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ABSTRACT,

,

This report summarizes the EOS work which is related to
,

the new joint Sandia-KfK in-pile series. First, the preceeding

Sandic-series in the ACPR is described, including in-pile
technique, analysis of results, and recommendations for future

' tests. Then the present status of the joint'Sandia-KfK series

is given. Emphasis is put on improvements in- these new series

compared to the first ACPR series. The' third par t of this

report describes the work which is _ currently underway at KfK:;

the fabrication 'of high' density uranium oxide crucibles for

the in-pile tests. Over 50 figures give a complete over-<

t

view about experimental techniques, present results and future.
,

;. work.
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1. INTRODUCTION.

Pigure 1 summarizes the research programs on Advanced;-

Reactor Safety which are underway at Sandia National Laboratories.

These programs address the key phenomena in the various phases

of a hypothetical core disruptive accident.

For the accident initiation, and for the disassembly phase,

the equation of state of nuclear fuels is an area of majos

uncertainties. This report summarizes the EOS-work which is

relevant to the new joint series of_Sandia National Laboratories

(SNL) and Kernforschungszentrum Karlsruhe (KfK). This includes:

III including experimental*the completed SNL-series in the ACPR

technique, analysis of results, conclusions for the new

series,

e status of the new joint SNL-KfK. series in the ACRR-

presently under preparation at SNL, and~

*the supporting' work at KfK.

To allow a quick overview, the written text only outlines

the main characteristics of the various subjects. -The majority

of the information is~ presented in corresponding figures.

.

.
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2. FIR'3T SANDIA EOS-SERIES IN THE ACPR .

The first in-pile EOS-measurements on nuclear fuels were a

performed at SNL in 1977.III Because this series represents

the basis for the coming joint series,- its main features are

described in this chapter.

2.1 Experimental Technique

About 1 g of uranium oxide was fission-he' ted within milli-a

seconds to the desired temperature (or energy). The evolved

transient fuel vapor pressure was measured with a pressure

tr an sd uce r . The following three paragraphs descr ibe the reactor ,

the experimental hardware and the data acquisition including

the results.

2.1.1 ACPR

The Sandia ACPR, in operation until 1977, is described

in Figure 2. Figure 3 shows a picture of the reactor. The

ACPR operational character istics are. summar ized inLFigure 4.

Figure 5 shows the ACPR neutron spectrum in the central Experiment
Cavity.(2) Typical ACPR pulse shapes are given in Figure 6a,

'

together with the fraction of the total energy which is delivered

by the pulse tail in Piqure 6b.(2) The EEOS-series.used' maximum

pulses (4.40S) with a tot 01 reactor yield between.94 and 106 MJ.

The fraction of the total energy which was delivered in the

*
prompt pulse var ies ' f rom .79 to .83 (Figure 6b) . .The corres-

. ponding pulse widths (FWHM) varied f rom 5.3 to 4.9 ms.
,

M -
.
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2.1.2 Experiment Components,

The heart of the experiment is the instrumented pressure
*

cell, a cross-sectional view of which is shown in Figure 7.
i

The free volume of about 300 mm3 allows for sample expansion-

during heating and avoids single phase pressures. The free

volume was evacuated to .1 Torr. Six thernocouples were located

in the graphite crucible (Figure 8) in order to evaluate

time dependent heat losses from the fuel sample to the surrounding
graphite walls. I

The instrumented pressure cell assembly is contained within

two sealed cans. Figure 9 shows a cross-section of the complete

EEOS in-pile package.

2.1.3 Data Acquisition and Results

During an EEOS-experiment, signals frs.1 the following i

instruments were recorded (left side of Figure 10):

epressure transducer: p(t),

ein-pile Cd self-powered neutron detector: relative reactor

power P(t),

. compensated ion chamber (CIC) outside reactor core: zero

time to

ethermocouples (5 or 8): T(t) in graphite walls.-

These analog data were first recorded on a'14-channel, frequency;
,

modulated tape recorder _(right side of Figure 10).and later

* digitized using the CIC-signal as the reference time signal.

-3-
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From the above data, the desired relation between fuel

sample energy and fuel vapor pressure is evaluated in three steps: *

A. Radiation noise correction and filtering. The intensive '

neutron and gamma radiation during a reactor pulse leads to

ionization events in instruments and cables which results

in radiation noise on pressure and temperature signals. These

noise signals were eliminated by irradiating each EOS-assembly

twice: once with and once without the fuel sample (Figure

11A and B, respectively). Point by point subtraction of

B from A gives the radiation noise corrected signal C. The

remaining high frequency noise was then removed with low pass

digital filtering techniques (Figure llD). These filtered and-

radiatian noise corrected signals T(t) and p(t) are used in

the farther evaluations.

B. Fuel sample energy: The second step is determination

of the fuel sample energy. The time dependent fuel sample

energy Eavg(t) is given by:

Eavg(t) =Etotal x fraction of total energy deposited in
the fuel sample at time t

where Etotal is the total energy deposited into the sample. Or

Eavg(t) =Etotal x fraction of reactor energy delivered
at time t

.

t t e
e

total P(t)dt P(t)dt (1)=E *

t to o

-4-



The starting time of irradiation t and the relative reactoro
'

power P(t) have been measured, t is the known end time ofe

irradiation.o

total is evaluated by fission product inventory analysicE

of the y-emitting nuclei La-140. Because the Y-rays are registered

independent of their locus of emission within the sample, the
measured E total is the volume averaged energy deposition in
the sample. Equation 1, therefore, gives the volume averaged

time dependent sample energy Eavg(t). However, due to a

high fraction of thernal neutrons in the incident neutron flux,
a non-neglectable energy deposition gradient exists in the fuel

sample. If the ratio of peak to average energy deposition

P/ Avg is calculated the peak energy in the fuel sample can
be expressed as:

Epeak(t) = P/ Avg Eavg(t) (2)
*

Peak and average energy are shown Figure 12a for a calculatedr

value of P/ Avg = 1.19. Eavg(t) '?eak(t) are lower and upperan

limits, respectiveb for the fuel energy which was responsible
for the measured pressures.

Figure 12a also depicts the energy loss E loss, as calculated

from thermocouple signals, and the actual average sample energy

Eac " E -Eavg loss. The Eloss(t) trace indicates that energy
losses out of the sample to the crucible walls are insignificant+

during the pressure measuring times.
.

-5-
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C. Energy-vapor pressure relation: In the third step, a
,

relation between fuel sample energy and fuel vapor pressure is
*obtained'by correlating the noise corrected p(t) signal with

E,yg(t) or Epeak(t). The first correlation gives a lower*

energy bound for the actual E-p-dependence (Figure 13). The

second correlation yields an upper bound (Figure 14). The

resulting band for the energy-pressure relation of it'2 is shown

in Figure 15. The width of this band is determined by the

value used for the peak-to-average ratio P/ Avg in Equation 2.'

In Figure 15 a value of about 1.2 was used. This value was

!. originally calculated in Reference 1 for the initial das).
geometry of the sample. Meanwhile additional experimental and

theoretical work has revealed that-the fuel does change its

geometric configuration during.the experiment, which-results

|. in a time-dependent peak-to-average ratio. The app' , aches to
.

calculate the ratio P/ Avg will be described below.

i

The P-E-band of Figure 15 is depicted in Figure 16 in the

P-T format together with out-of-pile data for the vapor pressure

of UO . Again, it should.be'kept in mind'that.the shown high2

temperature bound of the in-pile. measurements is;not.yet a final'

result of the EEOS series. Additional analysis is underway-t

to limit the width of the shown band to_the~ pertinent-region.-

Furthermore, a compar ison of: the L in-pile p-E-data with - the out-

-of-pile p-T-data-is hindered by:the existing uncertainties in --

the specific heat of liquid UO *2 ,

,

|

-6-

|

|
|

!

!
. , . ._. .- .



2.2 Analysis of Results

*
2.2.1 p-E Relation

An analysis of the measured raw data was initiated in order
.

to determir.e more precisely the actual fuel energy which was

responsible for the pressure signal measured at a given time.

The analysis must address movement of the fuel in the available

free volume, neutronic energy deposition in the various fuel-

configurations and heat transfer to the surrounding walls.

Since none of the existing flCDA codes is directly applicable'

to this neutronic-hydrodynamic-heat transfer-problem, three

stand-alone codes were coupled. These are TWOTRAN for the

neutronic energy deposition into a fixed fuel geometry, CSO-II-

for the hydrodynamic movement of liquid and gaseous fuel with

a space fixed energy deposition, and TAC-2D for heat transfer

in a fixed geometry.

These three codes were initially coupled in-the way shown

in Figure 17a. This coupling procedure involved the following
i -

steps:

* calculation of neutronic energy deposition for the initial

fuel disk with TWOTRAN;

ecalculation of' fuel movement with CSQ, using this energy.

deposition (Figure 18_and 19);

erecalculation of_neutronic energy' deposition _for different

3 expected fuel geometries (Figure 20 and 21);

e calculation of space and ' time dependent energy distribution
.a

in the sample volume using TAC-2D.'(Figure 22, figure 23'shows

,

'-7-
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results for the fuel disk, Figure 24 for the 100% smeared fuel);
*

e correlation of calculated E(t) with measured p(t) gives

bounds for p(E) (Figure 25). ,

Pigure 26 shows the pressure-energy band which results from the

above outlined analysis of the EEOS-experiments.I3) The width

of this band is composed of two independent contributions:

1. Difficulties in adequately describing the dynamic and

inhomogeneous in-pile experiments numerically. For

instance, fuel movement is described rather crudely

by step-wise dispersal.

2. The scatter which is present in the pressure measurements.

Of the remaining total band width of some 350 J/g, about

150 Jfg result from the scatter in the experimental data; the

other 200 J/g or;ginate in the uncertainties in the analytical

modeling.

Further efforts in-reducing these modeling. uncertainties

of 200 J/g (about d6% in energy) showed that calculation of the

fuel movement is the crucial step in the above co6e coup'Ang
.

scheme. The reasons are two-fold: (1) fuel movement is a

very effective energy transport mechanism and (2) fuel' movement

has a strong influence on the neutronic energy deposition due

to changing self-shielding effects in the fuel. Therefore,

*

the improved coupling scheme of Figure 17b, which accounts-

for the strong interaction of fuel movement and fuel energy'
,

distribution, is presently under study. The basic idea of

.

-8-
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this new scheme is simple: the input EOS into CSO-II is iterated
*

until the calculated dynamic pressure matches the measured

one.,

The numerical realization of this scheme, however, is not

simple and requires extensive code development. The main problems

with CSO-II currently being addressed are:

ethe spatial resolution is limited due to excessive running
times;

oonly space fixed energy deposition is possible;

otruncation errors in the difference equations. lead to

unacceptable numerical mixing of hot and cold fuel regions.

Even with substantial code development, it is unreasonable

to expect that fuel energies can be calculated to better-than

3%. Such a level of uncertainty is, however, acceptable in
view of the experimental scatter, which corresponds to about.

5% in the fuel energy.

2.2.2 CO-Formation

The EEOS series used a pressure vessel with an inner-graphite
liner. At the high temperatures involved, graphite can oxidize

to gaseous CO using oxygen from the oxide fuel. The pressure

of CO is determined by the reaction. equation

C + 1/2 02- = CO ,

.

giving *

PCO = PO +exp -

2 RT
. ..

. (
-9~ \
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where _ _ ,

AG (U,PuO2ix)O
PO2 " eXp ,

RT
_-

From this equation, CO-equilibrium pressures result as shown in

Figure 27. The data for AGo,T (CO) were taken from Reference 4

and those for AG ' (U,PuO2ix) from Reference 5. The pressures

are very high indeed, if equilibrium can be reached during the

experiment. Thus CO generation could cause an additional, ,

non-prototypical contribution to the measured fuel vapor pressure.

Consequently, the kinetics of CO-fGrmation were inves tig a ted .

Build-up of a CO-pressure within the EOS capsule involves

three steps:

a) The diffusion of oxygen via the gaseous phase -to the

graphite walls or out of liquid fuel which is in contact with
,

graphite;

b) the reaction of oxycen with graphite at the' graphite

surface; and

c) the release of the reaction product CO -into. the graphite

container volume.

~

A thorough investigation of this combined mass transfer

problem is hindered by the unknown' reaction kinetics of- atomic
~

oxygen with graphite. Therefore, it was decided to examine -

only process a),; the possible oxygen dif fusion fluxes. - The
.

resulting -CO-pressure histor ies:a ;e consequently upper estimates

for-possible:CO-pressures.

f
'

--10-
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TLa oxygen transport was investigated for two fuel geometries,
,

a quiescen'. layer of liquid fuel resting on the container

~'
bottom (slab geometry, Figure 28a) and a system of homogeneously

distributed liquid droplets of uniform radius (droplet geometry,

Figure 28b). The various calculation parameters are summarized

in Figure 30, and Figure 31 shows the corresponding calculated

CO-pressures as a function of time. Using the CSO, TAC-2D and

PIE results, which became available meanwhile, it was possible

to reduce the parameter space covered in Figure 31 to the

pertinent region.

In the slab geometry, for instance, contact temperatures

of 1380 K (curves 6 and 7) are not reached. Instead a frozen

UO -layer of about 30 um thickness is calculated which acts2

as an effective barrier for oxygen and CO transport. In the

case of droplet geometry, the temperatures in the diffusion

boundary layer are around 4000 K'only, and average droplet

sizes range around 10-4 m. Thus, curve 15 (R = 10-4,-4000 K)r

seems the appropriate one to describe'the maximum possible

CO-formation during an EEOS experiment. However, not only

oxygen is transported to the graphite walls but also fuel

vapor, which condenses and forms'a protective oxide liner. Such

a vapor deposite oxide layer was seen in_the post irradiation
-

examinations.

.

In summary, with and without fuel dispersal no.significant

* Co-formation from fuel-crucible reactions is expected during.the-

EEOS measurements.

-11-
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I2.3 Recommendations for Sandia-KfK Series

.

The experience gained from the above described analytical

efforts has been used in the design of the new joint Sandia-KfK .-

EOS ser ies which will be performed in the upgraded reactor

ACRR. The recommendations are summarized in Figure 32. First

priority has obtainment of the flattest energy deposition

profile possible. Proper measures are neutron filtering,

shadowing neutron absorbers, and the ase of fuel powder. The

use of powder has the additional advantage that no large free

volumes are available for gross fuel movement, and nevertheless

single phase pressures from liquid fuel are avoided. Other

improvements include the use of an oxide liner and an advanced

preparation route of EOS experiment parts which will be described

below.

.

.

W
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3. STATUS OF JOINT SANDIA-KFK SERIES IN THE ACRR
_.

.

3.1 Program Outline

~

Table I shows the planned EOS series as sponsored by Sandia-. -

NRC and KfK-PSB, respectively.

TABLE I

Sponsor Number of Experiments On-

U0 UC (U,Pu)O22

fresh fresh fresh irradiated

Sandia (NRC) 1 4 --- 3

KfK (PSB) 2 2--- ---

The individual funding is complementary. The joint test matrix

covers all nuclear fuels of interest and allows a steady

development of experimental te .iniqu'es, starting with morer

straightforward fresh UO2 experiments and ending with the.

difficult tests on irradiated (U,Pu)O2 These in-pile exper.- .its

address the following open questions:
i

*What ,is the true vapor pressure of nuclear -fuel under- HCDA

heating conditions, i.e. , neutronic heating in some

. milliseconds?
e

e Do .these heating conditions create 'new phenomena like
" '

low dynamic heat capacities,' molecular . dissociation or -
-

-13-~
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ionization, which result in genuine higher vapor pressures

than those of out-of-pile experiments? '

*Were the high pressures in the closed-system Sandia experi- *

ments (Figure 16) due to non-fuel pressure sources, which

are related to experiment preparation and design, lika

fuel contamination or crucible outgassing?

3.2 Improvements of In-Pile EOS Technique

Since the first in-pile EOS experiments were performed at

Sandia(II, a number of improvements on this technique have

become possible. Advances and present status of the joint

Sandia-KfK series is given below.

3.2.1 ACRR

The ACRR became operational August 25, 1978. Figure 33

shows the ACRR core configurations. The operational characteristics

for pulse and steady-state mode are summarized in Figure 34.

Figure 35 depicts the neutron spectrum in the bare experiment

cavity. Figure 36 gives an idea about the energy deposition

capabilities in the ACRR. The flexible control system of the

ACRR allows a number of advanced operational modes, as depicted

in Figure 37. Some of them are not yet ready for use but will

become available in the near future. Ptgure 38 finally compares

the ACRR performance characteristics to those of the old ACPR.

Most important for EOS-experiments is the increased pulse fluence
.

(by a factor of 3.2 over the ACPR) which will allow filtering

of thermal neutrons and very flat energy deposition profiles -

in the fuel samples. (See paragraph 3.3).
.

-14-
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3.2.2 Pressure Cell

*

Compared to the pressure cell described in paragraph

2.1.2, the following improvements will be made in the new
,

SNL-KfK series:

A. Fuel: 1 g of fuel powder of .1 to .3 mm par ticle sizes ;

will be used. Fu;' sensity will be about 50% of the

theoretical der.: cy, which is typical for the fuel

smear density in the voided LMFBR core. A more

appropriate fuel stoichiometry will be used; namely,

UO .00 and (U.Pu)Oy,972

B. Cracible: The use of high-density UO2 crucibles excludes

non-fuel pressure sources from the crucible or from

fuel crucible chemical reactions. In addition,

heat losses are reduced, compared to graphite crucibles,

due to the low thermal conductivity of UO2 For

crucible fabrication see Chapter 4. The experiments

on UC will use pyrolytic graphite as crucible material,

which has several advantages over the previously

used isotropic graphite.

C. Pressure Transducer: To facilita te interpretation of the

pressure transducer signal in the case of uneven

loading of the transducer diaphragm, a specially

.

shaped washer will be inser ted . By this means, the'

pressure transducer signal is propor tional to the

total force acting on the crucible lid, independent~

of the lateral force distribution across the lid.

-15-.
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In addition, undesirable thermal bowing effects of the
,

crucible lid will not f alsify the transducer signal.

.

D. Cell Closure and Reopening: A new, simpler sealing element

of the EOS pressure cell will be used. In addition,
.

a changed design will allow reopening of the capsule

in a UHV-system after the experiment, in order to
'

analyze the residual gases mass spectrometrically.

IE. Neutron Filters: Neutron filters will be added to the

EOS pressure cell in order to further decrease the

energy deposition gradients in the fuel sample,

3.2.3 Calorimeter

For the new EOS-series, an in-pile calorimeter was designed.

; Its purpose is to give an independent, absolute and high precision

measurement of the total energy deposited in-the fuel during

an EOS experiment. Its performance will be tested in the fresh

fuel experiments by comparison with the previously described

fission product inventory analysis. In the irradiated fuel

tests, the' calorimetric energy deposition measurement will be

the.only possible method to determine'the total energy deposition
:

into the.ft'l sample (Etotal in Equation 1). Figure 39 shows

a cross-section of the present calorimeter design. To minimize

energy deposition dif ferences 'in calorimeter and EOS-cell fuel,
,

calor imeter and EOS-cell are designed as similar.- as possible. -

' The calorimeter investigations done so-far. include heat losses,-
.

stress analysis of.the copper body, instrumentation,-and back-
~

. ground from neutron and Y-heat ing of copper. A remaini*ng;

-16-i
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point is the calculation of the differences of the neutron,.

S- and Y-absorption in the calcrimeter fuel compared to the
.

EOS fuel. Figure 40 summarizes the calorimeter data of interest.

3.2.4 Contamination Control |

Because EOS experiments in a closed volume are very sensitive

to contami' nation, a cleaning and handling procedure was designed

for the EOS experiment components.(6) The first step was

identification of sources for contaminant pressures in EOS experi-

ments (sources D and E in Figure 41). The estimated contributions

of the various preseure sources in Figure 41 demonstrate that

contamination pressures can easily invalidate fuel pressure

measurements. An important pressure contribution can also

arise from prototypical fuel impurities'like C, N2, and H 0,2

which are introduced during the fabrication process. It

should be added here that this reactor-typical pretsure source.

is seen in the described closed-system 'in-pile expe riments

but not in open-system experiments 1ike laser evaporation or~

transpiration method (see Figure 16).

'The goal of the designed preparation route is to kero-
contamination from handling below the resolution'of the'uned

pressure transducer. This corresponds tofabout 1 pmol of

contaminant gases or 3 monolayers of contamination on the fuel
,

surface.
,

Of the various contamination sources,'physisorption of
,

'

i gases was. investigated in detail because this process can result

-17-
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in multilayer formation on exposed surfaces. A kinetic adsorption .

model was set up to estimate for which gases and which conditions
.

(p,T) multilayer physisorption has to be expected (Figure 42).

Capable of multilayer adsorption during the experiment preparation

are gases having high heats of physisorption and a critical

temperature above 300 K. The most important gases of this

class are water vapor and polar hydrocarbons. The kinetic model

predicts that at room temperature partial pressures less than
,

1 Pa (= 10 ppm at 1 bar) of these gases are required to keep

the surface coverage below one monolayer. Other gases are

not critical for the contamination of EOS experiment parts.

Figure 43 gives a complete list of contamination sources,

expected contaminants and planned cleaning steps. Cleaning

is designed to take place in three different environments with

increasing degree of cleanliness. Because physically adsorbed

multilayers of water.and hydrocarbons are expected to be major

causes for contamination, the last-two cleaning steps specifically

aim at removal of these compounds. The flow of pressure cell

components through the various stages of cleaning and processing

is summarized in_ Figure 44. Figure 45 shows processing steps

of fuel and loaded EOS pressure cell. After the final bake-

out, the EOS cell will be closed under vacuum within a special-

'UllV-mounting syntem (Figure 46). After the experiment, the

pressure cell will be reopened in this' system to analyze
'

amount and composition of the residual' gases..

,.

'

.
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3.2.5 Data Acquisition
.

The data acquisition system currently used for Accident

Energetics Wor k is shown schematically in Figure 47. This,

system is located in the ACRR Low Bay adjacent to the reactor

fac il i ty. As shown, data may be recorded on FM tape recorders

(26 channels of data), displayed on a viscorder oscillograph,

and digitized by high speed analog to digital converters

(ADC's) in the Data Acquisition and Display System (DADS)

terminal. The system contains provisions for complete system

calibration. Pressure transducer electronics, thermocouple

reference junctions, and reactor power instrumentation are located

at the reactor and are connected "to the data acquisition by a

permanent cable bus. *

The Station 1 DADS terminal is shown schematically in
,

Pigure 48. The terminal is built ~ around an HP9845 desk top

calculator with 449 K bytes of memory. Analog input is-

via eight high speed ADC channels with a maximum sampling rate-

of 400 kHz. Each input may be multiplexed 2 or 4 times for

sampling rates less than or equal.to 40 kHz. Each ADC channel ,

has an associated 32768 word external memory. The calculator

may read the external ADC memor ies,. perform limited computation,

display the data, store data.on a cartridge . disc or transmit ~

the data to the central DADS computer. The central DADS
.

computer provides additional computational ce .ility along wit'h
..

digital magnetic tape data storage and a better graphics
'

plotter.

-19-
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3.3 Precalculations

The current design objective for the new EOS experiments

"

is an energy uncertainty of 4%. Thir objective appears possible

in the ACRR, at 1 cast for fresh fuel, through careful neutronic

design. Extensive TWOTRAN neutron transport calculations, discussed

below, suggest a 4 to 7% peak to average energy deposition ratio

is possible for a thin shielded disk-shaped cavity filled with

powdered fuel. The "predispersed" powder configuration should

minimize the changes in energy profile with geometry found

in the first series. Estimates of haat transfer effects suggest

that these will not be important in dets# mining the lower internal

er.ergy bound for the fuel during the pressure measurement times

for the present geometry. Thus, the energy uncertainties after

analysis should be bounded by the peak and average energy

deposition values.

The TWOTRAN neutron transport calculations incorporate a
.

short cylindrical gold filter positioned as shown in Figure 49

some distance from the fuel disc. The filter in this geometry

is primarily a solid angle occluder; the isotropic flux in

the filter midplane in the absence of the fuel disc decreases

as a function of radius from solid angle considerations. The
,

normal increase in fission density with radius in the fuel

disc can thereby be offset and even reversed. Although TWO-

TRAN is not capable of more elaborate occluder designs, one -

could in principle consider split ring and double ring designs

to gain more flexibility in tailoring the radial profile.

-20-
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The thickness of the fuel disc can be adjusted to minimizeo

- the axial variation of the energy deposition, but of cource,

the practical lower bound is determined by heat transfer con-
~

sideratinns.

A test case TWOTRAN calculation for the geometry in Figure

49 gives a radial variation for the energy deposition in the

fuel disc as shown in Figure 50. This calculation corresponds

to 1 gm of 15% enriched UC fuel at 50% density and a gold

occluder nominally 1 cm high and 0.15 cm thick. A lower

Inconel plate is included in the calculation to assure top-to-

bottom symmetry along with top and bottom polyethylene reflectors

(not shown) and a tall cylindrical polyethylene moderator (not
,

shown). The bands for different moderator. thicknesses represent

the probable peak-to-minimum axial varist' ion at given f adius.

The TWOTRAN results for the profile will be. verified by per-

forming dosimetry on a uranium metal. calibration sample formed.

of nested rings.

.

4

'
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4. FABRICATION OF,UO2 CRUCIBLES AT KFK
.

i

Recently an apparatus has been developed which allows the>

*
,

f abrication of crucibles of high temperature materials. This

' apparatus works on the basis of hot pressing units which

produce exact shaped pieces of materials of high density by

sintering under high pressures and temperatures in a heated

I graphite die. It is the appropriate equipment for fabrication

of the UO2 crucible placed inside the pressure capsule for the
EOS experiments in the ACRR. Crucibles with dimensional tolerances

specified for these capsules cannot be produced by normal

sintering techniques in which cold pressed shapes are sintered

at high temperatures of 1900-2000 K. Internal stresses of the
'

cold pressed crucibic would influence the shrinking during

sintering and cause irregularities and material cracks. Such

stresses cannot build up during hot pressing because of the

plastic state of the hot material. Furthermore, the shape

of the specimen is exactly given by that of the die.

The r?inciple of the equipment used is sketched in Figure
i

| 51. The graphite die is placed between the two hydraulic

cylinders of the press. It is depicted in the center of

the Figure 51, surrounded by the induction coll. Tne position

of the hot pressed crucible inside the die is represented

by the dotted area between the upper and lower piston. A

'

sealed silica glass cylinder around the die allows working

under vacuum and inert gas atmosphere. The outer part of the
,

upper _ piston is scaled at the cover, plate by a Viton 0-ring.

-22-
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This'part of the piston is cooled at its connection to the,

upper hydraulic cylinder to prevent heating of press and 0-ring.
*

The inner part of the. piston is inserted into the outer one

with thermal insulation to minimize heat losses.

The bare plate carries all parts of the apparatus which

do not move'. These are the sealed silica tube and the lower

piston which determines the inner diameter of the crucible.

Three columns penetrate the base plate through sealed feed-

throughs and transmit the pressure of the lower hydraulic system

to the pressure plate which acts on the graphite die via

alumina tube and disks on which the die is placed. Thus, the

graphite die and the upper piston can be moved by two independent.

hydraulic cylinders. This allows to impose different loadings

on the bottom and the wall of the crucible during sintering.

The downward movement of the upper piston compacts the bottom

of the crucible by pressing the U02 powder against the fixed
lower piston. Upward movement of the graphite die compacts

the crucible wall by pressing the UO2 against the upper piston
(Figure 52).

The process of fabrication starts by filling up the

graphite die with UO2 powder. The die sits on the alumina

plates and surrounds the lower piston which ends in the upper

third. Appropriate gaantities of powder are stamped into the
,

wall and bottom regions. Upper piston and silica tube are

*

inserted and sealed. Af ter- heating up the die by high : frequency

induction to 1700*C, pressures of 100 and 150 MPa. ore imposed~

_

-23-
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i

,

s

!
.

1

!

,

to the die and the upper piston for five minutes. Before
!

-

i cooling, the upper load is removed and the die is pushed
!
' upwards to draw the lower piston out of the sintered crucible. *

*

! This prevents the crucible from shrinking onto the piston which
i

would cause cracking of the walls. Figure 52 reveals that the
'

} crucible is in contact with graphite at its outer surface and with

j tungsten at its inner surface. Therefore, contamination

with carbon should be minor 1. side the crucible. Surface

contaminations are removed by heating the crucible under vacuum |

) with an oxygen partial pressure of some 10-4 atm in an

atmosphere free of hydrocarbons. The crucible density is higher
.

than 95% of the theoretical density. Thus, the pores are
,

closed and transport of gases out of or into the crucible
1

i
j walls during the reactor experiment is not possible. Because
4

of the high surface quality of the tungsten piston, which is,

''

not influenced during hot pressing, the inner wall surface of

the crucible is smooth and needs no further machining. The

UO -piston has to be machined at its sliding surface.to fit-2
,

it to the inner crucible diameter.

A. drawing of the UO -crucible and'UO -piston to be2 2

produced is given in Figure 53; a photograph of one of the
i

| hot pressed crucibles is shown in Figure 54.

'

1

!
*

.

.

!
-24-
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5. SUMMARY
.

The EOS work which is related to the new joint SNL-KfK
*

in-pile EOS series is summarized. An introduction is given

in Chapter 1.

Chapter 2 describes the experimental features of the first

in-pile SNL series on nuclear fuels (Figures 2 to 11) since

this in-pile technique represents the basis for the coming
joint series. The present results of this first series on UO

2

are the following:

*The p-E-relation was measured for the average energy deposition

into the sample with an experimental scatter corresponding
to about 5% in average energy. However, an additional

uncertainty arises from the uneven energy deposition in

the sample (around 12%).

* Analysis of these additional uncertainties requires coupled
neutronic-hydrodynamic-heat transfer calculations. The

'

first coupling scheme of three standalone codes resulted

in about f6% in the energy. Extensive code development is

presently underway to further reduce this uncertainty

contribution by use of an improved coupling scheme.

However 3% appears to be the lowest achievable level of

analytical energy uncertainty.

*CO-formation from graphite-UO2 reactions during the pressure
,

measuring times was insignificant (Figure 31).

* *Several recommendations for the new series resulted from
the analysis (Figure 32).

-25-



Planning and status of the new joint in-pile series are
'

given in Chapter 3. Table I on page 13 shows the planned

test matr ix. Improvements of the in-pile technique are concerned ,

with:

e the new reactor ACRR (Figures 33 to 38),

e a new pressure cell design,

ean in-pile calorimeter for an absolute and high precision

measurement of the total average energy deposition (Figure 39),

ea carefully designed preparation route to keep pressure

contributions from handling contaminations below the resolution

of the pressure transducer (Figures 41 to 46),

e additional data acquisition capabilities of the new DADS

system.

~

Precalculations for the coming UC-serien using neutron. transport

codes suggest that the energy deposition variations in the

sample can be kept below 14% (Figures 49 and 50) by proper

exper imen t. design (neutron. fil ter s, f uel powder ) .

Chapter 4 describes the fabrication of UO -crucibles for the2

coming oxide series which is presently underway at KfK-INR.

The recently completed Hot Pressing Apparatus (Figures 51 and 52):

allows fabrication of high-density crucibles with extremely

high dimensional precision without additional machining (1025-mm,

1 001 inch). Figure 54 shows one of the first crucibles ,

obtained with the Hot Pressing Apparatus.
..
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; Figure 2. ACPR DESCRIPTION ( }
;

.

The ACPR (Figure 3) is a TRIGA-type reactor utilizing,

stainless-steel-clad uranium / zirconium-hydride (ZrH) fuel *

elements, but with a dry experiment cavity 23 cm in diameter

occupying the central region of the core. The core structure
,

2 is at the bottom of a stainless-steel-lined water-filled tank
3.05 m in diameter and 8.5 m deep. The top of the core is 7.0 m

,

below the water surface.

; The core contains fuel-moderator elements in which a ZrH
moderator is homogeneously combined with enriched uranium fuel.

The active section of this fuel-moderator element 1.s 38.1 cm
in length by 3.56 cm in diameter and contains 12 weight percent,

uranium and 88 weight percent zirconium hydride. The 12 weight
' 235percent. uranium is enriched to 20 percent in U and the hydrogen-

to-zirconium atom ratio of the ZrH moderator material is 1.625
~

to 1. Graphite cylinders 8.8 cm in length by 3.56 cm in diameter

act as top and bottom ref1cetors.

i Six motor-driven control rods govern reactor power during
I .

delayed critical ~ operations.i

I The adjustable. transient rod on the ACPR is actuated by'an

electro-pneumatic system. The mechanical' drive system permits

the adjustable transient rod to be used in.the steady-stato as

well as the pulse mode of cperation.. In the pulse mode the

adjustable drive system-is used to adjust reactivity so that -

'

pulses of'any. size may be obtained up to'the' maximum reactivity
~

worth of the transient rod system.
.

.

Although the ACPR core still~ exists.the reactor has been.
!

dismantled and replaced by the ACRR.

- -30-
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Figure 4 ACPR Operational characteristics
(Cavity llorizontal and Ver tica Centerline Free-Field)

Putne Operations

Reactivity Inserted $4.40

Peak Power 14000 MW

*

Pulse Width (FWIIM) 4.7 msec

Reactor Period 1.3 maec

Maximum (Recorded) Fuel Temperature 750*C

Energy Delease --108 MW-see

Neutron Dose:

15 2> 10 kev 1.0 x 10 n/m
17 2

Maximum rate (> 10 kev) 2.5 x 10 n /m ,,,,

All Energien 2.0x1515 n/cm

Thermal (< 0. 4 eV) 7. 8 x 10 n/cm'

Comme Dog.

Total Dose 10 rada (II O)
2

Maximum Date 2.1 x 10 rads (if O)/see
2

Characteristics of Steady-State Operation:

Power 300 4"

I#
Neutron Flux (> 10 key) 2.0 x 10 n /cm -see

13 2Neutron Flux (All Energies) 0.57 x 10 n/ce -sec

Gamma Dose Rate 3300 rods (II 0)/see2

'

.

.
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Figure 5. Integral Cavity Fluence for all Neutron Energies, Showing
the F.ffects of Spectral Modifications

ACPH Cavity Spectra

Free-Field
Normaltred

Lower Limit . Differential Normaltred Integral Spectrum
Group Energy of Group Spect rum Free- t 'ield 2. 54 cm Polyethylene 0. 0127 cm Cadmium

I 3 MeV 0.033 0.033 0.03 0.05

2 1. 4 0.084 0.117 .0.10 0.14

0.230 0.15 0.283 0. 9 0.113 *

4 0. 4 0.139 0.369 0.21' O.44

5 0.1 0.071 0.440 0.28 0.55'

6 17 kev 0.050 0.490 0.31 0.64

-7 3 0.047 0.537 0.35 0. 71

8 . 0.55 0.044 0.581~ 0.39 0.77

9 100 eV 0. 041 - 0.622 ' 0.42 0.84

! 10 30 0.033 0.6'55 0.44 O. 88

11 10 0.029 0.684 0.47 0.92

12 3 0.036 .0.720 . 0. 51 0. 95. -
'

13 1 - 0.023 - 0.749 0.54 0.97-.

14 0. 4 0.024 0.773 0.61 0. 98

15 0.1 0.122 0.895' O.86 - 0.99
.

.I6 . Thermal 0.107 , 1. O ~ 1. 0 ' l. 0
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Figure 16 Vapor Pressure of UO as rt.netion of Peciprocal Terperature.y

For re fe rences see Ref. 3 of this report.
1. Me a s u re-ren t s t

FfK, 1978 (2), lase r evapor at ion

FfR, 1975 (3), laser evaporation

TUI, 1977 (4), laser evaporation
|
-

ANL, 1972 (5), transpiration method

JANDIA, 1977 (6), electron beam heating *
SANDIA, 1977 (7), neutronic in pile heating *
(upper and lower bound)

i *In these experiments the vapor pressure was -
I measured vs. enthalpy. For conversien to
'

terperatures the following presently reconnended
relation was useot
M I T! - H(298! = 1425. * (T - 3138) .504 J/g (T > 3138 W1

,

II. Calcu ations:

(1) UKAEA, 1966 (8), Corresponding States

(2) ANL, 1979 (9), modified Law of Mass Action

(3) CE AT.A, 1977 (10), Significant t.iquid Structures

(4) KfW, 1978 (2), Law of Mass Action

(4+) 704 confidence interval, resulting from the present

(4-)) scatter in the input data of (4).
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TWOTRAN
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Approximation
SO~ TAC-2DEOS: p(E) >- ;_

E , p , p (Y , t ) E(Y,t)

U //
bounds for

p (E)

b)

TWOTRAN

$ G", t )

Approximation TAC-2DEOS: p ( C ) -- -+. CS O- I I
E(E,t)E , p , p ('2, t ) -

>- conparison -i p(t)

E(E,t) neutronic energy deposition
E(E,t) fuel energy distribution

.

p (E, t ) pressure distribution
p(E,t) fuel density distribution

-

Figure 17 Coupling of two-dimensional codes for neutronics (TWOTRAN),
hydrodynataics (CSO-II) and heat transfer (TAC-2D) as used in
the analysis of EEOS experiments on UO

y.
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FIGURE 18. HYDRODYNAMICS

i

*
2-DIMENSIONAL HYDRODYNAMIC CODE CSQ WAS USED j

,

-

*
CSQ ASSUMES INSTANTANEOUS PRESSURIZATION. INOT NUCLEATION SITE L!nITED) *

:

1 L

~i SPACE FIXED, TIME INDEPENDENT ENERGY DEPOSITION GRID*

*
RESULTS: - MOTION DUF TO FUEL VAPORIT.ATION ONLY

- EARLY DISPERSAL DURING F'tESSURIZATION TIME
i

- BUT FJEL IS DRIVEN OUT OF HIGH ENERGY REGIONS i

- SO DIiPERSAL IS UNDERESTIMATED BY CURRENT CS0-VERSION, [.

- IMPROVEMENT OF NEUTRONIC-HYDRODYNAMIC COUPLING REQUIRED
s -
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the hydrodynamic code CS0-II. Time of peak power is
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LFIGURe 20. NEUTRONICS
.

*
.

2-DIMENSIONAL NEUTRON TRANSPORT CODE TWOTRAN WAS.USED
'*

s

1
7 CALCULATIONS FOR DIFFERENT FUEL GEOMETRIES WHICH ARE EXPECTED TO*

,

OCCUR DURING THE COURSE OF THE EXPERIMENT
i

-

,. .,

RESUI.TS : AVERAGE AND PEAK FUEL ENTHALPIES TAKING INTO ACCOUNT GE0 METRY'*

'I' CHANGES AFTER FUEL MELTING

- ,

,
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FIGURE 21. RESULTS OF NEUTRONIC ENERGY DEPOSITION CALCULATIONS FOR DIFFERENT FUEL yppppz
GE0METRIES disk

.

PEAK.To. AVERAGE. PEAK To MINIMUM . RELATIVE TOTAL i-i Y.'.['y , ...-
'

..

FUEL GEOMETRY' ratio RATIO ENERGY INPUT 2 ' f-;',' :".p:1fi,. .';')".
,

:.:: -:: %, ,;g.;

1 75 % smearede

DISK 1.34 1,53 100%
. ;f.,,. .7..,...,...

. . . -. . .

75% SMEARED 1.25 1.49 107% %" ,;}. 4,'f. ; ':'.:
, j,: ,-.: : :v

10C% SMEARED 1.24 1.48 112% - S 1-'

SHELL 1.17 1'2N 1I7X

emm/p

-

h
u//////s
shell

.
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-FIGURE 22. HEAT TRANSFER
~

*

MODIFIED 2-DIMENSIONAL HEAT CONDUCTION CODE TAC 2D WAS USED TO
CALCULATE FUEL ENTHALPIES

,

*
HEAT TRANSFER MECHANISMS TREATED: - CONDUCTION WITHIN FUEL

- CONDUCTION TO CONTAINER

- RADIATION TO CONTAINER (1-DIM.)
- HEAT OF FUSION

J, - HEAT OF EVAPORATION
'?

f* : STEPWISE CHANGE OF FUEL GEOMETRY WHEN COLDEST NODE PASSED MELTING
~ TEMPERATURE. GEOMETRY CHANGES CCNSIDERED: - DISK TO 100% SMEARED GEOMETRY

- DISK TO SHELL GEOMETRY

*
COMPLETE THERMAL MIXING UPON DISPERSAL-

*
'NO DR TOTAL THERMAL MIXING AT LATER TIMES

--> LOWER AND UPPER BOUNDS FOR FUEL ENTHALPY
.

*

:ENERGYsDEPOSITIONS.FOR THE DIFFERENT FUEL GEOMETRIES AS CALCULATED WITH TWOTRAN

. , - *

, _ . -- -
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Figure 23. Calculated radial temperature distribution in the
EEOS capsule at time of peak power for three axial*

positions ( O = botton of fuel disk). Fuel is in
the initial disk geometry. l
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Figure 24. Calculated radial temperature distribution in the
EEOS capsule after fuel dispersal (center plane,

*

| upper and lower capsule surface).
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Figure 25. Calculations for the Upper Limit of Fuel Enthalpies

Average Energy Geometry Modelling Curve
Experiment Deposition Transition Assumptions Number

EEOS-UO -2 1948.J/g disk shell 1. complete thermal 1
2 ' disk -100% mixing at dispersal

smeared 2. no mixing at 2
later times

EEOS-UO -4 2257 J/g disk- - shell 3. heat'for fuel 3
2 disk : 100% vaporization taken

smeared from total fuel mass-

'$ 4. hottest node was 4

i' correlated to
measured pressure

A lower boundifor'the fuel enthalpies was calculated by

--including thermal mixing also at later times and by

-- correlating the calculated minimum temperatures of the inner
-shell surface'to the. measured pressures. The result is line
-S in Figure 6.

.
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Figure 26. Vapor pressure-enthalpy relations as calculated from
the experimental raw data:

@ to @ upper bounds for different experiments and
model assumptions (see Table II) starting
from peak enthalpy (curve 6)

@ calculated lower bound, starting from peak *

enthalpy (curve 6)
vapor pressure vs. peak enthalpy

and @ lower and upper bounds for the effective
UO nthalpy as resulting from the analysis.
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Figure 27. Calculated CO equilibrium pressures as
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Figure 30 Summary of the Investigated oxygen Diffusion Problems
,

.

geometrical oxygen diffusion curve,

configuration of diffusion atmosphere temperature number -

liquid fuel path (K) in Fi<s.31.
,

3000 1

UO V^P #2 4000 2
(fresh fuel)diffusion 5000 3

via Xe-UO
2 4000 4

gas phase mixture
"I" 000 5

(irr. fuel)
; geometry

(Fig.28a)i
fuel- bulk fuel
graphite 5000
interface fuel / graphitediffusion out ---

,

undisturbed interface
| of liquid
| oxide fuel to

,

graphite
bulk fuelspreading. surface 5000,

$olapsing fuel / graphite---
4

interfaceCo-film
80 7

(Fig. 29)

3000 8
droplet

UOradius 2 vapor 4000 9

-5
Ed = 10 m 5000 10

(grain size)
3000 11

Xe-UO vapor
2 4000 12

droplet diffusion
geometry 5000 13
(Fig.28b) via

3000 14
UU V

droplet gas phase 2 P#
4000 15

radius

10~4 5000 16
R = ,md

000- too small
(1000 grains)

1 Xe-UO V#P # 4000 17
~

2

5000 -18
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i FIGURE 3L CALCULATED 11AXIMUf1 CO-PARTIAL PRESSURES VS. Tite FOR

| DIFFEREitT CAPSULE C0!!DIT10llS NID FUEL GE0 RETRIES.

i
RESULTS FROM CSQ, TAC-2D N1D PIE-WORK LEAVE C0-F0PJ1AT10tl

,

| ACCORD!ilG TO CURVE 15 AS TiiE ll!GliEST POSSIBLE C0-PRESSL'RE
GEllERAT10:1. ADDIT 10ilAL lilHIBITlilG PROCESSES, LIKE LIMITED
C-0-REACT 10il KlilETICS NID A VAPOR DEPOSITED FUEL LINER,

ASSURE ilEGLIGIBLE CO-F0PJ1AT10il DURiilG Ti1E EEOS EXPERifEilTS.
i
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FIGURE 32. RECOMMEllDATI0ilS FOR ACRR EOS EXPERIMEllTS

EXPERIMENT DESIGN

1. OBTAIN FLATTEST DEPOSITION PROFILE POSSIBLE

f*INIMIZES HYDRODYNAMIC MOVEf1ENT

MINIMIZES PRESSURE GRADIENTS IN SAMPLE *

MINIf11ZES ENERGY DEPOSITION CHANGES WITH MOVEfiENT

MIN!f11ZES INITIAL TEMPERATURE GRADIENT

2. USE POWDER, SMALL FREE VOLUME (50%)
,

FLATTER ENERGY DEPOSITION PROFILE

SMALL filXING LENGTH

LOW EFFECTIVE CONDUCTIVITY (LESS HEAT LOSS)

3. USE OXIDE LINER (LOWER ENRICHMENT THAN SAMPLE)

NO CHEMICAL REACTIONS

NEAR ADIABATIC CONDITIONS

NO ANOMALOUS VAPOR PRESSURES

4. ELIMINATE IMPURITIES FROM HANDLING

,

.
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Figure 33. Core configtiration of the ACRR
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FIGURE 34 OPERATIONAL CHARACTERISTICS OF THE ACRR

PULSE OPERATIONS

REACTIVITY INSERTION $2.95

PEAK P0wsR 29,500 MW

PULSE WIDTH (FWHil) 6.5 MSECt

REACTOR PERIOD 1.65 MSEC

ENERGY RELEASE 350 MJ

llEUTRON f t 'JENCE 7.4 'X 1015 ufen2'

17PEAK llEUTRON FLUX 6.1 x 10 N/CM -SEC

GAMMA DOSE 2.9 MRAD

PFAK GAMMA DOSE. RATE 240f1 RAD /SEC

FUEL TEMPERATURE - AT 1050 C

STEADY-STATE OPERATIONS

POWER 2 MWCTH)4

13 2IIEUTRON FLUX 4.2 x 10 N/CM _SEC

GAMMA DOSE RATE 1.6 X 104 RAD /SEC

FUEL IEMPERATURE 9600C

. .

.e

e

'I
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Figure 35. Integral neutron spectra for ACRR: 1., 2., and 3. free
field measurements at center, bottom, and top of experimental
cavity ; 4., 5., 6.,,and 7. . center of.the experimental
. cavity with polyethylene moderation thicknesses of 0.635 cm,
1.270 cm, 1.905 cm, and 2.540 cm .

.



- _, . . -.

J

i

.

,,

. Figure 36. ACRR SINGLE AND MULTI-PIN SLOTTED CORE CAPABILITIES

(Preliminary Calculations)

Suggested Configuration to Achieve 3000 J/g

Fuel Poly Released Reactor Energy Deposited
Enrichment Thickness Energy 'in Test Pin

(inch) (MJ) (J/g)

Single Pin 12% 1/4" 300 3000
'

12% 3/4" 175 3000

S:ven Pin 40/30% (31%) 3/4". 220 3400-

19 Pin 60/35/20 (22%) 3/4" 300 >3600

| Mtximum Energy Deposition

Single Pin 20% 3/4" 300 6850

93% 3/4" 300 16000

Seven Pi.n 20% 3/4" 300 3700
,

93% 3/4" .300 8500:
!

19 Pin 20% 3/4" 300 > 2800

f 93% 3/4" 300 > 6800

*
F

i
*

.

e

h
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- CASE 1

TOP - 1, Square Wave

35 MW, 5 Sec

1 CASE 5

100 MW, 0.5Sec

CASE 2 LOF - 100 MW,

0.5Sec
TOP - 2, a = 0. 2 Sec-I,t= 6 Sec

10 MW, 5 Sec 10 MW 8 Sec

12Ss s.

CASE 3

TOP - 2, a=1 Sec~l

t = 2 5ec *5
"~I '

0.4 Sec FWHM
o*

10 MW, 5 Sec

d L CASE 6

TUCOP
CASE 4 150 MW, 0.4 SEC

LOF - 32 MW,1.5 Sec

32 MW,1.5 Sec
30 MW720 MW,2Sec j

10MW 8 Sec 10 MW,3 Secf
d / 3 Sec (

,
, -

.

Figure 37. Advanced operational modes possible in the ACRR.
The nunbers shown are preliminary and subject to
further changes due to hardware improvements, like
higher worth control rods and fully prograrmable
rod movenents.
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FIGURE 38 ACPR/ACRR PERFORMANCE CHARACTERISTICS

ANNULAR CORE ANNULAR CORE

PULSE REACTOR (ACPR) RESEARCH REACTOR (ACRR)
FUEL IEMPERATURES

SAFETY'llMIT 930*C/1000*C 1800*C
PEAK FUEL IEMPERATURE 870*C 1100*C (1350*C)

STEADY-STATE OPERATION
i MAXIMUM POWER 600 KW 2 0 MW
y NEUTRON Flux (>10 KEV) 6 1 x 1011 N/CM /SEC 2 2 x 1012 2N/CM /SEC

' PULSE OPERATION

REACTIVITY $4 50 $2 95 ($3 50)
PEAK POWER 15,000 MW 30,000 MW (52,000 MW)
ENERGY RELEASE 108 MJ 360 MJ (450 MJ)
NEUTRON FLUENCE (>10 KEV) '1 1 x 1015 N/CM2 4 0 x 1015 N/CM2 (4,9 x 1915 N/CM)

'

-

PULSE. WIDTH (FWHM) 4 5 MSEC 6 7 MSEC (5 3 MSEC)
'IEMPERATURE COEFFICIENT -1 2t/*C -0 65t/*C

.
.
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Figure 39. Cross-section of In-Pile Calorimeter
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Figure 40. Preliminary Design of In-Pile Calorimeter

1. Calorimeter body
.

e cylinder f rom high streng th aluminum (ultimate tensile
strength 400 MPa)

e aluminum mass 4.6 g
e outer surface polished
e vacuum environment (< 10-5 Torr)
e fuel mass 1g
e energy deposition 1500 to 2500 J
e calor imeter temperature increase 300 to 500 K
e stresses for 80 MPa fuel vapor pressure <240 MPa
e radius increase of Al body under 80 MPa 15 pm

2. Inst rumen ta t_f on

e one centrol thermocouple, sheathed, ungrounded junction
e four fast film thermocouples cemented on outer aluminum surface

3. Heat transfer

e Equilibration time after reactor pulse 10 s
e calculated heat losses af ter 10 s for 2000 J energy deposition

convection none

radiation .1%

conductisn .5%

e

.
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FUEL EOS - CAPSULE

contaminationproto- fuel con.
ofpure fission typical tamination

cruciblefuel products fuel from
impuritiesbandling

A B C D E
source:

due to
reactor typical contamination

typ:

i
m
e
3 + for present pressure cell

design and 0 to 5% burn-up
, , ,

.

0. .. 15 0... 50 5... 20 100. 400 10... 60 * concluded from
**

co t ution: VIPER results(pmol /g)

measured p (E)-relation

Figure 41. Pressure Sources Contributing to Measured p(E)-relation
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Figure 42 Coverage 9 (= fractions of a
sonolayer) of a solid surfaqe exposed to

' an adsorbate pressure of 103 Pa (-11 at
I -3 -

adsorption A!! ads and terperature T.
-1 bar) as function of its be st of

| 10
I

- Physisorption of water vapor'
- .a) laboratory air

HO2
| - ads = 44.2 kJ/ mole |
. Art
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fwateronsurfaceT = 300 K
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Contamination' Source and Primary Cleaning Secondary Cleaning Final Cleaning
Expected Contaminants (combined with

storage)

1. Contact contemination: Mechanical cleaning UV-ozone cleaning heating in UHV-
gross hydrocarbons A in water-ethanol, supported by system to 500 K
inorganic salts B affected: B,C active adsorbents
particulates C for water and

*

hydrocarbons

Ultrasonic cleaning affected contami- affectud contami-
in triclorethylene, nants: E,P nants: E,F
affected: A,P

i

[3 Ult'rasonic cleaning
i 2. Airborne contamination - in water-ethanol,

particulates- D affected: B,C,0
water E

film hydrocarbons F

UV-ozone cleaning
prior to outgassing
affected: A,F

3.- Bulk gases G Outgassing in vacuum
~

affected: G

.

Figure 43. _ Summary of Cleaning Steps for EOS Pressure Cell Components

.
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laboratory air

.

Mechanical cleaning:
- handscrub in water-ethanol ,

- rinse in high purity water
- blow dry with inert gas

a

Ultrasonic cleaning:
- triclorethylene bath
- rinse in running triclorethylene
- blow dry with inert gas

U

Ultrasonic cleaning:
- water-ethanol bath
- rinse in high purity water
- blow dry with inert gas

vacuum bake-out

(2)
"

hot cell (high purity argon)
i

I

|
| 't

UV-ozone cleaning (Ar + 07)

'I

preassembly of EOS pressure cell

'
i to fuel

UV-ozone storage of cell C --d>1 oad in g

!
'

.

Figure 44. Flow of pressure cell components. k) = most important
points of contamination control.
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hot cell (high purity argon)

.

i

sectioning of irradiated pins.

n

removal of contaminated ends

entry point

[ oT fresh fuel

crushing of fuel

&
EOS

?cell loading of fuel in EOS-cell
(Fig. 44)

UHV-mounting system

bake-out of bare
system

:
bake-out with open preassembled
EOS-cell

@
closure of EOS-cell after cooling

) y
insertion of closed EOS cell into safety containments

Figure 45. Flow of fuel and loaded EOS-cell. @ = most
important points of contamination control.
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i i

;

VISICORDER

OUT

FM
TAPE AMP

DVM DVM RECORDERS

IN PATCH
PANEL

DATA
SIGNALS

-

CAL BUS
ATTEN- OTHER

SWITCH -- AMP UATOR -- SWITCH PORT
UNIT UNIT

CAL -

VOLTAGES
PATCH
PANEL,

w
I

\ AMP

\

HP 1000
DADS

'
TERMINAL

(ADC'S &
SS HP9845)

STORAGE

FIGURE L37. BLOCK DIAGRAM OF DATA ACQUISITION SYSTEM.
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8 CHANNEL
HIGH SPEED

ADC

16 BIT PARALLEL
INTERFACE

r- - i
HP 1000 RS-232 i RS-232 ' MODEM L ---d NOS |, ,

STA 1 8]NyRFACE__'_ _ _ _]' -

DADS INTERFACE
HP 9845 r- - - - - - - - - 3

SYSTEM i REAL TIME :

I 7 i CLOCK 1

g' |
16 BIT PARALLEL i.______,_____,_,

;
e | INTERFACE i HP-lB, m

l ' OR HIGH SPEED HP-1B | INTERFACE -j DEVICE 1 |
I INTERFACE |g

DEVICE 2 |r-
DISC |

INTERFACE

HP 7906 MR
CART DISC
19.6 MBYTE

FIGURE I48. CONFIGURATION OF DADS STATION 1 (ACRR L0w BAY)

FOR CURRENT ACCIDENT ENERGETICS WORK (ITEMS

IN DASilED BOXES DO NOT 110)1 EXIST).
.

g
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PRESSURE

BOLTS TRANSDUCER

PRESSURE .,

TRANSDUCER

RETAINER ,._ , ,

INCONEL | | f!; , ',

INSERT -

| | [ j |
,

| || |
- r- -

\INCONEL .

0 PRESSURE
Y CELL "C* SEAL"C* SEAL - *

{ 7
GRAPHITE DISC- 'Sfi2".CJi k Au OCCLUDER

t-|@sWh'%W$${ ~ FUEL SAMPLE

CRUCIBLE
.

INCONEL SHIELD=
1 cm

FIGURE d. CROSS-SECT 10tl 0F EEOS PRESSURE CELLI

EQUIPPED WITH NEUTR0ft FILTERS.
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TEST CASE : .

GOLD OCCLUDER

NOMINALLY 1.0 cm HIGH

f 0.15 cm THICK
0

%

w

_.

11 0.25 cm POLY MODERATOR-

:. \
-

1.0 -

| | } [ ] j j g y
-

1.5 cm POLY MODERATOR
.

0.9 -

| 1 I I I

o.0 0.2 c.4 0.8 0.8 1.0 1.2

REDUCED RADIUS -*
|

FIGURE 50. RElis;lVE ENERGY DEPOSITION IN A FUEL POWDER DISK OF ',_

50% Tile 0RETICAL DENSITY. (llc, 1 G, 15 ENRICHED).
CALCULATED PEAK-TO-AVERAGE RATIO IS 1.06 AND 1.07,

|
,

RESPECTIVELY.
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- t i system

i
^
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2 1 cooling water
,
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y cover plateOQ |
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.%i:

7{ {7@? ^3- inert gas in

, _. .-- upper piston
- thermal shields

__ __,
--

silica tube
, p , _

grafite dieI ' -

b nduction coilK i
I

l 6' grafite disk~-

- N crucible material-
f -

aluminia disks.:: ,

| ~ thermal shields
~

--- aluminia tube<

'

[1,7 %- .
i--~~ tower piston

p p'. pressure plate-
,

/u,9 Z]T[ Z1. .

. )h;)$O'h, .r!$$$'&,$&-
cooling water

v/

S - basic plate*-
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W i. / ,,
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Figure 51. Elevation of Hot Pressing Apparatus
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As: oberer upper

$rd..X Druckstempel piston

1
g'' u Motrize die

.

P
P Sinterpulver sinterins

powder.a
,

ig{
unterer lower

j4 Druckstempel piston

!

, w

oberer upper

@97v Druckstempel piston

Matrize die

-

Li i * Sinterpulver sintering
rpowder

/h /)
d ortsfester fixed lowerk

3! unterer Stempel piston_. '

Figure 52. Fabrication principle for disks and crucibles.
In the case of crucibles downward movements of

Ithe upper piston against the lower fixed piston
compact the crucible bottom. Upward movements
of the die compact the crucible walls.

,

pressures: 100 ... 150 MPa
temperatures: about 2000 K
times: about 5 min
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Figure 53. Dimensions of hot pressed UOy~s.rucible
and UO2 piston in inch.
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