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LIGHT WATER REACTOR SAFETY RESEARCH PROGRAM
QUARTERLY REPORT, JULY-SEPTEMBER 1980

1. Molten Fuel/Concrete Interactions Stud
(T. J. Bartel, R. K. Cole, M., L. Corradini, J. F. Muir, D. A. Powers)

1.1 Summary

The Molten Fuel Concrete Interactions (MFCI) study is comprised of
experimental and analytical investigations of the chemical and phys:ical
phenomena associated with interactions between molten core materials
and concrete. Such interactions are possible during hypothetical fuel
melt accidents in light water reactors (LWR's). Our main purpose is to
identify and understand the dominant phenomena in order to evaluate the

following:

1. The generation rate and nature of evolved noncondensable
gases.

2. The effects of gas generation on fission product release.

3. The mechanism, rate, and directional nature of concrete
erosion by the melt.

In addressing this objective, the experimental program was divided
into four distinct areas:

1. Deposition of Corium-type melts onto concrete.

2. FKinetics and stoichiometry of the thermal decomposition
of concrete.

3. Response of concrete to high heat fluxes at one surface.

4. Simulation experiments exploring phenomena at the inter-
face between a melt and a decomposing solid.

The analytical program is directed toward the development of a
computer model of molten core material concrete interatctions capable
of providing quantitative estimates of reactor fuel-melt accident
situations. This effort was undertaken in two phases:

1. Development of a preliminary interaction model based on
the earliest results from the experimental program - INTER.

2. Development and assessment of an improved interaction
model that involves a more detailed anc refined treatment
of the interaction phenomena -~ CORCON.

CORCON development activities during the quarter encompzssed a
variety of subjects including numerical and coding changes and improve-
ments, the development of new phenomenological models, and the applica-
tion of CORCON-MODO* to the Code Comparison Test Analysis.

Code improvement activities incluaced: modifications to the
concrete and melt enthalpy calculation procedures; incorporation of
pool heat transfer coefficient correlations; corrections to the void
fraction, level swell, and bubble size and velocity calculations;
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clean-up and simplification of coding; correction of miscellaneous
programming and modelling errors; user oriented modifications of the
input/output sections; and improvement of the plot routines. An
improved version of the code, CORCON-MODl, 1s nearing completion. A
topical~-report/users-manual describing this version is in preparation.

Subroutines CONFND and CPENTH were modified to permit extrapolation
of liquid-phase enthalpies below, and solid-phase enthalpies above, the
normal melti.g temperature of any condensed species., This allows the
latent heats of fusion of all species in a mixture to be accounted for
between the mixture liquidus and solidus temperatures. For simplicity,
we assume a constant specific heat between all-species-liguid and all-
species-solid states at the correspunding temperatures. Further, the
enthalpy change associated with other phase changes, or with melting
of a species in a non-interacting mechanical mixture, is spread over an
arbitrary range of + 5°C around the normal species melting temperature.

Curve fits of enthalpy versus temperature built into the code for
the three defaul® concretes were replaced with an internal enthalpy
calculation. This was done to eliminate an inconsistency between the
enthalpies calculated for the solid concrete surrounding the molten pool
the molten ccncrete after it enters the pool. The new procedure dupli-
cates the one used to generate the original curves. I- is consistent
with the scheme for computing the enthalpy of core melt constituents and
uses the data base embodied in CPENTH and CONFND.

The constant pool heat transfer coefficients employed in CGRCON-
MODO were replaced with empirically-based correlations recommended by
F. G. Blottner. Although these introduced more realism into the model,
they resulted in substantially higher interlayer and pool surfsce heat
transfer and excessive cooling of the melt. In an effort to improve
the realism «f the correlations without changing their formulations,
the pure liquid viscosity contained therein was replaced with a two-
phase slurry viscosity to account for the appearance of suspended solids
when the melt temperature falls below the liquidus line. The results
of this modification are still being assessed, and further work in this
area is clearly needed.

Two new models were developed for inclusion in CORCON. The first,
which is essential to many of the modifications mentioned above, con-
sists of a method for determining the liquidus and solidus temperatures
of the metallic and oxidic phases of the melt. A scheme for the metallic
phase, based on the Cr-Fe-Ni ternary system, has been completed, checked-
out, and incorporated into CORCON. The situation for oxidic mixtures is
much more complex and is hampered by a dearth of experimental data.
Several models are possible and are currently being investigated.

The second model determines the internal heat generation within
the melt due to nuclear decay of radioactive elements in the melt. It
considers the composition of the melt at the time it is deposited on
the concrete (i.e., the elemental mass loss during the meltdown phase),
the elemental decay from accident initiation, and the mass loss by
aerosol generation during the melt/concrete interaction. The model has
been programmed and checked as a stand-alone code and is presently being
incorporated into CORCON.

Calculations using two slightly different versions of CORCON-MODO*
(improved initial version) were performed as part of a continuing
analysis of Code Comparison Test No. 1. A preliminary study of the
sensitivity of the predictions to timestep size showed them to be
independent of step size for timesteps less than ~ 15 s. Comparison



of the measured and predicted melt temperature histories reveals that:
1. quantitative agreement is relatively good, the differences being
less than ~ 60°C, and 2. After an initial sudden drop in temperature
(exhibited by both), the data follow a pronounced linearly upward trend
while the code predictions exhibit a steady, almost imperceptible
decrease in temperature with time. Possible causes of the differences
between the experimental and predicted variations include the use ol
too high an initial melt temperature and too low a concrece ablation
temperature in the computations. Both of these effects are being
investigated.

1.2 CORCON Model Development

Development of an improved molten core/concrete interaction model,
CORCON, continued. CORCON is a user oriented computer program written
in a modular structure in which most computational units are contained
in separate subroutines. Maximum use is made of existing codes and
subroutines. Phenomenologicai models developed for the code have relied
heavily on existing techniques, and experimental data and correlations
available in the literature. Numerous input options provide a flexi~-
bility that enables a variety of problems to be solved by merely changing
input data.

1.2.1 Improvements to CORCON-MODO

A major concern in CORCON continues to be proper modelling of the
thermodynamic properties of the melt when the temperature of a layer
(phase) is either near the freezing point of one of its constituents,
or between the liquidus and solidus temperatures of the mixture. To
this end, we rewrote subroutine CONFND, which provides access to specific
heat data for the calculation of enthalpies and chemical potentials.
This was done primarily to allow extrapolation of species liquid
properties below their normal freezing points so that the latent heats
of fusion of the constituents of a mixture could be accounted for between
the mixture liguidus and solidus temperatures. The ravised routine will
return for each species, i, either: 1. values appropriate to the
isolated species in its equilibrium phase at the mixture temperature;

2. values for the species liquid phase, extrapolated pbelow its freezing
temperature, if necessary; and 3. values for the species solidus phase,
extrapolated above its melting temperature, if necessary. The choice
is controlled by a parameter in the calling statement. The second and
third choices are, of course, invalid for gaseous species. For the
equilibrium case, 1. a change was made to eliminate the discontinuity in
the enthalpy of a species at its freezing point (latent heat of fusion)
the use of an effective specific heat in the temperature range
l¢reezing * 5°C. This defines effective "liquidus®™ and "solidus"
tonperaéu?es for the species and allows linear interpolation in species
enthalpy over the prescribed freezing temperature range.

The specific heat data structure was also modified so that only
handbook values (no derived quantities) appear in the data tables. This
facilitates checking and updating of the tables. For convenicnce, the
updating procedure has been automated.

Subroutine CPEMTH, which generates appropriate calls to CONFND and
then evaluates the specific heat and enthalpy of a mixture, was also
modified. The routine will now return results appropriate either to a
mechanical mixture (with each species melting at its normal melting
point) or to a solution (with all latent heat accounted for between the
liguidus and solidus temperatures of the solution). 1In the latter case,
species liquid properties (extrapolated if necessary) are used above

13
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the liquidus point, solid properties below the solidus, and a constant
effective specific heat is assumed between these temperatures.

CORCON-MODO contains fits to curves of enthalpy versus temperature
for each of the three default concretes built into the code. These
curve fits are used to evaluate the change in concrete enthalpy as the
virgin concrete is heated to its ablation temperature. The change in
enthalpy of condensed concrete ablation products from ablation tempera-
ture to pool temperature, however, is calculated using subroutine
CPENTH. These two procedures have been found to be inconsistent, with
the result that the total energy necessary to raise virgin concrete to
the pool temperature is a function of the ablation temperature. To
rectify this, the curve fits have been replaced by an internal enthalpy
calculation that duplicates the one used to generate the original
curves, but uses the data base embodied in CPENTH and CONFND. In addi-
tion to being consistent, the new procedure s.mplifies the input needed
for a non-standard concrete in that the concrete heat of ablation is no
longer required.

Convective heat transfer within the molten pool (bulk-to-periphery
and between layers) is modelled in CORCON-MOD0O using constant heat
transfer coefficients. These have been replaced with correlations
recommended by F. G. Blottner. +2 uUnfortunately, subsequent calcula-
tions for the Code Comparison Test conditions have shown that these
correlations yield interlayer heat transfer substantially higher than
anticipated, resulting in excessive cooling of the melt. We are
presently investigating whether this is caused by the inability of the
correlations to properly model the physical phenomena involved or by
incorrect values of the material properties used in the correlations.

In their original form, the heat transfer coefficient correlations
apply only to a completely liquid melt. To obtain realistic results at
melt temperatures below metallic or oxidic phase liquidus temperatures,
the co relations must ve modified to account for partial freezing of

the melt (i.e., the precipitation of solids). As a simple first attempt

in this regard, we have replaced the pure liquid viscosity in _the cor-

relations with a two-phase slurry viscosity, using the Kunitz3 two-phase

multiplier to account for suspended solids when the temperature drops
below the liquidus value. We are currently evaluating this factor at
the layer interface temperature, rather than at its bulk temperature,
because it is felt that this will be more representative of conditions
in the outer region of the thermal boundary layer. Further vork in
this area is clearly needed. We are not entirely satisfied with the
changes described above, and feel that iuprovement of the heat transfer
correlations should have a high priority in future CORCON development
activities.

The level-swell calculation in CORCON-MODO is not fully self-
consistent. A z-dependent void fraction, a(z), is computed using
start-of-timestep pool layer (i.e., melt material) locations; the
quantity (1 - a{z))Ap(z)dz is then integrated using end-of-timestep
concrete cavity geometry and pool layer volumes to find end-of-timestep
layer interfaces. Thus, the void fraction used to calculate the swell
of one layer could have been determined from properties of a different
layer. In some cases, this was found to lead to an "alternation insta-
bility," with one layer geometry on even-numbered timesteps and another
on odd-numbered. Therefore, subroutine LEVSWL was rewrit en to combirne
the two calculations, so that a{z) is calculated for the melt material
actually present during the integration to determine interfaces. This
has eliminated the problem.




Changes were also made in subroutine BUBBLE, which computes bubble
sizes and velocities, to conserve the number of bubbles crossing layer
irterfaces and to eliminate the nucleate and patchy bubbling regimes
used in determining the size of bubbles formed when the concrete decom-
position gases enter the pool. The nucleate bubbling regime was found
to yield extremely small bubbles and very large void fractions. Experi-

mental evidence available to date does not indicate that these conditions

exist for core/concrete interactions.

Additional CORCON improvement activities included: clean-up and
simplification of coding; correction of miscellaneous programming and
modelling errors; user oriented modifications of the input/output
sections; and improvement of the plot routines. An improved version
of the code, CORCON-MODl, is in the final stages of preparation. A
topical report/users manual is being written to document this version
of CORCON. Sections describing the essential characteristics of the
code and providing basic code documentation information (including sub-
routine descriptions, use of common, program flow chart, and subroutine
call and called-from information) were written.

1.2.2 Models for Melt Phase Liquidus and Solidus Temperatures

Several of the changes described in the previous section require
a knowledge of the liquidus and solidus temperatures for mectallic and
oxidic mixtures. In CORCON-MOD0 these were determined in a routine
(SOLLIQ) adapted from the INTER code. This routine is "o longer con-
sidered adequate, and is being replaced for CORCON-MODI.

For metallic mixtures (at least late in the accident when freezing
is likely) the principle constituents should be Cr, Fe, and Ni. There-
fore, we have constructed a simple fit to “he ternary Cr-Fe-Ni phase
diagram,?4 with due consideration to the associated binary phase
diagrams.® The liquidus and solidus fits are given by:

Tliq = min (1857 - 510Wpe - 1140Wy;

1536 - 90We,y - 440Wyi

1‘55 - ZOO"Cr ol QOWre '

1520 = 230Wey - 130WyNi)  (°C)

1536 = 90Wc, - S60WyNi .

1455 - 250Wcy = 100Wpe ,

1340) (°C)
where Wey, Wpe, and Wyj are the weight fractions of Cr, Fe, and Ni,
respectively. These expressions agree with the original curves within

a few tens of degrees. The corresponding contour maps are shown in
rig. 1.1.

The current coding ignores the presence of other elements in the
metallic phase, and renormalizes so that Wo, + Wpe + Wyj = 1.0. In
later versions, it may be possible to include the effects of carbon
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Figure 1.1 Liquidus and Solidus Temperatures for Fe-~Cr-Ni System.



and zirconium, using a scheme similar to that which will be described
for oxidic mixtures.

The situation for oxidic mixtures is much more complicated. It
might be possible (though very difficult) to fit the ternary CaO, 8510y,
Al03 system representing the principle constituents of concrete. The
addition of UOp, %2r0O3, and metal oxides to such a fit seems practically
impossible. Therefore, we intend to treat "concrete"” as a species with
liquidus and solidus temperatures either input by the user or given by
built-in data. The liquidus and solidus temperatures for more general
oxidic mixtures will be found from an empirical or semi-analytic rep-
resentation of either a binary or a ternary system. In the binary case,
the components would be concrete plus metal oxides and UOj; plus 2rOj.
For the ternary, they might be concrete, metal oxides, nnj U0, plus
Zr02, although the presence of metal oxides in concrete complicates the
iesue. Analytic expressions may be constructed assuming ideal solutions
with either 1. a complete solubility in both liquid and solid phasss, or
2. complete solubility in the liquid phase and compizte insolubility in
the solid phase. Work continues in evaluating these possibilities
against very scanty experimental data.

1.2.3 Decay Heat Generation Model

A decay heat generation model has been developed, written and
checked for CORCON. This model determines the internal heat generation
in the melt region due to nuclear decay of radioactive elements in the
melt. Three phenomenological considerations comprise the model: ele-
mental decay, initial composition at the time of the concrete inter-
action, and mass loss during the interaction.

Elemental Decay

The model considers the decay of the important fission products,
activated material, and actinides; 27 elements comprise the current
list. Elements which did not contribute appreciable power during the
s “~=me under consideration, or were extremely volatile, e.g., Kr and
Xe, were 't included. Table 1.1 illustrates the diffevence between the
decay power predicted by the present model and that computed with the
SANDIA-ORIGEN code® (which considers over 100 isotopes). Although the

deviation at early times appears large, it is due mainly to the contribu-

tion of Kr and Xe (not included in the model), which amounts to 8.1% and
4.2% at times of 0 and 0.1 day, respectively. The remaining difference
is due to the numerous fast decay elements, e.g., Ga, Ge, As and Se.

Table 1.1

Power Comparison (Large PWR)

Present Model Ssandia-ORIGEN Deviation
. (day) (MWt ) (MWt ) (%)

0. 181.4 205. 11.5
o1 30.05 32.19 6.6
.4 21.33 21.41 «25

1.4 14.76 14.75 .05

4.0 10.40 10.44 .38
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Initial Composition

several references’+? were evaluated for this phase of the model.
It was concluded that the available prototypical data is at best sparse
and contradictgry. It was decided, therefore, that the loss fractions
from WASH-14007 would provide a reasonable default estimate of the ele-
mental masses at the initiation of the melt/concrete interaction. With
the realization that these are scenario dependent, the code contains
options which allow the initial masses or loss coefficients to be user-

def ined.

Melt-Concrete Mass Loss

This phase of the process was the most difficult to model because
virtually no data exist on this phenomenon. To the knowledge of the
authors, the Powers experimentally determined aerosol generation model
is unique in this field. This model describes the amount of aerosol
produced by vaporization, chemical reaction, and mechanical sparging.

It was used to determine the mass loss from the melt during the inter-
action. The model jetermines an aerosol mass as a function of volumetric
gas flow, melt temperature, and superifical gas velocity. The mass is
then partitioned between the various chemical groups, €.9., alkali metals,
dioxides, metals, etc. A simple exponential function is used to rapidly
remove volatile elements remaining in the melt at the start of the inter-
action. A ten-minute half-life is assumed and the ¢lemental masses
reduced exponentially for three time constants. The fourth half-life is
modelled as a linear ramp to zero mass.

Model Evaluation

Figure 1.2 shows the cffect of the mass loss models, both meltdown
and concrete interaction, on the decay heat power. The calculations
were made for a large PWR core. The upper curve represents the decay
from the 27 elements in the model with no mass loss, while the lower
curve incorporates the loss models described above. Consider the large
displacement of the curves, approximately 3 - 6 MWt, in this time frame.
This represents a significant fraction of the power available to the
melt. The main reason for the difference is the release of the volatile
elements Ba and I.

1.2.4 Code Comparison Test Analysis

Further CORCON calculations were performed during the quarter as
the analysis of Code Comparison Test No. 1 (CC-1) continued. The input
values for these calculations are summarized in Table 1.2. A preliminary
investigation was performed to evaluate the sensitivity of the predic-
tions to time step size. This was conducted using CORCON-MODO* (an
improved initial version of the code containing constant bulk-to-interface
heat ‘ransfer coefficients in the pool). The time step size was arbi-
trarily varied from 5 to 150 s. The results are shown in Figure 1.3.
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Table 1.2

Input Values for Analysis of Code Comparison Test #1

Melt
Composition - Type 304 Stainless Steel
Mass - 205 kg

Temperature - 1975 K

Cencrete
omposition - CRBR Limestone Concrete
Cavity Size - 19 cm radius
38 cm height
l cm corner radius
Temperature - 300 K
Solidus~-Liquidus Temp. =~ 1690 - 1875 K

Atmosphere
Composition

20%/0 Has 25%/0 co, 35%/0 CO,,
’

1%/0 H,06, 19%/0 N,
Pressure - 0.083 MPa
Temperature - 473 K
Volume - 0,25 m3

Energy is supplied to the melt by an induction
coil (~ 80 kW). The experimental power history
curves have been reported previously’.

Note that the initial temperature oscillations suvperimposed on
the melt cooldown are caused by an intermittent power history. Fower
to the incduction heater was shut off periodically in order that melt
temperature measurement could bhe made.

For At = 150 s the code exhibited unphysical temperature
oscillations early in the test when the steel melt was rapidly cooling
down and when the power was being intermittently shut off. Later in
time, it shows good agreement with the results using smaller timesteps.
As the timestep was decreased to At = 15 s, the temperature predictions
converged to a single set of values. [lor timesteps smaller than
At = 15 s the results were unchanged. As the real problem time
increases, it may be possible to increase the timestep size without
sacrificing accuracy because the melt temperatures, ablation rates and
other processes change much more slowly at longer times.

Further calculations were made following incorporation of the
Blottner pool heat transfer coefficient correlations into CORCON. These
calculations were made using a timestep of 15 s. The resulting temporal
variations in the principal variables are presented in Figures 1.4
through 1.9. Once again, the curves exhibit variations (most noticeable
in the temperature and void fraction variations) that correspond to
the six intervals during the test when the power was shut off to make
melt temperature measurements. The data from these measurements are

included for comparison in Figure 1.4,

There are two observations that can be made at this time. First,
the qualitative trend in the data is linearly upwards after a sharp
initial cooldown. Secondly, the code predictions are always within
50 - 60°C of the data although the trend is a slow steady (almost
imperceptible) cooldown, rather than a heatup, after 500 sec. One

21
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reason for the initial over-prediction in melt temperature may be the

use of too high an initial temperature in the calculation. Some cooling

of the melt undoubtedly occurred during the 20 s pour period when

1. the melt was exposed as it cascaded from the furnace crucible into

the test crucible, and 2. it then experienced a very energetic inter-

action with the concrete, enhanced by vigorous agitation produced by

the combined effects of the pour and the initially high gas evolution

from the concrete. Since CORCON assumes instantaneous deposition of

the melt into the crucible, a lower "initial® melt temperature, rep-

resentative of conditions at the end of the transient pour phase (which |
is not modelled in the code), would seem more realistic. This would

result in lower melt temperatures throughout the test. |

The qualitatively different shape of the predicted temperature
variation may be due to the concrete ablation temperature usea in the
calculation (1750 K). This value was chosen somewhat arbitrarily to
lie between the concrete solidus and liquidus temperatures. These two
bounding temperatures, however, are not well known. If the concrete
ablation temperature were actually higher, the melt would remain hotter
for two reasons: 1. it would transfer less heat to the concrete, which
would reduce the amount of concrete ablated, and 2. less heat would be
lost to heating up concrete ablation products, which would enter the
melt at a reduced rate and at a higher temperature. A reduction in
the heat lost from the melt also suggests that its temperature would
increase (for the same power input) as time progressed past the initial
cooldown stage. Both of these effects are being investigated.
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2. Steam Explosion Phenomena

(M. L.Corradini, D. E. Mitchell, L. S. Nelson)

The two main purposes of the steam explosion phenomena program
are: (1) To identify experimentally the magnitudes and time charac-
teristics of pressure pulses and other initial conditions which are
necessary to trigger and propagate explosive interactions between water
and molten Light Water Reactor (LWR) materials; and (2) to assess the
probability and consequences of steam explosions during postulated melt-
down accidents in LWRs. The major efforts in this program encompass
four areas:

(i) Small scale experiments using simulant molten
materials (Corium A, E, Iron-oxide, 1-10 g) with
water. These experiments are directed toward
understanding a) the applied triggering pressures
needed to induce vapor explosions, b) the conversion
of heat to work under a variety of initial conditions,
and c¢) the characteristics of the fuel debris from
such events.

(ii) A large-scale, closed-geometry, fully instrumented
test series using induction- and thermite-generated
melts (Iron-oxide, Iron-alumina, Corium-A + R, 2-25 kg)
dropped into water. These experiments investigate,
at large scale and with prototypic melts, the
thermal-to-mechanical energy conversion ratio and
the propagation of the explosion as functions of
fuel and coolant temperatures, mass ratios and
compositions. These tests may also address the
slower steam production which results when molten
fuel is submerged in the water without the occurrence
of a steam explosion.

(iii) Modelling and analysis of steam explosions. This
theoretical work will interpret the observed experi-
mental results in light of past theories and models
of steam explosions (vapor explosions) and will
develop and test new theories and models, where
necessary. The ultimate objective is to bz able
to relate the experimental results to the possible
behavior of steam explosions during meltdown
accidents. The analysis also addresses the effects
of the meltdown sequence on the explosion.

(iv) Structural consequences of the steam explosion.
This work is directed toward (1) evaluating how a
steam explosion might lead to containment failure
via missile generation or other mechanisms,
(2) identifying the realistic mechanisms that could
dissipate the explosion energy and reduce the
probability of containment failure, and (2] under-
standing how the explosion might affect the overall
accident progression.

2.1 Summary

A brief summary of the research accomplishments during the
fourth quarter of fiscal 1980 is presented in the following sections.
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2.1.1 Small Scale Experiments

This quarter progress was made in three areas. A chamber was
built for performing single-drop steam explosion experiments under
controlled conditions of ambient pressure and composition. It was
successfully used this quarter for experiments involving iron-oxide
(l.1 < 0/Fe < 1.3) in argon at atmospheric pressures (0.083 MPa).

A new window is being designed to ensure that experiments can be
performed at high ambient pressures (1 MPa); a previous design proved
to be inadequate under testing.

Debris from a previous test series was examined by an automatic

optical scanning technique. Mass average diameters range from 50-
200 ym. Smaller particle diameters seem to be associated with
stronger trigger pulses and more efficient explosions.

Several scoping experiments were performed to assess the effect
of melt viscosity on steam explosions; this is relevant to accident
scenarios where core-concrete interactions have occurred and silicates
would increase melt viscosity. Single droplets of mullite (38 w/o
5102-62 w/0 Al03) did not explode under conditions iden* cal to those
which produced efficient explosions with iron-oxide. Based on these
initial experiments and a survey of available literature, it appears
that melts with viscosities greater than 50 cP may not produce violent
explosions.

2.1.2 Fully Instrumented Test Series

The FITS experimental program accomplished four tasks this
quarter:

(i) three in-chamber experiments were conducted,
FITS-3A, 4A and 5A (the final two at ambient
pressure = 1.0 MPa)

(ii) one EXO-FITS experiment, MD-19, was performed

(iii) fuel debris size data were obtained for the three
in-chamber tests

(iv) pressure data were also obtained for these tests

The FITS 3A test resulted in a violent spontaneous explosion
after the melt was fully submerged in the water. The debris and
pressure data were similar to FITS 2A, although this recent explosion
may have been more efficient; work estimates have not been completed.
FITS 4A and 5A were conducted with initial conditions similar to
previous tests except that the ambient pressure was 1 MPa. In test
FITS 4A, the delivery system malfunctioned and no explosion resulted.
This malfunction was repaired and EXO-FITS test MD-19 was successfully
conducted to check the delivery system. In test FITS S5A, an SEl-
detonator trigger was installed so that if a spontaneous explosion did
not occur, the detonator would be fired 0.45 sec after melt entry into
the water. In FITS 5A at 1.01 MPa, the spontaneous explosion was
suppressed until the detonator was fired, and a violent explosion was
then triggered. Qualitatively, it appeared to be as efficient as FITS
3A.



2.1.3 Modelling and Analysis of Steam Explosions

This quarter, a topical report was written that describes the
recent modelling and analysis of steam explosion experiments.

2.1.4 Containment Failure Analysis

This quarter, a topical report was written that describes recent
analysis concerning the consequences of a steam explosion during a
postulated meltdown accident.

2.2 Small Scale Experiments

2.2.1 Controlled Atmosphere Chamber

The chamber for laser-melted single-drop experimentation under
controlled conditions of composition and pressure has been bullt and
installed. A sketch of the basic tank was shown in Figure 2.9 of the
previous quarterly report [1].

The tank was pressure tested with blind flanges over each aperture.
The tank satisfactorily held a gas pressure of 1.8 MPa (current maximum
working pressure will L2 1.0 MPa). However, when the various aperture
closures and windows were installed and testing was repeated, a rocksalt
laser window failed at =~ 0.3 MPa. This window will be replaced by a
zinc selenide window in a modified mounting.

The chamber has been set up for atmospheric pressure experiments
while the laser window modifications are being made. This has involved
modifying the original single-drop setup by the construction of a new
mounting bench with jacks for positioning the tank, rebuilding the laser
shielding and rearranging the CO; laser and photographic optics. A
photograph of the new chamber is shown in Figure 2.1.

2.2.2 Iron-Oxide Drop Experiments Performed in Argon

The difficulty in initiating explosions in iron-oxide of low 0/Fe
in the arc melting experiments is being explored by melting single drops
of iron-oxide in gaseous argon at local atmospheric pressure, using the
controlled atmosphere chamber. As yet, no 0/Fe ratio lower than 1.1
has been achieved; this composition explodes normally.

2.2.3 Debris Particle Sizes

Some debris size information for the explosions of single-drops
of molten iron-oxide was presented in the previous quarterly report
(Figures 2-7 (experiment 11-72-2) and 2-8 (experiment 11-75-1) 1in
Reference 1). These data were produced by a manual technique as
described in that report. During this gquarter, a new automatic optical
scanning procedure (Quantimet) became available for producing debris

size data.

In order to test the manual technique against that of the Quantimet

(to be used in all future debris analyses), we ran a completely new
single-drop experiment, 11-79-3, designed to reproduce 11-75-1 as
closely as possible. In this experiment, a 142 mm diameter Nuclepore
0.2 um pore size polycarbonate filter membrane was used to separate
debris from water. This membrane material shows essentially no inter-
fering background in the Quantimet. An automatic analysis of the
particles produced in this experiment was performed, and converted

into mass fractions as with the manual analyses in experiment 11-75-1.
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TABLE 2.2

Viscosities of Melts Reported to Have Exploded
in Steam Explosion Interactions

Estimated
Source of Viscosity Source of
Explosion At Interaction Viscosity
Melt Information Time (cP) Data

Metals, including

Al, g, Au, Bi,

Co, Cu, Pe, In, ref. 18 <10 ref. 12
K, Li, Mg, Na,

Ni, Pb, Sn, V,

r

Molten Salts
Including NaCl, Ref. 18 < 10 Ref. 13
AgCl, KC1

(60 w/0 BO3y/
PbO) * Ref. 19 < 20 Ref. 14, 15

th

an-mgr
Irommaking Slag Ref. 20* ~ 7 (calculated) Ref. 16
(low Si03)

Coppermaking Slag
(Cus) Ref. 21* 3.7 Ref. 17

¥Arakeri, et al., call their work a "study of the molten glass/water
thermal interaction.™ The use of the words "molten glass™ may be
misleading, however, because this B03/PbO composition has a melt
viscosity very uncharacteristic of molten glasses as normally
thoght of. (The authors state that "at a temperature of 1173K,
the molten glass was almost as fluid as water at room temperature"”
(= <P).



instrumentation indicated a very dispersed melt column. No data other
than diagnostics were obtained. Debris particle size was similar to
other non-exploding mixtures observed in EXO-FITS experiments. The
average particle size was greater than 3 mm.

Problems with the delivery system in this and other in-chamber
experiments necessitated a redesign and modification of the system to
better control the delivery parameters. That work was done and an EXO-
FITS experiment (MD-19) was used to check tne delivery system. The
modified delivery system is identical to the previous system except
the point of melt release is in a different lccation in the chamber
and the delivery cylinder travel distance has been reduced. The
modified delivery system was used for the third experiment in this
quarter (FITS 5A). This experiment was nearly identical to FITS 4A
and was successful. A 5.5 kg melt was delivered at 5.4 m/s. The
initial chamber pressure was 1.0l MPa. In addition to studying the
effect of ambient pressure on explosivity, an SEl-detonator located in
the water chamber was made available to supply an external trigger, if
needed. The trigger firing time was set so that if an explosion was
not spontaneously triggered by the expected time after melt entry, the
detonator would be fired to trigger the interaction. No spontaneous
explosion was observed as late as 0.44 sec after melt entry. At 0.44
sec, the detonator was fired and an explosion was observed. Water
phase pressures with peaks on the order of 100 bar were recorded. These
peaks are similar to those seen in ambient experiments. The chamber
did not vent after the interaction, and a chamber static pressure
increase of 0.4 bar above ambient was recorded. These pressures
persisted for times much longer than 10 sec; not all the data has been
reduced. Debris recovered from the experiment is similar to FITS 3A;
The debris is mostly spherical. Data reduction and analysis is in
process and will be reported in the near future.

2.3.1 FITS Experiments

The FITS 3A experiment was conducted on June 26, 1980. Table
2.3 describes the initial conditions for this experiment.
TABLE 2.

FITS 3A Initial Conditions

Melt: 5.5 kg Fe-Al)03
Coolant: 228 kg; 23°C; 0.62 m depth
Chamber: 0.61 m x 0.6l m x 0.76 m
Pressure: 0.083 MPa
Melt Entry Velocity: 5.0 m/s
The experiment resulted in a propagating explosion similar to those
observed in the EXO-FITS experiments. Water chamber fragments
generated during the explosion penetrated the burst diaphragm causing
premature venting. Data from water phase pressure transducers, chamber
pressure and temperature sensors were obtained and are shown in Figures

2.6 and 2.7. Figure 2.6 is typical of water phase pressures. Peaks on
the order of 100 bars are observed with durations on the order of 2 ms.
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These data are typical of water phase pressures observed from other
experiments in this work.

Figure 2.7 depicts data from one chamber pressure transducer. The
first spike is due to debris/water/steam impact on the chamber trans-
ducer. This peak pressure of 3.7 bars decays to 0.22 bars after 50 ms.
The 0.22 bar pressure persists for approximately 500 ms, and then
decays back to ambient at approximately 2.5 sec due to chamber venting.
The chamber ambient temperatur. increase was 50°C. The rise time of
this temperature was 51 ms. The temperature decays to 25°C after
approximately 100 ms and remains constant until the recorder was turned
off S5 sec after the event.

Debris distribution is shown in Figure 2.8. The average particle
size was 155 ym and approximately 15% of the material is less than
38 ym in diameter (the smallest sieve used for the analysis).

A propagation velocity of 206 m/s was observed. The explosio:
was triggered spontaneously at the base of the melt 0.1 sec after ielt
entry. Mixture density defined as mass of fuel divided by the total
mixing volume was estimated to be 0.36 g/cm3.

The FITS 4A experiment was conducted on July 23, 1980. This experi-
ment was intended to study the effect of ambient pressure on explosivity.
The chamber pressurization system was installed and checked. The
initial conditions are described in Table 2.4 below.

TABLE 2.4

FITS 4A Initial Conditions

Melt: 5.5 kg Fe-Alj03
Coolant: 226 kg; 24°C; 0.6 m depth
Chamber: 0.6l m x 0.6l m x 0.76 m

Pressure: 0.946 MPa

Melt Entry Velocity: 7 m/s Approximately

No explosion resuited from the melt-water reaction. Analysis of the
experiment indicated that a seal in the delivery cylinder failed which
caused the delivery sequence to be slower than normal. Due to this

late delivery, the crucible failed approximately 16 sec after delivery
releasing the melt high in the chamber above the stripping mechanism.
The melt impacted the stripping mechanism and was dispersed as evidenced
by data from the melt velocity sensor. The combination of high entry
velocity, the dispersed nature of the melt, more rapid melt cooling, and
the high chamber ambient pressure suppressed or prevented a spontaneous
explosion. No data, except diagnostic data, was obtained.

The debris particle size is shown in Fiqure 2.9. This debris is
typical of that found in EXO-FITS experiments when no explosion is
generated.

FITS 5A was conducted on September 10, 1980. This experiment was
done to study the effect of high ambient pressure on explosivity and
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+o dete:mine if an external trigger source could initiate an explosion.
The initial conditions for this experiment are shown in Table 2.5.

TABLE 2.5
FITS 5A Initial Conditions

Melt: 5.5 kg Fe-Alz03
Coolant: 226 kg; 24°C; 0.61 m depth
Chamber: 0.6l m x 0.6l m x 0.76 m
Pressure: 1.0l MPa
Melt Entry Velocity: 5.4 m/s

External Trigger: SE-1 EBW detonator; 0.635 g
of PETN explosive

The experimental configuration of the water chamber is shown in Figure
2.10. The detonator was located 12.7 mm below the base of the water
chamber and is also shown in Figure 2.10. The time for the detonator
firing was determined from earlier experiments where it was found that
time to explosion was between 0.1 and 0.2 sec after melt entry. No
spontaneous explosion was observed up to 0.44 sec after melt entry.
The melt settled to the bottom of the chamber and began to cool.
Trigger time was set at 0.44 sec after melt entry to allow sufficient
time for a spontaneous trigger to develop. Although no spontaneous
explosinn occurred, zn explosion was nevertheless triggered by the
externai source. This interaction did not appear to exhibit a clear
propagation phase as in other experiments because most of the melt had
settled on the bottom, but it appeared to be as energetic based on
debris and residue remaining after the event. Data, which are still
being reduced, showed that water phase pressures on the order of 100
bars were generated by the triggered reaction. Debris particle size
shown in Figure 2.11 is nearly identical to that for FITS 3A, an ambient

spontaneously triggered explosion.

This fact implies that, at high pressures if an energetic trigger

source can be generated, the potential for a steam explosion exists.
The trigger amplitude and impulse have yet to be determined for this
experiment. Auxilliary experiments and calculations are planned to be
done to determine this level. This information will be reported in a

subsequent report.

2.3.2 Conclusions

FITS SA represents the last experiment in this series. The A
Series was done primarily to study and check the experimental and
measurement techniques needed for future, more refined explosion yield

experiments.

The objectives of the program, to study conversion ratio and
scaling effects have not yet been accomplished. However, a better
understanding of what measurements need to be made and what instrumen-
tat.on is required (i.e., transducers and water chamber design) have

been gained.
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A topical report describing both the facility design and the five
experiments as well as the EXO-FITS experiments is in process.

2.4 Modelling and Analysis of Steam Explosions

This qguarter, a topical report was written that describes
the recent modelling and analysis of steam explosion experiments.

2.5 Containment Failure Analysis

This quarter, a topical report was written that describes recent
analysis concerning the consequences of a steam explosion during a
postulated meltdown accident.
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Log P = 9.92 = 6700/T ,

where P is the vapor pressure of CsOH in Pa and T is the temperature

in K. Our transpiration experiments indicate that CsOH is much more

volatile ( ~ 20 times higher vapor pressure) than Csl (See Fig. 3.1).

This was not expected. It had been anticipated that CsOH and Csl

would have comparable vapor pressures since analogous pairs of com-

pounds, NaOH - Nal and KOH - KI, do exhibit a similarity of vapor J
pressures. We also determined that H;0 added to the carrier gas had

no significant interaction with CsOH.

We obtain kinetic data by the use of a microbalance. Specimens
of prototypic reactor-wall material are suspended from the balance and
a gas containing the vapor species flows past the specimen. Mass
changes are monitored continuously. We measured the desorption rates
of tellurium from solid-solutions of tellurium in nickel over the tem-
perature range 1070 - 1253 K (800 - 980°C). Our data are well repre-
sented by the equation:

Log k = 4.61 - 9500/T ,

where k is the tellurium desorption rate in mg Te/cm2/minute and T is
the temperature in K. We observed no increase or decrease in this rate
when Hy0 vapor was added to the carrier gas. Future microbalance \
experimencs will measure the rates of absorption of CsOH and tellurium

on stainless steel,

An interim cell was designed and fabricated for use with the Raman
system before the Fission Product Reaction Facility (FPRF) is fully
built and tested. The main purpose of this interim cell is to provide
an environment for determining the Raman spectra of fission-product
species that have not been previously studied and for calibrating the
Raman signal with known species concentrations. The interim cell was
not designed to achieve the extremely high temperature levels, the
variation of residence times, or the multiple [ission-product injection
capability that will be possible with the FPRF. It will, however,
provide us with a very flexible portion of the experimental program
that will be able to answer detailed questions about fission-product
chemistry in a timely manner.

3.2 Interim Raman System
|
|
|

A schematic diagram of the interim Raman cell is shown in Fig. 3.2.
The furnace elements of the interim cell are in two abutting but sepa-
rately-controlled segments. The lower segment surrounds the “evapor-
ation” crucible (which containe the fission-product sample being studied),
and by control of the crucible's ctemperature the partial pressure of
the fission-product compound is determined. The upper segment surrounds
the chimney through which the carrier gas and fission-product vapor
species are transported to the laser beam. This furnace segment is
always at a higher temperature than the lower segment in order to
prevent any condensation of the fission-product compounds. The carrier
gas enters the bottom of the lower furnace segment, flows around
and through the furnace heater windings, continues flowing down into
the evaporation crucible, and then flows up into the chimney.

A schematic diagram of the experimental setup is shown in Fig. 3.3.
The interim cell is located in the center of this figure and the
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remaining items shown are parts of the PMaman system. A Spectra Physics
argon-ion laser (1.5 watt at 488.0 nm) is used as the high intensity
source for Raman excitation. The argon-ion laser beam is focused inside
the interim cell just above the chimney (see Fig. 3.2). A portion of
the light that is scattered at 90° to the laser beam is collected by

two lenses and focused on the entrance slit of the Spex double mono-
chromator. The light detector is a cooled and RF-shielded photon-
counting PM tube (RCA C31034). The PM tube output can be displayed on
either a counter or an x-y recorder.

It is possible to mea?gfe the gas temperature by recording the
rotational Rama’. Spectrum . Figure 3.4 shows two H, Stokes rota-
tional spectra recorded in the interim cell. Figure 3.4A was recorded
at room temperature and 3.4B at elevated temperatyre. If the logarithm
of the normalized Raman intensities, log [Ig(J)/Aw"(J) G(J)], is

plotted as a function of the rotational term value, Fo(J), the slope

of the resulting line is related to the rotational temperature. This
prccedure was carried out for the data shown in Fig. 3.4 and the results
are displayed in Fig. 3.5. As indicated, the room temperature spectrum
yielded a temperature of 302 K and the elevated temperature spectrum
corresponded to a temperature of .~ 690 K. The gas temperature for
experiments in the interim cell and the FPRF will be determined using
this Raman spectrorcopic technique and standard thermccouples.

The main purpose of the interim cell is to provide known concen-
trations of various fission-product species in order to calibrate the
Raman system. We will he able to measure absolute Raman croti tions
by comparison with N,, which is generally used as a standard'™’
Depolarization ratios will also be measured using a ?olarizer oriented
parallel and perpendicular to the laser polarization 4),

3.3 Fission-Product Reaction Facility (FPRF)

The purpose of the Fission-Product Reaction Facility is to study
the chemistry resulting from the reaction of single or multiple fission-
product vapors (non-radioactive species) and steam at high temperatures.
This laboratory-scale facility provides residence times as long as
several hours for chemical and physical changes o occur among the
reactants. Initially, the reactants include fission-product vaporg,
steam, the containing material of the system, and gases such as hydrogen
and oxygen. These ie;arate effects tests support the development of
the TRAP-MELT code(l) which describes the transport and deposition of
radionuclides in primary systems of light water reactors following
hypothetical meltdown accidents.

The facility will provide superheated steam, from about 500°C to
greater than 1000°C, into which single or multiple fission-product
vapors can be injected in concentrations less than 10-3 gm/cm?. Walls
of the system will be maintained at the steam temperature. Residence
times for chemical and physical changes to occur can be as long as
several hours. The type and amount of species produced by reaction
among the fission vapors, steam, and the reaction-vessel material will
be measured in situ using Raman spectroscopy. The product species
will then be selectively condensed to identify their final physical
characteristics. Non-condensable product gases will also be identified
if possible.

Facility design is based on the premise that thermodynamic and
chemical conditions of the experiment caa be controlled and measured
if a "steady state" can be achieved while reactions are proceeding.
This can be accomplished, as required in these studies, in a slow
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flowing (or quasi-static) system. Here reactions proceed with time,
but once chemical equilibrium with the walls of the sytems is estab-
lished, conditions at any given position in the system should not
change with time. This can be accomplished only if steady-state con-
ditions can be established on both the steam system and on the rate
of generation of fission-product vapors.

The FPRF (Fig. 3.6) is constructed throughout of 304 stainless
steel. The maximum temperature attainable with this system will
depend on the steam pressure and material strength (which will degrade
due primarily to corrosion of the stainless at high temperature and
with time). Steam pressure will be maintained close to ambient pressure.
Modular design of the system aids in inspecting and cleaning internal
surfaces of the components, in replacing and rearranging components,
and in accurately inserting and removing sampling coupons located
throughout the system.

The upstream portion of the facility consists of a water reservoir,
boiler, super heater, flow controlling orifice, and fission-product
vapor generators. Downstream of the generators, flow is uirected by
valves into one of two flow legs. One leg will be used for adjusting
and stabilizing the flow and the fission-product conditions. It
consists of a simple condenser, pressure gage, gas analyzer, filter,
and valve. The other leg includes: the reaction chamber which pro-
vides long residence times for the reacting species; the Raman cell
for measuring the amount and type of reaction products at temperature;
ard a parallel-plate condenser for selectively condensing the products
for later examination of their physical and chemical characteristics.
Also duplicated in this leg are a pressure gage, port for gas analysis,
filer, and valve.

Not shown in Fig. 3.6 are radiation shields which stand off about
5 cm from the system and surround all the components that carry super-
heated steam. Calrods between the shields and the system keep the
steam and walls at a constant temperature up to the condensers. The
baffles are wrapped with about 15 cm of high-temperature insulation.

The FPRF has been completely designed in its conceptual form and
all the detailed shop drawings have been completed for the components.
All components have been fabricated except the Raman cell which is in
the process of being manufactured. All commercial parts have been
received. The facility has been 50% assembled on its portable table
and 20% of the proof testing has been compieted.

3.4 References

1. H. Jordan, J. A. Gieseke, and P. Baybutt, "TRAP-MELT User's
Manual,"” Battelle Columbus Laboratories (February 1979).

2. Handbook of Chemistry and Physics, Chemical Rubber Co.,
(1964 and later editions); C. T. Ewing and K. H. Stern,
J. Phys. Chem. 78, 1998-2005 (1979).

3., R. A. Hill, A. J. Mulac, and D. R. Smith, Appl. Spectrosc. 30,
183 (1976).

4. J. C. Cummings, R. E. Palmer, and D. P. Aeschliman, Opt. Comm.
27, 455 (1978).
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4. Containment Emergency Sump Performance
(G.”G. Welgand, M. Berman, R. R, Prai:-ie)

4.1 Summary

A loss-of-coolant accident (LOCA) in a pressurized water reactor
(PWR) will normally activate the reactor'., emergency core cooling
system (ECCS). The ECCS supplies coolant to the reactor core to dissi-
pate the decay heat, and under certain conditions, to the containment
spray system (CSS) to reduce containment pressure and scrub radioactive
material from the containment environment. A failure of the ECCS car
be serious; the disruption of core coolant flow could lead to core
damage.

The containment emergency sump performance (CESP) program will
investigate the reliability of ECCS sumps. The CESP program provides
technical direction to the DOE-sponsored experimental sump program at
Alden Research Laboratory (ARL), and it has two main purposes:

0 to provide a containment-sump data base to NRC, and

“ to provide ECCS sump design information to the nuclear
industry.

The test facility is complete and operational; the problems that
were found during the facility check-out and initial testing have been
or are being corrected. Additionally, a second void fraction meter 1is
being installed so readings on both outlet pipes can be recorded. How-
ever, the test program is behind schedule for two reasons. First, ARL
has found that it takes longer to reconfigure and test than originally
estimated: secondly, ARL was required to interrupt the test program
to correct difficulties with the grade line measurement and with the
void fraction meters response. Only eleven of the scheduled nineteen
configurations will be tested by 30 September 1980.

Meetings at NRC and DOE on 18 & 19 September 1980 resulted in a
time table for accepting and implementing ARL's proposal for the entire
test program.

A data analysis and data presentation plan for each configuration
was developed to supplement the factorial analysis plan outlined in Ref-
erence 1 (April-June 1980 quarterly). Preliminary results from the
first confiquration tests are shown; these results, although inconclu-
sive in trends, still tend to deviate from some of the generally ac-
cepted "rules of thumb®™ which are widely used throughout the irdustry.
Additionally, several interesting phenomena, which have not been
reported before, have been observed during the testing; one such phe
nomenon was a horseshoe-shaped vapor core vortex which stretched between
the two outlet pipes and formed beneath the surface.

4.2 Test Facility

The CESP test facility has been completed and the instrumentation
has been verified as operational. ARL h«s supplied the following
facility description:

The test facility (Figure 4.1) consists of a main tank
with sump, suction pipes with variable diameters and pos.tions,
a pump pit tank, and associated piping for the simulation of
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4.4 Data Analysis

The analysis plan for the development of a fractional factorial
response surface was detailed in Reference 1; from this analysis, we
will provide the overall generic behavior of the undisturbed sump.
However, configuration-by-configuration analysis is still required so
comparisons can be made between the undisturbed sump study and the per-
turbation studies (blockage, breakflow, vortex suppression, nonuniform
approach flow, etc.) and betw n the undisturbed sump study and the
secondary variable studies (see Reference 1 for details). The descrip-
tion of the preliminary configuration-by-configuration data analysis
plan is as follows. (Note: The data analysis of the perturbation
studies will be performed in a manner similar to the following descrip-
tion except that there will be fewer data points. Additionally, there
may be some slippage in the quantity of data for each configuration as a
result of program redirection and reassessment.)

The analysis of the configuration data will consist of developing
summary araphs and tables for the configuration tests. Data will be
recorded for four responses (dependent variables): pressure grade lines
(PGL), vortimeter revolutions (VR) vortex strength observation (VSO),
and void fraction (VF). For a configuration (fixed geometry) data will
be recorded at four submergence levels (s) and ten flow rates (Q). Two
of the flow levels will be thirty minute data records (steady-state
tests), and the remaining eight flow levels will be five minute data
records (survey tests). Thus, there will be eight steady-state s-Q
combintations and thirty-two survey s-Q combinations.

A seri»s of graphs and tables will be developed

® For each of the eight steady-state s-Q combinations
plots of PLG, VR, VSO, and VF versus time will be
provided.

® For each of the four submergence levels plots of the
mean values of PLG, VR, VSO, and VF will be provided.
A measure of uncertainty will be shown for each of these
plots.

® For each of the responses PLG, VR, VSO, and VF contour
plots of mean response versus s-Q will be provided.
Additionally, for VSO a series of contour plots will
be provided which correspond to the prooability of
VSO = k where k = 1,...,6.

® For each of the configuration's s-Q combinations,
tables will be provided of the mean (X), the standard
deviations (s), and the median for each of the responses
PLG, VR, VSO, and VF.

Implementation of this present plan has begun; presently, we are
in the process of writing software for sorting and reducing ARL's data
files.

4.5 Preliminary Data

Although the data analysis procedures are not completely opera-
tional, preliminarv analysis is being performed as the configuration
tests are taken., These early results are limited and are not numerous
enough for recognizing any special trends. Figures 4.2 and 4.3 show
typical time records for a 16' x 10' x 3' sump configuration; the outlet
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pipe spacing is 4', the submergence is 6', and the flow rate is 5500
gpm. Figures 4.4 and 4.5 also show typical time records for a 16' x 1n'
x 3' sump; same conditions as above except that the outlet pipe spacing
has been increased to 12'. Although conclusions drawn at this time are
speculative, Figures 4.2 and 4.5 show several thiugs. First the outlet
pipe spacing has a clearly observable effect; the larger pipe spacing
results (average vortex activity = 3,20, Fiqure 4.2) have a lower vortex
activity than thc 4' pipe spacing results (average vortex activity =
4.95, Figure 4.4). Furtharmore, the test operators obscrved that the
vortices which form when the outlet pipes are close together are sub-
merjed horseshoe-shaped vapor-core vortices which stretch between the

two outlet pipes.

Additionally, it is interesting to note the preliminary correlation
between void fraction and vortex activity; the initial results of
Figures 4.2 and 4.4 show that the air core type vortices found in nower
reactor containments may actually draw only a small quantity of air.

Figure 4.6 shows some typical results as a function of submergence
and flow rate, Although preliminary, these results are quite
interesting. First, we see high vortex activity at the lower flow
rates (< 4000 gpm) and secondly, we see that the highest vortex activity
does not necessarily occur at the lowest submergence. These results
are in direct conflict with two commonl: used "rules of thumb".

e higher flow + more vortex activity
e lower submergence » highest vortex activity
Finally, Figures 4.7 and 4.8 are typical pictures of strong air-core
vortices. To give some perspective of the size of the air-core vortex,

the surface dimension is about 4 to 6 inches, decreasing to about 1/2
inch when entering the 12 inch diameter outlet pipe.
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5. Hydrogen Program

(J. C. Cummings, M. P. Sherman, M. Berman,
M. R. Baer, E. C. Neidel, B. W, Burnham, R. K. Byers)

5.1 Summary

During the last quarter, we began to work on the Hydrogen Program.
The objectives of this program are to quantify the threat posed by
hydrogen released during LWR accidents and to generate information and
equipment concepts which will prevent or mitigate that threat. Major
end products of the program will be:

e An assessment of the hydrogen threat for several classes
of nuclear power plants.

® An assessment of the adequacy of existing hydrogen safety
systems and mitigation strategies,

e The identification and conceptual demcnstration of improved
hydrogen mitigation and detection systems.

e The publication of operator strategies, training booklets,
and emergency manualis that deal with the hydrogen problem.

e Computer codes that address the transport and combustion
of hydrogen in containment.

The areas of research that will be covered by the Hydrogen Frogram
include: Hj and O generation and transport; H; and O) detection;
hydrogen combustion; and mitigation and preventfon of damage from
hydrogen combustion. Our effort will include literature reviews, power
plant characterization, and industry contact in addition to major ana-
lytical and experimental research. A detailed program plan will be
presented to the NRC during the next quarter.

The following sections will discuss our efforts on the Hydrogen
Program during the last quarter. Other than the work on the Hydrogen
Compendium, the bulk of the effort has taken place only during the
last month. Three mitigation schemes are being examined as part of
a short-term program to address important licensing questions for the
Sequoyah power plant. Combustion analyses have been carried out with
new computer codes to calculate peak quasi-static, and steady detona-
tion loads and with an existing code, CSQ, to compute dynamic behavior.
Hydrogen detection instrumentation has been surveyed through utility
and industry contacts. The experimental program plan was not fully
developed during this quarter - therefore, its discussion is postponed

to the next gquarterly report.

5.2 The Hydrogen Compendivm

During this quarter, we published a document entitled "The
Behavior of Hydrogen During Accidents in Light Water Reactors." This
report represents the efforts of a number of individuals in reviewing
the literature pertinent to understanding the behavior of hydrogen in
a nuclear reacto. environment. Four major topics were addressed:
hydrogen generation and solubility; hydrogen and oxygen detection
systems; hydrogen combustion; and hydrogen cecombiners.

A draft version of the report was widely circulated and reviewed.
In general, the document was very favorably received. Our intention
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is to publish an updated version of the document in the future

which will further investigate some controversial areas and add
significant new results. An operator's manual, based on the information
contained in the compendium, will be written as a separate document, on
a time schedule consistent with NRC needs and priorities.

5.3 Hydrogen Mitigation Techniques for Sequoyah

We have begun a short-term (2-3 month) effort to investigate the
effectiveness and practicality of three hydrogen control measures:
(1) deliberate ignition; (2) Halon addition after accident initiation;
and (3) water fogging. The objective of the investigation is to
provide the NRC with an early assessment (prior to December 1, 1980)
of the 2fficiency and practicality of these three mitigation schemes
for degrade? (still coolable - not molten) cores. We will atte 'pt to
assess whether these mitigation schemes can lessen the effects of
accidents that involve damaged cores. We will also try to determine if
installation of the mitigation system will degrade or improve safety.
The NRC has specific questions regarding each of the three mitigation
schemes which we will address in a status report (October 31, 1980) and
a final report (November 30, 1980).

The following sections discuss our work on this effort during the
last month of the quarter. Thus far, we have initiated literature
reviews, contacted industry and laboratory representatives, performed
simple hand calculations and carried out some computer code computa-
tions. The effort is well under way and progress is being made on all
three mitigation schemes.

5.3.1 Ueliberate Ignition

The use of deliberate ignition requires an understanding of the
combustion of lean hydrogen:air:steam mixtures and the theory of
ignition.

Lean hydrogen mixtures, below 9 volume % hydrogen, burn in a
unique fashion. For extremely lean mixtures, 4-6%, the flame tempera-
ture is below the spontaneous ignition temperature. The upward propaga-
tion of the flame takes place in flame globules into which hydrogen
rapidly diffuses giving locally richer mixtures, hence locally higher
temperatures. The overall combustion is incomplete. Experiments have
produced conflicting results on the fraction of hydrogen consumed Yersus
the initial hydrogen concentration. The works of Furno, et al., (1)
and others(2) with spark ignition show a very low fraction of hydrogen
consumed up to about 8% hydrogen.

The work of Canadian researchers for combustion in a vertical tgbe
shows large fractions of hydrogen consumed down to 5% hydrogen
The difference may be due to vessel geometry, ignition method, and
igniter location. We are presently trying to explain the conflicting
results.

Since there are no data on the combustion of lean hydrogen
mixtures in very large chambers the size o reactor containments,
prediction will require an understanding anu extrapolation of the com-
bustion behavior in intermediate-sized chambers where there are data.
1f the behavior is governed by the formation of flame globules a few
inches in diameter, in presumably a conical type region, and if there
are no other scale effects, it may be possible to predict the pressure
rise in containments caused by the deliberate ignition of lean mixtures.
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nozzles or rotary generators. Typical distributions of droplet sizes
produced by these devices are polydispersed (covering a range of droplet
size) with mean droplet diameters from 10 to 5000 ym. For production
of small mean droplet size ( ~ 10 ym), an air-blast/swirl-type nozzle
is necessary. FPor smaller drop sizes, specialized nozzle systems are
required. This survey indicated that direct quenching of hydrogen

de . lagration would not occur if conventional nozzle systems are used
since mean droplet sizes have diameters greater than 3 um. Most of
the vaporization will occur in burned regions behind the deflagration
front. This suggests the possibility of combining deliberate ignition
and water fogging.

Another part of this study has been directed toward predicting
particle settling of high-mass-density aerosols. We performed some
calculations of the settling losses, neglecting agglomeration effects.
For high-mass-density aerosols, this is a nonconservative approximation
and particle-particle collision effects must be examined. The physics
of coagulation is determined by the effects of Brownian motion, tur-
bulence, gravitational settling, and wall interaction. We determined
that for water droplets > 1 uym in diameter, coagulation within a
containment vessel is dominated by gravitational effects. A mono-
dispersed distribution of small droplet sizes would tend to reduce these
effects. Unfortunately, the theory of well-stirred settling 1s not as
straightforward as the drag calculations and solution of the kinetic
integral-differential equations is required. Our current investigation
i1s directed toward producing compiuter codes which can be used for this
calculation.

5.3.2.2 Water Fogs in Detonations

wWe are beginning to investigate three questions concerning the
effect of fogs on detonations:

1) What effects do fogs have on shock waves?

2) What effects do fogs have on detonation waves?

3) What effects do fogs have on the transition from
deflagration to detonation?

The effects of fogs on shock waves is important when a detonation
starts in a region of detonable mixture of hydrogen:air:steam and passes
into a region that may be flammable but is not detonable. There ase
some excellent references on this subject. In particular, pierce(7)
considers the effects of water spray on shock waves. The effect of the
spray evaporation is to increase the pressure rise behind the wave
initially, but to also increase the rate of pressure decay. It is
possible that the fog will so reduce the shock wave intensity at the
walls, that its presence will be an important safety aid. We are
examining the pertinent references and theory to obtain quantitative
results for typical examples in reactor containments. The theories may
need extension to handle the dense droplet clouds under consideration.

There are several papers concerned with fuel drop detonations 1in
which the fuel is vaporized by the initial shock wave and then burned
to produce a detonation front, and one on the effect of inert dusts on
detonations. These references and others will be examined to determine
their relevance to the problem of detonaticn-wave interaction with water
sprays. This problem has not been investigated as much as that of shock
waves and sprays.

The effects of sprays on transition to detonration appear to be
twofold: reducticn in the thermal expansion of the burned region
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gases. The presence of liquid water in the initial mirture will also
be included in the newer codes next quarter. Sections of the codes
which computed equilibrium mole fractions and enthalpies were modified
for use in the two dimensional Eulerian hydrodynamic code, csQ(l8),

5.4.1 Combustion Code Development

All the codes (except the earlier program FLAME) use linear

[

interpolations of the latest versicns of the JANAF (Joint Army-Navy-
Air Force) thermochemical tables. Mular enthalpies and the logarithms
of the equilibrium constants are given at every 100 K. Errors due to
linear interpolation of these table values were found to be negligible.

All codes assume the initial and final gas mixtures obey the
perfect gas law for mixtures:

where p is the absolute pressure v is the mixture specific volume
R is the universal gas constant, T 1s the absolrte temperature, and w
is the average molecular weight. The accuracy of this assumption was
tested by comparing the value of v for a given temperature, pressure,
and composition with that obtained from a more accurate truncated
virial equation of state. The differences were found to be negligible.
For example, for initial mixtures with 13% steam, a temperature of

50°C (323 K), a pressure of about 1.5 atmospheres, and with variable
amounts o 'Y gen, the virial equation of state values of v were
different {r the perfect-gas-equation values by about 1 part 1in 104,

’
i

The burned gas mixture is assumed to be 1in thermodynamiC equili-
librium. The presence of the following species is included: Hp, N3,
02, H0, O, OH H, NO, N I 3 PO program CARBON, COj and CO are
also included. A check the eq\ brium composition usinj] the com-
mercial thermochemical program ACE!1?) showed that the species neglected,
such as HO; and NOj, were present in negligible amounts. The concentra-
tion of nitroagen atoms, N, was also found to be negligible, and 1t could
have been neglected.

78.117% nitrogen and 0.937%
Argon. In progra "ARBO 1@ presence of tmospheric CO, is separately
onsidered instead of ncludin 1t r 1@ nitrogen pe»L;hwxid je. The
trace noble oncentration is included in the argon percentage.
earlier versions O thes programs dry alr was simply assumed to be
oxygen and 7 itrogen he scts of using the more accurate ailr
composition w¢ ) o be very small. Any of the programs can easily
be modified to conside as an arbitrary oxygen:nltrogen:arcon
mixture. rnis f 1s usefu r considering combustion of mixtures
in which prev us S n o her procecses have altered the

omposition.

The tempe U al pr S expected after an adiabatic, con-
stant-volume, comple combus n of a homogeneous hydrogen:alr:steam
mixture are comj 31ng pr DEFLAG. The results of program
DEFLAG were found ) be | ntic » that of the older program FLAME

lower tempe tu s Ol ny ) mixtures where dissociation
ratios, the older progran
temperature, Dy as much as

ssure. Program CARBON is essentially

for the inclusion of carbon dioxide

and D 1in the burned gases.




Initial Conditions

Values for the following variables are required as initial con-
ditions for the computation of the unburned gas mixture properties:

1) Temperature

2) Pressure

3) Hydrogen mole fraction

4) Steam mole fraction

5) Liguid water volume fraction
Program CARBON also requires

6) Carbon dioxide mole fraction

If the dry "air"™ is not standard in composition, then the mole fraction
of the mixture must also be specified.

The large number of initial conditions makes it difficult to
present results in a comprehensive way. Typically we have presented
results as a function of hydrogen mole fraction for a given initial
temperature, pressure, and steam (or steam-COj3) mole fraction.

Method of Computation

The conditions for an adiabatic, constant-volume combustion are
that the specific internal energy, u, and the specific volume, v,
before and after the combustion are unchanged. The program therefore
first computes the initial specific volume and internal energy:

Wy = LwWiXj (2)
P1v] = RT}/w) (3)
Uj(Ty) = Hi(T}) = RT} (4)
wiuy = IxjUi(Ty) (5)

where the subscript 1 indicates the property is of the initial unburned
gas mixture, wi is the species molecular weight, x; is the initial-
mixture mole fraction of species i, Hj(T]) is the enthalpy per mole of
species i at temperature Ty, Uj; is the internal energy per mole, and

u] the iritial internal energy per unit mass.

The final specific volume and internal energy are computed by
first supplying an initial guess for the final temperature and pressure.
Given a temperature ari pressure, subroutine MOLEFR computes the mole
fractions by a method discussed in a later section. Given the estimate
of the burned-gas mole fractions, the corresponding final value of
vy and uj are determined by the use of equations analogous to Egs. 2-5.
At the estimated temperature, the pressure is varied until the final
specific volume agrees with the initial specific volume to within a



tolerance. For each pressure value considered, the mole fractions
be recomputed. Rapid convergence is achieved by use of linear
polation to find the root of the equation.

'he temperature is then varied, each time requliring a new pressure
variation, until the following equation is solved to within a close
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Determination of the Combustion Gas Mole Fractions

The main computaticnal difficulty in the computer programs is the
determination of the burned-gas mole fractions. Ten simultaneous, non-
linear, algebraic equations must be solved (twelve in progrem CARBON).
The equations to be solved are shown below for program CARBON. Without
any carbon, Eqs. 18 and 25 are not present. The equations involve the
conservation of the hydrogen, nitrogen, oxygen, and carbon atoms and
the seven equilibrium relations. The equilibrium constants, initial
pressure, and initial (unburned gas) mole fractions are known. The
unknowns are the eleven mole fractions of the burned gas species and
the number of moles of burned gas per mole of unburned gas, here called

X12.

1l - (XA)/Xlz - xHZ + XNZ + x02 + XHzo +

Xo + Xon + X *+ Xno * Xy * Xco, * Xco (14)

(2Xy_ + 2Xg o + X0 + fglX1o = (2xyg_ + 2xy4_o) (15)
2 2 2 2

(ZXNz +Xno + XN)X)2 = (2XN2) (16)

(2X02 + Xazo + Xo + Xog + Xno + 2xco2 + Xco)X12 = (2x02 *+ x50 (17)

(xco2 + XcolX12 = ('coz) (18)

Xy P

Ry (1) = 2= (19)
P

Kp(T) = éﬂ- (20)

Xy P
Ky(T) = =B (21)

X
H,0 (22)

91



/
Xco(Xo_P) /2
2

X

CUZ

are the unknown mole fractions of the burned gas; the xj
mole fractions of the unburned gas; the Kj(T) are the
~onstants which are known values for this computation at a
ature. P is a nondimensionalized pressure equal to the
ssure divided by one atmosphere.

each of the equations can be differentiated easily with
¥ f the unknowns, the Newton-Raphson method has been used
(=4

2ach OXIL
curate solutions. In the use of this method, the equations

in the form fi(Xj,...X)2) = O. Let F be the vector of
fi, X be the vector of unknowns, A be the square matrix
element is the derivative of the iyy equation with respect
inknown, and let the superscript n refer to the ngn iterative
Newton-Raphson method can then be expressed compactly

The

< F

linear equations has been solved using the IMSL subroutine

"

e Newton-Raphson method is quadratically convergent. Once the
ywns are reasonably well known, the method converges faster and
However, the method reguires an initial first estimate of the
It has been found that if the estimate is not good enough
hod either does not converge or does so slowly. The simplest
16 first estimates is to assume that the mole fractions of the
species (N, 0O, HZ0 for lean mixtures and N3, Hjp, and H0 for
ixtures) are given by the values for zero dissociation. The
species are then computed from Egs. 19-25 assuming these values
main species. If we continue the perturbation analysis in terms
11 dissociation constants, and place these values of minor species
14-18, we obtain improved values of the major species, which 1n
ysed to find a second estimate of the minor species. By the
this method, starting values for the Newton-Raphson method have
shich give convergent results up to about 3400 K over an
ide range of pressure. At temperatures below 1100 K, the
-urate enough in itself to not require the Newton-Raphson
refinement of the unknown values. At very high temperatures
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d) The adaptation and development of supporting instrumentation
for our experimental combustion program.

5.5.2 Gas Detection Equipment Suppliers

The following list identifies the fourteen suppliers who have been
contacted thus far by telephone. Catalogs and/or descriptive literature
have been received from each of them. A visit has been made to the

facilities of the six indicated by an asterisk. The type of equipment
manufactured is identified and will be further described below.

Bacharach Instrument Co.
Mountain View, CA.
David Knapp

*Beckman Instruments, Tnc.
Fullerton, CA.
Phillip Deming

*Comsip, Inc.
Delphi Div.

South El1 Monte, CA
Timothy Belke

Control Instruments Corp.
Fairfield, N. J.
James Schaefer

Enmet Corp.
Ann Arbor, Michigan
Elwood Boomus

*Exo Sensors, Inc.
Laguna Hills, CA
Fred Rudek

*Gas Tech Inc.
Mountain View, CA
Robert Pellissier

General Monitors
Costa Mesa, CA
Bryan Bates

*Interscience Laboratory
Palo Alte, CA
S. M. Toy

*International Sensor Technology

Santa Ana, CA
Thomas McKerlie

Mine Safety Appliances, Co.
Pittsburgh, PA
Gene Rakoczy

Resource Systems, Inc.
Hanover, N. J.
Dr. Rubin

Catalytic burning
Wire resistance
cuange

Hot filament - Gas
conductivity change
Gas chromatograph

Hot filament - Gas
conductivity change

Hot filament - Gas
conductivity change

Hot filament - Gas
conductivity change
Semiconductor type -
Resistance change

Diffusion - Partial
pressure

Catalytic burning -
Wire resistance change

Catalytic burning =
Wire resistance change

Semiconductor type -
Resistance change

Semiconductor type -
Resistance change

Catalytic burning -
Wire resistance change

Thin film resistor =-
Resistance change



Scott Aviation Catalytic burning =
Lancaster, NY Wire resistance change
Al Perry

Sentry Equipment Gas chromatograph
Oconomowec, WI
Lloyd Eater

Suppliers to one con -ted next quarter include: Sentry Equipment and
Teledyne. { rs t > contacted include: Duke Power, TVA, and Con
Edison.

Gas Detection F\Lj1pmert
Fataljtxv burning - wire resistance change

A matched pair of catalyst-coated platinum wire sensors, isolated
from each other, form two legs of a Wheatstone bridge circuit. The
bridge is balanced when both sensors are exposed to a reference gas
The catalytic burning of the sample gas produces a change 1n elec~
trical resistance of the sensor leg of the circuit. The unbalanced
circuit quantitatively measures the presence of hydrogen.

Hot filament burning - gas conductivity change

T™wo pairs of heated filaments (commonly tungsten, platinum, or
nickel), contained in cavities within a meta. heat-conducting cell, act
as two legs of a Wheatstone bridge. )ne contains a reference gas of
known thermal conductivity; the other cavity contains the sample gas.
A difference in the thermal conductivity of the two gases produces an
unbalance 1in he bridge circuilt juantitatively measuring the presence
of hydrogen.

.
§
i

Gas chroma to«

A pacl column, or series of colum sed to separate gases.
A sample gac ture is swept through the column A carrier gas,
typically ) The column is packed h an absorbent material which
retards each ; component for a unique period of time. As each gas
component seq ially leaves the column, it is monitored by a detector
which furnishes a signal to a recording potentiometer record. A seriles
of peaks, e fo sach gas present, will be recorded. Hydrogen, the
st gas to iischarded from the column, will be the first peak

yrded. N Jantity will be indicated by the height of the peak.

receives a continuous fresh gas
)
i

sample diffuses through a
electrode and is immediately
e rate of diffusion 1s pro-
hydrogen. An electrical potential
‘ted pairs of electrodes resulting
will readily give up el.ctrons.
acts with the counter electro
a direct measure of the

™

wersion of the partial

a microprocCessor.




Semiconductor type - resistance change

The sensor is a gas-sensitive semiconductor. The three suppliers
of this type of sensor use different types of semiconductors. The
types used are: mixed metallic oxides of iron, zinc, and tin; N-type
sintered tin oxide; and metal-oxide silica. When hydrogen is adsorbed
on the semiconductor surface, a marked decrease in electrical resis-
tance occurs.

Thin-film resistor - resistance change

The detector consists of a high-resistance, thin-film resistor.
In the presence of gases, gas molecules are adsorbed by the thin-film
surface causing a change in the electrical resistance of the thin-film
material. The change in resistance is spontaneous and permanent. The
resistor will n-. return to its original resistance when the hydrogen
is removed.

5.5.4 Comments on Equipment

The following comments were gathered from conversations during
visits and by telephone with both users and manufacturers of gas
detection equipment and from manufacturer's catalogs and literature.
Ssome of the comments are more or less private opinions and may not
be supported by test results.

Hot filament and catalytic burning

The hot filament and the catalytic burning types of detectors
are similar enough to be treated together.

Catalytic burning is the original and most widely used commercial
hydrogen gas detection system. Comsip's Users List indicates that 79
units have been sold to 39 domestic plants and 14 units to 6 foreign
nuclear plants. They also claim to be near satisfactory completiocn
of a test procedure which would qualify their equipment for meeting
the requirements of IEEE-323-1974 Standard for Qualifying Class lE
Equipment for Nuclear Power Generating Stations, as implemented by
Regulatory Guide 1.89, Qualificat.on of Class lE Equipment for Nuclea-
Power Plants. During discussions with people responsible for hydrogen
detection at Commonwealth Edison Co. (Chicago), T.V.A (Knoxville), and
the Nuclear Safety Analysis Center (EPRI; Palo Alto), we were told
that: the hot filament type hydrogen sensors are breakdown prone and
require significant maintenance; present equipment is primitive and
not very good; and that equipment now on the market is inadequate.

A competitor described the system as being reliable enough in a
stable environment, like that of an office or a laboratory, unless it
gets wet. The equipment is sensitive to moisture, is difficult to set
up because of varying sample conditions, and changes in humidity cause
reading errors. Comsip claims that the system is not sersitive to
steam, that after removing the liquid water from the incoming sample,
the sample is heated to 270°F before it reaches the 500°F filament.

Other criticisms included a likelihood of filament burnout in a
high hydrogen concencration and/or an oxygen deficiency, and sensor
vulnerability to poisoning by silicones and halngen compounds. The
Comsip literature states that additional oxygen can be added ahead of
the analyzer when sufficient oxygen is not present. Similarly, for
oxygen measurement, additional hydrogen can be added to complete the
reaction of all the oxygen present.



Gas chromatography

A gas chromatograph is an an2lytical instrument which is more
likely to be found in a laboratory than in reactors. However,
Commonwealth Edison Co. (CECo) is using a Bendix gas chromatograph
in a Sentry System as a backup to their Comsip installation in some,
but not all, locations. Equipment cost was given as the reason for

the limited use.

Although the chromatograph is accurate and reliable, its response
time between successive readings may be very long (minutes). During a
LOCA, continuous readings or readings in rapid succession will be

required.

Diffusion

The 4iffusion system is described as a space-age spinoff developed
by General Electric for space capsule moni*oring. The system for
containment application is under development by a new company whose
president is one of the original GE developers. The design apparently
was not patented by GE. The developer says the system uniquely fulfills
the NRC Regulation Guide 1.97 requirement, "... accident monitoring
instrumentation in.uts should be from sensors that directly measure the
desired variables®", in this case, hydrogen partial pressure. The
sensors are mounted within containment and are designed to survive LOCA

environaents.

CECo pecple noted that the sensors are designed to be replaced at
refueling times but require a two-hour recalibration after a 27°F
temperature change. In November 1979, GE stated that the sensor
response is significantly slower than that observed in June 1979, and
that there is significant data scatter which makes the reliability
questionable. The CECo people did not observe a variation in time
response nor degradation of sensor performance with time as seen by GE.
At the 4% hydrogen level, however, the needle response was unstable
even though the gas percentage was known to be stable. CECo says that
GE abandoned work on the sensor after a staff of their ba2st people was
unable to obtain satisfactory operation. The supplier claims that GE
abandoned the project because it was not likely to be sufficiently

profitable.

Semiconductor

The semiconductor sensor is probably the least expensive type
available. It is very sensitive and a demonstration in the low ppm
range was witnessed. It is not certain if high gas concentrations can
be accurately measured. Radiation vulnerability may also be a problem.

The supplier with apparently the most successful system has no
desire to do business with the nuclear industry because of the paper-
work, regulations, gqualification testing, and small market potential.

Thin-film resistor

The manufacturer readily agreed that this type of detector would
be unsuitable for reactor use since the sensor will not return to 1its
original resistance after a measurement has been made. The sensor
must be replaced when it has reached the desired, initial detection

level.
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6. Combustible Gas in Containment Program

(V. M. Loyola, J. C. Cummings)

6.1 Summary

This program will study the generation of Hy from the corrosion
of zinc (both in galvanized steel and in zinc-based paints) and other
materials located within light water reactor containment buildings.
The program has two major objectives:

(1) To determine the amouncs of zinc, in both galvanized
steel and zinc-bearing paints/primers, and other
corrodible materials which are present in representative

LWR containment buildings.

(2) To determine the rates at which Hp is generated from the
corrosion of those materials in post-LOCA environments.

6.2 2inc Inventory Investigation

Zinc inventories are being determined for both PWR and BWR
nuclear power plants. The information is being extracted from the
PSAR's and/or the FSAR's for each of the plants. The data thus far
obtained are shown in Table 6.1 with total zinc inventories divided
into quantities found in coatings (primers) and quantities tound
as galvanized steel, including the area (in square feet) over which
each is spread. Some difficulties have been encountered, however,
in collecting the required information. Fror example, Table 6.1 shows
tha* in some cases no inventory of galvanized steel was located.
Aleo, the data tabulated are primarily for power plants which have
scheduled licensing dates some time in the future. Only one, Fort
Calhoun I, is a pre-1975 plant; apparently information pertaining
to the inventory of galvanized materials was not necessarily required
prior to that time. The scarcity of data for BWR plants in Table 6.1
reflects the difficulty which we have encountered in obtaining data
for that type of power pla-~t. Some of the difficulties may be
alleviated by requesting the pertinent information directly from
either the Architect/Engineering firm or the utility associated with
each power plant. Contacts have already been established with
representatives of both Bechtel Corporation and Stoune and Webster
Engineering Corporation. These companies are in the process of
making some information available to us and contacts with other
engineering firms will also be snught.

It has become apparent, even from the limited amount of data
found in Table 6.1, that establisning an "average" zinc inventory
for a representative LWR containment may be a futile effort. The
zinc inventories vary so greatly from plant to plant that any
"average” becomes meaningless. It appears, therefore, that it will
be prudent to determine zinc inventories specific to a few power

plants.

10>
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Table 6.1

Inventory of 2inc in Several LWR Power Plant Containments

|
| Power runt Z2inc Cgug gnlnr‘ Zinc_ (Galvanized tal Zinc Source
| Area Area i!i’; Amount i) Area ;n.;i Eunt (lbs) of Information

:l..\{.l‘ Wi 73,300 2,000* 60,000% 5,569* 133,300 7,569 PSAR Table 14.3-8.9
Valley 2 " I
:Wl’l PWR 167,087 15,823 No data located FSAR Table 6-1

Besse

Frie T & 3 PWR 187,231 70,875%  No galvanized steel or Y87, 231 0,875  OEC PEAR p.6.1-6

o T ™ ST e Zn alloy used inside R.B.* OEC PSAR Am. .6.2-54
Fort Wi 16,600 1,578 o data located FOAR Table “.l!-!
Calhoun

North Knna PWR 74,412 Y, 048 No data Tocated “T¥SAR Table 6.2.1.1-5

2
qrim 2 PWR 193,000% 18,%060%  SI,000%  7,2%% 244,000 25,750 PHAR Table 6.2-23,
rcptoducod in Bechtel

|

|

|

|

|

i1 s

1Pl

|

| Job 8791 5-80.
| San '&o'(n “PWR 6, Y00% T Bs0*  13T.9MIV 15,601% 144,671 e, 451 ¢ E% Tiél 6.2~ !}

12 &

I*‘STzuoyT'! PR 104,495 9,897 No data located Referred to Watts Bar

I rm. dnu from Tables
|Three Mile PWR Ho En based primers® TUsed in R.B., but no R, pp. .8-21, 3.8-32,
|1sland 2 L -Ex  data on amount located 6.2-18

|Watts Bar  PWR BGLEIT N I5EY T Used in LB, But no FSAR Tabie 6.2.7-1,

11 & 2 } ___ data on am-unt located p.15.4-2

wnro-‘ PR 369,789 4,57 tio data located

|Creek

|Brunswick BWR o data found in FSAR, referred to Dresden § PSAR, Amendment.

11L& 2

Dresden 1 BWR  No data Tound in PSAK, Amendment 23. B w
l"'m_e NTTQ BWR  No data found in PSAR.

| PoL

2
P

*pata obtained directly from Safety Analysis Report; otherwise data calculated assuming 0.003" Dry File Thickness of

Primey coat.
secalculated using a 0.002" DFT for primer coat, CarboZinc 11, 85% Zinc by weight.
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