy shown in Figure 5-3, for very low coolant
temperatures, will actually be available to do work on the reactor structure.

Figures 54 and 5-5 illustrate the effect of initial fuel and clad temperature. From those curves, it can be seen that clad
material is more effective than fuel at generating significant acoustic energy pulses. The flattening of the acoustic energy
curve at high initial fuel and clad temperature is attributed to the rapid increase in vapor pressure which results in a reduction
of the time during which energy is being transferred.

Several cases were analyzed in which the sensitivity of results to variations in key parameters was determined. The purpose
was to determine if minor variations in a particular parameter could result in large variations in the calculated maximum
energy. The results of this study are presented in Figure 5-6. It can be seen that fuel parameters have the smallest effect on
ithe energy input while the coolant heat capacities C and C,) have the greatest influence.
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6. STRUCTURAL LOADING ANALYSIS OF FUEL DUCT

Analysis of the FFTF fuel duct response to the hypothetical flow blockage accident considered the following aspects:

® Shock loading of duct
© Deflection of an unirradiated duct
® Deflections of an irradiated duct

The duct deflection analysis has assumed a uniformly loaded duct wall and uniform temperatures. Deflection calculations
assume a static load on the duct. :

The derivation of the acoustic energy generated from interaction of hot core materials and cold sodium, described in Section
5, forms the starting point for this duct analysis. Beginning with the partition of this energy to the wall, the analysis has
shown the deflections to be expected in general and applied the results to the FFTF duct for this particular hypothetical
accident. .

6.1 SHOCK LOADING OF DUCT

The intense heating at the contact surface between re-entrant sodium and hot core material may result in a shock pulse from
the rate of thermal expansion at this surface as described in Section 5. If this pulse is intense and reaches the duct walls, it
may. deform or even rupture them with consequent damage to the adjacent ducts and the possibility that the fault may
propagate. To assess this possibility, it is first necessary to study the mechanics of the shock wave transmission, reflection and
absorption. Existing technology offers a dual approach to the solution of this problem and it is judged that a combination of
the two approaches will offer a bounding magnitude to the loading of the duct.

The initial investigation in this study was the energy partition of reflection, absorption and transmission of the shock wave at
the duct wall in order to assess the dynamic loading of the duct.

The complex internal arrangement of fuel pins is apt to be disturbed in the explosive reaction and the reflections, diffractions
and refractions within the interior are judged too difficult to model. The impulse and energy are assumed to emanate from
the edge of Lhe fuel cluster and impinge on the duct wall.

There appear to be at least two mechanisms involved in the interaction of the sodium and the duct,wall under the wave
impulse of compression associated with shock loading. One is the reflection, absorption and transmission of near sonic
velocity waves at the boundaries of differing media when the media are considered semi-infinite in extent. The other concerns
the impnlse lnad delivered to the duct wall by the reflccted wave when the wall is consldered as a flexible boundary. In order
to make the problem more tractable, the model will be treated as one dimensional, illustrated in Figure 6-1, with the shock
wave travelling from left to right, originating in the fluid sodium passing through the duct wall and continuing in the fluid
sodium. In this simplified model thc boundaries will be considered normal to the direction of pulse velocity. For the energies
and impulses associated with shocks that the duct may be able to absorb, it is judged that elastic waves at near sonic velocities
can be expected. In order to characterize the shock wave, it will be necessary to know either the initial energy and impulse of
the wave, or the pressure-time history of the pulse.

Acoustic theory permits the assessment of reflection and transmission at the interface between two media and is probably
valid when the pressure in the pulsc does not greatly exceed the elastic strength of the medium and does not have a gross
elfect on the density. It is expected that the shock wave in the duct may be categorized this way.
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Kolsky (Ref. 1) shows that the plane interface of differing media for normal incidence of a dilatational wave, the relation
between the incident wave amplitude (A;) and the reflected wave (Ap) is:

(@ AR = Ap(peCo-p1Cy)/ (poCq + p1Cq)

and the transmitted wave (Ay) is:

®) Ap = A @eiCp)/ (peCy*p1C)
where:
p = density of the media and the subscript identifies the medium.
C; = thevelocity of propagation of dilatation in the media and the subscript identifies the medium.
For a Solid ( For a Liquid |
(c) - C = , ;kl4/_3‘_‘ (dilatation) C = / k/p
@ k = bulkmodulus = —b
T 31-2p)

(e) u = rigidity modulus = —2—(1E+——v_)

E = modulus of elasticity

v = Poisson’s Ratio

T'he ratio of reflected to incident energy at an interface is given by McGonnagle (Ref. 5) for semi-infinite media as:

2
U G - Pl
S 1€ + PoCo

or for finite media where (forh < )

(plcl paca\’
U _ P22 P14/
@) F: = 5
c c
4 Cot2 (Znh) +fP1%1 , P2%
AT \poe A1

wave length (in.)

m
= >
] 1]

extent of medium

-63-
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Equation (g) is employed for a medium through which the wave travels for a2 wave length or less. Maximum transmission
occurs when h is equal to an integral number of half wave lengths. Minimum transmission will occur when h (extent of
medium) is an odd number of quarter wave lengths.

By computing the reflection at the interfaces in turn an assessment of the energy reflected, transmitted and absorbed in the
duct wall can be obtamed see example in Figure 6-2.

Supplementing the acoustic theory by considering the impulse delivered to a finite extent of wall such as the duct, it is
reasoned that the reflection of the shock wave at the initial sodium to steel interface will result in a pressure of some duration
that will result in motion of the wall. The initial velocity imparted to the wall will then be retarded by impact upon the
sodium at the next interface and finally by the strength of the wall resisting deformation. The velocities are much below the
speed of sound in this phase so that the shock pulse travels on unaffected. -

If the impulse, I, of the incident wave is added to that of the reflected wave, t.henr effect on the wall is to impart an almost
instantaneous velocxty to the wall if the period of the wall is large compared to the time of the pulse.

The pressure of the incident wave is nearly doubled on reflection, see Figure 6-3, so that the impulse (f Pdt) of the wave
pressure acting on the wall is also nearly doubled. The integral of the pressure-time of the wave, or the impulse, will impart
motion to the duct wall if the duration of the pressure is much less than the natural period of vibration for the wall, or will
act as a quasi-static pressure if the duration is much larger than the period of the wall. For durations approximating the
period of the duct wall, the reaction is more complex, but this regime is not of interest for the flow blockage accident. In
those shocks of relatively short duration that are of interest, the impulse may be equated to momentum imparted to the wall,
detemumng the initial velocity of the wall and the consequent energy transfer, see Figure 6-3. I = Pt = mv, the resultant
energy is E = mv?/2 = I?/2m. The resultant motion of the wall will impact the sodium on the opposite side of the duct
sending a pressure pulse through the liquid and extracting some-of the kinetic energy from the duct wall. Timoshenko (Ref.
4) has treated the impact of solid rods and a modification of this procedure can be employed for the one dimensional model.
In the development of this treatment, it is assumed that a stress, 0, is suddenly applied to the boundary of the medium
causing a wave of compression traveling through the medium with the speed of sound, C. The particles of the medium will
receive a velocity, v, due to the compressive strain. In this mstance

= g 5 = .0_ ¢t . v = _8. = .(_’2 .
¢ 0Ty t K
where € = strain, in. per in.

) = deformation in.

and the other symbols are as previously defined. By equating the impulse of the stress, 0t, to the momentum of the com-
pressed fluid, pvct, the velocity of wave propagation, c, is found:

Q) ot = pvct,
__g_ = c: 0 :__l_i_orczzk;‘.c= _k-
pv €9 pe p N p
Pk

Continuing a parallel to Timoshenko’s development, the strain energy would be:

M 5 = Lo
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6S001-dvd9



GEAP-10059

and the kinetic energy equal to:

() E = ctov V2 = 29(.‘.7.)2 = Ct02 = iCt
VoK T2 2 e 2

with a total energy of:

() Ep = Lo
then considering impact of a plate on fluid, as in Figure 6-4, at the beginning of the first interval, 2h;/C; (determined by
‘time of travel of reflected wave in the wall to traverse the wall and return to the impact surface, v - v; = vg.

Assuming the fluid initiaﬂy at rest, the particle velocity of the fluid and the plate must be equal to maintain contact and the
accelerating stress must.be equal for equilibrium at the wave front:

) vl' = "9 and v2' =

m vi-v' =y e

-7 W kepe

ko

' 1°1

n) v = v 1+ —
® v 1 ( kzpz)

(0) 01 = v l\p = V2'V k2p2 = Vl’ V klpl
v1 N kapg Nk1P)

Nkaog + N kypy

The energy transmitted

k) o =

2 2
m,yv
_ ™M, M2

2 2

(@ AU

2 -
myvy myp 9 klpl

= -— 4 — e—

2
myy? + E‘l(klpl)( vy kgpg )
-
22/ \Jkypy +nkapo

2 2

mv” ( k1p1 )
2 - A
kypy + 24/kyp) nfkopg + kopg
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Figurc 6-4.  Impact on Liquid

To properly categorize a shock wave (Ref. 2,3) it is necessary to know either the pressure-time history of the pulse, or at least
the energy and impulse (momentum) associated with the shock. All are difficult to assess and the present study has yielded
only estimates of the energy, peak pressure and decay time in the wave so further assumption must be made to evaluate the
impulse. For conventional explosive and nuclear explosive shock waves the attenuation can be approximated by an
exponential decay from the shock front pressure and there is some evidence that such decay would be appropriate.

For a decay curve decreasing from a peak pressure where the curve is concave with respect to the peak pressure and the area
under the curve and the limits of integration are held constant the moment of the area under-the curve

X 2
oo

(¢}

will increase with increasing curvature. As energy is a function of the pressure squared and impulse is a function of pressure,
the same will hold true for these parameters, see Figure 6-5. In a shock wave, it is normal for the pressure to degrade at a
faster rate at the higher pressure and more slowly as the pressure returns to ambient. It therefore appears that a linear decay
would be an adequate bounding case for the relation of impulse to energy for a shock wave. In Figure 6-6 a relation has been
graphed for a number of shapes including an exponential in the portion of the curve with slight curvature to illustrate the
limiting approxitnation. The triangular distribution was employed in the computations as a bounding assumption that was
conservative, but the available evidence indicates that an exponential decay is probable, with higher peak pressure and lower
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impulse loading than would be observed in a linear decay. In employing the linear decay, the energy of the wave is equated to
the energy in the triangular wave form [u = (CP? ;. t;)/3k] and solved for the peak pressure (P o, ). The impulse is then
computed from I = Pt/2. In the duct it is assumed that the pressure pulse originates at the perimeter of the outer row of fuel
rods and that the heat transfer surface at this boundary is equivalent to the surface area of the duct exposed to the shock
front. The maximum energy of a shock wave for either maximum temperature of fuel or maximum temperature of clad is
indicated in Figures 5-4 and 5-5 to be approximately 11 in. Ib/in.2 of heat transfer area. The complex geometry of the fuel
cluster discourages an attempt to relate the effective heat transfer area exposed to the duct wall with the reflections and
absorptions in the interior of the cluster contributing a time delay to further cloud the picture. Figure 6-7 illustrates the
adopted concept of equilibrating the peripheral area of the fuel cluster to the adjacent duct wall area on a one to one basis for
computational purposes. From this assumption it is estimated that the incident energy of the shock wave is 11 in. Ibs/in. 2
and the corresponding impulse is 5.42 (10) ™ lb.sec/in.? delivered to the duct wall as shown below.

2
Au = P (i(At
P
t t 2
c 1 2 _c 1 /Pt
8) u = <= pedt = —f —) dt
2 At
= f 1 24
kt12 [0} L.
CP2t1
- 3k
(psi)
p2 = 3ku 4701000
ct
P = 2168lpsi = 1475 Atm.
t
I = tl 1 tdt
1 Jo ' GD9-169
_oPn o 268l g hocao . s
2 4(10)6 :

t; = 5(0)7 sec.
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F igure 6-7.  Equivalence of Peripheral Area of Fuel Cluster to Area of Duct Wall for Shock Wave Transmission

Using expected properties of the FFTF environment and similar gcometry we may compute as an illustration:

T = 1000°F
Property SS 304 Na(6) Units
p = density 7.772(10)4 7.7044(10)"5 Ib- sec?/in.%
¢ = velocity of sound 199,600 90,400 in./sec
k = bulk modulus 19,170,000 636,500 ib/in.2/in.3
# = rigidity modulus 8,846,000 Ib/in.2
E = modulus of elasticity 23,000,000 763,800 Ib/in.2
v = Poisson’s rativ - 0.3 0.3
b = compressibility 5.22(10)8 1.571(10)0 in.3/1b/in.2
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Reflection at the inside surface of the duct:
ARy = A (oG -pren)/ (Basa * P1ep)
= A [777200 (159,600) ~ 7.7044(10) (90,400)) /(155.13 + 6.96)
= 0914 A

Transmitted:

Ap

1= A1 @orep)/(egea *prey)

fl

Ay @) (6.96/162.09)

0.086 A,

Reflection at the outside surface of the duct:

AR

0.086 A; (6.96 - 155.13)/162.09

2
= -0.079 A, (Tension Wave) |
Transmitted:
Ar, = 0086 A} (2) (155.13)/162.09

0165 A

The corresponding energies of reflection and transmission would be:

U 2
Ba _ (9101 - Pacy
U; p1cy + Pacy

_ (7.7044(10)‘5 (90,400)-7.772(10)% (199,600))2

6.96 + 155.29
= 0.835
(P2°2 P3°3)2
U - ——
, p3cg  Poc
-—%——3 = (1-0.835) 38 7272 5 ®< )
! : 4-cot2'(27—rh)¢(p2c2 1 p3c3)
A J\p3e3 oy
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(7.772(19.96 ) 7.044(0.904))2
7.7044(0.904) ~ 7.772(19.96)

4cot ( 2n(0.14) ) N (7.772(19.96) . 7.7044(0.904))2
(10)70 (199,600)/ \7.7044(0.904) 7.772(19.96)

(0.165)

(0.165) (0.964) = 0.162 Reflected and absorbed
0.835 Reflected
0.997

U
Ty 3
Ty

1 -0.997 = 0.003 Transmitted
o .9
If Uy = 11.0,% UT2-3 = 0.033, UA.‘ = 1.78 (in. Ib/in.%)

. s ) -0
For the impulse energy delivered as a result of the initial reflection, assume I, specific impulse, is equal 10 0.542(10)™ Ib.sec.
per in.. (This is an upper bound, computed from triangular pressure distribution.)

2
o (12
Uy = o141 _ [L914(0542) (1O)7] _ g 4os ;0 i 2
2m 2(7.772) (10)"4(0.14)
v = Lol 1914(0.542) 102 95.3 in./sec
1 m (7772 (107014 T
0o . = v) Nkapa [kp) _ 953 \/636500 (7.704) (10) ~/19.17(10)6 (7.772) (10)'4 = 631 psi
- NC RO 7.00 + 122,06
v'2 = g = 768(1) = 90 in./sec
kP '
’ ] 631 .
vy = - = 15200 = 5.17 in./sec
NET
Au o kypy I 19.1710)° (7.772) 1.0y

* (WKipy *+JRapz)? ) (7.00 + 122.06)2
= 1-0.894 = 0.106 Energy transmitted

0.894 Energy absorbed in duct.

Ug = 0.835(11) = 9.185, Uy = 0.894(0.494) + 1.78 (inlb/in.2)

Up. = 0.106(0.494) + 0.033 = 0.085 Uy ZU = 1149 > 110

* Section V indicates this energy level per sq. in. of fuel surface for a clad or fuel temperature near melting. It is judged that a
one-to-one relation between the exterior of the fuel cluster and the duct surface is the maximum effective in transferring energy.
The complex reflection and absorption in the interior of the cluster appears intractable.
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The excess in the Zu is explained by the conservative assumption of the impulse loading and neglecting the decrease in
reflected energy due to the flexibility of the wall.

This example has been worked for a duct temperature of approximately 1000°F with corresponding material properties, but
it is hoped will illustrate the loading mechanism and barrier properties of the duct under an internal impulse load. Figure 6-2
shows the reflections and transmission estimated for this case.

6.2 DEFLECTIONS OF AN UNIRRADIATED DUCT

The next problem investigated is the ability of the duct to absorb the energy deposited by the shock wave. A limitation that
is imposed is that the strain in the duct must be less than the ductility expected to prevent fracture and subsequent energy
transfer to adjacent ducts.

It is reasoned that the shock wave imparts an impulsive load to the duct both by the pressure of the reflection at the inner
surface and the reflection of part of the transmitted wave at the outer surface. The wave travels at the speed of sound and the
two impulses are almost coincident. It is considered conservative to neglect the hysteresis losses inherent in the internal wave
as well as the multiple reflections that may occur during the impulsive motion of the wall. As mentioned above, the question
of considering the shock energy as an impulsive loading resulting in an initial velocity of the wall to be restrained by the
ability of the wall to absorb energy by plastic deformation, or as a quasi-static sustained loading that must be resisted by the
strength of the wall, is a function of the duration of the pulse and the natural frequency of vibration of the duct wall. If the
duration of the pulse is short relative to the period of the wall, the wall does not have time to respond, and the impulsive load
results in an initial velocity of the wall that must be accommodated. The duration of the pulse is estimated to be 5 (10)~”
seconds and the period of the duct wall is computed as about 1.4 (10) ™ seconds so that it is expected that the shock will
result in an impulsive load. The duration of the pulse results in a wave length of about 0.2 inch in the steel duct wall and the
wall thickness of 0.14 inch is neither an integral number of half wave lengths or an odd number of quarter wave lengths
necessary for maximum or minimum transmission.

In order to estimate the ability of the duct to absorb this energy input, it is assumed that the energy is dissipated by
deformation of the duct in a pattern similar to that for an internal pressure. The duct is then analyzed for a series of
increasing pressure loads and the cnergy absorbed is compared to the deformations and strains resulting. A computer solution
of plane stress problems for bodies of arbitrary variation of material properties, shape and loading is eniployed. The program,
“GASP”, (Ref. 7) is a finite element solution that by iteration will solve problems of plasticity where the stress-strain law can
be approximated by a two-slope idealization. Noting that there are six axes of symmetry for the hexagonal duct and that
symmetrical boundary conditions can be imposed, it is possible to analyze 1/12 of the perimeter of the duct for an internal
pressure, see Figure 6-8. The duct has little ability to absorb energy in the elastic range so that the duct must be analyzed for
plastic deformation.

With this method of solution the procedure is to obtain successive solutions with increasing pressure loads, obtaining the
deflections and energy absorbed for the successive solutions. With this information it is possible to plot a curve of maximum
deflection versus energy absorbed that can be employed to relate the two. This relationship is then utilized to assess the
ability of the duct to absorb the energy imposed by the shock wave. The deformation to contact adjacent ducts and the
ductility of the metal are employed as limiting parameters in this assessment.

The multiplicity of possible loading conditions, initial conditions, prior history and material properties, make an investigation
mapping the entire field prohibitive for the purpose of this study. Many of the accompanying loadings producing initial stress,
strain and deformation are not readily assessable for combination and comparison with failure limits. In order to furnish some
insight, the duct has been investigated for representative accident conditions early in life when the metal is weak, but ductile
and aleo late in life when irradiation has changed the properties of the metal to strong and brittle.

The analysis for early in life when the metal is weak can also be employed for later in life if loss of ductility is not
accompanied by irradiation hardening, but appropriate limits must be imposed on the allowable ductility in this case. These
extremes may indicate bounds of the problem. Unfortunately not enough information is availale to bound all of the .
combining loadings and all of the temperatures.
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Figure 6-8.  “GASP” Model of Duct
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The early life condition assumes metal properties for temperatures approximating 1000°F. The material of the duct is
assumed as ASTM A-213, Type 304, with properties at 1000°F of Young’s Modulus, E = 23(10)® psi, Poisson’s ratio, » = 0.3,
a yield strength of about 14,000 psi and an elongation of about 42%. A series of solutions from the pressure of 100 psi
(incipient yielding) to 300 psi (gross plastic deformation) yields information on the maximum deflection, strain, and energy
absorption which have heen plotted in Figure 6-9 showing curves constructed from these points. The stress-strain relation
assumed for these solutions is E = 23(10)® psi up to the yield strength of 14,000 psi and then a strain hardening of E* =
1.05(10)% psi. . :
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Figure 6-9.  Energy Versus Deflection and Strain in FFTF Core Duct, Parameter Set 1
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The two slope idealization of the stress-strain law employed in the computer solution is illustrated in the Figure 6-10.

ho

Figure 6-10.  Assumed Stress-Strain Relation

The late in life conditions are similar except that irradiation has increased the yield strength to 40,000 psi and decreased the
elongation to 1%. Figure 6-11 indicates the relation between strain, energy and maximum deflection for the duct and material
after lengthly exposure to radiation. The pressures employed in this series of analyses range from 200-500 psi.

The shock loading of the duct indicates a maximum energy input of about 2.2 in.lb/sq in. for the accident loading which is
equal to 2.2(14.9)~33 in.lb/in. of duct. Figure 6-9 would indicate that such an input would result in a maximum deflection
of about 0.02 in. and a maximum strain of 0.02 in./in. These values of deflection and strain are easily accommodated by the

The same input of energy in later life, from Figure 6-11, would result in maximum deflection of 0.014 in. and maximum
gtrain of 0.009 in./in. The maximum deflection can be tolerated but the maximum strain of 0.009 is very near the material
capability and could fail the duct. The duct would have marginal chance of surviving the shock load near the end of life.

An assessment of the strain rate can be obtained from the initial velocity of the duct wall resulling lrows the impulsc loading
from the shock pulse. It can be reasoned that the strain rate is proportional to the deformation rate and therefore the strain
rate can be obtained as the maximum strain divided by the maximum deflection as a ratio multiplier of the initial velocity of
the duct wall. The assumption is made here that the strain to deformation remains constant throughout the travel of the wall.
The strain rate as well as the deformation rate degrade from their initial values down to zero when the wall comes to rest. On
this basis the maximum strain rate would occur for the irradiation hardened material and would be approximately 102 in./in./
sec and degrade to zero. This is a comparatively modest rate compared to the speed of sound (200,000 in./sec) and the duct
would respond to the deformation in a uniform pattern without delay time due to inertial restraint.

The strains from the shock loading are additive to the strains from other loadings of the duct, but the large plastic strains
from absorbing the energy of the shock dwarf the ordinary elastic strains. But the accompanying severe radial temperature
gradient results in a strain of about 0.25% which may be significant late in life.
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. Figure 6-11.  Energy Versus Deflection and Strain in FFTF Core Duct, Parameter Set 2
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6.3 DEFLECTIONS OF AN IRRADIATED DUCT

The preceding part of Section 6 has dealt with shock loadings and elastic-plastic deflection early in duct life, where the
ductility permits large deflections and high strains. The following is an attempt to determine the duct response late in duct
lifc when irradiation has significantly reduced elongation and increased ultimate strength and yield strength.

In attempting to determine the duct response characteristics it is essential to know the maximum pressure, duration and
shape of the forcing impulse, in order to establish if the load will produce either impulse-, dynamic-, or approximate static
loading conditions. Information presently available on the load characteristics is insufficient to precisely determine the type
of duct response. However, preliminary results indicate that the duration of load was long compared with the period of the
duct. The static load procedure was chosen for the analysis reported in this subsection.

Three areas were investigated.

® elastic deflections of the duct wall

® eclastic deflections of the assembly

® clastic-plastic deflections of the duct wall.

6.3.1 LKlastic Neflections, Hexagonal Duct

Analysis was performed to accurately define the elastic limit of the hexagonal duct. T'he following assumptions are used in
this analysis:

Hook’s Law applies.

Effect of axial pressure variation is negligible.

Channel-thickness-to-diameter ratio is small enough to be considered thin wall (membrane).

Nonlinear stress distribution near corners does not affect moment distribution determined by energy methods.
Shear stresscs are negligible. '

The cross section of the duct to which the analysis is applied s given in Figurc 6-12.

é « 1 . (4.615-0.14) 0.5~ 2.2375 inches
22

w

B

| r—— A=4.6i5 "
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Figure 6-12.  Cross Section of FFTF Fuel Duct
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Using the geometry and nomenclature of Figure 6-12, the membrame stresses in the duct wall are:
Wo/T

memB °~ WB/TA

g

18.206 - p

mem A

[

16.239 - p

The total stresses at location A and B are:

otOtA = 203.10 *p
otOtB = 99.10 - P

A complete derivation of these formulas is found in Appendix E.

A graphic presentation of the maximum wall stresses are shown in Figure 6-13 as a function of the differential pressure, p.
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Figure 6-13.  Pressure-Induced Bending Stress in Duct Wall
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Figure 6-14 indicates (Ref. 11) that maximum bénding stress in the duct corner is 27.2% higher for the existing geometry of
the duct than the equivalent stress in a flat plate.
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Figure 6-14. Bending Stress Correction for Curvature Effect
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One way to decrease the corner stress is to remove the six corner pins and increase the mean corner radius to 0.720. This
makes T/R = 0.195 which according to Figure 6-14 gives a stress increase due to the corner effect of approximately 7%. This
isa 15.7% decrease of the maximum wall stress. S

6.3.2 Fuel Assembly Deflections

The deflections and energy absorbed in a duct when bent between supports as a simply supported beam was analyzed
assuming locations of support for the fuel assembly as shown in Figure 6-15.

A B . C D E

/‘?\'_-/_ SHIELDING _ ACTIVE CORE GAS_ PLENUM
-3 Oin-l-+;'_—'3]'9i'n' ’ 55.25 in. —OL—-63.0 in.
e ' A 168 in. S— -

WALL THICKNESSES:  B-C - 0.183 in.

GD9-127
Figure 6-15.  Locations for Fuel Duct Support

Since the type of failure investigated in this report will occur in the core section, only this section (C-D) will be considered.
The following assumptions are used in this analysis:

Hook’s Law is valid.

The cross-section does not change when duct is deflected.
Shear stresses are negligible.

Bending does not occur.

Simple support at the clamps.

No support from the fuel pins.

The calculational model is shown in Figure 6-16.
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Figure 6-16. Load Model Assumed for Suggested Duct Analysis
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The formulas used for moment and deflection are given in Reference 10.

d
R, = W . T W = p-¢
Ml
A-B M= R)X
Yy
B-C : M= Rx-wk
C
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Deflection:
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R 1 3 (2 843 2be? |, C 2]
A-B N -L 8d° _ 2bc” , C7
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The procedure to calculate the energy absorbed in the duct is similar to the one used for the duct wall.

" x=¢/2

1 [ (Vnt m)
U = — o~ ———————————— . .
> \:( 5 p - dx

x=0

the bending stress in the beam is given by:

M- k

S =
where K = 2.6188
and I = 6.043

Figure 6-17 shows duct responses when a duct is bent by external pressure in the mode indicated on the figure. When the
stresses reach the yield stress, the duct will buckle and the part of the graph above this specific stress is no longer valid.

Without analytic proof, it is expected that the pressure load is too rapid for the relatively heavy fuel duct to respond as
indicated on Figure 6-17. It is more likely that the duct wall deforms locally in the same mode as when pressurized internally.
This same (secondary) duct is assimed to be at normal operating temperature 915°F and should absorb more energy than the.
initial duct before failure.

6.3.3 Elastic-Plastic Deflection of Duct Wall .

Duct wall deflection was analyzed when the imposed pressures result in partially plastic deformation. The corner and possibly
the middle of the flat develop plastic hinges with the intermediate material being either elastic or partially plastic. The
maximum material strain in the corner is in the range of the minimum expected ductility of irradiated ducts (1%). This
analysis permitted a more extensive parameter study of this region than time permitted with the “GASP” code used for the
ductile material cases.

The principle assumption permitting analysis of the wall in the plastic regime is the straight beam approximation.
The equivalent straight beam is taken as having a length equal to the duct wall neutral axis between adjacent corners when the
corner radius is zero. This permits integration of the deflection of the beam and calculation of the energy absorbed during the

elastic and plastic deflection. Appendix E develops the equations for the beam deflections.

The derived expressions for deflection of the elastic-plastic beam are used to numerically integrate the energy absorbed in the
beam:

x=L/2

v 3 ()

x=0

The result using this procedure is presented in Flgul‘e 6-18 showing wall deflection, and 6 19 showing energy absorbed versus
yield strength and applied pressure :

Figure 6-20 is calculated for 6 different values of modulus of elasticity ranging from E = 23 X 10 to 28 X 10° to illustrate

the effect of the modulus of elasticity on the results. Pressure is adequate to develop a plastic hinge in the corner and at the
middle of the flat side. :
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Figure 6-17. Energy Absorbed in Duct Versus External Pressure (Duct is simply supported)
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6.3.3.1 Expected Accuracy

The elastic part of this analysis is expected to be within 5% accuracy. Two different procedures have been compared and the
correlation is excellent. The plastic calculations contain more uncertainties due to the facts that the assumptions and the
straight beam model introduce greater errors in the plastic regime. However, some arbitrary points on Figure 6-18 and 6-19
have been checked by substituting the corresponding values for E, P, S, into GASP. This computer code should be accurate
for elastic or slightly plastic deformations. The points that were checked indicated a maximum deviation from GASP results
for plastic conditions in corners of less than 10% and for double plastic hinges less than 20%. Because strain hardening is not
accounted for in this analysis, the relative error will-increase for an increase in wall deflection beyond the double plastic hinge
condition. :

The relationship between mid-wall deflection and maximum strain in duct corner plotted on Figures 6-21 and 6-22 was
obtained from several GASP runs. The results were used to add the strain shown on Figures 6-18 and 6-23.

6.4 THE EFFECT OF THE PARAMETERS ON THE DUCT RESPONSE
6.4.1 Wall Thickness

To establish the dependency of the wall thickness on the duct-damage some calculations have been carried out for two
different wall thickness, 0.14 in. and 0.19 in. The results are shown in Figure 6-23 which gives strains and duct responses
when both ducts contain a pressure sufficiently high to develop plastic hinges in the corner and at the middle of the flat side.
Assuming the same yield strength for the two ducts, Figure 6-23 indicates that by increasing wall thickness from 0.14 to 0.19
the ability of the duct to contain a static pressure increase approximately 70%. Energy absorbed shows a slight increase and
deflection shows a minor decrease. (For a given deflection the maximum strain will. increase with wall thickness in the ratio
T,/T, where T, > T,, in this case E, = E, * 0.19/0.14 = 1.36 - E,.) It does not appear that an increase in wall thickness will
contribute significantly to the capability of the duct to absorb energy.

6.4.2 Fiat to Flat Qutade Dimensions

The above results are based on a flat to flat outside dimension of 4.615 in. By increasing this value to 4.8 inches the
deflection will increase by the ratio L*/L,* = 4.8%/4.615* = 1.16 assuming the same diffcrential pressure in both cases.
Ditferential pressure to produce a specific stress in the duct wall will decrcase by the ratio L2/L,? - 4.8%/4.615% = 1.08.
Energy absorbed which is a function of deflection x pressure will increase by the ratio 1.16/1.08 = 1.075.

6.4.3 Corner Radius

The possible range for the internal corner radius is 0.10 to 0.25. The reference FFTF value used is 0.155. The effect of this
radius is tabulated in Figure 6-14 in terms of a stress correction factor K; and K which cepresent the ratio of the actlual steess
to stress computed by ordinary flexure formula for a flat beam. K refers to inside and K, outside of the duct.

Assuming constant wall thickness 'I' = 0.14 inches, the ratio:

T 014 . 014

o = & = = 0.023 =01

n o1 + 007 - 07 | T Fo
0.14 0.14 ,

T d4__ 014 _ o0 = 0.19

ry 035 7007 03 0 T

which gives respectively,
K = 1.40

K, = 117

compared with K; = 1.273 for the reference geometry.
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Figure 6-21. Maximum Strain in Duct Wall (Inside at Mid-Corner) Versus Deflection at Middle of Flat Side
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Figurz 6-23. Some Duct Responses for Two Different Values of Wall Thickness, Plastic Hinge in Corner and
at Middle of Flat Side
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This represents a stress increase of 10.0% and a stress reduction of 8.1%, respectively.
6.5 RESULTS APPLIED TO THE LOSS OF FLOW ACCIDENT

Figure 6-24 shows the ductility of duct wall for different fluences above 1 MeV and Figure 6-25 shows ultimate strength of
the duct wall as a function of time after the hypothetical flow blockage. As expected a significant reduction in both
properties occurs after ~1 second when vapor is formed in the duct and a steep rise in duct temperature takes place.

The basis for the time-temperature relationship after flow blockage is given in Section 3 and material properties in
Appendix A. ’

Figure 6-26 gives the calculated energy absorbed in duct wall as a function of time after flow blockage. The dotted part of
this figure is extrapolated from other graphs and is shown only to indicate order of magnitude and trends. For a fluence of 2
X 10?2 the graph indicates energy absorption capability in the duct wall to be ~55 in Ib/in. at normal operating conditions.
When flow blockage occurs the temperature starts to rise, causing a reduction in duct strength, and ductility, which in turn
lowers the energy required before failure. At about 2.0 to 2.5 seconds after the initial flow blockage the possible energy
deposited in the duct wall equals or exceeds the energy absorption capability. This means that after ~ 2.5 seconds the initial
duct may crack open for this hypothetical accident. This permits the pressure in the duct to be relieved into the space
between the ducts. To analytically establish a reliable magnitude and history of this pressure between the ducts is extremely
difficult. It is believed however that the pressure build-up is too rapid for the relatively heavy fuel bundle to respond in the
sense that it deflects like a beam between thé clamps. Due to a higher natural frequency the duct wall will probably deflect in
the same manner as when bent by internal pressure. This makes it possible to find energy absorbed in the initial and adjacent
duct based on the same analysis, if pressure and duct temperature are known.

The two important factors that determine the damage on the adjacent ducts are energy released and ductility. Assuming
normal operating conditions the two ducts nearest the crack should be capable of absorbing all the energy released in the
initial interaction without themselves failing. :

Calculations given in Section 4 indicate that the pressure pulses may be of a repeating nature due to repeated reentry.
In a qualitative manner this type of loading may have a strengthening effect on the duct, in the sense that repeated pressure
pulses gradually convert the hexagonal shape to a stronger cylindrical section in which fairly uniform hoop strains are
produced. The static analysis described above is based on a quasi-static pressure, and does not account for possible shock-wave
Ly pu picssurcs.
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Figure 6-24.  Ductility of Duct Wall Versus Time after Flow Blockage
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7. FAILURE PROPAGATION

7.1 INTRODUCTION

The objective. of this section is to examine the mechanisms for the propagation of failure between fuel bundles, and to
determine the range of mechanical and thermal conditions that will inhibit failure propagation.

Assuming a loss of flow accident in the primary bundle, the following conditions in the primary bundle would result and
could affect the performance of the adjacent fuel bundles:

®  Generation of significant pressures and quantities of vapor.

®  Release of solid debris, such as pieces of clad, wire wrap and fuel.
® Release of molten fuel.

The first step is to identify the possible modes of bundle failure. This is shown in Figures 7.1, 7-2, and 7-3, where the
consequences of these Lhree conditions are traced through the adjacent bundle to either a new equilibrium point or else
bundle failure (i.e., loss of sufficient cooling).

At issue is the determination of when the thermal performance of the bundle has been sufficiently impaired to cause failure.
The causes of departure from design thermal conditions have heen grouped into the categorics of mechanical damage to the
bundle, thermal propagation from the primary bundle, or injcction of foreign material into the bundle.

In many instances, a definite conclusion on failure cannot be given, since enough quantitative information on the condition
causing the failure is not available, or else is a parameter depending on conditions in the primary bundles. This, for example,
would include magnitude and duration of applied pressures, volume of vapor injected into the bundle, size and quantity of
debris injected, etc. In this case, it has only been possible to draw conclusions based on the driving function as a parameter.
Alsu, in instances where failure is indicated, time constants from initiation of the accident to failure condition havc been -
determined to indicate the time available to react to the situation and prevent the failure.

Referring again to Figures 7-1 through 7-3, the followmg mdmdual categones were identified as consnderatmm in the failure
of the adjacent bundle.

1. Resistance of the duct wall to failure due to external pressure loadings (See Section 6).
2. Response of the fuel pin array to loading through a broken or deflected duct wall.
8. Coolant temperature response to a partial loss of flow caused by plugging of the bundle inlet.

4. Melt through of the channel wall by molten fuel from the primary bundle. Poosibility of sodiam voiding In the
adjacent bundle due to the interbundle heat flux.

5. Interaction of fuel and sodium (see Section 5).
6. Blanketing of fuel pins by vapor or fission gas, injected into the bundle from the primary bundle.
7. Coolant temperature around a local blockage in a coolant channel:

8. Coolant temperature response to a reduction in pitch to diameter ratio, caused by bundle compaction from applied
external pressures.

9. Duration of vapor blanketing of a pin due to fission gas release and resulting clad temperature rise.
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7.2 ANALYSIS
7.2.1 Response of the Fuel Pin Array to Loading

By loading the channel wall with an external pressure, these forces can be transmitted to the fuel pin array as the duct wall
cither deflects inward or else is sheared off and driven inward by the pressure. Due to the presence of the wire wrap the forces
are applied to the pins at the point where the wire wraps are in contact between the wall and the pin or else in mutual contact
between two pins.

Referring to Figure 7-4, at the edge of the bundle each pin is required to support an area of the channel wall equal to

w

Ay = FoP

wherc A = area of channel wall supported by a point of contact of the wirée wrap
p .

p" pitch of the pin array
P, = pitch of the wire wrap

These forces are then transmitted inward into the bundle as showr in Fiéure 7-5. Relaﬁﬁg the applied external pressure,
Pext > to the force per edge pin, F,, '

Fe = AwP PExT
and relating F to the forces on the internal pins, F;,

2Fi cos30° = F

€

F
FF = —
1 2 cos 30

Thus each internal pin will see forces due to Ppy , as shown in Figure 7-5, equal to .

Awp 3 EXT
2 coe 30°

To determine the transient response of the pins to this loading is a difficult analytical problem beyond the scope of this
study. Therefore, it was decided to evaluate the limiting caseg of otoady state defounation of the pins to the indicated
loading. In steady state, the fuel pellet has negligible resistance to deformation due to its plastic nature at high temperatures.
Thus the major static structural characteristics of the bundle are determined by the cladding. Since the applied force, F;, is a
very localized effect, it was assumed that a fuel pin could be modeled as a thin, infinite cylinder with a single force applied
over a small arca, as shown in Figure 7-6.
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In this situation, the maximum stress is developed at the load, and is given by the following formulation from Roark (Ref. 1).

. -F 0215)
4 = -t—2 0.42 fn o +-Z1-r-

P
where
g = circumferential bending stress
Rp = clad radius
tp = clad wall thickness
b = radius of the area c;ver which F; acts

The radial deflection at the load is

. 2
v - -O.II:‘SERP
A
where
E = Young’s modulus
U = radial deflection

To determine b, the area over whlch the load acts, a model of two cylinders in contact at right angles was used. In thls situa-
tion, the area of contact is an ellipse, whose major and minoi semi-uxcs are, from Koark (Ref. 1):

c -2 (e t)

d = Be

radius of the wire wrap

2?3

v - = Poisson’s ratin

a,B- =  tabulated parameters depending on the ratio RP / R,
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Since the area of an ellipse is (mcd), the equivalent circle radius, b, is given by
b = ed

Using the following values

R.p = 0.11 inches
Pp = 0.28 inches
b = 0.014 inches
E = 28X 10%psi
v = 0.30

The bhending stress at the load 0, and the radial deflection at the load, U were calculated and are plotted in Figure 7-7 as a
function of the loadu;g,

Using an ultimate strength for the clad of 50,000 psi at 1000°F (Ref. 2), this would imply a load, F,, of about 5.5 pounds.
Relating this back to an extcrnal pressure, via the fourth equation, the maximum tolerable pressure would be Ppyr = 2.9 psi.

"-:‘

7.2.2 Coolant Tempefé’t'inre Response to a Loss of Flow

Assuming destruction and breakup of the primary bundle, the possibility exists that the coolant inlet of the adjacent bundle
may be partially or totally plugged by debris, causing a reduction in the heat removal capability in the bundle.

Therefore, a series of transients were examined, determining the coolant temperature for various step flow losses. This
indicated the degree of flow loss that could be tolerated and still maintain subcooled sodium in the bundle. For the flow
losses where the boiling temperature was exceeded, the results indicated the length of time required to reach this condition,
and thus the allowable time available to react to the situation and prevent voiding. The calculations were run on the NAAC
code, which is a model of a fuel pin and its associated coolant annulus, and permits the pin to be broken into various axial
sections, with fuel, clad and coolant temperature calculations in each axial section. Allowable forcing functions input to the
code as functions of time are coolant flow rate and inlet temperature, and power generation rate.

Using the following geometric description of a fuel pin and its associated coolant annulus,
fuel pellet radius = 0.101 in.
clad thickness = 0.014 in.

coolant annulus .g_adius = 0.1495 in.

step flow loss transients. were run for 25%, 50%, 75% and 100% flow loss for a pin operating at a linear power of 10.9 kW/ft
and initially having flow-at 30 ft/sec.

The maximum coolant temperature, as a function of time, is plotted in Figure 7-8 for the four transients.
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7.2.3 Duct Wall Melt-Through

During the failure of the primary bundle, it is postulated that a layer of molten fuel may be deposited on the duct wall in the
primary bundle. Subsequent melt-through of the 2 duct walls between the primary and adjacent bundles represents a mode of
breaching the integrity of the adjacent bundle and initiating a failure mechanism.

This problem has been considered before (Ref. 3), under the assumption that the coolant temperature in the adjacent bundle
remained constant. This analysis carries the problem one step further, in that the convection effects and heating of the
sodium in the adjacent bundle was considered. Of interest was the particular problem as to.whether or not the sodium in the
adjacent bundle would heat up to voiding conditions before the wall melt-through was completed.

The specific nodal model used for the problem is shown in Figure 7-9. To determine a minimum melt-through time, a 0.3
inch slab of fuel initially at 5000°F (which approximates an infinite slab, as shown in reference 3), is placed against the
duct wall in the primary bundle. The heat transferred across the bundles is absorbed in the coolant in the adjacent bundle
that lies between the outer row of pins and the channel wall. The model is axially symmetric for a distance of 3 feet, with
power density corresponding to 10.9 kW/ft, a sodium inlet temperature of 800°F, and flow rate of 30 ft/sec. The duct walls
were asoumed to he initially at 1000°F.

PRIMARY BUNDLE . PRIMARY _ ADJACENT .  FLOWING
_ MOLTEN FUEL SLAB | DUCT WALL DUCTWALL ,  SODIUM
N ' n . -re -
T T o
: T 2 \e_ |epce
0.138 in, / / Do O o[>0\ \o
/‘/ ° ¢ . 4 o S C\S | PIN
o \2\
- - - e -
0.10in. ! 0.10in. ! 0.10in. ™ 0.14in. 0.14in. o biss in.
®-- DCNOTES MODAL TEMPERA TURE
AXIAL LENGTH = 36 in.
COOLANT INLET TEMPERATURE = 800°F
COOLANT VELOCITY = 30 ft/sec
POWER DENSITY = 3.5 x 107 Btu/h-it3)
Figure 7-9.  Duct Melt-Through Model . GD9-124

The calculation of the nodal temperature as a function of time was performed of the transicat heat transfer code, THTD. The
time response of the temperatures in the duct wall and sodium in the adjacent bundle are plotted as functions of time in

Figure 7-10.
7.2.4 Vapor Blanketing of the Pin

For consideration of vapor blankcting effects, it was necessary to determine what length of time a pin could be vapor
blanketed (i.e., insnlated) before clad damage occurred. It is postulated that vapor from the primary bundle is injected into
the adjacent bundle through some breach in the duct wall. The duration of blanketing is not known, as this is a function of
what is occurring in the primary bundle.

Therefore, the model chosen was an insulated fuel pin (i.e., all loss of heat transfer to the coolant), and the clad and fuel
temperatures ar¢ calculated as a function of time. For simplicity, just one node was used in the clad and one in the fuel, as
shown in Figure 7-11. The equations for fuel and clad temperature are also shown in Figure 7-11. Driving the pin at 10 and
14kW/ft, the temperature and response is plotted in Figure 7-12: ' ‘
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Figure 7-11.  Vapor Blankcting Thermal Model

7.2.5 Temperature of a Local Blockage

Assuming the integrity of the duct wall in the adjacent bundle has bcen breached, it is possible that debris in the form of
pieces of wire wrap, clad, etc., could enter the adjacent bundle and become lodged between the fuel pins. This now creates a
local hnt spot between the pins, in that a region of stagnant sodium can b¢ assumed Lo exist downstream from the blockage,
“thus starving the blocked region for flow. The model uscd in this section examines the lemperaturcs in the etagnant volnme of
sodium and the temperatures in the adjacent tuel pins. It {s desired tu determine if thio region of stagnant sodium will become
hot enough Lo cause voiding or clad failure.

The model chosen is shown in Figures 7-13 and 7-14. It consists of six fuel pins and the associated coolant as shown. The
model assumes that flow is stopped in the shaded area of coolant channel shown, for an axial length, L. Heat conduction is
considered in the radial direction from the pins into stagnant sodium, and conduction out of the stagnant sodium radially to
the adjaccnt unblocked channels and also axially to the top and bottom of the blocked sodium. At the bottom of the
blockage, a uniform temperature across all of the coolant channels is used. At the top of the blockage, it is assumed that heat
is conducted from the blockage to flowing sodium at the temperature of the coolant at this axial position in the unblocked
channels (this is justified by interchannel mixing effects). The length of the blockage, L, was examined-as a parameter, since it
would be rather difficult to try to determine an actual blockage length. From physical consideiations, however, reasonable or
realistic values may be defined.

The applicable finite difference equations for calculation of the transient nodal temperaturcs are as follows:

Fuel (F)

T 41 =- T . Cim (At) _ YFW(At) P T .
P P prCr  PECpAF (1 - 1)

-112-



TEMPERATURE (°F)

GEAP-10059

POWER.
14 kKW/ft
— 10 kW/ft
4000 -
TF~AVG FUEL TEMPERATURE
el
3000 — —— —
a— — -

2000 —

TW~AVG CLAD TEMPERATURE

T
- W
//

-
-

1000

T T ) T T T

0 0.2 0.4 0.6 0.8 - 1.0

TIME (sec)

GD9-159

Figure 7-12.  Fuel Pin Temperature Response for Vapor Blanketing
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Coolant, adjacent channel (c)

L. . 3Yylby) ..U . Ypc(at) L
= rie——— (1 J—TJ)-—At (TJ-T)+ Ty - 1)
[ C p (‘ A WA [ L( ) L o C A ( B C

cc ¢ ccc

m 1H )
T, + 2 (TCJ - To)

w1+l
I

Clad, adjacent channel (WA) - use above equation for clad

Fuel, adjacent channel (FA) - use above equation for fuel

The model was then used to calculate the temperatures in the regions shown in Figure 7-13, as functions of time. Initial
temperatures were determined by assuming the stagnant sodium to be flowing at its normal rate. An instantaneous flow loss
in the blocked region was then assumed and the transient temperatures were calculated by the previously described equations.

Figure 7-15 is a plot;; o,f the stagnant sodium temperature as a function of time for blockage:lengths of ¥4 in., 1 in., and 1 ft.
The pin was running at 14 kW/ft and a p/d of 1.24 was used, with coolant flow in the unblocked channel at 30 ft/sec

Also, the model permits simulation of a blockage larger than one channel. If it is assumed that the adjacent coolant channels
are also blocked, there will be no conduction from the primary blocked area to adjacent coolant channels. Therefore a
blockage of several channels can be calculated by dropping the interchannel heat conduction term from the equation for Tp.

The stagnant sodium temperature for the case of a multi-channel blockage is plotted in Figure 7-16 for blockage lengths of L
=Y%in,, 1in., and 1 ft.

7.2.6 Temperature Response to Bundle Compaction

If the duct wall fails due to an applied pressure, this pressure will in turn cause crushing on the pin array, as discussed above.
The compaction of the pin array implies a reduced coolant area per fuel pin, causing undercooling of the pins. In this section,
the temperature of the core is determined as a function of the pitch to diameter ratio and the reduced flow rate (the
dccrcascd flow area implies an increased flow resistance).

Temperature rises were calculated for interior channels, edge channels and corner channels, as shown in Figure 7-17. The
temperature rise across the core is calculated from

chcUAc 2n

where Ac = coolant area
_ 3,2 2
A, = J: Pp R (interior)
2
P 2
-
= 1 p2_ nfé (corner)
aN3 P
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NOTE: Circumferential heat transfer in the fuel pin is neglected
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Figure 7.13.  Local Blockage - Top View Showing Nodal Structure and Dimensions
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Figure 7-14.  Local Blockage - Side View Showing Coolant Conduction Modes

5 = m (interior)
= 7 (edge') '
= m/6 (corner)

q =  linear power generation rate (kW/ft)

U = flow velocity

The flow velocity is calculated, assuming a constant pressure drop for crushed and uncrushed conditions,

- e
U, Do/ \F
where “0” =  uncrushcd conditions
Dy =  hydraulic diameter
F = ' friction factor
Fo- oo Rg 02 /
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Figure 7-15. Temperature Rise of Stagnant Sodium Single Channel Blockage
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Figure 7-17.  Channel Types

The core temperature rise for interior, edge and corner channels is plotted in Figure 7-18 as a function of pitch to diameter
ratio, for a power of 10.9 kW/ft and an uncrushed flow rate of 30 ft/sec.

7.2.7 Duration of Vapor Blanketing due to Fission Gas Release

Due to one of several mechanisms considered previously, the cladding integrity may be ruptured, with a resulting release of
the fission gas. The fission gas, as it passes up the channel and is swept out of the core, insulates the fuel pin from any
coolant, causing a rise in the clad temperature. The magnitude of the clad temperature rise is determined by the length of
time the pin is covered by the gas. It is necessary to determine the duration of blanketing by the fission gas.

Use here is made of a previously developed fission gas release model (Ref. 4). Quoting from these results, a maximum blanket
time of 0.12 seconds was calculated. Referring now to Figure 7-12, this implies a clad temperature rise of around 300°F for a

pin mnning at 14 kW/ft.

7.2.8 Results and Discussion

The mechanical resistance of the bundle to static pressure loading on the duct wall was found tv be quite low. This is due to
the fact that (1) a large area is available on the duct wall to apply a pressure, which in turn must be transmitted intcrnally in
the pin array through very small local areas at the points of spacer contact, and (2) the fuel, due to its plasticity at high
temperature, has a negligible amount of strength, and therefore the strength of the pin array is due to only the cladding.

It was found that pin deformation could be expected with a static loading on the duct wall of around 3 psi. A dynamic

analysis of this situation is strongly indicated, because then it would be possible to employ the viscous damping effects of the
plastic fuel and also the inertia of the fuel mass in calculating the resistance of the pin array to crushing.
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Figure 7-18.  Coolant Temperature Rise Across Core for Crushed Bundle
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Two methods of thermal propagation from the adjacent bundle were considered. Plugging of the bundle inlet and
melt-through of the clad wall.

Examining loss of flow accidents due to plugging of the bundle inlet, it was found that the bundle could sustain over a 50%
loss in mass flow rate of the coolant and still not reach voiding conditions. As an upper limit, if total flow loss was
experienced, it would require on the order of 0.6 - 0.8 seconds to reach voiding conditions, depending on the bundle power.

The analysis of the melt-through of the duct wall by molten fuel indicated that the duct wall represents a very significant heat
sink, as it would require on the order of 15 seconds to accomplish the melting of the two walls between the primary and
adjacent bundles. It was also found that with coolant flowing in an undisturbed condition in the adjacent bundle, there is
little possibility of causing voiding of this coolant by the inter-bundle heat flux. The coolant temperature rise in 15 seconds is
only 350°F.

Having examined methods of breaching the duct wall, the next step was to consider the consequences of exposing the fuel pin
array in the adjacent bundle to the voiding and melt down situation in the primary bundle. The three possibilities here were
(1) molten fuel injection (2) vapor injection and (3) debris injection.

The results of interaction of molten fuel and sodium are described in Section 5, but have not been applied to the molten fuel
injection problem discussed here.

The results of vapor injection were examined by considering the heating up of a fucl pin that was completely insulated from
the coolant. It was found that for a pin running at 14 kW/ft, the clad temperature rise was initially on the order of
1500°F/second. If clad rupture may be expected at approximately 1800°F, Figure 7-1 would imply failure after about 0.45
seconds of blanketing. The actual length of time the pin is blanketed is a function of what is occurring in the primary bundle.

To examine debris injection, it was assumed a piece of foreign material was lodged in the channel between fuel pins, with a
resulting volume of stagnant sodium behind the blockage. The temperature of this stagnant sodium was examined as a -
function of time for various heights of the sodium blockage. The model included radial conduction from the blockage to
adjacent coolant channels (see Figure 7-13) and axial conduction to flowing sodium below arid above the blockage (see Figure
7-14). Referring now to Figure 7-15, it was found that the temperature rise of a /4 in. high volume of stagnant sodium
between 3 pins was about 120°F. Looking at longer blockages, i.e., 1 in. and 1 ft, the maximum temperature rise that could
be attained was around 300°F. Since the 1 in. and 1 ft models simulate an “infinitely long™ blockage, this says that the radial
conduction to the adjacent coolant channels is adequate to keep the sodium below boiling conditions. On the other hand,
referring to Figure 7-16, a blockage of several channels was examined by neglecting any heat transfer to the radially adjacent
coolant channels. Here it was found that for a % in. high blockage, the sodium temperature rise was only about 170°F. In this
case the axial conduction maintains the stagnant sodium volume at a relatively low temperature. On the other hand, for very
long lengths of blockages, there is essentially no way for the heat to escape from the blockage, and the sodium heats up above
boiling conditions. To determine realistic heights for the blockage, it can be said the height of the blockage will be
proportional to the number of channels blocked. For just a single channel, %4 in. would probably be an upper limit to the
height, as this represents several channel diameters. For a blockage of several channels, the height might conceivably be
greater. Now applying these considerations to the previously discussed temperature rises for the blockage as a function of
height, it can be said that a very local blockage of just one or two channels should pose no significant overtemperature
effects, but there is a possibility of reaching boiling conditions when many pin channels are blocked.

The final area to be examined was internal thermal problems in the adjacent bundle caused by deformation of the pin array
from external pressure loading.

Examining the coolant temperature rise across the core as the bundle is uniformly compacted down, it was found that the
bundle could be reduced to.a pitch to diameter ratio of around 1.1 before voiding conditions would be reached.

The consequences of the release of debris in the form of cladding and wire wrap to form local blockages as the bundle is
crushed, parallelsithe previous discussion on injection of foreign material into the bundle.
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Finally, the problem of pin blanketing due to release of fission gas was considered. The predicted pin blanketing time was
approximately 0.12 seconds, implying that the clad temperature rise will be around a maximum of 300°F (from Figure 7-12),
so that no serious thermal problems should be encountered. A few qualifying remarks should be made about the gas release
model, however. In the model, it was assumed that only one pin ruptured within a subassembly, so that the amount of gas
released did not change the coolant flow rate through the bundle. Under the conditions hypothesized (gross crushing of the
bundle) it is conceivable that the gas in many pins might be released simultaneously, reducing the coolant flow through the

bundle and increasing the blanketing time of the pin.
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8. RECOMMENDATIONS
8.1 DESIGN IMPLICATIONS 8.2 IMPLICATIONS TO SYSTEM INSTRUMENTATION

The state of the art prevents an accurate determination of
the consequences of the hypothesized flow blockage
accident. The results of this preliminary conservative study
indicate that the pressure pulses generated by interaction of
hot core materials and cold sodium are of the same order of
magnitude as those rcquired to rupture an overheated duct
with low ductility (2—1%).

The effect of changing the duct thickness and corner radius
was discussed quantitatively in Section 6. While the
threshold pressures for rupture increase with increasing
duct thickness and corner radius, the energy absorbed at
rupture increases only slightly.

Considering the uncertainty of failure mode, duct deforma-
tion analysis and material ductility, it is not considered
realistic to recommend either an increased duct thickness or
corner radius. The importance of the material ductility
need not be emphasized, as it is critical to all core design
aspects and is receiving due consideration. This type of
hypothetical accident is sensitive to duct ductility.
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REQUIREMENTS

The results of this hypothetical accident study show that it
appears possible that some damage to adjacent fuel
assemblies may occur as early as 2.3 seconds after a
complete flow blockage. This implies that detection and
remedial action (reactor scram) may be required to occur in
less than three seconds. The instruments currently planned
to monitor FFTF core behavior include:

Neutron monitors

Fuel assembly exit thermocouples

Fuel assembly exit flow meters

Fuel assembly exit fission gas samplers.

The reactivity effects of voiding will be between 10 cents
(optimum configuration) and 5 cents (entire assembly).
This reactivity addition may result in a reactor scram signal,
depending on the trip point. The assembly melts and
slumps between 4-8 seconds after blockage. A larger
reactivity change can be hypothesized due to slumping that
will result in a scram signal, but too late to prevent possible
damage while at power.
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The thermocouple signal on total flow blockage will not be
a sensitive indicator of total loss of flow because the
thermocouples are far removed from the hot core region
and axial conduction through the sodium is limited, and
because of the heat capacity of the cooler reflector and
plenum regions which absorbs much of the transient
energies associated with the early phases of the accident. In
the more realistic case of a partial flow blockage, significant
temperature increase may be indicated at the outlet
thermocouples. The temperature response would be
determined by the degree of partial blockage.

The fuel assembly exit flow meters would give a rapid and
clear signal of flow blockage or partial loss of flow. An
electromagnetic flowmeter proposed for FFTF should have
a very rapid response and should effect a reactor scram in
less than 2 seconds.

The FFTF fission gas detection system response time (~ 20
sec) is too slow to be of use in detecting a complete flow
blockage early in the accident.

Condensation of sodium vapor created by local beiling or
superheat within a fuel assembly may generate an acoustic
disturbance that can be detected. If this “noise” can be
detected reliably and early in the course of the flow
blockage accident, action can be taken by the protection
system to minimize the consequences. The boiling detector
could provide an additional means of core surveillance,
supplementing the present FFTF duct outlet
thermocouples and flow meter. A boiling detection system
was discussed in General Electric’s Final FFTF Backup
Design Summary Report, GEAP-5722 (January, 1969).
Space considerations and the prediction that the frequency
range of interest for detecting boiling is approximately 20
to 60 kHz leads to a detector design with the transducer
located at the outlet of the fuel duct. It is estimated that
the signal-to-noise ratio is enhanced in this frequency range.
The pressure transducer must endure a 1200°F and high
radiation environment. The noise signal will be propagated
along the vertical axis of the duct, with relatively little
attenuation in the structure. The reasonant frequency of
the transducer should be about 50 kHz.

The use of wave guides is an alternate design approach to
monitor the boiling noise. The main advantage is that the
pressure transducer requires no development, since it
operates in a low temperature region. The main
disadvantage is that the wave guides complicate the
mechanical design of the region above the core. This com-
plication is sufficient that the development of an in-core
transducer seems_preferable.

There is a possibility that changesin flow patterns caused by
a partial flow blockage may produce measureable changes
in the background acoustic noise level. Although this
possibility has not been evaluated for feasibility it offers
the potential for detecting the blockage before boiling or
significant superheat develops. Depending on the signal-to-
noise characteristics associated with the changed flow
patterns, there is a possibility that a detector developed to
monitor sodium vapor collapse might also serve this
purpose. A limited evaluation of the feasibility of this
approach seems to be warranted.

8.2 DISCUSSION OF DEVELOPMENT
REQUIREMENTS

8.3.1 Analytical Tools

The current statc of the art docs not permit significant
analysis of a flow blockage accident to proceed much
beyond the point of initial voiding. Sufficient data and
models are not available to describe fully:

® sodium two-phase transient thermal-hydraulics

® molten steel and fuel fragmentation and interaction with
sodium

® dynamic duct response to repeated localized pressure
pulses

Two general analysis tools that will be available in the near
future are ANL’s SASIA (Ref. 1) code and General
Electric’s FREADM code.

ANL’s SASIA code will include two-phase coolant thermal
hydraulics and a fuel deformation model, but not a fuel-
sodium interaction model nor a duct deformation
calculation.

The FREADM program will define propagation thresholds
to permit scoping studies of gross core effects. The multi-
duct capability should permit application to the guestion of

propagation.

In the area of model development to describe the phe-
nomenon of interest in flow blockage accidents, the
continuing reactor safety program at ANL holds promise in
the areas of sodium two-phase transients, molten core
material fragmentation and interaction with sodium, and
duct response to dynamic loads. It is clear that progress
toward understanding the consequences of extreme flow
blockage accidents depends on these individual models as
well as their inclusion in an overall accident code.
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Within the current state of the art, this study lacked the
definition of scope and funding to explore the following
areas:

® dispersed two phase flow axial heat transport and core
cooling. '

® application of the clad-fuel sodium interaction to
existing experimental data for confirmation.

® application of the results of chemical explosive tests to
the expected duct behavior.

In addition the following areas are identified for study in
more detail, if additional information is deemed desirable
for FFTF.

8.3.2 Temperature Associated with a Local Blockage

It would be informative to extend the model of Section 7
to examine the effect of the presence of solid, heat-
generating fuel particles in the coolant, with emphasis on
the diameter of the fuel particle.

8.3.3 Fission Gas Release Model

The model used in Section 7 for rate of fission gas release
from a ruptured fuel pin incorporated the assumption that
only one pin failed in the bundle, and thus the amount of
gas released did not affect the mass flow rate of the sodium
in the bundle.

However, under conditions of gross bundle compaction, it
may be more appropriate to assume that the fission gas

from many pins will be released simultaneously. This may .

cause flow choking and significant loss of sodium flow rate
in the bundle, with subsequent overheating and void.

8.4 EXPERIMENTAL PROGRAMS

An experimental program to understand the specific con-
sequences of hypothetical complete, instantaneous flow
blockage accidents should consider three types of
experiments:

1. simulation with other fluids,

2. out-of-pile tests,

3. in-pile tests of clad and fuel meltdown.

These experiments must fulfill two nceds: o

® provide information on which to base the analytical
models mentioned above.

® confirming tests in the geometry and environment of
interest.
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8.4.1 Simulation with Other Fluids

The base development program at ANL has effectively used
other fluids, notably freon, to simulate the expected con-
ditions of transient sodium boiling. Water tests at near
atmospheric pressure hold promise for studying the flow
regimes involved in the complex geometries of fast reactor
cores, particularly the possibility of counter current reentry
of liquid along the cold duct wall. To simulate the wall
superheat of the sodium system, nominal temperatures less
than 1000°F are adequate. This test could contribute to
development of a transient two-phase flow model
applicable to the real geometry of a tube bundle.

"8.4.2 Out-of-Pile Tests

8.4.21 Sodium Thermal Hydraulics

From this accident study it would appear critical to

simulate carefully the fuel assembly conditions, in

particular,

a. heat flux to coolant as a function of time and space

b. wire wrap spacers (heat capacity and surface area effect)

¢c. prototypical ratio of heater area to duct wall area

d. reflector and plenum mockup to simulate the transient
heat sink (condenser) effect as well as the inertial and
frictional flow resistance

e. system simulation to provide inlet and exit plenums at
relatively constant pressure.

These tests should provide information on: 1) superheat as
a function of flow decay rate (velocity), sodium purity and
gas concentration, heater surface condition, aging, heat
flux, and pressure-temperature history, 2) the expulsion
rate which will depend upon whether voiding takes the
form of many bubbles or a single bubble, and whether or
not liquid sodium remains in the heated region (in the form
of a film on the heater or just a volume of sodium trapped
between the initial void and the blockage), 3) pressures
associated with the voiding to indicate whether or not the
initial voiding is likely to clear the blockage, and 4) void
detection techniques for use in determining what instru-
mentation would be best suited for detection of a loss of
flow situation in an individual channel.

Out-of-pile tests will not include the effect of ionizing
radiation on superheat, and only with difficulty be capable
of following the accident into the post voiding region. of
clad and fuel meltdown. The planned tests at PNL and
ANL are assumed adequate to provide the above informa-
tion on sodium transient thermal-hydraulics.

8.4.2.2 (lad-Sodium Interactions :
Scoping tests on interactions between hot core materials

‘and the sodium coolant were performed in out-of-pile tests
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in the ‘‘shock tube” experiment at TRW system (Ref. 2)
and in continuing bench tests at ANL.

Interactions between hot clad and sodium seem to be
amenable to out-of-pile testing. Meaningful testing. of
interactions between hot fuel and sodium is comparatively
complicated due to the lack of internal heat generation in
the fuel out-of-pile. Tests of this nature should be aimed at
determining the pressure-time history of the pressure wave.
If those measurements prove unobtainable, an estimate of
the impulse-to-energy ratio of the wave would be useful. If
the characteristic pressure-time history of the wave can be
obtained, or at least an estimate made of the impulse to
energy ratio, it would be a relatively simple task to tailor an
explosive charge to reproduce and ascertain the dynamic
duct response as well as the response of adjacent bundles to
external pressure loading.

Current phenomenological tests may satisfy the require-
ments of model development for molten material-sodium
interaction; however, sophisticated tests seem necessary to
duplicate the geometry and system effects necessary for a
complete understanding of this flow blockage accident.

8.4.23 Structural Tests

(a) Pin Bundle Crushing

Due to the low mechanical strength of the bundle under
static loading conditions, simulation of the bundle response
to dynamic loading conditions is required to demonstrate
the bundle’s resistance to crushing.

Analytic description of the dynamic bundle response is
extremely complex and an experimental testing program is
therefore recommended.

The testing program would consist of subjecting the bundle
to externally applied pressure pulses of varying magnitude
and duration. It is suggested that the bundle be filled with
water to simulate inertia of the sodium and to provide a
medium for transmitting the force through the pin array.
The fuel pin array should be simulated.

(b) Duct Deflection Tests

A development program specifically aimed at understanding
the duct response to the possible loading. mechanisms is
recommended. This should involve experimental confirma.
tion of analytical models for the expected range of pressure
histories. Two types of duct deflection tests would appear
useful:

® Artifical production of pressure pulses

® Pressure from hot core-sodium interaction.
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Both hydraulic loading and explosive loading tests appear

useful to confirm models of duct deflection in simulated

accidents. Key parameters appear to be:

® Environment of the duct

® Duct ductility and strength

® Shape and magnitude of the pressure loading (duct
matertal strain ratio).

The integral test of duct deformation would be an exten-
son of the molten material-sodium interaction tests. It
appears that it may be feasible to mock up sodium reentry
into a preheated tube bundle, with the duct at appropriate
temperatures and surrounded by dummy ducts. The use of
preheating may permit operating with significant molten
clad present when reentry is triggered, whereas electrically
heating the pins is likely limited by clad melting.

Knowledge of materials propertes under aceldeni con-
ditions is necessary to model the duct deflections.
Important parameters appeat to be:

® high fluence

rapid temperature transients (to 1000°F/sec)

high strain rates

strain ratc shapc

repeated loads near the fracture limit.

Testing for these properties will be limited for some time
by the lack of high fluence stainless steel, but early tests
under the above conditions are recommended.

(c) In.Pile Interaction Fxperiments (Modeling)

In-pile tests on hot and molten core material-sodium
interactions should be capable of providing a great deal of
pertinent information on the consequences of the return of
sodium coolant to a hot or molten matrix of clad and fuel.
This information is vitally important from the standpoint
of failure propagation to adjacent channels.

Small, pseudo-static, .in-pile capsules in which nuclear
energy is used to heat the fuel and clad, can be used to
investigate the consequences of a mocked up loss-of-flow
accident. The advantage of the small static capsule
approach is the possibility of ecarefully controlled con-
ditions during reentry. This type of capsule can be designed
to provide a very strong test vehicle for scoping tests of the
interaction process.

An alternate method for studying the interaction phe-
nomenon is in a forced flow capsule. In this case, steady
state conditions can be maintained for an appropriate
period prior to the flow transient. Voiding can be initiated
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by simply reducing flow. In this case, as in the case of the
static capsule, initial tests should be small (single pins) and
well controlled to eliminate uncertainties resulting from a
complicated geometry. In tests of this type, the initial
voiding as well as the consequences of reentry can be
studied in a single test.

Instrumentation capable of providing complete information
on the interaction problem may not be readily available,
especially in the severe environment of an operating
reactor. Becanse of this, the measurement requirements are
broken into two categories: 1) instrumentation to measure
the pressure and velocity perturbations associated with the
initial voiding and subsequent vapor expansion; 2) tech-
niques for determining the magnitude of any shock waves
which may be generated. The response of existing instru-
mentation should be adequate for measurement in the first
category. The high pressure and short time constant
associated with a shockwave makes meaningful direct
measurements very difficult. It is anticipated that measure-
ment of the effect of the shock wave would prove most
fruitful. This information may be obtained through post
irradiation measurement of the plastic deformation of the
duct swrrounding the fuel pin. An indication of the
sequerce of events can be obtained through direct

monitoring of strain gauges mounted on the duct. This
technique may be supplemented by high speed pressure
transducers if adequate transducers are available.

Attention should be directed to the same requirements as
defined under the out-of-pile test.

(d) In-Pile Flow Blockage Experiments, Integral Tests
Specific information on the consequences of flow blockage
can be obtained with in-pile tests similar to those described
under “in-pile interaction experiments.” In this case, the
capsule should contain several fuel pins (3-7) and the fuel
and blanket regions mocked up quite accurately. Some
method should be devised for determining, in situ, how and
where sodium reentry occurs. Even without this capability,
post irradiation examinations should reveal a great deal
about the mechanism of sodium reentry.

All of the requirements for simulation, stated for the
out-of-pile and in-pile tests should be applied here, also.
These final tests should be capable of following the acci-
dent from initiation, through reentry to the final core |
material-sodium interaction.

The recommended series of development tests based on this
study is described in Table 8-1.

Table 8-1
RECOMMENDED EXPERIMENTAL PROGRAM

Recommended Test

1. Flow regime simulation
2. Molten clad-sodium interaction (modeling tests)

3. Hot and/or molten-clad-sodium interaction (prototype
geometry)

4. Pin bundle crushing

5. Duct deflection

6. Molten fuel and clad-sodium interaction.(modeling tests)

7. Molten fuel *clad-sodium intcraction (loss-of-flow
integral tests)
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Description
Prototype geometry, water tests, voiding and reentry

Shock tube tests to characterize pressure. pulses

Out-of-pile rod bundle (electrical heated or preheated) duct
response measured

Mechanical strength measurements of a simulated pin
bundle

Out-of-pile, hydraulic and explosive loading of hexagonal
ducts (ductile and brittle ducts)

In-pile pseudo-static and/or forced flow capsules, single
pins, parametric studies

In-pile, prototype geometry, 3-7 pins.
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The following is a compilation of material properties used in this study. The properties of irradiated steel under the
conditions expected in this transient are generally not available. For purposes of discussion, the relationshipshetween
elongation and temperature, and elongation and fluence have been assumed, while recognizing the uncertainties shown by the
scatter of existing data. The influence of the real temperature distribution, temperature history, strain history, and strain
rates on the steel elongation are unknown but are not expected to be of major significance (probably less than a factor of
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Appendix A
MATERIAL PROPERTIES

two, while overall uncertainty is a factor of 10).
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Figures 1-9 DATA PERTAINING TO FIGURES 10A - 18
SODIUM 316 SS
Melting Point . . . . . . . .. .. ... 208.1°F Melting Point . . . . . . . ... .. 2500-2550°F
BoilingPoint . . . . .. ... .. ... 1618.5°F Latent Heat of Fusion . . . . . . . . . . 122 Btu/lb ,,
Volume Increase on Melting . . . . . . . . . 2.71%
Latent Heat of Fusion . . . . . . . . . 48.69 Btu/lb,,
Latent Heat of Vaporization
of the BoilingPoint . . . . . . . .. 1574 Btu/b ,
Critical Temperature . . . . . . . . . 2573+ 350K DATA PERTAINING TO FIGURES 19 - 22
Critical Pressure . . . . . . . . . . . 350 £ 70 atm (U0,2 -P “0,8) 01,98
Critical Volume . . . . . 0.116 % 0.023 liter/gm-mole
: Melting Temperatures(8) . . . . . . . . .. 5040°F
Values in-this figure are taken from Ref. 2. Latent Heat of Fusion(9) . . . . . . .. 130 Btu/lb,
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Appendix B
INCIPIENT SUPERHEAT ESTIMATE FOR FFTF

Calculations have been performed to determine the incipient superheat expected in the FFTF under the conditions set forth
for the Molten Fuel-Sodium-Duct Interaction study.

The results presented were obtained using the method advanced by J. C. Chen.* In this model the superheat can be related to
the saturation temperature at the boiling pressure and the saturation temperature at the vapor pressure by (nomenclature
listing is at end of this appendix):

AT, = T -T, )

The vapor pressure is defined by

P, = AP +P @)

v
where
ap = 9 @'— Pv)_ G, T o _ T @)
8 @ cosf rd3 (1+2tan6) o'F(f)cosb

1 — (tan6) (L/cos8)® (1-sin8)2 (2+sin 0) )

F(6)
and rq must be determined by solving the cabic equatipn:

3o 20 g2 ST | ©)
d TP - d = -2 FE) :

The results obtained assumed the following deactivation conditions:

Case 1 (Bottom of Core) ' .-

P = 90 psia
14 .
P, = 0.0069 psia
T = 740°F = 1200°R
o = 962X 10 1b/in.

Case 2 (Middle of Core)

P = 73.3psia
’ .
P, = 0.0735 psia
' = 920°F = 1380°R
¢ = .9.03 X 10~*Ibfin.

* Chen, J. C., “Incipient Boiling Superheats in Liquid Metals,” J. of H. T., August 1968, pp 303-312.
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Case 3 (Top of Core)

PP = 67psia

P,/ = 0279 psia

T = 1100°F = 1560°R
¢ = 847 X 10 1b/in.

The conditions at which boiling occurs were assumed to be:

P = 23.4psia
T, = 1720°F = 2180°R
o = 649 X 10 1b/in.

The incipient superheat was calculated using Equations (1-5) for the three core positions for two conditions. An upper limit
was established by setting the half-apex angle, (8), to zero and empirical constant, G, to zero. A lower limit was determined
by retaining a zero half-apex angle and a value of 107! ¢ for G,,. These limit lines arc shown as a function of core position in
Figure B-1 as temperature at incipient boiling.

According to the reference, the assumption of zero half-apex angle most nearly represents the incipient superheat for real
surfaces. The empirical constant, G, is in reality a dimensional variable measuring the amount of gas trapped in a cavity and
would vary with the surface condition and method in which the gas fills the cavities. Using G, as an empirical constant
alleviates the difficullies in determining these conditions. Small variations should not cause significant variations in the
required superheat.

The results present give an indication of the expected superheat under laboratory conditions. Some of the variables which
would alfect thess values are:

Amuunt of dlosolved gascs

Radiation effects

Amount of entrained gases

Sodium impurity due to particle entrainment
Sodium velocity.

Qb

The first two effects should be quite small in that they will affect the boiling only when high superheats are otherwisc
obtainable. The effect of entrained gases will normally be small due to a low level of entrainment during normal operation.
Consideration of entrained particles would result in additional nucleation sites, but the amount of particles required to canse
a significant increase in the nucleation site population cannot be readily determined. Early BNL results indicate a rapid
decrease in superheat with sodium velocity increase from the static condition.

Therefore, although one may predict high superheats analytically, one would expect much lower values in the practical
situation.
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Figure B-1.  Incipient Boiling Temperature versus Position in Core
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(none)
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(none)
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- NOMENCLATURE LIST -

Empirical constant dependent upon surface and filling conditions.
Pressure, psia

Suf)erpressme corresponding to AT, psi

Wetted radius of cavity,.in.

Temperature, °R

Ineiplent hoiling superheat. MO

Half-apex angle of cavity

Surface tension

Condition at initial filling of cavities

Saturation condition at local pressure

Vapor™

Local condition experienced by liquid at cavity

Deactivation condition prior to boiling

Condition at boiling incipience
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Appendix C
PLENUM TEMPERATURES

Transient heat transfer calculations were performed to estimate the plenum temperature following voiding and the
subsequent sodium temperatures on reentry. The lack of a coupled two-phase flow-heat transfer code required separate
calculation of the liquid slug displacement.

The liquid slug displacement calculations are described in Appendix D. Iteration between the heat transfer and displacement
calculations permitted a crude estimate to be made of the plenum and sodium temperatures.

The results of this study showed that the reentering sodium temperature follows closely the local clad temperature. As a
consequence, the vapor pressure retarding reentry and leading to revoiding is characterized closely by the saturation pressure
at the clad temperatures. The further conclusion is that plenum heating due to heat transport from the core leads to plenum
saturation pressures higher than the driving pressure above the core. This effectively prohibits slug reentry from the top of the
core and is in agreement with experiments and other industry comments. The results of the plenum and sodium thermal
transients is included here to support this conclusion.

Three types of transients were run on the “NAAC” code. These are:

1. Plenum and Reflector Transients (PT)
2. Core and Plenum Transients (CT)
3. Core Reentry Transients (RT)

C.1 PLENUM AND REFLECTOR TRANSIENTS

The reflector and plenum were modeled as a steel pin surrounded by a sodium annulus sized to give the correct ratio of
steel-to-sodium heat capacity. Inlet temperature and velocity were then programmed to vary with time to simulate the axial
movement of the hot sodium slug into the reflector and plenum region. The code is not programmed to treat an intermittent
" dlug of coolant, requiring cross plotting of the clad temperature just after a particular slug length has been ejected. The
reflector temperatures are represented by the cladding temperature and the average of the interior steel. This difference shows
the delay in heating the interior steel of the reflector pin and the high surface temperature just after voiding. If heat transfer
were stopped after the liquid slug passed, the surface and interior temperatures would converge toward their average value.
The plenum cladding temperature is represented by its bulk average temperature, assuming no heat transfer to the fission gas
and helium within the plenum. The plenum temperature model is shown in Figure C-1. The results are shown in Figures C-2
through C-7.

C.2 CORE AND PLENUM TRANSIENTS

Because of limitations with modifying the “NAAC” program, the transients of the core reflector and plenum were based on
the model shown in Figure C-8. The reflector and plenum are simulated as being filled with fuel but producing no power. This
provides the correct core transient and simulates the reflector and plenum quite well for the rapid expulsions of interest at
high superheat. At constant power, the transient simulates a sudden complete loss of flow followed after a specific delay by a
coolant velocity transient taken from Appendix D.

The clad temperatures in the plcnum and reflector are quite similar to thase of the plenum transient cases. The energy
transport to the plenum region must be about the same. The principal effect of interest is the shifting of the temperature
proflle in the core due to the axial transport of heat from the hot center to the colder portions near the core edge. This effect
raiscs the clad temperature at the core boundary. Continuation of voiding into the two phase region would accentuate the
axial transport of heat, lowering the center temperatures initially and raising the clad temperatures near the core edge. Boiling
and condensation then tend to equalize all surface temperatures. This effect was not studied due to lack of a suitable tool,
but leads to the conclusian that reflector and plenum temperatures will be much too high to permit slug flow reentry. The
results are shown in Figures C-9 through C-14. A
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F igu're C-1. Plenum Temperature Model

C.3 CORE REENTRY TRANSIENTS

To observe the sodium temperature transient on reentry, it was necessary to reverse the “NAAC” geometry, letting the clad
nodes represent sodium and vice-versa. This is required because the code does not handle a reversed flow situation and it is
necessary to simulate the clad as moving into the sodium with the appropriate temperatures. The result of the transient
showed that the sodium slug interface temperature follows closely the clad temperature and should result in rapid vapor
production to slow reentry and cause revoiding. The key assumption is that the sodium wets the hot clad. Actually the
leading edge would proceed through the heat transfer regimes of conduction, nucleate boiling and film boiling as it travels up
the clad Lewperalure profile.

" Because of the extremely large change of volume on vaporization, the boiling at the leading edge of the slug will pressure the

core rapidly and halt reentry. The reentry case was run at constant velocity during reentry (20 fps) and did not simulate the
secondary voiding which would occur. The model is shown in Figure C-15. The results are given in Figure C-16.
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Figure C-14.  Clad Temperatures Following Voiding
400°F Superheat Case C1-2
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SODIUM7
¢ 0-00833 ft FUEL (INSULATED) .
0.010923 ft
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GD9-167

Figure C-15.

Reentry Temperature Model
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Figure C16. Reentry Coolant Temperatures
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Appendix D
SLUG VOIDING AND REENTRY

This appendix contains the results of a parameter study of slug voiding and reentry. Newton’s second law relating forces on a
body and the resultant acceleration is used to calculate the acceleration of the liquid slug, the effects of frictional losses,
orifice losses, area variations, and jetting into the outlet plenum are included. The driving pressures are determined from the
difference between the plenum pressure (23 psia) and the pressure at the liquid vapor interface as determined in Appendix C.
Figure D-1 shows the model and nomenclature used and the basic equation. ’

SECT 3 X. Jet into core outlet plénum
| i et Tap of fuel bundle
)
inst. Instrument section
SECT 2
‘ _ Top of pin bundle
4
Liquid and vapor interface
Xp Pin bundle
A XT SECT 1
Initial slug position
. e emn e cm— oy T
X L
ﬁ ¢_ * ' Core centerline
GD9-166

Figure D-1.  Slug Flow Model
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Assumption: All orifice losses are lumped at bundle exit.
Sect 1

ma = F

Xy [xp - DXp +

p
Kinst * )%et)] g = 144 (Pvap - Pt0p)

inst

P

. f p
- ror[ 2 X'?i‘ —D— _2—g T 0&) AXT) =P ()gnst+xp'AXT)

Sect 2

When gas reaches Section 2, the following changes are made in ahave equation:

. 1 . _ _
= 1.0, XT = 5 XT, COI’f = 4'Corf’ f=00

Results

The following listing briefly describes the cases calculated. The results are given in Figures D-2 through D-12. All cases but the
last assume an initial sodium superheat of 400°F which causes voiding of the core in both directions and leads to rapid slug
flow reentry into a dry core. The last case calculates the effect of reentry following low superheat voiding in which the core
temperatures and resultant sodium pressures increase by 50 psi during each voiding and reentry cycle. All results show that
reentry of the slug into the hot core is calculated only under the assumption of lower pressures in the plenum than can
reasonably be expected from the temperature transients in Appendix C.

Description of Cases

Case 1: UPPER SLUG. Voiding at variable pressure. (400°F initial superheat)

Case 2: UPPER SLUG. Same as Case 1 but with new pressure profile. (400°F initial superheat)

Case 3: VIPPER SLIJG. Voiding and reentry with separate pressure tables for each.

Case 4: UPPER SLUG. Reentry from jet. Same pressure table as Case 3.

Case 5: LOWER SLUG. Ejection and reentry past core centerline. Reentry pressure constant (5 psi). New pressure table for
voiding.

Case 6: LOWER SLUG. Pin length of 27 in. Voiding (6a) at 107 psia. Reentry (6b) at 23.4 psia.

Case 7: LOWER SLUG. Pin length of 51 in. Voiding (7a) at 107 psia. Reentry (7b) at 23.4 psia.

Case 8: UPPER SLUG. Voiding at 400°F superheat (constant pressure) when orifice coefficient is quadrupled.

Case 9: UPPER SLUG. Same as Case 3 except orifice coefficient is quadrupled. !

Case 10: UPPER SLUG. Modification of Case 4. Voiding pressure increases 50 psi with each successive voiding.
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VOIDING AT 400° SUPERHEAT

00 —~ CASE |: PRESSURE OF LIQUID-VAPOR
INTERFACE o
CASE 7: SATURATION PRESSURE OF THE
AVERAGE CLAD TEMPERATURE
80 IN PLENUM AND REFLECTOR
REGION,
40
40
20 = CASE 1
0 1 ] ,\\
1.0 2.0 3.0 4.0 5.0 6.0

DISTANCE FROM CORE CENTER (ft)
GD9-83

Figuro D-2.  Prassuro Tablo for Casoe 1 and 2
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TIME AFTER START OF BOILING (sec)

Figure D-3.  Coolant Voiding and Reentry 400°F Initial Superheat
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Figure D-4  Pressure for Cases 3, 4, and 9
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CASE 3: ORIFICE COEFF. = 1.0
CASE 9: ORIFICE COEFF. = 4.0 — 4
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Figure D-5.  Coolent Voiding and Reentry 400°F Superheat
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Figure D-6.  Reentry from Jet {Case 4), Orifice Coefficient = 1.0
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Figure D-7.  Pressure Table for Case 5 Lower Slug Voiding
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Figure D-8.  Case 5: Lower Slug Election and Reentry Past Core Centerline
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b: Reentry ot 23.4 psia ~ | 3
Cose 7: Pin length of 51 in.
a: Voiding at 107 psic — g
b: Reentry ot 23.4 psia
-7
— 6
g
£ — 5
>
=
S - DISPLACEMENT
= VELOCITY == — 4
=13
11
100 1 I | 0
0.1 0.2 0.3 0.4 I os 0.6
TIME AFTER BOILING (sec)
' GD9-53

Figere D-9.  Cases 6 and 7: Lower Slug Voiding and Reentry
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Figure D-10.  Voiding at Constant Pressure (107 psi) 400°F Initial Superheat
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Figure D-12. Case 10: Continuation of Case 4 with Core Pressure
Increasing 50 psi on Each Successive Reentry
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Appendix E
DUCT DEFLECTIONS

The appendix contains the derivation of the moment, stresses, and deflection equations for a flat plate in the elastic and
plastic regime. These equations were used in a time share computer program to calculate the energy absorbed in the duct. The
results are discussed in Section 6.

Flastic Deflections:

The following details the cquations used to describe the duct response in the purely elastic domain.

Using the geometry and nomenclature given on Figure 6-12, a simple force balance gives:

AT e [«%ﬁ(%lﬂ

and
WB = aﬁ
where
'W is the unit force in duct wall
and
R 0225 - -
B = — = — = (0.1005
a 22375

substituting for a and g gives:

WA = 2.5489 - P
Wg = 2.2375-p
The meinbrane stroosos in tho duct wall are:
Wao  p- 25489
p* 2
o = — = ———— =°18.206 -
memy 'y 0.14 P

W p-22375

o ) = 16.239 -
memg = 0.14 P

Applying Castigliano’s theorem using only the strain energy in bending results in the following expressions for the moments:

2 3
ap (1-p° B(1-B)
Mg = 6-B(6—7r\/§)< 3 23 (8 (7n-12/3) - ,,])

and

My

azp-' (Q;_@ [1 -8 (7-4;\/3)])- Mg
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Substitution of the actual values for a and § into these two expressions yields the following relationship bctween bending
. moments and internal differential pressure:

Mg = p-0.27072
Mg = p- 0.474422

The extreme fiber stresses for a linear stress distribution are calculated by the conventional equation:

T
M__

Mc 2 6M

T 7T T T2

1, T

12

Effect of the curvature on shifting of the neutral axis is tabulated in Figure 6-14 in terms of a stress correction factor K. and
K, whichrepresents the ratio of the actual stress to stress computed by the ordinary flexure formula for a flat beam. K; refers
to the concave side and K o to the convex side.

T
For a ratio R = 0.6225 Figure 6-14 gives

K, = 08125
and

Ki = 1.273
therefore

Ohyp = 1.278 = o5, (tension)
Ohyp = 0.8125 - 0};,  (compression)

where hyp is stress for a hyperbolic stress distribution.

Applying these results, the total stress in the duct wall can now he computed for cross sections A-A;B-B shown in Figure 6-12.

6My
"totA = Ohyp + amemA = 1273~ 2 + 1821 -p
iy 6 My
dtotB - abendB + omemB = + 16.23 - p

72

substituting for M A MB’ and T gives:

Corner: = (184.89 + 18.21) - p = 203.10 p

Otot A

Mid-side:

Opoty = (8287 + 1623 p = 9910 p
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This result indicates a tension-stress concentration on the inside of the duct-corner (cross section A-A). Accordingly this is
where the duct is most likely to fail when strained by internal pressure.

Deflections Beyond the Elastic Limit
Relationships are developed for deflection of a duct wall when the elastic limit is exceeded. The principal assumptions are a
straight beam model and no strain hardening beyond the elastic limit (idealized stress-strain curve). The length of the straight

beam cquals the length of the neutral axis between two adjacent corners when the corner radius is zero.

This subsection derives a relationship between the moment and the radius of curvature when the elastic limit is exceeded.

Figure E-1 shows the model used in this analysis

S
Y

% TENSION

7 — — —NA

Z ¥ NA'
1
COMPRESH z
X ] SION
S
b4

BENDING BENDING & TENSION

GD9-165
Figure E-1.  Flat Plate Stress Distributions

The darkened area must equal the tensile force

Z-2:S=P-a
Po
Z= Z-aS (inch)

The moment with respect to the new neutral axis is twice the moment of the compression-side.

M=2S [X (T/2-Z-X/2) + (T/2-Z-X)% - %]‘

This gives:
2
M, =2-s.&?‘2'—945«(1*/2-2)2 , X=T/2-2)
= . .-l.. :g- - 2 =
My =2:8-5-(T2-7)=3 8@ 2-27 (X=0)

X is the part of the duct that yields in compression.
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Defining (T/2-Z) = Z1
i
We can write:

M= 20 (X @1-xg ¢ @-%]

2

M_nx.X,1,2 2, .19
25 L1'X- 5+ 3A1° -3 21X + 3 X
M

5 6Z1-X-3X2 + 2712 - 471X + 2X2

X2- 271X - (2Z12 - %) =0

X= 71 +n212 + 2712 - i’sﬂ =71 - 3(212 - SM)

Radiua of curvature.:

71-X :
r = €
y
1 & M
r 42 EI
Substituting for X
L S °y :
2 Z1-X M
L Z1- 71 + 43 (212 - §)
d2y 1

s
a2 B3 @2 - ws)

Assuming the case where a plastic hinge has developed at the ends and at the middle of the beam as pictured in Figure E-2.

2
pL3(X ) 9 9
My o= — |{=—-X)+M M. =S (T/2-2Z)¥ =8-71
1—2 2 L3 u u ( )
M, o = P22 —Xiz X)+M M. =25 (1/2 72-—2—S-Z12(M =M. = —"L72 M)
2-37 9 \1s ~ y y 3S5@2-7"=3: "34nax 0w T g "y
2
pL7<X" )
Mgyq="7— {5 -X') - M,
34" o5 \r7
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M
v
M
Y
4 M 0 | 3.
_ Y 12
3 .
plastic 4
—MY
- L7 — _M
v
L5 —
L3 —

Substituting and reducing,

Let

Figure E-2.  Flat Plate

S 1
—+ —— = K4
E 13 :
PR
d2y 1

_— = K4’ - —_—
axZ NLax - x2

,
dy : dx

“ =K | —
dx {dLsx - x2

[ f dx -1 (
we know: | —————= = cos
N2ax - X2
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L d L3/2 - X
if a = — then b A K4 « cos~! (—/—)
2 dx L3/2

d 2X
the slope for the plastic portion 1 - 2 of Figure E-2 is d_y = K4 - [cos'l (1 - -—) + Cl]
x

d
boundary condition: d_y = 0 when X = 0
X

cos'11+Cl=00rC1=0

d 2X
o A K4 - cos'1 (1——)

X

4 2X
defleotion: y - K1 f cos—t (1_;_) dx
1

L 2X 2 L3
substituting f = 1 - — wehave df = - — dx or dx = - — df
L3 L3 2

»

this gives:
L3
_ -1
= K4 - [- =2 f-df
y ( 5 ) fcos
L3
y = -K4-'-2- [fcos'l f—\/l_f-?]
2X
recalling that f = (1 - —)
L3

wc obtain:

2

L3 [/ 2x 2X\ [4X  [2X

y=-K4. = (1-—>'cos'1(1——)— -(——) +cz:]
2 L3 L3/ N3 \L3

o 5 -G - () o (-2 e
9 3 " \r3/ ~\ "3/ “13 <

Boundary Condition:

<
I}

y = 0 when X = 0
0=-csl1+C2.C2=0 ‘
L3 X (X2 X\ 2X
y=K4+ —]|2 [— -|— - 1-—1} *cos (1-—
2 L3 \L3 L3 LS

the plastic deflection in region 1-2 is:

L3
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Minimum internal pressure to produce plastic hinges at 1 and 4.

2
pL3(X ) ( L3) 2
Mo s =22 (2 _x) oM =-m X==):M_ =S-(1/2-2
4" o \L3 u u 2/ " ( )
p=16Mu=16-S(T/2-Z)2
132 .32
My = M. 1z =2 +S(T/2-2)2 where Z = ——
2 yield ~ 3 (T/2-12) where T 9.8
M pL3 (x12 Xl) FM = M
1-2 2 L3 u Yy
2
L3 (X1
?l—(—_m):-—sozf"
2 \L3
solve for X1:

X12—L3X1+%-%-Z12=0

L3 [L3\2 25 . .,
X1 =—-[I=) -==-21
2 N\2/ "3

The moment equals yield moment a distance X1 from the supports making,
L5=1L3-2 X1

and the moment: -
pL5 (X2
M=—\—-X] + M
2 \L5 Y

and we have:

d2y L M

dx2 ~ EI i
glope: _

dy 1 1 pL5 (X2

== fMdx = — —{— -X] +M_ |dx

dx EI El 2 \L5 y

3 2

d 1 X
_y-_[P_LE(.__E_)+M.X]+C3
dx EI L2 \3Ls5 2 y

where C3 has to equal the slope for the plastic region at Xo
3 2
d 1 |pLs [ X X 2X
oA —[L(—-—)+My-x]+ K4 + cos™! (1-—) l ‘
dx EI L2 \3L5 2 L3/ x'=-x
. 2
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deflection:

y

where C3 is y(Xo)

Length of the plastic region at center

\  PLS (Xg < ) y
=—\\— - +
2 \rLs 2 y

4M

f 1 [pLS(X3 x2)+
El L2 \3L5 2

l{pLS(X‘L x3)
y= | S -— ) m
EIL 2 \1205 6 y

X2 Ls'X, + —;Z =0

My . X:|+

L7

This makes L7 = L5 - 2 * Xq

The moment M3_4

M =

d2y

dx2

4,
o[
dx E

3

pL x2

S
E 3 z12 - 1Mys)

dx

-M

M
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K4 - cos'1 (1

X2
5| s xeC3

7
T oy <wen,

E Js <z12_%[

4

2

dx

lzy(

x2
L7 ~

X_) ) MYD

P-L7-

’ 1,2 px2 X
/3[z1 - o tTas Tt

28

N 3P-L7

23

X

2,2
321J
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Let 5212 = a
3pP-L7 _
25 - P
3p
ot _ ¢
28
4
dy _ Sf dx
dx E \ja + bx - cx2
3
or:
S 1| 2cx-b
_f__d_x___ _S __[Sin-li(_c’:__)+ m]
E '\/a+bx-cx2 E Ve b2+4ac

Boundary Condition:

dy

= 0 when x = 0
dx

. : . -1 b
this makes C1 = sin (———)

Nb2 + 4dac

dy S 1_( L, b 1 Z2x-b
— = — —|sin™t! ——=——== + sin" ———=| + C3
dx E Ve N2 + dac b2 + dac
Ka=> L

T E A<

2ex - b
= il —— il ————— Jdx + fC3 dx + C4
Y'K4/(81n sin )xf X
Nb* + 4ac Vh2+ 4ac

4 I:X'sin1

2¢ex-b

Substituting: f= J:
bz 1 dac

e 1
df=—-—c—dx or dx=—'\)b2+4acdf
'\jb2+ 4ac 2c

|
Y1=K4£'\/b2+ dac ginl f df

I
~

y =

b
+
b2
b / ] 2cx-b ]
_—_ sinTt ——— dx| + C3*-X + C4
'\]b2+4’ac '\/b2+4.ac
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1 5 ME—
calling K4 - 2— '\/'bz + dac = K5 we have
c

y; = K5 [f sin”] f + ~/1_f2]

2cx -b . .1 2cx-b 2cx- b \2
V1 K| —=—— i ————+ [1- | —
Nb2 + dac Nb2 + dac b2 + dac

calling —-x=b D3 and -b F3

ing ——————— = an —_——
NbZ + dac NDb2 + 4dac

We have:

y =Ka - X - sinl (F3)+ K5 - [D3 - sin"! D3 + VICD312] + C3-X + C4
This expression is used in Section 6 in computing the energy absorbed in the duct.

The following equations summarize the results of this appendix.

The expressions for the deflections in the three different regions of the duct wall are

Plastic:
L3 - 2-X
¥1-2 = K4 [\/X Li-xXy - ('5‘ - X) - cos71 (I-F)}
where
'K4 _ S 1
E [3p
28
Elastic: '
-2 P'Ls(x4 X—3)+M X2]+S(X) X + C3
23 "g1 2 \1z-15 6 y o 2 2
where
S(X9) = slope at point 2,
and
C3 = detlection at point 2.
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where

and

Y3-4

K5

F3

D3

C3

c4

K4+ X - sin™l (F3) + K5 X [D3

1
- K4 — J b2+ dac

Cc

1
13
.
N
p—
[ -]

2¢x-b

N b2 + 4ac

slope at 3

deflection at 3

GEAP-10059

. sin-! D3 + \/1—D32]+ C3+ X +C4
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