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ABSTRACT 

Using close-in, time-resolved sampling of fuel debris, 
high speed photography and photometric measurement of 
fuel temperatures t he kinetic and thermal states of 
the disrupting uo2 fuel were defined as it was neu
tronically heated to vapor by a 5 ms FWHtl pulse of 
2380 KJ/kg. From these data it was possible to obtain 
a fuel energy-temperature relation to the melt and 
debris kinetics in the form of particle distributions 
in velocity and size for particles from >lOpm to <3 nm 
in size. Several calculations and comParisons were 
made to establish the reliability of the sampling and 
analysis techniques. 
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Introduction 

In order to assess the threat to p~blic safety in the unlikely 
event of a.breach of containment following a core disruptive acci
dent it is important to know the physical characteristics and trans
port behavior of the aerosols produced under conditions similar to 
those hypothesized for the accidents. 

The purpose of the study at Sandia was to measure the charac
teristics of debris produced from bare uo2 fuel heated neutronically 
to vapor under CDA conditions. The measured debris characteristics 
are time dependent distributions in particle size and particle veloc
ity 6btained from the observed size, location and number of debris 
particles collected in a rotating wheel sampler. From these two 
distributions additional characteristics such as particle number 
density, momentum and pressure were calculated. In these experi
ments the fuel breakup produced particles from tens of ~m t~ less 
than 3 nm in size and ~ith velocities from less than 3 x 10 em/sec 
to greater than 3 x 10 em/sec. 

To more completely define the breakup event the energy or ther
mal state of the fuel in both space and time must also be known. 
This was accomplished by calculating fuel temperature from surface 
radiance-measurements made on the fuel using calibrated photographic 
film. 

It is also of considerable importance to compare aerosols pro
duced in out-of-pile experiments with those produced in-pile under 
similar heating conditions. A comparison study of this kind would 
begin to establish limits of interest on particle size and density. 
In a cooperative effort with ORNL, under their NRC sponsored Aerosol 
Release and Transport Program aerosols produced by resistively heat
ing uo2 pellets to vapor at ORNL are being compared with those that 
were produced in the Annular Core Pulse Reactor at Sandia. The same 
methods that were used in-pile for sampling fuel deb_r is and for meas
uring fuel temperature have been used for the ORNL experiments. This 
paper covers the results of the first two in-pile aerosol experiments 
to measure fuel debris characteristics and define the thermal state 
of the fuel. 

Experimental 

A schematic of the aluminum experiment canister is shown in 
Figure 1. The fuel pin was a single piece of fresh, bare, 20% en
riched uu2 , 6.35 em long and 0.49 em in diameter. The pin was 
mounted horizontally at the midplane of the reactor core dnd had 
the same diameter and about one-half the length of the pellet stack 
of depleted uo2 fuel used in the ART studies at ORNL. The 6 em 
diameter sampl1ng wheel rotating at 6 ms/revolution was positioned 
2 em above the pin at its midpoint for sampling a ·representative 
portion of fuel debris. An aperture in the bottom of the wheel 
cover allowed fuel particles to enter one of 30 pie-shaped channels 
designed around the wheel. 
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Two 45° front surface mirrors in the canister allowed back
lighting of the fuel with a 300 W lamp and viewing it through 
a quartz window in the top of the canister. The fuel support 
block could be positioned for viewing the fuel from either the end 
or the side. The fuel was viewed through a Questar telescope by a 
Fastax framing camera, both located outside the reactor, 10 m from 
the fuel. Photographic resolution was better than 10 line-pairs/mm. 
Photography established a timescile for sampling and gave a vis~al 
record of the disrupting fuel as it was driven to the liquid-vapor 
phase by a 5 ms full width at half maximum neutron pulse of 2380 
KJ/kg. A 1-KW level fiducial mark from the reactor pulse and 
timing marks placed on the film synchronized the phdtographic and 
neutronic events. Sampling and neutronic events were synchronized 
by displaying on a continuously recording oscillograph the neutron 
pulse signal and a voltage generated for each rotation of the sampling 
wheel. 

Photography showed that within a period of several milli
seconds the fuel heated with an increasing brightness, melted and 
liquid drops were dispersed energetically and uniformly from the 
bare fuel at initial velocities up to several m/s. Within a frac
tion of a millisecond after the particles appeared, a vapor front 
was seen to move outward at a velocity of 50 m/s. Vapor filied 
the field of view, condensed on the optics and eventually obscured 
the action. 

Fuel Temperature Measurements 

Fuel temperatures were calculate~ from fuel radiance measure
ments and an emissivity value of 0.87 for uo2 in the temperature 
range of interest (-2100 K to 3140 K} and assuming radiation was 
emitted from the fuel proportional to Planck's Radiation Law. Fuel 
surface radiance was obtained from photographic film by measuring 
the density of the processed film and relating the density to 
known radiance values. This relation between density and radiance 
was established from film response to a series of relative radiance. 
levels using a flash lamp with a neutral density step wedge. Abso~ 
lute values for this relation were established by photographing the 
filament of a standard lamp of known spectal radiance through the 
optics of the experiment and measuring the resulting film density. 
Stated uncertainty in temperature is 3 percent but recent calibra
tion work indicates it may be less than this. 

Radial temperature profiles were estimated from temperatures 
measured on the surface of the fuel and in the neighborhood of 
the fuel centerline in two successive but similar runs. Center
line temperature was estimated by viewing the pin from an end j~ 

·which a deep hole had been drilled along the centerline. Avera~e 
fuel temperatures were calculated from these profiles. In all 
cases the fuel was hotter on the surface with the ratio of surface 
to centerline temperature ranging from 1.08 to 1.13 over·the temp
erature range of interest. Surface heating of the pin was very 
uniform with a temperature variation at any one time of less than 
50 K • 
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Deposited Energy as Fuel Temperature Relation 

The §g~al thermal energy absorbed in the uo2 fuel due to fis-
sion of U was estimated from fission product 1nventories made 
on a series of dosimetry runs. The time variation of this ab
sorbed energy was determined from the time integral of the pulse 
of neutrons delivered by the reactor. The relationship between 
the specific fission energy deposited in the fuel and the average 
fuel temperature is shown in Figure 2. Uncertainties of 5% in 
the average energy and 3% in the average temperature ar~ shown as 

·error bars. The data lie less than 10% above published enthalpy
:temperature data for uo2 . After the experimental data were cor
rected for heat losses, the two set~ of data effectively agreed 
to within experimental uncertainty. Therefore, within the level 
of accuracy, the relation between energy and temperature is ade
quately described by equilibrium specific heat values for uo2 . 

Fuel Debris Sampling 

Of several more conventional methods available ·for particle 
sampling a small rotating wheel placed near the fuel was chosen 
for several reasons. 1) It could be used to sample debris for both 
in-pile qnd out-of-pile experiments. 2) By locating the sampler 
close to the fuel, debris particles were collected before they had 
time to significantly interact among themselves or with the canis
ter. 3) A large sampling area was exposed which reduced damage to 
the fragile collection surfaces by the hot energetic debris and 
also decreased the possibility of particle buildup on the surfaces. 
4) Rotation of the sampler during collection time-resolved particle 
collection, making it possible to relate particle characteristics 
to the energy state of the fuel and allowed particle velocities 
to be unfolded from the location of particles collected in each 
sampling channel. 

Particles collected in the sampling wheel appeared to have 
velocities directed normal to the fuel axis as observed in the 
side and t!nd views of the disrupting pin. By properly position
ing the sampling wheel with respect to the fuel, particles entered 
the aperture with directed velocities along the wheel radius when 
viewed as in Figure 3. As the wheel rotates, these particles are 
collected on the top and bottom channel surfaces. By angling the 
top surface into the particle flow the fastest particles will be
gin to collect at larger wheel radii while slower particles will 
collect at smaller radii. Sufficiently slow particles ~ill not 
collect on the top surface but will be swept onto the bottom sur
face with the slowest ones collecting closest to the flap that 
closes the lower part of the channel. Thus by separating particles 
on collection surfaces by virtue of their velocity, it is possible 
to unfold a velocity distribution for particles, knowing their 
position of collection in a channel. 

Surfaces in each channel were designed to be removed for 
direct viewing in either an optical microscope or a transmission 
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or scanning electron microscope for size, shape and number count 
as a function of their position in a channel. All channel sur
faces were covered with 25 m thick beryllium-copper sheet etched 
through with a pattern of holes. The sheet was covered with a 
film of collodion and evaporated carbon. After particles were 
sampled, pieces of the etched sheet were cu~ .out and viewed 
directly in a microscope. Unfold equations based on wheel geome
try relate the position of collected particles to their velocity 
and the number of particles collected on a channel area are re
lated to the number incident on the wheel. Since the collection 
time per channel was obtained from the width of the channel open
ing and the rotational speed of the wheel, particle flux per 
velocity interval as a function of particle velocity could be ob
tained as a function of time for all sampled debris. A velocity 
distribution from one of the channels is shown in

3
F igure ·4 where. 

the pa§ticles measured ranged in velocity from 10 em/sec to 
3 x 10 em/sec. In a similar manner particle flux per size 
interval as a function of particle size was obtained by summing 
particles with the same size instead of the same velocity for 
each channel analyzed. 

Particle number density was calculated from particle flux 
divided by the velocity of the particles. Particle mass density 
was obtained by multiplying the number density by the mass of each 
particle. Particle momentum was obtained from the product of 
particle mass and particle velocity. Vapor-like particles are 
those less than 2 nm to 3 nm, the resolving limit of the trans
mission microscope used. These particles were deposited on the 
collection surface in an unresolved structure and the number of 
particles was estimated from the average thickness of the deposit. 
Maintaining a canister pressure of 13 Pa (0.1 Torr) or less allowed 
the vapor~like particles to reach the sampling wheel. 

In addition to the directed velocity, particles would be 
expected to have thermal motion which would add a velocity compo
nent to the directed velocity and cause the particles to diffuse 
with time. The diffusion process added particles to the collec
tion surface and therefore reduced the number of part1cles that 
would be collected downstream. To estimate the effect of diffu
sion a third side of each collection channel was positioned paral
lel to the directed particle velocity .. Collection on this 
surface was due solely to particle diffusion as indicated in 
Figure 5 for vapor-like particles. On the semilog graph particle 
density was plotted as a function of distance from the channel 
entrance. The curve is concave up instead of linear because the 
particles had a range of velocities. A mean particle size of 2 nm 
was obtained from the slope of the curve using reasonable experi-· 
ment parameters. This indicated some agglomeration of the initial 
vapor (-0. 5 nm in size) probably took place. Par t,icle flux calcu
lated from the ordinate intercept of the curve is in order of 
magnitude agreement with the particle flux calculated from the 
unfolding technique described previously after correcting for 
particle diffusion. 
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Several other. calculations demonstrated the reliablity of the 
sampling and analysis. Velocity data for the vapor-like particles 
of Figure 4 were compared in Figure 6 with the Boltzmann velocity 
distribution of oo 2 molecules at a temperature of 3760 K. The 
agreement between the two curves is reasonable and the peak value 
of the experimental curve gives a mean Boltzmann temperature of 
3270 K. (The two curves were normalized to the same maximum 
ordinate value.) 

A second check on the reliablity of the technique was that 
the total mass of fuel collected in the wheel should equal the mass 
of fuel directed toward the sampling wheel, calculated from the 
wheel and fuel pin geometry. The calculated mass in the wheel 
(using the bulk density of oo 2 ) was about 25 percent greater than 
the amount directed toward the wheel.· Of the total amount collected 
(Figure 7), about 30 percent was less than 2 nm to 3 nm in size and 
60 percent was larger than 1 wm in size. 

A third calculation related particle momentum to the effective 
pressure generated by the fuel. This estimate of the rate of momen
tum change per unit area of the fuel gave peak pressure values 
between 10 MPa and 100 MPa. This order of magnitude value is in 
agreement with eff5ctive vapor pressure measurements obtained by 
other invesigators using electron beams and lasers to vaporize 
the fuel. Especially during early times of collection, a signifi
cant portion of the calculated pressure was due to liquid particles 
in the one to ten micrometer size range. Some of these results are 
summarized in Figure 8. The energy pulse is synchronized with the 
sampling channels - each channel is shown as a dash in the broken 
line. ·Pressure values calculated for several of the channels are 
shown. as well as the percent of pressure due to vapor. 

Summary 

This study has demonstrated that with the sampl-ing and photo
graphic techniques described it is possible to measure not only 
the debris characteristics of bare oo 2 heated neutronically to · 
vapor but also the corresponding thermal and energy state of the 
fuel. 

Fuel temperatures and radial temperature profiles were meas
ured to melt. The fission energy as a function of temperature 
agreed with published enthalpy vs. temperature data for oo 2 within 
experimental error after corrections were made for heat loss from 
the fuel. Fuel debris distributions in particle size and velocity 
as a function of time were obtained. A reasonable level of confi
dence was established in the particle sampling and analysis based 
on the results of a series of comparison calculations: 1. The 
calculated mass of particles collected in the wheel agreed within 
25% with the mass of fuel directed at the wheel. 2. The pressure 
exerted by the debris was in order of magnitude agreement with pub
lished effective vapor pressure measurements. 3. An analysis of 
particle diffusion produced a reasonable size for the vapor-like 
particles as well as a ~alue for particle flux th~t was in order-
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of-magnitude agreement with the flux obtained from the general un
folding technique that was described. 4. The velocity distribution 
of vapor-like particles was shown to be in reasonable agreement with 
Boltzmann's velocity distribution. 

Some of the difficulties encountered with the sampler were: 
1) the bigger particles did not stick to a dry surface, 2) thermal 
diffusion of particles complicated the unfolding process, 3) no 
sensitivity study has been made to optimize accuracy as a function 
of particle count vs. channel position, and 4) much analysis is 
required to unfold particle distributions. 

In spite of these difficulties, this type of particle sampler 
seems uniquely sujted for pulsed power experiments with energy 
states into the liquid and vapor. 
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ABSTRACT 

Using close-in, time-resolved sampling of fuel debris, 
. high speed photography and photometric measure~ent of 

fuel temperatures the kinetic and thermal states of 
· othe disrupting uo2 fuel were defined as it was neu

tronically heated to vapor by a 5 ms FWHM pulse of 
-2380 KJ/kg. From these data it was possible to obtain 
.·a·fuel ~nergy-temperature relation to the melt artd 
debris kinetics in the form of particle distributibns 
~in velocity and size for particles from >lO~m to <3 nm 
in size. Several calculations and comparisons were 
made to establish the reliability of the sampling and . 

.. analysis techniques. 
~ 



Introduction 

In order to assess the threat to public ~afety in the unlikely 
event of a breach of containment following a core disruptive acci
dent it is important to know the physical characteristics and trans
port behavior of the aerosols produced under conditions similar to 
those hypothesized for the accidents. 

The purpose of the study at Sandia was to measure the charac
teristics of debris produced from bare uo 2 fuel heated neutronically 
to vapor under CDA conditions. The measured debris characteristics 
are time dependent distributions in particle size and particle veloc
ity obtained from the observed size, location and number of debris 
particles collected in a rotating wheel sampler. From these two 
distributions additional characteristics such as particle number 
density, momentum and pressure were calculated. In these· experi
ments the fuel breakup produced particles from tens of ~m t~ less 
than 3 nm in size and with velocities from less than 3 x 10 em/sec 
to greater than 3 x 10 5 em/sec. · 

To more completely define the breakup event the energy or ther
mal state of the fuel in both space and time must also be known. 
This was accomplished by calculating fuel temperature from surface 
radiance-measurements made on the fuel using calibrated photographic 
film. 

It is also of considerable importance to compare aerosols pro
duced in out-of-pile experiments with those produced in-pile under 

·similar heating conditions. A comparison study of this kind would 
begin to establish limits of interest on particle size and density. 
In a cooperative effort with ORNL, under their NRC sponsored Aerosol 
Release and Transport Program aerosols produced by resistively heat
ing uo2 pellets to vapor at ORNL are being compared with those that 
were produced in the Annular Core Pulse Reactor at Sandia. The same 
methods that were used in-pile for sampling fuel deb_r is· and for meas
uring fuel temperature have been used for the ORNL experiments. This 
paper covers the results of the first two in-pile aerosol experiments 
to measure fuel debris characteristics and define the thermal state 
of the fuel. 

Experimental 

A schematic of the aluminum experiment canister is shown in 
Figure 1. The fuel .pin was a single piece of fresh, bare, 20% en
riched uo 2 , 6.35 em long and 0.49 em in diameter. The pin was 
mounted horizontally at the midplane of the reactor core and had 
the same diameter and about one-half the length of the pellet stack 
of depleted uo 2 fuel used in the ART studies at ORNL. The 6 em 
diameter sampl1ng wheel rotating at 6 ms/revolution was positioned 
2 em above the pin at its midpoint for sampling a representative 
portion of fuel debris. An aperture in the bottom of the wheel 
cover allowed fuel particles to enter one of 30 pie-shaped channels 
designed around the wheel. 
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Two 45° front sur.f.ace mirrors in the canister. allowed back
~ighting of the.fuel with a 300 W_lamp and viewing it through 

.a quartz window in the top of the canister. The fuel support 
.block could be positioned for viewing the fuel from either the end 
-or the side. The fuel was viewed through a Questar telescope by a 
Fastax framing ·camera, both located outside the reactor, 10m from 
the fuel. Photographic resolution was better than 10 line-pairs/mm. 

-Photography established a timescale for sampling and gave a visual 
·r.ecord of the disrupting fuel as it was driven to the 1 iqu id-vapor 
phase by a 5 ms full width at half maximum neutron pulse of 2380 
KJ/kg. A 1-KW level fiducial mark from the reactor pulse and 
timing marks placed on the film synchronized the photographic and 
neutronic events. Sampling and neutronic events were synchronized 

--by displaying on·a.continuously recording oscillograph the neutron 
pulse signal and a voltage generated for each rotation of the sampling 
wheel. 

Photography showed that within a period of several milli-
-seconds the fuel heated-with an increasing brightness, melted and 
liquid drops were dispersed energetically and uniformly from the 
bare fuel at initial velocities uo to several m/s. Within a frac
tion of a millisecond after the p~rticles appeaied, a vapor. front 

-was seen to move outward at a velocity of 50 m/s. Vapor filled 
the field of view, condensed on the optics and eventually obscured 
the action. 

Fuel Temperature Measurements 

Fuel temperatures were calculate~ from fuel radiance measure
ments and an emissivity value of 0.87 for uo2 in the temperature 
range of interest {-2100 K to 3140 K} ·and assuming radiation was 
emitted from the fuel proportional to Planck's Radiation Law. Fuel 
surface radiance was obtained from photographic film by measuring 
the density of the processed film and relating the density to 

.known radiance values. This relation between density and radiance 
was established from film response to a series of relative radiance 
levels using a flash lamp with a neutral density step wedge. Abso

h.lute values for this relation were established by photographing the 
-filament of a standard lamp of known spectal radiance through t~e 
optics of the experiment and measuring the resulting film densi~y . 

. Stated uncertainty in temperature is 3 percent but recent calibra
tion work indicates it may be less than this. 

Radial temperature profiles were estimated from temperatures 
~easured on the surface of the fuel and in the neighborhood of 
the fuel centerline in two successive but similar runs. Center
line temperature was estimated by viewing the pin from an end in 
which a deep hol~ had been drilled along the· centerline. Average 

···fuel temperatures were calculated from these profiles. In all. 
.. ·:,. 

cases the fuel was hotter on the surface with the ratio of su~face 
to centerline temperature ranging from 1.08 to 1.13 over the temp
erature range of interest. Surface heating of the pin wasjl~'fY 

'Uniform with a temperature variation at any one time of less than 
50 K. 



'< 

-3..:. 

Deposited Energy as Fuel Temperature Relation 

The ~~§al thermal energy absorbed in the uo2 fuel due to fis-
sion of U was estimated from fission product tnventories made 
on a series of dosimetry runs. The time variation of this ab
sorbed energy was determined from the time integral of the pulse 
of neutrons delivered by the reactor. The relationship between 
the specific fission energy deposited in the fuel and the average 
fuel temperature is shown in Figure 2. Uncertainties of 5% in 
th~ average energy and ~% in the average temperatu~e ar~ shown as 
err,or bars. The data l1e less than 10% above publtshed enthalpy
temperature data for uo 2 • After the experimental data were cor
rected for heat losses, the two set~ of data effectively agreed 
to within experimental uncertainty. Therefore, within the level 
of accuracy, the relation between energy and temperature is ade
quately described by equilibrium specific heat values for uo2 . 

Fuel Debris Sampling 

Of several more conventional methods available ·for particle 
sampling a small rotating wheel placed near the fuel was chosen 
for several reasons. 1) It could be used to sample debris for both 
in-pile and out-of-pile experiments. 2) By locating the sampler 
close to the fuel; debris particles were collected before they had 
time to significantly interact among themselves or with the canis-
ter. 3) A large sampling area was exposed which reduced damage to 
the fragile collection surfaces by the hot energetic debris and 
also decreased the possibility of particle buildup on the surfaces. 
4) Rotation of the sampler during collection time-resolved particle 
collection, making it possible to relate particle characteristics 
to the energy state of the fuel and allo~ed particle velocities 
to be unfolded from the location of particles collected in each 
sampling channel. 

Particles collected in the sampling wheel appeared to have 
velocities directed normal to the fuel axis as observed in the 
side and end views of the disrupting pin. By properly position
ing the sampling wheel with respect to the fuel, particles entered 
the aperture with directed velocities along the wheel radius when 
viewed as in Figure 3. As the wheel rotates, these particles are 
collected on the top and bottom channel surfaces. By angling the 

. top surface into the particle flow the fastest particles will be
·~in to collect at larger wheel radii while slower particles will 
collect at smaller radii. Sufficiently slow particles will not 
collect on the top surface but will be swept onto the bottom sur
face with the slowest ones collecting closest to the flap that 
closes the lower part of the channel. Thus by separating particles 
on collection surfaces by virtue of their velocity, it is possible 
to unfold a velocity distribution for particles, knowing their 
position of collection in a channel. 

Surfaces in each channel were designed to be removed for 
direct viewing in either an optical microscope or a transmission 
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or scanning electron microscope for size, shape and number count 
as a function of their position in a channel. All channel sur
faces were covered with 25. m thick beryllium-copper sheet etched 
through with a pattern of holes. The sheet was covered with a 
film of collodion and evaporated carbon. After particles were 
sampled, pieces of the etched sheet were cu~ out and viewed 
directly in a microscope •. Unfold equations based on ~heel geome
try relate the position of collected particles to their veloc.ity 

.and the number of oarticles collected on a channel area ar~ re
lated to the number incident on the wheel. ·since the collect ion 
time per channel was obtained from the width of the channel open
ing and the rotational speed of the wheel, particle flux per 
velocity interval as a function of particle velocity could be ob-

-tained as a function of time for all sampled debris. A velocity 
distribution from one of the channels ·is shown in

3
Figure 4 where 

the pa§ticles measured ranged in velocity from 10 em/sec to 
3 x 10 em/sec. In a similar manner particle flux per size 
interval as a function of particle size was obtained by summing 
particles with the same size instead of the same velocity for 
each .channel analyzed. 

Particle number density was calculated from particle flux 
divided by the velocity of the particles. Particle mass density 

·was obtained by multiplying the number density by the mass of each 
particle. Particle momentum was obtained from the product of 
particle mass and particle velocity. Vapor-like particles are 
those less than 2 nm to 3 nm, the resolving limit of the trans
mission microscope used. These particles were deposited on the 
collection surface in an unresolved structure .::n.d the number of 
particles was estimated from the average thickness .. of the deposit. 
Maintaining a canister pressure of 13 Pa (0.1 Torr) or less allowed 

·,the vapor-like particles to reach the sampling wheel. 

In addition to the directed velocity, particles would be 
expected to have thermal motion which would add a velocity compo
nent to the directed velocity and cause the particles to diffuse 
with time. The diffusion process added particles to the collec
tion surface and therefore reduced the number of particles that 
would be collected downstream. To estimate the effect of diffu
sion a third side of each collection channel was positioned paral
lel to the directed particle velocity. Collection on this 
surface was due solely to particle diffusion as indicated in 
Figure 5 for vapor-like particles. On the semilog graph particle 
density was plotted as a function of distance from the channel 
entrance. The curve is concave up instead of linear because the 
particles had a range of velocities. A ~ean particle size o£ 2 nm 
was obtained from the slope of the curve using reasonable experi
ment parameters. This indicated some agglom·eration of the initial· 
vapor (-0.5 nm in size) probably took place. Particle flux calcu
lated from the ordinate intercept of the curve is in order of 
magnitude agreement with the particle flux calculated from the 
unfolding technique described previously after correcting fo~ 
particle diffusion. · 

··-----·----------
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Several other calculations demonstrated the reliablity of the 
sampling and analysis. Velocity data for the vapor-like particles 
of Figure 4 were compared in Figure 6 with the Boltzmann velocity 
distribution of uo 2 molecules at a temperature of 3760 K~ The 
agreement between the two curves is reasonable and the peak value 
of the experimental curve gives a mean Boltzmann temperature of 
3270 K. {The two curves were normalized to the same maximum 
ordinate value.) 

A second check on the reliablity of the technique was that 
the total mass of fuel collected in the wheel should equal the mass 
of fuel directed toward the sampling wheel, calculated from the 
wheel and fuel pin geometry. The calculated mass in the wheel 
(using the bulk density of uo 2 ) was about 25 percent greater than 
the amount directed toward the wheel. Of the total amount collected 
(Figure 7), about 30 percent was less than 2 nm to 3 nm in size and 
60 percent was larger than 1 ~m in size. 

A third calculation related particle momentum to the effective 
pressure generated by the fuel. This estimate of the rate of momen
tum change per unit area of the fuel gave peak pressure values 
between 10 MPa and 100 MPa. This order of magnitude value is in· 
agreement with effgctive vapor pressure measurements obtained by 
other invesigators using electron beams and lasers to vaporize 
the fuel. Especially during early times of collection, a signifi
cant portion of the calculated pressure was due to liquid particles 
in the one to ten micrometer size range. Some of these results are 
summarized in Figure 8. The energy pulse is synchronized with the 
sampling channels - each channel is shown as a dash in the broken 
line. Pressure values calculated for several of the channels are 
shown as well as the percent of pressure due to vapor. 

Summary 

This study has demonstrated that with the samp~ing and photo
graphic techniques described it is possible to measure not only 
the debris characteristics of bare uo2 heated neutronically to 
vapor but also the corresponding thermal and energy state of the 
fuel. 

Fuel temperatures and radial temperature profiles were meas
ured to melt. The fission energy as a function of temperature 
agreed with published enthalpy vs. temperature data for uo 2 within 
experimental error after corrections were made for heat loss from 
the fuel. Fuel debris distributions in particle size and velocity 
as a function of time were obtained. A reasonable level of confi
dence was establishpn in the particle ~amplin<:} and analys1s based 
on the results of a series of comparison calculations: 1. The 
calculated mass of particles collected in the wheel agreed within 
25% with the mass of fuel directed at the wheel. '2. The pressure 
exerted by the debris was in order of magnitude agreement with pub
lished effective vapor pressure measurements. 3. An analysis of 
particle diffusion produced a reasonable size for the vapor-like 
particles as well as a value for particle flux that was in order-
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of-magnitude agreement with the .flux obtained from the general un
folding techniqu~ that was described. 4. The velocity distribution 
of vapor-like particles was shown to be in reasonable agreement with 

-·Boltzmann's velocity distribution. 

Some of the difficulties encountered with the sampler were: 
1) the bigger particles did not stick to a dry surface, 2) thermal 
diffusion of particles complicated the unfolding process, 3) no 
.sens iti vi ty study has been made to optimize accuracy as a function 
of particle count vs. channel position~ and 4) much analysis is 
required to unfold particle distributions . 

. In spite of these difficulties, this type of particle sampler 
seems uniquely suited for pulsed power experiments with. energy 
states into the liquid and vapor. · 
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lished enthalpy-temperature data. 
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Figure 3. Schematic of one of thirty channels 
in the sampling wheel (not to scale) 
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Figure 4. Velocity distribution for particles 
collected in one of the sampling channels. 
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