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Westinghouse Energy Systems Ba 355
Pittsburg1 Pennsylvania 15230-0355

Electric Corporation
NSD-NRC-97-5184

DCP/NRC0915
Docket No.: STN-52-003

June 13,1997-

Document Control Desk
U.S. Nuclear Regulatory Commission
Washington, DC 20555

ATTENTION: T. R. QUAY

SUBJECT: RESPONSE TO NRC COMMENTS AND EEER REVIEW COMMENTS ON THE
LOWER HEAD INTEGRITY UNDER IN'. VESSEL STEAM EXPLOSION LOADS
REPORT

Dear Mr. Quay:

A meeting was held hetween Westinghouse, DOE, and NRC staff on April 15,1997 to discuss NRC
questions on the DOE-supported Advanced Reactor Severe Accident Program report entitled " Lower
Head Integrity Under in-Vessel steam Explosion Loads" (DOE /ID-10541) and its companion reports
" Escalation and Propagation o/ Steam Explosions: ESPROSE.m Veiification Studies" (DOE /ID-10503)
and " Premixing of Steam Exrlosions: PM-ALPHA Verification Studies"(DOE /ID-10504). An NRC
letter dated May 9,1997 provides a summary of the meeting and the nine questions / actions
Westinghouse and NRC agreed to at the meeting.

Enclosed with this letter are:

Responses to the nine NRC comments on the subject reports.

Addendums for Chapters 3 through 6 and Appendix B of the DOE /ID-10541 report.

An addendum for Appendix C of the DOE /ID-10503 report..

Appendix F Experts' Comments and Authors' Responses.+

The addendums to the reports were made to support responses to the NRC and expert peer reviewers'
comments.

This material is being provided for NRC review.

The nine questions of the NRC are listed in GlTS as numbers 5508 through 5516. The enclosed
material closes, from the Westinghouse perspective, the NRC comments. The Westinghouse status
column will be changed in the OITS to " Closed." The NRC should review the enclosed material and
inform Westinghouse of the status to be designated in the "NRC Status" column of the OITS. Note
that the NRC status within OITS for #5514 (corresponding to question 7) is listed as " Resolved" per _,-

t the NRC's May 9 letter, r
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Please contact Cynthia L. Ilaag on (412) 374-4277 if you ha /e any questions concerning this
transmittal.

,

'

I rian A. McIntyre, anager
Advanced Plant Safety and Licensing
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cc: J. Sebrosky, NRC (Enclosure)
N. J. Liparulo, Westinghouse (w/o Enclosure)
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RESPONSES TO THE NRC QUESTIONS

1. The growth constants A used for metallic and oxidic melts are shown in Figures 1 and

2, respectively. Freezing in the Zr plug region would be faster still.

2. The partition of thermal power into the up, horizontal, and downward directions
depends only on the natural convection processes in the pool. This gives the 0.02

2MW/m value imposed on the top of the blockage under discussion. In addition
to this power, the blockage will deliver the power generated within it, as shown
in Eq. (4.3) of the report. The blockage effective thermal conductivity, on the other
hand, determines the thickness of the blockage. As can be seen from Eq. (4.4), the

larger the thermal conductivity (k), the larger the blockage thickness (L). While the

metallic blockage has a larger thermal conductivity (compared to the oxidic one), it

carries much lower decay power, so that the difference between the two cases is to a

great extent compensated. Another important factor is blockage porosity. It reduces

both effective power density in the blockage and thermal conductivity. These reduce

blockage thickness and downward heat flux. To elucidate these trends, a series of

calculations were carried out and the results are summarized in the addendum to

Chapter 4.

3. See item 4 below.

4. The points in Figure 3.9 are calculated results (i.e., " data") using actual material

properties. The value of S is 0.05, and it is not assumed, but rather chosen, so that
the line fits the data. The assumption is the form of Eq. (3.8), and the collapse of all

data on a single line, as in Figure 3.8, shows that this assumption is correct.

The use of the two extreme points in Figure 3.8 to " deduce" pouring rates that will
.

fail the vessel is not appropriate. There is no basis to assume that the " impulse

is proportional to the release rate," and indeed our results show that in the range
examined,200 to 400 kg/s, there is no discernible dependence (on this see also new,4

more detailed results and interpretations, in the addendum to Chapter 6).

Finally, as discussed at the meeting, the geometry in AP600 is so different from that

in TMI-2 as to forbid any attempt at relating respective failure areas. In TMI, the
core baffle plate was less than an inch thick, and it was subjected to a long duration

impingement from the melt (~90 s) displaced from the pool region, probably by some

falling-in of solids from above.
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Figure 1. Dependency of the solidification growth constant upon the underlying frozen
substrate temperature for the case of metallic melt having negligible molten superheat.
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5. The no breakup cases considered show clearly that the strength of an explosion is

moderated by the limited interfacial area for microinteractioru. So, using a larger
initial size would be even more limiting. Of course, we could break this up too,

but then we would end up in the same kinds of premixtures as in the 2 cm cases

considered.

6. See addendum to Chapter 6.

7. Resolved.

8. Addition will be made in the final report, as suggested. ,

'

9. The failure mode in the reflood case is by uniform elongation (i.e., global), as compared

to the very localized bending modes found in the premixed explosiens. The latter
were taken to fail conservatively, when ~50% of the cross section reached 11% plastic

strain. We believe a 20% vahie is more appropriate for a global failure mode, as
!the one of interest here. Note, however, that an 11% value would produce the same

conclusion; namely, that reduction of strain by a factor of 2 would reduce the impulse

and hence the pressure by a factor of 1.4 -see Eq. (8.1)- so that instead of 3500 bar

we would now need, for failure,2500 bar, i.e., equally unlikely.

.
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{{ ADDENDUM TO CHAPTER 3]]'

The purpose of this addendum is to address the following three points raised in the

review:

1. Effect of actual yield strength on the fragility curve;

2. Behavior for very smallloaded areas; and

3. Applicability of rate dependent yield strength of mild steel to A508B.

1. The quoted material strength for steel A508B is 330 MPa, while the reported value

for the steel from Japan Steel Works is 450 MPa. In all calculations we have used the
former, to be conservative. When we use the latter, however, we obtain a significant

increase in safety margins, as shown in Figure 3.a1.

120 , , , , , ,

100 -
-

t
-

g 80 -

8
z:

J 60 -
-

i *
-U 40 -

E " pattom 1:

pattem 2e
M pattem 3
y 20 - + pattem 1+ -

pattem 1+ @450MPavo y
uniform loady

A ' o N- ' ' ' '
o

o 0.1 0.2 0.3 0.4 0.5 o.s
Impulse [MPa s)

Figure 3.a1. The effect of increasing the yield stress from 330 to 450 MPa on the fragility
of the lower head.

2. The smallest loading pattern utilized in Chapter 3 had an inner diameter of 0.94 m

and an outer diameter of 1.4 m. We have made test runs with d = 0.39 and do = 0.874

m (pattern 0), and with d = 0.55 m and do = 0.94 m (pattern 0+). The corresponding4

equivalent plastic strains are shown plotted in Figures 3.a2 and 3.a3, with respect to

the impulse and the effective impulse. From these figures we see that the equation

for the effective impulse is still rather good but somewhat conservative.
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o ~ 3. The calculation performed in Chapter 3 utilized the strain rate dependency of yield

stress as found experimentally for mild steel, since A508B has a carbon content that
'

places it into that category and experimental data on A508B at high strain rates doi

not exist. Yet a similar steel, A533B, with somewhat higher carbon content, has been

found tested at high strain rates and shows much less strain rate dependence. As ;

explained in the report, to ensure against this eventuality, we took a lower yield
stress, of 330 MPa, that just about compensates for the variation due to the strain<

rate dependency. We now have two additional calculations, carried out for reactor.

case C2-20, as summarized in Table 3.a1. The first entry in this table is the old result. ;
;

We can see that strain rate dependency is not crucial to the conclusion; however, in

the absence of directly applicable data, it may not be appropriate to concede this:

additional safety factor. .

;

i
,

,

Table 3.a1 The Interplay Between Yield Stress and Strain Rate Effects ;

Yield Stress Strain Rate Maximum Equivalent<

(MPa) Dependency Plastic Straini

(%)
,

330 Yes 0.34
'

330 No 0.47

450 No 0.23'

.

i

t

t

i
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[[ ADDENDUM TO CHAPTER 4]]

A number of questions were raised about the integrity of the lower blockages, and the

purpose of this addendum is to provide material relevant to these questions. Specifically

we consider in more detail the coolability and resulting radiative heat fluxes downward

to the water. Also, we quantify the additional heat sink, due to the core support plate,
after the water is vaporized to a level below it.

1. Calculations were carried out with oxidic blockages of various porosities in both the

bottom of the active fuel region, as well the Zr plug region. Also, calculations were
carried out with metallic blockages, contairdng 14 w/o fuel, in the bottom of the active

fuel region. Effective volumetric powers and thermal conductivities were computed

consistently, as described in the report. Relocated fuel in the blockage was taken at

the average core power and released volatile fission products as in DOE /ID-10460.

Fuel stubs were taken at the local power peaking and with all volatiles in them. The

calculated values are shown together with the results in Tables 4.a1 through 4.a3. We

find, in all cases, robust blockages. Also, we find that downward heat fluxes are in
2the range 0.1 to 0.2 MW/m as estimated previously.

1

Table 4.a1 Oxidic Blockage at Bottom of Zr Plug Region

Blockage Blockage Blockage Downward Blockage
Porosity Power per Effective Radiative Thickness

Volume Thermal Heat Flux cm
2MW/m3 Conductivity MW/m

W/(m.K)

0.1 1.337 19.9 0.186 12.5

0.1 1.273 19.8 0.183 12.8

0.5 0.743 18.5 0.144 16.7

0.5 0.709 18.5 0.141 17.1

0.8 0.297 17.0 0.096 25.5

0.8 0.283 17.0 0.094 26.9

4-29
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Table 4.a2 Oxidic Blockage at Bottom of Active Fuel Region

.

Blockage Blockage Blockage Downward Blockage
Porosity Power per Effective Radiative Thickness

Volume Thermal Heat Flux cm
2MW/ma Conductivity MW/m

W/(m.K)

0.1 1.786 6.28 0.213 5.48

0.1 1.694 6.29 0.209 5.63

0.5 1.192 5.61 0.175 6.45

0.5 1.128 5.60 0.171 6.63

0.8 0.746 5.07 0.141 7.75

0.8 0.705 5.60 0.137 7.95
:

Table 4.a3 Metallic Blockage at Bottom of Active Fuel Region

'

Blockage Blockage Blockage Downward Blockage
Porosity Power per Effective Radiative Thickness

Volume Thermal Heat Flux cm '

3 2MW/m Conductivity MW/m
W/(m K)

0.3 0.596 19.5 0.216 16.7

0.3 0.561 19.4 0.210 17.2 i

0.4 0.575 17.3 0.203 16.1 j
0.4 0.541 17.2 0.198 16.6

!

I

i

I'

!

|
1
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22. The temperatures of the core support plate subjected to a heat flux of 0.20 MW/m

at its upper surface (and an adiabatic boundary condition at the lower surface) are

shown in Figure 4.a1. It is clear that this heat sink provides significant further margin

to the " race" between the 100 minutes estimated to vaporize the water and the ~91

minutes to fail the core barrel. Also, it should be noted that the boiled water was

taken to escape the vessel, while in reality some significant fraction of it would be

expected to reflux back.
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2Figure 4.al. Heatup of the core supported plate under a heat flux of 0.2 MW/m applied.,

'| to the top surface. The emissivity of the plate was taken as 0.4 and the holes were ignored
(conservative by ~25%).

,
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[[ ADDENDUM TO CHAPTER 5]]

The purpose of this addendum is to:

1. Extend the calculations presented earlier to longer premixing times;

2. Present new results at higher pressure (3 bar) and in the presence of subcooling (10 C);

3. Present new results with a finer grid (about half the previous size); and

4. Present a new, more clear representation of such results, so one can visually appreciate

the explosive " quality" of the premixtures.

Starting with the last item, the idea is to provide snapshots in the 6 -a plane, showingf

the composition of each computational cell by a point, the color of which is keyed to a

colored length scale. Looking at a sequence of such snapshots one can visualize the extent

of spatial volumes involving fuel and water together with the corresponding fuel length

scales.

The following figures are such plots, each marked by the run identification number

and the time. The first 13 figures show in expanded form those portions of each run for

which the premixture is most energetic (assuming it can be triggered). The relation of the

so-deduced energetic quality of the premixtures with quantitative results obtained through

ESPROSE.m can be confirmed by comparison to the results shown in the addendum to

Chapter 6. The rest of the figures in the present addendum show,in a smaller format, the

complete premixing histories for the PM-ALPHA runs made.

The runs made are summarized in Table 5.a1 below, where the nomenclature utilized

is the same as in the report. The modifiers "3 bar" and "10 c" are for runs made at 3
bar ambient pressure and 10 C subcooling, respectively. All runs were started from the

beginning of the pour, with an appropriate inlet for the melt at the top of the computa-

tional domain. In the overlap region comparison with the old results was good. To save

computation time the two RC1 runs were made on a Cartesian (2D) grid, which is a good

approximation given the width of the pour relative to the radius of curvature.

Especially interesting to see, in the long records, is how the 6 - a maps convergef

to a common " shape," with most points concentrated around the 6 ~ 0 and o ~ 90%f

axes. Also, it is clear that the " sensitive" premixtures are small in size and of a short

time duration. These trends confirm our previous conclusions, but are more clearly and

comprehensively illustrated by the present method. Also, we can see that the 3 bar and

10c runs show nothing unusual compared to the other ones.

5-13



. . _ . ._

Table 5.a1 Summary of PM-ALPHA.3D Premixing . Runs. .

# C1 RC1 C2 !

,

10 C1-10 C2-10

20 C1-20 C1-20-2.5 cm C2-20
C1-20-3 bar
C1-20-10c

:

nb C1-nb C1-nb-2 cm C2-nb

,

d

I

,

,

5-14
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[[ ADDENDUM TO CHAPTER 6]],

| '

The purpose of this addendum it to:'

1. . Extend previous ESPROSE.m runs to longer times;r

2. Provide new results with triggering at different times, trying to explore and define better the

" sensitive" premixutes; and
;

3. Provide new results using finer grids; that is, continuing the RCl run into a triggered explosion

on the san'e, finer, grid.;

All runs made and the main results are summarized in Table 6.al. The RC2 run in this table
,

was triggered with a doubledup (azimuthally) RCl premixture. Also, it should be noted that while
'

the RC1 premixing run was made on a Cartesian (2D) grid, both the RCl and RC2 explosion runs
,

; were made in 3D (but with the same, small, grid size).

:

1 Table 6.al Summary of the ESPROSE.m-3D Explosion Runs
The entries show the peak local impule obtained,
and the number in parenthesis is the trigger time.<

.

$ Cl RCl C2 RC2 ].

i
_

10 50 (0.23) 100 (0.25)
50 (0.24).

17 (0.25)
'

14 (0.30) 32 (0.30) !

; 14 (0.35) 13 (0.35)

-

20 100 (0.30) 110 (0.30) 100 (0.25)
i 11 (0.35) 120 (0.30) 140 (0.30)

1I (0.40) 14 (0.35)
J

nb 30 (0.25) 40 (0.25)
45 (0.35) 52 (0.35) i

'
17 (0.45) 25 (0.45)
26 (1.45) 20 (l.40)

, _
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- .

.

As noted on the table, the trigger times are referenced to the time of fuel arrival to 1 m above

the water pool. These are offset relative to the trigger times in Table 6.1 by 0.18 s. In particular,

the 200 kPa s run in Table 6.1 C2-20 (0.120), corresponds to the 120 kPa s mn C2-20 (0.30) in

Table 6.al.

We see that a number of premixtures yield impulses in the 100 kPA s range, but this occurs over

short premixing intervals, while outside those intervals the impulses are in the los of kPa s. Also, we

find very good consistency with the finer grid runs. These results are confirmatory of those presented

earlier, they elucidate more completely that it is unlikely that a more sensitive premixture has been

missed, and suppon the previous conclusion that lower head failure is physically unreasonable.

The figures that follow show the detailed new results in the same format as before (like

Figures 6.5).

i
I

|
|
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On the Regimes of Premixing
'

Sergio ANGELINI, neo G. THEOFANOUS and Walter W. YUEN

Center for Risk Studies and Safety
University of California, Santa Barbara, Santa Barbara, CA 93106 US A |

Phone: (805) 893-4900; Fax: (805) 893-4927; e mail: theo@theo.ucsb.edu

Abstract: The conditions of the MAGICO-2000 experiment are extended to more broadly investigate the regimes
of premixing, and the corresponding internal structures of mixing zones. With the help of the data and numerical
simulations using the computer code PM-ALPHA, we can distinguish extremes of behavior dominated by inertia
and thermal effects-we name these the inertia and thermal regimes, respectively. This is an important distinction
that should guide future experiments aimed at code veri 6 cation in this area. Interesting intermediate behaviors are
also delineated and discussed.

Keywords: Premixing, Steam Explosions, Void Fraction Flash X-ray Radiography.

1. INTRODUCTION
It is now well understood that larFe-scale steam explosions are highly dynamic events of propagative character.

The media that support such propagations are called premixtures, and they are characterized by the volume fractions
and length scales of their constituents-melt, liquid coolant, and vapor. Premixing is called the process that leads to
the formation of premixtures, and it is a highly transient, generally multidimensional process governed by intense
multiphase interactions (although mild by comparison to the propagation itself). As a key step in developing the
proper understanding and predictive capability, starting with the MAGICO experiment (Angelini et al.,1992),
premixing has been studied with the help of solid particle clouds. This focus on multifield aspects removes a
key unknown, the melt length scale, and with well-defmed initial and boundary conditions, allows unambiguous
comparisons to predictive models. Perhaps more importantly this approach allows for a systematic variation of
the experimental condition, so as to exercise the predictive tools, at the fundamental level, over wide ranges of
conditions. This approach was continued with the M AGICO-2000 experiments, and more recently with the QUEOS
and BILLEAU experiments in Germany and France, respectively. The MIXA experiments, which opened the way,
together with MAGICO, employed pre-broken-up thermitic melts, and thus they were also guided to a large extent
by similar considerations (Fletcher and Denham,1993). How to build towards including breakup on this basis has
been discussed and demonstrated in connection with specifying and using (for reactor assessment) the PM-ALPHA
code (Theofanous et al.,1997a; Theofanous et al .19976).

The present work is continuing the efforts on the multifield aspects. Our main purpose is to introduce
the notion of " premixing regimes", Specifically, with the help of advanced MAGICO-2000 tests and
PM ALPHA calculations, we distinguish extremes of behavior dominated by inertia and thermal effects. We name
these " inertial" and " thermal premixing regimes," respectively, and expect them to provide an important
additional anchor in planning future experimera nnd assessing completeness of code verification efforts.

2 PRELIMINARY CONSIDERATIONS

As described previously (Angelini et al.,1995), PM ALPHA calculations under cold MAGICO-2000 condi-
tions revealed a plunger-like action-that is, deep cavities or " holes" in the liquid pool forming just behind the
descending cloud and closing up a short time later. The volume fraction of solids in the cloud, before entering the
water, was ~10% and M AGICO 2000 experiments confirmed these predictions. This " plunger" effect is even more
pronounced in the QUEOS experiments, w here the mode of particle delivery produces very dense (" lumps") particle
clouds with volume fractions of ~ 17%. Here, the length of the clouds is rather short (~30 cm), the water pools are
saturated at the top and subcooled due to gravity head, and they are subcooled further due to self-pressurization, and
the steaming appears as a short burst coincident with the lifetime of the water " hole"(~250 ms). Even with hot runs
this is a heavily inertia dominated behavior, not really germane to the premixing process. PM ALPHA calculations
indicate that to avoid the inertia regime, the particle volume fraction must be reduced to just a few percent. In
M AGICO-2000, the pours are longer (150 cm), and by comparison to QUEOS rather dilute (~ 29 ), and this places
them outside of the range of inertia dominated regimes. However, the corresponding pour duration is only ~0.33
s, and a purely thermally-dominated regime would have even lower particle volume fractions and, particularly,
prolonged pour durations. These considerations lead to a special adaptor in the MAGICO-2000 facility and the
experiments reported here. In these experiments, we have achieved pours of ~0.5% particle volume fraction, ~6.5
m length and ~1.5 s pouring time, for a thermally-dominated behavior.

3. EXPERIMENTAL APPARATUS AND MEASUREMENT TECHNIQUES
The M AGICO-2000 experiment has been described previously ( Angelini et al.,1995). Its central component

is the graphite heating element, illustrated in Figure 1. It can deliver up to ~5 kg of ZrO particles at temperatures2

up to ~2000 *C. For the present experiment, this element was " fitted" with a special device, such as to deliver the

- _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ .
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Figure 1. The heating element in MAGICO-2000.

cloud at a much " diluted" condition-volume fraction of 0.5%, pour length 6.5 m, pour duration 1.5 s. An overall
view of the experimental stand, including key dimensions, is shown in Figure '2. In the present experiments, for the
interaction tank we employ a two-dimensional slab geometry, as illustrated in Figure 3. The principal emphasis in
measurements is placed in visualizing the internal structure of the whole premixing zone, and in obtaining respective
composition maps. This is done by radiography, employing flash X-rays, as explained in detail Angelini and '

Theofanous (1997). With two film cassettes placed one on top of the other, we can map a 35 x 7 cm region, as
illustrated in Figure 3. Particle volume fractions are obtained by counting. In all regions of the film not occupied by
particles the steam volume fractions are obtained from the film density and appropriate calibrations. The resolution
is 200 dots per inch and the void fraction accuracy is estimated at i 5% (relative error).

In addition, we obtain photographic records with a 35 mm still camera and two videocameras. During the
pour the particle temperature is read using a two-color pyrometer,
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Figure 2. Schematic of the MAGICO-2000 facility. All dimensions are in cm.
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4. EXPERIMENTAL RESULTS AND INTERPRETATIONS
A total of eight experimental conditions were investigated, as summarized in Tables I and 2. The key point on

these is that the ZrO particulate volume fractions varied by about one order of magnitude. For the zero subcooling2

runs, saturation throughout was assured by boiling the water pool from below. In the following, code predictions will
be shown alongside the presentation of experimental results. The code is the version documented by Theofanous et
al.,1996, and the inputs for each run are according to the specifications given in Tables I and 2. Only the following
additional clarifications are necessary:

1. The Cartesian geometry was modeled by matching exactly the dimensions of the tank. The pour area was
modeled by matchirg its size in the direction of the tank width (the large dimension of the tank), and by
spreading it over the entire depth of the 2D field (the small dimension of the tank). A 2x 2cm (runs in Table
1) and 2.5 x 2.5cm (runs in Table 2) numerical grid was used.

2. To detennine more precisely the position of the fronts in the Eulerian calculation, we superposed Lagrangian
tracer particles, made to move with the local (cell) velocity of the particulate field.

I

Table 1. Conditions for the Cold MAGICO-2000 Runs in a 2D Slab Geometry
1

1
' Run Particle Size Total Mass Perticle Volume Irnpact Velocity X-Ray Titne

Fraction
[mm] [kg) [%) [m/s] [s]

ZCN 2 5.5 ~6.5 ~ 5.2 0.2, 0.25, 0.3, 0.35, 0.4

ZCT 7 5.0 ~0.5 ~4.4 0.1, 0.8

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -
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Table 2. Conditions for the Hot MAGICO-2000 Runs in a 2D Slab Geometry

Run Particle Total Volume Impact Particle Water X-Ray
Size Mass Fraction Velocity Temperature Subcooling Time
[mm] [kg] [%) [m/s] [*C] [*C] [s]

Z11 2 5.5 4.2 5.2 1550 0 0.3

Z12 2 5.7 4.2 5.2 1400 10 0.3

Zb13 7 4.8 5.5 5.2 1600 0 0.3

ZT14 7 5.1 0.5 4.4 1650 0 0.8

ZT15 7 4.4 0.5 4.4 1800 0 0.8

ZT10 7 2.6 0.5 4.4 2000 0 0.8

l

The five radiographic images taken for the conditions of run ZCN (this means five repeated runs under identical
conditions) are shown in Figures 5(a) through 5(e). He void fraction distributions deduced from the first three
radiographs are shown in Figures 6(a) through 6(c). We can clearly see the " hole" described above and its closing
at ~0.35 s. Notice the visualization detail es, for example, the " clean" shapes of the upper cavity boundary, the
highly structured lower portion of the cavity, and the fine detail on the hydrodynamic jet and its disintegration into
spray, following collapse. PM-ALPHA predictions are shown in superposition to these radiographic images in
Figures 7(a) through 7(e). Note the " wing" pattern of the particle distribution and the accurate depiction of the key |
void characteristics in the calculation. Also mteresting to note is the exact matching of closing and timing and even I

shape of the emerging jet. Some numerical diffusion is present, as seen for the particles, and a small amount of
void (~10%) retained below the liquid surface after closing (Figure 7(c)).

He aim of the dilute pour runs was to avoid this inertia-dominated plunging regime, and this aim was achieved
as illustrated with the results of runs ZCT in Figures 8(a) through 8(c). Note in these figures the uniform particle
cloud distribution in the air and the deceleration (increase in concentration) obtained in the water pool. We also see

,

that a small amount of air, entrained with the particles, produces void fractions in the 10 to 20% range in the central |
portion of the mixing zone. Such small amounts of air are expected to be negligible under the strong steaming at I

hot run conditions.

He radiographs of the six hot runs conducted, under Table 2, are shown in Figure 9(a) through 9(f). It is clear
from Figures 9(a) and 9(b) that the small particle runs produce highly voided regions (90 to 100%) even under 10 C

| subcooling, although in the latter case we see a more limited, in size, voided region. The void fraction maps for
the other four, large particle, runs are shown in Figures 10(a) through 10(d). In the three dilute runs, the particlei

volume fractions m the mixing zone were found to be in the 0.6 to 1.1% ranpe. It is interesting to note here the
essential difference in regimes between Figures 9(c) and 9(d). In Figures 10(a ) and 10(b), we read corresponding
void fractions in the 90 to 100% and 60 to 70% ranges. Also, it is interesting to note from Figures 10(b),10(c), and
10(d) that a change in particle temperature from 1650 to 2000'C does not appear to have a significant effect on the
resulting premixtures. Numerical interpretations of these data are shown in Figures ll(a) through ll(f). We find
all the essential qualitative and quantitative features to be in excellent agreement. Rese include the location of the
particle lower fronts and upper boundaries, the void fraction levels and the locations of sharp gradients, and the
voided ragion pinch-off in the subcooled run. De effect of the temperature and particle size seems to be captured,

( very weli also in the calculations.

The las't threG runs in this series are idealized representations of what we wish to call the " thermal regime"
of premixing. As shown above, the behavior is not only quantitatively ' ut also qualitatively different, and thiso

| diff erence becomes more vivid if the internal structures discussed above are viewed in the context of video records
'

of the w hole interaction vessel. Due to space and time limitations, this additional information will be presented in
a future paper.

_ _ _ _ _ - _ _ _ _ _ - _ - _ - _ _
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5. CONCLUSIONS
The conditions of the MAGICO-2000 experiment were extended to more broadly investigate the regimes of

premixing and the corresponding internal structures of the mixing zones. With the help of the data and numerical
simulations using the computer code PM-ALPHA, we could distinguish extremes of behavior dominated by inertial
or thermal effects--we name these the inertial and thermal regimes of premixing, respectively. This is an important
distinction that should guide future experiments aimed at code verification in this area.
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ADDENDUM TO APPENDIX C

EXPERIMENTAL SIMULATION OF MICROINTERACTIONS
IN LARGE SCALE EXPLOSIONS
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Experimental Simulation of Microinteractions
in Large Scale Explosions

'

Xiaoming CHEN, Rui LUO, Wa!!cr W. YUEN and Theo G. THEOFANOUS

Center for Risk Studies and Safety
University of California, Santa Barbara

Santa Barbara. CA 93106 USA
Phone: (805) 893-4900; Fax: (805) 893-4927; e-mail: theo@theo.ucsb.edu

Abstract: This paper presents data and analysis of recent experiments conducted in the SIGMA-2000 facility to
simulate rnicrointeractions in large scale explosions. Specifically, the fragmentation behavior of a high temperature
molten steel drop under high pressure (beyond critical) conditions are investigated. The current data demonstrate,

,

i for the first time, the effect of high pressure in suppressing the thermal effect of fragmentation under supercritical
conditions. The results support the microinteractions idea, and the ESPROSE.m prediction of fragmentation rate.

Keywords: Fragmentation, Molten Drops, Microinteractions

1. INTRODUCTION
Over the last few years, a systematic research program has been conducted at the Center of Risk Studies and

Safety (CRSS) at the University of California at Santa Barbara (UCSB) to understand the fragmentation kinetics of4

molten drops under a sustained high pressure environment expected in a large scale explosion (Patel and Theofanous, ,

1981; Yuen et al.,1994; Chen et al.,1995) . Utilizing the SIGMA facilities (both the original SIGMA and the
current SIGM A-2000), fragmentation behavior of gallium and mercury drop (under isothermal condition) and high
temperature mohen tin drops (between 670 and 1800"C) at various shock pressures (between 68 und 200 har)
were obr.erved. Rese experiments led to the microinteractions concept and the development of a computer code
ESPROSE.m (Yuen and Theofanous, .1995). The computer code was successful in interpreting the steam explosion
data generated at the KROTOS facility (Theofanous, et.al.1995).

While the exis, ting tin data were useful in illustrating ihe relative importance between thermal and hydrodynamic
effects on fragmentation in a sustained high pressure environment, they are still short of the range of pressures and
temperatures of interest (supercritical pressure and fuel temperature in excess of 2000 *C). An important objective3

of the current research program is thus to expand the data base to higher pressures and temperatures so that thei

physics of molten drop fragmentation and microinteractions can be further understood. The data can also be used
to further develop the constitutive laws for microinteractions. Steel is selected for the present experiment because
while it has about the same density as tin,it has a much higher thermal energy content (twice the heat capacity and
four times the latent heat). Steel is thus a good material to examine the importance of thermal effects. To gain a
perspective of the present experiment in relation to previous one, a summary of the thermal properties of steel, tin
and allium is presented in Table 1.F

Table 1. Physical Properties of Steel. Tin and Gallium

! Melting point Density Surface tension Specific heat Latent heat
aMaterial (*C) (g/cm ) (mN/m) (1/g k) (J/g)

Steel 1450 6.87 1550 0.449 247

(1700 'C)

Tin 232 6.10 500 0.220 60.7

(1700 *C)

:
Gallium 29.8 6.07 660 0.371 29.7

2. EXPERIMENT<

A schematic of the SIGMA-2000 facility is shown in Figure 1. A detailed description of the facility and the
experimental procedure were given in previous publications and will not be repeated here. In the present set of
experiments, a one-Fram molten steel drop is released in subcooled water (20 *C). Six experiments, conducted at
two shock pressures (68 bar and 265 bar), are presented. Two of the six experiments are conducted with a 6 % void
fraction section both ahead of and behind the drop (by distributing plastic air bubbles in the water, the detail of this
procedure is described in Chen (1996)) as shown in Figure 2. The collapsing of the void by the shock wave creates
a high coolant velocity at the point of fuel-coelant interaction thus allowing to obtain considerably higher velocity
for the same pressure behind the shock. nree drop temperatures (1550,1620 and 1650 *C) are used to determine

i

i
i
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the effect of melt wperheat. Since the melting temperature of steel is high (1450*C), the current data illustrate
both the effect of high temperature and low superheat (100,170 and 200 C. respectively). This is in contrast to the
previous high temperature tin data which were obtained with a superheat of over 1000 *C (Chen, et.al.1995) . De
mitial conditions for the tests are summarized in Table 2. Each run is labelled with an identification code. S-4-16.5
and S-4-16.5(0.%), for example, stand for runs with a shock pressure of 265 bar (4000 psi), steel temperature of
1650 C, fully liquid and two-phase coolant ahead of the drop respectively. The two similar tests S-4-16.5a and
S-4-16.5b were conducted to demonstrate the repeatability of the experiment.-

Table 2. Test Conditions of the Six Runs

Run ID P(bar)/T(*C) Vold Fraction Do X-ray Time (rns)

S 1-16.2 68/1620 0 34

S-4-15 5 265/1550 0 300 0.32
S-4 16.5a 265/1650 0 300
S-4d 6.5b 265/1650 0 300
S 4-15.5(0 06) 265/1550 0.06 1500 0.12

S-4-l 6.5(0.06) 265/1650 0.06 1500 0.22

The amplitude of the shock wave is measured by the pressure transducer of location PT2. Data from test
S-4-16.Sa are shown in Figure 3a and the expanded early transient is shown in Figure 3b. De transient data show
that the pressure rose quickly to about 250 bar and remains relatively constant until the wave was reflected back
from the bottom of the shock tube. There is a period of about 2 ms in which the pressure around the molten drop
remained constant. The conesponding pressure data for a two-phase run (S-4-16.5(0.06)) are shown in Figures 4a
and 4b. The shock pressure is oscillatory (due to collapsing of the void) and has a lower average pressure of ~ 200
bar. The time period of constant pressure is reduced to about 1.5 ms due to reflection from the two-phase liquid
interface below the observation widow.

The molten steel drop was released at 5 cm above the observation window prior to the arrival of the shock.
As described previausly, the timing of the drop release and the initiation of the shock was synchronized such
that the interaction between the shock and the drop occurred at the observation window. The fragmentation and
subsequent entraimnent were then recorded by a high speed movie camera at 50,000 frames per second. To gain a
better perspective of the initial condition of the molten drop, a drop test with the same drop temperature and water
temperature was conducted inside the shock tube without the shock. The image of the drop and the surrounding
vapor film was recorded by a video camera and is shown i' Figure 5. The color image clearly shows that the
ellipsoidal red-hot drop was surrounded by a large vapor bubble as it fell through the subcooled water. Since flash
X ray is used to capture the fragmentation behavior during the fuel coolant interaction, an X ray image of this
unbroken molten drop, together with a contour map of the 2-D projected mass distribution, are also shown in Figure
5. The drop falling speed, measured from the video tape, was estimated to be about 0.7 m/s at the observation
window. For the shock amplitude of 68 and 265 bar, the induced water velocities were 4.5 and 15 m/s respectively.
For the two-phase run at 265 bar, the water velocity is about 38 m/s. The corresponding Bond numbers for all
experiments are also shown in Table 2.

The high speed movie images for all six experiments are presented in Figures 6a through 6f. In run S-4-16.Sa
(Figure 6c), for example, the first image shows a free falling molten steel drop surrounded by a bubble before the
arnval of shock wave. De white spot at the center of the image was caused by the flashlight as it was projected in ;

the normal direction to the vapor bubble surface and passed straight through. The shrinking of the bubble which
is apparent in the second frame indicates the arrival of the shock wave. The bubble was completely collapsed 40
ps after the passage of the shock wave, and left a tiny non-condensible gas bubble on top. At 80 s (frame 5),
the initial ellipsoid drop expanded both in and transverse to the flow direction and formed a much bigger mass
cloud. As time passed, this cloud continued to asymmetrically expand. Crests appeared at the upper right corner
of the cloud at 0 22 ms. After 0.3 ms, the cloud elongated faster than it expanded in the horizontal direction and
eventually formed a mushroom shape cloud. He cap of the cloud had a wavy surface and continued to expand in
all directions, while the diameter of the stem became smaller as it moved with water. At 1.32 ms, the lower part
of the cloud moved out of the window. Except for the difference in timing and the detail of the " cloud" generated
by the interaction, all experiments follow the same qualitative behavior. A direct comparison between runs with
different steel temperatures (for example, S 4 15.5 and S-4-16.5) shows that even with a temperature difference of
only 100 'C, the volume of the " cloud"is larger for the high temperature case. The remarkable similarity between
Figures 6e and 6d confirms the repeatability of the experiment.

To gain a perspective diractly on the fragmentation kinetics, flash X-rav images at selected time of the interaction
are generated for three runs. The timing of these X-rays is shown in Tablo 2. Since water and steam are essentially

t
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Itransparent to the X-ray (relative to the high absorptivity of steel), these images give quantitative information about
,

the fragmented steel. These images and the deduced mass fraction contours, together with the corresponding movie
image are shown in Figures 7a through 7c. In contrast to the original symmetrical and smooth drop, images as ,

shown in Figure 5 the region of high mass concentration is highly distorted and " flattened" due to its interaction
with the shock. An interesting feature of the fragmentation, relative to the volume of the " cloud" deduced from the;

movie image, can be observed from the high temperature two-phase run. S-4-16.5(0 06), as shown in Figure 7c.'

: The region of high mass concentration (the drop)is much smaller than the observed " cloud". The debris seem to
be concentrated along narrow strips appearing to shed off the edge of the parent drop in a manner reminiscent of

; the previous mercury runs.
:
,

3. DATA ANALYSIS
Debris are collected from each experiment and analyzed. Data for the four high pressure tests are shown in,*

Figure 8. The corresponding size distributions and the size distribution of debris collected for the low pressure
run are shown in Fi ures 9. For the two single phase runs,70% (in mass) had sizes greater than 1 mm (in fact,F
for S-1416.5, this mass was a big porous particle with diameter of about 1.5 cm),20% belonged to a group of
millimeter-size debris, fine debris with diameter less than 300 pm was 3.5%, and the remaining 6.5% of the mass
was lost during retrieving and handling which was believed to be the fine debris. The two phase runs, on the other
hand, had relatively uniform debris size distributions. Significant fractions of the debris (~ 30% and 50%) had
particle sites of less than 0.1 mm. Rese results give clear evidence of a stronger fuel coolant interaction for the
two phase runs. Some typical SEM pictures of the debris are presented in Figures 10a to 10d. In each figure, SEM
pictures of a typical "large" particle and "small" particle are shown to illustrate the debrics morphology and its
dependence on the test parameters. While all debris show a highly convoluted and porous structure with drawn, i

sharp edges, a comparison hetween Figures 10a and 10b shows that debris from the high temperature run (S-4 16.5a)
has a " finer" structure. This can be attributed to the faster freezing in the low temperature run (S-4-15.5) which
preserves more the " larger" debris strtucture. A comparison between Figures 10b and 10c shows the effect of the

'

j high liquid velocity associated with the two-phase run. The stronger fuel coolant interaction leads to a much more
; convoluted and porous structure than the single phase case.

The debris collected from the low pressure test (S-l.16) shows a striking dissimilarity from that of the high

| pressure tests. Approximately 70% of the mass was retrieved and as shown in Figure 9, all debris have size less
than 1.0 mm with 12% less than 300 m. The SEM images in Figure,10d show millimeter-size debris consisted of
highly porous particles and flakes.;

To separate debris mass from the drop mass in the X-ray images, we first use a procedure developed in a previous-

'
work (Chen et.al.,1995) which identifies a " boundary" between the still-coherent drop mass and the surrounding
debris by a sudden drop offin the mass thickness. For the two-phase runs, this leads to a " cutoff" thickness of 0.2,
mm for the drop. De accuracy of this " cutoff" thickness is consistent with the mass distribution curves generated
from the contour plots shown in Figure 11. The mass thickness of 0.2 mm corresponds approximately to a point

,

"

of inflection which implies a change in the mass concentration. Based on this " cutoff" thickness, the debris mass;

fractan for the two phase runs are determined to be 22 % (for S-4 15.5(0 06)) and 48 % (for S-4-16.5(0.06)). The
same procedure, however, yields inconsistent cutoff snass thickness for the single phase run. The determination of,

debris mass for S-4 15.5 is therefore not presented in view of this uncertainty.
'

To understand the implication of the two-phase fragmentation data on the microinteration model, we ran the .

9) and entrainment I

ESPROSE.m code to simulate the two phase run using the same fragmentation constant (of =l.,1995). A thermalfactor (f, = 7) determined from the fragmentation data of mercury, gallium and tin (Chen et.a
exhancement factor ( %) of 3 is required to match the fragmentation data. The transient debris mass fraction and
mixing volume predicted by ESPROSE.m, together with the two data points, are shown in Figures 12.

4. CONCLUSION l,

This paper presents data and analysis which ec.nfirm results from our previous investigation that at supercritical
condition, the thermal effect on fragmentation is highly suppressed. A hydrodynamic-based fragmentation model
is sufficient to characterize the fragmentation behavior. The micromteractions idea is qualitatively confirmed, but,

more data and analysis are needed to make the next quantitative step.a

~

5, ACKNOWLEDGMENTS

j This work was supported by DOE's ARSAP program at UCSB, with Mr. Steven Sorrell(DOE Idaho Oper- 1

ation's Office) as the program manager. We are grateful for the support and the " environment" allowed for us to I

carry out our research.

L ,

6. REFERENCES |
1. Chen, X., W.W. Yuen and T.G.Theofanous,"On the Constitutive Description of the Microinteractions Concept )

in Steam Explosions," NURETH 7, Saratoga Springs, NY, September 10-15,1995, NUREG/CP-0142, Vol.
1.1586-1606.

'
-- - . - - - .- . .



.

1

|

I

|
2. Chen, X., " Fragmentation Kinetics and Microinteractions in Simulated Large Scale Thermal Detonation", |

Ph.D. Thesis, University of California, Santa Barbara 1996. |
|

3. Patel, P. D. and Theofanous, T. G. (1981), " Hydrodynamic Fragmentation of Drops," Journal of Fluid Me- ;

chanics, Vol. 103,1981, pp. 207-223. i
l

4. Theofanous, T. G., W. W. Yuen, S. Angelini, and X. Chen, "The Study of Steam Explosion in Nuclear System,"
DOE /ID-l(M89, January,1995.

,

5. Yuen, W. W, X. Chen and T. G. Theofanous (1994), "On the Fundamental Microinteractions that Support the |
Propagation of Steam Explosion," Nuclear Engineering and Design, 146 (1994), pp.133-146. ]

6. Yuen, W. W. and T. G. Theofanous (1995) "ESPROSE.m: A Computer Code for Addressing the Escala-
tion / Propagation of Steam Explosions," DOE /ID-10501, April 1995.

,



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

|

,

f

;

gg;99 tr , x ?,4ue- 9-13
e ,1 \

"

n- ,; .

hk ,
. .e..3. s - ..

gn. . . ,."

;.4

$N
> ::%

db
[i.yg rn;is:a>s;'B.m!y'

, .,

0.6
,
' g,;p

f]U '!
0.5 s k|"

- q

c:D3
c.

g
0.4 Etyph

':p

0.3

h;d@i
. *0'2

AyReg}7+Q y?
eyjy ?f Np*

3

h

.

hh 9 hhk ff
e.s m,h 5b~38 3 ,. wm;e,$),;ej

($ %,fM'C
.

.,g; g -s

Q'fd[..] K y.
?yf

.

-| :,:

r,
.

.

m . . . . - . .

4

'

Figure 5. The visible image, X-ray image and mass distributiion contours of a molten steel drop (1650 *C)in 20
*C water from a drop test run.

,

- . - - -_ _ __ - ______



__ .. _ . _ -_ . . ._ _ _ _ _ _ _ . _ _._ _ _ _ . ____..___. _ _ _ . _ _ _ _ . _ , _ _ _ _ _ _ _ _ _ _ _ _-

|

l
i
,

\

!

.

*

a .,

!
'

S s e e'

; <
-

..

.: - :
! .

U..L'$.

a.;e
,

.w t , ,, .
e

1, 2f,.. 3' 1
-.,me. -i.-

2 ,

% .. . . . .; y, .~,

ug: ; .
i; ' . -w. ,

.

,
'

Free Falling Shock Arrival 0.04 0.08 0.12 0.16

J (t = 0.0 ms)
,

e ,
; , ,.

i

d

i
'

i'

: r, . ,

!

!
,

!
.

&
J +.

..

'* * = ' -A we . - 'Sp;; Y~~ . Ljr
)

'U_
e .. .

a; er ',_ s ':. z, 'h _ , 'b? n' > ..F*t

,l
h
'

O.24 0.32 0.40 0.56 0.72 0.88

;

,

,

_

i
-

a

s .. p ,i , la
.

9, zr e- -

.

,

4,., _. w ,_ ,.w ,.. . . _.,-..
, % % g. 4--n . ~

i

i 1.04 1.20 1.36 1.52 1.C8 1.84
!
t

:

,1

i

;

i Figure 6a. High speed movie images of Run S-1-16.2.

1,
d

a

.i

i
<

, ,.,e-, - , .,,,, . .



_._ __ __ _ _ . _ _ . _ _ _ . - . . - _ _ _ _ , _ _ _ _ _ _ _ _ _ _ . - _ . . _ . . . . _ _ . _ . _ .-

;
i

4
'

4

|

1

i i

f

i
s

.

!

a.- -

,
ren .,4 - 1 I ;;,;,v.,,.,.;.,, _

-

1 .:*t .L , o - 4 em. u- -g . rw
4 x .g;

,f .o -i.,

Q'f
v,. m .w. &.-

j -| :. 'f 'h] _ ; ;

@4y yp;:
-s/y,.

r .;N.
e % ., .,._ ,

.

4% . 4:%g&&
, . :n :, .

*

ti &,

- . <;X1s; , Mrt
; u.n;m + ,

j - . %.9 ; .. 'r,1
' "

.y >t
;u

, Jid$ ? *?'; . "i[jn d'. ?, '.' &myr ''

',- y
_

r +;.pt:|.95f:4 , ,; ; i s-;. ..:g ?- y 9. : .sv ,g -

.

.ep,w.4 o +,
. y.. es .

,. , , . opey x . w. ,, ;. .

$']4
a; jf , +9 ;;.g|45

'.; u ^ I
|

' . . .

Q=. g' g;;yi &,w% -: .6),4, v;i Q.: - 7?'-
; ,A f y; fm : , ** g, , M.;:q ,,W' MC:km

4

(>_ .g.q;31 n ,t . <;;. - u. n, ,x
f
a

: |

! t=0.0 ms 0.02 0.04 0.08 0.16
i
t

1
i

M.
.

r,e.p . -w:, q .,i - , + = a ~. g ~ e. .nm; / no , m . y . ,. - p m. go-.+

. ' . ~ . . . . , , , ..
~-

,, s. r ~ . ~ .
s. -

om n :: * %"%w
I p-'

gg, y [.' ., ,
# , .

'
,.

y

,

.::.n . ; p: ' ypt. n| y;
<

.
~

'g ,- 1 ;Q;.Ni
. .* *: : *Qfr>

3*>~,

; g: ~ , ', -? .

ef.: \.y9.s. x*4;W;u; & y~ ;* ;.w:f
*Ai q, '% y9 : jg.;y< :: n ' :a|fy ?y.e G u ys.L. , . :

ss. . - ~ 6 ,.1
.

v, s s ;,. > ; :s

gMJ'f,.g,. y +^ f 9
% .*n,a%yp

-'

n;;@Q,g.y| j y;;,;;;sc.[# .%,.:. b;y; aW , P-f,.spt. q . *3fdp'

p+ w + o -% toI > . . .

|
,

0.24 0.32 0.40 0.48 0.56 0.64
Ii

4

- 4 ___. . %
4

; _ ___

.P #d%a , :Ar k( Vf@~4-f. '" W M.n 1.;..0. .tA6@4. .fMc.h &
- 1i ,U -m w. g- w. 3. s -yf*(. e

^ g- e&;p. ,' 3..; p;
.

m ~< s~

,

.
-

,,p?- ." pg . ~.: Qg,9- p y'y g j,p( u:r w m i ~ w y .

43m,:xr9
, w

{
g; :. . y, u

O i % .*
*

.

,%g .
.

. W. . t .- .,-m .m.v.s . , ;.-
r !s,-

e e .

r
.

4 ,

e a .u,,,
'

r e

.

- };$* ., .*f.qaj 'e' v , a,4. -.sc
5

.-f:hb.
-

, 'z' 4-, J Ag .p - .3 g 4; 1
.a. .g; ;6. ,, -

af .+
v ..;.. ~, .

' e.g3

e ..po.wt
. .;; u, m, . -

M. , y. .g.. r.w ,p.
;

y .*y;. ,_,|kk
h.u 5,$h0h $f &- w$m?m;Y;g.a,

. ..u ,
. . , . . u.> u . g m s.

-

b GM$k..
*

& w. _w & ..

i

; 0.72 0.80 0.88 0.96 1.04 1.12
1

|
'

e <

I
'

Figure 6b. High speed movie images of Run S-4-15.5. |
:

.

|

l

|

l

I

. - - - - . _ . . . . , . - - . . - - m_,- . .-, --



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

|
|

i

, ,

! 1

!
I

I "lI
. F '~ N I l F ]

'

_, ae - -

' s.. !..q

q}3 f.7,;;,i ,.
j; - .h ;d

..

*'''

|
,. %s.-',,, w ;'y k er
/.q - ;5? ,<e , -+.

. _ s.; I s,.-

$ $-
r

.

.t v. .: a , w j . !. .-.~.
2 .- m ,w ..

<y.- . y4 'kt. ,m,! * - '
; ; n ,-

; ,m4,n
4.: is$t SLc. ,, g( xis

2+g+;
. ~~n,u+j

. r,s- -% _..-.m. ., . v.s , .

g q oGg ,
, :3 "

, g ' ryc -* ,
,J &; , .

i
w, w 't &

Free Falling Shock Arrival 0.02 0.04 0.08 0.10
,

(t = 0.0 ms),

: r 7 M r 7 F 7 F 7 F .7
; ; 7-

- a.
. 9*.; .,

[ _

w' ,i .

*

-

>q ,n'.

s .o.

; ;. y.
, s p,s

.+
-

1 ' b; 7 a je j! y ',7kg

'' s; g.
.

., ,

i
,- . - 1~,y- ,n . .-g;

3, ,. . s . si
. .. .;y v. .. ,~, - v ,

; .. . .. , p w~, .

f.E' * *2 m :.. . iS3 WD ;. . . ' ' _2,
,

} 0.14 0.22 0.30 0.38 0.46 0.52

i

r ny r c,7 r ~3 r . , . , r ,.
~ 7. x.,.

. T . n. ..r: 'i: -: .

r .

.

,

r
. v .. .

v. wp>
: .,

'

}
;* .J; .:ry, y. .ss 7 ~j- ;Q%

-

. . .h m.
, x,,, .. t. m: m: 2 , n:. u.e

3 -m ..u . y~. *
y 'Ta "d? . s t, hi g,&a .3, . , ga >e :;m.wt
, h,h..

. s .Jy W!s. r.
q @. .. ,,G. ft - ' .G d...

'
.i..

,
~ - y.\

:
.

.. .m . ,. s . . , _ . , . M;2 ; Id
.. y,,

'"

I 0.60 0.68 0.84 1.00 1.16 1.32
1
j

j

i
;l

4

I
4

| Figure 6c. High speed movie images of Run S-4-16.5a.

;

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



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

>
.

|

| '
,. .

!
l

i
;

f',g
i
, - w,

t
.

$;J:$ -*y -h{$
^ hhv ~

''

o

n. %,- ier .w+ a u' ' . '. + .
,1 -:;~

f2 .hp
- :.=

ey
|n. f,.b;g|CL

-
-?n :; W '

I ..
-

4,,
-

;

%,i c Tf. s
~,a . h at :-

m~, k-
., u .p#, +1y. .?-

w; ant-
, ,4, ,,.1

5,
-

r,

y w cp .

x.
.

. . .w
.. .

&

-_

i
-

,

1
t=0.0 ms 0.02 0.04 0.08 0.12 0.16

!.

I

.e 6 wi h ,

! fN,s .YO .kiMa 7. '
'.

- ape. . % yp 4%w 4%
| M *9 :g irs' SkfE' G @$f
j YD -( v.$ , ik-I. hvib. [[~f;D12

.

N'?-$s&,,.

+ a ..., gyy, ,. ,

,

i , .

ei p a g.

.
.,4,a. .

?o? . a, . m
** f

*
o > J'
* ,

.

4

i
;

e

0.20 0.24 0.28 0.36 0.52 0.60
|
,

J

1

I
.. ..

tf' d
'

- '' h,,

U-d$ 25t I' db K .;3,-

}hN f t
,

..

.,

O.68 0.76 0.84 ' ~ 0.92 1.08 1.16 I
'

I

Figure 6d. High speed movie images of Run S 416.5b.

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



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

d

i

i

,

k

i

1

1
a

1

-
-
d

A

1

, __. W._ W W.. , . .u.s
.

1

M |

r, w i.

. . , . p ,.f.. . 4. m.:. .v .,

. . w&y.
, - n ., - ...

..w ._,
v. . .

.
,e n, \'a

AG$' ' Ri ::Q '
'

60 1TGif;+ ";
9 h,g,X442 r.fjf .ag ys;g%,i,go;qg 4

,

4:q,yo g' wm ; .g g y7
y ;.,: %, 9

<

, . :9..
.

s -
?jp: > ,, _;ry-4-

, (v y, efdi: : ,c q,

.- n..
; . .5

g;$ < h. k.. r, h: A .' z''.k$m,k ?, ' '. ,k, . ._ gh. ,.
n .r py

'. W.

, ,. , N. g*7.s.fW
1, .~ . , , .

? :

I t = 0.0ms 0.02 0.04 0.06 0.08

'

|
' '

. a, i n. ' QJ
.

. y ',,3. ,2f % dm p.
...i. ., u, . = g .~., e; ,c,

4- >- . 1a e..,

A.i: +m n;W 9 7 .

n. ,,

f; SU: 7::,i . V %|, .

kM * 4' iY 0S,g CM
, , c,ygg;;

(,. .f: '' w' ,.'._ $hh
,

, ,. y.

;7',' Id (k l
.

pA, Lag,,:!%y<A f[M. f:. ,x,;w;.y%|
-

,

.s q$ .'..wtg . ., 3 g;pp j, "g- w.f2f n.g' ~
,

s p. w~,
.

5

i

0.12 0.14 0.16 0.18 0.20 0.22

|

W. . ,, n n.ef,N ,

, ,.- . A.n
.

< . . .- Mr <W. . &p ,u.. e, . - T.40 %

m-* w ,. #x,.a w ye< . f m. ., wt. ;.
w : ..

1

:n) .: . . ,a, . e. s ,<
.i - '

,. yp .,; .i- :7t ; m. 4.g,,e<, ,: y.;:.\
.,cy

+
7

' ) ;. 9,-,:r( - ,w. - W 4 e ;/(
a y . , . ,, .. m . . -

;k
,, J."Jmf g ,P w

o {g+;, a, ., m. e. ,
4

m.4;.
i

e. .o.,,,.er <m iw a .:p . - m,m;s. s 1 ,, y _y;' ,y s ,a
, :yq;dd; a,' j.Eg

.

*3

.g y p, .. n

d Agy- , ig, ;^--
..,

; 'a4 h.Qfi'a
- , f.r n. %g , HQ= ' tih.

, w t.{ :
,c.., 7,t..,

Asw,.

,mA , 4p .. 2 c.,1
,

i
t - e%'.. ..a N r # 4Y is

, S.*44 . ' .M j. j > ;y
1 .+y w k r ghth. . , , L< v *f' q &&m.g,u;,9 ~zh'

a-... e x=' r

j ,nA ! .

'k \
'

'

,

| 0.24 0.28 0.30 0.32 0.34 0.36
4

Figure 6c. liigh speed movie images of Run S-415.5(0.06).

i
l

. _ _ _ . . _ _________ _ . _ _ . . . . _ . _ _ _ __ , _ . . . _ . _ _ _ . _. __ . . . _ _ __, ._



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

|
|

'

'

|

|

i !
-

i
-

I

i
'

'
I

'
.

t
,

, .
,

.

!

! !
. .

[v w_ g.s -i [. c., . .i . ;
F. '~s-

- - - .m
p: : ~ : :: ca .% -

.; eg. .w n :~': .! . r..,

. , . ' " ~ (''[.
'

k- , 5.N' _-[,{p. p, i, .

0
*- ~!

1 .-- .-.s

. ra. . -
. , . ., +. .m . . w ,: . -4

.u(,g
1 ; . s , , . ..

fWLN <k?., s) ~ .| h<

,
,pg ,, g - <g ,

w ,e[/i

,c a. .. , o ,.
.

w. .

N'. .;

.

t=0.0 ms 0.02 0.04 0.06 0.08 |

.

;
'

| .::1 17I.eas. {L,+m--til w':
. .-

I
_

. ~, '

. gw3. M .- . 9. . q;c
i

x .,m
.

%, ,,.c;,m .a. 4

|
;La ,s - < pr.,y .;4 w . :q": ,+ry 8: . .m w.

< . v. , 8
& TP ~?F"6 2 N[,

,

T .; h.'/ . p'O
' . N.K .L :]E5. * S s$y?h?J:$_?'.

=

!

|ki A 0' ! :|
* ,

n.s 4.c5
~,

.A E, s. ;s . ~A m i

. w4 ,Jt?)k |j v:Q f sQ) ' A,9[ . -92M 3.p.:jk
4

,-

|.. or ,~ -~ ,.. -

*. ' t
j ., q ,g , ,

1 i / E c
3'f ,d .

,V g
,

3'

?'j,. p| *p. .. a.
,

n.p 49 .g,

t
i

0.10 0.14 0.18 0.22 0.26 0.30

i,

w* - W. . e,

e e.w?,,?n:*:-; 'w . .' c . '.c.4.uc < !.a,.i.?,4 :.,
,->M-. ., ..
+'. k*' N . 'N

. .i te *w|
'

, .7,,s4 S -
.

.
~ , .-

., m; ,

9,, c- e.
.Mc ! . le ; h)c. e .,

3
' ; . J .8 - . c i y #~. 4

*..M}JO
;.f. 4 4 c

J f . . ;,TF,i4 @f f ' a'3,%i y

,y $]I}; .f.) . .. .. .'$' :&.s, %ge

4
,

-

'. :D Wi ##[y6ff1 .. 3W'

ynw a, ead : : . A
^:w25.{ ),L 'y; Q|||| ifq;f

y $Q1 . . '..f.d
' ';.

-,w ~,,m.. ,;;. ., .> ..e .,.n, ts.., v. - :, n. ,

, s . , .
19' * - *) j;g

I a. s f

k? h
1

] 0.34 0.38 0.46 0.54 0.66 0.82
;
.

}

4

:
Figure 6f. High speed movie images of Run S-4 16.5(0.06).'

,

$

*
.

. . - _ . _ __ _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ , _ __ _ __ __



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

.

4

>

i

+c
.

)'

.

4

4

;

,

; |% ...;'
w;

'

0.5 j% > . | +:
' .b '-, ,

-

%p#
r y- -| ,.

. ;3
^ ~, _

', .-..

. , ay ,
_

<
r

0.4 - ; 17.. . v' '
' +.'' ' ' ' ' ~ ''

.

,
.- '

.<.2- ,r y 7 .;,9 .ss.

7 7, .,+ n g y .,.3 ; :g . p n..
'

.
..

;, . iy *, ; . '' -s. . ,2 *, .'_ fs
..

o> x
,

g3 -:. ;-, gg -
). ,

._ - ,%-

. ,

+,,

'' f_. . pe w'M
4e. .4'-

,'I>
%.. -. . . , ,

9.2
. - c.~.A;bh,,:......,f,, 1L|hhV'[gb0 Q

"If 49
,

, . ,,

...
.

Figure 7a, Visible image, X ray image and the mass fraction contours for a fragmenting drop at 032 ms after shock
! arrival for Run S-4-15.5.

i

i
- - - - - - - - - - - - _ - _ _ . _ _ _ _ . _ _ _ _ _ _ - - _ _ - . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ ________________s



~ . . ~. . -. .. -. . .. . - .~.. - -

d

;

J

Eh.,AE&%d ~

,

0.8
i

:
1

, .,.
. s q ,.

* ' 2

gg$4' :. .
%,'.

\
'

0.5 a

g|n;p;'
.

' ?. 4 7*hr A. L . a
~'

; . - y.' . ' 'J'

'
,,;

.

,. . y-
_* -g,4

- - , . . 5 :.
... - r;

' 4, , $ rf,iK.' fa g, . .) q'
ar .

-

,

'"* ''
, ,

,

.

7.
. . ,

.

' " t' *4
s?%2s . s

.. hg,3 akg ._ |g ' # <'
'.'

;

/ g;- .? . Ipij
!'

,

0.2 -

, ;.

,
J

'

e

*;p
iA ..

.-

8.1

. ..

!,

O.0'

|

Figure 7b. Visible image, Lray inuge and the mass fraction contours for a fragmenting drop at 0.12 ms after shock
amval for Run S-4 15.5(0 Do).

_____-_ ___ ____ _ - _ _ -. _ . , _
,



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

t

!

'

|

|

|

'|
l

'

-

|
.

1

4,
1

y as
,

i

Lw_ 4 "
--

!

')h$ Ohff ?|,gg ,

nR R |%y gf.4 . ,.y.f. .. ,

.
e-- , ,;%e . . . v i: J h u_

7 k N Y d N M.w?
,

f..*X
..,

'

_;.< j ?'W./ $ $ 8'4h;6g;i Q;. f:0.5 W h 4. ;

,..&,Q..%;ff . .:|*

. o . ms, tr'. .:.; s .
+, v ht n %=>-m *- * '' y. t m

.~

+ 7 O'.'i;; ".'f) gh .,1rw%gi;.
'

^ s,
- - -

.

e.4 " tr ; c. + -* . a

.

W {'
'

eg,<.;g' # .1,s.y;;pv: > 1 ;::,.
-

:-o.
8.3

~;,f . Y||' w. . ..3']%y1Q)QQ| }
y, , e ,,.-

.

.
.

' &.
%. q ',^ ; ,.c w .9 c.:, % ' ,-3

4
'

gh ,'d Q$2
3'

'.1 . u4, A ''$$$?.sg%;%p
g2

;

% g .; }d di$ D N 7IN'

: -
. @g;e.1 .

,
( '

- ,

1' i '... p . + %:.

- a . ,

2
;

I

|
l

:

Figure 7c, Visible image. X ray imap and the mass fraction contours for a fragmenting drop at 0.22 ms after shock
arrival for Run S-4-16.5(0.06h i

!

I

I
I

1

|
'

1

|
.- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ - _ _ - _ _ _ _ _ _ _ _ _



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

k

u

4

4

1

i

;
*

,

b

!

; 1

l4

!
iy

.-._._..._.__.,_,..c..._._:?3''r.uw~*q* -' + . - + .a.:./pg _ _ : .
.

.

<.

, *W+ 'Y.

.

Q:|':
; .4 .

.

. ,
, ? * .:|. J%

..][ 1 7 --
I. - . ~ ' f '

! Nd ,
;

'

e n.v r- x;.z n.,,y c, w. . . , . . . r, , ,

Qh.,|.h.-}
,' ' h - %} h {-[,.;f, Qfg-W.' ['' ' . ~[- ;f '

,,,

y?..,.f+>j.,,-n).?.&t'W NY f,p|; ? f.| i?:b; e s_.

g ..a.--
'- .- ,. , , . .p ..

.
,

'j r - > Lt . -n t;
'

r;. Q,, . , , . . - .
,#-

-. ..' y " .
- ' 94 n:

y. v., -s ..-

. . )N.v: ;- y .' ,. , . . ^ ;,f . * k. 9- , < ~ Y
A a,.y' , . ' .j . -

.:

; g
-

: - Q .<. u .p , .. , *g
.

; . s.
- ' .-

.

: , p .; a .. . g a ,.
,

., .

-

| , 'z | . ' . .
i

* ^' . , | , .. ,..,.. .; ,. ' &y.f'j':.,?' '? $ T| _ . . ; : ,' g.,.1Q..
.

.
- ~ . . ;

-

W;c,;f$.s.q,w,
, - , ,.,

, , . . , , . ....

. _ } :' . .. ; . .
.. , ,. . . ,m..

. y* {>g_, 9 p .:;9 g-*'., ., -
T -%[. 3.. ~j.

_y3 .
.

. ::_ ... - ;.. . \ 9 y' 'g Y.c*_ ,
,.

-

_ ;
%y % : r.,a m . ; r n s .. :...

. , .

- ':7 ' *' - - t Y ?.*W'

| S 4 15.5(0.06) s.4 16.5(0.06)
!
,

t
,

.

.

J

j .
.

.I;
. .

, -

, . . .

. .

.- -

: 1

.

. H,,,[, .
f .

<
. .

.
.

.

; , . ,' j.:

. - ; ..-

'

. ' . . -
-

; . . . . , . . , . _ , . . , , , .

1 . ,. u
:

-

. ,

-<<.,r,w,.,.
. , , . -a e- .4 . . .A..g

'

:* . -4

- * - .jp 4 .

*-

- % '(' ', ,'. .:.' '. . w . SI. :, , ,- 4,, . ', 6. .
' (.W:: . .| .. < > . , .9.. . .

,
--

.,..:.
,. . . . . . . -y2.- -,4, -

.-
. .. .3-

. . <. .
. -

. a 3.wg . o . z,.. . . .- -
, . ..<

's f * ' - ' 2 Ei; i / .M.,, ? ,''' A i M i ? i ', - $4 'N'f 1

.
. . [ '

k [ l z 'L ' ' i.' .
'

,-
'

< . . iz e :
,

. ,.i %; . -a .' ' :: -
3'.* :- ;': . ,,% # . . .. *: ..

: ~ . . . %^-g.M') , . Q.., py'
.

'- - . ..; * :' f g . },'*9: . ,| r-
Af ;.tkif.'% a

..
N' . %% ~ :' c %?. ; - ' ' g : ",':f-. --.r -,j .

.h .
. . '

,
. 4-

!

: S-4-15.5 S-4-16.5b
i |

! l
4

,

Figure 8. Photographs of debris collected for four runs conducted at 265 bar.

,

I

|

:

|
|

. . . - - . .- . -_ .. ..- ._., _ , _. _ . __ _ _ _ ___



.

|
*

...

8 C_ i i i

5116.5
7CL 7 3-4-13 3 ~

I ! (0.06)$

h 6C; 5416.5(0.06) _

w -
,

,

Vs - !
.2 SC'~

3,

E 'i
- \

b' 4CL i / ~

r ?, '

\
3C1 9 \ ~

_! N. s, 7
sfAT 3 'e'\#

%,' \ ?s 's' ~2C'. 9 ,

! IE ! b<, , ,
0

0. 5> 0.; 0.1 0

Debris Size (mm)

I
1

|
1

!

Figure 9. Size distribution of debris for the different runs.

;

_ _ _ _ . _ _



. _ _ __. ____ ._ __-.- - - -.--___--.-___-_________- .. ...--.

!
I 1

s

:

.,

! -

1

i
:

i
. - .. ,'k.|

-

, . . e. 3 - ' : ., .
,.

,

}
. ,' pf* :. ?,' 't .. %.'' '

-

N. A ,/ f - + ;,
i ' '-

,

.:,';~- , f. Nj. r gJ

v 'n,,s. wh ~ . s ,X] . .?fQ4 . ; _. . -p
, , .-

' ^
~

- .~
{ .

a
, gm . .

.,. . , ,y .j 5
;
.

. .\.
..

r . "' s . .N"-

;
_

, ' -+ '
,-

<
'~ 3

j'[ .
- i.

'

l e
'

i.>

(): . ,:. s s1 t; ,.

: i g/ . .e . --

''
' |

,.
. .

,
- -

% . ,

. ),
:
i / . . - ts ;

s - t.

i _.
1 , . ..

t
4 4
4 a

. 'g g..

| SKU,}- X2O 3 5 m rn
1
!

:
: .

f

I
'

&,! 3% . . ,

.w.. . .
a .s s,1

1 .rNi, .. ' AL .

.1 gf q w ~
,

- '
. es so - .e -

,

| .
.

. 't .L~,.', ' p'' ~'

|
- "1 , ' 'Q ' |

| % _ :~ .y: 2 . M, A '

..

.~ , ,4,, .

~ - p , ~w r . .I

f
'- M ' AA g . ',M. '; (w 6

,

\ ( . ,' g. :I
..

| ) ?', }|4 'f ,, h *~N ~' 6f ;.y ..
e *". -4 :, 1 '''

..

_

- - g s.. .,,

i s, . _ ,' 'N
.

.... ..

'
'

.

J %I \

_- ''
' ,$ h;j

s.- ,. s .. ,
.

.. .

.. .,
,

j .y .., .. <
,

e : - . q V", .
t'<

|
,

= ~ - . s

j : . . . .
- ,

1 0 0 p m .'
.

. ,

S K-U ; X2OO 38mm

Figure 10a. SEM photographs for run S-4-15.5. The top photograph is for a "large" particle and the bottom
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Figure 10c. SEM photographs for run S416.5(0.06). The top photograph is for a "large" particle and the bottom
photograph is for a "small" particle.
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F.1. Response to S.G. Bankoff (Northwestern)

General Comment and Highlights

General and unqualified agreement with the conclusions of the work under review.

Point-by-Point Responses

The principal documents winch were read by the author were DOE /ID-10541

(June 1996), DOE-10460 Vols.1 and 2 (July 1995), and DOE-10849 (Jan.1995),

as well as various papers published and/or presented by Prof. Theofanous and

one or more of his co-authors. My general impression is that this is a massive

piece of work, which attacks all aspects of the steam explosion problem in the

Westinghouse AP-600 reactor, and conclusively demonstrates that failure of the

vessel, to say nothing of the containment, is physically unreasonable. If no failure

occurs in the reactor vessel, essentially no release can occur to the inside of the

containment building, and hence the threat to the public health and safety is

eliminated. In the process of developing the evidence in terms of focused experi-

ments, development of new and improved codes, tying in work done around the

world, and developing a methodology for assessing the safety goals and margins

for rare, but high-consequence, hazards, a set of tools has l>cen developed which

represents a huge step forward in examining severe accidents in new types of

advanced nuclear reactors and in existing nuclear reactors.

In other words, in execution, scope and potential consequences, the total of

this work represents a very important achievement.

* * * * * * * * * * * * * * * * * * * * * * *

1. I think that the ROAMM approach makes very good sense for rare, but

high-consequence, events. I believe that a similar approach has been used before,

but never so explicitly and clearly stated. In particular, the recoguition that there

are " intangibles" which will never be known in advance, cons':rvatively bounding

them at each stage, and then enveloping the pdf passed on to the next stage,

makes the uncertainties clear.

* * * * * * * * * * * * * * * * * * * * * * *

2. There is no esthnate of the conservatisms induced by ignoring Buld-structure

interactions, assuming plastic Bow with no strain hardening, and using a much

F-3
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:

lower yield stress (330 MPA) compared to the measured yield stress (450 MPA).

; Such estimates would be helpful.
'

.

4

c The scaling of the fragility with the yield stress of the RPV wallis now discussed in an

addendum to Chapter 3.
J

i 3. All the codes (ESPROSE.m, ABAQUS and PM-ALPHA) appear to be |

well-tested against available data, and have been conservatively adjusted.

* * * * * * * * * * * * * * * * * * * * * * *
!

4. I would think the result that the greater the load localization, the smaller {

.

the effective impulse, has pacticallimits. For a perfectly plastic material, a delta-

function load (point source) will always penetrate continuously. The introduction

of bending moments to spread the load, of course, represents the real situation.
'

However, how far does the use of the etfective impulse go for failure criterion with

a very concentrated load?
,

Both in terms of amplitudes and areas we have well covered the conditions of interest

here. But this is an interesting question, so we carried out additional calculations with
still more cor.centrated loads. The results are shown in the addendum to Chapter 3, and

they indicate that the scaling effected by Eq. (3.10) is still appropriate, although somewhat

conservatiw.

5. The net result, from the axisymmetric and non-axisymmetric calculations,

that the details of the loading pattern are not particularly important is, in itself,

very important. This result would seem to hold not only for the AP-600 reactor,

but for all reactors, and greatly reduces the probability oflocal failure.

* * * * * * * * * * * * * * * * * * * * * * *

.

6. All the premixing work that I am familiar with (including my own) assumes

that a corium Jet falls into the lower pool by melt-thrcugh of the LSP (lower
'

support plate). A great deal of work has been done (and is contemplated for the

j future) on jet breakup, with various materials, jet diameters, temperatures and
; velocities, that is predicated on this assumption. The unexpected result that for

the AP-600 melt-tbrough will occur tbrough the side, rather than the bottom,

of the melt pool, is therefore of first hnportance. Of course, this happened at-

(
: TMI, but in AP-600 there is a thick stainless-steel reflector around the core. The

- code capability allows calculation of the subsequent premixing and melt / water |
,

F-4
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dynandes. There can be no large melt jet in transit; stratincation appears very

likely even in transit; and the whole scenario of damaging multiple explosions

disappears.

* * * * * * * * * * * * * * * * * * * * * * *

7. The simple models for blockage formation and blockage coolability, leading

to non-availability of downwards relocation paths, and transition to a molten
pool, are made credible because of the relatively Bat radial power distribution in

the AP-600 design. This lumped approximation would have to be re-examined

for other reactor designs.

* * * * * * * * * * * * * * * * * * * * * * *

8. The calculations of melt length scales and local void fractions lead to quan-

titative results which are more realistic and detailed than previously available. As

expected, liquid water is rapidly depleted from regions of high fuel concentration,

and the boundaries ofsuch regions can be quite sharp. Board-Hall thermodynam-

ics theory for steady plane shocks, previous multiphase calculations of he flowt

fields behind the shock front (Sharon and Bankoff) agree that regions oflarge

void content cannot sustain shock propagation at supercritical pressures. This is

the principal reason that the SERG-2 panel felt that the a-mode failure was not

physically reasonable. Precisely the same results are obtained by the PM-Alpha

and ESPROSE.m calculations.

* * * * * * * * * * * * * * * * * * * * * * *

9. The residual uncertainties proposed in NUREG-1524 werejet breakup trig-

gering,2D vs. 3D codes, and chemicalaugmentation. For the AP-G00, jet breakup

is no longer a major concern, as discussed above. The 2D vs. 3D controversy
is no longer relevant, since ulidated 3D codes are now available. Chemical aug-

mentation with the real corium produced in the reactor will have no important
elfects. Diggering is the sole intangible which will never be known for a real
accident. However, it is irrelevant ifit is assumed that triggering always occurs

at the worst time and place, and the result is evaluated by energetics, which is

to say the validated codes. The approach taken of triggering by setting one mesh

to a high initial pressure seems to me to be a perfectly ndid procedure.

* * * * * * * * * * * * * * * * * * * * * * *
.

F-5
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|

,

10. Convincing arguments have been addressed, backed up by a huge volume

of high-quality experimental, analytical and computational work, that the AP-
600 reactor willnot fan in the course of a severe accident. This implies that all

later scenarios of containment-building pressurization and heat-up are no longer

necessary. In my opinion, this closes the severe accident scenario for the AP-600,

and leads to consideration for licensing. The consideration of other reactor types,'

.

} on the other hand, does not appear to be so straightforward, and further work
-

} needs to be done.

* * * * * * .* * * * * * * * * * * * * * * * *

j 11. 1. DOE /ID-10503 " Propagation of Steam Explosion: ESPROSE.m Ver-

itication Studies", by T. G. Theofanous, et al. Aug.1996, and update of Sect.

4.2.1#

't

This is a convincing document, laying out the evidence that ESPROSE.m has

the capabHity successfully to predict various shock and vnpor explosion scenar-

los. These range from simple steady, one-dimensional shocks propagating through
,

singh-phase liquid and homogeneous gas-liquid mixtures, for which exact (or

nearly exact) solutions can be found, to experimental shock and explosion data*

* In the SIGMA and KROTOS facilities. The 1-D wave dynamics were tested

for shock speed, fluid velocity, renection at a rigid wall and reRection at a free

interface with venting for single-phase, liquid-air and liquid-vapor cases, using
ESPROSE.m and CHAT. The small deviations between the analytical solutions

;

and the codes can be attributed, at least in part, to the fact that the analyti-
cal solutions used an assumed constant sound speed in the liquid, taken as 1500>

m/s and 2000 m/s, while ESPROSE.m used the real properties of water. In some

i cases, as in the deviation in reflected shock speed, the ditferences in the analytical

predictions for the two assumed sound speeds is considerable, but ESPROSE.m^

: gives a smooth function ofshock pressure which interpolates between the two lim-

its, and is hence more credible than either of the two analytical shock reRected

shock speeds. As a check on the wave dynamics with reBection/ transmission at |

Interfaces between two materials of different acoustic impedance, which governs

the unloading-explosion coupling near a free interface, the CHAT code, using the

methad af characteristics, was written. For large amplitudes the quasi-linent code

CHAT-QL enduates the coeRicients in terms of the local Buid properties. These

codes were then compared ,vith ESPROSE.m for pressure and velocity distri-

bution for 1-D single-phase venting and for shock speed, Buid velocity. reRected
1

: F-6 I
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shock speed and shock amplitude for a 107c void non-c.>ndensible steam / water

mixture, with excellent results. This sort of independent cross-checking lends
considerable con &dence in the basic structure of the ESPROSE.m code, which is

a Anite-difference code in laboratory coordinates. Exact solutions in 2D geome-

tries are then given for innnite pool, cylindrical open pool and cylindrical closed

pool geometries, by superposition of an inRnite array of sources and sinks in or-

der to obtain reflection and transmission behavior at rigid and free boundaries.

These solutions are in themselves impressive, and likewise the general agreement

between the code and analytical predictions for pressure as a function of time

over the two-dimensional region. In fact, the agreement between the two predic-

tions for the centerline pressure distribution as a function of time and distance is

remarkable.

There is also good agreement between the ESPROSE.m prediction and the ex;>cr-

imental data in the SIGMA facility with all-liquid, and with a liquid-air mixture
in the expansion section. The key parameters of tir.ie of arrival and amplitude

of pressure waves at several locations are well-predicted, particularly in view of

some high-frequency ringing in the experimental transducers. The same is true

for multi-region runs with high pressure (aP = 68 and 136 bars) with different

initial void fractions.

* * * * * * * * * * * * * * * * * * * * * * *

12. One aspect of vapor explosions which is difBcult to model properly is the

presence of strong energy sources, especially near a free boundary, which are

caused by local explosions (rapid mixing) of fuel drops produced in the course

ofjet breakup. These sources can distort venting and reRection phenomena near

free boundaries. This was modeled nrst by characteristics solutions with single |

internal heat sources, with the energy assumed to be going only into the vapor,
1with heating rate increasing with velocity-
l
i

Qg = Cu" (3.2) |

I

with C being an empirical constant. More explanation is needed for the assumed
'form of this equation and the magnitude of the exponent, based on energy dissi-

pation. However, excellent agreement is obtained for various assumed values of

C between CHAT and ESPROSE.m. However, comparisons with data for single

exploding drops are lacking.

F-7
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Here we addressed a potential numericalissue, and the form of Eq. (3.2)is immaterial. All
,

we wanted was to create a source which increases in intensity with velocity, so we pick a

rather strong dependence on u to the 1.5 power. Through the coefficient c, we can further

adjust the " base level" of the intensity of such a source. We then show how one can have

different degrees of interaction between such a source and venting, and we show also that

ESPROSE.m performs quite well against this rather major computational challenge. We

do not see any need for special experiments in this area.
: |
'

13. At the ather extreme is a plane shock wave moving into a fuel / steam / water

mixture at low pressure. This is the scenario envisaged by Board and Hall, fol- |

,

lowing'the one-dimensional thearies of LiEshitz and Zeldovich. In the B-H theory \

the average specific volume of the mixture is plotted against pressure, starting }
'

with adiabatic compression to a peak pressure (von Neumarm point) at which the

steady mass-continuity condition for the now behind the shock front is satisned |

with minimum entropy generation. This results in the Chapman-Jouguet (C-J)

condition of tangency to the reaction adiabat, or Hugoniot curve, leading to a .

1
iminimum of shock speed with pressure. The ESPROSE.m calculation shows the

development of the shock into a steady-state detonation, using a fragmentation

rate given by

Fr = p}-j; (4.1)

where p} is the local macroscopic density, C is the " expected" shock speed
(1500 m/s), and ax is the grid size. Why the fragmentation rate should be'

a function of ax is not clear, nor is the form of this equation. More explana-
tion is meded. However, detailed comparisons between 2D and 3D versions of

ESPROSE.m are encouraging, and the ESPROSE.m P-V lines are close to the
'

expected Rayleigh line, and bounded by the shock adiabat.

There is nothing special in Eq. (4.1), except that we wanted to be sure the fragmentation

rate is fast enough, so as to be comparable with the " infinite" rate assumed in the steady

detonation theory. The form of Eq. (4.1) assures that fragmentation occurs within the
time it takes the wave to traverse one computational cell. We have since that time done

calculations with very high, constant, fragmentation rates also. By improving our steady
,

state theory (see Appendix D) to account for finite compression-trajectory effects on the

j. Hugoniot, the agreement now is even better than before.

,

o

F-8 |
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14. These results are excellent back-up for the interpretations of the KROTOS
,

i

experhnents given in DOE /ID-10489. All in all, even at this stage ofihnited |
comparison with integral explosion tests, one has conndence in the prediction of |
pressure-vs-time at various locations on the pool boundaries, and consequently

of the initial kinetic energy oflarge masses impacting on reactor structure.

* * * * * * * * * * * * * * * * * * * * * * *

15. Typos:

p. 1-1 verined

Fig. 1 viscosity

4 3 and ff Hugoniot

von Neumann

C-J point

Typos corrected.

15. 2. DOE /ID-10504 " Premixing of Steam Explosions: PM-ALPHA Verifi-

cation Studies", Sept.1996

This is, once again, a thorough, and high professional, document on the verin-

cation of the PM-ALPHA code against available experimental data and known

physics. The agreement with a wide range of data, from single particles settling

in water, to particle swarms, both cold and hot (up to 2000*C), to integral tests

with prototypic materials at high pressure, is rather remarkable. The breakup

constant 8, has been chosen to fit the integral data from several tests, but it is

used consistently. The Richardson-Zaki exponent for a monodisperse system of

spherical particles has been used without modincation for thermal eifects, with

excellent results. The FARO experiments, which gave very little usable data on

the jet breakup and dispersion, has been well-approximated for the measured

steam flow and pressure. The overall result is that the code seems to be well

suited for licensing purposes.

* * * * * * * * * * * * * * * * * * * * * * *

16. However, some specliic comments may be made and questions raised:

1. Eq. 2.3. This equation is incorporated into the code, but no independent
check on the R-Z exponent is made. On the other hand, the R-Z exponent

F-9
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i was chosen by comparison with a large body of data on systems of spherical

particles.

2. Figs 9 and 10 (p. 2-10) are interesting in showing decaying oscillations, and
,

an attractor above, but close to, the steady dri(t-Bux/ particle volume fraction

curve. This physics appears to be new, and should be further investigated.
!

3. p. 2-16. The careful treatment of the radiation boundary condition with

: slight subcooling is noteworthy.
i

4. Figs. 8 and 9 (pp. 2-30/2.41). The comparisons between the predictions for

: front position and the data for the Q5 - Q11 experiments in the QEOS series ;

} is remarkable. The level swellis not well predicted in the Erst 0.1 s, but this
,

i may l>e due to experimental uncertainty. For the important range t > 0.2s

the agreement is excellent.i

5. The explanation for the absence of a pressure hump at early times compared

to measurements for Q17, as being due to the extra radiant heating before :
;

impact, seems to me to be reasonable.
_

t

6. 'lhrning to the MIXA experiments, there is reasonable agreement with the

} pressure data, and excellent agreement for the cumulative steam Bow. <

,

7. Similarly, there is remarkable agreement with FARO L-14 water level swell,;

pressure, and pressurization rate, especially considering the complex geom-
.

etry of the equipment. The additional information from the code on local

void fraction, melt temperature, melt volumetric fraction and melt location

seems to me to be very useful, in view of the inherent limitations of the ex-;

periment. My own view is that the cost-benent ratio for further experiments
'

i of this sort is large.
1

* * * * * * * * * * * * * * * * * w * * * * *
,

;

;

.

k

~ F-10,

:
I

, ,~ ,+44 .. - ..- _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ , . -__ --



- . . -. .~. - . - - - -. -. - .-

u ;

F.2. Response to G. Berthoud (CEA Grenoble)

General Comrnent and Highlights

The review is generally agreeable, but reluctant to fully accept that a bottom relocation path is

physically unreasonable. This is a key point of our evaluation, and we provide responses to the
I

'

reviewer's specific questions. We expect these plus our responses to similar questions from other

reviewers to be helpful in further focusing the issues towards resolution.

Point-by-Point Responses

1 1. This document presents an analysis of the potentiality oflower head failure

of the APG00 resulting from a Steam Explosion. The conclusion that the risk is
,

negligible (< physically unreasonable >>) is quite convincing, and is based on:

1. the fact that water will be saturated and at 1 bar due to complete depres-

Surisation to the containment pressure and that these conditions willlead to

i large and rapid voiding which is not favorable for large S. E.
'

2. the fact that we have permanent blockages at the bottom of the core that

willimpeed any coherent relocation through the core support plate

3. the fact that relocation will occur sideways tbrough the reRector and core
;

barrel and so that the Steam Explosion will occur in a 3D geometry without

any large constraint allowing large sustained pressure

4. the fact that - even if reBooding is taken into account - when the melt will

be ejected sideways, we will have enough time to heat the added water up

to saturation and so to prevent good mixing.

The validity of the conclusion is then linked to the validity of the above four |
;

' arguments.

As for the Erst argument, there is no doubt that water will be saturated as far as,

renooding is not taken into account, tile fact that the pressure will be atmospheric .|
'

cannot be discussed here as this is justined in another report (IVR Report - table

7.3) however, I think that this has to be justined as the voiding will be less
,

important at pressures a little bit higher, around some bars. At these pressures, i

we can also recall that it was found it was easier to trigger an explosion in the

single iron oxide droplet experiments of Nelson in Sandia.

The fact what we have up to now no evidence of explosion in experiments using

reactor like materials (Krotos) (and that this is due to the non occurrence ofgood

r
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mixing) is stressed by the authors. But once again these Krotos experiments are

performed at 1 bar pressure while in Faro experiments at pressures of 50 and 20

bars, with saturated water some mixing was obtained. In a near future a Faro

experiment using initially saturated water at 5 bar will be performed and we will

then have an indication of the quality of mixing at small pressure.
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Figure 8. Relation entre le " trigger" necessaire au dbclenchement necienchementi

d'une interaction et la pression ambiante (cas de gouttes d'oxyde de fer de 2, 9 |

mm de diambtre A 2230 K tombant dans de l' eau A 298*K). \
1

Because of the passive design of the AP600 the pressures applicable to the severe accident man- |
agement window are in the range 1.1 to 1.7 bar. This is too narrow a range to bring in significant

pressure effects, and for completeness, we have run some calculations and satisfied ourselves that

indeed this is so (see addendum to Chapter 5).

2. I will now go through the different chapters trying to analyze thejustifica-

tions which are presented to support the crucial mguments mentioned previously.
1

Chapter 2: Problem definition and over all approach \

F-12 )
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It is mentioned that it is only recently that pressures in the kbar range weree

observed experimentally in constrained one dimensional geometry. However, I

think that a pressure peak af the order of the kbar amplitude and millisecond
duration was measured in the Sandia FITS-RC2 experiment which was well vented

(initially open at the top and later vented at the bottom as the vessel left the
ground). But this was obtained usingiron-alumina thermite and subcooled water.

We are aware of the experiment, and its energetic natures (from movies), but we do not have

indications in the literature of reliable pressure measurements.

Another important argument is that < because of extensive voiding, we3. e

twed only be concerned about the Erst relocation event, and only for early trigger

in it >. This seems to be justined by the premixing and explosion calculations

presented later but I wonder why, after a Brst event, when water is slashing back

a second event cannot occur at about the same location where the structure will

has been already dynamically loaded and eventually already deformed by the nrst

event.

As seen in Chapter 7, the structure response remains within the elastic limits. Subsequent relocations

in the scenario proposed by the reviewer would be too gradual, and water would be quickly depleted

from the lower plenum.

4. Chapter 3: Structural failure criteria
i

In this chapter, it is stated that < the time-duration of the loads ofinterest here is

less than the structural frequency >, so it is expected that < peak strain would

be basically independ of the details of the pressure pulse shape >. However,
,

1
nothing is said about the estimated value of the natural frequency of the R.P.V.

which seems to me to be of the order of magnitude of some msec so not so far

from the load duration.

However, all the analysis is made with the analytical solution of Duney and
Mitcheli which assumes < short pressure pulse > and allows to evaluate the |

phwtic equivalent strain with incorporation of strain rate effect by formula (3.2). |

But the comparison of the analytical results to ABAQUS calculations shows that

the analytical relation gives conservative results for the plastic strain evaluation |
1

(ng. 3.2). |
1

|
l
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No. All the analysis is not made with the analytical solution; it is made with ABAQUS. The

analytical solution is used to obtain insights helpful to the task of coming up with the lower head
|

fragility.

li. Another mitigating factor is investigated: the eifect of load localization j

which shows that for a given impulse, the equivalent plastic strain is smaller |

when the loading is smaller. Use of these results is then made by assuming that

a fraction f of the impulse is used for bending energy so that only an < effective

impulse > is applied for the evaluation of the equivalent plastic strain. We are
told that 6 is a material and geometric < constant > but I have not found any
indication ofits evaluation i.e how the results shown on Eg. 3.8 and Rg. 3.9 are

obtained. As Rg. 3.9 is used to evaluate the eiTect ofloads calculated in Chapter

6, I think that it should l>e a little more explained.

is chosen so as to fit the " data"(i.e., the results of ABAQUS simulations). The value is 0.05.The

This was added on Figure 3.8.

It also seems to me that the localized loadings are applied on the axis of
G.

the hemisphere (see table 3.2). doe:, the fact that these localized loadings will
occur on the side of the hewisphere with singularity where the sphere is linked

to the cylinder will modify the conclusions we can draw from Rg. 3.9.

The cylinder juncture to the lower head is quite a bit higher than where the water level is, and the
further below location where the premixture develops. Moreover, in Chapter 6, we have full-vessel

simulations (see Eq. (6.2)).

N.B. There are some errors in table 3.2 as for the value of Ao which does7.

not correspond to $b as written in the caption.

Typo corrected.

8. Chapter 4: Quantincation of melt relocation characteristics

This is a very important task as most of the boundary conditions for premixing

and explosion calculations are obtained from such an evaluation.

e The downward relocation path (arguments 2) is not envisaged: < we expect

this path to be blocked by molten cladding and the blockage be robust >. This

expert judgment is supported by the large heat sink associated with the large
amount of < cold > materials in the lower part of the core. As it is said that

F-14
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due to l>e big stainless steel reRector, the first relocation will be delayed compared

to what occurwd in TIM and that at this time, we will have a large oxide pool, it

is hnportant to know if this molten pool will reach the region of the lower Ession

gas polonium where the heat sink is not very large and where we can have a
breakdown of the supporting material. Ilowever, in the paper, the blockage is said

to occur in the region of the 7 cm < lower Zr plug and lowermost spacer grid >>.

Some calculations are presented to show that the plugging time of this region by

melt with negligible superheat is of the order of seconds. For this calculation I

have some trouble with formula 4.2 where, as for me, A is not the same as in the

Carslaw and Jaegger text book but I did not try to perform the calculation. We

can also make another remark: if we have some breaking down of the Ession gas

plenum region, when the molten pool arrives we may have superheated molten

material from this pool that with Row in the lower blockage region for some times

before plugging It would be interesting to know what amount of molten materials

can be transfered in the lower plenum through the holes in the core support plate

before plugging of the passages in the blockage region. As for this plugging time

- which is crucial to support argument 2 - it would be interesting to see more
realistic calculations including the innuence of the interface thermal resistance

between the crust and the solid wall that will slow down the freezing process and

then increase the plugging time.

If the blockage was to fail, releasing material into the fission gas plenum region, the material

entering the Zr plug region would not be superheated, and will carry with it a significant metallic

fraction from melting the cladding in the fission gas plenum region. Thus plugging would be very

fast, and negligible melt could escape downwards.

9. * As for the blockage coolability:

- the stable blockage thickness should be sensible to the radiation factor fr which
is set to 0.7 without any explanations

- the cooling of this blockage is ensured for about 100 mm which is the time re-

quired ta vaporize the water which fills all the volume between bottom of active

core and bottom of core support plate. It is later estimated that meltthrough of

F-15
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the reflector by the molten oxidic pool will occur between 7G and 91 mm accord-

ing to the amount of oxidation (80 to 95 mm in the calculation < without >>
preheating). If we add the time require to melt through the core barrel, we get

timing of the release of the same order of magnitude than the insurrance of block-

age coolability. As all these calculations are order of magnitude ones, I think that

argument 2 (no downward relocation path) may be questioned.

All relevant factors were evaluated with some conservative bias, and these are not order of mag-

nitude calculations. Rather, we would characterize them as basic-principles based conservative

estimates, clear and supportable in every respect. So, to dispute the quantitative result, one would

need to be specific about which input or aspect of the calculation is being questioned. In the report,

we also emphasized that beyond the 100 min, the heat capacity of the core suppon I ate providesl

funher margins to failure-this is a key point in the whole argument. In any case, some funher

elaboration on uncertainties is provided in an addendttm to Chapter 4.

10. * Molten pool formation

- In the initial heat up calculation, are the reRector and core barrel in contact

everywhere as it is shown Bg. 4.8 and 4.9? In that case the cooling elfect will be
loverestimated and the melt superheat underestimated. 1

No. The melt superheat is only controlled by the pool convection processes. The crust thickness

adjusts itself only to the losses, and this is not important.

11. - During the transient heut up calculation, what happens to the molten

cladding and how the calculation with the effective thermal conductivity is even-

tually modified?

The effective conductivity is not modified. The anoxidized cladding is assumed to drain.

12. * Molten pos] calculation

Such a calculation is performed for the axidic and metallic pool, and there is

a crucial hypothesis which is the presence of a stable oxidic crust at the upper

surface o[ the oxidic pool. In the document, it is mentioned that it is assumed

that the clad drains but is it fully true? Cannot we have some metals included

in the moving down oxidic pool? What happen to the part of Rssion products

which are released at fuel melting? Will they modify the molten pool behaviour

for the stability of the upper crust and the evaluation of the diiferents Buxes?
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The stability of the upper crust is not important here. If it is distorted and broken by some vapor-

ization from below, it will form again right away. We know that the metal layer will " eat through"

the reflector rath.:r quickly, and the exact timing of it does not make any difference. Certainly it
'makes no significant difference to the treatment of the oxidic pool either.

13. * Melt through and melt release calculations

It is said that rapidly the metallic pool will melt through the renector but it is
assumed that the meta 1 < will be gradunlly draining >> inta the space between

the Buts of renector and the core barrel. Cannot we have some kind of metallic

jet impacting on the core barrel with some rapid meltthrough leading to a steam

explosion between metals and water?

;-
~

'/) ructs8e

/ mekn(c

[ P** I

/

w .: avA. ws4

Core barrel y 4gyi

No. Because of the highly erosive property of the metalit could not accumulate to significant depths
1

to produce the stream needed to penetrate the " cold" core barrel. The process will be more like a '

gradual overflow.

14. * From the above analysis it is concluded that when the oxidic melts
through the reBector, there is no metal on it and that failure of the core barrel

occurs soon after. First, it would be interesting to evaluate the time required for
,

core barrel meltthrough (if there is an open space between the two of them).

But there is another problem if the space between the Bats of the reBector and the

core barrelis already Bikd with the metals from the metallic layer, how the oxidic

pool can rapidly go tbrough the core barrel. This situation may be a promoter for

downward relocation if this added metal may increase the time for meltthrough.

As noted on p.4-23, the total capacity of the spaces between the reflector and the core barrel is

~10 tons of steel, and this corresponds to 50% of the reflector corresponding to the pool height.
|

The oxidic pool will fail the reflector and the core barrel well before such an extensive melting of

the reflector; that is, before the spaces are completely filled with metals. If this were not the case,
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the failure of the core barrel would occur at one of the corners of the reflector, making the failure

more localized and hence producing a more benign pour. In any case, there can be no significant

enough delays in melting the core barrel as compared to the times necessary to lose lower blockage

integrity.

15. * As for the location and size of tile failure, most of the information is

obtained from expert judgment and should be furtherjustified:

- the failure < is expected > to be local azimuthally and very near the top of
the oxidic pool. I would agree with that statement as even, if the calculation is 2D

cylindrical once a flat will fail, the rapid relocation will impeed failure on other
Rats. But I would not be able to give any probability for 2 quasi simultaneous

failure, or 3....

- for the size of the breach, it is said that 0.4 m < would appcav geometrically

a good upper bound on the first breach width and that a < 10 cm axial gap is

believed to be conservative >.

- there is no mention ofihe rapid increase of the size of the breach during the melt

release as it has been observed in experiments. However, as only short duration

premixing-triggering scenario are taken to be ofinterest, this enlargment would

not be important. But, if we take into account steam explosion occuring when

water is sloshing back after a Brst event, this has to be taken into account.

See response to previous question about the postulated " series" of steam explosions.

16. Chapter 5: Quantincation of Premixtures

Given the melt release conditions (Bow rate, location, temperature and compo-

sition), the premixtures are calculated with an improved version of PM-ALPHA
which is now 3D and includes a melt fragmentation law (which was lacking up to

now) as it is recognized that it is interesting < to know the distributions of the
melt length scale >. However, this fragmentation law is not described and this

should be done and justified as fragmentation is responsible for voiding (< the

rate of voiding increasing rapidly with the rate of breakup >). I would also like

to know why the < breaking law is operative only for as long as the coolant has

a void fraction ofless than 50% p. If the fragmentation was always operative,

voiding would be larger so there must be a good reason for doing so but I do not

see why.
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The breakup (not fragmentation) law is described in the PM-ALPHA verification study, which was

also supplied to the reviewers. There is a void fraction limit (conservatively set to 50%) to express

the fact that, breakup occurs significantly due to the presence of water-inertia effects and melt-water

thermal interaction effects. See, for example, our interpretation of MIXA and FARO data.

17. The melt entrance conditions into water are also specified and not ce.lcu-

lated:

- entrance velocity whose evaluation is correct

- distribution of the melt < over an effective radial width of10 cm >> with a melt
volume fraction evnluated to get the correct mass flow rate. This distribution is

crucialin determining the amount of vapour which is produced as the larger the

entrance area, the longer you are in the film boiling regime in which the steam

production is at maximum. This behaviour was observed in MC3D recalculations

of FARO tests, where a doubling of the pressure increase (linked with vapour pro-

duction) was obtained with a doubling of the diameter of the melt flow. Recently

CHYMES 2 recalculations showed the same trend.

Steaming rate should not be confused with voiding of a premixture. Here we are principally

interested in the extent of voiding, not steaming rates.

18. - initial droplet diameter which is set to 20 mm (a large enough value to

represent a minimally broken up melt stream). This parameter is also important

for vapour production, it would l>e interesting to see sensitivity calculations with

diameters varying from 10 to 1 cm.

The initial melt length scale is absolutely unimportant, as long as it is large enough to represent

a minimally broken melt stream as we expect to be the case here in the travel through the vapor

space. We have demonstrated that by the 2 cm no-breakup case, which is less voided, but still rather

benign, a larger length scale will still be more benign. Now, due to the breakup, in the advanced

portions of the jet the vapor, like a chimney, also would cover the less broken portions and give still I

more benign explosions.

19. I am not so sure that the melt will be transformed in a droplet population

before entering the water. We may have a large melt stream on the wall with

subsequent fragmentation into the water but with a different law than droplet
fragmentation. Would it lead to a < benign evolution >> as it is mentionned.

This is again an expert judgment.
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This concern would be applicable if we used a mechanistic law for droplet breakup, but for this

and other reasons we don't. Rather, we vary parametrically the law, and envelop the behavior

regarding extent of voiding as related to the law (and extent) of breakup.

20. As for jet fragmentation calculations with THIRhlAL, I cannot trust
them if the fragmentation is still governed by Kelvin Helmholtz type calcula-
tions. Aforcover, in FARO experiments with 10 cm melt jet, it took more than 2

m of water to break the jets in a 50 bar atmosphere for which voiding is smaller.

At 50 bar the voiding is smaller and the steam velocities generated are also smaller (than at I

bar), and this is why in FARO we expect less breakup. Still, however, the premixture was highly

voided, and the melt extensively fragmented according to our interpretations of the tests. Ours are

fully consistent calculations using the proper non-!ocal radiation absorption law. The THIRMAL

calculations are offered as another perspective, still parametric, not mechanistic. We do not believe

anyone can do mechanistic calculations that can be trusted; moreover, we do not believe such

would be a good approach even for the future (it would run into serious verification problems due

to inherent problems with directly quantifying this aspect in experiments). We do not know where

the reviewer's accertion about the FARO tests derives from.

l
21. Chapter 6: Quanti & cation of explosion loads '

1

Nothing is said about the parameters used in ESPROSE-m 3D but as the trigger
|

uses a 100 bar steam release, we may think that the hydrodynamics fragmenta-
\tion law will be correct Due to the small amount of melt irwolved in explosion

calculations, there is no problem with the energetics of the explosion and we are

only interested in dynamicalloadings of the RPV. This is done by the estimation

of the impulse and of the local area of loadings from ESPROSE-m results. I |

have some problems to understand how h is estimated page 6.3 from the area

evolution as shown on Eg. 6.5.a.

In the text, it is said that peak impulses are around 0.1 and 0.2 hfPa.s with

eEective area around 0.1 m' (which gives b ~ 0.15 ) and from fig 6.5 c where I
2 '

find a 0.2 hlpa.s impulse, I do not understand how I get Ao ~ 0.1 m from the

area evolution which is shown.

We take the area over which the main impulse is delivered. For example, in Figure 6.5(a), this

occurs in the time interval from 0.3 to ~0.5 ms. Over this time interval the area is then seen to be )
2~0.1 m . Then using the equation on p. 6-3 we find do/D, ~ 0.16. |

F-20



-. - .. _._ __ _ . _ . __. . . _ . ~ . -_

22. Apart from this problem, ifI accept the Bgures mentionned in the text, I

agree when coming back Rgure 3.9 that there is no risk for I ~ 0.2 and hg ~ 0.15

as Q ~ 0 This is confirmed by the ABAQUS calculations of the tsvo most
energetic explosion calculations obtained by PM-ALPHA plus ESPROSE-m.

* * * * * * * * * * * * * * * * * * * * * * *

23. As a conclusion, I can say that if we accept the scenario which is retained

by the authors, I think that - whatever my remarks abot.t premixing quantinca-

tions - the AP GOD RPV cannot be challenged by a steam explosion. However, I

would like to have more established conBrmations of this scenario by mechanistic

calculations when possible or parametric calculations when it is not.

The main thing to be conBrmed is the impossibility to have a downward ielocation

f.e
.

- the possibility to have a break down of the lower Ession gas plenum rather than

a continuous draining. This will give a sudden access of the core support plate

holes to the melt

- the influence of the already relocated metallic pool on the oxidic release. It

may take a longer time to break through and the blockage integrity may then
l>e challenged. The inRuence of an interfacial resistance between the oxidic solid

crust and the wall - specially at the top of the I>ool - will also participate to an
increase of the thne of break through and of the evaluation of melt superheat.

1
iOther branches for the scenario should also be evaluated.
l

\- the possibility of the metallic melt to rapidly go through the core bairelleading

to metal-water steam explosions

- the possibility to have steam explosion at later times (in the oxidic case) when

water is slashing back after a Brst small scale (i.e low energetic) event.

As for reRooding scenario, the fact that water will be closed to saturation should

also be evaluated.

This is a summary of points made and responded to above.

!

I
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F.3. Response to M. Burger (U. Stuttaan)

General Cornment and Highlights

Many specific issues are raised in this review, about almost every aspect of the analysis and support-

ir.g documentation. However, it is also stated that in an overall way the analysis is convincing and i

that the spirit of the criticism is to help provide further supporting evidence. To the extent possible,

this is done in the point-by-point responses below.

Point-by-Point Responses
L

1. 1. Purpose, Procedure and Main Conclusions of the Study

The purpose of the work is to show that the lower head of a reactor like the

APG00 withstands the load of steam explosions. According to the ROAAM phi-

losophy, all physically meaningful causal paths that could lead to failure have to

be investigated. The decomposition yields the following central areas of analysis:

1. Since pressures in the kilobar range have been obtained in the KROTOS

experiments (although not yet with corium and in one dimension), a direct
exclusion oflower head failure cannot be done. Thus, detailed calculations

of possible explosion loads are required, taking into account the specific ge-

ometry with respect to venting cffccts. This is done by use of a 3D version

of ESPROSE.m.

2. The possible spectrum of melt / coolant mixtures developing in the lower head

due to an assumed core melting must be determined. This is done by use of

a 3D version of PM-ALPHA.

3. Possible timings and strengths of triggers have to be considered. Due to the

uncertainties, an enveloping approach is pursued here, concerning the timing

as well as the strength.

4. Since close to the wall pressures in the kilobar range are obtained in the

calculations, specific investigations on failure criteria are required. This is

done by a simple estimate and also by means of the ABAQUS code. Con-

siderat. ions on the possible interaction with thermalloads are also required.

5. Considerations on the melting and relocation process in the core and the
,

release to the lower plenum have been considered as necessary for restricting i

the possible spectrum of melt / coolant mixtures. This is done by separate
estimates.
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The main arguments in the report are:

It is assumed that a pool of ceramic melt surrounded by crusts forms in the

core due to the cooling capabilities of remaining water in the lower plenum (at

the beginning of melt motions with level at ~257c of active core height) and the

large heat capacity of the lower part of fuel bundle with lower Zr plugs and the

lowermost spacer grid. The key points are then that a downward relocation path

o[ melt tbrough the core support plate is excluded and melttbrough af reRector

and core barrel is assumed yielding nnally a sidewards relocation through the
downcomer.

This sidewards relocation is restricted in extent assuming failure at the upper end

of the pool based on the analysis of heat transfer from the pool and assuming

plausible failure sizes. Further, it is argued that only one failure location is
twallable within relevant times for premixing of the relocated melt in the water

and triggering. Strong voiding of the mixtures under the expected conditions of

saturated water is expected and calculated by 3D-FM-ALPHA. Thus, only small

amounts of melt in the lower tens of kg are considered to be potentially explosive.

This is taken to directly exclude large break possibilities for the lower head.
Various calculations with ESPROSE.m assuming suRiciently strong triggers are

additionally taken to exclude also local threats to the RPV. This is Enally done

by comparison with failure criteria for the RPV wall yielding directly (without

application of the probabilistic framework) the conclusion that failure is physically

unreasonable.

Further, renood scenarios are enduated to even mitigate the possibility of vapor

explosion threats, due to cooling and preventing melt outnow. Mixinn with the

melt in the pool is not considered as effective (small yield of stratined explosions).
1

In addition, preventing outBow by renood would also mean to exclude mixing of

melt with highly sul> cooled water, which is considered as the only case with a |
potential to challenge the lower head due to increased penetration depths without |

excessive voids. |

!

Cases with thermally weakened RPV walls are restricted to later phases of melt 1

outBow. Then the water and mixtures are already assumed as strongly voided.

ReBood FCIs are considered in the report in stratified configuration, i.e. water

above a metallic layer. A threat is excluded due to rapid spontaneous interactions

with the subcooled water and rapid freezing of the metal surface before a thick
,

,

i
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water laycr establishes which could yield sufficient constraint for strong pressure

buildup.
,

Based on these considerations, the major conclusion of the study is that steam

explosion-induced lower head failure in an APG00-like reactor is " physically un-

reasonal>1e".
'

* * * * * * * * * * * * * * * * * * * * * * *

2. 2. General Co. mnts

The procedure as well as the general arguments are convincing. This concer

especially;

e The argument that a strong cold trap at the core support plate, espeually if

still connected with water, can prevent the downwards release path to occur

before sidewards release at the upper region of the melt pool. This yields a

significant reduction in melt flow rates to the water, especially to a possible

downwards release in multiple streams. If the cold trap at the l>ottom is
strong enough, no downwards release will occur until all melt is released

sidewards due to a continuous failure progression.

* Then, the saturated coolant condition prevents larger premixtures without

high voids, since :arger premixtures could only develop within longer times.

The geometrical conditions of the flow through the downcomer also favors

this.

The strong voiding of mixtures calculated with PM-ALPHA is thus plausible.*

With the small mixtures (small melt masses) of not extensive void plauiible*

from the above statements, the ESPROSE results are also plawible (the
obtained pressures even appear astonishingly high - probably due to the
restricted venting).

* Thus, also the conclusions on the threats are plausible.

The high number of calculations with PM-ALPHA and ESPROSE coveringe

a wide range of conditions can also l>e taken as supporting.

In spite of this agreement in I>rinciple, there remain problems in the details of the

argumentation and performance of the analysis. Improvement 3 may be performd

to even better confirm the statem ents and conclusions as a basis for use in licensing
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actions. This will be discussed as follows in some detail. Since, in my opinion, the

statements on the relocation path are a most critical point, I Brstly concentrate

on this, then considering the subsequent analyses on premixing and explosion. I

will not consider the aspects of structural failure criteria which appear to be well

established. I will only give few arguments on possible further scenario aspects

concerning renood.

* * * * * * * * * * * * * * * * * * * * * * *

3. 3. Comments On Melting and Relocation

Firstly, it is shown by estimating plugging times from a freezing model based on

semi-inSnite heat conduction that the plugging takes place in a range of seconds

(for the lowest initial rod temperatures 0.6 s with Zr and 2.4 s with UO ). How-2

ever, the melt Bow is not taken into account in these considerations. This means,

that the freezing zone may extend over quite a distance. E.g., ~0.6 m would

result for 1 s with 0.6 m/s as a typical velocity from CORA experiments. Higher

velocities would result with thicker melt Rims. Thus, the nnal blockage formation

should require some more time and distance (need of additionni melting and melt

How or compaction to a crust by remelting and relocation of upper parts of a

partly blocked region). Further, this process may yield localincoherencies of the

crust formation, i.e. also weaker regions, although the cold traps at the bottom

give certalnly a unifying trend. Thus, in order to further verify the statement af
rapid blockage formation calculations with a core melt code would be desirable.

These could also yield a more detailed perspective on related (subsequent) im-

portant questions, especially the heatup of the cold trap regions and the water

level development.
.

To our knowledge there is no mechanistic code calculation out there that shows the possibility of

direct melt relocation through the bottom of the core. Even for BWRs, with much more open

geometry and a much larger metallic component in the core, there are significant doubts about such

a direct relocation scenario. We do not think such calculations are necessary.

i

4. Secondly, assuming an existing blockage with an overlying melt pool, it is |
checked whether a steady state with a stable crust below melting point (~2800

K for oxidic or 2100 K for metallic material respectively) can exist. Metallic
and ceramic crusts are considered alternatively, with a heat Bux from the molten

2ceramic pool above of < 0.02 MW/m , a volumetric heating of ~0.5 MW/m in

F-4



the ceramic crust and cooling from below via radiation. Here, it appears not clear

to me why the fraction of fuel volume is only taken as ~309i (p. 4-6). This seems

to be a value for intact structures. However, if the metallic parts are all relocated

during estal>1ishment of the ceramic crust, then this may consist essentially of

UO /ZrO (~80/20 wt ratio). The local shape factor should also not be decisive2 2

due to the crust formation from upper material. Taking a value of decay heat of

3 of the UO ZrO300 W per kg fuel (p. 4-18) this would yield ~2 MW per m 2 2

crust.

Existing and relocated fuel volumes and relocated metallic melt volumes were consistently taken

into account. The relocated material is taken at the average core power, while the fuel stubs that

support the blockage is taken at the local peaking factor- but without releasing its volatile fission

products as it is found in a cold, solid state. See additional results in the addendum to Chapter 4.

5. For the downward heat tlux from the molten corium pool above, a maxi-

mum value of 0.02 MW/m' (fully developed) is assumed. This is derived from

Eq. (4.14) based on the Steinl>erner-Reinecke correlations for a rectangular ge-

ometry (typing error in (4.14): ext >onent 0.095 instead of 0.049). However, this
1correlation is only confirmed for Ra' < 5 10 *. For the conditions considered

here, I obtain a value of Ra' ~ 1017, assuming H = 1.8 m and Q = 2 MW/m .3

' The correlation is also derived for non-isothermal lateral boundary conditions,

in contrast to the present assumptions. The inBuence of the lateral boundary

conditions appears to be small, however. For a case with vertical cylinder and

melting point temperature at all boundaries THEKAR calculations [1] also yield
a rather similar correlation (Nu = 0.935 Ra' 1 ), but only for Ra' numbersu

9below 10 .

The value of 0.02 MWA'2 is absolutely ir.significant in comparison to the heat flux generated due

to the heating in the blockage belf (see also the addendum to Chapter 4), which is in the 0.1 to
20.2 MW/m range. Thus the 0.02 "alue could be varied by +100% or more without changing the

results - such uncertainty is not expected in the kinds of questions asked here.

G. But, the main question is to me whether - in view of the above arguments

and at least some lateral cooling potential- the assumption of a rcetangula: pool

geometry is a too strong idealization and other geometries closer to hemispherical

shapes can really be excluded. Such geometrical variations would yield signifi-

cant variations in the heat transfer to the lower boundasy. The influence of the
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lateral boundary would increase (natural convection inBuence versus stable strat-

incation). For a hemisphere (certainly an extreme under the given Bat radial
2 would result at the curvedpower shape) even a mean heat Bux of 1.05 hiW/m

lower boundary according to (5.28) from the IVR report and at the center still
0.1 hfW/m according to (5.30a) from IVR. With a thermalload from the melt
pool of 0.1 hfW/m' and Q = 2hiW/m in the crust only 3 cm of stable ceramic3

2crust would result from equations (4.3) and (4.4), with 0.02 hiW/m about 5 cm.

No. The scenario described in the report does not lead directly to a rectangular pool. It is ratheri

the final state, evolving through intermediate shapes such as that in TMI. Exactly because the

fluxes on the vertical and slanted boundaries are greater, and including the non-coolable nature

of these intermediate blockages there will be a gradual expansion of the pool, all the way to the

reflector radially, and eventually to the final cold trap at the core bottom, where the blockage can be
2 3stabilized by radiation cooling. Neither the 0.1 MW/m nor the 2 MW/m values are appropriate.

Nevertheless, even a 3 cm blockage at the lowermost extremity of the core would be more than

sufficient to contain the melt pool.

l

7. Further, the Brst blockage should be metallic and a ceramic crust should

settle above. Then, the combined system of ceramic and metallic crusts should i
'

be considered. This yields a lower bottom temperature, thus lower radiative heat

removal. Therefore, the crusts should become even thinner. If, dne ta heatup af

the lower structures, the lower region of the metallic crust remelts and relocates,

this yields a further decrease of downwards heat removal from the ceramic crust

region, thus inducing further remelting.

This sequence of events descobes one part of the phenomena associated with the pool expansion

phase (as discussed in the answer to the previous question). The fact remains that this expansion

will be stopped mdially by the reflector, and axially by the cold traps at the lowermost ends of the

bundles. There, the blockages will be coolable and we have shown them to be so both for metallic

as well as exidic compositions. Because of the tight geometry even a few centimeters of blockage

would be adequate to support the molten pool.

8. Finally, the downwards relocation path appears not yet as surely excluded

as stated. It is also to be mentioned here that local melt streams into the melt
pool could strongly enhance the local heat transfer to the bottom crust as shown

in [1]. Thus, together with the uncertainties of the process of crust formation
considered above and the smaller crust thicknesses of the above estimates, local
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inhomogeneities of the crust may become important and may induce local failure

at the bottom.

This mechanism is not appropriate here. Here the pool forms from the middle and top with a

downwards progression. By the time of interest, when the blockages have reached the lower

extremities, there can be no supply of long-duration cold streams of melt. Also, the pool is rather

deep (compared to the experiments mentioned) and would mix, and stop well before the cold plume

could reach the bottom crusts.

9. Ilowever, the basic idea that signincant cooling potential is provided from

the remaining water in the lower head and the massive core support plate is
promising. Perhaps, some further calculations related to the above objections

could yield further support, But, the steady state consideration for the crust may

not be sufficient in general. Calculations on the time-development of melting and

crust development with available codes may be necessary for better conBrmation.

Following the whole melt progression process, as suggested here, is a very complicated matter, and

subject to much greater uncertainty than the basic-principles approach taken in the report. Such

calculations may be useful in providing another perspective, but we don't believe we could defend

them as the basis of our case. We are aware that this reviewer may have such capability, and would

like to see related results be added here for such funher support.

10. The main statement is that sidewards melt-through occurs significantly

before possible downwards relocation, within the time of ~ 100 minutes during

which cffective cooling from remaining water above the core support plate is avail-

able. The basic statement is that sidewards cooling is much less effective than

downwards cooling. The evaluations in the report take the sidewards l>oundary

condition as adiabatic, i.e. no lateral heat removalis assumed. This appears to

be a too strong restriction. On one hand, heat removal by the produced steam

should be taken into account. On the ather hand, heatup of the RPV wall by radi-

ation from the barrel and outside vessel cooling by Booding should l>e considered.

Taking a temperature diEerence of ~ 500 K over the barrel and reRector and an

o " w barrel temperature of ~ 1000 K as given from the calculations (Figs. 4.8 -
4.12) nearly half of the heat Bux through barrel and renector could be radiated

to the RPV wall (if taken at saturation).

The radiative heat sink to the vessel wall and through it to the outside water was taken into account.

Because of the low pressure, steam cooling (through the reflector holes) was found to be negligible.
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11. The calculations on core heatup and melting essentially yield the timing

for melt pool formation (~ 42 -57 minutes from core uncovery to 20%) to be |
related to the times for evaporation of water above the lower core support plate

d

and for heatup of reBector and barrel. The further heatup of the ceramic pool |

and the overlying metallic melt layer resulting from reRector melting as well as

the heatup and melting of reBector and barrelis calculated by means of equa-

tions (4.10) - (4.15), of which (4.14) has been questioned above (questioning the

assumption of sect:wgular pool shape). With the lateral heat Bux in the ceramic
'

pool an additional time of 34-38 minutes is calculated for reRector melting. This

is taken to verify lateral melt release at a time with still effective cooling from

below (water above lower core plate). But, it has to be remarked again that
lateral heat removal is neglected. At melting temperature, at least half of the

lateral heat Bux could be radiated to the RPV wall (if this is not taken to be
superheated sufficiently). Further, heatup and melting of the sidewards ceramic

crust as well as of the barrelis not considered.

Both questions (on rectangular pool and lateral heat removal by radiation and conduction) have

been responded to above.

12. The considerations on the overlying metallayer resulting from the melting

reflector seem not to yield important effects with respect to the final melt release.

Although earlier melt-through of the reRector can be expected in this range, this

only means that the reBector melt is essentially relocatcJ into the gaps between

the renector and the barrel. But then, the refrozen m nterial must melt again ta

get break-through.

Not so, because the axial path now is of large dimension, and the relocated metal goes to the bottom

of these spaces and builds up from there.

13. Certainly, freezing heats up the still solid reRector and barrel material.

But, the material and energy redistribution by these processes may yield some

azimuthal homogenization. Thus, the assumption of a local azimuthal failure

may not bejustified by the considerations on geometricalinhomogeneities in the

report. In general, the assumptions on failure locations and size are problematic,

although the bounding assumptions appear to be reasonable. In my view, the

nudn objections could l>e, on one hand, those of above, questioning the exclusion
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of downwards failure, and, on the other hand, the exclusion of several failure

locations within a certainly short time frame.
|

Note that once a relocation begins, by local meltthrough, the melt height drops and there is less

opportunity of other melt breeakthroughs azimuthally. Rather, we think the path, once opened,

will continue to enlarge and melt will be released basically from the same location. This, however,

will have to be very gradual. Also, regarding time coherence, as we understand from the mixing

explosion dynamics, has to be seen in the few 100s of milliseconds range, while we would have a

hard time visualizing coherence even on a time scale of a few seconds.

14. The latter point indicates a further dencit: the further course of melt
release is not considered sufficiently. Even with an outBow rate of 400 kg/s,

(see below) the time of outBow of the whole corium melt pool would last some

minutes. During this time, failure could occur at multiple locations, overlapping

in time. Further, local melt / coolant interactions could yield additional and also

larger failures. A question is whether failures of the bottom of the crust by such

interactions can be excluded. On the ot:er hand, the strong voiding with the
resulting necessity of early triggering to get explosions restricts the I>ossibilities

for coinciding events. Enhanced evnparation of the water pool also acts in this

direction.

Subsequent events are obviously impossible to predict in exact sequence, but the train of though

explained here by the reviewer is similar to ours. This is that as melt relocation will continue the

water pool will remain with a lot of voids, and the water in it will deplete rather quickly. We would

take issue only with the statement that failure will occur at multiple locations. As explained above,

it is the nature of the process, with the upper 30 to 50% of the core barrel thinned out by melting,

once a relocation begins it would tend to remain focused on the same path, enlarging it downwards.,

i

15. Scenarios of ex-vessel renood are considered with respect to the time of |

vessel Booding but not concerning the establishment of elfective lateral cooling as 1

discussed above. The considerations on vessel Booding before or just about the

time of reBector melt-through consider only the cooling aspects and thermal ef-

fects of focusing by thin metallayers. But, embrittlement due to rapid quenching |
J

may fewor finlure of the pool surroundings at any location. Further, especially en-

trapment explosions in the gaps nmy yield such failures and thus more extensive j

melt release. ;

;

1
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Disagree. We consider all three types of reflood scenarios, and show that the two that are relevant

(in terms of their timing) to the melt progression process, actually could lead to melt arrest within

the core barrel boundaries. Embrittlement cannot lead to failure under these high temperature
3

conditions. Moreover, as shown in Figure 4.15, in the " fast" scenario, the core barrel and reflector
{

would be cooled well before they could heat up by the melt, and in the " medium" scenario, one would

require a totally singular coincidence between core barrel meltthrough and water level traversing

the downcomer length. ,

16. 4. Comments on Breakup and Premixing

From the assumed failure locatmn and Ace, melt flow rates of 200 to 400 kg/s ;

'

are estimated, yielding ~5m/s entrance s elocity into the saturated water pool at

a level in the range of the core suppon plate. Then, the next main point is in
my view the fragmentation process. It is stated that adequately bounding the

elfect of various degrees of breakup leads to extensive voiding developing rapidly |

in all cases. This voiding of prenaxtures is calculated with a 3D version of PM- |
ALPHA. The melt stream is assumed to be broken up initially into drops of
diameter 20 mm ("large enough value to represent a minimally broken-up melt |

'

stream"). Ilowever, as compared to a coherent stream of ~11 cm diameter (with

400 kg/s and 5m/s), this yields a surface of factor 8.4 higher and correspondingly

a higher heat transfer and steam production. '11ransient breakup could thus yield

significantly less stenm production. On the ather hand, the breakup may then

not be sufficient for explosive premixtures. A factor of 6 still results for two jets

of melt with correspondingly smaller diameters which facilitates breakup again

to some extent. Thus, ndxtures with smaller void may result from transient
breakup and assunang severaljets with smaller diameters. On the other hand,

there remains certainly a limitation to breakup due to the time consuming process

of breakup.

In my opinion, these contrary effects with respect to getting an effective mixture,

i.e. too kms breakup or too strong voiding with stronger breakup, should be ex-

plored more for getting the inherent limitations to explosive mixtures. Although

the statement of strong steaming appears to be plausible, it may not be possible

to demonstrate it for all possible cases, as indicated above. A smaller window for

explosive mixtures may become plausible taking into account the above effects

of time requirement for breakup and too coarse breakup combined with weaker

voiding. Perhaps, some additional variations with PM-ALPHA could be done to
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3

show this, e.g. by considering plausible time laws for breakup of coherent jets

together with varying breakup length scales.

Indeed, the THIRhfAL calculations give some perspective on this, showing the

extreme cases oflittle stripping of small fragments for a thickjet (7.3 cm diame-
,

ter) and coarse breakup for the smaller jets (2.9 cm and 1.8 cm) due to long-wave |
Instabilities. However, certainly cases in between these extremes of breakup be-

haviour should be considered. Further, the present state ofjet breakup modeling

cannot be taken as verifled. This is also indicated by the significant differences

between results based on Kelvin-Helmholtz instabilities and on the theory talcing

into account velocity profiles (hiiles) which have been obtained with IKEJET,

e.g. [2].

Since multiple Jets may occur from one hole by some separation effects (e.g.

connected with the failure mode) or from several failure locations, the restriction

of mass assumed in Appendix D, p. D-6 for the case with thinnerjets appears
not to bejustliicd. Also, the concluding statement of p. 5-12, "that both length

scales and void fractions are well encompassed by the Phi-ALPHA calculations"

appears to me as too rough, in view of the variations of cases indicated with the

THIRhfAL calculations and considered above. On the other hand, I agree in

principle to the expectation of strong voiding based on the situation considered,

with melt inta saturated water and with the necessity af breakup for explosive
mixtutes. Further variations may even better demonstrate this, as indicated
above.

This is really an open ended question. The key point, however, is that one cannot have simulta-

neously enough interfacial area for a strong explosion and low enough void fractions to produce

energetics. This was amply demonstrated by the calculations made already. We have made some ad-

ditional calculations, and we have provided further interpretations on this compensating mechanism

in the addenda to Chapters 5 and 6.

17. I think, this could also be done for the situation of bottom failures of the

melt pool, excluded in the report.

We also believe that bottom failures could not jeopardize lower head integrity, but prefer to not open

up this direction of thinking arbitrarily; that is, without a viable blockage failure mechanism.

18. The exclusion may also be better based by considering additionally the

cold trap properties of the lower spacer grid and the Zr plugs quantitatively for
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conditions after boll-off in this region and with melt relocation to this region
before lateral melting of reRector and barrel occurs (or: improved considerations

on the timing of the events, with respect to the above discussions).

The explicit consideration of blockages in the Zr plug region is now provided in the addendum to

Chapter 4.

19. 5. Comments on Explosion, together with Premixing

A trigger of sufficient strength is applied to the mixtures in ESPROSE calcula-

tions to quantify explosions. The chosen trigger appears to be suniciently strong

to produce strong escalations as in the KROTOS experiments, but its strength

is not assessed with respect to possible trigger strengths. I agree that with a
sufficiently strong trigger the escalation dynamics may no longer depend on the

triggcr altength (if overdriven cases are excluded as unrealistic). Thus, the re-

suits of the numerical tests may indicate such a limiting strength and no need for

further variation. In view of the effects in the KRnTOS experiments, the chosen

trigger can also be considered as strong enough to yield major effects. Looking

at early rather than later times for bounding the effect of trigger timing appears

also appropriate in view of the strong voiding (excluding other possibilities of

melt release as discussed in the previous chapters).

* * * * * * * * * * * * * * * * * * * * * * *

20. The results given in the report show signincant ditferences in the maxi-

mum local pressures, the umximum impulses as well as loaded areas and times of

loading depending on the chosen melt mass now, the breakup behaviour and the

time of triggering. E.g., with the higher melt now a maximum pressure > 5000
bar, impulse 100-120 kPa s and maximum area of 5 m' results choosing 0 = 10

|
for fragmentation and an instant of triggering at 0.05 s (case C2-10(0.05)), as |
compared to nearly 104 bar,100-200 kPa s and 3.5 m' for 0 = 20 and 0.12 |
s (case C2-20(0.12)). On the other hand, there seem also to be similarities or |

bounding trends. E.g., for case C1-10(0.05) with the lower melt Bow, b = 10
and 0.05 s, the results are rather similar to C2-10(0.05), with somewhat smaller

impulses and areas in C1-10(0.OS). But small shifts in trigger time give also
strong differences, e.g. pages C.3- 16 to C.3-20 in the report for case C2-20. The

same is valid for the comparison of C2-10 and C2-20 with similar trigger times

(pages C.3-13 and C.3-16). This is certainly due to the relation between time

|
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development of breakup and voiding, producing optimum mixture conBgurations

at different times. This is one cause of uncertainties in getting explosive events

or not (together with triggering time).

Concerning this problem ofsensitivity, the large number of calculations performed

is convincing. They yield maximum events but in a limited range and not as
singular cases. Some questioning I still have with this respect concerns the cimice

of f for premixing breakup and perhaps the underlying time law of breakup (not

given in the report). Since the maximum loads appear to be obtained with case

C2-20(0. 12) as compared to the lower 6, it is not quite convincing to jump to
nb and not to consider cases between. Other time dependences mayyield further

variations. This concerns the questioning of above concerning the premixing

process as well as the melt Bows.

See addenda to Chapters 5 and 6 for further insights into relating premixture characteristics to

resulting energetics. Through these interpretations a more coherent picture regarding the origins

and implications of the relatively narrow " explosion-sensitive" region can be gained.

21. Concerning the latter point, it is to be remarked that the main effect of

multiple melt streams into the water - if taken as saturated - would be that a

larger region is loaded by the explosion (perhaps also some further escalations in

more extended premixtures may be possible, this could be checked by ESPROSE

calculatior.s) and that thus the venting will be further limited. Also the pressure

relief in ti.e vessel wall will then be limited. Thus, it is important to further
conBrm the exclusion of such multiple events (small windows for this!) or to
check the coincidence elfccts.

Actually, our pour characteristics correspond to multiple melt jet streams, rather closely spaced

within the lateral space dimension assumed in the meltthrough. To widely separate thesejets would

be tantamount to assuming a much larger azimuthal coherence, which as discussed above, we do

not consider appropriate.

22. It remains to formulate some general questioning concerning the verin- *

cation state of PM-ALPHA and ESPROSE. Although a lot of work has been
performed on this, I think that severe questions remain. Even if numerical as-

pects may be considered as well established, also with respect to 3D, there remain

open areas concerning the physical formulations. These are e.g.:
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. Checks with MAGICO were - to my knowledge - restricted to relatively small

volume parts of spheres.

See addendum to Appendix 3 of DOE /ID-10504,

23. * In general, correlations for exchange processes in three phases are un-

certain and need further clarification.

We have an extensive data base on film boiling in steam-water flows, and a rather elaborate non-local

radiation transport model. Also, our drag laws are well based on existing fundamental knowledge.

Further, a wide range of tests on the multifield aspects show that the code performs well. Of course,

there is always room for further developments, but the issue here is whether the reviewer sees any

specific limitations or concerns.

24. * The uncertainties on jet breakup have already been mentioned above.

Our approach is specifically based on explicitly recognizing, and bounding, these uncertainties.

25. e The mictointeractions formulation for hydrodynamic fragmentation in

thernud detonation waves needs further clari& cation and development, for single

drop a well as Enally for drop assemblics. This concerns the conclusions based

on theory and on single cflect experiments as well as on KROTOS experiments.

This was already recognized in the report, leading us, therefore, to take a conservative approach in

the microinteractions parameters.

26. With respect to FARO and KROTOS analyses, ditferent premixing and i

explosion codes have shown the capabilities to calculate the experimental be-

haviour. But, the underlying physical formulations and thus the physicalinterpre-

tations differ strongly. Further, even no convincing comprehensive understanding

has up to now been gained on the diEerences especially in premixing behavior

between UO /ZrO and Al 0 in KROTOS. Thus, further work is necessary to2 2 2 3

get approved understanding, models and codes. In general, the results would be

more convincing if supported also by other codes based on a common physical

understanding and corresponding formulations.

Clearly, this is so, but we cannot be responsible for the codes of others. KROTOS was not designed i
1

and is not appropriate for understanding premixing behavior. What is needed is better diagnostics 1

on the premixtures triggered (not predictions) so that predictions of energetics can be made on a

more secure basis.
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27. 6. Comments on ReBood Scenarios

As already remarked under 3. of my comments, the ex-vessel reBood should

also be taken into account with respect to the considerations on the cooling
aspects determining the conclusions on the relocation path. In the context of

vessel reBood also the possibility of embrittlement and thermal stresses favouring :

failure should be considered. It should be shown that also under these conditions :
larger melt release and in this case contact with subcooled water is avoided or

- not threatening. Entrapment explosions, e.g. in the gaps bstween reRector and

barrel, should also be addressed concerning a possible increase in failure and melt

release.

This was addressed in the questions above.

28. Concerning the interaction of renood water with melt pools, I agree to

the argument of rapid small-scale interactions, rapid solidincation and in gen-

eral small effectivity of stratined explosions. However, it should be addressed <

whether relevant efTects of mixing due to the water impact and due to small-scale

interactions (also taking into account the falling-back of expelled water) can be
excluded. The situation of renood under conditions of still existing melt / water

mixtures in the lower head may be even more important tlum the extreme of the

melt pools in the lower head, if the renood water could enhance mixing again,

collapse steam, favor further melt release by the above processes, and this under ,
,

the conditions of already settled melt, i.e. thermalload at the bottom. |

l

Reflood scenarios in this pressure reactor are not arbitrary in their timing, but rather well-defined,

as explained at the end of Chapter 4 and in Chapter 8. On this basis we have considered all that )

needs to be considered.

29. 7. Some Comments for Formal Improvements

Some typing errors of relevamce are given below (Ihad no time for further detailed

checking), together with some need for detailed descriptions:

* Ra' in Nomenclature: factor g is missing, g also missing in Nomenclature.

3* P. 4-6, second line from below: 0.2 MW/m instead of m .

e P. 4-18: effective power density .. of 0.26 W/g: does this mean of core
.

materialin contrast to fuel?
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e P.4-21, eq.(4.14): Ra' ".

* P. 5-2: giving the l>reakup law uvuld be helpful.

* P. 5-4: some further informations on this and on the other color figures would

be helpful, e.g. length scales, quantities of melt volume fraction.

* P. 5-5: z directed to top, but in subsequent results inversely.

* P. 5-10,13th line from al>ove: " melt" instead " coolant"

P. '-10, second line from below: "two slower I>ours" - seem to be bettere

characterized by pours with smaller diameter.

e P. G-1, second line from below: " propagation intensity is basically indepen-

dent of the magnitude of the trigger." - It is not quite clear to me what is

meant, e.g. with " propagation intensity".

* P. G-1, end of second paragraph: (Theofanous et al,199Ga)?.

P. G-4: Gth line from below: 0.1m3e

* Fig. G.2: should be better characterized: length scales, pressure scales

e Fig. G.4: locations are identified in Fig. G.2?

e Fig. G.5: location of peak loading: where?, not included in G.4!

e P. B.1-1 etc. color characterization is not quite clear to me: fuel-void, red

lines, blue isolines in jet.

e Appendix C: color pictures: case? characterizations?

e choice of parameters in the ESPROSE calculations, especially concerning

micro-interactions?

P. C.3-13 etc.: locations?e

e P. D4, 6th line frotn above: R,one instead R2 <Rn, 1

All typos have been corrected and requested information was supplied to the text, " Propagation

intensity" refers to the strength of the explosion. We appreciate the reviewer's efforts.

.
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[1] hiayinger, F. et al.: "Untersuchung thermodynamischer Vorgiinge sowie WErmeaustausch

in der Kernscluneize. Teil I: Zusammenfassende Darstellung der Ergeb-
nisse."Institut for Verfahrenstechnik, Technische Universitiit Hannover, Al>-

schluBbericht BhiFT - RS 48/1, July 1975

[2] Burger, hi., Cho, S.H., v. Berg, E., Schatz, A.: " Breakup of hielt Jets
as Precondition for Premixing: hiodelling and Experimental Verincation."

Nuc!. Eng. and Design 155 (1995) 215-251

* * * * * * * * * * * * * * * * * * * * * * *

|

|
|
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F.4. Response to T. A. Butler (LANL)

General Comment and Highlights
:

Two reports were provided. The first addresses the fragility and indicates that the portions of the

curves above the threshold failure (10-a probability) level may rise faster than given in the report,

because we neglected progressive failure effects (through the wall thickness). The second report

examines the loads in relation to the fragility and concludes that, since the two do not intersect,

the above criticism on the fragility does not affect the conclusions of the report. Based on this,

the present response does not address this criticism. We plan to carry out the kinds of calculations
,

suggested and will include the results in an addendum to Chapter 3, in the final report. Also, this

reviewer provides evidence that the appropriate yield stress is 450 MPa (rather than the 330 value '

,
utilized), and that the strain rate effect may not be as strong as taken in the calculations. These

i
variations are mutually compensating.

1 Point-by-Point Responses

L INTRODUCTION AND SUhibfARY.

'

The comments contained in tids review are restricted only to a review of Section

3 of the subject report. The re;> ort's autimrs have done a good job of scoping the

possibilities of failing the lower vessel head under the assumed loading conditions.
'

Well established analytical approximations were used to establish the validity of

the finite element model that was developed to study local failure of the head.

A more detailed model needs to be developed to include transverse shear elfects

and to simulate failure of damaged elements during the course of the calculation

This lack of simulating progressive failure is the weakest point of the analysis.

Appropriate simulation ofprogressive failure has to be included in order to obtain

defensible results that can be included in probabilistic evaluations.

SPECIFIC COhlhfENTS

Finite Element blodeh

Use of the shell elements in ABAQUS is acceptable for determining the distribu-

tion through the thickness of all components except for transverse shear. In the

ABAQUS thick shell elements transverse shear is approximated by constant shear

tbrough the section. This is not judged to be adequate for evaluating the possibil-

ity of a shear type of failure. A l>etter method for getting good approximations for*

all of the strain components would be to use several continuum elements through

the thickness rather than the thick shell element. Use of many more elements

F-1
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would make the runs longer, but use of the explicit version of ABAQUS would

help in this regard (see below). In addition, the use of an axisymmetric Bnite
element model would afford the opportunity to use a much more dense mesh in

the analysis with run times that are still relatively short. The structure and all
of the loads that were considered are axisymmetric.

In fact, our main interest is for non-axisymmetric situations, and many of our calculations were

not axisymmetric.

2. The mesh should be considerably more dense in order to resolve Bne details

in the strain distribution, especially those details relating to strains other than

in-plane strains. Referring to Figures 3.5a-c, even the in-plane strains vary from

their maximum levels tojust half that level overjust one or two elements.

Although not stated in the report, I assume that the implicit version of the
ABAQUS code was used for these calculations. The implicit version is always

stable but may not always be convergent. There is no indication in the report as

to whether the time step was varied to ensure a convergent solution. A better

alternative may be to use the explicit version of ABAQUS for the short transient

solutions that are required for the types of loads being considered here. The

explicit version of ABAQUS also offers the opportunity to use a failure model

that would give more realistic failure predictions (see below).

We used the implicit version, and considered convergence - see addendum to Chapter 3. This is

now noted in the report.

3. The statement that the time duration of the loads is less than the natural
frequency of the head may not be correct. A handbook solution of the frequency

of a full sphere with the same dimensions as the hemispherical head gives a natural

period of 1.5 ms, very near to the 2 ms pulse duration used in this study. It is no

wonder that, as stated, the impulse time is "non-negligible."

Our point was the same (i.e., that it is not much greater), and for the same effect. To avoid confusion,

we changed the "less" to "similar." Also, the statement is true for the actual loads in Chapter 7. ;

l

4. Load-Strain Behavior: |
|

Use of the Bodner and Symonds approximation for the dynamic yield stress is a |
reasonable approximation. However, use of the values assumed for the constants |

|
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D and y should bejustified more thoroughly. The values used here are for mild

steels, and may not be appropriate for the alloy steel that is used in the pres-

sure vessel being evaluated. Obtaining a good approximation for this relation is

particularly important because the maximum strain is very dependent upon it. I

used an arlsymmetric model with 15 continuum elements through the thickness

to replicate some of the calculations in the report. The results showed that the

maximum strain went from 0.52 to 0.16 with addition of the rate model for the
yield stress. Considering the magnitude of this difference, one should certainly

be very careful in the selection of the rate parameters.

That the effect is strong was discussed in the report, as was our choice of the lower yield stress also

(300 as compared to the as teste 1450 MPa value), as a contingency in lieu of directly applicable data.

In the addendum to Chapter 3, ve show results using 450 MPa, with and without rate dependence.

5. Dexter and Chan (1990) address the elfects of strain rate and temperature

on A533B steels. This alloy is close to A508 steel and may provide some useful

information in developing an appropriate dynande yield stress model.

These data suggest that the rate dependence is not as strong as in our original calculations. All we

can do is bound the behavior, as described in the response to item 4 above.

G. Failure Criteria and Fragility:

This is probably the most difficult aspect of modeling the response of the vessel

head. The failure criterion that is used in the report is probably realistic and
conservative except for one important aspect. The model, as reported here does

not remove the load canying capability of elements that have exceeded the failure

criterion. Maintaining the load carrying capacity of damaged elements can give

significant over-estimates of the capacity of the structure. I used the explicit finite

element model mentioned above to look at this aspect of the problem and found

that, depending on the parameters used for the ABAQUS failure model, the head

could fail for the loads that are reported. I strongly suggest using some sort of
failure criterion embedded in the computational model for future calculations.

Calculations with 3D bricks are underway and will be included in the final report, to refine the

fragility as appropriate.
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7. The subject report brieBy mentions the effect of stress anisotropy on the

failure strain. This is an important issue and needs to be more fully evaluated.

The work referenced in the report by Pao and Gilat was performed on Charpy

bars (roughly uniaxial strain) and by Shockey et al. was performed in pure shear

(no hydrostatic component). Therefore these data don't address the important

effects coming from multi-dimensional stress Relds. Data summarized by Ju and

Butler (1984) show that A533 alloy steel when in equal biaxial tension fails at an

equhalent strain equal to about one third the strain for uniaxial tension. Equal
biaxial tension is the stress state at the " pole" of the lower head where failure

would Erst be expected. The alloy content of A533 steel is similar to that of
the A508 steel considered in the subject report. hiirza, Barton, and Church

(199G) reported the cffect of the stress Beld on failure strain and its etfects in
transitioning from ductile to brittle failure characteristics. Johnson and Cook

(1985) also discuss the etfects of the stress Eeld on fracture of ductile metals.
Other references that may be of help include Jones and Shen (1993) and Ferron

and Zeghloul (1993).

This again refers to refinement of the fragility and will be addressed in the final repon.

8. As previously mentioned, the head would have to l>e modeled with contin-

num elements to accurately predict transverse shear strains. In addition, a failure

criterion for transverse shear needs to be established. It is unlikely that the failure

criteria discussed in the above references are adequate. They may however give

some guidance in establishing the appropriate criteria. It is possible that when ;

the loading conditions are investigated more closely, the load cases that lead to |
1

the highest shear load (such as case 1+) can be eliminated obviating the need for \
l

this critermn.
,

1

Calculations are underway to refine fragility with regards to transverse shear strain effects.

9. hiiscellaneous:

1) The use of the higher yield stress 450 h1Pa is justined based on actual data

from Sener and Oldneld (1978) where the average yield stress is approximately

440 hiPa for A508 steel (very close to the Japan Steel Works Ltd, value of 450

h1Pa). This is one parameter with ample data to support the use of the actual,

as-tested value.

|
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This comment bringing in the Senser-Oldfield data is very helpful. The additioaal margins gained'

by using 450 MPa, instead of 330 MPa, is discussed in an addemdum to Chapter 3.

10. 2) The statement is made that A533B steel has a carbon content of 0.19
vs 0.16% for A508. Information from Server and Oldneld (1978) and the AShiE
Code show that A533 has a carbon content of 0.25% maximum and A508, Class

3 has the same upper limit for carbon content. Actual analyses show carbon

content from 0.21 to 0.25% for l>oth steels.

* * * * * * * * * * * * * * * * * * * * * * *

11. 3) Chapter 3 in the subject report does not mention radiation embrittlement effects.

If they can be dismissed, the reasons should be given.

4) For SA508 the transition from ductile to brittle behavior starts at about room

temperature. The report should give the approximate material temperatures during the

postulated event to show that it is well above room temperature.

Yes, the end-of-life RTNDT for the AP600 steel forging at the beltline region is specified as 23 F.

The lower head, less irradiated, would be even better than that. At the time of interest, the lower

head would be between 50 and 100 C.

12. 5) The presence of Raws is not addressed. I assume that in service inspec-

tion will have identified any that are signincant in affecting ductile fracture.

Yes.
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i '

14 Letter dated January 8,1997 to L.W. Deitrich.

Tlw purpose of this letter is to clarify the appliability of comments I made in the
A attachment to my previous letter to you dated December 1996, regarding review

; of the report entitled " Lower Head Integrity Under In-Vessel Steam Explosion

i Loads," by T.G, Theofanous, et al.
I -

| The comments made on that attachment werelimited to Chapter 3 of the subject
(

report and, consequently, affeet the fragility curves developed in that chapter The
r

; fragility curves are subsequently refereed to in reaclang conclusions in Chapters
; G and 7 of the report. It is important to make clear, however, that the fragility

curves in question do not have major effect on the conclusions reached in those ;

chapters. The loads developed in Chapter 6 and applied in Chapter 7 are low

enough that the vessel response is definitely below the lowest probability level
,^

used in denning the curves (10~ ). i

I should also point out that I concur that the probability levels used in devel-i

oping the fragility curves are conservative. The association of these levels with
,

j strain magnitudes through the vessel wall are acceptable. However, the calcu- t

lated strain levels used to develop the detailed curves above the 10" level may
: not be conservative. If the curves are ever used for evaluating higher loads; they

should be reevaluated based on the review comments that Ipreviously submitted. .

. s

Implementation of the information in these comments will affect the shape of the
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curves and could shift them toward lower levels ofimpulse load (to the left in

figure 3.11 of the subject report).

IfI can be of further help please do not hesitate to contact me.

* * * * * * * * * * * * * * * * * * * * * * *
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F.5. Response to D.H. Cho (ANL)

General Cornment and Highlights

This reviewer finds that additional supporting work is needed before the results can ',e used in

the licensing area. The review process, by comments and responses, has produced additicua!

supponing work. Specific issues raised by the referee relate principally to scenario aspects sucn

as the possibility of " secondary" explosions through a downward relocation path, premixing at a

higher pressure, and reflood FCis. These are addressed point-by-point below

Point-by-Point Responses

1. In response to the request made in your letter of June 17, 1996, I have re-

viewed the report " Lower Head Integrity Under In-vessel Steam Explosion Loads"

by T. G. Theofanous et al. You indicated that this report and a companion doc-

Ument together " intend to demonstrate the effectiveness of 'in-vessel retention'

as a severe accident management concept for a reactor like the AP600". You

further indicated that "the purpose of this review is to assess whether this intent

has been achieved to a sufHelent degree for the results to be of use in the regu-

latory/ licensing area". Based on my review of the re;> ort, I Bnd that additional

supporting work would be needed if the conclusions of the report were to be used

in the regulatory / licensing area.

The nature and need for the " additional supporting work identified are addressed, point-by-point,

below.

2. On page 9-1, the authors state that " Methodologically, the assessment
,

involved only a slight scenario dependence, principally on the permanence of
' the blockages preventing direct downward, through the lower core support plate,

relocation", and that thus the assessment is of Grade B, in the ROAAM scale.

I think the scenario dependence is more than slight, so the assessment may be

more of Grade C than Grade B in the ROAAM scale.

|

Disagree. Scenario dependence concerning uncertainties and a complex, long evaluation. Here we |
have a well-defined behavior and a robust assessment for it. |

i

3. Suppose a steam explosion would take place in the downcomer region or in

the lower plenum, as described in the report. The explosion may not be strong

enough to fail the lower head, but it may be energetic enough to mechanically
disrupt the blockages formed at the lower end of the core.

F-1
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The scenario proposed by the reviewer is not reasonable. First, there is no water in the downcomer.

Second, an explosion cannot annihilate the lower blockages.

4. Further, the explosion would likely expel some water from the lower plenum so

that the lower core support plate may no longer be in contact with water (i.e., the ability

to cool the core support plate would be lost).

As noted in the report, the heat sink of the core support plate is good for at least. Once the melt

relocation begins, it will continue, vaporizing the rest of the water in the lower plenum, before

failare of the blockages are possible. This was discussed in the report (see p. 4-3).

5. Thus, the initial explosion, while not failing the lower head, could severely

weaken the blockages mechanically as well as thermally, it would seem possible

that a relatively smallinitial explo-sion would be followed by a massive downward

relocation of core melt through the core support plate, setting the stage for a

secondary explosion probably involving a much larger melt mass. The lower head

may well survive such a secondary explosion, but a separate assessment of this

possibility would dennitely be needed.

Based on the above, this kind of behavior is not physically reasonable.

G. Based on the code calculations performed, the report concludes that the

saturated coolant condition in the lower plenum leads to highly voided premix-

tures that have a dampening effect on the resulting explosion energetics. While I

am not judging the validity of the calculations, i End it ditficult to reconcile this

conclusion with available experimental evidence. Experience tells us that trigger-

ing of a steam explosion would be caore difficult with saturated water than with

highly subcooled water. However, once triggered, the explosion energetics does

not seem eu depend on the coolant temperatute that much. Consider, for exam-

plc, the results of the KROTOS tests Nos. 28, 29, and 30 [H. Hohmann et al.,

"FCI Experiments in the Aluminum Oxide / Water System," Nucl. Eng. Design

155 (1995) 391-403]. In these tests, approximately 1.5 kg quantities of Al 0a melt2

at 2300-2400 C were poured into a column of water and steam explosions took

place. In KROTOS 28, the water was nearly saturated at 87* C while in KROTOS |
29 and 30, the water was highly subcooled at 20 C. The energy conversion ratio

was estimated to be 1.3%, 0.8%, and 1.25%, respectively, for KROTOS 28, 29,

and 30. It thus appears that the explosion with the nearly saturated water was

at least as energetic as those with the highly subcoohxl water. Similar Endings
:
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regarding the effect af water temperature on the explosion energetics were also

made in our recent ZREX experiments. Such experimental evidence would need

to be considered when discussing the explosion energetics.

We wrote saturated, and we mean saturated. All KROTOS tests were subcooled. Due to the peculiar

mixing condition, timir.g, and relatively low temperature (compared to reactor materials) all three

produced premixtures relatively low in void. The distinction made here is not between 10 and 30%

void fractions, but void fractions going to 60-90%. Empirical considerations, on conversion ratio,

such as those offered here by the reviewer, cannot get us too far one way or another. It should be

clear, however, that our methodology is consistent with the findings of the KROTOS experiments,

as shown in DOE /ID-10503.

7. Perhaps additional parametric calculations in terms of the breakup and
trigger timings might be useful.

We cannot understand this comment. If the reviewer can imagine a trigger time and/or B that is not

bounded already, he needs to state it, so we can respond. See also addenda to Chapters 5 and 6.

8. In all supporting calculations, the water was considered to be saturated

with the primary system completely depressurized to 1 bar. Even in a large-

break LOCA, the containment back pressure would remain in the range of 2-4

bars for a long period of time. It would appear that a system pressure somewhat |
higher than 1 bar (e.g.,3 bars) would have been more realistic for the supt >orting

calculations.

This is not correct. In AP600, at the time of interest, containment pressures cannot exceed ~1.7 )
bar. In any case, to provide some perspectives on the effect of pressure and subcooling, we provide |
some new results in an addendum to Chapter 5. |

9. Reflood FCIs were discussed in Chapter 8. I suspect that reflood FCIs

in stratified configurations would be of secondary importance compared to the

premixed explosions addrecsed in the rest of the report. Nevertheless, renood

FCis need to be considered for completeness, particularly in view of the potential

for vessel wall thinning due to chemical attack by the metallic melt. The au-

thors should be commended for making an effort here. I would have to say that

this elfort represents a best-estimate assessment based on engineeringjudgment.

At present, there is no adequate database or computational tool for large-scale |

stratified explosions.
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Disagree. The assessment is based on basic principles. Simply put, you cannot create any significant

impulse with an inertia ecchint of a few inches of water!

10. On page 7-1, the authors state that "Also in this chapter, we would nor-

mally present a series of arbitrary parametric and sensitivity calculations, to
illustrate, for cases where the base results happen to be benign, the margins
to failure" and claim that "This, in effect, has already been done, too, by the
breakup and triggering calculations, in the course of bounding the behavior". I

believe additional work would be needed to make this claim fully valid, and 1 am

confident that the authors will succeed in doing that.

If, notwithstanding the above, the reviewer has specific suggestions for further calculations, we can

consider carrying them out.

11. Finally, the authors are to be conunended for conducting such a detailed

enduation of a very complex issue.

* * * * * * * * * * * * * * * * * * * * * * *

s
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F.11. Response to M. Corradini (U Wisconsin) '

General Cornrnent and Highlights

The principal concern of this reviewer is about the melt release conditions. Other reviewers have

gone into this type of question to a much greater extent, and our responses to them may be useful

here too.

Point-by-Point Responses

1. COMMENTS and QUESTIONS for DOE Report

1] The authors do a good job in giving a context for their work. However, I
am not sure if this analysis which is provided is a failure analysis for the AP600

reactor pressure vessel or a design analysis for the RPV. The former implies that

it would be a 'best-estimate' analysis, while the latter must account for factors

of safety to assure survival. The authors need to clarify this.

This is not a design effort. The approach is adequately explained in Appendix A.

2. 2]In section 3 the authors denne the failure criteria and the fragility curve

for the reactor pressure vessel. IfI understand the approach a strain-failure limit

is used and the associated analysis suggests a RPVlower wall failure probability

ranging from 0 to 1 for a spectrum o i % ding patterns with impulses between 200

- 400 kPa-sec. Currently, I wonder how this failure envelope compares to that

of previous LWR plants analyzed for an in-vessel steam explosion; e.g., the ZIP
study in the early 1080s by Sandia and Los Alamos Nat'l Labs?

What we could leam from the previous work we mentioned in the Introduction. In these days the

wave dynamics were not available to the structural analysts.

3. 3] In section 4 the authors' major 1>oint is that the core and vessel design

is sufSciently different from past LWRs, such that the core melt behavior is quite.

different. Two aspects are emphasized: Brst, the lower core support plate and

the non-active fuel length above it [30cm] is large enough in size to delay the core
tuelt progression downward; second, the core steel reRector in the radial direction

is also thicker [over 15cm], also delaying and changing the details of radial core,

melt progression. In essence, the ' race' to the breach of the corium melt crucible,

which is forn ed during the meltdown, downward or radially outward is gavenwd

by these boundaries. The authors use a specinc 3BE core melt accident sequence
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to illustrate tins behavior. If one accepts this premise about a radically different

core geometrical design, a few questions arise:

a] What is the sensitivity of meltdown timing to downward boil off of water?
More examples are needed. |

None. The 100 minutes is calculated after the water has reached the bottom of the active fuel

region (from then on it is heated only by radiation). This is conservative.
|

4. b] Is the core melt event timing essentially independent of accident se-
quence? No guidance is given here.

Yes. In this passive plant there is an essential " collapse" of sequences, as discussed in the report

and in DOE /ID-10460.

5. c) The corium exit flowrate seems to be set by the ' rip'in the reRector along

the radial edge of the core region at the very top of the pool. Is this a realistic
estimate, since it is not much more than that one would calculate from adiabatic

heatup and meltdown of the core; e.g., as evidenced at TMI2 ? The authors

suggest that 200 to 400 kg/sec " appears to be a reasonable range physically to

bound the behavior"; l>ut I wonder if we really know that much about this core

melt failure progression in a radically new geometric design that this flowrate is a

' reasonable bound'? More justincation is needed for one to ' buy' the argument.
|
|

The basis in quantifying this intangible factor has been explained. Somejudgment is required here.

It really has nothing to do with details of melt progression or the " radically new geometric design."

It is a question of how much of the core barrel area can melt through coherently in a time frame

of a few 100's of milliseconds.

6. d] This last question really leads me to the key question of this whole
analysis; i.e., the authors leave me with the impression that there is a good deal

of certainty in the melt progression and I have signincant trouble accepting this

premise. Specifically, the whole analysis hinges on the fact that the melt crucible

which forms during the melt progression has a structural integrity of enough
,

certainty that it would release the melt radially through a pour area no larger j

than 0.02 to 0.04 sq. meters. This estimate also seems to be robust enough that

it would be a " bound" even with coolant reRood into the core region and any
I

1

possible disruptive events that may occur. I am very dubious about this and \

would need to see more analysis to accept this as a ' reasonable bound'. This |
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melt failure location and pour rate is the key determinant in limiting
subsequent FCI energetics.

Again, see response to the previous question. Also, the reflood scenarios in this passive plant are

pretty well defined, as addressed in Chapters 4 and 8 already. It would be helpful to know what

aspect of the analysis is considered doubtful and why.

7. 4] In section 5, the authors detail their multidimensional premixing analy-

ses. As stated previously, the melt Bowrate of 200-400kg/s seems to predetermine

the benign nature of the FCI energetics, but mixing is also part of the process.
A few questions arise here:

a] Why has the effect of RPV pressure been neglected? Premixing will occur at

elevated pressures not 1 bar [like 2-5 bars] and this will affect the mixing process.
.

Also, the rise in pressure locally during mixing will cause the pool to 3ubcaol and

this has been neglected. Were calculations done to ' bound' these etfects?

For the AP600, the relevant pressure range is 1 to 1.7 bar. Calculations were mn for 3 bar (see

addendum to Chapter 5). Any subcooling, and its consequences are automatically taken into account

in PM-ALPHA.

8. b] '.'he authors seem to have only considered the premixing process as the

melt falls abrough tne limited water pool from its surface to the curved RPV

bottom Would not mixing continue as the melt continues to fall along the wall.

This seems to have been neglected. Is this premixing process of no importance

or is the p. . mixing analysis with PM-ALPHA not valid for these longer times?

The premixing results presented were not taken as far out due to time constraints. We now have

extended these results to much longer times (see addendum to Chapter 5).

9. c) The biggest cffect of these small pours in my mind is that they may
cause local FCis which do not harm the RPV but totally change the melt pr,uring

characteristics for subsequent melt j>ours; 2.e., these small pours and nsociated

FCis will damage the core melt crucible and markedly increase the melt Bowrate

or change its location. The authors have gone to great pains to determine the

fragility of the RPV wall, but totally ignore the fragility of the melt crucible and

the effect of these FCis. I would suggest that larger melt pours will be induced

from the bottom of the crucible as well as along its radially edges with larger
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.

L holes, all caused by early small FCIs. How have these events been considered or i

conservatively bounded for RPV survival? ,
2

Subsequent events'are very complicated, of course, but there are substantial solid barriers, even if

the blockages were to structurally fail. Moreover, much of the water in the lower plenum would be1

,

expelled by the same forces (if present) that are considered to fail the crucible.

~

10. d] Finally, the PM-ALPHA model has a parametric fuel breakup model

that is mentioned briefly, but has yet to be assessed against experiments. For ;

these small pour rates, the model effect is not of great interest, but would be for
,

larger pours in these complex geometries.Is this model discussed in the support
'documents?

i i

See PM-ALPHA verification report.

11. 5)In section 6, the authors use ESPROSE.m in a revised 3D version to |
simulate theexplosions within the RPVlower plenum. Given the premixed massi

of fuel we have a range of results given in Table 6.1. Only a couple of questions.

arise:

a] Why is the trigger time so short; i.e., much less than 1 sec? Is it due to the time

| to the RPV wall?Why cannot further mixing along the RPV wall cause larger
; explosions?
; 1

'

Because we determined that there is a peak (in time)in the explosive " quality" of the premixtures. I

See also addenda to Chapters 5 and 6.

12. b] Why is the impulse largest for the mid-range value of ' beta'? Is the

Impulseof 200 kPa-sec near the failure limit? or am I reading this prediction.

correctly?
,

Again, this relates to the esplosive quality of the premixtures, as explained in the addendum to

Chapter 5. Not at all. The ;00 kPa s case is not near failure. This is because the impulse is highly

localized, as expkined deny k 9e repon. Also, as explained in Chapter 7, for the actual loading, !

the ves~l remained within the elastic limits.,-

13. c) The detahd calculational results in Appendix C abruptly stop in many

cases at 1 or 2 or 3 milliseconds. Why? Is this an indication of something
'

numerically fatalin the ESPROSE.m simulation or what is up?

:
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Again, time limitations caused us to curtail some calculations that were not very interesting. More

complete results can be found in the addendum to Chapter 6.

1. INITIAL COhih!ENTS and QUESTIONS for DOE /ID-10504

The overall report is quite informative, but I do have specinc comments / questions

that need to be addressed.

1] The analysis of the QUEOS experiments are very interesting. For any of the

experiments [Q5, G, 8,10,11] the visual image is compared to the code, and the

leading edge, level swell, steaming rate, steam produced and pressure is compared.

hiy Brst question is what is the criterion to determine the leading edge? In the

pictures for the tests, specincally Q10 and Q11 it seems to me that Phi-ALPHA

is predicting the movement af the front to be faster than the data indicates. Yet

in the plots the opposite is represented. Either there is a contradiction or I am

observing numerical diffusion in the images and the researchers have a deRnition

of the leading edge that " corrects or compensates" for this. I have seen the same

behnvior with IFCI and therefore, am sensitive to it. This needs to be sorted

out before I would say that the agreement in the kinematics is acceptable. The

blIXA results in Section 3 seem to indicate the same behavior to me and thus
I am worried about this numerical diffusion. There was also no study of the
nodalization etfccts in Section 4 and this is surprising given the results in Section

2. This seems to be a logical thing to do and really should be done.
|

As stated in the report the predicted " front" was obtained from Lagrangian tracer particles. Also I

as stated in the report, numerical diffusion can be controlled by the grid size, and results with still

finer grids were promised, to improve the already quite good results.

2. 2] The second comment about QUEOS relates to the radiative heat transfer
model On page 2-16 the report states that the radiative model had to be changed

1

from what is normalin Phi-ALPHA to accommodate the exI>eriments. Later on
page 2-10, the report states that the tests do not meet the 'Riness for purpose'

criteria, and one reason is' that the temperature is too low [2000C compared to j
3000C]. I am troubkul by this empirical "Rx" to model the test and thus, am
wondering about the " mixed" transport modelin Phi-ALPHA. This is known to

be a tough problem, clearly, but to arbitrarily change it seems too rough. Also, |
I disagree that the tests are not "Rt for purpose". They are more fit than others

and thus, are very relevant. Thus, the proportion of the radiative transfer
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that goes into bulk heating versus steam production is important to consider and

improve upon.
:

All we are saying is that at 2000 C the absorption length is so short that basically all heat will
,

j be delivered to the interface. Quite the opposite occurs at 3000 C. This is not an empirical fix. [
] About the relevance of the QUEOS tests, see the addendum to Appendix B in DOE /ID-10504.
,

: 3. 3] I would also like to see a calculation of PM-ALPHA /3D for QUEOS if
indeed there is a benent to a 3D calculation. It seems that the QUEOS tests are
the largest and highest temperature simulant tests to date with solid particles;

| thus, it may be of use.
i

The QUEOS tests are only repeats of our MAGICO tests. Both reach 2000 C and both have about !

the same masses. Moreover, and in contrast to MAGICO, nothing is known from QUEOS about |
'

? the most important part of the interaction, which is the internal structure of the mixing zone. Since :

the QUEOS tests are axisymmetric nothing is to be gained by a 3D calculation. !j

| 4. 4] The report nnally examines the FARO-LWR test L-14 as a comparison i

| . with a large prototypical simulant melt poured into water. This seems like a
reasonable comparison test, but I am surprised about what data is compared. I

,

j There is an enormous amount of data available over the Erst twenty seconds of

the test [the Erst 5-6 seconds is reasonable before heat loss comes signincantly
.

into play] and yet the data comparison is sparse at best. I would suggest the
'

' following variables be displayed and compared over the Erst 5-6 seconds:

a] the total pressure and pressure rise rate [done now]
'

b] the steam and water temperature at a few locations since its 2-D

| c] the kinematics of melt entry and arrind at the chamber base and settling

} d] the surface area generated by the breakup as a function of time

e] the mean particle diameter as a function of time
1,

: :

[] the energy Bow to vapor and coolant liquid and loss by fuel 1,

g] the level swell of the pool [done but not for long enough times]

We included all information for which there was reliable data.

5. Also I am concerned about the arbitrariness of the dynandc breakup odel
; [0 value = 50], that is used and described in pages A-34/35. This whole procedure

F-6.
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Is a matching exercise for some value of beta unless the results begin with a jet

of ~10cm and break up to a size that is consistent with the post-test aebris data

[as well as the amount left as a ' cake']. It would seem advisable to compare
the ' frozen' model to other FARO tests to prove that results can be consistently i

predicted for LOG, LO8, L11, L10 and L20; all of which were high pressure tests for

quenching. Also the ' mixed' transI> ort including radiative transport would have

to be held constant in these comparisons to prove the match of L14 has some
limited ' universality'.

We do not take a " simulation" approach to breakup, nor, therefore, can our calculations of FARO

be considered simulations. It is well known that no one else's calculations can be considered

simulations. Our experience with other FARO tests has been equally good (starting from the first

one, and already published).

G. INITIAL COhihfENTS and QUESTIONS for DOE /ID-10503

The report is very well organized and describes in suBicient detail the ability of

ESPROSE.m to perform shock propagation calculations for gas / water and va-

por/ water situntions. I do not completcly understand the origin of the CHAT [or
CHAT-QL] code comparisons. Are these standard code models or a formulation

of the authors to do a code cross-comparison? I understood them to be the lat-

ter, and thus I wonder about the need to compare to actual experimental data

on shock propagation in single phase and multi-phase systems. This is a minor

point, but I think for completeness a link to data is best. hiy main comments are
about the comparison to the KROTOS data.

As explained, the CHAT (CHAT-QL) are special purpose codes for these numerical tests. We have

comparison to wave dynamics in the SIGMA experiments also, as shown in the report.

7. 1] The initial statement is made that the KROTOS tests are a challenge

since they have imperfect characterization of the initial conditions. One question

may be if there are any other tests which give them more insight? After my own

search, however Bawed these tests are, these and other one-dimensional experi-

ments are the best we have, hiy other comment is about the initial conditions.

The comments on page 4-26 indicate that the fuel mass and Bowrate, but there

is a problem as far as I can tell. The mass is correct, but the init!aljet size is not

1 cm but 3 cm and I think the Bowrate of 1 kg/sec is too low by at least 50%.
Finally, the fuel particle temperatures are different for each of the tests noted as
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i
is thelocation and timing of the trigger. I am not sure that the authors are aware

of this. I can send them this information if needed, but in the case of KROTOS
,

38, the initial conditions are not correct; e.g., thejet size is 3 cm and the trigger
,

time is 1.12 sec at or near K3 and not at the leading edge, with a pour time of

: about 0.75 sec.

The size of the fuel inlet for the calculation is 3 cm, which is consistent with the jet size. I cm

) is the initial length scale assumed for the fuel. Its effect on the premixing is unimponant since it
'

will be compensated by the value of the breakup parameter B, which is adjusted parametrically.

The trigger is applied near K3, not at the leading edge (see Figure 3). The flowrate of 1 kg/s is-

'
the approximate value quoted by many previous publications on KROTOS (Hohmann et al.,1994).

,

'

Our understanding is that there is no new measurement to improve this estimate of mass flow rate.

8. 2] The concept of using the parametric mixing model for a f value of 30
or 50, again raises the question of what is appropriate and why. The kinematics ,

in Figure 2 don't have any comparison to the thermocouple data for position of
'

the melt as a function of tirac and give no indication what 50 is "better" or more ;

correct than 30 for a value. Also what is the time evolution of the particles as ,
, t

thejet breaks up from 3cm to what size? None of this is discussed at all. }
|

|
As discussed in the text, S = 50 is the value at which "the melt penetrates to the region between 1

pressure transducers K2 and K3." As shown in Figure 2, the penetration is much slower when |
# = 30 and much gaster when there is no breakup. The initial particle size distribution at the time l

of trigger was shown in Figure 3 of the report.

9. 3] The iinal point is the use of the parameter, x; = 0.5 to 1.0. Does |

this parameter mean that when the value is 1.0 all the fuel is quenched as it
is fragmented with some fraction of water and steam? IE that is the correct i
interpretation then,- the pressure plots do not seem to make sense to me. This;

; is especially the case, since the predicted void in by Figure 2 and Figure 3 is ,

very small. There is something missing in the description; since 1.5 kg of molten |.

alumina has the energy of G-7 MJ and thus must be quenched by ahnost all the |
'

35kg of coolant if there is to be such a 'small' pressurization with such little void.

llow much water is " assumed" to be intermixed with this fuel to give the pressure

signature we see? This is never discussed and it is the most crucial part of the

model. The complete picture is missing and thus, I am not prone to agree this

is a reasonable prediction until all the ' parameters' are specified and explained.
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|
.

Also, comparisons to more than one test is i eeded. This has been done with

other FCI models.i

This question stems from the reviewer's misunderstanding of the parameter xf and the microinter-

actions model. As explained in the report,"xf s the fraction of computed liquid melt participatedi

in the explosion." This factor is necessary because PM-ALPHA underpredicts melt-freezing (it did !

not account for surface freezing of superheated melt). When rf = 1.0, ESPROSE.m predicted a !
I

peak pressure of 4000 bar, which is consistent with our previous microinteractions predictions. The

amount of water intermixed with the fuel is calculated based on the microinteractions parameters, !
.

which were given already in Appendix C.

.
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F.7. Response to H.K. Fauske and R.E. Henry (FAI)

General Cornment and Highlights

General and unqualified agreement with the work under review.

Point-by-Point Responses

1. As requested in your letter dated June 17,1996, the following conunents are

offered in the areas ofhieltdown/ Relocation Phenomenology and Steam Explosion

Loads.

hieltdown/ Relocation Phenomenology - We agree completely that a downward

relocation path of the melting core material through the core support structure

(and resulting large fuel pour rates) is " physically unreasonable". Furthermore,

the predicted relocation off to the side and from a fully developed melt pool
leading to a molten fuel pour rate into the lower reactor vessel plenum of about

200 kg/s, is consistent with the Three hiile Island Unit 2 Core Relocation as

described by Epstein and Fauske (Nuclear Technology Vol. 89, p. 1021-1035,

December 1989). Riel pour rates of this magnitude by themselves eliminate
concerns relative to global vessel failures, even if an energetic steam explosion is

postulated. As illustrated by Epstein and Fauske (1989) and Theofanous et al.

(1996), such low fuel pour rates limit the fuel that can be found in transit within

the lower plenum to values at least an order of magnitude less than that required

for incipient lower head failure (3 to 5 tons). Quoting Epstein and Fauske (1989)

"A key aspect of the relocation is, then, that significant quantines of corium melt

were not mixed with water at one time. The slow melt relocation phenomenon

is, perhaps, the most important piece ofinformation gained from Thil-2 studies

and should Egure prominently in future assessments of steam-explosion-induced

containment failure as well as lower reactor vessel plenum failure due to fuel

debris overheating." This is clearly the case in the current assessment provided

by Theofanous et al.

We regret having failed to mention this important reference. We will introduce this reference in the

final repon. Still, the inference to AP600 is not automatic, because of the reflector!

2. Steam Explosion Loads - Having climinated the potential for global vessel

halure, Theofanous et al. proceed tu evaluate the potential for localized damage,

by considering local shock loading, with j>eak amplitudes in the Kbar range as

a result of a steam explosion occurrence. Again, the conclusion is that failure
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is " physically unreasonable". This conclusion is further supported by noting the
,

following observations. \

The above loadings are produced by subjecting the limiting premixtures at atmo-

spheric pressure to triggers resulting from releasing steam at 100 bar. Quoting the

authors, "our triggers are chosen sufficient to initiate explosions, and they have |,

no relation to what might arise spontaneously during a pour." We agree with
this observatlon, and in fact believe that the occurrence ofsI>ontaneous stcam ex-

plosions with the molten corium-saturated water system at atmospheric pressure

considered by 7'ht-ofanous et al. is " physically ur * 3asonable". The enormous Elm

boiling heat Rux (~3 Mw/m ) and corresponding vapor Bux resulting with this
2system (several times the critical heat Rux of ~1 Mw/m ) promotes separation

and prevents physical contact between the molten corium and water, a prerequi-

site for stcam explosion given a fuel-water pre-mixture. Temperatures (~2000 C)

which are well below the melting temperature of corium (~2700*C), would be re-

quired in order to reduce the vnpor Bux in connection with Elm boiling to fall
below the Buidization vapor Bux. The above considerations are consistent with

the noted absence of "explosivity" for the corium-water system (L Huhtiniemi et

al., "FCI Experiments in the Corium/ Water System", NUREG/CP-0142,1712-

1727, 1996). This is in sharp contrast to the noted "explosivity" with the often

used molten alumina (Al O )-water system. Here the estimated Elm boiling va-2 3
2por Rux (~0.5 Mw/m ) is well below the Huidization vapor Bux allowing physical

contact while the alumina is still molten. While the noted efficiencies are quite

low, the super critical pressures observed with the alumina-water tests in the

KROTOS freility (Hohmann, H. D. et al., Nuclear Eng. & Design, 155, 391-403,

1995), apparently encouraged Theofanous et al. to model such events and apply

them to the LWR system.

* * * * * * * * * * * * * * * * * * * * * * *

3. We also reviewed the approach taken to assess the steam explosion created

impulsive loads. Certainly the efforts performed by the authors are impressive

in the number of amdyses performed and the detailed graphical presentation of

the results. The calculations are based on the microinteractions model which

appears to be applied in a self-consistent marmer. Our question is whether this

is the only way that the relevant experimentalinformation can be interpreted.
The underlying supposition in such models are that dynamic fragmentation and
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intermixing of melt and water can occur on an explosive timescale. Certainly the

amilable information shows that fragmentation can occur during an explosion.

However, we are not convinced that the elements associated with fragmentation

and intennixing on such a rapid tirnescale have been demonstrated. In particular,

the SIGMA tests performed with molten aluminum indicate virtually no fragmen-

tation for melt temperatures where numerous large scale studies have observed

explosive events.

The relevant materials here are Fe and/or UO /ZrO . We have data now with Fe, and the behavior2 2

is quite different from that of At. See also addendum to Appendix C of DOFJID.10503.

4. Furthermore, the detonation concept is compared to the KROTOS molten

tin-water and molten aluminum oxide-water tests. With the agreement from this

comparison, the authors, in a previous DOE report (DOE /ID-10489), conclude

that " low void fraction geometries can produce highly supercritical, energetic

detonations." Our analyses show that there is an alternate explanation to the

KROTOS experiments that requires no melt fragmentation. If this is the case,

the comparison of the microinteractions model with the KROTOS experiments

indicates nothing more than that ESPROSE approach is consistent with the ex-

I>crimental obserntions. It does not providejustification for the microinteractions

physical concept.

The Microinteractions Concept and the SIGMA-derived law are basic information obtained with

relevant materials under fully-simulated large-scale explosion conditions. This basic information

cannot be doubted. KROTOS data and our interpretations of them with these laws indicate the

consistency of these data with large-scale explosions, not the consistency of the ESPROSE.m j
approach with these data. Any other interpretations (we are not aware of such) need to show |

consistency with the SIGMA experiments also.

5. Therefore, we are o[the opinion that the apyroach taken in this document

is conservntive in that it crerstates the possible loads that could be created as a
|

result of thernud explosions. If a design enluation uses this model and concludes
|

that the boundary would not be challenged, we believe that the conclusion is

sound. However, if the modeling approach is used and the resulting loads exceed

the capabilities of the structures, we do not believe that this represents an actual

ciudienge to the system integrity.

* * * * * * * * * * * * * * * * * * * * * * *
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6. Before such a fragmentation approach can be reconunended for realistically

assessing the structure loads, it should be proven that a relatively small pressure

increase would be sufficient to self-trigger a coarsely fragmented and intermixed

system. In particular, it should be demonstrated that a coarsely mixed system

could escalate from a small triggering event into an event like that characterized

in these evaluations. Assuming that a single grid is Blkd with steam at 100
bars as a triggering mechanism, it is far too coarse to provide such a de&nitive
representation.

Triggering was not addressed in this report, as was made clear already. This should not be confused

with assessing the energetics in a triggered explosion. Since we are not aware of defmitive arguments

that steam explosions are impossible with reactor materials, we provide here an assessment of

energetics, assuming not only that an explosion can be triggered, but also that this occurs at the

worst possible time, during premixing.

7. In summary, we believe the modeling of fuel relocation and quantincation

of premixtures to be reasonable and consistent with experimental observations

including the TMI-2 incident. On the other hand, the assessment ofsteam explo-

sion loads appear to be very conservative. The corium-saturated water system

is not likely to exhibit "explosivity". Therefore, a very strong case can and has

been made for the cffectiveness of "in-vessel retention" as a severe accident man-

agement concept for a reactor like the AP600.

* * * * * * * * * * * * * * * * * * * * * * *
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F.8. Response to D.F. Fletcher (U Sydney)

General Comment and Highlights

General and unqualified agreement with the conclusions of the work under review.

Point-by-Point Responses

1. Sununary

This review covers the study oflower head integrity under steam explosions per-

formed at UCSB by Theofanous and co-workers, together with the code validation

reports for Phi-A LPHA and ESPROSE.m. The study and validation reports con-

tain a massive amount of very high quality work. The depth of the study and

extremes to which the authors have gone to use ndidated tools is second to none

world-wide. For example, no one else is perforndng 3D premixing and propagation

calculations.

The work is of very high quality and in my view the conclusion that steam explo-

sion induced lower head failure is unphysicalis completelyjustifled. The technical

arguments support this with a high degree of redundancy.

1 Introduction

Firstly, I believe it is important to conunent on both the quantity and quality
of the documentation supplied for this review. The very complete verification

manuals for Phl-ALPHA and ESPROSE.m are unique. A minor semantic point

but they are much more than verincation (which implies that the code does what j

it should) manuals but are also validation manuals as they examine how well the

code represents real experiments.

Secondly, I wish to record that I was impressed by the scope, depth and quality of

this st udy. It provides a very comprehensive basis for rejection ofsteam explosion-

induced failure of the lower head.

The remainder of this document presents specinc comments on the Study and 1

the two validation reports.

2 The Study (DOE /ID-10541)

This section deals with the main document of the study (DOE /ID-10541) and

pays particular attention to the steam explosion part of the study.

2.1 Introduction
.
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This section gives a brief summary of earlier work on lower head failure. It
discusses three earlier studies by Bohl et al, Theofanous et al and Turland et

al, all of which highlight the nee-1 for mechanistic pressure loading calculations

before the lower head issue could be addressed adequately. This is the nrst such

study in which this approach has been ;>ossible.

2.2 Problem Dennition and Overall Approach

This section sets out the methodology to be used. Essentially, the now established

ROAAhiprocedure is used in which the overall event is split up into well-defined

physical processes that can be modelled, combined with intangible parameters

(such as triggering time). The proposed sequence of events and the split between

physical processes that can be quantined using a validated model and those which

must be treated in a parametric manner seems correct to me. In particular, I
l>elieve that the Bow chart shown in Figure 2.3 gives a correct and well-judged

progression of events. Details of the modelling will be discussed later. However,

it is important to emphasize that the identincation of a sound methodology is

very important and I believe that the authors have done a good job at this stage

of making the process transparent.

2.3 Structural Failure Criteria

This section deals with quanti & cation of the likelihood of vessel failure for a

transient, localized load. The material is presented in a clear manner and there

is a step-by-step progression from an axisymmetric model to the examination of

localized loads. The analysis presented in equation (3.10) and Figure 3.8 provides

a neat means of determining the elfcct oflocalized loading and the performance

of equation (3.10) in correlating the data is impressive. Also I believe that the |

failure criteria given in 'lable 3.3 are sensible and fit the presented database. |
1

1This chapter is important in that it sets up the basis for the determination of ,

whether a particular expk>sion loading will or will not fail the lower head. There |

would appear to be signi& cant conservatism in the analysis, as noted on page

3-1 and from Figure 3.8 at the high impulse end, and therefore it provides the

required function for this study.

2.4 Quantification of the hielt Relocation Characteristics

This section presents an analysis of the melt relocation characteristics. It is im-

portant to note that the analysis does not use a system code but instead a number
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of highly specinc models have been developed to address the physical processes

deemed to be important. This was the approach followed in the Sizewell B study

and seem to me to be the correct way to proceed. Based on my participation
in the Sizewell B study I believe that the methodology used and the conclusions

drawn are correct.

The melt now rates and release conditions are consistent with those found in the

Sizewell B study. In particular, I believe that massive pours of many tonnes per

second have been ruled out on the correct physical basis.

In the section on renooding the authors do not consider the possibility that a

steam explosion may occur as the water renoods the nmiten I>ool. It is covered

in a later section and it would perhaps be wise to have given a forward reference

here.

Forward reference to Chapter 8 is added.

2. 2.5 Quanti & cation of the Premixture

This section addresses the determination of the premixture conSguration. Firstly,

it is important to note that the highly 3D nature of the pour has been taken into
account via the extension of the PM-ALPHA code to 3D. Thus the localized,

rather than smeared in 2D, characteristics of the melt-water interaction process

can be simulated. Secondly, it should be noted that melt breakup has been
taken into account in a parametric manner. At Brst sight this may seem like a

weakness, as many proposed breakup models exist. However, given that none of

these has been pro 1>erly validated it seems appropriate that the elTect of breakup

be addressed in a parametric manner. As pointed out in the report, in the event

that the melt enters the water pool and runs along the vessel wall, there will be

less mixing tium calculated here and therefore the explosion energetics will be

reduced.

Based on my experience of premixing experiments and modelling I have no dif-

ficulty in believing that only tens of kilogrammes of melt are likely to be mixed

in the given connguration. Clearly the high voiding rate is a consequence of the

water pool being saturated. I was left wondering whether in the event that the

melt pour occurred during the renooding processes whether there would be suf-

ficient subcooling present to increase these masses significantly? My expectation
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is that the increase would be by no more than a factor of two, which would still

result in small mixture zones.

The likelihood of subcooled water in the lower plenum pertains to the " fast" and " medium" scenarios

discussed in Section 4.4. The effects of subcooling and of a higher pressure on premixing are

discussed in addendum to Chapter 5.
1

1

3. 2.6 Quantification of Explosion Loads
1

This section deals with the determination of the magnitude of the possible explo-

sions that could be generated from the premixtures calculated using PM-ALPHA.

It is important to note that these calculations, performed using ESPROSE.m are

fully 3D and can therefore account properly for explosion venting. The validation

of the model is discussed in a separnte section. It is sufficient here to note that

the code has been subjected to a very signincant validation effort which I believe

shows that it is ' fit for purpose'

I agree with the approach adopted regarding triggering. Specincally, triggering

at different times and looking for the maximum load is clearly consermtive. In

addition, the effect of the premixing breakup parameter 6 is consistent with ex-

perimental obsermtions and highlights the fact that the uncertainties in breakup

can be taken into account in a parametric manner.

Given the premixture configurations determined using PM-ALPHA I am not the

least surprised that none of the explosions challenges the integrity of the lower
head.

1

2.7 Integration and Assessment

This very brief section explains that as a consequence of the methodology and

results there is no need to continue with the probabilistic approach because of

the enormous mismatch between explosion loads calculated and those required for

ftdlure. In order to FhoW that this is not an artif3Ct of the approximate structural

treatment, full ABAQUS calculations showed there to be no problem.

I agree that the only way to obtain a signiReant explosion is to have extensive

mixing which requires highly subcooled water. I believe the arguments against

this are sound, espechdly if one keeps in mind that the enormous amount of heat

which would be stored in the lower core supy> ort structure would be available to

remove subcooling.
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2.8 Consideration of Renood FCis

This is an important section, as the above analysis has clearly shown that pre-

mixed explosions cannot cause failure of the lower head. I agree with the view

taken that you need a very substantial overlying water pool to provide sufficient

inertial constraint to generate a high pressure explosion. As in the previous sce-

natio everything is against this, viz. the low water addition rates, the ease with

which the melt surface freezes and the fact that as B1m boiling occurs the overly-

ing pool will develop voids reducing its ability to constrain. The analysis rules out

to my satisfaction the possibility that stratified explosions could fail the vessel.

2.9 Conclusions

The conclusions contain a summary of the results presented in the earlier chapters

and preeents a concise summary of the important physical features of the system

and the physical mechanisms which lead ta the conclusion that failure of the

lower head by a steam explosion is unphysical. I really appreciated this carefully

presented summary.

3 Phi-ALPHA Verincation Studies (DOE /ID-10504)

This section presents a review of the Phi-ALPHA verincation studies report. It is

important to note up. front that Phi-ALPHA has been the subject of continuous

development and peer review (at conferences) over an 8-10 year period. It is
therefore a mature piece of software.

3.1 Introduction

The main point ofinterest in this section is Figure 1 which lays out the verinca-

tion and validation approach. This is very comprehensive and covers numerical

aspects, comparison with other codes and analytical solutions and with experi-

mental data. I can suggest no improvements to this validation matrix. It is also

worth noting that this section highlights the new feature of Phi-ALPHA, namely

extension to 3D which is clearly needed in the Study. This clearly represents
a massive amount of work but the new insights gained are dennitely worth the
effort.

3.2 hiultifield Aspects

This section deals with the testing of the multiphase constitutive relations and the

modelling for the sedimentation of particles or clouds of particles. Phi-ALPHA
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computational results are compted with experimental data and analytical models

(based on the drift flux approximation) for the sedimentation of single particles -

and clouds. In all cases agreement is excellent. A novel featute of this presentation

is that the trajectory of the solution in drift flux-volume fraction phase space is

presented. These results show that the solution is approached in a variety of ways

and helps to explain why multiphase numerics prove to be so complex. These

results confirm that the code can reproduce the correct particle fall sI>eed, an

important feature the steam explosion study.

Numerous refereed papers have been presented showing that Phi-ALPHA can

simulate the hiAGICO tests, where in most cases there is also phase transforma-

tion. These simulations also show good agreement with local data on mixture

composition and void fraction. This is important as Phi-ALPHA must predict
the correct mixture composition if the calculations of explosion propagation are

to be reliable.

Comparisons of Phi-ALPHA simulations with data from the QUEOS tests are

generally good. There is evidence of numerical diffusion in, for example, Figure 1

1
6 but the authors are aware of this and are planning runs on liner grids. In the i

hot cases I agree with the authors that both the relatively low melt temperature |

(making radiation absorption a surface phenomenon) and the gravity-induced

subcooling are important. If the explanation of the difference in steam production

advanced in the text is correct (namely the superheating of a layer of water during

the fall stage) it means that interpretation of experiments of this type, where there

is relatively little steam production, will always be very complicated. Given the

short time available to the authors to analyze this data and the experimental

uncertainties I feel that Phi-ALPHA performed as well as could be expected.

* * * * * * * * * * * * * * * * * * * * * * *

4. 3.3 Integral Aspects

The code comparisons with CHYhfES and between the 2D and 3D versions of

the code give a high degree of confidence that the basic numerical algorithm is

correctly coded and that the 2D and 3D approaches are consistent. The compar-

ison with data from the hilXA06 experiment is at least as good as that achieved

by the experimenters using the CHYhiES code. The lack of melt spreading in
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the simulations is very similar to that found using CHYMES. The level swell and

steam production data are well reproduced given the experimental uncertainties.

Again it is fair to say that this test is well simulated given that there are several

hnportant experimental uncertainties regarding particle breakup and the steam

Bow rate.

The comparisons of code calculations with data from the 1714 FARO experiment
,

are also good. In this experiment there is no local data and only global quantities,

such as vessel pressurization and level swell, are available for code comparison.

The choice of parameters to match these data seems very reasonable. I found

the Bgures illustrating the non-local absorption of radiation interesting and these

clearly illustrated the importance of this phenomenon for high temperature melts.

To my knowledge these are the Brst calculations to include this feature, which is

clearly ofimportance in high temperature melt applications.

3.4 Breakup Aspects

I completely agree with the chosen approach to breakup. As more tests are
analysed it will be possible to increase the degree of con &dence in the chosen

values for the parameters. Clearly, given that the melt surface area transport

equation is already coded it would be a simple matter to include a mechanistic

model, should a validated breakup model become available. However, the analysis

presented in the study shows that the overall predictions ofloading are insensitive

to the cimice of these parameters. Therefore the lack of a detailed model does

not in any way cflect the conclusions of this study.

3.5 Numerical Aspects

The authors are clearly aware of the need to avoid numerical differencing errors

and the presented calculations show that they are taking care to address this

problem.

3.6 Concluding Remarks

I think this section identines the correct areas for future focus. If I were the
authors I would have made more of the fact that this is the most comprehensive

ndidation elfort to date and that the code has performed extremely well. j

i
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3.7 Appendices -

Appendix A provides a comprehensive description of the constitutive laws and

Appendix B provides a detailed paper on the MAGICO tests. The reviewer is'

familiar with the materialin the Appendices and this has not been reviewed in
detail,

j

| * * * * * * * * * * * * * * * * * * * * * * *

5. 4 ESPROSE.m Validation Studies (DOE /ID-10503)

Firstly, it is important to tackle head on the ESPROSE.m formulation, which I

believe it is fair to say has not been widely accepted. I find it hard to understand

i why this is the case. Essentially, the novel feature in ESPROSE.m is the inclusion

of an additional fluid (the m fluid) which represents the fragments and the fluid in

intimate contact with them which is being heated. The need for such an approach

seems beyond doubt to me following the very careful experimental analysis of

Baines [1] and my own attempts to analyze KROTOS-like tests using CULDESAC

[2]. The authors have provided comprehensive experimental data for appropriate
'

pressure loadings to show the finite mixing rate. They identify the need for an

enlarged database but it should l>e recognized that the ESPROSE.mformulation

is conservative in the sense that by inixing the fragments with only a fraction of the
. ,

coolant they generate high localpressures. This point should be kept in mind when

examining the use of ESPROSE.m results.
,

'
The remainder of this section contains detailed comments on the various chapters

of the verification report.

4.1 Introduction
1

The main feature of this chapter is Figure 1 which gives the validation strategy. '

This is very extensive and to my knowledge is the first model to be subjected to |-

specific wave dynamics and explosion coupling verification studies against azwlyt- |
ical and experimental data. It also covers the two main experimental programmes

KROTOS and ALPHA. <

* * * * * * * * * * * * * * * * * * * * * * *

G. 4.2 Wave Dynamics

} The 1D solutions for the shock speed and particle velocity (important in relative

velocity fragmentation) are excellent. The same applies to wall reflection studies,
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the effect of void and the effect of non-condensable gas. The venting calculations

also show good agreement with the CHAT results. I was curious to know why the

calculations were performed for a pressure step of 40 bars over a base pressure of

100 l>ars and over a space dimension of only 1.4 cm. I would have preferred to see

venting on the 0.1 m scale (with a 1 cm mesh) and a pressure difference of say 10

bars venting to atmosphere. Figure 9b shows that the ESPROSE.m results only

exhibit dispersion at the first few time steps and that the numerical diffusion is
modest.

The scales are really unimportant in these comparisons - we have many more not shown.

7. The 2D comparisons are impressive and show that ESPROSE.m captures

the wave dynamics very well. The only point that this section raises for me is

why in the type B behaviour the ESPROSE.m results have a spike at the origin

(as expected from the source description) but the analytic solution does not (see

Figures 7,13 and 19). Is this simply a plotting omission?

Yes, this was plotting artifact and was removed.

8. The experimental com;>arisons with data from the SIGMA facility are in-

teresting and show that ESPROSE.m is capturing the average wave behaviour

well. Clearly, the pressure transducers are picking up many local reflection events

which are due to the inhomogeneous nature of the ' mixture' and cannot be mod-

elled via a continuum approach. I am surprised that ESPROSE.m has done so

well for this system with the only apparent systematic difference is the tendency

for a ~1 ms time lag.

Actually, the maximum time lag is only 0.2 ms (1 ms is a major division - this was clarified in all l

captions).*

9. This section provides very solid verification for the code algorithm and the

choice of solution parameters.

4.3 Explosion Coupling

This section contains test cases in which energy is input into the gas phase via a 1

parametric relationship in which the energy input into the gas phase is propor-

tional to the fluid velocity to the power 1.5. This is done to represent the fact

that in ESPROSE.m the energy is input in the m-fluid. Results for calculations
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for both cases considered are in excellent agreement with the CHAT simulations.

Figure 5, for simulations on a larger space scale, examines the etTect of grid size.

The comparisons are good with difTerences bein3 confined ta the interface region.

4.4 Integral Aspects

The analytical tests show that ESPROSE.m can perform well at the extreme
limit assumed in the Board-Ilall model. These calculations are interesting as they

show explicitly the effect of the fragmentation rate and entrainment factor on the

propagation characteristics. Figure 6 is interesting in that it shows dispersive-

like behaviour but if the grid is as described earlier these are real rather than

numerical. Could the authors comment?

The dispersive-like behavior is real; it is due to the slow fragmentation rate which allows the

pressurization to occur gradually.

10. The confirmation that the 2D and 3D models give similar results is thor-

ough and convincing.

I agree with the authors that the KROTOS tests are too poorly characterized

for real ndidation studies and therefore I do not think this section is central to
the validation case. The point about melt freezing is very interesting and the

fact that the code under-predicts freezing times is important. This eifect will

l>e compounded by the fact that that the melt is assumed to be at a uniform
temperature, whereas an outer shell will freeze first. Surface freezing provides

the most convincing hypothesis (to me) of the non-explosive behaviour of UO in2

KROTOS.

* * * * * * * * * * * * * * * * * * * * * * *

r

11. 4.5 Numerical Aspects

I agree with the conclusions drawn. The presented calculations clearly show that

the authors are aware of the need for adequate spatial and temporal resolution.

In addition, the results show a good compromise between diffusive and dispersive

errors.
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4.6 Concluding Remarks
!

This is a very important section and I believe the authors havejudged the current |
situation very well. I agree entirely with the conclusions they have drawn from

the very comprehensive sets of calculations performed to date. There is a clear
.

need for the high temperature SIGMA data and I am aware that plans to obtain
'

|
I this are well advanced. i

I personally doubt that it will every be possible to characterize the KROTOS
,

experiments much better and my experience with the MIXA tests tells me that-

there will always be something left to be measured. Therefore I agree that this -

\ is a lower priority. The comments on secondary pressure waves are interesting

| and clearly of a very fundamental nature. Ido not believe that such ellects could
i be addressed easily within the continuum model but I would certainly encourage *

their investigation.
.

Finally, I agree completely with the closing paragraph: moving to large-scale,
'

multi-dimensional experimenis will only add confusion.

4.7 Appendix A
,

I have no speciSc comments here. I am generally familiar with the modelling

j approach taken and I believe appropriate modelling choices have been made from

the amilable database of constitutive laws. It should t>e recognized that it is in |
''

the formulation stage that the ESPROSE.m model differs fundamentally from

others in that it is 3D and uses the microinteraction concept to allow for thermal,

disequilibrium within the coolant. 1

4.8 Appendix B;

; This section contains a description of the CHAT code used to provide analytical
,

solutions for code comparisons. The modelis formulated for the case of homoge- |J

neous now ofliquid and coo!1nt (no slip but different temperatures). Thus the '

system has only real characteristics and therefore can be solved in an elegant and

accurate manner. It provides an excellent means of testing ESPROSE.m.

4.9 Appendix C

This appendix is a reprint of a conference paper which describes the microinter--

action data and its implementation into ESPROSE.m. I am familiar with this

work (from the paper and visiting the facility) and believe it to be both unique

.

F-Il'
.

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



and of a high quality. Whilst at present results from low temperature melts have

to be extrapolated to the reactor case, plans are well advanced to produce the

required data.

4.10 Appendix D

This appendix also conte. ins a reprint of a conference paper which discusses the

manner in which the 'real world' differs from the Board-Hall model. It is very

interesting as it shows how the inclusion of microinteraction physics produces

propagation behaviour which is very different from the Board-Hall model and
other propagation models which do not allow for micro-mixing. Essentially, it

allows propagation in systems which are melt lean because the energy from the

melt is transferred to only a fraction of the water present. It provides an interest-

ing perspective on which to end the ESPROSE.m validation report and clearly

illustrates what a significant advance the microinteraction concept has been in

propagation modelling.
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F.9. Response to H. Jacobs (FZKJNR) |
|
'General Cominent and Highlights

This is a highly skeptical r: view, questioning even the non-existence of supercritical thermal deto-

nations in highly voided premixtures. Until the reviewer resolves this trivial point in his own mind, j
we can make no progress here.

!

Point-by-Point Responses j

1

1. 1. Introductory remark '

I
In order to put my conunents to follow into the right perspective, I must state |

first of all that : fully agree with the general approach to the problem taken by

the authors, i.e. the ROAAM. To what extent probabilities are used within this

approach may depend on the purpose and the problem of the study. However,

dividing the problem into its physical aspects, treating them in separate parts

of the study that can be scrutinized by other experts and linking them in a well

defined and verinable way dennes a clear path towards the resolution of the full

problem. .

Similarly I fully support the basic approach taken to treat the steam explosion
problem. The material presented is based on and incorporates a lot of pioneering

and exemplary work in this field. I do not want to shed any doubt on that. The |
only question I'm discussing is: Is the state of development sufBcient to nnally |

answer the question under discussion. This forces me to elaborate on potential

weak points in the argwatation. If a technical Beld isn't developed sutliciently,

even a ' peer review' cannot Snally ensure the correctness of an evaluation. j

Quite obviously, steam explosions are not phenomena that are well understood

in the scientinc sense, especially if we are concerned with such large-scale events

as are discussed in connection with reactor safety analysis. Unfortunately, such

events lie far outside the parameter range that can easily be studied experimen-

tally. This is true of the initial temperature and the composition of the melt

as well as the masses involved (as mentioned above). This dilemma forces us
to largely rely on codes for extrapolating from the accessible parameter range

to that of the envisaged accident situations. Ideally this extrapolation requires j

full knowledge and appropriate modeling of all relevant phenomena. Here again

we are confronted with gaps, the relevance of which is ditEcult to judge. The

concept of 'Rtness for purpose' may be helpfulin areas in which the consequences
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of neglecting v>mething can be estimated. But how about problems which have

not yet been identined or the importance of which has not yet been perceived? |
In the present state of knowledge bad surprises cannot be excluded. The (only?) |
way to deal with this ditficulty is to account for all (known) possible traps in the

analysis (take a conservative approach) and to require a large safety factor. To

come extent, this principle is followed in the study discussed here. But in my
judgement not to a suthcient extent.

* * * * * w * * * * * * * * * * * * * * * * *

2. From the point of view of quality assurance, a peer review like this one
can become fully effective only if at least the background material was published

since quite some time so that a thorough discussion ofit has been possible among

the experts. In the present case an important part of the background material

was delivered very late during the review process. This reduces the relevance of

the present review process.

A key point of ROAAM is that the review is not hurried through. Valid concerns are pursued for

as long as it trkes. In the present case, all documents were supplied by the end of September

1996. This particular reviewer was informed by DOE's project manager that he could take as

long as necessary to supply his review, and it was sent about two months later, by the end of ;

November 1997. Our responses, including updated versions of the reports, were made available )
1

to the reviewers a little more than 6 months later (about June 15, 1997), so that at this stage the
,

process has been on-going for about 1 year. This was done by design, and, again, will continue for I

as long as technically substantive concerns exist.

3. 2. Scope of this review

This review is concerned with the steam-explosion aspects of the study. The con-

tribution of this part of the study to the positive Rmt) conclusion, i.e. interacting

Imnsses that are insigni& cant from an overall energetic standpoint and even local

loads that lead to clastic strain only, can be attributed to small pouring rates,

a strong voiding of the premixing zone and early explosions. The nrst of these

are to some extent a consequence of the melt-water mixing scenarios cimsen and

although core melt down is not my proper Beld of experience I must make a few

comments on this because the way in which melt and water are brought into con-

tact is basic for the subequent events. The possibility of a small steam explosion

inducing a larger one is neghmted altogether. The second point, i.e. the proposed
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strong voiding of the zone in which corium melt and water are intermixed prior

to an explosion (the mixing zone or premixture), is instrumentalin two ways: In

addition to the small pouring rates it reduces the interacting masses, At the same

time, this voiding seems to be one reason for the dying away of the energetics of

explosions with increasing time of triggering which is the most convincing argu-

ment for considering early explosions. Of course, this finding also depends on the

third point, i.e. the way in which the steam explosion proper is modeled. The
above three aspects, i.e. scenarios and modeling of premixing and explosion are

discusses one after the ather below.

* * * * * * * * * * * * * * * * * * * * * * *

4. 3. Technical evaluation

3.1 Melt relocation scenarios

By the scenarios it is defined how the melt relocates into the lower plenum and

this gives the rates at which corium is fed into the lower plenum. Therefore this is

an hnportant aspect that must be scrutinized during the review step of ROAAM. I

am not really an expert in this field, myself, but I must raise the question whether

it is really possible to exclude with sunicient certainty a downward relocation that |
could lead to much higher corium Bow rates depending on the number of holes !

in the core support plate through which corium Bows into the lower plenum. My |
)

doubts in this respect come from the agreement of the experts in this field that the |
1

late phase of core melt down, i.e. the melt relocation phase, is not well understood
'

and from the virtual absence of mechanistic models for growth and especially

radial expansion of molten pools. The study that is under discussion here tries

to bridge this gap using simple and clear estimates of conditions inBuencing the

thermal stability of a metallic crust. But in these estimates, e.g. no consideration

is given to the possible formation of cutectics which might drastically reduce the

melting temperature and thus crust stability. One might also speculate that some

hot material could drop into the water remaining below the corium pool, thus

decreasing the time untilit is ennporated and thus the time of crust stability. In

the present study the evaporation time 'happens to bejust about equal the time

it would take to melt through the renector and core barrel.' Of course, there is in j

addition the thermalinertia of the core support plate. But as soon as its top frdis

dry, its surface temperature will increase and thus reduce the effect of radiative

heat transfer.
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Aside from control rod materials which would lead the relocation and thus be eliminated, all other

eutectics possible are well covered by our metallic blockages. Since paths for relocation are not

available, by huge margins, one is not free to speculate that "some hot material would drop into

the water . . ." helping accelerate the evaporation. Finally, the reviewer's supposition that "as soon

as its top falls dry, its surface temperature will increase and thus reduce the effect of radiative heat

transfer" implying blockage failure is incorrect - see addendum to Chapter 4.

5. Another possible uncertainty is the stability (leak-tightness) of a sideways

(radially) advancing crust. This process might induce transverse forces on the

supporting stubs of fuel pins which these cannot withstand in their damaged

condition. So the crust could fail and the oxydic melt could flow freely towards

the core support plate and possibly through it. (Table 4.1 indicates that the
' cold trap' is not likely to stop flowing oxydic corium.) Here one may recall
that processes of this nature occurred during the TMI-2 accident [1] although, in

that case the whole melt pool was submerged. As witnessed by several tonnes of

corium that solidified within the core support assembly, a large amount of corium

has flown down through about 4 peripheral fuel elements around core position

RG. Another downward relocation occurred at core position K8. The latter may

have been brought to a stop al>ove the core support assembly. But we do not

know how and by what margin.

The TMI did not have the zirconium pellets at the bottom of the core. Still, the melt was trapped

above the core support plate, preventing relocation through the downwards path. Contrary to the

reviewer's intention TMI actually fully supports our scenario.

G. Finally, the possibility of a large coherent steam explosion that is induced

by a smaller one (e.g. one of those considered) is completely ic[t aside. Such event

might proceed in different ways. The common starting point of these would be

the n echanical destruction of the crust keeping the melt pool. This might be

caused directly by the action cf the pressure of the first steam ex;>losion or indi-

rectly by the pressure of another melt-coolant interaction due to the addition of

some water into the upper zone or on top of the melt pool. The induced steam

explosion would then occur either within the core volume (if there were still water

left) or in the lower plenum after the melt released from the broken melt pool
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has drained through the still open holes in the lower grid plate. It is sometimes

argued that such melt couldn't encounter water in the lower plenum because that

would have been driven away by the initial steam explosion. However, the first

(weak) explosion might have caubed essentially a sloshing movement of the water

so that this could mix very effective!y with the corium streams when returning.

In this context one should also keep in mind that with a large molten corium
mass available and melt-water interactions occurring, large amounts of mechanical

energy may become available. So it is often hard to argue that some process was

unlikely.

These comments do not take into account the geometric features of an AP600 core trapped above

the massive core suppe;t plate. Nor do they take into account the highly localized, in both space

and time, pressure pulses predicted. Water on top of the melt is unimportant in this respect for

the same reason that we are not concerned for late FCIs, as explained in Chapter 9. Moreover, as

explained in this chapter, water on top of the molten core is not physically relevant in the AP600.

7. 3.2 hiodeling of premixing

Premixing is the process that is thought to be required to set the stage for any

large scale coherent steam explosion. It is, at the same time, expected to inher-

ently limit the masses participating in an explosion by the %ter depletion' effect,

i.e. removal ofliquid water from the premixture by large amounts of steam that

are created due to fast heat transfer. As these processes are difficult to simulate

directly in experiments, recourse is taken to numerical modeling with the code

Phi-ALPHA.3D. For the scenarios considered, this code predicts strong voiding

of the volumes accessed by melt. In combination with a cut-off of propagation

that is effective at high voiding this gives a strong limitation of the melt masses

that can interact. And this is the second pillar on which the final result of the j

study is resting.

While there are good arguments for the concept of ' water depletion' and also

some experimental observations that appear to support the idea in principle,
there remains the question whether the quantification given by PM-ALPHA.3D

1is sufficiently reliable. The program predicts 'the major portion of it (i.e. the
fue]] being in a highly voided region (a > 80%)' and also that the void fraction
' gradient is very steep', i.e. the void fraction increases from values around 20 %

to more than 80 % within a short distance. Such behavior, however, was not seen
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in the premixing experiments that are being conducted at Forschungszentrum

Karlsruhe in order to study the phenomenon and to collect data for code valida-*

tion [2], [3), [4]. It is too early to draw final conclusions from these experiments,
'

but the void fractions in the surrounding of broken up ' fuel' appear to be cmaller
- than expected.

The QUEOS experiments were run under conditions quite different from those of MAGICO, from

which the reviewer's " expectations" may have derived. We provided quantitative interpretations

of the available QUEOS tests and see that this lower voiding should,in fact, have been expected.

More imporantly, to this day we are not aware of any published, reliable void fraction maps over
'

the premixing zone in the QUEOS experiments. We have such detailed maps in MAGICO (see
,

Appendix B of DOE /ID-10504 and the addendum to it), and show that even with very dilute pours

(0.5%) we get void fractions in the 60-70% range, extended over the whole mixing zone. The

QUEOS pours are too short, and too concentrated to reveal the important thermal interactions that

lead to extensive and persisting voided premixtures.
I

8. One may also draw attention to data reported of the KROTOS experiments (

[5]. In these tests molten alumina was poured through an orifice with 3 cm
diameter into a 10 cm wide tube Elkd with water, it mixed with the water and |

'

strong steam explosions occurred either spontaneously or following an external |
-

t iinger. The melt temperature was high, typically 2000 K, but the water was |
subcooled which, of course, tends to reduce voiding. In the KROTOS tests #28

and #29 the water was subcooled by 10 K and 80 K, respectively. In both cases

the steam volume fractions within the reaction tube were 4 % only. But as these

are mean values over the whole tube which may contain some regions occupied

by water only, it may be more relevant to point out that the steam volume was,

only about hal(the melt volume. In test #30, subcooling was again 80 K but the

melt mass was larger and its breakup was more intensive. In this case the steam

volume fraction reached 23 % but this is again only 1.3 times the melt volume. So

we must check how well the above cited calculational results of PM-ALPHA.3D
'

are founded which imply steam volume fractions that are larger than the melt |

volume fractions by well over an order of magnitude.
i

Our calculations of KROTOS yield similarly low average void fractions, so, again, there is not j
'

surprise here. Until void fraction information is available from other experiments, our principal |
|
|

:
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w rificat:on basis must remain MAGICO-2000. The present data base is extensive, covering ex- ;

plicitly various regimes (introduced in the addendum to Appendix B), and we believe it is quite
I sufficient.

9. The original PM-ALPHA was one of the two pioneering codes that used

three velocity Belds for describing the separate motions of melt, liquid water
and steam at the cost of adding considerable complexity to the already quite

;

i complicated two-Beld description of two-phase now. But this is the only way in -
'

which one can hope to develop a reasonable description of the phenomena dur--

ing a steam explosion. The fairly standard multiphase equations used provide
'

compliance with the conservation equations only. All the controlling and very

complicated physics in the three-phase (and at least) three-component mixture
,

must be described by constitutive relations. Here the difEculty arises that one '
.

i of the main purposes of such codes is to extrapolate from the experiments that

i are possible in practice to the envisaged accident situation. This implies extrap-
1

} olation from simulation materials (sometimes even solid spheres) to the expected

(but still quite uncertain) molten corium, from often quite low ' melt' tempera- };

| tures to temperatures around 3000 K, and from the mostly very small scale of

: experiments to the reactor size. There are a few experiments in which one or
i

: the other of the above initial conditions is not as l>ad as indicated here but as

: the experimental diBiculties grow enormously as the expected accident conditions

i are approached, the experimental information on the initial conditions and de-

tails of the processes is often poor in these cases so that a successful comparison
'

of calculational results with integral experimental results doesn't necessarily in-

dicate correctness of the theoretical model. Indeed, one can expect a code to
| perform the required extrapolations only, if all relevant mechanisms are modeled
'

mechanistically and with suHicient accuracy.
1
|

This is why we have a very carefully developed verification plan, covering all aspects of the ]
calculations.

>

10. However, the constitutive relations used in PM-ALPHA are often heuris-'

tic, sometimes parametrical. The latter is described in the report for the melt

| breakup model but is true as well for one formulation of the evaporation rate. The

other formulation looks more physical but still does not allow for the possibility |

| that evaporation and condensation occur concurrently in the same integration

volume (calculatiomd mesh) due to limited subcooling of the water and intensive |
,

i I
i
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local (radiant) heat flux to the vapor / liquid interface where the melt drops are

covered by a thin vapor him only, as e.g. On those parts of their surfaces that

are oriented towards the direction of motion. So any extrapolation to accident

conditions must be afflicted with large uncertainties.

Only the breakup law is parametric, and its basis and rationale have been explained in the' report.

Most importantly, and counter to the reviewer's claims here, PM ALPHA includes a correct phase

change model (simultaneous evaporation and condensation), as well as a non-local radiation depo-

sition model (it is unique in recognizing this important physics among all such codes). Evaporation

and condensation can occur in the same integration volume.

11. Validation of the original PM-ALPHA code by comparison with experi-

ments was first described in Reference [6] which is also reproduced as Appendix B

in the special verification report [7]. An appeal of the general agreement reached

may be obtained from the data on the leading edge advancement. With cold

spheres this agreement is mostly reasonable. With sphere temperatures of about

1600 K the data are reproduced within about a factor 2. In the ' production runs'

of the present study the initfal temperature ef the melt will have been beyond

2000 K so that the uncertainties will certainly have increased quite considerably.

We have data now up to 2300 K, and in all cases the code very accurately predicts the front

advancement. We do not know where the reviewer found the factor of x2!

12. Here we are mainly interested in the high void fractions that have been

measured and predicted during the veriScation process. The data given in [6]
have been obtained with the MAGICO experiment and have been described as

highly relevant ('the measurement not only provides insight into premixing, but

represents probably the most important test for computer codes'). Hence our
,

expectation to find high local void fractions in our own experiments. However, |

the local void data presented in [6] have been measured in a position or better line

or 'small region' (of unknown size) 15 cm below the initial water level. This depth j
is only two thirds of the equivalent diameter of the pour. We may guess thac the |

measuring volume was centered with respect to the particlejet (the pour). Bcw

its width compares ta the width of the pour is not known. The measurement was
i

performed at 0.35 sec, i.e. just after the end af (or behind) the pour, probably 1

in order to avoid the presence of many spheres at the level of the measurement. |
i

These circumstances appear to have produced the observed high void fractions '
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possibly without too much contribution of steaming. It is our observation from

the QUEOS experiments [3], [4] in which streams of spheres are poured into a

water pool in a similar way, that the particle cloud is always followed by a gas

filled chimney - with cold spheres as well as with hot spheres. This is largely a

consequence of the momentum transfer between the particles and the water while

thermal effects are of secondary importance - they essentially influence the way j

in which the gas chimney is closed again. That this is also true in the MAGICO \

experiments is clearly shown by Figures 14 and 15 in Reference [G] which illustrate

a ' cold' run. This means that the reported high void fractions have little to do
with the so-called ' water depletion ' eflect and there is no experimental support for

the high void fractions calculated in the ' production' runs at positions far away

from the melt entrance. One might add that corresponding to our observations in

the QUEOS experiments, thermal cflectsjust start to be detectable in an overall

sense (beyond local elfects around each individual sphere) at sphere temperatures

as low as 1G00 K. Even at the much higher temI>eratures beyond 2300 K that

have been reached in QUEOS, no high void fractions could be observed outside

the initial gas chimney produced by the entering clouds of spheres (essentially by

momentum transfer).

The QUEOS behavior is peculiar to the experimental conditions and it is quite predictable with

PM-ALPHA. The addendum to Appendix B of DOE /ID-10504 should be helpful to the reviewer

in sorting out the differences in his own mind. Comments such as in his last sentence need to be ;

supported by data, for otherwise such points and responses can only produce confusion. I

13. In the main body of the verification report [7] global estimates of the
water content within the mixing zone in QUEOS are used for further checking

PM-ALPHA Unfortunately this type of data is hardly suited for a quantitative

comparison with code calculations. The ditliculty is that the result very much
depends on the choice of the outer radius of this zone because, due to the weighing

with the radius squared, it is this region that dominates the integration over
the total volume. In the experiment this difficulty can be overcome to some
extent by precisely determining the shape of the mixing zone from high-quality

photographs - at least to the extent that a qualitative result can be obtained.
However, in code calculations, the calculational mesh is not able to sufficiently

resolve this outer boundary. So, what is given in [7] is the 'PM-ALPHA result
for the central region of the mixture, containing the main portion of the particle
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cloud.' As a consequence, the calculated ndue is somewhat ambiguous and Figure

13 in Chapter 2 of Reference [7] unavoidably compares quantities with different

definitions.

We did the best we could with the data available in QUEOS. The weakness is not with the calculation

(with fine grid and Lagrangian particles we can resolve the mixing zone to a very high degree) but

rather with the experiments that gives only a very rough estimate of a zone-average void fraction.

14. It remains that the code in this case predicts low voiding (in contrast
with the production runs). But here the code appears to have gone to the other

extreme due to its inability to describe ensporation in the presence of subcooled

water which even leads to the reported underestimation of evaporation (steam
,

flow) rate and pressure rise. To explain these discrepancies by possible liquid

superheat of the water in the ext >eriment is probably inappropriate in the presence

oflarge free surfaces.

Incorrect in both respects. Our code describes evaporation in subcooled water well, and we estimate

the steam flow quite well. The extra peak is indeed due to water surface layer superheated, as

described in our report. The reviewer has not provided evidence refute this real phenomenon.

15. Another uncertainty cf the calculational results is due to modeling the |
corium breakup. The surface of a certain amount of material varies linearly with

the (inverse of the) particle radius. Therefore modeling the corium as individual

droplets with 2 cm diameter from the very beginning gives it already a quarter of

the surface that it would have with drop diameters of 0.5 cm which can certainly

be considemi as well prefragmented (broken up). In the calculations presented,

this initial diameter is combined with an entrance volume fraction of 25 % only so

that there is an intensive thermalinteraction from the very beginning. However,

in the PREMIX experiments being performed at Forschungszentrum Karlsruhe
|

[2], we have observed that a melt jet can penetrate to quite some depth into |
Saturated water (e.g. 0.5 m for a jet diameter of about 4 cm) before it starts j

to break up and to interact more violently (still not explosively). In these cases

the melt is molten alumina at about 2600 K the density of which is only about

one third of that of corium. So this behavior is even more probable (should be

more pronounced) with corium. Such dynamic breakup process with virtually no |

breakup in the beginning that allow the melt to penetrate deeply into the water

followed by more rapid fragmentation that breaks the melt into medium-sized
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drops (which mie', be the most dangerous connguration) cannot be bounded
by the paramettm breakup model that was employed. Such bounding would

require to model as well the entrance of coherent melt (melt being the continuous

phase) that is not premixed with water artincially (by assumption) from the very

beginning. In this context it is also important to note that breaking the melt
into very small droplets (e.g. 0.2 cm) may be very optimistic because these small

drops produce a lot of vapor, i.e. high voiding and may already start to freeze so

that they can no longer participate in an explosive interaction. The importance

of freezing for the benign explosion results reported is not discussed.

There is no instrumentation in PREMIX to provide information on the breakup characteristics. Our

approach easily spans all regimes, from a coherent jet (large length scale) to a broken-up cloud.

The transition is controlled by the breakup parameter. The cases provided in the report were a

sciection from trial runs over a much wider variation of initial size and breakup rates. Freezing

is not important here due to the short contact times. In considering what kinds of voids can be

produced with what kinds of drop sizes, the reviewer should take a look at the new MAGICO runs

(see addendum to Appendix B of DOE /ID-10504).

16. 3.3 Modeling of explosions

The most important finding of the calculations in this area is the cutoff that
occurs at higher void fractions. However, the model used to describe explosive

interactions - the mictointeraction model - has been developed on the basis of

experimental observations in a situation with virtually zero voiding. The param-

eters of the model have been Exed using these experiments and it has been shown

that the model can be made ta give results looking reasonable (by proper parame-

ter choices) by simulating a KROTOS experiment in which the local void fraction

was assumed to be between 25 and 40 %. It has been the declared purpose of

the microinteraction model to explain the occurrence of strong pressure increases

in the presence oflarge amounts of water (low fuel to water mass ratio). And
as such it is highly interesting from a scientific point of view and may be very

relevant - in this special situation. But one cannot expect this same model (with

the same parameter settings) to work properly in a completely different situation

in which there is very little water present. The failure of this specialinteraction

model to predict strong steam explosions under conditions for which it wasn't

designed does not necessarily say anything about the occurrence of steam explo-

sions in situations as suggested by the premixing calculations should these ever
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occur. Especially in the case oflarger melt masses (and possibly smaller overall

void fractions) the lower plenum of a pressurized water reactor might provide

enough external conBnement for completely different interaction mechanisms to

become elfcctive. These mechanisms may need more time for their development

but might in the end arrive at similarly effective interactions. An important
example of mechanisms that nmy contribute to such alternate types ofinterac-

tions are the thermal fragmentation mechanisms that may not need much water

and are completely left aside in the present study. This might explain why the

most efficient explosions are obtained very early (prior to 0.12 sec) followed by

much less efficient interactions at later times in all cases with a Buite breakup

parameter.

Here we are interested in highly supercritical multiphase thermal detonations, as only they can

challenge the lower head. It is not clear what "new type" of interaction the reviewer speculates

.about, but whatever it is, it is clearly of no interest here.

17. The picture is less clear in the cases in which additional breakup was

assumed not to occur. As outlined in the previous section these might be the

most interesting cases in this study. Here no clear maximum of explosivity has

been found among the cases considered and it is argued that 'slightly broken up

premixturcs remain very benign.' However, Tal>1e G.1 shows that in the case C2-

nb the maximum peak localimpulse is 30 kPa.s which may already be viewed as

a low to intermediate value and that it occurs at the last trigger time considered,

i. e. 1.0 sec. Nothing in the results presented supports the idea that the value

might not be larger (and maybe important) at even larger triggering times.

See further calculations provided in the addendum to Chapters 5 and 6.

18. There is a further and independent argument for early triggering. It states

that early triggering is due to the interaction of melt (jets) with structures. This
widely used contention, however, does not agree with the observations from the

PREMIX experiments at Forschungszentrum Karlsruhe. We have nowI>erformed

il such tests and in 4 oi tbese the melt was forced to interact with structures
(vertical ' jet ' on horizontal plate - in one case even equipped with compartments).

Only one of these tests (the last one performed on 21 August 1996) lead to a

violent thermalinteraction (a weak steam explosion) about 0.8 sec (almost a full

sectmdl) after melt-structure contact [8]. One may also make reference to the
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KROTOS tests, in which the otherwise very explosive alumina melt settled at !

the bottom of the reaction vessel copying its shape when solidifymg, m cases |
in which the water was saturated and no external trigger was applied [5]. So, j

melt structure interaction does not necessarily provide early triggering.

We did not limit our range ofinterest for trigger times based on such kinds of arguments. )
i

19. 4. Summary |

The affirmative Rnal result of the study follows from three Rndings: low corium- 1

water mixing rates, very high void fractions in the premixture, and, partly de-

pending on that, effective explosions being possible only during a subsecond pe-

riod at the beginning ofpremixing. Ihave serious doubts about all three of these.

With respect to the melt relocation scenarios I doubt that the present state of

knowledge allows to dennitely exclude downward relocation paths that could lead

to much larger relocation rates. Not really being an expert in this Reid I must

leave the judgement to those experts, provided they can positively defeat my

arguments. In addition, processes that are induced by a Brst (weak) steam explo-

sion might lead to a more etTective melt-water mixing and thus to a larger steam

explosion. With resi>ect to premixing, the very high void fractions predicted by

the code PM-ALPHA even outside the gas channel that immediately follows a

mass plunging into water don't seem to be supported by experimental evidence.

The code itself is not provided with sufRciently mechanistic models and is not

sufRciently validated to support the high void fractions by itself. With respect to

the explosions, the failure of the code ESPROSE.m, i.e. the peculiar interaction

modelin it (the mictointeraction model), to predict efReient explosions in highly

voided premixtures, doesn't prove that such explosions were not possible on the

base of ditTerent interaction mecimnisms, even if highly voided states would occur.

We strongly disagree with all points in this summary. Each one of them has been refuted above.

Apparently the reviewer cannot see the impossibility of propagating supercritical thermal detona-

tions in highly voided premixtures. This is the most trivial part of the subject, and until he resolves

this in his own mind, we can make no progress here.
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E10. Response to F. Mavincer (U. Munchen)

General Cornrnent and Highlights

General and unqualified agreement with the conclusions of the work under review.

Point-by-Point Responses

1. Not being an expert in structural mechanics, I shall concentrate my re-
view on the thermo-Buiddynamic part of the report, trying to give an overall

assessment.

For my review, I also took into account the report DOE /lD-10503 " Propagation

of Steam Explosions: ESPROSE.m Verincation Studies", a paper l>y S. Angelini

u.a. on the Mixing of Particle Clouds Plunging into Water /1/ and another paper

by Chen u.a. on the Constitutive Description of the Microinteractions Concept

in Steam Explosions /2/.

1. Problem

There are many papers in the internationalliterature dealing with the phenom-

ena and the effects of steam explosions. They differ widely in their statement

on explosion loads depending on assumptions or predictions for premixing, heat

transport between molten fuel and conversion of thermal energy into mechan-

ical loads. Experiments were made with various melts, representing a variety
of boundary conditions (from one dimensional to multidimensional) and a wide
range of scale.

The report under discussion here does deliberately not make the hopeless attempt

to Bnd an agreement or an average between the wide spreading results of the

literature. It furthermcre is based on carefully planed experiments, performed by

some of the authors and on constitutive descriptions of phenomena, involved in

steam explosion processes, j

Object of the study is the advanced pressurised water reactor APG00 or respec-

tively the integrity ofits pressure vessel against hypothetical loads of steam ex-

plosions.

Entering thejungle of phenomena and etfects connected with and resulting from

steam explosions with the aim to come to a quantitative and physically reasonable |

result with respect to the mechanical behaviour of a pressure vessel is a task, |
which cannot be fulnihilin a complete, best estimate way on the basis of today's j
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overall knowledge. This is the case in spite of the fact, that numerous research
work has been performed world-wide and that the authors of the report, being

under discussion here, made excellent contributions, analysing steam explosion

phenomena and effects in a theoretieni and in an experimental way. There are

many intangibles in steam explosion processes. Being forced to demonstrate the

safety margins of a pressure vessel against steam explosion loads in a way, which

is resistant against critical questions, it is gi:ite obvious to apply conservative.

assumptions.

The design of the APG00 " invites" such conservative assumptions, because, be-

sides the low power density, the core is not only surrounded by a pressure vessel

with a rather thick wall, but also by a stainless steel renector inside the core
barrel. So the APG00 design can " tolerate" conservative assumptions. By doing

this and regarding the results, one has to be very careful with any attempts to
transfer the data, obtained for the APG00, to other pressurised water reactors.

Conservatisms, assumed when calculating the thermo- and Buid-dynamic situa-

tions during steam explosions, could lead to predictions with respect to pressure

vessel failures, which are far beyond the physical reality under such an hypo-

thetical accident. Therefore, inspite of the Rne work presented in the report
DOE /ID-10541, there is still a lot to do to obtain a still more realistic basis
for safety analysis and realistic predictions. However, we must also be aware of

the fact, that there always will remain many intangibles within the scenarios of

hypothetical severe accidents.

2. Melt relocation characteristics

Melt relocation characteristics are innuenced by the heating up of the uncov-
cred core, the transition to a molten pool, the availability or non-availability of
downward relocation paths and several melt release conditions. The authors very

carefully analysed all processes, preceding or being involved in melt relocation, \

|
including blockage coolabilities and the resistance of the reRector and the core '

barrel against melt-through. The conclusions, drawn from the calculations and

physical considerations, are convincing. The two main conclusions, namely that

the failure itself can l>e expected, that it will be local azimuthally and very near

to the top of the oxidic pool and that |

the release will occur within a time-period, which is within the coolability of the
lower blockage,
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are presented in chapter 4 of the report (see page 4-25) and give the good
,

feeling, that the maximum amount of melt, which can interact with the water in

' the lower plenum, forming a steam explosion, is lindted and by this also the en-

ergy release and the mechanicalload onto the pressure vessel wall would be within

a reasonable frame. So the limitation of the energy scenario, by carefully study-

Ing melt relocation characteristics, is a very important and very commendable

contribution of this report to the state of art in steam explosion analysis.

A further, very important result in this chapter is, that "re-flood scenarios" need

no further consideration from a steam explosion standpoint (lower head integrity).

This conclusion should and could have consequences for future planning of ac-

cident management activities for existing pressurised water reactors, also. It

means, that any effort should be undertaken to add water again into the pressure

vessel after a beginning core degradation, ?>ccause it would be of advantage for

preventing a further escalation of a severe accident.

3. Quantification of premixtures
,

The authors of the report came to the result, that for the AP600 the amount
of melt, pouring into the lower plenum through the downcomer, would be in the

order of a few hundml kg/s. Based on this information, they determined the
range ofpremixtures of melt, water and steam and their distribution on the way

to the bottom of the vessel. Their calculations are based on fundamental aspects

of the premixing phase, which a part of the authors studied seriously in exper-

knents (the MAGICO-2000), involving well-characterised particle clouds mixing

with water /1/. In these experiments, they performed detailed measurements on

external and internal characteristics of the mixing zones. Mixing in saturated

and in subcooled water was studied. The results of these measurements found

entrance into the PM-ALPHA code, which they at first used for interpreting the

experimental results and which is the basis for the analysis of quantifying premix-

tures during a hypothetical steam explosion scenario in an AP600. Interesting

phenomena they found were the formation of densely packed regions and ofin-

stabilities at the penetrating front (isothermal conditions) and local voiding in

the mixing zone, as well as global voiding through the level swell (hot pours).

It should be mentioned here that the original 2D PM-ALPHA code was extended

to a three-dimensional version - called PM-ALPHA.3D - version. The results,
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predicted for the AP600, showed, that premixing mainly takes place in the down-

comer and at its lower end to the lower plenum. The average mixture zone and

voidage zone is mostly shorter than 1 metre and the average fuel length scale

varies between a few millimetres and 2 cm. It takes a few tenth of a second until

enough small molten particles are formed during the mixing process.

This gives hope, that a very Erst steam explosion will occur, before a larger
amount of finely dispersed molten liquid is mixed with the water and that this

very Brst steam explosion produces such a high voidage (steam) in the waterpool,

that a further large steam explosion can be avoided. It is obvious, that the
authors do not study this possibility, because it cannot be quantined, but it may

be allowed to mention it in this review. Roughly speaking, one could perhaps say,

that early, snudi steam explosions are the best guarantors, that large dangerous

steam explosions probably won't occur in case of mixing hot melt with water.

Another fact, which limits the momentum ofa steam ex;>losion, is the high voidage

in the mixing zone, extending over a large part ofit. This voidage has a strong

damping effect on the migration ofpressure pulses, because it offers a compressible

volume.

The mixing deliberations and calculations, presented in the report, are physically

well based and deserve a high grade of credibility.

4. Quanti 6 cation of explosion loads

There are two key phenomena inBuencing loads of steam explosion. These are

- the mixing of particle clouds plunging into water and

- the mictointeraction between water and melt.

The Brst phenomenon was discussed in the chapter before. For describing the

microinteractions between melt and water, the authors followed two ways. For

describing the micrainteraction and for simulating the propagation of steam ex-

plosions, they used the computer code ESPROSE.m. This code is based on a

series of experiments - the second parallel way - which were performed in the so

called SIGMA-2000 facility /2/. Originally the formulations for the microinter-
action were based on the assumption, that the rate of coolant mixing l>etween -

debris and water is proportional to the melt fragmentation rate. This is a reason-

able assumption and by this it was possible to produce consistent comparisons

from available experiments for a wide range of steam explosion loads, starting
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from weak propagations to supercritical detonations. The Erst formulations were

mainly based on experimental results, obtained in the KROTOS facility. This

Erst formulation was done for two-dimensional geometries and could especially

also demonstrate the mitigating effect of " venting", due to wave reRection at a

free liquid surface. Supercritical detonations were observed in the KROTOS fa-

cility with aluminium oxide melt only, pouring at very high temperatures into
water.

In a next step, the constitutive equations were assessed by using experimental re-

suits, obtained in the above mentioned SIGhfA-2000 facility. These experiments

were carried out with molten tin drops, having temperatures up to 1800 C, im-

pinging into water. Of course one can argue, that there are scaling effects, if one

wants to draw conclusions from the measured and evaluated data, gained in this

small experimental set-up, to the steam explosion loads to be expected during a

severe accident in an AP600 reactor. According to the reviewer's opinion, these

scaling problems however are mainly with the mixing ofparticle clouds, plunging

into water, a problem which was discussed in the chapter before and which was

solved by the authors with the help of the computer code PhiALPHA.3D.

The SIGhlA-2000 facility was experimentally very well equipped and special

measuring techniques, like radiography, gave very good quantitative information

about the fragmentation of the drop mass and its distribution. The fragmenta-

tion, measured with X-ray flash, was reproducible within less than 20%, which
'

is a very good accuracy for such types of experiments. In addition the frag-
mented melt was collected after freezing and was subjected to sieve analysis.

Very line fragmented particles were analysed via scanning electron microscope

photographs. Generally speaking these experiments are a very reliable basis for

assessing a computer code like ESPROSE.m-3D, according to the opinion of the

reviewer.

In the SlGhfA-2000 facility, not only the fragmentation rate, but also the pres- |

sure signals of the steam explosions were recorded by using high speed pressure i

transducers. Due to the small scale of the facility, these pressure signals may be

conservative when applied to a large scale geometry, like the downcomer or the

lower plenum of the AP600. In a large volume, in which fragmentation of a hot
|

melt starts, there are always voided areas, damping pressure propagation,

l
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The verification of the ESPROSE.m-code is very well documented in the report

DOE /ID-10503. This report documents how the various ellects in steam explosion

progress, like wave dynamics, explosion coupling and integral behaviour were

assessed. The report demonstrates how the code is handling pressure waves in

single and in two-phase Buids and this not only in a onedimensional, but in a two-

dimensional geometry. Special attention was given to reRection and transmission

behaviour. The comparison between predicted data (ESPROSE.m-code) and

experimental results showed very good agreement for a wide variety of thermo-

and Buid-dynamic parameters. The local situations and the temporal behaviour

are well predicted. So, the code is in a condition, that allows to predict steam

explosion behaviour also beyond the experimentally verined area.

Tbe extrapalation from the small scale ta the large geometry of the reactor were

done by using the basic equations for wave dynamics in multiphase media and
constitutive laws for micrainteractions. The latter ones were refined via experi-

ments in the SIGMA facility, also. The combined theoretical and experimental

elforts are a very good basis for predicting and simulating large scale conditions,

also.

Finally one has to ask the question on " substance scaling" i.e., the applicability

of the data, measured with modelling melts to liquid corium. The experiments

were mainly performed with tin and with aluminium oxide. Especially aluminium

oxide is very likely to produce supercritical steam explosions when it is mixed with

water. The authors of the report DOE /ID-10541 write on page 2-1 (chapter 2

" problem definition and overall approach"):

"Also, it is important to note, that within the limited experience with reactor fuel

material (UO2, ZrO2), we have no evidence of explosions, but rather extensively

voided premixtures (Huhtiniemi et al.,1995), nor is it known whether or under

what conditions such premixtures can be triggered to explode".

With respect to " substance scaling" the data, presented in the report DOE /ID-

10541, on explosion loads, originating from steam explosions are on the safe side

without any doubt, because a corium melt / water interaction will produce much

softer pressure pulses than experienced in the experiments with aluminium oxide

melt / water interactions.

5. Integration and assemment
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In the chapter 7 " integration and assessment", there are two very important

statements, namely that

- from a more global perspective, the only way "to potentially produce a sig-
nl& cant structural challenge on the lower head, would be by having a highly

subcooled pool in it" and

"even a postulated rapid reBood scenario con!d not produce the condition of-

concern..." .

After depressurising the primary system, following an hypothetical, severe acci-

dent, there is always and everywhere saturated (not subcooled) water in the lower

plenum of the pressure vessel. This would be true not only for the AP600, but

also for all other pressurised water reactors.

So as long as one can guarantee, that the cooling of the lower core support
structure is good enough to prevent it from failing and core melt Bows from the

side to the lower plenum, steam explosions, originating from it, should not be a

problem.

The second statement is as important as the Brst one, because it eliminates

doubts, existing up to now, whether it would be advisable to try to Bood a
degraded core again after a certain escalation of a severe accident. This point

was briefly discussed already in a former chapter of this review. Therefore in

future accident management planning, there should be given more elfort to in-

vessel cooling also after a partial core disintegration.

6. Conclusions

I fully agree with the conclusions presented in chapter 9 of the DOE /ID-10541

report, to the statement of the authors, that "because of the wide margins, due

to these controlling physics, it has been possible to bound uncertainties to a
sufficient degree...", I would like to add, that these " wide margins" are still on

the conservative side and the mechanical loads onto the pressure vessel and its

lower plenum would be lower in case of a hypothetical severe accident, than

predicted in the DOE /ID-10541 report.

Finally I would like to congratulate the authors to this Sne work, attacking a very

difficult but important problem and solving it to a great extend from an engineer-

ing point of view, but based on controlling physics and on reliable constitutive

laws for the Buiddynamics to be expected in steam explosion scenarios.
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Ell. Response to F.J. Moody

General Comment and Highlights

General and unqualified agreement with the conclusions of the work under review.

Point-by-Point Responses

L The purj>ose for reviewing the subject report, with several other companion

documents, was to assess whether "in-vessel retention" is demonstrated
to be an effective severe accident management concept for a reactor
like the AP600.

I I have reviewed the work, and conclude that in-vessel retention has been
shown to be an effective severe accident management concept for reac-
tors with geometry fluid quantities event sequencing and thermophys-
leal properties similar to those pertaining to the AP-600.

The documents provided for this review describe the steps taken to understand

and predict the complex. multi-faceted subject of steam explosions. Associated

phenomena have been closely simulated by experiments, and predicted with de-

terministic theoretical formulations (causal relations) to a degree of accuracy that

makes confident predictions possible for full size AP-600 systems. It appears that

all controlling physical effects have been included, even without the need for a

complete understanding of the exact timing and conditions necessary to trigger
steam explosions. Already known or conservatively esthnated ranges have been

placed on parameter, timing, and scenario path uncertainties, and stillit has been

shown that the expected range oflower head steam explosion pressure loads do

not intersect the vessel fragility curve.

I was asked specifically to review the material on steam explosion loads, as dis-

cussed in

" Propagation of Steam Explosions: Esprose.m Verincation Studies"

by T. G. Theofanous, W. W. Yuen, K. Reeman, & X. Chen,
DOE /ID-10503, August 1996.

The documents provided for this review collectively lay an extensive foundation
of information, which testines to the technical stature, competence, thorough-
ness, and integrity of the investigators, indeed, the overall work is monumental

in its scope and achievement, and it is communicated in a writing style which
is one of the most scholarly to be found in reactor safety studies. Both the au-

thors and sponsors should be commended for a carefully formulated imestigative
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strategy (strong, in-depth, well-blended steps) resulting in the highest value ob-

tained for the time and resources spent. Beyond steam explosions the progress

and understanding achieved in this work are likely to exert a major benencial
innuence, both methodological and technical, on other signincant and complex

thermal-hydraulic issues.

SUhihfARY

1. The ROAAh! has shown that vessel loads, resulting from a comprehensive

range of severe accident scenarios, melt conditions, relocation Bow, timing of
release from the core region, and thermal-hydraulic processes between the melt

and surrounding water, lead to the conclusion that vessel failure is " physically

unreasonable" in an AP-600 type reactor. Parameters including pool geometry,

melt release rate, shock explosive formation and propagation, and venting yield

load distributions on the vessel wall which were compared with the fragility curve

in order to arrive at this conclusion. It is my opinion that even though all the

mechanisms contributing to steam explosions are not fully understood, results
embrace the extent of reBnements which could eventually be made by further

experiments and theoretical model (causal relation) development.

2. I agree that it would be useful to obtain data from the QUEOS experiment for

a fully saturated water system) although it would not change the conclusion that

vessel failure in AP-GOD type reactors is " physically unreasonable." The value in

such a test is to Bliin a parameter range to give a more complete data base, and

permit the technology to be extended to non-AP-600 type systems.

3. One potential benent of the ROAAh! procedure is that it conceivably could be

used in reverse. Suppose it was concluded that a sys' tem failure probability was

larger than acceptable. The ROAAh! could be emph>yed to display which I)a-

rameter(s) dominate the outcome, thus pointing the way for design or procedural

changes to reduce the failure probability.

* * * * * * * * * * * * * * * * * * * * * * *

2. 4. Ilow does the ROAAhi accommodate different causal relations, such

as Phi-ALP 11A and ESPROSE.m, at different stages in the methodology if they

might l>e strongly coupled through common variables? That is, the behavior of

two systems alone may be altogether ditferent when they are coupled together

(like two spring-mass systems). The probability distributions of the parameters
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involved may combine differently when the separate systems are strongly coupled,

leading to different probability ranges on the variables which determine success

or failure of a system or process.

No such dependency can be identified here. Breakup and triggering are conservatively bounded

with respect to both premixing (PM-ALPA) and propagation (ESPROSE.m).

3. 5. The source term for area production in Appendix A of DOE /ID-10503

is based on the assumption of particle number density remaining constant, while

their size changes. A bit more explanation orjustification would help. Wouldn't

it make more sense to predict interfacial area growth by the formation of more

particles as the melt decelerates in water? Taylor instability was employed to
obtain the Bond number criterion in interfacial area growth. Could that model

be employed to obtain a fastest growing wave length and droplet formation?

During propagation the key mehanism is Microinteractions, and this involves fine scale fragmenta-

tion and mixing in the vicinity of all macroscopic particles. This is clearly supported by the SIGMA

experiments. Both Taylor and Helmholtz instabilities have been employed in the consideration of

hydrodynamic fragmentation. Ultimately it is more appropriate at this stage to rely on correlations

suggested by such approaches and the SIGMA data, which fully represent behavior in large scale

explosions. This is our approach.

4. G. It appears that in the heat transfer predictions of PM-ALPHA in
DOE /ID-10504, flow regimes are identified by steady state correlations. Are
these likely to be nonrepresentative for such transient events as fragmentation,

and not provide a conservntive characterization of the actual heat transfer?

This question is not clear. Fragmentation is relevant to propagation (ESPROSE.m) not premixing

(PM-ALPHA). heat transfer of the fragmented debris is conservatively taken to be infinitely fast

(thermodynamic equilibrium assumed in the m-fluid).

5. 7. Convective and radiative heat transfer from the fuel to the coolant is
estimated in much detail, drawing from various experimental studies between
coohmt and heated solid surfaces. Is there a backup analysis to show that for the

rapid heating associated with steam explosions, the heat transfer is not limited to

how fast it can escape from the molten particles? Are there potential droplet sizes,

relative velocities, and fluid properties where internal conduction (or convection)

might limit the heat exchange rate?
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This really depends on the resulting size of fragments. For 1 m particles the time constant is

10-2ps. We believe ignoring this limitation, by assuming instant equilibrium is appropriately

conservative.

G. STRATEGY

The severe accident management strategy addressed involves the retention of core

material in the reactor vessel following a postulated severe accident in a reactor

like the AP-GOO design. Inability to cool the core leads to melting of core material

by decay heat, and relocating it in stages to the reactor pressure vessel (RPV)

lower plenum. Molten core debris, which may flow to the bottom of the lower
plenum can melt through the RPV wall and undergo release to the containment.

However, flooding the cavity to submerge the RPV bottom head is expected to

be a means of arresting the downward relocation of molten core debris.

Even if downward relocation of molten debris is arrested, there is the possibility

that some mass of debris could drop into water present in the lower head region,

causing a steam explosion and further damage. Part of the overall study shows
that failure of the bottom head by exceeding its structuralintegrity is " physically

unreasonable".

THE RISK ORIENTED ACCIDENT ANALYSIS METHODOLOGY (ROAAM)

A primitive method of handling uncertainties in power systems came in the early

1960's (Moody F. J., " Probability Theory and Reactor Core Design," GE Re-
port # GEAP 3819, US AEC Contract AT(04-3)-361, January,1962). One of
the greater concerns for a nuclear core during normal operation was reaching the

" burnout" condition, where a hot spot in the fuel could exceed design limits,
and cause fuel damage. The fuel temperature could be expressed as a function >

of several variables and parameters (causal relations), each with its own degree

of uncertainty. If one cimse the most pessimistic limit of each variable and pa-
tameter, the " burnout" limit could be exceeded. The most optimistic limits the
" burnout" limit would not be exceeded. It was suggested that probability meth-

ods could be applied to give a reasonable assessment of the likelihood of exceeding

the " burnout" limit. Data from power plant operating logs was gathered to ob-
tain probability distributions for certain variables and parameters. Wherever
data was not available, " expert opinion" was solicited. The results were then

combined by the method proposed in an ASME paper (Kline, S. J., and McClin-
tock, F. A., " Describing Uncertainties in Single Sample Experiments," Mechanical

Enzineerine, January,1957), which resulted in the expected mean and standard
.

*
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deviation for the hot spot temperature. Comparison with the established design

limit showed that it was " physically unreasonal>1e" to expect " burnout" in most

cases.

The ROAAh!is an extensive, operational methodology which is more refined than

any of its primitive predecessors. It has the capacity for incorporating causal
relations (describing equations relating the variables and parameters), based on

well-understood physics for the applicable phenomena, with specified parameter

uncertainties, scenario bifurcations, and even a diversity of expert opinion. The

process leads to a rationally-based prediction of those properties which determine

the success or failure of a system or process.

The structure of ROAAM embraces the current phenomenological state-of-the-

art, built-in actimtion response of safety and control systems, man-machine in-

terfaces, and procedural understanding. As new information becomes available,
the ROAAh! can accommodate it. Where expert opinions may be diverse, the

ROAAh! provides a means of focusing further research to narrow the disagree-
,

ments. That is, when experts strongly disagree on the range of a parameter,

the ROAAh! can be employed as a tool to display the sensitivity, shouing if the

parameter dominates the outcome, or is only a minor percentage effect on the

overall result.

One question about use of the ROAAh! involves the causal relations for vari-

aus phenomena. If the parameters in a causal relation are independent, their

probabilities can be combined in a certain way to obtain the expected mean and
standard deviations of that function. If the parameters are not independent, the

combination is more complicated. The question involves how the ROAAhi accom-

modates the possibility that some parameters appearing in more than one causal
,

relation may not be independent. How would results from ROAAh! compare
with one deterministic mega-computation whtte all the parameters are treated

by something like a monte-carlo process to obtain the distribution of variables

which determine success or failure of a system?

One could always hard-wire all the models in a ROAAM analysis to one mega-computation. There

would be no advantage (any dependencies can be handled just as easily), and there could be some

important disadvantages; for example, in determining the bounding conditions for rate of breakup

and trigger time. More imponantly, such a mega-computation would be less scrutable, and much

reduced in degrees of freedom practically explorable.
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7. ROAAM APPLICATION

I have seen the ROAAM work in two separate campaigns to close severe acci-

dent issues, namely the direct contaimnent heating (DCH) issue for one series of j

PWR's, and the Mark Iliner melt issue for one class of BWR containment. It

is appropriate that this methodology should be applied to reach a conclusion on 1

the in-vessel retention severe accident management concept.

Application to in-vessel retention embraces possible scenarios, melt conditions,

coolant states, structural properties, debris mixing with water, triggering, explo-

sion wave dynamics, and lower head fragility. Parameter ranges are associated

with the amount of participating substances, the timing of events, event paths,

and state properties of natious subsystems. Several analytical tools, based on

physical models, provide the causal relations employed, namely PM ALPHA for

enveloping the etfect of melt breakup in water, ESPROSE.m for em cloping the ef-

(cets of fragmentation and micrainteractions on steam explosions, and ABAQUS

v.5.5 for enveloping the lower head failure criteria. The computer programs used

for causal relations to envelope important variables have be compared with other

analyses and experimental data to a level where their predictive capability of the

tested parameters does not introduce uncertainties which are significant enough

to consides.
.

The following comments are offered to help substantiate my conclusion that in-
vessel retention has been shown to be an cffective severe accident management

concept for systems like the AP-600.

MELT INTRODUCTION AND FRAGMENTATION

Early predictive models provide core melt scenarios and relocation rates with and

without reflood, which can arrest the melt progression. However, the melt state

which may reach water in the RPV, and the subsequent breakup and penetration

largely determine the rate of heat transfer, steam formation rate, and possible

shock pressure loads. A quantity of melt arriving at the water can undergo
Taylor unstable breakup or droplet formation at the leading edge and Helmholtz

breakup or droplet stripping on those surfaces with parallel velocity components.

The PM ALPHA model has been developed to incorporate the melt and coolant

properties, and provide an emelope for the expected range of momentum, heat

transfer, and phase change interactions associated with breakup for premixing

considerations.
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Single particle and particle cluster experiments have been employed to test pre-

dictive capabilities of particle motion and energy transfer dynamics in water
(the h1AGICO and QUEOS experiments). Particle cloud elongation, steaming,

spreading, and mixing with surrounding water are captured by the Phl-ALPHA

code, which is employed as a causal relation in the ROAAh!. Comparisons include

particle cloud distortions associated with release door opening time, particle, and

void volume fraction contours. Of particular interest is the pinching of the vapor

volume behind moving particles, caused by condensation for the particle intro- i

duction into subcooled water. Since the condensation acts to reduce mechanical

energy transfer, I agree that it would be useful to conduct QUEOS experiments

in fully saturated water.

* * * * * * * * * * * * * * * * * * * * * * *

8. One of the most important considerations in fragmentation is the formation

of new melt heat transfer area. Appendix A in DOE /ID-10503 describes the
" source term" for interfacial area production. Equation (3.69) is based on a
change in size of particles for the same particle number density. It seems that

before particles have reached a stable size? they would undergo the formation of

new particles. This assumption needs more explanation.

The source terms in interfacial areas are very different in breakup during premixing modelled in

PM-ALPHA, and in fragmentation during propagation modelled in ESPROSE.m. This comment

mixes up these two. The single particle approach, rs also explained above, is appropriate for

fragmentation. For breakup we, in fact, have included both cher.ges in numbers of large particles,

as well as change of their size due to their shedding of very fine particles. This is explained in

Appendix A of DOE /ID-10504 (PM-ALPHA verification).

9. STEAh! EXPLOSION

The mechanics of steam explosions are described in DOE /ID-10503, detailing

melt introduction to water, interfacial breakup and premixing of debris parti-
cles with water, the effect of voiding around the particles on heat transfer, the

triggering of explosions, and propagation of pressure waves with reflections from

rigid mechanical and gas-liquid interfaces. It was earlier found that 1.0 GJ of |

energy could fall the lower head. However, further understanding has led to a
reexamination of the mechanics of steam explosion force generation to determine

a more realistic criterion for lower head failure.

!
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| It was determined that the AP-GOO could withstand 500 bars of pressure for mil-
,

|. liseconds without failure. Computations with the ESPROSE program displayed

the difficulty in generating such pressure impulses with attenuating phenomena

l like voiding, which resists triggering, and pressure venting from the water sur-

.

face. Extensive development of ESPROSE have been performed with both data
'

from the SIGMA and KROTOS experimental facilities. Simpler analytical mod-

els have p ovided assurance that ESPROSE accommodates detonations, shock'

propagation, and reRection.

Significant effects embraced by ESPROSE result from the physics incorporated,

which are consistent with experiments. Calculations show the strong attenuation'

of shock pressure loads with distance, and time by venting from the water free

surface in the AP600 systems. It is also realized that venting may not significantly

reduce loads if the water depth is high in the lower head. Strong evidence is

supplied that ESPROSE incorporates the appropriate physics, and can be used

with confidence to provide the causal relation for enveloping the effect of trigger;

time on steam explosion severity.:

1

i- * * * * * * * * * * * * * * * * * * * * * * *

; 10. The physical mechanisms considered by ESPROSE.m include shock pres-

sure propagation from a trigger, which collapses voids, forces liquid onto the melt,

producing fragmentation and mictointeractions, escalated heat transfer, further

steam formation, and rapid expansion (explosion). A statement on page A-18 of

DOE /ID-10503 needs further clarification. Where the pressure increases rapidly

ahead of an explosion front, why does the vapor become instantaneously sub-

cooled? (if saturated steam is rapidly compressed, it would tend to follow an
isentropic path off the vapor dome into the superheated region, not subcooled.)

What is meant is that the liquid becomes subcooled and steam is to rapidly condense.

11. On the same page, it is stated that behind the explosion front where
pressure is decreasing, the liquid can become superheated. (If you decompress

saturated water, the path drops into the steam dome.) It would make better<

sense to me (1 can't speak for others) to note that the nonequilibrium states lag

behind a steady state in the superheated or subcooled region.

Here, we refer to the liquid that participated thermally in the interaction (part of the m-fluid).

t
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12. LOWER HEAD RESPONSE

Dynande response of the lower head is based on well established physics ofshells,

modeled by the ABAQUS program. Mechanical failure of a shell depends not

only on the magnitude of an applied load, but also on the frequency content. It

is stated that the shack pressure loads which lie in the steam explosion envelope

have a short period relative to the structural response, so that the peak strain

would be essentially independent of the pressure pulse time pronle.

The report has provided some " screening fragility" curves which would be used

to determine if predicted steam explosion loads were of such a character that '

the idiure criteria envelope and fragility curve need to be further blended to
provide a fdiure likelihood. It was concluded from the range of pressure loads

and the lower head fragility curve, that for all relevant severe accident scenarios,

melt conditions, and timing of release from the core region, with ensuing mixing

and explosion wave dynamics, steam explosion induced lower head failure in an

APG00-like reactor is " physically unreasonable."

REVIEW OF STEAM EXPLOSION LOADS

The verification of ESPROSE.m, based on stepwise experimental measurements

and comparison with simplified theoretical methods shows that reasonably con-

servative assessments of steam explosions are possible in the present version.

The discussions of DOE /ID-10503 provide foundational support of the physi-

cal nwdeling and munerical procedures to predict steam explosion properties for

given melt addition rates and states. The basic physics involve wave dynamics,

including sound wave propagation and shock development and propagation in a

water-filled regwn. Two-dimensional calculations performed by ESPROSE.m are

compared with simplified computations using the method ofimages and solutions

similar to classical waterhammer. Some comparisons are included based on char-

acteristic solutions. The results form a strong basis for concluding that the code |
is producing reasonable predictions for the expected range ofinput parameters. 1

Pressure propagation speeds, attenuation from wave interaction at free surfaces)

and wave amplification by reflection from rigid surfaces have all played a role in

the verification.

Numerous two-dimensional ESPROSE calculatiomd surfaces are compared with

solutions obtained from the methad ofimages, and found to be sufficiently similar,

F-9
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leading to the conclusion that basic physics of explosions are included in the

model. Several geometric parameters were varied, as was the source velocity

function. Good comparisons were consistently achieved.

The SIGhfA tests involved a melt droplet which was triggered at a specinc po-

sition, leading to local pressure traces. Comparison of the pressure traces with
ESPROSE calculations showed reasonable tracking of pressure waves originating

from the droplet region to the rigid end of the test section, and reRection back
toward their origin. Additional evaluation with the method of characteristics
were provided. The wave dynamics, indeed, appear to be properly described in

ESPROSE.

One piece of infonnation lack pointed out in the report is that the data base
needs expansion for mictointeractions with reactor materials.

Tile NEXT STEP

I understand that a number of experts are providing reviews of the documents

I>rovided. Some may believe (as I do) that even without a complete understand-

ing of all the phenomena, the remaining uncertainties, processed by the ROAAh!,

still pennit a strong statement about failure likelihood being " physically unrea-

sonable " Some experts may feel that the uncertainty of a given parameter should

be broader. This is a simple exercise in ROAAhi, which would then provide out-

put with a range that accommodates the particular variable uncertainty. Other

experts may wish to change the causal relations to reRect various " bottom up" or

Rne structure cffects. This is always a possibility, but may be unnecessary, since

the causal relations are based on macroscopic formulations of basic principles. If

it were recommended that nonequilibrium models be employed for causal rela- |

tions. We would be farther l>chind than using ROAAhiin its present structure,

because nonequilibrium models would have to be veriRed by experiments.

When strong disagreements have resulted in physical modeling, small working

groups have been formed to reach agreement on acceptable fannulation, with 1

appropriate modincations in ROAAhi.

Finally, it is possible that some would disagree with the ROAAM structure itself,

suggesting that it skews results, or simply blurs our ignorance of phenomena.

I would argue strongly that the ROAAbi blends (not blurs) uncertainties (not

,

,

'
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ignorance) in a way that makes it possible to reach conclusions with a known

level of confidence.

OVERALL CONCLUSION

As a curious ;>erson who enjoys fannulating better theoretical models, based on

more complete experimental understanding, I recommend additional experiments

(e.g., QUEOS experiments with fully saturated water) to help close the few re-

maining gaps in our understanding of steam explosion phenomena.

Ilowever, I believe that the studies provided for this review give substantial, in-

depth evidence to help conclude that in-vessel retention is supportable as a severe

accident management strategy in AP-600 type reactors without additional work

to close the issue.

* * w * * * * * * * * * * * * * * * * * * * *

|

1

|
,

|

|

I
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F.12. Response to B.R. Sehgal (RIT)

General Cornment and Highlights

This is a generally agreeable re /iew. Many detailed questions are raised, but these are mostly

of a clarification and reinforcing character, rather than strong objections. Also, many useful sug-

gestions and opinions are offered, again in the same light. Perhaps the key point is that the review

expressed caution with regard to the maturity of the analysis tools. If this refers to a stage in the

" phases of development," table (Table A.2 in Appendix A), we certainly agree.

Point-by-Point Responses

1. L Review of the Overall Approach

This is the fourth time I have had the opportunity to review a body of work
that Professor Theofanous and co-workers have produced for the resolution of a t

specific safety issue, or a specinc concern. I believe, this is the most complex of

all the issues (or concerns) so far and I believe, Professors Theofanous, Yuen and
co-workers have done their Enest work so far. This body of nork is ofgreater, and

of more lasting, value, than earlier efforts, since a major part of this work is the

development and verification of the methadalogy to describe the stcam explosion ;

phenomena, and to predict the loads imposed by the postulated occurrence of a

steam explosion. This methodology, and the codes developed, could l>e applied

to other accident scenarios, than the one considered in the present application.

I believe, some comments are in order on the overall approach followed in these

three reports, complemented, of course, with the ROAAM method, and the pre-;

vious work that Professor Theofanous and his teams have performed, (e.g. for j

the Alpha mode failure of an LWR containment during a severe accident).

Prolessor Theofanous and co-workers, with their accumulated experience in steam

explosion modeling and applications, have developed a very well-focussed overell |
,

approach in the body of work presented in the three reports. It is clear that an
,

in-house experimental program was structured to provide the key observations, j<

for the ideas needed, to advance the steam explosion modeling ta the point where \
,

some meaningful predictions can be made. The innovative experiments performed

in the MAGICO facility provided the germane ideas on steam depletion, and one

the difficulty of obtaining pre-mixtures, which could lead to very large steam

explosions. Likewise, the experiments performed on the SIGMA facility pmvided
the basis for the micro-interactions concept for the steam explosion itzif, i.e., the

,
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concept and treatment of the m Buid. I believe, the experimental underpinning

of the ideas and concepts employed, and the further verincation of the methods

used in the codes against the integral experiments, has provided great strength

to the overall approach.

The overall approach followed, in the application report, conforms to the ROAAM

method and employs the PM-ALPHA and the ESPROSE-m methodology. The

extremely high values for the fragility curve made the task much simpler than

the earlier applications of the ROAAM methodology, but it is welljustined and

credible.

Perhaps, the two points of possible short coming in the overall approach, which

have also been admitied by the authors, should be statcd:

First, is the question of maturity. Clearly, there is not enough separate-effect

and integral-effect data to provide sunicient validation of the steam explosion

methodology developed. This methodology employs many many correlation and

submodels, whose individual verification is a monumental task. Nevertheless, an

experimental verincation matrix should be developed, with priorization of im-

portant effects, and executed, to provide greater verincation of the methodology,

thereby providing it greater maturity.

Second, a mechanistic trentment af the initial phase of the steam exi>1osion sce-

natio, i.e., the break-up of the melt jet, and its sequential fragmentation, has
not been included in the methodology developed so far. The authors claim that

this phase of the steam explosion process can be consermtively-bounded param-

etcrically. Perbaps, the authors have done that successfully in this study, how-

ever, a more general treatment of the break-up phase, and its linking with the

puwmixture phase, should be pursued to provide greater assurance that all the

initial-condition-etfects have been taken into account.

The above two points, in no way, diminish the value of the overall approach,
and the results achieved. The above two are outlines of further work to solidify

the validity of the overall approach followed here, as, I believe, the authors have 1

themselves identined. The present treatment of the physics is the " State of Art."

I believe, rapid advances in understanding and modeling will follow the germ of

ideas that the authors have provided here. Some of those advances will surely be |
accomplished by Professors Theofanous, Yuen and co-workers.

* * * * * * * * * * * * * * * * * * * * * * *
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2. IL Review of the Report DOE /ID-10504 (Sept.1996) "PREhHXING OF
STEAh! EXPLOSIONS: Phl-ALPHA VERIFICATION STUDIES" by T.G. The-

ofanous, W.W. Yuen, S. Angelini

This report is the verification document for the Code Phl-ALPHA, which treats

the premixing phase of the steam explosion scenario. The report has two im-

portant appendices: (a) which describes the Phi-ALPHA models and (b), which

describes a set of experiments in the blAGICO-2000 facility, in which several

kilograms of high temperature particles of a specific material, and of specific di-

ameter, are dropped into water to obtain ol>servations and data on the pre-mixing

geometries and void fractions. The front parts of the report provide the compar-

isons of the predictions with the Phi-ALPHA code against the data from selected
'

experiments. In the following paragraphs, I will provide comments on the main

sections of this report.

Ill At>nendix B. "hilXING OF PARTICLE CLOUDS PLUNGING INTO WA-
TER"

I am very impressed with the hfAGICO facility. I believe the authors have per-

formed outstanding experiments using quite high temperatures and respectable

masses of the hot particles. The video pictures are outstanding. I am a bit disap-

pointed with the quantitative data that could be obtained. The X-ray pictures (in

reproductions) do not communicate any information and the void fraction data

shown in Figures B.23, B.25 and B.27 is rather meager as a validation standard.

Point well taken. It was just too expensive to provide original prints of the X-rays. But we have j

more data now (see addendum to Append.x B). !
i

3. The comparisons of the Pht-ALPHA predictions to the measured data,
shown in Appendix B, for the cold runs, show substantial differences in the ad-

vancement of the particle front. It appears that a central part of the particle
cloud tunnels through the water. This is not predicted well by the code. For

the hot runs, it appears from Figures B.26, that the calculations predict that the
1

dense particle cloud also leaves the steam region behind, if a slight subcooling |

(TC) is present. There are no comparisons shown for the hot runs, as shown for

the cold runs in the Figs. B14 and B.15.

See new data and discussion per above.
|
|
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4. The concluding remarks state that the hot tests quantined local voiding

in the mixing zone and global voiding through the level swell. Figures B.25
and B.26 indicate that the voiding fr>nt is coincident with the particle front,
only, for the zero subcooling case. The particle front is substantially ahead of

the voiding front for a slight (3*C) subcooling of the coolant. The extensive
,

steam generation, indicated by the axial void pro &le also may increase the local

subcooling by pressurization. I wish there was some quantitative data for the
particle volume fractions, to compare in Figures B.25 and B.26. Was it not.

possible to obtain quantincation of the spatial particle volume fractions from the

X-ray pictures?

Yes; see new material in addendum to Appendix B.

5. In this context, if the phi-ALPHA predictions for the advancement af the
particle front lagged behind the measurements in the cold runs (cf. Figs. B.14

and B.15), would they not do the same for the hot runs, since same modeling

is employed for both hot and cold runs. I do expect that the steam generation,

caused by the radiative heat nux on the coolant from the particle cloud, will
retard the advancement of the particles. I believe, this effect is represented in the

code, since a radiation heat Bux model is employed, however, I can not quantify

its cfEcct, on the differences in the particle cloud distribution between the hot and-

the cold runs..

.

In this, and the above two paragraphs, reviewer's concern is on whether the particle-void fronts and

their relation are properly calculated. We have more detailed and complete data from MAGICO

now that completely address this concern. These can be found in the addendum to Appendix B.

6. The sul> cooled coohmt is important. The only data shown for the 18*C

subcooling case is the lack of measured level swell. I would be interested in

the axial void fraction and the particle volume fraction profiles, to understand

if there are significant phenomenological differences between the saturated and

the subcooled cases, and if these differences can be predicted by the Pht-ALPHA
.

Code.

As noted in the report, there was no measurable void in the 18 C subcooled case. This was very

well predicted by PM-ALPHA. Subcooling effects were key also in the interpretation of QUEOS,

MIXA, and FARO tests - see respective sections DOE /ID-10504.

F-4
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7. Allin all, I believe the hiAGICO experiments are relemnt for the ideas, and :

data, on the mixing zone and the premixing conditions. I would like to connect

ihe melt jet particulation to the particle-cloud water intcraction. This may be in

the next phase of authors experimentalinvestigations.

* * * * * * * * * * * * * * * *- * * * * * * *

8. IL2 Anvendix A. " Phi-ALPHA: A (COhiPUTER CODEFOR ADDRESS-
ING THE PREhiiXING OF STEAh! EXPLOSIONS"

Phi-ALPHA is a three (melt, coolant and vapour) Beld code employing separate
1

nmss, momentum and energy equations for each neld. Thus, it is a very detailed
code - more detailed than the codes RELAP-5 and TRAC. It also employs two

and three dimensional geometry. Thus, it has capabilities beyond those of the

conventional CFD codes, which, generally, employ only a single Beld. Phi-ALPHA

is a very adynnced and detailed computer code, indeed. There are other codes,

currently in development, in Europe, e.g. IVA (Siemens, Germany) and AIC 3 D

(CEA, &ance), which are also incorporating similar capability, in order to treat
the very complex, and very dynamic, physics of melt-wates interaction and steam

explosions.

It is a general rule that more detailed the formulation for the description of a

process, more detalled the information required to bring closure to the formula-*

tion; and more intuitively intelligent approximations have to be made to obtain
i credible solutions from the formulation. This is quite apparent for Phi-ALPHA,

when a whole page (A-20) is needed, to show the dimensional groups that ap-

: pear in the constitutive laws for the fuel to coolant heat transfer. This can not
be avoided, however, the collective constitutive laws may provide reasonably-

,

; correct predictions for a particular set of pre mixing circumstances, and not for
another set. I believe, that verincation on an even less integral level than the

h!AGICO experiments should be considered by thinking-through, and devising,

a set of separate-effect experiments. They should be prioritised, so that the most
,

important are performed nrst.

We agree with this perspective, and this is why we have gone to great lengths to test the individual

pieces as well. For example, the one-page equations referred to here were obtained from an

experiment, the MUPHIN, conceived and carried out specifically for this purpose. So, the question

really is whether we have left out something important. This is addre.,,ed with the reviewer's |
specific comments below.

|
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9. In the following paragraphs, I will provide some detailed comments.
|

11.2.1 PM-ALPHA Formulation !

The modeling approach is logical and well-thought. The authors admit that the

formulation so far, emphasizes the multineld aspects of pre-mixing. The melt jet

and particle break-up are treated parameterically.

Two length scales are employed foi the fuel Seld: one large, encompassing the

original fuel drops, or fuel-melt jet, which may break-up but still are considered

as fuel; and the other small enough to be called a debris, which mixes with water

and gets quenched. The decisions about the amount of the 'Euel' and the ' debris'

are made with a correlation for the fragmentation rate.

The debris particles assume the same temperatun, and velocity, as the coolant,

instantly. They are not allowed to sediment down with gravity, as they would

normally do. This assumption is justi&ed for the time interval considered, if the

particles are of micron size.

* * * * * * * * * * * * * * * * * * * * * * *

10. The large-length-scale fuel particles are assumed to have uniform temper-

ature. There is no treatment of the heat conduction from the fuel particle to the

coohmt. For the prototypic binary-oxide mixture melt, it is important to deter-
mine the solidi & cation front growth into the particle, since it may either prevent

fragmentation, or reduce the rate of fragmentation, thereby changing the heat

source to the coolant.

Another factor in the treatment of the fuel particles, is the change in physical

properties that occurs, as the fuel particlas cool down from above-liquidus to

below-solidus temperature. The increase in viscosity and surface tension affect

the fragmentation characteristics, which in turn aflect the terms in the debris

mass equation, and in the liquid and debris momentum and energy equations.

A paper submitted by Okkonen and Schgal in the forthcoming FCI meeting in
Jnpan discuss the two factors mentioned above for the behaviour of the fuel drops.

In fact, we have an option in PM-ALPHA for crust growth, and we have used it in the analysis of

some ex-vessel explosions in deep water pools. This was not emphasized here, because the times

and depths and other conditions are not conducive to significant solidification effects.

F-6 .
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,

1L Recently, we at RoyalInstitute of Te:lmology (RIT), have performed some ;

experiments on the interaction of relatively low temperature cerrobend (an alloy

with density of m9000 kg/m ) jets with subcooled water. We have found that t

the jet breaks-up into small particles. There is a distribution to the particle
size or mass, however, there were no particles oflength-scale comparable to the ;

jet diameter. In these experiments the jet breaks-up completely. The FARO

experknents show a melt " cake" at the bottom, however, it is not clear whether

it is the unbroken jet or an agglomeration of melt droplets belonging to some size ;

distribution, which, perhaps, does not contain length-scales approaching the melt [

jet diameters.'

Summarizing the above discussion, I believe, the treatment of fuel as having two
,

| length scales in the Phi-ALPHA formulation is valid. However, the source terms ;

in the equations should be reviewed again. The variation of properties of the ,
.

fuel drops, with temperature, should also be taken into account; and the change ;

i in the temperature of the fuel drop should be calculated employing conduction
i equations, hielt jet, or drop, interactions with subcooled coolant may produce ;

atomization, with no large particles of size similar to that of the melt jet.
,

As noted, the source term in the equations are varied parametrically to bound the behavior. So-

; lidification effects are not important for in-vessel explosions, and even more so in saturated water

pools. Moreover, ignoring this small effect is conservative. ;
1

12. IL2.2 Interfacial hfomentum knsfer in Phi-ALPHA
!

The drag correlation used in Phi-ALPHA for fuel-coolant interface distinguishes 1-

between the dispersed and the dense fuel regimes. The latter is taken as that

for flow of gas through a densely-packed bed. This correlation, perhaps, should \
,

il>e checked, since predicted penetration of the fuel cloud in the hfAGICO experi-
'' ments is less than the measurements. Also, comparisons could be made with the

: isothermal tests in the BILLEAU and the QUEOS facilities. The logic diagrams

on pages A-10 and A-17 were helpful.
!

The densely-packed bed regime appears only in particles accumulating against a boundary. For

i comparisons with QUEOS see DOE /ID-10504. BILLEAU tests are not yet available.

1

i
i

i
!

1
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13. IL2.3 Interfacial Heat 7'ransfer in PM-ALPHA

There are many regimes of convective heat transfer and many correlations. The

authors use the best that they can find. Then. there is the large etfect of radiation

heat transfer, which was found ta be important for the comparisons to the QUEOS

test data. Their synergism, and effects of one regime on another, may need further

exploration. For example, radiation-absorption will produce vapour which will
change the convective flow patterns of the coolant, and, perhaps, change the

heat transfer regime. Some separate-effect tests could be designed to test the

synergism and the effect of different convective regimes on each other, in order

to test the heat transfer correlations package employed.

We have explored these avenues already, but there isn't really much new or surprising. Even for

film boiling from single spheres, contrary to what one might expect, the superposition approach

works very well. Also, it should be noted that our efforts here were not limited to collecting what

we could find. The major components are non-local radiation heat transfer, and film boiling in

single- and two-phase media. For the former, we formulated a whole new approach, and for the

latter, we conducted the MUPHIN experiments and developed theories and correlations for use in

the code.

14. II.2.4 Fuel Dreak-Un and Fracmentation Modeline in PM-ALPIIA

I have referred to this carlier in the comments on the PM-ALPHA formulation. 1

The interfacial area equation (3.73) assumes spherical particles on break-up and
'

fragmentation. This may not be appropriate. Perhaps, data from FARO or other

fragmentation-break-up experiments could be employed to develop a more proto- |

typic interfacial area representation. In some of our experiments with cerrobend |

in subcooled water, we do not find spherical particles. Perhaps, in saturated I

water, with large flows of steam the particle shapes may be spherical.

The cerrobend particles are not spherical, because the material solidifies at such low temperatures.

The dimension in Eq. (3.7) should be interpreted as characteristic length, or effective diameter. The

source at this time is parametric, because there is no reliable model. However, this is sufficient for

our purposes.

15. The model for fragmentation of fuel drops is based on the Bond number.

I believe, data on hydrodynamic and thermal fragmentation of large-size melt

droplets nug be andlable in near future. The model could l>e checked against

such data, when andlable.

F-8 !
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The model for jet and large fuel-drop-break up is parametric with an input-
specined parameter, f, whose value is varied in analysis. This approach is, per- |

haps, adequate for the present. However, it will be desirable to have a phe-'

nomenological/ mechanistic model.

* * * * * * * * * * * * * * * * * * * * * * *

i

16. The authors distinguish between fragmentation and break-up as two sep-*

arate processes. In some of our melt jet-water interaction experiments, we were

; not able to separate the two processes. The jet breaks-up (or fragments) into

particles having a size distribution ranging from submillimeter to 3-4 millime- |;

.' tres. The process appears to be concurrent and not sequential, as assumed in the !

; parametric models described here.

Not at all. Our formulation is for concurrent, not sequential processes. One should be careful in ;

how far te take the cerrobend data.

; 17. II.3 VERIFICATION OF the Phl-ALPHA CODE

1 The front part of the report DOE /ID-10504 describes the verincation pursued for

the Phl-ALPHA code by performing analytical tests, and by comparing with the i
'

data measured in several experiments. This was a very large effort, and I believe,
i

it has largely achieved its purpose. I will comment on a few comparisons of the

data with the code predictions..

II.3.1 OUEOS Experiment
,

,

i These experiments are similar to the AIAGICO experiments. The comparisons

shown in Figures 4 to 13 are remarkably good for such a dynamic process. The

comparisons appear to be better than those for the h!AGICO tests.

It is not clear to me what the experimental image actually implies, in terms of

the distribution of hot particles, and of void. The pictures in Fig. 7 at 0.3 and

0.4 seconds seem to show that the experimental hot particle image may be not as

| advanced as the calculated contour. This also appears to be the case in Fig G. at

0.3 and 0.4 seconds. The graphs in Fig. 8, however, show very good agreement ;

between measured and calculated front-advance locations versus time.
,

' As noted in the report, the front advancements in Figure 8 are from Lagrangian particles in the

calculation. The Eulerian results show some numerical diffusion, and again, as noted, the results
.

in Figun: 7 were to be refined by calculating with finer grids. This is done now.

. i
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18. 11.3.2 MIXA Exneriments

The MIXA experiments employ a Uranium-Molybdenum thermite melt of several

kilograms, at 3600K, poured into near-saturated water pools. The melt jet was

broken into G mm diameter droplets. The MIXA-6, analysed here, used 3 kg

melt pour into very nearly (<;1 K difference) saturated water. This, thus, is a
prototypic experiment, albeit with small mass.

The comparisons are very good. I am somewhat concerned about the sensitivity

of the results to the break-up-cut-off- void-fraction and particle size. The authors

recognise this, still, a change of only 5 % (85 % to 80 %), with the particle size of1

mm, decreases the calculated pressure rise from 0.4 bars to x 0.2 bars. Increasing

the particle size from 1 mm to 1.2 mm at the 85 % cut-offlevel decreases the
pressure rise from x 0.4 to u 0.28 bars. Thus, the breakup and fragmentation
models appear to be very influential in the very high temperature, prototypic

material experiments.

This is absolutely correct, and simply states the obvious fact that the steam production is a strong

function of interfacial area. This also provides important perspectives on the whole question of

breakup - what can resonably be expected from a piediction, and how far could such possible

predictions be taken!

19. II.3.2 FA RO Exneriments These are, perhaps, the most important exper-

iments, since they use substantial quantities (> 100kg) of prototypic materials;

and there are several experiments already performed and more are underway.

The comparisons shown are very good indeed. Unfortunately, FARO does not

produce any data on the mixing region, thus the colour figures, presented, show

only calculations and no data.

* * * * * * * * * * * * * * * * * * * * * * *

20. I did not understand why the initial particle size is clwsen as 4 cm for a

jet diameter of 10 cm. The f value c1wsen is 50, while for the MIXA test it was

clwsen as 20. The minimum particle size clwsen is 1 mm, while in the MIXA test

is was c1wsen as 1.2 mm.

F-10
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It is inconceivable that the jet exited the nozzle and travelled all the way to the pool, totally

undisturbed. We chose 4 cm as a large enough characteristic length scale. It does not matter

really what you choose, as the process is really controlled by #, and only small scale have enough

interfacial area to interact.

21. One experimental result, which FARO produces is the fraction of the jet

material deposited as a ' cake' on the bottom plate. This is not provided by the

authors from their analysis with the PM-ALPHA code.

As the reviewer notes in an earlier comment, it is not really clear what this ' cake' means, and there

are many ways to interpret it.

22. II.4 Numerical Aspects

The authors do not provide a discussion on this topic. I believe, thie is an impor-

tant topic. The ICE technique is known to have signincant numerical diffusion.

It is not clear whether any advanced space-time discretization scheme was em-

played. Node sizes of several centimetres are generally not Sne enough. The

authors, perhaps, by now, have investigated the numerical aspects further, and I

would welcome a greater discussion of this topic.

There was nothing special employed, and elsewhere in the report we note that we may introduce

such a special scheme at some future time. It was also noted that numerical diffusion can be well

enough controlled for our purposes, by choosing fine enough grids.
1

|

23. III. Review of the Report: Propagation ofSteam Explosions: ESPROSE.m

Verincation Studies by T.G. Theofanous, W.W. Yuen, K. Freeman and X. Chen \

l

This report deals with the next phase in the steam explosion process, after the pre- |
mixing has been achieved. The report, therefore, deals with the explosion process

and develops a methodology to describe the process, and evaluate the energetics,

which are then employed to assess the damage potential of the explosion on \
istructures, which surround the explosion. A trigger is assumed, which starts the

explosion process, in which intimate contact of the fuel and the coolant leads to

production oflarge amounts of vapour, and the supercritical explosion.

The report consists of the front part, where the results of the verincation cal-

culations are compared to the observations, and data, obtained in the SIGMA
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:
1

facility at U.C. Santa Barbara. The report also contains four important appen-

i dices in which the code models, a 1-D characteristics model, constitutive laws for |
; micro-interactions and thermal-detonations are discussed. ' 0
, . ;

i In the following paragraphs, I will comment on each of the major sections of this
~

| report. -

~

; IH.1 Appendix A. THE ESPROSE.m hf0DELS

; The overall approach of the model development is brilliant. Recognising that

the dynamics of a pressure wave, generated by a trigger, coupled with fuel frag- '
-

; mentation, micro (or local) mixing and heat transfer result in energetic steam
1-

explosions, the authors have concentrated on those aspects. Perhaps, the SIGhfAi

| experiments provided the key observations towards the development of the micro- ,

5 '
interaction concept and the m Buid, where the fuel-coohmt heat transfer occurs.

The energy transferred is then employed in the multinuid treatment to calculate
; the pressure Belds as a function of time and space (2-D/ 3D). The damage po-
<

tential is, then, evaluated with the calculated dynamic loading imposed in terms' ,

of kilo Pascal seconds.

The modeling approach is similar in most respects to that employed for the Phi-

i ALPHA code, i.e., solution of a set of multineld conservation equations, with '

speciBed constituthc relations. The Reids chosen this time are fuel, liquid and
'

i the m Buid. There is an additional mass conservation equation for the debris,

i.e. the fragmented material. The m Buid equations contain source and sink

terms, which are based on a picture ofliquid-entrainment and phase change. Fuel |
, ,

! fragmentation is included, which contributes to the increase in interfacial areas.
i The heat transfer across the Belds is included in the energy equations. The system

,

of equations appears to be complete. The constitutive relations between the 3
,

! Belds for interfacial drag, heat transfer and phase change, again involve many '

correlations and dimensionless numbers.

* * * * * * * * * * * * * * * * * * * k * * *

i
.

24. I believe the comments that I had made regarding the complexity of the
;

'

constitutive relations for the Phi-ALPHA code also apply here, and the possibility

f h ki
;. o c ec ng ihe synergisms between the momentum and heat transfer processes

.

| through separate-efTect experiments, should be explored. New data may have to :

! be obtained and some prioritisation should be performed.
P

: F-12 ,

.

l

. _ . . . . . - . , - . . . - -% , . .- . . . . . . - .. , r , -- -



|

Actually, in this respect, ESPROSE.m is much less of a challenge than PH-ALPHA. All we have

is wave dynamics, which were verified very carefully in a step-by-step approach, and Microint-

eractions, which is really obtained experimentally under conditions that fully simulate large-scale

explosions. So, we really do not see the concern expressed.

25. The fuel fragmentation is tvated as in the Phi-ALPHA code and is con-

trolled parameterically through f. There is another parameter which enhances

the fragmentation for thermal effects. Both of these parameters are user-speciBed.

The entrainment ofliquid in the m Buid is controlled through the parameter E,
which is taken as a function of the fragmentation rate.

Actually not. The B controlls breakup in PM-ALPHA. In ESPROSE.m. we have constitute law for

Microinteractions - see Appendix C, and the new addendum to this appendix.

26. I believe, the parametric treatment is very intuitive, and the authors ad-

mit that it is an important component of the micro-interactions concept with
somewhat speculative constitutive laws. Since, the m Buid interactions are the

basis of ESPROSE-m, I hope that the authors have already obtained additional

data from the SIGhIA facility to provide greater support for the experimental

basis of the parametric treatment.

As noted above, there sams to be a confusion of s, which indeed is varied parametrically in

quantifying premixing by PM-ALPHA, and with the Microinteractions laws in ESPROSE.m. These

are not in a parametric treatment; rather, they are fixed by the SIGMA experiment.

27 III.2 Appendix C. Gunstitutive Laws of hiicro-interactions

This appendix describes the experiments performed in the SIGhfA-2000 facility

with gallium and molten tin, subjected to high pressure waves, in order to derive
the constitutive laws for the micro-interactions, needed for the m fluid.

The exl>eriments are described. They are really very difficult, but precise exper-
knents. Some results are shown as movie, X-ray and SEh! images for the change

in pre-mixing volume, as n fimction of time.

The results of experiments are used to derive the values for bf, ye, and fe, the

entrainment factor. For example, Fig. C-13 shows fa = 7, 8 and 12 give best

Bts, respectively, for three isothermal Gallium tests i.e., G/204/45, G/G8/45 and

G/272/45. The more conservative value f, = 7 is then used to determine the

ndue of fj = 9. The value of at derived from Fig C-10, while keeping fa = 7,

F-13
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and fj = 9. It appears that n varies from 1.4 at 68 bar pressure to 4.2 at 204
bar pressure.

The above is a logical but highly empirical determination of 3 parameters from

a small number of tests. Perhaps, more data has been obtained from SIGhfA

to confirm the choices made for these key parameters. Obviously, more data is
needed from SIGhiA or another shock tube. I believe, ditferent materials should

also be tested, in particular, melt drops of binary cxides. Their fragmentation

behaviour maybe different, due to changes in properties they experience with a

change in temperature.

For new data with iron melts see the addendum to Appendix C. As noted already, data with ZrO ,2

and if needed, UO /ZrO , will be obtained in SIGMA-3000, currently nearing operation.2 2

28. III.3 Ay>J>endix D. On the Existence of Thermal Detonations

This is a very interesting re-examination of the Board-Hall model for steam ex-

plosions. The micro-interaction model and the concept of the m Buid is employed

to show that supercritical steam explosions can be obtained with lean mixtures

in highly voided regions; conditions for which the Board-Hall model will predict

only very weak explosions.

hly understanding of the micro-interactions concept, introduced by the authors,

is that they take place in the m Buid in a limited volume. I believe, this results
from the observations made from the Gallium drop (also perhaps the tin drop)

experiments conducted in the SIGhiA facility. The previous concept was that the
;

pressure wave will fragment a melt drop into Bne droplets, which will mix with the

whole coolant volume. The SIGhfA experiments showed that this does not occur

in the time frame of the pressure-wave-melt drop interaction. The heat transfer

ta the m Buid s coolant, in the limited volume occupied by the m-Buid, generates
1

very high pressures. The shock wave then travels into the non-participating Buid

around the m-Buid, increasing its pressure to sustain the propagation. This makes !

possible the supercritical steam explosion with a fuel-coolant mixture, which is
lean on an overall-volume basis, but is not so lean on the m Buid volume basis. j

(C . Figures D-8 and D-9, where high pressures are obtained for the coolant to |f

debris mass ratio fe = 1 in the case of tin at 1500 C and for f, = 2 to 8 for the

case of UO at 3300*C)2
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I believe, the authors have provided a very logical explanation and frame work.

I am, however, a bit concerned about the value for fa, which was chosen as 7

in Appendix C, based on the data from the gallium experiments in the SIGhIA

facility. In Fig D-8, a value of f, = 7 will not produce a supercritical steam ex-

plosion. Thus, the value of fe may be material dependent, and more information

is needed to choose an appropriate value.

See response above.
,

29. III.4 VERIFICATION STUDIES

: The front part of the ESPROSE. m report describes the analytical tests, the
SIGhIA experiments, explosion coupling, integral aspects, numerical aspects, and*

finally, a comparison with the KROTOS tests. I will comment on these, bricRy,
,

individually.

III.4.1. Analytical Tests

These are very valuable exercises and show that the modeling in ESPROSE-m

| can predict pressure wave propagation. There are many Bgures. I wish there

were more explanations e.g., Figures 17 and 18, both show very good comparison

between the analytical and the ESPROS-m pressure distributions for early times,

but deviate at later times. Is there an explanation? Shnilarly, there is a crater

in the middle of the pressure wave in Fig 19. Ia there a physical explanation for
|

that? This section may be knproved by the authors, through some explanatory |
text. It is very nduable, otherwise. |

We do not see any significant change in agreement between early and later times in Figures 17 and

18. The crater in Figure 19 is because this is a Type B source, i.e., insufficient supply of fluid after

to to maintain high pressures at the source location. This was explained.

1

30 III.4.2 SIGH 1A Experiments

These experiments, specially conducted in the SIGhIA shock tube provide data

for verincation of the ESPROSE-m models for pressure wave propagation. The

comparisons are excellent. There are some differences for the inhomogeneous,

cases, which, perhaps, are ditBcult to Rx. All in all, it is a splendid performance

for the code for these separate-effect tests.

I * * * * * * * * * * * * * * * * * * * * * * *

J-
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31. HL4.3 Comparisons with KROTOS Experiments

KROTOS experiments provide the most appropriate data for the verification of

the ESPROSE-m models. The KROTOS facility has performed steam explosion

experiments l>y triggering the pre-mixtures of water with several different material

melts. The initial conditions, e.g. melt mass, melt temperature, melt superheat,

pressure, water subcooling have been varied to provide a reasonably extensive

data base. The test program is continuing, and could provide the data base needed

for the ESPROSE-m validation. Unfortunately, as in most of these melt-water ;

interaction integral experiments, the data obtained is integral and the premixing

and the steam explosion processes are not delineated. Thus, detailed verification

and validation of the ESPROSE-m (or any other steam explosion code) may not

be 1>ossible.

The document provided on the analysis of the KROTOS tests speculates that

the melt breaku;> and quick freezing may be a reasonable explanation for the

non-explosivity of the Uranium oxide tests. We reached similar conclusions, and ;

also, evaluated the effects of the change in the surface tension and viscosity of |

the binary-oxide melt, as it cools down below the liquidus temperature. This has

been reported in the 1995 ICONE meeting, and additional work will be reported

in the forthcoming FCI meeting.

* * * * * * * * * * * * * * * * * * * * * * *

32. Coming back to the comparisons of ESPROSE-m (using PM-ALPHA pre-

mixtures) predictions against the measured data, the authors admit difficulties of

representing particle freezing correctly in the PM-ALPHA formulation. The fuel-

participation factor chosen affects the result greatly. The pressure wave-shapes

versus time appear to be reasonable but there are differences e.g. for K5 there

appears to be an earlier venting of pressure wave. I believe, revision of the PM-

ALPHA numerical scheme imd/or modeling o[ the heat conduction in the fuel
particles (as was mentioned earlier in the comments on PM-ALPHA modeling)

may resolve this difficulty. The sensitivity to fuel participation factor is very
large, indeed.

Disagree. The key ingredient here is the rate of breakup, which is not known, and will remain

so. Also, as we discussed, there are intricate radiation reflection issues peculiar to the KROTOS

geometry. These are not code issues; rather, they are physics issues peculiar to the test. The

sensitivity to molten fuel content is real, not a code artifact. Again, this should provide important
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|
.

perspectives as to what is really predictable for these kinds of problems, and correspondingly what'

should be a viable strategy in safety assessments.

33. IIL4.4 Numerical Aspects
,
.

'

I have similar comments as I had for this topic in the Phi-ALPHA document.
The authors should provide more discussion and, perhaps, comparisons of the

use of the ICE technique for similar problems. The numerical diffusion issue

is quite important when, tracking pressure waves and/or interfaces. Recently,
'

s;>ccial numerical schemes have been devised to reduce or eliminate numerical

diffusion. The ICE technique does not, compare well to such schemes, in term of

its performance, and with respect to numerical diffusion. Perhaps, the authors

have implemented another scheme in developing the ESPROSE-m-3D code.

Disagree. This comment is not consistent with the code performance presented in this document.

34. IV. Review of the Report: Lower Head Integrity Under In-Vessel Steam

Explosion, DOE /ID-10541 by TG Theofanous, W.W. Yuen, S. Angelini, J.J.
Sienicki, K Freeman, X. Chen and T. Salmassi

This report is concerned with answering the question: "Will the lower head of
the advanced passive reactor AP-GOO fail, under the dynamic loading imposed by

an in-vessel steam explosion, ifit were to occur?" This is an important issue for

the accident management strategy chosen for the AP-GOO, i.e. retention of the

core melt in the lower head, by employing external cooling of the vessel.

The methodology used to resolve this issue is the ROAAh! method developed by

Prof. Theofanous, employed most recently to respond to the companion question

"Is it ]>ossible to retain the molten core of the AP-600 reactor, in the lower head

by cooling the vessel externally?" This question was answered in the aMrmative

by employing the ROAAbi method. The ROAAhi method has been extended

and further clarified by Prof. Theofanous in a recent publication, attached as

Appendix A in this report.

Besides the ROAAh! philosophy and procedures described in Appendix A, the

detailed premixing and explosion results are described in Appendices B and C

respectively. Appendix D provides additional pre-mixing perspectives from the

THIRh1AL code, prepared by Drs. Chu and Sienicki of Argonne National Lab-

oratory. The important chapters, in the main body of the report, are concerned

|
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with structural failure criteria, melt relocation characteristics, quantification of

pre mixtures and explosion loads and Bnally the assessment of the integrity of

the lower head of AP-GOO.

In the following paragraphs, I have provided connnents on the appendices, chap-

ters and conclusions of the report in the order: - Chapter 3: Structural failure
criteria

- Chapter 4: hicit relocation characteristics

- Chapter 5: Quantincation ofpre-mixtures

- Appendix B: Detailed pre-mixing results

- Appendix D: Additional pre-mixing pers;>ectives from the THIRhlAL code

- Chapter 6: Quantincation of explosion loads

- Ap;>cadix C: Detailed explosion results

- Chapter 8: Consideration of renood FCIs

- Chapters 7 and 9: Integration, assessment and conclusions

IV.1 Chapter 3. Structural Failure Criteria

This is an important chapter, since it establishes the fragility curve, giving the

probability of the lower head failure for dynamic-loads ofincreasing magnitudes.

The impulse loading, ofinterest, is in the range of100 to 300 kilo Pascal-seconds.
:

The authors have employed a commercial structural-analysis code, whose results

they have compared with a simple analytical solution. ABAQUS is a 3-D Buite !

element code, able to model the hemisphericallower head and the dynamic loed-

ings imposed. The code provides the strain as a function of time for the assumed

loading. These calculated results are, then, converted to a fragility curve, as-

suming probabilities oflower head failure, when strains ofgreater than 11 % are

reached over certain fractions of the lower head wall thickness.

The ABAQUS calculations are performed for various loading patterns on the
lower head. The non-uniformity ofloading was found to decrease the strain for a

specific hupulse. The colour pictures provide very nice strain morphologies.

i
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This chapter provides clear and transparent results. The ABAQUS results are

confirmed against a simple model for uniform loading. The fragility curve makes

good sense.

* * * * * * * * * * * * * * * * * * * * * * *

35. I am a bit concerned about the very local non-homogeneous loadings of

the type predicted, later, in the report. Perhaps, a few ABAQUS calculations
could be performed to establish the fragility curve for such a local-loading pattern.

We do not understand this comment. Most if not all of the development in this chapter is for " local

non-homogeneous loadings of the type predicted later in the report." See also addendum to Chapter

3.

36. IV.2 Chapter 4. Melt Relocation Characteristics

This chapter provides the initial conditions for the scenario of melt-water interac-

tion in the lower head. The chapter, therefore, deals with the melt pool formation

in the original core boundaries and, later, relocation of the melt from the in-core

location of the lower head. The quantities needed are the rate of melt addition

to the water in the lower head, thejet geometry (diameter, velocity and location

in the vessel), the melt composition and superheat and, Enally, the timing of this

event relative to the other events in the core melt-progression process.

The authors, Brst point out the ditferences in the AP-600 core connguration from

that of the conventional PWR. The AP-600 has some features which are quite

favourable in terms of the melt releases conditions. These are the massive 3G cm

thick core sup]> ort ]> late, the core reRector, the gap between the core barrel and

the Tchector on the Bat sides of the reRector; and the long unheated section in

the fuel elements at the bottom.

The authors have developed a credible scenario of melt pool formation, melt

attack on the reflector and the core barrel. It is supported by enveloping models

of appropriate compicxity, which provide physicalinsight and transparency. The

nuthors are wise not to use one of the myriad codes, which provide user-motivated

results. The analysis is brilliant and quite comprehensive. The melt release
conditions of 200 to 400 kg/sec should be bounding values. The melt superheat

of 180 K also should be a good bounding value. The location of the release,

near the top of the core in the vessel downcomer, may also be credible. The jet

F-19

_ _ - - _ _ - _ _ _ _ - _ - _ _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



.-

velocity of few meters /second also appears to be sound. I, however, would like

the authors to consider the following cautionary points:

* * * * * * * * * * * * * * * * * * * * * * *

37. (1) The timing of the melt release 76 to 91 minutes is much too close to

the thning of 100 minutes for evaporation of water in the bottom 25 % of the
core height by the radiative heat Bux imposed.

In addition, theri, is a huge margin in the heat capacity of the massive core support plate. See also

addendum to Chapter 4.

38. (ii) The core plate is massive but it is also loaded heavily. If the core plate

temperatures go beyond 700*C, the yield strength will deteriorate.

The core plate is fully supported by the core support structure. Also note (addendum to Chapter 4)

that it really takes a long time for the lower part to heat up.

39. (iii) The melt pool with m40 to 60 % unoxidized zirconium and some

stainless steel, will probably form a primarily metallayer on the top. This layer

is thin and will focus the heat Bux to the sides. Recent work at RIT has evaluated

the heat transfer from the metallayer to the vessel (which is of a thickness similar

to that of the reRector) with a two-dimensional code, and found that the highest

heat Bux is still at the corner of the oxide i>ool just below the metallic layer.
Thus, the failure could be below the metallayer.

We do not agree with such a result, but we need to look at the RIT analysis mentioned.

40. (iv) While, I agree with the authors that the Bat part of the reBector being

closest ta the core centte is most likely to be attacked Brst by the pool. The oxide

pool however may not be axially symmetric and there may be azimuthal reg fo:1s in

the core, where fresh fuel and high power are dominant. Evaluation of a po.<sible

attack on the non-Bat parts of the reRector should be considered.

Failure at the corner would produce a more localized release. Failure on the flat is conservative.

41. (v) The draining and freezing of the metallic layer into the well between

the Bat part of the reBector and the core barrel, without participation in any
melt-water interaction, is very likely, but sounds too convenient. Additionally, in

the absence of water above the core plate in the well, the thermalloading imposed

F-20
<

.y. . . , , _ , - , . _ . , _ , . , ,,_ _



by the superheated metallic melt on the core plate, or on the core barrel region

directly above the core plate should be evaluated.

There is no water between the core barrel and the reflector at this time in such an accident. As we

have shown, the core plate still would be cooled by water. .

42. Summarizing, I believe, the authors estimates for the range of melt-

release-characteristics is y credible, however, additional evaluations may help to

put these estimates on a more solid footing.

* * * * * * * * * * * * * * * * * * * * * * *

43. IV.3 Chapter 5. Quantification of Pre-mixtures / Appendix B. Detailed

Pre-mixing Resuits

The chapter 5 develops the rationale for the pre-mixing that results from the
release o[ the UO - ZrO melt from near the top of the core, thvough the down-2 2

comer, into the water pool of the lower head. The water level is assumed to be

a few centimetres above the top of the core support plate. Melt release rates

of 200 and 400 kg/sec, reaching the velocity of 5 m/sec at entry into water are

considered. The melt superheat is assumed as 180K.

The oxide melt jet is distributed over an effective radial width of 10 cm in the |
downcomer, with an initial melt volume fraction of u25 % at water impact. This

would translate to a melt stream of dimensions x10 cm x 16 cm for the release :

rate of 200 kg/sec and m10 cm x 32 cm for the release rate of 400 kg/sec. |

The expanded melt jet is then allowed to traverse 20 mm in water, before break- |

up ensues. The break-up rates are parameterized from no break up to very rapid ;

break-up (forming 2 mm size particles within 10 cm of travelin water.)-

The above initial conditions were employed in the PM-ALPHA code to provide

results on pre-mixture characteristics i.e. the melt and the void volume fractions

and the fuellength scale, as a function of time, and position. The integral quantity

of interest is the number of kilogram of melt mixed with coolant, before the
triggering and explosion.

The Appendix B presents a number of colour pictures and many graphs giving

detnikxi results. The graphs of fuel length scale, fuel volume and void fractions

are presented for more f values and for times up to n 1 sec. These pictures and

|
1
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graphs provide good back-up for the results, and arguments, presented in chapter

5.

I believe the authors have presented a clear method of evaluation and the results

are credible. I do have the following comments.

* * * * * * * * * * * * * * * * * * * * * * *

44. (i) The melt-through failure of the reflector and core barrel are assumed

to be near the top of the melt poolin the original core boundary. If the failure
is lower, the starting velocity for the melt jet would be higher, and so will be the

velocity at water impact. This may be benelicial for break-up.

We do not expect much difference. Twice the initial depth would increase initial velocity from 1 to

1.4 m/s, and the velocity of water impact remains essentially unchanged at 5 m/s.

45. (ii) The initial impact area on the water surface is quite large. The jet
going through the 2 meter steam region should not break up, to that extent.

There is also a splash off the wall. More concentrated pours create higher voiding in the premixture,

so we try to bound the behavior here, too.

46. (iii) Both the very fast and the no-break-up cases show (Cf. Figs. 5.4

(a) and 5.4 (b)) that for the inithd 0.1 see the fuel front is more advanced than
the void fraction front. This was also observed in the PM-ALPIIA verification
report. Later on, the void fraction front seems to catch up with the fuel front.

For the C 1-10 case at 0.4 seconds (Page B.3-3) a large fraction of fuel seems to

be hung up in the voided zone. The same is true for C 1 - nb case (Page B.3-5).

In the C1-10 case, there would be a large steam flux rising, which could retard

the descent of the fuel particles. For the C 1 - nb case the steam flux should he

smaller, and the fuel particles of 2 cm should be ahead of the void fraction front.

* * * * * * * * * * * * * * * * * * * * * * *

47. Summarising, I believe the break-up assumptions, both, in the steam

during descent from the original core boundary, and during water interaction,

play a cruchd role and, perhaps, this part of the pre-mixing analysis could be

strengthened. The no-bcenk-up case appears to produce approximately the same

results as the high break-up case. This has been recognised, also, by the authors

(Page 5-10). Perhaps a physical explanation of why these cases produce such

similar results may be provided by the authors.
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The results show that all cases become highly voided. This result is really expected, given the

radiative power of such melts. See also addendum to Chapter 5.<

48. IV.4 Appendix D. Additional Premixing Perspectives from the THIRhiAL
Code

In this appendix, the THIRhiAL code has been used by C.C. Chu and J.J. Sienicke

of Argonne National Laboratory to provide a perspective on premixing. The
'

code had to be modified to describe the melt jet-water interaction in the conBned

geometry of the down comer. The calculations were performed for melt release

rates of14 to 220 kg/sec, with correspondingjet diameters of18 mm to 73 mm.

The 220 kg/sec case resulted in median droplet size of 2.75 mm, with a mixing

zone radius and void fraction at pool surface of160 mm and 74 95, respectively.

These results are not too different from what were obtained from the Phi-ALPHA

Code, although the jet entry conditions are different. THIRAIAL calculates jet

entry diameter of G cm (i.e., no break-up in the down comer steam zone). hiodels

for break-up in THIRhiAL must be quite different from the parametric model
employed in the Phi-ALPHA Code.

The melt exists the pool horizontally, hits the vessel wall, and then falls into the water. The initial

jet used in TIIIRMAL calculations ignored this sequence of events.

40. ]V.5 Chapter G. Quantification of Explosion Loads / Appendix C. De-
tailed Explosion Results

The chapter G and Appendix C present the results of explosion-propagation cal-

culations performed with the ESPROSE-m code, using. as initial conditions. the

pre-mixture con &gurations calculated with the Phi-ALPHA code. The trigger
time is chosen as very short. since during the early time the void fractions of
the coolant around the fuel particles are relatively low. Later. the void fractions

increase substanthdly. and would inhibit fuel break up and triggerability.

The results are presented for the C-1 and C-2 scenarios with three values of f

and a set of trigger times. For the no break-up case these times vary - from 0.05

see to 1.0 sec, while for the break-up cases, they vary from 0.04 to up to 0.19
seconds.

The results on pressure, impulse and effective area are shown for various locations

in the lower head. Peak loadings histories are also shown as a function of trigger
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times. The extreme sensitivity to trigger time is evident frcm Table G.1. If the

trigger is delayed by 0.00 seconds for the C1-10 and C2-10 casa, there is only a

very weak explosion. For the Cl-20 and C2-20 cases, there appears to be a time

intennl of only 15-30 msec for the trigger to generate a supercritical explosion.

Thus, triggering time appears to be the deciding factor. A physical explanation

for this extreme sensitivity should be provided by the authors.

See addenda to Chapters 5 and 6.

50. The Appendix C gives very nice pictures of the pressure wave traversing

through the lower head. The pressure signals at various points in the lower head

are shown and the peak pressures and impulse loadings are shown as graphs versus

time. Theses pictures and graphs were very helpfulin the review of Chapter G.

Summarising, I can say that the authors have performed logical analyses of the

loadings imposed by the steam explosion, and have provided very nice results.

I have not understood the reasons for the extreme sensitivity of the calculated

results to the trigger time. The peak loadings shown in Table 6.1 are, in general,

modest. The highest loading is found to be m200 k. Pa. s. Is it possible that for

0 = 30, a higher value than 200 k. Pa. s. is calculated?

The sensitivity issue was answered in the addenda to Chapters 5 and 6.

51. IV.6 Chapter 8. Consideration of the renood FCI's

This chapter deals brieBy with the stratined steam explosions that may result, i(

the renood is elfective, and a layer of water is brought on top of the melt p ol,
,

which has a metallic layer, at top.

It was found that the stabic water layer may not exceed 10 cms, due to the low

renood rate and the time to freeze the upper metallayer. Any stratined explosion

will be easily vented.

I believe, the authors have a good argument. Certainly the peak pressures in

such an explosion should be low and renood FCI s may not be a problem.

IV.7 Chapter 7. Integration, Assessment / Chapter 9. Conclusions

These chapters combine the results achieved in the previous chapters and appen-

dices to provide an overall assessment. This work was already practically done

F.24
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by the results achieved, since the maximum impulse loading was below the min- |
imum of the fragility curve. This was also conErmed by performing ABAQUS

calculations for the peak loading for the actual cases and Rnding that the lower
|

head strains were very low. i

The authors conclude that for the saturated water case, the lower head integrity

can not be emnpromised by a steam explosion. Having highly subcooled water is

the only possible way to, potentially, involve a larger mass of melt, and produce a

more energetic explosion. The authors conclude that obtaining highly-subcooled

water, even in renood scenarios for the AP-600 is not credible.

* * * * * * * * * * * * * * * * * * * * * * *

52. V. Concluding Remarks

In this section, I would like to provide a few concluding remarks after the review

of the three reports.

I must congratulate the authors for producing such a nne and con prehensive body

of work treating the tricky and controversial area of steam explosions. Wldle,

most of the researchers in this area are still trying to understand the fundamentals,

the authors have leaped ahead with new concepts, advanced codes and considered

judgements to provide a reasonably robust estimation of the damage potential of

a steam explosion. They have combined this with structural analysis to show

that AP-600 lower head can withstand the dynande loads imposed.

The authors have, also, noted the peculiarities of the AP-600 connguration and

employed the advantages and disadvantages they confer on the analyses. Some

of these peculiarities (ditferences) provide great advantages e.g. in the core melt

progression and the melt release characteristics. These sound a little bit too
convenient and, perhaps, should be re-visited.

The work was done without any regard to the " convenience" of the results.

53. The authors have modelled the fuel break-up and fragmentation process

only parametrically. This may be a weak point in the whole development; since

those processes provide the initial conditions for both the pre-mixing and the

propagaion phases of the steam explosion. Perhaps, the analyses are well-
l>ounded for these processes; however, the sensitivity of the results to the break-up

and the fragmentation modeling is very large.
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We do not agree with the thrust of this conclusion. Only breakup is treated parametrically, not

fragmentation. The main result is that premixtures void, and this is not too sensitive on the breakup
,

used. We bound the behavior with respect to this parameter, and this is much more reliable than

trying to assert the result of some predictive model. Such models, even if eventually developed,
,

could never be verified at the appropriate level-i.e, the dynamics of breakup as it occurs under

realistic conditions. Our treatment of fragmentation, on the other hand, derives directly from the

directly applicable and well-characterized SIGMA experiments.

54. Then, there is the question of maturity and of validation versus verinca--

tion. I believe the methodology and the data presented, robust as they are, are
,

still very new. The comparisons presented against test data are not extensive,

and I think, the authors recognising this, have wisely titled the reports as verinca-
3

i tion reports. Further experience with this methodology and further comparisons

with separate-effect (e.g. SIGhlA, AIAGICO, BILLEAU and QUEOS) data and ;

integral-effect (e.g. FARO and KROTOS) data would provide validation and
maturity to this methodology. In particular, the constitutive relations, being so'

many for such complicated phenomena, need greater experimental back-up. I be-

lieve, the nuthors are already busy in achieving such experiments in the hiAGICO

and SlGhfA facilities.

Actually, we did not intend to make a distinction between " verification" and " validation." In the

sense that the validation term is described here, we believe the two codes have been adequately
"

validated in the " fitness for purpose" sense. Of course, work will continue, and thus r t .iration

will gradually develop.

55. Lastly, I must say that I have enjoyed reading the re;> orts and learned*

' much from them. I think, I now understand the concept ofmicro-interactions and

the m fluid. I have made constructive (hopefully) critical comments at places,

to provide input to authors towards improvement of the reports. I believe, they

have largely achieved the objective they had set out to achieve.

. * * * * * * * * * * * * * x * * * * * * * * *

,
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F.13. Response to P. Shewmon (OSU)

General Comment and Highlights

General and unqualified agreement with the conclusions of the work under review.

Point-by-Point Responses

1. The analysis of head failure sets up a model of the lower head using
ABAQUS (a well established finite element code) to relate the stress pulse from

steam explosion to local strain. The vessel material (ferritic SA508 steel) will

undergo large amounts of strain (elongetians of 50 to 100%) before fracture oc-

curs. Whether or not the vessel undergoes any plastic strain depends on the yield

stress of the metal and the impulse from the steam.

* * * * * * * * * * * * * * * * * * * * * * *

2. For reason never explained or discussed, the authors chose 330 hiPa for the

yield stress of the vessel. They state that the conservative ' Code Allowable' is

345 blPa and the actual value (found in a conventional tensile test) is 450 hiPa.
The choice of 330 hfPa introduces a large conservatism (safety margin) since a

best esthnate should use 450 hfPa.

The real reason for using 330 rather than the actual 450 MPa value for yield stress is that we could

not find the actual value until much of the work had been done with 330 MPa. The additional !

margin due to this is now discussed in the addendum to Chapter 3.

3. The impulse applied to the steelin the lower head would have a rise time j
'

of a few milliseconds. When ferritic steels are loaded this quickly their yield
stress is substantially greater than that observed in a normal tensile test. The |
authors quote references that show theyield:aress at this strain rate is about 40%

greater than that found in a tensile test. They take full credit for this strain-rate

increment, which is justified and appropriate.

In summary, the analysis of head failure seems to be competently and conserva-

tively done, and the conclusions drawn are appropriate. I have also looked at the

discussion ofloads and loading. I am less of a specialist in this area, but it also

seems to be well done.

* * * * * * * * * * * * * * * * * * * * * * *

|
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4. Though no mention of radiation effects is made in the reports, the analysis

should be made for the vessel at end oflife (40 years'?). The temperature of the

head during the accident considered would be less than 212 F. This is beneath
,

the RNDT for the beltline of some of the vessels now in service, i.e. such material

might well behave in a brittle manner during an accident of the type considered

here. I considered this, but feel such radiation effects are not germane in the case

of the APG00 for at least two reasons:

1 ) The fast neutron and hard gamma flux in the lower head will be at least a

couple of orders of magnitude 1 css than that in the beltline region of the vessel,

so radiation cffects should be negligible.
,

2) The steel to be used in the APG00 vessel should be appreciably lower in the

elements than have lead to radiation embrittlement (copper, and phosphorous)

in the older vessels now of concern in plants in the U.S.A.

With this in mind, I believe there is every reason to believe that the material
in the lower head would behave in a ductile manner and that the analysis given

in the report is appropriate for (would apply to) a vessel in the APG00 after 40
years of service.

The end-of-life RTNDT values for AP600 steel forging at the beltline region is specified as 23 F.

The hwer head, less irradiated, would be better still. At the time of interest, the lower head would

be between 50 and 100 C.

!

1

!

|

|

I
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F.14. Resr>onse to B. Turland (AEA)

General Comrnent and Highlights

This review is hard to interpret at this stage. Concerns are raised about almost every aspect of the

analysis and supporting documentation, yet we also obtain the impression that these are offered in

the spirit of funher improving the basis for the conclusions rather than in challenging them. The

key point appears to be the one rnade in closing the first section of the review (Overall Comments),

that is, "my residual concerns relate to the confidence in having low pour rates and the possibility

of operator actions leading to some subcooling". In this response, as well as responses to several

other related questions by other reviewers, we present additional material that hopefully will be

found helpful in coming to a resolution, or if not, to better focusing any remaining concerns.

Point-by-Point Responses

1. OVERALL COMMENTS

This report and its associated documents represent the cuhnination of several

years work by Prof. Theofanous and his colleagues. They have now demonstrated

that the basic framework for a steam explosion assessment in realistic geometry

is in place. This is a major achievement.

The reliance on detailed modelling codes makes the reviewer's task difRcult - in

the end one can look at the validation offered and consider whether tl. results

presented look reasonable. In the supporting documents the authors make good

use of the available experimental data to benchmark their calculatiomal models.

However, it is accepted that some of the constitutive physics used in the premix-

ing and propagation codes is uncertain, as are, to some extent, the melt pour

characteristics. A review, such as this, can indicate that the codes appear ' fit

for purpose' but cannot give a full endorsement for all the models they contain,

without signiBcantly greater effort.

The situntion considered in the application presented, a modest pour of melt inta

saturated water at ambient pressure, is not conducive to large steam explosion

loadings, and this is demonstrated by the calculations presented. SufReient pa-

rameter variations are investignted to indicate that this is likely to be a robust
result for these conditions. As indicated below, my residual concerns relate to

the confidence in having low pour rates and the possibility of operator actions
leading to some subcooling.

* * * * * * * * * * * * * * * * * * * * * * *
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2. SPECIFIC COhiMENTS ;

i

Chapter 2: Problem Definition and Overal! Approach

1. Although the text makes clear that it was an intentional conservatism not to
iclaim credit for lower head venting in the Sizewell B study, it is wrong to interpret

this in the phrase lower headfalhtre cannot be dismissed as readily any longer. We

found that the previous claims for lower head failure could not be substantiated

as large explosions did not necessarily imply sustained high pressures.

* * * * * * * * * * * * * * * * * * * * * * *

3. 2. It is arguable whether the ' essential basis for the current work'is the
progress made in modelling explosion propagation and the pre-mixing phase, or

in the assessment of melt progression.

Look at the pressure pulses predicted, the fragility, some of the reviewer's comments, including

this one, and then let us imagine where we would be without such progress in premixing and

propagation (microinteractions in particular).

4. 3. The statement that between 3 to 5 tons offuel must participate to pmduce a

1 GJ explosion, and consequently incipient lower headfailure, raises the question of

whether larger explosions are possible that do not fail the lower head.

This is an old result. Probably yes, but this is not our concern here.

5. 4. I agree that the size of any breach is indeed a tough question. I consider

it to be the key question unless the mixing / propagation analysis by itself can be

shown to be suflicient. I do not believe that this has been shown to be sufficient

(as yet ?).

See specifics below

6. 5. The higher explosivity of a premixture with reduced voiding appears to be a

conjecture that is not fully supported by the experimental evidence. Reported

explosions in the JAERI ALPHA facility occurred with large voids in the mixing

region.

Explosivity refers to intensity, not likelihood. In any case, there will be peripheral zones of low

void fractions and nothing prevents these regions from initiating and propagating explosions. The

voided regions simply damp the energetics, and reduce the amounts of fuel exploding coherently.

F-2
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7. 6. I need to be convinced that we need only to be worried about the first

relocation event. I think that it depends on the timing of any subsequent relocation

events.

Once the path opens, subsequent relocations should be essentially continuous.

8. Chapter 3: Structural Failure Criteria

1. In principle, the loading may have components both shorter and longer than

the natural timescale of the vessel. Indeed the constrained expansions considered

in the early studies do have a longer timescale. One needs to refer ahead to

the results of the propagation modelling to justify the assumption through early

venting of the explosion region.

A big part of the argument is due to the voided and highly localized nature of the premixtures.

9. 2. The boundary conditions on the ABAQUS model are not specined -

from later examples they appear to be symmetry conditions at the equator of a

sphere. As potential explosions may occur near thejoin of the lower head to the

cylindrical section, it is not clear that this provides a good choice (apart from

validating the simpler nwdel- which could have l>cen done in 1-D).

The explosion loading occurs well below the hemispheric /cylinderjuncture, so our choice is rea-

sonable, and an economical approach to develop the necessary understanding for localized loads. )
In Chapter 7, we .show full-vessel simulations also.

10. 3. From a non-expert viewpoint, the analysis presented in this Chapter

appears a reasonable approach. However, I did note that Figure 3.0 was not j

consistent with Figure 3.4. To support the mitigative factor for local loading,

more highly localised ABAQUS calculations should have been performed. To

avoid cao falling to zero for Suite ndues ofI and do/D,. Isuggest assuming that

energy dissipation is proportional to the magnitude of the etTective impulse.

Valid point. More calculations were carried out. There was a problem with plotting figure 3.9. In I

the corrected figure the caa goes to zero properly. See Figure 3.9 attached. The suggested idea gave j

about the same quality of representing the calculational results. The new, more localized ABAQUS

results support well the generalization in Figure 3.9 (see addendum to Chapter 3).
!

11. Chapter 4: Quantincation of Melt Relocation Characteristics |
i
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1. it would be useful to give an indication of the diameter of the cooling holes.

They are ~1 cm in diameter.

12. 2. I do not see that the heat sink associated with the core support plate

plays a signincant role, as water provides the major heat sink. In the absence of

water, melt passage through the plate would depend on the diameter of the Bow

channels. hielt appears to have passed through relativelt small diameter holes in

the presence o[ water at ThII-2. I[these holes are similar to that of the hole in

a PWR lower core plate, then they probably offer little resistance to melt Bow.

The lower core plate would prevent large diameter pours ;>enetrating the lower

plenum, if downward relocation were to occur.

No. The heat sink is important in delaying the blockage, above, from melting, after the water has

vaporized, to a level below the core support plate. Yes. The holes in the plate itself would offer

no resistance to melt penetration.

13. 3. At this stage (page 4.1) translating We expect thispath to be blocked into

' Downward relocation is physically unreasonable'still appears a large step.

Yes, but the statement gives a preamble of where we are going in this chapter.

14. 4. Reference to Thil-2. Looking again at the Thil-2 melt relocation
event, I am struck by how far melt managed to progress downwards through the

core, given the water inventory that is generally believed to have been present

(minimum of 0.5 m above the base of the core). For instance at position K9 near

the centte of the core there was evidence of previously molten material between

rods near the Brst spacer grid and in the spaces around the lower end Rt ting [Thil-

2 Core Bore Acquisition Summary Report, EGG-Th11-7385, rev 1, February 1987,

page B-30]. This relocation was physically reasonable, as it occurred, but I do not

see how it alfTers substantially from the claim that the APR-like core downward

relocation is ' physically unreasonable ' Iam happy with the notion that relocation

into the bypass (most PWRs) or downcomer in the APR-600 is most likely - it is

the degree of certainty that I question.

I
We really mean " physically unreasonable" to penetrate through the bottom of the core, and the TMI |
information noted does not conflict with this; indeed, it supports it, in the present case we have

also the Zr end-plugs as a further cold trap.

I
1
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15. 5. The low melting point control rod materials are expected to escape early

(page 4-4). This seems counter to other arguments about heat sinks. However, if

they do form a blockage, this may be relatively weak, giving the potential for a

later downward relocation.

Yes, but these are intermediate states in melt progression. We are interested in how far this can go.

16. G. While the results on blockage formation appear realistic, the thermal

equilibrium assumption in equation 4.1 is inconsistent with the growth of thermal

boundary layers in the solid represented by equation 4.2. This may lead to an

underprediction of the plugging time, particularly for cooler structures.

The error is negligible in the context and timing of this freezing.

17. 7. Table 4-1 - what is the meaning and signincance ofMeltfreezing capacity

as multiple of thefuel rod volume? For comparison (I think) one needs the channel

volume dividad by the fuel rod volume to ensure that there is sufficient heat
capacity to form a blockage.

We think ours is an interesting measure because it includes thermal effects.

18. 8. Page 4-6: The e.fective thermalconductivity is taken as the volume weighted

average. Here and elsewhere it would be useful to indicate what physical proper-

ties were used. The use of a volume weighted average is probably reasonable for

this application (but not generally so). Was any allowance made for the porosity |
of the blockage in this enduation.

Yes. See addendum to Chapter 4.
|

19. 9. Page 4-7. While low melting point components of the core such as |
control rods are expected to relocate as they melt, this does not apply to the
major metallic component - Zr. Best fits to experimental data indicate that.

relocation following clad breach occurs at temperatures in the range 2400 - 2450

K. Relocation involves a significant fuel component.

This is still well below the oxides melting temperature, and the fuel content is limited by the time

available for melting and dissolution. ,

1
i

20. 10. Nomenclature: Equations 4.8 and 4.9 refer to Cr,wn while Figure 4.6

and 4.7 have Craa,w,1 etc.

F-5



.

Typo corrected.

21. 11. The radial heat up calculations (Section 4.2) are qualitatively in line

with similar calculations that we performed for Sizewell. Was a radial ]>ower
deposition shape factor used? We found that somewhat different re<ults were

obtained when we did the same calculation using a 2-D, rather than cylindrically

symmetric model, that took account of the proper core geometry and the power
,

rating of individual assemblies. A diBiculty with both your and our model is
,

the absence of relocation, which may irwalidate the model once any melting of

material occurs.

Yes. Radial power factors were used as shown in the report. Clearly we do not expect to predict the

details of relocation with this model, but this is not our purpose nor is it needed. Once relocation

begins overall energy conservation is sufficient to take the relatively smaller way up to the melt
,

pool formation.

22. 12. The assumption of a fully oxidised pool (Section 4.3) may be inap-

propriate for a low pressure sequence. This raises issues on the interactions of

the corium with a more metallic blockage (partially addressed in the MP tests).

However, to conclude that something is ' physically unreasonable * all processes

that may have an impact should be discussed.,

The point is that the cold trap at the bottom forms and sustains the blockage. Any interactions with

the oxides on the top of it can do nothing to violate its integrity. All we need is the heat flux from

above, as we have done.

23. 13. The proposed melt release conditions and mechanism appear reason-

able. The dimensions and the pour rate are no more than educated guesses (I

would probably have made similar guesses). I note that to achieve the melt flow

rate ofim/s, only a 5 cm driving head is assumed, although there is no quantiS-

cation of how close to the top of the pool the breach might occur. It is desirable

to analyse whether heat transfer from the melt stream through the breach may

deepen the breach and lead to an increase in pour rate.

Certainly will, but not significantly in a matter of ~1 second. It is the time coherence here that

determines the reasonableness of the " educated guess" as a conservative bound.

24. Chapter 5: Quantification of Premixtures

F-6
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1. Is there any likelihood for this plant of subcooled water in the lower head (eg

in an extended accident sequence with some injection)?

This is addressed in Chapters 4 and 8. I

25. 2. The conunent that the break up parameter f set to 10 produces very

rapid break up in ~10 cm of water suggests that the modelling is somewhat more

efficient at producing fragmentation than originally desired (break up in a spec-

ified fall distance taken as the smaller of the actual fall distance or f.Dj). This
also depends greatly on the assigned value of Dj - here set to the initial particle
size (20 mm). If the melt was assumed to fall as a thinning sheet (quite possible)

then the initial penetration of the water may be more local than represented in

the PM-ALPHA calculations. However, I am happy with the range cimsen for f.

1

The range of # chosen is intended to cover the range of breakup behavior. The more " localized"

penetration as suggested by the review is covered.

2G. 3. Please note that in Figure 5.2 and Appendix B the void is represented

by shading, the fuel by contours. Explain the contours that follow the domain
boundary.

Please see extended calculations and new, improved representation in the addendum to Chapter 5. j

27. 4. Specify the boundary conditions for the calculation. What pressurisa-
tion is predicted?

1

Due to the large volume of the system, tiie localized nature ofinteractions, and short times, no pres-

surization is predicted. A constant possure outlet boundary condition at the top of the downcomer

was imposed.

28. 5. The length scale increase referred to on page 5-5 is not evident in i,

Figure 5.4. The area averaged over is not clear, it is obviously not the whole
cross-section. Since writing this I found the 1% fuel volume fraction limit on the

'

region considered in the text - for clarity add to caption of Figure 5.3.

Clarification made as requested.

29. 6. Middle ofpage 5-10: 'Only a very small fraction of the coolant is found

to co-exist with the water'- I know what you mean! It is clear though that here

we have the key result anticiputed for the mixing codes. This implies that the

r-7



key region to seek validation of the code is in the production of the high void

fraction.

Yes.

30. 7. In my view the THIRMAL calculations raise as many questions as
they answer, because of the poor validation status of any jet break up model.

However, I do not think this is a key part of the argument.

* * * * * * * * * * * * * * * * * * * * * * *

31. Chapter 6: Quantification of Explosion Loads

1. Where is the trigger cell?

At the bottom of the premixtures in each case.

32. 2. At what time was the effective area evaluated - that of peak pressure?

If not, you obtain larger effective areas than ~0.1 m .

Yes, at the time of the main portion of the pressure pulse.

33. 3. The question raised by the calculations is how far is one from the
danger zone? Could we get there by a modest increase in system pressure (what

value was assumed?) and/or varying the value of f?

More calculations presented in the addendum and their interpretation should help this kind of

question. We used I bar, and calculations done since, at 3 bar (see addendum), gave the same

results. Further, inbetween S values were considered initially, before deciding the cases to be

examined in detail. The results are understandable about how and where the high pressure pulses

are produced, so it is unlikely that we missed something that could " unexpectedly bring us to the

danger zone."

34. Chapter 7: Integration and Assessment

1. The conclusions reached are justified on the basis on the analysis presented.

On the basis of current knowledge I am still not comfortable with the observation

that downward relocation scenarios are ' physically unreasonable'.

See above responses and other reviewers' questions and our answers in this area.

35. 2. I agree that there is a greater threat from subcooled conditions. It is

not obvious, though, that a ' highly subcooled pool' is necessary. Perhaps this
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might be illustrated by a calculation with modest subcooling (eg 10 degrees) to

show there is not threshold effect.

We now have such a calculation (see addendum). However, please note that the possibility of

creating subcooled conditions has been addressed in Chapter 4. In this context, generating a highly

subcooled condition is just as difficult as generating a 10 K subcooling.

36. Chapter 8: Consideration of ReBood FCIs

1. This chapter has not been considered in any detail. The arguments presented

appear persuasive provided that are no other means of fast renooding not con-

sidered by the authors and that crust formation proceeds in the way that they

envisage.

* * * * * * * * * * * * * * * * * * * * * * *

37. Chapter 9: Conclusions

1. I have indicated above that my principal reservations lie in the areas of the

downward blockage and in ensuring that there are no operator actions that may

prejudice the assumptions made in the analysis. I agree with the authors that

consideration of additional pathways is unlikely to change the conclusion.

* * * * * * * * * * * * * * * * * * * + * * *

1

1

38. 2. For this application, the supporting analysis ought to concentrate on j

the melt relocation scenario. This would include obtaining a better understanding

of melt relocation in TMI-2 (eq why did it occur after renooding the vessel?), to |
demonstrate that the processes are indeed understood. |

On TMI 2, see Epstein and Fauske (1989). )

I
'

39. 3. It would have been useful to have an indication of the effects of uncer-

tainty in the constitutive laws (eg mictointcractions) to determine where confir-

matory studies are required.

Presently we have chosen very conservative parameters for microinteractions. )
1

40. Comments on DOE /ID-10503: Propagation of Steam Explosions: ES-

PROSE.m Verification Studies
:

Only a limited time was andlable to review this supporting document.

i
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i

r

'
Much of the document is concerned with the ability of the ESPROSE.m code to

represent the wave dynamics correctly for single and two phase regions in one and -

two dimensions. The information presented, along with the comparisons with the ' '

SIGMA experiments with a voided expansion region, indicate that this part of the

; code is doing its job correctly, even when relatively coarse (~0.01 m) meshes are

| used. This does not surprise me. Numerical studies we performed when extending *

CULDESAC from one to two dimensions indicated good capabilities to capture
,

the wave dynamics with relatively simple numerical schemes (the numerics of
4

: propagation are simpler than those of premixing). I am therefore satisfied with

i the code's capabilities in this area and would expect that the 3-D version of the

i code would also perform satisfactorily in this respect.

|
* * * * * * * * * * + * * * * * * * * * * * * ;

.

: 41. While Chapter 2.1 uses a homogeneous model for the two-phase behaviour

I (by forcing large drag between the phases), it is unclear whether the calculations

reported in Chapter 2.2 still use this model. If not, it would be interesting to
,

compare how much better the full model performs against the experimental data,
,

compared with the homogeneous model.
,

i * * * * * * * * * * * * * * * * * * * * * * *

i
a 42. The authors of ESPROSE.m have implemented an, at the time, novel ap-

proach to cover lack of thermal equilibrium in the coolant during the propagation..

| This approach is physically based and can be considered to be well-justined.

j' * * * * - * * * * * * * * * * * * * * * * * * ,

,
.

43. The application of the ESPROSE.m code to steam explosions depends

| on the assumed constitutive physics. As Appendix D (particularly Rgures D8
: and D9) illustrates, the assumed parameters of the microinteraction model can

have a major impact on the prediction (eq changing the parameter for coolant >,

entrainment can change the C-J pressures by two orders of magnitude). Ap-,

pendix C provides results from a series of experiments with one high temperature

simulant, that has been used to modify a hydrodynamic fragmentation model to, ,

take accumt of thermal etfects. This approach is acceptable, but the range of *

uncertainty in the model parameters needs to be allowed for in any assessment.,

The authors note that 'the main need identined is for constitutive laws for mi-

crainteractions with reactor materials'[ Abstract]- I agree. They also claim that

.
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' reasonably conservative assessments are possible'- however the main report does

not indicate what parameters were used to obtain a sulficiently conservative as-

sessment.

See Appendix C and addendum.

44. I would have expected to see more discussion of the comparison with

KROTOS experiments in the report as originally supplied, rather than a reference

back to the study. Although there are somelimitations on knowledge of the initial

conditions nud, in most of the tests with explosions. some loss of data, these

provide the greatest confidence in the application of any model to the steam

explosion propagation phase. The calculations for KROTOS-38 provided as a

supplement are useful. With current knowledge it is more important to be able to
denmnstrate conservarism in the calculations rather than good agreement through

parameter adjustment. Recently Isaw calculations with TEXAS-IV for this test,

where a very different melt distribution was calculated that led to very good
agrounent with the observed pressurisation following the trigger. Until there is

a visual record of such tests it is not possible to determine which simulation is

closer to reality.

* * * * * * * * * * * * * * * * * * * * * * *

45. In reading the material, I noted a numl>cr of examples where detail was

not clear to me. These are listed here for convenience, but have no impact on rny

overall assessment of the methodology:

1. In chapter 2.1 what unlue is used for P ? Figure 6 a implies 100 bar, but1

elsewhere finite results are given when P is only 10 bar.2

For results in Figures 1 through 5, P = 1 bar. P = 100 bar for results in Figures 6 through 9.i i

46. 2. In ligs 7 and 8 of Chapter 2.1 a is shown as varying. I assume a is a

void fraction - of which region?

a is the void fraction of the region ahead of the shock.

47. 3. Chapter 2.1 presents results with an without phase change of the
gas. It would have been instructive to see a direct comparison to illustrate the

importance, or otherwise, of the phase change on wave propagation.

Results presented in Figures 4 and 5 are for a 10% steam / water mixture with phase change.
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48. 4. I had difficulty understanding the location of the pre-voided region

discussed in Chapter 2.2. Note that Fig 7 is incorrectly referred to as Fig 8 in
the text. If for Fig 3 the pre-voided region stretches to the base of the tube, I do-

not understand the respective difference in timings of (1) the time between the

shock arriving at PT3 after PT1 and (2) the time between the shock arriving at
PT3 and its renection from the base arriving at PT3. Note that you have offset

the pressures in the Egures for ease of presentation.

The typo on Figure 7 is corrected. The pre-void region is the region between L = 100 cm to L ~185

cm, as shown in Figure 3. The bottom of the tank is at L = 300 cm. The region between L = 0 and

L = 100 cm is the driver section, as shown in Figure 1

49. Additional Comments on DOE /ID-10504: PM-ALPHA Verincation Stud-
les by T G Theofanous, W W Yuen and S Angelini

INTRODUCTION

This document represents the culmination of a substantial piece of work to de-

velop a mixing code for steam explosion studies and to validate it against the

experimental data. The report makes good use of the (still rather limited) ex-
y>crimental data avullable for this purpose. The report concentrates on the pre-

sentation of results rather than their evaluation. It would benent from a leading

chapter on the philosophy of the verification /ndidation process, accompanied by

a matrix indicating which of the code's models are tested, and to what extent,

by the comparisons reported. It would further benent from a longer concluding

chapter that draws together the results in the context of this matrix.

We think the key aspects of the philosophy have been explained clearly enough.

50. It is noticeable that elforts are made to compare isothermal particle-water

predictions with accepted correlations. There ought to be scope to include similar

material on twc>-phase now in the absence of particles; this is probably more

important in establishing the reliability of the code to predict voiding behaviour.

Such tests can be meaningfully be done for the dispersed regimes (bubbly, droplet), and the particle

cases considered are already quite sufficient for this purpose. The drag laws used for fluid or gas

" particles" are slight modifications of these and they are supported by wide data bases.

51. Widle there are many detailed comments below, these should not detract

from the achievement of the authors. The comparisons performed indicate that
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the code has the ability to make reasonable predictions for reactor conditions.

However, the results should still be used cautiously, as the data currently do not

exist to provide full validation of the model.

* * * * * * * * * * * * * * * * * * * * * * *

52. Specinc Comments

Chapter 2

Sineel narticle settline While tracking a representative particle in a Lagrangian

fashion gives the expected analytic result, melt mass is usually tracked through

the volume fraction. This can be much more diffusive.

These were simple tests made to begin with. For numerical diffusion see below.

53. Settline of narticle clouds I have tried to check the consistency between

the drag law for particles given by equations 3.14, 3.21 and 3.22 of Appendix A

with the drift Bux formulation, but have been unsuccessful. There appear to be

inconsistencies between equation 2.4 and Figures 2 and 3. Taking L = 0.487

m/s, gives the liquid superncial velocity for a = 0.5 as 0.093 m/s. Figure 2
shows this as 0.12 m/s, while Figure 3 indicates 0.19 m/s. This suggests that
it is not the superncial velocity that is being plotted in Figure 3 but the now
velocity, which would be 0.186 m/s from equation 2.3. hiy evrduations of the
drag coefficient given in Appendix A for this case give a relative velocity of 0.28G

m/s, or a superncial velocity of 0.143 m/s. However, Phi-ALPHA has produced,

according to Figure 3, a value close to 0.2 m/s. hiy hand calculations indicate

that the Phi-ALPHA modelis not as close to the drift Bux model as implied by
Figure 3.

The closeness in Figure 3 is correct. The confusion was generated because there was a mislabeling

of the vertical axis in Figures 2,3, and 4. It is the velocity, not the superficial velocity plotted.

Also,0.186 is in good agreement with 0.2, isn't it? Finally, we found also a slight plotting error in

Figure 2 regarding the drift flux line. The correct figure is attached.
,

54. Settline of narticle clouds The comparison with the drift Bux model is
clearly important as it goes some way to establishing the reliability of the drag

coelBcient modelling in Pht-ALPHA (although it should be noted that the par-

ticle volume fraction is unlikely to exceed 20%, where the enhanced drag due to
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particle-particle effects is not that signincant). It is less clear what one is ex-
pected to learn from the material presented on transient analysis regarding the

validity of the code's models. It would have been useful instead/in addition to
perform the same comparison with the drift Bux model for gas-water interactions

'

where the form of the drag coefficient is rather different.
l

Several reviewers found these results very interesting!

55. Section 2.2.2: MAGICO exnoriments It would have been useful to have

a short synopsis of the conclusions drawn about the model from the analysis of

the hfAGICO tests. Besides the qualitative agreement (and general quantitative

agreement) on the natute of the intcraction. I think the most signincant finding

is the prediction and measurement of large void fractions (greater than 70%)

illustrated in Figure B23). It would be useful to provide a statement on the
specific code models that these observations are believed to validate (eq water-

steam drag, film boiling, radiative heat transfer??).

All play a role. These are integral comparisons carried out for a wide range of conditions (see also

addendum to Appendix B), and the results speak for themselves. We don't think it is very fruitful

or even appropriate to assign significance. Note that each model stands on its own merits, and these

comparisons show that when put together the result is very consistent with reality. This should not

be too surprising.

56. The OUEOS Exneriments: This looks a very interesting analysis of these

tests. The presentation of results in Figure 4 etc gives an excellent way of qualita-

tively comparing code results and experimental observations. Perhaps some com-

ment should be made about the spparently coherent release oflarge gas / steam

volumes, seen eq at 0.41 s in Figure 4; also on the water spout effect predicted

at this time (this seems to provide the mass ditferenc< between hieyer's interpre-

tation of the water fraction in the mixing region and the Phi-ALPHA values).
The acceptability, or otherwise of numerical diifusion, is a complicated matter,

l>ecause of non-linear feedbacks through the drag laws; it is very easy to under-

predict the peak particle volume fraction. Figure 5 does not give units for the
liquid Bux. Condensation in Phi-ALPHA looks too effective at later times in

Figure 6 compared with the experimental image.

The liquid flux units are em/s. See fmer grid results for QUEOS in the addendum to Appendix B.
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57. Chapter 3

Comnarison with CHYhfES: It is only fair to note that this comparison was
only possible by turning off sub-cooling in Phl-ALPHA. hiuch of the detail of
the Phi-ALPHA predictions depend on the modelling of sul>-cooled boiling. The

observntion that Phi-ALPHA often only produces any void somewhat behind the

particle front, whereas other codes tend to produce some voiding wherever there

are hot particles can have signincant implications on the initial now of water. For

instance, we did not reproduce the so-called ETHICCA etfect with CHYhiES. In

addition, CHYhlES drag laws were modified for the comparison. However, the

main result - water depletion is predicted by both codes (at least for low pressure

systems close to saturation temperature) - is robust.

* * * * * * * * * * * * * * * * * * * * * * *

58. The hi1XA Exneriments: I will try to clarify the question of time origins

for the data. The experimental report, which I have, has unequivocal timings,

with an origin starting at the ignition of the pyrofuse for the thermitic reaction.

On this timing the melt ,9rst contacted the water at 3140 ms, the peak (measured)

steaming rate was at 3810 ms and the peak pressure occurred at 4215 ms. The

authors have adopted a timescale (their Bgure 4) where the time of Brst melt
contact is taken to be zero. This is the same timescale used in Figure 1 ofFletcher

and Denham for the measured pressure in the gas space - so the comparison given

for pressure in the top frame of Figure G (page 3-21) is correct. However, the

transient steaming rate ngure (Bgure 8 of Fletcher and Denham) does not use this

time basis - this is because it was derived from the CHYhfES calculations with

the experimental data over-plotted). There is a signincant outBow of gas before

the melt reaches the water surface as shown in this figure. This may be due to (i)

preheating and expansion of the gas in the test vessel; (ii) evaporation of a water

fihn on the test vessel wall (the favoured explanation for similar observations in

FARO), and/or (iii) evaporation from the water surface. The experimental data

on the middle and lower frames of Figure 6 should therefore be shifted to the left

by about 0.32 s (error on this is only from my reading of the graph in Fletcher and

Denham - it is no more than 0.02 s). The elfect of this is to move the measumi
peak steaming rate ahead of the measund peak pressure. However, I now believe

that the measural steaming rates become increasingly unreliable (as quoted) due

to carry-over of a two-phase mixture; similar behaviour has been observed in
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:
,

PREhilX. Unfortunately, while the experimenters noted water carry-over post

test, and observed a reduction of water height in the vessel post-test of 25 mm

-(the measured steam would produce a reduction of only about 4 mm), there is

no information to determine how much of this occurred because of evaporation
*^

during the heating of the water. The same comments apply to Figures 7 to 10.

- Widle the Phi-ALPHA calculations are as good as or better than any I have seen

: for hilXA-06, I am not convinced that the real behaviour in the test is being.
captured. The most noticeable features are the radial expansion of the melt as it

enters the water and the apparent lack of any visual record of droplet break-up.
;

| Both of these elfects seem to be connected with sudden expansions of the melt

region, due to enhanced steam generation, giving much more coupling between

melt and steam that accounted for in CHYhfES, and, by the look ofit, in Phi-<

ALPHA. I conjecture that droplet fragmentation is occurring during these rapid'

events. The formation of smaller particulate then encourages another process

of melt spreading. Smaller particles are carried upwade by the central steam - i,

flow, move outwards, and fallin the periphery, thus c2 sding the melt envelope,

'

outwards.
a

There is no visual evidence of the predicted extensive voiding atound the melt;
4

region - the leading droplets appear to be falling through water - the steam
generating region is large because of the spread of the melt droplets.

,

; I agree on the sensitivity of calculations to assumptions on break-up. Has the

.

predicted mean particle size been compared with the experimental value of about

3mm?
,

This section should contain discussion / conclusions on implications of the com-
i parison for model validation.

With so many uncertainties in the test how can we reasonably draw conclusions?,

59. The FARO Exneriments: Clearly the initial melt droplet size is very un-

certain, as is the spread of the melt. L-14 appears to be the test in which the melt-

; stream was best collimated, but one cannot tell whether the stream contracted

as it poured through the gas space, or underwent a mild expansion (in L-11 the

melt stream appeared to undergo a major expansion). Ifit is believed that the

; melt jet contracted (note typo: Steam for stream 4 lines from end of page 3-25),
i then the radial meshing with ar = 5 cm is too small. The choice of break-up

,
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parameters appears arbitrary - presumably these were selected to give reason-

able agreement with the experimental data. hiore detailed modelling of the melt

release vessel indicates that the melt exit velocity was close to 3 m/s for most

of the pour; this will not be replicated by the model shown in Figure 2. I am

.

surprised that a Weber number criterion did not limit the droplet size; with the

CIlYh1ES implementation of this criterion we almost always get mean particles

close to those observed in experiments (typically 3 - 5 mm). The comment on

the absence of significantly superheated steam in the experimental data seems to

me to be special pleading - it might be right, or the steam flow might be much
less concentrated on axis than predicted by Phi-ALPIIA, giving steam closer to

saturation conditions. It is difficult to relate the scales on the coloured contour
plots in Figures 10 and 11 to the colour-scale, particularly because of interpo-
!ation effects. Is break-up still occurring after the particles have settled (unless

they have solidified)?

No. Actually at this stage reagglomeration of any inadequately solidified particles begins.

60. Again, this section should be supplemented by an evaluation of the im-

plications for the reality of Phi-ALPHA predictions. I think a word of caution
is necessary, as altbough Phi-ALPHA, with the assumption used, performs well

against experimental data, it predicts a highly two-dimensional configuration.

Alternatively, good comparisons against the data have also been produced with

the one-dimensional code, TEXAS-IV. Until we see the nature of the interaction

zone (I expect it to be between these two computational extremes) then it is not

possible to say that one simulation is better than the other.

We do not think it would be appropriate for us to shed vague doubts on the validity of the PM-

ALPHA comparisons because the 1D TEXAS-IV was made to produce good comparisons too. By

the last sentence we hope the reviewer doesn't really mean that the behavior in the experiment is

1-1/2D. The situation is 2D and it should be rather obvious that a 2D computational framework is

a necessary starting point, before one begins to examine any further the degree of " simulation"

obtained.

61. Chapter 4

I agree with the general comments on break-up modelling. As implied in my

comments above, backing out break up behaviour from the experimental data ,

may compensate for other errors in the modelling. As I also noted, it is unclear,
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even with the visualisation, what break up processes were occurring in hHXA; I

suspect the processes are much more dynamic than are currently embodied in the

models, and coupled strongly with events of enhanced steam generation (coolant

trapping?). New FARO tests with visualisation should provide information on

the coherency of the initial pour, besides evidence of any subsequent break-up.

* * * * * * * * * * * * * * * * * * * * * * *

G2. Numerical aspects

Our experience is not as comforting as that presented by the authors. I think

that numerical diffusion is probably not an important issue for large-scale mixing

calculations. However, it becomes important in comparisons with smaller-scale

experiments, which are often dominated by |eading edge effects. Numerical com-

parisons that we have performed texternal to CHYhfES) show that upwinding

schemes run below the material Cc urant condition lead to very pwr predictions

of peak particle fraction, and thus drag. Higher order schemes have to cater for

possible discontinuities at the leading edge. Lagrangian approaches, as used by

the authors for their front tracking, provides much better accuracy, both for ve-

locity and peak volume fractions. I believe that current schemes in the mixing

codes can be improved substantially using physically based Lagrangian limiters,

rather than mathematicallimiters. Fully Lagrangian approaches have the greater

benefit of handling a spectrum ofparticle sizes. This may be the best way to treat

Jet break up and is necessary if one is going to capture the role of the smaller
droplets in spreading the melt, as observed in hHXA-06.

The current presence of numerical dhTusion makes the code results difficult to

interpret (eq how far back is the predicted peak concentration from the melt

leading edge in the hHXA-0G calculations?). Our experience with more refined

meshes is that numerical diffusion is indeed reduced, but the calculations are

much more prone to instability of the resulting interface; this numericalinstability

probably reflects the actual instability ofinterfaces observed in experiments.

This whole discussion reflects the reviewer's own experiences with CHYMES, and it should not

be confused as being applicable to what we have presented. Our results should be judged on their

own merits, and there are ample comparisons to allow one to comment directly on the present

experience,

63. Concluding Remarks
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I would expect a more detailed tecimical evaluation of the calculations presented.
1

I am surprised that questions related to the radiation transport modelling, which '

was clearly important in the FARO simulation, have not been highlighted. I
would have liked to see more explicit bounds on models emerge form the work.

We wanted to keep our concluding remarks brief and to the point. If we were to provide highlights

in this section, we would have to include much more than the non local radiation model (actually

it is even more imponant in MIXA, as discussed in the respective section). The last sentence

indicates a degree of dissatisfaction, we think, with how far, quantitatively, we could go based on

the comparisons. This is a question of judgment, and one thing for sure is that we do not wish

to oversell what we have been able to show. We believe the comparisons, and the whole array of

situations considered, speak for themselves, and adequately loud to be understood, both in their

success, as well as their limitation by those involved in this kind of work, and at this state we are

satisfied with that.

G 1. PM-ALPHA Models

The details of the correlations embodied in PM-ALPHA will not be reviewer in

detail.

I believe the modelling approach is sound. I note that reactor geometries may im-

pose strongly three-dimensional Bow regions, so a 3-D code is needed for detailed

applications (if found to be necessary). I get the impression that the modelling

philosophy falls between two stools. At places it is admitted that the model nec-

essarily contains many simplifications and constitutive physics that is uncertain,

but only in the Reld ofjet breakup is a parametric approach used. I would prefer

a broader approach to treatment of uncertainties.

This comment forgets that we have indeed a 3D code. We did our best te catch and present a correct

picture regarding uncertainties. If the reviewer has particular aspects beyond those presented that

he would like to see, we would be happy to undertake the computations needed.

65. With sub-cooling implemented in CHYMES, it is closer in concept to
TRIO-MC rather than PM-SLPHA. (EVA should be spelled IVA).

* * * * -* * * * * * * * * * * * * * * * * * *

GG. Elsewhere we have queried the use of the drag coenicients for droplet

and bubbly Row. These are derived for bubbles rising at terminal velocity in a

gravitational Seld. It is found that the shape factor for the bul>ble causes the
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. drag per unit mass ofgas to be independent oflength-scale. It is noticeable that
i no elfect of melt droplet shape appears in the corresponding formula for drag
,

. ,

: coefficient for the melt phase (equation 3.21). A completely different form for the

; liquid-vapour drag is used for intermediate values of void fraction; this may give
~ large changes in drag when the transition void fractions are crossed. It is not

] evident that there are such sudden changes in flow regime in plenum geometry,

f For drag coefficients we used the best available correlations. In all our experience with these models

; we find no reason to raise significant questions to them.
;

;- 67. I have not had the time to consider the radiation treatment in detall;

j also the relevant appendices are not included in the exerpt. For dense clouds of

particles, the self-absorption e>Tect will be very important. I would like assurance

; that this does not allow the region to emit more radiation externally than that

i of a black-body covering its surface at the same temperature. ;

As explained in the text, self-absorption is included in a consistent manner.

|
i

,
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F.15. Response to M.F. Youne (SNL)

General Comment and Highlights

General and unqualified agreement with the conclusions of the work under review.

Point-by-Point Responses

1. This is a massive piece of work which includes. in addition to steam explo-

sion loads, some areas with which I am not particularly familiar, such as proba-

bility methodologies and plugging behavior of molten materials. I will therefore

conunent mostly on the steam aplosion loading.

The approach taken in this report to determine steam explosion loads is essen-

tially the one that has been recommended by most if not all steam explosion
researchers: use of computational models validated against experiments to deter-

mine l>ounding envelopes for reactor accident scenarios. Prof. Theofanous has

taken an additional step here in simplifying the probabilistic framework with his

ROAAM method; I think this is entirely in keeping with the use of these type of

calculations in risk assessment and rulemaking. I believe that the work described

in this report ims successfully accomplished the goal of enveloping the steam ex-

plosion loading. The usefulness of the results in rulemaking, however, therefore

depends on the confidence placed in the initial conditions of the accident scenario

and in the analytic tools used.

In regard to the initial conditions, it is very important to the conclusions reached |
in the report that the melt be introduced through the side of the reflector and that |

the lower core structure and support plate be plugged. As I mentioned before,

plugging is not my area of expertise, so I will not comment further other than to |

point out again that confidence in the initial conditions is very important.
|

In regard to the analytic tools used for calculating steam explosion loads, I have |

some comments concerning possible gaps in the cases considered and in verifica- |

tion of certain parameters used in the models. |
|

* * * * * * * * * * * * * * * * * * * * * * *

2. First, I see that trigger timing was varied parametrically but not trigger

location; I assume that the cases were triggered near the bot.om o[ the mixture

region next to the wall; although Isuspect that this is probably the most severe

case, I am wondering about the consequen ;other trigger locations.
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We did not do extensive variations on loation of trigger, but what we have seen agrees with what 1

we expect: it is the premixture composition rather than the location or magnitude of trigger that

controls the energetics.

3. Second, in ESPROSE.m, there are three parameters, that must be set from

experiment: an entrainment factor, a fragmentation constant, and a thermal en-

hancement factor. There appears to be some dependence on the melt material

for these factors, so the lack af data with reactor matcrials ta set these param-

eters concerns me. I believe this was also pointed out by Theofanous et al. in

the " Concluding Remarks" section of the ESPROSE.m verincation report, in re-

gard to expanding the microinteractions database to reactor materials. Use of

parameters that had been set from experiments using reactor materials would

enhance con &dence in this aspect of the calculations. In regard to the microint-

eraction umdel itself, I believe that this modelis sufBciently close to reality that

experimental results can be extrapolated to reactor scale.

* * * * * * * * * * * * * * * * * * * * * * *

i 4. Third, the lack of a stratined mixing case bothers me, or rather, the lack

of data to properly model this case. I do not doubt that what the authors say
is correct: if ESPROSE.m were run with a stratined case, it would probably

produce a very nonenergetic steam explosion for the reasons stated. However, if

memory serves, a stratiSed explosion in a foundry involving water dripping into

a " car" containing molten iron produced an explosion strong enough to take out

some of the walls of the plant. This incident seems in contrast to what would be

predicted with ESPROSE.m, although the melt is different (iron versus reactor

material) and the water was undoubtedly subcooled. The incident mentioned

probably involves mixing of the stratined material caused by the province of PM-

ALPilA'? Maybe the authors could comment on this, or maybe it indicates the

need for some stratiBed experiments.

The incident mentioned occurred at the Farthingham Foundry. h i %d water pouring in a steel

" torpedo," already pretty full of molten steel, through a small spening on top. The explosion

occurred as the torpedo was set in motion, to transport the melt (apparently not realizing the

accidental presence of water). The water became trapped in a highly confined geometry and

pressures developed made the torpedo explode. This type of phenomenon is not relevant to the

stratified interaction considered here. |

|
I
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5. Fourth, on page G-4, there is a conclusion that the size of the impulse

does not depend strongly on the size of the mixture region. I think that this
is in contrast to Brst principles, which would suggest that it would be directly
proportional, ignoring other effects like the varying void fraction, and to the
results in Table G.1, which indicate a strong variation, ignoring the time, between

cases C1 and C2: 90 vs 120 for 0 = 10, and 120 vs. 200 for 0 = 20. Or did
I ndsread the sentence? Also, how do the results compare in magnitude to the

impulse of the initial trigger itself?

The results do not depend on the magnitude of the trigger. The results in Table 6.1 show that,

indeed, the impulse does not depend on the size of the premixture (note that bigger premixtures

are more voided). There is only one case, the 200 kPa-s one, that stands out. This case has been

reexamined and discussed in an addendum to Chapter 6.

G. Fifth, in the section on stratined layer of molten steel and renood, Chapter

8, there appears to be one piece missing to make the case that the scenario is

impossible: the thickness of the crust is not mentioned. SpeciScally, is this a
" thick" crust that is stable, or is it a " thin" skin that could be broken?

The thickness of the crust will depend on the time after addition of water. It will get thicker with

time, and hence less likely to allow contact, as more water accumulates with time.

7. All in all, this appears to be a very complete piece of work.

* * * * * * * * * * * * * * * * * * * * * * *

8. Following are minor points and typos.

1. In the discussion of the ABAQUS model of the lower head, it is referred to as

a shell model; this is somewhat confusing at Rrst, as shell models are normally
1

thought of as meaning thin shells, i.e., no bending moments are supported. This

could be clarined by calling the model a thick shell, for instance.

We have mostly used thin shell elements. We ran a comparison for loading pattern 1+, using thick

element and found a slight decrease of plastic strain from 21.3 to 20.69c.

9. 2. On p. 4-4, there is a comment about approximately 25% of the fuel
1

renudning uncovered. Is there a reference for this? j

|
Typical result of computations such as with MAAP.

I
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y 10. 3. On pp. 5-6 through 5-9, it is hard to compare the graphs chosen '

- because of varying z axis scales and varying times for the plotted lines. For.

; . instance, the C1-nb plots start at 0.4 s whereas the Rc1-nb plots end at 0.12 s. I

i see that there are other plots with overlapping times in the Appendix, so maybe

: one of these would be better. ;

.

] The point is well taken. See better representation in the addendum to Chapter 5. ;

) i 1. 4. On p. 5-10, it says "only a very small fraction of the coolant is found to coexist {
2 with the water"; should this be melt?

'

Yes; correction made.

i 12. 5. In the graph for C2-10 a on p. B2-7, the last time is given as 215 s
instead of 0.215 s.;

Typo corrected. -
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