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Summary

The vaporization of core-concrete mixtures Is being measured using a
transpiration method. Mixtures of stainless steel, concrete (limestone or
basaltic) and urania (doped with LagOs, SrO, BaO, and ZrO2) are vaporized
at 2150 - 2400 K from a zirconia crucible Into flowing He - 6 % H2 gas.
Up to 600 ppm K2O is added to the gas to fix the partial molar free energy
of oxygen in the range -420 kJ to -550 kJ. The fraction of the sample
that is vaporized is determined by weight change and by chemical analyses
on the condensates that are collected in an Mo condenser tube. The
results are being used to test the thermodynamic data base and the
underlying assumptions of computer codes used for prediction of release
during a severe accident.
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Introduction

In this study, the vaporization of core-concrete mixtures 1s being
measured using a transpiration method. We are using SOLGASMIX (1) to
calculate equilibrium conditions for 17 elements 1n the gas, the liquid
and the solid phases. The number of gas-phase species (elements, oxides,
hydroxides.) included in the calculations Is 100. There also 74 solid or
liquid species Included 1n metallic and oxide phases. The thermodynamic
data were obtained from a variety of sources (2-5). Computer codes
similar to SOLGASMIX are used for prediction of refractory fission-product
release from core-concrete mixtures In a severe reactor accident.
Comparison of the experiments and the calculations will provide a test of
the thermodynamic data base and the underlying assumptions of the computer
codes.

Experimental

The amounts of materials employed in a typical vapor-transport
experiment are: limestone or basaltic concrete, 3 g, stainless steel, 3 g,
and UO2 (doped with 1 m o U La2O3, 0.4 mol% BaO, 1 mol% SrO and 2 mol%
ZrO2). These materials are heated at 2150 K In a zirconia crucible within
a Mo - 30W furnace tube (46-cm long x 2.9-cm O.D. x 2.4-cm I.D.). The gas
flowing over the sample is He - 6 % H2 - 0.06 % H2O; this H2~to-H20 ratio
is equivalent to a partial molar free energy of -420 kJ per mol'v 01 O2.
In later experiments, we plan to employ temperatures up to 2400 K and
water-hydrogen ratios equivalent to -550 kJ per mole of O2.

The flow rate of the gas is 100 to 200 cm3/m1n (measured at 25 *C),
and about 0.6 moles of gas is used. A quadrupole mass spectrometer (QUAD
1210A, CVC Products, Inc.) provides on-line monitoring of the hydrogen in
both the Inlet and exit gas streams during the course of each run. The
water concentration in the exit gas is measured with a thin-film alumina
hygrometer (Model 550, Panametrics, Inc.).

Materials vaporized from the sample are collected in a molybdenum
condenser tube (54-cm long x 0.8-cm O.D. x 0.5-cm I.D) whose entrance lies
within the zirconia crucible a few cm above the sample surface. Following
the runk the condensate is extracted from the condenser tube with acid
washes (HC1, HNO3), and the solutions are analyzed by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) or fluorescence spectroscopy
(for uranium). In addition, the starting materials were all assayed by
the same techniques.

Results and Discussion

Blank Runs. Blank runs were done to calibrate W-Re thermocouples
and to measure the hydrogen loss through the furnace wall. A temperature
difference was measured between the interior of the zirconia crucible and
the exterior of the furnace tube of 98'C to 112*C over the range 1225#C to
1825#C (interior temperature). Only the exterior thermocouple was used in
other experiments to avoid interactions between the thermocouple or Its
sheath and the test materials. The hydrogen loss via diffusion through



the furnace wall was about 11 X at 1535*C and 18 X at 1825*C 1n reasonable
agreement with our calculations using known diffusion coefficients. These
hydrogen-loss measurements were made with the quadrupole mass
spectrometer. The small H2 loss has only a minor effect on the oxygen
potential.

Stainless Steel Runs. From weight-change data the mass
transpirations were 171 and 153 mg. respectively, at gas flow rates of 100
cm3/m1n for 146 minutes and 200 cm3/m1n for 73 minutes. The nearly equal
masses for equal gas volumes show that gas flow rates 1n the range 100 -
200 cmVmin produce a saturated gas phase. According to SOLGASMIX
calculations, a total of 160 and 154 mg should have been transported In
the 100 and 200 cm3/m1n runs, respectively, provided the molten steel
formed an Ideal solution. The good agreement between the measured and
calculated mass suggests Ideal-solution behavior for the molten steel.

In the above stainless-steel runs, the water content of the carrier
gas 1n the exit stream dropped precipitously from the Input level of 600
vppm (parts per million by volume) to under 100 vppm as the samples were
heated to 2150 K 1n 10 to 25 minutes, and then more gradually to about 10
vppm during the runs. A few mg of a greenish-grey deposit was found on
the outside of the condenser tube from the 100 cm3/m1n run; its presence
in that location (about 10 cm upstream from the molten steel) was probably
due to back diffusion. Manganosite (MnO) and possibly Tephroite (Mn2SiC>4)
were identified 1n the deposit by X-ray diffraction analysis. According
to the Mn0-S102 phase diagram (6), Tephroite 1s the silica-containing
phase in equilibrium with MnO.

To understand the loss of water from the carrier gas as well as the
formation of deposits containing MnO and SiO2 , we calculated the effects
of cooling the carrier gas from 2150 K (saturated with the steel vapor
species) to 1800 K. A molten-metal phase, a solid-metal phase, and a
I1qu1d-oxide slag containing mainly SIO2 and MnO are predicted by the
SOLGASMIX calculation. In addition, the calculated H2O content of the
carrier gas stream was lowered due to shifts 1n the equilibrium from
S10(g) and Mn(g) with about 600 vppm H2O at 2150 K toward S102(l) and
Mn0(l) with about 200 vppm H2O at 1800 K. This effect would continue to
still lower temperatures and water contents because high concentrations of
S10(g) and Mn(g) (610 and 1270 vppm, respectively) still remained 1n the
gas phase at 1800 K (the amounts present at 2150 K were 930 and 1370 vppm,
respectively). Thus, the loss of water from the carrier gas, along with a
shift toward more negative oxygen potentials, was due to deposition of the
oxides of Mn and SI In the condenser tube.

Note that the oxygen potential at the samples is being properly
controlled by the carrier-gas mixture (He - 6 X H2 - 0.06 X H2O) at a
partial molar free energy of -420 kJ per mole of O2 at 2150 K. However,
the water-to-hydrogen ratio 1n the cooled carrier gas differs from that in
the hot gas due to reactions with other gas-phase species. The ratio used
in earlier studies (7) to calculate the oxygen potential was that found in
the cooled carrier gas; It yielded oxygen potentials that were 1n error.



From analyses of the Type 304 stainless steel and of the steel
residues present In the zirconia beakers, a mass-balance calculation was
possible for transport of the minor elements , Mn and Cu. The steel
contained 1.41 wt% Mn and 0.34 wt% Cu while the steel residues contained
only 0.1 wt% MP and 0.17 w U Cu. From these data and the sample weights,
we calculate that 93 % cf the hn was transpired during the runs.
SOLGASMIX indicated 93 % transpiration, 1n excellent agreement with the
experimental data. In the analyses of the acid extracts from the Mo
condenser tubes used in the 200 and 100 cm^/min runs, 47 and 37 mg Mn,
respectively, were found, while 57 and 63 mg were expected indicating that
a portion of the Mn (10 and 26 mg, respectively) had diffused into the Mo
surface.

The chemical analyses also Indicated that 7.2 and 8.5 mg of Cu
should be found in the acid extracts from the Mo tubes used in the 200 and
100 cmVmin runs; 6 mg was found 1n each case suggesting a small diffusion
loss for Cu as well. Copper was not Included 1n SOLGASMIX calculations;
the calculations of mass transpiration were therefore low by about 8 mg.

In the chemical assays low yields were obtained for Fe, Cr and Ni.
Calculations indicated that 43, 33 and 3 mg, respectively, would be
transpired in the 200 cnw/min run. However, only 12, 6 and 1 mg of Fe, Cr
and Ni, respectively, were found in the acid extracts , and about half of
these amounts were found only after chemically milling 1 % of the tube
wall (16 /*m) with nitric acid.

We concluded that most of the Fe, Cr and Ni, which deposit mainly as
metals, tend to diffuse into the Mo wall while most of the Mn, which is
deposited (along with Si) mainly as an oxide slag, tends to remain on the
surface. The separation is not perfect. Some Fe, Cr, and Ni is found in
the surface extracts while some Mn, Si, and Cu is found after more
aggressive etching.

Concrete Runs. The runs with basaltic and limestone concretes were
similar to the stainless steel runs in that the water-vapor concentration
in the exit stream (30 vppm) was much lower than 1n the entry stream (600
vppm). SOLGASMIX calculations Indicate that water vapor reacts with the
vapor species S10 and Al(OH) (basaltic concrete) or with Mg and Al(OH)
(limestone concrete). From the Increase In weight of the Mo condenser
tubes, the amount of material deposited from 5 grams of basaltic and
limestone concretes was, respectively, 212 and 87 mg. The calculated
transport, after including additional thermodynamic data (8, 9) for
alkaline-earth silicates, aluminosilicates, and zirconates and after
Including the zirconia beaker as a reactant in the basaltic-concrete case
(where the beaker was severely attacked), was about 350 and 100 mg,
respectively. Prior to the stated Inclusions, the mass transport was
overpredicted by a factor of 5.

Analytical chemistry results showed poor agreement with the
calculations as is shown in Table 1. Analytical problems included the
presence of an Insoluble, white residue 1n the extracts (probably silica)
and the possibility of diffusion of Fe into the Mo tube. Clearly the



Basaltic
Calculated

60
2
2

32
190

0

Concrete, tng
Measured

0.6
0.0
0.0
1.5
0.0
0

28
0

31
0

47
1.6

0.7
0

13
8.4
0
0.1

analytical chemistry results fall to account for the mass transported 1n
these experiments. However the problems are not entirely analytical;
there 1s some error 1n the thermodynamic data for aluminum monohydroxide
gas that causes prediction of large amounts cf Al transport.

Table 1. Comparison of Calculated Transpiration and Analytical Chemistry
Data from Concrete Runs.

Element Basaltic Concrete, tng Limestone Concrete, mg
Calculated Measured

Iron
Manganese
Magnesium
Silicon
Aluminum
Calcium

Doped Urania Runs. We prepared and analyzed the doped UO2 for these
runs. Urania containing 1 mol% La2O3, 0.4 mol% BaO, 1 m o U SrO, and 2
moU ZrO2 was prepared by grinding the oxides together, pressing disks,
and firing overnight 1n a tungsten crucible at 1600*C In a high-vacuum
furnace. A portion of the material was examined on the electron mi croprobe
(EMP). The La203 was distributed uniformly within the UO2 particles; the
BaO and SrO were usually collocated with ZrO2« A minor amount of tungsten
(about 0.5 wt%) that came from the crucible was present 1n the material,
and it sometimes had barium and strontium collocated with It.

We prepared the doped material 1n this way because the preferred
form of barium and strontium 1n UO2 fuel 1s not BaO and SrO 1n solid
solution, although a small amount of SrO does dissolve; 1t 1s Instead
(Sr,Ba)ZrO3, which 1s present In the fuel as a separate phase (10-12).
For this reason, 1t seems reasonable to Include thermodynamic data (8,9)
for the alkaline-earth zirconates in data bases and to take into account
the restricted solubility of BaO and SrO in UO2.

Water vapor (a few thousand ppm) was present In the exit gas upon
heating the doped urania In flowing He - 6 % H2. The doped urania
apparently had a slight excess of oxygen. Consequently, a bake-out
procedure was developed that would lower the oxygen activity of the doped
urania to the desired level. The sample was preheated with He - 6 % H2
flowing at 50 cm3/m1n at 1100 K overnight prior to the first run, at
1600 K overnight prior to the second run, and, finally, for three days at
1600 K prior to the third run. This last procedure led to a water
concentration of about 1000 ppm during the 2150 K run, which was close to
the desired value (600 ppm). The weight changes of the samples and the
condenser tubes were small (10 to 30 mg) 1n all three runs.



The analytical chemistry results for these runs show far less
material was transported than expected; the analyses yielded 6 to 9 fig U,
<50 to 90 jig Ba, 1 to 8 fig Sr, and <5 to 5 fig La while the calculations
Indicated 260 fig U, 840 fig Ba, 475 fig Sr and 19 fig La should be
transported. The uranium result was particularly puzzling because the
urania mole fraction, 0.95, Is such that near-ideal behavior 1s to be
expected. We also expected that the above elements would have deposited
as their oxides and would therefore tend to be on the surface of the Mo
condenser tube. Indeed, their concentrations were low 1n the second acid
washes (all of which had a high Mo concentration).

We suspect that the sample geometry was creating an equilibration
problem in these particular runs. The volume of the Zr02 beaker 1s about
7.5 cm3. At 2150 K, about 25 cm3/sec of gas flows down the wall of the
beaker, over the 2-cm2 surface of the solid UO2 (about 0.5 cm3 volume)
lying at the bottom of the beaker, and out the condenser tube, which is
suspended over the UO2. The gas is 1n contact with the surface for about
0.1 second, which may be too short a time for equilibration. The other
experiments (steel and concrete) had more favorable geometries since the
materials were liquid and wetted the beaker walls thus providing a higher
surface area (the mass-transport data for the steel experiments Indicated
they did approach equilibrium). If the problem was Indeed one of geometry
in the doped urania runs, then the experiments that Incorporate steel,
concrete and doped urania should approach equilibrium at 200 cm3/min flow
rate since liquid phases would be present. This was confirmed in the next
runs.

Stainless Steel, Limestone Concrete and Doped Urania Runs. The mass
transported in these experiments was 129 mg and 98 mg, respectively, at
flow rates of 200 and 100 cm3/min. The nearly equal masses suggests that
equilibrium was approached. The SOLGASMIX calculation for the 200 cm3/min
run Indicated 166 mg (excluding oxygen) should have been transpired.

Analyses of an HC1 add extract of the Mo tube surface has been
completed for the 200 cm3/m1n run. The results are compared with the
SOLGASMIX calculation in Table 2. The calculated values 1n Table 2 are
(according to SOLGASMIX) for a gas in equilibrium with a liquid metal and
a solid oxide. However, the solidified sample has a pronounced meniscus
indicating the presence of a liquid oxide. We will need to understand
this difference between prediction and experiment and how it may have
affected the results.

The measured values 1n Table 2 are reasonably close to the
calculated values for U, Mn and Mg. As discussed earlier, the low Fe, Cr
and N1 results are probably explained by diffusion of the metals Into the
Mo surface while the low Al result 1s probably more realistic than the
calculated value (an error in the thermodynamic data for aluminum
monohydroxide). One possible explanation for the low results for La, Ba,
and Sr is low activity coefficients for their oxides; additional
experiments will be needed to check on this possibility.



Table 2. Calculated Transpiration (SOLGASMIX) and Analytical Chemistry
Measurements for Run with Stainless Steel, Limestone Concrete, and Doped
Urania.

Element

La
Ba
Sr
U
Fe
Cr
Ni
Mn
Zr
Ca
Mg
Si
Al

Calculated,

0.015
0.240
0.140
0.080
44.
32.
3.
32.
0.
1.1

22.
0.13
31.

mg Measured, mg

<0.002
0.018
0.006
0.039
0.264
0.067
0.02
12.
0.007
0.2

40.
2.9
0.

Conclusions

Added, mg

33.
6.
12.

2648.
2470.
628.
27/.
50.
21.

974.
143.
118.
32.

It appears that the transpiration experiments are capable of
yielding useful comparative data with which to check the computer codes
now being used to predict release during a severe accident. However, the
experiments are difficult to Interpret due to a variety of complex
chemical and physical effects. The results obtained to date have
Indicated problems with the thermodynamic data base (e.g., the data for
aluminum monohydroxide are suspect) and have also Indicated a need for
inclusion of more complex species such as the alkaline-earth zirconates in
the calculations. With additional work, we hope to be able to derive
activity coefficients for the elements of Interest (Ba, Sr and La).
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