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ABSTRACT,

'

A compendium of information concerning the possible behavior
.

of hydrogen during hypothetical. accidents in li.ght water reactors

has been compiled. The report 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 knowledge co.cerning the nature
of such a threat. This manual attempts to present, in a simple

and understandable way, information 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

i hydrogen behavior. Because of the limited time and ef fort 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.
i

|

The manual is divided into four major sections covering hydrogen
.

1
4

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 e

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. In 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 dif fusion of steam and

oxy 9en 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
8



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

L_.

7-
- )

and chromium oxides by steel-steam reaction can be a significant
Q

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 possible source of hydrogen could be the zinc-based

paints and galvanized coatings 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

- 9
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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 acaumulate at high points and interfere with or completely

block na: ural circulation. The pressure dependence of the solu-

bility of 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. Trans po rt 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-
I

ment is extremely important. Since reactor operators will be making i
,

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
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the possibility of a deflagration exists if the volumetric.,

concentration of hydrogen is above 4.% and an ignition source
,

exists. A detonation (supersonic be'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,

liquid water, etc., as well as the initial conditions of pressure
and temperature.

Estimates of the final pressures resulting from the 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) or
~

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
81



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-

combinars operate in non-flammable mixtures at very low rates.

They are primarily intended to handle the radiolytic generation

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 control 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.

.

e
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INTRODUCTION

* 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 night 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 dif ficult to gather the information and to reach a
;

i
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.

13



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 2 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. In 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-watec 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 throughout the

primary system and containment can affect the accident evolution,

transport is not specifically treated here. The solubility of

hydrogen in pure 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
1

i 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
i |

] in section III. Deflagration, detonation, ignition, flammability j

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 cons traints, the scope of 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.
.

18
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I. HYDROGEN GENERATION AND SOLUBILITY
.

!!ydrogen 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

coola nt . The handling of this hydrogen source varies, depending

upon the type of reactor. In a PWR, hydrogen is purposely dissolved

into the primary system in order to ef fectively 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 of f-gas
system where it is recombined.

If a loss-of-coolant accident (LOCA) occurs involving core

uncovery and heat-up, a large quantity of hydrogen can be generated

by the reaction of the hot zirconium cladding with the surrounding
steam. In addition, radiolytic decomposition of the reactor coolant

.

and steam will continue to produce hydrogen. This radiolytic de-

composition can take place as a result of radiation from fission

products released to the coolant and f rom fission products remaining
in the fuel. Another product of radiolysis is oxygen 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.

19
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If the accident progresses until clad temperatures reach

1400-1900*C, steam temperatures will be high enough to heat the
-

upper grid structure and other steel reactor vessel internals to

the point at which the steel-steam reaction may become a major ~

source 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
1

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.

e Zirconium - Steam Reaction

e Steel-Steam Reaction

e Radiolytic Decomposition of Water

e 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. In this compendium,

however, only solubility will be discussed.
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I.l. Zirconium-Steam Reaction

I.1.1 Physical / Chemical :lature of the Reaction-

The complete reaction of zirconium with steam can be
|,

characterized by the following:

Zr + 2 H O + ZrO2 + 2H2 + 140 kcal/mol (1) I2
!)

Thus for every mole of zirconium reacted, one mole of zirconium

1 dioxide and two moles of hydrogen are produceJ. 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. Initially, that layer will be very thin,

because the reaction rate is very slow at normal operating temp- |

1

eratures. The supply of steam would therefore be essentially I

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. !ieveral models representing steam

limiting conditions 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. E



The next step involves the dissociation of the H O molecule2

at the oxide / steam interface. This step is endothermic (i.e.,
-

; req uires 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
loyer is thought (5) to occur by an anion diffusion mechanism (bulk,
interstitial, and/or grain boundary). The chemical formation of

Ithe oxide, ZrO , is an exothermic reaction with a heat release of2 ,

roughly 255 kcal/mol.
In 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 recognizedt

'

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 purpose of this discussion it is assumed that the Zr-O
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. I has a characteristic crystallographic
description. If a sample af zirconium is raised to temperatures
above 870*C (the a + 6 transus temperature), several metal and
oxide phases are possible depending on the oxygen concentration.

-

As shown in Fig. 1, 6-phase zirconium exists at low oxygen concen-
|

trations, followed by a mixture of a and 6, then a-phase zirconium,
.

then a mixture of a-phase metal and the oxide (ZrO2), and finally

only the oxide exists at high oxygen concentrations. The crystalline

structure of the oxide changes from monoclinic to tetragonal to cubic
11
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as the temperature increases. Both the monoclinic and the tetra-

"
gonal oxide, when initially formed, are slightly substoichiometric;

where 6 isi.e, their chemical representation is more like Zr02-6 .

the extent of substoichiometry. It should be pointed out that

the actual thickness of the material associated with the a + B phase

and the a + ZrO2 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 f uel

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 pm for PWR f uel to about

10 pm for BWR fuel, although localized thicknesses of up to 100 pm

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 crose section of the cladding would show a slightly

thicker oxide film and oxygen concentration measurements would

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

a and 8 are due to the extreme thinness of the a + ZrO2 mixture and
the a + 8 mixture, respectively.

If the heat-up rate is very slow or the temperature is kept

constant, the diffusion of oxygen into the a and S 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 S zirconium into a by oxygen
diffusion. In other words,every portion of the cladding will have

oxygen concent; ations in excess of N15 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
1

complicated process. Simply stated it involves the dissolution '

l
of oxygen into the a zirconium and a chemical reaction of

zirconium with this oxygen. In actuality, the oxide thus formed
25
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is substoichiometric. The diffusing oxygen fills the oxygen

i 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 processes 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 S zirconium before either complete conversion of 6 into a

or a into oxide takes place. The melting temperatures of a and S

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 ef fect 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 N1000*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 O reaction.2

"These calculations were performed utilizing a modified version of
the code BOIL in support of the Rogovin Study Review Group formed
by Sandia Laboratories.
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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 S zirconium will be reached quickly.
It should be noted that the fuel clad temperatures are highly

uncertain af ter the melting of a and S 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/H O reaction does not consider several phenomena2

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 O reaction rate by eliminating all or part of the oxide2

layer through which the oxygen must dif fuse. Limiting of the amount

of steam available to react, as discussed previously, will slow down

or stop the Zr/H O reaction (but this will eventually lead to core2

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 not 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:

2W = K(T) t (2)
Zr

where:

2W = the mass (mg) of metal reacted per unit (cm ) ofZr
Zr surface

K(T) =theexperimentalgydeterminedparabolicrateconstant, (mg/cm )2/sec

T = the temperature, *K

t= the time, sec

This parabolic-growth law accurately describes the Zr/H O reaction
2

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:

2A = a constant, (mg/cm )2/sec

B = the activation energy, cal / mole -

R = the gas constant, cal / mole *K
.

Knowing 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
31
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produced at any time can be expressed as below:
.

MH
2W =2 VKt (4) -

H M2 Zr

where:

2W = the mass (mg) of hydrogen produced per unit (cm )
H

2 of Zr surface

M = the molecular weight of H2(2.002), mg/mg-moleg

MZr = 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:

E = VRE AH (5)
M 4184Zr

where:

2E = the heat released, J/cm

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

.
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1

)

l

I
,

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 i

phenomenon and it may play an important role in controlling the rate

of oxidation in areas of low steam flow.

.

e
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I.1.3 Sample Calculation of H Generation
2

At this point it is useful to carry out a sample calculation
~

that will illustrate several features of the Zr/H O reaction. We -<

2

begin the calculation by selecting a value for the parabolic rate

constant ( Eq . 3 ) . Numerous values exist in the literature (7-16)
I14)but a good " average" of these is the Cathcart-Pawel rate:

K(T) = A exp(-B/RT]

where:

A = 2.94 x 106(mg/cm )2/sec2

B = 39,940 cal / mole

R = 1.987 cal / mole *K

Using this rate in Eq. 4, we can calculate the mass of H2 generated

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

0439 /t K(T)W =
H

2

The total area of cladding in a TMI-size reactor is roughly

3 2 (40,000 rods, each 3.66 m in length, with a rod outer4.9 x 10 m

radius of 5.36 x 10-3 m). This area was used with the above ex-

to ccmpute the parabolic rate of hydrogen evolutionpression for Wg

(Wg AT) and the time required to produce 100 kg of H2 (roughly 10%
2 ;

of the maximum available from the Zr/H O reaction) as a function2
.

of clad temperature. Rescits are shown in Table I-l (recall that

the parabolic growth rate model has been proven accurate only for
'

;

the 1300-1800*K temperature range (5)). The exponential nature of

of the hydrogen 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-
4

erature history shown previously (Fig. 4). To simplify our

calculations, we will approximate the temperature history of core

region #6 by 4 discrete temperature-time blocks as shown in Fig. 6.

The result of this exercise is summarized below:

800'K for 20.5 minutes + 0.42 kg H2 ev lvede

e 1200*K for 8.5 minutes + 18.7 kg H2 ev lved

1600*K for 5.5 minutes + 124 kg H2 evolvede

* 2000'K for 2.5 minutes + 295 kg H2 ev lved

e total H2 evolved in 37 minutes + 438 kg
The heat released by the Zr/H O reaction during these 37 minutes2

can be computed f rom Eq. 5. For a heat of reaction of 140 kcal/
7mole-Zr the total heat release for this example is 6.4 x 10 J.

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

increase the temperature of the entire core by %1000'K.

.

e
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i .

TABLE I-l
i

! H Generation from the Zr/H O Reaction2 2

Time to Produce
T(*K) W /Vt (kg/s /2) 100 kg of H21'

H2 t(s)

7
800 .012 6.5x10 (2 yrs)

1000 .15 4.4x10 5 (5 days)

1200 .83 1.5x104 (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
,

,

!

)

1

.

4

I

I

.
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I.l.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. In 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 41900*C.

These idealized calculations depend on many factors such
!

as plant power level, operating history (both of which

determine the decay heat generation), and the type of

40 |
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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

Q hydrogen generation can be obtained.

1

1

.

4
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I.2 STEEL-STEAM REACTION

I.2.1 Background
-

T>e 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

i expected to approximate the temperatures of the cladding and
could be in excess of 1900'C. When this steam comes in conthet
with the steel in the upper grid structure and elsewhere in the

upper vessel, the temperature of the vessel wall will increase.

Ilydrogen 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.'

41
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I.2.2 Discussion and Sample Calculation of H Generation2.

The oxidation of stainless steel proceeds according to the
following types of reactions:-

aFe + bCr + cNi + dH 0 ---Fe Crb Ni Oc d + dH2 + heat2 a

As represented by the above reactions, several forms of oxidation
car. take place. A major fraction is represented by Fe3 4 and other0

spinel-type or inverse spinel compounds.Il7) 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*C.(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 (19) indicated that
two stages of oxidation exist. The oxidation is characterized
initially (5-30 minutes) by linear kinetics:

1
)

AWsteel = [1.1 x 105 exp(-44350/RT)]t (6)
'

where:

AWsteel = the mass (mg) gained per unit (cm ) og2.

steel surface
i

!R = the gas constant, cal / mole *K '

T = the temperature, *K
i

t = time, sec

43L
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i

The second stage of steel oxidation is characterized by parabolic

kinetics:
.

12 exp(-84300/RT)]l/2 1/2 (7) .AWsteel = [2.4 x 10 t

<.
To obtain the quantity of hydrogen generated by steel oxidation,

the following expression should be used:

MH
W "2 2 gg (gy

11 M steel2 O
2

,

waere:

W = the mass 2(mg) of hydrogen produced perH
2 unit (cm ) of steel surface

M = the molecular weight of hydrogenH
2 (2.002), gm/gm-mole

M = the molecular weight of oxygenO
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,

sl400*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

21000 MW PWR. The result of this computation is s600 m of stainless

44
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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
2600 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 astimate of H2 pr d-
uction for a realistic LOCA. Note that for temperatures above

1600*K the amount of H2 produced from stainless steel oxi6ation 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 exposcJ 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
,

a bLinear Stage Parabolic Stage
Temperature

T(*K) Linear Rate Time to ParabciII[ Rate Time to

W /t1/2 (kg/s /2) Produce 100 kg H21W /t (kg/s) Produce 100 kg H2
H2H2

t(s) t (s)

1000 1.5 x 10~5 6.5 x 10 (75 da) 6.6 x 10-4 2.3 x 10 (730 yrs)6 10

1200 6.5 x 10-4 1.6 x 10 (1.8 da) 2.3 x 10-2 1.9 x 10 (220 da)5 7

1400 9.3 x 10-3 1.1 x 10 (3 hrs) 2.9 x 10-1 1.2 x 10 (33 hrs)4 5

1600 6.9 x 10-2 1.5 x 10 (24 min) 1.9 2.8 x 10 (46 min)3 3

1800 3.3 x 10-1 3.1 x 10 (5 min) 8.5 1.4 x 10 (2.3 min)2 2

2a) Based on Eqs. 6 and 8 with 600 m of steel surface
b) Based on Eqs. 7 and 8 with 600 m of steel surface

D
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I.2.3 Conclusions and Recommendations
_

The steel-steam reaction is an identified source of hydrogen.

'

Ilowever, for this process to become of real significance, the

temperature of the steel has to approach 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

gene' rated by the zirconium-steam reaction. It is concluded that

the steel-steam reaction can play an iraportant 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

in 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 operation 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 and 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 (Looper, 1975, 76; Brown's Ferry 3, 1977; Millstone 1,

1977).
I

During an accident involving fuel-cladding rupture, fission I

products may be released from the fuel into the coolant system and
i

the containment (if coolant was released). In a BWR containment j

the fission products could also be transported to the steam sui-
I

pression chamber, commonly referred to as the wet-well. These
)

.

fission products emit 6 and y radiation that will decompose the
1

water with which they are mixed. The fission products remaining !

1
.

in the fuel also emit 8 and y radiation; however, S radiation is

significantly attenuated by the fuel and its cladding. The amount

of fission products released from the fuel and their distribution
1

throughout the plant are very strongly dependent on the type of
49
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cccident. Predictions of the released fraction of fission
products associated with each such accident scenario are highly ,

i 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 ef fective 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, e tc .

The objective of the following discussion is to examine the

radiolysis process and ascertain its importance to nuclear-reactor

safety.

.

e
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l.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. A11en(20)

presents a summary of the fundamental theory of these processes.

Basically, radiolytic decomposition involves the production of

solvated electrons (e~ ), radicals, and molecules as illustrated
aq

by Eq. 9.(21)

H 0 -4 e} , OH , H , HO , H H0' (9)2 2 2, 22

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 I-3(22) lists
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 H H022,02 and the reformatio2,

of H 0.2,

The yield of a product species due to the radiolysis of water is
I

*

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. Reaction

*8 e + O + 0- *

2

'

*9 e +H02 2 -+ OH + OH-

*11 11 + O2 -+ H O2

*12 112 + OH -+ II + H O2

*14 H02 2 + OII--* HO2+HO2
15 11 02 + II O2 2 -+ 0H + H O + O22

*16 2HO -* H 022+O22

16b 0 +O~ II 022+O2 + 2011~=
2 2

*18 OH + HO --* H O + O2 2 2

18b OH + HO2 -* H 023

20 OH + OH --+ H 022

21 H+H02 2 -+ H O + OH2

22 e +H*Haq

23a e + HO2 --* H 022aq

23 H+HO2-+H022

~

26 e +e ~

=U2 + 2OH~
'

aq aq

27 e - + OH -+ OH-aq

28 H +11-*I! 2

29 H + Oil--+ H O2
.

30 e ~ + II 2 II2 + OH- ,
aq

* '- Defines the principal reaction route

51

-



.. . _ _ _ __ .-

expressed as a subscript to G while the net or actual yield is

written as a parenthetical notation. Thus, G is the hydrogenH,

2

formed directly from the water by radiation, while G(H2) 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 thex

various radiolytic species and the solutes. Typical values (23) og

G in pure water are 0.44 for 8 + y radiation, 1.12 for reactorg

fast neutrons, and 1.70 for the recoil nuclei from the reaction

10B(n,a)- 7Li. Since molecular oxygen is not produced directly by

radiolysis, G = 0.O

A closed water / gas system will eventually attain equilibrium

with respect to radiolytic decomposition of the water. The con-

centration, of gaseous products at equilibrium 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(H2) = G(02) =0 (although the concentrations of H2 and

02 will n t 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 ef fectively limit the equilibrium con-

dition to one in which negligible 0 is generated. This technique2

is employed routinely in PWR nuclear plants.
,

An open water / gas system will not attain an equilibrium 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, H2 and 02 will be produced in stoichiometric

portions and G(02) = 1/2 3(H2) = 1/2 G For pure water exposed.H
2
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1

to B + y radiation, this would result in the production of s 22 *

molecules of 02 and 44 molecules of H2 for each 104 eV of radia-
,

tion energy. Experimental confirmation of such production rates
has been attained using the action of CO bubbling in pure water2

to continuously remove the gaseous products of radiolytic deco.u-
position.(23)

:

!

!

|

4

l

.

4
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)
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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 H2 and O2 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 of reasons. The specific accident scenario can have a

major ef fect of the relative importance of radiolytic production of

H2 and 0 . In order to realistically estimate the effects of radio-2

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

sinultaneous 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).

i
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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 ef fect 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 ef fect of vigorous boiling or

bubbling of the water can be quite significant. The products of

radiolysis are constantly removed from the liquid and therefore

in s lution is not possible. Radio-recombination of the H2 and 02
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

quantities of impurities (22) are necessary to upset this balance.
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Researchers in the past have been mostly concerned with 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 acid 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(H2) 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.(31-36)
2It was found that a number of solutes such as NO ", NO , H 02 2, Cu +,2 3

4and Ce + reduce the production of hydrogen. The compound NaVO3

(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 - r H willa
q '

reduce G(H2) while those that react with OH will reduce G(H 0 )22

(which in turn reduces G(0 ))*2

Major uncertainties in an accident include the type and

,

quantity of various impurities that will dissolve in the coolant I

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 H2-02 recombination reactions by
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electron-transfer processes with the H and OH radicals. Never-;

i

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

i rates has not been predicted.
-
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1.3.4 Sample Calculations of H 0 Production from Radiolytic -27Decomposition of Water

There are many uncertainties associated with radiolytic de-.

composition of water in a LOCA. It is most useful to carry out
.

sample calculations 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(H2), 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(H2) 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(H2 ) * f eq ual to 1. 0

and then all results can be scaled with the " correct" value of G(H2)*f*
Results 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 H2 and O2 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 H2 and O2 can exist inside
the primary since this system is essentially a BWR. Whether or not

the mixture is combustible is not clear due to uncertainties of
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the quantities of H2 and 02 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 H /02 production may be critical to2

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 questions to be

addressed here are the final equilibrium condition and the rate of

H2-02 production as the system approaches equilibrium. The

ef fects of temperature, pH, water bubbling, solutes, and initial

gas-phase concentrations will control the final equilibrium and the

system's approach to that equilibrium. In the scenario of primary

pressure relief followed by closure of the primary system, it is

possible for significant quantities of H2 a nd O2 to recombine and

consequently inert the gas phase, but the rate of approach to

equilibrium cannot be predicted adequately at presen,t.
The equilibrium condition within containment has been estimated

by various authors as 4-16 volume % H2 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% H2 concentra- ,

tion in a typical PWR (%3300 MW(t), containment gas volume of %2.6 x

10 ft36 and a typical BWR (2500-3500 MW(t), contaimment gas volume of

5 3%3 x 10 ft. The results of these analyses are summarized in Table

I-5.
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;

J

Tablo I-4. Conservative Calculation of Radiolysis Yield and Rate
.

for a 3300 MW(t) Reactor with G(H2)*f = 1.0 !
.

'
.

Time after Integrated Radiolysis Yield and Rate with G(H )*f = 1.02Shutdown Decay Energy * for a 3300 MW Reactor,

(sec) MJ/MW Total Yield Total Yield Average Rate
(moles H2) (kg H2) (moles H /sec)2

[ 102 (2 min) 6 2.0 x 103 4 20
1

103 (17 min) 25 8.6 x 103 17 7. 3
i

104 (3 hr) 160 5.5 x 104i 110 5.2

105 (1 day) 800 2.7 x 105 548 2.4

106
'

(12 days) 3500 1.2 x 106 2400 1.0

i

!

!
|

*

Data from Ref. 22

.

.

4
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.

Table I-5. Time Required to Attain a 4% H concentration in -

2Containment Due to Radiolytic mcomposition of Water

Time Required for a *
ft3 $ 3Reference 3000 MW(t) and 3x105 3300 MW(t) and 2.6x10 ft;

,

422 5.5 x 10 sec 1.4 x 106 sec
; (15 hr.) (16 days)

,

i

24 14 hours 12 days

25 21 hours (worst case) --
.

85 hours (realistic case)
,

26 150 hours (worst case)
__

300 hours (realistic case)

.

A
e

i

11
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I.4 CORROSION OF PAINTS AND GALVANIZING

I.4.1 Background.

I

; -
The inside surface of a containment building is coated with

paint that contains zinc, in order e inhibit corrosion. Ins

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 galvanized 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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I.4.2 Discussion and State-of-the-Art
.

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 zine present

in these substances appears to proceed according to the following

reaction:

(10)Zn + 2H 0 -+2n (OH) 2 + H22

|
*

Competing reactions may result in products other than hydrogen. For

example, a protective coating can be formed by the reaction

4Zn + 20 CO3(OH)6 (11)2 + 3H O + CO2-~"ZU42

Several f actors have been shown to af fect the yield and rate

of hydrogen generation from corrosion of zinc coatings. These

factors are:

temperature of the coatingo

e type (and possibly thickness) of topcoat paint

composition of the coatinge

surface area of coating immersed in spray solutione

composition and pH of the spray solutiona

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: .

I wt % Na2 2 3 - 0.15 N NaOH - 3000-ppm B; (b) 0.15 N NaOH -(a) 80

3000-ppm B; and (c) 3000-ppm B. The first two solutions have pH%

9.3 while the latter has pH %4.7. Apparently, BWR sprays such as
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H B0 have not'been tested. In addition, no corrosion tests have3 3

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't). Zittel summarized his
findings as follows:

for a containment with 105 2e ft of surface coated

with one of the paints tested, H2 ev lution could
amount to an atmospheric concentration of >0.5% H

2'

topcoat paints can reduce or enhance the hydrogene

generation

|

spray-solution pH has little ef fecte

visual condition of the coated surface after testinge

does not correlate to hydrogen generation. I

for all samples tested at 130*C, the quantitye

of H v lv d was a considerable fraction of2
-

the theoretical maximum (calculated on the
basis that all zine present was converted to,

1hydrog en )

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

estimate the rate of hydrogen production from zine 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

.

V ^ ( }H
2

rate of hydrogen production, SCP/f t2.hrwhere V =g
2

A = a constant factor, SCP/f t2.hr

B = an activation energy, cal / mole
|

the gas constant, 1.987 cal / mole *K'

R =

T = surface temperature, *K
|.

'
,

'

Zittel did not measure directly the rate of H2 production, but

rather the not 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(40-41), 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 SCP/f t2.hr5

] B= 14,500 cal / mole

i

!

Zittel's average rate for a 100-hour corrosion test on galvanized -

i 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 |
|
i
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. ,

i

i

i

'

reaction will not reach completion (i.e., the maximum quantity of H2

} evolved may be less than the theoretical yield based on the quantity

J
of zinc present). .

-
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I.4.3 Sample Calculation of Hydrogen Generation from
Corrosion of Paints and Galvanizing;

1 ,

|

The calculation of the rate and yield of 112 generated by
corrosion will proceed as with the metal / steam reactions. The

.
I

I

total area of surfaces in a PWR cont.: 7.nment pa inted with zinc-based
primers is of the order of 1.5 x 105 ft2,(34,43) If we use this

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

following form of Eq. 12,

1.8'x 108 [exp (- 7323)}t (13)W =
11 ,,

2 *

where

W,, the quantity of li2 released by the paint, kg=

the elapsed time, hourst =

The maximun quantity of 112 that can be generated by the corrosion [

of paints and galvanizing is equal to the theoretical yield based
upon the quantity of zinc. For our parposes, we will use the largest
value from-Zittel(33) fo r a 3. 5-mil primer coat (3.5 cm /cm (STP)).3 2

2Converting this value to kg/ft we obtain a theoretical yield of

7.1 x 10-4 kg/ft or 106 kg of 112
2 f r the entire painted surface ofi

2150,000 ft,

Lopata(43) has estimaced the surface -area of galvanized steel
.

in a containment to be of the order of 30,000 f t2 If we use this.

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

i

o b ta i n ~,

.

7-W = 3.6 x110 [exp (- 7323)]t (14)!! 2 '

-
68
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!

!

0

;

I

g the quantity of H2 released by thewhere W =

2 galvanizing, kg
;
; .

: The theoretical hydrogen yield of the galvanizing can be calculated
.

based upon the amount of zine present (2 oz/ft2). Converting units
'

-

2
| we obtain a theoretical yield of 1.7 x 10-3 kg/ ft or 52 kg of H2

for the entire galvanized surface of 30,000 ft2,
For the sake of completeness we will discuss Lopata's(43)

estimate of rate and yield of H2 due to aluminum corrosion. Lopata

2estimates the surf ace area of aluminum to be 475 f t and the total

amount of aluminum to be 1250 lbs. The rate of aluminum corrosion

is cited as 200 mils /yr under normal conditions and as 10,000 mils /yr
;

| under LOCA conditions at 300*F. Using tne value under accident
,

] conditions results in a hydrogen generation rate of 0.4 kg/hr. The
s

| maximum quantity of hydrogen that can be produced from 1250 lbs. of

i aluminum is 63 kg. Consequently, all of the aluminum will be corroded
!

i within a time on the order of 7 days following an accident.
!

| In order to compare to other sources of H , we have calculated2

evolution rates and times to attain total yield for zinc corrosion.

Table k-6 presents the results for paints and galvanizing at several
1

different temperatures. Compared to the metal / steam reactions at

high temperature (Tables I-l and I-2) the rates and yicids of H2
production due to zine corrosion are small. The maximum quantity of

H2 available from corrosion of zinc and aluminum is 220 kg. This
,

6 3amount of hydrogen in a large dry PWR (2.5 x 10 ft containment air
.

volume) would result in a 3.5% H2 concentration. Apparently these

sources, by themselves, do not represent a 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
2 2150,000 ft 30,000 ft

Temperature H Production Rate Time to Attain H Production Rate Time to Attain2 2
D*K (kg/hr) Total Yielda(hrs) (kg/hr) Total Yield (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 H 2
b) Total yield from galvanized surfaces is 52 kg H 2

i
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T r5 GAS GENERATION DURING CORE MELT INTERLCTION
WITH CONCRETE

.

In the unlikely event that a reactor accident progresses to
*

the point of gross fuel melting, the reactor pressure vessel may be
pe netra ted . 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 reactor.

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

subject of ongoing research both in the United States and in the

Federal Republic of Germany. The many processes and phenomena

acsociated 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.
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I,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 nominal

composition of Type II Portland cement before it is used to make

concrete is:

Ca3SIOS (alite) 47 weight %

Ca2SiO 32 weight %
~

4

3 weight %Ca3^1 026 ,

F 12 weight %Ca4 e2^1 02 10

I CaSO '2H O (gypsum) 4 weight %
4 2

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

involve participation of both a solid and a liquid phase. Initially

the reactions are fairly rapid. 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. j
l
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. Table I-7. Some Ilydration Reactions in Portland Cement

2 (Ca3SiOS) + 6 H O --* Ca 3SiO3(OH)*3H O + 3Ca(OII)22 2

2 (Ca2SiO4) + 411 0 --> Ca3 SiO3(OH)*3H O + Ca(Oll)22 2

Ca4 e2^1 02 10F + 2Ca(OH) 2 + 10I1 0 --* Ca6 e2^1 02 122 F 10H O --*2

[A1 (Oil)6 2 + 3Ca3 e2 60 * 4II 0--> C l F3 2
e

Ca3^1 02 6 + 611 0 -+ Ca3 [Al(OH)6 l 22

2Ca3^1 02 6 + 6CaSO ' 2H O + 50I1 0 -+4 2 2

--+ C a l 2 ^14 (OH)24 (SO )6 50!! 0 -*

4 2

4CaSO ' 2H O + 30H O + 2 ( 3CaO* A1 0 * CaSO * 1211 0)4 2 2 2 3 4 2

3CaO*A1 0 *CaSO4'12H O Ca3[A1(OH)6 2 + CaSO423 2 3 *2H O + 4H O2 2

.

0
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The chemically constituted water, in the form of hydroxide groups,

cmounts 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 purposely 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 each 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 dict:ated by cost and supply.

Aggregates found at existing reactors may be categorized as: .

siliceous - basalt, granite, gneiss
-

'

Icalcareous - calcite (CACO 3), dolomite (MgCa[CO3 2)

heavy aggregates - magnetite, baryite.
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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 present 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 made with

these aggregates will contain 20-45 percent carbon dioxide by weight

Weight losses incurred when a sample of powdered limestone

concret9 was heated at a linear rate are plotted versus temperature

in Figure 8. Over the temperature interval of 30 to 1000*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:
r

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 concretes, 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 decomposition of carbonates. These carbonates are probably

formed by the reaction of cement constituents, such as calcium

hydroxide ( Ca [OII2]), with CO2 in the air during concrete manufacture
and curing. At high heating rates, loss of physically bound water

and coordinated water can produce distinguishable weight loss events.

Decomposition of the concrete to yield volatile products is a
,

kinetic process. The rates of each of the three p'rincipal weight-

loss events may be described by the rate equation:(45)

{{=Kexp(-E/RT) (1 - a )n (15)

where |

a = fraction of decomposing species lost |

l

t= time

R = gas constant

T = absolute temperature .

i Values of the constants K, E, and n found for the three major de- :

1

composition events in several concretes are shown in Table I-8. A

comparison of weight losses predicted by Eq. (15) and those determined
|
'

. experimentally is made in Fig. 8.

The microscopic description provided by Eq. (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.

IIeat 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

Less 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 also 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 concrete is sufficiently low that gaseous

products of reactic s 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.

|
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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 ii.teractions

(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;(46) COWAR-2, produced by General Electric

Corp.;(47) and USINT, produced at Sandia National LaboratoriesI40)

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 dif ficult and typically have been made under

conditions that are not representative of conditions during core

meltdown accidents.
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O

~

Table I-8. Kinetic Parameters for Concrete Decomposition *,p

Basaltic Limes to ne-Common Generic SoutheasternReaction 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 106 K = 1.29 x 106 K = 1.29 x 106
Loss of chemical E = 41.9 E = 40.8 E = 40.8water (n = 1) K = 2.8 x 1012 K = 1.96 x 1012 K = 1.96 x 1012
Decarboxylation E = 42.6 E = 38.5 E = 45.8

_ . - . (n = 1) K = 3.6 x 109 K= 1.98 x 107 K = 1.73 x 109
Decarboxylation E = 37.0 E = 44.9---

(n = 2/3) 7K = 3.6 x 10 K = 1.94 x 106---

.

*E in units of Kcal/ mole; K in units of minutes -l
/ Standard errors in E N 10%; standard errors in K % 30 to 50%

!

. ea e
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Prediction of gas generation during heating of concrete by

melts has also been attempted.(49-51) 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 molten 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 during the interaction

will eventually over-pressurize the reactor containment. The most

serious uncertainty concerning these estimates is the time required

for the generation of suf ficient 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 interactions 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:

83



_

~

a) gas release is due solely to melt attack on concrete,

~

b) the complexities of the melt attack are nealected and the

melt erodes a cylindrical cavity of uniform diameter, .

c) the basemat is 3 meters thick and the containment volume is

4 35 x 10 m,

d) condensation of steam released from the concrete is

neglected.

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

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

mean temperature of 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 calculated increases in pressure are lower bounds on the amount

of gas released. Significant radial erosion of the concrete or I
~

,

significant radiant or convective heating of concrete not in contact
.

with the melt would increase the amount of gas release by factors of

2 or 3. Conduction of heat into concrete surrounding the melt could

produce further increases in the gas release.
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,

i

The pressure that actually develops in containment will depend

on the composition of the gas (described in the following sections).-

I

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.

|

;

.

4

I

,

W

I
3
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I.S.2 Passage of Gases Through the Melt

Gases generated by the attack of the molten core material on .

concrete will enter the melt 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 monoxide. The feasibility of such

oxidation reactions is demonstrated by the data plotted in Fig. 11.

Equilibrium partial-pressure ratios (Pg /Pg O) and P /PCO }'CO
2

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 thei

amounts of CO and H build in the gas stream, oxidation of iron and2

nickel will be inhibited. Moderately-reducing gas mixtures will
reduce iron and nickel oxides to the respective metals.

.

e
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Table I-9. Reactions of Gases with Metallic Melt Constituents

.

Zr(c) + 2H O(g) ZrO2(c) + 2H2(9)2

Zr(c) + 2CO2(g) ZrO2(c) + 2CO(g)

2Cr(c) + 3H O(g) Cr2 3(c) + 3H2(9)02

2Cr(c) + 3CO2(g) Cr2 3(c) + 3CO(g)0

+ xH O(g) FeOx(c) +Fe(c) xH O(g)2 2
x = 1 - 1.5

Fe(c) + xCO2(g) FeOx(c) + xCO(g)

Ni(c) + H O(g) NiO(c) +H2(9)2

|

Ni(c) + CO2(g) NiO(c) + CO(g)

Mo(c) + H 0(g) moo 3(g) + 3H2(9)2

Mo(c) + 3CO2(g) M03(g) + 3CO(g)

Ru(c) + yH O(g) RuOy + yH2(9)2
y=1, 2, or 4

Ru(c) + yCO2(g)- RuOy + yCO(g)

Mn(c) + zH O(g) MnOz(c) + zH2(9)2
z = 1 or 2

Mn(c) + zCO2(g) MnOz(c) + zCO(g) ,

.

88



Within the thermodynamic formalism and the assumption that

.

alloy and solution ef fects on condensed-phase activities may be

neglected, it is apparent that virtually complete conversion of CO
2

~

and H O to CO and H2 will occur early in a core melt / concrete2

interaction. As the accident progresses, and if the H2 and CO are
not burned, the extent of CO2 and H O reduction will decline. More2

sophisticated analysis including solution and alloy effects will
result in similar conclusions, though the variation in CO and H

2

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 CO2 and H O to CO and H2 would still occur.2

Evidence from studies of aerosol release during melt / concrete
interactions (52) suggests that reactions such as:

UO.(c) + H O(g) UO3(g) + H2(9)j 2

1/2Cr 0 (c) + 3/2H O(g) - CrO3(g) + 3/2H2(9)23 2

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 + 3 fl 0 ---moo 3 + 3H2)
-

2

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 exotic
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species that can form in the gas phase at the high temperatures of

and C O have been neglected since they
,

core melt such as OH, H, 2

will disappear with only modest cooling of the gas. These reactions
.

of gases, l. aerated 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 metallurgical and chemical

applications.(53) Considerations have been given to rate control

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 unaf fected by neighboring bubbles.

Unfortunately, gases enter the melt during melt / 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 !
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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

I-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.

4

*
t

|.

|

|
i !
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Table I-10. Experimentally Measured Gas Composition
At Various Melt Depths

,

| Me1t Depth .

; SPECIES 1.9 cm 3.8 cm 3.8 cm 22 cm 22 cm

H (v/o) 52 34.6 33.3 34.0 26.62

H O ( v/o ) * ND 0.8 0.6 ND ND2
'

CO (v/o) 24 29.1 45.9 59.7 69.3

CO2 (v/o) 24 35.5 20.8 6.3 5.2

CO/CO 1.0 0.82 2.21 9.48 13.32

II /C (observed) 1.08 0.54 0.50 0.52 0.362

II /C (calculated 0.52 0.52 0.52 0.28 0.282
from concrete
composition)

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

i

!

I

i
l

.

.

I
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T 5.3 Evolution of Gases Above the Melt

.

dhen 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. Noughton(54) investigated ignition of

dif fusional mixtures of helium and hydrogen. The igni'.icn 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

medium. The ignition limits were insensitive to gas flow for flow

3rates between 200 and 470 cm / 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,

j content of gases in the reeactor containment due to the consumption
|
| of oxygen. Consumption of oxygen is no guarantee that pressure

! 93

:



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

,
-

10.0 i i i i

9. 0 - -

R. 0 - -

7. 0 - -

M
$ FLAMMABILITY _~ 6. 0 -

I - REGIME

E

$ 5.0 - -

2

s'.0 -

]4 REGION OF NO
-

SELF-PROPAGATING' w

3. 0 -
'

-

>

2. 0 -
' -

1. 0 - -

' ' ' '
0. 0

400 500 600 700 800 900 .

TEMPERATURE OF EXIT N0ZZLE ( C)
.

FIG.12. LOWER FLAMMABILITY LIMITS OF HYDROGEN DIFFUSION
FLAMES IN AIR

94



.

within containment will be less than in the unburned case, because

.
the burning of the gases is quite exothermic.

When ignition is suppressed, the gase.s will still react though
~

in a nuch less dramatic f ashion. 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 + CO2 #5 HO+CO2
, .

A critical observation in experimental studies of me'lt/ concrete

interaction is the tendency for this re-equilibration to proceed
so that the fugacity of oxygen in the gas is buffered by the iron-
Wustite (FeOx) 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,
i

. 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, 0, C 0, as well as ionized species develop in the gas phase.2
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 rapid.

As temperatures fall below 1000'K, additional reactions (coking
and hydrogenation) become thermodynamica11y feasible. Coking is the

precipitation of solid carbon from the gas. Hydrogenation is the

reaction of gas constituents to form methane and eve.. higher hydro-
carbons. The effects of these reactions on the gas composition, as

estimated from thermodynamic considerations, are also shown in Table
I-ll. 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 reactiono were considered in E
l

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-

eratutes 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
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Table I-ll. Variation in the Equilibrium Coraposition of Gases with Temperature

Moles Coke per
VOLUME % OF*

TEMPE RATURE Mole Carbon in the
Initial GasK H HO CO CO CH2 2 2 4

300 (93.3) (-) --- (-)- (-) 100 (6.7) 0.797 (-)
---

---

500 2.1 --- --- --- 97.9 0.799
700 6.3 2.1 --- -- 91.6 0.806
800 56.7 5. 2 0.5 0.25 37.3 0.887

900 43.8 (82.7) 5.8 (11.0) 41.0 (1.6) 1.3 (0.5) 8.1 (4.4) 0.689 (-)
1200 23.4 8. 3 58.7 11.2 --- ---

1500 22.2 (66.9) 8.2 (27.3) 60.1 (5.1) 9.6 10.8) --- (-) ---

1800 20.0 (65.4) 8.8 (28.8) 63.7 (5.2) 7. 4 (0.6) (-) (-)--- ---

2000 19.8 9.0 64.6 6.5 --- ---

0 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 "PeO." Species that could develop in the system aside from Feand FeO were C, CO, CO CH H H 0, and H. Atomic hydrogen did not become a significant2, 4, 2, 2constituent of the gas at any temperature.

Compositions listed without parentheses are for a gas with an H /C ratio of 0.406. Composition2data listed within parentheses are for a gas with an H /C ratio of 16.0. A dash entry means the2species constituted less than 0.1% of the gas.

$
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solely by thermodynamic considerations. These reactions are known

to be kinetically sluggish. flydrogenation 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 (C II2 4) and ethane

( C II2 6) 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 seem to yield carbon precipitates during interaction with

concrete.

1

,

k

|

1.
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I.5.4 Summary
.

The interaction of molten core materials with concrete in the
*

reactor cavity will yield large quantities of c as. The gases

liberated from the concrete are principally wat.er ar.d, 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 ignite 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 kinetic and thermodynami.

considerations are reached, the chemical evolution of the gases will
,

lead to the formation of hydrocarbons and possibly the precipitationi

of carbon from the gas.

.

e
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I.6 SOLUBILITY OF HYDROGEN IN WATER

I.6.1 Introduction .

The solubility of hydrogen in water is a simplified case of
"

the more general problem of vapor-liquid equilibrit?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) . Th.a

we will introduce the more general thermodynamic theory of phase

equilibrium that is needed to consider imperfect-gas ef fects.

Hydrogen is one of the least soluble gases. The concentration

of dissolved hydrogen molecules will always be low compared to the

concentration of liquid 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 ide al , is found in the later section on the l

thermodynamics of phase equilibrium. i

1

|

-

!

.
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I.6.2 Simple The ry of Hydrogen Solubility

We assume that the liquid solution is ideal and that the gas.

phase is ideal. The mole fraction of hydrogen in the liquid obeys
.

Henry's law,

P H(T,P)X (16)H2 H2

wi.cra P is the partial pressure of hydrogen in the gas, Xg
H2

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

contentration. 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

2, and the steam partial pressure,pressure, P P To firstH H02

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

(P-PH O)/H(T)X (17)=

H2
.

2

.

.

|
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I.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 (57) is very good.(58-60) 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 decreases 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(58) 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,

l

4 7H = 21.13 x 10 - 4.20 x 10 /T (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 = - 9.01 x 104 + 5.83 x 10 /T (19)7
.

.

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

.

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

*

the saturation pressure of water. At constant temperature but

I higher overall pressure, the Henry coefficient decreases. The
!

relation is fairly accurately given by the Krichevsky-Kararnovsky

equation,(55)

| lin
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,
H(T,P) H(T,Ps) exp(v[P-Ps]/RT) (20)=

where P is the vapor pressure of water, R is the universal gas. s

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(f / 2) = In(H[T,P]) = inh (T,Ps) + v(P - Ps)/RT (21)H2 H

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

3Temperature, C v an /gm-mole

25 19.5

50 20.0
h

100 21.1

.

|
|

|
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i I.6.4 General Thermodynamic Theory of Solubility

When either the gas or liquid phase is nonideal, the more-

general thermodynamic cheory of phase equilibrium must be considered.
:

,

;

1
Since all measurements indicate that the liquid phase solution of

i

hydrogen in water is ideal, we need only consider the ef fects of gas
4

nonideality. The details of the general theory are presented in the
'

i

j Appendix. Here we present a very short summary.

Most rodern presentations of phase-equilibrium theory make use!

i of the concept of fugacity. The fugacity has units of pressure.

For an 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

j liquid,

f
.

L=f Y (22)f i i
J

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

gas component can be written in the form

Y = Y P$ (23)f
i 1i

1
.! isis the mole fraction of component i in the gas, and $ iwhere Yi

; the fugacity coefficient. For an ideal gas, all the $ 1 = 1, and
,

the_ partial pressures Pi = Y P. The deviation from unity of $i'

i

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

.

The more general definition of an ideal solution is one in which the

mole f ractions in the liquid, Xi, are proportional to the gas-phase
Y P_fugacities, fi , rather than the partial pressures, i.

i
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We have made a series of calculations of the results of the
simple theory of solubility and the more general theery 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(58) commented that imperfect-gas ef fects

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 ef fects make the simple
!

theory valid over a wider range than a simple look at the values

of fugacity coefficients would indicate.

|

.

S

G

|

|

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

5 MPa (735 psia)
.

General Simple
Theory Theoryi

3 3
T,K $H2 $H O X x 19 X x 10

2 H2 H2

300 1.029 .904 .718 .714

350 1.027 .929 .66 .66

400 1.026 .911 .83 .83
P

450 1.037 .854 1.02 1.02
1

500 1.117 .800 .89 .82

10 MPa (1470 psia)

General Simple
Theory Theory

3$H O X x 10 X x 10T,K $H2 2 H2 H2

300 1.J59 .824 1.40 1.43 )

350 1.053 .899 1.30 1.33

400 1.050 .882 1.68 1.71

.

450 1.052 .834 2.25 2.27
.

500 1.087 .767 2.74 2.67
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| Table I-13 (Continued)
.

20 MPa (2940 psia)

*

General Simple
Theory Theory

2 * l0$H O X x 10 XT,K $H2 2 H2 H

300 1.117 .694 2.72 2.86

350 1.107 .796 2.56 2.66

4

i

400 1.099 .830 3.35 3.47

450 1.093 .803 4.62 4.77

'

500 1.105 .741 6.30 6.37

.

e

!

|
\
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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 zero at high temperatures because the

vapor pressure of the steam approaches the total pressure, and there

is no hydrogen left in the gas phase. The low-temperature minimum

in the curves is due to the maximum in the Henry coefficient,
t

o

.
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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 .001. In 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 ef fects of dissolved

electrolytes on hydrogen solubility by Matzuka, Tanaka, and Majima.(65)

For many electrolytes the reduction in the hydrogen solubility is

nearly linear with increasing electrolyte concentration at the low

concentrations of interest.(65) The 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 reductions in solubility

can be inferred if the effect is assumed linear. .

Matzuka, Tanaka, and Majima(65) have correlated the hydrogen
.

solubility with the ionic size of the electrolyte cation and anion

und with the concentration of ions. In Figures 18, 19, and 20 are

shown the effects of the diameter of the cation on the solubility of

'll4
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hydrogen in sulfate, chloride, and nitrate solutions. In Figure 21
~

is shown the effect of the diameter of the anion for different acids

and sodium electrolytes. In all cases the concentration was 1 mol.

per liter, a mole fraction of .018, a temperature of 50*C, and a

pressure of about 10 atmospheres. If boric acid, H B0 , is similar
3 3

in effect to sulfuric acid, then a mole fraction of about .02 gives,

1

a ten percent reduction in solubility. For uranyl sulphate a mole

fraction of only .0007 gives a ten percent reduction in solubility.'

Ilowever , the ionic size of the UO2+ is large, and hence the small
2

amount of electrolyte required to reduce the solubility is not out

of line with the results of Figure 20.

Without experimental data on the solubility of hydrogen in

| borated water, the ef fect of the boric acid on the solubility of

hydrogen is somewhat uncertain. However, it appears that based on

the effects of other electrolytes, the reduction in solubility caused
r

by the boric acid will be negligible or at most small.

.

.

I
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I.6.7 Kinetics of Solubility

Equilibrium saturation is usually obtained in solubility .

m:asurements by shaking the closed container of gas and liquid, or -

by bubbling the gas through the liquid. There appears to be an

absence of literature on the rates of solubility applicable to
reactor accident conditions. In the event of a hydrogen bubble in
the reactor pressure vessel, as at TMI-2, we cannot estimate at what

rate the coolant water in the reactor will become saturated with
hydrogen. It is widely believed that because of the turbulent mixing
between the cooling water and the hydrogen bubble,( 66) equilibrium
saturation will be attained. We have found no analysis or experiment

i to confirm this belief. In a scale model testing of the transport1

I

of hydrogen in a reactor coolant system, equilibrium saturation was
not obtained.(67)

I
t

|
'.

.
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APPENDIX

General Thermodynamic Theory of Solubility
.

Consider a vapor-liquid mixture of n components. For thermal,.

mechanical, and component dif fusive equilibrium between the two

phases, we require

Tb=TV (9)
|

Pb=PY (10)
.

b=U V i = 1,...,n (11)U i i ,

where the superscripts L and V indicate liquid and vapor (gas)
respectively, T is the temperature, P is the pressure, and u

t

i the chemical potential of component i. The chemical potential

is defined in terms of the partical derivative of the Gibbs function,

1

( G = II - TS ) with respect to the number of moles of component

1 (ni), that is

00 T,P,n ,j / iu = (12).
i ani j

,

It has become common with most chemists and chemical engineers to

use the related idea of fugacity in place of chemical potential.

i- i i O) (13)D U = RT In(f /fi .
.

The superscript o indicates the value at the standard state and
,

the same temperature. It is easily shown(55) that Egn. (9) becomes

f b=f Y (14)i i
.
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The fugacity has units of pressure. In a mixture of perfect gases,

Vthe fugacity f i is equal to the partial pressure of component i -

in the gas. We can think of fugacity as an "ef fective partial
.

pressure" or " escaping tendency" of a component in a phase. Hence

equality of fugacity in both phases means no net tendency of a

component to move from one phase to the other.

In the liquid phase we write

L=XAfi (14)fi i i

Lwhere A is the activity coefficient and fi is the fugacity of
t

| i in a standard state. For a solvent such as water, the standard

state is taken to be pure water at the mixture temperature and

pressure. For a solute such as hydrogen that cannot exist as a

pure liquid at the liquid temperature, the standard state is that of

infinite dilution,

L- g
-

H
f L = limit 2 (15).

H X2 X ---O g
2 - 2-H

In ideal solution, in the general theory, is one in which all the [
activity coef ficients are independent of composition of the liquid.

For hydrogen this gives Henry's law,
.

f L = H(T,P)X (16)H g ,

2 2 -

,

l

as a generalization of Eq. (1) which applies only when the gas is

ideal.
,

120 1

1

__.



|

In the gas phase we write
.

f " Y ei i (17)i
Pi

.

where Y i is the mole fraction of component i in the gas, & is the
i

fugacity coefficient of 1, and Pi is the partial pressure of i. For

an ideal mixture all the fugacity coefficients are unity. Our

computation of the effects of imperfect gas mixtures on the

solubility mostly means computation of the fugacity coefficient

of hydrogen and steam as a function of temperature and pressure.

Given the temperature and gas composition, we can determine the

pressure and liquid composition from the solution of Eqs. 10, 12, 13,
and an equation of state for the gas.

Computation of the Fugacity Coefficients

There is no completely satisfactory way to compute the
fugacity coefficients. The use of the truncated virial equation

of state is recommended for cases in which the gas is not too far
from perfect,(55,56)

P V/ RT = Z = 1 ' B/V (18)

N N

where B =}[ }) Y YjB j and V is the molar volume.ig i i
L 3

*

The coef ficients for the pure components, the Bii, can be
determined fairly accurately by the methods of Reference 56. The,

cross coefficients, the Bij if i / j, are less accurately computed
by other methods of Reference 56. The fugacity coef ficients and

compressibility are expressed in terms of the virial coefficients

as follows,
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N

]YB - AnZ (19)An$ =
.

]=1

.

N N
Z=1+ ) YYB (20)

Method of Computation Using the General Thermodynamic Theory

The computations for Table I-13 were carried out for a given
set of temperature values. At a given temperature, the coefficients

in the virial equation were computed. The mole fraction of

i hydrogen and steam in the gas were selected to be equal to that
in the simple theory calculations. The computation then involves

finding the presure .nd liquid mole fractions of water and hydrogen
corresponding to the given temperature and gas mole fractions.

The following two equations were solved iteratively for P
and X 2'

4 Y P = X H(T) exp(V (P-Ps)/RT] (21)22 2 2

$YP= (1-X2)P @l exp[Vi(P-Ps )/RT] (22)11 s

where the subscript 2 indicates hydrogen and the subscript 1

indicates water (steam). To obtain a solution at a given pressure,

the gas phase mole fraction was varied until the solution of the .

above two equations for P was close to the desired value.
.
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II. HYDROGEN AND OXYGEN DETECTION SYSTEMS
.

In order to' intelligently control both normal and post-accident
-

operations of nuclear power plants, it is imperative that instru-

mentation be available to monitor the gas composition in the reactor

vessel and the containment building. The purposes of this chapter

ere:

to survey the state-of-the-art in gas detection,e

to describe the design characteristics of H2 and O2e

detection systems, and

e to determine areas for possible additional development.

The gas detection requirements for the reactor vessel and for

the containment building in general are sufficiently different to

require ceparate discussion.

111
'

.
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II.1 Survey of Existing Hydrogen Detectors

Several excellent surveys of hydrogen detection hardware are
.

already in existence.(1,2) Reference 2 is a monograph which

discusses the general principles of gas analysis, while Reference 1 *

is devoted to a survey of existing (in 1970) methods for analysis
of hydrogen in air.

The existing techniques which are most applicable to the problem

at hand depend primarily on the physical or chemical properties of
hydrogen. These propertier, include thermal conductivity, density,
reactivity with metals, and electrochemical behavior. Each of these

is discussed briefly here. A more complete discussion is given in
,

Reference 1 and the literature cited therein.
Thermal conductivity detectors are based on the dif ferent rates

of cooling of heated wires exposed to air with and without an

admixture of hydrogen. These wires may form two legs of a Wheat-

stone bridge so that very small differences in temperature (and thus
resistance) can be detected. Estimates of the sensitivity of these

techniques range from 5 x 10-4% to 0.1% H in the air.2

Gas density measurements are based on the use of a mechanical

principle in which air with and without hydrogen is used to drive the
vanes of an impulse wheel. The difference in torque generated with

and without admixed gas is a measure of the density. Under ideal

conditions, sensitivities +5 x 10-3 3 in air have been measured.2 .

Chemical reactivity tests are based on the fact that hydrogen
.

will react exothermally with palladium or such transition metals as

titanium to release heat. The heat released can be measured, for

example, by the change in resistance of a wire in a Wheatstone bridge
arrangement.

1 30
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As is well known, the electrical resistance of hydride-forming

*

metals changes as a function of hydrogen concentration and hence of

local hydrogen partial pressure. In 1963, the Bendix Corporation.

fabricated prototypes of a detector based on this principle under

NASA contract,(3) but the concept was never commercialized. More

recently, the same physical effect has been used to develop metal-

insulator-semiconductor (MIS) diodes with a palladium gate.(4) The

change in electrical conductivity of the palladium allows this device

to provide a signal which is a quantitative measure of H2 partial
pressure in air. Provided that a device can be made which is

sufficiently radiation hard, this concept may be very attractive.

Another technique which can generate an electronic signal is

based on the electrochemical oxidation of H2 molecules to two protons.

Briefly, the principle of operation is that H2 gas enters an electro-
lytic cell via a permeable membrane which is in close contact with

a platinum anode. The hydrogen is electrochemical 1y oxidized at the

anode, and the current thus generated is a measured of the external

|

H2 partial pressure. |

Table II-l gives a lis?. of techniques and detectability levels

for H in air under laboratory conditions, as taken from Reference 1.2

Table II-l |

- Several H Detection Techniques and Their Sensitivities2
~~~

,

Techniq ue Sensitivity (Mole % in air)

Thermal Conductivity 5 x 10-4
Gas Density 5 x 10-3
MIS Gate ?

Electrochemical 0.05

131



-

|
t

| II.2 Desired Characteristics and State of the Art of H2 and 02
| Detection Systems in the Reactor Vessel

| Even during normal operation of water-cooled reactors, -

radiolysis of water generates some quantities of hydrogen and
*

oxygen. It has long been a standard practice in PWR's to

deliberately dissolve hydrogen in the coolant (ats3 ppm) to

provide for rapid recombination of radiolytically-generated,

oxygen-bearing species. This procedure prevents the generation

of a flammable hydrogen-oxygen mixture during normal reactor
operation. Thus, current regulations require only analysis for

hydrogen in the reactor vessel. Current practice is to obtain

an indirect measurement of hydrogen in the reactor vessel by
sampling and analyzing the coolant. A standard measurement

technique is to extract a sample of the pressurized coolant, and
I

| then to measure the amount of hydr > gen that is released from
I

i the sample at ambient pressure using, e.g., gas chromatography

and thermal conductivity. More recently, another method has

been used in which the partial pressure of hydrogen in the gas|

~

volume of the hydrogen injection tank is monitored, and the
i

j Henry's law solubility for H in water is used to infer the2
1

| resulting concentration in the primary system. For example, planning
|
'

in the South Texas Project plant calls for a sufficient partial

pressure of hydrogen to be maintained in the volume control
.

tank in order to maintain the specified equilibrium concentration

of hydrogen in the reactor coolant. A self-containad pressure -

control valve maintains a minimum pressure in the vapor space

space of the volume control tank. This pressure control can

be adjusted to provide the correct equilibrium hydrogen
132
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leaks in the system and that one can be assured that the pressure ]
'

is due entirely to hydrogen..

Under normal operating conditions, the indirect hydrogen
.

measurement and control technique apparently works satisfactorily,

and this technique appears to be the only one in use for reactor-

vessel analysis. However, under accident conditions, the generation
i

rates of hydrogen and/cr oxygen may be so much greater than normal

that the amount of gas dissolved in water becomes limited by kinetics

rather than by the equilibrium constant, and analysis of the coolant

may no longer be adequately informative. Serious consideration

should be given either to the development of means to sample the

reactor-vessel gas composition directly or to an experimental program

which will verify the validity of the indirect techniques for both

hydrogen and oxygen analyses under severe accident conditions.

4

e

*

*

133

_ - - - _ . . .-



._ . ._ _

II.3
Desired Characteristics and State of the Art of H2 and 02Detection Systems in the Containment Building -

In the event of escape of hydrogen into the containment, the
.

formation of a uniform mixture of hydrogen and air will occur over
! a finite period of time. This period will depend on the rates of

natural convection, forced convection, and diffusion processes.
4

It is possible that the hydrogen could be stratified for a periodi

sufficiently long to permit high concentrations to exist locally.
Thus, a desirable trait of a hydrogen detection system would be

the ability to map the 112 concentration as a function of position
in the containment building. This feature would require either

a movable detector or strategic placement of an adequate number
of fixed monitors. Although the concept of a movable detector

is attractive, it may not be feasible because of the presence
of hardware (e.g., overhead ccanes, pumps, valves) in the contain-
ment building. Most of the discussion below is concerned with
concepts that use a fixed detector.

Capability for measuring the concentrations of combustible

gases in containment is a standard requirement . for nuclear power
I

plants. Since a high concentration (21 vol %) of oxygen is normal

for atmospheric containments, only a hydrogen monitoring require-
ment applies to these during normal operation. Inerted contain-

.

monts must, of course, also verify that the oxygen concentration .

i

is sufficiently low (<5 vol %). Prior to the 1979 TMI-2 accident, -

no standard monitoring arrangements were defined. Currently, the

proposed Revision 2 to NRC Regulatory Guide 1.97 requires continuous

monitoring and recording of the combustible gas concentrations

(identified above) during normal operation. Furthermore, the
| }4
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systems required to perform these functions must be of high re-

liability and must be capable of functioning even after exposure to-

severe environmental disturbances. The Revision also requires that,
.

following an accident, a manual sampling and analysis capabillcy

will exist for on-demand monitoring of H2 and 02 in both inerted
|

| and atmospheric containments.

Monitoring of containme :t gases requires ac ;ss to the con-
|

tainment atmosphere and selective measurement of each constituent

i of interest. Two obvious alternatives are either to place the
|
| measuring device in the containment, or to bring a sample of the

containment atmosphere to a measuring device outside containment.,

!

| Both methods have been used, and each method has advantages and
|

disadvantages.|

Locating the measuring device within containment requires a

device that will operate reliably, unattended, for long intervals,

and under adverse conditions; it also requires that the device's

output information be transmitted through the containment. Locating

the measuring device outside the containment gives greater flex 1-

bility in the design and operation of the analytical instrumention,

but limits access to the containment atmosphere in terms of response

.
tioe, and requires the gases to be transported over long distances )

I I
and through the containment walls. For either arrangement, it is

1

expensive to provide a large number of sampling points. )

,
If the measuring device is located outside containment, samples-

|

j of the containment atmosphere must be withdrawn at selected ports

by a piping and pumping system, and caused to flow past the sampling

or analysis points. Some systems allow the flowing gases to enter
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directly into analytical instruments. Others require that a " grab-
'

sample" method be used, in which a container is manually attached to

the pipe containing the flowing gases, filled, sealed, removed from .

the sample point, and then carried to the measuring device. The

grab-sample method is obviously much slower than the direct-feed

method. Plants which were designed to use the manual sampling

arrangement may require several hours to obtain a sampling of contain-

ment. Since the manual method does not meet the pending requirement

for continuous monitoring, it is to be expected that manual sampling

will soon be replaced by direct feed.

For the actual measurement of H2 and 02 concentrations in samples

taken from the containment atmosphere, the classical approach is first

to separate the gases in a gas chromatograph and then to measure the

concentration of each gas by the method of thermal conductivity. To

measure only hydrogen and oxygen concentrations in the presence of

nitrogen (as in air, or in nitrogen-inerted containments), Com-Sip,

Inc., of Linden, NJ and El Monte, CA markets a system which uses

thermal conductivity, but replaces the expensive gas chromatograph

with a catalytic reactor. This technique takes advantage of the

fact that the thermal conductivity of hydrogen is about seven times

that of oxygen and nitrogen (which have almost equal thermal con-

ductivities). In normal gas chromatography, only the carrier gas
.

passes by the reference heat source. In the Com-Sip technique , the

*

thermal conductivity of the containment gas is first measured. Then

the gas component to be measured (H2 or 02) is completely burned ]

rH2) to the gas ,by adding an excess of the complementary gas (O2
1

stream. The resulting gas mixture is then passed by the heat source.

n6 |
|

|
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The difference in thermal conductivity between the unburned and

burned gas provides the information necessary to infer the original
.

concentration.

An entirely different approach to measuring gas concentrations

is used in devices developed by the General Electric Company's

Space Division and now marketed by Exo-Sensors, Inc., of Laguna, CA.

These compact instruments, which can be placed inside containment,

employ selective gas-permeable membranes that feed electrochemical

sensors. The basis for operation oL these sensors is the electro-

chemical oxidation of H2 or reduction of 02, respectively. The

measurement of oxygen is performed by an electrochemical cell where

the rate of oxygen permeation of the catalytic sensing electrode is

controlled with a thin film of PEP Polyarsulfol. This membrane

passes oxygen to the cell at a rate directly proportional to the

oxygen partial pressure. The oxygen passing through the membrane

undergoes an electrochemical reaction which liberates four electrons

per oxygen molecule. Thus, the electrical current generated is

limited by the amount of oxygen passing through the membrane (or in

other words, limited by the oxygen partial pressure in the gas being
sampled). Each oxygen sensor has a finite life which is a function

of the number of atmosphere-hours of oxygen to which it is exposed.

The sensor as designed has suf ficient capacity in the counter-

electrode to withstand 1750 atmosphere hours of operation, or at
the normal 02 levels anticipated in the reactor drywell and sup-
pression chamber, 48 months of operation.

The hydrogen sensor is based on permeation of hydrogen through

a membrane and the reaction between hydrogen and gold hydroxide in
137
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a sulfuric acid electrolyte. The electrochemical reaction liberates

two electrons per hydrogen molecule oxidized. Therefore, the current -

generated is directly proportional to the local partial pressure of
.

hydrogen in the atmosphere. The hydrogen sensors are advertised to

; have a normal-use life of 18 months and a post-LOCA life of 100 days.

The life limitation is caused by sulfuric acid attack on rubber seals

in the device housing rather than material loss due to electro-
,

i chemical reactions. In the United States, electrochemical hydrogen

se:. sors have been installed in the General Electric designed reactors
i

at Browns Ferry.
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II.4 CONCLUSIONS
.

The discussion of hydrogen sources established that there

are large uncertainties as to the amount and ultimate location ;
-

of hydrogen and oxygen that will be generated during and following

an acctdent. It is necessary, therefore, to rapidly measure and

! continuously monitor the concentration of combustible gases in the
!

| containment so that effective decisions can be made to control the
i

gases.

! Traditional monitoring systems are very expensive, some are

| unreliable, and some do not give rapid and continuous measurement.
1

l The accident at TMI-2 clearly established the need for high

reliability and for rapid, continuous monitoring. The effect of

the TMI-2 experience has been stricter regulations and scrutiny.

The major requirements which will be placed on present and

future hydrogen detection systems will be concerned with sensitivity,

accuracy, reliability, and hardness. It would be of considerable

value to be able to detect hydrogen at levels substantially below

the lower flammability Itmit, which is %4 percent H2 in air. Early

detection might allow for strategic use of mitigation schemes at

stages early enough to prevent explosion or fire damage entirely.

It is also desirable to hava a high degree of confidence in the

accuracy and reliability of the detectors, primarily to avoid
,

possible false alarms.

|
Advanced diagnostics, capable of measuring the concentration of

|
2, 0 , and other " accident" species, do exist at present. In| H 2

particular, optics 1 techniques may pcavide the best diagnostics for

monitoring both the primary and containment systems. Optical radar
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techniques (LIDAR) can use a variety of back-scattered signals

(Rayleigh, Mie, or Raman scattering; absorption, fluorescence, or
,

Doppler measurements) to determine gas concentrations, temperature,
.

particulate size, and gas velocity.(5) Such a system could be

located at a single position in containment and scan most of the

volume.* It is possible that coolant water from the primary system

cou)d be examined on a real-time basis using Raman scattering

techniq ues (spontaneous, CARS, stimulated, or advanced nonlinear)

to determine the concentrations of various solutes.(6,7) Other

types of advanced diagnostics may also prove beneficial when adapted

for use in the nuclear-reactor environment.

Finally, before deployment of any hydrogen detection equip-

ment in operational reactors, due consideration must be paid to

its ability to withstand long-term exposure to radiation at levels

common to the reactor containment building. It would certainly

be inappropriate, for example, to deploy a system which depends

on radiation-sensitive electronic components, unless such components

can be either hardened or shielded from the environment.

i

!

.

.

i

*Dif ficulties might arise due to steam or particulates 11 the optical
path during an accident--these kinds of problems must be addressed
as with any diagnostic technique.
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III. ' HYDROGEN COMBUSTION

III.1 Introduction
,

The main concern over hydrogen combustion in nuclear reactor
.

containments is that the high pressure generated might cause a breach

of containment and a release of radioactivity. A secor.d concern is

that the resultant high temperature or blast might damage important
safety-related equipment. The temperature and pressure obtained

from the complete combustion of hydrogen in air, adiabatically and

at constant volume, is shown in Fig. 1 (see Introduction, p. 8).
The initial conditions for the calculation are a temperature of 298 K
(25 C), a pressure of 100 kPa (approximately 1 atmosphere), and 100%
relative humidity. Details of the calculation are given in Appendix
A. At approximately 9% hydrogen by volume, the final pressure is

400 kPa (60 psia), the 7.asign maximum pressure of many large dry PWR

containments ( neg lect i.c- :::ety factors) . Furthermore, hydrogen

combustion is only one of several mechanisms that can contribute to

generating high containment pressures. The release of steam and

hydrogen from the reactor coolant system to the containment can also

increase the containnent pressure substantially.

If the hydrogen has had time to completely mix with the contain-

ment atmosphere before combustion, the combustion will be a premixed |

flame or detonation. The speed of the combustion front may be as

low as 1 m/s for a laminar deflagration or as high as 2000 m/s for
, a detonation. Deflagrations are flames that travel at subsonic

speeds relative to the unburned gas, and propagate mainly by thermal

conduction from the hot burned gas into the unburned gas, raising
its temperature high enough for rapid exothermic chemical reaction
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to take place. Detonations are supersonic relative to the unburned
/

gas and involve unsteady shock wave phenomena in their structure.

Unburned gas is heated primarily by shock compression in contrast to-

heat conduction operating in deflagrations. A discussion of the

classical Chapman-Jouguet theory of deflagrations and detonations is

presented in Appendix B.

If the speed of the c' abustion front is low relative to the

sound speed, the pressure within containment will rise unifornly

throughout the volume of the enclosed gas (unless there are com-

bustion instability effects) in a time of several seconds. The

pressure will decay slowly due to heat transfer from the gas to the

walls and other surfaces in containment with a time constant of a

few minutes. If thu water sprays in containment are activated, the

decay of gas temperature and pressure will be more rapid. The loads

on the structure will be quasi-static. (1,2,3) The structure will

respond only to the magnitude of the pressure and transient effects

will not be important.

For a detonation, the initial loads on the structure will be

large and dynamic, and will be followed by quasi-static loads. The

pressure history seen at the wall will be that of an intense pressure

pulse followed by a series of reflected pressure pulses due to shock

, wave reverberations within containment. Af ter the reverberations

have decayed, the residual pressure will be equal to that produced
,

by a slow deflagration. Calculations of the pressures caused by a

detonation were obtained at various points in a simplified containment

geometry using the CSO wave-propagation program.(4) The detonation

was assumed to be initiated at the center of the bottom of containment
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The combustion wave was assumed to move at the Chapman-Jouguet

detonation speed, even though for the 7.5% hydrogen mixture s

considered, no detonation could occur. The pressure history at the
,

top of the containment is shown in Fig. 2. It agrees with the

description of the loading history as a strong initial pressure pulse

followed by other pressure pulses.

If the duration of a pressure pulse is short compared to the

period of the lowest relevant mode of vibration of a structure, the
i

load is called impulsive. The severity of the load is mainly governed

by the impulse per unit area (the time integral of the pressure pulse)

rather than the peak value of pressure. In the other limit, when the

variation in pressure is long compared to the period of the structure,

the load is called quasi-static. The severity of the load is mainly

governed by the p'eak pressure and the impulse is irrelevant. When

the pressure-pulse duration and structure period are of roughly the

same magnitude the severity of the load is governed by both the peak

pressure and i~ illse. A short discussion of the effects of dynamic

loads can be found in Appendix C. For a large dry PWR containment,

the period for the symmetrical expansion mode due to an internal

pressure load is of the order of C.05 seconds. For a detonation in

containment, loads will range from impulsive to quasistatic, and

each must be investigated for potential damage to the containment
~

structure. In addition, there is the possibility of damage to

piping, instrumentation, and control systems in containment from the |
-

aerodynamic forces caused by the detonation and shock waves.

In the last decade there has been great interest in mechanisms

for the acceleration of deflaorations to high speeds. Such " fast
<
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deflagrations" or " quasi-detonations" will generate shock waves,

and produce dynamic loads on the containment structure intermediate -

between those of detonations and slow deflagrations.(5) The
,

probability of " quasi-detonations" in containment is not known.

The uncertainties in this area are a major concern.

Hydrogen released into containment may burn before it has time

to mix uniformly. Hydrogen may be released into containment from

the reactor coolant system in the form of a steam-hydrogen jet. The

jet may burn, giving a large turbulent dif fusion flame. If the

hydrogen has time to partly mix before ignition, stratified combustion

will result.

-

i
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III.2 Hydrogen Deflagrations

Flammability Limits of flydrogen,

For a mixture of flammable gases such as hydrogen and air, the
.

flammability limits are defined as the limiting concentrations of
fuel, at a given temperature and pressure, in which a flame can be
propagated indefinitely. The flammability limit is assumed to be

independent of (1) the method of ignition, as long as it is suffi-

ciently strong to start a flame, and (2) the enclosure, as long as
it is suf ficiently large that heat transfer to the walls does not
quench the flame. Limits for upward propagation of flames are wider
than those for downward propagation. Limits for horizontal propaga- ;

tion are between those for upward and downward propagation.

There is some doubt concerning the applicability of flammability
limits, as defined above, to accident conditions. There may be scale

ef fects.due to the large size of reactor containments, and variations

in flammability due to the ignition source strength. Lovachev6
discussed possible scale effects. It is known that flames can propagate
for short distances using mixtures outside the flammability limits.

I

It has been suggested that, with intense or large ignition sources,
one might be able to propagate a flame for a long distance, if not

indefinitely, at fuel concentrations outside the accepted flammability
limits. Intense ignition sources are often generated in accidents

-

involving combustion. In order to obtain uniformity of data on

flammability limits, the work of the Bureau of Mines by Coward and.

Jones (7) and Zabetakis(8) has standardized flammability measurements

using a 5-cm diameter,150-cm long tube with an electric spark
ignition.
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Near the flammubility limits, the flame temperature is com-
,

paratively low and the laminar flame speed is low. The propagation
.

of these limiting mixture flames is dominated by natural convection

caused by the presence of hot, low-density, burned gases. Parvenof I9)

studied the flame speed of lean hydrogen-oxygen mixtures in a weight-
less condition by using freely-falling chambers. Thus eliminating

natural convection, he obtained spherical deflagrations. Although

his work was limited, it seemed to show that if a lower flammability
limit exists in zero gravity, it is below the values quoted for
ordinary laboratory experiments. Flammability limits are useful

guidelines, but do not appear to be fundamental quantities. Having

stated our reservations on the significance of flammability limits,
we will present the generally accepted results.

The lower flammability limit is the minimum concentration of

hydrogen required to propagate a flame, while the upper limit is
the maximum concentration. At the lower limit, the hydrogen is in

short supply and the oxygen is present in excess. The flame temp-

erature and flame speed for hydrogen-air and hydrogen-oxygen mixtures

are nearly the same for the hydrogen-lean case. It is not surprising

then that the lower limit of flammability of hydrogen-air and
hydrogen-oxygen mixtures is about the same.

At the upper limit of flammability for hydrogen, the oxygen is -

in short supply, about 5% oxygen by volume. The behavior of the
.

upper limit of flammability of hydrogen with various mixtures such

as air-steam is more easily understood if one considers it as the
lower flammability limit of oxygen.
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In large PWR containments we are usually interested in the lower

, , limit of flammability, there being large amounts of oxygen present.

In the much smaller BWR containments, particularly the inerted con-
''

tainments, we may be interested in the upper flammability limit.

For hydrogen-air mixtures, the flammability limits of Coward and

Jones (7) are still accepted.IIU'' '12) The best values for hydrogen

flammability in air saturated with water vapor at room temperature

and pressure are given in Table III-1.

i

1

:
I -

.
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TABLE III-l *

!

HYDROGENFLAMMABILITYLIMITSINSTEAM-SATURATEDAIR_[I7

Lower Limit, Vol. % Upper Limit, Vol. %
,

Upward Propagation 4.1 74

florizontal Propagation 6.0 74
4

Downward Propagation 9.0 74

,

i

i

.

-

!
!

A

i

,
'

i
I

)i

l
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In reactor accidents the conditions inside containment prior
.

to hydrogen combustion may be at elevated temperature and pressure
~

with the presence of steam. The flammability limits widen with

increasing temperature. At 100'C the lower limit for downward

propagation is approximately 8.8% (see Fig. 3). In the temperature

range of interest, the widening of the downward propagation limits
is small. No data for the widening of the upward or horizontal

propagation limits were found. The effect of increasing pressure

up to 10 atmospheres, is to narrow the flammability limits. Since

an increase in containment temperature leads to an increase in

pressure, the net ef fect of these two opposing small ef fects should
be small.

If the containment atmosphere is altered by the addition of

carbon dioxide, steam, nitrogen or other diluent, the lower

flammability limit will increase slowly with additional diluent,
while the upper flammability limit will drop more rapidly. With

continued increase in diluent concentration the two limits approach
one another until they meet and the atmosphere is inerted. A flame

cannot be propagated indefinitely for any fuel-air ratio in an

inerted atmosphere. Figure 4 shows the flammability limits with the
addition of excess nitrogen or carbon dioxide. Note that for 75%

. additional nitrogen, the atmosphere is inert.(7,12) This corresponds

to 5% oxygen at the limit of the flammable region, a value very close
.

to that of the upper limit for hydrogen-air combustion. Roughly

speaking, hydrogen-oxygen-nitrogen mixtures will be flammable if the

hydrogen concentration is above 4% and the oxygen concentration
0

is above 5%. For carbon dioxide, the atmosphere is inerted when
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In reactor accidents the conditions inside containment prior
.

to hydrogen combustion may be at elevated temperature and pressure
~

with the presence of steam. The flammability limits widen with

increasing temperature. At 100*C ehe lower limit for downward

propagation is approximately 8.8% (see Fig. 3). In the temperature

range of interest, the widening of the downward propagation limits
is small. No data for the widening of the upward or horizontal

propagation limits were found. The effect of increasing pressure

up to 10 atmospheres, is to narrow the flammability limits. Since

an increase in containment temperature leads to an increase in

pressure, the net ef fect of these two opposing small ef fects should
be small.

If the containment atmosphere is altered by the addition of
carbon dioxide, steam, nitrogen or other diluent, the lower

flammability limit will increase slowly with additional diluent,
while the upper flammability limit will drop more rapidly. With

continued increase in diluent concentration the two limits approach
one another until they meet and the atmosphere is inerted. A flame

cannot be propagated indefinitely for any fuel-air ratio in an

inerted atmosphere. Figure 4 shows the flammability limits with the
addition of excess nitrogen or carbon dioxide. Note that for 75%

. additional nitrogen, the atmosphere is inert.(7,12) This corresponds

to 5% oxygen at the limit of the flammable re'gion, a value very close
.

to that of the upper limit for hydrogen-air combustion. Roughly

speaking, hydrogen-oxygen-nitrogen mixtures will be flammable if the
i

hydrogen concentration is above 4% and the oxygen concentration

B is above 5%. For carbon dioxide, the atmosphere is inerted when
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.

the carbon dioxide concentration is 60% or above, corresponding

to 8% oxygen or less. The larger specific heat of the carbon ,

dioxide reduces the flame temperature and flame velocity, hence
.

carbon dioxide suppresses flammability more than nitrogen. It
,

requires about 60% steam to inert hydrogen-air mixtures. The

triangular diagram of Shapiro and Mof fette(10) indicates regions

of flammability and detonability of hydrogen-air-steam mixtures.

It has been widely reproduced (ll,2) and appears as Figure 5.

Empirical attempts have been made to correlate the flam-

mability limits to the flame temperature with fair success.(l'14}

The effects of adding nitrogen, carbon dioxide and steam are in

agreement with this approach. The "Halen" halocarbons are found

to inert hydrogen-air atmospheres with much smaller concentrations

than would be expected from thermal considerations. These sub-

stances interfere with the chemical reactions in the flame,

removing active radicals. We will discuss the use of Halon for

combustion suppression in a future report.

.

-
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Incomplete Burning of Lean Hydrogen-Air Mixtures
.

It has been found in several small- and medium-scale laboratory

experiments that when hydrogen-air mixtures with hydrogen concentra-
.

tions in the range 4-8% were ignited with a spark, much of the

hydrogen was not burned.(15,16,17) The resultant pressure rise

was far below that predicted for complete combustion as shown in

Fig. 1. Experimental results with a spark ignition source, shown in

Fig. 6, indicate that the completeness of combustion increases with

increasing hydrogen concentration, and is nearly complete at about

10% hydrogen. The range of incomplete combustion corresponds to the

range in which the mixture is above the upward propagation flammability

limit, but below the dow; ward propagation flammability limit. In

upward propagation of lean hydrogen-air flames, " separated globules"

of flame have been observed.(18) Even when ignition occurs at the

! bottom of a chamber, the upward propagating flame fails to burn some

of the hydrogen.

The phenomenon of incomplete burning of lean hydrogen-air

mixtures may be of great importance in reactor safety. If the

results of Fig. 6 are valid for combustion in the larger volumes of

reactor containments, then combustion of lean mixtures, below 8%

hydrogen, appears to be a method of partly eliminating hydrogen

without significant pressure rise. We will discuss deliberate -

ignition as a mitigation scheme in a later report.
,

|

The combustion that took place in the TMI-2 containment
1

appears to have been an incomplete burning of a lean hydrogen-air

mixture. Using Fig. 6, the 28 psi pressure rise observed at TMI-2
1

corresponds to combustion of a hydrogen-air mixture containing
I WL
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about 8.5% hydrogen. Note that the pressure rise increases very
.

rapidly between 8 and 9% hydrogen.
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Ignition of Hydrogen Deflagrations
.

" Ignition of hydrogen-air mixtures, particularly when the
- mixtures are well within the flammability limits, occurs with an

exceedingly small input of energy. A spark that has such a energy

as to be invisible in a dark room will ignite such as mixture.

Common sources of ignition are sparks from electrical equipment and

from the discharge of small static electric charges."(10,18) The

minimum energy required from a spark for ignition of a quiescent

hydrogen-air mixture is of the order of tenths of a millijoule. The

ignition energy required as a function of hydrogen concentration is
shown in Fig. 7.I19) For a flammable mixture, the required ignition

energy increases as the hydrogen concentration approaches the
flammability limits. As mentioned previously, large ignition sources

can cause mixtures outside the flammability limits to burn for some
distance.

In recent years there has been research on the initiation of

fast deflagrations and detonations using very strong ignition sources.
One possible strong ignition source is combustion in a semi-confined

space, such as the housing of an electric motor or a duct. A jet of

hot combustion gases from the semi-confined space can act as a strong
ignition source.

.
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Laminar Flame Speed and Structure

Several techniques are used to measure laminar flame speeds.*

.
Each technique has sources of inaccuracy.(1,20,21) The early work

of Jahn(22) and Scholte and Vaags(23) on hydrogen flame speed is now

considered to have given results 20% too low. The experimental

work of Edmondson and Heap,(24) Dixon-Lewis,(25-29) and others is in

good agreement with recent theoretical calculations of laminar flame

speed using laminar-flame-structure models.(30) The detailed chemical

reactions of importance in hydrogen-oxygen combustion are believed

known, and the rates of the reactions are fairly well known. The

chemistry of the hydrogen combustion is discussed in Appendix D. The

thickness of the laminar flame front for hydrogen-air at atmospheric

pressure is about 1 mm.

Warnitz(30) computed the laminar flame speed for hydrogen-air

mixtures and compared his results with those of several other workers.

The results are shown in Fig. 8. After corrections were made to

results of some early work believed to be in error, the revised data

are in good agreement. The ef fect on laminar flame speed of dif ferent

ratios of oxygen to nitrogen concentration is shown in Fig. 9. The

results of the work of Jahn(22,1) were multiplied by a factor of

1.2 to agree with Warnitz's results and those of other recent workers.

The maxiraum laminar flame speed of hydrogen-air mixtures is about
.

3 m/s near a concentration of about 42% hydrogen. The flame speed j

' becomes much smaller as the flammability limits are approached. The

ef fect of diluents such as nitrogen is to reduce flame speed by

reducing flame temperature. Steam also reduces flame speed, but by

less than the amount expected from equilibrium flame temperature

considerations.(31,32,33) g3 )
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The laminar flame speed will only be changed slightly by
.

moderate changes in ambient temperature and pressure. Il9) For a

50*C temperature rise above room temperature, the increase in '

laminar flame speed is less than 0.2 m/s. The variation of hydrogen-

cir flame speed with pressure is very small for pressure changes
in the range of interest for reactor containments.

The plane or spherically expanding laminar flame front has been
shown to be unstable. Freely propagating laminar flame fronts, if

they do not become turbulent, have complex cellular structure.(34-39)

Ilydrogen-lean flames tend to form nonsteady cellular structures, and
will probably.become turbulent. For hydrogen-rich flames, one expects

"widespaced wrinkled irregular stationary surfaces."(38) Istratov

and Librovish(39) carried out a theoretical analysis of the in-
stabilities of a spherically. expanding flame.

The importance of the instability of the flat laminar flame
;

front is that the mean speed of a laminar flame will be somewhat

higher than the laminar flame speed. The laminar flame speed is the

normal component of velocity of the unburned gas moving into the
;

flame front. If the normal to the flame front is at an angle e to
|

the direction of flame propagation, then the propagation speed of

the front is equal to the laminar flame speed divided by the cosine
of 0 In any case, if the front stays laminar, the Mach number of

.

the front will be extremely small. The pressure is then expected to
.

be uniform in containment, and to rise monotonically. The loads

imposed on the containment structure will be quasi-static. Iloweve r ,

the instability of the laminar flame front can lead to turbulence,
flame acceleration'and possibly transition to detonation, if the
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mixture is within the detonation limits. This was observed in a

spherically-expanding deflagration by Struck and Reichenbach. (40)"

.

e
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E
Turbulent Deflagrations

It is likely that a laminar deflagration in containment will
.

become turbulent. Shivashinsky(38) has discussed the "self-

turbulization" of laminar flames. Many turbulent flames have mean
.

flame speeds in the range 2 to 5 times the laminar flame speed.

Even at these speeds, the Mach number of the flame front will be

very low. The pressure in containment will be nearly spatially

uniform, and the pressure will rise monotonically.

Of great concern is the possibility of large flame accelera-

tions, generating a " quasi-detonation." If the turbulent flame

speed becomes greater than about one-tenth of the sound speed (Mach

number 0.1), shock waves will be formed ahead of the flame front.

Dynamic loads in addition to static loads will be created at the

containment structure.

One acceleration mechanism under active study is the action

of obstacles in the path of flames.I41) The flame front is

stretched and turbulence is promoted. Dramatic increases in flame

speed have been observed when a flame front passes through a field

of obstacles such as the lower sections of PWR containments that

contain many pipes, pressure vessels, e tc. However, much of the

upper portion of such containments is fairly open. There have been

no experiments to study flame speed behavior when the flame front

leaves an obstacle field and enters an open region. Several -

researchers suggest that the flame speed might decrease af ter leaving
,

the obstacle field. A second mechanism for the generation of a

quasi-detonation is the presence of a very intense ignition source.

As was suggested earlier, this could be a jet of hot combustion

INI
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products formed subsequent to ignition in some adjoining semi-
'

contined volume.

. The subject of fast deflagrations or quasi-detonations is one
of active current research. It is not well understood. Further

work will be needed to determine its importance to hydrogen combustion
in reactor containments.

.
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III.3 Hydrogen Detonations

Detonation Limits of Hydrogen

For a detonable mixture of gases such as hydrogen and air, the -

detonation limits are defined as the limiting concentrations of
.

fuel, Lc a given temperature and pressure, in w?.ich a detonation can

be propagated indefinitely. If a detonation wave is driven into a

region where the mixture is outside the detonation limits, the

detonation wave will decay into a blast wave, and finally into an
acoustic wave. Since the possibility of propagating a detonation

wave in a near-limiting mixture depends on the geometry of the

container, there is concern that wider detonation limits might be
observed in a more favorable geometry for the detonation.

The generally accepted values of detonation limits of hydrogen-
air mixtures at room temperature and preasure are those of Breton (42)
quoted by Lewis and Von Elbe:(1) 18.2% and 58.9% hydrogen by volume.

The lower detonation limit is somewhat un ce rta in . A 15% hydrogen

mixture was found to support stable detonation when the moisture

content was reduced to .005%, but did not support a stable detonation

at higher moisture content.III For hydrogen-oxygen mixtures, the

detonation limits are 15% and 90% hydrogen. Although there is no

successful theory of detonation limits, as there is none for flam-

mability limits, the ef fect of diluents on detonation limits can be

estimated by the observation that the temperature behind the limiting
.mixture detonation of hydrogen is about 2l00 K. Consequently, the

lower detonation limit of hydrogen-oxygen-nitrogen nixtures, when -

oxygen is present in excess, is only weakly dependent on the oxygen

| to nitrogen ratio, since its effect on the detonation temperature is
I

small.
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There is not much data on the ef fect of temperature and pressure
.

on the detonation limits. One expects the detonation limits to widen

with increased temperature, as with flammability limits. Heckes(2)-

presented data from Sokolik(43) attributed to Breton and Laffitte

on the ef fects of temperature and pressure on detonation limits. The

data seemed to show a very small widening of the detonation limits

with increasing temperature and with increasing pressure. The effect

is negligible for the range of pressure and temperature expected in

containment during accident conditions.

The effect of steam on detonation limits is more important. As

shown in Fig. 6, Shapiro and Mof fette(10) indicate that the upper and

lower detonation limits merge when the steam concentration is about

35% and consequently they predict that for mixtures with steam con-

centration above 35%, detonation is impossible. Moore and Gilby(44)

computed the detonation limits using the theory of explosion limits

and obtained a very dif ferent result: detonations were prevented

by only about 11% steam. We conclude that hydrogen-air-steam

detonation limits are uncertain.

.

4
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Detonation Speed and Pressure

Detonation waves travel at a speed very close to that corre-
~

sponding to the Chapman-Jouguet point (see Appendix B), except ,

that " marginal detonations," (detonations in mixtures near the

detonation limits) travel at a speed lower than the Chapman-Jouguet

| speed. For hydrogen-air detonations, the pressure ratio across the

detonation wave will be approximately 16, the detonation velocity
:

approximately 2000 m/s, and the temperature behind the detonation
|

wave will be about 2800 K (see Figs. 10 and 11). Shown below in
,

Table III-2 from Ref. 1 giving the pressure, temperature and det-

onation speed of several hydrogen-oxygen mixtures. Subscript 1

refers to undisturbed conditions, and subscript 2 to post-shock

conditions. Notice the close agreement between the measured detona-

tion speed and the speed computed using the Chapman-Jouguet
'

condition.
)

J

.
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|

|

|

Table III-2 *

,

I Comparison of Calculated and Experimental Detonation Velocities ~

of Mixtures of Ilydrogen, Oxygen, and Nitrogen
!

Detonation VelocityExplosive p T, m/secmixture akm,. *k l5Calculated Experimental

( 2 112+O) 18.05 3583 2806 28192

( 2 112+O) + 10 17.4 3390 2302 23142 2

( 2 112 + O ) + 302 15.3 2970 1925 19222

( 2 112 + O ) + 5022 14.13 2620 1732 1700

(2112+O) + IN 17.37 3367 2378 24072 2

( 2 112 + O ) + 3N2 15.63 3003 2033 20552

(2112+O) + 5N 14.30 2685 1850 18222 2

( 2 112 + O ) + 2112 17.25 3314 3354 32732

( 2 112 + O ) + 4II2 15.97 2976 3627 35272

( 2 112+O) + 611 14.18 2650 3749 35322 2

p1 = 1 atmosphere; T1 = 291*K.

.

O
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The ef fect of small changes in initial temperature and pressure
on the detonation pressure ratio is small. Shown in Figs. 12 and 13,

are the effects of variations in temperature and pressure on the
.

pressure ratio of hydrogen-oxygen detonations, and in Figs. 14-15
are the ef fects on the detonation speed. Data on the ef fects of

changes in temperature and pressure for hydrogen-air detonations are
no*, as clearly presented. Sokolik(43) presented data attributed

to Breton and Lafitte on the effects of variations in temperature
and pressure. These data, presented in Ref. 2, show a very small

decrease in the lower detonation limit with increased pressure and
temperature. There are no data on the upper detonation limit.

!
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Transition to Detonation

If a hydrogen-air or hydrogen-air-steam mixture is within -

detonation limits when combustion occurs, a detonation may or may
.

not follow. It is possible to directly initiate a detonation with a

strong explosive source.(45,46) In an accident however, it is more

likely that combustion will begin as a deflagration. De flagra tions ,

rather than detonations, are often observed up to hydragen concentra-

tions of 24% in air.(16,48) There has been a great deal of work on

the deflagration-to-detonation transition, DDT, for over 50 years,

but the subject is still not understood satisfactorily. Several

mechanisms believed to cause the transition have been investigated,

but new experimental results have confounded the interpretation of

the data.

One mechanism begins with a deflagration occurring in a confined

volume. The expansion of hot burned gas causes compression of the

gas ahead of the deflagration front. The compressive heating of the

unburned gas increases the flame speed, causing further increases in

compression until a shock wave is developed. The unburned gas behind

the shock wave is heated above its autoignition temperature and a

detonation occurs.(49) It is usually accepted today that the above

transition mechanism must involve the formation of a turbulent flame

and perhaps reflected shock waves.(50-52) The above mechanism has

usually been studied in closed tubes. For containment, the nearly
"

spherical exp'ansion of the gas is not as confined as in closed tubes, -

and this mechanism may not be as important.
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A second mechanism for transition to detonation is the accel-
eration of a flame front by obstacles in its path. Detonations can.

be produced in some tubes containing obstacles, when no detonation
.

occurs for identical mixtures in the same tubes with no obstacles.
It is important to know not only if detonation will occur, but

also how long the transition to detonation will take. The initial

deflagration precompresses the containment atmosphere. The pressure

behind the detonation wave will be increased by the precompression

because the pressure ratio across the detonation wave is not greatly
altered by the precompression. If the initial deflagration increases

the containment atmosphere from 1 to 4 atmospheres, and the pressure

ratio across the detonation is 16, the pressure behind the detonation
wave will be 64 atmospheres. When the detonation wave hits the
containment wall, it will be reflected as a shock wave. The pressure

ratio across the shock wave will be about 2.5. Consequently, the

peak pressure seen at the wall could be as great as 4 x 16 x 2.5 = 160
atmospheres (16 MPa, 2350 psia). The damage done to the containment

structure by this strong shock wave will depend mainly on the impulse
given t.o the wall (see Appendix C) .

.

.
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Detonation Wave Structure

The first modern theories of detonation wave structure were due '

to Zeldovich, Doring and von Neumann. The detonation wave model
.

was that of a normal shock wave followed by a deflagration. The

detonation was assumed to travel at a speed corresponding to the

j upper Chapman-Jouguet point. This steady one-dimensional model was

used in conjunction with chemical reaction rate data to predict,

detonation wave structure. Since the pressure drops when passing

through a deflagration, one would expect the pressure behind the

initial shock wave portion of the detonation to overshoot the final

Chapman-Jouguet value. This " von Neumann pressure spike," however,

has not been seen experimentally.

It became clear in the late 1950s and early 1960s that detona-

tion waves were unsteady multidimensional flow regions with moving

tra iverse shock waves and cellular structure.(53-60) Modern

detonation theory is helpful in interpreting the results of

detonation experiments. For estimating overall ef fects of blast on

the containment structure, the simple Chapman-Jouguet model of the

detonation wave as a discontinuity is quite adequate (61) and much

easier to deal with mathematically.

.
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Mixing of Hydrogen in Containment

The previous sections dealt with the combustion of uniform-

premixed hydrogen-air or hydrogen-air-steam mixtures. However, the
.

hydrogen from the reactor coolant system could be released into

containment in the form of a fast, highly turbulent, steam-hydrogen
jet. The hydrogen in the jet may start to burn as a turbulent

diffusion flame, or the hydrogen may first partly mix with the
surrounding containment atmosphere before it burns. Additional

hydrogen may be evolved by radiolysis of water in the reactor or in

the containment. Hydrogen could also evolve at numerous locations by

oxidation of paints and galvanized coatings. These issues are dis-

cussed in detail in section II. In this section we will consider the

time required for the hydrogen to mix in the containment atmosphere.

First let us clarify a common misconception. The hydrogen will

not separate out from the air and stratify near the top of the con-

tainment. Once the gases mix, they will not separate. If hydrogen

reaches the top of containment without having mixed, particularly

if the top of containment is at a higher temperature than the bottom,
the mixing will be slowed.(62) It is expected, however, that the

hydrogen will be released into containment near the bottom, and that

the bottom will be at a higher temperature than the top.

The. mechanisms for mixing are dif fusion, natural convection,
.

forced convection caused by the jets that release hydrogen from the

reactor coolant system, and forced convection due to f ans and sprays.*

Willicut and Gido(63) investigated the mixing of hydrogen generated

by radiolysis from water on the containment floor. Their results

can be qualitatively extended to other situations involving hydrogen
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mixing. They found that if there were no fluid motion and only , n
I

diffusive mixing, it would take many days for the hydrogen to
.completely mix throughout containment. The diffusion coefficient

of hydrogen is large compared to those of other gases, but diffusion

over a scale of tens of feet is slow, even for hydrogen. However,

diffusion over a scale of inches is rapid, of the order of a minute.
Willcut and Gido(63) considered what would happen if a bubble of

hydrogen were fonned at the bottom of containment and began to rise
to the top. Considering mixing only by diffusion, and ignoring
any instability in the bubble or turbulence, a one-inch-diameter

bubble would spread out enough to lower its maximum concentration

below the flammability limit if mixing into air.
Since it is expected that the hottest parts of containment

will be near the bottom, natural convection currents will be present.
For the large distances involved in containment, and the resultant

large Grashof numbers, the natural convective flow will be turbulent,
promoting mixing. Willcut and Gido(63) predict that for only a
1.4*C temperature difference between the floor and the other walls,
in a chamber 20 feet high, the circulation will be about 10 chamber-
volumes per hour. Trent(64) carried out a numerical solution of
the mixing in a BWR containment. Due to natural convection, flow

velocities of several tenths of a foot pet second were found for a -

2.8'C temperature difference in a 16-foot-high chamber. His results
,

implied a circulation of about 1 chamber-volume per hour.

Detailed calculations or experimental tests are required to

predict the time required to obtain mixing of hydrogen in containment.

IS4



It appears that natural convection will mix the hydrogen in times
.

of the order of one hour, perhaps less. If fans or sprays are used

in containment, mixing will be much faster.

.
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Combustion of a Steam-Hydrogen Jet
.

If the hydrogen is injected into containment in the form of a
.

steam-hydrogen jet, it is possible that hydrogen may start to burn
as a turbulent diffusion flame. A diffusion flame is one in which

the burning rate is controlled by the rate of mixing of oxygen and
fuel. For the jet to burn, it is necessary that at some locations

the hydrogen-air-steam mixture be within flammability limits.

Combustion can begin either because of some outside ignition

cource, or because the mixture temperature is above the spontaneous
ignition temperature. Shapiro and Moffette(10) in 1952 presented

experimental results on the spontaneous ignition temperature of

hydrogen-air-steam mixtures applicable to stationary gases, or moving

gases with obstacles in the path acting as a flame holder (see Fig.
16). The spontaneous ignition temperature is in the range 515-580*C.

Using then current computer codes which predicted the steam-hydrogen

jet temperatures during a LOCA accident, Shapiro and Mof fe tte pre--

dicted it was likely that spontaneous ignition of the jet would
occur. We have not found any more recent accident calculations that

carry a LOCA accident to the point of predicting steam-hydrogen jet
temperatures. However, the onset of hydrogen production and jet

temperatures do not appear to agree with more recent work.

If the jet impinges on the floor, pipes, or other obstructions,
'

the shape of the jet and the mixing will be drastically altered. An -

obstruction such as a pipe can act as a flame holder. If the jet

| does not impinge on any solid surface, it will be much more difficult

I to ignite the mixture. (65,66)
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APPENDIX A

CALCULATION OF FLAME TEMPERATURE AND PRESSURE.

.
In our calculation of hydrogen combustion in containments,

we assume that the combustion is adiabatic and at constant volume.
The hydrogen is assumed to be completely consumed, and the dis-

sociation of the combustion products is neglected. Cons equently,

the calculation is meaningful only up to stoichiometric concentra-
tions of hydrogen. The gas is assumed to be a mixture of perfect
gases. In all our calculations we assumed that the air was
saturated with water vapor.

SI units were used in the calculations. Data on specific heats

and heats of formation were taken from Jontag and von Wylan.(67) The

various components were identified by the following subscripts:
1 = hydrogen, 2 = nitrogen, 3 = oxygen, 4 = steam. The symbo'.s used

used are identified below.

P = pressure, kPa

i partial pressure of component i, kPaP =

T = temperature, K

V = volume of mixture, taken as 1 m3

N = mole density of gas, moles /m3

3Ni = mole density of component i, moles /m

i internal energy of component i, kJ/ moleU =

.

Cpi, Cyi specific heats of component i, kJ/ mole-K,=

at constant pressure and volume, respectively
.

R = universal gas constant, 8.31434 kJ/ mole-K

Ili = enthalpy of component i, kJ/ mole

Xi = mole fraction of component i

0,0 = T/100 and 298/1000
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The symbols used for the combustion products are distinguished
,

from those for the reactants by the use of a tilde (~). .

The calculations were begun by specifying the initial temp-
.

erature, pressure and oxygen /(oxygen + nitrogen) mole fraction.

For initial conditions, we used T = 298 K, P= 100 kPa and

X /(X2+X) = 0.21, values representative of room temperature3 3

air. The partial pressure of steam in the initial mixture was

assumed to be that of saturated vapor at the mixture temperature.

The hydrogen mole fraction was varied up to the stoichiometric ratio,

28.6%.

Given the pressure and temperature, the number of moles of

3gas per m was obtained from

31) PV = NRT (V = 1 m )

The corresponding number of moles of hydrogen was obtained from

2) N1=XN1
The number of moles of steam was obtained using

3) P V = N RT4 4

The number of moles of oxygen and nitrogen was obtained using

X4) 3 (N -N -N
1 4)

N =
3 X2+X3

5) N2=N-N1-N3-N4
For the products of combustion we have

6) 51=0
~

7) 2=N2 *

8) U3=N3 - N /21

9) U4=N4+N1

IM)
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The first law of thermodynamics for the reacting, adiabatic,
.

constant-volume system is

.

10) {]NUii= ][]UDii

An initial estimate of the final temperature was obtained by

assuming the specific heats of the components were constant. The

temperature above the standard temperature, 298 K, AT, was obtained

using

11) AT = ' Ii i if

s i vi

where Uig are the internal. energies at the standard temperature,
298 K. The Ulf were obtained from the heats of formation
(enthalpies at the standard temperature) using Uig = Hig - 298* R

12) U1g = U2f = U3f = -298*R = -2478 kJ/ mole

U4 g = -2 41,8?7 - 29 8* R = -2 4 4,3 0 5 kJ/ mole

An accurate value of the final temperature was obtained by

an iterative Newton-Raphson solution of Eq. 10, using finite-

dif ference approximations for the derivatives and the solution

of Eq. 11 as the initial estimate. The iteration was carried

out until the temperature was determined to within one degree.,

Convergence was rapid.
.

The internal energies were. obtained from curve fits of

pt in Ref. 67. usingC

13) C =Cpt - Ryi

0

14) Ut=Ugg + 100 Cyi(0) de
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The results obtai $d for the internal energy equations are
.

presented below. They were compared with values of enthalpy in
tables of Ref. 67 using U .

i = H -RT and found to dif fer by noi

more than 20 kJ/ mole, which is negligible compared to values of

the order of 50,000 kJ/ mole for the enthalples.

15) U = 100 -24. 7767 + 3 0. 7 4 6 (0 - 0o) + 2 x 512.79(0 .5-0 .5)0

-1072.7(0~1 -0~1) + 8 20. 4/2 ( e-2 _ go-2 )0

16) U3"
+ 2x178.57(0 - 0o . 5 ) - 236.88(0~1 -0 ~1)

~'
0

17) U = 100 "2443.05 + 134.736(0-0 ) - ll83.54/1.25)(0 1.25_g 1.25)
4 o

+ (82.751/1.5)(0 1.5-Oo .5) - (3.6989/2)(e _go )l 2 2

|

After the temperature is known, the final pressure is easily
obtained from

| 18) PV = NRT

The flame temperature and pressure calculations were carried

out for use in this report and for use in a later report on
mitigation schemes. For the latter, the initial mixture was

|

cssumed to include liquid water drops that were evaporated in -

combustion. Only minor additions to the above work are required
,

to include the ef fects of liquid wati - drops.
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APPENDIX B
.

REVIEW OF THE CLASSICAL CHAPMAN-JOUGUET THEORY

An understanding of the classical Chapman-Jouguet theory is'

very helpful when discussing deflagrations, detonations and

Chapman-Jouguet points. The theory can be found in most works on

combustion.(1,20,68,69) It is remarkable that the classical theory

remains so usef ul in view of our present knowledge of the unsteady

multidimensional character of detonation and some deflagration fronts.

We ignore the structure of the combustion front and consider

it as a discontinuity into which enter unburned combustible gases
and out of which exit burned combustion products as depicted below.

Unburned Gases Burned Gases

ui u2

Schematic combustion front

Prom integration of the conservation of mass, momentum and energy

equations we obtain

1) plui = p2u2 = constant = m

2) p1 + plu12"P2 + P2"2 = constant = p g

23) hy + u1 /2 = h2 + u2 /2 = constant = ha-

where the subscript 1 ref ers to the unburned gas, and the subscript"

2 refers to the burned gas. The symbol u is the normal component

of velocity relative to the combustion front, p is the density, p
is the pressure and h is the specific enthalpy. The three constants

of integration are m, the mass flow per unit area, p , and h ,g o
193



__ . .-.

the stagnation enthalpy. In the further development we will use the

specific volume, v = 1/p, in place of the density. -

Algebraic manipulation of Eqs. 1-3' gives a form excluding
,

the velocities, the famous Hugoniot relation,
,

4) h2-h1 = 1/2(p2-P )(V1+V2)1

and the important form

5) (ut-u2) (p2-p1(V1-V2)=
*

These two equations show that we can classify combustion fronts

into those in which the pressure, density and enthalpy increase

(detonations) and those in which the pressure, density and enthalpy
decrease (deflagrations). Further analysis shows that detonations

are supersonic relative to the unburned gas, while deflagrations are
subsonic relative to the unburned gas. The results are most easily

shown on a pressure-specific volume diagram, the Hugoniot diagram,
Fig. 17. The initial state is represented by point O. The final

state is represented by a point on the line A to F, excluding the

segment C to D by the arguments previously given. The points of

tangency B and E, the Chapman-Jouguet points are of special interest.

Detonations are observed to move at speeds corresponding to the

upper Chapman-Jouguet point, or near to it.

.

4
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APPENDIX C

THE EFFECTS OF RAPIDLY APPLIED LOADS ON STRUCTURES
.

The purpose of this section is to give a qualitative apprecia--

tion of the influence of the duration of pressure loads on the
We will drastically simplify the problemcontainment structure.

while retaining the essence of the structural response to rapid

loading. We will assume that the containment is a spherical shell,

the pressure load is spherically symmetric and hence the deformations
We willof the containment are radial and spherically symmetric.

first consider the structure to be linearly elastic and briefly

discuss plastic behavior.
In our highly simplified model there is one mode of vibration,

If
radial " ringing." We have a single degree of freedom system.

allowed to vibrate freely, the structure will undergo a slightly

damped sinusoidal radial motion. We will ignore the small damping

of the motion. The period of the motion will be proportional to

the square root of the ratio of the mass of the structure to the
stiffness of the structure,s/m/k. (Natural f requency is the

reciprocal of the period.) The period is the characteristic time
Loads offor the response of the structure to imposeo loads.

duration much less than this period are " impulsive." The period

for a large dry PWR containment is of the order of 0.05 seconds.
,

Let us consider the behavior of a single degree of freedom

structure to a load that is applied suddenly and then decays
.

exponentially with time constant T, an approximation to a shock

or detonation load. Shown in Fig. 18 is the maximum deformation, X,

normalized by thi ratio of force to stiffness, P/k, (P is force),
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versus the ratio of load duration to structural period. If the

load P had been applied statically, the static deformation of.

the structure would be X/(P/k) = 1. For a suddenly applied
.

constant load P, the structure vibrates with a maximum deformation
of X/(P/k) = 2. If the time constant for the decay of the load

considered is longer than about 40 periods, the maximum deformation

will be essentially equal to that of the suddenly applied constant
load. This is called the quasi-static asymptote. If the decay

of the suddenly applied load is more rapid, the maximum deformation

of the structure is reduced. Assuming that the damage to the

structure is governed solely by the maximum deformation, short

duration loads of the same peak magnitude as long duration loads
are less destructive. If the time constant for decay of the

suddenly applied load is less than about 0.3 times the period,
the load is considered to be impulsive. For impulsive loads, the

maximum deformation depends on the impulse, the time integral of
the load, and not on the peak load. This is shown more clearly
in Fig. 19. This force-impulse diagram shows a curve of constant

maximum deflection. The structure is assumed to be damaged if

the combination of force and impulse gives a point in the upper

righthand region; the structure is assumed undamaged if the point
i

1

is below and/or to the lef t of the curve. We see that if the
'

'

maximum load is below a given value, the structure will not be !

damaged for any value of impulse. We also see that if the impulse
-

is below a given value, the structure will not be damaged by any
value of maximum load. There is an intermediate region in which

damage is controlled by both maximum load and impulse.
,
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The main qualitative features of the above model apply when
.

the particular load is replaced by other suddenly applied loads.
'

We have a quasi-static limit, an impulsive limit and an intermediate

region. For deflagrations in containment, both the rise and the
,

fall in load will be of long duration compared to the period. For

this case the deformation at each instant will correspond to the

static deformation expected by the given load, ignoring transient

effects.

For ductile materials such as steel, the material will plasti-

cally deform if loaded above the yield stress. The reinforcing

steel in reinforced concrete containment structures will be expected

to undergo plastic deformation before the structure fails completely.

The analysis of a single degree of freedom system subject to a

rapidly applied load can be extended to plastic behavior.

Qualitatively, the results are similar. We again have an impulsive

limit for short duration loads, a quasi-static limit for long

duration loads and an intermediate region.

.

e
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APPENDIX D
' '

CIIEMICAL REACTION RATES FOR HYDROGEN-OXYGEN COMBUSTION

The important chemical reactions involved in the combustion.

of hydrogen in oxygen or air are known, and the reaction rates

are fairly well known. The combustion of hydrogen in oxygen or

air is a branched chain reaction. The radicals H, O, and OH play

a commanding role in the reaction. H02 2 and HO2 can also play
important roles. The current picture is that the chemistry starts

with the formation of free radicals by endothermic dissociation.

The concentration of radicals increases by chain branching reactions.

1) 112+M H + 11 + M (chain initiation, M is third body)

2) 11 + O2 011 + 0 (two most important chain branching reactions)

3) O+H O!! + H2

4) OH + H HO+H (chain reaction)2 2

The most important recombination reaction can be the reverse

of reaction 1. At low pressures in small containers, a major

cause of radical removal can be the dif fusion of HO to the wall,2

and its subsequent reaction to stable species. HO is formed by2

5) II + O2 + M ---IIO2+M

For the conditions of a nuclear reactor containment, the HO Will2,

probably react and create new radicals, before reaching solid
.

walls,

6) HO2 + II '-'II 02 2 + II2
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The peroxide will quickly decompose into reactive radicals. An

alternative chain initiation can occur through the formation of .

peroxide,
.

7) 112+O2 + M ~II 02 2 + M --- 2OH + M
%

|

In all there are less than 20 reactions that are believed to be of
significance in determining the overall combustion rate.

The rate of reaction per unit volume for a given chemical

reaction is expressed as the product of the concentration of the
reactants and a rate coefficient, where the rate coef ficient is a

function of temperature. In most of the literature cgs metric

units are used with energy expressed in kcal. The reaction rates

3are in units of moles /cm -sec, and the reactant concentrations in
3units of moles /cm ,

The rate coefficient is usually expresed in the form

k = AT" exp(-E/RT)

where T is the absolute temperature in K, T is the universal gas

constant, 1.998 x 10-3 kcal/ mole-K, E is the attivation energy in

kcal, and A and n are constants. The units of the rate coefficient
3 6 2are cm / mole-s for two body reactions and cm / mole -s for three body

reactions. Iloweve r , in the table of rate coefficients presented in
3this Appendix, the units are em / molecule-s for two body reactions

~

and cm / molecule -s for three body reactions. These values can be6 2

converted into the more common form by multiplication by the Avogadro -

|

23
! number, 6.023 x 10 molecule / mole for two body reactions, and
i

Avogadro number squared for three body reactions.
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I
i

The table selected presents forward and backward reaction rates

for many of the important reactions. This is a convenience that led*

to its selection. The backward rate coefficient kb, is related
,

to the forward rate coefficient, k , by the equilibrium constant,f

K,

K = k /kb *g

Since the equilibrium constant can be determined from thermodynamics

alone, without a knowledge of reaction rates, it is usually much

more accurately known than either rate coefficient. Consequently,

most of the tables of rate coefficients omit listing the backward

rates.

The values of the rate coef ficients presented by several of

the references were compared for some of the important reactions.

In all cases the agreement in the activation energies was excellent.

Usually, but not always, the value of n was the same. When E and

- n were nearly the same, the rate coef ficient values could be

compared just by comparing the values of A. In many cases the

agreement was excellent, but in a few the values dif fered by a

factor of two. The uncertainties in the rates of the reactions
involved in the hydrogen-oxygen are probably of less importance

to hydrogen combustion than the uncertainties in the fluid mechanics.

.

G

205



.

,

1TABLE 1 .

I

Chemical Reaction Rates *
'

Reaction rate constants

k = AT e /TBC

Reactants Products A B C

1. H+H+M H2+M 1.80(-30) -1.00 0.00

2. H+0+M OH + M 2.80(-32) 0.00 0.00

3. H + OH H2+0 1.40(-14) 1.00 -3.50(+03)
4. H + OH + M HO+M 6.20(-26) -2.00 0.00

2
5. H+HO H2 + OH 1.50(-10) 0.0) -1.03(+04)2

6. H+O O + OH 3.70(-10) ~0.00 .-8.45(+03)2

7. H+O2+M HO2+M 4.10(-33) 0.00 5.00(+02)
4.20(-11) 0.00 -3.50(+02)8. H + HO H2+O22

9. H + HO 0+HO 8.30(-11) 0.00 -5.00(+02)2 2
10. H + HO OH + OH 4.20(-10) 0.00 -9.50(+02)2

2.80(-12) 0.00 -1.90(+03)11. H+H0 H2 + HO222
12. H2+0 H + OH 3.00(-14) 1.00 -4.48(+03)
13. H2 + OH H+HO 3.60(-11) 0.00 -2.59(+03)2

H + HO 9.10(-11) 0.00 -2.91(+04)14. H2+O2 2

OH + OH 2.80(-11) 0.00 -2.42(+04)15. H2+O24

16. H2 + HO2 ' H+U0 1.20(-12) 0.00 -9.40(+03)22
OH + H O 1.21(-12) 0.00 -9.41(+03)17. H2 + HO2 2

18. H2+M H+H+M 3.70(-10) 0.00 -4.83(+04)
19. O+0+M O2+M 5.00(-35) 0.00 9.00(+02)
20. O + OH H+O 2.72(-12) 2.80(-01) 8.10(+01)2

21. O + OH + M HO2+M 2.80(-31) 0.00 0.00

22. O+HO H + HO 1.75(-12) 4.50(-01) -2.84(+04)2 2

23. O+HO OH + OH 1.10(-10) 0.00 -9.24(+03) .

2

24. O + HO OH + O 8.00(-11) 0.00 -5.00(+02)2 2

25. O+H0 OH + HO 1.40(-12) 0.00 -2.13(+03) -

22 2

26. OH + OH H + HO 2.00(-11) 0.00 -2.02(+04)2

1.09(-13) 2.60(-01) -1.47(+04)27. OH + OH H2+O2
28. OH + OH O+HO 1.00(-11) 0.00 -5.50(+02)2

H022+M 2.50(-33) 0.00 2.55(+03)29. OH + OH + M

30. OH + HO HO+O 8.30(-11) 0.00 -5.00(+02)
2 2 2,
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TABLE 1 (cont)
.

Chemical Reaction Rates *
Reaction rate constants

"

k = AT e /TBC

Reactants Products A B C

31. OH + H O H2 + HO2 1.34(-14) 4.30(-01) -3.62(+04)2
32. OH + O HO2+0 2.20(-11) 1.80(-01) -2.82(+04)2,

33. OH + H 0 HO+HO 1.70(-11) O.00 -9.10(+02)
'

22 2 2
34. OH + M H+0+M 2.20(-08) 3.00(-02) -5.14(+04)
35. HO+O OH + HO 2.38(-10) 1.70(-01) -3.69(+04)2 2 2
36. HO+HO OH + H 0 4.70(-11) 0.00 -1.65(+04)2 2 22
37. HO+M H + OH + M 5.80(-09) 0.00 -5.29(+04)2
38. 02+H022 HO2 + HO2 1.20(-13) 5.00(-01) -2.11(+04)
39. 02+M O+0+M 3.00(-06) -1.00 -5.94(+04)
40. HO2 + HO2 O2+H022 3.00(-11) 0.00 -5.00(+02)
41. HO2+M H+O2+M 3.50(-09) 0.00 -2.30(+04)
42. HO2+M O + OH + M 1.13(-04) -4.30(-01) -3.22(+04)
43. H022+M OH + OH + M 2.00(-07) 0.00 -2.29(+04)

* Rate constants are given in units of molecules-1 cm /sec,T in *K.3

Three body rates are in molecules-2 6cm /sec where M is the third
body. Read 1.80(-30) as 1.80 x 10-30,

.

e

e
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4

4 IV. HYDROGEN RECOMBINERS

Post-LOCA hydrogen recombiners are examined from both system.

and component perspectives. First, the accident scenarios in
. .

which-recombiners play'a useful role are identified. For these

accidents, recombiner operation with both atmospheric and inerted .
.

I containments is discussed. Next, the three design concepts that

have been used for post-LOCA containment recombiners are reviewed,;
'

and then a deacription of the currently available commercial
4

products is given. Finally, possible improvements to recombiner i

i

technology 3nd application are considered,-and conclusions drawn.
,
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THE RECOMBINER/ CONTAINMENT SYSTEM
,

The recombiner - as the name implies - combines the hydrogen
.

and c~ygen present in a containment atmosphere. The process requires

heat, is exothermic, and produces water vapor. Available devices

have inlet flow rates not exceeding 200 scfm.

Current applications of recombiners are limited to containment

atmospheres outside the flammability limits (less than 4 vol %

hydrogen in the presence of 5 or more vol % oxygen). For such

applications, the recombiners are provided to recombine hydrogen
produced by radiolysis and corrosion.

For cases in which the containment atmosphere contains hydrogen

in quantities greater than 4 vol %, recombiners are not used because
.

they in fact constitute an ignition source. In these cases no

control schemes currently exist, and the only way a recombiner may
be of use is if the hydrogen concentration is reduced to less than

4 vol % by a burn which does not damage the containment. This, in

fact, was what, happened at TMI-2, and is shown by darkened lines
in Figure 1.

A special variation of the typical recombiner application is

that for inerted containments. Here the recombiner system is

limited to operating only if the concentration of oxygen in the

containment is below 5 vol % above upper flammability limit. This *

is because a Zirconium-steam reaction in such small containments
,

will most likely result in a hydrogen concentration in excess of 4

vol %. The recombiners provided for these applications recombine

oxygen generated from radiolysis, and keep its concentration below

5 vol %.

216
.



In inerted containments, if the gas flow to the recombiner
.

contains hydrogen in excess of 4 vol %, a reduction in heat

load is required. One method uses recirculation of the hydrogen-

free effluent to the inlet, diluting the hydrogen concentration
there to below 4 vol %. Another method limits the temperature

attained within the recombiner by controlling the rate of

recombination through regulation of input power.

The recombiners used for inerted containments can also be
used for containment recovery after an accident. For this

application, when the oxygen level drops to below 2 vol % but
hydrogen concentration is high (>>4 vol %) oxygen is added to the

influent gas stream to raise the oxygen concentration to 2 vol %.

This will allow a reduction in the hydrogen level to below 4 vol %.

.

.

.
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Commercial Post-LOCA Recombiners

Recombiner designs have been classified as flame, thermal,.

; and catalytic. Although the recombination of H and O is always2 2

exothermic, the thermal recombiner is distinguished from flame

recombiners by using primarily radiant heat to bring about

recombination. Flame recombiners depend on the exothermic

combustion process being self-maintaining, while catalytic

recombiners use a noble metal catalyst bed to promote recombination

at relatively low temperatures.

The flame recombiner has the advantage of negligible heat,

| input, but is more difficult to start than the other two types,

and requires supplementary H and O for reliable ignition and
2 2

flame control.1 Also, the addition of H and O to the input2 2

stream makes flame arresters necessary.1,2 This type of recombiner

has found very limited use in containment applications.

The catalytic recombiner is widely used to recombine radiolyti-

cally generated off-gas during normal operation of boiling water

4reactors. Extensive testing has indicated that the catalytic

recombiner can also be effective in the less predictable post-LOCA

; environment. Units for this purpose are being marketed.
|

Two styles of thermal recombiners were undergoing generic

qualification with the NRC by means of Topical Reports during the I
!,

6~

1970's. One style is for location inside containment, and uses

convective gas flow which is regulated by the size of built-in.
.

orifices. The other style is for location outside containment,

and allows control over several operating parameters,

i These thermal and catalytic designs will be described below.
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Two Thermal Recombiners

The thermal (electric) recombiners described here are
.

'

those manufactured and sold by the Westinghouse Electric
.

Corporation (Nuclear Energy Systems) , and by the Atomics

International Division of Rockwell-International. The

Westinghouse recombiner was qualified with the NRC during the

1970's by means of a Topical Report series, numbered WCAP-7820.

An improved version is now being produced. Its qualification

was reported in WCAP 9347. The Atomics International unit was
partially qualified by'Tepical Reports AI-72-61 and AI-73-27.

Further qualification negotiations are continuing, based in
part on reports AI-75-2 (Rev. 3) and AI-77-55.

As of 1980, there were no other thermal (electric) recombiners
i available in the U. S. for post-LOCA containment applications.

Description of Westinghouse Recombiner.1

The recombiner consists of a thermally insulated vertical

metal duct with electric resistance metal sheathed heaters provided

to heat a continuous flow of containment air (containing hydrogen)
up to a temperature which is sufficient to cause a reaction between

hydrogen and oxygen. The recombiner is provided with an outer
~

enclosure to keep out containment spray water. The recombiner

consists of an inlet preheater section, a heater-recombination

section, and a discharge mixing chamber that lowers the exit -

temperature of the air (see Figs. 2&3).
.

The unit is manufactured of corrosion resistant, high
1

temperature material except for the base which is carbon steel.'

The electric hydrogen recombiner uses commercial type electric.

225 resistance heaters sheathed with-Incoloy-800 which is an excellent
_
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corrosion resistant material for this service.
Air is drawn into the recombiner by natural convection

*

and passes first through the preheater section. This section

consists of a shroud placed around the central heater section.

to take advantage of heat conduction through the walls to

preheat the incoming air. This accomplishes the dual functions

of reducing heat losses from the recombiner and of preheating
the air.

The warmed air passes through an orifice plate and then

enters the electric heater section where it is heated to
approximately 1150 to 1400 F causing recombination.to occur.

Tests have verified that the recombination is'not a catalytic

surface effect associated with the heaters but occurs due to the
increased temperature of the process gases; therefore catalyst
poisoning is not a problem. The heater section consists of five

assemblies of electric heaters stacked vertically. Each assembly

contains individual heating elements.

The power panel forthe recombiner is- located in the auxiliary
building, and contains an isolation-transformer plus a semi-

conductor. controlled rectifier controller to regulate power into
the recombiner. This equipment is not exposed to the post loss-

of-coolant accident environment. The control panel is located in

the control room. To control the recombination p'rocess, the correct
.

power input which will bring the recombiner above the threshold
*

temperature for recombination will be set on the controller. The

correct power required for recombination depends upon containment

atmosphere conditions and will be determined when recombiner

operatioh is required. For equipment test and periodic checkout,
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a thermocouple readout instrument is also provided in the
.

control panel for monitoring temperatures in the recombiner.
.

The recombiner units are located in the containment such

thEt they process a flow of containment air containing hydrogen

at a concentration which is generally typical of the average

concentration throughout the containment.

Each electric recombiner is capable of continually processing

a minimum of 100 cfm of containment atmosphere. The hydrogen
<

contained in the processed atmosphere is converted to steam,

thus reducing the overall containment hydrogen concentration.

The unit is designed to sustain all accident loads such as

seismic loads and temperature and pressure transients from a'

loss-of-coolant accident. See Table 1 for a summary of recombiner

parameters, and Table 2 for installation criteria.

The electric hydrogen recombiners have undergone extensive

testing in the Westinghouse development program. These tests

encompassed the initial analytical studies, laboratory proof-of-

principal tests, full scale prototype testing and production
model testing. The full scale prototype tests included the

effects of:

1. Varying hydrogen concentrations

2. Alkaline spray atmosphere '

3. Steam effects -

4. Convection currents
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TABLE 1

WESTINGilOUSE ELECTRIC llYDROGEN RECOMBINER TYPICAL PAPAMETERS

.

.

Power (Maximum) 75 KV*
Capacity (Minimum)

100 scfm
Heaters

Nucber
5

Heater Surface Area / Heater 235 ft
Maximum Heat flux

2850 BTU /hr ft
2or 5,8 Vatts/in

Maximum Sheath Teeperature 1550**

Cas Terperature

Inlet
80 to 155'F

in Heater Section
1150 to 1400*F

Materials

Outer Structure
300-Series Stainless Steel

inner Structure
inconel-600

Heater Elehent Sheath incoloy-800

Dimensions

Height
9 ft

Vidth 4 5 ftfDepth
5.5 ft

Weight
6200 lb

.

-

* Power can be controlled by a semiconductor controlleh rectifier.

.

{
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TABLE 2

WESTINGHOUSE ELECTRIC HYDROGEN RECOMBINER INSTALLATION CRITERIA

.

1. The recombiners must be located in the containment such that they
process a flow of containment air containing hjdrogen at a con-
centration which is generally typical of the average concentration
thrcughout the containment.

2. The recombiners should be located away from high velocity air
streams, such as could emanate from fan cooler exhaust. ports, or
they must be protected from direct impingement of high velocity air
streams by suitable barriers such as walls or floors.

3.
The recombiners should be located such that any incident effecting
one unit will not effect the other ones. thus maintaining an inde ,-
pendent redundant system.

4.
The recombiners should be located in an area of the containment
such that they will be protected from high energy missiles or jet
impingement from broken pipes.

5.
The recombiners should be mounted on a substantial foundation with
no ambient vibration..

.

6.
The recombiners should be located in such a manner that there is
adequate area around the unit for maintenance.

.

.

*

,

-
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The recombiners do not require any instrumentation inside
*

the containment for proper operation after a loss of coolant

accident. The recombiners will be started manually after a loss.

of coolant accident.

The materials of construction for the electric recombiner
are selected for their compatibility with the post loss-of-

coolant accident environment.

The major structural components are manufacturea from 300-

Series stainless steel except for the base which is carbon steel.

Incoloy-800 is used for the heater sheaths and Inconel-600 for

other parts such as the heat duct, which operates at high

temperature.

There are no radiolytic or pyrolytic decomposition products

from these materials. The carbon steel base of the recombiner

unit la coated with a paint that satisfies the requirements of

ANSI 101.2 (1972), " Protective Coatings (Paints) for Light Water

Nuclear Reactor Containment Facilitien. "

9Description of AI Recombiner System

A. System Description and Operation (see Fig. 4)

The thermal recombiner system consists of two portable, ;

|
skid-mounted packages, the recombiner and the control cabinet.

|

The recombiner, Figure 5 is a welded stainless-steel gas*

|

containment piping system made up of inlet pipe which connects !,

to the containment piping, process gas cooler, and outlet piping

returnign to containment. The recombiner and control console are

connected by instrumentation and power cables.

|
1'
|'
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The control console is a system of motor starters, circuit
,

breakers, timers, relays, temperature controllers and indicators,
.

'

thermal switches, and an annunciator. All of these components are

integrated into a control system which activates, controls, and
indicates the operation of the recombiner. The control console

is cor,nected to a 480-v, 3 phase, facility power source by a single
cable. The distrioution of electric power to motors, heaters,

and instruments is accomplished through cables from the control

console. A' front and rear view of the control console is shown
in Figrre 6. See Table 3 for a summary of parameters.

B. Component description

i 1. Recombiner Package
i

a. Enclosed Blower

| The process gas is drawn frora che containment building

into and through the recombiner system and back to con-

tainment by either a positive displacement or a re-

generative blower direct driven by a totally enclosed,

fan cooled, 3600-rpm, 480-v, 3-phase, 60-Hz induction

motor. These components were selected because of their

proven performance capabilities over many years of

continuous duty operation in commercial applications.
.

The blower and motor are enclosed in a stainless-
steel vessel. The internal components are mounted on -

a tray attached to a blind flange at one end of the

vessel. The flange and attached components can be

removed for inspection or maintenance.

130
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.

b. Flowmeter

Flowrate of the containment gas through the system
.

is measured by a Model T2B flow tube fabricated by the

Flow Tube Division of the Bethleham Corporation. It is
-

held in the pipe system between two pipe flanges in the

line between the blower and heater. Connections are,

-

made to a differential pressure transmitter through

Type 304 stainless-steel tubes. An electric signal is

transmitted through a cable to a flow indicator located

in the control package.

c. Gas Heater

The gas being heated is contained in coiled, 2-in.,

Type 304 austenitic stainless-steel pipe. The array of

radiant heater elements are individually positioned 2 in.

or more away from the heater coil and insulation. The

elements are free to radiate in all directions, either

directly to the heater coli or to the insulation with

subsequent reradiation to the coil. The spacing of the

elements away from the process gas piping precludes the

possibility of ?.amaging the coil if a heater should fail.

d. Reactor Chamber

; (Proprietary)

e. Gas Cooler,

The gas cooler consists of a coiled 2-in. pipe which4

ducts the reacted gas from the reaction chamber to the

return outlet. The cooler coil is located in an annular

space between the heater shell and outer shell. A

centrifugal fan forces about 3000 cfm of air past the coil,

231
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TABLE 3

.

The AI recombiner system is designed to function within the parameter
~ limits summarized below:

Pressure: 50 psig at Ambient Temperature - non operating

10 psig at Operating Temperatures

Temperature: Inlet and Outlet: 150*F (maximum)

Heater, Reaction Chamber and Coolor:

1400*F (maximum)

Flow Rate: 50 to 70 scfm

( a 150 scfm is also available)
E

Hydrogen Up to 5 s in the Influent.

Concentration: Less than 0.1% in the Effluent.

Power Startup: '480 vac, 3-phase, 60 Hz, 45 kw (maximum)

Required: Steady-State: 480 vac, 3-phase, 60 Hz, 20 kw

(approximate)

Standby: 120 vac,1-phase, 60 Hz, 400 w (maximum)

Cooling Air: 3000 cfm at 120*F maximum

Seismic System Operating (Hot) during a Safe Shutdown Earth-

Response: quake at Resonant Frequencies of:
,

<20 Hz; 6.8 g Horizontal, 3.7 g Vertical*

>20 Hz; 4.4 g Horizontal, 0.2 g Vertical
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cooling the process gas to less than 150 F. The heat

exchange rate at the 50 scfm design condition is 63,000

BTU /hr. The fan is driven by a 3-hp, totally enclosed, -

fan cooled, induction motor. The fan is mounted on the
.

motor shaft which provides a fan system with the fewest

possible parts. The componert selection was based on

proven long-life performance in commercial applications.

f. Materials

| The material for the primary gas containment recombiner

components is Type 304 austenitic stainless-steel, meeting
i

the ASME Boiler and Pressure Vessel Code requirements for

Section III, Class.2 components. This material provides

! the requisite structural integrity and corrosion resistance

for the service environment and operating conditions.

Il o w e v e r , it is to be noted that periodic testing of the

recombiner system, at its operating temperature, over the

40-year life,.will subject the system to repetitive thermal

cycling through the sensitizing temperature range of stain-

less-steel. To preclude the possibility of intergranular

corrosion within the system, a low-power " trickle heater"

is provided in the recombiner package to-assure that the

system remains dry during periods of non-use.

The process gas blower and motor are in contact
.

with the process gas, but they are completely enclosed

by a stainless-steel vessel. The blower and motor cases -

:

are carbon steel which have been painted. These materials !

provide the requisite structural integrity and corrosion

234 resistance for the service environment and operating

conditions.
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The skid and heater enclosure structure are made of.

ASTM A-36 structural steel. The external surfaces are
'

painted with a rust-inhibiting primer, and finish coats

as specified by the customer.

g. Electrical
4

Recombiner package wiring and terminal blocks for

the heaters, blower and fan motors, and thermocouples

are protected in steel enclosures and conduit. Thermo-
4

couples are redundant at critical points of temperature

measurement and are routed separately from power writing.

Portable instrument and power cables, 50 ft long, are

used to connect the recombiner package to the control

console.

All electrical components in_ the system meet the

requirements of ANSI Cl for HEMA 4 service, IEEE 308,

IEEE 279, and IEEE 323.
^

h. Trickle Heater

During periods of non-operation, it is possible for

moisture to accumulate in the gas containment piping.

To preclude this and thareby inhibit corrosion, an

auxiliary heater control system " trickle heater" is

provided. She controller is connected between a 120-Va

'

facility power source and the heater receptacle. In,

this mode the heaters are operating continuously at about
4

> - 400 W which will sustain the heated section temperatures

at approximately 150 F.

,

235
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i. Control and Power Equipment

All electrical control and instrumentation components -

are installed in a dual-access, 6 by 3 by 2 1/2 ft, NEMA
,

4 cabinet mounted on a 3-ft skid. Power connection to

the panel is made through a 20-ft, 4-conductor, No. 4
|

portable cable to a 100-amp circuit breaker panel mounted

! in the back half of the cabinet at the bottom. In addition

| to the main 100-amp circuit breaker, additional breakers

i are provided for the blower and fan motors, the heaters,

and the control console instruments. The top, back half

of the cabinet is reserved for storage of the portable
|
| cables which connect to the recombiner pack ge.
1

Control relays, a power supply, a Size 1 contactor,

a 50-amp silicon control rectifier, and a control trans-

former are located in the bottom front of the panel with

I access through a half-door. The annunciator uses a two-

cclar lamp system, showing on all-green board when the

system is operating normally. Operation of all circuit

breakers is manual, with overload trips and a shunt trip

| on the SCR breaker.
I

An adjustable 0 to 120 minute timer, nominally set

for 1 hour, provides for a low-alarm cutout during startup.
.

Interlocks are provided to turn off the heater in the event

|

| that heater or reaction gas temperature exceeds the normal -

!

control range. A low-flow blower and heater cutoff, which i

receives its signal from the gas flowmeter, completes the

safety instrumentat.on for the system.
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Separate instrumentation and power cables for each

motor, the heaters, d/p transmitter and thermocouples
,

are stored in the upper rear section of the control

console. Each cable is 50 ft long and terminates with
,

Crouse-liinds receptacles. The receptacles are sized or.

keyed each different from the other, to preclude connect-

ing the wrong cable to a circuit.

3. Facility Services

Electric power and cooling air in the following amounts are

*

required to operate the recombiner system.

A. Post-LOCA operation or Test

1. A maximum of 45 kW of electric power, 480 VAC,i

3-phase, 60 IIz. After a 1-hour startup period,

the power demand is reduced to about 20 kU.

Electrical cable, 20 ft long, is provided in the

control console for this interface.

2. Ambient temperature air (120 F maximum) is circulated

in the gas cooier at 3000 cfm. The air is taken

from the room or ducting system into the centrifugal

fan mounted on the recombiner package and exhausted

through the top of the heater enclosure. Ducting

(14 in. diameter) from enclosure to an air handling'

system or to the outside atmosphere is needed.

B. Standby Storage Operation*

A maximum of 400 W of electric power, 120 VAC, single-.

phase, 60 IIz is-required to power the trickle heater controller.

The controller is mounted on the recombiner package. Twenty

feet of power cable are provided to connect to the facility

power hource. 237
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A Catalytic Recombiner
,

The only catalytic recombiner on the U. S. market in 1980
.

for post-LOCA containment applications was the model PPL-70

made by Air Products and Chemicals, inc. (APCI). A description

of the model PPL-70 follows.
0Description of APCI Recombiner

] System Description

The system presented here will treat 50 to 100 scfm

of gas, with a hydrogen removal efficiency of essentially
100% at inlet hydrogen concentrations greater than 0.1%

(see Fig. 7) Table 4 summarizes the recombiner parameters.
i The Process Flowsheet (Figure 8) shows the system

components, process flow path, instrumentation, and controls.

The recombiner system is mounted on a skid of portable size,

located outside the containment, with piping connections

for withdrawal and return of containment atmosphere gas and
cooling water. The system is started remotely with a single

pushbutton to actuate the blower and preheater. Gas feed

is continuous after startup with no temperature or flow

adjustments made by the operator.

Entrained solid and liquid contaminants expected to be

present in the gas stream entering the recombiner system '

are removed by a separator and the gas then enters the blower. -

] The blower. withdraws containment gas, circulates it

through the recombiner system and returns it to the contain-

ment. Model PPL-70 has a flow capacity of 50 to 100 SCFM

and other models are designed to handle higher flow rates.

238
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TABLEI4 -

.

SUMM.ARY OF APCI RECOMBINER PARAMETERS

POWER (max): 12.5 KV

FLOW: 50 TO 100 SCFM

HYDROGEN CONCENTRATION:

INLET: .< ll V %

OUTLET: < O',1 v %
j

GAS IEMPERATURE:

IN COMBINER: IIN + (1115" F) ( v % H )2
OUTLET: 150*F (TYPICAL)

IIATER I ALS, PRESSURE RETAINING: '

ASME SECTION }}}, CLASS 2

SEISMIC RESPONSE:

CATEGORY l

HEAT RELEASE WITH AIR COOLING (ALTERNATE):
.

36 000 TO 116 000 Bru/HR

.40
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I
i

|

The blower is a single stage, rotary lobe unit, sized to

provide required flow at the extremes of containment atmosphere *

. pressure expected. Heat from the blower motor is rejected to
.

the feed gas as this gas flows by the motor inside the sealed

blower container.

The gas enters the preheater/recombiner vessel where the

electric preheater boosts the gas temperature and thermostatically

controls it to maintain a constant elevated recombiner inlet
temperature. The warmed gas then passes into the catalytic-

recombiner catalyst bed where the hydrogen and oxygen from the

containment atmosphere react to form water vapor. The exo-

thermic heat of reaction and the preheat maintain the catalyst

bed temperature sufficiently high to provide essentially 100%

conversion ef ficienty and to pre' 1nt any reduction in catalyst

efficiency due to atmospheric contaminants.

The hot recombiner effluent gas, free of hydrogen, is cooled

in the gas aftercooler and returned to the containment, completing
the treatment cycle by the recombiner unit. The unit is operated

until the hydrogen content of the containment atmosphere is reduced

|
to a minimal level and further generation is-insi,gnificant. The

i

L recombiner operates -with the blower feeding gas continuously
I

through the-unit and with-the preheater temperature thermostatic-
.

ally controlled. Multipoint temperature indication'through the
i

j catalyst bed provides direct monitoring of the unit's effective -

hydrogen removal' activity, since, due to the exothermic nature

of this catalysis process, the bed temperature will rise approxi-

mately' 145 Fifor every one percent hydrogen reacted. Safety

242
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;

shutdown controls (with annunciators) operate when any of the
'

following conditions are reached:.

|
! - Low feed gas flow
, .

- High exit temperature from preheater
4

- High exit temperature from recombiner
r

{ - High exit temperature from af tercooler

,

Equipment description

| The equipment components are pressure vessels, inter-
1

connecting piping, and valves, of stainless steel, installed
,

!

as a skid-mounted system, with a separate instrument control1

i
'

panel. The pressure-retaining components are fabricated to
a

ASME Section III, Class 2 standards with Seismic Category I

design, as required for a safety class, emergency use system.

Figure 9 shows a typical Skid Layout and Equipment Perspective

view of the system. The components are listed and briefly

i described here.

4 Entrainment Separator

This component.is a vertical separator vessel with a demister

,
pad in the upper gas exit secticn, designed tc remove any entrained

i

liquid droplets or suspended particulates from the inlet gas
j

stream. The separator provides reduced gas velocity for the

feed stre am, tangential gas flow, and a wetted surface on which,

entrained water droplets can impact and coalesce. The mechanism
.

of inertial impaction also removes entrained solid particulates

which will strike and adhere to this wetted surface. Small
,

droplets.will be removed by the demister pad. The separated

liquid drains into the bottom of the vessel and through a discharge

243.
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Blower Package

The blower is a rotary lobe, positive displacement, direct,

.

driven gas pump designed to delivery constant volume against

varying pressures. '

Both.the blower and motor are supported on a common base

and housed in a horizontal, flanged head pressure vessel. The

blower / motor assembly is on a rack fixed to the inside of the

removable flanged head, permitting the entire assembly to be

removed and replaced through the flanged end of the vessel. The

gas convection in the can and cooling effect of ambient air

outside the can allows the canned unit to operate without

overheating.

Preheater/Recombiner

This preheater/recombiner is a common vertical pressure

vessel housing the electrical preheater elements in the upper

secticn and the-catalyst bed in the low section. The preheater

is an electrical resistance heated surface exchanger consisting

of sheathed, immersion heater elements mounted inside the upper

section of the vessel. The process gas is heated in this unit

before it enters the recombiner section. Gas flows across the

heater elements from the top to bottom and the outlet gas

temperature is thermostatically controlled. The flanged pre

heater assembly can be readily removed from the top flanged -
,

head of the vessel for inspection ~or maintenance. This also
,

prcvides access to the catalyst bed below.

The CataGuard " recombiner section, below the preheater,

contains pelletized catalyst in a deep packed bed. The catalyst

bed allows the feed stream hydrogen and oxygen tc react to form-

244
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I

| water (vapor) by heterogeneous catalysis on the surface of the
/ .

| pellets.

The catalyst pellets can be removed by a simple vacuum -

hose technique should replacement ever by necessary. However,

the need to replace the catalyst is considered to be remote

over the 40-year life of the unit. The noble metal on the

ceramic pelletized base will not deteriorate in standby conditions

or in operation. Vessel design, bed geometry, flow distribution,
|

and catalyst selection are all based on Air Products' considerable

experience in gas purification systems. Air Products has completed

a significant test program on a pilot recombiner system simula-

ting specific LOCA feed conditions. In this program a noble metal

| catalyst on a pelletized ceramic support, made by the Houdry
|

| Division of Air Products, was selected for its resistance to
!

poisoning by trace contaminants such as halogens in the feed gas.

The tests show that controlled bed temperature operation permits

t

i high reaction efficiency even with halogens present in the feed

gas at well above postulated post-LOCA concentrations. The tests

I were long duration demonstrations of the resistance of the Cata-

TMGuard catalyst bed to iodine and other halogens. This test
!

! information has been used in the design of the post-LOCA recombiner
|
! system with conservative design factors applied to insure an

,

; effective system. The results of these pilot plant tests were
.

supported by tests carried out on full scale production units.
1
! Water-Cooled Aftercooler
!

The cooler is a shell-and-tube exchanger with component

'

' cooling water in a cylindrical shell cooling the process gas in

|246
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the tubes. The cooler is designed to cool the recombiner
*

effluent gas to a typical discharge temperature of 150 F.

Air-Cooled Gas Cooler (optional alternate to Water-Cooled.

Aftercooler)

Should ambient air cooling be preferable to the use of

cooling water to the unit after cooler, an air cooler can be

supplied.

The air cooler is a bank of vertical coiled tubes witn
common top inlet and bottom outlet horizontal manifold headers,

designed to cool the recombiner effluent gas flowing in the4

tubes to approximately 150 F. Heat is rejected to ambient air

by natural convection from the tube surfaces.
'

Instrumentation and Control

The hydrogen recombiner system is designed to operate

automatically with varying gas concentration and containment

conditions. Instruments included in a separate control panel *

are: a process gas flow indicator, blower and preheater

controls, and a multipoint temperature indicator to monitor

temperatures at the preheater outlet, inside the recombiner

bed, and at the aftercooler outlet.

The process flowmeter is an orifice with pressure taps in

the process line, with a transmitter to a flow indicator located

*
on the control panel. A low flow switch and alarm is provided

as part of the preheater control.,

The blower has a motor starter and disconnect in the

-control panel along with a start /stop button common for the

- blower motor and preheater.
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The electric preheater is thermostatically controlled to
.

maintain recombiner feed temperature. The heater is protected
.

from burnout by a high temperature switch and the low flow

switch with alcrm mentioned above.

Utility requirements

The only utilities required are electric power for the

blower, heater, and instrumentation, and cooling water for the
aftercooler.

The blower typically consumes 4 kW, the heater 8 kW, and

the instrumentation less than 015 kW. The water-cooled after-

cooler alternate requires 16 gpm of cooling water. The air-

cooled aftercooler alternate will release 36,000 to 116,000 ,
|BTU's/hr to the room air.

J
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*
CONCLUSIONS

The current limitations on recombiner perforraaace - 200 scfm,

of input flow per unit, and 5 vol %/2.5 vol t concentration of

H /0 - pr bably reflect a limit in cost / effectiveness.
2 2

It is now clear that no cost effective solution exists for

using recombiners to cope with the hydrogen from an extensive

zirconium-steam reaction in a LOCA. On the other hand , recorabiners

as they now exists are capable of dealing effectively with

hydrogen and oxygen that result from radiolysis and corrosion,

following a LOCA.

It is possible that recombiner technology could improve in

the sense of offering existing performance at substantially

lower cost; however such a development is not likely, considering

the large amount of effort already spent in reaching current

performance levels.

The question of recombining H and O at rates sufficient
2 2

to cope with hydrogen from an extensive zirconium-steam reaction

does not lie in the field of hydrogen recombiners, and is

discussed elsewhere in this compendium.

.

@
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V. LITERATURE REVIEW AND BIBLIOGRAPHY

*

The sequence of tasks comprising the literature review

were performed in three phases. In the first phase, a.

descriptors list was determined, and was then submitted to the

libraries at Sandia Laboratories and Energy Incorporated.

In phase two, the libraries performed computerized liter-

ature searches, accessing the following data bases:

1) Nuclear Science Abstracts

2) Energy Data Base

3) National Safety Information Center.

4) National Technical Information Services
5) Compendex (Engineering Index)

6) INSPEC (Science Abstracts)

7) SCISEARCH (Science Citation Index)

8) Chenical Abstracts

The final phase of the review consisted of (1) screening
the citation lists obtained from the literature searches,

(2) submitting follow-up requests for specific reports, and
(3) reading and collating the information obtained.

|

The bibliography that follows includes all materials

identified in the literature search as likely to be of
'

interest to readers of the Compedium, and also other similar,

materials known to both Sandia Laboratories and Energy Incor-

porated prior to the onset of this project.
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The formats used for the bibliographical entries were
.

obtained from the ISO Standards liandbook 1, first edition,

1977, a handbook on International Standards governing infor- -

mation transfer, compiled by the ISO Information Centre and

sponsored by USESCO within its UNISIST program. Specifically,

the following ISO (International Organization for Standardi-

zation) standards were used:

ISO 690-1975 Documentation - Bibliographic references

- Essential and supplementary elements.

ISO 3380-1977 Patent documet#9 - Bibliographic references

- Essential and complementary elements.

ISO 3166-1974 Code for representation of names of countries.

Specifically, the following codes for the identification
of countries of origin were used in the bibliographic entries

for patent docunents:

DE Germany, Federal Republic of

j FR France (French Republic)
)

GB United Kingdom (of Great Britain and Northern Ireland)
' US United States (of America) ,

.

|

|
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CORE-CONCRETE INTERACTIONS
.

The following bibliography is intended to guide the.

interested reader to further details concerning subjects
treated in section I-5. Capsule descriptions of the refer-

ences are included to aid the reader's selection. The

bibliography is a listing of works that will be of use in

gaining an understanding of gas generation during melt

interactions with concrete. The bibliography should pro-

vide a starting place for those interested in pursuing the
subject in greater depth.

.

G

b
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CONCRETE CHEMISTRY BIBLIOGRAPHY
.

BRUNAUER, S. and COPELAND, L. E., "The Chemistry of Concrete," .

Scientific American 210 81 (April 1964).

A readable account for the non-specialist of the chemistry
of conventional and more exotic concretes.

TAYLOR, H. F. W. (ed.) The Chemistry of Cements. Academic Press,

(1964).

A collection of monographs on various features of concrete

chenistry. Especially detailed on chemical species. The

treatments of gore structure and texture are weaker.

KALOUSEK, G. L., DAVIS, Jr., C. W., and SCliMERTZ, W. E., "An

Investigation of flydrating Cements and Related Hydrous

Solids by Differential Thermal Analysis," Proc. Amer.

Conc. Institute, 45 693 (1949).

A classic study of the thernal decomposition of comentitious
g.

Ilphases of concrete.

KANTRO, D. L. and COPELAND, L. E., "The Stoichiometry of the

flydration of Portland Cement," Chemistry of Cement, Proc.

4th Int'l Symp., Natl. Bur. Stds. Monograph 43 Vol 1,

p. 439 (1960).
.

!!ydration and water in concrete are described.
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BAZANT, Z. P., " Review of Literature on High Temperature

Behavior of Concrete," Appendix I in Evaluation of,

Structural Integrity of LMFBR Equipment Cell Liners -
.

Results of Preliminary Investigations, W. J. McAfee

and W. K. Sartory, ORNL-TM-5154, Oak Ridge National

Laboratory, Oak Ridge, TN, January 1976.

Bazant presents a noncritical listing of some of the
literature on concrete. The emphasis is on mechanical

behavior of heated concrete. The discussions on gas release

are not extensive.

THERMAL DECOMPOSITION OF CONCRETE

FORRESTER, J. A., "The Determination of Calcium Oxide, Calcium

Hydroxide and Carbon Dioxide by Thermogravimetry,"

Analysis of Calcareous Materials Comprising Compilation

of Basic Methods of Analysis and Papers. Monograph 18,

p. 407 Society of Chemical Industry, London.

Effects of aging and heat treatment on the stoichiometry of
weight loss from concrete. The results can only be

qualitatively extrapolated to other concretes.

i

*

HARMATHY, T. Z., " Determining the Temperature History of |

Concrete Constructions Following Fire Exposure," J. Am.
,

!Conc. Inst. 65 959 (1968).

A qualitative description of water loss from concrete during
heat treatmen'. Of principal interest to those concerned with

changes in concrete rather than gas generation.
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HARMATHY, T. Z. " Thermal Properties of Concrete at Elevated
.

Temperatures," J. Materials 5 47 (1970).
'

An attempt to quantitatively describe the variation in the -

properties of concrete with temperatures.

POWERS, D. A., " Empirical Model for the Thermal Decomposition
4

of Concrete," Trans. Amer. Nucl. Society 26 400 (1977).

This is the presentation of a kinetic approach to the
quantitative description of microscopic processes of concrete

decomposition at high temperatures. The formalism considered

in this work could be used to describe most structural,

concrete decompositions.

IIANCOX, N. L., "The diffusion of Water in Concretes,"

AEEW-R482 Atomic Energy Establishment at Winfrith,

England, 1966.

The drying of a concrete sphere is treated in the conventional
diffusion manner. The strong dependence on temperature of

diffusion coefficients determined in the study reflect the
fundamental inapplicability of simple diffusion theory to
water migration.

.

BAZANT, Z. P. and Majjar, J. J., " Nonlinear Water Diffusion
.

'in Nonsaturated Concrete," Materiaux et Constructions,

53 (1972).
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PIHLAJAVAARA, S. E. and TIUSANEN, K., "A Preliminary Study,

on Thermal Moisure Transfer in Concrete," Paper 34-47
*

Concrete for Nuclear Reactors Special Publication

SP-34, American Concrete Institute, Detroit, Michigan,

1972.

Nonlinear diffusion is used to explain moisture migration.

The descriptions in these papers of the texture and pore

structure of cementitious concrete is useful. The models

of moisture migration are outdated.

McCORMAK, J. D., POSTMA, A. K. and SCHUR, J. A., Water

Evolution from Heated Concrete, HEDL-TME-78-87,

Hanford Engineering and Development Laboratory,

Richland, WA, February 1979.

Mais document describes the WATRE computer code for predicting

water loss from heated concrete. The treatment is strongly

biased toward non-calcareous concretes.

BAZANT, Z. P. and THONGUTHAI, W., " Pore Pressure and Drying
,

of Concrete at High Temperatures," ASCE J. Eng. Mech.

Div. 104 1059 (1978). j

Despite the title, the model described in this paper is'

,

best applied to analysis of water loss at temperatures less,

than IS0*C.

|
1

275

.



DYAN, A., COWAR-2 User's Manual - Thermohydraulic Behavior
.

of Heated Concrete, GE-FBRD-GEFR-00090(L), General

Electric Corp., May 1977. *

A description of a model of water release from heated concrete
during reactor accidents.

; BECK, J. V. and KNIGHT, R. L., User's Manual for USINT - A
Program for Calculating Heat and Mass Transfer in

Concrete Subjected to High Heat Fluxes" NUREG/CR-1375

SAND 79-1694, Sandia National Laboratories, Albuquerque,
NM, May 1980.

This document describes a model to predict both water and
CO2 release from heated concrete at temperatures that might
be encountered in reactor accidents.

GLUEKER, E. L. and DAYAN, A., " Concrete Failure Modes at
Elevated Temperatures," Proc. 3rd Post Accident Heat
Removal Information Exchange. Argonne National

Laboratories, 2-4 Nov. 1977, ANL-78-lO, p. 233.

Primarily a discussion of mechanical failure by spallation
of concrete. Shows a comparison of COWAR-2 predictions of

pressure in concrete with experimental data.
.

.KNIGHT, R. L. and BECK, J. V., "Model and Computer Code for

Energy and Mass Transport in Decomposing Concrete and-

Related Materials," _ Proc. Int'l. Mtg. on Fast Reactor
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Safety Tech., Seattle, WA, Aug. 19-23, 1979. Vol. IV,
,

p. 2113, Am. Nucl. Soc., LaGrange Park, IL.*

The article provides a capsule view of the USINT model and
.

a comparison of predicted and experimental results.

FISCHER, R., "Uber das Verhalten von Zementmortel u. Betonbei

Hoheren Temperaturen," Deutscher Ausschuss fur Stahlbeton,

Heft 214, W. Ernst u. Sohn, Berlin 1970.

Fisher presents data from extensive investigations of

various concretes. The data are useful for showing the

range of concrete properties and their dependence on

temperature. Correlations to apply results to particular

concretes are not available. Unfortunately, the article is
1

in German. A translation to English has not appeared yet.

MOISTURE MIGRATION IN CONCRETE

- POWERS, T. C. and BROWNYARD, T. L., " Studies of the Physical

Properties of Hardened Portland Cement Paste," J. Am.

Conc. Inst. 18 249 (1946).
One of the earliest studies of the physical properties of

concrete and classification of the various types of water

in concrete..

.

YU AN , R..L., HILS DORF , H. K. and KESLER, C. E., "The Effect

of Temperature on the Drying of Concrete," Paper SP 34-46

177
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Concrete for Nuclear Reports, Special Publication
,

SP-34. American Concrete Institute, Detroit, Michigan,
~

'

1972.

Isotherms for the adsorption of physically bound water in concrete

for temperatures up to 6p*C.

ENGLAND, G. L. and SHARP, T. J., " Migration of Moisture and

Pore Pressure in lleated Concrete," Paper II 2/4, Proc.

First Int'l Conf. Struct. Mech. in Reactor Tech., Berlin,
,

Germany, Sept. 20-24, 1971.

A classic paper on the development of high pressures within

concrete heated on one surface.

IIARMATt!Y, T. Z., " Simultaneous Moisture and Ileat Transfer in

Porous Systems with Particular Reference to Drying,"

Chem. 8(1) 92(1969).Ind. Eng. _

An approach to moisture migration during heating of concrete

that works best when bulk porosity does not change dramatically
,

and thermal gradients are small.

.

IIARMATfiY, T. Z. and ALLEN, L. W., " Thermal Properties of Selected

Unit Concretes," J. Am. Conc. Inst. 70, 132 (1973). -

A collection of data on various concretes that is of use in
,

gaining appreciation for the range of concrete thermal

properties. The data can only be used as guides to the

properties of specific concretes.
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ENGLAND, G. L. and SKIPPER, M. E., "On the Prediction of

Moisture Movement in Heated Concrete," 2nd Int'l Conf.

on Struct. Mech. in React. Tech., Berlin, 10-14 Sept. 1973,-

V. 3.
.

A qualitative description of moisture migration in concrete

at temperatures to 150*C.

VOS, B. H., " Moisture Migration in Concrete," Paper H 2/5,

Proc. 1st Int'l Conf. Struct. Mech. in Reactor Tech.,

Berlin, Sept. 20-24, 1971.

An analytic treatment of moisture migration in concrete at

low temperatures that raises the issue of capillary action
neglected in some treatments.

SULLIVAN, P. J. E. and ZAMAN, A. A. A., " Explosive Spallation

of Concrete Exposed to High Temperatures," Proc. 1st

Int'l Conf. on Struct. Mech. in Reactor Tech., Berlin,

20-24 September 1972, Vol. 4, Paper H 1/5.

An account of catastrophic failure of heated concrete.

METAL GAS REACTIONS

ELLIOT, J. F. and GLEISER, M., Thermochemistry for Steelmaking,

Addison Wesley Publ. Co., Inc., Reading, MA, 1960..

A classic reference dealing in part with the subject of gas-
O

melt equilibria. See also BOF Steelmaking_Vol. 2 Theory,

Chapter 4, E. T. Turkdogan, " Physical- Chemistry of Oxygen

Steelmaking, Thermochemistry and Thermodynamics," AIME (1975).
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FLORIDIS, T. P. and CHIPMAN, J., " Activity of Oxygen in Liquid
.

Iron Alloys," Trans. Met. Soc. AIME 212 549 (1958).

Data on the solution effects on oxygen activity in liquid '

steels are presented.

CH'JN , fi . M. and CIIIPMAN, J., "The Chromium-Oxygen Equilibrium,"

Trans. Am. Soc. Metals, 38 70 (1947).

Equilibrium in the reaction of 11 0 with chromium dissolved2

in iron is discussed.

CllI PMAN , J., GERO, J. B. and WINKLER, T. B., "The Manganese

Equilibrium under Simple Oxide Slags," Trans. AIME 188

341 (1950).

Equilibrium of manganese-MnD system is discussed.

ORR, R. L. and CfiIPMAN, J., Trans. Met. Soc. AIME 239 630

(1967).

The rmodynamic functions are presented for liquid iron alloys.

3
RICHARDSON, F. D., Physical Chemistry of Melts in Metallurgy,

Vol. 2, Academic Press, London and New York, (1974).

Chapter 10 of this book has a brief discussion of some of -

the kinetic aspects of gas-melt reactions.
,

BICKERMAN, Foams: Theory and Industrial Applications,

Reinhold Press, New York, 1953, Especially Sections
3-7.
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A review of the formation of bubbles at sites below a
.

liquid. See also Silberman p 263-284 Proc. 5th flidwestern

" Conf. on Fluid Mech., University of Michigan Press, Ann

Arbor, Michigan, 1957 for a discussion of flow regimes.

HELSBY and TUSON, Research, London 8 270 (1955).

Discusses coalescence of gas bubbles formed at multiple sites.

HABERMAN and MORTON, Report 802, David W. Taylor Model

Basin, Washington, DC, 1953.

Bubble velocities in liquids discussed theoretically and
experimentally.

HYDROGENATION AND COKING

EMMETT, P. H., Catalysis Vol. IV Hydrogenation, Reinhold

Publ. Co., 1956. Especially -

Chapter 1, R. B. Anderson, "The Thermodynamics of

Hydrogenation of CO and Related Reactions."

Chapter 2, R. B. Anderson, " Catalyst for the Fisher-

E Tropsch Synthesis."

Chapter 4, L. J. E. Hofer, " Crystalline Phases and,

.

Their Relation to Fischer-Tropsch Catalysis."

|- Chapter 6, M. Grayson, "Methanation."

These chapters will provide background on possible reactions

that could occur in gases produced during melt / concrete
interactions.
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STORCH, H. H., "The Fischer-Tropsch and Related Processes

.

for Synthesis of Hydrocarbons by Hydrogenation of

Carbon Monoxide," Advances in Catalysis, Vol. 1, Academic ,

Press, 1948.

This article provides further perspective on the formation

of hydrocarbons in H /CO mixtures. The emphasis is on2

controlled synthesis and the role of catalysts such as iron

and nickel.

BURNING OF CO AND H2

DIXON-LEWIS, G. and WILLIAMS, D. J., "The Oxidation of

Hydrogen and Carbon Monoxide," and R. T. Pollard,

" Hydrocarbons," Chapters 1 and 2 in Comprehensive Chemical

Kinetics Vol. 17 - Gas Phase Combustion, C. H. Bamford

and C. F. H. Tripper eds., Elsevier Scientific Publish-

ing Co., 1977.
.

These works present a thorough review of combustion and

explosion limits of gases important during core meltdown accidents.
,

a

NOUGiiTON, J. J., Geochemica et Cosmochimica Acta 37 1163

(1973).

Flammability limits of diffusional hydrogen flames are '

determined in experiments with hydrogen / helium mixtures. .
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MELT / CONCRETE INTERACTIONS -

*

POWERS, D. A., DAHLGREN, D. A., MUIR, J. F. and MURFIN. W. D.,

Exploratory Study of Molten Core Material / Concrete

Interactions, July 1975-March 1977, SAND 77-2042, Sandia

Laboratories, Albuquerque, NM, February 1978. .

Qualitative features of melt interactions with concrete are

described.

PEEUS, M. et al., Untersuchung der Wechselwirkung von Ker-

nschmelze under Reaktorbeton, BMFT RS 154 RE 23/017/78

*

Kvaftwerk Union Erlangen, Fed. Rep. of Germany.

Account of research on melt / concrete interactions conducted
by the German reactor vendor on behalf of the German

regulatory authorities. Some attempts at real-time

identification of gases given off during the interaction

are described.

BAKER, Jr., L. et al., Post Accident Heat Removal Technology,

ANL/ RAS 77-2,.Argonne National Laboratory, January 1977.

Chapter VII reviews some small-scale studies of melt / concrete

interactions. Emphasis is on erosion processes and-

temperatures within the concrete.
,

POWERS, D. A., " Sustained Molten Steel / Concrete Interactions
Tests," Proc. Post Accident Heat Removal Informaton

~

P
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Exchange Nov. 2-4, 1977, Argonne National Laboratory
f

ANL-78-10, p. 433. -

Tests of 200-kg melts of stainless steel interacting with
.

concrete are described. Gas flow rates and gas composition

data are presented.

POWERS, D. A., " Influence of Gas Generation on Melt / Concrete

Interactions," IAEA Symposium on the Thermodynamics of

Nuclear Materials, Julich, Fed. Rep. of Germany, 1979.

Review of the chemical and mechanical features of gas

generation during melt / concrete interactions.

BAUKAL, W., NIXDORF, J., SKOUTAJAN, R. and WINTER, H., Investi-

pation of the Relevancy and the Feasibility of Measure-_

ments of Chemical Reactions During Core Meltdown on the

Integral Heat Content of Molten Cores, BMFT-RS-197,

Battelle Institut, e.v. Frankfurt am Main. Fed. Rep. of

"

Germany, June 1977. English Trans. NUREG/TR-0047,

October 1978.

Heat produced by the reaction of CO2 and H O with metallic2

constituents of a core melt is shown to be comparable to

the fission-product decay heat.
.

MU RF IN , W. B., A Preliminary Model for Core / Concrete Inter- -

actions, SAND 77-0370, Sandia Laboratories, Albuquerque,

NM, July 1977.
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The INTER Model of melt / concrete interactions is described.
.

The model is most useful for sensitivity studies to identify

processes that have the greatest impact on the interaction."

REIMANN, M. and MURPIN, W. B., " Calculations for the Decompo-

sition of Concrete Structures by a Molten Pool,"

Proc. Post Accident Heat Removal Information Exchange

Meeting, Ispra, Italy, October 10-12, 1978.

The WECilSL Model of melt / concrete interactions developed at

the Kernforschungszentrum Karlsruhe, Fed. Rep. of Germany is

described. This model is far more comprehensive than the

INTER Model, but it still underestimates the rate of gas

generation.
't

KUMAS, R., BAKER, Jr., J. and CHASANOV, M. G., Ex-Vessel

Considerations in Post Accident Heat Removal, Chapter

5, ANL/ RAS 74-29, Argonne National Laboratory, Argonne,

IL, October 1974.

This is a description of the GROWS code that has been used

for the analysis of metal / concrete interactions.

l

MUIR, J. F. and BENJAMIN, A., "Modelling of Molten Fuel /.

r
i' Concrete Interactions," Proc. ANS/ ENS Topical Meeting |.,
1

Thermal Reactor Safety, 7-11 April 1980, Knoxville, TN.

This paper briefly outlines the CORCON model of melt / concrete

interactions and a possible model of the rate of heat

transfer from the melt to concrete. I
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