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ABSTRACT

A compendium of information concerning the possible behavior
of hydrogen during hypothetical accidents in light water reactors
has been compiled. The repcrt addresses the questions of hydrogen
generation, solubility, detection, combustion and recombiners.
The report is intended for use for reactor operator training and
as a reference during emergencies as well as for individuals
interested in the general state of knowledge concerning the
behavior of hydrogen in LWR accidents. The hydrogen sources
considered include the metal-steam reaction, radiolysis, corrosion
of paints and galvanized material and the interaction of core
materials with concrete. Conditions which may lead to hydrogen

combustion and containment damage are also discussed.
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SUMMARY

The accident at Three Mile Island (TMI) and the occurrence
of a combustion highlighted not only the real possibility that
hydrogen might pose a threat to public safety, but also the
importance of readily available nowledge co.cerning the nature
of such a threat. This manual attempts to present, in a simple
and understandable way, informatior concerning the generation,
transport, detection and combustion of hydrogen which might occur
during serious accidents in light water reactors. More than a
thousand documents were surveyed by several individuals over a
three month period. Of these, several hundred documents were
extensively reviewed. This manual summarizes this review as well
as presents some additional ideas and calculations pertinent to
hydrogen behavior. Because of the limited time and effort involved,
the manual is necessarily limited. Our goal was to produce a com-
prehensive document as soon as possible which would be of significant
utility to reactor operators and to the Nuclear Regulatory Commission.
Subsequent editions of this manual are expected to be more detailed
and comprehensive,

The manual is divided into four major sections covering hydrogen
generation, detection, combustion, and existing schemes for mitigating
the effects of combustion. Sources of hydrogen which are discussed
include the zircaloy-steam and steel-steam reactions, radiolytic
decomposition of water, corrosion of zinc-based paints and coatings
and the interaction of molten core materials with concrete. The
section on hydrogen detection briefly discusses requirements and

existing instrumentation. Topics addressed in the combustion section
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include deflagrations, detonations, limits of flammability and .
detonability, flame stability and ignition sources. A description
of existing recombiners is provided in the last section.
In the event of significant core uncovery, the primary source
of hydrogen during the early phases of a serious accident would be
oxidation of the zircaloy cladding by steam. Radiolytic generation
of hydrogen, although orders of magnitude slower than this metal-
steam reaction, could, nevertheless, produce large quantities of

hydrogen over an extended period of time. 1In a reactor like TMI,

|
complete reaction of the zirconium inventory would produce about
1000 kg of hydrogen. A comparable BWR could produce nearly 2000 kg
of hydrogen. The burning of all this hydrogen would produce pres-
sures well in excess of the design pressures of the strongest
existing containments (see discussion in introduction).

The oxidation of zirconium is a complex process involving the
decomposition of the water molecule, the diffusion of steam and
oxy,en into the metal, the solution and dissolution of oxygen in
the various phases of the metal, the physical state and possible

mechanical motion (downflow) of the metal and its eutectics if

melting occurs. Although uncertainties exist about the rates of

each of these chemical and physical reactions, the process is fairly
well understood from the reactor safety point of view with the
exception of mechanical motion, i.e., the melting, downflow and |
refreezing which might occur. This clad melting and migration
behavior is not adequately understood at present and probably

depends strongly on accident scenario. At temperatures approaching

the melting point of steel, the production of iron oxides and
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and chromium oxides by steel-steam .eaction can be a significant
source of hydrogen. The production of hydrogen from steel oxida-
tion is probably small for most accident scenarios, but the
possibility cannot be ruled out.

Although radiolysis produces hydrogen much more slowly than
the metal-water reaction, its contribution can be important for long
term accidents. It seems unlikely that a sufficient mixture of hydr
gen and oxygen could be evolved by radiolysis to cause a detonation
within the primary system but further study is needed. Threats to
containment might be met with existing low flow rate hydrogen re-
combiners or with chemical additives, such as sodium metavanadate,
which suppress or reduce the net yield of gases from radiolysis.

Another poussible source of hydrogen could be the zinc-based
paints and galvanized coatinas in containment which have been
subjected to environments containing high temperature steam,
corrosive sprays, fission products, and radioactivity. Crude
calculations indicate maximum hydrogen yields from this source of
approximately 150 kg. Experiments to address the rates and magni-
tude of this possible source are presently being contemplated by
the NRC.

If an accident results in core melt and vessel penetration,
substantial quantities of hydrogen and other combustible gases
could be generated by core-concrete interactions. Experiments
have shown that molten steel in the "corium"™ melt chemically
reduces the vast quantities of water and carbon dioxide liberated
from the concrete to hydrogen, carbon monoxide, and sometimes

methane. It is possible that this interaction of core materials
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with concrete could produce a quantity of combustible gases of
the same order of magnitude as the metal-water reaction. Further
experimentation and code development should provide quantitative
estimates of the magnitude of this source in the near future.

The transport of hydrogen is important in both the primary
system and in containment. In the primary system, the hydrogen
could ac 'umulate at high points and interfere with or completely
block na :ural circulation. The pressure dependence of the solu-
bility ot hydrogen was an important factor in the strategy to
reduce the hydrogen bubble size at TMI. Although the solubility
of hydrogen in pure water is well known, its solubility in water
containing boric acid and other impurities has not been measured.
Literature on the rates of solution and dissolution of hydrogen
in water appears to be absent. Transpocrt in containment is a
problem involving both gas diffusion and convection. Whether the
hydrogen is homogeneously distributed throughout containment or
can be trapped in local regions for short periods of time could
determine the probability of a detonation.

The detection of hydrogen in the primary system and in contain-
ment is extremely important. Since reactor operators will be making
decisions affecting accident mitigation, knowledge of gas concen-
trations and distributions would be imperative. If hydrogen control
features are eventually employed, the reliability and survivability
of such detectors would need to be high. Further instrumentation
development may be required to improve the existing state of
hydrogen detection.

Given the presence of hydrogen and oxygen within containment,
10



the possibility of a deflagration exists if the volumetric
concentration of hydrogen is above 4% and an ignition source
exists. A detonation (supersonic b: n speed in unburned gas)
is possible if the concentration of hydrogen in air exceeds 18%.
These flammability and detonability limits also depend on the
concentrations of other substances including nitrogen, steam,
liguid water, etc., as well as the initial conditions of pcessure
and temperature.

Estimates of the final pressures resulting from thre slow
and complete burning (deflagration) of hydrogen can be made,
employing only simple thermodynamic approximations. Rapid
deflagrations can produce dynamic pressures which exceed the
quasi-static calculations, but are less severe than detonations.
The transition from deflagration to detonation is not well
understood. Even when concentrations are within detonability
limits, detonations might not occur unless strong ignition sources
are present or the geometry is favorable. Calculations of "pseudo-
detonations" (rapid burning of non-detonable mixtures) have been
performed which predicted dynamic loads several times larger than
quasi-static pressures lasting for tens of milliseconds. The
pressure histories generated by simple analysis (static) ov
computer codes (dynamic) can be used to estimate structural loads
and the possibility of component damage or containment failure.

In the course of this literature search, it became obvious
to us that hydrogen could pose a threat to the containment.
Several methods could be employed to control or eliminate this

danger. The primary existing control method has been the hydrogen
'



recombiner, marketed in several different forms by different
manufacturers. These recombiners are generally made to operate
at hydrogen concentrations of less than 4% with flow rates limited
to approximately 100 cubic feet per minute. That is, the re-
combin?rs operate in non-flammable mixtures at very low rates.
They are primarily intended to handle the radiolytic generaticn
of hydrogen. For accidents in which the core has been uncovered
and metal-water reactions are occurring, the recombiners would
be inadequate. Most chemical gettering schemes also appear to
be flow rate limited.

Several hydrogen contrcl schemes have been proposed for
possible future incorporation into reactors. These include

deliberate ignition at low hydrogen concentrations, water droplet

fogging, Halon injection, etc. Research in these areas is presently

being considered.
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INTRODUCTIGN

The accident at Three Mile Island produced about 400 to 500 kg
of hydrogen, well in excess of previous release guidelines. Approxi-
mately 270 kg of this was burned in the containment resulting in a
28 psi pressure rise at about 10 hours into the accident. Although
the TMI containment apparently survived the burn without incurring
severe damage, the events emphasized the real possibility of
generating large quantities of hydrogen during LWR accidents.
During the TMI accident, many questions arose concerning the rates
and quantities of hydrogen which could be generated, the transport
and solubility of hydrogen, the possibility of deflagrations or
detonations within the vessel or in containment, and the structural
damage which might occur as a result of combustion. Although much
of this information was available, it was widely scattered in
various references and among researchers at several laboratories.
It was very difficult to gather the information and to reach a
consensus for making decisions in the "real time" accident
environment.

The primary purpose of this document is to provide information
and data which may be of value to operators and NRC staff during
hydrogen emergencies. The volume also provides an introduction to
the various subjects involved with hydrogen behavior and indicates
the state of present understanding in these areas. Over a thousand
documents were surveyed and several hundred of these were exten-
sively reviewed. This report presents the major results of that
literature search, supplemented by additional analysis and

calculations where appropriate.
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To illustrate the potential hydrogen threat, consider Figures
1-3. Figure 1 illustrates the approximate net free containment
volumes and associated design pressures for typical BWR and PWR
plants. Figure Z shows the volumetric concentration of hydrogen in
containment which would result from a given percent of zircaloy-
steam reaction within the core. Note that even for the largest PWR
dry containments, 100% metal-water reaction would result in con-
centrations above the downward propagation limit of 9% hydrogen in
air. 7Ta terms of reactor safety, this concentration limit is
probably more important than the accepted lower flammability limit
for upward propagation of 4.1%, because nearly complete combustion
and significant overpressures usually don't occur unless con-
centrations are 9% or greater. Figure 3 shows the temperatures
and pressures which would result from the complete, isochoric
(constant volume), adiabatic deflagration* of various concentrations
of hydrogen. (Actual pressures and temperatures do not approach
these theoretical values until concentrations are 9% or greater.)
Comparing all three figures, we see that 100% metal-wato - reaction
can result in combustion pressures which exceed the design pressures
for all existing containments.

The amount of hydrogen generated is of major importance in

assessing the potential threat. The first section, therefore,

addresses the generation of hydrogen from the various possible

¥The word "explosion" is so commonly used that it is no longer
meaningful in a technical sense. We have therefore defined
combustion to include both deflagrations and detonations.
Deflagrations are burned fronts which move subsonically, while
detonation fronts are supersonic in the unburned gas.

14
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sources including the zirconium-steam and steel-steam reactions,
radiolysis, corrosion of zinc-based paints and coatings, and the
interaction of core materials with concrete in the event of vessel
melt-through. Although the transport of hydrogen throughou. the
primary system and containment can affect the accident evolution,
transport is not specifically treated here. The solubility of
hydrogen in pv-e water, however, is discussed extensively.

The measurement of hydrogen in the primary system and contain-
ment is important, since the knowledge of the concentrations can
assist the operator in taking control measures. Existing detectors
are briefly discussed in section II.

The combustion of hydrogen will determine the nature and
extent of the threat to containment. The subject is introduced
in section III. Deflagration, detonation, ignition, flammability
and detonability limits, and the effects of diluents are addressed.

The types and characteristics of hydrogen recombiners are
discussed in detail in the last section.

Because of time and manpower constraints, the scope ot this
document is limited. Later editions are anticipated which will
expand and update the present discussions and introduce new
material. Since this manual may contain errors, we welcome
review and constructive criticism by readers. If any serious

errors are found, please notify the authors as soon as possible.



I. HYDROGEN GENERATION AND SOLUBILITY

Hydrogen is generated during normal plant operation as well
as during and following an accident. During normal operation,
hydrogen is generated by radiolytic decomposition of the reactor
coolant. The handling of this hydrogen source varies, depending
upon the type of reactor. 1In a PWR, hydrogen is purposely dissolved
into the primary system in order to effectively stop the net yield
of radiolytic gases. In a BWR, it is removed from the main condenser
as a noncondensible by the air ejectors and moved to the off-gas
system where it is recombined.

If a loss-of-coolant accident (LOCA) occurs involving core
uncovery and heat-up, a large quantity of hydrugen can be generaced
by the reaction of the hot zirconium cladding with the surrounding
steam. In addition, radiolytic decomposition of th2 reactor coolant
and steam will continue to ;roduce hydrogen. This radiolytic de-
composition can take place as a result of radiation from fission
products released to the coolant and from fission products remaining
in the fuel. Another product of radiolysis is cxygen and it will be
generated in a stoichionetric ratio to radiolytically-produced
hydrogen. The rate of production of hydrogen from radiolysis is much
smaller than that from the zirconium-steam reaction; nevertheless it
can become the controlling source of hydrogen if the zirconium-steam
reaction lasts only for a short period of time. Moreover, this
source of hydrogen deserves attention to ascertain whether formation

of potentially dangerous "pockets" of hydrogen and oxygen in the

primary system are possible.
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If the accident progresses until clad temperatures reach
1400-1900°C, steam temperatures will be high ei.ough to heat the
upper grid structure and other steel reactor vessel internals to
the point at wnhich the steel-steam reaction may become a major
soucce of hydrogen. Another potential post-accident source of
hydrogen is the decomposition of paint coatings and the reaction
of galvanized surfaces in the containment with containment spray
solutions or steam. Finally, if the core melts and penetrates the
reactor vessel the decomposition of the concrete base mat will result
in the generation of large amounts of hydrogen and other gases.

This section examines the different sources of hydrogen
produced during and after an accident. The primary emphasis of
this section is to examine the sources of hydrogen associated with
a core which has not melted. Therefore, concrete decomposition in
the reactor cavity and the associated gas generation will not be
examined in the same manner as the rest of the sources.

The examination of the sources of hydrogen is presented in
order of the expected magnitude, production rate, and potential
importance of each.

® Zirconium - Steam Reaction

e Steel-Steam Reaction

e Radiolytic Decomposition of Water

® Decomposition of Paints and Galvanized Material
Finally, concrete decomposition by a molten core and the resultant
gas generation will be discussed.

The solubility and transport of hydrogen can exert important
influences on the evolution of an accident. 1In this compendium,

however, only solubility will be discussed.



I.1. Zirconium-Steam Reaction

I.1.1 Physical/Chemical ilature of the Reaction

The complete reaction of zirconium with steam can be

characterized by the following:
Zr + 2 HyO + 2r0, + 2Hy + 140 kcal/mol 1)

Thus for every mole of zirconium reacted, one mole of zirconium
dioxide and two moles of hydrogen are produce i. Moreover, for
each mole of zirconium reacted, two moles of steam are required.
The reaction is exothermic, i.e., net energy (heat) is released.
Oxidation of zirconium by steam is a complex process con-
sisting of several steps. The first step involves diffusion of
steam through a layer of hydrogen which is present on the surface
of the oxidizing clad. 1Initially, that layer wili be very thin,
because the reaction rate is very slow at normal operating temp-
eratures. The supply of steam would therefore be essentially
unimpeded. As the reaction rate increases and more hydrogen is
evolved, the thickness of the hydrogen layer increases and the
density of steam traveling up along a fuel channel decreases as
the hydrogen gas mixes with it. Several models representing steam
limiting conditiong have been proposed,(1'4) all of which use, as
a parameter, the diffusion coefficient or mass-transfer coefficient
of steam through hydrogen. Virtually no data exist for the dif-
fusion rate of steam through hydrogen at high temperatures and so
mass-transfer rates are usually estimated. These estimates are
conservative, and thus result in underpredictions of the effect
of "steam limiting," i.e., overpredictions of the production rate

of hydrogen. 2



The next step involves the dissociation of the H,0 molecule
at the oxide/steam interface. This step is endothermic (i.e.,
requires the addition of heat) by about 58 kcal/mol. The oxygen
moves through the oxide layer and into the metal by a diffusion
process involving an interstitial mechanism. Growth of the oxide
layer is thought(s) to occur by an anion diffusion mechanism (bulk,
interstitial, and/or grain boundary). The chemical formation of
the oxide, 2r0,, is an exothermic reaction with a heat release of
roughly 255 kcal/mol. 1In order to understand the metal/oxide
transformation, reference is made to Fig. 1 which shows a phase
diagram for the zirconium-oxygen system. It should be recognized
that Zircaloy 2 and 4 contain small quantities of other metals such
as tin; however, their effect on the Zr-0 phase diagram is small,(6)
For the erpose of this discussion it is assumed that the Zr-0
phase diagram is applicable to either Zircaloy 2 or 4.

The phase diagram shows that at temperatures below approxi-
mately 870°C and for Oxygen concentrations between 0 and about
30 atomic %, the metal will exist in only one phase (a). Each
phase represented on Fig. 1 has a characteristic crystallographic
description. If a sample .r zirconium is raised to temperatures
above 870°C (the a + 8 transus temperature), several metal and
oxide phases are pPossible depending on the OoXygen concentration.
As shown in Fig. 1, f-phase zirconium exists at low oxygen concen=-
trations, followed by a mixture of « and 8, then a-phase zirconium,
then a mixture of a-phase metal and the oxide (2r05), and finally
only the oxide exists at high oxygen concentrations. The crystalline

structure of the oxide changes from monoclinic to tetragonal to cubic
2
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as the temperature increases. PBoth the monoclinic and the tetra-

gonal oxide, when initially formed, are slightly substoichiometric;
i.e, their chemical representation is more like Zroz_6 where ¢ is
the extent of substoichiometry. It should be pointed out that

the actual thickness of the material associated with the a + £ phase
and the a + 2rO, phase is extremely small and therefore these mixed
phases are not represented on the figures which will be discussed
next.

The normal operating temperature of the cladding is much below
the 870°C point at which a zirconium changes crystalline structure.
Therefore, a typical cladding cross section of an operating fuel
rod will look as represented in Fig. 2A. The cladding is composed
entirely of a zirconium except for a very thin film of oxide on
the surface. Typical thicknesses of oxide film, at the time of
fuel unloading, range from about 15-20 um for PWR fuel to about
10 ym for BWR fuel, although localized thicknesses of up to 100 um
for BWR fuel are possible. If measurements of oxygen concentration
throughout the cladding were taken and represented graphically,
results would look as illustrated in Fig. 2A. The steep gradient
of oxygen concentration is due to the very slow diffusion of oxygen
at normal operating temperatures.

Following core uncovery, heat-up of the fuel cladding will
begin and the temperature will rapidly approach 870°C. Since this
temperature is considerably higher than the normal operating
temperature a cros- section of the cladding would show a slightly

thicker oxide film and oxygen concentration measurementes would

reveal a changed oxygen concentration profile as shown in Figs. 2B
24




and 2B'. The change in the oxygen concentration gradient is due

to the faster oxygen diffusion at this higher temperature.

After the temperature exceeds 870°C (and for the purpvose of
illustration reaches 1200°C), the cladding and the oxygen concen-
tration profile can be illustrated by Figs. 2C and 2C'. Note that
the oxide layer must expand in order to compensate for the difference
in specific volume between the oxide and the zirconium. The sharp
gradients in oxygen concentration between oxide and a and between
@ and B are due to the extreme thinness of the a + Z2rO, mixture and
the a + § mixture, respectively.

If the heat-up rate is very slow or the temperature is kept
constant, the diffusion of oxygen into the a and 8 phases will
result in continuous growth of the oxide layer and the a layer.
Assuming that it takes a long time to reach 1400°C, the cladding
cross section and oxygen concentration profile are shown in Figs.
2D and 2D'. Continued heating of the fuel cladding will result in
the conversion of the remainder of the g zirconium into a by oxygen
diffusion. In other words, every portion of the cladding will have
oxygen concent. .tions in excess of “15 atomic % at 1400°C. The
cladding cross section and oxygen profile at 1450°C are shown in
Figs. 2E and 2E'. Oxygen diffusion into the a zirconium will
continue and eventually all of the a zirconium will be converted
into oxide.

The conversion of the a zirconium into oxide is also a
complicated process. Simply stated it involves the dissolution

of oxygen into the a zirconium and a chemical reaction of

zirconium with this oxygen. 1In actuality, the oxide thus formed
25
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is substoichiometric. The diffusing oxygen fills the oxygen
vacancies and thus converts the oxide into its stoichiometric
form. From the above discussion it may be concluded that given
an abundant steam supply the rate of zirconium oxidation is
dominated by oxygen diffusion through the oxide layer. Therefore,
the processec occurring in the metal phases do not influence the
oxidation rate.

The heat-up rate of the fuel cladding plays an important role
in the extent of oxidation. At high and moderate heat-up rates
the temperature of the cladding can reach the melting temperature
of a or B zirconium before either complete conversion of B into a
or a into oxide takes place. The melting temperatures of a and R
zirconium vary with oxygen concentration as is shown by the highest
solid lines in Fig. 1. At low heat-up rates, complete clad oxidation
would be expected before melting temperatures are achieved. Since
the oxidation of zirconium is an exothermic reaction, heat would be
added to the cladding in addition to the radioactive decay heat.
The effect of this added heat is to increase the temperature of the
cladding. Figures 3 and 4 show results of heat-up calculations
performed on TMI-2* which illustrate the effect of the heat release
due to oxidation. The heat-up rate curves (Fig. 3) indicate a slow
rise in temperature for the first 20-40 minutes due to the reactor
decay heat. As each region of the core reaches V1000°C (see Fig. 4)
the heat-up rate begins to increase dramatically. This rapid

temperature increase is due to heat released by the Zr/H,0 reaction.

¥These calculations were performed utilizing a modified version of
the code BOIL in support of the Rogovin Study Review Group formed
by Sandia Laboratories.



61

HEAT-UP RATE (°C/s)

TME AFTER CORE BEGINS UNCOVERING (MIN)

FIG. 3. TMI-2 CORE : HEAT-UP RATE AS A FUNCTION OF
TIME AFTER UNCOVERING

6 L L T Ll Y T Y
CO‘RE RADIAL REGIONS
Central Outer
N\g
5k -
4 o
aorf3 Zr Melt
3t (1900°C) 1
2r %
- -
®= Qor [} transus
1 1 L A A . A
10 20 30 40 50



0t

TEMPERATURE (°C)

3000

2500

2000

1500

1000

500

A | T A = T Bl
-~=== UO, Melt (28409C) = ---=——= = mm e e e e
3 CORE RADIAL REGIONS
’ \
Central Quter
/ \
- 1234 56 7 8
--- -~ @or 3Zr Melt (1900°C) —-y-yy-y-y7-— ===~ — =~

LJ

- I L A

—_—

10

20

30 4C

TIME AFTER CORE BEGINS UNCOVERING (MIN)

FIG. 4, TMI1-2 CORE : TEMPERATURE AS A FUNCTION OF
TIME AFTER UNCOVERING

50



It is evident that for even the lowest radial-power regions of the
core, heat released by the zirconium-steam reaction dominates the
heat-up rates of the fuel. Thus for a power reactor experiencing
prolonged core uncovery, once the fuel reaches ~1000°C the heat
released by the oxidation reaction will dominate the heat-up, and
the melting temperature of a and B zirconium will be reached quickly.
It should be noted that the fuel clad temperatures are highly
uncertain after the melting of 2 and B phases of zirconium. Con-
sequently, calculations were not performed beyond 1900°C.

This idealized description of hydrogen generation and core
heat-up from the Zr/H20 reaction does not consider several phenomena
that may be important in an actual LOCA. Microfissuring and/or
spallation of the oxide layer of the cladding will tend to increase
the Zr/H,0 reaction rate by eliminating all or part of the oxide
layer through which the oxygen must diffuse. Limiting of the amount
of steam available to react, as discussed previously, will slow down
or stop the Zr/H,0 reaction (but this will eventually lead to core
melt). Finally, when the cladding temperature reaches +1900°C the
clad may begin to melt or rupture. If this occurs, the physical

and chemical processes that may ensue are rot clear.
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I.1.2 Rate of Hydrogen Generation by the Zirconium/Steam Reaction

The amount of zirconium consumed by the reaction with steam,
as a function of temperature and time, can be calculated from the
following expression:

2 (2)
W BT} ¢
2 = K(T)
where:

wzr = the mass (mg) of metal reacted per unit (cmz) of
Zr surface

K(T) the experimental&y

2determined parabolic rate
constant, (mg/cm*)

/sec
T = the temperature, °K

t = the time, sec

This parabolic-growth law accurately describes the Zr/H20 reaction
over the temperature range from 1300-1800°K.(5) The parabolic
rate constant is a function of temperature, obtained from con-
sumption plots such as those shown in Fig. 5. This function is

expressed in the following form:

K(T) = A exp [(-B/RT) (3)
where:
A = a constant, (mg/cmz)z/sec
B = the activation energy, cal/mole

R = the gas constant, cal/mole °K

Xnowing the value of K as a function of temperature, the
weight of the reacted metal at any time can be computed from
Eq. 2. By noting from Eq. 1 that for every mole of zirconium

there are two moles of hydrogen produced, the amount of hydrogen




2

l MASS OF REACTED Zr (wz,)’

FIG. 5.

TIME (1)

TYPICAL RESULTS OF PARABOLIC-RATE MEASUREMENTS
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produced at any time can be expressed as below:

W =2 2 VKt (4)

where:

Wy = the mass (mg) of hydrogen produced per unit (cmz)
2 of Zr surface

My = the molecular weight of H2(2.002), mg/mg-mole
M, = the molecular weight of zirconium (91.22), mg/
mg-mole
2 = the number of moles of hydrogen produced per
mole of zirconium consumed.
The amount of heat released can be calculated from the follow-
ing expression:

< VKt AH
£ = 5, a1 (5)

4
where:

E = the heat released, J/cm2
AH = the heat of reaction, kcal/mole

4184 = the number of J in one kcal

The above expressions indicate that, as the temperature of
the cladding (T) increases, the reaction rate increases. That,
in turn, increases the temperature of the cladding. Such a reaction
is said to be self-sustaining and unless the heat release is removed
by external cooling, clad melting temperatures will be reached.

The above discussion assumes that adequate amounts of steam
will be available to sustain the reaction at all times. However,

there may be regions of the core which are blocked, or regions of



a fuel channel in which adequate amounts of steam are not available.
The reaction is then said to be "steam limited" and its rate is
governed by the supply of steam. "Steam limiting" is a localized
phenomenon and it may play an important role in controlling the rate

of oxidation in areas of low steam flow.
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I.1.3 Sample Calculation of H, Generation

At this point it is useful to carry out a sample calculation
that will illustrate several features of the Zr/H,0 reaction. We
begin the calculation by selecting a value for the parabolic rate
constant (Eq.3). Numerous values exist in the literature(7’16)

(14)

but a good "average" of these is the Cathcart-Pawel rate:

K(T) A exp[-B/RT]
where:

2.94 x 106(mq/cm2)2/sec

>
i

w
i

39,940 cal/mole

o)
1]

1.987 cal/mole=°K

Using this rate in Eq. 4, we can calculate the mass of H, generated

(per unit area of clad) in a time t:

Wy = .0439 V& K(T)
2

The total area of cladding in a TMI-size reactor is roughly
4.9 x 103 m? (40,000 rods, each 3.66 m in length, with a rod outer
radius of 5.36 x 10-3 m). This area was used with the above ex-
pression for sz to ccmpute the parabolic rate of hydrogen evolution
(wﬂz/VE) and the time required to produce 100 kg of Hj (roughly 10%
of the maximum available from the Zr/H20 reaction) as a function
of clad temperature. Results are shown in Table I-1 (recall that
the parabolic growth rate model has been proven accurate only for
the 1300-1800°K temperature range(s)). The exponential nature of

of the hvdrogen production is clearly demonstrated by these results.

Once a reactor core attains a temperature in excess of 1400°K, only
36



minutes remain before significant quantities of hydrogen are
produced.

As a further illustration of the exponential rate of hydrogen
production, we can apply our tabulated rates to the TMI-2 temp-
erature history shown previously (Fig. 4). To simplify our
calculations, we will approximate the temperature history of ~ore
region #6 by 4 discrete temperature-time blccks as shown in Fig. 6.
The result of this exercise is summarized below:

e 800°K for 20.5 minutes » 0.42 kg H, evolved

e 1200°K for 8.5 minutes -+ 18.7 kg Hy evolved

e 1600°K for 5.5 minutes + 124 kg H, evolved

e 2000°K for 2.5 minutes -+ 295 kg Hy evolved

e total H, evolved in 37 minutes + 438 kg
The heat released by the Zr/H20 reaction during these 37 minutes
can be computed from Eq. 5. For & heat of reaction of 140 kcal/
mole-Zr the total heat release for this example is 6.4 x 107 3.

As indicated in Fig. 6, this reaction heat is sufficient to

increase the temperature of the entire core by "“1000°K.
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TABLE I-1

H, Generation from the Zr/H,0 Reaction

Time to Produce

T(°K) Wy /VE (kg/sl/?) 100 kg of H,
t(s)

800 .012 6.5x107 (2 yrs)
1000 .15 4.4x10°% (5 days)
1200 .83 1.5x10% (4 hrs)
1400 2.8 1.3x103 (21 min)
1600 6.8 216
1800 13.9 52
2000 24.1 17

2200 37.0 7.3
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I.1.4 Conclusions and Recommendations

A large effort was expended in assessing the state-of-the

art as applied to zirconium oxidation during long periods of

core uncovery., From this work several conclusions may be drawn.
e The parabolic oxidation rate expression is valid for
most of the temperature range of interest provided an

adequate supply of steam is available.

e The accuracy of the modelling of steam~limited conditions
is very uncertain, yet steam limiting may play a significant

role in limiting the rate of hydrogen generation.

e Microfissures in the clad and/or spallation of the oxide

layer may significantly increase the oxidation rate.

e The effects of radiolytically-produced species and fission

products is not well understood.

e Above 1900°C the physical and chemical processes that can
occur are not well understood. 1In the absence of further
research, worst-case assumptions must be made fcc¢ the

condition of the core.

e The existing state of knowledge, as applied to modelling
of core heat-up is capable of providing rough estimates
of hydrogen generation up to temperatures of “1900°C.
These idealized calculations depend on many factors such
as plant power level, operating history (both of which

determine the jecay heat generation), and the type of



accident (which determines the water level time history).
Also each plant has its own design characteristics which
are important in heat-up calculations. Knowing the water
level in the reactor vessel at any time, rough estimates of

hydrogen generation can be obtained.
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I.2 STEEL-STEAM REACTION

I.2.1 Background

T 2 presence of large amounts of stainless steel in a reactor
vessel makes further consideration of the oxidation of steel by
high temperature steam advisable. The mechanism of oxidation of
steel is highly complex and several oxide forms are possible. As
in the case of zirconium the reaction results in the generation of
hydrogen and heat. The rate of reaction is described in a manner
similar to that described in the discussion of zirconium oxidation,
i.e., by a parabolic rate expression. The rate of oxidation of
stainless steel is low at temperatures below approximately 1000°C
but it becomes larger than that of zirconium at temperatures
approaching the melting point of steel (1370-1500°C) .

During an accident which involves long periods of core un-
covery, steam temperatures at the top of the core would be
expected to approximate the temperatures of the cladding and
could be in excess of 1900°C. When this steam comes in contact
with the steel in the upper grid structure and elsewhere in the
upper vessel, the temperature of the vessel wall will increase.
Hydrogen will be released at a very fast rate if the wall
t perature approaches the melting temperature of steel.

The following section discusses the current state of
knowledge on the oxidation of steel at very high temperatures.

An estimate of the amount of hydrogen which could be produced

from this source is made.
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I1.2.2 Discussion and Sample Calculation of H, Generation

The oxidation of stainless steel pProceeds according to the

following types of reactions:
aFe + bCr + cNi + deo-—>Fea Cry, Ni 04 + dH, + heat

As represented by the above reactions, several forms of oxidation
car take place. A major fraction is represented by Fe30, and other
spinel-t pe or inverse spinel compounds.‘l7) The heat release is
calculated to be 155 kcal/mole if the products are spinel-type com-
pounds. In steam environments steel oxidizes to form a duplex scale
consisting of an outer layer which has a well developed columnar
crystalline structure of approximately uniform thickness and an
inner oxide layer which tightly adheres to the metal. The outer
scale readily exfoliates.

The oxidation kinetics of steel have been well researched
for temperatures below 650°cC, (18) Oxidation of steel at temp-
eratures approaching the melting point was investigated when
stainless steel was being considered for use as fuel rod cladding
material. The results of these investigations(lg) indicated that
two stages of oxidation exist. The oxidation is characterized

initially (5-30 minutes) by linear kinetics:

MWgreel = [1.1 x 10° exp(-44350/RT) ]t (6)
where:
MWgteel = the mass (mg) gained per unit (cmz) of

steel surface
R = the gas constant, cal/mole °K

T = the temperature, °K

t = time, sec




The second stage of steel oxidation is characterized by parabolic

kinetics:
MWgreel = [2.4 x 1012 exp(-84300/RT)}1/2 ¢1/2 (7)

To obtain the quantity of hydrogen generated by steel oxidation,
the following expression should be used:

MHZ
n2 : Mo Awsteel
2

" (8)
w.iere:

Wy = the mass_(mg) of hydrogen produced per
- unit (cmz) of steel surface

My = the molecular weight of hydrogen
2 (2.002), gm/gm-mole

My = the molecular weight of oxygen
2 (31.998), gm/gm-mole

2 = the number of hydrogen moles produced
for each mole of oxygen absorbed.

Figure 7 shows a comparison of the parabolic rate constants
for stainless steel and zircaloy. Below approximately 1000°C
the rate of steel oxidation is much smaller than that for zirconium.
When the temperature approaches the melting point of stainless steel,
+1400°C, the rate of steel oxidation is higher than that of zircaloy.

In order to calculate the amount and rate of hydrogen pro-
duction from the steel/steam reaction we need to estimate the surface
area of stainless steel in a reactor that would be exposed to steam
during a LOCA. For purposes of illustration we can compute the
surface area of stainless steel above the lower core plate in a

1000 MW PWR. The result of this computation is 600 m? of stainless
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steel if we include the following: control-rod cladding, baffle,
upper-core barrel, control-rod guide tubes, control-rod drive
shafts, upper-core plate, and upper support plate. Using these
600 m? as the total stainless steel surface area that can react
with steam, we can calculate the rate of hydrogen production and
the time required to produce 100 kg of hydrogen as a function of
the surface temperature. The results of this calculation are shown
in Table I-2 for both the linear and parabolic oxidation stages.
The parabolic rate probably yields a better estimate of Hy, prod-
uction for a realistic LOCA. Note that for temperatures above
1600°K the amount of H, produced from stainless steel oxication is
not negligible compared to that produced from zircaloy oxidatior
(see Table I-1).

When steel melts it does not flow easily because of the
presence of oxide scales. In addition, steel foams during the
melting process thus increasing the area exposc.] to steam. It
is reasonable to assume that the melting steel would continue to
oxidize, especially for vertical surfaces. On the other hand,
at high reaction rates the oxidation process might be limited
by steam availability. The issue of steam-limited reactions is
important when considering stainless steel oxidation, since
much of the available steel lies in regions above the core and
even above the coolant outlet nozzles. No detailed temperature
profiles have been computed for the regions above the core at
TMI-2 and so the extent of stainless steel oxidation at TMI

cannot be assessed at present.
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TABLE I-2.

HYDROGEN PRODUCTION FROM THE

STAINLESS STEEL/STEAM REACTION

Temperature

Linear Stage?

Parabolic Stage

b

T(°K)

Linear Rate
WH2/t (kg/s)

“Time to
Produce 100 kg Hy
t(s)

Parabr .i. Rate
wnz/tl" 2 (kg/Sl/z)

Time to

Produce 100 kg H,

t (s)

10-1

6.5 x 10% (75 da)

1.6 x 10° (1.8 da)
x 104 (3 hrs)
x 103 {24 min)

X 102 (5 min)

6.6 x 1074

2.3 x 1072

2.9 x 1071
1.9

8.5

2.3

1010 (730 yrs)
107 1220 da)
10° (33 hrs)
103 (46 min)

102 (2.3 min)

a) Based on Egs.
b) Based on Egs.

6 and with 600 m< of steel surface
7 and with 600 m“ of steel surface




1.2.3 Conclusions and Recommendations

The steel-steam reaction is an identified source of hydrogen.
However, for this process to become of real significance, the
temperature of the steel has to aprroach the melting point. High
steam temperatures are possible during long term core uncovery. To
assess the potential of the steel as a serious source of hydrogen
an estimate was performed of the amount of hydrogen which could be
generated by this source. This estimate indicated that the
hydrogen generated by steel oxidation could be comparable to that
generated by the zirconium-steam reaction. It is concluded that
the steel-steam reaction ran play an important role in hydrogen
production during accidents involving prolonged core uncovery.

It is recommended that detailed temperature histories be
computed for the stainless steel surfaces above the core. The
questions related to steam-limited reactions should be addressed

ir similar research for the zirconium-steam oxidation.




I.3 RADIOLYTIC DECOMPOSITION OF WATER

I.3.1 Background

Radiolytic decomposition of water is a phenomenon associated
with both normal plant operation and accidents. In both cases it
involves the decomposition of the water molecule by radiation.
During normal cperation of a PWR, an excess of hydrogen is in-
tentionally dissolved in the primary system coolant in order to
limit the net yield of hydrogen and oxygen. In BWR's, however,
the radiolytic gases are swept out of the reactor by the steam
and collected in the condenser. The noncondensable gases in the
condenser are then swept by vacuum-maintaining systems into the
off-gas system where the hydrogen ard oxygen are burned in a
recombiner. It should be noted that spontaneous deflagrations or
detonations have occurred in off-gas systems at a number of BWR
power plants (Cooper, 1975, 76; Brown's Ferry 3, 1977; Millstone 1,
1977).

During an accident involving fuel-cladding rupture, fission
products may be released from the fuel into the coolant system and
the containment (if coolant was released). In a BWR containment
the fission products could also be transported to the steam su =
pression chamber, commonly referred to as the wet-well. These
fission products emit B and y radiation that will decompose the
water with which they are mixed. The fission products remaining
in the fuel also emit 8 and y radiation; however, 8 radiation is
significantly attenuated by the fuel and its cladding. The amount
of fiss.on products released from the fuel and their distribution
throughout the plant are very strongly dependent on the type of
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accident. Predictions of the released fraction of fission

products associated with each such accident scenario are highly
uncertain. Regardless of these uncertainties, it is clear that
radiolytic decomposition of water will occur following an accident
and hydrogen and oxygen can be generated in both the reactor vessel
and the containment.

The rate of hydrogen and oxygen generation is controlled by
three factors; 1) the decay energy, 2) the fraction of this energy
that is absorbed by the water, and 3) the effective rate of hydrogen
and oxygen production per unit of energy absorbed by the water. The
first two factors are well understood and can be calculated with a
reasonable degree of certainty. The last factor, however, is highly
uncertain. The uncertainty stems from a number of parameters which
influence the production rate, such as the effect of impurities,
motion of the water, pressure, temperature, pH, etc.

The objective of the following discussion is to examine the
radiolysis process and ascertain its importance to nuclear-reactor

safety.



1.3.2 Radiolysis of Pure Water

The radiolytic decomposition of reactor coolant water is
of interest because the hydrogen and oxygen evolved could combust
within the primary system or containment for PWRs and BWRs (even
with inerted containments).

The mechanisms involved in the radiolytic decomposition of
water have been studied by numerous investigators. Allen(20)
presents a summary of the fundamental theory of these processes.
Basically, radiolytic decomposition involves the production of
solvated electrons (e;q), radicals, and molecules as illustrated

by Eq. 9.(21)

These initial products of water decomposition are formed hetero-
geneously in the track (spur) along which energy is being deposited.
Once these species are formed they can react with each other or they
can diffuse into the solution where they may react either with each
other or with other molecules in the solution. Table 1-3(22) ]jgsts
the principal reactions of the products as they diffuse into the
solution (pure water only). The ultimate result of these reactions

is the formation of molecular products Hy, Hy0,, O, and the reformatio
of H,0.

The yield of a product species due to the radiolysis of water is
generally expressed as that product's "G" value (molecules of product
formed per 100 eV of energy absorbed). Distinction must be made
between the primary or direct radiolytic yield of a species and the
net yield of the same species. The direct or primary yield is usually
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Table I-3 - Interactions of Radiolytic Products of Water.

Reaction No.

*8

ol

ot 3
12
*14

15
*16

16b
*18
18b
20
21
22
23a
23

26

27

29

30

(22)
Reaction

aq,

2

H + 0, —HO,
Hy + OH —H + H,0

Hy0, + OH—+HO, + H,0

HO, + H,0,—+OH + H,0 + O,
2HO,—> H,0, + O,

2 H,0

'02- + 02- — H202 + 02 + 20H-

OH + OH°—5H202

eaq + H—+H

ag

2 H,0
ag” * €ag ———= 1, + 20H
eaq + OH—OH™
H + H—sH,

H + OH—H,0

H20
+ H s H, + OH™

eaq

* -~ Defines the principal reaction route
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expressed as a subscript to G while the net or actual yield is
written as a parenthetical notation. Thus, GHZ is the hydrogen
formed directly from the water by radiation, while G(H,) is the
net hydrogen formed directly by radiation and indirectly by all
subsequent chemical reactions. The G(x) value can be larger or
smaller than G, due to secondary reactions taking place between the
various radiolytic species and the solutes. Typical values(23) of
GH2 in pure water are 0.44 ftor B + y radiation, 1.12 for reactor
fast neutrons, and 1.70 for the recoil nuclei from the reaction
loB(n,n)-»-'Li. Since molecular oxygen is not produced directly by
radiolysis, Goz = 0.

A closed water/gas system will evencually attain eguilibrium
with respect to radiolytic decomposition of the water. The con-
centratior of gaseous products at eyuilibrium will be a function of
the reactor power density, the water pH and temperature, and the
impurity (solute) type and concentration. Once equilibrium is
attained, G(Hy) = G(05) = 0 (although the concentrations of H, and
O, will not be zero). It is well established that small quantities
of hydrogen (less than 10-3 moles/liter) dissolved in pure water or
boric acid solutions will effectively limit the equilibrium con-
dition to one in which negligible O, is generated. This technique
is employed routinely in PWR nuclear plants.

An open water/gas system will not attain an eguilibrium con-
dition because the product species are being continuously removed.
A typical BWR power plant operates in such a manner. If the water
is boiling vigorously, H, and O, will be produced in stoichiometric
portions and G(Op) = 1/2 %(Hy) = 1/2 GHZ. For pure water exposed
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to £ + y radiation, this would result in the production of - 22

molecules of O, and 44 molecules of H, €. each 10% ev of radia-
tion energy. Experimental confirmation of such production rates
has been attained using the action of CO, bubbling in pure water
to continuously remove the gaseous products of radiolytic decon-

position.(23)



I.3.3 Radiolysis of Water in a Severe Accident

One of the key questions associated with the accident at TMI-2
concerned radiolytic decomposition of the reactor coolant water and
the possibility that a combustible mixture of Hy, and O, might exist
inside the reactor. Armed with our present understanding of the
TMI-2 accident scenario, it can be stated that the probability of
such an occurrence was small. It cannot be stated, however, that the
probability was zero (or would be zero for all conceivable accidents)
due to the boiling of the reactor coolant. Radiolytic decomposition
of water in the containment building has been recognized for years as
a potential combustion hazard and several analyses have been conducted
previously to estimate the severity of the threat.(22'24'26)

The impact of radiolytic decomposition of water with respect to
hydrogen combustion in an accident is difficult to assess at present
for a number ¢“ reasons. The specific accident scenario can have a
major effect of the relative importance of radiolytic production of
Hy, and O0,. In order to realistically estimate the effects of radio-
lysis, it is necessary to know the extent and distribution of fission-
product release, the water temperature and pH, the degree of bubbling
and turbulence of the water, and the types and quantities of impuritie
dissolved in the water. Presently we cannot assess the effect of
simultaneous variations in several of these parameters. We can
state, however, that the rate of production of combustibles from
radiolysis is slow compared to that from the high-temperature Zr/
steam and steel/steam reactions (sample caluclations for radiolytic

production of combustibles are presented in Section I.3.4).
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The rate of radiolytic decomposition of pure water increases
linearly vith the reactor decay power but the equilibrium con-
centrations of product species in a closed system increase as the
square root of the power. Variations in pH have little effect on
a-irradiated water, but not much is known about the effect of pH
variations with other forms of radiation. It has been speculated
that pH variation may have a significant effect when combined with
solutes. (23) Increasing temperature will tend to decrease equili-
brium concentrations of product species in pure water, but it has
been suggested that increasing temperature will enhance solute
effects due to increased reaction rates betwee solute molecules
and radiolytically-produced radicals.(23)

As discussed previously, the effect of vigorous boiling or
bubbling of the water can be quite significant. The products of
radiolysis are constantly removed from the liguid and therefore
recombination of the H, and O, in solution is not possible. Radio-
lysis of the vapor phase itself has not been studied extensively
but this may become an important issue in an accident. In order to
estimate the rate of production and net yields of various products,
more research will be necessary in the radiolysis of turbulent,
bubbling, two-phase water systems.

The effects of the many possible solutes, which could be
present in the reactor coolant following an accident, on the
equilibrium conditions or the net product yields are not well
understood. The impurities can react with the radiolytically-
produced radicals and upset the chemical balance. Only very small

gquantities of impurities(zz) are necessary to upset this balance.




Researchers in the past have been mostly concerned wiih the effects
of certain solutes which were being used in conjunction with the
operation of plant safety systems and would become mixed with the
reactor water after an accident. Of particular interest were the
effects of boric acié and containment spray additives such as base-
borate or base-thiosulphate.(20'27'30) The experiments essentially
indicated that while no large departures from the G(H,) values for
pure water were observed, the equilibrium conditions were changed.
Both sodium hydroxide and sodium thiosulphate increased the equili-
brium hydrogen concentration. Boric acid solutions, however,
behaved essentially in the same manner as pure water.

Other experiments were conducted to evaluate the capabilities

of several solutes to reduce the radiolytic yield of hydrogen.(3l’36)

It was found that a number of solutes such as Noz', NO3', Hy0,, Cuz*,
and Ce%* reduce the production of hydrogen. The compound NaVOjy
(sodium metavanadate) has been studied extensively(33'36) and found
to be very effective in reducing the yield of hydrogen. In general,
it can be stated that solutes that react rapidly with e,” or H will
reduce G(H,) while those that react with OH will reduce g(Hzoz)
(which in turn reduces G(0,)).

Major uncertainties in an accident include the type and
guantity of various impurities that will dissolve in the coolant
water. Fission products, oxides, and adsorbed gases (that evolve
from surfaces only at high temperatures) may appear as solutes at
some stage during an accident and their impact on radiolysis may

be significant. As an example, fission products such as Br and

I are known to affect the H, - O, recombination reactions by
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electron-transfer processes with the H and OH radicals. Never-

theless, the net effect of Br and I on product yield and production

rates has not been predicted.



1.3.4 Sample Calculations of H,0, Production from Radiolytic
Decomposition of Water

There are many uncertainties associated with radiolytic de-
composition of water in a LOCA. It is most useful to carry out
sample ca.culations as part of a parametric analysis. To do this
we can follow the analysis of Turner.(22) He considers the two key
parameters to be the net yield G value for hydrogen, G(Hz), and
the fraction of reactor-shutdown (decay) radiation absorbed by the
water, f. Turner estimates a range of f from 0.07 for a "normal”
shutdown (no release of fission products from the fuel rods) to 0.20
for a LOCA involving rupture of fuel rods (based upon the accident
postulated in Report TID—14844).(37) The value of G(H,) can vary with
time as well as with the numerous parameters discussed in the previous
section. In order to proceed we set the product G(Hy)"f equal to 1.0
and then all results can be scaled with the "correct" value of G(Hy) “f.
Resuits of calculations for a 3300 MW(t) reactor are given in Table
I-4. While these calculations probably overestimate the yield and
rate, there are too many unknowns to say that conclusively. Comparison
of Table I-4 to Tables I-1 and I-2 indicates that the threat of a
hydrogen combustion due to radiolysis is more long term than that
due to the Zr/steam and steel/steam reactions at high temperature.

The issue of combustible mixtures of H, and 0, existing inside
the reactor primary will be examined now. The primary can behave
like an open water/gas system if there is a LOCA or if pressure-relief
valves remain open (as at TMI-2). With this scenario it is clear
that significant concentrations of both Hy and O, can exist inside
the primary since this system is essentiaily a BWR. Whether or not
the mixture is combustible is not clear due to uncertainties of
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the quantities of H, and O, present in addition to the possible
quantities of steam. Detailed flow and combustion calculations will
be needed to better assess the problem. The effect of solutes and
gas bubbling on the rate of Hy/0, production may be critical to

this entire issue, but further research on these effects will be
necessary before definitive answers appear.

A closed water/gas system can model the radiolytic behavior
inside the containment or the primary (after the primary system
isolation has been reestablished). The major gquestions to be
addressed here are the final equilibrium condition and the rate of
Hy = O, production as the system approaches equilibrium. The
effects of temperature, pH, water bubbling, solutes, and initial
gas~-phase concentrations will control the final equilibrium and the
system's approach to that equilibrium. 1In the scenario of primary
pressure relief followed by closure of the primary system, it is
possible for significant quantities of H, and O, to recombine and
consequently inert the gas phase, but the rate of approach to
equilibrium cannot be predicted adequately at present.

The equilibrium condition within containment has been estimated
by various authors as 4-16 volume % H, concentration. Once again,
factors such as water temperature, pH, bubbling, solutes, and initial
gas-phase concentrations will determine the actual equilibrium con-
tion. Using an analysis similar to that presented above, several
authors have estimated the time required to reach a 4% H, concentra-
tion in a typical PWR (43300 MW(t), containment gas volume of 2.6 x
10% £t3 and a typical BWR (2500-3500 MW(t), containment gas volume of
v3 x 10% £t3. The results of these analyses are summarized in Table

I"So
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Table I-4. Conservative Calculation of Radiolysis Yield and Rate
for a 3300 MW(t) Reactor with G(Hz)'f = 1.0

Time after Integrated Radiolysis Yield and Rate with G(Hy)"f = 1.0
Shutuown Decay Fnergy* for a 3300 MW Reactor
(sec) MJ /MW “Total Yield ota e Average Rate
(moles H,) (kg Hy) (moles H,/sec)
102 (2 min) 6 2.0 x 103 4 20
10° (17 min) 25 8.6 x 107 17 7.3
104 (3 hr) 160 5.5 x 104 110 52
10° (1 day) 800 2.7 x 103 548 2.4
10° (12 days) 3500 1.2 x 108 2400 1.0

* Data from Ref. 22



Table I-5. Time Required to Attain a 4% H., Concentration in
Containment Due to Radiolytic Becomposition of Water
Time Required for a_BWR Time Required for a PgR 3
Reference 3000 MW(t) and 3x10° ft3 3300 MW(t) and 2.6x10° ft
22 5.5 x 104 sec 1.4 x 10% sec
(15 hr.) (16 days)
24 14 hours 12 days
25 21 hours (worst case) -
85 hours (realistic case)
26 150 hours (worst case)

300 hours (realistic case)
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I.4 CORROSION OF PAINTS AND GALVANIZING

I.4.1 Background

The inside surface of a containment building is coated with
paint that contains zinc, in order t. inhibit corrosion. In
addition, extensive use of galvanizing is made for coating of
gratings, ductwork, cable trays, and conduits. Following an
accident, an environment will exist in the containment which could
initiate accelerated corrosion of the zinc contained in the paint
and galvanizing. Corrosion of aluminum and other metals can also
occur; however, the inventory of these metals in the containment is
small.

A number of workers have measured rates of hydrogen evolution
from painted jalvanized steel coupons under simulated LOCA
conditions (high temperatures, saturated steam, immersion in safety-
spray solutions). Radiation effects have not been examined. As
will be discussed in the following sections, the rate of hydrogen
evolution is somewhat uncertain, but apparently .t is slow relative
to other hydrogen sources, and the total inventory of hydrogen

available from paints and galvanizing is limited.
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Discussion and State-~of-~the~Art

1.4.2

The extensive use of zinc-based primers inside containment as
well as galvanizing, presents another possible source of hydrogen

in the post-accident environment. The corrosion of zinc present |
in these substances appears to proceed according to the following
|

reaction:
Zn + 2H20-—oZn (OH)2 + H2 (10)

Competing reactions may result in products other than hydrogen. For

example, a protective coating can be formed by the reaction

Several ractors have been shown to affect the yield and rate
of hydrogen generation from corrosion of zinc coatings. These
factors are:

e temperature of the coating

e type (and possibly thickness) of topcoat paint

e composition of the coating

e surface area of coating immersed in spray solution

e composition and pH of the spray solution

Spray solutions here refers to those borated water solutions commonly

considered for use as pressure suppressants in reactor containments.

Examples of sprays that have been used in corrosion tests are:
(a) 1 wt % N328203 - 0.15 N NaOH - 3000-ppm B; (b) 0.15 N NaOH =~
3000-ppm B; and (c¢) 3000-ppm B. The first two solutions have pHa

9.3 while the latter has pH “4.7. Apparently, BWR sprays such as
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H3BO; have not been tested. In addition, no corrosion tests have
been conducted in a radiation environment or on "aged" samples.

zittel(38) has published the most complete study of corrosion
of zinc coatings to date. He tested sample coupons supplied by
seven major paint vendors as well as coupons of galvanized steel
(ASTM A525). Spray solutions relevant to a PWR (listed above) were
used. Tests were generally conducted at 130°C for 24 hours or with
the temperature history of a design-basis accident (5 min at 149°C;
105 min at 140°C; 22.25 hours at 107°C). 2Zittel summarized his
findings as follows:

e for a containment with 105 ft2 of surface coated

with one of the paints tested, H, evolution could

amount to an atmospheric concentration of >0.5% Hye

® topcoat paints can reduce or enhance the hydrogen

generation
® spray-solution pH has little effect

® visual condition of the coated surface after testing

does not correlate to hydrogen generation.

® for all samples tested at 130°C, the quantity
of H, evolved was a considerable fraction of
the theoretical maximum (calculated on the
basis that all zinc present was converted to

hydrogen)

Van Rooyen(39’ used data from several workers(40-42) to

estimate the rate of hydrogen production from zinc corrosion.
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While these data are characterized primarily by a lack of consistency,
van Rooyen suggests that a rate expression may be developed in the
form
Vg = A ¢~B/RT (1)
2

where Vy = rate of hydrogen production, SCF/ftz'hr

A = a constant factor, SCF/ftz'hr

B = an activation energy, cal/mole

R = the gas constant, 1.987 cal/mole - °K

T = surface temperature, °K

Zittel did not measure directly the rate of H, production, but
rather the net yield following a 24-hour test. Consequently the
maximum rate during the tests probably exceeded the average rate
over the 24 hours. Nevertheless, Zittel's 24-hour average rates are
somewhat higher than rates observed by others(4°'4l), so it may
be conservative to use values for A and B appropriate to the highest
rates observed by Zittel. Van Rooyen characterizes these values for

Zittel's highest average rates as:

A =4.7 x 10° SCF/ft% hr

B = 14,500 cal/mole

Zittel's average rate for a 100-hour corrosion test on galvanized
steel was somewhat lower than the highest rate for painted steel.
Zittel also observed that the net yield did not increase significantly
with increased exposure time (from 24 to 48 hours) for several of

the samples he tested. This may indicate that, for some paints, the
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reaction will not reach completion (i.e., the maximum Juantity of H,
evolved may be less than the theoretical yield based on the quantity

of zinc present).
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I.4.3 Sample Calculation of Hydrogen Generation from
Corrosion of Palnts and Galvanizing

The calculation of the rate and yield of Hy, generated by

corrosion will proceed as with the metal/steam reactions. The

total area of surfaces in a PWR cont. ‘nment painted with zinc=based

primers is of the order of 1.5 x 105 ftz.(34'43) If we use this

value for the surface area and convert from SCF to kg we obtain the

following form of Eq. 12,

W, = 1.8 x 10% [exp (- 1323))¢ (13)
2 A

where

Wy = the quantity of i, released by the paint, kg
2

t = the elapsed time, hours

The maximum quantity of M, that can be generated by the corrosion
of paints and galvanizing is equal to the theoretical yield based
upon the ruantity of zinc. For our perposes, we will use the largest
value from zittel(33’ for a 3.5-mil primer coat (8.5 cm3/cm2 (5TP)).
Converting this value to kg/ft2 we obtain a theoretical yield of
7.1 x 10~4 k;/ftz or 106 kg of Hy for the entire painted surface of
150,000 £+2,

Lopata(43) has estimaced the surface area of galvanized steel
in a containnent to be of the order of 30,000 ftz. If we use this

value of surface area in Bq., 12 and convert units as before, we

obtain,

W = 3.6 x 107 [exp (- 1323))¢ (14)
2 s



where Wy = the quantity of H, released by the

2 galvanizing, kg
The theoretical hydrogen yield of the galvar.zing can be calculated
based upon the amount of zinc present (2 oa/ftz). Converting units
we obtain a theoretical yield of 1.7 x 103 kqg/ ft2 or 52 kg of H,
for the entire galvanized surface of 30,000 fr2,

For the sake of completeness we will discuss Lopata's(43)
estimate of rate and yield of H, due to aluminum corrosion. Lopata
estimates the surface area of aluminum to be 475 £t and the total
amount of aluminum to be 1250 lbs. The rate of aluminum corrcsion
is cited as 200 mils/yr under normal conditions and as 10,000 mils/yr
under LOCA conditions at 300°F. Using the value under accident
conditions results in a hydrogen generation rate of 0.4 kg/hr. The
maximum quantity of hydrogen that can be produced from 129 lbs. of
aluminum is 63 kg. Consequently, all of the aluminum will be corroded
within a time on the order of 7 days following an accident.

In order to compare to other sources of H,, we have calculated
evolution rates and times to attain total yield for zinc corrosion.
Table iLG presents the results for paints and galvanizing at several
different temperatures. Compared to the metal/steam reactions at
high temperature (Tables I-1 and I-2) the rates and yields of Hy
production due to zinc corrosion are small. The maximum quantity of
Hy available from corrosion of zinc and aluminum is 220 kg. This
amount of hydrogen in a large dry PWR (2.5 x 10°% £t3 containment air
volume) would result in a 3.5% H, concentration. Apparently these
sources, by themselves, do not represent 2 significant threat to

those PWR containments.
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Table I-6. Sample Calculation of Zinc-Corrosion Yield
and Rate for Paints and Galvanizing

Zinc-Based Paint Zinc Galvanizing
150,000 ft? 30,000 ft?

Temperature H, Production Rate Time to Attaln H, Production Rate Time to Attaln

°K (kg/hr) Total Yield®(hrs) (kg/hr) Total YieldP(hrs)
422 (300°F) 5.2 20 1.1 50 (2 days)
413 (285°F) 3.6 30 0.72 73 (3 days)
380 (225°F) 0.77 138 (6 days) 0.15 338 (14 days)
339 (150°F) 0.07 1420 (59 days) 0.02 3480 (145 days)

a) Total yield from painted surfaces is 106 kg Hy
b) Total yield from galvanized surfaces is 52 kg Hy



T-5 GAS GENERATION DURING CORE MELT INTER/.CTION
WITH CONCRETE

In the unlikely event that a reactor accident progresses to
the point of gross fuel melting, the reactor pressurs vessel may be
penetrated. Collapse of the molten reactor core materials into the
reactor cavity would initiate vigorous gas generation as this high
temperature melt attacked the concrete basemat of the rea-tor.

The three stages of gas generation during the interaction of
molten fuel, cladding, and steel with concrete are:

1) thermal decomposition of the concrete to yield

gaseous products,
2) passage of these gases up through the melt, and
3) chemical evolution of the gases as they emerge
from the melt.
The general topic of core melt interactions with concrete is the
subiect of ongoing research both in the United States and in the
Federal Republic of Germany. The many processes and phenomena
arsociated with melt/concrete interactions that relate to questions
of nuclear reactor safety are tightly interrelated. Only those
processes directly connecte - to generation of permanent gases are
described below. References in the bibliography at the end of this
document provide more detailed discussions of this and other features
of melt interactions with concrete.

The discussions below will concentrate on the generation of
permanent gases heated directly by hot core materials. It should
be remembered, however, that radiant or convective heating of
concrete not in contact with the melt will also lead to concrete

decomposition and gas generation. R
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7.5.1 Thermal Decomposition of Concrete

The structural concrete encountered in reactor installations
consists of a heterogeneous mixture of cementitious material binding
together both fine and coarse aggregate. The cementitious material
is nearly always Type II or Type I and II Portland cement. A nominzl
composition of Type Il Portland cement before it is used to make

concrete is:

Ca3Si05 (alite) 47 weight %
Cazsio4 32 weight %
Ca3Al,0¢ 3 weight %
CayFe,Al;04, 12 weight %
Ca504'2H20 (gypsum) 4 weight %

when mixed with water and aggregate, Portland cement hydrates to
form an adherent mass that bonds to the aggregate. Some of the
chemical reactions that are believed(44) to occur during hydration
of the cement are listed in Table I-7. The hydration reactions
‘nvolve participation of both a solid and a liquid phase. Initially
the reactions are fairly rapié. The solid products of reaction
retard the reaction rate. Hydration of the Portland cement is
usually taken to be complete for engineering purposes after 7-90
days. Actual completion of the hydration process may require
decades if, in fact, it ever is complete.

The products of hydration contain water in the form of

hydroxides and molecular water coordinated to metal ions.



Table I-7. Some Hydration Reactions in Portland Cemeant

2 (CaySi0g) + 6H,0 —» Ca3Si05(OH)*3H,0 + 3Ca(OH),
—-‘4C3804'2l120 + 30H20 + 2(3C80'A1203'C8804'12H20)

3Ca0*Al,04°Cas0, " 12H,0 —= Ca3 [AL(OH) g] ; + CaSO4*2H,0 + 4H,0
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The chemically constituted water, in the form of hydroxide groups,
amounts to 1.5-2 percent based on the weight of the concrete.
Molecular water, bound to ions, is about 1.6 to 2 percent of the
concrete weight. The solid products of cement hydration have
gelatinous, porous structures that physically entrap water. The
amount of water physically held in this form within the concrete is
between 1 and 5.5 weight percent, depending on the relative humidity
of the ambient atmosphere surrounding the concrete and the age of
the concrete.

Concrete found in reactor cavities that are purpcs~ly kept wet
will contain a total of 7-9 percent water by weight. Dry reactor
cavities will contain little physically-bound water. Water in the
form of hydroxides, coordinated molecular water, as well as modest
amounts of physically-held water will amount to about 4-5 weight
percent of e.ch dry concrete.

Aggregate used for reactor concretes is much less standardized
than the cementitious material. Criteria for the selection of
aggregate are provided in guides published by the American Concrete
Institute and the American Society for Testing and Materials. These
criteria focus on the strength and s.rviceability of concrete and
do not refer to its ability to withstand high temperatures. Choice
of aggregate at any given site is usually dicrated by cost and supply.

Aggregates found at existing reactors may be categorized as:

siliceous - basalt, granite, gneiss

calcareous - calcite (CACOj3), dolomite (MgCa[CO3],)

heavy aggregates - magnetite, baryite.




Heavy aggregates are little used at light-water reactor sites
because of their cost and the difficulty in handling dense solids.
Concrete made with the heavy aggregates is used in areas requiring
critical shielding from radiation.

Siliceous aggregate contains little material that may be
thermally vaporized to form permanent gases. Water pre<ent in these
aggregates is usually in the form of coordinated molecular water or
water physically adsorbed on the aggregate surface and seldom amount
to 1 weight percent.

Calcareous aggregate, on the other hand, readily decomposes at
elevated temperatures to yield carbon dioxide. Concrete m.Jde with
these aggregates will contain 20-45 percent carbon dioxide by weight

Weight losses i.curred when a sample of powdered limestone
concret~ was heated 2t a linear rate are plotted versus temperature
in Figure 8. Over the temperature interval of 30 to :000°C there
is continuous loss in sample weight. Three particularly abrupt
weight losses occur.

These occasions of rapid loss in sample weight may be attributed
to the rapid loss of:

1) molecular and physically-entrapped water between 30 and

230°C,

2) water chemically constituted as hydroxides in the concrete

over the interval 350 to 500°C, and

3) carbon dioxide from aggregate and the cementitious

phases over the interval 600 to 1000°C.
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This pattern of three sudden weight losses is observed in similar
experiments with other corncretes, though the magnitude of the
events do vary with concrete composition. Even siliceous concretes
show weight losses of about 1 percent in the range of 600-1000°C
due to deccmposition of carbonates. These carbonates are probably
formed by the reaction of cement constituents, such as calcium
hydroxide (Ca[OH,]), with CO, in the air during concrete manufacture
and curing. At high heating rates, loss of physically bound water
and coordinated water can produce distinguishable weiglit loss events.
Decomposition of the concrete to> yield volatile products is a
kinetic process. The rates of each of the three principal weight-

loss events may be described by the rate equation:“s’

da 2 - oD (15)
I K exp (-E/RT) (1 )

where

a = fraction of decomposing species lost

time

(o
"

R = gas constant

T = absolute temperature .

Values of the constants K, E, and n found for the three major de-
composition events in several concretes are shown in Table I-8., A
comparison ¢f weight losses predicted by Eq. (15) and those determined
experimentally is made in Fig. 8.

The microscopic description provided by Eg. (15) shows that gas
generation during heating of concrete depends on the heating rate
and the past thermal history of the concrete as well as temperature.

Heat transfer from a melt to concrete is still not well understood.
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It is complicated by the decomposition reactions themselves which

are endothermic. Heats required for these reactions are:

Heat
Reaction (kJ/mole)
Loss of physically bound 41
water
I~,.s of coordinated 45-64
molecular water
Heat
Reaction (kJ/mole)
Loss of chemically-
constituted water 99-~110
Loss of carbon dioxide 160-180

The decomposition reactions alsu produce changes in the porosity and
thermal behavior of the concrete.

Additional complications in the analysis of gas generation from
heating bulk concrete arise because mass transfer within the concrete
cannot be neglected. Two effects due to mass transfer are especially
important:

a) the porosity of conr~ete is sufficiently low that gaseous

products of reactic': build up pressure in the concrete and

retard the rate of decomposition, and

b) steam produced by the decomposition reactions condenses in

the cooler regions of the concrete.



The first of these mass-transfer effects gives rise to high gas
pressures within the concrete. Some data on this pressurization are
shown in Fig. 9. Pressurization of the concrete can cause spallation
and consequent increases in the surface area of concrete exposed to
heating. Spallation does not appear to be an important process
during melt attack on concrete, but it is important for concrete
heated by radiant or convective processes.

Condensation of vaporized water produces a flux of
water away from the heated surfaces of concrete. Especially
when the concrete is cracked, the water participating in
this flux is lost and does not contribute to gas generation.
This effect is important during melt/concrete i..eractions
(see Fig. 10).

Three attempts have been made to construct models that will
predict gas generation during intense heating of concrete. The
three computer models (WATRE, Produced at the Hanford Engineering
and Development Laboratory;“s) COWAR-2, produced by General Electric
Corp.:(47) and USINT, produced at Sandia National Laboratories(48)
are currently being evaluated at General Electric-Sunnyvale. Un-
fortunately, the dearth of definitive experimental data may preclude
detailed verification of these models. Experimental studies have
concentrated on determination of temperatures within heated concrete.
Determinations of pressure and mass transfer, especially water
migration, are more difficult and typically have been made under
conditions that are not representative of conditions during core

meltdown accidents.
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FIG. 10. WATER , DRIVEN FROM THE HEATED CONCRETE , FLOWS THROUGH
CRACKS THAT DEVELOPED DURING A MELT / CONCRETE INTERACTION
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Table I-8. Kinetic Parameters for Concrete Decomposition®*,
Basaltic Limestone~-Common Generic Southeastern
Reaction Concrete Sand Concrete United States Concrete
Loss of evaporable E = 11.6 E=11.0 E =11.0
water (n = 1) K =4.4 x 10 &K = 1.29 x 106 K = 1.29 x 10%
Loss of chemical E = 41.9 E = 40.8 E = 40.8 12
water {n = 1) K=2.8 x 1012 g = 1,96 x 1012 K=1.96 x 10
Decarboxylation E = 42.6 E = 38.5 E = 45.8
(n = 1) K=3.6 x 102 K = 1.98 x 107 K =1.73 x 109
Decarboxylation -—- E = 37.0 7 E = 44.9
(n = 2/3) - K=3.6 x 10 K =1.94 x 106

*E in units of Kcal’/mole; K in units of minutes

-1

#Standard errors in E 10%; standard errors in K a 30 to

50%



Prediction of gas generation during heating of concrete by
melts has also been attempted.“g'sl) The models used to make
these predictions, as yet, do not include detailed descriptions
of the concrete decomposition process. The simplified descriptions
that are used are:

1) gas generation is defined by the stoichiometry of concrete

eroded by the melt, or

2) decomposition of the concrete is determined by the
propagation of isotherms into the concrete ahead of the
melt and by thermodynamic criteria for gas release.

To date, the models consider gas generation only from concrete under
attack by melten core materials. This feature, and the simplified
descriptions of concrete, mean that the melt/concrete interaction
models will yield predictions of gas generation that are lower bounds
on the true gas generation during a reactor accident. Even the

crude models of melt interaction with concrete that are currently
available have shown that gases liberated Juring the interaction

will eventually over-pressurize the reactor containment. The most
serious uncertainty concerning these estimates is the time required
for the generation of sufficient gas to cause over-pressurization.

Accurate estimates of the gas released from concrete during a

meltdown accident cannot be made at present. Without adequate
coupling between models of melt/concrete interictions and models of
the concrete itself, estimates of the rates of gas release during
reactor accidents are extremely speculative. The magnitude of the
gas release can be illustrated by simplified calculations. Assume

the following:
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a)

b)

c)

d)

gas release is due solely to melt attack on concrete,

the complexities of the melt attack are nealected and the

melt erodes a cylindrical cavity of uniform diameter,

the basemat is 3 meters thick and the containment volume is

5 = 10‘ mjp

condensation of steam released from the concrete is

neglected.

Using these assump.ions, the pressure increase in containment may be

computed as a furction of cavity diameter, concrete type, and the

mean temperatuce ot the containment. Results are summarized below.

Increase in Containment
Pressure Due to Attack On

Mean

Cavity Containment Basaltic Limestone
Diameter Temperature Concrete Concrete

(ft) (°C) (psi) (psi)

20 27 6.9 15.8

25 27 10.8 24.7

30 27 15.6 35.6

20 100 8.6 19.6

20 140 9.5 21.8

20 200 10.9 24.9

These ¢
of gas
signifi
with th
2 or 3.

produce

alculated increases in pressure are lower bounds on the amount

released. Significant radial erosion of the concrete or

cant radiant or convective heating of concrete nct in contact

e melt would increase the amount of gas release by factors of
Conduction of heat into concrete surrounding the melt couid

further increases in the gas release.



The pressure that actually develops in containment will depend
on the composition of the gas (described in the following sections).
If the gas contains significant amounts of steam which condenses, or

if carbon monoxide and hydrogen react to form methane and coke,

pressurization of the containment will be reduced.



1.5.2 Passagc of Gases Through the Melt

Gases generated by the attack of the molten core material on
concrete will enter the n:.lt and react with it. The molten material
will consist of fuel, fuel cladding, structural steel, and the
condensed products of concrete decomposition. Water and carbon
dioxide released from the concrete will readily oxidize metallic
constituents of the melt. Some of the idealized reactions that can
take place are listed in Table I-9. The gaseous products of these
reactions are hydrogen and carbon monoxice. The feasibility of such
oxidation reactions is demonstrated by the data plotted in Fig. 11.
Equilibrium partial-pressure ratios (PH2/PH20) and PCO/PCo ),
produced in the reaction of water and carbon dioxide with the major
metallic constituents of the core melt, are plotted in this figure
against temperature. If solution effects are neglected, zirconium
will be preferentially oxidized from the melt. Once the zirconium
has been depleted, chromium, iron, and nickel will be oxidized in
that order. Both zirconium and chromium will completely convert
carbon dioxide and water to carbon monoxide and hydrogen, respec-
tively, if only thermodynamic factors control the reaction. As the
amounts of CO and Hy build in the gas stream, oxidation of iron and
nickel will be inhibited. Moderately-reducing gas mixtures will

reduce iron and nickel oxides to the respective metals.
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Table I-9., Reactions of Gases with Metallic Melt Constituents

Zr(c) + 2H,0(g) —=2r0,(c) + 2H,(g)
2r(c) + 2C05(g) —=2r0,(c) + 2CO(g)

2Cr(c) + 3H20(g)—-Cr203(c) + 3Hy(9)

2Cr(c) + 3C02(9) —=Cr,04(c) + 3C0O(qg)

Fe(c) + xHZO(g)—oFer(c) - xuzO(g)
X = l - 105
Fe(c) + xCOz(g)—oFer(c) + xCO(qg)

Ni(c) + Hy0(g) —=NiO(c) + Hy(9g)

Ni(c) + COz(g)—’NiO(c) + CO(g)
Mo(c) + HZO(g)——MOO:;(g) . 3H2(g)
Mo(c) + 3CO,(g)—=MoO4(y) + 3CO(g)

Ru(c) + szO(g)——-RuOy + yH,(9)
y=1, 2, or 4

Ru(c) + yCOz(g)-——RuO + yCO(qg)

Yy

Mn(c) + zH20(g)—-—Mnoz(c) + zHZ(g)
z =1 or 2
Mn(c) + zCOz(g)-——onnOz(c) + 2CO(g)



Within the thermodynamic formalism and the assumption that
alloy and solution effects on condensed-phase activities may be
neglected, it is apparent that virtually complete conversion of Co,
and H,0 to CO and Hy will occur early in a core melt/concrete
interaction. As the accident progresses, and if the H, and CO are
not burned, the extent of CO, and H,0 reduction will decline. More
sophisticated analysis including solution and alloy effects will
result in similar conclusions, though the variation in CO and H,
production over the course of the melt/concrete interaction will be
much smoother.

Where the metallic phases are completely absent from the melt,
some reduction of evolved CO, and H,0 to CO and Hy, would still occur.
Evidence from studies of aerosol release during melt/concrete

interactions(52) suggests that reactions such as:
uo, (c) + Hy0(g) —= UO5(g) + Hy(9)
1/2Cr203(c) + 3/2H20(g)-——-Cr03(g) + 3/2H2(g)

will occur in the oxidic phases of a core melt. The thermodynamic
favorability of these reactions is not nearly so strong as for gas
reactions with metallic species. Consequently, the extent of

reduction of the evolved gases would be less.

Note that none of the reactions cited above decrease the mole-
cular amounts of gas. The less significant reac%ions in which both
products of reaction are volatile (i.e., Mo + 3Hy0 —Mo0; + 3H,)
are not especially important for considerations here. Not only is !
there little of the condensed phase reactant present, but the oxidized

product will condense when it emerges from the melt. More exocic
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species that can form in the gas phase at the high temperatures of
core melt such as OH, H, and C,0 have been neglected since they
will disappear with only modest cooling of the gas. These reactions
of gases, erated from the concrete with the melt, preserve mole~-
cular amounts of the gas, but greatly increase its flammability.
Kinetics of gas reaction with the melt are indeed complex. They
depend on gas generation rate, melt geometry, contact time, gas and
melt composition, as well as temperature and pressure. No in-depth
study of these kinetic factors, for specific application to reactor
safety considerations, has yet appeared. Considerable analysis of
similar processes has been conducted for metal lurgical and chemical

(53)  considerations have been given to rate _.ontrol

applications.
by the following processes:

1) mass transfer in the melt,

2) chemical reaction at the melt/gas interface, and

3) mass transfer within the gas.

All these studies have been for slow flow of gas into a melt where
each gas bubble is largely unaffected by neighboring bubbles.
Unfortunately, gases enter the melt during meit/concrete interactions
as streams of bubbles or even as jets of gas. These situations are
formidable analytical and experimental problems.

To date there have been no experimental determinations of the
real-time compositions of gases emerging from the melt during melt
interactions with concrete. Gas compositions determined in experi-
ments with such interactions have all been made after the gases have

cooled or otherwise had the opportunity to chemically evolve. The

compositions of these "aged" gas samples strongly suggest that the



extent of gas reaction with metallic species is largely controlled

by the thermodynamics of the reactions. Composition data for gases
that have passed through melts of varying depths, shown in Table

I1-10, suggest that the kinetic features of the reactions are not
important except when the melt depth is less than 1-2 cm. These
results are, however, not definitive. They may simply reflect similar
equilibration of the gas with hot structures above the melt prior to

or following sampling of the gas.
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Table I-10.

Experimentally Measured Gas Composition

At Various Melt Depths

Me lt Depth

SPECIES 1.9 cm 3.8 cm 3.8 cm 22 cm 22 cm
Hy (v/0) 52 34.6 33.3 34.0 26.6
H,0 (v/o)* ND 0.8 0.6 ND ND
CO (v/o) 24 29.1 45.9 59.7 69.3
CO, (v/0) 24 35.5 20.8 6.3 5.2
co/co, 1.0 0.82 2.21 9.48 13.3
H,/C (observed) 1.08 0.54 0.50 0.52 0.36
Hy/C (calculated 0.52 0.52 0.52 0.28 0.28

from concrete
composition)

*Water content could not be detected in some samples of gas.



" 5.3 Evolution of Gases Above the Melt

Ahen the gases from the concrete emerge from the melt they can
continue to react. The critical feature of gas reaction above the
melt is ignition. When the atmosphere above the melt is sufficiently
oxidizing the hydrogen and carbon monoxide formed by reaction with
the melt can burn as diffusional flames. Ignition limits for such
diffusional flames have not been studied as much as have the limits
of well-mixed flames. Noughtou(54) investigated ignition of
diffusional mixtures of helium and hydrogen. The igniw.ion limits he
found are shown in Fig. 12. Ignition was dependent on the temperature
of the orifice used to dispense the gas mixture into the oxidizing
meaium. The ignition limits were insensitive to gas flow for flow
rates between 200 and 470 cm3/min.

These diffusional flammability limits suggest that prompt
ignition of gases emerging from a melt is likely. This suggestion has
been amply verified in tests of melt/concrete interactions conducted
in the open air. However, tests of melt/concrete interactions have
also shown that if gases evolved at higher flow rates are protected
from the air until they have cooled to less than 150°C, they will
not spontaneously ignite. Artificial ignition will, however, still
lead to sustained flames.

Ignition of gases formed during interactions of core melt with
concrete is likely when there is unrestricted access of air to the
reactor cavity. The burning of the gases will reduce the molar
content of gases in the reeactor containment due to the consumption

of oxygen. Consumption of oxygen is no guarantee that pressure
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within containment will be less than in the unburned case, because
the burning of the gases is quite exothermic.

When ignition is suppressed, the gasr.s will still react though
in a .wuch less dramatic fashion. The nature of the reaction is
determined both by thermodynamic and kinetic considerations. Gases,
liberated at very high temperatures, will re-equilibrate as they

cool according to the reaction:
H2+C02¢H20+C0 .

A critical observation in experimental studies of melt/concrete
interaction is the tendency for this re-equilibration to proceed

S0 that the fugacity of oxygen in the gas is buffered by the iron-
Wustite (FeO,) equilibrium. Note that at temperatures high enough
to prevent condensation of water, re-equilibration according to this
reaction does not change the molar amounts of gaseous species. When
other reactions become important, reduction in the molar amounts of
gaseous species can occur.

The calculated variations in gas composition with temperature,
for two systems of varying elemental composition, are shown in Table
I-11. As the gas cools, the hydrogen and carbon dioxide content of
the gases increases at the expense of carbon monoxide and residual

water vapor.* Experimental verification of this trend is at best

¥At very high temperatures, exotic chemical species such as H,
OH, O, C,0, as well as ionized species develop in the gas phase.
These species were neglected in the calculations.
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inferential at present. Nevertheless, it seems likely that a
thermodynamic analysis of gas composition is at least approximately
correct for temperatures above 1500°C. Reaction kinetics in the gas
phase at these temperatures are typically quite rupid.

As temperatures fall below 1000°K, additional rea~ctions (coking
and hydrogenation) become thermodynamically feasible. Coking is the
precipitation of solid carbon from the gas. Hydrogenation is the
reaction of gas constituents to form methane and ev... higher hydro-
carbons. The effects of these reactions on the gas composition, as
estimated from thermodynamic considerations, are also shown in Table
I-11. Hydrogenation and coking sharply reduce the molar amounts of
gas-phase species at temperatures less than 800°K. Coking can be
significant only for gas having high initial concentrations of

carbonaceous species such as gases produced in melt attack on

calcareous concretes. Hydrogenation reactions were considered in
the calculations only to the extent of methane formation. At low
temperatures, methane becomes a significant constituent of the gas.
Cooling of gases having high carbonaceous contents at high temp-
eratures results in very nearly complete conversion of gaseous
hydrogen to gaseous methane.

The coking and hydrogenation reactions should be quite sensitive
to the pressure of the gas. Because these reactions reduce the
molar amount of gas, the reactions should increase in significance
with increases in pressure.

The above discussion of coking and hydrogenation has been based

on the presumption that reactions in the gas phase are controlled



Table I-1ll. Variation in the Equilibrium Composition of Gases with Temperature

Moles Coke per

VOLUME % OF* Mole Carbon in the
TEMPERATURE Initial Gas
K Hy H,0 Co C02 CH4
300 - {93.3) o L) it L) ) 100 (6.7) 0.797 (=)
500 2.1 - - - 97.9 0.799
700 6.3 2+1 -— v 91.6 0.806
800 56.7 5.2 0.5 (.25 37.3 0.887
900 43.8 (82.7) 5.8 (11.0) 41.7 (1.6) 1.3 (0.5) 8.1 (4.4) 0.689 (=)
1200 23.4 8.3 58.7 11.2 - e
1800 20.0 (65.4) 8.8 (28.8) 63.7 (5.2) 7.4 (0.6) i ) mee (=)
2000 19.8 9.0 54.6 6.5 - -

*Calculations were made by minimizing the free-energy of the gas mixture at 0.83 atms in contact
with a large excess of iron and "FeO." Species that could develop in the system aside from Fe
and FeO were C, CO, C02, CH4, Hy, H,0, and H. Atomic hydrogen did not become a significant
constituent of the gas”at any témperature.

Compositions listed without parentheses are for a gas with an Hy/C ratio of 0.406. Composition

data listed within parentheses are for a gas with an H2/C ratio of 16.0. A dash entry means the
species constituted less than 0.1% of the gas.
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solely by thermodynamic considerations. These reactions are known
to be kinetically sluggish. Hydrogenation especially can occur at a
significant rate only in the presence of a catalyst. Research on
catalytic hydrogenation of carbon oxides is an active field. It is
well known that nickel, cobalt, and iron will assist the hydrogenation
reaction. Investigation of the cataly’ ic activities of these metals
in alloys present in a nuclear reactor has not been conducted.
Methane and the higher hydrocarbons ethylene (CoHy) and ethane
(CyHg) have been observed in tests of high-temperature melt/concrete
interactions. Some evidence of coking has been observed in tests of
melt interactions with calcareous concrete when the melts had temp-
eratures in excess of 2400 K. Melts of temperatures below 2000 K

do not secem to yield carbon precipitates during interaction with

concrete,



T+5.4 Summarz

The interaction of molten core materials vith concrete in the
reactor cavity will yield large quantities of cas. The gases
liberated from the concrete are principally water aid, especially
for calcareous concretes, carbon dioxide. These gases will also be
liberated from concrete not in contact with the melt by radiant or
convective heating. Gases liberated from the concrete that pass
through the melt will chemically react to form hydrogen and carbon
monoxide. When these reduced gases emerge from the melt they may
spontaneously igrite if sufficient oxygen is present. If the gases
do not burn, they will continue to chemically evolve as they cool.
If conditions suitable with respect to both kineliz and thermodynami
considerations aire reached, the chemical evolution of the gases will
lead to the formation of hydrocarbons and possibly the precipitation

of carbon from the gas.



1.6 SOLUBILITY OF HYDROGEN IN WATER

I1.6.1 Introduction

The solubility of hydrogen in water is a simplified case of
the more general problem of vapor-liquid equilibr?'m.(55,56) We
will first present the simple theory that is valid when the gas
phase can be considered as ideal (a mixture of perfect gases). Tk
we will introduce the more general thermodynamic theory of phase
equilibrium that is needed to consider imperfect-gas effects.

Hydrogen is one of the least soluble gases. The concentration
of dissolved hydrogen molecules will always be low compared to the
concentration of ligquid water molecules. Because of the low con-
centration of dissolved hydrogen and lack of chemical reaction
between the dissolved hydrogen and the water, it is not surprising
that the liquid solution is found to be "ideal." The concentration
of dissolved hydrogen is linearly proportional to the partial
pressure of hydrogen in the gas phase, if the gas phase is also
ideal. A more general definition of an ideal solution, valid
when the gas is not ideal, is found in the later section on the

thermodynamics of phase equilibrium.
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I.6.2 Simple The ry of Hydrogen Solubility

We assume tha. the liquid solution is ideal and that the gas
phase is ideal. The mole fraction of hydrogen in the liquid obeys

Henry's law,

PH2 = H(T,P)XH2 (16)

Ware o P“2 is the partial pressure of hydrogen in the gas, XHZ

is the mole fraction of hydrogen in the liquid, and H(T,P) is the
Henry "constant." The Henry constant is a function of temperature
and a weak function of pressure, but not a function of hydrogen
coni entration. For our simple-theory calculations we will ignore
the effect of pressure on the Henry constant.

The total pressure, P, will be the sum of the hydrogen partial
pressure, PHZ, and the steam partial pressure, pHZO‘ To first
approximation the steam partial pressure can be taken as equal to
the saturation vapor pressure of water at the mixture temperature.
The saturation vapor pressure of water can be found in nearly all
thermodynamics books and in "Steam Tables." The hydrogen mole

fraction in the liquid is then obtained using the equation
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1.6.3 The Henry Constant

The Henry constant for hydrogen dissolved in water has been
measured over a wide range of temperature, and the agreement among
several works reviewed by Anderson(37) is very good.(sa'so) In
Figures 13 and 14, the Henry constant is shown versus the reciprocal
of the absolute temperature. As the temperature increases from room
temperature, the solubility of hydrogen in water decr ases up to a
temperature of about 327 K (54°C). Note that decreasing solubility
means increasing Henry constant, and vice versa. The solubility
increases above 327 K. Himmelblau(38) developed curve fits for the
Henry constant as a function of temperature. One very complex fit
covered the entire temperature range. However, two linear fits given
below cover a good part of the entire range. At low temperatures,

between 0 and 25 C,
H=21.13 x 10% - 4.20 x 107/7 (18)

where H is in units of atm/mole fraction and T is in degrees Kelvin.

Between 151 and 374 C, a similar curve fit applies,
H=-901x10% + 5.83 x 107/7 . (19)

Betwee 25 and 151 C, the relation between H and 1/T is not linear.
The Henry constant is a weak function of pressure. The

Henry constants presented in Figs. 13 and 14 are presumably at

the saturation pressure of water. At cnnstant temperature but

higher overall pressure, the Henry coefficlient decreases. The

relation is fairly accurately given by the Krichevsky-Kararnovsky

equation,(SS)

m
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H(T,P) = H(T,PS) exp(v[P-?s]/RT) (20)

where P, 1s the vapor pressure of water, R is the universal gas
constant, and v is the partial molar volume of hydrogen in water at
infinite dilution. The partial molar volume at infinite dilution is
the increase in volume of a water-hydrogen liquid solution, per mole
of hydrogen added, when the hydrog a is very dilute in the mixture,
so that each hydrogen molecule is surrounded by water molecules.
Some representative values of v were obtained from measuring the

slopes of the lines of Figure 15, taken from Reference 55. We have

In(fy,/Xy,) = In(H[T,P]) = LnH(T,Pg) + v(P - Pg)/RT (21)

Table I-12. Partial Molar Volume of
Hydrogen in Water at Infinite Dilution

Temperature, C v cm3/gm-mole

25 19.5

50 20.0
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1.6.4 General Thermodynamic Theory of Solubility

Wwhen either the gas or liquid phase is nonideal, the more
general thermodynamic cheory of phase equilibrium must be considered.
Since all measurements indicate that the liquid phase solution of
hydrogen in water is ideal, we need only consider the effects of gas
nonideality. The details of the general theory are presented in the
Appendix. Here we present a very short summary.

Most rodern presentations of phase-equilibrium theory make use
of the concept of fugacity. The fugacity has units of pressure.

For ar. ideal gas, the fugacity of a component is equal to its partial
pressure. The fugacity is the "escaping tendency" of a component to
go from one phase to the other. At equilibrium the fugacity of each

component in the gas must equal the fugacity of the component in the

liquid,
L =g,V (22)

where L indicates liquid and V vapor or gas. The fugacity of the

gas component can be written in the form
(23)

where Y, is the mole fraction of component i in the gas, and ¢; is
the fugacity coefficient. For an ideal gas, all the ¢; = 1, and

the partial pressures P; = Y;P. The deviation from unity of ¢

is an indication of imperfect-gas effects on phase equilibrium.

The more general definition of an ideal solution is one in which the
mole fractions in the liquid, X;, are proportional to the gas-phase

fugacities, fiv, rather than the partial pressures. P;.
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We have made a series of calculations of the results of the
simple theory of solubility and the more general thecry discussed
above. The results are shown in Table I-13. The differences in
the mole fraction of aissolved hydrogen predicted by the two
theories are shown to be small. The agreement is surprising in
view of the comparatively large deviations of the fugacity coefficient
from unity. Himmelblau(38) commented that imperfect-gas effects
could be neglected up to 1500-2000 psia (10 - 13 MPa). He stated
that simply computing the fugacities without simultaneously con-
sidering the effect of pressure on the Henry constant would over-
estimate the imperfect-gas effects. Our results are in accord
with Himmelblau's comments. Compensating effects make the simpie
theory valid over a wider range than a simple look at the values

of fugacity coefficients would indicate.



Table I-13. Comparison of Hydrogen Solubility
Computed by the Simple Theory
and General Thermodynamic Theory

5 MPa (735 psia)

General Simple

Theory 3 Theory 3
300 1.029 .904 .718 71
350 1.027 «929 .66 .66
400 1.026 .911 .83 .83
450 1.037 .854 1.02 1.02
500 1.117 .800 .89 .82

10 MPa (1470 psia)

General Simple

Theory 3 Theory 3
T,K tHz ¢H20 XHZ x 10 tz x 10
300 1.959 . 824 1.40 1.43
350 1.053 .899 1.30 1.33
200 1.050 .882 1.68 1.71
450 1.052 .834 2.25 2.27

500 1.C87 « 767 2.74 2.67




Takble I-13 (Continued)

20 MPa (2940 psia)

General Simple

Theory 3 Theory 3
T,K PHy $Ho0 x“2 x 10 tz x 10
300 1.117 . 694 2.72 2.86
350 1.107 « 796 2.56 2.66
400 1.099 . 830 3.35 3.47
450 1.093 .803 4.62 4.77
500 1.105 « 741 6.30 6.37




I.6.5 Useful Results of Hydrogen Solubility in Water

In Figures 16 and 17 we present calculated values of
hydrogen solubility in water, based on the simple theory, as
functions of temperature and pressure. They were obtained by
first subtracting the vapor pressure of steam from the total
pressure, Eq. 17. The mole fraction of hydrogen in the liquid
shown in Figure 16 was obtained using Eq. 16 with the Henry
constant obtained from Fig. 14. Hydrogen concentration in
water is often reported in the form of cc hydrogen (at standard
temperature and pressure) per kilogram of water. We obtained
results in this form in Fig. 17 by use of Fig. 13,

Figures 4 and 5 show hydrogen solubility at constant pressure
versus temperature as a series of curved lines. The solubility at
constant pressure goes to zerc at high temperatures because the
vapor pressure of the steam approaches the total pressure, and the
is no hydrogen left in the gas phase. The low-temperature minimum

in the curves is due to the maximum in the Henry coefficient.

re



. MOLE FRACTION OF HYDROGEN IN LIQUID

X
H,

12

102

9
8+
7+
6
5

2

10

-

\ 1 mPa (145 PSIA)
| L \ L

SOLUBILITY OF HYDROGEN IN WATER

S\A)
2 mP2

TEMPERATURE, °C

FIG. 16.




DISSOLVED HYDROGEN, cc. H, /kg WATER x 10°3

—

I

SOLUBILITY OF HYDROGEN IN WATER

I

I I

| 2

S

b - - - -

100

150 200
TEMPERATURE “C

FIG. 17.

13



14

I.6.6 Solubility of Hydrogen in Borated Water

Boric acid is used as a chemical shim in PWRs. In an accident,
the concentration of boric acid might be increased to over 3000 ppm,
corresponding to a mole fraction of about .00l1. 1In this section we
will show that the presence of boric acid at 3000 ppm can be expected
to give a small reduction in the solubility of hydrogen.

We have failed to find any reference dealing with the solubility
of hydrogen in borated water. However, we can estimate the effect
of boric acid on the solubility by a study of the effects of other
dissolved electrolytes. There are data on the solubility of hydrogen
in uranyl sulphate and uranyl fluoride solutions, presumably for
application to homogeneous salt reactors.(61/62)  collections of data
on solubility can be found in References 63 and 64. Most useful is
the collection and organization of data on the effects of dissolved
electrolytes on hydrogen solubility by Matzuka, Tanaka, and Majima.(es)

For many electrolytes the reduction in the hydrogen solubility is
nearly linear with increasing electrolyte concentration at the low
concentrations of interest.(®3) 7The data on uranyl sulphate and uranyl
fluoride show a nonlinear decrease in solubility, the reduction being
most rapid for very low concentrations. We will examine the con-
centration required to cause a ten percent reduction in solubility.
The concentrations required to cause other r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>