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Abstract

MELCOR is a fully integrated, enginecring-level computer code, being developed at
Sandia National Laboratories for the USNRC, that models the entire spectrum of severe
accident phenomena in a unified framework for both BWRs and PWRs. As part of an
ongoing assessment program, the MELCOR computer code has been used to analyze
several of the IIT direct containment heating experiments done at 1:10 linear scale in
the Surtsey test facility at Sandia and at 1:40 linear scale in the corium-water thermal
interactions (CWTI) COREXIT test facility at Argonne National Laboratory. These
MELCOR calculations were done as an open post-test study, with both the experimental
data and CONTAIN results available to guide the selection of code input.

Basecase MELCOR results are compared to test data in order to evaluate the new
HPME DCH model recently added in MELCOR. version 1.8.2. The effect of various user-
input parameters in the HPME model, which define both the initial debris source and the
subsequent debris interaction, were investigated in sensitivity studies. In addition, several
other non-default mput modelling changes involving other MELCOR code packages were
required in our [T assessment analyses in order to reproduce the observed experiment.
behavior. Several calculations were done to identily whether any numeric effects exist in
our DCH 1T assessment analyses.
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1 Introduction

MELCOR [1] is a fully integrated, engineering-level computer code, being developed
at Sandia National Laboratories for the U. S. Nuclear Regulatory Commission (USNRC),
that models the progression of severe accidents in light water reactor (LWR) nuclear
power plants. The entire spectrum of severe accident phenomena, including reactor
coolant system and containment thermal/hydraulic response, core heatup, degradation
and relocation, and fission product release and transport, is treated in MELCOR in a
unified framework for both boiling water reactors and pressurized water reactors.

The MELCOR computer code has been developed to the point that it is now being
successfully applied in severe accident analyses. Some limited technical assessment ac-
tivities were performed early in the MELCOR development process [2]; more recently, a
more extensive, systematic program of verification and validation has been underway. To
this end, a number of assessment calculations have been and are being done [3-9]. One
of these assessment activities is analysis of some of the 1T direct containment heat-
ing experiments done at 1:10 linear scale in the Surtsey test facility at Sandia [10-17)
and at 1:40 linear scale in the corium-water thermal interactions (CWTI) test facility at
Argonne National Laboratory (ANL) [18-24], to evaluate the new high-pressure melt ejec-
tion (HPME) direct containment heating (DCH) model [25] added to the Fuel Dispersal
Interactions (IFDI1) package [26] in MELCOR 1.8.2. This report documents the results of
those analyses. (This report assumes familiarity with the MELCOR FDI/HPME/DCH
model, its terminology and modelling assumptions, and its input requirements. A brief
description of the model, excerpted from [26], is included in Appendix A for the conve-
nience of interested readers.)

Our original intent was to model three of the Sandia Surtsey experiments (SNL/IET-
1, SNL/IET-3 and SNL/IET-6), together with one of the ANL counterpart experiments
(ANL/IET-6). These particular tests were chosen to provide a base case (SNL/IET-1),
to investigate the effects of hydrogen combustion in the presence of pre-existing oxy-
gen (SNL/IET-3) and also pre-existing hydrogen (IET-6), and to investigate the effects
of scaling (ANL/IET-6 at ANL). After we began work, we soon expanded our plans
to include most of the Sandia Surtsey experiments (adding SNL/IET-1R, SNL/IET-4,
SNL/IET-5 and SNL/IET-7) and the rest of the ANL counterpart experiments (ANL/IET-
IRR and ANL/IET-3). This was done because the controlled variations done by the
experimentalists in these tests (presence vs absence of pre-existing hydrogen and pres-
ence vs absence of basement condensate water) made little difference and required minor
input changes, while the range of final melt distributions (7.c., amounts of debris col-
lected in various locations in the containinent) observed in the tests created a significant
uncertainty in specification of the MELCOR debris source. We chose to use reasonable,
representative values for the debris mass and distribution for the Surtsey 1ET experi-
ments, and address the variation in both total mass and distribution through sensitivity
studies and analyses of more experiments.

We did not look at SNL/IET-2 in Surtsey because that was a set of separate-
effects experiments on debris temperature measurements. We did not consider analyzing




SNL/IET-8 and SNL/IET-8B in Surtsey because this test pair involved significantly dif-
ferent phenomena due to the cavity being half filled with water. We did not consider any
of the more recent Sandia IIET experiments (SNL/IET-9 and SNL/IET-10) because they
were done in a different facility at a different scale and for a different plant configuration,
thus requiring major input modifications. We did not consider any of the early ANL tests
(ANL/IET-1 and ANL/TET-1R) because of problems in the experimental procedure af-
fecting steam/debris blowdown timing; we did not consider any of the later ANL tests
(ANL/TET-T and ANL/IIET-8 which investigated variations initial atmosphere conditions
and most recently UTA, ULB and U2 which evaluated the eflects of using corium vs ther-
mite melts) because of the different phenomena and more substantial input modifications
required.

MELCOR version 1.8NN was used for all the calculations described in this report.
(The release version of MELCOR 1.8.2 was MELCOR [.8NM. The changes between the
release version and version 1.8NN are discussed briefly in Section 11.) Note that these
MELCOR calculations were done as an open post-test study, with both the experimental
data and CONTAIN results [27-33] available to guide the selection of code input.

The Surtsey and CWTI test facilities, experimental configurations and experimental
procedures are outlined in Section 2. Section 3 describes the inpul used for these MEL-
COR assessment analyses. The results of our relerence calculations are given in Section 4.
Sensitivity studies on the high-pressure melt ejection model in MELCOR are presented
in Sections 5 and 6, on user-input parameters controlling the initial debris source and the
subsequent debris interaction, respectively; sensitivity studies on other MELCOR mod-
els affecting direct containment heating are given in Section 7. Results from a scaling
study using the 1:40-scale ANL tests are presented in Section 8. Section 9 contains the
results of our time step and machine dependency sensitivity studies. Comparison with
results obtained by CONTAIN is done in Section 10. Section 11 summarizes the code
and modelling problems identified during these assessment analyses. The conclusions of
this MELCOR assessment study are presented in Section 12, A briel description of the
MELCOR FDI/HPME/DCH model is included in Appendix A, and a listing of the input

used for the Surtsey IET-1 reference calculation is given in Appendix B.
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2 Facility and Test Description

2.1 1:10 Linear Scale Surtsey DCH Test Facility

The Surtsey Test facility at Sandia is used to perform scaled experiments that simufate
high-pressure melt ejection (HPME) in a nuclear power plant, investigating the pherom-
ena associated with direct containment heating (DCH). In these tests, high-tenvperature,
chemically reactive melt is ejected by high-pressure steam into a 1:10 lincar scale model
of a reactor cavity. Debris is entrained by the steam blowdown into the Surtsey vessel
where specific phenomena, such as the effect of subcompartment structures, water in the
cavity, and hydrogen generation and combustion, can be studied.

Figure 2.1.1 gives a composite view of the Surtsey vessel, the HPME delivery system,
and the instrument penetration ports at six levels in the Surtsey vessel. A more detailed
view of the HPME delivery system and of the cavity and instrument chute for these [T
experiments is presented in Figure 2.1.2. (The circled numbers in these and following
figures correspond to channel numbers in the data acquisition system. That experimental
data identification is not used in this report; therefore, those circled numbers are not
identified or discussed further.)

In the Surtsey IET tests [10-17], 1:10 lincar scale models of the Zion reactor pressure
vessel (RPV), cavity, in-core instrument tunnel, and subcompartment structures were
used. The RPV was modelled with a melt generator that consisted of a steel pressure
barrier, a cast MgO crucible, and a thin steel liner. The melt-generator/crucible had a
hemispherical bottom head containing a graphite limiter plate with a 1cm exit hole to
simulate the ablated hole in the RPV bottom head that would be formed by ejection of
an instrument guide tube and subsequent hole ablation in a severe accident.

The cavity used was a 1:10 linear scale model of the Zion reactor cavity. The inclined
portion of the instrument tunnel entered the bottom head of Surtsey at a 26° incline from
vertical, as it does in Zion. A false concrete floor was constructed in the Surtsey vessel
similar to the floor of the Zion basement so that the inclined portion of the instrument
tunnel was ~2.7 times the correct scaled length of the Zion instrument tunnel exit. (This
floor was constructed in Surtsey to match the configuration of the ANL facility, described
in the next subsection.)

The subcompartment structures, shown in cross-section in Fignre 2.1.3 and illustrated
schematically in Figure 2.1.4, included 1:10 linear scale models of the crane wall, four
steam generators, four reactor coolant pumps (RCPs), the opening in the floor of the scal
table room for the instrument guide tubes, the seal table room, the biological shield, the
refueling canal, the radial beams and the gratings at the RCP deck, and the operating
deck. The steam generators, RCPs and gratings were made of steel, and the other
structures were constructed of reinforced concrete. All of the structures were painted
with an epoxy-base paint.

In the majority of the II'T experiments, the steam accumulator tank was pressurized
with superheated steam. After the pressurization sequence, the iron-oxide/aluminun /-
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chromium thermite mixture was ignited remotely. After the thermite was ignited, the
pressure in the crucible rapidly increased, verifying that the thermite reaction had started
and signalling the operator to fail the burst diaphragm separating the steam accumulator
tank and the molten thermite in the melt generator, bringing superheated steam into
contact with the molten thermite. Zero time for the HPME experiments was set at the
time at which the melt in the crucible failed a fusible brass plug at the bottom of the
crucible and was expelled by high-pressure steam into the cavity.

A series of experiments were done investigating the effects of high pressure melt
ejection on direct containment heating:

6.

-1

. Test SNL/IET-1 was the baseline test, while test SNL/IET-1R was a replicate test

investigating experiment reproducability [10].

Test(s) SNL/IET-2A, SNL/IET-2B and SNL/IET-2C [11] were a set of separate-
eflects experiments performed to measure the temperature of molten thermite as it
exited the melt generator.

Test SNL/IET-3 replicated test SNL/IET-1 except the vessel contained a mixture
of air and nitrogen [12]; no steam explosion occurred in SNL/IET-3 as it had in
SNL/IET-1, but instead there was a vigorous hydrogen burn.

. Test SNL/IET-4 [13] replicated test SNL/IET-3 except the Surtsey vessel contained

slightly more pre-existing oxygen and water was placed on the basement floor inside
the crane wall.

. Test SNL/IET-5 conditions were similar to those in SNL/TET-4, except the vessel

atmosphere was classically inert [11], with COq used to suppress hydrogen combus-
tion,

Test SNL/IET-6 initial conditions [15] were similar to those in SNL/IET-3, except,
the vessel atimosphere contained pre-existing hydrogen to represent partial oxida-
tion of the zirconium in the core.

. Test SNL/HET-7 initial conditions were similar to those in SNL/IET-4, except the

vessel atmosphere contained pre-existing hydrogen to represent partial oxidation of
the zirconium in the core [16].

In SNL/IT-8 [17], the molten thermite flowed under gravity through the hole
in the melt generator into the reactor cavity, which was halfl filled with water; in
SNL/IET-8B. the molten thermite was ejected by high-pressure steam (as in most
of the earlier IET tests) into the reactor cavity, which was again half filled with
waler.

Initial conditions for the SNL/IF'T tests are given in Tables 2.1.1 and 2.1.2; Table 2.1.1
gives initial conditions common to all the Surtsey experiments, while Table 2.1.2 gives
initial conditions for those parameters whose values were varied in the Surtsey tests.



Table 2.1.1. Common Initial Conditions for the SNL/IET Experiments

Thermite Total (kg)

Surtsey Vessel Volume (m?)
Subcompartments
Upper Dome

Total

4.30

4.65

85.15

)

89.8

Table 2.1.2. Individual Experiment Initial Conditions for the SNL/IET Experiments

Parameter

Hole Dian.etei {(cm)
Initial
Final

Steam Accumulator
Pressure (MPa)
Temperature (K)
Mass (gm-moles)

Water Mass (kg)
Cavity
Basement

Vessel Atmosphere
Pressure (MPa)
Temperature (K)
Composition (mole %)

N,
Oq
H,
COy
other

IET-1

3.5
4.04

7.1
600
440

3.48

0.20
295

99.90
0.03
0
0.01
0.06

[ET-1R

3.5
4.02

6.3
985
477

3.48

0.20
295

99.78
0.19
0.02

0
0.01

IET-3

3.5
4.5¢

6.1
585
456

3.48
0

0.19
279

90.60
9.00
0
0.02
0.38

1ET-4

6.7
555
582

3.48
71.1

0.20
286

90.00
9.59
0
0.02
0.39

IET-5

3.5
4.31

6.0
584
457

0.20
303

16.90
4.35
2.76
75.80
0.13

IKET-6

3.5
3.91

6.3
571
505

3.48
0

0.198
308

87.10
9.79
2.59

0
0.52

IET-7

3.5
4.08

5.9
599
4164

3.48
71.1

0.21
302.7

85.95

9.57

3.97
0.03
0.48

1ET-8

3.5
3.5

62
71.1

0.20
304.1

85.32
9.85
4.33
0.03
0.47

1ET-8B

6.2H
554
538

62
711

0.203
298

85.80
9.79
3.91
0.03
0.47




The most significant variables measured in the Surtsey 1IXT tests were the overall
increase in pressure and temperature in the Surtsey vessel, the cavity local pressure,
the amount of hydrogen generated by the reaction of metallic debris with steam driving
gas and with water in the cavity, the debris temperatures as it exited the instrument
tunnel and as it struck the crane wall, debris velocities based on breakwires in seal table
room openings, and the mass of debris recovered from the Surtsey vessel. In some of
the later tests, cameras were used to determine if the subcompartment structures filled
immediately with aerosols, and to obtain information about the debris flow regime and
velocity; also in some of the later tests, post-ltest sieve analysis was done on debris
recovered from the Surtsey vessel outside the subcompartment structures to determine
particle size distribution.

Table 2.1.3 gives a debris recovery summary for the Surtsey IET experiments. The
total molten mass available for dispersal into the vessel was usually ~20% greater than
the initial thermite charge due to melting of the inner wall of the crucible, vaporization
of the fusible brass plug, ablation of concrete in the cavity and structures, and oxidation
ol metallic debris.

Table 2.1.1 summarizes the comparative results of the IET tests for overall vessel pres-
surization and for hydrogen generation and combustion. The total amount of hydrogen
generated by steam/metal reactions was calculated by subtracting the measured amount
of pretest hvdrogen from the sum of the measured amount of posttest hydrogen plus
the estimated =mount of hydrogen burned; the hydrogen combustion given was based
on the assumption that all oxvgen depletion was due to reaction with hydrogen and was
calculated nsing the stoichiometric chemical reaction for the formation of water:

”burn([{'Z) = 2[”0(()2) - 71‘f(02)]

Nprod(H2) = tyurn (H2) + 1 5(Hy) — nol(1y)

where the n’s are the number of moles and the subscripts 0 and [ refer to initial and final
values, respectively. Final gas concentrations were measured from grab bottle samples
mostly taken 30min after the HPME transient in all tests, at levels 2,4 and 6 in the
Surtsey vessel; in some experiments, gas grab samples were also available 0-2s after the
start of the HPME transient (in the cavity), 2-5s after the start of the HPMI transient
(inside the subcompartment structures) and at 2min after the HPME transient (at the
same three levels in the vessel). There was little difference in the gas grab samples taken
in the vessel at 2 and 30min, but there were large differences in gas composition in the
cavity and inside the subcompartment structures during the HPME transient, as would
be expected.

There is a significant increase in hydrogen combustion from tests SNL/IET-3 and
SNL/TET-4 (186 and 236 gm-moles, respectively), which had no pre-existing hydrogen,
to tests SNL/IET-6 and SNL/IET-7 (335 and 321 gm-moles, respectively), with no pre-
existing hydrogen. In both tests with pre-existing hydrogen, more hydrogen burned than
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Table 2.1.3. Debris Masses Recovered for the SNL/IET Experiments

IET-1
Initial Thermite (kg)  43.0

Recovered Mass (kg)

Crucible 4.54
Cavity /Chute 7.06
Subcompartment 38.03
Dome 4.98
Total 54.61

IET-1R

43.0

4.63
13.19
32.41

3.80
54.03

IET-3

43.0

4.50
16.80
31.30
3.00
55.60

IET-4

43.0

4.76
9.54
32.67
8.04
55.02

IET-5

43.0

2.60
20.07
31.22

1.89
55.79

1IET-6

43.0

2.27
8.47
36.60
5.87
53.21

IET-7

43.0

6.74
13.31
33.99
2.71
56.75

Table 2.1.4. Results Summary for the SNL/IET Experiments

IET-1
HPME APpax (kPa)
Dome 98
H2 (gm-moles)
Pretest ~()
Produced 223
Burned 1

[ET-1R

110

~0
252
12

15T-3

246

~()
223
186

1ET-4

262

~0
297
236

IET-5

103

202
313
50

IT-6

279

180
308
335

IET-7

271

284
271
321

1ET-8

43.0

0.23
42.31
5.81
2.76
51.11

IET-8

87

307
107
114

[ET-8B

43.0

2.56
5.55
26.99
15.87
50.97

IT-8B

243

288
247
202




was produced by oxidation during HPME, indicating some of the pre-existing hydrogen
was burned. However, there is not a corresponding significant increase in peak vessel
pressures measured. Therefore, the pre-existing hydrogen must have recombined on a
time scale much longer than the HPME time scale not to have contributed te the peak
pre sure increase.

2.2 1:40 Linear Scale COREXIT/CWTI DCH Test Facility

Counterpart IET tests are being performed at Sandia in the Surtsey facility (1:10
scale) and at ANL in the Corium Ex-Vessel Interaction (COREXIT) facility (1:40 scale),
in an experimental program to investigate the effects of scale on DCH phenomena.

A schematic of the experiment apparatus [18-24] is given in Figure 2.2.1. Major
components of the facility include an explosion-resistant containment cell, an expansion
vessel and a high-pressure steam boiler. A concrete cavity model is contained within an
outer pipe body, as shown in Figure 2.2.2. Bolted on top of the pipe body is a saddle
piece, referred to as the top cap, which contains the melt generator and injecter (MGI).
The cavity keyway is elongated by a transition chute which connects the cavity to the
bottom of the expansion vessel. The elongation is required in order to allow room for
the melt genarator to fit underneath the expansion vessel; the keyway is thus elongated
by 2.7 times its correctly scaled length.

The model used for the Zion subcompartment structures is shown in Figure 2.2.3,
and is a scaled-down version of the subcompartments mouel used in the SNL/IET tests.
Prominent features which are modelled include the seal table room, refueling canal, bio-
logical shield wall, reactor coolant pumps, steam generators, floor grating and operating
deck floor. The walls and floors were constructed from concrete and mortar, and the
structures painted with epoxy paint. This model was built up from the lower flange of
the expansion vessel. The perimeter of the model is defined by a circular concrete wall
which simulates the crane wall in the plant.

Test operations were begun by preheating the accumulator, the MGI and all piping
associated with the test delivery system, until predetermined temperatures were obtained.
If called for by the test, water was added to the cavity. The expansion vessel, steam
generator and accumulator were brought to test-specified pressures. Each test was begun
by starting the data acquisition system and starting a timer which applied power to an
igniter assembly which started the thermite reaction. At a specified time after applying
power to the igniter, the isolation steam valve was actuated followed by the steam valve
which introduces steam into the MGI. At some time after the steam introduction, the
thermite reaction reached and failed the brass plug in the melt generator, which started
the high-pressure melt ejection.

A series of experiments were done investigating the effects of high pressure melt
ejection on direct containment heating:

1. Test ANL/IET-1 was the baseline test, while test ANL/IET-1R and ANL/IET-
IRR were replicate tests investigating experiment reproducability [18, 19]. This
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was designed to be a counterpart test to SNL/IST-1 and SNL/IET-1R (discussed
in the previous subsection). In particular, the difficulties with late application
of steam and consequent elongation of RCS blowdown time were removed in test

ANL/IFT-1RR.
2. Test ANL/IVT-2 [20] was a repeat of ANL/TINT-1 with a higher driving pressure.

3. Test ANL/IET-3 nominally repeated the same initial conditions of ANL/IT-1,
ANL/IET-IR and ANL/TET-IRR, with the exception of the containment atmo-
sphere, which contained an equal mixture of air and nitrogen [21].

4. Test ANL/IET-6 [22] nominally repeated the initial conditions of ANL/IST-3, ex-
cept the containment atmosphere contained pre-existing hydrogen and a smaller
thermite charge was used.

5. Test ANL/IINT-7 nominally repeated the same initial conditions of ANL/IST-3,
with the exception that the containment pressure was reduced by one-hall [23] and
a smaller thermite charge was used (as in ANL/IFT-6).

6. Test ANL/IET-8 [24] nominally repeated the same initial conditions of ANL/TIVT-3
with a different containment atmosphere gas composition, and a smaller thermite

charge (as in ANL/IINT-6).

Initial conditions for the ANL/IET tests are given in Tables 2.2.1 and 2.2.2; Ta-
g

ble 2.2.1 gives initial conditions common to all the ANL experiments, while Table 2.2.2

gives initial conditions for those parameters whose values were varied in the ANL tests.

The most significant variables measured in the ANL/HYT tests were the overall in-
crease in pressure and temperature in the ANL vessel] the cavity local pressure, the
amount of hydrogen generated by the reaction of metallic debris with steam driving gas
and with water in the cavity, the debris temperatures as it exited the instrument tunnel
and as it struck the crane wall, and the mass of debris recovered from the AN vessel,

Table 2.2.3 gives a debris recovery summary for the ANL/HYT experiments. ('The
total molten mass available for dispersal into the vessel was usually ~20% greater than
the initial thermite charge due to melting of the inner wall of the crucible, vaporization
of the fusible brass plug, ablation of conerete in the cavity and structures, and oxidation
of metallic debris.) Table 2.2.4 summarizes the comparative results of the T tests for
overall vessel pressurization and for hydrogen generation and combustion.
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Table 2.2.1. Common Initial Conditions for the ANL/IET Experiments

ANL Vessel Volume (m3)

Subcompartments 0.077
Upper Dome 1.43
Total 1.51

Table 2.2.2. Individual Experiment Initial Conditions for the ANL/IET Experiments

Parameter IET-1 IET-1R 1ET-IRR 1ET-3 IET-6 IET-7 IET-8
Thermite Composition (gm)
FeQ) 558.0 558.0 558.0 558.0 4852 4852 485.2
Cr 88.6 88.6 88.6 88.6 77.0 77.0 77.0
Al 173.4 173.4 1734 1734  150.8 150.8 150.8
Total 820.0 820.0 820.0 820.0 713.0 713.0 713.0
Hole Diameter (cm)
Initial 0.9 0.9 1.1 1.1 1.1 1.1
Final 0.9 0.9 1.3 1.1 1.1 1.1
Steam Accumulator
Pressure (MPa) 6.0 6.2 6.7 5.7 6.6 6.1 6.5
Temperature (K) 600 600 600 600 600 600 600
Mass (gm-moles) 7.44 8.55 9.84 8.43 9.65 8.88 9.36
Water Mass (gm)
Cavity 55.0 55.0 55.0 55.0 55.0 55.0 55.0
Vessel Atmosphere
Pressure (MPa) 0.20 0.20 0.20 0.20 0.20 0.10 0.20
Temperature (K) 318 318 318 318 318 318 477
Composition (mole %)
No 99.4 99.9 99.9 88.8 87.5 87.5 37.9
(02} 0.5 0.0026 0.12 10.8 9.9 9.9 7.7
H, <0.01 <0.01 <0.01 <0.01 2.0 4.0 3.9
CO, 0.0048  0.004 0.011 0.011  0.013 0.012 -
H,O - - ~ - ~ - 50.0
other <0.01 <0.006 <0.006 <0.02 - <0.01 047 0.5
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Table 2.2.3. Debris Masses Recovered for the ANL/IET Experiments

IET-1 IET-1R IET-1RR IET-3 IET-6 1ET-7

Initial Thermite (gm) 820.0  820.0 820.0 820.0 T713.0 713.0
Recovered Mass (gm)
MGI 87.4 4.0 43.3 67.3 30.3 4.0
Cavity /Chute 541.6 197.1 260.8 232.2  262.7 153.7
Seal Table Room - - 148.9 163.1 1679 113.6

Remaining Subcompartments  339.0  551.1 358.2 4282 339.6 148.9

Total in Subcompartments 339.0 551.1 507.1 591.3  507.0  562.5

Outside Structures 66.7 87.7 114.6 37.8 81.3 26.2
Total 1034.7  839.9 925.8 928.6 881.8 746.48

tAn unknown amount of debris was lost during the vacuuming procedure.

Table 2.2.4. Results Summary for the ANL/IET Experiments
IET-1 IET-1RIET-1RR IET-3  [ET-6  1ET-7  IKT-8

HPME APpray (kPa)

Cavily 420 920 550 200 480 430 290

Dome 105 170 150 190 250 166 133
I, (gm-moles)

Pretest ~) ~() ~() ~() 2.28 ~() 3.1

Produced 1.51 4.00 4.00 4.65 4.89 5.1 5.6

Burned ~() ~( ~0 3.50 4.22 3.66 1.0

IET-8

713.0

11.8
179.3
1568.7
405.3
564.0
22.61
R04.5



3 MELCOR Computer Model

('This section presupposes some familiarity with the MELCOR I'DI/HPME/DCH
model, its terminology and modelling assumptions, and its input requirements. A brief
description of the model, excerpted from [26], is included in Appendix A for the conve-
nience of interested readers.)

Note that most individual parameters in our MELCOR input models were not sepa-
rately adjusted in each of our MELCOR SNL/TEET and ANL/IET experiment analyses to
best mateh data for each individual experiment. Instead, the basie control-volume/flow-
path/heat-structure model was kept the same for all SNL/TST experiments analyzed, and
a single set of debris source, distribution and interaction time parameters was used for
all the SNL/TET experiments analyzed. Similarly, the basic CVH/FL/HS input model
and the debris source, distribution and interaction time parameters was used for all the
ANL/IET caleulations were the same. The only test-specific changes made were to set
the initial pressures, temperatures, gas composition, and liquid pool heights to match
individual experiment initial conditions.

3.1 1:10-Scale Surtsey Test Facility MELCOR Model

The MELCOR inpnt model used for the SNL T experiment caleulations is shown
in Figure 3.1.1. Five control volumes, five flow paths, and twelve heat structures were
used in the reference MELCOR model. (A copy of the input used for the Surtsey 1157T-1
reference caleulation is given in the appendix, for documentation.)

Two control volumes represent the (horizontal) cavity and (inclined) chute, respec-
tively. The Surtsey vessel was subdivided into two control volumes, one for the sub-
compartments and another for the upper dome. The final control volume modelled the
steam source. Five flow paths were provided for straight flow through the system, and
for recirculation from the upper dome to the subcompartment volume. Volumes and
heights were generally taken from the test data reports [10-17], while some of the flow
path parameters were taken from the CONTAIN input decks [27], because there was not
enough information in the published test reports to lully define the required input (such
as flow arca, opening heights, clevations, loss coeflicients).

The control-volume nodalization was set to approximate the level of detail provided
in the post-test debris recovery distribution data provided in the test data reports [10-17];
we judged that a finer subdivision in the subcompartments was not warranted hecause the
MELCOR DCH model requires the final debris distribution to be input on a per-volume
basis, and there were no data available on a finer scale for either input or comparison.
The “recirenlation” flow path was provided to allow for the fact that in the actual facility
a number of openings exist between the various subcompartments and the vessel dome.
with the potential of inflow in some openings and outflow in others. The arca of that
recirculation flow path was set to 10% of the arca of the straight-through flow path from
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the subcompartments to the dome. (Sensitivity studies were done with that recirculation
flow path area increased and decreased, with results summarized in Section 7.3.)

A valve with a time-dependent area was used in the flow path from the steam accumu-
lator to the cavity to control the rate of steam injection, with the opening rate adjusted
to provide a valve opening at a constant rate between 0 and 1s. Although different final
hole diameters were identified in the test reports for the opening from the melt generator
to the cavity, the input was kept the same for all the SNL/IET experiments analyzed
for the valve and associated time-dependent area used in the flow path from the steam
accurnulator to the cavity to control the rate of steam injection. In the experiments
the thermite reaction products and the steam were injected through the same opening,
with some indication in the data of occasional plugging and flow interruption. In the
MELCOR model the debris is inserted separately, directly to its ultimate destination;
thus MELCOR does not model any debris blockage or obstruction possibly affecting the
steam injection rate. We simply adjusted the opening rate to match the observed steam
accumulator depressurization rates in the various tests reasonably well (as discussed in
more detail in Section 5.1).

The post-reaction thermite debris was added directly through tabular function input
using the FDI HPME “stand-alone” mode, rather than input via COR package or TP
(‘Transfer Process) package input. The FDI input for debris amount, temperature and
distribution were kept the same in our MELCOR input for all tests analyzed, although
there were differences identified in the test reports in debris distribution. The difficulty
here was that, while the original amount of thermite mass was very carefully kept constant
in all experiments, both the amount retained in the melt generator and the excess debris
collected post-test (from melting of the inner wall of the crucible, vaporization of the
fusible brass plug, ablation of concrete in the cavity and structures, and oxidation of
metallic debris) introduce significant uncertainty into the debris source. We chose to
use reasonable, representative values for the debris mass and distribution for the Surtsey
IET experiments, and address the variation in both total mass and distribution through
sensitivity studies.

The input parameters for the debris source used in the MELCOR input are given
in Table 3.1.1. The debris amount. was kept constant at 43kg for all the SNL/IKT
experiments analyzed, neglecting both the small excess in and the small variations in
total amount of debris collected (summarized in Table 2.1.3). The debris temperature
was set to 2300K temperature. The final collected debris distributions given in the test
data reports (and in Table 2.1.3) was used to estimate a single, average distribution of
debris into the various control volumes. The MELCOR FDI/HPME model input allows
the user to specify debris distribution both into control volume atmospheres and directly
onto heat structures (as well as directly into a CORCON cavity, not included in these
calculations). All of the debris in our 1T assessment analyses was placed initially into
control volume atmospheres and then allowed to settle out; no debris was specified to
be deposited immediately directly onto heat structures. A tabular function was used to
specily the melt injection as a function of time and was adjusted to try to match the
rate of pressure and temperature increase in the vessel. (Sensitivity studies varying the
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debris total amount, temperature, distribution and inje-tion timing within a reasonable
range ol data uncertainty are presented in Sections 5.3, 5.4, 5.5, and 5.2.)

A single set of characteristic interaction times was specified for all the seven of the
[:10-scale tests analyzed (SNL/TET-1 through SNL/HST-7). The values used in onr ref-
crence SNL/IST analyses are given in Table 3.1.2. The characteristic times for settling
(Tsc¢) of debris in the control volume atmospheres onto floor heat structures were based
upon [ree-fall times for the various volume heights, and are therefore proportional to
volume heights and constant in the various tests; there could be some test-to-test vari-
ations in turbulent flow circulation patterns, thermal buoyancy effects, ele., but these
were asstumed negligible. The characteristic oxidation and heat transfer times were as-
sumed to depend primarily on parameters such as average airborne or deposited particle
concentrations, which in a given geometry should be approximately constant lor identical
melt debris and blowdown steam sources such as used in the tests analyzed. (Section 6
summarizes sensitivity studies done varving these characteristic interaction time input,
parameters individually over wide ranges of values.)

The characteristic times for oxidation and heat transfer (7, and 7, respectively) of
debris in the control volume atmospheres, as well as a characteristic time for oxidation of
debris deposited on heat structures (7,-,, ), in Table 3.1.2 were selected after numerous
iterations as giving reasonable agreement with a subset of test data (in particular, vessel
pressure, subcompartment temperature and hydrogen production and combustion) in the
SNL/IET experiments simulated.

Note that there is no reason to assume that the debris source and interaction input
parameter set given in Tables 3,11 and 3.1.2 is unique (2.c., the only set to provide
reasonable agreement with the selected test data); it is also not gnaranteed that the
iterative procedure followed vesults in an input parameter set that would yield the best
agreement with data, or agreement with data for the “correct™ reasons (.., representing
the actual behavior). For example, freezing some of the parameter values carly in this
iterative process undoubtedly affected the values assumed for other parameters. Further,
experiment ambiguities may have led to incorrect modelling assumptions which would
also affect the values chosen for various parameters. In particular, the choice of a very
short time constant for airhorne debris oxidation (0.025s in the reference analyses) was
driven by trving to match the reported hydrogen production and combustion data; sen-
sitivity study results in Section 6.1 show very little difference in calenlated pressures or
temperatures for 0.01s < 1, < 0.1s, and the hydrogen production and combustion later
derived from a molar balance assuming only stecam/metal reactions (as in the test data
analysis) is in better agreement with test data for the longer characteristic oxidation
times tried (7., ~ 0.1s).

In the majority of our [T analysis calculations, the burn package was activated, but
burn was suppressed in all control volumes except the vessel dome. The minimum (CO,
+ 1,0) mole fraction limit for inerting volumes was left unchanged from the default value
of 0.55 (which was sufficient to prevent hydrogen combustion in SNL/HET-5. as observed
in that experiment). The minimum hydrogen mole fraction in the ignition criterion in
the absence of igniters was set 1o 0.0, and the combustion completeness was also set to



Table 3.1.1. MELCOR FDI/HPMI Debris Input Parameters Used for the SNL/IET

lixperiments

Debris Composition (kg)

AL, O4 16.056
l'e 21.699
Cr 4.649
Al 0.596
Total 13.00

Debris Temperature (K) 2300

Debris Distribution (%)

Cavity 15
Chute 10
Subcompartment, 65
Dome 10

Debris Injection Timing
(Cumulative Fraction)

by t=0s 0

by t=0.1s 0.05
by t=0.2s 0.1
by t=0.3s 0.15
by t=0.1s 0.2
by t=0.5s 0.3
by 1=0.6s 0.5
by t=0.7s 0.8
by t=0.8s 0.9
by 1=0.95 0.95
by t=1.0s 1.0



Table 3.1.2. Characteristic Interaction Times Used in Reference MELCOR Model
for SNL IET Experiment Analyses

Interaction Time Value (s)

Airborne Debris:

Oxidation 0.025
Heat Transfer 0.40
Settling
Cavity 0.15
Chute 0.35
Subcompartment 0.25
Dome 0.60

Deposited Debris:

Oxidation 600.0

0.0. This combination of input prevented the burning of any pre-existing hydrogen, but
allowed burning of any additional hydrogen generated during the HPME. This is because
a combustion completeness equal to 0.0 does not mean no combustion; instead, specifying
a combustion completeness of () causes the code logic to try to maintain the mole fractions
after the burn equal to the mole fractions before, so that new hydrogen introduced
during a time step, either by oxidaticn or by advection, will be burned but pre-existing
hydrogen will remain present and generally unreacted. This particular combination of
imput was found to produce reasonable agreement with test data in all cases. (‘The results
of sensitivity studies using other possible input settings are deseribed in Section 7.1.)

Note that the combustion completeness did not have to be reset to 0 in the input,
hecause in these problems the LeChatelier formula Y ois simply the hydrogen mole frac-
tion iry, (because e = 0.0) and, with the hydrogen mole fraction ignition limit reset,
to 0.0, the LeChatelier formula at the beginning of the burn (Yy4x) is also 0.0, and
the default correlation used in MELCOR gives combustion completeness C'C'=0.0 for
Yarax < 0.03746. Therefore, with a hydrogen mole fraction ignition limit of 0.0, the
combustion completeness correlation used in MELCOR automatically gives a combus-
tion completeness value of 0.

The heat structure input was generally taken from CONTAIN input [27], because
there was not enongh information in the published test reports to fully define the re-
quired input (such as heat structure surface arcas, thicknesses, clevations, cte.). The
cavity, chute, subcompartments and dome control volumes were cach defined to have
corresponding floor, wall and rool heat structures, for a total of twelve heat structures.
These structures were specified to use “external™ heat transfer coeflicient correlations on
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the inside surface, with the volume length /height input as the characteristic length, while
on their outside surface the heal structures were specified to be adiabatic. The nodes
were very closely spaced on the inner surface and moved progressively farther apart in
the depths of the structures, to better resolve the steep temperature gradients expected
near the surface. Radiation heat trausfer using the gray gas model was enabled with an
emissivity of 0.8. All heat structures used MELCOR'’s steady-state temperature-gradient
self-initialization option.

Most of our calculations were run with control volume flow arcas reduced by factors
of >10 from their default values, to enhance convective heat transfer from the control
volume atmospheres to the heat structure surfaces. (The control volume flow arcas are
used only to obtain volume velocities for use in the calculation of convective heat transfer
cocfficients; changing control volume flow arcas does not affect flow path calculations at
all.) The convective heat transfer was enhanced for two reasons:

First, our preliminary calculations showed that the flow through the system in these
calculations was primarily that associated with the steam blowdown only, flowing from
the steam accumulator through the cavity and chute volumes to the subcompartments
and then to the dome. The MELCOR FDI/HPME/DCH model does not model trans-
port of debris between and through volumes but instead deposits the debris directly at its
wltimate destination, using the same time-dependent deposition in all volumes regardless
of their distance from the debris source. Thus, instead of debris being transported into an
“upstream” volume (e.g., the cavity or the subcompartments) with the blowdown steam
and the resultant additional heating adding to the driving force pushing flow further
“downstream” (e.g., from the cavity to the chute or the subcompartments to the dome),
the MELCOR logic does not represent, this additional flow driving force and in contrast
has debris appearing “upstream” and heating the atmosphere in upstream volumes, if
anything contributing a retarding force to the expected flow. This results in lower veloc-
ities, and is more benign than the transient HPME blowdown actually occurring in the
experiments, with transport of hot debris together with the steamn blowdown.

Decreasing volume flow areas results in increased volume velocities more characteris-
tic of the turbulent conditions that might be expected during HPME, and the associated
turbulent forced convection heat transfer to structures. For the subcompartment control
volume, in particular, it also reflects the fact that there is not a single, large, open sub-
compartment volume in the Surtsey facility but instead a collection of subcompartments,
each with smaller volume and internal flow area and with smaller-area openings connect-
ing the subcompartments to each other and to the dome. Thus, a (default) volume flow
area of >4.5m? obtained using the subcompartment volume of 4.65m? and a height of
>1m may not be indicative of the actual velocities in the subcompartments.

In addition, the MELCOR FDI/HPME/DCH model does not account for any radi-
ation directly from airborne debris to surrounding structures (or from deposited debris
directly to atmosphere). There is little or no calculated atmosphere-structure radiation
heat transfer early in these transients (except in IET-5), because MELCOR only con-
siders radiation heat transfer for steam and/or CO, in atmospheres. In IET-5, some
atmosphere-structure radiation heat transfer is calculated because of the large amount




of ('O, used to inert the system: however, in most of the experiment simulations there
is very little steam present early in the transient, because any blowdown steam is con-
sumed in debris oxidation soon after acrival, and very little COy present at all. The
lack of steam and/or ('O, in the atmosphere would if anything enhance radiation heat
transfer from airborne debris to structures because there would be little absorption in
the intervening atmosphere. Hand caleulations indicate that this could be a significant
licat transfer mechanism, carly in the transient. Because there is no way in MELCOR to
model this effect, too much energy may be deposited in the atimosphere by the airborne
debris: becanse there is no convenient way to enhance atmosphere-structure radiation
heat transfer in general, we relied on increasing convective heat transfer instead to help
remove that energy.

FFor these reasons, most of cur calculations were run with control volume flow areas
reduced by factors of >10 from their default values, to obtain volume velocities more
characteristic of the turbulent conditions that might be expected during HPME, and
the associated turbulent forced convection heat transfer to structures, and to partially
account for the lack of any radiation from airborne debris to structures. The results of a
sensitivity study showing the effect of inereasing volume velocities and hence convective
heat transfer coeflicients and overall heat transfer to structures are given in Section 7.2,

Our reference MELCOR TET experiment analyses were run with the coelficient for
heat transfer from deposited debris to structure surface reduced to 1w/m*-K. This
was originally done to avoid temperature iteration convergence problems, and was not
changed when the temperature solution algorithm was improved and made more robust
(as discussed in Section 11). To see what effect this had on our analyses, a set of calcu-
lations were run with that heat transfer coeflicient progressively increased to 10w/m?*-K,
00w /m*-I, and 1000w /m?-K (the default value), with results described in Section 6.5.

The user-specified maximum time step in the reference calculations was 1s. The code
then ran at an internally-determined time step during the high-pressure melt ejection, as
discussed in Section 4, and at the user-specified maximum time step later in the transient
period analyzed. Results of a time-step study on the SNL/IET reference calculations are
given in Section 9.2, The majority of these IET DCH MELCOR calculations were run
on a SUN Sparc2 workstation; results of a machine-dependency study for the SNL/TET
reference calculations are given in Section 9.1,

3.2 1:40-Scale COREXIT Test Facility MELCOR Model

The MELCOR nput deck for the ANL 1:40-scale test analyses was very similar to
that for the Surtsey 1:10-scale facility and tests, shown in Figure 3.1.1. Control volume
volumes and heights, and the blowdown orifice flow area, were taken {rom the test data
reports [18-21] whenever possible. Otherwise, the input values used for the SNL/IT
analyses were simply adjusted as appropriate by the difference in scale factor bhetween
the two facilities (¢.c.. 1/1 for heights or P ugths, 1/16 for flow arcas or surface areas).
The opening time for the steam blowdown valve and for melt injection was scaled by




1/4 from the SNL/IET input used, based upon examination of the experimental results.
The debris amount, and distribution were taken from the test data reports, as were the
initial steam and atmosphere conditions. Again, as in our Surtsey [T analyses, most
individual parameters in our MELCOR input model were not separately adjusted in each
of our MELCOR ANL/IIYT experiment analyses to best match data for cach experiment
considered.  As in our Surtsey IIST analyses, the initial pressures, temperatures, gas
composition, and liquid pool heights were set to match individual experiment initial
conditions (summarized in Table 2.2.2): however, for the ANL/IET analyses it was also
necessary 1o adjust the total debris mass, which changed from one value in the earlier
tests (820gm) to a smaller value (7T13gm) in the later tests.

Our MELCOR assessment, analyses for these 1:40-scale ANL/HET experiments were
done in several steps, concentrating on the scaling of the phenomena. IFiest, the ANL
facility geometry and test conditions were modelled (and/or scaled) as just discussed,
with no change in the characteristic interaction times input to the MELCOR I'DEFHPMI]
model, with results given in Section 8.2. However, there is no reason to expect to match
the ANL/IET data only scaling the facility geometry and test conditions it seems
intuitively obvious that the characteristic interaction time for airborne debris settling
should be scaled as the height of the volume; it is not intuitively obvious whether the
characteristic interaction times for oxidation of airborne or deposited debris, or for heat
transfer from airborne debris to atmosphere, should be scaled or not. Therefore, we scaled
the various characteristic interaction times also, individually and in combination, in more
sets of calculations, with results given in Section 8.3. Finally, the other non-standard
MELCOR input used for the 1:10-scale SNL/HST experiment analyses (i.c.. hydrogen
combustion parameters, volume flow arcas and velocities used to determine heat transfer
correlations, and recirculation from the dome to the subcompartments) were varied and
the impact on calculated results evaluated in Sections 8.1 through 8.6.



4 Reference Calculation Results

This section presents MELCOR assessment analysis results for the 1:10 linear scale
SNL/IET experiments performed in the Surtsey vessel at Sandia. Results for analyses of
the 1:40 lincar scale ANL/IET experiments done at Argonne are presented in Section 8,
as a scaling sensitivity study.

Figure 4.1 shows the masses of Al and of Fe and Cr that were oxidized during the
transient, together with the masses of oxygen and steam that reacted with the debris. The
default. assumption in the MELCOR I'DI/IIPMIE/DCH model is sequential oxidation.
Thus, Zr (not present in this case) would be oxidized first, followed by Al and then by
steel; because the e and Cr injected are treated as components of injected “steel” with
a user-specified composition, they are assumed to oxidize al the same rate. Similarly, the
MELCOR FDI/UHPME/DCH model assumes steam oxidation in a volume only if there is
insufficient oxygen available to support the preseribed oxidation rate; oxygen is therefore
consumed first. whenever available. This hicrarchical oxidation model is reflected in the
results which show almost all of the Al injected was caleulated to be oxidized but only
about 45-70% of the injected Fe and Cr was oxidized. Almost all of the debris oxidation
occurs in <lIs, while the debris is being injected into the system, although there is a
small additional amount of oxidation later, between ~1s and ~1.5s. in the SNL/IFET-|
and SNL/IET-1R calculations. The plots in the figure show that, in the the SNL/TET-
I and SNL/IFT-1R caleulations, all the available oxygen was depleted within <0.5s,
leaving some debris unoxidized until the arrival of sufficient blowdown steam. (Recall
that the MELCOR FDI/HPMIE/DCH model assumes debris immediately transported to
its final destination, while the accumulator steam blowdown was modelled as a transient
Process. )

Masses involved in the caleulated FDI/HPME/DCIH reactions are summarized in
Table 4.1, ('The molar balances are not exact because of the imited number of significant
digits used and because of using round number for molecular weights, for convenience.)
These numbers reflect the MELCOR: calculation only: there is no experimental data
available on how much of the debris collected post-test was oxidized and, as discussed
in Section 2.1, the experimenters assumed in their data analysis that debris reacted only
with stcam, not with free oxygen. (Recall that this is the opposite of the MELCOR
assumption that oxidation of metals with free oxygen occurs preferentially to oxidation
with steam.)

Total amounts of hydrogen generated and burned in these SNL/HET tests are given
in Figures 4.2 and 4.3, respectively. (Note the different time scales on these two fig-
ures.) Almost all of the hydrogen generated during debris/steam reactions is generated
in t<Is, when the debris is being injected into the system; there is a small additional
amount of hydrogen generated later (between ~ls and ~1.5s) in the SNL/IET-1 and
SNL/IET-1R calculations. No significant amounts of additional hydrogen are generated
al later times in these reference calculations. In contrast, about 0.3kg (150gm-moles) of
hydrogen are burned within the first second or two, and another 0.03-0.06kg (15-30gm-
moles) are burned between ~1.5s and ~3.5s. MELCOR calculates HPME/DCH to last
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<4s, based upon default criteria in the code for airborne debris temperature, mass and
density. However, another ~0.01kg (20gm-moles) are calenlated to be burned later in
the SNL/IT-3 and SNL/IET-6 analyses and another <0.1kg (50gm-moles) are calen-
lated to he burned later in the SNL/TST-4 and SNL/IIT-7 analyses, as some hydrogen
is advected from the subcompartments to the vessel dome where it is assumed to burn.
There is thus significant late-time hydrogen burn in our MELCOR calculations for those
test, simulations where the vessel atmosphere was not inert. (Sections 7.3 and 9.2 will
show that both the carly-time and the late-time hydrogen burn is quite sensitive to the
recirculation flow between the subcompartments and the vessel dome, while the late-time
hydrogen bhurn is quite sensitive to the time step used.)

The overall hydrogen behavior caleulated in these HIFT experiment analyses is sum-
marized in Table 4.2. The values given include the amount of hydrogen pre-existing in
the vessel, the amount produced by HPMIS steam/metal reactions, the amount burned
and the final amount.

It is difficult to quantitatively compare the measured and caleulated hydrogen pro-
duction and combustion because of the basic assumption made by the experimenters that
all oxygen depletion was due to reaction with hydrogen. Thus, as discussed in Section 2.1,
the experimenters assumed in their data analysis that debris reacted only with steam,
not with free oxygen, which is the opposite of the MELCOR assumption that oxidation
of metals with free oxygen occurs preferentially to oxidation with steam. Figure 4.1 and
Table 4.1 show that MELCOR did prediet significant. interaction ol free oxygen with
debris in those tests where oxygen was present (i.e., SNL/HST-3 throngh SNL/TT-7).

Table 1.3 summarizes the overall hydrogen behavior measured and calculated in these
T experiments and analyses. For the test data, the total amount of hydrogen generated
by steam/metal reactions was obtained by subtracting the measured amount of pretest
hydrogen from the sum of the measured amount of posttest hydrogen plus the estimated
amount of hydrogen burned; the hydrogen combustion given was based on the assumption
that all oxygen depletion was due to reaction with hydrogen, as described in Section 2.1,
The MELCOR values given include both the actual amounts of hydrogen produced by
HPMIS steam/metal reactions and burned, and the amounts of hydrogen produced and
burned that would be calculated using the initial and final oxygen and hydrogen moles
from the MELCOR analyses, using the same formulac as in the experiment data analysis.
(However, note that the experimental results come from analyzing gas grab hottle samples
taken from the Surtsey vessel at 30min, while the MELCOR results are taken from output
al 20s.)

The two sets of MELCOR values differ by twice the number of moles of O, consumed
by direct metal/oxygen reactions. There is little difference found in the hydrogen produc-
tion evaluated using the experimental procedure and actually calculated by MELCOR
in the tests with little or no free oxygen present (f.e., SNL/IST-1 and SNL/IFT-1RR);
however, note that, for these two tests and for SNL/HT-5, assuming all oxygen de-
pletion was due to combustion reaction with hydrogen does result in a small mass of
hydrogen calculated to be burned, quite similar to the experimental results given. The
actual moles of hydrogen produced and burned in these MELCOR analyses appear gener-
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Table 4.1. Calculated HPME/DCH Mass Results Summary for the SNL/TET

Lxperiments - Reference Calculation

MELCOR (gm-moles)
Oxidized Reacted Produced
Al Fe/Cr Oxygen  Steam H,

HET-1 209 227.7 2.2 28.4.2 286.2
IET-1R  21.6 2313 15.0 263.8 265.7
IET-3 22.1  301.1 69.2 230.2 231.8
1ET-4 22.1  311.3 69.2 241.1 242.8
IET-5 22.1 2750 513 238.7 240.3
IET-6 22.1  304.8 69.0 234.4 236.0
[ET-7 22,1 302.6 71.3 227.6 229.2

Table 4.2, Calculated Hydrogen Results Summary for the SNL/IET Experiments
Reference Calculation

MELCOR Hydrogen Balance
Foxperiment (gm-moles)
Pre-existing  Produced  Burned  End-of-calculation

15711 0 286 0 286
[ET-1R 0 2606 0 266
[ET-3 0 232 188 44

[ET-4 0 243 209 34

HT-5 20 210 0 A4
IET-6 183 236 218 201
-7 288 229 223 294
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ally less than measured values, especially in the experiments with hydrogen combustion,
while the hydrogen production and combustion calculated using the experimental pro-
cedure on the MELCOR results are generally greater than measured. Also, the actual
amount of hydrogen calculated to be produced by MELCOR is lower in the tests with
oxvgen initially present (SNL/TET-3 through SNL/TST-7) than in the experiments with
no significant oxygen initially present (SNL/IET-1 and SNL/TET-1R), while deriving the
amounts of hydrogen produced and burned assuming only steam/metal reactions yields
greater hydrogen production in SNL/TIT-3 through SNL/TET-7 than in SNL/IT-1 and
SNL/IET-1R, reproducing the trend seen in the tabulated experimental data.

Overall, the “correct™ answers are likely to lie somewhere between the two limiting
assumptions. It is unlikely that there is no oxidation of metal with free oxygen at all (as
assumed in the experimental analysis protocol). However, MELCOR would be expected
to exaggerate the relative degree to which metal oxidizes with free oxygen es with steam,
because of the hierarchical assumptions in the MELCOR FDI/HPME/DCH model and
because, in the experiment, the debris transport probably lTags the steam/hydrogen mix-
ture low, so that not much of the debris gets to see much oxvegen, while in the MELCOR
model the debris is immediately transported to its ultimate distribution (as discussed
in more detail in Sections 3.1 and 5.2) within Is while the steam blowdown is modelled
“normally™ as a transient process taking several seconds,

(The gquantification of hydrogen production and combustion in the SNL/IFT exper-
iments assuming that all oxvgen depletion was due to reaction with hydrogen had an
unforescen effect on onr MELCOR analyses. In particular, the choice of a very short
time constant for airborne debris oxidation (0.025s in the reference analyses) was driven
by trying to explicitly matceh the reported hydrogen production and combustion data;
sensitivity study results show very little difference in caleulated pressures or temperatures
for 0.01s < 7, < 0.1s. becanse the oxidation rate is essentially limited by availability of
steam and/or oxygen at the shorter characteristic interaction times, and the hydrogen
production and combustion results later derived from a molar balance assuming only
steam/metal reactions (as in the test data analysis) is in better agreement with test data
for caleulations using longer characteristic airhorne-debris oxidation times (7, > 0.1s),
which seems a more reasonable valiue based on physical grouuds.)

Figures 4.1 and 1.5 depict the hydrogen and oxygen mole fractions, respectively, in
the subcompartments and dome. The test data comes from gas grab bottle samples taken
in the Surtsey vessel at 2 and 30min, and a data point from a grab bottle sample taken
at 2-Ts in the subcompartments is included. Note that the data is included primarily to
show late-time response and shonld not be interpreted as showing constant conditions
thronghout the test period; the single data point available in the subcompartments at 2-Ts
indicates substantial atmosphere composition variations occurred carly in the transient.
The calenlations show a rapid transient during the first few seconds, during HPMI, and
then generally show a gradual approach to the final, post-test data.

Figure 4.6 compares Surtsey vessel pressures measured in the SNL/IET experiments
to pressures caleulated in onr final, reference MELCOR analyses. (The pressures mea-
sured at three levels in the Surtsey vessel with three different pressure transducers were
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virtually identical; the pressures calculated in the subcompartments control voiume and
the upper-dome control volume were also virtually identical.) The pressure signature ob-
served falls into two major subdivisions, caused by the effect of hydrogen combustion. In
tests SNL/IET-1 and SNL/HET-1R, the vessel was inerted with nitrogen and the hydro-
gen produced by steam reaction with metallic debris during blowdown could not burn; in
SNL/HET-5, the vessel was “classically inerted™ with carbon dioxide and again very little
hydrogen combustion occurred. When the hydrogen (pre-existing or HPME-generated)
was allowed to burn with oxygen in the vessel atmosphere, pressare increases rose from
~100kPa to 210-280kPa, a significant contribution to containment pressurization. The
lack of substantially higher peak pressures in tests with pre-existing hydrogen indicates
that combnstion of pre-existing hydrogen did not ocenr on the same time scale as the

HPMIE.

Table 1.1 compares the measured and caleulated peak pressures for the tests ana-
Ivzed, and also indicates how much of the predicted pressurization was due to the steam
blowdown, HPME reactions and hydrogen combustion, respectively.  (The individual
pressurization contributions are obtained from sensitivity studies with either no melt
injection or no hydrogen burn incladed in the MELCOR input model: the sensitivity
studies with no hydrogen burn included ave presented in Section 7.1.)

Qualitatively, the MELCOR results in Figure 1.6 correcetly reproduce the subdivision
of the pressure response into two major families, caused by the effect of hydrogen com-
bustion, as scen in the test data. (Recall that the MELCOR input model was adjusted
to approximate the observed hydrogen combustion behavior in these DCH experiments.
as discussed in Sections 3.1 and 7.1.) Quantitatively, the NMELCOR results in Figure 1.6
and in Table 1.1 also correctly reproduce a peak pressure rise of ~100kPa due to HHPME
and ~150kPa due to hvdrogen combustion, with little pressuvization (10-20kPa) from
the steam blowdown,

Measured and calculated temperatures in the subcompartments are compared in g
nves L7 and LS for the three tests with little or no hydrogen burn and for the fonr
tests in which hydrogen combustion occurred. respectively, Thermocouple resnlts are
shown for any data available, including one or more of the following: the temperature
inside the subcompartiment structnres, temperatures inside the seal room, the tempera-
tures in the triangular vent spaces above the pump models, and temperatures measured
by thermocouples suspended ~10cm nnder the reactor coolant pump mockups.  The
single data trace for the temperature inside the subcompartment structures nsually cor-
responds to three aspivated thermocouples in a thermocouple assembly yielding nearly
identical temperature es time curves. When multiple measurements are available, they
show significant local temperature gradients present. The MELCOR results are gener-
ally judged to he in reasonably good agreement with the test data. Note that, although
little or no hydrogen combustion occurred in SNL/T- 1 SNL/HST- TR and SNL/T 5
while significant hydrogen combustion oceurred in SNL/ET-30 SNL/IET 1 SNL/ET-6
and SNL/HET-70 the peak gas temperatures in the subcompartment strnetures measured
inall these tests were atmost identical: this indicates that the primary mechanism for
heating the subcompartment atmosphere was probably debris/gas heat transfer and not
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Table 4.3. Ilydrogen Resulls for the SNL/IET Experiments - Reference Calculation

Experiment Hydrogen (gm-moles)
Produced Burned
Datat MELCORY MELCOR} Datat MELCORY MELCORY

IET-1 233 280 266 3 0 4
IET-1R 218 266 267 11 0 28
IET-3 227 242 352 190 188 313
IET-4 303 243 361 240 209 332
1ET-5 319 240 313 03 0 91
TET-6 319 236 354 345 218 307
117 274 229 351 323 223 350

tfrom gas grab bottle samples at 30min
Qactual end-of-calculation values at 20s
fecalculated from initial and final oxygen and hydrogen moles
assuming only steam/metal reactions

Table 4.4. Pcak Pressures for the SNL/TIST Experiments - Reference Caleulation

Iixperiment APprax (kPa)
Total Blowdown HPME Hy Burn

Data MELCOR only only only
11511 98 84 18 66 0
IET-IR 103 102 21 81 0
[ET-3 246 276 18 102 156
[1T-4 262 285 24 96 155
[ET-5 103 93 17 76 0
IET-6 279 266 16 105 145
1ET-7 271 264 28 89 147
[ET-8A 87
IET-8B 243
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hvdrogen combustion. To reproduce this hehavior, in the MELCOR input we specified
hydrogen combustion to be suppressed in all control volumes except the vessel dome.

Fignres 1.9 and 110 present observed and predicted temperatures in the upper dome,
above the operating deck. for two tests with little or no hydrogen burn and for four tests
in which hydrogen combustion occurred. respectively. (No test data was available for
test SNL/IET-TR.) Thermocouple results are given for three levels in the dome, with
the levels identified in Figure 2.1.1): measured temperatures typically decreased with
increasing clevation. When available, additional thermocouple results also are included
for arrays in the dome. which measured temperatures {rom about level 3 to halfway
between level 5 and 6; those arravs are shown in Figure 2.1.4). The MELCOR vessel
dome atmosphere temperature results are generally in good agreement. with the test
data, given the localized response of the thermocouples. The significantly higher vessel
temperatures observed in the tests with substantial hydrogen combustion (SNL/IET-3,
SNL/IET-A. SNL/TET-6 and SNL/TET-T. in Figure 4.10) than in the tests with little or
no hydrogen combustion (SNL/IET-1, SNL/IET-1R and SNL/IET-5, in Figure 4.9) are
also fonnd in the MELCOR calculations. This result is expected, because the vessel dome
average temperature response is closely conpled to the vessel pressure hehavior, and thus
the reasonably good agreement between measurement. and caleulation for vessel pressures
in FigureP-base is reflected in similar good agreement in observed and predicted average
vessel temperatures.

No comparisons are given for the local cavity pressure. Because the MELCOR DCH
model does not model transport of debris into and through the cavity, but instead im-
mediately places the debris at its ultimate destination, the predicted cavity and chute
pressures are hasically the same as the subcompartiments and upper vessel pressures.
There is o capability to model transient debris-coolant interactions in the cavity.

10
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5 Experiment Uncertainty Studies

There are experimental uncertainties in both the exact values to be used for some
MELCOR input values and in the modelling approach taken to represent other test
conditions. As described in this section, a set of sensitivity studies has been done varying
those parameters to determine how the results could be affected by such experiment,
uncertainties.

5.1 Steam Blowdown

As described in Section 3.1, a valve with a time-dependent area was used in the flow
path from the steam accumulator to the cavity to control the rate of steam injection,
with the opening rate adjusted to match the observed steam accumulator depressurization
rates reasonably well. Although different final hole diameters were identified in the test
reports for the opening from the melt generator to the cavity (as given in Table 2.1.2),
the input was kept the same for the valve and associated time-dependent arca used in
the flow path from the steam accumulator to the cavity to control the rate of steam
injection. In the experiments the thermite reaction products and the steam were injected
through the same opening, with some indication in the data of occasional plugging and
flow interruption. In the MELCOR model the debris is inserted separately, directly to its
ultimate destination; thus MELCOR does not model any debris blockage or obstruction
possibly affecting the steam injection rate.

The valve opening rate was selected to match the observed steam accumulator depres-
surization rates in the various tests reasonably well. Calculations were done using valve
opening times of 0.5s, 1s, 2s and 4s, with the time-dependent area increasing linearly in
all cases. Iigure 5.1.1 shows predicted pressures in the steam delivery volume during the
blowdown process for all tests analyzed, using the different valve opening times, together
with experimental data for comparison. The calculated blowdown is obviously too rapid
with the valve opening over 0.5s, and too slow with the valve opening over 4s. The
steam accumulator depressurization predicted with a valve opening time of 2s appears in
slightly better agreement with test data than the results using a valve opening time of
Is, and the 2s opening time was used in the rest of our Surtsey 5T assessment analyses,

The corresponding predicted vessel pressures are presented in Figare 5.1.2, with test
data included for reference. The effect of varying the steam blowdown timing is reflected
in a small change in the peak vessel pressure, with slightly higher pressures predicted for
the more rapid steam blowdown, in the tests with hydrogen burn occurring; little or no
effect is visible for the cases with no hydrogen burn.

The lack of any visible effect of varying the steam blowdown timing for the cases
with no hydrogen burn is due to the small contribution made by the steam blowdown to
the overall vessel response, as shown in Section 4. The slight rise in vessel pressure seen
with the more rapid steam blowdown in the cases with hydrogen bhurn is due to more
steam being available carly in the HPME reaction so that more hydrogen is generated
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in steam-debris interactions; the subsequent burning of the greater amount of hydrogen
generated then produces the inerease in vessel pressure. Tables 5.0.1 and 5.1.2 illustrate
this by comparing the amounts of hydrogen generated and burned, respectively, in these
various cases. Test data estimates of the amounts of hydrogen produced and burned are
included for reference.

5.2 Melt Injection Timing

The MELCOR DCH model does not model transient transport of debris into and
through the system, hut instead immediately places the debris at its ultimate destination.
MELCOR uses a single function for the time-dependence of the melt injection in all
control volumes and heat structures; in reality, the melt reaches the subcompartments
later than the cavity, and the dome later than the subcompartiments.

Melt injection could begin at t=0, since that is defined as the time that the brass
plig at the bottom of the crucible failed and was expelled by high-pressure steam into
the cavity, Cavity pressure data indicates a pressure spike from fuel-coolant interaction
(IFC'1) as molten brass, steel and thermite enters the cavity hetween (0 and ~0.3s, followed
by debris entrainment from the cavity into the subcompartiments between about 0.4s
and 0.8s. High-speed cameras showed debris particles ejected from the subcompartment
structures toward the upper dome of the Surtsey vessel, with acrosols visible at ~0.1s
and hydrogen jet burning visible at about 0.2-0.4s; at abont ls; molten particles were
seen to fall, implying that debris injection and entrainment was over.

The time-dependence of the melt addition in the MELCOR input was adjusted to
match the rate of pressure and temperature increase in the vessel. Melt injection was
always assumed to start at time=0, but the time period over which melt injection was
specified to occur was varied from 0.1s though 0.5s and Is to 2.5s in these sensitivity
study analyses; in each case, the injection rate was assumed constant within the time
period.

Resulting predicted vessel pressures are shown in Figure 5.2.1, together with the test
data. The effect of lengthening the melt injection timing is reflected ina progressive delay
in the peak vessel pressure and a corresponding inerease in the magnitude of the peak
pressure. As in the stecam blowdown timing study results, the change is more pronounced
in the tests with hydrogen burn occurring, with little or no effect visible for the cases with
no hydrogen burn. The calculated pressurization is obviously too low and too carly with
a melt injection period of 0.1s, and too high and too late with a melt injection period
of 2.5s. The best agreement for vessel pressure is found using melt injection periods of

(0.5-1.0s.

Tables 5.2.1 and 5.2.2 compare the amounts of hydrogen generated and burned, re-
spectively, in these various cases. The amount of hydrogen produced is a very strong
function of the melt injection period assumed, as is the amount of hydrogen burned.
The hydrogen production calculated assuming a melt injection period of Is is in best
agreement with data. (The hydrogen combustion predicted appears too low in all cases,

13




Table 5.1.1. Hydrogen Generation for the SNL/IET Experiments  Steam Blowdown
Sensitivity Study

Experiment Hydrogen Produced (gm-moles)
Datat MELCOR §
VLY =
0.5s Is 2s 4s
111 233 4387109 369/343  286/266  224/207
IET-1R 248 4077401 341/338  266/267  210/212
IET-3 227 B35/443 208/400  232/352 1817308
11T-4 303 350/458  BL4/428  243/361  181/319
IET-5 319 365/125  310/371 240/313  188/267
[15T-6 319 3397445 305/411 236/351 1837309
IET-7 274 327/438 0 291/405  229/351  178/305

tfrom gas grab bottle samples at 30min
Hactnal values at 20s)/ (assuming only steam/metal reactions)

Table 5.1.2. Hydrogen Combustion for the SNL/IET Experiments  Steam
Blowdown Sensitivity Study

Experiment Hydrogen Burned (gm-moles)
Datat MELCOR §
TViLV =
0.5s Is 25 1s

TET-1 3 0/ 0/4 0/4 0/4
[ET-1R 11 0/28 0/28 0/28 0/28
IET-3 190 272/387  242/359  188/313 147/278
IET-4 240 300/414  272/390  209/332  164/296
[ET-5 53 0/88 0/88 0/91 0/94
IET-6 345 257/373  234/351  182/307  140/272
IET-7 323 321/437  286/404  223/350  173/304

tHrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)
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as a fraction of the amount of hydrogen generated, but recall that we are comparing
calculated values at 20s with experiment estimates based upon gas grab bottle samples
taken at 30min; also recall that the test data indicates some late-time hydrogen burn
must have occurred, and the analyses also show a gradual increase in the amonnt of
hydrogen burned during the later time periods.)

The timing assumed for the melt injection also has a very strong effect on the sub-
compartment temperatures predicted, as illustrated in Figure 5.2.2. The calculated sub-
compartment temperatures vise during the assumed injection period, and begin dropping
rapidly after melt injection stops, resnlting in a strong peak at the end of the injection
period. The caleulated subeompartment temperature rise is obviously too carly with a
melt injection period of 0.1s and also with a period of 0.5s, and much too late with a melt
injection period of 2.5s. The best agreement is found using a melt injection period of 1s,
but the different inflections in the test data curves and in the MELCOR results suggest
that the melt injection may not have occurred at a constant rate during the injection
period.

Based upon the results for the vessel pressure, hydrogen generation and subcompart -
ment temperatures, the remainder of our analyses were run with a melt injection period
of Is, with most of the injection occurring during the second half of that period. (The
actual values used were given in Table 3.1.1.) This <Is melt injeetion period is in reason-
able agreement with test observations. especially given that the MELCOR DCH model
does not account for any localized timing delays due to debris trausport to diflerent
locations.

5.3 Melt Injection Amount

Table 2.1.3 gave a debris recovery summary for the Surtsey VT experiments. The
total debris mass recovered from the vessel was usually greater than the initial thermite
charge due to melting of the inner wall of the crucible, vaporization of the fusible brass
plug, ablation of concrete in the cavity and structures, and oxidation of metallic debris,
Despite the careful duplication of the initial 13kg thermite charge in the Surtsey 15T
experiments, the different amounts of debris collected from the melt generator and from
the vessel result in some uncertainty in the actual amount and composition of melt
injected into the vessel, as indicated in Table 5.3.1.

The majority of our MELCOR analyses simply specified the original 43kg thermite
charge mass, neglecting both the retention of any debris in the melt generator and the
addition of any debris due to melting of the inner wall of the crucible, vaporization of
the fusible brass plug, ablation of concrete in the cavity and structures, and oxidation of
metallic debris. (The same assumption was made in the CONTAIN analyses [27].) To
help determine the effect of the injection mass source uncertainty, calculations were done
in which the total melt mass injected was reduced to 80% and 90%., and increased to
[10%., of the basecase 13kg melt source. The fractional amounts of ALO,, Fe and Cr i
the debris, the debris temperature and fractional distribution. and the fraction injected
vs time were unchanged.




Table 5.2.1. Hydrogen Generation for the SNL/IET Experiments - Melt Injection
Timing Sensitivity Study

Experiment Hydrogen Produced (gm-moles)
Datat MELCOR 1§
TDebris=
0.1s 0.5s Is 2.5s

IET-1 933 144/120 207/189  293/271  458/418
IET-1R 248 134/142  192/197 271/270  439/418
[ET-3 227 146/269  157/310  239/374  352/474
IET-4 303 99/278  162/319  251/390  346/474
IET-5 319 108/208 167/25% 244/322  390/447
IET-6 319 97/269 160/313  239/374  351/472
IET-7 274 96/267  154/306  231/365  350/470

fend-of-calculation values at 20s
(actual values at 20s)/ (assuming only steam/metal reactions)
g \

Table 5.2.2, Hydrogen Combustion for the SNL/IET Experiments - Melt Injection
Timing Sensitivity Study

Experiment Hydrogen Burned (gm-moles)
Datat MELCOR ¢
TDebris =

0.1s 0.5s ls 2.5s
IET-1 3 0/4 0/4 0/4 0/4
[ET-1R 11 0/26 0/26 0/26 0/26
IET-3 190 87/262 135/290 191/331  255/391
IET-4 240 93/273 145/305 214/358  272/413
IET-5 53 0/109  0/103 0/97 0/95
IET-6 345 82/257 129/286 184/325  246/385
IET-7 323 94/267 150/305 225/365  333/466

tend-of-calculation values at 20s
f(actual values at 20s)/ (assuming only steam/metal reactions)
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Table 5.3.1. Dcbris Masses for the SNL/IET Experiments - Melt Injection Amount
Sensitivity Study

IET-1 IKT-1R IET-3 1ET-4 1ET-5 IET-6 1ET-7

Y% Excess Mass

Recovered (Total)t 27 26 29 40 30 24 32
Y% Excess Mass
Recovered (excluding Crucible)f 9.6 9.4 8.8 19 5.1 4.5 13

% Initial Charge

Recovered from Crucible§ 10.6 10.8 10.5 22.7 6.0 5.3 15.7
% Tnitial Charge

Injected into System§ 89 89 90 77 94 95 84
% Total Collected

Recovered from Crucible$ 8.3 8.6 8.1 16.3 4.7 4.3 11.9
% To*ul Collected

Injected into System £ 92 91 92 84 95 96 88

t(Total mass recovered - 43kg) / 43kg
t{Total mass recovered from (cavity/chute+subcompartments+dome) - 43kg] / 43kg
§(Mass recovered from crucible) / 43kg
§[Mass recovered from (cavity/chute+subcompartments+dome)] / 43kg
B(Mass recovered from crucible) / (Total mass recovered)
L[Mass recovered from (cavity/chute+subcompartments+dome)] / (Total mass recovered)



Figure 5.3.1 shows pressures in the vessel predicted using various melt, amounts, to-
gether with experimental data for comparison. As would be experted, the vessel pressur-
izalion increases as more melt mass is injected during the HPMIS. Also, as seen in many
of our other sensitivity study analyses, the effect is larger for those tests with hydrogen
burn occurring than in the cases with no hydrogen burn.

Tables 5.3.2 and 5.3.3 present the amounts of hydrogen generated and burned, respec-
tively, in these various cases. Test data estimates of the amounts of hydrogen produced
and burned are included for reference. There is a small increase in both hydrogen pro-
duction and combustion with increasing melt injection amount.

Figure 5.3.2 gives subcompartment temperatures calculated using various melt, amounts,
together with experimental data. As seen in the hydrogen production and combustion,
there is a small increase in subcompartment temperature with increasing melt injection
amount.

5.4 Melt Injection Temperature

Test data indicated a debris temperature of 2300K, which was the value used in
our MELCOR reference analyses whose results were given in Section 4. As a sensitivity
study, calculations were run with the debris temperature set to 2000K, 2300K, 2500K and
3000K. Values in the 2300K-2500K range were considered most likely in the experiments;
2000K and 3000K were selected as bounding values hased upon zircaloy melting at ~2100-
2200K and on UQy melting at 3113K.

Vessel pressures predicted varying the debris temperature are presented in Figure 5.4.1,
together with test data. The effect. of increasing the melt temperature is to increase the
vessel pressures calculated. Tables 5.4.1 and 5.4.2 summarize the amounts of hydrogen
generated and burned. respectively, with very little dependence on melt temperature
visible.

This debris temperature variation has the strongest effect on the subcompartment
temperatures predicted, as indicated in Figure 5.4.2. The calculated subcompartment
temperatures increase with increasing debris temperature, with a 1000K increase in debris
temperature producing a ~500K increase in subcompartiment peak temperatures.

5.5 Melt Injection Distribution

As noted at the start of Section 5.2, the MELCOR DCIH model does not model
transient transport of debris into and through the system, but instead immediately places
the debris at its ultimate destination. The debris fractions placed in cach control volume
and on cach heat structure are controlled solely by user input. In these 1T analyses, the
debris injected was all placed in various control volume atmospheres and then allowed
to settle out onto floor heat structures; no debris was specified to he deposited directly
onto any heal structures.
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Table 5.3.2. Hydrogen Generation for the SNL/IET Experiments ~ Melt Injection
Amount Sensitivity Study

Experiment Hydrogen Produced (gm-moles)
Datat MELCOR
(% Initial Charge)
80 90 100 110

IET-1 233 249/231 268/248 286/266 301/278
IET-1R 248 227/231 248/250 266/267 281/280
1ET-3 227 199/303 215/326  232/352 245/371
IET-4 303 211/312 229/340 243/361  262/389
IET-5 319 208/269 2257292 240/313  255/334
IET-6 319 201/307 216/329 236/354  249/376
1IET-7 274 194/300 212/325 229/351  242/369

tlrom gas grab bottle samples at 30min
{(actual values at 20s)/ (assuming only steam/metal reactions)

Table 5.3.3. Hydrogen Combustion for the SNL/IET Experiments - Melt Injection
Amount Sensitivity Study

ixperiment Hydrogen Burned (gm-moles)
Datat MELCOR §
(% Initial Charge)

80 90 100 110
IET-1 3 0/4 0/4 0/4 0/4
IET-1R 11 0/28 0/28 0/28 0/28
1ET-3 190 161/268 173/289 188/313 197/328
IET-4 240 181/286 197/311 209/332  225/357
IET-5 53 0/77 0/84 0/91 0/99
IET-6 345 156/267 168/287 182/307 192/326
IET-7 323 189/300 206/323 223/350 236/368

tfrom gas grab bottle samples at 30min
(actual values at 20s)/ (assuming only steam/metal reactions)
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Table 5.4.1.

Table 5.4.2.

Hydrogen Generation for the SNL/IET Experiments - Melt
Temperature Sensitivity Study

Experiment Hydrogen Produced (gm-moles)
Datat MELCOR {
Tpebris=
2000K  2300K  2500K 3000K

IET-1 933 276/255 286/266 301/281 313/293
IET-1R 248  954/253 266/267 280/286 295/298
IET-3 297 221/341 232/352 248/364 261/374
IET-4 303 238/355 243/361 260/374 275/387
IET-5 319 228/301 240/313 257/330 269/343
IET-6 319 230/348 236/354 253/367 256/370
IET-7 974 218/338 229/351 248/363  256/370

ffrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)

Hydrogen Combustion for the SNL/IET Experiments - Melt
Temperature Sensitivity Study

xperiment Hydrogen Burned (gm-moles)
Datat MELCOR i
Tl)ebris:
2000K 2300K 2500K 3000K

IET-1 3 0/4 0/4 0/4 0/4
IET-1R 11 0/28 0/28 0/28 0/28
IET-3 190 176/301 188/313 204/325 218/336
IET-4 240 201/323 209/332 227/345  243/359
IET-5 53 0/92 0/91 0/92 0/92
IET-6 345 174/299 182/307 199/319  207/327
IET-7 323 212/337 223/350 240/360 248/366

tfrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)
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Table 5.5.1. Debris Masses for the SNL/IET Experiments - Debris Distribution
Sensitivity Study

IET-1 1IET-1R IET-3 IET-4 IET-5 IET-6 1ET-7

Distribution (%)

Cavity/Chute 14 27 33 17 38 17 27
Subcompartments 76 66 61 59 59 72 68
Dome 10 7 6 14 0 0 5

There is no guidance from the experiments on how much debris stuck to walls imme-
diately rather than circulating and falling through the atmosphere before settling. The
experimental debris distribution is based upon post-test collection of debris from the ves-
sel and does not distinguish between debris deposited immediately or later. We assumed
it was not likely that a large fraction of the debris immediately adhered permanently to
a structure surface, given the highly turbulent conditions visible in the video records.

Table 2.1.3 presented a debris recovery summary for the Surtsey IET experiments.
Table 5.5.1 gives melt distribution patterns derived from that test data. Although there
were small differences in the test data debris distributions, the F'DI input debris distribu-
tion was kept the same in our MELCOR input for all tests analyzed (with 15% and 10%
of the debris input to the cavity and chute, respectively, 65% to the subcompartments
and 10% to the dome).

However, in most plant analyses, there will be no equivalent data set providing guid-
ance on HPME melt distribution. To evaluate the effect of the debris distribution as-
sumed on the overall DCH behavior calculated, calculations were done in which the
experimental debris distribution for cach test was used, and in which 65% of the de-
bris was placed either in the cavity and chute (with 25% in the subcompartments and
10% in the dome) or in the dome (with 25% in the cavity and chute and 10% in the
subcompartments).

Figure 5.5.1 shows pressures in the vessel predicted using the various melt distri-
butions, together with experimental data. There is very little difference seen in using a
single basecase debris distribution or in using more experiment-specific distributions; this
is not surprising because the variations are generally quite small. The major difference is
seen for the calculation with most (65%) of the debris specified to go to the dome (with
25% in the cavity and chute and 10% in the subcompartments). The higher pressures
calculated in that case are due to the deposition of a majority of the debris into a volume
with a longer characteristic settling time (proportional to the volume height) which allows
more time for oxidation and especially for heat transfer from airborne debris to the at-
mosphere; other effects may also be involved to some extent, €.¢. a proportionally greater
atmospheric heat capacity and less atmosphere-to-structure heat loss. The characteristic
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settling times in the cavity, chute and subcompartments are roughly similar, and there is
therefore no big difference found in atmosphere heating and vessel pressurization whether
most of the debris is assumed to go to the cavity /chute or to the subcompartients.

Tables 5.5.2 and 5.5.3 present the amounts of hydrogen generated and burned, respee
tively, in these various cases. "lTest data estimates of the amounts of hydrogen produced
and burned are included for reference. Again, there is very little difference seen in using
a single basecase debris distribution or in using more experiment-specifie distributions;
this is not surprising because the variations are generally quite small. ‘T'here is somewhat,
more hydrogen produced when more of the debris is assumed to go to the cavity and
chute; these regions are closer to the hlowdown steam accumulator source, and oxidation
is therefore less likely to be limited by steam availability in this case. For the same rea-
son, less hydrogen is predicted to be produced in TET-1 and TE'T-TR when most of the
debris is assumed to go to the dome; the dome is further downstream from the blowdown
steam accumulator source, and oxidation is therefore more limited by steam availability
in this region for these two tests, In the remainder of the experiment simulations assum-
ing most of the debris going to the dome, much less hydrogen production is calenlated
because most of the debris is being oxidized by the relatively large amount of free oxygen
available in the dome which, unlike steam oxidation, produces no hydrogen as a reaction
product. (Note that, in the MELCOR FDI HPME model, a hicrarchy is assnmed with
debris oxidation consuming free oxygen hefore steam.)

Figure 5.5.2 gives subcompartment temperatures caleulated using various melt amounts,
together with experimental data. As found in the pressure and hydrogen production and
combustion comparisons, there is very little difference seen in using a single basecase
debris distribution or in using morce experiment-specific distributions, becanse the test-
to-test debris-distribution variations are generally quite small. ‘The calculated subcom
partment temperatures are significantly lower when the majority of the debris is assumed
to go to either the dome or to the cavity /chute; as would he expected, the predicted tem
peratures in the dome and/or in the cavity and chute increase if more debris is assumed
to go to the corresponding volume.
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Table 5.5.2.

Table

Experiment

Datat
1ET-1 233
IET-1R 248
IET-3 227
1ET-4 303
[ET-5 319
IET-6 319
IET-7 274
5.5.3.
Experiment

Datat
1ET-1 3
IET-1R 11
1ET-3 190
[ET-4 240
[ET-5 53
-6 345
IKT-7 323

Hydrogen Generation for the SNL/IET Experiments -~ Melt
Distribution Sensitivity Study

Hydrogen Produced (gm-moles)

MELCOR 1t

Basecase
Distribution

286/266
266/267
232/352
243/361
240/313
236/354
229/351

Ixperimental
Distribution

251/232
272/272
266/354
220/367
273/321
214/336
232/330

Mostly into

Cavity

332/307
315/311
279/37%
295/396
288 /348
285/ 385
274/374

tfrom gas grab bottle samples at 30min

Mostly into
Dome

245/233
296/239
192/197
122/496
144/490
122/496
122/494

f(actual values at 20s)/ (assuming only steam/metal reactions)

Hydrogen Combustion for the SNL/IET Experiments - Melt
Distribution Sensitivity Study

Hydrogen Burned (gm-moles)

MELCOR ¢

Basecase
Distribution

0/4
0/28
188/313
209/332
0/91
182/307
223/350

Experimental
Distribution

0/4
0/28
220/313
186338
0/66
164/293
226328

Mostly into

Cavity

0/4
0/28
220/328
251/358
0/85
216/325
265/371

tfrom gas grab bottle samples at 30min

Mostly into
Dome

0/4
0/28
82/460
95/471
0/357
78/456
120/49:1

I(actual values at 20s)/ (assuming only steam/metal reactions)

J




MELCOR Assessmonf: SNL IET Tests

' . 6 L] L) v L L Ll ¥ L 1)
e £7-1 (MELCOR)
— ET-R (MELCOR) R4
v ET-3 (MELCOR)
e ET-4 (ELCOR)
e €75 (MELCOR) K
ET-8 (MELCOR)
ET-7 (MELCOR) §d
ET-1 (Dota)
ET-R (Pota)
ET-3 (Data)
KET-4 (Doto)
KET-5 (Dato)
KT-6 (Dota)
KT-7 (Dola)

T

Subcompariment Temperature (10°K)
Q <o
o -]

E.a Time (s)

SNL Surtsey IET Tesls —— SUN reference resuils

FKDJDIFNN  6/11/93  09:37:23 MELCOR SUN
MELCOR Assessmeni: SNL IET Tests

‘ . s LA L B L L] L4 L] ¥ ¥
~—— KET-1 (MELCOR)

1.4 F —e— €1-% (vereon) |
e ET-3 (MELCOR)
eofee T4 (MELCOR)

1.2 ¢ mtme E7-5 (MELCOR)
g 76 (MELCOR)

1.0 ¢ ot ET-7 (MELCOR) I

~=@-= ET-1 (Data)
~=@== ET-R (Dolo)
~=d=e ET-3 (Datq) 1
~=g== ET-4 (Doto)
w=d== ET-5 (Dala)
£7-6 (Dota)
ET=7 (Dota)

Subcompartment Temperature (10°K)
o o
*» o

' 0 1 2 3 4 5
Time (s)

SNL Surisey IET Tesls ~— mosi to covily
FKDUEGINN  6/1/93  20:47:50 MELCOR SUN

Figure 5.5.2.

MELCOR Assessment: SNL IET Tesis
L) L] L) L L]

' . 6 A ¥ 1] LS
i ET-1 (MELCOR)
1.4 F e ET-R (MELCOR) I
e ET~3 (MELCOR)
ol ET-4 (VELCOR)
1.2 e £7-8 (MELCOR) [
e ET-8 (WELCOR)
1.0 b e ET-7 (MELCOR) L

== ET-1 (Dala)
~a@e= ET-R (Dol
w=dua ET-3 (Date)
e~ ET-4 (Doto)
== ET-5 (Datd) |
ET~6 {Data)
ET-7 (Dato)

Subcompariment Temperature (10°K)
o
>

o y 2 3 4 5
Time (s)

SNL Surtsey IET Tests ~— experimental distributio
FKDUAUVNN 6/11/93  20:09:03 MELCOR SUN

MELCOR Assessment: SNL IET Tesis
¥

1 . 5 L v LA L L] L) v L]
e ET-1 (MELCOR)
g ET-1R (MELCOR) ||
wmnctpens [ET=3 (MELCOR)
i ET-4 (MELCOR)
g ET-5 (MELCOR) [
et [ET-8 (MELCOR)
et [ET-7 (MELCOR) R
w=@== ET-1 (Dola)
~=@== ET-R (Dota)
~=d== ET-3 (Dota)
=== ET-4 {Dalo)
wede= ET-5 (Dotc)
KET-6 (Dota)
KT-7 (Data)

Subcompariment Temperature (10°K)
o
P

o 1 2 3 4 5
Tims (s)

SN Surisey IET Tests —— most {o dome
FKDVDDTNN 6/11/93  21:35:26 MELCOR SUN

Subcompartment Temperatures for SNL/IET Experiments Using

Basecase Melt Distribution (upper left ), Experimental Melt
Distribution (upper right), Melt Mostly into Cavity (lower left) and

Melt Mostly into Dome (lower right) -

Study

66

Melt Distribution Sensitivity




6 DCH Modelling Studies

There are a number of user-input, parameters in the high-pressure melt ejection model
in MELCOR. These parameters define both the initial debris source and the subsequent
debris interaction. The effects of varying the assumed debris source (injection timing,
temperature and distribution) were evaluated in the previous section, as part of the
experimental-condition uncertainty study. In this section, the effects of varying the char-
acteristic debris interaction times are investigated.

The processes modelled include oxidation of the metallic debris components in both
steam and oxygen, surface deposition of the airborne debris by trapping or settling, and
heat transfer to the atmosphere and to deposition surfaces; first-order rate equations
with user-specified time constants for oxidation, heat transfer and settling are used to
determine the rate of each process.

6.1 Airborne Debris Oxidation Characteristic Time

The reference analyses discussed in Section 4 used a user-input characteristic time of
0.025s for oxidation of debris suspended in control volume atmospheres. (Oxidation of
settled debris is controlled by a separate characteristic time, as discussed in Section 6.4.)
A sensitivity study was done in which this airborne debris characteristic oxidation time
was reduced to 0.005s and 0.01s, and increased 1o 0.05s, 0.1s and 0.5s; these values were
selected to cover a large range of magnitude. All other parameters were left unchanged.

Resulting predicted vessel pressures for four of these six characteristic times are shown
in Figure 6.1.1 (together with the test data). Tables 6.1.1 and 6.1.2 compare the amounts
of hydrogen generated and burned, respectively, in all six cases considered.

The major trend visible in these results is that, with a very long characteristic air-
borne debris oxidation time, the overall pressurization, and both the hydrogen production
and combustion, are all obviously underpredicted; the underprediction is worst in those
cases where significant hydrogen combustion occurs, because using a long characteristic
oxidation time (> the characteristic settling time) results in substantially less hydrogen
produced and consequently less pressurization due to combustion of that hydrogen.

Using shorter characteristic airborne debris oxidation times (<0.1s) gives generally
similar results because in all these cases the oxidation is generally limited by the avail-
ability of oxygen and/or steam. The amount of pre-existing oxygen varies from test to
test, as does the amount and timing of the steam injected with the melt debris. The
occasional small, non-monotonic changes seen in pressurization and hydrogen produc-
tion and combustion for the shortest oxidation characteristic time values for some of the
tests (for example, calculated hydrogen production for IWT-4 going up from 243gm-moles
with 7,,=0.025s to 244gm-moles with 7,,=0.01s but then dropping to 240gm-moles with
Tor=0.0055) are the result of interactions between different initial oxygen inventories, dif-
ferent steam flows and different oxidation rates causing localized steam-starvation and for
oxygen-starvation to occur at slightly different times in the different control volumes.
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Table 6.1.1.

Experiment

Hydrogen Produced (gm-moles)

Hydrogen Generation for the SNL/IET Experiments - Airborne Debris
Oxidation Characteristic Time Sensitivity Study

Datat MELCOR}
Tox=

0.005s 0.01s 0.025s 0.05s 0.1s 0.5s
IET-1 233 271/251 280/261 286/266 286/266 281/261 200/181
IET-1R 248 252/254 260/262 266/267 261/262 260/260 175/181
1IET-3 227  229/351 232/352 232/352 229/338 222/324 110/193
IET-4 303 240/362 244/365 243/361 243/352 230/334 108/192
IET-5 319 237/313 238/314 240/313 237/305 232/297 131/183
IET-6 319 228/350 234/356 236/354 233/341 224/325 109/192
IET-7 274 221/345 228/350 229/351 223/337 216/320 107/190

ffrom gas grab bottle samples at 30min

f(actual values at 20s)/ (assuming only steam/metal reactions)
Table 6.1.2. Hydrogen Combustion for the SNL/IET Experiments — Airborne Debris

Oxidation Characteristic Time Sensitivity Study

Experiment Hydrogen Burned (gm-moles)

Datat MELCOR?
Tox=

0.005s 0.01s 0.025s 0.05s 0.1s 0.5s
IET-1 3 0/4 0/4 0/4 0/4 0/4 0/4
IET-1R 11 0/28  0/28  0/28  0/28  0/28  0/28
IET-3 190 185/311 187/312 188/313 183/298 180/286 95/181
IET-4 240 208/333 211/335 209/332 208/322 199/308 96/183
IET-5 53 0/95  0/95  0/91  0/87  0/82  0/63
IET-6 345  177/305 183/311 182/307 178/203 173/280 84/173
IET-7 323 216/344 222/349 223/350 217/335 209/318 100/189

tfrom gas grab bottle samples at 30min
t(actual values at 20s)/ (assuming only steam/metal reactions)
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The characteristic airborne debris oxidation times assumed have very little overall
effect on the subcompartment temperatures predicted, as illustrated in Figure 6.1.2,
because most of the oxygen initially in the subcompartments is depleted by the time the
calculated subcompartment temperature peaks at ~1s and the chemical energy released
by metal-steam reaction is relatively small. Note, however, that there is a small increase
in subcompartment temperatures visible early in the HPME transient (t<0.5s) with
decreasing characteristic airborne debris oxidation times, when metal-oxygen reaction is
calculated to occur.

6.2 Airborne Debris Heat Transfer Characteristic Time

The reference analyses discussed in Section 4 used a user-input characteristic time
of 0.40s for heat transfer between airborne debris and the adjacent control volume at-
mospheres. (The heat transfer between settled debris and the heat structure surface
it settles onto is controlled by a separate heat transfer coefficient, controllable through
sensitivity coefficient input.) In a sensitivity study, this airborne debris characteristic
heat transfer time was reduced to 0.05s, 0.1s and 0.23s, and increased to 0.5s and ls. All
other parameters were left unchanged.

Figure 6.2.1 shows pressures in the vessel predicted using several airborne debris
characteristic heat transfer times, together with experimental data for comparison. As
would be expected, the vessel pressurization increases as the airborne debris characteristic
heat transfer time is shortened.

Tables 6.2.1 and 6.2.2 present the amounts of hydrogen generated and burned, respec-
tively, using the various values of airborne debris characteristic heat transfer times. (Test
data estimates of the amounts of hydrogen produced and burned are included for refer-
ence.) There appears to be a trend of decreasing hydrogen production and combustion
with increasing airborne debris characteristic heat transfer time. Again, the occasional
small non-monotonic changes seen in calculated results for some of the tests (for ex-
ample, calculated hydrogen production for IET-1 increasing with smaller characteristic
heat-transfer times to 286gm-moles with 74,=0.4s then dropping to 284gm-moles with
7:=0.25s but then increasing again to 312gm-moles with 7,,=0.1s) are the result of in-
teractions between different initial oxygen inventories, different steam flows and different
interaction rates causing localized steam-starvation and/or oxygen-starvation conditions
to occur at slightly different times in different control volumes.

Figure 6.2.2 gives subcompartment temperatures calculated using several airborne
debris characteristic heat transfer times, together with experimental data. As would
be expected, this variable (together with predicted temperatures in the other control
volumes) is affected most by varying the airborne debris characteristic heat transfer time;
the control volume atmosphere temperatures increase as the airborne debris characteristic
heat transfer time is shortened.
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Table 6.2.1.

Experiment
Datat

[ET-1 233
IET-1IR 248
IET-3 227
IET-4 303
IET-5 319
IET-6 319
1IET-7 274

Hydrogen Generation for the SNL/IET Experiments -~ Airborne Debris

Heat Transfer Characteristic Time Sensitivity Study

0.05s

316/296
302/307
254/380
265/393
274/351
256,382
250/374

Hydrogen Produced (gm-moles)

0.1s

312/292
299/303
262/385
279/400
279/354
268/385
258/378

MELCORY}

Tht=

0.25s

284/264
275/280
241/360
248/368
252/325
249/367
232/353

0.4s

286/266
266,267
232/352
243/361
240/313
236/354
229/351

0.5s

273/252
252/253
217/341
234/353
226/300
220/342
216/337

1s

234/214
214/214
182/311
195/321
189/261
186/311
179/305

tfrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)

Table 6.2.2. Hydrogen Combustion for the SNL/IET Experiments — Airborne Debris
Heat Transfer Characteristic Time Sensitivity Study
Experiment Hydrogen Burned (gm-moles)
Datat MELCOR}
Tht=
0.05s 0.1s 0.25s 0.4s 0.5s 1s

IET-1 3 0/4 0/4 0/4 0/4 0/4 0/4
IET-1R 11 0/28  0/28  0/28  0/28  0/28  0/28
IET-3 190 220/351 227/354 199/322 188/313 174/303 139/273
IET-4 240 241/372 251/376 217/340 209/332 198/322 162/292
IET-5 53 0/95  0/94  0/92  0/91  0/92  0/92
IET-6 345  216/347 218/342 195/319 182/307 167/295 135/268
IET-7 323 242/370 250/374 226/351 223/350 211/337 175/307

ffrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)
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6.3 Airborne Debris Settling Characteristic Time

The reference analyses discussed in Section 4 used a range of user-input characteristic
times for settling of airborne debris from control volume atmospheres onto associated
“foor” heat structure surfaces, with the characteristic settling times generally propor-
tional to the control volume height (0.15s in the cavity, 0.35s in the chute, 0.25s in the
subcompartments and 0.60s in the upper dome). In a sensitivity study, this airborne de-
bris characteristic settling time was set to several fixed values (0.05s, 0.1s, 0.25s, 0.5s and
1s) and set the same in all control volumes. All other parameters were left unchanged.

Vessel pressures predicted using various values of characteristic settling times are
presented in Figure 6.3.1, together with test data. The eflect of increasing the airborne
debris characteristic settling time is to increase the vessel pressures calculated, as would
be expected because it increases the available time for both oxidation and heat transfer
to occur.

Tables 6.3.1 and 6.3.2 summarize the amounts of hydrogen generated and burned,
respectively, with the amount of hydrogen both produced and burned generally increasing
with increasing airborne debris characteristic settling times.

Increasing the airborne debris characteristic settling times has the same effect on
the subcompartment temperatures predicted as on the overall pressurization and both
hydrogen production and combustion, as indicated in Figure 6.3.2. The calculated sub-
compartment temperatures increase with increasing airborne debris characteristic settling
time, due to the longer periods available for heat transfer between airborne debris and
atmosphere to occur in the subcompartments. The diflerence bhetween cases with and
without significant hydrogen combustion also increases with increasing airborne debris
characteristic settling time, because using a long characteristic settling time results in
substantially more hydrogen produced, and consequently more overall pressurization and
heatup due to combustion of hydrogen produced in or convected into the dome.

6.4 Deposited Debris Oxidation Characteristic Time

The reference analyses discussed in Section 4 used a user-input characteristic time
of 600s for oxidation of debris settled onto structures. (Oxidation of airhorne debris is
controlled by a separate characteristic time, as discussed in Section 6.1.) A sensitivity
study was done in which this deposited-debris characteristic oxidation time was reduced
to 10s and 60s, and increased to 1800s, to cover a wide range of magnitudes. All other
parameters were left unchanged.

Figure 6.4.1 shows pressures in the vessel predicted using these various deposited
debris characteristic oxidation times, together with experimental data. There is generally
little effect on either the peak or the long-term pressurization as the deposited debris

characteristic oxidation time is varied.

Tables 6.4.1 and 6.4.2 present the amounts of hydrogen generated and burned, respec-
tively, in these various cascs. Test data estimates of the amounts of hydrogen produced
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Table 6.3.1. Hydrogen Generation for the SNL/IET Experiments — Airborne Debris
Settling Characteristic Time Sensitivity Study

Experiment Hydrogen Produced (gm-moles)
Datat MELCOR}
Tset=
0.05s 0.1s 0.25s 0.5s 1s

1IET-1 233 177/161 221/203 295/275 346/325 390/368
IET-1R 248 163/171 206/210 294/295 328/331 370/371
IET-3 227 139/245 183/293 242/357 288/405 316/435
IET-4 303 151/255 194/306 256/373 305/421 330/449
IET-5 319 146/206 189/256 257/328 294/369 337/413
IET-6 319  144/245 187/300 240/374 293/411 319/437
1IET-7 274 138/242 181/293 244/361 281/401 305/429

tfrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)

Table 6.3.2. Hydrogen Combustion for the SNL/IET Experiments - Airborne Debris
Settling Characteristic Time Sensitivity Study

Experiment Hydrogen Burned (gm-moles)
Datat MELCOR}
Tset=
0.05s 0.1s 0.25s 0.5s Is

IET-1 3 0/4 0/4 0/4 0/4 0/4
IET-1R 11 0/28 0/28 0/28 0/28 0/28
IET-3 190 104/216 138/254 199/320 248/370 279/403
IET-4 240  118/228 162/278 223/343 274/393 303/425
IET-5 53 0/74  0/82  0/88  0/94  0/97
IET-6 345 100/208 139/258 205/323 246/370 267/391
IET-7 323 136/245 176/294 237/360 274/398 298/427

tfrom gas grab bottle samples at 30min
{(actual values at 20s)/ (assuming only steam/metal reactions)
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and burned are included for reference. The total amount of hydrogen generated increases
as the characteristic oxidation time for deposited debris is decreased, as would be ex-
pected, because more hydrogen accumulates late in the transient as the debris settled
and/or deposited onto structures continues to oxidize. There is little effect seen on the
amount of hydrogen burned, however, because the hydrogen combustion primarily occurs
early in the transient, on a time scale of a few seconds or less.

Figure 6.4.2 gives subcompartment temperatures calculated using various deposited
debris characteristic oxidation times, together with experimental data. As with the vessel
pressure shown in Figure 6.4.1, there is generally little effect on either the peak or the
long-term temperature response as the deposited debris characteristic oxidation time is

g
varied.

6.5 Deposited Debris Heat Transfer Coefficient

As noted in Section 3.1, the basecase MELCOR IET experiment analyses were run
with the coefficient for heat transfer from deposited debris to structure surface reduced to
lw/m?-K. This was originally done to avoid temperature iteration convergence problems,
and was not changed when the temperature solution algorithm was improved and made
more robust (as discussed in Section 11). To see what effect this had on our analyses, a
set of calculations were run with that heat transfer coefficient progressively increased to
10w/m?-K, 100w/m?2-K, and 1000w/m?-K (the default value).

Figure 6.5.1 shows pressures in the vessel predicted using the different debris-to-
structure heat transfer coefficients, together with experimental data. There is little dif-
ference visible, especially in the carly-time peak pressures, with the major difference being
slightly higher late-time pressures for larger debris-to-structure heat transfer cocfficients.

Tables 6.5.1 and 6.5.2 present the amounts of hydrogen generated and burned, respec-
tively, in these various cases. Test data estimates of the amounts of hydrogen produced
and burned are included for reference. Again, there is very little difference apparent,
especially for heat transfer coefficient values in the 1-100w/m?-K range, with a slight
increase seen in both hydrogen production and (as a consequence) hydrogen combustion
for the default value of 1000w /m?*-K.

Figure 6.5.2 gives subcompartment temperatures calculated using various debris-to-
structure heat transfer coeflicients, together with experimental data. As found for the
pressure comparison presented in Figure 6.5.1, there is little difference visible, especially
in the early-time peak temperatures, with the major difference being slightly higher late-
time temperatures for larger debris-to-structure heat transfer coeflicients.




Table 6.4.1.

Hydrogen Generation for the SNL/IET Experiments ~ Deposited Debris

Oxidation Characteristic Time Sensitivity Study

Experiment Hydrogen Produced (gm-moles)
Datat MELCOR}
THS —o0x=
10s 60s 600s 1800s

IET-1 233 472/403 354/301 286/266 281/264
IET-1R 248 436/386  332/294 266/267 261/265
IET-3 227 288/479 235/388 232/352 235/351
IET-4 303  288/481 249/396 243/361 246/361
IET-5 319 365/423 250/334 240/313  240/310
IET-6 319  284/479 241/389 236/354 235/350
IET-7 2714 283/474 233/385 229/351  225/344

tfrom gas grab bottle samples at 30min
(actual values at 20s)/ {assuming only steam/metal reactions)

Table 6.4.2. Hydrogen Combustion for the SNL/IET Experiments - Deposited
Debris Oxidation Characteristic Time Sensitivity Study
Experiment Hydrogen Burned (gm-moles)
Datai MELCOR}
THS—ozx=
10s 60s 600s 1800s
IET-1 3 0/4 0/4 0/4 0/4
IET-1R 11 0/28  0/28  0/28 0/28
IET-3 190 199/411 188/348 188/313  190/311
IET-4 240 223/434 210/366 209/332 211/330
IET-5 53 0/130  0/112  0/91 0/89
IET-6 345 191/407 182/341 182/307 180/301
IET-7 323 263/476 225/385 223/350 220/343

tfrom gas grab bottle samples at 30min

{(actual values at 20s)/ (assuming only steam/metal reactions)
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Table 6.5.1. Hydrogen Generation for the SNL/IST Experiments - Deposited Debris
Heat Transfer Coefficient Sensitivity Study

Experiment Hydrogen Produced (gm-moles)
Datat MELCOR}
HTCrp-ns= [
lw/m2-K 10w/m%K 100w/m%-K 1000w/m*K

IET-1 233 28G/266  284/264  287/273 307/294
IET-1R 248 266/267  266/266  266/270 286,/296
IET-3 227 232/352  231/35G  234/351 252/347
IET-4 303 243/361  247/364  248/361 264/353
IET-5 319 240/313  242/313  243/319 260/337
IET-6 319 236/354  237/355  239/353 256/348
IET-7 274 229/351  230/350  230/347 246/342

tfrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)

Table 6.5.2. Hydrogen Combustion for the SNL/IET Fxperiments - Deposited
Debris Heat Transfer Coeflicient Sensitivity Study

Experiment Hydrogen Burned (gm-moles)
Datat MELCOR}
HTCrpr-ns=
lw/m2-K 10w/m%K 100w/m%K 1000w/m%K

IET-1 3 0/4 0/4 0/4 0/4
IET-1R 1 0/28 0/28 0/28 0/28
IET-3 190 188/313  186/310  193/315 220/327
IET-4 240 209/332  211/333  215/333 2357339
IET-5 53 0/91 0/90 0/89 0/88
IET-6 345 182/307  182/307  187/307 211/317
IET-7 323 223/350  224/319  222/344 2:31/339

tfrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)
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7 Other Modelling Studies

[n addition to the sensitivity studies on user-input parameters controlling the initial
debris source and the subsequent debris interaction, respectively, in the new MELCOR
high-pressure melt cjection model in MELCOR, presented in Sections 5 and 6, several
other non-default input modelling changes involving other MELCOR code packages were
required in our TE'T assessment analyses, as already discussed in Section 3.1. This section
presents the studies whose results demonstrate the need for those non-default input
modelling changes.

7.1 Hydrogen Combustion

As described in Section 3.1, in the majority of our TIST analysis calculations, the
burn package was activated. However, burns were suppressed in all control volumes
except the vessel dome; this was based upon the experimental observation that a jet of
hydrogen produced by steam blowdown and debris oxidation burned as it vented from
the subcompartments to the upper dome. The default ignition criterion in the absence
of igniters was set to a hydrogen mole fraction of 0.0, but the combustion completeness
was also set to 0.0; this prevents the burning of any pre-existing hydrogen, but allows
burning of any additional hydrogen generated during the HPMIS. This was hased upon
the experimental observation that the pre-existing hydrogen that burned did not burn on
a time scale that had a significant impact on the peak pressure [15, 16]. This particular
combination ol input was found to produce reasonable agreement with test data in all
Cases.

To evaluate this input selection, sensitivity studies using other possible input settings
were done. Sets of calculations were done with the burn package inactivated; with the
burn package active but all default input used; with the default hydrogen-mole-fraction
ignition criterion in the absence of igniters and the combustion completeness both set to
0.0, but burn allowed in all control volumes; and with the default hydrogen-mole-fraction
ignition criterion in the absence of igniters set to 0.0 but the combustion completeness
cither calculated from the default correlation or set to 1.0 (with burn suppressed in all
control volumes except the vessel dome).

The predicted vessel pressures are presented in Figure 7.1.1 for some of the hydrogen
combustion studies. Tables 7.1.1 and 7.1.2 compare the amounts of hydrogen generated
and burned, respectively, in all these various cases. Subcompartment temperatures corre-
sponding to the pressures shown in Figure 7.1.1 are given in Figure 7.1.2. (Fxperimental
data are included for reference.)

The caleulations done with the burn package inactivated and with the burn package
active but all default input used produced identical results; no hydrogen combustion
occurred even with the burn package activated because the hydrogen and oxygen mole
fraction concentrations precluded ignition.
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Table 7.1.1.

Experiment

IET-1
IET-1R
1IET-3
[ET-1
IET-5
[ET-6
[ET-7

Table 7.1.2.

Experiment

IET-1
IET-1R
IET-3
IET-4
IET-5
1ET-6
IET-7

Hydrogen Generation for the SNL/IET Experiments — Hydrogen
Combustion Sensitivity Study

Hydrogen Produced (gm-moles)

Dataj

MELCORI

no-burn def-burn  burn in dome only burn in dome only burn in all vol
with C'C'=0 with default CC with C'C=0
233 286/266 286/266 286/266 286/266 286/266
248  266/267 266/267 266/267 266/267 266/267
227 233/342 233/342 232/352 232/352 242/350
303 247/351 247/351 243/361 243/361 256/370
319  240/313 240/313 240/313 240/313 240/313
319 238/344 238/344 236/354 236/354 240/351
274 230/336 230/336 229/351 229/351 230/348

ifrom gas grab bottle samples at 30min
t(actual values at 20s)/ (assuming only steam/metal reactions

Hydrogen Combustion for the SNL/IET Experiments ~ Hydrogen
Combustion Sensitivity Study

Hydrogen Burned (gm-moles)

ifrom gas grab bottle samples at 30min
t(actual values at 20s)/ (assuming only steam/metal reactions

Dataj MELCOR:
no-burn def-burn burn in dome only burn in dome only burn in all vol
with C'C'=0 with default CC with CC'=0

3 0/4 0/4 0/4 0/4 0/4

11 0/28 0/28 0/28 0/28 0/28

190 0/126 0/126 188/313 188/313 208/321
240 0/123 0/123 209/332 209/332 232/350

33 0/91 0/91 0/91 0/91 0/91
345  0/126  0/126 182/307 182/307 215/328
323 0/125 0/125 223/350 229/350 239/357

burn in dome only
with CC=1

218/199
200/203
162/291
177/307
172/249
170/300
167/295

burn in dome only
with CC=1

0/4
0/28
158/291
174/307
0/92
350/471
452/567
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The hydrogen combustion behavior predicted using default burn package input is
clearly qualitatively different than observed in these experiments. It was obvious from
the test results that the hydrogen mole fraction ignition criterion had to be reset to ~0,
al least during the DCH period. It appeared from the SNL/IFT-5 test results that the
steam and CO, mole fraction limits for inerting volumes did not need to be changed,
and there was no clear indication from the test data whether the oxygen mole fraction
ignition criterion had to be altered (so it wasn’t).

The results obtained with the combustion completeness set to 0 and with the default
combustion completeness correlation used were identical. This is because in these prob-
lems the LeChatelier formula is simply the hydrogen mole fraction (because z¢o = 0.0)
and, with the hydrogen mole fraction ignition limit reset to 0.0, the LeChatelier formula
al the beginning of the burn (Yaax) is also 0.0, and the default correlation used in
MELCOR gives combustion completeness C'C'=0.0 for Yyax < 0.03746. Note that a
combustion completeness equal to 0.0 does not mean no combustion; instead, it tries to
maintain the mole fractions after the burn to be equal to the mole fractions hefore, so that
new hydrogen introduced during a time step, either by oxidation or by advection, will
be burned but pre-existing hydrogen will remain present and generally unreacted. This
agrees much better with experimental data than the results obtained using a combus-
tion completeness of 1.0, which produces much higher vessel pressurization and hydrogen
combustion in the tests with pre-existing hydrogen than observed in the experiments.

7.2 Heat Transfer to Structures

As discussed in Section 3.1, most of our calculations were run with control volume
flow arcas reduced by factors of >10 from their default values, to enhance convective heat
transfer from the control volume atmospheres o the heat structure surfaces. (Recall that
the control volume flow area is used only to calculate the velocities used in convective
heat transfer correlations, and thus decreasing the volume flow area is a simple and direct
way of multiplying volume flow velocities; these studies did not change flow path arcas
or velocities.) This was done for two reasons:

Ilirst, the flow through the system in these calculations was primarily that associated
with the steam blowdown only, flowing from the steam accumulator through the cav-
ity and chute volumes to the subcompartments and then to the dome. The MELCOR
FDI/HPME/DCI model does not model transport of debris between and through vol-
umes but instead deposits the debris directly at its ultimate destination, using the same
time-dependent deposition in all volumes regardless of their distance from the debris
source. In reality, the melt reaches the subcompartments later than the cavity, and the
dome later than the subcompartments. Thus, instead of debris being transported into an
“upstream” volume (e.g., the cavity or the subcompartments) with the blowdown steam
and the resultant additional heating adding to the driving force pushing flow further
“downstream” (e.g., from the cavily to the chute or the subcompartments to the dome),
the MELCOR logic does not represent this additional flow driving force and in contrast
has debris appearing “upstream” and heating the atmosphere in upstream volumes, if

90



anything contributing a retarding force to the expected flow. Thus the only flows gen-
erated in these MELCOR: analyses were those associated with the steam accumulator
blowdown, a relatively benign event compared to high-pressure melt ejection with hot
debris mixed with the blowdown steam (as can be seen from the relative contributions
to vessel pressurization given in Table 4.4).

Decreasing volume flow arcas results in increased volume velocities more characteris-
tic of the turbulent conditions that might be expected during HPME, and the associated
turbulent forced convection heat transfer to strnctures. For the subcompartment control
volume, in particular, it also reflects the fact that there is not a single, large, open sub-
compartment volume in the Surtsey facility but instead a collection of subcompartiments,
cach with smaller volume and internal flow arca and with smaller-area openings connect.-
ing the subcompartments to each other and to the dume. Thus, a (default) volume flow
arca of >4.5m? obtained using the subcompartment volume of 4.65m* and a height of
>1m may not be indicative of the actual velocities in the subcompartments.

[n addition, the MELCOR FDI/HPMIS/DCH model does not account for any radi-
ation directly from airborne debris to surrounding structures (or from deposited debris
directly to atmosphere). There is little or no calculated atmosphere-structure radiation
heat transfer early in these transients (except in IET-5), because MELCOR only con-
siders radiation heat transfer for steam and/or CO, in atmospheres. In 1FT-5, some
atmosphere-structure radiation heat transfer is calculated because of the large amount
of CO2 used to inert the system; however, in most of the experiment simulations there
is very little steam present early in the transient, because any blowdown steam is con-
sumed in debris oxidation soon after arrival, and very little COg present at all. The
lack of steam and/or CO, in the atmosphere would if anything enhance radiation heat,
transfer from airborne debris to structures because there would he little absorption in the
intervening atmosphere. Because there is no way in MELCOR to model this effect, too
much energy may be deposited in the atmosphere by the airborne debris; because there
is no convenient way to enhance atmosphere-structure radiation heat transfer in general,
we relied on increasing convective heat transfer instead to help remove that energy.

Figure 7.2.1 presents the heat transfer coefficients calculated for the subcompartment
wall structure inner surface by MELCOR, with no adjustment to volume flow arcas or to
overall heat transfer; this heat transfer coeflicient sums both the convective and radiative
terms. During the first second, the heat transfer cocfficient is in the ~5-25w/m?-K range
(except for 1KT-5) and (except for 1ET-5) is due primarily to convective heat transfer.
The larger heat transfer coefficients in HST-5 and after ~1s for the other test simulations
(when steam is no longer being consumed in debris oxidation and a significant steam mole
fraction appears) are due to the addition of a radiation term equivalent to <H0w/m?K,
which then drops in magnitude as the almosphere temperature drops.

The radiation heat transfer coefficient for an emissivity of 0.8 and a wall tempera-
ture of 300K was estimated [31] to be ~65w/m?*-K for an atmosphere temperature of
1000 and ~425w/m?-K for an atmosphere at 2000K, in reasonable agreement with the
MELCOR value given the effect of gas components other than steam and ('O, present.
However, spread sheet calculations [34] suggest that forced convection heat transfer co-
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efficients should be in the ~50-125w/m?-K range for conditions characteristic of the
subcompartments in the SNL/IET experiments near the time of peak temperature and
pressure. This is significantly higher than the convective heat transfer coeflicients cal-
culated in MELCOR. with no volume flow area or characteristic velocity adjustment.
(Similarly, the convective heat transfer coefficient given by MELCOR for the cavity and
chute is in the 20-250w/m*-K range, while spread sheet calculations [34] suggest that
forced convection heat transfer coefficients should be in the ~6000-1500w/m?-K range
for conditions characteristic of the cavity in the SNL/IET experiments near the time of
peak temperature and pressure.)

Other hand calculations [35] showed that the effective heat transfer coefficient for
direct radiation from airborne debris in the subcompartments to the structure walls (an
effect not modelled by MELCOR) could be of the order 0.2/ Ry, where Ry is the debris
particle radius. This assumes a debris temperature of 2300K, a wall temperature of 300K,
and an emissivity of 1, and also assumes that the airborne debris particles occupy negli-
gible volume so that the radiation view factor from the airborne debris to the walls is ~1.
Posttest sieve analysis of debris recovered from outside the subcompartment structures
in SNL/TET-6 [15] shows diameters ranging from 0.05mm to 10mm; for 10mm-diameter
debris particles, the effective heat transfer coefficient for radiation to structures would
be ~20w/m?-K, while for 0.lmm-diameter debris particles, the effective heat transfer
coeflicient for radiation to structures would be ~2,000w/m?-K. This could therefore be
a significant heat transfer mechanism, early in the transient. Because there is no way in
MELCOR to model this effect, too much energy may be deposited in the atimosphere by
the airborne debris; because there is no convenient way to enhance atmosphere-structure
radiation heat transfer in general, we relied on increasing convective heat transfer instead
to help remove that energy.

To evaluate the effect of heat transfer to the structures, a set of sensitivity calcu-
lations were done with the default volume flow areas and with the volume flow arcas
progressively reduced by factors of 10, 100 and 1000. Figure 7.2.2 presents the resulting
atmosphere-to-structure heat transfer coeflicients for the subcompartments. Note that,
while decreasing the volume flow arca by a given factor increases the volume velocity by
that same factor, the heat transfer coefficient does not change by the same factor, both
because changing the velocity can change the heat transfer mode and hence the correla-
tion used and because most of the correlations depend on the velocity to a power (v038
for turbulent forced convection, v9® for laminar forced convection and vP33 or v925 for
natural convection). Thus, increasing defavlt volume areas by 10 increased subcompart-
ment atmosphere-to-structure convective heat transfer coefficients by <10 but increasing
default volume areas by 100 only increased convective heat transfer cocfficients by ~50
and increasing increasing default volume areas by 1000 only increased convective heat
transfer coeflicients by ~250.

Resulting predicted vessel pressures with the default volume flow areas and with
the volume flow arcas progressively reduced by factors of 10, 100 and 1000 are shown
in Figure 7.2.3, together with the test data. The effect of increasing volume velocities
and therefore increasing overall heat transfer to structures is to reduce the overall vessel
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pressurization calculated.

Tables 7.2.1 and 7.2.2 compare the amounts of hydrogen generated and burned, re-
spectively, in these various cases. While the trend is not as stroug as that seen in the
vessel pressure responses, slightly more hydrogen generation is calculated as the heat
transfer to structures is increased in most cases; the hydrogen combustion varies as the
hydrogen production, so increasing production tends to increase combustion also.

The volume areas and velocities have a very strong effect on the temperatures pre-
dicted, as illustrated in FFigure 7.2.4 {or the subcompartments. The calculated tempera-
tures are much higher than measured using the default volume flow areas and velocities or
using volume flow areas and velocities decreased and increased by an order of magnitude,
respectively; incereasing the volume velocities (reducing the default volume flow areas) by
1000 produces significantly lower temperatures than measured in the subcompartments.
These changes in atmosphere temperatures are a direct result of changing heat transfer
from atmosphere to structures, as would be expected.

7.3 Recirculation Flow

The input model in our MELCOR analyses provided flow paths for straight-through
flow from the steam accumulator to the cavity and chute through the (lumped-together)
subcompartments to the vessel dome, and also for recirculation from the upper dome to
the subcompartments. That “recirculation” flow path was provided to allow for the fact
that in the actual facility a number of openings exist between the various subcompart-
ments and the vessel dome, with the potential of inflow in some openings and outflow
in others. The are*a of that recirculation flow path was set to 10% of the arca of the
straight-through flow path from the subcompartments to the dome. Sensitivity studies
were done with that recirculation flow path area increased and decreased by a factor of
10 (2.c., set equal to the area of the straight-through flow path from the subcompart-
ments to the dome, and set to [% of the arca of the straight-through flow path from the
subcompartments to the dome), and also simply set to zero.

IFigure 7.3.1 shows pressures in the vessel predicted using various recirculation flow
path arcas (including a zero-arca case), together with test data. There are visible quali-
tative and quantitative differences in predicted vessel pressurization both for less and for
more -ecirculation flow than assumed in our basccase, reference analyses.

The vessel pressurization caleulated is slightly lower as the recirculation flow is re-
duced to zero. The direct containment heating in these experiments is primarily driven
by debris oxidation in the subcompartments. Because the oxidation rate in the subeom-
partments is steam- and oxygen-limited, varying the recirculation flow varies the amount,
ol oxygen swept into the subcompartments from the large reservoir in the dome, and thus
affects the oxidation rate. In addition, varying the recirculation flow affects the rates at
which the rapidly-heated subcompartment atmosphere is mixed with the much cooler,
much larger atmosphere in the dome.
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Table 7.2.1.

Table 7.2.2.

Hydrogen Generation for the SNL/HIT xperiments

Transfer Sensitivity Study

Iixperiment

15T-1
IET-1R
IT-3
15T-4
1T
[ET-6
15F-7

<N

Hydrogen Combustion for the SNL/IEST Experiments

Datat

233
248
227
303
319
319
274

Hydrogen Produced (gm-moles)

Def

285269
263/271
229/340
241/354
236/313
232/356
221/342

MELCORY
Avor=

0.1xDef 0.01xDef
281/268 285 /263
265/273  264/20 1
231/344  225/349
27/359  242/361
239/313  240/314
282/344  234/352
225337 225343

tfrom gas grab bottle samples at 30min
factual values at 20s)/ (assuming only steam/metal reactions)

Transfer Sensitivity Study

\ .
[ixperiment

1111
IET-1R
1r-3
1T-4
1E'T-5
[ET-6
IET-7

Datat

3
bl
190
240
H3
345
323

Hydrogen Burned (gm-moles)

Def

0/4
0/28
205/320
223/339
0/93
199/318
227/349

MELCORY
Avor=
0.1xDef 0.01xDefl
0/4 0/4
0/28 0/28
203/321  189/314
225/341  210/333
0/92 0/92
197/314  181/305
226/341  219/343

ffrom gas grab bottle samples at 30min
factual values at 20s)/ (assuming only steam/metal reactions)
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Increasing the recirculation flow does not appear to affect the peak vessel pressure
very much, but there is a much more rapid depressurization after <2s for the large recir-
culation flow, qualitatively unlike both the test data and the reference analysis results.
The rapid depressurization occurs because varying the recirculation flow affects the vol-
ume velocities used to calculate heat transfer coefficients. IFigure 7.3.2 compares the
flows rates into (“straight-through”) and out of (“recirculation”) the dome and the dome
inside surface heal transfer coefficients calculated for the reference analyses and for the
sensitivity study increasing the recirculation flow area. The flows are nearly stagnant
in the reference analyses after about 2s, while significant flows persist in the sensitivity
study increasing the recirculation flow area throughout most of the transient period con-
sidered; the heat transfer coefficients in the reference analyses drop by about an order
of magnitude after about 2s, to <25w/m?-K, while the dome inside surface heat trans-
ler coeflicients calculated for the sensitivity study increasing the recirculation flow arca
remain >100w/m?-K throughout most of the transient period considered. Thus the ves-
sel atmosphere loses substantially more energy to the walls more quickly after the first
few seconds of the HPMIS transient in the sensitivity study calculation increasing the
recirculation flow area.

Tables 7.3.1 and 7.3.2 present the amounts of hydrogen generated and burned, respec-
tively, in these various cases. Test data estimates of the amounts of hydrogen produced
and burned are included for reference. While there is no systematic variation in hydrogen
production as the recirculation flow area is increased, there is a significant difference in
the amount of hydrogen combustion calculated for the two sets of calculations with little
or no recirculation, compared to the hydrogen combustion calculated in the two sets of
calculations with basecase or more recirculation; this is because increased recirculation
flow draws more hydrogen from the subcompartments where it was generated to the
dome where oxygen is available for reaction and where combustion is permitted to occur.

Figure 7.3.3 gives subcompartment temperatures calculated using various recircula-
tion flow areas and flow rates, together with experimental data. While there is not much
change in the magnitude of the peak subcompartiment temperatures being calculated,
there is a much broader temperature peak in the cases with little or no recirculation flow
assumed, probably due to reduced mixing of the hotter subcompartment atmosphere
with the cooler dome atmosphere.

100




MELCOR Assessment: SNL IET Tests MELCOR Assessmeni: SNL [ET Tests
v L L L)

v L L] L LJ v 275 L] Al v T L] LA v L4 L) LA
65 —8— ET-1 (Recire) —&— ET-1 (MELCOR)
—e— ET-R (Recirc) | 250 —e— ET-R (MELCOR) [
> et ET1-3 (Rockc) 235 ks ET-3 (MELCOR)
& 55 —— ET-4 (Recirc) | g ET-4 (MELCOR)
= me—deme [ET-5 (Rockc) [ —~ 200 webore £T~5 (MELCOR) H
2 45 —— 16 (Rookc)  J] :.‘ ——w— ET-6 (MELCOR)
2 i ET-7 (Recire) E 175 —— ET-7 (MELCOR) |
£ o= ET-1 (Through) [ >
3 15 ~eg-e= ET-R (Through) H o 150
£ o= K1-3 (Theougn) | 5
° wemlrom ET-4 (Through) ] 125
8 25 aemdim ET-5 (Through) H 2 oo
5 armwim E1-6 (Through) [ °
t s e AU | I S
[
3 1 50
L -4
J 25
0

[1} 4 8 12 16 20
Time (s) Time (s)
SNL Surtsey IET Tests —— SUN reference results SNL Surtsey IET Tests —— SUN reference resulls
FKDJDIFNN  6/11/93 09:37:23 MELCOR SUN FKDJOIFNN  6/11/93 09:37:23 MELCOR SUN
MELCOR Assessmeni: SNL IET Tests MELCOR Assessment: SNL IET Tesis
L L LS LR L A — 7 ¥ ¥ v L] v L L] Ll A ¥ LI ¥
65 = ET-1 (Rectrc) M 350 ——a— ET-1 (MELCOR) M
~—o— ET-R (Recirc) [ —o— KET-IR (MELCOR) ||
w b ET-3 (Reclrc) —a— KET-3 (MELCOR)
v S —a ET1-4 (Recirc) KT 300 —p— ET-4 (uLC0R) |
= ammm— ET-5 (Reckc) 4 — ——t—— ET-5 (MELCOR) B
g s —— E1-6 (Rockc) §| :.‘ 250 ——w— ET-6 (MELCOR)
e et [ET-7 (Recirc) [ e £T-7 (MELCOR)
% ace= ET-1 (Through) | 2
-4 35 ~o=0-:= ET-R (Through) I+ o 200 <
£ memtmem ET-3 (Theough) { ] & i
° ~owline= ET-4 (Through) =
8 25 ~emtmem ET-5 (Through) K1 £ 150 .
E mompmen ET-6 (Through) T g -
2 s === K1-7 (Theough) | 2 100 4
3]
o o
é ey, TN 7
5 < 50 -
- -
-5 A N 0 A A
0 4 8 12 16 20 0 4 8 12 16 20
Time (s) Time (s)
SNL Surtsey IET Tests ~- 10 x Base recirc SNL Surisey IET Yests -- 10 x Base recirc
EZDLEIONM 5/26/93 11:48:49 MELCOR IBM-RISC FLDBBSUNN 6/12/93  01:19:25 MELCOR SUN

Figure 7.3.2.  I'lows into and out of the Vessel Dome (left) and Dome luside Surface
Heat Transfer Cocflicients for SNL/IT Experiments for Basecase
(top) and 10 x Basecase (hottom)  Recirculation Flow Sensitivity
Study '

101



Table 7.3.1. Hydrogen Generation for the SNL/IET Experiments - Recirculation

Flow Sensitivity Study

Table 7.3.2.

xperiment Hydrogen Produced (gm-moles)
Datat MELCOR}
(x Basecase)
0 (none) 0.1 1 10

[T-1 233 282/200 282/208 286/266 288/277
IET-1R 248 263/180  262/197  266/267  267/281
[ET-3 227 242/170  240/182 232/352 210/386
[ET-4 303 253/180 254/195 243/361 220/396
TET-5 319 246/210 244/226 240/313 235/344
[ET-6 319 244/166  243/179 236/354  208/395
IET-7 274 236/156  237/223 229/351  207/395

tfrom gas grab bottle samples at 30min

f(actual values at 20s)/ (assuming only steam/metal reactions)

Hydrogen Combustion for the SNL/IET Experiments
I'low Sensitivity Study

Recirculation

Experiment Hydrogen Burned (gm-moles)

Datat MELCORY
(x Basecase)
0 (none) 0.1 1 10
[5T-1 3 0/4 0/4 0/4 0/4
[ET-1R [ 0/28  0/28  0/28 0/
5T-3 190 113/170  119/182 188/313  208/384
[5T-4 240 129/179  137/194 209/332 218/394
IET-5 53 0/56  0/61  0/9L  0/122
I5T-6 345 110/159 117/171 218/307  202/388
1E'T-7 323 111/164  118/175 223/350  209/396

ffrom gas grab bottle samples at 30min

{(actual values at 20s)/ (assuming only steam/metal reactions)
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8 Scaling Sensitivity Study

Several counterpart tests to the SNL/IET direct containment heating experiments
done at Sandia in the 1:10 linear scale Surtsey facility were performed at ANL in the
1:40 linecar scale COREXIT facility, in an experimental program to investigate the effects
of scale on DCH phenomena. The ANL facility and test program is described in Sec-
tion 2.2, Tests ANL/IET-1RR, ANL/TIT-3 avd ANL/TET-6 were counterpart tests to
the SNL/HET-1, SNL/IET-1R, SNL/IET-3 and SNL/IET-6 Surtsey experiments. (We
did not consider the carly counterpart tests, ANL/IET-1 and ANL/IET-1R, because of
problems in the experimental procedure affecting steam/debris blowdown timing.)

Our analysis of the ANL/IET experimeints was complicated by several factors. As
discussed brieily in Section 3.2, there was not enough facility information and drawings
available in the ANL letter reports [18-24] to develop a MELCOR input model for the
COREXIT facility IINT configuration; we often had to simply assume the Surtsey input
model numbers scaled directly to the ANL test facility. Also, some of the copies we had
of the letter reports describing the tests and results [18-24] were incomplete, with both
figures and pages of text occasionally missing, and those letter reports generally contained
very little analysis of the test results. For example, while there was some discussion about
the overscaled mell mass being used in ANL/IET-1RR and ANL/IET-3 to compensate
for expected melt retention in the melt generator/crucible, we found no discussion on
why the smaller melt mass was used for ANL/IET-6 and on what effect this change
would have on comparison of results. Further, we have found little or no documented
analysis comparing the counterpart test hehavior at the two different facilities and scales,
identifying and discussing similarities and differences, although we would have expected
this to be an important and high-priority result of the test program.

We did find a limited discussion of the scaling and reproducibility of the SNL/IET-1
and SNL/TET-1R test set done in the Surtsey vessel and the ANL/IET-T1R and ANL/I1VT-
IRR test set done at Argonne [36]. However, that scaling analysis seemed overly com-
plicated, with different time and pressure scale factors used for each individual experi-
ment (rather than for each experiment set), and did not address the issue of hydrogen-
combustion scaling in the other counterpart tests (1KT-3 and 1IF1-6) at all. We therefore
performed our own, limited review of the facility data scalability in order to complete
this required part of this MELCOR assessment task.

8.1 Facility and Data Scaling Background Discussion

Table 8.1.1 compares some of the facility parameters and the degree to which scaling
was prescerved. ‘['he numbers in the SNL and ANL facility columns come either from the
published data reports [10-24] or in a few cases from [36]. The scaling comparison done
in this table is only between the two facilities; the degree to which either facility correctly
scaled actual plant conditions is not considered here. Only large discrepancies in scaling
are noted; we considered differences <5-10% negligible. (Note that the 1:10-scale and
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1:40-scale descriptors usually used for these facilities are approximate. An exact scaling
factor of 3.922 was used in the comparisons in this table.)

This comparison identifies several scaling concerns:

I. The melt mass in the ecarlier ANL tests (ANL/IET-1RR and ANL/IET-3) was

significantly overscaled.

2. The blowdown steam source was significantly overscaled in volume and, for similar
steam pressures and temperatures, therefore significantly overscaled in mass and
energy.

3. Although the downstream volumes into which the steam was blowing down were
correctly scaled, the ANL vessel aspect ratio (~H) was significantly greater than
the Surtsey vessel aspect ratio (~ 3).

Figure 8.1.1 shows the steam accumulator blowdown measured for four of the SNL
tests (SNL/IET-1, SNL/IET-1R, SNL/TET-3 and SNL/IIET-6), together with the steam
accumtulator blowdown measured for three of the ANL counterpart tests (ANL/TET-1RR,
ANL/IET-3 and ANL/TET-6); we did not consider either the ANL/1ST-1 or ANL/IET-
IR experiments as successful counterpart tests. In this figure, the times for the 1:10-scale
Surtsey tests have been multiplied by 1/4 to correspond to the 1:40-scale ANL tests, a
factor equivalent to assuming that velocities were kept constant in the two facilities. The
crossplot results indicate that this simple scaling works quite well (at least as well as
the more complicated scaling used in [36]), with test-to-test variations in cach facility at
least as large as facility-to-lacility variations.

The corresponding measured vessel pressures (with the times in the SNL test results
scaled by the same 1/4 multiplier) are presented in Figure 8.1.2. While the results qual-
itatively scale, with greater pressurization in cases with hydrogen combustion, there are
a number of quantitative discrepancies. The first thing to note in both Figure 8.1.2 and
in comparing peak vessel pressures given in Tables 2.1.4 and 2.2.4 is that the maximum
pressure rise due to DCI in the smaller-scale ANL facility is significantly (~50%) greater
than the maximum pressurization due to DCIH observed in the tests done in Surtsey. This
is probably partially due to the relatively larger steam blowdown source and melt mass
in ANL/IET-1RR compared to SNL/IET-1 and SNL/IET-1R, but the difference is so
large that it also indicates that DCI energy-transfer efficiency was greater at the smaller
scale. The second thing to note is that the pressurization due to hydrogen combustion
1s significantly less in the smaller-scale ANL facility than observed in the tests done in
Surtsey, especially given the greater pressurization due to DCH. The third thing to note
is that there is a much greater difference between the early-time peak vessel pressur-
ization in the ANL 1:40-scale tests with and without pre-existing hydrogen than in the
counterpart SNL 1:10-scale tests, especially given the ~15% decrease in melt mass from

ANL/IET-3 to ANL/IET-6.

Tables 8.1.2 and 8.1.3 summarize the hydrogen production and combustion data from
these counterpart tests (with the SNL test results scaled by a 1/4% multiplier). Again,
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Table 8.1.1. Facility Scaling for the SNL and ANL IET Experiments

Parameter
Parameter

SNL
(1:10 scale)

Thermite (kg) 43.0
Thermite (kg) 43.0
Steam Accumulator Volume (m?) 0.30
Cavity /Chute Volume (m?) 0.245
Cavity /Chute Length (m) 2.4

Cavity Water (kg) 3.48
Subcompartment Volume (m?) 4.65
Subcompartment Height (m) 1.52
Dome Volume (m?) 85.15
Vessel Total Volume (m?) 89.8
Vessel Height (m) 9.9

Vessel Diameter (m) 3.38
Vessel Area (m?) 9.0

ANL
(1:40 scale)

0.8201
0.713

0.006

0.004
0.61
0.055

0.077
0.39

1.43

1.51
3.4
0.76
0.454

8“4+ if ANL facility /test overscale

{or IET-6
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in Scaling §

+15%

+20%

+35%
-12%
-23%
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while the results qualitatively scale, with more hydrogen production and combustion in
the case with pre-existing hydrogen, there are a number of quantitative discrepancies.
In particular, the hydrogen production in both ANL/IET-IRR and in ANL/IET-6 is
5% less than the corresponding scaled SNL/IIST hydrogen production, but the hydrogen
production in ANL/IIT-3 is ~25% more than the corresponding scaled SNL/IET-3 hy-
drogen production. The small number of data points and the lack of a clear trend make
it impossible to decide how much of the difference is due to scaling effects and how much
simply to experimental uncertainties and test-to-test variations. Qualitatively, the data
from the smaller-scale ANL facility shows slightly less variation in the amount of hydro-
gen produced in the various tests, and always has less hydrogen burned than produced
(although there are very few data points), while the SNL data shows some pre-existing
hydrogen must have burned in IET-6.

The hydrogen data somewhat contradict the vessel pressurization data given in Fig-
ure 8.1.2, because there was relatively more difference in pressurization between ANL/1ET-
3 and ANL/IET-6 than between SNL/IET-3 and SNL/TET-6, but with significantly less
difference in both hydrogen production and combustion; this suggests the existence of
differences in time scales for oxidation, combustion and heat transfer at the different size
scales.

Our MELCOR assessment analyses for these 1:40-scale ANL/IFT experiments were
done in several steps, concentrating on the scaling of the phenomena. First, the ANL
facility geometry and test conditions were modelled (and/or scaled) as discussed in Sec-
tion 3.2, with no change in the characteristic interaction times input to the MELCOR
FDI HPME model. Those characteristic interaction times were then scaled also, in an-
other set of calculations. [Minally, the other non-standard MELCOR input used for the
Surtsey 1:10-scale SNL/TET experiment analyses (i.e., hydrogen combustion parameters,
volume flow areas and velocities used to determine heat transfer correlations, and recircu-
lation from the dome to the subcompartments) were varied and the impact on calculated
results evaluated.

8.2 Scaling Facility Geometry and Test Conditions

In the first set of calculations done, the ANL facility gecometry and test conditions
were modelled (and/or scaled) as discussed in Section 3.2, with no change in the char-
acteristic interaction times input to the MELCOR DI HPME model. Volumes and
heights, and the blowdown flow arca, were taken from the test data reports whenever
possible; otherwise, the input values used for the SNL/IKT analyses were simply ad-
justed as appropriate by the difference in scale factor between the two facilities. The
debris amount and distribution were taken from the test data reports, as well as the
initial steam and atmosphere conditions; the times in the steain blowdown valve opening
and the debris injection timing were both scaled by 1/4 from the values used for our
SNL/IT reference analyses.

Resulting predicted vessel pressures for the smaller-scale ANIL tests are shown in
Figure 8.2.1, together with the test data. The corresponding calculated results and
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Table 8.1.2. Scaled, Measured Hydrogen Generation for SNI. and ANL Counterpart
IET Lxperiments — Scaling Study

Experiment Hydrogen Produced (gm-moles)
SNL Data ANL Data SNL Data
(Scaled to ANL)

[KT-1 233 3.7
IET-1R 248 4.2
IET-1RR 4.0

IET-3 227 4.65 3.7
[iiT-6 319 4.89 5.1

Table 8.1.3. Scaled, Measured Hydrogen Combustion for SNL and ANL Counterpart
IET Experiments - Scaling Study

Iixperiment Hydrogen Burned (gm-moles)
SNL Data ANL Data SNL Data
(Scaled to ANL)

IET-1,1RR 3 0.04
[IET-1R 11 0.2
IET-1RR

[ET-3 190 3.50 3.1

IET-6 345 4.22 5.6
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test data for the larger-scale counterpart SNL experiments are also included for com-
parison, both with the time scaled by 1/4. The peak pressurization predicted in this
case for ANL/IET-1RR is very similar (~100kPa) to that predicted for SNL/IT-1 and
SNL/IET-IR, significantly less than the ~150kPa measured, and the rise time is rela-
tively slower in the ANL/IET-1RR simulation than in the SNL/TST-1 and SNL/HET- 1R
calculations, while the data shows the same time dependence with this time scaling. In
contrast, the peak pressurization predicted scaling only geometry for ANL/IT-3 and
ANL/IET-6 is significantly higher (~300kPa) both than that measured (200-250kPa)
and than that predicted and measiured for SNL/TET-3 and SNL/ST-6 (~250kPa); how-
ever, the caleulated pressure rise times again are relatively slower in the ANL/TT-3
and ANL/IIT-6 simulations than in the corresponding SNL/IET calealations or the test
data.

8.3 Scaling Characteristic Interaction Times

There is no reason to expect to mateh the ANL 1:40-scale test results only by scaling
the Surtsey facility geometry and using the ANL test conditions. It seems intuitively
obvious that the characteristic interaction time for airborne debris settling should be
scaled as the height of the volume. Therefore, a set of ANL/IET caleulations were done
with the characteristic settling times for airborne debris reduced by 1/4 in cach volume.
However, it is not intuitively obvious whether the characteristic interaction times for
oxidation of airborne or deposited debris, or for heat transfer from airborne debris to
atmosphere, should be scaled or not. In more sets of calculations, we scaled the various
characteristic interaction times also by 1/1, both individually and in combination, in
addition to scaling the characteristic settling times.

Figure 8.3.1 gives predicted vessel pressures for the smaller-scale ANL tests, calenlated
using settling characteristic times reduced by the length scale factor, together with the
test data and the corresponding time-scaled calculated results and test data for the larger-
scale counterpart SNL experiments for comparison. The peak pressurization predicted in
this case for all three ANL/IET experiment simulations is significantly less than either
test data or the SNL/IFT calenlated resnlts, and (asin the case shown in Figure 8.2.1) the
caleulated pressure rise times again are relatively slower inall three ANL/IT simulations
than in the corresponding SNL/IET calculations or the test data.

These results indicate that the other characteristic interaction times (for oxidation of
airborne or deposited debris, and for heat transfer from airborne debris to atmosphere)
probably should be scaled also, becanse these results indicate that more rapid oxidation
cnergy release and transfer to atimosphere is required to matceh the ANL test data. Further
calculations were done with the airborne-debris oxidation and heat transfor characteristic
times individually scaled by 1/4 (with the settling characteristic time also scaled), and
with all the characteristic times scaled.

Vessel pressures for the smaller-scale ANL tests predicted using hoth oxidation and
settling characteristic times reduced by the length scale factor, are depicted in Fig-
ure 8.3.2, again with the test data and the corresponding time-scaled calculated results
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and test data for the larger-scale counterpart SN experiments for comparison. T'here
is no change in peak pressurization predicted in this case for ANL/IET-TRR and only a
small increase in peak pressurization predicted for ANL/IET-3 and ANI/TET-6, compared
to the results obtained using only a scaled settling characteristic time (Figure 8.3.1).

Figure 8.3.3 gives predicted vessel pressures for the smaller-scale ANL tests, calcu-
lated using both airborne-debris heat transfer and settling characteristic times reduced
by the length scale factor, with the test data and the corresponding time: caled caleu-
lated results and test data for the larger-scale counterpart SNL experiments included for
comparison. The peak pressurization predicted in this case for all three ANL/IST ex-
periment simulations is significantly higher than for the cases illustrated in Figure 8.3.1,
and is in good agreement with the peak pressurization calculated for the counterpart
SNL tests; the rise time in this case for all three ANL/IET experiment simulations also
is in very good agreement with corresponding results caleulated for the counterpart SNIL
tests. Because of the differences in the experimental behavior discussed in Section 8.1,
although the results for the ANL/HIT experiment simulations now agree quite well with
the scaled SNL/TET results, the predicted peak pressure for ANL/IET-1RR (~100kPa)
is still significantly less than that measured (~150kPa), while the predicted peak pressure
for ANL/IET-3 (~250kPa) is significantly higher than that measured (~200kPa).

Vessel pressures for the smaller-scale ANL tests predicted using all characteristic times
(for airborne- and deposited-debris oxidation, and airborne-debris settling and heat trans-
fer to atmosphere) reduced by the length scale factor are shown in Figure 8.3.4, again
with the test data and the corresponding time-scaled calculated results and test data
for the larger-scale counterpart SNL experiments for comparison. There is no change in
peak pressurization predicted in this case for ANL/IET-TRR and only a small increase in
peak pressurization predicted for ANL/HST-3 and ANVIET-6, compared to the results
obtained using only scaled heat transfer and settling characteristic times (Figure 8.3.3),
very similar to the small difference found between results obtained using only scaled
settling characteristic times (Figure 8.3.1) and using scaled oxidation and settling char-
acteristic times (Figure 8.3.2), verifying that the vessel pressurization results are much
more sensitive to the settling and heat transfer characteristic interaction times than to
either the airborne- or deposited-debris oxidation characteristic interaction times.

Tables 8.3.1 and 8.3.2 compare the amounts of hydrogen generated and burned, ve-
spectively, in the ANL small-scale test simulations for all the scaling cases considered so
far. There are a number of disagreements between caleulation and data, both qualitative
and qguantitative, in all cases. The small number of data points and the uncertainty
associated with the methods of estimating hydrogen production and combustion from
late-time gas grab bottle samples, however, preclude any definitive judgements on the
significance of the differences seen.

The test data shows more hydrogen production in ANL/IET-3 than in ANL/IIT-
IRR, and more hydrogen production in ANL/IT-6 than in ANL/HET-3: the calculations
consistently show more hydrogen production in ANL/IET-1RR than in ANL/HST-3 or
ANL/TYT-6. The same trend can be found in the MELCOR simulations of the larger-
scale SNL tests: the test data indicate more hydrogen produciion in SNL/HST-4 through
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Table 8.3.1. lHydrogen Generation for the ANL/IET Experiments - Scaling Facility
Geometry and Test Conditions, and Characteristic Interaction Times

Experiment Hydrogen Produced (gm-moles)
Datat MELCORY
scaled geom and
tser Tser/Tox  Tser/thr allTs
1ET-1RR 4.0 6.43/6.30 4.59/4.52  4.57/4.51  6.00/5.88  6.55/6.33
1E'T-3 4.65  5.63/7.53 3.35/5.05 3.49/5.69 4.81/6.24  5.00/7.04
[KT-6 4.89  5.39/7.16  3.30/5.08 3.55/5.59  4.47/6.01 5.01/6.90

ffrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)

Table 8.3.2. Hydrogen Combustion for the ANL/IIT Experiments  Scaling Facility
Geometry and Test Conditions, and Characteristic Interaction Times

Experiment Iydrogen Burned (gm-moles)
Datat MELCOR{
scaled geom and
TSET tser/Tox  Tser/Tnr  all Ts
IET-1RR 0/0.26  0/0.26 0/0.26 0/0.26 0/0.26
IT-3 350 4.50/6.52  2.14/3.96  2.32/1.63 3.72/5.26  3.84/6.02
[T-6 422 4.39/6.24  2.09/3.97  2.30/4.43 3.33/4.96  3.61/5.63

tfrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)
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SNL/IET-7 than in SNL/IET-1 and SNL/IET-IR, while the calculations consistently
show more hydrogen production in SNL/IINT-1 and SNL/IET-1R than in the later tests.
(The difference is not simply due to hydrogen combustion differences, because the com-
parisons for SNL/IET-3 and SNL/IET-5 do not fit such a simple trend.) Also, the test
data show more hydrogen burned in ANL/TIET-6 than in ANL/IET-3, while the calcula-
tions consistently show the opposite, although the difference is quite small, and could be
due to slow, late-time combustion of hydrogen; similar comparisons for the larger-scale
SNL tests and analyses show a similar trend comparing SNL/IET-3 and SNL/1ET-6,
but not when comparing SNL/IET-4 and SNL/IT-T (also a pair without and with pre-
existing hydrogen, but with the addition of basement condensate water), Scaling cases
which predicted peak vessel pressures in reasonable agreement with test data predicted
more hydrogen production than measured, especially for ANL/IET-1RR, while scaling
cases that predicted peak vessel pressures significantly lower than observed data predicted
about the right amount of hydrogen production.

Note that these results tend to confirm the experimental observation that DCH
cnergy-transfer efficiency is greater at smaller scale (because we include the effects of
the relatively larger steam blowdown source and melt mass in ANL/IET-1RR compared
to SNL/IET-1 and SNL/IET-1R), and that there is less pressurization due to hydrogen
combustion at smaller scale.

8.4 Varying Hydrogen Combustion Parameters

As described in Sections 3.1 and 7.1, in the majority of our SNL/HST analysis calcu-
lations, the burn package was activated. However, burns were suppressed in all control
volumes except the vessel dome; this was based upon the experimental observation that
a jet of hydrogen produced by steam blowdown and debris oxidation burned as it vented
from the subcompartments to the upper dome. The default ignition criterion in the
absence of igniters was set to a hydrogen mole fraction of 0.0, but the combustion com-
pleteness was also set to 0.0: this prevents the burning of any pre-existing hvdrogen, but
allows burning of any additional hydrogen generated during the HPMIE. This was based
upon the experimental observation that the pre-existing hydrogen that burned did not
burn on a time scale that had a significant impact on the peak pressare. This particular
combination of input was found to produce reasonable agreement with test data in all the
[:10-scale SNL/IFT experiments analyzed. as discussed in Section 7.1 which presented
results of sensitivity studies using other possible hurn-package input settings.

The results of both our own, limited review of the facility and data scalability (Sec-
tion 8.1) and of our ANL test simulations scaling facility geometry (Section 8.2) and char-
acteristic interaction times (Section 8.3) indicate that the pressurization due to hydrogen
combustion is significantly less in the smaller-scale ANL facility than in the larger-scale
SNL tests (especially given the apparent greater pressurization due to DCH at smaller
scale), and that there appears to be a greater effect of pre-existing hydrogen in the ANL
[:40-scale tests than in the counterpart SNL 1:10-scale tests,
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There are several possible contributors to the different hydrogen combustion behavior
at smaller scales. [t is harder to keep hydrogen jets burning at smaller scales because
the “same” combustion energy release rate needs to heat up non-burning diluent gas
entrained into the jet more quickly at smaller scales, becanuse of more rapid mixing and
dilution. Also, in this particular case, the different aspect ratios in the two facilities (~5
for the ANL vessel and ~3 for the SNL vessel) may provide relatively less oxvgen in the
immediate neighborhood of the jet in the taller, thinner ANL vessel.

There is no input mechanisin to model these factors in the burn package in MELCOR.
Sensitivity studies were done in which the hydrogen mole fraction limit for ignition was
increased from 0.0 to 0.01, 0.02, 0.03. 0.01 and 0.05 in the ANL experiment analyses
(with the default value in the absence and presence of igniters being 0.10 and 0.07,
respectively ).

Vessel pressures for the simaller-scale ANL tests predicted using some of these higher
hydrogen-mole-fraction ignition criteria are shown in Figure 8.4.1, again with the test
data and the time-scaled caleulated results and test data for the larger-scale counterpart
SNL experiments for comparison. (In these calculations, the characteristic interaction
times also were scaled by the length factor, so these results should be compared to those
presented in Figure 8.3.1 using a 0.0 hydrogen mole fraction ignition limit to evaluate
the effects of using different hydrogen ignition limits and therefore different amounts
of hydrogen combustion.) The results indicate that, as expected, reducing the amount
of hydrogen combustion does reduce the vessel pressurization predicted in ANL/IT-3
and ANL/IET-6. Note that different degrees of reduction are required to mateh the
experimental data for ANL/IET-3 and ANL/TET-6.

Tables 8.4.1 and 8.4.2 compare the amounts of hydrogen generated and burned,
respectively, in the ANL small-scale test simulations for all the hydrogen-conibustion
ignition-limit variations considered so far.  As expected. changing the hydrogen mole
fraction combustion ignition limit has no effect on hydrogen production through oxida-
tion of debris, but the hydrogen combustion predicted drops off as the hydrogen mole
fraction combustion ignition limit is increased. Note that values which give good agree-
ment on peak vessel pressurization seem to give too little hydrogen burn, but this may be
due to gradual, late-time hydrogen combustion in the experiment, which is not modelled
in these analyses.

No additional work was done attempting to increase the late-time hurn and/or the
burn of pre-existing hyvdrogen.

8.5 Varying Convective Heat Transfer

In our first set of calculations done for the smaller-scale ANL tests, the facility geome-
try (if not explicitly specified in the test data reports) was simply adjusted as appropriate
by the difference in scale factor between the two facilities (.. 1/ for heights or lengths.
1/16 for flow arcas or surface arcas). The volume flow arcas. which had been reduced
to obtain volume velocities more characteristic of the turbulent conditions that might
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Table 8.4.1. Hydrogen Generation for the ANL/IET Experiments - Varying
Hydrogen Combustion Parameters

Experiment Hydrogen Produced (gm-moles)
Datat MELCOR{
ignition xyy,=
0.0 0.01 0.02 0.03 0.04 0.05
IET-IRR 4.0  6.55/6.33 6.55/6.33 6.55/6.33 6.55/6.33 6.55/6.33 6.55/6.33
IET-3 4.65  5.00/7.09 5.00/7.09 5.00/7.09 5.00/7.09 5.00/7.09 5.00/7.09
[15T-6 489 5.01/6.95 5.01/6.95 5.01/6.95 5.01/6.95 5.01/6.95 5.01/6.95

tfrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)

Table 8.4.2. Hydrogen Combustion for the ANL/IET Experiments - Varying
Hydrogen Combustion Parameters

FExperiment, Hydrogen Produced (gm-moles)
Datat MELCOR}
ignition zy,=
0.0 0.01 0.02 0.03 0.04 0.05
IET-IRR : 0/0.26 0/0.26 0/0.26 0/0.26 0/0.26 0/0.26
IET1-3 3.50  3.84/6.02 2.92/5.12 1.95/4.25 085/3.21  0/2.39  0/2.39
TET-6 422 3.61/5.63 3.61/5.63 3.61/5.63 2.78/4.87 2.01/4.12 1.98/4.10

tHirom gas grab hottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)



he expected during HPME, and the associated turbulent heat transfer to structures (as
discussed in Sections 3.1 and 7.2), also were scaled by 1/16 from the input values used
for the 1:10-scale SNL test analyses.

The results for the ANL/IET-1RR test simulations using those arca-scaled volume
flow areas (given in Sections 8.2 and 8.4) had too little vessel pressurization calculated
due to direct containment heating, one possible contributor to which could be too much
heat transfer to structures. A set of calculations was done assuming the convective
turbulent heat transfer coeflicient scaled with length (i.c., with boundary layer thickness)
rather than with area, so that the user-input volume flow arcas for the 1:40-scale ANL
experiment simulations were scaled by 1/4 from the input values used for the 1:10-scale
SNL test analyses.

D

Figure 8.5.1 gives predicted vessel pressures for the smaller-scale ANL tests, calcu-
lated using volume flow arcas scaled by the 1/4 length factor rather than by the 1/16 arca
factor, together with the test data and the corresponding time-scaled calculated results
and test data for the larger-scale counterpart SNI experiments for comparison. (In these
calculations, the characteristic interaction times also were scaled by the length factor, so
these results should be compared to those presented in Figure 8.3.4 to evaluate the effects
of using different volume flow arcas, velocities and convective heat transfer coefficients.)
The peak pressurization predicted in this case for all three ANL/IT experiment simu-
lations is significantly greater than either test data or the SNL/IET calculated results.
These results, which together with those in Figure 8.3.4 bound the ANL/IT-1RR data,
suggest that some of the “missing” extra pressurization due to DCH at small scale (i.c.,
in ANL/IET-1RR) may be due to differences in heat transfer to structures at smaller
and at larger scale.

8.6 Varying Recirculation Flow

The input model i our 1:10-scale SNL/IET test analyses provided flow paths for
straight flowthrough from the steam accumulator to the cavity and chute through the
(lumped-together) subcompartments to the vessel dome, and also for recirculation from
the upper dome to the subcompartments. The area of the recirculation flow path was set
to 10% of the area of the straight-through flow path from the subcompartments to the
dome, based upon the results of sensitivity studies (as discussed in Sections 3.1 and 7.3).
In our first set of calculations done for the smaller-scale ANL tests, the corresponding
recirculation flow path arca (as all other flow path arcas except the steam blowdown valve
area) was simply adjusted by the difference in scale factor between the two facilities, 7.c.,
1/16 for flow arcas. There is no reason to believe that the recirculation pattern is identical
in the two facilities, especially given the difference in aspect ratio in the two facilities
(~5 for the ANL vessel and ~3 for the SNL vessel). Therefore, sensitivity studies were
done for the ANL test simulations with that recirculation flow path arca increased and
decreased by a factor of 10.

Vessel pressures for the smaller-scale ANL tests predicted assuming both reduced
and increased recirculation flows are depicted in Figure 8.6.1, again with the test data
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and the corresponding time-scaled calculated results and test data for the larger-scale
counterpart. SNL experiments for comparison. (In these calculations, the characteristic
interaction times also were scaled by the length factor, so these results should be com-
pared to those presented in Figure 8.3.4 to evaluate the effects of assuming different
recirculation flow arecas.) There is little change in peak pressurization predicted in this
cese for all three ANL/IET experiment simulations, but there is a substantial change
in the subsequent dropoff rate, with more rapid depressurization calculated with more
recirculation assumed. While a recirculation flow arca equal to the original flow area
from the subcompartments to the dome is obviously too big, the pressure dropofl rate
in the ANL data clearly would be matched better by assuming a recirculation flow arca
greater than the 10% assumed in the SNL experiment analyses,
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9 Time Step Effects and Machine Dependency

There has been a lot of discussion recently on numeric effects seen in various MELCOR
calculations [37], producing either differences in results for the same input on different
machines or differences in results when the time step used is varied. Several calculations
have been done to identify whether any such effects existed in our DCH IET assessment
analyses.

9.1 Machine Dependencies

The calculations discussed in detail in Section 4, and the majority of our sensitivity
study analyses, were run on a SUN Sparc2 workstation. The Surtsey SNL/IET reference
calculations were rerun, using the same code version (1.8NN), on an IBM RISC-6000
Model 550 workstation, on an HP 755 workstation, on a CRAY Y-MP8/864, and on a
50MHz 486 PC.

The predicted vessel pressures for the SUN, IBM and HP workstation, and (‘ray and
PC, calculation sets are presented in Figures 9.1.1 and 9.1.2 for the tests without and
with hydrogen combustion, respectively. Tables 9.1.1 and 9.1.2 compare the amounts of
hydrogen generated and burned, respectively, in these equivalent calculations performed
on the various platforms. (Experimental data are included for reference.)

There is gencrally excellent agreement among results generated on these various hard-
ware platforms. The biggest difference seen is in the vessel pressurization predicted for
SNL/IET-1R on the SUN Sparc2 workstation (which will be seen in the next subsection
to be related to time-step effects); That difference is still relatively small, with 1o qual-
itative change in behavior predicted, and there is no corresponding visible difference in
amount of hydrogen generated.

Figure 9.1.3 presents run times and time step histories for calculations on the var-
ious platforms for the SNL/IIT-1 and SNL/IET-6 experiment simulations, as typical
results. The three cases with no hydrogen combustion (SNL/IET-1, SNL/IFT-1R and
SNL/IET-5) always show the time step rising relatively sinoothly to the user-defined max-
imum allowed value; the four cases with hydrogen combustion (SNL/IET-3, SNL/11T-4,
SNL/IKT-6 and SNL/IET-T) always show “sawtooth™ time step histories correlated to
beginnings and ends of deflagrations. The SUN and P(! are always slowest in run time
required; the IBM, HP and Cray are all significantly faster with the HP the fastest for
these analyses.

9.2 Time Step Effects

Otherwise identical MELCOR Surtsey SNL/IET calculations were run on a SUN
Sparc2 workstation with the user-input maximum allowed time step progressively set
to Is, 0.5s, 0.1s, 0.05s and 0.01s; simultaneously, the initial time step size for HPMI
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Table 9.1.1.

Hydrogen Generation for the SNL/ET Experiments

Dependency Sensitivity Study

Fxperiment Hydrogen Produced (gm-moles)
Datat MELCOR$

SUN 1IBM Hp Cray
117-1 233 2R6/266  286/266  28G/267  286/266
IET-1R M8 266/267  266/267  265/266  265/266
113 927 232/352  232/350  234/353  233/351
1T-4 303 243/361  249/366  246/364  246/365
1ET-5 319 240/313  242/314  240/312  240/313
1T-6 319 236/354  236/354  235/354  233/355
IET-7 274 229/351  229/349  229/350  228/319

Table 9.1.2.

tfrom gas grab bottle samples at 30min

Machine

PC

286/266
266/267
231/353
244/363
210/312
236,356
297348

f(actual values at 20s)/ (assuming only steam/metal reactions)

Machine Dependency for the SNL/IFT Experiments
Dependency Sensitivity Study

Experiment Hydrogen Burned (gm-moles)
Datat MELCOR}

SUN IBM Hp ('ray
IET-1 3 0/4 0/4 0/4 0/4
IET-1R 1l 0/28 0/28 0/28 0/28
11-3 190 188/313  186/306  189/313  187/310
11514 240 209/332  212/334  210/333  211/334
ET-5 53 0/91 0/91 0/91 0/91
1P-6 345 182/307 I81/306  183/308 181/311
[ET-7 323 223/350  223/349  223/349  222/349

tfrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)
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Machine

Pc

0/4
0/28
18%/312
200/332
0/91
182/309
221 /348
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initiation (SC4607) was progressively set to 1x107% (the default), Hx107%s, Ix1077s,
5x107%, and 1x107%. (The basecase analyses and the other sensitivity study calcula-
tions all used a user-input. maximum allowed time step of s, and an initial time step size
for HPME initiation of 1x1071s.)

The predicted vessel pressures for the basecase and reduced-timestep caleulation sets
are presented in Figure 9.2.1 and 9.2.2 for the tests without and with hydrogen combus-
tion, respectively. (Test data are included for reference.)

The plot in the lower left of Figure 9.2.1 shows that the difference seen in vessel
pressurization predicted for SNL/IET-1R on the SUN Spare2 (Figure 9.1.1) is due to
this particular case not having converged fully on the SUN; the reduced time step results
on the SUN agree very well with the basecase results caleulated on other platforms.
Note that most of the other experiment analyses show results converging much better
with reduced time steps, especially the no-burn cases SNL/INT-1 and SNL/TIT-5.

There is somewhat more time-step dependence found in the cases with hydrogen burns
occurring, as illustrated in Figure 9.2.2 (which is not «urprising). The dependence seen
is generally monotonic and converging with reduced time steps. Table 9.2.1 indicates
that there is no significant change in hydrogen production in any case as the time step is
varied, while Table 9.2.2 shows a monotonic increase in amount of hydrogen burned as
the time step is decreased, except in the SNL/ET-T case.

The qualitatively different behavior found in the total amounts of hydrogen calculated
to be burned in the SNL/IET-T analyses is also scen carlier in the HPME/DCH transient
period. Figure 9.2.3 gives the time-dependent hydrogen combustion in the four cases with
hydrogen burn (SNL/IET-3, SNL/HST-4, SNL/IT-6 and SNL/IST-T), and shows that
the differences found in hydrogen combustion are not generated during the HPME period
(from 0 to ~1s). but are due to a slowly-accumulating divergence later in time. The plots
in this figure show that, in general, the runs with the larger time steps (Atagax >0.15)
The SNL/IT-T case appears to be converged even at the larger time steps allowed.

Total run times and time step histories for calculations using different time steps for
the SNL/IST-1 and SNL/IET-1R experiment simulations are presented in Figure 9.2.4.
('The corresponding results for SNL/TIT-5 are similar to those shown.) There is no sig-
nificant, overall difference visible in either run time or time step history to explain the
difference in predicted vessel pressurization found in this study for the SNL/IET-1R con-
ditions. Figure 9.2.5 gives total run times and time step histories for the SNL/HET-6 and
SNL/HET-T calculation sets. (The corresponding results for SNL/IET-3 and SNL/TIST-
4 are similar to those shown.) While there is no signilicant, overall difference visible
in cither run time or time step history to explain the difference in predicted hydrogen
combustion found in this study for the SNL/IT-T conditions, these plots suggest that,
in three of our four “burn™ cases, the time step control causing time step reduction
at the start of hydrogen burns may not reduce the time step sufficiently far or long a
sufficiently long period; note that the hydrogen masses predicted to be burned in the
runs with smaller time step values were generally quite similar, illustrating significant
convergence when the time step was reduced.

132




MELCOR Assessment: SNL IET Tests
290 v 1] L] L L] L]

L] L v LS
280 p
270 -
3? 260 L
e
250 L
E 240 J
5 230 L
Borren (o) 300 MELCOR Assessment: SNL EET Tesls
'"* WA LB L v LA L] v L] ¥
220 —— iy, (a00
- = i, =0k 290 -
210 wafee di,, =005
comemee di,,, =0.00 280 1
200
[]’U 0 4 8 12 16 20 }3 270 1
Time (s) ® 260 4
Surisey ET-1
FIDOBDONN  6/09/93 14:12:52 MELCOR SN E 250 .
240 b
MELCOR Assessmoni: SNL IET Tesis 5 230
310 -t Y T L Y Y ) am— v g, =% (bose)
220 - d,, %050
300 p 1 -~ di,, =0n
=== di,, =005
290 ¢ 4 210 e A
280 s - 200 g A A ! _—y 'y b s L - - » 4
° 7 0 4 8 12 16 20
.
® 20f 1 Time (s)
t 260 F J Surfsey ET-5
a FIDODPCNN 8/09/93 14:40:22 MELCOR SUN
¢ 250 F .
&
5 240 P <
230 ¢ —— i, % (bose)
—— i, 805
220 - =00 i
=wig== d,,,=0.05s
2 '0 omOmom mu‘,lo.uh 1
200

0 4 8 12 16 20
Time (s)

Surisey ET-R
FIDOBRCNN  6/09/93  14:18:41  MELCOR SUN

Figure 9.2.1. Vessel Pressures for Experiments SNL/HTL (upper left),
SNL/ET-1R (Tower Left) and SNL/IET-5 (middle vight) - Time Step
Sensitivity Study

133




MELCOR Assessment: SNL IET Taests
L] L]

L] LA v L]

475
450 }

425
400 p
375 ¢
350 ¢
325 p
300 }
275 p
250 p
225
200
175

Surisey ET-3
FIDOCDMNN  6/09/93  14:24:04 MELCOR SUN

Dome Pressure (10%Pa)

el di,,, (ls (Dose)
— G i, =0.58
- b = i, (=00
c=fe= d,,=0.05
rmtmea i, (=0.00

12
Time (s)

16 20

MELCOR Assessment: SNL IET Tests
¥ U

475
450
425
400
375
350
325
300
275
250 P
225

200

L v v L L] L] L v

Dome Pressure (103Pa)

e i, %l (boBS)
— e o)y, , (20.58
=& = &, =0
=== dl,,=0.05
cemtmen i, 20.08

175 1
20
Surtsey ET-6
FIDOEFNNN  6/09/93

Time (s)

14:47:29 MELCOR SUN

Figure 9.2.2,

MELCOR Assessment: SNL IET Tesis
L]

500
475
450
425
400
375
350
325
300

L v ¥ v v

Dome Pressure (10°Pa)

— iy, wl (Dose)
—— 1y, %05
- - di,, =08
el di,, =008
—smtmen di,, =000

275 p
250
225
200 . . 4 . A -

16 20

12
Time (s)

Surtsey ET-4

FIDOCRKNN  6/09/93  14:30:05 MELCOR SWN

MELCOR Assessment: SNL ET Tesis
‘75 L 1 J L] 1] 1 L

450
425
400
378
350
325

300

Dome Pressure (10°Pa)

275 F e ), =% (base)
— i, u0.58

- = iy, =0
—el~= i, =0.052

wswemen di,, 20.01s

250

225

200 A ' ' A A

Surtsey IET-7
FIDOFCWNN 6/09/93 14:57:368 MELCOR SUN

Time (s)

Vessel Pressures for Experiments SNL/IET-3 (upper left), SNL/IET-4

(upper right), SNL/IET-6 (lower left) and SNL/IET-7 (lower right)
Time Step Sensitivity Study

134



Table 9.2.1. Hydrogen Generation for the SNL/IET Experiments - Time Step
Sensitivity Study

oxperiment

IET-1
IET-1R
IET-3
[ET-4
IET-5
[ET-6
IET-7

Table 9.2.2. Hydrogen Combustion for the SNL/IET Experiments -

Datat

233
248
227
303
319
319
274

Hydrogen Produced (gm-moles)

Is

286/266
266/267
232/352
243/361
240/313
236354
229/351

0.5s

286/266
265/264
231/351
244/368
240/312
237/355
227346

MELCOR}

Atpax=
0.1s

286/265
267/266
233/353
246/364
240/313
233 /354
226/347

0.05s

286/265
267/264
232/356
246/365
241/312
234/355
229/350

tfrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)

Sensitivity Study

Fxperiment

1ET-1
IT-1R
1T-3
114
1ET-5
115T-6
IET-7

Datat

3
11
190
240
53
345
323

Hydrogen Burned (gm-moles)

ls

0/4
0/28
188/307
209/332
0/91
182/307
223/350

0.5s

0/4
0/28
201/326
222349
0/91
185/310
221/346

MELCOR}
Atpmax=
0.1s

0/4
0/28
221/345
236/358
0/92
210/336
221/346

0.05s

0/4
0/28
225/351
238/361
0/89
215/341
223/349

tfrom gas grab bottle samples at 30min
f(actual values at 20s)/ (assuming only steam/metal reactions)
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0.01s

287/266
267/265
233/354
245/366
242/313
237/357
227/348

Time Step

0.01s

0/4
0/28
229/353
241/365
0/91
224/350
292/348
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10 Comparison to CONTAIN

several of the 1:10 linear scale SNL/HET experiments done in the Surtsey vessel have
been analyzed with the CONTAIN code. The CONTAIN DCH model is quite different,
from the MELCOR FDIJHPME DCH model, being a more detailed, more mechanistic
treatment rather than a more obviously parametric approach.

A number of CONTAIN calculations were done with evolving versions of the code.
The early SNL/IET-1 and SNL/IIST-1R pretest caleulations were done with CONTAIN
.12 citecontain-1-pretest,contain- Ir-pretest ,contain-1-posttest ,contain- 1-hy pass. Pretest
calculations were also done for SNL/TET-3 [31] and SNL/IST-5 [32] using CON'TAIN 1.12
with the unconditional hydrogen burn (UCHB) model added, and SNL/TT-3 posttest
calculations [33] were performed using the most recent, diffusion flame burn (DIB) and
bulk spontancous reaction (BSR), combustion models. In all cases, a number of sen-
sitivity study calculations were done evaluating the effects of various parameters and
modelling options.

More recently, several of the SNL/TET experiment simulations have heen rerun, with
results presented at the CONTAIN Peer Review [38]. Those results were obtained using a
“standard™ input preseription based upon prior experience [39]. Many inputs were defined
as described in Appendix Bof [29]. The new models for vessel failure and hlowdown, and
models for cavity entrainment and dispersal, weren’t being assessed; henee, blowdown
rates and debris dispersal fractions were matched to the experimental results, and debris
source time-dependence was derived from the cavity pressurization history in order to
uncouple uncertainties in these processes from the assessment of phenomena which were
being modelled.  Particle size was Imm MMD (mass median diameter), assuming a
lognormal distribution with g,=4. The parametric model for nonairborne debris was
used in the cavity with an effective particle size of 0.01m.

A number of sensitivity study results were presented in [38]. The results presented
here, on the recommendation of D. €. Williams of the CONTAIN development group
[39], are those obtained using default DFB concentrations, which correctly predicted H,
combustion for all four Zion SNL/IT tests analyzed. (However, note that H? combustion
in other tests, especially SNL/IET-9, was underpredicted by the defanlt model and that
further refinement in combustion criteria is still needed. Also note that the “standard”
case in [38] involved parameters set to make DB alimost unconditional, which wouldn’t
work for SNL/IIET-5; this made little difference on the other Zion SNL/HYT experiments
simulated (.c., SNL/IVT-1, SNL/TEET-3 and SNL/TET-6), but did matter for SNL/TET-
9.)

Table 10.1 compares measured peak vessel pressures with results calenlated by hoth
MELCOR and by CONTAIN. (The MELCOR results used in this section are those from
the reference calealations described in Section 4.) Tables 10.2 and 10.3 compare measured
hydrogen production and combustion, respectively, with corresponding caleulated results;
note that the hydrogen production and combustion for CONTAIN are estimated from
hydrogen and oxygen molar balances, as is the experimental data.
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Table 10.1. Peak Pressures for the SNL/IET Experiments - Code Comparison Study

Experiment APpax (kPa)
Data MELCOR CONTAIN

ET-1 98 84 70.4 [27)
92 (29]
92 [38]

IET-1R 103 102 79.5 (28]

IET-3 246 276 101.6 [31]§
236.8 [31)9
199 [33]9
194 [33]8
195 [38]

IET-5 103 93 75 [32)
75 [38]
IET-6 279 266 180 [38]

gusing DHB (default hydrogen burn)
Qusing UCHB (unconditional hydrogen burn)
Busing DFB (diffusion flame burn)
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Table 10.2.

lydrogen Generation for the SNL/TIET Experiments - Code Comparison
Study

Experiment Hydrogen Produced (gm-moles)
Data} MELCOR% CONTAIN
[T-1 233 286/266 173 [27]

238 [29]
260 [38]

IT-1R 248 266/267 220 [28]

15-3 227 232/352 250 [31]8
252 [31]9
232 [33]9
233 [33]8
260 [38]8

115 319 240/313 221 [32]
257 [38]

1516 319 236/354 215 [38]

trom gas grab bottle samples at 30min
T(actual values)/ (assuming only steam/metal reactions)

Susing DIIB (default hydrogen burn)

Qusing UCHB (unconditional hydrogen burn)
Busing DI'B and BSR latest combustion models
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Table 10.3. Hydrogen Combustion for the SNL/IET Experiments

Comparison Study

Experiment Hydrogen Burned (gm-moles)
Datat MELCOR] CONTAIN
[ET-1 3 0/4 [27]
- [29]
- [38]
IET-1R 11 0/28 [28]
[T-3 190 209/313 37 [31]%
250 [31)9
222 (339
200 [33]8
150 [38]8
[E7T-5 53 0/91 32)
3.5 [38]
[5T-6 315 223/307 120 [38]

tfrom gas grab bottle samples at 30min
t(actual values)/ (assuming only steam/metal reactions)

Qusing DHB (default hydrogen burn)
Susing UCHRB (unconditional hydrogen burn)
Busing DI'B and BSR latest combustion models
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The results obtained with the two code models are generally similar. In particular, a
pressure rise of <100kPa is calculated for tests with no significant hydrogen combustion,
and a larger pressure rise of ~200-250kPa is obtained for cases with substantial hydrogen
burn. Some other observations on the MELCOR-CONTAIN comparisons taken from [39]

are:

The CONTAIN calculations indicated that, with a degree of debris-steam coherence
equal to that inferred from the experimental results, CONTAIN underpredicted AP
and H, production unless substantial contributions from nonairborne debris and/or
co-dispersed cavity water were allowed.

CONTAIN sensitivity studies indicated that improved agreement could be obtained
for AP in SNL/IET-3, SNL/IET-5 and SNL/IET-6 (but not necessarily SNL/IET-
1) if increased nonairborne debris interactions (7.e., in the subcompartment) or
interaction with co-dispersed water were allowed, relative to the standard input set.
This would overpredict Hy in SNL/IET-1 and SNL/IET-3, but not in SNL/IET-5
and SNL/IET-6. There was no tendency of model assumptions giving good AP
results to underpredict H; results; thus, the CONTAIN calculations do not support
the possibility that much of the hydrogen production inferred from the gas analyses
represents “late” effects occurring on time scales of minutes rather than seconds.

CONTAIN sensitivity studies indicated that substantial mitigation results from the
combined effects of heat transfer and inability of all DCH-produced hydrogen to
burn promptly due to oxygen starvation in the subcompartment; incomplete debris-
gas equilibration was also a significant mitigation effect, but not as important as
the heat transfer and hydrogen effects in the calculations.

DCH time constants calculated by CONTAIN tended to be strong functions of
location and time during the event. ‘Trapping and heat transfer time constants
tended to be shorter but oxidation time constants tended to be greater than those
input to MELCOR; however, the significance of longer oxidation time constants
was reduced by the fact that CONTAIN still used most of the coherent steam.

Differences resulting from different ways of evaluating H, production and com-
bustion are considerably less for CONTAIN than in MELCOR because unreacted
debris in the CONTAIN model doesn’t sce nearly as much oxygen as in MELCOR’s
model.
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11 Code Problems Identified

A number of code and modelling errors and inadequacies were identified and cor-
rected during our DCH IET experiment MELCOR assessment analyses. Many of these
have heen mentioned throughout the text, but are suminarized in this section for casy
reference.

11.1 Debris Material and Source Input

The first problem encountered in beginning these DCH TFT experiment MELCOR
assessment analyses was that some of the required post-thermite reaction materials (e,
Al Cr and Al,Of) were not available as materials recognized by the new HPME model
added recently to the FDI package in MELCOR. In the original coding, the FDI HPME
model only recognized the standard COR-package materials UQy, Zir, 71Oy, steel, steel
oxide and control rod poison. The CAV package recognizes all of the standard CORCON
materials as possible inputs, including the post-thermite reaction materials, but this was
of no help in modelling debris dispersal to control volume atmospheres and/or to heat
structure surfaces. Therefore, Al and Al,O3 were added as allowed input materials in

the FDI HPME model.

While Al and Al,O4 were added as allowed input materials in the FDI HPME model,
Fe and Cr were not added as separate input materials because they could already be
input as constitutive components of steel (assumed to consist of a mixture of e, Ni, C'r
and (). For user convenience and for consistency, the optional user input specification of
the composition of steel was moved from the COR package input to be MP (“material
properties™) input; for internal self-consistency, the oxidation reaction energy of steel is
then calculated within the MP package for the composition specified.

At the same time, a “stand-alone™ input capability was added to the FDI HPME
model allowing specification of debris input through tabular function input in addition
to the previously-available specification of debris input through TP (“transfer process™)
package input; the previously-available TP input assumed debris sources coming from
the COR package through translation matrices or from external user-specified data sets
defined using the EDFEF (“external data file™) package in MELCOR. The stand-alone
tabular-function input capability added to the DI HPME model allows a much more
user-friendly and convenient format for specification of debris input, particularly for
experiment analyses such as in this study,

Our first IET experiment analyses would frequently abort with temperature conver-
gence failures. After several patches were tried, the FDIHPMIE temperature convergence
coding was changed to be much more robust. No code aborts due to temperature conver-
genee failures during HPME have been seen since, despite the large number of calculations
done and the wide range of conditions encountered.
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These carly problems were reported as DIR1097 and DIRT098, and the code modifi-
cations implemented in version LEMY. These modilications are therefore included in the
release version of MELCOR 1.8.2 (1.SNM).

11.2 Debris Interaction with Structures

After work on these analyses had been in progress for some time, we hecame concerned
about the interaction of debris with heat structures. In the original HPME model added
to MELCOR, any debris immediately deposited onto a heat structure or later settled
onto a heat structure essentially left the problem; there was no subsequent interaction
of any kind for that debris, except for decay heating of the structure surface,  This
was identified as a major potential problem arca during our MELCOR DCIH analyses,
especially given MELCOR's emphasis on mass and energy conservation. For example,
the lack of any thermal interaction of debris with structiures could adversely affect the
ability to correctly predict late-time revaporization of volatile fission products,  Also,
the lack of any oxidation of deposited debris meant that the total amount of hydrogen
producable during HPMI was very highly dependent on the nser-specified initial debris
distribntion any debris deposited or settled could not generate any hydrogen, regardless
of oxygen and for steam availability or debris temperature and /or amount. Therefore two
major effects were later added to the original HPMIS model: the heating of the stracture
surface by deposited hot debris, and the continued oxidation of the deposited debris. The
heating of the strncture surface by deposited hot debris is controlled by a heat transfer
coeflicient adjustable through sensitivity coeflicient input, and the continued oxidation of
the deposited debris is controlled by a user-inpat structure oxidation characteristic time
(distinet from and usnally much longer than the characteristic time input for oxidation
ol airborne debris). With these input and coding modifications, HPMIS debris deposited
on structures now can continue to aflect the overall system response through several
potential interactions.

These model enhancements needed were reported as DIRT130, and the code modifi-
cations implemented in version 8NN, Note that this set of code changes is not included
in the release version of MELCOR 1.8.2 (1.8NM).

11.3 Hydrogen Combustion during DCH

We found during the course of these analyses that non-default input for the BUR
package was required to mateh the hydrogen combustion behavior observed in these
experiments. While this could be done with the standard BUR package input for these
experiment analyses, the same input. modification could not be made in plant. analyses,
becanse the non-standard input would aflect the results calculated both before and alter
the HPME period. (‘These experiments and associated analyses, in comparison, consisted
of only the HPMIE period.) This problem was addressed by providing new, optional input
parameters in the BUR package, essentially allowing the user to specify one set of input




parameters to he used during periods of HPME and another set of input parameters to
be used during the remaining times. The hydrogen combustion input during HPMI is
default to the non-HPME values if not specified otherwise. The HPME period in any
given control volume is a time period which satisfies constraints on minimum airborne
debris amount and/or density, and temperature, all of which cutoll values are adjustable
through sensitivity coeflicient input.

This is included in DIRT130 as a I'DIJHPME/DCH model enhancement, and the
code modifications implemented in version 1.ENN. Note that this set of code changes are
not included in the release version of MELCOR 1.8.2 (1.8NM).

11.4 Additional Output

While studying results from our various calculations, we found that there were not
cnough control functions and plot variables to readily analyze the hydrogen production
vs combustion in the various cases.  Reactant masses and energies for oxidation on
structures were added as control functions and plot variables to the I'DI package HPME,
model, similar to those already provided for oxidation of airborne debris; reactant masses
and energies for hydrogen combustion also were added as control functions and plot
variables to the BUR package, which had very limited output capabilities prior 1o these
output. enhancements. This was also included in DIRTIS0, and the code modifications
implementedin version LNN. Note that this set of code changes is therefore not ineluded
in the release version of MELCOR 1.8.2 (1.8NM).

11.5 Debris Heat Transfer

As noted in Sections 3.1 and 7.2, most of our calculations were ran with control volume
flow arcas reduced by factors of 210 from their default values, to enhance convective
heat transfer from the control volume atmospheres to the heat structure surfaces. The
conveetive heat transfer was enhanced to account for some potential missing heat transfer
mechanisms and effects:

First, preliminary calculations showed that the flow predicted through the system
was primarily that associated with the steam blowdown only, flowing from the steam
accamulator through the cavity and chute volumes to the subcompartments and then to
the dome. The MELCOR FDI/HPME/DCH model does not model transport of debris
between and through volumes but instead deposits the debris directly at its ultimate
destination, using the same time-dependent deposition in all volumes regardless of their
distance from the debris source. Thus, instead of debris being transported into an “up-
stream” volume (c.g., the cavity or the subcompartments) with the blowdown steam
and the resultant additional heating adding to the driving force pushing flow further
“downstream” (c.g., from the cavity to the chute or the subcompartments to the dome),
the MELCOR logic does not represent this additional flow driving force and in contrast
has debris appearing “upstream” and heating the atmosphere in upstream volumes, if
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anything contributing a retarding force to the expected flow. This results in lower veloe-
ities, and is more benign than the transient HPMIE blowdown actually ocenrring in the
experiments, with transport of hot debris together with the steam blowdown. Decreasing
volume flow arcas results in increased volume velocities more characteristic of the tur-
bulent conditions that might he expected during HPME, and the associated turbulent
forced convection heat transfer to structures,

In addition, the MELCOR FDIJHPME/DCH model does not account for any radi-
ation directly from airborne debris to surrounding structures (or from deposited debris
direetly to atmosphere). There is little or no calculated atmosphere-structure radiation
heat transfer carly in these transients (except HET-5), because MELCOR only considers
radiation heat transfer for steam and/or ("G, in atmospheres; in most of the experi:
ment simulations there is very little steam present carly in the transient, hecanse any
blowdown steam is consumed in debris oxidation soon after arrival, and very little (O,
present at all (exeept in HYT-5). The lack of steam and/or ('O, in the atmosphere would
il anvthing enhance radiation heat transfer from airborne debris to structures becanse
there would be little absorption in the intervening atmosphere, Hand calenlations in-
dicate that this could be a significant heat transfer mechanism, carly in the transient.
Because there is no way in MELCOR to model this effect, too much energy may he de-
posited in the atmosphere by the airborue debris; because there is no convenient way to
enhance atmosphere-stracture radiation heat transfer in general, we relied on increasing
convective heat transfer instead to help remove that energy.

The capability to adjust the volume velocities through the control volume flow arcas
inorder to enhance convective hieat transfer to structures only during DCH was provided
through new input, this time to the CVIL package, adding a sensitivity coefficient that
optionally multiplies the volume velocities during the HPME period only in any given
control volume. This was included in DIRTIB0, and the code modilications implemented
in version LSNN. Note that this set of code changes are not included in the release version

of MELCOR 1.8.2 (1.INM).

However, the capabilities of the MELCOR FDI/HPME/DCH model would be signil-
icantly enhanced in general if the following effects were added:

I. radiation heat transfer from airhorne debris directly to structures,

2. radiation heat transfer from deposited debris directly to atmosphere,

3. time delays for debris deposition to account for different transit distances from the
source point, and

1. fission product release from debris not deposited in or settled into a cavity (not
discussed in this report, but discussed in [10], and included here for completeness.




11.6 Cavity Condensate Water

Finally., when we first tried doing machine dependeney and time step calealations,
we found sensitivities in the amonnt of hvdrogen both produced and hurned in several
calculations. The problem was ultimately traced to occasional vapid depletion of all the
condensate water in the cavity throngh bulk transport to the chute control vohmme rather
than throngh boilofl and entraimment as expected. Onee the water entered the chate
volume, it remained mostly ligeaid, and the resalting smaller amonnt of steam available
for oxidation explained the differences seen in hvdrogen production and combnstion.
Three possible workarounds were identified for this problen: redncing the flow path
opening height slightlv, changing the flow path from a horizontal to a vertical flow path
orientation, and increasing the debris-to-structure heat transfer coeflicient (1o hoil off
the water more quickly). Since the problem identified was a basie CNH problen not
directly affecting the evalnation of the MELCOR FDI/JHPNE/DCH model and given
the facility geometry and condition uncertaintics, we considered nsing any of these three
workarounds to be acceptable. We chose to reduce the flow path opening height slightly
(from 30.5cm to 29.9cm). All caleulations were then revvn with this inpat chanee. and
the results proved quite satisfactorv. (Tryving to find and fix the source of this OV
problem while significant changes are heing made to the basic CVH package caoding did
not. seem useful in the long term.)




12 Summary and Conclusions

The MELCOR computer code has been used to analyze several of the 1T direct
containment heating experiments done at 1:10 linear scale in the Surtsey test facility
at Sandia and at 1:40 linear scale in the corium-water thermal interactions (CWTI)
COREXIT test facility at Argonne National Laboratory. This report documents the
results of those analyses.

Note that these MELCOR calculations were done as an open postiest study, with
both the experimental data and CONTAIN results available to guide the selection of
code input. Most individual parameters in our MELCOR. input models were not sepa-
rately adjusted in cach of our MELCOR TET experiment analyses to best match data for
cach individual experiment. Instead, the basic control-volume/flow-path/heat-structure
model was kept the same for all SNL/IET experiments analyzed, and a single set of debris
source, distribution and interaction time parameters was used for all the SNL/IET ex-
periments analyzed. The only test-specific changes made were to set the initial pressures,
temperatures, gas composition, and liquid pool heights to match individual experiment
initial conditions. A similar approach was taken for the ANL/IET analyses.

The processes modelled in the MELCOR FDI/HPME/DCH model include oxidation
of the metallic debris components in both steam and oxygen, surface deposition of the
airborne debris by trapping or settling, and heat transfer to the atmosphere; first-order
rate equations with user-specified time constants for oxidation, heat transfer and settling
are used to determine the rate of each process.

A single set of characteristic interaction times was specified for all the seven of the
1:10-scale tests analyzed (SNL/IET-1 through SNL/IET-7). The characteristic times for
settling of debris in the control volume atmospheres onto floor heat structures were based
upon free-fall times for the various volume heights, and therefore proportional to volume
heights and constant in the various tests; there could be some test-to-test variations in
turbulent flow circulation patterns, thermal buoyancy effects, ete., but these were as-
sumed negligible. The characteristic oxidation and heat transfer times were assumed to
depend primarily on parameters such as average airborne or deposited particle concen-
trations, which in a given geometry should be approximately constant {or identical melt
debris and blowdown steam sources such as used in the tests analyzed.

The characteristic times for oxidation and heat transfer of debris in the control vol-
ume atmospheres, as well as a characteristic time for oxidation of debris deposited on
heat structures, were selected after a number of iterations in sensitivity studies as giving
rcasonable agreement with a subset of test data (in particular, vessel pressure, sub-
compartment temperature and hydrogen production and combustion) in the SNL/IST
experiments simulated. Note that there is no reason to assume that the debris source and
interaction input parameter set used in our reference analyses is unique (i.e., the only set
to provide rcasonable agreement with the selected test data). It is also not guaranteed
that the iterative procedure followed results in an input parameter set that yields the best
agreement with data, or agreement with data for the “correct” reasons (z.c., representing
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the actual behavior). Tor example, freezing some of the parameter values carly in this
iterative process undoubtedly affected the values assuined for other parameters. FFurther,
experiment ambiguities may have led to incorrect modelling assumptions that would also
affect the values chosen for various parameters (such as the characteristic oxidation time,
as discussed below).

The results of the MELCOR reference calculations for the Surtsey 1:10-scale tests
correctly reproduce the subdivision of the pressure response into two major families,
caused by the effect of hydrogen combustion, as seen in the test data, with a peak
pressure rise of ~100kPa due to HPME and an additional pressure rise of ~150kPa due
to hydrogen combustion. The results also correctly reproduce the lack of any significant
effects of presence vs absence of pre-existing hydrogen or presence vs absence of basement
condensate water.

The hydrogen production and combustion calculated by MELCOR is generally in
reasonable agreement with test data (after careful adjustment of the BUR package input,
as described below). However, it is difficult to quantitatively compare the measured and
calculated hydrogen production and combustion because of the basic assumption made
by the experimenters that all oxygen depletion was due to reaction with hydrogen. The
experimenters assumed in their data analysis that debris reacted only with steam, not
with free oxygen, whercas MELCOR assumes that oxidation of metals with free oxygen
occurs preferentially to oxidation with steam. Therefore, throughout this report, pairs of
values are given for the hydrogen production and combustion calenlated by MELCOR,
presenting both the actual amounts of hydrogen calculated to be produced by HPMIY
steam/metal reactions and burned, and the amounts of hydrogen produced and burned
that would be calenlated using the initial and final oxygen and hydrogen moles from the
MELCOR analyses in the same formulae as in the experiment data analysis.

The two sets of MELCOR values differ by twice the number of moles of O, consumed
by direct metal/oxygen reactions. There is little difference found in the hydrogen produc-
tion evaluated using the experimental procedure and actually calculated by MELCOR
in the tests with little or no free oxygen present (7.e., SNL/INT-1 and SNL/TET-1R);
however, note that, for those two tests and for SNL/TYT-5, assuming all oxygen de-
pletion was due to combustion reaction with hydrogen does result in a small mass of
hydrogen calculated to be burned, similar to the experimental results. The actual moles
of hydrogen produced and burned in these MELCOR analyses appear generally less tnan
measured values, especially in the experiments with hydrogen combustion, while the hy-
drogen production and combustion calculated using the experimental procedure on the
MELCOR results are generally greater than measured. Also, the actual amount of hy-
drogen calculated to be produced by MELCOR is lower in the tests with oxygen initially
present (SNL/TIST-3 through SNL/IKT-T) than in the experiments with no significant
oxygen initially present, (SNL/IST-1 and SNL/IET-1R). However, deriving the amounts
of hydrogen produced and burned in the MELCOR calculations by assuming that all
oxygen depletion is the result of hydrogen burning yields greater hydrogen production in
SNL/IET-3 through SNL/IET-7 than in SNL/IET-1 and SNL/IET-1R, reproducing the

trend seen in the tabulated experimental data.
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Overall, the “correct” answers are likely to lie somewhere between the two limiting
assumptions. It is unlikely that there is no oxidation of metal with free oxygen at all (as
assumed in the experimental analysis protocol). However, MELCOR would be expected
to exaggerate the relative degree to which metal oxidizes with free oxygen vs with steam,
because of the hierarchical assumptions in the MELCOR FDI/IIPME/DCH model and
because, in the experiment, the debris transport probably lags the steam/hydrogen mix-
ture flow, so that not much of the debris gets to see much oxygen, while in the MELCOR
model the debris is immediately transported to its ultimate distribution (within a user-
specified time period, in this case 1s) while the steam blowdown is modelled “normally”
as a transient process taking several seconds.

The quantification of hydrogen production and combustion in the SNL/IET exper-
iments assuming that all oxygen depletion was due to reaction with hydrogen had an
unforeseen effect on our MELCOR analyses. In particular, the choice of a very short
time constant for airborne debris oxidation (0.025s in the reference analyses) was driven
by trying to expiicitly match the reported hydrogen production and combustion data;
sensitivity study results show very little difference in calculated pressures or temperatures
for 0.01s < 7, < 0.1s, because the oxidation rate is essentially limited by availability of
steam and/or oxygen at the shorter characteristic interaction times, and the hydrogen
production and combustion results later derived from a molar balance assuming only
steam/metal reactions (as in the test data analysis) is in better agreement with test data
for calculations using longer characteristic airborne-debris oxidation times (7,,. > 0.1s),
which seems a more reasonable value based on physical grounds. ('This does not aflect
any of the comparative conclusions drawn from the various other sensitivity studies.)

The hydrogen combustion observed in these tests could not be calculated using the
default burn package input, because the default ignition criteria are never satisfied in
these experiments. Instead, in the majority of our 1T analysis calculations, the hydrogen
mole fraction ignition criterion in the absence of igniters was set to 0.0, which (in the
absence of CO) also gives a combustion completeness correlation value of 0.0; in addition,
burn was suppressed in all control volumes except the vessel dome. This particular
combination of input was found to produce reasonable agreement with test data in all
cases. The combustion completeness being set to 0 prevents the burning of any pre-
existing hydrogen, but allows burning of any additional hydrogen generated during the
HPMIE. Suppressing burn except in the dome mimicked the experimental behavior of a
jet flame burning at the outlet from the subcompartments to the dome; because little
or no hydrogen was generated by debris oxidation in the dome in our analyses, only
hydrogen advected into the dome from the subcompartments burned, and only on the
time scale over which it was advected into the dome.

(While these non-standard combustion criteria could be specified with the standard
BUR package input for these experiment analyses, the same input modification could
not be made in plant analyses, becanse the non-standard input wonld affect the results
calculated both before and after the HPMI period. This problem was addressed by
providing new, optional input parameters in the BUR package, essentially allowing the
user Lo specify one set of input parameters to be used during periods of HPMI, and
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another set of input parameters to be used during the remaining times.)

Most of our calculations were run with control volume flow arcas reduced by factors
of >10 from their default values, to enhance convective heat transfer from the control
volume atmospheres to the heat structure surfaces. (The control volume flow arcas are
used only to obtain volume velocities for use in the calculation of convective heat transfer
cocflicients; changing control volume flow arcas does not affect flow path calenlations at
all.) The convective heat transfer was enhanced for two reasons:

First, our preliminary calculations showed that the flow through the system in these
calculations was primarily that associated with the steam blowdown only, flowing from
the steam accumulator through the cavity and chute volumes to the subcompartments
and then to the dome. The MELCOR FDI/HPMI/DCH model does not model transport
of debris between and through volumes but instead deposits the debris directly at its
ultimate destination, using the same time-dependent deposition in all volumes regardless
of their distance from the debris source. Thus, instead of debris being transported into
an “upstream” volume with the blowdown steam and the resultant additional heating
adding to the driving force pushing flow further “downstream”, the MELCOR logic does
not represent this additional flow driving force and in contrast has debris appearing
“upstream” and heating the atmosphere in upstream volumes, if anything contributing
a retarding force to the expected flow. This results in lower velocities, and is more
benign than the transient HPME blowdown actually occurring in the experiments, with
transport of hot debris together with the steam blowdown. Decreasing voluime flow arcas
resulted in increased volume velocities more characteristic of the turbulent conditions
that might be expected during HPMI, and the associated turbulent forced convection
heat transfer to structures.

In addition, the MELCOR FDI/HPME/DCH model does not account for any radi-
ation directly from airborne debris to surrounding structures (or from deposited debris
directly to atmosphere). Although radiation heat transfer was included in the MELCOR
input model, there is little or no calculated atmosphere-structure radiation heat transfer
carly in these transients (except in IKT-5), because MELCOR only considers radiation
heat transfer for steam and/or COj3 in atmospheres. In [I5T-5, some atmosphere-structure
radiation heat transfer is calculated because of the large amount of COy used to inert the
system; however, in most of the experiment simulations there is very little steam present
carly in the transient, because any blowdown steam is consumed in debris oxidation soon
after arrival, and very little ('O, present at all. The lack of steam and/or 'Oy in the
atmosphere would if anything enhance radiation heat transfer from airborne debris to
structures because there would be little absorption in the intervening atmosphere. Hand
calculations indicate that this could be a significant heat transfer mechanism, carly in
the transient. Because there is no way in MELCOR to model this effect, too much en-
ergy may be deposited in the atmosphere by the airborne debris; because there is no
convenient way to enhance atmosphere-structure radiation heat transfer in general, we
relied on increasing convective heat transfer instead to help remove that energy.

(Again, while this could be done with the standard CVH package input for these
experiment, analyses, the same input modification could not be made in plant analyses,
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because the non-standard input would affect the results caleulated both before and alter
the HPMIS period. This problem also was addressed through new input capabilities,
adding a sensitivity coeflicient to the CVI package that optionally multiplies the volume
velocities in any given control volume during the HPMIE period only.)

The MELCOR FDI/HPMIE/DCH model does not. model transient transport of debris
into and through the system, but instead immediately places the debris at its ultimate
destination. MELCOR uses a single function for the time-dependence of the melt injec-
tion 1 all control volumes and heat structures; in reality, the melt reaches the subcoms-
partments later than the cavity, and the dome later than the subeompartments. The
time period over which melt injection was specified to occur was varied in sensitivity
study analyses, and the time-dependence of the melt addition in the MELCOR input,
was adjusted to mateh the rate of pressure and temperature increase in the vessel. Based
upon results results for vessel pressure, hydrogen generation and subcompartiment tem-
peratures, our analyses were run with a melt injection period of Is, with most of the
imjection occurring during the second hall of that period. This <Is melt injection period
is in reasonable agreement with test observations indicating molten brass, steel and ther-
mite entering the cavity between (0 and ~0.3s, and debris entrainment from the cavity
into the subcompartments between about. 0.4s and 0.8s.

The total debris mass collected in these experiments was usually greater than the
initial thermite charge due to melting of the inner wall of the crucible, vaporization of
the fusible brass plug, ablation of concrete in the cavity and structures, and oxidation of
metallic debris. Thus, despite the careful duplication of the initial thermite charge, the
different amounts of debris collected from the melt generator and from the vessel result in
some uncertainty in the actual amount and composition of melt injected into the vessel.
The majority of our MELCOR analyses simply specified the original thermite charge
mass, neglecting both the retention of any debris in the melt generator and the addition
of any debris due to melting, vaporization, ablation, and/or oxidation. To determine
the effect of the injection mass source uncertainty, caleulations were done varying the
melt mass. As would be expected, the vessel pressurization increases slightly as more
melt mass is injected during the HPMIS; there is also a small increase in both hydrogen
production and combustion with increasing melt injection amount, and a small increase
in subcompartment temperature.

Sensitivity studies varying the debris temperature showed, as would be expected, that
increasing debris temperature increases the vessel pressures calculated, but has very little
cffect on cither the amounts of hydrogen generated or burned. The debris temperature
variation has the strongest effect on the subcompartment temperatures predicted, with
a 1000K increase in debris temperature producing a ~500K increase in subcompartment,
peak temperatures.

The MELCOR FDI/JHPME/DCIH model does not model transient transport, of debris
into and through the system, but instead immediately places the debris at its ultimate
destination. The debris fractions placed in cach control volume and on each heat structure
are controlled solely by user input. In these ST analyses, the debris injected was all
placed in various control volume atmospheres and then allowed to settle out onto floor



heat structures: no debris was specified to be deposited directly onto any heat structures,
The debris distribution was kept the same in our MELCOR input for all tests analyzed,
hecause there were only small differences in the test data debris distributions.

However, in most plant analyses, there will be no equivalent data set providing goid-
ance on HPME melt distribution. To evaluate the effect of the debris distribution as-
sumed on the overall DCH behavior caleulated, caleulations were done in which the
experimental debris distribution for cach test was used, and in which most of the debris
was placed either in the cavity and chute or in the dome. The major difference is seen
for the calculation with most of the debris specified to go into the vessel dome, a volume
with a longer characteristic settling time (proportional to the volume height), which al-
lows more time for oxidation and especially for heat transfer from airborne debris to the
atmosphere; assiuming most of the debris goes to the dome results in much less hydrogen
production caleulated for most of the tests because then most of the debris is oxidized
by the relatively large amount of free oxygen available in the dome.

The effects of varying the characteristic debris interaction times were also investigated,
With a very long characteristic airhorne debris oxidation time, the overall pressurization,
and both the hydrogen production and combustion, are all nnderpredicted. Using shorter
characteristic airborne debris oxidation times (<0.1s) gives generally similar results be-
canse in all these cases the oxidation is mostly limited by the availability of oxygen and /or
steam. As would be expected, control volume temperatures are aflected most by varying
the airborne debris characteristic heat transfer time: the control volume atmosphere tem-
peratures increase as the airborne debris characteristic heat transfer time is shortened;
the vessel pressurization also increases, and there is decreasing hydrogen production and
combustion. The effect of increasing the airborne debris characteristic settling time is
to increase the vessel pressures and temperatures calculated, as well as the amonnt of
hydrogen both produced and burned, becanse this inercases the available time for hoth
oxidation and heat transfer to occur.

After work on these analyses had been in progress {or some time, we became concerned
about the interaction of debris with heat structures. In the original HPME model added
to MELCOR, any debris immediately deposited onto a heat structure or later settled
onto a heat structure essentially left the problem; there was no subsequent interaction of
any kind for that debris, except for decay heating of the structure surface. This was iden-
tified as a major potential problem arca, especially given MELCOR’s emphasis on mass
and energy conservation. For example, the lack of any thermal interaction of debris with
structures could adversely affect the ability to correctly predict late-time revaporization
of volatile fission products. Also, the lack of any oxidation of deposited debris meant that
the total amount of hydrogen producable during HPME was very highly dependent on
the user-specified initial debris distribution and on the characteristic settling time con-
stants  any debris deposited or settled could not continue to generate hydrogen through
further oxidation, regardless of oxygen and/or steam availability or debris temperature
and/or amount. Therefore two effects were added to the original HPME model: heat
transfer to the structure surface from deposited hot debris, and the continued oxidation
of the deposited debris. The heating of the structure surface by deposited hot debris
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is controlled by a heat transfer coellicient adjustable through sensitivity coeflicient in-
put, and the continued oxidation of the deposited debris is controlled by a user-input
structure oxidation characteristic time (distinet from and usually much longer than the
characteristic time inpnt for oxidation of airhorne debris). With these input and cod-
ing modifications, HPMIS debris deposited on structures now can continue to allect the
overall system response through several potential interactions.

In these T experiment analyses, there was generally Little effect on either the peak
or the long-term pressurization as the deposited debris characteristic oxidation time was
varied. The total amonnt of hydrogen generated increased as the characteristic oxida-
tion time for deposited debris decrcased, as would he expected, hecause more hydrogen
accumulates late in the transient as the debris settled and/or deposited onto structures
continues to oxidize. There was little effect seen on the amount of hydrogen burned,
however, because the hydrogen combustion primarily occurs carly in the transient, on
a time scale of a few seconds or less, as the airborne debris provides an ignition souree
during the high-pressure melt ejection.

Much of this “lack of effect™ of deposited debris oxidation is probably due to the
fact that the values of most of the other input parameters used in the MEELCOR input,
were setin carlier sensitivity study caleulations, before this effect was included in the
MELCOR FDIJHPME/DCH model. A longer characteristic interaction time constant
for oxidation of airborne debris (which would probably he more reasonable on physical
grounds) would have left more debris unoxidized during the first few seconds of the
transient and thus wonld allow more oxidation of deposited debris later in the transient.,
Oxidizing less airborne debris within the first few seconds and more deposited debris
later in the transient could also potentially allow both high enough hydrogen generation
and combustion and low enough vessel pressurization and subcompartment temperatures
to mateh the measured test data, without requiring as large an increase in heat transfer
to structures carly in the transient.

Several counterpart tests to the TET direct containment heating experiments done
al. Sandia in the 1:10 linear scale Surtsey facility were performed at ANL in the 1:40
lincar scale COREXIT facility, in an experimental program to investigate the effects
of scale on DCH phenomena. The results of the T:40-scale 1T experiment MELCOR
simulations were generally inconclusive. The vessel pressures predicted in our SNIL and
ANL counterpart-test, calculations were quite similar when both the geometry and the
characteristic interaction times in the 1'DIHPME input, were scaled, hut the test data
showed a number of non-scaled effects, In particalar, the results of both our limited review
of the facility and data scalability and of our ANL test simulations snggest that, in the
experiments, the DCH energy-transfer efficiency is greater al smaller scale, that there is
less pressurization due to hydrogen combustion at smaller scale, and that there appears
to be a greater effect of pre-existing hydrogen in the ANL 1:40-scale tests than in the
counterpart SNL :10-scale tests. These scale-dependent differences are not reproduced
in the corresponding MELCOR analyses. Other sensitivity studies indicated that some
ol the greater pressurization due to DCH at small scale observed in the experiments but.
“missing” in our MEELCOR calculations may be due to differences in heal transfer to
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structures at smaller compared to larger scale, that the pressure dropoff rate in the ANIL
data clearly would be matched better by assuming a recirculation flow area greater than
the 10% value assumed in the SNL experiment analyses, and that the data for those
tests in which hydrogen combustion occurred could not be matched by using the same,
non-default hydrogen burn package input that gave good agreement with test data for
the 1:10-scale test simulations.

The reference MELCOR calculations for the 1:10 linear scale 11T experiments done in
the Surtsey vessel have been compared to similar calculations done with the CONTAIN
code, when available. The CONTAIN DCH model is quite different from the MELCOR
FDI/HPME DCH model, being a more detailed, more mechanistic treatment rather
than a more parametric approach. Despite these differences, the results obtained with
the two code models are generally quite similar: in particular, a pressure rise of <100kPa
was calculated by both for tests with no significant hydrogen combustion, and a larger
pressure rise of ~200-250kPa for cases with substantiai hydrogen burn.

Several calculations have been done to identify whether any numeric effects exist in
our DCH TIET assessment analyses, producing either differences in results on different
machines or differences in results when the time step used is varied. The SNL/IET
reference calculations were run, using the same code version, on an 1BM RISC-6000 Model
550 workstation, on an HP 755 workstation, on a SUN Sparc2 workstation, on a CRAY
Y-MP8/864, and on a 50MHz 486 PC. There is gencrally excellent agreement among
results generated on these various hardware platforms. The SUN and PC were always
slowest in run time required; the IBM, HP and Cray were all significantly faster with the
HP the fastest for these analyses. In addition, otherwise identical MELCOR SNL/IET
calculations were run on a SUN Sparc2 workstation with both the user-input maximum
allowed time step and the initial time step size for HPME initiation simultaneously
reduced by factors of 2, 10, 20 and 100 from the basecase values. The resulls showed
about half of the SNL/IET experiment analyses fully converged for all these time steps,
with the other half demonstrating convergence with reduced time steps.
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A MELCOR FDI package HPME/DCH Model
(excerpted from [27])

The Fael Dispersal Interactions (FFD1) package in MELCOR calculates the behavior
of debris in containment from the time it is ejected from a failed reactor pressure vessel
until the time it is deposited in a cavity. Both low pressure melt ejection (LPME) from
the reactor vessel and high pressure melt ejection (HPME) [rom the reactor vessel (direct
containment heating) are modelled.

The I'DI package becomes active whenever debris material enters the package via the
MELCOR Transfer Process (TP) package interface. Debris material typically enters the
TP package in one of three ways. In a reactor plant accident caleulation debris enters the
TP package from the core (COR) package after failure of the reactor pressure vessel has
been caleulated. In a stand-alone direct containment heating (DCI) calculation debris
material is sourced into the TP package from cither tabular function user input or a user
source file via the external data file (EDIY) package interface of MELCOR.

After the introduction of debris material, the I'DI package classifies the ejection event
as cither a low or a high pressure melt cjection event on the basis of the ejection velocity
passed through the TP package or a flag set by the user for stand-alone DCH calculations.

If the velocity of the molten debris ejected from the reactor vessel exceeds a critical
value preseribed by sensitivity coeflicient 4602 (default value of 10 m/s), or if the user
has tnvoked the stand-alone option for high pressure melt ejection modeling, then the
fuel dispersal interactions will be treated by the high pressure model instead of the low
pressure model. The parametric high pressure model requires user input to control both
the distribution of debris throughout the containment and the interaction of the hot
debris with the containment atmosphere.

The HPME model does not include a mechanistic debris transport model; rather, the
user specifies a set of debris destinations with a corresponding set of transport {ractions
that preseribe where the cjected debris is assumed to go. The debris destinations may
include the atmosphere of any CVI control volume, the surface of any heal structure
and cavities defined by the CAV package. The sum of the transport fractions over all
the specified control volume atmospheres, heat structure surfaces and cavities must equal
one. ‘Transport of the ejected debris to its assumed destinations occurs instantancously
with no interactions occuring between the point of ejection and the destination sites.
As long as the HPME model is active (i.e. as long as the cjection velocity exceeds the
LPME/HPMI transition velocity preseribed by sensitivity coefficient 4602 or if the user
has invoked the stand-alone HPME model) the cjected debris will be partitioned among
the destinations as specified by the transport fractions. When the cjection velocity falls
below the LPME/HPME transition velocity for non-stand-alone applications, any debris
subsequently ejected is passed to the LPME model, which uses LPME model input
instead of the HPMI transport model to determine the debris destination. However,
debris that was transported to the HPME debris destinations before the model transition
occured will continue to be treated by the HPME model.
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The processes modeled inelnde oxidation of the metallic components of the debris in
hoth steam and oxygen, surface deposition by debris trapping or airborne-debris settling
and heat transfer to the atmosphere and heat structure surfaces. However, debris whiel:
is transported to cavity destinations is not treated further by the FDI package: vather,
subsequent treatment is provided by the CAV package. As implemented in the 1PN
model. surface deposition of debris can occur in two distinet ways. Fjected debris which
impacts structures prior to any significant interaction with the atmosphere is sourced
direct]y to the destination surface via the user-specified transport fraction for that surface.
This process is referred to as trapping in MELCOR. Alternatively, debris which interacts
significantly with the atmosphere should be sourced to the appropriate control volume, in
which a user-specified settling time constant. will determine the rate of deposition to the
specified settling destination (either a heat structure surface or a cavity). This process
is referred to as settling in MELCOR.

First order rate equations with user specified time constants for oxidation, heat trans-
fer and settling are used to determine the rate of cach process. Oxidation of airborne and
deposited debris is only caleulated if the debris temperature exceeds a value, TOX MIN,
which is adjusted using sensitivity coeflicient 4609 and has a defanlt value of 600K, 1f a
pool of water exists in the reactor cavity at the time of debris ejection, then the model
cjects the water into the droplet field (fog) of the atmosphere at a rate proportional to the
rate of injection of the debris into the pool. The proportionality coustant is adjustable
through sensitivity cocflicient 1605 and has a default value of 10. When the HPMIS model
first initiates direct containment heating in a control volume, the FDI package requests a
fallback of the eycle il the time step exceeds the recommended start-up value prescribed
by sensitivity coeflicient 4607 (with a default value of 107%s). Experience has indicated
that for most realistic scenarios the rapid excursions in pressure and temperature caused
by direct containment heating dictate the use of very small time steps for several cycles
following DCH initiation.

Airborne Debris

The airborne masses of UQ, and other materials that neither oxidize nor are the
products of oxidation are described by the following first order linear diflerential equation:

dM (i, k) M@k
T = = + S(i, k) (A.1)
dt /5']‘(1)
where M (i, k, 1) is the mass of component & in control volume ¢ at time ¢, T'ST'(7) is the
time constant for settling or trapping in control volume ¢ and S(/, k) is the constant mass
source rate of component &k in control volume 1 associated with the high pressure melt
ejection process. The solution of Eq. ALl is given by:

—dt
M(i k1) = [M(, k tg) — S(i, k) x Tep(i)] X cap '”F"TF) + S0 k) x Tsp(i) (A.2)
Fsrit
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where M (7, k, 1) is the mass at arbitrary initial time t4, and dt is the difference between
the final time, ¢, and time {5. The airborne masses of Zr, Fe and other materials that
are oxidized in the presence of oxygen or steam are described by the following first order
linear differential equation:

AMGi.k,t) - MGkD) o
e R C (A.3)

where Tso(7), the time constant for simultaneous oxidation and settling/trapping, is
given by:

1 1 1
N m . + 1 . (A'4)
Tso(t)  Tsr(z)  Tox()
where Tpx (7) is the oxidation time constant in control volume i. The solution to Eq. A.3
is identical to Eq. A.2 except that Tsp(7) is replaced by Tso(i). The airborne masses of
ZrO, and other materials that are products of oxidation reactions are given by:

MGk t) MGk o MY

dt T Tsr(3) Tox(2)

where R is the mass of product k formed by the oxidation of a unit mass of reactant .
The solution of Eq. A.5 is:

+ S(i, k) (A.5)

M@, k,t) = [M(2, k,to) — Cy — Cy] x empk + 'y x cxp( —di ) +C; (A.6)
! / T.so( )
where
C = [S( k) + R x S(i,1) x Jso(z)] < Tsp(i)
Tox(2)
and

CQ [R X S(Z [ X 75() )] - )

The HPME model contains two options for oxidation modeling. The user invokes
the sequential oxidation option, in which the order of oxidation is Zr, Al then steel, by
specifying a positive value for the oxidation time constant, Tox (7). For control volumes
in which the user would prefer simultaneous oxidation of the metals, a negative value of
Tox(z) is specified and the time constant will be equal to the absolute value of Tox(2).
In the sequential oxidation model a separate oxidation rate is first calculated for each
metal independently of all others with the given value of Ty (7). Then the mass of metal
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B consumed will be converted into an equivalent mass of metal A, where metal A is
assumed to oxidize in preference to metal B, until all of metal A is consumed. Hence,
steel will not be consumed until all the Zr and Al have been consumed, and Al will not
be consumed until the Zr is exhausted. 'I'his implies that the effective time constant {or
metal A oxidation when metal 1 is present may be significantly shorter than tawu,.(i).
The actual values of the effective oxidation time constants will be used in determining the
end of time sten airborne mass inventories in Eq. A.2 and Eq. A.6 above. Of course both
oxidation options are constrained by the availability of oxygen or steam. Steam oxidation
will only be calculated if there is insufficient oxygen available in the control volume to
support the prescribed oxidation rate. 1If there is insufficient oxidant to support the
calculated rates of oxidation for zirconium and iron, then the zirconium will have first
priority. The oxidation reactions will proceed at the initial time step values of debris
temperature in each control volume, and hydrogen formed by the steam reaction will
enter the atmosphere at that temperature.

The energy of the airborne debris is given by the solution of the following simple
equation:

dH(i,1 S : : .

LD — Frox(ist) — Qaaslist) + Suli) (A7)
where E’ox(i,t) is the rate of heat generation by the oxidation reaction, Sy(z) is the
enthalpy source rate associated with the high pressure melt ejection source, and where
the rate of heat transfer to the gas is approximated as:

: . Qq(zaf) H('Ialen) - ll(fjvrltqcts)
TAS 'I,,t = r ; . - sl .
Qaas(it) Thr(2) I'r(7)

(A.8)

where (),(2,1) is the energy available for transfer to the gas, where Ty (2) is the user
specified time constant for heat transfer from the airborne debris to the atmosphere
in control volume i, where H(2,Ty,) is the energy content of the debris at its actual
temperature, Ty, and H (2, Tyqs) is the energy content of the debris in equilibrium with
the gas at temperature, Ty,s. The solution to Eq. A.7 is given by:

H(i ) = H(i,to) + Eox(i,t) — Qaas(i, 1) (A.9)

where H(7,1o) is the energy of the debris following the addition of the integrated enthalpy
source, Sy(7) x dt, and following adjustments to its composition associated with the
oxidation reaction, where Fgyx(7,t) is the oxidation energy generated between times ¢

and ¢t and where Qg as(t,t) 1s the amount of heat transferred to the gas between times
to and t. QGAS(i,t) is given by:

Qeas(ist) = /” [fﬁj{(jgf))] dt (A.10)
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where Q,(7,t) satisfies:

dQy(1,) — _Qg(iat) o+ (Eox + Qox)

B T T |9SR @ (A-11)

QSRC = SH(i, Tsrc) - SH(Z'v Tgas)
is the available source enthalpy and

Qox = Hox (%, Tasr) — Hox (%, Tyas)

is the available enthalpy created by composition adjustments during oxidation. The
solution to Egs. A.10 and A.11 is:

Qaas(t,t) = Qorp X [1 —exp (%:—;) +
[QSRC + M] X {dt - THT X {1 — Exp (:di)] }(A.lQ)
dt Tur

where Qorp = H(4,T(to)) — H(?,T4as) is the initial available energy.

The inclusion of the HPME source terms in Eqgs. A.1 through A.12 eliminates time-
step dependencies that would arise if the sources were added prior to the calculation of
oxidation, heat transfer and settling/trapping. After the total energy at the advanced
time, t, is determined, it is compared to the enthalpy corresponding to a maximum
permissible temperature, Hyjax. If H(i,t) exceeds Hprax, then Eq. A.9 is solved for
Raas(t,t) with H(z,t) set equal to HMAX as follows:

Qacas(t,t) = H(i,t0) + Eox(i,t) — Hyax (A.13)

so that the heat transferred to the gas is increased sufficiently to limit the advanced time
debris temperature to the maximum prescribed value, Tarax. Tarax is given by:

Tarax = MAX(Tyus, Tusn(to), Tusr ('), T4603) (A.14)

where T, is the gas temperature, Ty, (o) is the debris temperature at the beginning
of the time step, Ty, (t') is the debris temperature after addition of new source material
to the initial inventory and 7'4603 is the temperature limit prescribed by sensitivity
coeflicient 4603, which normally exceeds the other arguments in the max function of Eq.
A.14. The default value of T4603 is approximately equal to the boiling temperature
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of UQ, - temperatures much in excess of this value would likely result in very rapid
fragmentation of debris droplets and significantly increased droplet-to-gas heat transfer.

After an advanced time temperature for the airborne debris has been determined, the
projected change in the CVH atmosphere temperature as a result of direct containment
heating during the time step is calculated. If the change exceeds a value prescribed by
sensitivity coeflicient 4604 (with a default value of 500K), then the I'DI package requests
a fallback with a decreased time step.

Following the determination of the advanced time temperature for the airborne de-
bris, the advanced time mass equations, Eqs. A.l through A.6, are used to determine
how much material is removed from the atmosphere by settling/trapping. The settled
material and its energy content are removed from the airborne inventory and deposited
on the appropriate surface specified by user input. After the settling calculation has heen
performed, the advanced time total airborne mass in each control volume is determined
by summing over all components. If the advanced time total airborne mass is insignificant
compared to the total mass of material sourced into the control volume atmosphere over
the duration of the DCH event, then all of the remaining airborne mass in the control vol-
ume is immediately deposited on the appropriate settling surface and a message is issued
to notify the user that direct containment heating has ceased in that particular control
volume. The ratio used to determine when the airborne mass has become insignificant is
adjustable through sensitivity coeflicient 4606 and has a default value of 0.001.

Deposited Debris

The mass of material & on surface ¢ at time t is given by

M (i, k1) = M(i, k.to) + S'(i, k) x dt (A.15)

where

to+dt M (3, k. 1/
S'i k) = S, k) + ) / L LLE /dt (A.16)
. i
J

0 Ts7(7)
and S(i, k) is the constant mass source rate of component k to surface ¢ from trapping.
The secoud term on the right hand side of Eq. A.16 accounts for settling to the surface,
and the sum is over all control volumes that have surface 7 as the user-specified settling
surface. M(j,k,t) and Tsp(7) are the airborne mass of component &k in control volume j
and the settling time constant in control volume j, respectively.

For UO; and other materials not associated with oxidation the settling term is given
by

[ M B, 1)
t

—dt
t = M(j, kit l —exp| ——
) Tor) d 1(7, k,tp) X exp >

Tst(7)
S(y,k) x {dt — Tsr(j) [1 —exp (%)]} (A.1T7)
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For metals that oxidize the settling term is given by

0o+t M(j,k,t") ,  [Tso(y " —dt
-/to Tsr(j) ar = [TW( ] {M (ko) [ T (Tso(j)>j| ¥
S5, k) |dt — Tso(5) {1 — exp (7%0%) H } (A.18)

which reduces to Eq. A.17 if Tox(j) >> Tsr(j), because in that case Tso(j) ~ Tsr(J)
as shown by Eq. A.4. For oxidation products the settling term is given by

to+dt M (5, k, 1) _ [ ( —dt )]
—dt = M(j ko) X |1 —exp | —— )| +
R bt 1= e\ 75.0)

safatao - ()

R{ {150( ))] (M (7,1, t0) + S5, 1) {dt = T'SOG) = Tsr(j)}] —

(MG, t0) — SG, D Tsr(s >1up( —dt )+["”S‘°(i)} y

Tsr(7) Tsr(y)
) . —dt
IM(ji L, to) = S, DTs0(j)]  eap ( ,90(’ )) } (A.19)

where material [ is the metal from which the oxide is formed and R is the mass of product
k formed by the oxidation of a unit mass of reactant /.

The energy of the deposited debris is calculated with equations almost identical to
Eqs. A.7-A.14 except the source term Sy (i) also includes the enthalpy associated with
debris settling. It is assumed that the enthalpy of the settled debris is equal to the end of
time step value calculated with Eq. A.9. The settled mass with the end of step enthalpy
is applied to the deposition surface during the time step at a constant rate as implied
by Eq. A.15. The other difference between the treatment of the energy of airborne
and deposited debris concerns heat transfer. As discussed above, the user specifies a
ime constant for heat transfer from the airborne debris to the atmosphere. However,
for heat transfer from deposited debris to the structure a different approach is taken.
Because the CVH package does not recognize the deposited debris temperature as the
effective surface temperature, in order to effectively simulate the heat transfer from the
hot debris to the CVH pool and/or atmosphere associated with the surface it is necessary
to tightly couple the debris temperature to the HS surface temperature that CVH does
recognize. Accordingly, a very small time constant equal to the minimum of half the
surface oxidatlion time constant and a value of .001s is used to calculate the amount of
heat transfer from the debris to the deposition surface using the analog of Eq. A.12 for
heat transfer to surfaces. The value obtained is then used to determine the average heat
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transfer coefficient between the deposited debris and the surface during the time step as
follows.

Qsvurr(i,t)
ASURF x AT x dt

hsurr = (A.20)

where Agygr is the surface area of the structure, AT is the difference between the begin-
ning of time step debris temperature and the structure surface temperature and QSURF
is the value obtained from the analog of Eq. A.12. If hsyprp exceeds a maximum value,
hsu RF.maz, specified by sensitivity coefficient 4608 (default value 1000W/m?-K), then the
value of Qsygr is reduced by the ratio hsyrp, maz/hsypr to limit it to the value consis-
tent with Asyrpmez. Whenever the Qgupp is limited by hsyrFma. the direction of heat
transfer (i.e. debris-to-surface or surface-to-debris) is compared to the direction from the
previous time step; if the direction is alternating, that indicates that the surface temper-
ature has probably been driven into an oscillation about the debris temperature because
the time step exceeds the stability limit associated with the explicit coupling between
the FDI and HS packages. In such cases, FDI requests a system fallback with the time
step reduced by a factor of one half. Normally, the value of hgyprpmar should be chosen
large enough to promote rapid equilibration of the debris and surface temperatures, yet
not so large as to induce instability in the surface temperature for reasonable values of
the time step.

If the MELCOR Radionuclide (RN) package is active, then FDI will call RN1 any-
time fuel is moved so that the associated radionuclides can be moved simultaneously.
Furthermore, the decay heat associated with the radionuclides will be deposited in the
appropriate location.

Specified time constants of less than 107%s will be reset to that value to avoid potential
numerical problems associated with vanishing time constants. For time scales of interest,
a time constant of 107%s implies an essentially instantaneous process (i.e., instantancous
complete oxidation, instantaneous thermal equilibration with the atmosphere or instan-
taneous settling).

The simple direct containment heating model described above is not intended to pre-
dict all details of DCH events from first principles. Nodialization requirements would
be much greater than normal MELCOR models. Rather, it is intended to allow users
to evaluate the overall effect of varying the relative rates of the most important pro-
cesses controlling DCH loads. HPME model results are sensitive to the relative values of
tat,y (i), tauy (1) and tawug,(i) specified by the user for each control volume. Reasonable
values for these time constants can be obtained in basically two ways. First, results from
mechanistic codes such as CONTAIN can be used to obtain appropriate values; or, sec-
ond, reasonable assumptions concerning particle sizes and velocities in conjunction with
simplified hard calculations can yield a range of time constants in the correct range. In
most cases this second method should be adequate for parametric PRA studies.
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B SNL/IET-1 Reference Calculation Input Deck

*

*eor* melgen

*

allowreplace

*

s e ook o ok ok s ok s oo o ok ko sk o ok ok ook o ok ok sk s ko koo ok ok s sk ok ko ok ok ko s ok ke s sk ks s ok ok s o o o ko ok sk ok o
*

title ’Surtsey IET-1’

*

ok ook o ok ks s ook o o ok sk ook o ok ok o o ok sk ko ksl ok ook o stk o ke s ko ok ok sk ok s s ok ko ok ok ok ks sk ok ok ek o sk ok
*

diagfile ’genl.dia’
outputfile ‘’geni.out’
plotfile ‘plotl’
restartfile ’restarti’
*

stk o oo ok e s ok ok ook oo o ook ook ook ke ok sk ok o o s o o ok sk s ok o ok s ok o ko ok s ok s sk ok s ok s ko
*

* common input

*

ok o ook ool sk ok ok o ko o ko sk ook s ok sk ko sk ok o o o ook s o ok ok ook ok s ok o o ko o ok sk ks ko ke ok
*

ook ook ko ok ook ok kot ok skok ook ok ok ook ok kol ook ok o ok ok ol ks sk ks ok sk ok ok o ok ok ok oo o
%*

* burn package input

*

Aok ok sk sk okokok sk kb kR ok ok ok ok kb ok stk kst ook ok ko sk ok ok sk sk s ok ok o ok o koo sk ok sk ok o
*

bur000 0 * activate package

bur001 0.0 0.167 0.07 0.129 0.05 0.55 0.0 0.167 0.05 0.55

*bur003 1.0e-6 0.148 1.0e-6 0.125 1.0e-6 0.138 1.0e~-6 0.150
burcc00 -1 -1 0.0 -1 0.0

buri00 010 86

buri0i 020 86

buri02 030 86

*

ko o ko o sk o ok ook sk ke o e sk ok s ok ok ko s ok ok oo ok ok s o o sk o ok ks ks o ok ok oo ko o o sk ke o ko ok o o ok Aok Ao o
*

* non-condensible gas input

*

ook ok ook ok ok ok ook ok sk ok o kst ok o ok stk ok sk ko sk ok ok o ko ok ok sk ok ok sk o ok sk ok ok o ok Kok o Sk o o ok ok ok ok oK
*

ncg000 n2
ncg001 02
ncg002 h2

ncg003 co2
ncg004 co

ncgl05 ar
%*

W W0 ~ND O

3k ok 3 3k ok o 3k 3k ok ok ok o 3 ok ok o e ok 3k ok ok o o 3k sk 3k ok ok 3 3 3k ke sk 3k ok ok ke 3k ok 3k ok o 3k ok ke Ak ok dk ok Sk ok ok 3k sk s ok ke ok ke ok o ok 3k ok sk K sk sk ok ok ok %k
*
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* control volume and flow path

*

Sk o o Ko ok o o o Ko o S o o R o o K o o oo o o o R o oo o o ok o o ok sk ok ok o o ok ok o Ko ok ok ok
*

*

cv00100 accum-mg 2 2 1  * nonequil therm, vertical flow
cv001a0 3

cv00ibl 0.50 0.0

cv001b2 1.50 0.308

*

£100500 melt-plug 001 010 0.975 0.3048

£100501 0.001282 0.1 0.0 0.10 0.10

£100503 2.5 2.5 0.85 0.85

£100504 0.0 0.0

£1006s1 0.001282 0.1 0.0404 16.0

£1006v1 -1 005 005

c¢f00500 ’plug’ tab-fun 1 1.0 0.0

cf00501 0.0

¢f00503 005

cf00510 1.0 0.0 time

tf00500 ‘’plug’ 2 1.0 0.0
t£f00510 0.0 0.0
t£00511 2.0 1.0

*

c¢v01000 cavity 2 1 1  * nonequil therm, horizontal flow
cv01003 0.02

cv01i0ald 3
cv010b1 0.0 0.0
cv010b2 0.3048 0.100

*

£101500 chute-inlet 010 020 0.1524 0.1524

£101501 0.0929 2.4 1.0 0.290 0.290

£101503 0.5 0.5

f101504 0.0 0.0

£1016s1 0.0929 2.4 0.3048 16.0

%*

cv02000 chute 2 2 1 * nonequil therm, vertical flow
c¢v02003 0.02

cv020a0 3
cv020b1 0.0 0.0
cv020b2 2.16 0.145

%*

£102500 chute-outlet 020 030 2.16 2.16
£102501 0.0929 1.2 1.0 0.3048 0.76
7102503 0.5 0.5

£102504 0.0 0.0

£1025s1 0.0929 1.2 0.3048 16.0

£1026s2 2.7819 0.76 0.3048 16.0

*

cv03000 subcompartments 2 2 1  * nonequil therm, vertical flow
cv03003 0.025

cv030a0 3

cv030b1 2.16 0.0
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cv030b2 3.68 4.65

%*

£103500 dome-inlet 030 040 3.68 3.68
£103601 2.7819 8.26 1.0 0.76 7.5
£103503 0.5 0.5

£103504 0.0 0.0

£1036s1 2.7819 0.76 0.3048 16.0

£1036s2 10.125 0.76 0.3048 16.0

*

cv04000 dome 2 2 1 * nonequil therm, vertical flow
cv04003 0.1

cv040a0 3

cv040b1 2.16 0.0

cv040b2 3.68 T7.54

cv040b3 12.09 85.15

%*

£104500 recirculation 040 030 9.68 2.68
£104501 0.27819 0.76 1.0 0.75 0.75
£104503 0.5 1.0e6

104504 0.0 0.0

£1045s1 0.27819 0.756 0.1048 16.0

*

ke e o ok ok e o ok o 3Kk 3 o o o K ok o o o ok sk ok o ok ok o ok o o i Kok ok o ok ok ok o oo o o S s o Sk K o ok ok ok ok ok ok ok ok o o s ok ok ok ok ko
*

* control function input

%*

ke ok e oo o o ok ok o o o 3 ok o o ok o s ok 3k e ok oo e ok o sk s ok 3 o o 3 o ok o o 3 o o o K ok ok ok oK ok ok ke oo sk o o o ok K o ok sk ok ok ok ok ok o sk ok
%*

cf01100 hydrogen add 4 1.0 0.0

cf01110 1.0 0.0 cvh-mass.6.010

cf01111 1.0 0.0 cvh-mass.6.020

cf01112 1.0 0.0 cvh-mass.6.030

cf01113 1.0 0.0 cvh-mass.6.040

*

cf01200 al-oxid-tot add 16 1.0 0.0

cf01210 1.0 0.0 fdi-al-oxtot.1.010

cf01211 1.0 0.0 fdi-al-oxtot.1.020

cf01212 1.0 0.0 fdi-al-oxtot.1.030

cf01213 1.0 0.0 fdi-al-oxtot.1.040

cf01214 1.0 0.0 fdi-al-sxtot.1l.1.01001
cf01215 1.0 0.0 fdi-al-sxtot.1l.1.01002
cf01216 1.0 0.0 fdi-al-sxtot.1.1.01003
cf01217 1.0 0.0 fdi-al-sxtot.1l.1.02001
cf01218 1.0 0.0 fdi-al-sxtot.l.1.02002
cf01219 1.0 0.0 fdi-al-sxtot.1.1.02003
cf01220 1.0 0.0 fdi-al-sxtot.l1l.1.03001
cf01221 1.0 0.0 fdi-al-sxtot.1l.1.03002
cf01222 1.0 0.0 fdi-al-sxtot.l1l.1.03003
cf01223 1.0 0.0 fdi-al-sxtot.l.1.04001
cf01224 1.0 0.0 fdi-al-sxtot.l.1.04002
cf01226 1.0 0.0 fdi-al-sxtot.l.1.04003

*
cf01300 ss-oxid-tot add 16 1.0 0.0
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¢f01310
cf01311
cf01312
cf01313
cf01314
cf01315
cf01316
cf01317
cf01318
cf01319
c£01320
cf01321
cf01322
cf01323
cf01324
cf01325
*

cf01400
cf01410
cf01411
cf01412
cf01413
cf01414
cf01415
cf01416
cf01417
cf01418
cf01419
cf01420
c¢f01421
cf01422
cf01423
cf01424
c£014256
*

cf01500
cf01510
cf01511
cf01512
cf01513
c¢f01514
cf01515
cf01516
cf01517
cf01518
cf01519
cf01520
cf01521
cf01522
cf01523
cf01524
cf01525
*

P T e e
O 0O 00O O0OO0ODO0OO0O0OO0O0O0O O OO0

OO0 0O 000000000 OO0 OO0
O 0O OO0 O0DO0OO0OO0OO0O0 OO0 0o

fdi-ss-oxtot.
fdi-ss-oxtot.
fdi-ss-oxtot.
fdi-ss-oxtot.
fdi-ss-sxtot.
fdi-ss-sxtot.
fdi-ss-sxtot.
fdi-ss-sxtot.
fdi-ss-sxtot.
fdi-ss-sxtot.
fdi-ss-sxtot.
fdi-ss-sxtot.
fdi-ss-sxtot.
fdi-ss-sxtot.
fdi-ss-sxtot.
fdi-ss-sxtot.

o2-oxid-tot add 16

[ T N e N
OO0 0O QOO OO0 OO0 00O OO0

.0

0.

QOO O OO 0000000 OO0 Oo
OO 00O 000000 COO OO0

0

fdi-o2-oxtot.
fdi-o2-oxtot.
fdi-o2-oxtot.
fdi-o2-oxtot.
fdi-o2-sxtot.
fdi-o2-sxtot.
fdi-o2-sxtot.
fdi-o2-sxtot.
fdi-o2-sxtot.
fdi-o2-sxtot.
fdi-o2-sxtot.
fdi-o2-sxtot.
fdi-o2-sxtot.
fdi-o2-sxtot.
fdi-o2-sxtot.
fdi-o2-sxtot.

st-oxid-tot add 16

[ S O I S e e L
O 0O 0O 00O 000000 O OO0

.0

QOO0 QCO0OO0OO0OO0OO0OO0O0OO0 00 O0OO0
OO C OO O0OO0O0OO0OO0OO0OC O OO

.0

fdi-st-oxtot.
fdi-st-oxtot.
fdi-st-oxtot.
fdi-st-oxtot.
fdi-st-sxtot.
fdi-st-sxtot.
fdi-st-sxtot.
fdi-st-sxtot.
fdi-st-sxtot.
fdi-st-sxtot.
fdi-st-sxtot.
fdi-st-sxtot.
fdi-st-sxtot.
fdi-st-sxtot.
fdi-st-sxtot.
fdi-st-sxtot.

[l B ol o o ol e e e e S e
P O S S o i

[ R e e i e R

[ = T S S =

[l o o e S A e

N e

.010
.020
.030
.040

.01001
.01002
.01003
.02001
.02002
.02003
.03001
.03002
.03003
.04001
.04002
.04003

0.0

.010
.020
.030
.040

.01001
.01002
.01003
.02001
.02002
.02003
.03001
.03002
.03003
.04001
.04002
.04003

0.0

.010
.020
.030
.040

.01001
.01002
.01003
.02001
.02002
.02003
.03001
.03002
.03003
.04001
.04002
.01003
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cf01600 h2-oxid-tot add 16 1.0 0.0

cf01610 1.0 0.0 fdi-h2-oxtot.1.010

cf01611 1.0 0.0 fdi-h2-oxtot.1.020

cf01612 1.0 0.0 fdi-h2-oxtot.1.030

cf01613 1.0 0.0 fdi~h2-oxtot.1.040

cf01614 1.0 0.0 fdi-h2-sxtot.l1l.1.01001
cf01615 1.0 0.0 fdi-h2-sxtot.1l.1.01002
cf01616 1.0 0.0 fdi-h2-sxtot.l1.1.C 003
cf01617 1.0 0.0 fdi-h2-sxtot.l.1.02001
cf01618 1.0 0.0 fdi-h2-sxtot.l1l.1.02002
cf01619 1.0 0.0 fdi-h2-sxtot.l1l.1,02003
cf01620 1.0 0.0 fdi-h2-sxtot.l1l.1.03001
cf01621 1.0 0.0 fdi-h2-sxtot.1l.1.03002
cf01622 1.0 0.0 fdi-h2-sxtot.1.1.03003
cf01623 1.0 0.0 fdi-h2-sxtot.l.1.04001
cf01624 1.0 0.0 fdi-h2-sxtot.l.1.04002
cf01625 1.0 0.0 fdi-h2-sxtot.l1l.1.04003

*

cf01700 al-oxid-frac equals 1 1.67785 0.0

cf01710 1.0 0.0 cfvalu.012

*

cf01800 ss-oxid-frac equals 1 0.03795 0.0

cf01810 1.0 0.0 cfvalu.013

*

cf01900 ’h2-burned’ add 2 1.0 0.0

cf01910 1.0 0.0 cfvalu.016

cf01911 -1.0 0.0 cfvalu.011

*

b ok oo o o o o o oK ok o ks o sk ook ok o o ok oo ko o K K ok o oo o o ook oK o o o ok o o ok s o o ok ok ok sk ok
*

* tabular fr.nction input

*

e e ok e 3k o o o 3 ke e k3 ok sk ke ke ook K ok ok ok ok ok 3 o o ok ok sk ok o ok ok ok o e ok ok ok ke ok o ok oK oK ok ok ok ok ok ke 3k o ok 3K ok ok ok o ke ok o ok ok oK
*

t£00100 debris-temp 1 1.0 0.0

t£00110 1.0 2300.0

*

t£00200 al2-03 11 16.056 0.0

t£00210 0.0 0.0
t£00211 0.1 0.05
t£00212 0.2 0.1
t£00213 0.3 0.15
tf00214 0.4 0.2
t£00215 0.5 0.3
t£00216 0.6 0.5
t£00217 0.7 0.8
t£00218 0.8 0.9
t£00219 0.9 0.95
t£00220 1.0 1.0
*

t£f00300 al 11 0.596 0.0
t£00310 0.0 0.0
t£00311 0.1 0.05
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t£00312 0.2 0.1
t£00313 0.3 0.15
t£00314 0.4 0.2
t£003156 0.5 0.3
t£00316 0.6 0.5
t£00317 0.7 0.8
t£00318 0.8 0.9
t£00319 0.9 0.95
t£00320 1.0 1.0
*

t£00400 fe-cr 11 26.347 0.0
t£00410 0.0 0.0
t£00411 0.1 0.05
t£00412 0.2 0.1
t£00413 0.3 0.15
t£00414 0.4 0.2
t£00415 0.5 0.3
t£00416 0.6 0.5
t£00417 0.7 0.8
t£00418 0.8 0.9
t£00419 0.9 0.95
t£00420 1.0 1.0

*

mpmat00600 steel

* fraction fe cr ni c
mpmat00699 0.82359 0.17641 0.0 0.0
*

o ok ok o ook o o sk s ok o ok o ok sk ok o ok K Kk o sl oo sl ok ok ok sk e s oo o o ok ke ok ok ks o s e ok ok ok ok sk ok ks ok ko ok ok ok
*

* dch/fdi input

%*

ok ok ok ok o ok ok ko ok kR ok ik ok ks ko ok ok ok R ki ok ok ok ok sk ok ok sk ook sk okl ok ook K ok ok ok ok o ok
*

* nfdicv nfdcav nfdtpi nfdtpo
£di0100 010 -1 1 -3

* name

£di0101 cavity

* zbottm ztop

£di0102 0.0 0.3048

* nfdatm nfddep

£di0104 4 12

%k

* matname itable
£di0110 aluminum-oxide 2

£di0i1ii aluminum 3

£di0112 stainless-steel 4
*

* icvnum idpnum itype frac tauox tauht  tausettle
£di0150 010 01002 1lhs 0.15 0.025 0.40 0.15
£d4i0151 020 02002 1hs .10 0.025 0.40 0.36
£di0162 030 03002 1hs 0.65 0.025 0.40 0.25
£d4i0153 040 04002 1lhs 0.10 0.025 0.40 0.60

*
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* idpnum itype frac tsox

£di0164 01001 1hs 0.0 600.0
£di0165 01002 1hs 0.0 600.0
£di0166 01003 lhs 0.0 600.0
£di0157 02001 1hs 0.0 600.0
£di0168 02002 1hs 0.0 600.0
£di0168 02003 1hs 0.0 600.0
£di0160 03001 lhs 0.0 600.0
£di0161 03002 1hs 0.0 600.0
£di0162 03003 lhs 0.0 600.0
1di0163 04001 lhs 0.0 600.0
£di0164 04002 1hs 0.0 600.0
£di0165 04003 lhs 0.0 600.0

*

ke ok ok e ok ok Kok o K ok o ok ok ok ok ok ok o o ook o ook o ok ok ko o o o o ok o o ok o oo s o ok ok o ok o o K o ok o o o o

*

* heat structure input

*

e ok ke o ok s o o o ok e sk ok 3 e o de sk o e ok ok 3k ok ok ol 3 e e ok 3 e ok ke 3K ok o Sk ok sk 3 3k sk ok ok sk 3 sk ok s ok ke ok ok o ok e ok ok e ok ok ok e ok ok ok ok

*

* cavity

*
hs01001000
hs01001001
hs01001002
hs01001100
hs01001101
hs01001102
hs01001103
hs01001104
hs01001105
hs01001106
hs01001107
hs01001108
hs01001109
hs01001110
hs01001111
hs01001200
hs01001201
hs01001300
hs01001400
hs01001401
hs01001500
hs01001600
*
hs01002000
hs01002001
hs01002002
hs01002100
hs01002200
hs01002300
hs01002400
hs01002401

12 1 0
cavity-wall
0.0 1.0

-1 1 0.0
.0001
.0003
.0006
.0010
.0024
.0050
.0100
.0200
.0400
.0900
.1830
1
concrete 11

0

1 010 int 0.0 1.0
0.8 gray-gas-a 0.261
0.779 0.3048 0.3048

O 00N WN

-
- O

I OO OO0 00O O 0O OO0
-
N

0

12 1 0
cavity-floor

-0.1830 ~1.0e-7
01001 1 0.0

01001

0

1 010 ext 0.0 1.0

0.8 gray-gas-a 0.261



hs01002600 0.779 0.3048 0.3048
hs01002600 O

*

hs01003000 12 1 O

hs01003001 cavity-roof
hs01003002 0.3048 0.0
hs01003100 01001 1 0.0
hs01003200 01001

hs01003300 0

hs01003400 1 010 ext 0.0 1.0
hs01003401 0.8 gray-gas-a 0.261
hs01003500 0.779 0.3048 0.3048
hs01003600 0

*

* chute

*

hs02001000 12 1 O

hs02001001 chute-wall
hs02001002 0.0 1.0

hs02001100 -2 1 0.0

hs02001101 0.0001 2

hs02001102 0.0003 3

hs02001103 0.0006 4

hs02001104 0.0010 5

hs020011056 0.0024 6

hs02001106 0.0050 7

hs02001107 0.0100 8

hs02001108 0.0200 9

hs02001109 0.0400 10
hs02001110 0.0900 11
hs02001111 0.1830 12
hs02001200 -1

hs02001201 concrete 11
hs02001300 O

hs02001400 1 020 int 0.0 1.0
hs02001401 0.8 gray-gas-a 0.261
hs02001500 1.341 2.16 2.16
hs02001600 ©

%*

hs02002000 12 { O

hs02002001 chute-floor
hs02002002 -0.08022 -0.89879
hs02002100 02001 1 0.0
hs02002200 02001

hs02002300 O

hs02002400 1 020 ext 0.0 1.0
hs02002401 0.8 gray-gas-a 0.261
hs02002500 0.732 2.2 2.2
hs02002600 0

*

hs02003000 12 1 O

hs02003001 chute-roof
hs02003002 0.3048 0.89879
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hs02003100
hs02003200
hs02003300
hs02003400
hs02003401
hs02003500
hs02003600
*

02001 1t 0.0

02001

0

1 020 ext 0.0 1.0

0.8 gray-gas-a 0.261
0.6096 2.0 2.0
0

* subcompartments

*

hs03001000
hs03001001
hs03001002
hs03001100
hs03001101
hs03001102
hs03001103
hs03001104
hs03001105
hs03001106
hs03001107
hs03001108
hs03001109
hs03001110
hs03001111
hs03001200
hs03001201
hs03001300
hs03001400
hs03001401
hs03001500
hs03001600
*

hs03002000
hs03002001
hs03002002
hs03002100
hs03002101
hs03002102
hs03002103
hs03002104
hs03002105
hs03002106
hs03002107
hs03002108
hs03002109
hs03002110
hs03002200
hs03002201
hs03002300
hs03002400
hs03002401
hs03002500

12 1 0
subcompartments-wall
2.16 1.0

-1 1 0.0

.0001
.0003
.0006
.0012
.0024
.0050
.0100
.0200
.0350
.0650
.1067

O 0~ 0P WwN

I OO0 0O OO0 OO0 OO O
-

- e

N = O

concrete 11

0

i1 030 int 0.0 1.0
0.8 gray-gas-a 0.5028
27.9696 0.721 0.721

0

11 1 0
subcompartments-floor
2.16 -1.0e-7

-1 1 0.0

.0001
.0003
.0006
.0012
.0024
.0050
.0100
.0200
.0350
.0508
-1
concrete 10

0

1 030 ext 0.0 1.0
0.8 gray-gas-a 0.5028
6.1789 0.71 0.71

©C OO 0000 O O0OO
© O N O 0 WN

-
= O
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hs03002600
*
hs03003000
hs03003001
hs03003002
hs03003100
hs03003101
hs03003102
hs03003103
hs03003104
hs03003105
hs03003106
hs03003107
hs03003108
hs03003109
hs03003200
hs03003201
hs03003300
hs03003400
hs03003401
hs03003500
hs03003600
*

* dome

*
hs04001000
hs04001001
hs04001002
hs04001100
hs04001101
hs04001102
hs04001103
hs04001104
hs04001105
hs04001106
hs04001107
hs04001108
hs04001200
hs04001201
hs04001300
hs04001400
hs04001401
hs04001500
hs04001600
%*
hs04002000
hs04002001
hs04002002
hs04002100
hs04002101
hs04002102
hs04002103
hs04002104

10 1 0

subcompartments-roof

3.68 0.0
-1 1 0.0
.0001
.0003
.0006
.0012
.0024
.0050
.0100
.0200
.03056
-1
concrete 9
0

O O OO OO OO QO
© 0 ~N U N

[
o

1 030 ext 0.0
0.8 gray-gas-a 0.5028
6.4265 0.309 0.309

0

9 1 0
dome-wall
3.68 1.0
-1 1 0.0
.0001
.0003
.0006
.0012
.0024
.0050
.0090
.01588 9
-1

O OO0 O OO OO0
0 N U WN

stainless-steel 8

0
1 040 int

0.8 gray-gas-a 2.489
135.1498 7.539 7.539

0

11 1 0
dome-floor

3.68 -1.0e-7

-1 1 0.0
0.0001
0.0003
0.0006
0.0012

o W N
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hs04002105
hs04002106
hs04002107
hs04002108
hs04002109
hs04002110
hs04002200
hs04002201
hs04002300
hs04002400
hs04002401
hs04002500
hs04002600
*

hs04003000
hs04003001
hs04003002
hs04003100
hs04003200
hs04003300
hs04003400
hs04003401
hs04003500
hs04003600
*

.0024 6
.0060 7
.0100 8
.0200 9
.0400
.0762
-1
concrete
0

1 040 ext 0.0 1.0
0.8 gray-gas-a 2.489
10.239 1.33 1.33

0

OO O OO D

10

9 1 0
dome-roof
12.09 0.0
04001 1
04001

0

1 040 ext 0.0 1.0
0.8 gray-gas-a 2.489
10.507 3.66 3.66

0

0.0

Ak ok ok sk o K o o o ko o ok ok sk ok ok Kok ook ok o ok ok ok ok ok ok o ko ok s oo ok ok o ok ok ok ok ok o e sk ok ok ok ok o ok e sk sk ok ok ok o o ok

*

sc42551 4255 1.0e-5 1 * reduce
*

sc40611 4061 0.0 1 * reduce
sc40612 4061 0.001 2 * reduce
sc40641 4064 0.0 1 * reduce
sc40642 4064 0.001 2 * reduce
*

sc46081 4608 1.0 1 =*

%*

HS film thickness

laminar natural convection bound
turbulent natural convection bound
laminar forced convection bound
turbulent forced convection bound

reduce FDI debris-to-structure HTC

o e ok e o ok oK o o o sk e ok ok ok o e ke ok ok o ke sk ok 3k ok ok o sk o ok ok ok ook ok ok ok ko ok ok 3k sk ok ok ok dk ok ok 3k ok o 3 ok sk sk ok ok ok ke ok ok ok ok ok ok ok

*

* test-specific input

*

o 2k s sk ok o 2 ok ok 3k ok ok s ok ok e ok ok sk ok ok ok 3k 3k o 3 ok o ok 3k ok ok ok ok ak ok sk ok ko ok sk sk ok ok ok ok o sk ok sk sk 3k ok ok sk ook ok ok ok ok ok ok ok ok ok o ok k

*
cv00ial
*
cv010al
cv010a2
cv010a3
*
cv020ai
cv020a2
cv020a3
*
cv030al

pvol 7.

pvol
mlfr.4 0.9990 mlfr.
mlfr.7 0.0001

pvol
mlfr.4 0.9990 mlfr.
mlfr.7 0.0001

pvol

1e3 ph2o 7.1e6

2.0e5 ph2o 0.

" O

o

2.0e5 ph2o O.

o

mlfr.9

2.0e5 ph2o 0.0

tatm 600.0

tatm 295.0 =zpol 0.009
0.
mlfr.9 O.

0003
0006

tatm 295.0
0.
0.

0003
0006

tatm 295.0
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cv030a2 mlfr.4 0.9990 mlfr.5 0.0003

cv030a3 mlfr.7 0.0001 mlfr.9 0.0006

sk

cv040al pvol 2.0e5 ph20 0.0 tatm 295.0

cv040a2 mlfr.4 0.9990 mlfr.5 0.0003

cv040a3 mlfr.7 0.0001 mlfr.9 0.0006

*

ke ok o ok ok ok ok sk s ok ok ok o ok ok o sk ok ok ok ok ok ok oo sk ok sk ok ok ok o oK oo o o ok kA Kk ok o o ok ok ok ok ok koo o o ok Kk ok o o ok ok ok ok ok ok ok ok
*

*eor* melcor

*

ke ok oo ok koo ok s ke ko ok Kk oS ok ok oo ko o s ok ks ok ok sk ok koo o sk ko ok sk o ok ks sk ok sk sk ok ko o sk ok ko ok ke
*

title ’Surtsey IET-1’

*

e sk o o ok ok sk sk ok ok o s koo o ok ks ok koo o sk ok sk o ok s ok o sk sk o ok ko ok ok okl ok ok ok o ok ko ok
*

diagfile ’cori.dia’

outputfile ’coril.out’

messagefile ’corl.mes’

plotfile ‘plot1’
restartfile ‘’restarti’
*

restart -1
cymesf 100 10

dtsummary

* tstart dtmax dtmin dtedit dtplot dtrest
timel 0.0 1. 0.000001  10. .001 10.
time2 0.2 1. 0.000001  10. .01 10.
tend 20.0

cpulim 99999.
cpuleft 100.
*cvhtrace

*

*

*gor* hisplt

*
color,2,3,4,6,0
shade,all

gtitle,SNL Surtsey IET Tests -- SUN reference results
*

filei=’plotl’
file2=’plotir’
file3=’plot3’
file4='plot4’
fileb=’plots’
file6='plot6’
file7='plot7’
*

startuf

uf.1 add
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+ 4+ + +

enduf
*

bur-
bur-
bur-
bur-h2-tot.040

h2-tot.010
h2-tot.020
h2-to0t.030

title,MELCOR Assessment: SNL IET Tests
vlabel, Accumulator Pressure (()Pa)

ulabel,Time (()s)

limits 0.0,4.0 0.0,8.0e6
plot time cvh-p.001 file=1 line=solid color=2 symbol=! legend=’IET~1 (MELCOR)’

cplot
cplot
cplot
cplot
cplot
cplot

time cvh-p.
time cvh-p.
time cvh-p.
time cvh-p.
time cvh-p.
time cvh-p.

001
001
001
001
001
001

file=2 line=solid
file=3 line=solid
file=4 line=solid
file=5 line=solid
file=6 line=solid
file=7 line=solid

color=5 symbol=7 legend=’IET-1R (MELCOR)’
color=6 symbol=> legend=’'IET-3 (MELCOR)’
color=1 symbol=" legend=’IET-4 (MELCOR)'’
color=1 symbol=_A legend=’IET-5 (MELCOR)’
color=1 symbol=Y, legend='IET-6 (MELCOR)’
color=1 symbol=_C legend='IET-7 (MELCOR)’

data line=sdash color=3 symbol=& legend=’IET~1 (Data)’
*readfile test_data pal
data line=sdash color=3 symbol=< legend=’IET-1R (Data)’
*readfile test_data palr

data line=sdash color=3

*readfile test_data pa3

data line=sdash color=3

*readfile test_data pa4

data line=sdash color=3

*readfile test_data pab

data line=sdash color=3

*readfile test_data paé

data line=sdash color=3

*readfile test_data pa7
legend,ur

*

title,MELCOR Assessment: SNL IET Tests
vlabel,Vessel Pressure (()Pa)

ulabel,Time (()s)

limits 0.0,20.0 0.0,0.75e6
plot time cvh-p.040 file=1 line=solid color=2 symbol=! legend='IET-1 (MELCOR)’

cplot
cplot
cplot
cplot
cplot
cplot

time cvh-p.
time cvh-p.
time cvh-p.
time cvh-p.
time cvh-p.
time cvh-p.

040
040
040
040
040
040

file=2 line=solid
file=3 line=solid
file=4 line=solid
file=5 line=solid
file=6 line=solid
file=7 line=solid

symbol=Q legend=’IET-3 (Data)’
symbol=\ legend=’IET-4 (Data)’
symbol=_D legend=’IET-5 (Data)’
symbol=" legend=’IET-6 (Data)’

symbol=_F legend=’IET-7 (Data)’

color=5 symbol=? legend=’IET-1R (MELCOR)’
color=6 symbol=> legend=’IET-3 (MELCOR)’
color=101 symbol=" legend=’IET-4 (MELCOR)’
color=141 symbol=_A legend=’IET-5 (MELCOR)’
color=1 symbol=’ legend=’IET-6 (MELCOR)’
color=9 symbol=_C legend='IET-7 (MELCOR)’

data line=sdash color=3 symbol=& legend='IET-1 (Data)’
*readfile test_data pi

data line=sdash color=3

*readfile test_data pir

data line=sdash color=3

*readfile test_data p3

data line=sdash color=3

*readfile test_data p4

data line=sdash color=3

3

symbol=< legend=’IET-1R (Data)’
symbol=@ legend=’IET-3 (Data)’
symbol=\ legend='IET-4 (Data)’

symbol=_D legend=’IET-5 (Data)’
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*readfile test_data pb

data line=sdash color=3 symbol=" legend=’IET-6 (Data)’

*readfile test_data p6

data line=sdash color=3 symbol=_F legend=’IET-7 (Data)’

*readfile test_data p7

legend,ur

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Hydrogen Mass Generated ({()kg)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1.0

plot time cfvalu.016 file=1 line=solid color=2 symbol=! legend=’IET-1 (MELCOR)’
cplot time cfvalu.016 file=2 line=solid color=5 symbol=? legend=’IET-1R (MELCOR)’
cplot time cfvalu.016 file=3 line=solid color=6 symbol=> legend='IET-3 (MELCOR)’
cplot time cfvalu.016 file=4 line=solid color=101 symbol=" legend=’IET-4 (MELCOR)’
cplot time cfvalu.016 file=5 line=solid color=141 symbol=_A legend=’IET-5 (MELCOR)’
cplot time cfvalu.016 file=6 line=solid color=1 symbol=% legend=’IET-6 (MELCOR)’
cplot time cfvalu.016 file=7 line=solid color=9 symbol=_C legend=’IET-7 (MELCOR)’
vscale,2.0,0.0

data line=sdash symbol=& color=3 legend=’IET-1 (Data)’

0.0,0.223

30.0,0.223

-12345,-12345

vscale,2.0,0.0

data line=sdash symbol=< color=3 legend=’IET-1R (Data)’

0.0,0.252

30.0,0.252

~-12345,-12345

vscale,2.0,0.0

data line=sdash symbol=Q@ color=3 legend=’IET-3 (Data)’

0.0,0.223

30.0,0.223

-12345,-12345

vscale,2.0,0.0

data line=sdash symbol=\ color=3 legend=’IET-4 (Data)’

0.0,0.297

30.0,0.297

-12345,-12345

vscale,2.0,0.0

data line=sdash symbol=_D color=3 legend=’IET-5 (Data)’

0.0,0.313

30.0,0.313

-12345,-12345

vscale,2.0,0.0

data line=sdash symbol=% color=3 legend=’IET-6 (Data)’

0.0,0.308

30.0,0.308

-12345,-12345

vscale,2.0,0.0

data line=sdash symbol=_F color=3 legend='IET-7 (Data)’

0.0,0.271

30.0,0.271

-12345,-12345
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legend,ur
*

title,MELCOR Assessment: SNL IET Tests

vlabel,Hydrogen

Mass Burned (()kg)

ulabel,Time (()s)

limits 0.0,20.0

0.0,1.0

plot time uf.1 file=1 line=solid color=2 symbol=! legend=’IET-1 (MELCOR)’

cplot time uf.
cplot time uf.
cplot time uf.
cplot time uf.
cplot time uf.
cplot time uf.
vscale,2.0,0.0
data line=sdash
0.0,0.001
30.0,0.001
-12345,-12345
vscale,2.0,0.0
data line=sdash
0.0,0.012
30.0,0.012
-12345,-12345
vscale,2.0,0.0
data line=sdash
0.0,0.186
30.0,0.186
-12345,-12345
vscale,2.0,0.0
data line=sdash
0.0,0.236
30.0,0.236
~12345,-12345
vscale,2.0,0.0
data line=sdash
0.0,0.050
3C.0,0.050
-12345,-12345
vscale,2.0,0.0
data line=sdash
0.0,0.335
30.0,0.335
-12345,-12345
vscale,2.0,0.0
data line=sdash
0.0,0.321
30.0,0.321
-12345,-12345
legend,ur

*

O - = S

file=2 line=solid color=5 symbol=7? legend='IET-1iR (MELCOR)’
file=3 line=solid color=6 symbol=> legend='IET-3 (MELCOR)'’
file=4 line=solid color=101 symbol=" legend='IET-4 (MELCOR)’
file=5 line=solid color=141 symbol=_A legend=’IET-5 (MELCOR)’
file=6 line=solid color=1 symbol=% legend=’IET-6 (MELCOR)’
file=7 line=solid color=9 symbol=_C legend=’IET-7 (MELCOR)’

symbol=& color=3 lesgend=’IET-1 (Data)’

symbol=< color=3 legend=’IET-1R (Data)’

symbol=@ color=3 legend='IET-3 (Data)’

symbol=\ color=3 legend='IET-4 (Data)'’

symbol=_D color=3 legend=’'IET-5 (Data)’

symbol=" color=3 legend=’IET-6 (Data)’

symbol=_F color=3 legend=’'IET-7 (Data)’

title,MELCOR Assessment: SNL IET Tests
vlabel,Subcompartment Temperature (()K)
ulabel,Time (()s)
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limits 0.0,5.0 0.0,1500.0
plot %time cvh-tvap.030 file=1 line=solid color=2 symbol=! legend=’IET-1 (MELCOR)’

cplet
cplot
cplot
cplot
cplot
cplot

data line=sdash color=3

time
time
time
time
time
time

cvh-tvap.
cvh-tvap.
cvh-tvap.
cvh-tvap.
cvh-tvap.
cvh-tvap.

030 file=2 line=solid
030 file=3 line=solid
030 file=4 line=solid
030 file=5 line=solid
030 file=6 line=solid
030 file=7 line=solid

*readfile test_data tscl
data line=sdash color=3 symbol=< legend=’IET-1R (Data)’
*readfile test_data tscir
data line=sdash color=3 symbol=Q legend=’IET-3 (Data)’
*readfile test_data tsc3
data line=sdash color=3 symbol=\ legend=’IET-4 (Data)’
*readfile test_data tsc4
data line=sdash color=3 symbol=_D legend=’IET-5 (Data)’
*readfile test_data tsch
data line=sdash color=3 symbol=" legend=’'IET-6 (Data)}’
*readfile test_data tscé
data line=sdash color=3 symbol=_F legend='IET-7 (Data)’
*readfile test_data tsc7
legend,ur

%*

title,MELCOR Assessment: SNL IET Tests
vlabel,Dome Temperatures (()K)

ulabel,Time (()s)
limits 0.0,5.0 0.0,1500.0
plot time cvh-tvap.040 file=1 line=solid color=2 symbol=! legend=’IET-1 (MELCOR)’

cplot
cplot
cplot
cplot
cplot
cplot

time
time
time
time
time
time

legend,ur

*

cvh-tvap.
cvh-tvap.
cvh-tvap.
cvh-tvap.
cvh-tvap.
cvh-tvap.

040 file=2 line=solid
040 file=3 line=solid
040 file=4 line=solid
040 file=5 line=solid
040 file=6 line=solid
040 file=7 line=solid

title,MELCOR Assessment: SNL IET Tests
vlabel,Dome Temperature (()K)
ulabel,Time (()s)
limits 0.0,5.0 0.0,1500.0
plot time cvh-tvap.040 file=1 line=solid color=2 symbol=! legend=’IET-1 (MELCOR)’
data line=ldash color=3 symbol=& legend='IET-1 (Level 1)’

*readfile test_data tliil
data line=mdash color=3 symbol=& legend=’'IET-1 (Level 3)’
*readfile test_data t131
data line=sdash color=3 symbol=& legend='IET-1 (Level 5)°’
*readfile test_data t151
legend,ur

*

title,MELCOR Assessment: SNL IET Tests
vlabel,Dome Temperature (()K)
ulabel,Time (()s}

color=5 symbol=7 legend=’IET-1R (MELCOR)’
color=6 symbol=> legend=’IET-3 (MELCOR)’
color=101 symbol=" legend=’IET-4 (MELCOR)’
color=141 symbol=_A legend=’IET-5 (MELCOR)’
color=1 symbol=Y, legend=’IET-6 (MELCOR)’
color=9 symbol=_C legend=’IET-7 (MELCOR)’

symbol=& legend=’IET-1 (Data)’

.~

color=5 symbol=7 legend=’IET-1R (MELCOR)’
color=6 symbol=> legend=’IET-3 (MELCOR)’
color=101 symbol=" legend=’IET-4 (MELCOR)’
color=141 symbol=_A legend='IET-5 (MELCOR)’
color=1 symbol=}, legend=’IET-6 (MELCOR)’
color=9 symbol=_C legend='IET-7 (MELCOR)’
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limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=2 line=solid color=5 symbol=? legend=’IET-1R (MELCOR)'’
data line=ldash color=3 symbol=< legend=’IET-1R (Level 1)’
*readfile test_data tliir

data line=mdash color=3 symbol=< legend=’IET-1R (Level 3)’
*readfile test_data t131ir

data line=sdash color=3 symbol=< legend=’IET-1R (Level 5)’
*readfile test_data tlbir

legend,ur

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Dome Temperature ({()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=3 line=solid color=6 symbol=> legend=’IET-3 (MELCOR)’
data line=ldash color=3 symbol=Q legend=’IET-3 (Level 1)’
*readfile test_data t113

data line=mdash color=3 symbol=Q legend=’IET-3 (Level 3)'’
*readfile test_data t133

data line=sdash color=3 symbol=Q@ legend='IET-3 (Level 5)’
*readfile test_data t153

legend,tr

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Dome Temperature (()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=4 line=solid color=101 symbol=" legend=’IET~4 (MELCOR)’
data line=ldash color=3 symbol=\ legend=’IET-4 (Level 1)’
*readfile test_data tli4

data line=mdash color=3 symbol=\ legend=’IET-4 (Level 3)°’
*readfile test_data t134

data line=sdash color=3 symbol=\ legend=’IET-4 (Level 5)’
*readfile test_data t154

legend,ur

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Dome Temperature (()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=5 line=solid color=141 symbol=_A legend='IET-5 (MELCOR)’
data line=ldash color=3 symbol=_D legend=’IET-5 (Level 1)?
*readfile test_data t115

data line=mdash color=3 symbol=_D legend=’IET-5 (Level 3)’
*readfile test_data t135

data line=sdash color=3 symbhol=_D legend='IET-5 (Level 5)’
*readfile test_data t155

legend,ur

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Dome Temperature (()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0
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plot time cvh-tvap.040 file=6 line=solid color=1 symbol=% legend='IET-6 (MELCOR)’
data line=ldash color=3 symbol=" lagend=’IET-6 (Level 1)’

*readfile test_data tl16

data line=mdash color=3 symbol=" legend=’IET-6 (Level 3)’

*readfile test_data t136

data line=sdash color=3 symbol=" legend=’IET-6 (Level 5)’

*readfile test_data t156

legend,ur

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Dome Temperature (()K)

ulabel,Time (()s)

limits 0.0,5.0 0.0,1500.0

plot time cvh-tvap.040 file=7 line=solid color=9 symbol=_C legend=’IET-7 (MELCOR)’
data line=ldash color=3 symbol=_F legend='IET-7 (Level 1)’

*readfile test_data t117

data line=mdash color=3 symbol=_F legend=’IET-7 (Level 3)’

*readfile test_data t137

data line=sdash color=3 symbol=_F legend=’IET~7 (Level 5)’

*readfile test_data t157

legend,ur

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Aluminum Mass Oxidized in FDI (()kg)

ulabel,Time (()s)

limits 0.0,5.0 1.0,-1.0

plot time cfvalu.012 file=1 line=solid color=2 symbol=! legend=’IET-1’
cplot time cfvalu.012 file=2 line=solid color=5 symbol=? legend=’IET-1R’
cplot time cfvalu.012 file=3 line=solid color=6 symbol=> legend=’IET-3’
cplot time cfvalu.012 file=4 line=solid color=101 symbol=" legend=’IET-4’
cplot time cfvalu.012 file=5 line=solid color=141 symbol=_A legend='IET-5’
cplot time cfvalu.012 file~-6 line=solid color=1 symbol=Y, legend=’IET-6’
cplot time cfvalu.012 file=7 line=solid color=9 symbol=_C legend=’IET-7’
legend,lr

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Fe/Cr Mass Oxidized in FDI (()kg)

ulabel,Time (()s)

limits 0.0,5.0 1.0,-1.0

plot time cfvalu.013 file=1 line=solid color=2 symbol=! legend=’IET-1’
cplot time cfvalu.013 file=2 line=solid color=5 symbol=7 legend=’IET-1R’
cplot time cfvalu.013 file=3 line=solid color=6 symbol=> legend=’IET-3’
cplot time cfvalu.013 file=4 line=solid color=101 symbol=" legend=’IET-4’
cplot time cfvalu.013 file=5 line=solid color=141 symbol=_A legend=’IET-5’
cplot time cfvalu.013 file=6 line=solid color=1 symbol=), legend=’IET-6’
cplot time cfvalu.013 file=7 line=solid color=9 symbol=_C legend=’IET-7’
legend,lr

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Dxygen Mass Consumed in FDI (()kg)

ulabel,Time (()s)

limits 0.0,5.0 1.0,-1.0

plot time cfvalu.014 file=1 line=solid color=2 symbol=! legend='IET-1’
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cplot
cplot
cplot
cplot
cplot
cplot

time
time
time
time
time
time

legend,lr

*

cfvalu
cfvalu
cfvalu
cfvalu
cfvalu
cfvalu

.014 file=2
.014 file=3
.014 file=4
.014 file=5
.014 file=6
.014 file=7

line=solid
line=solid
line=solid
line=solid
line=solid
line=solid

title,MELCOR Assessment: SNL IET Tests

vlabel,Steam Mass Consumed in FDI (()kg)
ulabel,Time (()s)
limits 0.0,5.0 1.0,-1.0
plot time cfvalu.015 file=1 line=solid color=2 symbol=! legend=’'IET-1’

cplot
cplot
cplot
cplot
cplot
cplot

time
time
time
time
time
time

legend,lr

*

cfvalu.
cfvalu.
cfvalu.
cfvalu.
cfvalu.
cfvalu.

015 file=2
015 file=3
015 file=4
015 file=5
015 file=6
015 file=7

line=solid
line=solid
line=solid
line=solid
line=solid
line=solid

title ,MELCOR Assessment: SNL IET Tests
vlabel,Hydrogen Mass Generated in FDT ({)kg)
ulabel,Time (()s)
limits 0.0,5.0 1.0,-1.0
plot time cfvalu.016 file=1 line=solid color=2 symbol=! legend=’IET-1’

cplot
cplot
cplot
cplot
cplot
cplot

time
time
time
time
time
time

legend,lr

*

title,MELCOR Assessment:

cfvalu.
cfvalu.
cfvalu.
cfvalu.
cfvalu.
cfvalu.

016 file=2
016 file=3
016 file=4
016 file=5
016 file=6
016 file=7

SNL

line=solid
line=solid
line=solid
line=solid
line=solid
line=solid

IET Tests

color=5 symbol=7 legend=’I1ET-1R’
color=6 symbol=> legend=’1ET-3’
color=101 symbol=" legend=’IET-4'’
color=141 symbol=_A legend=’IET-5’
color=1 symbol=% legend='IET-6’
color=9 symbol=_C legend=’'IET-7’

color=b symbol=? legend=’IET-1R’
color=6 symbol=> legend=’IET-3’
color=101 symbol=" legend=’IET-4’
color=141 symbol=_A legend='IET-b’
color=1 symbol=Y, legend=’IET-6’
color=9 symbol=_C legend='IET-7’

color=5 symbol=7? legend=’IET-1R’
color=6 symbol=> legend=’IET-3’
color=101 symbol=" legend=’IET-4’
color=141 symbol=_A legend=’IET-5’
color=1 symbol=Y, legend='IET-6’
color=9 symbol=_C legend=’IET-7’

vlabel ,Hydrogen Mole Fraction in Subcompartments
ulabel,Time (()s)
*limits 0.0,5.0 1.0,-1.0

plot time cvh-x.6.030 file=1 line=solid color=2 symbol=! legend=’IET-1 (MELCOR)’
cplot time cvh-x.6.030 file=2 line=solid color=5 symbol=? legend=’IET-1R (MELCOR)’
cplot time cvh-x.6.030 file=3 line=solid color=6 symbol=> legend=’IET~3 (MELCOR)’
cplot time cvh-x.6.030 file=4 line=solid color=101 symbol=" legend='IET-4 (MELCOR)’
cplot time cvh-x.6.030 file=5 line=solid color=141 symbol=_A legend=’IET-5 (MELCOR)’
cplot time cvh-x.6.030 file=6 line=solid color=1 symbol=Y, legend=’IET-6 (MELCOR)’
cplot time cvh-x.6.030 file=7 line=solid color=9 symbol=_C legend=’IET-7 (MELCOR)’
data line=sdash symbol=& color=3 legend=’IET-1 (Data)’

0.0,0.0003108

2.0,0.208

5.0,0.03108

30.0,0.03108

-12345,-12345

data line=sdash symbol=< color=3 legend=’IET-1R (Data)’

5.0,0.03077

6
6
6
6
6
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30.0,0.03077

-12345,-123456

data line=sdash symbol=Q color=3 legend=’IET-3 (Data)’

5.0,0.0052

30.0,0.0052

-12345,-12345

data line=sdash symbol=\ color=3 legend=’'IET-4 (Data)’

0.0,0.0078

2.0,0.0386

5.0,0.0078

30.0,0.0078

-12345,-12345

data line=sdash symbol=_D color=3 legend=’IET-5 (Data)’

5.0,0,0276

30.0,0.0276

-12345,-12345

data line=sdash symbol=) color=3 legend=’IET-6 (Data)’

0.0,0.0259

2.0,0.2425

5.0,0.0221

30.0,0.0221

-12345,-12345

data line=sdash symbol=_F color=3 legend=’IET-7 (Data)’

0.0,0.0397

2.0,0.30256

5.0,0.03264

30.0,0.02264

-12345,-12345

legend,next

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Hydrogen Mole Fraction in Dome

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-1.0

plot time cvh-x.6.040 file=1 line=solid color=2 symbol=! legend=’IET-1 (MELCOR)’
cplot time cvh-x.6.040 file=2 line=solid color=5 symbol=? legend=’IET-1R (MELCOR)’
cplot time cvh-x.6.040 file=3 line=solid color=6 symbol=> legend=’IET-3 (MELCOR)’
cplot time cvh-x.6.040 file=4 line=solid color=101 symbol=" legend='IET-4 (MELCOR)’
cplot time cvh-x.6.040 file=5 line=solid color=141 symbol=_A legend=’IET-5 (MELCOR)’
cplot time cvh-x.6.040 file=6 line=solid color=1 symbol=}% legend=’IET-6 (MELCOR)’
cplot time cvh-x.6.040 file=7 line=solid color=9 symbol=_C legend=’IET-7 (MELCOR)’
data line=sdash symbol=& color=3 legend=’IET-1 (Data)’

0.0,0.03108

30.0,0.03108

-12345,-12345

data line=sdash symbol=< color=3 legend=’IET-iR (Data)’

0.0,0.03077

30.0,0.03077

-12345,~-12345b

data line=sdash symbol=@ color=3 legend=’IET-3 (Data)’

0.0,0.0052

30.0,0.0052

-12345,-12345
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data line=sdash symbol=\ color=3 legend=’IET-4 (Data)’

0.0,0.0078

30.0,0.0078

-12345,-12345

data line=sdash symbol=_D color=3 legend=’IET-5 (Data)’

0.0,0.0276

30.0,0.0276

-12345,-12345

data line=sdash symbol=Y, color=3 legend=’IET-6 (Data)’

0.0,0.0221

30.0,0.0221

-12345,-12345

data line=sdash symbol=_F color=3 legend='IET-7 (Data)’

0.0,0.03264

30.0,0.03264

-12345,-12345

legend,next

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Oxygen Mole Fraction in Subcompartments

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-1.0

plot time cvh-x.5.030 file=1 line=solid color=2 symbol=! legend=’IET-1 (MELCOR)’
cplot time cvh-x.5.030 file=2 line=solid color=5 symbol=? legend=’IET-1R (MELCOR)’
cplot time cvh-x.5.030 file=3 line=solid color=6 symbol=> legend=’IET-3 (MELCOR)’
cplot time cvh-¢.5.030 file=4 line=solid color=101 symbol=" legend=’IET-4 (MELCOR)'’
cplot time cvh-x.5.030 file=5 line=solid color=141 symbol=_A legend=’IET-5 (MELCOR)’
cplot time cvh~x.5.030 file=6 line=solid color=1 symbol=), legend=’IET-6 (MELCOR)’
cplot time cvh-x.5.030 file=7 line=solid color=9 symbol=_C legend=’IET-7 (MELCOR)’
data line=sdash symbol=Q color=3 legend='IET-3 (Data)’

0.0,0.0770

30.0,0.0770

-12345,-12345

data line=sdash symbol=\ color=3 legend=’IET-4 (Data)’

0.0,0.0796

30.0,0.0796

~12345,-12345

data line=sdash symbol=_D color=3 legend=’IET-5 (Data)’

0.0,0.0435

30.0,0.0435

-12345,-12345

data line=sdash symbol=% color=3 legend=’'IET-6 (Data)’

0.0,0.0739

30.0,0.0739

-12345,-12345

data line=sdash symbol=_F color=3 legend=’IET-7 (Data)’

0.0,0.07330

30.0,0.07330

-12345,-12345

legend,next

*

title,MELCOR Assessment: SNI IET Tests

vlabel,Oxygen Mole Fraction in Dome
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ulabel,Time (()s)

*1limits 0.0,5.0 1.0,-1.0
plot time cvh-x.5.040 file=1 line=solid color=2 symbol=! legend=’IET-1 (MELCOR)’

cplot time cvh-x.5.040 file=2 line=solid color=5 symbol=?7 legend='IET-1R (MELCOR)’
cplot time cvh-x.5.040 file=3 line=solid color=6 symbol=> legend='IET-3 (MELCOR)’
cplot time cvh-x.5.040 file=4 line=solid color=101 symbol=" legend=’IET-4 (MELCOR)’
cplot time cvh-x.5.040 file=5 line=solid color=141 symbol=_A legend=’IET-5 (MELCOR)'’
cplot time cvh-x.5.040 file=6 line=solid color=1 symbol=% legend='IET-6 (MELCOR)’
cplot time cvh-x.5.040 file=7 line=solid color=9 symbol=_C legend=’IET~7 (MELCOR)’
data line=sdash symbol=Q color=3 legend='IET-3 (Data)’

0.0,0.0770

30.0,0.0770

-12345,-12345

data line=sdash symbol=\ color=3 legend='IET-4 (Data)’
0.0,0.0796

30.0,0.0796

-12345,-12345

data line=sdash symbol=_D color=3 legend='IET-5 (Data)’
0.0,0.0435

30.0,0.0435

-12345,-12345

data line=sdash symbol=% color=3 legend=’IET-6 (Data)’
0.0,0.0739

30.0,0.0739

-12345,-12345

data line=sdash symbol=_F color=3 legend=’IET-7 (Data)’
0.0,0.07330

30.0,0.07330

-12345,-12345

legend,next

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Steam Mole Fraction in Subcompartments
ulabel,Time (()s)

*1limits 0.0,5.0 1.0,-1.0

plot time cvh-x.3.030 file=1 line=solid color=2 symbol='! legend='IET-1’

cplot time cvh-x.3.030 file=2 line=solid color=5 symbol=7 legend=’IET-1R’
cplot time cvh-x.3.030 file=3 line=solid color=6 symbol=> legend=’IET-3’
cplot time cvh-x.3.030 file=4 line=solid color=101 symbol=" legend=’IET-4’
cplot time cvh-x.3.030 file=5 line=solid color=141 symbol=_A legend=’IET-5’
cplot time cvh-x.3.030 file=6 line=solid color=1 symbol=% legend=’IET-6’
cplot time cvh-x.3.030 file=7 line=solid color=9 symbol=_C legend=’IET-7’
legend,1lr

*

title,MELCOR Assessment: SNL IET Tests

vlabel,Steam Mole Fraction in Dome

ulabel,Time (()s)

*1limits 0.0,5.0 1.0,~-1.0

plot time cvh-x.3.040 file=1 line=solid color=2 symbol=! legend='IET-1’
cplot time cvh-x.3.040 file=2 line=solid color=5 symbol=7 legend=’IET-1R’
cplot time cvh~x.3.040 file=3 line=solid color=6 symbol=> legend=’IET-3’
cplot time cvh-x.3.040 file=4 line=solid color=101 symbol=" legend='IET-4’
cplot time cvh-x.3.040 file=5 line=solid color=141 symbol=_A legend=’IET-5’

190



cplot time cvh-x.3.040 file=6 line=solid color=1 symbol=% legend=’IET-6’
cplot time cvh-x.3.040 file=7 line=solid color=9 symbol=_C legend=’IET-7’
legend,1lr

*

title,MELCOR Assessment: SNL IET Tests
vlabel,Oxygen Burned in Dome (()kg)

ulabel,Time (()s)
*1limits 0.0,56.0 1.0,-1.0
plot time bur-o2-tot.040 file=1 line=solid color=2 symbol=! legend=’IET-1’

cplot
cplot
cplot
cplot
cplot
cplot

time
time
time
time
time
time

legend,lr

*

bur-o2-tot

bur-o2-tot.

bur-o2-tot
bur-o2-tot

bur-o2-tot.

bur-o2-tot

.040 file=2
040 file=3
.040 file=4
.040 file=5b
040 file=6
.040 file=7

line=solid
line=solid
line=solid
line=solid
line=solid
line=solid

title,MELCOR Assessment: SNL IET Tests
vlabel,Hydrogen Burned in Dome (()kg)

ulabel,Time (()s)
*1imits 0.0,5.0 1.0,-1.0
plot time bur-h2-tot.040 file=1 line=solid color=2 symbol=! legend=’IET-1’

cplot
cplot
cplot
cplot
cplot
cplot

time
time
time
time
time
time

legend,lr

*

bur-h2-tot.

bur-h2-tot
bur-h2-tot
bur-h2-tot
bur-h2-tot
bur-h2-tot

040 file=2
.040 file=3
.040 file=4
.040 file=5
.040 file=6
.040 file=7

line=sonlid
line=solid
line=solid
line=solid
line=solid
line=solid

title,MELCOR Assessment: SNL IET Tests
vlabel,Steam Generated in Burns in Dome (()kg)
ulabel,Time (()s)
*limits 0.0,56.0 1.0,-1.0
plot time bur-o2-tot.040 file=1 line=solid color=2 symbol=' legend=’IET-1’

cplot
cplot
cplot
cplot
cplot
cplot

time
time
time
time
time
time

legend,1lr

*

bur-o2-tot.

bur-o2-tot
bur-o2-tot
bur-o2-tot
bur-o2-tot
bur-o2-tot

040 file=2
.040 file=3
.040 file=4
.040 file=5
.040 file=6
.040 file=7

line=solid
line=solid
line=solid
line=solid
line=solid
line=solid

title,MELCOR Assessment: SNL IET Tests
vlabel,CO Used in Burns in Dome ({()kg)
ulabel,Time (()s)
*1limits 0.0,5.0 1.0,-1.0
plot time bur-co-tot.040 file=1 line=solid co2lor=2 symbol=! legend=’IET-1’

cplot
cplot
cplot
cplot
cplot

time
time
time
time
time

bur-co-tot
bur-co-tot
bur-co-tot
bur-co-tot
bur-co-tot

.040 file=2
.040 file=3
.040 file=4
.040 file=5
.040 file=6

line=solid
line=solid
line=solid
line=solid
line=solid

color=5 symbol=7 legend=’IET-1R’
color=6 symbol=> legend=’IET-3’
color=101 symbol=" legend=’IET-4’
color=141 symbol=_A legend=’IET-5’
color=1 symbol=% legend=’IET-6’
color=9 symbol=_C legend=’IET-7’

color=5 symbol=? legend=’IET-1R’
color=6 symbol=> legend=’'IET-3’
color=101 symbol=" legend=’IET-4’
color=141 symbol=_A legend=’IET-5’
color=1 symbol=% legend=’IET-6’
cuicr=9 symbol=_C legend=’IET-7’

color=5 symbol=7 legend=’IET-1R’
color=6 symbol=> legend=’IET-3’
color=101 symbol=" legend=’IET-4’
color=141 symbol=_A legend=’IET-5’
color=1 symbol=% legend=’IET-6’
color=9 symbol=_C legend=’IET-7’

co2lor=5 symbol=? legend=’IET-1R’
co2lor=6 symbol=> legend=’IET-3’
co2lor=101 symbol=" legend=’IET-4’
co2lor=141 symbol=_A legend=’IET-5’
co2lor=1 symbol=% legend=’IET-6’
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cplot time bur-co-tot.040 file=7 line=solid co2lor=9 symbol=_C legend=’IET-7’
legend,lr

*

title,MELCOR Assessment: SNL IET Tests

vlabel,C02 Used in Burns in Dome (()kg)

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-1.0

plot time bur-co2-tot.040 file=1 line=solid co2lor=2 symbol=! legend=’IET-1’
cplot time bur-co2-tot.040 file=2 line=solid co2lor=5 symbol=? legend=’IET-1R’
cplot time bur-co2-tot.040 file=3 line=solid co2lor=6 symbol=> legend=’IET-3’
cplot time bur—-co2-tot.040 file=4 line=solid co2lor=101 symbol=" legend=’IET-4’
cplot time bur-co2-tot.040 file=5 line=solid co2lor=141 symbol=_A legend=’IET-5’
cplot time bur-co2-tot.040 file=6 line=solid co2lor=1 symbol=) legend='IET-6’
cplot time bur-co2-tot.C40 file=7 line=solid co2lor=9 symbol=_C legend=’IET-7’
legend,lr

*

title,MELCOR Assessment: SNL IET Tests

vlabel,BUR Power in Dome (()w)

ulabel,Time (()s)

*1imits 0.0,5.0 1.0,~1.0

plot time bur-power.040 file=1 line=solid color=2 symbol=! legend=’IET-1’
cplot time bur-power.040 file=2 line=solid color=5 symbol=7 legend='IET-1R’
cplot time bur-power.040 file=3 line=solid color=6 symbol=> legend=’IET-3’
cplot time bur-power.040 file=4 line=solid color=101 symbol=" legend=’IET-4’
cplot time bur-power.040 file=5 line=solid color=141 symbol=_A legend=’IET-5’
cplot time bur-power.040 file=6 line=solid color=1 symbol=), legend=’IET-6’
cplot time bur—-power.040 file=7 line=solid color=9 symbol=_C legend=’IET-7’
legend,1lr

*

title,MELCOR Assessment: SNL IET Tests

vlabel,BUR Energy in Dome (()J)

ulabel,Time (()s)

*limits 0.0,5.0 1.0,-1.0

plot time bur-energy.040 file=1 line=solid color=2 symbol=! legend=’IET-1’
cplot time bur-energy.040 file=2 line=solid color=5 symbol=? legend=’IET-1R’
cplot time bur-energy.040 file=3 line=solid color=6 symbol=> legend=’IET-3’
cplot time bur-energy.040 file=4 line=solid color=101 symbol=" legend=’IET-4’
cplot time bur-energy.040 file=5 line=solid color=141 symbol=_A legend=’IET-5’
cplot time bur-energy.040 file=6 line=solid color=1 symbol=Y, legend=’IET-6’
cplot time bur-energy.040 file=7 line=solid color=9 symbol=_C legend=’IET-T’
legend,1r

*
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