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ABSTRACT

A knowledge of the mechanisms that cause fuel move-
ments inside an unfailed pin and eject fuel from a failed
pin is a prerequisite for further studies in several LMFBR
safety areas. In this work, a model for molten fuel move-
ment in an unfailed pin subjected to an overpower transient
was developed, The pressure due to the fission gases re-
leased and the volume increase of the melted fuel was con-
sidered to be the driving force. The primary assumption
was that the trapped fission gas was released after the fuel
had gone through heat of fusion.

The model was applied to TREAT tests C5A and ChB. A
computer-hand calculation combination was employed. The
calculated behavior of the pins correspond to the observed
pin behavior.
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CHAPTER 1,

INTRODUCTION

|. i General Purpose

In this work, basic theoretical assumptions concern-

ing fuel movement in a liquid metal fast breeder reactor

(LMFBR) undergoing a power transient have been postulated

and arranged in a unified model which was applied to a

specific series of fuel pin transient tests. Work of this

type to analytically describe and predict fuel motion is

important, since the fuel movement question is basic to

several important safety issues in the ILMFBR.

An A.N.L. study lists the four most important ques-

tions about the LMFBR (considered most important because

they "touch on areas where there is concern that gn LMFBR

may be unacceptable for safety reasons" (21)):

a, Vapor explosions, i.e. fuel-coolant irterections

‘when and how do they occur?)

b. Fuel pin failure and failure propagation (How

joes it fail and can failure propagate?)

c. Mction of molten fuel (How does it move?)

i. Severe power excursions (How much energy is

released?)

Although fuel movement is considered explicitly in

it can be shown that detailed knowledge about the

motion of fuel is necessary for the study of a,b and d



For example, the actual physical mechanism involved in a

fuel-coolant thermal interaction is not understood, and

further work is necessary. A key area for such further

work is the determination of the conditions under which

fuel is ejected into the coolant, This includes deter-

mining the forces that eject the fuel from the pin and

the form in which that fuel is ejected (i.e., all molten

fuel, a fission gas and molten fuel mixture, ete.).

The work of this thesis on a fuel movement model was

originally undertaken to complement work underway at

M.I.T. on the fuel-sodium thermal interaction,

| = Scope of Research

Fuel pin failure can be either spontaneous or induced.

Spontaneous failure takes place during the normal opera-

tion of the reactor (and thus initiates the accident).

Induced failure takes place during accident conditions

(it is induced as a result of an accident initiated some-

where else in the reactor). If spontaneous failure of a

pin was such as to cause failure propagation, either

through blockage of the flow channel or the blanketing of

pins by fission gas, it would be a serious problem, It

has been recently shown that fission gas blanketing alone

is not a problem (8). No propagation effects have been,

up to now, reported to result from a spontaneous failure.

Thus the damage remains local and, although hard to detect,
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is usually acceptable, from both economic and safety

viewpoints. (21)

Induced failures, on the other hand, have led to

violent pressure effects, In addition the accident con-

dition inducing the failure often affects more than one

pin. Thus other pins may be past or very near failure

thresholds and the possibility of some degree of propa-

gation exists. Induced failures thus seem more signifi-

cant for safety analysis.

One method of studying induced pin failures is to

subject pins in test capsules to severe overpower tran-

sients. The increased power causes fuel temperatures to

climb, The melting point is reached in a portion of the

pin and failures ensues. The use of such a test to at-

tempt to glean knowledge about molten fuel ejection, how-

ever, has several disadvantages. First the failure it-

self destroys much of the evidence. Post-transient ex-

amination of the pin is usually of little benefit because

the transient destroys the pin's integrity. In addition,

little can be determined about the various stages leading

to failure. One can theoretically model the driving force

for fuel motion in such a transient and predict the failure

threshold and thus the time of failure. This can be checked

against an observed failure time which can be determined

from pressure transducers placed in the coolant channels.
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It is impossible, however, to check any more detailed an-

alysis of the movement of the fuel (a device called a

hodoscope can theoretically allow the experimenter to

"see" the motion of the fuel. (9), but the available data

are very limited and the method has not yet been per-

fected).

The actual failure mechanism is complicated. It is

hypothesized that once the inner segment of the fuel melts,

the molten fluid forces its way toward the cladding by

atilizing existing cracks in the outer fuel or forcing

new cracks to form in weakened areas. The exact location

of the cracks or weakened areas 1s almost impossible to

predict. The cladding is either melted through or sub-

jected to a yield stress originating from the pressure in-

create associated with the melting of the inner fuel.

This increase in pressure results from the fuel volume

expansion and the compression of fission gas. In thls

case, the clad ylelds at its weakest point. The location

of the weakest point is probably determined by fabrication

imperfections. In any case, it is not always possible to

predict the exact point. The strength and behavior of the

clad and the fuel itself is of course a complex function

of the temperature and irradiation history, as well as the

fabrication. In short, the entire failure mechanism is a

complicated, somewhat random process, This makes verifi-
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cation of even the most basic theoretical assumptions

all but impossible through the use of an integral type

overpower transient test.

It has been suggested, however, that one can verify

many of the important assumptions by examining fuel motion

in an unfailed pin (33). In a unfailed pin, it is poss-

ible to perform a post-transient destructive analysis and

obtain detailed information about the final condition of

the pin. Normally, there would not be a great amount of

fuel motion in an unfailed pin. Fortunately, however, in

one General Electric test, designated C5B, a pin experi-

enced significant fuel motion without failure, presumably

due to the existence of a hole (.070 inch i.d.) in the

annular blanket, A companion pin, CSA, with a solid

blanket, was subjected to a similar transient for com-

parison (10). The pin configurations are shown in Figure

1-1, In the CRB test, the cladding was intact, with only

a small, almost uniform, permanent strain and minor de-

formation at one axial location. The fuel moved in an

axial, rather than a radial, direction and therefore the

cracks in the outer fuel did not play a significant part

In determining the extent of motion. In this "clean".

uncomplicated case of axial movement it is thus much sim-

pler to compare the observed results with theoretical pre-

lictions. This is the specific goal of this work: to
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postulate and verify basic theoretical assumptions con-

cerning fuel movement through the use of the C5A and C5B

tests. The specific assumptions include the role of fis-

sion gas, friction, two-phase flow and heat transfer in

fuel movement. Of primary importance is the verification

of the theory that fission gas is the prime driving force

behind fuel movement,

1.3 Review of Current State of Work in .

Fuel Movement

ne Area of

SAS1A, developed at Argonne National Laboratory, is

a computer code designed to analyze power and flow tran-

sients in fast reactors. Designed to be a complete acci-

dent package, SAS1A was the first attempt at modelling

the entire spectrum of fast-reactor mishaps, and was the

first in a planned series of SAS codes, with the later

versions expected to be more accurate and to encompass

more effects. Although a later version, 2A, is now avail-

able, SASIA will be examined first, for the purpose of a

historical survey of advances in the field. The code con-

sists of a complex linkage of several different modules.

with each module containing all calculations pertaining

to one analytical model.

The fuel deformation module and the fuel dynamics

module from SAS1A parallel in scope the problem that has

been taken for this thesis: modelling fuel movement.
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The fuel deformation module calculates the thermo-

elastic deformation of the fuel and the elastic-plastic

deformation of the clad based on temperature profiles

which are the product of another module. For partial

melting, the module assumes that the material in a cell.

a division of the pin, behaves mechanically as a liquid

with density and bulk modulus between those for liquid

and solid states. Fuel and cladding stresses and defor-

mations are calculated, assuming that the fuel does not

cross cell boundaries (7).

When the fuel centerline temperature exceeds a spec-

ified input value, control is shifted to the fuel dynamics

model, It is assumed that at this point there is exten-

sive melting and fuel motion is beginning. The fuel

dynamics model calculates axial motion and fuel displace-

ment, The physical model used is shown in Figure 1.2.

Axial pressure gradients arise from the radial restrain-

ing force of the cladding which is imposed on the expand-

ing solid-liquid fuel material, The fact of prime impor-

tance is that the driving force in this model is the solid

fuel expansion and the fuel volume increase upon melting.

The effect of fission gas, or even its 'presence,, is not

contained in SASIA., Thus, if it is assumed that fission

cas plays a major role in fuel motion, one could expect

SAS1A to be applicable only to unirradiated pins. (Models
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incorporating fission gas effects are currently under deve-

lopment at A.N.L., however. (13))

The fuel dynamics module allows for pressure buildup

to the point of cladding failure. One of the modules ob-

jectives was to estimate the fuel failure threshold. In

addition, the module was to form a starting point for

eventual further development of other modules attempting

to describe fuel behavior after clad failure. In the fuel

dynamics model, the axial pressure gradient acting on mol-

ten fuel causes axial motion.

he equation of motion of the fuel can be derived

from the basic relation ma = 3F, where the forces in-

volved are friction, gravity and the axial pressure gra-

dient. The force of gravity is mg, the mass times the

acceleration of gravity. The friction force is, by defini

tion of the friction coefficient F, Fmv, me Finds . The

pressure gradient force per unit volume of fuel is simply

214 . Thus:

2
d~z . dz ap

na = Mg = ug - Wigp - Vag

where V 1s the volume, working with incremental axial

segments, the equation of motion for a segment ff is

?z _ 1 %r az
 52 pp dz Tat ~ ®
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where Pe is the pressure on fuel segment ff and Pe is

the fuel density for segment f. In the model, Pas the

fuel pressure at any axial point is derived by calculating

the cladding internal pressure required to produce the

2ladding strain. The final cladding strain previously

ralculated in the fuel deformation module is first used,

ond the strain increases as more fuel melts and expands (7°

J. Hanson and J, Field were the first to propose a

model in which fission gas played a significant role in

fuel movement (19). The model that they developed assumed

that all fission gas trapped in an oxide region during

steady state irradiation was released instantaneously when

that region melts during a transient. Some earlier A.N.L.

fuel dynamics experiments involving irradiated fuel showed

that the trapped fission gas did not play a major role in

cladding failure up to the point where the oxide started

to melt. (29). This substantiated the use of the melting

point as the gas release point. The hypothesis, however,

needs further verification as it still is not universally

accepted (15).

G. BE. next extended the theory by devising a molten

fuel movement model to be used after an assumed instan-

taneous cladding breech. The model was designed to con-

servatively bound the problem, In addition to the use of

the melting point as the gas release point, the model ob-
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tained the driving force by calculating the pressure of

the released gas corresponding to a constant temperature

‘assumed to equal the fuel melting temperature) of the

cas and the volume which the gas occupies (the volume was

assumed to be the fuel porosity volume),

The model was applied to the CHB test mentioned pre-

viously. The model is shown in Figure 1.3. An estimate

of the driving pressure existing during the test was de-

rived from the observed cladding deformation. The driving

pressure was also calculated by the alternate method of

finding the gas volume, the gas temperature, and the fuel

expansion on melting effect. This alternate method, how-

ever, yielded an unrealistically high pressure and thus

was disregarded. The pressure associated with the clad-

ding deformation was used, with the assumption that the

gas expanded isentropically. The result was the lower

hound that if the fuel was assumed to displace a total of

10 inches, it would take only 20 milliseconds to completely

jisplace with a maximum velocity of 52 ft./second occurring

at 5.5 milliseconds (20).

A,N.L. has recently released SAS2A, on upgraded multi-

channel version of the SAS1A code. This version considers

the effect of fission gas released from failed pins on

~oolant flow. A fuel-coolant interaction model is one

aspect of the code. The effect of burnup in oxide fuels,
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to include the effects of fission products and restruc-

turing, is the object of a further modification to be

planned for SAS2A.(13). The role of fission gas as the

driving force in fuel movement has not yet been included

in the code. Work at ANL is proceeding on an axial-

squirting model which does consider the fission gas as

the driving force in squirting a molten fuel-gas mixture

from its position in the center of the pin. The work is

currently being done in a study of an "inherently safe

fuel element design," which allows for axial fuel movement

much as was the case in C5B, It is expected, however,

that the squirting model will eventually be implemented

into SAS2A (4).

Carelli, from Westinghouse Advanced Reactors Division.

has reported on other efforts to model fuel movement (6).

At W.,A.R.D., the FIDES codes is used to investigate molten

fuel ejection from a failed pin, The physical model used

is shown in Figure 1,4. It is assumed that only the mol-

cen fuel column length, Im, above the location of the rup-

ture takes part in the ejection. The driving force respon-

sible for the motion is the fission gas plenum pressure,

P

In order for any fission gas released during the

transient to fit this model, it must be assumed that this

rg,8 1s able to vent to the plenum region during the tran-



Hg a

25

PLENUM _ \ |Py

BLANKET
|

BLANKET

CENTRAL VOID

+,
in

Lm

MOLTEN FUEL Iho
 Pp,

A— &gt;

i Re,

FIGURE 1.4



"2
“

sient and before fuel motion. Experimental results have

shown that this assumption is in error; gas cannot not

vent to the plenum during a transient prior to fuel motion

(30).
Thus the G.E. and W.A.R.D, models both assume that

9 pocket of gas behind the molten fuel column is the driv-

ing force for fuel motion, while the A,N.L. squirting model

currently under development assumes that the fission gas

is mixed with the liquid. This work attempts to use an

spproach similar to that of the A,N.L., model, This ANL

specific fuel motion model is incorporated into a more com-

prehensive model includingthedifferentassumptionsneces-

sary to obtain the inputs to the specific fuel motion

model, An attempt will be made to consider several factors

which have not been considered in the analvsis performed

0 date.
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CHAPTER 2.

DESCRIPTION OF C5A AND C5B TESTS

2.1 Position in Test Series and Purpose

General Electric, in the program P.A. - 10, Task C,

is conducting a series of experiments aimed at defining

the failure mechanisms and thresholds of LMFBR fuel pins

under severe overpower conditions, Series I test were

directed toward development of fuel for the experimental

fast ceramic reactor (SEFOR). Series ITI looked at the

performance of the fuel and clad in zero burnup pins sub-

jected to overpower transients. Series IIT irradiations

investigated the effects of prior irradiation on transient

performance. Serles IV tests were planned to evaluate the

effects of axial restraint, density, composition, and

burnun.

Analysts comparing the results of Series II and Series

ITI decided that a provision for molten fuel accomodation

might relieve internal pressure and extend the transient

failure threshold. Series V was designed to investigate

the effects of molten fuel movement, fuel and blanket

lengths, and fission product gasses on transient failure

limits (20). Current G.E. transient tests are shown in

Table 2.1. The Transient Reaction Test Facility at the

National Reactor Testing Station, Idaho Falls, Idaho,
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DESIG.

SLA
ZLB
suc
4D
hI
ChJ
PURPOSE:

COMPLETED G.E. TRANSIENT TESTS

DIA, LENGTH SMEARED
(IN.) Tey
» 2 2{;
'

)

30
30
0
03

POW J

2 » 5Pow, JO
To determ: transient failure
up fuel as = function of axial
and form (pellet or powder)

bh

IKRADIATED FAILED
YES NO

X
 YX

AL

threshold of zero burn-

restraint, fuel density

C5A «250 24 90 100 20,000 MWA/Te
C5B 250 24 90 100 in GETR
PURPOSE: To study mo**""'-of transient melted fuel

0212 80 100
»2208 30Pow, 100
212 30 100
 » 212 30Pow, 100
, 2207 80Pow, 100
212 « 80 100
To evaluate transient performance of defected or sodium
bended fuel. Powder fuel logged.

4X «2186 13,48 91 100
PURPOSE: Checkout for C4E-H, K-L

C6A-1

-3
263-1

=-2
-3

PURPOSE:

TESTS IN PROGRESS

SUE ,2159 13,46
pI 216. 15,51
JUG 215 1%.50
cLH 215. 15.45
CLK 220+ 13,5
SLL «2200 13.5
PURPOSE: To commnere with

80.5
80.5
20.5
30.4
84 ,1Pow,
84,2Pow,
MAD, I=d

72
72

2 50,000MWd/Te
2 in

[2 EBR=-II
72
to evaluate effect of burnup.

FABLE 2.1 (20, 33, 32)
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(TREAT) is used for the transient tests, and the schedule

of experiments for TREAT is shown in Table 2,2, Tests

jone by other facilities are included for comparison.

DN Testing Technique

Two oxide fuel specimens were manufactured and en-

capsulated. The pins were identical except that the 14 1/.

inch upper blanket of one (designated C5A) was composed of

solid pellets, and the blanket of the other (C5B) was com-

posed of annular pellots with a 0.070 inch inside diameter.

The pins were first irradiated at low power under

steady state conditions at the G.E. test reactor (GETR) to

a burnup of approximately 22,000 MWd/Te. The irradiation

took place in four cycles and the peak power was approxi-

mately 12 KW/ft. The capsules were non-destructively exa-

mined after irradiation. The gamma scan and neutron radio-

oraph showed the pins to be in good condition with no irre-

sularities, A central void was lacking. Readings from

thermocouples: located in the coolant during irradiation

were used to estimate fuel temperatures. The peak fuel

temperature was estimated to be 2850°p. The lack of cen-

tral vold would indicate a peak temperature less than the

sintering temperature (2012°F), so the calculations appear-

2d to be accurate. Test parameters are shown in Table 2.3.



3 TABLE 2.2 (23)

FY70Tests FY71 FY?72 FY?73

Cheekout
Fuel Element Failure Prop
Rate of Prop: Melting

Bloekage
Fallure Propagation ]

Fuel Move-Power Exeursion El Ec«
Fuel [Move-loss of Flow

Fuel Move-Slump
Release of Small Amt. Molten Fuel
Assembly Melt Thru
Trans Fall Threshold Hl H2 H3
folten Fuel Piston S5 S6 S87 S8,9 S10 S11
Coolant Interaetion I1 I2 I3 I4 15 I6 I7
Expulsion and Re-Entry Rl R2,3 RA4,5,6
ixially Res Fuel C4 A,B,C,I,J CLX CLG CL4H CYE,F,K,L
fobllity of Molt Fuel C5A,C5B
Defeeted-Fonded Fuel C6A(1,2,3) C6R(1,2,3)
Loss of Flow- Re-Entry C10X | C10A,C10B
MK-II Failure Threshold Plan Peling Developec
Test Fuel Pins to 59-14 ,16

PNL Safety Limits 50-4
Tests &lt; GETR-59 59-1,2

\EBR-I1I-1,2 59-8,10
EBR-II JEBR II Fuel Failure JF Fuel to Fallui

frojeet tran Gas Release I
Fuel prlotion

LA
P1 PL

P2 P5
P3 P6 P8

. | ST P7P9P10

E3 E4 E5 E6 E7 Continued FFTF
Il L2 13 IA LS Experiments or

F1 F2 F3 Demo Plant
D1 D2 D3 D4 D5 Simulation

Gl G2 Tests

FREAT TESTS



SUMMARY OF SERIES V EXPERIMENT
PARAMETERS

72
 al

ZETR TEST DATA

AVERAGE POWER (KW/FT)
PEAK POWER (KW/FT)
AVERAGE BURNUP (MWD/Te)
PEAK BURNUP (MWD/Te)

CSA
9.7

11.9
17,800
22,000

C5B
9.4

11.7
17,300
21,400

TABLE ~ 3

SUMMARY OF SERIES V EXPERIMENT
PARAMETERS

TREAT TEST DATA

REACTOR PARAMETERS
PERIOD (SEC)
REACTIVITY (%)
INTEGRATED POWER (MW=-SEC)
PEAK POWER (MW)

AUEL PIN PARAMETERS
PEAK SPECIMEN POWER (KW/FT)
TOTAL SPECIMEN POWER (CAL/GM)
% OF FUEL MELTED

rr 5A

a"™oa
c °°

1.
309
Boy

142 2,

C 5B

3,137
Ja3%
310
505

155
339

30-3"

TABLE 2.4
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The entire test assembly as shown in Figure 2.1, was

then placed in the TREAT reactor, Calibration transients

were executed with both the C5A and C5B capsules, to verify

physics and heat transfer calculations. Based upon the

calibration data, transients were designed to result in

the melting of approximately 40 percent of the fuel. Tran-

sient data is shown in Table 2.4. It can be seen that the

two transients were similar,

During pretest it was found that the capsule thermo-

couples in C5A and C5B were not functioning. It was thus

necessary to repeat the preheat procedures used in the

calibration runs (when the thermocouples were working)

and do the transient "blind". While there were thus no

thermocouple results, by comparison with the calibration

test and with the fuel microstructure in post-transient

examination (i.e., molten fuel radius), a complete temper-

ture histroy could be derived thru the use of a heat

transfer code (20).

The detailed power profiles are shown in Figure 2.2

ond 2.3, More detailed data on C5A and CSB tests is given

in Appendix A.

2.3 Results

Following transient irradiation, the specimens were

ramma scanned and neutron radiographed. Figures 2.4 and
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2.5 show the radio-graphs of the C5A inner capsule, The

pin experienced gross failure with extensive fuel move-

ment into the coolant annulus, The cladding melted in

many places and the pin separated near the fuel midplane

The melted cladding is shown in Figure 2.6. Some clad-

ing that remained showed a deformation of 3 to 4.5 miles,

The C5B radiograph is shown in Figure 2.7. The clad-

ling was intact with no evidence of fallure. A central

void with plugs of fuel has formed in the upper half of

the fuel, while the lower half is solid, apparently re-

filled with once-molten fuel, Fuel movement into the

blanket region was obvious, with movement extending appro-

ximately 10 inches into the blanket (20).

The uppermost fuel pellet apparently "grew" 200 mils.

Analysis reveals that molten fuel forced a separation be-

tween the fuel and blanket and filled the resultant void.

Inspection of the cladding revealed only one defect: a

bulge near the fuel blanket interface, This verifies the

forced separation by molten fuel. Other task C experi-

ments had the same occurrence: molten fuel coming into

contact with caldding with only an increased cladding de-

formation observed (19). The C5B result is shown in Figure

2.8. The cladding elsewhere on the pin was deformed 2.5

to 4 mils.
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The C5B pin was destructively examined, with photo-

graphs taken of the sections. The results again verified

the fuel-blanket separation theory as it was possible to

easily identify the once-molten fuel by the bright spots

interspersed in it. These bright spots were caused by

metallic fission products which coalesced during fuel

melting. The fuel melting, which was relative uniform

axially, occurred to a radius of approximately .065 inches.

Figure 2.9 is a photograph of the fuel blanket inter-

face area. Figure 2,10 is another photo showing three

jistinct fuel region. From the center they are:

{ fuel that entered heat of fusion

2 equialaxial grain growth region

3. as fabricated region (darkened area affected

by high temperature, but remains with the as-fabricated

grain structure).

Figure 2,11 shows once molten, sponge-type fuel in

the annular blanket region. A fuel plug can also be seen

filling the center hole of the blanket. The plug was

approximately 6 1/4 inches above the fuel blanket inter-

face, Figure 2.12 is a cross section view of the plug.

The plug seemed to have 3 distinct layers:

1. a thin dense layer adjacent to the blanket pellets

&gt; e thicker laver with small to medium size voles

2
J a center core with a spongy structure (large pores)
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It has been postulated that the observed layering

affect could have resulted from molten fuel initially

driven by fuel-gas slugs, leaving layers of fuel on the

blanket as the slugs moved upwards, This could then have

been followed by a more homogeneous mixture of fuel and

sas (porous structure in the center). A fuel bridge

found across the void, shown in Figure 2.13, with sharp

corners at the ends presumably indicating upward movement,

~ould be explained by the fuel-gas slug concept (20).

Before being sectioned, the fuel pin was punctured

and 38.8c.c. (at S.T.P.) of fission gas was collected

(plus 6 c.c cf the original £211 gas). Analysis indicated

that it was 83 percent xenon and 14 percent krypton (20).
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MODEL FOR FUEL MOVEMENT

3.1 Explanation of Model

The model is in the form of a flow chart and is shown

in Figure 3.1. Each block stands for one input or calcul-

ational procedure, and the entire sequence is based on the

assumption that fission gas is the driving force behind

fuel movement.

The primar purpose of the model is to correctly pre-

jict the fuel movement in an unfailed fuel pin, specifical-

ly the CHB pin. The model will be presented in general

terms, however, so that it can be applied, with little mod-

ification, to standard LMFBR pins (i.e. without annular

blanket pellets). Several assumption will be made in the

model derivation. In the application to C5B, further sim-

plifying assumptions will be made. These further assump-

tions are not part of the general model and would be re-

placed by other assumptions in the application of the

model to other pin geometries.

The blocks enclosed in double lines indicate steps

where known results are checked against theoretical pre-

dictions up to that step. In the C5B test, it was pos-

sible to observe many things about the pin. It was ob-

served, of course, that the pin did not fail, Thus a
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theoretical prediction of &amp; nressure higher than the

ourst pressure would be suspect. These steps thus help

to verify and keep accurate the model, It is important

that these checks occur throughout the procedure, since

cach succeeding block is dependent on the precceding as-

sumptions. The final check in the C5B case, of course,

is to determine if the predicted fuel movement agrees with

the observed movement. Thls check alone would not be

valuable, in that it would be impossible to isolate the

Paulty assumption if the agreement was poor.

In application to another pin, some or all of the

heck blocks would not be used, since not all of the ob-

servable results would be known, It would still be pos-

sible to use the model with none of the check blocks,

since the check blocks are not used as input for any

later step.

3.2 Detail Model Description

The model can be divided into five distinct areas:

1. Temperature distribution of fuel and fuel melt

front historv,

2, Fraction of fuel melted

3

|

5,

c ~=4*on gas release

i~+e»ng] pressure developed

resulting fuel motion
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3.2.1 Temperature Distribution of Fuel and Melt Front

History

3.2.1.1 Procedure

The fi~at area is relatively straight forward. A

computer code 1s used, with the transient characteristics

ond the thermal properties of the assembly as input. The

output is the fuel temperature distribution as a function

of time (T(r,z,t)). A check on the cladding temperature

is made to determine if there is any clad melting or pos-

sible boiling. This can be checked against observed re-

sults, if available,

The characteristics necessary for input include the

normalized pin power as a function of time, the axial

power shape, the radial power shape, the initial tempera-

ture distribution in the capsule, and the coolant pres-

sure and flow rate. (In several experimental tests, in-

cluding CSA and ChB, coolant flow rate was zero, since

the capsule were designed with stagnant coolant). In the

case of an experimental capsule in a test reactor, such

as TREAT, the normalized pin power function was found

through the use of two other inputs: the total reactor

power as a function of time and the power factor (the

~alculated ratio of test specimen power to the test reactor

power, watts/cm fuel/test reactor watt. The power factors
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are calculated prior to the transient tests and their

accuracy is checked through the use of calibration tran-

sients.,).

The necessary thermal properties include the follow-

ing material properties: the density, specific heat, and

thermal conductivity, as a function of temperature, of all

the materials involved. For the fuel, these three property

functions must be available for the liquid, as well as the

solid phase. The latent heat of fusion of the fuel is an-

other input, and the phase change temperature of the clad

and the coolant must be available for reference, as well

2s that of the fuel. In addition, the heat transfer co-

efficient across the gap must be determined, (Its initial

value can be arrived at through the calibration transients,

and. its transient behavior is normally predicted through

~omparison with other tests, considering the pretransient

cap size.)

The necessity of providing the capsule geometry is

obvious. The geometry, however, should be that which

exists at the start of the transient, as opposed to the

original geometry (i.e., an attempt must be made to deter-

nine the fuel-clad gap dimension after steady state irradi-

ation, either by comparison with other tests or through the

1se of the neutron radiograph.)
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T'he computer code selected must be capable of tran-

sient heat-transfer analysis, at least two-dimensional,

and must take into account phase change in the fuel. A

rode which accepts temperature dependent material data is

n1so a necessity. It has been suggested that the THTD

rode is the most accurate and flexible code available for

neeting these requirements (14). The Argus program and

the TIGER 5 heat transfer code also meet the requirements

and are possible choices. The heat transfer module of the

SAS1A code can also may be used, although it is designed

for pins with small radial flux depressions (i.e. LMFBR

pins in a fast flux). It can be used when corrections for

the radial power distribution are made.

The output of the computer code is the transient

capsule temperature distribution. This includes the melt

Fraction as a function of time (melt front history.)

3.2.1.2 Checks

At this point the clad temperature is checked to

letermine if there 1s any clad melting. The possibility

of sodium boiling is also investigated, since it is assumed

that if either of these phenomena occur, the fuel movement

model will not be sufficient to describe the behavior.

Both phenomena bring in many other considerations.



It also necessary to check the melt fraction results

to insure that the particular case can be adequately treated

by the fuel movement model, An inherent assumption in the

model is that the fuel melt front moves radially outward.

In other words, all the fuel melts between r = a and

r =b before any melts between r =c¢ and r = 4d, where

12&gt; ¢c&gt;Db &gt;a, The output of area one, the melt front

history, shows explicitly if the fuel melts "from the in-

side-out," If it does not, the calculations are discon-

tinued as the particular model is not valid for any other

case,

Although the fuel melts from the inside in most tran-

sient the fuel can partially melt accross the entire fuel

radius (31). Or, in a very fast transient with an unusually

large flux depression, it can melt away from the center

while the center is still solid. The three cases are shown

in Figure 3,2,

If the fuel does not melt from the inside, the fuel

movement involves a mixture of solid fuel, liquid fuel,

and gas. Major modifications in the model would be neces-

sary to account for such phenomena.

[ff neither clad melting nor sodium boiling exists,

and the melt front moves radially outward, the calculations

~ontinue into the second area.
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3,2.2 Fraction cf Fuel Melted

3.2.2.1 Assumptions

In order to decide what particular melt fraction is

to be used in later calcuations, one must make an assump-

tion. The particular assumption can be selected from three

alternatives.

3.,2.2,1,1 The first alternative is that fuel melting is

completed to the maximum value found in area one before

any fuel motion occurs. (This 1s equivalent to saying,

from the time of the fuel motion versus time of fuel melt-

ing standpoint, that the fuel melts instantaneously.)

This assumption was made by G.E. (20) in their analysis

of the C5B test and has been normally made in most fuel

movement studies. In the G.E. analysis of C5B, however,

only a conservative bound for the problem was desired,

and the assumption was made to simplify a complex process

It was not first proven to be accurate for the C5B test

(15). It has been suggested that the assumption should

not be made exclusively, although it may prove to be an

accurate assumption in some cases. (11,31).

3.2.2,1.2 The second alternative is the opposite of the

first. The assumption is that the fuel moves instantaneous-

ly, in comparison to the melt front motion, That is, for



2 particular melt fraction, the subsequent fuel movement

is assumed to go to completion before any further melting

continues.

3.2.2.1.3 The third alternative is = combination of the

first two. In this case, the fuel movement associated

with a particular fraction of fuel melted is assumed to

continue only for the time period associated with corre-

sponding melt fraction. (The time period associated with

a. particular melt fraction is simply the time the fuel

takes to melt tt that fraction, with time beginning at the

start cf meltin~ ¢° the fraction of fuel under consider-

ation), It © assumed that motion halts at the end of

that time sten-and the geometry of the molten fuel remains

fixed (is "frozen") until the next fuel melt fraction is

calculated,

3 72,2,1.4 Another assumption is necessary. This concerns

the effect on the heat generation function of changing the

Flux distribution. Fuel is moved out of the active core

region and it is necessary to compute the effect of this

change on the heat generation function. It is assumed

that there is no change in the pin flux shape due to the

movement of fuel, and thus changes in the heat generation

rate will be made only thru changes in the distribution of

fissile materials.
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This assumption was made due to consideration of the

fact that, especially dealing with a test pin such as a

TREAT pin, the source of neutrons is virtually independent

of the pin. The flux shape change due to fuel motion, but

the changes are small, The changes are most pronounced for

a pin with a central void (because, after melting, fuel is

in the center), but they still can be ignored.

z 2,7.2 Procedure

The use of a particular alternative depends upon the

conditions of the problem, The first step is to deter-

mine AT, « This is the time step between the time of

initiation of fuel melting and the time that the maximum

melt fraction is reached,

As a starting point, alternative one is used in all

cases, The total melt fraction (the maximum calculated

in area one) is used.as an input to area three. The cal

culation continues until the final movement is found.

I'he time of completion of such motion, t, , 1s noted,

where tq is measured from the initiation of movement.

Next tq and AT, are compared.

If tq &gt;&gt; AT, the fuel moves much slower than the

melt front. In this case alternate one will not be inac-

curate and the fuel movement result already calculated

vill be accepted as the final result. (The result will
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be taken as final unless a check at some later stage in

the model indicates that a smaller time step is necessary.

If this is the case, calculations will continue as in the

case of t, = AT, , discussed below).

A value of 10 has been arbitrarily chosen as the cut-

»&gt;ff number for the ratio between ty and AT . Thus the

rriterion described above is t,/ LT, &gt; 10 .

If tq &lt;&lt; AT, the melt front is moving much slower

than the fuel, In this case alternative two is selected.

More iterations are necessary,

The time step ir divided in two (AT, = AT,/2). The

nelt fraction at the end of the time step, AT, is used

as an input to area three. (This melt fraction is less

than the total melt fraction used in the first iteration)

The calculations continue through all areas, until a final

fuel movement is completed. The movement is assumed to be

completed before more fuel is melted (i.e. it moves instan-

taneously). This final movement is used to change the cap-

sule geometry. The new geometry is then a new input to

area one, and the cycle is continued for the second AT,

fand the corresponding second melt fraction).

The specific changes in the geometry for the second

AT calculation are a reduction in the fuel density and

heat generation function for the inner region which now
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contain a fuel=o a mirnmtre, This =e 2 &gt; malted

in the first time, plus the control void re~ion, if any.

Specifically, for the innut to the heat *-

tions in area one, it is ¢ "ur-1 tht ©

occupies this inner region. The new =’

to have the same ¢’

except for the ¢ ‘tv pnd the wolur +ric heat — —~ar-tion

rate. For a solid pin, the drneity and het qerar-tirn

functions are reduced in the region of fuel melting is reduced

by a factor Fie where ¥, = Vorig solid vole oral? ~~~rve the

assumption that the flux shape does not change due to motion

has been made, Veotal is defined in Piaurn 2.3,

In the case of a pin that had a central void, the

procedure is slightly more complicated, since the heat

gener ‘tion function was nnt defined for the void. To find

the new heat ¢- ~~ ~ien function, one usee tha rel-~tion that

the hect rc *~n function is equal tn the fissile number

density times the cross section times tha flux, one again

makes use of t+ = ‘wm=tion that the flux doea not change

due tn motion. On than eo leulatea tha -o

function for t* ~~=*mn from the fuv~" r

melt radius &gt;  - "*-tving the flu~v
-

{on

“=trthe

1 times the

crosg-ractés ‘---  ~1ae6) times

density. ©

times the original fr=]1 number density. This heat gerecra-
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tion rate for the "new" region is then used as an input

to area one (the original heat generation rate is still

used for the rest of the fuel-the part that hasn't melted)

Nith these new inputs to the heat transfer calculations, a

new temperature distribution is found. The transient cal-

culations start at time ty + AT, » where to is the time

of initiation of melting. The input thermal properties

are taken as those existing at tg + AT, s according to

the temperature distribution results from the first (or

preceding) cycle. The fraction of fuel melted in the

second AT, is computed, and the result is used in the

next area. The cycle continues through area five, where

3, final fuel movement is calculated. If this result is

very different from the very first result, obtained through

the use of the complete melting before motion assumption,

further iterations should be made, until the results of

the last iteration~-do not differ appreciably from the

preceding results and all checks in different stages of

the model indicate accuracy. In the case of tq &lt;&lt; AT, 5

it might be apparent after the first two interations that

a, very small AT is necessary and then one could jump to

3 division of AT into ten equal steps, for example.

(This specific method is addressed mainly to axial move-

ment, i.e. movement to an annular blanket, and to find the

Final extent of fuel movement. In other model applications,
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the technique would vary slightly. If the fuel moved

outside the pin through failure, for example, the new

density mentioned would have to be calculated on a mass

basis: Prew = (original mass - expelled mass) /volume,)

Again the cutoff number is arbitrarily set at 10 in this

alternative, Assumption two is thus used when

t,/AT, &lt; 0,1. When ty is close to AT,, the process

is more complicated, In actuality, of course, the pro-

cess is continuous under all conditions, That is more

fuel is melting and adding to the driving force, while

the fuel that first melted is in motion. Stepwise cal-

culations, however, are used to simplify the problem.

If 10 AT, &gt; ty 2 0,1 AT, » alternative three is

selected, This means that the fuel 1s assumed to melt

and move in small time steps. The fuel only moves far

2s long as the time step. Then the geometry is frozen

until the melting for the next time step is calculated.

Iterations continue until all checks indicate that the

results are accurate.

The procedure is shown in Figure 3.4.

3.2.2.3 Checks and Comments

In some cases, it 1s possible to check the results

of this area with known results. In the C5B test, for

axample., the final fraction of fuel melted is known from

sbservations (20).



-
w

Determine

from heat transfer code output

from completion of one iteration of model - i.e, make
assumption one - that the fuel melts instantaneously,
and calculate the time needed to complete movement

‘AT: . a -

"irst interaction
is final result =-

Assumption 1 (that
fuel melts instant-
aneously) is
accurate,

ASSUMPTION ]

oo

————_—
i 1,

T &gt; i ~ om
-
 0

Tm

Assumption
-

divides time of
melting into in-
crements and do
step-by-step cal
culations. In
each step, the
extent of fuel
melting 1s cal-
culated and then
the resulting
fuel movement
ls calculating,
assuming the fuel
moves only as far
as it can in that

The liquid fuel is
then frozen in that
position for the next
melting calculation,
ete.

TT pe -
PF

Na

“

 RB

Assumption 2

divide time of
melting into
increments and
do step-by-ster
calculations =

assuming that
the fuel moves
instantaneously.

Figure 3.4



-
—

.

In considering fuel movement after melting, the liquid

fuel follows a path to the relief area. In a normal pin

(i.e., solid) the relief area would be the coolant channel

and the fuel forms its own path by widening a crack or

forming a new crack in the solid fuel. In considering

oxial movement, this model inherently assumes that their

is a path to the relief area that the molten fuel can fol-

low, This case is shown in Figure 3.5a. In Figure 3.5Db,

there is no path to the relief area and the molten fuel

must either push a solid fuel plug up the blanket or form

a. crack in the solid fuel surrounding it. Again this case

considering solid fuel cannot be adequately described by

the current model, and a different method must be used.

Normally, the existence of a central void guarantees a

path to an axial relief area. If there is no central void.

a relatively flat axial power profile (such as in C5B) or

the existence of the hotter coolant at the top of the pin

ran insure that melting at the top occurs soon after melt-

ing at the axial centerline. Thus it 1s seen that the num-

ber of cases to which the current model cannot be applied

is low, (Even if there is not a path to the relief area,

the basic theoretical assumptions about the driving force

in the model will hold. Modifications for the existence

f solid fuel segments or cracking must be made, however.)
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3.2.3 Area *: Iission Gas Release

3,2,3.,1 Assumptions

3.2.3.1.1 The first assumption of area 3 is that

the steady state release rate of the fission gas trapped

in the fuel can be related to the fuel temperature by the

Lewis model (22), Figure 3.6.

Although the fuel temperature has been shown to be

the main factor (26), the release rate is actually depen-

dent on many other factors. It has been shown, for exam-

ple, that a disproportionate amount of fission gas release

can be associated with major reactor power changes (24),

No numerical relation for this dependence, however, is

available, Due to the importance of the many factors, s

complete steady-state irradiation history is necessary

for a truly accurate determination. This model will as-

sume, however, that the Lewis temperature relation will

suffice. Although developed for Xenon, the behavior is

the same for Kryton (26), for example, and the Lewis model

is used for all fission gas. Whenever another factor is

extremely atypical., (such as a test involving an unusually

large number of start-ups and shut-downs), the user can

make corrections in the application of the Tewis model, in

accord with the experimental experience concerning the

factor involved,
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, 2.3.1.2 The second assumption of area 3 is the

~entral assumption of this thesis: that the fission gas

trapped in the fuel is released when the fuel melts,

It has been suggested that the trapped fission gas

can be possibly released and start fuel motion before the

particular fuel region has completely melted, i.e., gone

through the heat of fusion. Some investigators have sug-

gested that the gas could possibly be released when the

melting temperature is reached. (31). Figure 3.7 repre-

sents the difference in the amount of fuel into heat of

fusion, and through heat of fusion, according to THTID

ralculations for a typical TREAT transient (cha). It can

be seen that the difference is great. In this model it

will be assumed that gas release only occurs after the

fuel is through heat of fusion, since this assumption has

been used, with success, in the past (30). Actually, the

sas is probably released at some intermediate stage. If

this intermediate stage is closer to the "gas released

apon reaching the melting temperature" assumption, the

model will underestimate the intensity of fuel motion.

This is because more pressure would be developed, at an

earlier time, than would be calculated according to the

"pelease upon melting" assumption.
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3,2.,3.1.3 One further assumption is that a negligible

amount of fission gas is generated during the short time

&gt;f the transient. It is assumed that only the fission gas

already existing in the fuel will affect fuel movement,

3.2.3.” Procedure

First one must determine the distribution within the

pin of the fisslon gas produced during steady state opera-

tion. The amount of fission gas is determined from the

ournup. (The amount of gas is proportional to the number

of fissions. Approximately 15 percent of the fission

products are gases (26), and there are 2 atoms per fission,

Thus there approximately .30 gas atoms produced for each

fission. The number of fissions is directly proportional

to the burnup.) The distribution of the gas in the fuel

pin is simply equal to the radial flux distribution for

the steady-state irradiation. Most of the fission gas

produced remains trapred within the fuel structure, but

some 1s released,

To determine the amount that is released, assumption

1 (the Lewis relation) is made, The specific procedure

is to divide the pin into radial segments, compute the

sverage temperature in each segment (from the calculated

steady-state temperature distribution), and compute the

release rate associated with the particular segment. The
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smount of fission gas trapped in that segment is found

From the fission gas distribution discussed above, and

the product of the two factors (release rate times amount

of gas) ylelds the fission gas release for that segment.

The exact size of the segment is arbitrary and is deter-

mined in each individual case so as to insure the degree

of accuracy required.

Assumptions two and three are now employed. Assump

tion two states that all the fission gas trapped in the

fuel is released upon the melting of the fuel and three

states that only the fission gas generated prior to the

transient is involved. The amount of gas originally trap

ped in the fuel is known. The amount released is known.

The difference is the amount still trapped (as a function

»f rr), and by the use of the melt fraction output of area

two, one determines the amount of gas released in the

transient.

3.2.3,3% Checks and Comments

In some cases, one can check the value for total

steady-state fission gas release against observed results,

In C5B, for example, the bellows was calibrated so that the

pin internal pressure could be derived from the position of

the bellows in the pre-transient neutron radiographs.
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I'he sum of the transient release and the steady-

state release represents the total of "free" fission gas

in the pin. If it is assumed that very little gas is

retrapped, one could expect to remove the total amount

of "free" fission gas from an unfailed pin after the tran-

sient, This represents another possible check on the model.



3.2,4 Area 4: Internal Pressure Developed

3.2.4.1 Assumptions

3.2,4,1,1 The first assumption is that the fission

cas released during the transient cannot vent to the plenum

during the time of the transient. This assumption has been

experimentally verified (30).

The second assumption is that the temperature of the

transient released gas remains constant, at the fuel melt-

ing temperature. This appears to be accurate in that fur-

ther heat normally would go to melting more fuel on the

surface of the molten mass (although the gas in the center

of the molten fuel might increase in temperature slightly).

The third assumption concerns the volume that the fis-

sion gas occupies when it is released, In most cases the

gas occuples whatever volume is left in the active fuel

region, after the increase in molten fuel volume takes

place, This is normally a substantial volume due to the

existence of a central void. In pins without a central

701d, the volume left could be very small or non-existent,

Obviously some lower limit must be set to give a realistic

volume for initial pressure calculations. It has been

suggested that the fuel porosity be used as this lower

limit (2)), and this model will make use of that suggestion.

The volume must exist, so an inherent related assumption is
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that the fuel-gas mixture moves instantaneously out of the

active fuel region to a level to allow the gas to occupy

the fuel porosity volume, The problem is again that the

process is continuous. The fuel-gas mixture moves as soon

ns the first fuel is melted.

The pressure as the driving force is the prime con-

siderationinthismodel, and thus the third assumption

is necessary to allow a calculation of the pressure in some

cases (a volume must exist in order to calculate the pres-

sure of a gas). The assumption is expected to result in

incorrect prediction of the fuel motion near the time that

motion commences. Later in motion, however, it is felt

that the pressure effect will override the volume increase

effect so greatly that the prediction will not be inaccur-

ate.

The fourth assumption states that all the gas situated

in the natural voids (fuel porosity) in the active fuel

region, and one half of the gas in the central void (if

ony), is unable to reach the plenum region upon the melt-

ing of the fuel (i.e., it is surrounded by molten fuel be-

fore it can "escape" and it joins with the released gas to

pressurize the mixture), It is expected that the gas located

in the pores would have no chance of escape during melting.

In the case of a central void. however, some portion of the

cas would be expected to escape and reach the plenum. The



value of one half was chosen arbitrarily to signify the

probability of escape. Depending upon the melt front mo-

tion axially, however, this value could be adjusted for a

specific case, (If the fuel melted near the bottom first.

as an extreme example, the initial pressure would drive

most of the gas in the central void to the plenum region

hefore the upper fuel could melt and trap the gas.)

2.» Ih 2 Procedure

The procedure in this area is to make assumptions

one and two and use the perfect gas law to find the pres-

sure of the gas. The total void space in the active fuel

region is calculated, and the volume increase of the melted

fuel is subtr~rted from this, and the remaining volume is

taken as the volume available to the gas. If this calculated

rolume is less than the original fuel porosity, assumption

three is made so that at least the original fuel porosity

is available for the gas to occupy. Assumption three as-

sumes instantaneous movement (due to fuel expansion) before

the fuel movement is commenced. The extent of this initial

movement should, of course, be small compared to the expect-

ed final fuel movement. (If the final movement calculated

From using this method is not much greater than the ini-

tial movement. a smaller time step for melting is used and

thus the initial movement is reduced).



The entire problem exists only for the first itera-

tion for any size time step. In subsequent iterations

(i.e., when a second layer of fuel is assumed to melt)

the existing gas already occupies a volume, The gas Just

released is assumed to occupy the same volume, and the

volume is decreased due to the instantaneous volume in-

crease accompanying the last layer of fuel melting. The

error associated with the instantaneous melting assumption,

of course, will be reduced as the time step is reduced.

In any case, the gas temperature, amount of fission

cas released, and volume are known, Now it is only neces-

sary to apply assumption four, which states how much of

the gas already in a free state in the active care region

must be used in the determination of pressure.

To apply assumption four, the amount of gas in the

active fuel region must be known. This is found by first

calculating the pre-transient pressure. The pre-transient

pressure is just the new volume of gas in the total pin

void space over the original volume of gas in that void

space, times the original pressure, this is simple

&gt; — Vnew P t .
__ “ori ?new V pip orig

an expression of the ideal 2a,5 1am

.

 al
ha | constant
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For example, 1f the original pressure in a pin was

one atmosphere, there were originally 5 c.c., of cover gas

(at S.T.P.), and 5 c.c, of fission gas (at S.T,P,) was

released during steady-state irradiation, the pre-transient

pressure would be

&gt; = 2C:C.FfDCC.(1atmosphere)=2atmospheres.
new 5 c.C.

Using the pre-transient pressure, one can calculate

the amount of gas in the voids in the active fuel region.

At one atmosphere pressure 10 c.,c. of gas would occupy

10 ¢c.c, of volume, At two atmospheres, according to the

ideal gas low, 10 c.c, would only occupy 5 c.c. of volume

(the temperature is considered to be contant here), Thus

the volume at S.T.P. of a gas is simply the pressure that

it is under times the volume that it is occupying.

For example, if there are 5.0 c.c, of void space in

an active core region (and thus 5.0 c.c. of gas, at the

axisting conditions), and the pressure is 2,0 atmospheres.

the amount of gas is simply 2.0 x 5.0 = 10.0 c.,c, of gas

at S,T.P.

The amount of gas in the active fuel void can thus

he calculated and assumption four can be applied, yielding

the amoung of pre-transient gas that will help to pres-

surize the fuel.



 y &amp;
-

The total of this last calculation and the fission

oas released in the transient is the amount of gas that

will be pressurized, Since the total amount, the tempera.

ture, and the volume occupied is known, the pressure can

be found from the ideal gas law.

3.2,4,3 Checks

The internal pressure can possibly be checked again

ngainst observed results. A uniform clad deformation can

be related to a corresponding internal pressure, and also

the clad burst condition can be related to an internal

pressure, Obviously the model should not predict a pres-

sure greater than the clad burst pressure if the pin is

known not to have failed, If such is the case, a smaller

time step must be used. Likewise the pressure can be com-

pared to a uniform clad deformation, if one exists, to

test the model accuracy. It is not normally known, how-

svery., at what time in movement deformation occurred.



3.2.5 Fuel Motion

3.2.5.1 Assumptions

3,2.5.1.1 The first assumption is that for the pur-

poses of fuel motion, the fuel gas mixture is treated as

3. homogeneous, compressible, fluid.

3e2e5.1.2 The second assumption is that the tempera-

ture of the mixture does not change appreciably during

movement. This assumption should not be very inaccurate,

for the reasons discussed previously. As the mixture

moves outside the active fuel region into a colder region

(the blanket, for example), the effect of the colder re-

sion is to solidify part of the molten fuel, rather than

to lower its temperature. Again the very center of the

fuel could increase in temperature (if heat generation

continued).

3.2.5.1e3 The third assumption is that heat transfer

and two-phase flow considerations are negligible, The as-

sumption is employed in order that initial calculations can

be made, The accuracy of the assumption is checked at a

later stage and corrections due to the heat transfer and

two-phase flow effects are possible.

3.2.5.1.4 The fourth assumption is that the analysis

of the velocity distribution can be accomplished in a one-

jimensional study. The model deals only with the velocity
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in the z direction (for assumed axial movement). In

rases where two-dimensional effects are involved, suitable

~orrections could be made.

3.5.2 Procedure

Assumptions one, two, and four are made and the con-

tinuity and momentum equation for a compressible fluid are

written (considering only the axial velocity distribution).

The continuity equation is

-3p _ 2
At 7 zz liav.,

The momentum equation reduces 0

2
 3 (pVy)

J _ "=z dP_ _
l(eV,) = = —7— - gz - I(V,) Cg

vhere £(V,) is the friction surface force per unit volume.

Combining the continuity equation with the momentum

aquation results in

3V, av
Zz _ z dP

=r =-V,x5 - gq - £(V,) -
(5.1)

To solve the equation, the finite difference method can be

ised, Rearrancing equation (5.1),

V, a 1 ap _E(V,) }
dt AY o dz 3 g (5.2)
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For a solution of this problem, several other rela-

tions are needed. The friction force can be tabulated as

5 function of velocity. (It has been suggested that the

rough pipe correlations be used (34).)

Since the liquid fuel in the mixture is assumed in-

compressible, the mixture pressure can be obtained thru

ronsiderations of the fission gas only. Assuming that the

fission gas in the mixture obeys the ideal gas law, P

can be written as a function of p and T. Using assump-

tion two, T 1s constant so P 1s known as a function of

P ORT = oR, (5,3)

vhere R 1s gas constant for fission gas

R is the universal gas constant

M is the molecular weight of the fission gas.

Now Ps » the density at one node in a finite difference

scheme, can be related to the velocity (Vv, will be written

here simply as V).

The mass at a particular node at then end of time

step t, is equal to the mass at that node at the end of

time step t__;, plus the mass that has moved into that

node in time step t, minus the mass that moved out of

that node in time step t., ’ Using subscripts to refer

to the nodes in the axial direction and superscripts to
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refer to the time steps; writing the mass as the density

times the volume; and using G = VA; one has has:

n _ _n-1 n-1 n-1
og Ap by mpg TAL A Hog yg Gyo AT

n-1 n-1 .

03,341 O1,34° °F
(5 J

shere 0% is the density at node 1 at time +t and

n-1 n-1 n-1
01,1-1 = (03 + 0y_7)/2 . To simplify,

n_ n-1 At n-1 n-1 n-1 n-1 :
EF TEARL, 1-1 Gi,i-1 = 4,141 Gy 11) (5.5.

Now equation (5.2) r= Ye w_tten in finite difference

form. Specifically:

gatl 4 «1 vB —- vB

~-n

Lt] Len - FPL710 Fi 141-8

Solving for

ntl_ nn nf
7 = Vs, = AV,

n

sei-1 7 Vid (5.5°

n n

hr Pi,i-1 7 Py ay At [Ln n ]_— 1 2 — - -

2 hed adhd Bn Fi, 01 Fi, 141] ~ 84°
L 1
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where 0% is a known function of V3 (equation (5.5),

and os is a known function of 0% (equation (5.3) and

thus also a function vy .

The specific finite difference scheme is shown in

rigure 3,8. First calculations of Vy are made for each

axial node. Then calculations are made for vs at each

nxial node... The calculations continue with the result

being the velocity at each axial point as a function of

time.

There are several problems associated with the appli-

ration of the finite difference method to this problem,

First, there is a velocity discontinuity at the cavity

nouth (the point that the fuel moves from the active core)

This must be remembered in the application and a nodal

point should not be placed on the fuel mouth boundary (two

different velocities would then be associated with one

nodal point).

One further problem is associated with the finite

jifference application: the interface between the fuel-

ras mixture and the plenum gas is moving. This means that

the interface can be inside a node. In this case the use

of the surrounding nodal values to calculate a particular

variable value would not be accurate, due to the extreme

density differences. It is necessary to set boundary con-

iitions which enable a different method to be used at the
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interface. Or, it has been suggested that the application

he made using a Lagrangian, or moving, coordinate system.

Due to the computer needs and the problems associated

vith the application of the finite difference method, a

jifferent, simplified method will be used to solve the govern-

ing equation for the motion of the mixture, The finite dif-

ference method should be used, however, when possible, in

order to insure the accuracy of the solution.

3.2.5.3 Simplified Method

The method used in this model follows from the axial

squirting model under development at A.N.L. Equation (5.1),

WV, v Vz GB _ pry
Nz OVy 37 dz Yo

: (5.1)

serves as the starting point. An integral method is used,

so it is necessary to assume an axial velocity distribution.

As in the A.N.L. squirting model, only the velocity distri-

bution up to the cavity mouth (the point where the fuel

leaves the active core and enter the blanket region) is con-

sidered. Obviously the velocity of the fuel of the extreme

yottom of the pin is equal to zero, Also, considering only

the active fuel region, the maximum velocity will occur at

the uppermost part of the region. A polynomial expression

hus seems valid and A.N.L. has suggested

z Z

I mouth T/
1
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In the use of the squirting model of A.N.L., Travis (34)

has determined that n = 4 was an appropriate value for

axial squirting in most pins. The determination was semi-

empirical, with the geometrical equations representing the

shape of the cavity yielding the theoretical basis. Since

this determination was based on other theoretical assump-

tions (amount of fission gas, etc.,), other values of n

vill be tried in this work.

Using this velocity distribtuion and assuming that

the fuel velocity does not change past the mouth (that is

no velocity changes other than area related ones; the

assumption actually being that Vv A does not change past

the mouth), one integrates the equation from =z = 0 to

7 = 7 + L, where Z is the distance that the uppermost

part of the fuel has moved, and I is the length of the

fuel column.

The assumption that the velocity does not change

‘except for area related changes) past the mouth was used

2S an approximation because the pathway past the mouth is

normally small in diameter, compared to the fuel region;

because one is principally concerned with how much fuel

sxits the mouth; and because in other than axial fuel

notion cases the velocity after the mouth is affected by

so many different factors (such as the effect of coolant

Flow on the exiting fuel-gas mixture in a pin failure
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test). At any rate, it appears necessary to remain with

this approximation. Integration of equation (5.1) yields

[o(52)az = 7 [ev a [£(2)az — [ZX dz - [ogaz

4
Z = a 3mAssuming v, = v (£) and cGifferenti~ting tO Obtain

dV 3 5

5-H FE) Fv HE) v= (FD)
dne can substitute the above

av,
2xnression for =F

Integration yields

; ok (LY) = Py"m3 \T  dz - ag ©) (5.1 /

where the expression z = 2 + L has been used and [f(z)dz

is simple the total pressure drop due to friction. a:

has been set equal to zero. The reason for this will be

iscussed later.)

The squirting model only deals with the friction forces

outside the active core fuel region (i.e. in an axial pro-

blem only the friction with the blanket). The model assumes

that the normal friction factors for flow in closed conduits

apply, although it is suggested that the correlations for

rough pipe be used. The friction factor can then be deter-

mined, as a function of the Reynolds number (a function Vv,’

The corresponding pressure drop per unit length, times the
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length, Z, that the fuel has moved yields the total fric-

tion force, The pressure difference is also a function

&gt;f the length the fuel has moved, For example, in the

case of the mixture moving up an axial hole, with a plenum

pressure resisting motion, the pressure driving force term

is simply the internal gas pressure minus the plenum gas

pressure.

The plenum pressure is

PB,
J

p bo
bo Vio — A7

where the o subscripted variables are simply the original

values of the plenum pressure and the volume that the plenum

sas occupied, and A 1s the area of the hole,

The internal gas pressure is

D - P_
Ar

‘a0
+ AZ

2.0

Thus tie ~eneral equation can be rewritten as

2
Vp 8

m Z - wp - : = Y
73

where g(Z,V_) is the total f-fction force function and

n(7) is the pressure difference driving force function, Pb-Pa,

Z2,Vp)=2(Z,Vm)=(QPn.s  /L) (2), with APafunction of the Reynolds number.
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\1lso, p can be replaced in the equation by

Total Mass
RgVao T 4

Thus the result is a transcendental equation in Z and

V., + These two variables can be related by Z = [ov at
0

and thus the equation can be solved by taking infinite-

simal time steps, and finding the Z corresponding to a

Vn at each times step. It is assumed that Vin is con-

stant, for a particular time step. A value for Vi is

suggested a corresponding Z is calculated and the values

are tried in the equation. The V_ value is then corrected

and the procedure is repeated until the two sides of the

aguation agree.

3.2.5.4 Checks and Comments

The simple method described computes fuel movement

vithout consideration of two-phase flow or heat transfer

to the blanket. The characteristics of the motion obtained

are used to evaluate the heat transfer and two-phase flow

affects, and these effects are then applied to obtain up-

jated fuel movement characteristics. The approximation

leaves much to be desired, since an incorrect "answer" is

used in the computation of factors needed for the calcula-

tion of the correct "answer", It has been suggested, how-

aver, that the two-phase flow and heat transfer corrections
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will be minor in most cases, When large corrections are

necessary, an iterative solution technique can be employed.

‘The corrected fuel movement result used to recalculate the

neat transfer and two-phase flow effects, etc.).

The effects of two-phase flow are numerous, The effect

of the gas bubbles on friction and heat transfer is impor-

tant. The mechanism for two or more smaller bubbles to form

larger bubbles is also important. Perhaps the most impor-

tant quantitative effect on fuel motion is the slip velocity.

This is the difference in the velocity of the liquid fuel and

the gas bubbles, The gas bubbles, due to their buoyancy,

move up a channel faster than the liquid. The importance of

this is shown in Figure 3.9. Once a fission gas bubble moves

past the surface of the fuel mixture, it is no longer driv-

ing the fuel-gas mixture from the core. Instead it is re-

tarding the motion. Thus the expressions for P, and Py

described previously (the difference in P, and PJ being

the driving force) must be modified so that as gas "slips"

out of the fuel-gas mixture, Py goes up and P goes down

accordingly.

The amount of gas "slipping" out is then the important

rariable., To find this the model calculates a bubble rise

velocity. This velocity is then compared to the average

fuel movement velocity (for a time step or for the entire

time of movement) to determine if the effect can be neg-

lected.
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If it is determined that the effect is not negligible,

one can calculate, for each time step, the amount of gas

which has "slipped" out. An appropriate modification is

then made in the driving force for the next time step.

Different expressions for the bubble rise velocity can be

sbtained, each valid in a particular region. The highly

turbulent region gives the highest velocity, so the expres-

sion will be used here, as the most conservative case. The

&gt;xpression (35) is:

Jhe a

T
. aq Ogge

8 | T,|
~ 3

Oo “Me surface tensionYe

(5.3)

ihe acceleration of gravity

~
-

the gravitation constant

P, is the density of the liquid

The fuel movement model considers that the fuel gas mix-

ture remains at a constant temperature--the fuel melting

point. Since the fuel is in a liquid state heat transfer

from the blanket would solidify some of the fuel, rather

than lower the temperature. The effect of the colder

blanket will be offset by one factor heretofore unmention-

ed: the liguid fuel will continue to generated some heat.

The amount of heat generated, of course, is dependent on

the power profile outside the active fuel area.



2

As an approximate method for determining the amount

5f heat that can be lost to the colder blanket, one can

1se the thermal boundary layer.

Assuming that the blanket is at a uniform temperature,

Ty , and that the moving fuel is at a constant temperature

(the melting temperature), T, » the thermal boundary layer

in the blanket is defined such that, past the boundary

layer, there is no significant heat flux due to the molten

fuel.

For a boundary layer that is small compared with the

cylinder dimensions, the thermal layer can be approximated

by (25):

Eat

vhere is the thermal diffusivity

The heat transfer can be related to the thermal

boundary layer:

0. X(T; -T,)A
= —_—G —

Now the boundary layer must be calculated as « func-

tion of z , The time, t , that the molten fuel is in

~ontact with the blanket at a particular z can be related

to V, . The axial blanket can be sectioned into nodes,

snd the time that the molten fuel reaches the centerline of
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that node can be found. 2 = [JV

from the fuel blanket interface, In this way a time, *t,

for heat transfer can be found for each axial node (t is

the measured from the time that the molten fuel reaches

that node until the completion of fuel movement). A Q

is measured

for each node can then be found and the total heat trans-

ferred can be found by summing the nodal values. This

ran be compared to the heat being generated in the fuel.

If more heat is lost than is generated, some of the

liquid fuel will be solidified. Assuming that no gas is

trapped, the effect will be reduce internal pressure (and

thus the driving force) by allowing more volume for the

gas (since solidification means a decrease in liquid fuel

volume). An increase in friction would probably result

from the solidification and constriction of the fuel path-

way. No quantitative discussion of this effect will be

attempted, however.

Tf more heat is generated than is lost through con-

juction. an increase in gas pressure and the driving force

vill result.
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The method of solution of the fuel movement equation,

»f course, depends upon the time steps being small, This,

coupled with the fact that a transcendental equation must

be solved, makes it very desirable that all calculations

be performed on the computer. In fact due to the existence

»f the iterative steps in considering the melting of fuel,

it would be practical to put the entire model in computer

format. It 1s quite possible that the time steps in the

two iterative areas (fuel melting + movement) can be linked,

ond the model thus simplified. The codifying of the model,

however, is not including in the scope of this work.

In order to simplify the discussion of the model,

basic geometries were often exploited. In the expression

for internal gas pressure, for example, it was assumed

that the axial hole was of a constant dimension. A hole

of varying size, however, could be dealt with-without any

~hanges in the theoretical format. It would only be neces-

sary to express the acial variation of the cavity diameter

2s a function of 27. This function would then replace

ZA in the pressure expressions.
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CHAPTER 4,

RESULTS OF APPLICATION OF MODEL TO C5A-C5B

Comnariszen with Observed Results

The model results were calculated area by ares fer

eth CSA and C5B, In ares one, it was first decided that

the preblem could be treated by a ene-diraneienal heat

transfer study. The justificatlen for this was the faet

that the axial power shape was almest flst, having a peak

te av rage ratie of enly 1.08. In additien, the pest-

transient destructien eof C5B shewed that the melt radius

was essontlially eenstant fer the length ef the pin,

4.1.1. C5A Results

The C5A case ls first examined, In that test, the

temperature distribution was calculated and the maximur

2lad te=werature was 1425°F, The maximum e--lent to

was 870°F, With the melting peint ef the clad being 2500°F,

and the belling peint ef the coolant set at 1400°F, it ean

be seen that neither e¢lad melting ner ¢~-lant beiling

was a problem,

“Sure

The temperature distmibutien ia»lded the =~ 1llewing

results in area twee:

The melting becan at 2,48 seconds and the peak

melting radius ef 0.0681inehes was reached at 2.66 sec.
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Sinee there 1= ne place fer the fuel te move te (it must

be remembered that this fuel movement medel only deals

with mevement prier to failure), there was ne need te

divide the time of melting inte time steps, Thus the

melting radius ef 0,068 in, was an input te area thre-,

Censidering the inputs te area three, the average

burnup fer C5A was 17800 MWg/T,. This ylelds a tetal

fisslen gas generatien eof 2,105 X1021 atoms, er, at

S.TePe, 8 volume of 78.29 e.e,

The distributien ef filssien gas is rr ~r sented in

Figure A.1l, and the steady state t

is shewn in Figure A.2. Frem Figure A.l, 1t was determined

that 38% of the fission gas generated is lecated within

the melted regien. ( (r/R)? = +382)

Using the temperature distributien in Flgure A,2,

Figure A.,l1, and the relatien shewn in Figure 3.4, it was

salculated that 27.8% ef the gas in that area was

released during steady state eperatien, (Ne observed

bellews displacement waz reecerded for C5A and therefere

only the steady-state release within the melted ar- i=

impertant. If a bellews displacement were knewn, ene

would find the total release and then check against the

observed result.) Thus the area three result is that

21.53 e.c. of gas, at S.T.P., were released in the

melting ef the fuel,
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Area four next calculated internal pressure, The

fuel peresity fer C5A was 0,73 ce... First the amount

of gas eceupying thls spaee before the transient begins

must be calculated, Using the ebserved pre-transient

pressure of 2,20 atmospheres, the velume eof gas in the

velds was 1,606 ¢.c,, &amp;t S.T.P. Using the value of

21053 ¢.c, 88 the transient release, ene has a tetal ef

23e1l4 cece, at S.TP., eccupying a velume of 0,73 ec.c.,

at 5610°R, The caleulated pressure was 361.4 atmospheres

or 5312,9 psia, whieh was greater than the burst

strength (20) ef the elad, 3812 psia.

The pressure was calculated witheut the fect of

the increase in velume ef the melting fuel, Thus fellure

definitely takesplsce, This, eof ceurse, agrees with

experimental ebservatlons,

In thls case, where there was

movement, the medel can de ne mere than shew the obvieus:

the pin will fail, If, hewever, there was a central veid

(and still ne axial hele), the model could be mere useful.

The velume left fer the gas after fuel expanslien and

cladding defermatien eceuld be determined, and s mere exact

deterninatien ef fallure could be made, If the caleulatiens

indicated failure, ene could revert te area twe and werk

1 for fuel

with 9 er s~me ether fractien ef the time step, In this
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way one ceuld determine what melt fractien was 2ZSATY

te just cause the clad te exceed the fallure limit, The

time eorrespoending te each melt fraetion is knewn, and

therefore ene could arrive at the time of fallure,

Re Stuart and G, Thomas applied a similar medel (the

starting peint fer thelr werk: a less eemplicated medel,

but alee based en the agssumptien that flssien gas is

prime driving force behind fuel metien er failure) te a

IREAT pin and were able te predict c¢lad fallure te within

Jel seconds eof the actusl failure time, (30)

tel.2 C5B Results

In C5B, it was first eslculated that the maximum

clad temperature was 1395°F, The maximum ceelant temnerature

was 855°F, Again neither clad melting ner sedium beilling

was a preblem, According te the area twe results, the

melting began at 2.40 seecendz and the peak melting eecurred

at 2.59 seconds, with the maximum melt radius being 0,066

inches, This was used as the initial 1lnput te area two,

Alternative ene (all fuel melts before any moves)

is first used and thus the value of 0.066 inches was the

initial input te area three.

The average burnup fer C5B was 17900 MW3/Tgo This

ylelds a tetal fissien gas generation ef 2,0349 x 1021

atoms, er, at S.T.P., 2 velume ef 75.68 e.c.

The distributien ef fissien gas and the steady state
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temperature distributien fer C5B 1s shewn in Figures A,l

and A.2., Frem Figure A,l, it was determined that 36%

of the flssien gas 12 within the melted regien, Using

the Lewis relstien ef Figure 3.4, it was ealeulated that

a total eof 8,5% eof the tetal fissien gas, er 6,44 e.e.,

at Se¢TePey, Was rrleased during steady-state eperation.

The calculated steady-state gas release can be

1&gt;mnared with the ebserved bellows displa.--ment, The

bellows displscoment indicated a pressure of 30 p=ila,

2.04 atm, (The bellews was ealibrated, =e that pressure

eeuld be d-*~rrined frem it.) (20) The tetal veld velume

In the pellet was 6,41 e¢.c., So a pressure of 2,04 atm,

weuld mean that the gas velume was 2,04 (6,41 e.c,) =

13,08 esc, at » nn tarmnrrature, At S.T.P., the velume l=

13.08 (273%C/293%°C) = 12.19 e.,c. The original eover gas

Has 6,05 eoCe, =® that the velume f steady-state r-l-~=a

ca8 .~ “1 ted with the bel’ ws disp!~~~~antwas

12,19 « 6,05 = 6,14 e.e.

Taking 6,14 e.c6. a8 th" 5 wir, the medel

result of 6.44 e.c, revr ~cnts an error ef 4,9%,

Next the transient release is ealeculated, With the

melt radius ef 066, it was cealeulated that 21,00 e.e., of

gas, at S.T.P., was rel--sed during the transient.

(27.2 6.2, Was eriginally preduced in this ares, but 6,2

e.ce Wat —-lrised during the steady-state irradiatien),

This ean be e~»rared te the final gas velume remeved frem
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the pln a. . her enhesk,

The final gas velume r-——&amp;fremthepin after

the transient was 38,8 e.¢, at S.T.P. Subtracting fren

this the cever gas velume, 6,05 e¢.,c., and the steady

state release, 6,44 e,6,, Yields an evn-3t&gt;d value

26,31 e,0., of gas, Taking this as the standard, the = 41]

-— amas = a PLEI EERealeulated val «7 21,00 es 6, whe on A nee

20.2%.

f

New th: a -:ra 13 _ l&gt;aulated., Assuming that the

“ity of 0.71 » ¢,, ene first

 +» 4y eccupyling the peres,

za! takes up the fuel =

finds the mass ef the gg

This is simply 2,04 (the ~~ vaure, in atm~evheres, taker

the observed bellews disvlaceme~t) tiw~= the fuel

par ~°*v velume. 0,71 e.,e¢, The result is

"7 eeCoy at S.TePs Thus it i=

- Tune ef gas

rh emleunlate

the nrassure develeped by 22,45 eur.

peorrnving ¢ wv lume ef 0.71 e.cs The resut 1:

®’ 571.0 Cc,S‘ora

nressure

a 3} - r+ “heaven ap £770 naia. Ti 18 a1. v» the burst

gt - 7
a =

1] 1adding, #3 the =~ 1° 2-Alcates that

 ww ~ +a {1im~ gtean must be uc (» - ev lternative

Pm “ here in that fel + “*yeeecurred, and

re’* spe bhefers the total melt fraectien (and

the ”~ -w a ‘ wag reached), Nete that this

ser 7:3
»

r="t fream the tq versus A 4

©ee&amp; "ean, a8 t7 has rat yet been ecemputed.,
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The ealeulations will be e-tinued, hewever, te

find a t7, in erder te decide between alternatives twe

and three en the next lteratien,

Centinuing te area five, one ean first make an

estimate of the extent eof fuel metien, based en an

isethermal expansien eof the gas in the fuel gas mixtur-.

Azsuming that the plenum gas and the fuel-gas

gixture remain sat eonstant temverature, ene has

PV = RT = eenstant fer beth the plenum gas and the gas

in the fuel-gas mixture, Using (Prissien ons Plenum gms) A

= Mg as the equilibrium pesitien ene ean derive an

exoression for Veigsien gas-fing] 10 terms ef knewn

eriginal quantities, (Derivatien given in Appendix B,)

The result ef this spplieatien gives a final fuel

~~ ---ant ef 11.42 inehes (inte the blanket), as ¢

te the 10 ineh ebserved result, (This ealeulstien was

intended enly te be reugh eheck en the ameunt ef gases

present,)
nt due to the velume [

has been assumed te take place ins” ~~ susly), was

saleulated te be over 8 inehes, Sinee 1t was assumed

that this initial metlen weuld be srall eompared te the

final metlien, again lt is neted that mere time steps are

necessary (i.e., use an .

The Tne (that

tive assumptien rather than

assuming that all fuel melts bef re any meves,)
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The integral methed was than applied te find the tixe

or fuel movement, A time step eof 10 milli=-cends was

used, as the ealeulatiens were dene by hand, Results

Were ebtained fer the ease of n = 3, n = 4 (A,N,L,'s

suggested value) and n = 5. The results were, fer n =

3 final mevement ef 11,33 inches in a time of 36 milli-

geconds; fer n = 4, a final mevement of 12,36 inches in a

time ef 42 2°"74r-20nde; and fer n = 3, a final

of 13.52 inches in a time of 44 yr  "47-gends,

In all eases, t; ean be seen te be greater than

Del AT, se 2ltTr~tivetwei=usedinthe next eyele.

L king at twe phase flew effeets, the bubble rise

v1 .Aty was estimated te be less than 0,623 ft/see, by

equatien 5,8, In the time of metien, the gas bubbles

seuld slip at mest 0,623 ft./see, Taking 41 :4779- :-nde

as the time of metlen, the gas bubbles e~uld ~ Te at - st

0,0262 ft.

5,

Thus the enly gas that eeuld =lip threugh te the

plenum rezien was that whieh was 1---ted less thsn ,0262 ft.

frem the blanket, For the twe feet pin, this means that,

at mest, 1,317 ef the gas eeuld eseape, Thus, as was

suggested, the effeet is unimpertant,

In the secend eyele #f the model, AT, = 0,095 seeends,

At the end eof the first 0,095 meecends, the melt rsdius is

053 inehes,
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Meving te area three, the transient r ' 1se was

caleulated as 13,85 e.c., at S.,TPs In area feur, it was

ealeulated that the ¢ —-~spending internal pressure

developed is 3418 psia, This pressure was belew that of

the eladding burst,

The pressure was ~ ~~ red te the observed eclsdding

jefoermatien, The average cladding defermation eof 3 mills

in C5B was ealeulated te have resulted frem a pressure

of appreximately 3000 psia, se the internal pressure cf

3418 psia ealeulated fer this eyele was elese te the

ga—imum pressure that appcrently was develeped,

Mevement was esaléulated fer this first time step te

be a tetsl ef 7.32 inches up the axial hele, eempleted 1n

16 milliseconds (metien i= assumed te ze te eempletien

because ,016 see &lt; ATy)s The initial metlen due te fuel

velume increase, hewever, was 4,3 inehes,

In the second eyele, the fuel r ve. nt of 7,32 inehes

was used in the ealeulsatiens te reduce the effective density

and heat trarsfer rates, The result was that the heat

transfer esleulatiens ylelded a melting during the secend

time step eut te radius ,063, This was ealeulated te

preduce an additlensl gas rclaase of 5,21 e.e, of gas, at

SeTePo The additienal gas and volume ir-v- isa +ns

ealeulated te yleld a new internal pr. ‘sure ef 1320 psia.

The ensuing fuel metien yleld an additienal fuel mevement

of enly 2.14 inches, fer a tetal m-vament of 9,46 inches,
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be”

The fuel - Toes ‘mt results &amp;re shewn in table 4,1,

Ce»~~rlsen with G,E. Prel’-* -ry Results

The G.E. prelirinary analysis (20) was designed only

te s&gt;t censervative beunds fer the fuel movement preblen,

se &amp; detalled eoem “sen ef results with the ealeulatlens

in this werk is unwer~-mwted, Several th--—-f£ie-? - - J

san be made, however,

The G,E, analysis (20) used the peak burnup values

calculate tetal fisslen gas ge —ntlen and therefere

=

 Ag

yielded 8 grester amount ef fisslen ges than the medel eof

this werk, whieh used the average burnup. In addltlen, the

G.E. UZ gas release assumption (assuming that 4% ef the

fissien gas was released in the steady state, at all redial

pts.) appears te be a ma jer seurce of difference between

the G,E., results and these of the eurrent medel, Fer

sxample, it was impessible te cerrelate the 4% gas rel--

rate with the smeunt ef gas caleulated frem the bellews

displacement (7.2%, as caleulated by G.E.). (20) It

appears that the Lewis relatlen used in the medel in this

Werk increases the securacy ef the predictien., Using the

Lewis medel, a gas relesse rate differing by less than 5%

fren the rate r-"~*~d te the ebe2rved bellews disnl-ec-=ent

was ebtained,

“ing

phase flew eflccts dees net seem te be insccurate, The

In the fuel m tien itself, the dlss Tr two

friction effeet, hewever, is definitely impertant and

sheuld eontinue te be used in further snalvsis, Table
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TABLE 4.1

FUEL MOVEMENT -FINAL FUEL POSITION RESULTS

(Movement measured in inches from fuel-blanket interface.)

Jbserved Isothermal Squirting Model: Squirting
Result Expansion (one step) Model (two steps)

Calculation n=1 n=4 n=5 n=4

~10,00  na
e 9,46

(First Step
Result: 7.32)
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4 ~ ¢ Tw res the 441 results with thes» ff GE.

4+3 Ceneclusiens

Altheugh the hand ealeculatiens and the integral

metheds ylelded at best a reugh appreximstien te the

pctual fuel mevement equatiens, the eles: apr

the medel and the ebserved results at the intermidiate

eheeking stages (steady-state gas release, final gas

ceentent, internal pressure develeped) seem te indieate

that the theoretical basis ef the medel was seund, It 1s

expected that this basis will be valuable after the

"% brrraen

development ef 1 “re secsurate ealeculatienal metheds, (A

semputer cede empleying finite different wetheds, for

exanple ) °

In the case of twe phase flew

expected that the effects will net be impertant in r

* mg, it is

at

sates of interest, as was the ease fer C5B,

The theeretical basis ef the medel, namely the

zenslderatien ef the fisslen gas that 1s mixed with the

liguid fuel as the primary driving feree fer metien, is

expected te be useful in appli--t*-ns te fuel pin failures

and subsequent fuel e jeetliens,



. -

”|

TABLE 4.2

COMPARISON WITH G. E. RESULTS

Fission Gas Generatlon
(e.e. at S.T.P.)

Steady-State Release
(e.e. at S.T.P.)

Agreement with Observed
Result (from Bellows
Displacement)
Transient Release

(e.e. at S.T.P)

Agreement with Final
Gas Volume

Caleulated Pressure
Maximum (psia)

Final Fuel Movement
(inches)

Model G. E.
Result Result

75.68 87.50

6.44 3.50

4.9% bi .7%

21.0 20.4

20.2% 10 =°%

85320 7270
(1-step)

3418
(2-step)

] 6

Observed
Result

C -

32.75

(Clad did not
burst. Burst

pressure=3812.ressure

related to
observed
deformation=

3000)

~10.00
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CHAPTER ¢

THE RELEVANCE OF CS5A-75B ANALYSIS TO LMFBR SAFETY

5¢1 C5A«B Tests vs, Overpewer Transient in LMFBR

The C5A and CSB tests were net designed te exactly

juplieate "standard" LMFBR everpewer translents, The

pewer transients were seleeted te preduce substantial

fuel melting, based en earlier TREAT experiments, The

TREAT reseter is thermal, and therefere the flux fer the

C5A and C5B tests was net repr-sentative of a fast reactor.

In additien, the experimental test eapsule e¢enslsted enly

of a single pin, with stagnant sedium as the eoslont,

Thus the effeet of flowing sedium and pessible red bundle

effects were absent frem the experiment, The C5A and C5B

ping were alse 100% UO,, while LMFBR designs eall fer a

mixed plutenium and uranium exide,

5¢lale Radial Flux Differences

The thermal flux speetrum in TREAT results in flux

depressien in the pins, This gcseunts fer the radial

pewer shape fer CSA and C5B shewn in Appendix A, The

result 1s a radial transient temperature prefile quite

jif“srent from a typleal LMFBR accident pin, .. ¢ "ienn

of the C5B results with the ealeculated results f-r the

FORE=II ramp insertien accldent.@esigned n= =» = Tae

accident for a large LMFBR cere) is shewn in Figure 5.1,
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The figure illustrates the flatter temperature prefile

iue te flux depressien, (The ealeulatliens in beth ecas»s

ie mot peeceunt fer fuel ~ v-ment,)

In seme TREAT experiments, a thermalfluxshield

(a thin cadmium sheet) was used with seme highly enriched

fuel segments te eliminate the thermal flux and thus

prevent the extreme radial pewer gradients, (10) This

nethed was net used in the Task C series tests, hewever,

Altheugh the flux depressien causes TREAT plns te

have a temnerature prefile semewhat diffcr-ont frem LMFBR

ping, it 1s pessible te ceunteraset the effect. CUA was .

TREAT test, using a xlxed exide (80% UO,) pin, whieh was

sub jected te a transient very similar te the C5A and C5B

transients, (Aetually the CUA transient served as a

medel fer the series V tests). Figure 5.2 ecmnares the

tetal energy ger-—tienandro*~inedenergydistributlen

ealeulated fer CUA and FORE=II, Figure 5.3 e mpares the

amount of fuel inte and threugh heat ef fusien in C4A

and FORE=~II, The elese s§~ ~~ nt between TREAT test and

hypethetical accident ealeulatiens led te the eenelusien

". ee that the TREAT experiments previde adequate

simulatien ef the hypethetical secident, i terms -f the

ameunt ef ful reaching the melting peint in a glven

peried." (14)
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Bole2e Axlal Pewer Prefile Dif”r:nees=

The axlal pewer shape eeould greatly affeet fuel

1~tien, The axial pewer shape in the C5B pin was alv~st

flat, The peak t.- —~-&gt;age axial flux ratie was erly 1,08.

while the peak t _— axlal flux ratie 1s nermally

1.2 or great~r 1  ° TMFBR design,

This é* ~euld be impertant, In a pin with

 - 130 eslumn like C5B, fer examvle, axial pewer

peaking eeuld mean that the fuel in the axial center weuld

nelt and eaus~ . nr-ssure bulldup befere the upper fuel

gelted, I” the upper fuel has mat melted, there is n&gt;»

path te the relief area (assuming that there is m=

veld), This ‘effect wenld be redue-? =

effect of the flewing ez-lant, whi "a "vi S¥op

tep r  thr eere resulting in ~ rise in fuel townerature

in the upper reglens

Sele3se Other Differences

T™ea 1-1 bundle effects de net =eem te be relevent te

-

“ - rerat gnalysis, se a £1 le eneapsulated pin like

C5B sheuld be sufficient, The use ff a stagnant eeelant

only serves te yield a mere uniferm axial temperature

gradient, Flewing eeelant weuld mean that the ceelant weuld

cool the ten of the pin less than the bettem and center

(because the caelsnt is hetter at the tep)., The faet that

the pin is UO, instead ef a mixed exide 1s net knewn te

nave a Significant bearing en fuel r Tament results,
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altheugh little werk has been dene in this sr-a, ~nd 80xe

furtheriinvestizgation is needed.

5o2e Crm~--4~3n ff Radial versus £—1-1 Fucl Mevement

The medel de~eribed in this w-rk is designed t

apply tewards axial i ~v-~ent in # fuel pin that deas rot

exper) -~ro f.ilure, Axicl — ~~ -1t was “h--

because it is a simpler preble ©

me ™ ‘ties gr” calated with radial n°

subsequent f..ilure, The latter w-r~ e~~"lie~’-*vreble-.

hewrvar, 18 what must be selved awd us-? n: -» input fer

f~1e “tum int~r~etien studless, Th~ auerti-n, then, 1s

 far analysis

wew the fr ° = med 1 ema ba goplied t the rail dl preblen,

The r~1al medal deseribed in this werk gives relatiens

fer the baeie fereces that expel: liquid fuel. flissien gas,

and 8~11d fuel frem the aestlve fuel reglien (It has been

pestulated that the 1

as reruns ar’ th- + "wu

driving fere-~~ am

i» rvnalled &amp; "Torre endl Tv As mentiened previeusly,

r-rardlegss ef whether the fuel

the mth that the fual uses te - ve outwardly depends

zreatlv en the fuel strueture, Cracks in the fuel er

weak spet2s in the eladding near the peint ef highest

pressure weuld be the first te yield, Fer analysis, 1°

weuld prebably be ne :mzary te assume a sprelfie size

pathw~y te the elad, and a specifie size hele in the



114

zladding, The energy te first deferm and then break the

slad must alse be e-nsidered in the analysis, Onee the

fuel breaks threugh the eladding, the feree eof the ceolant

must be gcensidered. The driving ferce 1s the ¢*fference

between the pressures within and en the eutside ef the

fuel, se the effect of the ceolant en the pressure at the

fuel ejestien must be -*~rmined, In shert, the preblem

1s a complicated on-

~-yexent, hewever, is a — ~assary beginning in the assault

sn the task,
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Chapter 6

SUGGESTED AREAS FOR FURTHER STUDY

~
0 4 General Areas for Further Study

5.1.1 Further Experimental Efforts to Follow Fuel Motion-

Hodoscope

In the application ¢f the fuel movement model to C5B,

the main observed result is the final extent of fuel move-

ment. In failed pins, even this evidence is difficult to

obtain. In order to have complete confidence in a fuel

novement model, a désigner would like to show that the

model describes fuel motion accurately in all the stages.

To do this, one must experimentally determine the position

of the fuel at the different stages. The hodoscope recent-

ly installed at TREAT can provide such information. The

hodoscope represents two-dimensional "motion pictures" of

fuel meltdown phenomena during transient experiments (9).

To use the hodoscope, the TREAT core is loaded with a

test capsule at the center and an open slot running through

the reactor. The hodoscope consists of a collimator with

33) slots, an array of fast neutron detectors (one at the

end of each slot), and electronic equipment to collect and

store the data. The configuration is shown in Figure 6.1

The data from the hodoscope is recorded on high speed

Film (the overall time resolution of the hodoscope can be
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set to a minimum of 1.2 milliseconds) in digital format

and is later interpreted by an electronic scanner.

The hodoscope has been successfully used to monitor

several A,N.L. tests and the results agreed well with the

postmortem inspections. Figure 6.2 shows a reference row

of detectors (monitoring an area with no fuel movement).

The ordinate is the normalized count rate difference, us-

ing the center of the power peak as the reference point.

[ff there were no fuel motion, the ordinate would be zero

throughout the remainder of the transient (the plot starts

ot the time of the power peak). A positive difference

means a count rate greater than that at the peak, a nega-

tive value would mean a count rate less than that at the

peak. The plot in Figure 6.2 shows the statistical spread

to be expected.

Figure 6.3 is a plot of the 7 detectors at the top-

most active row, The middle three detectors in this row

(7,8,9) cover the fuel region. The others cover only the

cladding, sodium, etc, The three covering the fuel go

well above the baseline indicating upward movement of fuel

into the space above the original fuel top.

In order for fuel to expand past the top position, it

must have been depleted somewhere else, Figure 6.4 is a

plot of 9 detectors in row 11, which is halfway down the

fuel element, Again the center three detectors cover the

fuel region and there is unmistakable evidence of a de-
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crease in fuel density at this position. Postmortem in-

spections supported these hodoscope observations (9).

The hodoscope could thus be of great help, both in

the specific assumptions of examining a fuel movement

model and in stage-by-stage testing of such a model, 2

later A.N.L. test, transient 1317 (Pin H2), has reached

an advanced stage of analysis and is an example of the

possibilities of the hodoscope. The pin was not irradi-

nted before the test and displayed a non-typical oscil-

latory behavior (2). The use of the hodoscope in conjunc-

tion with other tests, especially with test pins which

have undergone steady-state irradiation and subsequent

fission gas buildup, is definitely an area valuable for

further study. The hodoscope has been used in many tests.

but the current problem is that the complete deciphered

hodoscope data has not been available until long after the

test dates, due to a backlog on the scanning equipment.

5.1.2 Use of Partially Hollowed Blanket to Raise Failure

Threshold

In the analysis of the G.E. C5B test, one conclusion

was that a provision for the accomodation of the volume

increase of molten fuel and for the relief of internal pres-

sure might increase the transient failure threshold (20).

That is, a higher energy transient could be withstood in a

pin provided with space for such a relief. A study of the
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value of such a technique is definitely an appropriate

area for further study. It must be determined if the ad-

vantages, from both an economic and a safety standpoint,

outweigh the disadvantages associated with a blank space

in the pin. The removal of material from the blanket

makes it a poorer reflector. This means that breeding

vill be lowered and more critical mass will be required.

A.N.L. has started work on an "inherently safe" fuel

element design, which relies on axial movement of fuel to

prevent failure. A.N.L. made a preliminary evaluation of

three concepts. The three concepts were 1, a partially

annular axial blanket, 2. an axial enrichment zoning

scheme to guarantee that movable molten fuel exists at the

ends of the fuel column, and 3. a nozzle and shelf arrange-

ment at the top of the fuel column to intensify axial squirt-

ing and prevént the downward return of fuel (3).

The first concept 1s similar to the G.E. proposal made

after analysis of C5B. The second consists of using higher

enrichment pellets over a finite length at the ends of the

column, This is to guarantee a flatter power profile, thus

enhancing fuel melting at the ends of the fuel column dur-

ing a power transient. This insures that molten fuel in

the center of the pin will not be denied access to the

hlanket. The third concept is shown in Figure 6.5. The

nozzle enhances squirting, while the shelf attempts to pre-

rent the downward return of the fuel.
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The concepts deserve further study. A.N.L. has noted

that the first concept, besides lowering breeding, would

bring an economic penalty associated with fabricating and

nandling two types of blanket pellets. The second con-

cept also involven ths menalty of having two types of pel.

lets (two ¢° "erent enrichments). Slumping of the higher

enriched fuel in ¢ loss of coolant accident must also be

considered, The third concept would also bring a breeding

loss, since the blanket would be separated from the fuel

(2). TIT examining the concepts, a more thorough knowledge

~»f f1iel movement mechanisms is a prerequisite.

5.1.3 Reactivity Effect of Fuel Motion

The safety advantage of having molten fuel move intc

an "accommodation" space instead of forcing a breech in

the clad has already been discussed, Another safety ques-

tion is connected with fuel movement, however, That is

the reactivity effect of having active fuel moving away

from the core. Wolfe, for example, has stated: "...

there is no doubt that in the presence of the large Dop-

pler effect characteristic of large LMFBR's even relatively

small forces and resulting fuel motion within the fuel clad

can terminate large reactivity accidents with little damage,

axcept to the fuel itself (37)." Wolfe was not speaking

only of pins that have a space for accommodation. In a

solid pin, there would still be expansion and it has been
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sstimated that an upward expansion of the fuel only one

Tuarter inch would decrease reactivity close to one dol-

lar (37).

The stv v of the reactivity effect in both types of

pins (t+ standard LMFBR pin and the "inherently safe"

design) *~ definitely an area ripe for further study. The

densit distribution in the moving fuel would have to be

known, ¢* course, since this is a principal parameter in

reactivit-r studies. A necessarv area for further work is

the slumping phenomena, It must be determined under what

conditions. °°” any, fuel melting will result in motion of

the fuel towr— the center of the core, Due the high fuel

inventorv ©  -— “TBR, this is definitely a sensitive and

important issue.
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5,2 Suggested Areas for Further Study at M.I.T.

5.2.1 Coding of Model

The iterative nature of the model for molten fuel

movement developed in this work, and the dependence on

the use of small time step to achieve greater accuracy

mandates that the model be put in a computer code format.

This would enable the model to be applied to other tests

pins with greater simplicity and greater accuracy.

No major changes in the model are necessary for cod-

ing, but the investigation of a possible linkage of the

two time steps involved (the time steps for the melting

of the fuel and the time steps for the fuel motion) is a

necessity.

5.2.2 Finite Difference Techniques to Obtain Detailed

Behavior of Moving Fuel

As was stated previously, to have complete confidence

in a fuel movement model, one would like to show that the

nodel describes fuel motion accurately in all stages. The

fuel motion model used in this work must be improved to

vecomplish this objective, The integral technigue was

used to arrive quickly at an approximate answer, and it

vas necessary to postulate an axial velocity distribution.

A more satisfactory model would calculate the actual velo-

city distribution and the density distribution resulting.
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This density distribution is especially important for

reactivity considerations.

Some work at A.N.L. has been done using finite dif-

Ference techniques to solve the equation of motion (34).

The work was attempted in order to show the validity of

the squirting model and it has not been completed. The

work took into account f~i~tion forces, but two-phase

flow and heat transfer *~ “*"» blanket have not yet been

&gt; the A,N.T., squirting model,

The b--*

of the

The movement

 ~~ L2 ference format for the solution

 +3 -1 eguation was presented in Chapter 3.

"the boundary between the fuel-gas mixture

and the plenum gas presents the main difficulties in the

analysis.

Another rhiective “or further study is the inclusion

&gt;f all factors in the governing equations for the fuel-

ras mixture. Currently, the heat transfer to the blanket,

the heat generation in the molten fuel in the blanket re-

ocion, and the effects of two-phase flow are not considered

in the equations for the system. The inclusion of these

factors in the basic equations would be an advantage over

the current practices of neglecting the effects or treat-

ing them separately.
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5.2.3 Study of the Point of Gas Release

The fission gas is assumed to be the prime driving

Force for fuel motion. This means that a knowledge of

the exact time of release of trapped fission gas is of

2tmost importance. The model described in this work as-

sumed that the gas was released only after the fuel had

sone through the heat of fusion. It is suggested that

Further study is needed to determine if any gas is released

yhile the fuel is into, but not through, heat of fusion.
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APPENDIX A
C5A-C58 TEST DATA

The distribution of fission gas in C5A and C58 is shown

in Figure A.1. (Distributions assumed identical). The steady-

state temperature distribution for both pins is shown in Figure

A, 2,

The axiul power distribution for the transient test is

shown in Figure A.3. (Again identical for C5A and C5B). The

radial power distributions for the transient tests are shown

in Figures A.L (C8:' and A,5(C53)

The exact TREAT capsule geometry is shown in Figure A.6

The power factors for the test were ,5810 x 10~% watts

per c.c. fuel/treat watt for C5A and .5846 watts per c.c. fuel,

creat watt. (1

ZB. calculations and the results of the calibration trans-

Lent suggested a value for the fuel-clad zav coefficient of

2000 BTU/hr.ft© F. This value was used in the analysis ln

this work.
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FIGURE A.1 (20)
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FIGURE A.2 (20)
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TREAT CAPSULE GEOMETY FOR TESTS C5A AND C5B
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APPENDIX B

CALCULATIONS

[he Heat Transfer Module of SAS1A was used for calcu-

latinz the fuel temperature distribution for the second time

step in the fuel movement calculations. As mentioned previous-

ly, SA31A is not well suited for use with pins which have

neutron flux depressions, since the code was designed for

pins with almost flat radial power shapes. To overcome this

problem, the SAS12 results for the original (not considering

any fuel movement) =~ t~3t was compared with the known

accurate results f~ 77TH, . correction factor was thus

obtained and this factor was employed in the use rf SAS1A in

the second time step. (™ic THTD results were used in the

First time step, since they were available for that case.)

Sample calculations for the C5A case will now be given,

Only calculations not explicitly explained previously will be

shown.

To determine the amount .. fission gas produced:

, .7800 MWd/Te (1302m, U) (10-6Te/gm) (.30 atoms sa&lt;/fission
3,7 ~ 10%&lt;iWd/fission

5 108g x 1021 atoms

The gas volume at S,T.P.:

2.105x1021 (2,24x10%cc/mole) _ 9g,~9 s.c
.023 x102Jatoms/mole ’ to

he amount of gas in the melted region, from figure A.1l,

vith (r/R)%=(.068/.110)%=,382, 38 % of the zas in the pin is
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in the melted region.

Jsing the Lewis model, and dividing the fuel intc

regions which have a 100°F temperature difference, it is

Found that 27.8% of the gas in the melted region was

released in the steady-state irradiation. (For example,

in the region of fuel that was between 2700°F and 2800°F

in the steady state irradiation period, 53% of the total

fission gas was located. Of this, Wu% was released in

the steady-state. Thus .44(.055)= .0242 of the total

fission gas in the pin was released in this particular

region of fuel. By summing all the regions, a total is

found.)

A sample internal pressure calculation:

In C54A, 21.53 cc of gas released in the transient,

and 1.606 cc of gas already occupying the pores,

must occupy a volume of ,73 cc.

he pressure:

1 atm. (23.14cc)(5610°R) _ -.
.73¢cc, 92°R 561.4 atm, or

5312.9 psia,

Now, considering fuel motion in an isothermal case,

an equation for the final fission gas volume can be derived.

Since the fuel is incompressible, one is only concerned with

“he gas volumes.

Subsceripting the fission gas variables bv * and the

plenum gas variables by p, and superscrioting the original

values by o and the final values by ff, one can write:
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PV = PRVE = RT, a constant in the lsothermal case.

Now the final equilibrium position can be assumed to be

reached when (Pr-pl)a=ng, by a force balance. (M here 1s the

mass of the fuel, with the mass of the gases neglected in

comparison.) Substituting:
f f o.,0

(Amg+P}) Vg =Po Vg

rr 0 0 f - oO QO ’ f
Now P= PQ V./ VI = PG 72 (Vy .- V¥)

Substituting this result, and calling Vi=x , the equation

reduces to:

x2 Alg-%(VotANg+PQVQ+PVERPRVIV,4=C
or, writing ax2+bx+c=0 with a, b, ¢ defined by comparlson,

-u+ { p2-Lac
1

Thus, substituting,

{
3, 2

(VotAlig+PQUQHRE ) H((ViotAug+POVR+PRVE)“-
og

LAMP VO Tos) 24g
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APPENDIX C
PROPERTIES USED FOR TRANSIENT TEST ANALYSIS

"uel

Density(solid) = 617 1bm/ft.~ Latent Heat = 1208TU/1bm,
9.6% Density Decrease On Melting Phase change Temp.= 5150° F
Temp. ( °F) ~ 300 500 7 50 1000
Thermal Cond. (BTU/nr.ft.” °F) 3.84 3.30 2.88 2.46
Special Heat (BTU/1bm. ™) 0.060 C.0625 ~~ .0650 0.0676
Temp, ( °F) 25 . 500 5 1500
Thermal Cond (BT ‘nr &lt;t2°F) 51 “14 2 1.91
Special Heat "7 ¥ *) 0690 0.0700 J714  0,0725
Temp. ( °F, 2 U 200 Wu 2552
Thermal Cond vr 5, °F) y 1.65 3 1.50
Special Heat F) 0750 0.0775 .,0812 0,0828
Temp, ( °F) 5 ..'50 3500 4-500 5150
Thermal Cond. (BTU/hr.ft. °F) 1.50 1.50 1.50 1.50
Special Heat (BTU/lbm. °F) c.C844 0,0910 0.0998 0,105

316 Stainless Steel (clad)

Density= 501 lom/ft,&gt; Latent Heat = 1223TU/1bm,
Temp, = 2500°F
Temp, ( °F) a
Thermal Cond. (BTU/hr.ft.,” °F)
Special Heat (BIU/1lbm, =~
Temp. (°F)
Thermal Cond. (BTU/hr.ft.
Special Heat (2T7 ‘1bm, °F)
Temp, (°F) &gt;
Thermal Cond. (3TU/hr.ft.
Special Heat (377 /1lbm., °F)
Temp, (°F) 2
Thermal Cond. (3TU/hr.ft.. °7T)
Special Heat (BTU/1bm. °F)

Phase Change

Loo
9,10

125
“1

»

100
1c.2
0.152

600
9.95
0,128
1400
13.5
0.147
2200
17.1
0.167

Joolant (Nak)

Density = 54.2 lbom/ft.” Latent Heat=1100BTU/1lbm, Phase'Change
Temp, = 1440 °F
lemp, (°F) 5
Thermal Cond. (3TU/hr.ft. °F)
Special Heat (BTU/1lbm, °F)
lemp. (T)

2 6
Thermal Cond. (BTU/hr.ft. ")
Special Heat (RTU/1bm,°F)

"500
14,8
0,214
900
15.1
0,204 wy gt od
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Temp, (°F)
Thermal Cond. (BTU/hr.ft.2°F)
Special Heat (BTU/1bm. °F)
Temp, ( °F)
Thermal Cond. (BTU/hr.ft.&lt;F)
Special Heat (BTU/lbm, °F)

1000
15.1
J.209
Ann

 Ll ¢

-

1 "0
3

1200
14.9
0.210

3

Aluminum

Density=1691bm./ft.' Latent Heat=1703TU/1lbm. Phase Change
Femp. = 1080 °F
Temp. (°F) &gt;
Thermal Cond. (3TU/hr.ft.” °F)
Special Heat (BTU/ibm. °F}
Temp, (°F) o
Thermal Cond. (3TU/hr.ft.”
Special Heat (B37 lbm. =
Temp. (°F) _
Thermal Cond. (BTU/hr.ft. ©
Special Heat (RTU/1lbm, ¢I')

200
9.33
(?e 230
“00

20
13
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