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FINAL REPORT OF FUEL DYNAMICS TEST E7
by

R. C. Doerner, W. F. Murphy, G. S. Stanford,
and P. H. Froehle

ABSTRACT

Test data from an in-pile failure experiment of high-
power LMFEFBR-type fuel pins in a simulated $3/s transient-
overpower (TOP) accident are reported and analyzed. Major
conclusions are that (1) a series of cladding ruptures during
the 100-ms period preceding fuel release injected small bursts
of fission gas into the flow stream; (2) gas release influenced
subsequent cladding melting and fuel release [there were no
measurable FCI's (fuel-coolant interactions), and all fuel mo-
tionobserved by the hodoscopewas very slow]; (3) the predom-
inant postfailure fuel motion appears to be radial swelling that
left a spongy fuel cruston the holder wall; (4) less than4-6% of
the fuel moved axially out of the original fuel zone, and mostof
this froze within a 10-cm region above the original top of the
fuel zone to form the outlet blockage. An inlet blockage ~l1cm
long was formed and consisted of large interconnected void re-
gions. Both blockages began just beyond the ends of the fuel
pellets.

I, INTRODUCTION

In the series of tests with the Mark-II loop planned to simulate unpro-
tected transient-overpower (TOP) accidents, E7 was the first to use a multipin
cluster of high-burnup LMFBR-type fuel. Distinguishing features of this test
were:

1. Seven nearly identical fuel pins previously irradiated in EBR-II at
10 kW /ft (33 kW /m) to a burnup of 4.2 at. % were used. Transient-power
and fuel-temperature histories were characteristic of a $3/s unprotected
TOP accident in the Fast Flux Test Facility (FFTF).

2. The only pressure pulse recorded during the test was small (~75 psi
or 0.52 MPa) and occurred at the inlet 3.5 s after the initial failure. All fuel
motion was slow and small in quantity.
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3. Major conclusions of the test are that: .

a. Incoherent cladding ruptures released bursts of fission gas
that initiated flow-channel voiding, and molten-cladding /coolant thermal inter-
actions maintained the void during fuel motion.

b. Fission-gas-induced fuel swelling formed a porous and spongy
shell on the holder wall that served as a channel for molten-fuel flow,

c. DBoth fission-gas and coolant-vapor pressures remained below
the threshold for significant fuel and coolant-slug ejections that have been
found in other TOP accident simulations,

d. Flow-channel blockages were started by cladding and spacer=-
wire steel freezing to the colder upper and lower pin structure.

e. DBoiling and vapor streaming at the inlet prevented formation
of a solid plug.

4. Delayed events as late as 10 s after the initial failure suggest the
possibility of fuel dispersal related to the postaccident heat-removal processes,

5. This was the first TOP test in which measurable quantities of fuel
were found below the inlet of the test section.

Earlier reports of Test E7' were limited by the detail and extent to
which the test data were and could be examined, Delayed events were not
observed because the data did not extend beyond 8.2 s. Analysis of the test
results was further limited by the interim nature of the thermophysical fuel
constants used in the thermal-hydraulic calculations. A reevaluation of the
test data was later compared to new and better calculations.? Reference 2
included comparisons between all the TOP tests and provided some insight
into the failure threshold. Neither the results of the hodoscope-data analysis
nor the posttest examinations were available at the time of these early reports,
Both are included here. Advances and developments in both the modeling avail-
able in accident codes and a significantly extended capability for analyzing the
test data since the test was performed (March 9, 1973), form the basis for
this final report of Test E7, For this report, the original analog signals re-
corded on magnetic tape were redigitized and independently analyzed.

In the following sections, the fuel, the test geometry, and the test
parameters are described. A number of mechanisms related to causes of fuel
motion are identified in Sec. IV. Techniques used in "conditioning" the test
signals are defined and discussed, and the test results are presented in Sec. V,
Results of thermal-hydraulic calculations and an evaluation of the Baars-Scott-
Culley® damage parameter for fuel failure for each axial node of each test pin
are presented in Sec. VIII. In Sec, IX, the test results are combined with the
calculations to generate a scenario and a basis for the conclusions of the test. ‘
Evaluation of the input constants used in the calculations and tabular listings
of the test data are presented in the appendixes.
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The main conclusions of Test E7 are that two failure events can be
identified: an initial breach of the cladding integrity, which releases small
quantities of gas, and a "fuel-failure" event, producing severe flow anomalies.
A series of incoherent cladding failures is identified by a 50-ms sequence of
small surges in the flow signals. "Fuel failure" is identified by ejection of
coolant from both ends of the flow channel. The flow surges were small
(0.9-3.5 ¢cm?®) and are interpreted as fission-gas releases. They are not ac-
companied by measurable pressure pulses, and they occur when various pins
(or regions of a single pin) reach an enthalpy of 200 cal/g (837 J/g). Fuel
release occurred after the flow channel was essentially voided. The picture
of fuel motion that emerges is that individual pins swell as the solidus front
approaches the gassy, unrestructured fuel region. As melting progresses, the
cluster as a whole swells to form a spongy crust on the holder wall. The
combined central void in the pins and the increased volume resulting from
swelling are sufficient to reduce fission-gas pressures below the threshold
for rapid ejection of molten fuel.

Blockages are formed as molten cladding freezes to the upper and
lower pin structure. Later-arriving fuel does not penetrate the blockages
and forms plugs of increasing fuel density toward the original fuel column.
The inlet blockage forms after complete channel voiding. Some debris falls
downward to form a fuel-steel deposit in the lower bend.

During the transition between individual pin swelling and cluster
swelling, the upper pin structures drop downward, pushing the molten fuel
outward and upward.

Near the end of the transient, the hottest region of the fuel crust at the
axial midplane melts and moves both upward and outward into the adiabatic
holder region.

Delayed reactions of relatively large magnitude are reminiscent of
those observed in fresh-fuel tests in the S autoclave test series. Periods of
coolant boiling at the inlet were observed 2-4 s after failure. Pressure of
the sodium vapor may have dislodged and relocated some loose debris or
partially molten fuel. At 16 s (8-;— s after initial failure and 7%— s after shutdown),
the outlet-flow and temperature signals showed sodium penetrating the upper
blockage. Vapor pressure appeared to relocate sufficient material to pro-
duce a rise in the outlet temperature with no measurable increase in the
upper-head or pump-return temperatures. No later events were observed.

II. TEST FUEL

The seven fuel pins used in Test E7 were modified HEDL N-F pins that
had been irradiated previously in Ring 5 of the X097 subassembly in EBR-II.
A drawing of the pins is shown in Fig. 1, and their placement in the test is shown
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in Figs. 6 and 8 below. Spacer wires were of 1.01 + 0.0l-mam OD on a .
0.3-m pitch. (FTR pins have 0.91-m-long fuel columns and use 1.4-mm spacer
wires.) Except for the fuel and insulator pellets, and the Inconel reflector rod

and spring material, all parts of the pins are made of Type 316 stainless steel.

BOTTOM
INSULATOR PELLETS oTTou
Top e INGONEL INSULATOR ACTIVE 3373
— PRI ol ! t ’
e SPRING I=-"anp ™7 ROD T PELLETS FUEL 2.628
1 | CAP ; | bt 1750~
= R e e N P A I e N T —p .~ — —)—
i //0.230 DIA. REE-J
0.070 DIA. THRY
El.ws —o] 1022 |=l1312 ->-}=—5.000 6.700 e 13.500 0.500
; 42.984 REF. - -— ( MODIFIED LENGTH)

ALL DIMENSIONS IN INCHES

3.375
0.187
0 062—
;| I 0,062 DIA, 3 o187
0.230 01A{] 0. |925 DlA ““‘ 0.5(5 DIA = -

T Rl T
°~'52 DIA.— 0.25 4= 0.25
TOP END PLUG SPACER CAP BOTTOM END PLUG

Fig. 1. Modified HEDL N-F Fuel Pin. Conversion factor: 1 in. = 2.54 cm. ANL Neg. No. 9200-4383.

A. Pin Modifications

After irradiation in EBR-II, the spiral wire wraps were tack-welded to
the solid end plug just below the cladding-plug weld, and the bottom 0.453 m of
the 0.539-m-long solid lower end plugs were cut off. A 1.78-mm-dia hole was
drilled through the plug 44 mm from the bottom. All axial dimensions of the
fuel pin, the holder, the loop, and the instrumentation sections are relative to
the bottom of the fuel pin, but are keyed to this hole.

As viewed from the bottom, the spacer wire iswound in a counter-
clockwise direction. The location of the spacer wire at various axial elevations
relative to the pump and hodoscope is shown below in Fig. 7. During the ap-
proach to failure, the pins can bow only in the direction allowed by the spacer
wires. There is some slight evidence from the hodographs that initial bowing
was toward the pump in the midregion of the fuel column and away from the
pump at the ends. This motion is consistent with the angular location of the
spacer wires shown in Fig. 7.

A 1.57-mm-~dia pin through the 1.78-mm hole in the end plug provided .
the only axial support of the pins during the test. A limited amount of flow-
induced vibration is possible, especially near the tops of the pins.




Cladding for the as-fabricated pins was of 5.86 + 0.13-mm-OD Type 316
stainless steel tubing with 20% cold work, having a wall thickness of 0.38 +
0.02 mm and a length of 0.98 m. The yield strength is about three times as
high as that of normal Type 316 stainless steel at temperatures below 550°C,
This is important in predicting the necessary conditions for cladding failure.

B. Fuel Composition

Fuel was fabricated from preslugged, pressed, and sintered pellets of
25% PuO, enriched to 85% in 2*%Pu and 25% UG, enriched to 77% in #35U. Pellets,
each about 6.3 mm long and of 4.94-mm diameter, were stacked into 344-mm-
long fuel columns within the cladding tube. Weights of the oxides in individual
pins are listed in Table I. Isotopic composition of an "average" pin before
EBR-II irradiation is listed in Table II. Both tables reflect fresh, as-fabricated
properties and assume homogeneous and isotropic distributions of material,
Fuel-pellet density was 10.0 g/cm?.

TABLE I. Composition by Mass of Test Fuel Pin

Mass, g

Identification Mixed Oxide Pu0, Jo,
N-104 63.64 15.92 47.72
N-115 63.88 15.98 47.90
N-153 64.57 16.16 48.41
N-092 65.18 16.22 48.96
N-069 64.19 16.06 48.13
N-185 ©3.76 15.95 47.81
N-081 64.15 16.05 48.10
Avg 64.196 16.048 48.147

TABLE II. Isotopic Composition of Average Pin

Isotope
Enrichment, Density, Atom Density, Total Mass in Pin,
Isotope Yo g/cm? 10 atoms/cm? g
B4y 0.60 0.0387 9.9582 < 1073 0.253
B5y 76.88 4.9785 1.2760 x 1077 32.556
23673 0.24 0.0156 3.9830 x 10°° 0.102
38y 22.28 1.4613 3.6980 x 1073 9.556
B8py 0.09 0.0019 4,9149 x 10-° 0.0127
BIpy 85.65 1.8560 4.6773x 1073 12.137
Ho0py 11.51 0.2504 6.2856 < 107* 1.638
Hpy 2.47 0.0539 1.3489 x 19~* 0.358
#2py, 0.28 0.0061 1.5291 x 107° 0.040
160 1.1543  4.3454 x 107° 7.549
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Fuel-composition data after the EBR-II irradiation are not available.
The major differences are expected to be the radial and axial distributions of
material according to the grain structure. The grain structure of a sibling
HEDL N-F pin (N-013) is shown in Fig. 2 and is discussed further in Sec. ILF.

cy

N

Fig. 2

£ Metallographic Cross Section of
J HEDL N-F Pin. Mag. ~28X.
ANL Neg No 9200-4005

Cv CENTRAL VOID £ EQUIAXED GRAIN REGION
C  COLUMNAR GRAIN U UNRESTRUCTURED REGION
REGION

C. Nondestructive Examination

The fuel pins were nondestructively inspected. The examination con-
sisted of visual inspection and macrophotography, X radiography, helium leak
testing, determination of element losses, condition of the wire wrap, gross
and *’Cs gamma scanning, and measurements of the weight, balance point,
length, and diameter. The principal irregularity was that the spring in
element N-092 (central pin in the test cluster) had 25 coils compared to 19
coils in the other elements. Posttest examination of the springs showed that
some had 19 and others 20 coils. The difference is due to the pin orientation
in the X-ray pictures,

D. Preirradiation History

Results of pin-surveillance calculations (by the VIGILANTE code) for
the seven fuel pins used in Test E7 are listed in Table III. The sibling pin,
N-013, that had been destructively examined, is included in the table. Fission-
gas content 1s not known but can be back calculated from the pressures and
temperatures listed in Table III. The calculated fission-gas fraction is 86.6%
of the total gas volume.



TABLE III. Burnup Calculations for HEDL N-F Pins Used in Test E7
Beginning of Life End of Life
Linear Coolant Cladding Plenum Linear Coolant Cladding Fission Gas Plenum
Power, Temp, Temp, Pressure, Burnup, Fluence, Power, Temp, Temp, Generated, Pressure,
Pin No. kW /m °C °C MPa at. % 10%nvt  kW/m °C °C cm?® MPa
NOo13
(Sibling pin)  38.32 471 510 0.5141 4.760 4.138 37.01 467 505 61.02 3.810
NO69 34.38 470 506 0.5067 4.291 3.705 33.33 466 502 55.03 3.436
wosl1 37.80 471 510 0.5067 4.695 4.079 36.48 468 506 60.17 3.209
N092 33.60 468 504 0.4913 4.141 3.570 32.60 465 500 53.87 3.352
N1o4 33.46 459 495 0.4960 4.202 3.622 32.47 456 491 53.42 3.290
NI15 33.43 468 504 0.5026 4.188 3.609 32.43 465 500 53.45 3.332
NI153 33.10 466 501 06.5004 4.167 3.590 32.13 462 498 52.92 3.292
N185 32.81 463 492 0.4959 4.121 3.547 31.83 455 489 52.50 3.241

61
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FTR PIN X097 PIN

HEDL N-F
5.7 ku/ft H-013

PEAK POWER E. Axial Power Shape .

Figure 3 compares the axial
power shape of the test fuel during
the E7 transient to that of a high-
power FTR pin. This figure is an
adaptation of Fig. 9 of Ref. 4. The

N Al 37-kW /m power level during the
EBR-~-II preirradiation creates a
void in the center of the test pin.
The void size in an FTR pin will
be somewhat larger at the same
burnup because of the higher linear
power, Thus, the test pin will have
about the same fission-gas content
eag o o o8 ws  as a 4.2%-burnup FTR pin, but a
POWER, ku/ft SHAPE slightly smaller central void. Axi-
ally, the central void extended nearly

to the end of each pin.

36 in. LONG

Y- {9 Rt/ 1

13-172n LONG ]

- N3 kw/ft

Lo 126 ke/ft

F1R.PIN
[(W-613 PIN

PEAK POWER

5 10 15 A relative axial power shape
bg‘ﬁ;‘,?{’;‘}f, was determined from foil irradia-
tions on fresh fuel pins during
Fig. 3. Comparison of Axial Power Shape of Peak-power steady-state calibration measure-
FTR Pin, Sibling Pin in EBR~II Irradiation, and ments for Test H3.> Results of
ET Test Fuel. Conversion factors: 1 kw/ft = these measurements are further
3.281 KW/m, 1 in. = 2.54 cm. discussed in Sec. II.G. The axial
power shape during the E7 transient
test, shown at the right side of Fig. 3, is assumed to be the same as the steady-
state H3 results. Differences between transient and steady-state measurements
of the fuel calibration factors vary by as much as 20%. Most or all of this dif-
ference can be accounted for by detailed differences in core loading and rod
settings between the low-power run and the test transient. On the basis of
pretransient power calibration runs made for H3,% the axial power shape as
shown in Fig. 3 did not undergo similar changes during the transient. Only
minor differences can be attributed to the differences between the fresh fuel
of the H3 calibration measurements and the irradiated fuel of Test E7. Loop
outfitting, including the flux-shaping filters, were the same for Tests H3 and
E7.

F. Fission-gas Distribution

A sibling pin (HEDL N-F pin N-013) from the same EBR-II subassembly
in which the E7 test pins were irradiated was destructively examined at the
axial midplane and at the ends of the fuel columns for grain structure, but not
for particle size or fission-gas distributions. The grain-structure regions as .
seen in Fig. 2 are well defined. The central void extends to 0.585 mm, the
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. columnar grains to 1.6 mm, and the unrestructured region to 2.52 mm, com-

pared to the 2.46-mm radius of the fresh as-fabricated pellets. More exten-
sive examinations for fission-gas distributions were performed on a PNL-17
sibling pin that had undergone a similar total irradiation, but at two different
linear power levels,

A fission-gas retention profile was estimated® from a comparison of
the operating temperature, the observed structural morphology, and the total
fission-gas release. The fission-gas distribution in the N~013 pin was esti-
mated as follows:

The temperature distribution during EBR-II irradiation was determined
from the average cladding temperature obtained from VIGILANTE data. To
this was added a gap temperature drop using a gap conductance of 85 W/m-°C
to obtain the fuel surface temperature., The fuel-temperature profile was
obtained from the [k(6)de equation for fuel containing a central void.

A temperature profile obtained in this way for the PNL-17 pin was
similar to that calculated by the LIFE-II code. The measured radial distri-
bution of retained fission gas in the PNL-17 pin was compared to the calcu-
lated temperature profile. This result was then applied to the HEDL N-F pins.

Total gas release from the N-013 sibling pin was 40.73 cm? (The pin
was put in a vacuum chamber of known volume, and the cladding was punctured
by a laser beam. The release volume was then determined from the equilib-
rium chamber pressure.) Of the released gas volume, 86.8% or 35.3 cm?® was
fission gas. The remaining fission-gas volume (5.4 cm?) is retained within
the fuel microstructure. Laser sampling measurements of the PNL-17 pin
gave volume fractions of retained fission gas by structure regions (see Fig. 2).
These were:

Columnar-grain region 3.9%
Equaixed region 32.1%
Unrestructured region 64.1%

An estimated profile for the retained fission gas in the HEDL N-F pins
based on these data is shown in Fig. 4. Examination of samples taken from
the top and bottom pellets of the N-013 pin indicated the axial variation of the
inner radii of the different grain regions approximately as follows:

Axial Position Void, mm Columnar, mm Equiaxed, mm
Ends None
6.3 mm from ends 0.46 1.4 1.95
‘ Central 250 mm 0.58 1.6 2.06

This distribution is a direct reflection of the axial power shape during the
EBR-II irradiation (see Fig. 3).



22

2.5 T T 1 T T T T T
8l mils 99 mils

23 mils 63 mils \
\\ \ un-
voio | COLUMNAR {EQUIAXED I RESTR. I _

REGION GRAINS ToraInS

I
[=3
!

o
T
!

Fig. 4

Estimated Fission-gas Profile of Test
Fuel in Test E7. Conversion factor:
1 mil = 0.00254 mm.

>
7

FISSION GAS CONCENTRATION, 102° atoms/em?

o
o
I
i

0 { 1 1 i | I | I
0 100 20 30 40 50 60 70 80 90 100 120

RADIAL DISTANCE FROM CENTER, mils

G. Radial Power Shape and Calibration Factors

Power distributions within each pin and among pins within the cluster
are important, both as input information to calculations and as a factor bearing
on fuel motion. The distributions are determined by a combination of neu-
tronics calculations’ and experiments. Separation into axial and radial com-
ponents is assumed, both of which can be adjusted, within iimits, to meet
certain criteria.

A series of transient calibration measurements was performed with
both fresh pins in a pretest calibration study and fresh and irradiated PNL-
type pins for Test H3.>’® Enriched-uranium foils measured the surface power
density at several angular orientation and axial locations.?” Some of the fuel
pellets were destructively analyzed for the radially averaged power density.
Two-dimensional transport calculations, normalized to the pellet-averaged
and surface power densities, were used to obtain detailed distributions through
the cluster.!®!! Monitor-wire activities were used to normalize cluster powers
to TREAT power,

Power distributions within the cluster are characterized by a super-
position of an axisymmetric radial distribution within the central pin and a
gradient across the cluster arising from flux depression on the pump side of
the loop. Each peripheral pin is taken to have the same intrapin distribution
relative to the pin average power. Corrections were made to account for
redistribution relative to the pin average power., Small corrections of a few
percent were made to account for redistribution of fissile material during
EBR-II preirradiation. These corrections include the migration of fission
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gas toward the center and the displacement of
fuel outward to produce the different densities
within the various structure zones. The cor-
rection calculations were supplied by HEDL,!?
The resulting intrapin power shapes are shown
in Fig. 5. Four types of power shapes are shown.
Type I distributions apply to all azimuthal sec-
tors of the central pin. Type II-IV distributions
are used for the peripheral pins as shown in the
lower drawing of Fig. 5. Type II distributions
are used for pin sectors whose adjacent flow
channel is bounded by two additional pins.

Type III distributions are towards flow channels
bounded by a single additional pin, and Type IV
distributions are for the pin sectors that face
the holder wall.

The sharp decrease in calculated power
density per unit volume in the unrestructured
regions is based on fuel-density measurements
in the sibling PNL-17 pin. These volumetric
power changes result from an average pellet
density of 93% TD before irradiation, changing
locally to 78% TD in the unrestructured fuel
region after irradiation. Calculations of the
radial power shape as made by HEDL correctly
predict the central-void growth and consequent
fuel densification in the columnar-grain region.

No correction in the power shape was made to account for loss of fuel result-
ing from burnup and the addition of fission-product poisons.

Absolute pin calibration factors determined from the combined foil
and pellet measurements in the H3 calibration measurements and the two-
dimensional transport calculations are listed in the top left of Table IV,
Intrapin distributions, corresponding to the four types shown in Fig. 5, are
listed in the lower portion of Table IV, The relative axial power shape, shown
at the right of Fig. 3, is tabulated at the top right in Table IV.

TABLE IV. Calibration Factors and Radial Power
Distributions for Test E72
Pin No. Power Calibration, Height Relative Axial
J/g-MW-s from Bottom, Power Shape
in,
N-092 1.612
N-081 1.650 0-1.917 0.810
1.917-3.861 0.950
N-069
N-115 1.969 3.861-5.778 0.990
5.778-7.722 1.000
N-185
N-153 2.166 7.722-9.639 0.990
9.639-11.583 0.960
N-104 2.16
166 11.583-13.500 0.820




TABLE IV (Contd.) .

Radius, in. Radial Power Distribution
Inner Quter Type 1 Type II Type IIIL Type IV
0.023 0.0326 0.995 0.896 0.914 0.967
0.0326 0.0422 0.990 0.894 0.951 0.998
0.0422  0.0519 1.001 0.894 0.992 1.047
0.0519 0.0615 1.019 0.896 1.044 1.100
0.0615 0.0711 0.912 0.785 0.958 1.014
0.0711 0.0808 0.948 0.800 1.019 1.082
0.0808 0.0904 1.009 0.829 1.094 1.171
0.0904 0.100 1.090 0.867 1.185 1.249
3conversion factor: 1 in. = 2.54 cm.

III. TEST GEOMETRY

The Mark-1II test loop,!® the Transient Reactor Test Facility (TREAT) "
and the hodoscope,'®'!® are described in the literature. The basic design of the
loop was to accommodate fuel pins and flow channels that were less than
0.787 m long. Pressure and flow instrumentation are at fixed locations on the
loop. The l.1-m-long test pins and flow channel in Test E7 extended beyond
the upper instrument section. Pressure pulses in the flow channel were coupled
to the transducer through a hole cut in the flow tube at the elevation of the upper
pressure transducer. In addition, an Armco iron core was installed inside the
loop at the upper flow detector to enhance the outlet-flow signal. Unfortunately,
the iron flow "amplifier" appears to have enhanced the temperature sensitivity
of the flow detector. Outlet flow spilled over the top of the flow channel and
moved downward on the outside of the holder to the pump return tee. All
parts of the loop within the 1.22-m active height of the TREAT core are coated
with a thermal-neutron-filter material.

A. Fuel-pin Geometry

The seven HEDL N-F test pins were arranged in a hexagonal array
surrounding the central pin, as shown in Fig. 6. A fluted flow tube provides
the correct hydraulic simulation of seven pins within a much larger cluster,
as well as providing the necessary constraint against radial motion of the fuel
cluster. Although 0.5 mm of diametrical clearance is allowed for, the pins
(with their spacer wires having identical orientations) fit snuggly in the fluted
tube at room temperature, because of pin bowing.

An outer shell tube surrounding the fluted tube provides a space that is
filled with argon gas at 0.1 MPa (I atm) and serves as a thermal insulator. By .
limiting the heat losses to the loop wall, the seven-pin cluster is thermodynam-
ically similar to pins within a much larger assembly. Unlike a larger cluster,
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however, the fluted wall fails by melting during the fuel-motion phase of the
test. The insulating argon gas can then mix with the flow stream, and pres-
sure pulses that may have been generated are attenuated by an unknown amount;
their propagation velocity can change drastically, and the flow-detector re-
sponse to two-phase flow is unknown.

HODOSCOPE
SLOT

Fig. 6

Cross Section of Fuel Cluster with Pin
Identification for Test E7. All dimen-
sions in inches. Conversion factors:

lin. = 254 cm; 1 atm = 0.1 MPa.

B. Axial Flow Channel

Axial motion of the fuel pins is constrained by the locking pin at the
bottom (inlet) end of the flow channel. Details of the flow channel are shown
in Fig. 7. Major points of interest in this figure are:

1. The substantial mass of steel exists in the inlet and outlet regions.
These steel masses can act as heat sinks to rapidly cool the blockage material.
Rapid cooling would account for the observed directional dendritic grain struc-
ture found in the remains.

2. The volume of argon gas that can be released when the fluted tube
ruptures is 181 cm?® (twice the volume of sodium in the same region) at a pres-
sure of about 0.28 MPa (40 psi) at 380°C. This volume, plus that of the holder
wall that melts and is carried away, can be occupied by sodium and complicates
the calculation of voiding from the flow data.

3. Because of direct contact with the loop wall, radial heat transfer
from upward-moving hot or molten debris increases dramatically above the
adiabatic section (730 mm). Any debris entering this region is likely to freeze
rapidly.
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4. The tops of the fuel pins extend about 25 mm above the top of the .
flow channel, and the lowest sodium-slug baffle is about 13 mm above the tops
of the fuel pins. Debris carried with an ejected sodium slug would impact

the baffle.
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Fig. 7. Detailed Axial Geometry of Flow Channel for Test E7, Showing One
of Seven Identical Fuel Pins. Conversion factor: 1in. = 2.54 cm.

Inlet thermocouples, not shown in Fig. 7, pass through the gas in the
adiabatic region of the fuel holder. When hot or molten fuel penetrates the '
holder wall, either inlet thermocouple can be destroyed by meltthrough of the
sheath. Electrical signals from thermocouples that fail by sheath meltthrough




are uniquely different from those caused by hot debris melting the junction.
Information on the time of holder-wall failure (determined from the time of
failure of the inlet thermocouple by sheath melting) provides an important
timing measurement in the analysis of fuel motion.

Figure 8 is a sketch of the loop, the test section, and the instrument
locations. In the normal procedures for sodium filling, a slight excess is
allowed to spill over into the
overflow pipe (at the location of

-— 147 DiA TC6, Fig. 8), which is subse-
498 ) 20 BAFFLE quently drained. Special filling
465 T procedures were followed in this
4348 Je=m et earLe test to establish the upper sodium
4072 S 'W‘)/Tce head (165 mm above the overflow
& Ze————— QVERFLOW pipe). (Pretest volumetric dis-
.G—Bxusm placement measurements indicated
 * %o | L a total displacement of 22.6 cm?
356 — for the lower 1.18 m of the test
(PRZEISZSQ’T_)_»A 01310 train. This displacement volume
28 74— L] % ~ FLANGE was used to determine the required
= sodium-f£ill level that provides the
= ( _\“_222':7‘6 89-mm upper plenum head.)
X e C. Thermal-neutron Filter
., 1744 - s\ rgrgpoguﬂeoo 10
5 "- 2w All the TOP experiments
= 2 T8 in Mark-II loops that use high-
& E TREAT ¢ S enrichment mixed-oxide fuel have
i = used thermal-neutron filtering to
L j I achieve an acceptably flat power
394— \\/-4~—-258 distribution across the pin
INLET (REF) F ~ FLANGE 08 cluster.'”1® Filter material was
00 I S N, a mixture of BgSi and high-
(PRESSURE } - 2.16 —— temperature Type HE Pyromark
(FLOW) -4.90 — NOTE Aual dstonces,  Paint,* This mixture is painted
\_/ relatve fobattom  onto a 16-mesh Type 316 stainless
-13 92 of fuel s steel screen that is tack-welded

to the loop body. After air drying
and baking by operating the loop
at 370°C, the mesh filter has a
thickness of 1.03 mm, consists of
25% steel and 75% B¢Si, and has a thermal-neutron absoption equivalent to
0.057 g/cm? of natural boron. (Effective thickness was determined by thermal
and epi-cadmium neutron-transmission measurements of a plane filter.)
Shaping collars at the ends of the fuel columns were used to reproduce the
axial power shape during the EBR-II irradiation. The collars were made by
overlaying layers of mesh and B4Si material.

Fig. 8. Location of Test Imstrumentation in Mark-II Loop
for Test E7. Conversion factor: 1in. = 2.54 cm.

*Trademark, Tempil Corp., New York.
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As a safety measure, all parts of the loop in which fuel could accumu-
late (as a result of sweepout or slumping after failure) are also coated with
the filter material. Should a significant quantity of fuel freeze or attach to
the loop wall before the transient is over, the filter limits the heat generation
and prevents meltthrough., Skewing of the flux across the test pin cluster
resulting from the asymmetric distribution of filter material is discussed in
Sec. II.G.

D. Monitor Wires

Two monitor wires were used in Test E7 as additional checks on the
fuel-pin calibration factors that were used to normalize the results of this
test to others in the E and H series. Both wires were located at the axial
midheight of the fuel column; one was between the fuel-holder walls, and the
other was external to the loop between the overflow pipe and the pump.

Due to posttest delays in loop-handling operations, the internal moni-
tor wire could not be reclaimed before the activity had decreased to a level
too low for counting, and a direct verification of the calibration factors has
not been made. The external monitor wire was removed and radiochemically
analyzed for fissions within 11 days of the test., Results of this analysis,
corrected to the test time, gave 3.85 x 10'? fissions per gram of wire. The
wire consisted of 3.6 wt % uranium, enriched in U to 93.118 wt %, and
96.4 wt % zirconium,

The integrated energy in the transient was 1457 MW-s. A similarly
shaped 810-MW-s transient in the H3 calibration measurements gave 2.69 x 10'3
fissions per gram of wire, and the 1244-MW-s transient of Test E6 gave
8.1 x 102 fissions per gram. The obvious lack of consistency and correlation
between the monitor-wire activations and the TREAT energy has not been
resolved.

E. Thermocouples

Thermocouples in pairs were located at the inlet and outlet, respec-
tively, as shown in Fig. 8. One thermocouple, TC7, was located about 85.4 mm
above the first baffle to monitor bulk heating of the sodium in the upper head.
Another, TC8, was located 25.4 mm above the free surface of the upper sodium
head to monitor ejections of any coolant slugs. For the sodium and loop-wall
temperatures at a nominal 390°C, the upper plenum-gas temperature is 250°C,
The difference is due to heat loss by convection to the bayonet assembly and
by conduction to the upper closure flange, top plate, and dome assemblies, all
of which were at room temperature. Two thermocouples were located in the
flow path: One was about 50 mm below the flow-channel outlet; the other
was at the pump return.
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All thermocouples on the test train were Chromel-Alumel grounded to
their sheaths at the junction. Sheaths were 1.02-mm-0OD (0.25-mm-wall)
Type 316 stainless steel, and MgO was used as the insulating material. A
"hot box" operating at 65.5°C was used as the reference junction for all
thermocouples.

F. TREAT Core Loading

The loading diagram for the TREAT core during Test E7 was the same
as that used for Tests H5 and Eé, and is shown in Fig. 9. Dummy elements
have no fuel, and slotted elements have a 520-mm-high section removed from
their midsection. Control rods have a 28.6-mm hole lined with 3.18-mm-thick
Zircaloy-2 to accommodate the boron-containing control rods. Additional
TREAT operating information for the test is given in Fig. 10.
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Transient No,: 1499 Loading No.: 770 Date: 3-9-73 Time: 1423

Series No.: Mark II Sodium Loop Capsule No,: E-7

CALIBRATION FACTORS
1. Safety #1: 0.162x 1077 A/MW Safety #2: 0.335 x 1077 A/MW
2. Integrated Power #1: 0.069 CV/MW:s Integrated Power #2: 0.098 CV/MW-s

Scram Settings #1: Scram Settings #2:
1400 MW-s  4.83 Trip Volt 20 Cap. 1400 MW.s  6.86 Trip Volt 20 Cap.,

SUMMARY RESULTS

1. Period: 0.204 s Reactivity: 1.111%

2. Reactor Temp: TC #6 Initia1.36 Final 323 Int. Power (AT) 921 MW.s
{287)
3. Integrated Power: 1396 (tape) igig MW-s
2370
4. Peak P : 24
eak Power 68 (tape) 2800 MW

5. Rod Position: Critical 43.15 #1 40 #2 Pretransient 59 #1 0.00 #2
0 #3 15.26 #9

6. Primary Scram Signal: Program Scram

Fig. 10. TREAT Summary Sheet for Test E7

Iv. TEST SUMMARY

A sequence of events that describes the results of Test E7 is divided
into three time intervals:

1. An approach-to-failure interval characterized by well-defined
fuel-pin and coolant heating rates, and by radial and axial temperature pro-
files that can be calculated with good accuracy. During this time, calculations
of the prefailure threshold conditions of fuel temperatures and temperature
gradients, the propagation of the fuel meltfront, and the cladding loading can
be reliably predicted by a comparison between the calculated and the measured
outlet temperature of the coolant. This interval ends with initial cladding
rupture and fission-gas release.

2. An interval immediately following the failure threshold and lasting
for several hundred milliseconds. During this interval, the flow channel voids,
the peak temperatures are reached, and most of the cladding and fuel motions
occur. Failures may occur incoherently among fuel pins. The hodoscope is



‘ the only direct source of fuel-motion information. Coolant boiling at the inlet
and the absence of flow recovery or correlated activity in the outlet during
this interval are interpreted as the period of blockage formation.

3. A postfailure heat-removal and cooling interval that may last for
tens of seconds. Flow and pressure data during this interval are too uncer-
tain to provide quantative information. However, there are indications in the
test data that some coolant reentry does occur and leads to minor fuel/debris
relocation.

A, Failure Threshold

An analysis of failure thresholds in fresh-fuel experiments!’ (Tests H2
and E4) indicates that cladding overheating leads to boiling near the top of the
fuel column. Coolant-film dryout occurs within 10-50 ms, and pin failure is
by meltthrough near the top of the fuel column. There does not appear to be
a strong dependence on heating rate, cladding strength, or fuel melt fraction.
Fuel-coolant interacticns (FCI's), although significant, are at least lower by
an order of magnitude than is predicted by the parametric FCI model. Results
of the present test indicate that the release of fission gas governs the dynamics
of both coclant ejection and fuel motion. There was no evidence of explosive
gas release in Test E7. Fuel enthalpy at failure, the extent of fuel melting,
and the magnitude of the thermal interaction are all less in this test with irra-
diated fuel than with fresh fuel.

B. Fuel Motion at Failure

Little reliable experimental data useful in modeling the postfailure
TOP fuel movement exists. Some out-of-pile experiments,®® as well as the
five TOP tests prior to E7, showed that hot or molten fuel and cladding pref-
erentially move upward in the coolant channel. Freezing occurred over a
distance of no more than several inches above the tops of the original fuel
columns and formed an outlet blockage.

The observed distributions of fuel and steel in the E7 blockages, indi-
cate that molten cladding was swept upward before any significant axial fuel
motion occurred. Sodium was ejected from both ends of the flow channel, but
at a lesser rate than has been observed in the three loop TOP failure tests
with fresh fuel. Pressure-producing thermal interactions in the present test
appear to be restricted to liquid films on the holder walls., Fission-gas re-
lease, sodium vaporization, and possibly fuel swelling are mechanisms that
void the flow channel in this interval.

C. Postfailure Activity

. The most significant flow activity occurred during the 200-ms period
from 7.45 to 7.65 s, and the most rapid fuel motion was observed during the
next 100-ms period. After 7.75 s, radial redistribution of fuel was observed,
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but no significant axial motion. After 7.8 s, fuel began to appear in the adi-
abatic region of the fuel holder. A small but abrupt flow surge at 7.834 s in-
dicated that an FCI did occur, but in a voided flow channel.

Slightly correlated flow oscillation, associated with boiling, at the
inlet and outlet between 8 and 9 s, indicated that both blockages were still
porous. A lesser correlation was observed for inlet flow oscillation from
10.5 to 12.5 s. The only pressure pulses measured during the test were at
the inlet from 10.95 to 10.98 s, and these were less than 0.52 MPa (75 psi).
A final "last blurp" occurred between 16.5 and 17 s when the outlet flow
ceased and sodium in the outlet region was heated by some 93°C.
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. V. SIGNAL CONDITIONING

Except for the upper flow data, the signals as recorded on the magnetic
tape are corrected only for the calibration factor and for instrument noise.
The sequence of operations was as follows:

1. The analog tape was digitized, one channel at a time, with approxi-
mately 17 time channels between each millisecond time marker
recorded on the tape.

2. Single-channel noise pulses were removed.
3. Digitized data were averaged over 1-ms time intervals.

4. Each datum so averaged was multiplied by the calibration factor
to express temperature in °C, flow in cm?/s, and pressure in psi.

5. 60-Hz noise was removed.

A. Analog Data Tapes

Analog test data were recorded on 14-track, 2.54-cm-wide magnetic
tape. Two simultaneous recordings were made, one with five of the eight ther-
mocouples, the two flow and pressure signals, the TREAT power and integrated
power, and the two transient rod positions. The remaining three thermocouples
were recorded on a second tape. All signals were recorded at a tape speed of
152.4 cm/s (60 IPS) and a signal bandwidth of 20 kHz.

B. Data Digitization

Analog signals were digitized by a multiplexed ADC and written on a
disk by a PDP-11 computer. The entire timing and command sequence is based
on the 1-ms time markers recorded on tape channel 14. Errors due to differ-
ences in recording and playback speed and to tape flutter are effectively elimi-
nated. The ADC digitized in time bins of about 50 ps of real time, but with a
variable and generally unknown time between bins. For a playback speed that
is the same as the record speed, there are approximately 17 time bins between
each pair of millisecond markers.

Data from the disk were written on seven-track 512 BPI tape, trans-
ferred to the IBM 370/195, "conditioned," and stored as archivial files on nine-
track 6250 BPI tapes. "Conditioning" included averaging the time bins between
millisecond time markers, and multiplying by a constant that converts digital
numbers to voltages and the voltages to practical units. The first conversion
constant is determined by the dc calibrating voltages recorded on the tape just
before the test transient. The second conversion constant is discussed in
Sec. V.D. Removal of noise signals from the flow data is discussed in Sec. C

‘ below. The special case of the upper-flowmeter calibration is discussed in
Sec. V.E.



C. Noise ‘

Two types of noise signals exist on every data channel: a random or
Gaussian noise and an instrument noise. Instrument noise consists of transient
pulses in the recordings and periodic sine waves superimposed on the test sig-
nal. Transient pulses in the 50-us digitized data are treated as statistical
"outliers" and are simply removed with no further analysis. They may be due
to electrical transients in the power line or microscopic imperfections in the
recording tape.

Instrument noise is primarily 60-Hz pickup and is especially predomi-
nant on the flow-detector signals. An unbiased estimate of the phase and am-
plitude of the 60-Hz signal was determined from a least-squares fit to a sine
and cosine function of 60 Hz that was superimposed on a linear regression.
Least-squares coefficients were determined during the period of "steady-state"
flow from 5 to 7 s, and the resulting 60-Hz phase and amplitude was then re-
moved from the data over the entire time span of 0-25 s.

D. Instrument Calibration Factors

Methods and/or measurements used to establish the relation between
signal ~-voltage level and temperature, as well as between flow and pressure,
are given in this section.

1. Temperature

All temperatures were measured relative to a 65.5°C (150°F) ref-
erence junction. A cubic equation of the form

T (°C) = 65.55964 + 25.23399X - 0.09096279X* + 0.00166278X>

was used to convert the detector signal X, in millivolts, to temperature, in °C.
Failure by sheath melting was expected at about 1400°C. Some out-of-pile
measurements showed that failure by sheath meltthrough could be identified
by an abrupt negative signal preceded by little or no increase above ambient
response. The response of TC2 and TC3 in Test E7 suggests both of them
failed by sheath meltthrough.

After assembly of the test train, but before fuel was loaded, each
thermocouple was tested by touching a hot soldering iron to the junction and
monitoring the output voltage of the corresponding terminals of the plug at the
closure flange. This testing procedure verified the identification of each ther -
mocouple relative to its pin numbers in the connecting plug, as well as the
electrical isolation of each of the junctions. Nevertheless, the test data indicate
a potential cross-connection between one of the inlet (TC2) and one of the outlet.
(TC3) thermocouples. A similar cross-connection between TC2 and TC3 has
been suspected in other TOP and loss-of-flow experiments. In all these tests,
the same pin numbers and loop-control-console terminals were used for these
two thermocouples.



2. Calibration of Lower Flow Detector

Flow detectors were calibrated by an orifice installed in place of
the fuel cluster in the test section. Inlet and outlet flow signals were measured
as a function of upstream-downstream pressure drop across the orifice for
different settings of the ALIP. Volumetric flow was then calculated from the
standard orifice equations. The orifice discharge coefficient had previously
been determined from absolute measurement for water flow.

Calibration by the orifice method gives the flow in terms of the
pressure drop Ap as

Q (ecm/s) = K i C é—E,
(1 -82)1 +p2 \/p_

where
B = ratio of orifice to pipe diameters,
p = 0.927 - 0.00238(°C - 100) is the sodium density in g/cm?,
C = 0.585 is the orifice discharge coefficient for a 12.1-mm orifice
and sodium at 382°C,
and

K = 1058 is a constant to convert head loss to psi, density to g/cm?,
and flow to cm?/s.

The measured slope of the flow signal versus the square root of
the pressure drop for a 12.1-mm orifice in the E7 loop was 0.700 mV/./psi
(266 mV//kPa), and the calibration of the lower flow detector was

E (mV)

Volg/om?)

3. Pressure Transducers

Q (cm?®/s) = 501

Fuel-failure tests of the type performed in the Mark-II loop have
the potential for creating pressures and temperatures corresponding to the
critical point of sodium. Although these conditions have not been realized in
past tests, the pressure transducers are part of the primary containment and
must meet the design-containment capability of the loop [5000 psi {34 MPa) at
530°C]. Statham Type PG732TC unbonded strain-bridge transducers with a
full-scale range of 2500 psi (17 MPa) meet these requirements and were used
on the E7 loop. Calibration in air by the manufacturer gave conversion factors
of 6.715 uV/psi (46.298 pV/kPa) and 7.375 uV/psi (50.849 pV /kPa) for the upper
and lower transducers, respectively. Calibration on the loop with sodium at
382°C gave a sensitivity of 7.410 uV/psi (51.090 uV/kPa).
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Although the pressure transducers showed a definite response to ‘
TREAT power and integrated power, no attempt was made to correct for this
response. As a consequence, the pressure data are limited to event timing
and to verifying the magnitude of an impulse calculated from sodium-ejection
velocities and accelerations.

In a previous analysis of Test E7, it was reported that no pulses
were found in either the upper or lower pressure signals. Recent improve-
ments in the techniques developed for analyzing test data now indicate small
pressure pulses at 10.95 s.

4. Calibration of Upper Flow Detector

Test E7 contained a "magnetic amplifier" installed on the test
train near the outlet-flow detector. The amplifier consisted of a 25-mm -long
(3.8 mm thick) ARMCO iron shell fit between the flow tube and the loop wall.
Slots were milled axially through the outer surface of the shell to allow passage
of the thermocouples to the test section. Three nonmagnetic Type 304 stainless
steel baffles above and below the iron shell prevented bypass flow. Direct con-
tact of the ARMCO iron with the flow tube allowed the iron to heat according
to the outlet sodium temperature to produce an undesired temperature-
dependent flow-detector calibration factor.

After the loaded test train was inserted in the loop at HFEF, the
ratio of lower - to upper -flow detector signals during steady-state flow was
3.82. A ratio of 2.94 was measured during the calibrations at ANL/East with
a l2.1-mm orifice in place of the fuel bundle. However, the same ratio mea-
sured in TREAT just before the test transient was 2.29. Furthermore, during
the steady-state flow conditions of the preheat period, the upper flow showed
an almost linear rise in output while the lower flow remained constant. During
the 2-s preheat period, a 21°C linear temperature rise was measured in the
outlet flow. During this same period, the outlet-flow signal increased by 30%.
This temperature dependence accounts for the differences between the inlet-
outlet signal ratios measured at HFEF (sodium and magnetic amplifier at
204°C) and at TREAT (temperature of 382°C). Further verification of a tem-
perature dependence was demonstrated by the cross-correlation between outlet
flow and outlet temperature. The correlation function, shown in Fig. 11, shows
a very strong correlation at lag times greater than 35 ms, the characteristic
response time of the outlet thermocouple.
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Based on these observations, the outlet mass flow was set equal
to the inlet mass flow from zero time to the end of the preheat period at 7 s.
(Mass flows were used to properly account for sodium expansion during
heating.) The measured outlet-flow data beyond 7 s were adjusted downward
to match the steady-state flow before 7 s. No further temperature corrections
were applied after 7 s. A tabular listing of the measured and corrected outlet
flows is given in Table V. Included in the table are the inlet-flow data as well
as the inlet and outlet temperatures.

VI. TEST DATA

Previous analysis of the test data was limited to times earlier than
8.2 s. For this report, test data were examined to 100 s. Little of significance
was observed after 25 s. General features of the data are shown graphically
in Figs. 12-19 and are tabulated in Appendix A. Two events are apparent from
the inlet flow (see Fig. 13): the main failure at 7.5 s and a second event be -
tween 10 and 12 s. Both inlet thermocouples (see Fig. 16) and TC3 at the oullet
(see Fig. 17) burned out during the initial failure sequence. A possible event,
seen in Fig. 17 at 17 s, is interpreted as resulting from ejection of hot material
toward the outlet of the flow channel. The initial slug ejection is observed in
the response of TC8 (see Fig. 19), located above the sodium-free surface. The
pressure transducers (see Fig. 15) showed a sensitivity to both reactor power
and energy. Both transducers started and ultimately ended at 5 psig (0.034 MPa,
gauge), the values expected at operating temperature. Reactor scram was at
8.7 s and shutdown at 9.5 s.

A, TREAT Transient

Irradiation of Test E7 in the TREAT reactor consisted of a 2.4-s pre-
heat irradiation at 142 MW followed by a computer -controlled power ramp with
a period of a 180 ms to a peak power of 2468 MW reached at 7.58 s. The tran-
sient was terminated by the prompt negative temperature coefficient of TREAT.
Power into the fuel pins during the preheat period varied from 6.2 kW /m in the
hottest edge pin to 4.6 kW /m in the central pin. Details of the power shape and
energy are shown in Fig. 20.

TREAT Rod 2 was programmed to bring the reactor to the preheat level
at 3.0 s. Rod 2 maintained constant power to 7 s. Rod 1 was then withdrawn
to provide the specified 180 -ms ramp until it was fully withdrawn. After 7.67 s,
both rods remained in their least reactive state and the power fell off according
to the negative temperature coefficient of reactivity. "Scram'" was accom-
plished by driving the reactor control rods to their most (negative) reactive
state at 8.59 s. Rod motions are shown in Figs. 21 and 22.



TABLE V. Corrected and Uncorrected Flow Data
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B. Temperature Data

One of the two inlet thermocouples (TCl) showed a rise in inlet tem-
peratures from its 390°C initial value to 1050°C at failure during the 200 ms
after 7.6 s. The response, shown in Fig. 23, is characteristic of failure by
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Fig. 23. Response of Inlet Thermocouple TC1 during Failuwre Sequence.
Conversion factor: t (°C) = {t (°F) - 32]/1.8.



meltthrough at the junction. Based on out-of-pile measurements, the rate of
apparent temperature rise from 7.66 to 7.77 s suggests the failure was due to
relatively hot material {(2000°C) deposited on the junction. The estimated time
of deposit is 7.66 s.

The second inlet thermocouple (TC2; see Fig. 24) showed a nearly iden-
tical response to the two outlet thermocouples (TC3, see Fig. 25; and TC4, see
Fig. 26). Throughout the transient, TC3 was always 10°C hotter than TC2; nei-
ther reached the 1000-1100°C range expected for failure by meltthrough. Com-
parisons to out-of-pile measurements suggest that the response of TC2 is
characteristic of meltthrough of the sheath. (Out-of-pile measurements do not
show any measurable change in apparent temperature until the time of sheath
meltthrough, whereas meltthrough at the junction is characterized by an in-
crease in signal up to the time of failure.)

The test data suggests that TC3 and TC4 correctly monitored the outlet
temperatures, but, due to some unknown causes, TC2 was cross-coupled to
TC3. Thus, TC2 and TC3 would give essentially identical responses to TC4
up to failure by sheath meltthrough. The estimated time of sheath failure is
7.77 s. Failure of the sheath is accompanied or preceded by rupture of the
fluted tube. (This is 65 ms earlier than estimated from the flow and hodoscope
data.) Both inlet thermocouples passed through the holder wall space, but on
opposite sides.
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Fig. 24. Response of Inlet Thermocouple TC2 during Failure Sequence.
Conversion factor: ¢ (°C) = [t (°F) - 32]/1.8.
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Regions of interest for the remaining thermocouples are shown in
Figs. 27-32. The following is noted from these temperature data:

1. Thermocouple TC5, at the pump return, showed the passage of a
cold slug between 7.6 and 7.8 s. This corresponds to the time of reverse inlet
flow. The cold slug represents liquid in the pump and inlet region at the be-
ginning of reverse flow.

2. A larger response to the event at 10.95 s was observed on TC7
(above the first baffle) than from the outlet (TC4) or the pump return (TC5
and TC6).

3. The rapid cooling of TC7 after 7.7 s resulted from the effective
mixing of the initially ejected slug (7.5-7.6 s, from Fig. 32) with upper -plenum
sodium.

4. The ejected slug dynamics (see Fig. 32) may consist of a series of
simple slug ejections at 7.5, 8.0, 9.2, and 9.7 s, and returns at 7.8, 8.1, 8.5,
9.3, 9.5, and 9.8 s. (Ejection corresponds to increase in temperature with re-
spect to time; returns correspond to a drop in temperature.) Similar response
was not observed on any other thermocouple.

5. A heat source appeared to approach the outlet at 17 s (see Fig. 17).
The source is small and did not pass completely through the outlet region, since
there was no apparent heating of either the upper sodium head (TC7) or the
pump return (TC5) at this time.
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Fig. 27. Temperature at Pump Return (TCS5). Conversion
factor: t (°C) = [t (’F) - 321/1.8.
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Fig. 30. Temperature of Upper Sodium Plenum (TC7) to 15 s.
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Fig. 31. Temperature of Upper Sodium Plenum (TC7) to 10 s.
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Fig. 32. Temperature of Plenum Cover Gas (TC8). Conversion
factor: t (°C) = [t (°F) - 32]/1.8.

C. Flow and Void Data

Most comparisons between the calculated reactor accidents and test
data from loop experiments are based on the flow data and void-growth rates.
Flow velocity, particularly at the inlet, is the most accurate measure of dy-
namic behavior in the test.

All flow and void rates were calculated in units of grams of sodium
per second and then converted to cm?®/s. In this way, thermal expansion during
heating within the channel is properly accounted for.

Details of the inlet- and outlet-flow data from 7 to 8 s are shown in
Figs. 33 and 34, respectively. Features of note at the inlet are:

1.
2.

The gradual flow reduction and reversal from 7.45 to 7.58 s.
Slowly decaying reverse flow for 260 ms (7.58 to 7.84 s).

An event at 7.834 s that is followed by a significant flow surge at
the inlet. This event is shown in more detail in Fig. 35.

Small surge-type ejections at 7.46, 7.49, and 7.51 s, superimposed
on the general flow reduction and reversal. These are discussed
in more detail in Sec., IX.A.
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Features of note in the outlet flow (see Fig. 34) are:

I. Successive ejections at 7.47, 7.53, and 7.56 s, superimposed on a
general accelerated outlet flow. The first and third events appear
to have multiple origins.

2. An abrupt drop in outlet flow at 7.58 s.

3. A small, but perceptible, increase in outlet flow from 7.32 to 7.45 s.

The apparent event at 7.834 s is shown on an expanded scale in Fig. 36.
It is smaller in magnitude and narrower in time than the corresponding inlet
event shown in Fig. 35. This could be the response of both detectors to a mild
FCIl-generated impulse, except that no pressure pulses were observed at this
time. Absence of any significant reentry following the 7.834-s event corre-
sponding to the substantial reentry at the inlet suggests isolation between the
inlet and a partial blockage.

A number of interesting features are observed in the flow signals after
8 s. Inlet and outlet flow from 8 to 13 s are shown in Figs. 37 and 38.

1. At the inlet:

a. Oscillations from 8.5 to 9 s and from 11.2 to 12.5 s are char-
acteristic of boiling. Autopower -spectra calculations for these times display
unique characteristics that confirm boiling. These characteristics are absent
in the same calculations from 9 to 10 s and from 13 to 14 s.



‘ b. A minor event occurred at 10.5 s and a significant ejection
at 10.95 s.

(Classification of events by magnitude is based on flow accelera-
tions rather than on flow velocity.) The latter event is shown in more detail
in Fig. 39.

2. At the outlet (see Fig. 38):

a. A minor ejection at 8.1 s did not have a strongly correlated
response at the inlet.

b. Boiling from 8.3 to 8.8 s was very mild, if present at all.

c. The weak inlet ejection at 10.5 s was accompanied by a small
outlet reentry. Normally, a pressure-producing event would cause ejection
from both ends of the flow channel. Thus, this event appears as collapse of a
vapor bubble. The relative inlet-to-outlet magnitudes indicate that some po-
rosity still exists in the outlet plug.

d. The outlet-flow event at 10.95 s is correlated with the inlet-
flow data. This would suggest that the blockages that did exist were spongy
or porous, and the event was possibly of vapor origin. Flow during this event
is shown on an expanded time scale in Fig. 40.
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Flow data are expected to be reasonably accurate during single - ‘
phase flow. Gas release from the fuel pins after cladding failure and from the
adiabatic holder after fluted-tube rupture introduce noncondensable gases into

the flow stream. Detector response as the two -phase flow is approached is
uncertain. Additional uncertainties arise during production of vapor by sodium
boiling. For these reasons, the void and liquid-interface calculations are of
questionable reliability after about 7.8 s.

Early development of void interfaces is shown in Fig. 41. Data
shown in Fig. 41 are the integrated inlet and outlet flows since 7.00 s. The
difference between the two curves represents the total void volume between
the two flow detectors. Before 7.45 s, the two curves should be the same. The
finite difference (and consequent apparent void at 7.45 s} is a consequence of
the temperature dependence of the ARMCO iron in the outlet-flow circuit. The
void corresponding to these interfaces is shown in Fig. 42. The void to 8 s is
shown in Fig. 43. The void calculations are tabulated in Appendix A.

After the test, no flow was detected through the test section. An
upper limit of 5% flow is assigned to this determination.

Collapse of the outlet-flow slug at 7.58 s (see Fig. 34) and the rela-
tively static inlet flow from 7.58 to 7.8 s is due to the combined effects of a
vapor -bubble collapse and the pas sage of fission gas past the upper flow de-
tector. The events at 7.834, 10.5 and 10.95 s are fuel-coolant interactions.
At the times these FCI's occur, the flow channel is voided and a major response
is not observed by the pressure transducers. The FCI at 10.95 s possibly oc-
curs close to the inlet. A back calculation of the pressure from the mass of
sodium in the slug (385 g) and the slug acceleration (2.7 x 10* cm/s?) yields

an expected pressure pulse of 0.69 MPa (100 psi), close to the measured pulse
of 0.52 MPa (75 psi).

S
(=]
a
[=]
&
R
2
8
° LEGEND
"E8 0 = LOWER
- & = UPPER
[ =7
=21
S8
fa.
P
zZ8
e
8
©F
o
2
@
: &
7.20  7-25 7239 7038 7440 7.45 7.0 7.58 7.60

TIME , §

Fig. 41. Integrated Inlet and Outlet Flows since 7.0 s



150:0

125-0

(009

780
\

v01C, cm®
253 5C-0
\\

//
° ; L
Y SR
720 728 7-30 7-35 740 748 7+50 755 7-60
TIME,S

Fig. 42. Void Growth during Early Failure Stages

300-0

250-0
b

cm>
2000
/

Pl
=3

150:0
3
N

.
&
3
d
(@]
- o
o
[=]
<3 /
g
] /
o
[ =]

7.0 7} 7.2 73 7.4 75 76 77 78 79 &
TIME s

Fig. 43. Void 0 8.0 s

D. Pressure Data

Pressure data at the inlet during the time of failure are of questionable
statistical significance but, for reference, are shown in Fig. 44. Several small
pulses [<25 psi (0.17 MPa)] occurred between 7.55 and 7.58 s at the inlet. A
25-psi (0.1-MPa) pulse on a 2500-psi (172-MPa) gauge (1% of full scale) has
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only marginal significance with respect to both the accuracy of the recorded
data and the seven-bit ADC used to digitize the data. Both the significance of
the data and the effect of seven-bit roundoff can be seen in Fig. 44. A more
pronounced irain of inlet pressure pulses is observed at 10.955-11.0 s (see
Fig. 45). The largest of these is about 75 psi (0.52 MPa) and occurs at 10.96 s.
No pressure pulses were found that correspond to the flow event at 7.834 s.
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Pressure-producing events at the outlet were equally marginal. A
series of what may be pressure pulses at the inlet is shown in Fig. 46. The
first and largest of these (25 psi) occurred at 7.565 s, about 10 ms after the
pressure event at the inlet. No pressure pulses were observed at the outlet
during the flow event at 10.95 s.
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Fig. 46. Outlet Pressure Data during Initial Failure,
Conversion factor: 1 psi = 6.895 kPa,

No pressure pulses were found between 16 and 18 s for either pressure
transducer.

Data shown in Figs. 44 and 45 have not had the noise pulses removed.
Those shown in Fig. 46 have had "bad," or noise, points removed. All three
plots are of "50-us" data. Results of averaging the data of Fig. 46 over 1-ms
intervals is shown in Fig. 47. It would be difficult from this figure to identify
pressure pulses from random variations in the signal. However, the same
data in Fig. 46 are somewhat more suggestive. These data make it clear that
no significant pressure-producing events (FCI's) occurred at the time of initial
cladding rupture or fuel release.

E. Hodoscope Data

Fuel motion in E7 was analyzed on the basis of R/P plots of the hodo-
scope data, corrected for supralinearity effects (see Sec. 1 below). For the
reference power P, the array-average counting rate (i.e., the average of the
counting rates R of all the neutron-detecting channels) was used, because the
statistics in those channels assigned as power monitors were insufficient to
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produce a smooth curve. Using the array average for this purpose would
clearly be wrong when fuel is lost from the field of view of the hodoscope (by
traveling above Row 2 of the array of hodoscope detectors, or below Row 23),
and for E7 the posttest radiograph shows that some fuel was expelled from the
460 -mm field of view sooner or later. However, a careful comparison of the
array average with the power -monitor average did not reveal any observable
loss of fuel from the field of view prior to scram. A net loss of 8% or more
would have been evident. A more detailed discussion of analysis details af-
fecting this degree of sensitivity is given in Sec. 1 below. After scram the
statistics were considerably worse, but probably a 25% loss would have shown
up, and there was no consistent indication of such a loss prior to the time, about
2 s later (10.7 s), when the film recording the hodoscope data ran out.
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Fig. 47. Outlet Pressure Data during Initial Failure, Averaged
over 1 ms. Conversion factor: 1 psi = 6.895 kPa.

It is pertinent to consider the effect on the analysis if a substantial
amount of fuel were expelled from the field of view of the hodoscope. If this
occurred, and if the analysis were based on the array-average counting rate
rather than on true power monitors, the result would be an underestimate of
the amount and extent of fuel voiding that occurred in connection with the ex-
pulsion. This should not lead to serious error, however, except in the unlikely
event of loss of a fraction of the fuel rather evenly from a large volume. In the
extreme case, a completely uniform loss of fuel would not show up at all if the
power were assumed to be proportional to the array average, whereas it would
appear as a uniformly distributed deficit with respect to a true power monitor..

1. Supralinearity

As with some of the in-core loop instruments in TREAT, the
Hornyak buttons used as neutron detectors in the hodoscope show a nonlinear
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response to TREAT power, both instantaneous and integrated. In the case of

‘ the Hornyak buttons, the response is supralinear. A computer code was used
to correct the E7 hodoscope data for supralinear response to instantaneous
power. The code uses a least-squares technique to generate a correction pa-
rameter for each detector, by comparing the detector response with the reactor
power as given by the TREAT instrumentation. The comparison must, of
course, be terminated before significant fuel motion takes place.

In E7, the cutoff time used for most of the scalers was 7.56 s, which
is 20 ms before peak power. (In several cases it was necessary, for optimum
fit, to use a larger dead time than the 0.5 us that suits most of the scalers; the
largest dead time used was 10 us.) Since there were possible indications of
minor fuel motion during the last ~150 ms of this period, a second calculation
was made, with the cutoff at 7.40 s. Time plots of R/P were made for both
sets of supralinearity parameters and for all relevant scalers, and the pair of
plots for each scaler was examined for evidence that the 7.56-s fit was ob-
scuring indications of fuel motion. No such evidence could be seen, and in
almost every case where there was a significant difference between the two
plots, the supralinearity was handled better by the 7.56-s fit.

To distinguish between supralinearity effects and fuel motion, the
principal criterion was symmetry about 7.58 s: If the R/P plot showed a dip
or rise that was symmetrical about 7.58 s, supralinearity was assumed to be
responsible, especially if adjacent channels did not show the same behavior.
Although in principle this policy could suppress the indications of localized
fuel oscillations that reverse at the time of peak power, such coincidences are
unlikely. Nevertheless, this ambiguity will be inherent in the hodoscope data
as long as the supralinearity problem exists.

At present, no correction is available for supralinear response to
integrated reactor power {except insofar as the effect on the array average of
power -monitor average approximates the effect on the individual scalers).
Fortunately, the effect is small for most of the scalers and has not posed a
major problem. The power shape as indicated by the array average is com-
pared with that given by TREAT instrumentation in Fig. 48 where the supra-
linearity corrections are seen to have resulted in close agreement prior to
7.56 s. In the neighborhood of 7.0 s, the high hodoscope points are affected by
film -scanning errors, so that the deviation is probably spurious. In the 300-ms
interval following peak power, the hodoscope points are low by some 10%. One
possible explanation is that about 10% of the test fuel disappeared from the field
of view of the hodoscope at 7.6 s; to account for the subsequent agreement be -
yond 8 s, one would then have to invoke either time-dependent (integrated-
power -dependent) supralinearity or the return of the expelled fuel.

As indicated later, however, other indications are lacking that a
.significant amount of fuel was lost to the field of view at 7.6 s, and it seems
more likely that the discrepancy has some other explanation, such as residual
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gamma -ray sensitivity in the compensated ion chamber that is used to mea- ‘
sure the reactor power. Many scalers show evidence of a higher -order non-
linearity than can currently be handled by SUPRA, even with scaler dead time

as a floating parameter. In several cases, for example, the channel appears

to saturate before peak power is reached; in others, the supralinearity appears

to increase as maximum power is approached. This is one potential cause of
poor -quality differential hodographs. Another is the general scatter in the data,
due to counting statistics, film-scanning errors, or other sources or noise.
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Z. Data Smoothing

To optimize the data presentation, two steps were taken to smooth
the data. First, the counting rates in the individual channels were averaged
over as many cycles as seemed feasible--ranging from 15 cycles (45 ms) near
the power peak to 150 cycles or more in the wings. The resulting time resolu-
tion is shown in Fig. 49. Second, individual data points were smoothed on the
following basis: The time intervals to be used in analyzing the fuel motion were
selected, and two R/P time plots for each scaler were made--one with 15-cycle
averaging over the peak, and one with 5-cycle (15 ms) averaging (see Fig. 50).
On the former, the points to be used for the differential hodographs are iden-
tified; when such a point appeared deviant, the latter plot was consulted in
making the decision as to whether the point really deviated appreciably from
the probable counting -rate curve. If it did, then the factor by which it deviated
was determined and was used as a "manual-rate-adjustment" input for further
data processing. This adjustment was used to compensate both for random
deviations and for obvious residual nonlinearity at the power peak, and was ‘
equivalent to drawing a smooth curve through the data points.



63

3. Differential Hodographs

The point at 5.73 s, which is in the plateau preceding the power
spike and before which there would have been no fuel motion, was chosen as
the reference point for the undisturbed fuel configuration. Differential hodo-
graphs were constructed for most of the subsequent points with respect to this
reference time and also for pairs of consecutive points. They are discussed
in the sections that follow. In the differential hodographs, the solid circles
represent a gain in (power -normalized) counting rate for the time period, and
the hollow triangles a loss. The larger the symbol, the greater the gain or loss.

As a rough absolute calibration, the smallest symbol represents
a change in fuel quantity amounting to ~0.4 g (~5% of the fuel initially viewed
by one of the central channels), and the largest to about 4 g. The minimum
sensitivity value of 0.4 g is based on the analysis of the uncertainties discussed
above. A blank square in the grid does not indicate lack of fuel, but merely
that no net change in fuel quantity was observed at that location during the time
period covered.
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Fig. 50. Hodoscope Sumimary and Array-averaged Power Trace

Not all the hodoscope channels were used to monitor neutrons.
Some were used to monitor gamma radiation, some were not equipped with de-
tectors, and others were malfunctioning. Active channels and their viewing
area relative to the E7 fuel cluster are shown in Fig. 51.

a. Fuel Motion at 5.73-7.39 s. The differential hodograph for the
first time period, ending at 7.39 s, is shown in Fig. 52. Finding a pattern in
this diagram is difficult, and the conclusion is that not much fuel motion took
place before 7.39 s. The sprinkling of dots on the grid indicates the magnitude
of the noise background in these differential hodographs. The string of four
gains in Row 22 must be regarded as spurious, since it is too early for fuel to
have travelled that far down and since the region immediately above shows no
consistent sign of invasion by fuel.

b. Fuel Motion at 7.39-7.59 s. The 200-ms period immediately
preceding peak power is covered in Fig. 53. Indications of fuel motion can be
seen. In particular, small amounts of fuel have been displaced to the upper
left, and possibly a smaller quantity to the lower right of the original fuel bun-
dle. One can surmise that the fuel columns were expanding vertically and
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Fig. 53. Differential Hodograph for 7.39-7.59 s

buckling at this time, but they were not yet pressing against the fluted tube at
the upper left by the end of the interval, since lateral motions of ~0.4 mm can
account for the changes observed. This is consistent with the motion allowed
by the spacer wires. (See Sec. II.A above.) (Note that an increase in signal
from the Column-13 detectors does not necessarily mean the fuel was actually
in the line of sight of those detectors: since the collimator walls are not com-
pletely opaque to fast neutrons, each detector is somewhat sensitive to fuel in
adjacent column. Thus motion of pin 1 toward the left will produce a small in-
crease in signal in Column 13 even before the fluted tube is reached.)

The relatively large increases shown in Row 12, Column 7, and
Row 9, Column 11, are assumed to be spurious, since they are not confirmed by
changes in adjacent channels. This emphasizes the point that isolated changes,
even large ones, in single channels may be "noise," and are not to be trusted.



. Figure 54 shows the configuration near peak power (at 7.58 s)
with respect to the initial configuration. This picture is similar to Fig. 53,
which is as it should be, since not much change had occurred by 7.39 s. The
scattered points in Columns 2 -5 are spurious.
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Fig. 54. Differential Hodograph for §.73-7.59 s

Besides the motion towards the upper left. both figures indicate

a slight net loss of fuel in the lower half of the fuel region, a slight upward mo-

tion of the upper boundary of the fuel, a possible slight motion of the upper por-
tions of the right-hand pins toward the pump, and generally more action in the

‘upper, hotler part of the fuel. For this time period, void growth was occurring;

there are peaks in the flow rate of sodium at the outlet, and the inlet flow rate
becomes negative at about 7.56 s.
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C.

Fuel Motion at 7.59-7.72 s.

Figure 55 shows the changes dur-

ing the 130-ms interval immediately following peak power. Most notable is the

accumulation of gains at the central part of Column 7, with a corresponding
deficit in Column 9. This is consistent with the interpretation that, with the
continued squirming and buckling of the pins, the ceniral portions of pins 5-7
have moved toward the pump by perhaps 0.5 mm. There is also indication that
upward motion of the top of the fuel is continuing, and that slight leftward mo-
tion of pins 1-3 took place.
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Fig, 55 Differential Hodograph for 7.59-7 72 ¢

The net change between the start of the transient and 7.72 s .
is shown in Fig. 56. In addition to the features already mentioned, there is the
group of channels below the fuel column that show counting-rate increases.

Such a consistent cluster
3-5 g of fuel is indicated.

is unlikely to be spurious. Accumulation here of
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Fig. 56. Differential Hodograph for 5.73-7.72 s

As mentioned earlier, one possible deduction from Fig. 48 is
that about 10% of the test fuel was expelled upward out of the field of view of
the hodoscope before the end of this interval. Although Fig. 56 does not provide
strong evidence either for or against this hypothesis, the counting-rate gains
in Row 2 are not in general as large as one would expect if much fuel had moved
upward, nor are the counting-rate gains below Row 18 compatible with massive
downward motion of fuel. At the same time, the extrusion of, say, 5% of the test
fuel above Row 2 and another 5% below Row 22 cannot be ruled out on the basis
of Figs. 54 and 56.

l d. Fuel Motion at 7.72 s. The most rapid fuel motion seen by the
hodoscope during the transient occurred at about 7.72 s, with the reactor power
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about halfway down the trailing edge of the peak. The change that occurred in

the 140 -ms interval bracketing this motion are shown in Fig. 57.

(The time

interval for Fig. 57 overlaps those for Figs. 55 and 59.) Prominent features
in this picture are the accumulation of fuel on the pump side at Rows 7-12,
quite possibly breaching the fluted tube; the loss of fuel from the upper left
and lower portions of the original fuel zone; and the small increases in fuel
content extending 100 mm or more below the bottom of the original test fuel

region.
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Fig. 57. Differential Hodograph for 7.63-7.77 s

Figure 58 shows the R/P curves for the 0.5-s interval from

7.5 to 8.0 s for selected channels with pronounced motion at or near 7.7 s.

The

two time bands indicated by the broken lines are the averaging intervals used
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. in constructing the differential hodograph of Fig. 57. The upper group of curves
is from the upper left portion of the fuel zone, where a loss of fuel occurred,
and the lower ones are from the right-hand parts of Rows 8-10, where fuel
accumulated.

R4yciz

SeALER

RIP , ARPITRARY UNMITS
& O
§

ml

7.5 2.6 7.7 2.8 7e 20 5

Fig. 58. R/P Curves for Certain Channels That Show Fuel Motion at 7.7 s.
The broken lines indicate the time bands used in constructing the
differential hodograph of Fig. 50. The horizontal lines, in conjunc~
tion with the scale at the left, show the absolute levels of the curves.

e. Fuel Motion at 7.72-7.81 s. Figure 59 shows the 90-ms inter-
val from 7.72 to 7.81 s. Noteworthy here is the lack of fuel motion at the top
and bottom edges of the fuel region. Instead, there is accumulation of fuel about

. a third of the way from the top, supplied both from above and below. Calcula-
tions indicate that most of the fuel is molten by this time. The lack of change
at the upper and lower extremes of the fuel zone shows that the upper and lower
boundaries of the fuel are not moving appreciably.
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Fig. 59. Differential Hodograph for 7.72-7.81 s

The accumulated changes up to 7.81 s are shown in Fig. 60.
Considering that fore -and-aft motion of fuel cannot be detected by the hodo -
scope, one can surmise from Fig. 60 that at 7.8 s there was an annulus of dis-
placed fuel at the level of Rows 7-10, with a rather complete void at the original
position of the central pin. Small amounts of fuel have moved above and below
the original fuel boundaries. The fluted tube has probably been breached on
the left (away-from-pump) side at Rows 7-9. On the pump side, the fuel from
the upper portions of pins 5-7 is probably resting against the fluted tube, but
does not appear to have penetrated it to any major extent. The fuel relocation
depicted here did not occur rapidly; rather it took some 200 ms --from about ‘
7.6 to 7.8 s--for the major part of the motion to occur.
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Fig. 60. Differential Hodograph for 5.73-7.81 s

f. Fuel Motion at 7.81-8.05 s. Figure 61 shows the changes dur-
ing the 240 -ms period from 7.81 to 8.05 s. Comparison with Fig. 59 reveals
that the changes shown in that diagram are partially reversed in the current
period, with decreases appearing where there had previously been increases,
and vice versa. The fuel quantities involved are relatively small; clearly some
churning is going on, but nothing dramatic.

g. Fuel Motion at 8.05-8.41 s. During the period from 8.05 to
8.41 s the power is very close to the preheat level (see Fig. 48). Some major
leftward fuel motion occurs, as shown in Fig. 62, undoubtedly causing a major
breach of the fluted tube on the side away from the pump. In addition, small

quantities of fuel went up, down, and to the right--all at the expense of further
voiding in the central regions.
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Fig. 61. Differential Hodograph for 7.81-8.05 s
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The accumulated changes for the transient through 8.41 s are
. shown in Fig. 63. On the assumption that the fuel redistribution is radial,
rather than just toward or away from the pump. we deduce that the lower two-
thirds of the original fuel region is largely voided, that relatively small amounts
of fuel have moved upward and downward, and that the fluted tube has been
rather thoroughly breached on the side away from the pump. Some fuel has
probably moved both upward and downward out of the field of view--but not

much.
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Fig. 63. Differential Hodograph for 5.73-8.41 s
‘ Although the situation depicted in Fig. 63 does not correspond

completely to the final fuel distribution as revealed by the posttest radiograph,



many of the same features are present in both. The radiograph (Fig. 64) shows .
a large, almost completely voided region near the midplane, whereas Fig. 63

shows some fuel still present at that level, at the
periphery. Both the radiograph and the hodoscope
show the general depletion of fuel concentration
throughout most of the original fuel region, with

fuel collected around much of the periphery.

s ™ o™

HODQSCOPE
ROW

The radiograph does not clearly
reveal how much fuel was left above the original
upper boundary of the fuel zone. The extra fuel
that can be seen in Rows 2 and 3 of Fig. 63 amounts
to about 20 g (~5% of the original test fuel), and
there is no reason to think there was not at least
a small amount of fuel above the field of view.

- There is evidence, however, that not more than
y about 35 g could have been lost from the field
2 before shutdown.

W @D ~N @ O b o py

14 4. Postshutdown

¥ |16 Shutdown occurred at about 8.6 s, which
1 17 was after the power had come down from the simu-

lated excursion. Although the hodoscope film

. continued for about 2 s beyond shutdown. the

EXTENT OF ORIGINAL FUEL COLUMN

S e R e e

. 22? combination of low statistics and film-scanning
] 22 inaccuracies prevented detailed fuel-motion analy-
g sis in that region. Major fuel motion was occur -
ring just before shutdown and presumably continued
Tig. G4, Posttest Neutron Radio- into the postshutdown period.

graph of Stripped Loop,
Mag. ~0.22X, The loop instruments gave indications
of disturbances at 10.96 and 17 s about which
ithe hodoscope can shed no direct light, since the film ran out at 10.93 s--
by which time the counting statislics were already too poor.

F. Posttest Radiography

The posttest neutron radiograph of the stripped loop. shown in Fig. 64,
indicates that all the fuel elements had failed. Near the midlength of the origi-
nal fuel columns a length of about 50 mm was practically empty of fuel. In this
region, the fluted tube appeared to have melted entirely. and the bellows of the
outer test section tube was partly melted. For about 121 mm below the empty
region, the variations of density are indicative of a spongy or discontinuous
mass of fuel. Within this region, radial motion of the fuel has been somewhat
restrained by the fluted tube, which appears relatively intact toward the lower
end. No complete pellets were in evidence at the bottom of the fuel columns, ‘
but the region of the last two pellets was masked by the presence of a stainless
steel collar (see Fig. 7). A small amount of fuel and/or stainless steel was
present among the bottom end plugs.
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On the neutron radiograph, the presence of neutron-absorbing material
in the bottom bend of the loop below the test section was masked by the remains
of filter material on the outside of the tube. However, a subsequent determina-
tion using a gamma-radiation detector indicated a substantial local source of
radiation in this region. Above the essentially fuel-free region near the mid-
length of the fuel column, there is a region about 100 mm long of apparently
spongy fuel. Since the fuel in this region appeared to be more dense on the
periphery, it was probable that there was a hollow shell of spongy fuel.

Above this spongy fuel for about 63.5 mm (to the top of the original fuel
columns) the neutron-absorbing material, presumably fuel, was quite dense.
For the next 76.5 mm, above the top of the original fuel columns, much less
dense regions of fuel and/or stainless steel were present. This last region
included the upper part of the UO, stacks and the reflector rods of the elements.

In the plenum region of the elements, the neutron radiographs showed
that the reflector rods and spacer tubes of some elements had dropped an
appreciable distance as follows:

N-081 No drop

N-092 No drop

N-104 ~63.5-mm drop

N-069 One of these, 17.2 mm,; the other, none.
N-115

E:igg} One of these, 57 mm; the other, 12 mm.

The UO,; pellet stacks must have dropped as much as the spacer tubes
and reflector rods, although the plenum components of several of the elements
moved downward. The top end plugs of two of the elements appear to have
moved upward: N-104, 6.4 mm, and either N-165 or N-153, 8 mm. The top
of N-092, the center element, was covered by a structural member, and its
position could not be determined. The sodium level appeared to be at the bot-
tom of the test section opening to the upper sidearm to the pump.
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VII. POSTTEST EXAMINATION

The E7 loop was stripped of its outer hardware in the HFEF-South at
Argonne/West. After neutron radiography at TREAT, the loop was cutl into
sections at HFEF-South without removing the sodium. The following sections
from the cutting operation were received at Argonne/East for further disas-
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Fig. 65. Loop-cutting Plan for Posttest Examination.
Conversion factor: 1 in. = 2.54 cm.

sembly and examination in the
MSD Alpha-Gamma Hot Cell
Facility (AGHCF): (1) a 910-
mm length that contained the
test section and fuel pins,

(2) the upper and lower bends
to the pump, (3) a small T-
section with the bottom
pressure-transducer port, and
(4) the drain line from the
bottom of the lower bend.
Subsequent cuts and identifi-
cation of the pieces are shown
in Fig. 65.

A. Test-section Disassembly

Before disassembly
of the loop test section in the
AGHCEF, an orientation groove
was cut on the side of the
loop toward the pump, from
the outlet to the pump to the
bottom of the test section.
A transverse cut just below
the upper pressure transducer
separated the loop test section
into two principal parts. The
upper section, identified as
A4, is shown in Fig. 65.

With some expeciation
that the loop wall could be
removed from the part of the
test section below A4, two

lengthwise cuts were made through the loop wall for the full length of the
section on opposite sides (180° apart) inaplane perpendicular to the plane of
the pump and the test section. However, heating to melt the bonding sodium
and moderate prying failed to separate the loop wall from the test section.

Transverse cuts were made on the loop to separate the sections in
which the loop wall appeared to be fused to the underlying structure from



79

seclions where such fusion was not obvious. By this approach the loop wall
was removed from the test section from the bottom of section Al3 to the top
of A3, and from the bottom of section Al to the top of A8, as well as from
section A5F. The loop wall was still attached to sections A2F, A7B, and A6B,

After removal of the loop wall, the transverse sections A1Q0 and A8,
each 12 mm thick, were removed for subsequent analyses by the Chemical
Engineering Division for postmeltdown mixing. Additional 12-mm-thick slices
for analysis were subsequently cut as follows: A9F from the bottom of A2F,
and Al12B from the middle of section A6B.

Where possible, the outer test-section wall was removed from sections
in a similar manner as the loop wall, The outer test-section wall was sepa-
rated from sections A3, Al4B, A17F, A18F, A15F, and A19B. The fluted tube
was likewise removed from the sections of the elements in A3. The fuel-
element end plugs in section Al were unpinned and removed without difficulty.

Sodium samples for analysis were collected as follows: from the top
of Al, from the top of A2ZF, from the bottom of A3, from the inside of the loop
wall at sections Al and A3, and from combined sections A5F and A6B.

Removal of sodium from the various sections was first attempted by
melting and allowing the liquid sodium to run off. The sodium in section A7B
would not run off. The sodium remaining on the picces was reacted with ethyl
alcohol, and the sections were then treated with a water-50% ethyl alcohol
mixture and dried in a vacuum chamber.

The tops of the fuel elements were removed from section A4 by melting
out the small amount of sodium. The loop part and the element sections were
cleaned with ethyl alcohol to remove the remaining sodium. In the process of
melting the sodium, the elements shifted position: their orientation, and hence
identification, was lost.

The miscellaneous loop parts were also heated to melt out the sodium
and then c(ieaned with alcohol.

The alcoholic liquors obtained from the reaction of ethyl alcohol with
the sodium remaining on the sections after heating were separated from the
insoluble residues by decantation. The residues were washed with water-50%
ethyl alcohol and saved. The sodium melted out of the sections was also
reacted with alcohol, and insoluble powder residues were saved., The re-
covered powders were separately saved for each principal section for later
examination,

Photographs were taken during disassembly, as were photographs of
sections after removing sodium. Sections containing fuel or insulator pellets
were filled with epoxy to preserve the relationship between parts during
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subsequent cuiting operations. Specimens were cul from the epoxied sections .
for macroscopic examination and, in some cases, detailed examination of the
microstructure,

B. Examination Results, General Featlures

In the parts received at the AGHCF, sodium was observed at the top
flange to the pump, at the bottom of the test section, at both ends of the bottom
bend, in the line to the pressure rupture disk, in the drain line before the
freeze plug, and at the top and bottom of the T-section from below the test
section. Sodium was not observed at the top of the test section, at the overflow
line, at the upper pressure-transducer port, or at the outlet from the test sec-
tion. Sodium was not observed in the drain line below the freeze-valve coil,
on the pressure-transducer port of the T-section, or on the top end of the arm
to the pump. The sodium that originally occupied these regions has drained
into the adiabatic holder. The upper and lower pressure transducers were
removed at HFEF, and holes were left in the sodium at their respective
openings, thus accounting for the lack of sodium at the ports.

Since the sodium within the test section was disturbed by melting
during the heating operation required to separate test-section parts, informa-
tion on sodium reentry was not obtained.

After disassembly and sodium removal, the test-section parts were
examined in some detail. A general description of the remains of the fuel
elements from the bottom to the top follows,

The bottom end plugs were examined and photographed as shown in

Fig. 66. Except for a small amount of steel spatter, the end plugs were quite
clean. In the figure, the middle end plug (N-153) has more spatter along its

Fig. 66

Bottom Lnd Plugs of Seven Elements with Some
Stainless Steel Spatter. Mag. ~0.95X. Neg.
No. MSD-169873.
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length than the others. The material collected from among the end plugs is
shown in Fig. 67. Globs of melted stainless steel and melted fuel, and a piece
of an unmelted UO; pellet, were present. It was not obvious that any of these
pieces were bound to the end plugs either by fusion or mechanically, These
pieces appeared to have been restrained from further downward movement by
the roll pins locking the end plugs in place. The quantity of material recovered
from among the end plugs was not sufficient to cause appreciable blockage to
the flow of sodium through this region,

Fig. 67

Melted Stainless Steel, Melted Fuel, and a Piece
of U0q Pellet Found among Bottom End Plugs.
Mag. ~6.80X. Neg. No. MSD-169374.

The 87-mm-long as-cut sections (A15F and A19B) immediately above
the bottom end plugs in Fig. 65 originally contained a small part of the end
plugs, 12 mm of UQ, insulator pel-
lets, and about nine fuel pellets per
element. A cut on the long axis of
this piece, in a plane almost per-
pendicular to the plane of the loop
and the pump, separated the piece
into two parts. The cut surfaces
were photographed in a "light box,"
which resulted in mirror-image
pictures as shown in Fig. 68. The
F designationin section Al5F iden-
tifies the piece nearest the pump,
and the B insection A19B identifies
the part away from the pump.
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The UO, insulator pelletsin
this section at the bottom were
cracked but otherwise intact. On
the right side of section Al19B (in
the photograph), pieces of the insu-
lator pellets fell out during the (a) Section A15F (b) Section AL
sodium-removal operation. Stain-
less steel appears toblock the flow Fig 68
channels in the region of the UO; Mirror-image Views of Split Section at
pellets on the sidetoward the hodo- Bottom of Fuel Columms. Mag. ~0.98X.
scope; fuel occupies channels onthe Neg. No. MSD-180130.

e
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side away from the hodoscope. Where the melted fuel moved down in the
channels around the UQO, pellets, the cladding was melted away. Just above
the insulator pellets, the fuel pellets have retained their shape, but the
character of the fuel around the central void has changed from a dense
columnar-grain structure to a spongy material. Parts of fuel pellets are
identifiable to a height of about four pellets. Melted fuel appears to have
flowed down among the partially intact fuel pellets. The cladding had melted
almost completely off of the fuel pellets and relocated, partially downward.
Above the region with the fuel pellets, fuel has completely melted and relo-
cated, Some melted fuel moved downward, some may have moved upward,
and some moved radially and resolidified as a spongy layer against the
remnants of a badly melted fluted tube. At the upper end of this section, the
fuel is located principally on the side (A19B) away from the pump.

A section 63 mm long (sections A5F and A6B in Fig. 65), starting
12 mm above the section shown in Fig. 68, is shown 1n Fig. 69. The lower
part of the bellows is shown in which fuel and cladding have completely melted
and relocated, Figure 69a shows combined sections A5F and A6B before
sodium removal, with half the loop wall removed on side A5F. The mating
half, section A6B, was fused to the loop wall. The interior of the bellows in
sections AS5F and A6B after sodium removal is shown in Figs, 69b and 69c.
Some melted fuel lies against the partially melted bellows, chiefly on the side
away from the pump. The fluted tube has completely melted in this region.

LEFAR
3 $@m§§
(a) Combined Sec- (b) Section ASF (c) Section AGB
tions ASF and 6B after Splitting after Splitting

Fig. 69 Mirror-image Views of Section at Bottom of Bellows
Mag ~0.70X Neg No. MSD-180854,

The bottom of combined sections A2F and A7B (see Fig, 70) is prac-
tically empty of fuel, confirming the evidence of the neutron radiograph.
Some melted steel is present, however. Above this empty region, fuel forms
a spongy layer ~76 mm long against the outer test-section tube, with the
greater quantity of fuel on the side away from the pump. At the upper end of
this 209-mm-long section, spongy fuel filled the cross section for ~90 mm,
Portions of UO, insulator pellets were observed at the top of these scctions
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in some positions. Subsequently a UO, pellet was observed in a transverse
section (see Fig. 71) through the fuel region about 38 mm below the top of the
original fuel column, The location of the UQO, pellet in the cross section
appeared to correspond to either element N-104 or the adjacent element
N-185. Some downward displacement of the stacks of UO, pellets had been
inferred because of the downward shift of some of the Inconel reflector rods
observed on the neutron radiographs. The ouler test-section tube, except

for the bellows, appeared to be intact, but fuel and steel inside had melted.
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Fig. 71. Melted Fuel and UQOy Pellet at a Location

about 1} in. (3.8 cm) below Original Top
(a) Section AZF (b) Section ATB of Fuel Column. Mag. ~7 14X, Neg.
No. MSD-150614.

Fig T0. Minor-image Views of Split Section
Showing Upper Two-thirds of F'uel-
column Region. Mag, ~0.58X
Neg No. MSD-1639830.

Front and back views of section Al4B after sodium removal are shown
in Fig. 72. This 63-mm-long section was located 25 mm above the top of
sections A2F and A7B (see Fig. 70). Stacks of UO, pellets occupied this re-
gion. Both melted fuel and melted steel were found among the stacks of pellets.
The fuel was in greater gquantity around the lower part of the UO; columns,
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(a) Inside (b) Outside

Fig 72 Mirror-image Views of UQg~insulator-
pellet Region above the Fuel The
fluted tube and two peripheral stacks
of pellets were removed in view (a).
Mag. ~1.04X Neg No. MSD-169831.

Fig. 73

Three Views at Different Angular Orientations of Fuel-
element Cluster Including Top of UOg Stack and
Reflector-rod Region (Section A3). Mag. ~0.53X.
Neg. No. MSD-180853.

but melted steel was predominant
toward the top of the section, Most
of the cladding around the bottom of
the UO, columns had melted off.
Local melting of the cladding oc-
curred mostly at the top. The re-
moval of sodium also resulted in
the removal of some melted fuel and
the loss of some UQO; pellets from
this section. The general impres-
sion was that fast-moving melted
fuel went up among the elements,
melted the cladding around the UQO,
pellets, and tended to push the
melted steel upward. (Probably
small quantities of molten fuel were
carried with the fast-moving vapor
stream in the early stages of post-
failure fuel movement prior to
blockage.)

Three views of section A3
(see Fig. 65) at different rotations
are shown in Fig. 73. The cluster
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of seven elements was held together by melted stainless steel over a distance
of 57 mm at the bottom, where extensive cladding melting had occurred. The
element contained 75-90 mm of the 170-mm-long UO, pellet stacks, except
for those with gross axial movement., Above the UQO, pellets there was a
127-mm-long rod of Inconel 600. A hole melted through the cladding of a
peripheral element at a place where there was a gap near the top of the pellet
stack. Melting appeared to have occurred from the outside and the melted
steel tended to move inward. The cause of the meltthrough was probably
melted fuel, which was subsequently moved or dislodged.
The lack of a heat sink inside the cladding at this loca-
tion may have contributed to the meltthrough, Since
melted steel tended to move into the gap, the downward
j displacement of most of the stack of UQO, pellets occurred
before the meltthrough. The reason for the hang-up of

[

i the top UO, pellets in this element was not detected,
{ Figure 74 shows the relative displacement of the
b tops of the elements from section A4. The two that were

¢ raised by 6.3 mm were element N-104 and either N-185

! or N-153, as noted from the neutron radiograph, The

other elements, which include the center element N-092,

i were not significantly different in elevation and, hence,
displacement. Fuel and stainless steel debris were not
observed on these sections of elements,

The blockage at the bottom appeared to extend
only over the 12-mm length of the UQO, insulator pellets.
Below this region, a small amount of melted fuel and

A
k,
% C. Top and Bottom Blockages
I

v melted steel was found among the end plugs as previously
: described. Above the insulator pellets, a jumble of fuel
‘:”(-gl pellets and pellet parts, with practically no intermixed
steel, was present. Channels for the flow of sodium ap-
Fig. 74 pearedto existinthis region. The blockage aroundthe in-

View of Top of Elements sulator pellets (see Fig. 68) consisted of melted steel in some
Showing Relative Dis- flow channels andmelted fucl inothers. Channels seemedto
placements. Mag, ~0.42X. be associated with the spongymeltied fuel, and a complete

Neg. No. MSD-181391. blockage to sodium flow seems doubtful at this location.

The top blockage was extensive in the axial direction. At its lower
end, it consisted of a spongy mass of fuel near the top of the original fuel
column., This spongy fuel filled the cross section of the outer test-section
tube and was ~90 mm long. Above the fuel columns, the blockage consisted
partly of melted fuel and partly of melted steel among the stacks of UQ, pellets
from which the cladding was melted. Fligure 75 shows a transverse section
(Section A10; see Fig. 65) near the bottom of the UO, stacks where the flow
channels are occupied largely by melted fuel on the side away from the pump,
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and by melted steel on the side toward the pump. .
. Beginning about 57 mm above section Al0 (see
» Fig. 75) for ~12 mm upward, the flow channels
were mostly occupied by melted steel. Figure 76
shows the degree of blockage formed by melted
steel at this location (bottom of section A3 in
Fig. 65). Some fuel is also evident at this location,
which was 95 mm above the top of the original fuel
‘ column. Scattered regions of melted steel were
also evident for an additional few centimeters up-
ward (see Fig. 73). Even where melted fuel or
o stainless steel occupied most of the available cross
section, holes were evident that may have been
- interconnected and, hence, may have constituted
channels for vapor streaming through porous plugs
at inlet and outlet,

Fig. 75
Mirror-image View of Transverse

Section of Fuel~clement Cluster .
D. Extent of Melti
through UO2 Pellets Showing ent o ng

Stainless Steel and Fuel Blockage . .
(Section A10). Mag. ~0 88X, On the side away from the pump, fusion of

Neg No. MSD-169698. the test section to the inside of the loop wall was
general over the length of the bellows. On the side
toward the pump, fusion to the loop wall occurred only at the top of the bellows.
Below the bellows, melting of the outer test-section tube did not occur, and
above the bellows, the tube was intact except for one location near the joint
to the bellows. The extent of melting of the bellows is shown in Figs. 69 and 70.
Melting of the bellows seems to have occurred to a somewhat greater extent
on the side opposite the hodoscope in these mirror-image photographs. In
Figs. 69a and 69b, perforations through the inward-projecting parts of the
bellows are noted to occur on a somewhat vertical alignment. These melt-
throughs appear to have formed from the inside out as a result of contact with
melted fuel. Melted steel has solidified in the flutes of the bellows at some

locations.

Fig. 76

Cross Section of Fuel-element Cluster near
Midlength of UOg Stacks Showing Melted
Steel around UQg Pellets. Mag. ~3.45X.
Neg. No MSD-181231.
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Melting of the fluted tube occurred from the bottom of the fuel column
to almost the top of section Al4 (~90 mm above the top of the original fuel
column). At the ends, melting was only partial, as can be seen in Figs. 68
and 74, and in a transverse section from just above the bottom header, near
the foot of the fuel column, as shown in Fig. 77. Over most of the length of
the fuel column, the fluted tube has completely melted.

Cladding and spacer wires have melted from the bottom of the fuel
column to well above the top of the fuel column into the stacks of UO, pellets,
The hole in the one clement of Fig. 73 represents the highest location of
cladding melting.

Except for ~20 mm at the bottom, the {uel column melted completely.
The UQ, pellets at the boliom were not melted, but some UQ, pellets at the
top had dropped into melted fuel and had fused superficially on the surface.

E. Microstructures

At the end of the preirradiation, a few pellets at the bottom of the fuel
stacks did not melt or melted only partially. Microscopic examination of
these pellets at high magnification was planned, but the pellets {ell out before
they could be epoxied. Consequently, an enlargement of part of Fig. 68 was
made, as shown in Fig. 78, to show an intermediate stage between the irradi-
ated pellet and melted fuel. Two of the bottom fucl pellets in the stack on
the left have a dense outer shell of fuel with increasing porosity or sponginess
toward the central void. Fission gases appear to have moved to the central
void as the path of least resistance in fuel that was not melted but was probably
close to the solidus temperature.

At all locations above the bottom four pellets, melting of fuel appeared
complete. The structures of the melted fuel were generally equiaxed grains,
but columnar grains indicating directional solidification were sometimes ob-
served. Generally the melted fuel was closely associated with stainless steel
and presumably the solid fission products. Porosity ranged upward from
approximately l-uwmbubbles observed within grains, as shown in Fig. 79.
Figure 79a is fuel from the top of the fuel column, and Fig. 79b is fuel from
among the bottom end plugs (see Fig. 67). The grain boundaries of the fuel
in Fig. 79b are much broader than observed in any other melted fuel samples
and may contain a second phase. Intergranular voids are shown in Fig. 80.
The large voids in Fig. 80b are ~200 wm long. The fuel in Fig. 80a is from
the same transverse section as the fuel in Fig. 79a. The fuel in Fig. 80b is
from the section shown in Fig. 71, ~38 mm below the top of the fuel column.
Still larger voids can be seen in the spongy material in Figs. 71 and 77. The
wide distribution of pore size appears to be a general feature of the melted
fuel.

A general feature observed from the top to the bottom of the distributed
fuel is the presence of small globules of metallic material, which from its
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Fig. 77. Transveise dection near Bottom of I'uel Column showing
Melung of Fluted Tube and Ditubution of Mclted Fuel.
Mag. ~9.14X. Neg. No. MsD=-181706



Fig. 18. Enlargement of Section A15F (see Fig. 68a) Showing
Porosity around Central Void in Fuel Pellets.
Mag. ~3.6X. Neg. No. MSD-169876.
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(a) From Top of Fuel Column (b) From Debris among Bottom
Mag. ~250X. Neg. No. End Plugs Mag, ~250X
MSD=-1807717. Neg. No MSD-180765.

Fig. 79. Fine Porosity in Melted Fuel

(a) Mag. ~125X Neg. (b) Mag. ~100X. Neg.
No. MSD-180775. No MSD-180800

Fig, 80. Intergranular Porosity in Melted Fuel

abundance is concluded to be stainless steel, perhaps in association with some
fission products. Figure 79b (bottom) shows small, 1-2-um particles of metal,
few in number and randomly dispersed, mostly on grain boundaries. A very
uniform dispersion of a large number of 1-2-um metallic particles is shown



in Fig. 81. This type of dispersion was unique and occurred in rather dense
fuel in the insulator-pellet region shown in Fig., 76. Other metallic disper-
sions are shown in Figs. 71, 77, 79, and 80a. The large globs of steel in
melted fuel probably were intrusions after the fuel had solidified. Intrusive
melted steel is shown in Fig. 82 as a dendritic structure in intimate associa-
tion with fuel. It is from the same transverse section as in Fig. 71. Stain-
less steel dispersed in fuel generally has a wide range of particle sizes
depending on its history.

Iine Uniform Dispersion of Metallic
Paiticles in Melted Fuel. Mag. ~100X
Neg. No MSD-180833.

Iig. 82

Intrusive Melted Steel with
Meltedluel Etched, Oxalic
acid. Mag.~25X Neg No.
MSD~-180863.

On melting, stainless steel may become intimately associated with fuel

to a degree partly dependent on temperature., Figure 71 shows large globules
of melted stainless steel in a matrix of spongy fuel. Although most of the
steel seems to have moved radially or upward ahead of the fuel, some did
become trapped in the melted fuel. The previous discussion on [uel showed
the intimacy of mixtures of fuel and steel. On the periphery of the cluster of
elements, where melted steel has solidified and has located among the bottom
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plugs, the solidified steel appears in many instances to have frozen very
rapidly. Typical contorted structures of stainless steel are shown in Fig. 83.
Structures of this type were not observed in loss-of-flow Tests L.2-14. The
generally finer dendritic structure of the steel in Fig. 83b (from among the
end plugs) implies a faster rate of cooling compared to the steel in Fig. 83a
(from the top of the fuel column near the outer wall).
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(a) Etched, oxalic acid. Mag. ~50X. (b) Etched, CuClpg. Mag. ~25X.
Neg. No, MSD-180772. Neg. No. MSD-180766.

Fig. 83. Solidified Stainless Steecl Showing Effects of Rapid Cooling

Except for cracking, the UO, pellets were generally unaffected by the
transient, unless they were in intimate contact with melted fuel. Figure 84
shows a UQO, pellet that dropped into the melted fuel at the top of the fuel
column. Segments of arcs of UO, have spalled off of the pellet. The UQ, has
fused to the fuel around it, as shown in Fig. 84b at higher magnification.
Metallic particles are present in the fuel, but not in the UO,. A small isolated
particle of UO, was found in a region of melted fuel in the same region as
shown in Fig, 7l. This particle is shown in Fig. 85. Cracks are evident, and
grain-boundary separation with the development of attendant porosity has
occurred, Gases in the as-fabricated pellets contribute to the development
of porosity.

F'. Fuel-element Plenum Sections

The tops of the fuel elements were removed from section A4. Identifi-
cation numbers on the top end plugs were tube numbers, but these numbers
could not be correlated with the element number on the bottom plugs with the
information at hand. The top section of element N-092, the central element,
was identified by the spring with 25 coils, compared to 19-20 coils for all the
other springs. The plenum sections of the elements are shown in Fig. 74.
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(a) Mag ~25X. Neg. (b) Mag. ~100X. Neg
No MSD-180617 No. MSD-180615

Fig. 84 Fusion between Melted Fuel and a UOg Insulator Pellet

Fig 85

Isolated Paiticle of UOg Showing Grain~
boundary Separation Found in Melted-
fuel Region Mag. ~458X. Neg. No.
MSD-180616.

Diameters of each element section were measured at 25-mm 1intervals
and at 0 and 90° on the circumference for a total of 14 measurements per
element., The average diameter and the range of diameters were
5.813 f88%% mm. The diameter specified on the fuel-element drawing was
5.77-5.82 mm. The posttest diameters are slightly on the low side. Diameter
changes or the generation of ovalily in the plenum region of the fuel element
do not appear to have occurred from Test E7.

The spacer tubes and springs were removed from the plenum sections
after heating to melt sodium. Sodium was found between the spacer tubes and




cladding, and up around some of the springs. A comparison of the lengths of ‘
the springs and the spacer tubes with the length of cladding indicated that, in

some cases, considerable free space existed above the spacer tube. This

was in accord with the evidence of the neutron radiographs. Data are shown

in Table VI.

TABLE VI, Measurements of Upper-plenum Pieces

Spring Overall Length Coils Gap in
Top-plug Length, of Section, per Plenum
Identification mm mm Spring Region, mm

N-022 27.4 339.5 20 63.3
N-029 27.4 338.0 19 67.4
N-015 26.7 334.0 19 11.9
N-057 - 333.6 25 4.8
N-078 26.7 333.2 19 8.9
N-014 26.9 333.2 20 -0.3
N-061 26.9 332.4 19 -3.5

The relative gaps in the plenum corresponded in a general way with
the amount of downward movement of the reflector rods and spacer tubes as
determined from the neutron radiographs., However, differences as measured
were greater than expected from the nature of the procedures used. Handling
during the early attempts to remove the split loop from the test section by
melting the sodium probably resulted in some movement of the parts.

Five of the section lengths were 339.5 £ 3.2 mm, and the other two
elements were about 6.2 mm longer. On the basis of the neutron radiographs
and these measurements, the N-022 top plug can be paired with element N-104,
and top plug N-029 with either element N-185 or -153. By comparison with
the results of Test L4, which was of similar geometry, the tops of the two
longer-plenum sections appear to have moved upward as a result of the
transient.

The spring constants were measured for two springs with the following
results: N-014, 1.05 kN/m (6.0 1b/in.), and N-078, 1.03 kN/m (5.9 1b/in.) as
compared with the as-fabricated specification of 0.70-0.84 kN/m (4.0-4.8 1b/in.).
Irradiation hardening probably occurred during irradiation in EBR-II and may
have resulted in a stiffer spring. These pretest results for spring constants
compare with values of 0.93-1.17 kN/m (5.3-6.7 1b/in.) for similar elements
in Test 14.

VIII. CALCULATIONS ‘

Test instrumentation on the loop monitored flow, pressure, and tem-
perature conditions at the inlet and outlet of the fuel-pin bundle, Detailed
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. conditions within the cluster must be estimated through calculations. The
COBRA-3H code was used to calculate fuel, cladding, and holder-wall tem-
peratures as functions of radius, azimuthal sector, and axial elevation. Details
of these calculations are given in Appendix B.

Output from the thermal-hydraulic COBRA calculations include de-
tailed fuel enthalpies and clad temperatures. These are then used in the
Damage Parameter Model of Baars, Scott, and Culley® to predict the time
and location of initial cladding failure.

A, General Results of COBRA Calculations

To a good approximation, the results of the COBRA calculations yield
the same temperature distributions for all pins in the cluster at a given radially
averaged fuel enthalpy. This is shown in Fig. 86. These results apply to all
axial zones and azimuthal sectors. Melting of the columnar grains begins at
0.837 MJ/kg (200 cal/g) and reaches the equiaxed-grain region as the fuel
enthalpy reaches 0.987 MJ/kg (236 cal/g).

330 f T I
300+ -
250 -1
B Fig. 86
>
§ 200+ - Generalized Radially Averaged Fuel-enthalpy/
E Temperature Results by Grain-structure Region.
j Conversion factors: 1 cal/g = 4.184 x
i -3 CLC) T °F) - 321/1.8
5 sl ] 1072 MI/kg: t (°C)y = [t °F) - 321/1.8.
100~ —
50 ] l | | 1

1000 2000 3000 4000 5000 6000 7000
TEMP,°F

The results for the four fuel rods included in the calculations are
listed in Table VII. Examination of the data in the table shows that the axial
"hot spot" moves from the top third of the pin toward the center as the tran-
sient progresses.

‘ B. Temperature Distribution at End of Preheat

Four pin cases were calculated: the central pin, the pin closest to the
ALIP, a pin representing each of the three pins opposite the ALIP, and a pin
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TABIE VI, Calcuiated Fuel Enthalpy and Claddmy Temperatures

ROD 1 ENTHALPY

ROD 3 INTHALPY

TIME AXIAL ZONE TIME AXIAL ZONE
1 2 3 4 5 6 7 1 2 3 4 5 6 7
3.300 0.0 0.0 0.0 0.0 0.0 0.0 00 3300 0.0 6.0 0.0 0.0 0.0 0.0 0.0
4600 3540 350 3810 3830 3820 3778 3576 4600 3592 3807 3870 3888 3876 3833 3623
5400 6185 6809 7004 7096 70.92  69.97 6407 5400 6330 6974 /L85 7260 7266 7L69  65.59
6200 7692 8452 8179 §2.83 9101 9L00 8469 6200 TRG3 8629 8942 OLIR 9299 9301 &0
7000 8416  9L84 9607  99.02 10130 10260 9810 7.000 8573 9422 9875 10L60  103.40 10456 100.10
7000 8583 9385  98.29 I0L30 10350 10480 10040 7.000 8742 %647 0L 10420 10590 10680 10240
7200 90.68 10000 10490 10800 11000 11100 10600 7.200 9256 10310 10620 11120 11290 11350 108.10
7300 0L40 11320 1870 12200 12390 12440 11650 7.300 10400 1690 12270 12600 12760 12770 119.60
7350 1050 12430 13030 13380 13550 13560 12630 7.350 11360 12850 13480 13830 130.80 13950  129.40
7400 12310 13930 14610 149.70 15140 15100 139.30 7.400 12680 14420 15130  155.00 15640 15560 143.00
7440 13620 15490 16240 16630 16790 16690 15260 7440 14050 16060 16850 17240 L3.60 17230 15100
7480 152.60 17440 18290 187.10 18840 18690 169.60 7.480 15770 18100 189.60 19400 19510 19310 174.80
7.500 16220 165.80 19470 19910 20030 19840 17940 7.500 167.70  192.60 20220 20660 20750 20520 18510
7520 17260 19820 20780 21230 21340 21120 19020 7.520 A0 20580 21580 20040 22120 21850 19640
7.500 18400 21LB0 22200 22670 22770 22500 20200 7.540 10O 22000 A0 73040 236,20 23300 20880
7.560 19630 22630 237.20 24210 24300 23990 21470 /560 20350 235.20 24640 25160 252.20 24830 222.00
7580 209.00 24130 25290 25800 25890 25530 227.80 7.560 21670  250.90  263.00 268.20 26870  264.60  235.70
7.600 22150 256.10 26840 273.80 27450 27050 240.70 7.600 229.80 26640 279.30 28470 28510 280.50  249.30
ROD 1 CLAD TEMPERATURE ROD 3 CIAD TEMPERATURE
TIME AXIAL ZONE TivE AXIAL ZONE
1 2 3 4 5 6 7 1 2 3 4 5 6 7
3.800 720 721 721 2L 722, 722, 122, 3800 720. 721 2L 721 122, 722, 722,
4.600 735, 740. 744, 748, 751 754, 755, 4600 736, 740. 744. 748, 751 754, 755.
5400 770 791. 822, 846, 868. 881, 8. 5400 T7L 798. 823, 247, 869, 888, 899,
6.200 803, 81, 896, 941, 988, 1020, 1042 0.200 805, 853, 899, 943. 985, 1022, 1044.
7.000 830 884. 934, 987. 1041 1090, 1124, 7.000 832, 883, 934, 988, 1041, 1093. 1126.
7.100 839, 891, 941, 994, 1048, 1100, 1134, 7000 84L 891, 941, 994. 1048. 1101 1137.
7.200 859, 909. 960. 1014, 1068. 1123, 1161, 1200 857, 909, 961, 1014. 1068, 1121, 1165.
1300 879, 939. 998, 1057. 1114. 1168, 1218, 7300 877 939, 998, 1057. 1113, 1168. 1216.
1350 893, 961, 1026. 1089, 1150, 1206. 1254, 7.350 892, 961. 1626. 1089, 1149, 1206. 1252.
7400 91L 990, 1063. 1133, 1198, 1258, Bod. 7400 91l 990, 1603, 1133, 1198, 1251, 1303,
7440 930 1019. 1100 177, 1248. 1310, 1356, 7440 929, 1018. 1099. 1176, 1241. 1309. 1355.
7480 952, 1053, 1145, 1230. 1308, 1375, 1420. 7450 951 102, 1144, 1230 1307, 1374. 1419.
1500 964 1073, 1170 1261, 1342, 12, 1458, 7.500 963, 1072, 1169, 1260. 1341 1411, 1457.
1.520 977, 1094, 1198. 1295, 1380. 1454, 1501 7520 96 1093, 197, 1294, 1379, 1452. 1499.
1.540 991, 1117. 1228, 1331 1421. 1499. 1547, 7.540 990, 1116 1221, 1320, 1470. 1497, 1545,
7.560 1006 1141 1261, JEIAN 1466, 1548. 1597, F560 1005, 1140, 1259. 1369. 1465. 1546. 1595.
1580 1022, 1167. 1795, uiz, 1515, 1601, 151, 7.580 1070 1165, 1294, 41l 1513. 1599, 1649.
7.600 1038, 1193, 1331 1456. 1566. 1657, 1708, 7.000 1036, 1191 1329, 1454, 1564. 1655. 1706.
ROD 2 ENTHALPY ROD 4 ENTHALPY
TIME AXTAL ZONE TiRie AYIAL ZONE
1 2 3 4 5 6 7 1 2 3 4 5 6 7
3.800 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.800 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4600 3392 3573 3627 3642 3637 /96 3419 Je00 3705 3051 4020 4udD 4020 3978 3047
5400 5133 6295 6477 65.44 6534 6444 59.11 5400 6684 7368 7592 7684 o83 7582 69.35
6.200 7L75  79.04 8195 8361 8433 8400 7RIS 0200 8233 89.99 930 9563 9T.M 979 9LDY
7000 7950 6.0 9077 9334 9511 9587  90.68 7.000 8847 100.00 10500 107.80 100.20  109.20 104.10
7100 8L12 8887 9262 9529  97.15 9802 9289 7000 9092 10270 107.80 11070 11210 11210 106.40
7.200  8.61 9391 9795 10070 10260 10340 98.06 7.200 9695 11000 11560 118.60 12000 11970 112.50
7300 9461 10510 0070 11260 11430 140 108060 700 109.80 12540 13LT0 135.00 13630 13550  125.60
1350 10240 1450 11970 12270 12430 12430 11550 7.3%0 12050 13320 M50 M3.e0 14970 14860 13660
7400 11320 12750 13330 13660  I3BOD 13750 127.00 7.400 13520 19560 16330 lof.10 168.10 16640  15L70
7440 12450  4L10 1750 15090 15230 15140 138.60 7440 15040 17370 18220 18620 187.10  184.80  167.30
7480 13880 15800 16530 16890 170.0 16870 15330 7.480  169.40 19620 20580 210.10  210.80 207.80  186.90
7500 147.00 167.80 17560 179.40 18050 17870  161.80 7.500 18050 20920 21950 22690 22450 221.20 198.20
7.520 15610 17870 18690 190,00 19180  189.80 M7L20 7.5 19260  223.60 23450 23020 270.60 23580 21070
7.540 166,10 19050 19930 20340 20430 20180 1840 7540 20580 2120 25090 25570 25000 25180 22440
560 17670 20330 21250 21680  Z17.60 21480 19250 7500 220.00  250.00 26840 27350 27370 26890 23890
7.580  187.70 216,20 22620 230.70 23140 22820 203.80 7.580  234.60  273.00 28050  29L80 29190  286.60  254.00
7.600  198.60 22910 239.80 24440 24500 24140 21510 7.000  249.00 200,40 30440 310.00  309.90 30420 269.00
ROD 7 LLAD TEMPERATURE ROD 4 LLAD TEMPTRATURE
TIME AXIAL ZONE Tive AXIAL ZONE
1 2 3 4 9 6 7 1 Z 3 4 5 [ 7
3800 720 721, 2l 721, 722 722 22, 3800 720, 2L 2l izl 22, 722, 722,
4.600 734 738, 1z, 745, 748, 750, %2, 4600 730 741 45, a9, 54, 755, 756,
5400 764, 8i. 809, 829, 848, 865, RIS, 5400 774 §03. 826, 852. 874, 893, 902,
600 794 835, 874, 912, 948, 930, neL 0.200 811 860, a0h, 451, 943, 1079, 1049.
7.000 820 870. 917, 963. 100/, 1049, 1079. 7.000 836 887, 938, %L 1044, 1095, 1132,
1100 82, 879. 926, 97l 1016, 1059. 1088, 7100 844 894. 945, 998, 1%L 1103, 1143
7.200 846 901, 948, 995 1042, 1685, 112, 7.200 53, 913, 465, 1010, 072, 1124, 1170.
7300 873 926. 082, 1033, 1083, 1132, 1168, A sl 445, 1604, 1002 1119, H7e. 1217,
7.350 885, 949, 1007, 1062, 1118, 1165, 1209. 7.350  89%. 967, 1532, 1096 1156, 1211 1255.
7400 90L 974, 1040, HoL 1158, 1211 1254, 7400 9le. 997. 1070. 1140. 1205. 1264, 1307,
7440 9N, 999, 1073, 1140, 1202. 1258, 1380, 7440 034 1027, 1106, 1185, 1255, 131, 1361,
7480 936 1030. 1113, 183, 1255, 1315, 1358. 7450 953, 1062. 1154, 1240. 1317, 1383, 1426.
7.500 947, 1047. 1135, 1215, 1286. 1348 1392, 15w 9L 1082, 1180, 1271 1352, 1421, 1465.
1.520 956, 1066, 1164, 1245, 1320, 1385 1424, 1520 985, 1104. 1209, 1305. 1390, 1463. 1508.
1540 970, 1086. 1147, 1. 13%. 1425. 1469. 7.540 1000, 1128, 1240, 1343, 1432, 1569. 1555,
7560 983, 1108. 1216, 1312 1396, 1468, 1544, 7.560 1016, 1153, 1273. 1383, 1479, 1560. 1606.
7580 997, 1131, 1247. 1349, 1439, 1515, 1563, 7.580 1032 1180, 1308. 1475, 1528, lol3. 1661,
7.600 1011 1194, 1274, 1387, 1483, 1565. 1614.  7.600 1048, 1206, 1344, 1470, 1580, 1670, 1719.
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representing each of the remaining two. The radial and axial temperature
profiles for fuel and cladding for these cases are shown in Figs. §7-90. Radial
distributions are shown at the bottom and center of the fuel columns in each
figure. Axial temperature profiles are shown at the centroid of the inner-
most radial node (F = 0.71 mm), for the centroid of the outer region of the
equiaxed grains (F = 1.92 mm), for the centroid of the edge node (¥ = 2.4 mm),
and for the cladding midpoint (¥ = 2.62 mm). The abrupt decrease in tem-
perature at the top of the pin reflects the absence of axial heat transport by
conduction to the upper structure. Cladding temperatures in the upper pin-
structure region remain relatively constant, reflecting the effects of axial

heat convection from the upward-moving sodium stream. The three-dimensional
temperature pattern is summarized in the figures.

It is of interest to compare the degree to whichthermal "prototypicality"
was achieved in Test E7. Figure 91 shows the calculated radial temperature
distribution for a high-power pin in the CRBR?! and thosec of the E7 fuel pins
al the end of the preheat period (7 s). The dashed line refers to the CRBR.

The agreement for Rod 4 (and 5) is excellent, although cladding temperatures
in Test E7 are 25-50°C hotter than in the CRBR.,

The corresponding comparison of the axial temperature profiles is
shown in Fig. 92. In this comparison, Rod 4 (and 5) of Test E7 is nearly
equivalent to a half-scale CRBR high-power pin. The flux-shaping collars on
the loop were specified to produce an axial power profile characteristic of
that in EBR-II (see Sec. III.C),

The axial elevations in Fig., 92 were chosen so that the cladding tem-
peratures (figures to the right) in Test E7 matched reasonably well with those
of CRBR. To do this requiresthe bottom of the E7 cladding to match the CRBR
cladding at 178 mm up from the bottom.

It is concluded from these comparisons that the radial temperature
profiles in the hottest pins of Test E7 (N-185, -104, and -153; see Fig. 6) at
the end of the preheat period are indeed "prototypic" of high-power pins in
CRBR near the end-of-life (EOL) cycle (see Fig. 91). Axial temperature
distributions at the clad midpoint were equally prototypic. However, axial
fuel temperatures in Test E7 look like 915-mm-long prototypic pins com-
pressed into a 342-mm region starting 100 mm above the bottom of the core.

C. Thermal History during Approach to Failure

Figures 93 and 94 show thermal energies and temperatures during
the approach to failure for the hottest pins (N-158 and -104). The other pins
follow this same history, but at delayed times. This is a consequence of
their lower calibration factors within the cluster. During the short period of
the transient (580 ms), the heating of individual pins is nearly adiabalic.
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Fuel temperatures are shown by grain regions in the top curves of
Fig. 93 for the hottest axial node (node 5 from 196 to 245 mm) of Rod 4. Clad-
ding surface temperatures are shown in the middle two curves. The upper of
these is the peak surface temperature that occurs at the top of the fuel column
(344 mm) and is the same, within 10°C, as the maximum coolant temperature.
The lower curve is the cladding surface at the hottest fuel node (node 5).

. The bottom set of the curves in Fig. 93 show the total fission energy
generated by the seven fuel pins and the total retained in the fuel, integrated
over the entire fuel pin. Figure 94 shows partitioning of the total energy into
cladding, sodium, and duct-wall enthalpy as well as the latent heat of fusion.
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The lower portion of Fig. 95 shows the radial propagation of the solidu‘
and liquidus fronts. Positions of the various grain-structure interfaces are
shown as the lines A-D. The corresponding axial temperature distributions
along these interfaces are shown for selected times at the top of the figure.

With increasing time into the transient, the axial temperatures tend to be-
come quite flat through the ceniral region of the pin, compared to the nearly
bell- shaped distribution at the end of the preheat (see Figs. 87-90).
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D. Temperature Distribution at Failure

The sequence of events related to initial fuel-pin failure begins with a
series of cladding ruptures at 7.45 s and ends with ejection of a sodium slug
at 7.55 s. Fuel motion observed by the hodoscope during this time interval is
attributed to pin bowing and squirming rather than motion within the flow
channel. Figure 96 shows the calculated temperature profiles for the hottest
pin (N-153, see Fig. 6) at the middle of this interval. The average pin enthalpy
is 854 J/g (204 cal/g). Pins N-069, -092, and -081 reach this enthalpy at 7.52,
7.53, and 7.56 s, respectively. Figure 96 shows that the melt front has just
entered the equiaxed grain region, the outside surface of the fuel pellets is .
some 1100°C below the melting temperature, and the temperature gradient is
in excess of 644°C/cm (1635°C/in.).
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E. Damage Parameter

Scott and Baars originally proposed a single parameter* that would
characterize restructured fuel at the time of failures. Their so-called
"damage parameter" was an empirical approach to predicting incipient failure
due to cladding loading from thermal expansion, fission-gas release, and fuel
swelling. A revised damage parameter’® with an explicit "time-into-the-
transient” term is used here.

The Scott-Baars damage parameter is defined as

AH
DP=(——) 1 + C)Vio /i,
yeff( )WVt
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where .

(—-—-—) = the effective mean fuel enthalpy per unit cladding yield
Y leff strength at time t; into the transient

m AH;
z Yi

i=j

Oty
m 3
z At;

<,

it

AHi = the change in enthalpy between two time steps (tj+1 and tj)
weighted by the time into the transient (tj - tj)

= ;Zi (Hj-l-l - Hj)exP[~ (ti - tj)/Z],

C = the fission-gas concentration averaged over the fuel pin
(cm’/g),
and

V¢ = the volume fraction of unrestructured fuel.

i

The ./t term accounts for the experimentally observed rate of thermal-
energy addition and the final severity of conditions at failure. An exponential
weighting of early enthalpy additions corresponds to a "memory" at failure
time of the cladding loading effects at earlier times.

The damage parameter has been calculated for each axial zone of
each fuel rod. Yield strengths used in these calculations were for 20% cold-
worked Type 316 stainless steel; these were taken from Ref. 22 and are shown
in Fig. 97. Fuel enthalpies were those calculated by COBRA and listed in
Table VII.

Results of the calculations are shown in Figs. 98-101 for each rod.
Scott and Baars reported a value of 3.8 x 107%, with a 5-10% deviation, for
the damage parameter at the threshold of failure. Correlations were studied
for fast and slow transients in both Mark-II loop and HEDL static capsule
failure tests. Use of these criteria for Test E7 suggests failures at 7.51,
7.55, 7.51, and 7.50 s for Rods 1-4, respectively. Further, all failures are
predicted to occur at the top axial node of the fuel pins. This is the region
of highest cladding temperature and lowest yield strength, but not necessarily
of maximum internal clad loading, ‘
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The curves in Figs., 98-101 also show the rate at which failure can
propagate downward. These results presume that the COBRA calculations of
fuel enthalpy and cladding temperature are correct., The COBRA calculations
predict an outlet temperature of about 570°C at the end of the preheat (7.0 s).
Temperature monitored by the outlet thermocouples was 450°C. Part of this
difference can be accounted for by the inability of COBRA to correctly calcu-
late the heat loss to the structure above the adiabatic region of the fuel holder
(see Fig. 7).

At the end of the preheat period, fuel enthalpies varied from 80 to
110 cal/g (335 to 460 J/g) (see Table VII), This energy, exponentially weighted
to the time of potential failure, was included in the damage-parameter calcu-
lations. If the preheat enthalpy had not been included, the damage parameter
for Rod 1, for example, would be 1 x 107* at 7.51 s, and the failure would be
predicted between axial zones 5 and 6 rather than in zone 7.

If the hottest pin (Rod 4) were to fail at 7.50 s as predicted above, a
damage parameter of 1 x 10”* would predict failure at the bottom of axial
zone 7. Results of damage parameter calculations that do not include the
preheat enthalpy are listed in Table VIiL.

107



108

TABLL VIII. Damage Parameters without Preheat Lnthalpy
DAM-GE PARAMETERS FOR RUOIs 1
TIME AaxIal. ZONES
1 2 3 % S 2] ?
TG 1 36E-0% 1 GGE 05 1 8SE-06 1 94E-05 1 I2E-95 2 03E-05 2 23E-65
T 20 4 TOE-95 & YOC 05 ¢ SOE-05 6 PEE-QS 6 TBE-9S 7 03E-05 7 1SE-0S
T 300 1 1BE-@4 1 49E-04 1 GRE-04 1.69E-04 1 VSE-94 1 8SIE-04 1 TTPE-Q4
T 350 1 6TE-04 2 09E 04 & RTE~04 2 39E-04 2 SIE-04 2 G4E-04 2 S2E-04
T 400 2 ISE-04 2 99 -d4 3 20E-04 3 . 449E-04 3 66E-Q4 3 IGE-04 3 71E-04
7 440 3 OSE-04 3 CLIE-04 4 19E-04 4 S2E-04 4 Y7PE-04 € 3T7E-04 5 12E-04
T 482 3 94FE -4 4 G4E-04 S SIE-04 6. 17E-04 6 8BE~94 7 G3IE-04 7 34E-24
T SBC 4 43E-04 & SVE-04 6 30E-04 7 12E-04 8 OG3E-94 9 93E-~-04 8 7IE-04
T 520 4 98E-@4 6 ZVE-04 7 20E-04 B 26E-04 9 49E-04 1.0BE-93 1 G6E-93
T S4@ S cBF-v4 7 12E-04 B 27E-04 9 E6E-04 1 13E-63 1 33E-03 1 3GE-03
T BARE f 3BT 04 R OBE-04 3 S4E-04 1 14E-03 1. 3I7E-03 1 65E-93 1.65E-03
7 LEe VT Q4E--04 3 1E6E-04 1 16E-93 1 36E-03 1 69E-9¢3 2 16E-03 2 @5E-03
7 R 7V 87E-94 1 04E-03 1 28E-03 1 64E-03 2 126-03 2 61E-03 2 5¢£-03
DaMaGE PAPAMETERS FOR RPOD 2
TIME AXIAL ZONES
i a2 3 4 5 & Kd
T 16@ 1 32E-05 1 46E-05 1 S4E-05 1 GSE-05 1 7SE-05 1 90E~-0S5 2 91E-0S
T 200 4 42E-05 4 9VE-95 © 29E-¢5 5 S3IE-@5 S V9E-0% 6 11E-05 & 2BE-eT
T 300 1 @KE-04 1 2CE-04 1 4E-04 1 3IVE-04 1 45E-04 1 SRE-04 1 SIE-O4
7 35@ 1 48E-04 1 7BE-84 1 88E-04 1 9TE-04 2 GGE~04 2 17E-@4 2 11E-04
7 490 2 @GE-94 2 4BE-04 2 GEE-94 @ BRE-04 2 98E-94 3 14E-D4 3 Q4E-04
7 44¢ 2 GEE-04 3 22E-04 3 49E-04 3 7IE-04 4 OCE-04 4 2SE-04 4 GYE-O4
T 4290 3 43E-94 4 17E-04 4 SBE-@4 4 9VE-94 § 44E-P4 G EBE-04 § 6VE-O4
7 S80 3 35t-04 4 790-064 S RlE-04 5 TIE-04 6 29E-04 6 26E-04 & G4E-04
7 520 4 33E-04 © 31E-04 S 94E-04 6 60E-04 7 I4E-04 E 10E-04 T SHE-O4
7 540 4 BEE-94 S PE-04 6 TEE-04 T GTE-04 8 63E~04 9 S8E-24 9 «43E 04
7 560 5 44t-94 £ V7E-04 ? ?7E-04 2 91E-04 1 O3E-23 1 17E-@3 ] ISE-03
T B0 B8 QUL-0d T GeE-04 2 A3E-04 1 QBE-03 1 23E-03 1 44E-03 1 43E-83
T 00 & TRE-O4 B uhE-Q4 1 Q3E-03 1 23E-63 1 49E-93 1 TIE-63 |1 TSE-03
Do GE PRRAMETERS FOR ROD 3
TIME AXIAL ZONES
i o 3 4 5 & 7
T 109 1 3BE-95 1 ZCE-0% 2 05E-05 2 21E-05 2 19E-85 2 12E-05 2 24E-95
T S200 4 IE-IS B WWE-95 T OOE-05 7 IGE-0S ? 46E-9S T 4BE-95 7 26E-0S
TO300 1 O5E-24 1 GOE-24 1 T2E-04 1 B1E-94 1 289E-04 1 S95E-04 1 BLE-©4
TG 1 Toll-04 O 20E-04 2 40E-04 2 SS5E-04 2 69E~-04 2 8OE-04 2 69E-04
Y400 2 48604 R 12FE-04 3 39E-04 3 64E-04 3 91E-04 4 13E~-04 3 §4E-04
T 4499 3 210-04 4 Q4E-04 4 42E-04 4 B4E-04 S RPBE~94 S GVE-94 S 32E-904
T OARC 4 {SF-vd © 22E-04 5 B3E-04 6 S1E-94 7 28E-04 8 Q4E-04 7 63E-94
T OS00 4 GPE-04 © BRE-04 6 S83E-04 7 S0E-04 8 49E-94 3 S1E-04 9 OBE-04
T el b 25E-04 6 E3E-04 T S57E-04 8 G9E-04 1 @OE~03 LI 14E-063 1 190E-03
T by 8 KIE-vd T SOE-O4 2 69E-084 1 92E-03 1 20E-@3 1 39E-903 1 36E-93
T G0 B GlE-04 8 SOE-94 1 Q0E-03 1 20E-03 1 45E-03 1 73E-03 1 7iE-03
7 S8¢ v 40E-04 9 63E-04 1 16E-03 1 43E-03 1 7?8E-03 2 19E-03 2 13E-03
T AeC I 2VE-04 1 99E-a3 1 IS5E-03 1 TIE-03 2 8RE-~93 & 73E-93 2 6ot-93
DaltearsF PakRaMEFTEFR- FOR FOD 4
TIME AXIAL ZONES
i 2 3 4 5 & g
T o1 1 SUF-0%5 2 23E-uS 2 IBE-05 @ 47E-05 2 54E-05 2 BYE-95 2@ 2EE-05
T 280 S VOE-0% ¥ 43E-0T 7 BYE-05 € 22E-05 B 54E-0%5 8 90E-05 7 61lE-9OF%
T 1 43k-04 1 ¥iE-04 1 93E-04 2 @3E~04 2 15E-04 2 S5E-04 1 I7E-04
ToIb @ IE-04 2 ClE-0¥4 & AYE-04 2 SEE-94 3 O0SE-04 3 22E-04 2 STE--049
T A0 2 EZ2E 64 3 SOE-04 3 79E-04 4 03E~@4 4 41E-04 4 TIE-04 4 26E-O4
7 442 3 H4AL-04 4 S2R-04 4 ISE-04 S 43E-04 © 96E-04 & 4DE-94 © I2C O4
T 486 4 A -04 T Z4AE- 04 € SIE-04 7 32E-04 8 2IE-04 @ 18E-04 8 EGE-04
7 L0e 5 C6E 04 b SBE-04 7 43E-04 B 449E-04 I 62E-04 1 QOIE-Q3 1 OE-OT
T Get S YIE-04 7 4TE- 04 Z S0E-04 9 20E-04 1 14E-03 1 31E-Q3 1 S4E-0D
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IX. SUMMARY, DISCUSSION, AND CONCLUSIONS

Loop-instrument signals as originally recorded on analog tape were
independently redigitized and analyzed. The resulting TREAT power and
inlet temperatures were used as driving functions in thermal-hydraulic

Calculated fuel enthalpies as a function of space and time were

The use of the Scott-Baars recom-

mended value of 3.8 x 1072 for the damage parameter lcads to a prediction
of failure in the hottest pin of Test E7 at 7.50 s and of the coldest at 7.55 s.
This is in reasonably good agreement with the observed flow dynamics, which

imply failures about 50 ms earlier.

In the following sections, the test data, including the hodoscope
observations and posttest-examination results, are interpreted in terms of
physical phenomena taking place during the failure sequence.

A. Flow Data

Measured flow has been decomposed into a series of bursts super-
imposed on a general trend between 7.44 and 7.55 s with slug ejection at
Details of these data are shown at the top of Fig. 102.
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Flg 102. Detailed Flow Data into Individual

Cladding~-rupture Events with Corre~-
sponding Calculated Fuel Enthalpies.
ANL Neg. No. 900-76-431.

During the 100-ms period before
7.44 s, the average steady-state flow rate
was 571 cm?’/s at the inlet and 626 cm’/s
at the outlet. The difference leads to an
apparent void of 8.0 cm’ at 7.45 s.
Originally, this void was thought to be
real and due to a pin-hole leak in one or
more of the claddings. It is now believed
to be the result of the anomalous response
of the upper flow detector due to the tem-
perature dependence of the internal Armco
iron magnetic amplifier. The true inlet
and outlet flow rates to the time of the
first flow surge are 571 cm3/s.

In Fig. 102, individual flow pulses
or "bursts" are labeled A-H. Unprimed
letters refer to outlet events, and a prime
denotes the inlet bursts. We postulate
that each of the early bursts is associated
with one or more cladding ruptures that
release bubbles of fission gas into the
flow stream. Successive bursts at the
outlet are successively more delayed and
of increasing duration in comparison to
the corresponding inlet bursts. This would
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suggest that each gas release remains as an isolated bubble that is carried .
upstream with the flow to produce a compressible upper slug, assuming a
uniform 1.5-cm?® cross-sectional flow area along the entire flow channel,

The first gas bubble released reached the upper flow detector in about 100 ms.
Therefore, interpretation of the flow signal after 7.55 s is subject to large
uncertainties. The individual flow surges, their duration, and the total volume

of displaced sodium are listed in Table IX.

TABLE IX. Flow Surges during Cladding Ruptures

Displaced
Identification Time, s Duration, ms Volume, cm’
A 7.453 7 0.9
B 7.460 11 3.3
C 7.471 10 3.3
D 7.481 9 2.2
E 7.505 11 3.2
F 7.516 | 12 3.1
G 7.528 17 9.7
H 7.545 15 13.0
I 7.491 9 2.2

The relatively large surge I at the inlet is interpreted as a local
reaction between molten cladding and the lower liquid slug. The effect is not
strongly coupled to the outlet because of vapor and fission-gas cushioning
between the two liquid slugs. As the vapor from the early part of event I
condenses, the inertia of the lower slug compresses the separating vapor be-
tween slugs and causes the observed response during the last half of event I.
This would account for the slight hole in the void curve (see Fig. 42) from
7.49 to 7.50 s.

Surges after 7.505 s were generally larger and lasted longer. They
may have been additional ruptures in colder pins or the colder axial regions
of already ruptured pins, or thermal interactions between molten cladding
and the inlet slug. By 7.51 s, sufficient gas had been released (13 cm?) to
effectively blanket most of the fuel pins above the rupture sites. The fuel-
liquidus front had just reached the equiaxed gains, and the calculated cladding
temperatures at the top of the fuel zone were ~900°C. Voiding of the flow
channel would have given rise to higher cladding temperatures than were
calculated, so that melting at 7.5 s was quite possible.

Calculated radially averaged fuel enthalpies at the hottest axial zone .
during the period from 7.44 to 7.55 s are shown in the lower half of Fig. 102.



The first cladding rupture at 7.45 s is associated with the hottest fuel pin
(Rod 4, opposite the ALIP). The three pins opposite the ALIP have equivalent
thermal histories; the thermal history of only one (Rod 4) was calculated.
Cladding rupture in any of these three pins corresponds to a fuel enthalpy of
835 + 20 J/g. As each of the remaining pins reaches this enthalpy (Rod 3 is
one of two average edge pins between the hodoscope slot and the ALIP, Rod 1
is the central pin, and Rod 2 is the coldest pin nearest the ALIP), therec is a
corresponding flow surge. At the bottom of the figure, the timing of the eight
flow events is compared against the radially averaged fuel enthalpies calcu-
lated for the hottest axial zone of each of the four pin cases. These data can
be interpreted as indicating a failure-criterion band of about 834 4 20 J/g for
the rupture of all the pins.

The series of ripples on the inlet flow after 7.515 s arec interpreted
as local thermal reactions between molten cladding and the lower liquid slug.
During the 55-ms period from 7.505 s to reverseinlet flow, thevoid grew from
a small region at or above the tops of the fuel columns to the entire length of
the fuel columns.

Calculations for the hottest pins showed that the melt front had
advanced 0.5 mm into the columnar grains at 7.453 s (the time of cladding
rupture) and had just reached the unrestructured grain region at 7.56 s (the
time of complete channel voiding). Cladding temperatures were calculated
not to reach the sodium saturation temperature until after 7.6 s.

Posttest examinations of the blockages revealed a preponderance of
steel at the far ends of the plugs and of fuel at the ends nearest the original
fuel columns. We conclude that molten cladding both slumped toward the
inlet and was swept out toward the flow-channel exit during the interval from
7.51 to 7.56 s, and that fuel motion was relatively slow and predominantly
outward from 7.56 to 7.72 s. Following each cladding rupture, local film dry-
out, followed by clad melting, probably occurred. The rate of average motion
of the liquid-vapor interface after 7.51 s suggests an axial propagation of the
cladding melt front from 7.51 to 7.56 s, when the channecl was completely
voided.

Further, the lack of hodoscope evidence for clear axial or radial
motion of the approximately 50% melted fuel during this interval would indi-
cate that gross fuel swelling had occurred, and that by 7.56 s the two-phase
mixture of swollen and molten fuel had filled the entire flow channel. The
gradual nature of all the observed fuel motions and the absence of significant
pressure pulses and flow slugs supports a fuel-swelling concept. The outer
and colder surface of unrestructured fuel appeared to have formed a crust or
shell within which the molten fuel was contained. At 7.72 s, vapor pressure
could have pushed the molten or slushy fuel upward and outward (through
cracks in the crust). Examination of this crust during the posttest operations
revealed that the crust was porous and spongy, and probably had not undergone
significant melting except near the axial midpoint.
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B. Fuel-failure Criteria ‘

According to the correlation between experiment and calculation
reported by Baars, Scott, and Culley,’ irradiated fuel fails when the damage
parameter reaches a value of 3.8 x 10-*. On this basis, failure of pin 4 (the
hottest) is predicted at 7.5 s (see Fig. 101), pin 3 at 7.51 s (see Fig. 100),
the central pin at 7.51 s (see Fig. 98), and the coldest pin (toward the pump)
at 7.55 s (see Fig. 99). The earliest time that the hodoscope saw fuel motion
(indicative of ex-pin fuel movement rather than pin bowing) was at 7.59 s
(see Fig. 53). There is some evidence of hot fuel/slush contact with the
coolant in the very low-pressure events (see Figs. 44 and 46) at 7.552 and
7.565 s. Nevertheless, the combined results suggest that fuel failure result-
ing in fuel motion and contact with the coolant began after 7.55 s. Use of
the damage parameter predicts conditions producing cladding rupture, but
does not necessarily predict the timing for the onset of ex-cladding fuel
movement.

C. Flow-channel Voiding

In comparing the various flow bursts in Fig. 102 from 7.45 to 7.55 s,
we note that accelerations of successive outlet surges are increasing slower
than the corresponding inlet accelerations. This supports the previous con-
clusion that gas remained in the upper liquid slug. Any noncondensable gas
in the upper slug would cushion the mechanical accelerations caused by the
gas-release impulses. Peak cladding temperatures at this time (see Figs. 93
and 96) were calculated to be below the sodium saturation temperature. By
7.55 s, the total void volume was 33.5 cm?® and probably consisted of the 13-
20 c¢m’ due to gas releases (see Table IX). Values of the damage parameter
indicate cladding rupture near the top of the pin, so that it can be assumed
that the lower slug contains no gas bubbles and extends from the inlet to the
lowest cladding-rupture point.

After 7.505 s, we postulate that the cladding melting propagates down-
ward from the rupture point. The wiggles observed on the inlet-flow data
(at 7.53, 7.54, 7.56 s, etc.; see Fig. 102) represent successive contact of
molten clad with the lower liquid slug. By the time fuel moves into the flow
channel (after 7.55 s), the void volume effectively absorbs any pressure
pulses that may be generated.

D. Early Fuel and Cladding Motion after Cladding Rupture

Detailed plots of the test data from 7.5 to 7.8 s are shown in Figs. 103-
109. From these figures, we make the following observations and conclusions:

1. Figure 103. Hot material approaches the inlet at 7.61 s and
causes a slight heating effect for the next 50 ms. At 7.66 s, the material is ‘
deposited on the inlet-thermocouple junction and causes it to fail by melting.
Response of TC1 after 7.66 s is characteristic of out-of-pile experiments in
which a junction was melted by an oxyacetylene torch.
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In the posttest examination, the lower blockage was only 12 mm
thick. Material found below the blockage had not reacted with the structure and
was limited in its downward motion by the roll pins used to hold the fuel pins in
place. This can only mean that the hot material that moved downward, solidified
in the lower insulator region. Cooling stresses may have broken off chunks of
the blockage debris, most of which ended up in the lower bend.

2. Figure 104. Outlet thermocouple TC3 and one of the inlet thermo-
couples TC2 fail within 5ms of each other by meltthrough of the sheath at a
point far from the junction. It is concluded that the mechanism for producing
this effect is a deposit of hot or molten fuel on the sheath at or before 7.767 s.
Although molten fuel penetrated the space between the holder walls at this
time (see discussion in connection with Fig. 108) and is the likely source of
failure in TCZ2, no reasonable explanation of the nearly simultaneous failure
of the outlet thermocouple TC3 is convenient.

3. Figure 105, A nearly linear rise in outlet temperature during the
300-ms period after 7.5 s reflects the response to continued heating of the
upper slug, either by the outlet blockage or by finite through-flow. A tendency
to cool after 7.7 s is evidence that no hot material (such as an outlet blockage

or massive fuel sweepout) exists in the vicinity of the outlet thermocouple
(see Fig. 8).

4. Figure 106. Temperatures of sodium returning to the pump
(measured by TC6 and TC7) remain relatively constant, confirming the ab-
sence of hot material this high up in the flow channel. Cooling of TC5 after
7.6 s is due to monitoring the colder sodium in the pump during reverse flow.

5. Figure 107. Thermocouples on the top (TC8) and bottom (TC7) of
the upper sodium-free surface show the liquid-slug ejection began at 7.5 s
(see Fig. 32). The 110°C difference in temperature at the elevation of TC8
and in the upper head before slug ejection reflects the magnitude of the heat
sink formed by the upper layout structure.

6. Figure 108. The sudden drop in outlet flow and the deceleration
of the inlet flow from 7.58 to 7.60 s suggests either that the holder wall has
ruptured to relieve the pressures that accelerate the upper and lower slugs,
or that a significant quantity of vapor condensed. Hodoscope data indicate that
the holder wall probably ruptured during the time interval from 7.63 to 7.77 s
(see Fig. 57), but not likely during the overlap period from 7.59 to 7.72 s (see
Fig. 55). The evidence was that the holder wall ruptured at 7.72 s, about 30 ms
earlier than suggested by the failure of TC2 (see Fig. 104). From these obser-
vations, the conclusion is that the holder wall probably ruptured at 7.75 s.
During the relatively "quiet" period from 7.5 to 7.75 s, the entire flow channel
was voided (see Fig. 43) and small amounts of fuel were moving toward the

. lower pin region (see Fig. 57).

The threshold sensitivity of the hodoscope was reported as 5% of
the fuel in any channel (see Sec. VI.E.3). A typical edge channel (Column 11,
Fig. 51) views about 7 g of fuel, so that the threshold sensitivity is about 0.5 g.
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As pointed out, however, isolated changes larger than 0.5 g in single isclated ’
channels may be "noise." Thus the quantity of fuel that could have been release

to melt the holder wall initially may have been as large as the order of several
grams, From the R/P plots in Fig. 58 for Channel 13 (Scalers 58 and 88),

there is a gradual but measurable trend toward increased counting rates from
7.58 to 7.65 s in the region of the upper holder wall away from the pump.

7. Figure 109. Pressure pulses (from 7.55 to 7.60 s) are too small
to be caused by an¥Cland therefore must be due to coolant-cladding reactions.
This is consistent with the flow (see Fig. 108) and temperature (see Fig. 103)
data.
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E. Fuel Motion after Holder Rupture

Absence of any significant flow and pressure activity from 7.6 to 7.8 s
and the general outward fuel motion observed by the hodoscope (see Fig. 58)
support the concept of fuel-slush swelling and expansion. All the fuel elements
failed, and the expansion appeared to occur over the entire cluster. Material
near or in contact with the colder holder wall remained as a crust that formed
a containment shell. Slush froze to the shell on the inside surface and was
pushed generally in an upward direction, where it froze to the bottom region
of the outlet blockage.

During the interval from 7.8 to 8.4 s, some heat energy was still being
added to the crust (see Fig. 48). If a cosine axial power distribution in TREAT
is assumed, the center of the crust (Rows 7 and 8, Fig. 63) is the hottest and
more mobile than regions above and below Rows 7 and 8. This would cause
the axial center of the crust to move, creating the void observed in the radi-
ography (see Fig. 64) and the posttest examination (see Fig. 69).

F. Late Fuel Motion

Clearly, an interaction of significant magnitude and extremely short
duration occurred in the inlet region at 7.834 s (see Figs. 35 and 36). Absence
of any corresponding pressure pulses can be explained by vapor cushioning of
the pressure transducers. Boiling at the inlet was clearly evident (see Fig. 37)

‘from 8.5to 9 s and from 10.5 to 12.5 s. A second event at 10.95 s (see Fig. 39)
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showed many of the flow features of the 7.834-s event, but this one was .
accompanied by measurable pressure pulses (see Fig. 45). Finally, a small

heat source approached the inlet at 17 s {(see Fig. 17), but did not pass through
the outlet, because there was no corresponding response on any other instru-
ment and because the outlet blockage was formed and frozen by this time. At

the times of these late events, the flow channel was completely voided (see

Fig. 43), and instrument response was subject to larger uncertainties. The

first two events (at 7.834 and 10.95 &) were probably fuel-coolant interactions
(FCI's), the later occurring closer to the inlet than the former. Neither FCI
relocated sufficient masses of fuel to be seen by the hodoscope.

In a quantative way, most, but not all, of the fuel motion observed in
the posttest radiograph and examinations is accounted for by the hodoscope
during the time interval from 7.6 to 7.8 s. The remaining fuel relocation
could be due to an interaction between the hot slush forming the inlet blockage
and the lower liquid slug at 10.95 s. This interaction would blow out the loose
debris at the inlet to produce the observed (posttest) fuel debris in the lower
bend. The FCI at 7.834 s does not appear to have much effect on fuel
relocation.

G. Chronology of Events

Table X lists the chronology of events associated with Test E7.
H. Conclusions

A failure sequence and details of early fuel movement as inferred
from the E7 test data are:

Initial pin failure (at 7.453 s) was by a series of incoherent cladding
ruptures and the release of ~10 cm?® of fission gas. Threshold fuel enthalpy
for rupture is 837 21 J/g (200 £ 5 cal/g). The fuel-solidus front propagated
radially outward at an exponential rate with a time constant of 39 ms until
7.450 s and was into the columnar-grain region during rupture process.

Cladding melting began near the rupture point (top of fuel column) and
propagated axially. Some molten cladding was carried upward by the liquid/
vapor/fission-gas flow stream to start the outlet blockages (at 7.46-7.49 s).
Thermal reactions of small magnitude occurred (at 7.50-7.55 s) between hot
cladding and the liquid-sodium flow stream containing both condensable and
noncondensable gas. A small amount of cladding dripped or flowed to the
lower insulator region and froze.

Channel voiding extended over most of the fuel column by 100 ms (at
7.55 s). Small spurts of fuel were ejected from the fuel columns (at 7.58-
7.76 s) to burn through the holder wall. Massive wall rupture occurred at .
7.75 s. The melt front propagated with a time constant of 195 ms (at 7.45-
7.58 s), about the same as the rate of increase of reactor power.
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TABLE X. Chronology of Events in Test E7

Time, s Event

7.4 Start of detectable pin bowing (see Fig. 53).

7.42 Melting begins in hottest pins (see Fig. 95).

7.453 First cladding rupture and fission-gas release (see Fig. 102).

7.46-7.49 Incoherent cladding ruptures and gas release (see Fig. 102). Same
cladding carried upward (see Sec. IX.A).

7.49 First coolant-vapor bubble collapse (see Fig. 102).

7.50 Solidus front reaches equiaxed grains (see Fig. 95).

7.505-7.555 Cladding melting propagates downward (see Sec. IX.A).

7.52 Liquidus front begins in columnar grains (see Fig. 95).

7.54 Pin swelling begins (see Sec. IX.A).

7.55 Probable start of outlet blockage formation by frozen steel.

7.558 Reverse inlet flow begins (see Fig. 108).

7.56 Solidus front reaches unrestructured grains (see Fig. 95).

7.56-7.58 Individual pin swelling (see Fig. 53).

7.58 Major vapor-bubble collapse (see Fig. 108); peak reactor power (see
Fig. 20).

7.59-7.72 Fuel motion toward pump and downward (see Fig. 58).

7.61 Hot debris approaches inlet (see Fig. 103).

7.62-7.75 Cluster swelling to form crust on holder wall (see Sec. IX.E).

7.66 Hot debris burns out TC1 at inlet (see Fig. 103).

7.72 Small amount of fuel moves toward blockages (see Figs. 54 and 56).

1.75-7.77 Contortion starts in the upper half of fuel column (see Sec. VI.E.3).
Holder-wall rupture (see Sec. IX.D).

7.767 TC2 and TC3 failure by sheath burnthrough (see Fig. 104).

7.80 Fuel crust formed on holder wall (see Sec. VI.E.3).

7.8-8.4 Melting and relocation of fuel-crust center (Sec. IX.E).

7.81-8.05 Continued fuel churning (see Sec. VI.E,3).

7.834 FCI in central region, isolated from inlet and outlet by vapor/gas
cushion (see Figs. 35 and 36).

8.05-8.41 Gradual fuel motion outward and upward (see Sec. VI.E.3).

10.95 FCI near inlet region (see Figs. 39 and 45).

@

Hot debris displaced toward outlet (see Fig. 17).
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Fission gas is expected to produce fuel swelling as the melt front .
approaches unrestructured fuel grains (the melt front was calculated to reach
this region at 7.54 s). Individual pins, with molten cores, swelled until they
contacted neighboring pins. After contact, the cluster swelled as a whole to
form a crust on the fluted tube. Swelling of individual pins and of the cluster

as a whole was accompanied by continuous evolution of fission gas. Both pro-
cesses served to displace sodium and to void the flow channel.

The dynamics of formation and transport of fission-gas bubbles that
lead to fuel-element swelling and gas release has been studied in detail by
Gruber.”> Some slush oozed through the shell to add to the channel blockages.
Fuel motion was characterized as being slow and predominantly outward, with
some, generally later, upward and downward motion.

Slush-coolant interactions occurred after the initial failures (at 7.834,
10.950, and 16 s) and may have resulted in some redistribution of fuel. No
significant pressure pulses were recorded during the entire failure sequence.
After refreezing, the slush was very porous in nature. Molten cladding is
extremely mobile and penetrated all available space along fuel-grain
boundaries.

X. RELATION OF TEST E7 TO LMFBR CONDITIONS

Several parameters of the Test E7 are compared to the corresponding
design values for the CRBR?*! in Table XI. For a given size of fuel pin, a

TABLE XI. Comparison of Parameters in Test E7 to Reference
Design Values of CRBR

Parameters CRBR Ref Design Test E7

Lattice pitch, mm 7.26 6.98
Flow area per pin, mm?’ 297.0 211.0
Hydraulic diameter, mm 2.72 1.68
Wall surface per pin, mm 4.45 13.5
Fuel-column length, m 0.91 0.34
Inlet pressure, MPa 0.848 0.22
Fuel Pin

Diameter, mm 5.84 5.84

Uranium enrichment, % 0.7 77.0

Pu/ (Pu 1 U), % 18.7, 27.1b 25.0

Average burnup, MWd, t 80,000-150,000 450,000

Total rod length, mm 2.91 1.55
Spacer-wire OD, mmn 1.42 1.02
Cladding midwall temperature, K 955-.985 775¢
Flow rate, kg, s 0.437d 0.481
Inlet Temperature, K 655.0

2F stimate.

bInner and outer regions, respectively, for first core loading.

“During preconditioning irradiation in EBR-II.
dReference value of 23.2 kg, s (184280 1b, h) in Zone 1 assumed equally divided
among the 108 subassemblies and 217-pin subassembly. Value listed is for

seven pins.

655.0 ‘
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. small value for the lattice pitch, the hydraulic diameter, and the flow area
per pin tend to restrict or resist axial fuel sweepout. The wall surface per
pin is a measure of the propensity for local freezing of molten debris. For
all these parameters, the values are such as to indicate that axial fuel motion
in Test E7 is more restricted than in the CRBR. However, the test conclu-
sions are that radial motion due to fuel swelling would probably predominate
over axial fuel sweepout because of early channel voiding and crust forma-
tion on the test-region boundaries. The shorter fuel-column length in the
test offers less resistance to through-flow and may partially compensate for
the hydraulic restrictions.

The low inlet pressure of the test results in a low inlet-flow inertia.
During a fuel- or cladding-coolant interaction, the vapor-produced impulse
can more easily reverse the inlet flow, and ultimately lead to dryout and
failure of the fuel-pin region below the original failure site. The thin wall of
the holder may partially compensate for this effect by yiclding under large
impulse pressures. Since no significant coolant interactions were observed
during Test E7, the holder wall failed by meltthrough several hundred milli-
seconds after fuel failure.

Test-fuel burnup and enrichment were higher than in the CRBR
reference design. Average linear power in the design fuel is 23 kW /m; that
of the test fuel during preconditioning was 34 kW /m. The test fuel contained
a central void, due to prior irradiation, of about 5% of the cross-sectional
area. Little or no void is expected in CRBR fuel. Depending on the details
of the failure model used, the void may have an important role in determining
internal flow dynamics of molten fuel and fission-gas-pressure relief during
the approach to failure. More importantly, the higher enrichment of the test
fuel results in a lower cladding fluence at a given burnup. The resulting
differences in cladding yield strength, ductility, brittleness, and fission-
product-induced faults might lead to earlier cladding failure and gas release
in the test.

At the end of the preheat and during the approach to failure, the
thermal and hydraulic conditions of the test were prototypic of a $3/s CRBR
TOP accident. The central void in the test fuel probably reduced local clad-
ding loading due to fission-gas release, but the effect is believed small com-
pared to cladding loading by fuel swelling. No measurable amount of prefailure
axial fuel movement was observed, although the thermal calculations indicate
enough fuel reached the solidus before failure so that such axial flow along
the central voids might have been possible.

Overall, it can be concluded that the timing of failure of one or several
high-power pins in a CRBR TOP accident can be reasonably well predicted
from Test E7. Additional information is needed on the relation between fluence
. and cladding failure, and between a higher and more prototypic inlet-flow
inertia as well as the axial extent of fuel-pin failure. No definitive conclusions

can be drawn from this test relating to the extent or rate of failure propaga-
tion among pins in a subassembly.
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APPENDIX A .

Tabulation of Test Data

The test data are tabulated in Tables A.1 and A.2. Thermocoupie
signals were set to zero after their failure. UP and LP refer to upper and
lower pressure, respectively, and UF and LF refer to the upper and lower
flow, respectively. SAFI1 is the TREAT power as monitored by safety No. 1,
and ISAF is the time-integrated value of SAF1l. Data as listed have been
conditioned as described in Sec. V and integrated over 50-ms time increments.
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432,
450,
449,
498,
449,
447,
469,
450,
450,
G648,
469,
448,
448,
469,
469,
469,
449,
649,
499,
4“5.
468,
658,
447,
447 4
4467,
466,
446,
463,
445,
443,
443,
443,
463,
462,
442,
4hZ,

TABLE A.1 {Contd.)

TEO
DEGC
462,
462,
451,
458,
458,
459,
459,
461,
462'
459,
458,
458,
458,
457,
4568,
457,
657,
436,
458,
459,
«58,
458,
458,
4656,
456,
456,
452,
450,
450,
450Q,
45Q,
448,
448,
445'
443,
443,
4424
442,
439,
438,
438,
438,
4368,
436,
437,
436,
436,

TCT
DEGL
478,
492,
4710
670,
4569,
466,
4H2 o
457,
%83,
449,
G4B,
463
439,
426,
434,
435,
436,
430,
419,
416,
%13.
607,
409,
607,
389,
3%5,
397,
400,
400,
4670,
420,
400,
399,
397,
267,
398,
397,
305,
393,
2924
293,
394,
395,
3685,
393,
3R9,
387,
386,
326,
385,

7¢8
pDeGe
337,
341,
348,
381,
249,
3466,
342,
349,
334,
317,
311,
310,
31i.
3170,
3N9,
312,
298,
290,
2%0,
299,
283,
280,
281,
2R3,
283,
282,
283,
282,
283,
281,
283,
298,
262,
255,
276,
275,
270
263,
262,
266,
271
268,
2585,
249,
247,
266,
268,
250,
253,
285,

ue
BS!
=129
=126,
mllbda
m}03e
=85y
w2 g
-1
270
whé,
=fh2 s
»BG,
wRE
=57,
=57,
=23,
=50s
=52
=53,
»hG g

178

17.
15¢

16s
15,
14s
13,
14
165
lbe
13,
13
13,
1le
11s
10
1ls
106

w2ub',
262,
w24l
=240,
=267,
=237,
=235,
=236

LF
cc/s
=34l
w218,
w2h8
272,
a7,
=29,
149,
273,
204,
210,

88,

103,

1035
108,
113,
118,

ye
ce/s
1715
128
19;
60,
.3.
=365
-11}
=23,
Ra'
28,
nd,
w84,
=19,
=83,
i1,
'195
"‘!2'
=59,
=425
B
=5
9,
15,
b,
65,
675
2%
50,
845
55,
%8,
45,
%4;
20,
A2,
855
A2,
%99,
55,
B4
63,
’30.
485
A8,
465
765
755
T2,
73,

SAF
Me
1644,
1165,
786,
531,
377,
283,
229,
230,
179,
163,
153,
145,
139,
134,
127,
125,
132,
115,
114,
99,

184F
My
1115,
1185,
1233,
1266,
1298,
1386,
1317,
1328,
13%7,
1366,
13584,
HELY
1348,
1375,
1381,
13RE,
1394,
1400,
14606,
146%1,
1656,
1415,
16° 5,
14616,
1416,
14166
1416,
1637,
1617,
1417,
1417,
16418,
141856
1418,
1618,
1619,
1619,
1621
142,
1421,
1421,
1421,
1422,
1422,
14225
1622,
1422,
1622,
1423,
1623,

G2l



TABLE A.1 (Contd.)

TEET £7: TREAT TRANSIENT 1499

P IME TC1 TC2 TCa €4 TC5 766 TC7 TC8 up L® LF Ue SAFY ISAF

SEC DEGE DESC DEGE DEGC DEGC DEGC DEGC DEGE p§? P§Y ce/s ce/s My by
10,225 0, Gy 9, 439, 46}, 436, 3864, 253, 109 w234, 126, 69, 3, 1423,
10,275 Oe T, 0% 432, 4hl, 437, 3864, 253, 18, =230, 132, 71, by 1423,
1m,328 Q. [+ o5 427, 44, 438, 283, 252, il =229, 129, 785 5 1423,
18,375 J. Ca 0% 424, 441, 435, 382, 251, 8, =229, 120, 79, 3, 1424,
1n,.425 0, T 0% 422, 460, 435, 383, 251, 9, w227 126, 595 by 1424,
1R, 475 Ds Co 2% 424, 480, 438, 385, 252, 10s =222, 68 59 by 1424,
im,525 0, N 95 425, 439, 433, 388, 252, 10, =220, =135, 34, 3s 1424,
1N, 575 O T 3, 425, 438, 438, 393, 250, 8y =223, =35, 58, 3, 1424,
10,625 0, I 2, 426, 439, 438, 396, 251, 9¢ w2215 154, 765 3. 1424,
18,5675 O Ja o, 424, 460, 435, 395, 251, 8, =219, 193, 76, 4y 1625,
18,7258 De e Q, 420, 440, 434, 239}, 251, B 2175 183, 73, 3, 1425,
18,778 D Ce 0, 416, 439, 433, 387, 252, 7, w218, 171, 69, 3, 1425,
10,4828 0a S a5, 416, 438, 430, 3858, 253, Ty =215, 1385 49 by 1425,
18,875 0. C, 0, 419, 439, 428, 355, 283, 9. =212 70 75 3. 1425,
12,9285 0, G V) 420, 439, 427, 3h4, 253, 8, =212, 89, 79% 4y 1425,
10,978 04 % 0% 421, 439, 426, 374, 252, 7o =198, 1185 51% 2s 1426,
11.028 D4 Co 0, 421, 438, 428, 300, 281, 9, w216, =336, 48 6, la26,
11.073 O, Je 2. 420, 4460, 434, 470, 252, 10, =207, =-58% 92% 3, 14626,
11.128 Ge Ze 0 421, 443, 438, 498, 282, 105 =277, 14%, 435 by 1426,
11.178 Do e 05 419, 439, 433, 465, 251, T w216, 214, 46, 3, 1426,
11.225 O G o, 415, 439, 432, 401, 253, be =276, 219, 465 3, 1426,
11,275 O ¢, 0% 413, 440, 431, 600, 254, 8s =202, 202, 55% 4y 14627,
11,228 O, 0, 0% 412, 440, 429 396, 254, Ty =202, 188, A2, 3, 1427,
11,375 O Co Q% 409, 439, 428, 3%4, 253, 6, =201, 158, 62, 26 1427,
11.425 0. T 9, 409, 437, 425, 393, 253, 5, =1985 42, 62 3, 1427,
1,478 Qs Os 0% “le, 436, 423, 393, 255, T =198, 37, 87, 4 1427,
11.525% O, b 0, 413, 437, 425, 393, 254, Te =197, 109, 475 by 1427,
11.578 Oa e 0% 414, 436, 423, 391, 284, 5, w1985 137, 67, 2 1628,
11.625 Os T 0, 4313, 435, 4234 391, 254, 6s =193, 8, 505 by 1428,
11.673 0 °y 9, 414, 435, 423, 373, 255, 6, =1R9 LI 67, 3, 1478,
11.7258 0a _ e 0; 413, 436, 423, 394, 253, -1} LI =29, 72% by 1628,
11,775 0, .s 0, 413, 437, 4224 253, 253, b, =194 94, 43 2, 1428,
11,825 0, Se o, 412, 437, 423, 394, 254, 6 w1900 1474 655 3, 1428,
11.875 De T o5, 410, 437, 422, 308, 254, 5, =1R8, 175, 71, 5. 1429,
11.928 04 ‘e 2, 437, 436, 4224 395, 255, 5, =127, 154, 29, 2. 1429,
11.975 0, Lo 3 420, 435, 4204 398, 254, 6y =lR5] 83, 435 2, 1629,
12,025 O, Te 2, &ca, 936, 419, 396, 254, 5. = 1R, 4l, “7% 1o 1429,
12.075 Os ~a 9% 408, ©36, 420, 399, 253, 43 =183, 10l 70 By 16429,
19,125 Do - G, 406, 436, 420, 399, 255, 5, =132, 128, 0% by 1429,
12,175 Op . a 2% 4B, 436, 418, 297, 255, 5 =120, B2, A3% 2o 1425,
12,225 D e D, 458, w35, 418, 398, 254, 3, =120, 66, %3, 3 1429,
19,275 R 2 9, 409, w36, 418, 399, 255, 4y =178, %8, 89, 3, 1430,
12,325 Os - D% 412, w36, 4175 289, 255, 5, =177, 116, 59% 3. 1430,
12,375 0, - 2, 411, 436, 417, 398, 256, 3, =176, o5, A3 2, 1430,
12,425 Do vo 0, 413, 4630, 418, 398, 284, by =} 75, (-] 40, Ze 1430,
125475 Ql g "J- "1": "Sbl 426. &0l 2550 B, "173: 1"3_0 4b, 30 14301
12,525 [+ S Da b1lé6, «36, 424 399, 255, %a =172, 121, 73% £ 143G,
12,575 O Te o, b4, 437, 4204 398, 255, 4o w172, 176, hb, 2s  14%3C,
12,825 0, £, 2, 414, 438, 420, 398, 255, 5, =171% a3, 43, le 1630,
12,675 0o 2 o, 414, %37, 4205 400, 256, 5 =868, 95, A4 4y 1431,

9?1



TEET E73: TREAT TasnuSIpnT 1499

TABLE A.l1 (Contd.)

TIWE TC1 G2 T3 TCa4 €5 €S e ¥CR LP Le LF
SEL DEGP NFGE DEGe DEGE DEGE DEGC JEGE DEGE Pst LED ce/s
12,725 D “o 0, 414, 488, 419, 400, 255, 4y w168, 23,
12,778 0, Te Q, 615, 439, 417, an3, 2585, ['W =167, 04,
15,825 Os .o o, 415, «39, 4174 299, 255, by wiBT, "5,
12,878 04 Ta G, 414, 440, 417 490, 256, By  m164% 99,
12,928 D e 9, 416, b6 o 618, 490, 256, bo wmlbé, 1n3,
19,975 0, “e ¢ 414, 463, 416, 399, 255, 3¢ =163, 102,
19,029 O, " 9, 415, 446, 417, 400, 255, B, =162 104,
19,075 0, ve 25 4l4, bh4d, 4ibg allse 286, by, =160, 1153,
12,125 0, Ta Q. 418, G444, 419, 476 256, 4y =189, 197,
13,175 3, T o, 415, 443, 419, 39, 255, 2, =159, 116,
1%-225 Ol :'l Q; 415! “(‘30 421' 3°9u Zr’bn 3! "'1%7‘- 1”11
19,275 0, T 0, 415, 463, 422, 471, 256, By, =186, 17,
12,325 Do v 2, 414, 441, 422 400, 256, by =1 847, 179,
18,379 0, T 2, 415, 443, 423, 6°0, 256, 3, =158 178,
19,425 0, "y g, 415, 445, 420, 470, 256, 3, =153 177,
13,475 Dy 2 Dy 415, L44b, 422, 4"l 256, 5o =181 116,
19,528 O, Te 0, %15, 447, 421, 431, 256, 5 =151 sl
13;575 Dl An :)n 415. 4"7’ 421! ‘V}Q' 256I 20 ’149: 1{’9'
12,625 Jq T Dy 415, 447, 4244 400, 253, le =150, 11,
18,678 0, . Ve 4185, 446, 422, 421, 255, S, wlhb, 112,
13,725 O “e 0, 4lh, G443, 4222 a™1, 256, G, w146 115,
13,775 O, R ¢, 415, 443, 4220 47C, 255, 2e =146, 114,
19,925 0, ve ¢, 416, 441, 423, 60, 255, 3 wl4b, 113,
13,878 D4 e 3 415, 429, 424, 401, 256, 4y =143 116,
19,925 0, wp 0, 415, 434, 426, 431, 2586, b =141, 118,
19,978 0, ‘e 2, 415, 43T, 426, &nQ, 285, 29 wl4] 114,
16,025 D, " 9, 415, 439, 426, 400, 285, by =141, 113,
6,078 (U e 2% 416, 480 427, 421 2R4, Se «140, 116,
16,1258 O e 2, 415, G%¢ 425, 4% 255, 4 =138, 117,
14,173 Qs «a 0, 415, 443, 427, @nh, 255, 29 =128, 111,
14,225 0, Te bR 418, bak, 428, 421, 256, 3. =135, 113,
16,275 n, "o 9, 415, @by 430, 4", 286, 44 w1357 118,
1‘*.325 on ::a 3‘- 1’16- 445' 42?. Amll 2561 LYY "'133‘. 1171
146,375 0, g 3 416, 4%6, 429, 400, 285, 29 =134, 119,
146,425 Qs -8 2, 415, bbby 430, 4™, 255, 3, =132, 119,
16,478 [ o D, wlé, bab, 433, 4”1, 256, 5o =131 119,
16.525 Ql Pl Q: 4161 “4%b 432, 4%, Zsso 3 ”129: l?gl
14,578 0, ", 0, 416, “bt, 433 43 295, 4be =120, 116,
16,628 0, . 2, 415, Gu3, 432, 470, 255, 2s =139, 117,
1‘.@75 Ol P Q- 4151 4"5' 433’ l;'ll' Zfié. 49 '1265 119l
14,725 O T 9, «15, 447, 434, 471, 256, Se =126, 118,
16,775 Ds N . 415, 440, 433, 479 285, N =126, 118,
14,825 O v A 415, 446, 43h, 470, 286, 3 =125, 119,
16,875 0 T 2s 15, 440, 436, L71, 255, 3, =122 122,
16,925 04 . 2, 415, 447, 435, 471, 256, 4y =122, 121,
14,975 2, ~ 2, 416, 448, 433, 812, 255, 3, =122, 128,
18,028 Je - g 3, 414, 448, 436, 4”0, 253, &g ”lZlf 121,
18,075 O Ja I 414, 459, 438, 4™1, 286, 3. »119% 121,
18,128 Qs “a . 416, 4292, 438, 423, 286, B, =118, 1292
18,175 0 " J. 414, 450, 438, 470, 255, 3, =117, 118,

Lt



TABLE A.l1 (Contd )

TEST E7t TREAT TRANSIENT 1499

TIME TCL L2 TC3 TC4 TCS TEH T TCR u? Le LF UF SAF1 18AF
SEC DEGE DEGE GEGe DEGE DEGE DEGC DEGE DEGE ps1 8§y €c/s ce/s My u
15,228 Qs Je 0% 416, LIk %3G, 400, 255, 4 =118, 118, 17, 2 1437,
18,295 0, Qe 0. 414, 449, 439, 401, 255, 3, =115 117, ?1% 2. 1437,
15,3285 0, O, 0, 414, 448, 438, 401, 255, 5 =il%} 117, 21, 2¢ 1437,
18,275 Qs By O, 414, 447, 438 401, 253, 3, =115, 117, P, 2 1437,
18,425 Q. [V 0; 414, 4494 440, 5 255, be =115, 117, 30; 24 1437,
18,475 O, 2, 0, 413, 445, 441, 452, 256, 4o =110, 119, 27 2, 1437,
149,525 0, Ja G, 413, %49, 441 4", 2586, By «113, 117, A2, 24 1637,
18,375 Qe 0 0, 414, 453, 441, 473, 256, 2¢ =113, 115, 25% 2s 1637,
18,6258 O Ce 2, 413, 457, 442, 400, 253, 23 ®110, 115, 32, 3, 1438,
18,6728 0s Ds 0, 413, 480, 4424 492, 256, 3, =109, 118, 33, 3, 1438,
185,725 [+ 2, 0, 413, 461, 44% 4C%e 255, %a w109, 119, 33, 2, 1438,
18,778 0. D4 0% 413, 463, 440, 45}, 255, 3, =108, 116, 63, 2o 1478,
12,828 [ 2, 0% 412, 464, 440, Gfl, 255, 5e =1r7, 119, 36, 24 1438,
18,878 0. e O, 412, 467, 441, 402, 256, 4y wLlfG, 119, 18, by 14738,
18,925 0. Qe 0, 4312, 4869, 443, 402 256, 5, @175, 117, 37% 3. 1438,
18,573 Qe e 0% 412, T2, 440, 403 e 285, 4 "1“5; 1158% L 29 1438,
16,028 De N Q. 612, 473, 640, 401 255, B =104, 117, bé, Je 1439,
16,075 % S J 412, 475, 4424 402, 256, 5, =171, 1235 50, 3, 1439,
96,128 0s Ze 2% 412, 470, 443, 402 256, 4y =102, 117, 845 by 1439,
16,1758 0 Ce 0, 412, @76, 44k, 403 255, 3¢ =102 116, 85, 2y 1479,
16,225 0, O, 0% 412, 477, 447, 401, 255, 3, =122, 117, 61, 2, 1499,
16,278 ___ 0, S 0, 412, 478, 448 4024 256, ba =99, 118, 62, 4 1499,
16,325 <] [ 9, %11, 477, 448, 402, 256, B =67, 117 h2e 3 1679,
16,378 0 Go o, 411, 476, 448, 40l 255, 3,  =1000 113, 46, 2s 1440,
16,428 Q4. 0s  __0, 411, 477, 448, 40La 255, 4 =98, 114, 32e la 1440,
16,475 (/18 3. O, 411, 676, 448, 402, 255, Ba =55, 114, 15, ER 1440,
16,525 0 Je 0, 412, 259, 4494 47, 253, b =96, 114, 6 2s 1440,
16,578 0, 3, _ 0, 412, 493, 448, 400, 254, 36 =97, 1tls méy 1, 1440,
16,625 O, [ 0; 412, 469, 44% 402, 256, 45 -96, 112, =18, 1o 1460,
16,678 O, Ceo o, 411, 673, 5%, 473, 256, 5y =83, 114, =40, 3, 1440,
_36,728 _ Q. . _ 0, 412, 472, 453, 624 286, 4, =02 113 =43, 2 1440,
146,775 O, ce Q. 411, 409, 4650, 4030 285, 5q «f4, 106, _qa.' 2o 1464C,
16,528 0, Wa D, 411, 429, 4514 LI % 285, 3 BT 112, =59, 2 1640,
16,875 Lo Js 0, 411, 671, 452, 402, 256, 4a =50, 113, AT, 2, 1440,
16,925 0, 2, 0, 411, 473, 452, LY 256, 4y =915 109, =A0 2o 14b3,
16,975 0, T 0, 411, 4T, 452, 4%} 255, 3 «83, 11C, =13, 20 1461,
17,085 O Je () 411, 973, 352, LY 256, 3y _ "39:- 109, 'ﬁ5va . 2y 1461,
179,078 Da e S, 411, 475, 456, 4320 257, 5s =fb, 109, =33, 2e 1461,
17.125 0, %o 2, 414, 473, 4584, 432, 2576 3s =87, 1%, =31, 3, 1461,
17,175 0. Sa 2, 434, 430, @B&y__&"1, 255, by  wBEB, 107, =90, i, 1461,
17,225 Ds e 0, “44b, %81, 458, L2 256, 5 w27, 119, =113, 2, 1441,
17,275 0, Ze o, 454, 4h4, 457, %02, 256, bo =24 119, =113, 3, 1441,
17,225 v . T 4p1, 488, 460, 4”2, 256, b =847 llve =185, 2 1441,
17,373 g "o L4 4B, 491, 463 401, 255, 5, wib, 179, =117, le 1441,
17.428 0, I, o, 457, 494, 464, 421, 255, 3 =25, 177, =lll. le 1441,
17,475 T, 2, 25 673, 496, 456, 473, 256, 4y 2, 108, w123, 3, 1462,
17,528 0 g o5 472, “98, 466, 42, 258, 54 =R2 1r6, =178, 2y 1462,
17.578 e P 0, 475, 570, 466, 4%k, 255, 20 815 104,  =118% 24 1642,
171‘525 OA :Q 3. ‘7765 550! (96?! %™ % 2550 bo "79- 1’57' "1!8'0 20 ial’z'
17,675 De Te 2. 476, %P7, 46G, 432, 257, B, =33, 108, =114, 2e 1642,

821



‘ TABLE A.l1 (Contd.)

TEST E73 TREAT TRANSIENT 1499

TINME TC1 TC2 TC2 TCa TCS TC6 TC7T TC8 ue Lr LF

SEC DEGE NEGE DEGe on.Ge DEGC DEGC placid DEGE PgY Sy cr/s
19,728 04 Gy 0, «79, 456, 4704 402, 288, 6 =79, jal- W
17,775 D, s Q: 481, 457, 470 4N, 255, bo =20, 106,
17,7258 9, 2, o3 486, 500, 4734 4"2, 255, 4 =79, 194,
17,875 0, e 0, 487, 504, 473, 472, 257, 6o =77, 119,
17.928 [+ 3 05 488, 507, 4744 62, 286, Se 77, in9%
17,975 D4 O, 2, 491, 508, T4, 40%, 236, ba 77, 176,
1R, 025 Qs [ 05 423, 510, 478, 401 236, 54 =76, 1r8,
15.@75 Ql cn Q; "94. 51'1l "770 402! Zsél 5| "75; l"f"
18,12% 0, 2, 0, 496, 511, 479, 46024 257, 5, =73, 104,
18,178 e Da 0% 497, 510, 478, 401, 256, by =73, 102,
1R, 225 0, 2, 0, 498, 512, 480, 475 256, 44 =73, 1n2,
10,278 O, < Q, 521, 513, 682, 403, 286, Ts =71. 104,
10,325 Qs Qe 0% 502, 513, 483, 402, 257, &s =72, 104,
1R,375 0, 0% 0, 503, 513, 483, 401, 256, 6o =73, 173,
12,4625 D Te 3% 504, 513, 486, 402, 286, 8y =71, 176,
18,475 [V va Q. 507, 216, 486, 402, 287, Te =705 177,
12,525 Qs Je 0% 51¢, 519, 488, 403, 256, 5 «£8, 1n7,
18,578 0, 2, 0% 510, 520, 486, 401, 255, by =hR, 113,
17,628 0, Jo 0, 359, 520, 488, 401, 286, b =48, 1~3,
1R, ATE O, Te % 512, 280, 489, 4603, 256, be =45, 176,
18,728 [*I8 2 Q'. 512, 519, 489, 403, 237, [N «hb, 1né,
18,779 0, De 0, 513, 517, 490, 402, 255, 6o =067, 1n3,
18,828 0, Yo 7, 516, 516, 493, 402, 255, S, =h8', 1r3,
18,875 De 1+ 0, 517, 513, 492, 402, 286, 6y =45, 113,
1R 528 O, De Q% 518, 514, 4593, 403, 257, b, =fb, 103,
17,875 0o Je 0, 518, 514, 493, 402, 255, 4o =45, N8,
19,025 Do Te Q% 518, 513, 495, 403, 286, b SLER 101,
18,075 [ 3 0% 519, 315, 496 _ 402, 287, b =h1) 191,
19,125 O 2, 0% 520, 519 497, 402, 256, 5, 62, 1715
19,175 D4 Ve [ 520, 522, 497 402, 255, b =42, 110%
19,2258 Ds Je 0, 522, 523, _ 499, _ 402, 255, 6o =h2, 172,
19,275 0, 0. o, 823, 524, 499, 403, 2586, 6e =89, 176,
19,325 [N v 0. 523, 525, 5000 403, 256, 6 =597 134,
19.375 ol Qn Q; 522,. 523. 50°L _“QZ_A_ ___2551 4; '51: 1"6!
19,425 Qe I Je 524, 523, 802+ 402, 255, LT} wh D, b,
19,478 Qs Je 05, 527, 3523, 50b¢ 4Q2. 256, bg =87, 112,
18,525 0p 25 0, 528, 522, 508, _4D2, _ 286, Bq =R, 171,
19,578 0, e 05 529, 521, 508, 402, 255, &g =588, 99,
19,625 0. D o, 529, 526, 508, 402, 286, 4y =37, LN
12,675 Os Os 0% 530, 527, 506, 403, 257, b =86, 112,
19,725 O, Ce 0, 531, 529, 508, 403, 286, 5, =85 1nls
19,775 O 0, a5 532, 331, 508, 402, 255, 5, @86 171,
19,828 Qe Cso 0% 528, 533, 507, 402, 255, 4y LR 89,
19,875 9, D Q% 526, 3346, 510, 403, 257, 7 =83, 103,
19,528 Oy S 0, 528, 532, 3% 9 403, 256, 8, =52, 102,
18,974 0, De o, _ 531, 529, 513, 402, 255, by =53, GF,
26,0258 0, D 0% 532, 526, 813, 402, 286, 6, =53, 97,
Zﬂ.C’?5 o. ﬂ. 0; 533. 52"! 515! 4@30 257| 5. "ng G".t
20,128 O, 2 Q% 833, 523, 515, 4n2, 286, S, =20, b,
2A,178 Qe 2o 0% 533, 522, 516, 402 285, 34 =52, 65,

6l



TABLE A.1 (Contd.)

TE4T ET7: TREAT TRANSIENT 1499

TIME TC1 TC2 TC3 TCo TCS T66 TC7 TC8 ue LB LF Ue SAFY 1SAF
SEe DEGE pEGE DEGE DEGE CEGC DEGC DEGC DEGE og] PSy ce/s ce/s My My
28,225 Qs (LN [ 532, 5224 816, @024 256, Ba =52, 94, LIS -9 24 1447,
20,2758 04 % 0, 535, 523, 518, 403, 256, b =80, 94y =199, 3, 1447,
2r, 925 0, I 0y 538, 528, 519s 403, 257, 84 w48, 94y =113} 2, 1468,
28,375 0, T o, 538, 532, 518, 402, 256, by =50, 90 =177, 1, 1448,
20,425 O, Za Q, 538, 534, 519, 402, 2586, g, =469, 91, =115, i, 1446,
28,475 G4 2, 0, 536, 537, 523 403, 257, 6o 47, 92, =179, 2, 1448,
2m,528 Og ~, 0, 538, 541, 523 403, 257, 5, =47, 94y  wlAB, 3, 1448,
2’5-575 Qn . 2 0:. 538- 5"30 52;! 4021 2551 5s "48: 9"; ‘1"7; 2. 1448,
2m,625 0, ve 2, 536, 564, 5223, 462, 256, S, a4 8 92, =1n6, 1e 1448,
20,475 0, Ca 9% 539, 546, 523, 403, 256, 6s b8, 95 =110, 35 1448,
28,725 0, e, 0 539, 548, 52%. 403, 287, Te whé’, 95, =187, 3, 1448,
27,775 0, Se 9, 539, 569, 524, 401, 255, 5, =46’ 93, =143, 1, 1463,
26,828 O 2y o, 560, 550, 525, 402, 256, 4y kb, 94y =]Ag, 3, 14468,
2m,875 0, Co 2% 560, LED N 527, 403, 256, To 244", 92, wiNG, 3, 1449,
20,925 0, o 0% 539, 549, 527, 483, 286, b b d', 82, =58 2s 1449,
20,975 Q. e 0, 537, 546, 526, 402, 255, _ 4q whé', 8¢, =190, 24 14649,
21,725 0. S5 0, 533, 542, 528, 402, 256, bo =43, oG, =104, 2, 146G,
21,775 0, Fe 9, 531, 541, 530, 403, 256, 6o wbl’ 93, »S7 3, 1469,
21,1258 0, 2 9, 529, 54l , 5330 _ 403, 286, = 6y __ =42, 9%, . __ =81, 2a 1449,
2{.178 0, " 9% 526, 537, 538, 402, 255, 8, wh2, B9, =A8, 1 14669,
21,225 0, Je 0, 526, 532, 532, 402, 255, by =52, 89, =935 2s 1469,
21,2758 ' de 38 536, 528, 533¢ 403, 257, Te.. =63, 92 =93, ___ Be 1649,
21,325 O $o 0% 543, 528, 528, 403, 256, 65 w61, 8%, =295 2o 1430,
21,375 04 3, 2% 542, 526, 534, 402, 255, Y bl 89, =62 2, 1480,
21,428 0, e - 0, 541, 523,  538. _ 402, 256, SGa  _mAQy _ 8l, B8, 2, 1450,
21,478 0, e o 542, 522, 537, 4038, 256, 5, =38, A9, =31, 2y 1450,
21.525 D, Te 0, 5643, 521, 537, %03, 257, 5e 37, 83, =B9, 3. 1450,
21,578 0, Se 0, 541, 522, _ 53%7¢ 402, 256, _bg =38} 99, =31% 2, 1450,
21,625 0, 3, o 538, 523, 538 483, 256, 5, =39, 8%, =38, 2 1450,
21,675 0, e ) 535, 524, 539, 403, 257, 7a =37, 93, =a5 2¢ 1450,
21.725 Qo Le 2% 532, 525, . 560 403, 256, . Ba 36, 5Gy -89, 3, 1650,
21.775 De "o G, 530, 525, 539, 402, 285, B, =37 ROy =Rb, 2. 1451,
21.829 O, oo Q0 527, 525, 543 402, 256, 8, =36, 8o, =375 20 1451,
21,878 0y Te o, 525, 527, 563, 403, 256, 7o _ =35, ag, =80 3, 1eF),
21.925 0, o 3 523, 53], 542, 903, 257, 6o =35, A9, =79, 3, 1451,
21,975 0, <o 0, 521, 535, 54, 403, 256, " =35, 88, =77, 1o 1451,
22,025 Oy . e 820, 535, 543, 402, 255, 5, =34, 86, =79, 2¢ 1451,
22,075 0, .e 0, 818, 533, 546, 424, 257, Y ®33] 89, nhS 3, 1451,
22.125 Qs e 9, 517, 536, 544, @03, 256, 6o =34, 86, =78 3, 1451,
22,175 g, i 9, 515, 560, 544, 602, 255, 64 =34, 86, =80 2: 1451,
22,225 0, ce o, 513, 54, Bod, 403, 256, by =34 87, =73, 2, 1452,
22,275 O, Lo 0% 511, 543, 5646, 634, 256, 6 =317 87, =76, 3, 1452,
22,228 O, T o, 511, 563, 566, 403, 286, bs «315 A5, =68 2, 1652,
2?!37R o' “l Q; 5§90 539. S‘Pel 4“20 255. 4. "'33.. 8“" "’3; 1. 1‘0521
29,425 Ce ve 9, 50§, 539, 847, 472, 256, 3o «31" 85, =467 1, 1e52,
28,478 Ja Se 0% 527, 538, 549, 674, 256, T =33, 88, <hl, 3, 1432,
22.%28 O, <e <, 526, 535, 56%9, 4"k, 256, D) =23, 8é, =84, 24 1682,
22,578 O P g, 534, 534, 549, 403, 256, 5e =329, Bb, =hl, 2, 1452,
27,625 0y S 25 533, 532, 550, 4r3, 256, 5, «27° a7, =47, 2, 1452,
29,675 0, Te o), 5%2, 532, 55%, 44, 257, s =28, 85, =53, 3, 1452,

0¢1



TEST ET:1 TREAT TRANSIENT 1499

TABLE A.1 (Contd.)

TIME TC1 TC2 TC3 TCh T(S i11] *C7 TLE JpP Le
SEC DEGE DEGC DEGe DEGE DEGE DEGC DEGC pEGE ngt pgy
22,725 O, e Ja o, 502, 5364, 55%s 47 by 256, 5 =29,
99,775 0, . 2, 500, 533, 555 472 286, 5 =29
29,825 I8 Ce a'. 499, 833, 552, 6M3, 2585, &4 =28,
22,898 0p __ Ja. _ 0% 498, 533, __ 553, 404, 257, by =28,
25,928 0, % 2, 497, 533, 5§53, 413, 286, 5, =27,
29,978 [« Ga 0% 498, 533, 553, 402, 256, EN '28;
29,025 04 Gy 0D, 498,  33l, 833, _ 413, 286, B, 27,
23,075 0, a, 9, 495, 532, 554, 406, 257, Te =25,
23,12% Ds Te Je 434, 333, 856, 476, 287, Te =25
23,175 0, e - .8, . 493, _ B34, 553, 403, 2565 . _Bs. =26,
29,225 Ve Ze [ 692, 536, 555, 403, 256, Teo =75,
29,2758 9, Y 0, a9z, 536, 556, 478, 257, 8 =265
23,328 0 _ la D, A%, 539,  E5B, 474, 256, fig =25,
249,378 0. T, ¥, 499, 5641, 556, 402, 255, 6o =Ph,
23,425 Oe %, 0% 49y, 33, 557, 673, 256, 5 =24,
23,675 0. _ Te 0, 488, _ 54Dy 557, 404, 256, _ 6. =23,
23,528 0, Ze 0, 488, 547, 558, 4h g 257, T =22,
29,578 O Te 0, 487, £47, 558, 402, 2%, 8 =23%
_ 28,628 0, __ 2. ), 486, 367, 857, 4n3, _ 256, __ 6. __ =23,
23,675 0, EN o5, 686, 569, 560, 604, 256, 8¢ =21,
29,725 2, R 0, 485, 550, 559, 404, 287, 74 =215
_ 22,775 __ 0y _ _ %, 0% 485, 549, 559, 403, 256, & =215
29,6825 0, e 0% 425, 552, 588, 463, 256, be =215
293,878 [N “a O 483, 554, B6Ge [ Sl T 257, Te w23,
_23,%25 _  _ 0, Ta 0, 483, 557,  561e 403, 286, 8s =21,
23,9758 0, % €. 433, 557, 561 402, 256, e =20
B4 ,N28 D, T [ 481, 553, 561, 406 o 256, Te =20,
24,075 0, e C, 481, 266, 5620 498, 2587, 9 =18}
24,125 Gy T o, 481, 544, 562 404, 256, 5, =19
24,175 0, iy o, 480, 562, 561, 403, 255, bo =23,
24,225 0, Ze o, 480, 561, 563, &%, 286, Te =15,
26,275 0, T o, 479, 541, 554, 456, 2587, 74 17,
24,225 0, P 25 479, 542, 563, 404, 257, Te =17%
24,375 Ce T o, 478, 542, 563, 493, 256, 4y =18
24,625 O, Ta 0% 477, 561, 563, 473, 253, 6 =18,
24,478 0, T ¢, 477, 541, 565, 404, 286, T ~15,
26,525 0, J, 0, 476, 542, 565, 4%, 256, Te =15,
24,575 0, b 9, 476, 543, 565, 403, 2586, 54 =17,
26,5258 0, T o, 476, 542, 568, 4n3, 256, 4 w6,
24,675 D "y 0% 475, 41, 567, 406, 256, Ts =16
24,725 Oa o 2, 475, 542, 5566, 404, 257, Tea =15
26,775 04 Vo 9, 475, Sab, 566, 404, 285, Vs =15,
264,825 0 Te Q) 474, 549, 567, Y 256, 6 w14,
264,875 T . o, 474, 552, 568, 9%, 257, 8, =13,
24,525 0, i 2, 475, 557, 567, 4%, 257, T =135
24,975 0, Zs o, 474, 559, 567, 436G, 255, by =lb,
25.025 on :‘l Q'n Ca s3' Q, Gl ot O- Q‘;
28,078 Oy o O, Qe O Ge Qo Qe Qs 0%,
25.125 Qa :- 0‘. Ol C! w' 0! Ql Ql o;
28,175 R Ze Q. N Oy Ue Oe D4 O 9%

1¢1
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TABLE A.2. Inlet and Outlet Flow Rates and Integrals, and Void

TEET ETt¢ VDID CALCULATIONS

TIME INLET FLOV DUTLET FLOW INT INLET INT,OUTLET voge

SEC CC/SEC G/SEC CC/SEC B/SEC GC GRAMS (44 BRAMS (A BGRAMS
8,002 383,6 500.2 582.8 800.4 G0 040 0,0 00 a0 Ol
8,007 58449 80le2 88441 801,464 8¢9 209 2¢9 299 0,0 Oa0
$,012 584q4 80100 884,49 801.4 Je8 5e0 Ge0 Ge0 0.0 Opf
8,017 884,9 50l.6 583,.9 801s6 BB = Te3 A8 Ted 0,0 Dab
§,022 B83,9 90044 56363 800,6 11,7 1050 11.7 1000 0,0 g6
8,027 887,2 803,46  §86,3 85034 1%:% 1243 1406 1248 0.0 Nen
8,082 8588,1 B304.0 587.6 504,3 1756 1550 17,8 1541 0,0 0s8
8,037 588,8 504,8 58840 804,8 20e5 176 20,5 17¢8 8,0 Baq0
8,062 586,9 B0lel 5839 801,3 23.6 2051 23:4 20,1 060 000
8,067 . 587,3 Bp3a.9 86,2 503,46 2056 2256 2663 2236 G0 _Op0
5,052 585,6 50148 58448 502,13 2943 25%1% 2943 2501 0,0 0s0
5,087 58846 50%.3 5878 804,72 32,42 27¢6 3262 2706 [ I 4] 0e0
8,062 586,0 50241 8856 802,7 _334,2 30,1 38,1 . 30,2 0,0 g0
5,067 586,9 803,) 586,2 303,2 3841 3247 38,1 3247 0.0 Belh
8,072 585,92 802,2 985,% 502,2 4100 3552 4140 35,2 0,0 DeB
8,077 588,3 B0403. B87e6 06,3 640 _ 3Te7 63,9 3747 0,0 0g0
5,082 58541 501.3 884e1 50}e4 48,9 4002 Gb6e8 4002 0e0 0ot
8,087 BB85,8 80200 58541 802,14 49,8 4247 69,8 %257 0.0 0e0
8,092 885,9 502:2 884,.7 802,40 52,8 4532 _ 82,7 48,42 0,0 g0
8,097 588,8 850428 B8RO 80648 587 4747 586 4747 0e0 e
6,102 885,0 B50l.4 584,85 80l.6 88,6 5042 5806 50,3 0.0 De0
8,107 585,3 B0Leb 58496 801,58 61,6 5248 6105 52,8 0.0 0o
8,112 8837 Bp0e2 58340 500,58 6645 5553 6406 58,3 00 829
8,117 883,7 50063 88340 800,5 676 57,8 6743 8748 0,0 Ogh
9,122 88052 49741 579:8 469743 70,3 6043 Thqed 6043 0,0 Qg0
8,127 81,9 698,9 88147 499,2 T8e2 6247 731 6248 N0 Heh
5,132 586,9 503a] 5861 803,91 Tégl 6542 7600 6543 0.0 Qe
8,137 584,9 50104 S8b4e7 501.5 79,0 678 TR0 GTe8 .0 Dol
8,142 881,9 498q6 8818 499,1 8240 7063 81,9 T0e3 a0 Net
8,147 586841 503.9 98747 8064 8449 F2q8 86,8 T2¢8 0.0 Qen
5.153 583]0 49907 58247 QQOQQ 8708 7503 Bvos 7503 OQG [y
5,157 88145 69P 34 881,0 498 .4 90,7 77,8 90,7 77,8 0.0 0,0
8,162 B82,6 49%,3 88247 40000 93,7 8093 93,6 B0¢3 0e0 fie0
8,167 58440 5075 58394 §00,8 96,6 828 Phol 62,8 D160 Dot
5,172 579,68 49648 57%¢3 496,8 99,5 8543 99,8 85,3 0.0 Oen
B, 177 882,7 499,898 58246 469%,9 10244 8707 102.3 8748 00 a0
6,182 583,7 802¢6 86342 800,86 105,3 90¢2 108,2 903 0s0 (P
,187 5B3.4 500,2 5B2¢9%  500,0 106,42 9207 10P.2 92,8 f,e0 L)
8,192 B81,7 498,77 BBle7 699,14 11l.1 9842 1110 9843 0.0 Oahp
5,197 8590,1 Bp5,8 58944 805,9 11441 978 112,9 97,8 0e0 G
8,202 8B6,9 502,9 586.3 803,151 1170 100,33 116,99  100,3 0e0 Deh
8,207 584,8 801,0 58491 01,2 320,40 1028 119,8 1028 00 o
8,212 88%,1 501.2 88445 301.7 12249 1053 1227 108,32 0,0 0e0
65,217 585,8 501.9 58544 502,93 125,8 107,86 125,7 1078 0sl Nef
8,222 579,9 496,.4 87901 6968 128,8 110,3 128,86 11043 0el Dyt
§,227 58341 699, 6 8832 800.2 131,06 112,8 13146 1128 (el fah
5.332 587'5 50%.7 587.3 503|9 13405 11503 134:4 11503 001 0:0
8,237 5886 804,00 8880  804,3 1376 11748  137.,4  117,° Gol Dol
5.2642 58550 80120 58448 801,6 140,58 12043 14043 1204 0ol el

85,2647 592,9 50747 891.8 807.7 14344 122.8 143,2 12249 0ol fal
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TABLE A.2 (Contd.)

TEST ET1  VOID CALCULATIONS

TIME INLET BLOW DUTLET BLOW ENT o INLET INTOUTLET vnin

SEC CC/SEC G/SEC CC/8EE 6/SEC CC  GRAMS CC  GRAMS CE  BRAMs
3,252 _889,1 504.4 _ 588,7 804,9 1400  125,6_ 148,43  125:6 Del Ogi
8,257 5835,3 80le6 3B5,0 B0l,6 1493 127,99  16%9.2 128,0 0ed Pel
5,262 58741 502.8 986,858 503,3 15253 13064 152,1 130,58 tal fg1
5,267 5898  B05.,0 589,1 505,46 15952 12259 158,0 133,0 Lol 0g}
8,272 581,88 498,46 5814 498,48 158,41 13544 158,40 135,58 9.1 Mgl
8,277  8$84,9  8500D.9  8585,0 801.6 1611 13769  160,9 (38,0 0.1 g4,
8,282 58741 50249 886,.9 80344 166,40 146044 163,8 1405 0al Ol
8,287 886,1 501,9 B5B5¢8  802,0 1686,9  143,0  166,8 143,0 Aol fgl
8,292 883,9  499,9 BB4a4 5009 10%,F  165:5 1698 145,09 Dol O}
8,297 889,2 504s7  888,9 805.1 172,77 14840 172,06  148,0 Gel Del
8,302 885,7 50128 585406 30241 1797 15065 178:6 150,66 0el el
8,307 5Ble6 49,0 88Le%  49R.4  178,7  153,0 178,06 153, 0ol Oal
8,312 383,3 49%9,2  583,0  300.1  181.T7T 15533  181.% 15%¢6 0al Mgy
8,317 586,3 501.9 98641 502.6 184,% 15840 186,3 1858,1 M.l Net
8,322 88041 49648  879.8 497,00 187446  160.5  187,3  160.6 De} D¢l
$,327  B83,1 499,22 88357 300,46 190546  163,0 (90,2 163,.] Al 0ol
5,332 883,72 499,6  883,4  500,2 193,1 16565  193,1 16%5:6 nsl Bel
5,337 58148 498,43 981493 49854 196,41 16840 196,40 168,131 el Og
5.342 98243  49R.4  B63,0 4996 19941 17044  199,0 17046 0ol Byl
9.247 58840 503.8 588,23 80% 04 201.9 173,40 201.8 1731 tel fg1
5,352  8B4,2 500.2 884s0 B00s4  204¢9 17583 206,99 17546 0el fgd
5,357  88lybd  697.9 88249 498,99 2079 17840  207.9  178,1 0el et
8.362 883,77 8500%:0 583,90 800,85 210,85 180s% 210,7 180,46 0sl D0l
9,367 58642 50109 58644 802.6 213,7 183,0 213,6 183, sl 0e1
B,372  BB0,2 4968  5B044  497.2 216,86 18545 216.6 185,68 PR P
8,377 583,11  49%.6 583,9 800,33 21%¢4 18759 219,5 188,41 0a1 gl
9,282 587,88  50%,0 5882 504,0 22254 19098  222.4 190,86 A2 Dst
5,387 985,85  50le%  58%,4 50Lle4 22843 193¢0 228,44 1931 Dol PRY
8,392 B79,9 496,83  85Ble2  497.6 22843 19553 228,85 195,.6 0e2 81
8,397 89041 5059 59109 806,53 231.2 198,0 2313 19841 De2 0g3
8,402 58344 S50lel  9B5,3  80l.4 23642  200.9 234.,2 200,6 0,2 O,
8,407 B8le0  497.2 882,1 498,3  237.2  203,0 237.3 203} 0,2 Nei
B.412 8848  F00,2 984,9 801,2 2601 20595 240,0 2056 0a2 Ne2
5,417 988,9 503,9 589,08 904.% 242,0 208,0 243,0 3208,% 02 Ne2
5,422 380,060 496,46  BB0s6  497,0 248,9 21053 24641 2106 062 Ne2
B,427 5864,9 500458 58546 §01.8% 248,49 21340 248,08 21341 0ed Ng?
8,632 88743 50258 587.8 803,46 251,8 215,48 251,8 218,6 Ne2 D62
8,437 §85,0 5077 884,7  900,8 254,7 21850 254,77 218.2 0.2 0g2
8,642 58448 50002 8858s0 50144 257, 8 22045 2577 22047 0ad Va2
B,647 89344 Bp8,0 99443 808,9 260,58 2230 260,64 22342 g2 N2
8,452 588,9 80be0 888,49 B0%,3 2636 228,45 263,6 228, Y Ny2
B.45T7 88341  498,7 984en 499,88 26646  228,0 266,77 2282 Y Nae2
B,462 585,8 80123 586,9 02,9 269,4 23043 269,58 230,7 0s2 0q2
8,667 589,7 5063 889,9 505,11 2T8¢3 23341 272.% 233,3 0.8 0,2
8.472 88043 496,3 58046 696,9 27844 23506 278,83 235,86 0.2 0e2
8,477 583,32  498,9 884,64  800,1 278,33  238,0 278,46 23843 8,2 fg2
B, 482 590g2 504,8 590,49 503,90 281.3 24046 2813 24048 fed a2
5,487 88446  500,1 58456 90043  2BGel  2643¢1 284,33  263,3 0.3 Bep
8,492 88048 496,7 58109 498:0 28741 245,65 287.2 245,80 0.3 fe2
8,497 8591,7 80%5.9 893,71 8078 29051 248el 290,22  248,3 03 Ne2
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TABLE A.2 (Contd.)

TEST ETt1  YDID CALCULATIONS

TIHE INLET pLOY QUTLET PLDw INToINLET IMTOUTLET ynign

SEC CC/SEC B/SEC CC/8EC 5/SEC € GRAMS c€C BRAMS ¢e GRAMe
5,502  581,7 497,77 6853 800,88 29299  250.8% 293,2 250,8 3,3 0e2
9,507 89244 LS LY ) 89342 80744 295,9 28341 296,2 283,3 0.3 Ped
1,512 880,3 496,33 879,32 495,85 298,88  255,6 299,1 255.8 Ned Da2
8,817 57845 494,49 B81e1 497,22 3037 25841 301.° 258,43 2,3 03
8,522  588,1 502.8 890,7 S03.2 3068 2606 205,0 260,8 3.3 g%
R, %527 58642 501s4 58448 90041 A0T,0 26341 307.9 263,43 Ded As3
8,532 B74,8 491,7 876ey 492,47 310,53 26546 310,8 2658 o3 fe3
5,537 586,8 502,2 590,8 04,8  313,2 26850 313,8 268,.3 Ne3 fy%
5,562 90,1 B04,7 589,9 §0%04 316,43 27006 316.7 2708 De3 Ne3
9,547  B72,85 498,66 5822  496.0 3193  273,1  319,7 273,29 ned Ng3
5,552  879,7 495,99  583,8 498,88 322} 2753  322,7 2758 Ned 03
R,857 890,83 503,00 59240  8505,9  325,] 278,40  328,7  27%,3 Debh N3
8,562 581g3  497.0 5810  496.7 3281  280,5 228,5 2878 Tk ary ]
8,567 B78,7 495,0 881+8 697,58 330,9% 283,0 231 .3 283,43 Db 0s3
8,572 589,58  804,0 592,35 906,3  333,9 285,55 234,35 285,8 Do ]
8,877 58742 80243 5869 801,58 336,7 28840 33744 288,46 Deb De3
8,582 §76,9 49304 5796 494,6 339,7 29043 34042 290,9 0o h Mg
8,587 BB7,.1 501s9  891,2 805,1 342,8 29340 343,4 293,4 0ok fe3
H,592 85B9,8 506.,0 5896 803,9 348,77 295,5 346,2 295,9 Deb 0o
6,597  88l.7 49722 582e.2 497.6  34B,T7 298,00 349,1 29854 Dok M3
8,602 85,0 5091 58941 §03.6 351,53 30043 95241 20049 P Dok
4,607 895,1 50%.5 596,7 §09,8 356,6 3031 358,2  30%,4 Doh fgh
B,612 5823  497,6 58242 497,85  337,6 305,86  35R,0  305,9 o Dot
8,617 580,2 495,8 583.3 498,5 360,85 30840 360.9 308,46 Aoh Mot
B.622  BBB,7  503,0 591,46 505.4 356394 3105 364,0 3109 De% fab
8,627 888,0 80204 587,9 802.2 30bebh 213,1 367,0 312.5 N4 Cod
8,632  580e46  4964)  8581le9  4697,2 36942 215,06 369,8  315,9 068 Rob
8,637  589%,1 503.3 593,.1 506,8  372:3  318,1  372,7  318,5 £e9 Mok
8,662  890,1  50%,5 590¢3 506,3 37F.0 320,06  878,7 32169 245 fNob
8,647  583,5 49%:5  8584,2  498,9  3THeZ 32341 37BN 323,8 008 Neb
B,652 884,9 49%9.6 589,32 03,2 381,41 325¢6 3B1.7  326,0 A,8 Pob
8,657 8593,0 %0he5 59448 507,929  384,]  328,)  AB4O6 22845 ", 8 rY )
B, 662 883,0 498,0 88249 497,80 387,40 33046 3876 331.0 ny 8 Ngd
5,467  Bd0,%  495.8  383,7  498,% 389,7  333,} 390,86 333,58 0,8 Nod
8,672 889,0 802,90 591,909 BJ5,4 39249 33546 3935 336,0 0B Nel
B, 67T  ®B6,Y 5028  986,3  800,8 39549 3381  396.6  33A,6 0,5 L]
B,682 8772 493,3 579923 %9447 338,585 34006 399,.3 3610 09 0e8
5,487 58648 821:3 89208 80444 401,+6 343,51 402e% 343,45 P UL
8,692 388,0 50204 58844 02,9 40% o5 348,56 6082 34641 Beb feg
8,697 58143 496,58 858149 497,0 40743 34841 408,1 36R,6 fgh fe8
|,702 880,0 435,1 584¢0 498,9 41047 350,45 4113 A51,40 fob Ped
8,707 89042  B04.0  592,0 905,646 4134 353,40  4lb4e)l  353,6 Dot £y
5,712 58046  495.8  830,2  495,8  416,3 355,85  416,9 356,1 Nob ned
8,717 578%,1 493,8 F8240 496,88  419,1 35850  420,0 358,58 Ne& 008
5,722 85,1 499,58 58844 50242 422,43 360,45 423,0 361,0 Ne6 Ny
5,727 583543  699,8  586,0  500.1 428,31 363,00  426,0 363,5 Dot M08
8,732 8T7,1 4930 8798 4968 42759 365,55  428,7 366,0 feh Dol
8,737 58743  S0le85  891eB  H04.9 430,99  368,0 432,00  368,5 0,7 Dot
5,742 887,2 801.3 580,47 502,23 4©33,9 370,58 434,9 3710 8.7 Qb
5,747 852,00  49T.0 58391  497.7 435,88  373,0  437.,6 373,5 0,7 Ok




TEST F7s

TIHF

SEC
8,757
5,757
B,T762
8,767
5,772
8,777
G, 782
8,787
8,792
5,797
5,802
5,807
5,812
5 R17
B R22
B5.027
g,R32
50837
g, 842
5,847
8,852
8,857
§,R62
5,867
8,RT72
R RTT
B, 882
", B87
R, RS2
85,97
F,902
8,907
8,912
8,917
8,922
8,927
5,932
8,937
5,962
8,947
8,952
5.957
9,962
8,967
8,972
5,977
5,982
6, R7
q,992
8,897

TABLE A.2 (Contd )

vRID CALCULATINONS

IYLET FID
CO/skC Gy8EC
RB4yb 493,0
579,4 494 ,7
57649 492:6
BR6H,2 0ot
SHR, 6 49P,7
B76,7 494 ,0
BERg1 50260
5BU,]  B02,7
583, 97,8
583,9 49962
694,04 80743
88244 [Ny
583,0 69725
897, 8 50440
58743 G0le0
B8N, 4 495,3
890, 9 B50%e?
590.2 503,23
5b4e2 490, 7
B84,2 49%,43
59247 5055
B81.6 496, 0
58045 49% 40
5876 850)e?
887.2 5058
BBQ o4 G694, 9
LY TN 8026
58844 B0)e7
583,2 4974
584,% 69°F 54
589,7 50247
84,0 69709
BB, 6 495,0
587,8 B0led
B850 698, B
580,46 496,9
88,3 801.8
58747 531e?
58247 697,42
884,46 690,86
88642 49%,7
R79,1 493,49
87647 49442
586,% 489,8
88444 49R,3
870,19 492.7
586,0 69743
288,8 50240
585,86 6973

BUTLET

CC/SEC
RED e 6
85931
580,80
58le2
Kg247
G8Ao3
50817
B9206
591s2
58449
BEB,7
89706
B83¢3
88723
594085
588,46
B83e4
895404
RO2,
58649
58941
59%,9
B82e7
Stbe7?
891, F
SK8,3
5840
895,12
59040
586en
5§89, 5
59393
885,9
G542
59204
58659
BH4,8
B92,.6
5907
58640
89040
5903
5B1lg%
BR4q3
59148
58761
5323
8917
59223
589,54

FlL

6/SEC
B2,R
5Q6,
49500
495,%
RQ3,0
800, 1
4964
5054
0k o
499.¢
801e9
509,43
497 ok
§0C.8
506,9
80lo6
97,5
5076
504 ,7
699,77
902,41
507,7
496, 4
49804
B4y 2
501le2
43746
8074
533,41
49%,2
BQ&,0
705,72
499,06
498, 2
§04,0
499,8
4975
08,2
§)2,7
498,7
502,51
50241
495,51
49747
52,9
499, 8%
495,6
03,2
803,6
801ls4

INTINLEY

cC
39,9
4425
LT NY)
LT3y
451,5
45444
457,3
460,3
460,1
469,3
4Tea1
474,49
4T84
468141
484,1
486,47
48”.7
493,43
695, 8
494,8
5017
5448
a7, 7
Blied
513,48
51549
519,64
82804
52542
52841
53143
B3442
53740
539,48
54249
565,8
54345
5516
D5%,.2
55743
56046
563,42
566,43
H6743
5Tdel
515,2
§78,3
580,9
583,98

GRAMS
375,5
278,0
38045
35247
33544
38749
39044
392,49
365,44
2979
400¢%
402,49
650 %
40749
41Ng4
41269
41544
61749
4204 %
62249
42544
62709
6374
643249
43544
637,9
440q%
462,59
46544
4679
45044
45249
65594
45749
46044
46249
66544
46749
47004
47249
47543
46T7.8
48043
482,48
48543
4874 R
49043
49247
49542
4977

INTLOUTLEY

cC GRAMS
$41,0 376,40
44,7 378,60
bhbeB 281.1
447,85 98346
45946 386,0
458,06 A8B 6
458,3 98100
461,85 293,6
66406 296,
46743 398, 6
L7045 401e1
473.6 403'é
476,32 40641
4792 40R¢6
482,3 41141
48%,3 4137
G658, 1 LT3
4911 4187
49443 42142
4976l 623,47
B0, 1 42652
80342 42Re7
§506,0 %3103
5OR,9 432,7
5121 436,42
814,9 438, 8
517.9 h4led
520,7 44348
82442 G463
8268 648, 8
83,0 45103
533,0 4538
§35,8 465643
§39,0 458, 8
G42,2 46le3
8447 46%,8
H6T,8 666,32
550,9 4BR,B
553,9 6TLe4
LLT 67349
55998 “76!‘
§63,0 678,49
568,6  48lyb
BoP b 483,9
B72e1 4B6e4%
574,7  4BB,47
B77.,3 691,3
RB0.6 493,48
BB3,7T 496,44
58646 498

vein
ce
0e7
0.7
0.7
Qa7

Lo ]
®

P P P Pl Gl ol feo S Pl Yo o D B P B YD B Pl Dol F0 P [ Gk Gl el B B BB P 4 F D PEIAET D DI VLD T 24D D
WU W B WO DTN pa oo @ DD DD DO O D L O EDL S DRBRE D DIBDDB~J I

® B ® @® © ® B B O Y @ VP P L O O V v V B © VD VL O O O VH O w V VD V6 V S L V O PV ® © VW VS B @ D

GRAMR

.
=

lel
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TABLE A.2 (Contd.)

TEaT ET¢  YOID CALEULATIUNS

TIVE INLET FLY JUTLET BLTw TAT o INLFY 10T OUTLET yrin

SEC CC/SEC B/SEC CC/SEC n/SEC cc GRADNS ¢C GRAMS ce ERAME
5,002 G582, 8 69047 SuBes ARG 6 585,° 5002 50946 50146 Lot 1o}
#, 007 89,2 50260 %9340 804,85 58,1 50257 EQ9%,2 03,9 1o% Te?
4,012 583,32 497,22 5860 499400 59267 80562 893,58 LLLIY 1.4 1o?
6,017 B82.5 496,45 58799 499,9 LY LN S0Te7 Qe & BOR, 9 Lok 1e9
6,022 BARG9 501.7 6964, 805,13 B9 9 51002 601.7 5114 1ok 1e?
H,027 8§86,2 489%, 8 58944 01,0 63,7 51287 Gridbo 7 R132,9 1o Le?
6,032 32,0 498,49 560e4 498, 6 LN 51542 6073 Blhek 1o 10?2
6 N37 589,8 B0244 59547 06,3 6OT,T 517e7 610, R B Re% 168 1a?
6,042 87,0 5071 590g9 802,51 6luel 52092 613,58 621e5% 169 1o
6,047 885,a 499,41 590 R0l .8 61365 52247 615, 8 62440 169 102
6,052 54742 50 o3 543,72 804, 1 1944 B28e2 (19,8 826,5 1.9 19
b,057 58%9,4 Rp240 EG4e1 RCh,7 61,7 5277 6227 29,0 1.7 152
6,062 BB4,3 49726 565709 459,47 62204 530¢é 02R ok G315 1% 1e2
1Y LETOY 6949 LYYy 497 .2 629,11 G327 620, 4 8340 1o 1.2
6,NT2 5uBg4 50Re® 5643 BQ4h o8 628,06 53542 632,0 R3GeH 146 1e
6,NTT 585842 490, 8 589,40 80{e CELES 537,7 634yt 53940 1,6 1e4
6 0E2 Hb2 66 48h,e2 56762 69,1 03%,2 854042 £37,1 B4l 16% les
6 NET 5879 831,40 594 3 BCh, b 63770 542,06 bared Bhhel 1eb Tet
6,"n92 566g2 -1 | 59042 8Cle4 b4 2 84541 647,33 B4k Y 17 lot
6,97 83,5 690 ,9 84749 499,12 643,1 56746 Ehtiod 49,0 1.7 le#
&, 102 G823,0 496,44 889, 3078 Ga®e 0 A80e1 64,2 51,5 1e7 ek
ho107 RES 4 501ef R04e2 G045 649, B52s 6 682,06 55441 1.7 1ot
hall? 582, 7 496,41 Ruey 689, 8 6odyl 55541 658,73 E8hHyH 147 l1e%
4,117 58241 LGR T e 4973 44 024 B8Teb 6584 59,1 ja7 Te®
ho122 5374 497,09 51,9 B3R bodel 56041 661,85 Ly 1e® 1%
6,127 '38(‘11 49740 BGoaR RLe 4 BAve T 562406 bhboH RBbel '!.1 1g®
8,132 5704 49206 Srles 495 ¢4 baded 565,10 667,13 Ehhe b 109 1R
$hel137 5fA,3 492 S92, 8 8§53, boheb 5675 670 a2 8691 1.7 105
hal4d B87 41 63749 591k 4223 bnFen RT7050 6T7%, 1 8716 1,8 le%
6,147 583,0 6903 58764 491,98 672.5 85725 6Tho ) *Thel 1.9 R
h.152 ER445 69706 5%1q% BQ) R LY RS B75,0 67% 4 BT764% 1.9 leb
ho157 3% .9 53223 56545 Bube2 67402 577¢5 4R2 .64 791 167 Toa
[ YR 1-Y REided 495 R Brbhe7 w9he2 6ELe2 54040 bbb e B8B1e6 19 Ten
6,167 BBO® 494,68 5bT7es 49,8 Bowe,l Gg2ed 6P 8841 107 Yof
6,177 E84e5 49746 590e 4 80161 637,2 BhBe D £71,1 KR4 1,7 Lok
6,177 BR3,8 Lyt e EREFYA 499,92 694 huTe b H94,3 B89, 1 2o} 1¢7

tolu2 57940 43749 Bobded 4% 92 63,0 Bu9,2 66,7 591e% 200 1e™

bt 187 Rlhgeh 49° o5 BG2er §M2,% bYhe 56244 T 94,1 2, 17
he1G2 85,14 49 o5 591e2 §.ule& 633,0 [T T3 LT 20 1,7
8,197 BRE & 49 42 591413 §01a1 Tudgl RGT ok YL 590, 1 3.0 17

B2 §33,0 4G g Bodeh 337,13 TI",1 598 ,9 Th%y 1 631906 201 147

ho207 LY LI 45% 43 591413 R, leb 73749 64264 71284 606441 201 17
6,212 RdZ,5 69544 B 70 495, 71lel b4 B T1Re2 LYY 7o 1ef
6,217 Bple7 495,49 Brden 43T ,¢ T1347 HyTe? T1%e2 69,1 2019 Te#
6,227 BRAD G942 5334 82,0 71740 60 R 72165 HLllgth 241 Yo7
8,227 LY-1.FY ] 493,9 B91lyR atle? T12,8 612¢3 Tibat 61lbe} o2 17
8,232 56Ceh 497 Bahed 49744 Tede9  AL4eR  T26.B  £16.6 Pe? 1e®

A, PR7 ByR, 8 Balen B9 R e 525,1 72247 41743 7229 6191 202 1o
bo742 GRE LR 497, 1 R92eb 80251 T g7 61942 733,58 #2196 107
6,247 5H5,9 49 o5 o g® 01,1 Tale? 652243 TAR,8 62492 202 1a7

~3
®
3




TEST E7¢

TT .F

SEC
“.?5?
6,257
Ah,2H2
1N
ho?T2
fa 277
4gPR2
4,787
L
b 207
A,302
hoAGT
4,312
A,317
ho222
haR2T
hgRAA?
H,237
4,342
34T
Aso,52
hy 3BT
he362
$o267
6.372
6,377
[ ¥
& ART
6,392
4,397
b bl ?
ho 407
hokl?
4,617
5,422
“l42"’
b3
6,437
o442
6,447
ho4B2
b, 457
ho4b2
fo4bT
6,472
hobT7
b.6B2
b, 487
ho492
4,497

TABLE A.2 (Contd.)

VAID CALCULATIONLG

IMLET BL)
CC/SEC fySFC
KHB, R 4G
588,43 50781
584 ,8 459741
532,3 498,42
‘357.4 497, 3
86,7 [ LS
LE-ELPYY 49347
LY PP 49F o 8
BRAL5 493,58
R81,8 69453
Rig a9 4958 54
Rii7,61 49941
BR2e1 693447
580,23 493,42
SLENS 49543
LLERY 69% 4 R
579,9 49707
95306 6950
555.ﬁ “97l7
533,41 4958,8
Bd2,0 49446
58706 69794
58242 498,77
881s7 493,9
585,1 49749
332'4 49“.7
573,13 491,23
85,1 49747
58604 437,49
58247 Gogub g B
82,3 G54 6
BR3,40 494h,49
581e2 497, 6
882,:5 49448
383,1 494,9
834,6 496,53
882,72 69h o &
585,58 4971
585,4 49548
55495 49ty ]
56392 4Gb, 8
GB5,9 49649
88341 49449
Bhl2eh 49442
588,8 499,3
QBI’QZ ﬁgq’v
58251 49%,7
38546 49649
582,7 49541
583,1 69446

WUTLET FL W

CC/SEC O/SEC
G929k G2 e 8
BG4, LI
50944 Wil 0
Bdle9 4994
52347 5034
82260 R3le 8
Bt e® 49T o5
59340 0249
592!? 601.3
Buhebh 49704
889,7 499,
5932 &{ 267
BaTa4 497,23
Bh7q1 4977
B90s 4 527673
54992 497,
Bedbe? 49749
22348 S0%3
59254 531,58
58904 w%744
19,3 499,02
R4 a6 03,3
587¢9 49%,1
58305 498,13
A92,1 3016
543¢5 498,43
BErg.n 495,58
59249 01,8
59%94 BU2¢3
54941 49%,0
BH7e 1 452,13
Ry ied 499,90
RuTe6 49745
5377 49,3
59068 499,46
5936 499, 8
8294 598,9
59208 01,7
59142 Rafie 7
591ah 4C2e 86
590’5 Q?Q,ﬂ
5937 5C1le5
BED46 498,9
5?0.@ 499.1
596|A 504.3
8908 499,7
58849 498, 4
59302 51,8
LYY 499,58
89041 499,1

L OER PR ST

ce GRANMS
Tl 7 H2447
73749 62702
Thdleh 629,47
Taleh 63242
Tafe8 A34eT
T4 7.9 63742
73443 43947
T5%.4% 646242
Tadeh fG4eb
Thle4 56Tyl
Tiomgd a6
THTe0) 65241
TT0:3 L5446
IRETE! ABT 40
TT040 55945
7791 6620
73241 hbbeD
T447 nhHHe 9
T8T46 56944
7962 6719
7935 47494
Ti0e4 B76e9
T34 6 AT79: %
82,4 HH1eB
Br946 LELPE ]
BRdes H36,8
4lle2 48942
Blved  691,7
817,85 69442
HB20,5 696,47
B 34,2 fIG, 2
B20,5 Tuolaeb
B2%e2 TO4e
83294 FGLYY)
83513 7&9.0
Ritlel T1le3
84,9 Ti4eQ
B43,.9 716.5
84742 71900
B5C 40 T2le4
A53,2  723,9
556|4 726.4
B5d,9 72849
862,2 T3le4
865,32 T33,8
86747 LELYE
8710 T38,8
873,7 T41a3
877,0 T63,8
BT9 o8 T4642

INTQUTLET

ce CRAMS
T3%,1 62647
742.2 hZQnZ
Iy £31,7
747,49 63492
7512 636, 7
T5441 639,42
TSk B h4le7
T59,8 hhbe2
76301 bhibeT
T65.7 54942
Tar,f 65167
7719 h5642
TTRy 0 ABK,T
T77:6 £59,2
T81el 686127
T84e2 hGbe2
TE? 0 thheT
78949 66902
EATY: 6717
TI6s0 LYLYY
T99. 1 6767
f0243 6792
80447 £81,7
RORHO 6B4e2
B1%,9 tBhe7
Blhe0 48942
91647 6917
RLB,8 659442
8231 696,47
R25¢5 (99,2
figR,9 7017
R32,2 T0%e2
834,8 Tk 7
B37,6 70941
f4lel 71108
R4, 8 71441
Réh b Tlheb
867,80 Ti%1
AH2e9 72106
858, 8 7240}
A58, 6 T2he6
B62.1 7292
Rb4qb 731, 7
RET b 73441
871,1 736,.7
87449 73942
87604 T41s7
B79.6 Th4qe2
BB3.1] T4647
58608 74902

Vyarn
ce

® ® 6 ® B A D B 8 @ © G B O W L L H GV OV 6 VO H WV O G » 6 WO VO 8 S5 S LGV O @ VO L H G B DD
BE P PSP WD DIV TONC IO = DD S OB DD B P VY-S EP PP RIBI ARG S S D W

o9 833 Cad ek b T2 b vad WP s SN ) LD S NP W) 0 W I TN TIPS N A T RIS N DI DI RS TN IS P DD PRI N T T PO DY P

ORAMS
149
1.9
2"
DM
2ef
200
2o
?et
EX
281
201
281
?el
2¢7
2a?
202
Pe?
282
2e7
7?27
29
2e
263
204
Pok
LY
Pab
2at
29 %
208
2¢8
298
Pae8
2eh
296
Pah
2ah
267
207
2¢7
2¢7
%
2¢R
264
2¢%
2¢ R
29
299
29
249

137
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TABLE A.2 (Contd.)

TEST ET:  VOID CALCULATINNSG

TIMF IMLET FLO™ QUTLET FLOw INT o IMLET I#TDUTLET ynin

SEC CC/SEC G/SEC CC/SEC G/SEC (4 GRAMS cC GRAMS ce BRAMR
6,507 B82,9 49446 59043 4994 BE2,.3 T48,7 RBBR,B T5167 3,8 390
o507 58248 494,42 889,45 498,7 Bubhed 75162 891.6 TBGqe2 9.9 30
65.512 80,9  492,8 58748 497,41 8BUe4 753406  894.2  P56.6 3,9 EPR
6,517 BHOE 49265 58746 49744 891,11 T8641 A96,7 P5%41 Ao A0
6,522 SR3,0 694,45 59904 699, 4 596,5 7586 90,4 761¢6 3.6 Aem
ho827 583,40 494,56 58997 498,9 897,41 7610 Q03,1 Téssd 3,6 g9
hB32 87964 691,6 586,73 696,2 899,9 763,45 808.7 Toheb 3,7 Aed
£,537  SBA,9 45662 592.6 801le4  9UI0  Teb,0 H0R,T  T69,1 3,7 91
be542 583,64  495,1 59056 499,85 9098 T68B,5  912,4 T71.6 U7 31
6,547 883,58 494, 8 591 499,49 09,2 7709 918,3 TT4al 3,7 A9
6,557 SR3,2 49446 59009 499,090 91240 773,44  918,0 V76,6 3,8 A09
o557 584,23 69546 591la4 80C,1 9léeB 7759 9213 7794 1 3,8 4,2
he562 B8lo6  493,5 BEBeR  49B,n 9173  TT7Re4  924,1 T81e8 3,8 3e?
6567 581,8 493, 6 56994 49% 44 F20e4 780,8 D270 Théel 3,9 B¢
haBT72 88345 69446 Bd(e0 49%,7 P2a,0 T33,3 93N, 2 TBbe b 2,9 EFR
6,877  BH2,1 493, 8 58968  49R,3 926,22  TEB5,8  933,5  789,% 3,9 393
6,582 R8le} 49206 LEL YA 49746 929, 7 78842 938,92 T91:6 3,9 PN )
6,587 83,7 4951 591¢6 499,0 932.2 T90sT 839,86  T9441 4,0 254
6,592 §82,0 63,9 5898 498,1 93446 793,2 94247 Toheb bo8 R
6.597 586,33 496,99  593,7 ROleB  938,7  795,6  54%,5 799,) ) EFY
602 BBb4,4 495,58 59264 8006 941,03 T98,1 4B, 6 B0LeH 4o LY S
6,607  BB3,8  494,7  H90.R 4993  Pa4b,2 B00s6 951,33  BQ4el bol 368
B.612 BB2,0  493.46  BH9,7 498, 9473 803,11 984,06  BQ646 G4} XL
h,61T  RB2,2 492,46 550¢3 498,09  950,3 RO5,5  957,3 8090 bol 3,8
heoh2? 583,9 494, 8 591e6 499,77 953,6 808,0 960,7 B11e5 beol 2.8
6,627 584,0 495,] 592s1 800,0 956,40 81045 8639 816,0 b2 A &
6,632 G83,9 49409 59104 499,90  B09,0 813,40 966,0 B1l6,:5 bo2 EXYS
6637 58%,9 496,45 59349 8017 96243 81544 969,35 81940 boB EXYS
6.662 88549 494,46 59357 50l.2 965,40 B17,9 073,} 821q6 6o3 Aok
6,647 585,86  496,2  593,2  801,0  968,1  820.% 9785,6  B24,) 4o3 307
6,657 583,0 494,43 59142 699,2 970,60 822,9 979,0 R26,46 boh A7
6687 58503 496 ,0 5930 8006 973,49 B28q4 9819 8291 boh 3,7
662  BBZ2,4  493,3 589,09 498,72 9774 B27.8  984,7 R31eb hoh 3.7
65.667  5Bles  492.8 5998  49B,n 979,86 83063 98Te4  A36,40 bob 3,7
6,572 58444 4958,0 59200 F00,0 Q83,1 832,8 LELPE B36,5 bo% A, 8
ha677 583,68 4942 591e7 499, 6 GHb o4 835.2 994,6 B3940 6e8 ErL
hoHB? 581.8 492e] LY-E N3] 498,0 LYY 837,7 995,6 41,5 4,8 3,8
6,687  88BD5.3  49%5,8 593.3  80l.0 991¢9  R40,2 099,5 A44,0 Gob B4R
#5692 5B4e3  495,2 59246 00,1 99493 84247 100%:0 B46,5 boh 367
6,697 584,99 495,58 592.% 800,646 99746  B45,1 100S.4  B849,0 bob 3¢9
6,702  BEIS  494,2  B91e7  49%.6 1000,T7  B4TH  100R,7T  B851,% 4o7 3,0
6,707 552,9 693,80 590, R 498,88 10u3,4 650s1 1011.6 854,0 4o 4o
6,712 580458 491,09 587,09 496,5 1007,0 45255 1014,2 R56,5 467 449
o717 581le4 4692404 59340 499,0 10094 B55,0 1017.6 RB9 40 4o 7 botr
h,T22 REN.9 492,2 568,77 496,9 1017, 85745 102n,6 861e8 b4y bhom
6,727  S5Ble0  492,1 58%9¢6 497,64 1019,2 B59,9 1024.2 B64,0 4,5 bgt
6,732  57%,1  497.8  B587.3  4%5.8 L0LTe4  RE2.% 1026.2 BHES 448 41
6,737 81,1 49242 889,32 497,3 1021,N B64,3 102%.4 868,9 4609 4o
6,742 BRl,S 49204 890s2 698,80 1024,2 R6T¢3 1032,8 BTLeé ty9 bl
6,767 58241 493,1 890,85 69R. 4  1L026,7 B69,8 1035,3 R73,9 4,9 bo?




TESY ET:

TIME

SEC
6,752
6,757
h,T6?
6,767
hoTT2
&, 777
6.782
6,787
$.T792
6,797
HheBO2
6,807
6.A12
6, A17
6,A22
Ha.827
#,832
4, R27
6,862
6.R47
he852
HhaRBT
65,862
6,867
$,872
6o ATT
6. RB2
#,887
6,892
6,897
6,907
6,907
6,912
6,917
022
6,927
6932
6'937
fh,942
6,947
6,952
6,257
Fa962
6,967
6,972
6,977
6,982
&,987
6,992
5,897

TABLE A.2 (Contd.)

vitID CALCULATIIING

IMLET Ftn’
CC/SEC G/SEC
5818 49247
579,92 4906
58241 49249
5797 4G9V, 8
582,8 49%,3
578,58 4R%,.9
8829 49356
58207 6934
38442 69%,7
583,8 49440
F62,8 493,42
58246 4930
583,48 49442
B82,8 49343
58545 495,45
583,0 49354
585 ,9 495 ,7
5851:7 49;'.5
585, 4 495,3
BR2 s 4 49248
BH0 .8 491,3
5dle2 491,7
58146 491,9
58104 4919
80,7 491,42
E8le& 491,9
SH241 49244
BpT,3 497, 7
58440 493,9
38,3 49 1, R
583,7 4554
RO N 49142
Bguleh 49141
5T79,9 49%,6
583,2 %993
5B3,2 49,3
5818 491 .9
5801 LTy )
58163 49147
BEg0e2 697,49
8794 49300
78,9 63,9
57704 48R e B
57864 489,0
57644 48754
B8l 00 45143
5810 4913
879,% 49543
5874R 4970

LITLET

CC/sEe
EENTR
89304
S87e¢5
f91¢n
BRT7o 7
89104
586413
S31le1
G91e1
892.7
59242
5916%
59004
59247
551e3
§93:9
592993
59441
B4 o0
BG4 ¢
AG0,a
559¢7
5QQ|‘1
59303
5906 R
58348
59304
B90e5
56904
8931
B48¢9
572369
B89 4
5294
BLRen
89245
5923
59061
59042
590G 6
LE
BEEGR
BHden
58644
587496
55640
590,03
890e
LRy
5979

BLIA

n/SEP
4979
98,2
(95,9
48,7
498,40
499,40
W9593
498,7
49844
500,2
ﬂ9°|7
498,89
49%,2
499,9
’&9816
500,9
499, 4
90Let
50102
800,09
49%,2
497,60
497,68
49706
49745
496,49
497,7
697,9
495, 6
£9%9,9
L4966
499, 6
436,49
696, 8
496,0
4%9,2
499,2
49744
497,
497,77
49644
498,0
695,38
49441
4944 R
493, 4
49743
496,9
49604
5034

TuT o TNLFY

cc GRAMS
10339 8722
1032,9% 74,7
ID35%,7 B77q1
LOS3.7 BF9,6
1043 ,6 88241
Lua9,0 BH4,5
147,43 Bg7,0
1050,3 B394
l053,4 89149
1058,2 BQ4q%
1059,8 89649
1064,6 999,3
106543 901,8
L6H 3 S04e3
1071.2 906, 7
1074,4 90942
1077,.2 9117
10804 914l
Lo i, e 916.&
luneb 919, 1
1089,2 9216
L0924 92440
109bgl 925.5
1099:4 928,99
110049 931.4
1104,1 933,9
110740 336,323
Lin9,7 93848
1113,2 94142
1115,8 946347
JL18,.7 4692
112443 Q4B,6
112447 981al
112743 953,58
11360,1 956,40
1133,0 Q584
113641 B6049
1134,8 9634
1142,0 965,8
1146,9 969,43
114744 970, 7
1150,7 97342
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1159,7 950,45
1162,.5 83,0
1163,4 95544
Llod,} 9879
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117442 992,8
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110461
1107.6
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1125843
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118%8,9
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G16,3
QLR 8
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926,53
B2R, 8
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933,49
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938,7
9412
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86642
B4R, T
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983,7
D56y 2
B8Ry b
9614]
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97346
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B8R4 4
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995,9
99844
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TABLE A.2 (Contd.)

TesT ET7:  ¥OID CALCULATIDNS

TIME INLET FLD JTLET FL W INT G INLET IMTOUTLET ynin

SEC CC/SEC G/SEC CC/SEC H/SEC cC GRAMS ce GRAMS ce GRAMS
7,002 99240 5078 60105 06,4 117742 99543  1188,7 100n,9 6,7 ek
7,007 83,1 49340 59299 498,89 11u0,0 99748 1191,7 19034 L% Se6
7,012 583341 4921 593,41 499,13 11593,5 1000.2 1194.% 1005,9 6,7 Be7
T,017 BB, 69%, % SH9.9 496,7 118656 190247 11975 100R.4 Ae9 P
P.0N22 582,42 4919 591¢58 49747 118947 12052 120145 1010,% 6,8 547
Fa27 383,8  49%.6 59957 4998 119148 19078 1203,9 101346 byB 8y0
F.032 S8Ble6 4916 89749 697e5 1199,0 10109) 1206,5 101549 he® HeQ
7,037 584,73 49,7 59343 499,78  L198,2 1012.8 1209.6 101R,4 6,9 Bq8
7042 5792 48,6 bk 49564 1200,7 1015:0 12132 1020,8 69 Rgnt
FaN47 584,48 49%,4 1 R9448 G0, 8 L2U%¢2 1N17,5 1218,6 1023,3 R %e%
7,052 582.0 491.9 52162 497,6 1200,8 1019,9 1218,7 1025,8 7.0 B
T,087 80,9 49,9 LTS | 496,06 1210,0 1N22.4 1221,8 1024,3 e Bef
P.062 8242 65146 89244 498,58 1213,7 1724,8 1224.9 1030,8 Te} bhgn
7,067 88242 4974 59194 49740 L2195 102753 1227¢3 1033,2 Tl bgn
T.072  378,1  48%,5  B8T.2  4%94.1 L1218,7 1029,8 1231,0 1035,8 Te? Ben
7,077 83,0 492,45 5932 499,17 1221¢7 10322 1233,9 1038,3 T2 Hel
T 082 57942 48949 LEL: TR 495,2 122666 103447 1235,9 1840,7 Te? bat
7,087 58042 497 04 EERNY 495,9 12271 1037l 126403 10632 Te3d by
7,162 878,00 GEARS 58748 694,585 1230,2 1039.5 1243,1 1045.7 7o fg1
7,087 581.2 49140 590,80 69742 12333 196240 1248.% 164R,2 7.3 6y
T.102 57762 68747 B36eh 493,85 1230,1 1044,5 1248,7 1050,7 Teh g2
7107 579,45 4899 LET I 4953 12394 114649 1251.%9 10534} ok Ay
7.112 578,8 487, 2 ReRe A 4985 124106 1049,3 1254,6 1655.6 Tt fo2
7,117 S80,5 49", 5 S8R 496,3 124%,9 105818 1257,4 1085R8,1 T8 LR
7,122  ST75e7  68h,]  BuB.0 49241 L124¥e4 1054452 1260.7 1060.6 78 ba
127 87969 659,9 560,7 496,77 1250,3 1956,T 126444 1063,0 706 fgb
7.132 876,.8 487464 BR&a 4y 493,46 120393 1089,) 126k,2 106545 Telo Y
Ta137 78,4 GBALB 547,01 49443 125652 106196 1270,0 1N068,0 et bab
Te142 TR0 48%.4 SuBe4  694,9 125946  1064:0 1272.8 107744 Ta? bot
2,147  580,9 490,64 5913  497,3 126449 1060e% 1275.7 1072.9 77 L]
Po152 580,99  490.6  B90e4 4F6.4 1260,8 106849 127%,0 1,754 7.7 be8
7,157 57665 4876} 58644 492,9 120679 1071¢3 12823 107749 ToR hgR
Tal62 575,9 hRAL G 886,77 49322 1271e% 10728 128%,1 168043 7R hgh
Ta167 57685 4871 K365 492e9 127397 107662 12BR.4 108248 Te? Heh
Tal1T72 §T74,9 685.58 88403 691.2 L1277¢3 1078.6 12910 1085,3 Te? bgh
P,177 5743 63%,) S5ahe8  492,1 1290.0 1081s1 1294,2 1087,7 79 by
7,182 57841 43794 58726 496,86 1282,5 108365 129%.8 1090.2 8,9 g7
Te187 878,0 48K,0 85741 493,86 1286,2 1085,9 1299.8 1092,7 Be0 be?
7,192 87762 4374  BpT.8 49641 1288,8 108844 1302,9 10938,1 R0 b7
7,197 G81a5 69161 59146 4974 12917 10908 130%.4 109746 9,1 fght
Ta202 5777 4749 B87e1 493,86 12%9%¢5 109343 1308,% 110041 Rgl hyf
F.207 87769 4RT7 .8 BHT7e7 493,9 1l298,0 1095,7 1312,0 1102¢6 8,1 hgf
P22 577,58 4B7,5 S06e7 493,3 1291,0 1N9842 1314,2 110%,0 A,2 Hhe®
7,217 881e2 490, 6 R Tep 493.5 139407 11006 1317,7 110753 Ro2 5g®
T.222 87762 487,32 RAfgm 49452 130045 110350 1320,8 111n,0 8,2 be"
T.227 579, 5 489,1 389,1 496,09 1309,8 110545 13242 1112:4 Red Ta®
T.232 5771 48752 BHT¢5 493,88 1312:% 11079 132646 1116,9 8,9 Tl
7,237 381,0 by r1g2 B9 4958 131041 1110a4% 13298 111744 .6 Ten
To242  38D.%  497,2  Gu9g1 494,9 131d,7 1112,8 133%,2 1119,9 Ak Ten
Ta24T 582,41 49144 Suabe? 473,0 132103 11153 1335.7 1122,3 fyé Tal




TEST E73

TIME

SEC
Fa252
9.2587
T.262
Ta267
?QZ?Z
Ta2T7
F.7282
T.287
Te292
76297
P.A02
7,307
T.312
7.317
T.%22
7,327
T332
7,237
T34
Te347
TaR52
7,457
T.362
7367
7372
T.377
7.382
?_‘3537
T,V92
7,387
Foo0?
Tl T
Palel?
Feal7
Toh2?
T.427
7432
P 437
Pole&?
Tobh?
Te452
T.457
T.bb2
T lb?
Te&T2
7477
7,482
P, 487
Teb9?
T4697

TABLE A.2 (Contd )

VOID CALCULATIINS

IPLET FiIp LITLET Fldw INToINLET INTOUTLET yrio
CC/SEC Gysig CC/SEC 0/SEC cC GRAIS e GRAMS
87Te6  487,1  B¢746  4%93,6 1325,3 111747 133R,9 1124,8
877Te)  4uTel  SEhen  693,7 1327,2 112042 1342.6 11272
BT7R,O  ABT R Rhfgq  4%%4e4 133049 112246 1344,7 1129,7
§77.9 487eb6  FEl,3 492,585 1333,3 1125,0 1347,6 113242
56,8 GBALD 5H7,9  4%3,8 1330.5 112765 135n.8 1134,7
575,3 4RS,42 - LY N A9C,9 133%9,5 11299 1354.4 11371
580,1 G894 58406 491,272 134d,1 11323 1356,4 1139,6
57704  4865,9  BHS44  4F1.7 1345,6 11348 1359,8 1142,0
5T75,3  48%,1 Eheft  492,7 1348,8 1137,2 1363,0 114445
8777 487,5 ERG o0 495,85 135043 11396 1865:5 1147,0
577¢3 G 6 53840 493,59 1354,7 114201 136R.4 114%,6
57442 LYY 590a2 695,64 1356,8 114445 1972.3 1151,9
874,85 4848  SHBgH 494,46 136040 114649 137403 1154.4
K736 483,77 85905 495,8 1363,1 11493 1377.9 115649
5TNe7 4813 89406 499,31 136546 1151¢7 198140 115%.4
§7Leb  &4EY1 .9 5947 507 eR  136%,5 115452 1384,3 116149
573,8 L8440 596464 80%le2 13712 115606 138Ae2 116404
§75,43 48547 604,45 8078 1373,9 1159,0 1389,2 11669
§73,3 48394 60845 5107 137764 1161e% 179363 11694
857701 LRE G 4 62806k 511e0 L30.7 11638 1365,9 117240
72,0  432:3 6179 515,58 1383,0 1166e3 139R,6 11745
R4 o3 Lb gy blhgh 510,1 L3EM50 1168,7 1401.%9 1177,1
57068  481.2  6LT,2 18,1 1389,0 1171e} 14085,3 1179,7
73,5  48%,5 62let R21.9 1391e¢? 117342 14077 1182,3
§70,1 42,7  625.4 8§24,7 L1394,7 117592 14123 11864,9 10,8
56941 474 5218 521.8 139R,2 117843 1415,1 1187453 11,0
575,13 GRG T 62567 25,3 14Jle4% 1180.7 14176 119042 1162
ST3,0 483N H2649 525,7 14u3,5 11d3,1 14202 13192.8 11,5
57H,2 483, héteT 26,1 L4UDed 118590 14245 119%,4 11,8
8§71,% 48106 h2P e 2246 L4UT,2 118R,0 1427,3% 1198,0 12,0
§46oM 46 a1  H2306  S2%.4 14125 1190.3  1430,4 120047 12,2
SEBO,T 494,42 62507 526,00 14158 1192,7 1433,7 1203,3 12,4
BYP oA 49T ,T  62Ae7 §25,% léalhed 1195,2 143740 120%,9 12,8
54749 46145 625, & 628.0 1421¢9 1197e6  1640.1 1208,5 13,0
667 o3 67748 h24 527,9 142%,7 119%9,9 14644,1 1211,7? 13,4
9FR,5 Brby % 6267 26,0 14204% 120264 144K,2 121%,8 13,6
5§56 R G716  6gHeH B2hof  1430e4  1204e8 1449,8 121644 13,8
Ghbe5 465 ,8 6257 B25e0 143248 123742 1652,8 1219,1 14,1
894, R 50 ¢9 6259 H24,9 1430gh  1209.6 1456,8 1221,7 16,4
57641  4B5,] €20s6  525,6 1439,6 121241 1459,6 1226,3 14,6
83206 b4t 58 637,0 §34a4 L44Lle2 121%e% 1462,6 1227,0 15,0
549,00  4§2,5  665,7 5hR,% l4bheb  1216.7 146H,1 12297 18,5
669,08 398,77  T41.%  621,9 1447,1 1218,8 1469,5 1732,6 16,8
453,9 38763 818,58 LBH.T  1649,3 12208 1471 1583%9,9 18,0
51446 $23%,3 B 2,9 673,00 1452.2 1222:8 1478,5 123%,3 19,7
803,7 62441 RGGo? 6T6,0 1454,8 1225,0 1682,0 1242,7 21.1
4eho3 377,58 738 631,79 145Tg1  1227,0 1485,5 126%5,9 22,6
4676 3939  A9244 ShNeh  LeBH,T  1228,9 1489,5 1249,0 26440
3654 1(.7'7 LEY NS §34,9 labled 1?3006 1493,3 1251,8 28,2
BET e  494,2 6677 554s( 140442 173220 169A.56 125443 26,1
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APPENDIX B

Thermal Constants and Geometry Used in COBRA Calculations

The multichannel COBRA-3M code®® calculates individual pin and
coolant temperatures at different axial elevations. Heat transfer between
connecting channels is by turbulent mixing and diversion crossflow due to
interchannel pressure gradients and the helical wire wraps.

Argonne's 3H version of this code® includes a new gap-conductance
model and allows an arbitrary driving function, a wider latitude in the choice
of calculational time steps, and various subsidiary results such as average
fuel energy density and average coolant outlet temperature.

The code does not calculate the thermal conductance between azimuthal
fuel sectors or axial increments. Accordingly, fuel temperatures in zones
adjacent to the insulator pellets are overestimated, and large temperature
gradients between adjacent azimuthal sectors can result. Interchannel mixing
tends to reduce these temperature gradients in the coolant.

Boundary conditions for the calculation include inlet flow and enthalpy.
Reverse flow cannot be calculated. Fuel and coolant temperature after boiling
and reverse flow begin in the test can be estimated by operating at an artifi-
cially high pressure [300 psi (2 MPa)] to suppress early boiling in the
calculations.

Conductance across the fuel-cladding gap is inversely proportional to
the gap size. At fuel and cladding contact, a small residual or effective gap
remains due to the irregularities of the contacting surfaces. The gap conduc-
tance used in COBRA-3H is

k
hgap T ¢+ Ar’

where k is the conductivity of the gap gas, ¢ is a parameter reflecting the
residual gap (of the order of 0.012 mm), and Ar is the time-dependent gap
calculated from differential thermal expansion. A user-supplied maximum
value is used to evaluate c.

Values of gap conductance used for the E7 calculations are given in
Fig. B.1. A value of 10.88 kW/mZ-K (1916 Btu/hr-ft2~°F) was used as the maxi-
mum gap conductance. COBRA calculates the fuel-pin thermal expansion
without regard to the restricting boundary of the cladding-fuel interface. Ex-
pansion of fuel exceeding that of the cladding leads to a negative gap as shown
in Fig. B.1.
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include tabular listings of the thermo-

dynamic properties of sodium. clad-
ding and duct-wall material, and the
These are listed

mixed-oxide fuel.

in Tables B.1-B.3. respectively.

ne

put values for the hydraulic parameters
are listed in Table B.4, and the fuel-

rod and channel geometlry are shown

inFig. B.2. Forcing functions forthe

power and inlet enthalpy are listed in
Table B.5. Relative axial and radial
power shapes withinthe fuel pins are
listed in TableIV. Miscellaneous in-
put data are listed in Table B.6.

TABLE B.l. Thermal Properties of Sodium®
Liquid

Liquid Vapor Thermal Liquid

Specific Specific Liquid Vapor Liquid Conduc—- Surface
Pressure, Tenmp, Volume, Volume, Enthalpy, Enthalpy, Viscosity, tivity Tension,

psi °F ft3/1b £ /1b Btu/lb Btu/1b 1b/h+ft  Btu/h-ft-°F 1b/ft
0,000 590 0,01825 999999.00 331.90 2220.52 0.81430 43.95000 0.01204
0001 650 0,01842 4058¢6,C0 350,49 2227,58 0,75580 42,98000 0.,01181
0.003 700 0.01856 178122.00 365.88 2234,13 0. 71380 42,17999 0.01162
0.007 750 0.01870 83102.00 381.19 2240.18 0.67670 4£1.39000 0.01143
0,014 800 0.,01885 41266.C0 396043 2245. 77 0.6%370 60.62000 0.,01124
0,024 840 0.01897 24533.00 408,58 2249.94 0,61980 40.00000 0.01109
0. 040 880 0.019C9 15060.00 4$20.69 2253.87 0.59800 3%.36000 0.01094
0,065 920 0.01921 9519.00 432,77 2257.51 0,57750 38,78999 0.01078
0,082 940 0.01927 7645.00 438.80 225935 056830 38,50000 0.01071
0.100 960 0.01933 6180.00 444,83 2261.09 0.55920 38,20000 0.01063
0.130 980 0,01940 5026.,00 450.85 2262,78 0.550460 37.90999 0.01056
0,160 1000 0.01946 43111.00 456.86 22640 4% 0.54190 37.60999 0.01048
0,200 1020 0D.01952 3382.00 462,87 2266006 0.,53380 37.42000 0.01040
0,240 1640 0.01959 2798,C0 4£68.88 2267 .65 0.,92590 37,03000 0,01033
0.290 1060 0.01965 2326.00 ©74,88- 2269.22 0.51830 36.,73999 0.01025
0.350 1080 0.01971 1944.00 480.88 2270.75 0.51100 36,45999 0.01017
0:470 1100 0,01978 1632,00 4£86.88 2272.27 0.50390 36,17000 0.01010
0. 540 1120 0.01985 1376.00 492,87 2273, 76 049700 35.8%9000 0.,01002
0,610 1140 0.01991 1166.00 4$98.87 2275.24 0.49040 35.,60999 0,00995
0,720 1160 0,017298 992,00 504, 86 2276.,70 0.48400 35.32999 0-00987
0.850 1180 0.0200% 847.00 510.86 2278415 0.47780 35.,04999 0. 00979
1.000 1200 0.02011 T27. €O 516,85 2279.60 0,47170 34.78000 0.00972
2100 1300 0.02046 35600 546,85 2286, 72 0. 44620 33,4%42000 0.00934
4,200 1400 0.02082 189,10 , 576.95 2293.86 0.62060 32.107299 0,00896
7.8Co 1500 0.02119 107.40 607,21 2301.10 0.39950 30.84000 0.00857
14,000 1600 002157 64063 637,70 2308.47 0.38110__29.60939 0.00819
22,000 1700 0.02197 41.25 668,49 2316 .95 0.36470 28.42000 0.00781
34,000 1800 0.02238 27.40 699,65 2325,24 0.35010 27.26999 0.00743
51000 1900 0.02281 18,87 T31:24 2333.38 0,336580 2617000 0.00705
320,000 2500 0.0257% 3.44 933.78 237186 0.,27850 20,42000 0.00476

3conversion factors:

1 psi = 6.895 kPa; t (°C) = [t (°F) - 32]/1.8; 1 ft'/1b = 62.3 ecm’/g; 1 Btu/lb =
2.3 x 10° J/kg; 1 1b/h ft = 4.134 x 107" N-s/m®; 1 Btu/h-ft:°F = 5.678 W/m K; 1 1b/ft = 14.59 W/m.
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. : - {eg@
TABLE B.2. Cladding and Duct-wall Thermal Properties TABLE B.3. Fuel Thermal Properties® ‘
Thermal Conductivity, Heat Capacity, Thermal Conductivity, Heat Capacity,
Temp, °F Btu/h-ft-°F Btu/1b-°F Temp, °F Btu/h: £t -°F Btu/1b-°F
70 8.32 0.108 77 4.10 0.0419
300 9.35 0.120 800 2.08 0.0573
600 10.70 0.128 1520 1.42 0.0707
700 11.15 0.130 2060 1.18 0.0797
800 11.60 0.132 2780 1.03 0.0902
200 12.05 0.134 3500 0.99 0.0991
1000 12.50 0.137 4040 1.03 0.1046
1100 12.95 0.139 4400 1.09 0.1078
1200 13.40 0.141 4760 1.17 0.1106
1300 13.85 0.144 5000 1.23 0.1122
1400 14.30 0.147 5100 1.50 0.1200
2500 14.30 0.147 8000 1.50 0.1200

Cladding expansion coefficient = 9 x 10™° +
1.17 x 1077 T.

Fuel Expansion Coefficient = 3.764 x 10-6 +
9.15 x 10-10 T,

conversion factors: t (°c) = [t (°P) - 321/1.8;
1 Btu/hft-°F = 5.678 W/m -K;
1 Bte/1b-°F = 4187 J/kg-K.

aConversion factors:

t (°C) = [t (°F) - 321/1.8;
1 Btu/h<ft-°F = 5.678 W/m?-K;
1 Btu/lb-°F = 4187 J/kgK.

TABLE B.4. Hydraulic Parameters Used in E7 COBRA Calculations

System pressure

Friction factor

Crossflow resistance
Turbulent mixing factor (8)

Conduction geometry factor

Film-cnefficient correlation constant

Duct wall
Thickness
Density
Heat transfer to bypass
Bypass temperature

2.07 MPa (300 psia)
0.316Ret ™02

0.5

0.0125

2.0

Nu = 5.87 + 0.021Pg"8

0.89 m (.035 in.}

7.98 mg/m’ (498 1b #t*)

113 W, m?-K (20 Btu hr-it*°F)
655 K (720°F)

Wall-section length
Sections 1, 3, 4, 6, 7, and 9
Sections 2, 5, and 8

4.88 mm (.19 in.)
2.98 mm (.117 in.)

Flow channel

Length 0.68 m (27 in.)
Number of nodes 14
Flow Wetted Heated Hydraulic
Area, Perimeter, Perimeter, Diameter,
mm? mm mm mm
(in®) (in.) {in.) (in.)
Channels 1, 2, 7.37 10.77 2.17 2.74
and 3 (0.0114) (0.42) (0.36) (0.11)
Channels 4, 6, 7, 5.00 8.42 3.02 2.37
9,10, and 12 10,0077} (0.3% (0.121 (0,074
Channels 5, 8, 7.3% 10.25 6.19 2.86
and 11 10.0114) {0.40) fo.24) (0.11)

148 1am? (0.229 in.?)
655 K {720 F)

Cluster flow area
Initial inlet temperature
Inmitial inlet flow 3.824 ¢ m>s 12,82 x 10° 1b hft?)

Average heat flux 10.56 kW m? 3,35 % 10 Btu 'h-ft?)
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Fig. B.2.
TABLE B.5.

Geometric Details Used in COBRA Calculations. All
units in inches. Conversion factor: 1 in. = 2.54 cm.

Forcing Functions Used in COBRA Calculations

Forcing Function for Power

Forcing Function for Inlet Enthalpy

Time, Power, Time, Relative
S MW s Enthalpy

3.80 1.0 3.80 1.000
4,50 79.0 6.00 1.021
4,60 141.6 7.00 1.036
7.00 141.6 7.10 1.043
7.10 215.0 7.60 1.070
7.20 384.0 7.61 1.117
7.28 581.0 7.63 1.169
7.36 933.0 7.66 1.268
7.42 1293.0 7.67 1.425
7.48 1753.0 7.68 1.646
7.54 2283.0 7.69 1.812
7.56 2416.0 7.70 1.951
7.58 2468.0 7.72 2.194
7.60 2422.0 7.74 2,377
7.62 2306.0 7.76 2,486
7.70 1610.0 7.77 2,558
7.74 1217.0 7.78 2,655
7.78 894.0

7.82 661.0

7.86 489.0

7.90 373.0

8.00 238.0

8.10 186.0

8.50 124.0

8.60 121.0

8.80 8.6
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TABLE B.6.

Diameter:

Density:

Radial nodes:

Length

Fuel-pin Properties for COBRA Calculations ‘

Fuel OD = cladding ID
Central void
Cladding OD

Fuel
Cladding

Number in fuel
Fuel node type
Number in cladding
Cladding node type

Number of axial nodes in fuel

Solidus temperature
Liquidus temperature
Heat of fusion

Heat capacity of liquid

Initial radial gap size:

Radial jump distance:

Initial gap conductance:

Maximum gap conductance:

Central pin
Edge pin

Central pin
Edge pin
Central pin
Edge pin
Central pin
Edge pin

0.508 cm (0.200 in.)
0.117 ¢m (0.046 in.)
0.584 cm (0.230 in.)

9.95 Mg/m? (621 1b/t?)
7.98 Mg/m® (498 1b/ft?)

8
Equal Ar
5
Equal Ar

34.29 cm (13.5 in.)

7

2760°C (5000°F)

2816°C (5100°F)

274 J/g (118 Btu/1b)

503 J/kg-K (0.1202 Btu/1b-°F)

7.62 ym (0.0003 in.)
7.62 um (0.0003 in.)
)

7.62 um (0.0003 in.
7.62 pm (0.0003 in.

2.55 kW /m*.K (450 Btu/h-ft?.°F)
2.55 kW /m?* K (450 Btu/h-ft*-°F)
10.88 kW /m* K (1916 Btu/h-ft*.°F)
10.88 kW /m?* K (1916 Btu/h-ft?>-°F)

Five fuel rods and 12 coolant channels were used in the calculations.
Rods 4 and 5 gave nearly identical results.
the sectors of each rod in Fig. B.2 refer to the type of radial distribution used
for that aximuthal zone (from Table IV). Centroid-to-centroid distances are
3.94 mm for the three central channels and 3.76 mm for the outer channels.
Channel-to-channel contact lengths are shown in Fig. B.2. Numbers on the
surface of each rod in Fig. B.2 are the fractions of total heat energy generated
in the fuel rod that can be transferred to the adjacent coolant channel.

Roman numerals associated with
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