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FIRST OVERPOWER TESTS OF METALLIC IFR FUEL IN TREAT: 
DATA AND ANALYSIS FROM TESTS M5, M6» AND M7

by

T. H. Bauer, W. R. Robinson, J. W. Holland, E. A. Rhodes, and A. E. Wright

ABSTRACT

Results and analyses of margin to cladding failure 
and pre-failure axial expansion of metallic fuel are
reported for TREAT in-pile transient overpower tests 
M5-M7. These are the first such tests on reference 
binary and ternary alloy fuel of the Integral Fast 
Reactor (IFR) concept with burnup ranging from 1 to 
10 at.%. • In all cases, test fuel was subjected to an 
exponential power rise on an 8 s period until either 
incipient or actual cladding failure was achieved. 
Obj ectives, designs and methods are described with 
emphasis on developments unique to metal fuel safety 
testing. The resulting database for cladding failure 
threshold and prefailure fuel expansion is presented. 
The nature of the observed cladding failure and resultant 
fuel dispersals is described. Simple models of cladding 
failures and pre-failure axial expansions are described 
and compared with experimental results. Reported results 
include: temperature, flow, and pressure data from test 
instrumentation; fuel motion diagnostic data principally 
from the fast neutron hodoscope; and test remains de­
scribed from both destructive and non-destructive post­
test examination.
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EXECUTIVE SUMMARY

Transient Reactor Test Facility (TREAT) tests M5 through M7 were the
first transient overpower (TOP) tests of safety related fuel performance of 
metallic fuel alloys designated for use in the Integral Fast Reactor (IFR) 
concept. Specific objectives addressed by these and all other M-series 
experiments were the identification of phenomena underlying pin failure and 
the verification of a wide margin to failure. In addition, prefailure axial 
expansion (a potentially significant pre-failure reactivity removal mechanism) 
was to be quantified, and the qualitative nature of post-failure dispersal 
events were to be assessed. Initial M-series tests, M2-M4 [1.1-1.5] , used 
irradiated EBR-II Mark-II driver (U-5Fs) fuel that was available early on. 
The later tests, M5-M7 reported here, then used irradiated IFR ternary 
(U-19Pu-10Zr) and binary (U-lOZr) alloy fuel as appropriate samples became 
available.

Although the various metal-fuel types are similar in many respects, IFR 
reference alloys are typically irradiated at much higher temperatures than the 
U-5Fs alloy, and differ in physical structure, especially ternary alloys with 
high plutonium concentration. IFR alloys tested in M5-M7 also used advanced 
D9 and HT9 steels for cladding in contrast with the 316 SS used in the U-5Fs 
fuel tested previously. It is thus of interest to determine features of 
safety-related fuel performance which are fuel-specific and those which are 
common to all modern metal-fuel types.

Hardware design was guided by a need to test as many pins as possible in 
a single experiment while providing test conditions as independent as possible 
for each pin. The earlier M-series test train design accommodated three small 
diameter U-5Fs fuel pins in separately orificed flowtubes. The larger 
diameter of IFR concept fuel pins, however, required a new test train concept 
for M5-M7 that could accommodate only two pins. The new two-pin test train 
included significant hardware improvements in thermocouple mounting, pin 
support, and coolant flowrate measurement.

Choice of particular IFR concept fuel to test in M5-M7 was guided both by 
advanced core designs as well as general fuel characteristics that could 
potentially lead to adverse safety behavior. In general, pins of the highest 
available burnup available were tested: five ternary pins (containing 19% 
plutonium and 10% zirconium by weight) clad in D9 steel irradiated to peak 
burnups ranging from 0.8 to 9.8 at. % and one binary pin (containing no 
plutonium and 10% zirconium by weight) clad in HT9 irradiated to 2.9 at.%.

Estimating test fuel heating during overpower transients made use of 
specially performed calibration experiments with fresh fuel and flux monitor 
wires, supplemented by analyses to estimate neutronic effects of burnup and 
swelling. Overall coolant flow past the test pins was measured. Symmetry, 
separate hydraulic measurements, and "mini" flowmeters located on individual 
test pin flowtubes determined of coolant flow past individual pins in the 
test. Just prior to the overpower transient, a "heat balance" experiment was 
performed driving the test pins at constant power and coolant flow. Analyzing 
the coolant temperature rise past each pin during this heat balance enabled 
" in situ" calibration of the heating of each test pin relative to measured 
experimental power and flowrates as well as to nominal heating in a fast 
reactor. Because operating conditions of the heat balance and the ensuing 
overpower transient were in many respects identical, the heat balance
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determination of test pin power coupling was used for "fine tuning" of the 
overpower transient and subsequent post-test analysis.

All test fuel in this series was subjected to similar overpower 
conditions: full coolant flow and an exponential power rise on an 8 s 
period. The 8 s period was chosen as the slowest transient possible that 
would commence from near-nominal power and carry through to cladding failure 
within the energy deposition limitations of the TREAT reactor. Baseline 
thermal conditions in the test fuel were referenced to nominal conditions in a 
fast reactor. These include a peak linear power rating of 40 kW/m (12 kW/ft), 
an inlet temperature of 630 K and a 150 K coolant temperature rise. The power 
rise was rapidly terminated upon detection of cladding breach or, by using 
previously measured failure thresholds, just prior to failure. Overpower 
levels achieved in each case were in the neighborhood of four times nominal 
and in one case as high as 4.8 times nominal. Pre-failure axial fuel 
expansion was measured in real time by the fast neutron hodoscope as well as 
by post-test radiography. Calculations indicated that at peak power 
approximately one-half of the total fuel inventory was molten. Of the six 
pins tested in M5-M7 only the two ternary pins of highest burnup were 
overheated to failure. In each case cladding breach was at the fuel top and 
very localized.

Post-test analysis of both thermal and fuel performance were performed 
with an extended version of the COBRA-PI code. Good agreement was achieved 
between measured and calculated coolant heatup. Calculated peak melt 
fractions also showed reasonable agreement with post-test microstruetural 
examination, providing rough validation of the rather uncertain values for 
thermal conductivity of irradiated fuel used in the calculations. Fuel 
performance results were evaluated and analyzed with the help of models which 
had been developed in the course of earlier M-series tests.

Specifically, pre-failure axial expansion in IFR fuel was always positive 
and significant beyond thermal expansion, and expansions in the range of 2-4 % 
were typical of all burnups tested. Large expansions at low burnups, such as 
measured in U-5Fs fuel, were not measured in IFR fuel, however. Expansion of 
fission gas trapped in melting fuel provides a sound basis for modeling axial 
expansions, and differences in amounts of dissolved gas accounts for measured 
differences between fuel types. Failure threshold with the 8 s period 
overpower conditions tested is about four times nominal over a wide range of 
burnups and fuel types tested. Successful cladding failure models include 
effects of both overpressure and penetration of cladding by a low melting 
point eutectic. In all cases however, achieving overpower levels of four 
times nominal makes rapid eutectic penetration very likely. Because rapid 
cladding penetration also requires extensive fuel melting, failure due to 
rapid penetration might be delayed in a fuel with a high melting point, as 
illustrated by the survival of the IFR-binary pin tested in M7 to about 4.8 
times nominal power.

In summary, simple models of pre-failure expansion and cladding failure 
developed during earlier tests on U-5Fs fuel were extended and validated by 
the M5-M7 database of IFR-type fuel. While safety-related fuel behavior of 
all fuel types tested is similar, post-test analyses highlight the fuel 
properties of fission gas retention and melting point as accounting for maj or 
differences observed between behavior of U-5Fs and IFR-type fuel.
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Events following the two pin failures (M6 and M7) were generally benign. 
Because the coolant channel environment did not simulate a large pin bundle, 
however, only qualitative conclusions should be drawn. A sudden pressuriza­
tion of the coolant channel (peak measured pressures about one order of 
magnitude less than the maximum pressure in the gas plenum of the failed pin) 
led to temporary reversal of coolant flow. Rapid ejection and sweepout of the 
pin's molten fuel inventory followed through a small breach at the top of the 
fuel. Coolant flow in the normal direction was rapidly restored.

Purely analytical studies with the cladding failure model indicate that 
for the fuel burnups and heating rates employed in M-series tests pins fail at 
or near the threshold point of rapid eutectic penetration. Although the same 
basic mechanisms of pressure and melting are believed to apply when 
significant cladding damage rates occur at lower temperatures, different 
modeling issues and questions arise. Moreover, fuel performance questions now 
raised in safety analyses of current reactor designs concern cladding damage 
at lower temperatures. A goal of TREAT M-series planning is to address these 
issues by extending the present fuel performance study to higher burnup fuel 
and/or to overheating conditions involving lower temperatures and longer 
times.
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1.0 INTRODUCTION

The "M-series" program for a series of in-pile tests of modern metal fuel 
at the Transient Reactor Test Facility (TREAT) was initiated in 1984 to 
address key questions about metal fuel behavior during transient overpower 
(TOP) accidents. Although early safety assessments of the Integral Fast 
Reactor (IFR) concept indicated benign response of metallic fuel to most 
accident initiators, in-pile data on fuel cladding failure threshold and 
associated phenomena was also needed. Specifically, obj ectives of M-series 
TREAT tests were directed to:

1) Determination of margin to failure and identification of underlying 
mechanisms,

2) Assessment of pre-failure axial expansion as a potentially significant 
pre-failure reactivity removal mechanism, and

3) Preliminary assessment of post-failure events: behavior of disrupted fuel 
and coolant.

Overpower testing in the TREAT reactor has drawn upon more than 20 years 
of experience of transient safety testing in flowing sodium loops and allows 
for controlled transient overheating of test pins by fission in a 
near-prototypic thermal and hydraulic environment. Test fuel was to be 
subjected to simulated TOP accident conditions with attention centered on the 
time domain of cladding failure threshold. Particular requirements included 
stopping the power transient on the brink of failure, for some pins, and just 
after failure for others. Programmatic needs also entered test planning. It 
was important to test many pins quickly, despite limited availability of test 
hardware and of TREAT reactor time. Thus, the concept of testing two (or 
more) pins simultaneously, with separate and possibly different hydraulic 
environments for each pin was actively pursued.

M-series was intended to test various fuel and cladding combinations
relevant to the IFR concept with as wide a range of fuel burnups as possible.
Because of early availability of irradiated fuel and because it had been
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well-characterized, initial tests (M2-M4) in the series used (U-Fs) fuel. 
Later tests (M5-M7) used IFR type fuel which had been pre - irradiated in 
EBR-II, as appropriate test pins became available. All metal fuel of recent 
design features efficient heat transfer through high conductivity fuel and 
sodium thermal "bonding" to cladding. It is also fabricated to allow for both 
a high degree of fuel swelling and efficient release of fission gas to the pin 
plenum during normal operation. Until recently, EBR-II driver fuel had been a 
"binary" alloy of uranium and "fissium" (U-Fs). (Fissium is a mixture of 
metals representing an equilibrium composition of fission products after 
reprocessing.) Reference fuel for the IFR concept uses uranium, plutonium and 
zirconium in a ternary (U-Pu-Zr) and binary (U-Zr) composition.

All test fuel in this series was subj ected to similar overpower 
conditions: full coolant flow and an exponential power rise on an 8 s period. 
In each case, the power transient was rapidly terminated upon detection of 
cladding breach or, by using previously measured failure thresholds, just 
prior to failure.

Results of the initial M-series tests, M2-M4, performed in 1985 and 1986 
have been reported in Refs. 1.1-1.5. Nine pins were tested, three beyond 
cladding failure. Test results and analyses led to the development and 
validation of pin cladding failure and pre-failure fuel expansion models for 
U-Fs metallic fuel. For the overpower conditions tested, a high margin to 
failure of about four times nominal operating power in a fast reactor was 
observed. Cladding failures occurred in a localized region near the top of 
the fuel column and were consistent with combined effects of excessive plenum 
pressure and thinning by penetration of low-melting temperature fuel-steel 
alloy (eutectic). Pre-failure axial expansions were large (around 15-20 %) in 
low-burnup fuel but decreased rapidly with increasing fuel burnup. This 
observed axial expansion was consistent with fission gas retained in melting 
fuel expanding until reaching equilibrium with pressure in the pin plenum. 
Post-failure events were characterized by rapid ejection and dispersal of 
molten fuel, rapid coolant voiding, and partial flow blockage. In general, 
post-failure disruption was greater with fuel of higher burnup and was thus 
correlated to the amount of pin depressurization upon cladding failure.
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This report describes results of the latter M-series tests, M5-M7
performed in 1986 and 1987. The prime obj ective of tests M5-M7 was 
continuation and extension of the studies begun in M2-M4 to metal fuel of 
different design and composition- and, in particular, to reference fuel of the 
IFR concept. It is of paramount importance to determine features of 
safety-related fuel performance which are fuel-specific and those which are 
common to all modern metal-fuel types. Although the various metal-fuel types 
are similar in many respects, certain features of IFR concept fuel have been 
identified which may well alter the safety related fuel behavior described 
above for U-Fs. These include:

1) Plutonium content--IFR reference fuels can contain high plutonium 
fractions. U-Pu-based fuels have the potential for being less compatible 
with cladding than are fuels based on uranium alone.

2) Thermal properties - -IFR concept alloys have lower thermal conductivity 
than the U-Fs alloy previously tested. Melting inception of reference 
alloys varies greatly, depending upon particular composition. Both 
thermal conductivity and melting point decrease with increasing plutonium 
content.

3) Steady-state performance- -IFR concept alloys are typically irradiated at 
much higher temperatures and have smaller grain size than the U-Fs pins 
tested previously. Both features tend to reduce the amount of fission gas 
retained by IFR type fuel during preirradiation in EBR-II. Additionally, 
steady-state irradiation of IFR ternary alloy leads to radial redistri­
bution of constituents and the formation of distinct radial zones with 
different melting points and structure.

4) Fuel pin cladding--IFR concept alloys tested in M5-M7 were clad in D9 and 
HT9 steel as opposed to the type 316 stainless steel (316 SS) clad U-Fs 
tested previously. HT9 is an alloy which exhibits low swelling at high 
burnup but less creep resistant than either 316 SS or D9.

Preliminary reporting of test results from M5-M7 may be found in Refs.
1.6 and 1.7. Preliminary summaries of the overall M-series program may also 
be found in Refs. 1.8 and 1.9.
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2.0 DESCRIPTION OF THE TEST FUEL

Choice of particular IFR concept fuel to test in M5-M7 was guided both by 
reference core designs and the general fuel characteristics that could 
potentially lead to adverse safety behavior. Indeed, high priority was given 
to tests of:

1) Fuel of the highest burnup fuel available,
2) Fuel with high plutonium content, and
3) Fuel clad in HT9 steel.

U-19Pu-102r ternary fuel (containing 19% plutonium and 10% zirconium by 
weight) clad in D9 steel was the first fuel of high plutonium content to be 
available for TREAT testing in the 1986-1987 time frame. In each test, the 
highest available burnup was included. The initial IFR fuel test, M5, 
included two ternary pins irradiated to peak burnups of 0.8 and 1.9 at.%. 
Subsequent test M6 included ternary pins irradiated to peak burnups of 1.9 and
5.3 at.%. Eventually, U-lOZr binary fuel (containing no plutonium and 10% 
zirconium by weight) clad in HT9 steel became available as well as higher 
burnup versions of the previously tested ternary pins. M7 tested both a 
ternary and a binary pin irradiated to peak burnups of 9.8 and 2.9 at.%, 
respectively.

All pins tested in M5-M7 were of common design and dimension intended for 
irradiation in EBR-II. Table 2.1 lists some design dimensions. More details 
of pin design may be found in Appendix A.

In all cases the preirradiation in EBR-II was to mimic temperatures and 
restructuring of full length (-1 meter long) fuel. Irradiation power levels 
in EBR-II were about 36-40 kW/m axial peak (ratio of average to peak was 
0.92). Coolant temperature rose by about 100 K from a nominal 644 K inlet 
value. This power level is significantly higher than the (approximately) 25 
kW/m axial peak power in the irradiation of the EBR-II driver fuel tested in 
M2-M4. Indeed, conditions of the irradiation compare favorably with the 
40 kW/m peak power level, 630 K inlet temperature, and 150 K coolant temper­
ature rise assumed throughout this report as nominal for an IFR-type reactor.
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Table 2.1. Nominal Design Parameters Common to All M5-M7 Test Pins

Fuel
length
diameter of slug
mass 78 g
radial smear density

(to cladding inner diameter)
Bond Sodium

initial height above fuel 
total volume

Gas Plenum
length above sodium 
volume (initial)

Cladding
outside diameter 
inner diameter 
thickness

343 mm 
4.32 mm
72.5 %

6.35 mm 
2.0 cc

246 mm 
5.0 cc

5.84 mm 
5.08 mm 
0.38 mm

A considerable amount of restructuring takes place during irradiation of 
all modern metal fuel which influences both fuel morphology and thermal 
properties. During the first at.% of burnup the fuel swells by as much as 50% 
of its original size until it makes contact with the cladding. The liquid 
sodium bond originally surrounding the fuel slug is displaced into the pin's 
gas plenum. Much of the fuel volume increase is comprised of gas-filled 
pores, but interconnection of pores leads to both release of fission gas to 
the plenum and infiltration of the porosity network by liquid bond sodium. 
Pressure in the plenum is influenced principally by fission gas release from 
fuel. After swelled fuel contacts the cladding there is little further 
swelling and total fuel volume remains approximately constant with increasing 
burnup. However, further burnup leads to the accumulation of solid and liquid 
fission products at an approximate rate of 1 vol % per at.% of burnup that 
tends to further reduce pore volumes filled with gas.
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These characteristics are all of some significance for issues studied in 
M5-M7. Fuel swelling, infiltration of porosity by sodium, and accumulation of 
solid and liquid fission products strongly influence fuel thermal conductiv­
ity. Gas retention within the fuel supplies a potential driving mechanism for 
prefailure elongation, whereas, gas release from the fuel adds to an internal 
pin pressure which drives cladding failure.

Restructuring also differs significantly among various metal fuel types. 
Photographs in Fig. 2.1 show a sampling of cross-sections at several axial 
locations (relative to the fueled length) from irradiated fuel similar to 
those tested in M5-M7. In ternary fuel, migration of constituents and 
porosity leads to a three-zone radial structure including multiple irreg­
ularities, separations and cracks (Figs. 2.la-d). Irregularities in fuel­
cladding gap closure is also noted at low burnup (Fig. 2.1a). These zones 
include a skewing of both zirconium and porosity distributions toward the 
outside and some build-up of plutonium concentration mid-radius. Binary fuel, 
like the U-Fs fuel tested previously, restructured more uniformly (Fig. 2.le).

Fission gas release from metallic fuel seems to depend chiefly upon fuel 
temperature during irradiation [2.1], emphasizing the importance of irradia­
tion power level and fuel thermal conductivity. (Gas residing within large 
fuel pores is considered released from the fuel matrix.) Principally because 
of their higher irradiation power level, IFR-type test fuel typically retained 
a much smaller concentration of gas in the fuel matrix than did U-Fs test fuel.

For illustration, Table 2.2 lists some whole-pin average characteristics 
for the ternary and binary fuel tested, based on reported measurements of fuel 
swelling [2.2], sodium logging [2.3], and plenum pressurization [2.2, 2.3], 
Characteristics of U-5Fs fuel tested previously are provided for comparison. 
Fuel melting points are handbook values [2.4]. The effect of restructuring on 
thermal conductivity is calculated by a model that estimates effects of both 
gas filled and sodium logged porosity and is described in Appendix G. 
Additional fuel characterization useful for post-test analysis is also 
included in Appendix G.
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Fig. 2.1a. Untested Sibling to the 0.8
U-19Pu-10Zr Fuel Pin Tested

at.% Burnup (D9-Clad)
in TREAT Test M5
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Fig. 2.1b. Untested Sibling to the 1.9 at.% Burnup (D9-Clad)
U-19Pu-10Zr Fuel Pin Tested in TREAT Tests M5 and M6
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Fig. 2.1c Untested Sibling to the 5.3
U-19Pu-10Zr Fuel Pin Tested

at.% Burnup (D9-Clad)
in TREAT Test M6
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Fig. 2.Id. Untested Sibling to the 9.8 at.% Burnup (D9-Clad)
U-19Pu-10Zr Fuel Pin Tested in TREAT Test M7
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Z/L=0.50

Z/L=0.95

Z/L=0.25

Fig. 2.le. Untested Sibling to the 2.9 at.% Burnup (HT9-Clad)
U-lOZr Fuel Pin Tested in TREAT Test M7
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Table 2.2. Approximate Characteristics of Irradiated M-Series Fuel

Fuel Alloy U-19Pu-10Zr U-lOZr U-5Fs
Peak Irradiation Power Level (kW/m) 38 38 25
Measured Gas Retention- -0.5 -0.5 2
as generated in the indicated burnup (at.,%)
Burnup When Swelling Saturates (at.%) 1 1 2
Measured Axial Swelling 
(% of original height)

2-3 8-9 4-5

Swelled Fuel Volume 
(% of total fuel volume)

29 32 28

Measured Sodium Infiltration 
(% of total fuel volume)

8 13 6

Thermal Conductivity @ 1000 K (W/cm-K)
avg. 0 at.% (fresh) 0.23 0.34 0.40
burnup 2 at.% -0.15 -0.21 -0.20

10 at.% -0.20 -0.30 -0.33

Melting Point (K)

Solidus 1350 1508 1283
Liquidus 1515 1678 1373

Measured Gas Plenum Pressure at Room Temperature
at the indicated peak burnups (MPa)

peak 0 at.% (fresh) 0.10 0.10 0.10
burnup 5 at.% 2.3 2.3 2.5

10 at.% 5.1 5.1 6.0
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3.0 FACILITIES AND TEST HARDWARE

3.1 Major Facilities

TREAT, located at ANL-West In the Idaho National Engineering Laboratory 
(INEL), is a uranium and graphite fueled reactor with a near-thermal neutron 
spectrum. A cutaway view is shown in Fig. 3.1. Its two pairs of 
fast-operating computer operated control rods provide capability of a wide 
range of power transients appropriate for reactor safety studies. A forced 
air cooling system provides a limited heat rej ection capability at low power 
levels. However, in the high power transient mode most commonly used for 
safety testing, the reactor heats up nearly adiabatically. While adiabatic 
core heating contributes significantly to safe operation, it also results in 
limits to transient energy deposition due to both maximum allowable core 
temperatures and large negative reactivity feedback. In M-series, transient 
energy deposition in the test fuel was limited to the equivalent of several 
tens of seconds of full power operation.

Most experiments performed in TREAT require use of the fast neutron 
hodoscope, also shown in Fig. 3.1. The TREAT hodoscope is a diagnostic system 
that looks through a slot in the TREAT core to collimate and detect fast 
neutrons directly produced by fissions in the test fuel. Analysis of this 
data results in a history of test fuel motion in two dimensions. Fast 
neutrons from the test fuel can be generally distinguished from the dominant 
background of thermal neutrons from TREAT by their energy. In M-series, the 
hodoscope was used in conjunction with a full slotted core (core slots both in 
front of and behind the test hardware) . Such a configuration reduces the 
maximum energy deposition, but minimizes background and provides the highest 
possible accuracy in fuel motion detection.

Many test support operations involving highly radioactive irradiated fuel 
pins and handling their remains need to be performed in a hot cell environ­
ment . In M-series such work was performed at hot cell facilities located both 
in ANL-West (Idaho) and ANL-East (Illinois). The Hot Fuel Examination 
Facility North (HFEF) at ANL-West provided in-cell facilities to assemble and 
disassemble experiments on irradiated fuel. In addition, non-destructive
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Fig. 3.1. TREAT Reactor "Cutaway" Showing Test Cavity at
the Center and Hodoscope Slot and Detectors 
on the Left
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radiography and profilometry of test fuel was also performed both pre- and 
post-test. Destructive examination of M-series remains, including both failed 
and unfailed pins was undertaken at the Alpha Gamma Hot Cell Facility (AGHCF) 
at ANL-East.

3.2 M-series Test Hardware

The sodium loop used in TREAT for Argonne' s LMR safety experiments in 
recent years has been the Mark-III vehicle [3.1]. Figure 3.2 shows the Mark- 
III loop as configured for tests M5-M7. In essence it is an elongated loop 
of thick-walled stainless steel pipe through which liquid sodium is circulated 
by means of an electromagnetic pump. Two parallel legs of the loop are 3.5m 
long with center- to-center separation of about 0.1 m. The entire system is 
housed in a long rectangular container of cross section dimensions 10 cm by 
20 cm. designed to occupy the space of two TREAT fuel assemblies at the cen­
ter of the reactor (see Fig. 3.1). The Mark-III vehicle is intended to be 
generic to a wide variety of test fuel types and bundles. A removable "test 
train" in one leg of the loop contains an instrumented test fuel configuration 
that addresses specific requirements of different programs. This "test leg" 
of the loop also includes an extension which serves as a gas plenum and 
provides the entrance through which the test train is inserted into the 
loop. The other leg of the loop includes a small annular linear induction 
pump to drive the sodium coolant. In operation, sodium flows upward past the 
test fuel. Thermal - hydraulic conditions in the loop are measured by three 
permanent magnet flowmeters, two pressure transducers, and numerous 
thermocouples.

Turning to the specific test train concepts used in M-series, axial 
lengths were guided by the fact that all test fuel in the program was 
preirradiated (or designed for irradiation) in EBR-II. The fueled length of 
all pins tested was therefore restricted to the EBR-II core-size of 34 cm. 
Each pin was located in a separate stainless steel f lowtube, with the 
particular division of total loop sodium flow chosen to achieve the particular 
objectives for each pin. This division was achieved by properly sized 
orifices installed near the entrance to each flowtube. Lateral separation of 
test pins was as wide as possible to minimize the neutron shielding of one pin



16

OUTLET
INSTRUMENTATION

FUEL PIN WITHOUT
WIRE WRAP

DIMPLE IN
FLOWTUBE

TREAT
CORE

TEST
FUELFLOWTUBE7

THERMOCOUPLES

LOOP
TEST SECTION

PUMP

INLET
INSTRUMENTATION

Fig. 3.2. Mark-III Integral Sodium Loop Configured with 
Two Fuel Pins as in Tests M5, M6, and M7
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by another and to enhance the ability of the hodoscope to resolve individual 
test pins as individuals. The number of pins per test was determined 
principally by the bore diameter of the Mark-III sodium loop. Three of the 
smaller diameter U-Fs fuel pins could be accommodated per test, whereas only 
two IFR reference pins could be accommodated in M5-M7. Further details of the 
M5-M7 configuration are described in Appendix A.

Coolant temperatures at the outlet and along the fuel zone were measured 
using thermocouples attached intrinsically to the outer surface of each 
flowtube. (An illustration is shown later in Fig. 3.4.) Flowtubes were made 
as thin as possible (less than 0.5 mm) so that the test fuel and the 
flowtube-mounted thermocouples would be as closely coupled thermally as 
possible. Flowtubes were thermally isolated from each other and the rest of 
the test hardware by an additional "shield tube" placed around each flowtube 
with low-conductivity inert gas in between. The "shield tube" would also 
serve to prevent large amounts of debris released from one failed flowtube 
from damaging an adj acent flowtube. So far, these latter "protective" 
features of the shield tubes have not been needed in the four M-series tests 
performed where fuel pins failed. Flowtube breach occurred in only a single 
instance and was scarcely detectable.

The ability to reuse expensive and slow-to-build test hardware 
contributed to the timely performance of the test program. All six M-series 
experiments were performed in only two test loops. Test trains were reused 
following the two experiments where test fuel did not fail. However, because 
debris from failed fuel remained largely confined to the removable test train, 
it was practical to reuse loops even after pin failures. Hardware performance 
in every case demonstrated a high degree of reliability; however, some 
problems did occur in hydraulically "seating" test trains in loops which had 
been used several times. These problems were attributed to debris 
accumulation in loop sodium, but, in each case, seating difficulties were 
resolved in advance of experiment performance.

Although the principal instrument of nuclear diagnostics at TREAT is the 
fast neutron hodoscope, attempts have also been made to detect release and 
transport of fission products from failed fuel. During tests M5-M7 fission
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products from failed fuel that were transported to the loop cover gas region
were measured by the Fission Product Detection System (FPDS). These measure­
ments detected gamma rays emitted by fission products Rb-89, Cs-138 and Xe-138 
in the loop cover gas region that likely originated from the beta decay of 
Br-89 and 1-138 expelled into sodium when fuel pins failed. A schematic of 
the FPDS is shown in Fig. 3.3. In this present arrangement, ability to detect 
radioactive fission products and delayed neutrons is very limited and, because 
of background, no measurements can be made until after the power transient is 
over. It is intended that measurements such as these will assist the 
development of more general source term diagnostic capability for the TREAT 
facility.

3.3 New Hardware Features Introduced in M5-M7

A new two-pin test train was used as depicted in the M-series hardware 
configuration shown in Fig. 3.2. This test train contained some new or 
enhanced hardware features in the areas of 1) thermocouple mounting, 2) pin 
support, and 3) coolant flowrate measurement which are briefly discussed 
here. Further details may be found in Appendix A.

In all M-series tests, thermocouples were intrinsically mounted on a 
vertical line on the outside of each flowtube along the active fueled length 
of the test pins. These thermocouples were used to determine coolant 
temperature rise with axial height. In M5-M7, improved accuracy of measured 
whole-pin coolant temperature rise was achieved by locating some thermocouples 
at several elevations above the active fuel to allow a maximum of thermal 
mixing in the coolant to be reflected in the temperature rise measurement.

Design improvements have also evolved in the area of test fuel support. 
In the earlier tests, M2-M4, wire-wrapped pins had been tested directly in 
smooth flowtubes. Metal fuel pins are mechanically weak at high temperature 
and a single wire-wrapped pin in a smooth flowtube provides poor support 
against distortion. It was believed that this method of support permitted pin 
bowing and flexing that caused both unexplained temperature oscillations at 
high temperature and hard-to-analyze irregularities and/or periodicities in 
the measured axial temperature rise at all temperatures [1.5]. To help
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alleviate these problems in M5-M7, test pin wire-wraps, which had provided 
spacing and support during the EBR-II preirradiation, were removed. Pin 
support was provided, instead, by "dimples" in the flowtube spaced at -10 cm 
axial and 120-deg azimuthal increments. While this new mounting scheme did 
not provide a coolant flow and contact pattern prototypic of a wire-wrapped 
pin in a large bundle, it was intended to provide the test fuel a commensurate 
level of resistance to warping and distortion. Improvements with this new 
mounting scheme were noted, but some irregularities and high-temperature 
oscillations remained in M5 and M6 data. These remaining problems were 
attributed to the fuel pins not being sufficiently centered. Consequently, in 
M7, the axial spacing between supporting dimples was decreased. Also, the 
dimple depth was increased to provide the greatest possible centering 
consistent with a minimal clearance needed to insert test pins within the 
tube. These modifications significantly reduced observed temperature 
anomalies in M7. By way of illustration, Fig. 3.4 shows the effect of 
improved pin-support methods on temperature measurements made along the test 
pin flowtube.

Additional attention was also given to reducing uncertainties in the 
measurement of coolant flow past each test pin. Combined sodium flowrate 
during a test is measured by calibrated permanent-magnet flowmeters at the 
inlet and outlet of the test section as well as in the pump leg of the loop. 
In the initial M-series tests flow division among test pins was inferred on 
the basis of symmetry and separate hydraulic measurements performed 
out-of-pile. However, beginning with M5, two "miniature" permanent-magnet 
flowmeters were also located near the inlet of each individual flowtube. 
Although the absolute sensitivities of these flowmeters were not determined, 
both were identical in design and layout so that the ratio of their output 
signals was used to determine the ratio of flowrates in the two tubes.
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4.0 TEST DESIGN AND TECHNIQUES

4.1 General Features

The design of all M-series tests included several general features that 
are discussed in this section. Low power, non-destructive operation verified 
equipment performance as well as the neutronic coupling of the test fuel to 
the TREAT reactor. The subsequent overpower transient was designed to 
generate thermal conditions in test fuel that mimic fuel overheated under fast 
reactor conditions. Finally, the overpower transient was terminated quickly 
enough to preserve conditions which existed at the peak of the overpower.

Heat balance transients run at constant power and flowrate were performed 
before each overpower transient to provide an integrated check of the 
thermal-hydraulic operation of the entire experiment system including the 
reactor, test fuel and sodium loop. However, a key measurement made during 
the heat balance was a coolant temperature rise from inlet to outlet under 
true steady-state conditions. This temperature rise provided a direct, in 
situ measurement of each test pin's "P/F" ratio of test fuel power (P) to 
coolant flowrate (F), bypassing uncertainties in reactor to test fuel power 
coupling, division of flow between flowtubes, etc.

For example, Fig. 4.1 shows the power history, total coolant flowrate and 
temperature rise past a ternary fuel pin measured at different axial 
elevations during an M7 heat balance. The results shown are typical of heat 
balances performed in the test series. The various thermocoup1es attached to 
the flowtube above the active fuel height (X/L > 1) agree closely and may be 
used to determine a whole-pin temperature rise midway through the power 
transient. In this example the temperature rise achieved was about 141 K (or 
P/F ratio of 0.94 times a nominal value of 150 K - see below) at a reactor 
power of -46 MW at a total coolant flowrate of -162 cc/s.
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In the analysis of M-series overpower transients the P/F ratio is
probably the most important single parameter that can be used as a measure of 
severity. This follows basically because the key phenomena controlling safety 
issues (Sect. 6) are either driven by or closely correlated with peak coolant 
temperature, and the thermal response of a fuel pin is sufficiently fast that 
coolant temperatures are very close to steady-state values determined by P/F. 
Unfortunately, rapidly changing temperatures during overpower transients 
preclude direct measurements of P/F, as was described above for heat balances.

However, because operating conditions of the heat balance and ensuing 
overpower transient were in many respects identical a straightforward propor­
tioning technique was employed to extrapolate P/F measurements made in a heat 
balance to P/F levels achieved during the subsequent overpower transient. 
Specifically, P/F (final) was obtained by multiplying the measured P/F ratio 
in the heat balance by the appropriate ratio of measured reactor power--(final 
to heat balance) and the appropriate ratio of measured flow--(heat balance to 
final).

All peak overpower levels given in this report were obtained in this 
manner and, based on consistency of measured temperature rises, are believed 
accurate to about the 3% level. This same technique also enabled the peak P/F 
values obtained in each overpower transient to be "fine tuned" just prior to 
the test by appropriate adjustment of the applied flowrate and/or reactor 
power transient. Finally, once the coolant flowrate past a test pin has been 
determined, the P/F measurement in the heat balance also determines the pin- 
average power coupling of the reactor to the test fuel (Sect. 4.2 below).

In performing the final overpower transients, all test fuel in this 
series was subjected to similar overpower conditions: full coolant flow and an 
exponential power rise on an 8 s period. The 8 s period was chosen as the 
slowest transient possible that would commence from near-nominal and carry 
through to cladding failure within the energy deposition limitations of the 
TREAT reactor. A "high" system pressure >4 atm prevented coolant boiling 
prior to cladding failure. Baseline thermal conditions in the test fuel were 
referenced to nominal conditions in a fast reactor. These include a peak 
linear power rating of 40 kW/m (12 kW/ft), an inlet temperature of 630 K and a
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150 K coolant temperature rise. The power transient was rapidly terminated 
upon detection of cladding breach or, by using previously measured failure 
thresholds, just prior to failure.

In terminating the final overpower transient, "quenching" the fuel at 
incipient failure or immediately after failure was important to preserve the 
state of the fuel at that "instant" for post-test examination. Due to the 
high conductivity of the metal fuel such quenching occurred essentially upon 
reactor power shutdown.

By experience, sudden measurable changes in coolant flow have provided 
the fastest and most reliable indicators of pin failures. Therefore, a system 
was designed whereby a sudden and substantial decrease of the total sodium 
flowrate measured at the inlet (characteristic of coolant channel 
pressurization upon pin failure) induced an electronic device called the 
"shutdown signal generator" to output a signal triggering reactor shutdown. 
Figure 4.2 illustrates how the shutdown system worked using data from test M6 
as an example. Note that the system was sufficiently sensitive to detect 
failure in only one flowtube. The "shutdown" signal was sent within -10 ms of 
pin failure, and the reactor power began to decrease less than -50 ms later. 
Further details of transient shutdown are found in Appendix F.

4.2 Power Calibration and Heat Balance Transients

Before the test conditions of any experiment can be set or any posttest 
analysis takes place, an accurate determination must be made of the coupling 
of the test fuel to the power generated by the TREAT reactor. Determinations 
must be made on a whole-pin basis as well as radial and axial distributions 
within a fuel pin. A complicating feature of M-series testing was a 
significant variation of power coupling among the various test pins due to 
differences in initial fissile content, wide ranges of test pin burnup, and 
significant morphological changes in the fuel with that burnup. A variety of 
techniques, both experimental and analytical, employing considerable 
redundancy and cross-checking were used to determine power couplings in 
M-series. Fundamental estimates made use of specially performed calibration 
experiments with fresh fuel and flux monitor wires, supplemented by analyses
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to estimate radial distributions and neutronic effects of burnup and swelling. 
Independently, analysis of the measured coolant temperature rise during the 
heat balance produced an independent whole-pin power coupling estimate. 
Additional details may be found in Appendices B, C, and Ref. 4.1.

Fundamental calibration work commenced with special steady-state 
low-power in-pile calibration irradiations on fresh fuel performed in 
neutronic mockup hardware. Test fuel fissions were counted using nuclear 
chemistry and compared to the measured energy release in the reactor. 
Measured axial peak power coupling in fresh fuel tested in M5-M7 were 4.9 and
5.3 W/g per TREAT MW for ternary and binary fuel, respectively. The axial 
shape of the power coupling was controlled by a series of dysprosium flux 
shaping collars (Appendix A) designed to mimic a power shape appropriate to a 
fast reactor. This power shape was measured directly and found to have an 
axial peak to average of 1.095. In M-series, calculations were used to 
determine the radial dependence of test pin power with typical results 
described below in Sect. 4.3. Extrapolation from fresh to irradiated fuel 
required both neutronic analyses as well as accurate knowledge of 
morphological changes with burnup (Sect. 2). Fuel swelling, itself, leads to 
calculated increases of about 13%, whereas burnup of fissile isotopes lead to 
calculated decreases of about Bu/2 in percent, where Bu is fuel burnup in 
at.%.

Test transients in TREAT utilize power levels two and three orders of 
magnitude higher than those used in the special low power calibration 
measurements. Power coupling values measured at low power may require 
adj us tment to be applicable to higher power irradiations. This is due to 
various differences in reactor operations at low and high power, including 
different control rod positions, different reactor power meters etc. 
Adjustment of measured results to high power was accomplished by irradiations 
of low enrichment flux monitor wires at both low power steady-state and in 
high power experiment transients, combined with the assumption that fuel 
fissions would be proportional to monitor wire fissions. In M5-M7, the 
measured correction factors for high power found in this manner (termed 
"transient correction factors" or TCP's) ranged from 0.89 to 0.92. There is 
no strong evidence that the in-pin axial power distribution measured at low
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power is significantly different at high power, and the adjustment is
considered a normalizing factor applied to the fuel as a whole.

After building a sufficiently large data base of TCP's in high power 
transients it became possible to correlate the particular TCP value during
each transient to the average control rod positions during that transient. 
The significant control rod motion that takes place during a power transient 
suggests that power coupling corrections are actually time dependent. 
Consequently, the correlation of TCP and average control rod position was used 
to calculate an instantaneous power coupling correction as a function of 
instantaneous TREAT transient rod position. Reported adjustments of the 
low-power coupling data to high-power situations were then done in two ways: 
first the average correction for a particular power transient (TCP) is 
reported as part of the test pin power coupling, and then a time dependent 
"rod shadowing factor" or RSF is included as a small (in this case several 
percent) correction to transient reactor power which averages to unity over 
the course of the entire transient.

Statistical errors due to the various measurements total around 4-5% in 
estimating a pin-average power coupling [4.1]. Calculated effects of burnup 
and restructuring on power coupling can be large and of opposite signs. The 
accuracy of such calculations depends chiefly on the accuracy of the 
irradiated pin characterization. Systematic errors are thus potentially large 
and difficult to estimate.

Independent power calibration measurement on actual test fuel in the 
actual test configuration, in situ is possible during the heat balance 
provided the coolant flowrate past each test pin is known. As described in 
the previous section (4.1),. performance of the heat balance transient is a 
central element of experiment design and test performance, acting as a reduced 
power version of the subsequent overpower transient. In the heat balance the 
measured temperature rise directly indicates each test pin's P/F ratio which 
results from application of a known reactor power and measured coolant 
flowrate. Multiplying the measured P/F by that known flowrate gives the total 
pin power. Dividing that pin power by the known reactor power then yields the 
whole-pin power coupling. Based on estimates of the precision of various
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factors needed in the calculation (Appendix B, Table B.2), the precision of 
this determination turns out to be similar to that of the more fundamental 
calibration work described above, roughly 5%, but with less potential for 
serious systematic errors.

For purposes of comparison with power couplings obtained from fundamental 
methods, axial peak values may be found by multiplying by the measured 
peak-to-average ratio. Also, values appropriate to final overpower transients 
are found by multiplying by the ratio of "heat balance to final" TCP's.

Table 4.1 compares axial peak values of the power coupling factor 
appropriate to the final overpower transient obtained from the fundamental 
methods with values obtained in situ from the heat balances. With a single 
exception, agreement between the two determinations is quite good and is 
within -6%. It should be emphasized that these determinations are quite 
independent and their agreement provides good corroboration for the diverse 
methods involved. The single exception shows a heat balance determination 
~20% below what was expected from fundamental considerations for a 9.8 at. % 
ternary pin in test M7. To provide an independent (also in situ) check in M7, 
scan data from the fast neutron hodoscope was used to determine relative power 
generation in the two M7 test pins. The ratio of binary to ternary pin power 
generation in M7 was measured to be -1.31 corroborating the heat balance 
expectations of 1.34 but in disagreement with the estimate of 1.11 from the 
fundamental work. Further details may be found in Appendix B.

The underlying reason for the single large disagreement in Table 4.1 is 
not fully understood. However, there are strong indications when burnup is 
high, restructuring is such that the radial distribution of fissile uranium 
and plutonium are non-uniform and skewed toward the center of the pin. 
Non-uniform distributions such as this would have little effect in a fast 
reactor but could lower power coupling significantly in a thermal reactor like 
TREAT. Unfortunately, such distributions are difficult to quantify and were 
not taken into account in the Table 4.1 estimates.

For purposes of subsequent analysis both the pin-average power coupling 
and primary measurements of test pin P/F ratio are taken from temperature rise



30

Table 4.1. Axial Peak Test Fuel Power Coupling Factors

Estimates of Power Coupling (W/g per mW TREAT)
Fuel Type Test Burnup (at.%) Fundamental In Situ
U-19Pu-10Zr M5 0.8 4.65-4.95* 4.95

M5 1.9 4.92 4.91
M6 1.9 4.98 4.96
M6 5.3 4.93 4.94
M7 9.8 5.12 3.97

U-lOZr M7 2.9 5.66 5.31

Reflects uncertainty in the amount of pin swelling.

measurements made during the heat balances. Referring to Table 4.1, in situ 
power coupling estimates are thus preferred over those derived from funda­
mental estimates. To summarize the reasons given above, the precision of the 
two methods is comparable and agreement between the two methods is generally 
good. However, fundamental estimates do involve large calculated extrapo­
lations with potential for large systematic errors. In the one instance of a 
significant difference, fast neutron hodoscope scan measurements tended to 
support the heat balance measurement.

All other features of power coupling, such as high power transient 
correction factors, rod shadowing factors, and in-pin power distributions are 
taken from fundamental measurements and calculations. Because pin-average 
power coupling is based on heat balance determinations absolute TCP's are not 
significant, only the differences between heat balance and final overpower 
transients.

4.3 "Enhancement" of Power and Flowrate

Strong radial self-shielding of the TREAT thermal neutron flux by the 
test fuel causes a disproportionate fraction of power to be generated near the 
fuel surface with a surface - to - center ratio of about 3 to 1. By contrast, 
power generation in a fast reactor is spatially uniform over a radial cross 
section of a fuel pin. In order to generate radial temperature gradients 
during M-series TREAT transients prototypic of those that would be generated
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in a fast reactor, it becomes necessary to increase the net power generation 
of the TREAT test relative to that of the fast reactor reference. Under the 
quasi- steady-state conditions which characterize these transients, the TREAT 
power increase is an "enhancement" factor which depends on the details of the 
radial power dependence and test fuel thermal conductivity. For the test fuel 
used in M5-M7 this enhancement factor turns out to be -1.40. However, it is 
also important to maintain a prototypic coolant temperature rise at any axial 
location, so coolant flowrate should be increased by precisely the same 
enhancement factor. Thus, a prototypic power-to-flow ratio is maintained. 
Finally, the additional heat (-40%) generated within the test fuel in TREAT 
causes a corresponding increase in the temperature gradient across the 
cladding. This temperature increase was compensated by a decrease in coolant 
inlet temperature (-50 K in M5-M7).

In practice, in a transient simulation where power rises steadily it was 
merely necessary to appropriately lower coolant inlet temperature and increase 
the coolant flowrate from fast reactor reference values by the appropriate 
enhancement factor. The benefits achieved by this technique are significant 
improvement in the prototypicality of computed fuel and cladding temperature 
of M-series tests. By way of illustration, Fig. 4.3 shows that with test 
condition "enhancements" calculations of peak test fuel melting (which are 
typical of all M-series tests) show close correspondence to a fast reactor 
prototype case. Without enhancement, such correspondence is only approximate.

4.4 Analysis Tools and Methods

Most of the phenomena under study in M-series are either directly driven 
or strongly influenced by transient thermal conditions produced in the tests. 
The rather few thermocouples on flowtube walls and at the ends of the test 
section necessitates significant analysis to fill in details of fuel, cladding 
and coolant temperatures. Thus, a primary focus of test analysis is thermal 
hydraulic with the aim of obtaining as accurate a thermal history of each test 
as possible on the basis of input power and coolant flow. The analyses re­
ported here provide primary thermal input for further analyses of pre-failure 
fuel expansion and cladding damage and failure. Comparison of measured with 
calculated temperature along the flowtubes serves as a partial validation.
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Analyses presented in this report are chiefly intended to provide 
reasonable baseline estimates of thermal conditions achieved in the 
neighborhood of cladding failure threshold and, in addition, illustrative but 
quantitative estimates of the principal aspects of fuel performance observed 
in the experiments. Analyses reported here do not take account of coolant 
boiling or disruptive events following cladding failure.

The thermal hydraulic analyses of fuel pin thermal performance reported 
here used the COBRA-PI code [4.2]. Historically, COBRA-PI has been used 
extensively in analysis of TREAT in-pile experiments because of its ability to 
explicitly model pin bundle geometry in small-scale experiments. In this 
context its use has been limited, however, to intact (fixed) geometry and 
single phase coolant flow. For M-series the analysis incorporates detailed 
description of the fuel pin, flowing coolant and flowtube.

COBRA-PI's fuel pin model contains multiple radial and axial nodes. 
Azimuthal uniformity is assumed in the present M-series model. All thermal 
properties are temperature dependent with a melting transition computed in the 
fuel on the basis of input solidus and liquidus temperatures. Additionally, 
fuel properties, including melting temperatures, may also be input with radial 
dependence. Because of the fuel's sodium bonding, fuel and cladding are 
assumed in good thermal contact. The computed fuel-cladding interface 
temperature is used as a basis for assessing the formation of the low melting 
point eutectic. Formation of the low temperature molten phase under accident 
conditions at high temperatures is not reflected in this primary thermal 
analysis but is treated in a separate auxiliary calculation (below).

Axially, the M-series analysis extends the full length of a fuel pin, 
including both fuel and gas plenum region with multiple axial nodes. Coolant 
channel geometry is axially uniform, assumes a pin centered in the flowtube 
and models single radial nodes of turbulent flow thermally connected to both 
the pin cladding and a well-insulated flowtube. The "dimples" used to support 
the pin within the flowtube are not modeled.
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Reported fuel performance calculations of pre-failure axial expansion and 
cladding failure were performed by a specially written routine, the EXP
("Extrusion and Penetration") model that is auxiliary to the COBRA-PI code. 
Development and application of the EXP routine was based on modeling concepts 
to be described in Sect. 6. Fuel expansion calculations envisions fission gas 
bubble growth and approach to pressure equilibrium in both solid and liquid
fuel. The possibility of sodium bond vaporization is also considered. 
Cladding damage and failure calculations include cumulative effects of both 
pin plenum pressure and penetration by eutectic. Logical flow of the analysis 
is such that transient temperatures calculated by COBRA-PI provide driving 
input for EXP, but EXP calculations do not influence COBRA-PI. The combined 
program for metal fuel performance analysis is termed "COBRA/EXP".

Supporting thermal and hydraulic analysis of the Mark-Ill test loop as a 
whole has been performed by the SLOOP code [4.3]. SLOOP calculations provided 
detailed hydraulic analyses of both the actual test loop and train as well as
analyses of supporting experiments testing actual and simulated hardware 
components in out-of-pile water and sodium loops. Integrating these 
calculations provided important verification of measured and anticipated 
flowrates. Details of these hydraulic analyses are found in Appendix D. 
Because COBRA-PI calculations included only the test fuel pin region, thermal 
analyses from SLOOP also permitted loop heatup during test transients to be 
anticipated and understood.
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5.0 PERFORMANCE OF THE OVERPOWER TRANSIENTS

5.1 Test Performance and Event Sequence

Table 5.1 summarizes overpower testing of IFR fuel in TREAT to date. Six 
pins were tested, two to failure. General features of M-series test design 
and performance, nominal steady-state conditions for reference, and the -8 s 
period power transient were described in Sect. 4.1. The first test, M5, was 
performed under an unusually stringent practical requirement that the test 
train hardware be reusable after the test. Since M5 was the first test of a 
new fuel type the power transient was terminated at a conservatively-low 
preset power level to avoid a pin failure. Initial results from this 
overpower transient indicated that the test fuel had not melted extensively or 
been brought near to failure threshold. The fuel was subsequently subjected 
to a second power transient with coolant flowrate reduced by 22%. >Xests M6 
and M7 were undertaken without any hardware reuse constraints and were 
performed in a more orthodox manner with the power transient terminated by 
experimental indications of a test pin failure. Tests M5 and M6 each tested 
two ternary fuel pins of different burnup, and nominal coolant flow was split 
equally between the test pins. Test M7, on the other hand, tested both a 
binary and a ternary pin; and to partially compensate for pre-test estimates 
of power coupling differences (Sect. 4.2) flow past the ternary pin in M7 was 
nominally about 10% less than the flow past the binary.

Table 5.1. Overpower Testing of IFR Fuel in TREAT

Test Fuel (comp. wt.%) Cladding Burnup (at.%) Date

M5 U-19Pu-10Zr D9 0.8 8/86
U-19Pu-10Zr D9 1.9

M6 U-19Pu-10Zr D9 1.9 2/87
U-19Pu-10Zr D9 5.3-failed

M7 U-19Pu-10Zr D9 9.8-failed 10/87
U-lOZr HT9 2.9
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With the exception of the second overpower transient in M5, coolant
flowrates were "enhanced" and inlet temperature was lowered from nominal 
values by amounts calculated to improve the matchup of test temperatures in 
TREAT to those generated by a fast reactor, as described in Sect. 4.3.

Results shown in Figs. 5.1 and 5.2 illustrate typical overpower test 
performance and event sequence when a pin failed. Figure 5.1 shows the 
axial-peak power densities applied to both test fuel pins, the resulting 
temperature transient measured on the outside of both flowtubes, and the flow 
perturbation generated by the failure of one of the test pins in M7. The 
efficient heat transfer in metal fuel systems causes flowtube temperatures to 
closely follow applied fission power with time delays of less than 1 s. 
Measured flowtube temperatures prior to failure closely followed adjacent 
coolant temperatures, and the indicated peak values (-1100-1200 K) were 
typical of these experiments and correspond closely to peak values of coolant 
temperatures. A sudden "jump" in flowtube temperature (to values indicative 
of coolant boiling at loop pressures of about 4 atm) coincident with the 
sudden reversal of inlet coolant flow marked the cladding failure of the 
ternary pin. The subsequent rapid power shutdown was pre-arranged and was 
triggered by the detection of sudden inlet flow reversal. The smooth response 
of the intact pin's flowtube temperature verifies that one pin's failure has a 
minimal influence on the other. Also coincident (but not shown in Fig. 5.1) 
are "spikes" in loop pressure transducer readings. Complete data from test 
instrumentation in M5-M7 is found in Appendix F.

"Transient hodographs" shown in Fig. 5.2 describe the above sequence of 
events from the viewpoint of fuel motion measured by the fast neutron 
hodoscope. Measured fuel density, averaged over the indicated time intervals, 
is displayed on the two-dimensional grid. (The scale is greatly expanded 
horizontally.) Note that the resolution is sufficient to easily distinguish 
the fuel columns of both M7 test pins. Prefailure axial expansion is seen in 
both test pins as an increase of fuel density near the top and above the fuel 
column. The eventual failure of the ternary pin is seen dramatically by 
sudden fuel gains extending to great distances above the original fuel column 
(with corresponding losses from the remainder of the pin). Timing of this 
event is in good agreement with other test instrumentation, such as shown in
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Fig. 5.1. A complete discussion of hodoscope results for M5-M7 is provided in 
Ref. 5.1.

5.2 Computed and Measured Heating

Comprehensive thermal-hydraulic analyses of all overpower experiments 
were performed with the COBRA-PI code as described in Sect. 4.4. Reactor 
power, measured flowrates, and measured inlet temperature were input to the 
computation. All such computations reported here assume intact geometry and 
are useful only prior to any significant fuel relocation or cladding 
failure. Analyses accounted for different pin-to-reactor power coupling, 
thermal conductivities, and melting points of different fuel types. Power 
couplings between test fuel and the reactor were obtained by the in situ 
method described in Sect. 4.2. Non-uniform radial distribution of fuel 
constituents were included for ternary fuel (but non-uniformity did not have a 
large effect on computed results). Characterization of the test fuel was made 
in Sect. 2. Appendix G includes details and parameters used specifically in 
these analyses.

5.2.1 Flowtube and Coolant Temperature Rise

Because of the high thermal conductivity of metal fuel and the relative 
slowness of the power transient, calculations indicate that the time
dependence of the coolant temperature rise is very sensitive to the transient
power generation within the test fuel. Also, since the flowtube is thin and 
surrounded by insulating low-conductivity gas, the coolant temperature closely 
matches the temperature measured on the outside of the adj acent flowtube. 
Thus, comparison of measurements with calculated temperatures at thermocouple 
locations on the outside surface of flowtubes provides assessment of
calculated vs measured coolant temperature rise. Good agreement between
measured and computed temperature rise along test pin flowtubes thus provides 
a measure of validation to the therma1-hydraulic analysis and thermal time 
response of the system as a whole.

Figure 5.1 shows such a comparison for thermocouple locations above the 
fuel in M7. Additionally, a fairly complete comparison of measured and
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calculated flowtube temperatures in all of the overpower transients is 
included in Appendix F. In all these comparisons calculations are compared to 
thermocouple measurements at "nearby" axial locations. As illustrated by 
Fig. 5.1, agreement is quite good when comparing a computed whole-pin 
temperature rise, with the several thermocouples located axially above the 
fuel. By design, thermocouples at these higher locations allow a maximum of 
time for the heat released by the test pin to be distributed radially and 
azimuthally within the coolant, thereby providing the most significant 
comparison with calculations. On the other hand, at elevations below the top 
of the fuel, calculated temperatures compare reasonably well with thermocouple 
measurements at elevations slightly above that of the nominal calculation 
(Appendix F). This small difference in elevation, corresponding to -4-5 % of 
the fuel height, is consistent with an expected radial thermal mixing time of 
-3 ms for the flowing sodium coolant in the flow channel annulus. Because 
such estimates of thermal mixing times in turbulent sodium are not very 
precise, the comparison below the top of the fuel should only be regarded as 
confirmatory.

5.2.2 Fuel Melting

All M-series overpower transients caused extensive melting in the test 
fuel amounting to about one-half the fuel inventory at peak power. The same 
thermal analyses that computed flowtube and coolant temperatures also computed 
fuel melting and temperature fields deep within the fuel pin. These internal 
temperatures were not accessible to direct measurement. However, experimental 
estimates of the maximum extent of melting were made during post-test 
examination from micro-examination of cross sections from each of the four 
intact pins at several axial locations. Indeed, the computed presence and 
amount of molten fuel provides key input to models describing pre-failure 
axial expansion and cladding failure, and agreement of calculated amounts of 
melting with measurements allows critical assessment of the actual role of 
fuel melting to be made.

In the experimental determination, the fraction of the fuel cross 
sectional area exhibiting some indication of melting was estimated. Figure
5.3 illustrates this measurement at the midplane of a ternary fuel pin tested



Fig. 5.3. Fuel Melting at the Midplane of the 1.9 at.% Burnup (D9-Clad) U-19Pu-10Zr 
Fuel Pin Tested in TREAT Test M5
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in M5. In ternary fuel, the once-molten cross section shows obvious 
irregularities attributed to irregularities in thermal conductivity and 
melting points arising from previously identified inhomogeneities of 
constituents and morphology. These even include unmelted regions near the 
fuel centerline. For purposes of comparison with calculations, in each case a 
maximal once-molten area fraction was measured. (Unmelted regions were 
included when completely surrounded by melted areas.) The square-root of the 
maximal melted area fraction was then identified as the maximum relative 
radial extent of fuel melting (solidus radius) suitable for comparison with 
results of an azimuthally uniform calculation. Based on the uncertainty of 
distinguishing melted and never-melted fuel (e.g., Fig. 5.3), the precision of 
the experimental determination of relative solidus radius is around 5%.

Figures 5.4-5.6 show computed melt profiles at peak power for each of the 
M5-M7 test pins. Measured solidus radii are included on graphs for those pins 
which remained intact. As discussed below, accuracy of calculated solidus 
radii is quite sensistive to input values of thermal conductivity. Consid­
ering such uncertainties, agreement of measured and calculated solidus radii 
is quite good.

Agreement of measured and calculated solidus radii provides direct 
validation of fuel thermal conductivity estimates used in the analyses on a 
spatially averaged basis. Because of the large morphological changes which 
take place with fuel irradiation, including an assumed ingress of bond sodium 
into the fuel, fuel thermal conductivity is perhaps the least certain feature 
of the thermal hydraulic analysis. (The model used to estimate input thermal 
conductivity is described in Appendix G. Fuel characteristics assumed for the 
model are indicated in the figures.) Analytically, the depth of the solidus 
line into the fuel from its outer surface is directly proportional to the 
difference of fuel-solidus and fuel-surface temperature times the fuel thermal 
conductivity and inversely proportional to pin power. Since observed 
agreement between measured and calculated flowtube temperatures has already 
verified input pin power generation and computed temperature near the fuel 
surface, the additional agreement for maximum solidus radius then verifies 
input values of fuel thermal conductivity. Moreover, because the depth of 
the solidus line into the fuel is directly proportional to fuel thermal
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SOLIDUS

AXIAL HEIGHT, Z/ZO

M5F1,0.8 A/O BU, TERNARY PIN, 13.5% POROSITY, 0% NA LOGGING

SOLIDUS

AXIAL HEIGHT, Z/ZO

M5F1, 1.9 A/O BU TERNARY PIN, 27% POROSITY, AND 30% NA LOGGING

Fig. 5.4a. Calculated Melting in the First M5 Overpower Transient
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SOLIDUS

LIQUIDUS

AXIAL HEIGHT, Z/ZO

M5F.2, 0.8 A/O BU, TERNARY PIN, 13.5% POROSITY, 0% NA LOGGING

SOLIDUS
LIQUIDUS

AXIAL HEIGHT, Z/ZO

MSP2, 1.9 A/O BU, TERNARY PIN, 27% POROSITY, AND 30% NA LOGGING

Notes: 1) Measurements denoted by (£} .

2} The arrow associated with a measurement of zero melting 
indicates that the melt threshold itself, was not 
determined, but lies somewhere above.

Fig. 5.4b. Calculated Melting in the Second M5 Overpower
Transient Compared with Measurements in the
Intact Fuel Pins
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SOLSDUS
LIQUIDUS

AXIAL HEIGHT, Z/ZO

M6, 1.9 A/O BU, TERNARY PIN, 27% POROSITY, AND 30% NA LOGGING

SOLIDUS

LIQUIDUS

AXIAL HEIGHT, Z/ZO

M6, 5.3 A/O BU, TERNARY PIN, 23% POROSITY, AND 35% NA LOGGING

Note: Measurements denoted by (H) .

Fig. 5.5. Calculated Melting in the M6 Overpower Transient
Compared to Measurements in the Intact Fuel Pin
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SOLIDUS

LIQUIDUS

AXIAL HEIGHT, Z/ZO

M7 TERNARY PIN WITH 19% POROSITY AND 42% SODIUM LOGGING

SOLIDUS

LIQUIDUS

AXIAL HEIGHT, Z/ZO

M7 BINARY PIN WITH 31% POROSITY AND 42% SODIUM LOGGING

Note: Measurements denoted by (#) .

Fig. 5.6. Calculated Melting in the M7 Overpower Transient
Compared to Measurements in the Intact Fuel Pin
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conductivity, the relative "error" in the calculation's fuel thermal 
conductivity is numerically equal to simply the fractional difference between 
the calculated and measured depth of the solidus line. Accordingly, 
verification of thermal conductivity is most sensitive at axial locations at 
or just above the solidus threshold, where the measured depth in from the 
surface may be determined with greatest accuracy. Assuming that fuel thermal 
conductivity is the least certain element in the calculation of the solidus 
line (i.e., ignoring other possible sources of error), the comparisons of 
measured vs calculated solidus lines shown in Figs. 5.4-5.6 then suggest 
averaged input values of thermal conductivity are typically correct at the 20% 
level. Again, it should be cautioned that with ternary fuel this level of 
validation only applies on a spatially averaged basis, and significant local 
variations of thermal conductivity and melting point should be considered.

5.3 Peak Overpower Conditions and Fuel Performance Summary

A comprehensive summary of key overpower test results is given in Table
5.2. For comparison and completeness, results from earlier tests M2-M4 on 
U-5Fs fuel are included [1.5]. Peak overpower levels and summary indicators 
of fuel performance are reported. In every case some axial expansion of the 
test fuel was observed pre-failure with peak values shown in the table. 
However, at low burnup IFR-type fuel showed considerably less expansion than 
U-5Fs fuel tested earlier. Test pins were each subjected to overpower 
conditions exceeding four times nominal. In no case was pin failure observed 
significantly below this overpower level. Only two IFR pins failed, but 
calculations with a model designed to predict cladding failure (shown in the 
table) indicated that those pins that remained intact were nevertheless 
brought quite close to failure. Calculated values of peak pin pressures are 
also indicated.

Reported overpower levels are peak values of the P/F ratio obtained 
directly by extrapolation from the steady-state coolant temperature rises 
measured in heat balances, as outlined in Sect. 4.1. These carry an 
uncertainty of roughly 3%. In cases where test conditions were "enhanced" to 
compensate for the radial depression of neutron flux and power within 
TREAT-tested fuel pins, overpower levels reported accurately signify peak
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Table 5.2. Peak Overpower Conditions and Fuel Performance Summary

Fuel/ Axial Peak Peak Calc. Failure Peak Max. Axial
Cladding Burnup Overpower Threshold Pressure Expansion(at. %) (normalized'c (MPa) ( % )

U-19Pu-10Zr/ 0.8b (3.4) 4.3 (4.6) 5.1 (1) 1 (1) 1
D9 Steel 1.9b (3.4) 4.3 (4.6) 5.1 (3) 3 (0.5) 2

1.9 4.4 4.6 3 2-3
5.3 4.4a 4.5 10 3
9.8 4.0a 4.4 19 3

U-10Zr/ 2.9 4.8 4.4 6 2-4
HT9 Steel

U-5% Fs/ fresh 3.8 4.3 0.6 4d
316 SS 0.3 4.1 4.7 0.6-0.8 16

0.3 4.1 4.8 0.6-0.8 18
2.4 4. la 4.4 2-6 7

(Tests 4.4 4.2a 4.5 7-9 e
M2-M4) 4.4 4.0 4.4 7-9 4

4.4 3.8 4.3 7-9 4
7.9 4. la 3.6-4.0 17-20 3
7.9 3.4 3.6-4.0 17-23 4

^Indicates cladding failure occurred, 
indicates M5 test pins; values in parentheses "( )" are from the 
first overpower transient.

cRelative to nominal conditions in a fast reactor: peak linear power 
of 40 kW/m, 630 K inlet, and 150 K coolant temperature rise. 
Expansion may have been caused by localized sodium bond boiling. 
eData ambiguous.

thermal conditions (temperatures, amount of melting, pressures, etc.) 
appropriate to a fast reactor. (In early tests M2 and M3 and in the second 
overpower transient in M5 enhancement was not performed; and application to 
fast reactor conditions is more approximate.) The considerable amount of fuel 
melting produced in these overpower transients has been shown in Figs. 
5.4-5.6.

Maximum axial expansions are total expansions, pre-failure, relative to 
pretest measurements of the test fuel height. Reported measurements were 
based on transient data from the fast neutron hodoscope. In cases where pins 
remained intact, peak expansion was confirmed by post-test "scans" and neutron 
radiographs. Calculated cladding failure power levels shown in Table 5.2 are
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based on the model of cladding damage introduced in Sect. 4.4 whose physical 
basis is described in Sect. 6.2.

Additional fuel performance data is presented in Sect. 6, which 
emphasizes the underlying phenomena, mechanisms and ingredients needed for 
computational models. In particular, mechanisms and models of cladding 
failure threshold and pre-failure fuel expansion are proposed, described, and 
critically evaluated.
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6.0 FUEL PERFORMANCE RESULTS AND ANALYSIS

6.1 Pre-Failure Fuel Expansion

Details of the fuel motion measurements in M5-M7 are reported in Ref.
5.1. Transient data from the hodoscope as well as comparison data from pre- 
and post-test static scans are included. In contrast with behavior of U-5Fs 
fuel, pre-failure expansion was typically less and did not show large burnup 
dependence. Because fuel density can be very non-uniform near the fuel top, 
there is uncertainty of ~1% in the peak expansions given in Table 5.2, a 
significant quantity when the expansion is small. However, there is no 
indication of any shrinkage, and measured expansions tend to be significant in 
excess of an approximate 1% that might be attributed to a purely thermal 
expansion. Good agreement between transient and post-test scan data implies 
that peak expansions persisted during cooldown. Expansions beyond pretest 
lengths are also evident in posttest radiographs of intact pins shown in 
Fig. 6.1.

It is also important to verify that measured expansions extend over a 
significant portion of the fuel and are not simply an "end effect" of local 
phenomena near the fuel top. Post-test density distribution measurements from 
an intact pin shown in Fig. 6.2 indicate fuel density reductions over the top 
half of the fuel, reflecting roughly the entire axial range where fuel melted 
during the transient. Perhaps the best single measure of the significance of 
this or any other measurement of extensive axial fuel movement is the net 
change in fuel "worth"; where "worth" is the integral of the measured 
axially-dependent fuel density, weighted by a curve of axial shape typical of 
reactivity worth in a full-scale reactor. A decrease in measured worth of a 
test pin during a transient, as determined from hodoscope data, reflects a net 
movement of fuel from axial locations of higher to lower "worth", and thus 
quantitatively estimates (in a generic way) the neutronic significance of the 
measured axial expansion. Table 6.1 indicates worth changes measured in tests 
M5-M7 [5.1], showing good agreement between transient data and post-test scan 
results. Measured worth decreases at the several percent level confirm the 
significance of the measured expansions.
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Table 6.1. Maximum Pre- failure Worth Changes Measured in M5-M7

Fuel/ Axial Peak Measured Worth Change*5
Cladding Burnup Transient Post-Test Scan

(at. %) (Max. %) (%)

U-19Pu-10Zr/ 0.8a (-D -1 (-1) -1
D9 Steel

1.9a (-1) -2 (-1) -2
1.9 -2 -2
5.3 -4 failed pin
9.8 -4 failed pin

U-10Zr/
HT9 Steel

2.9 -2 -2

aIndicates M5 test pins; values in parentheses "( )" are from the
first overpower transient^Analyses assumed a "typical" worth curve with a cosine- squared axial 
dependence, peaked at the fuel midplane and a width (FWHM) of 0.81 
of the nominal fissile fuel length [5.1].

In irradiated fuel, the mechanism underlying measured axial expansion is 
believed to be fission gas that is initially confined within solid fuel but 
freed to expand when fuel melts. (Expansion of the one "fresh" U-Fs pin 
tested, Table 5.2, may have resulted from boiling of bond sodium that had 
mixed in with molten fuel.) Post-test examination of test pins which remained 
intact all show large bubbles which are not typical of normal as-irradiated 
fuel but are indicative of extensive fuel melting, bubble coalescence and 
expansion at much higher temperatures. Two qualitatively different examples 
are shown in Figs. 6.3 and 6.4. Figure 6.3 shows a vertical section of a 
low-burnup U-5Fs pin where the fuel had expanded axially by nearly 20%. By 
contrast, Fig. 6.4 shows radial sections of an intact ternary pin (1.9 at. % 
burnup) which had been tested in M6 and expanded axially by only a few 
percent. Expanded fission gas bubbles shown in Fig. 6.4 are typical of those 
found in the M5-M7 test pins which remained intact: fewer bubbles than Fig.
6.3 but more than an untested sibling (Fig. 2.1). Further examples will be 
found later in Figs. 6.5, 6.6 and 6.10.
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H—H
0*5 mm

Fig. 6.3. Longitudinal Micrograph from the Top of the 0.35 at.% Burnup U-5Fs 
Fuel Pin Tested in TREAT Test M2 Illustrating Bubble Coalescence



Fig. 6.4. Transverse Micrograph at Various Elevations from the 1.9 at.% Burnup (D9-Clad) U-19Pu-10Zr Fuel
Pin Tested in TREAT Test M6
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Elements needed to compute the particular amount of axial expansion are:
1) the amount of molten fuel,
2) the concentration of gas made available to expand when fuel melts,
3) initial size of gas bubbles (initial surface tension effect), and
4) the magnitude of the pin plenum pressure resisting expansion.

Basically, axial expansion occurs when fission gas present in molten fuel 
expands until its pressure equals that of the pin plenum. The onset of fuel 
expansion coincides with significant fuel melting. Because of surface tension 
effects in the solid state, the initial volume occupied by fission gas depends 
on the initial bubble size. Small bubbles in the solid state indicate that 
gas is initially "dissolved" or packed within a very small volume, and held by 
surface tension. If bubbles in the solid state are initially large, surface 
tension plays no role and fission gas is in equilibrium with plenum pressure.

During transient fuel heatup, individual bubbles expand in an attempt to 
maintain equilibrium of internal pressure with pin plenum pressure and bubble 
surface tension. While fuel is solid, bubble expansion rates are severely 
limited by various diffusion and creep processes [6.1]. Bubble coalescence is 
also extremely slow. At heating rates typical of M-series, expansion of solid 
fuel is computed to be negligibly small. However, once fuel melts both 
expansion and coalescence are assumed to be sufficiently rapid that available 
fission gas expands instantly to equilibrium, regardless of initial bubble 
size (without any effect of surface tension). Thus, net expansion includes 
effects of both thermal expansion and, in the case of initially small bubbles, 
elimination of surface tension. Initially-small bubbles would lead to greater 
net expansion upon melting than would large bubbles.

Upon cooldown, at least part of the expansion in an intact pin will tend 
to be permanent. Because bubble coalescence is irreversible, expansion due to 
coalescence is permanent. Also, expansion of individual bubbles may be 
largely permanent since little contraction will occur in the solid state after 
refreezing. (However, large bubbles can migrate upward and eventually 
"escape" to the plenum if cooldown is not quick enough. The shapes of the 
largest bubbles in Fig. 6.3 show some such evidence of rising.)
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Time-dependent computations of axial expansion in the tests were executed
in the COBRA/EXP code module (Sect. 4.4) and made heavy use of the thermal 
analyses described above in Sects. 4 and 5. Thermal calculations estimated 
the amount of molten fuel at each axial node. Estimates of transient pin 
plenum gas pressure were based on sibling pin measurements at room temperature 
(Sect. 2) and simply scaled upward in accord with the calculated absolute 
temperature of the pin plenum. (Peak values were given in Table 5.2.) A 
concentration of fission gas at each axial node and a typical bubble size was 
explicitly input to the computation. Computed expansion was averaged over the 
radial cross section of each axial node. Upward bubble migration (rising) was 
not included in the computation.

The same basic modeling was used to calculate axial expansions in all 
M-series tests but with significantly different concentrations of available 
fission gas assumed for U-5Fs vs IFR fuel types. Interestingly, if the 
measured expansions (Table 5.2) are to be calculated with this model, the 
amount of fission gas "available" for producing axial expansion is always much 
less than the amount of fission gas retained in the pin as a whole (Table 
2.2). This may be explained by the fact that local concentrations of 
dissolved gas decrease rapidly with irradiation temperature [2.1], and it is 
basically the fuel with the least dissolved gas that melts first and 
contributes most to axial expansion.

As reported previously [1.3-1.5], measured expansions in U-5Fs fuel were 
well predicted in timing, overall magnitude, axial distribution, and burnup 
dependence with the assumption of a fission gas concentration in small bubbles 
of 5 p-moles/g-fuel (or equivalent to the total gas generated in about 0.5 
at.% of burnup). This assumed concentration, equal to about one-fourth of the 
whole-pin average amount, corresponded closely to measured gas concentrations 
at hottest axial locations [6.2]. Permanence of the expansion upon cooldown 
was also predicted by the computation.

By contrast, IFR fuel test data requires rather different assumptions 
about fission gas availability. Assuming the same concentration of fission 
gas as employed successfully in the analysis of U-5Fs fuel leads to predic­
tions of expansion magnitudes which are too large and a burnup dependence that
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is too strong (similar to U-5Fs fuel). It is noted, however, that the IFR 
fuel had smaller grain size and was irradiated at significantly higher linear 
power and temperature than the U-5Fs fuel (Table 2.2). Thus, the high 
temperature regions of IFR fuel which contribute most to axial expansion might 
contain little, if any, dissolved gas. In view of this, expansions in IFR 
fuel were instead calculated assuming a model where only gas trapped in large 
bubbles within the fuel porosity was available for expansion. Because this 
gas is initially in equilibrium with the pin plenum pressure, the density of 
gas present in the pin's porosity is itself proportional to the plenum 
pressure. Expansion then depends principally on the temperature difference 
between molten fuel and the pin gas plenum. Axial expansions computed with 
this simple model of fission gas concentration do indicate approximately the 
right magnitude and the weak dependence on burnup that is present in the 
reported data.

Table 6.2 shows some of the key input and results of axial expansion 
calculations for IFR fuel tested in M5-M7.

Table 6.2. Prefailure Axial Expansion Calculations for M5-M7:
Key Input and Results

Fuel/
Cladding

Axial Peak 
Burnup 
(at. %)

Gas-Filled
Porosity

(%)

Plenum
Pressure
(MPa-cold)

Gas Cone. 
(/i-moles/g)

Peak Axial 
Expansion 
(%- calc.)

U-19% Pu/ 
D9 Steel

0.8a 13 0.27 1.2 (0.8) 2
1.9a 19 0.65 4.5 (2) 3
1.9 19 0.65 4.5 5

5.3 15 2.3 12 4
9.8 11 4.9 19 2

U-10% Zr/ 
HT9 Steel

2.9 18 1.4 9.1 4

indicates
overpower

M5 test pins; 
transient

values in parentheses "( )" are from the first
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6.2 Cladding Failure Threshold

Two principal mechanisms have been identified as causing cladding damage 
in metal fuel: overpressure and clad thinning [6.3, 6.4]. Because of the low 
mechanical strength of metal fuel, pin plenum pressure provides the primary 
source of pressure loading and stress on the cladding. Cladding stresses, 
however, reflect not only the pin plenum pressure but also thinning by 
formation of a low-temperature, iron-uranium eutectic.

Physical evidence exists from post-test remains to support and illustrate 
the two proposed mechanisms of cladding failure in metal fuel. These two 
mechanisms were readily identified in failed U-Fs pins from previous tests 
M2-M4 [6.5]. Representative micrographs from M5-M7 pins that remained intact 
are shown in Figs. 6.5 and 6.6. In addition to large bubbles of expanded
fission gas previously illustrated in Fig. 6.4 (Sect. 6.1), Figs. 6.5 and 6.6 
also illustrate an azimuthally non-uniform eutectic attack on the cladding. 
By contrast, M-series U-5Fs pins taken to comparable overpower levels, but 
short of failure, showed no evidence of eutectic attack.

Figures 6.5 and 6.6 also illustrate the multi-phase alloy formed as a 
result of this fuel-cladding interaction. In particular the "back scattered 
electron" (BSE) image shown in Fig. 6.6b provides direct information on the 
relative atomic number of the "layered" phases present in the microstructure; 
dark appearing phases in the figure are lower in atomic number than light 
phases. In addition, representative locations labeled A through F on Fig. 
6.6b were subjected to X-ray analysis. In-depth analysis of these regions can 
be summarized as follows:

(a) Fuel that has not interacted with cladding containing large bubbles 
of expanded fission gas;

(b) Zirconium layer with little or no other constituents;

(c) A multi-phase zone with a high concentration of plutonium and lesser 
amounts of zirconium and uranium with trace amounts of cladding 
constituents;



Fig. 6.5a. Transverse Micrograph at Various Elevations from the 0.8 at.% Burnup (D9-Clad) U-19Pu-10Zr Fuel 
Pin Tested in TREAT Test M5 Showing Fuel-Cladding Interaction at Z/L = 0.75 and 0.95



Fig. 6.5b. Transverse Micrograph at Various Elevations from the 1.9 at.% Burnup (D9-Clad) U-19Pu-10Zr Fuel 
Pin Tested in TREAT Test M5 Showing Fuel-Cladding Interaction at Z/L = 0.75 and 0.95



Fig. 6.5c. Transverse Micrograph at Various Elevations from the 2.9 at.% Burnup (HT9-Clad) U-lOZr Fuel Pin
Tested in TREAT Test M7 Showing Fuel-Cladding Interaction at Z/L - 0.95
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Fig. 6.5d. Medium-Power Micrograph Showing Fuel-Cladding Interaction in the 0.8 at.% Burnup (D9-Clad) 
U-19Pu-10Zr Fuel Pin Tested in TREAT Test M5
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Fig. 6.6. Scanning Electron Micrographs from the 0.8 at.% Burnup (D9-Clad) U-19Pu-10Zr Fuel Pin in TREAT 
Test M5. (a) Low Magnification Secondary Electron Image. (b) Back Scattered Electron Image
Showing X-ray Analysis Sites •
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(d) Major constituents uranium and plutonium with much lower but nearly 
equal concentrations of iron, chromium, nickel, and zirconium;

(e) A two-phase region containing approximately equal amounts of fuel and 
cladding; and

(f) Cladding that has not interacted with fuel.
It should be noted that regions C - D represent phases of very low melting 
point -950-1000 K, and only region F retains mechanical strength associated 
with cladding.

Figures 6.7a and 6.7b show sections of failure sites of the two pins 
which failed in M6 and M7. Both failure sites occurred at the top of the 
fuel. In Fig. 6.7a the failure site of a medium (5.3 at%) burnup ternary pin 
shows strong evidence of cladding dissolution from the inside. (The attack 
evident on one outside surface was caused post-failure by molten fuel ejected 
from the pin.) The failure site of a higher (9.8 at.%) burnup ternary pin in 
Fig. 6.7b shows evidence of cladding bulging from pressure loading in addition 
to cladding dissolution from the inside.

Integrating these two damage mechanisms within a single analytical model 
to compute pin failure in metal fuel has been described in Ref. 6.3 under the 
assumption that both mechanisms act "independently". Cladding stress is first 
computed on the basis of computed gas plenum pressure and the remaining 
thickness of unreacted, load-bearing cladding (e.g., region F in Fig. 6.6b) . 
Calculation of transient pin plenum gas pressure was described in Sect. 6.1. 
(Peak values for M-series were given in Table 5.2.) In the model, above an 
assumed threshold temperature of 1000 K, cladding thickness is assumed to be 
reduced at a temperature-dependent rate derived from out-of-pile measurements 
of iron dipped in molten uranium, shown in Fig. 6.8. A plastic strain rate is 
calculated from the computed cladding stress and temperature history using 
correlations derived from transient tube burst tests. On this same basis, 
cladding failure is inferred when computed plastic strain exceeds a preset 
amount (2% for D9 and 6% for HT9 steel). Detailed model calculations have 
been performed within the COBRA/EXP code module (Sect. 4.3) by linking this 
modeling scheme to the thermal hydraulic analysis.



(a) (b)

. 6.7. Longitudinal Micrographs Showing Fuel Pin Failure Sites, Disrupted Fuel, and Fuel-Cladding
Interaction. (a) 5.3 at.% Burnup D9-Clad Ternary Fuel Pin from TREAT Test M6. (b) 9.8 at.%
Burnup D9-Clad Ternary Fuel Pin from TREAT Test M7.
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These concepts may be easily applied to the present overpower test series 
in a "semi-quantitative" fashion. The high thermal conductivity of metal fuel 
assures peak cladding temperatures, hence likely failure sites, at the fuel 
top in agreement with observations. Temperatures key to the failure threshold
analysis (pin plenum, peak cladding midwall and cladding inner-surface 
temperatures) are close to or easily derived from the measured whole-pin 
coolant temperature rise. The temperature rise is sufficiently rapid that, 
except at the highest possible burnups, failure would not be expected until 
the temperature of the fuel cladding interface exceeds a "threshold" value of 
1350 K, the temperature at which Fig. 6.8 indicates eutectic penetration into 
the cladding becomes very rapid (associated with the melting of a protective 
solid iron-uranium compound). From thermal calculations, in most cases this 
temperature is reached at overpower levels of about four times nominal, in 
conjunction with cladding failure observations.

Calculated times of cladding failure are also reported in Table 5.2, 
expressed in terms of overpower level on the actual ~8 s period power 
transient (extended, if necessary). While these calculations are in no way 
definitive, the two observed cladding failures in IFR fuel were in reasonable 
agreement with expectations, and with the noticeable exception of the U-Zr pin 
tested, no failures were expected in the pins which actually remained intact. 
While agreement between measured and calculated pin failures has always been 
reasonable (neighborhood of 5%), earlier tests, M2-M4 showed some systematic 
tendency for observed failures to precede calculated. The possibility of hot 
spots generated locally around the cladding due to imperfect pin support is 
one physical mechanism that could induce failures earlier than anticipated, 
and improvements in pin mounting methods described in Sect. 3.3 may have 
helped alleviate this potential problem. The survival of the U-Zr pin, tested 
to about 4.8 times nominal power, was quite unexpected, not only because 
calculated failures have tended to lag behind observed cladding failures, but 
also because computed fuel-clad interface temperatures far exceeded the 
expected threshold for rapid eutectic penetration.

Figure 6.9 shows results of a post-test laser profilometry of the 
surviving U-Zr pin's cladding. The permanent cladding deformation shown at 
axial elevations at and just above the fuel top is indicative of severe
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Fig. 6.10 Transverse Micrograph of 2.9 at.% Burnup (HT9-Clad) U-lOZr Fuel Pin Tested in TREAT Test M7 
Illustrating Once Molten Fuel and Extensive Fuel-Cladding Interaction



71

cladding damage. Figure 6.10 shows the pin cross section at the elevation
just above the top of the fuel (pretest) within the large deformation peak 
shown in Fig. 6.9. While there is evidence of a great deal of molten fuel 
around the center of the pin, Fig. 6.10 indicates cladding in contact with 
only a thin region of molten fuel and significant amounts of fuel never- 
molten. Cladding penetration shown is azimuthally non-uniform and extends to 
a maximum depth of about 30% of its original thickness. Based on the computed 
thermal history of the pin, this observed amount of penetration, while large, 
is about a factor of 10 less than expected from the correlation of Fig. 6.8. 
The key to understanding the unexpected survival of the U-Zr pin may be the 
observation that a significant amount of fuel near the cladding never melted. 
Proper application of the Fig. 6.8 melt-rate correlation requires a molten 
phase, rich in uranium, in contact with the cladding. For this to happen, 
melting at the interface must involve a much higher proportion of fuel volume 
than cladding volume (by a factor of -5-15), but in Fig. 6.10 the volumes of 
fuel and cladding involved in the melt near the interface are approximately 
equal. Thus, any delay in melting fuel inward from the cladding would also be 
expected to slow the penetration into the cladding. In the U-Zr pin, such a 
delay might have been caused by the binary fuel's high solidus temperature of 
1500 K. By contrast, in all other metal fuel tested thus far, lower solidus 
values insured an entire fuel cross section molten when the threshold for 
rapid eutectic penetration (-1350 K) was reached at the fuel-cladding 
interface.

General analytical studies with the cladding failure model indicate that 
by passing through low temperature quickly the cladding damage induced in 
tests M5-M7 was strongly weighted to high cladding temperatures in the 
neighborhood of 1350 K [6.6]. Typically, at M-series heating rates nearly 
total eutectic penetration would be required to fail cladding at low burnup, 
partial penetration would be required at midrange burnups, and almost no 
penetration would be required at high burnup. The abrupt rise of eutectic 
penetration rate at overpower levels near four times nominal was a dominating 
factor, and only calculations for the highest burnup (9.8 at.%) pin suggest a 
controlling role for pressure loading (although still at high temperature). 
In these tests margin to failure was not expected to depend strongly on the 
particular cladding type. At low temperatures, mechanical calculations do
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formally distinguish between properties of D9 and HT9 cladding (in both strain 
rates and plastic strain to failure), but, since most strain occurred at high 
temperature, computed differences were negligible. Future tests either with 
higher burnup fuel or with more slowly rising overpower transients could both 
induce cladding damage at lower temperatures and highlight differences in 
cladding type [6.6],

6.3 Post Failure Events

When cladding failed, similar post-failure events characterized the 
behavior of all fuel types tested. In each case about half of the fuel 
inventory, corresponding roughly to the fuel's melt fraction, was ejected 
rapidly through a small cladding breach at the fuel top. In all cases
cladding failure was accompanied by a sudden, temporary reversal of inlet 
coolant flow and rapid coolant voiding. Measured pressure spikes were minor 
(less than 2 MPa) and were generally about one order of magnitude less than 
the plenum pressure of the failed pin. Fuel ejection from a failed pin could 
be driven by expansion of trapped fission gas and/or sudden boiling of the 
liquid sodium bond within the fuel. Ejected fuel then dispersed rapidly, 
combining with cladding and structural materials into a highly mobile low- 
melting point eutectic form and traveling upward with coolant to locations 
well downstream of the original fuel zone. Hodoscope data indicates this time 
period of significant disruption and removal to be around 100-200 ms [5.1]. 
This timing of disruption is also in agreement with pressured perturbations of 
pressure and flow. Afterwards, coolant flow past failed pins settled at about 
2/3 of its pre-failure value indicating partial flow blockage. See Appendix F 
for details.

Figure 6.11 shows post-test radiographs of the two pins which failed in 
M5-M7. Figures 6.12 and 6.13 show cross sections at various axial locations 
of these failed pins indicating fuel losses and disruption of unmelted fuel. 
Quantitatively, for a given fuel type the amount of in-pin disruption of solid 
(primarily) fuel showed strong dependence on the amount of pin depressuriza­
tion following failure. However, much more of the solid fuel remains stayed 
in place in failed IFR fuel than had been observed in previous tests with
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Fig. 6.12. Transverse Micrographs at Various Elevations from the 5.3 at.% Burnup (D9-Clad) U-19Pu-10Zr
Fuel Pin Tested in TREAT Test M6
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Fig. 6.13. Transverse Micrographs at Various Elevations from the 9.8 at.% Burnup (D9-Clad) U-19Pu-10Zr
Fuel Pin Tested in TREAT Test M7
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U-5Fs fuel [6.5]. Figure 6.14 shows radiographs of failed U-5Fs pins for 
comparison with Fig. 6.11. Since IFR fuel contained significantly less 
dissolved gas than U-5Fs fuel, the difference suggests a gas-driven disruption 
mode for solid fuel.

After reactor power shutdown in tests M6 and M7, gamma rays 
characteristic of isotopes Rb-89, Cs-138, and Xe-138 were detected in the gas 
space above the loop plenum by the developmental Fission Product Detection 
System (FPDS) . None were detected from M5 in which all pins remained 
intact. These observations are at present qualitative, but observed isotopes 
likely originated from the following chain of fission product release and 
transport:

1) Fission products Br-89 and 1-138, which are soluble in sodium, were 
released from the fuel and transported efficiently in the coolant;

2) Br-89 and 1-138 decayed into noble gasses, Kr-89 and Xe-138, which 
escaped into the gas plenum; and

3) Kr-89 and Xe-138 decayed into Rb-89 and Cs-138 which settled out on 
the loop wall.
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7.0 CONCLUSIONS

Methods and techniques developed for multiple-pin overpower testing of 
failure threshold of metallic U-5Fs EBR-II Mark-II driver fuel have been 
extended to fuel types prototypic of the IFR concept. Hardware improvements 
in test pin mounting, flowrate measurement, and thermocouple placement have 
led to improved knowledge and control of each test pin's power and coolant 
flowrate during the overpower transient. Relatively simple adjustments or 
enhancements of test conditions have improved the simulation of prototypic 
fast reactor fuel temperatures. Calculated temperature rises were in reason­
able agreement with measurements. Post-test measurements of maximum melting 
extent in intact test pins have helped confirm estimates of thermal conduc­
tivity for restructured metal fuel, including the impact of bond sodium, used 
in present analyses.

Simple models of pre-failure expansion and cladding failure developed 
during earlier tests on U-5Fs fuel have been extended and validated by the 
M5-M7 database of IFR-type fuel. Pre-failure axial expansion in IFR-type fuel 
was always positive and significantly beyond thermal expansion. Expansions in 
the range of 2-4% were typical of all burnups tested. Large expansions at low 
burnups, such as measured in U-5Fs fuel, were not measured in IFR-type fuel. 
Expansion of fission gas trapped in melting fuel provides a sound basis for 
modeling axial expansions, and differences in amounts of dissolved gas 
accounts for measured differences between fuel types. Failure threshold with 
the 8 s period overpower conditions tested is about four times nominal over a 
wide range of burnups and fuel types tested. Successful cladding failure 
models include effects of both overpressure and penetration of cladding by a 
low melting point eutectic. Because rapid cladding penetration by eutectic 
also requires extensive fuel melting, failure might be delayed somewhat in a 
fuel with a high melting point, such as IFR-binary U-lOZr tested in M7.

Studies with the cladding failure model indicates that, for the fuel 
burnups and heating rates employed in M-series tests, pins fail at or near the 
threshold point of rapid eutectic penetration. Different modeling issues and 
questions arise concerning slower cladding damage rates at lower temperatures.
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Further model validation will require extention of the present fuel perform­
ance study to higher burnup fuel and/or overheating to lower temperatures for 
longer times.

Postfailure disruption in all fuel types tested involved a benign 
ejection of the failed pin's inventory of molten fuel through a small local 
breach at the top of the fuel. Extensive disruption of solid fuel remaining 
within failed pins is possible if a significant amount of fission gas is 
dissolved in that fuel. Once ejected, molten fuel was highly mobile in the 
coolant channel, showing little tendency to cause blockages. There is strong 
evidence from post-test remains that molten and mobile fuel in the coolant 
channel is in a low-melting-point eutectic form. Because the coolant channel 
environment in the tests was not optimized to simulate a large pin bundle, 
only qualitative conclusions should be drawn concerning dispersal of materials 
from failed pins.

While safety-related fuel behavior of all fuel types tested is similar, 
the above conclusions highlight the fuel properties of fission gas retention 
and melting point as accounting for major differences observed between 
behavior of U-5Fs and IFR type fuel.
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APPENDIX A

Details.of the Experiment Hardware

Described in this Appendix are the fuel pins used, and the Mark-IIIC loop 
and test train in which the pins were tested.

A.1 Test Fuel

Of the six fuel pins tested in M5, M6, and M7, five were of U-19Pu-10Zr 
ternary fuel in D9 cladding and one was an HT-9 clad U-lOZr binary-fuel pin. 
All had been preirradiated in EBR-II. As-fabricated and as-irradiated fuel 
compositions, densities, dimensions, burnups, and plenum pressures are listed 
in Table A. 1 for each pin. As-fabricated characteristics common to all six 
pins were shown in Table 2.1. A design drawing of the test pins is shown in 
Fig. A.1.

A.2 Sodium Test Loop

The same Mark-IIIC loop (serial number 010) was used in all three tests 
(M5, M6, and M7). It had been previously used in test M2. For completeness a 
schematic drawing of the loop previously shown in Fig. 3.2 is reproduced as 
Fig. A.2. Principally, the loop comprises two parallel pipes 3.5m long with 
a centerline-to-centerline separation of about 0.1m. The test section leg of 
the loop is 2.25 in. O.D. and 1.44 in. I.D. It has an extension that serves 
as a gas-filled plenum region above the sodium. This leg also provides a 
flanged entrance through which the test train can be inserted into the loop. 
A separate gas-line feedthrough and a high pressure valve provided access to 
the plenum when the test train is sealed in the loop. This allows the plenum 
to be pressurized pretest and the plenum gas to be sampled posttest to check 
for fission product activity.

The pump leg includes a small annular linear induction pump (ALIP). With 
the test train in place, sodium flows into the test train from the bottom, 
passes along the test fuel pins and flows from the train into the upper bend 
of the loop. The entire system is housed within a long secondary container,



Table A.l. Fuel Pin Characteristics (As-Irradiated and As-Fabricated) >

Test M5 Test M6 Test M7
Jacket number: T-280 T-1S4 T-186 1-102 T-131 T-427
Cladding m D9 D9 D9 D9 HT9

As-Irradiated Fuel Characteristics
EBR-II Irradiation Subassembly X419A X419 X419 X420 X421 X425
Grid Position in Subassembly 40 14 15 47 30 39
Bumup, at.% 0.8 1.9 1.9 5.3 9.8 2.9
Fissile Hasses, grams

0-235 31.04 . 30.90 30.67 ? ? 7
Pu-239 13.65 13.48 13.41 12.21 11.48 0.09

Fuel Length(a), cm (in.) 35.1 (13.8) 34.8 (13.7) 34.7 (13.65) 34.7 (13.65) 35.8 (14.1) i37.3 (14.7)
Pin Plenum Pressure, psia 

(at room tesperature)
39 94 94 332 706 205

Zone Structure (a) — -- -- (b)
As-Fabricated Fuel Characteristics

none

Pu, wt.% 19 19 19 19 19 0
Fuel batch number (in EBR-II) 55 35 35 42 46 204
Total fuel mass, g 77.26 78.01 77.65 76.62 76.80 78.80

Wt.% 0 (maas in g) 70.93 (54.80) 71.66 (55.90) 71.66 (55.64) 71.77 (54.99) 71.77 (55.12) 89.66 (70.65)
Pu 18.99 (14.67) 18.93 (14.77) 18.93 (14.70) 18.49 (14.17) 18.84 (14.47) ----------
Zr

Ht.% in uranium (mass in g)
10.34 ( 7.99) 10.17 ( 7.93) 9.41 ( 7.31) 9.74 { 7.46) 9.49 ( 7.29) 9.70 ( 7.64)

0-234 0.42 ( 0.23) 0.41 ( 0.23) 0.41 ( 0.23) 0.43 ( 0.24) 0.55 ( 0.30) 0.63 ( 0.45)
-235 57.43 (31.47) 57.09 (31.91) 57.09 (31.76) 57.28 (31.50) 56.99 (31.41) 68.50 (48.40)
-236 0.26 ( 0.14) 0.25 ( 0.14) 0.29 ( 0.16) 0.26 ( 0.14) 0.35 ( 0.19) 0.37 ( 0.26)
-238

Wt.% in plutonium (mass in g)
41.88 (22.95) 42.23 (23.61) 42.23 (23.50) 42.03 (23.11) 42.10 (23.21) 30.50 (21.55)

Pu-238 0.03 ( 0.004) 0.03 (0.004) 0.03 ( 0.004) 0.03 { 0.004) 0.03 ( 0.004) -------------
-239 93.93 (13.78) 93.85 (13.86) 93.85 (13.80) 93.83 (13.29) 93.83 (13.58) ----- -------
-240 5.61 ( 0.82) 5.70 ( 0.84) 5.70 ( 0.84) 5.70 ( 0.81) 5.72 ( 0.83) --- ----- ----
-241 0.38 ( 0.06) 0.38 ( 0.06) 0.38 ( 0.05) 0.39 ( 0.05) 0.38 ( 0.05) — —---- -----
-242 0.07 ( 0.01) 0.07 ( 0.01) 0.07 ( 0.01) 0.07 ( 0.01) 0.07 ( 0.01) -----------—

Maas of Am-241 (g) ( 0.002) ( 0.002) ( 0.002) ( 0.002) ( 0.002)
Density, g/co 15.4 15.6 15.5 15.6 15.2 15.7
Smear density, % 72.4 72.0 72.1 70.1 72.3 72.3
Fuel length, mm (in.) 339.5 (13.365) 341.8 (13.458) 340.7 (13.412) 339.0 (13.348) 342.6 (13.490) 343.0 (13.518)
Diameter, mm (in.) 4.34( 0.171) 4.32( 0.170) 4.32 ( 0.170) 4.29( 0.169) 4.32( 0.170) 4.32( 0.170)

(a) From radiograph
(b) Axially uniform
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Fig. A.l. Design Drawing of the M5, M6, and M7 Test Fuel Pins
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Fig. A.2. Schematic Drawing of the Test Vehicle and Cross 
Section Through the Loop and Test Train
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of cross section dimensions 4 in. (10.2 cm) x 8 in. (20.4 cm), which is 
designed to replace two TREAT reactor fuel assemblies. The secondary 
containment is capable of containing sodium or fission gases released from the 
primary containment. A gas system is provided for purging the secondary 
containment through a connection at the top plate of the loop.

Electrical heaters are attached around the test section leg of the loop 
to melt the sodium and to provide the desired pretransient sodium 
temperature. Wire-wrapped trace heaters are used to heat the pump leg and the 
upper and lower bends of the loop.

In each test, the midplane of the active test fuel column was located at 
the midplane of the TREAT core. An asymmetric configuration of dysprosium 
neutron-shaping collars (Fig. A.3) was used to achieve the desired axial power 
profile in the test fuel. Except for these shaping collars, the loop was 
unfiltered.

Loop instrumentation is described in Sect. A.4.

A.3 Test Train

The test train is a long cylindrical structure designed to be inserted 
into the loop test section. It serves to (a) support two fuel pins in the 
loop test section, (b) provide for temperature measurements in the vicinity of 
the test fuel, (c) provide a mating gas-tight seal with the loop top closure 
flange, and (d) provide sodium bypass flow in the sodium annulus between the 
test train and test section walls. The same test train was used for tests M5 
and M6. A new, slightly modified version of the M5/M6 train was used for M7.

Each fuel pin was located in a separate flowtube. Lateral separation of 
the flowtubes was as wide as possible (0.625 in. centerline-to-centerline) in 
order to minimize the azimuthal power gradient in the test fuel due to neutron 
shielding of one fuel pin by another. Connected to the bottom of each fuel 
pin was a solid-rod extender (approximately 4 ft long) which was anchored to 
the test train structure near the test train bottom and fabricated to the same 
diameter as the fuel pin. The flowtubes along the test fuel length were
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Collars on the Loop Test Section
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of 0.348 in. (8.84 nun) O.D. and 0.311 in. (7.90 mm) I.D. Sodium flowed upward 
between the fuel pin and the flowtube in a flow area of 0.222 cm2. Along the 
pin extender the flowtubes were 0.437 in. (11.10 mm) O.D. and 0.367 in. 
(9.32 mm) I.D. The enlarged region diminished the pressure drop and allowed 
passage of the connector that j oined the fuel pin to the pin extender. Except 
for the flowmeter magnets, the test train was made of stainless steel.

To avoid the thermal-hydraulic effects of the wire-wrap spacing on single 
pins within flowtubes which was experienced in earlier tests, the wire wraps 
were removed from the pins, and lateral support of the pins was provided by 
three hemispherical dimples in the flowtubes at each of several axial 
elevations. At each elevation the three dimples were separated azimuthally by 
120°. In the M5/M6 test train the dimples were indented to a depth which 
resulted in a local flowtube I.D. of 0.246 in. (0.625 cm). This restricted 
the pin-to-flowtube separation to be greater than half the separation that 
exists when the pin is perfectly centered within the tube. To reduce pin 
oscillations relative to the flowtube in the M7 test train, the dimples were 
made slightly deeper such that the local flowtube I.D. was 0.242 in. (0.615 
cm) . In the M5/M6 train, at each elevation the triad of dimples were located 
at 0, 120, and 240° . In the M7 train, to provide further support to the pin, 
alternate triads were displaced 60°, i.e., with dimples located at 60, 180, 
and 300°, as indicated in Table A.2.

The test trains were designed to accommodate orifice plates near the 
inlet of each flowtube, as shown in Fig. A.4. This would allow control over 
the relative split of the flow into the two flowtubes. In the M5 and M6 
tests, no orifices were necessary. In test M7, a single orifice was used, of 
0.170 in. (4.32 mm) diameter placed in flowtube 1 (9.8 at. % burnup ternary 
fuel pin). The orifice was installed at the Hot Fuels Examination Facility 
(HFEF) shortly before the fuel pins were loaded into the test train. The 
effect of the orifice on the flow distribution among the two flowtubes was 
estimated by calculations based on measurements in flowing water and later 
checked by means of a heat-balance transient with the fueled loop in TREAT.



Table A.2. Location of Flowtube Dimples and Thermocouples

M5/M6 Test Train M7 Test Train
Dimple Dimple TC Dimple Dimple TC

Angles(a) Elevations(b) Elevations(b) Angles(a) Elevations(b) Elevations(b)
(degrees) (in.) (in.) (degrees) (in.) (in.)

+11.75 +11.75
0,+/-120 +8.0 +/-60,180 +9.0

0,+/-120 +6.0
+ 4.0 + 4.0

0,+/-120 +3.0
+ 2.0

+/-60,180 +3.0
+ 2.0

+ 1.0
(Fuel top) 0,+/-120 0.0

+ 1.0
- 1.0

0,+/-120 -2.0
- 3.0 +/-60,180 -3.0

- 2.0
0,+/-120 -5.5

- 6.75 (Midplane)
0,+/120 -6.0

- 7.0
0,+/-120 -9.0 +/-60,180 -9.0
0,+/-120 -12.5 - (Bottom)

0,+/120 -12.0
-14.0 -15.0

(a) Relative to the vector with origin on the flowtube axis and pointing to the test train axis, 
(clockwise looking down)

(b) Relative to an elevation 13.5 in. (34.3 cm) above the bottom of the active fuel column.
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Magnets for Miniature Flowtube
Flowmeters FM-4 and FM-5

Flowmeter FM-4 (Mounted)
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Fig. A.4. Photographs of the Mini-flowmeters and Orifice Assembly of the 
M5/M6 Test Train
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Because of the potential for flowtube meltthrough due to the formation of 
a low-melting point fuel-steel alloy, a shield tube of 0.625 in. (15.88 mm) 
O.D. and 0.020 in. (0.51 mm) wall was located around each flowtube over most 
of the flowtube length. The shield tubes were intended to limit radial fuel 
motion after pin failure should the flowtubes be penetrated by fuel. Spaces 
between the flowtubes and the shield tubes and between the shield tubes and 
the outer test train wall were filled with an Ar-He gas mixture and 
pressurized to four atmospheres (absolute).

At the top of each flowtube was a 3.1 in. (78 mm) long bellows assembly 
located at the elevation of the top of the TREAT core. The bellows 
accommodated differential thermal expansion between the flowtubes and test 
train outer tube. Above the bellows assemblies, the two sodium flow channels 
discharged into a small manifold.

In the M5/M6 test train a set of three perforated baffles were installed 
in the manifold to trap fuel debris. Trapping the fuel increases the 
probability of being able to remove the test train from the loop and reduces 
the amount of fuel particulate remaining in the loop, thus allowing the loop 
to be reused in subsequent tests. The lower baffle contained seven holes of 
0.25 in. (6.4 mm) diameter, the middle baffle contained seven holes of 
0.187 in. (4.7 mm) diameter and the top baffle 19 holes of 0.125 in. (3.2 mm) 
diameter. For the M7 train, the fuel trap design was modified to include 
extensive coolant mixing and decrease the amount of structure in the manifold 
that would affect the measurement of the mixed-mean outlet sodium temperature 
by TC-16. The two designs are shown in Fig. A.5.

A stainless-steel reference marker 0.25 in. (0.635 cm) in diameter and 
0.375 in. (0.953 cm) long was affixed to flowtube 1 on each of the two test 
trains (M5/M6 and M7) to aid in identifying that particular flow channel in 
neutron radiographs. The top of the marker was 4 in. (10.16 cm) below the 
active fuel column midplane.
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II
-V



A-12

A.4 Instrumentation

Figure A.6 schematically shows the locations of the flowmeters, 
thermocouples, and pressure transducers used in the tests.

A.4.1 Flowmeters

Total loop coolant flowrates were measured by three permanent magnet 
flowmeters which were mounted on the loop piping: flowmeters FM-1 (at the 
bottom of the test-section leg) and FM-3 (at the top of the pump leg) measured 
the inlet flow rate. Flowmeter FM-2 (at the top of the test section leg) 
measured the outlet flow rate. The response time of the flowmeters is better 
than 1 ms. The flow rate in each flowtube was measured by two permanent- 
magnet miniature flowmeters, FM-4 and FM-5, mounted one on each flowtube near 
the bottom of the test train. Figure A.4 shows a photograph of the 
"miniflowmeters".

Test M5 was the first test to use the miniature flowmeters. The 
magnets of the miniflowmeters consisted of two identical pieces, each roughly 
semicircular, having a pole face on each end, arching between the flowtubes on 
a plane perpendicular to the tubes, and providing a field strength of about 
0.08 tesla. An important feature of the flowmeter design was that, because 
both flowmeters were of identical design and shared the two halves of the 
magnet, the field strengths and hence the sensitivities of the flowmeters were 
essentially identical. Thus, even without being calibrated, they could be 
used to accurately indicate the ratio of flowrates in the two tubes. At TREAT 
the combined flow rate indicated by the pair of miniflowmeters was calibrated 
relative to the measured total loop flow rate.

The loop flowmeters were calibrated at ANL-E against a previously- 
calibrated sharp-edged orifice and were later cross-calibrated relative to one 
another at TREAT both in the neutron radiograph stand and again in the reactor 
prior to each heat balance and final transient. During the cross calibrations 
at TREAT, FM-3 was chosen as the reference flowmeter since (a) unlike the 
outlet flowmeter (FM-2) the calibration of FM-3 is independent of which train 
is in place in the test section, whether it is the actual fuel-bearing test
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TESTS MS and M6

Fluwtube 1 
West

Flowtube 2 
East

Fuel Pins M5 T-280 T-154
0.8 at.% BU 1.9 at.% BU
U-19Pu-10Zr U-19Pu-10Zr
D9 clad D9 clad

MG T-186 T-102
1.9 at.% BU 5.3 at.% BU
U-19Pu-10Zr U-19Pu-10Zr
D9 clad D9 clad

TC Locations (Z/L)= 1.87 ___ TCI 5 "
1.30 TC14 TC7
1.15 TCI 3 TCS
1.07 TC12 T’C5
0.93 TC11 TC4
0.78 TC10 TC3
0.50 TC9 TC2

-0.04 TC8 TCI „

Flowmeters R-T5 FM4

TEST M7

Flowtube 1 Flowtube 2
West East

Fuel Pins T-131 T-427
9.8 at.% BU 2.9 at.% BU
U-19Pu-10Zr U-lOZr
D9 clad HT9 clad

TC Locations (Z/L)= 1.87 TC15 TC8 “
1.30 TC14 TC7
1.15 TC13 TCS
1.07 TCI 2 TC5
0.85 TCI 1 TC4
0.48 TC10 TC3
0.26 — TC2

-0.11 I’CS TCI __

Flowmeters FM4 FM5

FM-3
TC-21

TESTFUEL

Note TCs
are

16, 19, 20, and 21 
in-sodium TCs

FM-4, FM-5

FM-1, PT-1 _ 
TC-19, TC-20

Fig. A.6 Principal Test Vehicle Instrumentation
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train (as when the loop is in the TREAT reactor core) or whether it is the 
calibration orifice train used during the ANL-E flowmeter calibrations, and 
(b) unlike FM-1 the calibration of FM-3 is not affected by the presence of 
carbon steel in the TREAT biological shield near the lower portion of the test 
loop.

During M6 preheat operations, even through the loop flowmeters (FM-1, 
FM-2, and FM-3) almost always agreed with one another and even though the two 
miniature flowmeters were also a consistent pair, on a day-to-day basis a 
significant change in the ratio of pump current to flowmeter output was 
noted. The change in the flowmeter output for constant ALIP current changed 
by up to 50% for FM-3 and about 20% for FM-5. The reason for the changing 
ratio is believed to be poor seating of the test train due to accumulating 
debris in test loops subjected to multiple use. The pump/flowmeter output 
ratio stablized toward the end of the M6 test but was again present during 
preheat operations for the M7 test. Reversing the flow of sodium in the loop 
just prior to the M7 heat balance transient dramatically eliminated the 
pump/flow instability. Once stability was attained flowmeter output and 
applied ALIP current agreed reasonably with expectations of hydraulic analyses 
(Appendix D).

Calibration factors to reduce the mV flowmeter output test data to cc/s 
are given in Table A.3. During M5, calibration factors for FM-1 and FM-2 were 
obtained by averaging several sets of cross-calibration data. Calibration 
factors for the test train miniflowmeters for M5 and for all flowmeters for M6 
and M7 are the individual flowmeter measurements obtained during cross 
calibrations taken on the particular day of the heat balance or final 
transient. Cross-calibration data were always taken at the initial operating 
coolant temperature (580 K).

It is recognized that the flowmeter calibration is slightly dependent 
on both the sodium temperature and the temperature of the flowmeter magnet. 
Measurements of these effects were not taken during the M5-M7 calibration; 
however, an estimate of their effect is given in Ref. A.1.
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The wetting time for sodium to stainless steel is inversely 
proportional to the temperature of the sodium (Ref. A. 2). The loop was 
operated well above the minimum time considered necessary to thoroughly wet 
the flowtubes. (For example, during preparations for M7, the loop was 
operated for 17 hours at temperatures at or greater than 650 F).

A.4.2 Thermocouples

Coolant temperatures at the outlet and along the fuel zone were 
measured by 15 (TC-1 to TC-15) MgO insulated chrome1-alume1 type K 
thermocouples attached to the outer surface of each flowtube. The TCs 
contained conductors of approximately 0.006 in. (0.15 mm) diameter. Each 
conductor was separately welded to the 0.0185 in. (0.47 mm) thick flowtube 
wall to form an "intrinsic" junction. It was advantageous to use thin walled 
flowtubes so that the measurements of coolant transient heating would not be 
limited by the time response of heat transfer through the flowtube. The 
molten metal fuel at the time of cladding failure would not be expected to 
greatly exceed the melting point of the flowtubes.

The TCs were stainless - steel sheathed with an outside diameter of 
0.040 in. (1.02 mm). Axial locations of the TCs in tests M5-M7 are shown in 
Fig. A.3. The flowtube thermocouple locations, different from those in 
earlier tests, were chosen to provide more definitive indications of in-pin 
axial elongation during the transients. In addition, the axial locations were 
chosen to be as far removed from the flowtube dimples as possible with the TCs 
positioned in vertical lines.

One test train thermocouple (TC-16) was installed in the sodium flow. 
In tests M5 and M6, this TC was downstream of the flow-baffle arrangement. In 
M7, TC-16 was located inside the fuel trap outlet manifold (see Fig. A. 6). 
Three additional in-sodium TCs penetrated the loop primary containment at the 
following locations: TC-19 and TC-20 at the test section inlet, and TC-21 
closely adjacent to flowmeter FM-3 at the top of the pump leg. TC-22 and 23 
penetrated the loop primary in the gas plenum region of the test vehicle and 
provided evidence, in all three tests, that they were slightly above the 
sodium level at the loop pretest temperature setpoints.
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The loop also included a number of auxiliary thermocouples, some of 
which are indicated in Fig. A.l. Two TCs were attached to the magnet of each 
of the three loop flowmeters: TC-24 and 25 to FM-1, TC-26 and 27 to FM-2 and 
TC-28 and 29 to FM- 3. Data from five of the loop-wall TCs were also 
collected; TC-30 and 31 at the location of test-section main loop heaters 
number 2 and 3, TC-32 and 33 at the location of the upper pump leg heater and 
TC-34 at the location of the lower pump leg heater.

All TCs were useful up to their melting point of approximately 1700 K 
and all TCs had a specified accuracy of +/- 3/4% of the difference between the 
indicated temperature and the reference-junction temperature of 338 K.

A.4.3 Pressure Transducers

Coolant pressures were measured by Statham PG732TC-1M-350 pressure 
transducers of 0-1000 psi (6.9 MPa) range on NaK-filled standoff assemblies 
that are coupled to the sodium by thin bellows. One such pressure transducer 
assembly (PT-1) was connected to the bottom (inlet) of the loop and the other 
(PT-2) to the top (outlet) of the test section leg above the fuel pins. 
According to the manufacturer's specifications, the accuracy of the pressure 
transducers is +/- 0.75% of full scale, i.e. +/- 7.5 psi or +/- 0.05 MPa. The 
manufacturer's calibration factors for the pressure transducers are 64 psi/mV 
(0.44 MPa/mV ) for PT-1 and 63 psi/mV (0.43 MPa/mV) for PT-2.

A.5 Abnormal Instrumentation Performance

The instruments functioned properly during all three tests, with the 
following exceptions.

Loon Instrumentation:

As described above, during the preparations for M5-M7 significant changes 
in the ratio of pump current to flowmeter output was noted. The three loop 
flowmeters were almost always consistent with each other, and the two 
miniflowmeters were also a consistent pair but indicating a different flowrate 
than the loop flowmeters. An analytical hydraulic model of the M5/M6 test
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Fig. A.7. Auxiliary Test Loop Instrumentation
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section, loop, and electromagnetic pump (ALIP) was developed (Appendix D) to 
help resolve these inconsistencies. The independent hydraulic calibration 
data taken at ANL-E prior to M5 were used to validate the model. Validation 
of the ALIP characteristics involved the use of pretest data taken with the 
M5/M6 loop containing a specifically-calibrated orifice assembly. Once 
stability was achieved the analyses verified that the data used in final M6 
test planning were correct.

Pressure transducer PT-2 was inoperable during test M7. Thermocouple TC- 
20 was disconnected during M5-HB1, M5-F1, and M5-HB2 due to suspect response. 
TC-31 was not operational during any of the M5 transients, and TC-34 was not 
operational for M5-HB2.

Test Train Instrumentation:

On the M7 test train, TC-7 was not operational for M7-HB1, and TC-3 was 
not operataional for M7-HB2.
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APPENDIX B

Test Fuel-to-Reactor Power Coupling

In every TREAT experiment the key power parameter is the quotient of 
power generated in the test fuel to that generated by the reactor as indicated 
by an instrument at the core edge. This quotient, called the power coupling 
factor, depends on numerous parameters including the test vehicle design, 
reactor core configuration, test fuel composition and density, and positions 
of the reactor control rods. To support the analysis and planning of M-series 
experiments on metallic fuel a number of independent experiments and neutronic 
calculations were performed to estimate the power coupling factors.

Measurements included separate "calibration experiments" on fresh fuel 
and monitor wires at low power levels as well as high-power transient 
irradiations of monitor wires performed at the time of the transient 
experiment, itself. Calibration results from M7CAL (the M7 Power Calibration 
Experiment) using U-Zr and U-Pu-Zr fuel and from M2 CAL (the M2 Power 
Calibration Experiment) using U-Fs fuel have been reported in Refs. B. 1 and 
B.2. Neutronic analyses have been used to account for test fuel burnup 
including corrections for isotopic depletion and fuel swelling.

During a calibration experiment, fuel can only be irradiated at low power 
levels, but U/Zr monitor wires can be irradiated at both high and low power 
levels. Extending measurements to high power transient irradiations is 
accomplished by comparing measured "high-power" and "low-power" U/Zr monitor 
wires power couplings. In applying this method careful measurements of the 
ratio of test fuel to monitor wire fissions were made under low-power (LLSS) 
conditions, and representative high-power transient irradiations of U/Zr flux 
monitor wires were performed at the time of each M-series experiment.

While many such features of power coupling depend principally on the 
characteristics of the test fuel, there is in addition, explicit dependence on 
the variables which define the TREAT reactor performance, especially during 
high-power transients. Basic experimental information concerning such changes 
of the measured power coupling during high power TREAT transients was obtained
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from monitor wire irradiations at both low power and during trial transient 
simulations.

A full-slotted TREAT core has been used throughout the M-series 
testing. The full-slotted core was chosen to enhance the hodoscope results. 
The full-slotted core lowers the neutron background behind the test vehicle 
and increases the hodoscope signal-to-noise ratio.

Power coupling factors for the M-series tests were obtained by first 
measuring the peak axial, LLSS power coupling factor with fresh fuel and then 
applying measured and calculated corection factors. Table B.1 lists the fresh 
fuel coupling factors and the measured and calculated correction factors that 
were used to obtain the power coupling factors for the test fuel in tests M5, 
M6, and M7.

B.1 Results of Calibration Experiments

B.1.1 Peak Axial, Low-level Steady-state (LLSS), Fresh Fuel Power 
Couplins Factors

For each fuel type, the peak axial, absolute fissions/gram per Ml value 
was multiplied by the appropriate Joules/fission conversion factor (Ref. B. 3 
taking into account the fuel composition) to obtain 4.91 and 5.27 J/g-TREAT MJ 
for U/Pu/Zr and U/Zr fuel, respectively.

An additional 0.03 J/g-MW was added due to gamma-heating making the 
total peak axial, LLSS, fresh fuel power coupling factors 4.94 and 5.30 J/g- 
TREAT MW.

B.1.2 Measured Transient Correction Factors

Because the test fuel and TREAT ex-core reactor power meters are 
physically far removed from one another some dependence of power coupling on 
rod motion and core temperature is to be anticipated. The transient 
correction factor (TCF) relates the averaged power coupling of test fuel 
during a power transient to that which applies at a low-level, steady-state



Table B.l. Power Coupling Factors for Tests M5, M6, and M7

Test Fuel Type
(wt. %)

Fuel Pin 
Burnup
(at.%)

Peak Axial, 
Fresh Fuel, LLSS 
Coupling Factor 

(W/g-MW) 
(approx. +/-4%)

Calculated
Burnup

Correction
Factor

Calculated
Fuel Density 

Change
Correction Factor

Peak Axial,
LLSS

(a)
Coupling Factors 

(W/g-MW)

Measured
Transient
Correction

(b)
Factor

MS U-19Pu-10Zr 0.8
(c)

4.94 0.996 1.06 5.22 0.89
0-19Pu-10Zr 1.9 4.94 0.991 1.13 5.53 0.89

M6 0-19Pu-10Zr 1.9 4.94 0.991 1.13 5.53 0.90
0-19Pu-10Zr 5.3 4.94 0.973 1.14 5.48 0.90

M7 0-10Zr 2.9
(d)

5.30 0.983 1.12 5.84 0.92
O-19Pu-10Zr 9.8 4.94 0.946 1.13 5.28 0.92 •

a) Corrected for isotopic depletion and fuel restructuring due to fuel burnup.
b) TCF-Fit value from Table V corresponding to the energy release in the final test transient. This 

multiplicative factor corrects the LLSS coupling factor to that appropriate for the final test transient 
conditions.

c) {(105.8E12 fissions/g)(27.5 pJ/fission)/(592 MJ)> + 0.03 W/g-MW =4.94 W/g-MW
d) {(114.8E12 fissions/g)(27.2 pJ/fission)/(592 MJ)} + 0.03 W/g-MW =5.30 W/g-MW

B
-3
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(LLSS) power condition in TREAT. Data for determining TCP's are obtained from 
U/Zr monitor wire irradiations both with low power and trial transients. The 
TCF value is found by dividing (a) the coupling of U/Zr monitor wire fissions 
to reactor energy observed in high power transients by (b) the corresponding 
coupling for a LLSS irradiation.

The transients used in the M-series TCF database span a wide range of 
control rod motion and reactor energy. All transients in the database were 
performed with the same core loading (with full north-south slot) and the same 
test vehicle (M2CAL test vehicle). The database spans about three years with 
many intermediate core changes between the M-series tests along with changes 
in the instrument calibrations.

The axial peak absolute wire activity and coupling to reactor energy was 
obtained by the following procedure:

1) Dividing each of three wire segment determinations of the absolute 
number of fissions per gram by their respective normalized relative 
gamma activity and averaging the three ratios.

2) Determining the axial peak relative activity by means of a polynomial 
fit to the relative gamma activity measurements within the central 
7.5-in. (19.1 cm) high non-filtered axial region. Excluded from these 
fits were data from the axial location where a gap was inadvertently 
left in the neutron filter that was placed on the wire holder (See 
Appendix C).

3) Multiplying the results from item one by the results from item 2) . 
Little axial dependence of the TCF has been noted in past measurements 
and none is assumed in this report.

Reference B.1 lists four LLSS wire irradiations in the full-slotted core 
configuration: 9/17/84, 1/21/87, 3/31/87 and 9/28/87. The axial peak 
fissions/gram/TREAT MJ values from these four irradiations were 1.67xE10, 
1.59xE10, 1.63xE10 and 1.67xE10, respectively. Their consistency attests to 
the general consistency of LLSS data. Since it is assumed that the ratio of
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wire fissions to fuel fissions is invariant, to compute a TCF that minimizes 
effects of meter drift or re-calibration it is optimal to use the LLSS value 
obtained at the same time as the calibration of fuel and the high-power trial 
transient obtained at the same time as the appropriate experiment. Measured 
TCP's from M5, M6, and M7 were determined from the 3/31/87 M7CAL LLSS value 
(1.63xE10 fissions/gram/MJ).

Fitted TCP's were calculated from a linear correlation of measured TCP's 
to the average (power-weighted) positions of rod pairs T-l, and T-2 and the 
outer pneumatic rod bank (RB) . The inner pneumatic rod bank is always fully 
withdrawn. Since the transient energy increases as control rods are 
withdrawn, dependence on reactor energy or core temperature is implicit. The 
correlation procedure is described in greater detail in Ref. B.4, but the fit 
reported here includes the entire database of M-series monitor wire transients 
from M2-M7. The calculated standard deviation of an individual, measured TCF 
from the fit is about 2%, and the random standard error in "TCF-fit" is 
estimated to be about 1%. If the effect of transient power meter 
recalibration between M6 and M7 is taken into account,* these fits demonstrate 
an excellent consistency of data.

Fitted TCF values corresponding to the energy release in the final test 
transient are shown in Table B.l. As long as the fits to the database are 
good, the fitting process minimizes random error and effectively interpolates 
within the trial transient database.

B.1.3 Calculated Effect of Isotopic Depletion on Power Coupling

Power coupling is effected by isotopic depletions due to fuel burnup. 
Calculated corrections were made to account for this effect (Ref. B.5). The 
corrections were made on the basis of depleting fissile isotopes U-235 and Pu- 
239 by equal amounts until the specified heavy metal loss fraction was

'^Identical transients (identical in rod motion, core temperature rise, and 
measured monitor wire fissions) performed both during the M6 and M7 time 
frames recorded 7% less reactor energy deposition during M7. Between M6 and 
M7, a transient meter re-calibration of this magnitude and sign was reported. 
A 7% increase was, therefore, made to calculated M7 TCFs .
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achieved. This simple prescription has been verified subsequently by more 
sophisticated analysis (Ref. B.6). Because of significant radial neutron flux 
depression in TREAT's thermal neutron flux, assumptions concerning fuel 
density and radial distribution of materials are important to these analyses. 
However, a uniform distribution of isotopes is assumed throughout.

Interpolated isotopic depletion correction factors from the tables of 
Ref. B. 5 are listed in Table B. 1 for the specific test fuel pins of M5-M7. 
Estimated relative uncertainties in these estimates are +/- 0.1% for fuel 
burnups less than 10 at. % and +/- 1% for fuel burnups greater than 10 at. % 
(Ref. B.7). These calculations indicate, as a good approximation, for every 
1 at. % burnup, the power coupling is calculated to decrease by 0.5%.

B.1.4 Calculated Effect of Fuel Density and Radius on Power Coupling

Strong radial self-shielding of the TREAT thermal neutron flux by the 
test fuel causes a flux depression in the fuel and causes fissions in the test 
fuel to occur predominately near the fuel surface. Changes in the fuel 
surface area therefore tend to affect the power coupling factor. High- 
swelling IFR metal fuels undergo significant physical change in the first few 
at. % burnup as fuel expands outward to the inner cladding radius. Even if no 
axial elongation takes place, fuel surface area increases by about 16% and 
density decreases by about 28% (for fuel initial diameters of 0.170 in. 
(0.43 cm) as in tests M5-M7). Significant power coupling increases (up to 
about 9%) occur with fuel swelling. Therefore, calculated correction factors 
were obtained as a function of fuel density and radius (Ref. B.8). The tables 
of Ref. B.6 were used to obtain the calculated correction factors for the 
specific test fuel pins used in tests M5, M6, and M7. Two key assumptions 
were made in these estimates:

1) Fuel density and distribution of fissile isotopes are both uniform.

2) Axial swelling was ignored because the net effect on whole-pin coupling 
might be small. It has been estimated that any coupling factor 
increase from fuel density being further reduced would be offset by
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losses due to heavy shielding of any fuel above the nominal fuel height.
The correction factors are listed in Table B. 1. Uncertainties in these 
calculated correction factors are difficult to estimate because of the 
idealized nature of assumptions 1) and 2), above.

B.2 Results from the Heat Balance Transients

Power couplings were determined from the midpoint of the heat balance 
transient; i.e., at the halfway point of energy deposition. The axial peak 
power coupling factor (PCF) was computed from the following relationship:

PCF (HB) - (temp. rise) x (coolant mass flow) 
x (sodium specific heat)/(pin mass)
x (reactor power) x (axial avg.-to-peak ratio) (B.la)

Measurement of the ratio of axial average to peak power is reported in 
Appendix C. Transient correction factors (TCP's) are used to adjust these 
power couplings to "final transient" conditions:

PCF (Final) - PCF (HB) x TCF-final/TCF-HB (B.lb)

The measured coolant temperature rise used in the analysis averaged several 
thermocouples above the top of the test fuel on each flowtube and subtracted 
averages of thermocouple measurements of coolant inlet temperature. In every 
case "suspect" thermocouples or individual measurements which were noticeably 
different from the norm were excluded. Appendix E shows all of the relevant 
thermocouple and flowrate data.

Key assumptions in this analysis of M5-M7 heat balances were:

1) In tests M5 and M6 an equal division of flow between flowtubes was 
assumed in accord with nominal symmetry. In M7, where the two 
flowtubes were orificed differently, measurements from the mini­
flowmeters experimentally determined flow division.

2) Power couplings from the two M5 heat balances were inconsistent. Only 
the first heat balance was used to determine power couplings for later 
use. The second heat balance was performed after the first overpower
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transient, and the idealized geometry that is assumed in simple heat 
balance analysis was likely corrupted.

3) At the time of the M6 heat balance, validity of the total measured 
flowrate was questionable. The M5 power coupling measurement of a 1.9 
at. % burnup pin common to both tests was assumed equally appropriate 
for M6 (adjusted only for TCP's). Thus, the reported total flowrate 
for M6 heat balance was then calculated on the basis of an assumed PCF 
and the other measurements.

4) In M7, results of the two heat balances were consistent. Results from 
the second heat balance involving the larger temperature rises are 
recommended here for use in further analyses.

Table B. 2 summarizes the input and results of calculations used to 
determine power coupling factors.

B.3 Results from Hodoscope Scans

A small amount of direct experimental information on relative power 
coupling factors is available from TREAT fast neutron hodoscope measurements. 
Prior to each test, hodoscope scans were taken with the test vehicle in place 
in the reactor. After background is subtracted, the relative signal from each 
test fuel pin should be proportional to its power coupling.

Reference 5.1 provides the results of hodoscope scan data to obtain the 
ratio of fission neutron emission from the two M7 test pins when irradiated in 
TREAT. The ratio of the total fission neutron emission from the binary pin to 
that from the ternary pin was measured at 1.21 +/- 0.02. The calculated ratio 
of relative neutron emission per fission for the binary alloy to that for the 
ternary alloy is 0.926. (Effects of burnup upon fissile composition were 
included). The estimated relative power from the two pins is therefore:

Binary pin power 1.21 _ 1 »1
Ternary pin power 0.926 '

and this ratio may be compared to the measured M7 heat balance power ratio of 
1.37.
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Table B.2. Summary of Heat Balance Power Coupling Analyses

Transient M5-HB1

TREAT Power (MW)
(at transient midpoint) 38
rod shadowing incl.

Transient Corr. Factor (TCF) 
heat balance 0.88
final transient 0.89

Total Flowrate (g/s) 187
(at transient midpoint)

Fuel (Burnup, at. %)
flowtube #1 0.8
flowtube #2 1.9

Fuel Mass (g)
flowtube #1 77
flowtube #2 78

Flowsplit (%)
flowtube #1 (50)
flowtube #2 (50)

Temperature Rise (K)
(at transient midpoint)
flowtube #1 112
flowtube #2 112

Power Coupling Factor (W/g-mWT) 
(adjusted to final transient)
flowtube #1 (4.95)
flowtube #2 (4.91)

M5-HB2 M6-HB M7-HB1 M7-HB2

40 48 47 44

0.88 0.88 0.92 0.92
0.89 0.90 0.97 0.97

181 (216) 193 145

0.8 1.9 9.8 9.8
1.9 5.3 2.9 2.9

77 78 77 77
78 77 79 79

(50) (50) 48 46
(50) (50) 52 54

92 122 106 141
109 120 131 164

[3.94] (4.96) [4.15] (3.97)
[4.63] (4.94) [5.44] (5.31)

Assumed or calculated values are shown in parentheses "( )".
Calculated power couplings shown for interest but not recommended for further 
analyses are shown in square brackets "[ ]".

Estimated uncertainties are about 2% in the TREAT power and total flowrate and 
3% in the flowsplit and temperature rise leading to an approximate 5% combined 
uncertainty in the computed power coupling factor.
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APPENDIX C

Power Distribution Within the Test Fuel

C.1 Axial Power Profiles

Axial power profiles were obtained by gamma counting the relative fission 
product activity from two segmented flux monitor wires, two segmented U-Zr 
fuel pins and two segmented U-Pu-Zr fuel pins from the M7CAL experiment (Ref. 
B.l). The fuel slugs from the four fuel pins were removed from the cladding, 
sheared into approximately half-inch long segments and weighed. The count 
rate per gram of segment was determined for each segment, and the values were 
normalized to unity at the axial peak of a polynomial fit performed over the 
central 7.5 in. (19.05 cm) high non-dysprosium filtered region. This 
normalization allows for better intercomparison of axial shapes as well as 
more accurate determinations of power coupling at the axial peak. Three 
segments from each fuel pin were dissolved and counted to determine the 
absolute number of fissions per gram (Ref. C.1).

The wires were removed from their stainless - steel sheaths and cut into 
approximately half-inch long lengths. Each segment was weighed and gamma 
counted to determine its relative activity. Three segments for each wire were 
dissolved and counted for absolute fissions. In the wire distributions one or 
two abnormally high points were observed just below the midplane of the 
distribution. Radiographs of the monitor wire holder within the calibration 
vehicle showed an approximate 0.13 in. (0.31 cm) thick gap in the 0.015 in. 
(0.032 cm) thick axial dysprosium filter at about the same axial location 
(Ref. B.2). The gap evidently allowed a local neutron flux peak.

The axial distributions from the two different fuel types and the wires 
are consistent within a 3% scatter of the data as shown by Figs. C.1 and C. 2. 
Figure C.l shows the measured normalized axial distributions for U-Fs, U-Zr, 
and U-Pu-Zr fuel in the full-slotted core configuration. The solid curve 
represents a least squares fit through all the data. The U-Fs data is from 
the M2 CAL experiment (Ref. B. 2) and the U-Zr and U-Pu-Zr data is from the 
M7CAL experiment. Figure C.2 compares the same fitted curve to the four LLSS
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monitor wire distributions in the full-slotted core configuration (from M2CAL, 
M6, M7CAL and the M7 Test). The ratio of axial peak to axial average is 1.095 
for the fitted curve shown in Figs. C.1 and C.2.

C.2 Radial Power Profiles

For completeness, the calculated test fuel radial power profiles from 
Ref. B.5 for both U-Zr and U-Pu-Zr fuel are shown in Fig. C.3. The profiles 
were determined by one-dimensional transport theory using the assumption that 
the two pins were sufficiently separated so that a single pin analysis would 
be adequate.

Reference

C.l. J. 0. Young, R. E. DiFelici, and J. F. Berg, Argonne National 
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APPENDIX D

Steady-State Hydraulic Model and Analysis

A series of hydraulic analyses (Ref. D. 1) were performed for the M5-M7 
test geometry to help resolve inconsistencies among hydraulic parameters and 
between measured and expected flowrates. The series consisted of the 
following:

1) Constructing a model which consisted of a fuel pin and its extender in 
a single M5/M6 flowtube in the ANL-E water loop.

2) Constructing a second model consisting of the actual two-pin M5/M6 test 
train in the water loop.

These first two models were calibrated by adjusting the hydraulic loss to 
the experimental flow data.

3) Cons true ting a third model consisting of an orifice and an annular 
linear induction pump (ALIP) in a sodium loop. This model was used to find 
the pump current output to be used in the fourth and final model.

4) The fourth model was constructed using the hydraulic simulation feature 
of SLOOP (Ref. 4.3) as applied to the hydraulics of the M5/M6 loop. A set of 
six ALIP currents from a test run of the loop were then input to the SLOOP 
model and produced flow rates within 2-7% of the measured flow rates.

D.1 Model of a Single M5/M6 Flow Tube in the Water Loop

Water loop measurements were first taken to ascertain the pressure drop 
characteristics of a single flowtube plus pin. This model consisted of a 
number of pipe elements between the pressure transducers of the water test 
loop. Hydraulic pipe elements in the SLOOP model simulate the friction losses 
in the actual test loop. In the model a dummy was added to the system for the 
sole purpose of fitting the resulting SLOOP flow rates with those measured in 
the test.
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The first set of experimental flow data consisted of 15 pressure drops 
measured in the water loop with a dummy fuel pin attached to a pin extender.
An orifice was not included. The data was input to the SLOOP model and the
SLOOP results were fitted to the measured flow rates by increasing the nominal 
pressure drop by 16.6% (by assigning a loss coefficient to the dummy pipe).

The above friction loss was then carried over to a second set of 
experimental data which included an orifice. In the SLOOP calculation the 
orifice was considered simply as a sudden expansion from the vena contracta.
The resulting SLOOP flow rates agreed well with the measurements and indicated 
both the correctness of the general SLOOP model for the water loop and the 
correct consideration of the orifice loss as one of sudden expansion.

D.2 Model of the Actual M5/M6 Test Train in the Water Loop

Later water loop measurements characterized the pressure drop of the 
actual test train. Starting from the model used above, the SLOOP calculation 
flow rate was brought into agreement with the measured flow rates for the 
single flow tube without an orifice. The second flow tube of the dual set is 
assumed identical to the first and is therefore represented by the same SLOOP 
model.

The pipes new to this model are pipes which represent the lower, middle, 
and upper flow baffles, and the remaining length of test train between the 
last baffle and the upper pressure transducer. The SLOOP model therefore 
consists of three flow paths and a junction. In SLOOP, the measured upper and 
lower pressure transducer values are input and the junction pressure is 
determined by the code as well as the flow in each of the three flow paths.

The pipe lengths representing the baffles in the upper portion of the 
test train were adjusted until the friction losses resulted in flow rates for 
SLOOP equal to the measured rates from a set of experimental data with the 
actual M5/M6 test train in the water loop.
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D-3 Model.of.the Orifice Test Train in the Sodium Loop

The orifice test train in the sodium loop calibrates loop flowmeters and 
determines ALIP performance on the basis of known flowrates through calibrated 
orifices. The model for a special orifice test train consisted of hydraulic 
pipe elements and an ALIP element within a sodium loop. This model provided 
the normalization factor for the output head of the M5/M6 ALIP. Experimental 
data were provided using different orifice sizes and different sodium 
temperatures. The loss due to the orifice was adjusted where necessary to 
agree with measured pressure drops.

The experimental data were input to the SLOOP code and the normalization 
factor for the ALIP element of SLOOP was varied until the flow rates and 
pressure drops of SLOOP matched closely those measured.

D.4 Model of the M5/M6 Test Train in the . Sodium.... Loop

Using parameters from each of the three above models it was now possible 
to construct a model for the hydraulics of the M5/M6 test train in a sodium 
loop. These were compared to in-situ flow characteristics measured during 
stable phases of operation.

Six ALIP currents were input to this final SLOOP model and produced flow 
rates within 2-7% of the measured flow rates during a stable portion of 
operation. A calibration factor of 201.5 cc/s/mV was assumed for FM3.

D.5 Conclusion

The conclusion drawn from these SLOOP calculations is that during the 
stable phases of loop operation with the actual test train, flowrates measured 
by loop flowmeters and applied ALIP currents are consistent with our best 
understanding of the hydraulics of the Mark-III loop and test train. In 
particular, there is strong support for the accuracy of measured flowrates. 
Pressure drops are consistent with that of the full test train and there is no 
evidence of bypass flow.
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APPENDIX E

Details of the Heat Balance Transients

Low-power heat balance transients were included as integral parts of the 
experiments; two in M5, one in M6, and two in M7.

E.l Heat Balance Transient Summaries

Table E.l summarizes information about the test conditions during the 
five heat balance transients. For the M5 transients (M5-HB1 and M5-HB2) the 
reactor operated at a near-constant power level of 40 MW for about 17 sec, for 
the M6 transient (M6-HB) 48 MW for about 14 sec and for the M7 transients 
(M7-HB1 and M7-HB2) 47 MW for 13 sec (see Fig. E.l). These values include 
small corrections for the "rod-shadowing" effects described in Sect. 4.2.

The sodium flowrate was nominally constant during the transients, but the 
coolant temperatures measured at the bottom of the fuel may have risen several 
degrees K by the time of power shutdown. The measured flowtube temperature 
rises near the top of the active fuel column, during the three heat balances 
which were used to determine power couplings, are shown in Fig. E.8. The 
temperature rise of the mixed mean outlet temperature as measured by TC-16 
which was positioned above the outlets of the two flowtubes is shown in Fig.
E.9.

With the few exceptions noted in Sect. A. 5, all loop and test train 
instrumentation, as well as the readout and recording systems, functioned 
properly during the five heat balance transients. Section A. 5 describes the 
omission of a few test sensors during the transients. Factors for converting 
the flowmeter and pressure transducer mV data to units of cc/s and MPa 
(absolute) are given in Table A.3 and in Sect. A.4.3, respectively.



TABLE E.l. Heat Balance Transient Test Conditions

M5-HB1 M5-HB2 M6-HB M7-HB1 M7-HB2
TREAT transient number 2711 2713 2733 2773 2774
Date of performance 8/6/86 8/14/86 2/2/87 10/9/87 10/13/87
Total flowrate at midpoint

of flattop, cc/s 213 207 242 220 165
g/s 187 181 216 193 145

Flowsplit, %
Flowtube 1 50 50 50 48 46
Flowtube 2 50 50 50 52 54

Initial temperature, K 581 579 588 585 586
Initial ALIP current, A 24.4 21.6 24.0 22.2 16.0
Initial pressure drop, MFA {*) 0.23 0.21 0.38 0.19 0.13

TREAT power at midpoint of flattop, 38 40 48 47 44
MW (+) '

Total TREAT energy, MJ 623 659 664 638 635
Transient correction factor 0.88 0.88 0.88 0.92 0.92

(from trial transients)

Flowtube 1:
Fuel pin identification
Fuel pin composition

T-280
U-Pu-Zr

T-186
U-Pu-Zr

T-131
O-Pu-Zr

Burnup, at.%
Thermocouples

0.8
8-14 8-14

1.9
8-14

9.8
9-15 9-15

Axial temperature gradient across 
active fuel column, K 112 92 122 106 141

Flowmeter identification FM-5 FM-S FM-5 FM-4 FM-4

Flowtube 2:
Fuel pin identification
Fuel pin composition
Burnup, at.%
Thermocouple®

T-154
O-Pu-Zr

1.9
1-7,15 1-7,15

T-102
U-Pu-Zr

5.3
1-7,15

T-427
O-Zr
2.8

1-8 1-8
Axial temperature gradient across 

active fuel column, K 112 109 120 130 164
Flowmeter identification FM-4 FM-4 FM-4 FM-5 FM-5

Measured using ST-1 and ST-2, the latter reading esentially 
the loop plenum pressure at which it had been zeroed. The error 
in the measurement is probably a large fraction of the value 
given. See Section A.4.3.

+ Including "rod shadowing" effects.

E-2
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E.2 Graphical Data from M5-HB1. M6-HB, and M7-HB2

Graphical data from the three heat balances which were used to determine 
power couplings and P/F ratios in the final overpower transients (Sect. 4 and 
Appendix B) is reported in Figs. E.l to E. 18.

E.3 Graphical Data from M5-HB2 and M7-HB1

Graphical data from the two remaining heat balances (M5-HB2 and M7-HB1) 
is shown in Figs. E.19 to E.35.

M5-HB2 was performed after the initial M5 overpower transient, M5-F1, to 
verify overall system performance before the performance of M5-F2. Power and 
flow imposed on the test fuel were nominally identical to M5-HB1. Measured 
temperature rises were not, however, identical, very likely because of changes 
in the test fuel, e.g., bending or distortion, wrought by the first overpower 
transient.

M7-HB1 was the first heat balance transient performed in M7, and its 
results are considered reliable. However, for purposes of determining power 
couplings, M7-HB1 was repeated with reduced coolant flow to induce larger 
temperature rises (M7-HB2).

E.4 Tabulated and Graphical Data

Tabulation of the data from all five heat balance transients is presented 
on microfiche and is included in the pocket on the back cover of this 
report. Table E. 2 gives the order of the test sensor listings, the sensor 
designation and the units of each sensor. The listings consist of 1 ms data 
averaged over 50 ms intervals from 0 to 25 s for all but a few of the test 
sensors. A separate microfiche is provided for M5, M6, and M7.

The following graphs show 1-ms data averaged over 50-ms intervals.
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Table E.2 . Order of Test Sensor Listings, Designations, and Units

Test Sensor Identification Unit

SAFI Safety instrument 1 — reactor power meter MW
INTI Integrator instrument 1 — reactor energy meter MJ

SFIC Safety instrument 1 —
(corrected to correspond to IN1C)

MW

IN1C Integrator instrument 1 —
(corrected for zero shift)

MJ

R0D1 Transient rod pair 1 cm
ROD 2 Transient rod pair 2 cm
RSF Rod shadowing factor - (energy normalized) _

PRSF Product of SFIC and RSF MW

ERSF Product of IN1C and RSF MJ

FM-1 Inlet (lower) flowmeter mV
FM-2 Outlet (upper) flowmeter mV
FM-3 Pump leg flowmeter mV
FM-4 Individual flowtube flowmeter mV
FM-5 Individual flowtube flowmeter mV
PT-1 Inlet (lower) pressure transducer mV
PT-2 Outlet (upper) pressure transducer mV
TCxx Thermocouple XX (see Fig. 1)

XX = 1-15 (flowtube TCs) K
XX = 16, 19, 20 and 21 (in-flow TCs) K
XX = 22 and 23 (loop gas plenum TCs) K
XX = 24-29 (flowmeter magnet TCs) K
XX = 30-34 (loop wall TCs) K

IB ALIP current (phase B) amp
SSG Shutdown signal generator —



E-5

Heat balance transients H5-HB1, M6-HB, and M7-HB2

Fig. E.l. Corrected3 TREAT Power and Energy, Including RSF Variation

Fig. E.2. TREAT Power and Energy from Instruments SI and 11
Fig. E.3. Transient-rod Motions
Fig. E.4. Calculated Normalized Rod Shadowing Factor (RSF)
Fig. E.5. Sodium Total Loop Flowrates and Pump Current
Fig. E.6. Sodium Individual Flowtube Flowrates
Fig. E.7. Sodium Inlet and Outlet Pressures
Fig. E.8. Flowtube Temperature Rises near the Top of the Active Fuel Column
Fig. E.9. Flowtube (base of active fuel column) and Outlet Sodium Temperature
Fig. E.10. Flowtube 1 Temperatures (Z/L - -0.04 to 1.07)
Fig. E.ll. Flowtube 1 Temperatures (Z/L = 1.15 to 1.87)
Fig. E.12. Flowtube 2 Temperatures (Z/L — -0.04 to 1.07)
Fig. E.13. Flowtube 2 Temperatures (Z/L - 1.15 to 1.87)
Fig. E.14. Temperatures in the Sodium Flow
Fig. E.15. Temperatures in the Gas Plenum

Fig. E.16. Flowmeter Magnet Temperatures

Fig. E.17. Temperatures of the Wall of the Loop Test Section

Fig. E.18. Temperatures of the Wall of the Loop Pump Leg

Heat balance transients M5-HB2 and M7-HB1

Fig. E.19 . Corrected3 TREAT Power and Energy, Including RSF Variation

Fig. E.20. TREAT Power and Energy from Instruments Si and 11
Fig. E.21. Transient-rod Motions

a) Power corrected to be consistent with the energy; both power and energy 
adjusted by the rod shadowing factor.
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Fig. E.22. 
Fig. E.23. 
Fig. E.24. 
Fig. E.25. 
Fig. E.26.

Fig. E.27. 
Fig. E.28. 
Fig. E.29. 
Fig. E.30. 

Fig. E.31. 

Fig. E.32. 
Fig. E.33. 
Fig. E.34. 
Fig. E.35.

Calculated Normalized Rod Shadowing Factor (RSF)
Sodium Total Loop Flowrates and Pump Current 
Sodium Individual Flowtube Flowrates 
Sodium Inlet and Outlet Pressures
Flowtube (base of active fuel column) and Outlet Sodium 
Temperature
Flowtube 1 Temperatures (Z/L — -0.04 to 1.07)
Flowtube 1 Temperatures (Z/L = 1.15 to 1.87)
Flowtube 2 Temperatures (Z/L - -0.04 to 1.07)
Flowtube 2 Temperatures (Z/L = 1.15 to 1.87) 

Temperatures in the Sodium Flow

Temperatures in the Gas Plenum

Flowmeter Magnet Temperatures
Temperatures of the Wall of the Loop Test Section
Temperatures of the Wall of the Loop Pump Leg
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Fig. E.7. Sodium Inlet and Outlet Pressures
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Fig. E.8. Flowtube Temperature Rises near the Top of the Active Fuel Column
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Fig. E.10. Flowtube 1 Temperatures (Z/L = -0.04 to 1.07)
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Fig. E.12. Flowtube 2 Temperatures (Z/L = -0.04 to 1.07)
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Fig. E .14. Temperatures in the Sodium Flow
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Fig. E.18. Temperatures of the Wall of the Loop Pump Leg

TE
M

P
E

R
A

TU
R

E
, 

K

T
-T

T

m 
o>

TE
M

P
E

R
A

TU
R

E
, 

K

o o
a o

CT> O o
a

o o
T

-T
T

T

s T Jti

TE
M

P
E

R
A

TU
R

E
, 

K

a o
a o

T
-T

T

1-
U

s w X 03 u,

§

E-24

13
23

93
35



P
O

W
E

R
, M

W
 

PO
W

ER
,

E-25

60

50

40

30

20

10

0 4 8 12 16 20 24 28 32

TIME, S

Fig. E.19. Corrected TREAT Power and Energy, Including RSF Variation

0

--625

500

375

--250

— -125

E
N

E
R

G
Y

, M
J 

E
N

E
R

G
Y
,



P
O

W
E

R
, M

W
 

PO
W

ER
,

E-26

TIME, S

Fig. E.20. TREAT Power and Energy from Instruments S1 and 11

EN
ER

G
Y,

 MJ
 

EN
ER

G
Y,



P
O

S
IT

IO
N

, C
M

 
P

O
S

IT
IO

N
, C

M

E-27

M5-HB2

ROD 2

ROD 1

M7-HB1

ROD 2

TIME, S

Fig. E.21. Transient-rod Motions



RS
F 

RS
F

E-28

M5-HB2

M7-HB1

TIME, S

Fig. E.22. Calculated Normalized Rod Shadowing Factor (RSF)



FL
O

W
R

A
TE

, C
C

/S
 

FL
O

W
R

A
TE

, CC
/S

E-29

M5-HB2

FM-3 (INLET) 
FM-1JINLET)

FM-2 (OUTLET)

--22

JFM-1 (INLET)

TIME, S

Fig. E.23. Sodium Total Loop Flowrates and Pump Current

PU
M

P 
C

U
R

R
EN

T,
 AM

PS
 

PU
M

P 
C

U
R

R
EN

T,
 AM

P
S



FL
O

W
R

A
TE

, C
C

/S
 

FL
O

W
R

A
TE

, C
C

/S

E-30

M5-HB2

FM-4 (FLOWTUBE 2)^ 

FM-5 (FLOWTUBE 1}

FM-5 (FLOWTUBE 2)

FM-4 (FLOWTUBE 1)

TIME, S

Fig. E.24. Sodium Individual Flowtube Flowrates



PR
ES

SU
R

E,
 M

PA
 (A

BS
O

LU
TE

) 
P

R
E

S
S

U
R

E
, M

P
A

 (A
BS

O
LU

TE
)

E-31

i r'nr—i—i i f t—r~|—r—r—r—'j—f

M5-HB2

PT-1 (INLET)

PT-2 (OUTLET)

- y7-HB1

.... fl 1 1,1...... rr-r--rj-r™r-^p-r-r-T—
i ~
i
i -
i
i “

-

PT-1 (INLET)

i
i -
i
i ~

I i !\

1

1 _

------ 1 rPT-2 (OUTLET) _______ !

i .
1
1 <
1
1 _

_ S____________
“ “ 7

i .

i “
i

0 4 8 12 16 20 24 28 32

TIME, S

Fig. E.25. Sodium Inlet and Outlet Pressures



TE
M

P
E

R
A

TU
R

E
, K 

TE
M

P
E

R
A

TU
R

E
,

E-32

M5-HB2

TC-16

'TC-8

M7-HB1

Fig. E.26. Flowtube (base of active fuel column) and Outlet Sodium Temperatures



TE
M

PE
R

AT
U

R
E,

 K 
TE

M
PE

R
AT

U
R

E,

E-33

12 16 20 24 28 32

M7-HB2

TC-12

TC-11

TC-10

TIME, S

Fig. E.27. Flowtube 1 Temperatures (Z/L = -0.04 to 1.07)



TE
M

PE
R

AT
U

R
E,

 K 
TE

M
PE

R
AT

U
R

E,

E-34

M5-HB2

TC-14

« TC-13

M7-HB1
TC-13

' TC-1
TC-14

TIME, S

Fig. E.28. Flowtube 1 Temperatures (Z/L = 1.15 to 1.87)



TE
M

PE
R

AT
U

R
E,

 K 
TE

M
PE

R
AT

U
R

E,

E-35

M5-HB2

M7-HB1

__ l

TIME, S

Fig. E.29. Flowtube 2 Temperatures (Z/L = -0.04 to 1.07)



TE
M

P
E

R
A

TU
R

E
, K 

TE
M

P
E

R
A

TU
R

E
,

E-36

M5-HB2

i TC-7
TC-15
TC-6

TIME, S

Fig. E.30. Flowtube 2 Temperatures (Z/L = 1.15 to 1.87)



TE
M

PE
R

AT
U

R
E,

 K 
TE

M
P

E
R

A
TU

R
E

,

E-37

M5-HB2

TC-16

TC-21

TC-19

0 4 8 12 16 20 24 28 32

M7-HB1

TC-16

TC-21

'TC-19

iTC-20

1— ----------------1----------------- i i i i '
0 4 8 12 16 20 24 28 32

TIME, S

Fig. E.31. Temperatures in the Sodium Flow



TE
M

P
E

R
A

TU
R

E
, K

 
TE

M
P

E
R

A
TU

R
E

,

E-38

M5-HB2

TC-23

TC-22

12 16 20 24 28 32

M7-HB1

TC-23

TC-22

TIME, S

Fig. E.32. Temperatures in the Gas Plenum



TE
M

P
E

R
A

TU
R

E
, K 

TE
M

P
E

R
A

TU
R

E
,

E-39

M5-HB2

TC-28 and TC-29

500- —

TC-26

TC-24

550-1

M7-HB1

TC-28

TC-24

TC-26

4—J—s.

TIME, S

Fig. E.33. Flowmeter Magnet Temperatures



TE
M

P
E

R
A

TU
R

E
, K 

TE
M

P
E

R
A

TU
R

E
,

E-40

M5-HB2

.TC-30

- M7-HB1

TC-30

'TC-31

TIME, S
o 32



TE
M

P
E

R
A

TU
R

E
, K 

TE
M

P
E

R
A

TU
R

E
,

E-41

M5-HB2

TC-32

TC-33

- M7-HB1

650-----
TC-32

TC-33

TC-34

Fig. E.35. Temperatures of the Wall of the Loop Pump Leg

o 32



F-l

APPENDIX F

Details of.the Final Overpower Transients

F-l Overpower.Transient Summaries

Table F.1 summarizes performance and test conditions assumed in analysis 
of the four overpower transients: M5-F1, M5-F2, M6-F, and M7-F.

In each M5 transient when the reactor power reached 43 MW the power rose 
exponentially on an 8 sec period. The power was then allowed to increase 
until a preset transient termination signal was received at 161 MW. Neither 
of the fuel pins failed during the M5 transients.

In the M6 transient when the reactor power reached 75 MW the power rose 
exponentially on an 8 sec period. The two fuel pins were heated under 
nominally-identical thermal-hydraulic conditions. The power rise was rapidly 
terminated upon detection of cladding breach which occurred at over four times 
normal power in both pins. The ternary 5.3 at. % burnup pin failed at 
13.240 sec.

In the M7 transient the reactor power reached 75 MW whereupon the 
reactivity period was changed to an 8 sec period. The ternary 9.8 at.% burnup 
pin indicated first failure at a power-to-flow ratio of about 4.0. The time 
of failure was placed at 17.719 sec.

F-2 Graphical.Data from the Final Overpower Transients

This section (Figs. F. 1 and F.44) contains general graphical data from 
the four overpower transients: M5-F1, M5-F2, M6-F, and M7-F.

Unusual responses of the individual fuel pin flowmeters were noted in 
M5. The response of FM-5 (flowtube 1 with the 0.8 at.% pin) was nearly flat. 
The response of FM-4 (on flowtube 2 with the 1.9 at.% pin) showed a large 
bell-shaped curve (Fig. F.16) which peaked at a "flowrate" of about 180 cc/s 
at 18 sec in M5-F1 and about 350 cc/s at 17.6 s in M5-F2. The reason for this



Table F.l. Final Overpower Transient Test Conditions Summary and Analysis Assumptions
M5-F1 M5-F2 M6-Final M7-Final

TREAT transient number 2712 2714 2734 2775
Date of performance 8/8/86 8/15/86 2/6/87 10/15/87
Initial total flowrate, cc/s 195 153 193 * 195

g/» 167 133 167 168
Flowtube 1:
Fuel pin identification T-280 T-280 T-186 T-131
Burnup, at.% 0.8 0.8 1.9 9.8
Length of fuel assumed for analysis, mm 343 343 343 343
Freirradiated fuel length, mm 351 351 348 354
Fuel radius, mm 2.54 2.54 2.54 2.54
Axial linear fuel density, gm/cm 2.25 2.25 2.27 2.24
Fuel porosity, % 13.5 13.5 27.0 19.0
Sodium logging, % of porosity 0.0 0.0 30.0 42.0
Trapped fission gas, moles/cc (xlO~E4) 0.14(a) 0.14(a) 0.50(a) 2.16
Fin plenum gas volume, ml 3.5 3.5 3.5 3.5
Pin plenum pressure, psia 39 39 94 705

at Temperature, K 293 293 293 298
Power coupling factor, W/g/MW 4.95 4.95 4.96 3.97
Peak TREAT power, MW (+) 160 159 206 220
Peak Axial Linear Power, (kW/m)
Peak power-to-flow ratio
(relative to 150 K coolant temperature rise) 3.4 4.4 >4
Thermocouples 8-14 8-14 8-14 9-15
Flowmeter identification FM-5 FM-5 FM-5 FM-4
Flowtube Orifice Size, cm none none none 0.432
Rodoscope column(s) 4 4 4 4

Flowtube 2:
Fuel pin identification T-154 T-154 T-102 T-427
Burnup, at.% 1.9 1.9 5.3 2.9
Length of fuel, mm 343 343 343 343
Preirradiated fuel length, mm 348 348 348 373
Fuel radius, mm 2.54 2.54 2.54 2.54
Axial linear fuel density, gm/cm 2.28 2.28 2.23 2.30
Fuel porosity, % 27.0(a) 27.0(a) 23.0 31.0(a)
Sodium logging, % of porosity 30.0 30.0 35.0 42.0
Trapped fission gas, moles/cc (x!0-E4) 0.51 0.51 1.38 1.03
Pin plenum gas volume, ml 3.5 3.5 3.5 3.5
Pin plenum pressure, psia 94 94 332 205

at Temperature, K 273 273 298 309
Power coupling factor, W/g/MW (+) 4.91 4.91 4.94 5.31
Peak TREAT power, MW 160 159 206 217
Axial Peak Linear Power, (kW/m)
Peak power-to-flow ratio
(relativa to ISO K coolant tanperatura .rise) 3.3 4.2 >4
Thermocouples 1-7,15 1-7,15 1-7,15 1-8
Flowmeter identification FM-4 FM-4 FM-4 FM-5
Flowtube Orifice Size, cm none none none none
Rodoscope column(s) 6,7 6,7 6,7 6,7

Flowsplit, %
Flowtube 1 50 50 50 47
Flowtube 2 50 50 50 53



Table F.l. Final Overpower Transient Test Conditions Summary and Analysis Assumptions iCont'd)

^6-Final M7-Final

Initial tanperatura, K 573 578 583 586
Initial Cotal Loop Plenum Pressure, psia €0 60 60 66
Initial pressure drop, MPA 0.20 0.10 0.48 0.16
Initial ALIP current, A 22.6 14.8 20.2 19.4
Flattop power, MW {+) 43 43 70 70
Flattop duration, s 0 0 0 0
Overpower period, s 8 8 a 8
5CREAT energy at peak power, MJ (+) 880 889 1033 1159
Transient rod sequence T2,T1 T2, T1 T2,T1 T2,T1
Initial shutdown rods T14T2 T16T2 T1 only T1 only
Transient correction factor 0.89 0.89 0.90 0.97
(from trial transients)
Duration of shutdown low-power shelf, s 15 15 15 15
Total TREAT energy 955 955 1180 1300
Peak-to-averege axial pin power 1.09 1.09 1.09 1.09
Radial edge-to-center pin power ratio 3.8 3.8 3.8 3.8
{+) Including- "rod shadowing" effects, 
(a) Uniform fuel density assumed.

F-3
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effect is unknown at this time. Peak power occurred at about 15.4 sec in M5-F1 
and about 16.1 sec in M5-F2.

During M7 the pressure transducer (PT) signal to the analog tape recorder 
saturated; consequently the 0.1 ms data from the analog tape recorder is 
omitted. The PT data have been corrected to eliminate the zero offset that 
was measured at zero sodium flowrate shortly before the test was performed. 
The corrected mV data were then multiplied by the transducer manufacturer's 
calibration factor, and the product was added to the initial loop-setpoint 
pressure indicated in Table F.l.

F-3 Events at Transient Termination

Events taking place at transient termination and/or pin failure are 
highlighted in Figs. F.45 to F.49.

Temperature responses from the thermocouples along flowtube 1 showed 
oscillating temperatures in M5 and M6, whereas the thermocouples along
flowtube 2 showed little if any oscillations (Figs. F.45 and F.46).

In all four transients, quenching the fuel at incipient failure or 
immediately after failure was important to preserve, for posttest examination, 
the state of the fuel at that instant. Such quenching was effective upon 
reactor scram due to the high thermal conductivity of the metal fuel. 
Preservation of the conditions at failure was also greatly aided by the fact 
that the breaches that occurred were very localized and relatively little 
additional cladding damage occurred while most of the fuel inventory was being 
expelled from the cladding.

The output signal from inlet flowmeter FM-1 was input to a shutdown 
signal generator (SSG) and the output from the SSG was fed into the reactor 
control rod program which was programmed to initiate reactor shutdown when the 
SSG tripped. Figure F.47 shows the event sequence at termination of the M6 
overpower test. (A similar sequence occurred during M7, but the SSG signal was 
inadvertently recorded only on the oscillograph). The sequence in M6 
proceeded as follows:
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1) The decrease in the total loop flowrate was sensed by the inlet 
flowmeter (FM-1). The loop flowrate decreased from about 1 mv to 
0.2 mv (200 cc/s to 40 cc/s) in about 4 ms (13.240 to about 
13.244 sec).

2) When the flowrate decreased to 20% of its original value the SSG was 
activated and tripped after about a 6 ms time delay (the time delay 
is governed by the time constant of the fast amplifier in the SSG 
circuit). The reactor control rod program was programmed to initiate 
reactor shutdown when the SSG tripped.

3) At about 13.24 sec (Fig. F.48) thermocouples along the axial length 
of the flowtube indicated a sharp rise in temperature. Thermocouples 
near the top of the fuel column responded first followed by those at 
lower elevations (in M6, TC-2 and TC-5 have an unexplained systematic 
offset, but they seem to accurately mark the time of cladding 
breach). A similar progression of flowtube temperature rise in the 
flowtube of the failed fuel pin in M7 is shown in Fig. F.49.

4) At about 13.26 sec reactor transient rod pair T-l (which had been 
being withdrawn from the reactor to provide the 8 sec reactivity 
period) indicates its peak withdrawal (about 65 cm) and the start of 
reentry into the reactor.

5) At about 13.28 sec the reactor power trace indicates peak power 
(about 205 MW) and the start of power decrease. Termination of the 
M6 and M7 transients were by means of driving hydraulic rod pair T-l 
in at its highest rate of speed. The remaining hydraulic rod and the 
eight pneumatic rods were inserted 15 sec after the command to insert 
rod pair T-l.

6) The reactor power decreased a factor of two in about 0.12 sec.



F-6

F-^ C omB.ari.soa.of .Measured ...and Calculated Temperature Rises

Figures F.50 to F.66 show comparisons of measured and calculated 
temperature rises during the four overpower transients. Comparison includes 
flowtube thermocouples both above and below the top of the active fuel. 
Measured Z/L refers to actual thermocouple location relative to the top of the 
fuel column (pretest). Calculated Z/L refers to the calculation from the 
closest of the 10 axial nodes (used in the COBRA-PI code) that was below the 
measurement.

Figure F.67 shows alternate calculations of peak melting compared to 
measurements (see Sect. 5.2). The assumptions indicated on the figures lead 
to plausible but low values of thermal conductivity and consequently, large 
amounts of melting. The model used for thermal conductivity is described in 
Appendix G. The comparison with measurements tend to support the "best 
estimate" computations presented in Fig. 5.6.

F.5 Tabulated and Graphical Data

Data, and values of calculated functions derived from the data, are shown 
in tabulated form on microfiche in the pocket on the back cover of this 
report. The listings consist of 1 ms data averaged over 50 ms intervals from 
0 to 25 sec for all but a few sensors. The following 1 ms data itself is also 
included: for M6-F; flowrate, pressure transducer, and the shutdown signal 
generator data over the time range 13 to 13.5 sec and for M7-F; the flowrate 
and pressure transducer data over the time range 17.5 to 18 sec. For M6-F, 
0.1 ms digitized data is provided for the pressure transducer during the time 
range 13 to 13.5 sec. Table E.2 gives the order of the test sensor listings 
on the microfiche, the sensor designation and its units.

Section A.5 explains why certain test sensors have been omitted. Factors 
for converting the flowmeter and pressure transducer mv data to units of cc/s 
and MPa (absolute) may be found in Table A. 3 and Section A.4.3, respec­
tively. Data for these instruments have not been corrected for any zero 
offset in the instrument. A separate microfiche is provided for M5, M6, and 
M7.
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The following graphs show 1-ms data averaged over 50-ms intervals, unless 
noted otherwise.

Fig. F.l 

Fig. F.2

Fig. F.3 
Fig. F.4 

Fig. F.5 
Fig. F.6 
Fig. F.7 
Fig. F.8 
Fig. F.9 
Fig. F.10 
Fig. F.11 
Fig. F.12 
Fig. F.13 
Fig. F.14 

Fig. F.15 

Fig. F.16 
Fig. F.17 

Fig. F.18 

Fig. F.19 

Fig. F.20 
Fig. F.21 

Fig. F.22

Corrected3 TREAT Power and Energy, Including RSF Variation (M5)
Corrected3 TREAT Power and Energy, Including RSF Variation 
(M6 and M7)
TREAT Power and Energy Data from Instruments SI and II (M5)
TREAT Power and Energy Data from Instruments SI and II (M6 and M7) 

Transient-rod Motions (M5)
Transient-rod Motions (M6 and M7)
Calculated Normalized Rod Shadowing Factor, RSF (M5)
Calculated Normalized Rod Shadowing Factor, RSF (M6 and M7)
Low-power "Shelf" and Transient-rod 1 Motion (M5)
Low-power "Shelf" and Transient-rod 1 Motion (M6 and M7)
Sodium Total Loop Inlet Flowrates (M5)
Sodium Total Loop Inlet Flowrates (M6 and M7)
Sodium Total Loop Outlet Flowrate (M5)

Sodium Total Loop Outlet Flowrate (M6 and M7)

Sodium Total Loop Flowrate Details (M6 and M7)

Sodium Individual Flowtube Flowrates (M5)
Sodium Individual Flowtube Flowrates (M6 and M7)

Sodium Individual Flowtube Flowrate Details (M6 and M7)

Sodium Pump (ALIP) Current (M5)
Sodium Pump (ALIP) Current (M6 and M7)

Sodium Inlet and Outlet Pressures (M5)

Sodium Inlet and Outlet Pressures (M6 and M7)

a) Power corrected to be consistent with the energy; both power and energy 
adjusted by the rod shadowing factors.
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Fig. F.23 Sodium Inlet and Outlet Pressure Details (M6 and M7)
Fig. F.24 Flowtube (base of fuel column) and Outlet Sodium Temperature (M5)

Fig. F.25 Flowtube (base of fuel column) and Outlet Sodium Temperature 
(M6 and M7)

Fig. F.26 
Fig. F.27 
Fig. F.28 
Fig. F.29 
Fig. F.30 

Fig. F.31 
Fig. F.32 

Fig. F.33 

Fig. F.34 
Fig. F.35 

Fig. F.36 

Fig. F.37 
Fig. F.38 

Fig. F.39 

Fig. F.40 
Fig. F.41 

Fig. F.42 

Fig. F.43 

Fig. F.44 

Fig. F.45 
Fig. F.46 

Fig. F.47 
Fig. F.48

Flowtube 1 Temperatures: Z/L - -0.04 to 1.07 (M5)
Flowtube 1 Temperatures: Z/L - -0.04 to 1.07 (M6 and M7)
Flowtube 1 Temperatures: Z/L - 1.15 to 1.30 (M5)
Flowtube 1 Temperatures: Z/L -* 1.15 to 1.87 (M6 and M7)
Flowtube 2 Temperatures: Z/L - -0.04 to 1.07 (M5)

Flowtube 2 Temperatures: Z/L - -0.04 to 1.07 (M6 and M7)
Flowtube 2 Temperature: Z/L == 0.78

Flowtube 2 Temperatures: Z/L = 1.15 to 1.87 (M5)
Flowtube 2 Temperatures: Z/L = 1.15 to 1.87 (M6 and M7)

Temperatures in the Sodium Flow (M5)

Temperatures in the Sodium Flow (M6 and M7)
Temperatures in the Gas Plenum (M5)
Temperatures in the Gas Plenum (M6 and M7)
Flowmeter Magnet Temperatures (M5)

Flowmeter Magnet Temperatures (M6 and M7)

Temperatures of the Wall of the Loop Test Section (M5)

Temperatures of the Wall of the Loop Test Section (M6 and M7)

Temperatures of the Wall of the Loop Pump Leg (M5)

Temperatures of the Wall of the Loop Pump Leg (M6 and M7)

Temperature Oscillations along Flowtube 1 (M5, M6, and M7)

Temperatures along Flowtube 2 (M5, M6, and M7)
Event Sequence at Transient Termination (M6 Test)
Progression of Flowtube Temperature Rise at Time of Fuel Pin 
Failure (M6 Test)
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Fig. F.49 Progression of Flowtube Temperature Rise at Time of Fuel Pin 
Failure (M7 Test)

The following graphs compare measured and calculated temperature rises in 
each test transient starting from the base of the active fuel column and 
proceeding upward.

Fig. F.50 Measured and Calculated Flowtube Temperatures Below Top of 
Active Fuel Column (M5-F1, Z/L = 0.45 to 0.76)

Fig. F.51 Measured and Calculated Flowtube Temperatures Below Top of 
Active Fuel Column (M5-F1, Z/L *= 0.85 to 0.90)

Fig. F.52 Measured and Calculated Flowtube Temperatures Above Top of 
Active Fuel Column (M5-F1, Z/L = 1.05 to 1.12)

Fig. F.53 Measured and Calculated Flowtube Temperatures Above Top of 
Active Fuel Column (M5-F1, Z/L == 1.25 to 1.83)

Fig. F.54 Measured and Calculated Flowtube Temperatures Below Top of 
Active Fuel Column (M5-F2, Z/L — 0.45 to 0.76)

Fig. F.55 Measured and Calculated Flowtube Temperatures Below Top of 
Active Fuel Column (M5-F2, Z/L - 0.85 to 0.90)

Fig. F.56 Measured and Calculated Flowtube Temperatures Above Top of 
Active Fuel Column (M5-F2, Z/L - 1.05 to 1.12)

Fig. F.57 Measured and Calculated Flowtube Temperatures Above Top of 
Active Fuel Column (M5-F2, Z/L - 1.25 to 1.83)

Fig. F.58 Measured and Calculated Flowtube Temperatures Below Top of 
Active Fuel Column (M6, Z/L - 0.45 to 0.76)

Fig. F.59 Measured and Calculated Flowtube Temperatures Below Top of 
Active Fuel Column (M6, Z/L - 0.85 to 0.90)

Fig. F.60 Measured and Calculated Flowtube Temperatures Above Top of 
Active Fuel Column (M6, Z/L - 1.05 to 1.12)

Fig. F.61 Measured and Calculated Flowtube Temperatures Above Top of 
Active Fuel Column (M6, Z/L = 1.25 to 1.83)

Fig. F.62 Measured and Calculated Flowtube Temperatures Below Top of 
Active Fuel Column (M7, Z/L - 0.24 to 0.46)

Fig. F.63 Measured and Calculated Flowtube Temperatures Below Top of 
Active Fuel Column (M7, Z/L = 0.75 to 0.99)

Fig. F.64 Measured and Calculated Flowtube Temperatures Above Top of 
Active Fuel Column (M7, Z/L - 1.03 to 1.10)



F-10

Fig. F.65 Measured and Calculated Flowtube Temperatures Above Top of 
Active Fuel Column (M7, Z/L - 1.15 to 1.79)

Fig. F.66 In-sodium Measured Temperatures (TC-16) and Mixed Mean 
Calculated Fuel Temperatures above the Top of the 
Fuel Column (with a simple time delay applied to the 
calculations for the coolant to reach the downstream 
location of TC-16)

Fig. F.67 Computed Melting (using alternate low thermal conductivity
values) in the M7 Overpower Transient Compared to Measurements 
in the Intact Pin, as indicated by "Dots"
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Fig. F.3. TREAT Power and Energy from Instruments S1 and 11
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Fig. F.4. TREAT Power and Energy from Instruments S1 and 11
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Fig. F.5 Transient-rod Motion
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Fig. F.12. Sodium Total Loop Inlet Flowrates
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Fig. F.13. Sodium Total Loop Outlet Flowrate
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Fig. F.14. Sodium Total Loop Outlet Flowrate
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Fig. F.16. Sodium Individual Flowtube Flowrates
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Fig. F.17. Sodium Individual Flowtube Flowrates
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Fig. F.18. Sodium Individual Flowtube Flowrate Details
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Fig. F.20. Sodium Pump (ALIP) Current
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Fig. F.21. Sodium Inlet and Outlet Pressures
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Fig. F.22. Sodium Inlet and Outlet Pressures
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Fig. F.25. Flowtube at Base of Fuel Column and Outlet Sodium Temperatures
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APPENDIX G

Additional Information Useful for Test Analysis

G.l Miscellaneous,.Information Useful for Test Analysis

This appendix provides a variety of information, both measured and 
assumed, useful to the reported analyses of the tests. Section A.2 describes 
flow channel geometry of a single pin within a flowtube. Flowtubes were 
thermally isolated from the rest of the loop structure (heat transfer 
coefficient of 0.02 W/cm2-K assumed). Table G.1 provides tabular summaries of 
TREAT power histories (including rod shadowing effects). Axial peak power 
couplings (including TCP's), inlet flowrates (assumed constant prior to pin 
failure), and inlet coolant temperature are found in Table F. 1. Radial and 
axial power distributions used in the calculations were given in Figs. C.2 and
C.3 in Appendix C.

G.2 Dependence of Thermal Conductivity on Burnup

Thermal conductivity of fresh fuel from the "IFR Metallic Fuels Handbook" 
[2.4] was used as a baseline in test analyses. However, a strong dependence 
of thermal conductivity on swelling, sodium logging and solid/liquid fission 
product accumulation (all of which depend strongly with burnup) is expected, 
and suggests strong variability in the thermal conductivity among M-series 
test pins with burnup. Rather than apply "bounding" correction factors, such 
as recommended in Ref. 2.4, knowledge of irradiated fuel characteristics such 
as listed in Table 2.2 have been used along with a previously reported 
empirical model [G.l] to produce physically reasonable estimates of thermal 
conductivity corrections applicable to M-series test fuel.

The Ref. G.l empirical model correlates known information on gas-filled 
and sodium-logged porosity to changes in fuel thermal conductivity. In that 
model a random distribution of pores alters the conductivity of uniform fuel 
by a correction factor:

1 - A * P (G.la)
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Table G.l. Suggested Power Histories for M5-M7 Overpower Transients

M5-F1
TIMERS) POWER >,{ HUrt

3.50000 0.600000
4.00000 2.70000
4.50000 14.1000
5.00000 38.3000
5.50000 42.6000
6.50000 48.4000
7.50000 54.3000
8.50000 61.1000
9.50000 69.9000
10.5000 78.9000
11.5000 87.8000
12.5000 100.500
13.5000 114.400
14.5000 130.900
15.5000 158.200
17.0000 185.000
18.0000 212.000
19.0000 240.000
20.0000 275.000
21.0000 315.000
21.1000 90.0000
21.2000 29.0000
21.8000 10.0000

M6-F
[ME CS) POWER. (MW)
3.60000 0.920000
4.20000 6.17000
4.75000 32.0200
5.00000 61.4500
5.50000 74.0400
6.00000 79.0700
7.00000 89.4300
7.50000 94.4200
8.00000 100.970
9.00000 114.550
10.0000 128.210
10.5000 136.530
11.0000 147.970
11.5000 158.590
12.0000 170.020
12.5000 182.470
13.0000 196.380
T3.2500 203.050
13.3500 119.530
13.4500 37.5500
14.0000 23.5200
16.0000 14.1700
20.0000 7.15000

M5- FZ
TIME <S) POWER (MW)

4.00000 1.22000
4.50000 6.16000
5.00000 27.9000
5.40000 38.7000
6.00000 40.7000
7.00000 46,3000
8.00000 52.5000
9.00000 59.5000
10.0000 68.2000
11.0000 77.1000
12.0000 85.4000
13.0000 97.8000
14.0000 '112.100
15.0000 128.400
15.6000 143.000
16.1250 157.800
16.2260 92.0000
16.9500 10.0000
18.0000 7.15000
20.0000 4.60000

M?-F
TIME CS) ■ POWER i (fl W)

7.00000 1.03000
7.50000 4.24000
7.80000 9.40000
8.00000 16.8000
8.20000 28.6000
8.40000 48.2000
8.60000 57.0000
9.00000 65.5000
9.50000 71.0000
10.0000 76.2000
10.5000 81.0000
11.0000 85.9000
11.5000 91.7000
12.0000 98.5000
12.5000 105.400
13.0000 112.300
13.5000 119.200
14.0000 126.600
14.5000 139.200
15.0000 149.900
15.5000 160.500
16.0000 172.300
16.5000 185.700
17.0000 199.300
17.5000 212.800
17.7250 218.900
17.7500 213.300
17.8000 177.200
17.9000 57.7000
18.0000 27.3000
19.0000 17.8000
20.0000 13.9000
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where P is the volume fraction occupied by pores, and A is a multiplier which
depends on pore shape and thermal conductivity. Following the analysis of 
Ref. G.l, A may be written as

A - 3* e *((K-Kp)/(Kp+2*K)) (G.lb)

where K is nominal fuel thermal conductivity, Kp is the thermal conductivity 
of the pore material and e is a "shape" factor (unity for spherical pores) to 
be determined empirically. Fitting thermal conductivity measured on 
irradiated U-Fs fuel with low conductivity pores (Kp = 0) [G. 2] to Eq. (G. 1) 
suggests a value for e of about 1.67.

If total porosity, P, is divided between sodium-filled, Ps, and gas- 
filled, Pg, then Cf of Eq. (G.1) may be re-written as:

Cf “ 1 - AS*PS vpg
and, As = 2.5*3*6*(l-r)/(r+2)

Ag - 3*e*pg/2 (G.2)

where "r" is the ratio of thermal conductivity of sodium to fuel (nominal). 
Eq. (G.2) was used to calculate the burnup correction to thermal conductivity 
used in all the reported analyses. For these calculations, e was assumed 
equal to the fitted value of 1.67 and the average amounts of gas-filled and 
sodium-filled porosity assumed for each test pin is reported in Table F. 1 
consistent with fuel characteristics reported in Table 2.2. (For higher 
burnup ternary fuel pins, a radial distribution of porosity was also assumed- 
see Eq. (G.3) below.)

Typical values of computed thermal conductivity are reported in Table 
2.2. Computed magnitudes of the burnup correction are consistent with 
bounding estimates from Ref. 2.4.
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G.3 In-Pin Radial DistrjMM^Bs M..Ctm^tuCTit^AsMim^m^est Analgsis

As was discussed in Sect. 2, direct measurements of the radial 
distribution of the relative distribution of fuel constituents have been made 
for ternary fuel at burnups tested in M5-M7 and exhibit significant 
nonuniformity [2.2 and G.3]. Porosity distributions were not directly 
measured, but microphotographs give qualitative indication of an increasing 
porosity with pin radius in higher burnup pins. Measured isotope 
distributions in 5 and 10 at. % burnup pins, when integrated, yield the 
expected initial pin loadings as modified by burnup level, provided a modest 
density decrease with radius is assumed [G.4]. Since the particular mix of 
constituents affects fuel melting points and thermal conductivity, "best 
estimates" of radial distributions for uranium, plutonium, and zirconium and 
porosity, were included in thermal analyses. These distributions were assumed 
to apply at all axial heights and are consistent with both measured 
distributions and analysis of total isotope inventory.

In ternary fuel of burnup greater than 5 at.% fuel mass density is 
assumed to decrease with relative radius, R according to a factor,
EXP(-(0.5R)2), which multiplies the fuel's average smear density. Porosity
increases with radius accordingly. (Average values of fuel porosity used in 
the analyses were given in Table F.l.)

Isotopic distributions of uranium and plutonium as a function of relative 
radius, R, were input by weight fraction, W, according to a quadratic 
function:

W = A + B*R + C*R*R (G.3)

Coefficients A, B, and C are given in Table G.2. Zirconium distribution is 
calculated on the basis of the weight distribution of uranium, plutonium and 
zirconium summing to unity at every radial location.
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Table G.2 Radial Distribution Coefficients of U and Pu in
IFR Ternary Test Fuel

Test Fuel: 0.8 at.% 1.9 at.% 5.3 at.% 9.8 at.%
Uranium:

A 0.710 0.613 0.873 0.841
(Eq. B 0.0 0.646 -0.481 -0.345
G.3) C 0.0 -0.662 0.288 0.233

(uniform)

Plutonium:
A 0.190 0.185 0.139 0.099

(Eq. B 0.0 -0.018 0.211 0.373
G.3) C 0.0 -0.004 -0.184 -0.292

(uniform)

In general, the assumed constituent nonuniformity exerted minimal
influence on the key (mainly thermal) calculations of pre-failure axial
expansion, gross amounts of fuel melting, and cladding failure threshold.
Assuming uniform distributions of constituents and whole-pin averages in these
calculations should then be adequate for most purposes.

References

G.l. T. H. Bauer, "Effects of Porosity on Thermal Conductivity with 
Application to Sodium-Bonded, Metal Reactor Fuel," ANL-RDP-115, p. 1.40 
(1984). '

G.2. R. A. di Novi,"Effect of Burnup, Swelling, and Irradiation Temperature 
on Thermal Diffusivity and Conductivity of Uranium-Fissium Alloy," 
Argonne National Laboratory Report, ANL-7886 (1972).

G.3. R. G. Pahl, "IFR Fuels Performance and Fabrication Progress Reports, 
March, October, and December 1987," (1987).

G.4. T. H. Bauer, Argonne National Laboratory, unpublished information, 
(February 1988).




