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ABSTRACT

This report describes the investigations and analyses con-
ducted at Sandia National Laboratories, Albuquerque, in sup-
port of the Light Water Reactor Safety Research Program from
October 1982 _through March 1983. The Molten Fuel / Concrete
Interactions (MFCI) Study investigates the mechanism of con-
crete erosion by molten core materials, the nature and rate
of generation of evolved gases, and the effects on fission-
product release. The Core Melt / Coolant Interactions (CMCI)'-

Study investigates the characteristics of explosive and non-
explosive interactions between molten core materials and
concrete, and the probabilities and consequences of such
interactions. In the Hydrogen Program, the HECTH code for
modelling hydrogen deflagration is being developed, experi-
ments (including those in the FITS facility) are being con-
ducted, and the Grand Gulf Hydrogen Igniter System II is
being reviewed. All activities are continuing.<
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LIGHT WATER REACTOR SAFETY RESEARCH PROGRAM
SEMIANNUAL REPORT, OCTOBER 1982-MARCH 1983

1. MOLTEN FUEL / CONCRETE INTERACTIONS STUDY

(R. K. Cole, Jr., D. P. Kelly, M. A. Ellis)

1.1 Summary

The Molten Fuel / Concrete Interactions (MFCIs) study currently
consists of analytical investigations of the chemical and
physical phenomena associated with interactions between mol-
ten core materials and concrete. Such interactions are pos-
sible during hypothetical fuel melt accidents in light water
reactors (LWRs). Our main purpose is to identify and under-
stand the dominant phenomena,in order to evaluate the follow-
ing:

(1) The generation rate and nature of evolved gases.

(2) The effects of gas generation on fission product .

release.

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

The program is directed toward the development of the CORCON
computer code, a state-of-the-art computer model of molten
core material / concrete interactions capable of providing
quantitative catimatoa of reactor fuel-melt accident situa-
tions. We are now well along in the development of a MOD 2
version of CORCON, with greater applicability than the
released MODl. The major extensions will be the inclusion
of a crust-formation / freezing model and a model for (nonex-
plosive) interactions with coolant in the reactor cavity.
In addition, other model improvements will be made, based on
the results of our assessment of the MODI cod.:.

A heat-transfer model that accounts for the effects of crust
formation and freezing was installed into CORCON during the
previous reporting period.[1] The model uses two one-dimen-
sional (axial and radial) quasi-steady heat-transf er solu-
tions to represent the average two-dimensional heat transfer.
A number of " bugs" that remained at the end of September have
been eliminated during this reporting period. This involved
some modification of numerical methods and inclusion of a
routine to project pool-side heat transfer relations from
crust to no-crust conditions or vice versa. This projection
is used by the routine SURFEB which performs an energy bal-
ance at the pool / concrete interface. Inclusion of the crust
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model eliminates the need for the two-phase viscosity multi-
. pliers, evaluated at interface temperatures,-- which were pre -
viously used to reduce (convective) - heat-transfer coeffi-
cients and reduce heat. losses when the surface of a ~1ayer
fell .below; the solidification temperature. As thia.model
has, been implicated. in a number of. cases of peculiar code )
-behavior. it'has been. eliminated. The resulting version of 1

CORCON, - designated Ver s io n . 1. 02. 00, contains the crust-
formation / freezing model, the Shaw model for viscosity of
oxidic. mixtures, and the various other improvements described
in previous reports. It represents a major milestone in
development of MOD 2.

The crust / freezing model is iterative, while the previous
heat-transfer models were not. A. simple timing study was
done to determine if this will have a significant impact on
run-times. :The results showed that the new model is not a
significant contributor to execution time, consuming perhaps
10% of the total. This should be compared with approximately
50% spent on heat transfer at the' pool-concrete interface and
30% spent on chemistry. The present version runs at very ;

nearly the same speed as MOD 1, typically calculating several
hours of problem time per minute of computer time on a
CDC7000-class or CRAY1 machine.

The new model has less effect on results than might have
been expected, demonstrating yet again the extent to which
the entire process is-dominated by conservation of energy.

Some further work is needed involving the manner in which
the crust-formation / freezing model is coupled to other
models in CORCON. A decision must be made concerning the i

ability of a solid crust to block penetration of gases.
~

This affects both the heat-transfer regime within the pool
and the thermal characteristics of the pool / concrete inter-
face region (the gas film). Within-pool effects are already
allowed for by the natural-convection limit of heat trans-
fer, which will automatically come into play if bubbles are
blocked. For the interface with concrete, we will require i
an alternate model for film thickness, perhaps from lubrica- '

tion theory. Finally, changes in the ablation / recession :

model would be necessary to treat correctly the penetration
'

of material sufficiently frozen to be structurally rigid.
,

The largest remaining task is activation of the coolant
layer, to allow consideration of (nonexplosive) interactions
between melt and coolant in the reactor cavity. The coolant
layer already existed in MOD 1, in the sense that it was-
included in'the data structure and a large fracticn of the
program logic, but it was not made active there because we
believed that it would produce meaningless answers in the
absence of a crust model. It was primarily the absence of

!
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constitutive relations (thermophysical and transport proper-
ties, and heat-transfer correlations) that made the model
inoperable. Af ter these have been added to CORCON, we will
be able to determine what other modifications are required.
Some problems should be expected in the energy equation
because of boiling of the coolant and the need to track the
saturation line.

The second correction set and informational memo for CORCON-
MODl, was sent to all known users on February 22, 1983. It
includes corrections for a number of additional " bugs" dis-,

covered'in CORCON-MODI since the C1 correction set was dis-'

tributed in November 1981. Most are minor and should have
no effect on calculated results. One correction involves a
minor model change, something which we had hoped to avoid,
but no other solution is possible. An interior corner (a
Point projecting into the pool) will lag behind for the
shape-change procedure used in MOD 1, which can lead to patho-
logical cavity shapes as the corner sharpens. We have found
that increasing the recession rate of such points by just
the amount necessary to prevent corner-sharpening is suffi-
cient to eliminate the problem. The change should not be.

'

significant for any calculation not showing geometry problems
with the old version.

A CORCON user at Westinghouse has reported unusual behavior
in the production of carbon monoxide in one of his calcula-
tions. Production fell by an order of magnitude shortly

'

before depletion of zirconium from the metal layer and
increased to an order of magnitude greater than its initial
value for a short period afterwards, despite an almost con-
stant ablation rate. We traced this to the phenomenon of
" coking", the reduction of carbon monoxide to elemental car-
bon in the presence of a metal with a greater affinity for
oxygen. This carbon was being " held up" in the metal for a
short period and then rapidly burned out when the zirconium
was gone. The effects on containment response would probably
be minor.

We verified that the chemical equilibrium routinos were
I indeed finding a minimum of the Gibbs function for CORCON's

values of the chemical potentials. This does not mean that
the prediction of coking is correct, merely that the calcu-
lation is consistent. Whether coking will occur in the real

. world is unknown (to us), and we would be interested in any
| information on the subject. The memo accompanying correc-

tion set C2 included a discussion of this phenomenon.

1.2 CORCON Model Development

CORCON is a user-oriented computer program written in a modu-
I lar structure. It is intended to serve as a state-of-the-art

research tool while retaining utility for more routine appli-
t cations. With the completion and release of CORCON-MODI,
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.

model development has concentrated on the long-term aspects
of molten fuel / concrete interactions,- although several old
models (such as cavity recession and oxidic-phase viscosity)
have been revised or replaced as a result of our assessment
of MODI. Inclusion of a crust-formation / freezing model, as
described in Reference 1 has required several further modi-
fications to existing models, two of which we will describe
below.

1.2.1 Extrapolation of Pool-Side Heat Transfer

The subroutine SURFEB is used in CORCON to perform a surface
energy balance at the pool / concrete interface. It evaluates
the local temperature of the interface between the melt and
the gas film using the requirement that the heat flux from
the interior of the pool to this interface must equal the
heat flux from the interface to the ablating concrete surface
(through the gas film). The nonlinear equation

q =g = o F(Tg-T) + h (T -T) (1-1)p y 3 y P g g

where

q = the pool-to-interface heat fluxp
q ,= the interface-to-concrete heat flux
B = the Stefan-Boltzmann constanto

F = the radiation form factor

hp = the film heat-transfer coefficient
Tg = the interface temperature
Tw = the concrete ablation temperature

is solved for TA using a Newton iteration.

In CORCON-MODI (2]. the pool-side heat flux is represented
in terms of a heat-transfer coefficient

p = h (Tg - T ) (1-7)q p A

where TB is the (bulk) pool temperature. The dependence of h p
on TA (if any) is ignored in the iteration, and the value for
the last previous evaluation of within-pool heat transfer
used. This approximation was quickly found to be inadequate
when a crust model was included, because of the discontinuity

dq /dTA when TA passes through the solidification tem-in p
perature, Ts. When TA is slightly greater than To. this
derivative is given by a convective heat-trancfor coefficient
which in typically large. When TA is slightly less than Tg.
a small change in surface temperature merely changes the
(steady) crust thickness with very little change in the heat

on TA is shown influx. Tne qualitativo dependence of qp
:
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l

Figure 1.1; the probic.m is with extrapolation across TA = Ts.
,

which led sometimos to unphysical results and sometimes to
failure of the iteration.

A complete solution, including the full evaluation of pool-
side heat transfer within the iteration loop. could be
extremely expensive in computer time because the energy bal-
ance is typically performed at hundreds of points along the
pool / concrete interface. A simpler alternativo is currently
being used in Version 1.02.00, where the linear relation of
Eq. 1-2 is replaced by a piccowlso-linear colation with two
pieces. If TA is on the same side of Ts as it was when

is linearlywithin-pool heat transf er was last evaluated, qp
vs TA ovalu-Projected along the tangont to the curve of qp

ated at that time. if TA is loss than Ts but there was no
is taken as the projected value forcrust previously, qp

Ts. If TA is greator than Ts but there was a crustTA =

is interpolated linearly betwoon the projoctedpreviously, qp
value at TA = Ts and zero at TA-TM. The resulting approxi-

as a function of TA is shown in Figure 1.2.mation for qp
We are currently taking Tg as the average temperature of the
layer. This is correct only for a layer without significant
crusts on any surfaces, so that TM is essentially equal to
the liquid temperature. Although no problems have boon
observed yet, wo are attempting to genocalize the definition
of Tg.

1.2.2 Liquid-Phase Hoat Transfor

In COHCON-MOD 1 [2]. heat transfer within a liquid pool layer
(the only regime considered) was calculated from correlacions
for bubble-enhanced convection. A rather arbitrary natural-
convection limit is included, primarily to provent calcula-
tional problems in the absence of gas flow. No consideration
is given to the conduction ilmit, and heat-transfer coeffi-
cients can be calculated which are smaller than conduction
values. These limits becomo more important at late timos
because of both the reduction in gas generation and the pon-
sibility that partial solidification of the pool will block
gas penetration. The curront evolutionary version, desig-
nated Version 1.02.00, contains improved models f or those
limits which will be described hoto. Unloos unexpected
difficulties dro encountored, wo expect to include thom
unchanged in MOD 2.

1.2.2.1 Natural Convection Limit

Correlations have boon developed by Kulacki with various
coworkers (3) for heat transfer to the top and bottom sur-
facos of internally heated pools (without bubbling) in the
form

1-5
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Nu . ara's (1 3)

whero
.

Nu = hL/k (1-4)

is the Nusselt number and
5Ra' = q811L /2uck (1-5)

is the internal Rayleigh number, lle ro

h = heat transfer cootticient
L = thickness of the layer
ka thermal conductivity
g . accoloration of gravity
a = thermal expansivity
11 volumatric heating
u kinomatic viscosity
c . thermal dittusivity

Guch cortolations are available for the case where the top
and bottom boundary temperatures are equal, and the case
where the bottom surface La adiabatic.

We have previounty shown (4) that the conventional Nunnolt-
ItayloLgh correlations f or heat transf er by natural convoc-
tion, as given in Itof oranco 5

Nu . 0.54 Hal/4 Ita < 2 x 107 (14)

Nu . 0.14 Hal/3 2 x 107 < Ha (1 '/)

combined with conservation of energy, could be used to
reproduce the various internal-Itayleigh-number correlations
with a maximum error of 30% and an averago actor clonut to
lot. In Eqs. 1-6 and 1-7,

3ita . 90 AT L / u r (1-0)

is the oxternal Itayloigh number, whero AT is the tempora-
ture difforence. The analysis in Itof orenco 4 showed that
the upward Nussolt numbor, Nuy. may be calculated directly
from Eqo. 1-6 and 1-7, and the downward Nunnoit number. Uug,
takon an

2 Nur AT /ATu]L/2 (t.9)Nun . 1 + (1 4 T

in the cano whero tho pool is coolod (or at least not hoated)
from below, it the pool (or layor) woro heated from below
as well, Mqn. 16 and 17 would also be unod for the bottom
nurface. llo r o , of courno, the AT's are moduutod betwooft
the surfacon of the pool and its intortor.

1-0
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The internal Hayleigh number is derived from the external
Hayleigh number by eliminating the temperatuto difforence in
favor of the internal heating. In the experiments, which
woro one dimensional and steady-stato, the two ato uniquely
rotated; in the caso of a two-dimensional pool this is not
the case because of radial heat flows. The temperatuto dit-
forence, which is characteristic of temperature gradionta,
soums the more fundamental variablo. Eq. 1-9 may be viewed
as desceibing the of foct of convoctivo flows deivon by an
unstable temperature gradient at the top of a layer on
stoopening the stable temperaturo prof 110 at the bottom.
thereby increasing the hoat flow for a given temperatuto
difforence, llocause thoco results are based on temperaturo
differences. and agroo well with the results of the ono-
dimensional experiments, wo believe that they are more
appropriate f or application to a two-dimensional pool than
the correlations based on internal Itayleigh numborn.

It sooms reasonable to assume that the admo results would
revorsod) if the layer woroapply (with " top" and abottom a

being heated fcom both abovo and below. The natural-convoc-
tion limits applied to bubble-onhanced convoctivo heat trano-
for in Vorsion 1.02.00 uno thoso ccoultut in fact, it to

I assumod that Eq. 1-9 may be applied even when Nur to
ovaluated for bubble-enhanced convection.

For radial heat transfer, a Nunn olt-itayleigh cortolation
from floforence 5 is again unod.

'

Nug . hL/k . 0.59 Ital /4 (1-10)

Nug a hL/k 0.10 Hal/3 (1-11) '

Note that the charactoristic longth is the layer thicknous
(height).

1.2.2.2 Conduction Limit

For very thin or very vincous layers, the natural-convection,

corro14tions abovo can ytold smaller heat fluxon than would
result from simplo conduction. Thoroforo, an approximato
conduction limit is imposed on host tranutor in Veroton
1.02.00 in the form of a lower limit on the Nunsett num-
bor. The formulation is baand on the averano temperature of
the layer, consistent with COHCON usage and normal practico
for convoctive host trannfor. For convection, thorn is an
annumption (usually unstated) that boundary layern are thin
and that the local temperatuto is oN0entially equal to tho
avorage temperatuto almont ovarywhero. This is not the cano
at or near the conduction limit, whero the temputaturo pro-
filo (for a uniform volumotric noutco) is quadratic. Thoto-
fore, we have chosen an "approximato" limit rathor than an
" exact" one.

|
|
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In the radial direction, the exact conduction result for a ,

quadratic temperature profile is

q, a 4k(i - T )/R (1-12)g
,

and the Nusselt number based on layer thickness is

Nu = 4L/R (1-13)
This provides the desired lower bound on radial heat trans-
ter. :

!The axial conduction result is '

q,g, = 2k(T - TT+ (-Tg + 2T - T II/' (l'I4) {T
.

q, . -2W - Tg + (-T,+ 2i - T )]/L (1-15)T
!

where the fluxes are positive up, and "B" and "T" refer to ,

the bottom and top surfaces, respectively. In most cases. I
heat transfer will be near steady state, for which the !
internal heating, the fluxes, and the temperatures are
related through

;

HL = q,g,- q5 6k(-Tg + 27 - T I#b II'I'IT

fso that

2i,, . (Ty T (1-17)e T )/2 + HL /12k

Then, at steady state, the fluxes are

qTss k(Tg - T )/L + HL/2 (1-18) |T

qBas = k(Tg - T )/L - HL/2 (1-19)T

(which tollows simply from the linearity of the conduction
problem).

in Eq. 1-14 does not necessarily have the same
Note that q,g,T,g,(and similarly for q

-

sign as ? - and T which ;would greatly complicate an attempt,to impIs- ?).e the " exacta f

limit. In order to avoid this' complication, we have con-
sidered the expressions

.

|
!

q,g, a 2k(T - TT + 2[ max ((i - T,g,)(T - T ). 0)N)/L (1-20)g

i

93 * -2k W - TB + 2[ max ((i - T ) d - T ). 0)]1/2)/L (1-21) !T g
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h

b

These have the desired sign properties and the same valuest

. a s : Eq's . 1-14 and 1-15 for'the limiting cases of nc internal
heating (T -(TB + T,)/2) and of large internal heating,

:(i - T : -i -'T ). It is easily shown that they satisfy
lI 7 and 1518 at steady _ state. so that-they also give.Eqs. l

thejcorrect partition of theat between upward and downward
! fluxes. In-fact, given the. boundary temperatures and the
"

volumetric _ heating, the approximation - eres only in the
-temperature'at which steady _ state is achieved, given by

,

(TT + T )/2 + HL /4k,-(i , - T )(T -T} # UB g T ss B,

i,, = (TT + T )/2 + {2[1 + 12(k(T - T )#B y O

SL )2)l/2 -11} HL /12k, otherwise. (1-22)2 2
t

1

*his steady-state temperature, which will be approached
[ using the_ approximate heat-transfer relations'of Eqs._l-20
f and 1-21, is plotted against volumetric heating in Figure 1.3

'

and compared with the exact result of Eq. 1-17. The maximum
error is one-third the temperature dif ference across the,

layer and occurs at the point where the heat flux at one
boundary is zero. This error is unavoidable if we wish the

*~ heat fluxes to have the same sign as the temperature-differ-
ences. In any case, if the conduction limit in a liquid is
reached, the. layer must be relatively thin and the tempera-,

''
ture difference relatively small so that the error in T
represents only a only a minor error in the sensible hS5t

} content of the layer and has no other consequences. Eqs.
1-20 and 1-21, rewritten in the form of Nusselt numbers'

based on layer thickness, are employed in Version 1.02.00 as'

; a lower bound on the possible Nusse.t numbers in a liquid
! layer.
!

1.2.3 Results for Sample Problem Using Crust Model

I We performed calculations with Version 1.02.00 of CORCON for
; the sample problem included in the CORCON manudl.[2] This
1 problem involves deposition of the entire molten core of a
j large (3411 MWt) PWR, together with 140 metric tonnes of

molten steel into a 3.125-m-radius cavity in limestone /
,

|- common sand concrete, 13000 s after reactor SCRAM. The cal-
culation was carried out for 10 hours of' interaction time,'

; which-required 77 s of CRAY-1 computer time. After about
4.7 hours of interaction, the calculated temperatures of the;~

bottom and. radial surfaces of the metal layer fell below the
freezing temperature, and a solid crust began to form.
Figures 1.4 through 1. 6 show the crust thicknesses, while
Figure 1.7 shows the resulting cavity profiles at one-hour*

intervals. For comparison, Figure 1.8 shows the results of
a. calculation.in which the crust / freezing model was disabled

|~ (but no other changes made) and heat-transfer was calculated
- from convective correlations ~3 lone. Note-that this is not

l-11;
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equivalent to MODl, with the largest difference being in the
viscosity modelling.

,

.

The principal effect of the crust model in this calculation
^

is a reduction in the radial ablation by the metal layer,
caused by a 10 to 20 cm solid crust on its radial surface.
A 5 to 10 cm crust on the bottom surface has a much lesser
effect on downward penetration. The increased thermal resis-
tance between the metal and the concrete was largely compen-
sated for by the formation of a thin (few millimeter) crust
on the pool surface which tended to reduce the surface tem-
perature and the radiative losses. Because the situation is
almost steady, heat loss to concrete and heat loss from the
surface must balance internal (decay) heating so that any
reduction in one must be accompanied by an increase in the
other. In this case, the total concrete erosions predicted
by the calculations with and without the crust model were
equal within 0.11.

1.3 Oxidic-Phase Viscosity Model

The extended Shaw viscosity model was described in detail in
the previous semi-annual report. During this reporting
period, the model has been placed in the code and undergone
final testing. The viscosity results from the new and old
model's are compared in Figure 1.9 for the DWR sample problem
given in the CORCON-MOD 1 user's guide. As opposed to the
old model (an extrapolation of the Bottinga-Weill correla-
tion), the new model yields more reasonable viscosity esti-
mates that are continuous functions of both temperature and
composition. The old model exhibits an abrupt change in
viscosity of the light oxide (probably as a result of tem-
perature extrapolation) and a sharp rise in the viscosity of
the oxidic mixture when the model is changed to account for
15% silica content. Of course, both models predict an abrupt
change in viscosity at layer flip when the heavy oxides
(primarily 002 and ZR02) mix with the light oxides (concrete
decomposition products). This is indicated in the figure by
a vertical dashed line at approximately four hcurs after
SCRAM. The continuous nature of the new model is reflected
in the plots of layer variables (e.g., layer teinpe ra ture)
where the curves are smoothed considerably compared to the
old results. This improvement has been incorporated in MOD 2.

1.4 Code Assessment

Assessment work during this period has concentrated on the
three major heat transfer modelling areas in CORCON:
(1) melt / concrete heat transfer, (2) pool layer heat trans-
fer, and (3) pool surface heat transfer. A summary of the
salient results is presented here with detailed descriptions
of these tests included in the assessment report.[6]
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1.4.1 Melt / Concrete. Heat Transfer )
:

The interface between the melt and the concrete is assumed
to. consist of a gas film sustained'by concrete-decomposition,

gases. Conduction : and convection through, and radiation
across, the film are considered as the heat-transfer mecha-

[ nisms. :The radiative contribution is . evaluated f rom the
i: equation for parallel gray plates separated by-an optically

' transparent. medium.- For horizontal . or near-horizontal4

' films, conductive -heat transfer is assumed, with a Taylor-
; instability bubbling model used to evaluate the film thick-

. ness. For1 inclinations greater than 15*, a flowing film is
[~ assumed, with a thickness determined by the requirement that

pressure losses in the: film match the change in gravitational,

| head in the pool. At small' flow Reynolds numbers, conduction
is. assumed; above'Re=100, the Reynolds analogy for turbulent
flow is used. The results:are cast in the form of Nusselt-
Reynolds correlations. Transitions are introduced at model' ,

changes, resulting-in the five regions shown in Figure 1.10.

; Testing in this area indicated that_ changes.in the values of
! the gas film heat transfer coefficients for all three ,

'
regimes (bubbling film, laminar flowing film, and turbulent,

i flowing film) are compensated by radiative heat transfer due
] to the effect-of the gas-film / melt-interface temperature.

Therefore, as long as a gas film is assumed to be present,
i the convective modelling of heat' transport across the film

has limited influence on the results.

i 1.4.2 Pool-Layer Heat Transfer

i Convective ~ transfer from the. interior of the pool to its
periphery and across layer interfaces is strongly.affected
by the flow into the pool from the decomposing concrete.

; Due to vigorous circulation of the-melt by the gases passing
; through it, one bulk temperature for each melt layer, is

assumed except near the layer boundaries where the tempera-
ture varies to its boundary value across a relatively thin
thermal boundary layer, 6 A schematic of the core-melt-t.
pool / concrete configuration showing the heat transfer regimes
of interest is given in Figure 1.11. Enhanced heat transfer
as a result.of the gas-driven circulation may be divided into
two categories: (1) indirect or " bubble agitation" - for sur-
faces across which there is no gas flow (Region-II), and
(2) direct or " gas injection" - for surfaces through which'

there is a gas flow (Regions I and III). The latter includes
heat transfer across liquid / liquid interfaces in the pool.

-l
The: code results are very sensitive to this area of heat
transfer modelling. Particularly, increases in layer-to-
layer interfacial heat transfer resulted in high melt surface
temperatures, which resulted in large increases in radiative
heat transfer from the melt surface to the surroundings and
a consequent reduction in-cavity recession. The partition
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l- of-the decay heat generated in the melt appears to be signi-
ficantly influenced by this model.

1.4.3 Pool Surface Heat Transfer

Heat transfer from the pool surface includes both convection
to the atmosphere and radiation to the atmosphere surround-
ings. Thermal radiation is considered to be the dominant
heat loss mechanism. The atmosphere is assumed to be opti-
cally transparent and the pool surface and surroundings to
be gray bodies with known emissivities.

Results of the sensitivity tests indicated that the prin-
cipal results are only moderately sensitive to changes in
the effective convective and radiative heat transfer coeffi-
cients for heat transfer from the pool surface to the sur-
roundings.

l

;

I
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2. CORE MELT-COOLANT INTERACTIONS (CMCI) ;

(M. Berman, N. A. Evans, D. E. Mitchell, J. M. McGlaun,
M. S. Krein, M. L. Corradini),

~

The three main purposes of the core melt-coolant interaction
program are: (1) to identify experimentally.the magnitudes,

and time-characteristics of. pressure pulses and other initial.

con'ditions which are necessary to trigger and propagate4

explosive interactions between water and molten LWR mate-
t rials; (2) to determine the conditions for, and the nature
i of, nonexplosive interactions which produce significant

pressurization by steam and noncondensable gas generation;.
;

and (3); to assess. the probability :and consequences of such
! interactions during postulated melt-down accidents in LWRs.
L The program is being conducted in four areas: (1) small
! scale, single droplet experiments; (2) intermediate-scale

experiments, both ex- and in-chamber (FITS); (3) modelling>

1 and analysis of experimental observations; and-(4) structural
1 consequences of the pressurization processes and effects on

the overall accident progression.
,

i

| 2.1 Summarv

| 2.1.1 Small-Scale Experiments

$ The triggered steam explosion experiments with single drops i

of melt were brought to a conclusion at the end of FY 82,
and we currently do not expect any resumption in the near

,

future.,
:

!' 2.1.2 Intermediate-Scale Experiments
:

: Intermediate-scale testing was in abeyance during this '

i reporting until late in March, 1983 when the first of a new
series of tests (EXO-FITS-CM) was performed to specifically I

: investigate . coarse mixing phenomena. In this first test, i
] 19 kg of molten iron-alumina was dropped into a pool with a

i

| l-ft by 1-ft cross section and 4-ft deep. The water was
'

! subcooled approximately 10*C. When the molten metal con-
tacted the water surface an unexpected expulsive event

;

; -occurred. p

!

| 2.1.3 The Effects of CMCIs on Severe Accident Risk in Light
! Water Reactors
!

| By using generalized accident sequences developed-from Prob-
: abilistic Risk Assessments (PRA) for'7 PWRs and 5 BWRs, it

is shown that core melt-coolant interactions can occur over-

i- the whole ambient pressure-time plane, and can involve all
I the principal types of initiating events (all sizes of loss-
j of-coolant accidents (LOCAs), transients, isolation failure,
,

and major vessel rupture). It is also shown that, although
i

2-1 ;
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in-vessel steam explosions produce a low containment failure
probability (Pa)..the effect on the early death risk can
be significant: for a particular PWR, a value Pa 0.01=

,

increased the estimate of early death from other failure 1

modes risk by 59%.

The generalized accident sequence has been continued in
detail beyond the core melt condition to show that CMCIs are
possible (as a result of accident progression, system
response, or operator action) in the core barrel, the lower
plenum, and the cavity. Using the currently available data
base,.it was very approximately estimated that the greatest
risk stemmed from a CMCI, occurring explosively or nonex-
plosively, in the cavity, and leading to indirect containment

. failure. A steam explosion in the lower plenum might lead
to indirect containment failure, direct containment failure,'

or only primary system failure. The high levels of uncer- *
,

tainty were reflected by the wide ranges in the estimated
risk for each consequence.

5 2.1.4 Models for the Various Phases of a CMCI
t

! We outline research work that is underway in every phase of
i modelling and analysis of CMCI. In particular, we are devel-

oping models to be used in probabilistic risk assessment
(PRA) applications as well as to analyze and scale CMCI'

experiments in regard to fuel-coolant mixing, triggering,
'

4

explosion propagation, and expansion. All of this work will'

be used to establish boundary and initial conditions for i

modelling of CMCI experiments using more detailed analysis |
tools, such as the CSQ code, and to provide simple models
for PRA parametric calculations.

2.1.5 Wave Code Analysis of a Steam Explosion
4

The explosion and expansion phases of the FITS-9B inter-
mediate scale steam explosion experiment were analyzed with

.

the two-dimensional Eulerian wave code, CSQII. Excellent I

comparison between experimental and calculated early time
(1 to 2.5 ms) data indicate that CSQII is well suited for
the application. The early time agreement substantially

*

improves confidence in the later time calculated kinetic
energy of the water slug.

,

;
,

; 2.1.6 Monte Carlo Analysis of In-Vessel Steam Explosions
'

The earlier Monte Carlo analysis of in-vessel steam explo- !
'

sions is currently being refined using revised input distri-
butions, with more emphasis on evaluating the uncertainties
involved.

2-2
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2.2 Intermediate-Scale Explosions

-(N.A. Evans)

The first test in the EXO-FITS-CM series has been conducted
with the following initial conditions: iron-alumina melt
mass delivered -18.7 kg; water vessel dimensions (cross-
section x depth, ft) -1 x 1 x 4; coolant subcooling -9*C;
drop height of melt -1.0 ft. The objective of this test
series is to investigate the coarse mixing process, using
relatively deep water with low subcooling to obtain longer
observation time with less likelihood of triggering a steam
explosion. However, the first test produced an expulsive
event which was triggered at the surface after the melt had
penetrated a few inches into the water. The submerged melt
was then driven to the bottom of the vessel with no further
explosions occurring, while the majority of the melt (still
above the water surface) was scattered to distances up to
100 ft from the interaction site. This test will be repeated
to determine whether the unexpected surface trigger persists.
In this first experiment, the surface interaction signifi-
cantly reduced the mass of melt that entered the water. The
subsequent mixing of the melt that did enter was probably
forced and, therefore, different from that in earlier tests
in which an explosion was triggered after the melt contacted
the base of the wator vessel.

2.3 Analysis and Modelline of CMCI

2.3.1 The Effects of CMCIs on Severe Accident Risk in Light
Water Reactors
(N. A. Evans)

2.3.1.1 Introduction

The ultimate safety objective in the operation of nuclear
power reactors is the prevention of significant radioactive
releases to the environment. In LWR design, there are three
barriers to radioactive release: the fuel rod cladding, the
reactor vessel system, and the containment building. A
severe accident is defined as one that results in covere
fuel damage which, in the extreme, could involve core melt-
down. With a severe accident, the first barrier is auto-
matica11y breached, and serious threats are placed against
the second and third barriers, depending on the subsequent
course of the accident. Hence, a better understanding of
the nature of severe reactor accidents is required in order
to improve risk assessments of existing plants, and to deter-
mine licensing requirements for existing and new plants.

,

An accident can occur in response to a particular initiating
event if certain engineered safety features (ESFs) for reac-
tor core protection are rendered inoperative, or fail to
operate, and cause unacceptable temperature excursions in
the core. If the accident progresses to severe core damage,

,
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a special question' arises as to the outcome of interactions
between core melt and coolant. If an accident disturbs the
normal coolant circulation, emergency coolant systens na
brought into play with the intention of preventing core dam-
age, and permitting a safe shutdown. This constitutes the
design basis accident (DBA), but failures of the emergency
coolant systems, singly and in combinations (again depen-
dent on the specific accident scenario), go beyond the DBA,
through degraded core accidents, and into the severe acci-
dent regime involving core melt. In this last situation,
there is significant potential or a CMCI due to progression
of the accident, system response to the accident, or faulty
operator intervention.

Through the evolving methodology of PRA, a severe accident
evaluation for a specific plant is divided into three parts:

(1) An estimate of the frequency (occurrences per reactor-
year) of an accident sequence, which consists of an
initiating event followdd by the failure of certain
ESFs (an individual ESF failure frequency is estimated
from fault tree analysis);

(2) A determination of the response of the containment
building to particular phenomenon resulting from the
accident sequence;

(3) A calculation of the radioactivity released as a result
of 1 and 2 above (when this is combined with the local
population and property distributions, and the prevail-
ir.g meteorology, the risk can be expressed in terms of
health effects on that population, and economic losses).

In the following sections, a summary of related work will be
given, together with the currently available data base on
CMCI, and interpretations by different investigators. This
will be followed by statements of the conditions now recog-
nized as influencing CMCI behavior, and the outcomes to be
expected.

For risk assessment purposes, in order to quantify the appro-
priate prototypic conditions for the various CMCI outcomes,
a representative LWR accident sequence will be extended
beyond the point of core melt, and a determination made*of
the currently uncertain'or unknown CMCI factors that could
significantly affect the result.

Finally, taking into account all the significant uncertain
and unknown factors, a program plan of analysis and experi-
ment will be proposed to resolve the phenomenological uncer-
taintlas that will allow a proper evaluation of CMCI during
accidents in LWRs.

.
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. 3.1.2 Related Work, Available Data Base, and Interpreta-! 2
tions

h 2.3.1.2.1 Results from the Reactor-Safety Study (WASH-1400)

j' . Although investigations .of the b'ehavior of hot liquid-cold
liquid interactions (typically referred to as vapor explo-
sions) have.been in progress for many years in such areas as.

the metal foundry and paper-making industries, and in liquid:
i natural gas transport, its potential importance f or LWR

safety came into prominence with' publication-of the Reactorg
i~ Safety Study (RSS) in 1975.[1] This document introduced,

and described in detail, the PRA method for use in reactor
,

l' safety work. By augmenting the data base then available
i- with certain assumptions, it was concluded in the RSS.from a
! relatively simple analysis that, if a core melt occurred,

the relative direct failure probability of containment due
to an in-vessel steam explosion was-Pa , 10-2(+Le-8). Com-

j pared with other containment response probabilities of signi-
! ficance (Pg - failure to isolate containment,.Py - failure due
: to hydrogen burninq, P6 - failure by overpressure), P isa

considered to be rather small, but, as indicated, was judged
; to have substantial uncertainty. When combined with the
L accident sequences considered dominant in leading to core
; nelt, containment failure due to a steam explosion was not
; overall dominant in estimated frequency. However, the par-
i ticular nature of containment failure by a steam explosion

has the most serious consequences with respect to fission4

- product release so that it was placed in the first (i.e.,
I the most serious) of the total of seven release categories

for core melt accidents. This resulted in a risk of radio-
active release that was approximately one order of magnitude
less than the average of the other three most serious con-
tainment failure modes (8, 6 and Y).;

i 2.3.1.2.2 Available Data Base
i

I Since the RSS was published, a considerable amount of work
'

has been done at various locations around the world to better
4 quantify, and reduce the uncertainties of reactor-related
) CMCI phenomena. Sandia's contributions started with gram-
i scale flooding tests in an arc melter. Field-type tests in
i which molten iron-alumina and corium thermites were dropped

into open tanks of water followed. These experiments have *

;

| progressed to carefully controlled, detailed studies of
i single melt droplet (~50 mg) behavior, and experiments at
j . intermediate scale with 20 kg of malt (FITS).[2] This has
i been accompanied by the development of a fairly comprehen-
i sive, inter-connected set of models to explain the behavior
| observed during the experiments, with a level of empiricism

that we consider relatively modest, but acceptable, for pre-
dicting the principal outcomes of a CMCI at reduced scale.

,

; Much of the work to date at Sandia has been concerned with
' in-vessel steam explosions, and the direct containment threat

i
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: by a.large mass' missile resulting from vessel failure. From
,

-this-work, it-is clear that a typical steam explosion con- |

sists of four phases: coarse mixing of melt and coolant, I

triggering, propagation, and expansion work. These are shown
:: in| Figure 2.1, with the horizontal axis representing experi- 4

ments with increasing scale to the right, and the' vertical )
axis representing analysis and model' development, which ter- 1,

i. .minates.with a1 containment failure probability estimate Pae
'

;' 'obtained by_a Monte Carlo technique. The value of this quan-
; tity, using the most recent experimental information is

,

; Pa = 5 x 10-*, with a large associated uncertainty. It should
'

4 be noted that this result, while suggesting that direct con-
tainment failure by a steam explosien may be relatively unim-
portant~ compared with other failure modes, has considerable
uncertainty for several reasons, the most important being,

'

the lack of information on CMCI behavior:at reactor scale.
Currently available 1 experimental data using 20' kg melts'

i represents a mass scale approximately two to three orders of
'

magnitude below what might be expected at reactor scale.
i

j To establish a CMCI data base. Table 2.1 shows the ranges of
i the various conditions used in the small-scale and interne-
I diate scale experiments. To date, the program has concen-

trated on a determination of the occurrence probability of a
, steam explosion, and the consequences of such an event. The
I results show that molten corium A+R will explode as readily
[ as a molten iron-alumina simulant. Such explosions occur

spontaneously when an apparent threshold in melt volume'

; (~0.5 1 for both materials) is exceeded. Theory and experi-
I ment both indicate that triggering becomes more difficult
I (but still possible), with both increase in ambient pressure
! and decrease in coolant subcooling.

j At ambient pressure, P. ~ l bar, the kinetic energy conversion
j ratio from intermediate-scale tests-is MKE - 2% within a fac-
] tor of 3 either way, for both corium and iren-alumina. A set
j of small scale tests has shown_that the conversion ratio
i determined from the steam bubble work. increased by a factor
j of 4 to 5 when the ambient pressure increased by an order of

magnitude. Only one intermediate-scale experiment at ele-'
-

'

vated pressure (P. ~ 11 bars) (with an explosion by applied
; trigger) has been conducted, and no significant. change was
j observed in nKE. Bird at AEA Winfrith, using ~500 g of molten
i UO2- in water, has shown that the conversion ~ ratio also
I increases with decrease in subcooling.[3] To this point, the
' trend in results may.be summarized as follows: at reduced

scale (compared with prototypic) a steam explosion becomes .,

! more difficult .to trigger with increased ambient ; pres.sure
and decreased subcooling, but simultaneously the conversion I!

ratio increases; this resistance to triggering may also<

l- decrease with increase in melt volume due to the threshold*

effect, but this is currently only speculation. Other )
. -results have shown that: (1) explosions are possible with
)

!
'

! |

; 2-6 |

"
- - , . - - . , - . . - . - _ . - , - - - - - - - . _ . _ ,- , _ _ . - _ ,. - - - , - - - , _



. . .. . . - -. . - . - . ..-- ,,

i
I .

. -

|-

EXPERIMENT
| C D

SCALE * SMALL INTERtKD. REACTOR

PHASES (SINGLE DROP)'

f
COARSE ux m =0 O-O

1
: TRIGGERING -o 'o o

}'

: PROPAGAMN 'O [.O O
I e

EXPANSION .O .O O
,!

-

MIXING STEAM

f_A.
: ; INTEGRITY

MODELS (t) GENERATION
, .

I ! B. FLM

f COLLAPSE (EO):

I t
I
I C. THERMAL.

A | FRAGMENTATION M k

| (E2)N
i 4

A | D. 1-0,

i | PROPAGATION

| | MODEL (E2) /
! Y | t [
| E. 2-D

S'

EXPLOSION ['g ;

g |
MODEL (E3) t = UNDER DEVELOPMENT

> i +
* ^S | F. QUENCH *

t- + CONDENSA "
O = PHASES ADDRESSED

*

(E1)

i
G. CONTAINMENT

| % FAILURE

PROBABLITY
,

|

2

i Figure 2.1. CMCI Program Integration

f

2-7

4

---,3 -,-.y.. #--,,v.m-.-mm- ---,----y y3,www.,~%-ws,,y.m.~-w ,,y-,--*- mm,__ y y ,, % , _ . _.yg-,,-., .--n ,,-,.m- ..i m mw-



. . _ . . - -. - - . . - -_._ - - - . _- .

Table 2.1

i Ranges of Experimental Variables Studied g

!
1

*

Small Intermediate Reactor-
Scale Scale Scale ,

..

4

Molten fuel mass 0.015-15 g 0.6-20 kg 200-200,000 kg

Fuel composition Fe, Fe0x, coriums Fe-A1 03, FeOg, Oxidic2
UO ZrOx, corium A+R and metallicx,

coriumsU-Zr -Oy > A1 03,x 2
silica alumina

.

! Fuel temperature 1800-3500 K ~2700-3000 K "1800-3200 K

= 1.5:1 to 50:1 -0.21:1 to =Water / fuel mass ratio

Water subcooling 0-160 K 0-80 K O-300 K

Contact mode Pour, flood Pour Pour, flood,
spray

w
b ' Water depth = 0.1-0.8 m 0-5 m .

0.1-0.5 m2 ~20 m2Tank area =
and larger

Coolant Composition Water, salt solutions. Water Water
,

|
hydrocarbons

Structure --- Some in open Complex
geometry

Ambient pressure 0.83-12 b* 0.83 b, 11 b 1-loo b

Fall height 8-50 mm ~1-2 m -0-5 m

Entry velocity 0.4-1 m/s -1-7 m/s Low to
very high

Trigger pressure spt, 1-16 b, 40 b, sp, -100-500 b Unknown
100 b

_

tsp = spontaneous
ab = bar

!
I
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melt temperatures at the melting point (including the pre-
sence of partial solidification): (2) explosion triggering
of single melt droplett is easier with initial increase in
ambient pressure (1 bar $ P. 1 7.5 bars); and (3) in
several intermediate-scale tests, spontaneous double explo-
sions occurred in which the first explosion appeared to
enhance fragmentation and mixing ahead of the second explo-
sion, with total conversion ratios (composed of slug kinetic
energy produced and energy stored in the chamber air) being
generally greater than for single explosion tests. In addi-
tion, hydrogen generation rate measurements have shown that
approximately 20-30% of the metal content of both, the iron-
alumina and corium A+R melts can be rapidly reacted in a
steam explosion, but only 4% to 10% (and more slowly) in the
nonexplosive case. Small-scale tests have also shown that
the presence of noncondensable gas in the film around a mol-
ten drop, by either entrainment or generation, will increase
resistance to triggering due to a cushioning effect. In
other words, oxidic melts undergoing small drop heights
(lower entrainment) into coolant will be more easily trig-
gerable since the hydrogen generation is lower.

When the experimental circumstances permitted (such as after
in-chamber FITS experiments), the CMCI debris was collected
and analyzed for particle number, mass, and surface area
characteristics. It has been generally observed that there
is a strong correlation between the fineness of particle
fragmentation produced in a steam explosion and the total
energy conversion ratio. This debris bed information is
also used as input data for studies of debris coolability.

Further details of these, and other results can be found in
the series of quarterly reports [3] and in several topical
reports.[4-7]

2.3.1.2.3 Data Interpretations and Questions

Although it appears at this stage that the probability of
direct coatainment failure by a steam explosion may not be
particularly high, the possibility of a Oteam explosion may
be important because of the contribution it may make to con-
tainment failure modes by hydrogen burning (y mode) or by
overpressure (6 mode), as well as debris bed coolability.
Furthermore, a steam explosion may be sufficiently energetic
to damage (by missile production) accident management systems
such as sprays and fans, and indirectly cause, or contribute
to, containment failure. The basic energy for these damage
processes resides, of course, in the degraded core, and a
steam explosion can be regarded simply as a mechanism that
increases the rate at which a portion of the energy exchange
occurs, so that the mitigating systems (such as deliberate
ignition) are overloaded. ''
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s

There has been much controversy over whether a very large
steam explosion is even possible under prototypic conditions.

g One side has maintained that such steam explosions are impos- '

sible for several reasons:

(1) Sufficient coarse mixing of large masses of melt and
coolant cannot be achieved because of space and time !

constraints in the full-scale pressure vessel or reactor
cavity;

'

(2) If, by some means, the coarse mixing process could be
started, then there would be so much steam generation
that the melt and coolant would be driven apart;

(3) Even if a satisfactory coarse mixing state were reached
there would be triggering difficulties, especially at
elevated ambient pressure.

High speed photographic data from Sandia FITS experiments
have been analyzed to develop models for the coarse mixing
process (see Section 2.3.1.9.2 for additional details), and
it appears that steam generation may be assisting the process
in several different ways: vapor generation (as coolant
penetrates the melt) helps to break up the melt especially
by dispersion in the horizontal direction; vapor generation
causes coolant swell, thereby increasing the effective con-
tact time between materials, especially with low coolant-to-
melt mass ratio; increased vertical differential pressure
across a melt particle due to high-temperature vapor genera-
tion in the stagnation region might be decreasing the verti-
cal particle speed, and increasing the effective mixing time.

Questions have been raised as to whether the current data
base is properly applicable to prototypir conditions.[8]

, For example, the experimental values of coolant-to-melt mass
ratio were considered too large, and the range of ambient
pressure insufficient. As shown in the following section,
the large number of variables governing CMCI leads to an
enormous test matrix, which for obvious economic reasons,
must be sampled with utmost care, using the results of each
test to guide the next. We hope that further improvement on
this issue of the effectiveness of Ilmited test results for
prototypic application will be achieved by identifying more
clearly those conditions under which significant CMCIs would
occur in particular accident sequences.

2.3.1.3 Conditions Affecting CMCI Behavior

The conditions affecting a CMCI can be divided into three
types: initial, boundary, and external conditions. Initial

conditions concern the states of the melt and the coolant at
the start of an interaction, and the thermodynamic state pre-
valling at that instant. Boundary conditions relate to the

2-10
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geometric state of the system, while external (more arbi-
trary) conditions are those that may be imposed by operator
intervention (involving possible coolant injection and pres-
sure venting), and can be regarded as a subset of the ini-
tial conditions.

Assuming that a particular accident sequence has reached core <

melt, the detailed conditions requiring quantification are
the following:

(1) Core melt state:
a. Melt quantity

i. Amount available
11. Amount involved in CMCI

b. Melt temperature and heat content
c. Melt composition
d. Melt configuration (e.g., contact mode potential)

(2) Coolant state:
a. Coolant _ quantity

i. Amount available
11. Amount involved in CMCI

b. Coolant temperature (i.e., subcooling)
c. Coolant configuration

(3) Thermodynamic state:
a. System pressure (effect on CMCI, material failure)
b. System temperature (local effect on material

strength, heat transfer effects)

(4) Geometric State
a. Configuration at CMCI site (potential effect on

,

.
mixing, triggering, propagation, expansion)

I b. Configuration elsewhere (potential effect on energy
dissipation, energy escape paths (e.g., downcomers)

2.3.1.4 Potentially Significant Outcomes of CMCIs

Even if the threat of direct containment failure by an in-
vessel steam explosion were of relatively low significance,
the processes occurring in a CMCI (especially when explosive)
could still seriously influence the following considerations.

(1) The probability of pressure vessel fallute; such a fail-
ure would represent a lost opportunity for confining the
accident within the primary system and could result in
a major impact on further accident management, e.g., it
might necessitato a major evacuation of the surrounding
population; furthermore, even if the accident could be
arrested at this stage, there would still be a substan-
tial post-accident clean-up task, with associated risks
of exposure to workers and the nearby inhabitants, as
well as severe financial penalties

2-11
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(2) The generation cate and amount of hydrogen, and contri-
bute to the P mode of containment failure if ay
burn were to occur; rapidly generated hydrogen could
lead to flame acceleration or detonation

(3) The generation rate and amount of steam and hydrogen
(with no combustion) contributing to overpressure fail-
ute of containment (6 mode)

(4) The source term by early and extensive fission-product
release from the fuel, and by affecting the timing of
primary system failure and containment failure

(5) Core debris coolability through the degree of fragmen-
i tation coupled with the degree of material dispersal

(e.g., a deep (i.e., nondispersed] bed of fine particles
is less coolable)

.

i (6) The course of a particular accident, and perhaps change
j the sequence

,

) 2.3.1.5 Determination of LWR Dominant Accident Sequences i

j If an accident disturbs the normal reactor coolant circula-
] tion, and if emergency coolant systems initially fail to :

: operate so that core melt occurs, then, depending on the !

; availability of coolant, there is a possibility for the -

: occurrence of an explosive or nonexplosive, CMCI. The [
; availability of coolant will depend on accident sequence

'

progression, system response to the accident, or operator
j intervention.

i In order to better quantify the conditions under which poten- <

j tially significant CMCIs could occur, we have selected impor-
tant accident sequences from available PRAs. The Accident'

Sequence Evaluation Program (ASEP) is studying PRAs and other i,

1 saf ety-related program results in order to produce generic |
1 accident sequences that might lead to the determination of ;

" accident likelihoods." The MELPROG program has incorporated
j the first phase of the ASEP work by combining the sequences

from seven pressurized water reactors (PWRs) and five boiling4

j water reactors (BWRs).(9]
\

| The resulting generalized PWR sequences are shown in Fig-
,

i ure 2.2, with'the BWR sequences in Figure 2.3. The fiquees t
!

i show the relative time for each raquence from the initiatinq
i event to fuel cladding failure (first radioactivity release)

and the relative ambient pressure at that time. Early,
; intermediate, and late timos are defined, respectively, as

: <6, 6 to 20, >20 h. Low, medium, and high pressure are
J defined, respectively, as <100, 100 to 1000, >1000 psia. A

certain time interval, of the order of 0.5 to 2 h (depending j
on the sequence), must be added to the above fuel cladding j

'
failure times to reach the core melt state. These results '

!
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willfthen provide a first estimate,'for a particular gener--!

alized sequence, of the earliest time for a'possible CMCI
(which will 'strongly Einfluence the fission product source '

term) .together.with the ambient pressure under which - the
CMCI . might occur (potentially strong influence ' on steam
explosion triggering).

,

| Taking1together the generalized accident sequences for PWRs
|| and BWRs, the results in Figures 2.2 and 2.3 show that core '

~

melt could occur over essentially the entire pressure-time
plane, and that all' types of accidents (transient, all sizes.
tof LOCAs, isolation failure, and vessel rupture) are-

involved.
r

2.3.1.6 The Effect_of Steam Explosion Containment Failure
Probability on Risk

S. W. Hatch at Sandia has calculated the effect on risk'due
j' to probability of direct containment failure by an in-vessel
; steam explosion, in. relation to the combination of:all other

containment failure, modes (see Subsection 2.3.1.2.1 for fur-
ther details). Using: a typical, northern'U.S. river valley-
nuclear power plant as a base model, risk factors were cal-'

culated_and normalized to relate release category placement
to consequences. Use of this -normalized risk factor 1does

1 not allow calculation of absolute risk for a specific plant,
but changes in risk can be determined, assuming.that the,

j relative consequences between release categories are not
site-specific,

i
! Sensitivity calculations were based-on specific plant PRA'

results, which depend on the particular accident' sequence
involved, and MARCH-code calculations. It should be noted

| that this code has no phenomenological models for CMCI,
i and makes - many simplifying assumptions . f or the phenomena.
i Results are presented in Tables 2.2, 2.3.- 2.4, and 2.5,

respectively, for Sequoyah (ice condenser PWR), Calvert,

; Cliffs (large, dry PWR), Peach Bottom (Mark I BWR), and Grand
'

Gulf _(Mark III BWR), in terms of change in the early death
risk, and contribution to the early death risk, with changes.'

in the _ probability. P of containment failure due to ana,
in-vessel steam explosion.

,

The first line in-each table-(" original") corresponds to the
plant PRA results, which used mixed values of Pa = 10-2 and
10-*, corresponding to low and high ambient pressures, respec-,

i tively. The other lines in each table use the indicated val-
~

. ues of Pa as uniform.
The-results show that significant differences exist between

,

plants, due to the different dominant accident sequences
,

involved. As the original mixed values case (using Pa = 10-2,

[
and'10-*) is changed'to a uniform Pa = 10-*, there is a

i
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Table 2.2

Effect of In-Vessel Steam Explosion Probability on Total
Risk at Calvert Cliffs (Large, Dry PWR)-

. Probability Percent Increase Percent Contribution
' of In-Vessel in Risk to Risk'

-Steam Explosion Early Latent Combined Early Latent

Original - - - 2 0.1
Results

0.0001 -1 0 0 1 0.1
0.005 68 2 7 42 3
0.01 140 6 16 59 6y

i 0.05 700 25 73 88' 24
j 5 0.1 1400 49 150 94 40

0.2 2800 100 290 97 60
0.5 7000 250 730 99 86
0.9 13000 440 1300 100 98-

,

l

- _ _ _ _ _ _ _ .



Table 2.3

Effect of In-Vessel Steam Explosion Probability on Total
Risk at Sequoyah (Ice Condenser PWR)

Probability Percent Increase Percent Contribution
of In-Vessel in Risk to Risk

Steam Explosion Early Latent Combined Early Latent

Original - - - 17 2
Results

0.0001 -16 -2 -8 1 0.1
0.005 6 0.2 3 22 2
0.01 30 2 15 36 5

Y O.05 220 18 110 75 21*

[ O.1 450 37 230 86 36
0.2 910 76 460 93 55
0.5 2300 190 1200 98 83
0.9 4100 350 2100 100 98-

|
|

|

1

. _ _ _ _ _ _ _ _ _ _ _ _ - __
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Table 2.4

Effect of In-Vessel Steam Explosion Probability on Total
Risk at Peach Bottom (Mark I BWR)

I

2 Probability Percent Increase Percent Contribution
of In-Vessel in Risk to Risk

Steam Explosion Early Latent Combined Early T.atent

'

Original - - - 9 1;

Results
!

| 0.0001 -9 -1 -3 0.4 0
l O.005 7 0.1 2 15 1
l O.01 23 1 7 27 2
| Y 0.05 150 7 44 66 12
i $ O.1 310 14 90 80 22

G.2 630 29 180 90 38'

0.5 1600 74 470 97 71
0.9 2900 130 840 100 96

.

1

1

i

i

i

i

I

I

4

?
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Table 2.5

Effect of In-Vessel Steam Explosion Probability on Total
Risk at Grand Gulf (MARK III BWR) >

J Probability Percent Increase Percent Contribution
of In-Vessel in Risk to Risk

Steam Explosion Early Latent Combined Early Latent
:q

;

2 1Original - - -

Results

0.0001 -3 -1 -1 0.1 0
0.005 1 -0.2 0 4 1
0.01 4 0.1 1 7 2y

i O.05 31 3 8 29 8

| 5 0.1 64 6 16 47 15
0.2 130 12 32 66 29

, 0.5 330 31 81 89- 62
l O.9 600 57 150 99 94

,

4

4

'

:
t



.

? decrease in total risk, and as expected, a. decrease in the
: contribution to that total fron steam explosion effects. As

~

Pa is increased by small increments, there are significant
. increases-in total risk and in the steam explosion contribu-

; tion toithat total. For Pa = 0.01 (meaning that the com- i

-bined containment failure probability from all other causes
would 'lue 0. 9 9 ) , the increase-in total risk for early deaths

.

-would be 140% at Calvert Cliffs, with steam explosion effectsF

.
contributing 59% to that total. This is a good example of how

| a low-probability event (Pa =.0.01) of serious consequence
! (e;g., in release category 1) can have a significant outcome.

By contrast, for Pa = 0.01 at Grt.nd Gulf, the correspond = ,

ing values would be 4% and 7%, emphasizing the wide range of l
,

values that are possible between plant types.

I These results indicate the importance of steam explosions
for containment failure in relation to other containment
failure modes. In Section'2.3.1.8, estimates of risks for

} CMCIs in general were made.for both vessel and containment
failure, without referring directly to other containment
failure modes.;

:

} 2.3.1.7 Detailed Dominant Accident Sequence Extension
. Involving CMCI

once the core melt state is reached, the potential for a CMCI
will depend on the availability of coolant. The accident is
continued from core melt in. detail on Figure.2.4 to show by;

location (in-core, lower plenum, and cavity) the possibili-
! ties for coolant availability as a result of sequence pro-

gression (SP), system response (SR) to the accident, or
i operator action (OA). A path segment of Figure 2.4 finishes
i either-with a CMCI in a particular location (with continua-

tion, as ~ indicated, on a subsequent figure), or with a poten-
j tial containment failure.

2.3.1.7.1 CMCI in the Core Barrel

The first possibility for a CMCI will be in the core barrel
(Figure 2.4, with continuation'on Figure 2.5).

At high ambient pressure (e.g. with a transient, or small
break LOCA accident initiation), the coolant level will be'

} relatively high (possibly still immersing the lower part of
~

the core barrel)..since there would be limited capacity for
steam-flashing, and a small break LOCA would produce a rela-
tively low coolant loss rate. Additional coolant for a CMCl
could occur by_ injection.

i

i Available data from reduced scale experiments suggests that,
; under these conditions of high' pressure, the triggering of a
j steam explosion will be more difficult, but the energy con-
; version ratio may be high (compared with conditions of low
: pressure). The effects of scale and the molten core-coolant

i
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i

contact node on coarse mixing in'the core barrel (of a
L reflooding type), and the availability Lof a sufficiently

energetic-trigger are. unknown tactors. In addition, in a
BWR, -coolant can be injected-through the core spray. system,

,

' representing another, uninvestigated, contact mode.
'

!' . . .

is a/ possibility for vesselL -With a steam explosion, there
[ failure, and with a sufficiently vigorous explosion-(as might

~

! . occur if large enough quantitiesHof molten-core and. coolant
:. could be satisfactorily mixed), there is a possibility of
[ -direct containment failure by-large mass missile from failure
^

of the upper head of the vessel. . Additional uncertainties
! here involve the generation of an appropriate. energetic slug
p. (composed of . liquid and vapor coolant, with core and struc-
i ture debris). and how it might~ breach the vessel and produce

'

; a large-mass missile. In the' core barrel with coolant injec-
| tion at a slow rate in the reflood mode from below,'an early, .

j low-energy steam explosion could occur before~a significant-
i- nass of water could mix with melt. The production of a less.

energetic missile from vessel failure due-to a steam explo-
: sion could cause damage to accident management systems
} (sprays and fans) and lead.to:an indirect. containment fail-
j. ure.

k
For both types of CMCI, there will by hydrogen generated as
the metallic content of the molten corium is oxidized by thei

i steam. Although preliminary information on hydrogen genera-
i tion rates is available for both explosive and nonexplosive
j situations involving corium, the effect of pressure above a
;. few bars is not known. With a steam explosion, the-hydrogen
j generation rate could be high, with the amount governed by
j the interaction among the quantity of melt participating,
1 its (large) surface area'of contact (due to the degree of

|' fine fragmentation), and its temperature decrease rate.
This process could produce a rapid burst of hydrogen that:

! could. defeat a deliberate mitigating scheme, such as deliber-
ate ignition. With nonexplosive steam generation, the hydro-
gen generation rate will be lower due to smaller contact.

j area, but the entire melt mass can participate (as can the
i part of the melt that does not participate directly in a
} steam explosion). The end result may or may not be the gen-
! eration of a larger quantity of hydrogen than for a steam
i explosion: the interplay among the various' factors (given
j above) is not understood,
i'

At high pressure, the associated relatively low coolant3

j- injection = rate may simply result'in an increased-steam gen-
! eration rate, which could produce increased oxidation of the
| zirconium cladding. This is a highly exothermic reaction-
; that could overcome the steam cooling effect. Hence, coolant

injection under these conditions could exacerbate the acci-
dent by accelerating core slump into the lower plenum. I,

2

?
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With coolant made available by injection, pr"ssure venting
(by operator action, or by vessel failure [perhaps by ther-
mal shock]) will increase the possibility of a steam explo-
sion through easier triggering. The actual pressure lowering
rate could also be a trigger source, especially if the decom-
pression were explosive. However, the situation will be com-
plicated, since a higher pressure venting rate will cause
faster flashing, and the complex fluid motions in the vessel
will affect the core melt-coolant contact mode and the |
nature of the CMCI. |

A low pressure accident (caused, for example, by a large |
break LOCA initiator) would be accompanied by significant '

steam flashing that could essentially empty the vessel at
original coolant. As the pressure falls below a value of
the order of 700 psi, the accumulators would automatically
discharge (typically 10 s after accident initiation), and,
after allowing for flow bypass to the break and boil-off in
the hot vessel, the lower plenum could be partially filled
with coolant having moderate to high subcooling. Failure of
the low pressure injection or circulation systems would
result in core melt in about 0.5 h. If the failed system
could be restored to inject additional cold coolant at a
sufficient rate, it is possible that the molten core could
be resolidified for a safe shutdown. If this were not
achievable, there would be a possibility, of some signifi-
cance, for a steam explosion due to easier triggering at low
pressure and moderate subcooling. However, as with high
pressure, the effects of scale and the reflooding type of
contact mode on the coarse mixing of core melt and coolant
are not well understood. If the failed system could not be
restored, then core slump into the lower plenum would occur
with, possibly a subsequent CMCI in that location (Figure
2.4 (point A) Figure 2.6, and Section 2.3.1.7.2).

If a CMCI in this region leads to a failure of the primary
system, the course of the accident can change. Finally, the
coolability of the core debris bed, and whether or not it
will remelt, will depend on the nature of the CMCI. Gener-
ally, a more vigorous steam explosion is associated with
finer particle fragmentation, and this would result in debris
that is more difficult to cool. Furthermore, a steam explo-
sion will tend to disrupt material into the lower plenum,
and the coolant there could be deep enough to stratify the
fragmented core debris, increasing further the difficulty of
cooling and preventing remelting. If coolant injection did
not result in a steam explosion, and the core could be reso-
lidified, it appears possible that it could be maintained in
that condition and a safe shutdown achieved. If remelting
were to occur in the core barrel, then the possibility of
further CMCI would have to be considered by returning to the
starting point on Figure 2.6.
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2.3.1.7.2 CMCI in the Lower Plenum

The second possibility for a CMCI will be in the lower plenum
(Figure 2.4, with continuation on Figure 2.6). There are
many similarities to the situation described in the previous
section for a CMCI in the core barrel, and except for differ-
ences and their possible effects, which will be emphasized
here for CMCI in the lower plenum, the phenomenological
information Section 2.3.1.7.1 will be considered to apply
here.

We can generally expect coolant to be available in the lower
plenum as a result of accident sequence progression and/or
syctem response to the accident (accumulator discharge for
an ambient pressure less than approximately 700 psi). There
will be a tendency for less coolant subcooling with accidents
dt higher pressure, especially above 700 psi when there will
have been no accumulator cold water injection. After core
slump in the core barrel, it is not clear how much of the
core will be molten at a particular instant, what configura-
tion it will cake, and how it might relocate into the lower
plenum. Two general relocation possibilities have been con-
sidered: (1) radial spread of the molten pool until it
breaks out as a side pour down the annulus at the core barrel
baffle (this will probably result in an incomplete pour of
the pool), and, (2) if bottom-of-core cooling were limited
(as, for instance, if the plenum water level were low), a
bottom pour could occur with discharge of essentially the
entire molten pool. Both types of pour under gravity would
produce a molten core-coolant contact mode that would be
different from the case where operator action might cause
flooding of the melt from above. For both types of pour, it
seems reasonable to expect that a large proportion of the
core would have to be molten in order for it to break out.
The various combination possibilities of ambient pressure,
subcooling, and contact mode will affect the probability and
vigor of a steam explosion. The effect of structure in the
lower plenum will be an additional, unknown factor. Only
rather fragmented information (at reduced scale) is cur-
rently available on these issues. If the CMCI does not
result in a steam explosion, then there will be steam gen-
eration. There is the possibility of vessel failure in
either case (Figure 2.6), which could lead to direct con-
tainment failure.

For a given type of CMC 1, the possibility of, and probl.ms
resulting from, hydrogen generation and difficulties with
debris bed coolability in the lower plenum, are similar in
nature to those in the core barrel, except that, with the
longer elapsed time, larger quantities of molten core (and
structure) could be involved.
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With melt in the lower plenum, either in the absence of cool-
ant, or forming a continuous pool underneath the coolant with
steam generation, melt-through to the reactor cavity would be
expected in a matter of minutes.

It is possible that a mild steam explosion in the lower ple-
num (rather than slow steam generation) could delay melt-
through of the vessel, or even prevent it if the final dobris
were coolable.

In summary. the principal differences between CMCI behavior
in the lower plenum (as opposed to the core barrel) involve
possible differences in contact mode (flooding from above in
the lower plenum, versus flooding from below in the core bar-
rel), and the possibility of larger melt massos being avail-
able in the lower plenum. These events will also determine
if and how the vessel fails.

2.3.1.7.3 CMCI in the Reactor Cavity

Compared with the previous cases in the core barrel and the
lower plenum, there are two main differences for a CMCI in
the reactor cavity (Figures 2.4 and 2.7): (1) the ambient
pressure will always be low due tc the connection with the
containment building (via the suppression pool for a BWR,
and via the keyway for a PWR), and (2) molten coro delivery
by melt-through of the lower plenum could occur under high
vessel pressure. A jet would then form with different con-
tact modo characteristics f rom a gravity pour, and in addi-
tion, the jet could break apart before entry into the coolant,

due to the expansion of entrapped vapor.
,

Lower pressure would enhance the triggering of a steam explo-
,

sion, and this would tend to disperse debris and fission pro-
ducts to the containment floor.

Questions concerning hydrogen generation and debris bed cool-
ability due to a CMCI in the cavity are similar to those for
the lower plenum and core barrel locations, with emphasis on
the low pressure situation that will influence the type of
CMCI occurring.

With no coolant in the cavity, or with coro melt in a pool
beneath coolant, basemat attack will occur.

2.3.1.8 Potentially Significant CMC 1s and Associated
Prototypic Conditions

With the various CMCI possibilities described in Section
2.3.1.7, it is now necessary to rank the CMCI in order of
significance, and to determine the prototypic initial and
boundary conditions for each caso. This will be followed, i

in subsequent sections, by identification of the condi-
tions affecting CMCI behavior and the pertinent unknown or

|
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uncertain factors, together with a listing of the issura,
the research questions, and the program elements required to
resolve the issues.

The detailed continuation of the accident sequence (Figures
2.4 through 2.7) show that CMCIs are pocnihla in the core
barrel, in the lower plenum, and in the cavity.

The overall risk, R, from a potential CMCI involves consider-
ations of a probability factor, P. and a consequence factor,
C. If our scale for C also includes a factor relating to
time (for the strength of the fission product term), then,
for purposes of comparison to establish priority among dif-
ferent CMCI situations, the risk will be defined as R = P x C.
If scales of 0 to 3 are assigned to P and to C, then the
resulting values of R will indicate the relative importance
dmong the various situations. In view of the absence of
certain items of information (which the research program
will attempt to obtain), this procedure is highly speculative
and subjective. In particular, factors contributing to
uncertainties in P include: effect of scale (typically two
to three orders in mass above current experimental condi-
tions); coarse mixing for a steam explosion (core melt mass
that can mix, and the smallness of melt particle size that
can be achieved); the strength of trigger required to initi-
ate an explosion, especially at elevated pressure and reduced
subcooling; the availability of the required trigger; the
effect of structural geometry, both on the triggering and
propagation phases of an explosion, and on the energy dissi-
pation of a slug projectile; and the production, behavior,
and damage potential of such a slug, especially with respect
to its vapor content. The resulting numbers for R are
intended to represent trends and should be considered as
providing only the crudest qualitative estimates of relative
importance. However, making the best use of available knowl-
edge, and asking appropriato questions about deficiencies,
should givo reasonable answers for the most effective course
of research to be followed.

Starting with a particular location, the progression of a
CMCI will involve the following phases:

(1) Possible immediate Results
a. Steam explosion or steam generation (distinguished

by rate of increase of pressure)
b, Hydrogen generation
c. Degree of core fragmentation
d. Possible reactant (melt, coolant) dispersal and

relocation

(2) possible Implications
a. Miscile generation
b. Debris bed coolability
c. Contribution to overpressure
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d. Contribution to high temperature excursion
e. Damage to accident management systems
f. Pressure vessel motions
g. Effect on fission product term (aerosol production,

etc.)
h. Effect on accident sequence (modification or change)

(3) Possible Consequences |
a. Accident termination (safe shutdown but with fuel |

damage) !

b. Primary system failure
c. Indirect containment failure
d. Direct containment failure

Estimates of R will now be made for a CMCI in each of the
locations shown in Figures 2.4 through 2.7.

2.3.1.8.1 In the Core Barrel Region

If coolant were available early enough. and in sufficient
quantity. then it appears possible that the accident could
be terminated with the core resolidified.

For nonexplosive situations:

Immediate results: Steam generation (la),'

hydrogen generation (1b),
minor core fragmentation (1ci

Implications: None of importance

Consequence: Accident termination, C = 0

Probability: P = 0 to 3, depending on ESP restor-
ability, pressure level, and opera-
tot action

|

Risk: R=PxC=0'

|

| The possibility of an in-core uteam explosion will depend on
the ambient pressure and the availability of sufficient trig-
ger. The strength of the explosion will depend on the
amounts of melt available (involves time into accident), and
degree of mixing achievable with coolant.

For steam explosions:

Additional results: All

Implications: All

Consequences: 3a. Accident termination:
C=0 P = 0-3, R=0
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1

3b. Primary system failure: ;

C=1 P = 0-2, R = 0-2 [
4

3c. Indirect containment failure: ;

C=2 P = 0-1, R = 0-2
;

4
* ' 3d. Direct containment failure:

C=3 P=0 R=0
;

t 2.3.1.8.2 In the Lower Plenum

Further time into the accident will have elapsed, and it is
possible that up to 80% of the core has melted and been held

i up in the core region before relocation occurred into the ,

lower plenum. With a rapid bottom pour from the core barrel i<

j into the lower plenum (as opposed to a side pour, with only
: a limited amount of pouring possible), the question of effec- '

! tive melt-coolant mixing arises due to obvious space and time
constraints. This, together with possible triggering diffi-'

; culties at high pressure, affects the likelihood of the
occurrence, and the strength of a steam explosion. i4

For nonexplosive steam generation:
'

r

; . Additional results: All but Id. f
:

Implications: 2b. 2c, and 2d.
!

1 Consequences: 3a. Accident termination: !

C=0 P = 0-3, R=0 |

|

| 3b. Primary system failure: f
j C=1 P = 0-1, R = 0-1
I
i 3c. Indirect containment failure:
j C=2 P = 0-1, R = 0-2 ;

I 3d. Direct containment failuret
! C=3 P=0 R=0
|
; For a steam explosion:

,

Additional results: All

1 ,

j Implications: All |

Consequencen: 3a. Accident termination:,

| C=0 P = 0-3, R = 0

3b. Primary system failure:
C=1, P = 0-2, R = 0-2'

1

!

O
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3c. Indirect containment failure:
C=2 P = 0-2, R = 0-4

,

3d. Direct containment failure: ;

C=3 P = 0-1, R = 0-3 j
i

i The ranges given for P reflect uncertainty due to effects of I

scale (mixing). pressure, subcooling, and structure.

'

2.3.1.8.3 In the Cavity

A CMCI occurring in the cavity will be at lower pressure,
and this will tend to increase the possibility of a steam

'

explosion with:
'

Additional results: All

'
Implications: All but 2a and 2f

Consequences: 3a. Accident termination:;
C=0 P = C-2, R=0

7
!

| 3c. Indirect containment failure:
C = 2, P = 0-3, R = 0-6

I 3d. Direct containment failure:
C=3 P=0, R=0

In the absence of a steam explosion, steam generation would ;

~

involve: i

Additional results: lb and Ic

Implications: 2b and 2c

Consequences: 3a. Accident termination:
C=0 P = 0-2, R=0

.

3c. Indirect containment failure:
,

C=2, P = 0-3, R = 0-6
;

i

; 3d. Direct containment failure:
C=3, P=0, R=0'

:

I 2.3.1.9 Summary of Important Consequences and Identification
of Significant Unknown or Uncertain Factors Affect-,

' ing CMCI Behavior

2.3.1.9.1 Important Consequences

From Subsection 2.3.1.8, on a scale of 0 to 9, the risks R

1 2 from CMCI are listed in Table 2.6.j

i 1
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Table 2.6

Relative Estimated Risks from CMCI;

Consequence Cause Location Risk. R
-

Indirect steam In-core 0-2
containment explosion lower plenum 0-4
failure cavity 0-6

--_

'
Steam Lower plenum 0-2

_

generation cavity 0-6

_

Direct Steam Lower plenum 0-3
containment explosion
failure
-

Failure of Steam In-core 0-2
; primary explosion lower plenum 0-2

cystem
-

The greatest potential risk (R = O-6) from a CMCI, occurring
I. explosively or nonexplosively in the cavity, i s the possibil-

ity of indirect containment failure. An additional possibil--;

ity with significant risk (R = 0-4) for the same consequence
could occur as a result of a steam explosion in the Iowar
plenum.

The next most serious risk (R = 0-3) is the possibility of
direct containment failure due to a steam explosion in the
lower plenum, followed by the risk (R = 0-2) of primary sys-
tem failure due to a steam explosion, either in-core, or in
the lower plenum.

Note that t"e numbers given are our crude and approximate
estimates o. relative risk, R, and not simply the probabil-
ity, P. For example, direct containment failure (R 0-3,=

with P = 0-1) depends explicitly on the occurrence of primary
system failure, but the risk from this latter consequence is

i judged as only R = 0-2, with P = 0-2. This higher value of
^

P = 0-2 very roughly indicates that by no means do all pri-
mary system failures result in direct containment failure
(P = 0-1).
The extent of the ranges of the given risk values is a mea-
sure of the uncertainty by which they should be judged.
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2.3.1.9.2 Unknown or Uncertain Factors Affecting CMCI

i When making the above estimates for R, use was made of the
i available data base (Section 2.3.1.2.2). Although sufficient ;

j ' progress has-been made to enable?us to make the subjective
: . judgments on relative risk.shown in Table 2.6 the uncertain-

| ties are still large. The most important research questions
that need to be addressed are shown in Table-2.7, along with-

the program elements suggested for the resolution of those
;i questions. The obvious goal of the research'is'to develop

models that will predict the dependence.of the CMCIs on the
initial-and boundary conditions created by the accident sce-

i narios and the nature of the CMCIs themselves (explosive or
nonexplosive, hydrogen generation rates, resultant debris4

! . bed ' characteristics) . The program elements are designed to
! be cost-effective in terms of providing the necessary infor-
1. mation. For example, we believe that small scale experiments
I may be sufficient to resolve questions on the triggerability

of steam explosions at high ambient pressure ~; .

j Obviously, not all of the research questions listed in Table
i 2.7 are of equal priority. In the summary, we indicated our
! thoughts as to the relative importance of the questions. We
| currently believe that the most important research question
i deals with scale effects. An experimental facility capable
|. of delivering approximately 1000 kg of melt will probably be
: needed if models are to extrapolated with reasonable confi-

dence to prototypic conditions (involving perhaps 1,000 to
,

200,000 kg of melt).

As an example of the connection between.the safety issues,.

i the research questions and the program elements, consider
the current state of knowledge concerning the amount of mol-

! ten core that could conceivably alx with water to produce a
CMCI. Based on FITS experimental data, Corradini has pro-

{ duced an expression for the initial diameter of a spherical
; mass of melt that can mix in a given depth of water.(10] The

melt particle size after mixing was assumed to be limited by (,

{ fluidization from the steam generated during the process:

! with increase in melt to be mixed, the steam generation rate "

j is higher, and the melt particle diameter after mixing is
| larger. An upper bound on the amount that could mix at reac-
i tot scale can be calculated by extrapolating these results

and assuming that the above (spherical) diameter is used as*

! the diameter of a cylindrical volume of melt, with a length
j equal to the water depth into which the pour occurs. These

,

; results for the corium melt mass that can mix for a typical
'

,

i PWR (total' core mass of 130,000 kg) and the~resulting par-

| ticle size are shown in Figure 2.8. For a typical PWR, with
the lower plenum filled with coolant to a depth of 3 m or<

i for the cavity filled to a depth of 5 m, Corradini's expres-

i sions predict that approximately 10% and 30%, respectively,
! of the original core (if molten) could mix. An important
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Table 2.7

Program to Resolve Issues

Issue Research Questions Program Elements

1. Steam explosion phenomena

a. Melt-coolant Effect of scale, melt / coolant geometry and FITS and EXO-FITS (~100 kg)
mixing contact mode, melt temperatures, structural plus larger tests,

geometry. Melt particle size achievable from
mixing.

b. Triggering Effect of ambient pressure, coolant subcooling Small scale (single droplet),
and and mass (threshold and scale), coarse mixing High pressure (~170 b).
Propagation particle size.

c. Energy Effect of scale, coolant-to-melt-mass ratio, EXO-FITS (with special slug
conversion pressure, subcooling, structural geometry, impact measuring plate);w

' ratio inertial confinement (tamping and directional larger scale tests.

$ constraint), melt temperature. Correlation
with debris size.

d. Water slug Slug production, kinetic energy achievable and FITS and EXO-FITS
dissipation mechanisms. Effects of scale and
void fraction on damage potential.

2. Steam exolosion Develop models to extrapolate experimental Analysis and modelling at~

modellino results to reactor accidents; refine estimates Univ. of Wisconsin and
of vessel and containment failure computer code development
probabilities. and application at SNLA.

3. Steam ceneration Dependence of generation rate on melt-coolant FITS (~100 kg), larger scale
mixing, as for la above. Effect of mitigating tests.
boundary losses (wall condensation, relief
valve operation). Steam " spike" rates.

4. Hydrocen Generation rate and amount. Dependence on melt FITS (~100 kg), using
ceneration particle size (explosive and nonexplosive inerted (nitrogen)atmo-

interactions), and melt temperatures. sphere.

5. Debris Bed Particle size and distribution; bed porosity. FITS (-100 kg).

_ __
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question remains as to whether the average melt particle
sizes after mixing ex-vessel (in the diameter range 3 to
8 cm) can result in an explosible mixture under these con-
ditions. Henry and Fauske's result for the mass of fuel
that can mix (Figure 2.8) is a few hundred kilograms, and is
independent of depth (a strong parameter in Corradini's
results).[11] Theofanous and Saito's results give a point
value of approximately 4,000 kg for the in-vessel case, and
up to 13,000 kg to 26,000 kg for the ex-vessel case, depend-
ing on the water depth in the reactor cavity.[12]

,

Current FITS data are limited to melt masses of approximately
20 kg, with the possibility of increasing this value to 50
to 150 kg. In order to distinguish between the various mix-
ing models, and possibly validate any one of them, we expect
that it will be necessary to conduct large-scale tests with !
melt masses to 1,000 kg, and possibly to 2,000 kg. ,

i

2.3.1.10 Conclusions
,

By using generalized dominant accident sequences based on
actual PRAs for both BWR and PWR nuclear power plants, it

i was shown that CMCIs could occur throughout the pressure-time

) plane (0-150 bars pressure and up to 30 h from accident ini-
tiation) and could involve all dominant accident initiators-

| (transients, all si7es of LOCAs, isolation failure, and mas- 1

i sive vessel rupture).
<

The accident sequence was continued in detail from core melt .

to show that CMCIs of potential significance could occur in !

the core barrel, in the lower plenum, and in the reactor
i cavity if coolant were available as a result of the accident

sequence progression, system response to the accident, or
i operator action.

By means of very simple scales for estimating the probability
and consequence for each CMCI possibility, it was crudely

i determined that the most serious risk was the possibility of
indirect failure of containment due to an explosive or non-'

explosive CMCI in the reactor cavity. In descending order4

of risk, a steam explosion in the lower plenum could also
: lead to indirect containment failure, as well as direct con- !

I' tainment failure, and primary system f ailure. Finally, a
steam explosion in the core barrel could produce (with equal
risk) indirect containment failure and primary system fail-
ure. The risks were estimated using the currently available
data base, and the high levels of uncertainty are reflected
by the wide ranges in the estimated risk for each conse-
quence.

t It was also shown for a particular plant that, when consi-
'

dering all other dominant containment failure modes (such as
: failure due to hydrogen burning or overpressure), direct

.

containment failure by an in-vessci steam explosion at low !
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relative probability Pa = 0.01 could contribute almost 60%
to. the total risk. To reduce the uncertainties in the

]current risk analysis and allow the development of models to I

extrapolate reduced scale results with reasonable confidence
to reactor scale, the following issues were identified for
resolution by an appropriate research program: steam explo-
sion phenomena (involving melt-coolant mixing, triggering,
energy conversion ratio, and water slug production); steam
explosion modelling; steam generation; hydrogen generation;
and debris bed coolability. Research questions related to
these CMCI issues include determination of the effects due
to scale, melt and coolant configurations (contact mode),
melt temperature, coolant subcooling, ambient pressure,
hydrogen and steam generation rates, and core debris particle
size distributions. To resolve the important issue of scale
effects, we feel that it will be necessary to perform tests
with melt masses of the order of 1,000 kg to determine which,
if any, of the current melt-coolant mixing models is valid. I

The first order indications of the effect of high pressure
(~170 bars) on triggering could be most cost-effectively
obtained in small scale, single melt droplet apparatus, with
first answers to the remaining questions obtained in the
FITS facility.

2.3.2 Modelling the Various Phases of a Steam Explosion
(M. L. Corradini)

CMCI is a physical event that can be conceptually divided
into four phases of energy transfer:

(1) Hot molten material (core melt) mixes with colder more
volatile liquid (water coolant); this process involves
melt breakup into smaller sizes as it disperses in the
coolant and as the melt undergoes heat transfer while
in film boiling.

(2) Large energy transfer rates are triggered between the
melt and the coolant by film boiling collapco and sub-
sequent liquid-liquid contact at melt temperatures sub-
stantially above the coolant bolling point.

(3) Once ' triggered,' rapid melt fragmentation occurs and
increases the exposed melt surface area and the energy
transfer rate even further. This transfer of energy by
heat transport goes into the nearby coolant and vapor-
izes it to high pressures. If the molt-coolant mixture
is large enough, it produces its own inertial con-
straint, and this explosive energy transfer can spa-
tially ' propagate' through the mixture much like a
chemical explosion.
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(4) The high pressure coolant vapor then expands against
the surrounding liquid (possibly both melt and coolant),
and transforms its internal energy to kinetic energy of
the explosion zone and surrounding liquid. Continued
energy transfer can occur during this expansion.

The CMCIs are important phenomena for a number of reasons:

(1) The CMCI mixing and explosion can cause the melt to
break into smaller sizes and be quer.ched as solid par-
ticles. The relative size distribution of this debris
is important for subsequent debris bed heat transfer
considerations and possible dryout and remelting.

(2) The CMCI also produces steam, and possibly hydrogen if
the melt is partially metallic. These gas sources are
important because they may contribute to early contain-
ment overpressurization.

(3) Finally, if the CMCI is explosive, one is also concerned
about the kinetic energy imparted to the liquid / solid
Surrounding materials, in regard to missile generation
and early containment failure.

The modelling and analyses that we are performing have two
purposes. First, we are analyzir.g current small-scale and
intermediate-scale (FITS) experiments, with the objective of
getting a better understanding of the CMCI phenomenon and
how it would scale to reactor accident conditions. Second,
we are trying to establish the reactor initial conditions
and consequences of the CMCI process with simple phenomeno-
logical models to better characterize processes during a
severe accident for pRA purposes.

We now present our recent progress in the various phases of
the CMCI. Our emphasis will be both on the physics of the
CMCI and the possible implications to sevece reactor acci-
dents.

2.3.2.1 Mixing phenomena

2.3.2.1.1 A Dynamic Model for Melt-Coolant Mixing

Containment integrity may be threatened by physical pro-
cesses that involve contact between the overheated and pos-
sibly molten core materials (Corium fuel) and other materials
present in the containment, such as water, steel, or con-
crete. In this short progress report, consideration is given
to CMCIs both in-vessel and ex-vessel, given a scenario of
melt-coolant contact.[13-17] Specifically, we present a
dynamic model for molt-coolant mixing when corium pours into
a water pool and breaks apart producing steam and hydrogen
(if the melt is metallic), prior to or in tho absence of a
steam explonlon.
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Past research into melt-coolant mixing (sometimes called
' premixing') has been directed at predicting the physical
limits for which mixing could or could not occur. Fauske
originally proposed that the melt-coolant interface tempera-
ture upon liquid-liquid contact must exceed the spontaneous 1

nucleation temperature to allow premixing for an energetic |
FCI.[18,19] The physical picture was that stable film boil- !
ing is established above this limit for a liquid-liquid sys- !

tem, and this allows the melt time to penetrate and mix with
the coolant. For the LWR system, the melt and coolant easily
satisfy this first criterion. Cho et al. considered the
energy used in melt-coolant mixing that creates more surface
area and overcomes frictional effects.[20] They concluded
that frictional effects dominate the energy mixing require-
ments. Fauske and Henry subsequently proposed the physical
concept that the melt can break up and premix with the water
to a uniform size no smaller than that which would prevent
liquid from entering the mixture zone. (21,22] The minimum
diameter was given by

H

D *
MIN = (2-1)

A9#m c CHF

where m . Am are the melt mass and density, respectively, Acm
is the coolant chamber area, q6ge is the critical heat flux,
used as the limit for steam outflow and water inflow, and
q6aop is heat flux from the melt (primarily radiation).

More recently Corradini suggested that the limit to melt-
coolant mixing was determined by melt or coolant liquid
fluidization; e.g.,

!3 "m !6q ROP
|

D"C #D v
l Il -

| (2-2)MIN =
(4 /("v/ \eiv fg/ \ 9 #/\ m/

where a and ay are the melt and vapor volume fraction at anym
time as the miting evo,1ves, HC is the coolant depth, Cp is the
draq coefficient, and igg is the latent heat vaporization.[23]
This last criterion implies that the dynamic evolution of
the mixture be known. In this regard, we are developing a
transient melt-coolant mixing model for a pouring mode of
contact. The melt is considered to fall or be injected into
a coolant pool (e.g., Figure 2.9), mix with the coolant, and,
in the absence of a steam explosion, settle on the base of
the vessel an either a molton pool, a debris bed, or both.
This is modelled numerically by subdividing the fuel pour
stream (or mass) into a finite number of Lagrangian ' par-
cels.' A new molten parcel can enter the calculation each
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time step, and each of the other parecis falls at its char-
acteristic velocity. The parcel reaching the base (or
debris / pool interface) is accumulated in the molten pool or
debris bed, depending on temperature. As the parcels fall
through the coolant pool they break up into smaller masses
due to relative velocity differences, and transfer energy to
the surrounding coolant liquid while in film boiling. This
energy transfer heats the coolant pool and generates steam
that then flows upward into the gas atmosphere as water flows
into the fuel-coolant mixture from the sides and below. If
the melt is partially metallic, then the generated steam can
diffuse to the metal surface and oxidize it as hydrogen dif-
fuses away; the rate of chemical reaction increases as the
melt surface area increases due to further mixing.

In this model. each parcel is considered to be fragmented due
to hydrodynamic forces initiated by melt-coolant relative
velocities. The characteristic diameter, Dm, is given below
as mixing develops

D =D exp - --c)1/2v,t (p
(2-3)'

m mi D ,g g p,j

where v and Dmi are the initial melt velocity and diameter,m
respectively, and the overall dimensionless time is easily
derived from a one-dimensional momentum balance on the melt
mass. The steam production rate is given by an energy bal-
ance at the coolant vapor-liquid interface, and hydrogen
generated is assumed to be controlled by the rate of steam
diffusion to the metallic surface.[4]-

D AP
N = g q
H (2-4)2 RTov

where Do is the mass-transfer coefficient for a stagnant
gas (2D /A).[24] As the steam and hydrogen are produced they

H
are added to the gas atmosphere, increasing its temperature
and pressure.

A sample calculation was performed using this transient
model. The Sandia PITS-1G experiment was chosen because it
involved a simulant melt pour (iron-alumina ~ 20 kg) into
water in the absence of a steam explosion.[25) The water
(44 kg) was initially saturated at the ambient pressure.
Because the water mass was small, the water depth was shallow
and mixing occurred in the first 100 maec. Figures 2.10 and
2.11 show pressure and water level as a function of time and
the amount of steam and hydrogen generated. Notice that the
pressure and water level rise as the melt pour continues;
after the melt has settled on the interaction chamber base,
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r +

,

the, water swell height decreases. The amount of steam pro-
,

;

' - 'duced during the melt _ fall through the water is much larger '

'

than' the ' hydrogen mass. In fact, for this case, the hydrogen
. produced corresponds to less than 1% of.the metallic fuel

|| mass reacted.
|

| :This dynamic model for melt-coolant mixing is being developed
'to describe the transient process when melt. pours into a

|
L coolant pool and breaks apart producing steam and possibly
; hydrogen. Sample calculations of the FITS-1G test at Sandia

indicate that -in the absence of an explosion, very small
amounts of' hydrogen are generated (less than a few percent

; of metallic fuel reacted).

2.3.2.1.2 Possible Mechanisms'for Melt-Coolant Mixing
i.

Mixing of a melt and coolant in a pouring contact mode can
be divided into isothermal and nonisothermal processes. In'

an-isothermal process with no heat flow between1 fluids, the
relative velocity of the fluids is the main factor which,
under certain conditions (e.g., exceeding a critical Weber*

number), can cause dispersion of one fluid into another.

}
The relative velocity leads to instabilities causing dis-
persal of the fluid. Deformation of the fluid is resisted

,

! by surface tension and viscous forces. These hydrodynamic
|

instabilities can be classified as a Rayleigh-Taylor, or a
Kelvin-Helmholtz instability, or some combination of them.
If the perpendicular component of the relative velocity is
directed from the low to high density fluid, we would ini-

i

tially induce Taylor instabilities. If a component of the
relative velocity is parallel to the fluid interface, then-
Helmholtz instab).lities could develop.'

In nonisothermal processes in which there is heat transferred
between two fluids, vapor film boiling will be the likely
process at the interface. This vapor film will oscillate
due to local pressure fluctuations as the fuel melt-mixes
with the water and cools due to heat transfer. Eventually,
the melt will cool sufficiently so that film collapse will

!- occur and an energetic interaction may be triggered. These
pressure fluctuations brought on by steam generation 'may.

also contribute to melt-coolant mixing above and beyond what
hydrodynamic instabilities may cause. For example. Fauske
has suggested that the pressurization rate in the mixture

,

j may be quite high due to steam production.[26] This steam
production may aid in breaking up the melt and dispersing it
in the liquid coolant.

Let us first consider hydrodynamic instabilities for the
,
' isothermal situation: heat transfer will be included later..

;
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c.

2.3.2.1.2.1 The. Time Constant for the Early Stage of Growth
of Taylor and Helmholtz Instabilities

From Pennington's analysis [27], the amplitude, n, of the
Taylor instability is related to the time, t, by:

y ~ cosh (nt) (2-5)
provided that: I

(1) Two fluids are of infinite depth and the geometry is
planar (a reasonable simplification for a large radius

,

of curvature) l

(2) The initial perturbation is of the form cos (kx), with
the amplitude small compared to the wavelength

(3) The fluids are incompressible, and only the linear terms
in the equations of hydrodynamics are used for the early
growth phase (n < 1).

In Eq. 2-5, t is the time and n is given by

a(p '#1) #2 2 3k (2-6)n =

p2+#1 #1+#2

where a is acceleration, p is the density, k is the wave
number, o is the surface tension, and the subscripts 1 and
2 indicate the low and high density fluids, respectively.

The amplitude of the initial disturbance grows only when
na > 0; then

2w I il/2o
crit "k 1 "l (2-7)a(p -p1)/.

crit i 2

where Kcrit is the critical wavelength for growth. Thus for
A > Acrit, there is instability growth. The fastest growing
wavelength is given by

/ 11/2
A 3 Acrit (2-8)* l =max " k * a(p p1)/max i 2

Substituting this value into Eq. 2-6, we get

3/22 [a(p -# 332 2 1nmax" V77 o (p -#1)2
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The time constant forfgrowth is given by"

~ ~ 1/ 2
L 3 V33 (p2+#)1 1T " ( -10)T n 3/2[_ a(p ~ #1)3 -
[ max

2
i
.

For the Kelvin-Helmholtz instability, the instability will
not develop unless'the initial wavelength is above a certain
threshold given by '

i

2wo [p2+#1x >
crit -

I | . -

2 1) ( ## ) (2-11)(v -#
2 1'

where v is the; velocity of the fluid parallel to.the inter-
face and the subscripts 1 and 2. represent the low .and high-
density fluids, respectively.[28] The growth rate parameter,

is given'by.

,

I i

_ (2w31
'

1/2,

"H * (2-12)( X j2(p +p )

or
:

3 1/2~/k 1 2(p1+p2)
; 7

- 1 j __ I (2-13),

1 H n A "I #H

The actual imposed wavelength on the melt is unknown, but is
probably some fraction of the melt mass diameter.,

!
; With a spherical shape for the melt falling into the water

~
,-

| the balance of forces gives us
!

3/ wD * #1(Y2 1) / wD \~#
2 i 2p D

j 2 6/* *4 2D 2
~

#2 6 /g (2-14)
i

, - where a is the melt mass acceleration (dy,/dt), D, is the
'

melt diameter, and Cp is.the drag coefficient. If we take
: representative values for melt and water from the FITS data:

; D, = 0.13 m
J p, = 3830 kg/m*

'

fv, =-5 m/s
o = 0.5 N/m,

pi = 1000 kg/m* .,

'v -02
Cp ~ l

'
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then, the linear time constant for the growth of Taylor
20). If oneinstabilities is approximately 20 ms (TT =

assumes that the initial wavelength is some fraction of the
melt diameter (e.g., K - 0.1 D2), then X >> Kcrit, and it will
grow with a time constant of about 15 ms (TH = 20). This sug-
gests that both instabilities have approximately the same
growth rate for the linear growth phase when a < K.

2.3.2.1.2.2 The Time Constant for the Long Time Growth of
Hydrodynamic Instabilities

The time constants derived in the previous section are only~

valid when the instability amplitude is less than the initial
wavelength, y < K. When a becomes equal to or greater than K. 1

then the rate cf melt breakup and mixing will decrease (time 1

constant increases). Let us first try to estimate the time ;

constant for breakup based on first principles, regardless of
the hydrodynamic mechanism.

We estimate the time needed for the melt to deform and break-
up through a distance equal to the melt diameter, D For2

this deformation we may write, approximately,

dv
p VP (2-15)~

2 d

where p, is the density of melt (high density), VP is the pres-
sure gradient causing the acceleration, and vD is the velocity
of deformation. If To is the time taken for the deformation
and D is the distance of deformation, then a representative

7
velocity of deformation, vp, would be given by vp ~ D /TD.2
The pressure gradient may be approximated by the peak pressure
difference across the melt mass caused by a dynamic pressure
divided by the distance of deformation (VP ~ AP/D ). The2

dynamic pressure difference across the melt droplet is
i

( h2'

#VD12 j (2-16)AP ~ i
2- /

where Cp is the drag coefficient.
When we combine Eqs. 2-16 and 2-15 and our approximation for
vp and AP, we get

I P2 3 1/2' 11/2
D2 2

' I (2-17)'

To ~ f f

v2 ( P1 / (Cp j

If we use the previous experimental values for the FITS tests,

we find that To ~ 71 ms. This characteristic time can be used
to nondimensionalize the time of melt-coolant mixing giving
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tv /p b|g 7T, E (2-18)D
2 ( p2 /

Notice that this dimensionless time is that used in hydrody-
! namic droplet breakup experimental correlations for the
| boundary layer stripping mechanism where it is believed that

Helmholtz instabilities dominate (complete droplet breakup
occurs between 3 $ T+ 1 6).[29]
If the melt breakup and mixing are caused by Taylor instabil-
ities, then the characteristic time for deformation. TDT.
is caused by the nonlinear phase of the instability growth
when n > K and is given by

TDT ~ D /VT (2-19)2

where VT is the Taylor instability nonlinear growth velo-
city [30] given by

vT ~ 4(aKmax)l/2 (2-20)

where a is the acceleration of the melt derived from Eq. 2-14

C !#3 D 1 2
(2-21)# ~

4D 2
2

and Amax is the fastest growing Taylor wavelength given by

/ 1/23a ,

~ 2n. (2-22)max "IE -P1)j2

Substituting the values of Eqs. 2-20 1;hrough 2-22 in Eq.
2-19 we get

2
@W

DT 4(aKmax)l/2

or

-1/4 -1/42 fp \[D ) / 3av2
(2-23b)T '

D ( 0 j (D I#2 - #1)j jT 2

Again, if we use the previous experimental values for the
FITS tests, we find that T ~ 30 ms. If we rearrange the
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expression for this Taylor instability time constant, tD,Twe get a dimensionless time of

f|#vt fp2-p1-1#4 c /2 (2-24)l*
We

E *D
t -

2 \ # 2 -l
T

where We is the Weber number
1

pvD
We E

y 2 (2-25)
1

and c is the melt-to-coolant density ratio

P 2 (2-26)cE -- *
# 1

,

Once again, notice that this is a similar dimensionless
breakup time to that used for high-Weber-number hydrodynamic
fragmentation, where Taylor instabilities are believed to be
the dominant breakup mechanism.[29]

Based on these calculations, it appears that for representa-
tive FIT" experimental conditions, the Taylor instability
may grow more rapidly and may be the important mechanism for
mixing. This tentative conclusion would be further supported
if it is found that FITS mixing data exhibited a better cor-
relation using t* as the dimensionless time rather than T+.

2.3.2.2. Triggering Studies
.

2.3.2.2.1 Analysis of Pilm Collapse Experiments

When the core melt and liquid coolant become intermixed, the
melt temperature is high enough that a stable film boiling
is established between the liquid melt and coolant. This
allows the melt to break up due to hydrodynamic and boiling
forces before triggering and rapid heat transfer begins. It
is believed that triggering of the steam explosion is asso-
ciated with film boiling destabilization and collapse.
Recently. " separate effects" experiments have been conducted
to investigate the effect of velocity-and sphere diameter on
the minimum film boiling point during film collapse.[31] In
Rezakhany's experiments, a small solid sphere (3 to 8 mm in
diameter) at an elevated temperature was moved vertically
downward at a predetermined velocity (0 to 200 mm/s) into a
quiescent liquid. The temperature history of the solid
sphere was measured as it cooled down in film boiling, pro-
ceeded through film collapse, and was finally quenched while
in transition and nucleate boiling. This temperature record
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was translated into a heat flux versus sphere surface tem-,

perature (or surface temperature minus fluid saturation tem-'

perature) boiling curve; from this, one can identify the
minimum film boiling heat flux and corresponding temperature.
The independent variables in these experiments were sphere

l velocity, diameter, coolant composition, and subcooling.
These experiments are unique in two ways, compared with past
film boiling experiments with spheres, e.g., References 32
and 33. First, they investigate film boiling. collapse at
Reynolds numbers (0 to 3000), which are characteristic of the
. terminal velocity of the hot body in the coolant (a situation
that is quite likely to occur in steam explosion triggering).
Second, the sphere diameter is one of the major variables;
in fact, the diameters used are small (3 to 8 mm below the
critical Taylor wavelength for' gravitational acceleration)
and quite characteristic of what may be expected during melt-
coolant mixing before triggering occurs.

We are currently reviewing the results of the experiments
and trying to apply-the data to melt-coolant triggering phe-
nomena. Some results are quite intriguing. First, as the
sphere diameter decreases, the minimum film boiling tempera-
ture increases. Second, as the characteristic Reynolds num-
ber of the falling sphere decreases below some critical
value, the minimum film boiling temperature increases. These
results in combination suggest that spontaneous film collapse
may occur at a temperature higher than previously thought,
perhaps partially explaining the spontaneous triggering of-
steam explosions at high melt temperatures.

2.3.2.2.2 Hydrodynamic Instabilities during Spherical
Expansions

During film boiling the pressure in the vapor coolant film
can be above the ambient pressure in the liquid coolant.
This may occur due to oscillations of the film as the melt
droplet cools or during the film collapse when the vapor-
liquid interface is decelerated. In either case, the accel-
eration vector is directed outward from the vapor to the
liquid coolant, i.e., from the less dense fluid to the more
dense fluid. This condition is hydrodynamically unstable
and the Rayleigh-Taylor instabilities will develop. Our
current analysis is unique because we consider the spherical
Rayleigh-Taylor instability growth in contrast to previous
planar instability models.

The model considered here is that of two fluids accelerated
radially outward in spherical symmetry. The innet fluid is
at a lower density than the outer fluid, causing an unstable
situation.[34]

In the first subsection, we consider the simplest case - in !

which the interface between the inner and outer fluid is !
assumed to be fixed in space and is in the general shape of |

|

!
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a spherical harmonic wave. The acceleration of the fluids
is represented by an apparent body force, in a similar manner
to planar. analyses.[35-38] The second subsection presents a
model derivation based on a moving fluid interface. In both
of these two subsections, our major assumption is that the
amplitude of the instability wave, n, is small compared to
the instability wavelength, K, and the radius of the inter-
face; therefore, only the linear terms of the perturbation
function in the hydrodynamic equations are used. Also, we

initially neglect the effect of viscosity and surface ten-
sion; subsequently, the effect of surface tension on the
instability is included in the analysis.

2.3.2.2.2.1 Instability on a Stationary Interface

2.3.2.2.2.1.1 No Surface Tension

The interface (neglecting perturbations) is the spherical
surface, r =a, a is the bubble radius and the r axis is in
the ragial direction. The initial perturbation will be of the

y small compared to
is the spheri8a(a,0,$),form Y (0,$ , with amplitude,

l harmonic function for anglesradius a: Y (0,$)
O and $. T e problem is then three-dimensional and time depen-
dent, and the true equation of the interface at any time is
R = a + n(r,0,$.t) where R is the actual interface position
and n is to be determined from subsequent analyses.

The density of the fluide may vary in the radial direction,
i.e., a function of r. po(r). Also the acceleration of the
fluids may be a function of r, g(r). Let the actual density
at any point (r, 0, $) as a result of a disturbance be po + 6p,
and let 6P denote the corresponding perturbation in the pres-
sure, P, so that P = Po + 6P.
The linearized hydrodynamic equations after small perturbation
theory has been applied become

V * U' =O (2-27)

and

8U 86P
po ar "

Br + 5# 91(r) (2-28)

*' is the perturbation velocity of the fluid inwhere Ur =
bhthe r-directi and gi is the acceleration from fluid 1

into fluid 2. The continuity equation is based on the
assumption that the density change of a fluid element follow-
ing a streamline is zero:[34] i.e.,
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I
,

0 (2-29)=

-or

86p ap
- E ar, ( -30)"

at

ap
6p = -f Ub ar dt (2-30

Now let us insert Eq. 2-31 into Eq. 2-28 and integrate

E9 2-28 from the origin of the bubble, for which r = 0,

Ur=0, and 6p 0. Also let us assume that the radial=

density gradient is given by

ap,
' ar 6(r - a)(p2 - #1) (2-32)= r

= r=a
where 6(r - a) is the Dirac delta function =

0 r4a
.

and pt, P2 are the fluid densities of the inner and outer
fluid, respectively. This mathematically corresponds to a
sharp density gradient at the interface. The resulting radial
momentum equation becomes

-p dr = - dr +g
0 0

m

I J g1(r)UE 6(r - a)r2(#2 - #1) dt dr (2-33)
0

or

a4{, 8,{ +

1 at "91(a) (p -#) J U;(a) dt (2-34)# 2 at -# 2 1a 0

and

1a +2
4 = -C ym(0, )f(t) (2-35)g

(1 + 1) r

9.

$f=C [_y Y"(0,$)f(t) (2-36)
pa
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where $[, $$ are the~ velocity po entials of the inner and
outer fluid, respectively, and.Y (0,$) is the spherical har-
monic function. Note that beca se we have neglected surface
tension in this treatment, 6P = 0 at the interface, and sub-
stituting for the velocity potential in Eq. 2-34 yields 4

2d f(t)92 #1
a + -- - (p -#1) 9 (a)f(t) =0 (2-37)2 1
E+1 % dt2

A solution to this differential equation is f(t) = cosh (nt),
which satisfies the initial condition that U' = 1 at t = 0.
The value for n2 is given by

i

I# -#) 91(a).; 2 2 1 (2-38)n =
f # #2 1
% + 1^* ~i;

The free boundary condition at R = a + n is

- = U' (a) D=b b
(8 r la r ~ dt dt ~~ 8t (2-39)

so that

n(r.0,$,t) =fcosh(nt)Y"(0,$) (2-40)

where C is a constant that can be determined by the initial
amplitude of the disturbance.

2.3.2.2.2.1.2 Effect of Surface Tension

We now introduce the effect of surface tension into the equa-
tions of the previous section. It is to be expected that
the presence of surface tension will remove the instability
for sufficiently small wavelengths as in the planar case.[36]

To-introduce surface tension into the previous equations, we
need merely to replace the condition Spla = 0 by

I l 1
(P + P), - (P + P),_ = a R[ + R- (2-41)g g j

where R and R, are the principal radii of curvature of thei

surface,.

i R = a + q(r,0,$,t) (2-42)
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and o is the surface tension. It has been shown by Lamb (37]
that

I + Y[(0,$) I f(t)dt (2-43)((6P),, - (6P)a-] =a
\ a

With these corrections for surface tension, the differential
equation for f(t) (Eq. 2-37) becomes

P2 #1) d f(t)2
1 a + -- 1 -

1+1 1/ dt2- (2-44)
a(1 - 1)(1 + 2)

(9 -#) 91(a) -2 1 a
_

so that

o -1 + 2) ~(p -91)g1(a) -2
an= (2-45)f P Pi2 i

.
a g 1 + -7 ,

We see am Eq. 2-45 that the amplitude of the initial
disturbance grows only when

(p -#) 9 (a) - a( - 1)(1 + 2) > 0 (2-46)2 1 1
a2

or remember that 1 is the eigenvalue in the spherical har-
monic

1

1/2
2y11 , g , 2 91(a)(P2 - P1) 9 y

3
O o 4 _ 2c

Therefore, the critical wavelength, Kcrit, below which no
instability will grow is approximately given by

f 1 t il/2** 2n/l + 1 (2-48)crit c (

.and 6 is the Laplace constant given by

91(a)(p2 -#1) !2
(lengthj2 (2-49)L E =o

l
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The reader should note that,'in the limit as the radius of
curvature goes to infinity (a planar geometry), we retrieve
the planar expression for the critical Taylor wavelength.
Also, as the radius of curvature approaches the Laplace
constant, the critical Taylor wavelength decreases, allowing
smaller wavelengths to become unstable and grow where they |
would not grow in a planar geometry. Finally, one finds |

that the fastest growing wavelength is not a unique constant
times Kerit as in planar analyses.

2.3.2.2.2.2 Instability on a Moving Interface (a 4 constant)

Now this analysis considers the case where the interface of
the bubble is not fixed. In this case, the acceleration of
the bubble will not appear as a body force in Section
2.3.2.2.2.1. We continue to use the assumption as stated in
Eq. 2-29. Therefore, the unperturbed equations governing
the motion of these inviscid fluids (neglecting surface ten-
sion) are

V *Or=0 (2-50)

280 8U y gpo
r 1 (2-51)at +2 Br po Br

"-

where Dr is fluid velocity (unperturbed).

Integrating from the surface of the bubble, for which
r = a(t), Da = da/dt, Po = Pb, to an infinite distance

the ambient pressure and Ur = 0, also
where Po = P,ives the Rayleigh Eq. 2-34po ,const, g

,

2da 1 [p - - ! (2-52),

b m
dt a(t) ( / 2 (dt/

The shape of the bubble interface in a fluid considering
instabilities is again treated using small perturbation
theory. The equations of motion can be written as:

8(U +0) a(U + 0 )2 8(P + 6P)
' '

(P + 04) + + *
o at ar ar (2-53)

,

'

and

Ve (O + U') =o (2-54)
r

! where po + 6p, Po + 6P, and Ur + Ur are the actual density,
pressure, and velocity as a result of the disturbance. ;
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Neglecting.the squares of disturbance properties and combin-
-ing with the unperturbed equation (Eq. 2-51), Eq. 2-53 can

,

| be simplified to give

IBU BU O) l80 80[ 86p
7 7r'+

0#|(8t + 2 Br j+ ar =0 (2-55)
#o ( 8t ar+ j

or

'
I BU BU O\ 6p 8p 86p

('p 8t + ar "5 Br ~ Bro(

And, by Eq. 2-54, we know that

D(p + 6p)
=0 (2-57)

Dt

or

8(po + 6p)8(po + 6p)
_

+Ur) Br+ I =0 (2-58)
8t r

After simplifyirig, we obtain,

86p 86p apo; ,

8t + Or Br + U Br = 0 (2-59)* r

From Eqs. 2-55 and 2-59, we conclude that when 6p is nega-
tive and a change in 6p with r is also negative, the.per-
turbations will be unstable, i.e., the instability will grow
with time. Since Eq. 2-59 is a partial differential equa-'

tion, it is unclear if we can solve analytically for the
instability growth without some simplifications. Let us
assume that the density change (6p) with r due to the per-

! turbation is small, and the mean density of the inner and
outer fluid is constant with time. The first assumption'

appears reasonable if the major density gradient is due to
,

! the mean density change across the bubble interface from p3
to p, where the mean density change with time is not large

i (only the early expansion phase).

Eq. 2-59 can now be simplified to:
'

6p : - IUh dt (2-60)

and substituted into Eq. 2-55, and then integrated from r = 0
to r = m. After this integration, Eq. 2-55 becomes |
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0$j 0${ ._ _

P U;1
U - P U' U~P + 9 +

2 5 g 7 t g
at at 1 2 2,, , 3

2ap ~a0 00=

+I - I U' dt dr = 0 (2-61)g at + ar0

where $', $' are the velocity potentials of perturbation3
motion outside and inside the bubble, respectively.

)

1+2
Y"(0,$)f(t)#$ " (1 + 1) 1+1 (2-62a)

1
# Y"(0,$)f(t) (2-62b)${ = - Ra(t)g_t

and

2 da~
dt$2= (2-63a)

r

-

$t= (2-63b)

If we use the continuity equation (Eqs. 2-54 and 2-60) in
conjunction with the simplified momentum equation (Eq. 2-61)
and an assumed density function (Eq. 2-32) we get

da(t)A f(t) + Ba(t) df(t) +
dt dt.,

2d ,gg(p -p) I f(t)dt - f(t) U =0 (2-64)
2 1 dt2 dt

,

or

d
A f(t) + (A + B - p2+#1) + Ba(t) =0

. dt dt dt dt
'

(2-65)

where

|
+

A E (p ~# ) (2-66)2 1 1
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|
# E2 l
gy+p (2-67)BE

Now Eq. 2-65 is a second-order nonlinear ordinary differ-
ential equation for f(t) (the growth function of the insta-
bility), with time-varying coefficients (radius, velocity,
acceleration). Therefore, we must numerically integrate-

'

this equation simultaneously with Eq. 2-52, which is the
Rayleigh growth equation for the bubble to determine the
actual growth of the instability. This, along with the
effect of surface tension and viscosity, will be considered
in terms of film collapse and triggering in the next report-
ing period.

.2.3.2.3 Explosion Propagation and Expansion Analysis

2.3.2.3.1 Criteria for Melt Fragmentation and Possible
Mechanisms

A steam explosion is due to a very rapid increase in heat-
transfer surface area and results in high-pressure coolant
vaporization, shock waves, fine-scale melt debris, and steam
and hydrogen generation. The increase in surface area is
directly caused by melt fragmentation mechanisms.

We consider three criteria to be of primary importance to
aid us in determining the dominant mechanism. They are (1)
energy required for fragmentation. (2) the fragmentation
time, and (3) the fragmentation area.

2.3.2.3.1.1 Fragmentation Criteria

With respect to melt fragmentation and intermixing, Cho
et al. suggested that such processes are governed by the
frictional energy dissipation, his model considered a geo-
metric progression of breakup and a constant mixing velocity
during each stage of fragmentation. Based on these ascump-
tions, the minimum mixing energy is found to be

) fy 1/3)[V 2/3)[ 2
R " (2-68)Emix min = 1.81 O l-

k mix)( V,2/3) n'(R )
cm

where

pc = coolant density

Vm = initial volume
taix = total mixing time
R = fragmented particle size (D/2)

If this mixing energy is less than some fraction of the
thermal energy of the melt, it can be said that the energy
requirement for rapid fine-scale fragmentation is satisfied.
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i.

i-

:
For'the. case of progressive ~ mixing .with 1 minimum required.

' fragmentation energy .the surface area is seen to increase
exponentially.[39] The surface area following -the ith

f stage. Ai, is

1*74iAg=A e (2-69)n g

where
J

2 An = final melt surface area-
Ro-= initial-melt size'

"

As the progressive mixing was defined, it implies some sort-
| of coarse' premixing preceding the final fine-scale mixing.

The key issue is.to be able to predict the fuel melt fragmen-
'

tation size, R.

The corresponding time from the onset of fragmentation until
,

the'end of the ith stage, ti, is
1

-1.741
( )1. " Unix 1 R/Rg)

~

: Comparing the proposed area increase to the time scale, it
: can be seen that the rapid heat transfer leading to a violent

coolant vaporization would occur in the final few fragmenta- <

j tion steps.
!

Area increase in the observed time span would be formulated
according to the postulated fragmentation mechanism.

2.3.2.3.1.2 Possible Fragmentation Mechanisms

We reviewed all the mechanisms proposed in past publications:
| (e.g., Reference 40) and selected four that we believe may

be important, though each of them is not complete enough to '
s

i explain the observed fragmentation process by itself. They
'

! are hydrodynamic fragmentation by relative velocities, vapor
bubble collapse, fragmentation by internal pressurization,
and fragmentation by solidification. A very br.ief summary,

: . of each-is given below.

] If a molten droplet is subjected to relative velocity-induced
surface forces sufficient to overcome the cohesive effects of
surface tension, fragmentation of the droplet may occur. The,

i potential to cause breakup can be expressed in-terms of the '

Weber number,g
i

)

A DYcWe =: (2-71)g

>
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|

I wh'erei
|

L #c *. coolant density
D = droplet diameter

y V '=-relative velocity of droplet ,

cr = surface tension of droplet)
Experiment'al results show that a fragmentation threshold
occurs at:a critical value between 10 and'20.4

|- Rayleigh-Taylor instability-and Kelvin-Helmholtz instability
are believed to be involved in this process. . Theofanous
suggested that the fastest rate of fragmentation would be,by.

Taylor instabilities and that the breakup time would be pro-

j portional to the Weber number.[41]

When' a vapor bubble is produced and expands as a result of'

film destabilization, it will eventually collapse due to
1

condensation, .and a high-velocity. jet of liquid coolant, ,

1directed toward the melt, is formed. The jet of coolant.
i - penetrates the melt and rapidly increases the contact area.

Subsequent vaporization of liquid coolant beneath the melt
;
; surface leads to a high-pressure shock wave and disperses

the surrounding melt into the coolant, causing another vapor,

i bubble growth-and-collapse process.[42)
i

The work potential for fragmentation can be related to some
fraction of the bubble energy'

i

| R [aP] (2-72)Eb=
i

j where

Rb = the maximum bubble radius'
,

AP = pressure difference between the bubble
; and the ambient.-
i.
I It is believed that the surface area of contact between the

|
melt and the jet increases exponentially:

A =Ae/t (2-73)- {
t

g
,

! !(p
- - 1 - g )11/2 D,-- (2-74)

;

11
* t =

!. 4 (AC/ Vo ;
'

!

; where

A, = the initial surface area of the jet
.

Vo = jet velocity. |<

This may give a rapid area increase in a short time scale. ,

1

2-61

, _ . _ _ _ . . . ~ , _ . _ , , , _ . - . _ , . . , _ _ _ . _ . _ . _ _ _ _ , _ _ . . _ _ _ . _ _ _ _ . _ . _ . . . , _ _ . - . , . - _ _



Internal acoustic cavitation within the mclten material may
be induced. by fluctuating pressure waves ~ generated in the
melt as a result of oscillatory surface film boiling and
attendant. film collapse.[43] Two conditions necessary for
melt fracture by cavitation are cavitation bubble inception
and continued growth. The minimum threshold pressure for

3 ~ melt bubble cavitation is
- -

1/2
3pth , 9.06 0 /KT (2-75)

2I 1.45 N a T I2\
\1 -- |

3/2-P M R T/ ( T('
g

where

K = Boltzmann's constant
N = Avogadro's number
M = molecular weight
L latent heat of vaporization=

Ro = gas constant
p = liquid density.

In the melt-coolant interaction, rapid quenching of melt
'

leads to surface solidification that may result in a thermal
stress-initiated fragmentation process.[44] To determine
the fragmentation size, the criterion for the breakup and

j for the generation of new solid surface area must be known.
Although the phenomenon of fracture can be described, the'

a reasons for its occurrence are not adequately understood,
and the fracture theories are capable of predicting only
crack initiation and not when complete failure occurs. How-
ever, at the times of maximum strain-energy density, the
thermally induced strain work in the outer shell is approxi-
mately the same order of magnitude as the estimated maximum
bubble energy. In order to predict the fragmentation size

i
from such energy deposition, a knowledge of the work required

. to create new solid surface must be assessed in terms of
! mechanical fracture properties.

Present knowledge of the above mechanisms is not complete
; enough to predict the relative importance of each mechanism
| in light of the three proposed criteria. Some of them may

need more consideration before a choice is made or if further
'

modelling is deemed necessary.

2.3.2.3.2 Thermodynamic Model for Explosion Work
,

The melt-coolant mixture can produce high-pressure steamr

i when undergoing a steam explosion, and this can do work '

: against its surroundings and may cause structural damage or

<
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generate missiles. Our ultimate objectives for the propaga-
tion and expansion of steam explosions are to provide infor-
nation about the-damage potential to the nuclear reactor,

| debris size, and gas . generation rates. Initially we are
! investigating the explosion work potential.

- There are three basic models from which the expansion work
potential from a steam explosion.can be; estimated: (1) the

'

thermodynamic explosion model, (2) the one-dimensional
model, and (3) the two-dimensional model.

The thermodynamic approach does not take into account any of
|' the rate processes involved. This explosion model estimates

the maximum work potential available from a CMCI, and this
corresponds to the upper bound of the work potential from a

j steam explosion.

! We can consider'two kinds of thermodynamic work potential
! models: one in which high-pressure coolant expands to a
'

specified ambient pressure and another in which high-pressure
coolant expands to a specified volume. Past work has con-.

sidered this latter case in terms of explosion work poten-i

tial.[45] We, therefore, concentrate on the former with
; auxiliary calculations done for the latter.
!

; 2.3.2.3.2.1 Fixed Ambient Pressure Model
:

j Suppose the melt-coolant interaction occurs in an. idealized
i process, where we assume the following for convenient analy-
I sis.

(1) All the heat lost by the melt during the process is
j transferred to the coolant.
!

| (2) Liquids are incompressible.
;

j (3) The specific volume of liquid is negligible compared
| with that of the vapor.

(4) The vapor behaves as a perfect gas.

j (S) The specific heat and latent heat are constant.

(6) The volume of melt does not change during the process.

i Consider a two-stage process where subprocess I is thermal
transfer from melt to coolant at constant volume. Suppose
that the mass of coolant, m, at the absolute temperature. Tc.4

e
mixes intimately with the mass of melt, m , at the absolutem
temperature. T , and thermal equilibrium is establishedm;

instantaneously.
!

.

1

4
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A

Choose as the system the mixture of melt and coolant. By the
first law of thermodynamics for the system during the adia-
batic and constant volume subprocess and neglecting potential
and kinetic energy changes, we obtain

AU = 60 - 6W = 0 (2-76a) l
l

i
where AU is the~ change in internal energy, 60 is the heat !,

transport, and 6W is work output. j

f \ f \

"c v + "m V, j
~ "c v c * "m V, m (2-76b)

*
e (

or, rearranging,

m c + "a v mcv c m (2-77)T* = mC + m,Cg y y
m m

where

coolant massm =

C = coolant liquid specific heaty

M = melt mass

C = melt specific heaty

the equilibrium temperatureT, =

i From the thermodynamic state equation, we obtain the entropy
of equilibrium state, Se:

Cy fg
= __ d T + 1 __p 3| dV (2-78)dS

T ( BT /y

T
9

S1+C in 7- (2-79)S "
ye

1

i Now we can obtain the quality and the pressure of the equili-
brium state from the steam tables, using the specific volume

| .and the entropy of the equilibrium state.

Subprocess II: Isentropic expansion of melt-coolant mixture
in thermal equilibrium (adiabatic, reversible process). Sup-
pose the melt-coolant mixture expands in a reversible and
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adiabatic manner to get the maximum work potential (Figure
2.12) where Po is the ambient pressure and AVsys is the change
change in system volume.

The total energy of the system and the environment is con-
served during the whole process:

AE* = 0

where

E* = total energy

AE* = AEsys + AEeny =0 (2-80)
AEsys = AU + AKE + APE (2-81)

po AVsys (2-82)AEeny =

and subscript env stands for the environment.

By substituting we get

O = AU + AKE + APE-+ oP 6Vsys (2-83)o

Suppose the time-variation of each energy term involved dur-
ing the process is as qualitatively depicted in Figure 2.13.

From the thermodynamic analysis, we have defined

AWsys = -AU = AKE + APE + po AVsys (2-84)

; The actual work, which can damage the surrounding structure
'

at any time, is the kinetic energy: however, we cannot calcu-
late this from this thermodynamic analysis. Therefore, the

AWsys calculated should be viewed as an upper bound of the
actual work potential.

First consider the case where the whole expansion process is
within the saturation region.

AWsys = mm AU = -A(m Uc + m Um) (2-85)c m
,

From the thermodynamic state principle for the mixture

TmixdSmix = dhmix - Vmixdpmix (2-86)

.where we define the mixture enthalpy to be

m T + m xh + m,C Tcp c g p*U 9e (2-87)hmix = ,c , ,m
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where C is the constant pressure specific heat, x is thep
steam. quality, and hg is the enthalpy required to convert

9c
saturated liquid coolant to saturate vapor. By differen-
tiating

mC + m,C dT + m h dxcp p g g
c N g

dh,gg = e (2-88). . .

m + a,y

Using the simplification for the mixture volume, one obtains

V
e=!xRT)/cg m

| c (2-89)v,gg =

m + "m i P /(m + "Mc c

Using the Clausius-Clapeyron equation,

ph dT
dp I 9dp,gg dT = c (2-90)=

2(dt/ sat RcT
coolant

Substituting Eqs. 2-88 through 2-90 into Eq. 2-87, one
obtains

f \ 1 y
l mC +mC I dl + m hep mp ct dl x =0 (2-91)I

( c mj T g (Tjc

Integrating this result between the equilibrium and the final
states:

ckC +"c E mp
c m 9 I 9 /c c

or
-

X "c p + "f pf T
X =T e+i e in e (2-93)2 2 h TT ( "c g j 2e

Oc
- _

Next, consider only the portion of the expansion process in
which the coolant state is a superheated state.
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I From Eq. 2-88, one obtains-

! \ dT| mC + m,C icp p"
A V (2-94)dh-

mix = m + m,c
'

where C - is the specific heat of the coolant vapor, and
pve

from Eq. 2-89,

mix = -
"c (2-95)y

(,P)(m + "m lc

and from Eq. 2-90, obtain

dpmix = dpcoolant (2-96)

Substituting Eqs. 2-94 through 2-96 into Eq. 2-87, one
obtains

"c pvc + "f pf dT , dp (2-97)
! mR T p

g

Integrating this result from the saturated vapor (when x = 1)
; or _ the superheated state to the known final superheated

state, one gets

= T .f 1/U'

(2-98)T
2

(9 )
1 where

,

, "c Pye + m,C "p
(2-99),

R"c c
Now consider the four ~ tirpes of path that can occur during
the procesa. For the coolant, draw the T-s diagram
'(Figure 2.14).

From Figure 2.13', we have:

path 1: equilit rium 1: tate e : saturation region
' final state 2 : saturation region

'- path 2: equilibrium state e : saturation region
final state 2 : superheated regioni

.
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l

I
1

l

path 3: equilibrium state e : superheated region
final state 2 : saturation region.

path 4: equilibrium state e : superheated region
final state 2 : superheated region

i

In the cases of patas 1, 2, and 4, the explosion work poten-
tial can be obtained from the previous analysis. In the
case of path 3, we must-determine the point c' during the
process. When the point c' is located at the left side of
the critical point, we can think of this path as a combina-
tion of path 4 and path 1. When the point c' is located at
the right side of the critical point, we search for point c'
to satisfy Eq. 2-98 and ' the saturation vapor point condi-
dition. Again, we think of this path as a combination of
path 4 and path l' (x = -1) . .and then we can get the system

, work, AWsys. For example, consider the path 2

AW = - AU = b(m U + "m ,)U =
sys cc

mE vc(T d} gg)e - (h -pvgg g )2 3++* I -pvc e e fg

m,Cy,(T -Td} ("ckkvc+"mCy,) (T -T2) (2-100)+ de

where Td is the temperature corresponding to Xd = l-

Conversion ratio is usually. defined as the ratio of the work
measured experimentally to - the melt internal energy. In
that case, work was consideredJas the kinetic energy of
water-debris slug (for FITS tests) and calculated by using
the impulse delivered t_o the chamber.

2 2 '

W=mV ,y (2-101)
2 2m - "

where
s - . - ~

m=mc+mm
so the conversion ratio was expressed by

_

2
CR = I /mcm m (Tm - Tref) (2-102)

2(m + m,- )g

'

thermodynamic nod'l we3 calculate the conversion ratioIn our e
by using the work 'dagage potential at the end of the expan-
sion '

AW AKE + APE + p AV
CR = sys o sys (2-103),

me (Tg-Tref) "f g (T -TC. gg g ef
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.Because we do not know the partition of each term in AWsys.
this is the maximum work output.

2.3.2.3.2.2 Fixed Volume Model

Suppose the melt-coolant interaction oacers through the fixed
volume process. Melt.and coolant mix nd expand instantane-
ously within the reactor vessel with a fixed volume.

In this case, we are interested in the final pressure of the
system, which might damage the structure by overpressure when
the explosion occurs. The same assumptions are considered as
those of the previous case. The system has no heat transfer
with the environment, and no work is done against the envi-
ronment.

From the first law one gets

m,c,(T,- Tref) + "c(Uci - U ef) *

(2-104)m ,c,(T -Tref) + "c(U -Uref) . . .e ce
.

where

T, = fuel temperature of initial state
'

T = system temperature of final state
e

U = coolant internal energy of initial state
ci

Uce = coolant internal energy of final state

When the final state is in the saturation region, one obtains

m,c,(Tg-T) " "c E pc(T -Tg) gi]) ( -105)e e efge - *i f+x

When the final state is in the superheated region,

Pc i - Xiggi] (2-106)"m ,(Tg-T) " "c[CPvc e - CT T Uc e

The temperature and the pressure of the final state are
obtained from the above equations by a trial and error itera-
tion method using a computer subroutine packa;e of the steam
tables. One can define the specific volume of the system as

R - m (2-107)v=
c + "c11q ygp
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:

i: where.

_ R , = reactor vessel free volume:V

V '= fuel volume; g
m = initial ma'ss of coolantc ygg,

initial mass of steam in'the system* m =
c' vag

[ a is negligibly small compared to m .at the initial
c e.

!' vap- liq >

! state. Then

*' Y .Vv R m (2-108)
*

m
clig-

For our ' calculation, we can select the initial conditions.
At the initial state, the system is composed of melt . water,.
and steam; steam in the mixture is assumed to be 50% by vol-.,

j une and
4

m,= 15000 kg

Pi = S MPa
'

{ VR = 50 - 150 m3

i
i Figures 2.15 and 2.16 illustrate the thermodynamic model
j result.a for a constant ambient pressure expansion under the
; specific conditions of an isentropic mixture and coolant
I expansion. Notice that, because the isentropic mixture-

expansion allows. thermal equilibrium. between the core melt
i and coolant during expansion, the work output is larger.
| Also, notice the large contribution . f rom the apo V work
i term. ' Figure 2.17 illustrates the maximum quasi-static pres--
| sure generated from the explosion for a constant final vol-

ume. -In this case, as the mass of coolant increases, the ,

maximum quasi-static pressure goes through a maximum and
decreases substantially as m /mm becomes large.i c

i

j. 2.3.2.3.3 Material Properties for Melt-Coolant Interaction
Analysisi

i
j We are currently performing modelling and analysis of CMCIs.
1 It includes calculation of the work output during steam' ,

| explosion, condition for triggering, mixing phenomena, etc. ,

!
. physical and transport properties of ' melt, coolant, and
In order to carry out the above calculations, we need thermo-

structural materials.at high temperature. These values are
| not'readily available,'especially for'the molten state. So

we are trying to collect this data.from various references..

If they - do ' not experimentally exist, we plan to estimate

:

!
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L . them. 'This work will also'be useful for preparing experi-
ments.regarding:CMCIs.

Table 2.8 shows the properties 1that have been collected so ;

, - far. Values near and above the melting point are-tabulated
assfar as temperature dependent properties.are concerned.

'23 .3 Wavecode Analysis of.h Steam Explosioni .

(J. M. McGlaun and N. A. Evans)

.
2.3.3.1. Introduction

F The. wavecode-CSQII has been used to analyze an intermediate-
; scale experiment, FITS 9B, which involved dropping 18.7 kg

of molten iron-alumina-into water with a coolant-to-melt-mass,

P ratio of 9. The water was in a clear lucite vessel (0.61 m
! square with an initial water depth of 0.46.m), positioned on.

a stand inside the FITS chamber. This~ arrangement allowed
high-speed' photographic observation (through side. ports).of
the melt-coolant interaction, control of the ambient pressure
and.-cover gas material, and-the collection of all explosive
debris for analysis. Three fast-response pressure trans-
ducers were installed on the coolant' vessel base at radii of

$ 0.178 m f rom the center and at successive' angles of 120*.
i Two similar transducers were mounted on two sides of the

lucite vessel, 0.229 ' m above the base. Another pressure
;

: transducer was mounted in the upper head of the FITS chamber.
.

The photographs showed the melt entering and mixing with the
i- water, with the explosion triggered at the point where the

melt-coolant mixture contacted the base of the water vessel.
i Time-of-flight measurements, using a' fragment of the rup-

tured coolant vessel as a tracer, indicated a water speed of
i approximately 95 m/s occurred within approximately 5 ms of
1 triggering the explosion.
i

i 2.3.3.2 Numerical Simulation of Early Time Phenomena
i

! The initial geometry was determined from the photographs at
t the time of explosive initiation. The measured water level
; swell and melt volume allowed determination of the average
i coolant density in the mixing region. The geometry is'not

! unique because the three-dimensional configuration had to'be
i approximated with a two-dimensional axisymmetric configura-
i tion. .This mixing region was assumed to consist only of ,

'
a two-phase water. The low-strength lucite vessel was not
I included in the' calculation. The vessel's supporting stand
I was modeled as rigid. The boundary of the computational

mesh approximated the boundary of the FITS chamber. Approxi-r

mately-0.01-m-square zones were used in the neighborhood of
'

the water. The zone lengths and heights increased at largern
'

radial and axial-distances.

1
-
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|

| Table 2.8
, .

|

| Properties of Melt Components
l

!

!

. Netting Boiling Heat of Heat of C Linear Surface Thermal Emissivity Viscosity. DensityyTemp Temp Fusion Vaporiz Expansion Tension Conduct
3K K cal /g cal /g cal /g*K Coefficient dyne /cm W/m*K E cp g/cm

(0.1 NPa) (0.1 NPa) x 10 /K

Fe 1810 3023 65 1862 0.19* 1.19 '1628 42.5 0.6 6.56 7.1
0.197*

. 0.346 6.8Cr 2123 2945 62.1 1813 0.26 1.33 1515 63 0.4 6.46
0.18 7.78

Ni 1728 3005 71.5 1500 0.145 1 84 1650 75.6 0.2 4.1
0.175 0.34 .5.62r 2141 4650 60 1655 0.08 0.93 1457 31.5 0.3 5.45
0.088

2rO2 2963 4573 168.8 1240 0.23 2.0 2.3 0.5
0.17

SS-304 1700 3080 63.9 1770 0.16 2.25L 340 6.416 0.2
0.19 3.313 178 6.9b3 .SS-316 1700 3090 65.2 1800 0.16 2.256 450 344 6.416 7.3

[3 0.19 3.076 180 7.0
UO2 3138 3760 66.2 405 0.167 1.48 584 3.66 0.87 4.3 9.703

0.12 3.12 3.11 0.84 4.01. 8.8Feo 1641 2700 107.2 790 0.212 1.52
, 0.226
I Fe3 g 1811 142.5 0.21O
'

Fe2 3 1835 0.22O

Cr2 3 2573 3273 27.6 0.21 0.70
0.247

NiO 2230 12 111 0.23

When two values are listed. the first is quoted at the melting temperature for the liquid; the second, above the melting tempera-
ture by a couple hundred degrees Kelvin if known.

.

!
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The- rapid energy transfer driving the steam - explosion was
( simulated _with the high-explosive model in CSQII. This model

requires the propagation speed of the detonation front, width
of the. f ront and- energy deposited across the front. The-

i . photographs did . not clearly show the propagation of the
explosion in this experiment. JL 300-m/s propagation speed
had L been measured .in previous similar experiments and was

| used.in the-calculation. The other two parameters for the
L high-explosive model were inferred from the experimental
: records and refined in a series of calculations. 'A front
|. width of 0.4 m and an energy deposition rate of 85 kJ/kg

were used. The maximum coolant velocity of 100 m/s agreed-
well with the experimental value of 95'm/s. The somewhat
poorer agreement - between code and ' experimental pressure
values ~at transducers 4 and 5 located on the sides of the
. lucite vessel was partially attributed to the influence of

~

the lucite wall and the lack of adequate zoning.

2.3.3.3 Numerical Simulation of Late Time Phenomena

i The calculation with the refined initial conditions was con-
'

tinued to 30 ms to determine the energy distribution.among
';. the FITS chamber contents. The maximum calculated kinetic

energy of the water was approximately 1 MJ and of the air
j was 0.16 MJ. Much of the kinetic energy of the water was

directed radially rather than axially. If it is assumed,

that:
,

a

! (1) the liquid water remains a liquid,

f (2) none of the two- pha s e water used to approximate the
mixture condenses,i

j (3) the steam and air are at the same temperature and pres-
sure.

j then the pressure measured at the top of the FITS chamber
indicates only 10.1 to 14.1 MJ of energy remain in the steam

|- and air in the 30 to 500-ms time range. The rest of the
j energy has transferred to the liquid water and experimental

apparatus.,

!

;. 2.3.3.4 Summary
|

| The two-dimensional wavecode CSQII was used to successfully
: simulate the FITS-9B steam explosion experiment. This anal-
I ysis concluded that 17 MJ'of the 52-MJ melt energy partici-

pated 'in the explosion process. The remainder of the melt
i energy is transferred to the surroundings over a longer time

scale. Good agreement was observed between measured and cal-
culated' pressure profiles and water velocities. The maximum
calculated kinetic energy of the water was approximately,

i 1 MJ. Analysis of late time data indicates that less than
i
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' one-third of the melt energy is transferred to the steam and
air prior to'O.5 s. This energy controls the late time pres-
sure.in the chamber.

2.3.4 Monte Carlo Analysis of In-Vessel Steam Explosions
(D. V. Swenson and A. J. Wickett)

An in-vessel steam explosion occurring during a core-melt
accident could generate missiles which could fail contain-
ment, releasing radioactivity.

In October 1981, a SAND report entitled " Monte Carlo Analy-
sis of LWR Steam Explosions" was issued. The report
described a probabilistic assessment of steam explosions and I

concluded that the probability of containment failure was
small. This report has initiated considerable discussion,
both with regard to uncertainties associated with the stated
probability and the-philosophy of how to approach this very
ill-defined problem. Because the report is impacting deci-
sions with respect to steam explosions, we decided to redo
the analysis using the same approach but updatin- the input
distributions, making some changes to the model. nd per-
forming a more consistent uncertainty evaluation. Work on
this reanalysis is now in progress.
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3. HYDROGEN PROGRAM

3.1 Analysis and Code Development

3.1.1 HECTR Analysis and Code Development
(A. L. Camp, S. E. Dingman, M. J. Westor,
D. J. Rzepecki, R. A. Watson)

HECTR is a multicompartment hydrogen deflagration code that
models the containment pressure-temperature response to
hydrogen-generating accidents. During the past six months
we have made significant improvements and additions to HECTR.
We have also performed calculations using HECTR to evaluate
HECTR's transport modelling capability. In addition, we
have presented papers at several conferences and have pro-
vided support for other Reactor Safety programs at Sandia.
This recent work and our future plans are discussed below.

3.1.1.1 Code Development

We added several now models and improved existing models in
HECTR. The preliminary ice condonsor model, the convective
heat transfer model, and the radiative heat transfer model
were all upgraded. We also added sump and source terms
directly from a tape generated by MARCH. To upgrade the
thermodynamic modelling of steam, wo added a compressibility
factor to the steam equation of stato and forced the steam
to follow the saturation curve rather than allowing the
steam to subcool. These developments are discussed in the
following sections.

3.1.1.1.1 Ice Condenser Model

The preliminary ice condensor model fer HECTR was described
previously.(1] Since then, we have made several improvements
to the model, which are described below. The compartmentali-
zation used in the model is described first, then the equa-
tions used to calculate the ice condenser phenomena are dis-
cussed.

To model an ice condenser in IIECTR, we subdivido the ice
region into four compartments and use two more compartments
for the lower and uppor plenums. This relatively large num-
ber of compartments is necessary because the steam concon-
tration can vary significantly across the ice condensor.
There is no limit on the number of surfaces in the lower and
upper plonums, but only two surfaces are used for each com-
partment in the ice region. One of the two surfaces in each
ice region compartment models the ice and the other surface
models the ice condensor walls and the metal baskets. Each
ice surface is maintainod at a constant temperaturo. The
metal surfaces are treated as lumped massos.
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Since conditions in the ice region are significantly differ-
ent from conditions elsewhere in the containment, we added a
convective heat transfer correlation to the code that is
more appropriate for the ice region. The heat-mass transfer
analogy is still used, but the sensible heat transfer is j
calculated from the following forced convection correlation: '

h = 0.023 C Re0.8 Pro.3 (3 1)

where

h = heat transfer coefficient
Re = Reynolds number
Pr = Prandtl number
C = Heat-transfer augmentation due to basket

roughness and presence of water film
(currently set to 5)

The ice melting rate is calculated by the following expres-
sion:

W ce " (9*Aice)/(h 1q - ulce) (3-2)i 1

where

W ce - ice melting ratei

sensible heat flux to iceq =

Aice = ice heat transfer area
h 1q = enthalpy of water at 273 K1
ulce = internal energy of ice at ice temperature

The ice is assumed to melt from the bottom up in each com-
partment. The mass of unmelted ice is calculated by inte-
grating the ice melting rate during the transient. The
corresponding surface area of the ice for heat transfer is
calculated using:

(Mice / Mice.o)*Aice,o (3-3)Aice =

where

lce,o = initial ice heat transfer areaA

M - unm lted ice massice
M ce,o = initial ice massi

As the ice melts, the metal baskets containing the ice will
be exposed and subsequently will be heated by the steam. To
account for this heat sink, we increase the mass of the metal
surface in each ice region as the ice melts and adjust the
surface temperature using the following equations:

met " met.old + bask (Mice - Mice.old)/ Mice o I3~4)*
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(Mmet.old*Tmet.old) + (M -Mmet.old)*Ticemet
Tmet * M

met

where

M = mass of basketsbask
M = mass of metal heat transfer surfacemet

fr m previous time stepMmet old " met

Mice.old = Mgc, from previous time stop
T = temperature of metal surfacemet
Tmet.old = Tmet from previous time step

The water formed in the ice region by melting ice and steam
condensation falls down through the ice condenser to a sump
on the floor of the lower plenum. Although this process is
too poorly characterized at present to allow analytical
modelling, the heat and mass transfer from the steam to the
water is significant. Therefore, we have included a simple
model for the process in HECTR that can be varied parametri-
cally to bound the phenomena. For this model, we assume
that the water does not heat up significantly in the ice
region. Thus, all of the heat and mass transfer occurs while
the water falls through the lower plenum. We also assume
that the latent heat transfer from steam condensation on the
water is much larger than the sensible heat transfer. Using
these assumptions and a usor-specified final water tempera-
ture, the condensation rate of the lower plenum steam on the
water drops is calculated from the following equation:

We,Lp = [(Wico + We,1ce)*(h ,g - h11q)i +

(3-6)
Wc. met (h ,g - hl.m)]/(hstm - h ,g)t l

where

steam condensation rato in lower plenumW =
e,LP

Wc ice = steam condensation rate on ice
W = steam condensation rate on metal surfacese,,gt

h = enthalpy of liquid at drain temperatureg,g
h = enthalpy of liquid at metal temperatureg,,

hatm = enthalpy of steam in lower plenum

We have also upgraded the ice condenser door model. The
preliminary door model allowed flow to occur through a door
in only one direction. The door was assumed to open and
close instantaneously, and it was not allowed to be partially
open. To more realistically model the doors, we now allow
the user to specify a minimum differential pressure that
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must be exceeded before the door will be allowed to open.
We also specify the flow area as a function of the differen-

[ tial pressure across the door, rather than assuming it to be
fully open. The flow area is calculated from the following
equations, which have been used extensively by others.[2):

0 , AP cos 0 (3-7)
0 AP cos 0

&_ , 1 - cos 0 (3-8)
A 1 cos 0,

I where

A = flow area
6P = differential pressurt across door

' O = door angle
o = fully open condition

3.1.1.1.2 Sump Model,

A sump model was also'added to HECTR. It collects water
from the following sources: the portion of the break flow
that does not flash to steam, condensation on the containment
walls, spJay droplets that reach the bottom of a compartment,
and water draining from the ice condenser. Water can be
drawn from the sump to supply emergency core coolant and
spray injection at a user-1pecified rate. Condensation on
the sump surface and evaporation of the sump are also
modelled. Assuming the sump is at a spatially uniform tem-
perature, the transient sump temperature and volume are cal-
culated from mass and energy balances.

3.1.1.1.3 Heat Exchanger Model
,

A heat exchanger model was added to HECTR to calculate the
spray injection temperature during the recirculation mode of
spray injection. In this mode, water for spray injection is
removed from the sump, then cooled by the heat exchanger
rather than injected directly from storage tanks.

This heat exchanger model was taken from MARCH.[3] ;

3.1.1.1.4 Heat Transfer Upgrades

The liquid layer was removed from the convective heat trans-
for calculations. The heat transfer resistance tram this
layer is negligible for many cases, so removing it does not
significantly affect the convective heat transfer rate.

'

However, removing the layer significantly reduces the calcu-
lation time because it eliminates the iteration on the
liquid-gas interface temperature. The correlations currently

used to determine the heat transfer rates are as follows:
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|

forced Convection *-

'

Nu = .037 Re.8Pr 333 (3-9)

Free Convection

Vertical Surface

Nu = .13 (Gr Pr).333 (3-10)
'

Pool Surface

Nu = .27 (Gr Pr).25 (3 11),

where

'

Nu = Nusselt number used to calculate sensible heat
,

transfer '

Gr = Grashof number ;

Ie = Reynolds number |
'

A simplistic, noniterative liquid layer model may be added4

in the future.

The radiative heat-transfer calculations were also modified
to reduce the computer calculation time. The seven-band

I model previously used to calculate the emissivity of steam
was replaced with the Cess-Lian model. Calculating the
emissivity with this model is much faster than with the
Edward's model and gives comparable results. The new equa-

; tion 'er emissivity is -

o (1 - exp(-at x0.5)] (3-12)e =aHO
2

i

' where

g n = steam emittancee
g

bx =P H O e (300 P/T) (1 + xH O (b - 1))
2 2

I

j b = 5(300/T)0.5 + .5

pH O = steam partial pressure
2

L, = characteristic path length;

P = total gas pressure,

i T = gas temperature
{

H O = steam mole fractionx
2

'
a .at determined from:o
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T(K) ao at_

300 .683 1.17;

600 .674 1.32 |'

900 .700 1.27

| 1200 .673 1.21
I 1500 .624 1.15

! 3.1.1.1.5 Treatment of Gases

A compressibility factor was added te the steam equation of
state. The new equation is: |

PV = ZNRT (3-13)

! where
! P = pressure

V = volume
Z = compressibility factor
N = moles

i R = universal gas constant
T = absolute temperature

The compressibility factor. Z, is interpolated from tables
that are functions of both temperature and pressure. Thus,
an iterative procedure is now required to calculate the steam
partial pressure. Convergence is usually achieved after one
or two iterations.

! Under some conditions, such as in the ice condenser upper
plenum. HECTR previously allowed steam to exist as a sub-

'

cooled gas. We have modified the steam property calculations
such that the steam will be forced to follow saturation for
conditions that would previously have resulted in subcooling.
For these conditions, the liquid portion of the saturated
mixture is immediately transferred to the sump. This is
necessary because HECTR does not model suspended droplets.

3.1.1.1.6 MARCH Interface

We developed an interface that allows HECTR to read source
terms directly from a MARCH-generated tape. This eliminates

;

| the tedious task of manually inputting transient steam and
hydrogen flow rates and energies.

3.1.1.2 Publications

Papers entitled "HECTR: A Computer Program for Modelling
I the Response to Hydrogen Burns in Containments" and "Appli-

cations of HECTR to Reactor Containments" were presented at'

i the Second International Workshop on the Impact of Hydrogen
on Water Reactor Safety. " Development and Applications of a

| Program for Modelling the Response to Hydrogen Burns in Con-
| tainments" was presented at the CUBE Symposium. " Developmenti
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I and Applications of a Computer Program for Modelling the
Response to Hydrogen Burns in Containment" was presented at
the Second International Topical Meeting on Nuclear Reactor
Thermal-Hydraulics..

i 3.1.1.3 Sequoyah Calculations
-

,

The containment pressure-temperature response has been exa-
,

; mined for an ice condenser containment using HECTR. Calcu-
! 1ations were performed for several accident scenarios and

,

the input parameters were varied to determine their influence
! on the calculations. The results of this analysis are dis-.

| cussed in this section.
,
.

| The containment model used for the calculations is shown in
'

i Figure 3.1. The containment was divided into nine compart-
; ments: the upper compartment, the upper and lower plenuns, :

the lower compartment (which includes a single volume sump), I
'

a dead-end region, and four ice condenser regions. Flow '
,

i junctions are also indicated in Figure 3.1. Of particular
i importance are junctions 2, 4, 9, and 10. Junction 2 repre-
l sonts floor drains connecting the uppet and lower compart-
| ments. Gas flow through this junction ceases when the sprays
i ace initiated or when the sump level rises above the drain f

} exit. Junction 4 represents bypass flow around the ice con-
j denser intermediate deck doors, and junctions 9 and 10 repre-
i sent the intermediate deck doors and the lower plenum inlet
i doors, respectively. Fans that transfet gas from the upper ,

i compartment (and a smaller amount from the lower compartment) !

| to the dead-ended region are modeled. |
1

| No igniters are included in the ice region or the ice con- ,

j denser lower plenum. Thus, the only burns that occur in
4 those compartments are those that start in other compart-

ments and propagate into the ice condenser. Twenty-nine
: heat transfer surfaces were modelled in this analysis.

,

i
j Steam and hydrogen sources are introduced into the lower
; compartment. Containment sprays come initially from a con- '

j stant temperature reservoir and later from the sump via a
! heat exchanger. The sprays are assumed to fall only into

the upper compartment, and any water carry-over is trans-'

. ferred to the sump. Botn the sprays and the fans are acti-
I vated when pressure setpoints are exceeded.
I

; The 41 different cases that will bo examined for the ice
{ condenser containment are described in Table 3.1. These
; cases voce chosen to include scenarios that are the highest

3

; contributors to cisk and to examine the major uncertainties
'

1 that affect the results. <

:

Twenty-seven of the cases listed in Table 3.1 have been com-
i plated. These cases are all degraded core accident scenarios

and are designated in Table 3.1 by the letters B, C F. H, t

t
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I, L, and M. The core is cocovered with approximately 75%
cladding reaction occurring for each case. Results for those
casos are summarized in Table 3.2. The number of burns each
compartment is prosented, along with the peak pressure and |

the compartment (s) that the peak pressure occurred in (or
compartments with pressures within a few kPa of the peak
pressure).

Casos B.01 to B.04 examined the importance of the ESFs (fans
'

and sprays) for an S,D scenario. Roducing the fan flow rato
cosults in highoc baselino pressures before the burns, duo
to reduced ice condensor offectiveness. Correspondingly,
the pressuco after each burn is highet than with fans operat-
inq fully. Roduced fan flow ratos also allow more hydrogon
to accumulato in the upper plonum, with loss being trans-
forced to the upper compartment. Thus, thoro are moto upper
plenum burns, and fewer concentrations ato observed in the
ice condonner. By the time 8% hydroqun is coached in the
uppor plenum, the hydrogon concentration in the top compart-
mont of the ico region is abovo 30%. Becauso llECTH cannot
treat detonations or accolorated flamos, this hydrogen was
burned in a relatively bonign mannot.

The first part of the S,D calculation is not affected by
the~ falluto of containment sprays. During the this time,
the ice condonsor is comoving most of the steam and providing
containment cooling. liowever, as the ice melts, the contain-
mont pressuto begins ineceasing due to steam buildup. Even-
tually, all of the ico molts, so that the only containment
heat removal mechanism left is heat transfer to the contain-
mont structure. Thotoafter, the pressure will continue to
inecoase until the failure pressuco is coached.

Cason U.06 through B.12 examino the sensitivity of the
results to various combustion paramotors. In gonoral, higher
ignition ilmits produce fewer burns that are fastor, more
comploto, and give higher proscure risos. Assuming that
burns are only 75% as complete as in the base caso results
in moro burns wi'th lowoc pressure risos because loss hydrogen
is consumed in each burn. The peak pressuro is largot when
the flama spood is increased since there is loss timo for
heat transfer to occur.

Caso B.13 assumos that the upper plenum ignitors do not func-
tion properly. This might occur if a fog formed in the upper
plenum oc if a limited cloctrical f ailure occurred. Without
tho uppor plenum ignitors, the hydrogon is distributed
throughout the containmont rather than burning in the upper
plonum. Thorofore, thoto are fewer burns, but more hydrogen
is consumed in each, yielding highot proaruto ricos.

Caso U.14 examinos tho offocts of partially depleting the
containment atmosphoto of oxygen beforo the accident.
Although IIECTH does not predict substantial diffotoncos

3-10

. _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ - - - - _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ - _



Table 3.2

l HECTR Sequoyah Results
(Degraded-Core Scenarios)

liufst.h of s'06Wh( IOMOTt1piEhi *.a x in 0rr Pressure
~

CA6L 1 2 3 4 6 6 7 W 9 (APa) anc Cont, e
c.....................................................................

C L0 's 19 1 1 0
=0 0 0 0 342.6 (1,2)B.00 6 6 0 0 0

1 2 5 W ~--- 2 3 3 . V ( 1, 2 >
6 10 0 6 3 3 3 399.1 (1,2).F.00 _2__ _.;7

, , 0 e e 2 2 -- - " 3' ' - h b' ( i m '' ''~ ~
.

1.00 2 5 5 6 0 6 3 3 3 47b.1 (MLL)
TTO 5 12 a 2 0 s 9 o o - 3 6 7 . 3 -( 172 )-- -'
P.00 4 10 1 1 0 0 1 7 10 354.1 (1,2)
......................................................................

'bT62 6 22 0' 0 0 0- 0 7-- 1T
-- $21.3 (1,2)b.01 2 24 0 0 2 0 0 2 o

----"- -~

Jbo.3 (1,2)
6.03 4 7 0 0 0 0 0 0 0 440.2 (ALL);

'G 6 4 1 25 F o 2-- 0 a '4 ' 7- 631.0 (1,2)

.y 05 b___ 10 0 0 ._0._ . . 0 0 0 0 361.1 (aLL)h
.g , , _) g 3 . O' ' ' ' o- -" 't h e (I'm;

0 0 0 0 0 0 0 27b.e (1,2)k.07 7
16 _ 3 .....0-~~ L-~'-~0~^3 D' 0'-~- 0 3b3 9 (1,2)

.

g, ,

! k.09 3 2 0 0 0 0 0 2 419.4 (1,2)0.. .g-.. 3. ....g=, g_ . .. - , ,g.
8.1 b b 0 0 0 0 0 0 0 404.7 (1,2)
.g _1_._ 6' 7 0 ~ '0~ - - V -- - 0' o'~O --"6 '- -- "'m O A

-

3 , e , 7 ,' s , 9 )
l~1 J 3 2 2 2- ~ '2 2 ~ --- 2- 2 ~ ~ 2" ~ ~ 414.7 (1,2)
k.14 6 5 0 0 0 0 0 0 0 331.5 (1,2)
T701 0 av o 10 0"T u o 0 ~1 b ? . 6-'( a L L ) ~ ~
1.01 1 6 6 6 0 4 3 3 3 493.5 (ALL)
1.02 1 b b 9 0 6 J 'T'" 4 "lbl.4'(ALL)~~

i

1.03 1 4 J 5 0 3 2 2 2 49b.7 (1,2,
- - " ~ ' '3,u,7,'W,9)

1.04 2 6 6 to 0 6 3 3 6 601.6 (ALL)
1.0h 1 5 b 8 i T 3 3 4 420.4 ( A l. L i~'

~

.. 4..........................................................-------
.

i

)
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between this caso and case D.00, some benefit from partial
oxygen depletion would actually be expected. Oxygen deple-
tion is expected to decrease the flame speed and combustion
completeness, but these decreases are not modelled in HECTR.

Previous analyses of the Sequoyah plant have been performed
by TVA using the CLASIX codo[4], and by Los Alamos National
Laboratory, using the COMPARE code.[5] These analyses were
also made for an S,D scenario, but an older vorsion of
MARCH was used to generate the source terms. Thus, the
source terms used in the analyses are different from those
used in the B casos discussed above. The total amount of
hydrogen injected is about the same for the two source terms,
but the hydrogen is released more quickly in the CLASIX
source. Much more steam is coloased in the soutco term used
for case D.00 than in the CLASIX soutco. Thus, the steam:
hydrogon injection ratio is much higher for the source used
in case D.00 than in the CLASIX source. Case C.00 was run
to examine the sonaltivity of the results to those source
terms differences. Case C.00 usos tho source terms used in
the CLASIX and COMPARE analysos, but usos the input assump-
tions used in caso D.00 rather than those used in the CLASIX
and COMPARE analysos. The greater amounts of steam present
in case B.00 tend to impede combustion in the lower compart-
monts and also allow more hydrogen to be transported into
the upper compartment before combustion begins in the upper
plonum. Those results illustrate the sensitivity of the
calculations to difforent MARCH modelling assumptions.

Caso C.01 was run as a direct comparison to the CLASIX base
caso from Reference 4. Results of this comparison are shown
in Tablo 3.3. The burn sequences are similar, with HECTR
predicting throo more burns in the lower compartment than
CLASIX. Since HECTR decreases the lower compartment volume
as the sump fills up, the hydrogon concentration can rise
more rapidly, which may account for the larger number of
lower compartment burns in HECTR. The peak gas temperatures
predicted by thu two codos are comparable, with differences
duo to surfico areas and different heat-transfor models.
The pressure responses calculated by HECTR and CLASIX for
the proburn phase of the accident agroo very well. The
CLASIX peak prosauros following burns are slightly higher
than HECTR's, but CLAS1X predicts much larger pressuro dif-
forences betwoon the compartments. HECTR and COMPARE both
prodlet small pressuco differencos between compartments,
which we fool is more realistic since the flow areas between
compartments are large. Volume averaging the pressures from
CLASIX gives good agrooment with HECTR peak pressures. In
general, the agroomont betwoon HECTR and CLASIX is good for
this case.
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Table 3.3

Code Comparison

! Case C.01 _ _ _ _ ,

Cospartrent CLASIA NECTh
........................................................

he. of burns LC 7 10
UP 30 30
bC 0 0

........................................................

Pean Tenperature LC 947 t9b
~ '

(k) UP 933 100o
UC ~~~T}b 3bb

........................................................

Peak Pressuti LC 230.3 1s7.6
*

(mFa) bP 191.6 166.1~~ ~~

UC "17J.'O 1b5.9
.......................................e................
.. . . - . - . .

Ice Menaaning ~~16 4 24 %
......................................e.................

_.- . . . . . _ _ . . - . . . . . . .

I' neys LC a Looer Compartrent
'UP''~" Upper Plenues

bC = Upper Compartnent
note: no curns occurrec in any ottier

compar tn ents f or the se..ca s..e.s..
. _ _ .
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Casos 1.01 to 1.04 examino the offects of ice condenset
modelling parametets for a SlF accident. Tuo ico con-g

donsoc drain temperatuto was docteased and increased by 20 K
in casos 1.01 and 1.02, cospectively. A highoc pressure
rise is calculated with a lowoc drain temperaturo because
less heat is transforced to the water falling through the
lower plenum. The ice condonsor heat transfet coefficient
was decreased and increased by a factor of 5 in cases 1.03
and 1.04, cospectively. Case 1.03 initially predicts highet
pressures than caso 1.04 because less steam is removed in
caso 1.03. Those higher baselino pressures produce substan-
tially highoc burn pressucos. However, at late times the
pressure is lower in caso 1.03 becauno some ico is still
comaining, while in case 1.04 the ico has all molted.

The baso calculations for the F. H, I, L, and M cases exa-
mined diffocont accident scenarios (Table 3.1). Since the
hydrogon and steam soutcos are different for each sconacio,
the burn sequencos are also difforent. The highest pressuco
is calculated for case 1.00, which is an SlF accidentg

with sprays falling in the cocirculation modo.

Casos B.05 and 1.05 examino the of fects of increasing the
surface heat-tcansfer coefficients by a factor of 5. Some
pressuro reductions from the base casos aco predicted, duo
to increased steam condensation catos. However, the basic
sequence of events is unchanged.

3.1.1.4 Transport Analysis

We are currently evaluating the ability of HECTH to calculato
gas transport and mixing by comparing IIECTH calculations with
both expecimental data and other analytical models. In par-
ticular, IIECTR calculations are being compared with cosults
fcom hydrogon distribution experiments performed at the
Battelle Instituto-Frankfurt (BF) and with the standacd prob-
lems on hydrogen mixing and distribution that woro performed
at the llanford Engineering Development Laboratory (IIEDL) and
sponsored by the EPHl. HECTH is also being compared dicoctly
with the HALOC code for some of the calculations performed
for an analysis of Grand Gulf.[6] Finally, results from an
earlier version of IIECTH are being compared to results f rom
the cueront version to determino the offect of modelling
changes we havo made. We have completed two of the experi-
mental compacisons and most of the analytical comparisons.
These are described below. We expect to complete this work
and propato a draft report during the next reporting period.

BF tests 2 and 6 Woro performed in a pale of cylindrically
symmetric rooms with a total volume of about 74 m. Thes

goal of those experiments was to examine the hydLogen trans-
port betwoon two compartmonts connected vertically by a rela-
tively small (1-m8) orifico. Figure 3.2 shows the com-
partmentalization we used to model those tests with IIECTR.
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.

The top room is represented by compartments 3 through 6 and
the 1-m2 orifice by junctions 8 and 9.

In BF test 2, the rooms were initially isothermal. A total
of about 0.27 kg of hydrogen was injected into the bottom of
compartments 15 and 16 over a period of more than 3 h. The
HECTR and, RALOC results calculated for this experiment are
compared to the experimental results for compartment 1 in
Figure 3.3. The results for other compartments showed HECTR
in as good or better agreement with the experimental data.

BF test 6 was similar to BF test 2 except that there was an
initial temperature gradient: the top of the experimental
facility was approximately 20 K hotter than the bottom. The
goal here was to examine the influence of a thermal inversion
ot the temporal hydrcqen distribution. The warm upper layer
of air tends to inhibit the convective transport of hydrogen
to the top room. Results from HECTR and RALOC are compared
to experimental results for compartments 1 and 13 in Figures
3.4 and 3.5. The HECTR results display the same qualitative
trends as the data, doing sometimes better and sometimes
worse thcn the RALOC predictons. This case is very difficult
to model, and we found that the results were very sensitive

in 'lal temperature distribution. From the8to the assumed
EF report, it appears that some uncertainty exists in both
the initial temperature distribution and the hydrogen flow
rate.[7] Thus, the HECTR results for test 6 are not unrea-
sonable in light of the known uncertainties and the associ-
ated sensitivities.

Calculations for Grand Gulf made with the current version of
HECTR agreed well with RALOC calculations (assuming no hydro-
gen burning ocr However, the version of HECTR used in
the earlic- ana., as of Grand Gulf did not always agree as
well. Although the two versions of HECTR calculated similar
results when using the two compartment models, they behaved
quite differently when there was a sufficient numoer of com-
partments and flow junctions so that natural convective mix-
ing loops could form. Figure 3.6 shows the dome pressure
history in the original five-compartment Grand Gulf analysis
and Figure 3.7 shows the same pressure history calculated by
the current version of HECTR. The mixing was much more rapid
.a the newer case so that the hydrogen distribution was more
uniform throughout the containment. In both cases, the burns
generally started in the wetwell, but the more uniform hydro-
gen distribution in the newer case allowed the burns to prop-
ag7te upwards further and into higher hydrogen concentra-
tions.

3.1.1.5 Grand Gulf Analysis

The original Grand Gulf analysis did not model the suppres-
slon pool, purge / vent system, or drywell. In addition, the

3-16



:

5 _. . . . . . . . i i i i i . . i g i i n i i i i i i i n i i i s i i p i i i i i i i i i i i i i i i i i i p i i i i n i s--

4.5 _ HECTR '2!

. . . . . -

|

_
' ~

EXPERIMENT: -

4
- . . . -

-----

,-s

, -
.............. R A LO C , . - ,., ~'' :

- .., _

,a
'

_

3.5 ? 7

. . . . . . . - ,

m
p :,

- - -

, , , . . . . . - -3 -

-

2
m : .- - -

0 2.5 ^ ''' iO
- -

: - -

DC - .- ~

L . . - --o 2
>. : * . . - -

I - .-
1.5 -

. . . . ' -

s T
--

e :-

1
~

. . . . . ' ' . .- / =
- ,.e ' -

#
0.5

-

. . . -;/ 5-

- ' . . - <
-

.o/
tttiIII|tttiitiIf!IIIffIIII Iff1affII!IfIlIllIi iIfIffIff ilIiffIIf0

0 2000 4000 6000 8000 10000 12000 14000

TIME (s)

Figure 3.3. Results for BF Test 2 -- Compartment 1

|

r

3-17

._ , __ _ .. . . . . ..__._. _.____. . _ _ _ _ _ _ _ _ . __ . . _ . _ _ . _ . . _ _



5. 0 _. o . . . . o p . , , , , n i ; n i . . . . . . p . , , , i n i p . . . . . . . . p . . p . . . . , g . . u . . . ._

4.5 h HECTR j
: ------ EXPERIMENT :

-

40
_ . ...... ........ R A L O C

--

-

- -

3.5 L 2
n . -

BE : :
o - -

3.0 -
1

2 : :
w

- ~

_ -

0 2.5
O : Ir.
E : /':
o 2.0 -- ii ' ../ --'

.1 ->- -

I : ,- ./ ' ~ :
1.5 - /

' p
.*A: .

. /
'O.*' A: i' .. i / V" '

1.0 - ! .~/
-# , -

5:' '3 ! ~~~:5 5..

A!..gW'~ #~
-

0.5
'

'

r :
.

0. 0 " * " "" ' ' ' "" ~ '^ ' ' "''"'""'"'"""''I"''""'""'''

O 1000 2000 3000 4000 5000 6000 7000 8000

TIME (s)

Figure 3.4. Results for BF Test 6 -- Compartment 1

,

3-18

_ _ _ _ _ _ _ _ , - . _ _ _ . . _ _ _ . . . _ _ _ _ . . . _ . , . . , - , - .. . , , . . , , ,-



|

!

I
r

5_,,,,ii ..i. ..,,,,,,,,,,,,,,,,,,,, ,,,iiiii...,_
-

HECTR :
4.5 ~p :.

, /*''.. \ ,''"
-

' ;-- --- EXPERIMENT '_
;

4 :;- - ............ R A LO C ,

,.
~

. ~ . . . . . . . , -
.-

e- n .

3.5 5 ''' ,j s ,u ~. e , ', -

,..,- .,;.
,

:

gt
"

-
.-

3 :- "p. -sz :m '
-

c :
25 - ~

1 0
i :.9. " :cc _ ,e

0 2 : |
- _

>- -
- e
: f :z
r ,e/ ' .-1.5 -

- ,, :

A
;

: :a _
"

0.5
.

0 ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' '
O 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

TIME (s)

Figure 3.5. Results for BF Test 6 -- Compartment 13

1
,

,

,-

3-19

_ _ . . _ . . . _ . . _ _ , . _ _ _ _ _ _ , ._ _ . _ ,_ . _ . . _ _ _ _ - _ . _ _ _ _ . . _ - _ . . , _ . - _ , . _ - . - _ .



- . . .

GRAND GULF
6.0 ,,,,,,, ,,,,,,, ,,,,,,, ,,,,,,, ,,,,,,, ,,,,,,,

5.5 |
- -

_ _

5.0 - -

. _

4.5 - -

_ _

4.0 - -

n
E - _

O 3.5 - -

m
. -g

3
m 3.0 - -

m
w - -

E
Q- 2.5 - -

_ _

2.0 - -

_ _

15 - -

_ _

1.0 -

~ ~

g,3
,..i...l...i...l...i...l...i.. l...i...l...i..,

o 800 1eco 2400 3200 4000 4800

TIME (s)

Figure 3.6. Dome Pressure vs Time for the Original Five-
Compartment Grand Gulf Analysis

|

|
|

| 3-20

, . . . - . . - - .. .. - ._ - - - - . - . - - - - . - - - . . _ .



- - ..

I
1

i

:.
.

t.

i

|

(
,

'
GRAND GULF

400 _...,,i.;i .,,,ig...i...g... ii g..ii. i|i i i i,
. -

- -

- -

350 - -

- -

- -

. -

- -

300 - -

- -

_ -

- -

n - -

E 250 - -

5 _ -

w _ -

E _ -

3 -e -

o 200 - -

m _ -

E
- -g
_ -

_ -

150 - -

: G :
_

- y -

100 - --

_ -

- -

- -

'''''''I'''''''I'''''''I''''''' ''''''' '''''''50
O 800 1600 2400 3200 4000 4800

flME (s)

f

Figure 3.7. Dome Pressure vs Time for the HECTR Code
Analysis

3-21

.. . . - . , - . . - - , . . , . . .. . _ - - . . . . . - , . . ._



version of HECTR used for the analysis did not treat. hydrogen
mixing very well (see Section 3.1.4). To address these con-
cerns, we have begun a follow-up analysis of the Grand Gulf
reactor. We are currently. upgrading the containment model .)
used in the previous. analysis to include.the drywell. We ;

are also developing.models.for the suppression pool and the.
purge-vent system. The suppression pool model will calculate
the motion of the pool, the gas flow rate through the vents,
and the pool heatup. Changes in the pool mass and tempera-
ture due to the upper pool dump, spillover of the pool into
the drywell, water removal for spray and the ECC injection,
suppression pool cooling, and safety / relief valve discharge |

will be calculated by the model. Wo.will not attempt to
model steam chugging or the pool swell.

3.1.1.6 Support for Other Sandia Programs

The Sequoyah calculations discussed previously are also being
used by the Hydrogen Burn Survival program, the Severe Acci-
dent Risk Reduction Program, and the Severe Accident Sequence
Analysis Program. In addition, we performed several other
calculations for the Hydrogen Burn Survival program that are
being used to define the environment for equipment in ice
condenser containments during transients with significant
hydrogen generation. We have also written and reviewed sec-
tions for the MELCOR model assessment document.

~.1.1.7 Future Plans3

During the next reporting interval, we will complete the
HECTR calculations for the Sequoyah containment and the
transport and mixing calculations. We will complete the
development of the suppression pool and purge-vent system
models for the Grand Gulf follow-up analysis and will use
these models to perform calculations for Grand Gulf. We
will begin assessing the capabilities of HECTR including
comparisons with available experimental data. We will also
begin an analysis of the Three Mile Island (TMI) hydrogen
burn using HECTR.

3.1.2 Vortex Dynamics Modelling of Flame Acceleration
(P. K. Barr, Wm. T. Ashurst & J. F. Grcar)

The initial acceleration of a flame confined in a channel I
with obstacles has been numerically simulated. A premixed ,

hydrogen-air mixture is assumed, but all chemical kinetics I

are replaced with a simple flame model that propagates a
flame interface into the unburned gas at a specified speed. ;

At the interface, the chemically induced volume expansion is |

calculated and results in an expanding gas flow past the |
obstacles. The flow creates turbulent recirculation regions
downstream of the obetacles. The turbulence effect is simu-
lated by introducing discrete vorticity into the flow field
at the edges of the obstacles. As the flame propagates into
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I

!
!

; . these regions, the surface area' increases, which increases
the ~. overall . burning ra te -- and thus enhances the flow past

! succeeding obstacles and leads to flame acceleration.

i. .In our. computer-model,.the turbulent flow is-simulated with
~

l discrete vorticity.from which the velocity field can be cal-
culated. This discrete . vortex technique has been applied to
many different time-dependent flows [8,9] and, more recently,
to' premixed reacting flows with-both a calculated flame

,.

structure [10] and with the zero thickness interface model'

used in this work.[11] Vortex dynamics modelling of flame
acceleration began .in January 1982. The original form

*

modelled the-flame. propagation in only one chamber, simulat-
ing the ef fect: of ' the flame propagation in upstream chambers
by injecting gas for a specified period of' time. This injec-i

tion flow established the turbulent recirculation regions..

| In this work, described in a previous report, there was no
volume expansion in the flame . and . thus tho enhancement of
the burning was due only to the shed vorticity.[12] Those'

results showed the importance of the large recirculation
structures and their ability to distort the flame - f ront.

.

Since the heat release was not included, this version didI

not simulate all of the acceleration mechanisms, just the
i possible driving forces.
t

| The next major improvement was the incorporation of the
chemically caused volume expansion, assumed to be-at constante

pressure.[13] The heat release in the combustion is related4

!- to an increase in the specific volume of the burned gas.
Thus, the chemistry and the fluid flow are coupled, since
the expansion of the burning gas is felt throughout the flow
field and affects the vortex motion. Because of the constant,

'

pressure assumption, no density gradients appear in either
i the burned or the unburned gases, and the flame " interface"
| represents a boundary between the different densities. These
i calculations, restricted to a. single chamber, used theLsame
;- method for modelling the upstream chambers. -These results
; did show acceleration and the experimentally observed depen-
j dence on volume confinement.
!

! Current work focuses on extending this model to multichamber
| configurations. Experimental results by Lee et al., have

shown the importance of obstacle-generated turbulent flow in,
'

the-acceleration of a flame-in~a tube.[14] In these experi-
ments, the flame first accelerates over a series of obstacles
and, under the right conditions, emerges from the obstacle

'
section as a detonation wave. Since the turbulence created
in the obstacle region plays a crucial role-in the observed

i acceleration to detonation phenomena, the computer model is
being extended to multichambers. To date, we have only cal-
culated geometries composed-of 4 chambers, as' opposed to the

i experiments with 20 or more chambers. However, in just these
| few chambers, the flow accelerates to velocities that violate
t-

j. .3-23
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our constant. pressure assumption. Removal of this-assumption
.isLunder: investigation at this time.

,

,

.An example of multichamber configurations'is shown in Figure
3.8, which shows 1 three frames from a computer-generated
movie. .In _this case, a 160-by-40 mesh is used to compute'-

the flame propagation through three sets of obstacles. The'

flame " segments" are drawn .in each mesh 1 cell that is par-
'

~ tially1 burned. The combustible- mixture was ignited along
i the back wall at the closed end of the chamber. The speci-
| fled: flame parameters are density _ ratio of 6 and. speed of

0.2. As the-flame propagates into the unburned fluid, the
resulting volume expansion pushes the flow through - the
obstacles and out the open right end, causing vorticity to

L be shed off the ends of the obstacles. The discrete vorti-
city is shown by dashed lines, which are scaled to the vorti-i

i= city velocity vector. Flame-acceleration can be observed in
'these.three plots. The elapsed time after ignition for the

; flame to reach the open right end is unity but it takes 0.5
time units for: the flame to reach the first obstacle. The
acceleration of the flame does not begin until the flame

i passes through the first set of obstacles. The increase of
the flame surface due to the area contraction and the inter-

| action of the flame with the shed vorticity causes the flame
L acceleration to increase, as can be seen from the figure,
! where the second and third frames are at times of 0.88 and

0.98, respectively. Since the flame front jets through the
! center of the chambers, leaving much of the fluid unburned,
"

the flame surface, and thus the rate of vol ume expansion,
; has increased to many times its original valte (at ignition).

Preliminary estimates of the flame accelerat..on, as measured;

! by flame arrival time as well as outlet velocity, indicate
i that the flame has already exceeded our low-speed flow
j restriction.
f

i The geometry shown in Figure 3.8 is representative of the
' complexity which can be included in multichamber calcula-

tions. The baffles can be placed symmetrically as shown, to
represent flow through orifices such as in the_ flame accel-
eration experiments, or the baffles can be staggered, which
resembles a containment geometry. We plan to pursue both- ,

i the question of flame propagation between large chambers for >

; the development of empirical burn-rate models for the HECTR
I code, and the question of flame acceleration due to obstacle-

generated turbulence to compare with results by Lee.[15]

3.1.3 Evaluation of the CONCHAS-SPRAY Computer Code
(K. D. Marx)

During the past-several months, we have been performing an
evaluation of the CONCHAS-SPRAY computer code.[16] In addi-4

tion to gaining experience with the code, we are adding some
new features to permit its application to flame acceleration
and other problems of interest to the Hydrogen Program. Two 1

(

4
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Figure 3.8. Three Frames from a Movie of Flame Acceleration
in a Four-Chamber Configuration Created by Four
Pairs of Obstacle Plates. Ignition occurred
along the left wall and the volume expansion is
pushing flow out the open right end. The vor-
ticity shed off the ends of the obstacles (the
dashed lines are scaled velocity vectors) helps
increase the flame surface and produce the
flame acceleration. As an indication of the I

acceleration effect, notice that the flame
advancement is approximately the same from one
plot to the next however, the time interval is
not constant: the second interval is three
times smaller than the first.
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of the more significant modifications that have . been
installed are the _ inclusion of outflow . boundary. conditions
and_the implementation of artificial flame thickening.

4

!
The outflow boundary conditions are an obvious requirement
for the simulation of flames propagating in an open chamber.
They are not a standard option in CONCHAS-SPRAY. The code
.was primarily developed for (enclosed) engine geometries;
exhaust valves, when required, are so highly problem-

; dependent that the code designs at-Los Alamos National
Laboratory deemed it desirable to include them on a case-

i by-case basis. -Guided by information obtained from
L. D. Cloutman of LANL, we have supplied the appropriate
coding to permit gas flow out of the end of a tube. Similar
boundary conditions could be inserted along the walls of a

; - channel to simulate venting.

The actificial flame thickening is necessary to solve prob-
lems in which the spatial scales are large compared to the
flame thickness. In such cases, it is generally impossible
to_ resolve the flame on the finite-difference grid because,

| the grid spacing must be made larger than the flame thick-
| ness. (There are adaptive techniques that could allow reso-
! lution of the flame, but their implementation in CONCHAS-
: SPRAY would require a long-term development project.) The
! flame-thickening process, referred to as the 8-transforma-

tion, consists of increasing the transport coefficients
(thermal conductivity, diffusion coefficients, and viscosity)

! by some factot 8, while decreasing the chemical reaction
rate by the same factor. This maintains the same burn velo-'

: city for the teacting mixture as would be obtained on_a finer
grid. A judicious choice of 8 results in spreading the flame,

ovec the desired number of zones on the grid. It is impor-,

! tant that the alteration of the transport coefficients occur
only in the region of the flame. Otherwise, significant4

4 errors in the computation of the flow could occur. To
'

accomplish this,.we make 8 proportional to the gradient of
temperature.

i
! The 8-transformation has been given some theoretical justi-

fication by O'Rourke and Bracco.[17] However, we still must
do considerable numerical testing to be assured that it will

; provide good results in our applications.

Figure 3.9 illustrates a preliminary calculation which simu-
lates a portion of a small-scale experiment such as those
performed by. Lee and coworkers at McGill University.[18]
The computational domain consists of a 5.2-cm-diameter tube,<

, _
with two chambers separated by an obstacle with a blockage

[ ratio of 0.62. The tube is initially filled with a stoichio-
metric hydrogen: air mixture. Ignition is accomplished by
depositing energy in a ring-shaped region approximately 0.3
cm from the walls in the closed end of the tube. (The energy

; source.is in the lower right corner of the plot frames).
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{ 10 cm long. A washer-shaped obstacle of inside diameter 3.2 cm (blockage
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! frame.
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1

.Isotheras areLplotted in Figure 3.9.at.various times during
i- 'the progress of the flame. The letters H and L correspond

to the high temperature of:approximately 2500 K and the low
temperature of,300 K. respectively. In the first frame, the
mixture has been ignited and the flame is propagating away

; from the corner. (The 12 ms that have elapsed prior to this
-stage were spent in developing a relatively quiet ignition
that would not-_ produce unwanted acoustic waves or extreme |

'

~ numerical excursions.) Propagation is essentially isotropic
,

at this time; the rate is the same in both the axial.and,

j radial directions. As the burn evolves, the . expansion of
the - gas in the first chamber forces the mixture to jet.

through the orifice formed by the obstacle, carrying the
flame with it. This 'results in a long tongue of flame

I extending into the second chamber, as shown in the fifth
frame. The propagation of this jet proceeds so rapidly that

; combustion is not yet complete on the axis of the tube.
(This phenomenon is sensitive to the configuration of the'

ignition source. The ring-shaped source was chosen rather
than a point source on the axis because the latter leads to
an even greater amount of unburned gas; in that case, the
unburned portion is next to the side of the tube.)

This calculation required 20 min on the Cray-1 computer.
The finite-difference mesh used here, a 14-by-51 uniform
grid, was somewhat coarse; it alght be necessary to halve
the spacing for suitable accuracy. It may also be necessary
to use a variable' mesh spacing.

1

!

! These results should be regarded as very tentative; we would

! not claim more than qualitative agreement with some of the
! features of real experiments. Considerable work needs to be
! done to check the computational accuracy and the numerical

models involved. Obviously, a complete simulation of the
McGill flame acceleration experiments would require many
more chambers. However, since this will undoubtedly be out.

of reach from the standpoint of computer time, we intend to
3 develop ways to derive useful information from modelling a
'

few chambers at a time. This effort will benefit from the
results of vortex dynamics calculations (see Section 3.1.2);

j in particular, we expect to obtain guidance on the treatment
; of the effects of turbulence from such results. Conversely,

the CONCHAS-SPHAY calculations can provide pressure distri-
j butions that may be used in the vortex dynamics calculations.

Hence, the two approaches are complementary.
1

| 3.1.4 One-Dimensional Flame Propagation Code ODFLAME
'

(K. D. Marx and A. E. Lutz)

i The ODFLAME code is now capable of providing calculations of
!. the interaction of a laminar flame with evaporating droplets.
i The major developments over the past few months are as fol-
'

lows:

!'
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(1) Derivation of a droplet model and its inclusion in
[ the code.

(2) The use of a detailed chemistry model' in hydrogen
flame calculations.

1

(3) The inclusion of detailed transport coefficients.

What follows are-brief descriptions of the models used in
the present version of the code and a sample calculation.

The code provides an unsteady solution to the basic equa-'

tions for conservation of a mass and energy and for the
transport of chemical species. We neglect the momentum
transport equation and consider only ordinary _ deflagrations
slow enough that uniform pressure is a reasonable assump-
tion. Imposition of the constant pressure constraint per-
mits the flow velocity to be determined from the mass con-
servation equation.

The droplet model that we use accounts for the transport of
droplets and for heat and mass transfer between droplets
and the combustible gas mixture. When this model is com-
bined with the equations for gas flow, one obtains the fol-
lowing system of K + 6 partial differential equations, where
K is the number of chemical species considered:

(a) The equations describing the gas mixture:,

. 8p 8

at + E #g"} d dI "~U (3-14)

DT l8T I BTq g q g q g
h#g pg DT "E (8x j ~ kkkk ~ #g 8x k k pk k

d(T -T) +- n H,Ad g d "d d(h -h)d y (3-15)
DYk 8 e

g Dt "~E I#g k k) +"kk+ (Yk~5kw)"dpV . =1, (3-16)v wp
d

RTp,pq g
(3-17)W

(b) The equations for the droplets:

0"d 8
at + E "du) =0 (3-18)I

DT
+ 6h (3-19)A (T -Td) d ypV "

d pd DT md g

-
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=V (3-20)g- d

[ x, - x,-W
. w

A (3-21)Vd* 2- md ( 1-xo/p

where the dependent variables required to describe the gas
phase alone are density, pg, velocity, u, temperature. T andg,

Y; the thermodynamic quantities are pressure,mass fractions. k
p, specific heats at constant pressure, cpg and cpk, and the

h; the transport coefficients are thermal conduc-enthalpies, k
tivity, 1, and diffusion coefficients that are used in deger-
mining the diffusion velocity V , (but not shown here); uk isk
is the chemical production rate of species k; and Wk and W
are molecular weights and their mean, respectively.

Dependent variables required to account for the droplets are
the liquid temperature. T , droplet volume, V . and dropletd d
number density, nd; additional quantities relative to the
droplets and their interaction with the gas are the heat
transfer coefficient, Hm, mass transfer coefficient. Km.
liquid density, p, specific heat, Cpd, heat of vaporization,
dhy, and enthalpy, h6 of the vapor at the liquid temperature.
The droplet surface area is Ad. The index of the droplet spe-
cies is w; xo and x. are mole fractions of that species at
the droplet surface and in the gas. The symbol 6 w is thek
Kronecker delta.

These equations may be compared with those given previously
for the gas mixture alone.[18] Note that the terms in Eqs.
3-14 through 3-16 involving variables with subscript d are
those added to describe the interaction of the gas with the
water droplets.

The code has been applied to the problem of a flame in a
stoichiometric hydrogen: air mixture propagating through a
distribution of water droplets. Figure 3.10 shows the con-
figuration just prior to the collision of the flame with the
droplets. The front of the droplet distribution is given a
simple, smooth variation from zero up to the value nd = ndi =
105 droplets /cm2 This value is assumed to extend uniformly
to infinitv in the positive x-direction. The initial droplet
volume Vdi is the volume of a 20-ym sphere. The volume ratio
Vol(H O)/Vol(mixture) = ndiV i is 4.2 x 10-*. The entire2 d
domain is assumed to be filled with a stoichiometric mixture
of hydrogen and air. There is sufficient water vapor in the
mixture to be in phase equilibrium with the water droplets
at the ambient temperature of 300 K. A 13-reaction chemistry
model is used to describe the reactions.[19] A new package
of subroutines for computing transport properties is used to
determine the thermal conductivity and the diffusion coeffi-
cients.[20]
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T Droplet Volume, V . and Drop-Figure 3.10. Gas Temperature. g d
let Number Density, nd, Just Prior to the Colli-
sion of a Stoichiometric Hydrogen: Air Flame with
a Droplet Distribution. The initial droplet
volume V i, is that for droplets with a dia-d
meter of 20 mm. The initial number density,
ndi, is adjusted so that the volune ratio is
Vol(H O)/Vol(mixture) = 4.2 x 10-*. The flame

2
is moving toward the droplets at 253 cm/s.
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In Figure 3.10, a flame has been ignited at the left.- The
: . flame front, identified by the steep gradient in gas tempera-

T , 1:s~ propagating toward the droplets at a burnture,a g
velocity of 253 cm/s. Figure 3.11 shows the same profiles

f after the flame has passed some distance into the droplet
'

distribution and has established a new steady state. .The
new: burn velocity is 234 cm/s. The gas temperature behind
.the flame is drastically reduced due to the evaporative cool-

I -ing by the droplets. The - evaporation is evidenced by the
decrease in the droplet volume behind the flame.

The position of the flame front in the above calculation is'

shown as a function of time in curve A in Figure 3.12. Curve
B-illustrates the result obtained when the volume ratio is
multiplied by a factor of 10. In that case, the flame is.
quenched. The amount of water required to just quench the
flame is defined by some volume ratio between these two. We
-are currently performing calculations to determine such
propagation limits.

! In the version of the code used to obtain those results,
the droplets are assumed to move with the gas without slip-
ping. This is not too severe an assumption for droplet dia-*

i meters of 20 pm or less. However, it breaks down for lar-
j ger drops. Procedures are being implemented to relieve this
; restriction.
4

! The foregoing results demonstrate the capability of the com-
! puter code to provide data on burn velocities and propaga-
| tion limits for flames in mixtures containing water droplets.

This has the potential'for aiding the design of flame miti-
gation systems in reactors and for providing a data base for

i empirical modeling of reactor accident scenarios by large-
i scale computer codes such as HECTR.[15] These are topics

i that we:will be addressing in the immediate future.

| 3.1.5 Local Hydrogen Detonation Study
i (R. G. Spulak, Jr., and R. K. Byers)
!

i Three NRC-sponsored programs at Sandia contain tasks that
j address the concerns about local hydrogen detonations in
i containments after core damage accidents. These programs

and their areas of concern are given in Table 3.4.'

)
i We have designed and initiated a program to study these con-

| corns with a unified approach. This will avoid duplication

|
of effort among the three NRC programs. This local detona-

I tion study will include two major efforts. First, the like-

[ lihood of local detonations at various locations in large ;

dry, Mark III, and ice condenser containments will be
assessed. Second, the - consequences of detonations at the
high-likelihood locations will be calculated. (The conse-
quences include effects of equipment destroyed, missile gen-
ecation, and pressure loading of the containment structure.)
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Figure 3.11. Results of the Calculation of Figure 3.10 After
the Flame has Penetrated into the Droplet Dis-
tribution and is Propagating with a New Steady-
State Velocity of 235 cm/s. (The computation
is performed in a coordinate system moving to
the right at 200 cm/s, so the distance scale on
the plot is not indicative of the flame posi-
tion in a stationary system.)
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Volume Ratio of 4.2 x 10-8 (Curve B)
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Table 3.4

Local Detonation Tasks

NRC Program Area of Interest

Hydrogen Behavior Missile Generation
FIN A-1246 by Local Detonations

Review of the Grand Generic Likelihood
Gulf Hydrogen Ignitor and Consequences of Local
Program II Detonations
FIN A-1301

Hydrogen Burn Survival Effect on Risk of Equipment
FIN A-1306 Destroyed by Local

Detonations

The likelihood of local detonations will be assessed using
PRAs of representative plants for each containment type to

t- determine the most likely core damage accidents, the amount
and rate of generation of hydrogen, the release points of
hydrogen to the containment, and the state of equipment such
as fans and deliberate ignition sources. This knowledge
will be used in conjunction with plant design information to
deduce the transport and mixing of hydrogen inside the con-

. tainment with respect to potential locations of locally high
(detonable) concentrations of hydrogen. The existence and
probability of ignition sources at these locations will also
be addressed.

The consequences of local detonations will be assessed by
i first determining the safety equipment and potential missiles

at each location. The pressure loading on the containment
structure and forces on the potential missiles will be cal-
culated using detonation and structural response computer
codes. The effects of destroying safety equipment will be
analyzed by modifying the accident sequences of existing
PRAs to include those failures.

We have selected the Reactor Safety Study Methodology Appli-
cations Program (RSSMAP) Oconee, Grand Gulf, and Sequoyah
PRAs as examples of risk analysis of plants with largo dry,
Mark III, and ice condenser containments. The other plant
information needed will be gathered by tours of these or
similar plants.

At this time, the major portion of this program, evaluation
of the likelihood and consequences of local hydrogen detona-
tions, has not begun because we have been unable to examine
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representative containment designs and obtain the necessary
plant drawings. There are two other efforts that merit men-
tion here. The'first is performance of a set of CSQ code
detonation calculations for arbitrary volumes in the Sequoyah
containment, done at the request of Charles Tinkler, Nuclear
Reactor Regulation (NRR). The results of these calculations
will be reported soon.

The second effort was to perform CSQ detonation calculations
for the Nevada Test Site dewar, which will be used as a ves-
sel for hydrogen burn studies. These calculations were done |
at the request of EPRI. which is sponsoring those studies.
Two calculations were performed, with 0.2 hydrogen and 0.5

; hydrogen by mole fraction. Table 3.5 gives the thermodynamic
states for these mixtures.

The dewar is an 8-m-radius sphere, and the detonation in each
case was initiated at a point on the vertical axis 2.4 m
above the bottom. The pressure histories at the wall at the
top of the sphere (on the vertical axis) are shown in Figure
3.13. For the case with 0.2 hydrogen, the maximum pressure
at this point was about 3 MPa (30 atm) at the time of the
first arrival of the detonation wave. For the case with 0.5
hydrogen. the maximum was about 6.5 MPa (64 atm), not at the
time of the arrival of the detonation, but later due to con-
structive interference of reflected shock waves on the axis.
(The calculation with 0.2 hydrogen was not carried out to a
late enough time to observe the second peak.)

The maximum pressures at the wall in both cases were calcu-
lated to be 1.75 m above the horizontal " equator" at the
time of the first arrival of the detonation wave. This maxi-
mum for the 0.2 hydrogen case was 5.4 MPa (53 atm) and for
the 0.5 hydrogen case was 10 MPA (99 atm). The results of
these calculations have been sent to an EPRI contractor,
Structural Mechanics Associates. They will calculate the
impulsive loads and structural response from the CSQ results
and knowledge of the structure.

3.1.6 Modification of Nuclear Reactor Containment Atmosphere
i to Reduce Risks from Hydrogen Combustion

(L. S. Nelson, P. G. Prassinos, E. W. Shepherd)

( We are investigating several relatively simple and inexpen-
sive schemos to minimize or eliminate threats of failure of'

nuclear reactor containments during hydrogen combustion i

situations by partially depleting the oxygen in the contain- |
ment. We are estimating the worst hydrogen combustion threat

j for these situations by assuming the maximum possible energy

| ls added to the containment, that is, when the hydrogen con- )
j eentration is twice the oxygen concentration. By reducing
'

the amount of oxygen available for combustion, it.is possible
to reduce the containment pressure and temperature rises
resulting from a burn.

I

I
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Table 3.5

Thermodynamic States for Hydrogen: Dry _ Air Mixtures
(Air Partial Pressure ~0.1 MPa; Initial Temperature = 300 K)

Isentrope from
C-J State to

Initial Conditions Isochoric Burn C-J. Detonation Initial Density
3P(MPa) p(kg/m ) P(MPa) T(K) P(MPa) T(K) P(MPa) T(K)

.

For hydrogen mole fraction = 0.2.:

0.13 1.20 0.84 2204 1.62 2429 0.81 2136

For hydrogen mole fraction = 0.5:w

0.20 1.26 1.43 2358 2.77 2610 1.38 2280 t

t

:
4

4
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In the estimates, we consider the following oxygen depletien

| schemes:

(1) Initial depletion of the oxygen in the containment atmo-
sphere from 21% (normal air) to 14% (the minimum safe
breathing-level for sustained working). This depleted
air would be obtained by adding nitrogen to the contain-
ment until the oxygen concentration was 14% and by vent-
ing until the pressure was reduced to 1 atm.

(2) A " bag" rupture method for adding carbon dioxide to the
containment to suppress combustion and partially deplete
the oxygen. This method involves filling unused volumes
in containment with carbon dioxide separated from the
working areas by rupturable membranes. A diluent gas of
high heat capacity could be added to the containment
when necessary without increasing the internal pressure.

(3) A combination of 1 and 2.

In these analyses, we are estimating the peak pressures and
temperatures that may result in the containment by using the
NASA-Lewis adiabatic isochoric complete combustion (AICC)
code. Our analyses have been performed for the Zion contain-
ment; however, the concepts are easily extended to other con-
tainments by simple proportioning.

3.2 Experimental Facilities, Tests, and Plans

3.2.1 FITS Facility
(W. W. Marshall, Jr., S. F. Roller)

In October and November, preparations were made for the
second series of hydrogen behavior testing and preliminary
testing was conducted. Before this test series was begun,
the pressure transducers were mounted flush with the tank
walls in two ports. Felt metal flame arrestors were used to
protect the Kulite pressure gages from any thermal pulses.

In the first part of December, the second series was begun.
The instrumentation employed during these tests included:

(1) Thirty-two 12-mil thermocouples.

(2) Four strain-gage type pressure transducers:

a. Three air-cooled Precise Sensors with operating
ranges of 0 to 100 psi and 0 to 200 psi and (
resonant frequencies of 80 to 125 kHz.

b. One Kulite pressure gage with an operating range of
0 to 100 psi and a resonant frequency of 130 kHz.
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' -(3) . 'Two thin film heat . flux gages (one radiative and one
total) with response times of approximately 1 as.

.(4). One radiative and two total thick film calorimeters.

; This series of tests attempted to-address the following:

(1) The effects of steam and carbon dioxide as diluents in
hydrogen: air mixtures.'

(2) The flammability limits of hydrogen: air, hydrogen: air: -i
steam and hydrogen: air: carbon dioxide mixtures.

4

: (3) To characterize statistically very lean burns of hydro-
gen in air.'

!
: Test series .#2 lasted until ;the middle of February- 1983,

|' -consisting of 85 burns (hydrogen volume percentages ranging
from 4% to 60%, steam percentages from 10% to 40%, and car-
bon dioxide percentages from 9% to 40%), at which time site
management and planning was taken over ' by division 9441.

| Susan F. Roller of divinion 2513 is presently preparing a
' report on test series #1 and #2.
+

| In the last part of February, test series #3 began. The
4 test series is presently on-going and attempts to experi-

mentally define the flammability limits of hydrogen: air: steam
'- mixtures with hydrogen volume percentages ranging from 5%.to

60% and steam percentages from 0% to 60%. These tests were
conducted with air partial pressures equal to 1 Albuquerque-

. atm and initial temperatures of approximately 110*C. The
I instrumentation used in this test series is the same as that
) listed above for test series #2.
i
i The. preliminary results of the 75 tests completed for the
; experimental flammability limits of hydrogen: air: steam mix-
I tures in a stagnant (fans off) environment are shown in

Figure 3.14. In this figure, "O" represents a no-burn mix-
! ture, "O" represents a mixture that ignited. In Figure 3.15,
| the experimental flammability limits of hydrogen: air: steam

mixtures in a turbulent (fans on) environment are shown.

The theoretical maximum pressure for each hydrogen: air: steam.
mixture in test series #3 was calculated using the "Sandia
Simplified AICC code." In Figure 3.16, the ratio of the.

' experimental maximum pressure to the maximum theoretical
j -pressure is plotted against the ratio of the steam volume
i percentage to the hydrogen volume percentage. It appears
! from this plot that-there is a significant reduction in the

percentage burned and therefore the maximum pressures'

| obtained when the steam: hydrogen ratio is approximately 3.5.
It should be noted that these points represent a variety of,

I mixtures of hydrogen. air and steam (those plotted in Fig--
! ures 3,14 and 3.15). Therefore, it appears that if-the
;

i
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steam: hydrogen ratio exceeds about 3.5 for any percentage of
hydrogen, the combustion process is significantly inhibited
by the steam. Many more-data points are needed to confirm
this, but there is a substantial difference between the maxi-
mum pressures above and below this mixture ratio. This is
also shown in Figure 3.17, where the experimental maximum:
initial pressure ratio is also plotted against the mixture
ratio. As in Figure 3.16, there is a significant difference |

between the maximum pressures achieved below a mixture ratio
of 3.5 to that above a ratio of 3.5. Again, many more data
points are needed to confirm this apparent critical mixture ,

ratio. |

Testing at the FITS facility during the next semiannual
period will include the following:

(1) Complete the hydrogen: air: steam testing (test series
#3).

(2) Perform thermal effects testing on the pressure
transducers.

(3) Define the flammability limits of hydrogen: air: carbon
dioxide mixtures similarly to those of test series #3.

3.2.2 Detonation Propagation from Narrow Channels
(W. B. Benedick, P. G. Prassinos, C. J. Daniel,
R. Knystautas)

A hydrogen: air flame started within a confined space with
many obstacles in the flame path may accelerate and be deto-
nated. This phenomenon has been observed in many experiments
and is a commonly employed method used to obtain a detonation
in a closed tube. A short length of copper tubing is wound
in a spiral and inserted within the detonation tube. Upon
ignition of the gas mixture, the advancing flame is acceler-
ated when passing over the spiral form and reaches detonation
velocity in a short distance.

When the detonation emerges from a tube or channel into a
larger open volume, the continued propagation of the detona-
tion is dependent upon certain conditions. Experiments with
detonations emerging from tubes have been shown to require a
minimum of 13 detonation cells, K, across the diameter of
the tube for continued propagation of the detonation. These

: critical tubo diameter data have been reported earlier for
both rich and lean hydrogen: air mixtures.

Recent experiments at the McGill University laboratory by
John Lee and his coworkers have indicated that detonation
propagation from narrow slots require a slot width of only 3
detonation cell widths, i.e., 3 K. This observation
greatly increases the number of places in containment where
detonations may emerge from confined areas and continue to
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; . propagate. Consequently, it;was desirable to test this phe-
nomenon.on a.large scale to insure.that-it is not limited to
laboratory-scale apparatus . which use sensitive hydrogen: air

'

mixtures. |.

' The large-scale experimental detonation channel consisted of
two 25-mm-thick steel plates that were 1.83 m wide and 2.44

. m long. The channel height "W" (spacing between the plates)
I was varied by using four spacer blocks placed at each of the

,

four_ corners of'the plates (Figure 3.18). One of the side
,

walls of the channel is. formed by a sheet of clear plastic-

i- to permit photographic observations of the. detonation propa-
'gation in the channel, while the opposite side wall of the

:
' channel is simply covered by a plywood sheet. The closed

initiation end of-this two-dimensional detonation channel is'

also. formed by a sheet of' plywood, onto which are taped thin
strips of sheet explosive for initiating the gas detonation.

The.high-explosive strips are centrally initiated by a deto-
nator. The plastic and plywood side walls and the initiation

i end of-the channel are blown off in the experiment and have
'

to be replaced for each test. The open end of the two-
I' dimensional detonation channel is connected to a large poly-

ethylene bag fabricated from 100-um-thick sheets that are'

i then taped to the steel plates. The filling procedure con-
i sists of'first retracting the entire plastic bag into the

channel with a vacuum pump thus removing all air in the sys-
; tem. Then a -premixed hydrogen: air- mixture from a large
i underground storage tank is introduced into the channel and
! the plastic bag is thus extruded from the channel as the
; system is being filled with the explosive gas mixture. Tne-

! final pressure in system is slightly above ambient so that
; the-plastic bag remains taut. On windy days or when the
; hydrogen: air mixture concentration is such that the bouyancy

of the bag is significant, thin nylon ropes are used to
j anchor the plastic bag in the horizontal position. The
; detonation channel and the bag assembly are placed on a thick
: concrete pad with the plates extended about 0.55 m over the

| edge ~of the slab to allow room for the inflated plastic bag.
: Diagnostics are based solely on high-speed cinematography.
! Detonation velocity as well as successful transmission'or
L failure can be discerned'quite readily from the movie record. s

| Hydrogen: air as well as ethylene: air mixtures have been'used,
and-the desired composition in the mixing tank is obtained'

by using the method of partial pressures. To measure the

|
detonation cell size, carbon smoke-is deposited ~on a thin

| aluminum sheet by a welding torch. The smoked aluminum sheet
L

is then_ taped to the bottom steel plate of the detonation
t channel. It was found that the " smoked" sheet remains "in
! place," and cellLsize can readily be determined from it after

the experiment. With.this two-dimensional geometry, it is
also possible to test the symmetry of the transmission pro-
cess about the centerline of the channel. By retracting the

| ' top plate of the channel relative to the bottom plate and
i.

~
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adding an additional plate to the bottom, it is possible to
construct a half channel, and accordingly transmission would
now be possible for a spacing between the plates correspond-

,

ing to only 1.51. This experimental system is shown in '

. Figure 3.19.

Rich mixtures of hydrogen: air are ' not ~ used in the present
series of experiments since the objective is simply to ver-
ify the empirical law We ~2/K, for two-dimensional enannels
into a pen spare (i.e., critical channel height). Exten-
sive experiments have already been carried out for the rich
hydrogen: air mixtures for circular . tubes and have been
reported previously.

The results for the critical. channel height for which suc-
cessful transmission of planar waves from the confined chan-
nel to become cylindrical waves in the unconfined mixtures
in the plastic bag are given in Figure 3.20. The critical
channel height, We, is normalized with respect to the charac-
terictic cell size, K, of the mixture, and Wc/K is plotted
against the aspect ratio of the channel L/W. For large aspect
ratios (L/W > 10), the present results give a value, Wc/K = 3,
which agrees with the results obtained at McGill University by
Liu using rectangular orifices instead of a full two-dimen-
sional channel. Experiments up to very large aspect ratios,
ie., L/W > 30, yield the same value for Wc/K = 3, indicating
that the critical channel height, We, scales according to the
cell size, K, and within the present experimental accuracy, Wc.
does not depend explicitly on the Chapman-Jouguet states. An
experiment is also carried out for a fuel other than Hydrogen
(i.e., C H.) at an aspect ratio, L/W = 18. Again, the result

2
of W /l = 3 is obtained for ethylene as well, strengtheningc
the argument that the scaling law is based only on the cell
size,'K, as observed for circular tubes.

f

For aspect ratios, L/W < 10. the present results indicate that
the value for Wc/K rises sharply. A similar trend was also
obtained by Liu for the case of transmission through rectangu-
lar orifices. However, for the smaller scale orifice experi-
ments of Liu, the increase does not occur until L/W < 5. For
the square orifice (L/W = 1), the data points obtained by
Liu indicate that W /K = 10. The reason three-dimensionalc
effects begin to become important at larger aspect ratios for
channels (L/W-< 5) is not apparent at present. Boundary layers
on the two side walls of the present channel, as well as the
rarefaction waves produced by the side relief as the plywood
and plastic side walls of the channel are being blown apart
by the detonation propagating in the channel, could account
for the earlier onset of three-dimensional effects. Quali-
tatively however, the present channel experiments agree with
the rectangular orifice plate experiments of Liu.|

To test the symmetry of the two-dimensional transmission about
the centerline, several experiments using 20 to 20.5 hydrogen:

1
1
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air mixtures with W = 10 to 10.5 cm, L = 1.82 m, and L/W =
17.5 to 18.2 were performed. The results yield a critical
spacing between the plates of close to 1.5K (Figure
3.20).

The present series of large-scale tests confirms the smaller
laboratory experiments of Liu that transmission from confined
planar detonations to unconfined cylindrical detonations
requires a critical channel height of approximately three
cell diameters (i.e., We = 3K). Also, the two-dimensional
transmission phenomena appears to be symmetrical about the
central plane; thus, a spacing of only about 1.5K is
required when supported by one plane. Furthermore, the chan-
nel results are similar to the results from a rectangular
orifice. This suggests that the re-initiation mechanism is
very local and does not depend strongly on the flow structure
of the product gas emerging into confined space behind the
leading front.

3.2.3 Combustion of Hydrogen: Air Mixtures Encased in
Aqueous Foams
(W. B. Benedick, P. G. Prassinos, C. J. Daniel)

This experimental series for combustion of hydrogen: air mix-
tures encased in aqueous foam has been completed. We previ-
ously reported that when 10% and 15% hydrogen: air mixtures
were encased in a 620:1 expansion foam (H O 1.57 kg/m8),=

2
both peak pressure and temperature were reduced when compared
to burning the same mixture without foam. The first experi-
ment using 20% hydrogen: air mixture encased in foam indicated
that an accelerated flame velocity was obtained. However,
the data sampling rate was too low (5 ms) to obtain a good
velocity measurement.

Experiments with the 20% hydrogen: air mixture were repeated
using a faster sampling rate to better resolve the flame
velocities. Figure 3.21 shows the data obtained from this
series of experiments. The flame velocity for the foam-
encased 20% hydrogen: air mixture was more than six times the
velocity of the nonfoamed mixture. The best cxpls ation for
this observed phenomena is that the initial rapid burning
velocity results in a rapid rise in pressure, which causes

; the bubbles to collapse far ahead of the advancing flame.
Bubble collapse leads to flame propagation into a turbulent
mixture, which causes further flame acceleracion. For the
leaner mixtures, the flame velocity is much lower and hence
the rate of pressure rise is lower. The lower rate of pres-
sure rise allows time for the foam bubbles to change dimon-

3

sion without collapsing and generating turbulence. I

For both experiments in which an accelerated flame was
observed, the foam generator was severely damaged. An accel-
erated flame produces a sufficiently strong shock to result
in damage to equipment. For lean hydrogen: air mixtures,

-|
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| aqueous foam encasement is - certainly beneficial. However .
l. use_of foam as a mitigant would have to be limited to only
; those instances where a lean' hydrogen concentration could be

assured.j

'3.2.4 Flame Facility
(J. W. Fisk. M. P. Sherman, S. R. Tieszon)

:

Five contractors submitted bids on-21 October 1982 for the
construction of the FLAME facility. These bids were indi-

I vidually reviewed and evaluated.by selection panel members.
+ The members met on October 28, 1982 to submit their findings

and choose the winning contractor. The contract was offi-4

cially awarded to Cardenas Construction Company of Albu-,

j querque, New Mexico, on November 11. A preconstruction con-
ference was held on November 16 at Sandia National Labora-

I tories Plant Engineering to discuss the FLAME facility con-
struction, assign inspectors, and. introduce key personnel.,

! Work on the facility began on November 26 with first ground
breaking on December 3.

i The projected facility completion date was January 25, 1983,
! 60 days after work on FLAME began. The groundwork, footing

preparation, embed alignment, and strain gage - installation;
i were completed in December and early January. The footing
; was poured on January 11. Inclement weather, erroneous bend- '

i ing of reinforcing steel, and the Christmas holidays caused
the delay. The walls for FLAME were poured in four sections.,

'

The first pour was on February 22, and the fourth and last

| pour was made on March 28. The contractor badly underesti-
; mated the amount of time and effort required to install the
| reinforcing steel, the access pipes, the viewports, and the
j fixtures to hold the embeds in place. Additionally, this
i crew had not previously used plasticizer in concrete and -

! consequently did not vibrate the concrete sufficiently to
i fill all gaps and voids in the wall of the first pour. This

"honeycombing" occurred on the exterior surfaces and near
4 the base where the vibrator could not easily reach. This
( situation was remedied by using a smaller diameter hose
.

to pour the concrete nearer the bottom of the wall and by
f cutting portholes in the form to allow the vibrators access
'

to the bottom and sides of the wall. All subsequent wall
, pourc did not suffer the severe honeycombing of the first
I wall pour. The honeycombing was repaired by using a high-
! compressive-strength nonshrink grout bonded to the concrete

by an' epoxy adhesive.

The contractor provided all 38 steel top plates and 1 end
plate. The contractor has installed one-half of the' top

i plates, evenly spaced, to set up for the configuration
! required for the shakedown tests. Installation of scaffold-

ing, ground contouring around FLAME for watershed purposes,*

i and general cleanup of the site should be completed in April.

{ The steel channels for reinforcing the end plate and the top
.
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plates were delivered in March and will be installed prior-
to the shakedown tests. All of the structural components
needed to run open-ended tests in FLAME are on hand.

Since some tests are desired with both ends of FLAME closed,
a second end plate and steel reinforcing channels will be
ordered in April. These types of tests will necessitate
reinforcing the unsupported top of the end plate with steel
angles or their equivalent.

FLAME will incorporate several operating systems: a data j

acquisition system, a bag extension system, a hydrogen trans-
for and mixing system, a gas sampling system, and an ignitor
system. The data acquisition system hardware has all been
received and installed. The RG-174/U coaxial cable came in,
and several cable assemblies have beer. made to interface the
digitizers, the clock generators, the trigger generators,
the amplifiers, and the patch panels. The final link between
FLAME and the instrumentation cabinet will be the multipair
cables. A work order for instrumentation / power cable pits /
trenches and junction boxes from VGES, FLAME, and the Detona-
tion Tube to the blockhouse was placed with Sandia plant
engineering as of February 7. This work is not expected to
be completed until after June 1.

In the course of the development of the computer software,
hardware problems with the data acquisition system have been
discovered. At present, the problems have been solved except
for newly discovered ones in the trigger generators. Two
LeCroy 8610B trigger generators have been sent back to the
factory for repair. We have begun to test the use of the
system and gain experience operating it.

,
'

The bag extension system consists of some plastic sheets to
enclose the ceiling and end plate, a collapsible plastic bag
at the open end of the facility to allow addition of hydrogen
to the facility, a bag guiding system to ~ hold the bag in
place as the bag extends, and a windbreak to protect the bag
during and after filling prior to a burn. The plastic sheet
and bags are on hand. The parts for the bag extension system
and the windbreak are also on hand. The poles to anchor the
windbreak and the bag extension system will be installed in
April.

The hydrogen-transfer system consiste of a 943-m8 trailer,
remotely operated valves, grounding wires, piping, check

i valves, a mass flowmeter, and some flame arrestors.

The gas sampling system consists of a gas sampling bottle,
sandwiched between two solenoid valves, a vacuum bottle to
provide flow, and the miscellaneous piping. There are five
sets of those sampling systems spaced along the 30-m length
of FLAME. All samples will be taken simultaneously by open-
ing the solenoidal controlled valves and letting gas mixtures

!
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j _ pass through the sampling' bottle to the vacuum bottles.
Shutoff will occur before the vacuum bottles are filled to l

'

capacity.

i- FLAME will -incorporate a | ternary ignitor system consisting i
' of a spark-gap device, an exploding bridge wire, and a Tayco

'

120-VAC glow plug. These three systems will have independent
;

firing circuits. Most of the parts are on hand awaiting
,

assembly.

An additional video camera has been purchased as a safety
feature. It will provide a visual check of the far side of;

; the FLAME Facility and the detonation tube'that cannot be
; observed by a camera mounted on tne main building by the-
'

blockhouse. The new camera will be mounted on a tower that
will be located southwest of the FLAME facility and the;

detonation tube. This camera should be operational in May.'

4- t

Lift devices must be designed and built to remove and install
,

{ the steel-end plate and to adjust the spacing of the top
plates for different tests. The fabrication and assembly ofi

these devices should be completed by June.
j

j Basic instrumentation devices include pressure transducers,
I germanium photodiode systems, lithium niobate gauges, thermo-
! couples, ionization gauges, and possibly hot wire anemometers

and heat flux gages.

! Eight Kullte gages are now on hand. A voltage regulating
circuit has been assembled and checked for sensitivity to
temperature variations. These new circuits will be used to

1 provide the constant voltage excitation required by the
Kullte gages. The parts for these new circuits will be
ordered in April and assembled upon receipt. 'The Kistler

; piezoelectric pressure transducers have been received. These
; have a faster response time than the Kulite gauges and will
i be used in FLAME to measure pressures under fast deflagration
'

and detonation conditions. Two more pressure transducers of
the piezoresistive type have been ordered from Kistler. This,

; type has sensors that are immersed in a silicone oil bath and '

i are supposed to be insensitive to flash temperatures. They
will be checked in VGES after delivery.

} The germanium photodiode detector (GFD) was used in VGES
i tests on February 28 and March 1. Tests were conducted for
,i hydrogen: air percentages of 10%, 15%, and 20%. The GPD moa-

sures steam radiation primarily'at 1.38 pm wavelength. The'

! results show that the GPD is sensitive to a line-of-sight
leading edge of the flame front as well as indicating a maxi-
num intensity across its field of view when the bulk of the
flame front goes by. When compared to chromel-alumel thermo-

! couple results at the same distance from the ignition source
~

(2.5 m), the GPD is slightly more responsive at all mixtures. :
'

Seven of these systems will be used in FLAME. Each of five,

,

*
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viewports ~will have a GPD installed, and inLaddition, the
.last viewport before the exit end of FLAME will have a GPD
installed in the upper and lower access ~pipea providing.a,

cross-sectional mapping of FLAME at that. location.
,

.

"
Different types ~ of lithium-niobate gages are still being
checked in VGEE. These crystals appear to be extremely

; ' susceptible to cracking with oc without a protective cover.
! It appears'that these gages can still produce a substantial

but reduced signal even when cracked. .These gages will be
used to signal the flame arrival time at given points and/or

'

as a feedback signal to change digitizer sampling rates in
the five sections of FLAME.

As'an alternative to the lithium-nicbate gages, chromel-4

alumel thermocouple arrays are presently being fabricated
for mapping the flame front arrival times at various points
in FLAME. Forty ot these thermocouples. evenly divided
between 0.05 .and 0.14-mm sizes, will be installed at desig-.

nated access pipe locations along the length of FLAME.

Ionization probes will be built to measure fast deflagration
and detonation flame front time of arrival and as a possible
tool for measuring deflagration-to-detonation transitions.

. Hot-wire anemometers are being considered as a means of mea-
! suring turbulence in the region of obstacles. Coordination
I with Sandia, Livermore, will determine the number and loca-

tion of these devices to correlate with models that are being
; developed.

I Heat-flux gages are presently being checked in FITS and in
i the EPRI large dewar in Nevada. Installation of these gages-
'

~

in FLAME will depend on the results obtained in these other
j experiments.
i

Current priorities are the completion of FLAME, lal* J tem-;

1 porary cables for operation of FLAME, siting of the hydrogen
'

trailer and installation of the hydrogen transfer system,
I installation of the operating systems, design and fabrication

of plate lifting devices, installation of instrumentation,;

! writing of a standard operating procedure (SOP) for FLAME,

[ and preparation for the shakedown tests for FLAME.

I 3.2.5 Heated Detonation Tube
I (M. P. Sherman, J. R. Tieszen, W. B. Benedick)

'In the previous semiannual report, the purpose of the heated
i detonation tube, the determination of' hydrogen: air: steam mix-

.i ture detonation properties, was discussed. In this report, 1

| we will describe the development of the hardware and the test
1 program.

*

.
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The heated detonation tube hardware can be considered in the
following categories:

(1) the two 18-inch-diameter stainless steel tubes, driver
section and end plates,

(2) the gas injection and recirculation system.

(3)' the cube supports,

(4) the tube heating and insulation system,
c

(5) the transducers,

(6) the cables from the tube to the blockhouse, and

(7) the data acquisition system.

We will consider the progress made in the development of each
of these categories.

During this period, it was decided that the design of the
heated detonation tube had become too complex and potentially
expensive. The design was simplified, completed, and sent
out for fabrication. The general configuration of the two
detonation tubes and driver section is shown in Figure 3.22.
The initiation of the detonation will be done just inside
the end plate at the driver sectica. After competitive
bidding, Gadius Manufacturing Company was given the job of
fabricating the flanges, transducer ports, etc., onto the
detonation tubes and manufacturing the driver section and
end plates. The work was completed in mid-April.

The tube support *gn was greatly simplified. The design'
.

selected is shown in a sketch in Figure 3.23. The tube sup-
ports were fabricated by our group, and concrete was poured
to complete the structures. The cost of materials in the
simple design was small. For example, used 55-gal drums,
costing $5 each, were used as a main structural piece.

A gas injection and recirculation system was designed to
perform several functions: inject hydrogen, inject steam,
and recirculate the gas mixture from one end of the tubes to
the other to insure the mixture was homogeneous. A bellows
pump with an explosionproof motor was ordered and delivered.

IThe tubing, valves, and fittings for the system were ordered.

Electric resistance heating tapes were ordered. The earlier
design for enclosing insulation in a plywood box was dis-
carded. The insulation will simply be wrapped around the'

tube.

The location of the detonation tube and the path of the !

cables from the tube to a cable pit were selected. The cable I
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pit will connect cables from the heated detonation tube,
FLAME, and VGES to the blockhouse. A common data acquisition
system will be used for FLAME and the heated detonation tube.
The system hardware is functioning. Some added software will
be required for the heated detonation tube.

Various pressure transducers to be used in the heated detona-
tion tube and in FLAME are being tested in the VGES tank.
It is expected that Kistler piezoelectric transducers will
be used in the detonation tube.

A test program was developed. The first runs will be carried
out at ambient temperature to check out the procedures for
filling the tube with hydrogen: air mixtures, detonation ini-
tiation, and data acquisition. After these " shakedown"
runs, a series of runs at various hydrogen concentrations
will be run at ambient temperature. The purposes of these
runs will be to develop the technique of reading the
detonation cell size from smoke foils used in the tube and
to compare the results with those found in the work of other
researchers. It may be possible to achieve a stable
detonation with a value of hydrogen mole fraction below that
previously achieved in smaller diameter tubes (13.8%).

The next set of runs will be carried out at one or two ele-
vated temperatures. The purposes of these runs will be to
test out the tube heating system and to determine the effect
of initial temperature on hydrogen: air detonations.

The main objective of the tube will be achieved in the next
set of tests using hydrogen: air steam mixtures at elevated
temperatures.

3.2.6 Interactions Between Aerosols and the Combustion of
Hydrogen: Air Mixtures
(L. S. Nelson)

3.2.6.1 Background

There is reason to believe that the aerosols produced during
LWR core molting or core degradation may affect the combus-
tion of hydrogen situations. We have defined an experimental
program to learn quickly and inexpensively whether such
interactions exist and whether they are benevolent, male-
volent, or insignificant.

We expect to learn whether the hydrogen burn characteristics
are modified by the presence of the aerosol. These modifi-
cations might affect the deflagration-detonation limits, the
limits of ignition and performance of ignitors, flame velo-
cities, and pressure and temperature profiles produced during
the combustion. Also, we expect to learn whether there is
modification of the aerosols by the hydrogen combustion.
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This might change particle concentrations, particle morphol-
ogy, the chemistry of the particles, and possible adsorption
or desorption on the particles. Of importance here are the
airborne fission products, particularly cesium iodide.

The background for these studies is not extensive. The most
significant literature surrounds the use of dry powders for
fire extinguishment (21] and explosion suppression.[22] The
literature is devoted mostly to the effects of alkali metal
salts on hydrocarbon-air combustions. There are related
heterogeneous combustion processes, however, that involve
powder explosions (coal, grain, and metal dusts), the forma-
tion of soot and its catalytic effects during combustion,
the effect of organometallics on engine combustion, and <gni-
tion of gaseous mixtures by radiatively heated particulate
material.

We have looked at the amount of aerosols required to simulate
aerosol generation in core melt or core degradation acci-
dents. Concentrations on the order of 100 g m-8 may be
generated early in CMCIs . [ 2 3 ] . Later on, this generation
rate is thought to drop to produce aerosols with concentra-
tions on the order of 10 g m-a. Concentrations in the
range 1 to 100 g m-8 seem likely in most core degradation
situations.

We have surveyed some of the methods for generating nuclear
aerosols, primarily those evolved at Oak Ridge National
Laboratories.[24] These methods involve high-current elec-
trical heating, the use of plasma torches, and radio-
frequency induction heating. At Sandia, Brockmann is
working on several metallothermic and pyrotechnic ways to
produce aerosols.(25]

High-energy, high-temperature techniques such as these would
be difficult (but not impossible) to adapt to premixed com-
bustible mixtures of hydrogen and air. Therefore, we have
turned to dry-powder fire extinguishers in which powder sus-
pensions with instantaneous concentrations of up to 300 g m'8
have been reported. These concentrations are achieved by
dispersing fine powders through orifices with bursts of pres-
surized gas. In addition to the common dry-powder extin-
guishers, there is a commercial, detonator-operated disperser
that uses a gas pressure higher than regular extinguishers
and can disperse powders more rapidly.(22] Both the dry-
powder fire extinguisher and the commercial disperser have
been tested with decomposable alkali metal salts for fire
extinguishing, but it has been reported that the use of
decomposable materials is not necessary.[21] A number of
papers stress that caN1ytic, free radical chain-breaking
effects are also important. For example, it has been shown
that finely divided silica can stcongly affect the deton-
ability of a gaseous nixture.[26] There also is evidence
that dispersed iron oxide powders may have a catalytic
effect on hydrogen-air combustion.[27-29]
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3.2.6.2 Experimental-

in some simple outdoor experiments, we confirmed that com-
mercial dry-powder fire extinguishers can produce dispersions
of airborne solids at concentrations of 100 to 200 g m-8
These concentrations were determined from the weight lost by
the extinguisher over a measured discharge interval and from

: the volume of the plume determined photographically (Figure

j 3.24).

i We did other gas burst experiments indoors iri a transparent. c
plastic-walled aerosol chamber with the dimensions of the

| VGES tank (4.9 m tall, 1.2 e square) (see Figure 3.25). The
! dry-powder fire extinguisher used to disperse the powders is
! shown in Figure 3.26; it was placed beneath the chamber on
j the vibrating support as shown. Since the chamber was
j located in a manned area, it could not be used for combustion

experiments.-

i We made seven indoor shots, five instrumented for aerosol
| measurements. The first two were made by discharging the

original filling of the extinguishers, Purple-K powder,
j nominally potassium bicarbonate; no aerosol measurements
: were attempted with this material. Ono experiment was done
| with one discharge fired downward and a second, upward.

Since the dispersion of the powder throughout the chamber'

appeared to be much more uniform with the upward discharge,
all subsequent discharges have been fired upward.

;

Next, three experiments were performed with commercial deag-
' glomerated gamma-alumina polishing powder, with a nominal
! particle size of 0.05 um. For each experiment, the fire
j extinguisher (4.5-kg capacity) was loaded with 600 g of the

{ powder and pressurized with dry nitrogen or argon to 1.33
: MPa. Aerosol measurements were made as follows: four total
i filters were suspended at the center of the chamber, along
; with four collector tubes (filters and collector tubes are
j shown in Figures 3.27 and 3.28); each tube was evacuated
i through a four-stage Andersen impactor. The collector tubes
: were 3.8 cm in diameter and approximately 1.5 m long. The
! results of the alumina aerosol sampling are presented in the
i histograms shown in Figures 3.29 and 3.30. j
!

! Finally, two experiments' were conducted with powdered iron
'

oxide. This material is a commercial jeweler's rouge of 3
| ym nominal particle diameter. One discharge was performed
! identically to the alumina discharges, while the other was
| performed ~ with two fire extinguishers simultaneously dis-
! charged upward in the attempt to increase the concentration
: of total airborne solids. The results for the single iron
! oxide discharge are'also shown in Figures 3.29 and 3.30.

!

|

[ 3-62 1

I '
!

- - - - . - - . - . - . - - _ - - , - _ _ _ __.-.. - - . . - .



. . _ _ _ -- -- - - . - - . - - _ _ _ . _ .

|p ,.,.., -g - , , . . . ,- - ,, - . , , , , . . . , - . - , , , - . , . .

| o . v g- |
<

4
/ r ..

i

'' *

f....
" ,e

I .

i '

,

s -

|' i .:.
i

|
'

mummmmmmes
i

'

! /
4

|

!/ N,
. j -

|
1 .

I

f 'Z >
| p

chtjI 4

-% J
| . .

; ,. _
. . - .

h , M. "

,

Yp >a
*

msw c; s. , .

,.

|
3

| ~ ' v.
[ .Li ' - : L '4

~

-
'

yftw; ..

'

x 8.-:r;

_fQ !) ' '
"

M.'

);

|
| Figure 3.24. Gas Burst Dispersal (downward. 14-27-1) of a

Commercial Fire-Extinguishing Powder. A con-
|centration ~125 g cm8 of airborne solids was

obtained in the upper part of the plume. Light
squares on the stadia board are 15 cm across.

3-63

_ _ . - - - _ _ ~ _ - . _ _ _ __ -_ _ _ _ _ _ _ __-



.__- - -. . . _ _ . - . ___. _ _ . _ _ _ __ . _ _ _ .

!

|

|

|

|
|

|

|

't-
,

, ci r -. i

f . .,
.,

'
.

,

j-
. . ,

1' . 1

4' - - :

:g. . I;
'

I
,

'' '
~

a< . i. 7;f - I
, . .

! /
'

g.

.,

fs t,

{ ' *

p
-

i- -

il
'

-
,

Y!

| ']jf",

; c ;; s,

,

J [t '

.

~ , .

a,'

_ . - . I
2 . . :

i

Pigure 3.25. Upward Dispersal of Gamma-Alumina Powder in a
Plastic-Walled Aerosol Chamber. Chamber is i

4.9 m tall and 1.2 m square (17-7-1-V).
,

i

)

3-64

__ _ _ _ _ _ . . . _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ - _ __ __ _ _ _ _ _ _ _ -:



. - . _ - - _ - . . _ . - . __ . _

,,

1 ,-1

|
|

6

(

\

| \ '

|

{

|'

.

I,
~

'

'

.,

k -

,

'

.

- '

. ;

|
- -

*

,

._ .

,

> -- R'7XJ' '.L ,'|

p _ y- . p , ,-,
,

*-'b .

m, .

. [F b[ fp$,f,
,

,

~

.

t :_.. ,
,

-

' -' ..,/...-_

1
1

Figure 3.26. Dry-Powder Fire Extinguisher Used to Disperse
Powders in the Aerosol Chamber Shown in Figure
3.25. The electrical vibrator beneath the
tank is used to enhance powder discharge
(17-7-2-4).

3-65

_ ______ _ _ ___.__ _ ____ _ _ _



- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ . . __ . . . . _ . . __

9 WV W- *m A- FM,#r,-f#* 4 M -g ,..r ,
_

t it ..

'F..

1 4 '

i ) ji, -
- -g

,

I

[h
'

'

._. .,

~

A

fh j
i Is

'

j'

"| t:,

. k_

.{y
.d I

1 '
-

.9
m.A ! Ni . , ;

f ., -a, ,-
. ,

-

' h y'j, . f,
-

'
7 *

. , , .

[ . ; [''

,,

'| < " ~

,9 y;,gg,:;;vi~ |-:>Q; M M[ T 5
41 e ':

r .+ ,
;:j 4-

3 .:

. 9

''

,

rf'(1:] {$ ,

a:u . a ., x .. _ , s a w . w , k ~ a a w: ~ .. . ,.sa.w ;- , n., , a.

I
s

; Figure 3.27. Aerosol Collection Equipment Placed Centrally in the Chamber Shown in
; Figure 3.25. The tubes, 3.8 cm in diameter, are exhausted sequentially

through the cascade impactors shown in Figure 3.28. The smaller col-,

! lectors are total filters, exhausted sequentially through the plastic
;j tubes.

,

i

|

_ - - _ . _ _ _ _ _ _ _ _ _ _ _ . __



__ _ . _ _ _ _ _ _ _ _ _

!

!

i
i

!

$

'
'

-

, , .

.

. : s m a:a :~r w Q F . .
7;'

- sfi;( . +.* g3,

\ -

,

:
% /a

! %,. ~ ,\ :% '

, , ,
, #

| t,j
'

/-

1, $~ ) '| j,7
.

i - r .

e
1 1 V"

.. ' )} t &|C ,[y ?,5j ^
,-

1 w
,,

'T
Q _ 'N ' ; _[" ; . ? ~ jf'

,.+ ..

:| *F. } fj; ;. ' 7 " 7 . g ":
if: . ., ,J":+ . =

;
y p

;,.

{ -{ ] ( #/ |,
~~

s
I

. .. P* A QR '

}:s; P? * .

: :
*

, , . , , y; : ; ,u,
,

i .. .,- . .

_
~ 's,< , ,,;.

f a d.
.. 5i i $'

J [ y;,:.! ' ' '|i i fp:! '
.

, ,

| > " < I. t!% Dh i.y ~l I M D W: Y'
_ . . .

-

\
,

| Figure 3.28. Four-Stage Cascade Impactors Attached to the Collector Tubes Shown in
| Figure 3.27. Each impactor is exhausted through the final filters
'

(with numbers).

|
_ _ _ _ _ _



I '
7 ------d -

| ---- 17-15-3: ALUMINA
| 17-23-1: Fe2O3
I1- 6 -

|
-'

C
-E 5 -

s

S
z

h4 -

<
E
F-
Z
uJ
o 3 - -

z
O
o _____

m
* 2 - -------< ___ _

2

1 - -

,

i

0
0 30 60 90 120

TIME (s)
i
!

i

Figure 3.29. Mass Concentration of A1,0, and Fe,0,
Aerosols Produced in Chamber of VGES Tank
Dimensions vs Time

!

3-68

.

. _ _ - _ _ . , . . _ - . _ . . _ . _ _ . _ _ _ . . _ _ _ _ . . . . . - . . _ _ . . __ _ _ _ _ _ _ _ _ _ _ . _ , , . . - _ _ _ _ , _ . _ . _ , _ . . _ _-



. _ _ _ _ _ . _ _ _ _ _ _ . -- . __ _ _ _ . . _ ._.
- - - - - . _ _ _ .

0.3
,

, , , ,
,

I

---- 17-15-3: ALUMINA

17-23-1: Fe2O,, 3
.

'm
| C
; 2

o
'@ 0.2 c _ _3 -

I*

|*
1J Igo i1 ,_________.4
1 Ii s

z I |,

9 | |1

w F r_4 (_________i o L, 3j $ < 0.1 I I _m j
! E I

im'

i Im
< | ,

2
|

'

| i
4 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .

d
I

1 I

i 0.0 " I I I I
'

O 2 4 6 8 10;
.

i AERODYNAMIC DIAMETER, Dp (microns)
i ae
J

j

Figure 3.30. Normalized Weight Fractions of A1 O and Fe O Aerosols Produced in Chamber2 3 2 3
j of VGES Tank Dimensions vs Thermodynamic Diameter
!

a



- . ~ . .. ._ .- - _- .. ._

.

.

3.2.6.3 Results

so.far, we'have produced aerosols of iron and aluminum oxides
C with initial total concentrations estimated to be 5 to 7 g m**

with a single discharge. .(When we used two discharges with
the iron oxide, we may have reached 10 g m-8; we estimated.

this~1atter concentration indirectly because we lost our ini-
tial total filtet measurements). Between 30% and 50% of the
total mass of the alumina aeroso1' particles collected had,

aerodynamic diameters of 3 ym or less; only 20% to 30%-of
the mass of the iron oxide aerosol particles .was in this

!- range, presumably due to the larger initial particle size of
the powder.

The use of gas burst dispersal to simulate nuclear aerosols
i' seems to be a-useful technique, particularly in light of the

simpilcity and low cost of the generating equipment. There-'

is still considerable room for improvement, however, because
we are only discharging from one-third to one-half of the
powder we place in the extinguisher. This has limited-the
maximum possible aerosol concentration in the chamber to 30

; to 40 g m-8 Moreover, only about 20% of this maximum con-
centration is being collected on our total filters. We are
currently conferring with both aerosol and powder technology-

personnel at Sandia to improve the quality and concentration
of the aerosols.

Plans are being made for several preliminary experiments in
the VGES tank early in.the next reporting period. Control

,

experiments with and without powder will be performed ini-
~

. tially to determine (a) baseline combustion conditions and
(b) whether the discharge itself ignites the hydrogen: air
mixture via static electricity. The latter is being consi-
deced because ignitions attributed to static discharges have

i occurred occasionally during manipulations of hydrogen: air
mixtures in large plastic bags at the VGES site. Also, sta->

tic electrical sparks produced by a discharging carbon diox-
;
- ide fire extinguisher have been reported.[30]

!
/ If it can be shown that the powder discharges do not ignite

) the combustible mixtures, we will attempt to prepare aerosols
i with concentrations up to 50 or 100 g m-8 in hydrogen: air

mixtures in the VGES tank. Ignition will be induced with
i exploding bridgewires, sparks, or glow plug igniters. Sev-
; eral initial experiments will be performed with an iron-oxide

aerosol to examine the effects of this aerosol on the pres-

i
suco and temperature transients produced during the hydrogen
combustion.[27-29] Later, experiments will be performed with'

cesium iodide-containing aerosols to look for the production
of gaseous iodine compounds during the hydrogen combustion.

; ;

l-

,
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i 3.2.7 Water Droplet Studies
(L. S. Nelsori, ~ C. J. Richards)

3.2.7.1 . Objectives
7

The effects of water' droplets on hydrogen: air combustion
have been discussed in an earlier report.[31] It was shown
that significant reductions in both peak pressure.and peak
temperature can~ be achieved by dispersing 0.01 to 0.05
volume-percent of, water as droplets throughout the preburn
gases; optimum droplet sizes were on the order of 100 um.
On this basis, a research plan was initiated to study the
effect of water drops.~on hydrogen combustion behavior, to be
performed in the F1TS' facility. This sequence of experiments
had been planned for the current fiscal year (FY 1983).
However, during this reporting period, a request was initi-
ated by the Nuclear Regulatory Commission (NRC) for Sandia
to perform a short series of experiments to test the opera-
bility of igniters in water spray environments that would
simulate these expected in several reactor containments in
the event of a hydrogen-generating accident. These tests
are now being planned for the VGES facility and are expected
to last ;pproximately 1 month.

3.2.7.2 Need for '.nformation about Water Droplets

In order to carry out and-properly analyze the experiments
proposed for both the FITS and VGES tank experiments, we
nced to know and understand the following characteristics of
the water droplets that are present during the combustion:

(1) Diameter distributions and how they can be characterized
(e.g., can they be described with a log-normal distri-
bution by a mean diameter and standard deviation).

(2) Fluxes and their uniformity in the tanks.

(3) Velocities, in particular, if the drops have reached
terminal velocity.

(4) The coalescence of the drops as a function of time,
experimental conditions, and droplet diameter distribu-
tion.

We need this information to provide interpretable and
reproducible results' in the hydrogen combustion behavior
experiments to generate desired droplet distributions and
fluxes (e.g., nozzle types are interchanged) and to investi-
gate droplet diameter stabilization schemes (e.g. the use of
charged, monodisperse droplets or the addition of chemicals
to the water).

1
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3.2.7.3 Water Droplet Diagnostics

During this reporting period, we have constructed two fast-
shuttered droplet samplers according to the design shown in
our previous semiannual report.[1] The open time of the
sampler vs driving gas pressure is shown in Figure 3.31. On
the basis of preliminary testing with these samplers, a
design modification is being made to place a second movable
shutter above the droplet opening to prevent flooding in
high-flux situations.

We have improved the quality of the sampling substrate, which
is basically the . polyvinyl alcohol-coated microscope slides
described by Tanaka.[32) Our improvements have involved the
addition of a tinting agent to the coating solution, careful
filtration of the solution, and deposition of the films under
clean bench conditions. A typical image of water droplets
as photographed from the screen of the Quantimet system is
shown in Figure 3.32.

The automatic image analysis by the Quantimet. system readily
produces droplet diameter distributions similar to the preli-
minary distribution shown in the previous semiannual report.
We have studied the reproducibility of the droplet diameter
measurements using a spray produced by a single Spraco-type
1106-2004 nozzle. used under the conditions reported by
Camp.[33] The mean diameters of droplets collected at vari-
ous distances beneath the nozzle in are shown in Table 3.6.
It can be seen that there is considerable variation between
shots even though drop generating conditions are identical
in all experiments.

3.2.7.4 Igniter Studies

In response to the NRC request, we are undertaking a short
series of experiments designed initially to test the opera-
bility of Tayco igniters in a water spray environment equiva-
lent to that of the Sequoyah containment. Our program plan
was submitted to the NRC in memorandum form.[34] The basic
objective of these studies is to provide backup information
for a test plan generated by the Tennesee Valley Authority
as required by modified licensing procedures.[35-37]

We have started the experimental preliminaries for these
studies in the VGES tank, which include plans for tank modi-
fications and installation of new air-drive fans. We have
also obtained Tayco igniters for the tests and have spot-
welded thermocouples to their surfaces.

We have explored the possiblity of using Spraco-type 1713A
nozzl9s, used as standard in reactor containments in these
tests. However, a major difficulty arises with this nozzle
because it is a massive, hollow-cone nozzle that produces a
large-diameter spray distributed as shown in Figure 3.33.
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| Figure 3.32. Photograph of the Quantimet Screen Showing
Images of Four Water Droplets Captured on a
Microscope Slide Coated with a PVA-Ink Solu-
tion. Bar at upper right is 25 um long.
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Table 3.6
i

Direct Water Droplet Sampling--One No. 11062004
Spraco Nozzle Centered Above PVA-Coated Slides

T

Nozzle - Sampler Shutter Open No. Drops Median Diameter
Distance (cm) Time (ms) Counted (um)

77 22 269 155
77 22 378 147

100 55 367 145
100 55 309 181
103 22 56 126
103 22 54 133
125 48 90 225
125 48 254 166
125 48 193 175'
129 22 24 107
129 22 42 116
159 22 90 137
159 22 159 214

i

I
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,

On this figure, we have superimposed the dimensions of the,

! side walls of the VGES tank, shown as heavy vertical lines.
It can be seen that the bulk of the water will strike the
walls of the chamber, subsequently flooding downward and
splashing inward. To obtain more representative spray ~ con-
ditions, we plan to substitute a full-cone nozzle reported
by the supplier to produce a droplet distribution similar to
the Spraco 1713A. A photograph of the 1713A nozzle and a
candidate full-cone nozzle is shown in Figure 3.34. It will
be necessary to measure water droplet size distributions and
fluxes to compare the various nozzles.

3.2.7.5 Water Fog Production and Maintenance

3.2.7.5.1 Background and Objectives

Previous work by Berman et al. has shown that the use of a
dense water fog (~0.05 percent by volume) decreases by a
significant amount (a factor of 3) the pressure and tem-
peratures in containment caused by a hydrogen combustion
event.[31] Because of this suppression effect, the use of
water fogs generated in containment appears to be an attrac-
tive mitigation scheme. Although high-volume production of
small drops is possible using conventional spray nozzles
(high-pressure or pneumatic), maintenance of these high-
density fogs is difficult due to self-agglomeration of the
water droplets, which causes large fog-settling loss rates.
The self-agglomeration of the water droplets is due to the
fact that larger droplets have a larger fall velocity than
smaller droplets, which causes the larger droplets to over-
come the smaller ones, increasing their fall velocity fur-
ther, etc. The polydisperse nature of fogs from conventional
spray nozzles (ratio of maximum droplet size to minimum drop-
let size typically greater than 20) compounds this problem.

In order to utilize the beneficial features of water fogs, a
method for maintaining the fog needs to be developed, i.e.,
the method must prevent droplet agglomeration. There are
two ways to prevent droplet agglomeration:

(1) Produce a monodisperse (uniform droplet size) fog.

(2) Electrically charge the droplets (same polarity).

There are methods for producing monodisperse droplets (such
as those used in ink-jet printers), but none of these methods
can produce the copious number of droplets necessary for
this application. There is, however, a well-known practical
method for producing copious amounts of electrically charged
fog droplets of nearly uniform size. This method, which is
described in detail in the following section, consists of
spinning disc-type sprayers fitted with induction-charging
electrodes. Spinning disc-type sprayers have long been used
(since ~1950) to produce sprays for various industrial
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processes, such as air humidification, spray drying, insecti-
cide sprayers, etc.[38]

The spinning disc-type sprayers produce almost uniform drop-
let sizes (ratio of maximum droplet size to minimum droplet

Isize less than 2) and can be designed to produce droplets as
small as 15-um diameter.[38-42]
When fitted with induction-charging electrodes,. the disc
sprayers can produce droplets that are electrically charged
to within 10% of the theoretical maximum-charge (the so-
called Rayleigh limit) that a droplet can hold.[43] Such
devices are used extensively in scrubbing. toxic gases and
aerosol particles from industrial effluents. More than a
half-dozen patents have been granted since 1931 for spinning
disc-type sprayers with induction-charging electrodes (see
References 44-47 for example).

A very important side benefit of this method is its ability
to scrub the fission-product aerosols from the containment
chamber. The use of highly charged droplets is one of the
few ways known to remove submicrometer aerosol particles
efficiently. Even uncharged particles are attracted (via an
induced dipole interaction) to the droplets as they drift
through the aerosol.[48,49]

3.2.7.5.2 Program Status and Plan

As is shown by Walton and Prewett [38], the size of the drop-
lets produced by spinning disc-type sprayers is accurately
predicted by

d = 3.8(c/Dp)l/2 o (3-22)/

I where

o = surface tension of the liquid
D = diameter of the disc
p = density of the liquid
o = angular speed of the disc
d = diameter of the droplets produced

The charge on each droplet is proporticnal to the voltage
applied to the induction electrode (and of opposite polar-
ity).[43]

It appears well-established then that the spinning disc-type
sprayers fitted with induction-charging electrodes are the
best and most well-developed, practical devices for producing
easily maintained fogs (minimal self-agglomeration).

Given that these devices can produce droplets of near uniform
size, from 3-mm to 15-um diameter, each with a charge of
up to 10% of the Rayleigh limit (either polarity), the next

3-79

- . - _ _ - . - . . - _ _ . _ _ _ . - . _ _ _ .



question to be answered is, What size droplet and electrical
charge is optimum (within the limits set forth by Berman
et al. for effective hydrogen burn mitigation [31]) for main-
taining the dense fog?

In order to answer this question and thus put limits on.the
range of disc diameters, rotational speed, charging voltages,
etc., for the disc sprayers, a computer study has been ini-
tiated to model the interaction.of charged fog droplets.
The part of the computer model thae calculates the effect of I
the electrical charges and electrie fields on droplet inter- I
action has been completed. The remaining part of the com-
puter model, scheduled for completion within 3 months, will
calculate the hydrodynamic and gravitational effects on drop-
let interaction, thus providing the tool necessary to com-
pletely specify disc sprayer.

This computer model will also provide the operating para-
meters such as rotational speed and charging voltage (con-
trolled remotely) that are optimum for scrubbing fission-
product aerosols from containment.

Upon the specification of the disc spray, a series of small-
scale tests is planned that will consist of fabrication of a
disc sprayer of only a few (~ four) discs, and operating
it in a small (~50-m*) volume to verify that the self-
agglomeration has been reduced to an acceptable level. These
tests will also include demonstration of fission-product
scrubbing efficiencies, using the same dics sprayer assembly.

3.2.8 Catalytic Mitigation Evaluation Program
(M. L. Koszykowski, R. W. Schefer, and W. J. McLean)

The promotion of hydrogen oxidation by noble metal catalysts
such as platinum has been known for well over a century, and
in fact, commercial systems for catalytic recombination of
hydrogen are already available for use in nuclear power
plants.[50] These commercial systems are designed to remove
relatively small quantities of radiolytically-produced hydro-
gen by pumping dry containment gases through external systems
containing packed bed catalysts. In considering relatively
large releases of hydrogen from metal-water interactions dur-
ing a reactor. accident, a catalytic mitigation (deliberate
ignition) system would have to be designed to handle mixtures
with larger fractions of hydrogen, as well as mixtures con-
taining relatively high quantities of water vapor. The sys-
tem would be designed to ignite relatively weak flammable I

mixtures, thereby preventing buildup of higher concentrations
of hydrogen. If catalytic activity at normal operating tem-

Iperature is sufficiently fast, such a catalytic ignition
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system would have the advantage of being electrically pas-
sive, no external power being required. We note that a pas-
sive ignition system based on-hydrogen oxidation over a plat-
inum. catalyst has been developed successfully.by the Insti-'

tute of Gas Technology.[51]
,

Researchers at.the Lawrence Livermore Laboratory and-Sandia's
-

Combustion Research Facility (CRF) in Livermore have been .

*

!

carrying out-detailed experimental and theoretical.ctudies
of the oxidation of hydrogen in the presence of catalytic'

surfaces.[52-56] The most recent results from these studies
illustrate the need for developing more detailed models fori

' the surface reaction processes.

With respect to the NRC Hydrogen Mitigation Program, the
,
'

expertise available at the CRF is being applied to the prob-
lem of catalytic oxidation of hydrogen: air: steam mixtures
characteristic of reactor accident scenarios. Physical chem-
ists, familiar with surface processes, are providing a more

.

detailed- physico-chemical model for the surface conditions-*

used in the existing model. Comparisons are being made
between model calculations and existing experimental data
taken at Sandia's CRF during. catalytic oxidation of hydrogen:
air mixtures in a flat-plate boundary layer. The objective
of this program is to improve the model and apply it to the
conditions of interest to the NRC program so that an evalua-

i tion of the potential for catalytic ignition can be made.

; An initial critical review of the literature has resulted_in
{ the reactions and rate constants, shown in Table 3.7, which

most appropriately represent the surf ace-reaction' process.
The data support a Langmuir-Hinschelwood type of reaction
mechanism (i.e., one in which reactants must both adsorb,

prior to reaction) that then proceeds via formation of an
'

unstable adsorbed hydroxyl intermediate. The following con-
clusions have been drawn, based upon this model:

,

(1) Under the conditions of the CRP experiments (relatively
high temperatures), adsorption of hydrogen is rate
limiting in production of H,0.

(2) The model predicts that the Pt surface acts as a sink
for OH cadicals that are produced by the gas phase r .-

tion, under the conditions of the CRF experiment, r,a--
;
'

sistent with observation.

(3) The model is also consistent with the absolute pressure
| of H, at.which the maximum rate of OH production from
l surface reaction is observed.
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Tablo 3.7

Rates and Mechanisms for the Catalytic oxidation Of Hydrogen On Platinum *

Reactions and Rate Expressions so u E. cal / mole

H .g'+ 2XH O 2Ha1. 2

ORg =SH2 (1 - O )2PH2(2wmH2k'T )-1/2 10-1i H g
22

eXP(-E r/ cts) 10-3cm2s-1 1.8 x 1041 0R r " Vir H"H l

.

2. 02,9 + 2Xo O 20a
O
O2(1 - O )2p02(2wa02k'T )-1/2 -10-1R2f = s O g

22
eXP(-E r/ cts) 2 x 10-2cm2s-1 4 to 7 x 1042 eNR r * V2r g O 2w

I
co
" 3. Oa + H2 Z OHa

R3f = #3f oNo0 NH H exp(-E g/ cts) 10-Icm2s-1 1.2 x 1040 3

v3r OH exp(-E r/ cts) 1013s-1 1.2 x 104O 3Rg3 =

4. Ha + OHa * H Oa2

H H OH og exp (-Egg / cts) 10-lcm 2s-1 0.85 x 104Reg = v4gG N O N

5. OHa O OHg

5f = USf 0H OH exp(-E5f/ cts) -10-1 1013s-1 2.8 x 1040 NR

0
Rr*SOH(1 - OOH)POH(2wmOHk'T )-1/2S g

H 0a O H O2g6. 2

6f = V6f H 0 H O exP(-E6f/ ctg) 1015s-1 1.0 x 1040 NR
2 2

O
HO (1 - OH O)PH O(2wmH Ok'T )-1/2 1R6r " S 2 2 2 2 g

* Nomenclature given on attached appendix.
.

*
-_



_ _ - _ _ _ _ . _ _ _ _ _ _ _ - _ _ _ _ __ _ _ _ _ _ _ _ . _ _ . . ._. ..

Appendix to-Table 3.7

Symbols, Units, and Values of Constants

Symbol Meanino Value Units

Xz Adsorption site of adaton Z
,

R Reaction rate cm-2s-1
k Reaction rate constant:

First-order: s-1
Second-order: cm2s-1

Oz Coverage of species 2 relative to
its maximum (saturation) value

SZ2 Sticking (adsorption) probability
of molecule Z2,g

O
S Initia? ' adsorption probability of2

w molecule Z2 1 8- SZ2 in the limit
i a s Oz -- O. s
cm

Clean-surface values: S 2 - 10-1
0

SH2 - 10-1

P Pressure of molecule Z2Z2
Experimental values:

PH2 80 torr=

105 ~ gecm-les-2
P02 680 torr=

9 x 105 gecm-les-2.

k' Boltzmann's constant 1.38 x 10-16 g.cm2*s-2eK-1

C Gas constant 1.987 calomole-l*K-1

.

_ - _ _. _ _ _ . - - _ _ _ _



. . _ . . . ...m..- . _ _ _. _ _ . . . _ _ . ._ . . - ..

_-._-_-7_..
.

p

,

Appendix to Table 3.7
(continued)

Symbols Units, and Values of. Constants

Symbol Meanino Value Units

NZ Density of adsorption site>

of particle Z at O = 1 on Pt(111)

1.5.x 1015 cm-2NH =

4 x 1014 cm-2NH =

m22 Mass of particle Z2

3 x 10-24 g ,

mH2 =

5 x 10-23 g202 =

7 T Gas temperature Kg
1 ce
j A Ts Surface temperature K

E Energy cal / mole

i u Pre-exponential (frequency)
~ factor in the rate constant

'
First-order: s-1
Second-order: cm2s-1

i

i

s

i
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; (4) The Pt' catalyst..is certainly a promising candidate, with

[ reaction probabilities-per hydrogen-metal surface colli-
L sion reported on.the order of unity for metal wires.
| foils, Land single crystals, in the temperature range

300-450 K and under conditions where-adsorption'of oxy- i

. gen is.not rate limiting.
,

This model has also'been used to study the bulk rate of pro-
duction of: water f rom the surf ace under a variety of condi-
tions. The assumption made was that~the gas-phase concentra-
tions were constant (that is, the rate limiting process is
the-surface chemistry and not the transport of the gas). A
typical result'for a 10% hydrogen mixture is shown in Figure
3.35. The results are consistent with, bulk rate measurements
made previously for the production of water. Preliminary,3

I calculations also indicate that the rate is. linear in the
gas-phase hydrogen concentration in the intermediate tempera-
ture range.

An important' observation'about the mechanism 'can. be drawn
: from the calculations and the figure. There are really three

separate regimes with different rate limiting factors. At4

; low temperatures, the water product does not desorb rapidly
* and the water blocks oxygen sites and significantly reduces
; the reaction rate. At intermediate temperatures, no single

process dominates and a linear rate is observed, while at
higher temperatures, desorption of reactants becomes impor-

j tant and the rate again slows.

; The detailed surface reaction mechanism for. catalytic oxida-
tion of hydrogen on platinum has been included in an existing

i model for boundary layer combustion. The model utilizes a
! finite difference scheme for solving the laminar boundary
! layer equations for flow past a heated plate surface. Gas-

phase reactions are modeled using a detailed kinetic scheme
,

involving 17 reactions and 8 species (H , 0 H 0, O. H,:OH,2, 2

and HO ). The object of these calculat[ons is to assess the
2

{ temperature rise under reaction conditions and to examine
~

the progress of reaction from the surface to the gas phase.
! Comparisons- with experimentally measured surface heat
,

release cates and OH and temperature distributions over a
i platinum plate are being made to validate the surface reac-
'

tion model and rate constants.

A comparison between experimentally measured and predicted
surface heat release rates is shown in Figure 3.36 as a func-
tion of distance along the plate surface. The predicted,

heat release rates were obtained using the surface reaction2

mechanism and estimated rate constants of Table 3.7. Near
the plate leading ' edge, where surface reaction rates are'

kinetically limited, the calculations underpredict the mea-
i suced heat release rates. Farther downstream the reaction |
| rate:is limited by' diffusion of reactant species to the sur-

'

i

face, and predicted results agree well with measured values.

i 3-85
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HYDROGEN OXIDATION RATE ON PLATINUM

48.0 g i i i i i

REACTANT
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Figure 3.35. Hydrogen Oxidation Rate on Platinum Surface
Based on Rates and Mechanisms of Table 3.7,
Assuming 80-torr Gas-Phase Hydrogen Pressure
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SURFACE ENERGY RELEASE RATE
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Figure 3.36. Comparison of Computed and Measured Surface
Heat Release Rates for 3% Hydrogen in Air
($ = 0.1) and Surface Temperature of 1170 K
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Experimental and predicted OH concentration profiles are
shown in Figure 3.37 as a function of distance above the
platinum surface at 5 mm from the plate leading edge. In
both cases maximum OH concentrations occur in the high tem-
perature region near the surface and decrease across the
boundary layer due to gas phase recombination reactions.
Maximum predicted concentrations are significantly lower than
measured experimentally, and the model is being examined to
ascertain the reason for this difference.
It is expected that the observed discrepancies between
experimental and predicted results are due primarily to
uncertainties in the surface reaction rate constants, which
were estimated based on best values obtained from the litera-
ture. An additional source of errot arises from the simpli-
fled method used to estimate the surface adsorbed species
concentrations. This approach assumes a constant value for
the surface concentrations based on the initial gas phase
reactant concentration while in fact the surface concentra-
tions are dependent on local gas phase concentrations which
vary along the surface. A more exact approach in which a
steady state assumption for the surface species is used to
calculate the surface concentrations as a function of local
gas phase composition is being developed and incorporated
into the model. The surface reaction rate constants can
then be modified to obtain agreement with experimental
results.

Based on the modelling studies to date, we conclude that
there is good evidence for catalytic oxidation of weak (lean)
hydrogen: air mixtures at temperrtures as low as room tempera-
ture. A successful passive ignition device would require
the surface of the ignitet to become sufficiently hot due to
such catalytic activity that initiation and propagation of a
gas phase flame would result. While it may be possible to
construct an approximate model of the initiation process, it
is also necessary to test various configurations and mater-
lals for ignition devices in the laboratory under appropriate
gas concentration and gas velocity conditions. Such experi-
ments must also be complemented by experiments that examine
the catalytic activity of various materials in the presence
of adsorbed water vapor or other contaminants.

3.2.9 Steam: Hydrogen Flame-Jet
(J. E. Shepherd and O. B. Crump, Jr.)

, During the October 1982 to March 1983 period, we have carried
| out several new types of experiments and measurements in the

facility. We have concentrated on measuring heat flux fromr

| the flame and developing improved flow visualization using
video (TV) cameras.

Simultaneous measurements of conterline flame temperature
and heat flux have been obtained for steam: hydrogen ratios

i

I
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Figure 3.37. Comparison of Computed and Measured OH Concen-
trations Near the Surface Leading Edge for
Same Conditions as Figure 3.36
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of 0 to 6 and an exit temperature of 200*C. Two different
types of gages have been used to measure heat flux. The
first is a water-cooled Gardon (circular-foll) gago manu-
factured by the IlYCAL Corporation. The face and sensitive
element of this gage is directly exposed to the flame and
is placed parallel to the flow direction approximately
0.5 in, from the centerline. The gage is coated with a
highly absorptive black paint so that the total flux is mea-
suced. The second gage is our own design, a small diameter
stainless-steel tube through which a slow flow of water is
maintained. The tube is oriented perpendicular to the jet

Jflow and passes through the jet centerline. Both the cooling ,

water flowcate and the tube inlet and exit water temperatures
are measured: the tube surface remains cool during operation
and appears fairly reflective.

Each probe and a Pt/Pt-Rh thermocouple mounted nearby have
been simultaneously traversed along the centerline of flames
with a variety of steam: hydrogen ratios in the jet. Data
from a traverse with the Gardon gage is shown in Figure 3.38:
the hydrogen flowcate was 60 SLPM and the steam flowrate 80
SLPM with an exit temperatute of 200*C and a nozzle diameter
of 0.25 in. During operation, a substantial amount of water
is observed to condense on both types of probes.

Comparison of heat-flux profiles from nitrogen- and steam-
diluted flames with the same parameters shows that the steam-
diluted flames transfet heat at approximately four times the
cate of the nitrogen-diluted flames. The temperature pro-
files are almost identical for the two flames except that ,

the nitrogen-diluted flame is slightly shorter since nitrogen
is heavier than steam, increasing the jet momentum flux and
entrainment. The enhanced heat transfer can be attributed
to the condensation of the steam on the cool heat-transfer
gages.

In fucure experiments, we will attempt to operate with lower
cooling-water flowrates in order to eliminate this effect
and determine the difference in the heat transfer. Measure-
ments at higher exit temperatures and different steam:
hydrogen ratios will be performed next. In addition, the
Gardon gage will be installed in a false ceiling that can be
traversed above the flame. The stagnation heat flux measured
in this configuration has been studied extensively by other
investigators and is much easier to analyze than the present
measurements. |

|

A brief literature search has turned up several papers on
heat transfer from impinging flames. The most comprehensive
of these is You and Faeth's paper on fire plume impinge-

,

'

ment.[57] Unfortunately, no work of a similarly comprehen-
sive nature has been located for flame-jets. Experimental
results for f ue l-c.xyge n flame-jets have been reported by
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Connoly and Davies [58] and Kilham and Purvis[59], but scal-
ing information was not reported. It may be possible to use
the extensive literature on heat transfer from noncombusting
jets (cf Donaldson et al. [60]) to estimate the heat transfer
from flame-jets. In fact, this is the approach used to cor-
relate the experimental results in the references given
above.

Results of heat-flux measurements in the flame with the
Sandia-designed probe are shown in Figure 3.39. This probe
is a 1.7 mm-diameter stainless steel tube 15 cm in length
through which a slow flow of water (about 0.5 cc/s) is main-
tained. The total heat-input to the tube is calculated from
the temperature rise, T -T, in the water,

2 3

C -T) (3-23)O=MH 0 p(T2 y
2

is the heatwhere MH is the cooling water flowrate and Cp
capacity'Oof water. Typical temperature rises are about 50*C
yieldir.g O's of about 100 W. This heat input can be compared
to the total heat oratput of the flame,

Q* = M h (3-24)
H c

2

where MH is the hydrogen flow rate and he is the heat of
combusti$n of hydrogen, 57 kcal/ mole (0.177 kW/SLPM) or in
reactor-scale units, 96.2 MW per kg/s of H For the flame2

used in the present experiments (a 60:40 ratio of steam to
hydrogen at 200*C, total flowrate of 80 SLPM), Q* = 11.5 kW
and Q/Q* = 0.02. That is, the heat absorbed by the probe is
about 2% of the total flame power output.

A commercially available TV camera equipped with a low-light-
level-sensitive tube (newvicon) has been used to visualize
the flame without the aid of seeding the flow. The technique
looks very promising for possible use in large-scale experi-
ments such as the EPRI NTS tests or the FLAME facility. The
camera contains commercially available optics and as such is
not sensitive in the infrared. Therefore, the optical signal
must be due to th'e luminescence of the inevitable impurities
present in the flow. It may be possible to enhance the
effect and increase contrast by the addition of small amounts
of impurities (i.e., sodium) to the flow upstream. A video-
tape recording has been made to demonstrate both the tech-
nique and several flame-jet phenomena.

'
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3.2.10 Heat-Flux Measurements and FITS Data Reduction
(J. E. Shepherd, O. B. Crump, S. N. Kempka,
A. C. Ratzel)

Thin-film gages and slug (capacitance) calorimeters have been
in use at the FITS tank since December 1983. Data from over
100 burns have been successfully recorded. Several problems
with the gages occurred and have been solved. As a result of
these problems, a new window holder design for the radiative

,

gages will be used.in the EPRI NTS tests and the calorimeter
design will also be modified. Both problems were the result.
of adhesives failing after prolonged use at 120*C and. windows
or calorimeter disks detaching from their mounting surfaces.

| Preliminary data reduction has been carried out on four dry
burns with nominal hydrogen concentrations of 10%, 15%, 20%,i

and 30% by volume. This initial data reduction assumes con-
i stant and uniform thermal properties of the gage substrate.

Front-surface temperature rises of over 200*C were recorded
on the 30% burn. so these property variations can be impor-
tant at the higher concentrations and the present method
will be inaccurate. Radiative and total fluxes for the 15%
and 20% burns are shown in Figure 3.40.

The radiative fluxes have been corrected for the transmission.

and reflection (Fresnel) losses of the sapphire window (about

!' 15%) and the cutoff in transmission at wavelengths longer
than 6 ym. The magnitude of the latter effect depends
primarily on the temperature of the product gases and ranges-

from about 20% lost at 2800 K to over 70% at 1200 K. This.

[ correction was computed by using the measured pressure his-

| tory and calculated AICC density to compute an effective gas
temperature and then using Edwards' wide-band radiation model '

,

to compute the fraction of radiation emitted by the water
;

i vapor at 6 ym and longer wavelengths. Both radiative and
| total gages have essentially the same viewfactor except for

the vignetting effect of the window on the radiative gage.
We estimate this effect to be about 3% at most.;

i

|
There are several interesting features in the measured fluxes

i shown in Figure 3.40. Comparison with the pressure signals
shows that the peak total fluxes occur just before the end
of the burn (both gages were mounted near the top of the

| tank). The peak total fluxes are approximately 2.5 times.
higher than the peak radiative fluxes. The maximum specific
energy deposition (J/cm ) is a_ factor of 2 higher for thea

total flux gage than for the radiative gage.

A method to transfer FITS data to the Building 634 VAX has
been established. An LSI 11 minicomputer equipped with a
floppy disk drive has been connected to the VAX. Copies of
the data diskettes and test data sheets from test series 1
and 2 have also been stored with'the LSI 11. A set of pro-
grams and data files has been developed on the VAX to reduce

,
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pressure, thin-film and slug calorimeter data. These pro-
grams have been integrated into an automatic data reduction
system that uses the raw data transferred from the LSI 11
and produces plots and reports on computed heat fluxes,
energy depositions, gas temperatures, and pressures. Adia-
batic, isochoric conditions, gas emittance, and window cut'off
corrections are automatically computed as part of this pack-
age. Data from about 20 tests have been completely reduced
at this. time. This includes some pressure data from the HBS
tests last summer.

Since much more complex (and necessarily larger) routines
can be used on the VAX than on the LSI ll, a greater amount
of information can be extracted from the pressure signals
than has been done in the past. After the burn is complete,
the mean gas temperature can be estimated from pressure using
the calculated (or measured) postcombustion composition and
the ideal gas law. The mean gas temperature, pressure, and
steam fraction are used to compute the emittance of the gas
as a function of time. The radiative heat flux, gr, from
the combustion products to the vessel walls can be estimated
by

4 (3-25)gr = e*o*T ,

where e is the emissivity computed with a beam length appro-
priate for radiative transfer to the enclosure, o is the~

Stefan-Boltzmann constant, and T is the temperature.

The total heat flux to the vessel walls, qt, can be esti-
mated by calculating the mean energy loss rate from the gas
per unit surface area of the vessel;

(3-26)9 "
t A

where V/A is the volume-to-surface-area ratio of the vessel,
Cy is the specific heat at constant volume, and dT/dt is
the time-rate-of-change of the mean gas temperature. The
time-rate-of-change of the mean gas temperature can be deter-

I mined from the derivative of the pressure cooldown curve and

{ the ideal gas law. Both the total and radiative fluxes can
| be integrated with respect to time to obtain specific energy

i depositions. Plots of each type of computed information are
' shown in Figures 3.41 and 3.42 for FITS test H10H. This test

was performed on January 7, 1963; the initial conditions
were: pressure, .93 atm; temperature, 352 K; and hydrogen
concentration, 10.0%. No steam or carbon dioxide was added.
A beam length of 1 m was used in the emittance calculations
and a volume-to-surface area ratio of 28.6 cm was used in the

.

total heat-flux calculations.
!

!
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j 3.2.11 .Sandia Participation in EPRI NTS. Tests:
(J. E. Shepherd and O. B.~ Crump, Jr.)'

.

Following discussions 'with-EPRI and EG&G, an. agreement was'
reached for Sandia toiplace some instrumentation inside the
dewar being used: -by .EPRI r at NTS. The instrumentation is
similar to that. developed at Sandia for use'in the FITS 1 tests
and' includes two thin-film heatJflux gages, two slug calori-
meters and two pressure transducers. The equipment was<

ordered and constructed during the winter and was installed
during several trips to the NTS.in March 1983. Each instru-

~

ment is described'in detail below._ Besides supplying equip-
ment : we have' participated in the design and safety reviews
of the facility.and made estimates of combustion overpres-
sures and flameilengths for the proposed test series. We
are also : supplying - EG&G L with an equilibrium computer code to'-

do -calculations of adiabatic combustion final states for
y general hydrogen: air: steam mixtures.

We have suppli d-two heat-flux gages that'have!been' developed
especially for transient measuremen'ts in a combustion envi-

,

ronment. The gages were desigped ~and constructed at Sandia
and several models have been in use in combustion experiments-

! at Sandia during the last 6 months. Each gage consists of a
; 300 angstrom Lt_ hick" platinum resistance telement (about'100

ohms) that is , vapor deposited on<the polished front surface
|- of synthetic glass ceramic (MACOR) substrate, 10 cm in diame-
| ter and 5 cm. thick._ The front surface of the-gage is covered
! by a protective coating of A1,0, and then a layer of NEXTEL

paint. NEXTEL'is a highly absorptive, spectra 11y flat,-black
coating with an emissivity of 0.98. The MACOR substrate is

4 mounted in a " protective stainless-steel . housing with only
the front surface exposed. A constant current of 10 mA-is
passed through -the resistance element and the voltage drop
across the gage is recorded. From the voltage drop, the-

~

resistance of the element can be determined and having pre-
viously ca libr'a ted the resistance-temperature characteris-
tics, we can determine the gage front surface temperature.

.

~

i One gage, referred to as the " total flux. gage" is directly
i exposed to the combus, tion environment and measures the' net

total heat flux to'the gage. The other gage, referred to as
, the " radiative -flux gage" is covered by a 0.635 cm thick
I sapphire window separated by a' vacuum space from the MACOR

substrate. After' correcting for the losses in'the window,
'

the-output'of this-gage can be interpreted as the net radia-
tive heat' flux to the gage. Tne pair of gages are mounted

i near the top of the dewar, about 1 m from the centerline
I take.

' 1. ,
,

The theory behind the_ gage operation is outilned below. Due
to its small mass,cche thin-film resistance element has an'

extremely ,f ast: response time (microseconds) and'a negligible

|- j

,/ ,
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effect on the heat transfer into the MACOR. Also, the MACOR~

substrate is made large.enough so that, for the purposes of
heat transfer, it appears semi-infinite on the time scale of
the experiment, . typically 20-100 s. Using the measured
f ront-surf ace temperature of the substrate and the thermal

y properties of MACOR, the front surface heat flux can be cal-
-culated from the known solution to the heat transfer problem'

|
in a semi-infinite, one-dimensional slab.

A~ signal processing unit has'been supplied by Sandia to pre-
condition the signals from the thin-film heat-flux gages
before digitizing by the NEFF system. The processor consists
of two identical and completely independent channels for
each of the two gages. Each channel contains a constant-
current source, a sample-and-hold circuit, and three instru-
mentation amp 1.if.iers. The main purpose of the processor is
to generate th'd main gage output signal. This signal is
obtained by amplifying the difference between the voltage
drop across the gage during the experiment (burn and cooldown
of the combustion products) and the voltage drop that was
present at the static conditions just prior to the burn.

Sandia has supplied two strain-gage type pressure transducers
manufactured by Precise Sensors. These gages will be mounted
inside the dewar and used to monitor both static and dynamic
pressure during the combustion experiments. These gages are
both of the same design (model 141-3), but with differing
sensitivities; one has a 100 psi full scale range the other
has a 200 psi full scale range. The 100 'si range gage has
been mounted'at the top of the dewar next to the thin-film
gages, and the 200-psi gage will be mounted at the bottom of
the vessel about 30 c= 2heve the nominal water level.

The gages were supplied With fac. tory calibrations and were
tested at Sandia in about 30 hyWrogen: air: steam combustion
experiments in the FITS tank. Gage responses agreed well
with each other and with other Precise Sensors that had air-
cooled diaphragms. From this, we concluded that these gages
'were fairly insensitive to the combustion environment and
should function properly inside the dewar. After the combus-
tion testing, the gages were recalibrated at room temperature

t (about 23*C) and at 80*C.

Sandia has supplied two slug' calorimeters to be used in the
experiments- These calotimeters consist of a 3.5 cm diameter.

OFHC copper disk mounted in an insulating substrate (MACOR).
The front' surface is coated with NEXTRb paint and a type K
intrinsic thermocouple has been constructed on the back sur-
face by brazing two .25-mm thermocouple wires to the copper
about 4 mm apart near the center of the disk. Both gages
are mounted inside the dewar near the off-axis rake. One
gage, the " total flux calorimeter", is directly exposed to
the flow. The other gage, the " radiative flux calorimeter",

3-100
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is protected from the environment by a 0.635-cm thick sap-
phire window and a vacuum space.

The total flux gage is about 1.5-mm thick in the center and
has a mass of 16.00 g: the specific energy deposition con-
stant is 0.743 J/K-cm2 The radiative flux gage is 0.5 mm
thick in the center and has a mass of 4.24 g: the specific
energy deposition constant is 0.197 J/Kem2 We expect that
the maximum temperature the copper will reach is about 10
times that reached in our medium scale experiments at Sandia.
This means that for a dry burn, 10% hydrogen, we expect to
see a maximum temperature rise of 250*C for the total gage
and 100*C for the radiative gage.

Sandia has supplied a simple code to perform on-line calcula-
tions of adiabatic, constant-volume, or constant-pressure
combustion final states. This code solves for the equili-
brium state of the combustion products and prints out or
displays the final pressure, temperature, density, molecular
weight, isentropic index (ratio of specific heats), and com-
position. Eleven species are included in the products: H,, H.
O O H0 OH, N, AR, CO, CO , NO. All of the major spe-
c$e,s a,nd liquid water can be included as reactants.2 2 2

A document that describes the Sandia instrumentation has been
prepared and will be distributed to EG&G, EPRI, and Sandia
personnel involved in the tests. We plan to process data
from some tests at Sandia as a cross-check on the reduction
at the NTS.

3.2.12 McGill Research on Hydrogen Combustion
(J. Lee. 3. Knystautas, C. Guirao, C. Chan)

3.2.12.1 Hydrogen Deflagratl0n Studies

The deflagration mode of combustion is by far more probable
than the detonation mode in accidental situations. In any
probability risk assessment, it is important to have a real-
istic estimate of the burning rate. Although a laminar burn-
ing velocity can readily be measured or calculated theoreti-
cally with a fair degree of accuracy for any given explosive
mixture, this parameter does not represent the burning rate
under actual conditions. This is due to the fact that the
freely propagating flame in an explosion is very sensitive
to the gas dynamic flow structure that it generates. Thus,
ignition criterion, flammability limits, turbulent burning
velocity, etc., are all strongly coupled to the gas dynamic
flow parameters (i.e., velocity gradient field, turbulence
intensities, and scales, etc.) in the unburnt mixture, much
more so than the chemical and physical properties. This
intercoupling between gas dynamics and combustion for tran-
sient deflagrations is far from understcod. The objectives
of the research conducted at McGill are to elucidate these
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couplings mechanisms 'and deduce empirical relationships and-
scaling laws for hydrogen: air deflagrations.

1

'
3.2.12.1.1 .Fl'ame Acceleration Due to Repeated Obstacles

The'first study investigates the influence of repeated obsta-
-cles on flame acceleration. -It.is by now well known'.thtt

2 obstacles in the path of La propagating : flame create turbu-
I 'lence re'sulting nin- flame acceleration . and thigh. turbulent

flame speeds.[61] Hydrogen: air mixtures ;are particularly;

sensitive, and. transition to detonation can . easily occur
under appropriate confinement and boundary 1 conditions. The+

objectives of the study are to investigate flame acceleration
~

,

rates, transition to detonation, maximum turbulent flame
speeds, and detonation states under:different obstacle envi-E

ronments. The experiments: are' performed in long circular;-
. tubes of various diameters-(5 cm and 15 cm). Spiral coils

,

.
or~ repeated circular orifice plates of different blockage
ratios-(BR'=.l'- (d/D)2) are inserted into the tube as turbu-"

lence generators. The flame speeds (relative to laboratory'
L coordinates) and pressure-time histories are measured for
.

a wide range-of hydrogen concentrations in air (10% 1 hydro-

| gen 1 55%).

| For all hydrogen concentrations, rapid flame acceleration to
'

steady state conditions within.the 3 m length of the obsta-
~

i .cle region are observed. . Figure 3.43 shows the steady-state
; flame speed in the. obstacle section-of the 5 cm diameter
j tube for various hydrogen concentrations. Results for three

different obstacle configurations are plotted: (i) spiral4

0.44, (iii) orifice| BR 0.44, (ii) orifice plates BR ==

i
plates with BR = 0.60, and the pitch or plate separation is
S cm for all three configurations. It is of interest'tx) note
that a sharp jump in the steady-state turbulent flame speed
occurs around.13% hydrogen. For hydrogen S 13%, the flame

;- speeds are < 200 m/s'and not particularly sensitive to obsta--
cle configuration.- For hydrogen 5.13%, the flame. speeds jump
up sharply to values of the order of-the sound speed of the
mixture, i.e., ~400 m/s. For 13% 5 hydrogen 5 25%, a small-'

i dependence on the blockage ratio of the obstacles (i.e., pres-
|- sure losses) is observed, but the flame speed increases relat-

ively slowly with' increasing hydrogen concentration. Depen-i

ding on the blockage ratio of the obstacles,'anogher sharp-

,

) jump to quasi-detonation velocities (1300 m/s 5 Rg $ 1700 m/s)
' occurs at hydrogen concentrations between 25% and-30%. Tur-

i bulent flames and quasi-detonation velocities depend on. pres-
~

sure' losses (i.e., blockage' ratio). However, it should'be;

| pointed out that although the spiral coil and orifice plates
i may have the same blockage ratio based on the ratio of the
[ open core to the tube area, the spiral in effect causes a
i smaller pressure loss tai the flow. For the smallest block-

0.44), quasi-detonation was achieved for! age ratio (BR =

hydrogen concentrations ranging f rom 25% hydrogen to 45%,

[ hydrogen for the spiral obstacle and from 30% hydrogen to

C
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(5% hydrogen for the orifice plate. On the other hand, for
the-highest blockage ratio BR.= 0.60, only strong turbulent
. deflagrations occur for hydrogen-concentrations greater than
about 33% hydrogen. For the smallest blockage ratio, it is
expected that the quasi-detonation regime should also even-
tually terminate at the rich end when the-mixture becomes
less sensitive. For.all obstacle configurations studied,
the turbulent flame speed in which transition occurs is
around 800 m/s. For an obstacle configuration where the
pressure losses are less severe, this flame speed can be
attained at lower . hydrogen concentrations (e.g., hydrogen l

*

'

= 26% for spiral). For high-pressure loss configurations,
transition is delayed since the critical value offthe flame
speed is achieved for more sensitive mixture compositions
(hydrogen = 30%-for orifice plates with BR = 0.6). Detona-
tions in the obstacle region are. characterized by detonation
velocities significantly below that of-the normal C-J values
in smooth tubes with no pressure losses. For a given obsta-
cle configuration, transition to the quasi-detonation regime
occurs in a region around stoichiometric composition extend-
ing more to the rich side since hydrogen:ait mixtures are

i more sensitive for high hydrogen concentrations. The width
of this detonation regime depends on pressure losses.

'

To investigate the'effect of scaling, the same experiments
were repeated in a 15 cm diameter. tube. As shown in Figure

,

3.44, the ultimate flame speed achieved with orifice plates
0.3875) as obstacles in both 5 cm and 15 cm diameter(BR =

tubes is almost identical. In both tubes, two sharp jumps
in flame speed occur at about 13% hydrogen and also around
25% hydrogen where transition to quasi-detonation occurs.
The turbulent flame speeds are almost identical, although<

I for the case of the larger tube, the quasi-detonation veloc-
ity is found to be below that of the smaller tube.

,

The results obtained thus far for both tubes indicate that
,

larger scales appear to increase the acceleration rate, but
the influence on the final steady-stage turbulent flame speed
is minimal. Large eddies with longer lifetimes generated in
future experiments in the 30 cm diameter tube and in the 4 ft,

diameter VGES facility at Sandia should have.a more signifi-
j cant influence on the bur,ning rate, especially for lean mix-
; tures (hydrogen s 13%).

i 3.2.12.1.2 Influence of Confinement on Flame Acceleration
.

The investigations on flame acceleration described in the
previous section were performed in experimental situations.

where the flame propagation' progressed in a fully enclosed
environment.of a long confining tube. In such a fully con-

I fined geometry, the flow of the unburnt gases that develops
due to the displacement effect resulting from the increase
in the specific volume.across the flame ~ zone is maximum. In

most practical situations, explosion occurs under partially
!
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confined conditions. Confinement here may be- defined in
terms of the available degree of venting of the gases normal
-to the direction of. flame propagation (e.g., a tube with
porous walls). The consequence of side relief by venting is
a reduction,of the mean flow velocity in the unburnt mixture

; -ahead of the flame, thus rendering the turbulent flame accel-
eration mechanism less effective.

,

[ Experiments. were carried outL in a ~ rectangular channel with
one porous wall to determine;the effectiveness of side relief

; on flame acceleration by repeated obstacle arrays. The chan-
'

nel is 12.7 cm x 20.3 cm x 1.22 m long with the top wall of
the channel being removable so that it can be replaced by a
porous plate of different degree of porosity. The degree of

.- confinement is henceforth defined as the ratio of the closed
'

area to the total area of the top plate (i.e., 100% confine-
ment denotes a solid plate, while 0% confinement refers to'

complete removal of the top plate itself). Obstacles are in
i the form of baffle plates (12.7 cm x'5.0 cm) spaced 10 cm

apart. .Three different obstacle configurations are studied:,

; (i) baffle plates mounted on the bottom of the channel,
(ii) plates mounted on the centerline, and (iii)- plates,

(20.3 cm x 3.1 cm) staggered alternately along both side
; walls of the flame channel. Typical results for the.varia-
'

tion of flame speed with distance are shown in Figure 3.45
for the staggered obstacle configuration in 12.7% hydrogen::

I air mixtures. With a solid top plate (i.e., 100%. confine-
I ment), the flame speed increases erponentially: however,
' steady state is not reached within the first meter of avail-

able travel. The maximum flame speed obtained is about
200 m/s. Replacing the solid top plate by a porous.one of-
only 8% porosity (i.e.,'92% confinement), a drastic reduc-
tion in flame speed is noted. The flame reaches a steady;

state in about 0.5 m, and the maximum steady turbulent flame4

' speed corresponding to 92% confinement is only 14 m/s.
'

Further increase in porosity of the' top plate (e.g., 23%
porosity or 77% confinement) gives only a slight further;

reduction in the steady. state turbulent flame speed (i.e.,
,

8 m/s). Figuce 3.46 summarizes the results for different,

] obstacle configurations, hydrogen concentration and degrees
; of confinement. The maximum flame speed at 1 m is plotted
i for different conditions. For 100% confinement, results for

different obstacle configurations indicate that the staggered,

obstacle arrangement is the most effective giving maximum
flame speeds of about 200 m/s as compared to only 50 m/s for

! the configuration when the baffle plates are mounted on the
~

; bottom of the channel. A reduction in~ hydrogen concentration
'

by only 2% (from 12.7% to 10.6%) gives a large reduction in
F the maximum flame speed (e.g., 200 m/s to 53 m/s for the same

staggered obstacle configuration). Significant decrease in'

flame speed for only slight decrease in the degree of con-,

finement is illustrated for the particular case of the stag-
gered obstacle arrangement and for 12.7% hydrogen. The

;

i
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result 1from this | study clearly indicates.the effectiveness
of side relief or-venting.in reducing flame acceleration.
It'should also be-pointed out that this conclusion-is based'

on very lean mixtures only. For= higher hydrogen concentra-
tions, the side = relief _ may not be as-effectve. Once the

~g
flame . accelerates to sufficiently high. speeds so that the
pressure build-up can cause choked' flow conditions through

'

the porous plate openings, venting becomes ineffective. I t-
j ' 'should also be_ pointed out that scale will play an important

role for lean mixtures. Under large scale conditions, lean
! . mixtures:may attain sufficiently.high acceleration rates and
i turbulent flame speeds to'cause choking of the vents. When

this happens, the side relief provided will become ineffec-
tive. Future ex'periments in the large scale FLAME facility.

.

at Sandia will provide more information on the importance of
j scale.

3.b.12.1.3 Influence of Fuel-Air Composition on Flame Accel-
eraticai

<

1
1 Most of the turbulent flame acceleration tests have been

carried out with~ stoichiometric mixtures which, in general,

! represent the optimum burning rate for a-given fuel. 'In

practical situations.,_the explosive mixture under considera-i

tion may often be far from the stoichiometric composition.
[ Thus, it is of importance to establish the' sensitivity of i

off-stoichiometric mixtures to turbulent flame acceleration b'

by obstacles.

Experiments have been carried out in-a rectangular vessel-
| (0.13 m x 0.20 m x 1.2 m long) containing obstacles in the
] form of baffle plates placed at the bottom of the.bessel to
i induce turbulence.- Near lean limit hydrogen: air mixtures *

; as well as methane and propane mixtures'were tested. The
! resultg are shown in Figure 3.47 where the normalized flame

Su (or equiva1
L with subscripts "T"9ntly the burning yelocity

; speed Rg/(Pu/Pb) .

j ratio S /S and "L" denoting turbulent andT
laminar flames, respectively) is plotted against the equiva-

| 1ence ratio "$" for the three fuels ($ = 1 corgesponds to stoi-
i chiometric composition). The turbulent flame dpeeds in Figure
! 3.47 corresponds to values after 1 m of flame travel. The
! results indicate a sharp decrease towards the lean and rich

[ ' limits as would be expected.

b
To examine the sensitivity / .48 shows the flame speeds atof various fuel-air mixture on
flame acceleration, Figure 3;

i O.6 m, 1.0 m, and 1.1 a from ignition for various'CH , C,H ,
and hydrogen: air mixtures as a function of the Reynolds number'

defined as (SL(Pu/Ab Il)/V)X- SL is the laminar bu,rning
velocity, Au and #b are the density of the unburned and burned:

! gas, r e s pe c't ive ly, and v is the kinematic viscosity. This ;

Reynolds number characterizes the flow generated by a planar
L laminar flame and correlates reasonably well with experimental

( data. The scatter in Figure 3.48 is believed'to be due to
.

!

l 3-109
i

i-.
'1
'

-

- <.
,_



->

50 , , , , , , ,

$=1
o

p \ O_N -

/
40 O- g

?|" ONO_

a / 6 \**

/ ho \'

.

e s N/ t
i N R

-

-< 30 - I q \ -

O
E I'

s

a : :
3 CH3 g
<
d 20 - [ 3 E -

i

C 4$ ,/
FLAMABILITY LIMITS

<
I i

d *

10 - / H -AIR -A 2
O C Ha-AIR/ 3

i CH -AIRO 4

- if .

!
' ' ' ' ' ' '

J 0
O.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

| EQUlVALENCE RATIO

Figure 3.47. Normalized Fla;e.e Speed for Various Mixtures
of H,, CH., and C,H , with Air

i

I

3-110
s

|

-. . . - - ... . . . . . -- - . - - -



i i . .

200 - / -

4
O CH4

70 C Hg j3

fA H 2

O
150 - -

0

3
/'

' ' /..
O O f
5 /g

_

O

[ 100 - O

= /
5 O /

!O
O |

O e/

50 - O a -

/ aS/ E

/
d

m/ ^
' ' ' 'O

O.O O.5 1.0 1.5 2.0 2.5

5REYNOLDS NUI.4BER (x 10 )

Figure 3.48. Flame Speed Profiles for Mixtures of H,, CH ,

| and C,fi, with Air as a Function of the Reynolds
- Number

3-111

. _ , _ . _ - _ _ _



, .

<

:the secondary effect of intrinsic' cellular flame instability.
'These results suggest that for the initial phase of flame'

acceleration,:one can use (SL(Pu/Pb - 1)/v) as a criterion
sto rate the sensitivity or the hazardous level of every mix-
'ture.

3'.2.12.1.4 Quenching Diameter for Jet' Ignition

A common scenario in an accidental explosion is the transmis- j
-sion of the explosion from one chamber to another. For exam- |

ple an explosion may start in a closed-in switch box or '

motoi casing, and the_ subsequent venting of the combustion
products via small openings can cause ignition of the explo- )
sive mixture in -the surrounding containment structure or I

vessel. The problem of the transmision of explosion through |
a small opening is a complex one consisting of different
regimes depending on the initial conditions. For example, if
combustion occurs sufficiently slowly in the first chamber
so that the pressure difference across the opening is-negli-
gible, the transmission is essentially via laminar flame
propagation through the opening. The quenching mechanism is
based on heat and free radical losses to the wall of'the
opening and the criterion for the quenching diameter is found
to correlate quite well using the Peclet number Pe = SD/a
(where S is the laminar burning velocity, D the quenching
diameter, and a is the thermal diffusivity). For a small
pressure build-up across the opening, the transit time for
the flame through the opening is reduced. Thus, losses to
the wall are reduced and re-ignition past the opening can
occur for smaller opening tnan indicated by the Peclet num-
bet. Transmission for this regime is given by the so-called
maximum experimental safety gap (MESG) values and a standard
apparatus, agreed upon internationally, is used to determine
MESG values for different explosion gases. In general, MESG
values are slightly smaller than quenching diameters from
the Peclet regime. However, hydrogen: alt mixtures for exam-
ple, are'sufficiently sensitive so that confined explosions,
even with fairly large vents, give rise to large pressure
differences across the opening. In fact, except for near-
limit mixtures, pressures of the order of the constant volume
explosion pressure are usually attained. Quenching condi-
tions corresponding to such large pressure differences where
the venting is in the form of an underexpanded supersonic
turbulent jet are not well established. In view of its prac-
tical significance in accidental hydrogen: air explosions, a
study was carried out to establish the quenching criterion
for this supersonic jet ignition regime.

The experiments are carried out in a cylindrical explosion
chamber 25 cm diameter and 35 cm long with a smaller ignition
chamber (5 cm diameter and 48 cm long) connected to it via a
small orifice. Combustion is initiated by a spark in the
ignition chamber, and the mixture composition is varied for
a given otifico diameter until quenching (i.e., no ignition
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in the-main' explosive chamber) is obtained. For orifice diame-
i ters up to.35 mm, and-13% 5 hydrogen S 60%, the pressure

' build-up in the ignition chamber is close to the constant
' volume explosion value and a strong supersonic jet discharges
hot' combustion products for the ignition of- the mixture in-

the main' chamber. The variations of quenching diameter with
hydrogen concentration are shown in Figure 3.49. Also shown
is the corresponding overpressure developed across the ori-
fice. In all case, the overpressure ratio is greater than
the critical-'value of about 0.8 required for a choked dis-
. charge. _ The -variations of quenching diameter with hydrogen
concentration are in the familiar-form of a U-shaped curve.
In the range.of hydrogen concentration from 25% hydrogen to
45% hydrogen, the quenching diameter' takes on a more or less
constant value of 1.2 mm and a sharp increase occurs at about

,

13% hydrogen and-60% hydrogen on the lean and rich sides,
respectively.

3.2.12.1.5 Influence of Strong Jet Ignition on Rate'of Pres-
sure Rise

1

The mechanism of strong ignition by a jet of hot combustion
products is fairly well understood qualitatively. The hot
jet entrains the cold explosive mixture and ignition results*

-

. in the mixing zones of the jet. Subsequent propagation of
! the flame from this large turbulent flame kernel is very

rapid. It is also demonstrated that significant overpres-
; suces can be developed even in fully vented vessels when the
; ignition jet is sufficiently large and intense. A more sys-

tematic study of the overpressure development in a closed,

| vessel by jet ignition has been carried out.
!
' The apparatus consists of a main explosion vessel' connected

to a smaller ignition tube via an orifice. The volume of
j the ignition tube is of the order of 104 of-the volume of
| the main vessel. The ignition jet diameter is controlled by

the size of the interconnecting oritice of the two chambers"

and the jet intensity is varied by changing the vent area
| (i.e., orifice opening) to volume ratio of the ignition' tube

as well as the turbulent flame speed in the ignition tubej

via the use of obstacles. Figure 3.50 shows the maximum'

i rate of overpressure rise in'the vessel as a function of the
'

jet diameter normalized by the cube root of the vessel vol-
| ume. The maximum rate of overpressure rise is normalized
] with respect to the initial rate of overpressure rise due to
i the growth of the flame kernel when the hot jet discharges

into the vessel. The results indicate that for CH, and C,H.
' fuels, this normalized rate of the maximum. overpressure rise

remains fairly constant with the size of the ignition jet,
i suggesting that this maximum rate of overpressure rise in the
! vessel is directly proportional to the initial rate when the
I flame kernel size (i.e., jet size) increases. In other words,

the larger the size of the ignition jet, the higher will be

1 3-113
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E - the subsequent maximum overpressure rise in the vessel. How-
ever, for the.more sensitive fuels such as C,H, and H,, then

. maximum cate of overpressure rise in.the vessel increases
with the . jet diameter after some critical value. Hence,
some other flame acceleration mechanisms are triggered when
the. initial flame growth is sufficiently intense. Examina-
tion'of the pressure records indicates that the mechanisms4

' responsible are acoustic and Taylor instabilities due to the
pressure wave interaction with the developing flame ball.
The strong pressure waves generated by the initial growth of
the flame-kernel formed by the turbulent jet reflect off the
- vessel walls 'and interact with the expanding flame. Thus,
the subsequent growth rate is increased significantly due to-
the intense turbulent flame structure developed as a result
lof these acoustic and Taylor instabilities. For these sen- i

sitive fuels, a sufficiently large intense turbulent jet may+

i- even result in the formation of detonation waves in the
vessel.

3.2.12.1.6 The Taylor-Markstein Instability Mechanism on
Flame Acceleration'

,

j Flame propagation inside a closed vessel is characterized by
a cellular structure resulting from the coupling effect with'

j the acoustic mode of the vessel. This cellular structure
can give rise to very high burning rates. The intense com-

,

bustion leads to the formation of shock waves from the4

coalescence of pressure waves in the system and gives rise
i to the Taylor-Matkatein interfacial instability mechanism
I when head-on interaction of the shock with a flame occurs.
i Gross distortion of the flame resulting from Taylor-Markstein
i instability further augments the overall burning rate. Pro-

viding proper boundary conditions and sufficient time for,

the pressure waves to develop into strong shock waves, the
[ Taylor-Markstein instability can be a strong flame accelera- ;

; tion mechanism. In small-scale laboratory experiments, the
time scale may not be sufficient to manifest itself naturally1

prior to the completion of the combustion process. However,
in large-scale experiments, the time scale for combustion

,

ptocess is longer. The Taylor-Markstein instability can'be
expected to play an important tole in flame propagation.,

;

i 'A study of the role of Taylor-Markstein instability on flame
,

propagation was recently conducted. The apparatus consists'

i of a 0.96 m diameter sphetical combustion chamber with a
i small cylindrical pressure vessel (13 cm long and 4 cm diame-
| ter) attached at the top. They are separated by a film of
i mylat (0.13 mm thick). The volume ratio between the main
i chamber and the vossel is 1 to 2800. The combustion chamber

is filled with a fuel-alt mixture (14% hydrogen) at atmo-

! sphetic pressure, while the pressure vessel is C111ed with
j compressed alc (150 psi). Moments after the mixture is
i lynited at the center of the chamber, the expanding flame
! kernel is pertutbed by a blast wave resulting f rom bursting
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W
the mylar film with a pin. The subsequent interaction
between the pressure wave and the flame is monitored by
measuring the pressure development within the chamber.

Assuming the flame kernel expands spherically and the gases
within the chamber are compressed isentropically, the burned
mass fraction X = mb m , the normalized flame kernel/ o
size Eg/Ro, and the effective burning velocity S can be calcu-

is the initiallated based on the pressure development. ma
mass of unburned mixture and Ro is the radius of the combus-
tion chamber. Figure 3.51 shows such a record f or the cen-
trally ignited 14% hydrogen: alt mixture with no blast wave
perturbation. It is interesting.to note that when the kernel
is about half the size of the chamber, only about 10% of the
fuel has been consumed and almost half of the fuel is con-
sumed during the last 10% of flame travel. The flame speed
(relative to the chamber coordinate) remains almost constant
throughout the whole combustion process. However, the effec-
tive burning velocity responds quite differently. It
increases sharply as the flame gets closer to the wall.
Oscillations on the pressure records suggest that the strong
acoustically coupled pressure waves may have manifested them-
selves within the chamber and triqqered the Taylor-Markstein
instability mechanism. It should also be pointed out that
part of the increase in burning velocity may be due to the
increase in pressure inside the vessel.

To examine the shock wave-flame interaction, the expanding
flame is perturbed by a shock wave generated by bursting the
diaphragm in the pressure vessel. The results are shown in
Figure 3.52. The delayed time in this experiment is 14 ms
and the initial tlame kernel size is 0.045 m in radius.,

Based on the pressure development, the effective burning
velocity increases to about 6.0 m/s within 10 ms and decays
rapidly back to its laminar value. The flame front is found
to accelerate very rapidly right after the perturbation.
The combustion process is completed within the next 90 ms.
Without external perturbation, the process takes almost
180 ms. It was found that pressure oscillation resulted from
the blast wave decay very rapidly. The subsequent low burn-
ing velocity indicates that the pressure waves fall to " hook"
on to the acoustic frequency of the chamber and amplify them-
selves. The capid decay of the burning velocity after per-
turbation also suggests that the loan hydrogen: air flame
(14% hydrogen) is quite stable and does not create avalanche
effects once perturbed. To examine the influence of the
size of the initial flame kernal at the time of perturbation
on subsequent flame development, similar experiments are
performed with various delayed times. It is found that the,

subsequent burning differs significantly. Figure 3.53 shows
the effective burning velocity development for various ini-

( tial flame kernel sizes. With the same initial perturbation,
the resultant peak burning velocity right after the perturba-
tion decreases as the flame kernel gets larger. This result
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is expected. Due to the geometry of the chamber, the pres-
sure waves after a few reflections off the wall coalesce
more around the center of the chamber. This implies that
the intensity of the perturbation is the highest around the
center and decreases towards the wall. The second peak
found in most of the records can be explained as a result of
acoustic perturbation. If the burning process is long enough
and the Rayleigh criterion is eatisfied, the acoustic waves
can grow into strong pressure waves and trigger the Taylor-
Markstein instability mechanism. It should be noted thatr

due to the large difference in the acoustic impedance for
the burned and unburned gases, the acoustic frequency in the
chamber changes during the combustion process. Thus, it is
reasonable to expect the manifestation of strong acoustic
waves in large-scale experiments as a rule rather than an
exception. This study has demonstrated that the Taylor-
Markstein instability mechanism is a powerful one, particu-
larly when the pressure waves are strong. For sensitive mix-
tures, the instability mechanism can lead to an " avalanche
effect" resulting eventually in transition to detonation.

3.2.12.2 Detonation Studies

In the present studies, both CO and water vapor dilu-2
tions have been investigated as possible mitigative schemes
to reduce the sensitivity of hydrogen: air detonations in the
event of a LOCA incident at a nuclear plant.

3.2.12.2.1 Hydrogen: Air:CO Detonations2

Detonation cell sizes have been measured over a wide composi-
tion range in hydrogen: air:CO, mixtures. From these cell
size data, all important dynamic detonation parameters (i.e.,
critical tube diameter, initiation energy, and detonability
limits) can be deduced from existing empirical laws.

Apparatus--Detonation cell sizes were measured to
two detonation tubes 15 cm diameter x 6 m long and
30 cm diameter x 16 m long. The mixture was intro-
duced in the detonation tube by coflowing streams of
the constituent gases (hydrogen, air, and CO ) via2
individually calibrated rotameter type flowmeters.
Direct initiation of detonation was achieved using
a solid explosive charge. The diagnostics consisted
of (i) average wave velocity measurements via four
ionization gauges located along the detonation tube,
(ii) detonation overpressure measurements using a
piezoelectric transducer, and (iii) detonation cell
diameter measurements using the smoked foil technique.

Besults--Detonation cell diameter data for hydrogen:
air:CO, mixtures are compared in Figure 3.54 with
cell data for undiluted mixtures.[62] For meaningful
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comparison of cell size' data of undiluted and diluted
mixtures, the data in Figure 3.54 have been plotted
with respect to a concentration parameter a, which is
independent of dilution. The concentration ' parameter
a is-defined as the ratio of the fuel concentration to
the air concentration, a y/(1-- y) where y is the=

. fuel' mole fraction in the undiluted hydrogen: alt mix-
ture, whereas the composition of the diluted mixture
is given by the relation

x CO2+ (1 - x)(y H2+ (1 - y) air)
f -

where x is the mole. fraction of CO, diluent in the
'

diluted mixture. The dilution ranges from x = 0.0;

to x = 0.15 in increments of 0.5.
.

L The cell data plots exhibit-a typical U shape. The
curves narrow and shift' upwards with increasing CO,
dilution. The cell data reach a minimum for a = 0.4

,
for both undiluted and diluted mixtures (i.e., for

| ya 29.6%, the stoichiometric composition of the
undiluted mixture). These minima increase K = 1.51 cm
for 0% CO, dilution to X = 12.1 cm for 15% CO, dilu-

; tion (an order'of magnitude increase in cell size)
; with K = 2.05 cm and 4.2 cm for the 5% and 10% CO,

dilution cases, respectively. For the largest dilu-
i tion used in the present experiments, namely 15% CO,,
I the detonation sensitivity (characterized by the

detonation cell size) of hydrogen: air mixtures rang-,

4
ing from 17% to 35% hydrogen (i.e., y = 0.17 to 0.35,
the limits of the present experiments) is reduced by!

an order of magnitude. A similar reduction is alsoi

observed with a smaller dilution (10% CO,) for the
'

leanest and the richest mixtures used in these experi-
ments (namely. 25% and 45% hydrogen, i.e., y = 0.25;

1 and 0.45). Therefore, CO, dilution appears quite
| effective in desensitizing hydrogen: air detonations
; in fuel-lean and fuel-rich mixtures.

3.2.12.2.2 Hydrogen: Air: Steam Detonations
i

To compare the efficiency of CO, and steam dilutions to desen-
sitize hydrogen: air detonations at elevated temperatures, the;

properties of equilibrium Chapman-Jouquet (C-J) detonations
; in both mixtures have been computed using the classical, one-

dimensional detonation ~ model described in Reference 63.
Three types of hydrogen: air mixtures have been investigated:
(i) cold undiluted hydrogen: air mixtures at an initial tem-

] perature of 25'C, (ii) hot undiluted hydrogen: air mixtures
i at an initial temperature of 110*C, and (iii) hot hydrogen:
j air mixtures at an initial temperature of 110*C with various
i concentrations or water vapor or CO,. For the diluted mix-

tures, the mixture composition is defined by the relation

!
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Y

: x I +- (1 -- x) (y H2 +-(1 - y) air)

-where I denotes the diluent H,0 or CO,, x is the mole fraction
of diluent in the diluted mixture and y, the mole fraction of
fuel in the undiluted hydrogen: air mixture. The dilution range
extends from x = 0% H,0 (or CO,) to x = 25% H,0 (and 15% CO,)
in 5% increments. The fuel concentrations range from y = 10%
~ hydrogen to y = 60% hydrogen.

'
3.2.12.2.3 Results>

The variations of the C-J detonation parameters (detonation
,

! velocity and overpressure) with'the concentration parameter

r a = y / ( 1 -- y) are compared in Figures 3.55 and 3.56 for
4 undiluted cold and hot hydrogen: air - mixtures as well as
! diluted hot hydrogen: air: steam mixtures. In the absences.of

dilution, heating hydrogen: alt mixtures from 25*C to 110*C
'

'

does not significantly affect the detonation velocity but
reduces the overpressure by approximately.25%.

.

j In hot hydrogen: air mixtures, the largest H,0 dilution used in
|' the present study (namely, 25% H,0 reduces the maximum detona-

tion velocity and overpressure by approximately 17% and 40%
from their values for cold undiluted mixtures. This demon-
strates-the efficiency of H,0 to reduce the detonation sensi-

,

tivity of hydrogen: air mixtures.4

!

I The effect of both CO, and H,0 dilutions on hydrogen: air deto-
! nations at initial temperature of 110*C are compared in Fig-

ures 3.57 und 3.58 where the detonation velocity and overpres-
; sure variations with the concentration parameter a have been
j plotted for the same degree of dilution x = 15% CO, and 15%
! H, along with both cold (25'C) and hot (110*C) undiluted mix-

tures. For all mixture compositions, the largest reduction in
detonation velocity' occurs with CO, dilution. The maximum'

detonation velocity of the cold, undiluted mixture (i.e., for
a = 1.5, y = 60% hydrogen) is reduced by about 11% with H,0

9) dilution and by approximately 23% with CO, dilution. For 1

| fuel-rich mixtures CO, dilution causes again the largest '

|
reduction in ovorpressure whereas for fuel-lean mixtures, both

p H,0 and CO, dilutions yield the same. overpressure. Both dilu-

1-
ents reduce the maximum overpressure of<the cold undiluted.

i mixture (i.e., for a = 0.42, ya 29.6% hydrogen) by approxi-
! mately 32% and 34%, respectively,
t

i
Based on a comparison of C-J detonation; properties, the pre-

'

sont th'earetical study demonstrates the slight superiority of
CO, dilution over H,0 dilution to decrease the detonation sen-4

sitivity of hot, fuel-rich hydrogen: air mixtures. However,
3

j for the most practical case of fuel-lean mixtures, the effects
of both diluents on the C-J detonation properties are almost

:

[ the'same. Detailed measurements of C-J detonation parameters

j as well as detonation cell sizes in hot CO, and H,0 diluted

L
!
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hydrogen: air mixtures.should, provide a definite assessment of
the efficiency of both diluents to desensitize hydrogen: air
mixtures.

-3.2.12.2.4 Effect of Geometry on the Transmission of
Detonations through an Orifice

The first important detonation parameter to be linked to the
detonation cell size X is the critical tube diameter d e.
The critical tube diameter is.the minimum diameter of a deto-
nation tube for the successful transmission of a planar deto-
nation wave propagating in this confining circular tube into
the unconfined environment and its transformation without
failure and subsequent propagation as a spherical detonation
wave. Extensive experiments have shown that there exists a
unique value of the critical tube diameter for each explosive
mixture.[64-67] On the basis of their experiments on the
diffraction of detonations, Mitrof anov and Soloukhin were
the first to point out that there exists a fundamental
empirical correlation between the critical tube diameter and
the detonation cell size 1, namely de = 13K.[65] Similar
experiments in detonation tubes of square cross sections indi-
cated that the critical tube width We for the successful
transmission and transformation of a confined planar detona-
tion into an unconfined cylindrical detonation requires about
10 detonation cell sizes, i.e., W = 101.[68] In view of the
practical interest of the transmission of plana- detonation
waves into a unconfined environment through orifices of dif-
ferent geometries and its implications for defining deton-
ability limits in partially confined clouds, an extensive
series of small-scale experiments conducted by the Shock Wave
Physics Laboratories at McGill and large-scale experiments
at SNLA have been carried out to address this problem.

Apparatus--The small-scale experimental apparatus con-
sisted of a linear detonation tube capable of producing
planar detonation waves up to 20 cm in diameter. The '

tube was connected at one end to a large cylindrical
chamber (58 cm diameter x 75 cm long) in such a way that
20 cm diameter plates with different configuration ori- |

fices milled into them could be inserted at the inter- ,

face between the end of the detonation tube and the
cylindrical chamber. The range of geometries.for the
orifice covers circular, square, triangular, rectangular,
elliptical, and slotted shapes. Before each shot, the
detonation tube and chamber were first evacuated, then
both were tilled with the explosive mixture via multiple
flushing in a flow displacement system. The mixture
composition was controlled by calibrated rotameter-type
flowmeters. The detonation in the tube was initiated by
exploding wires. The pressures in both detonation tube
and chamber were monitored by piezoelectric trans-
ducers (PCB 113A24).
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In the large-scale experiments, two steel plates (6 ft
wide x 8 ft long r1 in. thick) were laid on a concrete
block with the front end sticking out over the concrete
block. The plates were spaced apart with tubular spac-
ings near the four corners. A polyethylene bag (6 ft
wide x8 ft long x3 ft high) was slipped over the pro-
truding end of the plates sticking out over the concrete '

block. The bag was then sucked back between the two
plates by means of a slight vacuum produced by a vacuum-
type cleaner. Premixed explosive mixtures were drawn
from a large reservoir to fill the space between the
plates and inflate the plastic bag. Direct initia-

,

tion was achieved via an explosive charge held down on
a wooden board placed at the back end of the plates.
Typically, a #8 detonator set off a detonation of 8 g
of C4 explosive over which was laid a small strip
(1 in. x3 in.) of detasheet covered by a (55 in.
long x 1/2 in, wide x 0.04 in. thick) strip of deta-
sheet (Dupont Eb506C-1). A high-speed camera (NOVA,
7500 frames /s) was used to observe the propagation of
the combustion wave in the bag. Detonation cell diame-
ters were also measured from smoked foil records.

Results--Stoichiometric fuel (H , CH and C H )-oxygen2 2 2, 2
mixtures diluted with various amounts of nitrogen at
atmospheric pressure, initially were investigated in the
small-scale experiments. The data indicate that for cir-
cular orifices the detonation transmission capabilities
are identical to the critical tube diameter situation.
For noncircular shapes (square, triangular, elliptical,
and rectangular), the transmission of detonation through *

an orifice is more efficient than for the circular shape
when based on the hydraulic diameter. However, the deto-
nation transmission results for noneircular orifices cor-
relate well when normalized to some effective diameter
d gg defined as the average between the radii of theo
inscribed and circumscribed circles. In this caso
d gg e 13K as for the case of the critical diameter.e

When the orifice opening is in the form of a narrow slot
with large length to width ratio, two-dimensional effects
become dominant as shown in Figure 3.59 where the varia- 1

tions of the number of cell diameters across the width W *

of the orifice have been plotted with respect to the
length to width ratio L/W. For square orifices, L/W = 1

= 13. As L/W increases, W/K decreases andand W/K
approached asymptotically a value of 3 when L/W exceeds
approximately 8 as shown by the large-scale data in lean

| hydrogen: air mixtures. In other words, the transmission ')

| criterion for narrow slots becomes W/K = 3.

.
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3.3 Review of the Grand Gulf Hydrogen Igniter System II

(J. C. Cummings, A. L. Camp, J. E. Shepherd M. P.
Sherman, R. G. Spulack, R. K. Byers, S. E. Dingman, and
R. Watson)

As a result of the experience derived from the TMI-2 acci- *

dent, the NRC required that Mark III containments be equipped
with additional systems to control excessive amounts of
hydrogen generation. In this regard, the Mississippi Power
and Light Company (MP&L) proposed installation of an igniter
system in the Grand Gulf plant to burn the hydrogen generated
during accidents more severe than the design-basis accidents.
In conjunction with the licensing activities for the Grand
Gulf Nuclear Station, there exists a need for an assessment
of the effectiveness and reliability of the Hydrogen Igniter
System (HIS) proposed by MP&L.

As part of the interim evaluation of the Grand Gulf HIS in
1982, the NRC contracted with Sandia National Laboratories
to obtain an independent assessment of specific review items.
The technical assistance effort of 1982 resulted in the iden-
tification of areas where further research would improve the
current understanding of controlled ignition in Mark III
containments.[69] The purpose of this follow-on program is
to reduce the level of uncertainty by extending the previous ,

investigation.

3.3.1 Work to be Performed

3.3.1.1 Task 1

Perform an evaluation of the research program proposed by
the applicant (MP&L) to determine its adequacy in addressing
the efficacy of controlled ignition in the Grand Gulf plant.
In particular, Sandia shall review those portions of the ,

testing concerned with the investigation of combustion in the
wetwell region of the containment and testing related to the
demonstration of mixing within containment.

3.3.1.2 Task 2

Sandle shall provide analyses of the containment atmosphere
pressure and temperature response following postulated
degraded-core accident scenarios. The analyses will con-
sider the sensitivity to various items including contain-
ment. m6delling, combustion parameters, flow and mixing
models, containment systems performance, and hydrogen: steam
releases. The analyses will be performed with the revised
HECTR code (code modifications will allow for modelling of
drywell, suppression pool, and convective mixing). Sandia
shall also evaluate, as necessary, any additional analyses
performed by MP&L.

,
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3.3.1.3 Task 3

Sandia shall evaluate, on a-generic basis, the likelihood
and consequences of local detonations within containments.
As required, thd'NRC will furnish ~ applicant submittals and
available pertinent plant information. Sandia will provide
criteria for establishing the credible volume of gas which
may detonate for various containment designs and the results
of analyses to determine the transient pressure histories of
local detonations.

3.3.2 -Results to Date

The status of Tasks 2 and 3 were discussed in Sections 3.1.1.5
and 3.1.5, respectively. Our progress on Task 1 is described
in this section. Part of out approach to meet the Task 1
requirements involved our attendance at the meeting between
Hydrogen Contro1 ' Owner 's Group (HCOG); (MP&L is a member of
this organization of electric utilities) and the NRC. This
meeting was held on September 10, 1982, at an NRC office in
Bethesda, MD. We actively participated in the meeting and
resolved a number of questions during the day.

After returning to Sandia, we began to examine in detail
Froude modelling. This is the scaling concept that HCOG
(Francisco Tamanini of Factory Mutual Research, under con-
tract to HCOG) proposes to use in interpreting and extrapola-
ting results from small-scale tests. We have obtained num-
erous literature references 1on this subject and made direct
contact with Tamanini concerning'our questions. Brief dis-
cussions were also held with Sam Hobbs (MP&L) and John Hosler
(EPRI) during the Second International Workshop on the Impact
of Hydrogen on Water Reactor' Safety (Albuquerque, NM; October
3-7, 1982). Preliminary design of the vents for the 1/20-
scale apparatus was the subject of those discussions.

-
!

A draft version of.our Task 1 report was published on
October 27, 1982 and a final version on November 30,
1982.[70] A summary of the HCOG research progr'am and cur
Task 1 report follow.

3.3.2.1 Hydrogen Upper Flammability Limit Testing

The objective of these tests is to define flammability limits
for hydrogen-rich mixtures of hydrogen: air: steam using a 12-V
glow plug (GM AC-G7) as an ignition source. The testing
contractor is Atomic Energy of Canada Limited. Approximately
50 tests =are to be conducted in a 17-1 vessel with hydrogen:
air: steam mixtures varying from 75:25:0 to 30:25:45. Basi-
cally, these tests will determine whetheraor not combustion
has occurred (ionization gauge) and measure the associated ~
pressure rise if it has. Apparently, a combustion complete-
ness measurement will be attempted using a mass spectrometer
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to determine the postcombustion mixture composition (H,, O 2

and N, concentrations).

We consider these tests to be valuable. The data from them
will be useful for estimating flammability limits in computer
codes (e.g., CLASIX-3 and HECTR). However, direct extrapola-
tion of results from the 17-1 vessel to a full-scale dry-
well or containment will not be warranted.

It appears that the only type of combustion being considered
inside the drywell is volume or deflagrative combustion. An,

alternative which was briefly discussed at the September 10
meeting is an inverted diffusion flame located at the source
of air (from the vacuum breakers or purge compressors, at
the top of the drywell). The overpressure hazard would be'

greatly reduced in this case; however, heat loads imposed on
nearby equipment could be quite large. Some experimental
work may be necessary to define this problem. We suggest
that the 8-ft-diameter sphere at Whiteshell would be much
more appropriate for this study than the 17-1 vessel.

3.3.2.2 1/20-bcale Combustion Tests

The objective of these tests will be to provide a visual
record of hydrogen combustion phenomena in a full, 360a model
of a BWR Mark III' containment. Seeding of the hydrogen with
C,H, will provide visible luminescence from the combustion
zone (s). Video cameras will be the primary instrumentation
tion used to record data from these tests. Acurex Corpora-
tion is the contractor for the apparatus and the tests.
Approximately 40 tests will be conducted in order to qualita-
tively assess the effects on combustion phenomena of varia-
tions in: (1) hydrogen release rate, (2) blockages and heat
rinks in the wetwell region, (3) release location (spargers -

vs suppression-pool vents), (4) number / location of active
spargers, and (5) igniter location (above the suppression
pool).

A number of technical issues need to be addressed and
t resolved before testing actually begins. These issues range

from simple questions about experimental techniques and
instrumentation to fundamental concerns about the proper ,

treatment of fluid mechanical and combustion details:

'

The combustion visualization technique is an established*

one, but care must be taken to insure that the amount
"

of C,H " seed" added to the hydrogen does not signi-2
ficantly influence the ignition and combustion pro-
cesses.

Sprays may be important in determining the overall mix-.

ing and combustion behavior. If they could be added
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| for some tests, it would make the program results more
comprehensive and provide guidance for the 1/4-scale
tests.

. The " hydrogen release rate" is, in our opinion, an
extremely important parameter in determining combustion
phenomena in the wetwell region. Consequently, we
recommend that a wide range of hydrogen release rates
be used and that a significant portion of the total
number of tests be used to examine the effects of varia-
tions in this parameter.

We believe that full-scale glow plugs should not be.

used in the 1/20-scale apparatus. The wetwell region
is only ~1 ft wide at this scale, and full-scale
igniters would create convective flows that dominate
the fluid mechanics of the region. Scaled igniters
that have the proper power per unit surface area or per
unit volume (of the full-scale igniters; would be our
recommendation.

The existence of steady-state diffusion flames in the.

wetwell will depend crucially on both the extent of
blockage above the wetwell and the symmetry of the
release rate. We are cognizant of the HCOG position on
the symmetry of sparger operation, but we believe that
some tests with asymmetric releases of hydrogen should
be carried out in order to obtain a comprehensive under-
standing of possible combustion phenomena in the wet-
well.

Finally, one of the key technical problems with the.

1/20-scale apparatus is the need to vent the wetwell/
containment volume in order to avoid high pressures.
The " proper" way to carry out this venting is not clear.
The vent inlets act as mass sinks, and their effect as
fluid-mechanical disturbances may be important under
some conditions.

3.3.2.3 1/4-Scale Combustion Tests

The objective of these tests will be to provide generic (to
HC<.; plants), directly scalable heat flux, gas flow, tempera-
ture, and concentration histories throughout the wetwell and
containment regions. The device will be built at 1/4 linear
scale using the full 360' design. Roughly 35 tests will be
performed to determine the effects of: (1) variations in
level and nature of blockages and heat sinks (in the wetwell
region), (2) sparger and/or vent release. (3) suppression
pool heating, (4) containment sprays, (5) igniter banks (1
or 2 activated), and (6) hydrogen release rate. Thirteen
runs will be devoted to noncombustion (mixing) tests, and
most will use helium in place of hydrogen.
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Some of the technical issues raised in the discussion of the
1/20-scale tests may also be raised for the 1/4-scale tests.
In particular, the igniter scale and design of the contain-
ment venting system may be important factors even at larger
scale. Since the proposed HCOG schedule calls for construc-
tion of the facility to begin after the 1/20-scale combustion
tests are completed, we believe that final decisions on these
issues can be made after the initial tests in the 1/20-scale
device have been conducted.

As far as the tentativ'e test matrix is concerned, we would / -

suggest a minor change in emphasis from hydrogen vent release
to sparger release. This suggestion is made based upon our
understanding (from General Electric) of the probability of
various accident scenarios. The selection of hydrogen
release rates may be best guided by observations made in the
1/20-scale tests. Finally, asymmetric hydrogen release from
the spargers should be included if there is any significant
probability of occurrence in a real accident.

3.3.2.4 Froude Modelling

Froude modelling assumes that the combustion is in the form '

of buoyancy-controlled, turbulent diffusion flames. In the
event that hydrogen does not burn as it is released but accu-
mulates and leads to a premixed f la'me , the Froude modelling
will not properly scale the flame speed, combustion complete-
ness, or heat flux to walls and equipment. Since additional
restrictive assumptions are required in modelling the heat
flux, the Froude modelling experiments may give satisfactory
data on the nature of the combustion but not on the heat
flux to walls and equipment. ,

In Froude modelling, the velocities scale as the square root
of the length, and therefore, the corresponding Reynolds
numbers in the experiments will be less than in containment
by a factor of the length scale to the 3/2 power. For a
1/20-scale test, the Reynolds number is reduced by a factor
of 89. We are concerned that there will be considerably
more laminar flow in the small-scale tests than in the full-
scale containment, possibly affecting some of the test
results. Consider the hydrogen plume leaving the suppression
pool. If the hydrogen generation rate is 1 lbm/s and the
hydrogen leaves through eight spargers, the hydrogen plumes
leaving the suppression pool will have a Reynolds number of
about 4000 based on the plume diameter and the mean upward
ve lo c i t'y . For hydrogen jets in air, the laminar to turbulent
transition Reynolds number is about 2000. This means that
in containment, for the high end of the range of hydrogen
generation rates expected in accidents, the hydrogen plumes
may be largely turbulent, but for the lower end, they will
be near or below the transition point for laminar flow. In
the tests, with their lower Reynolds numbers, considerably
more laminar flow is expected. It therefore appears to us .
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t

that this issue (laminar flow in the tests contrasted with
turbulent flow in containment) should be addressed in more
d6 tail.

The two important mechanisms of heat transfer from the hot
gaces to the walls and equipment will be convection and radi-

( ation. For equipment or walls outside the diffusion flame
and its plume, with relatively cool intervening gas, radia-
tive heat transfer should dominate. For surfaces inside the
flame and its plume, convection is expected to dominate.
Convective and radiative heat transfer scale differently in
Froude modelling. Consequently, for surfaces in which both
mechanisms are important. the test results for heat transfer
will not be valid. In order to interpret the results for
other surfaces, assumptions will have to be made as to the
dominant heat-transfer mechanism.

!

!
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of explosive and nonexplosive nteractions betw n molten core materials
and concrete, and the probabi ities and conseque es of such interactions.
In the Hydrogen Program, the IECTR code for modell g hydrogen deflagration
is being developed, experi ts (including those in he FITS facility)
are being conducted, and t Grand Gulf Hydrogen Igni r System II is
being reviewed. All acti ities are continuing.
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