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ABSTRACT 

PINEX-2 was a dual-objective experiment to continue dev-
lopment of the Pinhole Imaging (PINEX) system for monitoring 
fuel motion, and to further demonstrate the feas ib i l i t y of 
internal fuel motion as a mechanism for mitigating the con
sequences of hypothetical LMFBR accidents. A special fuel 
pin with a pre-fabricated central hole in the fue l , insulator 
and ref lector was pre-irradiated in the General Electric Test 
Reactor and subjected to a simulated 5$/sec transient over
power excursion in the Transient Reactor Test (TREAT) f a c i l i t y 
Approximately 10 grams of molten fuel were ejected upward 
from the fuel region into the ref lector and f ission gas 
plenum. 

i 

INTRODUCTION 

The PINEX-2 experiment was a j o i n t HEDL-LASL ef for t with two major 
objectives: 

* To continue development of the Pinhole-TV Imaging (PINEX) 
System, [1] an in-reactor, realtime system for monitoring fuel 
motion during experiments to simulate fast reactor accident 
conditions, and 

® to further demonstrate the^feasib i l i ty of internal fuel motion 
as a mechanism for mitigating the consequences of hypothetical 
transient overpower accidents. 

The purpose of th is paper is to describe the results of the PINEX-2 
experiment relat ive to the second objective. 

The f i r s t experiment to indicate the possib i l i ty of signif icant 
internal fuel motion was the C3C test [2] performed by General Electr ic , 
where molten fuel was unexpectedly squirted through an internal stainless 
steel capi l lary tube. This extreme mobil ity of molten fuel was further 
substantiated by the C5B experiment [3] using an annular blanket above the 
fuel column. The implication of th is phenomenon was that internal fuel 



motion during transient overpower conditions might provide suff ic ient 
negative react iv i ty feedback to terminate a power excursion accident 
before breaching the second l ine of assurance (LOA-2). 

PINEX-2 EXPERIMENT DESCRIPTION 

To further evaluate th is potential inherent shutdown mechanism, two 
special fuel pins with annular fuel pe l le ts , annular top insulator pel lets, 
and an annular top Inconel ref lector to provide a passageway for relocation 
of molten fuel to the f ission gas plenum were fabricated. [Figure 1] 
These FFTF-type fuel pins had an 86.36 cm (34-inch) long active fuel 
column which consisted of 25 wt % PuO?, 75 wt % UO2 annular sintered 
pellets clad in 0.5842 cm (0.230-inch) diameter, type 316, 20% cold-
worked stainless-steel tubing. The central hole diameter was 0.081 cm 
(0.032-irich) for the fuel pellets and 0.178 cm (0.070-inch) for both the 
top UO2 insulator pellets and the top Inconel ref lector. Each of the 
special fuel pins was encapsulated in a GETR/TREAT Mark I I type capsule 
designed to serve as an instrumented test vehicle for both the steady-
state i r radiat ion in the General Electric Test Reactor (GETR) and the 
transient testing in the Transient Reactor Test (TREAT) Faci l i ty . 

These fuel pins were irradiated in the thermal f lux of the GETR at 
an average peak l inear heat rate of 41 kW/m (13.5 kW/ft) to a radia l ly-
averaged peak burnup of 19,500 [4'ld/̂ T^M. Densitometer measurement of post-
i r radiat ion neutron radiographs indicated a closure of the central void in 
a region approximately 15 cm (6-inches) below the top of the active fuel 
column. 

The PINEX-2 experiment to observe the transient overpower behavior of 
the special fuel pin with a pre-fabricated central hole in the fue l , 
insulator, and ref lector consisted of the fuel pin ( s t i l l encapsulated in i t s 
GETR i r radiat ion vehicle) mounted in a containment vessel type test vehicle 
and placed in the central core position of the TREAT reactor. The test 
vehicle replaced the central driver fuel element in the graphite moderated 
core and observation of the experiment through use of the LASL pinhole 
imaging (PINEX) system [1] and the ANL fast neutron hodoscope [4 , 5, 6] 
was permitted by special slotted fuel elements loaded in a row, in l ine 
with the test vehicle. 

The TREAT transient used for the PINEX-2 experiment consisted of an 
i n i t i a l f la t - top power portion to achieve quasi-steady-state fuel and 
cladding temperatures, and a power ramp portion which simulated an '^'5$/sec 
LMFBR react iv i ty insert ion. Although this ramp rate is near the upper 
l im i t of hypothetical transient overpower excursions usually assumed, i t 
is in the expected range for the power excursion in the later phase of the 
loss-of-f low event. 
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EXPERIMENT RESULTS 

The PINEX-2 experiment was performed on January 16, 1978. Thermo
couple data recorded during the test gave no indication of a cladding 
fa i l u re . Molten fuel relocation into the ref lector region of the fuel 
pin was recorded by both the Pinhole Imaging System and the fast neutron 
hodoscope. Each system detected multiple fuel movements with the hodoscope 
system ident i fy ing six well separate fuel motion events. Figure 2 
summarizes PINEX and hodoscope results. [7] 

Fuel Motion Data 

Early fuel motion, i . e . , pr ior to the predicted time of i n i t i a l fuel 
melting (sol idus), was detected by both the PINEX system and the hodoscope. 
The PINEX system detected a minor fuel movement (Event 2) during the 
upslope of the power ramp, at the TREAT time 10.49 + 0.008 seconds, and a 
possible "hint" of fuel motion 0.11 to 0.19 second ear l ier . The hodoscope 
detected two minor fuel movements on the order of one gram apiece at 10.51 
seconds and 10.55 seconds. These early events could have been associated 
with the clearance of the blockages in the central void. 

The f i r s t major fuel ejection was detected by both systems prior to 
reactor scram which occurred at 10.57 seconds. After i n i t i a t i on of Event 3 
(10.53 seconds), as detected by the PINEX system, the apparent end of a 
column of fuel was observed moving up the ref lector with an average velocity 
of 'U).6 m/s. The observed signals indicated that the event "strengthened" 
such that the ref lector appeared completely f u l l by at least 10.65 seconds. 
About 1.3 inches (3.3 cm) of the plenum was also within the f ie ld .o f view, 
and no signi f icant broadening of the moving fuel as i t entered the plenum 
was detected. Therefore, assuming a volume of fuel having the ID of the 
ref lector and a length including the ref lector and the vis ible portion of 
the plenum, approximately 4 to 5 grams were ejected in th is time (10.53 to 
10.65 seconds). This estimated mass would be a lower l im i t for total fuel 
moved, since the data show fuel in the ref lector at times up to 10.71 
seconds. 

The f i r s t major fuel movement (Event I I I ) detected by the hodoscope 
started at 10.562 + 0.004 seconds and involved the ejection of 5.3 + 1.3 
grams of fuel into the plenum with a maximum velocity of 90 +_ 45 m/s in 
the upper fuel region and 30 +̂  15 m/s in the ref lector. The hodoscope 
was able to detect several post-scram events at very low power levels. 
The second major fuel movement (Event IV) was detected near the end of the 
TREAT transient and involved the ejection of 10.2 + 4,2 grams of fuel 
above the fuel column, with 7 + 5 grams entering tFe plenum and 3+^2 grams 
remaining in the ref lector . Unlike the f i r s t major fuel movement, this 
event was re lat ively slow with a maximum velocity of 2.9 +1 .4 m/s in the 
upper fuel region and 0.8 + 0 . 4 m/s in the ref lector. There is an ambiguity 
regarding the fuel motion above the fuel column in Event V, which started 
at 0.73 +0.03 seconds after TREAT scram. The single asterisk in Figure 2 
refers to the case where the fuel l e f t in the ref lector in Event IV re
entered the fuel region during Event V, and the double asterisk refers to 
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the case where this fuel entered the plenum during Event V. The last 
event detected by the hodoscope started at 1.14 +0,05 after TREAT scram 
and involved the ejection of 11.5 + 5.4 grams of fuel above the fuel column, 
of which 4.3 + 3.5 grams remained Tn the ref lector and 7 + 5 grams re
entered the fuel region. Again, re lat ively slow velocit ies of 2.2 j i l . 2 
m/s in the upper fuel region, and 0.7 + 0.3 m/s in the reflector were 
detected. 

Overall , the hodoscope results indicated that either 1 8 + 7 grams or 
2 1 + 7 grams of fuel were ejected from the fuel region, depending on 
whether the fuel l e f t in the ref lector in Event IV re-entered the fuel 
region or entered the plenum during Event V. For these two cases, the 
fuel ejected into the plenum was either 15 + 8 grams or 18 j ^ 8 grams, with 
4.3 + 3.5 grams remaining in the ref lector . The hodoscope derived fuel 
mass data given in Figure 2 are probably high due to a decrease in se l f 
shielding of the dispersing fuel which was not considered. 

Post-Transient Examination 

Examination of post-test X-radiographs of the test pin ref lector-
plenum region while s t i l l in the capsule (Figure 3) and neutron radio
graphs of the fuel column (Figure 4 ) , confirmed the observations that 
molten fuel had relocated from the fuel column into the ref lector and 
f ission gas plenum. Once-molten fuel completely f i l l s the annular passage 
through the ref lector in Figure 3 and more than half of the available 
volume in the plenum. Fuel transversed the entire length of the plenum 
and a small quantity of fuel can also be seen in Figure 3 that is frozen 
to the in ter io r surface of the fuel pin top end cap. The radiographs also 
ver i f ied that the fuel pin cladding had not fa i led. 

Destructive examination of the HEDL 59-40 fuel p in , shown in Figures 
3 and 4 as ceramographic samples corresponding to positions in the neutron 
and X-radiographs, revealed that extensive fuel melting occurred in a 
region from "^1 inches (17.8 cm) above to a point greater than 12 inches 
(30.5 cm) below the fuel column axial midplane. This corresponds to the 
region between sample BB on the upper end and below sample E on the lower 
end. Internal fuel relocation and voiding are present and molten fuel was 
found to have moved to f i l l the fuel column central void in both directions 
away from the axial midplane. Molten fuel was successful in penetrating 
the cooler passageway through the ref lector and was deposited in the f ission 
gas plenum of the pin. 

To measure the quantity of fuel ejected into the ref lector and plenum, 
the fuel pin was cut in two jus t below the reflector at i t s interface with 
the top insulator pe l le t . Both sections of the fuel pin were weighed, and 
for the bottom portion where the fabrication weights of the fuel column 
and insulator pellets were well characterized, a loss of approximately 
10 grams was indicated at the amount of fuel expelled from the fuel column 
into the ref lector and plenum. A subtraction of component weights from the 
measured weight of the top 15.18 inch section (38.56 cm) long section of 
the p in , which contained the annular ref lector and f ission gas plenum. 
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indicated a weight gain of approximately 15 grams. The weight loss of 
10 grams determined from measurements of the bottom section of the pin 
is considered to be the more accurate value because of the uncertainty 
associated with the upper pin component weights whose values were inferred 
by measurement of archive components. 

COMPARISON OF EXPERIMENT RESULTS TO CALCULATIONAL ANALYSIS 

In addition to the separate analyses of the fuel motion data for the 
Pinhole Imaging System and the fast neutron hodoscope, the analyses for 
the PINEX-2 experiment included: 

° Characterization of the retained fission gas in the fuel column 
after the steady-state irradiation in the GETR using the ORIGEN 
code, [8] 

° Transient thermal analysis of the capsule temperatures using the 
TEMP code, 

^ Transient analysis of fuel melting and release of retained 
fission gases using the LAFM code, [9] and 

* Analysis of the molten fuel ejection into the fission gas plenum 
using the HOTPIM [10] and FUMO-T [11] codes. 

The details of these analyses were presented at the Specialist's Work
shop on Predictive Analysis of Material Dynamics in LMFBR Safety Experiments 
at Los Alamos, New Mexico, on March 13-15, 1979. [7] 

The FUMO-T analysis predicted a maximum fuel ejection of 8.5 grams into 
the plenum with a peak velocity of 18 m/s. [7] The predictions for total 
fuel ejection into the fission gas plenum are in general agreement with 
the post-test destructive examinations. However, the analysis assumes that 
the fuel ejection occurs as a single event during the time of maximum fuel 
melting and fission gas release, whereas the fuel motion data indicate 
multiple fuel expulsion events. 

CONCLUSIONS 

The PINEX-2 experiment has verified the concept of internal fuel 
motion as an inherent shutdown mechanism for hypothetical transient over
power excursions on the order of 5$/sec. A major questions is whether this 
mechanism would also be effective at transient overpower excursions on the 
order of 5^/sec. Experiments at this low end of the transient overpower 
rate range are needed to resolve this question. Another area of uncertainty 
is the freezing and melting which occurs in the region of the Inconel 
reflector and whether the situation would be much different under more 
prototypic reactor accident conditions. Finally, analysis of this mechanism 
under LMFBR accident conditions is required to identify differences between 
experiment conditions and to confirm the expected benefits of this shutdown 
mechanism. 
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motion during transient overpower conditions might provide suff ic ient 
negative react iv i ty feedback to terminate a power excursion accident 
before breaching the second l ine of assurance (LOA-2). 

PINEX-2 EXPERIMENT DESCRIPTION 

To further evaluate th is potential inherent shutdown mechanism, two 
special fuel pins with annular fuel pe l le ts , annular top insulator pel lets, 
and an annular top Inconel ref lector to provide a passageway for relocation 
of molten fuel to the f ission gas plenum were fabricated. [Figure 1] 
These FFTF-type fuel pins had an 86.36 cm (34-inch) long active fuel 
column which consisted of 25 wt % PuO?, 75 wt % UO2 annular sintered 
pellets clad in 0.5842 cm (0.230-inch) diameter, type 316, 20% cold-
worked stainless-steel tubing. The central hole diameter was 0.081 cm 
(0.032-inch) for the fuel pellets and 0.178 cm (0.070-inch) for both the 
top UO2 insulator pellets and the top Inconel ref lector. Each of the 
special fuel pins was encapsulated in a GETR/TREAT Mark I I type capsule 
designed to serve as an instrumented test vehicle for both the steady-
state i r radiat ion in the General Electric Test Reactor (GETR) and the 
transient testing in the Transient Reactor Test (TREAT) Fac i l i ty . 

These fuel pins were irradiated in the thermal f lux of the GETR at 
an average peak l inear heat rate of 41 kW/m (13.5 k'W/ft) to a radia l ly-
averaged peak burnup of 19,500 f-IWd/MTM. Densitometer measurement of post-
i r radiat ion neutron radiographs indicated a closure of the central void in 
a region approximately 15 cm (6-inches) below the top of the active fuel 
column. 

The PINEX-2 experiment to observe the transient overpower behavior of 
the special fuel pin with a pre-fabricated central hole in the fue l , 
insulator, and ref lector consisted of the fuel pin ( s t i l l encapsulated in I ts 
GETR i r radiat ion vehicle) mounted in a containment vessel type test vehicle 
and placed in the central core position of the TREAT reactor. The test 
vehicle replaced the central driver fuel element in the graphite moderated 
core and observation of the experiment through use of the LASL pinhole 
imaging (PINEX) system [1] and the ANL fast neutron hodoscope [4 , 5, 6] 
was permitted by special slotted fuel elements loaded in a row, in l ine 
with the test vehicle. 

The TREAT transient used for the PINEX-2 experiment consisted of an 
i n i t i a l f la t - top power portion to achieve quasi-steady-state fuel and 
cladding temperatures, and a power ramp portion which simulated an '\'5$/sec 
LMFBR react iv i ty insert ion. Although this ramp rate is near the upper 
l im i t of hypothetical transient overpower excursions usually assumed, i t 
is in the expected range for the power excursion in the la ter phase of the 
loss-of-f low event. 
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EXPERIMENT RESULTS 

The PINEX-2 experiment was performed on January 15, 1978. Thermo
couple data recorded during the test gave no indication of a cladding 
fa i l u re . Molten fuel relocation into the ref lector region of the fuel 
pin was recorded by both the Pinhole Imaging System and the fast neutron 
hodoscope. Each system detected multiple fuel movements with the hodoscope 
system ident i fy ing six well separate fuel motion events. Figure 2 
summarizes PINEX and hodoscope results. [7] 

Fuel Motion Data 

Early fuel motion, i . e . , pr ior to the predicted time of i n i t i a l fuel 
melting (sol idus), was detected by both the PINEX system and the hodoscope. 
The PINEX system detected a minor fuel movement (Event 2) during the 
upslope of the power ramp, at the TREAT time 10.49 + 0.008 seconds, and a 
possible "h int" of fuel motion 0.11 to 0.19 second ear l ier . The hodoscope 
detected two minor fuel movements on the order of one gram apiece at 10.51 
seconds and 10.55 seconds. These early events could have been associated 
with the clearance of the blockages in the central void. 

The f i r s t major fuel ejection was detected by both systems prior to 
reactor scram which occurred at 10.57 seconds. After i n i t i a t i on of Event 3 
(10.53 seconds), as detected by the PINEX system, the apparent end of a 
column of fuel was observed moving up the ref lector with an average velocity 
of '\'0.6 m/s. The observed signals indicated that the event "strengthened" 
such that the ref lector appeared completely f u l l by at least 10.65 seconds. 
About 1.3 inches (3.3 cm) of the plenum was also within the f ie ld .o f view, 
and no signi f icant broadening of the moving fuel as i t entered the plenum 
was detected. Therefore, assuming a volume of fuel having the ID of the 
ref lector and a length including the ref lector and the v is ib le portion of 
the plenum, approximately 4 to 5 grams were ejected in th is time (10.53 to 
10.65 seconds). This estimated mass would be a lower l im i t for total fuel 
moved, since the data show fuel in the ref lector at times up to 10.71 
seconds. 

The f i r s t major fuel movement (Event I I I ) detected by the hodoscope 
started at 10.562 +0.004 seconds and involved the ejection of 5.3 + 1.3 
grams of fuel into the plenum with a maximum velocity of 90 + 45 m/s in 
the upper fuel region and 30+15 m/s in the ref lector. The~hodoscope 
was able to detect several post-scram events at very low power levels. 
The second major fuel movement (Event IV) was detected near the end of the 
TREAT transient and involved the ejection of 10.2 + 4.2 grams of fuel 
above the fuel column, with 7 + 5 grams entering tFe plenum and 3 + 2 grams 
remaining in the ref lector . Unlike the f i r s t major fuel rrovement, this 
event was re lat ive ly slow with a maximum velocity of 2.9 + 1 . 4 m/s in the 
upper fuel region and 0.8 + 0.4 m/s in the ref lector. There is an ambiguity 
regarding the fuel motion above the fuel column in Event V, which started 
at 0.73 + 0.03 seconds after TREAT scram. The single asterisk in Figure 2 
refers to the case where the fuel l e f t in the ref lector in Event IV re
entered the fuel region during Event V, and the double asterisk refers to 
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the case where this fuel entered the plenum during Event V. The last 
event detected by the hodoscope started at 1.14 + 0.05 after TREAT scram 
and involved the ejection of 11.5 + 5 . 4 grams of fuel above the fuel column, 
of which 4.3 _+ 3.5 grams remained Th the reflector and 7+^5 grams re
entered the fuel region. Again, re lat ively slow velocit ies of 2.2 + 1 . 2 
m/s in the upper fuel region, and 0.7 + 0 , 3 m/s in the ref lector were 
detected. 

Overall, the hodoscope results indicated that either 18 + 7 grams or 
2 1 + 7 grams of fuel were ejected from the fuel region, depending on 
whether the fuel l e f t in the ref lector in Event IV re-entered the fuel 
region or entered the plenum during Event V. For these two cases, the 
fuel ejected into the plenum was either 15 + 8 grams or 18 j ^ 8 grams, with 
4.3 + 3.5 grams remaining i n the ref lector . The hodoscope derived fuel 
mass data given in Figure 2 are probably high due to a decrease in sel f 
shielding of the dispersing fuel which was not considered. 

Post-Transient Examination 

Examination of post-test X-radiographs of the test pin ref lector-
plenum region while s t i l l in the capsule (Figure 3) and neutron radio
graphs of the fuel column (Figure 4) , confirmed the observations that 
molten fuel had relocated from the fuel column into the ref lector and 
f iss ion gas plenum. Once-molten fuel completely f i l l s the annular passage 
through the ref lector in Figure 3 and more than half of the available 
volume in the plenum. Fuel transversed the entire length of the plenum 
and a small quantity of fuel can also be seen in Figure 3 that is frozen 
to the in ter io r surface of the fuel pin top end cap. The radiographs also 
ver i f ied that the fuel pin cladding had not fa i led . 

Destructive examination of the HEDL 59-40 fuel p in , shown in Figures 
3 and 4 as ceramographic samples corresponding to positions in the neutron 
and X-radiographs, revealed that extensive fuel melting occurred in a 
region from '\>1 inches (17.8 cm) above to a point greater than 12 inches 
(30.5 cm) below the fuel column axial midplane. This corresponds to the 
region betv/een sample BB on the upper end and below sample E on the lower 
end. Internal fuel relocation and voiding are present and molten fuel was 
found to have moved to f i l l the fuel column central void in both directions 
away from the axial midplane. Molten fuel was successful in penetrating 
the cooler passageway through the ref lector and was deposited in the f ission 
gas plenum of the pin. 

To measure the quantity of fuel ejected into the ref lector and plenum, 
the fuel pin was cut i n two jus t below the reflector at i t s interface with 
the top insulator pe l le t . Both sections of the fuel pin were weighed, and 
for the bottom portion where the fabrication weights of the fuel column 
and insulator pellets were well characterized, a loss of approximately 
10 grams was indicated at the amount of fuel expelled from the fuel column 
into the ref lector and plenum. A subtraction of component weights from the 
measured weight of the top 15.18 inch section (38.56 cm) long section of 
the p in , which contained the annular ref lector and f ission gas plenum. 
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Post Transient Radiograph. 



indicated a weight gain of approximately 15 grams. The weight loss of 
10 grams determined from measurements of the bottom section of the pin 
is considered to be the more accurate value because of the uncertainty 
associated with the upper pin component weights whose values were inferred 
by measurement of archive components. 

COMPARISON OF EXPERIMENT RESULTS TO CALCULATIONAL ANALYSIS 

In addition to the separate analyses of the fuel motion data for the 
Pinhole Imaging System and the fast neutron hodoscope, the analyses for 
the PINEX-2 experiment included: 

" Characterization of the retained f ission gas in the fuel column 
af ter the steady-state i r rad ia t ion in the GETR using the ORIGEN 
code, [8] 

° Transient thermal analysis of the capsule temperatures using the 
TEMP code, 

® Transient analysis of fuel melting and release of retained 
f ission gases using the LAFM code, [9] and 

** Analysis of the molten fuel ejection into the f ission gas plenum 
using the HOTPIM [10] and FUMO-T [11] codes. 

The detai ls of these analyses were presented at the Specialist 's Work
shop on Predictive Analysis of Material Dynamics in LMFBR Safety Experiments 
at Los Alamos, New Mexico, on March 13-15, 1979, [7] 

The FUMO-T analysis predicted a maximum fuel ejection of 8,5 grams into 
the plenum with a peak velocity of 18 m/s. [7] The predictions for total 
fuel ejection into the f iss ion gas plenum are in general agreement with 
the post-test destructive examinations. However, the analysis assumes that 
the fuel ejection occurs as a single event during the time of maximum fuel 
melting and f ission gas release, whereas the fuel motion data indicate 
mult iple fuel expulsion events. 

CONCLUSIONS 

The PINEX-2 experiment has verified the concept of internal fuel 
motion as an inherent shutdown mechanism for hypothetical transient over
power excursions on the order of 5$/sec. A major questions is whether this 
mechanism would also be effective at transient overpower excursions on the 
order of 5^/sec. Experiments at this low end of the transient overpower 
rate range are needed to resolve this question. Another area of uncertainty 
is the freezing and melting which occurs in the region of the Inconel 
reflector and whether the situation would be much different under more 
prototypic reactor accident conditions. Finally, analysis of this mechanism 
under LMFBR accident conditions is required to identify differences between 
experiment conditions and to confirm the expected benefits of this shutdown 
mechanism. 
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